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The CD4+CD8+ double-positive (DP) stage of T cell devel-
opment encompasses critical developmental checkpoints, 
including rearrangement of the T cell antigen receptor (TCR) 

alpha (Tcra) locus, assembly of the α β  T cell receptor (α β TCR), 
and passage through thymic selection1. DP thymocytes arise from 
the proliferative double-negative (DN) 4 stage, which is controlled 
by cooperative pre-TCR and Notch signals2. Coordination among 
transcriptional regulators has been established for early stages of 
T cell development, in which Notch signals activate transcrip-
tion of TCF-1 (encoded by Tcf7)3,4 and GATA-3 (refs 5,6), whereas 
Pu.1 regulates the binding-site choice of Runx1 and consequently 
the initiation of the T cell program7–9. Together, Notch, TCF-1, 
GATA-3, and Runx1 activate Bcl11b and seal the T cell fate7,10.  
T cell commitment in DN2 cells coincides with the upregulation of 
HEB (encoded by Tcf12), HEBAlt (HEB isoform), Runx1, Gfi1, and 
Ets1, which control subsequent T cell developmental stages7,11–13. 
Despite intense investigation, the orchestration of factors that reg-
ulate entry into and differentiation through the DP stages remains 
poorly understood.

Regulatory proteins implicated in the DP stages include TCF-1 
(refs 14,15) and HEB16. TCF-1, a member of the HMG-domain-
containing Tcf/Lef family of transcriptional regulators, participates 
in complex transcriptional and epigenetic processes throughout 
T cell development. It interacts with β -catenin, thereby activating 
Wnt-target genes, and with Groucho, thereby silencing genes17–19. 
Although TCF-1 has intrinsic histone deacetylase activity20, it also 
promotes chromatin accessibility and displaces nucleosomes at its 
binding sites21. The specific transcriptional and epigenetic func-
tions of TCF-1 at the DP stage and its potential cooperation with 
other regulators remain unclear. HEB is a member of the E-protein 
family of transcription regulators, which are essential for the 

development of both B and T cells22. Through its helix–loop–helix 
domain, HEB can form homodimers as well as heterodimers with 
other E proteins, and consequently mediate positive and negative 
regulation of gene expression. Although HEB binds the acetyltrans-
ferase p300 (ref. 23), its genome-wide chromatin-remodeling func-
tions remain unclear.

In germline TCF-1-deficient thymocytes, the transition to the 
DP stage is impaired14,15. TCF-1 also controls the lifespan of DP 
thymocytes by upregulating the antiapoptotic protein Bcl-XL24–26. 
These shorter-lived DP thymocytes do not undergo distal Tcra 
gene rearrangements and therefore generate fewer natural killer  
T cells, which depend on these rearrangements26. Like TCF-1, HEB 
regulates the transition to the DP stage as well as the survival of 
DP thymocytes, and its deletion limits distal Tcra rearrangements 
and development of natural killer T cells27. After the DP stage,  
TCF-1 promotes the CD4+ versus CD8+ T cell fate28. HEB is also 
required for CD4+ lineage commitment29. Thus, TCF-1 and HEB 
are fundamental in guiding thymocytes into and beyond the DP 
stages of development; however, whether they collaborate directly 
remains unclear.

Here, we found that most HEB-bound DNA sites genome wide 
were also bound by TCF-1. Cobinding of TCF-1 and HEB promoted 
chromatin accessibility, whereas TCF-1 predominantly limited 
nucleosome occupancy. TCF-1/HEB cobinding to their conserved 
motifs at the enhancers of genes involved in α β  T cell development 
correlated with transcriptional upregulation. In contrast, TCF-1 and 
HEB bound to sites that lacked their conserved motifs in the pro-
moters of cell-cycle-associated genes, and ablation of either TCF-1 
or HEB increased DP-thymocyte proliferation. Importantly, TCF-1 
limited Notch signaling, which targets HEB for proteasomal degra-
dation. Therefore, TCF-1 both enhances HEB protein stability and 
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functionally cooperates with HEB in defining the epigenetic and 
transcriptional status of DP thymocytes.

results
TCF-1 binding marks actively transcribed genes. We previ-
ously established, through chromatin immunoprecipitation and 
deep sequencing (ChIP–seq)30,31 that in wild-type (WT) thy-
mocytes, TCF-1 binds more than 16,000 sites genome wide. To 
identify regions of accessible chromatin in WT DP thymocytes, 
we performed the assay for transposase-accessible chromatin 
and deep sequencing (ATAC–seq). Alignment of the ATAC–seq 
results to our TCF-1 ChIP–seq data established that the chroma-
tin surrounding the TCF-1 peaks in DP thymocytes was highly 
accessible (Fig. 1a). We also mapped the landscape of histone 
marks indicating poised/active (mono- and dimethylated histone 
H3 Lys4 (H3K4me1 and H3K4me2, respectively)), active (tri-
methylated H3 Lys 4 (H3K4me3) and acetylated H3 (H3ac and 
H3K27ac)), and repressed (trimethylated H3 Lys27 (H3K27me3)) 
chromatin proximal to TCF-1 sites. Of the TCF-1-bound sites, 
43% were at active promoters enriched in H3K4me2/me3, H3ac, 
and H3K27ac histone marks as well as RNA polymerase (Pol) 
II, indicating transcriptional activity. Additionally, 24% of the 
TCF-1 bound sites were active enhancers, enriched in H3K4me1/
me2, H3K27ac, and RNA Pol II, and 33% were poised enhancers 
marked by H3K4me1 but displaying low enrichment in H3K4me2 
and H3K27ac, and lacking RNA Pol II (Fig. 1a–c). In contrast, 
TCF-1 binding rarely overlapped with the repressive H3K27me3 
mark. Thus, TCF-1 occupies gene-regulatory regions enriched in 
marks of poised or active chromatin, thereby indicating that it 
directly regulates gene expression.

TCF-1 binding at open chromatin sites, enriched in RNA Pol 
II, suggested that its gene targets are actively transcribed. RNA-
seq analysis of sorted WT DP thymocytes showed that the aver-
age expression of TCF-1-bound genes was higher than that of all 
expressed genes (Fig. 1d). In particular, genes bound by TCF-1 at 
promoters or at both promoter and enhancer regions showed sig-
nificantly higher expression than genes bound only at active or 
poised enhancer regions. Thus, TCF-1 binds accessible regulatory 
regions of actively transcribed genes. Pathway enrichment analysis 
(http://www.metascape.org/) revealed that TCF-1 binding to pro-
moters alone versus enhancers marks genes involved in distinct 
processes (Fig. 1e). Genes bound by TCF-1 only at promoter regions 
were involved in cell-cycle regulation. In contrast, TCF-1 binding at 
enhancers or both enhancer and promoter regions marked genes 
involved in T cell developmental processes. These findings suggest 
that TCF-1 differentially regulates these distinct processes through 
specific chromatin binding patterns, potentially in coordination 
with other factors.

