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ABSTRACT OF THE DISSERTATION 
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by 
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University of California, Los Angles, 2016 

Professor Robert H. Schiestl, Chair 

 

The genome is constantly subjected to DNA damaging events from the environment in the form 

of radiation, chemicals, and pollution. Endogenous production of reactive oxygen species also 

contributes to DNA damage. Conversely, programmed DNA breaks are essential for healthy 

lymphocyte development during V(D)J and class switch recombination. Dysregulation or 

mutation of genes involved in the DNA damage and repair pathways can exacerbate 

environmental insults, impede proper lymphocyte development, and promote cellular 

transformation. Interleukin-13 (IL-13), Activation-induced cytidine deaminase (AID), Myocyte-

specific enhancer factor 2c (Mef2c), and Tumor protein p53 (p53) are all necessary for proper 

immune function in lymphocytes. There is evidence that these genes are implicated in either 

establishing or repairing DNA breaks and therefore dysregulation of these genes could lead to  
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increased levels of oncogenic mutations. IL-13 may increase levels of DNA damage indirectly 

by inducing inflammation and increasing levels of reactive oxygen species. AID is known to 

elicit mutations by deamination of cytosine which in turn promotes DNA breaks. Mef2c 

enhances DNA repair machinery in developing B cells and p53 promotes DNA repair through 

cell cycle arrest. Using several transgenic mouse models, we have altered the expression of these 

genes to better establish the solitary role each one has on genomic stability. We found that 

overexpression of IL-13 in the lungs of CC10-rtTA-IL13 transgenic mice is sufficient to induce 

genotoxicity in not only the lungs but also circulating blood cells. In a genome-wide 

translocation sequencing study, we have exposed mechanisms which promote AID -dependent 

translocation mutations occurring in stimulated B cells.  In a third study we have found that 

Mef2C is an important regulator for the repair of DNA double strand breaks occurring during 

V(D)J recombination in B cells. Finally, we found that conditional knockout of p53 in mature B 

cells induces clonal but non-recurrent translocations. Our findings highlight the influence of 

these genes on genomic stability and the risk of developing oncogenic malignancies.  
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Chapter 1 Introduction to DNA damage and repair 
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Introduction 

The genetic instructions encoded within DNA direct virtually all biological processes. When a 

DNA molecule is altered, the resulting damage or mutation may lead to oncogenic 

transformation [1]. The integrity of DNA is therefore critical for healthy cellular maintenance. 

Cells have to maintain replication fidelity in large part by repairing the DNA damage caused by 

exogenous and endogenous insults. The DNA response and repair pathways possess the critical 

role of protecting the cell from injury and deleterious genetic mutations [2]. Nevertheless, these 

pathways are not flawless [3]. Increased levels of genotoxic abuse will inevitably result in higher 

levels of mutation and consequently an increased risk of developing cancers [1]. 

Endogenous and exogenous DNA damaging agents will determine the type of DNA lesion and 

accordingly the method of DNA repair [4][5]. DNA double-strand breaks are caused largely by 

exogenous sources like ionizing radiation and chemotherapeutic drugs [6]. However 

programmed cellular events such as recombination constitute an endogenous source of double 

strand breaks [7]. B and T lymphocytes are unique in that they recombine Variable, Diverse, and 

Joining gene segments which encode the multitudinous antibodies capable of recognizing 

virtually all of the antigens which will be presented over the lifetime of the organism [8]. This 

process requires the formation of programed double strand break and repair. Additionally, a B 

lymphocyte may undergo class switch recombination after stimulation to change its effector 

function [9]. This endogenous process also requires the induction of double strand breaks. 

Double strand breaks whether they are created by exogenous or endogenous means are repaired 

largely by non-homologous end joining which does not require a homologous template [10]. In 

the event of a double strand break, histone variant H2AX is phosphorylated on serine 139 by 
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ataxia telengiactasia mutated (ATM) forming gamma-H2AX [11]. The phosphorylated histone 

allows DNA to become relaxed at the site of the break creating space for other non-homologous 

end joining repair proteins [12][13]. Gamma-H2AX is used as a biomarker for double strand 

breaks since gamma-H2AX foci form quickly and in a 1:1 manner [14]. Ku70/80 heterodimer 

forms a complex with DNA-PKcs binding to double strand breaks assisting in end bridging and 

forming a docking site for other non-homologous end joining factors. During the ligation step, 

DNA ligase IV and its cofactor XRCC4 carry out the ligation of the two ends [15][33] (Figure1). 

Figure 1 

During VDJ recombination, RAG nuclease proteins cleave DNA at recombination signal 

sequences to create DSBs with hairpin caps which are then opened by Artemis. The two broken 

ends are then joined by non-homologous end joining factors [16]. During class switch 
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recombination, heavy chain constant regions are exchanged to alter B-cell effector function. 

Activation-induced cytidine deaminase (AID) targets switch regions upstream of one of the 

immunoglobulin heavy chain genes and causes deamination of cytidine residues to uridine [9]. 

The nucleotide mismatches signal excision promoting double strand breaks. The breaks are again 

fused using non-homologous end joining factors resulting in a substituted immunoglobulin heavy 

chain gene [17]. 

Oxidative stress encompasses a major source of DNA damage. Oxidative damage in the cell is 

caused by an increase in reactive oxygen species relative to endogenous antioxidant defense 

mechanisms [18]. Reactive oxygen species derive from both exogenous and endogenous sources.  

Ionizing radiation, x-rays, cigarette smoke, and environmental pollutants are examples of 

exogenous sources of oxidative damage [19], but most reactive oxygen species are derived from 

endogenous sources as by-products of metabolic reactions [20]. Superoxide radicals are 

produced in roughly 2% of oxidative phosphorylation reactions where oxygen molecules are not 

completely reduced to produce water (O2 + e
−
 → 

•
O2

−
). The superoxide molecules are 

themselves reactive, but can be further converted into other oxidizing agents like hydrogen 

peroxide (2 H
+
 + 

•
O−2 + 

•
O−2 → H2O2 + O2), and hydroxyl radicals (H2O2 → HO

•
 + 

•
OH) [21]. 

Exogenous oxidizing agents also activate endogenous pathways which augment reactive oxygen 

species. Diesel exhaust particles, for example, activate mitogen activated protein kinase and 

nuclear factor kappa-light-chain-enhancer pathway cascades which activate inflammatory cells 

and rapidly upregulate inflammatory cytokines. Activated neutrophils, eosinophils and 

macrophages generate reactive oxygen species through one electron transfer to oxygen via 

membrane-bound nicotinamide adenine dinucleotide phosphate oxidases [18]. In this way, 

exogenous reactive species can induce activation of endogenous reactive species that contribute a 
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major source of these harmful compounds. When guanine nucleotides are oxidized at the 8
th

 

carbon position, 8-oxoguanine adducts are formed. 8-oxoguanine is a frequently occurring DNA 

lesion as guanine is the base which is most prone to oxidation [23]. Oxidative stress can be 

measured using 8-oxoguaning levels as a biomarker [24]. These sites are mended by base 

excision repair [22]. During base excision repair, 8-oxoguanine DNA glycosylase removes the 8-

oxoguanine adduct and also acts as an abasic apurinic/apyrimidinic endonuclease cleaving at the 

5’ terminal. The gap is repaired with the incorporation of a single nucleotide or in the case of an 

oxidized 5’-sugar phosphate, long patch repair proceeds with the inclusion of 2-8 nucleotides 

[25].  

DNA is constantly exposed to a barrage of insults which range in type and source. The repair 

processes initiated by these attacks are not entirely efficient and increased exposure to harmful 

sources will overload the repair mechanisms and increase baseline DNA damage. Furthermore, 

inherited mutation of genes involved in DNA response and repair pathways may further 

exacerbate problems associated with elevated DNA damage due to inadequate repair. Increased 

replication errors and increased levels of error prone repair eventually bring about oncogenic 

mutations [26][27]. Mutations activating oncogenes or inactivating tumor suppressor genes, for 

example, provide a selective advantage for the cell and increase its susceptibility to oncogenic 

transformation [28]. Mutations in the p53 tumor suppressor gene leading to loss of function of 

the p53 protein are implicated in most human cancers [29]. P53’s protective effect consists of 

activating DNA repair proteins, arresting the cell cycle at G1/S during DNA damaging events, 

and activation of apoptosis. Due to its multifunctional role, loss of wild-type function of p53 

often leads to oncogenesis [30][31][32]. Chromosomal translocations represent another 

especially harmful class of mutation. Translocations occur when double strand DNA breaks 
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rearrange to non-homologous chromosomes through non-homologous recombination [33]. 

Translocations involving oncogenes are implicated in many cancers such as Burkitt’s lymphoma 

where the c-myc oncogene on chromosome 8 is fused to the immunoglobulin heavy chain locus 

on chromosome 14 [34].  

In the following chapters I have included 4 studies in which we characterize the levels of DNA 

damage in lymphocyte mediated pathogeneses. In each of these studies, we demonstrate the type 

and extent of DNA damage or mutagenesis occurring in each experimental condition as well as 

provide insight into the process by which the damage occurs. With regard to asthma, a 

multifactorial lymphocytic disease, we have found that IL-13 overexpression in the lungs of 

CC10-rtTA-IL13 transgenic mice (a well-characterized model of asthma) can initiate systemic 

genotoxicity. In a genome-wide translocation sequencing study, we have elucidated mechanisms 

which promote translocations, including AID-dependent translocations, which transpire in 

stimulated B cells. In another study we’ve characterized the role of Mef2C, one of the AID-

dependent gene translocation hotspots found in the previous study, in the regulation of B cell 

homeostasis through its involvement with DNA double strand break repair. In the final study, we 

describe B cell tumors which develop after conditional knockout of the TP53 tumor suppressor 

gene in mature B cells.  

Asthma is a common immune mediated disease initiated by genetic and environmental factors 

[35]. Preferential differentiation toward type 2 helper T cells over type 1 is a characteristic of the 

disease [36]. Cytokine IL-13 is a central immune regulator released by type 2 helper T cells. 

Many studies have shown that overexpression of IL13 in mouse lungs is both necessary and 

sufficient to induce the airway remodeling indicative of asthma [37][38][39]. Hence, CC10-
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rtTA-IL13 transgenic mice which conditionally overexpress IL-13 in the lungs in the presence of 

doxycycline are a well-characterized model of asthma [40]. The multifaceted influence from 

both the environment and genetics obscure the discrete role of IL-13 in asthma. In the study 

included in chapter 1, we used CC10-rtTA-IL13 mice to characterize the systemic and genetic 

damage initiated by IL-13. We found that in addition to eliciting the hallmark histological 

features of asthma, IL-13 overexpression in the lungs was sufficient to elicit oxidative DNA 

damage, single and double strand DNA breaks, and micronucleus formation in the peripheral 

blood of these transgenic mice. These results have significance regarding the severity of asthma 

and may indicate an increased risk of other diseases associated with increased and prolonged 

DNA damage in circulating leukocytes and erythrocytes. 

The study included in chapter 2 provides insight into mechanisms which promote the generation 

of chromosomal translocations. In this study we generated DNA double strand breaks in vivo by 

infecting with I-SceI expressing retrovirus, isolated B cells of mice containing I-SceI 

meganuclease recognition sites inserted into the c-myc oncogene or the IgH locus. We then used 

a high-throughput PCR method to detect and sequence thousands of spontaneously generated 

translocations entailing these targeted DNA double strand breaks following activation of these 

isolated B cells. Translocations involving these break sites occurred broadly across all 

chromosomes with partiality towards proximal and transcribed regions. Comparing results from 

wildtype versus AID deficient mice under this setup, we also found AID-dependent translocation 

hotspots. MEF2C was among the genes belonging to these hotspots, and is the focus of chapter 

3. 
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In the third study, we determine the role of MEF2C on DNA repair in B cell progenitors. Using 

MEF2C deficient adult mouse hematopoietic cells, we found that MEF2C augments expression 

of DNA repair factors in B cell progenitors. Accordingly MEF2C plays a role in promoting 

successful V(D)J recombination. MEF2C deficient cells also displayed diminished recuperation 

after sub-lethal irradiation, further signifying its role in the DNA repair process. 

In the final study we determined the effects of inactivation of the p53 tumor suppressor gene in 

mature B cells of mice using the Cre/Lox method. Mice in this study developed clonal B-cell 

lymphomas derived from naïve B cells which did not experience class switch recombination. 

Translocation analysis of these clonal tumors showed that the tumors were not recurrent and did 

not involve immunoglobulin loci. In this study, we found that p53 deletion was adequate to 

induce oncogenic transformation of mature B cells. 
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Abstract 

Asthma is a common heterogeneous disease with both genetic and environmental factors that 

affects millions of individuals worldwide. Activated type 2 helper T cells secrete a panel of 

cytokines, including IL-13, a central immune regulator of many of the hallmark type 2 disease 

characteristics found in asthma. IL-13 has been directly implicated as a potent stimulator of 

asthma induced airway remodeling. Although IL-13 is known to play a major role in the 

development and persistence of asthma, the complex combination of environmental and genetic 

origin of the disease obfuscate the solitary role of IL-13 in the disease. We therefore, used a 

genetically modified mouse model which conditionally overexpresses IL-13 in the lungs to study 

the independent role of IL-13 in the progression of asthma. Our results demonstrate IL-13 is 

associated with a systemic induction of genotoxic parameters such as oxidative DNA damage, 

single and double DNA strand breaks, micronucleus formation, and protein nitration. 

Furthermore we show that inflammation induced genotoxicity found in asthma extends beyond 

the primary site of the lung to circulating leukocytes and erythroblasts in the bone 

marrow eliciting systemic effects driven by IL-13 over-expression. 

Keywords: IL-13, asthma, genotoxicity 

Introduction 

Asthma affects over 150 million individuals and is clinically diagnosed by a barrage of 

symptoms which include wheezing, coughing, and shortness of breath [1][2]. Asthma can be 

subcategorized into two classes: allergic, and non-allergic asthma which constitute roughly 70% 

and 30% of cases respectively. Although there are almost no observable differences in the types 

of physiological changes that occur between the two subcategories, non-allergic asthmatics incur 
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more severe and more frequent symptoms [3]. Airways of asthmatic individuals are 

distinguished through structural modifications, collectively called airway remodeling that 

includes bronchiolar inflammation, epithelial sloughing, goblet cell metaplasia, multiplied mucus 

glands, thickening of the lamina reticularis, increased airway smooth muscle mass, angiogenesis, 

and alterations in the extracellular matrix components [4][5]. Additionally, B lymphocytes, T 

lymphocytes, eosinophils, neutrophils, and macrophages also migrate to the airways, triggering 

the release of immunoglobulin E, leukotrienes, prostaglandins, histamines, and other chemical 

mediators leading to airway inflammation [6][7]. 

In asthmatic individuals, T cells differentiate preferentially towards type 2 helper T cells (Th2) 

[8]. Th2 cells are thought to induce asthma through the secretion of many cytokines that activate 

inflammatory pathways both directly and indirectly [9]. Notably, Th2 cells secrete IL-13 which 

triggers STAT6 activation through activation of surface receptors present on eosinophils, mast 

cells, B lymphocytes, fibroblasts, and airway smooth muscle cells [10][11][12][13][14]. This 

activation leads to IgE synthesis, mucus hypersecretion, airway hyperreactivity, and tissue 

fibrosis [15]. Overexpression of IL-13 is necessary and sufficient to induce non-allergic asthma 

[10][15][16]. 

Our lab previously published that intestinal mucosal inflammation leads to systemic genotoxicity 

in mice [17].In this study we sought to determine if IL-13 induced asthma might also lead to 

systemic genotoxicity in mice. We used a genetically modified mouse model originally 

developed by the Elias lab [18], which allow for tetracycline activated conditional over-

expression of IL-13 in the Clara Cells of the lungs. We then collected peripheral blood from 

these asthmatic mice and performed genotoxic assays throughout the progression of the disease. 
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Methods 

Transgenic Mice 

The CC10-rtTA-IL13 transgenic (TG) mouse is a well-characterized model of asthma [19]. Clara 

cell 10-kDa (CC10) gene promoter is used for conditionally expression of IL13 in the mouse 

lung inducible by doxycycline. CC10-rtTA-IL13 transgenic (TG) mice were generated in Dr. 

Talal Chatila lab David Geffen School of Medicine University of California Los Angeles, USA. 

Mice were housed and bred in an institutional specific pathogen free animal facility under 

standard conditions with a 12 hr light/dark cycle and fed a standard diet according to Animal 

Research Committee regulations at the University of California, Los Angeles. 

Doxycycline Treatment 

10 TG mice and 9 WT littermate control mice were maintained on normal water until one month 

of age. After one month of age doxycycline was administered to the drinking water 2 g/L in 4% 

sucrose and kept in aluminum foil covered bottles to prevent light-induced degradation of 

doxycycline for a 3 week time period. The IL13 transgene exhibits baseline leakiness in the 

absence of doxycycline allowing transgenic mice to exhibit minor elevation of IL13 expression 

and minor allergic airway inflammation [20]. For this reasoning non-treated transgenic mice 

were not used as controls in our experiments. After the 3 week exposure to doxycycline all mice 

were euthanized and pathological assessments were conducted on the lungs. 

Blood Collection 

Peripheral blood was collected by facial vein puncture using 5 mm sterile lancets (Medipoint Inc. 

Mineola, NY) from experimental mice on specified days throughout the duration of treatment 
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and on sacrifice day via terminal right ventricle cardiac puncture using a heparin-coated syringe 

(American Pharmaceutical Partners, Inc. Schaumburg, IL). Blood from each mouse was 

collected into EDTA-coated tubes (Sarstedt Aktiengesellschaft & Co., Numbrecht.) 

Immunofluorescence 

50ul of whole peripheral blood was put into erythrocyte lysis buffer, cells were laid over poly -

D-lysine-coated coverslips and fixed with 4% paraformaldehyde (Electron Microscopy Sciences) 

at room temperature as described previously [21]. Subsequently, cells were permeabilized with 

0.5% Triton X-100 (Sigma), followed by 5 rinses in PBS. Blocking was done in aluminum-

covered plates overnight at 4°C in 10% FBS. Coverslips were then incubated for 1 hour at room 

temperature with mouse anti-phospho-Histone H2A.X (Upstate, Temecula, CA) at a dilution of 

1:400, or Mouse anti-8-oxoguanine clone 483.15 (Upstate, Temecula, CA) at 1:250 respectively. 

Coverslips were then rinsed with 0.1% Triton X-100. Following a second 10% FBS blocking, 

cells were stained with FITC-conjugated anti-mouse IgG (Jackson ImmunoResearch, West 

Grove, PA) at a dilution of 1:150 for samples with γH2AX primary and (1:200) for samples with 

8-oxoguanine primary, respectively for 1 hour at room temperature. Coverslips were mounted 

onto slides using VECTASHIELD with DAPI (Vector Laboratories, Burlingame, CA). For both 

8-oxoguanine and γH2AX assay analysis were done on a Zeiss automated microscope. At least 

100 cells were counted per sample and cells with more than four distinct foci in the nucleus were 

considered positive for γH2AX [17] and cells that exhibited elevated fluorescent intensity 

compared to background were considered positive for 8-oxoguanine respectively. Apoptotic 

cells, which have an approximate 10-fold increase in nuclear foci in damaged cells, were not 

included in analyses [17][22]. Statistical analyses were done using Poisson distribution 8-
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oxoguanine (STATA statistical analysis software) for γH2AX and using ANOVA and Tukey's 

post hoc test for 8-oxoguanine analysis (GraphPad Prism). 

Micronucleus assay 

3μl of whole blood were spread on a microscope slide and stained with Wright-Giemsa solution 

(Sigma-Aldrich, St. Louis, MO). At least 4000 erythrocytes were counted according to published 

recommendations [23]. MN were counted and scored with an Olympus Ax70 (Tokyo, Japan) at 

100X magnification. Statistical analysis was done using repeated measures ANOVA followed by 

Tukey's post-tests (GraphPad Prism). 

DNA single strand breaks 

Oxidative DNA damage and DNA strand breaks were measured in peripheral blood cells using 

the alkaline comet assay. Peripheral blood was collected before doxycycline administration (day 

0), and on days 3, 6, 9, 12, 15, 18 and 21 days of doxycycline treatment. Blood was diluted 1:1 

with RPMI + 20% DMSO, slowly frozen and stored at -80°C until the assay was performed. The 

comet assay was done as described previously [24]. Briefly, cells were mixed with low melting-

point agarose, and placed in triplicate onto normal agarose layed over gelbond (Lonza Inc. 

