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Abstract

RAG gene expression increases as thymocytes transition from the CD4−CD8− double negative 

(DN) to the CD4+CD8+ double positive (DP) stage, but the physiological importance and 

mechanism of transcriptional upregulation are unknown. Here we show that a DP-specific 

component of the RAG anti-silencer (DPASE) provokes elevated RAG gene expression in DP 

thymocytes. Mouse DP thymocytes lacking the DPASE display RAG gene expression equivalent 

to that in DN thymocytes, but this supports only a partial Tcra repertoire due to inefficient 

secondary Vα-Jα rearrangement. These data indicate that RAG gene upregulation is required for 

a replete Tcra repertoire, and that RAG expression is fine-tuned during lymphocyte development 

to meet the requirements of distinct antigen receptor loci. We further show that transcription 

factor RORγt directs RAG upregulation in DP thymocytes by binding to the DPASE, and that 

RORγt influences the Tcra repertoire by binding to the Tcra enhancer. These data, plus prior 

work showing RORγt to control Tcra rearrangement by regulating DP thymocyte proliferation 

and survival, reveal RORγt to orchestrate multiple pathways that support formation of the Tcra 
repertoire.

One sentence summary:

RORγt directs elevated RAG gene expression in DP thymocytes that is essential to generate a 

replete Tcra repertoire.
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Introduction

The vertebrate adaptive immune system can recognize and respond to a broad array of 

pathogens by virtue of highly diverse antigen receptor repertoires expressed by T and 

B lymphocytes. These repertoires are assembled in developing lymphocytes by V(D)J 

recombination, a site-specific DNA recombination process that depends on the products 

of recombination activating genes 1 and 2 (Rag1 and Rag2). RAG1 and RAG2 (collectively, 

RAG) proteins form a hetero-tetrameric nuclease that binds to recombination signal 

sequences flanking T cell receptor (TCR) and immunoglobulin variable (V), diversity (D), 

and joining (J) gene segments, and then cleaves between the recombination signal sequences 

and coding gene segments to initiate V(D)J recombination (1). RAG proteins also bind 

thousands of sites outside of antigen receptor loci, thereby posing a threat to lymphocyte 

genome integrity (2). Thus, B and T lymphocytes have evolved stringent mechanisms to 

express Rag1 and Rag2 only during specific windows of lymphocyte development when 

antigen receptor loci are poised to undergo V(D)J recombination (3).

In the T cell lineage, RAG expression first occurs in CD4−CD8− double negative (DN) 

thymocytes to mediate recombination of the Tcrb, Tcrg and Tcrd genes (3). The RAG 

genes are transiently suppressed following productive Tcrb recombination in developing 

αβ lymphocytes and are then re-expressed as thymocytes transition to the CD4+CD8+ 

double positive (DP) stage to mediate Tcra recombination. Following productive Tcra 
recombination and αβ TCR-mediated signaling for positive selection, RAG expression is 

extinguished in late-stage thymocytes and peripheral T lymphocytes. Such silencing also 

occurs in developing γδ T lymphocytes following productive Tcrg and Tcrd recombination 

in DN thymocytes. Similar to αβ T lymphocyte development, B cell development is 

characterized by two distinct waves of RAG gene expression, the first to mediate Igh 
rearrangement, and the second to mediate Igk and Igl rearrangement (3). Dysregulation of 

RAG gene expression has pathological consequences in mouse models (4, 5).

Rag1 and Rag2 are tightly linked in a tail-to-tail configuration on mouse chromosome 2. 

Although T and B lymphocytes display similar biphasic RAG gene expression programs, 

these programs are directed by distinct, lineage-specific cis-regulatory elements (3, 6). 

Thymic regulation of the RAG locus is orchestrated by an enhancer called the anti-silencer 

element (ASE) (7, 8) or the RAG-T cell enhancer (R-TEn) (9), located 73kb upstream of 

Rag2. ASE-deleted mice display substantial reductions in Rag1 and Rag2 gene expression 

in DN and DP thymocytes and developmental blocks at both stages but display no 

perturbations in B cell development (7, 9). These activities were mapped to a small portion 

of the ASE region called R-TEn peak1 (9), which includes the previously defined core ASE 

enhancer (8). For simplicity, we will henceforth refer to this regulatory element as the “core 

ASE”. The ASE regulates Rag1 and Rag2 promoter activity by creating an interaction hub 

that involves all three elements; this is dependent on the binding of transcription factors 

E2A, Gata3, and Runx1 to the core ASE (8–10). Hub formation and RAG gene expression 

also depend on Special AT-rich binding protein 1 (SATB1), which binds to multiple sites 

across the RAG locus (8).
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A striking feature of thymocyte development is that RAG gene expression is several-fold 

higher in DP thymocytes than in DN thymocytes (11). The significance of elevated RAG 

expression in DP thymocytes is not fully understood because lower expression in DN 

thymocytes is already sufficient to support the rearrangement of multiple TCR loci (Tcrb, 

Tcrg, and Tcrd). The mechanism of upregulation is also poorly understood, since most 

transcription factors critical for thymocyte expression of RAG genes, including E2A, Gata3, 

Runx1, and Ikaros, occupy the ASE as early as the DN stage (9), and they do not have 

expression patterns that might explain upregulated expression in DP thymocytes. SATB1 

supports RAG expression and is upregulated in DP thymocytes (8), but the breadth of its 

binding and its effects on the DP thymocyte transcriptional program make it difficult to 

discriminate direct from indirect effects on gene expression (12, 13). Thus, neither the 

mechanism nor the physiological importance of DP-specific elevation of RAG expression is 

currently understood.

In this study, we have identified and characterized a distinct, DP-specific, open chromatin 

region in the RAG locus that flanks the core ASE (hereafter, DPASE). Analysis of DPASE-

deleted mice and a DPASE-deleted cell line revealed that this regulatory region is necessary 

for RAG upregulation in DP compared with DN thymocytes. RAG expression in DP 

thymocytes without upregulation resulted in disruption of Tcra repertoire formation due 

to delayed kinetics of secondary Tcra recombination. Further characterization revealed that 

RORγt binds to the DPASE and is essential for DPASE-mediated RAG upregulation. We 

report that RORγt also facilitates secondary Tcra rearrangements by direct binding to the 

Tcra enhancer (Eα). These observations, coupled with prior studies demonstrating that 

RORγt regulates secondary Tcra rearrangement by supporting DP thymocyte proliferation 

and survival (14, 15), reveal RORγt to be a multi-faceted regulator of the Tcra repertoire.