TCF-1 shares binding sites with other lymphoid factors. To 
identify additional factors that might cooperate with TCF-1, we 
first analyzed TCF-1-binding sites for common motifs. TCF-1-
bound sites were highly enriched in the conserved Tcf/Lef motif 
(P =  1 ×  10–1784). Additionally, motifs for Ikaros/Ets, Runx and basic 
helix–loop–helix domain–containing proteins were also signifi-
cantly enriched at TCF-1-bound sites (Fig. 2a). These factors are 
essential during the transitions to the DP and single-positive stages 
of thymocyte development. Ikaros regulates differentiation from 
the CD4+CD8lo postselected DP to the single-positive subsets, and 
its deletion predisposes mice to Notch-dependent thymic lympho-
mas32,33. Runx1 is involved in the progression from the DN to DP 
and single-positive stages and, with Runx3, is essential for CD8+ lin-
eage commitment34. Likewise, the basic helix–loop–helix domain–
containing E2A and HEB regulate progression into, and exit from, 
the DP stage. Interestingly, HEB deficiency impairs thymic develop-
ment in a manner akin to TCF-1 deficiency16,27.

The involvement of these regulators in the DP stages of thymo-
cyte development, and the enrichment of their motifs at TCF-1-
bound sites, prompted us to examine whether their binding might 
overlap with that of TCF-1. We performed ChIP–seq for HEB and 
analyzed published ChIP–seq data for Ikaros35, and Runx1 (ref. 36)  
in WT thymocytes. We also performed ChIP–seq for Lef-1,  
which recognizes the same motif as TCF-1 and is thought to have 
redundant functions37,38. Even though Lef-1 occupied signifi-
cantly fewer sites than TCF-1 (4,476/16,377), 79% of these sites 
(3,536) overlapped with TCF-1 (Fig. 2b). TCF-1-binding sites also 
overlapped with 53% of Ikaros-binding sites (2,018) and 47% of 
Runx1-binding sites (4,970). HEB shared the largest number of 
overlapping sites with TCF-1 (6,767), representing 55% of all HEB 
peaks. The peak summits of Ikaros, Runx1, and HEB in common 
sites with TCF-1 completely overlapped with TCF-1 peak sum-
mits, thus indicating that binding of these factors was centered on 
the same sequences (Fig. 2c–e).

We compared chromatin accessibility at sites bound by TCF-1 
alone (6,883) with sites where TCF-1 overlapped with one other 
factor (5,482 sites; 63% with HEB, 28% with Runx1, and 9% with 
Ikaros), two factors (3,280 sites; 76% with HEB/Runx1 and 24% 
with HEB/Ikaros), or sites in which all four factors overlapped (732 
sites). TCF-1 enrichment (peak score) and chromatin accessibility 
(ATAC–seq) progressively increased at sites where TCF-1 over-
lapped with additional factors, suggesting cooperativity (Fig. 2f).  
HEB was the preferential binding partner of TCF-1, sharing an 
extensive number of sites with TCF-1 as well as all multifactor 
TCF-1 sites. These findings led us to further investigate the func-
tions of TCF-1 and HEB in DP thymocytes.

TCF-1 and HEB guide similar developmental processes. To 
understand the potential cooperative functions of TCF-1 and HEB, 
we compared thymocyte development after DP-specific deletion 
of either Tcf7 or Tcf12. Conditional loss of TCF-1 or HEB, respec-
tively, was accomplished with a Cd4-Cre transgene. Whereas Cd4-
CreTcf12fl/fl mice (hereafter referred to as HEB deficient) exhibited 
sufficiently decreased HEB protein abundance in preselected DP 
thymocytes, the effective decrease in TCF-1 protein in the prese-
lected DP thymocytes required crossing Cd4-Cre to Tcf7fl/– mice 
(hereafter referred to as TCF-1 deficient), as previously described28. 
Multiple studies have established that heterozygous TCF-1 dele-
tion does not affect DP-thymocyte development14,15,39. TCF-1 or 
HEB deficiency mildly decreased thymic cellularity (Fig. 3a). In 
accordance with published observations26,27, both TCF-1- and 
HEB-deficient DP thymocytes had greater apoptosis (annexin V+), 
than did thymocytes from littermate controls (Cd4-Cre) (Fig. 3b). 
Additionally, qPCR showed that Tcra gene rearrangements were 
strongly biased for proximal and against distal Jα  gene segments, in 
both TCF-1- and HEB-deficient DP thymocytes, probably because 
of the shorter lifespan of these cells (Fig. 3c). We further found that 
TCF-1- or HEB-deficient DP thymocytes were significantly more 
proliferative than thymocytes from littermate controls (Fig. 3d). 
Higher proliferation rates did not result from increased DP-blast 
thymocytes in Cd4-CreTcf7fl/– and Cd4-CreTcf12fl/fl thymi compared 
with WT thymi, because the fraction of CD71+FSChi blast DP cells 
did not significantly change (Supplementary Fig. 1). Thus, in addi-
tion to having overlapping genome-wide binding, TCF-1 and HEB 
regulate the same critical properties of DP thymocytes, suggesting 
that TCF-1 and HEB cooperatively regulate the DP stage of thymo-
cyte development.

TCF-1/HEB shared sites mark genes involved in T cell develop-
ment. Like TCF-1, HEB bound to accessible chromatin sites. The 
mean expression of HEB-bound genes was higher than that of all genes 
expressed in DP thymocytes. Genes bound by HEB at the promot-
ers or both promoter and enhancer sites had the highest expression  

NATurE IMMuNOLOGy | VOL 19 | DECEMBER 2018 | 1366–1378 | www.nature.com/natureimmunology 1367

http://www.metascape.org/
http://www.nature.com/natureimmunology


Articles NATurE ImmuNology

TCF-1

a

e

d

c

b

A
ct

iv
e

 e
nh

an
ce

r
P

oi
se

d
 e

nh
an

ce
r

H3K4

me1 me2 me3 H3ac ac Pol ll me3 ATAC

33

43

24 Poised enhancer

Active enhancer

Promotor

Promotor
Protein modification
RNA processing

DNA metabolism
Cell cycle

αβ T cell development

T cell activation

Regulation of cell adhesion
Regulation of apoptosis
Regulation of catalytic activity
Regulation of phosphorylation
Cell morphogenesis
TCR signaling

Adaptive immune respose

Protein secretion

Apoptotic signaling
Cell-number homeostasis

Chromatin organization
Protein localization

0

0 1 2 3 4 5 6 7 8 9

0 1 2 3 4 5 6 7 8 9

5 10 15 20 25 30
–log10P

–log10P

–log10P

Poised enhancer

Active enhancer

P
ro

m
ot

er

R
N

A
-s

eq
 (

lo
g 2

 F
P

K
M

)

K27

0
3.

3

2

0 0

–1.5 5′–3′ 5′–3′–1.5 1.51.5

1.5H3K4me1

H3K4me2

H3ac

H3K27ac

0 0 0 0 0 06 0 0 5

10
****

****
NS

Mean
–4.32
–7.77
3.16
4.47
2.07
–1.22
4.45

0

–10

–20

All g
en

es

TCF-1
 u

nb
ou

nd

TCF-1
 b

ou
nd

TCF-1
 P

TCF-1
 a

cti
ve

 E

TCF-1
 p

ois
ed

 E

TCF-1
 P

+ 
E

1.
5 1

2.
4

2.
8 19 2.

