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THESIS OUTLINE

Chapter one familiarizes the reader with the complexity of adaptive immune system

and key processes involved at multiple stages of lymphocyte development and 

Chapter two excludes a potential role of the IgHC mRNA in controlling 

the immunoglobulin heavy chain checkpoint (IgHCC) and at the same time delineates 

the capacity of progenitor B cells in sensing very low amounts of IgHC. Chapter three

of the epigenetic writer, DOT1L. Furthermore, we highlight the importance of DOT1L 

with lymphoma formation. Along the same lines, in chapter four, we extend our

study of DOT1L ablation to the T cell lineage and provide a detailed characterization

of CD8+ T lymphocytes that lack DOT1L. We also highlight the critical role of DOT1L in 

maintaining the epigenetic identity of naïve CD8+ T cells. In  we disprove 

proposed direct role of poorly characterized protein CAAP1 in regulating apoptosis and 

delaying DNA double strand break (DSBs) repair, by using B lymphocytes as model system

having programmed DSBs. Chapter six

experimental chapters of the thesis and also presents an outlook for the future research.
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Mammals are equipped with a complex system termed as “Immune system” that provides

them protection against foreign pathogens, toxins or allergenic agents and also tumors.

By the virtue of its ability to discriminate between self from non-self, the immune system 

not only enables the host to mobilize appropriate responses against the wide range of 

invading pathogens but also equip them to detect and kill transformed (cancer) cells.

foreign invaders without damaging the self-tissues referred to as “self-tolerance”

(discussed in the later section). Broadly, these responses are initiated after the

recognition of these foreign invaders either by proteins that are encoded in the host’s 

of responses is executed by the innate and the second by adaptive immune system. To

interact, instruct and enhance each other’s function. Cellular components of the immune 

system are comprised of several subsets of leukocytes that arise either from common 

myeloid progenitor (CMPs) cells or common lymphoid progenitors (CLPs) during their 

1. 

of granulocytes (neutrophils, eosinophils, and basophils), monocytes, macrophages, and 

mast cells2

B cells, T cells, Natural killer (NK) cells, NK-T and innate lymphoid cells (ILCs) cells1. A

special cell type known as dendritic cell (DC) act as translators between innate and

adaptive immunity. Based on their types (conventional DCs, plasmacytoid DCs and

non-conventional DCs including monocyte derived DCs and Langerhans cells), that are
3.  

INNATE IMMUNE SYSTEM

Cells of the innate immune system such as neutrophils, eosinophils, basophils,

addition to the cellular components, the innate immune system also comprises of non-

cellular constituents and a part of it is comprised of the molecules that are released after 

cellular activation including cytokines, chemokines and bioactive amines. Furthermore,

constitutively expressed soluble proteins and small molecules including the complement 

system and defensins also represent non-cellular component of innate immune system1. 

Cells of the innate immune system are equipped with pattern-recognition receptors 

(PRRs) which in general recognize conserved pathogen-associated molecular patterns 

(PAMPs) such as those found on bacterial and fungal cell wall and also on viral nucleic 

acids4. In addition to their ability to recognize PAMPs, some PRRs can also sense dead

12
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known as “damage associated molecular patterns” or DAMPs5. PRRs recognize complex

their unique recognition domains4

expression and cellular localization. This includes plasma membrane, endosomes,

lysosomes and cytosol6

general models of recognition and response: cell intrinsic recognition which is mediated 

by intracellular cytosolic sensors including sensors of viral nucleic acids and cell extrinsic 

recognition including Toll like receptors (TLRs) and c-type lectin receptors (CLRs) that

are expressed in specialized cells such as myeloid cells and surface epithelia. In general, 

TLRs and CLRs recognize microbial PAMPs without considering their form (live or dead),

state (commensal or pathogenic), and status (replicating or quiescent)4. On other hand, 

microbial recognition by intracellular sensors critically depends on microbial viability, 

invasiveness and sometimes replication7-10. Viral nucleic acids, bacterial lipopolysaccharide 
4. Detection 

responses must be terminated when they are no longer needed. Thus, activation of 

innate immune system is also linked with the induction of downregulatory mechanisms 

to recapture immune homeostasis.

Recognition of PAMPs by the PRRs expressed on plasma membrane initiates phagocytosis4. 

Subsequent processing of pathogen-derived protein into peptides, their assembly into 

stable peptide/MHC (pMHC) complexes (discussed in the later section), and transport of 

those complexes to the cell surface is a central process known as antigen presentation11. 

In particular, dendritic cells (DCs) are very potent antigen presenting cells (APCs) that 

system and their synergy in clearing the pathogens. 

In addition to pattern recognition, sensing the loss of self-recognition by the cellular

expression of inhibitory protein is another tool that mammalian innate immune system

uses to eradicate pathogens. Furthermore, innate immune system can also sense

functional characteristics that indicate the presence of a pathogen12. These pathways

share many common features with those sensing tissue damage11. First, this kind 

combined with pattern recognition inform immune system for a potential pathogen.

Second, it equips the immune system to encounter those species that lack conserved

structural targets for the direct recognition like multicellular parasites4. 

Strategic location of various innate immune sensors at distinct anatomical, tissue, 

cellular and subcellular compartments help to inform the host about the seriousness 

13
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of the threat it poses. Failure of local defense machinery to contain pathogen leads to 

alarm for an acute phase response at the systemic level4.

ADAPTIVE IMMUNE SYSTEM

As the innate immune system reacts rapidly upon any infection before adaptive response,

the adaptive immune system manifest immune memory enabling them to respond very 

quickly and more robustly upon re-challenge. Traditionally, immunological memory

has been associated with adaptive arm of the immune response. However, activation

of innate immune cells can also result into a faster and enhanced responsiveness 

upon subsequent infection13 and this process has been termed as “trained immunity”,

a de facto innate immune memory14. Mechanistically, both arms of the immunological

through somatic rearrangement of antigen receptor loci and clonal expansion (2) the 

magnitude and speed of the response, mediated by epigenetic reprogramming that
13. By contrast, trained immunity appears to devoid 

14.

Adaptive immune responses are constantly adjusted throughout life and comprises

humoral and cellular response systems. Cellular components of the adaptive immune

system are represented by T and B lymphocytes. Both cellular arms of adaptive immune 

system acquire their antigen receptors by somatic rearrangement of antigen receptor

loci which involves generation of DNA double strand breaks. This rearrangement process

generates an enormous repertoire of antigen receptors, where each lymphocyte 

expresses a clonotypic antigen receptor. The diverse, clonally distributed repertoire of 

antigen receptors enables lymphocytes to recognize virtually any antigenic determinant 

15. However, 

it is worth mentioning that certain B and T subsets constitute populations of innate-

like lymphocytes16-18. Antigen receptors are expressed as immunoglobulin (Ig) by B 

lymphocytes which comprise of two identical heavy (H) and two identical light (L) chains.

can be expressed both as membrane bound as well as secretory form. T cells express

antigen receptor in the form of a heterodimeric T-cell receptor (TCR). TCR is expressed

lineage, respectively.

GENERATION OF PRIMARY ANTIGEN RECEPTOR DIVERSITY

Genes encoding antigen receptors are highly unusual and exist in a nonfunctional state in 

the germline. These genes exist as multiple copy arrays of variable (V), diversity (D; exist 

14
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in some loci) and joining (J) segments (Fig. 1A). During early lymphocyte development 
19-23.

Immunoglobulin heavy chain (Igh Tcrbbb

of immunoglobulin light chain locus (either Iggg Ig Tcra)a 22. 

Genetically every B cell has a potential of generating two immunoglobulin heavy chains

heavy chain and most only produce one immunoglobulin light chain. Similarly, most 

chains is prevented through the phenomenon of “allelic exclusion” which requires that 

the rearrangement initiated on one allele have enough time to test if it is successful 

before another rearrangement is started on the second allele22,24,25. After successful

recombination of one allele, recombination of the other allele is suppressed at Igh and 

Tcrb locib 22

enzymes ensures inter-allelic order of rearrangement26-28. However, rearrangements of 

Tcra Tcrd) gene loci are not subject of allelic exclusiondd 22.

22. If 

productive, V(D)J rearranged exons encode antigen binding variable domains of antigen 

receptors. V, D and J elements rearrange sequentially, D to J recombination invariably 

precedes V to DJ recombination22. DJ recombination happens on both the alleles of Igh 

and Tcrb genes. V(D)J recombination generates deletion or inversion of the interveningb

DNA segment ranging from few hundred to several million base pairs22. 

Biochemically, V(D)J recombination is initiated by the activity of (Recombination 

activating gene; RAG) RAG1 and RAG2. The RAG recombinase, probably along with high-

V, D and J gene segments23. After binding to RSS, RAG introduces a single strand nick by

catalyzing the hydrolysis of phosphodiester bond. The resulting 3’ hydroxyl group attacks 

the other strand that generates DNA double strand break. Subsequently, both DNA ends 

are covalently sealed, a step referred to as a hairpin formation that is thought to take 

place simultaneously at the coding ends of both RSS. This is followed by error-prone

processing and repair of DNA ends during G1 phase of cell cycle29. Repair of DNA ends 

involves several enzymes that are part of non-homologous end joining repair machinery 

(NHEJ)22. This repair process is accomplished by the formation of certain protein-DNA 

to their acquisition of various nuclease activities and hairpin opening activity23,30,31. The

15
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opening of the hairpin is accompanied with the generation of inverted repeats known

as P (Palindromic) nucleotides at the resulting overhangs. Additionally, the processing

and repair of DNA ends also involves both loss and random addition of non-template

nucleotides (N-nucleotides). Addition and loss of nucleotides is accomplished by terminal 

deoxynucleotidyl transferase (TdT) and by the activity of exonucleases, respectively32,33. 

provide the major contribution34,35. Finally, V(D)J recombination results in the formation 

of an imprecise coding joint and a precise signal joint in the excised signal circle (ESC),

formed by joining of blunt RSS signal ends without further processing22,36-38 (Fig. 1B

and 1C). As expected due to the formation of imprecise junctions, only one third of the CC

coding joints are in-frame (productive) and encode an antigen receptor29.

Distinct rearrangement of V, D and J elements and the gain or loss of extra nucleotides

at VDJ junctions generates a highly diverse antigen receptor repertoire. Somatically

rearranged V(D)J exons contain three highly variable domains known as complementarity 

determining regions (CDRs). CDRs encode antigen-contact sites and determine binding
39,40. CDR1 and CDR2 are encoded by germline V segments, whereas CDR3 is 

encoded by V(D)J junctional regions and substantially contribute to antigen receptor 
40 (Fig. 1A). 

Proximal sites are preferred for recombination as compared to distal sites41. Initial binding 

of RAG is restricted to J and proximal D elements. This prevents engagement of V and

distal D elements in undesirable recombination one another, with RSS on other antigen

receptor allele, or with cryptic RSSs (DNA regions that do not lie adjacent to antigen

receptor gene segment but resemble RSS to some extent) or with other DNA structures 

located on non-antigen receptor loci22,42. Promoters, enhancers and transcriptional 

elongation play a crucial role in establishing a conducive environment for RAG binding43. 

In addition to the bi-modal expression of RAG recombinase during lymphocytes

development, initiation of V(D)J recombination is tightly regulated at various other

levels. These include chromatin accessibility of RSS and the nuclear position and three-

dimensional conformation of antigen receptors loci in the nucleus22,44. During V(D)J 

recombination, the recombining antigen receptor locus moves away from repressive 

nuclear peripheral compartment and pericentric heterochromatin regions22. Additionally, 

these loci also undergo large-scale conformational alterations (de-contracted to 

contracted). Upon completion of recombination, the locus is reverted to de-contracted

conformation45-48. As a result of reorganization of the locus, distal V gene segments are 

brought into the proximity of the focal regions known as recombination centers which

are characterized by accessible RSS, higher germline transcription, RNA polymerase II, 

histone acetylation, and histone H3 lysine 4 trimethylation (H3K4me3)22. Reorganization 

16
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of the locus allows distally located V elements to take part in the recombination
22,49,50. It has been speculated that communication between

two recombination centers coming closer to each other prevents initiation of V(D)J 

recombination on two alleles22,51. 

V D J
Germline 
configuration

DJ 
Recombination

VDJ 
Recombination

RSS

Site of DNA 
CleavageAntigen receptor

gene segment

5’-CACAGTG ACAAAAACC-3’12 bps or 23 bps

Heptamer NanomerSpacer

A

B

+

Gene segment 23 RSS12 RSS

RAG

Paired
Complex

Binding (and Nicking)

Synapsis (and Nicking)

Cleavege (hairpin formation)

Hairpin opening,
coding end processing

Coding 
joint

Signal
joint

OH

H2O

RAG

Single 
strand nick

Second 
strand cleavage

Blunt signal endHairpin-
sealed 

coding end

V D J

1 2

1 2 3

Complementarity 
Determining Region (CDR)

Frame
work
(FR)

FR3 FR4
N3

Gene segment

VDJ

FIG.1: (A) Schematic view showing genetic

Igh as an example) before somatic rearrangement

(germline) and during rearrangement of V, D and J gene segments in precursor lymphocytes.

Complementarity determining regions (CDRs, 1,2 and 3) encode the antigen binding sites. Variety 

of CDR1 and 2 are encoded by germline V region segments. CDR3 is generated by rearrangements 

of V, D and J elements and displays wide variety in its length and amino acid sequence. Frame works 

regions are highly conserved. FR1,2 and 3 are encoded by germline V gene segment, while FR4 is

encoded by the 3’ portion of J elements. (B))

23 RSS recombination signal sequence which contains two well-conserved DNA sequences, a seven

nucleotide long-heptamer and a nine nucleotide long-nanomer, separated by a 12 or 23 bp spacer 

region. Biochemically, V(D)J recombination initiates with binding of recombination activating gene

(RAG) to 12 or 23 RSS forming 12 or 23 signal complexes. This is followed by the capture of second

RSS by the process termed as synapsis which results into the formation of a paired complex. Within

the paired complex, RAG initiates double stranded break formation between gene segment and

phosphodiester bond. Nicking liberates a 3’ hydroxyl group (OH) which attacks the opposite DNA

17
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strand and as a result double strand DNA break lead to the formation of a hairpin-sealed coding end 

and a blunt signal end. Processing of the hairpin-sealed coding end involves decentral opening of 

the coding ends can be trimmed by exonuclease activity or increased in length by the activity of 

terminal deoxynucleotidyl transferase. The latter adds non-templates nucleotides (N nucleotides)

to the coding end. Subsequently, DNA ends are processed and repaired through non-homologous 

end joining recombination. Finally, V(D)J recombination results into formation of an imprecise

coding joint and a precise signal joint, the latter is formed by joining of RSS ends without processing. 

V(D)J rearrangement during early lymphocyte development also features the generation 

and act as a potential threat for developing an autoimmune disease. However, only 3-5%

of the population develop autoimmune disease52. This highlights the importance of 

lymphocytes. Self-tolerance is referred to as “central tolerance” at primary site of 

lymphocytes development (bone marrow and thymus) and “peripheral tolerance” in

the periphery. Various mechanisms operate to ensure self-tolerance. These include 

clonal deletion and receptor editing. Receptor editing is an intra-allelic recombination 

process and result into secondary rearrangements at Igl and l Tcra loci. Another tolerancea

mechanism known as clonal anergy operates to bring autoreactive lymphocytes in a 

state of unresponsiveness in the absence of co-stimulation signals (discussed in the later

section)53-58. In addition to these mechanisms which act as checkpoints, extrinsic controls

and also the involvement of immunosuppressive T lymphocytes (discussed in the later

section) limit the activation of autoreactive lymphocytes53. 

In adults, development of B lymphocytes proceeds in the bone marrow and is orchestrated

by series of discrete signals29 (Fig. 2). Productive rearrangement of Igh is completed at 

the pro-B stage. Products of rearranged Igh gene, IgHC pairs with surrogate light chain, a

transmembrane proteins also known as CD79a and CD79b29. Pre-BCR mediated signaling

is central in inhibiting additional rearrangements at the Igh alleles, in the cells which have

only a single in frame rearrangement, ensuring allelic exclusion and transition to pre-B 

cells stage of development24,25,59-61. This constitutes a critical checkpoint, known as the

immunoglobulin heavy chain checkpoint (IgHCC)61. At this step, the role of IgHC is well 

established. However, with the expanding knowledge of non-coding function of RNA in 

regulating central biological processes, a non-coding role of stable IgHC mRNA (IgHR) in 

controlling IgHCC has also been proposed. But a recent study using a novel mouse model

18
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has concluded that IgHR has no role in the IgHCC which is predominantly controlled by

in the IgHCC independent of IgHC signaling. Furthermore, this study also highlighted 

the ability of progenitor B cells to sense very low amounts of IgHC to signal further
61.

At the pro-B cell stage, productive rearrangement of Igh is followed by IL-7 receptor 

(IL-7R) signaling that promotes proliferation, survival and transition to large pre-B cells 

stage60. At large pre-B cell stage, IL-7R signaling must be suspended to halt proliferation 

and induce re-expression of RAG proteins60,62,63. These changes in signaling pathways are 

accompanied by developmental transition to small pre-B cell stage. At small pre-B cells 

stage, following attenuation of IL-7R signaling, pre-BCR mediated signaling facilitates 

germline transcription and accessibility of Iggg loci to RAG64,65.

Attenuation of IL-7R signaling is achieved by the repositioning of pre-B cells to the

regions within bone barrow that are devoid of IL-7 producing mesenchymal stromal

cells66,67. Initiation of Iggg chain assembly leads to RAG mediated DSBs activation of the 

protein kinase ataxia telangiectasia mutated (ATM), which in turn results in the activation
68-70. This results into the induction of proteins that play an important role in cell

migration and localization and their induction leads to the migration of small pre-B cells 

within bone marrow to a region that lacks IL-7 producing mesenchymal stromal cells71-73. 

This is also accompanied by the inhibition of IL-7 production by the neighboring stromal 

cells66. At the small pre-B cell stage, the absence of IL-7R-mediated pro-survival signals 
68,74,75.

through ATM-mediated signaling which occurs upon activation of DNA damage response 

(DDR) in response to RAG mediated DSBs. ATM-mediated signaling suppresses additional

RAG DSBs until the successful accomplishment of the productive Igl gene assembly. 

Failure to form a functional IgL chain leads to the re-initiation of pre-BCR signaling and 

RAG activity. Furthermore, in the absence of functional IgL chain, the accessibility of Iggg

loci is also altered.

All of these changes trigger rearrangement of Igl chain which can occur either on the 

same allele that was previously rearranged but failed to generate functional IgL chain or 

on the alternative allele. This is accomplished by toggling of small pre-B cells between 

pre-BCR and RAG generated DSBs mediated DDR signaling states29. 

Expression of IgL chain after successful rearrangement of an Igl chain allele via VJ

recombination may result in pairing of IgL chain with IgH chain to form a BCR. BCR signals 
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to promote the transition of small pre-B cell to immature B cell29. At this stage, cells 

encounter another critical checkpoint during which B cells are selected based on the 

ability of their BCR to signal. BCR in their unligated form transmit a tonic signal that

is very important for B cell survival and developmental maturation76. Tonic signaling 

promotes positive selection leading to the cessation of any further rearrangement at

expression of BCR, rearrangement of Igl chain gene continues. Autoreactive BCRs upon 

ligation with antigen present in bone marrow (self-antigen) transmit signals either for 

apoptosis or for receptor editing at Igl locus by maintaining RAG expression to form l

new rearrangements at Igl chain77. Thus, in a similar manner to pre-B cells, immature B 

cells with autoreactive BCR also toggle between DDR and BCR signaling state29. After

successfully passing through this checkpoint, immature B cell exit bone marrow and 

enter into peripheral compartment where they mature into distinct subsets of mature

naïve B cells78.

T CELL DEVELOPMENT

of BM derived early thymic progenitor cells (ETPs)79-81. By virtue of several epigenetic

cortico-medullary junction and receive Notch ligand stimulation82,83. Mutual interaction 

between developing thymocytes and thymic epithelial cells (TECs) instruct thymocytes 

towards developmental associated transcriptional changes. This interaction is mediated

via the involvement of several chemokines, cytokines and ligands that are generated by 

thymic epithelium84. Passing through a series of well-characterized developmental check 

points, T cell complete their development in the thymus which is accompanied by the 
85-89 (Fig. 2).

T lymphocytes development can be divided into pre-TCR and TCR depended stages based 

on their TCR recombination status90. ETPs lack expression of CD4/8 co-receptors and are

termed double negative (DN) cells which are also negative for the expression of CD3 and

TCR91. DN population is subdivided into DN1, DN2, DN3 and DN4 population80. DN1 cells 

macrophages and DCs92. At subsequent developmental stage, DN2, after gaining T cell 

84

and their fate as T-cell lineage is fully locked93

92.
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FIG.2:  Schematic overview of B and T cell development in bone marrow 

and thymus, respectively. Figure highlights commitment of progenitors towards lymphocytes

lineage, major developmental stages of lymphocytes with the associated critical checkpoints (Pre-

BCR, Pre-TCR checkpoints and Positive selection) and rearrangements of antigen receptor loci in

early lymphocytes (Igh and Igl loci in B cells; TCRb and b TCRa in T cells) under biphasic expression of 

RAG recombinase. At the end, immature B cells, single positive thymocytes exit bone marrow and 

Pre-TCR aggregate on the surface of DN thymocytes but is immediately internalized

and localized in lysosomes without cell-cell interaction94,95. This may explain lower cell

surface expression of pre-TCR96

acts as surrogate chain but has a distinct signaling potential and its cytoplasmic tail is

essential for pre-TCR function95,97. Like IgHCC during early B cell development, early T

complex but also the components associated with pre-TCR complex including CD3 play

very important role in pre-TCR signaling. Strikingly, only crosslinking of CD3 modules on 
98. Pre-

TCR signaling leads to initiation of proliferation and inhibition of apoptotic program.

way ensures allelic exclusion93.
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T cell development closely resembles B cell development and is also orchestrated by IL-7 

signaling. It has been shown that IL-7 produced by TECs promotes proliferation, survival 
99,100. Beside other cell extrinsic factors, IL-7 also 

101. Furthermore, as with pre-B cells, the pre-
96. This is achieved 

locus in later stage. A productive rearrangement at Tcra locus causes the replacement of a

96,102.

Thymocytes at DN4 stage progress through immature CD8+ single positive (ISP) stage

which is followed by co expression of CD4 and CD8 co-receptors. This leads to the 

formation of double positive (DP) thymocytes84,103. DP thymocytes are bipotential and 

+ or CD8+ single positive (SP) thymocyte80.

Within the thymus, two major anatomical areas can be distinguished: an outer region

known as the cortex and contains DN and DP thymocytes and an inner region named

as medulla which contains SP thymocytes. Positive selection occurs in thymic cortex104. 

loaded on MHC presented by cortical thymic epithelial cells (cTECs) receive critical 

MHC I or II104-108

generating unique peptide motifs that are essential for positive selection of CD4 and

CD8 T cells107,109

TCR in recognizing self-peptides loaded on MHC molecules106,110. Two models have been 

with MHC restriction111,112. According to the stochastic/selection model downregulation

of either CD4 or CD8 is a random process or event and thymocytes expressing either 
112. 

However, according to “instructive” model, TCR signals instruct a distinct transcription 

program that lead to activation of either Cd4 or 4 Cd8 gene expression8 113. Throughout 

early T cell development, the expression of Cd4 and 4 Cd8 genes is regulated by a number8

of factors including expression of transcription factors, transcriptional regulatory

elements, chromatin looping between enhancer and silencing elements, epigenetic 

regulators and epigenetic alterations80.

DP thymocytes expressing a TCR that does not recognize MHC-self-peptide fail to receive 

critical survival signals and die by neglection104. Approximately 90% of DP thymocytes
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undergo death by this process114

TCR for MHC-self-peptide complexes are a potential threat and various mechanisms, 

including negative selection, operate to ensure central self-tolerance104. Negative 

selection results in the elimination of most of the autoreactive T cells106. Nature of TCR 
104. 

cortex during DN to DP transition115-117. However, the thymocytes including those that 

selected in medulla during transition from DP to SP stage104,115. Within thymic medulla,

SP thymocytes interact with medullary thymic epithelial cells (mTECs) and dendritic

cells. This interaction leads to deletion of autoreactive T cells118. mTECs express many

TRAs and some of them are also transferred to dendritic cells which further highlight 

the importance of TRA expression by mTEC. This is a critical process as it allows the

deletion of T cells that can react against self-antigens that they would encounter 

in the periphery106,119-121. Physiological importance of this process is highlighted by 

diabetes122,123. Expression of TRAs might play a crucial role in promoting antitumor T cell 

response as TRAs could be tumor antigens106,124-127.

Although most of the autoreactive CD4+ T cells die by negative selection, a portion of 

are known as regulatory T cells (Tregs, discussed in the later section). This process is 

called agonistic selection106,128. Tregs and NKT cells constitute the small subset of CD4+

129. Successfully passing through

all the critical check points, T cells migrate to peripheral lymphoid organs (spleen and

lymph nodes) and later circulate throughout the body. It is thought that following their 

migration from thymus to periphery both CD4+ or CD8+ T cells retain their commitment

to helper or cytotoxic lineage, respectively. However, some CD4+ T cells are capable of 

activating cytotoxic program80.

SIGNALING COMPONENTS OF ANTIGEN DRIVEN ACTIVATION OF LYMPHOCYTES

After emigrating from primary lymphoid organs (bone marrow and thymus), recognition

organs like spleen, lymph nodes (LN) and Peyer’s patches (PP). T cells are activated upon

MHC molecules (class I or II). On the other hand, B cells recognize unprocessed antigen

via their BCR.

In addition to antigen receptors, several other external stimuli including co-stimulatory 

molecules, adhesion molecules, cytokines and chemokines transmit and develop a network
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activation, lymphocytes undergo massive clonal expansion. As a result, large numbers of 
130.

mIgD) are non-covalently linked with invariant signal transduction subunits. TCR is non-

130-134. These invariant chains do not have 

intrinsic signaling capacity but contain immunoreceptor tyrosine-based activation motif 

(ITAM)135,136.

Lymphocyte signaling is initiated by phosphorylation of tyrosine residues within ITAMs 

T cells and Syk in B cells)130,137-139. Upon recruitment to phosphorylated ITAMs, these 

tyrosine kinases undergo conformational changes and as a result, they are freed from 

an auto-inhibitory conformation and their regulatory tyrosine residues are exposed 

for subsequent phosphorylation140. The level of ITAM phosphorylation is limited by 

the involvement of tyrosine phosphatases. Upon antigen-receptor engagement, the

increase in ITAM phosphorylation could also be a result of spatial constraints on ITAM-

phosphatase interaction141. 

Following antigen receptor ligation, specialized adapter proteins (LAT and SLP76

in T cells; SLP65 in B cells) act as substrate for activated tyrosine kinases142-144. These 

adapter molecules play a crucial role in recruitment, phosphorylation and activation of 

activation, phosphatidylinositol 4,5-bisphospphate (PIP2) is hydrolyzed130. This produces

Inositol 1,4,5-triphosphate (IP3) and Diacyglycerol (DAG). IP3 binds to the receptors on 

endoplasmic reticulum (ER), initiating the release of calcium from stores145. Depletion 

of calcium stores in ER is sensed by the cellular system which lead to the activation of 

a calcium release activated channel protein. Activation of this channel protein permits 

during an immune response146. DAG binds with the proteins belonging to a distinct family 

of guanine nucleotide exchange factors (GRP-GEFs) which activates Ras and Rap GTPases, 

serine/threonine kinases protein kinase C (PKC) and protein kinase D (PKD). Lymphocytes 

express multiple isoforms of PKCs which are important regulators of cytokines and

cytokine receptor expression130,147. PKDs act as substrate for PKCs. PKDs phosphorylation 

in B cells130. PKC-mediated phosphorylation of certain GEFs leads to activation of the

proteins that control activity of the integrin LFA1148. Hence, DAG/PKC signaling controls 

lymphocytes polarity and integrin-mediated cell adhesion130. 
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SIGNALING

Integrin-mediated cell adhesion is essential for the lymphocytes to form tight contact 

with APCs or target cells through a highly ordered structure known as the immunological

synapse, which are formed as a consequence of antigen receptor engagement130,149,150. 

Immunological synapses are characterized by segregation of receptors and signaling

molecules into distinct areas known as supramolecular activation clusters (SMACs). 

Immunological synapses are arranged in concentric zones: antigen receptors accumulate 

in the center (cSMACs) while integrins segregate to the periphery (pSMACs). Formation

of immunological synapse is also associated with polarization of microtubule-organizing 

center (MTOC). Reorientation of MTOC controls the ability of lymphocytes to direct 

cytokine secretion and exocytosis of secretory or lytic granules towards target cell130.

Antigen-driven lymphocyte activation is also regulated by co-stimulatory molecules.

Co-stimulatory molecules act as adaptors to recruit signaling molecules to the plasma 

membrane and amplify antigen receptor mediated signaling130. T cells express key 

coreceptors including MHC receptors CD4 and CD8 which recruit Lck to the plasma

membrane. Additionally, CD28 in T cells act as positive coregulator151,152. Binding of 

CD80/86 expressed on APCs with CD28 results into T cell co-stimulation130. B cells

also express essential co-stimulatory molecules such as CD19 and CD21 receptor

for complement component C3d153,154. Ligation of co-stimulatory molecules allows 

lymphocytes to interact with each other and with other cell types. B cells interact via

expressing CD40 with antigen activated T cell that transiently express CD40 ligand 

(CD40L)130,155. This interaction plays a key role in promoting T cell help to B cells130. 

Similarly, B cells also express receptor for B cell activating factor (BAFFR) which helps 

them to crosstalk with neutrophils, monocytes and macrophages by ligating with BAFF

on these cells of innate immune system130,156,157.

In addition to transmitting activation signals, lymphocytes also receive inhibitory signals

from APCs which play crucial role in ensuring immune homeostasis. These signals play 

In lymphocytes, one of the key negative feedback mechanisms is mediated by a lipid 

phosphatase that is recruited to plasma membrane and binds to phosphorylated 

immunoreceptor tyrosine-based inhibitory motif (ITIM) motifs of the receptors130,158. 

Sialic acid- binding immunoglobulin-like lectins, siglecs, represents one such ITAM-

containing receptor which responds to sialylated glycans to regulate lymphocyte 

function159,160. Siglec2 is a key regulator in B cells which inhibits B cell signaling and B 

cell mediated autoimmunity130,159,161. Several other molecules including CD5 transduce 

inhibitory signals in B cells162. 
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In T cells, CTLA-4 and PD-1 act as negative coregulators152,163,164. Proper signaling via these

molecules is key to establish peripheral tolerance. PD-1 signaling is crucial in controlling 
+ T cell-mediated tissue 

represents a key negative regulator that lacks classical ITAM. Furthermore, its role in 

recruitment of phosphatases is also not clearly established. CTLA-4 competes with the

co-stimulatory molecule CD28 for binding with CD80/86. CTLA-4 binds to CD80/86 with 

higher avidity than CD28 and leads to the inhibition of T cell activation130. Additionally, it 

has been shown that CTLA-4 captures CD80 and CD86 by trans-endocytosis which causesss

depletion of CD28 ligand165.  

ANTIGEN DRIVEN STAGES OF T LYMPHOCYTE DIFFERENTIATION
+ T cells recirculate between blood, secondary lymphoid organs

+ T cells are predominantly found at epithelial barriers 

including skin and gut epithelia. Conventional CD4+ + T cells constitute major 

fraction of T cells in the peripheral compartments. A typical T cell response against an 

acute infection comprises of three distinct phases: clonal expansion, contraction and 

memory formation. During expansion phase, after antigen recognition and receiving

+ and CD8+ T cells which are equipped with the capacity

of eradicating the pathogen. Following clearance of pathogen or its containment by 

contraction phase of T cell response. A small portion of T cells that survive, mature into 

memory T cells which are long lived, persist at higher frequency than the respective

naïve T cells and have unique ability of mounting a robust response upon re-infection 

with the same antigen.

Memory T cells exhibit great heterogeneity in their phenotypic as well as functional 

cell memory (T
SCM

), central memory (T
CM EM

) and resident memory T 

cells (T
RM

)166-168

and migratory characteristics166

labor to provide maximum protection against foreign pathogens. Several models

based on strength of signaling have been proposed that could explain the generation

of heterogenous pool of memory T cell subsets after antigen exposure. After their 

generation, the memory T cells population is maintained by distinct array of cytokines

that warrant long-term T cell survival. 
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True memory T cells are generated after foreign antigen exposure. However, there is 

a substantial fraction of T cells that acquire memory feature independently of antigen 

as conditions that favor the acquisition of T memory features in the absence of antigen 

encounter.

function. CD8+ AIM T cells can be divided into two subsets: Innate and virtual memory T 

cells. Both CD8+

in their origin and cytokine dependency169. Innate memory cells are formed in the thymus 

and depend on IL-4 signaling while virtual memory cells arise in periphery and require IL-

15170-172. Innate and virtual memory CD8+ T cells normal TCR rearrangement and do not 

show skewness in TCR repertoire169. Although these cells arise in an antigen-independent 

manner, they are distinct from ILCs which lack antigen receptor173,174. In addition, these
175. 

Distinct from CD8+ AIM T cell pool, CD4+ T cells lack innate memory T cells.

   

CD4+

Activation of naïve CD4+

diseases including autoimmunity, allergy and asthma176.

176 and co-stimulation 

by CD28177. Additionally, the signals transduced by the cytokines play very crucial role 

signaling transducer and activator of transcription (STAT) family proteins are activated
178. 

that are associated with alternate subset. This is partly accomplished by bivalent

which keep Th cells in a “poised” state to construct their transcriptional program 

accordingly upon receiving appropriate signals179

dependency on certain metabolic pathways for their generation and functional activity.

transcriptional program via altering epigenetic landscape of the cell in part by inducing
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epigenetic related metabolites178.

178. They are also
180. Th2 cells produce IL-

4, IL-5 and IL-13. Th2 cells play an important role in generating immunological response 

against extracellular parasites178

and allergic related pathogenesis176. Th17 constitute another subset of Th cells that is

abundant in the gut178. They regulate gut microbiota and act against fungal and intra and 

extra cellular bacterial infections178,181.

A distinct Th subset, known as T follicular helper (Tfh) cells which express C-X-C motif 

receptor-5 (CXCR5+) is found in specialized structures within peripheral lymphoid organs

and support generation of humoral immune response (discussed in the later section)182-184. 

Equipped with immunosuppressive arsenals, Tregs represents another very important 

Th subset that express FOXP3 which acts as a master transcription factor185,186. Tregs

display their immunosuppressive potential via several mechanisms such as upregulation

depriving them from IL-2 and production of immunomodulatory cytokines like IL-10187. 

Based on their ontology, Tregs are represented by two distinct populations: thymic 

derived or natural Tregs (tTregs) and extrathymically developed peripheral or induced 

Tregs (pTregs) which are derived from non-regulatory CD4+ T cells188. tTregs mediate 

involved in peripheral immune tolerance178.

tTregs emerge from thymus in a relatively quiescent naïve-like state (central Treg; cTreg) 

and upon antigen exposure via recirculating through the secondary lymphoid tissue,
189-198. A subset of 

eTregs accumulates in germinal center of lymphoid organs (discussed in the later section) 

and constitute a unique class of Tregs, termed as T follicular regulatory (Tfr) cells that 

control Tfh responses176,199-201.

176. Similarly, IL-4 produced 

from Th2 cells can induce activated macrophages, regulate B-cell immunoglobulin

switching (discussed in the later section) to IgG1 and IgE and also upregulates high-
202-204.
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One of the major roles of CD4+

against pathogens is to provide help for optimal priming of CD8+ T cells which is delivered 
+ and CD8+ T cells are activated independently 

and in a non-synchronous manner205-209. As a result of activation, CD8+ T cells produce a 

type of DCs (XC-chemokine receptor 1 (XCR1)+

can receive antigens from the DCs that were involved in pre-activation step of naive CD8+

+ and CD8+ T cells interact with the 

same XCR1+ +

CD4+ T cell. This interaction optimizes DC ability to transmit signals to pre-activated CD8+

+ and CD8+ T cells interact with same DC 

and help signal is delivered210.

CD8+

Compared to a diverse population of CD4+

CD8+

include regulatory, follicular CD8+ T cells and multiple subsets of CD8+ T cells, referred 

potential211-213. Regulatory CD8+

induction of APCs to upregulate cell surface inhibitory molecules and downregulate 

costimulatory molecules. In addition, CD8+ Tregs also exert an inhibitory function in a cell 
212. 

Follicular CD8+ T cells localize in or proximal to B cell zone within secondary lymphoid

organs and play an important role in controlling infection of Tfh and B cells. Additionally, 

they can also play a role in stimulation and regulation of B cells213,214.

Tc subsets are characterized by the expression of a diverse array of cytokines and their 

215,216. 

Though these Tc subsets have potential to maintain their lineage, like Th subsets also 

display lineage plasticity211.

Given their cytolytic activity, a typical cytotoxic T lymphocyte (CTL) is represented by Tc1s, 

a subset which contains exceptional cytolytic capacity and is specialized in killing both 

tumor cells and cells harboring intracellular pathogen. In addition to contact dependent

cytotoxic activity217. Upon pathogen exposure, cytokines secreted by the APCs induce

Tc1s211. This results in the upregulation of T-bet, a key transcription factor that promotes 
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215,216. 

Tc1s induce direct killing of target cells by the involvement of exocytosis of cytolytic 

Perforins channels cell membrane which facilitates entry of granules including granzymes

into the target cell217. In addition to facilitate the entry of granzymes, perforin also has 

a role in releasing granzymes within the target cell. This role is supported by the fact

that granzymes can be internalized via receptor-mediated endocytosis in the absence

of perforins217-220. Granzyme B is one of the most abundant members of the granzyme

family. Inside the target cells, granzyme B cleaves caspases which results in activation 

of the apoptotic cascade217. Granzyme B can also initiate caspase-independent death 

pathways that may involve physiological alterations in mitochondria resulting into release

of cytochrome c221,222. Release of cytochrome c requires granzyme B mediated activation 

of BID, a pro-apoptotic member of the Bcl-2 family221,223-226. As a result of CTL-induced cell 

death, DNA of the target cell is fragmented227. DNA fragmentation can be mediated by

the involvement of endonucleases. Some of these endonucleases require proteolytic

cleavage of their inhibitors. Cleavage of these inhibitors is caused by granzymes which are 

subsequently inactivated by caspases 217,228-230

can also kill the target cells by inducing apoptosis through FAS (a member of the tumor-

necrosis factor receptor family of death receptors) pathway which also involves activation

of caspase proteins and BID as well as release of cytochrome c from mitochondria217,231,232.