Rockland, ME). The gel was immersed in lysis buffer (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 

1% Triton, and 10% DMSO), then alkaline electrophoresis buffer (0.3 M NaOH, 1 mM EDTA). 

After 20 minutes in the electrophoresis buffer at 4°C, the gel was run for 45 minutes at 300 mA, 

allowed to dry and then stained with SYBR Gold (Molecular Probes). Comet tail-moments were 

analyzed using CASP (Comet Assay Software Project,http://casp.sourceforge.net/). To measure 

oxidative DNA damage, the comet assay was modified to include an incubation step with 

hOGG1 (New England Biolabs, Ipswich, MA). As described previously, embedded cells were 

http://casp.sourceforge.net/
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incubated with hOGG1 (1:300 in NEBuffer1 and BSA) at 37°C for 30 minutes following the 

lysis step [25]. Tail-moments were normalized to a control to account for inter-experimental 

variability. Statistical analyses were done using ANOVA (GraphPad Prism). 

ELISA analysis 

Serum was separated from blood by centrifugation on all mice immediately before doxycycline 

administration (Day0) and on days 3, 5,7,10,13,16,18, and 21. After collection serum samples 

were aliquoted into micro-centrifuge tubes and kept at -20°C until analysis. Sandwich ELISAs 

were conducted on samples that were diluted 1:10. Analysis of total Mouse IgE was done 

according to manufacturer's instructions (BD biosciences). Each sample was done in triplicate 

and analyzed using the relative standard curve method optical density vs. concentration. 

Statistical analysis was done using linear mixed model with repeated measurements nested 

within each mouse. (STATA statistical analysis software) 

Gene expression analysis  

Lungs from WT and IL-13 mice at the end of the 3-week doxycycline exposure mice were 

perfused and lavaged before immersion into RNAlater (Qiagen). Lungs were kept at 4°C for 24 

hours then transferred to -80°C until RNA was isolated using the RNeasy Mini kit according to 

manufacturer's instructions (Qiagen). cDNA was synthesized using SuperscriptIII (Invitrogen) 

according to manufacturer's recommendations. Quantitative realtime PCR was performed on an 

ABI Prism 7500 gene expression system (Applied Biosystems) using Taqman gene expression 

assays for H2AX, 8-oxoguanine, IL-13, IL-4, IL-5, CCL-11/Eotaxin, TGF-β, Tnfα, and Gapdhwas 

used as an internal control. Each reaction was done in triplicate and analyzed using the relative 

standard curve method. 
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Bronchoalveolar lavage 

The amount of lung inflammation caused by increased infiltration of immune-circulating cells 

was assessed by BAL. Briefly, mice were euthanized the trachea was isolated via blunt 

dissection and small caliber tubing was inserted and secured in the airway. A volume of 1 ml of 

1X PBS was flushed and removed 3 times successively from the lungs of WT and IL-13 mice 

until 3 mL of BAL fluid was collected. BAL fluid was centrifuged at 1600 rpm at 4°C for 10 

minutes. After centrifugation cells were re-suspended in 200ul of 1X PBS. A 1:1 ratio of cells to 

trypan blue was put into a hemocytometer and the number of viable cells was counted. After cell 

viability was assessed 200 ul of remaining cells were put into cytospin and spun at 400 RPM for 

5 minutes. Slides were removed from cytospin and allowed to air dry. After drying the slides 

were stained using (Thermo Kwik Diff staining kit) using manufactures staining 

recommendation. Slides were allowed to air dry overnight and were mounted with paramount 

and a coverslip and allowed to dry. Finally at least 200 cells were differentiated by light 

microscopy based on conventional morphological criteria for each animal. 

Immunohistochemistry 

γH2A.X, 8-Hydroxyguanosine, and Nitrotyrosine stains were done on lung tissue of (WT) and 

IL-13 mice. The slides were placed in xylene to remove paraffin, then a series of ethanol washes. 

After a wash in tap water, the slides were incubated in 3% Hydrogen peroxide / methanol 

solution for 10 minutes. The slides were then washed in distilled water, and incubated for 25 

minutes in Citrate Buffer pH6 (Invitrogen Corporation) at 95 degrees Celsius using a vegetable 

steamer. Next, the slides were brought to room temperature, rinsed with PBST (Phosphate 

Buffered Saline containing 0.05% Tween-20), then incubated at room temperature for 1 hour 
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with Anti-gamma H2A.X (phosphor S139) antibody (Abcam, ab22551), 2 hours with anti-8-

Hydroxyguanosine antibody (Abcam, ab48508), or for 45 minutes with Nitrotyrosine (Millipore, 

06-284) at the dilutions of 1: 50 for γH2A.X, and 8-Hydroxyguanosine antibodies and at1:200 

for the Nitrotyrosine antibody, respectively. The slides were then rinsed with PBST, and were 

incubated with Dako EnVision+ System –HRP Labelled Polymer Anti-Mouse (Dako, K4001) at 

room temperature for 30 minutes. Subsequently after a rinse with PBST, the slides were 

incubated with DAB (3,3′-Diaminobenzidine) for visualization. Finally, the slides were washed 

in tap water, counterstained with Harris' Hematoxylin, dehydrated in ethanol, and mounted with 

media. 

Results 

Serum IgE levels are induced in IL-13 Mice. Increased level of IgE is a major factor in the 

etiology of asthma and is found abundantly in the serum of both human and murine models of 

asthma [26][27][28]. Therefore we assessed the levels of IgE in our transgenic IL-13 over-

expression model. We observed that the levels of IgE were higher in the transgenic mice 12 days 

after IL-13 over-expression and were consistently higher throughout the experiment until 

terminal day 21 (Figure 1). Although IL-13 mice exhibited higher IgE levels this induction was 

only significant at day 21 at **,p<0.007 IL-13 Mice exhibit increased inflammation of the lung. 

To understand the role IL-13 induced lung inflammation plays in the genotoxicity and 

progression of asthma we compared the lungs of WT and IL-13 animals. In (Fig.2A and 2C) WT 

animals exhibit no increase of inflammation. In contrast IL-13 mice (Fig. 2B and 2D) exhibit 

significant inflammation of the lung characterized in the airways bronchiolar lumen. IL-13 mice 

showed increased inflammatory cells migration in the bronchiolar epithelium, marked 
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hyperplasia, goblet cell metaplasia, and eosinophilic intracytoplasmic inclusion bodies present in 

clara cells. Thus IL-13 increases inflammation via recruitment of inflammatory cells migrating 

into airway spaces. 

 

IL-13 mice exhibit increased immune cell infiltration in BAL fluid. To delineate what immune 

cells may be implicated in the persistent inflammatory and genotoxic response present in the 

asthma mouse model we determined the cellular composition of the BAL fluid in both the WT 

and IL-13 mice. IL-13 animals had a near 5-fold increase in eosinophil presence in BAL fluid 

compared to WT animals at p<0.04 (Fig. 3). IL-13 mice also exhibited significantly more 

circulation of neutrophils in the BAL fluid at ***, p<0.0004 compared to WT littermates. IL-13 

mice also exhibited an increase induction of lymphocytes although this observation was not 

significantly different from WT animals. 

IL-13 mice exhibit persistent inflammation induced immune response. To elucidate the role IL-

13 plays in up-regulation of inflammation in the lung we assessed key mediators of asthma Fig. 

4A-4C, inflammatory disease Fig. 4D-F, and genotoxicity Fig. 4G via quantitative real-time 

PCR. As a measurement of further efficacy of our tissue specific asthma model we measured IL-

13 levels in the lungs of both groups of experimental mice. The asthma mouse model exhibited 

an expected significant increased gene expression of IL-13 at **, p<0.001 compared to WT 

animals. IL-4, TNF-α, IL-5 were significantly up-regulated in IL-13 mice at *,p<0.01 compared 

to WT animals. IL-13 mice also displayed a marked increase of TGF-β at **,p<0.001 compared 

to WT mice. Cc11 transcript levels in IL-13 mice were slightly higher but did not show a 
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significant increase compared to WT mice. These data are indicative of a chronically activated 

innate immune response present in IL-13 mice compared to WT mice. 

IL-13 Mice have increased staining of markers of genotoxicity in lung tissue. To further assess 

asthma induced genotoxicity, the lungs of WT and IL-13 mice were stained with γH2AX, anti-8- 

Hydroxyguanosine, and Nitrotyrosine antibodies. IL-13 mice exhibited increased staining with 

markers of genotoxicity in the lungs in comparison to WT animals (Fig. 5). 

 

IL-13 Mice show systemically elevated reactive oxygen species induced genotoxicity and double 

strand breaks in peripheral blood. Because IL-13 is a major mediator of allergic asthma and 

induces higher levels of inflammation in asthmatic mice [29], we hypothesized that inflammation 

induced systemic DNA damage would be more prevalent in IL-13 compared to wild type (WT) 

mice. Increase of asthma induced genotoxicity was assessed in peripheral white blood cells as a 

systemic measurement of DNA damage. 8-oxoguanine is a mutagenic lesion caused by the 

interaction of a reactive oxygen species to DNA that causes G:C to T:A transversion mutations 

during replication [30]. Percent positive 8-oxoguanine staining in peripheral white blood cells 

was assessed using fluorescent microscopy. Blood was taken on day 0 as an assessment of 

baseline levels of 8-oxoguanine induction between both WT and IL-13 groups. After 6 days of 

doxycycline presence in drinking water IL-13 mice exhibited a slight increase of 8-oxoguanine 

immuno-staining compared to wild type mice this induction persisted and became statistically 

significant at **,p<0.001 at day 15 and remained elevated throughout the 21 day exposure to 

doxycycline (Fig. 6A). As a measure of the amount of genotoxicity caused by an accumulation 

of DNA double strand breaks the γH2AX assay was assessed in the WT and IL-13 animals. 
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H2AX is a member of the histone H2A protein family and becomes rapidly phosphorylated in 

presence of a DNA damaging event [31]. This rapid phosphorylation causes recruitment of DNA 

repair proteins to the site of the break and is detectable by specific antibodies to γH2AX. In Fig. 

6B we assessed the amount of double strand breaks present in the WT and IL-13 animals. 

Transgenic animals exhibited an increase in the amount of double strand breaks occurring at 

every time point after over-expression. This induction of γH2AX was significant on day 9 at **, 

p<0.002, at day 12 at *, p<0.02, and at day 18 day at **,p<0.001 respectively. A nearly 

significant induction of γH2AX at P=0.064 on day 21 was also observed in the IL-13 mice 

I IL-13 mice have systemic single strand breaks and persistent systemic genotoxicity that induces 

comet and micronucleus formation in peripheral blood leukocytes respectively. The in vivo 

micronucleus assay was conducted in mature normochromatic erythrocytes circulating in the 

peripheral blood to determine chromosomal damage. Micronuclei in erythrocytes/erythroblasts 

from the peripheral blood or bone marrow have been induced in the presence of chromosome 

breaks, spindle abnormalities, or structurally abnormal chromosomes [23][30]. Mature 

micronucleated normochromatic erythrocytes represent the final developmental stage of 

erythroblasts containing micronuclei stemming in the bone marrow, and permit the simultaneous 

study of the generation and elimination of micronucleated erythrocytes [30][32]. Blood was 

taken on day 0 as an assessment of baseline levels of 8-oxoguanine induction between both WT 

and IL-13 groups. After 6 days of doxycycline presence in drinking water IL-13 mice exhibited a 

significant increase of micronuclei formation in peripheral blood compared to WT animals at *, 

p<0.05. This statistically significant induction at *, p<0.05 of micronuclei persisted until 

terminal date Day 21 (Fig. 7A). 
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The alkaline comet assay is a gel electrophoresis assay that allows the detection of single and 

double strand breaks, and alkali labile sites at the single cell level [17]. Asthma is an 

inflammatory disease that produces large amounts of reactive oxygen species (ROS) [32][33]. 

Interaction of ROS with DNA may result in mutagenic oxidative base modifications such as 8-

hydroxydeoxyguanosine (8-oxo-dGuo) and induce DNA strand breaks [32]. Transgenic animals 

exhibited an increase in the amount of single strand breaks occurring after 6 days of IL-13 over-

expression compared to all other groups where no increase was observed. This induction of 

strand breaks was significant for indicated groups at *, p<0.05. (Fig.7B) 

Discussion 

Asthma is a chronic obstructive lung disease characterized by chronic inflammation of the 

airways and recurrent bronchospasms ranging from mild to debilitating [34]. It is well 

established that Interleukin-13 serves as a major mediator of the asthmatic process [16]. This 

study is the first to assess IL-13 role in genotoxicity concomitantly with the inflammatory 

asthmatic process. Our study also demonstrates for the first time that this genotoxicity extends 

beyond the primary site of the lung to circulating leukocytes and erythroblasts in the bone 

marrow eliciting systemic effect in peripheral blood driven by IL-13 overexpression. 

IL-13 mice exhibited an asthmatic phenotype consistent with previous data. We found a 

significant increase in IgE. IL-13 mice had sub-epithelial eosinophilic infiltration, 

peribronchiolar, and perivascular lymphoid infiltration, free floating eosinophilic crystals, many 

surrounded by aggregates of macrophages, giant cells and neutrophil PMNs [4][16][35]. IL-13 

mice showed a significant influx of eosinophils, a cellular hallmark of asthma [36], a significant 

increase in neutrophils, and non-significant increase of lymphocytes in the bronchoalveolar 
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lavage fluid. Transgenic mice had increased gene expression of IL-13, IL-4, IL-5,TNFα, Tgfβ, 

γH2AX, and Ccl11 produced in the lungs [37][29][38][39]. There was a significant increase in 

γH2AX levels in the lungs of the IL-13 mice and an induced yet non-significant increase in 8-

oxoguanine. In IL-13 mice, we detected a significant increase of single and double strand breaks 

in the peripheral blood and lung, a significant induction of micronucleus formation in the 

normochromatic erythrocytes present in the peripheral blood leukocytes, as well as increased 

staining of markers of genotoxicity in the lung [30]. 

We utilized the well characterized inducible over-expression CC10-rtTA-IL13 transgenic (TG) 

mouse to elucidate the effect interleukin-13 may have in the genotoxicity of asthma. Recent 

work has shown that IL-13 signaling is mediated by the type-2 IL-4 receptor, which consists of 

the IL-4R alpha and IL-13R alpha 1 chains [15][40], yet IL-13 alone is necessary and sufficient 

to render the major pathophysiological effects of asthma [16]. IL-4 along with IL-13 is a key 

mediator of inflammation, has an overlapping biological function as IL-13, yet has a distinct role 

in asthma progression [15]. IL-4 is best known for its role for defining the Th2 phenotype of 

lymphocytes in asthma, but also exacerbating the asthmatic phenotype by increasing airway 

hyperresponsiveness, eosinophil recruitment, and mucus over-production [16][35]. We next 

investigated mRNA levels of CCL-11/eotaxin. There was not a significant increase in CCL-

11/eotaxin transcript present in the lung mRNA, however, we did observe a significant increase 

in IL-5 lung mRNA transcript. A possible explanation to the induced yet nonsignificant increase 

in CCL11/eotaxin transcript may be found in the work of Humbles et. al.[40]. These data 

suggest, in corroboration with Conroy, et. al. [36] that migrating eosinophils in the 

bronchoalveolar lavage fluid may stimulate release of IL-5, but not CCL11/eotaxin. 
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With regards to the genotoxicity of IL-13 induced asthma we discovered an increase in the 

amount of γH2AX and 8-oxoguanine in the blood and lungs of these mice. Phosphorylation of 

histone H2A to form γH2AX in the presence of a DNA damaging event is used as a biomarker of 

cellular response to DSBs and has a potential for monitoring DNA damage and repair in human 

and mice [41][42]. 8-oxo-7,8- dihydroguanine (8oxoG) is an abundant ROS induced lesion that 

when accumulated has been associated with numerous diseases, including cancer [17][43][44]. 

We did observe a slight increase of 8oxoG in the WT animals which most likely can be 

attributed to the repeated blood draws that caused a moderate increase in the production of stress 

related ROS- induced DNA damage similarly found in Westbrook, et. al [45]. As a measure of 

ongoing DNA damage Westbrook, et. al [17] show that an accumulation of double-strand breaks 

can lead to chromosome breaks and micronucleus formation. 

Perturbations to erythroblasts in the bone marrow may be a humoral effect of inflammation-

associated DNA damage, as with the peripheral leukocytes. We suggest that increased 

inflammation in our experimental mice causes a significant induction of migratory cells that 

preferentially release pro-inflammatory cytokines at sites of inflammation. This re-circulating 

pool of activated cells may recruit more effector cells, which come into contact with 

erythroblasts in the bone marrow causing the observed clastogenicity. 

To evaluate the inflammatory cell composition we determined the differential cell percentages. 

The increased prevalence of neutrophils over that of eosinophils in the bronchoalveolar lavage 

fluid may depict the presence of a more chronic asthmatic phenotype, an idea supported 

by Kamath et. al [46]. Moreover this significant influx of both neutrophils and eosinophils may 

help generate the enhanced systemic genotoxic response found in the blood. This observation of 
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an induction of γH2AX mRNA levels further confirms increased genotoxicity in IL-13 mice and 

correlates with our hypothesis of systemic genotoxicity. 

In conclusion, we propose that the key asthmatic mediator interleukin-13, increases important 

elements of the inflammatory response including ROS derived oxidative stress causing an 

induction in genotoxicity that has wide reaching systemic genotoxic effects, such as oxidative 

DNA damage, single and double DNA strand breaks, micronucleus formation, and protein 

nitration in the peripheral blood. Two potential explanations for the local inflammation and 

systemic genotoxicity are described by Westbrook, et. al [17]. In the first model, innate immune 

cells activated by inflammation release reactive species that damage circulating leukocytes in the 

periphery. In the second model, inflammatory cytokines are responsible for systemic 

genotoxicity through cytokine receptor mediated production of free radicals that damage distant 

leukocytes. These models are not mutually exclusive, making the second model more likely as it 

has been shown that injection of cytokines causes systemic genotoxicity in mice [45]. We further 

suggest increased immune cell infiltration and inflammation byproducts as a possible culprit to 

this genotoxic induction. The induction of systemic strand breaks which are prevalent in many 

types of cancer were found to be significantly increased in our IL-13 induced asthma model. 

Recent studies also point to the fact that asthmatic patients have higher cancer risk [47][48][20]. 

Previous studies in human asthmatics also identified increased strand breaks produced during the 

direct interaction of ROS with DNA or during the repair process of damaged DNA [32][49]. In 

summary, asthma is associated with systemic genotoxicity through single and double DNA 

strand breaks, oxidative DNA damage, protein nitration, and micronucleus formation. This study 

further implicates IL-13 as a potential therapeutic target for other pulmonary diseases involving 
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carcinogenesis. In addition, systemic genotoxicity might be a convenient blood marker for the 

extent and severity of asthma. 

 

 

 

Figure 1 

IgE concentration assessed via sandwhich ELISA. **indicates p<, 0.007 n= 5 in both IL-13 and 

WT animals. Assay was performed with triplicate blood samples from each WT (n=5) and Il-13 

(n=5) mouse. (color) 



30 

 

 

Figure 2 

IL-13 over-expression induces lung inflammation in asthmatic mice Representative lung 

histology Hematoxylin & Eosin (H&E) staining at indicated magnifications. (A) 10x image of 

Wild type (WT) lung and Interleukin 13 over expressed mice (B), both at one month old. Arrows 

in(B) 10x image indicate formation of granuloma metafoci surrounding eosinophilic crystals. 

