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ABSTRACT CTCF-mediated chromatin interactions influence organization and func-
tion of mammalian genome in diverse ways. We analyzed the interactions among
CTCF binding sites (CBS) at the murine TCRb locus to discern the role of CTCF-
mediated interactions in the regulation of transcription and VDJ recombination.
Chromosome conformation capture analysis revealed thymocyte-specific long-range
intrachromosomal interactions among various CBS across the locus that were rele-
vant for defining the limit of the enhancer Eb-regulated recombination center (RC)
and for facilitating the spatial proximity of TCRb variable (V) gene segments to the
RC. Ectopic CTCF binding in the RC region, effected via genetic manipulation, al-
tered CBS-directed chromatin loops, interfered with RC establishment, and reduced
the spatial proximity of the RC with Trbv segments. Changes in chromatin loop or-
ganization by ectopic CTCF binding were relatively modest but influenced tran-
scription and VDJ recombination dramatically. Besides revealing the importance
of CTCF-mediated chromatin organization for TCRb regulation, the observed chro-
matin loops were consistent with the emerging idea that CBS orientations influ-
ence chromatin loop organization and underscored the importance of CBS orienta-
tions for defining chromatin architecture that supports VDJ recombination. Further, our
study suggests that in addition to mediating long-range chromatin interactions, CTCF
influences intricate configuration of chromatin loops that govern functional interac-
tions between elements.

KEYWORDS antigen receptor loci, CTCF, VDJ recombination, chromatin loop,
chromatin organization

patial and temporal regulation of nuclear processes is intricately related to chro-

matin structure and organization since it can influence the interactions among
regulatory elements. The mechanisms underlying these complex interactions are not
completely understood. CTCF was identified to be the trans-acting factor that can
organize an insulator and block enhancer-promoter interaction in a position dependent
manner (1-3). Subsequently, CTCF has emerged as an important architectural protein
that can influence interchromosomal and intrachromosomal interactions and impact
nuclear functions largely in collaboration with cohesin (4, 5). Genome-wide investiga-
tions, including chromatin immunoprecipitation (ChlIP), 4C, Hi-C, and chromatin inter-
action analysis by paired-end tag sequencing (ChIA-PET), etc., have established an
important role of CTCF in organization of topologically associated domains (TADs) (6,
7). In addition, CTCF binding sites (CBS) located within TADs can contribute to cell-
type-specific chromatin loop organization by facilitating, as well as inhibiting, the
interactions between regulatory elements. Locus-specific genetic analysis relying on
deletion and inversion of CBS has revealed CBS orientation-dependent chromatin loop
organization and its influence on transcriptional regulation (8-11). However, several
aspects regarding the ability of CBS to organize chromatin and regulate function
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remain to be elucidated (12), and further exploration of the role of CTCF/cohesion
complex in sub-TAD organization will be useful to unravel the varied role of CTCF in
chromatin organization and function. We investigated the CBS orientation-dependent
involvement of CTCF in chromatin organization and the regulation of the mouse TCRb
locus that encodes the beta-chain of a/b T-cell receptors (TCRs).

TCRb locus and other antigen receptor (AgR) loci that encode TCRs and immuno-
globulin chains provide a particularly useful context for exploring chromatin organiza-
tion and function since higher-order chromatin organization is of critical importance
for the regulation of AgR loci not only for transcription but also for VDJ recombination.
These loci span large linear distances in the mouse genome ranging from 240 kb (Igl)
to 2.75 Mb (Igh). ChIP-sequencing (ChIP-seq) analyses have revealed multiple CBS at
AgR loci, more than a hundred each at large Igh, Igk, and TCRa/d loci, that also bind
cohesin (13, 14). Transcription and VDJ recombination are precisely regulated by
interaction of genetic elements, epigenetic mechanisms, and topological features.
Hence, CTCF can potentially influence several aspects pertinent for such regulation.

Interactions of specific enhancers and promoters regulate the chromatin accessibil-
ity to RAG proteins that mediate nonhomologous end joining recombination between
recombination signal sequences (RSS) associated with variable (V), diversity (D), and
joining (J) segments (15). Despite the challenge posed by the large number of CBS at
AgR loci and the possible redundancy in their action, deletion of specific CBS has
revealed similar, as well as distinct, roles for CTCF in regulating enhancer-promoter
interactions at AgR loci. CBS at IGCR1 at the Igh locus and Sis and Cer at the Igk locus
serve as insulators to restrict the activity of enhancers (16, 17). At the TCRa/d locus,
CTCF and cohesin organize a chromatin hub to suppress Ea-TCRd interactions but,
interestingly, facilitate the interaction of Ea, TEA promoter, and promoters of Va
segments in double-positive (DP) thymocytes (14, 18).

In addition, the recombination center (RC) at each locus, which encompasses D and
J segments and preferentially binds RAG proteins (19), is located at large distances from
the V segments. Hence, intrachromosomal interactions that facilitate the spatial prox-
imity of various V segments with the RC are a necessary prerequisite for VDJ recom-
bination at the AgR loci (20) and are manifested as “locus contraction,” toward which
CTCF/cohesin complexes can contribute. At the Igh locus, a long-range interaction
between IGCRT and CBS located downstream of the 3’ regulatory region (3'RR) influ-
ences the Vh segments for VDJ recombination; the Vh usage gets altered upon the
deletion of CBS from either of these elements (16, 21, 22). Further, CTCF/cohesin
complex contributes to the organization of the Igh locus into rosettes whose spatial
proximity to the RC provides equal opportunity for distal and proximal Vh segments for
VDJ recombination (23-25). CTCF, Pax5, and YY1 have been proposed to contribute
distinctly toward this process (26). In contrast to the Igh locus, the locus contraction at
the TCRa/d locus was not significantly reduced upon conditional deletion of CTCF (14),
indicating significant differences in the process of locus contraction at different loci in
the context of their organization and/or presence of other tissue-specific trans-acting
factors. In addition to facilitating Rag-mediated recombination at bona fide recombi-
nation signal sequences (RSS) of V, D, and J segments, CTCF-mediated chromatin loops
have also been proposed to restrict the linear tracking of Rag complexes and thus
minimize the off-target cleavage at cryptic RSS by Rag1 at Igh and TCRd loci (27, 28).