Tc2s constitute another CD8+ T cell subset that also express high levels of granzyme B

and exhibit cytolytic activity comparable to that of Tc1s233.However, despite being similar 

233-235. In addition to Tc1s

and Tc2s, Tc22s also express granzyme B and are highly cytolytic211,236. However, Tc9s and

Tc17s express low levels of granzyme B and demonstrate poor cytotoxic function237,238.

The peripheral B cell population is comprised of two major subsets, B-1 and B-2, which

B-1 cells primarily develop during fetal development, are located in peritoneal and 

pleural cavity and constitute a minor fraction of B cells in spleen78,239,240. B-2 subset (later 

referred to as B cells) represent the majority of peripheral B cells. They develop within 

bone marrow and exit bone marrow as immature B cells. These newly emergent B cells 

mature in spleen, passing through transitional stages, T1 and T278. Transition from T1 to

spleen and the removal of the remaining self-reactive B cells241,242. A subset of T2 cells 
243,244
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marginal sinus of the spleen245

B lymphocytes. They play an important role in developing an early immune response 

against invading pathogens. In addition, they are also involved in clearing dead/dying

cells and cellular debris and help maintain homeostasis17,246-248. FO B cells which comprise

lymphoid tissues245.

Functionally, B cells represent the key component of humoral immunity and produce the 

diverse pool of clonotypic antibodies (theoretically about 1016 possible variants)249,250. 

Humoral responses are initiated when an antigen reactive B cell encounters and recognizes

cognate antigen. This step predominantly occurs in secondary lymphoid tissues including

into compartments (follicles), and capturing and displaying opsonized antigens by

follicular dendritic cells (FDCs) which are non-phagocytic and have the capacity to display 

antigen on their cell surface for a period of weeks251-255. All these factors enhance the

lymphoid tissue, go into circulation to populate another lymphoid tissue to re-start their 

immune-surveillance program254,256.

Upon antigen encounter, B cells are activated via BCR signaling resulting into major

transcriptional changes associated with cellular proliferation coupled with subsequent

including TLRs and complement receptors also contribute to B cell activation257,258. 

Triggering of BCR facilitates internalization of antigen bound to BCR. These internalized 

+ helper T cells which form the basis of 

T-dependent B cell activation254.

However, in some cases antigen elicits strong signaling via the engagement of TLRs, 

overcoming the need for T cell help. Not only TLR but strong BCR signaling via highly

multivalent antigens can also bypass T cell help and establish a T-independent response254. 

In naïve B cells, triggering of BCR by the antigens of low valency provides just enough

support to cause their transition from G0 to G1 stage of cell cycle. As a result, B cell 

are poised for rapid proliferation upon receiving help from T cells to generate a 

T-dependent response254. During T-dependent immune responses, B cells upregulate 

certain chemoattractant receptors which guide their migration towards the boundary 

of B cell follicle and T cell zone259. Furthermore, B cells downregulate sphingosine-1-
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phosphate receptor (S1PR) that ensures their retention within these tissues254. As a 

result, B cells interact with helper T cells that are often pre-activated after interacting

with dendritic cells (DCs)255,260,261. B-T interactions are largely guided by the involvement

of multiple interaction partners including integrins which are expressed on helper T cells

and engages ICAM molecules on B cells. Both the amount of MHC-peptide presented by 

B cells and engagement of integrin receptors on B cells contribute to the stabilization of 

B-T cell interactions254,262.

FORMATION OF GERMINAL CENTER

Upon receiving help from activated CD4+T cells, B cells may pass through various 

known as germinal centers (GCs)254 (Fig. 3). GCs are transient structures formed 

within secondary lymphoid organs during an immune response. GCs are anatomically

of proliferating GC B cells263

264. The highly

proliferative GC environment is hypoxic which lead to transcriptional changes that
265.

Despite extensive cell expansion, the size of GC compartment remains relatively stable 

for weeks or months which is mainly attributed to the high degree of cell loss due to

apoptosis266-268. Mechanistically, GC reaction is tightly linked to the process that leads 

arising inactivating mutations generate GC B cells that lack BCR or express defective

BCR269

263,270.

Compared to naïve B cells, GCB cells show enhanced metabolic activity and exhibit 

dendritic morphology that may help them in searching surface displayed antigens254,255. 

FDCs produce CXCL3, a chemokine that guides B cell migration towards follicles where

they receive critical survival signals via their BAFF receptor (B cell activating factor of 

TNF-family)251,260,271-273. Within GCs, the fate of B cells also depends on the instructions 

received by Tfh cells including the crucial signals transmitted through CD40 (B cell)-CD40L 

(Tfh) ligation274,275. This highlights the importance of Tfh in GC reaction. Both CD40 and 

the signals generated by the triggering of BCR lead to induction of a critical transcription 

factor, c-Myc which is involved in cell proliferation of GC B cells274,276. Number and activity 

of Tfh is modulated by Tfrs which are also involved in contraction of GC responses201.
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+ T cells interact with antigen primed DC via peptide–
+

the border of B-T cell zone as T follicular helper (Tfh) cells. Naïve B cells exit the circulation and enter B 

cell follicles where they survey for antigen. In the B cell zone, B cells are activated through BCR upon 

activated, take up and process the antigen, present antigenic peptides on MHC-II and migrate towards 

B-T cell border. Cognate contact between pre-germinal center (pre-GC) B cells and Tfh cells leads 

into GC independent memory B cells and (non-GC) short lived plasma cells. Alternatively, some of 

the activated B cells participate in germinal center reaction. GCs comprise of a dark and a light zone. 

hypermutation before exiting to the light zone. In light zone, non-cycling GC B cells (centrocytes) 

that lack the ability to bind to the presented antigen undergo apoptosis but those expressing higher

antigen re-challenge, during secondary immune response (bottom), memory B cells present antigen 

to the cognate memory Tfh cells. This promotes clonal expansion of memory B cells which lead to 

ANTIGEN DEPENDENT SECONDARY IG DIVERSIFICATION

in BM. Additionally, upon antigen exposure peripheral B cells may pass through certain 

the transient induction and expression of a pro-mutagenic enzyme known as activation

induced cytidine deaminase; AID (discussed in the later section). Although both types of Ig 

enzymatic processes. Additionally, the enzymes that initiate primary and secondary 

to the generation of point mutations but also features intrachromosomal recombination

34

1



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 33PDF page: 33PDF page: 33PDF page: 33

G
e

n
e

ra
l in

tro
d

u
ctio

n

in a process known as somatic hypermutation (SHM). SHM provides the molecular basis
254.

As mentioned, SHM is instigated by the transient induction and expression of the pro-

mutagenic enzyme, AID in activated GC B cells. AID preferentially targets WRCY (W=A/T, 

R=A/G, Y=C/T and underlined C indicates the substrate), the intrinsic hot spot consensus 

motifs of AID and deaminates cytidine (C) residues to uracil (U) at transcribed VDJ and VJ 

regions of the antibody coding genes254,277. It is important to note that C also spontaneously 

deaminates, independently of AID activity and the resulting U frequently misincorporates

into DNA during replication278. However, due to conventional error free base excision
279. But during 

SHM, either due to saturation of repair processes or perturbation of error-free repair

an error prone manner279,280 . Consequently, due to AID activity and error-prone processing

of U, mutation rate in Ig genes increases by six orders of magnitude from ~ 10-9 to 10-3 per 

base pair per generation279,281,282. Surprisingly, this mutagenic processing takes advantage

associated with faithful BER and mismatch repair (MMR). Consequently, the resulting

lesions are converted into point mutations along with a low frequency of small deletions

and insertions40

which they compete to capture decreasing amounts of antigen283. This also involves 

acquisition of antigen by FDCs and presentation of processed peptides to Tfh cells284-288. 

287. 

Class switch recombination (CSR) is another physiologically important process that may 

occur during B cells activation and also involves activity of AID. However, in comparison to 

SHM, CSR requires lower amounts of AID289. CSR is generally considered as a hallmark of 

GCs. However, the results of a recent study suggested that CSR occurs before GC formation 
290.

Primary and secondary stimuli play crucial role in CSR. As the primary stimuli induce AID

expression along with other proteins that are important for CSR, the secondary stimuli 
291. IL-4 and IL-21 are two of the major 
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result into defective B cell response183,184,292,293

associated with CSR294-296. 

Mechanistically, CSR is a deletional recombination reaction that proceeds through 

upstream of the individual Igh constant genes (except for IgD) and is completed by NHEJ 

between donor and acceptor S regions. This causes joining of rearranged VDJ segment

Igh constant region resulting in the replacement of the 

expressed C
H
 exon cluster297. During CSR, DSBs in S regions are formed as a result of 

processing of uracil lesions generated due to cytosine deaminase activity of AID291,298. 

CSR is accompanied by the excision of intervening DNA regions which give rise to an

extrachromosomal DNA switch circle. Consequently, any subsequent CSR event can only 

occur to the downstream genes254,291.

CSR is featured by the transcription of distinct promoter regions which lie upstream of 

switch regions (except for IgD) within Ig heavy chain locus. This led to induction of non-

coding transcripts. Transcription across these regions precedes and acts as a prerequisite 

for recombination of Ig-C
H
 regions of Ig heavy chain genes254. Furthermore, it induces CSR

to a particular isotype299. C
H
 genes (except for IgD) are organized as transcription units 

which are comprised of a promoter upstream of an intervening exon (I-exon), an intronic

S region and C
H

exons300. Primary transcription initiated from the promoter upstream of 

H
exon. As a 

result of splicing of the primary transcript, intronic S region is removed and I-exon joins

C
H 

exons. Mature transcripts are polyadenylated but do not code any protein so referred

as germline or sterile transcripts297,301-304 (Fig. 4). 

Germline promoters contain response elements for a variety of transcription factors

which are induced in response to the signals from multiple inputs including BCR, CD40,

TLR and cytokines. Integration of these signals through binding of these transcription

factors determine the antibody class to which B cells will switch254.

As a result of CSR, activated B cells may change their naïve BCR isotype (IgM and IgD) to

IgG, IgA, or IgE and start expressing switched BCRs on their surface. Distinct BCR isotypes 

305-309. In 

contrast to naïve BCR isotypes (IgM and IgD) which have one very small intracellular tail

tails. These intracellular tails have unique signaling properties which play important

physiological role in B cells response310. However, in addition to intracellular tails, at
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least for certain isotypes, extracellular membrane proximal domain has also shown its

association with signaling307,311

254

processes including antibody-dependent cytotoxicity, opsonization, endosomal recycling,
312-314. 

308. Similarly,
315. 

The life of a B cell is characterized by certain key steps, during which the genes encoding 

These include V(D)J and class switch recombination processes which involve generation of 

DNA double stranded breaks (DSBs). Failure or delay to repair DSBs can lead to apoptosis. 

In this regard, B cells represent a good in vivo as well as o in vitro model that can be used o

have recently been used as a model to study the role of a relatively poorly characterized

protein, CAAP1 that has been previously reported to have an anti-apoptotic role and to 

delay the repair of double stranded breaks316.

cells. Plasmablasts are cycling cells which can arise from either of the three B cell subtypes,

elicited both by T-independent and T-dependent antigens317. Functionally, as a result of 

as they generally do not undergo SHM. However, upon a secondary immune challenge,

plasmablasts are derived from long-lived memory B cells that have already undergone 
245. This warrants a vigorous immunological 

In contrast to plasma blasts, plasma cells are non-dividing and mainly arise from FOBs via

GC reactions318

adopting T-independent and T-dependent antigens activation routes317. Long-lived plasma 

cells (LLPCs) are derived after GC reaction, and a majority of them display BM tropism

tissue and home to the BM319-321. In addition to the supportive factors secreted by BM

mesenchymal stromal cell, the BM niche also provides a hypoxic environment. Prominent
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FIG.4: 425,426). Diagram shows major steps

involved during class switch recombination of the mouse Igh genes in mature naïve B cells expressing 

IgM and IgD. Transcription initiation at the promoter located upstream of the rearranged VDJ 

Upon B cell activation, B cells can switch to a secondary isotype by class switch recombination (CSR).

During CSR the constant region of the heavy chain is exchanged with a one of the distinctive

downstream constant region genes (in this case, to IgG2b). Transcription initiated at switch (S) 

this case) and generate germline transcripts. These transcriptional active switch regions are

targeted by activation-induced cytidine deaminase (AID) which deaminates cytosine into uracil, 
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Transition of an activated B cell to ASCs is essentially a lineage switch, involving major 

transcriptional reprogramming245. B cells and ASCs represent two cellular states that are 

regulated by mutually antagonistic gene expression programs323. During this transition,

iation is silenced245. These transcription factors include Pax5, a transcription factor that

is essential for B cell identity, Bach2, a crucial transcriptional repressor that controls 

Bcl6 which acts as a transcription 6
245,324-328. Simultaneously,

BLIMP-1, IRF4 and XBP-1245.

involving competing splice and cleavage–polyadenylation reactions along with 

implementation of unfolded protein response pathway317,329. Consequently, this leads 

antibodies per second. This requires large amounts of amino acids and sugars for antibody

glycosylation as well as other intermediates for endoplasmic reticulum biogenesis245,330. 

Due to high rate of protein synthesis, golgi apparatus and endoplasmic reticulum are

hypertrophied in ASCs. ASCs limit the size of endoplasmic reticulum and antibody

including mTOR signaling317.

production by LLPC and second by the reactivation of relatively quiescent memory B

cells (MBCs) upon subsequent antigen exposure245,331,332 (Fig. 3). MBCs have a long-term 

survival capacity and can be generated in a GC-independent or -dependent manner where

the latter form the larger fraction of the MBCs pool331-335. Compared to GC-dependent

334,336. GC-

derived MBCs tend to emerge during early phase of GC reaction and display reduced

333,337-339.

Within GC of both mice and humans, precursor memory (PreMem) B cells have been 
333,340-342. Variety of 

into ASCs. These signals alter expression of many key transcription factors, including

Bach2, Bcl2 and 2 Bcl6333.
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Multiple models have been proposed to explain development of MBCs343,344. According

where unequal distribution of cell fate determining molecules resulting from asymmetric 

cell division determines the fate of progeny343,345-347. However, another model suggests 

B cell either towards MBCs or plasma cells333. According to this model low T cell help 
344. Generation of MBCs during early GC reaction led to

propose another model where B cells that have undergone fewer rounds of cell division 

and received lesser cumulative T cell help will develop into MBCs. On the other hand, 

increased cumulative T cell help during maturation of GC will lead towards plasma cell 

formation333. An additional model postulates that both the quality and the cumulative

amount of signal play important role in determining the cell fate but mainly it is the 

quality of the signal that decides the ultimate fate of a GCB cell333,348. In this context it 

349,350 . The results from the analysis by adopting

help285,286,351 .

During a recall response, the majority of MBCs respond vigorously and either rapidly 

where they undergo further SHM245,332,333,352-355. Studies have provided the evidence that 

GC B cells352,356. From functional point of view, any variant pathogen that can escape from 

which provide a second protective wall357.

Lymphocytes exhibit remarkable phenotypic and functional heterogeneity and plasticity

throughout their life. Having identical genome this cellular plasticity is accounted for 

by dynamic changes in epigenetic landscape. Key epigenetic alterations include changes 

in chromatin accessibility, methylation status of DNA, nucleosome repositioning, post 

establish cross talk between distantly separated enhancer and promoter regions (Fig. 5). 

Epigenetic changes are tightly linked with transcriptional changes and as a result, gene

expression prolife of lymphocytes is shaped in a way that upon receiving an appropriate 
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FIG.5: 427-429). Within the nucleus, 

each interphase chromosome occupies a distinct region known as chromosome territory. Regions

of chromatin that are located closer to the nuclear lamina form lamina associated domains and are 

predominantly transcriptionally inactive. Chromatin is segregated into regions that assemble into

compartments. Generally, the compartments which contain transcriptionally active chromatin tend 

to concentrate at the interior of nucleus while those harboring inactive chromatins prefer to locate

at the nuclear periphery. Within these compartments, megabase-sized self-interacting domains

called as topology associated domains (TAD) are formed. TADs are separated by TAD boundaries that 

are enriched for CTCF (CCCTC-binding factor) proteins. Within TADs, chromatin loops are stabilized 

by structural proteins including CTCF, cohesin and Yin Yang 1 (YY1). At linear scale, chromatin
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each nucleosome, DNA is wrapped around octameric histone complex, comprising two copies of 

each histone H2A, H2B, H3 and H4. Certain amino acid residues of both, histone tails and the core

histone and / or nucleosome establishes a code that determines the transcriptional activity of the 

these epigenetic marks known as writers and erasers, respectively. Epigenetic marks are recognized 

by the proteins which contain specialized domains and are known as readers. In addition, DNA may 

correlates with transcriptional silencing.  

packaging, in the form of chromatin. Nucleosomes constitute the basic unit of chromatin 

and comprise of 147 bps of DNA wrapped around a core of eight histone proteins (an

octameric protein complex, comprised of two copies of each of H2A, H2B, H3 and H4)358-360. 

Chromatin is comprised of regions that contain either highly dense nucleosome 

packaging or loosely packaged chromatin, referred as heterochromatin and euchromatin 

regions, respectively358,361

response to various signals358

category of transcription factors known as pioneer transcription factors can bind to 

their sequence motifs in closed chromatin regions and can result in the formation of 

accessible chromatin sites362-366. DNA in heterochromatin regions is inaccessible to the 

transcriptional machinery and genes in these regions are generally silent. Conversely,

the transcriptionally active genes are found in euchromatic regions358. In addition to 

nucleosome packaging, nucleosomes position relative to DNA sequence and nucleosome
361,367.

From the perspective of lymphocyte physiology, permissive or repressive chromatin state

during early lymphocyte development. Intrinsically, nucleosomes inhibit RAG mediated 

cleavage of DNA22. Direct positioning of RSSs on nucleosomes and steric constraints 

created by nucleosome packing both make the DNA region inaccessible for V(D)J 

recombination machinery368,369. For RAG binding to initiate the recombination process,
19,50,370-375. This 

which are associated with active transcription. As a result, the RSS becomes accessible
22. At the same time the 

antigen receptor locus moves away from repressive nuclear compartment22,50.
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HIGHER ORDER EPIGENETIC REGULATION

DNA packaging inside the nucleus represents another level of compaction and

organization which result into chromatin looping and folding360,376,377. Hierarchy of 3D 

chromatin organization begins with the formation of topology associating domains (TADs)

which consist of megabase-sized DNA regions. TADs are highly self-interacting dynamic 

remodelers360,378,379. Within TADs, physical interactions between enhancers and promoters 

occur concomitantly with active gene transcription and are abolished when genes are

repressed360,380

by the involvement of chromatin remodelers including CCCTC binding factor (CTCF) and

cohesin complexes379,381,382. Chromatin remodelers also interact with other epigenetic 

regulators including epigenetic readers, writers and erasers to regulate gene expression. 

On chromosomal scale, regions containing active chromatin and heterochromatin occupy

inner part of nucleus while heterochromatin regions lie close to nuclear lamina383 (Fig. 6).

In context of lymphocyte biology, the physiological importance of changes in 3D genome 

architecture are highlighted during lineage commitment towards B or T lymphocytes 

with the rewiring of genome topology384. Afterwards, early lymphocyte development 

also features massive 3D conformational changes of megabase-sized antigen receptor 

loci from de-contracted to contracted form. This conformational change ensures that

distally located V genes have equal opportunity to interact with recombination center

and become substrate of V(D)J recombination50,384. Upon completion of recombination, 

the locus reverts to the de-contracted conformation45-48. 3D conformational changes

are not only limited to antigen receptor loci but during lymphocyte activation, the

dramatic transcriptional changes are accomplished with extensive remodeling of other 

384. 

MODIFICATIONS OF HISTONES

358

plasticity is governed by distinct families of enzymes that are categorized as epigenetic

marks, respectively385,386

the generation of a large number of possible combinations of epigenetic marks which

constitute distinct epigenetic signatures. These epigenetic signatures serve as recognition
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97. As a result, a transcriptional network is developed

Epigenetic writers, erasers and readers do not typically possess intrinsic DNA sequence

358. In addition

to the involvement of epigenetic writers, erasers and readers, cellular metabolism

or expression of metabolic enzymes387. An example of such a mechanism is illustrated 

by the activity of lactate dehydrogenase A which regulates levels of acetyl-coenzyme A.

This can alter the epigenetic landscape of a cell by incorporating certain posttranslational 
388,389.

FIG.6: : 362). Diagram 
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chromatin. (A). Regulatory elements (promoter and enhancer) exhibit enrichment for DNA 

methylation and repressive histone marks in transcriptionally repressed genes. (B). In transcriptionally 

active genes, regulatory elements are enriched for active histone marks. CCCTC-binding factor 

(CTCF) and cohesin facilitate interaction between active promoter and active enhancer. 5mC, 

5-methylcytosine; TSS, Transcription start site.

(DNMTs) to produce 5-methycytosine (5mC)358. DNA methylation is primarily focused 

on CG dinucleotide (CpG) dense regions known as CpG islands which are mainly

located at the transcription start site (TSS)360. However, methylation occurs throughout 

promoters360,361,390-394. Generally, DNA methylation is associated with transcriptional 

repression and is relatively stable as compared to transcriptional silencing conferred
361,392,395,396. However, DNA methylation patterns are not static 

and can be reverted by the activity of Ten-eleven translocation (TET) family dioxygenase 

enzymes which oxidize the methyl group of 5mC to produce 5-hydroxymethylcytosine

(5hmC) and other oxidized methylcytosines. Genome wide, 5hmC is enriched at most active

enhancers and the gene bodies of highly transcribed genes397-399. Regarding lymphocyte 

biology, DNA hypomethylation correlates with V(D)J recombination process and during

early T cell development the expression of Cd4 and 4 Cd88

methylation19,43,371,375,400-405. Furthermore, dynamic changes in DNA methylation pattern 

importance in shaping transcriptomic landscape of lymphocytes. 

A chromatin state is often described by the absence or presence of PTMs on histones
360 (Table 1). However, 

406. Histones 

undergo a wide range of PTMs including acetylation, methylation and phosphorylation, 

sumolyation and ubiquitination which can occur on several amino acids359,407. Additionally, 

which produce an additional level of diversity in the epigenetic landscape358. At genomic

360

interactions which results into chromatin decompaction360. On the other hand, histone 

359,408,409. Histone H3 lysine 

27 trimethylation (H3K27me3) and histone H3 lysine 79 dimethylation (H3K79me2)

transcription in an opposing manner, H3K27me3 acts as a repressive epigenetic mark 

whereas H3K79me2 is an activating epigenetic mark410-413. Regions of chromatin can be 
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transcription. Genes associated with both activating and repressive epigenetic marks, 

be primed according to cell signaling events414,415. Histones of DNA regions that are 

enhancers and these histone marks are used to annotate putative enhancers and super

enhancers416,417. Throughout their life, lymphocytes get their histone proteins decorated

signature which shape transcriptional landscape of lymphocytes in a distinct manner. This

stages and also determine their functional capacity. 

360

Primary location Writers Erasers Readers

H3K4me1
Enhancers and

gene body

SETD1A, SETD1B, KMT2A, 

KMT2B, KMT2C and 

KMT2D423

KDM1A and KDM1B424 KAT5 (Ref.425)

H3K4me3

Promoter and

Transcription start 

site

SETD1A, SETD1B, KMT2A, 

KMT2B, KMT2C and 

KMT2D423

KDM2B, KDM5A, KDM5B, 

KDM5C and KDM5D424

NURF (BPTF)426

H3K36me3 Gene body
SETD2 and NSD1 (Ref.424) KDM4A, KDM4B and 

KDM4C424

PSIP1 (Ref.427) and 

MORF4L1 (Ref.428)

H3K9ac

Promoter and

Transcription start 

site

KAT2A and KAT2B429 HDACs430, SIRT1 and 
431)

BET family (BRD4)432

H3K27ac Enhancers p300 and CREBBP429 HDACs430 BET family (BRD4)432

H3K79me2/3 Gene body DOT1L433 Not known434

H3K9me2

heterochromatin EHMT1 and EHMT2435 KDM1A, KDM1B, KDM3A, 

KDM3B, JMJD1C, 

KDM4A, KDM4B, KDM4C, 

KDM4D, KDM7A, JHDM1E 

and JHDM1F424

CBX5 (Ref.436)

H3K9me3

heterochromatin SUV39H1, SUV39H2 

(Refs437,438) and SETDB1 

(Ref.439)

KDM4A, KDM4B, KDM4C 

and KDM4D424

CBX5 (Ref.436)

H3K27me3

heterochromatin 440 KDM6B and KDM6A424 PRC1 (CBX proteins, 

BMI1) and PRC2 

(EED)440

BET, bromodomain and extra-terminal domain; BMI1, Polycomb complex protein BMI1; BPTF, nucleosome-

remodelling factor subunit BPTF; BRD4, bromodomain-containing protein 4; CBX, chromobox protein 

homologue; CREBBP, CREB-binding protein; DOT1L, Disruptor of telomeric silencing 1-like; EED, embryonic

demethylation protein 1; JMJD1C, Jumonji domain-containing protein 1C; KAT, histone acetyltransferase; KDM, 

protein 1; NURF, nucleosome-remodelling factor; p300, histone acetyltransferase p300; PRC, Polycomb repressive 

complex; PSIP1, PC4 and SF2-interacting protein 1; SETD1A, histone-lysine N-methyltransferase SETD1A; SETDB1, 

histone-lysine N-methyltransferase SETDB1; SIRT, sirtuin; SUV39H, histone-lysine N-methyltransferase SUV39H.
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CAUSATIVE EFFECTS OF EPIGENETIC MODIFICATIONS ON LYMPHOCYTES

plasma cell fate418-420. In CD8+

360. However, relatively little is known about the relevance of 

with active transcription. Recently, the impact of absence of H3K79me on the biology of 

both B and T lymphocytes has been studied by thoroughly characterizing mouse models 

early stage of their development. Findings from these studies have highlighted a crucial

role of DOT1L in maintaining the naïve state of lymphocytes and, in the absence of 
421,422. 

potential of using epigenetic drugs for reprogramming epigenome in order to enhance 

lymphocytes that have either lost their functional potential or contribute to a pathological

epigenetic reprogramming strategy for the treatment of pathological conditions by using

target for therapeutic intervention. 

Firstly, regarding CD8+ T cell function, inhibition of DOT1L may rewire their epigenome 

tumor cells. Secondly, DOT1L inhibition can also be used as a mode of distorting cellular 

identity. In this perspective, the behavior of tumor cells can be changed by forcing them

into a catastrophic situation where they acquire an antiproliferative epigenetic state. 

We termed this mode of cancer treatment as “cellular schizophrenia” where epi-drugs 

induce a cellular identity crisis that ultimately results in the activation of death programs.
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ABSTRACT

Development of progenitor B cells (ProB cells) into precursor B cells (PreB cells) is dictated 

by immunoglobulin heavy chain checkpoint (IgHCC), where IgHC encoded by a productively 

Igh

to generate signals initiating this transition and suppressing antigen receptor gene 

Igh

Igh Igh

Igh IgHR Igh

IgHR

Igh

IghTer5H

exon of IghTer5H

prevented the formation of any signaling-competent PreBCR complexes that may arise as 

a result of read-through translation across premature Ter5 stop codon. A highly sensitive 

IghTer5H

IgHR

further exploration. As determined by RNA sequencing (RNA-Seq), this low amount of 

Igh IgHR

IgHC, failed to induce PreB development. Our data indicate that the IgHCC is controlled 

IgHR

SIGNIFICANCE STATEMENT

Immunoglobulin heavy chain check point (IgHCC) is a critical step during early B 

cell development. The role of immunoglobulin heavy chain (IgHC) at this step is well

established. But with the expanding knowledge of RNA in regulating central biological

processes, there could be a non-coding contribution of immunoglobulin heavy chain 

mRNA (IgHR) in controlling the IgHCC. Here, we generated a novel mouse model that R

enabled us to determine a potential role of IgHR in the IgHCC, independent of IgHC 

signaling. Our data indicate, that IgHR has no role in IgHCC and the latter is predominantly

controlled by IgHC, as proposed earlier. Furthermore, this study highlights the sensitivity 

of progenitor B cells to low amounts of IgHC.

Ig heavy chain checkpoint (IgHCC), PreB cell antigen receptor (PreBCR), early B

cell development, allelic exclusion, nonsense mediated decay (NMD), readthrough

translation, translational stop. 
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INTRODUCTION

Early development of B lymphocytes is tightly regulated and linked to the well-
1. During this

process several DNA segments encoding variable (V), diversity (D) and joining (J) 

elements of Immunoglobulin heavy chain (IgH) are sequentially recombined requiring 

Rag recombinase2,3. Functionally, this generates a pool of precursor B cells expressing

clonotypic IgH chains. Subsequent productive VJ rearrangement of Igk or Iggg allele creates

a diverse primary repertoire of membrane-bound IgM (mIgM). From an immunological 

perspective this diversity enables B cells to recognize a huge variety of foreign antigens4. 

Once a productive V(D)J recombination is accomplished, further rearrangement on 

the second Igh allele is inhibited, a phenomenon known as allelic exclusion5-8. Allelic

as ‘One Cell -One Antibody’ rule9. Monoallelic expression is not only limited to Igh in 

B cells10,11. X-chromosme inactivation (XCI) during early female embryonic development 

also constitutes a well studied example of monoallelic expression during which one 

of the X-chromosme is randomly silenced12-14. This phenomenon equalizes the dosage 

of X-linked genes between male and female containing one and two X-chromosmes,

respectively15,16.

Several models have been proposed to explain allelic exclusion of Igh in B cells, according

to the probabilistic asynchronous recombination model, a nonproductive Igh allele is

relocated to pericentromeric heterochromatin region, thereby making it inaccessible for 

the Rag recombinase4,17-23. The stochastic model proposes that the Igh rearrangement is 

frame encoding a pairing competent IgHC is lower as compared to a nonproductive

(out of frame) or non-pairing IgHC. According to the feedback inhibition model, the 

cell can sense successful Igh rearrangements resulting in the formation of IgHC that is 

suppressing allelic recombination8,24. The feedback inhibition model of allelic exclusion 

is based on the presence of signaling competent PreBCR and is well supported by the 

several mouse models that either lack transmembrane region, essential for PreBCR 

assembly and signaling, lacking components of PreBCR itself, such as lambda 5 or are 
24-26. 

27-30. 

Accordingly, formation of a PreBCR is a critical IgH checkpoint that is followed by clonal 
31.
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Regarding transcriptional rate, both productively and non-productively rearranged IgH

loci are transcribed at a similar rate27. However, only the transcripts from productively

rearranged allele are stable and accumulate and the mRNA from a non-productively 

rearranged allele carrying multiple translation stop codons is subjected to nonsense-

mediated mRNA decay (NMD) and thus rapidly degraded32-34. This led us to propose

an additional feedback inhibition model in which accumulation of stable coding IgHR

is sensed by the ProB cell as a product of a productively rearranged Ig allele to inhibitg

further rearrangement of the Igh allele35. In this regard, IgHC allelic exclusion could relate 

to XCI, which starts with the expression of a long non coding RNA, Xist, from one of thet

two X chromosomes that will be silenced16. Initiation of XCI is genetically controlled by 

X-inactivation center (Xic) which harbors c Xist that acts as a master regulator of XCIt 36-39. 

In somatic cells, the 3D distribution of Xist RNA domain coincides with part of 3D spacet

occupied by inactive X chromosome (Xi) territory39. Xist accumulatest in cis along the entire

X-chromosome and triggers series of events including chromosome-wide gene silencing, 
40,41. Accumulation 

of Xist on X chromosome lead to the formation of a silent nuclear compartment that t

lack RNA polymerase II and associated transcription factors42. Gene silencing of X-linked

genes by Xist is also determined by its ability to recruit multiple factors to Xi. Recruitmentt

of these factors lead to the formation of facultative heterochromatin conformation40. 

In mammals nuclear periphery correlate with gene silencing. Lamin B receptor (LBR) 

interact with Xist 

its inactivation43-45. In addition Xistt

Xi localization towards the edge of nucleolus46. During XCI, Xi undergo 3D architectural 

changes. 4C analysis of transcriptionaly active genes on active X chromosome (Xa) and 
47,48. 

Interestingly 3D reorganization of Xi is also dicated by Xist49,50tt .

To address experimentally whether the feedback inhibition of gene rearrangements in the

control of Igh allelic exclusion is mediated only by the IgHC, or IgHR also has a role in this 

process, we used a previously established mouse model that expresses an untranslatable 

form of IgHR by placing a premature translation termination codon at codon positionR

+5, hence called as IghTer5H 51.This approach kept untranslated IgHR relatively stable as an R
51,52. This strategy was

employed to dissect the potential impact of IgHR from IgHC on allelic exclusion.R

In our initial study35, failure to identify any detectable IgHC from the IghTer5H allele 

supported the suitability of the IghTer5H model to study the contribution of IgHR in 

establishing allelic exclusion at Igh, independent of IgHC. In this system, we found that 

the transition of ProB cells (CD19+, c-Kit-) to PreB cells (CD19+, CD25+) was impaired.

ProB cells were increased and PreB cells were decreased, both in relative and absolute
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numbers. At the same time the frequency of ProB cells with intracellular IgHC decreased 

in the presence of a targeted IghTer5H

accumulation of IgHR on VDJ recombination in IghTer5H

V to DJ rearrangements of the endogenous IghWT allele (product level) and the second 

the relative frequency of the remaining germline D
Q52

 element (substrate level). Both 

IghWT allele in the IghWT/Ter5H system. 

These results closely correlated with the reduced frequency of ProB cells in the IghWT/Ter5H

mouse model. In addition, independent experiments using an exogenous recombination

substrate showed that impaired recombination observed in ProB cells from the IghTer5H

model was not due to reduced recombination activity. Since the initial western blots

were relatively insensitive in detecting minute amounts of IgHC encoded from the 

IghTer5H allele, the results summarized above misled us in implying a contribution of IgHR 

in establishing allelic exclusion, suggesting a model where IgHR might exert a non-coding 

function in establishing allelic exclusion, in analogy to the role of Xist in X-chromosome 

inactivation.

The fact that Igh allelic exclusion is associated with Pro to PreB cell transition led us 

to hypothesize that the accumulation of a stable IgHR may contribute to initiate PreB 

Igh loci conformation analyses revealed

that ProB cells expressing IghTer5H mRNA acquired PreB cell features. However, detailed 

analyses of RNA-Seq data suggested the existence of a signaling competent PreBCR

in the IghTer5H

Consequently, an optimized mouse model expressing stable IghTer5H mRNA lacking the

transmembrane region (TM), Igh mRNA that would render IgHC unable to signal 

and to be ultimately degraded was generated. Transcriptomic and Igh locus conformation

analyses of Igh showed that despite of high expression of Igh mRNA,

the ProB cells failed to acquire PreB cell features in this setting.

determine the contribution of the IgHR in the IgHCC, independent of IgHC signaling

potential. Our analysis showed that apparently, IgHR has no obvious role in allelic

exclusion and PreB cell development, which are, as proposed previously, primarily if not

exclusively controlled by IgHC8,24. Furthermore, our results led us to conclude that locus 

conformation of Igh Igh transcription but mainly governed by 

PreB cell development.
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RESULTS

THE IghTer5H

controlled by the Ig heavy chain checkpoint, raising the question of whether early B cell 

Igh message alone. To determine

if a stable IghTer5H mRNA35 can kick start some aspects of early B cell development we 

followed an unbiased RNA-Seq approach taking advantage of the IghTer5H knock in mice.

genes (FDR < 0.01) from wild type (CD19+, B220+, IgM-, c-Kit-, CD25+) PreB cells compared 

to Rag1ko/ko ProB cells (Fig. 1A). Having established this PreB cell signature, we compared

IghTer5H/

Ter5H with those of Rag1ko/ko mice. This comparison indicated clear features of advanced

IghTer5H setting (Fig. 1BB

Ikzf3, Il2ra (CD25), CD2 and CD22 (Fig. 1C). Importantly, theseCC

genes are normally associated with a signaling competent PreB cell receptor53. In order 

to exclude any contribution of RAG we compared IghTer5H/wt;Rag1t ko/ko with Rag1ko/ko. This 

comparison showed that the developmentally advanced features shown in IghTer5H arise 

independently of RAG (Fig. 1D).D

IghTer5H

A substantial fraction of PreB cell markers was found induced in the IghTer5H knock in 

system, which led us to consider two possibilities. Either, stable IgHR expression initiates

progression35. To distinguish between these possibilities, we established a highly

sensitive sandwich western blot system. Using a polyclonal donkey anti-goat to detect a 

polyclonal goat anti-mouse IgM antibody we found detectable amounts of IgHC in B cell 

progenitors from the IghTer5H/Ter5H model, which were 147-fold reduced as compared to WT 

(Fig. 1E). Apparently, while a pre-mature stop codon at position +5 allows stable mRNA EE

contribution of IgHR and IgHC in PreB cell development required further optimization of 

the IghTer5H/Ter5H system.H
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. 1:

(A))

expression (FDR < 0.01) between WT PreB and Rag1ko/ko Pro B cells to establish PreB cell gene 

signature. (B) MA plot showing relative enrichment of PreB cell gene signature in) IghTer5H/Ter5H as H

compared to Rag1ko/ko. (C) Average log2 counts per million after trimmed mean of M-values (TMM) )

shows the mRNA expression of Ikzf3, Il2ra, cd2 and cd22. The genetic background of ProB cells 

(c-Kit+, CD25-) of the indicated genotypes and wildtype PreB cells (c-Kit-, CD25+) are indicated. False 

(D) MA plot showing relative enrichment of PreB cell gene signature in ) IghTer5H/Ter5H and H Igh 
Ter5H/WT;Rag1T ko/ko as compared to Rag1ko/ko. (E) Western blot showing the presence of trace amounts of )

IgHC in IghTer5H/Ter5H system is indicated in the right panel. Actin is shown as a loading control in the left

panel. Reduction in IgHC in IghTer5H/Ter5H is shown as fold change after normalization to WT.
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GENERATION OF Igh Igh MODEL 

AND ITS VALIDATION

Knowing that the transmembrane region of membrane bound IgHC (mIgHC) is essential

for PreBCR assembly and signaling54, we deleted the transmembrane exon (TM) in the

IghTer5H locus (SI Appendix, Fig. S1x A and BB

embryonic stem cells from blastocysts isolated from super ovulated IghTer5H/Ter5H mice.

