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Protein abundance must be precisely regulated throughout life, and nowhere is the stringency of this requirement
more evident than during T-cell development: A twofold increase in the abundance of transcription factor GATA3
results in thymic lymphoma, while reduced GATA3 leads to diminished T-cell production. GATA3 haploin-
sufficiency also causes human HDR (hypoparathyroidism, deafness, and renal dysplasia) syndrome, often accom-
panied by immunodeficiency. Here we show that loss of one Gata3 allele leads to diminished expansion (and
compromised development) of immature T cells as well as aberrant induction of myeloid transcription factor
PU.1. This effect is at least in part mediated transcriptionally: We discovered that Gata3 is monoallelically expressed
in a parent of origin-independent manner in hematopoietic stem cells and early T-cell progenitors. Curiously, half
of the developing cells switch to biallelic Gata3 transcription abruptly at midthymopoiesis. We show that the
monoallelic-to-biallelic transcriptional switch is stably maintained and therefore is not a stochastic phenomenon.
This unique mechanism, if adopted by other regulatory genes, may provide new biological insights into the rather
prevalent phenomenon of monoallelic expression of autosomal genes as well as into the variably penetrant patho-

physiological spectrum of phenotypes observed in many human syndromes that are due to haploinsufficiency

of the affected gene.
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Precise control of protein abundance—achieved through
balanced transcriptional activation and repression,
mRNA generation and stability, translation and protein
stability, and localization—is vital for normal develop-
ment. In metazoan organisms, most genes are encoded
by paternal and maternal alleles, and cells are thought to
most often express autosomal genes from both alleles.
Trisomy can result in miscarriage or physiological abnor-
malities (e.g., Down syndrome, Edwards syndrome, Patau
syndrome, Warkany syndrome 2, and more) (Hassold and
Hunt 2001), while haploinsufficiency has been shown to
result in numerous autosomal dominant disorders (e.g.,
Williams syndrome, autosomal dominant Zinsser-Cole-
Engman syndrome, Ehlers-Danlos syndrome, Marfan syn-
drome, and others) (Inoue and Lupski 2002). Thus, the
number of active alleles can be a principal determinant
used to modulate the level of protein expression within
a cell.
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Transcription factor GATAS3 (originally named NF-Elc)
(Yamamoto et al. 1990; Ko et al. 1991) is required through-
out T-cell development (Hosoya et al. 2010). T lym-
phocytes develop in the thymus from multipotential
hematopoietic progenitors that reside in the bone marrow.
Bone marrow-derived progenitors then home to the thy-
mus, where they undergo cell expansion to become early
T-cell progenitors (ETPs) that are specified to the T-cell
lineage (Allman et al. 2003; Porritt et al. 2004; Samban-
dam et al. 2005; Tan et al. 2005; Bell and Bhandoola
2008). ETPs sequentially develop through double-negative
(DN) stages (DN2-DN4}—during which cells do not ex-
press either the CD4 or CD8 coreceptor (CD4~ CD87)—
into a double-positive stage (DP; CD4* CD8") and finally
resolve into either CD4 single-positive (SP) helper T cells
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or CD8 SP cytotoxic T cells. These mature SP cells then
exit the thymus via the circulatory system to seed second-
ary lymphoid organs, where they acquire immune compe-
tence (Fowlkes and Mathieson 1985; Penit and Vasseur
1988).

Patients with GATAS3 haploinsufficiency suffer from
HDR (hypoparathyroidism, deafness, and renal dysplasia)
syndrome and present variable clinical symptoms, includ-
ing hypoparathyroidism, heart defects, deafness, renal
malformation, and reduced T-cell numbers (Daw et al.
1996; van Esch et al. 2000). These developmental anoma-
lies are also reproduced when Gata3 is disrupted in mice
(Lim et al. 2000; Grigorieva et al. 2010), while a twofold
increase in the abundance of GATA3 protein results in
thymic lymphoma (Nawijn et al. 2001). Thus, GATA3
abundance must be precisely controlled during T-lym-
phocyte development as well as in multiple organs. While
it has been reported that such stringent control over
GATA3 abundance exists (e.g., see Scripture-Adams
et al. 2014), how such precision is achieved is currently
speculative.

Results

T cells with a single Gata3 allele exhibit diminished
GATA3 mRNA, impaired cell expansion, and elevated
PU.1 expression

To examine the consequences of Gata3 haploinsuffi-
ciency on T-cell development, we analyzed heterozygous
mice bearing one wild-type (Gata3*) and one null mutant
(Gata3?) allele (van Doorninck et al. 1999). The absolute
number of CD4 SP thymocytes in Gata3?* mice was
77% of Gata3*"* (wild-type) mice, which was statistically
significant, while the reduction in the number of DP
(85%) and CD8 SP (92%) thymocytes was modest and
statistically insignificant (Supplemental Fig. S1A). A
similar reduction in the number of DP (79%), CD4 SP
(56%), and CD8 SP (72%) thymocytes was also observed
in Gata3™¥/*:Tg¢%mice (Supplemental Fig. S1B) in
which one Gata3 allele was removed in only B and T lym-
phocytes, and thus the effect is lymphoid cell-auto-
nomous. Since Tg¢¥?“*alone has no effect on T-cell
development (Shi and Petrie 2012), compromised T-cell
development in the thymi of Gata3"**:Tg¥c™ mice
could be directly attributed to the lymphocyte-specific in-
activation of one Gata3 allele. Both Gata3?/* (Supplemen-
tal Fig. S2A) and Gata3%* (Supplemental Fig. S2B)
heterozygotes had a reduced number (~50%) of ETP in
comparison with wild-type mice, while the number of
ETP in Gata3"¥/*:Tg¢4C" heterozygous mice was not
statistically different from the number in controls (Sup-
plemental Fig. S2C). The difference in ETP number be-
tween these different mutant alleles suggests that the
50% reduced number of ETP (in Gata3®* [Supplemental
Fig. S2A] or Gata3%’* [Supplemental Fig. S2B] heterozy-
gous mutant mice) is because there is only one active
Gata3 allele in either prethymic progenitors or other non-
lymphoid cells. However, this reduced number of ETP
was compensated, possibly by excess proliferation in
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these immature cells, such that no significant reduction
in thymocyte number was observed in heterozygous mu-
tant mice through the DN2 to DN4 stages (Supplemental
Fig. S2).

