
Thpok-independent repression of Runx3 by Gata3 during CD4+ T-
cell differentiation in the thymus

Yumei Xiong1, Ehydel Castro1,2, Ryoji Yagi3, Jinfang Zhu3, Renaud Lesourne4, Paul E. 
Love4, Lionel Feigenbaum2, and Rémy Bosselut1

1Laboratory of Immune Cell Biology, Center for Cancer Research, National Cancer Institute, 
National Institutes of Health, Bethesda, Maryland, USA.

2NCI-SAIC, Frederick, Maryland, USA

3Laboratory of Immunology, National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Bethesda, Maryland, USA.

4Section on Cellular and Developmental Biology, Program in Genomics of Differentiation, Eunice 
Kennedy Shriver National Institute of Child Health and Human Development, National Institutes of 
Health, Bethesda, Maryland, USA.

Summary

CD4+ helper T cells are essential for immune responses and differentiate in the thymus from 

CD4+CD8+ ‘double-positive’ (DP) thymocytes. The transcription factor Runx3 inhibits CD4+ T-

cell differentiation by repressing Cd4 gene expression; accordingly, Runx3 is not expressed in DP 

thymocytes or developing CD4+ T cells. The transcription factor Thpok is up-regulated in CD4-

differentiating thymocytes and required to repress Runx3. However, how Runx3 is controlled at 

early stages of CD4+ T-cell differentiation, before the onset of Thpok expression, remains 

unknown. Here we show that Gata3, a transcription factor preferentially and transiently up-

regulated by CD4+ T-cell precursors, represses Runx3 and binds the Runx3 locus in vivo. 

Accordingly, we show that high-level Gata3 expression and expression of Runx3 are mutually 

exclusive. Furthermore, whereas Runx3 represses Cd4, we show that Gata3 promotes Cd4 
expression in Thpok-deficient thymocytes. Thus, in addition to its previously documented role in 

promoting CD4-lineage gene-expression, Gata3 represses CD8-lineage gene expression. These 

findings identify Gata3 as a critical pivot of CD4-CD8 lineage differentiation.
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1. Introduction

Helper T cells are essential for immune responses. They recognize peptide antigens bound to 

class II major histocompatibility complex (MHC-II) molecules and express the CD4 

‘coreceptor’ [1]. These attributes distinguish helper T cells from cytotoxic T cells, which are 

MHC-I restricted and express the CD8 coreceptor. Helper and cytotoxic cells differentiate in 

the thymus from precursors that express both CD4 and CD8 (double positive, DP) [2, 3]. 

The divergence of these two lineages takes place in thymocytes that have undergone positive 

selection, i.e. that have been rescued from programmed cell death upon engagement of their 

T-cell antigen receptor (TCR) by MHC-peptide complexes expressed on the thymic stroma.

MHC II-signaled thymocytes must maintain CD4 expression during positive selection, 

because CD4 helps MHC-II recognition and signaling by the T-cell receptor (TCR) [4, 5]. 

Accordingly, the Cd4 gene is tightly regulated, and transcriptional repression is critical for 

such regulation. Most notably, the transcription factors Runx1 and Runx3 limit Cd4 
expression to DP and MHC II-restricted cells [6, 7]. Runx1 represses Cd4 in early 

thymocytes, before the DP stage. In contrast, Runx3 represses Cd4 in CD8-differentiating 

cells, in which it is specifically expressed, and thereby contributes to CD8-lineage 

commitment [8, 9]. Runx3 is also important for expression of cytotoxic genes, a hallmark of 

the CD8 lineage [10, 11] and therefore control multiple aspects of CD8-lineage 

differentiation. Because ectopic Runx3 expression represses Cd4 and impairs CD4CD4+ T 

cell differentiation [12, 13], the differentiation of CD4+ T cells requires expression of Runx3 
to be limited to thymocytes undergoing MHC I-induced positive selection. How this is 

achieved remains poorly understood.

Two transcription factors, Ets1 and Stat5, have been proposed to promote Runx3 expression 

[14, 15]. However, both are expressed throughout T-cell development, raising the question of 

how they could limit Runx3 expression to MHC I-restricted thymocytes. Stat5 is activated in 

thymocytes in response to signaling by IL-7, and is therefore inactive in DP thymocytes 

which do not express the IL-7 receptor (IL-7R). However, IL-7R is expressed in both MHC-I 

and MHC II-selected thymocytes [16], and it is unclear how Stat5 could activate Runx3 in 

the former but not the latter. Reciprocally, the transcription factor Thpok, specifically 

expressed in MHC II-restricted cells and required for CD4+ T cell differentiation, represses 

Runx3 [10, 17–20]. However, Thpok is not expressed in DP cells and is expressed at low 

levels in CD4+CD8int ‘transitional’ cells, the precursors of CD4+-lineage thymocytes. Thus, 

the transcriptional control of Runx3 expression in early CD4+-lineage precursor cells 

remains unclear.

