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Abstract
Regulatory T (Treg) cells that infiltrate human tumors exhibit stronger immunosuppressive activity compared to peripheral 
blood Treg cells (PBTRs), thus hindering the induction of effective antitumor immunity. Previous transcriptome studies have 
identified a set of genes that are conserved in tumor-infiltrating Treg cells (TITRs). However, epigenetic profiles of TITRs 
have not yet been completely deciphered. Here, we employed ATAC-seq and CUT&Tag assays to integrate transcriptome 
profiles and identify functional regulatory elements in TITRs. We observed a global difference in chromatin accessibility 
and enhancer landscapes between TITRs and PBTRs. We identified two types of active enhancer formation in TITRs. The 
H3K4me1-predetermined enhancers are poised to be activated in response to tumor microenvironmental stimuli. We found 
that AP-1 family motifs are enriched at the enhancer regions of TITRs. Finally, we validated that c-Jun binds at regulatory 
regions to regulate signature genes of TITRs and AP-1 is required for Treg cells activation in vitro. High c-Jun expression 
is correlated with poor survival in human HCC. Overall, our results provide insights into the mechanism of AP-1-mediated 
activation of TITRs and can hopefully be used to develop new therapeutic strategies targeting TITRs in liver cancer treatment.

Keywords  Tumor-infiltrating Treg cells · Epigenetic profiles · Chromatin accessibility · Enhancer · AP-1 · c-Jun

Introduction

Hepatocellular carcinoma (HCC) is the major cause of 
cancer-related death globally and its incidence and cancer-
specific mortality are increasing rapidly worldwide [1]. 
Over the past several years, multiple immunotherapeutic 
modalities, such as immune-checkpoint inhibition therapy, 

have been used to treat HCC, but only a minority of patients 
could significantly benefit from the therapies [2]. Clinical 
data have revealed a highly immunosuppressive intratumor 
environment alongside dysfunctional tumor-infiltrating lym-
phocytes (TILs) in HCC [3]. Several studies have confirmed 
that the existence of an immunosuppressive tumor micro-
environment (TME) caused mainly by the accumulation of 
regulatory T (Treg) cells [4]. Determination of molecular 
mechanism of Treg cells infiltrating the tumor tissues could Baowen Zhuo, Qifan Zhang and Tingyan Xie: contributed equally.
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facilitate the development of novel strategies in liver cancer 
treatment.

Treg cells that express the master transcription factor 
FOXP3 in peripheral lymphoid and non-lymphoid organs 
play an essential role in negative regulation of the immune 
response in mice and humans [5, 6]. These cells are able to 
migrate into inflammatory sites throughout the body, restrain 
inflammatory responses to self-antigens [7], and exert immu-
nosuppressive functions via various mechanisms [8].

Abundant Treg cells have been observed in different 
experimental mouse tumor models and human cancers, 
constituting 10–50% of CD4+ T cells in tumor tissues com-
pared with 2–5% of CD4+ T cells in the peripheral blood of 
healthy individuals. Treg cells can migrate to the TME by 
different chemokine receptors sensing multiple chemokines 
in various cancers [9]. The high frequency of TITRs and the 
increased ratios of FOXP3+ Treg cells to CD8+ T cells are 
related to poor prognoses of patients with various types of 
cancer [4]. Moreover, specific depletion of Treg cells is able 
to enhance tumor immunity effectively in murine models 
[10, 11]. Notably, clinical evidence indicates that the success 
of CTLA-4 blockade immunotherapy relies on Fc-mediated 
depletion of tumor-infiltrating CTLA-4+ Treg cells [12–14]. 
Thus, targeting TITRs may be a promising anti-tumor ther-
apy, and gaining a deeper fundamental understanding of the 
unique properties of TITRs is warranted.

Several studies have revealed that the phenotype of TITRs 
is differed from the phenotype of Treg cells in peripheral 
blood [15, 16]. These TME-localized Treg cells, which are 
predominantly FOXP3high effector Treg cells and have a 
strong immunosuppressive activity, exhibit highly activated 
features characterized by high expression of T cell activa-
tion-associated markers, such as CTLA-4, OX40, GITR 
and TIM3 [9]. Transcriptome analysis studies have shown 
that TITRs are different from those in peripheral blood and 
matched non-cancerous tissues [17–19]. Recent single-cell 
transcriptome analyses have revealed the preferential enrich-
ment for CTLA-4high Treg cells in HCC and NSCLC [20, 
21], and the epigenetic landscapes of Treg cells in blood 
have been well investigated [22–25]. However, the epige-
netic profiles of Treg cells localized in human tumors remain 
largely unexplored, which might provide useful insights into 
the mechanisms of gene regulation in TITRs.