To confirm the intrinsic developmental potential of
Gata3 heterozygous mutant cells, we isolated DN4 stage
T cells from Gata3?* thymi and cocultured them on OP9-
DL1 feeder cells. OP9-DL1 feeder cells promote Notch
signaling, thereby supporting further T-cell development
(Schmitt and Zuniga-Pflucker 2002). This method has
some advantages as an assay for cell yield and viability,
as phagocytes may conceal differences by clearing dead
cells in the thymus in vivo. Equal numbers of flow-sorted
Gata3?* or Gata3*'* DN4 stage cells were cocultured
on OP9-DLI in the presence of Flt3 ligand and IL7. T cells
were recovered, stained, and analyzed by flow cytometry
for four consecutive days following the initiation of
the cocultures. The significant reduction in DN and DP
T cells in cocultures seeded with Gata3** DN4 cells
was most evident after 3 or 4 d of coculture (Fig. 1A),
when compared with cocultures seeded with wild-type
DN4 stage thymocytes. The frequency of apoptotic and
dead (Annexin V*) cells on each day in Gata3?* DN and
DP cell populations was higher in comparison with
Gata3*'* cells (Fig. 1B). Hence, a reduction in Gata3 gene
dosage attenuates DN4 cell proliferation, viability, and
differentiation.

To evaluate whether the different outcomes of Gata3?'*
and Gata3*'* DN4 OP9-DL1 cocultures could be attribut-
ed to altered kinetics in GATA3 mRNA accumula-
tion during T-lineage progression, cells at different T-cell
developmental stages (ETP to SP) were isolated from
Gata3?* and Gata3*"* thymi and analyzed by quantita-
tive RT-PCR (qQRT-PCR). We found that the levels of
GATA3 mRNA in Gata3*/*and Gata3?* were virtually
identical at the ETP and DN2 stages, while its abundance
in DN3a and later stage thymocytes was reduced by be-
tween 15% and 30% (Fig. 1C). We next tested whether
the differences in mRNA levels coincide with protein
accumulation at different stages. Thymocytes were iso-
lated from Gata3?* and Gata3** thymi, and GATA3
protein abundance was quantified by flow cytometry as
described (Scripture-Adams et al. 2014). GATA3 protein
abundance in Gata3?* was virtually identical to wild
type at the ETP and DN2 stages, while its abundance in
DN3a and later stage thymocytes was reduced (Fig. 1D),
in keeping with the reduction in GATA3 mRNA (Fig.
1C). These data indicate that, during late thymopoiesis,
only cells bearing two wild-type Gata3 alleles can elevate
GATA3 to wild-type levels and that the failure to at-
tain this temporally critical GATA3 surge (in Gata3?/*
DN4 cells) perturbs their development in vitro and
in vivo. The data suggested that GATA3 protein abun-
dance is at least in part regulated at the transcriptional
level and that GATA3 abundance critically controls
T-cell expansion and the development of thymocytes.
This conclusion is entirely consistent with the modest
deficiency in T-cell number observed in human GATA3
haploinsufficient patients (Daw et al. 1996; Lichtner
et al. 2000).
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Figure 1. Reduced activity of Gata3 alleles results in reduced expansion of immature T cells and elevated expression of myeloid tran-
scription factor PU.1. (A,B) DN4 stage thymocytes were isolated from Gata3%/* (o) or Gata3*/* () mice and then cocultured on OP9-
DL1 feeder cells. Cells were harvested and stained for CD4 and CD8 coreceptors followed by flow cytometric analysis at the indicated
time points (after 1-4 d of coculture initiation) for cell number (A) and apoptosis (by Annexin V staining) (B). The horizontal bar in
each genotype panel represents the average value for each analyzed genotype group. Representative data are shown from one experiment
examining three mice of each genotype; similar results were collected from at least six mice of each genotype in two independent exper-
iments. (C,E) Quantitative RT-PCR (QRT-PCR) in staged T cells of wild-type (Gata3*/*; e) or heterozygous mutant (Gata3?*; o) mice.
GATA3 (C) and PU.1 (E) mRNA abundance was quantified using the total reverse-transcribed product from 100 live-cell equivalents
of RNA normalized to HPRT mRNA. Each circle represents an individual mouse, and the black bars represent the averages. (*) P <
0.05; (NS) not significant. The data summarize duplicate measurements of three to eight mice of each genotype from at least two inde-
pendent experiments. (D) Intracellular GATA3 (filled curve) protein abundance in staged T cells from wild-type (Gata3*/*) (top panel)
and heterozygous mutant (Gata3?*) (bottom panel) thymi was monitored by flow cytometry. The open curve represents background
(IgG) staining in each sample. Representative histograms are shown as characterized in at least three mice of each genotype.

During the transition from the DN2 to the DN3 stage, We first assessed the intracellular abundance of TCRp
when a quantitative difference in GATA3 mRNAs and by flow cytometry and found that, contrary to the study
protein between heterozygous and wild-type mice (Fig. by Pai et al. (2003), there was only very modest variation in
1C,D) was first detected, GATA3 was shown to block ap- intracellular TCRB abundance in Gata3*/* compared with
optosis and repress transcription factor PU.1 (Scripture- Gata3?"* DN3 stage thymocytes (Supplemental Fig. S3).
Adams et al. 2014), a key protein that promotes myeloid In contrast, PU.1 mRNA abundance increased by approx-
gene expression (Nerlov and Graf 1998). Mice in which imately twofold in Gata3%* T cells at both the DN3a and
the Gata3 gene was conditionally ablated at the DN3 DN3b stages when compared with the equivalent wild-
stage exhibited increased apoptosis and reduced TCRp type Gata3 stages (Fig. 1E). Hence, these data show that
protein, but not mRNA, expression (Pai et al. 2003). To ad- only T cells with two intact Gata3 alleles can promote
dress the possibility that the differential Gata3 abundance normal expansion and development as well as repress
observed between Gata3** and Gata3*/* animals might PU.1 in DN3a and DN3b thymocytes but also that one ac-
account for these observations, Gata3”* heterozygotes tive Gata3 allele is sufficient for normal levels of TCRp
were further analyzed. protein accumulation.
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Gata3 is monoallelically expressed in early
DN thymocytes but is biallelically expressed
in a subpopulation of late stage thymocytes

The previous data demonstrate that the molecular basis for
regulating GATA3 abundance at different developmental
stages is at least in part dictated by transcription. To shed
light on possible mechanisms by which this reduction in
abundance of GATA3 between the DN2 and DN3a stages
(Fig. 1C,D) might be elicited, we initially hypothesized
that this could be most directly explained by either en-
hanced transcription from both chromosomes or, although
unprecedented in developmental mechanisms, switching
from monoallelic to biallelic Gata3 transcription.