5

K27

Promotor

Poised enhancer
Active enhancer

Input

R
ea

d 
co

un
t/m

ill
io

n 
re

ad
s

3

0 0
5′–3′–1.5 1.5

1.5

5′–3′–1.5 1.5

3

0

10

0

5′–3′5′–3′–1.5 –1.51.5

Genomic region (5′→3′)
1.5

H3K4me3 ATAC

Regulation of transcription
Adaptive immune response
TCR signaling
Cytokine production
TH17 cell differentiation

T cell activation

0 5 10 15 20 25 30

–log10P

Promotor +  enhancer

Fig. 1 | TCF-1 binds accessible chromatin of highly expressed genes. a, K-means-clustered heat map centered on TCF-1-binding sites ( ±  1.5 kb) 
showing enrichment of the indicated histone modifications and RNA Pol II in WT thymocytes, and ATAC–seq in DP thymocytes. b, Comparative 
enrichment histograms of permissive histone modifications (H3ac, H3K4me1, H3K4me2, H3K4me3, and H3K27ac) and chromatin accessibility 
(ATAC–seq) at TCF-1-binding sites (± 1.5 kb) in K-means clusters shown in a. c, Genomic distribution of TCF-1 peaks in WT thymocytes. d, Average 
expression in DP thymocytes of genes in the indicated groups. E, enhancer; P, promoter. Values are log2 fragments per kilobase of transcript per million 
mapped reads (FPKM), shown as mean with s.d. (****P ≤  0.0001, NS, not significant, Kruskal–Wallis test). (All genes, n =  23,360; TCF-1 unbound, 
n =  18,384; TCF-1 bound, n =  4,976; TCF-1 promoter, n =  1,839 genes; TCF-1 active enhancer, n =  627 genes; TCF-1 poised enhancer, n =  920 genes; TCF-1 
promoter +  enhancer, n =  1,690 genes). e, Functional pathways enriched in genes bound by TCF-1 in the indicated regions. (Active enhancer, n =  527 
genes; poised enhancer, n =  920 genes; promoter, n =  1,839 genes; promoter +  enhancer, n =  1,690 genes). Pathways and statistical enrichment were 
determined by Metascape (http://www.metascape.org/).

NATurE IMMuNOLOGy | VOL 19 | DECEMBER 2018 | 1366–1378 | www.nature.com/natureimmunology1368

http://www.metascape.org/
http://www.nature.com/natureimmunology


ArticlesNATurE ImmuNology

(Supplementary Fig. 2). To assess the potential cooperation between 
TCF-1 and HEB in DP thymocytes, we analyzed their overlapping 
binding sites. These sites were distributed to promoters as well as 
poised and active enhancers (Fig. 4a–d). The average expression of 
TCF-1/HEB cobound genes was significantly higher than that of all 
DP-thymocyte genes or genes uniquely bound by either TCF-1 or 
HEB (Fig. 4e). In particular, genes cobound by TCF-1 and HEB at 
both promoter and enhancer sequences showed the highest expres-
sion, followed by genes with binding at the promoter only.

Shared TCF-1 and HEB binding at promoters versus enhancers 
differed in several aspects. First, TCF-1 and HEB enrichment was 
highest at active enhancers (Fig. 4c). Second, TCF-1/HEB cobind-
ing at promoters versus enhancers marked distinct groups of genes. 
Binding only to promoters marked genes involved in general cel-
lular processes, such as cell division and the DNA-damage response 
(Fig. 4f and Supplementary Fig. 3). However, binding to enhanc-
ers or enhancers as well as promoters marked genes involved in  
T cell–specific processes, such as T cell activation and TCR signaling.  
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This binding pattern resembled that observed for all TCF-1-bound 
sites (Fig. 3b–d). We further identified regions with extensive TCF-1 
and HEB binding by using a rank-order super-cluster algorithm 
that stitches together adjacent transcription-factor peaks within 
12.5-kb regions40. Of the 271 TCF-1 and 213 HEB super-clusters 
identified (Supplementary Fig. 4), 126 overlapped, and most were in 
enhancers, whereas only 11 were located in promoters. Overlapping 
super-clusters occurred mostly at the enhancers of genes involved 
in TCR signaling, recombination, and apoptosis, highlighting 
DP-thymocyte processes affected by ablation of TCF-1 or HEB. 
Thus, TCF-1/HEB cobinding to gene promoters versus enhancers 

identifies distinct processes. Independently deleting either protein 
functionally impairs these processes in DP thymocytes, suggesting 
that TCF-1 and HEB cooperatively regulate the transcriptional and/
or epigenetic state of the associated genes.

TCF-1 and HEB promote chromatin accessibility at cobound 
sites. To determine the importance of the extensive binding overlap 
between TCF-1 and HEB, we assessed the binding of HEB in TCF-1-
deficient DP thymocytes and of TCF-1 in HEB-deficient DP thymo-
cytes by ChIP–seq (Fig. 5). Only 2,813 high-confidence (P =  10 ×  10–5) 
HEB sites were identified in TCF-1-deficient thymocytes,  
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compared with 12,233 in WT thymocytes, reflecting a 73% decrease 
(Supplementary Fig. 5a,b). Of these sites, 84% were also bound by 
HEB in WT thymocytes, and 489 were new. Of the HEB sites in 

TCF-1-deficient thymocytes (Fig. 5a,b), 68% were cobound by 
TCF-1 and HEB in WT thymocytes, indicating that HEB binding 
at these sites does not require the presence of TCF-1. In addition,  
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the average enrichment of HEB at the remaining binding sites 
was also markedly lower in TCF-1-deficient than WT thymocytes 
(Fig. 5c and Supplementary Fig. 5c). HEB enrichment was most 
decreased at poised enhancers, followed by active enhancers and 
then promoters (Fig. 5d). The number of TCF-1-binding sites was 
only moderately lower in HEB-deficient than HEB-containing thy-
mocytes (from 16,377 to 14,409). Of these remaining sites, 10,007 
(70%) overlapped with TCF-1-binding sites in WT thymocytes, 
whereas 4,402 were new (Supplementary Fig. 5d,e). Although 
most TCF-1-bound sites were maintained in the absence of HEB, 
TCF-1 enrichment in the remaining sites was decreased (Fig. 5c 
and Supplementary Fig. 5f). Similarly to HEB binding, TCF-1 
binding was also primarily decreased at active and poised enhanc-
ers (Fig. 5d). Thus, TCF-1 and HEB each affect the enrichment of 
the other on DNA; however, the severe decrease in the number of 
HEB-binding sites in TCF-1-deficient cells is likely to be an indirect 
effect of the absence of TCF-1.