Results

The RAG ASE region contains an element that displays DP-specific chromatin accessibility

To identify cis-regulatory elements that might account for developmental stage-specific 

upregulation of RAG genes in DP thymocytes, we analyzed a recently published assay 

for transposase-accessible chromatin using sequencing (ATAC-seq) dataset comparing DN, 

DP, CD4 single positive (CD4SP), and CD8 single positive (CD8SP) thymocytes (16). We 

identified several regions whose accessibility increased in DP thymocytes and was then 

extinguished in CD4SP and CD8SP thymocytes (Fig. S1A). Two such sites were the Rag1 
and Rag2 promoters, likely a reflection of their transcriptional activities (Fig. S1B). A third 

site was in the ASE region. One open chromatin peak in the ASE region corresponds to the 

previously studied core ASE (8–10) (Fig. 1A and fig. S1A). This site was highly and equally 

accessible in DN and DP thymocytes but inaccessible in CD4SP and CD8SP thymocytes. 

However, a second site, immediately adjacent to the core ASE, displayed a DP-specific 

pattern of accessibility. We refer to this as the DPASE (R-TEn peak 2 according to Miyazaki 

(9)). An additional DP-specific peak was located about 10kb downstream of the DPASE. 

Prior work revealed the ASE region to interact with the Rag1 and Rag2 promoters, but the 

downstream peak did not interact with any of these elements (8, 9). We focused further 

investigation on the DPASE.
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The DPASE controls RAG expression and locus conformation in DP thymocytes

To understand the role of the DPASE, we used CRISPR-Cas9 to generate a mouse model 

lacking 612 bp encompassing the accessible region (Fig. 1A and fig. S2A). Unlike ASE- 

or core ASE-deleted mice, which displayed severe loss of thymic cellularity (7, 9), DPASE-

deleted mice displayed a small but reproducible increase in thymic cellularity and in the 

number of DP thymocytes compared to WT littermates (Figs. 1B and fig. S3A). However, 

there were no significant changes to the frequency with which DP thymocytes undergo 

positive selection, nor to the numbers of CD4SP and CD8SP thymocytes (Fig. 1, B and C, 

and fig. S3A). Thus, DPASE deletion caused no major block to thymocyte development.

We then measured RAG mRNA expression in DN3a and DP thymocytes from WT and 

DPASE-deleted mice by qPCR (Fig. 1D and fig. S3B). Consistent with previous data, 

we found Rag1 and Rag2 expression to be 3–5-fold higher in DP as compared to DN3a 

thymocytes of WT mice (Fig. 1D and fig. S1B). DN3a thymocytes of DPASE-deleted 

mice displayed expression of Rag1 and Rag2 that was indistinguishable from their WT 

counterparts. However, there were substantial reductions in Rag1 and Rag2 expression in 

DP thymocytes of DPASE-deleted mice, such that Rag1 and Rag2 were expressed in DP 

thymocytes at levels equivalent to those in DN thymocytes. Immunoblots revealed that 

ΔDPASE DP thymocytes expressed one-third to one-half as much RAG1 protein as their WT 

counterparts, whereas RAG2 protein was reduced modestly, if at all (Fig. 1E and fig. S3C). 

Thus, the DPASE upregulates RAG genes and proteins in DP thymocytes.

We previously established that the ASE acts as classical enhancer of Rag1 and Rag2 
promoter activity via long-distance interactions with the Rag1 and Rag2 promoters (8, 10). 

To understand if the DPASE contributes to the formation of enhancer-promoter interactions, 

we performed chromatin conformation capture (3C) in DP thymocytes using ASE and Rag1 
promoter viewpoints. WT DP thymocytes demonstrated interactions between the ASE and 

the Rag1 and Rag2 promoters, and between the Rag1 and Rag2 promoters. DP thymocytes 

lacking the DPASE displayed substantial reductions in all these interactions (Fig. 2A). 

ASE-promoter interactions increase the loading of RNA Pol II on the RAG promoters 

(8). To further address the role of the DPASE, we measured RNA Pol II occupancy at 

RAG locus cis-regulatory elements by chromatin immunoprecipitation (ChIP) using DP 

thymocytes from WT and DPASE-deleted mice. RNA Pol II loading was reduced at the 

core ASE and the Rag1 promoter in the absence of the DPASE, whereas Pol II loading 

at the Rag2 promoter remained unchanged (Fig. 2B). Further ChIP analysis detected no 

change in H3K4me3 at the Rag1 and Rag2 promoters in DPASE-deleted as compared to 

WT DP thymocytes (Fig. 2C). Thus, a basal level of RAG gene expression is established by 

the core ASE in DN thymocytes and the DPASE further enhances RAG expression in DP 

thymocytes by augmenting ASE-promoter contacts and RNA Pol II loading at the ASE and 

Rag1 promoter.

DPASE-mediated RAG upregulation is essential to generate a complete Tcra repertoire

Because DP thymocytes of ASE-deleted mice expressed RAG genes without upregulation as 

compared to DN thymocytes, we could address the significance of this upregulation. To do 

so, we prepared 5’ Rapid Amplification of cDNA Ends (RACE) libraries from preselection 
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DP thymocytes of WT and DPASE-deleted mice (Fig. S4A) and subjected them to high-

throughput Tcra repertoire sequencing (17, 18). DP thymocytes undergo multiple cycles of 

Tcra rearrangement (19). Initial, or primary, Tcra rearrangements join Jα-proximal Vα gene 

segments to Vα-proximal Jα gene segments (Fig. S2B). Subsequent, or secondary, Tcra 
rearrangements can then replace the primary rearrangements by joining progressively more 

distal Vα gene segments to progressively more distal Jα gene segments, in a process that is 

terminated by either positive selection or cell death (19). This progression of proximal Vα-

proximal Jα to central Vα-central Jα to distal Vα-distal Jα rearrangements creates a major 

diagonal in a two-dimensional plot of the combinatorial repertoire of WT DP thymocytes 

(Fig. 3A, left), as described previously (17, 20). In contrast, the combinatorial repertoire 

of DPASE-deleted littermates was more heavily biased towards proximal Vα-proximal Jα 
combinations (Fig. 3A, right). A focus on Jα usage frequencies in WT and DPASE-deleted 

littermates revealed relatively evenly distributed usage of proximal, central, and distal Jα 
segments in WT, with DPASE-deleted littermates displaying a 33% increase in usage of the 

15 most proximal Jα segments, and a 40% reduction in usage of the 15 most distal Jα gene 

segments (Fig 3B, and table S1). These results suggest that DPASE-mediated upregulation 

of RAG gene expression in DP thymocytes is crucial to generate a complete Tcra repertoire.

