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ABSTRACT  

 

Thymic epithelial cells (TEC) make up a majority of the thym ic stroma 

and can be classified into cortical (c) and medullary (m) compartment . TEC 

are responsible for generating a self-tolerant T cell repertoire  and thus 

potentially self -reactive thymocytes are induced to undergo apoptosis in the 

process termed negative selection. For this purpose, TEC express over 19,000 

protein -encoding genes to represent almost the entire repertoire of protein -

encoded antigens of the host. Many of these genes are typically expressed 

only in specific organs and are referred to as tissue-restricted antigens (TRA). 

The autoimmune regulator (Aire) facilitates the expression of a subset of  TRA 

and these Aire-regulated TRA occupy chromatin regions en riched with  the 

tri methylation of 27th lysine on histone 3 (H3K27me3), an epigenetic mark is 

catalysed by the methyltransferase activity of Polycomb Repressive Complex 

2 (PRC2). However, the physiological significance  of H3K27me3 in TEC 

biology remains to be elucidated. To address this issue, mice with TEC-

targeted PRC2 deficiency w ere generated. These mice displayed severely 

hypocellular thymi but yet maintain ed intact tissue architecture and total TEC 

cellularity. Within the TEC population, mTEC cellularity was drastically 

reduced and the maturation of mTEC was also hindered . Furthermore, t he 

decrease in number of early T lineage progenitors recruited correlate d with 

the reduced expression of chemokines by the cTEC. The deficiency of PRC2 in 

TEC also interfered with  efficiency of negative selection and Treg production . 

Single cell transcriptome and flow cytometric data demonstrated that the 

deficiency of PRC2 activity also provokes mTEC development along a novel 

lineage differentiation path. Taken together, these data provide experimental 

proof that PRC2 plays crucial roles in the regulati on of TEC differentiation 

and the capacity to carry out negative selection. 
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1. INTRODUCTION  

 

 1.1. History of Thymus  

 

Ɂ2ÌÈÛɯÖÍɯÛÏÌɯÚÖÜÓɂɯÞÈÚɯÞÏÈÛɯÛÏÌɯÈÕÊÐÌÕÛɯ&ÙÌÌÒɯ×ÏàÚÐÊÐÈÕÚɯÉÌÓÐÌÝÌËɯÛÏÌɯ

thymus to be due to its close proximity to the heart. As early as 100-200AD, 

descriptions of the thymus have been recorded by Greek physicians Rufus of 

Ephesus and Galen of Pergamum. From the Middles Ages to the Baroque 

Age, the thymus was disregarded and thought by some to be merely a tissue 

filling up the chest cavity  (1). The tipping point in unraveling the thymus  

physiology  came along in 18th century with the invention of optical 

microscopy, when the anatomists William Hewson and Arthur Hill Hassall 

drew the link between thymus and the lymphatic systems through 

histological studies. By the 1950s, the lymphopoietic role of the thymus was 

well recogni sed (2). But the significant breakthrough in the understanding of 

the importance of thymus in the context of the immune system came only to 

light in 1961 when Jacques Miller observed the deficiency of a lymphocyte 

population, subsequently named T cells, as a consequence of surgically  

removing the thymus in newborn mice  (3). In the following years, 

tremendous and combined efforts by numerous scientists have unravel the 

central role of thymus in processes such as positive selection of developing 

thymocytes (4), negative selection of self-reactive T cells (5) and the 

development of regulatory T cells (T reg) (6). A detailed understanding of the 

thymus physiology has therefo re evolved over an extended period of time 

and the ever-growing advances in modern technologies have spurred 

ongoing efforts to discover the yet unknown intricacies of the exact cellular 

and molecular functions of the thymus.  
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 1.2. Anatomy of the Thymus  

 

The thymus is a primary lymphoid organ and consists of 2 lobes. It is 

located anatomically in the anterior superior thoracic cavity, anterior to the 

heart and posterior to the sternum. The main bulk of the thymus cellularity 

consists of thymocytes while only a small fraction constitutes the stromal 

compartments. These stromal cells play the crucial role in supporting 

thymopoiesis through the production of both soluble and cell -bound factors 

(7). The stromal cells comprise a group of heterogeneous cell types whereby 

thymic epithelial cells (TEC) form the main bulk and contributions made of 

dendritic cells, macrophages, B cells. 

The thymus can be divided into 2 structurally and functionally distinct 

compartments, a central medullary region surrounded by an outer cortical 

region. Most developing T cells, known as thymocytes, are situated in the 

peripheral cortical region and this compartment i s highly dense with cells. 

The cortical thymic epithelial cells (cTEC) have mesh-like architecture thus 

provid ing an extensive surface area for simultaneous interaction with 

multiple thymocytes ( Figure 1). In comparison, the thymic medulla is 

significantly  less densely populated as only a small fraction of thymocytes 

survive the developmental processes in the cortex (Section 1.5) and attain the 

capacity to migrate into the medulla. The medullary thymic epithelial cells 

(mTEC) have a less mesh-like structure  in comparison to cTEC (Figure 1) and 

express a vast array of tissue-restricted antigens for the final stages of 

thymocyte development  (Section 1.5.2). The macrophages present among the 

thymic stroma play an important role of clearing cellular debris gener ated by 

the programmed cell death (apoptosis) of negatively selected thymocytes (8). 

As professional antigen-presenting cells, the dendritic cells are able to acquire 

tissue-restricted antigens from TEC and present these antigens to developing 

thymocytes (9). The dendritic cells acquire tissue-restricted antigens from 
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either mTEC undergoing homeostatic turnover  (10) or exosomes containing 

tissue-restricted antigens released by TEC (11). Collectively, the thymic 

stroma provides a scaffold, and hence microenvironment , crucial for the 

development and egress of thymocytes. 

 

Figure 1. Images of 3D-reconstructed thymic epithelial cells. A schematic representation 

of the thymus, on the left side of the panel, shows the cortical region in the periphery 

(green) and the central medullary regions (red). The 3D-reconstruction of a singular 

cTEC (top right) shows a mesh-like architecture that f orms extensive surface area for 

interaction with thymocytes ( grey). While the mTEC (bottom right) has a much less 

complex structure and interact with relatively fewer thymocytes. The 3D images of 

the TECs were reconstructed from series of z-stacked confocal images using the 

Imaris®. 
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1.3. Thymus Organogenesis  

 

Organogenesis of the thymus in mouse and man follows a series of 

bilateral developmental steps and are intimately tied to the formation of the 

parathyroid  (Figure 2). These two organs form at about embryonic day 10.5 

(E10.5) from a single primordium in the ventral aspect of the third pharyngeal 

pouch that is surrounded by neural crest cells that providing signals to 

support the primordium outgrowth. Parallel to this extension, expression of 

Foxhead box protein N1 (Foxn1) begins in the dorso-ventral region of the 

primordium from E11.25 onwards  (12). Concurrently, the adjacent aspect of 

the primordium initiates the expression of Glial cells missing 2 (Gcm2). The 

expression of these two distinct transcription factors demarcates the distinct 

segment of the primordium with different developmental potential; Foxn1 

determines the formation of the thymus epithelial scaffold while cells 

expressing Gcm2 are precursors of the parathyroids (13). How ever, the 

expression of Foxn1 is not necessary to determine thymic fate of the distal 

region as Foxn1 deficient mice (designated nude; nu/nu mice) are still able to 

form a rudimentary thymus anlage visibly segregated from the parathyroid 

glands (13). By E12.5, the organ primordia separate from the pharynx and 

migrate towards the anterior thoracic cavity with guidance from  the neural 

crest cells (14). 
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Figure 2. Illustration of the current model of the early thymus organogenesis. The thymus 

and parathyroid develop from a common anlage derived from outgrowths of the 

third pharyngeal pouch. The distal portion of the outgrowth initiates the expression 

of Foxn1 on E11.25 and eventually pinches off to form the thymus. The interactions 

of the thymus organ primordia with various factors from surrounding cells and 

subsequently recruited thymocytes are crucial for the development of a functional 

thymus. ( Image from Blackburn et al, 2004) 

 

1.4. Common thymic epithelium progenitor cell  

 

The endodermal origin of TEC was experimentally proven when 

pharyngeal endoderm cells isolated from embryos at E9 and grafted under 

the kidney capsule of nu/nu mice was sufficient to give rise to a functional 

thymus  (15). The differentiation of endodermal cells to functionally 

competent TEC requires however signals from the neural crest cells and 

recruited haematopoietic precursor cells and also depends on the intrinsic 

expression of Foxn1 (7) whose regulation of expression is only incompletely 

understood.  

The distinct cTEC and mTEC lineages are derived from a common 

thymic epithelial progenitor cells (TEPC). Clues for the existence of these 

precursor cells came from the presence of cells stalled in an immature state 

found in t hymic rudiments of the nu/nu mice (16). These cells are 
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phenotypically identified by their reactivity to either MTS20 or MTS24 

antibodies and compose 50% of the epithelial cells in E12 thymus primordial 

(16). Using histochemistry, the majority of cTEC and mTEC stain positively 

for cytokeratin8 (K8) and cytokeratin5 (K5) respectively. K5 and K8 double 

positive cells are found to be abundant in E12 thymus primordia and also 

preferentially located in the postnatal mice at the cortico -medullary junction  

(17). These K5 and K8 double positive cells have therefore been postulated to 

be TEPC but cell transfer experiments have not yet proven this assumption. 

Nevertheless, the existence of a common source of TEPC was demonstrated 

when immature TEC isolated from E12 were able to contribute to both TEC 

compartments (18, 19). 