Here, we show that a Thpok-independent mechanism represses Runx3 in MHC II-restricted 

thymocytes, and we present evidence that it involves the transcription factor Gata3, 

previously shown to promote CD4+-lineage differentiation [21–23]. These studies identify a 

novel, repressive, function of Gata3 during CD4+-lineage differentiation in the thymus.
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2. Results

Thpok-independent Runx3 repression during CD4+ cell differentiation in the thymus

To study the kinetics of Thpok and Runx3 up-regulation in the thymus, we set up an 

experimental system using a GFP-based BAC reporter for the gene expressing Thpok 

(Zbtb7b, thereafter called Thpok), and a tRFP-based reporter for Runx3. Both reporters, 

ThpokGFP and Runx3tRFP respectively, have been previously shown to appropriately track 

expression of the respective gene [10, 14]. In wild-type mice, DP thymocytes express neither 

ThpokGFP nor Runx3tRFP (Fig. 1A, top, column 1); in contrast, thymocytes that have 

undergone positive selection (CD4+CD8− and CD4−CD8+ single positive (SP)) express 

ThpokGFP if CD4 SP and Runx3tRFP if CD8 SP (Fig. 1A, top, columns 3 and 5). Most 

CD4+CD8int ‘transitional’ thymocytes, which are either MHC-I or MHC II-restricted cells 

undergoing positive selection, failed to express either reporter (Fig. 1A, top, column 2), 

consistent with the fact that most of them are not yet committed to either lineage [4]. In 

contrast, the CD4intCD8+ subset was enriched in CD8-committed Runx3-expressing cells 

(Fig. 1A, top, column 4).

While Thpok disruption impairs the development of mature CD4 SP cells, it does not 

prevent the positive selection of MHC II-restricted cells [17]. In Thpok−/− mice, MHC II-

restricted DP thymocytes initially down-regulate CD8 expression and adopt a ‘CD4 SP-like’ 

surface phenotype (CD4+CD8int/lo) (Supporting Information Fig. 1A). Consistent with 

previous results [19], most Thpok−/− CD4 SP-like cells expressed ThpokGFP (Fig. 1A, 

bottom, column 3), indicating that Thpok protein is not needed to initiate Thpok gene 

expression. However, unlike Thpok+/+ CD4 SP thymocytes which differentiate into CD4+ T 

cells, Thpok−/− CD4 SP-like thymocytes terminate CD4 and reinitiate CD8 expression, 

thereby being ‘redirected’ to the CD8-lineage [24]. Their persistent GFP expression 

identifies such redirected cells in the CD8 SP compartment of Thpok−/− mice (Fig. 1A, 

bottom, columns 4 and 5).

Because Thpok was previously shown to repress Runx3 [10, 19, 20], we predicted that 

Thpok−/− CD4 SP-like thymocytes, which make no Thpok protein, would express the Runx3 
reporter. Unexpectedly, while a few CD4 SP-like thymocytes expressed Runx3tRFP, most of 

them failed to do so (Fig. 1A, bottom, column 3, shaded area). Similar observations were 

made in Thpok−/− mice carrying the MHC II-restricted AND TCR transgene (Fig. 1B, 

bottom left, shaded area), indicating that such a ThpokGFP+ Runx3tRFP− population indeed 

resulted from MHC-II signaling.

It was possible that MHC II-signaled Thpok−/− cells failed to express Runx3 because Runx3 
up-regulation is a late event in thymocyte maturation, requiring signals that these cells had 

not yet received. A non mutually exclusive possibility was that Runx3 was repressed by 

Thpok-independent intrathymic signals. The latter but not the former hypothesis predicted 

that removing Thpok−/− CD4 SP-like thymocytes from their intrathymic environment would 

relieve such repression and therefore enhance, rather than reduce, Runx3 expression. 

Experimental evidence supported this conclusion (Fig. 1C, bottom): whereas a substantial 

subset of Thpok−/−CD4 SP-like thymocytes expressed little or no Runx3 (tRFP) ex vivo, 

they all did after overnight single-cell suspension culture to disrupt thymocyte-stroma 

Xiong et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2019 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



interactions. Accordingly, mutant cells also down-regulated the Runx3 target CD4 (Fig. 1C). 

In contrast, Thpok-sufficient CD4 SP cells remained tRFP− and CD4hi in these same 

conditions. These findings supported the idea that intrathymic signals, not mediated by 

Thpok, restrained Runx3 expression in MHC II-signaled thymocytes. We therefore decided 

to explore this possibility.

Gata3 represses Runx3

The Thpok-deficient cells that expressed ThpokGFP but not Runx3tRFP expressed CD69 (Fig. 