Three mechanisms have been shown to lead to the
epigenetic activation of genes on only one of two equi-
valent chromosomes. X-chromosome inactivation, first
described more than half a century ago, generates one
randomly inactivated X chromosome in females so that
both mammalian sexes express equivalent amounts of
X-encoded gene product (Ohno et al. 1959; Lyon 1961).
In contrast to the inactivation of a whole chromosome,
mammalian genomic imprinting selectively inactivates
specific autosomal loci in a male or female parent of ori-
gin-dependent manner (Bartolomei et al. 1991; DeChiara
et al. 1991). Finally, the discovery that multiple autoso-
mal genes, including 712 (Hollander et al. 1998; Rhoades
et al. 2000) and TIr4 (Pereira et al. 2003), are monoalleli-
cally expressed provided yet a third class of unequally ex-
pressed genes. Even more recently, this category was
extended to include widely dispersed genes comprising
8%—-24% of all autosomal transcripts that are monoalleli-
cally regulated (Gimelbrant et al. 2007; Deng et al. 2014).
From these studies, there appeared to emerge two dis-
tinct types of autosomal monoallelic expression: (1) a sub-
set that is expressed in an unstable, stochastic pattern
(Deng et al. 2014) and (2) a subset in which the pattern
is stably maintained (Gimelbrant et al. 2007; Zwemer
et al. 2012). The latter observations imply that the num-
ber of active alleles is precisely regulated in order to
achieve alternative levels of gene product encoded by
some unknown number of key genes, although this com-
monly held maxim has not been directly challenged.

A T-cell Gata3 monoallelic-to-biallelic switch

To address whether Gata3 is monoallelically or bialleli-
cally expressed in ETP and DN2 stage thymocytes (Fig.
1C,D), we exploited a silent single nucleotide polymor-
phism (SNP) in the third Gata3 exon that differs between
inbred mouse strains C57Bl/6] (B6) and FVB/NJ (FVB) F1
progeny using single-cell RT-PCR followed by Sanger se-
quencing. To distinguish between the paternal and mater-
nal alleles, F1 (B6 x FVB) hybrid mice were generated by
crossing B6 males to FVB females in order to determine
whether one or both alleles in individual thymocytes
were expressed and whether that expression was depen-
dent on parental gender (genomic imprinting). Hemato-
poietic stem cells (HSCs) in the bone marrow and ETP
through SP F1 thymocytes were individually isolated by
flow sorting and lysed, total RNA was reverse-transcribed,
and the cDNA was amplified by PCR and sequenced (Sup-
plemental Fig. S4A). To test the sensitivity of the method,
cDNAs from FVB and B6 strains were mixed in different
ratios and analyzed (Supplemental Fig. S4B). The detec-
tion limit of the method was ~5%, and therefore, when
>95% dominance of either transcript was detected, that
was defined as monoallelic expression, while a mixture
of both alleles (between 5% and 95%) was defined as
biallelic.

As summarized in Table 1, individual cells recovered
from adult mice at all early stages exhibited a profound
bias for monoallelic Gata3 expression: HSC (100%), ETP
(97%), DN2 (67%), and DN3a (74%). In contrast, from
the DN3b stage onward, approximately half of the cells
expressed Gata3 from only one allele, while the other
half expressed both mRNAs (Table 1). The observed gen-
der-independent activation of either the paternal (B6) or
maternal (FVB) allele (modestly biased in favor of genera-
tion of the paternal allele) indicates that Gata3 monoal-
lelic expression is not sex-dependent or parent of origin-
dependent, and thus the monoallelic to biallelic GATA3
expression bias that is exhibited during midthymopoiesis
is likely to be regulated by a mechanism distinct from the
ones used in X inactivation or genomic imprinting.

To confirm the conclusion from the single-cell mRNA
analysis, we also examined transcript localization in de-
velopmentally staged T-cell nuclei by nascent transcript
fluorescence in situ hybridization (RNA-FISH). Cells

Table 1. GATA3 mRNA expression in single, staged adult bone marrow cells and thymocytes (from GATA3 RT-PCR SNP

sequence)
Monoallelic

Developmental stage Cells sorted Paternal Maternal Biallelic Monoallelic
HSC 212 55 28 0 100%
ETP 158 31 27 2 97 %
DN2 50 18 9 13 68%
DN3a 50 20 6 9 74%
DN3b 50 12 9 21 50%
DN4 50 11 3 20 43%
DP 122 20 6 22, 44%
CD4 SP 92 14 11 26 49%
CDS8 SP 92 15 10 18 58%

Data represent the summary of at least six animals analyzed at each stage.

GENES & DEVELOPMENT 1933



Ku et al.

recovered from the bone marrow or thymi of wild-type
adult B6 mice were flow-sorted according to developmen-
tal stage and then hybridized to FISH probes that detect
CD45 (expressed on all hematopoietic progenitor cells)
as well as GATAS (expressed at all stages of T-cell devel-
opment) (David-Fung et al. 2006; Ku et al. 2012). Cells
were then counterstained with 4/,6-diamidion-2-phenyl-
indole (DAPI) to define the nucleus and finally visualized
by fluorescence microscopy. Only cells with visually
complete, intact nuclei were imaged.

The pan-hematopoietic marker CD45 was expressed
from two chromosomal alleles in all cells imaged (Fig. 2,
pseudo-red spots in each panel). In all HSCs (13 of 13)
and ETPs (13 of 13) as well as nearly two-thirds of the
DN2 (10 of 15) and DN3a (13 of 20) stage T cells,
GATAS3 primary transcripts could be detected only at a
single chromosomal location (Fig. 2, green spots; quanti-
fied in Table 2). However, in DN3b and later stage thymo-
cytes, monoallelic and biallelic expression among the
cells was essentially equally distributed (Fig. 2; Table 2).