The relationship between the seemingly separate cortical and 

medullary TEC lineages was recently further detailed. Ohigashi and 

ÊÖÓÓÌÈÎÜÌÚɯÚÏÖÞÌËɯÛÏÌɯÌß×ÙÌÚÚÐÖÕɯÖÍɯϕƙÛɯÐÕɯÛÏÌɯ3$/"ɯÈÕËɯthat the TEPC first 

acquire the cTEC phenotype but later diverge  via asymmetrical differentiation 

ÛÖɯÍÖÙÔɯÈÓÚÖɯÔ3$"ȭɯϕƙÛɯÐÚɯÈɯÚÜÉÜÕÐÛɯÖÍɯÛÏÌɯ×ÙÖÛÌÈÚÖÔÌɯÈÕËɯÐÚɯÌßÊÓÜÚÐÝÌÓàɯ

expressed only in the cTEC (Section 1.5.2). Using transgenic mice, TEC that 

ÏÈÝÌɯÌß×ÙÌÚÚÌËɯϕƙÛɯÈÛɯÈÕàɯÚÛÈÎÌɯÖÍɯÛÏÌÐÙɯËÌÝÌÓÖ×ÔÌÕÛɯÞÐÓÓɯÉÌɯÎÌÕÌÛÐÊÈÓÓàɯ

marked to express enhanced green fluorescence protein (eGFP) in their 

×ÙÖÎÌÕàɯÐÕËÌ×ÌÕËÌÕÛɯÖÍɯÞÏÌÛÏÌÙɯÛÏÌÚÌɯÊÌÓÓÚɯÊÖÕÛÐÕÜÌɯÛÖɯÌß×ÙÌÚÚɯϕƙÛɯÖÙɯÕÖÛȭɯ

Under these experimental conditions, more than 90% of mTEC express eGFP 

despite ÛÏÌɯÓÈÊÒɯÖÍɯÈÊÛÐÝÌɯϕƙÛɯÌß×ÙÌÚÚÐÖÕȭɯ3ÏÐÚɯÚÜÎÎÌÚÛÚɯÛÏÈÛɯÛÏÌɯÔÈÑÖÙÐÛàɯÖÍɯ

Ô3$"ɯÈÙÌɯÐÕËÌÌËɯËÌÙÐÝÌËɯÍÙÖÔɯϕƙÛ-expressing progenitors (20) that may be 

localised in the postnatal thymus at the cortico-medullary junction  (21). 

After differentiati on of TEPC into either cTEC or mTEC, the immature 

TEC begin to up-regulate MHC -II and CD40 and attain a mature state and 

only in the mTEC is Aire subsequently unregulated  (22). The immature mTEC 

pool largely consists of slow cycling fraction while the mature mTEC pool has 

a turnover rate of 3 weeks (23).  
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Figure 3. Illustration of the model of thymic epithelial cell lineage development. An 

endodermal ×ÙÖÎÌÕÐÛÖÙɯÎÐÝÌÚɯÙÐÚÌɯÛÖɯÈɯÊÖÔÔÖÕɯϕƙÛ-expressing TEC progenitor that is 

also positive for K5, K8, MTS20 and MTS24. This common TEC progenitor is likely to 

be restricted to thymic epithelial cell lineage and subsequently differentiates into 

either cTEC or mTEC. 

 

1.5. Thymic epithelial cell function  

 

1.5.1. T cell development in thymus 

 

 The primary role of the thymus is to support the differentiation and 

selection of T cells. The commitment to a T cell fate within the thymus 

microenvironment and subsequent m aturation comprises a series of processes 

and is initiated with the recruitment of blood -borne T cell progenitors, also 

termed thymus -settling progenitors  (24). Also the thymus does not contain a 

self-renewing progenitor pool, hence the thymus needs to have a continuous 

progenitor recruitment proc ess to sustain T cell production. These blood-

borne progenitors are rare with about only 200 cells per mouse and are 

lineage negative (markers to exclude B cells, myeloid and red blood cells) 

with high expression of stem cell antigen 1 (Sca1) and c-kit  (25). Progenitor 
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recruitment occurs as early as E11.5 and is guided by the expression of CC-

chemokine-ligand 21 (CCL21) and CCL25 in the embryo before 

vascularisation of the thymus  (26). The chemokines continue to play a role in 

the recruitment of the T cell progenitors  in the adult thymus (27). In addition 

to chemokines, T cell progenitors are also recruited through engagement of 

platelet-selectin glycoprotein ligand 1 (PSGL1) and P-selectin expressed on 

the thymic endothelial cells located mostly in the cortico -medullary junction  

(28). The level of expression of P-selectin on the endothelial cells can be 

regulated to control the rate of progenitor recruit ment (29) and this 

receptivity can be influenced by the availability of niche within the thymus  

(30). 

Upon recruitment, the thymus -settling progenitors then give rise to the 

early T lineage progenitor (ETP), a population that constitutes the most 

immature T -cell precursors within the thymus and that is phenotypically part 

of the DN1 sub-population  (31). In these early stages, the thymocytes are 

termed double-negatives (DN) due to the lack of expression of two prominent 

T cell co-receptors, CD4 and CD8. The DN population is  commonly separated 

into distinct and sequential cell stages based on their expression profile of 

CD44, a surface glycoprotein involved in cell interactions and migrations, and 

"#ƖƙȮɯÛÏÌɯϔ-chain of IL2-receptor. The cTEC express Delta-like 4, which 

commits ETP to T cell lineage through the engagement with Notch1-receptor 

on the ETP (32). cTEC also produce interleukin 7 (IL-7) that supports the 

survival of ETP (33). These two signals promote the development of DN1 

(CD44+CD25-) to the DN2 stage (CD25+CD44+), and subsequently DN3 stage 

(CD25+CD44-) as they down-regulate CD44 expression. Thymocyte 

maturation is coupled by the migration of cells towards the capsular region of 

the thymus and the expression of recombination activating genes (RAG) 1 

and 2, which drives the rearrangement of the gene locus encoding for T cell 

ÙÌÊÌ×ÛÖÙɯ ϕɯ ÊÏÈÐÕɯ ȹ3"1ϕȺȭɯ 3ÏÐÚɯ ×ÙÖÊÌÚÚɯ ÍÖÙÔÚɯ ÜÕÐØÜÌɯ ÊÖÔÉÐÕÈÛÐÖÕÚɯ ÖÍɯ
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individual genes of variable (V), diversity (D), and joining (J) gene segments 

ÞÐÛÏÐÕɯÛÏÌɯ3"1ϕɯÎÌÕÌɯÓÖÊÜÚɯÈÕËɯÛÏÜÚɯÌÕÈÉÓÌÚɯÛÏÌɯÎÌÕÌÙÈÛÐÖÕɯÖÍɯÈɯÚÌØÜÌÕÊÌɯ

that encodeÚɯ3"1ϕɯÊÏÈÐÕÚɯÞÐÛÏɯÜÕÐØÜÌɯÈÕÛÐÎÌÕ-binding capabilities. At this 

ÚÛÈÎÌȮɯÛÏÌɯ#-ƗɯÌß×ÙÌÚÚɯÙÌÈÙÙÈÕÎÌËɯ3"1ϕɯÛÖÎÌÛÏÌÙɯÞÐÛÏɯÈɯÚÜÙÙÖÎÈÛÌɯ3"1ϔɯ

chain to form a pre-TCR on the cell surface and then complexes with CD3 to 

enable its signaling competency. Only about half of all thymocytes at this step 

ÔÈÕÈÎÌɯÛÖɯÙÌÈÙÙÈÕÎÌɯÌÐÛÏÌÙɯÖÍɯÛÏÌÐÙɯÛÞÖɯ3"1ϕɯÓÖÊÐɯÛÖɯÎÌÕÌÙÈÛÌɯÈɯÍÜÕÊÛÐÖÕÈÓɯ

pre-TCR to receive survival signals. This checkpoint in the early thymocyte 

ËÌÝÌÓÖ×ÔÌÕÛɯÐÚɯÛÌÙÔÌËɯÈÚɯϕ-ÚÌÓÌÊÛÐÖÕȭɯ3ÏàÔÖÊàÛÌÚɯ×ÈÚÚÐÕÎɯÛÏÌɯϕ-selection 

checkpoint undergo strong proliferate to expand clones of thymocytes 

Ìß×ÙÌÚÚÐÕÎɯÍÜÕÊÛÐÖÕÈÓɯ3"1ϕ (34). After the pre -TCR is expressed and begins 

signal transduction, the cells down -regulate CD25 and progress to DN4 stage 

(CD25-CD44-). In mice, these cells also being to express CD8 to become 

immature CD8 single positives (ISP) (35) and then later also express CD4 to 

attain a double-×ÖÚÐÛÐÝÌɯȹ#/Ⱥɯ×ÏÌÕÖÛà×Ìȭɯ#ÜÙÐÕÎɯÛÏÐÚɯ×ÙÖÊÌÚÚȮɯÛÏÌɯ3"1ϔɯÎÌÕÌɯ

ÓÖÊÜÚɯÐÚɯÉÌÐÕÎɯÙÌÈÙÙÈÕÎÌËɯÈÕËɯÛÏÌɯ3"1ϔɤ3"1ϕɯÊÖÔ×ÓÌßɯÐÚɯÛÏÌÕɯÌß×ÙÌÚÚÌËɯÖÕɯ

the cell surface (36).  

At this stage, the thymocytes are probed for the functionality of their 

TCR by binding to peptide -major histocompatibility  complex (MHC) 

complexes (37) expressed on surface of cTEC and also other cells in the cortex. 

This constitutes the second checkpoint in the thymocyte development, 

whereby the avidity of TCR binding to peptide -MHC complex will 

determines the further fate of DP thymocytes and is termed the 

positive/negative selection. Only thymocytes binding with sufficient affinity 

above a certain threshold will be positively selected for further matura tion 

into single positives (SP). The vast majority of thymocytes have none or very 

low avidity for the peptide-MHC complexes and will undergo programmed 

cell death due to the lack of TCR-mediated survival signal, a process termed 

ɁËÌÈÛÏɯÉàɯÕÌÎÓÌÊÛɂ (38). This process ensures that only thymocytes with a 
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functional TCR and capable of eliciting an immune response will proceed in 

the developmental process. Positively selected thymocytes transiently up-

regulate an activation marker, CD69 (39) and then depending on whether the 

thymocytes recognise MHC-class-I (MHC -I) or MHC -class-II  (MHC -II) , the 

thymocytes further mature into CD8 SP or CD4 SP respectively (40). 

However, thymocyte s possessing TCR with a high-avidity are able react 

against self-antigens to induce autoimmunity and thus must be deleted. 

Thymocytes binding to the peptide -MHC complexes on the stromal cells with 

high-avidity will undergo apoptosis in a ×ÙÖÊÌÚÚɯÕÈÔÌËɯɁÕÌÎÈÛÐÝÌɯÚÌÓÌÊÛÐÖÕɂ 

(41). The first round of negative selection in the cortex is teÙÔÌËɯɁ6ÈÝÌɯƕɂɯ

and the cells can be identified by the co-expression of Helios and PD1 (42, 43). 