1D, gray shaded), a molecule up-regulated by intrathymic TCR engagement [25]. This 

raised the possibility that intrathymic TCR signaling repressed Runx3 in a Thpok-

independent manner. The transcription factor Gata3 is up-regulated by TCR signaling in 

thymocytes [26, 27], whereas its expression is down-regulated when thymocytes are 

removed from their intrathymic environment (Supporting Information Fig. 1B). This pattern 

of expression was reciprocal to that of Runx3, prompting us to consider the possibility that 

high-level Gata3 expression would repress Runx3. Previous analyses have shown that Gata3 

is required for CD4 but not CD8-lineage differentiation, and that in the absence of Gata3 

MHC II-restricted thymocytes are ‘redirected’ into CD8 SP cells [21, 22]. These previous 

findings are consistent with the hypothesis that Gata3 represses Runx3. Indeed, this 

hypothesis predicts that, in the absence of Gata3, MHC II-restricted thymocytes would 

express Runx3, repress Cd4 and be ‘redirected’ to a CD8-lineage fate. While it was not 

possible to directly evaluate the hypothesis by inactivating Gata3 specifically in cells with 

high Gata3 expression (CD4+CD8int thymocytes, see below), we reasoned that ectopic 

Gata3 expression should impair Runx3 up-regulation. To assess this prediction, we used a 

Gata3 transgene that expresses Gata3 protein at the ‘high’ physiological set point (the peak 

level during positive selection) in all thymocytes (Fig. 2A and S2A) [28]. At this level, the 

Gata3 transgene had little or no effect on the differentiation of wild-type (Thpok-sufficient) 

MHC II-restricted thymocytes (Supporting Information Fig. 2B).

To evaluate Gata3 repression of Runx3, we examined how the Gata3 transgene affected 

Runx3tRFP expression in Thpok−/− thymocytes. Because the predicted effects on Runx3 
might affect Cd4 and Cd8, it was essential not to restrict these analyses to particular subsets 

defined by CD4 and CD8 expression, but rather to examine the whole population of TCRhi 

post-selection Thpok−/− cells. In that subset, the Gata3 transgene substantially impaired 

Runx3 up-regulation, although it did not prevent it (Fig. 2B). Most TCRhi Gata3-transgenic 

cells failed to express tRFP, whereas 60% of their non-transgenic counterparts did so; 

furthermore, the Gata3 transgene reduced tRFP fluorescence intensity in reporter-expressing 

cells by almost 60% (Fig. 2B, bottom). Both effects were most pronounced in CD69hi cells 

(Fig. 2B, C), suggesting that Runx3 repression by Gata3, whether transgenic or endogenous, 

was specific of TCR-signaled cells. We conclude from these experiments that Gata3 

represses Runx3 in Thpok−/− thymocytes.

In Thpok−/− mice, both MHC II- and MHC I-restricted thymocytes express Runx3. To 

determine if the Gata3 transgene repressed Runx3 in MHC I-restricted cells, we examined 

its effects on Runx3tRFP in Thpok+/+ mice, in which only MHC I-restricted cells express 

Runx3. We found that the Gata3 transgene had little if any effect on Runx3tRFP expression in 
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these cells (Supporting Information Fig. 2C): both the frequency of RFP-expressing cells 

and RFP fluorescence intensity were similar in transgenic and control cells. We had similar 

results when analyzing Runx3tRFP expression on gated CD8 SP thymocytes (data not 

shown). These analyses support the conclusion that Runx3 repression by Gata3 is specific of 

MHC II-signaled thymocytes. Of note, this indicates that the effects shown in Thpok−/− cells 

(Fig. 2B, C), which are a mix of MHC-I and MHC II-specific cells, probably underestimate 

the actual Gata3-mediated Runx3 repression in the latter.

We next examined whether Gata3-mediated Runx3 repression had physiological 

consequences. Because Runx3 represses Cd4, we predicted that repression of Runx3 would 

result in sustained CD4 expression by Gata3-transgenic cells. We evaluated this prediction in 

the TCRhi CD69+ subset from Thpok−/− mice, in which Gata3-mediated Runx3 repression 

was the most prominent. Indeed, the fraction of CD4lo cells in this subset was reduced in 

Thpok−/− Gata3 transgenic mice compared with that in their non-transgenic counterparts 

(Fig. 2D), demonstrating that Gata3-mediated Runx3 repression improved CD4 expression. 

We also noted that the Gata3 transgene impaired CD8 expression in CD8 SP cells (Figs. 3 

and S2D). However, this effect is unlikely to be Runx3-dependent, because it was observed 

in MHC I-restricted cells, in which Gata3 had little or no effect on Runx3 (Supporting 

Information Fig. 2C), as well as in DP thymocytes, which do not express Runx3 [29]. 

Accordingly, previous studies had shown that Runx3 has little effect on CD8 expression in 

the thymus, unlike in effector T cells [29, 30].

