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Tle/Groucho proteins are transcriptional corepressors interacting with Tcf/Lef and Runx transcription factors, but their 
physiological roles in T cell development remain unknown. Conditional targeting of Tle1, Tle3 and Tle4 revealed gene dose–
dependent requirements for Tle proteins in CD8+ lineage cells. Upon ablating all three Tle proteins, generation of CD8+ T cells 
was greatly diminished, largely owing to redirection of MHC-I–selected thymocytes to CD4+ lineage; the remaining CD8-
positive T cells showed aberrant up-regulation of CD4+ lineage-associated genes including Cd4, Thpok, St8sia6, and Foxp3. 
Mechanistically, Tle3 bound to Runx-occupied Thpok silencer, in post-selection double-positive thymocytes to prevent 
excessive ThPOK induction and in mature CD8+ T cells to silence Thpok expression. Tle3 also bound to Tcf1-occupied sites in 
a few CD4+ lineage-associated genes, including Cd4 silencer and St8sia6 introns, to repress their expression in mature CD8+ 
T cells. These findings indicate that Tle corepressors are differentially partitioned to Runx and Tcf/Lef complexes to instruct 
CD8+ lineage choice and cooperatively establish CD8+ T cell identity, respectively.
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Introduction
The Drosophila melanogaster Groucho and its evolutionarily 
conserved mammalian Transducin-Like Enhancer of split (Tle) 
homologues are transcriptional corepressors (Turki-Judeh and 
Courey, 2012). In mammals, there are four full-length Tle pro-
teins, Tle1–4, while other two partially homologous proteins, 
Tle5 and Tle6, are expressed in truncated forms (Gasperowicz 
and Otto, 2005; Buscarlet and Stifani, 2007). Tle proteins do 
not have the capacity to directly bind DNA, but interact with 
sequence-specific transcription factors in diverse protein fami-
lies (Jennings and Ish-Horowicz, 2008; Turki-Judeh and Courey, 
2012). As a result, Tle proteins demonstrate critical regulatory 
roles in a wide range of organogenesis, including neurogenesis, 
osteogenesis, and hematopoiesis, as well as development of kid-
ney and pancreas (Agarwal et al., 2015). In the blood lineage cells, 
Tle4 interacts with Pax5 and PU.1 transcription factors, suggest-
ing a role in B cell development and function (Eberhard et al., 
2000; Linderson et al., 2004). All Tle proteins interact with Tcf1 
and Lef1 downstream of the Wnt signaling pathway (Brantjes et 
al., 2001; Daniels and Weis, 2005; Staal and Sen, 2008), sugges-

tive of involvement in T cell development and function (Xue and 
Zhao, 2012; Steinke and Xue, 2014). Tle1 is shown to bind Runx1 
(Levanon et al., 1998), which is essential for the generation and 
maintenance of hematopoietic stem/progenitor cells (HSPCs; 
Cai et al., 2015). In line with such broadly interacting partners, 
germline deletion of Tle4 in mice causes a profound reduction 
in cellularity of hematopoietic cells including HSPCs and B cells 
(Wheat et al., 2014). Ablation of Tle1, on the other hand, exhibits 
grossly normal hematopoiesis, but results in excess production 
of inflammatory cytokines by macrophages (Ramasamy et al., 
2016). In addition, Tle1 and Tle4 appear to function as tumor 
suppressors in the context of myeloid leukemia (Dayyani et al., 
2008; Shin et al., 2016). In spite of the advances, the precise roles 
of these Tle proteins in development and function of immune 
cells have not been elucidated.

T lymphocytes are essential for cellular immune responses 
against foreign pathogens. T cell development follows stage-wise 
maturation stages in the thymus, starting from CD4–CD8– double 
negative (DN) thymocytes, which then mature into the CD4+CD8+ 
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double positive (DP) stage (Yang et al., 2010). After proper pos-
itive and negative selections, the DP thymocytes give rise to 
CD4+CD8lo intermediate cells, which then differentiate into MHC 
class II–restricted CD4+ and MHC class I–restricted CD8+ single 
positive (SP) T cells (Singer et al., 2008; He et al., 2010). The dif-
ferentiation of bipotent thymic precursors, including post-select 
TCRβ+ DP and CD4+CD8lo intermediate thymocytes, into SP T cells 
represents a critical lineage decision, which is influenced by the 
timing, intensity, and duration of signals derived from TCR and 
cytokines (Singer et al., 2008). These signals are integrated into 
a transcriptional network in the nucleus to stipulate the CD4+ 
versus CD8+ T cell lineage choice (Taniuchi and Ellmeier, 2011; 
Xiong and Bosselut, 2011; Issuree et al., 2017). At the center of 
the network are the mutually antagonistic ThPOK and Runx/
CBF transcription factors. ThPOK is both necessary and suffi-
cient for instructing the CD4+ lineage specification (He et al., 
2005; Sun et al., 2005), while the expression of both Runx1 and 
Runx3, or their obligatory cofactor CBFβ, is absolutely necessary 
to ensure generation of CD8+ lineage cells (Egawa and Littman, 
2008; Setoguchi et al., 2008). ThPOK expression is induced in 
the bipotent thymic precursors by TCR (He et al., 2008), and this 
induction depends on Tox, Gata3, Tcf1, and Lef1 transcription fac-
tors (Wang et al., 2008; Aliahmad et al., 2011; Steinke et al., 2014). 
On the other hand, ThPOK expression is antagonized through a 
Thpok silencer in the gene locus, which is occupied by Runx fac-
tors (He et al., 2008; Setoguchi et al., 2008) and Mazr (Sakaguchi 
et al., 2010). In addition, Mazr appears to synergize with either 
Runx1 or Runx3 to promote the thymic precursors to a CD8+ T cell 
fate (Sakaguchi et al., 2015).

Upon lineage decision, the lineage-committed CD4+ and 
CD8+ T cells undergo further intrathymic maturation including 
down-regulation of CD69 and CD24 (Xing et al., 2016b). An im-
portant maturation process is to solidify the individual cell iden-
tity by silencing lineage-inappropriate genes (Gullicksrud et al., 
2017). Whereas mature CD4+ and CD8+ T cells have remarkably 
similar transcriptomes, a few genes have been identified as lin-
eage signature genes, such as Cd4, Thpok, St8sia6, Cd40lg, Lgmn, 
and Itgb3 for CD4+ T cells and Cd8a, Cd8b, Runx3d, Nkg7, and 
Itgae for CD8+ T cells (Mingueneau et al., 2013). In CD8+ lineage 
T cells, Runx/CBF is essential for silencing the expression of Cd4 
and Thpok (Taniuchi et al., 2002; Setoguchi et al., 2008). Our 
recent study has demonstrated that Tcf1 and Lef1 do not only con-
tribute to Cd4 gene silencing, but also broadly repress the ex-
pression of CD4+ signature genes and differentiated CD4+ helper 
T cell genes including Foxp3 and Rorc in CD8+ T cells (Steinke et 
al., 2014; Xing et al., 2016a).

Among key factors programming CD8+ lineage choice and 
cell identity, both Tcf1/Lef1 and Runx factors use Tle proteins as 
cofactors. The Tle proteins contain five defined domains, with 
the N-terminal glutamine-rich domain (namely, Q domain) and 
C-terminal tryptophan-aspartate (WD)–repeat domain respon-
sible for most of protein–protein interactions (Buscarlet and 
Stifani, 2007; Turki-Judeh and Courey, 2012). The full-length Tcf1 
and Lef1 contain an N-terminal β-catenin binding domain, C-ter-
minal high-mobility-group (HMG) DNA binding domain, and a 
context-dependent regulatory (CRD) domain that harbors his-
tone deacetylase activity (Xing et al., 2016a). Both CRD and HMG 

domains in Tcf1 and Lef1 contribute to interaction with the Q do-
main in Tle proteins (Arce et al., 2009; Chodaparambil et al., 2014). 
On the other hand, both Runx1 and Runx3 use their conserved 
C-terminus VWR PY motifs to interact with the WD-repeat do-
main in Tle proteins (Levanon et al., 1998). Genetic deletion of the 
VWR PY motifs in both Runx1 and Runx3 (Runx1ΔV/ΔVRunx3ΔV/ΔV)  
result in aberrant up-regulation of CD4 and ThPOK in mature 
CD8+ T cells (Yarmus et al., 2006; Seo et al., 2012), suggesting 
a direct involvement of Runx–Tle complex in regulating CD8+ 
T cell identity. In Runx1ΔV/ΔVRunx3ΔV/ΔV mice, however, the fre-
quency of CD8+ T cells was diminished in mature thymic but 
not in splenic T cell compartments (Seo et al., 2012). In a fetal 
thymic organ culture study, forced expression of Runx1, either 
WT or ΔVWR PY mutant, showed similar capacity to increase the 
frequency of CD8+ at the expense of CD4+ T cells (Telfer et al., 
2004). Therefore, it remains to be unquivocally defined if Runx–
Tle interaction contributes to regulation of CD8+ versus CD4+ T 
cell lineage choice.