Subsequently, an Igh knock-in allele was derived from the IghTer5H/Ter5H embryonic 

TM exon. Igh knock-in clones were injected into C57B/J6 blastocysts to generate 

chimeric mice and introduce the mutation into the germline (SI Appendix, Fig. S1x C).CC

This strategy ensured that the open reading frame and thus the stability of the IgHR 

remain intact, but any residual readthrough translation product is incapable of PreBCR 

Igh

messenger RNA in the (CD19+, B220+, IgM-, c-Kit+, CD25-) ProB cells from Igh

mice (Fig. 2BB

Igh setting54, we repeated the sandwich western blot on lysates prepared from

progenitor B cells from Igh knock in mice. The absence of detectable levels 

of IgHC validated our system (Fig. 2C). Having excluded IgHC expression and at the same CC

Igh mRNA, we now had a system in hand 

to study the role of Igh mRNA in controlling PreB cell development in the absence 

of IgHC.

NOT IGHR

To determine in more detail the developmental stage where B cell precursors become 

arrested, we performed Philadelphia staining55, that enables a detailed characterization 

cells (Fraction B and C), as well as the Pre B cell fractions comprising large, early PreB

cells (Fraction C’) and small late PreB cells (Fraction D). These analyses revealed that

at the cellular level B cell precursors from IghTer5H/Ter5H, Igh , and Igh

;Rag1ko/ko mice behaved like those from Rag1ko/ko mice, where B cell progenitors 

arrest at fraction C (Fig. 3, SI Appendix, Fig. S2x A and B).B

To provide an in depth analysis of the potential contribution of IgHR in controlling early 

onset of PreB cell development, we compared the transcriptomes between progenitor 

B cells from Igh and Rag1ko/ko mice. We observed that most PreB cell 

IghTer5H/Ter5H

Igh mice (Fig. 4A). To further exclude any confounding issue related to RAG 

expression, the Igh knock-in allele was introduced into the Rag1ko/ko background to
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generate Igh ;Rag1ko/ko mice (Fig. 4B). In order to determine the contribution B

B cells from IghTer5H/Ter5H, Igh , IghTer5H /WT;Rag1T ko/ko and Igho ;Rag1ko/

ko mice, we compared those to Pro B cells from Rag1ko/ko mice. To provide the relative

according to the actual number of genes in the PreB cell signature (Fig. 4C). This analysis CC

clearly indicated that among all the genotypes, ProB cells from Igh ;Rag1ko/ko

Igh ;Rag1ko/ko. The same

IghTer5H /

WT;TT Rag1ko/ko as compared to Rag1ko/ko belong to PreB cell signature (Fig. 4D). Most relevant D

regarding  a potential role for IgHR 

state level of IgHR between Igh ;Rag1ko/ko and IghTer5H /WT;TT Rag1ko/ko was found 

(Fig. 3B). These results led us to conclude, that irrespective of its high expression, the B

Igh

was calculated based on the expression of protein coding genes (SI Appendix, Table S1). x

Hierarchical clustering revealed that both IghTer5H/Ter5H and IghTer5H/WT;TT Rag1ko/ko clustered 

closer to WT PreB cells irrespective of batches. On the contrary, Igh and 

Igh ;Rag1ko/ko clustered together with Rag1ko/ko

batches (Fig. 4E). This analysis further strengthened our conclusion about the role ofEE Igh 

Igh

DIFFERENTIATION AND NOT TRANSCRIPTION

The Igh mRNA expression failed to induce transcriptional changes associated 

IgH locus. During the 

IgH locus changes from a contracted
17,18,21. In order to 

changes in Igh locus the distance between two probes located at the two ends of Igh 

locus was measured using Fluorescence In Situ Hybridization (FISH). Of note, except for 

the deleted 332 base pair fragment containing the TM exon, the transcriptional units

of  both IghTer5H and Igh loci were kept identical. This excluded any confounding 

Igh 

results. Our analyses revealed that despite high Igh mRNA expression, the Igh locus

remained relatively contracted as compared to the IghTer5H (Fig. 5A and B). This suggestsB

that Igh locus de-contraction is associated with the PreB cell stage and not dictated by

Igh transcription or the Igh transcript.
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FIG. 2: Igh Igh

(A)) +, CD25-) and PreB cells (c-Kit-, CD25+) from 

bone marrow of the respective mice genotypes. (B) Average log2 counts per million after trimmed )

limma and edgeR package shows the mRNA expression of the targeted VHB1.8 Knock In allele. FDR

(C)

Igh system.
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FIG. 3: Igh , Igh and Igh ;Rag1

predominately arrest at Fraction C. The violin plot represents the absolute numbers of total

nucleated cells of B cell substes from bone marrow (Fraction A, B, C, C’, D, E and F, according to

Philadelphia staining) for each genotype. Each data point represents the value from an individual

mice. ROUT (Robust regression and outlier removal) method in GraphPad Prism under default

settings is used to identify outliers from the data which are removed for the subsequent analysis. 

One-way Anova test with Tukey’s multiple comparison test is imploid to calculate p-value to
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FIG. 5: Igh (A) Scatter dot plot )

shows the distribution of distances determined between two oligo probes on distal ends of Igh

locus as measured by FISH for ProB cells (c-Kit+, CD25-) of the indicated genotypes and wildtype 

PreB cells (c-Kit-, CD25+

the p-value calculated by unpaired Student’s t-test with two-tailed distributions. A p-value < 0.01

(B) Graph displays the cumulative frequency percentage of all )

the data points for a given distance.

DISCUSSION

The IgHC checkpoint represents a critical, tightly regulated step in early B cell 

development. The developmental transition from a Pro- to a PreB cell strictly depends

on the somatic generation of a productive rearrangement of a V gene segment to 

one of the two preexisting DJ-rearranged Igh alleles in ProB cells56. ProB cell becomes

developmentally arrested if rearrangement is unsuccessful, leading to apoptosis27. 

at the Igh alleles are prohibited, ensuring ‘allelic exclusion’. This phenomenon provides 

feedback model the IgHC protein encoded by productively rearranged VDJ join, i.e. the

IgHC is sensed by the cell and prohibits further rearrangements at both Igh alleles8,24.

Our previous studies with IghTer3 transgenic and IghTer5 knock in mouse models implicated 

a contribution of the Igh message in establishing allelic exclusion. This led us to propose 

an alternate feedback inhibition model where the accumulation of a stable mRNA from a 
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productive VDJ rearrangement is sensed by the cells to prevent further rearrangement35. 

In contrast, transcripts from a nonproductively rearranged allele are subject to NMD and

cannot initiate this feedback inhibition.

Based on the tight coordination between early B cell development and allelic exclusion 

we aimed to explore the developmental changes that might be governed by stable IgHR 

in the absence of IgHC. However, detailed transcriptional analyses and highly sensitive

western blot analyses revealed minute amounts of IgHC. Apparently, an IgHR with a 

pre-mature translational stop codon can be processed via readthrough translation. 

This observation indicated that previous conclusions required further exploration, 

necessitating the generation of a new mouse model that could dissect the role of IgHR 

from IgHC during early B cell development.

Extensive transcriptional analyses of the new model revealed that the IgHC check point

is not controlled by IgHR. Furthermore, our data strongly suggest that conformational 

changes at the Igh locus are regulated by developmental rather than transcriptional 

minute amounts of IgHC that arise as a result of read through translation. Apparently,

this level of translation can initiate but not complete the developmental progression 

towards PreB cells. In addition, the very low amounts of IgHC in the Ter5H system may

also be due to active degradation of IgHC associated with PreB cell development57-60, 

which may further contribute to its low expression35

of stable IgHR could be addressed.

Finally, these novel insights strongly support the initial feed-back model where the IgHC

is required to control allelic exclusion and drive early B cell development4,8,24. These data 

but not a frame-shifted message controls rearrangement and early T cell development61. 

arrived at very similar conclusions. These data reveal that both productive as well as non-

productive IgHR 

of lymphocytes and the similarity regarding their developmental trajectories, except few 

follow similar molecular paths in regulating early development.
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CONCLUSION

that the IgHR apparently does not exert a non-coding function, indicates that the

IgHCC is established only by IgHC and thus is distinct from XCI, which is predominantly 

controlled  by the long non-coding RNA Xist. We propose that the ability to sense signaling

competent preBCR and translate this into rapid B cell development is key in establishing

allelic exclusion at the IgH locus as initially proposed8,24. This high sensitivity provides

a strong argument that Igh allelic exclusion, Igh locus conformation (this study), Rag

expression62 Igh transcription.

METHODS

GENERATION OF Igh MOUSE MODEL

To generate Igh

blastocyst isolated from super ovulated IghTer5H/Ter5H Ter5H 

locus was targeted by Crispr-Cas9. ES cells were transfected with a pX330 plasmid

and Cas9. gRNAs were designed using the crispr.mit.edu tool. Subsequently, clones with 

the desired deletion of the TM region were selected by PCR and injected into C57B/

J6 blastocysts.

for germ line transmission of the Igh knock in allele. Igh knock in mice were

maintained on a C57B/J6 background to exclude confounders related to the genetic

conditions at the animal laboratory facility of the Netherlands Cancer Institute (NKI;

Amsterdam, Netherlands). Mice used for experiments were between 6-8 weeks old and

of both genders. All experiments were approved by the Animal Ethics Committee of the

NKI and performed in accordance with the Dutch Experiments on Animals Act and the

Council of Europe.

GENOTYPING PCR

Mice were genotyped for deletion of TM region using the forward primer

(Igh - FWD: GGTAGGACAAGCAACGCACGGG) and reverse primer (Igh

a PCR product of 960 Bps while Igh allele produced 628 Bps DNA fragment. 

Rag1 status was detected by using the combination of the forward primer 1 

(Rag1-FWD1: GGCTTAGACACTTCTGCCGCATCTGTGG), reverse primer 1 (Rag1-
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REV1: CTGACCCTAGCCTGAGTTCTCTTGCGAC), reverse primer 2 (Rag1-REV2: 

CCAC CACTGTGAAGGGACCATTCAGGTAG) and reverse primer 3 (Rag1-REV3:

CTACCGGTGGATGTG GAATGTGTGCGAG).

FLOW CYTOMETRY AND SORTING

to isolate bone marrow but for sorting both the hip bones were also used. Single cell 

suspensions were made from bone marrow and the cells were subjected to erythrocyte

lysis for 1 min on ice. Following erythrocyte lysis the cells were stained with a mixture

SI Appendix, x

Table S2). For cell sorting and analysis for Fig. 2A and SI Appendix, Fig. S3, the antibodies x

mix was prepared in PBS carrying 0.5%BSA, 2mM EDTA and 0.02% Azide. For analysis

566349) that was purchased from BD Bioscience. 7- AAD was added to pre stained cells

Bioscience) or FACSAria Fusion (BD Bioscience) or MoFlo Astrios (Beckman Coulter) in

fetal calf serum (FCS) precoated tubes. Flow cytometry was performed using the LSR

Fortessa (BD Biosciences) and data were analyzed with FlowJo software (Tree Star Inc. 

and BD Biosciences).

BAC probes CT7-34H6 (3’ Igh) and RP24-386J17 (5’ Igh) were labelled by nick translation

with ChromaTide Alexa Fluor 488 or 594-5-UTP (Molecular Probes). The oligo probes

covering the entire Igh locus was ordered from Arbor biosciences. For one coverslip, 

× Denhardt’s solution), denatured for 5 min at 95 °C and pre-annealed for 45 min at 

37 °C before overnight hybridization with cells. 3D images were acquired by confocal

microscopy on a Leica SP5 Acousto-Optical Beam Splitter system. Optical sections 

Sorted cells were resuspended in Trizol (Ambion Life Technologies) and total RNA was 

extracted according to the manufacturer’s protocol. Quality and quantity of the total
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RNA was assessed by the 2100 Bioanalyzer using a Nano chip (Agilent). Only RNA samples

having an RNA Integrity Number (RIN) > 8 were subjected to library generation.

preparation kit (Illumina) according to the manufacturer’s protocol. The libraries were 

analyzed for size and quantity of cDNAs on a 2100 Bioanalyzer using a DNA 7500 chip 

(Agilent), diluted and pooled in multiplex sequencing pools. The libraries were sequenced

as 65 base single reads on a HiSeq2500 (Illumina).

aligned against the mouse reference genome (Ensembl build 38) using Tophat (version 

2.1, bowtie version 1.1). Tophat was supplied with a Gene Transfer File (GTF, Ensembl

reads per gene, a custom script which is based on the same ideas as HTSeq-count has

been used. A list of the total number of uniquely mapped reads for each gene that is

that have no expression across all samples within the dataset were removed. Analysis

was restricted to genes that have least 2 counts per million (CPM) value in all samples in

(Ighv) genes were excluded to avoid any confounding issue. False discovery rate (FDR)vv

was determined after the Benjamini-Hochberg multiple testing correction. Genes with 

expressed genes in indicated conditions were called ‘gene signatures. MA plots were
63,64. 

Counts were shown as average log2 counts per million after trimmed mean of M-values

function under limma (3.44.3) and edgeR package. For calculating pearson correlation, 

only protein coding genes with CPM value greater than 2 in all the samples were taken. 

calculated using cor function in r with the default parameters. Correlation values were 

used to conduct hierarchical clustering analysis. Hierarchical clustering analysis was 

done by hclust function in r and dendrogram was visualized by using dendosort package 

(0.3.3). The RNA-Seq datasets reported in this article have been deposited at the National 
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Center for Biotechnology Information under the accession number GSE144275 (Token 

number: ijwxusygpdwhbqh).

STATISTICS

Statistical analyses for Fig. 3 and 5A were performed using GraphPad Prism (version 

8.0.0).
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by the horizontal arrows. (B) B Igh Ter5H mRNA is subjected to read through translation and lead toH
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product formed after read through translation of Igh  mRNA fail to assemble and is ultimately

subjected to proteasome degradation. (C) Mouse ES cells were derived from CC Igh Ter5H/Ter5H system and H

genetically manipulation by Crispr-Cas9 to delete TM region. Clones with desired deletion were

selected, expanded and injected into C57B/J6 blastocysts.
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.

This table can be found at

https://www.pnas.org/content/pnas/suppl/2020/11/17/2004810117.DCSupplemental/

pnas.2004810117.sapp.pdf

.

Fluorophore Clone Dilution Vendor

CD117 (c-Kit) APC 2B8 17-1171-82 1:200 eBioscience

IgM PECy7 11/41 25-5790-82 1:200 eBioscience

7-AAD 420404 1:100 BioLegend

CD11b AF594 M1/70 101254 1:400 BioLegend

CD24 PE 30F-1 138504 1:200 BioLegend

CD25 PE PC61 102008 1:200 BioLegend

F4/80 AF594 BM8 123140 1:200 BioLegend

Gr-1 AF594 108448 1:400 BioLegend

IgD BV650 11-26c.2a 405721 1:200 BioLegend

NK1.1 PE-Dazzle 594 PK136 108747 1:400 BioLegend

423106 1:1000 BioLegend

CD19 PerCpCy5,5 1D3 551001 1:200 BD Bioscience

CD43 BV605 S7 747726 1:200 BD Bioscience

CD45R (B220) RA3-6B2 558108 1:200 BD Bioscience

IgD FITC 11-26c.2a 553439 1:200 BD Bioscience

CD249/Ly-51 BV421 BP-1 740025 1:50 BD Bioscience

CD25 AF647 7D4 563598 1:100 BD Bioscience

Siglec-F PE-CF 594 562757 1:400 BD Bioscience
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ABSTRACT

characterized by epigenetic alterations, yet the epigenetic mechanisms that control B cell 

Dot1L failed to establish 

germinal centers (GC) and normal humoral immune responses in vivo. In vitro, activated 

B cells in which Dot1L

acquired plasma cell characteristics. Similar results were obtained when DOT1L was 

chemically inhibited in mature B cells in vitro. Mechanistically, combined epigenomics 

and transcriptomics analysis revealed that DOT1L promotes expression of a pro-

proliferative, pro-GC program. In addition, DOT1L indirectly supports the repression of 

modulator of the core transcriptional and epigenetic landscape in B cells, establishing an 
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INTRODUCTION

B lymphocytes are key cellular components of the adaptive immune system and their 
1,2

of the epigenome3-5. Given the critical contribution of B cells to the immune system, 

it is important to understand the molecular mechanisms underlying the epigenetic

di-, or tri-methylation of lysine 79 of histone H3 (H3K79me)6,7. DOT1L-mediated H3K79me 

resides on the nucleosome core surface away from histone tails8. H3K79me is associated 

with active transcription but its function in gene regulation remains unclear9-11. DOT1L 

Leukemia (MLL) characterized by rearrangements of the MLL gene. Oncogenic MLL-fusion

proteins recruit DOT1L, leading to hypermethylation of H3K79 and increased expression 

of MLL-target genes, thereby introducing a druggable dependency on DOT1L activity12-18. 

In addition, we recently observed a similar dependency in a mouse model of thymic 

lymphoma caused by loss of the histone deacetylase HDAC119. While DOT1L is emerging 

as a drug target in leukemia and lymphoma, the role of DOT1L in gene regulation during 

available RNA-sequencing data shows that Dot1L expression is regulated during B cell 

development (see below).

An active humoral immune response is characterized by the activation of clonally selected,

antigen-primed B cells within secondary lymphoid organs. This results in the formation of 
20,21. Rapidly proliferating

GC B cells pass through the process of somatic hypermutation that lays the molecular basis
22-26. Ultimately, B cells selected on the basis of antibody 

plasma cells. Development and functionality of B lymphocytes is associated with dynamic

changes in the epigenetic landscape27

such H3K4 trimethylation (H3K4me3) related with active gene promoters28,29, and 

H3K27me3 associated with gene repression30. Furthermore, the H3K27 methyltransferase 

shown to have an essential role in establishing GC B cells31. 

Here we determined the role of the H3K79 methyltransferase DOT1L in normal mouse B 
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cell development by deleting Dot1L 

in vitro DOT1L o

landscape of B cells and in doing so establishes a critical epigenetic barrier coordinating

RESULTS

EFFECTIVE DELETION OF Dot1L 

Given the DOT1L-dependencies in leukemia13,14,32,33 and lymphoma19

expression of Dot1L during normal B cell development using publicly available data34. 

We observed that Dot1L is transcriptionally regulated in B cell subsets and more highly

expressed in GC B cells (Fig. 1A). To determine the relevance of this regulation in 

Dot1L

during early B cell development by crossing the Mb1-Cre knock-in allele into a Dot1L

 background. DOT1L is the sole enzyme responsible for H3K79me; knock-out of Dot1L

has been shown to lead to complete loss of H3K79me10,19,35,36. However, loss of H3K79

independent mechanisms of histone exchange37-39. Mb1-Cre was chosen because it leads 

to deletion of Dot1L at an early stage in B cell development that is followed by successive

rounds of replication. This ensures complete loss of H3K79me in all subsequent B cell 

subsets. Dot1L

transcript level (Fig. S1A and Appendix Figure S1), as well as by intracellular staining

for the DOT1L product H3K79me2 in proB, preB, immature B cells, and mature B cells. 

While some proB cells retained H3K79me2, preB cells and all stages beyond, lacked

detectable levels of H3K79me2 (Fig. 1B). As a control, the methylation mark remained B

unchanged in mature T cells from Mb1-Cre+/-;Dot1L-  and Mb1-Cre+/-;Dot1L- wt/wt mice

(Fig. 1B). We refer to B Mb1-Cre+/-;Dot1L-  and Mb1-Cre+/-;Dot1L- wt/wt B cells ast Dot1L KO

and WT cells, respectively. To study the impact of Dot1L ablation on the development

Dot1L resulted

in an overall 1.6-fold reduction of bone marrow B lineage cells. This reduction appeared 

preB cell were reduced 1.8-fold in the Dot1L KO as compared to WT and proB cells were 

increased by 2.0-fold. In line with this partial developmental inhibition, the cellularity of 

all subsequent stages of development including immature B and mature B cells were 

C and S1C B). B

The reduction in preB cell numbers and subsequent B cell subsets did not relate to a
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compromised cell viability (Fig. S1C-H).HH  This suggests that impaired VDJ recombination

in the absence of DOT1L-dependent pro-recombinogenic H3K79me marks40,41 underlies 

the reduced B cell cellularity in the Dot1L KO setting. However, other causative factors 

cannot be excluded. Regardless of this partial developmental block, B cells could mature 

in the absence of DOT1L and H3K79 methylation, providing a system to study the role of 
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FIG.1: Dot1L

(A) Expression of ) Dot1L 34. B1: 

blast, SPLPC: spleen plasma cells, and BMPC: Bone marrow plasma cells. Expression is shown as 

transcript per million (TPM). Results represent the data from two biological replicates except

SPLPB and BMPC which lack replicates (WT; n=2). Bars indicate mean values. (B))

cytometry staining for H3K79me2 in bone marrow B-cell subsets as well as splenic B and T cells 

from MB1Cre; Dot1Lwt/wt (WT) and MB1Cre; Dot1L (KO) mice. Results represent the data from 

two independent experiments. (C) Statistical analysis of absolute number of total nucleated cells )

from bone marrow B-cell subsets. Results represent the data pooled from three independent

experiments and numbers represent biological replicates for each group (WT; n = 5, KO; n = 7). Bars 

and error bars indicate mean ± SD. Data information: Statistical analyses were performed using

the Student’s two-tailed unpaired ttt

p-value. A p
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In the spleen of Mb1-Cre+/-;Dot1L-  mice, B cell cellularity decreased 3.5-fold while T cell

2A and B). Similar to the results from the bone marrow B cell subsets, the frequency of B

late apoptotic cells as measured by Annexin-V and DAPI staining of spleen B cells (ex vivo) o

remained unaltered in the absence of DOT1L (Fig. S1I). This was further corroborated II in 

situ by immuno-histochemistry for the apoptosis marker cleaved Caspase-3 (Fig. S1u J). JJ

Among the various peripheral B cell subsets, the strongest reduction was found in the

number of marginal zone B cells and GC B cells to the extent that they were nearly 

absent (Fig. 2C-H and S2H A). The reduction of GC B cells in Dot1L-KO was of particular 

interest given the highest expression of Dot1L mRNA in this subset (Fig. 1A and 2H), HH

suggesting that the formation of germinal centers critically depends on DOT1L. Indeed,

in situ histological analyses also revealed the absence of GCs in the spleen of u Dot1L-

KO mice (Fig. 2I and I J). Similarly, in Peyer’s patches, lack of DOT1L resulted in a markedJJ

reduction of GC B cells (Fig. S2B). B

DOT1L

 IN VITRO

Following B-cell priming, B cells undergo class switch recombination (CSR) and form GCs.

CSR is an important feature of humoral immunity and is linked to B cell activation and 

we here examined the CSR potential and proliferative capacity of naïve splenic B cells

stimulated in vitro. Upon the T-cell dependent stimulus mimetic anti-CD40 + IL-4, the lack 

of Dot1L was found associated with a reduced frequency of class-switched cells (Figs. 3A

and S3A). The reduction in CSR might relate to a defect in the CSR machinery or impaired

proliferation. Upon anti-CD40 + IL-4 stimulation the proliferative response of Dot1L-

label (Fig. 3B). Further analysis based on frequency of switched cells (IgG1B +) among 

in frequency of switched cells in KO as compared to WT B cells was associated with 

impaired proliferation rather than a defect in CSR (Fig. 3C). The reduced proliferation in CC

response to T-dependent stimulation suggested that Dot1L-KO B cells are compromised

in mounting T-cell dependent immune responses, which is in line with the lack of GCs in 

Dot1L-KO mice.
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(A-G) Statistical analysis of absolute GG

number of total nucleated splenocytes, splenic B- and T-cells, and indicated mature B cell subsets 

in WT and KO mice. Results represent the data pooled from at least two independent experiments 

and numbers represent biological replicates for each group (A: (WT) n = 16, (KO) n = 17; B (B-cells):B

(WT) n = 16, (KO) n = 17; B (T-cells): (WT)B n = 8, (KO) n = 9; C-E: (WT)EE n = 9, (KO) n = 9; F: (WT)FF n = 6, (KO) 

n = 6; G: (WT)GG n = 9, (KO) n = 9). (HHH

(left panel) to identify germinal center B cells (PNAhigh, CD95+) from the spleen of unchallenged WT

and KO mice and statistical analysis of their absolute number (right panel). Results represent the 

data pooled from two independent experiments and numbers represent biological replicates for 

each group (WT; n = 4, KO; n = 6). (III

JJJ

I). Results represent the data fromII

one experiment and numbers represent biological replicates for each group (WT; n = 6, KO; n = 

6). Data information: Statistical analyses were performed using the Student’s two-tailed unpaired 

ttt p-value. A p-value of less than 0.05 
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Unlike stimulation with anti-CD40 + IL-4, mimicking T-cell dependent B cell activation,

the proliferative capacity of mature B cells was found indistinguishable in response to

T-cell independent activation stimuli using the strong B cell mitogen lipopolysaccharide 

(LPS)42 Dot1L-KO B cells are not intrinsically 

impaired in their proliferative potential (Fig. S3B-CCC

in proliferation, the frequency of switched cells in Dot1L-KO B cells was found reduced in

response to both LPS alone (inducing a switch to IgG3) or LPS + IL-4 (inducing a switch to 

IgG1) (Fig. 3D and D E, and S3EE D-GGG

CSR under these conditions of strong activation warrants further investigation. RNA-Seq 

analysis of KO and WT B cells activated with LPS + IL-4 did not show defects in the mRNA 

expression of the known trans elements involved in CSR in Dot1L-KO B cells, (Appendix 

post-transcriptional mechanisms or by altering cis acting features associated with CSR,

like switch region accessibility. Alternatively, the switching cells may be prone to die

in the absence of DOT1L, as DOT1L has been associated with DNA damage responses

and induction of apoptosis43-46. In vitro activation of naïve B cells with anti-CD40 + IL-o

Dot1L-KO compared to WT (Fig. S3H-KKK

subset in activated (LPS + IL-4 mediated) KO B cells consistently showed higher levels of 

cleaved Caspase-3, a marker of apoptosis (Fig. S3L). Apparently, upon in vitro activation o

the viability of Dot1L

IN VITRO

EARLY DOT1L DELETION 

The pleiotropic changes associated with Dot1L ablation in developing B cells led us to

Dot1L-KO B cells in vitro could be o

recapitulated by inhibiting the methyltransferase activity of DOT1L. For this purpose, we

employed the

independent activation of mature splenic B cells isolated from wild-type mice. Treatment 

with Pinometostat closely mimicked our observations regarding B cell activation, CSR, 

proliferation, and viability in Dot1L-KO mice (Fig. 3F-I and S3I M-T). These data highlight the TT

induced by T-dependent stimuli in vitro. Importantly, these insights exclude potential

Dot1L during B cell ontogeny.
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FIG.3: Dot1L

response to T-cell dependent and -independent stimuli in vitro. (A) Statistical analysis of IgG1 )

switching of Dot1L

CD40 + IL-4. Results represent the data from one experiment and numbers represent biological 

replicates for each group (WT; n = 4, KO; n = 4). (B) Number of cell divisions traced by CTV dilution )

of B cells stimulated for four days with anti-CD40 + IL-4. Data represent three biological replicates

for each genotype. (C) Statistical analysis of the percentage of IgG1 switched cells per generation of )

proliferating WT and KO B cells after four days of stimulation with anti-CD40 + IL-4. Results represent 

the data from one experiment and numbers represent biological replicates for each group (WT; n

= 4, KO; n = 4). (D-E) Statistical analysis of switching of WT and KO naïve B cells activated for fourEE

days with LPS alone (IgG3 switching) (D) or with LPS + IL-4 (IgG1 switching) (D E). Results represent EE

the data pooled from at least four independent experiments and numbers represent biological

replicates for each group (D: (WT) n = 8, (KO) n = 9; E: (WT)EE n = 11, (KO) n = 13). (F) Statistical analysis )

of IgG1 switching of naïve B cells after four days of activation with anti-CD40 + IL-4 in the presence

of the DOT1L inhibitor Pinometostat or DMSO as a control. Results represent the data from one 

experiment and numbers represent biological replicates for each treatment (n = 4). (G) NumberGG

of cell divisions traced by CTV dilution of B cells stimulated for four days with anti-CD40 + IL-4

either in the presence of DOT1L inhibitor Pinometostat or DMSO as a control. Data represents three 

biological replicates for each treatment. (H) Statistical analysis of the percentage of IgG1 switchedHH

cells per generation of proliferating WT B cells after four days of stimulation with anti-CD40 + IL-4

either in the presence of DOT1L inhibitor Pinometostat or DMSO as a control. Results represent the 

data from one experiment and numbers represent biological replicates for each treatment (n = 3). 

(I) Statistical analysis of IgG3 switching of naïve B cells after four days of activation with LPS aloneII
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in the presence of the DOT1L inhibitor Pinometostat or DMSO as a control. Results represent the 

data from one experiment and numbers represent biological replicates for each treatment (n = 4). 

Data information: Statistical analyses were performed using the Student’s two-tailed unpaired 

ttt p-value. A p-value of less than 0.05 

DOT1L IN 

VIVO IN VITRO 

The virtual absence of GC B cells, the impaired proliferative response to T-cell dependent 

stimulation, and the decreased viability of Dot1L

implicated a severe defect of Mb1-Cre+/-;Dot1L-

immunity. In unchallenged Dot1L-KO mice, serum IgM titers appeared normal but

A-E). To determine the immune responsiveness of EE Dot1L

cells, Mb1-Cre+/-;Dot1L-  and Mb1-Cre+/-;Dot1L- wt/wt mice were challenged with an acute

lymphocytic choriomeningitis virus (LCMV) infection. During the LCMV infection, Dot1L-

A and B). B

In accordance, these mice also failed to mount normal IgM serum titers against LCMV 

(Fig. 4C). The failure to establish GCs in response to LCMV is also in line with the very CC

C). The inability ofCC Mb1-Cre+/-;Dot1L-  mice to

4-hydroxy-3-nitrophenylacetyl conjugated to chicken gamma globulin (NP-CGG) in 

alum as immunogen (Fig. 4D). Together, these data suggest that DOT1L is essential for D

establishing a normal humoral immune response. Upon in vitro activation of naïve o Dot1L-

plasma-cell marker CD13847,48 was observed (Fig. S4F). This observation was supported FF

by the increased proportion of cells expressing the pan-plasma cell transcription factor

BLIMP1 49 (Fig. S4G) in GG Dot1L-KO versus WT. However, these cells failed to downregulate

B220, also known as CD45R (Fig. S4H). Downregulation of B220 is considered as a HH

hallmark of post-mitotic plasma cells50. In addition, in-vitro activated o Dot1L-KO B cells

cells, but instead they remained at a transitional state, expressing intermediate levels of 

CD19 on cell surface (Fig. S4I). Of note, these results were reproduced using the DOT1LII

inhibitor Pinometostat during in vitro stimulation of naïve WT B cells with LPS (Fig. 5A-

D). Together, these phenotypes observed uponD in-vitro activation suggest that in theo

absence of DOT1L-mediated H3K79 methylation, naïve B cells prematurely gain some 

plasma cell features which may form the basis of skipping the GC stage. However, these

108

3



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

D

B

C

A

WT
KO

WT
KO

WT
KO

WT
KO

Days

***
***

0

5

10

25

g/
m

l 15

20

NP30IgM

0 10 20 30 40

g/
m

l

NP30IgG1

Days

0

50

100

150

0 10 20 30 40

**

*** ***

***

**

-0.5

0.0

0.5

1.0

1.5

 0.024

LCMV Specific IgM

O
pt

ic
al

 D
en

si
ty

D0 D14 -1

0

1

2

3

4

O
pt

ic
al

 D
en

si
ty

D0 D14

 0.006

LCMV Specific IgG

WT KO

G
L7

CD95

WT KO

GC
0.55

GC
5.80

104

103

0

0

5

10

15

%
 o

f B
 c

el
ls < 0.001

104 105103-103 0

104

103

0

-103 0 103 104 105-103 0 103 104 105

0.023

%
 L

iv
e

3

2

1

0

4

%
 Ig

D
- C

D
3- T

er
11

9-

15

10

5

0

0.006

Plasma cells

CD138

S
ca

-1

0 103 104 105

0

103

104

105
Plasma cells

11.9

0 103 104 105

0

103

104

10
Plasma cells

4.5

KOWT
Gated on live IgD- CD3- Ter119-

WT KO

Plasma cells

WT KO

GC B cells

FIG.4: (A) Representative )

Armstrong infection in WT and Dot1L-KO mice (left panel) and statistical analysis of their relative

number. Results represent the data from two experiments and numbers represent biological 

replicates for each group (WT; n = 7, KO; n = 8). (B))

gating strategy to identify plasma cells from the spleen 14 days after LCMV Armstrong infection 

(left panel) and statistical analysis of their relative number (right panel). Results represent the 
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data from one experiment and numbers represent biological replicates for each group (WT; n = 3, 

KO; n = 4). (C))

before (D0) and 14 days after (D14) LCMV Armstrong infection. Results represent the data from 

two experiments and numbers represent biological replicates for each group (WT; n = 7, KO; n = 8). 

(D))

KO mice at the indicated days following immune challenge. Adjusted p-value were calculated using 

two-way ANOVA. Error bars indicate mean ± standard error of mean (SEM). Results represent the 

data from one experiment and numbers represent biological replicates for each group (WT; n = 6, 

KO; n = 6).*** denotes p- value < 0.0001 and ** denotes p- value < 0.001. Data information: Except 

for Figure 4D, statistical analyses were performed using the Student’s two-tailed unpaired t-test. tt

p-value. A p-value of less than 0.05 was 

PREMATURE DIFFERENTIATION TOWARDS PLASMA CELLS IN VITRO

To unravel the underlying molecular mechanisms that prohibit Dot1L-KO GC B cell

RNA-Seq analyses of in vitro activated B cells under o Dot1L

conditions (Fig. 6A). To avoid confounding issues associated with impaired replication 

upon in vitro stimulation with anti-CD40 + IL-4, naïve B cells were stimulated in vitro with o

LPS + IL-4 as an activating condition that facilitates replication of both WT and KO B cells. 

factor BACH2 and the pro-proliferative transcription factor MYC25,51,52 were H3K79me2 

methylated in WT cells (see below) and transcriptionally downregulated in activated 

A,B andB D). In agreement with this, D Prdm1, repressed by 

BACH2 and encoding the pan-plasma cell transcription factor BLIMP149,53, was found

upregulated (Fig. 6B, S5C). These transcriptional changes are in line with the increasedCC

formation of cells with plasma cell features in KO cells. In addition, analysis of a published 

plasma-cell gene signature34 revealed that the transcriptome of activated Dot1L-

(Fig. 6C). Simultaneously, MYC-target gene transcripts were strongly reduced (Fig. 6CC D). D

Together, these observations indicate that DOT1L-mediated H3K79 methylation licenses 

a transient entrance into a pro-proliferative, MYC-high GC stage and is required to prevent 

ex vivo isolated naïve 

Dot1L

extent in the absence of DOT1L (Fig. S5E). However, upon activation, EE Irf4, a factor
54, was

and KO (Fig. S5F). This dichotomy, amongst other factors, likely contributes to the failure FF

depend on the endoplasmic reticulum (ER) stress pathway55 and recently, DOT1L has
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been connected to the expression of unfolded protein response (UPR) genes involved 

in this pathway56.  However, our data from activated B cells revealed that the expression

of most UPR genes remained unchanged in the absence of DOT1L. This suggests that at

least from the transcriptional point of view an altered ER stress response is not the cause 

G and G H, Appendix Table H

S2). Together, our results indicate that DOT1L modulates the expression of several key

To link the phenotypes of loss of DOT1L to its role as an epigenetic regulator in B

cells, we generated genome-wide maps of DOT1L-mediated H3K79me2 in naïve and 

activated WT B cells by ChIP-Seq. H3K79me2 is known to mark the region downstream

of the transcription start site of transcribed genes and positively correlate with gene 

activity9,10,57,58. While H3K79me1 shows the same trends, it has a broader distribution, 

and H3K79me3 is detectable only at limited levels9,19,58. Here we analyzed how the gene-

expression changes in Dot1L-KO versus WT B cells related to genes being marked by 

H3K79me2 in WT cells. Both in naïve and activated B cells more than 83 percent of the 

small subset was downregulated (Fig. 7A and S5I). The upregulation was biased towardsII

more lowly expressed genes. The observed upregulation of genes in Dot1L-KO B cells

was unexpected given the fact that H3K79me2 generally correlates with transcriptional

activity9,11,17,57,59-62. However, repressive functions of DOT1L have been proposed as well63-66. 

Comparing H3K79me2 ChIP values in WT cells with the gene expression changes caused

by loss of DOT1L revealed that the genes upregulated in Dot1L-KO B cells were mostly 

of DOT1L (Fig. 7A and B). In contrast, genes downregulated in B Dot1L-KO B cells were

generally highly expressed and H3K79 methylated in WT B cells, indicating that this gene 

set harbors the genes directly dependent on DOT1L. This set of candidate direct targets 

of DOT1L includes the previously mentioned pro-proliferative factor Myc, the pro-GC c

transcription factor Bach2, and Prdm1, a target of BACH2 (Fig. S6DD

that DOT1L-mediated H3K79me2 is a mark of many active genes in B cells, but suggest

that only a small fraction of these genes requires H3K79me2 for maintenance of gene 

expression, since only a subset of the active genes was downregulated in Dot1L KO 

B cells. Similar observations in transcriptome changes were also made in CD8+ T cells

lacking DOT1L as well as upon DOT1L inhibition in mouse ES cells and during human 

cellular reprogramming67-69.
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FIG.5:

to in vitro stimulation. (A))

identify and compare plasma cells (Sca-I+CD138+) after four days of stimulation with LPS either in

the presence of DOT1L inhibitor, Pinometostat or DMSO as a control (left panel) and statistical 

analyses of their relative numbers (right panel). Results represent the data from one experiment

and numbers represent biological replicates for each treatment (n = 4). (B))

cytometry plots showing gating strategy to identify and compare activated B cells (CD138+

Blimp1+), Pre-PB cells (CD138- Blimp1+) and plasma blast (PB) cells after four days of stimulation 

with LPS either in the presence of DOT1L inhibitor, Pinometostat or DMSO as a control (left

panel) and statistical analyses of their relative numbers (right panel). Results represent the data 

from one experiment and numbers represent biological replicates for each treatment (n = 4). (C)

four days of stimulation with LPS either in the presence of DOT1L inhibitor, Pinometostat or DMSO 
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as a control (left panel) and statistical analysis of MFI of B220 for each treatment (right panel). 