High-level Gata3 and Runx3 expression are mutually exclusive

If the conclusion that Gata3 represses Runx3 is correct, high-level Gata3 and Runx3 

expression should be mutually exclusive. To evaluate this prediction, we used intra-cellular 

staining to assess Gata3 expression. We preferred this procedure to GFP reporter mice [27] 

because GFP, due to its long half-life [31], does not accurately reflect transient changes in 

Gata3 protein expression. We compared Gata3 expression in MHC-II and MHC-I restricted 

thymocytes obtained from B2m−/− and I-Ab−/− mice respectively. Consistent with previous 

studies [26, 32], Gata3 expression was highest in CD69+ CD4+CD8int MHC II-restricted 

cells (Fig. 4A, compare top and bottom rows). In Thpok+/+ mice these cells do not express 

Runx3 (Fig. 1A), consistent with the idea of Gata3 repression of Runx3. In Thpok−/− mice 

however, both CD4+CD8int and CD4 SP-like subsets contained Runx3tRFP+ and Gata3hi 

cells (compare Figs. 1A and 4B respectively). Unfortunately, we could not use the same 

staining procedure to directly compare Gata3 and Runx3tRFP expression at the single-cell 

level, because the cell fixation required to measure intra-cellular Gata3 abolishes RFP 

fluorescence.

To overcome this obstacle, we used the MHC-I molecule H-2Kb as a surrogate for Runx3 
expression. This marker is normally up-regulated in immature post-selection cells (TCRhi 

CD69+) and remains expressed in more mature cells (Supporting Information Fig. 3), and its 

expression is not affected by the Gata3 transgene (data not shown). In wild-type CD4 SP 

thymocytes, which do not express Runx3, H-2Kb and Runx3 expression are not correlated 

(Fig. 4C, middle column, top). In contrast, expression of H-2Kb parallels that of Runx3 in 

wild-type CD8-lineage cells (Fig. 4C, top right). Importantly, there was an excellent 
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correlation between H-2Kb and Runx3tRFP expression in all subsets of Thpok−/− thymocytes, 

CD4+CD8int, CD4 SP and CD8 SP (Fig. 4C, bottom), and among all post-selection (TCRhi) 

cells (Fig. 4D). Thus, H-2Kb can be used as a surrogate for Runx3 expression in cells that do 

not express Thpok, i.e. wild-type CD8-lineage cells and all post-selection cells in Thpok−/− 

mice.

Consequently, we plotted H-2Kb vs. intra-cellular Gata3 expression in thymocytes (Fig. 4E). 

In Thpok−/− thymocytes, there was no substantial population in the top right quadrant of 

each plot, where would be cells with high Gata3 and H-2Kb expression. Thus, Gata3 protein 

levels are low in H-2Kb-expressing cells, from which we conclude that Gata3hi cells do not 

express Runx3, consistent with our finding that Gata3 represses Runx3. In summary, these 

studies document that Gata3 expression peaks in CD69hi MHC II-restricted thymocytes that 

are H-2Kb−, whereas Runx3 is expressed in H-2Kb+ cells.

Gata3 delays the CD8-lineage redirection of Thpok-deficient cells

Previous studies had shown that Gata3 is needed for CD4 T cell development [21, 26], and 

notably for Thpok expression [22, 33]. The repression of Runx3 by Gata3, together with 

previous findings that Gata3 antagonizes Runx3 protein function in mature T cells [34], 

raised the possibility that unrestrained Runx3 expression was responsible for the impaired 

CD4-differentiation of Gata3-deficient thymocytes. If that were the case, disruption of 

Runx3 should restore the CD4-differentiation in Gata3-deficient mice. To evaluate this 

possibility, we generated mice conditionally deleting both Gata3 and Runx3 in DP cells. As 

expected because of Runx3 inactivation, a large fraction of double-deficient CD8-lineage 

thymocytes failed to terminate CD4 expression (Fig. 5A, right), resulting in the appearance 

of CD4+CD8+ post-selection thymocytes. This indicated that Cd4 silencing in Gata3-

deficient thymocytes remained largely Runx3-dependent. However, we found no restoration 

of CD4 SP cell development (Fig. 5A), indicating that Gata3 is required for CD4+ T-cell 

development independently of its effect on Runx3.

Conversely, it was possible that, by repressing Runx3 and CD8, sustained Gata3 expression 

would rescue in part the CD4-developmental block of Thpok-deficient thymocytes and 

prevent their redirection to the CD8 lineage. To evaluate this possibility, we examined the 

most mature thymocytes, which have both up-regulated TCR and down-regulated the 

maturation marker CD24 (Heat stable antigen, HSA). Whereas these cells normally are 

either CD4 or CD8 SP, the CD4 SP component is nearly absent in Thpok−/− mice, because 

the CD8-redirection of MHC II-restricted cells occurs before their terminal maturation (Fig. 

