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ABSTRACT Allelic exclusion describes the essential immunological process by which
feedback repression of sequential DNA rearrangements ensures that only one auto-
some expresses a functional T or B cell receptor. In wild-type mammals, approxi-
mately 60% of cells have recombined the DNA of one T cell receptor B (TCRB) V-to-
DJ-joined allele in a functional configuration, while the second allele has
recombined only the DJ sequences; the other 40% of cells have recombined the V
to the DJ segments on both alleles, with only one of the two alleles predicting a
functional TCRB protein. Here we report that the transgenic overexpression of
GATA3 leads predominantly to biallelic TCRB gene (Tcrb) recombination. We also
found that wild-type immature thymocytes can be separated into distinct popula-
tions based on intracellular GATA3 expression and that GATA3'C cells had almost
exclusively recombined only one Tcrb locus (that predicted a functional receptor se-
quence), while GATA3H! cells had uniformly recombined both Tcrb alleles (one pre-
dicting a functional and the other predicting a nonfunctional rearrangement). These
data show that GATA3 abundance regulates the recombination propensity at the
Terb locus and provide new mechanistic insight into the historic immunological co-
nundrum for how Tcrb allelic exclusion is mediated.

KEYWORDS allelic exclusion, T cell receptor beta locus, GATA3, monoallelic-to-
biallelic switch

ne enduring mystery in cellular immunology regards the underlying mechanisms

that control antigen receptor allelic exclusion (1, 2), the process whereby B or T
lymphocytes are programmed to express only one functional allele for each chain of
their respective antigen receptors (B cell receptor [BCR] or T cell receptor [TCR]), thus
avoiding the coexistence of multiple antigen specificities in a single immune cell.
Lymphocytes acquire the diversity of antigen recognition (3) as well as a unique
monospecificity for particular antigens (4) during development in the bone marrow
(B cells) or the thymus (T cells).

T lymphocyte development is generally characterized by division into multiple
stages based on developmental timing and the location and expression of specific cell
surface markers (5). T cell development begins when multipotential hematopoietic
progenitor cells in the bone marrow migrate through the bloodstream to the thymus,
where early T lineage progenitors (ETPs) are generated and later specified to become
T cells (6-10). ETPs differentiate into double-negative (DN) cells (DN2 to DN4 stages)
that express neither the CD4 nor the CD8 coreceptor, then into double-positive (DP)
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(CD4+ CD8™) cells, and finally into either CD4 single-positive (SP) helper or CD8 SP
cytotoxic T cells. These naive T cells then exit the thymus and circulate to secondary
lymphoid organs, where they acquire immune competence (11).

During the process of ETP differentiation into the DN2 and DN3 stages, cells become
committed to the T cell lineage (12, 13) and begin to rearrange the T cell receptor 3
gene (Tcrb) (14). Rearrangement of TCRB will finally result in the generation of a
functional T cell receptor only after forming a complex with TCRa. This recombination-
directed combinatorial process generates the remarkable receptor diversity observed in
the afT cells that comprise 95% of adult T lymphocytes (15). The generation of
functional TCRs is critical for the development of a T cell, as TCRs must specifically and
sensitively recognize foreign antigens to mediate humoral immune responses (16).
B-Selection is one critical step that occurs at the DN3 stage, and only cells that express
a functional intracellular pre-TCR complex (containing the PTCRA [also known as
pre-TCRa], CD3, and TCRB proteins) can continue development.

At the Tcrb locus, the recombination events that eventually lead to the generation
of a TCR complex are initiated at the ETP/DN2 stage by recombining D (diversity) and
JB (joining) DNA gene segments on both chromosomes (6). Subsequently, one of 23
functional VB (variable) mouse gene segments is joined to the previously rearranged
DBJB recombinant at the DN3 stage (thereby generating VDJ recombinants) to generate a
Tcrb gene encoding the B chain of the pre-TCR complex (6, 17, 18). A similar VD)
rearrangement is also observed during B cell development at the immunoglobulin heavy
chain gene (Igh) locus. The myriad VDJ recombination events that can be generated simply
by recombinational diversity create an extraordinarily large array of TCRB, TCRe, IgH, as well
as g light (IgL) chains (3, 19). Any deficiency in this process can lead to increased apoptosis
and severe impairment of T or B cell development, as VDJ rearrangements are required
for developmental progression from progenitor to mature B and T cell stages (20, 21).

According to the clonal selection hypothesis (4), every individual T cell or B cell
most often expresses only one unique TCR or BCR protein to ensure the immune
specificity of that cell through a process referred to as allelic exclusion. Allelic exclusion
is achieved by monoallelic V-to-DJ recombination at the Tcrb and Igh chain loci or by
V-J joining at the Ig kappa (Igk) and Ig lambda (/g/) loci to ensure that two productive
rearrangements cannot occur at the same time (referred to as the initiation of allelic
exclusion) (22). Furthermore, a negative-feedback mechanism must also prevent further
rearrangement once a productive B chain (T cells) or Ig chain (B cells) has been
synthesized (i.e., yielding one productively rearranged allele and a second allele that
has completed only initial DJ joining [VDJ*/DJ]), referred to as the maintenance of
allelic exclusion (23). Developing T and B cells that fail to generate functional TCRB, IgH,
or IgL proteins (because of out-of-frame DNA recombination) on the first attempt get
a second chance to survive by rearrangement of the second allele that somehow
becomes released from allelic exclusion. Cells that succeed after this second attempt
(i.e, one allele unproductively rearranged and the other productively rearranged
[VDJ~/VDJ*]) as well as VDJ*/DJ cells that were productive on the first attempt can
continue to differentiate and, depending on the affinity properties of these functional
receptors, become mature B or T cells. Cells that fail to produce a functional receptor
after both rearrangements (VDJ~/VDJ™) are eliminated (24). Experimentally, approxi-
mately 60% of mature T lymphocytes are of the VDJ*/DJ genotype, while 40% are of
the VDJ~/VDJ* genotype (2, 24-26). The molecular mechanisms responsible for allelic
exclusion remain largely unresolved (1, 2), and a deficiency in the process of allelic
exclusion maintenance results in the generation of cells that express two functional
TCRs, which can lead to autoimmunity (27, 28).

The transcription factor GATA3 (29, 30) has been shown to be crucial for differen-
tiation at multiple stages of T cell development (31), including the ETP stage, the DN2
stage, the DN3-to-DN4 transition, and the CD4 stage (34, 35). The most prominent
immunological event that takes place during the DN3/DN4 stage of T cell development
is the recombination of the Tcrb loci, a process vital to the generation of T cell diversity.
Mice in which Gata3 was conditionally ablated at the DN3 stage (using an Lck-Cre

June 2017 Volume 37 Issue 12 e00052-17

Molecular and Cellular Biology

mcb.asm.org 2


http://mcb.asm.org

GATA3 Regulates T Cell Receptor 3 Allelic Exclusion

Pre-thymic GL: germline allele
progenitor DJ: DJ recomb_med
VDJ+: productive
VDJ-: unproductive
ETP/DN2 D-J recombination is initiated on both alleles
601\20
V-DJ rearrangement of the first allele;

DN3a the second allele remains in DJ configuration:
initiation of allelic exclusion
NN

If the first V-DJ rearrangement is unsuccessful,
the second allele rearranges:
release of allelic exclusion

l 40 Generation of intracellular (VDJ+) TCRf protein

60 tosi
apoptasis licenses transition to DN3b/DN4 stages

DN3b | Maintenance of
DN4 allelic exclusion
Each cell expresses only one productive VDJ

FIG 1 Regulated model for Tcrb VDJ rearrangement. In wild-type animals, the ratio of VDJ*/DJ to
VDJ~-/VDJ* cells is roughly 60% to 40% for both the Igh and Tcrb loci (25, 44, 45); such a regulated model
as depicted here straightforwardly accounts for the actual rearrangement pattern (2). The numbers next
to the arrows represent the hypothetical cell numbers that are predicted at the differentiation stage of
thymopoiesis to obtain a final 60:40 ratio (2) of VDJ*/DJ and VDJ~/VDJ* cells that are detected in
wild-type thymocytes.

transgene) had a reduced number of DN4 cells, even though those remaining DN4 cells
had successfully rearranged the VDJ segments at the Tcrb locus (34). These data
demonstrate either that GATA3 plays no role in Tcrb VDJ rearrangement or that an
alternative pathway can partially compensate for the absence of GATA3. To date, it is
unclear what role GATA3 performs at the DN3/DN4 stages when this factor is demon-
strably vital for the further development of T cells (34). Here we report that the
transgenic overexpression of GATA3 forfeits allelic exclusion at the Tcrb locus, a vital
mechanism that dictates the antigen monospecificity of T lymphoid cells.