Results represent the data from one experiment and numbers represent biological replicates for 

each treatment (n = 4). (D) Representative histograms showing the relative surface density for CD19

on total live cells after four days of stimulation with LPS (left panel) and statistical analysis of MFI

of CD19 for each treatment (right panel). Results represent the data from one experiment and

numbers represent biological replicates for each treatment (n = 4). Data information: Statistical 

analyses were performed using the Student’s two-tailed unpaired ttt

determined by calculating the p-value. A p

and error bars indicate mean ± SD.

DOT1L SUPPORTS REPRESSION OF PRC2 TARGET GENES

The large number of genes found upregulated in Dot1L-KO B cells indicated that DOT1L

positively regulates the expression of a transcriptional repressor whose target genes are 

derepressed in absence of DOT1L. To identify such candidate repressors, we investigated 

the relatively small fraction of genes downregulated in naïve and activated Dot1L-KO 

genes that are (i) H3K79-dimethylated by DOT1L, (ii) encode transcriptional repressors, 

Ezh2 expression was reduced in 2 Dot1L KO B cells (Fig. 

7C) and that the gene is H3K79-dimethylated in WT cells (Fig. 7CC D), indicating that the D

expression of Ezh2 might be directly promoted by DOT1L activity (Fig. 72 C and C D). Further D

supporting this notion, the expression of Ezh2 and 2 Dot1L was found co-regulated in B 

cell subsets (Fig. 7E). EE

We next investigated the physiological relevance of the connection between DOT1L and 

Ezh2-KO and Dot1L-KO B cells have overlapping phenotypes31,70-73. Second, we 

took advantage of publicly available RNA-Seq data71 from Ezh2-KO plasma cells to identify 

JJJ

dependent genes, we found that many of the genes de-repressed in Ezh2-KO cells were 

also found de-repressed in activated Dot1L-KO B cells (Fig. S5K). Many of these genes were KK

found de-repressed also in naïve Dot1L-KO B cells (Fig. S5K). As an independent validation, KK

we evaluated the expression of a known PRC2-target gene Cdkn1a (a p21)72,74,75, and found 

that it was upregulated in activated Dot1L-KO B cells (Fig. 6C). Third, we analyzed the level CC

of H3K27me3 and H3K79me2 in the set of genes that was de-repressed in Dot1L KO using 

our H3K79me2 ChIP-Seq data and publicly available H3K27me3 ChIP-Seq data from naïve

B cells76. Further analysis revealed that this gene set was enriched for H3K27me3 in WT 

F). Lastly,FF
77 upon in vitro stimulation led to
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cells, DOT1L supports the repression of PRC2 target genes, thus uncovering a previously 

unknown connection between two conserved histone methyltransferases associated with

by DOT1L at the heart of maintaining epigenetic identity of B cells, by orchestrating the

and their target genes.
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FIG.6: Transcriptome analysis of in vitroo

(A)

MA-Plot of normalized RNA-Seq data generated from three independent biological replicates for 

Dot1L-KO and WT B cells after two days of in-vitro activation with LPS+IL-4. o (B))

0.05) expression of Bach2, Prdm1 (encoding BLIMP-1), Cd138 (a plasma-cell marker) and 8 Myc

transcripts as indicated by counts per million after TMM normalization from WT and KO. Data was

generated from three independent biological replicates for each genotype. Bars and error bars

multiple testing correction performed by edgeR package using R language. (C-D) Enrichment of D

plasma-cell signature genes in KO as compared to WT activated B cells (C) and Enrichment of MYC-CC

target genes in WT as compared to KO activated B cells (D). Enrichment of gene sets is depicted by D

a BARCODE plot; PPP

each gene set. A p
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multiple testing correction performed by edgeR package using R language. (D) H3K79me2 methylation)

at the Ezh2 locus from WT activated and naïve B cells, as determined by reads per genomic content2

(RPGC). Data represent three independent biological replicates. (E) Correlation between expression )

of Ezh2 and 2 Dot1L

cells) and Bone Marrow (BMPC: Bone marrow plasma cells) A20: Germinal Center like cell lymphoma 

cell line. Correlation shown by scatter plot. (F) Coverage plot of H3K27me3 from naïve B cells ) 76 and 

of 1. Black boxes indicate the relevant B cell population for comparing the distribution of H3K27me3 

Dot1L

DISCUSSION

Given the critical contribution of B cells to the immune system, it is important to 

understand the molecular mechanisms underlying the epigenetic programming during 

we observed that the H3K79 methyltransferase DOT1L has a central role in B cell

physiology. Among mature B cells, GC B cells express the highest levels of

were strongly reduced in Dot1L

to be critically dependent on DOT1L. Upon in vitro activation, o Dot1L-KO B cells failed 

to proliferate and after an in vivo 

Dot1L-KO B cells in vitro. 

in vitroo Dot1L-KO and WT B cells

among the genes up-regulated in Dot1L KO. However, in-vitro activatedo  Dot1L KO B

cells failed to downregulate B220, indicating an incomplete

cells50, which is in agreement with the failure of these cells to upregulate Irf4, a factor 
54. Our results also revealed that DOT1L supports

pro-proliferative GC B cells and maintain that state25. Recent studies have shown that 

inhibition of DOT1L also leads to reduced Myc expression in multiple myelomac 78, in MYC-

driven B cell lymphoma79, and in androgen-dependent prostate cancers80 indicating that 

the connection between DOT1L and MYC has broad implications in B cell physiology as 

well as other cell types. Furthermore, in neuroblastoma H3K79me2 methylation has been 

shown to be a strict prerequisite for MYC-induced transcriptional activation, indicating a 

mutual interaction between DOT1L and MYC81. Interestingly, this novel interaction has 

also been reported recently in colorectal cancer82. In addition to the crucial role in GC 
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Dot1L should provide additional

insights regarding the contribution of DOT1L in orchestrating normal B cell physiology.

73 and DOT1L (this study).

Phenotypically, this connection between DOT1L and PRC2 targets is further supported 

by overlap in transcriptome changes between Ezh2 KO and Dot1L KO B cells. The

mechanism explaining the connection between DOT1L and PRC2 targets is unknown and

needs further investigation. The observation that Ezh2 is normally H3K79-dimethylated 2

and downregulated in Dot1L-KO B cells, and that Dot1L and Ezh2 are co-regulated in B 2

cells indicates that DOT1L might promote repression of PRC2 targets by maintaining 

expression of Ezh2

altered activity of co-repressor complexes, as has been suggested for DOT1L in mouse
83. Finally, additional factors controlled by DOT1L may impact 

distinct locations in the genome and are associated with opposite transcriptional states. 

The link between DOT1L and multiple transcriptional regulators implies the existence of 

a complex regulatory network in B cells that warrants further investigation.

Understanding the critical role of DOT1L in B cell physiology might uncover important 

implications in B cell related pathologies. Considering the requirement for DOT1L in

an opportunity for immune suppression. Given the strong dependency of GC B cells on

DOT1L and the role of DOT1L in controlling PRC2 targets and the oncogenic factor MYC,

large B cell lymphoma of the GCB type. In summary, in B cells, DOT1L has a central role

immune responses, with a potential for clinical exploitation. 

MATERIAL AND METHODS

MICE

Mb1-Cre+/-;Dot1L- mice were derived by crossing the Dot1Ltm1a(KOMP)Wtsi line -

generated by the Wellcome Trust Sanger Institute (WTSI) and obtained from the KOMP 

Repository (www.komp.org) - with the MB1-Cre strain kindly provided by M. Reth84. Mice

from this newly created Mb1-Cre+/-;Dot1L-
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free (SPF) conditions at the animal laboratory facility of the Netherlands Cancer Institute

(NKI; Amsterdam, Netherlands). Mice used for experiments were between 6-8 weeks

old and of both genders unless stated otherwise. All experiments were approved by 

the Animal Ethics Committee of the NKI and performed in accordance with the Dutch 

Experiments on Animals Act and the Council of Europe.

GENOTYPING PCR

Mice were genotyped for Dot1L using the forward primer (Dot1L: FWD, 

5’-GCAAGCCTACAGCCTTCATC-3’) and reverse primer 1 (Dot1L:REV1,

5’-CACCGGATAGTCTCAATAATCTCA-3’) to identify WT allele; Dot1Lwt (642 bp) while the

Dot1L

Dot1L

number BIO-21107) and the following thermocycler conditions: Initial denaturation 95oC 

for 5 minutes, followed by 35 cycles of denaturation 95oC for 30 seconds, annealing 

60oC for 30 seconds and extension 72oC for 1 minute. Final extension was done at 

72oC for 5 minutes. The WT allele (418 bp) for Mb1 was detected by using forward 

primer (Mb1-FWD1: 5’-CTGCGGGTAGAAGGGGGTC-3’) and reverse primer (Mb1-REV1:

5’-CCTTGCGAGGTCAGGGAGCC-3’) while Cre (219 bp) was detected by using forwarde

primer (Mb1-FWD2: 5’-GTGCAAGCTGAACAACAGGA-3’) and reverse primer (Mb1-REV2: 

5’-AAGGAGAATGTGGATGCTGG-3’). PCR to amplify the region of the MB1 locus was 

performed by using My Taq DNA polymerase (meridian BIOSCIENCE, catalog number BIO-

21107) and the thermocycler conditions used to amplify region of MB1  locus consists of 

one cycle of Initial denaturation: 95oC for 3 minutes, annealing: 75oC for  5 minutes and 

extension: 72oC for 90 seconds followed by 34 cycles of denaturation: 94oC for 1 minute, 

annealing: 63oC for 1 minute, extension: 72oC for 90 seconds. Final extension was done 

at 72oC for 10 minutes.

Total RNA from FACS sorted mature B and T lymphocytes from the spleen of mice was 

isolated using RNeasy mini (Qiagen, cat. no. 74106 ) according to the manufacturer

instruction. The cDNA libraries were prepared using Invitrogen Superscript III kit and 

Random hexamer primers (catalog number 18080051) according to the manufacturer

instructions. Deletion of exon 2 (44 bp) from Dot1l transcript was detected by amplifying 

the portion of Dot1L cDNA with Taq polymerase (Invitrogen, catalog number 10342053)

using forward primer (P1:FWD, 5’-CGAGAAGCTGGAGCTGAG-3’) and reverse primer 

consists of Initial denaturation: 95oC for 3 minutes, followed by 15 cycles of denaturation: 

95oC for 30 seconds, annealing: 65.7oC for 45 seconds and extension: 72oC for  1 minute. 

This was followed by 25 cycles of denaturation: 95oC for 30 seconds, annealing: 60oC for 
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45 seconds, extension: 72oC for 1 minute. Final extension was done at 72oC for 5 minutes. 

PCR fragments of 255 and 211 bp, for WT and KO, respectively, were extracted from 2% 

Precast Agarose E-gel (catalog number G401002) using E-gel Agarose electrophoresis

system (Invitrogen) and subjected to sequencing using the same set of individual primers.

Sequenced products were analyzed by SnapGene (version 4.1.6).

IN SILICO ANALYSIS

The predicated translated product from the KO Dot1L transcript missing exon 2 was 

generated using SnapGene (version 4.1.6). Alignments of the open reading frame 

from the WT Dot1L transcript and the predicted translated product from the KO Dot1L

transcript were performed by ClustalW under default settings.

FLOW CYTOMETRY

Single cell suspensions were made from bone marrow, spleen and Peyer’s patches.

Bone marrow, spleen and blood samples were subjected to erythrocyte lysis. Distinct 

permeabilization cells were washed with Perm/Wash containing 0.25% SDS. H3K79me2

Perm/Wash + 0.25% SDS and cells were incubated for 30 min. Cells were washed with

Perm/Wash and incubated with the secondary antibodies Donkey anti-Rabbit AF555 

catalog number A-11034) 1:1000 in Perm/Wash. For cleaved Caspase-3 staining the cells

permeabilization the cells were stained with cleaved Caspase-3 antibody as 1:50 diluted

Annexin V staining, following surface marker stainings, the cells were washed once 

CaCl
2

and incubated for 20 minutes at room temperature in the dark. Following Annexin V

(Biolegend, catalog number 640920) staining the cells were washed once with Binding

performed using the LSR Fortessa (BD Biosciences) and data were analyzed with FlowJo
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software (Tree Star Inc.). Histograms were smoothed.

Adult mice were inoculated intravenously with sub-lethal dose 2x105 PFU (Plaque forming 

units) of lymphocytic choriomeningitis virus strain Armstrong. Serum was collected prior

to immunization and 14 days post immune challenge. For NP-CGG immunization mice 

TM TECHNOLOGIES] in a 

IgG1, mice were bled from the tail vein on day 0, 7, 14, 21, 28, and 35. 

IN VITRO STIMULATION:

AND PLASMA CELL FORMATION

Single cells suspensions were prepared from the spleen of 6-8-week-old mice. Following

erythrocyte lysis, naïve splenic B cells were enriched by the depletion of CD43 expressing

cell using biotinylated anti-CD43 antibody (Clone S7, BD Biosciences), BD IMag Streptavidin

Particles Plus and the IMag® system (BD Biosciences), as described by the manufacturer. 

To measure their proliferative capacity, naïve B cells (CD43-) were labeled for 10 min at 
TM) in IMDM medium 

cells were cultured in complete IMDM medium (IMDM supplemented with 8% FCS, 100 
5 cells/well in 24 well 

plates. CSR to IgG3 and IgG1 was induced in T cell independent manner by exposure to 5

at a concentration of 10 ng/ml. Cells were exposed to anti-CD40 (1ug/ml, BD Clone HM40-

3) and IL-4 (10 ng/ml) to induce IgG1 switching in a T cell dependent manner. Four days

later, the cells were harvested and either stained to determine CSR frequency or plasma

cells formation. CTV dilution as an indicator of cell multiplication. In order to determine 

in vitro

stimulation (LPS or anti-CD40 + IL-4), naïve B cells isolated from WT spleen were labelled 

with CTV and stimulated (LPS or anti-CD40 + IL-4) under the above mentioned conditions 

powder (Fluka Biochemika)). Sera from mice were diluted in PBS/1% milk powder and

incubated for 1h at 37°C. Next, HRP-conjugated IgG and IgM antibodies (Southern
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Biotech) were diluted 1:4000 in PBS/1% milk powder and incubated 1h at 37°C. Plates 

were developed with TMB substrate (Sigma Aldrich), and the color reaction was stopped 

by the addition of 1 M H
2
SO

4
. Optical density was read at 450 nm (OD

450
) using a 

Microplate reader (Model 680, Bio-Rad). 

Serum was added at a starting dilution of 1:100 followed by 3-fold serial dilutions and 

incubated for 2 hours at room temperature. Bound serum antibodies were detected

with polyclonal biotinylated goat anti-mouse IgM or anti-IgG1 (Southern Biotech, 

catalog numbers 1020-08 and 1071-08, respectively), streptavidin-alkaline phosphatase 

conjugate (Roche, catalog number 11089161001) and chromogenic substrate 4- 

nitrophenyl phosphate (Sigma, catalog number N2765-100TAB) in diethanolamine

0.05% Tween in PBS and added at a starting dilution of 1:100,  followed by 4-fold 

serial dilutions. The plates were incubated overnight at 4°C. Bound serum antibodies

were detected with biotinylated goat anti-mouse IgM, IgG1, IgG2b, IgG3 and IgA

(Southern Biotech, catalog numbers 1020-08, 1071-08, 1090-08, 1100-08 and 1040-

08, respectively), streptavidin-alkaline phosphatase conjugate (Roche, catalog number

11089161001) and chromogenic substrate 4- nitrophenyl phosphate (Sigma, catalog 

antibodies (Southern Biotech, catalog numbers 0101-01, 0102-01, 0104-01, 0105-01 and 

LECTIN HISTOCHEMISTRY

sections were stained with the lectin Peanut Agglutinin (PNA, Vector Laboratories) at 1:1500 

dilution to reveal germinal centers. The sections were counterstained with hematoxyline.

IMMUNOHISTOCHEMISTRY

thickness were made. Immunohistochemistry (IHC) was conducted for CD3 (Thermo

catalog number 9661, at a dilution of 1:400), and Ki67 (Abcam, catalog number ab15580,
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SORTING AND IN VITRO ACTIVATION FOR RNA AND ChIP-Seq
+ cells and either subjected to 

MACS sorting for CD19+ cells as naïve B cells or activated for two days with LPS + IL-

4. Following activation, the cells were enriched for CD19+ by MACS according to the

manufacturer instructions. For ChIP-Seq, CD43- cells were either FACS sorted for CD19+

as naïve B cell pool or activated for three days with LPS + IL-4 and subjected to FACS

sorting for CD19+ expression.

RNA-Seq SAMPLE PREPARATION

MACS sorted CD19+ cells were resuspended in Trizol (Ambion Life Technologies) and total

RNA was extracted according to the manufacturer’s protocol. Quality and quantity of the

total RNA was assessed by the 2100 Bioanalyzer using a Nano chip (Agilent). Only RNA

samples having an RNA Integrity Number (RIN) > 8 were subjected to library generation.

RNA-Seq

preparation kit (Illumina) according to the manufacturer’s protocol. The libraries were 

analyzed for size and quantity of cDNAs on a 2100 Bioanalyzer using a DNA 7500 chip

(Agilent), diluted and pooled in multiplex sequencing pools. The libraries were sequenced

as 65 base single reads on a HiSeq2500 (Illumina).

RNA-Seq PREPROCESSING

against the mouse reference genome (Ensembl build 38) using Tophat (version 2.1, bowtie

version 1.1). Tophat was supplied with a Gene Transfer File (GTF, Ensembl version 77) and was 

which is based on the same ideas as HTSeq-count has been used. A list of the total number of 

uniquely mapped reads for each gene that is present in the provided Gene Transfer Format 

were removed. Analysis was restricted to genes that have least 2 counts per million (CPM)

expression analysis was performed in R language (version 3.5.1) on only relevant samples using

edgeR package and default arguments with the design set to either Dot1LKO status, Ezh2KO 

discovery rate (FDR) was below 0.05 after the Benjamini-Hochberg multiple testing correction.
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85,86. 

Read counts were corrected for gene length based on the longest transcript of the gene

followed by normalization for the library size and shown as transcript per million (TPM).

Counts are shown as counts per million after trimmed mean of M-values (TMM) normalization 

using the edgeR R package. For analyses where we performed expression matching, we

chose genes with an absolute log2 fold changes less than 0.1 and false discovery rate 

corrected p-values above 0.05 that were closest in mean expression to each of the genes

being matched without replacement. The RNA-Seq datasets reported in this article have

been deposited at the National Center for Biotechnology Information under the accession 

number GSE138909.

from naïve and activated conditions were submitted to IPA using default settings to 

identify potential upstream regulators.  

where the genes were ranked according to the log2 fold change between the compared 

Fast approximation to mroast (FRY) gene set test87 from limma package (version 3.44.3)88

GSEA was performed by Fast Gene Set Enrichment Analysis (fgsea) Bioconductor package 

(version 1.14.0)89

analysis as input.

ChIP-Seq SAMPLE PREPARATION

Sorted cells were centrifuged at 500 rcf. The pellet was resuspended in IMDM containing

for 5 min. Cells were washed twice with ice-cold PBS containing Complete, EDTA free, 

protein inhibitor cocktail (PIC) (Roche). Cross-linked cell pellets were stored at -80oC. 

pH8.0, 1%SDS) + PIC and incubated for at least 10 min. Cells were sonicated with a PICO 

(50 mM Tris-HCl pH8, 0.167M NaCl, 1.1% Triton X-100, 0.11% sodium deoxycholate) + 

PIC and 5x volume of RIPA-150 (50 mM Tris-HCl pH8, 0.15M NaCl, 1 mM EDTA pH8, 0.1%
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gel. Chromatin was pre-cleared by adding ProteinG Dynabeads (Life Technologies) and

rotation for 1 hour at 4o

number ab8580) were added and incubated overnight at 4oC. ProteinG Dynabeads were

added to the IP and incubated for 3 hours at 4oC. Beads with bound immune complexes

were subsequently washed with RIPA-150, 2 times RIPA-500 (50 mM Tris-HCl pH8, 

0.5M NaCl, 1mM EDTA pH8, 0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate), 2 

times RIPA-LiCl (50 mM Tris-HCl pH8, 1mM EDTA pH8, 1% Nonidet P-40, 0.7% sodium 

deoxycholate, 0.5M LiCl
2

(10mM Tris-HCl pH8, 0.3M NaCl, 5mM EDTA pH8, 0.5%SDS) and incubated overnight at 

65oC and input samples were included. Supernatant was transferred to a new tube and 1 
oC

ChIP-Seq

Library preparation was done using KAPA LTP Library preparation kit using the 

adaptor were ligated followed by Solid Phase Reversible Immobilization (SPRI) clean-

using AMPure XP beads (Beckman Coulter, catalog number A63881). The libraries were

analyzed for size and quantity of DNAs on a 2100 Bioanalyzer using a High Sensitivity

DNA kit (Agilent), diluted and pooled in multiplex sequencing pools. The libraries were

sequenced as 65 base single reads on a HiSeq2500 (Illumina).

ChIP-Seq PREPROCESSING

ChIP-Seq samples were mapped to mm10 (Ensembl GRCm38) using BWA-MEM with

the option ‘-M’. Duplicate reads were removed using MarkDuplicates from the Picard

toolset with `VALIDATION_STRINGENCY=LENIENT` and `REMOVE_DUPLICATES=true` as

from deepTools using the following arguments: `-of bigwig –binsize 25 –normalizeUsing 

were loaded into R using the `import.bw()` function from the rtracklayer R package

for visualization of heatmaps and genomic tracks. TSSs for heatmaps were taken from 

The RNA-Seq and ChIP-Seq datasets reported in this article have been deposited at the 

National Center for Biotechnology Information under the accession number GSE138909 
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(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc==GSM4121502p // g /g /q y/ g ) and GSE138906

(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc==GSE138906p // g /g /q y/ g ) , respectively.

STATISTICAL ANALYSES

Statistical analyses were performed using Prism 7 (GraphPad). Data are presented 

as mean ± SD except for Fig. 4D where it is presented as mean ± SEM. Unless stated 

otherwise, the unpaired Student’s t-test with two-tailed distributions was used to 
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one experiment and numbers represent biological replicates for each group (WT; n = 1, KO; n n = 2). n

(B))

(C)

frequency of live, early apoptotic, late apoptotic and DAPI+ cells in bone marrow. D-H. Statistical 

analysis of the relative frequency of live, early apoptotic, late apoptotic and DAPI+ cells from the

total B lineage and its subsets in the bone marrow from WT and KO mice. Results represent the data 

from one experiment and numbers represent biological replicates for each group (D-H: (WT)HH n = 3, n

(KO) n = 3). (n I) Statistical analysis of the relative frequency of live, early apoptotic, late apoptotic and II

DAPI+ cells from mature spleen B cells from WT and KO mice. Results represent the data from one

experiment and numbers represent biological replicates for each group (WT; n = 3, KO; n n = 3). (n J) JJ

Immunohistochemistry staining for CD3, Ki67 and cleaved Caspase-3 on spleen sections from WT

and KO mice. Results represent the data from at one experiment and numbers represent biological 

replicates for each group (WT; n = 4, KO; n n = 4). Data information: Statistical analysis were performedn

using Student’s two- tailed unpaired ttt

p-value. pp ppp
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FIG.S2:

(A))

cytometry plots showing gating strategy to identify and compare relative frequency of mature B cells

(B))

plots showing gating strategy to identify and compare germinal center B cells from Peyer’s patches

from WT and KO mice (upper panel). Statistical analysis of the percentage of germinal center B cells

of total B from Peyer’s patches (lower panel). Results represent the data from three independent

experiments and numbers represent biological replicates for each group (WT; n = 5, KO; n = 8). Data 

information: Statistical analyses were performed using the Student’s two-tailed unpaired t-test. tt

p-value. A p-value of less than 0.05 was 
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FIG.S3: in vitro T-cell dependent 

in vitro 

(A))

identify and compare relative frequency of IgG1 switched cells from WT and KO mice after four days 

of activation with anti CD40 + IL-4. (B-C) Number of cell divisions traced by CTV dilution of B cells CC

after four days of stimulation with LPS (B) or LPS + IL-4 (B C). Data represent three biological replicatesCC

for each genotype. (D-E) Statistical analysis of the percentage of IgG1 switched cells per generationEE

of proliferating B cells after four days of stimulation with LPS (D) or LPS + IL-4 (D E). Results represent EE
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the data from one experiment and numbers represent biological replicates for each group (WT;

n = 3, KO; n = 3). (F-GGG

and compare relative frequency of IgG1 switched cells from WT and KO mice after four days of 

activation with LPS (F) or LPS + IL-4 (FF E).  (EE HHH
- +) after four days of 

stimulation with LPS + IL-4. (I-K) Statistical analysis of dead cells indicated as the percentage of total KK

single cells after four days of stimulation with LPS (I), LPS + IL-4 (II J) or anti-CD40 + IL-4 (JJ K). Results KK

represent the data from one experiment and numbers represent biological replicates for each 

group (I: (WT)II n = 3, (KO) n = 3; J: (WT)JJ n = 4, (KO) n = 4; K: (WT) KK n = 4, (KO) n = 4). (L) Representative 
-) after four days of 

+) population shown, as 

positive control. (MM

four days of stimulation with LPS either in the presence of DOT1L inhibitor, Pinometostat or DMSO 

as a control. Data represent three biological replicates for each treatment. (N) Statistical analysis of NN

Median Fluorescence Intensity (MFI) of H3K79me after four days of stimulation with LPS either in

the presence of DOT1L inhibitor, Pinometostat or DMSO as a control is shown. Results represent the 

data from one experiment and numbers represent biological replicates for each treatment (n = 4). 

(O-PPP

frequency of switched cells after four days of stimulation of naive B cells with LPS (O) or LPS + IL-4O

(P) either in the presence of DOT1L inhibitor, Pinometostat or DMSO as a control. (PP Q-R) StatisticalRR

analysis of dead cells indicated as the percentage of total single cells after four days of stimulation 

with LPS (Q) or LPS + IL-4 (QQ R) either in the presence of DOT1L inhibitor, Pinometostat or DMSOR

as a control. Results represent the data from one experiment and numbers represent biological

replicates for each treatment (n = 4). (S) Number of cell divisions traced by CTV dilution of B cellsSS

after four days of stimulation with LPS either in the presence of the DOT1L inhibitor Pinometostat 

or DMSO as a control. Data represent four biological replicates for each treatment. (T) StatisticalTT

analysis of the percentage of IgG3 switched cells per generation of proliferating B cells after four 

days of stimulation with LPS either in the presence of the DOT1L inhibitor Pinometostat or DMSO 

as a control. Results represent the data from one experiment and numbers represent biological

replicates for each treatment (n = 4). Data information: Statistical analyses were performed using

Student’s two- tailed unpaired ttt p-value.

p
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FIG.S4: Dot1L

formation. (A-E) Statistical analysis of resting serum titers of IgM (EE A), IgA (B), IgG1 (B C), IgG2b (CC D) D

and IgG3 (E) from WT and KO mice. p-value for IgA (EE B) was calculated by Mann-Whitney test. Results B

represent the data from two independent experiments and numbers represent biological replicates

for each group (WT; n = 8, KO; n = 8). (F))

strategy to identify and compare plasma cells (Sca-I+CD138+) between WT and KO cells after four

days of stimulation with LPS+ IL-4 (left panel) and statistical analyses of their relative numbers (right 

134

3



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 133PDF page: 133PDF page: 133PDF page: 133

panel). Results represent the data from three independent experiments and numbers represent 

biological replicates for each group (WT; n = 10, KO; n = 10). (GGG

plots showing gating strategy to identify and compare activated B cells (CD138+ Blimp1+), Pre-

PB cells (CD138- Blimp1+) and plasma blast (PB) cells between WT and KO cells after four days of 

stimulation with LPS + IL-4 (left panel) and statistical analyses of their relative numbers (right panel). 

Results represent the data from one experiment and numbers represent biological replicates for 

each group (WT; n = 4, KO; n = 4). (HHH

surface density for B220 (CD45R) of WT and KO cells after four days of stimulation with LPS + IL-4 

(left panel) and statistical analysis of MFI of B220 for each group (right panel). Results represent the

data from three independent experiments and numbers represent biological replicates for each

group (WT; n = 10, KO; n = 10). (I)II  Representative histograms showing the relative surface density 

for CD19 on total live WT and KO cells after four days of stimulation with LPS + IL-4 (left panel) and

statistical analysis of MFI of CD19 for each group (right panel). Results represent the data from

one experiment and numbers represent biological replicates for each group (WT; n = 4, KO; n = 

4). Data information: Statistical analyses were performed using the Student’s two-tailed unpaired 

ttt p-value. A p-value less than 0.05 was 
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FIG.S5: Dot1L

Ezh222

plasma cells. (A-C) H3K79me2 methylation at the CC Myc (A), Bach2 (B)B , and Prdm1 (C)CC loci from WT

activated and naïve B cells, as determined by ChIP-seq reads per genomic content (RPGC). Data 

represent three independent biological replicates for each condition. (D) Box plot showing the )

distribution of mean WT H3K79me2 level for Bach2, Ezh2, Myc, Irf4 and Prdm1 

indicated gene sets from activated and naïve B cells. Boxes in Box plot indicate Inter quartile range 

(IQR) and whiskers show 1.5 IQR of highest and lowest quartile. Central horizontal line within the 

bars represent median of the TMM normalized H3K79me2 counts + 1 values of the respective genes

for each condition. Results represent the data generated from three biological replicates for each
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group. (E) Relative distribution of plasma-cell signature genes between WT and ) Dot1L-KO naïve B

cells depicted by BARCODE plot. The p

of enrichment of each gene set. A p (F)

Irf4 transcripts as indicated by counts per million after TMM 4

normalization from naïve and activated B cells from WT and KO mice. Data was generated from

three independent biological replicates for each genotype. Bars and error bars indicate mean ± SD.

performed by edgeR package using R language. (G) MA-Plot of normalized RNA-Seq data generatedGG

from three independent biological replicates for each genotype showing relative distribution of 

Unfold protein response (UPR) genes between WT and Dot1L-KO Activated B cells. (H) Lack of HH

Dot1L-KO activated B cells shown by Fast

gene set enrichment analysis. (III

and activated WT and Dot1L-KO B cells. Results represent the data generated from three biological 

replicates for each group and condition. (J) MA-Plot of normalized RNA-Seq data generated fromJJ

expressed genes between Ezh2-KO and -WT plasma cells, using data GSE103126 (Guo et al., 2018). 

(K) Relative distribution of up- (dark-red) and downregulated (green) genes fromKK Ezh2-KO plasma 

cells between WT and Dot1L-KO naïve and activated B cells depicted by BARCODE plot. The p-values 

 p-value of 
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APPENDIX FILES

DOT1L-WT DOT1L- exon 2
MGEKLELRLKSPVGAEPAVYPWPLPVYDKHHDAAE
IIETIRWVCEEIPDLKLAMENYVLIDYDTKSFESM
QRLCDKYNRAIDSIHQLWKGTTQPMKLNTRPSNGL
LRHILQQVYNHSVTDPEKLNNYEPFSPEVYGETSF
DLVAQMIDEIKMTEDDLFVDLGSGVGQVVLQVAAA
TNCKHHYGVEKADIPAKYAETMDREFRKWMKWYGK
KHAEYTLERGDFLSEEWRERIANTSVIFVNNFAFG
PEVDHQLKERFANMKEGGRIVSSKPFAPLNFRINS
RNLSDIGTIMRVVELSPLKGSVSWTGKPVSYYLHT
IDRTILENYFSSLKNPKLREEQEAARRRQQRENKS
NATTPTKVPESKAAATEAPADSGAEEEKSGVATVK
KPSPSKARKKKLNKKGRKMAGRKRGRPKKMSAASA
ERKSKKSQSTLDLLHSPPPAPPSASPQDAYRAPHS
PFYQLPPSTQLHSPNPLLVAPTPPALQKLLESFRI
QYLQFLAYTKTPQYKANLQQLLDQEKEKNTQLLGT
AQQLFGHCQAQKEEIRRLFQQKLDELGVKALTYND
LIQAQKEISAHNQQLREQSEQLEKDNSELRSQSLR
LLRARCEELRLDWSTLSLENLRKEKQALRSQISEK
QRHCLELQISIVELEKTQRQQELLQLKSCVPPDDA
LSLHLRGKGALGRELEADAGRLRLELDCAKISLPH
LSSMSPELSMNGHAASYELCNAASRPSSKQNTPQY
LASPLDQEVVPCTPSHSGRPRLEKLSGLALPDYTR
LSPAKIVLRRHLSQDHTGASKAATSEPHPRPEHPK
ESSLPYQSPGLSNSMKLSPQDPPLASPATSPLTSE
KGSEKGVKERAYSSHGETITSLPVSIPLSTVQPNK
LPVSIPLASVVLPSRAERARSTPSPVPQPRDSSAT
LEKQTGASAHGAGGAGAGSRSLAVAPTGFYAGSVA
ISGALASSPAPLASGMESAVFDESSGPSSLFATMG
SRSTPPQHPPLLSQSRNSGPASPAHQLTASPRLSV
TTQGSLPDTSKGELPSDPAFSDPESEAKRRIVFSI
SVGASSKQSPSTRHSPLTSGTRGDCVQSHGQDSRK
RSRRKRASAGTPSLSTGVSPKRRALPTVAGLFTQS
SGSPLNLNSMVSNINQPLEITAISSPESSLKSSPT
PYQDHDQPPVLRKERPLGLTNGAHYSPLTSDEEPG
SEDEPSSARIERKIATISLESKSPPKTLENGGGLV
GRKSAPSSEPINSSKWKSTFSPISDLGLAKAVDSP
LQAGSALSHSPLFSFRPSLEEPAAEAKLPTHPRKS
FAGSLGAAEGPSPGTNPPNGLAFSGGLAADLGLHS
FNDGASLSHKGPDVTGLSASLSFPSQRGKDSTTEA
NPFLSRRQPEGLGGLKGEGNANKESGESLPLCGPS
DKASLPHGSRASKGRDRELDFKGGHNLFISAAAVP
PGGLLGGPGLVTVASSAGSATPTAQAPRPFLSTFA
PGPQFTLGPMSLQANLGSVAGSSVLQSLFSTVPAA
AGLVHVSSTATRLTNSHTMGSFSSGVAGGTVGGN*  

MGEKLELRLKSPVGAEPAVYPWPLPVYVGLRGNPR
SQAGHGELCPDRLRHQKF*KHAAAV*QIQPGHRQH
PPAVEGHYTAHEAEYSAVQWTSAAHPAAGI*PLCH
*PGEA*QLRALLP*GVWGDLL*PGGPDD**DQDDR
G*PVCRPGQWCGAGCPSGCCGHQLQTSLRSGESGH
PSQVRRDHGPRVQEVDEMVWKKACRIHTGTR*LPL
RGMEGTDRQHECYICE*LCLWS*GGSPAEGAIRKH
EGRRQNRILKALCPSELQDQQQELE*HWHHHACGG
AVAPEGLCVVDWQACLLLSAHH*PHHT*KLFF*SE
KSKTQGGAGGS*AKTAAREQEQCDHAHQSP*EQSS
CH*GPRGFWC*GRKIRCGYCQKAISLQSPEEETEQ
EREKDGWPETWAAQENECCQCRTQV*EEPKHTGSP
ALSAPSPTLSLTPGCVQGTSQPILPATSKHAAALT
QPTASGTHPTCAAEAFRVLQNPVPAVPGLYKDPAV
QG*PTAASGPGEGEEHTAPGHSPAALRPLPGPKGR
NPQAVPAEAG*VGREGADLQ*PDSGPEGNLCPQPA
AAGTVGTAGEGQQRASEPEPAAAQGPV*GAEA*LV
HTVLGEPAEREAGPEEPDLREAAALPGAADQHRGA
REDPAPAGAPAVKVLCTTR*CFVFASAWQGCPGPR
AGG*CWALTP*AGLCQDLPATPQQHEP*AVHERPC
CQL*ALQCS*SAIIQAEHTPVPGLSLGPGGRTLYP
*PQWPASARKAVWPGFA*LHPVVTCQDCVEAAPEP
GPHWG*QSSYQ*ATPSARAPQGEQPSLPEPWLVQQ
HEAQPPGSTTGLPGNLAPHLRER**EGCEGACLQQ
PRGDHHQPTC*HSTQHSAAQQAAGQHPTGQRGAAQ
PC*EGEEHSQPCATAPGLFSHT*EADWCFCPWCRG
CWSRKQEPRCGAHRFLCWFGGHQWGPGQQPSTSGL
WNGICCF**ILWPQQPLCHHGVSQHTTTTPTSPVA
VPQLGSCLSCPPTHSQSPPECDHSGLAARHQQRGT
AF*SCLLRPRERSKKEDCVQHFSWCQLQAVTFHQA
*PLDFWHPRGLCAEPRTGQS*AQQKEACISWNT*P
QHGCVPQAPGSANCCWPLYTVLGVSS*SQLHGQQH
QPATGDHSHLIP*ELPEELPHPIPGP*PASGAQEG
TASRTN*WGPLLATDLR*GARL*G*AQQCPN*EKN
CNNLFRKQISPEDTGKWWWLGGKEVSPFERAYQQQ
QMEVYLLSYL*PRLGQGCGQSATGWLCPEPQPPVL
FPAVPGGACC*GQAPHSPKEKLCGLSGCSRGAKPW
HQPSQRPGLQWGPCCRPRFTQLQ*WCFPLPQGPGC
DWPECLPELPIPEGQGQYHRGQPFPQQAAARGPGW
LEG*GQRKQGVRREPAPVRALGQGLTATWQQGQQR
S*P*AGLQGRPQPLHLCCSRASRWPPWWPWSCNCG
FFCGQCNTHCPGSPAFPEHLCPRAPVYSGPHVPAG
QPGLCGRLLCAAVLVQHCASCCRPGACVVHCDPID
QLTHHGQLLFWGGRRNRWR*L

CTGCCGGTCTAC TGG
CTGCCGGTCTACGACAAGCACCATGATGCTGCTCATGAGATTATTGAGACTATCCGGTGG

....