Thymocytes surviving the first wave of d eletion then up-regulate CC-

chemokine-receptor 7 (CCR7) and migrate into the medulla to undergo 

further development. In the medulla, the SP thymocytes undergo further 

negative selection to fine tune the TCR repertoire and delete any self-reactive 

thymocyte s that escaped negative selection in the cortex. This second round 

ÖÍɯÕÌÎÈÛÐÝÌɯÚÌÓÌÊÛÐÖÕɯÐÚɯÈÓÚÖɯÙÌÍÌÙÙÌËɯÛÖɯÈÚɯɁ6ÈÝÌɯƖɂɯÈÕËɯthe cells can be 

identified by the co-expression of Helios and Ox40 (CD134) within the 

medullary (CCR7+) CD4 SP (42, 43). The cellular mechanism of the negative 

selection is dependent on the compartmentalisation of the Ras and mitogen-

activated protein kinase (MAPK) signaling intermediates, which can be 

significantly shifted with small change s in affinity for peptide -MHC 

complexes at the threshold of negative selection (44). This allows the 

conversion of the TCR affinity value s into a binary response. The outcome of 

this stringent selection process results in the survival of only about 5% of 

thymocytes with a low to intermediate avidity to proceed with the final stages 

of development  (45).  

However the deletion of self -reactive thymocyte is incomplete and 

thus, instead of undergoing apoptosis, undeleted self-reactive thymocytes 
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express Foxhead box protein P3 (Foxp3) and differentiate into regulatory T 

cells (Treg). This constitutes the non-deletional tolerance whereby self-

reactivity is  averted via the development of undeleted self-reactive 

thymocytes into thymic -derived Foxp3+ Treg (46). Thymic T reg produced in the 

first 3 postnatal days of the mice is crucial for the prevention of autoimmunity  

(47) and the development of thymic T reg is dependent on the availability of 

niches in the medulla (48). 

It takes ETP approximately 4 weeks to complete their development to a 

post selection stage of mature and functionally competent T cells that are now 

ready to exit the thymus. This is facilitated by the up -regulation of 

sphingosine-1-phosphate receptor 1 (S1P1) that enables the process of egress 

of naïve T cells into the periphery  (49). 
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Figure 4. Schematic diagram of T cell development in the thymus. T cell progenitors are 

recruited to the thymus though blood vessels localised near the cortico-medullary 

junction. Guided by chemokines signals, these progenitors migrate to the cortex, 

commit to T cell fate, and initiate TCR gene rearrangement. The initial stages of T cell 

development are double negative for both CD4 and CD8 and hence are termed DN 1 

to DN4. Upon successful TCR rearrangement, the thymocytes receive survival signal, 

up-regulate both TCR co-receptors, CD4 and CD8, and enter the DP stage. However, 

auto-reactive thymocytes wi th strong avidity to the tissue -restricted antigens 

presented on stromal cells are induced to undergo apoptosis in a process termed 

negative selection. As thymocytes continues to develop, they down-regulate one of 

the TCR co-receptors and enter the SP stage. SP cells then migrate to medullary 

region, where the remaining auto -reactive thymocytes undergo further negative 

selection or develop into T reg cells. Finally, the cells complete the T cell development 

and exit the thymus as MHC restricted and self -tolerant naïve T cells. (Image from 

Klein et al 2014.) 
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1.5.2. Establishment of self-tolerance T cell repertoire 

 

TEC express on their cell surface co-stimulatory and MHC molecules, 

the latter displaying a wide range of peptides including those derived from 

tissue-restricted antigens (TRA). These peptide-MHC complexes are essential 

for shaping the correct TCR repertoire and the TRA are defined as genes that 

are expressed in 5 or less tissues within entire body and contrast the group of 

housekeeping genes that are typically expressed in most if not all tissues (50). 

As a cell population, TEC hold unique capacity (in striking contrast to any 

other somatic cell population) of being able to express over 19,000 protein-

coding genes (50), and are thus able to provide an almost complete range of 

the molecular signature of all cells in the body.  

TEC possess, as professional antigen presenting cells, sophisticated 

cellular processes that allow the presentation of TRA-derived peptides in the 

context of MHC and co-stimulatory molecules  (51). However, TEC specific 

mechanisms are in play to generate a uniquely shaped repertoire of self -

peptides. Most notably, cTEC possess proteasomes composed of a unique 

ÚÜÉÜÕÐÛȮɯ ϕƙÛȮɯ ÞÏÐÊÏɯ ÙÌ×ÓÈÊÌÚɯ ÛÏÌɯ ÖÛÏÌÙɯ ÊÖÔ×ÖÕÌÕÛÚɯ ϕƙɯ ÈÕËɯ ϕƙÐɯ ÍÖÜÕËɯ ÐÕɯ

proteasomes of all other cell types (52). This cTEC-Ú×ÌÊÐÍÐÊɯȹÐȭÌȭɯϕƙÛ-containing) 

proteasome produces peptides with high affinity to MHC -I molecules 

essential in fostering the selection of CD8 T cells (52). Other TEC-specific 

components involved in TRA processing f or antigen-presentation by MHC -II 

molecules are Cathepsin L (Ctsl) and the thymus specific serine progease 

(TSSP). Both proteins determine the efficiency by which CD4SP T cells are 

selected (53ɬ55).  

One of the key factors crucial for the regulation of establi shing central 

(i.e. thymic) immune tolerance concerns the function of the transcriptional 

facilitator autoimmune regulator (Aire). Expressed within the thymus most 

prominently in a population of mature mTEC (MHC -II hi CD80+), Aire 
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expression controls in mouse mTEC the expression of 3980 TRA (50). 

Complementary to the role of Aire, FEZ family zinc finger 2 (Fezf2) has 

recently been claimed as a transcription factor in mTEC that drives the 

expression a subset of Aire-independent TRA  (56) although this finding could 

not yet be independently verified. Though most of the TRA expression 

appears to be stochastic, genomic single cell and population studies with 

subpopulations of mature mTEC indicate that some co-expression patterns 

may exist, possibly creating non-mutually exclusive sets of TRA patterns in 

specific mTEC populations (57). The underpinning mechanism for this 

observation has been suggested to be based on localised changes in chromatin 

structure on spatially placed adjacent but separate chromosomes creating 3D 

×ÙÖßÐÔÐÛàɯÞÐÛÏÐÕɯÛÏÌɯÕÜÊÓÌÜÚɯÖÍɯÈɯÚÐÕÎÓÌɯÊÌÓÓȭɯ'ÖÞɯɁÍÐßÌËɂɯÛÏÌÚÌɯ×ÈÛÛÌÙÕÚɯÈÙÌɯ

is at the moment a point of contention  (58, 59) and will need to be tested using 

refined chromatin analyses at single cell resolution, a method which is yet to 

be robustly established. 

The exact molecular mechanism by which Aire drives expression of the 

TRA and other proteins remain incompletely defined. The reasons for this 

limited understanding lie, in part, in the complexity of the mechanism itself 

but also in the fact that primary mature mTEC and thei r Aire expression 

cannot be modeled in in vitro culture systems as Aire expression requires 

ɁÊÙÖÚÚ-ÛÈÓÒɂɯÞÐÛÏɯÛÏàÔÖÊàÛÌÚɯÈÕËɯËÌ×ÌÕËÚɯÖÕɯÈɯƗ#-growing environment. 

Nonetheless, advances in technology, such as single cell RNA sequencing, 

have recently revealeËɯÐÕÛÙÐÎÜÐÕÎɯÐÕÚÐÎÏÛÚɯÐÕÛÖɯ ÐÙÌɀÚɯÔÖÓÌÊÜÓÈÙɯÔÌÊÏÈÕÐÚÔÚɯ

as a transcriptional facilita tor.  

 

1.5.3. Role of epigenetics in TRA expression 

 

To elucidate the molecular mechanisms enabling TEC to express a very 

large number of TRA is challenging and TRA expression has to overcome the 
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tissue-specific mechanisms that enforce transcriptional silencing. It is 

therefore not surprising that TRA expression has been linked to epigenetics, 

which describes the heritable modifications to the genetic material wi thout 

changing the underlying DNA sequences. Indeed, epigenetics mechanisms 

determine the temporal and spatial control of gene activity during 

development and therefore co-define cellular identity  (60). To initiate and 

sustain epigenetic changes, at least three systems are currently considered 

that may operate in parallel to modify gene expression : DNA methylation, 

histone modifications and non -coding RNA -associated gene silencing  (61).  

Aire carries out its function of facilitating TRA gene expression in a 

complex with a large set of proteins that physicall y associated with it. The 

binding partners fall into four major functional classes: nuclear transport, 

transcription, pre -mRNA processing but also chromatin binding/structure  (62, 

63). For example, Aire binds to MBD1 (methyl -CpG-binding domain protein), 

which associates with ATF7ip (activating transcriptio n factor 7-interacting 

protein) and recogni ses methylated CpG dinucleotides, a repressive 

epigenetic marker enriched in promoters of inactivated genes (64). Thus, Aire 

coopts the normally repressive MBD1-ATF7ip complex and utili ses the 

preferential recognition of specific methylated CpGs provided by MBD1 to 

localise and target TRA loci. This preferential recruitment of Aire to sites of 

selective repression likely works in concert with the PHD1 domain -mediated 

recognition of unmethylated 4 th lysin e residue on the histone H3 (H3K4me0) 

and may also involve other Aire binding partners such as the chromodomain -

helicase-DNA -binding proteins, Chd4 and Chd6. Both of these proteins 

physically associate with Ai re (62, 63) and can bind to H3K4me0, 

tri methylated 27th lysine residue on the histone H3 (H3K27me3) and 

trimethylated 9 th lysine residue on the histone H3 (H3K9me3) (65ɬ68) to 

influence nucleosome mobilization  (69), DNA  repair  (70), and transcriptional 

regulation  (71). Additional evidence suggests that Aire complexes locali se to 
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genes encoding TRA by recognizing repressive epigenetic marks (50, refer to 

next section) because the transcriptional start sites of Aire-controlled genes are 

typically (albeit not exclusively) marked by H3K72me3  and H3K9me3 but 

devoid of trimethylated 4 th lysine residue on the histone H3 (H3K4me3) (50, 

unpublished data from Holländer lab). Thus, the expression of Aire-controlled 

TRA is very likely to be d etermined, at least in part, by the recognition of 

post-translational histone modification via Aire itself and its bindin g partners. 

