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Abstract

Illegitimate V(D)J recombination at oncogenes and tumor suppressor genes is implicated in 

formation of several T cell malignancies. Notch1 and Bcl11b, genes involved in developing T cell 

specification, selection, proliferation, and survival, were previously shown to contain hotspots for 

deletional illegitimate V(D)J recombination associated with radiation-induced thymic lymphoma. 

Interestingly, these deletions were also observed in wild-type animals. In this study, we conducted 

frequency, clonality, and junctional processing analyses of Notch1 and Bcl11b deletions during 

mouse development and compared results to published analyses of authentic V(D)J 

rearrangements at the T cell receptor beta (TCRβ) locus and illegitimate V(D)J deletions observed 

at the human, nonimmune HPRT1 locus not involved in T cell malignancies. We detect deletions 

in Notch1 and Bcl11b in thymic and splenic T cell populations, consistent with cells bearing 

deletions in the circulating lymphocyte pool. Deletions in thymus can occur in utero, increase in 

frequency between fetal and postnatal stages, are detected at all ages examined between fetal and 7 

months, exhibit only limited clonality (contrasting with previous results in radiation-sensitive 

mouse strains), and consistent with previous reports are more frequent in Bcl11b, partially 

explained by relatively high Recombination Signal Information Content (RIC) scores. Deletion 

junctions in Bcl11b exhibit greater germline nucleotide loss, while in Notch1 palindromic (P) 

nucleotides are more abundant, although average P nucleotide length is similar for both genes and 

consistent with results at the TCRβ locus. Non-templated (N) nucleotide insertions appear to 

increase between fetal and postnatal stages for Notch1, consistent with normal terminal 

deoxynucleotidyl transferase (TdT) activity; however, neonatal Bcl11b junctions contain elevated 

levels of N insertions. Finally, contrasting with results at the HPRT1 locus, we find no obvious age 
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or gender bias in junctional processing, and inverted repeats at recessed coding ends (Pr 

nucleotides) correspond mostly to single-base additions consistent with normal TdT activity.
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1. Introduction

V(D)J recombination is the site-specific and evolutionarily conserved DNA recombination 

process in jawed vertebrates that confers novel antigen-binding domains to 

immunoglobulins and T cell receptors of lymphocytes. Normally, this process occurs only at 

particular stages of lymphocyte development and consists of the ordered rearrangements of 

variable (V), joining (J), and in some cases, diversity (D) gene segments. V(D)J 

recombinase, comprised mainly of Recombination Activating Gene 1 and 2 Proteins (RAG), 

recognizes Recombination Signal Sequences (RSSs) adjacent to coding gene segments and 

mediates recombination [1, 2].

Consensus RSSs are composed of a conserved, palindromic G/C rich heptamer 

(CACAGTG) and an A/T rich nonamer (ACAAAAACC) separated by a 12 or 23 base pair 

spacer of poorly conserved nucleotides [1, 3]. In the germline configuration prior to 

rearrangement, heptamer ends are directly adjacent to their respective coding segments. 

Following the 12/23 Rule, rearrangement normally juxtaposes coding segments with 

12RSSs to those with 23RSSs [4]. The current model for RAG binding to RSSs involves 

“recombination centers” arising from altered locus accessibility that facilitates the formation 

of a single RAG/RSS complex followed by locus contraction and capture of the second RSS, 

ultimately resulting in a paired complex where recombination occurs [1, 5, 6].

To initiate recombination, RAG forms a single-strand nick at the junction between the RSS 

and coding segment and mediates formation of a hairpin structure via a direct 

transesterification of the newly freed 3’ hydroxyl on the coding segment with the opposite 

strand [7]. The resulting four DNA ends, two coding end hairpins and two blunt 5’ 

phosphorylated signal ends, are contained in a post-cleavage synaptic complex also 

containing RAG [8-10]. Signal ends are ligated to form flush heptamer-to-heptamer fusions 

(signal joints), while covalently sealed coding end hairpins undergo further processing prior 

to ligation [11].

Coding ends are nicked open, and three major processing events may occur that ultimately 

add diversity to antigen-binding domains. Palindromic (P) nucleotides can result from off-

center nicking of hairpins, and nucleolytic activity can remove nucleotides from coding 

ends, both largely attributed to Artemis nuclease [12, 13]. Lastly, non-templated (N) 

nucleotides may be added to junctions by terminal deoxynucleotidyl transferase (TdT), a 

DNA polymerase expressed in lymphocyte precursors. Processed coding ends are then 

ligated together and retained on the chromosome. The processing and ligation of coding and 
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signal ends involve several components largely associated with the ubiquitous classical 

nonhomologous end-joining (cNHEJ) pathway for double-strand DNA break repair [14-16].

DNA strand breaks and recombination events, such as those occurring during V(D)J 

recombination, are potential sources of genomic instability, and several control mechanisms 

exist to prevent aberrant or illegitimate recombination events outside immune loci or in non-

lymphoid cells [1, 17]. First, expression of RAG and activators of V(D)J recombination 

normally occurs only during certain stages of lymphocyte development, and additionally 

RAG2 is targeted for degradation at the G1/S phase cell cycle transition [18]. Second, RSSs 

must be recognized and accessible within chromatin for RAG to initiate recombination. 

Finally, the large-scale organization of chromatin in the nucleus must be altered to allow for 

locus contraction and recombination of distant gene segments within the genome [19-21].

Despite these control mechanisms, occurrences of aberrant and illegitimate V(D)J 

recombination events involving lymphoid and/or non-lymphoid loci are detected in humans 

and mice, are often associated with lymphoid malignancies, and may be due to several 

factors [22-24]. While the consensus RSS is conserved among several species, only certain 

nucleotides of the heptamer are required for recombination, and most bona fide RSSs do not 

conform precisely to consensus [1, 25]. Thus, many pseudo or cryptic RSSs (cRSSs) can 

exist throughout the genome that may be recognized by RAG [25, 26]. While RAG1 binding 

appears to be restricted solely to RSSs within the antigen receptor loci, RAG2 is found 

bound to trimethylated histone 3 (H3K4me3) broadly throughout the genome, which may 

allow for recruitment and/or activation of other V(D)J recombinase components at non-

lymphoid loci [6, 27]. Rearrangement is also typically correlated with several markers of 

open or “accessible” chromatin, including particular histone modifications associated with 

germline transcription [28-30]. Additionally, coding segments separated by large genomic 

distances can be found juxtaposed in mature lymphocytes, indicating that germline 

separation, even by thousands of nucleotides, does not preclude recombination. Thus, DNA 

sequences that bear cRSSs in areas of open chromatin within cells concurrently expressing 

V(D)J recombinase components may be susceptible to illegitimate recombination.

If these illegitimate events occur at oncogenes or tumor suppressor genes, they may lead to 

pre-malignant states and/or cell transformation. Notch1 and Bcl11b are two such genes 

commonly found mutated in several murine and human T cell malignancies [24]. In mice, 

V(D)J recombinase-mediated deletions in these genes were found in radiation-induced and 

spontaneous thymic lymphomas, but interestingly deletions were also detected in healthy, 

wild-type animals [31, 32]. Illegitimate V(D)J recombination is implicated due to cRSSs or 

heptamer-like sequences and RAG2 binding near breakpoints, characteristic processing of 

coding junctions (i.e., molecular “signatures” of V(D)J recombination), and the absence or 

qualitative differences in deletions of RAG2−/− and cNHEJ-deficient mice, respectively [6, 

31-34].