....
....
....

KO B cells
WT B cells 

Exon 1 Exon 2 Exon 3

G

A

B

Appendix FIG.S1: Deletion of exon 2 of Dot1L renders Dot1L mRNA out of frame 

(A) Nucleotide alignment of exon 1, 2 and 3 of ) Dot1L cDNA from WT and KO (D exon 2) B cells after 

(B) Sequence analysis showing the comparison of the predicted WT and KO (D exon 2) DOT1L amino)

acids sequence. Deletion of exon2 in the Dot1L locus renders the mRNA out of frame and generates 

multiple translational stop codons indicated as red *.

138

3



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 137PDF page: 137PDF page: 137PDF page: 137

.

22 22
CPM FDR Class

CTNNBL1 ENSMUSG00000027649 0.661849364 4.844862022 0.189896181 A

EEF1A1 ENSMUSG00000037742 -0.174526281 13.16458476 0.764831378 A

HSP90AA1 ENSMUSG00000021270 -0.530959468 11.4179635 0.299894055 A

PSME3 ENSMUSG00000078652 -0.400599605 7.714615982 0.451841033 A

PTBP2 ENSMUSG00000028134 -0.890118169 5.593583267 0.060313941 A

RPA1 ENSMUSG00000000751 -0.326733222 7.362567372 0.547324522 A

RPA2 ENSMUSG00000028884 0.2608199 4.808214698 0.644726864 A

RPA3 ENSMUSG00000012483 -0.397669234 3.669005634 0.473559965 A

SUPT5 ENSMUSG00000003435 0.764849393 7.59261189 0.115216802 A

SUPT6 ENSMUSG00000002052 -0.091982611 7.773279241 0.88441725 A

TRIM28 ENSMUSG00000005566 0.631414171 7.395883757 0.206965223 A

AICDA ENSMUSG00000040627 -1.61042881 1.850138724 0.001242527 B

APEX1 ENSMUSG00000035960 0.120220523 5.111705157 0.845601487 C

APEX2 ENSMUSG00000025269 0.047067076 3.763216722 0.949601854 C

UNG ENSMUSG00000029591 0.681089396 2.353264122 0.217622869 C

XRCC1 ENSMUSG00000051768 1.146594878 4.541622034 0.011550465 C

APLF ENSMUSG00000030051 -0.070137337 3.737886699 0.919411043 D

ATM ENSMUSG00000034218 -1.205121639 7.483761354 0.006413404 D

ATR ENSMUSG00000032409 -0.992839783 7.01376052 0.03039051 D

DCLRE1C ENSMUSG00000026648 -0.650030604 6.003666243 0.19446862 D

LIG4 ENSMUSG00000049717 -0.63617797 4.01840124 0.220205066 D

MRE11A ENSMUSG00000031928 -0.374788374 6.116788349 0.487077043 D

NBN ENSMUSG00000028224 -0.045430665 5.141282934 0.947781725 D

NHEJ1 ENSMUSG00000026162 0.287475475 2.360830853 0.635039048 D

PARP1 ENSMUSG00000026496 0.571416079 8.427280071 0.259640764 D

RAD50 ENSMUSG00000020380 -0.456552873 6.415821884 0.384185034 D

RBBP8 ENSMUSG00000041238 -0.522310826 5.561061803 0.313786464 D

REV1 ENSMUSG00000026082 -0.699093739 6.264200353 0.156925509 D

RNF168 ENSMUSG00000014074 -0.372092987 5.193855258 0.493881344 D

RNF8 ENSMUSG00000090083 0.524741284 1.99050762 0.369231933 D

TRP53BP1 ENSMUSG00000043909 -0.206619763 6.77524595 0.717948751 D

XRCC4 ENSMUSG00000021615 -0.712466082 4.099075643 0.158256773 D

XRCC5 ENSMUSG00000026187 -0.39396788 5.633866498 0.464884287 D

XRCC6 ENSMUSG00000022471 -0.273083246 5.306721424 0.625669741 D

PAXIP1 ENSMUSG00000002221 0.021043119 5.552817787 0.977335657 E

SUPT16 ENSMUSG00000035726 -0.399475881 7.765231816 0.453277416 E

EXO1 ENSMUSG00000039748 -0.455101475 2.55712726 0.426552421 F

MLH1 ENSMUSG00000032498 -0.323144879 5.585486464 0.555716473 F

MLH3 ENSMUSG00000021245 -0.30484102 5.052779783 0.582435728 F

MSH2 ENSMUSG00000024151 -0.425656654 6.32387961 0.421159665 F

MSH6 ENSMUSG00000005370 -0.509792695 6.574525741 0.324118383 F

PMS2 ENSMUSG00000079109 -0.456257072 5.386377497 0.3872161 F

+ IL-4)-Day 02

22 22
CPM FDR Class

CTNNBL1 ENSMUSG00000027649 0.677913243 5.215708768 0.118811505 A

EEF1A1 ENSMUSG00000037742 0.118076202 13.19986242 0.837414095 A

HSP90AA1 ENSMUSG00000021270 -0.614728021 10.96346561 0.158174295 A

PSME3 ENSMUSG00000078652 -0.656685702 9.142011854 0.125631513 A

PTBP2 ENSMUSG00000028134 -1.072236538 4.726680452 0.005587082 A

RPA1 ENSMUSG00000000751 -0.085469936 8.339982325 0.886323864 A

RPA2 ENSMUSG00000028884 0.231653731 6.131983366 0.663396493 A

RPA3 ENSMUSG00000012483 -0.326843123 5.29015353 0.515892032 A

SUPT5 ENSMUSG00000003435 0.211307831 7.136742005 0.692269073 A
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+ IL-4)-Day 02 CONTINUED

22 22
CPM FDR Class

SUPT6 ENSMUSG00000002052 -0.077610994 7.862986093 0.896741849 A

TRIM28 ENSMUSG00000005566 0.346109402 7.919127797 0.4784557 A

AICDA ENSMUSG00000040627 0.954584455 6.814722885 0.014082198 B

APEX1 ENSMUSG00000035960 -0.692828122 7.150801072 0.101896663 C

APEX2 ENSMUSG00000025269 0.134840896 4.216411079 0.822621993 C

UNG ENSMUSG00000029591 -0.050257175 4.345680507 0.937764186 C

XRCC1 ENSMUSG00000051768 0.904021461 4.555980706 0.025863784 C

APLF ENSMUSG00000030051 -0.439055278 3.792558324 0.371955021 D

ATM ENSMUSG00000034218 -0.749218082 8.452664049 0.069587542 D

ATR ENSMUSG00000032409 -0.786769379 7.158037227 0.054677362 D

DCLRE1C ENSMUSG00000026648 -0.094081745 5.251548568 0.877564055 D

LIG4 ENSMUSG00000049717 0.197928752 4.325799261 0.723861417 D

MRE11A ENSMUSG00000031928 -0.445323835 6.915668205 0.338852861 D

NBN ENSMUSG00000028224 -0.905979559 6.305135196 0.021994601 D

NHEJ1 ENSMUSG00000026162 0.108537751 1.621487162 0.908962133 D

PARP1 ENSMUSG00000026496 0.254821015 8.123321404 0.623231792 D

RAD50 ENSMUSG00000020380 -0.479517371 7.257454883 0.297591834 D

RBBP8 ENSMUSG00000041238 -0.496598397 6.525845417 0.279897202 D

REV1 ENSMUSG00000026082 -0.354185572 5.980878063 0.470095156 D

RNF168 ENSMUSG00000014074 -0.344188853 6.282446279 0.483800687 D

RNF8 ENSMUSG00000090083 0.270150984 1.191524039 0.714284863 D

TRP53BP1 ENSMUSG00000043909 -0.326913139 6.489515086 0.510604111 D

XRCC4 ENSMUSG00000021615 -0.610396518 4.28122986 0.179179985 D

XRCC5 ENSMUSG00000026187 -0.556048809 6.402687408 0.213750919 D

XRCC6 ENSMUSG00000022471 -0.25567987 6.741484047 0.622992519 D

PAXIP1 ENSMUSG00000002221 -0.280738058 6.492274743 0.583241585 E

SUPT16 ENSMUSG00000035726 -0.586101643 9.378448083 0.183251245 E

EXO1 ENSMUSG00000039748 -0.498682259 6.259496778 0.276790004 F

MLH1 ENSMUSG00000032498 -0.353504751 5.700896853 0.472342445 F

MLH3 ENSMUSG00000021245 -0.379627331 5.427832586 0.435181677 F

MSH2 ENSMUSG00000024151 -0.417706636 6.834268696 0.377474928 F

MSH6 ENSMUSG00000005370 -0.172815004 8.102291743 0.75473192 F

PMS2 ENSMUSG00000079109 -0.367174199 5.861778313 0.449367716 F

A AID-binding factors

B

C Base excision repair factors

D

E

F Mismatch repair factors
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+ IL-4)-Day 02

22 22
CPM FDR Direction

KDELR3 ENSMUSG00000010830 3.247117583 0.39792167 1.83E-08 up in KO

XBP1 ENSMUSG00000020484 1.03759429 9.30853137 0.00609591 up in KO

PDIA6 ENSMUSG00000020571 0.951207615 9.46863521 0.01393015 up in KO

PDIA5 ENSMUSG00000022844 3.901776327 0.62301879 8.47E-11 up in KO

VEGFA ENSMUSG00000023951 1.136257563 3.11570159 0.00516219 up in KO

BAG3 ENSMUSG00000030847 1.847088707 2.06419502 0.00000632 up in KO

HERPUD1 ENSMUSG00000031770 1.144244776 7.09910264 0.00206591 up in KO

HYOU1 ENSMUSG00000032115 0.85715382 8.92763372 0.03148537 up in KO

DNAJA4 ENSMUSG00000032285 1.057850732 1.9718521 0.01561533 up in KO

CCL2 ENSMUSG00000035385 2.934101708 1.61962897 6.26E-11 up in KO

WFS1 ENSMUSG00000039474 1.336826324 2.65899779 0.00086907 up in KO

WIPI1 ENSMUSG00000041895 2.199136612 1.45291297 0.000000986 up in KO

TUBB2A ENSMUSG00000058672 2.476153534 3.14923086 1.16E-10 up in KO

DKC1 ENSMUSG00000031403 -0.856039022 8.74443954 0.031792 down in KO

DDX10 ENSMUSG00000053289 -0.921486708 7.2663858 0.01868136 down in KO

NPM1 ENSMUSG00000057113 -0.88066088 11.945197 0.02585723 down in KO

NHP2 ENSMUSG00000001056 -0.028926224 5.64937506 0.9633208

CALR ENSMUSG00000003814 0.640919807 11.3107756 0.13732202

MTHFD2 ENSMUSG00000005667 -0.376428105 7.05367961 0.43294744

ENSMUSG00000006215 0.654043106 2.98780737 0.16324985

KIF5B ENSMUSG00000006740 -0.442567322 9.05603109 0.34013182

KHSRP ENSMUSG00000007670 -0.064356792 7.16553214 0.91639477

ATP6V0D1 ENSMUSG00000013160 0.468000462 6.1611161 0.31327407

DNAJB9 ENSMUSG00000014905 0.608446416 5.76991144 0.16874318

NOLC1 ENSMUSG00000015176 -0.235331285 8.22680434 0.65225346

MTREX ENSMUSG00000016018 -0.514887933 8.20057275 0.25582648

EXOSC10 ENSMUSG00000017264 0.05253682 6.97139113 0.93264449

HSP90B1 ENSMUSG00000020048 0.597122279 12.4162054 0.17314147

DDIT4 ENSMUSG00000020108 0.354197815 4.01326533 0.48530959

SLC1A4 ENSMUSG00000020142 -0.632750017 3.74354912 0.16112025

CNOT2 ENSMUSG00000020166 -0.525502584 7.67036848 0.24393267

NFYB ENSMUSG00000020248 -0.392831482 6.21230641 0.41272589

CNOT6 ENSMUSG00000020362 -0.472739445 8.85747084 0.30419924

ERN1 ENSMUSG00000020715 0.382983027 4.7705642 0.43294744

GOSR2 ENSMUSG00000020946 0.163536436 6.94619011 0.76949994

EIF2S1 ENSMUSG00000021116 -0.55843651 8.70661028 0.20878331

EXOC2 ENSMUSG00000021357 0.020790923 6.11428414 0.97389129

SSR1 ENSMUSG00000021427 0.182069966 8.73075464 0.73738069

SLC30A5 ENSMUSG00000021629 -0.002353719 7.6277146 0.99893208

SPCS1 ENSMUSG00000021917 0.430567447 6.37774546 0.36047835

DCP1A ENSMUSG00000021962 -0.132826106 6.61470896 0.81731943

DNAJC3 ENSMUSG00000022136 0.442166613 8.27017333 0.34109297

ENSMUSG00000022285 -0.292011751 9.89279435 0.56386111

PARN ENSMUSG00000022685 -0.370776993 6.06184373 0.44413064

EIF4A2 ENSMUSG00000022884 -0.635303013 9.59613937 0.1417821

NFYA ENSMUSG00000023994 -0.160247581 7.09378967 0.77444963

HSPA9 ENSMUSG00000024359 -0.711158269 10.4573733 0.08947966

DCP2 ENSMUSG00000024472 -0.574950282 7.79587212 0.19445067

CXXC1 ENSMUSG00000024560 0.437788433 4.56258015 0.36482014

RPS14 ENSMUSG00000024608 0.477037638 7.99876594 0.29968984

PSAT1 ENSMUSG00000024640 -0.170530418 8.12683625 0.75757803

BANF1 ENSMUSG00000024844 -0.076959969 6.51637887 0.89759146

YIF1A ENSMUSG00000024875 0.542860942 3.550164 0.2561741
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+ IL-4)-Day 02 CONITNUED.

22 22
CPM FDR Direction

ALDH18A1 ENSMUSG00000025007 0.022074927 6.55597643 0.97232232

PAIP1 ENSMUSG00000025451 -0.414463655 6.52254889 0.38181343

EIF4A3 ENSMUSG00000025580 -0.111935652 6.85339701 0.84779748

SEC11A ENSMUSG00000025724 0.129703257 6.72624007 0.82261828

NABP1 ENSMUSG00000026107 0.301884329 8.78377559 0.54888531

ATF3 ENSMUSG00000026628 -0.657082275 3.75806901 0.14724832

ATF6 ENSMUSG00000026663 0.723604325 7.77162234 0.08329224

HSPA5 ENSMUSG00000026864 0.277023574 11.4682889 0.58657887

NOP56 ENSMUSG00000027405 -0.622425813 8.97053921 0.15217163

ARFGAP1 ENSMUSG00000027575 0.461319817 5.20734177 0.32567207

EXOSC9 ENSMUSG00000027714 -0.610526631 7.02190683 0.16413854

SERP1 ENSMUSG00000027808 0.04881001 9.74865417 0.938097

CKS1B ENSMUSG00000028044 0.340787504 5.14027586 0.49448602

EIF4E ENSMUSG00000028156 -0.646757811 8.24391436 0.13373266

SDAD1 ENSMUSG00000029415 -0.687503513 7.84846055 0.10488967

ASNS ENSMUSG00000029752 -0.352332894 5.9389813 0.47262392

EDEM1 ENSMUSG00000030104 0.572043872 9.06583419 0.19664737

POP4 ENSMUSG00000030423 -0.2709673 5.92597386 0.60162631

FUS ENSMUSG00000030795 -0.557100558 9.01081264 0.20978702

EIF4EBP1 ENSMUSG00000031490 -0.065109499 2.9019814 0.9211792

EIF2AK3 ENSMUSG00000031668 0.605649583 6.42413256 0.16937163

LSM4 ENSMUSG00000031848 0.699261889 3.91721633 0.11531525

DCTN1 ENSMUSG00000031865 0.811114588 4.46975819 0.05312949

IMP3 ENSMUSG00000032288 -0.220902058 5.51887997 0.68064647

SRPRB ENSMUSG00000032553 0.554859259 5.03450475 0.22281873

TTC37 ENSMUSG00000033991 -0.44205628 7.25455596 0.34260545

EXOSC4 ENSMUSG00000034259 -0.261666266 3.33624482 0.63514811

EXOSC1 ENSMUSG00000034321 -0.487820476 5.5553005 0.29302611

IFIT1 ENSMUSG00000034459 0.269165982 6.75833284 0.60226522

XPOT ENSMUSG00000034667 -0.560374835 7.68366963 0.20771094

EEF2 ENSMUSG00000034994 0.635954596 10.3151564 0.14115106

SEC31A ENSMUSG00000035325 0.274511299 7.54897371 0.59266302

EDC4 ENSMUSG00000036270 0.417423631 5.44706871 0.3819

NOP14 ENSMUSG00000036693 -0.730254354 7.55589168 0.07958366

LSM1 ENSMUSG00000037296 -0.502338694 4.5221849 0.28240154

CNOT4 ENSMUSG00000038784 -0.289815795 6.13311631 0.57200415

EXOSC2 ENSMUSG00000039356 -0.464524349 6.73300796 0.31492337

SLC7A5 ENSMUSG00000040010 0.052585748 7.59889524 0.93255506

TSPYL2 ENSMUSG00000041096 0.230518768 5.32355542 0.66772108

RRP9 ENSMUSG00000041506 -0.082439465 4.14844772 0.88693274

ATF4 ENSMUSG00000042406 -0.301950636 8.11586806 0.5490964

SHC1 ENSMUSG00000042626 0.304587565 6.35193561 0.54797967

PREB ENSMUSG00000045302 0.448752886 6.50645462 0.33591596

EIF4G1 ENSMUSG00000045983 -0.083044203 9.88284657 0.88842741

SPCS3 ENSMUSG00000054408 -0.034390162 8.59293086 0.95705613

CEBPG ENSMUSG00000056216 -0.364379967 6.2185668 0.45371819

CEBPB ENSMUSG00000056501 1.063842288 0.68535308 0.05501577

TATDN2 ENSMUSG00000056952 -0.255414018 6.72409655 0.62334152

EIF4A1 ENSMUSG00000059796 -0.405080996 10.1553163 0.39027245

EXOSC5 ENSMUSG00000061286 0.688530882 2.00450195 0.18241079
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:

B cells CD19+B220+

Immature B cells CD19+B220lowIgM+

Mature B cells CD19+B220highIgM+

Pro B cells CD19+B220lowIgM-c-Kit+CD25-

Pre-B cells CD19+B220lowIgM-c-Kit-CD25+

Spleen

B cells CD19+B220+

B1-a cells CD19+B220low

T1 cells CD19+B220+CD23-/lowCD21/35-/lowIgMhigh

T2 cells CD19+B220+CD23highCD21/35-/lowIgMhigh

CD19+B220+CD23highCD21/35highIgMhigh

CD19+B220+CD23-/lowCD21/35highIgMhigh

Follicular B cells CD19+B220+CD23highCD21/35lowIgM-/low

Follicular B-I cells B220+CD93-/lowCD21/35lowIgMlowIgDhigh

Follicular B-II cells B220+CD93-CD21/35lowIgMhighIgDhigh

Germinal center B cells CD19+B220+PNA/GL7highCD95high

Plasma cells CD19+B220+IgD-CD138+

T cells CD3+CD19-

Germinal center B cells CD19+B220+PNA/GL7highCD95high

:

Antibodies Fluorophore Clone Dilution Vendor

CD19 APC-H7 1D3 1:200 BD Pharmingen

CD19 PerCpCy5,5 1D3 1:200 BD Pharmingen

CD45R (B220) RA3-6B2 1:200 BD Pharmingen

IgM PECy7 11/41 1:200 eBioscience

CD117 (cKit) APC 2B8 1:200 eBioscience

CD117 (cKit) BV605 2B8 1:100 BD Bioscience

CD25 PE PC61 1:200 Biolegend

IgD FITC 11-26c.2a 1:200 BD Pharmingen

DAPI 1:20 Sigma-Aldrich

PI 1:20 Sigma-Aldrich

Annexin V APC 1:20 Biolegend

Spleen

Antibodies Fluorophore Clone Dilution Vendor

Gl-7 FITC GL7 1:200 BD Pharmingen

Peanut Agglutinin FITC 1:400 Vector

CD23 BV421 B3B4 1:200 Biolegend

CD19 PerCpCy5,5 1D3 1:200 BD Pharmingen

CD19 APC-H7 1D3 1:200 BD Pharmingen

CD19 A780 1D3 1:200 eBioscience

CD95 Biotin 15A7 1:100 eBioscience

CD95 PE Jo2 1:200 BD Pharmingen

CD21/35 APC 7E9 1:200 Biolegend

CD93 BV650 AA4.1 1:200 BD Pharmingen

IgM BV785 II/41 1:200 BD Pharmingen

IgD BV650 11-26c.2a 1:200 Biolegend
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CONTINUED.
Spleen

IgD PE 11-26C 1:800 eBioscience

IgD AF-488 11-26c2a 1:200 eBioscience

CD3 FITC 17A2 1:200 Biolegend

CD3 AF488 145-2C11 1:200 eBioscience

CD45R (B220) V500 RA3-6B2 1:200 BD Pharmingen

CD45R (B220) PB RA3-6B2 1:200 BD Pharmingen

CD45R (B220) APC RA3-6B2 1:200 BD Pharmingen

CD45R (B220) BV510 RA3-6B2 1:200 Biolegend

CD138 PE 281-2 1:200 BD Pharmingen

CD138 BV605 281-2 1:200 Biolegend

Streptavidin BV605 1:400 BD Pharmingen

1:1000 Biolegend

7AAD 1:500 Biolegend

PI 1:20 Sigma-Aldrich

DAPI 1:20 Sigma-Aldrich

Annexin V APC 1:20 Biolegend

Antibodies Fluorophore Clone Dilution Vendor

CD45R (B220) RA3-6B2 1:200 BD Pharmingen

CD19 PerCpCy5,5 1D3 1:200 BD Pharmingen

IgM APC Polyclonal 1:200 Southern Biotech

Peanut Agglutinin FITC 1:400 Vector

CD95 PE Jo2 1:200 BD Pharmingen

DAPI 1:20 Sigma-Aldrich

In vitro)o

Antibodies Fluorophore Clone Dilution Vendor

CD19 PerCpCy5,5 1D3 1:400 BD Pharmingen

IgG1 PE 15H6 1:800 Southern Biotech

IgM APC Polyclonal 1:1000 Southern Biotech

IgG3 PE Polyclonal 1:800 Southern Biotech

DAPI 1:20 Sigma-Aldrich

Plasma cells (In vitro)o

Antibodies Fluorophore Clone Dilution Vendor

CD138 BV605 281-2 1:200 Biolegend

CD45R (B220) BV510 RA3-6B2 1:200 Biolegend

IgD BV650 11-26c.2a 1:200 Biolegend

Sca1 PeCy7 D7 1:200 Biolegend

CD3e APC 145-2C11 1:200 BD Pharmingen

Ter119 APC TER-119 1:200 BD Pharmingen

Blimp1* PE SE7 1:200 Biolegend

1:1000 Biolegend

* Intracellular

In vitro)o

Antibodies Fluorophore Clone Dilution Vendor

CD19 PerCpCy5,5 1D3 1:400 BD Pharmingen

Cleaved Caspse-3* AF488 1:50 Cell signaling

1:1000 Biolegend

* Intracellular
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The histone methyltransferase

DOT1L prevents antigen-

independent differentiation and 

safeguards epigenetic identity

of CD8+ T cells
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ABSTRACT

that the histone methyltransferase DOT1L, which marks the nucleosome core on active 
+ Dot1L

resulted in loss of naïve CD8+

state, independent of antigen exposure and in a cell-intrinsic manner. Mechanistically, 

DOT1L controlled CD8+

and signaling. DOT1L also maintained epigenetic identity, in part by indirectly supporting 

the repression of developmentally-regulated genes. Finally, deletion of Dot1L in T cells

resulted in an impaired immune response. Through our study, DOT1L is emerging as a 

central player in physiology of CD8+ T cells, acting as a barrier to prevent premature 

SIGNIFICANCE STATEMENT

Cytotoxic CD8+ T cells control infectious diseases as well as cancer. Memory T cells are a 

subset of CD8+

physiology. In the absence of DOT1L, which methylates histone H3K79 at active genes, 

cytotoxic T cells prematurely acquired memory features without having encountered 

an antigen. However, loss of DOT1L in the T cell lineage led to a compromised immune 

strategies to modulate T cell immunity.

T cell, Epigenetics, DOT1L, H3K79me2, Virtual memory
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INTRODUCTION

basis for a functional adaptive immune system. Development of mature T cells initiates in 

the thymus with progenitor T cells that have to pass two key checkpoints: T cell receptor 

1. 

Upon positive selection, mature thymocytes are licensed to emigrate and populate

peripheral lymphatic organs as naïve T cells (T
N

and stimulation. However, it has become evident that a substantial fraction of mature

CD8+ T cells acquires memory-like features independent of exposure to foreign antigen.

The origin and functionality of these unconventional memory cells in mice and humans,

also referred to as innate or virtual memory cells, are only just being uncovered2-4.

+ T cells are

mono- and tri-methylation of histone H3K4 at enhancers (H3K4me1) and promoters

(H3K4me3), H3K27me3 at repressed promoters, and H3K9me2/3 in heterochromatin5-10. 

Although epigenetic ‘programming’ is known to play a key role in T cell development and 

5.

and tri-methylation of histone H3K79 mediated by DOT1L. This evolutionarily conserved

histone methyltransferase methylates H3K79 in transcribed promoter-proximal regions 

of active genes11,12. Although the association with gene activity is strong, how H3K79

proposed11,13. DOT1L has been linked to several critical cellular functions, including 

embryonic development, DNA damage response, and meiotic checkpoint control14

and DOT1L has also been shown to function as a barrier for cellular reprogramming in

generating induced pluripotent stem cells15

drug target in the treatment of MLL-rearranged leukemia, where MLL fusion proteins

aberrantly recruit DOT1L to MLL target genes leading to their enhanced expression16. A

similar dependency on DOT1L activity and sensitivity to DOT1L inhibitors was recently 

observed in thymic lymphoma17. Interestingly, inhibition of DOT1L activity in human 

T cells attenuates graft-versus-host disease in adoptive cell transfer models18 and it 

regulates CD4+ 19.
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Given the emerging role of DOT1L in epigenetic reprogramming and T-cell malignancies, 

we investigated the role of DOT1L in normal T cell physiology using a mouse model in 

which Dot1L was selectively deleted in the T cell lineage. Our results suggest a model in 

which DOT1L plays a central role in CD8+

RESULTS

CD8+ T CELLS

Given the essential role of DOT1L in embryonic development20, we determined the role 

mouse model in which Dot1L Dot1L

with a Cre-recombinase under the control of the Lck promoter. This leads to deletion k

of exon 2 of Dot1L during early thymocyte development (SI Appendix, Fig. S1x A)17. The 

observed global loss of H3K79me2 in T cells in Lck-Cre+/-;Dot1L-

SI Appendix, Fig. S1x B), agreed with theB

notion that DOT1L is the sole methyltransferase for H3K79 11,17,20,21. 

Dot1L deletion at the single-cell level, we developed an

intracellular staining protocol for H3K79me2. Histone dilution by replication-dependent

and -independent means has been suggested to be the main mechanisms of losing 

methylated H3K79 22. Flow-cytometric analyses of thymocyte subsets from Lck-Cre+/-

;Dot1L mice (hereafter, KO) revealed that double-negative (DN, CD4-CD8-) thymocytes 

started losing H3K79me2. From the subsequent immature single positive state (ISP) 

onward, all the thymocytes had lost DOT1L mediated H3K79me2 (SI Appendix, Fig. S1C). CC

Dot1L, successive rounds of replication in the 

thymus allowed for loss of methylated H3K79.

No changes in H3K79 methylation levels were found in T-lineage cells of Lck-Cre+/-;Dot1L- wt/

wt control mice (hereafter, WT). Ablation of t Dot1L resulted in a reduction of overall thymic 

cellularity, mainly caused by reduced numbers of double positive (DP), mature single 

positive (SP) CD4+ and CD8+ thymocytes (1.4-, 2.2- and 1.8-fold, respectively) (SI Appendix,

Fig. S1D-E). Further analysis of the CD8EE + SP subset revealed that Dot1L-KO mice harbored

fewer CD8+ SP thymocytes expressing CD69, a marker of recent positive selection23 (SI 

Appendix, Fig. S1x F). In line with the lower percentage of SP CD8FF +CD69+ cells, the transition

Dot1L-KO mice. The percentage of 

mature SP CD8+ T cells, as characterized by surface expression of Qa2 and CD24, was 

reduced in Dot1L KO (SI Appendix, Fig. S1G)GG 24,25. Together this suggests a role of DOT1L in 
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controlling intrathymic T cell selection and maturation of CD8+ SP T cells.

+ 

T cells were drastically reduced (3.2-fold), whereas CD8+ T cells were increased (1.7-fold) 

in number (SI Appendix, Fig. S1x E andE HHH
+ T cells and CD44-

CD62L+ CD4+ T cells, CD44+CD62L- CD4+ T cells showed a partial loss of H3K79me2 and

CD4+CD25+ regulatory T cells (Treg) remained H3K79me2 positive (SI Appendix, Fig. S1I).II

Since earlier in development, CD4-expressing cells in the thymus were mostly H3K79me2

negative, this suggests that a strong selection occurred for the maintenance of DOT1L for

the development of Tregs in this mouse model. Indeed, partial deletion of Dot1L in CD4+

SI Appendix, Fig. S1J). Here, we focused our study onJJ

of Dot1L and loss of H3K79me2 was found in both the thymus and the periphery. 

CD8+

CD8+ T cell subsets in the spleen revealed that Dot1L-KO mice showed a severe loss of 

naïve (CD44-CD62L+) CD8+ T (T
N
) cells and a massive gain of the CD44+CD62L+ phenotype,

a feature of central memory T cells (T
CM

; Fig. 1A-B). In Dot1L KO, the cells in the naïve gate 

did not form a distinct population as in WT, but rather were a tail of the T
CM

 population. This

is in line with the observed aberrant thymic maturation in Dot1L KO. In Lck-Cre+/-+ ;Dot1L- LL

heterozygous knock-out mice (Het), CD8+

compared to WT (Fig. 1A-BB

principal component analysis of RNA-Seq data indicating that WT and Het CD8+ T cells

were similar, but were dissimilar from the KO CD8+

(SI Appendix, Fig. S1K). Therefore, we restricted our further studies to the comparison of KK

the KO and WT mice. The strong shift towards a CD8+ memory-phenotype in Dot1L KO was 

unexpected because Dot1L-KO mice were housed under the same conditions as their WT 

To unravel the molecular identity of the CD44+CD62L+ Dot1L-KO cells in more detail we

performed RNA-Seq analysis on sorted CD44-CD62L+ (T
N
) and CD44+CD62L+ (T

CM
) CD8+

T
N
 and T

CM
 CD8+

Interestingly, overlay of these signatures on WT CD44-CD62L+ (T
N
) and KO CD44+CD62L+

(T
CM N

 and T
CM

 cells was mostly 

preserved when Dot1L was ablated. (Fig. 1C), although there was misregulation of other CC

genes as well (see below). These data suggest that in the absence of DOT1L, CD8+ T

cells acquire, prematurely and in the absence of any overt immunological challenge, a

transcriptome of memory-like CD8+ T cells.
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FIG.1: Dot1L results in CD44+CD62L+ + T cells. (A) Flow cytometry 

analysis of CD8+ T cell subsets in the spleen based on CD44 and CD62L expression in WT and 

heterozygous and homozygous Dot1L-KO mice. Subsets are indicated in the top left panel. (B) BB
+ T cell subsets in the spleen indicated in the representative plots in panel A. 

Data from 3-5 individual experiments with 3-4 mice per genotype per experiment, shown as mean

± SD. (C) Mean average (MA) plot of RNA-Seq data from FACS-sorted CD44CC +CD62L+ (T
CM

) and CD44-

CD62L+ (T
N
) CD8+ T cells from four mice per indicated genotype. Naïve and memory signatures were

N

and WT T
CM

 cells. (D) Percentage of CD49dDD + cells in CD44+CD62L+ CD8+ T cells from unchallenged mice

and in CD44+CD62L- CD8+ T cells from WT mice challenged with L. monocytogenes for 7 days. Data

from one experiment with four mice per genotype, represented as mean ± SD. (E) Representative EE
+ T cells from the spleen. (F) Median FF

+CD62L+ CD8+ T cells from the spleen. Data

from one experiment with three mice per genotype, represented as mean ± SD.
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DOT1L

Although WT and KO mice were exposed to the same environment it cannot be excluded

Tcrb

productive clonality scores between WT and KO CD8+ T cells (SI Appendix, Table S1). Also, 

CDR3 length as well as Tcrb-V and V Tcrb-JJ SI Appendix, Fig. 

S2A-C). These data, together with the nearly complete loss of naïve CD8CC + T cells, argued 

against any antigen-mediated bias in the selection for CD8+ T cells and indicated that 

CD44+CD62L+ memory-like CD8+ T cells in KO mice were polyclonal and arose by antigen-

N
 cells.

+ T cells have already been

described in the literature and their origins and functions are subject of ongoing

studies2-4,26. Depending on their origin and cytokine dependency they are referred to as

‘virtual’ or ‘innate’ memory cells. Virtual memory CD8+ T cells have been suggested to arise

in the periphery from cells that are CD5high 4,27. 

In contrast, innate memory CD8+ T cells develop in the thymus and their generation and 

survival are generally considered to be dependent on IL-4 signaling 3. We here collectively

refer to them as Antigen-Independent Memory-like CD8+ T cells (T
AIM

). A common feature

of these T
AIM

 cells is reduced expression of CD49d28, a marker that is normally upregulated 

after antigen exposure. In addition, they express high levels of T-bet and Eomes, encoding 
29,30. In both Dot1L-KO and WT, the majority of 

the CD44+CD62L+ (T
CM

) cells were CD49d negative. As a control, CD44+CD62L-

T cells (T
EFF

) from WT mice challenged with Listeria monocytogenes were mostly CD49d s

positive (Fig. 1D). This further indicates that the generation of CD44D +CD62L+ memory-like

T cells in KO mice is independent of antigen exposure. Of note, the percentage of CD49d-

negative CD44+CD62L+ cells that we observed in WT mice corresponds to the percentage

of T
AIM

 cells reported in WT C57BL/6 mice 31. Regarding the expression of T-bet and Eomes, 

most of the KO CD8+ T cells co-expressed T-bet and Eomes. Furthermore, Eomes was 

expressed at a higher level in KO CD8+ T cells as compared to their WT counterpart (Fig. 

1E and E F). Together these characteristics are all in agreement with antigen-independentFF
+ T cells in the absence of DOT1L.

THE T
AIM

 PHENOTYPE IN Dot1L

INTRINSIC

To determine whether peripheral T
AIM

 cells observed in the Dot1L-KO setting originate 

intrathymically, as reported previously for IL-4 dependent innate memory T cells3, we 

compared RNA-Seq data from SP CD8+ thymocytes from KO and WT mice. Analyzing the 

relative distribution of memory and naïve signature genes revealed that memory genes
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were among the genes upregulated in KO SP CD8+ thymocytes (Fig. 2A). Importantly, 

like in peripheral CD8+ T cells the expression of T-bet and t Eomes was upregulated in 

KO SP CD8+

cytometric analysis of protein expression. Intracellular staining for the transcription 

factors showed that among KO SP CD8+ thymocytes a small but substantial subset was

double-positive for T-bet and Eomes (T-bet+ Eomes+) (Fig. 2B and B C). This subset was CC

nearly absent in WT SP CD8+ thymocytes. Regarding T cell maturity as characterized by

CD69 and MHC-I surface expression, the T-bet+ Eomes+

the T-bet- Eomes- subset. The T-bet+ Eomes+ subset had a more mature phenotype (M2; 

CD69-MHC-I+) compared to T-bet-Eomes-CD8+ KO SP T cells that were more semi-matured 

(SM; CD69+MHC-I-)32, suggesting that in Dot1L-KO CD8+ SP thymocytes started to acquire 

the T
AIM

-phenotype just before emigrating from the thymus (SI Appendix, Fig. S2D and D E). EE

Another possible scenario that could have explained the gain of intrathymic memory-

phenotype cells (thymic T
AIM

 cells) in KO was their recirculation from the periphery into 

the thymus. However, as compared to the spleen, the T-bet+Eomes+CD8+ SP subset in the 

thymus had a lower fraction of memory-phenotype cells. This observation is inconsistent

with the possibility that thymic T
AIM

 cells originated from recirculating peripheral T cells 

(SI Appendix, Fig. S2FFF

of Dot1L-KO CD8+ T cells towards memory-like 

cells initiates intrathymically in an antigen-independent manner.

Innate memory cells have been suggested to arise in the thymus in response to an 
high 3. However, 

iNKT cells (CD1d-PBS57+ +) were nearly absent in the thymus of Dot1L-KO mice (Fig.

