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Abstract

Earlier studies of antigen-receptor loci implicated directed monoallelic association with peri-
centromeric heterochromatin in the initiation or maintenance of allelic exclusion. Here we provide
evidence for a fundamentally different basis for Tcrb allelic exclusion. Using 3D Immuno-FISH we
found that germline Tcrb alleles associated stochastically and at high frequency with the nuclear
lamina or with peri-centromeric heterochromatin in developing thymocytes, and that such
interactions inhibited Vg-to-DgJg recombination prior to B-selection. Introduction of an ectopic
enhancer into Tcrb reduced these interactions and impaired allelic exclusion. We propose that initial
Vp-to-DgJg recombination events are generally monoallelic in developing thymocytes due to frequent
stochastic, rather than directed, interactions of Tcrb alleles with repressive nuclear compartments.
Such interactions may be essential for Tcrb allelic exclusion.

INTRODUCTION

Lymphocytes create diverse antigen receptor repertoires by recombination of variable (V),
diversity (D) and joining (J) gene segmentsl. T lymphocytes bearing an aff T cell receptor
(TCR) develop as a consequence of V(D)J recombination events that occur during two discrete
stages of thymocyte development. The Tcrb gene is assembled in CD4"CD8" double negative
(DN) thymocytes. Those DN thymocytes that successfully rearrange the Tcrb gene are selected
to proliferate and to differentiate into CD4*CD8™" double positive (DP) thymocytes in a process
called B-selectionz. DP thymocytes then undergo V,-to-J, recombination, leading to the
expression of ap TCR complexes.

An important but poorly understood aspect of VV(D)J recombination is the phenomenon of
allelic exclusion, which limits some antigen receptor loci to produce a functional protein from
only a single allele3-6. In developing ap T lymphocytes, Tcrb gene rearrangement is subject
to allelic exclusion, whereas Tcra gene rearrangement is not. Tcrb gene rearrangement occurs
in two steps, first Dg-to-Jg, and then Vﬁ—to—DﬁJB& S Terb allelic exclusion is manifested at the
Vp-to-DgJg step, and is thought to be mediated in two phases3’ S First, it is highly unlikely
that both Tcrb alleles will undergo Vg-to-Dglg recombination simultaneously. Second,
productive recombination on one allele is thought to provoke a feedback signal that suppresses
further Vg-to-DpJg recombination on the other allele. These two constraints permit Vg-to-
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DgJp recombination on the second allele only if nonproductive recombination occurs on the
first allele.

Feedback inhibition of Tcrbzqene recombination is initiated by pre-TCR signaling and is linked
to DN to DP differentiation 3: 9. Previous studies have indicated that suppression of further
Tcrb gene recombination in DP thymocytes is associated with changes in Vg chromatin
structure that limit access of the recombinase to chromosomal recombination signal sequences,
as well as with a locus conformational change (decontraction) that increases the physical
distance between Vg and Dglg segments7'1 .

The intiation of Tcrb allelic exclusion is less well understood. Two types of mechanisms have
been invoked to explain asynchronous recombination of Tcrb alleles in DN thymocytes3'6. In
deterministic models, the two Tcrb alleles in each cell would represent nonequivalent substrates
for the recombinase and this initial allelic choice would dictate the order of subsequent
recombination events. In this regard, it was suggested, based on replication timing, that the
two immunoglobulin Igk alleles are differentially marked and the early replicating allele
undergoes DNA demethylation in pre-B cells and is predisposed to rearrange first!1 12, By
contrast, stochastic models invoke mechanisms that reduce the efficiency of recombination on
both alleles and thereby diminish the likelihood that the two alleles initiate recombination
simultaneously13. It was suggested that limiting regulators randomly and infrequently activate
Igk alleles in pre-B cells, thereby contributing to Igk allelic exclusion. In addition, inefficient
Vg and Vi recombination signal sequences were suggested to be rate limiting for
recombination and to contribute to Tcrb and Igh allelic exclusion, respectively14’15. Whether
asynchronous recombination of Tcrb alleles is established through a deterministic or a
stochastic mechanism remains an important but unresolved question.