Notch1 is a widely expressed oncogene encoding a transmembrane receptor that controls 

several aspects of T cell development, selection, proliferation, survival, and differentiation 

[35-37]. Notch1 signaling involves ligand binding and proteolytic cleavages that ultimately 

release the intracellular portion (ICN), which functions in a nuclear transcription factor 
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complex. Importantly, increased Notch1 expression occurs in early stages of T cell 

development (DN2/DN3/early DP) during which V(D)J-recombinase components are 

expressed and active [35-39]. Illegitimate V(D)J recombination mediates a deletion that 

removes the 5’ portion of the gene containing the promoter and canonical translational start 

codon in exon 1. Consequently, a truncated ligand- and cleavage-independent ICN can result 

from usage of cryptic promoters within or downstream of exon 25 [31, 34, 39, 40]. 

Constitutive ICN activity can potentially promote uncontrolled proliferation and 

oncogenesis.

Bcl11b is a transcription factor that contains several zinc-finger DNA binding motifs that 

was originally identified as a haploinsufficient tumor suppressor and is also involved in T 

cell development, commitment, selection, and survival [41-48]. Bcl11b expression is also 

upregulated during early stages of T cell development (DN2/DN3/DN4/DP), including those 

with ongoing V(D)J recombination [38, 44, 48]. Illegitimate V(D)J recombination removes 

exons 2 and 3, resulting in expression of a less common protein variant known at the γ-

isoform that is implicated in the formation of radiation-induced thymic lymphomas [32, 41].

Previous studies of illegitimate V(D)J recombination-mediated deletions in Notch1 and 

Bcl11b focused mainly on radiation-induced deletions in thymic lymphomas of young adult 

animals [31, 32]. In this study, we conducted an expanded frequency, clonality, and 

junctional processing analysis of illegitimate V(D)J deletion events at these loci during 

several stages of mouse development in wild-type animals. Results are discussed in the 

context of similar analyses of bona fide V(D)J rearrangements at the T cell receptor beta 

(TCRβ) locus and illegitimate events at the nonimmune HPRT1 locus found in human 

peripheral T cells that are not associated with T cell malignancies [49, 50].

2. Materials and Methods

2.1 Mice

C57BL/6 mice (Taconic, Hudson, NY) were bred and maintained in the vivarium of 

Southeastern Louisiana University under conditions approved by the Institutional Animal 

Care and Use Committee (IACUC). Mice were used at various developmental stages 

including fetal (gestational day 16), neonatal (2 days and 1 week), juvenile (2 and 3 weeks), 

young adult (4, 5, 7, and 10 weeks), and older adult (6 and 7 months). Sex determinations in 

young mice were confirmed as previously described [51].

2.2 Isolation of cells and DNA

Genomic DNA from whole thymus and spleen was purified from mice at a range of ages 

between fetal and mature adult stages. While older mice were analyzed individually, fetal 

samples were pooled from 7 mice. Thymic CD4+ and CD8+ T cells were isolated at 7 

weeks. Splenic T and CD43− B cells were purified at 5 weeks.

Thymocytes and splenocytes were isolated into RPMI complete medium containing 10% 

ΔFCS followed by washing with PBS (pH 7.2). Thymic CD4+ and CD8+ T cells were 

further purified using an EasySep Mouse CD4+ (or CD8+) Positive Selection Kit 

(STEMCELL Technologies, Vancouver, Canada). Splenic T and B cells were purified by 
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negative selection using a Dynabead Untouched Mouse T (or CD43− B) Cell Kit 

(Invitrogen, Grand Island, NY).

All samples were digested in SDS/Proteinase K buffer (0.5% SDS, 100μg/mL Proteinase K, 

100mM NaCl, 10mM Tris-HCl, 25mM EDTA, pH 8) at 55°C overnight. Lysates were 

incubated for 1hr each with 1mM PMSF at room temperature followed by 0.1mg/mL 

RNaseA at 37°C. Genomic DNA was extracted using phenol, chloroform, and isoamyl 

alcohol (25:24:1), precipitated in ethanol, resuspended in TE8 buffer (10mM Tris-HCl, 

1mM EDTA, pH 8), and quantified using a Nanodrop 1000 (Thermo Fisher Scientific, 

Wilmington, DE).

2.3 Nested PCR amplification of deletion coding junctions

Detection of illegitimate V(D)J recombinase-mediated deletions in genomic DNA was 

performed using modified versions of nested PCR protocols previously described [31, 32]. 

All reactions contained 2mM MgCl2, 200μM each dNTP, 0.5μM each primer (Eurofins 

MWG Operon, Huntsville, AL), 10ng/μL template DNA, and 25U/mL DNA polymerase (Ex 

Taq, Takara, Mountain View, CA or HotStar Taq, Qiagen, Valencia, CA) and consisted of 

30 cycles of 94°C for 30sec, annealing (Table 1) for 30sec, and 72°C for 1min.

For detection of Notch1 deletions, outer reactions (45μL) used primers NF22 and NR22 with 

450ng of DNA (75,000 cell equivalents), and inner reactions used primers NF3 and NR3 

(expected product ~250bp). For detection of Bcl11b deletions, outer reactions (22.5μL) used 

primers F1 and R1 with 225ng of DNA (37,500 cell equivalents), and inner reactions used 

primers F1-2 and R1-2 (expected product ~440bp). Some outer reactions for Bcl11b were 

performed using 50ng of DNA. For whole spleen, outer and inner reactions contained both 

Notch1 and Bcl11b primers, and outer reactions (30μL) used 30-70ng/μL DNA. All inner 

reactions (20μL) used 1μL of respective outer reactions.

PCR products were visualized on 1.5-2% agarose gels stained with ethidium bromide and 

extracted using a Qiaquick (or QiEx II) Gel Extraction Kit (Qiagen, Valencia, CA). Due to 

extensive genomic distances between primer target sequences, products are only formed 

when illegitimate deletions are present.

2.4 Determination of deletion frequency in thymus

Multiple nested PCR analyses were performed on DNA samples (minimum of 20 replicates) 

at limiting dilution to calculate the frequency of deletion events per cell using a modified 

Poisson distribution formula: F=−ln(Po)/n, where F is the frequency of deletions per cell, Po 

is the number of negative reactions divided by the total number of reactions, and n is the 

number of cell equivalents per reaction (assuming 6pg of DNA per diploid genome) [52]. 

Following limiting dilution theory, the frequency was only calculated when the number of 

negative reactions (i.e., no amplified deletions) was greater than or equal to 37% of the total 

number of reactions.

The PCR protocol used was previously shown to have a sensitivity of a single deletion event 

per reaction [31, 32]. The monoclonality of detected deletion products was confirmed by 

bacterial cloning and sequencing (TOPO TA Cloning Kit, Invitrogen, Grand Island, NY) or 
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direct DNA sequencing following agarose gel purification (Beckman Coulter Genomics, 

Danvers, MA).

2.5 Analysis of deletion coding junction sequences and clonality

Sequences of deletion coding junctions were aligned using Se-Al Sequence Alignment 

Editor v2.0a11 (http://tree.bio.ed.ac.uk/software/seal/) and analyzed using a systematic set 

of rules for nucleotide scoring based on previous studies of V(D)J recombination [49, 53]. 