RESULTS

Transgenic overexpression of GATA3 compromises maintenance of allelic ex-
clusion. To initially test possible functions for GATA3 in DN3 stage development (Fig.
1), we employed a transgenic line in which GATA3 was transcriptionally regulated by
human Cd2 regulatory elements (TgC92-GATA3, line 720) which is active in T and B
lymphocytes but not in prethymic hematopoietic progenitors or myeloid or erythroid
cells (36). We first quantified the abundance of the GATA3 protein in Tgcd2-GATA3
thymocytes. Western blot analysis confirmed that this transgenic line expressed an
~6-fold-greater abundance of the GATA3 protein in total Tgc92-6ATA3 thymocytes than
in the wild type (Fig. 2A). GATA3 mRNA levels in the DN3a (151%), DN3b (180%), and
DN4 (750%) stages were quantitatively higher than those in the same stages of
wild-type thymocytes (Fig. 2B), as expected from the documented activity of these
human Cd2 regulatory elements (37, 38). When we quantified the stage-specific ex-
pression of the GATA3 protein by flow cytometry, we found that it was more abundant
at the DN4 (245%), DP (323%), CD4 SP (167%), and CD8 SP (168%) stages than in
wild-type thymocytes, but surprisingly, there was no significant difference in GATA3
abundances at the ETP, DN2, DN3a, or DN3b stage (Fig. 2C) between Tg¢92-GATA3 and
wild-type mice; in contrast to the GATA3 mRNA abundance, no increase in the GATA3
protein concentration was observed at the DN3a/b stages (Fig. 2C) (see Discussion). No
significant differences in the absolute numbers of DN3a, DN3b, or DN4 cells were
observed in Tged2-GATAS thymocytes, while modest but statistically significant increases
in the numbers of DP (124%) and CD4 SP (152%) cells were observed (Fig. 2D), in
agreement with the demonstrated role for GATA3 in promoting CD4 SP T cell devel-
opment (34, 35).

We next investigated the global gene expression profiles in wild-type and
TgCd2-GATA3 mice. Thymocytes at the DN3a stage, the stage at which V-to-DJ rearrange-
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FIG 2 Forced expression of GATA3 in Tgcd2-GATA3 mice. (A) Western blot analysis of 10 ug or 5 ug of protein recovered from total thymocytes of a Tgcd2-GATA3
or wild-type (Gata3*/*) mouse. The migration position of GATA3 (48 kDa) is indicated. Lamin B was used as the normalization control. A representative blot
is shown; this experiment was repeated in two independent biological replicates with two mice of each genotype; results are presented graphically on the right.
(B) Quantification of GATA3 mRNA levels in DN3a (Lin— cKit'w CD25* CD27'w FSC'w), DN3b (Lin— cKitlew CD25+ CD27h FSCh), and DN4 (Lin— cKit~ CD257)
stage thymocytes isolated from Tg<92-GATA3 mice or control wild-type mice by gqRT-PCR. (C) Quantification of the amount of GATA3 protein by flow cytometry
using the MFI (with the background intensity of IgG staining subtracted) in staged thymocytes isolated from Tgc92-GA7A3 mice or control wild-type mice. (D)
Absolute numbers of thymocytes in mice of each genotype according to developmental stage. Each circle represents results for an individual animal. Solid bars

indicate the averages for each genotype. *, P < 0.05; NS, not significant (P > 0.05).

ment takes place (39), were isolated from both Tgc92-GA743 and wild-type animals and
then analyzed by transcriptome sequencing (RNA-seq). The data confirmed a modest
overexpression of GATA3 mRNA (137%) in DN3a cells (Fig. 3A), as also documented by
reverse transcription-quantitative PCR (qRT-PCR) (Fig. 2B). The transcript abundance of
the two Tcrb constant regions (Trbc? and Trbc2) in Tg€d2-GATA3 mice was unchanged
compared to that in control wild-type thymocytes (Fig. 3B). Similarly, the relative
utilizations of different V region segments were indistinguishable between the
TgCd2-GATA3 and wild-type Tcrb loci (Fig. 3C). These data are compatible with normal Tcrb
rearrangement in mice in which the Gata3 gene was ablated at the DN3 stage using a

Lck-Cre transgene (34).

From RNA-seq analysis, 171 genes were found to exhibit a statistically significant
difference between the two genotypes (126 downregulated and 45 upregulated in Tg
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FIG 3 RNA-seq analysis of transcript abundance and V-region utilization in Tgc2-6A7A3 DN3a stage cells.
The transcript abundances of GATA3 (A), two Tcrb constant regions (B), and multiple V regions (C) were
quantified as fragments per kilobase per million (FPKM). None of the Tcrb regions showed a statistically
significant difference (FDR of <0.05) between Tg and control wild-type cells.

thymocytes) (Fig. 4A). One of these genes is Cpa3 (150% change compared to the wild
type), a mast cell gene, which is also induced when excess GATA3 is retrovirally
expressed in DN1/DN2 stage T cells (40) and which is downregulated by GATA3 short
hairpin RNA (shRNA) knockdown of DN2 stage T cells (33). Gene ontology analysis using
the DAVID functional annotation tool (41) (https://david.ncifcrf.gov/) highlighted the
most significant changes in genes related to the chromosome/histone, the cell cycle,
and kinetochore organization in the 126 downregulated genes (Fig. 4B). The reduced
expression of many histone genes suggests changes in chromatin or replication status
(Fig. 4C). These data demonstrate that a 1.5-fold increase in the GATA3 mRNA abun-
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FIG 4 Gene ontology (GO) analysis of genes that exhibit statistically significant differences between
TgCd2-6ATA3 and wild-type thymocytes. (A) From RNA-seq analysis of DN3a stage cells (conducted as
described in the legend to Fig. 3), 171 genes were found to exhibit a statistically significant difference
(FDR of <0.05) between the two genotypes. The 126 genes downregulated in Tg mice are shown in pink,
and the 45 upregulated genes are shown in light blue. The Cpa3 gene is highlighted in dark blue. The
Gata3 gene (highlighted in red), the abundance of which is not statistically significant (FDR = 0.249), is
also shown. (B and C) Gene ontology analysis of these 126 and 45 genes was performed by using the
DAVID functional annotation tool (41) (https://david.ncifcrf.gov/). The classification stringency was set to
“highest.”

dance at the DN3a stage of thymocyte development has no effect on Tcrb VDJ
rearrangement initiation but results in the reduced expression of genes related to
chromatin and replication status.

We next analyzed the status of Tcrb gene recombination by sequencing of both Tcrb
alleles in single thymocytes using a nested two-step PCR strategy (25, 42) (see Materials
and Methods). To test the reliability of this approach, we first examined the status of the
Tcrb genes in individual wild-type DN4 stage thymocytes. DN4 stage cells, by definition,
have already generated a functional TCRB complex and have thus already passed
B-selection. As summarized in Table 1, 57% of the wild-type Gata3 DN4 stage cells are
configured in a VDJ*/DJ genotype configuration at the Tcrb loci and had productively
rearranged (i.e., recombined in a DNA configuration that predicted a functional TCRB
protein) one allele while leaving the second allele in a DN2 (only DJ rearranged) state.
The remaining cells (40%) were determined to be in a Tcrb VDJ~=/VDJ* arrangement
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TABLE 1 Genomic configuration of Tcrb alleles in individual DN4 stage thymocytes from
wild-type or Gata3 mutant mice

No. (%) of cells in Tcrb locus genomic configuration:

Genotype VDJ*/DJ VDJ-/VDJ* VDJ-/VDJ~ VDJ*/VDJ*
Gata3*/+ 20/35 (57) 14/35 (40) 0 1/35 (3)
TgCd2-6ATA3 12/42 (29) 22/42 (52) 0 8/42 (19)
Gata39’* (eGFP™) 42/46 (91) 4/46 (9) 0 0