The association of antigen receptor loci with two distinct nuclear compartments has been
suggested to regulate recombination. One such compartment is the nuclear periphery. This
compartment is comprised of two sub-domains, the inner nuclear membrane-nuclear lamina
and the nuclear pore complexes, that appear to divergently regulate gene activitylG. Positioning
of genes at nuclear pore complexes is thought to promote gene activity, whereas association
of genes at the inner nuclear membrane-nuclear lamina is considered to repress their
activity17'20. Several genes have been documented to reposition away from the nuclear
periphery in conjunction with their activation?1-23, Moreover, inducible tethering of active
genes to the mammalian inner nuclear membrane was shown to inhibit their transcription24.
Igh and Igk alleles were found to preferentially localize to the nuclear periphery in
hematopoietic progenitors and T lineage cells. However, these loci reposition away from the
nuclear periPhery in pro-B cells, suggesting that repositioning is an important step in their
activation?4-27_ A second such compartment is peri-centromeric heterochromatin 17,28, 29,
The silencing of developmentally regulated genes is often associated with their juxtaposition
in trans to foci of peri-centromeric heterochromatin30: 31, Association of Igh and Igk alleles
with peri-centromeric heterochromatin has been linked to allelic exclusion. Igh alleles display
minimal association with peri-centromeric foci at the pro-B cell stage, during which Igh
recombination occurs. However, the nonrearranged Igh allele is recruited to peri-centromeric
foci in pre-B cells, implicating this relocalization in feedback inhibition of further Igh
recombination32: 33, In addition, the recruitment of one (late replicating) Igk allele to peri-
centromeric foci in pre-B cells is thought to bias initial gk recombination in these cells to the
nonassociated allele34.

A recent study provided evidence for predominantly monoallelic association of Tcrb alleles
with peri-centromeric heterochromatin throughout T cell developmentlo. Analysis of DP
thymocytes indicated that the allele associated with peri-centromeric heterochromatin in a
given thymocyte was decontracted, suggesting that it had not undergone rearrangement. Based
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on these observations the authors inferred that recruitment of one Tcrb allele to peri-
centromeric heterochromatin in DN thymocytes may inhibit its recombination, thus biasing
the other allele to rearrange first. However, the recombination status of the two alleles was not
directly determined but inferred from their states of contraction. Moreover, the relationship
between subnuclear localization and contraction was only addressed in thymocytes that already
had received a signal for feedback inhibition. Thus, whether association of Tcrb alleles with
peri-centromeric heterochromatin was relevant for asynchronous recombination in DN
thymocytes or for feedback inhibition of recombination in DP thymocytes could not be
resolved.

To address the aforementioned unresolved issues, here we examined the relationship between
subnuclear localization and recombination of Tcrb alleles. We found that Tcrb alleles
associated at high frequency with either the nuclear lamina or peri-centromeric
heterochromatin. However, in contrast with previous work, we found these associations to be
stochastic rather than directed, and not strictly monoallelic. By analyzing DN thymocytes
deficient in feedback signaling, we established a direct role for subnuclear localization in the
asynchronous rearrangement of Tcrb alleles. Moreover, we obtained evidence that reduced
interaction of Tcrb alleles with the nuclear lamina or peri-centromeric heterochromatin is
associated with a loss of allelic exclusion. We propose a stochastic rather than a deterministic
model by which subnuclear localization contributes to the initiation of Tcrb allelic exclusion.

Tcrb alleles frequently associate with repressive compartments

We studied association of Tcrb alleles with peri-centromeric heterochromatin and the nuclear
lamina in nuclei of developing thymocytes. Locus behavior prior to B-selection was assessed
in DN thymocytes obtained from Rag2™”~ mice, whereas locus behavior subsequent to -
selection was assessed in DP thymocytes of wild-type mice. As a control, we analyzed locus
behavior in Rag2-/- pro-B cells. We identified the nuclear location of Tcrb alleles independent
of their rearrangement status by probing with BAC clone RP23-75P5, which identifies the
Cp-distal end of the locus (Fig. 1a,b). Peri-centromeric heterochromatin was identified using
a probe that recognizes y-satellite repeats, whereas immunostaining with an antibody specific
for LaminB1 was used to identify the nuclear lamina (Fig. 1b). We found that Tcrb alleles
frequently colocalized with y-satellite repeats (47.2% of alleles) and laminB1 (54.5% of alleles)
in pro-B cells (Fig. 1b,c). Tcrb alleles associated with peri-centromeric heterochromatin in DN
thymocytes at a reduced frequency (37.1% of alleles) as compared to pro-B cells, but their
association with the nuclear lamina (66.4% of alleles) was substantially higher than in pro-B
cells. DP thymocytes displayed associations with peri-centromeric heterochromatin (48.4%)
and the nuclear lamina (46.6%) that were similar to those in pro-B cells.

For comparison, we analyzed subnuclear positioning of the constitutively active gene Actb
(Supplementary Fig. 1, online). Only 10% of Actb alleles co-localized with y-satellite repeats
and 20% with LaminB1 in all cell types examined. Thus this highly transcribed gene only
infrequently associates with peri-centromeric heterochromatin and the nuclear lamina.

We also analyzed subnuclear positioning of Tcra alleles (Fig. 2a). Like Tcrb alleles, Tcraalleles
frequently colocalized with y-satellite (31.5%) or laminB1 (64.6%) in pro-B cells (Fig. 2b,c).
In contrast to Tcrb alleles, Tcra alleles only infrequently colocalized with y-satellite or laminB1
in DN (9.6% and 19.2% respectively) and DP (11.8% and 28.1% respectively) thymocytes.
The Tcra locus is active in both DN and DP thymocytes due to the activation of Tcrd gene
segments in DN thymocytes and Tcra gene segments in DP thymocytes35. Thus, the Tcra
locus is associated with peri-centromeric heterochromatin or the nuclear lamina when inactive
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(in pro-B cells) and dissociates from these compartments when active (in DN and DP
thymocytes).