TCF-1 has multiple epigenetic and chromatin conformation 
functions18,21; however, a role for HEB in shaping the chromatin 
has not yet been established23. Therefore, we examined the effect 
of TCF-1 and HEB on the chromatin landscape. We compared 
chromatin accessibility in WT and TCF-1- or HEB-deficient DP 
thymocytes by using ATAC–seq (Supplementary Fig. 6). We found 
51,452 (P =  1.0 ×  10–5) accessible regions in WT cells, and fewer in 
TCF-1-deficient (48,479 sites) or HEB-deficient (42,237 sites) DP 
thymocytes. In WT accessible regions, two of the top five enriched 
motifs were TCF-1 (P =  1 ×  10–198) and HEB (P =  1 ×  10–274) motifs 
(Supplementary Fig. 6a). TCF-1 (P =  1 ×  10–82) and HEB (P =  1 ×  10–

112) were also among the five most enriched motifs in the 7,241 
sites that were accessible in WT but lost accessibility after ablation 
of TCF-1 or HEB (Supplementary Fig. 6e). However, accessible 
regions in TCF-1-deficient and HEB-deficient DP thymocytes were 
relatively depleted in TCF-1 and HEB conserved motifs, as com-
pared with WT (Supplementary Fig. 6b,c). Importantly, regions that 
gained accessibility in TCF-1- or HEB-deficient DP thymocytes 
were not enriched in TCF-1 or HEB motifs (Supplementary Fig. 
6f,g). Additionally, novel HEB- and TCF-1-binding sites detected in 
TCF-1- or HEB-deficient thymocytes, respectively, were not at these 
newly accessible regions. These findings demonstrate that TCF-1 
and HEB promote accessibility at sites containing TCF-1 and HEB 
motifs. Moreover, they indicate that E2A, the partner of HEB, does 
not significantly compensate for the loss of accessibility at HEB-
motif-containing sites.

Genomic sites bound by TCF-1 or HEB in WT thymocytes 
were less accessible in HEB- or TCF-1-deficient DP thymo-
cytes, respectively, and binding enrichment was greatly decreased 
(Supplementary Fig. 5c,f). Importantly, TCF-1/HEB-cobound sites 
were also less accessible in the absence of either TCF-1 or HEB 
(Fig. 5a,c). The degree of accessibility loss was more pronounced at 
cobound enhancers, particularly active enhancers (Fig. 5d), where 
the TCF-1 and HEB binding enrichment was highest (Fig. 4c). The 
novel finding that HEB deletion decreased chromatin accessibility 
is consistent with its known interaction with p300 (ref. 23) and estab-
lishes that HEB has genome-wide epigenetic functions.

We next examined whether decreased chromatin accessibility 
in the absence of TCF-1 or HEB might also reflect changes in the 
nucleosome landscape. Nucleosome tracks were generated from 
paired-end ATAC–seq of WT, TCF-1-deficient, and HEB-deficient 
DP thymocytes. The nucleosome occupancy at TCF-1/HEB-
cobound sites was calculated with the UCSC tool bigWigAverage-
OverBed. This tool assigns a probability score for the presence of a 
nucleosome at each site. Positive values indicate high probability, 
and negative values indicate low probability. In agreement with the 
decreased chromatin accessibility, the probability that nucleosomes 
occupied TCF-1/HEB-cobound sites was higher in TCF-1- and HEB-
deficient DP thymocytes than WT thymocytes (Fig. 5e). However, 

although the probability of nucleosome occupancy was substan-
tially higher in TCF-1-deficient DP thymocytes (P <  2.2 ×  10–16), 
the increase in HEB-deficient DP thymocytes was only marginally 
significant (P =  0.0012; Fig. 5e). De novo nucleosome occupancy at 
TCF-1/HEB-cobound sites in TCF-1-deficient thymocytes is also 
shown for the Tgfbrap1 and Calm1 genes. This finding is in line with 
a recent report demonstrating that TCF-1 can shift nucleosomes21. 
The dominant role of TCF-1 in controlling nucleosome occupancy 
was further confirmed for sites uniquely bound by TCF-1 or by HEB 
in WT thymocytes (Fig. 5f). The nucleosome occupancy at sites 
bound by TCF-1 alone was substantially higher in TCF-1-deficient 
DP thymocytes (P <  2.2 ×  10–16). However, at sites bound by HEB 
alone, this increase in HEB-deficient thymocytes was only margin-
ally significant (P =  0.00025). Overall, our findings show that TCF-1 
and HEB coordinately regulate chromatin accessibility, and TCF-1 
has a dominant role in controlling the presence of nucleosomes at 
cobound sites in DP thymocytes.

TCF-1/HEB cobinding to their motifs promotes gene expression. 
Several DP-thymocyte processes depend on the presence of TCF-1 
and HEB. Therefore, we investigated whether the TCF-1/HEB 
cobinding in DP thymocytes might reflect regulation of overlapping 
transcriptional programs. We identified significant (P =  0.05) gene 
expression changes in both TCF-1-deficient (n =  1,269) and HEB-
deficient (n =  838) DP thymocytes compared with WT thymocytes. 
Spearman’s rank-correlation comparison of the two sets established 
that transcriptional changes associated with TCF-1 deficiency mir-
rored the transcriptional changes associated with HEB deficiency 
(Spearman correlation =  0.36, P =  1.99 ×  10–61; Fig. 6a). This finding 
establishes that through their extensive cobinding and epigenetic 
functions, TCF-1 and HEB cooperatively regulate the transcrip-
tional profile of DP thymocytes.

Ablation of either TCF-1 or HEB limited binding of the other 
factor to DNA and decreased chromatin accessibility, particularly 
at active enhancers. To determine whether TCF-1/HEB cobinding 
at distinct regulatory regions differentially modulates gene tran-
scription, we compared expression changes in WT versus TCF-1- 
or HEB-deficient DP thymocytes, according to the region bound. 
TCF-1/HEB-cobound genes in WT thymocytes were divided into 
clusters exhibiting promoter-only binding, enhancer-only binding 
(poised or active), or both promoter and enhancer binding (poised 
or active). Expression changes in WT versus TCF-1-deficient and 
WT versus HEB-deficient DP thymocytes within these clusters 
were subjected to cumulative distribution function (CDF) analysis 
and compared to expression changes of all genes (Fig. 6b). TCF-1/
HEB cobinding at promoter-only or poised enhancer-only clusters 
was equally likely to confer up- or downregulation of the associ-
ated gene. Notably, TCF-1/HEB cobinding at active enhancer sites 
or both enhancer and promoter sites was significantly more likely 
to promote upregulation of the associated gene. Thus, DNA bind-
ing and epigenetic and transcriptional analyses cumulatively estab-
lished that TCF-1/HEB cobinding to active enhancers or enhancers 
and promoters increases chromatin accessibility and promotes 
expression of the associated genes.