Multifunctional attributes of CTCF and varied functions of CTCF observed at different
loci led us to investigate the CTCF-based chromatin interactions at the stringently
regulated mouse TCRb locus. The relevance of CTCF-mediated chromatin organization
is not well elucidated at TCRb, which spans ~670 kb (Fig. 1A) and undergoes VD)
recombination in double-negative (DN) thymocytes to generate a repertoire of func-
tional TCRb genes (29). Since it is much smaller than Igh and TCRa/d loci and is
relatively simpler in organization of genic segments and regulatory elements, TCRb is
likely to have similar as well as distinct requirements for functional chromatin organi-
zation. Further, the insertion of ectopic CTCF binding sites near the TCRb RC not only
curtailed Eb activity, as predicted, but also severely impaired the usage of upstream V
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FIG 1 Binding of CTCF, Rad-21, and poly(ADP-ribosyl)ated moieties at the CBS of the TCRb locus. (A) Schematic map of mouse TCRb locus showing the
position of Trbv segments (V1 to V31) and the recombination center encompassing PDb1-DJCb1, PDb2-DJCb2, and Eb (green bars). The CBS selected for
analysis are marked. The direction of the red flag indicates the orientation of the CBS. (B to D) ChIP-gPCR analysis to estimate the binding of CTCF, Rad-21, and
poly(ADP-ribosyl)ated moieties at the CBS in DN thymocytes and ProB cells isolated from Rag1-deficient mice. In each case, the ChIP-qPCR signals were
normalized to the values observed for CBS-3 of H19-ICR at the Igf2/H19 locus. Values represent the mean enrichments (plus the standard errors of the mean
[SEM]) from three biological replicates. The significance of enrichment between DN and ProB cells was analyzed by using a Student t test (*, P < 0.05). Table
S1in the supplemental material provides the genomic coordinates of the analyzed CBS.

segments for VDJ recombination (30). Considering the facilitation of locus contraction
by CTCF at other loci, the observed inhibition of VDJ recombination was rather
intriguing. However, it was consistent with the importance of CTCF for locus organi-
zation relevant for VDJ recombination.

TCRb regulation recapitulates all key aspects underlying VDJ recombination at AgR
loci. Enhancer (Eb) is the crucial cis-regulatory element that generates chromatin
accessibility of an ~25-kb region to establish the RC (31). Eb activates two promoters,
PDb1 and PDb2, each linked to DJC clusters. Eb-mediated chromatin accessibility—
marked by hyperacetylated histones, H3K4-trimethylated histone, and germ line tran-
scription—leads to the recruitment of RAG proteins and D-to-J recombination that
precedes V-to-DJ recombination. All the Trbv segments except V31 are located 300 to
400 kb upstream from the RC, are separated from it by intervening trypsinogen genes,
and are brought into the vicinity of the RC via locus contraction. Mapping of long-range
interactions in the context of regulatory elements has identified a tethering element,
5'PC, located ~27 kb upstream of the RC and insulated from the activity of Eb by a
chromatin barrier located upstream of PDb1. 5'PC binds CTCF to low levels and may
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facilitate the interaction of a subset of V segments with the RC by mechanisms that
remain obscure (32).

Although CTCF is an important candidate that effects long range interactions, CBS
that participate in and/or regulate long-range interactions at TCRb locus are not well
defined. TCRb has 21 CBS identified by ChIP-seq (14). All of the CBS located in the
domain of V segments are convergent to CBS in proximity of the RC and can potentially
interact with them. This provides an interesting opportunity to examine the influence
of CBS orientation, especially in the context of VDJ recombination. Intrachromosomal
interactions at none of the AgR loci have been investigated in this context. We, there-
fore, analyzed the chromatin organization of the TCRb locus by chromosome con-
formation capture-quantitative PCR (3C-qPCR) assays and DNA-fluorescence in situ
hybridization (FISH) in wild-type and mutant mice that carried ectopic CBS (30).
Perturbation of CBS-based chromatin organization by ectopic CBS complements the
CBS deletion- and inversion-based analyses of other loci (6). In addition to defining key
aspects of the CTCF-mediated chromatin loop organization that is important for TCRb
regulation, our analysis suggests that even relatively mild perturbation of CTCF-based
chromatin organization can have severe functional consequences for gene regulation.

RESULTS

CTCF binding sites at the TCRb locus. CTCF binding was evaluated by ChIP-seq in
ex vivo thymocytes (DN2/3 stage) of Rag1-deficient mice (14). The 21 reported sites
were scattered through the locus and exhibited various degrees of CTCF binding.
Although each of the CBS present at the TCRb locus could be important from a
regulatory perspective, we selected a subset of CBS (Fig. 1A) that were located in the
proximity of the RC and the upstream Trbv segments and/or that exhibited high scores
on the CBS prediction tool CTCFDB (33) compared to the position weight matrix (PWM)
of the CTCF binding motif (REN-20) (34). CBS-A was in the vicinity of pseudogenes,
while CBS-B and CBS-C flanked the V12.1 to V14 gene segments, most of which are
functional and commonly used for VDJ recombination. CBS-D and CBS-E flanked the RC
with CBS-E located in close proximity to Eb, which is the major regulatory element of
the locus. CBS-F was downstream of V31.

CTCF is known to collaborate with cohesin to organize chromatin loops. CTCF and
cohesin binding were verified at selected CBS by ChIP-qPCR. Five sites (Fig. 1A, CBS-A,
-B, -C, -D, and -E) clearly bound CTCF, as well as cohesin, albeit to various degrees (Fig.
1B and C), but CBS-F was not enriched. In addition to CBS-B, CBS-C, and CBS-E, which
were verified earlier (32), CBS-A and CBS-D also had a high scores based on the CBS
prediction tool but were not verified earlier. In our ChIP-gPCR analysis, CBS-A and CBS-D
exhibited significant CTCF and cohesin binding. CBS-D was particularly interesting as it
is located upstream of the RC. The binding of neither CTCF nor cohesin was specific to
the DN stage of development. Both double-positive (DP) thymocytes and ProB cells also
showed CTCF and cohesin bound to these CBS (Fig. 1B and C; see also Fig. S3 in the
supplemental material).

Poly(ADP-ribosyl)ation (PARylation) of CTCF was proposed to be critical to its
insulator function in mammals (35) and its ability to act as a looping factor in Drosophila
(36). ChIP-gPCR indicated PARylation at each of the CBS examined (Fig. 1D). Like CTCF
and cohesin, the PARylation was also not specific to DN thymocytes at the CBS except
at CBS-E. Although the PARylation was significantly greater in DN cells at CBS-E, it was
also clearly evident in ProB cells. Overall, ChIP-qPCR analysis suggested that CBS-A,
-B,- C, -D, and -E are all capable of participating in looping interactions.

Intrachromosomal interactions among CTCF binding sites. The TCRb locus
undergoes VDJ recombination specifically in DN thymocytes. We compared the contact
frequencies among CBS by 3C-gPCR in Rag1-deficient DN thymocytes with ProB cells
where TCRb does not undergo VDJ recombination. The absence of Rag1 ensured that
the locus was in a state prior to recombination. We chose CBS-B and CBS-E as anchors
since they bind CTCF and cohesin to high levels and are located centrally in the broad
region encompassing V segments and downstream of the RC, respectively (Fig. 2A).
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FIG 2 Long-range interactions among CTCF binding sites detected by 3C-qPCR. (A) Schematic map showing the position of the
analyzed CBS (CBS-A to CBS-F) relative to Trbv segments (V1 to V31) and the recombination center (RC). N1 to N4 are the regions
included as negative controls for 3C analysis. (B) Spatial proximity of CBS-B to other CBS. (C) Spatial proximity of CBS-E to other CBS.
Values represent the mean relative cross-linking frequency (plus the SEM) from three biological replicates. Significance was analyzed

by using a Student t test (*, P < 0.05).