We hypothesized that impaired usage of distal Vα-distal Jα combinations in DPASE-deleted 

mice reflected a slower rate of progression of secondary rearrangements across the Vα and 

Jα arrays. Alternatively, distal Vα and Jα gene segments could have an intrinsic requirement 

for elevated RAG expression for efficient rearrangement. To distinguish these possibilities, 

we used mice carrying TcrdCreER and Rosa26fl-STOP-fl-ZsGreen alleles to measure Tcra 
rearrangement kinetics. Because Tcrd is expressed in DN thymocytes and is then deleted 

in DP thymocytes by Tcra rearrangement, only DN thymocytes will be labeled with ZsGreen 

immediately after tamoxifen injection. However, this cohort of ZsGreen+ DN thymocytes 

will then differentiate to and mature within the DP compartment, allowing their Tcra 
repertoire to be sampled over time (17, 21). We analyzed the Tcra repertoire in ZsGreen+ 

DP thymocytes isolated from WT and DPASE-deleted mice 24 h and 48 h after tamoxifen-

induced labeling of DN thymocytes (Fig. S4B). As seen previously (17), WT ZsGreen+ 

DP thymocytes were heavily biased towards proximal Vα-proximal Jα combinations 24 h 

post-tamoxifen injection, but rearrangements were more broadly distributed at 48 h (Fig. 

4A). In comparison to WT, DPASE-deleted DP thymocytes were more proximally biased 

at both time-points, with reduced usage of central Jα segments more prominent at 24 h, 

and reduced usage of distal Jα gene segments more prominent at 48 h (Fig. 4B, and table 

S1). These results indicate that reduced RAG expression in DP thymocytes causes delayed 

progression of secondary rearrangements all along the Vα and Jα arrays, rather than a 

selective loss of distal rearrangements.

To further support the evidence that RAG expression is limiting for Tcra repertoire 

formation, we analyzed Jα usage in DP thymocytes of mice with only a single functional 

allele of Rag1 or Rag2. We used qPCR from genomic DNA to compare rearrangement of 

Trav12 family members to various Jα segments in Rag1+/+ versus Rag1+/− littermates, and 

in Rag2+/+ versus Rag2+/− littermates. Trav12 is useful for these assays because the multiple 

members of this gene family are distributed across the Vα array and rearrange broadly to 

proximal, central, and distal Jα gene segments. Rag1+/− DP thymocytes displayed reduced 
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usage of distal Jα gene segments (Fig. S4C); Rag2+/− DP thymocytes trended similarly (Fig. 

S4D).

RORγt regulates RAG expression by binding to the DPASE

To investigate transcription factors that might regulate DPASE activity, we used JASPAR 

2018 to identify predicted transcription factor binding sites (Fig. S5A). To narrow down 

potential candidates, we assessed the expression pattern of each of these transcription factors 

using the Immgen RNA-seq database, looking for factors displaying the highest expression 

and upregulation in DP thymocytes (Fig. S5B). We identified RAR-related orphan receptor 

γt (RORγt) (22) as a candidate regulator of the DPASE. The predicted binding site for 

RORγt displayed key nucleotides matching the ROR response element (RORE) consensus 

sequence (Fig. 5A). Rorc expression is substantially upregulated from DN to DP, and similar 

to RAG expression, is extinguished following positive selection (Fig. S1B). DP thymocytes 

lacking RORγt were shown to have modestly reduced RAG expression by semi-quantitative 

PCR (15), but the significance of that result was largely overlooked and the mechanism was 

not explored. To assess the role of the DPASE RORE, we used the RAG-expressing mouse 

DP thymocyte cell line VL3–3M2, which was previously used to characterize RAG locus 

regulation (8, 10). ChIP confirmed RORγt binding to the DPASE at a level comparable 

to that of the Bcl2l1 promoter (Fig. 5B), a validated target of RORγt (14). We then used 

CRISPR-Cas9 to delete either the 612 bp DPASE or sequences of 28 and 30 bp spanning the 

DPASE RORE, on the two RAG alleles in VL3–3M2 cells (Fig. 5C and fig. S2A). RORγt 

binding was lost upon RORE deletion (Fig. 5D), and deletion of either the entire DPASE 

(Fig. 5E) or the RORE (Fig. 5F) resulted in substantial downregulation of Rag1 and Rag2 
gene expression in these cells.

These results prompted us to further assess RORγt as a regulator of RAG gene expression in 

DP thymocytes in vivo. ChIP showed RORγt to bind to the DPASE in WT DP thymocytes 

(Fig. 5G). Moreover, qPCR revealed Rag1 and Rag2 expression to be reduced by 77–79% 

in DP thymocytes (Fig. 5H), but not DN thymocytes (Fig. 5I), of Rorc(t)−/− mice. We 

conclude that RORγt binds the DPASE to regulate RAG gene expression specifically in DP 

thymocytes.

RORγt regulates the Tcra repertoire via multiple pathways

RORγt-deficient mice have a defect in usage of distal Jα gene segments that was previously 

attributed to a DP thymocyte survival defect resulting from diminished expression of 

Bcl-xL (14, 15). The residual DP thymocytes of RORγt-deficient mice are also rapidly 

cycling (14), which may further suppress V(D)J recombination. The data reported herein 

reveal that RORγt influences the Tcra repertoire by supporting RAG gene expression. To 

better understand the relative contributions of various RORγt-dependent pathways to Tcra 
repertoire formation, we re-examined the Tcra repertoire defect in Rorc(t)−/− mice. Earlier 

characterization of the repertoire demonstrated impaired usage of distal Jα gene segments 

relative to proximal Jα segments in Rorc−/− DP thymocytes but did not directly compare 

rearrangement of individual Jα segments to WT (15). To obtain such data, we measured 

rearrangement of Trav12 family members to various Jα segments in WT and Rorc(t)−/− DP 

thymocytes by qPCR of genomic DNA. This analysis revealed that rearrangement of central 
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and distal Jα segments was reduced by several orders of magnitude in the absence of RORγt 

(Fig. 6A, left panel). By contrast, DPASE-deleted mice displayed a relatively modest defect 

inTrav12 rearrangement that was limited to distal Jα segments (Fig. 6B, left panel). Because 

DPASE-deleted and Rorc(t)−/− mice have similar RAG expression defects (Fig. 1D and fig. 