40x image of WT (C) and (D) 40x image of IL-13 mice. Arrows in (D) indicate eosinophil 

migration, goblet cell metaplasia, and eosinophilic crystal formation in bronchial lumen. n=9 for 

WT and n=10 for IL-13 mice. (color) 
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Figure 3 

Inflammatory cell composition of bronchial alveolar lavage fluid (BALF) 

Differential cell analysis were determined by light microscopic evaluation n=9 for WT, and n=10 

for IL-13 animals,* indicates p<0.05,*** indicates p<0.0004 respectively analysis were 

conducted using two tailed Student's unpaired T-test with Mann-Whitney determination. 
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Figure 4 

Assessment of cytokine panel in lung mRNA measured by quantitative real-time PCR 

Mean expression divided by Gapdh, the internal control gene. * indicates p<0.01, ** indicates 

p<0.001, analysis were conducted using two tailed Student's unpaired T-test. n=9 for WT 

animals and n=10 for IL-13 animals. 
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Fig. 5 

Staining of markers of genotoxicity and oxidative protein damage in lung tissue as 

measured by immunohistochemistry 

Markers of double strand breaks (A-J), reactive oxygen species (B-K), and inflammation (C-L) 

induced genotoxicity were stained in WT and IL-13 mice. Lung tissue in IL-13 mice (G-L) 
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exhibited increased staining in all genotoxic parameters in comparison to WT mice (A-F). n=9 

for WT animals and n=10 for IL-13 animals. (color) 

 

Fig. 6 

Persistent genotoxicity measured via inflammation induced 8-oxoguanine and double 

strand breaks measured via γH2AX in peripheral blood 

A.) Percent positive cells for 8-oxoguanine induction in white blood cells. Presence of 8-

oxoguanine was confirmed by immunofluorescence. Positive cells stain brightly green compared 

to no immunofluorescent staining for negative cells. White bars indicate Wild type (WT) animals 

and black bars indicate IL-13 animals. Data represent mean ± SEM. Statistical analyses were 

done using ANOVA testing and Tukey's post hoc analysis. n=5 in all groups. ** indicates 

p<0.001.B Assessment of double strand breaks measured via γH2AX assay, were counted per 
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cell using fluorescent microscopy before doxycycline administration at Day 0 and after 

doxycycline administration at days 3,9,12,16,18 and day 21 using a linear mixed model to 

determine genotoxic accumulation over time. * indicates p<0.02, ** indicates p<0.002 n=5 for 

WT and IL-13 animals. (color) 

 

Fig. 7 

IL-13 over-expression induced single strand breaks and micronucleated cells in peripheral 

blood 

A.) Assessment of single strand breaks were measured via comet assay before doxycycline 

administration at Day 0 and after doxycycline administration at days 6. At least 100 olive tail 

moments were counted via fluorescent microscopy and assessed using CASP software. White 

bars indicate Wild type (WT) animals and black bars indicate IL-13 animals. Data represent 

mean ± SEM. Statistical analyses were done using ANOVA testing and Tukey's post hoc 

analysis. * indicates p<0.05 n=5 for WT and IL-13 animals. B.)Number of micronucleated cells 
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per 4000 normorchromatic erythrocytes. Presence of micronuclei were confirmed by light 

microscope at 100X. White bars indicate Wild type (WT) animals and black bars indicate IL-13 

animals. Data represent mean ± SEM. Statistical analyses were done using ANOVA testing and 

Tukey's post hoc analysis. n=9 for WT and n=10 for IL-13.* indicates p<0.05. 
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Summary 

Whereas chromosomal translocations are common pathogenetic events in cancer, mechanisms 

that promote them are poorly understood. To elucidate translocation mechanisms in mammalian 

cells, we developed high-throughput, genome-wide translocation sequencing (HTGTS). We 

employed HTGTS to identify tens of thousands of independent translocation junctions involving 

fixed I-SceI meganuclease-generated DNA double-strand breaks (DSBs) within the c-

myc oncogene or IgH locus of B lymphocytes induced for activation-induced cytidine deaminase 

(AID)-dependent IgHclass switching. DSBs translocated widely across the genome but were 

preferentially targeted to transcribed chromosomal regions. Additionally, numerous AID-

dependent and AID-independent hot spots were targeted, with the latter comprising mainly 

cryptic I-SceI targets. Comparison of translocation junctions with genome-wide nuclear run-ons 

revealed a marked association between transcription start sites and translocation targeting. The 

majority of translocation junctions were formed via end-joining with short microhomologies. 

Our findings have implications for diverse fields, including gene therapy and cancer genomics. 

 

Introduction 

Recurrent oncogenic translocations are common in hematopoietic malignancies including 

lymphomas [1] also occur frequently in solid tumors such as prostate and lung cancers [2]. DNA 

double-strand breaks (DSBs) are common intermediates of these genomic aberrations [3]. DSBs 

are generated by normal metabolic processes, by genotoxic agents including some cancer 

therapeutics, and by V(D)J and immunoglobulin (Ig) heavy (H) chain (IgH) class switch 

recombination (CSR) in lymphocytes [4]. Highly conserved pathways repair DSBs to preserve 
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genome integrity [5]. Nevertheless, repair can fail, resulting in unresolved DSBs and 

translocations. Recurrent translocations in tumors usually arise as low-frequency events that are 

selected during oncogenesis. However, other factors influence the appearance of recurrent 

translocations including chromosomal location of oncogenes [6]. Chromosomal environment 

likely affects translocation frequency by influencing mechanistic factors, including DSB 

frequency at translocation targets, factors that contribute to juxtaposition of broken loci for 

joining, and mechanisms that circumvent repair functions that promote intrachromosomal DSB 

joining [4]. 

IgH CSR is initiated by DSBs that result from transcription-targeted AID-cytidine deamination 

activity within IgH switch (S) regions that lie just 5′ of various sets of CHexons. DSBs within the 

donor Sμ region and a downstream acceptor S region are fused via end-joining to complete CSR 

and allow expression of a different antibody class [7]. Clonal translocations in human and mouse 

B cell lymphomas often involve IgH S regions and an oncogene, such as c-myc [1][8]. In this 

regard, AID-generated IgH S region DSBs directly participate in translocations to c-myc and 

other genes [9][10][11]. Through its role in somatic hypermutation (SHM) of IgH and Ig light 

(IgL) variable region exons, AID theoretically might generate lower frequency DSBs in Ig loci 

that serve as translocation intermediates [12]. In addition, AID mutates many non-Ig genes in 

activated B cells at far lower levels than Ig genes [13]; such off-target AID activity also may 

contribute to translocations of non-Ig genes [14]. Indeed, AID even has been suggested to initiate 

lesions leading to translocations in nonlymphoid cancers, including prostate cancer [15]. 

However, potential roles of AID in generating DSBs genome-wide have not been addressed. In 

this regard, other sources of translocation-initiating DSBs could include intrinsic factors, such as 
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oxidative metabolism, replication stress, and chromosome fragile sites, or extrinsic factors such 

as ionizing radiation or chemotherapeutics [4]. 

DSBs lead to damage response foci formation over 100 kb or larger flanking regions, promoting 

DSB joining and suppressing translocations [4][16]. IgH class switching in activated B cells can 

be mediated by yeast I-SceI endonuclease-generated DSBs without AID or S regions, suggesting 

general mechanisms promote efficient intrachromosomal DSB joining over at least 100 kb 

[17]. In somatic cells, classical nonhomologous end-joining (C-NHEJ) repairs many DSBs [4]. 

C-NHEJ suppresses translocations by preferentially joining DSBs intrachromosomally [18]. 

Deficiency for C-NHEJ leads to frequent translocations, demonstrating that other pathways fuse 

DSBs into translocations [4]. Correspondingly, an alternative end-joining pathway (A-EJ), that 

prefers ends with short microhomologies (MHs), supports CSR in the absence of C-NHEJ [19] 

and joins CSR DSBs to other DSBs to generate translocations [4]. Indeed, C-NHEJ suppresses 

p53-deficient lymphomas with recurrent IgH/c-myc translocations catalyzed by A-EJ [20]. 

Various evidence suggests that A-EJ may be translocation prone (e.g., [21]). 

The mammalian nucleus is occupied by nonrandomly positioned genes and chromosomes [22]. 

Fusion of DSBs to generate translocations requires physical proximity; thus, spatial disposition 

of chromosomes might impact translocation patterns [4]. Cytogenetic studies revealed that 

certain loci involved in oncogenic translocations are spatially proximal [22]. Studies of recurrent 

translocations in mouse B cell lymphomas suggested that aspects of particular chromosomal 

regions, as opposed to broader territories, might promote proximity and influence translocation 

frequency [11]. Nonrandom position of genes and chromosomes in the nucleus led to two 

general models for translocation initiation. “Contact-first” poses translocations to be restricted to 

proximally positioned chromosomal regions, whereas “breakage-first” poses that distant DSBs 
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can be juxtaposed [22]. In-depth evaluation of how chromosomal organization influences 

translocations requires a genome-wide approach. 

To elucidate translocation mechanisms, we developed approaches that identify genome-wide 

translocations arising from a specific DSB in vivo. Our studies isolate large numbers of 

translocations from primary B cells, which were activated for CSR, and provide a comprehensive 

analysis of the relationships among particular classes of DSBs, transcription, chromosome 

domains, and translocation events. 

Results 

Development of High-Throughput Genomic Translocation Sequencing 

We developed high-throughput genomic translocation (HTGTS) to isolate junctions between a 

chromosomal DSB introduced at a fixed site and other sequences genome-wide. Such junctions, 

other than those involving breaksite resection, mostly should result from end-joining of 

introduced DSBs to other genomic DSBs. Thus, HTGTS will identify other genomic DSBs 

capable of joining to the test DSBs. With HTGTS, we isolated from primary mouse B cells 

junctions that fused IgH or c-myc DSBs to sequences distributed widely across the genome 

( Figures 1A and 1B). We chose c-myc and IgH as targets because they participate in recurrent 

oncogenic translocations in B cell lymphomas. To generate c-myc- or IgH-specific DSBs, we 

employed an 18 bp canonical I-SceI meganuclease target sequence, which is absent in mouse 

genomes [23]. Onec-myc target was a cassette with 25 tandem I-SceI sites, to increase cutting 

efficiency, within c-myc intron 1 on chromosome (chr)15 (termed c-myc
25xI-SceI

; Figure 1C; [11] 

). For comparison, we employed an allele with a single I-SceI site in the same position (termed c-

myc
1xI-SceI

) (Figure 1C; see Figures S1A–S1C available online). ForIgH, we employed an allele 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#figs1
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with two I-SceI sites in place of endogenous Sγ1 (termed ΔSγ1
2xI-SceI

) on chr12 [17]. As a 

cellular model, we used primary splenic B cells activated in culture with αCD40 plus IL4 to 

induce AID, transcription, DSBs and CSR at Sγ1 (IgG1) and Sɛ (IgE), during days 2–4 of 

activation. At 24 hr, we infected B cells with I-SceI-expressing retrovirus to induce DSBs at I-

SceI targets [17]. Cells were processed at day 4 to minimize doublings and potential cellular 

selection. As high-titer retroviral infection can impair C-NHEJ [11], we also assayed B cells that 

express from their Rosa26 locus an I-SceI-glucocorticoid receptor fusion protein (I-SceI-GR) 

that can be activated via triamcinolone acetonide (TA) ( Figure 1D; Figures S1D–S1F). The c-

myc
25xI-SceI

 cassette was frequently cut in TA-treated c-myc
25xI-SceI

/ROSA
I-SceI-GR

 B cells 

(Figure S1G). 

We employed two HTGTS methods. For the adaptor-PCR approach (Figure 1) [24], genomic 

DNA was fragmented with a frequently cutting restriction enzyme, ligated to an asymmetric 

adaptor, and further digested to block amplification of germline or unrearranged target alleles. 

We then performed nested PCR with adaptor- and locus-specific primers. Depending on the 

locus-specific PCR primers, one or the other side of the I-SceI DSB provides the “bait” 

translocation partner (Figure 1C), with the “prey” provided by DSBs at other genomic sites. As a 

second approach, we employed circularization PCR (Figure 1E) [25], in which enzymatically 

fragmented DNA was intramolecularly ligated and digested with blocking enzymes and nested 

PCR was performed with locus-specific primers. Following sequencing of PCR products, we 

aligned HTGTS junctions to reference genomes and scripted filters to remove artifacts from 

aligned databases. We experimentally controlled for potential background by generating HTGTS 

libraries from mixtures of human DNA and mouse DNA from activated I-SceI-infected c-

myc
25xI-SceI

 or ΔSγ1
2xI-SceI

 B cells; junctions fusing mouse and human sequences were less than 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#figs1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#figs1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig1
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1% of the total (Figure 1F). We identified nearly 150,000 independent junctions from numerous 

libraries from different mice (Table S1). Resulting genome-wide junction maps are shown either 

as colored dot plots of overall distribution of translocation numbers in selected size bins (useful 

for visualizing hot spots) or bar plots that compress hot spots and illustrate translocation site 

density. HTGTS yields an average of 1 unique junction/5 ng of DNA, corresponding to about 

one junction/1000 genomes. Major findings were reproduced with both HTGTS methods 

(e.g., Figure S2A). Moreover, while the largest portion of data was obtained with c-myc
25xI-

SceI
 alleles cut via retroviral I-SceI, major findings were reproduced via HTGTS from the c-

myc
25xI-SceI

 allele cleaved by I-SceI-GR and the c-myc
1xI-SceI

 allele cleaved by retroviral I-SceI  

 

Analysis of Genome-wide Translocations from c-myc DSBs 

For HTGTS of c-myc
25xI-SceI

 or c-myc
1xI-SceI

 alleles, we used primers about 200 bp centromeric to 

the cassette (Figure 1C) to detect junctions involving broken ends (BEs) on the 5′ side of c-

myc I-SceI DSBs (“5′ c-myc-I-SceI BEs”). Based on convention, prey sequences joined to 5′ c-

myc-I-SceI BEs are in (+) orientation if read from the junction in centromere to telomere 

direction and in (−) orientation if read in the opposite direction (Figures S3A–S3D). Joins in 

which 5′ c-myc-I-SceI BEs are fused to resected 3′ c-myc-I-SceI BEs would be (+) ( Figure S3A). 

Intrachromosomal joins to DSBs centromeric or telomeric to 5′ c-myc-I-SceI BEs would be (+) 

or (−) depending on the side of the second DSB to which they were joined, with potential 

outcomes including deletions, inversions, and extrachromosomal circles ( Figures S3B and S3C). 

Junctions to DSBs on different chromosomes could be (+) or (−) and derivative chromosomes 

centric or dicentric (Figure S3D). Analyses of over 100,000 independent junctions from 5′ c-

myc-I-SceI BEs from WT and AID
−/−

 backgrounds revealed prey to be distributed widely 
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throughout the genome with similar general distribution patterns ( Figure 2; Figures S2B, S2E, 

and S2F). Other than 200 kb downstream of the bait DSB, intrachromosomal and 

interchromosomal junctions were evenly distributed into (+) and (−) orientation 

(Figure 2;Figure S3I). This finding implies that extrachromosomal circles and acentric fragments 

are represented similarly to other translocation classes, suggesting little impact of cellular 

selection on junction distribution. The junctions of 5′ c-myc-I-SceI BE from c-myc
25xI-SceI

, c-

myc
1xI-SceI

, and c-myc
25xI-SceI

/ROSA
I-SceI-GR

 models were all consistent with end-joining, and most 

(75%–90%) had short junctional MHs (Table S1). 

WT and AID
−/−

 HTGTS maps for 5′ c-myc-I-SceI BEs had other common features. First, the 

majority of junctions (75%) arose from joining 5′ c-myc-I-SceI BEs to sequences within 10 kb, 

with most lying 3′ of the breaksite ( Figure 3A; Figure S4A). The density of joins remained 

relatively high within a region 200 kb telomeric to the breaksite (Figure 3A;Figure S4A). 

Notably, most junctions within this 200 kb region, but not beyond, were in the (+) orientation, 

consistent with joining to resected 3′ c-myc-I-SceI BEs ( Figure 3A;Figure S4A). About 15% of 

junctions occurred within the region 100 kb centromeric to the breaksite. As these could not have 

resulted from resection (due to primer removal), they may reflect the known propensity for 

joining intrachromosomal DSBs separated at such distances [17]. Compared with other 

chromosomes, chr15 had a markedly high density of translocations along its 50 Mb telomeric 

portion and also a high density along its centromeric portion (Figure 2). Many chromosomes had 

smaller regions of relatively high or low translocation density, with such overall patterns 

conserved between WT and AID
−/−

 backgrounds ( Figure 2; Figures S2A–S2F). Finally, 

although the majority of hot spots were WT specific, a number were shared between WT 

and AID
−/−

backgrounds (see below). 
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Analysis of HTGTS Libraries from IgH DSBs 

For HTGTS of the ΔSγ1
2xI-SceI

 alleles, we used primers about 200 bp telomeric to the I-SceI 

cassette (Figure 1C), allowing detection of junctions involving BEs on the 5′ side of Sγ1 I-SceI 

DSBs (“5′ Sγ1-I-SceI BEs”). Intra- and interchromosomal joins involving 5′ Sγ1-I-SceI BEs 

result in (+) or (−) junctions with the range of potential chromosomal outcomes including 

deletions, inversions, extrachromosomal circles, and acentrics (Figures S3E–S3H). We isolated 

and analyzed approximately 9000 and 8000 5′ Sγ1-I-SceI BE junctions from WT 

and AID
−/−

 libraries, respectively ( Figures S2G and S2H). Reminiscent of the 5′ c-myc-I-SceI 

junctions, about 75% of these junctions were within 10 kb of the breaksite, with a larger 

proportion on the 3′ side and predominantly in the (−) orientation, consistent with joining to 

resected 3′ Sγ1-I-SceI BEs ( Figures S4B–S4D). Outside the breaksite region, the general 5′ Sγ1-

I-SceI BE translocation patterns resembled those observed for 5′ c-myc-I-SceI BEs, with both (+) 

and (−) translocations occurring on all chromosomes ( Figures S3J and S2G). Though we 

analyzed more limited numbers of 5′ Sγ1-I-SceI BE junctions (Table S2 and Figures S2G and 

S2H), the broader telomeric region of chr12 had a notably large number of hits, and within this 

region, there were IgH hot spots in WT, but not AID
−/−

, libraries ( Figure 3B). 

Sμ and Sε are major targets of AID-initiated DSBs in B cells activated with αCD40/IL4. 

Correspondingly, substantial numbers of 5′ Sγ1-SceI BE junctions from WT, but not AID
−/−

, B 

cells joined to either Sμ or to Sɛ, which, respectively, lie approximately 100 kb upstream and 

downstream of the ΔSγ1
2xI-SceI

 cassette (Figure 3B; Figures S4B–S4D). These findings support 

the notion that DSBs separated by 100–200 kb can be joined at high frequency by general repair 

mechanisms [17]. We also observed frequent junctions from WT libraries specifically within 
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Sγ3, which lies about 20 kb upstream of the breaksite, a finding of interest as joining Sγ3 to 

donor Sμ DSBs during CSR in αCD40/IL4-activated B cells occurs at low levels (see below). 

Notably, in WT, but not in AID
−/−

 libraries, we found numerous junctions within Sγ1 

( Figure S4D), which is also targeted by AID in αCD40/IL4-activated B cells. As Sγ1 is present 

only on the non-targeted chr12 homolog due to the ΔSγ1
2xI-SceI

 replacement, these findings 

demonstrate robust translocation of 5′ Sγ1-I-SceI BEs to AID-dependent Sγ1 DSBs on the 

homologous chromosome, consistent with trans-CSR [26]. Finally, while AID deficiency greatly 

reduced junctions into S regions, we observed a focal cluster of five 5′ Sγ1-I-SceI BE junctions 

in or near Sμ in AID
−/−

 ΔSγ1
2xI-SceI

 libraries (Figure 3B;Figure S4C). 

Most c-myc Translocation Hot Spots Are Targeted by AID 

To identify 5′ c-myc-I-SceI BE translocation hot spots in an unbiased manner, we separated the 

genome into 250 kb bins and identified bins containing a statistically significant enrichment of 

translocations (Extended Experimental Procedures). This approach identified 55 hot spots in WT 

libraries and 15 in AID
−/−

 libraries (Table S3;Figure 4A). Among the 43 most significant 

hot spots, 39 were in genes and 4 were in intergenic regions. Of these 43 hot spots, 21 were 

present at significantly greater levels in WT versus AID
−/−

 backgrounds, and, therefore, 

classified as AID dependent; while 9 more were enriched (from 3- to 6-fold) in the WT 

background and were potentially AID dependent ( Table S3; Figure 4A). The other 13 were 

equally represented between WT and AID
−/−

 backgrounds ( Table S3; Figure 4A). Of these 13, 

two exist in multiple copies (Sfi1 and miR-715), which may have contributed to their 

classification as hot spots [27]); five reached hot spot significance in only one of the two 

backgrounds (Table S3; Figure 4A). 
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The Sμ, Sγ1, and Sɛ regions, which are targeted for CSR DSBs by αCD40/IL4 treatment, were 

by far the strongest AID hot spots for 5′ c-myc-I-SceI BEs, with other non-IgH AID-dependent 

hot spots ranging from 1% to 10% of Sμ levels ( Figure 4A). Translocation specificity to these 

three S regions, which together comprise less than 20 kb, was striking; there were only a few 

junctions in the remainder of the CH locus, which includes 4 other S regions not substantially 

activated by αCD40/IL4 (Figure 3C). Notably, there was only one 5′ c-myc-I-SceI BE junction 

with Sγ3, even though Sγ3 was a marked hot spot for 5′ Sγ1-I-SceI BEs. In this regard, while 

AID-dependent DSBs in Sγ3 likely are much less frequent than in Sμ, Sγ1, and Sɛ under 

αCD40/IL4 stimulation conditions, Sγ3 DSBs may be favored targets of 5′ Sγ1-I-SceI BEs 

because of linear proximity. Finally, translocations occurred in Sμ and Sγ1 in AID
−/−

 B cells at 

much lower levels than in WT, but frequently enough to qualify them as AID-independent hot 

spots ( Figure 4A). 