Genes expressed at very low levels have been theorized
to exhibit transcription of only one allele due to complete-
ly random events (Hume 2000; Kuznetsov et al. 2002), and
experimentally it has been shown that II4 and 113 are
transcribed from either one or two alleles in Th2 cells
by probabilistic stochastic regulation (Guo et al. 2005). If
the availability of transcriptional machinery is the limit-
ing cause of monoallelic expression at the Gata3 locus,
then one should observe a higher monoallelic cell fre-
quency in CD8 SP thymocytes, which express the lowest
levels of GATA3 at all thymocyte stages (Herndandez-
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Hoyos et al. 2003; Ku et al. 2012). The data shown here
suggest the opposite of this mode of monoallelic expres-
sion; GATAS is expressed lower in CD8 SP cells than in
ETPs or HSCs, but, nonetheless, CD8 SP cells exhibit a
higher frequency of Gata3 biallelic cells (Tables 1, 2). If
the Gata3 locus were regulated by probabilistic stochastic
regulation like I14 or 1113, a higher frequency of biallelic
expression should be observed at stages of development
where GATAS is most abundant. On the contrary, stage-
specific and GATA3 transcript abundance-independent
monoallelic expression was observed only at the HSC
and ETP stages in the Gata3 locus. These data demon-
strate that Gata3 monoallelic expression and the switch
to biallelic expression differ from a monoallelic expres-
sion pattern that would be generated in a stochastic
manner (Eckersley-Maslin and Spector 2014). Thus, we
conclude that Gata3 is monoallelically expressed in early
stages of T-cell development and that half of the cells then
switch to biallelic expression at intermediate stages of
T-cell thymic development.

The commitment to Gatad monoallelic or biallelic
transcriptional status is regulated by a stable mechanism

GATA3 activity is required for initial T-cell generation as
well as several intermediate maturational stages (Hosoya
et al. 2010; Yui and Rothenberg 2014). In considering
experiments that might shed further light on these phe-
nomena, we reasoned that a hypomorphic Gata3-eGFP
fusion allele (Gata3®) (Hosoya et al. 2009) might not
generate adequate GATA3 functional activity to allow

Figure 2. Gata3 is transcribed from only one allele
in HSCs and ETPs and then switches to biallelic tran-
scription in half of DN3b and later stage T cells. Adult
bone marrow cells and thymocytes were isolated us-
ing conventional cell surface markers (Hosoya et al.
2009; Ku et al. 2012), hybridized in situ to fluorescent-
ly labeled probes to detect either GATAS3 (green spots)
or CD45 (red spots), and analyzed by RNA-FISH
(Materials and Methods). Bar, 3 um. Representative
images are shown from at least four mice of each
developmental stage from five independent experi-
ments and are summarized in Table 2. The images
shown were taken as a single focal plane, but Z-stack
images were recorded to confirm that no overlapping
dots were misrepresented as a single dot on the single-
focal-plane images.
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Table 2. GATA3 mRNA expression in single, staged adult bone marrow cells and thymocytes (from GATA3 RNA-FISH)

Developmental stage Cells imaged Monoallelic Biallelic Monoallelic
HSC 40 13 0 100%
ETP 40 13 0 100%
DN2 30 10 5 67%
DN3a 30 13 7 65%
DN3b 30 9 13 41%
DN4 30 8 12 40%
DP 40 11 13 46%
CD4 Sp 40 10 13 44%
CDS8 SP 40 7 11 39%

Data represent the summary of at least four animals analyzed at each stage. CD45 was biallelically expressed in all imaged cells.

T-cell intermediates to survive and thereby confer a selec-
tive survival or developmental advantage in adult T cells
that initially express the wild-type allele at the ETP and
DN2 stages in Gata3%’* mice (Fig. 3A). Again, this hypoth-
esis is consistent with the recent demonstration that pro-
gression through early T-cell development is exquisitely
sensitive to GATA3 abundance (Scripture-Adams et al.
2014). We discovered support for this hypothesis by deter-
mining that eGFP fluorescence was absent in Gata3%/*
adult ETP and DN2 stage thymocytes (Fig. 3B), but, as
cells mature and switch to biallelic transcription at the
DN3 stage, eGFP-positive (eGFP*) thymocytes began to
appear (Fig. 3B). This observation was confirmed by exam-
ining a mouse bearing a different Gata3(-null) mutant
allele in which the bacterial IacZ gene was inserted at
the Gata3 start codon (Gata3?*) (van Doorninck et al.
1999); thymocytes only began to transcribe the lacZ allele
after the DN2 stage (Supplemental Fig. S5).

To determine whether Gata3 is transcribed from
the wild-type allele in eGFP-negative (eGFP~) Gata3%/*
T cells, eGFP™ and eGFP* DN4 stage cells were isolated
from Gata3%* thymi by flow cytometry (Supplemental
Fig. S6A), fixed and separated into equal portions to deter-
mine intracellular GATA3 and IgG (background) staining,
and finally analyzed by flow cytometry (Supplemental Fig.
S6B). Since eGFP fluorescence is diminished after fixation,
we used a two-step method. We initially observed that
eGFP~ DN4 cells express GATA3 but also that eGFP*
cells express much more GATA3 (resulting from the
sum of the wild-type and GATA3-eGFP fusion proteins).
A similar result was observed in CD4 SP stage cells (Sup-
plemental Fig. S6C,D). We also confirmed that GATA3
mRNA is expressed at all stages in eGFP~ immature
T cells (Supplemental Fig. S7). Based on these data, we
conclude that eGFP~ thymocytes in Gata3%’* animals ex-
press monoallelic Gata3, while eGFP* cells that express
GATA3 more abundantly transcribe both Gata3 alleles.

We next asked whether the monoallelic-to-biallelic ex-
pression switch at the Gata3 locus represents a gradual
change (Fig. 3C, model A) or a bimodal event (Fig. 3C,
model B). One model might posit that, as the demand
for Gata3 mRNA increases and progenitor cells mature,
the total transcriptional activity from the Gata3 gene
increases in 100% of immature cells, at which point
roughly half of the cells stochastically activate both al-

leles (Fig. 3C, model A). For example, some component
of the machinery required for Gata3 transcription may
be limiting, and thus T cells could have an equal probabil-
ity of activating either one or both Gata3 alleles as cells
traverse DN2 to DN3 maturation to allow increased
GATAS3 abundance. This would result in a shift of a single
peak of eGFP intensity to greater overall fluorescence in
the thymocytes of Gata3%’* mice. However, the bimodal
eGFP expression profile detected at the DN4 stage in
Gata3%* thymocytes (Fig. 3B) best supports a model in
which Gata3 is transcribed from only one allele at the be-
ginning of thymopoiesis, and, at some time during the
DN2/DN3 transition, half of the cells begin to transcribe
the second Gata3 allele (Fig. 3C, model B).