As discussed above, genetic targeting of individual Tle fac-
tors revealed distinct functions in different cell types. There 
are several outstanding questions, e.g., whether the Tle factors 
are functional distinct or redundant in the process of T cell de-
velopment and if there is a gene dose effect given that several 
Tle genes coexist in the mammalian genome. Importantly, the 
known Tle-interacting factors, such as Tcf1/Lef1 and Runx1/3, 
have quite diverse biological effects in T cells, i.e., Tcf1/Lef1 and 
Runx1/Runx3 are differentially required for CD4+ and CD8+ T 
cell lineage choice, respectively, but both cooperatively regulate 
Cd4 gene silencing in mature CD8+ T cells. It is unknown if Tle 
proteins are partitioned to different partners to exert their reg-
ulatory functions during T cell development. To address these 
unanswered questions, we conditionally targeted Tle1, Tle3, and 
Tle4, which were abundantly expressed in T lineage cells. Our 
detailed analyses revealed that the Runx–Tle complex interacted 
with a Thpok silencer and repressed Thpok expression in bipo-
tent thymic precursors as well as committed CD8+ T cells, indi-
cating that Tle corepressors coopt Runx factors, but not Tcf1/
Lef1, for CD8+ T cell lineage decision and specific repression of 
Thpok in CD8+ T cells. On the other hand, Tcf1/Lef1–Tle complex 
was broadly required for suppression of CD4+ signature genes 
(except for Thpok) and differentiated helper lineage-associated 
genes in CD8+ T cells, demonstrating that Tle corepressors pre-
dominantly partner with Tcf1/Lef1 to establish CD8+ T cell iden-
tity. These findings uncover the physiological requirements of 
Tle corepressors for T cell development in stage-specific and gene 
context-dependent manner.

Results
Loss of Tle3 diminishes CD8+ T cell output
Among Tle genes that encode full-length Tle proteins, Tle3 was 
more abundantly expressed than Tle4 in splenic T and B cells, 
whereas Tle1 and Tle2 were only detected at much lower levels 
(Fig. 1 A). This expression pattern was observed in developing 
thymocytes, as determined with RNA-Seq by the Immunologi-
cal Genome Project (Fig. S1). We therefore conditionally targeted 
the Tle3 gene first by homologous recombination (Fig. S2, A and 
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B), and the resulting Tle3FL/+ mouse strain was crossed to Vav-
Cre transgene to inactivate Tle3 in all hematopoietic cells. As 
expected, Tle3 protein was completely ablated in thymocytes of 
Vav-Cre+Tle3FL/FL (referred to as Tle3−/−) mice (Fig. 1 B). Tle3−/− 
and littermate controls had similar thymic cellularity (Fig. 1 C). 
The thymocyte maturation process in Tle3−/− mice appeared 
grossly normal, showing a modest increase in the DN and CD4 
frequency (Fig. S2, C and D). When focusing on the post-select 
TCRβhi thymocytes, in both CD69+CD24+ immature and CD69–

CD24– mature subsets, Tle3−/− mice showed consistent reduction 
in the frequency and numbers of CD8+ SP thymocytes, with con-
comitant increase in CD4+ SP thymocytes (Fig. 1, D–F). Similar in-
crease in CD4+ and decrease in CD8+ T cells were observed in the 

periphery (Fig. S2 E). These data suggest that Tle3 is important 
for optimal CD8+ T cell production and may contribute to regula-
tion of CD8+ versus CD4+ T cell lineage choice.

Loss of Tle3 directs CD8+ to CD4+ T cell lineage by affecting 
ThPOK-Runx3 balance
To further test the possibility that Tle3 regulates CD8+ ver-
sus CD4+ T cell lineage choice, we crossed Tle3−/− mice to the 
H2ab1−/− background, where the expression of MHC-II I-A and 
I-E molecules is defective and generation of CD4+ T cells is greatly 
impaired (Grusby et al., 1991). TCRβ+CD69–CD24– mature thymo-
cytes in H2ab1−/− mice are predominantly CD8+ SP cells (Fig. 2 A). 
In Tle3−/−H2ab1−/− mice, however, the frequency of CD8+ SP thy-

Figure 1. Loss of Tle3 specifically diminishes 
generation of CD8+ SP thymocytes. (A) Tle 
gene expression in splenic T and B cells by qRT-
PCR. Data are means ± SD (n = 3 from two exper-
iments). (B) Immunoblot of Tle3 protein in total 
thymocytes, with β-actin as loading control. Data 
are representative from two experiments. (C) 
Total thymic cellularity of WT and Tle3−/− mice. 
Data are means ± SD (n = 7 from at least three 
experiments). (D–F) Characterization of post-se-
lect thymocytes. TCRβhi post-select thymocytes 
were detected in WT and Tle3−/− mice (top row 
in D), and further fractionated into CD69+CD24+ 
immature and CD69–CD24– mature subsets (sec-
ond row in D). The immature subset was detected 
for CD4+, CD4+CD8lo, DP, and CD8+ populations 
(clockwise from top left in third row in D), and the 
mature subset was detected for CD4+ and CD8+ 
populations (last row in D). (E and F) Cumula-
tive data on frequency (left panels) and numbers 
(right panels) of CD4+ and CD8+ SP thymocytes 
in the immature subset (E) and mature subset (F) 
are shown. Data are means ± SD (n ≥ 6 from at 
least three experiments). ns, not statistically sig-
nificant; *, P < 0.05; ** P < 0.01; ***, P < 0.001 by 
Student’s t test.
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mocytes was reduced by ∼25%, and that of CD4+ SP thymocytes 
was doubled (Fig. 2, A and B). In the periphery, there was a con-
sistent reduction in CD8+ and increase in CD4+ splenic T cells 
(Fig. 2, C and D). These data suggest that Tle3 deficiency causes 
redirection of MHC-I–selected cells to a CD4+ T cell fate. We also 
noted a portion of Tle3−/−H2ab1−/− mature thymic or splenic CD8+ 
T cells that expressed the CD4 coreceptor (called CD8*4 herein to 
distinguish from the true DP thymocytes; Fig. 2, A and C). This 
CD8*4 population may represent an alteration of CD8+ T cell 
identity in the absence of Tle3 and during lineage redirection 
(also see below).

To investigate the mechanism by which Tle3 regulates CD8+ 
T cell fate decision, we analyzed the expression of key transcrip-

tional regulators that promote CD4+ lineage choice, including 
ThPOK, Gata3, Tox, Myb, Tcf1, and Lef1, and those that promote 
CD8+ lineage choice, Runx1, Runx3, CBFβ, and Mazr (encoded 
by Patz1). In both post-select DP and CD4+CD8lo intermediate 
thymocytes, the expression of Thpok was increased, and that of 
Runx3d, a CD8+-specific transcript from the Runx3 distal pro-
moter, was decreased in Tle3−/− cells (Fig. 2 E). The other key 
factors were not significantly affected in Tle3−/− cells (Fig. S3 A). 
ThPOK induction and Runx3 repression were also observed on 
the protein level in Tle3−/− post-select DP thymocytes, and this 
protein expression pattern is further skewed toward stronger in-
duction of ThPOK in Tle3−/− cells during transition to CD4+CD8lo 
intermediate stage (Fig. 2 F).

Figure 2. Tle3 instructs CD8+ T cell lineage choice by repressing ThPOK. (A and B) Analysis of mature thymocytes on the H2ab1−/− background. TCRβhiCD69–

CD24– mature thymocytes in H2ab1−/− and Tle3−/−H2ab1−/− mice were analyzed for the distribution of CD4+ and CD8+ SP cells. Also marked is a CD8*4 popula-
tion that is evident in Tle3−/−H2ab1−/− mice (A). Cumulative data on frequency of mature CD4+ and CD8+ SP thymocytes are shown in B. Data are means ± SD (n ≥ 
6 from at least three experiments). (C and D) Analysis of splenic T cells on the H2ab1−/− background. TCRβ+ splenocytes from H2ab1−/− and Tle3−/−H2ab1−/− mice 
were analyzed for the distribution of CD4+ and CD8+ SP cells. Cumulative data on frequency of mature CD4+ and CD8+ T cells are shown in D. Data are means ± 
SD (n ≥ 6 from at least three experiments). (E) Analysis of Thpok and Runx3d gene expression in Tle3-targeted cells. From the TCRβhi CD69+CD24+ post-select 
immature thymocytes, DP (PostDP) and CD4+CD8lo intermediate (IM) cells were sorted from WT or Tle3−/− mice and analyzed by qRT-PCR. For relative expres-
sion of each gene, its expression was first normalized to the Hprt house-keeping gene in the same cell type; the gene expression in WT PostDP cells were set 
at 1, and its relative expression in all other cell types were normalized accordingly. Data are means ± SD from two experiments (n = 4). (F) Analysis of ThPOK 
and Runx3 protein gene expression in Tle3-targeted cells. PostDP and IM thymocytes from mice of indicated genotypes were intracellularly stained for ThPOK 
and Runx3 expression. Frequency of positive populations is shown, with the gating based on corresponding isotype control staining. Data are representative 
from three experiments with similar results (n = 4). (G) Analysis of Thpok and Runx3d gene expression on the H2ab1−/− background. PostDP and IM thymocytes 
were sorted from H2ab1−/− and Tle3−/−H2ab1−/−mice and analyzed for gene expression as in E. Data are means ± SD from two experiments (n = 4). In B, D, E, 
and G, *, P < 0.05; ** P < 0.01; ***, P < 0.001 by Student’s t test.
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ThPOK is induced in post-select thymocytes, more potently 
in CD4+CD8lo intermediate cells, by MHC-II–mediated TCR stim-
ulation (He et al., 2008), and consistent with this knowledge, 
Thpok expression was >10-fold lower in H2ab1−/− post-select 
DP and CD4+CD8lo intermediate thymocytes compared with 
MHC-II-sufficient cells; on the other hand, Runx3d expression 
was elevated by about twofold in H2ab1−/− over WT cells (Fig. S3 
B). On the H2ab1−/− background, loss of Tle3 caused markedly el-
evated Thpok expression, modestly reduced Runx3d expression, 
while having little impact on other genes in both post-select DP 
and CD4+CD8lo intermediate thymocytes (Fig. 2 G and Fig. S3 C). 
These data suggest that Tle3 primarily impinges on the ThPOK-
Runx3 balance to regulate CD4+ versus CD8+ T cell lineage choice.