Several top AID SHM or binding targets in activated B cells [13][28] were translocation hot 

spots for 5′ c-myc-I-SceI BEs, including our top 3 non-IgH hot spots (Il4ra, CD83, and Pim1) 

and probable AID-dependent translocation targets (e.g., Pax5 and Rapgef1) ( Figure 4A; Table 

S3). We also identified other AID-dependent translocation hot spots including the Aff3, Il21r, 

and Socs2 genes, and a nonannotated intergenic transcript on chr4 (Gm12493, Figure 4A; Table 

S3). We confirmed the ability of such hot spots to translocate to the c-myc
25xI-SceI

 cassette by 

direct PCR (Table S4). We conclude that AID not only binds and mutates numerous non-Ig 

target genes but also acts on them to cause DSBs and translocations. 

Translocations Genome-wide Frequently Occur Near Active Transcription Start Sites 
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To quantify transcription genome-wide, we applied unbiased global run-on sequencing (GRO-

seq; [29]) to αCD40/IL4-activated, I-SceI-infected B cells. GRO-seq measures elongating Pol II 

activity and distinguishes transcription on both strands. For all analyses, we excluded junctions 

within 1 Mb of the c-myc breaksite to avoid biases from this dominant class of junctions. To 

analyze remaining junctions from WT and AID
−/−

backgrounds, we determined nearest 

transcription start sites (TSSs) and divided translocations based on whether or not the TSS had 

promoter proximal activity based on GRO-seq ( Extended Experimental Procedures). Strikingly, 

both WT and AID
−/−

junctions, when dominant IgH translocations were excluded, showed a 

distinct peak that reached a maximum about 300–600 bp on the sense side of the active TSSs and 

spanned from about 600 bp on the antisense side to about 1 kb on the sense side (Figures 4B and 

4C). Translocation hot spot genes, including Il4ra, CD83, Gm12493,Pim1, as well as potential 

hot spots including Pax5 and Bcl11a, had a substantial proportion of their translocations within 

1–2 kb regions starting 200–400 bp in the sense direction from their bidirectional TSSs ( Figures 

5A and 5B). In one striking example of TSS-proximal translocation targeting, there were distinct 

translocation peaks downstream of the TSSs of Il4ra and Il21r, which lies just 20 kb 

downstream; yet, there were no detected translocations into the 3′ portion of Il4ra even though it 

was highly transcribed ( Figure 5A). While lower level translocations into some AID hot spot 

genes inAID
−/−

 mice had less correlation with TSS proximity ( Figures 5A and 5B), the 

overall correlation of translocations and active TSS appeared similar in WT and AID
−/−

mice 

( Figures 4B and 4C; Figures S5A and S5B). Together, our findings indicate a relationship 

between active TSSs and AID-dependent and independent translocations genome-wide. In this 

context, we did not find a marked TSS correlation for translocations into nontranscribed genes 

(Figures 4B and 4C). 
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When the dominant IgH hot spots were included in the translocation/transcription analyses, the 

translocation peak shifted from about 300–600 bp to about 1.5 kb downstream of the TSS in the 

sense direction (compare Figures 4B and 4C to Figures S5C and S5D). In B cells, transcription 

through Sμ initiates from the V(D)J exon and Iμ exon promoters upstream of Sμ. B cell 

activation with αCD40/IL4 stimulates CSR between Sμ and Sγ1 or Sɛ by inducing AID and by 

activating Iγ1 and Iɛ promoters upstream of Sγ1 and Sɛ. Indeed, most translocations into 

germline CH genes in WT αCD40/IL4-activated B cell were tightly clustered 1-2 kb downstream 

in the 5′ portion of Sμ, Sγ1, and Sɛ, consistent with transcription robustly targeting AID to S 

regions (Figure 5C). Finally, AID-independent IgH translocations were scattered more broadly 

through S and C regions, suggesting that DSBs that initiate them arise by a different, AID-

independent mechanism of S region instability ( Figure 5C). 

For 5′ c-myc-I-SceI BEs (outside the breaksite region), 55% of translocations were within genes, 

whereas genes account for only 36% of the genome ( Table S5). Therefore, we asked whether 

translocations from 5′ c-myc-I-SceI BEs varied with gene density. For this purpose, we compared 

translocation densities to available gene density maps and to our GRO-seq transcription maps of 

all genes ( Figure 6; Figure S6 and Figure S7). Strikingly, translocation distribution was highly 

correlated with gene density and transcription level. In general, chromosomal regions with 

highest transcriptional activity had highest translocation density. In contrast, regions with very 

low or undetectable transcription generally were very low in translocations 

(Figure 6; Figure S6 and Figure S7). Notably, we found no obvious regions with high overall 

transcription and low translocation levels, supporting a direct relationship between active 

transcription and translocation targeting genome-wide. In this context, we observed several 

robust AID-independent hot spot peaks that were relatively distant to the TSS and/or occurred in 
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nonactive genes (Figures 4B and 4C, asterisks); these hot spots were generated by I-SceI activity 

at cryptic endogenous I-SceI sites as discussed next. 

HTGTS Libraries Reveal Numerous Cryptic Genomic I-SceI Target Sites 

Eleven AID-independent translocation targets for 5′ c-myc-I-SceI BEs were in genes and two 

were in intergenic regions ( Table S3). Eight of these hot spot regions, in which junctions were 

tightly clustered, contained potential I-SceI-related sites, many of which were very near (within 

50 bp) or actually contributed to translocation junctions. These putative cryptic I-SceI sites had 

from 1 to 5 divergent nucleotides with respect to the canonical 18 bp target site (Figure 7A). We 

scanned the mouse genome for potential cryptic I-SceI sites that diverged up to three positions 

and identified ten additional sites that map within 400 bp of one or more 5′ c-myc-I-SceI BE 

translocation junctions (Figure 7A). In vitro I-SceI digestion of PCR-amplified genomic 

fragments demonstrated that all eight putative I-SceI targets at hot spots, and six of seven tested 

additional putative I-SceI targets, were bona fide I-SceI substrates (Figures 7A and 7B). We 

performed direct translocation PCRs with three selected cryptic I-SceI sites and confirmed I-

SceI-dependent translocation to the c-myc
25xI-SceI

 cassette (Figure 7C). Finally, GRO-seq analyses 

showed that five of eight cryptic I-SceI translocation hot spots were in transcriptionally silent 

areas and that two I-SceI-generated hot spots in transcribed genes were distant from the TSS 

(Figures 4B and 4C, asterisks; Figures 7D and 7E), highlighting the distinction between the I-

SceI-generated hot spots and most other genomic translocation hot spots. 

Discussion 

With HTGTS, we have identified the genome-wide translocations that emanate from DSBs 

introduced into c-myc or IgH in activated B cells. A substantial percentage of these 
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translocations (80%–90%) join introduced DSBs to sequences on the same chromosome 

proximal to the breaksite, likely reflecting the strong preference for C-NHEJ to join DSBs 

intrachromosomally [18][17][25]. The remaining 10%–20% translocate broadly across all 

chromosomes, with translocation density correlating with transcribed gene density. 

Translocations are most often near TSSs within individual genes. Despite c-myc and IgHDSBs 

translocating broadly, there are translocation hot spots, with the majority being generated by 

cellular AID activity and most of the rest by ectopically expressed I-SceI activity at cryptic 

genomic I-SceI target sequences. Notably, targeted DSBs join at similar levels to both (+) and 

(−) orientations of hot spot sequences, arguing against a role for cellular selection in their 

appearance. This finding also suggests that both sides of hot spot DSBs have similar opportunity 

to translocate to a DSB on another chromosome. 

The majority of HTGTS junctions from the c-myc I-SceI DSBs are mediated by end-joining and 

contain short MHs, reminiscent of joins in cancer genomes [3] and consistent with roles for 

either (or both) C-NHEJ or A-EJ [4]. Recurrence of translocations in cancer genomes is a 

characteristic used to consider them as potential oncogenic “drivers.” Our HTGTS studies 

establish that many recurrent translocations form in the absence of selection and, thus, are caused 

by factors intrinsic to the translocation mechanism [11][15]. HTGTS also provides a method 

to discover recurrent genomic DSBs, as evidenced by ability of HTGTS to find known DSBs, 

such as AID-initiated DSBs in S regions, and previously unrecognized genomic I-SceI targets. 

HTGTS should be readily applicable for genome-wide screens for translocations and recurrent 

DSBs in a wide range of cell types. 

AID Has a Dominant Role in Targeting Recurrent Translocations Genome-wide 
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Prior studies demonstrated that AID binds to and mutates non-Ig genes [30][13][28]. We find 

that AID also induces DSBs and translocations in non-Ig genes with the peak of translocation 

junctions spanning the region of the TSS. Thus, processes closely associated with transcription 

and, potentially, transcriptional initiation may attract AID activity to these non-Ig gene targets, 

consistent with ectopically expressed AID mutating yeast promoter regions 

[31]. IgH translocation junctions mostly fall 1.5–2 kb downstream of the activated I region TSSs 

within S regions, which are known to be specialized AID targets. Thus, transcription through S 

regions attracts and focuses AID activity, at least in part via pausing mechanisms and by 

generating appropriate DNA substrates, such as R-loops, for this single-strand DNA-specific 

cytidine deaminase [32][33][7]. Notably, S regions still qualified as translocation hot spots for 5′ 

c-myc-I-SceI BEs in AID
−/−

 B cells, supporting suggestions that these regions, perhaps via 

transcription, may be intrinsically prone to DSBs [34][35]. Given the differential targeting of 

CSR and SHM [12], application of HTGTS to germinal center (GC) B cells, in which AID 

initiates SHM within variable region exons, may reveal novel AID genomic targets not observed 

in B cells activated for IgH CSR in culture, potentially including genes that could contribute to 

GC B cell lymphoma [1]. 

A General Role for Transcription and Transcription Initiation in Targeting Translocations 

We find a remarkable genome-wide correlation between transcription and translocations even 

in AID
−/−

 cells, with a peak of translocation junctions lying near active TSSs. In this context, 

while the majority of junctions were located in the sense transcriptional direction, junctions also 

occurred at increased levels close to the TSS on the antisense side (e.g.,Figures 4B and 

4C; Figure 5), correlating with focal antisense transcription in the immediate vicinity of active 
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promoters [29] (Figure 5). Notably, we observed a number of regions genome-wide that were 

quite low in or devoid of translocations and transcription, but few, if any, that were low in 

translocations but high in transcription (Figure 6). On the other hand, we found that transcription 

is not required for high-frequency translocations, since many I-SceI-dependent hot spots are in 

nontranscribed regions. Together, our observations are consistent with transcription 

mechanistically promoting translocations by promoting DSBs. Thus, our findings strongly 

support the long-standing notion of a mechanistic link between transcription, DSBs, and genomic 

instability [36][37][38]. 

Potential Influences of Genome Organization on Translocations 

The high level of translocations of 5′ c-myc-I-SceI BEs to other sequences along much the length 

of chr15, while generally correlated with transcription, likely may be further promoted by high 

relative proximity of many intrachromosomal regions [39]. Proximity might also contribute to 

the apparently increased frequency of 5′ c-myc-I-SceI BEs to certain regions of various 

chromosomes (e.g., Figure 2). In this regard, the relative frequency of chr15 5′ c-myc-I-SceI BE 

translocations to the Sμ and Sɛ regions on chr12 were only 5 and 7 fold less, respectively, than 

levels of intra-IgH 5′ Sγ1-I-SceI BE joins to Sμ and Sɛ ( Figure 3C). Thus, even though DSBs 

are rare in c-myc, their translocation to IgH when they do occur is driven at a high rate by other 

mechanistic aspects, most likely proximal position [11]. However, we also note that sequences 

lying in regions across all chromosomes translocate to DSBs in c-myc on chr15 and IgH in 

chr12, suggesting the possibility that, in some cases, DSBs might move into proximity before 

joining, perhaps during the cell cycle or via other mechanisms (e.g. [40]). 

HTGTS Reveals an Unexpectedly Large Number of Genomic I-SceI Targets 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig5
http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig6
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Our HTGTS studies revealed 18 cryptic genomic I-SceI sites as translocation targets. There 

could potentially be more cryptic I-SceI sites; to find the full spectrum, bait sequences may need 

to be introduced into a variety of chromosomal locations to neutralize position effects. Beyond I-

SceI, the HTGTS approach could readily be extended through the use Zinc finger nucleases [41], 

meganucleases [42], or TALENs [43] designed to cleave specific endogenous sites, thereby 

obviating the need to introduce a cutting site and greatly facilitating the process. The above three 

classes of endonucleases are being developed for targeted gene correction of human mutations in 

stem cells for gene therapy. One major concern with such nucleases is relative activity on the 

specific target versus off-target activity, with the latter being difficult to assess. HTGTS provides 

a means for identifying off-target DSBs generated by such enzymes, for assessing ability of such 

off-target DSBs to translocate, and for identifying the sequences to which they translocate. 

Experimental Procedures 

Mouse Strains Utilized 

ΔSγ1
2xI-SceI

, c-myc
25xI-SceI

 and AID
−/−

 mice were described [17][11][44]. c-myc
1xI-SceI

 mice were 

generated similarly to c-myc
25xI-SceI

 mice (see Extended Experimental Procedures). ROSA
I-SceI-

GR
 mice were generated by targeting an I-SceI-GR/IRES-tdTomato expression cassette 

into Rosa26 (Extended Experimental Procedures). All mice used were heterozygous for modified 

alleles containing I-SceI cassettes. The Institutional Animal Care and Use Committee of 

Children's Hospital, Boston approved all animal work. 

Splenic B Cell Purification, Activation in Culture, and Retroviral Infection 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
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All procedures were performed as previously described [11]. c-myc
25xI-SceI

/ROSA
I-SceI-GR

 B cells 

were cultured in medium containing charcoal-stripped serum and I-SceI-GR was activated with 

10 μM triamcinolone acetate (TA, Sigma). 

Generation of HTGTS Libraries 

Genomic DNA was digested with HaeIII for c-myc
25xI-SceI

 samples or MspI for ΔSγ1
2xI-

SceI
 samples. For adaptor-PCR libraries, an asymmetric adaptor was ligated to cleaved genomic 

DNA. Ligation products were incubated with restriction enzymes chosen to reduce background 

from germline and unrearranged targeted alleles. Three rounds of nested PCR were performed 

with adaptor- and locus-specific primers. For circularization-PCR libraries, HaeIII- or MspI-

digested genomic DNA was incubated at 1.6 ng/μl to favor intramolecular ligation and samples 

treated with blocking enzymes as above. Two rounds of nested PCR were performed with 

primers specific for sequences upstream of the I-SceI cassette. Libraries were sequenced by 

Roche-454. See Extended Experimental Procedures for details. 

Data Analysis 

Alignment and Filtering 

Sequences were aligned to the mouse reference genome (NCBI37/mm9) with the BLAT 

program. Custom filters were used to purge PCR repeats and multiple types of artifacts including 

those caused by in vitro ligation and PCR mispriming. 

Hot Spot Identification 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1


60 

 

Translocations from WT or AID
−/−

 libraries minus those on chr15 or the IgH locus were pooled. 

The adjusted genome was then divided into 250 kb bins and bins containing five or more hits 

constituted a hot spot (details in Extended Experimental Procedures). 

In Vitro Testing of Putative Cryptic I-SceI Sites 

A genomic region encompassing each candidate I-SceI site was PCR-amplified and 500 ng of 

purified products were incubated with 5 units of I-SceI for 3 hr. Reactions were separated on 

agarose gel and relative intensity of uncut and I-SceI-digested bands calculated with the 

FluorchemSP program (Alpha Innotech) (see Extended Experimental Procedures). 

PCR Detection of Translocations between c-myc and Cryptic I-SceI Sites 

Translocation junctions between c-myc and cryptic I-SceI targets were PCR-amplified according 

to the standard protocol [11]. Primers and PCR conditions are detailed in Extended Experimental 

Procedures. 

 

PCR Detection of Translocations between c-myc and Cryptic I-SceI Sites 

Translocation junctions between c-myc and cryptic I-SceI targets were PCR-amplified according 

to the standard protocol [11]. Primers and PCR conditions are detailed in Extended Experimental 

Procedures. 

 

GRO-Seq 

Nuclei were isolated from day 4 αCD40/IL4-stimulated and I-SceI-infected c-myc
25xI-SceI

B cells 

as described [45]. GRO-seq libraries were prepared from 5 × 10
6
 cells from two independent 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
http://www.sciencedirect.com/science/article/pii/S0092867411010014#dtbox1
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mice using a described protocol [29]. Both libraries were sequenced on the Hi-Seq 2000 platform 

with single-end reads and analyzed as described (see Extended Experimental Procedures). After 

filtering and alignment, we obtained 34,212,717 reads for library 1 and 15,913,244 reads for 

library 2. As results between libraries were highly correlated, we show results only from 

replicate 1. 

Accession Numbers 

The Gro-Seq data sets are deposited in SRA (http://www.ncbi.nlm.nih.gov/sra) under accession 

number SRA049000. 

 

SUPPLEMENTAL INFORMATION Supplemental Information includes Extended 

Experimental Procedures, seven figures, and seven tables and can be found with this article 

online at doi:10.1016/j.cell.2011.07.049. 
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Figure 1.  

High-Throughput Genomic Translocation Sequencing 

(A and B) Circos plots of genome-wide translocation landscape of representative c-myc (A) 

or IgH (B) HTGTS libraries. Chromosome ideograms comprise the circumference. Individual 

translocations are represented as arcs originating from specific I-SceI breaks and terminating at 

partner site. 

(C) Top: a cassette containing either 25 or one I-SceI target(s) was inserted into intron 1 of c-

myc (seeFigures S1A–S1C). Bottom: a cassette composed of a 0.5 kb spacer flanked by I-SceI 

target replaced theIgH Sγ1 region. Relative orientation of I-SceI sites is indicated by red arrows. 

Position of primers for generation and sequencing HTGTS libraries is shown. 

(D) An expression cassette for I-SceI fused to a glucocorticoid receptor (I-SceI-GR) was targeted 

intoRosa26 (see Figures S1D–S1G). The red fluorescent protein Tomato (tdT) is coexpressed via 

an IRES. 

(E) Schematic representation of HTGTS methods; left: circularization-PCR, right: adaptor-PCR. 

See text for details. 

(F) Background for HTGTS approaches, calculated as percent of artifactual human:mouse hybrid 

junctions when human DNA was mixed 1:1 with mouse DNA from indicated samples. 
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Figure 2.  

Genome-wide Distribution and Orientation of Translocations from c-myc DSBs 
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Genome-wide map of translocations originating from the c-myc
25xI-SceI

 cassette (chr15) in 

αCD40/IL4-activated and I-SceI-infected B cells. Single junctions are represented by dots 

located at corresponding chromosomal position. The dot scale is 2 Mb. Clusters of translocations 

are indicated with color codes, as shown in legend. (+) and (−) orientation junctions 

(see Figure S3) are plotted on right and left side of each ideogram, respectively. Hot spots 

(see Figure 4A) are listed in blue on top, with notation on the left side of chromosomes to 

indicate position. Data are from HTGTS libraries from seven different mice. Centromere (Cen) 

and telomere (Tel) positions are indicated. See also Figure S2. 
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Figure 3.  