5B) [10, 17, 19, 20]. The Gata3 transgene greatly increased the number of TCRhi CD24lo 

thymocytes with a CD4 SP-like phenotype (Fig. 5B). However, despite their large numbers 

(half that of mature CD4 SP cells in Thpok-sufficient mice, Fig. 5C), these CD4 SP-like 

cells did not terminate CD8 expression and there was no reconstitution of the peripheral 

CD4+ cell population (data not shown). Thus, as expected from its repression of Runx3, 

enforced Gata3 expression delays the CD8-lineage redirection of Thpok−/− thymocytes; 

however, it does not restore their differentiation into CD4+ T cells, presumably because its 

repression of Runx3 is transient only.
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Gata3 molecules bind the Runx3 locus

Genome-wide analyses of Gata3 DNA binding have identified a Gata3 site within the Runx3 
locus, occupied in CD4−CD8− double negative (DN) thymocytes (Fig. 6A) [35, 36]. While 

binding to this site was not detected in DP or naïve CD4+ T cells, this could be because 

Gata3 levels in these cells are lower than in DN or MHC II-signaled thymocytes. 

Consequently, we performed Chromatin Immunoprecipitation (ChIP) from AND TCR 

transgenic thymocytes, most of which are MHC II-signaled. We detected the target Runx3 
sequence in Gata3 immunoprecipitates from AND thymocytes (Fig. 6B, top row, lanes 7–9), 

but not from Gata3-deficient cells (lanes 1–3), or in immunoprecipitates prepared with an 

isotype control antibody (lane 8). Of note, Gata3 also bound a site downstream of the Cd8b 
gene, consistent with the reduced expression of CD8 in Gata3-transgenic cells (Fig. 6A and 

B, middle row). Similar results were obtained from Gata3 transgenic thymocytes (Fig. 6B, 

lanes 4–6). These findings support the idea that Gata3 binding to Runx3 and Cd8 contribute 

to its repressive effect.

In summary, our study provides evidence for a novel function of Gata3 during the 

differentiation of CD4 lineage T cells in the thymus, namely transiently repressing Runx3 
expression, that comes in addition to the previously reported functions of this factor in 

promoting CD4-lineage differentiation (schematized in Fig. 6C).

3. Discussion

Our study identifies a novel function of Gata3, whereby this factor represses Runx3 before 

Thpok up-regulation in MHC II-signaled thymocytes. It was previously proposed that MHC 

II-induced TCR signals repress Runx3 in cells that do not yet express Thpok [4], and our 

findings identify Gata3 as an important contributor to this effect.

We have previously shown that Gata3 is required in MHC II-restricted thymocytes for CD4-

lineage specification, including for the expression of Thpok [22]. The current study points to 

a distinct function of Gata3. While it participates in the logic of CD4-lineage differentiation, 

it involves repressing a CD8-lineage specific gene, Runx3. Runx3 activity is critical to CD8-

lineage differentiation [7, 37]. Runx3 promotes both the cessation of Cd4 and Thpok 
expression (therefore ensuring CD8-lineage commitment) and the initiation of CD8-lineage 

gene expression, even though such functions are in part masked by the redundancy between 

Runx1 and Runx3. Thus, by repressing Runx3, Gata3 controls a key factor in CD8-lineage 

differentiation.

Unlike Runx3 repression by Thpok, which persists in mature thymocytes and T cells and is a 

key component of CD4-lineage commitment [10, 20, 29], the repression of Runx3 by Gata3 

is transient and therefore does not induce CD4-lineage commitment. From a developmental 

perspective, Gata3 repression of Runx3 would serve to preserve the CD4-CD8 ‘bi-potency’ 

of thymocytes while they undergo TCR signaling; this would notably be effected by 

ensuring the sustained Cd4 expression required for proper CD4+ cell development [5]. Bi-

potency is resolved if Thpok is up-regulated, resulting in CD4-lineage commitment, or if 

TCR signaling ceases without Thpok up-regulation, resulting in Runx3 up-regulation and 

CD8-lineage commitment.
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The repression of Runx3 by Gata3 was specific of MHC II-signaled cells in the thymus. 

Similarly, we did not observe any specific Runx3 repression in peripheral CD8 cells of 

Gata3 transgenic mice (Y.X. and R.B., unpublished observation). What accounts for this 

specificity remains to be determined. Because Gata3 functions are exquisitely dependent on 

its expression level [38], it is possible that expression of the Gata3 transgene is insufficient 

to bring Gata3 levels in MHC I-restricted cells to the peak seen in MHC II-specific 

transitional cells (see Fig. 2A). A non-mutually exclusive possibility is that Runx3 
repression requires stage-specific post-translational modifications of Gata3, or its 

cooperation with other factors, such as IRF4 [39]. Indeed, genome-wide studies of Gata3 

binding suggest that the outcomes of Gata3 recruitment to DNA are context-dependent [35]. 

Of note, our observations do not exclude that high-level Gata3 expression represses Runx3 
in other contexts. Previous studies have pointed to such a possibility during the 

differentiation of mature CD4+ T cells into Th2 effectors [34].

Regardless of its mechanism, the fact that Gata3-mediated repression of Runx3 is specific of 

MHC II-signaled cells has two separate and important correlates. First, Gata3 repression of 

Runx3 is not caused by Gata3 repression of Cd8. Indeed, MHC II-restricted cells, in which 

Gata3 represses Runx3, do not need CD8 molecules to signal. Second, it explains the 

apparent paradox that the Gata3 transgene did not inhibit the development of wild-type 

CD8-lineage cells, which are MHC I-restricted and in which Gata3 does repress Runx3.