5H), much more dramatically impaired usage of central and distal Jα gene segments in the 

latter must result from other impacts of RORγ(t) deficiency, including increased cell cycling 

and reduced survival of DP thymocytes.

Notably, we also detected 77–96% reductions in the rearrangement of even the most 

proximal Jα gene segments (Traj61, Traj58, Traj56) in Rorc(t)−/− mice. (Fig. 6A, left 

panel). This seemed an unlikely consequence of reduced DP thymocyte survival but could 

reflect the dramatically different cell cycle status of WT and Rorc(t)−/− DP thymocytes. To 

analyze more comparable cell populations, we used CD71 staining to isolate highly cycling 

DP thymocytes of both genotypes (Fig. S6, A and B). These cells still displayed 76–83% 

reductions in rearrangements to the most proximal Jα segments in the absence of RORγt 

(Fig. 6A, right panel). However, no such reductions were detected in similar analyses of 

ΔDPASE mice (Fig. 6B, right panel), despite the fact that highly cycling Rorc(t)−/− and 

ΔDPASE DP thymocytes displayed comparable reductions in Rag1 and Rag2 expression 

(Fig. 6, C and D). Having ruled out cell survival, cell cycle status and RAG gene expression 

to explain defective proximal Jα rearrangement in Rorc(t)−/− DP thymocytes, we considered 

whether RORγt may also function as a direct regulator of the Tcra locus.

RORγt regulates the Tcra repertoire by direct binding to Tcra locus chromatin

High quality RORγt ChIP-seq datasets are available for Th17 cells but not DP thymocytes. 

Th17 cells, however, should be variably deleted for Tcra locus chromatin through Traj2, 

due to the presence of heterogeneous Vα-to-Jα rearrangements on both alleles. Focusing 

on the fully represented region downstream of Traj2, in two independent data sets (23, 

24) we identified a major peak of RORγt binding associated with the Tcra enhancer (Eα), 

and several less prominent peaks both upstream and downstream of Eα (Fig. S7, A and 

B). We noted, as well, a minor peak associated with the T early alpha (TEA) promoter, 

the major promoter of germline transcripts across the Jα array (25, 26). Although barely 

detectable, this binding could be meaningful, because TEA chromatin should be vastly 

underrepresented due to its deletion on both alleles in the majority of peripheral T cells. In 

addition, prior work had shown RORγt to bind to the TEA promoter in vitro (27).

To quantitatively assess RORγt binding to Tcra locus chromatin in DP thymocytes in vivo, 

we injected Rag2−/− mice with anti-CD3ε to induce DN to DP differentiation, and prepared 

chromatin from thymocytes in which the Tcra locus was held in germline configuration. 

This analysis revealed strong binding of RORγt to both TEA and Eα (Fig. 7A). JASPAR 

TF motif analysis identified two overlapping, conserved ROREs immediately upstream of, 

but separated from, the Tα1 protein binding region of Eα (28). To further establish RORγt 

as a direct regulator of the Tcra repertoire, we used CRISPR-Cas9 to generate mice lacking 

these ROREs (EαΔRORE) (Fig. 7B and fig. S2B). ChIP confirmed that RORγt binding to Eα 
was lost in EαΔRORE DP thymocytes (Fig. 7C). Unlike Eα-deleted mice, which are blocked 

at the DP stage of thymocyte development (29), EαΔRORE mice displayed normal thymic 
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cellularity with no obvious developmental block (Fig. 7D and fig. S7C). However, there 

were 32–41% reductions in Trav12 rearrangements to central and distal Jα gene segments 

(Fig. 7E), indicating that RORγt regulates the Tcra repertoire, in part, by direct binding to 

Tcra locus chromatin. We detected no effect of the mutation on Tcra germline transcription 

(Fig. 7F).

Discussion

Here we have demonstrated that DP thymocytes display a unique requirement for high level 

RAG gene expression that is generated by cooperation of two distinct modules of the RAG 

ASE. One module, the core ASE, is responsible for a baseline level of RAG gene expression 

in both DN3a and DP thymocytes. The second module, the DPASE, is specifically required 

to upregulate RAG gene expression in DP thymocytes. Without this boost to RAG gene 

expression, DP thymocytes display a defect in secondary Vα-Jα recombination and are 

incapable of generating a replete Tcra repertoire. We further showed that DPASE-mediated 

upregulation of RAG gene expression depends on RORγt, a transcription factor that is 

highly expressed in DP thymocytes. We also reveal a direct role of RORγt in regulating Tcra 
recombination by binding to Eα. Previous studies showed that RORγt promotes secondary 

Tcra rearrangement by upregulating Bcl-xL to maintain DP thymocyte lifespan (14, 15). 

RORγt was also shown to upregulate p27 to promote G1 cell-cycle arrest (14), which would 

shield RAG2 from cell-cycle-mediated degradation (30, 31). These and our current results 

reveal RORγt to act as a multi-faceted regulator of the Tcra repertoire.

An important conclusion from our work is that RAG levels sufficient to support the 

recombination programs of the Tcrb, Tcrg and Tcrd loci in DN thymocytes are insufficient 

to fully support Tcra recombination in DP thymocytes. Hierarchical requirements for RAG 

protein abundance were also revealed by complete ASE deletion, in which case low level 

RAG expression driven by residual RAG promoter activity could support some Vγ-Jγ, 

Vδ-Dδ-Jδ, and Dβ-Jβ rearrangement, but little Vβ-DβJβ rearrangement (9). We suggest 

that RAG expression is normally limiting for V(D)J recombination in vivo, and that RAG 

expression levels are fine-tuned to meet the needs of the recombination programs at different 

developmental stages. For example, Tcrb, Tcrg and Tcrd rearrangements are thought 

to occur in the same DN2 and DN3 thymocytes, with the outcome of rearrangements 

influencing αβ/γδ lineage choice (32–36). As well, competition between two Tcrb alleles 

presenting relatively inefficient substrates for RAG is thought to contribute to Tcrb allelic 

exclusion (37, 38). The competitive nature of these recombination programs may be 

enhanced by lower levels of RAG gene expression in DN thymocytes. In contrast, in DP 

thymocytes, both Tcra alleles typically undergo multiple cycles of Vα-to-Jα rearrangement 

over the course of 3–4 days to fully sample the Vα and Jα arrays and facilitate positive 

selection. We believe that a recombination program requiring multiple cycles of RAG 

binding, Vα-Jα synapsis, DNA cleavage, and rejoining will be facilitated by elevated RAG 

expression that ensures efficient RAG loading onto newly generated VαJα recombination 

centers during each cycle of rearrangement. With this in mind, we note that Rag1 and 