Triple deletion of Tle1, Tle3, and Tle4 impairs generation of 
lineage-committed CD8+ T cells
The CD8+ to CD4+ T cell lineage redirection did occur in the ab-
sence of Tle3, but was not efficient, suggesting functional re-
dundancy among the Tle corepressor proteins. We next crossed 
Vav-Cre to existing Tle1FL/FL and Tle4FL/FL mouse strains (Wheat 
et al., 2014; Ramasamy et al., 2016) to generate Vav-Cre+Tle1FL/FL, 
Vav-Cre+Tle4FL/FL, and Vav-Cre+Tle1FL/FLTle4FL/FL mice (referred 
to as Tle1−/−, Tle4−/−, and Tle1−/−Tle4−/−, respectively). Immuno-
blotting confirmed effective ablation of Tle1 and Tle4 proteins 
in total thymocytes of Tle1−/−Tle4−/− mice (Fig. S4 A). Loss of Tle1 
and/or Tle4 did not result in significant differences in thymic 
cellularity or thymocyte maturation stages (Fig. S4, B and C). 
Focused analyses of the immature and mature post-select thy-
mocytes showed that neither frequency nor numbers of CD4+ or 
CD8+ SP cells was detectably altered by ablating Tle1 and/or Tle4 
(Fig. S4, D–G). These data suggest that loss of Tle1 and Tle4 was 
compensated by other homologous Tle factor(s).

To further address redundancy among Tle proteins, we gen-
erated Vav-Cre+Tle1−/−Tle3−/−Tle4−/− mice. Compared with litter-
mate controls, ablating three Tle proteins profoundly reduced 
thymic cellularity by >90%, which was likely secondary to the 
impact on hematopoietic stem/progenitor cells and/or early 
thymocytes (unpublished data). To bypass the requirements for 
Tle proteins at early developmental stages and to quantitatively 
measure the impact of Tle1/3/4 on CD8+ T cell lineage choice, 
we used Cd4Cre to ablate Tle proteins at the DP stage of thymo-
cyte maturation. Late deletion of three Tle proteins in various 
combinations did not affect thymic cellularity (Fig. 3 A), hence 
providing an opportunity to directly assess the impact on the 
size of CD4+ and CD8+ T cell compartments. In the immature 
post-select thymocytes, CD8+ SP cells were diminished in both 
frequency and numbers in Cd4Cre+Tle3−/− (Tle1+/+Tle4+/+) mice 
and were almost absent in Cd4Cre+Tle3−/−Tle1−/−Tle4−/− mice; the 
reduction in CD8+ SP cells was accompanied by increases in the 
frequency and numbers of CD4+CD8lo intermediates and CD4+ SP 
thymocytes (Fig. 3, B and C). Similarly, CD8+ SP cells were re-
duced upon loss of Tle3 and were absent in Tle1/3/4-deficient 
mature post-select thymocytes, with corresponding gain in fre-
quency and number of CD4+ SP cells (Fig. 3, B and D). We also ob-
served that the Cd4Cre+Tle3−/−Tle1−/−Tle4−/− mature thymocytes 
contained a CD8*4 population, due to derepression of the CD4 
coreceptor on Tle1/3/4-deficient CD8+ T cells (see below). These 

data suggest that Tle3, along with Tle1 and Tle4, are essential for 
generating lineage-committed CD8+ T cells.

In addition to functional redundancy among Tle proteins, we 
investigated if the Tle gene dosage contributed to CD8+ T cell reg-
ulation. In Cd4Cre+Tle3+/−Tle1−/−Tle4−/− mice where only one Tle3 
allele was retained with both Tle1 and Tle4 completely ablated, the 
reduction in CD8+ SP cells was not obvious (Fig. 3 B). In Cd4Cre+-

Tle3−/−Tle1+/−Tle4+/− mice where Tle3 was ablated with only one 
allele each of Tle1 and Tle4 was retained, the reduction in CD8+ SP 
cells was much more severe than that observed in Cd4Cre+Tle3−/− 
(Tle1+/+Tle4+/+) mice, but was less profound compared with triple 
Tle gene deletion (Fig. 3, B–D). In addition, Cd4Cre+Tle3−/−Tle1+/−

Tle4+/− mature post-select thymocytes contained CD8*4 cells, 
similar to Cd4Cre+Tle3−/−Tle1−/−Tle4−/− mice (Fig.  3, B and D). 
These data collectively suggest that Tle3 has a predominant role, 
and expression of Tle1 and Tle4 from both alleles is necessary for 
fully supporting development of CD8+ T cells.

Triple deletion of Tle1, Tle3, and Tle4 causes strong CD8+ to 
CD4+ T cell lineage redirection
To further demonstrate that the roles of Tle proteins lie with CD8+ 
T lineage choice, we took two different approaches. The first is 
to cross the Cd4Cre-mediated triple Tle deletion mouse strain 
with an MHC-I-restricted P14 TCR transgene on a Rag-sufficient 
background. In WT P14+ transgenic mice, the vast majority of 
Vα2+ T cells in the periphery were CD8+ SP T cells (Fig. 4, A and 
B). In P14+Cd4Cre+Tle3−/−Tle1+/−Tle4+/− and P14+Cd4Cre+Tle3−/−

Tle1−/−Tle4−/− mice where complete Tle3 ablation was coupled 
with hetero- or homozygous inactivation of Tle1/4, respectively, 
the Vα2+CD8+ SP T cells were progressively lost, giving rise to 
in either completely directed CD4+ lineage T cells or CD8*4 cells 
(Fig. 4, A and B).

As a second approach, we transplanted the bone marrow (BM) 
cells from CD45.2+ Cd4Cre+Tle3−/−Tle1−/−Tle4−/− or WT mice into 
irradiated CD45.1+H2ab1−/− recipients. As expected, WT BM-de-
rived post-select mature thymocytes are largely restricted to the 
CD8+ T cell lineage, because of the defective MHC-II expression 
in the H2ab1−/− recipients (Fig. 4, C and D). In contrast, mature 
thymocytes derived from Cd4Cre+Tle3−/−Tle1−/−Tle4−/− BM cells 
contained few CD8+ SP cells and were mostly CD4+ or CD8*4 cells 
(Fig. 4, C and D). In the periphery, whereas WT TCRβ+ cells were 
largely CD8+, most of Cd4Cre+Tle3−/−Tle1−/−Tle4−/− TCRβ+ cells 
were CD4+ (Fig. 4, E and F). Although CD44hi memory phenotype 
cells were not excluded from the analyses of BM chimeras, these 
data from both approaches indicate that MHC-I–selected thymo-
cytes are strongly redirected from CD8+ to CD4+ T cell lineage in 
the absence of Tle proteins.

Tle proteins repress ThPOK expression by binding 
to its silencer
Using VavCre-mediated deletion, we found that Tle3-deficient 
post-select DP and CD4+CD8lo intermediate thymocytes showed 
increased ThPOK and decreased Runx3 expression (Fig.  2  F). 
We validated this finding using Cd4Cre-mediated Tle3 deletion 
(Fig. 5 A). When Tle3 deficiency was combined with hetero- or 
homozygous deletion of Tle1 and Tle4, the post-select DP thymo-
cytes showed progressive up-regulation of ThPOK, accompanied 
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by progressively diminished Runx3 expression (Fig. 5 A). Sig-
nificantly, almost all Tle1/3/4-deficient CD4+CD8lo intermediate 
thymocytes expressed ThPOK (Fig. 5 A), highlighting the redun-

dancy among Tle proteins in repressing ThPOK. We also analyzed 
TCRβ+Vα2+CD44med-lo DP thymocytes from P14+ Cd4Cre+Tle3−/−