Our findings suggest a possible mechanism underpinning the repression of Runx3 by Gata3, 

by showing direct binding of Gata3 molecules to the Runx3 locus. However, Gata3 

recruitment to Runx3 does not imply a direct regulatory function, and determining the role 

of such binding in Runx3 repression will require the identification of the cis-regulatory 

elements that control Runx3, which are not yet known. In addition, given the pleiotropic 

effects of Gata3 during positive selection, it is possible that additional mechanisms are 

involved in Gata3-mediated Runx3 repression. In particular, Gata3 has been proposed to 

activate expression of the transcription factor E2A [40], an E-box binding protein that serves 

as a ‘gate-keeper’ of positive selection redundantly with the related factor HEB [41, 42]. 

Inactivation of both E2A and HEB promotes the differentiation of CD8-lineage cells, and 

there is evidence that these factors repress Runx3, directly or indirectly [41, 42]. Thus, 

Gata3 could repress Runx3 through E2A.

We also noted that the Gata3 transgene repressed IL-7Rα expression (data not shown), an 

effect more pronounced in CD8 than CD4 SP cells. While it had been proposed that IL-7 

promoted Runx3 expression in CD8-differentiating thymocytes, a recent report has shown 

IL-7, and γc-cytokines in general, to be dispensable for Runx3 up-regulation in these cells 

[43]. Thus, the effect of Gata3 on IL-7Rα expression does not account for repression of 

Runx3 by Gata3.

The inhibition of CD8 expression by the Gata3 transgene mirrored the slightly increased 

CD8 expression of Gata3-deficient thymocytes [22, and Y.X. and R.B., unpublished 

observations]. In contrast, the conclusion on Runx3 repression relies on transgenic Gata3 

expression only. As with all gain-of-function approaches, this raises the question of whether 

it also applies to endogenous Gata3. In support of our conclusion, the CD8 redirection’ of 
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Gata3-deficient MHC II-restricted thymocytes [22] is fully consistent with the idea that 

Gata3 represses Runx3. That is, our current results predict that Gata3 inactivation, by 

promoting expression of Runx3, would redirect MHC II-restricted cells into the CD8 

lineage, which is indeed the case [22]. The fact that Runx3 disruption fails to restore the 

CD4-lineage differentiation of Gata3-deficient thymocytes supports the concept that Gata3 

is required for the specification of the CD4 lineage, in addition to its effects on Runx3.

This novel repressive role of Gata3 adds to the panoply of functions this factor performs 

during CD4-lineage differentiation. We previously reported that Gata3 is required for Thpok 

expression both in conventional MHC II-restricted thymocytes and in iNK T cells [22, 33]. 

Gata3 promotes other aspects of CD4-lineage differentiation, as enforced Thpok expression 

does not rescue the CD4-differentiation of Gata3-deficient cells [22]. What these functions 

include remains to be determined. Gata3 binds to genes encoding the CD3 subunits of TCR 

complexes or TCR signaling intermediates [35, 40], and may therefore be required for 

efficient TCR signal transduction. This could explain a stronger requirement for Gata3 in 

CD4- than CD8-lineage differentiation, as sustained TCR signaling is required for the 

former but not for the latter [4]. It is also possible that Gata3 promotes the expression of 

other CD4-lineage specific transcription factors, whose identity would have remained 

elusive. The recent observation that Gata3 expression is targeted by the Ras-Erk and 

calcium-calcineurin signaling pathways [27], both downstream of the TCR, further 

emphasizes its function as a critical pivot in the choice between CD4 and CD8 lineages.

4. Materials and Methods

Mice

Thpok−/−, Gata3f/f, ThpokGFP and Runx3tRFP mice were previously described [14, 22, 44]. 

B2m−/− and I-Ab−/− mice and mice carrying the AND or P14 TCR transgenes were obtained 

from Jax. Gata3 transgenic mice were generated in our laboratory [28]. Briefly, a Gata3 
cDNA was inserted into the transgenic expression vector p29Δ2, driven by the promoter of 

human CD2 gene [45]; the resulting DNA was microinjected to generate Gata3 transgenic 

mice using previously described procedures [46]. Transgenic founders were identified by 

Southern blotting; transgenic animals were subsequently identified by PCR from tail DNA 

using the following primers: 5’ CTC GAC TTA CAT CCG AAC CCG GTA 3’ and 5’ CGC 

TCT TGC TCT CTG TGT ATG 3’. Animal procedures used in this study were approved by 

the National Cancer Institute Animal Care and Use Committee.

Antibodies

Flow cytometry antibodies against CD4 (RM4.5), CD8 (53–6.7), TCRβ (H57–597), CD24 

(M1/69), CD44 (IM7), CD69 (H1.2F3), H-2Kb (AF6–120.1) and anti-Gata3 (L50–823) were 

from BD Biosciences or eBioscience.