CBS-B interacted more strongly with CBS-D and CBS-E than with proximally located
CBS-A and CBS-C (Fig. 2B) specifically in thymocytes, consistent with the idea that in
most cases convergent CBS form a chromatin loop. CBS at 5'PC is also convergent to
CBS-B and showed DN thymocyte-specific interaction with CBS-B, albeit to a lesser
extent.

Taking CBS-E as an anchor, DN thymocytes exhibited a very high degree of inter-
action between CBS-D and CBS-E (Fig. 2C) despite their tandem orientation. The
interaction was not merely due to linear proximity as it was significantly stronger than
in ProB cells. The CBS-D and CBS-E interaction-based chromatin loop encompasses the
PDb1-DJCb1-PDb2-DJCb2-Eb region that serves as the functional RC. The stability of
the CBS-E/CBS-D interaction might be augmented by other DN thymocyte-specific
protein factors that bind Eb, PDb1, and PDb2. In addition, two CBS that bind CTCF to
low levels exist immediately upstream of PDb1 and Eb (14) and may augment the
stability of the chromatin loop important for RC establishment. Importantly, CBS-D and
CBS-E are located at the limits of the Eb-regulated domain, suggesting that their
interaction defines the chromatin loop that acts as the RC.
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Consistent with the possible role of other factors in stabilizing CBS-E to CBS-D
interaction, the contact frequency of another CBS pair in tandem orientation (CBS-E and
CBS-5'PC) was much lower. CBS-E also engaged in long-range interactions with CBS-A,
CBS-B, and CBS-C to almost equivalent levels, specifically in DN thymocytes.

Thus, analysis of the CBS revealed their contribution to the higher-order organiza-
tion of TCRb locus. Interactions among the selected CBS seemed to be important for
the organization of the active RC, as well as for bringing the V segments to its proximity
for VDJ recombination.

Influence of ectopic CTCF binding on intrachromosomal interactions. To further
investigate the relevance of the CTCF-mediated chromatin loop organization for the
regulation of transcription and VDJ recombination, it was important to perturb it. We
adopted a gain-of-function approach and analyzed the CBS interactions in a mutant
allele, TCR-ins (Fig. 3A), wherein four ectopic CBS (CBS-ecto) were introduced by the
insertion of H19-ICR derived from the imprinted Igf2/H19 locus via genetic manipula-
tion (30). In the heterologous context of TCRb, H19-ICR binds CTCF upon maternal
inheritance (37) as at its endogenous location (3, 38). Wild-type TCRb and TCR-mut were
used as control alleles since TCR-mut had an H19-ICR-mut insertion wherein each of the
CBS of H19-ICR are mutated. These mutations abrogate CTCF binding in vitro and in vivo
(39). TCR-mut behaved like the wild-type allele during previous analyses of chromatin
organization, transcription, and VDJ recombination (30, 37).

Since TCR-ins could bind CTCF at ectopic CBS specifically upon maternal inheritance,
we used allele-specific 3C-qPCR to ascertain the intrachromosomal interactions at the
maternally inherited TCR-ins, TCR-mut, and wild-type TCRb alleles. In each case, the
paternal allele was TCR-cas (37), which had the wild-type TCRb locus of Mus castaneus
castaneus origin and hence had several single nucleotide differences compared to the
maternal alleles (wild type, TCR-ins, or TCR-mut) of Mus musculus domesticus origin and
were useful in designing various allele-specific PCR-based assays. The activity of the
ectopic insulator in TCR-ins might render the Hindlll site proximal to CBS-D inaccessible
to Hindlll digestion and interfere in 3C-qPCR-based interpretation. We verified that TCR-ins
is digested as efficiently as the wild-type TCRb alleles (see Fig. S2 in the supplemental
material). Further, allele-specific primers were designed and verified to detect 3C-qPCR-
based interaction frequencies specifically on maternally inherited (domesticus) test
alleles (see Table S2 in the supplemental material).

We examined the influence of the ectopic CTCF binding on the contact frequencies
among endogenous CTCF binding sites using CBS-B and CBS-E as anchors (Fig. 3B and
C). The CBS interactions appeared to be reduced in TCR-ins compared to wild-type
TCRb and TCR-mut alleles. The contact frequencies were expected to vary due to two
factors, i.e, allele type (wild type, TCR-ins, and TCR-mut) and CBS position. After
excluding negative regions, two-way analysis of variance (ANOVA) established that
besides the position of the CBS, allele type leads to significant variation (P = 0.0026),
i.e., wild-type, TCR-ins, and TCR-mut alleles exhibit differences. Further analysis estab-
lished that TCR-ins was different from the other alleles (wild type and TCR-mut).

To analyze the extent of TCR-ins dependent alteration in the contact frequencies,
mean contact frequencies were normalized to the wild-type allele. The allelic profiles
were confirmed to be significantly different (P < 0.0001) (see Table S3 in the supple-
mental material). ANOVA indicated that the extent of reduction observed in TCR-ins
does not depend on the location of CBS. On average, a nearly 47% reduction was seen
in TCR-ins compared to the wild-type allele (Fig. 3D; see Table S3 in the supplemental
material). The interactions on TCR-mut were comparable to those observed with the
wild-type TCRb allele. Reduced interaction of CBS-B with CBS-E and CBS-D did not lead
to any enhancement in its ability to interact with CBS-A and CBS-C that are more
proximal but not convergent.

Thus, ectopic CTCF binding influenced the interactions among endogenous CBS. It
was plausible that CBS-ecto engaged with the endogenous CBS of TCRb, leading to
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FIG 3 Influence of ectopic CTCF binding sites on CBS interactions estimated by 3C-qPCR. (A) Schematic map of TCR-ins showing the positions
of the CBS endogenous to TCRb (CBS-A to CBS-F) and the four ectopic CBS on H19-ICR inserted within the RC. N3 and N4 are the negative-control
regions for 3C analysis. TCR-mut is similar to TCR-ins but incapable of binding CTCF at the ectopic CBS. (B and C) Long-range interactions among
endogenous CBS in the presence or absence of ectopic CTCF binding using CBS-B and CBS-E as anchors. Values represent the mean (plus the SEM)
of the relative cross-linking frequency (RCF) observed in three biological replicates. The differences between the interaction profiles of the three
alleles were significant based on two-way ANOVA, followed by the F-test (P = 0.0026). (D) Extent of reduction in endogenous CBS interactions
by TCR-ins. The mean RCF for each interaction in an allele (left and middle) was normalized to the wild-type TCRb allele (see Table S3 in the
supplemental material). The graph shows the average (plus the SEM) of the normalized RCF at all test points for a given allele (excluding CBS-B-N3
and CBS-E-N3). Significance was tested by using a Student t test (¥, P < 0.05). (E) Spatial proximity of ectopic CBS (H19-ICR) to endogenous CBS
of TCRb. The values represent the mean relative cross-linking frequency (plus the SEM) from three biological replicates. Significance was analyzed
by using a Student t test (*, P < 0.05).

reduced interactions among them. To explore this possibility, we examined the inter-
action of CTCF-bound H19-ICR with the CBS of the TCRb locus.