The nuclear compartments defined by y-satellite hybridization and laminB1 staining partially
overlap, as y-satellite repeats were found both centrally in the nucleus and at the nuclear
periphery. Colocalization of Tcrb alleles with y-satellite, laminB1 or both was extremely high
(77.8% in pro-B cells, 77.2% in DN thymocytes, and 72.6% in DP thymocytes) (Fig. 3). By
contrast, although 74.5% of Tcra alleles were associated with these compartments in pro-B
cells, only 25.0% and 34.8% were associated in DN and DP thymocytes, respectively. Tcra
association rates in DN and DP thymocytes were similar to those of Actb, which associated
only 25% of the time in all cell types (Fig. 3). It is striking that Tcrb alleles so frequently
associate with peri-centromeric heterochromatin or the nuclear lamina in DN and DP
thymocytes even though the Tcrb locus is expressed at both developmental stages.

Tcrb alleles independently associate with repressive compartments

Skok et al.10 reported monoallelelic Tcrb association with peri-centromeric heterochromatin
in about 75% of DN and DP thymocyte nuclei. Their data imply that the two alleles in any
nucleus are intrinsically different and have distinct probabilities to associate with peri-
centromeric heterochromatin. This difference might then bias Tcrb gene recombination to one
allele and contribute to the initiation of allelic exclusion. However, our data do not support
strict monoallelic association of the Tcrb gene with peri-centromeric heterochromatin or the
nuclear lamina. In DN thymocytes, 37.1% of Tcrb alleles colocalized with y-satellite (Fig. 1c).
If the two Tcrb alleles in DN thymocytes were equivalent and associated independently with
peri-centromeric heterochromatin, 13.7% of DN nuclei should have two associated alleles
(37.1% x 37.1%), 46.7% should have one associated allele (2 x 37.1% % 62.9%) and 39.6%
should have neither allele associated (62.9% x 62.9%) (Table 1). This is very close to the
observed allelic distribution in DN thymocytes (12.9%, 48.3%, and 38.8%, respectively) (Table
1, Fig. 4a). Likewise, the observed distribution of DN thymocyte nuclei having both, one, or
no alleles associated with the nuclear lamina was predicted almost exactly from calculations
based on an overall association frequency of 66.4% (Fig. 1c, Table 1, Fig. 4b). Tcrb alleles
behaved similarly in recombinase-sufficient DN thymocytes (Supplementary Table 1, online),
and independently segregated to both nuclear compartments in nuclei of all cell types examined
(Table 1). Similar observations were made for the Actb and Tcra genes in all three cell types
(Supplementary Table 2,3, online).

Notably, Immuno-FISH analysis with probes for the Tcrb locus, y-satellite repeats and laminB1
revealed that only 5.3% of DN thymocyte nuclei had two Tcrb alleles “free” of both
compartments (Fig. 4c). In contrast, 35.5% had one allele colocalized with either y-satellite or
laminB1 and 59.5% had both alleles colocalized with either y-satellite or laminB1. These
experimentally determined values match closely the values calculated from rates of association
with the individual compartments (Table 1).

We conclude that although the Tcrb locus is monoallelically associated with peri-centromeric
heterochromatin and with the nuclear lamina in subsets of thymocyte nuclei, these subsets arise
stochastically as a result of two indistinguishable alleles independently associating with these
nuclear compartments. Thus, there is no biological mechanism directing monoallelic
association. We further conclude that fully 95% of DN thymocytes have at least one Tcrb allele
associated with peri-centromeric heterochromatin or the nuclear lamina.

Biased localization of unrearranged Tcrb alleles

Given that Tcrb alleles associate at high frequency with pericentromeric heterochromatin and
the nuclear lamina in DN and DP thymocytes, we hypothesized that these associations may
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inhibit Vg-to-DgJg recombination and promote either the initiation or the maintenance of
Tcrb allelic exclusion. To address this hypothesis, we first asked whether rearranged and
unrearranged Tcrb alleles were differentially associated with pericentromeric heterochromatin
or the nuclear lamina in DP thymocytes. Unrearranged Tcrb alleles were identified by their
hybridization with both the Cg-distal Tcrb probe (RP23-75P5) and a Cg-proximal probe
(RP23-203H5) that identifies the region situated between Vg and Dy gene segments.
Rearranged Tcrb alleles were identified by their hybridization to only the distal probe
(RP23-75P5), as the region detected by the proximal probe (RP23-203H5) is deleted by V-
to-DgJg recombination (Fig. 1a).