We found that TCF-1 and HEB promote accessibility at sites con-
taining TCF-1 and HEB motifs (Supplementary Fig. 6). However, 
not all TCF-1/HEB-cobound sites contain TCF-1 and HEB motifs. 
Therefore we tested whether the transcription of gene targets was 
dependent on TCF-1 and HEB binding to their motifs. Cobound 
regions were subdivided into two clusters on the basis of whether 
they contained TCF-1 and HEB motifs. The expression changes of 
genes associated with each cluster in WT versus TCF-1-deficient 
and WT versus HEB-deficient thymocytes were compared with the 
expression changes of all genes in CDF analyses (Fig. 6c). Genes 
associated with motifs containing TCF-1 and HEB peaks were sig-
nificantly more likely to be downregulated under ablation of either 
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their conserved motifs (bottom). Pathways enriched within genes containing or lacking motifs are shown next to the relevant CDF plot. P values were 
determined with a two-tailed Mann–Whitney U test. (All cobound genes, n =  4,299; genes with TCF-1 and HEB motifs, n =  1,790; genes without TCF-1 
and HEB motifs, n =  2,509. d, Comparative enrichment histogram plots of the indicated histone marks and changes in chromatin accessibility centered on 
TCF-1 and HEB binding sites (± 1.5 kb) at the indicated sites. e, Number of overlapping downregulated genes (P ≤  0.05, Cuffdiff) (top) in TCF-1- or HEB-
deficient DP thymocytes (RNA-seq) within 20 kb of TCF-1/HEB-cobound sites identified with BETA. Middle, enriched motifs in the TCF-1/HEB-cobound 
sites (1,469) within 20 kb of downregulated genes. Bottom, Metascape pathways enriched within downregulated genes with TCF-1 and HEB motifs 
identified by BETA (349 genes). f, Number of overlapping upregulated genes (P ≤  0.05, Cuffdiff) (top) identified by BETA (693) within 20 kb of TCF-1/
HEB-cobound sites (1,005 sites). Bottom, Metascape pathways enriched in upregulated genes.
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TCF-1 or HEB and were enriched in T cell–development pathways 
(Supplementary Table 1). However, genes associated with TCF-1 
and HEB peaks lacking TCF-1 and HEB motifs did not show con-
sistent changes and were enriched in cell-cycle and chromatin 
processes (Supplementary Table 2). Our two independent CDF 
analyses showed that TCF-1/HEB cobinding to active enhancers or 
to their conserved motifs promoted gene expression. To link these 
findings, we assessed the genomic location of cobound regions con-
taining TCF-1 and HEB motifs to regions lacking such motifs, on 
the basis of their chromatin landscape. Sites containing TCF-1 and 
HEB motifs were highly enriched in the enhancer H3K4me1 mark, 
whereas sites lacking these motifs were more enriched in the pro-
moter mark H3K4me3 (Fig. 6d). Thus, TCF-1/HEB cobinding to 

sites that contain their conserved motif predominantly at enhancers 
promotes expression of the corresponding genes.

To independently establish that TCF-1/HEB cobinding to their 
conserved motifs correlates with gene upregulation, we performed 
binding and expression target analysis (BETA)41. Using BETA, we 
identified in WT shared TCF-1 and HEB peaks located within 20 kb 
of the transcription start sites of genes that changed in expression in 
the absence of TCF-1 or HEB compared with WT. The 1,053 genes 
commonly downregulated in the absence of TCF-1 or HEB repre-
sented 1,469 TCF-1/HEB-cobound sites (Fig. 6e). Additionally, the 
693 commonly upregulated genes represented 1,005 TCF-1/HEB-
cobound sites (Fig. 6f). In agreement with the CDF analyses, motif 
enrichment at these shared sites differentiated downregulated from 
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upregulated genes. Only downregulated genes showed enrichment 
in TCF-1 (P =  1 ×  10–42) and HEB (P =  1 ×  10–37) motifs (Fig. 6e). 
Analysis of motif-containing sites identified 349 genes involved in 
T cell–differentiation processes (Fig. 6e). In contrast, the 693 upreg-
ulated genes that lacked TCF-1- and HEB-motif enrichment were 
involved in proliferation and DNA-repair processes. Overall, our 
analyses indicate that cobinding of TCF-1 and HEB to their con-
served motifs, predominantly at enhancers, promotes the expres-
sion of genes essential for DP thymocyte development.

TCF-1 regulates HEB stability by limiting Notch signaling. We 
showed that TCF-1 and HEB coordinately regulate the chromatin 
landscape and transcription profiles of DP thymocytes. However, 
it was unclear why HEB binding was severely decreased in TCF-
1-deficient thymocytes, whereas TCF-1 binding was less affected 
in HEB-deficient thymocytes. Tcf12 mRNA abundance was similar 
between WT and TCF-1-deficient cells (Fig. 7a). However, immu-
noblot analyses showed that HEB protein expression was potently 
decreased and comparable to that observed in HEB-deficient DP 
thymocytes (Fig. 7a). Notch signaling was previously reported to 
induce ubiquitination of E2A, thus resulting in its degradation42–44. 
We investigated whether a similar process might have decreased 
HEB protein abundance in TCF-1-deficient DP thymocytes. Our 
RNA-seq data showed that the Notch and ubiquitination pathways 
were transcriptionally upregulated in TCF-1-deficient DP thy-
mocytes (Fig. 7b). Gene-set enrichment analysis showed that the 
Notch signaling cascade (Hallmark_Notch_signaling) was selec-
tively upregulated in TCF-1-deficient but not HEB-deficient DP 
thymocytes compared with WT thymocytes (Fig. 7c,d). In particu-
lar, TCF-1 bound without HEB to 103 regions of Notch-pathway 
genes (Supplementary Fig. 7). Two-thirds of these regions were at 
enhancers, and histone-mark enrichment as well as accessibility 
patterns most closely corresponded to poised enhancers. However, 
TCF-1 ablation did not decrease accessibility at these sites as 
severely as at TCF-1/HEB- cobound poised/active enhancers, thus 
potentially allowing for transcription of the corresponding Notch-
pathway genes.

To determine whether the upregulation of the Notch and ubiq-
uitin ligase pathways caused the decreased HEB protein abundance 
in TCF-1-deficient thymocytes, we sorted WT and TCF-1-deficient 
DP thymocytes and performed immunoblot analysis to assess HEB 
protein after treatment with the proteasome inhibitor MG132 
(5 μ M) or the Notch inhibitor DAPT (10 μ M). Both proteasome 
and Notch inhibition restored HEB protein abundance in TCF-1-
deficient DP thymocytes (Fig. 7e). These findings indicate that abla-
tion of TCF-1 increases Notch signaling and consequently promotes 
proteasomal degradation of HEB. Therefore, by inhibiting Notch 
signaling, TCF-1 stabilizes HEB, thus allowing for their coordinated 
functions at the DP stage of thymocyte development.

Discussion
Thymocytes transitioning to the DP stage cease proliferating, rear-
range the Tcra gene, and assemble the α β  TCR45. Coordinating these 
events requires precise transcriptional and epigenetic reprograming 
of developing thymocytes. Here, we identified TCF-1 and HEB as 
cooperating partners regulating chromatin accessibility and gene 
expression in DP thymocytes, We show that TCF-1 and HEB coop-
eratively halt the proliferation of early DP thymocytes and promote 
survival and T cell development. This regulation involves extensive 
overlap of TCF-1 and HEB DNA binding. TCF-1 and HEB promote 
chromatin accessibility, whereas predominantly TCF-1 minimizes 
nucleosome occupancy. Importantly, TCF-1 stabilizes HEB protein 
by limiting its Notch-mediated proteasomal degradation.