Since H19-ICR is located specifically on the mutated domesticus allele, the 3C-qPCR
analysis using H19-ICR as an anchor was allele specific. In TCR-ins, H19-ICR was
observed to interact with the endogenous CTCF binding sites (Fig. 3E). Notably, the
proximally located and convergent CBS-E exhibited CTCF-dependent interaction with
H19-ICR. CBS-D and H19-ICR interaction in TCR-ins could not be discerned by 3C-qPCR
since they are separated by a single Hindlll fragment. Hence, it is not clear whether
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CBS-E, CBS-D, and H19-ICR form a tripartite complex or whether any two of these
elements are in contact at a given time. However, H19-ICR interaction with CBS-E and
a concomitant reduction in CBS-D/CBS-E interaction suggests competition between
H19-ICR and CBS-D for engaging with CBS-E. An interaction of H19-ICR with CBS-B
or CBS-C in TCR-ins was unlikely due to the divergent orientation of CBS. H19-ICR
exhibited a low level of contact with them, and this may explain the reduction in the
interaction of CBS-B with CBS-A and CBS-C.

Our analyses indicated that CTCF-bound H19-ICR interacts with the endogenous CBS
of the TCRb locus. Whether these interactions are as frequent and/or as stable as those
between the endogenous CBS could not be discerned. However, these interactions do
impair the interactions among endogenous CBS of the TCRb locus.

Interactions among regulatory elements. The observed CTCF-based interactions
could potentially influence the establishment of the RC and locus organization that
brings V gene segments to the proximity of RC: the two regulatory steps crucial for
V-to-DJ recombination. Further, ectopic CTCF binding sites altered the CBS interaction
profile. The influence of the altered CTCF-based interactions on the interactions of
regulatory elements relevant for VDJ recombination was examined next.

In TCR-ins, the H19-ICR, with ectopically bound CTCF, was observed to interact with
CBS-E with a concomitant reduction in interaction of CBS-E with CBS-D (Fig. 3B and C)
that flank the RC. Based on the position dependence of enhancer blocking by CBS of
H19-ICR (40), this configuration is predicted to generate a chromatin loop encompass-
ing PDb2-DJCb2-Eb that can support Eb interaction with PDb2 and render PDb2-DJCb2
accessible for transcription and recombination. The excluded PDb1-DJCb1 region is
likely to escape Eb-mediated chromatin changes. Consistent with this, our 3C-qPCR
analysis indicated reduced Eb-PDb1 interaction, reduced PDb1-DJCb1 chromatin ac-
cessibility (37), and a marked reduction in DJCb1 recombination (30). As predicted,
Eb-based activation of PDb2 and the linked DJCb2 cluster was unaltered. Effectively, a
smaller but a functional RC is organized in the TCR-ins allele due to an interaction of
CBS-ecto and CBS-E.

How does this “smaller” but functional RC participate in the long-range interactions
that can potentially bring V segments to the proximity of the RC? To address this
question, we examined the proximity of several V gene segments to the RC in wild-type
and mutant alleles.

First, we analyzed the interaction of Eb with the Hindlll fragments carrying the
promoters of a few Trbv gene segments. We selected V4, V12.1, V19, and V26, which are
highly used for V-to-DJ recombination (41), and V31, which is located downstream of
the RC and was seen to be preferentially used in TCR-ins for recombination (30). The
selected V regions were broadly scattered through the locus and flanked by CBS
located at various distances (Fig. 4A) ranging from 500 bp to 11 kb. Moreover, V4 and
V12.1 were a part of the distal V domain, and V19 and V26 are located in the proximal
V domain, as defined earlier (31).

Allele-specific 3C-gPCR analysis revealed contact frequencies of Eb with each of the
V regions tested (Fig. 4B). Interaction with V4 and V12.1 was rather low compared to
Eb-V19 and Eb-V26. No correlation was observed between the distance of the V regions
from CBS and the V-Eb contact frequency. Further, interaction of Eb with each of the
upstream V regions (V4, V12.1, V19, and V26) was reduced in the TCR-ins allele
compared to the wild-type TCRb allele. Interactions of the V regions were inferred to be
significantly different (P < 0.001) in the three alleles, and a reduction in interactions was
specific to TCR-ins allele, thereby demonstrating CTCF dependence. Since Eb and
V31 are located on adjacent fragments, their interaction could not be estimated by
3C-gPCR.

Although Eb is a part of the active RC, V-to-DJ recombination unambiguously
requires the proximity of V segments to DJCb regions. In TCR-ins, the PDb2-DJCb2
region is functional and is preferentially used for V-DJ recombination (30). Hence, we
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FIG 4 Influence of ectopic CTCF binding sites on long-range interactions of Eb and PDb2-DJb2 estimated by 3C-qPCR. (A) Schematic map of TCR-ins showing
the positions of Trbv segments (V1 to V31) and the RC. The Trbv segments chosen for analysis are marked. The closest CBS (upstream and downstream) to the
analyzed V segments, as reported by ChIP-seq analysis (14), as well as ectopic CBS in TCR-ins, are shown as red triangles. N1 to N4 are the negative-control
regions used for 3C analysis. TCR-mut is similar to TCR-ins but incapable of binding CTCF at the ectopic CBS. (B and C) (Left) Spatial proximity of Eb and
PDb2-DJb2 to V segments. Values represent mean (+ the SEM) RCF from three biological replicates. The differences between the interaction profiles of the three
alleles were significant based on two-way ANOVA, followed by the F-test (P < 0.001 for each anchor). (Right) Average (plus the SEM) RCF normalized to the
wild-type TCRb allele (see Table S3 in the supplemental material) for Eb or PDb2-DJb2 interactions to the Trbv segments (V4, V12.1, V19, and V26) as shown

in the left panels. Significance was analyzed by using a Student t test (*, P < 0.05).

performed 3C analysis, taking PDb2-DJb2 as an anchor (a Hindlll fragment encompass-
ing PDb2-Db2-Jb2.1-Jb2.7) in the wild-type, TCR-ins, and TCR-mut alleles.