Tle1−/−Tle4−/− and P14+ WT mice and found that whereas ThPOK 

Figure 3. Loss of Tle1, Tle3 and Tle4 abrogates CD8+ T cell development. (A) Total thymic cellularity in mice of indicated genotypes. (B–D) Characterization 
of post-select thymocytes. TCRβhi post-select thymocytes were detected in mice of indicated genotypes, and further fractionated into CD69+CD24+ immature 
(top) and CD69–CD24– mature subsets (bottom). The immature subset was detected for CD4+, CD4+CD8lo, DP, and CD8+ populations (clockwise from top left, 
top panels), and the mature subset was detected for CD4+ and CD8+ populations, as well as CD8*4 cells (bottom panels). (C) Cumulative data on numbers of 
CD4+, CD4+CD8lo, DP, and CD8+ cells in the immature post-select thymocytes. (D) Cumulative data on numbers of CD4+ SP, CD8+ SP, and CD8*4 cells in the 
mature post-select thymocytes. Data in A, C, and D are means ± SD (n = 4–9 from at least three experiments). Statistical significance among multiple groups 
was first assessed with one-way ANO VA followed by Bonferroni correction. *, P < 0.05; ** P < 0.01; ***, P < 0.001 by Student’s t test for comparison with WT 
(unmarked) or comparison between groups marked with a horizontal line.
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is minimally detected in WT, it was elevated in Tle1/3/4-defi-
cient MHC-I–restricted DP thymocytes (Fig. S5 A). It is of note 
that CD69–TCRβlo-med preselect DP thymocytes did not aberrantly 
up-regulate ThPOK in the absence of Tle proteins (Fig. 5 A), and 
this finding was consistent with lack of ThPOK up-regulation, as 
measured by a Thpok locus-driven GFP reporter, in preselect DP 
thymocytes where Runx–Tle interaction was abrogated (Tanaka 
et al., 2013). ThPOK expression is induced by TCR signals (He et 
al., 2008), and the lack of ThPOK expression in preselect DP thy-
mocytes is likely ascribed to absence of activating signals and/or 
specific chromatin configuration at the Thpok locus that is not 
sensitive to loss of Tle proteins at the preselect DP stage. These 
considerations suggest that Tle protein-dependent repression 
of ThPOK only becomes operative at developmental stages after 
positive selection.

The Thpok gene expression is regulated by several cis-reg-
ulatory elements, including a Thpok silencer and a general 
T-lymphoid element (GTE; Fig.  5  B; He et al., 2010). Whereas 

Runx–CBFβ complex binds to the Thpok silencer to repress its ex-
pression (Egawa and Littman, 2008; He et al., 2008; Setoguchi et 
al., 2008), Tcf1 and Lef1 promote Thpok induction at least partly 
through acting on the GTE (Steinke et al., 2014). We performed 
chromatin immunoprecipitation (ChIP) using an anti-Tle3 an-
tibody on mixed post-select DP and CD4+CD8lo intermediate 
thymocytes. Tle3 showed strong enriched binding to the Thpok 
silencer but not GTE (Fig. 5 C), suggesting that Tle proteins pre-
dominantly cooperate with Runx3 to directly repress Thpok ex-
pression in the bipotent thymic precursors and thus favor CD8+ 
T cell production. To further determine the dynamic interaction 
of Tle3 with the Thpok locus, we performed Tle3 ChIP on prese-
lect DP thymocytes and mature CD4+ and CD8+ splenic T cells and 
found that Tle3 was associated with Thpok silencer in preselect 
DP thymocytes (Fig. 5 C). It is of note that Runx3 is only weakly 
expressed in preselect DP thymocytes (Egawa and Littman, 2011), 
Tle3 might be recruited to the Thpok silencer by Runx1 and 
poised for Thpok regulation for a later stage. On the other hand, 

Figure 4. Loss of Tle1, Tle3 and Tle4 strongly directs CD8+ to CD4+ T cell lineage. (A and B) Characterization of CD8+ and CD4+ T cell lineage distribution 
in the presence of an MHC-I–restricted P14 TCR transgene. Splenic Vα2+ T cells from mice of indicated genotypes were analyzed for CD8+ and CD4+ lineage 
distribution. Cumulative data on numbers of splenic CD4+ SP, CD8+ SP, and CD8*4 T cells are means ± SD (n ≥ 3 from at least two experiments). ** P < 0.01; 
***, P < 0.001 by Student’s t test for indicated pairwise comparison. (C–F) Characterization of CD8+ and CD4+ T cell lineage distribution in H2ab1−/− recipients. 
Total BM cells from CD4Cre+ Tle3−/−Tle1−/−Tle4−/− or WT littermates (CD45.2+) were transplanted into irradiated CD45.1+H2ab1−/− recipient mice. 6 wk later, the 
recipients were analyzed for CD8+ and CD4+ lineage distribution in CD45.2+TCRβhiCD69–CD24– mature thymocytes (C and D) and in CD45.2+TCRβ+ splenocytes 
(E and F). Cumulative data on numbers of CD4+ SP, CD8+ SP, and CD8*4 cells are means ± SD for mature thymocytes (D) and for splenocytes (F). n ≥ 5 from 
two experiments. ***, P < 0.001 by Student’s t test.
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Figure 5. Tle proteins ensure balanced expression of ThPOK and Runx3 to instruct lineage choice. (A) Analysis of ThPOK and Runx3 protein gene expres-
sion with late deletion of Tle proteins. CD69–TCRβlo-med preselect DP (preDP), PostDP, and IM thymocytes from mice of indicated genotypes were intracellularly 
stained for ThPOK and Runx3 expression. Data are representative from three experiments with similar results (n ≥ 4). (B) Diagram showing the structure of 
Thpok gene locus. Black rectangles denote noncoding exons or noncoding sequence in an exon, and cyan rectangles denote coding exons. Ovals mark previ-
ously defined cis-regulatory elements, and their known associated transcription factors are also shown. (C) ChIP analysis of enriched Tle3 binding. TCRβlo-med 
preselect DP thymocytes (PreDP), PostDP + IM thymocytes, and splenic CD4+ and CD8+ T cells were sort-purified from WT mice, and VavCre+Tle3−/− total 
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enriched binding of Tle3 to the Thpok silencer was retained in 
mature CD8+, but lost in CD4+ SP T cells (Fig. 5 C), suggesting a 
continued involvement of Tle proteins in Thpok repression in 
mature CD8+ T cells (see below).

Runx1 and Runx3 interact with Tle proteins through their 
C-terminal VWR PY motifs (Levanon et al., 1998). In mice har-
boring deletion of the VWR PY sequence in both Runx1 and Runx3 
proteins (i.e., Runx1ΔV/ΔVRunx3ΔV/ΔV mice), the post-select mature 
thymocytes or splenic T cells did not contain CD8+ SP cells, be-
cause of complete derepression of the CD4 coreceptor (Seo et 
al., 2012). When the Runx1ΔV/ΔVRunx3ΔV/ΔV mice were crossed to 
H2ab1−/− background, a substantial portion of peripheral T cells 
appeared in the CD4+ lineage, together with CD8*4 cells, whereas 
T cells in control H2ab1−/− mice were predominantly in the CD8+ 
lineage (Fig. 5, D and E). Thus, abrogating Runx and Tle inter-
actions resulted in CD8+ to CD4+ lineage direction, albeit not as 
efficient as ablating Tle1/3/4 proteins (compare with Fig. 4, E and 
F). Nonetheless, this observation further corroborates a critical 
requirement for Runx–Tle complex in restraining Thpok expres-
sion and instructing the CD8+ T cell lineage choice.

The Runx3d transcription start site (TSS) is bound by both 
Runx3 and Tcf1 in splenic CD8+ T cells based on previous ChIP-
Seq studies (Fig. S5 B; Lotem et al., 2013; Shan et al., 2017). By ChIP 
analysis, we did find enriched binding of Tle3 at the Runx3d TSS 
in splenic CD8+ T cells; by comparison, Tle3 binding to Runx3d 
or Runx3 TSSs was considerably weaker in post-select DP and 
CD4+CD8lo intermediate thymocytes (Fig. S5 C). These binding 
events may not be functionally consequential, because Runx3d 
expression was similar between WT and Tle1/3/4-deficient ma-
ture CD8+ SP thymocytes (see below and Fig. 6 B). Because ThPOK 
and Runx3 are known to have mutually antagonistic effects, we 
posit that decreased expression of Runx3 in Tle-deficient bipo-
tent thymic precursors is likely secondary to aberrant up-regu-
lation of ThPOK.