Gata39* (eGFP+) 3/36 (8) 29/36 (81) 4/36 (11) 0

Gata3™/+ (GATA3LO) 30/32 (94) 2/32 (6) 0 0

Gata3*/+ (GATA3H) 3/30 (10) 26/30 (87) 0 1/30 (3)

aVDJ*/DJ cells bear one rearranged VDJ allele and one rearranged DJ allele; VDJ/VDJ cells have fully
rearranged both alleles either productively or unproductively. VDJ* and VDJ~ indicate DNA sequencing
results that predict productive and unproductive rearrangements, respectively. Data represent the summary
of results from 4 to 6 animals of each genotype. Statistical analysis was performed by using Fisher’s exact
test, and the differences were statistically significant for all genotypes (P = 0.0441 between Gata3*/* and
TgCd2-GATA3; P < 0.0001 between Gata39* [eGFP~] and Gata3%’* [eGFP+]; P < 0.0001 between Gata3+/+
[GATA3LC] and Gata3*/* [GATA3M1).

and had therefore failed to generate a functional TCRB protein after the first allele
V-to-DJ recombination event and were successful only after recombination of the
remaining unrearranged Tcrb locus had taken place. Very few of these wild-type DN4
thymocytes (3%; 1 out of 35 cells analyzed) predicted the generation of two functional
TCRP proteins after the recombination of both Tcrb alleles (43). These data confirm the
anticipated frequencies of productive versus unproductive rearrangements in wild-type
cells (2, 25, 44, 45) as well as the efficacy of the experimental approach.

To analyze Tcrb allelic exclusion, DN4 stage cells were isolated from adult
TgCd2-GATA3 mice, and the genomic DNA configurations of both Tcrb alleles were once
again analyzed in single cells. Since the majority of DN3a stage cells have not com-
pleted VDJ rearrangement (39), we analyzed DN4 stage cells that had just passed
B-selection. In remarkable contrast to wild-type mice, only 29% of DN4 stage cells from
TgCd2-GATAS mice were in a Tcrb VDJ*/DJ configuration (Table 1). Instead, the vast
majority of Tgcd>-GATA3 DN4 thymocytes (71%) had fully recombined the variable,
diversity, and joining exons of both Tcrb chromosomes. Importantly, we found that a
highly unusual 19% of Tgc92-6ATA3 DN4 stage cells predicted the generation of two
productively rearranged (VDJ*/VDJ*) Tcrb alleles, an extraordinarily rare occurrence in
wild-type mice (Table 1) (43). These data demonstrate that an increased abundance of
the GATA3 protein overrides allelic exclusion at the Tcrb loci in thymocytes (Fig. 5).

Since the expression of dual T cell receptors has been reported to increase auto-
immunity (27, 28), we asked whether the presence of two functionally recombined Tcrb
alleles allows T cells to present two distinct TCRB proteins on their cell surface. To do
so, we quantified the percentages of wild-type and Tgc92-¢A743 T lymphocytes and
splenocytes that express cell surface TCRB chains from both alleles (46, 47). Three
combinations incorporating 12 antibodies that are specific for different V3 domains
and one combination that included 4 antibodies specific for different Va domains were
used to monitor biallelic TCR expression on af T cells isolated from the thymi and
spleens of wild-type and Tg92-ATA3 animals. A significantly increased frequency of
dual-TCRB-expressing CD3* T cells in Tged2-GATA3 thymi (Fig. 6) confirmed the conclu-
sion that enforced GATA3 expression surmounts normal Tcrb allelic exclusion. However,
the frequencies of dual-TCRB-expressing CD3* T cells were equivalent in Tgcd2-GATA3
and wild-type splenocytes (Fig. 6), suggesting that cells expressing two surface TCRB
receptors survive thymopoiesis but are eliminated before or during exposure to splenic
maturation. These data show that even when the genetic programs that normally
regulate TCRB expression are compromised (for example) by forced GATA3 overex-
pression, later cellular homeostatic control over “phenotypic” allelic exclusion (2, 48) is
still maintained.

The maintenance of Tcrb allelic exclusion coincides with the repression of one
Gatas3 allele. Since the Gata3 monoallelic-to-biallelic transcriptional switch (49) is first
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FIG 5 Tcrb VDJ rearrangement in mice that express superabundant GATA3. The numbers (green) next to each of the arrows represent the hypothetical cell
numbers that would be predicted, under various conditions (bottom), at each developmental stage to obtain 100 surviving cells (shown in orange) after
completion of thymic development. In marked contrast to wild-type mice, only 29% of DN4 stage thymocytes in Tgc@2-GATA3 mice were of the Tcrb VDJ*/D)J
genotype (Table 1). Instead, the vast majority of Tgc@2-GA743 DN4 stage cells (71%) had fully recombined (VDJ/VDJ) both Tcrb alleles. Importantly, we found that
an extraordinary 19% of Tgc92-GATA3 DN4 stage cells bore DNA sequences that predicted two productively rearranged (VDJ*/VDJ*) Tcrb alleles, which is
extremely rarely observed in wild-type mice (43). (A) One possible explanation (model 1) for the unexpected frequencies of DN4 Tcrb rearrangements in
enforced GATA3 transgenic mice is that allelic exclusion is normal at the Tcrb loci at the DN3 stage (when the GATA3 protein abundance is normal, at 91% and
93% of the wild-type levels at the DN3a and DN3b stages, respectively), but later, at the DN4 stage, when the level of the GATA3 protein has increased (245%
of the wild-type level) (Fig. 2C), the maintenance of allelic exclusion is forfeit in 50 to 70% of T cells, and the Tcrb genomic DNA now undergoes V-to-DJ
rearrangement at the DN3b or DN4 stage, which has not been previously reported to occur in wild-type mice. (B) Alternative model (model 2). The human Cd2
regulatory sequences are active in DN1 (~50%)-, DN2 (~50%)-, DN3 (~99%)-, DN4 (~98%)-, and later-stage T cells based on an analysis of hCD2-GFP transgenic
mice (38). In accord with those observations, we observed excess expression of GATA3 mRNA in Tg€@2-GATA3 mice at the DN3a (151%) and DN3b (180%) stages
compared to wild-type thymocytes (Fig. 2B). The abundance of the GATA3 protein in Tgc¥2-GA743 mice increased by the DN4 stage, but a similar increase was
not detectable at the DN3a or DN3b stage, when measured by the MFI of intracellular GATA3 staining (Fig. 2C). Therefore, we cannot exclude the possibility
that a GATA3 mRNA-dependent mechanism compromises the initiation of allelic exclusion in 50 to 70% of DN3a cells (right) to generate VDJ*/VDJ* cells in
TgCd2-GATA3 mice. In either model, the excess expression of GATA3 predicts compromised allelic exclusion at the DN3a or DN4 stage. This altered regulatory
potential of GATA3 supports the hypothesis that increased GATA3 expression partially caused by the Gata3 monoallelic-to-biallelic switch releases the second
Terb locus from allelic exclusion (Fig. 1).

observed at around the same developmental stage (DN2/DN3) as when the Tcrb loci
initiate VDJ genomic DNA rearrangement, we hypothesized that Gata3 monoallelic
expression might be functionally associated with allelic exclusion at the Tcrb locus.

We previously generated a GATA3-enhanced green fluorescent protein (eGFP)
fusion protein knock-in allele (Gata39) by embryonic stem (ES) cell gene targeting (32,
50), and by both RNA-fluorescence in situ hybridization (FISH) and RT-PCR single
nucleotide variant (SNV) sequencing of single thymocytes, we recently demonstrated
that a Gata3 monoallelic-to-biallelic transcriptional switch initiates at around the DN2
stage (49). In concert with those observations, hypomorphic Gata399 homozygous
thymocytes were shown to exhibit a second peak of GFP fluorescence starting at the
DN2 stage in thymocytes that were generated after adoptive transfer of fetal liver
hematopoietic stem cells (HSC) and progenitors (see Fig. 3 in reference 49) (Gata39/9
mutants could not be examined directly since the homozygous mutation leads to
perinatal lethality [50]). In initially curious contrast, GFP fluorescence was never ob-
served at the ETP, DN2, or DN3 stage in Gata39’* heterozygous mutants (32, 49). We
then hypothesized that this apparent contradiction might be explained by the facts
that the Gata39 allele is a hypomorph and that its reduced activity, if expressed in ETPs
(where Gata3 is monoallelic), would not be adequate to allow these cells to survive,
while ETPs that initially express the wild-type (Gata3™) allele should be able to
developmentally progress in a normal fashion.