Interactions of PDb2-DJb2 region with V regions closely resembled that of Eb for V4,
V12.1, V19, and V26. V4 and V12.1 were observed to interact to a much lower degree
than V19 and V26 (Fig. 4C). Further, the contact frequencies were significantly influ-
enced by the allele (P < 0.001), and TCR-ins exhibited lowered interactions than those
observed in control alleles, i.e., wild type and TCR-mut (Fig. 4Q).

Using PDb2-DJb2 as an anchor, the proximity of V31 could also be discerned reliably
as V31 is separated from PDb2 by ~16 kb (encompassing four Hindlll fragments).
Interestingly, although upstream V segments were adversely affected for their interac-
tion with the RC in TCR-ins allele, V31 interaction with PDb2-DJb2 was neither de-
creased nor increased in this scenario.

May 2017 Volume 37 Issue 9 e00557-16

mcb.asm.org 9


http://mcb.asm.org

Rawat et al.

Finally, we analyzed the normalized means of interactions of upstream V regions (V4,
V12.1, V19, and V26) with the RC discerned using Eb and PDb2-DJb2 as anchors during
3C analysis. In each case, two-way ANOVA demonstrated that irrespective of the V
region chosen, its interaction with Eb was reduced to a similar extent (interaction
reduced to 49%) in TCR-ins (Fig. 4B and C; see also Table S3 in the supplemental
material). Even though the range of reduction observed due to TCR-ins was slightly
wider for V to PDb2-DJb2 interactions (64% to 28% of the wild-type TCRb allele
[average, 46%)]), the variation was insignificant as determined by ANOVA (Fig. 4B and
G see also Table S3 in the supplemental material). Strikingly, the average reductions due
to TCR-ins in Eb-V and PDb2-DJb2-V interactions were closely matched by the reduc-
tions observed for the interactions among CTCF binding sites (47%) (Fig. 3D). These
data suggest that perturbations in CTCF-dependent interactions are closely reflected in
the interactions of the RC with the V segments, even though the proximity of a V
segment to CBS per se does not influence its interaction with the RC.

Influence of ectopic CTCF on TCRb locus compaction. 3C-qPCR revealed an
approximately 50% reduction in the contact frequencies of upstream V segments with
the RC. This could arise due to subtle changes in chromatin organization in all the
nuclei or, alternatively, due to dramatic changes in locus organization in a subset of
nuclei. DNA-FISH was carried out to distinguish between these possibilities since it
affords visualization of the locus in individual nuclei.

Bacterial artificial chromosome (BAC) probes were used (Fig. 5A) to detect large-
scale locus contractions that can impact the proximity of upstream V segments to the
RC. A contracted state of the locus was evident in DN thymocytes (Fig. 5C and D)
compared to the ProB cells, as reported earlier (32, 42). The degree of locus compaction
visualized by FISH was similar between DN thymocytes derived from mice that bound
CTCF at the CBS-ecto (TCR-ins/TCR-cas, Rag1 deficient) and control mice (+/TCR-cas,
Rag1 deficient and TCR-mut/TCR-cas, Rag1 deficient). This was consistent with the
3C-gPCR analysis, which revealed an approximately 50% reduction in various interac-
tions. Further, in the cumulative frequency plots (Fig. 5C), alleles from TCR-ins thymo-
cytes closely followed the profile of thymocytes from control mice, suggesting that
there was no dramatic loss in locus contraction in any subset of cells; the 50% reduction
in spatial proximity of the RC with V segments, observed by 3C-qPCR, appeared to be
distributed in the entire population of TCR-ins thymocytes.

Taken together, the 3C-qPCR analysis and DNA-FISH analyses indicated that ectopic
CTCF binding altered the TCRb locus organization, albeit not dramatically. Our data
suggest that although CTCF may not be the only factor contributing to large-scale locus
compaction, CTCF-mediated loops and the chromatin network they orchestrate can be
critical in defining interactions between specific elements and determining the out-
come of the recombination process.

Influence of altered chromatin organization on recombination efficiency. Based
on the 3C-gPCR, it was evident that interactions of regulatory elements critical for the
activity of the RC were influenced by ectopic CTCF binding. We were curious to know
whether this alters the recombination efficiency.

Reduced interaction of upstream V segments with the RC (Fig. 4) may predict their
reduced usage for V-to-DJ recombination. This was observed during the previous functional
analysis (30). The usage of V segments was analyzed in TCR-ins/TCRb-del mice, wherein the
TCRb-del allele was unable to undergo V-to-DJ recombination. Hence, the altered usage
of V segments was not informative about the altered efficiency of VDJ recombination.
We argued that the relative efficiency of recombination between TCR-ins and wild-type
TCRb alleles can be estimated if they are in direct competition, i.e., the paternal allele
is competent to undergo VDJ recombination.

We analyzed thymocytes of heterozygous Ragl-sufficient mutant mice (TCR-ins/
TCR-cas). Thus, in each cell, TCR-ins and wild type TCR-b alleles (TCR-cas) were expected
to compete for VDJ recombination since they can support VDJ recombination (30).
Thymocytes development in TCR-ins mutant mice was similar to control mice (Fig. 6B).
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FIG 5 Influence of ectopic CBS on contraction of the TCRb locus. (A) Schematic diagram of the TCRb locus with the H19-ICR insertion showing V segments and
recombination center and the BACs (306013 and 421M9), labeled with Alexa Fluor 594 and Alexa Fluor 488, used as probes for 3D-FISH. (B) Confocal images
from a representative nucleus (blue) showing the two TCRb alleles detected by the FISH-based signals. The distance between Alexa Fluor 594 (red) and Alexa
Fluor 488 (green) FISH signals of an allele provides an estimate of its contraction. (C) Cumulative frequency distribution of the FISH signal distance in ProB cells
and DN thymocytes of Rag1-deficient mice of specified genotypes. (D) Box plots showing median and 25th and 75th percentile values for the same data. Data
have been collated from three independent experiments on cells with mice of the indicated genotypes. “n” represents the number of alleles analyzed. ProB
cells (wt/wt, n = 436) and DN thymocytes (wt/wt, n = 562; TCR-ins/wt, n = 580; and TCR-mut/wt, n = 466) are represented. Significance was tested by one-way
ANOVA, followed by a Tukey's post hoc test (*, P < 0.05; ns, not significant).

Also, the transcriptionally activated state of V segments is a strong correlate of their
usage for VDJ recombination (43). Germ line transcription of several upstream V
segments (V4, V12.1, and V13.2) and V31 remained unaltered in TCR-ins (30; S. Shrimali
et al.,, unpublished data). Thus, the transcriptional status of V segments did not appear
to give any advantage or disadvantage to TCR-ins for VDJ recombination.