We found that unrearranged Tcrb alleles more frequently colocalized with y-satellite (66.9%)
as compared to rearranged alleles (44.8%) (Fig. 5a,b). Similarly, unrearranged Tcrb alleles
more frequently colocalized with laminB1 (57.0%) as compared to rearranged alleles (41.3%).
Of note, this analysis includes data from two non-informative subsets of nuclei that may cause
the relationship between localization and recombination to be underestimated. In one subset,
both alleles are rearranged; in the other, both alleles are associated with a repressive
compartment. For a more informative analysis, we focused on nuclei that had rearranged only
one allele and in which the Tcrb gene monoallelically colocalized with either y-satellite or
laminB1. In this subset of nuclei the unrearranged allele colocalized with y-satellite 70.5% of
the time, whereas the rearranged allele colocalized only 29.5% of the time (Fig. 5¢). Similarly
the unrearranged allele colocalized with laminB1 64.3% of the time and the rearranged allele
colocalized 35.7% of the time. The strong bias for the unassociated allele to be the rearranged
allele suggests that association with pericentromeric heterochromatin and association with the
nuclear lamina may each inhibit Vg-to-DgJg recombination.

Subnuclear localization biases initial Tcrb recombination

Data from DP thymocytes cannot distinguish whether a relationship between rearrangement
status and subnuclear location reflects a post-p-selection sorting of alleles linked to feedback
inhibition or a pre-B-selection relationship. The former possibility suggests that unrearranged
alleles are moved to pericentromeric heterochromatin or the nuclear periphery as part of
feedback inhibition of recombination in DP thymocytes. The latter suggests that association
with these compartments influences which allele initially undergoes recombination in DN
thymocytes. To distinguish these possibilities, we examined the relationship between
rearrangement and subnuclear positioning in DN thymocytes that had yet to receive an allelic
exclusion signal.

Thymocytes from Lat-deficient mice cannot signal through their pre-TCR and thus do not
generate a feedback signal and do not differentiate to the DP stage36v 37 We identified
rearranged and unrearranged Tcrb alleles in DN thymocytes of Lat”~ mice using the distal and
proximal Tcrb probes (Fig. 5d), as described above. We also identified Tcrb excision circles
that selectively hybridized with the proximal probe (Fig. 5d, lower right panel). In the
informative subsets of Lat-deficient nuclei that contain only one rearranged allele and one allele
colocalized with either y-satellite or laminB1, we noted a strong bias for the rearranged allele
to be the “free” allele (Fig. 5d,e). Rearranged and unrearranged Tcrb alleles colocalized with
y-satellite in 34.8% and 65.2% of nuclei, respectively, and with laminB1 in 23.5% and 76.5%
of nuclei, respectively. We conclude that association with peri-centromeric heterochromatin
or the nuclear lamina reduces the efficiency of recombination, such that in DN thymocytes
with one associated and one non-associated allele, the non-associated allele is more likely to
rearrange first.

An alternative interpretation of these data is that recombination reduces the probability that an
allele remains associated with peri-centromeric heterochromatin or the nuclear lamina. To
address this possibility we compared the positioning of unrearranged Tcrb alleles in Rag2™-
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DN thymocyte nuclei to that of rearranged Tcrb alleles in the subset of Lat”- DN thymocyte
nuclei containing two rearranged alleles (Fig. 5f). Notably, we detected no significant
difference in colocalization of Tcrb alleles with y-satellite repeats or laminB1 in the two
populations. Thus recombination does not influence the association of Tcrb alleles with peri-
centromeric heterochromatin or the nuclear lamina.

The two probe strategy for analysis of Tcrb alleles also allowed evaluation of the orientation
of unrearranged Tcrb alleles relative to peri-centromeric heterochromatin and the nuclear
lamina (Fig. 5a,d). For those instances in which a clear orientation could be discerned, the
Cp-distal portion of the Tcrb locus was usually closest to peri-centromeric heterochromatin or
the nuclear lamina (Supplementary Fig. 2, online). This orientation might provide the basis for
preferential inhibition of Vg-to-DgJg recombination. Previous studies had similarly shown that
peripheral Igh loci are oriented with V gene segments nearer the nuclear periphery than C gene
segment524'27.