Rag2 mRNA half-lives have been estimated to be in the range of 40 min (39, 40), and that 

whereas RAG2 protein is quite stable in non-cycling cells, RAG1 is rapidly degraded with 

a half-life of only 10–30 min (40–43). Mouse thymocytes, which are primarily DP, were 
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shown to contain only about 1000 RAG1 dimers per cell, with about a seven-fold molar 

excess of RAG2 (44). Given that both RAG proteins are distributed over thousands of sites 

genome-wide (2), and that some RAG1 may localize to the nucleolus (45), the abundance of 

RAG proteins, and in particular the abundance of RAG1, could well be limiting for the pace 

of Tcra rearrangements in DP thymocytes. This would explain why a relatively modest and 

selective reduction in RAG1 protein expression translates to reduced kinetics of secondary 

Tcra recombination in ΔDPASE DP thymocytes. In further support of this idea, we detected 

defects in Tcra rearrangement in Rag1+/−, and even in Rag2+/−, DP thymocytes. Similarly, 

prior work revealed Rag1+/− B cells to display reduced immunoglobulin light chain receptor 

editing (39), whereas B cells with stabilized RAG1 protein displayed increased editing (43). 

Although elevated RAG expression in DP thymocytes may suit the Tcra recombination 

program, it may come at a cost, since ΔDPASE mice displayed a modest, but reproducible, 

increase in the number of DP thymocytes. We suspect that elevated RAG expression in 

WT DP thymocytes may pose an increased threat to genome integrity (2), with elevated 

cell death impacting the size of the DP population. This tradeoff may set an upper limit 

to physiologically useful RAG gene expression. Although the increase in DP thymocytes 

might alternatively be explained by impaired positive selection, we detected no change in the 

frequency of DP thymocytes undergoing positive selection in ΔDPASE mice.

Although the core ASE sequence is highly conserved in reptiles, birds and mammals, 

DPASE conservation is primarily restricted to mammals (9). This suggests that a functional 

DPASE represents a relatively recent adaptation to boost RAG expression and expand 

the Tcra repertoire. Analysis of ASE region chromatin signatures in human thymocyte 

subsets revealed the core ASE to display an active enhancer chromatin signature in CD34+ 

DN and early cortical DP thymocytes, whereas the DPASE displayed a poised enhancer 

signature in the former and an active enhancer signature in the latter (46) (Fig. S8). Thus, 

DPASE-mediated RAG gene regulation appears to be conserved between mouse and human 

thymocytes.

RORγt was identified as an important regulator of the Tcra repertoire because it supports 

expression of the anti-apoptotic protein Bcl-xL and maintains DP thymocyte survival 

(14, 15). Because the observed defect in distal Jα usage in RORγt-deficient mice could 

be complemented by overexpression of Bcl-xL, it was assumed that RORγt regulated 

the Tcra repertoire solely by prolonging DP thymocyte survival (15). However, Bcl-xL 

overexpression did not simply normalize the Tcra repertoire; rather, it generated a repertoire 

that was heavily biased to the most distal Jα gene segments, presumably because it 

extended DP thymocyte lifespan well beyond what is physiologically normal. This could 

have compensated for influences of RORγt on the Tcra repertoire that are unrelated to 

lifespan per se. Our current work adds to this picture by demonstrating quantitative defects 

in RAG gene expression and in proximal Jα rearrangements in Rorc(t)−/− DP thymocytes. 

Thus we now believe that RORγt regulates the Tcra repertoire through multiple pathways. 

First, it orchestrates a critical upregulation of RAG protein expression, due to in part to 

DPASE-dependent augmentation of Rag1 and Rag2 transcription, and in part to stabilization 

of RAG2 protein by p27-dependent cell-cycle arrest (14). Second, it helps ready the Tcra 
locus as an efficient substrate for Vα-Jα rearrangement by binding to Eα. Third, it allows 
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the Vα and Jα arrays to be fully sampled by RAG proteins by keeping thymocytes alive for 

the requisite 3–4 days (15).

An important limitation of our work is that we do not yet fully understand the direct 

effects of RORγt on Tcra locus chromatin. We show here that deletion of an Eα RORE 

diminishes the contribution of distal Jα segments to the Tcra repertoire. However, loss of Eα 
RORγt binding cannot explain the quite substantial disruption of proximal Jα rearrangement 

in Rorc(t)−/− mice. Rather, we suspect that the defect in proximal Jα rearrangement may 

primarily reflect loss of RORγt binding at the TEA promoter RORE. We note, however, 

that this RORE can have no direct influence on secondary Vα-Jα rearrangements because 

the TEA promoter is deleted by primary rearrangement. This leads us to suggest that the 

Eα RORE may function redundantly with the TEA RORE before primary rearrangement, 

but may then contribute in non-redundant fashion once the TEA promoter is deleted, thus 

explaining the selective defect in central and distal Jα usage in Eα RORE-deleted mice. It 

will be interesting to further test the proposed division of labor between these two Tcra locus 

ROREs in future experiments.

Materials and Methods

Study design

The aims of this study were to determine the mechanism and biological significance of 

elevated RAG gene expression in DP thymocytes. To accomplish these aims we generated 

mice with deletion of a RAG locus element (DPASE) that displays DP thymocyte-specific 

chromatin accessibility. Flow cytometry, qRT-PCR, immunoblots, ChIP and 3C were used to 

evaluate the effects of this deletion on RAG locus function. 5’RACE and deep sequencing 

were used to assess effects on the Tcra repertoire. To investigate the role of RORγt as a 

regulator of DPASE function, we created a mutation in the DPASE RORE of mouse DP 

thymocyte cell line VL3–3M2 and used ChIP and qRT-PCR for analysis, and we analyzed 

Tcra rearrangement by quantitative genomic PCR in DP thymocytes of Rorc(t)−/− mice. 

Then, to determine whether RORγt also regulates Tcra rearrangement by direct binding 

to the Tcra locus, we generated mice lacking a Tcra enhancer RORE, and used flow 

cytometry, ChIP, quantitative genomic PCR and qRT-PCR to evaluate effects of the mutation 

on Tcra locus function. Mouse experiments compared littermate controls. Generally, three 

or more biological replicates were analyzed in each experiment; details are provided in the 

figure legends. Experiments were performed without blinding. No data was excluded from 

analysis.