To remove any possible bias between expression of the
wild-type and mutant alleles, we also analyzed thymo-
cytes recovered from homozygous Gata3%® fetal liver
HSC-reconstituted animals; these T cells again exhibited
bimodal GATAS3 expression at the DN2 stage and beyond
(Fig. 3D) and never exhibited a single shifted peak from
lower to greater fluorescence intensity as the thymocytes
matured and as would be predicted from the first model.
The fact that a more robust eGFP peak in Gata3%¢ mice
is first detected at the DN2 stage (Fig. 3D) is entirely con-
sistent with the observation that the Gata3 monoallelic-
to-biallelic switch initiates around the DN2 stage in ap-
proximately one-third of all thymocytes (Fig. 2; Tables 1,
2). Thus, in Gata3®* thymi, we could identify cells that
express biallelic Gata3 (eGFP*) and monoallelic Gata3
(eGFP™) at the DN4 and later stages. These data validate
the conclusions that, first, Gata3 is monoallelically tran-
scribed in ETPs, and, second, the expression pattern
switches to biallelic transcription in about half of the
T cells during late thymocyte development.

To test the hypothesis that the commitment to Gata3
monoallelic or biallelic transcriptional status is regulated
by a stable mechanism, we next asked whether, after the
switch in transcription occurs at DN2/DN3, late stage
monoallelic cells continue to express from only one chro-
mosome or can switch to biallelic transcription and, con-
versely, whether cells that express both alleles can revert
to single-allele expression. To address this question, we
isolated an equal number of Gata3 biallelic (eGFP*) and
Gata3 monoallelic (eGFP~) DN4 stage thymocytes from
Gata3%’* animals (Fig. 3E, left panel) and cocultured
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Figure 3. The commitment to Gata3 monoallelic or biallelic transcriptional status is mechanistically stable. (A) A hypothetical model.
The GATA3-eGFP fusion (Gata3%; red) allele-expressing adult Gata3%'* ETP cells are not viable because the reduced hypomorphic GATA3
monoallelic activity is not sufficient to allow ETPs to survive and they are eliminated, since GATAS3 is vital for early T-cell generation,
while wild-type (Gata3™; blue) monoallelic-expressing cells survive and continue to develop. Later during T cell development, after the
DNB3D stage, the second allele is activated in about half of the surviving cells and expresses both hypomorphic (Gata3¥) and wild-type
(Gata3*) alleles. (B) Expression of a GATA3-¢GFP fusion protein. eGFP expression from Gata3** (open curve) and Gata3¥* (filled curve)
heterozygotes was monitored by flow cytometry in immature thymocytes to track transcription from the Gata3? allele (Hosoya et al.
2009). Numbers above the bars indicate the percentage of eGFP-positive cells compared with wild-type controls from the same ancestral
population. These histograms are representative of data recovered for at least five mice of each genotype from three independent exper-
iments. (C) Hypothetical gradual (left) versus bimodal (right) switching models. (D) Gata3 monoallelic cells expressing the Gata3® allele
survive and develop in the absence of the Gata3* allele. Gata3%’¢ homozygous hypomorphic mutant thymocytes express eGFP in a cell-
autonomous manner. Gata3%’¢ or Gata3*'* HSCs were recovered from fetal livers and adoptively transferred into sublethally irradiated
adult mice. Sixteen weeks after HSC transplantation, thymocytes were analyzed for eGFP expression. The diagram presents representa-
tive histograms in which seven to eight recipients were examined for each genotype in two independent experiments. (E) DN4 stage thy-
mocytes were sorted into eGFP-negative (¢GFP~; open curve) or eGFP* (filled curve) populations from Gata3®* mice and then cocultured
on OP9-DL1 feeder cells. The eGFP expression profiles depicted immediately after sorting (left panels) or after 4 d of coculture and devel-
opment into DP stage cells (right panels) are shown. The diagrams are representative of a total of eight mice examined in two independent
experiments.

them separately on OP9-DLI feeder cells to induce T-cell over all 4 d of coculture (data not shown). These data dem-
development to the DP stage. After 4 d of coculture, a ma- onstrate that once cells are set to express either one or both
jority of DN4 stage cells develop to the DP stage. DP cells Gata3 alleles at the DN2/DN3 stage, they stably maintain
that had developed from biallelic (eGFP*) DN4 cells did their monoallelic or biallelic Gata3 transcriptional identi-
not exhibit a bimodal expression pattern (i.e., none of the ty during T-cell development at least to the DP stage.

cells reverted to monoallelic transcription), although
eGFP intensity was significantly reduced (Fig. 3E, bottom

right panel), as was also observed in vivo (Hosoya et al. Maintenance of the Gata3 monoallelic-to-biallelic switch

2009). This reduction in intensity of fluorescence is proba- To explore one aspect of the mechanism that might regu-
bly attributable to dilution of the fluorochrome that re- late the early thymocyte Gata3 monoallelic-to-biallelic
sults from the extensive proliferation during culture for 4 switch, we performed chromatin immunoprecipitation
d (see Fig. 1 A for the remarkable increase in cell number af- (ChIP)-qPCR in the Gata3 locus to determine the methyl-
ter 4 d of coculture; Supplemental Fig. S8). Similarly, DP ation status of two key epigenetic marks: H3K27me3 and
cells that were differentiated from monoallelic (eGFP™) H3K4me3. H3K27me3 is a histone mark for gene repres-
DN4 stage cells did not develop a bimodal expression pat- sion (Plath et al. 2003; Umlauf et al. 2004) and is often
tern (i.e., they failed to switch to biallelic transcription) found near monoallelicly expressed genes (Nag et al.
(Fig. 3E, top right panel). Both patterns were consistent 2013), while H3K4me3 modifications are commonly
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coincident with actively transcribed genes (Bernstein
et al. 2005; Kim et al. 2005). Therefore, we hypothesized
that H3K27me3 could be observed in or near the Gata3 lo-
cus in monoallelic (eGFP~) Gata3%* DN4 stage cells but
not biallelic eGFP* cells (since both alleles would be ac-
tive). Similarly, we speculated that the H3K4me3-activat-
ing mark would be higher in the neighborhood of the
Gata3 locus in biallelic eGFP* cells (from Gata3%* DN4
stage) when compared with monoallelic eGFP~ cells.
Since H3K27me3 ChIP-seq (ChIP combined with deep se-
quencing) data for DN3 and DP stage cells have been re-
ported (Zhang et al. 2012), PCR primer sets for ChIP-
qPCR were designed that would detect the H3K27me3
mark that was previously observed 5’ to the Gata3 gene
in DN3 and DP cells (Supplemental Fig. S9). Unexpected-
ly, we found that there was no enrichment of the
H3K27me3 mark near the Gata3 locus in monoallelic
eGFP~ cells when compared with (biallelic) eGFP* cells
(Supplemental Fig. S9). We also found no difference in
the activating H3K4me3 mark in these two cell popula-
tions (Supplemental Fig. S9). These data suggest that these
two specific histone modifications do not play an active
role in maintaining the silencing of the inactive locus in
lymphocytes that transcribe only one Gata3 allele. How-
ever, the data do not address the possibility that other epi-
genetic modifications may be involved in the switch.