An ectopic enhancer perturbs Tcrb localization and recombination

Studies of the B-globin locus have shown that subnuclear positioning can be influenced by
enhancers and locus control regions38'40. We asked whether TCR locus enhancers function
similarly by comparing Tcra locus positioning in DP thymocytes of Tcra enhancer-deleted
(E,") and wild-type mice. Surprisingly, we detected no effect of E-deletion on positioning
of the Tcra locus relative to peri-centromeric heterochromatin or the nuclear lamina (Fig. 6a,
c). Thus, either E, plays no role in subnuclear positioning of the Tcra locus, or it is functionally
redundant with other Tcra locus regulatory elements in this regard. To distinguish these
possibilities, we analyzed DP thymocytes of mice carrying an ectopic insertion of E,, into the
Vg portion of the Terb locus (EaKI mice)8. Because some but not all Vg-to-DgJg recombination
events would delete the inserted E,,, we focused specifically on unrearranged alleles in EaKI
DP thymocytes. We found that unrearranged EaKI alleles colocalized with y-satellite at a
frequency that was reduced as compared to unrearranged wild-type alleles (39.5% vs. 66.9%)
(Fig. 6b, d). We also detected a reduction in colocalization of unrearranged EaKI alleles with
laminB1 as compared to unrearranged wild-type alleles (47.9% vs. 57.0%), although this
difference fell just short of achieving statistical significance (Fig. 6d). Therefore E, can inhibit
associations with peri-centromeric heterochromatin and the nuclear lamina in DP thymocytes.

We compared EaKI to wild-type alleles in DN thymocytes (both on a Rag2”~ background) to
determine if the influence of E, on subnuclear positioning was developmentally regulated.
Surprisingly, EaKI alleles colocalized with laminB1 at a frequency that was significantly
reduced as compared to wild-type (41.4% vs. 66.4%) (Fig. 6e). We also noted reduced
colocalization with y-satellite (30.5% vs. 37.1%), although the difference was not statistically
significant. Therefore E, can influence locus compartmentalization in DN thymocytes, even
though it cannot activate transcription in these cells.

The disruption of Tcrb nuclear localization in EaKI thymocytes prompted us to ask if
relocalization was accompanied by a measurable perturbation in Tcrb gene recombination.
Efficient allelic exclusion predicts that 60% of DP nuclei should have one allele rearranged
while 40% should have both alleles rearranged4v 41 our data from wild-type DP thymocytes
is consistent with these predictions, as 61.5% (324 of 527) of nuclei had one allele rearranged
while 38.5% (203 of 527) had both alleles rearranged (Fig. 6f). The latter likely represents a
slight underestimate of nuclei with two rearranged alleles, as V14 rearrangements are
undetectable by FISH. Notably, in EaKI DP thymocytes, 48.8% (63 of 129) of nuclei had one
allele rearranged whereas 51.2 % (66 of 129) had both alleles rearranged. Thus, addition of an
ectopic enhancer into the Tcrb locus increased the number of nuclei with two rearranged alleles,
implying a disruption of allelic exclusion.
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Discussion

Previous studies of the Igh, Igk and Tcrb loci implicated regulated monoallelic association with
eri-centromeric heterchromatin in the initiation or maintenance of allelic exclusionl0;

2-34 Here we have addressed in detail the nuclear localization of Tcrb alleles during T
lymphocyte development and provide a fundamentally different view based on the following
observations. First, we found that Tcrb alleles associate with peri-centromeric heterochromatin
and with the nuclear lamina at high frequencies throughout T cell development. Second, we
found that these associations occur stochastically rather than in a directed fashion, with the two
Tcrb alleles in a cell associating independently and with equal probability with the two
compartments. Third, we found that associated Tcrb alleles were less likely to have undergone
Vp-to-DgJp recombination, and that this bias was established prior to B-selection and
independent of feedback inhibition. Fourth, we found that an ectopic enhancer inhibited
Tcrb locus association with peri-centromeric heterochromatin and the nuclear lamina and
impaired allelic exclusion. We propose that stochastic, high frequency associations of Tcrb
alleles with peri-centromeric heterochromatin and with the nuclear lamina promote
asynchronous Vp-to-DgJg recombination and are critical for the initiation of Tcrb allelic
exclusion.

Our data suggest that the nuclear lamina and peri-centromeric heterochromatin are both
repressive for Vg-to-DgJg recombination and distinguish three subsets of DN thymocytes based
on the number of Tcrb alleles that are associated with these compartments. Approximately
35% of DN thymocytes have one allele associated with either the nuclear lamina or peri-
centromeric heterochromatin. Asynchronous recombination in this subset can be readily
understood based on the observed bias for the nonassociated allele to be the first to undergo
Vp-to-DgJg recombination. In approximately 60% of nuclei, both Tcrb alleles are associated
with a repressive compartment. We propose that asynchronous recombination is promoted in
this subset by inefficient recombination on both alleles. This will create an expanded time
window for V-to-DgJg recombination, thus diminishing the likelihood that such
rearrangements will be initiated simultaneously on both alleles. Only 5% of nuclei display two
alleles that are free of both the nuclear lamina and peri-centromeric heterochromatin. Thus,
stochastic association of Tcrb alleles with repressive nuclear compartments may diminish the
likelihood that Vg-to-DgJg recombination is initiated biallelically in fully 95% of developing
thymocytes. This asynchrony would allow thymocytes sufficient time to test the quality of
recombination on the first allele and to initiate feedback inhibition of recombination on the
second allele.