2D andD SI Appendix, Fig. S2GGG +) did not 

E). In addition, introduction of theEE

reduced33-36 Dot1L-KO CD8+ T cells (SI Appendix, x

Fig. S2HHH
AIM

CD8+ cells in the absence of DOT1L did not depend on an excess of IL4-producing cells

in the thymic microenvironment as reported for innate memory T cells. To test whether 

AIM
 cells in Dot1L KO occurs by cell-intrinsic mechanisms,

we generated mixed bone-marrow chimeras. Bone-marrow cells from WT Ly5.1+ mice

were mixed with Ly5.2+;Lck-Crekk +/-;Dot1Lwt/wt (WT) or Ly5.2+;Lck-Crekk +/-;Dot1L (KO) bone-

marrow cells and transplanted into lethally irradiated Ly5.1+ recipient mice (Fig. 2F). FF

While T cells derived from WT Ly5.2+ hematopoietic stem cells gave rise to both naïve 

and memory-phenotype CD8+ T cells, KO Ly5.2+CD8+ T cells were predominantly of 

memory-phenotype. This indicated that the Dot1L-KO T
AIM

 phenotype is cell intrinsic and 

not dictated by environmental stimuli (Fig. 2G and H). In addition, the memory phenotype HH

of the WT Ly5.1+ cells remained indistinguishable between the two mixed bone-marrow
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chimera conditions. This indicated that within the same environment, Dot1L-KO T cells

+ WT cells (Fig. 2G and G H). The increased HH

percentage of memory-phenotype Ly5.1+ cells are most likely a result of homeostatic 

proliferation of the T cells of the recipient after irradiation (Fig. 2H)HH 37,38. Together, the 

results from the mixed bone-marrow chimeras further indicated that the T
AIM

-phenotype 

is cell intrinsic for Dot1L-KO CD8+ T cells.

DOT1L

One of the cell-intrinsic mechanisms reported to be involved in the formation of T
AIM

cells is aberrant TCR signaling2,27,39,40. Furthermore, treatment of human T cells with 

DOT1L inhibitor impaired TCR sensitivity and attenuated low avidity T cell responses18. 

This led us to investigate the expression of genes encoding TCR signaling components

+ thymocytes (Fig. 3A). 

Cd247), a critical rate limiting factor in controlling the transport of 77

fully assembled TCR/CD3 complexes to the cell surface, was downregulated in Dot1L-

KO T cells1,41,42. In addition, other components of the TCR/CD3 complex like Cd3e and e

its associated co-receptor Cd8a/b were also downregulated in KO T cells. H3K79me2 b

chromatin immunoprecipitation sequencing (ChIP-Seq) showed that these genes 

contained H3K79me2 in WT mice and might therefore be directly regulated by DOT1L

(SI Appendix, Fig. S3A-CCC

reduced at the cell surface of T
AIM

B). B

Reduced expression of TCR in KO peripheral CD8+ T cells can be a consequence of T

highCD5int) and CD8+ SP thymocytes, the stages where T cell activation 

can be excluded, TCR levels were reduced in Dot1L KO (Fig. 3C). This suggested that CC

Dot1L ablation. 

In addition to the CD3/TCR complex, we observed downregulation of Itk, a key TCR k

signaling molecule reported to be involved in innate memory CD8+ T cell formation43. To

exclude that the impaired TCR signaling in KO T cells could be compensated for by the 

identical by crossing the OT-I TCR transgene into our system. Thymocytes expressing OT-I

are positively selected in the presence of MHC class I (H-2Kb), mainly generating CD8+

SP T cells expressing the exogenous OT-I TCR, with concomitant reduction of the CD4+

lineage44

of conventional OT-I CD8+ thymocytes is expected to be compromised. In Dot1L-KO mice

expressing OT-I, the number of SP CD8+ thymocytes was decreased (3.8-fold) compared to

WT mice expressing OT-I (Fig. 3D).D
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FIG.2: The T
AIM

 phenotype in Dot1L (A) MA-

plot of RNA-Seq data from sorted CD4-CD8+CD3+ thymocytes from three WT and four KO mice.

B) Representative B

plot and (CCC -CD8+CD3+ thymocytes, data 

of three individual experiments with two to four mice per genotype, represented as mean ± SD.

 (DD + +) cells in total thymus. Data from one experiment 

with four mice per genotype, represented as mean ± SD. (EEE + cells in

spleen, data of two individual experiments with four mice per genotype, represented as mean ± SD. 

(F) Outline of the mixed bone-marrow chimeras. (FF G and G HHH
+ and Ly5.2+ CD8+ splenocytes from mixed 

bone marrow chimera’s 4 months after irradiation and reconstitution. All recipient mice were Ly5.1+

and transplanted with a mixture of either WT Ly5.1+ and Ly5.2+ Lck-Crekk +/-;Dot1Lwt/wt (WT; left panels)

or WT Ly5.1+ and Ly5.2+ Lck-Cre+/-;Dot1L (KO; right panels). Data of one experiment with six or

eight mice per genotype, represented as mean ± SD.
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This revealed that, similar to the situation in mice with endogenous TCR, early intrathymic

ablation of Dot1L in the T cell lineage prohibits positive selection of conventional OT-I CD8+

T cells, but yet supports the generation and selection of T
AIM

 cells (SI Appendix, Fig. S2F) FF

(Fig. 3E and E SI Appendix, Fig. S3D). Consistent with the low surface expression of TCR/D

CD3 and CD8 in the KO condition, the surface expression of OT-I TCR was also lower, as

determined by SIINFEKL/H-2Kb tetramer staining (SI Appendix, Fig. S3E). This was furtherEE

which indicated two-fold reduction in KO (Fig. 3B and B EEE

OT-I TCR was under the control of an exogenous promoter, suggesting that the reduced

surface expression of OT-I TCR on KO T cells did not relate to transcriptional silencing of 

native TCR gene promoters. Instead, the observed lower TCR surface levels in KO T cells 
42. In conclusion, DOT1L regulates the levels 

of TCR complex and signaling molecules independent of the selected TCR. In the absence 

of these regulatory mechanisms, the identity of naïve CD8+ T cells cannot be maintained,

+

T CELLS

Dot1L-KO 

CD8+ T cells in vivo relates to the epigenome, we performed H3K79me2 ChIP-Seq on o

sorted WT CD8+ T cell populations and compared it to the RNA-Seq data of sorted WT 

and KO CD44-CD62L+ (T
N
) and CD44+CD62L+ (T

CM
) populations. RNA-Seq analyses from 

CD44-T
N
 and T

CM
 cells revealed that genes that were upregulated in Dot1L KO were 

biased towards being lowly expressed, whereas downregulated genes tended to have 

a higher expression level (Fig. 4A, left panel). To assess how the transcriptome changes 

in T cells and the transcriptional bias are related to the chromatin-modifying function of 

DOT1L, we compared the level of H3K79me2 at the 5’ end of genes in WT cells with the 

mRNA expression changes caused by the loss of DOT1L. H3K79me2 was enriched from 

SI Appendix,

Fig. S4A), as reported for human cells45. Further analysis showed that most of the lowly-

expressed genes upregulated in Dot1L KO contained no or very low H3K79me2 in WT

cells (Fig. 4A right panel and Fig. 4B). Therefore, these genes are unlikely direct targetsB

of DOT1L and are likely to be indirectly controlled by DOT1L. In contrast, most of the

more highly-expressed genes downregulated in Dot1L KO were marked by H3K79me2

(Fig. 4A right panel and Fig. 4B). This demonstrates that in normal CD8B + T cells DOT1L-

mediated H3K79 methylation generally marks expressed genes, but only a subset of 

the methylated genes needs H3K79 methylation for maintaining full expression levels. 

Thus, in normal T cells DOT1L does not act as a transcriptional switch but rather seems 

to be required for transcription maintenance of a subset of H3K79-methylated genes
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that are already expressed and it indirectly promotes repression of genes. Dot1L mRNA

cells (SI Appendix, Fig. S4B), suggesting that not the global expression level, but rather B

premature T
AIM

To search for candidate direct target genes that could explain the prominent gene

derepression in Dot1L

downregulated in KO and had harbored H3K79me2 at the 5’ end of the gene, both in T
N

and T
CM

. We further narrowed the list down to genes that were annotated as “negative 

regulator of transcription by RNA polymerase II,” resulting in 14 transcriptional regulators.

Among those, Ezh2 emerged as a potentially relevant target of DOT1L that could explain 2

part of the derepression of genes in T
N
 and T

CM
Dot1L-KO cells (SI Appendix, Table S2). x

46,47, 

+ T cells34,48. While

the change in Ezh2 mRNA expression was modest between WT and KO (2 SI Appendix, Fig. 

S4C), theCC Ezh22 Dot1L

loss. (SI Appendix, Fig. S4DD

misregulation of PRC2 targets could be one of the downstream consequences of loss of 

DOT1L in CD8+ T cells, we compared the gene expression changes in an Ezh2-KO model49

with those seen in Dot1L-KO CD8+ T cells. This revealed substantial overlap between the

derepressed genes in the two models (Fig. 4C and C D), suggesting a functional connectionD

between two seemingly opposing epigenetic pathways. Furthermore, we determined

H3K27me3 scores based on previous ChIP-Seq studies50 and compared them with the 

gene expression in WT and Dot1L-KO SP CD8+ thymocytes and peripheral CD8+ T cells. This

analysis showed that the genes that were upregulated in Dot1L-KO lack H3K79me2 in WT 

and were strongly enriched for H3K27me3 in WT memory precursor CD8+ T cells (Fig. 4E).EE

for H3K27me3, indicating that the enrichment is not a consequence of low expression 

(Fig. 4EEE

DOT1L-mediated H3K79me2 is derepression of a subset of PRC2 targets that are actively 

repressed in WT. This, together with the other transcriptional changes likely contributes to

the perturbation of the epigenetic identity of CD8+ T
AIM

 cells.
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FIG.3: Dot1L (A) Heatmap showing RNA expression of TCR 

Dot1L-KO, in any of the sorted 

CD4-CD8+CD3+ thymocytes (thymus), CD44-CD62L+ (naïve) CD8+ T cells and CD44+CD62L+ (memory) 

CD8+ T cells, four mice per genotype except for WT thymus where there are three mice. Genes are 

clustered based on z-score. Arrows indicate genes involved in the TCR complex and Itk

calculated row-wise within genes between samples. (BB
+ T cells in spleen from Lck-Cre;Dot1L and Lck-Cre;Dot1L;OT-I mice. (I C) CC

+ SP thymocytes, data from one experiment

with four mice per genotype, represented as mean ± SD. (D) Absolute number of CD4D -CD8+CD3+
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thymocytes in WT and KO mice from Lck-Cre;Dot1L;OT-I background, data from two individual I

experiments with 3-4 mice per genotype, represented as mean ± SD. (E) Representative plot of EE
+ T cells from spleen.
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(naïve) CD8+ T cells and CD44+CD62L+ (memory) CD8+

(red) and downregulated (black) in Dot1L

expressed when FDR <0.01. Genes outside the limit of the y-axis are indicated with triangles. Right 

panel shows H3K79me2 normalized read counts at the transcription start site (TSS) ± 2kb of these 

genes. Genes with low H3K79me2 read counts are blue, genes with high H3K79me2 are red. (B) BB

Violin plots of H3K79me2 read counts around 4kb of the TSS of genes up in KO (KO), down in KO

(C) MA plot of gene expression between WT CC

and Dot1L-KO memory CD8+

Ezh2-KO CD8+ T cells indicated in orange (derepressed in Ezh2 KO) and blue (downregulated in 2

Ezh2 KO) 2 49 Dot1L KO vs WT RNA-Seq data based on the indicated 

Ezh2 KO data.2 (D) Gene set enrichment analysis (GSEA) of DD

genes upregulated in Ezh2-KO in Dot1L-KO and WT memory CD8+ cells. (E) H3K4me3, H3K79me2 EE

and H3K27me3 ChIP-Seq data around transcription start sites from genes that are upregulated in 

Dot1L KO (KO Gain) and genes that did not change expression (Expression Matched). Coverage was 
th quantile per sample and rescaled

to a maximum of 1. (F) Clearance ofFF L. monocytogeness

forming units (CFU) per organ. Lines indicate median. Data from one experiment with 4-5 mice per

genotype. (GGG + cells in blood after vaccination with HPV-E7. Data from

one experiment with three or four mice per genotype, represented as mean ± SD.

DELETION OF DOT1L IN T CELLS LEADS TO AN IMPAIRED IMMUNE RESPONSE

Our Lck-Cre+/-;Dot1L- mouse model showed that deletion of Dot1L in the T cell lineage 

leads to a reduction in CD4+ and iNKT cells. Furthermore, lower TCR surface levels and 

aberrant TCR signaling in Dot1L-KO CD8+ cells were associated with antigen-independent 

These distinct changes in the T cell compartment of this mouse model suggested an 

altered immune response. To determine the immune responsiveness of Dot1L-KO T

cells in vivo, mice were challenged with a sub-lethal dose of Listeria monocytogenes. At 

determine clearance of the Listeria by counting colony-forming units. From the fourteen a

Dot1L-KO mice that were analyzed seven days after infection, three mice were excluded 

was observed in the spleen from WT-mice, which is in accordance with literature51; 

however, the Dot1L-KO mice failed to clear Listeria (Fig. 4a F and F SI Appendix, Fig. S4E). EE

Furthermore, in WT mice, the peak of activated (CD44+CD62L-) CD8+ T cells was at day 

7, whereas in Dot1L-KO mice the response was very heterogeneous with some KO mice 

showing the peak of CD44+CD62L- cells at day 3 and others at day 7 (SI Appendix, Fig. 

S4F and G). To test whether the failure to respond is a general feature of KO T cells or

Listeria monocytogenes we made use of the HPV-E7 DNA vaccination systems 52. 

One advantage of this system is the possibility to monitor the expansion capacity and 
+ + T cells

increased over time, whereas in Dot1L KO the cells did not expand, as measured in the

blood (Fig. 4G). Taken together, two independent immunization challenges indicated a GG

compromised response upon challenges in vivo.
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Also in vitro Dot1L-KO T
AIM

T cells53

stimulation31,40. We activated B-cell depleted splenocytes in vitro with anti-CD3 and anti-o

CD28 antibodies. Dot1L-KO CD8+ T cells rapidly became activated (CD44+CD62L-,Sup Fig. 

4H andH I). However, in contrast to WT, KO CD8II + SI Appendix,

Fig. S4J and K), and expressed lower levels of CD69, a marker of activationKK 23 (SI Appendix,

Fig. S4L). This indicates a functional impairment of Dot1L-KO T cells. To test their intrinsic 

Dot1L-KO T cells were stimulated in a TCR-independent 

that the percentage of stimulated CD8+

as compared to WT (SI Appendix, Fig. S4M-N). This suggests that althoughNN Dot1L-KO CD8+ T

stimuli, they only partially respond to physiological, TCR-mediated stimulation, possibly

due to their aberrant TCR signaling. Taken together, these results show that deletion of 

Dot1L in the T-cell lineage in the thymus leads to an impaired immune response.

DISCUSSION

The histone methyltransferase DOT1L has emerged as a druggable target in MLL-

rearranged leukemia and additional roles in cancer have been suggested16,54-57. This 

potential target for cancer therapy. However, the role of DOT1L in normal lymphocyte 

physiology remained unknown. Here we show that DOT1L plays a central role in ensuring

34,48,49,58,59 and thymic 

selection34,48,49,58-61 has only recently become more clear. Here we observed that ablation

of Dot1L + and CD8+ T cells. Following

deletion of Dot1L by Lck-Cre during early thymocyte development, CD4+ T cells were 

strongly reduced, while the number of CD8+ T cells was increased. The fact that a 

substantial fraction of the remaining CD4+ T cells had not lost DOT1L activity indicates 

that the CD4+ compartment and especially regulatory T cells depend on DOT1L for their 

normal development. Further research exploring the dependency of CD4+ T cells on

DOT1L may provide novel strategies for immune modulation and treatment of CD4+ T 

cell malignancies. 
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In CD8+ T cells, loss of DOT1L resulted in a massive gain of CD44+CD62L+ memory-like

cells. These cells start to acquire memory features intrathymically, express a diverse un-

that these memory-like CD8+ T cells arose independently of foreign antigens, leading us

to designate these cells as antigen-independent memory-like T
AIM

 CD8+ cells. Importantly,

such unconventional memory-phenotype cells constitute a substantial (15-25%) fraction

of the peripheral CD8+ T cell compartment in WT mice and humans4,28,40,62,63. The fraction

of unconventional memory-phenotype T cells further increases with age64,65. The biological

role of antigen-inexperienced memory CD8+ T cells is still not completely understood, but 

these cells have been observed to respond more rapidly to TCR activation than T
N
 cells

and they have been suggested to provide by-stander protection against infection in an

antigen-independent way27,40. However, in older mice, virtual memory cells have been

reported to lose their proliferative potential and acquire characteristics of senescence66. 

understood 2. In some mouse models CD8+

3,33,67-70. In contrast, other mouse models report that antigen 

inexperienced memory CD8+ 71,72. Here we show that 

DOT1L plays an important role in T
AIM

 CD8+

It has been established in several independent mouse models that the quality of TCR

signaling closely relates to the formation of T
AIM

 cells27,39,40. Our results show that loss of 

DOT1L leads to reduced surface expression of the CD3/TCR complex and co-receptors.

Cd247), a target of 77

DOT1L and a rate limiting molecule for assembly and transport of TCR/CD3 complexes

to the cell surface1,41,42. The failure to upregulate the TCR/CD3 complex upon positive 

N
 and supports formation of T

AIM

cells. In addition, Dot1L ablation perturbed expression of TCR signaling genes, including 

Itk (IL2-inducible T cell kinase; a member of the Tec kinase family). Disruption of ITK k
43. 

Together, this suggests that one of the key functions of DOT1L in T cells is to ensure

adequate TCR surface expression and signaling to maintain naivety and prevent T
AIM

 cell 

and will aid in further uncovering the origin and regulation of this emerging and intriguing

subset of the immune system. It will also be important to further dissect the cause of the

given the T
AIM

 phenotype, the reduced TCR levels and aberrant TCR signaling, as well as 

the epigenetic changes in Dot1L-KO CD8+ T cells, it will be relevant to determine the 
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the presence of an uncompromised CD4+ T cell compartment.

transcriptome and epigenome provided evidence that DOT1L methylates transcriptionally

targets required DOT1L for maintenance of normal expression levels, which agrees with

previous observations73,74. Why some genes depend on DOT1L/H3K79 methylation and 

others do not is not known yet although a recent study indicates that in MLL-rearranged 

leukemic cell lines some genes harbor a 3’ enhancer located in the H3K79me2/3 marked 

genic region, which can make them more sensitive to loss of DOT1L73. One of the genes

that was H3K79 methylated and dependent on DOT1L in normal peripheral CD8+ T cells

was Ezh2. Of note, Ezh2 expression was not reduced in 2 Dot1L-KO CD8+ SP thymocytes.

Importantly, analysis of data from Kagoya et al.18 showed that Ezh2 expression is also2

reduced in human T cells in which DOT1L was inactivated not by deletion but by treatment

with a DOT1L inhibitor (SI Appendix, Fig. S4O). This suggests that the epigenetic crosstalkO

that we uncovered in mice is evolutionarily conserved. However, the exact mechanisms by 

Derepression of some of the targets of PRC2 is just one of the consequences of loss of 

DOT1L. Besides Ezh2

additional candidate transcription regulators (SI Appendix, Table S2). In the future, it will x
+ T cell

transcriptome to fully understand its central role in CD8+ T cell biology. Furthermore, 

we cannot exclude that DOT1L has additional methylation targets besides H3K79 that 

Although understanding the mechanisms in more detail will require further studies, the

identity is conserved in other lymphocyte subsets. In an independent study (Aslam et al.)75, 

we observed that loss of Dot1L

repression of PRC2 targets, and a compromised humoral immune response. Therefore,

functionality.

In conclusion, we identify H3K79 methylation by DOT1L as an activating epigenetic mark

critical for CD8+

investigation into the central role of the druggable epigenetic writer DOT1L in lymphocytes

is likely to provide novel strategies for immune modulations and disease intervention76.
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METHODS

MICE

Lck-Cre;Dot1L mice have been described elsewhere previously17. OT-I (B6J) mice

were a kind gift from the Ton Schumacher group, originally from Jackson labs. Details 

of animal breeding, crossing and selection, and genotyping are described in the SI 

Appendix, Materials and Methods. Mice used for experiments were between 6 weeks and

8 months old and of both genders. For each individual experiment mice were matched 

for age and gender. All experiments were approved by the Animal Ethics Committee of 

the Netherlands Cancer Institute (NKI) and performed in accordance with institutional,

national and European guidelines for animal care and use.

FLOW CYTOMETRY

Single cell suspensions were made from spleen and thymus. Erylysis was performed on

1:200 dilution unless otherwise indicated (SI Appendix, Table S3). Details of the antibodies 

used are provided in SI Appendix, Materials and Methods. For H3K79me2 staining, cells 

dodecyl sulfate (SDS) in order to expose the epitope. Flow cytometry was performed

using the LSR Fortessa (BD Biosciences) and data were analyzed with FlowJo software

(Tree Star inc.). Histograms were smoothed.

IN VITRO STIMULATION

To determine cytokine production upon in vitro stimulation, splenocytes were stimulated o

Golgi Plug protein transport inhibitor (Benton Dickinson) for 4 hours. Cells were stained 

in vitro TCR-o

mediated stimulation splenocytes were enriched for T cells using CD19 microbeads 

depletion (Miltenyi Biotec) or pan-T cell Isolation Kit II (Milenyi Biotec) on LS columns 

(Miltenyi Biotec). Cells were plated in a 96-wells plate coated with anti-CD3 (145-2C11) 

(BD), and anti-CD28 (37.51) (BD) was added to the medium.

IN VIVO

Listeria monocytogenes strain LM-OVA was a gift from Ton Schumacher (NKI). A sub-lethals

dose (10.000 colony forming units; CFUs) of Listeria monocytogenes in Hank’s Balanced s

Salt Solution (HBSS) was injected intravenously into the mice. The Help-E7SH vaccination 

was performed as described in52.
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Whole bone marrow cells were isolated from femurs of the indicated mice. Single-cell

suspensions from Ly5.1+ and Ly5.2+ were mixed in a 1:1 ratio in HBSS. A total of 106 cells

were injected intravenously into Ly5.1+ lethally irradiated recipients. After 20 weeks

RNA-Seq AND ChIP-Seq SAMPLE COLLECTION, PREPARATION AND ANALYSIS

SI 

Appendixx

generated using the TruSeq Stranded mRNA sample preparation kit (Illumina)

according to the manufacturer’s protocol. For ChIP-Seq chromatin was cross-linked with 

paraformaldehyde. Antibodies against H3K79me2 (NL59, Merck Millipore) or H3K4me3 
oC. 

ProteinG Dynabeads (Life Technologies) were added to the IP and beads with bound 

immune complexes were subsequently washed and libraries were prepared using KAPA

LTP Library preparation kit (Roche). All samples were sequenced as 65 base single reads 

on a HiSeq2500 (Illumina). Detailed description of the methods and analysis can be found 

in SI Appendix, Materials and Methods.x

STATISTICS

Statistical analyses were performed using Excel. Variance was determined using a F-test

and an unpaired Student’s t-test with two-tailed distribution was used for statistical

legends. For Fig. 1B and B SI Appendix, Fig. S1x D, E and E H a Student’s t-test with Bonferroni H

Next-generation sequencing data have been deposited in Gene Expression Omnibus (GEO, 

NCBI) under GSE138908 and GSE138910 for ChIP-Seq and RNA-Seq data respectively. A 

detailed description of all materials and methods is provided in SI Appendix, Materials 

and Methods.
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SUPPLEMENTARY FILES

SUPPLEMENTARY MATERIALS AND METHODS

MICE

Lck-Cre;Dot1L mice have been described elsewhere previously17 and were based on the 

Dot1Ltm1a(KOMP)Wtsi line generated by the Wellcome Trust Sanger Institute (WTSI) 

and obtained from the KOMP Repository (www.komp.org)77. Mice from this newly

created Lck-Cre;Dot1L strain were breeding in a mendelian ratio and had no welfare 

issues. Lck-Cre+/-;Dot1L-  (KO) mice were compared to Lck-Cre+/-;Dot1L- wt/wt (WT) mice and

were indicated with Lck-Cre+/-;Dot1L-

78. The Lck-Cre;Dot1L mice were crossed with OT-I (B6J) mice (a kind gift from 

the Ton Schumacher group, originally from Jackson labs) to generate Lck-Cre;Dot1L

;OT-I mice. Both strains were bred in-house. Mice used for experiments were betweenI

6 weeks and 8 months old and of both genders. For each individual experiment mice

(SPF) conditions at the animal laboratory facility of the Netherlands Cancer Institute 

(NKI; Amsterdam, Netherlands). All experiments were approved by the Animal Ethics

Committee of the NKI and performed in accordance with institutional, national and 

European guidelines for animal care and use.

FLOW CYTOMETRY

Single cell suspensions were made from spleen and thymus. Erylysis was performed

in a 1:200 dilution unless otherwise indicated (SI Appendix, Table S3). Of note, for OT-I 

tetramer stains the CD8 antibody clone 53-6.7 was used 79. For intracellular staining, cells

SI Appendix,

washed with Perm/Wash containing 0.25% sodium dodecyl sulfate (SDS) to expose the

cells were incubated for 30 min. Cells were washed with Perm/Wash and incubated with

Rabbit AF488 (Invitrogen) 1:1000 in Perm/Wash. Flow cytometry was performed using 

the LSR Fortessa (BD Biosciences) and data were analyzed with FlowJo software (Tree

Star inc.) Histograms were smoothed.

IMMUNOHISTOCHEMISTRY
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H3K79me2 antibody (RRID:AB_2631106)80 as described in17.

PCR

Sorted CD4+ and CD8+ T cells were lysed in DirectPCR Lysis Reagent (mouse tail) (Viagen 

Biotech) with 1mg/ml proteinase K (Sigma). Dot1L and Dot1L  was detected by PCR 

using the following primers. Dot1L_FWD: GCAAGCCTACAGCCTTCATC, Dot1L_REV: 

Red Mix (GC Biotech).

IN VITRO STIMULATION

To determine cytokine production upon in vitro stimulation, splenocytes were stimulated o

Plug protein transport inhibitor (Benton Dickinson) for 4 hours. Cells were stained as 

in vitro TCR-mediated stimulation o

splenocytes were enriched for T cells using CD19 microbeads depletion (Miltenyi Biotec) 

or pan-T cell Isolation Kit II (Miltenyi Biotec) on LS columns (Miltenyi Biotec). Cells were

plated in a 96-wells plate coated with anti-CD3 (145-2C11) (BD) in complete medium

Anti-CD28 (37.51) (BD) was added to the medium with recombinant IL-2 (30 U/ml) and cells

were incubated at 37 oC with 5% CO
2

incubated with Golgi Plug protein transport inhibitor (Benton Dickinson) for 4 hours.

IN VIVO

Listeria monocytogenes strain LM-OVA was a gift from Ton Schumacher (NKI). Bacterias

were grown overnight in Bacto Brain Heart Infusion, Porcine (BHI) medium (BD) to 

an absorbance at 600 nm of OD 0.9. A sub-lethal dose (10.000 colony forming units;

CFUs) of Listeria monocytogenes in Hank’s Balanced Salt Solution (HBSS) was injected s

followed in the blood by taking blood samples via tail vein puncture at day -3 and +4. The 

CFUs were determined for spleen and liver. Single-cell suspensions were made in PBS

and the cells were lysed in 0.1 % IGEPAL. Homogenized suspensions were plated on BHI

agar plates in three dilutions (undiluted, 1:10 and 1:100). After 48 hours colony counts 

were determined.

IN VIVO VACCINATION

The Help-E7SH vaccination was performed as described in52. The hair on the hind leg was 

removed using depilating cream (Veet) on day -1. On day 0, mice were anesthetized and
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hairless skin with a Permanent Make Up tattoo machine (Amiea, MT Derm GmgH) using

a sterile disposable 9-needle bar with a depth of 1 mm and oscillating at a frequency of 

100 Hz for 45 sec. 

out with IMDM medium. Single-cell suspensions from Ly5.1+ and Ly5.2+ were mixed in a 

1:1 ratio in HBSS. A total of 106 cells were injected intravenously. into Ly5.1+ recipients 

lethally irradiated with 2x 5.5Gy (Faxitron), separated by a 3-h interval. After 20 weeks 

For cell sorting, thymus and spleen samples were homogenized. Erylysis was performed

SI 

Appendix, Table S5) and sorted on FACSAria Ilu (BD Biosciences), FACSAria Fusion (BD

Biosciences) or MoFlo Astrios (Beckman Coulter). Cells were collected in tubes coated 

with FCS.

(Ambion Life Technologies). Total RNA was extracted according to the manufacturer’s 

protocol. Quality and quantity of the total RNA was assessed by the 2100 Bioanalyzer

using a Nano chip (Agilent). Only RNA samples having an RNA Integrity Number (RIN) > 8

were subjected to library generation.

preparation kit (Illumina) according to the manufacturer’s protocol. The libraries were 

analyzed for size and quantity of cDNAs on a 2100 Bioanalyzer using a DNA 7500 chip 

(Agilent), diluted and pooled in multiplex sequencing pools. The libraries were sequenced

as 65 base single reads on a HiSeq2500 (Illumina).

RNA-Seq reads were mapped to mm10 (Ensembl GRCm38) using TopHat with the

count with the options ̀ -m union -s no` and Ensembl GRCm38.90 gene models. Subsequent

analysis was performed in R version 3.6.3 with Bioconductor packages from release 3.10. 

Analysis was restricted to genes that have least 20 counts in at least 4 samples, and at 
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DESeq2 and default arguments with the design set to either Dot1LKO status or cell type. 

control for the lower information content in low abundance transcripts. Genes were 

Wald test was below 0.01 after the Benjamini-Hochberg multiple testing correction. Sets

Exceptions were made for the Ezh2 KO RNA-Seq data from He et al.,49 wherein the 

performed using the `prcomp` function on variance stabilizing transformed data with

the `vst` function from the DESeq2 package using default arguments. For analyses 

where we performed expression matching, we chose genes with an absolute log2 fold

changes less than 0.1 and false discovery rate corrected p-values above 0.05 that were

closest in mean expression to each of the genes being matched without replacement. 

GSEAs were performed with the fgsea Bioconductor package using ranked, shrunken

Sorted cells were centrifuged at 500 rcf. The pellet was resuspended in IMDM containing

min. Cells were washed twice with ice-cold PBS containing Complete, EDTA free, protein 

inhibitor cocktail (PIC) (Roche). Cross-linked cell pellets were stored at -80 oC. Pellets

1%SDS) + PIC and incubated for at least 10 min. Cells were sonicated with PICO to an 

pH8, 0.167M NaCl, 1.1% Triton X-100, 0.11% sodium deoxycholate) + PIC and 5x volume 

of RIPA-150(50mM Tris-HCl pH8, 0.15M NaCl, 1mM EDTA pH8, 0.1% SDS, 1% Triton

by reverse crosslinking the chromatin and checking the size on agarose gel. Chromatin

was pre-cleared by adding ProteinG Dynabeads (Life Technologies) and rotation for 1

hour at 4 o

4oC. ProteinG Dynabeads were added to the IP samples and incubated for 3 hours at 4 oC. 

Beads with bound immune complexes were subsequently washed with RIPA-150, 2 times

RIPA-500 (50mM Tris-HCl pH8, 0.5M NaCl, 1mM EDTA pH8, 0.1% SDS, 1% Triton X-100, 

0.1% sodium deoxycholate), 2 times RIPA-LiCl (50mM Tris-HCl pH8, 1mM EDTA pH8, 1%
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Nonidet P-40, 0.7% sodium deoxycholate, 0.5M LiCl2) and TE. Beads were resuspended 

and incubated overnight at 65 oC and input samples were included. Supernatant was 

sample and incubated at 55 o

columns.

Library preparation was done using KAPA LTP Library preparation kit (Roche) using the 

adaptor were ligated followed by Solid Phase Reversible Immobilization (SPRI) clean-up.

AMPure XP beads (Beckman Coulter). The libraries were analyzed for size and quantity

of DNAs on a 2100 Bioanalyzer using a High Sensitivity DNA Kit (Agilent), diluted and

pooled in multiplex sequencing pools. The libraries were sequenced as 65 base single

reads on a HiSeq2500 (Illumina).

ChIP-Seq samples were mapped to mm10 (Ensembl GRCm38) using BWA-MEM with

reads were removed using MarkDuplicates from the Picard toolset with `VALIDATION_

STRINGENCY=LENIENT` and `REMOVE_DUPLICATES=false` as argument. Low quality 

reads with any FLAG bit set to 1804 were removed. Bigwig tracks were generated by 

using bamCoverage from deepTools using the following arguments: `-of bigwig –

loaded into R using the `import.bw()` function from the rtracklayer R package. TSSs for 

heatmaps and read counting were taken from Ensembl GRCm38.90 gene models by

DEFINING DOT1L TARGETS INVOLVED IN TRANSCRIPTION REGULATION

Genes were selected that are down in KO with adjusted p-value < 0.01, with H3K79me2 

normalized reads > 20 and the GO annotation “negative regulator of transcription by 

RNA polymerase II” GO:0000122 from AmiGO81.

TCR

concentration was determined with Nanodrop. Samples were sequenced and processed
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by Adaptive Biotechnologies using immunoSEQ mm TCRB Service (Survey). 

STATISTICS

Statistical analyses were performed using Excel. Variance was determined using a F-test

and an unpaired Student’s t-test with two-tailed distribution was used for statistical

legends. For Fig. 1B and B SI Appendix, Fig. S1x D, E and E H an Student’s t-test with Bonferroni H
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mouse model. (A) Schematic overview of the Lck-Cre;Dot-tt

1LLL mouse model. (BB

WT, and heterozygous and homozygous Dot1L-KO. (C) Flow-cytometry analysis of H3K79me2 in thyCC -

mocyte subsets in WT and homozygous Dot1L-KO (KO). Data from one experiment with three mice

per genotype. (DD
-CD8-CD25+CD44high), DN3 CD4-CD8-CD25+CD44low), DN4 CD4-CD8-CD25-

CD44-), ISP (CD4-CD8+CD3-), DP (CD4+CD8+), CD4 SP (CD4+CD8-) and CD8 SP (CD4-CD8+CD3+). Data from 
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2-4 individual experiment with 2-3 mice per genotype per experiment. Data is represented as mean 

±-SD. (E) Absolute number of cells in thymus and spleen. Data from 2-5 individual experiments withEE

2-4 mice per genotype per experiment, represented as mean ± SD. (F) Representative plot of CD69FF

expression on WT and Dot1L-KO CD8 SP thymocytes. (G) Representative plots of Qa-2 and CD24 (HSA) GG

expression on CD8 SP thymocytes. (H) Absolute number of CD4HH + and CD8+ T cells in the spleen. Data 

from 2-5 individual experiments with 2-4 mice per genotype per experiment, represented as mean

± SD. (I) Flow-cytometry analysis of H3K79me2 on indicated CD4II + and CD8+ T cells subsets in spleen. 

Data from one experiment with three mice per genotype. (J) PCR analysis of Dot1L deletion on sortedJJ

CD4+ and CD8+ splenocytes, intensity of Dot1L  band over Dot1L band. Data from three mice, normal-

ized per mouse with CD8 set to 100. (K) Principal component analysis of RNA-Seq data from sorted KK

CD4-CD8+CD3+ thymocytes (thymus), CD44-CD62L+ (T
N
) CD8+ T cells and CD44+CD62L+ (T

CM
) CD8+ T

cells, four mice per genotype except for WT thymus where there are three mice. Percentages indicate 

variance explained by the principal component.
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FIG.S2: Dot1L

of sorted CD8+ T cell subsets of WT and Dot1L-KO. (A) Distribution of CDR3 length. (B) Usage of the B

Tcrb-V and c) Tcrb-J elements. (D and D EEE

expression on Dot1L-KO CD8 SP thymocytes that were T-bet+Eomes+ or Tbet-Eomes-, data of one ex-

periment with three mice, represented as mean ± SD. (F) Representative plots of CD44 and CD62L FF

expression on T-bet+Eomes+ CD8+ thymocytes and splenocytes from Dot1L KO. (G) Representative GG

plots of iNKT (CD1d-PBS57+ +) cells in total thymus. (H) Representative plot of CD44 and CD62LHH

expression on CD8+ T cells in Lck-Cre;Dot1L;OT-I mice.I
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Bars indicate median. Data from two or three individual experiments with 1-5 mice per genotype per 

experiment. (F) Percentage of CD44 CD62L subsets in CD8FF + T cells from spleen at day 3 and (G) day 7. )

(H andH I) Representative plots of CD44 and CD62L expression on CD8II + T cells before stimulation (H) 

in vitro (I). (J and KKK + cells

one experiment with four mice per genotype, represented as mean ± SD. (L -

tensity of CD69 on CD8+ T cells. Data from one experiment with four mice per genotype, represented

as mean ± SD. (M and M NNN + cells after PMA/Ionomycin stimulation for four hours.

Data from two experiments with 3-4 mice per genotype per experiment, represented as mean ± SD.

(O) Transcripts per million for O EZH2 in human CD82 + T cells treated with DMSO or the DOT1L inhibitor 
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 S1.

Sample

WT Thymus CD8 MSP rep1 0.0112

WT Thymus CD8 MSP rep2 0.0116

KO Thymus CD8 MSP rep1 0.0144

KO Thymus CD8 MSP rep2 0.0076

WT Spleen CD8 naïve rep1 0.0080

WT Spleen CD8 naïve rep2 0.0084

KO Spleen CD8 memory rep1 0.0071

KO Spleen CD8 memory rep2 0.0090

 S2.

Gene

Hif1a yes

Srebf2 yes

Lef1 yes

Notch1 yes

Mbd2 yes

Ezr no

Zeb1 yes

Usp3 yes

Satb1 yes

Fnip1 no

Phb no

Ezh2 yes

Zbtb20 yes

Rps14 no

Ybx1 yes

Smad7 no

Rpl10 no

Smad4 no

Gatad2a yes

Ski no

Etv3 yes

Foxk1 yes
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 S3.