Mice

ΔDPASE and EαΔRORE mice were generated by CRISPR/Cas9 genome editing by the Duke 

University Transgenic and Knockout Mouse Shared Resource. Guide RNAs with predicted 

high specificity and cleavage efficiency were designed using the UCSC genome browser 

CRISPR/Cas9-NGG target feature. ΔDPASE mice were generated by two guide-mediated 

CRISPR/Cas9 targeting of C57BL/6J embryos. Mice with a deleted DPASE region (mm10 

Chr2: 101,552,279 to 101, 552, 890) were identified by PCR and Sanger sequencing, were 

bred to C57BL/6J, and progeny were intercrossed to generate littermate WT and ΔDPASE 
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mice. RAG gene expression changes were similar in progeny of two founders carrying 

the same deletion; results are combined in Fig. 1C. For TCR repertoire analysis, ΔDPASE 

mice were bred to TcrdCreER/CreERRosa26 ZsG/ZsG mice, which carry modified strain 129 

Tcra-Tcrd alleles on a C57BL/6J genetic background (21). TcrdCreER/CreERRosa26ZsG/ZsG 

littermates segregating WT and ΔDPASE alleles at the RAG locus were used for 5’ RACE. 

EαΔRORE mice were generated by CRISPR/Cas9 targeting of F1 embryos generated through 

breeding of strain 129 male and C57BL/6J female mice. Single guide-mediated CRISPR/

Cas9 was used to mutate two overlapping ROREs at Eα (mm10 Chr14: 54,227,367– 

54,227,386). Screening by PCR and Sanger sequencing identified a 10 bp deletion on 

the 129 allele (mm10 Chr14: 54,227,375– 54,227,384). Founders were bred to 129 and 

progeny were intercrossed to generate WT and EαΔRORE littermates for analysis. Rorc(t)
−/− (also known as Rorc(t)GFP) mice (47) were a kind gift from Maria Ciofani (Duke 

University). Rorc(t)−/− mice and EαΔRORE mice were bred with Rag2−/− mice to analyze 

germline transcription on a recombinase-deficient background. Rag1−/− and Rag2−/− mice 

were crossed with C57BL/6J and F1 progeny were crossed again to C57BL/6J to analyze 

Rag1 and Rag2 dosage effects. Mice were used for experiments at 4–6 weeks of age unless 

otherwise noted. All mice were housed in a specific pathogen-free facility managed by the 

Duke University Division of Laboratory Animal Resources and were used in accord with 

protocols approved by the Duke University Institutional Animal Care and Use Committee. 

Mice of both genders were included in all experiments and no differences were noted. 

CRISPR guide sequences are listed in Table S2.

Flow cytometry and cell sorting

All antibodies and reagents were purchased from BioLegend, unless stated otherwise. 

For analysis of total thymocytes or isolation of preselection DP thymocytes 

(CD4+CD8+Lin−CD3lo7AAD−), total thymocytes were stained with anti-CD4 (GK1.5), 

anti-CD8α (53–6.7), anti-CD3ε (145–2C11), 7-aminoactinomycin D (7AAD), and PE-Cy5–

conjugated lineage (Lin) markers anti-B220 (RA3–6B2), anti-CD11b (M1/70), anti-CD11c 

(N418), anti-F4/80 (BM8), anti–Gr-1 (RB6–8C5), and anti–Ter-119 (TER-119). To assess 

positive selection (CD4+CD8+CD5+CD69+), staining included anti-CD5 (53–7.3) and anti-

CD69 (H1.2F3). To obtain early DP thymocytes (CD4+CD8+CD71+Lin−CD3lo7AAD−), 

staining included anti-CD71 (R17217). DN3a thymocytes (Lin−CD25+CD44−CD28−) were 

isolated by staining with anti-CD25 (3C7), anti-CD44 (IM7), anti-CD28 (37.51), and lineage 

markers. To isolate DP thymocytes from Rag2−/− mice, mice were injected i.p. with 150 μg 

anti-CD3ε and sacrificed ten days later. To isolate ZsGreen+ preselection DP thymocytes, 

TcrdCreER/CreER Rosa26ZsG/ZsG mice were injected i.p. with 100 μl of 10 mg/ml tamoxifen 

(Sigma-Aldrich) in corn oil and were sacrificed 24 or 48 h later.

Cell cycle analysis

Ten million thymocytes were stained with 1:200 (vol/vol) Zombie Aqua™ viability dye 

(BioLegend) for 15 min at 23°C in the dark, were washed once, and then stained with 

antibodies for 15 min on ice in the dark. Cells were then washed and crosslinked in the 

presence of 1% (vol/vol) paraformaldehyde for 10 min on ice. Crosslinked cells were 

washed and resuspended in cell staining buffer containing 25 ug/ml propidium iodide 

(BioLegend) and 1 ug/ml RNaseA for 15 min. Cell cycle analysis was performed using 
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a LSRFortessa Cell Analyzer (BD Biosciences). The G0/G1 gate was set by the propidium 

iodide staining profile of total DP thymocytes.

Quantitative RT-PCR

TRIzol reagent (Invitrogen) was used to isolate total cellular RNA as per manufacturer’s 

instructions. For cDNA synthesis, 1 ug of RNA was subjected to DNase I treatment 

(Invitrogen) and IScript-mediated reverse transcription (Biorad) according to the 

manufacturer’s instructions. Levels of Actb, Rag1, Rag2, Hprt, TEA, Traj56, Traj31, and 

Trac transcripts were measured by SYBR Green qPCR (Qiagen) as described (8, 48). 

Primers are listed in Table S2.

Immunoblot

Purified DP thymocyte or unfractionated control tissue sample extracts (2 × 106 

cell equivalents of each) were electrophoresed through 7.5% sodium dodecyl sulfate 

polyacrylamide gels, transferred to polyvinylidene difluoride membranes, and incubated 

with anti-Rag1 #23 (1:1000), anti-Rag2 (1:500) (49), or anti-β-actin (BioLegend), followed 

by goat anti-rabbit-horseradish peroxidase (Jackson ImmunoResearch) or rabbit anti-rat-

horseradish peroxidase (Jackson ImmunoResearch). Blots were developed using ECL 

PRIME (Cytiva) and imaged using a Bio-Rad ChemiDoc MP.