 

1.6. Histone modifications  

 

1.6.1. Introduction to epigenetics 

 

Epigenetic changes to the genome such as post-translational histone 

modifications, the presence of different forms of non -coding RNA sequences 

as well as DNA methylation constitut e the main regulators of gene 

expression. These epigenetic modifications can induce changes in gene 

promoters thus regulating the accessibility for transcription factors and 

consequently transcription of the genes (72). Post-translational modifications 

of amino acid residues in the histone tail by methylation, acetylation, 

phosphorylation, ubiquitylation, and sumolyation play an essential role in 

regulating transcription via structural modifications consequent to changes in 

the state of chromatin compaction. Histone modifications can be broadly 

classified into either permissive (allowing transcription) or repressive 

(inhibiting transcription) marks  (73). A typical example of a permissive 

histone mark is the H3K4me3 whereas the comparable modification at 

position 27 of the same molecule (H3K27me3) imposes a repressive mark 

instead. These two histone marks, albeit of opposing function, can co-exist on 

the same histone molecule resulting in a bivalent histone code, a feature 

commonly found with developmental genes where  rapidly induced changes 
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in transcription are required in response to developmental cues  (74). For 

example, the genes encoding the lineage-definin g transcription factors Gata3, 

Tbet, Rorc and Foxp3 are marked with bivalent histone codes, which impart  

CD4 T cells with the plasticity to differentiate into different  subsets in 

response to environmental cues (75ɬ77). 

 

1.6.2. Polycomb repressive complex 2 

 

The Polycomb repressive complex 2 (PRC2) is a chromatin remodeling 

complex that mediates silencing of gene expression in the context of cell 

pluripotency and differentiation by establishing H3K27me3 marks. The 

crucial role of PRC2 plays in the control of gene expression is highlighted by 

the observation of early embryonic lethality in mice lacking any of the core 

PRC2 components (78ɬ80). PRC2 is a dynamic complex composed of four core 

components: embryonic ectoderm development (Eed), enhancer of zeste 

homolog 1/2 (Ezh1/2), suppressor of zeste 12 (Suz12), and retinoblastoma 

protein associated protein 46/48 (RbAp46/48). In addition to these core 

components, PRC2 can also interact with other co-factors that modulate its 

activity under specific cell -contextual conditions. One such example is 

jumonji and AT -rich interaction domain 2 (Jarid2) that acts as a demethylase 

regulating enzymatic activity of PRC2  (81). Another example is the adipocyte 

enhancer-binding protein 2 (Aebp2), an evolutionarily well conserved protein 

and isoforms of this protein are expressed in a developmental stage-specific 

pattern. Aebp2 binds to the close proximity to known tar get loci of PRC2 

suggesting a targeting role for this complex in cells where Aebp2 is co-

expressed with the PRC2 core components (82). Finally, the polycomb-like 

(PCL) proteins compose another group of  co-factors of the PRC2 (83, 84). 

PRC2 therefore acts as a holoenzyme with the contributions by additional 

ÊÖÔ×ÖÕÌÕÛÚɯÛÏÈÛɯ×ÙÖÊÜÙÌɯÛÏÌɯÊÖÔ×ÓÌßɀÚɯÔÈßÐÔÜÔɯÈÊÛÐÝÐÛà (85). However, it is 
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unclear whether the same mechanisms are also involved in the initial 

recruitment of PRC2 to a specific gene locus and maintaining its presence 

there.  

PRC2 maintains the repressive chromatin state via the ability of Eed to 

recognise and bind to pre-existing H3K27me3 and consequently depositing 

more H3K27me3 marks on tails of neighbouring H3 histones (Figure 5) thus 

ÈÊÛÐÕÎɯÐÕɯÈɯɁÍÖÙÞÈÙËɂɯ×ÖÚÐÛÐÝÌɯÍÌÌËÉÈÊÒɯÔÖËÌ (86). Furthermore, PRC2 also 

recruits PRC1, which monoubiquitylates lysine 119 of histone H2A 

(H2AK119ub), and jointly these two complexes cooperatively maintain the 

repressive state of the chromatin. Although many evidences have supported 

that recruitment of PRC1 and PRC2 are inter-dependent (87, 88), more recent 

observations argue that neither H3K27me3 nor H2AK119ub are required for 

PRC targeting (89). Thus, the binding of either PRC complex could take place 

independently without any specific hierarchical order.  

The PRC2 imposes a transcriptional repression on many gene loci 

including those that  are identified for their role in developmental processes  

(90, 91). This activity is cell -contextual and may therefore differ between 

different cell types. In a mouse embryonic stem cell line, PRC2 is required for 

the silencing of pluripotent factors so as to allow the cell to differentiate  (83, 

92). Under other conditions, PCR2 is needed for adipogenesis (93) or 

lymphopoiesis  (94), whereas PRC2 inactivation initiates myogenesis (95) and 

epidermis formation  (96). 
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Figure 5. Illustration of Polycomb Repressive Complex 2. The holoenzyme PRC2 is 

represented by the 4 core components, Suz12, RbAp, Eed and Ezh1/2. The histone H3 

amino-end tail can have either 27th lysine residue with ( red) or without ( blue) 

trimethylation modification. The Eed binds to pre -existing H3K27me3 while Ezh1 or 

Ezh2 catalyses the trimethylation of H3K27 of neighbouring histone H3 molecules. 

This mechanism allows PRC2 to deposit H3K27me3 marks on the chromatin in a 

positive feedback mode. 

 

1.6.3. Eed 

 

Eed physically associates with both Ezh1/2 via its WD (tryptophan -

aspartic acid) domain (97) and with H3K27me3 modifications via its second 

WD domain  (86, 98). The latter interaction enables Eed to maintain a 

transcriptionally repressed chromatin state  as described in the previous 

section (86). Deletion of Eed drastically precludes the tri methylation of 27th 

lysine residue of histone 3 (99). If the deletion of Eed is constitutive, 

embryogenesis is terminated on E9 due to a gastrulation failure and the lack 

of axial structures (node, notochord, somties) (79). These developmental 

defects are already clearly discernable by E8.5 with homozygous mutant mice 

demonstrating smaller and undifferentiated embryonic ectoderm and meager 

embryonic mesoderm. Nevertheless, Eed-deficient embryos have extensive 

development of extra-embryonic structures albeit not completely normal with 

the allantois being larger as compared to the wild types. Moreover, Eed is 

essential for the repression of the Homeobox (Hox) genes (Hoxa4, Hoxa7, 

Hoxb6, Hoxc8) during embryogenesis (90). The de-repression of these Hox 
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genes is also the consequence of the loss of PRC1 function (100, 101) implying 

that both PRC1 and PRC2 possibly regulate the same homeotic genes. The 

function of Eed is not restricted to only early and mid -gestational 

developmental but has also been documented in postnatal life where a loss of 

Eed exhausts adult bone marrow haematopoietic stem cells (HSC) despite a 

normal production of fetal liver HSCs  (102). 

 

1.6.4. Ezh1 and Ezh2 

 

 Enhance of zeste (E(z)), or the mammalian homolog Ezh, is one of the 

founding member of the family of SET domain family of proteins. The 

ËÖÔÈÐÕɀÚɯÈÊÙÖÕàÔɯËÌÙÐÝÌÚɯÍÙÖÔɯÛÏÌɯÐËÌÕÛÐÍÐÊÈÛÐÖÕɯÖÍɯÊÖÕÚÌÙÝÌËɯÚÛÙÜÊÛÜÙÌɯÐÕɯƗɯ

Drosophila melanogaster proteins, namely Suppressor of variegation 3-9, E(z), 

and Trithorax  (103ɬ105). The SET domain, within the Ezh subunit,  imparts the 

histone lysine methyltransferase activity and requires inte raction with Eed for 

its catalytic activity  (106, 107). Two homologs of Ezh have been identified in 

mammalian cells, whereby Ezh1 and Ezh2 exert only partial redundancy that 

are not interchangeable (99). Both genes will therefore have to be deleted to 

achieve a complete loss in H3K27me3 marks in many cell types (96, 102, 108). 

The Ezh homologs also have different expression pattern with Ezh1 present in 

both dividing and differentiating cells while Ezh2 expressed only in actively 

dividing cells  (109). Ezh1 has a lower methyltransferase activity in 

comparison to Ezh2 (109), which may account for the differential activity of 

PRC2 complex that contain either Ezh1 or Ezh2. This difference in level of 

enzymatic activity has lead to the postulation that PRC2-Ezh2 complex 

establishes the cellular H3K27me3 through the stronger Ezh2-mediated 

methyltransferase activity while PRC2 -Ezh1 complex restores and maintains 

H3K27me3 lost after histone exchange or demethylase activity (85). Moreover, 

Ezh1 and Ezh2 exert their individual functions in a differential and age -
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sensitive fashion. For example, Ezh2 is essential in fetal but dispensable in 

adult HSC (110). On the other hand, Ezh1 is critical f or postnatal HSCs as 

these proteins control self-renewal, differentiation and apoptosis  (102).  

The deletion of both Ezh1 and Ezh2 leads to the loss of Sox2 expression 

and consequently altered the cell fate of the epidermal progenitor cells. Thus, 

this reveals the important role of Ezh1 and Ezh2 for skin epithelial cell 

differentiation  (96). In addition, Ezh2 methylates the transcription factors 

Stat3 and Gata4 resulting in a functional activation of the former but a 

repression of the latter (96, 111). The precise role of either of these PRC2 

subunits for thymic development and PGE r emains, however unknown and is 

the focus of my research.   

 

1.7. Importance of histone modifications to TRA expression  

 

Experimental evidences linking the Aire molecular structure to the 

recognition of specific epigenetic modifications and TRA expression h ave 

ÈÊÊÜÔÜÓÈÛÌËɯÛÖɯÚÜÎÎÌÚÛɯÛÏÈÛɯ ÐÙÌɀÚɯÍÜÕÊÛÐÖÕɯÐÚɯÔÈÐÕÓàɯÙÌÓÈÛÌËɯÛÖɯÊÜÌÚɯ×ÙÖÝÐËÌËɯ

by specific epigenetic marks present in mTEC. This postulation is supported 

by structural data demonstrating that plant homeodomain 1 (PHD1) domain 

on Aire binds directly an d with sufficient affinity to H3K4me0  (112, 113). The 

importance of epigenetic landscape in defining Aire targets was revealed 

when Aire was  found to induce expression of different sets of genes when 

ÌÛÖ×ÐÊÈÓÓàɯÌß×ÙÌÚÚÌËɯÐÕɯÛÏÌɯ×ÈÕÊÙÌÈÛÐÊɯÐÚÓÌÛɯϕɯÊÌÓÓÚɯÈÚɯÊÖÔ×ÈÙÌËɯÛÖɯ×ÙÐÔÈÙàɯ

mTEC (114). The variable severity of autoimmunity observed in Aire -deficient 

human (115) and mouse (116) also highlights the importance of epigenetic, 

and possibly genetic background, in Aire -driven TRA expression. 