Monoallelic or biallelic expression in Th2
or nonhematopoietic cells

Circulating Th2 cells express the highest levels of GATA3
in T lymphocytes, much more abundantly than in any
thymocyte. We wondered whether those cells all express
both alleles of Gata3, or perhaps the increased GATA3
levels were generated simply by increased transcription
of a single allele. The bimodal eGFP profile in Gata3/*
Th2 cells (Hosoya-Ohmura et al. 2011) suggests that
both Gata3 monoallelic expression and biallelic expres-
sion are observed in Th2 stage lymphocytes and thus
that any increase in GATA3 expression at the Th2 stage
is achieved by augmented transcription from either one
or both Gata3 loci but additionally that the monoallelic-
to-biallelic switch remains stable and intact.

Gata3 is vital for not only T-cell development but
also the generation or maintenance of multiple other tis-
sues; for example, the sympathetic nervous system (Lim
et al. 2000; Moriguchi et al. 2006), kidney development
(Hasegawaetal.2007), breast epithelial development (Kou-
ros-Mehretal.2006), and a growinglist of otherorgans. This
provoked the question of whether Gata3 might also be
monoallelically transcribed in tissues other than T cells.
To examine this hypothesis, weinterrogated Gata3 expres-
sion in embryos in tissues where prominent Gata3 expres-
sion has been reported previously (Hasegawa et al. 2007).

When we originally generated the Gata3¢ allele, a full-
length mouse GATA3 cDNA was fused in-frame to the
eGFP cDNA (Hosoya et al. 2009). In Gata3¥/" tissues, we
could easily visualize individual cells expressing the chi-
meric GATA3-gfp fusion protein using an anti-GFP anti-
body. However, this would not allow distinction of cells
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that solely expressed the wild-type Gata3 allele, since
an anti-GATA3 antibody would recognize both the wild-
type and chimeric GATAS proteins. Given this technical
constraint, we therefore attempted to address whether
monoallelic or biallelic GATA3 expression occurred in
tissues other than T cells by breeding together two mu-
tant alleles: one a lacZ knock-in null allele (directed by
normal Gata3 regulatory elements) (van Doorninck
etal. 1999) and the second the hypomorphic Gata3® allele.
Gata3%? embryos did not survive to late gestation (K-C
Lim and C-J Ku, unpubl.).

Cells lining the nephric duct (Supplemental Fig. S10,
top panels, dashed circle) of a wild-type embryonic day
10.5 (E10.5) Gata3 embryo were devoid of fluorescence
(except for autofluorescencing erythrocytes) (Supple-
mental Fig. S10, bottom right), demonstrating the specif-
icity of both the anti-GFP and anti-p-galactosidase (anti-
B-gal) antibodies used in these experiments. In an E10.5
Gata3%” littermate (Supplemental Fig. S10, middle pan-
els), all nephric duct cells displayed immunoreactivity
with both the anti-GFP and anti-p-gal antibodies, indicat-
ing exclusive biallelelic GATA3 expression in the E10.5
nephric duct. However, we also observed that, while
most cells coexpressed both the Gata3% and Gata3” alleles
(for example, in E10.5 branchial arches [BAs] [data not
shown] and the V2 interneurons of the E13.5 developing
spinal cord [SC] [Supplemental Fig. S10, bottom panels]),
a few cells appeared to be very faintly stained for either
GFP or B-gal; however, upon close inspection, every cell
that labeled with the GFP antibody also stained with the
anti-p-gal antibody. This was also true when we immu-
nostained Gata3?* adult bladders and kidneys (data not
shown) with anti-GATA3 and anti-p-gal antibodies. We
tentatively concluded that, if Gata3 is monoallelically
expressed in the embryonic urothelium, sympathetic gan-
glia, or BAs or adult bladders or kidneys, such monoallelic
Gata3-expressing cells are, at most, very rare.

Discussion

We showed previously that cells can be quite sensitive
to modest changes in transcription factor abundance
(Motohashi et al. 2000; Shimizu et al. 2004; Hasegawa
et al. 2007). Here, we showed that an increase in GATA3
protein and transcript abundance accompanies the mono-
allelic-to-biallelic genetic switch, which appears to be bio-
logically required for both the repression of PU.1 and
apoptosis during thymic T-cell development. Since pro-
gression through early T-cell development is exquisitely
sensitive to GATA3 abundance (Scripture-Adams et al.
2014) and since forced expression of GATA3 in ETP to
DN2 stage thymocytesleads to thymiclymphoma (Nawijn
et al. 2001), diploid organisms appear to have evolved a
mechanism by which they can exquisitely control gene
expression by regulating monoallelic versus biallelic tran-
scription. Although B-cell transcription factor Pax5 was
originally reported by RNA-FISH to be monoallelically ex-
pressed (Nutt et al. 1999), this was later disproven using a
more sensitive single-cell RT-PCR assay (Rhoades et al.
2000). Here, we used both methods to ensure the veracity
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of the results. We propose that both Gata3 T-cell-specific
enhancer-mediated regulation (Hosoya-Ohmura et al.
2011) and the monoallelic-to-biallelic switch must collab-
orate to achieve precise control of transcription factor
GATAS3 abundance during T-cell development.

Why is the switch to biallelic expression observed in
only half of the cells while the other half remain stably
monoallelic? The most intriguing hypothesis concerns
the correlation with allelic exclusion at the Tcrp locus,
which happens during the DN3 stage within the same dif-
ferentiation window in which cells must surmount p se-
lection. Another viable hypothesis is that DN3 stage
thymocytes already “know” whether they are committed
to a CD4 SP versus CD8 SP cell fate, since GATAS3 is more
abundantly expressed in CD4 SP cells than in CD8 SP
cells and is required for CD4 SP cell development. We
are in the process of testing these and several alternative
hypotheses at the present time.