Forced expression of Runx3 helps restore CD8+ T cell 
development in Tle-targeted mice
ThPOK and Runx3 have mutually antagonistic effects. Genetic 
inactivation of ThPOK abrogates CD4+ T cell development and 
causes increased expression of Runx3d in post-select DP and 
CD4+CD8lo intermediate thymocytes (He et al., 2005; Egawa and 
Littman, 2008). On the other hand, genetic deletion of Runx3 
together with its homologue Runx1 or deletion of the Runx co-
factor CBFβ abrogates CD8+ T cell development and caused aber-
rant induction of ThPOK (Egawa et al., 2007; Muroi et al., 2008; 

Setoguchi et al., 2008). Our data above indicate a critical role 
of Tle proteins in restraining ThPOK induction in the bipotent 
thymic precursors. We next sought to determine if restoring 
the ThPOK–Runx3 balance in the thymic precursor cells would 
rectify the defect in CD8+ T cell development caused by Tle de-
ficiency. Because Runx3 antagonizes Thpok, probably involv-
ing transcriptional as well as functional repression, we chose to 
overexpress Runx3d. To this end, we cloned Runx3d cDNA into 
a bicistronic MigR1 retroviral vector (Runx3d-RV), with GFP as 
an expression indicator. We then used empty vector MigR1 or 
Runx3d-RV retrovirus to infect BM HSPCs from Cd4Cre+Tle3−/− 
or Cd4Cre+Tle3−/−Tle1+/−Tle4+/− mice, followed by transplan-
tation into CD45.1+ recipients to generate BM chimeras. These 
donor mice, rather than Cd4Cre+Tle3−/−Tle1−/−Tle4−/− mice, were 
selected to at least partly preserved Tle1 and Tle4 expression so 
that they could interact with ectopically expressed Runx3 pro-
tein for Thpok repression. Focused analysis of GFP+ CD45.2+ 
mature thymocytes showed that reduction of CD8+ SP cells was 
recapitulated in the recipients of MigR1-infected Cd4Cre+Tle3−/− 
or Cd4Cre+Tle3−/−Tle1+/−Tle4+/− BM cells (compare Fig. 5 F with 
Fig. 3 B). In contrast, the recipients of Runx3d-RV-infected Cd-
4Cre+Tle3−/− or Cd4Cre+Tle3−/−Tle1+/−Tle4+/− BM cells showed 
increased frequency of CD8+ SP cells in GFP+CD45.2+ mature 
thymocytes (Fig. 5 F). The “restoration” of CD8+ T cell produc-
tion by forced expression of Runx3d from Tle3-deficient BM 
cells appeared to be more effective and consistent in splenic T 
cell pool (Fig. 5 G). We further confirmed that CD8+ T cells lacking 
Tle3, alone or in combination with Tle1 and Tle4 heterozygous 
deletion, were not associated with compensatory up-regulation 
of Tle2, 5, or 6 (Fig. S5 D), and that the “rescued” CD8+ T cells 
remained indeed deficient for Tle3, excluding the possibility that 
these cells arose from those having escaped Cd4Cre-mediated ex-
cision (Fig. S5 E). These data demonstrate that forced expression 
of Runx3d is sufficient to counter-balance the induced ThPOK 
due to Tle3 deficiency and help direct the bipotent thymic pre-
cursor cells to CD8+ T cell lineage.

Tle proteins engage both Runx and Tcf/Lef transcription 
factors to establish CD8+ T cell identity
In addition to diminishing generation of CD8+ SP T cells, loss of 
Tle3, in combination with heterozygous or homozygous deletion 
of Tle1 and Tle4, resulted in appearance of a CD8*4 subset in 
mature post-select thymocytes (Fig. 3 B). This subset was par-
ticularly evident when coupled with a P14 TCR transgene or on 
an H2ab1−/− background in mature thymocytes and/or splenic T 

thymocytes were used as a negative control. The cells were used in ChIP with an anti-Tle3 antibody or control rabbit IgG. Relative enrichment of Tle3 binding 
was determined by normalizing anti-Tle3 to IgG signals at each indicated genomic location. Data are means ± SD from four experiments. Dotted line marks 
no enrichment. *, P < 0.05; ** P < 0.01; ***, P < 0.001 by Student’s t test compared with Tle3−/− cells or for indicated pairwise comparison. (D and E) Charac-
terization of CD8+ and CD4+ T cell lineage distribution of Runx1ΔV/ΔV Runx3ΔV/ΔV mice on H2ab1−/− background. TCRβ+ splenocytes from indicated mice were 
analyzed for CD8+ and CD4+ lineage distribution (D), and cumulative data on the frequency of CD4+ SP, CD8+ SP, and CD8*4 cells are means ± SD (E, n ≥ 3 from 
two experiments). Note that cell numbers are not dependable readouts in this case, because Runx1ΔV/ΔV Runx3ΔV/ΔV mice showed growth retardation and early 
onset of inflammatory phenotypes. ***, P < 0.001 by Student’s t test. (F and G) Forced expression of Runx3 “rescues” CD8+ T cell developmental defect due to 
Tle deficiency. CD45.2+BM cells from Cd4Cre+Tle3−/− (top rows) or Cd4Cre+Tle3−/−Tle1+/–Tle4+/− (bottom rows) mice were infected with empty vector (MigR1) 
or Runx3d-expressing retrovirus (Runx3d-RV), followed by transplantation into irradiated CD45.1+ recipients. 6 wk later, CD45.2+GFP+ cells were detected in 
mature thymocytes (F) and splenic T cells (G) and further analyzed for CD4+ and CD8+ lineage distribution. Contour plots are representative from two experi-
ments, and cumulative data on the frequency of CD8+ SP mature thymocytes (F) and splenic T cells (G) are shown as means ± SD (n = 4). ** P < 0.01; ***, P < 
0.001 by Student’s t test, unless specified otherwise.
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cells (Fig. 4 A, C, and E). The CD8*4 population was previously 
observed when Runx3 was ablated alone or in combination with 
Runx1 (Egawa et al., 2007) or when both Tcf1 and Lef1 were tar-
geted (Steinke et al., 2014), highlighting critical roles of Runx1/3 
and Tcf1/Lef1 transcription factors in Cd4 gene silencing in 
mature CD8+ T cells. Consistent with these findings, the CD8*4 
population in Cd4Cre+Tle3−/−Tle1−/−Tle4−/− post-select mature 
thymocytes expressed both CD8α and CD8β chains (Fig. 6 A) and 
known CD8+ signature genes including Runx3d, Nkg7, and Itgae 
(Fig. 6 B). These data indicate that the Tle1/3/4-deficient CD8*4 
cells are in the CD8+ lineage and further suggest a requirement 

for Tle proteins in silencing Cd4 in CD8+ T cells. Indeed, Tle3 di-
rectly bound to the Cd4 silencer in mature CD8+ T cells (Fig. 5 C), 
consistent with known direct association of both Runx3 and Tcf1 
with the Cd4 silencer (Egawa et al., 2007; Steinke et al., 2014).

To establish and maintain CD8+ lineage integrity, it is essential 
to repress or silence CD4+ lineage-associated genes in addition 
to Cd4, such as Foxp3 and Rorγt, which encode the lineage-de-
fining transcription factors of regulatory T and IL-17–expressing 
helper T cells, respectively. By intracellular staining, we found 
that the Tle1/3/4-deficient CD8*4 mature thymocytes showed 
elevated expression of Foxp3 and Rorγt in at least a portion of 

Figure 6. Tle proteins are required for sup-
pressing CD4+ lineage-associated genes in 
mature CD8+ T cells. (A) Tle1/3/4-deficient 
CD8*4 T cells expressed both CD8α and CD8β 
at reduced protein levels. CD8*4 cells were iden-
tified in TCRβhiCD69–CD24– mature thymocytes 
in Cd4Cre+Tle3−/−Tle1−/−Tle4−/− mice and ana-
lyzed for CD4, CD8α and CD8β expression, with 
direct comparison to WT CD4+ and CD8+ mature 
thymocytes. n = 3 from two experiments. (B) 
Tle1/3/4-deficient CD8*4 T cells expressed CD8+ 
lineage signature genes. CD8*4 cells were sorted 
from TCRβhiCD69–CD24– mature thymocytes in 
Cd4Cre+Tle3−/−Tle1−/−Tle4−/− mice, along with 
CD4+ and CD8+ SP mature thymocytes from WT 
mice, and analyzed for the expression of indi-
cated CD8+ signature genes. For each gene, its 
expression in WT CD8+ T cells was set at 1, and 
its relative expression in other samples was nor-
malized accordingly. n ≥ 4 from two experiments. 
(C and D) Comparison of Tle1/3/4 and Tcf1/Lef1 
function in suppressing ThPOK, Foxp3, and Rorγt 
in CD8+ T cells. CD4+ and CD8*4 cells were identi-
fied in TCRβhiCD69–CD24– mature thymocytes in 
Cd4Cre+Tle3−/−Tle1−/−Tle4−/− and Cd4Cre+Tcf7−/−