First, coding end termini and nucleolytic processing were assigned based on the longest set 

of nucleotides matching the known germline sequences. Germline nucleotides that could not 

be unequivocally assigned to a single coding end were scored as junctional microhomology 

nucleotides. Second, inserted nucleotides were scored as either non-templated (N) or 

palindromic (P) nucleotides. Finally, non-templated nucleotides palindromic to germline 

sequences at coding ends with nucleolytic processing were also scored as inverted repeat 

nucleotides or “recessed palindromes” (Pr). Nucleotides that could not be unequivocally 

assigned to a single coding end were excluded from individual 5’ and 3’ coding end 

analyses.

2.6 Statistical analysis

One-way analysis of variance (ANOVA) was used to examine differences in deletion 

frequency, nucleolytic processing, and insertion of non-templated (N), palindromic (P), and 

inverted repeat (Pr) nucleotides between age groups. One-tailed Student's (unpaired) t-tests 

were used for analyses of sex and overall gene differences. Non-templated (N) dinucleotide 

pairs were analyzed using a Chi square goodness-of-fit test.

2.7 Analysis of cryptic Recombination Signal Sequences

To identify potential cryptic Recombination Signal Sequences (cRSSs), germline sequences 

near coding end breakpoints were examined by Recombination Signal Information Content 

(RIC) analysis using the RSSsite web server [54]. Deletion breakpoints, and accordingly 

deletion coding and signal ends, were designated based on the longest detected full-length 

coding ends matching the known germline sequences. Identified cRSSs were also compared 

to those previously observed in Notch1 and to heptamer-like sequences previously identified 

in Bcl11b [31, 32].

Possible cRSSs were only considered if the following conditions were met: signal end 

sequences began within five nucleotides of the deletion breakpoint, the minimum required 

nucleotides of the heptamer were present (CACNNNN) [1], a potential 12 and 23RSS 

pairing was possible, and RIC scores were equal to or higher than the lowest known for 

murine immune loci 12 and 23RSSs of −48.16 and −69.69, respectively [55].

3. Results

We screened for illegitimate V(D)J recombination-mediated deletion events in Notch1 and 

Bcl11b in thymus and spleen at various developmental stages and in separated lymphocyte 

populations. Thymus was also analyzed for deletion frequency, clonality, and junctional 

characteristics of V(D)J recombination at different stages.
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3.1 Detection, frequency, and clonality of deletions during mouse development

In thymus, V(D)J-mediated deletions in Notch1 and Bcl11b were found in fetuses at 

gestational day 16 and at all subsequent ages examined (Fig. 1, Tables 2, 3, 4, and 5). In 

spleen, deletions were detectable by at least 2 weeks of age. Both CD4+ and CD8+ 

thymocyte populations contained deletions as did splenic T cells, but deletions were not 

detected in splenic CD43− B cells (data not shown). Thus, T cells bearing deletions are 

present in the circulating lymphocyte pool, but deletions are not detected in unactivated 

splenic B cells.

For deletion frequency, the average and standard error for all age groups except fetal was 

calculated using replicate assays from several individual mice with detected deletions. Fetal 

samples could not be included in the statistical analysis of deletion frequency due to the 

pooled nature of the sample. However, the fetal results for each gene represent ~½ of all 

thymic DNA obtained, and the frequency of Bcl11b deletions appears to increase between 

fetal and juvenile stages, while Notch1 is similar at all postnatal ages (Fig. 1, Tables 4 and 

5).

For all other age groups and both sexes, the average frequency of deletions per 106 cells was 

not significantly different, but overall was much higher for Bcl11b than Notch1 (23±4 and 

2.8±0.5, respectively; p<0.0001; Fig. 1, Tables 4 and 5). Assuming 108 thymocytes per 

young adult mouse thymus, this yields roughly 280 Notch1 and 2,300 Bcl11b deletions, 

consistent with previous findings in other mouse strains [31, 32]. While deletion frequency 

does not appear to significantly increase in older animals, deletions are initiating by day 16 

of fetal development and are present through at least 7 months of age (Fig. 1, Tables 4 and 

5).

For Notch1, some mice did not contain detectable deletions, and one seemingly unhealthy 

mouse (#103) exhibited excessive hair loss, and displayed a greatly increased frequency of 

clonal Notch1 deletions compared to all other mice (Table 2), and neither were included in 

the frequency analysis.

Clonal populations of deletions were detected in thymus for both genes (Tables 2 and 3), 

and the percent clones among unique deletion sequences was higher for Notch1 than Bcl11b 

(23% vs. 8%). This contrasts dramatically with earlier studies in other mouse strains which 

indicated 75% clonality for Notch1 and no clonality for Bcl11b [31].

3.2 Cryptic Recombination Signal Sequences near deletion breakpoints

Using Recombination Information Content (RIC) analysis, deletion signal ends were 

examined for potential cryptic Recombination Signal Sequences (cRSSs) [54]. For Notch1, 

deletion breakpoints were found at positions 4926 and 16674, resulting in removal of exons 

1b through 2 (Fig. 2A). For Bcl11b, removal of exons 2 and 3 were due to breakpoints at 

positions 9856 and 74128 (Fig. 2B). Breakpoints detected for both genes are consistent with 

those previously observed in other mouse strains [31, 32].

For Notch1, only one plausible set of cRSSs was detected (Fig. 3A). Both were found 

directly adjacent to the longest deletion coding ends identified and matched those previously 
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observed [31]. The cryptic 12RSS at the 5’ breakpoint is 54% similar to the consensus RSS, 

and the cryptic 23RSS at the 3’ breakpoint is 44% similar (Fig. 3A). While the cryptic 

23RSS has a consensus heptamer, the cryptic 12RSS does not and, interestingly, contains a 

cytosine at the 4th position of the heptamer shown to destabilize the postcleavage complex 

and reduce coding joint formation [56], and this may partly explain the lower frequency of 

deletions detected for Notch1.

For Bcl11b, two cryptic 23RSSs were found near the 5’ breakpoint with a single cryptic 

12RSS partner near the 3’ breakpoint (Fig. 3B). The first cryptic 23RSS is more likely the 

functional cRSS however, as it lies adjacent to the longest detected 5’ coding end, has the 

higher RIC score (−55.22), and is a better match to the consensus RSS (49% similarity vs. 

36%; Fig. 3B). While the cryptic 23RSS does not contain a consensus heptamer, there are 

several conserved spacer residues adjacent to the heptamer element that may compensate for 

lower recombination efficiency due to the lack of consensus nucleotides in positions 5-7 of 

the heptamer (Fig. 3B) [57]. The cryptic 12RSS at the 3’ breakpoint is 57% similar to 

consensus, has a high RIC score compared to many immune 12RSSs, and contains a 

previously identified consensus heptamer [32, 55].

The RIC scores for the cRSSs of Bcl11b are higher than those of Notch1 and many immune 

RSSs, and this may be a factor in the higher deletion frequency detected for Bcl11b as RIC 

analysis can effectively predict recombination efficiencies of murine RSSs [25].

3.3 Palindromic (P) nucleotides in deletion coding junctions

Palindromic (P) nucleotides were found in deletion junctions of both Notch1 and Bcl11b at 

all ages except fetal (Fig. 4, Tables 2, 3, 4, and 5). The average number present in deletion 

junctions is not significantly different for any age group or sex, nor overall for Notch1 

compared to Bcl11b (1.6±0.2 and 1.8±0.2, respectively; Fig. 4A, Tables 4 and 5). The 

percentage of all deletion junctions containing P nucleotides is higher for Notch1 than 

Bcl11b (57% vs. 14%; Fig. 4A, Tables 4 and 5). Full-length coding ends frequently 

contained P nucleotides with Notch1 ends having slightly more than Bcl11b (71% vs. 59%; 

Fig. 4B, Tables 4 and 5). The percentage of deletion junctions and full-length ends with P 

nucleotides is similar for both sexes and all groups except fetal (Fig. 4, Tables 4 and 5). 