With the knowledge that the monoallelic-to-bialle-
lic switch of a tissue-restricted transcription factor,
GATAZ3, is intimately involved in several different aspects
of thymic T-cell development, this raises the question of
whether Gata3 monoallelic or biallelic transcriptional
status mediates processes in other tissues. While Gata3
monoallelic or biallelic transcription in the many other
cell types and organ systems where it is normally ex-
pressed has not yet been analyzed (e.g., in the CNS, pe-
ripheral nervous system [PNS], and kidneys) (Yamamoto
et al. 1990; George et al. 1994; Lim et al. 2000; Moriguchi
et al. 2006), Gata3 haploinsufficiency is known to lead
to variably penetrant HDR syndrome in humans as well
as other partially penetrant pathophysiological effects
(Van Esch et al. 2000; Usary et al. 2004; Grigorieva et al.
2010). We therefore speculate that Gata3 monoallelic
expression and/or a monoallelic-to-biallelic switch in tis-
sues other than T cells could play critical roles in their
normal development or homeostatic maintenance. It
will be extremely interesting to determine, for example,
whether the quite variable kidney dysplasia observed in
human HDR patients might arise as a consequence of
early monoallelic expression of GATAS3 followed by apo-
ptotic failure of a variable number of cells in this develop-
ing organ, since this aspect of the disease can be readily
modeled in the kidneys of mice (Hasegawa et al. 2007).

It remains to be determined how frequently similar ge-
netic switch mechanisms are employed among the grow-
ing number of monoallelic autosomal genes that have
been documented in diploid organisms. Although Nanog
was originally reported to be monoallelic in early pre-
implantation embryos, with the proportion of biallelism
increasing progressively from 2% at the eight-cell stage
to 70% of the inner cells in the late blastocyst (Miyanari
and Torres-Padilla 2012), that conclusion has been chal-
lenged recently (Faddah et al. 2013; Filipczyk et al.
2013). Furthermore, the active allelic selection appears
to be reversible during culture of embryonic stem cells
for 6 d (Chambers et al. 2007). In contrast, Gata3 mono-
allelic (eGFP™) cells stably maintain expression from the
active allele during 4 d of in vitro culture as the cells devel-
oped from the DN4 stage to the DP stage. The imprinted
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gene Kceng1 (also known as Kviqgt1) is expressed from only
the maternal allele early during embryogenesis, while the
paternal allele becomes active as this gene acquires tissue-
specific expression (Lee et al. 1997; Gould and Pfeifer
1998); in contrast, Gata3 monoallelic expression is not
parent of origin-dependent. These differences suggest
that the mechanism that regulates the Gata3 monoal-
lelic-to-biallelic expression switch is fundamentally dif-
ferent from the mechanism exploited by these genes. If
this phenomenon is prevalent, the number of genes con-
trolled by monoallelic regulation could be even greater
than previously estimated (8 %—-24%) simply because all
of the genes that are expressed in a monoallelic fashion
might not have been detected under the specific experi-
mental conditions used (Gimelbrant et al. 2007; Deng
et al. 2014). Given the present findings coupled with the
fact that there are a large number of autosomal genes
that are monoallelically expressed, it does not seem un-
reasonable to suggest that defects in monoallelic-to-
biallelic conversion in some subset of these could contrib-
ute to many variably penetrant phenotypes that result
from human haploinsufficiency.

Materials and methods

Mice

The Gata3? allele (van Doorninck et al. 1999) and Gata3* allele
(Hosoya et al. 2009) have been described previously and were
maintained on a B6 genetic background. Wild-type B6 mice and
FVB mice were purchased from Jackson Laboratory. All mice
were analyzed at 6-8 wk of age after backcrossing onto the B6
background for at least seven generations. All mice used in this
study were housed in the Unit for Laboratory Animal Medicine
at the University of Michigan, and all experiments were approved
by the University Committee on Use and Care of Animals.

Cell preparation and flow cytometry

Cells were analyzed and sorted by flow cytometry (LSRFortessa
and FACSAria I, BD Biosciences) as previously described
(Hosoya et al. 2009; Ku et al. 2012). Sorted cells were reanalyzed
to confirm that they were of >95% purity before subsequent
study. Thymocytes were resuspended in propidium iodide (Cal-
biochem) or DAPI (Roche) solution to discriminate between
live and dead cells. Depending on the specific analysis, the follow-
ing antibodies were used: B220 (RA3-6B2), CD2 (RM2-5), CD3
(17A2), CD4 (RM4-5), CD5 (53-7.3), CD8 (53-6.7), CDllc
(N418), CD19 (6D5), CD25 (PC61.5), CD27 (LG.7F9), CD41
(MWReg30), CD48 (HM48.1), CD150 (TC15-12F12.2), c-Kit
(2B8), GATA3 (16E10A23), Grl (RB6-8C5), Mac-1 (M1/70),
NKI.1 (PK136), Sca-1 (D7), TCR (H57-597), TCRyS (GL3), and
TER119 (TER-119). All antibodies were purchased from BD Bio-
sciences, BioLegend, or eBioscience. After cell surface staining,
apoptosis was analyzed using Annexin V and DAPI staining in
Annexin V-binding buffer, per the manufacturer’s instructions
(BD Pharmingen). Data were analyzed using FlowJo software
(Tree Star) or FACSDiva software (BD Biosciences).

OP9-DL1 coculture

Confluent OP9-DL1 stromal cells were prepared prior to cocul-
ture initiation. DN4 stage thymocytes (2x 10°) were cultured



on a feeder layer of OP9-DL1 cells (Schmitt and Zuniga-Pflucker
2002) in the presence of 5 ng/mL IL7 and 5 ng/mL Flt3 ligand
(R&D Systems). Suspension and semiadherent cells were harvest-
ed by pipetting and stained for flow cytometry for four consecu-
tive days after coculture initiation.

gRT-PCR

Total RNA was isolated from sorted cells by RNeasy micro kit
(Qiagen) with DNase treatment and used to synthesize cDNA
with SuperScript III first strand synthesis kit (Invitrogen). qRT—
PCR was performed with SYBR Green dye using the StepOne
real-time PCR system (Applied Biosystems). The primers used
were previously described as follows: GATA3 (Yu et al. 2009),
HPRT (Maillard et al. 2008), PU.1 (Sarrazin et al. 2009), and p-ac-
tin (Esteghamat et al. 2013). All results of QRT-PCR were per-
formed using the total RT product from 100 cell equivalents
and quantified relative to the mRNA expression of endogenous
reference genes Hprt and B-actin. Data normalized to HPRT as
the control are shown in the figures; data normalized to B-actin
(data not shown) exhibited a similar tendency.