Lef1−/− mice (top panel in C), further gated on 
CD44med-lo cells and analyzed for Foxp3 and 
Rorγt expression (bottom panel in C), ThPOK, 
and Tcf1 (D) by intracellular staining, with direct 
comparison with WT CD4+ and CD8+ SP mature 
thymocytes. Values in parentheses in histograms 
denote geometric mean fluorescence intensity of 
ThPOK or Tcf1 for the whole population. Data are 
representative from two experiments with sim-
ilar results (n ≥ 3). (E and F) Tle1/3/4-deficient 
CD8*4 T cells showed aberrant up-regulation of 
CD4+ lineage genes. Mature thymocytes (E) or 
splenic T cells (F) were sorted and analyzed for 
the expression of indicated CD4+ signature genes 
(E) or CD4+ enriched genes (F). For each gene, its 
expression in WT CD4+ T cells was set at 1, and its 
relative expression in other samples was normal-
ized accordingly. Data are means ± SD (n ≥ 4 from 
at least two experiments). *, P < 0.05; ** P < 0.01; 
***, P < 0.001 by Student’s t test for indicated 
pairwise comparison.
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the population (Fig.  6  C). A microarray-based comparison of 
CD4+ and CD8+ T cell transcriptomes identifies six CD4+ signa-
ture genes that are expressed at least fivefold higher in CD4+ than 
in CD8+ T cells (including Thpok, Cd40lg, St8sia6, Lgmn, and 
Itgb3, in addition to Cd4) and another set of 102 CD4+ enriched 
genes that are expressed at least twofold, but less than fivefold 
in CD4+ than in CD8+ T cells (Mingueneau et al., 2013). Among 
CD4+ signature genes, ThPOK protein showed strong derepres-
sion in Tle1/3/4-deficient CD8*4 mature thymocytes (Fig. 6 D). 
Importantly, Tcf1 expression was not detectably affected by loss 
of Tle proteins (Fig. 6 D), excluding the possibility of a secondary 
effect. Tle1/3/4-deficient CD8*4 mature thymocytes also exhib-
ited strong aberrant expression of other CD4+ signature genes 
such as St8sia6, Itgb3, and Lgmn and modest up-regulation of 
Cd40lg (Fig. 6 E). In addition, Tle1/3/4-deficient CD8*4 T cells 
showed increased expression of several CD4+ enriched genes, in-
cluding Nrp1, Sytl2, St3gal2, Tmem64, Gata3, Tbc1d4, and Plxnd1 
(Fig. 6 F), similar to what we found in Tcf1/Lef1-deficient CD8*4 
T cells (Steinke et al., 2014). These observations indicate that Tle 
corepressors are broadly involved in repressing CD4+ lineage-as-
sociated genes in CD8+ T cells.

Because both Runx1/3 and Tcf1/Lef1 are involved in regulation 
of CD8+ T cell identity-related genes (Gullicksrud et al., 2017), 
we next investigated the relative contribution of Runx–Tle com-
plex and Tcf/Lef–Tle complex, with a focus on the CD4+ signature 
genes. The CD8*4 T cells in Runx1ΔV/ΔVRunx3ΔV/ΔV mice showed in-
creased Thpok expression, as detected with a Thpok locus-driven 
GFP reporter (Seo et al., 2012). In contrast, the CD8*4 cells in 
Cd4Cre+Tcf7fl/flLef1fl/fl (called Cd4Cre+Tcf7−/−Lef1−/−) mice did 
not show detectable up-regulation of ThPOK protein (Fig. 6 C). 
Coupled with strong binding of Tle3 to the Thpok silencer in ma-
ture CD8+ T cells (Fig. 5 C), we posit that the Runx–Tle complex is 
solely responsible for Thpok silencing in mature CD8+ T cells, a 
regulatory circuit inherited from the lineage choice stage.

We then sort-purified CD8*4 T cells in the spleens of Cd-
4Cre+Tle3−/−Tle1−/−Tle4−/−, Cd4Cre+Tcf7−/−Lef1−/−, and Runx1ΔV/ΔV 

Runx3ΔV/ΔV mice to directly compare the impact of ablating Tle 
proteins, ablating Tcf1/Lef1, and abrogating Runx–Tle interaction 
on the expression of other CD4+ signature genes. For St8sia6 and 
Itgb3, the expression was similarly elevated in Tle1/3/4- and 
Tcf1/Lef1-deficient CD8*4 cells, while the increase in Runx1ΔV/ΔV 

Runx3ΔV/ΔV CD8*4 cells was negligible (Fig.  7  A), indicating a 
more predominant role of the Tcf/Lef-Tle complex. For Lgmn and 
Cd40lg, the up-regulation was the strongest in Tle1/3/4-deficient 
CD8*4 cells and was modest in Tcf1/Lef1-deficient or Runx1ΔV/ΔV 

Runx3ΔV/ΔV CD8*4 cells (Fig. 7 A), suggesting the involvement of 
both Tcf/Lef-Tle and Runx-Tle complexes. For Foxp3 and Rorγt, 
the up-regulation was clearly detected in Tle1/3/4-deficient 
CD8*4 cells, but was not as potent as that in Tcf1/Lef1-deficient 
cells, whereas their expression changes in Runx1ΔV/ΔVRunx3ΔV/ΔV  
CD8*4 cells were minimal (Fig.  6  C and Fig.  7  B). Collectively, 
these data suggest that the Tcf/Lef-Tle complex has a broader 
role in suppressing the lineage-inappropriate genes in ma-
ture CD8+ T cells.

We next determined if Tle proteins is directly involved in re-
pression of CD4+ signature genes. Previously we performed Tcf1 
ChIP-Seq in naive CD8+ T cells (Xing et al., 2016a), and found that 

multiple Tcf1 binding peaks in the intron and/or 3′UTR in St8sia6, 
Itgb3, and Cd40lg genes (Fig. 7 C). ChIP analysis with an anti-Tle3 
antibody revealed enriched binding of Tle3 to all these Tcf1-oc-
cupied locations (Fig. 7 D), suggesting a direct recruitment of Tle 
proteins to the target gene loci by Tcf1. We also retrieved pub-
lished data of Runx3 ChIP-Seq in naive CD8+ T cells (Lotem et al., 
2013) and found cooccupancy by Runx3 at Tcf1 binding peaks in 
St8sia6 and Cd40lg intron regions (Fig. 7 C). The Runx3 binding 
to Cd40lg may help recruit Tle proteins to the loci; on the other 
hand, although Runx–Tle complex did not contribute to St8sia6 
repression (Fig. 7 A), the binding of Runx3 to St8sia6 introns may 
help stabilize Tcf1 binding because of the direct interaction of 
Runx3 with Tcf1 (Steinke et al., 2014).

For other CD4+ lineage-associated genes, Tcf1 binding peaks 
were not associated with the Rorγt locus, but were found far 
upstream of Foxp3 and far downstream of Lgmn, and these two 
Tcf1 peaks were in intronic regions of neighboring genes (Fig. S5 
F). Tle3 showed cooccupancy at the Tcf1 site upstream of Foxp3, 
but enriched Tle3 binding was not detected at the Lgmn and 
Rorγt loci (Fig. S5 G), implying regulation through more distal 
regulatory elements or indirect mechanisms by the Tcf/Lef–Tle 
complex. Nonetheless, our data indicate that recruitment of Tle 
proteins by Tcf1 and Lef1 is an important event for directly re-
pressing a few CD4+ signature genes in CD8+ T cells.

We previously reported that Tcf1 and Lef1 have intrinsic his-
tone deacetylase (HDAC) activity, and loss of these factors results 
in extensive hyperacetylation in mature CD8+ T cells (Xing et 
al., 2016b). Indeed, the Tcf1 binding peaks at Cd4 silencer and 
intronic regions of St8sia6, Itgb3, and Cd40lg genes showed 
increased acetylation of lysine 27 in H3 histone (H3K27ac) in 
Tcf1/Lef1-deficient CD8*4 cells compared with WT CD8+ T cells 
(Fig.  7  E). Interestingly, all these locations showed elevated 
H3K27ac in Tle1/3/4-deficient CD8*4 cells (Fig. 7 E), albeit this 
trend was less consistent with Foxp3, Rorγt, and Lgmn loci, 
which did not harbor Tcf1 binding peaks within the gene loci (Fig. 
S5 H). We posit that Tle proteins may stabilize/enhance the HDAC 
activity in Tcf1 and Lef1 through direct protein–protein interac-
tion and/or recruit additional HDACs (Yochum and Ayer, 2001; 
Arce et al., 2009) to enforce the hypo-acetylated status of CD4+ 
lineage-associated gene loci in mature CD8+ T cells.

Discussion
Due to gene duplication during evolution, four full-length Tle 
genes are in a mammal’s genome (Jennings and Ish-Horowicz, 
2008). Although targeting individual Tle genes showed some 
specificity in term of organogenesis (Gasperowicz and Otto, 
2005; Agarwal et al., 2015), their functional redundancy, espe-
cially in immune cells, have not been addressed in vivo. In this 
study, we ablated three Tle genes that were abundantly expressed 
in T cells and uncovered physiological requirements for Tle1, 
Tle3, and Tle4 in CD8+ T cell lineage choice and cell identity. Tcf1 
and Lef1 are frequently described as transcriptional suppressors 
through interactions with Tle proteins in the absence of stimu-
lation by Wnt ligands, and it is only after Wnt stimulation, the 
stabilized β-catenin enters the nucleus, displaces Tle, and turns 
Tcf1/Lef1 into transcriptional activators (Staal and Sen, 2008; 
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Figure 7. The Tcf/Lef-Tle complex has a broader role in repressing CD4+ lineage-associated genes in mature CD8+ T cells. (A and B) Comparative analysis 
of CD4+ lineage-associated genes upon loss of Tle1/3/4, Tcf1/Lef1, and Runx-Tle interactions. CD8*4 cells were sorted from TCRβ+ splenocytes in Cd4Cre+-