Furthermore, the transcriptional start sites of genes transcriptio nally 

controlled by Aire are enriched for the repressive histone mark H3K27me3 
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whereas marks indicating a permissive chromatin state such as H3K4me3 and 

H3K79me3 appear to be reduced (50, ÜÕ×ÜÉÓÐÚÏÌËɯËÈÛÈɯÍÙÖÔɯ'ÖÓÓåÕËÌÙɀÚɯÓÈÉ).  

It is therefor e conceivable that Aire controls transcription of gene loci 

with a repressive state though the precise molecular mechanism how this 

may be achieved remains not yet defined. Two opposing models have been 

suggested to account for this seemingly contradictory  phenomenon (50). The 

first model suggests that Aire is able to recognisÌɯÙÌ×ÙÌÚÚÐÝÌɯÔÈÙÒÚɯÈÕËɯɁÖÝÌÙ-

ÙÐËÌÚɂɯÛÏÐÚɯÊÏÙÖÔÈÛÐÕɯÊÖÕÍÐÎÜÙÈÛÐÖÕɯËÜÌɯÛÖɯÐÛÚɯÕÖÕ-classical capacity to initiate 

transcription. The alternative model proposed that upon binding of Aire to a 

repressive chromatin configuration the epigenetic landscape of this locus is 

temporarily altered to a permissive state to allow the subsequent transcription 

to occur. Another challenge of elucidating the mechanisms driving TRA 

expression is that analysis of mTEC on population level might result in the 

under -representation of epigenetic marks since an individual TRA is 

expressed only in 1% to 3% of mTEC. Hence, evidence for either model is 

presently missing as analyses at single cell resolution of both transcriptional 

activity at a given locus and its precise histone marks are required to derive 

an unequivocal conclusion regarding the precise mechanism in play. This 

methodological tool is ho wever not yet available rendering any conclusions 

unfounded as to how Aire and repressive epigenetic marks may co-opt for the 

purpose of driving TRA expression.  
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2. HYPOTHESIS AND  AIMS  

 

The main catalytic function of PRC2 is the tri methylation of histone  3 

at lysine 27 (H3K27me3), which constitutes a repressive epigenetic mark for 

gene transcription. This modification is preferentially associated in medullary 

thymic epithelial cells (TEC) with transcriptional start sites (TSS) of 

Autoimmune regulator (Air e)-controlled loci. In contrast, H3K27me3 marks 

are lacking at these sites in genes that encode other genes, including Aire-

independent tissue-restricted antigens (TRA). It has remained not only 

unknown but also not further investigated whether this correl ation of 

H3K27me3 marks with TSS of Aire-controlled loci is coincidental or, 

alternatively, required for Aire -mediated transcription and thus for the 

ÔÖÓÌÊÜÓÌɀÚɯÊÈ×ÈÊÐÛàɯÍÖÙɯ31 ɯÌß×ÙÌÚÚÐÖÕȭ 

The hypothesis underpinning the experimental work s presented in this 

thesis postulates that PRC2 function is essential for the regular differentiation 

of epithelial precursors into functional competent TEC able of expressing TRA 

in an Aire -dependent fashion. 

 

This thesis addresses specifically the following aims:  

1. The effects of PRC2-deficiency upon the differentiation and 

developmental processes of TEC. 

2. The effects of PRC2-deficiency upon TEC function, including the integrity 

of the negative selection process that is dependent on the expression of 

TRA. 
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3. MATERIALS AND METHODS  

 

3.1. Conditional targeted knockout mouse models  

 

Eedtm1Sho/J (Eedfl/fl ) mouse line was obtained from Stuart Orkin 

(Harvard)  (102) and Ezh1tm1JnwEzh2tm1Tara (Ezh1KO::Ezh2fl/fl ) mouse line was 

obtained from Elena Ezhkova (Mount Sinai)  (108) with the permission of 

Thomas Jenuwein and Alexander Tarakhovsky. These 2 mouse lines were 

crossed with the ÔÖÜÚÌɯÓÐÕÌɯÊÈÙÙàÐÕÎɯÛÏÌɯÛÙÈÕÚÎÌÕÌɯϕƙÛ"ÙÌɯÛÖɯÈÊÏÐÌÝÌɯTEC-

targeted knockout of the lox -flanked genes, Eed and Ezh2, via the Cre-lox 

system. The heterozygous F1 generation is then crossed amongst littermates 

to obtain a subsequent offsprings homozygous for the lox -flanked transgene 

(either Eedfl/flȯȯϕƙÛ"ÙÌɯÖÙɯ$áÏƕKO::Ezh2fl/flȯȯϕƙÛ"ÙÌȺȭɯ3ÏÌɯ$ÌËfl/flȯȯϕƙÛ"ÙÌɯmouse 

line was further crossed with Cg-t(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J (ZsGreen) 

mouse line to achieve triple transgenic mouse line with Eed targeted 

knockout and ZsGreen expression in cells that have expressed ϕƙÛ"ÙÌɯ

(Eedfl/flȯȯϕƙÛ"ÙÌȯȯ9Ú&ÙÌÌÕȺȭɯAll mouse strains were kept in accordance with 

federal regulations. 

 

3.2. Mouse Genotyping  

 

Toes from the mice were clipped at the age of 1 to 2 weeks old. The 

toes were subsequently lysed using lysis buffer [0.1M Tris adjusted to pH8.5 

(Sigma, St. Louis, USA), 5mM EDTA (Sigma, St. Louis, USA), 0.2M NaCl 

(Sigma, St. Louis, USA), 0.4% SDS (Sigma, St. Louis, USA), 0.1mg/ml 

Proteinase K (Amresco, Solon, Ohio, USA)] and incubation for at least 2 hours 

at 56°C and 750rpm. To purify the DNA, an equal volume of isopropanol 

(Sigma, St. Louis, USA) is added to precipitate the DNA, then spun down at 
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14000rpm for 3min, washed with 70% ethanol (Sigma, St. Louis, USA) and 

subsequently dissolved in TE buffer (Ambrion, Minneapolis, USA). To 

determine the mouse genotype, the PCR reactions were carried out with 

primers at final concentration of 0.4mM, 1x PCR buffer (Sigma, USA), 0.2mM 

dNTP (Sigma, USA) and 0.5U Taq polymerase (Sigma, USA). The reactions 

were then placed in PCR machine (Eppendorf, CH) with a hot start of 94°C 

for 5min, followed by 35 cycles of 95°C for 30sec, 58°C for 30sec, 72°C for 

30sec and finally 72°C for 10min. The resulting PCR reaction products were 

resolved by gel electrophoresis with 1.5% agarose and 90V for 40min. 

 

Table 1. List of primers used for PCR genotyping 

Gene  Forward Primer  Reverse Primer 

Cre (ϕ5t) GGCCTTTGAACGCACTGAC  GACAGGGCCTTCTCCACAC  

Eed floxed CTACGGGCAGGAGGAAGAG  GGGGGAGAGGGAGTTGTC  

Eed deleted CTACGGGCAGGAGGAAGAG  CCACATAGGCTCATAGAATTG  

Ezh1 - KO CTCCTGTCCTCATAGCAAGAC  GTACTCTTAACCACTGGACTG  

Ezh2 floxed CTGCTCTGAATGGCAACTCC  TTATTCATAGAGCCACCTGG  

Ezh2 deleted CTGCTCTGAATGGCAACTCC  ACGAAACAGCTCCAGATTCAGGG  

 

3.3. Flow cytometry analysis reagents  

 

For multi -coloured flow cytometry analyses, the monoclonal 

antibodies directed against specific murine antigens are summarised in the 

following table. These antibodies were conjugated to biotin, fluorescein 

isothyocyanate (FITC), phycoerythrin (PE), cyanin 5 (Cy5), allophycocyanin 

(APC), Alexa Fluor ® 700, BrilliantViolet ® dyes (421, 510, 605, 650, 786) or 

tandem dyes PE-Cy7, PerCP-Cy5.5, APC-Cy7, PE-TexasRed. In cases where 

biotin -conjugated primary monoclonal antibody is used, streptavidin 

conjugated to a specific fluorochrome was used for its detection. While for 

unconjugated primary monoclonal antibody, anti -rabbit IgG conjugated to 

Alexa Fluor ® 555 or Alexa Fluor® 647 (Life Technologies, Oregon, USA) was 

used for its detection. 
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Table 2. List of antibodies 
Antigen  Clone Isotype Manufacturer   

Thymocytes / T cells 

  

 

CD4 RM4-5 Rat IgG2a, k eBioscience  

CD5 53-7.3 Rat IgG2a, k eBioscience  

CD8a 53-6.7 Rat IgG2a, k BioLegend  

CD19 6D5 Mouse IgA, k  Molecular Probes  

CD24 M1/69 Rat IgG2b, k eBioscience  

CD25 PC61 1ÈÛɯ(Î&ƕȮɯϞ BioLegend  

CD44 IM7 Rat IgG2b, k BioLegend  

CD62L MEL-14 Rat IgG2ak BioLegend  

CD69 H1.2F3 Armenian Hamster IgG  BioLegend  

CD73 TY11.8 1ÈÛɯ(Î&ƕȮɯϞ BioLegend  

NK1.1 PK136 Mouse IgG2a, k BioLegend  

TCRϕ H57-597 Armenian Hamster IgG  BioLegend  

c-kit (CD117) 2B8 Rat IgG2b, k BioLegend  

Foxp3 FJK-16s Rat IgG2a, k eBioscience  

Helios 22F6 Armenian Hamster IgG  eBioscience  

PD1 29F.1A12 Rat IgG2a, k BioLegend  

FR4 eBio12A5 Rat IgG2b, k BioLegend  

CCR7 (CD197) 4B12 Rat IgG2a, k BioLegend  

Ox40 (CD134) OX-86 Rat IgG1, k BioLegend  

CD45.1 A20 Mouse IgG2a, k eBioscience  

ϖϗTCR GL3 Armenian Hamster IgG  eBioscience  

Lineage markers for Thymocytes staining panel 

 

 

CD11b M1/70 Rat IgG2b, k BioLegend  

CD11c N418 Armenian Hamster IgG  BioLegend  

PanNK (CD49b) DX5 Rat IgM, k BioLegend  

CD31 390 Rat IgG2a, k BioLegend  

B220 RA3-6B2 Rat IgG2a, k BioLegend  

F4/80 BM8 Rat IgG2a, k BioLegend  

Gr1 (Ly6G/Ly6C) RB6-8C5 Rat IgG2b, k BioLegend  

NK1.1 PK136 Rat IgG2a, k BioLegend  

TER119 TER-119 Rat IgG2b, k Self-made  

ϖϗTCR GL3 Armenian Hamster IgG  eBioscience  

TECs 

   