Our data suggest that VVg-to-DgJg recombination can occur on both associated and
nonassociated alleles but that it occurs more efficiently on nonassociated alleles. Nevertheless
our analysis may underestimate the extent to which association with repressive nuclear
compartments impairs recombination, because three color Immuno-FISH does not allow
concurrent analysis of rearrangement status and colocalization with both y-satellite and
laminB1. Thus, in the informative subset of cells with one free and one associated allele, the
allele judged to be free of one compartment may have been associated with the undetected
repressive compartment. Such biallelically associated cells are intrinsically uninformative in
assessing a recombination bias and their inclusion would suppress any measured bias. Thus
the preference to undergo recombination on a free as compared to an associated allele may be
greater than the measured 65:35 (peri-centromeric) and 76:24 (nuclear lamina) ratios would
suggest. Regardless, because it is unclear whether associated Tcrb alleles interact stably with
the nuclear lamina and pericentromeric heterochromatin or transiently associate and dissociate
from these compartments, we cannot determine the extent to which V-to-DgJg recombination
is inhibited by molecular interactions with these compartments.
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Our previous study of EaKI Tcrb alleles indicated that the introduced E,, caused a three-fold
increase in V12 recombination in DN thymocyte58. We also detected a disruption of V12
allelic exclusion that we attributed to a loss of allelic asynchrony in DN thymocytes, as we
found no evidence for disruption of feedback inhibition in EaKI DP thymocytesB. Herein we
show that EaKI Tcrb alleles less frequently colocalized with y-satellite in DP thymocytes and
less frequently colocalized with laminB1 in DN thymocytes. The latter resulted in an increased
frequency of DN thymocyte nuclei with two free alleles (from 5.2% to 18.8%). We propose
that this change in nuclear configuration increases the probability of near-simultaneous
recombination of both alleles in DN thymocytes; the detected increase in DP thymocytes with
two rearranged alleles would follow as a direct consequence.

Our FISH analysis indicates a 12% increase in thymocytes with two Tcrb rearrangements.
Because only 1/3 of the additional rearrangements should be in-frame, these data argue that
4% of EaKI DP thymocytes may be phenotypically allelically included. Previous dual staining
analyses of EaKI T lymphocytes identified an allelically included V12" population that could
represent, in total, about 0.5-1.0% of all T Iymphocytesg. The apparent underestimation of
allelic inclusion by Jackson et al8 may reflect the fact that only two Vg segments were
examined in that study. Additionally, some cells with two in-frame rearrangements may not
detectably express two cell surface TCRs. Regardless, the two studies, taken together, identify
relocalization away from repressive nuclear compartments and allelic inclusion as two linked
consequences of ectopic insertion of E,.

Several aspects of our observations differ markedly from those in a previous studylo. First,
the authors of that study noted substantially higher frequencies of association of Tcra alleles
with the nuclear periphery in all cell populations. Second, although they found Tcrb alleles to
associate with peri-centromeric heterochromatin at frequencies similar to those reported here,
they observed substantially higher frequencies of monoallelic association. A potential
explanation for the difference in peripheral localization is that we scored colocalization by
overlap between the TCR loci and laminB1 signals, wheras Skok et al.10 did notuse a specific
marker to define the nuclear periphery. Differences in monoallelic Tcrb gene association with
peri-centromeric heterochromatin are more difficult to explain. In addition, we provided direct
measures of Tcrb allelic recombination status and assessed the significance of repressive
compartment association for Tcrb gene recombination prior to B-selection. We conclude that
Tcrb alleles associate stochastically and at high frequency with both the nuclear lamina and
pericentromeric heterochromatin and that such associations inhibit Vg-to-DgJg recombination
prior to B-selection. Our data suggests a fundamentally different basis for the intiation of
Terb allelic exclusion in which asynchronous Vg-to-DgJg recombination is achieved
stochastically rather than through strictly regulated allelic choice.

Materials and Methods

Mice

Rag2”- mice?2, Lat’- mice36, Ea"Rag2”- x Terb transgenic mice?3, EaKl mice®, and EaKI
Rag2’- mice8 were described previously. All mice were used in accordance with protocols
approved by the Duke University and University of Chicago Institutional Animal Care and
Use Committees.