Usage of various V segments in CD4-SP cells was discerned by detecting the expression
of TCRb chains on cell surface (Fig. 6C and D). In control mice, V31 was utilized for V-to-DJ
recombination in 6% of the CD4-SP cells and, together, the selected upstream V segments
were used in 45% of the cells. In mutant mice, the usage of V31 was increased to 20% with
a concomitant decrease in the usage of upstream V segments. Since TCR-ins exhibits
enhanced usage of V31 for VDJ recombination (30), the skewed usage of V segments
in heterozygous mice was informative about the choice of the allele (maternal TCR-ins
or paternal wild type) that had undergone recombination.

Importantly, the usage of V31 in TCR-ins/TCR-cas mice increased ~3.5-fold com-
pared to +/TCR-cas control littermates (20% versus 6%). We had earlier observed an
increase in usage of V31 in TCR-ins/TCRb-del mice by about 7- to 8-fold compared
to +/TCRb-del control littermates (70% versus 9%) (30). Thus, in the presence of a
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FIG 6 Usage of Trbv segments for V-to-DJ recombination. (A) Schematic diagram of TCR-ins showing the insertion of ectopic CBS as H19-ICR within the RC. (B)
Representative thymocyte developmental profiles, defined by cell surface markers CD4 and CD8, as analyzed by flow cytometry, in Rag1-sufficient mice which had
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thymocytes positive for the V segment under investigation (Trbv31 or pooled Trbv). The bar graph shows the average (plus the SEM) for five such experiments.

competing wild-type allele (TCR-cas), the enhancement in V31 usage was half the
enhancement in the absence of a competing allele (TCRb-del). This finding indicated
that TCR-ins and TCR-cas alleles were equally efficient for VDJ recombination and
competed effectively with each other. Clearly, the altered chromatin loopscape of
TCR-ins (Fig. 3 and 4) did not lead to an enhanced or reduced VDJ recombination
efficiency, even though distal V segments were hindered and V31 segments were
preferred for V-to-DJ recombination on TCR-ins.

Our data suggest that in the wild-type TCRb locus, upstream V segments and V31
engage competitively with the RC. In TCR-ins, the access of upstream V segments to the
RC is curtailed due to some reduction in long-range interactions. Also, the reconfigu-
ration of the RC might be more conducive for the recombination of DJCb2 with V31.
Consequently, V31 gets a competitive advantage over the upstream V segments for
VDJ recombination. Since the usage of a V segment is a net result of the collation of
productive VDJ recombination events during the given developmental window, the
competitive advantage of V31 plausibly enhances its usage, even though its contact
frequency with the RC is not enhanced in TCR-ins (Fig. 4).

DISCUSSION

The critical role of CTCF in chromatin organization in the mammalian genome is
undisputed (6, 12). Our analysis of the CTCF-based chromatin loops of the TCRb locus
identifies possible roles for specific CTCF binding sites in the regulation of transcription
and recombination. Importantly, even a relatively modest perturbation of the CTCF-
based long-range chromatin loop organization drastically influenced the regulation of
VDJ recombination.

May 2017 Volume 37 Issue 9 e00557-16

mcb.asm.org 12


http://mcb.asm.org

TCRb Locus Configuration

All structural and regulatory components of TCRb locus are encompassed within a
single topologically associated domain (TAD) (44). Hence, all of the CTCF-cohesin
binding sites are relevant for intralocus organization and regulation. Each one of them
also exhibited poly(ADP-ribosyl)ation, which is important for chromatin looping inter-
actions (36). It is likely that some or all CBS of other AgR loci exhibit poly(ADP-
ribosyl)ation, an aspect not yet reported.

We observed highest contact frequency between CBS that flank the RC. These CBS
also interacted with the CBS located more than 400 kb upstream, in the vicinity of the
V segments. In contrast, the contact frequencies among CBS located interspersed in the
V segment domain were substantially lower, suggesting that they are not spatially
clustered and/or that their interactions are very dynamic. Hence, it appears that
CBS-D/CBS-E interaction contributes to the establishment and/or stabilization of the RC
to which the upstream V segments are recruited by the interspersed CBS. The compa-
rable contact frequency of CBS-E with CBS-A, CBS-B, and CBS-C suggests that upstream
CBS interact with the RC in a dynamic and stochastic manner. The orientations of
various CBS conform to this overall interaction pattern. However, CBS flanking the RC
are oriented in tandem, and hence their interaction is likely to be more dynamic, as
suggested for other loci (5, 45). The observed strong 3C-qPCR signal may be a result of
this interaction achieved in a large majority of cells and/or stabilization by other
thymocyte-specific and Eb-recruited proteins. In addition, CBS-5'PC is also in the
reverse orientation. The interaction of CBS-5'PC with CBS-B or CBS-E was not very high,
and it is likely that the tethering function of 5'PC (32) involves some additional
molecular determinants beyond CTCF. A map of the CBS interaction profiles sets the
stage for investigating in the future whether CBS-E, CBS-D, and CBS-5'PC cooperate or
compete to engage with upstream CBS and how these interactions are regulated.

Ectopic CBS effectively competed with CBS-D for interaction with CBS-E. A reduced
CBS-D/CBS-E interaction accompanied the functional exclusion of PDb1-DJCb1 region
from the RC. This was evidenced by a severe reduction in Eb-PDb1 looping interaction,
as well as by a lack of chromatin accessibility and an enormous decrease in the usage
of the DJCb1 cluster in VDJ recombination (30, 37). The competitive advantage of
CBS-ecto could be due to the convergent orientation of the CBS-ecto with respect to
CBS-E augmented by the clustering of four CBS on H19-ICR. Nonetheless, a functional
RC, as efficient for VDJ recombination as the RC in the wild-type allele, was organized
by CBS-ecto and CBS-E.

Endogenous CBS-mediated interactions emerged to be important to facilitate
V-to-RC interactions at TCRb as at other larger loci such as Igh (23). They were
significantly reduced by ectopic CTCF binding. The extent of reduction in CBS inter-
actions in TCR-ins (about 50%) was remarkably similar to the reduction in the V-to-RC
interactions. The inability of the RC of TCR-ins to interact efficiently with upstream V
segments indicates that CBS-ecto could not functionally replace CBS-D and its flanking
region for this aspect. It is likely that CBS-D and/or CBS-E and their flanks bind
additional, currently unidentified factors that stabilize the V-RC interactions.