Developmental programs depend on the coordination of reg-
ulators and epigenetic organizers3,4,7,8,10,46,47. Here, we found that 
TCF-1, which reaches its highest expression in DP thymocytes 

(https://www.immgen.org/), binds the promoters and enhancers 
of highly expressed genes, where it shares binding sites with other 
factors, including Runx1, Ikaros, and HEB. The essential functions 
of TCF-1 (refs 4,14,15,39), HEB16,29,48,49, Runx1 (ref. 34), and Ikaros50 in 
thymocyte development, and their differential abilities to modulate 
chromatin landscapes, suggest that they regulate this developmen-
tal process through a complex interplay. In early thymic develop-
ment, TCF-1 has been shown to coordinate with Notch1, GATA-3, 
and Runx1, in a proccess that culminates in Bcl11b activation and 
T cell commitment7. Furthermore, a recent report has demon-
strated that TCF-1 promotes de novo chromatin opening21.

Our study focused on the cooperation between TCF-1 and 
HEB at the DP stage, in which the two factors share an extensive 
number of binding sites as well as common developmental func-
tions. Particularly, ablation of either TCF-1 or HEB decreases 
DP-thymocyte survival, affects development of natural killer T 
cells26,27, and increases DP-thymocyte proliferation. TCF-1 and HEB 
share binding to sites that contain their conserved motifs predomi-
nantly at the enhancers of genes involved in T cell development and 
positively co-regulate their expression. In contrast, TCF-1 and HEB 
share binding sites lacking their conserved motifs and negatively co-
regulate the expression of genes involved in proliferation.

Although HEB binds the histone acetyltransferase p300 (ref. 23), 
it has not been directly shown to modulate the chromatin land-
scape. Here, we demonstrate that HEB promotes chromatin acces-
sibility genome wide in DP thymocytes. This epigenetic function 
of HEB is distinct from the epigenetic functions of TCF-1, because 
HEB-deficient cells have diminished chromatin accessibility despite 
normal TCF-1 protein abundance. Additionally, the accessibility-
promoting functions of HEB and TCF-1 are not complementary. 
Chromatin closing in HEB-deficient cells, which maintain TCF-1 
protein, is comparable to that in TCF-1-deficient cells, which also 
lose HEB protein expression. Moreover, E2A, the interacting part-
ner of HEB22,29, does not compensate for the epigenetic functions of 
HEB, because HEB-deficient DP thymocytes specifically lose acces-
sibility in regions containing the common HEB/E2A-binding motif. 
In agreement with promoting chromatin accessibility, predomi-
nantly TCF-1, and marginally HEB, limit nucleosome occupancy in 
their cobound sites. This conclusion is supported by the finding that 
sites uniquely bound by TCF-1 have increased nucleosome pres-
ence, whereas sites uniquely bound by HEB show only a marginal 
increase after loss of TCF-1 or HEB, respectively. Altogether, our 
findings suggest that TCF-1 and HEB coordinately shape the chro-
matin landscape of DP thymocytes; both are needed for promot-
ing chromatin accessibility, but they do not have complementary 
effects. In contrast, TCF-1 has a dominant role over HEB in regulat-
ing the nucleosomal landscape.

We discovered that, beyond TCF-1 and HEB binding the same 
genomic locations and mediating epigenetic and transcriptional 
regulation, TCF-1 regulates HEB protein stability. TCF-1 accom-
plishes this function through a higher-level coordination whereby 
TCF-1 controls the levels of Notch signaling, and Notch signal-
ing in turn controls HEB stability. The targeting of HEB by Notch 
signaling parallels the previously established Notch-mediated tar-
geting of E2A, a possible heterodimerization partner of HEB, for 
ubiquitination and proteasomal degradation42–44. Notch signaling is 
gradually downregulated as cells progress to the DP stage, whereas 
the activity of TCF-1 and HEB is essential for the transition into 
the DP stage. Our data suggest that TCF-1 mediates the downregu-
lation of Notch, thereby facilitating stabilization of the HEB pro-
tein, which in turn enables their coordinated actions in promoting 
DP-thymocyte development.

Our studies offer a novel understanding of the complex regula-
tory network that controls DP-thymocyte development. We dem-
onstrate that TCF-1/HEB cobinding to promoters versus enhancers, 
identifies genes involved in distinct processes and differentially  
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affects their transcription and epigenetic status. TCF-1 has an 
epistatic role in regulating common TCF-1 and HEB functions 
through its ability to stabilize the HEB protein by modulating Notch 
signaling. TCF-1/HEB-cobound sites are enriched for different 
transcription-factor motifs. Cobound genes that are downregulated 
by the presence of TCF-1 and HEB lack the conserved TCF-1 and 
HEB motifs. This result suggests that TCF-1 and HEB potentially 
organize and/or participate in complex networks of regulators that 
change dynamically as cells enter and progress within the DP stage. 
Future studies are expected to decipher the complex orchestra-
tion between TCF-1 and Notch signaling in the regulation of HEB. 
Additionally, future studies will address the coordination of TCF-1 
and HEB with other lymphoid factors, such as Runx1 and Ikaros, 
and their combined effects on chromatin organization, gene expres-
sion, and DP-thymocyte development.
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Methods
Mice. Cd4-Cre+Tcf7fl/– (Cd4-Cre Tcf7fl/–), Cd4-Cre+Tcf12fl/fl (Cd4-Cre Tcf12fl/fl), and 
littermate-control WT (Cd4-Cre+ or Cd4-Cre–) mice were used in all experiments 
described. Mice were maintained on the C57BL/6 background, and experiments 
were performed with 6- to-8-week-old mice. Mice were housed in the animal 
facilities at the University of Chicago in accordance with protocol no. 71880, 
approved by the University of Chicago Institutional Animal Care and  
Use Committee.

BrdU uptake experiments. Mice were injected intraperitoneally with 1.8 mg of 
BrdU; 3 h later, the mice were euthanized, thymocytes were surface stained, and 
intracellular detection of BrdU incorporation was performed (with 8817-6600-42, 
eBioscience) according to the manufacturer’s protocol.

Cell culture and inhibitor treatment. Thymocytes from WT, Cd4-Cre Tcf7fl/–, 
and Cd4-Cre Tcf12fl/fl mice were labeled with fluorochrome-conjugated antibodies 
to CD4 (anti-CD4; 11-0042-82 eBiosciences) and CD8 (anti-CD8; 17-0081-82 
eBiosciences) in flow cytometry buffer (2% FBS in PBS). DP thymocytes were 
sorted and cultured for 6 h with DMSO, 5 μ g/ml MG-132 (m7449, Sigma), or  
10 μ g/ml DAPT (D5942, Sigma).

Flow cytometry and antibodies. Thymocytes from mice were surface stained  
in flow cytometry buffer (2% FBS in PBS) for 30 min on ice. Samples were  
washed with flow cytometry buffer, and data were acquired on an LSRII flow 
cytometer (Becton Dickinson). The data were analyzed with FlowJo software 
(Becton Dickinson). Antibodies were to CD4 (clone GK1.5, BD Biosciences),  
CD8 (clone 53-6.7, eBiosciences), TCRβ  (clone H57-597, eBiosciences),  
and CD71 (clone R17217, BioLegend). A BrdU staining kit (8811-6600-42, 
eBiosciences) and live/dead kit (L34957, Molecular Probes) were also used. 
An annexin V PE kit (556422, BD Biosciences) was used to measure apoptosis 
according to the manufacturer’s instructions.