Tle3−/−Tle1−/−Tle4−/−, Cd4Cre+Tcf7−/−Lef1−/− or Runx1ΔV/ΔVRunx3ΔV/ΔV mice, along with splenic CD4+ and CD8+ SP T cells from WT mice, and analyzed for the 
expression of indicated CD4+ lineage-associated genes. For each of CD4+ signature genes in A, its expression in WT CD4+ T cells was set at 1, and its relative 
expression in other samples was normalized accordingly. Because conventional CD4+ T cells do not express Foxp3, the relative abundance of Foxp3 and Rorγt 
transcripts in WT CD8+ or various CD8*4 cells were compared directly without normalization to WT CD4+ cells. Data are means ± SD from two experiments (n = 
2–3, with each sample measured in duplicates). Statistical significance among multiple groups was first assessed with one-way ANO VA coupled with Bonferroni 
correction. ns, not statistically significant; *, P < 0.05; ** P < 0.01; ***, P < 0.001 by Student’s t test for indicated pairwise comparison. (C) Tcf1 and Runx3 ChIP-
Seq tracks at the St8sia6, Itgb3, and Cd40lg loci in CD8+ T cells. Tcf1 and Runx3 ChIP-Seq data in CD8+ T cells were retrieved from GSE73240 and GSE50131, 
respectively, and loaded on UCSC genome browser, with horizontal bars on top of each track denoting MACS-called binding peaks. Pink rectangles mark Tcf1 
binding peaks that were assessed for Tle3 binding (D) and H3K27ac signals (E). (D) Enriched Tle3 binding at Tcf1-occupied sites in select CD4+ signature genes. 
Tle3 ChIP was performed on WT splenic CD8+ T cells with VavCre+Tle3−/− total thymocytes as a negative control, and relative enrichment of Tle3 binding was 
determined at the indicated genomic locations. Data are means ± SD from three to four experiments. Dotted line marks no enrichment. **, P < 0.01; ***, P 
< 0.001 by Student’s t test. E. Tcf1- and Tle3-cooccupied sites are hyperacetylated in CD8+ T cells lacking Tcf1/Lef1 or Tle1/3/4. Cells were sorted as in A and 
subjected to H3K27ac ChIP analyses at indicated genomic locations. The H3K27ac signal was first normalized to chromatin input in each cell type, and that in 
WT CD4+ T cells was set as 1, with relative H3K27ac in other cell types normalized accordingly. Data are means ± SD from two independent experiments with 
each ChIP sample measured in duplicates or triplicates. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student’s t test compared with WT CD8+ T cells. (F) Deduced 
relative contribution of Tcf/Lef-Tle and Runx-Tle complexes to repression of CD4+ signature genes in CD8+ T cells, based on data in Figs. 6 and 7.

GSE73240
GSE50131
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Xue and Zhao, 2012). In the late stages of T cell development, ge-
netic ablation of Tcf1 and Lef1 greatly diminished the output of 
CD4+ T cells with concomitant increase in CD8+ T cells (Steinke 
et al., 2014). However, ablating Tle1/3/4 did not affect CD4+ T 
cell production, but resembled the effect of targeting Runx/CBF 
complex in the aspect of CD8+ versus CD4+ T cell lineage choice 
(Egawa et al., 2007; Egawa and Littman, 2008). Our data indicate 
that Runx–Tle complex has a predominant role in instructing a 
CD8+ T cell fate.

One critical target for the Runx–Tle complex was the Thpok 
silencer. Our data suggest that the Runx–Tle–Thpok silencer in-
teraction is critical for restraining ThPOK induction in the bi-
potent thymic precursors to CD4+ and CD8+ SP thymocytes, and 
continues to exert an indispensable role in Thpok gene silencing 
in the committed CD8+ T cells. The Thpok silencer is bound by 
Runx factors and Mazr (Setoguchi et al., 2008; Sakaguchi et al., 
2010), which seem to work cooperatively in Thpok suppression 
(Sakaguchi et al., 2015). It has been puzzling that the binding of 
Runx obligatory cofactor CBFβ to the Thpok silencer is detected 
not only in DP and CD8+ T cells, but also in CD4+ T cells where 
Thpok is actively transcribed. Here we showed that Tle3 binding 
to the Thpok silencer was only detected in DP and CD8+ but not 
CD4+ T cells, suggesting the presence of Tle corepressors in the 
Runx–CBF complex is necessary for exerting an repressive role.

Our analyses of Tle1/3/4 deficiency, coupled with MHC-I–re-
stricted TCR or MHC-II deficiency, provided unequivocal exper-
imental support for the role of Tle corepressors in instructing a 
CD8+ T cell fate. In Runx1ΔV/ΔVRunx3ΔV/ΔV mice where Runx–Tle 
interaction is abrogated, CD8+ SP cells are absent and replaced 
by CD8-positive cells showing derepression of the CD4 corecep-
tor (i.e., CD8*4 cells) within mature thymocyte and splenic T cell 
compartments (Seo et al., 2012). By further analysis of Runx1ΔV/ΔV 

Runx3ΔV/Δ mice on MHC-II–deficient background, we were able 
to clarify that CD8+ to CD4+ lineage redirection did occur when 
Runx–Tle interaction was interrupted, highlighting an essential 
requirement for Runx–Tle complex in promoting CD8+ T cell lin-
eage choice. It is noteworthy, however, that the lineage redirec-
tion in Runx1ΔV/ΔVRunx3ΔV/ΔV mice was less efficient than that in 
Tle1/3/4-deficient mice or that in CD4-Cre+Runx1ΔV/ΔVRunx3FL/FL  
mice (Setoguchi et al., 2008). There might be at least two sce-
narios that account for the difference. One is that Runx1/3 may 
have VWP RY motif-independent effects, for example, interacting 
with non-Tle corepressors or interacting with Tle corepressors 
through additional contact surface other than the VWP RY motif. 
The other possibility is that the Tle corepressors might be re-
cruited to the Thpok silencer by other protein factors, and in fact, 
Mazr, Satb1, and Bcl11b have been shown to bind to the Thpok 
silencer (Sakaguchi et al., 2015; Kakugawa et al., 2017; Kojo et al., 
2017). These possibilities merit further investigation.

Based on the phenotypic characterization of mature CD8+ 
T cells, Tle1/3/4-deficient mice seemed to be a phenocopy of 
Runx1ΔV/ΔVRunx3ΔV/ΔV mice, showing complete derepression of 
both CD4 and ThPOK. However, in-depth analysis revealed that 
Tle1/3/4-deficient CD8*4 cells were molecularly different from 
Runx1ΔV/ΔVRunx3ΔV/ΔV CD8*4 cells, with stronger up-regulation 
of CD4+ signature genes as well as Foxp3 and Rorγt. These fea-
tures bore strong similarity to Tcf1/Lef1-deficient CD8*4 cells 

(Xing et al., 2016a). In particular, two CD4+ signature genes, St-
8sia6 and Itgae, showed similar levels of aberrant expression in 
Tle1/3/4- and Tcf1/Lef1-deficient CD8*4 cells, suggesting a more 
dominant role of Tcf/Lef–Tle complex for transcriptional repres-
sion at these loci.

It has been well established that Runx factors act on an in-
tronic Cd4 silencer to repress Cd4 gene expression in CD8+ T cells 
(Taniuchi and Ellmeier, 2011; Issuree et al., 2017). We showed that 
Tcf1 and Lef1 also bind to the Cd4 silencer and cooperate with 
Runx factors in Cd4 gene silencing (Steinke et al., 2014). Tle 
proteins use distinct domains for protein–protein interactions, 
i.e., binding Tcf1 and Lef1 through its N-terminal Q domain and 
binding Runx factors through its C-terminal WD-repeat domain 
(Levanon et al., 1998; Canon and Banerjee, 2003; Chodaparambil 
et al., 2014). Given that Tcf1 and Runx factors can physically in-
teract with each other (Steinke et al., 2014), it is thus likely that 
Tcf/Lef, Runx, and Tle proteins form an obligatory tripartite 
complex to achieve stable Cd4 gene silencing. In fact, disrupting 
components in any of the three family factors causes CD4 dere-
pression in CD8+ T cells. This mode of action applies to Cd40lg, 
another CD4+ signature gene, where Tcf/Lef-Tle and Runx-Tle act 
in concert to protect CD8+ T cell identity.

For all the CD4+ signature genes that harbor direct Tcf1 binding 
within the gene body, including Cd4, St8sia6, Itgb3 and Cd40lg, 
Tle proteins (at least Tle3) cooccupied with Tcf1 at these loci. We 
previously demonstrated that Tcf1 has intrinsic HDAC activity, 
which is critically required for establishing CD8+ T cell identity 
by preventing hyperacetylation at key CD4+-associated gene loci 
(Xing et al., 2016a). All these Tcf1-Tle–cooccupied sites exhibited 
increased H3K27ac not only in Tcf1/Lef1-deficient but also in 
Tle1/3/4-deficient CD8+ T cells. This observation suggests a crit-
ical involvement of Tle corepressors in histone deacetylation, 
presumably through stabilizing/enhancing Tcf1 HDAC activity, 
or independently recruiting other HDAC enzymes (Yochum and 
Ayer, 2001; Arce et al., 2009). For repressing aberrant up-regu-
lation of genes associated with differentiated CD4+ helper T cells 
such as Foxp3 and Rorγt, whereas the Runx–Tle complex had lit-
tle contribution, the Tcf1/Lef1 and Tle protein may act through 
more complex means. These observations suggest that estab-
lishing CD8+ T cell identity is a highly demanding task, involving 
multiple mechanisms tailored to specific gene context.