Cell isolation

Rag2" pro-B cells were isolated and cultured as described previously44. DP thymocytes were
sorted to 98 % (wild-type) or 95% (EaKI) purity as described3.
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FISH probes and antibodies

BAC clones RP23-75P5 (Cg-distal end of the Tcrb locus), RP23-203H5 (Cg-proximal region
of the Tcrb locus), RP23-304L21 (C,-distal end of the Tcra locus), and RP23-9701 (Actb
locus) were used to prepare locus-specific DNA probes. The BAC clones were labeled using
a Biotin or Digoxigenin (DIG) nick-translation (NT) kit (Roche). Foci were then detected using
either FITC-conjugated streptavidin (Jackson Immunoresearch Laboratories) to detect biotin-
incorporate probes or Cy3- or Cy5-labeled anti-DIG antibody (Jackson Immunoresearch
Laboratories) to detect DIG-incorporated probes. The probe used to detect peri-centromeric
heterochromatin was composed of eight tandem copies of the major y-satellite repeat sequence
and was labeled by direct incorporation of dUTP-alexa488 or dUTP-alexa56832. The nuclear
lamina was detected using a polyclonal goat anti-laminB1(sc-6217, Santa Cruz Biotech)
antibody followed by Cy5-labeled anti-goat (Jackson Immunoresearch Laboratories).

3D DNA Immuno-FISH and confocal imaging

Methods for cell fixation and FISH that preserve three-dimensional structure were derived
from Solovei et al#°. One million thymocytes in 300 ul PBS were attached to poly-L-lysine
slides for 30 min at 4°C (each slide representing an independent cell isolation). Cells were then
fixed in 4% paraformaldehyde, permeabilized with 0.5% saponin and 0.5% Triton-X, treated
with 0.1N HCI, and freeze-thawed 4 to 5 times in 20% glycerol. Slides were stored at this point
for up to 1 month at -80°C. Slides were denatured by submerging in 70% formamide 2X SSC
at 76°C for 3 mins, followed by 1 min treatment in 50% formamide 2X SSC. Conjugated probes
were precipitated in ethanol with blocking DNA (consisting of mouse Cqot DNA, human
placental DNA, and salmon sperm DNA), resuspended in 50% deionized formamide
containing 2X SSC and 10% Dextran sulfate, boiled for 5 min, and pre-annealed at 37°C for
at least 1 hour prior to slide hybridization. Probes were then added to the slide for hybridization
under a rubber cement sealed coverslip in a humid chamber for 48-96h at 37°C. Following
hybridization, the slides were washed 3 times in 50% formamide 2X SSC at 42°C followed by
3 washes in 0.2X SSC at 63°C. The slides were blocked with 4% BSA, 2X SSC and then
incubated with the appropriate antibodies in 4% BSA, 2X SSC. Excess antibody was removed
by washing 3 times in 0.1% Triton-X in 2X SSC. Secondary antibodies, if required, were
incubated and washed in the same manner. Slides were mounted in VectaShield (Vector
Laboratories) and imaged on an Olympus confocal microscope. Images from the confocal
microscope were saved as stacks of TIFFs and processed with ImageJ software#6. The images
were passed through a Kalman stack filter and then segmented such that foci of gene loci were
of uniform size, that the nuclear lamina was the thinnest contiguous circle possible, and that
centromeric heterochromatin regions had distinct edges (see example in Supplementary Fig.
3, online). Gene foci were then considered to be colocalized with y-satellite or laminB1 if at
least two adjacent pixels between the two signals were positive in both channels. A Tcrb allele
was considered unrearranged if the distal and proximal foci overlapped or were within 2 pixels
of each other and was considered rearranged if the distal focus was at least 5 pixels away from
the nearest proximal focus. Foci separated by a distance of 2 to 5 pixels were considered non-
informative and were dropped from the data set. Only nuclei with two detectable alleles were
evaluated.

Statistical Analysis

Statistical differences between populations were determined by using Fisher’s exact two-tailed
contingency table.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Sugbnuclear localization of Tcrb alleles in Rag2”- pro-B cells, Rag2”- DN thymocytes, and
sorted wild-type DP thymocytes. (a) Tcrb locus, including the relative positions of the BAC
clones used to visualize its subnuclear localization. (b) 3D Immuno-FISH, showing both
Tcrb alleles in representative nuclei of each of three cell types. Nuclei were hybridized with
BAC RP23-75P5 to identify the distal end of the Tcrb locus (green) and a plasmid containing
y-satellite repeats to identify peri-centromeric heterochromatin (red), and were stained with an
antibody specific for laminB1 to identify the nuclear lamina (blue). (c) Colocalization of
Terb alleles with either y-satellite repeats or laminB1. y-satellite data, 604 pro-B, 432 DN and
862 DP alleles (two to three slides each); laminB1 data, 578 pro-B, 232 DN and 972 DP alleles
(two to three slides each). *, P < 0.05.
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Figure 2.

Subnuclear localization of Tcra alleles in Rag2”/- pro-B cells, Rag2”- DN thymocytes, and
sorted wild-type DP thymocytes. (a) Tcra locus, including the position of the BAC clone used
to visualize its subnuclear localization. (b) 3D Immuno-FISH, showing Tcra alleles in
representative nuclei of each of the three cell types. Nuclei were hybridized with BAC
RP23-304L21 to identify the Tcra locus (green) and a plasmid containing y-satellite repeats to
identify peri-centromeric heterochromatin (red), and were stained with an antibody specific
for laminBL1 to identify the nuclear lamina (blue). (c) Colocalization of Tcra alleles with either
y-satellite repeats or laminB1. y-satellite data, 302 pro-B, 52 DN and 178 DP alleles (one slide
each); laminB1 data, 302 pro-B, 52 DN and 178 DP alleles (one slide each). *, P < 0.05.
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Figure 3.