Immunoblotting. Nuclear extracts from CD4+CD8+ T cells were prepared with a 
Subcellular Protein Fractionation Kit (78840, Life Technologies) according to the 
manufacturer’s instructions. Extracts were electrophoresed on a NuPAGE 4–12% 
Bis-Tris gel (NP0323, Invitrogen) and blotted. Membranes were probed with 
antibodies to TCF-1 (2203, Cell Signaling), HEB (SAB3500566, Sigma), and H3 
(2650, Cell Signaling).

mRNA isolation. 1 ×  107 CD4+CD8+ T cells were sorted from three WT, 
Tcf7fl/–, and Cd4-Cre Tcf12fl/fl mice each, and total RNA was isolated with TRIzol 
(15596026, Invitrogen) according to the protocol described by the Immunological 
Genome Project (https://www.immgen.org/). Libraries were generated and 
sequenced by the University of Chicago Genomics Facility.

Chromatin immunoprecipitation. 2 ×  107 total thymocytes from 6- to 8-week-
old mice were paraformaldehyde fixed at a final concentration of 1% (2106-01, 
J.T. Baker) for 15 min at room temperature (23 °C), quenched with glycine 
(0.125 M), and washed with ice-cold PBS containing protease inhibitors. Cells 
were resuspended in lysis buffer (10 mM Tris, pH 7.4, 1 mM EDTA, 1% Triton 
X-100, 0.1% sodium deoxycholate, 0.8 M NaCl, and 0.1% SDS) for 10 min at 4 °C 
and sonicated to an average size of 300 bp. Chromatin was incubated overnight 
with Protein G Dynabeads (10004D, Invitrogen) coupled to 5 μ g of antibodies 
to TCF-1 (2203, Cell Signaling), HEB (SAB3500566, Sigma), Lef-1(2230, Cell 
Signaling), H3ac (06-599, Millipore), or H3K27ac (ab4729, Abcam). Protocols 
for Ikaros, H3K4me1, H3K4me2, H3K4me3, H3K27me3, and RNA Pol II were 
as previously described35, as was that for Runx1 (ref. 51). Beads were washed five 
times with lysis buffer (10 mM Tris, pH 7.4, 1 mM EDTA, 1% Triton X-100, 0.1% 
sodium deoxycholate, 0.5 M NaCl, and 0.1% SDS) and once with 1×  TE. Chromatin 
was eluted with elution buffer (2% SDS and 20 mM Tris-HCl, pH 6.8) and reverse-
cross-linked overnight at 65 °C. RNase A was added (50 μ g/ml) and incubated at 
37 °C for 1 h. Proteinase K was added to a final concentration of 240 μ g/ml and 
incubated at 56 °C for 2 h. DNA was ethanol precipitated and resuspended in 
elution buffer (Qiagen).

Tcra rearrangements. DP thymocytes from mice were sorted, and RNA was 
extracted with TRIzol (15596026, Invitrogen) and treated with DNase. cDNA was 
synthesized with a SuperScript III kit (18080093, Invitrogen). Quantitative real-
time PCR was performed to assess the abundance of Tcra rearrangements by using 
primers described previously27.

Chromatin immunoprecipitation sequencing. ChIP material was prepared 
for sequencing in accordance with the Illumina/Solexa Genomic DNA 
protocol. Approximately 20 ng of immunoprecipitated DNA was end repaired, 
polyadenylated, ligated to Illumina TruSeq indexed adaptors, and purified with 
AMPure XP Beads (A63880, Beckman Coulter). Adaptor-ligated DNA was PCR 
amplified with KAPA Hifi DNA Polymerase (KK2601, Kapa Biosystems). PCR 
products were separated on a 2% agarose gel, and DNA fragments between 200 and 

500 bp were excised and purified (28706, Qiagen). Libraries were sequenced on a 
HiSeq 4000 sequencer at the University of Chicago Genomics Facility.

Assay for transposase accessible chromatin and sequencing. 1 ×  105 CD4+CD8+ 
T cells sorted from WT, Cd4-Cre Tcf7fl/–, and Cd4-Cre Tcf12fl/fl mice were used 
for ATAC–seq. Cells were centrifuged at 500 g at 4 °C for 5 min, washed with 
1×  PBS, and centrifuged again. Cells were resuspended in lysis buffer (10 mM 
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, and 0.1% IGEPAL CA-630) and 
immediately centrifuged at 500 g at 4 °C for 10 min. Pellets were resuspended in 
transposition reaction buffer (25 μ l 2×  Tagment Buffer (FC-121-1030, Illumina), 
2.5 μ l Tagment DNA Enzyme, and 22.5 μ l nuclease-free H2O) for 30 min at 37 °C. 
DNA was purified with a Qiagen MinElute Kit and amplified with Nextera PCR 
primers (Illumina Nextera Index Kit) and NEBNext PCR Master Mix (M0541, New 
England BioLabs) for 11 cycles. Amplified DNA was purified with a Qiagen PCR 
cleanup kit. Libraries were sequenced on a HiSeq 4000 sequencer at the University 
of Chicago Genomics Facility.

Genome mapping and data analysis. Sequenced ChIP datasets were mapped 
with the Galaxy (https://usegalaxy.org/) suite of tools. Data were groomed and 
aligned to the mouse mm9 genome with Bowtie, allowing up to one mismatch 
and retaining only uniquely mapped reads, and unmapped reads were filtered. 
For transcription factors (TCF-1, HEB, Runx1, Ikaros, and Lef-1) peak calling 
was performed with MACS via HOMER52. Transcription-factor peak calling 
was performed relative to input controls with the requirement that peaks be at 
a minimum fivefold enriched over input and meet a P-value cutoff of 10 ×  10–5. 
Transcription-factor super-clusters were identified with HOMER’s findPeaks 
command with the --style factor option, according to the strategy described by 
Whyte et al.40. This method combines transcription-factor peaks within a 12.5-kb 
region into a single cluster, then ranks these regions by score.

Sequenced RNA datasets were aligned to the mouse mm9 genome similarly 
to the ChIP–seq datasets. Differential expression analysis was performed with 
Cuffdiff 2 (ref. 53). Genes with transcript abundance differences below P < 0.05 were 
considered to be significantly differentially expressed. Heat maps of normalized 
reads for gene subsets in WT, Cd4-Cre Tcf7fl/–, and Cd4-Cre Tcf12fl/fl DP T cells 
were generated with the Cluster software.

Motif analysis was performed with HOMER’s motif-discovery algorithm, and 
transcription-factor overlap analysis was conducted with HOMER’s mergePeaks 
command, considering only peaks that directly overlapped. Peaks were 
annotated to the mm9 genome with annotatePeaks.pl in HOMER. Histograms 
for transcription factors and histone modifications were generated with NGS.
PLOT software54. K-means clustering of ChIP–seq datasets and heat maps was also 
generated with NGS.PLOT.

Transcription-factor binding and nucleosome positioning were visualized 
with the Integrated Genome Browser software55. Pathway enrichment analysis for 
genes identified by ChIP–seq and RNA-seq analysis was performed via Metascape 
(http://metascape.org)56.