 

EpCAM  G8.8 Rat IgG2a,k BioLegend  

UEA1 - - Reactolab/Self-made  

Ly51 6C3 Rat IgG2a,k BioLegend  

CD45 M1/9.3.3.HL Rat IgG2a Self-made  

IA/IE (MHC class II)  M5/114.15.2 Rat IgG2b, k BioLegend  

Aire  5H12 Rat IgG2c eBioscience  

H3K27me3 C36B11 Rabbit IgG Cell Signalling   

Total H3 ab1791 Rabbit IgG AbCam  

IgG2a control - Rabbit IgG AbCam  

Eed ab4469 Rabbit IgG AbCam  
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3.4. Analysis with flow cytometry  

 

For analyses on TEC, thymic lobes were dissected and diced into small 

×ÐÌÊÌÚɯÈÕËɯÛÏÌÕɯÐÕÊÜÉÈÛÌËɯÐÕɯ/!2ɯÊÖÕÛÈÐÕÐÕÎɯƖƔƔϟÎɤÔÓɯ+ÐÉÌÙÈÚÌTM (Roche 

#ÐÈÎÕÖÚÛÐÊÚȮɯ"'ȺɯÈÕËɯƗƔϟÎɤÔÓɯ#-ÈÚÌ(ɯȹ1ÖÊÏÌɯ#ÐÈÎÕÖÚÛÐÊÚȮɯ"'ȺɯÈÛɯƗƛȘ"ɯÍÖÙɯ

60min with occasional pipetting to obtain single cell suspensions.  Due to the 

scarcity of TEC, samples were enriched for TEC using AutoMACS (Miltenyi 

Biotec, USA) according to ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ×ÙÖÛÖÊÖÓȭɯ3ÏÌɯÌÕÙÐÊÏÌËɯÊÌÓÓɯÚÈÔ×ÓÌÚɯ

were then subsequently stained with monoclonal antibodies at 4°C for 45mins 

in PBS containing 2% (w/v) FCS (Perbio, UK). For intracellular staining, TEC 

first stained for surface antigens and thereafter fixed and permeabilised by 

using Cytofix/Cytoperm kit (Becton-Dickson, USA) according to 

ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ×ÙÖÛÖÊÖÓȭɯ3ÏÌɯÍÐßÌËɯÊÌÓÓÚɯÈÙÌɯÛÏÌÕɯÚÛÈÐÕÌËɯÞÐÛÏɯÈÕÛÐÉÖËÐÌÚȭɯ 

Single-cell suspension of haematopoietic cell samples were obtained 

from thymus and spleen by smashing the organs in between 2 sheets of nylon 

ÔÌÚÏɯÞÐÛÏɯ×ÖÙÌɯÚÐáÌɯÖÍɯƕƔƔϟÔɯȹ2ÌÍÈÙɯ-ÐÛÌßȮɯ"'Ⱥȭɯ3ÏÌɯÚÈÔ×ÓÌÚɯÞÌÙÌɯÛÏÌÕɯ

stained with monoclonal antibodies at 4°C f or 45mins. For intracellular 

staining, cells were first stained with surface antigens then fixed and 

permeabilised by using Cytofix/Cytoperm Kit (eBioscience, USA) according 

ÛÖɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ×ÙÖÛÖÊÖÓȭɯ 

Flow cytometric analysis and cell sorting were carrie d out using FACS 

Aria or FACS Fortessa. Data analyses were subsequently done using FlowJo 

software (Treestar, USA).  

 

3.5. Real time quantitative PCR analysis  

 

 RNA samples were extracted from sorted cells by using RNeasy Micro 

*ÐÛɯȹ0ÐÈÎÌÕȮɯ"'ȺɯÈÊÊÖÙËÐÕÎɯÛÖɯÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ×ÙÖÛÖÊÖÓȭɯ3ÏÌɯ1- ɯÚÈÔ×ÓÌÚɯ

were then reverse transcribed into cDNA with SuperScript III Reverse 
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Transcriptase (Invitrogen, USA) according to inst ructions provided by the 

manufacturer. Subsequently, real time quantitative PCR was carried out on 

Rotor-Gene 3000A (Qiagen, CH) using SensiMix SYBR kit (Bioline, USA) to 

ascertain the relative gene expression levels. 

 

Table 3. List of primers used for quantitative PCR 

Gene Foward Primer  Reverse Primer 

GAPDH  TGAAGCAGGCATCTGAGGG  CGAAGGTGGAAGAGTGGGAG  

Foxn1 TTGTGGAACTGGAGTCCACG  TGTTGGGCATAGCTCAAGCC  

Rag2 CTGACTGCCTACCCCATGTT  GTGCGTTCTTCCAAATCCAT  

Chemokines 

  CXCL12 AAATCCTCAACACTCCAAAC  GCTTTCTCCAGGTACTCTTG 

CCL19 CCTGGGTGGATCGCATCATCCG  AGAGCATCAGGAGGCCTGGTCCT  

CCL21 AGAAAGCTTGCTGCCCTCCAA  GGCGCATCAGGTTCTGCACCCA  

CCL25 CCACCCTAGGTCATCCCAGG  CCTAGGAAGTTCAGGGTATG  

Cytokines 

  IL7 CTTGCTTTTTCCAGCCACGT AGGCATGGCTACCACACATG  

c-kit Ligand  CACAAAACCATTTATGTTACCC  TTACAAGCGAAATGAGAGCC  

IL15 GAATACATCCATCTCGTGCT  CCAGGTCATATCTTACATCTATCC  

TSLP ACGAATTGTACTTGTCCTGGGT  ACGAATTGTACTTGTCCTGGGT  

Apoptotic Genes 

 Bax CTCAAGGCCCTGTGCACTAA  CACGGAGGAAGTCCAGTGTC  

Bid GACTCTGAGGTCAGCAACGG  CCTCCCAGTAAGCTTGCACA  

Bcl-xl CGCCGGAGATAGATTTGAATAACC  CCCGGTTGCTCTGAGACATT  

Bak CCAAGATCGCCTCCAGCCTA  CACGCTGGTAGACGTACAGG  

Eed deletion 

 Exon1-2 ATGTCCGAGAGGGAAGTGTC  TGTGTTTGTGCCACTCTCAA  

Exon3-4 CTGCTCTGAATGGCAACTCC  GGACTGCAATAACCGTATCTCC  

Exon5-6 TTTACACTTGTGCATGGACCT  CATTTCCATGGCCAACATAG  

Exon7-8 CTCTTGTGGCAATATTCGGA  TGCATTTCATCATCCTCTTTGA  

 

 

3.6. Histology and immunofluorescence confocal microscopy  

 

The thymi were isolated and frozen immediately in the Optimal 

cutting temperature compound ( OCT) (Cell Path, UK). Tissue sections of 8µm 

were sliced on a cryostat, dried and fixed with acetone (Sigma, USA) for both 

haematoxylin and eosin (H&E) and immunofluorescence staining. For H&E 
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staining, the tissue sections were subsequently dehydrated with increasing 

concentrations of ethanol, 50%, 75%, 95%, 100% (w/v), then stained with 

,ÈàÌÙɀÚɯ ÏÈÌÔÈÛÖßàÓÐÕ (Réactifs RAL) and eosin (J.T. Baker). For 

immunofluorescence histology, the tissue sections were first fixed with 4% 

paraformaldehyde (Sigma, USA), then stained with antibodies (refer to Table 

2.3-1) and subsequently detected using anti -IgG antibodies conjugated to 

Alexa Flour ® fluorochrome . The section images were subsequently acquired 

with Leica SP5 confocal microscope. 

 

3.7. T cell in vitro proliferation  assay 

 

 T cells were first stained with appropriate fluorescence -labelled 

antibodies and then sorted flow cytometer. These cells were then stained with 

2.5µg/ml of CFSE in PBS at room temperature. Following that, the cells were 

then cultured in triplicate s with gamma-irradiated (2500cGy) spleenocytes 

extracted from RAG-/- mice and 1µg/ml of anti -CD3 antibody for 72hours  in 

IMDM culture medium ( Life Technologies, USA) with added 10% fetal bovine 

serum (Hyclone, Perbio, Belgium) and 1% Gentamycin (Life Technologies, 

USA). The supernatant were then aspirated and kept at -20°C until use for 

ELISA assay. To acertain the rate of proliferation, t he cells were then stained 

with fluorescence-labelled antibodies and analysed with a flow cytometer for 

the proliferatio n rates. The proliferative index is calculated by following 

formula,  

Proliferative index =  
  

Ễ
 

a = number of cellular division as indicated by serial CFSE dilution  
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3.8. ELISA assay 

 

 The ELISA kit from eBioscience (USA) was used to determine the 

concentration of IL2 in the supernatant of the in vitro T cell culture. First, the 

96-well -plates (Corning, USA) were coated with 5µg/well of capture antibody 

(anti-IL2 antibody) overnight at 4°C. The wells were then blocked with 

1xELISASPOT diluent (eBioscience, USA) for 1 hour at room temperature. 

Next, the standards and samples were added to respective wells and 

incubated for 2 hours at room temperature. The biotinylated detection 

antibody was then added to each well and incubat ed for 1 hour at room 

temperature. 100µl of avidin -HRP (horseradish peroxidase) was then added 

to each well and incubated for 1 hour at room temperature. In between each 

steps, the wells were washed 4 times with PBS-0.05%Tween-20 (Sigma, USA). 

For detection, 50µg/well of TMB (tetramethylbenzidine) substrate solution 

was added and incubate for 15 minutes at room temperature followed by the 

addition of 100µl of 5N sulphuric acid stop solution. The absorbance values of 

each well were then acquired using an absorbance reader at 450nm. 