Clone Company

CD3e APC 145-2C11 BD

CD3e AF488 145-2C11 eBioscience

CD3e PerCpCy5.5 145-2C11 BD Pharmingen

CD3 PE 500A2 BD-Pharmingen

TCR PB H57-597 BioLegend

TCR PE H57-597 BD

CD4 APC RM4-5 BioLegend

CD4 PB RM4-5 eBiosciences/BD Biosciences

CD4 BV785 GK1.5 BioLegend

CD5 Pe-Cy7 53-7.3 BioLegend

CD8a BV510 53-6.7 BioLegend

CD8a AF700 53-6.7 BioLegend

CD8a PB 53-6.7 eBioscience/BD Biosciences

CD8b PerCpCy5.5 YTS1567.7.7 BioLegend

CD19 APC-H7 1D3 BD

CD19 PE 1D3 BD

CD24 PE M1/69 BD Pharmingen

CD25 APC PC61 BioLegend

CD49d AF488 R-12 BioLegend

CD44 APC-Cy7 IM7 BioLegend

CD44 BV650 IM7 BioLegend

CD44 FITC IM7 eBioscience

CD45 PerCpCy5.5 30-F11 BioLegend

CD62L PE MEL-14 BD

CD62L PE-Cy7 MEL-14 BioLegend

CD62L FITC MEL-14 BD Pharmingen/eBioscience

CD62L AF700 MEL-14 eBioscience

CD69 PE H1.2F3 BD

CD69 BB700 H1.2F3 BD

CD90.2 FITC 53-2.1 BD

KLRG1 BV421 2F1/KLRG1 BioLegend

KLRG1 PE-Cy7 2F1/KLRG1 BioLegend

TCR BV605 GL3 BioLegend

PE B20.1 BD

APC MR9-4 eBioscience

H2Kb FITC AF6-88.5 BD Pharmingen

Qa-2 APC 695H1-9-9 BioLegend

Ly5.1 eF450 40-0453 eBioscience

Ly5.2 BV605 104 BioLegend

OT-I tetramer PE NA Schumacher group-NKI

E7-tetramer PE NA Borst group52

CD1d tetramer (1:100) AF488 NA NIH Tetramer Core Facility

LIVE/DEAD Fixable Near-IR Dead Cell

Stain Kit

NA NA Thermo Fisher

NA NA BioLegend

NA NA BioLegend

7-AAD NA NA BioLegend
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 S4.

Clone Company

IFNy PE XMG1.2 BD

T-bet PE-Cy7 4B10 eBioscience

EOMES AF488 Dan11mag eBioscience

EOMES eF450 Dan11mag eBioscience

PE-Cy7 XMG1.2 eBioscience

PE CLB-GB11 Enzo Life Sciences

 S5.

Clone Company

CD3 AF488 145-2C11 eBioscience

CD4 APC RM4-5 BioLegend

CD8 PerCp-Cy5.5 YTS1567.7.7 BioLegend

CD44 APC-Cy7 IM7 BioLegend

CD62L PE MEL-14 BD biosciences

PE H57-597 BD

1 Ahrends, T. et al. Microenvironment and Immunology CD27 Agonism Plus PD-1 Blockade Recapitulates CD4+

T-cell Help in Therapeutic Anticancer Vaccination. Cancer Research 76, 2921-2931, doi:10.1158/0008-5472.

CAN-15-3130 (2016).
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ABSTRACT

C9orf82 protein, or conserved anti-apoptotic protein 1 or caspase activity and apoptosis

inhibitor 1 (CAAP1) has been implicated as a negative regulator of the intrinsic apoptosis 

pathway by modulating caspase expression and activity. In contrast, an independent

genome wide screen for factors capable of driving drug resistance to the topoisomerase 

II (Topo II) poisons doxorubicin and etoposide, implicated a role for the nuclear protein

C9orf82 in delaying DSBs repair downstream of Topo II, hereby sensitizing cells to DSB 

in vivo and 

ex vivo, we here employed CRISPR/Cas9 technology in zygotes to generate a C9orf82

knockout mouse model. C9orf82ko/ko mice were born at a Mendelian ratio and did noto

display any overt macroscopic or histological abnormalities. DSBs repair dependent

processes like lymphocyte development and class switch recombination (CSR) appeared

normal, arguing against a link between the C9orf82 encoded protein and V(D)J2

recombination or CSR. Most relevant, primary pre-B cell cultures and Tp53 transformed

C9orf82ko/ko E14.5 and wild type embryos

displayed comparable sensitivity to a number of DNA lesions, including DSBs breaks

induced by the topoisomerase II inhibitors, etoposide and doxorubicin. Likewise, the 

against a direct role of C9orf82 protein in delaying repair of Topo II generated DSBs and

value to determine the actual function of C9orf82 protein.
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INTRODUCTION

DNA double-strand breaks (DSBs), that arise for example upon exposure to ionizing 

irradiation, are very dangerous lesions. If not repaired correctly DSBs can lead to DNA

rearrangements and generate gain or loss of function mutations involving oncogenes 

and tumor suppressor genes, respectively1,2. These mutations can kick-start cancer 

development3. In addition, a delay in DSBs repair or the accumulation of DSBs can trigger 

DNA damage responses that ultimately may cumulate in the activation of the intrinsic, 

i.e. death receptor-independent apoptotic pathway4,5. Regardless of their potential to

elicit DNA damage responses and the intrinsic apoptotic program, DSBs are critical,

topoisomerase II (Topo II) induces DSBs to change DNA topology by relaxing the up winded

DNA6,7. Furthermore, DSBs are actively induced in lymphocyte precursors by the RAG

recombinase to shape the enormous repertoire of clonally distributed antigen receptors

on B and T lymphocytes. These DSBs are central intermediates in the generation of the 

antigen receptor repertoire of the adaptive immune system8,9.  In addition, class switch 

recombination, also known as antibody isotype switching that enables mature antigen

activated B cells to change the immunoglobulin (Ig) heavy chain constant region, is a 

deletional recombination process between two DSBs induced by the activation induced 

cytidine deaminase in transcriptionally activated switch regions10.

In an independent, unbiased genome-wide gene knockout approach, we previously 

searched for factors capable of driving drug resistance to the topoisomerase II (Topo

II) poisons doxorubicin and etoposide, two established longstanding cornerstones of 

chemotherapy. Keap1, the SWI/SNF complex, and C9orf82 protein were found to drive 

drug resistance through diverse molecular mechanisms, all converging at the level of 

DSBs formation and repair. Loss of Keap1 or the SWI/SNF complex was found to inhibit

respectively, whereas deletion of C9orf82 was found to augment subsequent DSBs repair2

in HAP1 cells and its overexpression delayed DSB repair in MelJuSo melanoma cells11.

C9orf82 protein, also known as conserved anti-apoptotic protein 1 (CAAP1), or caspase
12. 

Knock down of C9orf82 expression was found to increase Caspase-10 expression and 2

activation and be required for Bid fragmentation and Caspase-9 activation. This study in 

human A-549 lung and MCF7/casp3-10b breast carcinoma cell lines, which made use of 

siRNA, suggested an anti-apoptotic function, where CAAP1 was proposed to modulate a
12.
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intrinsic apoptosis pathway12

as a nuclear protein that appeared to control the rate of DSBs repair after exposure 

to Topo II poison and sensitizes cells to etoposide induced cell death11. Accordingly, a 

C9orf82 knock down would accelerate DSBs repair and decrease DSBs induced apoptosis, 2

positioning C9orf82 protein not as a direct negative regulator of apoptosis12 but rather 

an indirect pro-apoptotic factor of the intrinsic apoptosis shunt11

function of C9orf82 protein downstream of Topo II induced DSBs and eventually DSBs in

required to exclude confounders associated with siRNA mediated silencing and using

transformed cell lines11.  

In this study, we applied the CRISPR/Cas9 technology to generate a C9orf82ko/ko mouse 

model, and (re)investigated the function of C9orf82 protein in regulating apoptosis and 

conclusions on a role of C9orf82 protein in regulating apoptosis and DNA DSBs repair.

RESULTS

MEDIATED INACTIVATION OF C9orf82 IN THE MOUSE GERMLINE

In mice, the C9orf82 gene is encoded on the reverse strand of chromosome 4 and is

expressed as a single protein-coding mRNA of 2107nt containing an open reading frame

1068nt, i.e. 356aa of an expected molecular weight of 37.83kD. The spliced transcript

comprises 6 exons. To functionally characterize C9orf82 protein in mice, C9orf82 was 2

inactivated by CRISPR/Cas9 genome editing. To avoid potential linkage mutations

associated with long-term embryonic stem cell (ES) culturing, we chose for zygote 

injection. C57BL/6 zygotes were injected with in vitro transcribed Cas9 mRNA and twoo

C9orf82 at chromosomal position 94555956 to 94555978 2

(gRNA1) and 94548569 to 94548591(gRNA2) (Fig. 1A). The next day two-cell stage 

embryos were implanted into pseudo pregnant foster mothers. In total 33 pups were born 

and screened by PCR for successful deletion of the targeted 7 kb genomic region using

the three primers P1, P2 and P3 (Table 2 and 3). This strategy allowed direct distinction 

between wild type, heterozygous, and homozygous C9orf82 mutant mice (Fig. 1B). Four B

pups were found homozygous for the inactivated C9orf82 allele (2 C9orf82ko). The absenceo

of exon 2-4 was validated by Sanger sequencing. Deletion of exon 2-4 was independently 

C). The CRISPR/Cas9 mediated deletion rendered anyCC

residual splicing from exon 1 to exon 5 or 6 out of frame. In silico analysis suggest that o

the remaining transcripts will be unstable due to multiple pre-mature translational stop 

codons rendering the truncated mRNA vulnerable to non-sense mediated decay (Fig. 1D). D
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in truncated C9orf82 mRNA from C9orf82 protein ko mice (Fig. 1C). CC C9orf82 wildtype, 

heterozygous and homozygous mice were born at the expected Mendelian frequencies 

and macroscopic examination of C9orf82ko/ko mice did not reveal any abnormalities (Fig. o

1E). These data indicate CAAP1 as a non-essential protein.EE

7 Kb Deletion P1

P2P3

57.62 Kb Exon gRNA
A

B

C

WT KO1 KO2 KO3 Het1 Het2

WT
KO

136 45 2

D
WT       MTGKKSSREKRRKRSGQEAAASLAAPDLVPVLSGSAGGCGSGGCCGVAGGGTSVAGGAER 60 
KO       MTGKKSSREKRRKRSGQEAAASLAAPDLVPVLSGSAGGCGSGGCCGVAGGGTSVAGGAER 60 
1-6      MTGKKSSREKRRKRSGQEAAASLAAPDLVPVLSGSAGGCGSGGCCGVAGGGTSVAGGAER 60 
         ************************************************************ 
 
WT       SERRKRRSTDSSSSVSGSLQQETKYLLP-SLEKELFLAEHSDLEE--GGLDLNVSLKP-- 115 
KO       SERRKRRSTDSSSSVSGSLQQARYLCRFYFIPEREQTTRSFGIKTRQRGR**C------- 111 
1-6      SERRKRRSTDSSSSVSGSLQQAKGKIVMYSV*MQMLMTA---I*K---GQALTKLLPPPP 112 
         *********************         :  .   :    :     *            
 
WT       VSFYI------SDKKEMLQQCFCIIGEKKLQK---------MLPDVLKNCSVE--EIKKL 158 
KO       -TQ---------------YKCRCL*QRYRRAKH*RSCCRRHRHPCCYCCCYCCFRGPRK- 152 
1-6      PPLLLLLLLLLLPRSQKIQSRVKLVR*MTWR-------------EILKKA*MRFWDWQSL 157 
                            .   :                         .       :.  
 
WT       CQEQ----LELLSEKQILKILEGDNGLDSDMEE---EADDGCKVAPDLISQQDTCVDSTS 211 
KO       YSPE*SWSDR*PGE-RY*KKRE*DFGTGRV*PKGTQSGHPDCSSSR---RRSAFCAATGA 203 
1-6      AQRNPKWPP*LFLQQKTFSLLRSNWSF*N--LK---*GQEQLRLS*KLVI*KSQC----- 202 
          . :         : :  .  . : .      :    ..     :      .  *      
 
WT       SLRENKQPEVLESKQGKGEDSDVLSINADAYDSDIEGPSIDEAAAAATATPAATAVATAA 271 
KO       SRT*N------EGKSN*GSHESW------*YKKA----SV-------------------- 224 
1-6      ------------------------------------------------------------ 202 
                                                                      
 
WT       SEVPENTVQSEAGQIDDLERDIEKSVNEILGLAESSPKEPKVATLTVPPAEDVQPSAQQL 331 
KO       ------------------------------------------------------------ 224 
1-6      ------------------------------------------------------------ 202 
                                                                      
 
WT       ELLELEMRARAIKALMKAGDIKKPV* 356 
KO       -------------------------- 224 
1-6      -------------------------- 202 
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FIG. C9orf822 (A) Schematic )

presentation of the C9orf82 locus in the mouse and its CRISPR/Cas9 based inactivation. Cas92

activity targeted by the two gRNAs at the C9orf822

distinguished from wild type (WT) are indicated by the three primers (black arrows). (B) Genotype 

PCR to distinguish WT (459 bps) from C9orf82ko/ko (367 bps) allele. As expected, mice heterozygous 

for the targeted allele show both bands. (C) Validation of the designed mutation by qRT-PCR. Using

qRT-PCR the lack of exons 2,3, and 4 in the mutant cDNA of C9orf82 

primers indicated as black arrows. Stability of truncated C9orf82 mRNA checked by qRT-PCR using 

the indicated primers (red arrows) targeting exon 6.  (D)  ) In silico analysis shows that after exon 2-4o

deletion, the remaining transcript either as a result of splicing from exon 1 to exon 5 or exon 1 to 6 

terminal sequence remains in frame. (E) C9orf82ko/ko mice were born at Mendelian frequencies.

Depicted are the expected and observed frequencies of WT, heterozygous (HET) and homozygous
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C9ORF82

LYMPHOCYTES

Given the proposed role of C9orf82 protein in controlling/delaying DSBs repair and

the generation of developmentally regulated, RAG-induced DSBs early in lymphocyte 

development led us to study this process in the presence or absence of C9orf82 protein. 

The cellularity of the bone marrow, thymus, and spleen of C9orf82ko/ko mice were found

indistinguishable from wild-type littermates (Fig. 2A). 

marrow, we compared absolute and relative numbers of pro-B cells (CD19+, CD45Rlow, 

CD117+, IgM-), pre-B cells (CD19+, CD25+, CD45Rlow, CD117-, IgM-), immature B cells (CD19+,

CD25-, CD45Rlow, CD117-, IgM+), and mature B cells (CD19+, CD45Rhigh, IgM+), by staining

further distinguished as pro B (CD117+CD25-) and pre-B (CD117-CD25+). Dead cells were
+ and excluded from the analysis. B-lineage precursor subsets 

were found normal in number and frequencies between the genotypes (Fig. 2B, 2C).CC

To extend these analyses to the T cell lineage, thymocytes were stained with a

monoclonal antibodies. Double negative (DN, CD4-/CD8- -), immature single positive (CD4-/-

CD8+ low), double positive (DP), i.e. CD4+/CD8+, and mature single positive (SP), i.e. 

CD4+/CD8-- high or CD4-/CD8- + high were analyzed. Within the DN compartment 

the developmental subsets were further distinguished as DN1 (CD44+CD25-), DN2 

(CD44+CD25+), DN3 (CD44-CD25+) and DN4 (CD44-CD25-). Like for B lineage precursors 

in the bone marrow, the absolute and relative number of T cell progenitor subsets in

D, 2E). To address potential EE

we investigated the absolute and relative number of mature B and T cell subsets in the

spleen. These were distinguished on the basis of CD4+ (helper T cells), CD8+ (cytotoxic T

cells), CD19+ (B cells), as well as CD3-/CD19- - (non-B/T cells). In addition, the proportional 

(T1; IgM+IgD-, T2; IgM+IgD+ and M; IgM-IgD+) were also included in the analyses. Like in 

primary lymphatic organs, the cellularity and composition of mature lymphocyte subsets

in the spleen were found similar between the C9orf82ko/ko and wild type mice (Fig. 3A-D).D

Herewith, we conclude that the inactivation of C9of82 has no critical impact on B or T 2

cells from early to mature stage of development.
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FIG.2: Lymphocytes development in absence of C9orf82 protein. (A) Overall cellularity of nucleated

cells from bone marrow, thymus and spleen from C9orf82ko/ko mice were compared with their wild 

type littermate controls. (B-C) Developmental subsets of the B cell lineage within the bone marrow. CC

D-E) DevelopmentalEE

subsets of precursor T cells in the thymus. Absolute and relative numbers are compared (see text 

from three wild type mice were compared to three C9orf82ko/ko mice.o
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FIG.3: Peripheral (spleen) B and T lymphocytes development without C9orf82 protein. (A) 

Absolute counts of mature B and T cells with their main subpopulations are indicated (see text for 

B-DD

and T cell subsets are compared.

IN VITRO

Previous reports suggested a role of C9orf82 protein in regulating DSBs repair11. This 

recombination (CSR), a recombination process that strongly depends on the generation

of two concomitant DSBs in active switch regions of the Ig heavy chain locus/loci. To

CFSE labelled, naïve splenic B cells (CD43-) from C9orf82ko/ko and wild type littermates were

compared. Antigen inexperienced B cells from C9orf82ko/ko and wild type mice showed

similar percentage of switching to IgG3 and IgG1 after being exposed to LPS alone or LPS

and IL4, respectively (Fig. 4A). Furthermore, their proliferative potential as measured by
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B).  Apparently, B

The role of C9orf82 protein in delaying Topo II poisons induced double stranded DNA
11. Independently, 

C9orf82 has been implicated as a pro-survival protein in response to intrinsic apoptotic 

signals. This led us to investigate the role of C9orf82 protein in controlling the sensitivity to

damaging agents. As a measure of DNA damage sensitivity, we analyzed the survival of 

primary pre-B cells to increasing doses of DNA damage inducers. These included: Cisplatin, 

methyl-methane sulfonate (MMS), Doxorubicin, Etoposide, UV-C, and gamma radiation. 

to damages caused by replication blocking genotoxic agents, i.e DNA crosslinks induced e

by UV-C and cisplatin, and DNA alkylation induced by MMS. Furthermore, C9orf82ko/ko and o

A). Independently, mouse embryo 

the Topo II poisons, Doxorubicin and Etoposide. This also included retrovirally transduced 

MEFs overexpressing C9orf82 protein. The colony survival rate of MEFs from wild type

(Fig. 5B). Analysis of the results from two independent systems measuring the sensitivityB

of pre-B cells as well as transformed MEFs upon DNA damage helped us to conclude that

C9orf82 protein does not confer resistance to DNA damaging agents.

As mentioned earlier, C9orf82 protein has been associated with delaying the repair of 

marker for DNA damage11

concentrations of etoposide. Following 1 hour of incubation, the cells were washed to 

remove etoposide. After the indicated time points, cells were lysed and analyzed by 

C). Here again, in contrast to CC

the previous study11

the rate of DNA repair.
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FIG.

protein. (A) The class switch recombination potential as determined in vitro by switching of o

antigen inexperienced B cells to IgG3 and IgG1 after 4 days of exposure to LPS alone or LPS+IL-4, 

respectively is compared between wild type and C9orf82ko/ko. (B) Proliferative potential of antigen B

inexperienced B cells after 3 days of exposure to LPS alone or LPS+IL-4 was measured by CFSE 

dilution and compared between the genotypes (a representation of 3 mice per genotype is shown).

Apparently, two independent systems measuring the survival of primary cells as well as

suggesting that C9orf82ko/ko cells repair DNA damage faster than wild type and over 

expressing cells11, which should have led to better survival. We conclude that in primary

suggesting that it has no critical role in the DSBs repair process.

CELLS

To allow DNA synthesis to proceed, the positive supercoils must be relaxed. In eukaryotes 

this is accomplished by type I and type II topoisomerases6. This led us to analyze the

the Topo II poison doxorubicin. Two independent fetal liver derived primary pre-B cell

G1, G1 and S/G2 (Fig. 5DD
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to conclude that C9orf82 protein does not control the cell cycle. 

C9orf82 PROTEIN DOES NOT CONTROL INTRINSIC APOPTOSIS IN PRIMARY

CELLS

C9orf82 protein has been reported as a negative regulator of the intrinsic pathway 

of apoptosis12. In this case, DNA damage induced by Doxorubicin, a topoisomerase II 

this concept, wild type and C9orf82ko/ko

concentrations of Doxorubicin for 72 hrs and then co-stained with DAPI and Annexin V 

for subsequent FACS measurement. Early and late apoptotic cells were distinguished

as Annexin V+ DAPI- and Annexin V+ DAPI+, respectively. This analysis revealed that

6A). Furthermore, the percentage of cells survival also remained indistinguishable in 

this setting (Fig. 6B). In contrast to a previous studyB 12, our result led us to conclude that 

C9orf82 protein has no critical role in regulating cell death in primary cells. 

C9orf82

apoptosis in lung and breast carcinoma cell lines12. Based on this report we hypothesized

that the primary cells lacking C9orf82 protein would show higher levels of active

caspase-3. To test our hypothesis, we checked the active caspase-3 level by FACS in the 

that the increase in the activated caspase-3 level upon increasing concentrations of 

Etoposide and Doxorubicin was independent of the expression of C9orf82 protein (Fig. 

C9orf82 protein expression with DNA damage sensitivity and intrinsic apoptosis, and this

primary cells.
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(A) Relative survival of pre-B cells from wild type and C9orf82ko/

ko

etoposide was analyzed. (B) Colony survival rate of transformed MEFs from wild type and B C9orf82ko/

ko mice upon exposure to Doxorubicin and Etoposide was compared. (C) Recovery from DNA damage CC

etoposide induced DSBs are compared. (D) Cell cycle analysis and relative contribution of sub-G, G1, D

and S/G2 of pre-B cells from the indicted genotypes.
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(A) The percentage of live, early apoptotic cells (Annexin V+), and late apoptotic cells (Annexin V+, 

DAPI+), were very similar between the polyclonal pre-B cell cultures established from the fetal livers 

of two independent E14.5 embryos per genotype. (B) Independent presentation of live cells as B

percentage of all nucleated cells. 

201

5

T
o

w
a

rd
s a

n
 u

n
d

e
rsta

n
d

in
g

 o
f C

9
o

rf8
2

 p
ro

te
in

/C
A

A
P

1
 fu

n
ctio

n



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 200PDF page: 200PDF page: 200PDF page: 200

A B

WT1
WT2

KO1
KO2

0

20

40

60

80

%
 o

f a
ct

iv
e 

ca
sp

as
e-

3

2 4 8 16 32 64 128 256

-20

0

20

40

60

80

%
 o

f a
po

pt
os

is
 in

cr
ea

se

2 4 8 16 32 64 128 256

-20

0

20

40

60

80 WT1

WT2

KO1

KO2

%
 o

f a
po

pt
os

is
 in

cr
ea

se

Doxorubicin (nM)Etoposide (nM)

FIG.

(A) The percentage of active Caspase-3 without prior exposure to

Doxorubicin and Etoposide was compared between the polyclonal pre-B cell cultures established

from the fetal livers of two independent E14.5 embryos per genotype. (B) Relative contribution B

of Doxorubicin and Etoposide exposure to the level of active Caspase-3 was analyzed between the

fetal liver derived pre-B cell cultures from two independent E14.5 embryos per genotype.

DISCUSSION

A primary study addressing the function of the highly conserved C9orf82 protein in 

human cell lines implicated an anti-apoptotic function12. Independently, we discovered

C9orf82 protein in an unbiased genome-wide screening approach, aiming at the 

i.e.

Etoposide and Doxorubicin. Our data, implicated that the resistance to Topo II inhibitors 

in absence of C9orf82 protein is due to its potential to delay DSBs repair incurred by 

TOPO-II. Subcellular analysis revealed that C9orf82 protein is a nuclear protein, arguing 

against a direct control of cytosolic Caspases, as reported12. An anti-apoptotic function 

was further counter argued by another study, where two Sézary syndrome patients with 

a mono or bi-allelic deletion of C9orf82 did not display increased apoptosis2 13. Hence,

two primary, independent research studies addressing the function of C9orf82 protein 

report opposing results. 

In view of many inconsistencies and the potential confounders in these studies, we 

C9orf82ko/ko mouse model. Thiso

enabled us to explore the function of C9orf82 protein in mice and primary cell cultures 

established from mouse embryos. A homozygous deletion of C9orf82 in mice did not 

show any macroscopic or histological abnormality and mice were born at expected 

mendelian frequencies. This indicates that C9orf82 protein is a non-essential protein.

Given the previous insights on the role of C9orf82 protein in delaying DSB repair, and the 

dependence of early lymphocytes on Rag-induced DSB repair during V(D)J recombination, 

C9orf82 ko on early lymphocyte development. 2

C9of82 protein. Likewise, in vitro analysis of IgH chain class switch recombination (CSR)o
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in mature B cells excluded a critical role of C9orf82 protein in this DSB-repair dependent

process.

well-established primary and secondary cellular systems, i.e. primary pre-B cell cultures 

and immortalized MEFs (TP53kd), respectively. Testing the DNA damage sensitivity of 

protein against various DNA damaging agents we observed, that loss of C9orf82 protein 

does not confer resistance to DNA damaging agents, including Topo II inhibitors.

the cell cycle6, we reasoned if C9orf82 protein confers resistance to Topo II inhibitors, cell 

indicated that the C9orf82 protein does not regulate the cell cycle. Furthermore, while

our previous report in tumor cell lines suggested that C9orf82 protein delays DSB repair as

not show any genotype/phenotype changes. In line with the conclusions drawn from T and

argue against a role of C9orf82 protein in regulating DSBs repair.

To test anti-apoptotic potential of C9orf82 protein as suggested by12, C9orf82 protein 

FACS analysis using Annexin-V and DAPI staining showed that C9orf82 protein does 

not control intrinsic apoptosis in primary cells. In line with these results, measuring the

caspase-3 in primary pre-B cells exposed to doxorubicin and etoposide, indicated that 

absence of C9orf82 protein did not alter the level of caspase-3 activation in primary cells,

further arguing against an anti- apoptotic role. 

The evolutionary conserved nature of C9orf82 and the lack of any known related protein

family members

mechanisms in the absence of C9orf82 protein, respectively. The discrepancies between 

our primary study in human HAP1 and MelJuSo cell lines and mouse knock out system 

C9orf82.  We

like to note, that our initial functional analysis of C9orf82 inactivation was limited to the 2

characterization of the HAP1 C9orf82 ko clone whereas our analysis of triple negative2

breast cancer patients failed to reveal any correlation between C9orf82 protein expression 
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and the response to the treatment with doxorubicin-containing regimen11. It remains to be

Future attempts that aim to determine the actual function of C9orf82 protein 

partners of C9orf82 protein may pinpoint the key biological pathway(s) controlled by 

C9orf82 protein. We propose that the term CAAP1 for the protein encoded by C9orf82

should be omitted as it is misleading and be reconsidered once the exact function has

systemic, organ, cellular, and molecular level in vivo as well as o in vitro settings, where o

confounding issue scan be excluded.

MATERIAL AND METHODS

GENERATION OF A C9orf82

A C9orf82 knock out (ko) mouse model was generated by co-injecting zygotes isolated 2

from C57BL/6N mice with in vitro transcribed CRISPR/Cas9 encoding mRNA along witho

guide RNAs (gRNAs) from pX330 plasmid. To inactivate the C9orf82 locus in the mouse 2

crispr.mit.edu tool (Table 1). To distinguish wildtype, heterozygous and homozygous

mutants, we established a three primer PCR strategy (Table 2 and 3). Following the 

CRISPR/Cas9 procedure, pups born were selected for the knock out allele, backcrossed 

once onto C57BL6/J and maintained for the desired experimental genotype. Experiments

were approved by an independent animal ethics committee of the Netherlands Cancer 

Institute (Amsterdam, Netherlands) (DEC number 14053) and executed according to 

Dutch and European guidelines.

C9orf822

gRNA1 TTAAATAGTGGTATCGCGGCAGG

gRNA2 ATACTATCGTCCACTGACAATGG
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 2. Sequences of primers used to screen for C9orf82 deleted allele.2

Primers

P1 CCGTAGAGGATCTGTGGGTCGGG

P2 TGGAAGGAGACCCATTCAATGCG

P3 GCCAAGCAACACATATTTGATGC

P1+P2 459 bps WT Band

P1+P3 367 bps KO Band

PRIMARY CELL ISOLATION AND CELL CULTURE

E14.5 embryos resulting from the intercrosses of heterozygous (C9orf82wt/ko) mice wereo

were generated from single cell suspensions of fetal livers and subsequently grown

on irradiated stromal cell line, ST2 feeder cells in complete IMDM medium (Iscoves,

streptomycin) containing IL-7. Primary MEFs (2 per genotype) were isolated using Trypsin 

and cell strainers according to14,15 and cultured under low (3%) oxygen condition, with

5% CO2 at 37°C. To immortalize MEFs, primary MEFs were transduced with a lentivirus 
16. The immortalized MEFs were grown in complete IMDM 

medium under normal oxygen levels with 5% CO2 at 37°C.

C9orf82 cDNA qRT-PCR ANALYSIS

RNeasy mini (Qiagen) was used to isolate total RNA from wild type MEF for cloning of 

C9orf82 and from wild type and2 C9orf82ko/ko MEFs for RT-qPCR. The cDNA libraries were 

synthesized using Invitrogen Superscript III kit and random hexamer primers. C9orf82 was 

(Qiagen) was sequenced. After sequencing check, the product was digested with BamHI

and Not1 and subsequently cloned into pMX-IRES-GFP vector.

 4. Sequences of primers used to amplify C9orf82 

Primers

P4 TATCGC CGCCACCATGACGGGGAAGAAGTCTTC BamHI site is highlighted

P5 ATACAA CTACACTGGCTTTTTTATATCACCAG Not1 site is highlighted
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HEK293 T cells were transfected with pMX-IRES-GFP-C9orf82 and pcl-Eco, according to17, 

to produce retrovirus encoding C9orf82 protein. Wild type MEFs were transduced with 

48 hrs post transfected supernatant containing retroviral particles and cultured under 

standard culture conditions. After few days of culturing, MEFs were examined for GFP

Astrios (Beckman Coulter).

qRT-PCR was performed on LightCycler 4800II (Roche) using Fast SYBR Green Master Mix 

C9orf82 

and expression of C9orf82 was normalized with that of GAPDH.

C9orf82 

Primers Gene

P6 ACTATGCCAGGAACAATTAGAGC C9orf82 Exon 3

P7 ACACAGGTATCTTGCTGACTGA C9orf82 Exon 5

P8 TAGCCCAAAGGAACCCAAAG C9orf82 Exon 6

P9 TCTTGCCCTCATTTCAAGTTCTA C9orf82 Exon 6

P10 CAATGACCCCTTCATTGACC GAPDH Exon 3

P11 GATCTCGCTCCTGGAAGATG GAPDH Exon 3

C9orf82ko/ko 

mice and their wild-type littermates. Following erythrocytes lysis, naïve splenic B cells were

enriched by the depletion of CD43 expressing cell using biotinylated anti-CD43 antibody

Biosciences), as described by the manufacturer. To measure their proliferative capacity, 

ester (CFSE, Molecular Probes) in IMDM medium containing 2% FCS. After washing, cells 

were cultured in complete IMDM medium at a density of 105

055:B5, Sigma) or LPS+rIL-4 (rIL4 20 ng/ml). Four days later, the cells were harvested

and stained with CD19-PercpCy5.5 (BD), IgM-APC, and IgG3-PE (LPS cultures) or IgG1-PE 

(LPS/rIL4 cultures) to determine CSR frequency along with CFSE dilution as an indicator 

of cell multiplication. IgM-APC, IgG1-PE and IgG3-PE were purchased from Southern

software (Version: 10.0.8r1).

1*105 fetal liver derived pre-B cells from wild type and C9orf82ko/ko mice were seeded on 

irradiated ST2 feeder layers in 0.5 ml of complete IMDM medium containing IL-7.  For 
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irradiation (from 137Cs source) treatment, 15 min after seeding, the cells were irradiated

IL-7. For Doxorubicin, Cisplatin, Etoposide and MMS, the pre-B cells seeded on irradiated 

in 1.0 ml of complete IMDM medium containing IL-7. For determining the survival, pre-B

cells were harvested after three days of culture and live (PI negative) cells were counted

using FACSArray (Becton Dickinson). Data were analyzed using FlowJo software (Version: 

10.0.8r1).

MEFs were seeded in 10 cm dishes at a density of 200 cells/dish in complete medium

with varying concentrations of Doxorubicin or Etoposide (Pharmachemie). One day later,

the medium was removed and replaced with complete medium containing the indicated 

concentrations of respective drugs. After eight days, the medium containing drug

Coomassie brilliant blue (Merck) solution prepared in H
2
O. After 1.5 h, the staining 

solution was removed, the dishes were washed with H
2
O and dried overnight. Colonies

were counted and the survival of drug-treated cells were normalized for the plating

untreated control cells.

the indicated amount of etoposide. After an hour, etoposide was washed out and cells

Tris-HCl pH 6.8 and 0.01% bromophenol blue). Samples were analyzed by SDS-PAGE and

(Millipore), mouse anti-actin (Sigma)) were done in PBS supplemented with 0.1% (v/v)

Tween and 5% (w/v) milk powder. Blots were imaged using the Odyssey Imaging System

(LI-COR).

and analyzed using FlowJo software (Version: 10.0.8r1). All the antibodies were

purchased from BD Pharmingen unless mentioned otherwise.

T and B lymphocytes 

Lymphoid cells from bone marrow, thymus and spleen were isolated from 8-10 weeks
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mixture of conjugated antibodies (Table 6). 

1. Annexin-V (Apoptosis Assay) and activated caspase-3 measurement

agents like mentioned in pre-B cells survival assay. After three days of culture, the 

cells were harvested and stained with Annexin-V according to the manufacturer

(FITC Annexin V Apoptosis Detection Kit I, BD) instructions. DAPI was added at the 

activation assay, the cells were stained intracellularly with anti-active caspase-3 

antibody according to the manufacturer (PE Active Caspase-3 Apoptosis Kit, BD) 

instructions. 

2. Cell cycle

Fetal liver derived pre-B cells (1*105

o

were treated with RNAse A (0.1 mg/ml, Sigma Chemical Co) for 20 min and then 

(Becton Dickinson) and the data were analyzed using Flow Jo software (10.0.8r1).

Bone Marrow

(eBioscience), CD25-PE, IgD-FITC

Thymus

Spleen

(eBioscience), IgM-PECy7 (eBioscience)

STATISTICAL ANALYSIS

(GraphPad).
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As key components of the adaptive immune system, B and T lymphocytes comprise

humoral and cellular immune responses. Lymphocytes represent a unique cellular system 

which generate exons that encode the variable regions of antigen receptors. This random

rearrangement process creates a diverse primary antigen receptor repertoire capable

of recognizing a nearly unlimited number of foreign antigens and respond against 

them1. This process is tightly regulated and ensures that one cell expresses only one 

clonotypic antigen receptors2. This phenomenon is known as “allelic exclusion” and is 

but the underlying processes remain to be understood in more detail. Several models

have been proposed, where the feedback inhibition mediated by the immunoglobulin

heavy chain is the prevailing one to ensure allelic exclusion of the second Igh allele3-10.  

At the same time, a contribution of the Igh mRNA (IgHR) in this process has not been 

the Ig heavy chain (IgHC) but also the stable IgHR can be sensed by the cell to inhibit

further rearrangement of Igh allele11. As allelic exclusion is highly coordinated with early 

lymphocyte development, we now explored a possible contribution of stable Igh mRNA 

changes and conformational alterations of the Igh alleles.

In Chapter 2, we succeeded in generating an Igh knock-in system that allowed us to 

study the potential role of the IgHR in early B cell development in the absence of any 

IgHC function. The results provided by this system exclude a contribution of the IgHR in 

driving early B cell development. This model also revealed that Igh locus de-contraction is 

not dictated by the transcriptional activity of the Igh allele but rather the developmental 

status of the precursor B cell. Accordingly, the IgHC but not its stable IgHR controls early 

B cell development.

In addition, this study also highlighted the phenomenon of “readthrough translation”.

Remarkably, a premature translational stop codon in the leader exon of a targeted and

otherwise productively rearranged Igh chain locus, did not entirely prohibit translation 

but actually gave rise to low amounts of IgHC. Our analysis revealed that progenitor B
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subsequent development to pre-B cells. 

In summary, these novel insights strongly support the Pre-BCR based feedback inhibition 

model in controlling rearrangements at the Igh loci and further strengthen the critical 

role of IgHC in driving early B cell development3,12 and the relevance of a functional, i.e.

signaling competent Pre-BCR complex in mediating this developmental transition13-16. 

Future studies should focus on the dynamic changes during this well-controlled

developmental transition and how these contribute in establishing allelic exclusion, an 

immune responses.

EPIGENETIC REGULATION OF LYMPHOCYTE DEVELOPMENT AND FUNCTION

epigenetic landscape17,18. Epigenetic alterations including dynamic, post-translational 

19-23. 

and de-installment of epigenetic marks, respectively24,25. Lymphocyte development
26. 

which resides into the nucleosome core is mono-, di-, or tri-methylation of lysine 79 of 

histone H3 (H3K79me)27,28. H3K79 methylation is catalyzed by the conserved epigenetic 

writer, DOT1L. So far DOT1L is the sole methyltransferase for H3K7929-32. Functionally
29,33,34. Although the role of DOT1L 

in other cellular system has been explored, its relevance in steering normal lymphocytes 
31,32,35-38. As DOT1L was found 

essential in early embryonic development39, this necessitated a conditional model, where 

Dot1L

B lymphocytes are central players in establishing optimal immune response against a wide

range of pathogens. Consequently, their functional deregulations are closely associated 
40,41

of clonally selected, antigen-primed B cells within secondary lymphoid organs results in 
42,43. 

GC B cells can pass through the process of class switch recombination (CSR) and somatic

and tissue distribution44-46 47-51, respectively. 
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memory B cells to establish long-term immunological memory or via a plasma blast stage 

and functionality of B lymphocytes are coordinated with dynamic changes in the 

epigenome52

(H3K4me3) related with active gene promoters53,54, and H3K27me3 associated with gene

repression55

catalytic component of the Polycomb repressor complex 2 (PRC2) has an essential role 

in establishing GC B cells56.

From an oncological point of view, a recent report showed that thymic lymphoma 

lacking histone deacetylase HDAC1 depends on DOT1L30. DOT1L plays a central role in 

the development of Mixed Lineage Leukemia (MLL), where recruitment of DOT1L by 

oncogenic MLL-fusion proteins lead to aberrant H3K79 hypermethylation and expression

of MLL-target genes57-63

of B cell Acute Lymphoblastic Leukemia (B-ALL), a prominent subtype known as MLL-

rearranged B-ALL (MLLr B-ALL) is also featured by the rearrangement of MLL gene64,65. 