Deletion junctions of fetal mice did not contain P nucleotides, but only a small number of 

sequences were available for analysis due to low frequency detection of deletions in fetal 

animals. Of note is that P nucleotides were only found at one coding end in all deletion 

junctions examined (i.e., either at 5’ or 3’ ends, but not both; Tables 2 and 3).

3.4 Non-templated (N) nucleotides in deletion coding junctions

Non-templated (N) nucleotides were found in deletion junctions of both Notch1 and Bcl11b 

at all ages except fetal (Fig. 5A, Tables 2, 3, 4, and 5). The average number present is not 

significantly different for any age or sex, but is slightly greater for Bcl11b than Notch1 

(2.9±0.2 vs. 2.2±0.2; p=0.05; Fig. 5A, Tables 4 and 5). The percentage of deletion junctions 

containing N nucleotides rises with increasing age for Notch1 but is similar from neonates to 

older adults for Bcl11b (Fig. 5A, Tables 4 and 5). The overall percentage of deletion 
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junctions with N nucleotides is also higher for Bcl11b than Notch1 (81% vs. 68%; Fig. 5A, 

Tables 4 and 5).

Non-templated nucleotides are inserted by terminal deoxynucleotidyl transferase (TdT), and 

previous studies of its activity showed that insertion of nucleotides into coding junctions is 

not random [49, 50, 53]. A preference for G nucleotide insertions was observed during 

V(D)J recombination of plasmid substrates and in vivo, thus G/C nucleotides are present in 

coding junctions at higher levels than A/T nucleotides [50, 53]. For Notch1, the percentage 

of G/C nucleotides was similar for all groups except juvenile, but for Bcl11b all groups were 

similar (Fig. 5B, Tables 4 and 5). Overall, the G/C content of deletion junctions was higher 

for Bcl11b than Notch1 (79% vs. 55%; Fig. 5B, Tables 4 and 5).

TdT has also been shown to insert homo-dinucleotide pairs of purines and pyrimidines (RR 

or YY) at higher frequencies than expected by random insertion of nucleotides and hetero-

dinucleotide pairs (RY or YR) at lower than expected levels [53]. Expected frequencies are 

calculated from the percentage of each nucleotide relative to all detected N nucleotides and 

the total number of possible dinucleotide pairs (each N region length-1, summed). The 

product of the percentages of each nucleotide of a particular pair is then multiplied by the 

total possible pairs. For example, G nucleotides represent 50% of N nucleotides in all 

Bcl11b deletion junctions, and there are 218 possible dinucleotides. Thus, a GG dinucleotide 

pair is expected 55 times (0.50*0.50*218). Expected numbers were compared to the 

observed number of dinucleotide pairs using a Chi square goodness-of-fit test (df=1).

For Notch1, no dinucleotide pairs were present at significantly higher or lower than expected 

values (data not shown), likely due to the small number of short N regions observed. For 

Bcl11b, results were consistent with normal TdT activity as four RR/YY dinucleotide pairs 

were found at significantly higher than expected frequencies (GG, CC, CT, AA), while two 

RY/YR pairs were found at significantly lower frequencies (GC, CG). All other pairs were 

not significantly different than expected by random insertion (Table 6).

3.5 Inverted repeat nucleotides at recessed ends (Pr) in deletion coding junctions

Previously, a novel subset of non-templated (N) nucleotides palindromic to recessed coding 

ends was described [14, 53]. These inverted repeat nucleotides or “recessed palindromes” 

(Pr), which ranged from ~1-4 nucleotides in length, were found in V(D)J junctions of 

plasmid recombination substrates and at some sites of illegitimate V(D)J recombination in 

vivo (e.g., HPRT1 locus) [49, 53] but not in authentic V(D)J junctions at the antigen receptor 

loci [58]. Insertion of these nucleotides required TdT, but statistically could not be fully 

explained by its normal activity. A proposed model for Pr formation involves Artemis 

processing of stem loops or hairpins formed by complementary N nucleotide addition [12, 

14, 50].

We analyzed potential Pr nucleotides in Notch1 and Bcl11b deletion junctions and found 

their presence to be consistent with normal TdT activity rather than other mechanisms 

proposed. Pr nucleotides in deletion junctions and at recessed coding ends averaged ~1 base 

pair, typically were G/C nucleotides, and these did not vary for any age group or sex, nor for 

Notch1 compared to Bcl11b (Fig. 6, Tables 2, 3, 4, and 5). While the overall percentage of 
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deletion junctions and recessed ends containing Pr nucleotides is higher for Bcl11b than 

Notch1 (Fig. 6, Tables 4 and 5), this is most likely due to a higher rate of N insertion plus 

more recessed coding ends for Bcl11b (see below). Pr nucleotides were found associated 

with the 5’ and 3’ coding ends of each gene and on both ends of some Bcl11b deletion 

junctions (Tables 2 and 3).

3.6 Nucleolytic processing of deletion coding ends

Nucleolytic processing of coding ends was found in deletion junctions of both Notch1 and 

Bcl11b at all ages examined (Figs. 7A and 7B, Tables 2, 3, 4, and 5). The average number of 

excised nucleotides was not significantly different for any age group or sex, but overall was 

more extensive in deletion junctions of Bcl11b compared to Notch1 (7.4±0.5 vs. 3.7±0.4; 

p<0.0001; Fig. 7A, Tables 4 and 5). For Notch1 deletions, the average number of excised 

nucleotides was significantly higher for the 5’ coding end compared to the 3’ end (3.4±0.4 

vs. 2.2±0.2; p=0.03; Fig. 7C, Table 4).

While the percentage of all deletion junctions with processing was similar for both genes 

(91% for Notch1 and 99% for Bcl11b; Fig. 7A, Tables 4 and 5), the percentage of all coding 

ends with processing was higher for Bcl11b than Notch1 (88% vs. 60%; Fig. 7B, Tables 4 

and 5). Most Notch1 deletion junctions contained one full-length and one processed coding 

end, while both coding ends of most Bcl11b junctions were processed (Tables 2 and 3). 

These differences in processing are likely due to sequence variations as nucleolytic 

processing (e.g., by Artemis) is affected by the coding end sequence [13, 53, 59].

3.7 Microhomology mediated end joining usage in deletion coding junctions

In the absence of TdT activity and in deficiencies of cNHEJ, as seen in severe combined 

immunodeficiency (SCID) mice, microhomology mediated end joining (MMEJ) can be used 

as an alternative pathway to cNHEJ for double-strand DNA break repair and ligation of 

DNA ends formed during V(D)J recombination [60]. The use of MMEJ during coding end 

processing in human peripheral T cells was previously found to be higher for TCRβ 

junctions with no inserted N nucleotides than at the nonimmune HPRT1 locus in the same 

sample population [49, 50]. Both Notch1 and Bcl11b contain multiple homologous sites of 

one or two base pairs near breakpoints, and Notch1 contains several three base pair sites 

(Tables 2 and 3).