Chromosome conformation capture (3C)

3C was initiated by crosslinking 107 thymocytes with 2% (vol/vol) paraformaldehyde for 10 

min at 23°C, and was otherwise carried out as described (10). Final ligated products were 

quantified by qPCR by using BglII-digested and ligated bacterial artificial chromosomes 

374F10 and 241E7 and PCR primers and Taqman PCR probes as described (8). Primers are 

listed in Table S2.

Tcra repertoire analysis

The Tcra repertoire was determined by 5’ RACE and deep sequencing as described (17, 18, 

20). cDNA was synthesized from 700 ng of total RNA extracted from either preselection DP 

thymocytes or ZsGreen+ preselection DP thymocytes using Superscript II (Invitrogen) and 

was amplified using a KAPA HiFi HotStart PCR Kit (Roche). Analysis was performed using 

MiXCR as described (17, 18, 20).

CRISPR/Cas9 targeting of VL3–3M2 cells

The mouse VL3–3M2 cell line (50) was cultured as described (10). Two guide-mediated 

CRISPR/Cas9 was used to delete the DPASE region (mm10 Chr2: 101,552,279 to 101, 552, 

890) or the DPASE RORE (mm10 Chr2: 101,552,595 to 101, 552, 624). Guide sequences 

are listed in Table S2. Guide sequences were cloned into pX458 (Addgene). Transfection 

of VL3–3M2 cells and isolation of transfected clones were performed as described (10). 

Mutant clones were identified by genomic DNA PCR and sequencing.
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Chromatin Immunoprecipitation (ChIP)

ChIP was performed as described (10), with several modifications. 107 DP thymocytes or 

VL3–3M2 cells were subjected to formaldehyde crosslinking. Following cell lysis, nuclei 

were pelleted and lysed in 100 μl of 50 mM Tris-HCl pH 8, 10 mM EDTA, 1% (wt/vol) 

SDS, 0.1 M benzamidine and 0.1 M PMSF for 10 min at 23°C, after which chromatin was 

diluted to 1 ml with 0.01% (wt/vol) SDS, 1.1% (vol/vol) Triton X-100, 1.2 mM EDTA, 

16.7 mM Tris-HCl pH8, 167 mM NaCl. ChIP samples were analyzed by SYBR-green qPCR 

as described (8). RORyt ChIP signals were expressed as % bound (bound/input X 100) or 

as relative enrichment (bound/input relative to that for nonspecific IgG control). Pol II and 

H3K4me3 ChIP signals were expressed as relative enrichment (bound/input relative to that 

for the B2m promoter), as described (8). Primers are listed in Table S2.

Tcra recombination in genomic DNA

Trav12 family to Jα rearrangements in genomic DNA prepared from preselection DP or 

CD71+ early DP thymocytes were analyzed by SYBR-green qPCR as described (51). 

Primers are listed in Table S2.

Statistical analysis

Data were analyzed by unpaired t-test or two-way ANOVA with Holm-Sidak’s correction 

for multiple comparison, using GraphPad Prism version 6.07 for Windows. The number of 

biological replicates, the method used for data normalization, and the statistical test used 

for each experiment is provided in the figure legend. Results are generally reported as the 

mean and s.e.m. The mean and individual data points are presented for flow cytometry 

experiments. P values are reported as follows in all experiments: *P<0.05, **P<0.01, 

***P<0.001, ****P<0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The DPASE directs RAG gene upregulation in DP thymocytes. (A) ASE region ATAC-seq 

peaks (GSE107076) in DN, DP, CD4SP and CD8SP thymocytes. (B) Quantification of 

thymocyte sub-populations in WT and ΔDPASE mice. Three pairs of WT and ΔDPASE 

littermate mice were analyzed in three independent experiments. Statistical significance was 

calculated using two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

Each symbol represents an individual mouse; horizontal line represents the mean. (C) 

Quantification of positive selection in ΔDPASE mice. Five pairs of WT and DDPASE 

littermates were analyzed in five independent experiments. Statistical significance was 

evaluated by unpaired t-test. (D) Rag1 and Rag2 transcript levels in DN3a and DP 

thymocytes measured by qRT-PCR. Rag1 and Rag2 transcript levels were normalized to 

those for Actb. The data represent the mean and s.e.m. of three independent experiments 

analyzing DN3a thymocytes (one littermate pair per experiment) and five independent 

experiments analyzing DP thymocytes (one littermate pair per experiment). Statistical 

significance was calculated using two-way ANOVA with Holm-Sidak’s correction for 

multiple comparisons. **P<0.01, ***P<0.001, ****P<0.0001. (E) RAG1 and RAG2 protein 

abundance measured by immunoblot. Results are presented for sorted DP thymocytes from 

two pairs of WT and ΔDPASE littermates. Total thymus (Thy) and kidney (Kid) served 

as positive and negative controls, respectively. Numbers below each lane represent RAG 

protein expression normalized to that for β-actin.
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Figure 2. 
The DPASE regulates RAG locus conformation and RNA polII loading in DP thymocytes. 

(A) 3C analysis showing interactions from the ASE viewpoint (left) and the Rag1p 
viewpoint (right) in WT and ΔDPASE thymocytes. The −104 fragment served as a negative 

control. Relative interactions were calculated using BAC standards and were normalized to 

those of a nearest neighbor restriction fragment. The data represent the mean and s.e.m of 

four independent experiments, each analyzing a littermate pair. Statistical significance was 

calculated by two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

(B,C) ChIP analysis of RNA Pol II (B) and H3K4me3 (C) at the core ASE and RAG 

promoters in DP thymocytes of WT and ΔDPASE mice. Values were expressed relative 

to those displayed by the B2m promoter. The data represent the mean and s.e.m of 

three independent experiments, each analyzing a littermate pair. Statistical significance was 

calculated using two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3. 
The DPASE is essential to generate a complete Tcra repertoire. (A) Heatmaps show 

frequencies of Vα-Jα rearrangements in CD4+CD8+CD3εlo thymocytes as measured by 

5’ RACE and high throughput sequencing. The data represent the results of one of two 

independent experiments, each analyzing a pair of WT and ΔDPASE littermates. (B) 
Relative usage of Jα segments in WT and ΔDPASE mice. The data represent mean of 

two independent experiments, each analyzing a pair of WT and ΔDPASE littermates (top). 