Distribution of IgH- and c-myc-Proximal Junctions 

(A) Distribution of junctions around chr15 breaksite in the pooled c-myc
25xI-SceI

 HTGTS library. 

Top: 10 kb around breaksite (represented as a split). Middle: 250 kb around breaksite 

(represented by red bar); Bottom: 2.5 Mb around breaksite. (+) and (−)-oriented junctions are 

plotted on top and bottom of chromosome diagrams, respectively. 

(B and C) Distribution of translocation junctions at IgH in the pooled ΔSγ1
2xI-SceI

 (B) or c-

myc
25xI-SceI

 (C) HTGTS libraries. Translocations in WT (top) and AID
−/−

 (bottom) B cells are 

shown. Positions of S regions within the 250 kb IgH CH region are indicated. Color codes are as 

in Figure 2. Dot size, position of centromere (red oval) and telomere (green rectangle), and 

orientation of the sequencing primer are indicated. See also Figure S4. 

 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#fig2
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Figure 4.  

Identification of Specific and General Translocation Hot Spots 

(A) Graph representing translocation numbers in frequently hit genes and non-annotated 

chromosomal regions. Only hot spots with more than five hits are shown and are ordered based 

on frequency of translocations in the pooled c-myc
25xI-SceI

/WT HTGTS library (top bars). 

Respective frequencies of translocations in the pooled c-myc
25xI-SceI

/AID
−/−

 HTGTS library are 

displayed underneath (bottom bars). Green bars represent frequent hits involving cryptic I-SceI 

sites. Blue and yellow portions of top bars represent translocations found in c-myc
1xI-SceI

 and c-

myc
25xI-SceI

/ROSA
I-SceI-GR

 libraries, respectively. Genes translocated in human and mouse 

lymphoma or leukemia are in red. The dashed line represents the cutoff for significance over 

random occurrence for each of the two groups (see Table S3). 

(B and C) Genome-wide distribution of translocations relative to TSSs. Junctions from c-myc
25xI-

SceI
/WT (B) or c-myc

25xI-SceI
/AID

−/−
 (C) libraries (excluding 2 Mb around chr15 breaksite 

and IgH S regions) are assigned a distance to the nearest TSS and separated into “active” and 

“inactive” promoters as determined by GRO-seq. Translocation junctions are binned at 100 bp 

intervals. n represents the number of junctions within 20 kb (upper panels) or 2 kb (lower panels) 

of TSS. Asterisks indicate cryptic genomic I-SceI sites. See also Figure S5. 

 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#mmc1
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Figure 5.  

Translocations Preferentially Occur Near TSSs 

WT and AID
−/−

 c-myc
25xI-SceI

 HTGTS libraries were analyzed. In each panel, translocation 

junctions are in the first and second rows (WT and AID
−/−

 as indicated). The third and fourth 

rows represent sense and antisense nascent RNA signals from GRO-seq. The IgH μ, γ1, ɛ genes 

are shown in (C), the next most frequently hit hot spots in (A) and three selected oncogene hot 

spots in (B). The transcriptional start site (arrow) is at the bottom of each panel. The size of each 

genomic region and number of junctions in each are shown. 
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Figure 6.  

Translocations Cluster to Transcribed Regions 

Translocation density maps from pooled c-myc
25xI-SceI

/WT and c-myc
25xI-SceI

/AID
−/−

 HTGTS 

libraries are aligned with combined sense and antisense nascent RNA signals for chr 15, 11, and 

17 using the UCSC genome browser. Chromosome gene densities are displayed below GRO-seq 

traces. Chromosomal orientation from left to right is centromere (C) to telomere (T). See 

also Figure S6 and Figure S7.  

 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#figs6
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Figure 7.  

Identification of Cryptic I-SceI Sites in the Mouse Genome by HTGTS 

(A) Cryptic I-SceI site translocation targets. The canonical I-SceI recognition sequence is on top; 

nucleotides divergent from the consensus are in red. Chromosomal position and gene location of 

each cryptic site are indicated. “Hits” represent total number of unique junctions in a 4 kb region 

centered around each site in the pool of all HTGTS libraries (see also Table S6). In vitro cutting 

efficiency, evaluated as in Extended Experimental Procedures, is indicated. NA, intergenic or not 

annotated; and, not determined. 

(B) In vitro cutting of PCR products encompassing indicated cryptic I-SceI sites. C+, positive 

control: PCR fragment containing a canonical I-SceI site. U, uncut; I, I-SceI-digested. 

http://www.sciencedirect.com/science/article/pii/S0092867411010014#mmc1
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(C) PCR to detect translocations between c-myc
25xI-SceI

 and cryptic I-SceI sites in Scd2, Dmrt1, 

andMmp24 genes. (Top) Position of primers used for PCR amplification. (Middle) Average 

frequency of translocations ± SEM (Bottom) Number of translocations/10
5
 cells from three 

independent c-myc
25xI-SceI

WT mice. 

(D) Transcription in genes containing I-SceI sites determined by GRO-seq. Translocation 

junctions are in the first (AID
−/−

) and second (WT) rows; sense and antisense nascent RNA 

signals are in the third and fourth rows. 

(E) Distance of cryptic I-SceI hot spots from the nearest TSS in pooled HTGTS libraries from 

WT and AID
−/−

 c-myc
25xI-SceI

 B cells.  
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Abstract 

Efficient DNA double strand break (DSB) repair is critical for bone marrow (BM) B 

lymphopoiesis. We found that Mef2C promotes BM B cell progenitor survival by enhancing the 

transcription of DNA repair factors and Rag recombinases. Mef2C ablation by Vav-Cre resulted 

in increased DSBs, inefficient V(D)J recombination and reduced survival of BM B cell 

progenitors, a phenotype resembling B lymphoid aging. Mef2C became essential for B lymphoid 

recovery after irradiation, with pre-B cells being the bottleneck in recovery. ChIP-sequencing 

analysis documented Mef2C binding at promoters and enhancers of DNA repair factors and 

V(D)J initiators in human B lymphoblasts. These data identify Mef2C as a B lineage specific 

enhancer of DNA repair machinery with a critical function during regenerative stress. 
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Introduction 

 

The ability to sustain efficient bone marrow (BM) B lymphopoiesis is critical for proper immune 

function. B lymphoid progenitors in the BM go through a series of V(D)J recombination steps to 

generate diverse B cell receptors (BCRs). The success of V(D)J recombination is critical for 

humoral immunity as diverse BCRs are required to recognize foreign antigens and generate 

antibodies against them. V(D)J rearrangement is initiated by the generation of DNA double 

strand breaks (DSBs) by Rag recombinases at the border of two recombining immunoglobulin 

(Ig) gene segments, which are repaired by non-homologous end joining (NHEJ) DSB repair 

machinery. Defective DNA DSB repair during this process results in cell death or creates 

mutations or abnormal chromosome rearrangements, making BM B lymphopoiesis an inherently 

vulnerable process. To ensure genomic integrity, B lymphoid progenitors have adopted a tight 

regulation of cell survival and induce apoptosis in cells that undergo abnormal rearrangement 

[1]. However, during physiological aging, this homeostatic balance is altered due to reduced 

V(D)J rearrangement efficiency and increased B lymphoid progenitor death [2]. These defects 

contribute to the lymphoid/myeloid lineage skewing and impaired immune function in the aged. 

It is unknown, however, if B lymphoid progenitors possess cell type specific regulatory 

mechanisms to ensure efficient DNA repair and V(D)J recombination during homeostasis and 

stress. 

 Recent studies have identified Myocyte enhancer factor 2C (Mef2C) as a novel regulator 

of B lymphoid homeostasis. Mef2C is a MADS box transcription factor that was originally 

discovered as a regulator of cardiogenesis and myogenesis [3]. Depletion of Mef2C by B-cell 
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specific CD19-Cre revealed a critical requirement for Mef2C in the B lymphoid system, and 

showed that Mef2C regulates BCR-induced proliferation of mature B cells in the spleen 

[4][5][6]. In the BM, Mef2C is highly expressed in common lymphoid progenitors (CLPs) and B 

cell progenitors while its expression is barely detectable in T cells, granulocytes or erythrocytes 

[7]. Inducible deletion of Mef2C using the Mx1-Cre proposed a role for Mef2C in myeloid vs. 

lymphoid fate choice [7]. We uncovered a function for Mef2C within the B lymphoid cells in the 

bone marrow; hematopoietic specific loss of Mef2C by Vav-Cre resulted in the reduction of BM 

prepro-B & pre-B cells without affecting the peripheral B cells, a phenotype reminiscent of B 

lymphoid aging [8]. Others also showed a requirement for Mef2C in BM B lymphoid 

compartment by documenting that B-cell specific Mef2C deficiency, induced by the Mb-1-Cre 

transgene, leads to reduced B lymphoid subsets in both BM and spleen, although the defect in 

peripheral B cells was overcome as the mice matured [9]. Although these studies proposed an 

intrinsic requirement for Mef2C within BM B-lymphoid progenitor cells, the mechanism 

underlying the inefficient BM B lymphopoiesis in the absence of Mef2C is unknown.  

 Here, we report that Mef2C protects the survival of all stages of BM B lymphoid 

progenitors and thereby maintains efficient BM B lymphopoiesis. The requirement for Mef2C to 

protect B cell progenitors was greatly increased during the recovery from sub-lethal total body 

irradiation, with pre-B cells being the most notable bottleneck in B lymphoid recovery. Our data 

suggests that Mef2C sustains B lymphopoiesis by enhancing the transcription of crucial factors 

involved in DNA repair and recombination, which function together to ensure the fidelity of 

V(D)J rearrangement. Mef2C binds to genes encoding key DNA repair and V(D)J factors in 

human B lymphoid cells, co-localizing with epigenetic marks of active enhancers and promoters. 

These findings uncover a central role for Mef2C as a lineage specific enhancer of DNA repair 
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machinery in B cell progenitors, and provide new insights to mechanisms that may be affected 

during B lymphoid aging. 

 

Results 

 

Mef2C promotes BM B lymphoid progenitor survival to maintain the integrity of the B lymphoid 

compartment 

To define the cellular and molecular processes that Mef2C regulates in B lymphoid system, 

VavCre Mef2C
fl/fl 

mice were used to induce Mef2C depletion in the hematopoietic compartment, 

VavCre
+
 Mef2C

fl/+
 or VavCre

-
 Mef2C

fl/fl
 mice of same age were used as controls.  We focused 

our study in mid-aged adult mice (7-10 month) when the B lymphoid defect associated with 

Mef2C deficiency is consistently observed [8]. Loss of Mef2C in hematopoietic cells resulted in 

a specific reduction of BM B cells, while B lymphocytes in peripheral blood and spleen were not 

significantly affected (Fig. 1a). To define the specific stages that Mef2C regulates during BM B 

lymphopoiesis, FACS analysis of CLPs and B lymphoid progenitors was performed in mid-aged 

VavCre Mef2C
fl/fl 

mice. In contrast to previous studies with MxCre Mef2C
fl/fl

 mice where a 

reduction of CLPs (defined as Lin
-
AA4.1

+
IL-7Rα

+
 or Lin

-
IL-7R

+
Sca1

lo
cKit

lo
) was reported [7], 

we observed no significant difference in the percentage of phenotypic CLPs, defined as Lin
-

cKit
lo

AA4.1
+
IL-7Rα

+
 Flt3

+
 (Fig. 1b,c) or Lin

-
IL-7R

+
Sca1

lo
cKit

lo
 (Supplementary Fig. 1), in 

VavCre Mef2C
fl/fl

 mice. While our previous study revealed a reduction of prepro-B and pre-B 

cells in Mef2C deficient mice[8], further analysis of a larger cohort using Hardy fractions by 
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FACS suggested that all compartments of BM B lymphoid progenitors (Fr. A to E) were 

significantly reduced in Mef2C deficient mid-aged adults. In contrast, the mature B cells (Fr.F) 

that circulate through the BM were not affected (Fig. 1d,e). These data together suggested that 

Mef2C has a specific function within BM B lymphoid progenitor compartment to protect B 

lymphopoiesis. 

 As physiological aging significantly impairs BM B lymphopoiesis, we assessed the 

impact of Mef2C loss on BM B lymphopoiesis compared to control mice at different stages of 

post-natal life. FACS analysis of BM B lymphoid progenitors in Mef2C deficient mice at 2, 9 

and 20 month of age documented that loss of Mef2C results in profound decline of BM B 

lymphoid progenitors already in young and mid-aged adults, whereas control mice exhibited 

similar phenotype only later in life (Supplementary Fig. 2). This suggests that Mef2C protects 

BM B cell progenitors from a defect that resembles premature B lymphoid aging. 

 Regulation of cell viability is a critical mechanism by which B lymphoid progenitors 

maintain homeostasis and exclude cells with errors in BCR rearrangement [1]. FACS analysis of 

Annexin V expression revealed increased cell death of B lymphoid progenitors in Mef2C 

deficient mice, while the sIgM+ mature B lymphocytes in BM and total BM cell viability were 

unaffected (Fig. 1f,g). These data suggest that Mef2C has a distinct function in ensuring the 

survival of BM B lymphoid progenitors. 

 

Mef2C promotes B lymphoid recovery upon sub-lethal irradiation 
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Sub-lethal irradiation results in profound depletion of BM hematopoietic cells, including B 

lymphoid cells [10]. The recovery of B lymphoid compartment requires rapid proliferation and 

differentiation of BM B cell progenitors. To investigate the function of Mef2C during the 

recovery from irradiation induced BM ablation, 6Gy sub-lethal total body irradiation (TBI) was 

performed on mid-aged VavCre Mef2C
fl/fl

 and control mice, and the recovery of the 

hematopoietic lineages was monitored at various time points post irradiation (Fig. 2a). Peripheral 

blood cell counts were determined by complete blood count (CBC) analysis, and the 

differentiation into B, T and myeloid lineages was assessed by FACS analysis. Loss of Mef2C 

did not affect the kinetics of red blood cell (RBC) or white blood cell (WBC) counts before or 

after sub-lethal irradiation, while the previously identified defect in platelets [8] was retained 

during the recovery from irradiation (Supplementary Fig. 3a). 2 days post irradiation, peripheral 

blood B, T and myeloid cells in both Mef2C deficient and control mice were significantly 

reduced, B cells being affected the most (Fig. 2b,c). While peripheral blood B cell counts in 

control mice returned to steady state levels by 6 weeks after irradiation, Mef2C deficient mice 

failed to recover the ablated B cell compartment (Fig. 2b,c). In contrast, the recovery of T 

lymphoid and myeloid lineages in Mef2C deficient mice was comparable to controls (Fig. 2c, 

Supplementary Fig. 3b,c). FACS analysis of B cell markers in the spleen also showed impaired B 

lymphoid recovery in Mef2C deficient mice, excluding possible sequestration of B lymphocytes 

into peripheral lymphoid organs as an underlying cause for the impaired recovery of blood B 

cells (Fig. 2d,e). Nevertheless, both blood and spleen B cells in irradiated Mef2C deficient mice 

recovered to levels comparable to un-irradiated Mef2C deficient littermates by week 16 (data not 

shown), implying that loss of Mef2C severely delayed rather than completely blocked the 

recovery of peripheral B lymphoid compartment. 
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To understand why peripheral B lymphoid recovery is delayed in VavCre Mef2C
fl/fl

 mice 

post irradiation, we investigated the kinetics of recovery of BM B lymphoid progenitor subsets 

(Fig. 2a). Cellularity of all B lymphoid progenitors was greatly reduced in both mutant and 

control mice at 2 days after irradiation (Fig. 3a). Consistent with the recovery of peripheral B 

lymphocytes being completed at week 6 in control mice, the cellularity of BM B lymphoid 

progenitors in control mice also reached to level comparable to un-irradiated mice by 6 weeks 

post irradiation (Fig. 3a). While the loss of Mef2C significantly affected the early recovery of all 

B cell progenitors at week 2 (Fig. 3a,b), the recovery of prepro-B and pro-B cells in VavCre 

Mef2C
fl/fl

 mice eventually caught up with the controls by week 6 (Fig. 3a,c). In contrast, the 

recovery of pre-B cells and downstream sIgM+ mature B cells in Mef2C deficient BM was 

severely compromised even at 6 weeks (Fig. 3a,b). These data suggested that the impaired 

recovery of peripheral B lymphocytes in Mef2C deficient mice results from the requirement for 

Mef2C to promote BM B lymphoid regeneration, and identified pre-B cell stage as a major 

bottleneck in B lymphoid recovery in Mef2C deficient mice.  

To investigate whether the increased requirement for Mef2C upon irradiation induced stress 

is due a critical function in promoting B lymphoid progenitor survival, we assessed the viability 

of BM B progenitor subsets at week 2 post irradiation. At this stage, the recovery pre-B cells in 

control mice had reached to a level similar to un-irradiated mice, but the recovery of Mef2C 

deficient pre-B cells was lagging behind (Fig. 3a). Annexin V expression analysis showed that 

the increase of cell death in Mef2C deficient B lymphoid progenitors observed at steady state 

was further exaggerated 2 weeks post irradiation (Fig. 3d). These data documented a heightened 

requirement for Mef2C to protect BM B lymphopoiesis, especially at pre-B cell stage, upon 

increased regenerative stress during the recovery from irradiation.  
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Mef2C regulates DNA double strand break repair in pre-B cells to protect the B lymphoid 

compartment 

To determine the mechanism by which Mef2C protects BM lymphopoiesis, we proceeded to 

identify the molecular pathways regulated by Mef2C in B lymphoid progenitors. As the 

requirement for Mef2C during the recovery from irradiation was most notable at pre-B cell stage, 

we performed Affymetrix microarray analysis of Mef2C deficient pre-B cells from mid-aged (9 

mo) adults. Loss of Mef2C significantly (|FC|≥2.0 & p-value≤0.05) reduced the expression of 

1,941 genes and significantly increased the expression of 824 genes in pre-B cells (Fig. 4a). 

Gene Ontology (GO) analysis of differentially expressed genes identified regulation of 

transcription, cell cycle and DNA repair processes among the top categories down-regulated in 

Mef2C deficient pre-B cells (Fig. 4b), while there were few significantly enriched GO categories 

among the up-regulated genes (data not shown). These data raised the hypothesis that Mef2C 

functions as an activator that ensures proper transcriptional control of a critical cellular process, 

DNA repair, in pre-B cells. 

To assess the functional requirement for Mef2C in promoting DNA repair, we performed 

alkaline comet assay, which detects both single and double strand DNA breaks. Mef2C deficient 

pre-B cells harbored longer comet tails than controls (Fig. 4c), and quantitative analysis of comet 

tail moments confirmed significantly higher level of DNA damage in Mef2C deficient pre-B 

cells (Fig. 4d).  

As DNA DSB repair is critical for normal lymphoid development, we examined the 

accumulation of DSBs in Mef2C deficient pre-B cells by immunostaining for γH2AX. 
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Quantification of γH2AX foci revealed that loss of Mef2C in pre-B cells results in increased 

DNA DSBs (Fig. 4f,g), confirming the functional requirement for Mef2C in promoting DSB 

repair in B lymphoid progenitors. In response to DNA DSBs, homologous recombination (HR) 

pathway is activated in cycling cells while non-homologous end joining (NHEJ) pathway is 

activated in quiescent cells. Analysis of microarray data suggested that loss of Mef2C affects 

both HR & NHEJ repair pathways as DSB sensor (Mre11a & Rad50) and critical effectors in 

both pathways (Chek1&2, Rad51 & Rad54l for HR; Xrcc4, Xrcc6 & Lig4 for NHEJ) were 

significantly down-regulated in Mef2C deficient pre-B cells (Fig. 4g). While pre-B cells are 

mostly quiescent, a significant fraction of pro-B cells are proliferating. Affymetrix microarray 

analysis of Mef2C deficient pro-B cells revealed that similar processes are regulated by Mef2C 

in both pro-B cells and pre-B cells (Supplementary Fig. 4). These data suggested that Mef2C 

governs both HR & NHEJ DSB repair pathways at different stages of BM B lymphopoiesis.  