For Notch1, 16 of 48 deletion junctions sequenced did not contain N nucleotides, and one 

(6%) contained a single base microhomology (Table 2). Likewise for Bcl11b, 31 of 143 

deletion junctions contained no N nucleotides, and five (16%) contained a single base 

microhomology (Table 3). Therefore MMEJ use, while possible, appears to be minimal for 

both genes in wild-type mice at these loci and was observed previously only for Notch1 

deletions in SCID mice with radiation-induced thymic lymphomas [31]. These results 

support the ideas that junctions formed by MMEJ at immune loci may be preferentially 

selected while those at nonimmune loci are not or that MMEJ use is less frequent at 

nonimmune loci.
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4. Discussion

We analyzed the frequency, clonality, and junctional characteristics of illegitimate V(D)J 

recombination-mediated deletion events in Notch1 and Bcl11b in thymocytes at various 

stages of mouse development. Unexpectedly, we found no statistically significant age- or 

sex-specific differences, contrasting with previous studies of illegitimate deletions at the 

human HPRT1 locus and bona fide recombination at the TCRβ locus [49, 50].

While no age- or sex-specific differences in deletion coding end processing in Notch1 and 

Bcl11b were apparent, gene-specific differences were observed. The number of palindromic 

(P) nucleotides found in both genes was consistent with V(D)J recombination at the TCRβ 

locus (~2bp in length) [50, 61], but the percentage of full-length coding ends and all deletion 

junctions containing P nucleotides was higher for Notch1 deletions than Bcl11b. This is 

likely explained by Notch1 and Bcl11b coding end differences, which can influence hairpin 

nicking efficiency and subsequent P nucleotide insertions [13, 59, 61].

Recently, an analysis of P nucleotides at the TCRβlocus in human peripheral T cells showed 

a greater level of P nucleotide addition in females and especially newborns suggesting a 

possible selective influence [50]. Another recent deep sequencing study uncovered 

differences in P nucleotide addition in functional vs. nonfunctional human peripheral 

TCRβrearrangements and an influence of P nucleotides on reading frame bias, also 

suggesting impacts on T cell selection [61]. While it is possible to envision junctional 

sequences of intronic illegitimate V(D)J deletions in Notch1 and Bcl11b influencing 

regulatory mechanisms of gene expression in a way that impacts cell selection, a direct 

selection effect seems unlikely.

Non-templated (N) nucleotide addition by TdT is known to increase with age [53, 60, 62, 

63], and while deletion junctions of Notch1 follow the typical pattern (very few in fetal, 

increasing postnatally), those of Bcl11b do not. The percentage of Bcl11b deletion junctions 

containing N nucleotides is similar across all postnatal ages, including 2 day old mice, while 

normally TdT activity is reduced in younger animals and their V(D)J junctions contain 

fewer N nucleotides. Since the cryptic RSSs of Bcl11b are very efficient for recombination, 

as evidenced by higher RIC scores than many bona fide RSSs, it is possible that the coding 

end processing complex formed at this illegitimate site is more favorable for TdT activity.

The overall extent of coding end nucleotide loss for Notch1 is ~50% lower than that of 

Bcl11b, HPRT1, and the TCRβ locus, which may indicate that the coding ends of Notch1 are 

less efficient substrates for nucleolytic activity [12, 49, 50]. The frequency of nucleolytic 

processing and extent of nucleotide loss varied with age for HPRT1 (increased in newborns 

compared to 1-12.5 year olds), but not for Notch1, Bcl11b, or the TCRβ locus, indicating 

that age-related differences in nucleolytic processing associated with illegitimate V(D)J 

events at the nonimmune HPRT1 locus in humans may not extend to nonimmune loci in 

mice [49, 50].

Deletions in Notch1 and Bcl11b were detected at all ages examined, including fetal mice, 

indicating that the formation of deletions is beginning when mice are acquiring the capacity 

for V(D)J recombination. Deletions were detected in separated thymic and splenic T cell 
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populations, but not in unactivated splenic B cells nor previously in kidney and tail DNA 

[31, 32], suggesting that deletions are likely only occurring in T cells. This may relate to 

accessibility of RSSs during induction of V(D)J recombination, which requires germline 

transcription (specifically shown at the TCRα locus) and associated epigenetic changes [1, 

28, 29]. Notch1 and Bcl11b are not generally expressed in B cells, including those 

undergoing V(D)J recombination at immunoglobulin loci, and therefore may not be 

available for recombination.

Normally, Notch1 isoforms are expressed in T cell progenitors in bone marrow and at DN2 

through early DP stages of T cell development in thymus [35-37, 39], while Bcl11b 

expression is upregulated during the DN2 to DP stages [44, 48]. Both genes are important 

for T cell lineage commitment and maintenance, and their expression overlaps with stages of 

T cell development during which V(D)J recombination is occurring and RAG proteins are 

active (DN2, DN3, DP) [38]. The requirement of V(D)J recombination for deletion 

formation was shown previously as they were not detected in RAG2−/− mice [31, 32]. 

Interestingly, murine models of T cell acute lymphoblastic leukemia (T-ALL), which can 

involve Notch1 or Bcl11b mutations [24], suggest that while leukemic precursor cells can 

originate from both DN and DP thymocytes, enrichment of leukemic potential occurs in 

DN3 and DN4 stages and requires preTCR signals [64, 65].

The presence of deletions in splenic T cells indicates that deletion-bearing thymocytes leave 

the thymus and enter the circulating lymphocyte pool or that deletions can also initiate in the 

periphery. The former is more likely as deletions were not detected in spleen until 2 weeks 

of age (before which few T cells are present) and re-expression of RAG in peripheral T cells 

is generally limited to a small number of cells undergoing receptor revision [66, 67]. 

Additionally, deletions were fairly easily detected while T cells typically represent only ~1/3 

of splenocytes. However, the precise origin and specific phenotype of T cells bearing 

deletions in the spleen remains unresolved as does how long they may survive in the 

periphery.

The frequency of illegitimate V(D)J recombination mediated deletions per 106 cells is 8-fold 

higher for Bcl11b than Notch1 in thymocytes of C57BL/6 mice, interestingly does not vary 

with age or sex, and is similar to results with other mouse strains [31, 32]. Illegitimate 

HPRT1 deletions in human peripheral T cells was found to vary with age and sex, with the 

highest levels in 0-5 year old males (0.66 per 106 cells) [68]. The frequency of HPRT1 

deletions is at least 4-fold lower than the overall frequency of Notch1 deletions and 35-fold 

lower than that of Bcl11b. Thus, age/sex frequency bias and overall frequency of deletions, 

like coding end processing biases, appear to be gene-specific.

The difference in frequency may be due to thymic selection events as HPRT1 deletions were 

from a post-selection sample of peripheral T cells and most likely do not affect T cell 

selection, while Notch1 and Bcl11b deletions were from mixed thymocytes and may 

influence or be influenced by T cell differentiation and selection [69]. Alternatively, it is 

possible that frequency differences reflect unequal recombination efficiencies of cryptic 

RSSs at these loci. RSSs directly affect recombination frequency as heptamer sequences 

influence DNA nicking and hairpin formation and maintain site-specificity of V(D)J 
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recombination, while nonamers provide DNA binding sites for RAG1 [1]. Recombination 

Information Content (RIC) scores for Bcl11b are higher than those of Notch1, HPRT1, and 

many bona fide RSSs [55], and this may partly explain the significantly higher deletion 

frequency for Bcl11b compared to Notch1 and HPRT1 [49].