At the DN4 stage, approximately half of the T cells express both the hypomorphic
(Gata39) and wild-type (Gata3™) alleles, while half continue to express only the Gata3™
allele (and remain nonfluorescent) in Gata3%’*+ heterozygous mice (49). The expression
levels of GATA3 mRNA and protein in nonfluorescent (eGFP-negative [eGFP~]) DN4
cells of Gata39/* heterozygous mutant mice support the concept that the eGFP~ cells
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FIG 6 Dual-TCRB thymocytes are abundant in the thymi but not the spleens of Tgc@-6ATA3 mice. (A) Representative flow
cytometric analysis of VB14 (ordinate axis) versus a pool containing 11 different anti-Vg antibodies (abscissa) (anti-Vp2, -4,
-5.1/5.2, -6, -7, -8, -9, -10b, -11, -12, and -13) from CD3* thymocytes (top) or splenocytes (bottom) isolated from wild-type
(Gata3*/*) (left) or Tgcd2-GATA3 (right) animals. The percentages of cells expressing two different cell surface TCR VB*
complexes are shown in the insets. (B) Graphical summary of the frequencies of CD3* thymocytes and splenocytes from
wild-type (Gata3*/+) and TgC92-GATA3 mice that express the indicated combinations of TCR VB (anti-V14, -VB8, and -V35.1/5.2
versus the VB pool containing anti-VB2, -4, -5.1/5.2, -6, -7, -8, -9, -10b, -11, -12, and -13; note that V38 and V35.1/5.2 were not
included in the VB pool when VB8 and VB5.1/5.2 were used for individual staining, respectively) and Va (anti-Va2 versus the
Va pool, including anti-Va3.2, -8.3, and -11.1/11.2) (see Table 3 for details on antibodies used). Each circle represents results
for an individual animal from two independent experiments for a total of eight mice. The horizontal bar for each group
indicates the average frequency. *, P < 0.05; NS, not significant.

express only the wild-type allele, and the more abundant expression of the GATA3
protein in fluorescent than in nonfluorescent Gata39/* DN4 stage thymocytes supports
the inference that fluorescent cells express this transcription factor from both alleles
(see Fig. S6 and S7 in the supplemental material in reference 49).

To test the hypothesis that Gata3 monoallelic repression correlates with Tcrb allelic
exclusion, we purified both eGFP~ (nonfluorescent Gata3 monoallelic) and eGFP-
positive (eGFP™) (fluorescent biallelic) DN4 stage thymocytes (Fig. 7A). We then ana-
lyzed the VDJ rearrangement status of both Tcrb loci in individual cells as described
above. When we examined the recombination status of the Tcrb loci in individual DN4
Gata39”+ nonfluorescent cells (where only the wild-type allele is expressed) or eGFP+
cells (in which both wild-type and “g” alleles are expressed), we found that 91% of
nonfluorescent DN4 stage cells were in a VDJ*/DJ configuration (Table 1), which differs
dramatically from the frequency observed in wild-type thymocytes. In stark contrast,
81% of the DN4 stage eGFP™ cells (in which both Gata3 alleles are transcribed) were in
a VDJ—/VDJ™* configuration (Table 1). (Interestingly, we also recovered 11% fluorescent
DN4 cells that had unproductively rearranged both Tcrb alleles [VDJ=/VDJ~]; we
speculate that these cells probably represent thymocytes that had not yet been
eliminated normally by apoptosis.) Taken together, these data demonstrate that de-
veloping T cells in which allelic exclusion is maintained at the Tcrb locus bear one
repressed and one active Gata3 allele, while thymocytes in which both Tcrb loci have
been fully (either productively or unproductively) rearranged transcribe Gata3 almost
invariably from both alleles.

Endogenous GATA3 abundance correlates with Tcrb allelic exclusion in wild-
type thymocytes. To test whether the observed correlation between Tcrb allelic
exclusion and Gata3 expression might be an artifact that was somehow generated by
employing the hypomorphic mutant Gata39 allele, we next examined wild-type mice.
When the intracellular GATA3 protein abundance was analyzed at all T cell develop-
mental stages by flow cytometry, quite remarkably, two distinct populations were
reproducibly observed at the DN4 but not at the ETP, DN2, or DN3 stage in wild-type
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FIG 7 Wild-type and mutant DN4 stage thymocytes can be separated into two distinct pools based on
the relative abundance of GATA3 expression. (A) Gata39’* DN4 stage thymocytes can be resolved into
two distinct populations, one that does not express GFP and one that does (49), compared to DN4 stage
thymocytes from Gata3+/* mice. The middle and bottom panels depict the expression of the eGFP~ and
eGFP* populations after resorting. (B) GATA3H' and GATA3'© DN4 stage populations in wild-type mice.
Thymocytes isolated from wild-type mice were stained to identify DN4 stage-specific cell surface markers
and then fixed for intracellular GATA3 staining or the IgG background. Total DN4-gated cells are shown
at the top, and separate GATA3"' and GATA3'C flow-sorted cells (middle and bottom) were then
reanalyzed by flow cytometry. A representative histogram is shown; this pattern is gender independent
and was reproducible in at least 10 wild-type animals in five independent experiments (see Fig. 8C).

thymocytes but were never observed at any stage in Tgc92-GAT43 thymocytes (Fig. 8A
and B and see Discussion). Since the abundance indicated by the staining of both
populations at the DN4 stage was greater than IgG background control fluorescence
(Fig. 7B and 8B and C), these wild-type cells must represent two distinct populations
expressing either more (GATA3H!) or less (GATA3C) abundant GATA3, while the mean
fluorescence intensity (MFI) in GATA3H! cells was approximately 5-fold higher than that
in GATA3L© cells (Fig. 8D). This frequency was in agreement with our previous obser-
vations that approximately half of DN4 stage T cells express monoallelic Gata3
(GATA30) and that half express both alleles (biallelic; GATA3"!) at the DN4 and later
stages (49).

Given the fact that we could readily separate wild-type DN4 stage thymocytes into
pools harboring either more or less abundant GATA3 protein, by using the strategy
described above, we analyzed the genomic DNA configurations at the Tcrb loci in
single, fixed, wild-type DN4 stage cells representing the GATA3H' or GATA3C popula-
tion (Fig. 7B). As anticipated, 94% of GATA3C DN4 stage cells were of the Tcrb VDJ*/D)J
genotype, while 87% of GATA3H' DN4 stage cells were of the VDJ~/VDJ* genotype
(Table 1). Note that there was 1 cell out of the 30 cells analyzed that was in a
VDJ*/VDJ* configuration, which is observed only rarely in nature (43) but is consistent
with a very infrequent chance of recovery in randomly analyzed wild-type DN4 thy-
mocytes (Table 1). Taken together, these observations suggest a model in which the
GATA3 abundance must be quite precisely controlled to ensure that allelic exclusion is
properly executed at the Tcrb locus and suggest that an alteration of the GATA3
abundance can lead to changes in T cell phenotypes.