 

3.9. BrdU Analysis  

 

For analysis of proliferation in TEC, mice were injected 

intraperitoneally (i.p.) with 1mg BrdU (BD Pharmingen, USA) diluted in 

sterile phosphate buffered saline and analysed 16 hours later by flow 

cytometry ( Section  3.4).  
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3.10. Fetal thymic organ culture  

 

Thymi c lobes were dissected from E15.5 embryos obtained from timed 

mated female mice. The thymic lobes were first  placed on a 0.45 micro pore 

size filter (Milipore, USA) floating on culture medium (IMDM culture 

medium (Life Technologies, USA) plus 10% fetal bovine serum (Hyclone, 

Perbio, UK)) with  added ƕȭƗƙÔ,ɯÖÍɯƖɀ-deoxyguanosine (Sigma, USA) for 5 

days to deplete the thymus of thymocytes. The filters were then transferred 

onto fresh medium (withou ÛɯƖɀ-deoxyguanosine) for 1 day. After that, the 

filters were transferred to fresh culture medium containing 10µg/ml of 

ÙÌÊÖÔÉÐÕÈÕÛɯ1 -*+ɯȹÖÉÛÈÐÕÌËɯÍÙÖÔɯ%ÐÕÒÌɀÚɯ+ÈÉȺɯÍÖÙɯÈÕɯÈËËÐÛÐÖÕÈÓɯƙɯËÈàÚȭɯ

3ÏÌɯÛÏàÔÐÊɯÓÖÉÌÚɯÞÌÙÌɯÛÏÌÕɯÐÕÊÜÉÈÛÌËɯÐÕɯ/!2ɯÊÖÕÛÈÐÕÐÕÎɯƖƔƔϟÎɤÔÓɯ+iberaseTM 

ȹ1ÖÊÏÌɯ#ÐÈÎÕÖÚÛÐÊÚȮɯ"'ȺɯÈÕËɯƗƔϟÎɤÔÓɯ#-ÈÚÌ(ɯȹ1ÖÊÏÌɯ#ÐÈÎÕÖÚÛÐÊÚȮɯ"'ȺɯÈÛɯ

37°C for 60min with occasional pipetting to obtain single cell suspensions. 

The cells were stained with fluorescence-tagged antibodies for FACS analysis. 

 

3.11. Cytospin  

 

Single cell suspension of thymus tissue was obtained using the same 

method as described in Section 3.4. The cells were then stained with 

fluorescence-tagged antibodies for extracellular antigens and fixed with 

Cytofix/Cytoperm kit (Becton -Dickson, USA) ÈÊÊÖÙËÐÕÎɯ ÛÖɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ

protocol. The cells were then sorted using the FACS Aria to obtain specific 

cell populations and attached onto glass slides using the Cytospin (Thermo 

Scientific, USA) at 800g for 5min. The cells were then stained with monoclonal 

anti-Eed antibody (Table 2) and incubated overnight at 4°C. Subsequently, 

anti-rabbit IgG antibody conjugated to Alexa Flour ® 555 was added to detect 

the anti-Eed antibody and images were acquired using SP5 Leica SP5 confocal 

microscope. 
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3.12. T-cell dep letion  

 

Two-weeks-old Eedfl/fl  and Eedfl/flȯȯɯϕƙÛ"ÙÌɯÔÐÊÌɯÞÌÙÌɯÐÕÑÌÊÛÌËɯÐȭ×ȭɯÖÝÌÙɯƗɯ

consecutive days with 200µg anti-CD4 (GK1.5), 100µg anti-CD8 (53-67) and 

50µg anti-Thy1.2 (T24) per dose. All antibodies used were homemade and 

tested for the sufficient dosage to peripheral T cell population.  

 

3.13. Statistical analysis  

  

The values of all experimental data presented are mean ± standard 

deviation . The two-ÛÈÐÓÌËɯ ÜÕ×ÈÐÙÌËɯ 2ÛÜËÌÕÛɀÚɯ Û-test was performed using 

GraphPad Prism version 5 (San Diego, USA). The p-values are indicated in 

each figures and classified in four categories: p>0.05 (not significant), p>0.01 

(*), p>0.001 (**), p>0.0001 (***). 

 

3.14. Single cell transcriptomic analysis  

 

 Single cells were obtained from 4-weeks-old Eedfl/flȯȯɯϕƙÛ"ÙÌɯÈÕËɯÞÐÓËɯ

type B6 control mice and sorted into individual wells of a 96 -well plate 

containing 2.3µl of lysis buffer (0.2% Triton, 2units/µl RNase inhibitor, 

RNase-free water). The samples were then sent to collaborator for the 

construction of a cDNA library for ever y individual cell and subsequently 

transcriptomic analysis using the Smart -Seq2 method (117). 

For quality control, cells were eliminated from further analysis if the 

proportion of aligned  reads was < 75%; if the number of detected genes was < 

2000 or > 10000; if the proportion of fragments mapping to ERCC (External 

RNA Controls Consortium) spike -ins was > 75% or < 1%; if the proportion of 

fragments mapping to mitochondrial genes was either  an outlier or > 20%; if 

the proportion of fragments mapping to rRNA was an outlier; if the cell was 
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classified as an outlier by PCA; if the GC content of the library was < 40% or > 

ƚƔǔȰɯÖÙɯÐÍɯÛÏÌɯƙɀɯÛÖɯƗɀɯÉÐÈÚɯÞÈÚɯȀɯƔȭƖɯȹÈÚɯÈÚÚÌÚÚÌËɯÉàɯ/ÐÊÈÙËɯÛÖÖÓÚȺȭɯ.ÜÛÓier 

analysis was conducted in R using the boxplot function. PCA outliers were 

those where the ratio of MAD to median distance from the plate centroid was 

ǿɯƖȭɯ3ÏÌɯ×ÙÖ×ÖÙÛÐÖÕɯÖÍɯÍÙÈÎÔÌÕÛÚɯÞÈÚɯÌÚÛÐÔÈÛÌËɯÈÚɯ͓à1
Ą

j ɤɯȹ͓à1
Ą

j Ƕɯ͓ß1
Ą

i), 

where y is the gene set of interest (e.g. ERCC spike-ins), x is the set of protein-

coding genes, j is the number of genes in the gene set of interest and i is the 

number of protein -coding genes. 

The size-factors (i.e. sample amount) were calculated for each cell 

passing quality cont rol on protein -coding genes and ERCC spike-ins using 

DESeq (118). Counts were adjusted by two-factor correction: ([x 1...i] / sfx) / 

sfERCC, where sfx is the size-factor of protein -coding genes and sfERCC is the size-

factor of ERCC spike-ins. 

Analysis of the number of detectable genes in different numbers of 

cells was conducted by randomly sampling 100 combinations of cells with 

replacement at each number of cells (apart from 1 cell - at which point all cells 

were analysed separately). Empirical 95% confidence intervals were 

calculated from these sampled data and multiple different FPKM (Fragments 

Per Kilobase of transcript per Million mapped reads) thresholds were used. 

Counts were converted into the absolute number of molecules by linear 

modelling of the amount of ERCC spike -ins against the detected FPKM (with 

the fitted line forced through the origin).  

Clustering was conducted using PCA (principal component analysis) 

and t-SNE (t-distributed stochastic neighbor embedding; implemented in  the 

tsne R package). In the case of clustering, genes were included in the model 

only if the standard deviation was > 0 and the gene was expressed in > 20% 

cells. 

Differential expression was analysed using single-cell differential 

expression (scde) analysis package on genes with standard deviation >0 and 
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detectable at >10 reads per cell (119). The level of significance was set at an 

FDR < 0.05. Gene ontology enrichment was estimated using DAVID (120). 
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4. RESULTS 

 

4.1. Introduction to mouse model used in the study  

 

 Deficiency of PRC2 function is lethal to mice in the early embryonic 

stages (79). Therefore, the gene ablation of Eed was achieved conditionally by 

using the Cre-lox system to probe the functional role of PRC2 complex in TEC 

development and function. Tissue specific expression of Cre is achieved by 

placing the coding sequence of Cre under the transcriptional control of a  

tissue specific promoter. The gene to be conditionally ablated is modified by 

recombinant DNA technology so that recognition s equences for Cre, so called 

loxP sites, are placed at the ƙɀɯÈÕËɯƗɀɯends of the genomic DNA segment to be 

excised (121). To target the loss of gene functions exclusively to TEC, Cre 

expression was placed under the transcriptional control of Psmb11 that 

encodes ϕƙÛȮɯÈɯÛÏàÔÐÊɯÚ×ÌÊÐÍÐÊɯÚÜÉÊÖÔ×ÖÕÌnt of the proteasome complex (52, 

122). The use of Foxn1 transcriptional controlled Cre expression (123ɬ125) was 

omitted as transcript of Foxn1 is also significantly detected in skin 

keratinocytes (123, further  eloborated in Discussion )ȭɯ ϕƙÛɯ Ìß×ÙÌÚÚÐÖÕɯ ÐÚɯ

initiated at E12.5 in the thymus that, at the early stage, constitutes of TEC 

precursors that eventually give r ise to both cortical and medullary lineages 

(122). Hence, the placing of Cre expression under transcriptional control of 

ϕƙÛɯÐÕÚÛÌÈËɯÖÍɯ%ÖßÕƕɯÌÕÈÉÓÌÚɯÛÏÌɯÎÌÕÌɯËÌÓÌÛÐÖÕɯÚ×ÌÊÐÍÐÊɯÛÖɯÖÕÓàɯ3$"ɯÈÕËɯ

eliminates potential confounding factors to the mouse model phenotype  due 

to off target deletion in other organs such as the skin.  

To achieve a loss of PRC2 function specific to TEC, Eedfl/flȯȯϕƙÛ"ÙÌɯ

mouse line was generated whereby exon 3 to exon 6 of the Eed gene locus is 

flanked by to loxP sites (fl) (Figure 6). These exons contain sequences 

encoding the WD domain that enables Eed to interact with Ezh 1/2 (97). The 
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presence of Cre recombinase, specifically in TEC, will result in the excision of 

the loxP flanked exons of Eed leading to the functional loss of Eed and 

ÚÜÉÚÌØÜÌÕÛÓàɯ /1"Ɩɯ ÍÜÕÊÛÐÖÕȭɯ +ÐÛÛÌÙÔÈÛÌÚɯ ÓÈÊÒÐÕÎɯ ÛÏÌɯ ϕƙÛ"ÙÌɯ ÛÙÈÕÚÎÌÕÌɯ

(referred to as Eedfl/fl ) will serve as the wild type control mice.  

 

 
Figure 6. Schematic representation of the recombinant Eed and Psmb11 loci used to generate 

Eedfl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌ. The lox P sites are inserted into the eed locus flanking the exon 3 to 

6. Upon the co-expression of Cre controlled by Psmb11 locus, the intervening 

sequence of Eed is excised in the genome. 

 

A second experimental model to probe the functionality of PRC2 was 

developed in parallel. For this purpose , mice deficient in the expression of 

either one or both homologs of the catalytic component Ezh were created. 