Notch1 and Bcl11b deletions both showed limited clonality, in contrast with previous reports 

of extensive deletion clonality for Notch1 and no clonality for Bcl11b [31, 32]. It was 

proposed that oncogenic Notch1 deletions might escape proliferative controls, while 

deletions in Bcl11b, previously identified as a tumor suppressor, might be haplosufficient for 

growth control as cells still contain one wild-type allele [31, 32]. An alternative proposal for 

extensive Notch1 clonality was that deletion-bearing T cells undergo normal clonal 

expansion accompanying thymic selection events [31]. The results of this study are not 

consistent with the proposed proliferative advantage from Notch1 deletions in otherwise 

normal cells, nor a lack of clonality for Bcl11b deletions.

While extensive Notch1 clonality was shown previously in wild-type mice and increased 

after irradiation, the mouse strains used (C.B-17 and BALB/c) generally display increased 

sensitivity to radiation and oncogenesis compared to that used in this study (C57BL/6) [31, 

70]. It is thus possible that the increased Notch1 clonality seen previously in the other strains 

may be due to accumulated mutations that synergistically confer a proliferative advantage to 

deletion-bearing cells. For example, activation of promoters driving expression of ligand-

independent forms of Notch1 at the DP stage in Ikaros deficient mice promotes progression 

to leukemogenesis [40], and other mouse models of T-ALL also involve collaborating 

mutations [64, 65].

Functionally, Notch1 is an oncogene that activates transcription promoting proliferation, 

selection and survival in T cells. Deletions can potentially lead to translation of a truncated, 

ligand-independent protein, yet healthy, wild-type mice with Notch1 deletions do not 

regularly develop T cell malignancies as do irradiated mice. In this study, however, one 

mouse (#103) did appear unhealthy and was found to bear many clonal Notch1 deletions, 

possibly indicating the development of rare collaborating mutation(s) and T cell malignancy.

In the absence of other mutations, controls on Notch1 (e.g., at the level of transcription and 

nuclear complex formation) may prevent aberrant activation and/or signaling by deletion-

induced, ligand-independent forms [71]. Controls unaffected by deletion events may allow 

these mutations to exist silently in cells unless other oncogenic events occur. Thus, lower 

clonality of deletion bearing cells seen in C57BL/6 mice may derive from normal cellular 

proliferation following T cell selection events, while increased clonality in C.B-17 and 

BALB/c mice may result from collaborations with additional mutations resulting from DNA 

repair deficiencies.

Similarly, Bcl11b functions as a transcription factor involved in several aspects of thymic T 

cell specification, selection, and survival. Although originally discovered in radiation-

induced thymic lymphomas and described as a haploinsufficient tumor suppressor gene, 

recent studies emphasize its importance for suppressing “stem-like” self renewal capacity of 

progenitor cells and promoting the T cell fate at the DN2 stage of thymocyte development 
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[43-46]. While its precise mechanism of action in T cell oncogenesis is unclear [48], 

illegitimate V(D)J recombination removes a large portion of the gene which leads to the 

production of a truncated variant known as the γ-isoform that consists of exons 1 and 4 [32].

Like Notch1, mice bearing Bcl11b deletions do not regularly develop T cell malignancies, 

possibly indicating that the γ-isoform retains adequate activity or that Bcl11b is a 

haplosufficient tumor suppressor in wild-type mice. Further clarification is needed as 

reduced Bcl11b expression has been associated both with promotion and apoptosis of T cell 

leukemia and lymphoma [72, 73]. Although Bcl11b+/− mice are known to be more 

susceptible to radiation-induced thymic lymphomas, may undergo modest T cell 

developmental arrest, and have elevated levels of proliferative βcatenin despite reduced 

preTCR signaling [48, 74], in the absence of other mutations a single wild-type allele 

appears sufficient to prevent cell transformation.

The lower level of clonality of Bcl11b deletions observed in this study, and previous lack 

thereof, but greater frequency of Bcl11b deletions than Notch1, might suggest that Bcl11b 

deletions are more easily tolerated than deletions in Notch1. Future studies will determine 

whether this is due to haplosufficiency of Bcl11b for tumor suppressor function, retained 

activity of the γ-isoform, fewer collaborating pro-proliferative mutations for Bcl11b 

compared to Notch1, different effects on T cell survival or clonal expansion during 

development and selection, or as stated above, because deletions simply occur more often in 

Bcl11b due to better cRSSs present near deletion breakpoints.
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Highlights

• Examines illegitimate V(D)J deletion junctions in Notch1 and Bcl11b.

• Suggests little influence of deletions alone on clonal outgrowth in wild-type 

mice.

• No age or sex biases in frequency, clonality, or junctional processing observed.

• Contrasts with previous results at TCRβ and HPRT1 loci.

• Deletions in Bcl11b may be tolerated more easily than those in Notch1.
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Fig. 1. 
Frequency of illegitimate V(D)J deletions detected in thymus. (A) Notch1. (B) Bcl11b. 

Average frequency of deletions per 106 cells ± SE and number of mice in each group (n) are 

indicated. Fetal average is not included in Male, Female, or All. Note difference in scale.
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Fig. 2. 
Domain/intron/exon structure and illegitimate V(D)J deletion breakpoint locations. (A) 

Notch1. (B) Bcl11b. Asterisks denote breakpoints. Exon numbers are indicated. Deleted 

exons are shown in grey. For Notch1, exons 1a, 1b, and 1c result from alternative 

transcriptional start site usage.
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Fig. 3. 
Cryptic Recombination Signal Sequences (cRSSs) near illegitimate V(D)J deletion 

breakpoints. (A) Notch1. (B) Bcl11b. Nucleotides are depicted 5’→3’ on the coding strand. 

Arrows indicate deletion breakpoints. Underlined nucleotides match those of consensus 

RSSs. RIC scores were calculated using the RSSsite web server [54].
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Fig. 4. 
Palindromic (P) nucleotides detected in unique illegitimate V(D)J deletions. Notch1, grey; 

Bcl11b, black. (A) Deletion coding junctions. (B) Full-length coding ends. Average number 

of P nucleotides ± SE indicated by columns. Percentage of sequences containing P 

nucleotides indicated by lines.
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Fig. 5. 
Non-templated (N) nucleotides detected in unique illegitimate V(D)J deletions. Notch1, 

grey; Bcl11b, black. (A) Average number of N nucleotides ± SE in deletion coding junctions 

indicated by columns. Percentage of deletion junctions containing N nucleotides indicated 

by lines. (B) G/C percentage of non-templated (N) nucleotides. Average percentage of G/C 

nucleotides ± SE in junctions is indicated.
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Fig. 6. 
Inverted repeat (Pr) nucleotides at recessed coding ends detected in unique illegitimate 

V(D)J deletions. Notch1, grey; Bcl11b, black. (A) Deletion coding junctions. (B) Recessed 

coding ends. Average number of Pr nucleotides ± SE indicated by columns. Percentage of 

sequences containing Pr nucleotides indicated by lines.
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Fig. 7. 
Germline nucleotide loss detected in unique illegitimate V(D)J deletions. Notch1, grey; 

Bcl11b, black. (A) Deletion coding junctions. (B) Deletion coding ends. In (A) and (B), 

average number nucleotides removed ± SE indicated by columns. Percentage of sequences 

with nucleotides removed indicated by lines. Fetal samples are not included in Male and 

Female groups. (C) Specific nucleotide loss profiles of coding ends of deletion junctions. 

Percentage of coding ends terminating at a particular germline nucleotide is indicated. 