Hierarchy of the Gata3 monoallelic-to-biallelic switch and release from Tcrb
allelic exclusion. We found that release from allelic exclusion was almost exclusively
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FIG 8 Profiles of GATA3 in wild-type and mutant cells. (A and B) Representative histograms of intracellular GATA3 protein
abundance analyzed by flow cytometry in ETP, DN2, DN3a, DN3b, and DN4 stage thymocytes isolated from 5- to 8-week-old
TgCd2-GATA3 mice (A) and wild-type (Gata3*/+) mice (B). Thymocytes were first stained for the cell surface markers used to distinguish
between the various early developmental T cell stages (Materials and Methods) and then fixed and stained for intracellular GATA3
or IgG. (C) Gender-independent GATA3 protein expression in DN4 stage cells. Shown are intracellular GATA3 protein abundances
in DN4 stage thymocytes from female (top) or male (bottom) wild-type animals. Eight individual animals were analyzed in seven
independent experiments. (D) Quantification of GATA3 protein abundance in wild-type DN4 stage cells by flow cytometry as
described above for panel C. The relative abundance of GATA3 was calculated based on the MFI of the GATA3H population
normalized to the GATA3° population to eliminate the fluorescence intensity alteration due to flow cytometry settings that differ
in independent experiments. Each circle represents results for an individual animal. Solid bars indicate the averages for each

genotype. *, P < 0.05.

restricted to GATA3H' DN4 stage cells (Table 1). The Gata3 monoallelic-to-biallelic
transcriptional switch is first observed in approximately 30% of DN2 stage cells (49),
while D-to-J joining is observed at the Tcrb loci at the ETP/DN2 stages, and V-to-DJ
rearrangement takes place only at the next stage, the DN3a stage (6, 39). This obser-
vation argues logically that the Gata3 monoallelic-to-biallelic switch is not initiated by
the pre-TCR signaling pathway, which is operative only after the DN3 stage and which
triggers release from allelic exclusion (25, 51). To directly test the deductive conclusion
that the release from Tcrb allelic exclusion plays no role in the Gata3 monoallelic-to-
biallelic switch, we crossed TCRB C57BL/6J transgenic mice, which express a function-
ally rearranged TCRp transgene (52, 53), with wild-type FVB/NJ mice. In these animals,
all T cells express a functional TCRB protein under the control of native Tcrb gene
regulatory elements, and therefore, no T cell initiates rearrangement of the endoge-
nous Tcrb loci (51). We isolated developmentally staged T cells and analyzed mono- or
biallelic expression of Gata3 by single-cell RT-PCR followed by sequencing over the
silent coding sequence SNV that differs in C57BL/6J and FVB/NJ mice (49). The Gata3
monoallelic-to-biallelic switch was first observed at the DN2 stage in approximately 30
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TABLE 2 Summary of mono- and biallelic GATA3 mRNA expression in single, staged adult
thymocytes (GATA3 RT-PCR SNV sequence) in TCRa TCRB or TCRB transgenic mice?

Mouse and e ceII.s U . % of cells with
developmental it llalte e ol No. of cells with monoallelic
stage Paternal Maternal biallelic expression expression
TgTCRaTCRB

ETP 10 11 1 95

DN2 14 11 11 69

DN3a 8 8 2 89

DN3b 9 8 13 57

DN4 11 6 13 57
TgTCRs

ETP 17 7 4 86

DN2 10 7 25 42

DN3a 8 8 26 39

DN3b 8 5 29 31

DN4 16 10 16 62

aData represent a summary of results from 3 or 4 animals analyzed at each stage.

to 50% of cells and reached approximately 50% of cells by the DN3b stage in TCRS
transgenic mice (Table 2), as also observed for wild-type thymocytes (49). These data
demonstrate that the Gata3 monoallelic-to-biallelic switch is initiated independently of
release from Tcrb allelic exclusion.

Dissecting the molecular mechanism by which GATA3 regulates allelic exclu-
sion. To address the detailed mechanism by which GATA3 regulates allelic exclusion,
we initially examined the expression of several other genes that have been shown to
be directly or indirectly involved in VDJ rearrangement. To do so, DN3a, DN3b, and DN4
stage thymocytes were isolated from Tgd2-GATA3 or wild-type mice by flow sorting and
then analyzed by gRT-PCR (Fig. 9). Only a few molecules have previously been shown
to affect allelic exclusion, and therefore, we asked whether or not the expression of any
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FIG 9 Relative expression levels of genes known to affect Tcrb allelic exclusion. Shown are data from
gRT-PCR analysis of genes related to VDJ rearrangement and allelic exclusion at the Tcrb locus in DN3a,
DN3b, and DN4 stage thymocytes isolated from Tgc92-GATA3 and control wild-type mice at 5 to 8 weeks
of age. The mRNA expression levels were normalized to the values for beta-actin at each stage. The fold
change relative to the wild type (set at 1) at each stage is shown. GATA3 expression represents total
GATAS3 transcripts regulated by hCd2 regulatory sequences plus endogenous GATA3 (same as shown in
Fig. 2B). The data summarize the results of analyses of four mice of each genotype from two independent
experiments. *, P < 0.05.
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of them was significantly altered in staged thymocytes from wild-type or Tgcd2-GATA3
mice.

Rag1 and Rag2 (54) are specifically suppressed at the DN4 stage in Gata3 transgenic
thymocytes but not in DN3a or DN3b stage cells (Fig. 9), and therefore, it seems unlikely
that GATA3 might promote VDJ rearrangement by enhancing RAG1 and RAG2 expres-
sion. PTCRA (pTa) forms a developmentally required intracellular pre-TCR complex with
the TCRPB protein that is finally translated from functionally rearranged Tcrb loci in DN3
cells, and Ptcra-null mutant mice generate a higher frequency of thymocytes bearing
two productively rearranged TCRB alleles (25), similar to the phenotype observed here
for Tgcd2-GATA3 thymocytes (Table 1). Another important insight arose from the early
observation that the enforced transgenic expression of a functional TCRB protein
represses the rearrangement of the endogenous Tcrb genes (51), strongly implying that
a signal from the pre-TCR complex is required to maintain allelic exclusion at the Tcrb
locus. The transcription factor ETS1 has also been shown to play an important func-
tional role downstream of the pre-TCR signaling complex to ensure that allelic exclu-
sion is maintained as well as for the differentiation of DN3a cells to the DN3b stage
(46), but how it does so has not been clarified further. Forced E47 expression has also
been shown to antagonize pre-TCR-mediated feedback signaling to thereby alter allelic
exclusion (55). The cell cycle regulatory proteins ATM and cyclin D3 (CCND3) cooperate
to enforce allelic exclusion at both the Igh and Tcrb loci (47). When each of these
established effectors of allelic exclusion was individually analyzed by gRT-PCR in
wild-type and Tgcd2-GATA3 thymocytes, they all exhibited a <2-fold change in mRNA
abundance in DN3a, DN3b, or DN4 stage cells (Fig. 9). Therefore, it seems most prudent
to tentatively conclude that GATA3 regulates allelic exclusion at the Tcrb loci through
novel pathways that are independent of all of those factors that have been reported
previously.

DISCUSSION

Allelic exclusion is a universal immunological feedback mechanism by which only
one autosomal allele encoding antigen receptors is permitted functionality at any given
time: rearrangement of the second allele of these genes is allowed only when the first
rearrangement (or after somatic editing in B cells [56]) yields a defective protein. Here
we provide evidence that an elevated GATA3 protein concentration promotes excessive
VDJ recombination at the Tcrb loci, superseding allelic exclusion. Single-cell analyses of
thymocytes isolated from transgenic mice that express excess (over normal abundance)
GATA3 demonstrated the capacity for GATA3 to dramatically influence allelic exclusion
at the Tcrb locus. We found that in wild-type mice, the majority of the two Tcrb
chromosomes in GATA3C DN4 (post-B-selection) stage thymocytes are arranged in a
VDJ*/DJ configuration, while the overwhelming majority of GATA3' DN4 stage cells
had fully recombined both Tcrb loci. Based on these data, we conclude that the GATA3
abundance plays a critical role in ensuring that allelic exclusion is properly executed at
the Tcrb loci and that alterations in the GATA3 abundance lead to predictable changes
in T cell phenotypes (Fig. 10).

GATA3 is required for the progression of T cells through multiple thymocyte
developmental stages, including the transition from the DN3 stage to the DN4 stage
(31). Development from DN3 to DN4 stage thymocytes was blocked in adult mice that
were conditionally ablated for Gata3 at the DN3 stage using an Lck-Cre transgene to
inactivate Gata37/fox (34) as well as in adoptively transferred animals that were
reconstituted with homozygous hypomorphic mutant Gata39/9 fetal liver HSC and
progenitors (32). Here we show that an elevated GATA3 abundance leads to a forfeiture
of Tcrb allelic exclusion by analyzing the recombination status of both Tcrb alleles in
single thymocytes recovered from both Tgc92-¢ATA3 and wild-type mice. Previous
studies showed that GATA3 must be expressed to pass from the DN3 stage to the DN4
stage (34), but we also demonstrate that its abundance must be tightly regulated in
order to maintain allelic exclusion at the Tcrb locus.