In summary, this study reveals in vivo requirements for 
Tle proteins in CD8+ T cell lineage choice and cell identity. Our 
findings demonstrate that Tle corepressors are differentially 
partitioned into Runx and Tcf/Lef complexes to exert their devel-
opmental stage-specific effects. This work represents an import-
ant step to further decipher the physiological functions of Tle 
proteins in immune cell development and response to pathogens.

Materials and methods
Mice
Runx1ΔV/ΔVRunx3ΔV/ΔV mice, Tle1- and Tle4-floxed mice were pre-
viously described (Seo et al., 2012; Wheat et al., 2014; Ramasamy 
et al., 2016), and Tle3-floxed mouse strain was generated in-
house (detailed below). H2ab1−/− mice were from Taconic (model 
ABBN12) and crossed to B6.SJL (The Jackson Laboratory) to pro-
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duce congenic CD45.1+H2ab1−/− mice, which were used as recip-
ients for generation of BM chimeras. All animals were analyzed 
at 5–10 wk of age and both genders included without random-
ization or “blinding”. All the BM chimeras were analyzed within 
6–10 wk after the BM transplantation. All mouse experiments 
were performed under protocols approved by the Institutional 
Animal Use and Care Committee of the University of Iowa.

Conditional targeting of the Tle3 allele
The Tle3 targeting construct was designed to insert two LoxP 
sites to flank exons 3 and 4 (Fig. S2 A), and deletion of these two 
exons was predicted to cause frame-shift and ablation of the Tle3 
protein. The targeting arms were PCR-amplified from C57BL/6 
mouse genomic DNA, sequence-verified, and then cloned into 
the pNTK LoxpFrtII vector to assemble the targeting construct. 
The construct was then electroporated into 129 × C57BL/6 F1 
hybrid embryonic stem (ES) cells, and ES clones with expected 
homologous recombination were screened by Southern blotting 
(Fig. S2 B). Blastocyst injection of the ES cells from the positive 
clone 160 was performed at the Transgenic Animal Model Core 
facility, University of Michigan (headed by T.L. Saunders). Germ-
line-transmitted animals were then crossed with the FLP recom-
binase transgenic mice to remove Frt site-flanked NEO cassette. 
The resulting allele was designated floxed Tle3 allele (Tle3FL/+), 
and mice harboring this allele were crossed with the Vav-Cre 
transgene to inactivate Tle3 in hematopoietic cells. These mice 
were then crossed with Tle1FL/FL and Tle4FL/FL strains to generate 
triply targeted mice.

Flow cytometry and cell sorting
Single cell suspension was prepared from thymus and spleen and 
surface-stained. All fluorochrome-conjugated antibodies were 
from eBiosciences. The antibodies and their clone numbers are 
CD4 (RM4-5), CD8α (53-6.7), CD8β (H35-17.2); TCRβ (H57-597), 
CD24 (M1/69), CD69 (H1.2F3), CD25 (PC61.5), CD44 (IM7), CD45.2 
(104), B220 (RA3-6B2), Gr-1 (RB6-C5), NK1.1 (PK136), TER-119 
(TER-119), γδTCR (GL3), and Streptavidin (eBiosciences Cat. 
No. 48-4317-82). For focused analysis of αβ T cell lineage in the 
thymocytes, we excluded cells expressing the following lineage 
markers: NK1.1, Gr-1, TER-119, B220, and γδTCR. For intranuclear 
detection of transcription factors, anti-mouse ThPOK (T43-94, 
Alexa Fluor 647) with corresponding isotype control rat IgG2b-κ 
(A95-1, Alexa Fluor 647) and anti-mouse Runx3 (R3-5G4, PE) 
and corresponding isotype control mouse IgG1-κ (MOPC-21, PE) 
were obtained from BD Biosciences; anti-Tcf1 rabbit mAb (C63D9, 
Alexa Fluor 647) and corresponding isotype control rabbit mAb 
IgG (DA1E, Alexa Fluor 647) were from Cell Signaling Technolo-
gies. Data were collected on FAC SVerse (BD Biosciences) and ana-
lyzed with FlowJo software (Version X, TreeStar). For cell sorting, 
surface-stained cells were sorted on BD FAC SAria II or FAC SAria 
Fusion cell sorter.

Immunoblotting
Cell lysates were prepared from total thymocytes, resolved on 
SDS-PAGE, followed by immunoblotting with anti-Tle1 (clone C-7, 
sc137097, mouse monoclonal), anti-Tle3 (clone M-201, sc-9124, 
rabbit polyclonal), or anti-Tle4 (clone E-10, sc365406, mouse 

monoclonal) antibodies, with anti–β-actin (clone I-19) detecting 
equal loading. All antibodies are from Santa Cruz Biotechnology.

Gene expression analysis
For quantification of Tle gene expression, splenic B220+ and 
TCRβ+ cells were sorted, and the total RNA was extracted from 
sorted cells and reverse-transcribed as previously described 
(Xing et al., 2016a). Plasmids containing Tle1, Tle2, Tle3, Tle4, 
or Hprt coding sequence were used to generate standard curves 
for each transcript, and each transcript in the sorted cells was 
determined by quantitative PCR (qPCR). The copy numbers of 
Tle genes were then calculated assuming that Hprt is expressed 
at 10,000 copies.

For identification of CD4+ signature genes, published microar-
ray data were retrieved and analyzed (GSE15907; Mingueneau et 
al., 2013). For comparison of gene expression in gene-targeted 
and control mice, target cell populations were sorted from thy-
mocytes or splenocytes, RNA extraction, reverse-transcription, 
and qPCR were performed as described (Xing et al., 2016a). Rel-
ative gene expression was calculated as specified in the figure 
legends. The primer sequences are either previously published 
(Xing et al., 2016a) or in Table S1.

Generation of BM chimeras
For detection of CD8+ to CD4+ T cell lineage redirection, whole 
BM cells were isolated from various donors, and 2 × 106 cells were 
transplanted into CD45.1+H2ab1−/− mice that were irradiated at 
1,050 rad. 6–10 wk later, the recipient mice were analyzed.

For detecting the impact of forced expression of Runx3d, BM 
cells from donor mice were lineage depleted, and then retrovi-
rally infected with empty-vector or Runx3d-expressing MigR1 
retrovirus as previously described (Xing et al., 2016a). The in-
fected BM cells, containing 2,000–5,000 GFP+Lin–Sca1+c-Kit+ 
cells (enriched in HSPCs) were then transplanted into irradiated 
CD45.1+ B6.SJL mice and analyzed as above.

ChIP
Pre-select DP, post-select DP + CD4+CD8lo intermediate thy-
mocytes, splenic CD4+, and CD8+ T cells were sorted from WT 
C57BL/6 mice. Total thymocytes from VavCre+Tle3−/− mice were 
used as negative control. The cells were incubated with 2 mM 
disuccinimidyl glutarate (Sigma-Aldrich) for 25 min at room 
temperature and then cross-linked with 1% formaldehyde in 
medium for 10 min. The fixed cells were processed using tru-
ChIP Chromatin Shearing Reagent kit (Covaris) and sonicated for 
6 min on Covaris S2 ultrasonicator. The sheared chromatin was 
in the range of 300–800 bp and was immunoprecipitated with 3 
µg anti-Tle3 antibody (Cat. No. 11372-1-AP, rabbit polyclonal anti-
body, Proteintech Group) or control rabbit IgG, followed by steps 
of washing as previously described (Xing et al., 2016a). Genomic 
locations of interest were detected by qPCR, and the relative en-
richment of Tle3 binding was determined by normalizing Tle3 
ChIP signals to IgG ChIP signals. The primers for assessing en-
riched Tle3 binding are listed in Table S1.

To assess H3K27ac levels at key CD4+ lineage-associated gene 
loci, CD8*4 cells were sorted from TCRβ+ splenocytes in Cd4Cre+-

Tle3−/−Tle1−/−Tle4−/− or Cd4Cre+Tcf7−/−Lef1−/− mice, along with 

GSE15907
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splenic CD4+ CD25– and CD8+ TCRβ+ cells from WT mice. The cells 
were subjected to ChIP analysis with anti-H3K27ac as previously 
described (Xing et al., 2016a).

Statistical analysis
For pairwise comparison between gene-targeted animals with 
control littermates, the Student’s t test was used, with a two-
tailed distribution assuming equal sample variance. P values of 
no more than 0.05 are considered statistically significant; the 
following asterisk marks are used to indicate the level of signif-
icance: *, P < 0.05; **, P < 0.01; ***, P < 0.001. P values ≥0.05 are 
considered not statistically significant (marked as “ns” or in ac-
tual P values). For multiple group comparisons, Bonferroni cor-
rection was used to assess statistical significance.

Online supplemental materials
Fig. S1 shows expression changes in Tle, Tcf/Lef, and Runx/CBF 
factors during T cell development. Fig. S2 documents generation 
and characterization of Tle3 conditionally targeted mice. Fig. S3 
demonstrates Tle3 deficiency does not strongly affect the expres-
sion of lineage-specifying transcriptional regulators other than 
the ThPOK–Runx3 axis. Fig. S4 shows that double deletion of Tle1 
and Tle4 did not detectably perturb T cell development. Fig. S5 
demonstrates connection of Tle proteins with target genes. Table 
S1 shows primers for qRT-PCR.
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