Allele-specific single-cell RT-PCR

Allele-specific single-cell RT-PCR is presented diagrammati-
cally in Supplemental Figure S3. cDNA synthesis was carried
out by reverse transcription using the iScript cDNA synthesis
kit (Bio-Rad). A SNP was identified in the Gata3 third exon
(rs27150232), which allows discrimination between alleles of
the Mus musculus inbred strains B6 and FVB. First, flow-sorted
cell populations from F1 hybrid (B6 x FVB) mice were resorted
as single cells into 1.8 uL of 0.14% Triton X-100 (Sigma-Aldrich)
followed by the addition of 0.5 uL of 5x iScript reaction mix and
0.2 uL of iScript reverse transcriptase, resulting in a 2.5-uL RT re-
action volume. This was then incubated for 5 min at 25°C, 30 min
at 42°C, and 5 min at 85°C per the manufacturer’s instructions.
c¢DNA was amplified by polymerase chain reaction in a 25-uL re-
action mixture consisting of 2.5 pL of cDNA, 1x PCR buffer (Qia-
gen), 200 uM dN'TPs, 200 nmol of each primer, and 0.75 U of Taq
DNA polymerase (Qiagen). The PCR condition was 5 min at 95°C
followed by 42 cycles of 20 sec at 95°C, 30 sec at 55°C, and 45 sec
at 72°C and then a final extension for 7 min at 72°C. Primers
used were 5-GAGGTGGACGTACTTTTTAACATCG-3' and
5-CGGGAAGGTGAAGAGATGAGG-3'. B-Actin (Esteghamat
et al. 2013) was used as a control to confirm for the presence of
a cell in each well and the efficiency of single-cell sorting, which
was 65% = 15% overall. Ten percent to 20% of the PCR products
were visualized on a 2% agarose gel, and positives were then pu-
rified using QIAquick gel kit (Qiagen) or GeneJET get extraction
kit (Fisher Scientific) and sequenced on an Applied Biosystems
3730XL DNA sequencer at the University of Michigan Sequenc-
ing Core facility. The primer used for sequencing was 5-ATGG
CGGCAAAGCCCTGAGC-3'.

RNA-FISH

RNA-FISH was performed as described previously (Maclary et al.
2014). In detail, RNA probes were prepared by randomly priming
DNA templates using the BioPrime DNA labeling system (Invi-
trogen). Probes were labeled with FITC-dUTP (Agilent) or Cy3-
dCTP (GE Healthcare). Labeled probes were column-purified
(GE Healthcare) and then precipitated in 0.3 M sodium acetate
with 300 pg of yeast transfer RNA (Invitrogen) and 150 ug
of sheared, boiled salmon sperm DNA (Invitrogen). The probe sol-
ution was spun down at 4°C and then washed in 70% ethanol fol-
lowed by 100% ethanol. The pellet was dried and resuspended
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in deionized formamide (Amresco). The resuspended probe was
denatured for 10 min at 95°C followed immediately by a 5-min
incubation on ice. A 2x hybridization solution (4x SSC, 20%
Dextran sulfate [Millipore]) was added to the denatured probe
solution and stored at —20°C until use. The GATA3 (WIBRI-
2318H06) and receptor-type tyrosine protein phosphatase C
(WIBR1-2452A19; CD45) clones used to prepare probes were pur-
chased from Children’s Hospital Oakland Research Institute
BACPAC Resource Center. Cells deposited on coverslips were
fixed in freshly prepared cold 4% paraformaldehyde (Sigma-Al-
drich) for 10 min, washed in PBS followed by permeabilization
onice in PBS with 0.5% Triton X-100 and 10 mM Ribonucleoside
Vanadyl Complex (New England Biolabs) for 8 min, and then
stored in 70% ethanol for up to 2 wk at 4°C before use. Samples
were dehydrated through 2-min incubations in 70%, 85%, 95%,
and 100% ethanol, subsequently air-dried, and then hybridized
to the probe overnight at 37°C in a humid chamber (humidity
provided by 2x SSC/50% formamide). After hybridization, sam-
ples were washed three times with 2x SSC/50% formamide for
7 min each at 39°C while shaking, twice with 2x SSC, and twice
with 1x SSC. A 1x DAPI solution was added to the first 1x SSC
wash. Cells were then mounted in ProLong Gold anti-fade (Invi-
trogen) and imaged using a 60x (air) or 100x (oil) objective on
Nikon Eclipse TiE inverted microscope with a Photometrics
CCD camera. Neuroblastoma cell line C1300 (George et al.
1994) was used as a positive control for GATA3 expression and
as a negative control for CD45 expression. All images were decon-
volved and processed using NIS-Elements software.

Immunohistochemistry

Embryos and adult tissues were fixed in 4% paraformaldehyde for
1-2 h at 4°C and then equilibrated in 30% sucrose prior to cryo-
sectioning. Sagittal sections (10 ym) of Gata3*/* and Gata3%” em-
bryos (E10.5 and E13.5) were first stained with rabbit anti-p-gal
antibody (1:2000) (Moriguchi et al. 2006) for 2 h at room temper-
ature followed by goat anti-rabbit Cy3-conjugated secondary anti-
body (1:400; Invitrogen) for 30 min at room temperature. These
sections were then incubated overnight at 4°C with rabbit anti-
GFP Alexa fluor 488 antibody (1:1500; Invitrogen). Sagittal sec-
tions (10 um) of adult Gata3?* bladders and kidneys were similar-
ly treated sequentially with rabbit anti-p-gal antibody followed
by goat anti-rabbit Alexa fluor 488-conjugated secondary anti-
body (1:400; Invitrogen) and then incubated overnight at 4°C
with mouse anti-GATA3 Alexa fluor 647 antibody (1:3; BD Bio-
science). All tissue sections were counterstained with DAPI and
then imaged using a Nikon A1l confocal microscope in the Uni-
versity of Michigan Microscopy and Image Analysis Laboratory.

Statistical analysis

Statistical significance was determined by Student t-test. Data
were considered statistically significant when P < 0.05.
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