Curiously, and in contrast to observations for the DN4 stage, we did not detect two
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FIG 10 Model for how altered GATA3 abundance regulates Tcrb VDJ rearrangement. The illustration
summarizes how the GATA3 abundance might modulate Tcrb VDJ rearrangement: while approximately
90% of DN4 stage T cells that express less GATA3 (monoallelic Gata3 cells) bear a Tcrb VDJ*/DJ genotype,
reciprocally, approximately 90% of DN4 stage cells that express higher levels of GATA3 (biallelic Gata3 cells)
have rearranged both Tcrb alleles (Table 1). This led to the hypothesis that the GATA3 abundance must be
quite precisely regulated in order to maintain allelic exclusion at the Tcrb locus and further suggested that
the increase in the GATA3 abundance resulting at least partially from the Gata3 monoallelic-to-biallelic
transcriptional switch might be responsible for the release of the second (only DJ rearranged) Tcrb locus
from allelic exclusion.

fluorescence peaks that would be indicative of an increased GATA3 abundance in
wild-type thymocytes at the DN2 or DN3 stage (when Gata3 biallelic transcription is first
detected) (Fig. 8B) (49). Possible explanations for this seemingly contradictory behavior
are that (i) the change in the GATA3 protein abundance is lower than the detection
limit by flow cytometry at these stages, (ii) the GATA3 protein abundance may lag
behind its transcriptional activity (since the transcription of Gata3 must be followed by
splicing, nuclear export, translation, posttranslational modification, and nuclear relo-
calization), (iii) there may be a presently cryptic mechanism that regulates the homeo-
static intracellular concentration of the GATA3 protein in DN2 and DN3 stage cells, or
(iv) a transient elevation of the GATA3 level could be masked by the rapid differenti-
ation of DN3a stage cells into DN3b (and on to DN4) stage cells immediately after
successful rearrangement. Similarly, an increase in the GATA3 protein level at these
stages was not observed in Tge92-GATA3 mice (Fig. 2C), while the GATA3 mRNA level was
clearly increased (Fig. 2B). Furthermore, when we quantified the GATA3 protein abun-
dance by intracellular staining with an anti-GATA3 antibody followed by flow cytom-
etry, only a single peak was observed in Tgc92-¢AT43 DN4 stage cells (Fig. 8A), while two
peaks were always detected in wild-type animals (Fig. 8B). Importantly, the MFI of the
intracellular GATA3 signal in Tgc92-GATA3 mice was essentially equivalent to that in the
GATA3H! peak in wild-type thymocytes. According to data from reporter transgene
analyses, the human Cd2 regulatory elements are active in almost 100% of DN3/DN4
stage cells (38). One possible explanation for the failure to detect GATA3H'* DN4 stage
cells (GATA3H! plus transgenic GATA3) is that these cells cannot survive. An alternative
explanation is that a presently undefined posttranslational mechanism regulates the
abundance of the GATA3 protein to prevent excessive abundance above the level
expressed in GATA3H! thymocytes. In addition to mono- or biallelic transcription, GATA3
autoregulation may contribute to achieving the observed 5-fold-higher GATA3 protein
abundance in the GATA3"' population than in GATA3LC cells. Importantly, when we
quantified the GATA3 abundance according to the MFI of intracellular GATA3 in
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FIG 11 GATA3 binding in the Tcrb locus. Short-read data (Sequence Read Archive [SRA] files) of GATA3
ChlIP-seq experiments performed on DN and DP stage thymocytes (GEO accession number GSE20898)
(58) were obtained from the public GEO database. The raw reads were aligned to mouse genome build
mm10 by using DNASTAR software to generate wig files. The wig files were loaded into Integrated
Genome Browser software version 9.0.0 (http://bioviz.org/igb/). The genome region around the Tcrb
locus (chromosome 6, positions 39700001 to 42700000) is shown. y axis scales are set by value (minimum
of 5 and maximum of 22) for both DN and DP data. The positions of the V, D, J, and C regions of the Tcrb
gene as well as its enhancer (83) are depicted at the bottom.

flow-sorted DN4 stage fluorescent and nonfluorescent cells recovered from Gata39*
thymi, the apparent concentration of GATA3 was approximately 3-fold higher in
fluorescent biallelic DN4 stage cells than in nonfluorescent monoallelic cells (see Fig.
S6B in the supplemental material in reference 49). Taken together with the data shown
in Table 1 and the 245% increase in the GATA3 abundance in Tgc92-6A7T43 DN4 cells, as
little as a 2.5-fold increase in the GATA3 concentration appears to be sufficient to
override the maintenance of allelic exclusion at the Tcrb loci in thymocytes.

A mechanism describing how the expression of more abundant GATA3 quashes the
maintenance of allelic exclusion at the Tcrb locus remains incompletely resolved. Since
no genes that were previously reported to be involved in Tcrb allelic exclusion exhibited
significant differences in mRNA expression levels (Fig. 9), we conclude that GATA3
probably regulates allelic exclusion through novel pathways, with one likely possibility
being that a presently undefined transcriptional target of GATA3 directly promotes Tcrb
rearrangement. GATA3 binds to the (A/T)GATAA sequence (29, 57, 58) in chromatin,
and while not ubiquitously expressed, GATA3 has been shown to function as either a
transcriptional activator or a repressor in many different tissues and cell types (29, 30,
59-63). A second viable hypothesis is that GATA3 directly controls the accessibility or
nuclear localization of the Tcrb loci in chromatin (64), and it is this feature of the nuclear
architecture that is regulated in the GATA3 pathway. Computationally, more than 10
high-affinity binding sites for GATA3 have been identified (by chromatin immunopre-
cipitation sequencing [ChIP-seq]) within the Tcrb locus (58) (Fig. 11), in support of the
latter model. Although no report has shown that GATA3 functions in a manner other
than as a classical DNA binding transcription factor (as does, for example, Scl/Tal1 [65]
or the aryl hydrocarbon nuclear translocator [66]), such a binary function for GATA3
cannot be excluded.

While the present data clearly demonstrate that an increased GATA3 abundance
promotes release from mechanisms that normally regulate allelic exclusion, we note
that even in the complete absence of GATA3, VDJ rearrangement at the Tcrb locus still
takes place (34). This study implies that there must be an additional GATA3-
independent mechanism(s) that promotes VDJ rearrangement, and we are currently
investigating the hypothesis that a GATA3-independent mechanism is responsible for
VDJ rearrangement in the absence of GATA3. Such a factor contributing to this
hypothetical alternative mechanism might result in induced mRNA or protein expres-
sion or have a changed intracellular localization in Gata3 mutant thymocytes. An
alternative model that was previously suggested for T cell development is that no factor
shows any change in expression levels, but the second Tcrb VDJ rearrangement can still
be achieved, only much slower than the speed at which the process progresses in the
presence of normal levels of GATA3.
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We and many others previously demonstrated that the abundance of a transcription
factor can be a critical determinant for the execution of its biological function. Pro-
platelet formation is inhibited after either diminished or excessive expression of the
transcription factor MafG in megakaryocytes (67), and T cell development in the thymus
is blocked when there is either too little or too much GATA3 (32, 33, 40, 68, 69). Of note
in this regard, the inactivation of one Gata3 allele often results in a mild reduction in
T cell development in humans (HDR [hypoparathyroidism, deafness, and renal dyspla-
sia] syndrome) (70-72) and in mice (49), while a 2-fold increase in the GATA3 protein
abundance has been shown to induce T cell lymphoma (73). Here we show that a 2.5-
to 5-fold increase in the GATA3 abundance (calculated from the fluorescence intensity),
caused at least in part by monoallelic-to-biallelic Gata3 transcriptional activation,
regulates allelic exclusion at the Tcrb locus. These data emphasize the importance of
gene regulation at the transcriptional level: it is by now axiomatic that the tissue
specificity, the timing of expression, as well as the absolute abundance of a transcrip-
tion factor can each play a critical role in ultimately determining pathophysiology.

In summary, we report here that the GATA3 concentration is a principal determinant of
allelic exclusion at the Tcrb locus. The next goals in further detailing the mechanisms
delineating this process are to investigate the independent gene targets that GATA3
activates (and represses) to elicit its independent requirement for T cell development
beyond the DN3 stage and for breaking the maintenance of allelic exclusion. Another
immediate goal will be to determine how Gata3 transcription itself is so precisely controlled
and how the second allele is released from repression in a specific subset of DN2/3 stage
cells. Finally, it is of considerable interest to contemplate whether or not the conceptually
parallel process of IgH BCR recombination is subject to a similar regulation and what the
identity of the regulatory proteins that execute the analogous process in B lymphocytes
might be.