Germline nucleotides are depicted 5’–3’ on the coding strand. (+) indicates losses of greater 
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than or equal to 16 nucleotides. Sequences with microhomology nucleotides that cannot be 

unequivocally assigned to a single coding end are excluded.
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Table 1

Primers for Nested PCR Amplification of Deletion Coding Junctions

Primer [31, 32] Sequence (5’→3→) Annealing

NF22 CCATGGTGGAATGCCTACTTTGTATGAGGC 61°C

NR22 CCCTCAATTTCTCCTTTAGGTTCCTTTGAG

NF3 CTCCTGCTGCTCTGTGAGTCCCACTTCCAA 66°C

NR3 TTCCCCAGTCAGGAGTGGTGGATCCCTCTG

F1 GGCTGAATTTACAGGATGAGG 55°C

R1 ACTGGAGTTTCCGATGGCC

F1-2 GTTTGAGCTTGGAATGGCTGC 57°C

R1-2 ACATCGCCACCATGGAAGAC

Mutat Res. Author manuscript; available in PMC 2015 March 01.
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Table 4

Analysis of Notch1 Deletion Coding Junctions in Thymus

Deletion Frequency Fetal Neonate Juvenile Young Adult Older Adult Male
e

Female
e All

No. of mice analyzed 7 (pool) 8 6 7 8 11 18
29

e

No. of mice with detected 
deletions

--- 6 (75%) 4 (67%) 6 (86%) 3 (38%) 5 (45%) 13 (72%)
19 (65%)

e

No. of unique deletions 
sequenced

1 12 10 15 10 11 36 48

Avg. deletions frequency/106 

cells
0.6 [---] 2.8 [1.1] 2.4 [0.6] 2.5 [0.6] 4.1 [2.7] 2.3 [1.2] 3.0 [0.5]

2.8 [0.5]
e

Palindromic (P) nucleotides 
f

At full length 5′ coding ends 

(%)
a

--- 60 75 57 0 25 69 59

At full length 3′ coding ends 

(%)
a

0 100 67 100 83 100 81 81

At all full length coding ends 

(%)
a

0 75 70 75 71 63 76 71

In junctions with full length ends 

(%)
a

0 100 70 90 71 71 85 79

At 5′ coding ends (%) 0 27 30 27 0 10 25 21

At 3′ coding ends (%) 0 27 40 33 50 40 36 36

At all coding ends (%) 0 27 35 30 25 25 31 29

At all coding junctions (%) 0 55 70 60 50 50 61 57

Avg. no. at 5′ coding ends
a --- 1.7 [0.7] 2.0 [0.6] 1.3 [0.3] --- 3.0 [---] 1.4 [0.2] 1.6 [0.3]

Avg. no. at 3′ coding ends
a --- 1.7 [0.3] 2.0 [0.7] 1.6 [0.2] 1.4 [0.2] 1.0 [0.0] 1.8 [0.2] 1.6 [0.2]

Avg. no. at coding ends
a --- 1.7 [0.3] 2.0 [0.4] 1.4 [0.2] 1.4 [0.2] 1.4 [0.4] 1.7 [0.2] 1.6 [0.2]

Avg. no. in deletion junctions
a --- 1.7 [0.3] 2.0 [0.4] 1.4 [0.2] 1.4 [0.2] 1.4 [0.4] 1.7 [0.2] 1.6 [0.2]

Non-templated (N) nucleotides 
f

In deletion junctions (%) 0 36 60 80 100 80 67 68

Avg. no. present
b --- 1.5 [0.3] 2.3 [0.5] 2.4 [0.3] 2.0 [0.4] 1.8 [0.3] 2.3 [0.3] 2.2 [0.2]

GC content (%)
b --- 63 [24] 100 [0] 42 [10] 42 [13] 52 [16] 57 [8] 55 [7]

Inverted Repeats (Pr) 
f

At recessed 5′ coding ends (%)
c 0 33 17 0 11 17 13 13

At recessed 3′ coding ends (%)
c --- 0 25 10 0 0 10 8

At all recessed coding ends (%)
c 0 14 20 6 8 8 12 11

In junctions with recessed ends 

(%)
c

0 22 20 8 10 11 15 14

At 5′ coding ends (%) 0 18 10 0 10 10 8 9
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Deletion Frequency Fetal Neonate Juvenile Young Adult Older Adult Male
e

Female
e All

At 3′ coding ends (%) 0 0 10 7 0 0 6 4

At all coding ends (%) 0 9 10 3 5 5 7 6

In all deletion junctions (%) 0 18 20 7 10 10 14 13

Avg. no. at 5′ coding ends
c --- 1.0 [0.0] 1.0 [---] --- 1.0 [---] 1.0 [---] 1.0 [0.0] 1.0 [0.0]

Avg. no. at 3′ coding ends
c --- --- 1.0 [---] 1.0 [---] --- --- 1.0 [0.0] 1.0 [0.0]

Avg. no. at coding ends
c --- 1.0 [0.0] 1.0 [0.0] 1.0 [---] 1.0 [---] 1.0 [---] 1.0 [0.0] 1.0 [0.0]

Avg. no. in deletion junctions
c --- 1.0 [0.0] 1.0 [0.0] 1.0 [---] 1.0 [---] 1.0 [---] 1.0 [0.0] 1.0 [0.0]

Nucleolytic Processing 
f

At 5′ coding ends (%) 100 55 60 53 90 60 64 64

At 3′ coding ends (%) 0 73 40 67 40 60 56 55

At all coding ends (%) 50 64 50 60 65 60 60 60

In deletion junctions (%) 100 82 100 87 100 90 92 91

At both coding ends in junctions 
(%)

0 45 0 33 30 30 28 28

Junctions with no processing (%) 0 18 0 13 0 10 8 9

Avg. nuc. loss at 5′ coding ends
d 2.0 [---] 1.8 [0.3] 4.2 [0.7] 4.3 [1.3] 3.3 [0.6] 3.2 [0.7] 3.5 [0.5] 3.4 [0.4]

Avg. nuc. loss at 3′ coding ends
d --- 1.6 [0.2] 3.0 [1.4] 2.3 [0.2] 2.0 [0.7] 2.3 [0.6] 2.1 [0.3] 2.2 [0.2]

Avg. nuc. loss at coding ends
d 2.0 [---] 1.7 [0.2] 3.7 [0.7] 3.2 [0.6] 2.9 [0.5] 2.8 [0.4] 2.9 [0.3] 2.8 [0.3]

Avg. nuc. loss in deletion 

junctions
d

2.0 [---] 2.7 [0.4] 3.7 [0.7] 4.4 [1.0] 3.8 [0.6] 3.7 [0.6] 3.7 [0.5] 3.7 [0.4]

1 Dashes indicate no data or not calculable; brackets indicate standard error.

a
Calculated from full-length coding ends or deletion junctions with palindromic (P) nucleotide insertions.

b
Calculated from deletions junctions with non-templated (N) nucleotide insertions; includes inverted repeat nucleotides (Pr).

c
Calculated from recessed coding ends or deletion junctions with inverted repeat (Pr) nucleotide insertions.

d
Calculated from coding ends or deletion junctions with nucleolytic processing of germline coding ends.

e
Does not include pooled fetal samples.

f
Excludes junctions with microhomology nucleotides.
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Table 5