In summary, both gene expression and DNA repair analysis revealed a critical function for 

Mef2C in promoting the DNA repair machinery, specifically DSB repair, in BM B lymphoid 

progenitors 

 

Mef2C regulates DNA repair and V(D)J rearrangement machinery to promote BCR 

rearrangement during B lymphoid development 

In addition to maintaining genomic integrity, DNA repair, and specifically NHEJ DSB repair 

pathway, is also required for normal B lymphoid differentiation. During V(D)J rearrangement, 

DSBs are induced by Rag recombinases at the border of Ig segments and repaired by NHEJ 

machinery. Successful BCR rearrangement is critical for B cell survival, and requires that the 
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expression of key rearrangement factors such as Rag recombinases are precisely regulated at 

distinct B cell progenitor stages [11][12]. Analysis of microarray data showed up-regulation of 

transcription of Rag1 and 2 during pro-B to pre-B transition. This was also the case for key 

factors in NHEJ machinery (Xrcc4 &6 and Lig4), but not for the HR factor Rad51 (Fig. 5a), 

implying a stage specific regulation for NHEJ DNA repair factors during B lymphoid 

development. The up-regulation of NHEJ machinery during pro-B to pre-B transition was also 

confirmed by analysis of published gene expression studies (The Immunological Genome Project 

[13]  and GEO data base Series GSE39554) (data not shown). Analysis of Mef2C deficient BM 

pro-B and pre-B cells showed that loss of Mef2C impaired the induction of all these critical 

factors in pre-B cells (Fig. 5a), indicating a role for Mef2C in promoting V(D)J rearrangement 

through transcriptional enhancement of key effectors.  

To investigate functional consequences of the compromised DNA repair and V(D)J 

rearrangement machinery, we isolated Mef2C deficient BM sIgM+ B cells and performed 

quantitative PCR analysis of IgL rearrangement. Loss of Mef2C significantly reduced the 

rearrangement efficiency of both κ and λ (λ1-3) light chains (Fig. 5b). Since loss of Mef2C 

resulted in the reduction of all BM B lymphoid progenitors, and similar biological processes 

were identified to be down-regulated in both Mef2C deficient pro-B and pre-B cells, we sought 

to define if Mef2C also promotes IgH rearrangement. Quantitative PCR analysis in Mef2C 

deficient pro-B cells revealed a significant reduction in rearrangement frequency of J558 family, 

the IgH family, which represents 62.5% [14] of B cells in adult mice, while no difference was 

noted in the fetal dominating 7183 IgH family [15], which only represents 7% [14] of adult B 

cells (Fig. 5c). These data together suggest that Mef2C is required for proper heavy and light 

chain V(D)J rearrangement in BM B lymphoid progenitors. 
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The ability to successfully execute V(D)J rearrangement is also a requirement for the rapid 

regeneration of B lymphoid progenitors during the recovery from BM ablation. To quantify the 

rearranged IgH & IgL chains at protein level, we performed intracellular FACS of IgM in pro-B 

cells and Ig in BM pre-B B cells from Mef2C deficient mice both before and 2 weeks after sub-

lethal irradiation. At steady state, the protein level of both IgM / Ig in Mef2C deficient pro-B 

and pre-B cells were slightly reduced compared to controls, whereas at week 2 post irradiation, 

the reduction in IgM and Ig protein expression in Mef2C deficient pro-B and pre-B cells was 

greatly exaggerated (Fig. 5d,e). These data showed a heightened requirement for Mef2C in 

promoting V(D)J recombination upon regenerative stress. 

 

MEF2C binds to the enhancers and promoters of genes encoding critical DNA repair and V(D)J 

factors 

We next sought to identify candidate direct target genes that MEF2C binds to in B lymphoid 

cells by analyzing the ChIP-seq data for MEF2C in human B lymphoblast cells (available via 

Encode project [16]). GO analysis of MEF2C bound genes in human B lymphoblast cells 

revealed significant enrichment of transcription regulation, cell cycle regulation and B cell 

differentiation categories (Fig. 6a). Intersection of the human ChIP-seq data with the mouse 

microarray data revealed that a considerable fraction of genes down-regulated in Mef2C 

deficient pre-B cells are associated with MEF2C peaks, and that they are enriched in genes that 

function in transcription regulation and DNA repair (Fig. 6a). 
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Majority of MEF2C binding sites localized at 5kb to 500kb away from transcription start site 

(TSS) while 8% of Mef2C binding sites localized within 5kb from TSS (Fig. 6b), suggesting that 

MEF2C functions at both promoters and enhancers. Analysis of active and repressive histone 

marks and co-factors around MEF2C binding sites in human B lymphoblasts showed that 

MEF2C binding is strongly correlated with co-activator p300 binding and active histone marks, 

including H3K4Me1 (enhancers), H3K4Me3 (promoters), H3K27Ac (active enhancers and 

promoters), while no enrichment of repressive histone marks H3K9Me3 or H3K27Me3 was 

observed around MEF2C binding sites (Fig. 6c). These data supported the notion that Mef2C 

primarily acts as an activator in B lymphoid cells. 

Analysis of MEF2C ChIP-seq data at individual Mef2C candidate target genes revealed that 

MEF2C directly binds to genes encoding Rag recombinases, DSB sensor components (Mre11a 

& Rad50) and key NHEJ effectors (Xrcc4 & Lig4) (Fig. 6d), suggesting that Mef2C may directly 

regulate their expression. MEF2C peaks were also identified at genes encoding master B 

lymphoid transcription regulators (E2a & EBF1) (Fig. 6d), raising the questions whether MEF2C 

could also regulate V(D)J effectors indirectly through E2a and/or EBF1, or in co-operation with 

these B-cell factors. Indeed, intersection of MEF2C, E2a and EBF1 binding sites in human B 

lymphoblasts revealed significant co-localization in genes enriched for functions in transcription, 

cell survival, immune response and cell cycle regulation (Supplementary Fig. 5a). Furthermore, 

co-localization of MEF2C binding with EBF1 and/or E2a binding was identified at key MEF2C 

candidate targets (B cell factors: E2a, EBF1 & RAG1; DSB repair factors: RAD50, LIG4 & 

XRCC4) (Supplementary Fig. 5b). Together, these data propose that MEF2C may assist E2a and 

EBF1 in regulating the transcription of critical V(D)J and DNA repair factors. Moreover, 

MEF2C binding in all key candidate target genes was associated with co-factor p300 binding and 
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active histone marks (H3K27Ac, H3K4Me1 & H3K4Me3) (Fig. 6d), indicating that MEF2C 

binds to active regulatory regions of target genes to enhance their transcription. 

 

 

Discussion 

 

The ability of a stem or progenitor cell to repair DNA damage is vital to the integrity of its 

genome and thus the normal function of the tissue/organism. In addition to serving fundamental 

housekeeping functions in all cell types, efficient DNA repair, and DSB repair specifically, is 

critical for normal lymphoid development due to its necessity in V(D)J recombination. However, 

it is unknown if B lymphoid cells possess lineage specific regulatory mechanisms that connect 

the general DNA repair machinery with B cell specific functions. Our study identified for the 

first time the existence of a B cell specific transcriptional regulator of DNA repair machinery, 

Mef2C.   

 

We discovered that Mef2C enhances the expression of essential components of DSB repair 

machinery as well as lymphoid specific Rag recombinases in BM B cell progenitors, thereby 

enabling efficient V(D)J recombination and protecting the survival of BM B lymphoid 

progenitors. Analysis of V(D)J rearrangement in BM B cell progenitors revealed that loss of 

Mef2C reduces the efficiency of both heavy and light chain rearrangement, thus compromising 
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BM B lymphopoiesis at multiple stages downstream of the CLP. Future studies will be required 

to assess if the BCR repertoire of peripheral B compartment is compromised as a result of the 

reduced V(D)J rearrangement efficiency in Mef2C deficient BM, and whether such defect 

compromises B cell mediated immune response upon exposure to foreign antigens. 

 

Due to the similarity in the developmental processes of B and T lymphoid cells, our data 

prompts the question whether T cell progenitors also possess lineage specific regulators that 

enhance DNA repair machinery and V(D)J recombination. Mef2C itself is not robustly expressed 

in the T cell lineage [7][17], and loss of Mef2C did not affect T lymphopoiesis during steady 

state or even during the recovery from irradiation. However, as previous studies suggested that 

primary T lymphocytes express Mef2D [17], it will be important to address if Mef2D or other 

broadly expressed MEF2 family members function in T lineage to regulate DNA repair 

machinery and V(D)J recombination. 

 

Analysis of B cell progenitors upon hematopoietic deletion of Mef2C revealed a phenotype 

that was highly reminiscent of B cell aging, but occurred already in young/mid-aged adults. 

These included a profound loss of BM pre-B cells without immediate effects on peripheral 

(blood and spleen) B cell compartment. Mef2C deficiency resembled B lymphoid aging at 

multiple cellular and molecular processes, as aging of B lymphoid compartment is also 

associated with increased apoptosis of B cell progenitors [2] and defective BCR rearrangement. 

Such defects have been linked to reduced E2a & Rag expression and defective DNA repair in the 

elderly [18][19]. It is therefore intriguing to propose that Mef2C protects BM B progenitors from 
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premature aging. Future studies will be needed to determine at molecular and cellular level the 

degree to which Mef2C deficiency models physiological B lymphoid aging, and to define if a 

failure to respond to Mef2C or its downstream effectors underlies B lymphoid aging. 

 

Analysis of Mef2C ChIP-sequencing data in human B lymphoblasts identified Mef2C 

binding at enhancers and/or promoters of critical B cell transcription factors as well as V(D)J 

initiator and DNA repair effectors. These data suggested two possible mechanisms of how 

Mef2C regulates V(D)J recombination and DNA repair in B lymphoid progenitors: (1) Mef2C 

may directly enhance the transcription of genes encoding Rag proteins and DNA repair 

machinery, and/or (2) Mef2C may regulate these factors indirectly by, or in co-operation with, 

intermediate transcription factors such as E2a and Ebf1. Analysis of the shared binding sites for 

these factors in human lymphoblasts suggest that both models may be true. As the MADS box of 

Mef2C is able to bind and recruit p300 directly to enhance transcription [20][21], one possible 

mechanism is that Mef2C recruits p300 to key target genes, which then establishes H3K27Ac 

and enhances gene transcription. 

 

In addition to emerging as a key regulator of normal immune cell development, Mef2C is 

also known as a co-operating oncogene in multiple types of leukemia [21]. Mef2C became 

abnormally expressed in leukemic GMPs in MLL-AF9 driven leukemias and knockdown of 

Mef2C attenuated the proliferative potential of these cells [22], while loss of Mef2C in MLL-

ENL driven leukemias reduced the homing and invasiveness of leukemia cells [23]. It is still 

unclear how ectopic activation of Mef2C expression promotes leukemia progression. Although 
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defective DNA repair is a common cause for tumorigenesis, in established tumor cells, DNA 

repair pathways can enable tumor cell to survive DNA damage that is associated with high 

proliferation rate or induced by chemotherapeutic treatments [24]. Future studies will be required 

to test the hypothesis that Mef2C may protect leukemic cells from DNA damage by enhancing 

DNA repair machinery. Moreover, it will be important to define whether the ability of Mef2C to 

enhance DNA repair is restricted to the hemato-lymphoid system, or is also utilized during the 

development of other tissues, such as muscle, heart and vasculature. Identification of Mef2C as a 

unique lineage specific co-ordinator of DNA repair provides a new model how this critical 

cellular process is efficiently integrated to bone marrow B lymphopoiesis to ensure proper 

development and maintenance of the immune system.  

 

 

 

Methods 

Mice: VavCre mice were bred with Mef2C
fl/fl

 mice to generate VavCre
+
 Mef2C

fl/fl
 mice. 

VavCre
+
 Mef2C

fl/+
 or VavCre

-
 Mef2C

fl/fl
 mice of same age were used as controls. Genotyping 

analysis was done as previously described [8]. All mice were maintained according to the 

guidelines of the University of California Los Angeles Animal Research Committee. 
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Analysis of Peripheral Blood Counts: Peripheral blood was harvested from the retro-orbital sinus 

into Vacutainer tubes (BD Biosciences) and sent to the University of California Los Angeles 

Division of Laboratory Animal Medicine laboratory for complete blood cytometry (CBC) 

analysis. 

 

FACS Analysis and Isolation of B Lymphoid Progenitors: Hematopoietic cells were analyzed 

using antibodies listed. Dead cells were excluded with 7-amino-actinomycin D and cell 

populations were analyzed using an LSR II or Fortessa flow cytometer or sorted using a FACS 

Aria & Aria-H cell sorter. Data were analyzed with FlowJo software version 9.2. 

 

RNA Purification: Total RNA was isolated from sorted cells using QIAshredder and RNEasy 

Micro & Mini Kit (QIAGEN). cDNAs were prepared by the Quantitect reverse transcription kit 

(QIAGEN), and qPCR was performed with LightCycler 480 SYBR Green I Master (Roche) 

using LightCycler 480 real-time PCR system (Roche). Samples were normalized to Actin. All 

primer sequences are available upon request. 

 

Gene Expression Profiling: Affymetrix microarray analysis was performed on three independent 

control and three independent Mef2C deficient sorted pro-B & pre-B cells. The R package 

Limma provided through the open source project Bioconductor was used for assessing 

differential expression. To calculate absolute mRNA expression levels, the RMA (Robust 

Multiarray Averaging) method was used to obtain background adjusted, quantile normalized and 
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probe level data summarized values for all probe sets. The Affymetrix Mouse Genome 430 2.0 

Array GeneChip platform was used for the analysis. Official gene symbols for probe sets were 

obtained using the Bioconductor annotation database mouse4302.db. The mas5calls algorithm 

through the R package of affy was used for calculating PMA detection calls for each array 

sample. Differentially expressed genes were uploaded into the DAVID interface to identify 

significantly over-represented functional GO biological process categories. 

 

Quantitative Analysis of Ig Gene Rearrangements: cDNA were generated from sorted B cell 

populations as described above. Quantitative analysis of 7183 & J558 heavy chain as well as κ, 

λ1, λ2, and λ3 light chain rearrangements were performed by qPCR using published primer (light 

chain primers [25] and heavy chain primers [26]). Rearrangement frequencies were calculated as 

2
ΔCt

 with ΔCt = CtActin – CtIg. 

 

Statistical analysis: Student’s unpaired two-tailed t-test was used for statistical analysis and 

differences with P values of 0.05 or less were considered significant. 

 

Irradiation: Sub-lethal (6Gy) total body irradiation was performed with Co-60 pool irradiator.  

 

Immunofluorescence microscopy (γH2AX): IF microscopy of γH2AX was performed as 

described [27]. In brief, FACS purified cells were pipetted onto poly-lysine coated slides, fixed 
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with 4% PFA for 10 min at room temperature, permeabilized in 0.15% Triton X-100 for 2 min at 

room temperature and blocked in 10% donkey serum / PBS overnight at 4°C. Slides were then 

incubated for 1-2 hr at room temperature with anti-phospho-H2AX (Ser 139) (Millipore, 05-

636). Slides were washed three times in PBS and incubated for 1 hr at room temperature with 

A488-conjugated goat anti-mouse (Life Technologies, A11029) antibody. Slides were then 

washed three times in PBS and mounted using ProLong
®
 Gold Antifade Reagent with DAPI 

(Life Technologies, P36935). Microscopy imaging was performed using Zeiss LSM 700 

confocal microscope (100x objective) and Nikon ECLIPSE E600 microscope (100x objective). 

Cells were scored as positive (≥4 foci) or negative (0-3 foci) based on the number of foci 

observed by eye. All scoring was done blind and more than 50 cells were counted per sample. 

 

Alkaline Comet assay: Alkaline comet assay was performed with Enzo comet SCGE assay kits 

according to the manufacturer’s protocols. In brief, FACS purified cells were embedded in low 

melting point agarose and transferred onto comet slides. Cells were then lysed and treated with 

freshly made alkaline solution followed by electrophoresis in alkaline electrophoresis solution. 

Slides were dried for at least 2 days before imaging. Nuclei were stained with Sybr Green for 

20 min. Pictures of individual cells were taken with microscope (×40 objective) and analyzed 

using the CASP software (http://casplab.com/). The tail moment of all comets analyzed was used 

to define outliers and non-outliers based on calculated absolute deviation. Cells were defined as 

outliers when their tail moment absolute deviation was ≥3 median absolute deviation (MAD). 

Statistical significance was calculated in Prism (GraphPad) utilizing the Mann-Whitney test. 

 

http://casplab.com/
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ChIP-sequencing analysis: ChIP-sequencing data from ENCODE project [28] were used for 

analysis. Alignment images were generated with the UCSC Genome Browser [29] and peaks 

identification was based on the peak calling process of ENCODE project. Peak intersection was 

done with Galaxy [30] and peaks were mapped to nearby genes within 200kb range from TSS 

using Genomic Regions Enrichment of Annotations Tool (Great) [31]. The following publically 

available ChIP-seq datasets in GM12878 cells from ENCODE projects were used for analysis: 

MEF2C GSM803420, p300 GSM935562, H3K4Me1 GSM733772, H3K4Me3 GSM733708, 

H3K27Ac GSM733771, H3K9Me3 GSM733664, H3K27Me3 GSE50893, E2A GSM1010745, 

EBF1 GSM803386. 
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Antibody Flour Clone Company 

B220 APC RA3-6B2 BD 

Bioscience 

B220 APC Cy7 RA3-6B2 BD 

Bioscience 

B220 PerCP Cy5.5 RA3-6B2 eBioscience 

B220 PE RA3-6B2 BD 

Bioscience 

CD19 PE 1D3 BD 

Bioscience 

CD127 (Il7rα) PECy7 A7R34 eBioscience 

cKit APC 2B8 eBioscience 

Sca1 PECy7 D7 eBioscience 

AA4.1 PE AA4.1 BD 

Bioscience 

CD135 (Flt3) Biotin A2F10 eBioscience 

Gr1 APC RB6-8C5 BD 

Bioscience 

Mac1 PE M1/70 BD 

Bioscience 

CD4 APC RM4-5 BD 
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Bioscience 

CD8a PE 53-6.7 BD 

Bioscience 

IgD FITC 11-26C.2A BD 

Bioscience 

IgM PE R6-60.2 BD 

Bioscience 

IgM FITC II/41 BD 

Bioscience 

CD43 FITC S7 BD 

Bioscience 

CD43 Biotin S7 BD 

Bioscience 

Stv APC -- Invitrogen 

CD24 PE Cy7 M1/69 BD 

Bioscience 

BP-1 Biotin 6C3 eBioscience 

AnnexinV Alexa 647 -- BD 

Bioscience 

Ig-kappa FITC 187.1 BD 

Bioscience 

DAPI -- -- AnaSpec 
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7AAD -- -- BD 

Bioscience 

Lineage PECy5   

B220 RA3-6B2 BD 

Bioscience 

Mac1 M1/70 eBioscience 

Gr1 RB6-8C5 eBioscience 

CD3 145-2C11 eBioscience 

Ter119 TER-119 eBioscience 

 

 

Figure Legend 
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Figure 1. Mef2C maintains the integrity of B lymphoid compartment by promoting bone marrow 

B cell progenitor survival  

(a) Deletion of Mef2C in hematopoietic cells in VavCre Mef2C
fl/fl

 mice resulted in specific 

reduction of BM B cells (b,c) FACS analysis of BM suggested that loss of Mef2C does not affect 

the frequency of common lymphoid progenitors in the BM (n≥7). (d,e) FACS analysis of Hardy 

B lymphoid progenitor fractions in the BM revealed reduction of all B lymphoid progenitors in 

Mef2C deficient mice while the mature B cells in the BM (Fr.F) were not affected (n≥8). (f,g) 

FACS analysis of annexin V expression in B lymphoid progenitors documented increased cell 

death in Mef2C deficient B lymphoid progenitors while total BM was not affected (n≥7). All 

mice were analysed at 7-10 months of age. Data shown are the mean ± SD of three or more 

independent experiments. N.S. not significant, * P<0.05, ** P<0.01 and *** P<0.001.  

progenitors without a major effect on sIgM+ B cells (n≥3). Data shown are the mean ± SD of 

two or more independent experiments.  * P<0.05, ** P<0.01 and *** P<0.001.  
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Figure 2. Mef2C is required for efficient peripheral B lymphoid recovery upon sub-lethal 

irradiation 

(a) Experimental design of hematopoietic ablation by sub-lethal irradiation: mid-aged  VavCre 

Mef2C
fl/fl

 and control mice received 6Gy of total body irradiation. At day 2, week 2, 4 and 6, 

peripheral blood was collected for CBC and FACS analysis. At day 2, and week 2 and 6, spleen 

and bone marrow were analyzed by FACS. (b) Representative FACS analysis of peripheral blood 

B cells revealed defective B cell recovery in Mef2C deficient mice. (c) Quantification of 

peripheral blood lineage cell count (WBC count from CBC multiplied with lineage percentage 

from FACS) documents that loss of Mef2C compromised the recovery of B cells while T and 

myeloid cells were not affected. (d,e) FACS analysis of spleen B cells in both VavCre Mef2C
fl/fl
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and control mice after irradiation revealed defective B cell recovery in Mef2C deficient mice. All 

mice were analysed at 9-11 months of age. Day 2: n=4, data shown are the mean ± SD of two 

independent experiments. Other time points: n≥5, data shown are the mean ± SD of three or 

more independent experiments. * P<0.05, ** P<0.01 and *** P<0.001.  
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Figure 3. Pre-B cell stage becomes a major bottleneck for B lymphoid recovery in the absence of 

Mef2C 

(a) Quantification of BM B lineage cell count (total BM cellularity multiplied with lineage 

percentage from FACS) shows that loss of Mef2C does not severely affect the recovery of early 

B lymphoid progenitors (prepro- & pro- B) while it compromises the recovery of pre-B cells and 

downstream sIgM+ BM B cells (Day2: n=4, other time points: n≥5). (b,c) Representative FACS 

analysis of BM B lymphoid progenitors at 2 and 6 weeks post 6Gy irradiation. (d) Quantification 

of annexin V expression revealed an exaggerated cell death in VavCre Mef2C
fl/fl

 mice at 2 weeks 

post 6Gy TBI compared to un-irradiated ones (n≥9). All mice were analysed at 9-10 months of 

age. Day 2: data shown are the mean ± SD of two independent experiments. Other time points: 

data shown are the mean ± SD of three or more independent experiments. * P<0.05, ** P<0.01 

and *** P<0.001.  
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Figure 4. Mef2C regulates DNA double strand break (DSB) repair in pre-B cells 

(a) Microarray analysis of pre-B cells from control & VavCre Mef2C
fl/fl

 mice (9 mo) revealed 

1941 significantly (|FC|≥2 and p≤0.05) down-regulated and 824 up-regulated genes in absence of 

Mef2C (n=3). (b) Regulation of transcription, cell cycle and DNA repair were among the top GO 

categories down-regulated in Mef2C deficient pre-B cells. (c,d) Representative figure and 

quantification of alkaline comets revealed increased DNA damage in Mef2C deficient pre-B 

cells (9-11 mo). Data shown are the mean ± SEM of three independent experiments, n≥6. 728 

control pre-B cells and 450 Mef2C deficient pre-B cells.) (e,f) Representative IF analysis of 

γH2AX in pre-B cells (9-10 mo) revealed that Mef2C is required to promote proper DSB repair 

in pre-B cells. (n≥6, data shown are the mean ± SD of three independent experiments.). (g) DNA 

double-strand break repair genes that are significantly changed in Mef2C deficient pre-B cells 

are shown.  