MATERIALS AND METHODS

Mice. Gata39 (32, 50), GATA3 TgCd2-GATA3 transgenic line 720 (36), TCRaf3 transgenic OT-Il.2 (53)
(purchased from Jackson Laboratory), and TCRp transgenic (52) (generously provided by Karen Hathcock
at National Institutes of Health, Baltimore, MD) mice were described previously and were maintained on
a congenic C57BL/6J background. C57BL/6J inbred mice used for backcrossing and FVB/NJ mice were
purchased from Jackson Laboratory. All mice were analyzed between 5 and 8 weeks of age. All mice used
in this study were housed in the Unit for Laboratory Animal Medicine under specific-pathogen-free
conditions, and all experiments were approved by the University Committee on the Use and Care of
Animals at the University of Michigan.

Cell preparation and flow cytometry. Thymus, bone marrow, or spleen samples were dissected and
then disrupted into single-cell suspensions by vigorous pipetting; the resulting suspensions were passed
through a 40-um cell strainer; and finally, the bone marrow or splenocyte cells were hemolyzed with
ammonium chloride. Cells were first blocked for Fc receptors (FCRs) (anti-CD16/32; clone 2.4G2 [BD
Pharmingen] or clone 93 [BioLegend]) and then stained with various combinations of antibodies (32, 74).
Live cells were screened by forward and side scatter and propidium iodide (PI; Calbiochem), 4',6-
diamidino-2-phenylindole (DAPI; Roche), or Zombie fixable viability dye (BioLegend) exclusion. Cells were
analyzed or sorted by flow cytometry (LSR Fortessa or FACSAria lll; BD Biosciences). Sorted cells were
reanalyzed to confirm that they were of >95% purity before subsequent analysis. Details of the
antibodies used for flow cytometry are listed in Table 3. The negative-selection cocktail included
anti-B220, -CD3, -CD8a, -CD11¢, -CD19, -Gr1, -Mac-1, -NK1.1, -TCRB, -TCRv8, and -TER119 antibodies that
were used to exclude mature hematopoietic-lineage cells (Lin*) from immature thymocytes. Depending
on specific experiments, CD8* cells were removed prior to antibody staining by magnetic depletion
(IMag; BD). Intracellular staining for the transcription factor GATA3 was performed by using the
True-Nuclear Transcription Factor buffer set (BioLegend) with Zombie fixable viability dye (BioLegend),
according to the manufacturer’s instructions, after cell surface staining. Individual samples were divided
into two portions after fixation and then incubated with equivalent amounts of anti-GATA3 antibody
(16E10A23 [750 pg per million cells]; BioLegend) or an isotype control antibody (MPC-11 [750 pg per
million cells]; BioLegend) for 45 to 60 min at room temperature. Data were analyzed by using FlowJo
(Tree Star) or FACSDiva (BD Biosciences) software.

qRT-PCR analysis. Total RNA was isolated from sorted cells by using an RNeasy microkit (Qiagen)
with DNase treatment and used to synthesize ¢cDNA with a SuperScript Ill first-strand synthesis kit
(Invitrogen). Reverse transcription-quantitative PCR was performed with SYBR green dye by using the
StepOnePlus real-time PCR system (Applied Biosystems) as previously described (75). All gRT-PCR
experiments were performed by using the total RT product from 100 cell equivalents, and results were
quantified relative to the mRNA expression levels of the hypoxanthine phosphoribosyltransferase (HPRT)
and B-actin endogenous reference genes. Primers used in this study included primers described
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TABLE 3 Antibodies used for flow cytometry<

Fluorochrome for

Concn of antibody

Manufacturer Epitope Clone conjugation used per test (ng)
BD Pharmingen  TCR VB4 KT4 PE 500
TCR VB5.1 5.2 MR9-4 FITC 400
TCR VB8 F23.1 FITC 1,500
TCR VB8 F23.1 PE 500
TCR V@14 14-2 FITC 100
BioLegend B220 RA3-6B2 FITC 509
CD3 17A2 FITC 507
CD3e 145-2C11 APC 125
CD4 RM4-5 PE-Cy7 125
CD8a 53-6.7 Biotin 3.125 per million cells
(for depletion)
CD8a 53-6.7 FITC 507 (for lineage stain)
1,000 (for single stain)
CD8a 53-6.7 APC 250
CD8a 53-6.7 Brilliant Violet 510 25 per million cells
CD11c N418 FITC 12.59
cD19 6D5 FITC 12.5@
CD25 PC61 PE-Cy7 25
CD44 M7 PerCP-Cy5.5 50
CD62L MEL-14 APC 25
CD117 (cKit) 2B8 APC 25
CD117 (cKit) 2B8 APC-Cy7 25
GATA3 16E10A23 PE 0.75 per million cells
Gr1 RB6-8C5 FITC 12.59
Mac1 M1/70 FITC 12.59
NK1.1 PK136 FITC 12.59
TER119 TER-119 FITC 509
TCRB H57-597 FITC 12.59
TCR Va2 B20.1 FITC 50
TCR Va3.2 RR3-16 PE 50
TCR Va8.3 B21.14 PE 250
TCR Val11.1 11.2  RR8-1 PE 300
TCR VB2 B20.6 PE 2,000
TCR VB5.1 5.2 MR9-4 PE 125
TCR V@6 RR4-7 PE 50
TCR VB7 TR310 PE 125
TCR VB9 MR10-2 PE 25
TCR VB11 RR3-15 PE 100
TCR VB12 MR11-1 PE 60
TCR VB13 MR12-4 PE 200
TCRyS GL3 FITC 12.59
Thy1.2 53-2.1 PerCP-Cy5.5 100
eBioscience B220 RA3-6B2 eFluor 450 500
CD3 17A2 eFluor 450 500
CD3e 145-2C11 eFluor 450 60
CD8a 53-6.7 eFluor 450 12.5% (for lineage stain)
CD11c N418 eFluor 450 12.50
cD19 eBio1D3 eFluor 450 12.50
CD25 PC61.5 PerCP-Cy5.5 50
CcD27 LG.7F9 APC 25
Gr1 RB6-8C5 eFluor 450 12.5
Mac1 M1/70 eFluor 450 12.56
NK1.1 PK136 eFluor 450 12.50
TER119 TER-119 eFluor 450 500
TCRB H57-597 eFluor 450 12.50
TCR VB10b B21.5 PE 100
TCRyd eBioGL3 eFluor 450 12.50

9These antibody cocktails were used to exclude mature hematopoietic-lineage cells in thymocytes by

conjugated fluorochrome FITC.

bThese antibody cocktails were used to exclude mature hematopoietic-lineage cells in thymocytes by

conjugated fluorochrome eFluor 450.

cAntibodies were titrated at six concentrations to determine the optimized usage prior to these experiments.
Each test can be applied to as many as 15 X 10° cells in a 50- to 100-ul volume, unless otherwise noted.
Isotype controls (if used) were used at the same amounts as the corresponding experimental antibody. PE,
phycoerythrin; FITC, fluorescein isothiocyanate; APC, allophycocyanin; PerCP, peridinin chlorophyll protein.
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TABLE 4 Primers used for analysis of Tcrb gene rearrangement

Primer Sequence (5'—3’) Reference?