The reduced proximity between upstream V segments and RC was consistent with,
and partially explained, the most interesting outcome of the ectopic CTCF-based
perturbation of the TCRb locus, i.e., the altered choice of V segments for VDJ recom-
bination (30). Interestingly, even though the upstream V-to-RC spatial proximity was
reduced only by about 50% in TCR-ins, the reduction in upstream V-to-DJ recombina-
tion was dramatic (30). Conversely, usage of downstream V31 was enormously en-
hanced without any change in its spatial proximity to the RC. This suggested that in
addition to proximity, the precise relative configuration of the chromatin loop encom-
passing the RC and the V segments in TCR-ins was influenced by the altered CBS
interactions and impacted RSS-mediated recombination. Based on functional analysis,
we have earlier proposed that CTCF can both facilitate and inhibit RSS-mediated
recombination (30, 37). Our 3C-qPCR-based analysis of the chromatin interactions in
wild-type and mutant TCRb alleles supports this contention. In close parallel to our
observations, insertion of a single ectopic CBS at the TCRa/d locus between Trdd2 and
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Trdv5 led to a reduced recombination between them concomitant with their segrega-
tion into separate chromatin loops (46). How segregation of RSS into different chro-
matin loops influences their synapsis remains elusive. However, an analysis of CBS
contacts at the b-globin locus, in conjunction with thermodynamic considerations,
suggested a significant impact of CTCF-based chromatin loops on the collision dynam-
ics between LCR and target genes (47). By analogy, in the context of VDJ recombina-
tion, “collision dynamics” between RC and V segments are likely to influence synapsis
between the RSS of recombining segments and influence recombination.

Notably, convergent CBS and tandem CBS fold the intervening chromatin differen-
tially (48). Although tandem CBS (CBS-D/CBS-E) can create a coiled loop in the wild-type
locus, convergent CBS (CBS-ecto/CBS-E) are likely to generate a stem-loop in TCR-ins,
leading to differences in the relative configuration and/or dynamics of chromatin loops.
Although it is not possible to visualize chromatin at this scale, mathematical simulations
show that contact between two sites (e.g., CBS) on a polymer (e.g., chromatin) influ-
ences the interactions among elements located within and in the vicinity of the loop
(49, 50). A stable loop sterically excludes interactions with the rest of the polymer.
Hence, plausibly, a smaller and/or differently configured chromatin loop of TCR-ins RC
is less flexible and conformationally restrictive. Its inability to align appropriately with
the juxtaposed chromatin loop encompassing the upstream V segments may reduce
the ability of V segments to gain spatial proximity to the RC in TCR-ins and/or prevent
synapsis. This suggests that the CBS flanking the RC not only establish/stabilize the RC
but are possibly involved in configuring the specific loops that facilitate the RSS-
mediated synapsis and recombination. Since CBS flank the RC of all AgRs, CBS direction-
dependent chromatin folding might define the dynamics of RC at all AgR loci.

The reduced availability of upstream V segments to recombine with DJCb2 region
in TCR-ins, as well as an altered RC that is more conducive for V31 recombination with
DJC2, is likely to give a competitive advantage to V31 for the usage in VDJ recombi-
nation, even in the absence of any enhancement in its contact frequency with the RC.
The relative contributions of the two factors cannot be ascertained.

More recently, a CBS orientation-dependent chromatin loop organization was
suggested to arise due to chromatin extrusion (11). It is interesting to examine the
intrachromosomal interactions at TCRb locus in this context (Fig. 7). Extrusion of
chromatin might start at various sites across the locus, and the presence of multiple CBS
in the forward orientation, interspersed with V segments, and a few CBS in a reverse
orientation near the RC, may generate an ensemble of chromatin loops in individual DN
thymocytes. A chromatin loop domain, established by the extrusion of chromatin
between CBS-E and CBS-D encompassing PDb1-DJCb1-PDb2-DJCb2 and Eb, would
facilitate Eb-based activation of the RC. Depending on the occupancy of CBS by CTCF
and the dynamics of the extrusion complexes, larger chromatin loops, encompassing a
few V segments and the RC, might also be established. We suggest that the various CBS
at TCRb might act as “punctuating marks” of various strengths that act stochastically
during the dynamic process of extrusion. Consequently, a few V regions might be
dynamically located in spatial proximity to the RC and/or within the same extruded
chromatin domain and hence be used for VDJ recombination. Various CBS orientations
and their interactions observed during this analysis are consistent with the possibility
of spatial proximity of V segments to the RC brought about by chromatin extrusion.

In this scenario, ectopic CBS with a forward orientation in TCR-ins might halt
chromatin extrusion (Fig. 7C) and restrict Eb-based activation to PDb2-DJCb2, rendering
PDb1-DJCb1 inactive as was observed (37). Also, consistent with earlier observations
(43), the distance of CBS from the V segment is not likely to govern its usage in a
correlative manner. However, interference in the CBS-based chromatin organization is
expected to impact the usage of V segments for VDJ recombination. This was observed
for TCR-ins (30). The usage of upstream V segments was reduced in TCR-ins, as would
be predicted if the ectopic CBS halted the extrusion of upstream chromatin and thus
interfered in enhancing the spatial proximity of V segments to the RC. Thus, our
findings support the relevance of extrusion-based chromatin organization (11) in the
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FIG 7 Model depicting the chromatin loop configuration of the TCRb locus that might arise by chromatin extrusion in
wild-type and mutant loci. (A) Linear map of the TCRb locus showing the relative positions of the RC, V segments, and a subset
of endogenous CBS of TCRb locus. (B) 2D depiction of the chromatin loop configuration of the wild-type locus. From the
ensemble of possible combinations that can organize the CTCF-dependent loops, one conformation is compared wherein two
extrusion complexes have been considered. A CBS-D and CBS-E (black arrowheads)-based chromatin loop encompasses Eb
(red circle) and promoters PDb1 and PDb2 (green circles), each linked to a DJC cluster (green rectangles). Eb-based activation
of this domain creates the recombination center (yellow-green circle), leading to D-to-J recombination. The second extrusion
complex involves CBS-5'PC and any one of the CBS (blue arrowheads) located in the domain (green lines) encompassing V
segments. Consequently, depending on the CBS that halts the extrusion, some V segments are extruded away, while a few are
brought to the vicinity of the RC. The flexibility of the chromatin loop of the RC (depicted as a black dashed circle), as well as
of the chromatin loop encompassing the V segments, allow alignment of the RSS elements leading to V-to-DJ recombination.
Extrusion of V segments proximal to the RC is likely to favor the utilization of distal V segments. Domains encompassing inert
trypsinogen genes are indicated as gray lines. (C) 2D depiction of the chromatin loop configuration as altered in TCR-ins. Due
to the interaction of CBS-ecto (red triangles) with CBS-E, the Eb-activated RC is smaller, as well as oriented differently (shaded
green oval), and/or is less flexible. The PDb1-DJCb1 region (gray circles and rectangle) is excluded from the RC. The other
extrusion process that brings V to the RC proximity may or may not be affected, depending on the dynamics of extrusion.
However, due to the altered orientation and/or flexibility of the RC, the upstream V segments, despite reasonable proximity
to the RC, are not able to align appropriately for V-to-DJ recombination. The spatial proximity of V31 (a green dash downstream
of Eb) does not change and, being suitably aligned, it is used for V-to-DJ recombination in the wild-type TCR-b locus, as well
as TCR-ins. In each case, the loops are not in proportion to the linear span of DNA and, for clarity, the RC is shown to be
significantly larger. Also, additional proteins that may stabilize some of the looped configurations are not depicted since they
have not yet been identified.

context of VDJ recombination. However, several details regarding chromatin extrusion
remain to be elucidated (12). Their elucidation, as well as the impact of altered
orientations of CBS at AgR loci, will help to further define the way(s) by which CTCF can
contribute to regulation of VDJ recombination at TCRb and other AgR loci.