Cell preparation and staining

Thymocytes and spleen cells were prepared and stained as described [22], and analyzed by 

flow cytometry on LSRII or LSR Fortessa cytometers (BD Biosciences). Dead cells were 

excluded by forward light-scatter gating and DAPI staining. Data was analyzed with Flowjo 
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software. Gata3 intracellular staining was performed on cells fixed and permeabilized (using 

eBioscience kit 00–5523-00) after surface staining; dead cells were excluded using the live/

dead fixable staining (Invitrogen L-23105).

Thymocytes were sorted as described [22] and placed (5 × 106/ml) in RPMI 1640 medium, 

supplemented with 10% FCS, Glutamine and antibiotics. Cells were analyzed by 

immunofluorescence and flow cytometry after 18 hours at 37°C.

Gata3 chromatin precipitation (ChIP)

Anti-Gata3 ChIP was performed using the EZChIP kit (Millipore 17–371) as described [22], 

with modifications. Briefly, thymocytes from Gata3f/f Cd4-Cre mice, Gata3 transgenic mice 

and AND TCR transgenic mice were fixed with 1% formaldehyde and lysed in 1% SDS 

lysis buffer. The crosslinked DNA was sonicated to 200–500bp (Ultrasonic processor XL, 

Misonix Inc), and then diluted with the kit ‘dilution buffer’ to a concentration of 107 cell-

equivalents per ml. 20 μl of sonicated chromatin (~2 × 105 cells) was set aside as input. For 

each ChIP reaction, 3 ml chromatin (~3 × 107 cells) were incubated overnight with protein G 

Dynalbeads (Invitrogen) coupled antibodies (5μg): anti-Gata3 (BD Bioscience 558686) or 

control mouse IgG. The immunoprecipitated DNA was retrieved and washed according to 

the manufacturer’s recommendations. Input and ChIP DNA were then subject in parallel to 

cross-linking reversal, phenol/chloroform extraction and ethanol precipitation. 1% of ChIP 

DNA (~3 × 105 cells) or input DNA (~2 × 103 cells) was used for conventional PCR and 

analyzed on 1.5% agarose gel. The primer pairs for Cd8, Runx3 and Gapdh for ChIP-PCR 

were as follows: Cd8: 5’CAACTTCCACTGGTTGGATTTACG3’; 5’ 

TTGATGCCCCGCTTTTGAAG3’;

Runx3: 5’ CTCCAGGCAGGCAGGATCTG 3’; 5’ GGTCTGGGTAGCTGAGCCCTG 3’

Gapdh: 5’ GAGGACAATAAGGCTCAAGG 3’; 5’ CTCTCGGCTGGGTGGAGTG-3’.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Runx3 repression during CD4-lineage differentiation.
(A) Contour plots show expression of ThpokGFP and Runx3tRFP reporters in the indicated 

thymocyte subsets from Thpok+/+ and Thpok−/− mice (gating on the left, gate numbers 

shown on a black background). Note the expression of ThpokGFP in the CD4intCD8+ and 

CD8 SP subsets in Thpok−/− mice, identifying MHC II-restricted ‘redirected’ thymocytes. 

The gray-shaded box in column 3 (bottom) contains ThpokGFP+ Runx3tRFP– cells. (B) 

Contour plots of ThpokGFP and Runx3tRFP expression in Vα11+ CD4 or CD8 SP 

thymocytes from Thpok−/− and Thpok+/+ mice carrying the MHC-II-restricted AND TCR 
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transgene; gates are defined in Supporting Information Fig. 1. The gray-shaded area 

identifies ThpokGFP+ Runx3tRFP– cells. (C) Sorted CD4 SP thymocytes from Thpok+/+ or 

Thpok−/− AND mice carrying the Runx3tRFP reporter were placed in single cell suspension 

culture overnight and analyzed for expression of surface CD4 and CD8 (top) and tRFP 

(bottom) before (left) and after (right) culture. Overlaid histograms (bottom) show 

Runx3tRFP expression in Thpok−/− (solid line histogram) or Thpok+/+ (dashed line 

histogram) cells. Gray-filled histograms show tRFP fluorescence in CD8 SP cells from AND 

Thpok−/− mice analyzed in parallel. Numbers in bottom panels indicate tRFP fluorescence 

relative to CD8 SP controls (gray-shaded histograms) set to 100. (A-C) In each panel, data 

shown are representative of at least three experiments. (D) Contour plots of CD69 vs. tRFP 

expression gated on GFP+ thymocytes from Thpok+/+ or Thpok−/− mice carrying both the 

ThpokGFP and Runx3tRFP reporters. The gray-shaded area identifies the CD69hi GFP+ tRFP– 

subset in Thpok−/− mice.
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Figure 2. Enforced Gata3 expression represses Runx3 in MHC II-restricted thymocytes.
(A) Expression of intra-cellular Gata3 was analyzed by flow cytometry in Gata3 transgenic 

thymocyte subsets (solid line histogram) or their non-transgenic counterparts (gray-shaded 

histograms). The vertical dotted line indicates the peak of Gata3 expression in wild type 