ATAC–seq peak analysis. Peak calling. Read alignments were first adjusted to 
account for TAC transposon binding: +  4 bp for positive-strand alignments and 
–5 bp for negative-strand alignments. The open-chromatin enrichment track was 
generated by creating a bedGraph from the raw reads with bedtools genomcov57 
and was then converted to bigWig with the UCSC tool bedGraphToBigWig58; 
tracks were normalized by the sum of alignment lengths greater than 1 billion. The 
start-position track was generated by taking just the first base of the alignment 
for positive-strand alignments or the last base of the alignment for negative-
strand alignments, then creating bedGraph and bigWig tracks as for the open 
chromatin; tracks were normalized to the alignment count greater than 1 million. 
Open-chromatin peaks were called with Macs2 (ref. 59) with --nomodel set and no 
background provided; peaks with a score > 5 were retained.

Nucleosome positioning. Properly paired read pairs were first placed into 
nucleosome-free or nucleosome-containing bins, on the basis of their fragment 
size. Fragments ≤  100 bp were considered nucleosome free (background) and 
converted to a single read covering the length of the fragment. Fragments 
180–247 bp were considered single-nucleosome containing and were converted 
to a single read the length of the fragment; similarly, fragments 315–473 bp or 
558–615 bp were considered to contain two or three nucleosomes, and were split 
into two or three reads covering one-half or one-third of the total fragment length. 
Single-, two-, and three- nucleosome reads were combined into the nucleosome-
signal read set. Nucleosome positioning analysis was run with danpos60 with 
command depose and parameters -m 1 -a 10 -jd 20 --clonalcut 0, and contrasting 
nucleosome signal to nucleosome background for each sample. Wig tracks from 
danpos were renormalized to counts per billion bases with the sum of alignment 
lengths greater than 1 billion from the original BAM file, then converted to bigWig 
with the UCSC tool wigToBigWig58.

Nucleosome quantification. Nucleosome presence or absence was determined with 
the UCSC tool bigWigAverageOverBed (https://genome.ucsc.edu/). Nucleosome 
occupancy was scored over genomic regions representing TCF-1- and HEB-
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binding sites, and reported as confidence scores. Negative values indicated 
the absence of nucleosomes, whereas positive values represented an increased 
likelihood of the presence of a nucleosome at each region.

Density plots (Spearman correlation). Density plots were created with the 
stat_bin2d function in the ggplot2 package in R, with 30 bins in each dimension. 
For visualization purposes, the axis ranges of some density plots were limited to 
highlight the high-probability regions of the plot.

Spearman correlation coefficients and P values were computed in R with the 
cor and cor.test functions.

Statistical analysis. Results from biologically distinct experiments were combined 
and analyzed with the indicated statistical tests in Prism 7 (GraphPad). The 
statistical significance of RNA-seq data was determined with Cuffdiff. ChIP–seq 
(factor enrichment) and ATAC–seq (chromatin accessibility) P-value cutoffs were 
determined with MACS2. Gene pathway enrichment P values were determined 
with Metascape. Nucleosome-occupancy statistical tests were calculated in R. Data 
are presented as mean ±  s.d. unless stated otherwise.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sequencing data supporting the findings of this study have been deposited in the 
Sequence Read Archive (SRA) database under SRA accession number SRP142342. 
All other relevant data are available from the corresponding authors upon 
reasonable request.
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Data collection No software was used for data collection.
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Sample size Sample size was chosen according to standard practices in the field. ChIP-seq and ATAC-seq samples were prepared in duplicate. RNA-seq 
samples were prepared in triplicates. All biochemical experiments were performed 2~5 as described in figure legends. No statistical methods 
were used to predetermine sample sizes.

Data exclusions No data were excluded.

Replication All biochemical and flow cytometry experiments were replicated as described in figure legends. All replicated data were analyzed for statistical 
significance.

Randomization Samples were grouped by genotype. No randomization was performed.

Blinding No blinding was performed in this study.
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Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used CD4 (clone GK1.5, BD Biosciences), CD8 (clone 53-6.7, eBiosciences), TCRB (clone H57-597, eBiosciences), CD71 (clone R17217, 

BioLegend), Live/dead (L34957, Molecular Probes), BrdU (8811-6600-42, eBiosciences), and Annexin-V PE kit (556422, BD 
Biosciences).

Validation Antibodies were validated by manufacturer.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Thymocytes and thymocyte subsets were isolated from 6-8 week old male or female mice in the C57BL/6 background

Wild animals No wild animals were used in this study.

Field-collected samples No field-collected samples were used int his study.
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enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Biological replicates were submitted for each ChIP-seq, RNA-seq, and ATAC-seq samples.

Sequencing depth For ChIP-seq and RNA-seq datasets 30-50 million raw reads were sequenced. Samples were sequenced as 50bp single end 
reads. ATAC-seq samples were sequenced to a depth of ~100 million reads and sequenced as 50bp paired end reads. RNA-
seq samples were sequenced to a depth of 50-60 million reads and sequenced as 50bp single end reads.

Antibodies anti-H3K4me3 (Abcam ab8580 or Millipore 07-473), anti-H3K4me2 (Millipore 07-030), anti-H3K4me1 (Abcam ab8895), anti- 
H3Ac (Millipore 06-599), anti-H3K27me3 (Millipore 07-449), anti-RNA polII S5 (Abcam ab5131), anti-TCF1/Tcf7 (Cell 
Signaling, C63D9 (2203)), anti-HEB/Tcf12 (Sigma, SAB3500566), anti-Lef1 (Cell Signaling, 2230),.

Peak calling parameters Transcription factor peaks were called using HOMER with a requirement that peaks occurred at a fold over input = 5.00 and 
poisson p-value over local region required = 1.00 e-05. ATAC-seq peaks were called using MACS2 to identify broad regions 
using default mfold (5,50) and a poisson p-value over local region of 1.00 e-05.

Data quality Fold over local region required = 5.00 and Poisson p-value over local region required = 1.00e-05. FASTQC was used to ensure 
maximum per base sequence quality of sequenced data.

Software Short reads were aligned to the mouse reference genome (mm9) using the Bowtie 2. Reads with multiple alignments were 
removed with samtools (v1.1). To identify peaks from ChIP-seq reads, we used the HOMER package makeTagDirectory 
followed by the findPeaks command with the ‘factor’ parameter. ATAC-seq peaks were identified using MACS2. NGSPLOT 
was used to k-means cluster ChIP-seq datasets and visualize factor enrichment. Cuffdiff was used to analyze RNA-seq data. 
BETA was used to merge ChIP-seq and RNA-seq data.

Flow Cytometry
Plots

Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Thymi were gently dissociated into FACS buffer (2%FBS) using fully frosted microscope slides, passed through 40uM filters, and 
stained for indicated markers.

Instrument LSR Fortessa, BD FACSAriaII

Software Flowjo was used for data analysis and BD FACSDiva was used for data acquisition.

Cell population abundance CD4CD8 double positive cells were FACS purified around 95% purity by double sorting.

Gating strategy Starting cells were gated by FSC/SSC gates and then on live/dead stain to select live populations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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