Colocalization of Tcrb, Tcra, and Actb alleles with y-satellite or laminB1. Alleles colocalizing
with y-satellite alone, laminB1 alone, or simultaneously with y-satellite and laminB1 were
summed. Tcrb data, 424 pro-B, 232 DN and 390 DP alleles (one slide each); Tcra data, 302
pro-B, 52 DN and 178 DP alleles (one slide each); Actb data, 246 pro-B, 232 DN and 162 DP
alleles (one slide each). *, P < 0.05.
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Figure 4.

Distribution of nuclei with zero, one, or two Tcrb alleles colocalized with y-satellite or laminB1.
(a) Colocalization with y-satellite, in 289 pro-B, 116 DN and 486 DP nuclei (b) Colocalization
with laminB1, in 302 pro-B, 116 DN and 431 DP nuclei. (c) Colocalization with either y-
satellite or laminB1, in 289 pro-B, 116 DN and 431 DP nuclei. Data were accumulated from
two to three independently prepared slides per cell type.
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Figure 5.

Subnuclear localization of rearranged and unrearranged Tcrb alleles. (a) 3D Immuno-FISH,
showing Tcrb alleles in DP nuclei using distal (75P5, green) and proximal (203H5, red) probes.
Peri-centromeric heterochromatin (y-satellite, blue, upper panels). Nuclear lamina (laminB1,
blue, lower panels). (b) Colocalization of rearranged and unrearranged alleles with y-satellite
or laminB1 in DP nuclei. y-satellite, 145 rearranged and 327 unrearranged alleles (one slide);
laminB1, 179 rearranged and 403 unrearranged alleles (two slides). (c) Colocalization of
rearranged and unrearranged alleles with y-satellite or laminB1 in the subset of DP cells with
nuclei having monoallelic Tcrb locus association and one rearranged Tcrb allele. y-satellite,
145 nuclei (one slide); laminB1, 179 nuclei (two slides). (d) 3D Immuno-FISH, showing
Terballelesin nuclei of Lat”- thymocytes. Probe strategy was identical to (a). (€) Colocalization
of rearranged and unrearranged alleles with y-satellite or laminB1 in the subset of Lat”~ cells
with nuclei having monoallelic Tcrb locus association and one rearranged allele. y-satellite,
161 nuclei (one slide); laminB1, 54 nuclei (one slide). (f) Colocalization of Tcrb alleles with
y-satellite or laminB1 in Rag2”- DN nuclei and in Lat”" DN nuclei containing two rearranged
alleles. y-satellite, 232 Rag2™~ and 36 Lat" alleles (two and one slides, respectively); laminB1,
232 Rag2’" and 220 Lat™" alleles (two slides each). *, P < 0.05.
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Figure 6.

Influence of E,, on subnuclear localization and allelic exclusion. (a) 3D Immuno-FISH,
showing Tcra alleles in nuclei of E,”~ Rag2”- Tcrb transgenic thymocytes. Tcra (304L21,
green), peri-centromeric heterochromatin (y-satellite, red), nuclear lamina (laminB1, blue).
(b) 3D Immuno-FISH, showing Tcrb alleles in nuclei of EaKI thymocytes. Distal Tcrb (75P5,
green), proximal Tcrb (203H5, red), peri-centromeric heterochromatin (y-satellite, blue, left
panel), nuclear lamina (laminB1, blue, right panel). (c) Tcra colocalization with y-satellite or
laminB1 in wild-type DP and E,7-Rag2™~ Tcrb transgenic thymocytes. WT DP, 178 alleles;
E,""Rag2” Tcrb tg DP, 210 alleles (one slide each). (d) Colocalization of unrearranged
Terb alleles with y-satellite or laminB1 in wild-type and EaKI DP thymocytes. y-satellite, 145
WT and 114 EaKI alleles (one slide each); laminB1, 179 WT and 48 EaKI alleles (one slide
each). (e) Colocalization of unrearranged Tcrb alleles with y-satellite or laminB1 in DN
thymocytes of Rag2”~ and EaKI Rag2”- mice. y-satellite, 145 Rag2”" and 128 EaKI Rag2™”
alleles (two slides each); laminB1, 316 Rag2”- and 128 EaKI Rag2™ alleles (two slides each).
(f) Quantification of Vg-to-DgJg recombination in wild-type and EaKI DP nuclei. WT, 527
nuclei; EaKIl 129 nuclei (two slides each). *, P < 0.05.
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