In conclusion, our results support a role for CTCF-mediated chromatin interactions
in the regulation of the TCRb locus. The influence of CBS orientations was evident in
their interactions and suggests the importance of CBS orientations for the regulation of
the chromatin loopscape in defining functional domains that support transcription, as
well as VDJ recombination. However, analysis of the inversion of endogenous CBS
orientations at TCRb locus and other AgR loci by genetic manipulations will be required
to confirm this. Ectopic CTCF binding led to modest alterations in chromatin organi-
zation but dramatically influenced transcription and VDJ recombination. This suggests
that, apart from regulating the proximity between distantly located genomic elements,
CTCF binding also critically defines the finer configuration of the chromatin loops,
whose size, orientation, and dynamics can potentially modulate transcription and VDJ
recombination at AgR.

Our observations have significant implications beyond the regulation of AgR loci
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since they indicate that even mild changes in the CTCF-based long-range chromatin
architecture, as well as localized chromatin folding, which may arise due to enhanced
or lowered CTCF binding at specific CBS for a variety of reasons, can have profound
functional consequences for gene expression. This is particularly relevant for develop-
mental decisions, as well as for cellular functions, since CTCF-based chromatin archi-
tecture is important for the transcriptional regulation of several genes in metazoan
genomes.

MATERIALS AND METHODS

Mice. Mice were used as approved by the Institutional Animal Ethics Committee of National Institute
of Immunology, New Delhi, India. C57BL6, Rag1-deficient, and OT2-Tg mice were procured from Jackson
Laboratories, USA, and maintained as inbred strains. Mutant mice, carrying TCR-ins, TCR-mut, and TCR-cas
alleles, were derived as described previously (30, 37) and bred with Rag1-deficient mice (B6.12957-
Rag1tmiMem/J: Jackson Laboratories) to get the mutant alleles in a Rag1-deficient background.

Cells. Ex vivo DN thymocytes were isolated from 4- to 6-week-old mice of different genotypes, as
mentioned above. ProB cells were derived from the bone marrow of Rag1-deficient mice. ProB cells,
stained with anti-B220-biotinylated antibody (clone RA3-6B2; BD Biosciences), were purified using
streptavidin microbeads and MACS separation unit (catalog no. 130-048-102 and 130-042-201; Miltenyi
Biotec) according to the manufacturer’s protocol.

ChIP-qPCR assay. ChIP assays were performed with anti-CTCF (catalog no. 07-729; Millipore) and
anti-Rad-21 and anti-PAR (catalog no. ab992 and ab14459; Abcam) antibodies. IgG (catalog no. Pp64B;
Millipore) served as a negative control for each. Briefly, ex vivo thymocytes or pro-B cells were used for
ChlP as described previously (51). For anti-PAR ChlP, a Diagenode kit (catalog no. C01010072) was used.
ChIP samples were analyzed by PCR at control regions (see Fig. S1 in the supplemental material) before
proceeding to ChIP-qPCR. ChIP-qPCR analysis was carried out on ABI Prism SDS7000 system (Applied
Biosystems) using SYBR green, and relative enrichments were calculated as described previously (51).
Primer sequences are available upon request.

3C-qPCR and allele-specific 3C-qPCR assays. 3C assays were performed and analyzed as described
previously (52). Briefly cells used in study were cross-linked, lysed to release nuclei, and digested
overnight with 800 to 1,000 U of Hindlll. Digestion efficiency was calculated as described previously (52).
To compare the digestion efficiency of maternally inherited TCR-ins to the TCRb wild-type allele,
allele-specific primers were used (see Fig. S2 in the supplemental material). Chromatin digested with high
efficiency was diluted, ligated, and used for DNA purification to generate the 3C library. 3C libraries
obtained from DN and ProB cells were analyzed by a TagMan probe-based 3C-qPCR assay using the
standard curve method on an ABI Prism SDS7000 system (Applied Biosystems). A standard curve was
generated using BAC clones encompassing the TCRb locus (RP23-306013, RP23-354-C19, RP24-322P20
or RP23-342K14, and RP23-421M9), the Igf2/H19 locus (RP24-251H17), and the Ercc locus (MSMGO1-
426112) and relative cross-linking frequencies (RCFs) were calculated using the enhancer-promoter
interactions at Ercc as a control. Allele-specific 3C-qPCR analysis, as described earlier (37), relied on single
nucleotide differences between Mus musculus domesticus and Mus castaneus castaneus. Primers were
designed to specifically amplify the domesticus DNA. Allele-specific amplification was verified for each
amplicon (see Table S2 in the supplemental material). Probe and primer sequences are available upon
request.

3D DNA-FISH and analysis. FISH probes (BACs RP23-306013, and RP23-421M9) were labeled with
Alexa Fluor 594 and Alexa Fluor 488, respectively, using FISHTAG DNA green and red kits (catalog no.
F32947 and F32949; Invitrogen) by nick translation. Thymocytes and ProB cells were resuspended in
phosphate-buffered saline and used for three-dimensional (3D) DNA-FISH analysis, as described previ-
ously (53). Posthybridization analysis was carried out by confocal microscopy on a Leica TCS-SP5 I
system. The images were acquired with a 63X, 1.4-numerical-aperture oil immersion objective lens at a
256-by-256 resolution. Optical sections separated by 0.21 um were collected, and only cells with FISH
signals from both alleles were analyzed. 3D constructs and distance measurements were made using
Imaris 7.5 software (Bitplane).

VDJ recombination assay. Ex vivo thymocytes were stained with anti-CD4 (clone RM4-5), anti-CD8
(clone 53-6.7), and anti-Trbv31-FITC (clone 14-2) antibodies or a cocktail of six FITC-conjugated anti-
bodies (anti-Trbv2 [clone KT4], anti-Trbv4 [clone B21.5], anti-Trbv12.1/12.2 [clone MR9-4], anti-Trbv13.1/
13.2 [clone MR5-2], anti-Trbv13.3 [clone 1B3.3], and anti-Trbv19 [clone RR4-7]) from the mouse Vb TCR
screening panel (catalog no. 557004; BD Bioscience). Flow cytometric analysis was performed on a BD
FACSCalibur apparatus.
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