CD4+CD8int thymocytes. Data are from two mice analyzed in a single experiment, and 

representative of three independent determinations. (B) Plots depict expression of Runx3tRFP 

vs. CD69 in post-selection (TCRhi) thymocytes from Gata3 transgenic and control Thpok−/− 

mice. Numbers below plots show the mean tRFP fluorescence intensity (arbitrary units) in 
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the top and bottom right quadrants; the leftmost plot shows background fluorescence in mice 

that do not carry the Runx3tRFP reporter. (C) The ratio of tRFP+/tRFP– cells among TCRhi 

CD69hi thymocytes, either Gata3-transgenic (right) or non-transgenic controls (left) is 

shown. Lines link mice analyzed within the same experiment. (D) Plots show CD4 and CD8 

expression in TCRhi CD69hi Thpok−/− thymocytes from the same mice as in (B). (B-D) Data 

shown are from five pairs of mice analyzed in five distinct experiments.
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Figure 3. Gata3 represses expression of CD8.
Overlaid histograms show surface CD8 expression on gated pre-selection DP and TCRhi 

CD8 SP thymocytes from Gata3-transgenic (solid line histogram) and control (gray-filled 

histogram) thymocytes. Data shown are representative of five experiments.
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Figure 4. Runx3 and high-level Gata3 expression are mutually exclusive in- thymocytes.
(A) Contour plots (right) show intra-cellular Gata3 and surface CD69 expression in MHC II- 

(top, from B2m−/− mice) and MHC I-restricted (bottom, from MHC-II-deficient mice) 

thymocyte subsets as gated on the left. (B) Contour plots show intracellular Gata3 and 

surface CD69 expression in Thpok+/+ (top) and Thpok−/− (bottom) thymocyte subsets gated 

as in (A). (C) Expression of H-2Kb and Runx3tRFP in Thpok+/+ and Thpok−/− thymocytes 

gated as indicated in (A). (D) Plots show surface H-2Kb vs. Runx3tRFP expression in gated 

TCRhi thymocytes from Thpok−/− mice. (E) Plots show intracellular Gata3 vs. surface 

Xiong et al. Page 19

Eur J Immunol. Author manuscript; available in PMC 2019 January 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



H-2Kb expression in CD4+CD8int, CD4 SP and CD8 SP thymocytes from Thpok+/+ and 

Thpok−/− mice. Data shown are representative of two or more experiments.
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Figure 5. Gata3 delays the CD8-redirection of Thpok-deficient thymocytes.
(A) Plots show CD4 and CD8 surface expression in TCRhi thymocytes from wild-type 

(control) mice, Gata3f/f or Runx3f/f Gata3f/f Cd4-Cre mice; data shown are from one 

experiment representative of three performed. (B) CD4 and CD8 expression in TCRhi 

CD24lo thymocytes from Thpok+/+ mice, and from Gata3-transgenic and control Thpok−/− 

mice. Data shown are from one experiment representative of three performed. (C) The 

number of TCRhi CD24lo CD4 SP thymocytes from the indicated mice is shown as mean + 
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SD. Data pooled from five independent experiments analyzing 14 Thpok−/− mice (7 each 

Gata3 transgenic and control) and 8 Thpok+/+ mice (4 each Gata3 transgenic and control).
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Figure 6. Gata3 binds to Runx3 and Cd8 loci
(A) Chromosomal coordinates and schematic representations of Runx3 and Cd8 loci were 

obtained from the UCSC genome browser (mm9 mouse genome assembly). Location of 

PCR amplicons identifying Gata3 binding sites in each locus are shown by black triangles. 

Pdis and Pprox refer to the distal and proximal Runx3 promoters respectively. Note the Gata3 

binding site location immediately downstream of the Cd8 E8(II) enhancer active throughout 

T-cell development [6]. (B) ChIP analyses of Gata3 binding in unseparated thymocytes from 

AND TCR transgenic, Gata3 transgenic or Gata3-deficient mice. Agarose-gel bands show 
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PCR amplicons on the Cd8, Runx3, Gapdh (as a control for background) and Thpok (as a 

positive control, site A in Ref. [22]) loci from anti-Gata3 or control IgG immunoprecipitates, 

or from unfractionated chromatin (input). Data shown are representative of at least two 

separate experiments (two distinct mice of each genotype). (C) Central position of Gata3 in 

the circuitry of CD4-lineage differentiation. Gata3 (i) preserves bi-potency of MHC II-

signaled thymocytes by repressing Runx3 (this study, left), (ii) promotes TCR signaling, 

possibly through binding to genes encoding CD3 subunits (top right, [35, 40]), and (iii) 

promotes Thpok expression (bottom right, [22]).
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