Statistical significance was calculated using two-way ANOVA with Holm-Sidak’s correction 

for multiple comparisons (Table S1). Aggregate usage (%) of the proximal 15, central 13, 

and distal 15 Jα segments in each genotype (bottom).
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Figure 4. 
The DPASE is essential for normal kinetics of secondary Tcra recombination. (A). 
Heatmaps showing frequencies of Vα-Jα rearrangements in WT and ΔDPASE ZsG+ 

CD4+CD8+CD3εlo thymocytes 24h and 48h after tamoxifen injection. The data represent 

the results of one of two independent experiments per timepoint, each analyzing a pair of 

WT and ΔDPASE littermates. (B) Relative usage of Jα segments in WT and ΔDPASE mice. 

The data represent mean of two independent experiments per timepoint, each analyzing a 
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pair of WT and ΔDPASE littermates. Statistical significance was calculated using two-way 

ANOVA with Holm-Sidak’s correction for multiple comparisons (Table S1).
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Figure 5. 
RORγt regulates RAG expression by binding to the DPASE. (A) RORγt sequence logo 

(Jaspar, 9th release) aligned with DPASE sequence. (B) ChIP analysis of RORγt binding to 

the DPASE and Bcl2l1 in VL3–3M2 cells. The data are expressed as mean and s.e.m. fold-

enrichment over control IgG ChIP in three independent experiments. Statistical significance 

was evaluated by two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

(C) CRISPR-Cas9 was used to generate a VL3–3M2 mutant with distinct RORE deletions 

on the two alleles. The RORE is denoted by red lettering. Inserted nucleotides are denoted 

by blue lettering. (D) ChIP analysis of RORγt binding to the ΔRORE DPASE. The data are 

expressed as mean and s.e.m. binding (% input) in four independent experiments. Statistical 

significance was evaluated by two-way ANOVA with Holm-Sidak’s correction for multiple 

comparisons.

(E and F) Rag1 and Rag2 expression in WT and ΔDPASE (E), and in WT and ΔRORE (F) 

VL3–3M2 cells, measured by qRT-PCR. Rag1 and Rag2 transcript levels were normalized 

to those for Actb. The data represent the mean and s.e.m. of three independent experiments, 

each analyzing a pair of littermates. Statistical significance was calculated using unpaired 

t-test. (G) ChIP analysis of RORγt binding in DP thymocytes obtained from anti-CD3ε 
injected Rag2−/− mice. The data represent the mean and s.e.m. fold-enrichment over 

control in three independent experiments, each analyzing a pair of littermates. Statistical 

significance was calculated by two-way ANOVA with Holm-Sidak’s correction for multiple 

comparisons. MageA2 served as a negative control. (H and I) Rag1 and Rag2 transcript 

levels in WT and Rorc(t)−/− DP (H) and DN (I) thymocytes measured by qRT-PCR with 

normalization to those for Actb. The data represent the mean and s.e.m. of four (H) and five 

(I) independent experiments, each analyzing a pair of littermates. Statistical significance was 

calculated by unpaired t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 6. 
Both proximal and distal Jα rearrangements are impaired in Rorc(t)−/− DP thymocytes. (A) 
Trav12 family rearrangements to different Jα segments were measured by qPCR of genomic 

DNA samples of CD3−/low (left) or CD71+ (right) DP thymocytes. Rearrangement values for 

WT and Rorc(t)−/− were initially normalized to Cd14 after which average values for mutant 

were expressed relative to WT (average value set to 1) for each Jα segment. The data for 

CD3−/low DP thymocytes represent the mean and s.e.m. of three independent experiments, 

each analyzing a pair of littermates, with the exception that only two experiments were 

performed for the Traj61 datapoint. The data for CD71+ DP thymocytes represent the 

mean and s.e.m. of three independent experiments analyzing four littermate pairs. (B) 
Trav12 family rearrangements to different Jα segments in CD3−/low (left) or CD71+ (right) 

DP thymocytes of WT and ΔDPASE mice, analyzed as in (A). The data represent the 

mean and s.e.m. of three independent experiments, each analyzing a pair of littermates. 

Statistical significance was calculated using two-way ANOVA with Holm-Sidak’s correction 

for multiple comparisons. (C, D) Rag1 and Rag2 transcript levels in WT and Rorc(t)−/− 
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CD71+ DP thymocytes (C) or in WT and ΔDPASE CD71+ DP thymocytes, measured by 

qRT-PCR with normalization to those for Actb. The data represent the mean and s.e.m. 

of four (C) or three (D) independent experiments, each analyzing a pair of littermates. 

Statistical significance was calculated by unpaired t-test. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001.
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Figure 7. 
RORγt regulates the Tcra repertoire by direct binding to the Tcra locus. (A) ChIP analysis 

of RORγt binding to the Tcra locus in DP thymocytes of anti-CD3-injected Rag2−/− mice. 

Magea2 served as a negative control. The data are expressed as mean and s.e.m. fold-

enrichment over control IgG ChIP in four independent experiments. Statistical significance 

was evaluated by two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

(B) CRISPR-Cas9 disruption of two overlapping predicted ROREs situated immediately 

upstream of Eα. The ROREs are denoted by red lettering; a small insertion is denoted 

by blue lettering. (C) Disruption of RORγt binding to Eα measured by ChIP. Bcl2l1 and 

Magea2 served as positive and negative controls, respectively. The data are expressed as 

mean and s.e.m. fold-enrichment over control IgG ChIP in three independent experiments, 

each analyzing a littermate pair. Statistical signifiance was evaluated by two-way ANOVA 

with Holm-Sidak’s correction for multiple comparisons. (D) Thymocyte populations in 

WT and EαΔRORE mice. Four pairs of littermates were analyzed in four independent 

experiments. Statistical significance was calculated using two-way ANOVA with Holm-

Sidak’s correction for multiple comparisons. (E) Trav12 family rearrangement to different 

Jα segments measured by qPCR of DP thymocyte genomic DNA samples, with values for 
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WT and EαΔRORE normalized as in Fig 6A. The data represent the mean and s.e.m. of three 

independent experiments, each analyzing a pair of littermates. Statistical significance was 

calculated using two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

(F) Tcra germline transcription in DP thymocytes of anti-CD3 injected mice measured by 

qRT-PCR. Values for Tcra germline transcripts were normalized to those for Hprt and the 

average value for Trac in WT was then set to 1. The data represent the mean and s.e.m. of 

three independent experiments, each analyzing a pair of mice. Statistical significance was 

calculated using two-way ANOVA with Holm-Sidak’s correction for multiple comparisons. 

*P<0.05, **P<0.01, ***P<0.001.
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