Given central immunological function of B cells and the involvement of DOT1L in normal 

B cell development as well as in B cell oncogenesis (MLLr B-ALL), led us to the determine 

the function of DOT1L in establishing and changing the dynamic epigenetic landscapes 

In Chapter 3 we report on a novel key function of DOT1L in B cell physiology. These 

in which Dot1L was ablated during early B cell development in the bone marrow (BM). 

Analyses of a publicly available data66

that Dot1L

demand of DOT1L during this critical phase of B cell physiology. In line with this notion,

GC B cells were nearly absent in spleen and strongly reduced in Peyer’s patches in the

drastically reduced in KO, an observation which needs further investigation. These initial 

observations further strengthened hypothesis of a critical role of DOT1L in steering the

Dot1L deletion on GC B cells could be partially explained by an 

impaired proliferative potential of KO B cells in response to T -cell dependent stimuli (in 

vitroo

could be recapitulated by chemical inhibition of DOT1L, which highlighted the relevance 
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in vitro results. Loss of GC B cells and the results of in vitro stimulations are in line with o

the failure of Dot1L-KO 

antigen. In addition, in vitro results indicated an accelerated but incomplete plasma cell o

in vivo, upon 

observations were further strengthened by transcriptome analysis of in vitro activated 

of pro-GC and pro-proliferation transcription factors in KO B cells, which simultaneously

was accompanied by an upregulation of plasma cell associated transcription factors.   

a plasma-cell like state. In this way DOT1L enables an interim acquisition of a GC identity

Given the fact that H3K79me2 generally correlates with transcriptional activity33,34,62,67-71, 

been proposed72-75, comparative H3K79me2 ChIP score revealed that the upregulated 

genes in KO were mostly hypomethylated for H3K79 in WT setting and in contrast the

genes downregulated in KO were generally methylated in WT B cells. This indicated that 

the downregulated gene set harbor genes that are directly depended on DOT1L. This

suggested the involvement of a transcriptional repressor that normally is positively 

regulated by DOT1L. Probing for such candidate repressors among the gene set

Interactive analysis using RNA-seq and H3K79me2 ChIP-Seq data suggested that 

expression of Ezh2 might be under direct control of DOT1L activity. Our conclusion 2

overlapping phenotypes from individual KO B cells56,76-79

common genes that are de-repressed both in Ezh2- KO plasma cells- 77 and activated

Dot1L-KO B cells, enrichment of H3K27me3 in WT80 for the genes that are upregulated 

in KO setting and the enhanced formation of dysfunctional plasma cells upon in vitro rr

propose that amongst many other transcriptional regulators DOT1L plays an important 

role in supporting the repression of PRC2 target genes in B cells.
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In summary, apart from a central role of DOT1L in normal physiology of B cell, this 

study uncovers a previously unknown connection between two conserved histone

translational point of view, the strong dependency of GC B cells on DOT1L and its role

In fact, our preliminary data implicate DOT1L as a genuine drug target in the treatment
81-83. These insights implicate a 

broader therapeutic potential of DOT1L inhibitors in the treatment of diverse cancer

of patients can be cured by the conventional R-CHOP therapy consisting of rituximab

plus cyclophosphamide, doxorubicin, vincristine, and prednisone chemotherapy84. 

Among the remaining ~30 to ~50% of patients, 20 % are refractory to R-CHOP therapy 

whereas 30 % relapse after an initial response85. Here, we consider DOT1L inhibition

as an interesting additional or independent approach in the treatment of these cancer

patients. Furthermore, future activities should also focus on high throughput screening

DOT1L inhibition selectively kill lymphoid cells.

myeloma86 our results showing the generation of dysfunctional plasma cells in absence of 

DOT1L highlight the importance of potential use of DOT1L inhibitors for the treatment

of pathological conditions including arthritis that are characterized by the production of 

autoimmune antibodies87.

Apart from B lymphocytes, T lymphocytes constitute an additional arm of the adaptive 

Their activities not only relate to the clearance of foreign pathogens but also the 

eradication of cancer cells88. 

T cell development starts in the thymus during which progenitor T cells pass through

critical checkpoints, predominantly controlled by complex TCR signaling pathways

triggered by the Pre- TCR/CD3 and TCR/CD3 complexes. These checkpoints are known 

as b-selection and positive selection, respectively89. Upon successful transition through

these checkpoints, T cells emigrate the thymus to populate peripheral lymphatic organs

as naïve T cells (T
N
). In the periphery, exposure to cognate antigen is followed by a massive

N

T cells (T
E
) or memory T cells (T

M
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driven by TCR mediated antigen recognition it has become evident that a substantial

fraction of mature CD8+ T cells acquires memory-like features independent of any prior 

exposure to foreign antigen90-93. These unconventional memory T cell compartments

are found in both mice and humans94-98 and increase in frequency with age99,100. Based 

on their origin and cytokine dependency they are referred to as either IL-4-dependent

“innate” memory T cells that develop in thymus90 or IL-15 dependent “virtual” memory

T cells that arise in the periphery92,101. The underlying mechanism regarding their 
102

AIM
 cells have been suggested to 

provide by-stander protection against infection96,103. With ageing virtual memory cells

have been reported to lose their proliferative potential and acquire characteristics of 

senescence104.Both of these unconventional T cell memory subsets share a number of 

common features including a low expression of CD49d, a marker of antigen exposure95

and a high co-expression of two key transcription factors, EOMES and T-bet that are 
+ T cells105,106. We here collectively refer to those as 

Antigen-Independent Memory-like CD8+ T cells (T
AIM

). 

the T cell lineage also follows distinct stages tightly regulated by dynamic transcriptional

107. From a translational 

perspective, a recently reported dependency of certain thymic lymphomas on DOT1L 

activity108

adoptive cell transfer models109 may provide new ways to modulate T cell  behavior. The

emerging role of DOT1L in epigenetic reprogramming and T-cell malignancies led us to

study the function of DOT1L in normal T cell physiology.

DOT1L PROTECTS THE EPIGENETIC IDENTITY OF CD8+

N
TO T

AIM
CELLS

In Chapter 4,

model in which Dot1L 

Our results from early deletion of Dot1L in thymocytes suggested a role of DOT1L in 

controlling intrathymic T cell selection and maturation of CD8+ SP T cells. In peripheral 

secondary lymphatic organs, lack of Dot1L led to drastic reduction in the cellularity of 

CD4+ T cells accompanied with an increased number of CD8+ T. Of note, in contrast to

CD8+ T cells that showed complete loss of H3K79me2, regulatory T cells (Tregs) remained

H3K79me2 positive suggesting a strict dependency of Tregs on DOT1L. 
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Most strikingly, despite the fact that both WT and KO mice were kept under same
+

+CD62L+ T cell 

population mostly expressing T-bet and EOMES concomitant with a virtual absence 

of naïve (T
N
; CD44-CD62L+) population was found. Subsequent transcriptome analysis 

revealed that the CD44+CD62L+

expression of memory associated genes. Apparently, DOT1L executes a critical function 
+ T 

repertoire analysis 

and reduced CD49d expression indicated that these T cells are polyclonal and developed

T cells (T
AIM

).

Further analysis aimed to determine the origin of peripheral T
AIM

 cells in KO settings

revealed that SP CD8+ KO thymocytes started to acquire T
AIM 

– phenotype prior to their 

emigration from the thymus.

In KO mice, peripheral recirculation of T
AIM

 into thymus was excluded by the fact that 

SP CD8+ KO thymocytes T-bet+EOMES+ had lower fraction of memory-phenotype cells 

(gain of CD44 expression) as compared to their splenic T
AIM 

counterparts. Unperturbed

of 

Dot1L-KO CD8+ T cells towards memory-like cells initiates intrathymically in an antigen-

independent manner.

Intrathymic development of memory – like phenotype in KO led us to investigate the role 
high invariant NKT (iNKT) cells 

90. Absence of 

iNKT cells in Dot1L Dot1L-KO and 

persistence of memory phenotype in Dot1L KO; OTI+ system that cause strong reduction 

AIM
 cells in KO

does not depend on an excess of IL4-producing cells in the thymic microenvironment. 

Dot1L-KO T
AIM

phenotype is not dictated by environmental stimuli. Apparently, the development of 

memory-like CD8+ T cells, i.e T
AIM 

in Dot1L-KO model relates to cell-intrinsic changes.

To understand the underlying molecular basis of this massive, premature T
AIM

CD8+

of many TCR signaling genes between WT and Dot1L-KO settings. These included the

downregulation of Itk
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(Cd24777

CD3 complexes to cell surface. FACS analysis validated lower expression of other TCR/

in KO. Interestingly, 

aberrant TCR signaling has been linked previously with the formation of T
AIM

 cells, as a

cell-intrinsic mechanism91,101,110,111. Furthermore, DOT1L inhibition of human T cells led to 

impaired TCR sensitivity and attenuated low avidity T cell response112. Along these lines,

a reduced expression of TCR levels in DN3 and CD8+ SP T cells from KO mice excluded

in peripheral KO T
AIM

in KO can be 

explained by the H3K79me2 ChIP score of these genes in WT T cells, suggesting those as

direct targets of DOT1L activity.

The impact of impaired TCR signaling on the developmental fate of KO thymocytes was 

further investigated in a Dot1L KO; OTI+ setting, where all the T cells express an identical 

TCR, normally positively selected as conventional CD8+ T cells. Relatively reduced

number of SP CD8+ thymocytes in Dot1L KO; OTI+ revealed that loss of DOT1L in T cell 

lineage prohibits positive selection of conventional OT-I CD8+ T cells, but yet supported

the generation and selection of memory-like CD8+ T cells as revealed by peripheral CD8+

T population. In KO, the reduced surface expression of OTI-TCR that is under the control

of an exogenous promoter did not relate to its transcriptional silencing but again likely

in safeguarding the naivety of CD8+

unperturbed TCR expression and signaling in determining developmental fate.

An unbiased integrative approach helped us to uncover an underlying mechanism 

Dot1L-KO CD8+ T cells in vivo that directly relate to the o

methylation is associated with active transcription our RNA-Seq data analyses from T
N

and T
CM

 population, from WT and KO mice revealed a rather unexpected result where

Dot1L-KO.  Comparing 

both transcriptomic and H3K79me2 ChIP-Seq data from WT cells highlighted that most

of the lowly expressed upregulated genes in Dot1L- KO were not hypermethylated for 

On the other hand, most of highly expressed genes downregulated in Dot1L- KO were 

enriched for H3K79me2 mark in WT cells.

Taken together, these insights demonstrated not only a positive correlation between

H3K79me2 and gene expression in normal CD8+ T cells but also that only a subset of 

methylated genes required H3K79 methylation for their normal expression. This suggested

221

6

S
u

m
m

a
ry a

n
d

 g
e

n
e

ra
l d

iscu
ssio

n



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 220PDF page: 220PDF page: 220PDF page: 220

that in normal T cells, DOT1L does not switch on transcription but appeared to support 

the transcription of a small subset of H3K79 methylated genes that are already on. These

To determine the underlying mechanism(s) explaining the transcriptional paradox, a 

strong gene de-repression in KO, we searched for a candidate gene among the small 

Ezh2, 

the catalytic building block of PRC2113-117 as a potentially relevant target of DOT1L. 

+ T cells118,119. Ezh2 was found H3K79me2 methylated in WT T cells. In addition, 2

Dot1l-KO and Ezh2-KO CD8+ T cells showed several phenotypic resemblances120,121. A 

transcriptome analysis from Dot1l-KO and Ezh2-KO CD8+ T cells that revealed substantial

overlap between the depressed genes both models. 

mediated-H3K27me3122 ChIP-Seq data clearly showed that only the genes that were 

upregulated in Dot1L- KO and lack H3K79me2 in WT were strongly enriched for H3K27me3 

in WT precursors memory CD8+ T cells. This suggested that loss of DOT1L indirectly 

on recruitment of DOT1L to nucleosome123. Furthermore, our analysis of independent

RNA-Seq data124 validated a downregulation of Ezh2 upon chemical inhibition of DOT1L 2

in human T cells. Collectively, our data indicate that aberrant de-repression of many 

responsible for perturbed epigenetic identity of CD8+ T cells.

Several distinct transcriptomic and cellular changes in Dot1L-KO T cells suggest an altered

immune response. In vivo challenge with sub-lethal dose of Listeria monocytogenes

showed that these CD8+ T cells failed to clear Listeria monocytogenes from spleen ands

liver at day 7 post infection. In line with this observation, another immune challenge also 
+

Similar to the results from in vivo immunization,o in vitro TCR stimulation of o Dot1L-KO

CD8+

rapidly become activated CD44+CD62L- but express lower levels of the activation marker 

Dot1L-

KO CD8+ T cells, stimulation with PMA and Ionomycin that by pass TCR signaling showed
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Dot1L- KO CD8- +

This indicated that T
AIM

 cells display memory-related features but at the same time are

functionally impaired.

mark associated with active transcription that plays a crucial role in CD8+ T cells 

Dot1L-Ezh2 axis, DOT1L appears 

DOT1L is recruited to only a limited number of DOT1L targets genes. Furthermore, a

of absence of DOT1L on peripheral CD8+ T cell subset from early ablation of DOT1L in 

thymus. In short, these activities should aid our understanding about the epigenetic and

A comprehensive mechanistic understanding of immune-compromised behavior of 

Dot1L-KO CD8+ T cells may also provide novel strategies for immune modulations and 

disease intervention18,21,125

functional potential of CD8+ T cells in absence of DOT1L could aid in (re)programing 
+ T

cells in (re)gaining their functionality. Exploring the apparent dependency of CD4+ T 

cells on DOT1L may provide novel strategies for immune modulation and treatment of 

rare CD4+

of the compromised immune response in mice lacking DOT1L in the T-cell lineage by

+ T cell 

compartment by using adoptive cell transfer approach. 

Chapter 3 and 4 highlight central role of DOT1L in 

potential of lymphocytes by maintaining their epigenetic integrity.

DNA double strand breaks (DSBs) are highly genotoxic lesions. The cellular DNA 

damage response systems provides several repair pathways ensuring a timely and 

can have deleterious consequences including the kick-start of cancer development126-128. 
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Regardless of their detrimental potential, DSBs are key, physiological intermediates of 

biological processes. DSBs induced by topoisomerase II (Topo II) changes the topology of 

DNA and allow DNA replication to continue129,130. In addition, it is quite remarkable that 

of DSBs. DSBs are central intermediates in the generation the antigen receptor

repertoires131,132. Formation of the primary antigen receptor repertoire in all lymphocyte

precursors depends on RAG-mediated V(D)J recombination and requires two DSBs. 

Another event known as antibody isotype switching initiated by the activation induced

cytidine deaminase (AID) in mature, antigen-activated B also depends on two DSBs. 

Successful recombination enables B cells to switch the constant region of IgH chain, by a 

process known as isotype switching 45. The programed generation of these DSBs renders

lymphocytes as an ideal model system to study the impact of potential regulators of DSB

repair.

A recent study implicated an inhibitory role of C9orf82 protein in DSB repair after

exposure to Topo II position, thereby sensitizing the cells to etoposide induced DSBs133. 

Accordingly, C9orf82 might coordinate the formation and processing of two DSBs to2

initiate the deletional recombination process associated with CSR in switch-activated B

lymphocytes. In this regard, a C9orf82 knock down would accelerate DSBs repair, decrease2

CSR activity in B cells, and decrease DSBs induced apoptosis. In contrast, another study

has reported C9orf82 protein as conserved anti-apoptotic protein 1 (CAAP1), or caspase 

activity and apoptosis inhibitor 1134. However, another study argued against an anti-

apoptotic role of C9orf82 protein135. These inconsistencies and potential confounders 

system to determine the function of C9orf82 protein. 

FUNCTIONAL SIGNIFICANCE OF C9orf82 

In Chapter 5, we report on the functional characterization of a newly generated 

C9orf82 protein knock out mouse model. Here, our prime focus was to (re)investigate

the function of C9orf82 protein in regulating apoptosis and/or DSBs repair. A complete

knock out of the evolutionary conserved C9orf82 led us to conclude that C9orf82 is 

not essential during mouse development, as mice were born at expected mendelian 

frequencies without displaying any macroscopic or histological abnormalities. A critical 

role of C9orf82 protein in RAG and AID induced DSB-repair dependent processes was 

also excluded as early lymphocyte development and IgH chain class switch recombination 

lines, loss of C9orf82 protein did neither confer sensitivity to a variety of DNA damaging

studies133,134
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and caspase-3 activation, arguing against a regulatory function in DSB repair and an anti-

apoptotic role of C9orf82 protein. 

spectroscopy. Functional association of these binding proteins may help in identifying

the key biological pathway(s) controlled by C9orf82 protein. In conclusion, our study 

apparently unexplored role of C9orf82 protein. 

from Pro- to Pre-B cells is exclusively dependent on the IgHC and not directed by a non-

coding function of the IgHR. Progenitor B cells were found to sense very low quantities

role of DOT1L as a key epigenetic writer that safeguards not only the cellular identity of 

like cells and CD8+ T cells into memory like cells. The last part of my thesis, provides a 

new mouse model system that will help in establishing the actual molecular function of 

C9orf82 protein in biological system. 
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S U M M A R Y

ADAPTIVE IMMUNE SYSTEM AND ITS CELLULAR COMPONENTS

Throughout our life we are encountering many pathogens. But most of the time we do 

not develop diseases related to these infections. Protection against these pathogens

is provided by our immune system. With a simple goal of protecting our body against 

each other in a highly complex manner. The current corona virus pandemic has once more 

infections, these days immunological research is greatly focused on understanding and 

enhancing the capability of immune system in detecting and eliminating cancer cells.

This has provided a powerful new strategy in cancer therapy. Broadly speaking the

immune system consists of two arms, the innate and the adaptive immune system. The 

pathogens. On the other hand, the adaptive immune system has a unique capacity of 

into functional genes, encoding antigen receptors. These, antigen receptors enable the 

immune system to recognize and respond virtually any pathogen. Another novel feature 

of the adaptive immune system relates to its capacity to memorize an immune challenge

and respond quickly and robustly upon re-infection with the same or a similar pathogen. 

Cellular components of the adaptive immune system are represented by T and B 

lymphocytes. Development of these cells involves complex processes which require 

tight regulatory mechanisms to avoid fatal consequences ranging from auto-immunity, 

activity of delicate molecular machinery involving many proteins. Working together 

these proteins establish several networks.

Using these complex protein networks, a cell sense and respond to dynamic alterations

during key developmental steps. 

234

A

A
d

d
e

n
d

u
m



566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam566781-L-bw-Aslam
Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021Processed on: 5-10-2021 PDF page: 233PDF page: 233PDF page: 233PDF page: 233

In chapter two, we demonstrated the ability of progenitor B cells (pro-B), an early stage in

Immunoglobulin heavy chain protein. In this way, the pro-B cells sense successful 

rearrangement of Igh chain locus encoding Immunoglobulin heavy chain protein which

triggers major conformational changes at Igh chain loci. These changes contribute to 

the inhibition of rearrangements at both Igh chain loci, forming the basis of pre-BCR 

based feedback inhibition model of Ig heavy chain allelic exclusion. Simultaneously, the 

signals generated by the pre-BCR also trigger the developmental transition of pro-B into 

precursor B cells (pre-B). In this chapter, we also disproved a previously proposed non-

coding role of stable Igh mRNA in early B cell development. Furthermore, in terms of 

link between transcription and conformational changes of Igh locus, we revealed that 

Igh locus de-contraction, a conformational change is not dictated by the transcriptional 

activity of the Igh allele but rather the developmental status of pro-B cell. In summary, 

these novel insights strongly support the pre-BCR based feedback inhibition model 

in controlling rearrangements at the Igh loci and driving early B cell development.

Simultaneously, this study highlights the importance of phenomenon of “readthrough

translation”. We showed that a single premature translational stop codon in the leader 

exon of a targeted and otherwise productively rearranged Igh chain locus is not enough 

to completely prohibit translation.

EPIGENETIC PROGRAMMING OF LYMPHOCYTES

are operated by changing the epigenetic landscape including dynamic, post-translational

associated with active transcription. H3K79 methylation is catalyzed by the conserved

epigenetic writer DOT1L, which is the sole methyltransferase for H3K79. Physiologically,

DOT1L is an essential gene for the early embryonic development. From oncological point 

of view, DOT1L has been associated with the Mixed Lineage Leukemia (MLL) and certain

thymic lymphomas.

using conditional mouse models, where Dot1L

manner.
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B lymphocytes are central players in establishing optimal immune response against a 

secondary lymphoid organs including spleen and lymph nodes results in the formation

in epigenetic landscape of B cells. These include both active and repressive epigenetic 

changes.

In chapter

We found that the B cells lacking Dot1L could not establish GCs and fail to mount normal 

humoral immune responses. We showed that upon in vitro activation, B cells lackingo

Dot1L

features. Interestingly, results from in vitro studies could be recapitulated by chemical o

inhibition of DOT1L. We revealed that DOT1L supports expression of a pro-proliferative, 

program is repressed in the presence of DOT1L. From mechanistic point of view, we

revealed that DOT1L supports expression of an epigenetic repressor protein, Enhancer 

the repression of Polycomb Repressor Complex 2 target genes in B cells. In this chapter,

we also emphasized that due to strong dependency of GC B cells on DOT1L and its

that maintain a GCB signature. In summary, novel insights reported in chapter three

in B cells, establishing an epigenetic barrier that warrants B cell naivety and GC B cell

T LYMPHOCYTES AND THEIR DIFFERENTIATION FEATURES

Additional arm of the adaptive immune system is provided by T lymphocytes, mainly

CD4+ and CD8+ T lymphocytes. T lymphocytes play very important role in establishing
+ T cells have the capacity to clear

the foreign pathogens by killing the infected cells. These lymphocytes can also detect 

and eradicate cancer cells. Upon recognition of the pathogen, CD8+
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CD8+ T cells acquire memory characteristics. These memory CD8+ T cells have the ability 

functional capacity of CD8+

epigenetic changes.

DOT1L PROTECTS THE EPIGENETIC IDENTITY OF CD8+

MEMORY T CELLS

In chapter four, we extended our study of DOT1L ablation to T cell lineage. We focused 

on the characterization of CD8+ T lymphocyte subset and discovered a critical role of 

DOT1L in maintaining the epigenetic identity of naïve CD8+ T cells. In this chapter, we 

report that in absence of DOT1L, CD8+ T cells lose their naivety and prematurely acquire 

memory-like features. Importantly, CD8+ T cells obtained memory-like state independent 

of antigen exposure and in a cell-intrinsic manner. We demonstrate that DOT1L controls 
+ T cells by maintaining normal T-cell receptor density and 

+

T cells, DOT1L indirectly supports repression of certain genes which may play a crucial

role in protecting their epigenetic identity. Functionally, the mouse lacking DOT1L in 

+ T cells. Results from this experimental model

epigenetic identity of naïve CD8+ T cells and is essential for T cell function in clearing the

pathogen.

Throughout life, cells encounter DNA double strand breaks (DSBs) which are highly

fatal consequences including cancer development. Some biological processes including

DNA replication depend on the generation of DSBs which appear as key, physiological

intermediates. Similarly, lymphocytes undergo programmed recombination during which

antigen receptor loci are recombined. This stage of lymphocyte development involves 

they face an additional recombination process which enable B cells to switch to another 

class of antibody. Programed generation of DSBs renders B lymphocytes as an ideal model 

Role of C9orf82 protein in the biological system has not been clearly established. Two

primary studies report opposing results regarding the function of C9orf82 protein. One 

study reported that C9orf82 protein also known as CAAP1 (conserved anti-apoptotic 
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protein 1 or caspase activity and apoptosis inhibitor 1) has an anti-apoptotic function and 

the other study proposed that C9orf82 protein has potential to delay repair of DSBs 

which may induce apoptosis. The contradicting results and other potential confounders

determine the function of C9orf82 protein. 

FUNCTIONAL SIGNIFICANCE OF C9orf

controlling apoptosis and/or DSBs repair by characterizing a complete Knock out

protein on mouse physiology, especially the B lymphocytes. We found that KO mice

were born at expected mendelian frequencies and did not show any macroscopic or

histological abnormalities. Similarly, both early and late lymphocyte development 

in DSBs repair depended recombination at antigen receptor loci. In addition, we reported 

by the expression of C9orf82 protein. Most relevant, we reported that primary and 

immortalized cell lines derived from wild type (WT) and KO mouse showed comparable

immortalized cell lines were indistinguishable regarding the kinetics of formation and 

inducing agent. At the end, we stated that the result of several experiments conducted

delaying DSBs repair and regulating apoptosis. In summary, our study provided a well-

of C9orf82 protein. Additional studies are required to pinpoint its biological function.

low amounts of immunoglobulin heavy chain protein and also excluded non-coding role 

of stable Igh mRNA in directing the developmental transition from pro to pre-B cells. 

Our data indicate that this checkpoint is exclusively controlled by immunoglobulin heavy

safeguarding the cellular identity of naïve lymphocytes and preventing their premature

disproved previously proposed functions of C9orf82 protein and suggest alternative 

strategies to unravel its biological relevance. 
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N E D E R L A N D S E 

S A M E N V A T T I N G

HET ADAPTIEVE IMMUUNSYSTEEM EN HAAR CELLULAIRE COMPONENTEN

Gedurende ons leven komen we in aanraking met allerlei pathogenen, maar meestal 

ontwikkelen we geen ziekte gerelateerd aan deze infecties. Bescherming tegen deze 

pathogenen wordt geboden door ons immuunsysteem. Met het ogenschijnlijk simpele

doel om ons lichaam te beschermen tegen verschillende soorten infecties, gaan allerlei

componenten van het immuunsysteem een complexe samenwerking aan. De huidige

corona virus pandemie benadrukt eens te meer het belang om de werking van ons 

immuunsysteem in kaart te brengen. Naast het beteugelen van infecties, is hedendaags

immunologisch onderzoek gefocust op het begrijpen en verbeteren van het vermogen 

van het immuunsysteem om kankercellen te detecteren, en te elimineren. Dit heeft

geresulteerd in een krachtige nieuwe strategie voor anti-kanker therapie. Breed genomen

bestaat het immuunsysteem uit twee armen, het aangeboren, en het verworven

(adaptieve) immuunsysteem. Voor de generatie van een optimale immuunrespons, 

tussen verschillende cellulaire componenten van het immuunsysteem. Aangeboren

immuniteit voorziet in de eerstelijns defensie en reageert snel in het geval van een 

vreemde indringers te herkennen is gecodeerd in de kiembaan, ligt vast, en is relatief 

adaptieve immuunsysteem heeft daarentegen de unieke capaciteit om een onnoembaar

functionele genen die antigeenreceptoren coderen. Deze antigeen receptoren stellen

het immuunsysteem in staat om feitelijk elk pathogeen te herkennen. Een andere 

eigenschap van het adaptieve immuunsysteem is het vermogen om een geheugen te 

vormen tegen een afweerreactie, en snel en robuust te reageren bij een herhaalde 

infectie van hetzelfde of een soortgelijk pathogeen.

De cellulaire componenten van het adaptieve immuunsysteem bestaan uit T- en B-cellen.

De ontwikkeling van deze cellen bestaat uit complexe processen beheerd door strak

gereguleerde mechanismen, die nodig zijn om fatale gevolgen te voorkomen, zoals

stand gebracht door de activiteit van delicate moleculaire systemen, bestaande uit vele 
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eiwitten. Door samen te werken vormen deze eiwitten meerdere complexe netwerken. 

Met behulp hiervan, kan een cel dynamische veranderingen tijdens belangrijke 

ontwikkelingsstappen detecteren en reageren.

In hoofdstuk twee laten we zien hoe progenitor B-cellen (pro-B), een vroege vorm 

van B-lymfocyten, kleine hoeveelheden van nieuw gegenereerd immunoglobuline 

zware keten kan detecteren. Op deze manier kunnen pro-B-cellen de succesvolle 

herschikking detecteren van het Igh chain locus (coderend voor immunoglobuline zware 

keten), resulterend in grote conformationele veranderingen op de Igh chain loci. Deze 

veranderingen dragen bij aan inhibitie van de herschikking van beide Igh chain loci, en

vormen de basis van een pre-BCR-gebaseerd feedback inhibitiemodel van Ig zware keten

allelische exclusie. Tegelijkertijd veroorzaken de signalen die door de pre-BCR worden

gegenereerd ook de ontwikkelingsovergang van pro-B naar precursor-B-cellen (pre-B).

In dit hoofdstuk weerleggen we tevens een eerder voorgestelde niet-coderende rol van 

stabiel Igh-mRNA in vroege B-celontwikkeling. Verder hebben we met betrekking tot

de link tussen transcriptie en conformationele veranderingen van de Igh locus onthuld

dat Igh–locus decontractie niet wordt gedicteerd door de transcriptionele activiteit 

van het Igh-allel, maar door de ontwikkelingsstatus van de pro-B-cel. Samenvattend,

deze nieuwe inzichten ondersteunen het pre-BCR-gebaseerde feedback inhibitiemodel 

in het organiseren van herschikkingen op de Igh-loci en het stimuleren van vroege 

B-celontwikkeling. Tegelijkertijd benadrukt deze studie het belang van het fenomeen 

“readthrough translation”. We tonen aan dat een enkel voortijdig translationeel 

stopcodon in het leader-exon van een gerichte en anderszins productief herschikt Igh-

chain locus niet voldoende is om translatie volledig te voorkomen.

EPIGENETISCHE PROGRAMMERING VAN LYMFOCYTEN

processen zijn afhankelijk van strak gereguleerde mechanismes. Veel van deze processen 

worden beheerd door veranderingen van het epigenetische landschap, zoals dynamische 

histon H3 (H3K79me) dat zich in de nucleosoomkern bevindt en optreedt als mono-, di- 

methylering wordt gekatalyseerd door de geconserveerde epigenetische schrijver DOT1L,

de enige methyltransferase voor H3K79. Fysiologisch gezien is DOT1L een essentieel gen 

voor de vroege embryonale ontwikkeling. Vanuit oncologisch oogpunt is DOT1L in verband

gebracht met de Mixed Lineage Leukemie (MLL) en bepaalde thymische lymfomen.
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In hoofdstuk drie en vier hebben we nieuwe bevindingen samengevat met betrekking

B- en T-lymfocyten door gebruik te maken van conditionele muismodellen, waarbij Dot1L 

IMMUUNRESPONSE

B-lymfocyten spelen een centrale rol bij het tot stand brengen van een optimale 

immuunrespons tegen een breed scala aan pathogenen. In het geval van een infectie 

vindt de activering van een geselecteerde pool B-cellen plaats in secundaire organen, 

micro-omgeving, bekend als het germinal centrum (GC). GC B-cellen ondergaan

B-cellen die een langdurig immunologisch geheugen bieden tegen pathogenen, of 

van B-cellen. Deze omvatten zowel actieve als repressieve epigenetische veranderingen. 

vestigen en er niet in slaagden om normale humorale immuunresponsen op te zetten. 

Dot1L in vitro, , maar voortijdig plasmacel-gerelateerde kenmerken verwerven. De 

resultaten van deze in vitro-onderzoeken konden worden herhaald door chemische

remming van DOT1L. Daarnaast hebben we onthuld dat DOT1L de expressie van

een pro-proliferatief, pro-GC-programma ondersteunt. Tegelijkertijd wordt het

van DOT1L. Vanuit mechanistisch oogpunt laten we zien dat DOT1L de expressie

en op deze manier speelt DOT1L een belangrijke rol bij het handhaven van de repressie

van Polycomb Repressor Complex 2-doelgenen in B-cellen. In dit hoofdstuk hebben

grootcellig B-cellymfoom met een GCB-handtekening. Samenvattend, nieuwe inzichten

het transcriptionele en epigenetische landschap in B-cellen, waardoor een epigenetische 
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Een extra arm van het adaptieve immuunsysteem bestaat uit T-lymfocyten, voornamelijk 

CD4+ en CD8+ T-lymfocyten. T-lymfocyten spelen een zeer belangrijke rol bij het tot stand
+ T-cellen hebben

het vermogen om de vreemde pathogenen te verwijderen door de geïnfecteerde cellen 

te doden. Daarnaast kunnen deze lymfocyten ook kankercellen detecteren en uitroeien. 
+ T-cellen van een naïeve ruststaat, 

+ T-cellen

geheugenkenmerken. Deze geheugen CD8+ T-cellen hebben het vermogen om snel te

capaciteit van CD8+ T-cellen bij het beheersen van infecties ook geïnstrueerd door 

+

In hoofdstuk vier hebben we onze studie van DOT1L-ablatie uitgebreid naar zijn rol in 

T-lymfocyten. Door ons te concentreren op de karakterisering van de CD8+ T-lymfocyten

ontdekten we een cruciale rol van DOT1L bij het handhaven van de epigenetische 

identiteit van naïeve CD8+ T-cellen. In dit hoofdstuk rapporteren we dat bij afwezigheid

van DOT1L, CD8+ T-cellen hun naïviteit verliezen en voortijdig geheugenachtige 

eigenschappen verwerven. Belangrijk hierbij is dat CD8+ T-cellen een geheugenachtige

toestand verkregen onafhankelijk van blootstelling aan antigeen, en op een cel-
+ T-cellen

regelt, via regulatie van signalering en dichtheid van T-celreceptoren. Vergelijkbaar met

de bevinding gerapporteerd in hoofdstuk drie, benadrukten we dat in CD8+ T-cellen

DOT1L indirect de repressie ondersteunt van bepaalde genen die een cruciale rol

kunnen spelen bij het beschermen van hun epigenetische identiteit. Functioneel gezien 

op te zetten. Samenvattend ontdekten we de betekenis van DOT1L in de biologie van

CD8+ T-cellen. De resultaten van dit experimentele model brachten ons ertoe om voor 

identiteit van naïeve CD8+ T-cellen te behouden, en daarnaast ook essentieel is voor de 

functie van T-cellen bij het bestrijden van pathogenen.

Gedurende het leven, ontwikkelen cellen DNA-dubbelstrengsbreuken (DSB’s). Dit
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vertraging in reparatie kan leiden tot fatale gevolgen, waaronder de ontwikkeling van

kanker. Daarentegen zijn sommige biologische processen, waaronder DNA-replicatie, 

afhankelijk van het genereren van DSB’s die verschijnen als belangrijke, fysiologische 

tussenproducten. Evenzo ondergaan lymfocyten een geprogrammeerde recombinatie 

waarbij antigeenreceptorloci opnieuw worden gecombineerd. Deze fase van lymfocyte 

ontwikkeling omvat het actief genereren van DSB’s. Bovendien gaan B-cellen door een 

kunnen overschakelen naar een andere klasse antilichamen. Deze geprogrammeerde 

generatie van DSB’s maakt B-lymfocyten een ideaal modelsysteem om de impact

die de reparatie van DSB’s beïnvloeden waarschijnlijk ook de fysiologie van B-cellen

beïnvloeden. Een van dergelijke eiwitten waarvan is voorgesteld dat ze de reparatie van 

DSB’s beïnvloeden, is het evolutionair geconserveerde C9orf82-eiwit. De rol van C9orf82-

eiwit is niet duidelijk vastgesteld. Twee onderzoekstudies rapporteren tegengestelde 

resultaten met betrekking tot de functie van C9orf82-eiwit. Een van deze studies meldde 

dat C9orf82-eiwit, ook bekend als CAAP1 (conserved anti-apoptotic protein 1 or caspase 

activity and apoptosis inhibitor 1), een anti-apoptotische functie heeft door de expressie 

en activiteit van caspase-eiwitten te moduleren. De andere studie stelde echter voor dat

C9orf82-eiwit het potentieel heeft om het herstel van DSB’s te vertragen, wat apoptose

om de functie van C9orf82-eiwit te bepalen. 

SYSTEMEN MOET WORDEN VASTGESTELD

In hoofdstuk vijf hebben we ons gericht op het (her)onderzoeken van de functie van

C9orf82-eiwit in apoptose en/of herstel van DSB’s, door een compleet knock-out

(C9orf82-KO, hierna KO) muismodel te karakteriseren. Met dit model, bestudeerden we

de B-lymfocyten. We ontdekten dat KO-muizen werden geboren met de verwachte 

mendeliaanse frequenties en geen macroscopische of histologische afwijkingen

vertoonden. Evenzo bleef zowel de vroege als de late ontwikkeling van lymfocyten 

onaangetast in KO-muizen, wat aantoonde dat het C9orf82-eiwit geen cruciale rol speelt

bij DSB reparatie die benodigd is voor recombinatie van antigeen-receptor loci. In additie

laten we zien dat het vermogen van B-cellen om verschillende soorten antilichamen te

vormen ook niet wordt beïnvloed door de expressie van C9orf82-eiwit. Het meest relevant

was de bevinding dat primaire en geïmmortaliseerde cellijnen afgeleid van wildtype 

(WT) en KO-muizen vergelijkbare gevoeligheid vertoonden voor verschillende DNA-

laesies. Ook laten we zien dat WT, KO en C9orf82-eiwit overexpressie geïmmortaliseerde
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een indicator is voor DSB’s bij blootstelling aan bepaalde DNA-schade-inducerende

middelen. Uiteindelijk stelden we op basis van verschillende experimenten, uitgevoerd

bij het vertragen van het herstel van DSB’s, en daarnaast het reguleren van apoptose ook 

en cellijnen daarvan op, om de schijnbaar onbekende rol van C9orf82-eiwit bloot te

leggen. Aanvullende studies zijn nodig om de biologische functie te bepalen.

Afsluitend, we hebben in dit proefschrift vastgesteld dat pro-B-cellen het vermogen

hebben om zeer lage hoeveelheden immunoglobuline zware keten te detecteren.

Daarnaast hebben we een niet-coderende rol van stabiel Igh mRNA bij het sturen van de

ontwikkelingsovergang van pro- naar pre-B-cellen uitgesloten. Onze data laten zien dat

dit checkpoint uitsluitend wordt gereguleerd door de immunoglobuline zware keten. 

beschermen van de cellulaire identiteit van naïeve lymfocyten en het voorkomen van 

laatste deel van het proefschrift hebben we eerder voorgestelde functies van C9orf82-

ervan te ontrafelen.
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