(*** P<0.001) 

 



106 

 

 

 

Figure 5. Mef2C regulates NHEJ repair and V(D)J rearrangement machinery to promote BCR 

rearrangement during B lymphoid development 

(a) Expression of Rag 1&2, Xrcc 4&6 and Lig4 during pro-B to pre-B transition in both control 

& VavCre Mef2C
fl/fl 

mice (9mo). Loss of Mef2C compromised the induction of all these factors 
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(n≥2). (b,c) Quantitative PCR analysis of κ, λ light chain rearrangement (n≥7) in BM sIgM+ 

cells and J558, 7183 heavy chain (n≥5) in pro-B cells (7-9 mo) revealed significantly reduced 

frequency of all light chain families and J558 heavy chain in absence of Mef2C. (d,e) 

Representative FACS plots and quantification of intracellular FACS analysis of μ heavy and κ 

light chain expression in BM pro-B and pre-B cells from mice without irradiation and 2 weeks 

post 6Gy total body irradiation (7-11mo, n≥10). Data shown are the mean ± SD of three or more 

independent experiments. * P<0.05, ** P<0.01 and *** P<0.001.  
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Figure 6. Mef2C regulates the expression of critical DNA repair and V(D)J genes through direct 

binding at promoters and enhancers 
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(a) Intersection of MEF2C bound genes in human B lymphoblasts and down-regulated genes in 

Mef2C deficient mouse pre-B cells identified DNA repair regulators as candidate direct target of 

Mef2C in pre-B cells. (b) GREAT analysis showed that MEF2C binding sites are located both 

around TSS and at distant regulatory elements. (c) Distribution of epigenetic marks around 

MEF2C binding sites shows correlation of Mef2C peaks with both enhancer and promoter 

marks. (d) MEF2C binding and epigenetic marking at genes encoding for key B cell regulator, 

DNA repair and V(D)J factors. MEF2C peaks defined by the ENCODE dataset are highlighted 

in grey.  

 

 

 

Figure 7. Mef2C protects BM B lymphopoiesis through the regulation of DNA repair machinery  

Mef2C has a critical function in ensuring efficient BM lymphopoiesis during steady state and 

stress. At steady state, Mef2C enhances the expression of critical V(D)J initiators and DSB repair 

machinery to promote the rearrangement of both heavy and light chains, the success of which 

ensures the expression of wide spectrum of B cell receptor and survival of BM B cell 

progenitors. The requirement for Mef2C to promote V(D)J rearrangement is heightened after 

irradiation induced ablation when rapid production of B lymphoid cells is required to replenish 

the B lymphoid compartment. During recovery from irradiation, loss of Mef2C resulted in a 

temporal bottleneck in B lymphoid recovery at pre-B cell stage, which also led to a compromised 

recovery of downstream peripheral B lymphocytes.  
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Chapter 5 Conditional inactivation of p53 in mature B cells Promotes generation of 

nongerminal center-derived B-cell lymphomas 
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Abstract 

The p53 tumor suppressor is a transcription factor that regulates a large array of genes involved 

in control of cell cycle and apoptosis [1][2]. Transactivation-independent activities of p53 have 

also been described, ranging from transcriptional repression [3] to cytoplasmic and 

mitochondrial functions [2]. Levels of p53 protein are extremely low in normal conditions, but 

p53 becomes stabilized and activated by a variety of posttranslational modifications in cells 

subjected to different types of DNA damage as well as upon overexpression of oncogenes [1][2]. 

As a result of p53 activation, cells carrying potentially harmful lesions, such as DNA double-

strand breaks (DSBs) or mutations that activate oncogenes, initiate cell cycle arrest to repair the 

lesion or undergo programmed cell death. Germ-line p53 mutations in humans cause Li-

Fraumeni syndrome, a familial condition characterized by early onset of different tumors [4][5]. 

Moreover, the p53 gene is somatically mutated or deleted in a large number of human cancers, 

indicating that this tumor suppressor exerts its protective role against oncogenic transformation 

in multiple tissues [5]. Targeted disruption of the p53 gene in mice, however, results in a strong 

predisposition for early-onset thymic lymphomas [6]. A small percentage of germ-line p53-

deficient mice succumb to B lineage lymphomas [7][8], but the short lifespan of these animal 

resulting from thymic lymphoma prevented more detailed studies of the effects of p53 deficiency 

in different stages of B-cell differentiation as well as in other tissues. By using the Cre/Lox 

approach in mice with p53-conditional alleles [6][9], several studies demonstrated that somatic 

inactivation of p53 is sufficient to promote tumor formation in some, but not all, tissues 

examined. Thus, for example, p53 deletion per se results in development of breast tumors [10] 



115 

 

and osteosarcomas [11][12], whereas development of ovarian or prostate cancers requires 

simultaneous deletion of other tumor suppressors [13][14]. 

Introduction 

In humans, many B- and T-cell lymphomas are characterized by clonal translocations that 

usually juxtapose an oncogene to antigen receptor loci [15][16]. Translocations in progenitors of 

lymphoid tumors involve on one partner programmed DSBs that are generated in the context 

of Ig gene assembly in B cells, and T-cell receptor (TCR) assembly in T cells. This process, 

called V(D)J recombination, takes place in early stages of B- and T-cell differentiation and is 

initiated by the RAG endonuclease, formed by the products of recombination activating gene 

(RAG)-1 and -2. RAG introduces DSBs at target V, D, and J segments in theIg and TCR loci, 

which are then joined by the classical nonhomologous DNA end-joining pathway (C-NHEJ) 

[16][17]. Upon antigen stimulation of mature B cells, the constant (C) region of the Ig heavy 

chain (IgH) molecule, which initially is encoded by the Cμ exons, can be exchanged to another 

heavy chain isotype, with different effector functions, by class switch recombination (CSR) 

[16][17]. CSR is initiated by activation-induced cytidine deaminase (AID) activity, which leads 

to DSBs within large repetitive sequences (S regions) that flank each set of IgH C region exons 

with the breaks subsequently being joined by C-NHEJ or alternative end-joining [16][17]. AID is 

also responsible for another Ig diversification process, somatic hypermutation (SHM), which 

introduces of mutations in the variable region exons, allowing the selection of B cells that 

produce Ig molecules with higher affinity for antigen [18][19]. SHM takes place in specialized 

structures, called germinal centers (GCs) that organize in peripheral lymphoid organ following 

antigen encounter, whereas CSR can also occur outside of the GC reaction [20]. 
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Human B-cell lymphomas can originate at different stages of B-cell differentiation, as can be 

inferred by examining the pattern of Ig loci rearrangements. Many human B-cell lymphomas, 

such as follicular lymphomas or large B-cell lymphomas, are of GC or post-GC origin and 

accordingly carry switched and hypermutated IgH alleles [21]. These tumors routinely harbor 

translocations between IgH and oncogenes such as c-myc and Bcl6, with breakpoints that can be 

ascribed to aberrant CSR or SHM [16][17]. Although true pre-GC lymphomas, such as mantle 

cell lymphoma, are relatively rare, other cases, including splenic marginal zone lymphoma 

(MZL) and Waldenstrom macroglobulinemia, derive from B cells that may have undergone 

SHM but not CSR and usually do not harbor IgH translocations [22][23][24]. 

Despite the frequency of translocations involving antigen receptor loci in human lymphomas, T-

cell tumors arising in germ-line p53-null animals harbor clonal translocations only in a minority 

of the cases. Moreover, the observed translocations are not recurrent and do not involve TCR loci 

[25]. When both p53 and C-NHEJ factors are deleted in the germ line or in B-lineage cells, mice 

invariably develop B-cell lymphomas with characteristic translocations between the IgH and 

the c-myc oncogene loci [16], and p53 deficiency allows accumulation of IgH/c-

myc translocations in normal B cells stimulated to undergo CSR [26]. To better characterize the 

role of p53 in B-cell lymphoma formation, given that the onset of these tumors is masked by the 

fast appearance of thymic lymphomas in p53-null mice, we conditionally inactivated the p53 

gene in mature B cells by mean of the Cre/Lox approach.  

Results 

 

Mice with Mature B Cell–Specific Inactivation of p53 Develop B-Cell Lymphomas. 



117 

 

To specifically delete the p53 gene in mature B cells, we bred a previously generated p53-floxed 

conditional allele (p53
F
, Fig. 1A) [9] into the CD21-Cre background [27]. Cre recombinase 

expression from the CD21 promoter takes place during differentiation from immature 

transitional B cells to mature B cells; accordingly, efficient p53 deletion was observed by 

Southern blotting in peripheral B cells (Fig. 1A). CD21-Cre may become nonspecifically active 

in the germ line; therefore, we generated our experimental cohort by crossing CD21-

Cre/p53
F/F

 males to p53
F/F

 females. CD21-Cre/p53
F/F

 and CD21-Cre/p53
F/-

 offspring (collectively 

referred to as “CP,” with the latter deriving from nonspecific Cre-mediated deletion of one 

floxed p53 allele) was monitored for tumor development. Because deficiency of the histone 

variant H2AX does not confer tumor susceptibility [28][29], we similarly generated a cohort of 

CD21-Cre/H2AX
F/F

 or CD21-Cre/H2AX
F/-

 mice (referred to as “CH”) as controls. 

To promote immune responses, half of the mice in each cohort were immunized by injection of 

sheep RBCs, according to standard protocols [30]. No difference in overall survival and cause of 

death were observed between the nonimmunized and immunized groups (Table S1); therefore, 

results from the two groups are presented together. CP mice became moribund between 8 and 12 

mo of age, whereas control CH mice usually lived up to 2 y of age (Fig. 1B). About 50% of CP 

mice succumbed to B-cell lymphomas, which likely originated in the spleen (affected in 10/10 

mice and usually greatly enlarged, Fig. 1C). The tumor often involved peripheral lymph nodes 

(5/10 mice), and more rarely mesenteric lymph nodes (3/10 mice) and thymus (3/10 mice). 

Metastasis to the liver was observed in four animals. Development of B-cell lymphomas was 

more frequent in p53
F/F

 than in p53
F/-

 mice, because the latter were also susceptible to other types 

of cancers, likely from p53 heterozygosity (Table S1). Indeed, three CP mice of the p53
F/-

 genotype developed thymic lymphomas and sarcomas, which are typical in p53 heterozygous 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig01/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig01/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=ST1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig01/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig01/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=ST1
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mice [31]. Mice 187 and 307 presented with normal spleens and tumor masses, which 

histologically were of mixed lymphoid and myeloid lineages; therefore, these two tumors were 

not analyzed further. In the CH cohort, only one mouse developed a B-cell lymphoma at 21 mo 

of age, and two mice died of ovarian tumors at more than 27 mo of age (Table S1). 

CP B-Cell Lymphomas Are Surface IgM+ and of Pregerminal Center Origin. 

Histopathologic studies of sections from CP tumor samples revealed a relatively complex 

picture. Tumor CP220 (Fig. 2A, Upper Left) was characterized by a nodular growth pattern and a 

mixed centrocytic/centroblastic population typical of murine follicular lymphomas [32]. Other 

cases (tumors CP245 and CP569; Fig. 2A, Upper Right) showed histologic and cytologic features 

characteristic of murine splenic MZL [33] and were remarkably similar to MZL previously 

identified in mice with a conventional knockout of p53 [8] or an altered p53 exon 1 [34]. Some 

cases had a more diffuse and aggressive phenotype, characterized by high mitotic rates (tumors 

CP239 and CP301; Fig. 2A, Lower Left), larger cells (tumor CP166), or anaplastic cells (tumor 

CP277; Fig. 2A,Lower Right). Analysis of surface marker expression by flow cytometry revealed 

that CP lymphomas were invariably B220+/IgM+, with most of the tumors also being Igκ+. 

Tumor CP301 was the only IgM+/Igλ+ case (Fig. 2B). These results suggest that CP B-cell 

lymphomas most likely originated from B cells that had not undergone CSR. Moreover, 

immunohistochemical analysis showed that a subset of the tumors were Bcl6-negative, consistent 

with a pre-GC origin (Table S2). 

To further characterize these p53-deficient B-cell tumors, we analyzed rearrangements at 

the IgH and Igκ loci in CP tumor DNA by Southern blotting. We first used probes hybridizing 

downstream of the JH region (JH4–3 probe; Fig. 3A, Left) and of the Jκ region (Jκ probe; Fig. 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=ST1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig02/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig02/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig02/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig02/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig02/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=ST2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
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3A, Right), and found that all samples contained distinct, rearranged bands (Fig. 3B). These 

results indicated that the tumors are monoclonal with one or two non–germ-line bands (e.g., 

CP236, CP301) or oligoclonal with more than two non–germ-line bands (e.g., CP220, CP250) 

and usually originated from single cells that had undergone V(D)J recombination at 

bothIgH and Igκ loci. We next examined the status of the Sμ region by using an Iμ probe from 

the JH to Cμ intron, which on an EcoRI digest recognizes a fragment that is not within the IgH V, 

D, or J segments and is not altered by V(D)J recombination (Fig. 3A, Left). Sμ is the donor 

switch region for the vast majority of IgHCSR events; therefore, detection of a rearrangement 

with this probe would indicate that the cell of origin of the tumor had undergone CSR. All but 

one (CP246) of the analyzed CP tumor samples carried germ-line, unrearranged Sμ bands (Fig. 

3C), further confirming that they derive from cells that had not undergone CSR. We also 

analyzed SHM at the IgH locus by PCR amplification and sequencing of the region 

encompassing the intron between the intronic Eμ enhancer and the rearranged JH segment (Fig. 

3D). None of the lymphomas analyzed except CP246 had any mutations, consistent with the 

notion that they arose from naive pre-GC B cells (Fig. 3D). 

B-cell lymphomas in humans and mice routinely harbor clonal translocations that involve Ig loci 

and different oncogenes, such as c-myc, Bcl2, or Bcl6 [16]. To determine if this was also the case 

for CP lymphomas, we performed spectral karyotyping (SKY) on metaphase spreads from short-

term tumor cell cultures. Most of the tumors showed variable degrees of aneuploidy, a 

characteristic associated with p53 deficiency [35]. All but one of the analyzed CP lymphomas 

carried multiple clonal translocations that were nonrecurrent, involving different chromosomes 

(chr) in each tumor analyzed (Fig. 4A and Table 1). Tumor CP569 harbored reciprocal T(14;2) 

and T(2;14) translocations; tumor CP239 harbored T(3;1), T(4;3), and T(17;2); and tumor CP166 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/table/t01/
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carried reciprocal T(1;15) and T(15;1) plus T(13;10) and T(10;9). Two tumors also harbored 

complex translocations: tumor CP220 had a complex translocation involving chr 8, 14, and 12 in 

addition to a T(2;5) and a T(17;4), whereas tumor CP277 had a complex T(5;3;5) translocation in 

addition to clonal T(6;19), T(4;6) and frequent T(17;10), and T(X;3). Another tumor generated 

outside of the experimental cohort, tumor CP752, similarly carried multiple clonal translocations 

including T(10;6), T(9;1), T(15;16), T(14;1), and T(11;14). Only tumor CP246 lacked any 

translocations that could be identified by SKY. This was also the only tumor exhibiting SHM 

and it developed with a shorter latency than any of the other tumors (Table S1), suggesting it 

may represent a different tumor type than other CP tumors. 

Mouse models deficient for p53 and C-NHEJ or DSB-response factors usually carry 

translocations involvingIg loci [16]. The IgH locus lies on the telomeric portion of chr 12, 

whereas the Igκ and Igλ loci lie on chr 6 and 16, respectively. Tumor CP220 has a complex 

T(8;14;12) translocation. However, the chr 12 breakpoint did not involve the IgH locus, as 

demonstrated by FISH analysis with IgH-flanking probes (Fig. 4B, Left, and Fig. S1A). 

Surprisingly, FISH analyses with probes flanking the TRCα/δ locus on chr 14 showed that the 

complex translocation in this B-cell tumor splits the 5′ and 3′ ends of the TCRα/δ locus, which 

normally rearranges during V(D)J recombination in pro-T cells. However, other translocations 

involving chr 14 in tumors CP569 and CP752 did not involve TCRα/δ (Fig. S1 C and D). Tumors 

CP277 and CP752 had translocations involving chr 6 and tumor CP752 also had a chr 16 

translocation. FISH analysis with probes flanking Igκ and Igλ showed that these loci were not 

involved in the translocations (Fig. 4B and Fig. S1 Band D). Chr 6 also carries the TCRβ locus, 

which was not translocated in tumor CP752 but was partially duplicated in tumor CP277 (Fig. 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=ST1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=SF1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=SF1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
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4B and Fig. S1 B and D). Together, these analyses indicated that CP tumors do not carry 

translocations involving Ig loci. 

Mouse B-cell lymphomas often rearrange or amplify the c-myc oncogene, resulting in high levels 

of c-mycexpression that contribute to transformation [36][37][38]. This seems not to be the case 

for CP lymphomas because only one tumor, CP166, had a translocation involving chr 15 that 

bears the c-myc locus. To confirm that c-myc overexpression was not a key factor during 

lymphomagenesis in CP mice, we performed Northern blotting on RNA from selected CP 

tumors. High levels of c-myc transcripts were not detected (Fig. 4C), indicating that other, 

unknown mechanisms promote transformation of CP B cells. 