Forward
VB1 GTTGATTCGAAATGAGACGGTGCCC 25
VB2 GGAGTCCTGGGGACAAAGAGGTCA
VB3 GAGGTGTATCCCTGAAAAGG 42
VB4 CCTGATATGCGAACAGTATCTAGGC 25
VB5 CCCAGCAGATTCTCAGTCCAACAG 25
VB6 GCGATCTATCTGAAGGCTATGATGC 25
Vg7 GTACTGGTATCGACAAGACCC 42
VB8 GCATGGGCTGAGGCTGATCCATTA 25
VB9 GAACAGGGAAGCTGACAC 42
VB10 TCCAAGGCGCTTCTCACCTCAGTC 25
VB11 TGCTGGTGTCATCCAAACACCTAG 25
VB12 AGTTACCCAGACACCCAGACATGA 25
VB13 CTGCTGTGAGGCCTAAAGGAACTA 25
VB14 AGAGTCGGTGGTGCAACTGAACCT 25
VB15 CCCATCAGTCATCCCAACTTATCC 25
VB16 TAGGACAGCAGATGGAGTTTCTGG 25
VB17 GCACACTGCCTTTTACTGG 42
VB18 GGACATCTGTCAAAGTGGC 42
VB19 CTACAAGAAACCGGGAGAAGAACTC 26
V(320 GCCAGGAAGCAGAGATG 42
DB1 GCTTATCTGGTGGTTTCTTCCAGC 25
DB2 GTAGGCACCTGTGGGGAAGAAACT 25
B-actin F GGCTGTATTCCCCTCCATCG
B-actin F nested TGGGGTTTTCTTGGGGATCG

Reverse
JB1R CAGAGAAGAGCAAGCGACCA
JB2 R TGAGAGCTGTCTCCTACTATCGATT 25
JB1 R nested AAGGGACGACTCTGTCTTACCTTATACC 82
JB2 R nested TTTCCCTCCCGGAGATTCCCTAA 25
B-actin R CAATTGAGAAAGGGCGTGGC

aPrimers without a reference indicated were designed for this study.

previously for GATA3 (76), E47 (77), HPRT (78), and ACTB (79); forward primer 5'-CAAGGTAGCTTAGCCA
ACATGG-3’ and reverse primer 5'-GTGGGTGTTGAATTTCATCGGG-3’ for RAGT; forward primer 5'-AGTAT
TTCACATCCACAAGCAGG-3’ and reverse primer 5'-TGACCCACTGTTACCATCTGC-3" for RAG2; forward
primer 5'-GGGAATCTTCGACAGCCAGG-3’ and reverse primer 5'-AGTTTGAAGAGGAGCAGGCG-3' for
PTCRA; forward primer 5'-AGCAGCACTGTGTGCCCTGG-3' and reverse primer 5'-TCTGGGTAGGTAGGGTT
GGCTCC-3’ for ETS1; forward primer 5'-TTTTGGTGGGTGTTCTTGGC-3" and reverse primer 5'-ACATTGCA
TCAGAGACTTGGC-3' for ATM; and forward primer 5'-GAGCCTCCTACTTCCAGTGC-3" and reverse primer
5'-GAAGACATCCTCCTCGCAGC-3' for CCND3.

RNA-seq analysis. Total RNA was isolated from sorted cells by using an RNeasy microkit (Qiagen)
with DNase treatment. Intact total RNA with an RNA integrity value of >9.5 on an Agilent Bioanalyzer was
further processed by using a Ribo-Zero Gold rRNA removal kit (lllumina) followed by library preparation.
The library was sequenced (125-bp paired sequencing) on an Illumina HiSeq2000 instrument. Raw reads
were mapped to the mm10 mouse reference genome sequence by using TopHat 2 (80) and further
analyzed with Cufflinks and Cuffdiff (81). Data from three individual mice of the wild-type and Tgcd2-GATA3
genotypes were collected and compared. A default false discovery rate (FDR) of 0.05 was used to indicate
statistical significance.

PCR analysis of Tcrb gene rearrangement in single cells. Tcrb gene rearrangement in single cells
was analyzed by a seminested two-step PCR approach to amplify the Tcrb loci as described previously
(25, 42), with modifications. In detail, after initial purification of DN4 stage T cells by flow sorting, single
cells were resorted or isolated by using the CellCelector automated cell picking system (ALS Automated
Lab Solutions GmbH, Jena, Germany); digested in a 20-ul solution containing 10 mM Tris-HCI (pH 9.0),
50 mM KCI, 1.5 mM MgCl,, 3.0 ug proteinase K (EM Science), and 0.1% Triton X-100 (Sigma); and
incubated at 55°C for 60 min followed by 95°C for 15 min. First-round PCR amplified both V(D)J-
rearranged alleles together in a 60-ul final reaction mixture volume consisting of 20 ul of the single-cell
isolation solution described above, PCR buffer (10 mM Tris-HCl [pH 9.0], 50 mM KCl, and 2.0 mM MgCl,),
200 wM deoxynucleoside triphosphates (dNTPs), 0.5 U Tag DNA polymerase (New England BioLabs), and
an oligonucleotide mixture (each at a 100 nM final concentration) (25, 26, 42, 82) (Table 4) containing 22
forward primers corresponding to 23 VB exon families (2 primers were designed to amplify 2 VB5 and
3 VB8 multisequence families, respectively), the DB1 and DB2 diversity segment genes, 2 reverse primers
matching joining-segment JB1 and JB2 sequences, as well as 1 primer set for -actin. The PCR conditions
were 94°C for 1 min and 5 cycles with the annealing temperature ramped from 66°C to 58°C, followed
by 25 cycles of 94°C for 30 s, 56°C for 60 s, and 72°C for 60 s, with a final extension step at 72°C for 5
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min. A total of 1.0 ul of the first-round PCR product was used to perform seminested PCR with only
B-actin primers to confirm the presence of a cell in each well and the efficiencies of single-cell sorting
by flow cytometry, which overall were 65% * 15% for live cells and 30% = 15% for fixed cells; only
B-actin-positive cells were analyzed by second-round PCRs (the conditions for B-actin amplification were
94°C for 1 min and 35 cycles of 94°C for 15 s, 60°C for 15 s, and 72°C for 30 s). Isolation of single cells
by using the CellCelector system showed an average efficiency of 90%; the failure to select a single cell
or the erroneous selection of 2 cells at the same time was monitored by imaging, ensuring the analysis
of single cells exclusively.

For second-round PCRs, a total of 44 different primer sets were examined to determine which region was
used for rearrangement in each cell. The second round of nested PCRs was performed by using 1.2 ul of the
first-round PCR product, one forward primer (20 V3 or 2 Df3 regions), one reverse primer (nested JB1 or JB2)
(each at a 0.5 uM final concentration), PCR buffer, dNTPs, and 1.0 U of Tag DNA polymerase in a final reaction
mixture volume of 20 wl. Amplification was carried out under the same conditions as those used for
first-round PCR for 35 cycles. A total of 10 to 20% of the resulting PCR product was size fractionated on a 2%
agarose gel, and positive bands from the VDJ amplification tube were then recovered and purified by using
a GenelET gel extraction kit (Fisher Scientific) and sequenced by using a specific VB forward primer on an
Applied Biosystems 3730XL DNA sequencer at the University of Michigan Sequencing Core facility. If direct
sequencing of any PCR product was ambiguous or exhibited sequence polymorphisms, these PCR products
were subcloned and resequenced for verification. The purified PCR products were cloned by using a TOPO TA
cloning kit (Invitrogen), individual clones were picked, and DNA was extracted by using a GenelJET Plasmid
Miniprep kit (Fisher Scientific) and sequenced. The sequence was assessed for whether or not each rear-
rangement would predict a functional or defective gene product (VDJ* or VDJ~) on the international
ImMunoGeneTics information system website (http://www.imgt.org/). Sequences that did not correspond
to a TCRB gene or to an unrearranged TCRB locus were probably recovered because of primer
misannealing and were categorized as background and therefore removed from the frequency calcula-
tions.

Immunoblot analysis. Nuclear protein was extracted by using NE-PER nuclear and cytoplasmic
extraction reagents (Thermo Scientific), and the protein concentration was determined by using a
bicinchoninic acid (BCA) protein assay (Pierce, Thermo Scientific) according to the manufacturer’s
instructions. Totals of 10 ug and 5 ug of nuclear extracts were electrophoresed on a 4-to-15% gradient
precast SDS-polyacrylamide gel (Bio-Rad), transferred to a nitrocellulose membrane (Li-Cor), and first
blotted by using a rabbit anti-GATA3 antibody (clone 11599 [32]). Anti-GATA3 immunoreactivity was
then detected by using a fluorescently labeled donkey anti-rabbit secondary antibody (IRDye; Li-Cor) and
quantified by using the Odyssey infrared imaging system (Li-Cor Bioscience). Anti-lamin B (M-20; Santa
Cruz) was used as the internal control.

Statistical analysis. Statistical significance was determined by the Student t test. Data were
considered statistically significant when the P value was <0.05. Fisher's exact tests were performed for
the Tcrb genomic configuration data in Table 1, and data were considered statistically different when the
P value was <0.05.
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