Analysis of Bcl11b Deletion Coding Junctions in Thymus

Deletion Frequency Fetal Neonate Juvenile Young Adult Older Adult Male
e

Female
e All

No. of mice analyzed 7 (pool) 8 6 7 8 11 18
29

e

No. of mice with detected 
deletions

--- 8 (100%) 6 (100%) 7 (100%) 8 (100%) 11 (100%) 18 (100%)
29 (100%)

e

No. of unique deletions 
sequenced

3 34 28 35 43 57 83 143

Avg. deletions 
frequency/106 cells

5.2 [---] 12 [2] 28 [6] 23 [5] 32 [9] 30 [6] 20 [3]
23 [4]

e

Palindromic (P) 

nucleotides 
f

At full length 5′ coding 

ends (%)
a

0 88 60 60 50 70 70 67

At full length 3′ coding 

ends (%)
a

--- 0 67 25 60 50 44 46

At all full length coding 

ends (%)
a

0 78 63 44 57 64 58 59

In junctions with full length 

ends (%)
a

0 78 63 50 57 64 61 61

At 5′ coding ends (%) 0 22 11 9 2 13 9 10

At 3′ coding ends (%) 0 0 7 3 7 4 5 4

At all coding ends (%) 0 11 9 6 5 8 7 7

In all deletion junctions 
(%)

0 22 19 12 9 16 14 14

Avg. no. at 5′ coding ends
a --- 2.0 [0.2] 1.7 [0.3] 2.0 [1.0] 2.0 [---] 2.3 [0.4] 1.6 [0.2] 1.9 [0.2]

Avg. no. at 3′ coding ends
a --- --- 2.0 [1.0] 1.0 [---] 1.3 [0.3] 1.5 [0.5] 1.5 [0.5] 1.5 [0.3]

Avg. no. at coding ends
a --- 2.0 [0.2] 1.8 [0.4] 1.8 [0.8] 1.5 [0.3] 2.1 [0.3] 1.5 [0.2] 1.8 [0.2]

Avg. no. in deletion 

junctions
a

--- 2.0 [0.2] 1.8 [0.4] 1.8 [0.8] 1.5 [0.3] 2.1 [0.3] 1.5 [0.2] 1.8 [0.2]

Non-templated (N) 

nucleotides 
f

In deletion junctions (%) 0 91 78 76 84 80 84 81

Avg. no. present
b --- 2.3 [0.2] 3.1 [0.5] 3.6 [0.5] 2.9 [0.3] 3.1 [0.3] 2.9 [0.2] 2.9 [0.2]

GC content (%)
b --- 84 [5] 68 [7] 84 [5] 78 [5] 73 [5] 83 [3] 79 [3]

Inverted Repeats (Pr) 
f

At recessed 5′ coding ends 

(%)
c

0 50 27 52 39 33 49 42

At recessed 3′ coding ends 

(%)
c

0 32 29 17 18 19 27 23

Mutat Res. Author manuscript; available in PMC 2015 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Champagne and Shockett Page 40

Deletion Frequency Fetal Neonate Juvenile Young Adult Older Adult Male
e

Female
e All

At all recessed coding ends 

(%)
c

0 40 28 34 29 26 38 32

In junctions with recessed 

ends (%)
c

0 63 44 55 53 45 61 53

At 5′ coding ends (%) 0 38 22 44 37 27 43 35

At 3′ coding ends (%) 0 31 26 15 16 18 24 21

At all coding ends (%) 0 34 24 29 27 22 33 28

In all deletion junctions 
(%)

0 63 44 55 53 45 61 53

Avg. no. at 5′ coding ends
c --- 1.1 [0.1] 1.3 [0.3] 1.0 [0.0] 1.1 [0.1] 1.1 [0.1] 1.1 [0.1] 1.1 [0.1]

Avg. no. at 3′ coding ends
c --- 1.0 [0.0] 1.3 [0.2] 1.2 [0.2] 1.3 [0.2] 1.2 [0.1] 1.2 [0.1] 1.2 [0.1]

Avg. no. at coding ends
c --- 1.0 [0.0] 1.3 [0.2] 1.1 [0.1] 1.2 [0.1] 1.1 [0.1] 1.1 [0.1] 1.1 [0.0]

Avg. no. in deletion 

junctions
c

--- 1.2 [0.1] 1.4 [0.3] 1.2 [0.1] 1.2 [0.1] 1.1 [0.1] 1.3 [0.1] 1.2 [0.1]

Nucleolytic Processing 
f

At 5′ coding ends (%) 50 75 81 85 95 82 88 85

At 3′ coding ends (%) 100 97 89 88 88 93 89 91

At all coding ends (%) 75 86 85 87 92 88 88 88

In deletion junctions (%) 100 100 100 97 100 100 99 99

At both coding ends in 
junctions (%)

50 72 70 76 84 75 78 76

Junctions with no 
processing (%)

0 0 0 3 0 0 1 1

Avg. nuc. loss at 5′ coding 

ends
d

1.0 [---] 2.6 [0.4] 4.8 [1.1] 3.4 [1.0] 4.3 [0.9] 3.8 [0.6] 3.8 [0.6] 3.8 [0.5]

Avg. nuc. loss at 3′ coding 

ends
d

3.5 [2.5] 3.5 [0.6] 5.0 [0.5] 5.1 [0.5] 4.8 [0.4] 3.9 [0.3] 5.0 [0.4] 4.6 [0.3]

Avg. nuc. loss at coding 

ends
d

2.7 [1.7] 3.1 [0.4] 4.9 [0.6] 4.3 [0.6] 4.5 [0.5] 3.9 [0.3] 4.4 [0.4] 4.2 [0.3]

Avg. nuc. loss in deletion 

junctions
d

4.0 [2.0] 5.3 [0.6] 8.4 [1.2] 7.7 [1.1] 8.3 [0.9] 6.8 [0.6] 7.9 [0.7] 7.4 [0.5]

1 Dashes indicate no data or not calculable; brackets indicate standard error.

a
Calculated from full-length coding ends or deletion junctions with palindromic (P) nucleotide insertions.

b
Calculated from deletions junctions with non-templated (N) nucleotide insertions; includes inverted repeat nucleotides (Pr).

c
Calculated from recessed coding ends or deletion junctions with inverted repeat (Pr) nucleotide insertions.

d
Calculated from coding ends or deletion junctions with nucleolytic processing of germline coding ends.

e
Does not include pooled fetal samples.

f
Excludes junctions with microhomology nucleotides.
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Table 6

Dinucleotide Analysis of Non-Templated (N) Nucleotides in Bcl11b Deletion Junctions

Dinucleotide No. Observed No. Expected
a

P-value
b

GG (RR) 80 55
< 0.001

H

AA (RR) 8 3
0.004

H

GA (RR) 15 14 0.782

AG (RR) 11 14 0.407

CC (YY) 34 17
< 0.001

H

TT (YY) 0 2 0.155

CT (YY) 12 6
0.013

H

TC (YY) 10 6 0.098

GC (RY) 11 30
< 0.001

L

GT (RY) 7 11 0.216

AT (RY) 4 3 0.561

AC (RY) 5 7 0.442

CG (YR) 8 30
< 0.001

L

CA (YR) 6 7 0.701

TG (YR) 6 11 0.122

TA (YR) 1 3 0.245

a
Calculated from the percentage of each nucleotide relative to all N nucleotides in deletion junctions (G=0.500, C=0.276, T=0.100, A=0.124) and 

the number of possible dinucleotide pairs (n=218).

b
Calculated with a Chi square goodness of fit test (df=1).

H
Significantly higher than expected by random insertion.

L
Significantly lower than expected by random insertion.
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