Mice with a conditional Ezh2 gene locus, with loxP sites flanking exons 16-19 

that encodes the SET domain, were crossed to mice that carry the transgene 

ϕƙÛ"ÙÌɯand were conventionally deficient of Ezh1 to obtain mice designated 

Ezh1KO::Ezh2fl/flȯȯϕƙÛ"ÙÌ. The TEC of these mice are devoid of both Ezh1 and 

Ezh2 and thus provide an alternative approach to assess the function PRC2.   

A third mous e model was designed to visualise TEC in Eedfl/flȯȯϕƙÛ"Ùe 

mice that had recombined their lox P modified loci. This was achieved by 

breeding into Eed fl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌɯÈɯÔÖËÐÍÐÌËɯRosa26 locus which expresses 

ZsGreen fluorescence protein in a tissue specific fashion upon removal of  a 

stop cassette flanked by loxP sequences. The design of these mice, designated 

Eedfl/flȯȯϕƙÛ"ÙÌȯȯ9Ú&ÙÌÌÕȮɯÐÚɯËÐÚ×ÓÈàÌËɯÐÕɯFigure 7. Since the Cre recombinase 

mediated process of DNA recombination is irreversible, modifications to the 
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genome will be inherited to all subsequent daughter cells and thus serves also 

conveniently as a lineage tracer tool. 

 

 
Figure 7. Schematic representation of gene construct in Eedfl/flȯȯϕƙÛ"ÙÌȯȯ9Ú&ÙÌÌÕ. The loxP 

sites flank exons 3 and 6 of the Eed locus and the stop cassette downstream of the 

Rosa26 locus and upstream of transgene encoding ZsGreen. Following Cre 

expression under TEC-specific Psmb11 promoter, both exons 3-6 of Eed and stop 

cassette are deleted by targeted recombination and, as a consequence, the cells cease 

to express Eed and are also rendered green fluorescent. 

 

4.2. TEC Phenotype of Eedfl/flȯȯϕƙÛ"ÙÌ 

 

4.2.1. Diminished thymus cellularity but unchanged tissue architecture 

 

I first investigated the consequences of a loss of PRC2 function, 

resulting from the deficiency of Eed expression, in TEC for thymus cellularity 

and tissue architecture. Thymus organ size and overall cellularity following 

physical tissue disruption were significantly reduced in Eed fl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌɯ

when compared to the Cre negative control Eedfl/fl  mice (Figure 8A,B). The 

reduction of thymus cellularity was significantly diminished at all time points 

tested between the newborn age and 4 weeks of life (Figure 8B). Progressive 

thymus involution precluded any further analysis beyond 5 weeks of age. 

These results clearly demonstrate that PRC2 function is required for the 

regular development and maintenance of the thymus.  
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Using haematoxylin and eosin (H&E) staining, tissues from control 

Eedfl/fl  mice displayed a characteristically segregated, cell-dense cortical and 

less compact medullary region. In contrast, cross section of the thymus of 

Eedfl/flȯȯϕƙÛ"ÙÌɯËÌÔÖÕÚÛÙÈÛÌËɯÈɯÛÏàÔÜÚɯÓÈÙÎÌÓàɯÙÌËÜÊÌËɯÐÕɯÚÐze (Figure 8A ), 

reflecting the overall diminished cell count of the organ  (Figure 8B). In 

addition, the cortex was significantly reduced in depth and displayed a 

ɁÉÙÖÒÌÕɂɯÈ××ÌÈÙÈÕÊÌɯÞÐÛÏɯÚÔÈÓÓɯÐÚÓÈÕËÚɯÈÛɯÐÛÚɯ×ÌÙÐ×ÏÌÙàɯÛÏÈÛɯÈ××ÌÈÙÌËɯÓÌÚÚɯ

dense with cells. Regions with reduced cellular density, similar to that of the 

medulla, were also observed in the sub-capsular region adding to an overall 

altered appearance of the thymus histological morphology ( Figure 8C). 

However, a thymic architecture with segregated cortex and medulla and a 

clearly defined cortico -medullary junction was overall maintained in 

Eedfl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌɯȹFigure 8D).  

 

 
Figure 8. Thymus morphological features. (A ) The macropathological analysis of thymic 

lobes from 4-weeks-old Eedfl/flȯȯϕƙÛ"re and control Eedfl/fl  mice. (B) Total thymic 

cellularity following physical disruption at the indicated time points: newborn (NB), 

1 and 4-weeks-old (w). ( C) H&E staining of thymic lobes isolated from Eed fl/flȯȯϕƙÛ"ÙÌɯ
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and control Eedfl/fl  mice at age of 4 weeks. (D) Immunohistology of thymus tissue 

sections of 4-weeks-old Eedfl/flȯȯϕƙÛ"ÙÌɯ ÈÕËɯ ÊÖÕÛÙÖÓɯ $ÌËfl/fl  mice using antibodies 

Ú×ÌÊÐÍÐÊɯÍÖÙɯϕƙÛɯȹgreen) and reactivity to UEA1 ( blue) identifying cTEC and mTEC, 

respectively. Note, a distinct cortico-medullary junction can be observed in both 

Eedfl/flȯȯϕƙÛ"ÙÌɯ ÈÕËɯ ÊÖÕÛÙÖÓɯ $ÌËfl/fl  mice. Data are representative of at least 2 

independent experiments with 3 to 5 mice per group. ***p<0.001, two-tailed paired 

2ÛÜËÌÕÛɀÚɯ3ɯÛÌÚÛȭ 

 

4.2.2. Decreased mTEC but increased cTEC cellularity 

 

 I next analysed the thymic tissue using flow cytometric analysis to 

characterise the phenotypes of thymic epithelia and quantify their respective 

cellularity.  In this analysis, TEC were positively identified by their ex pression 

of the cell surface marker EpCAM and their consistent lack of expression of 

the pan-haematopoietc marker CD45. Within this population of epithelial 

stroma (EpCAM + CD45-) cells, cTEC were identified by their expression of the 

cell surface marker Ly51 whereas mTEC were classified as being reactive with 

the lectin Ulex europaeus agglutinin 1 (UEA1). The frequency of TEC was 

relatively increased in thymic single cell suspensions of Eedfl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌɯ

(2%) when compared to controls (0.16%) which was approximately 12 -fold 

higher than the age-matched controls (Figure 9A ). The further analysis of the 

TEC subpopulations in 4-weeks-old Eedfl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌɯÚÏÖÞÌËɯÛÏÈÛɯÔ3$"ɯ

were greatly reduced but cTEC ɬ in contrary to what was expected from the 

H&E analysis ɬ were paradoxically increased consequent to Eed deficiency 

(Figure 9A ). To test whether these changes correlated with a change in post-

ÛÙÈÕÚÓÈÛÐÖÕÈÓɯ ÏÐÚÛÖÕÌɯ ÔÖËÐÍÐÊÈÛÐÖÕÚɯ ÙÌÚÜÓÛÈÕÛɯ ÍÙÖÔɯ ÛÏÌɯ ÈÉÚÌÕÊÌɯ ÖÍɯ /1"ƖɀÚɯ

catalytic activity, I measured H3K27me 3 marks in the nuclei of cTEC and 

mTEC and related their extent of detection to the overall level of histone H3. 

While a loss of Eed expression did not impact on the global detection of 

histone H3, the H3K27me3 mark was however significantly altered; all c TEC 

displayed an unvarying reduction of H3K27me 3 marks revealing a uniform 
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change in this repressive mark (Figure 9B). In contrast, mTEC subjected to the 

same flow cytometric analysis showed two populations, one in which the 

level of H3K27me3 mark was comparable to that observed in Eed-deficient 

cTEC and a second, albeit smaller population, that failed to display such a 

reduction and stained identical to the Eed fl/fl  control mice. (The analysis of the 

lesser population of mTEC maintaining seemingly regular H3K27me3 marks 

will be further described in Section 4.4.) Despite the significant reduction in 

overall thymus cellularity in Eed fl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌȮɯ3$"ɯÈÉÚÖÓÜÛÌɯÊÌÓÓÜÓÈÙÐÛàɯÞÈÚɯ

identical to that of Eed fl/fl  control mice irrespective of the specific age 

measured within the first 4 weeks of life ( Figure 9C). The relative increase of 

TEC without a change in its absolute cellularity implies that a stark reduction 

in thymocytes will have most likely accounted for these observed changes, as 

thymocytes constitute the most abundant cell population in the thymus. 

Within the TEC compartment of Eed fl/flȯȯϕƙÛ"ÙÌɯÔÐÊÌȮɯÊÌÓÓÚɯÞÐÛÏɯÈɯÔÌËÜÓÓÈÙàɯ

phenotype (EpCAM +CD45-UEA1+) constituted a minority as compared to cells 

with cortical phenotype (EpCAM +CD45-Ly51+) (Figure 9D, E). These 

differences were most striking at 4 weeks of age and suggested that a loss of 

PRC2 function impacted differentially on mTEC and cTEC; the former was 

reduced in both frequency and absolute cellularity in PRC2-deficient mice at 4 

weeks of age whereas the latter was more abundant for both measures. 

Moreover, the level of MHC -II expression was typically reduced in TEC 

largely independent of their cortical and medullary phenotype ( Figure 9F, G). 

However, there was again a subpopulation of mTEC th at displayed a cell-

surface MHC-II expression level identical to that of the Eed fl/fl  controls. The 

frequency of these cells was similar to that of mTEC that maintained 

unchanged H3K27me3 marks (Figure 9F).   
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Figure 9. Phenotypic TEC analysis. (A ) Gating strategy to identify TEC 

(EpCAM+CD45-) using flow cytometry. Forward scatter (FSC), side scatter (SSC). 

Note the differences in cTEC and mTEC between 4-weeks-old Eedfl/flȯȯϕƙÛ"ÙÌɯÈÕËɯ

Eedfl/fl  control mice. (B) Detection of H3K27me3 and total histone H3 in TEC nuclei of 

Eedfl/flȯȯϕƙÛ"ÙÌɯ ÈÕËɯ $ÌËfl/fl  control mice. (C-E) Absolute TEC, cTEC and mTEC 

cellularity at different postnatal time points: newborn (NB), 1 and 4 -weeks-old (w). 

(F) MHC -II expression and their (G) geometric mean fluorescence intensity (gMFI) 

on cTEC and mTEC of Eedfl/flȯȯϕƙÛ"ÙÌɯÈÕËɯ$ÌËfl/fl  control mice. Data are representative 

of at least 2 independent experiments with 3 to 5 mice per group and experiment.   

*** p<0.01, two-ÛÈÐÓÌËɯ×ÈÐÙÌËɯ2ÛÜËÌÕÛɀÚɯ3ɯÛÌÚÛȭ 

 

 

 

 

 

 

 