Discussion 

Here we show that specific inactivation of the p53 tumor suppressor gene in mature B cells is 

sufficient to promote oncogenic transformation and results in the development of splenic mature 

B-cell lymphomas. By histopathologic criteria, several CP B-cell tumors resemble murine 

splenic marginal zone lymphomas (SMZL), with some cases showing a more aggressive 

phenotype consistent with diffuse large B-cell lymphomas characteristic of high-grade MZL in 

mouse [33]. Indeed, a previous study identified the prevalent B-cell tumor in germ-line p53 

knockout mice as SMZL and found progression from marginal zone hyperplasia to invasive 

lymphomas composed of more pleomorphic cells [8]. More recently, it was found that mice with 

an altered first exon resulting in B cell–specific deletion of p53 also developed SMZL [34]. 

These studies, however, were limited to histological analyses and did not examine cytological 

abnormalities nor determine the cellular origin of the tumors. Nonetheless, the combined results 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=SF1
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
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of these studies clearly indicate that, at least in mice, splenic marginal zone B cells are uniquely 

sensitive to the transforming effects of p53 deficiency. 

We found that all CP B-cell tumors were IgM
+
 and that only one exhibited somatic 

hypermutation, indicating that their cell of origin was a mature B cell that had not passaged the 

germinal center or undergone CSR. Accordingly, CP tumors lacked clonal translocations 

involving Ig loci or the c-myc oncogene, which are believed to originate from mistakes in 

rejoining DSBs generated during CSR and SHM [16][17]. These results are in keeping with the 

fact that splenic marginal zone B cells are almost universally IgM-positive with BCRs enriched 

for germ-line sequences [39]. 

Given that half of the CP mice analyzed had been immunized to stimulate T cell–dependent 

immune responses, our results suggest that naive B cells are better targets for transformation 

induced by p53 deficiency in the absence of other deficiencies, such as C-NHEJ deficiency. 

Because p53-dependent responses have been shown to be reduced during the GC reaction by 

BCL6 [40], it is possible that other p53-independent mechanisms are operational in cells 

undergoing CSR and SHM to safeguard genomic stability. A previous study used mb1-Cre to 

delete p53 from early developing B cells and showed that this resulted in generation of tumors 

from multiple stages of B-cell differentiation including pro-B cells and mature B cells [41]. In 

contrast to our results, a subset of mice from this earlier study developed IgM-negative B-cell 

lymphomas with S region rearrangements and T(12;15) translocations. Given that mb1-Cre–

mediated deletion of p53 takes place at the progenitor B-cell stage, the precise origin of these 

tumors remains unclear. Moreover, the exact nature of T(12;15) translocations in tumors that 

derived from mb1-Cre deletion of p53 were not determined, and it is possible that they originated 
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from V(D)J recombination breaks at the IgH locus that persisted from the pro-B-cell stage. 

Alternatively, lack of p53 from early B-cell development could have favored accumulation of 

other mutations, which in turn allowed survival of cells carrying IgH/c-myctranslocations. It is 

also possible that development of mb1-Cre–deleted p53-deficient tumors that appear to derive 

from B cells undergoing CSR was influenced by other factors, including differences in the 

housing conditions of the experimental animals, resulting in exposure to different types of 

antigens, and potential differences between the genetic backgrounds of the experimental animals. 

Clonal translocations, even those not involving Ig loci, were present in all but one of the CP 

tumors as well as in many of the IgM
+
 tumors from mb1-Cre–deleted p53-deficient mice [41]. 

These translocations were not recurrent and involved different chromosomes in each tumor. 

Moreover, most of the tumors carried multiple, sometimes complex translocations, which that 

made it most unlikely that any single oncogenic event was responsible for transformation of CP 

B cells. Such high frequency of translocations in CP B-cell tumors may reflect a propensity of B 

cells to tolerate high levels of DSBs. Indeed, recent work from our laboratory suggests that 

translocations in activated cycling B cells are more frequent than in G1-arrested pro-B-cell lines 

[42][43]. However, metaphases from p53-deficient splenic B cells stimulated in vitro to undergo 

CSR do not show high levels of chromosomal breaks and translocations, suggesting the activity 

of other checkpoint mechanisms [44][45]. It is possible that splenic B cells activated in vitro are 

not representative of the population of B cells from which CP tumors arise in vivo. An 

alternative, nonexclusive explanation is that p53 deficiency in B cells allows accumulation of 

oncogenic translocations that occur at very low levels because of a defective apoptotic response. 

Indeed, a specific increase in oncogenic IgH/c-myc translocations can be detected in p53-

deficient cultured splenic B cells [26]. Moreover, evidence suggests that the proapoptotic 
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functions of p53 are responsible for protecting against B-cell lymphoma development, whereas 

its cell-cycle arrest functions are more important for suppression of T-cell lymphomas, which 

lack clonal translocations [6]. 

Given that organization and function of primary and secondary lymphoid organs are significantly 

different between mice and humans, it is often difficult to compare B-cell malignancies in these 

species [32]. Indeed, only few CP tumors closely resemble human MZL by histopathologic 

criteria, with most of them showing a more diffuse pattern. However, for several characteristics, 

CP tumors might represent a model for human SMZL or other IgM-positive human 

malignancies, such as Waldenstrom macroglobulinemia. First, somatic p53 inactivation is found 

in about 20–30% of human SMZL. Moreover, although translocations between oncogenes 

and Ig loci are present in most human B-cell lymphomas, splenic MZL or Waldenstrom 

macroglobulinemia most often lack these characteristic aberrations [22][23][24]. These tumors 

usually also carry evidence of SHM [22][23][46], but mouse SMZLs are not hypermutated [33], 

again indicating an intrinsic difference between mouse and human B-cell biology. Finally, 

similarly to human MZL and Waldenstrom macroglobulinemia, which are slowly progressing 

diseases, CP tumors arise with long latencies, suggesting they may initially develop as indolent 

disease and become more aggressive after accumulation of additional mutations. 

Materials and methods 

 

Generation of CP and CH Mice. 

CD21-Cre, H2AX
F/F

, and p53
F/F

 mice have been previously described [9][27][47]. Because the 

CD21-Cre transgene deletes nonspecifically more in the female than in the male germ line, 
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CD21-Cre/H2AX
F/F

 or CD21-Cre/p53
F/F

 males were crossed with H2AX
F/F

 and p53
F/F

females, 

respectively, to generate the experimental cohorts. Mice were maintained in a pathogen-free 

environment. For immunization, 1 × 10
8
 sheep RBCs resuspended in 100 µL of PBS were 

injected intraperitoneally; booster injections were performed every 2 wk. Induction of a robust 

GC reaction 10 d after immunization was confirmed in selected mice by histological examination 

of the spleen and by an increase in PNA
hi

 splenic B cells according to published protocols [30]. 

Experimental animals were monitored for tumor formation and killed for analysis when clear 

signs of disease appeared. 

All animal experiments were performed under protocols approved by the institutional Animal 

Care and Use Committee of Boston Children’s Hospital (Protocol 11-11-2074R). 

FACS Analysis. 

Single-cell suspensions from tumor masses and control organs were stained with CyChrome 

(CyC)-labeled anti-mouse B220 (eBiosciences), FITC-labeled anti-mouse CD43 (BD 

Biosciences), and RPE-labeled anti-mouse IgM (Southern Biotech) antibodies or with CyC-

labeled anti-mouse B220 (eBiosciences), FITC-labeled anti-mouse Igκ (BD Biosciences), and 

PE-labeled anti-mouse Igλ (BD Biosciences). 

Data acquisition was performed on a FACSCalibur flow cytometer equipped with CellQuest 

software (Becton Dickinson). Analysis was performed with FlowJo software (Tree Star). 

Histological Analysis. 
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Tumor tissues were fixed in 10% (vol/vol) buffered formalin and stored in 70% (vol/vol) 

ethanol. Paraffin-embedded tissues were sectioned and stained with H&E. Histologic diagnoses 

were made on the basis of established criteria [32]. 

Southern Blotting. 

Genomic DNA isolated from tumor masses or normal control tissues were separated on 0.8% 

agarose gel and transferred to Zeta-Probe GT (Biorad) nylon membrane. Hybridization was 

performed in 50% (vol/vol) formamide/SScPE at 42 °C. The 5′ p53 probe was a 600-bp XbaI 

fragment upstream of p53 gene exon1 and has been described previously. The JH4–3 probe was a 

1.6-kb HindIII/EcoRI fragment downstream of JH4; the Jκ probe was a 1-kb fragment 

downstream of Jκ5; and the Iμ probe was a 1.2-kb XbaI/PstI fragment encompassing part of the 

Iμ promoter. The c-myc probe used for Northern blot was generated by PCR-amplifying c-

myc exon2. 

Somatic Hypermutation Analysis. 

The genomic region encompassing JH1 to JH4 and part of the intron downstream of JH4 was PCR-

amplified from tumor DNA using degenerate oligonucleotides corresponding to the different 

VH families [48] as forward primers and oligonucleotides downstream of 

JH4(5′AGGCTCTGAGATCCCTAGACAG3′ or 5′CCTCTCCAGTTTCGGCTGATCC3′) as 

reverse primers. Proofreading polymerase (iProof High-Fidelity DNA Polymerase, Biorad) was 

used for amplification and PCR conditions were as previously published [48]. Amplification 

products were purified from agarose gel and submitted to sequencing. Sequences were compared 

with the published 129/Sv and C57/B6 sequences (accession 
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nos. NT_114985.2 and NT_166318.1, respectively). PCR amplification and sequencing was 

repeated two or three times for each sample. 

Metaphase Preparation, SKY, and FISH. 

Tumor cell suspensions were cultured for overnight and Colcemid (KaryoMAX Colcemid 

Solution; GIBCO) was added at the final concentration of 50 ng/mL for 3–5 h. Metaphase 

spreads were prepared according to standard protocols [44]. Spectral karyotyping was performed 

with a mouse SKY paint kit (Applied Spectral Imaging) following manufacturer’s indications. 

Images were acquired with BX61 Microscope (Olympus) equipped with a motorized automatic 

stage, a cooled-CCD camera, and an interferometer (Applied Spectral Imaging). A 63× objective 

was used. Analysis was performed with the HiSKY software (Applied Spectral Imaging). At 

least 15 metaphases per each sample were analyzed. 
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Figure 1 

CP mice develop B-cell lymphomas. (A) Southern blot analysis demonstrating deletion of p53 

gene in mature B cells. A schematic map with the position of relevant restriction sites and probes 

used is shown at top. Position of the bands corresponding to the wild-type (wt), floxed (fl), and 

deleted (del) p53 alleles is indicated. Bc-day4, purified splenic B cells cultured for 4 d with anti-

CD40/IL4; Bcells, purified splenic B cells; Tcells, purified splenic T cells. (B) Kaplan-Meier 

curve of the CP (n = 22) and control CH (n = 17) cohorts. Curves represent total survival. (C) 
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(Left) Example of enlarged spleen frequently observed in CP mice succumbing to B-cell 

lymphomas; (Right) normal control spleen. 

 

Figure 2. 

CP B-cell lymphomas are IgM+ and show features of MZL. (A) Representative histologic 

sections from indicated CP tumors, stained with H&E. (B) Representative FACS analysis on 

CP220 and CP301 tumors, using antibodies against B220 and IgM, Igκ, or Igλ, as indicated. 

(Left) Normal spleen sample. pLN, peripheral lymph nodes; Spl, total spleen. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig02/
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Figure 3 

CP B-cell tumors harbor clonal IgH and Igκ loci rearrangements, but are not somatically 

hypermutated. (A) Schematic of the IgH and Igκ loci showing restriction sites and probes used 

for Southern blot analyses. RI, EcoRI; HIII, HinDIII. (B) Southern blot analysis of DNA from 

CP tumors indicated on top demonstrating clonal rearrangements in the JH (Upper) and Jκ 

(Lower) regions. (C) Southern blot analysis of DNA from indicated CP tumors with the Iμ probe, 

which detects rearrangements in the Sμ region. (B and C), probes and restriction enzyme used 

are indicated at the bottom of each panel. Position of the germ-line bands (gl) is shown. DNA 

from normal spleen was used as control. (D) Table summarizing the results of experiments to 

verify levels of SHM in DNA from CP tumors. The diagram on the top shows the region of 

the IgHlocus used for PCR amplification and sequencing.CP B-Cell Lymphomas Harbor Clonal 

Nonrecurrent Translocations. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig03/
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Figure 4 

CP B-cell tumors harbor clonal, nonrecurrent translocations that do not involve Ig loci and c-

myc. (A) SKY analysis of selected CP tumors. One representative metaphase is shown. The 

arrows indicate chromosomes involved in clonal translocations. Detailed view of these 

chromosomes is presented in the panels at the side, showing DAPI, spectral, and computer-

classified staining for each chromosome. (B) FISH and chromosome paint analyses on CP 

tumors carrying chr 12 and chr 6 translocations. Sequential hybridization with the set of probes 

indicated on the left was performed. Only chromosomes involved in translocations are shown, 

with corresponding normal (n) counterparts. The whole metaphases are presented in Fig. S1. (C) 

Northern blot analysis on RNA from indicated CP tumors with probes specific for c-myc(Upper) 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/figure/fig04/
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222570110/-/DCSupplemental/pnas.201222570SI.pdf?targetid=nameddest=SF1
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or GAPDH (Lower) as loading control. RNA from normal spleen (norm spl) and from a pro-B-

cell tumor with c-myc overexpression (+ control) is included for comparison. 

 

 

Table 1 

SKY and FISH analysis of CP tumors 

At least 10 metaphases were analyzed per each sample. Clonal translocations (tr.) are present in 

more than 50% of metaphases analyzed; nonclonal translocation are present in less than 50% of 

metaphases analyzed. ND, not done. 

 

 

 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3581964/table/t01/
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Chapter 6  Conclusions to the Dissertation 
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These studies describe the levels of DNA damage and mutation generated by over-expression or 

deletion of particular genes that are required to carry out principal functions in healthy 

lymphocytes. The findings highlight the influence of these genes on the development and repair 

of DNA damage and mutation.  IL-13 and AID play a role either indirectly or directly in 

generating DNA breaks while Mef2c and p53 are important in regulating DNA break repair to 

prevent malignancies. 

IL-13 and AID which indirectly generate DNA breaks cannot have reduced activity without 

sacrificing immune function and therefore proper regulation of these genes is critical to the 

health of an organism.  With regard to its role in immune function, IL-13 is essential in 

facilitating the elimination of parasites. However, we found that an increase in IL-13 levels has 

the capacity to initiate genotoxicity in the lungs as well as in peripheral blood cells of mice. 

AID’s function involves inducing mutations that are necessary for producing antibody diversity, 

but we found that the presence of AID also induces translocations involving a number of genes 

including those which are implicated in leukemia and lymphomas. Augmented levels and/or 

mutation of IL-13 and the IL-13 receptors [1] [2] as well as AID [3][4][5] are implicated in 

several cancers. Our research emphasizes the importance of regulating gene expression so that 

appropriate levels of these proteins can maintain optimum health. Correspondingly, Mef2c and 

p53, both transcriptional activators which regulate DNA break repair, must also be meticulously 

regulated for optimal expression. Atypical regulation of DNA break repair pathways increases 

the likelihood of generating mutations and consequently oncogenic transformation. Studies have 

shown a relationship between aberrant Mef2c expression and oncogenic transformation [6][7][8]. 

In B cells we found that Mef2c deficiency results in high levels of double strand breaks due to 

the cell’s reduced ability to repair V(D)J-recombination associated breaks via activation of DNA 
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repair genes. Deficiency of p53 which causes a reduction in the apoptotic response and allows 

DNA damage and mutations to persist will result in tumorigenesis. We found that p53 deficiency 

induced clonal B cell tumors which likely developed due to the absence of p53’s pro-apoptotic 

function which normally prevents oncogenic transformation. These findings, like those in our 

reports on IL-13 and AID, also highlight the importance of tightly regulating these transcription 

factors. 

We found that in addition to exhibiting the histological phenotype of asthma, IL-13 induces a 

global inflammatory response. We found that IL-13 initiated oxidative stress leading to assorted 

types of genotoxicity with increased levels of gamma-H2AX and 8-oxoguanine in the lungs as 

well as peripheral blood cells. We also found micronucleus formation in erythrocytes. Our study 

implicates IL-13 as having a role in the induction of genotoxicity. The mechanism by which IL-

13 induces systemic genotoxicity is unknown. Westbrook et al. [9] found that inflammation of 

the gut also leads to systemic genotoxicity. Local organ inflammation may activate innate 

immune cell-mediated release of reactive species that injure circulating blood cells. 

Alternatively, but not exclusively, cytokine receptor-mediated production of free radicals may 

damage remote blood cells in the periphery. This study provides a basis for the possible use of 

IL-13 as a therapeutic target for asthma and potentially other pulmonary diseases. The induction 

of DNA damage through increased levels of IL-13 may provide insight for studies which 

describe cancer progression induced by the cytokine and its receptors [10][11][12]. It is possible 

that the increase in DNA damage, likely due to the effector function of receptors with affinity to 

IL-13 plays a part in the development and progression of these malignancies. Future studies 

should focus on identifying cell type-specific DNA damage to better understand the implications 

of IL-13 induced damage.  
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In the genome-wide translocation sequencing study we found that most translocations joined 

sequences of the same chromosome proximal to the targeted break. However, AID induced 

double strand breaks resulted in translocations preferentially occurring among several genes 

across the genome at transcription start sites of actively transcribed genes. AID’s programmed 

function is to induce mutations which mediate the double strand breaks on the immunoglobulin 

heavy chain locus. This process required for recombination and accordingly antibody diversity. 

The results show that AID also induces breaks at other genes during active transcription and 

leads to translocations involving these genes. These findings are in accord with studies showing 

that AID promotes cellular transformation [4][5]. Utilizing this high throughput technique in 

other cells types could facilitate differentiating the importance of site specificity versus 

transcriptional activity with regard to the AID dependent translocations. An enhanced level of 

AID is associated with several cancers. This system could also potentially discover targets of 

AID which lead to oncogenic transformation. One of the AID dependent translocations occurring 

frequently was the Il4ra gene which encodes a subunit of an IL-13 binding receptor. The 

receptor’s activity plays a potential role in the progression of cancers [11][13]. The genotoxic 

effects of IL-13 overexpression may be related to the Il4ra effector function. Mef2c was another 

gene hotspot. Given that the hotspots were associated with high levels of transcription, this result 

could indicate that Mef2c has a function downstream of recombination. Indeed we found that 

Mef2c enhances transcription of NHEJ factors. 

We showed the importance of Mef2c, a MADS box transcription factor on maintaining B cell 

homeostasis through DNA repair among bone marrow B cell progenitors. We found that Mef2c 

deficient preB cells have reduced efficiency of lymphopoiesis and that Mef2c is essential in the 

recovery of irradiated B cells as it is an enhancer of DNA repair machinery. Studies have 
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implicated overexpression and mutated Mef2c with leukemic progression [8][7]. Our results give 

light to the possibility that Mef2c’s role in leukemia involves the dysregulation of repair factors 

resulting in oncogenic translocations. Since Mef2c appeared as a hotspot in the high throughput 

study, future experiments looking into the role of Mef2c during class switch recombination 

through inactivation of Mef2c in mature B cells may indicate that DNA double strand breaks are 

increased in activated cells. Our study shows that the B cell compartment was not reduced in 

mature B cells; however these B cells were not stimulated to undergo class switch 

recombination. 

The importance of controlling p53 levels and the role of p53 deficiency in the development of 

many cancers due to the loss of DNA damage regulation are both well-established [14]. In the 

presence of DNA damage, p53 is stabilized by phosphorylation and activates expression of p21 

which blocks cyclin dependent kinase 2. This in turn inhibits cell cycle progression from G1 to S 

phase [15] and the result is cell cycle arrest, allowing DNA repair.  P53 also activates genes 

which trigger caspase 9 mediated cell apoptosis [16]. Therefore tumor suppression is reduced 

when p53 is mutated or deficient. p53 inactivation in mature B cells led to polyclonal mature B-

cell lymphomas with non-recurring translocations. P53 deletion in mature B cells led to tumors 

which overall did not undergo class switch recombination or somatic hypermutation even when 

immunized with sheep red blood cells. These mice may provide a model for human splenic 

marginal zone lymphomas which share some of the tumor characteristics in these mice such as 

the absence of translocations involving the immunoglobulin loci.  

Here we distinguished the characterization of DNA damage and mutation through abnormal 

expression of IL-13, AID, Mef2c, and p53. These studies help to better understand the 
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mechanistic role of DNA damage during the development of diseases associated with abnormal 

expression of these genes.   
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