In this study, we sorted TITRs and PBTRs from treat-
ment-naïve primary HCC patients. ATAC-seq (Assay for 
Transposase Accessible Chromatin using Sequencing) 
[26], RNA-seq and CUT&Tag (Cleavage Under Targets 
and Tagmentation) [27] were performed to characterize the 
chromatin accessibility profiles, transcriptomic features, his-
tone modifications and transcription factors in Treg cells. 
We observed that the chromatin accessibility landscape of 
TITRs is distinct from that of PBTRs. Functional annotation 
analysis revealed that the hyper-accessible regions in TITRs 

were largely gene distal, which often contains enhancer 
elements. Furthermore, we identified two types of active 
enhancer formation in TITRs. Significantly, H3K4me1-
predetermined enhancers give the TITRs a set of transcrip-
tional options to rapidly deploy in response to tumor micro-
environmental stimuli. Finally, we found that c-Jun binds 
at regulatory regions to regulate activated genes of TITRs. 
AP-1 is required for activation of Treg cells in vitro. High 
c-Jun expression is associated with poor survival in human 
HCC. Our findings could help understand the mechanisms 
underlying specific expression patterns of TITRs, thereby 
accelerating the emergence of new therapeutic strategies 
targeting TITRs in liver cancer treatment.

Materials and methods

Patients

All human liver samples and blood were collected preopera-
tively and were obtained from the Department of General 
Surgery, Nanfang Hospital, Southern Medical University, 
Guangzhou, China. All clinical samples and information 
were collected with informed consent of the patients. The 
study was approved by the Medical Ethical Committee of 
Nanfang Hospital of Southern Medical University.

Tumor specimens

Tumor specimens and peripheral blood samples were 
obtained prospectively after surgical resection from treat-
ment-naive HCC patients. Tumor specimens were preserved 
in the Tissue Storage Solution (Miltenyi). Tumor tissues and 
blood samples were processed within 12 h after isolation. 
For preparation of single-cell suspensions, fresh tumor spec-
imens were cut into small pieces with scissors and digested 
by Liberase TL (Sigma) at 37 °C for 30 min under continu-
ous rotation. Peripheral blood mononuclear cells were iso-
lated using Ficoll-Pague Plus (GE).

Flow cytometry

Treg cells were purified by flow cytometry sorting includ-
ing the antibodies: anti-CD3 FITC (clone OKT3), anti-
CD4 PerCP-Cy5.5 (clone OKT4), anti-CD25 PE (clone 
BC96), and anti-CD127 PE/CF594 (clone A019D5). Cell 
sorting was performed on Aria II instrument (BD) by the 
Medical Research Institute. Antibodies for flow cytometric 
analyses were as follows: anti-CD4 BV421 (clone OKT4), 
anti-FOXP3 AF647 (clone 206D), anti-CD25 PE/dazzle594 
(clone M-A251), anti-CTLA4 BV605 (clone BNI3), anti-
ICOS APC/Fire750 (clone C398.4A), anti-PD1 PE (clone 
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EH12.2H7), anti-GITR BV605 (clone 108-17), anti-TIM3 
APC/Fire750 (clone F38-2E2).

ATAC‑seq library preparation

We used TruePrep DNA Library Prep Kit (Vazyme, TD501) 
to construct the ATAC-seq library. Detailed procedures refer 
to Supplemental materials.

CUT&Tag library preparation

We used CUT&Tag High-Sensitivity Kit (Novoprotein) to 
construct the CUT&Tag library. Antibodies for this experi-
ment were as follows: anti-H3K4me1 (Abcam, ab8895), 
anti-H3K27ac (Abcam, ab4729), anti-c-Jun (CST, 9165). 
Detailed procedures refer to Supplemental materials.

RNA‑seq library preparation

The mRNA Amplification Kit (Vazyme, N712) was used to 
build the RNA-seq library. Approximately 1 ng full-length 
DNA was used per tagmentation reaction using TruePrep 
DNA Library Prep Kit (Vazyme, TD503), on the basis of the 
manufacturer’s protocol. Detailed procedures refer to Sup-
plemental materials.

ATAC‑seq and CUT&Tag data analysis

Sequencing reads were evaluated by FastQC and trimmed 
by Trim Galore. Clipped reads were aligned to the hg19 
reference genome with Bowtie2 using the following options: 
bowtie2 -x hg19 –very-sensitive -X 1000 -p 10 -1 Reads1.
fq.gz -2 Reads2.fq.gz. Aligned files were filtered using 
Samtools. PCR duplicated reads and reads aligning to the 
mitochondrial genome were filtered using Picards. Peaks 
were called using MACS2 with options: macs2 callpeak -t 
sample.bed -n sample -shift -100 -extsize 200 -nomodel -B 
-SPMR -g hs -keep-dup all. The output Bedgraph files from 
MACS2 were converted to bigWig format for peak visuali-
zation on the IGV Genome Browser. Using consensus peak 
sets, the number of fragments within peaks were counted 
using featureCounts. The differential analysis was performed 
using DESeq2. Peaks with absolute log2 fold change ≥ 1 and 
adjusted p value < 0.05 were considered significantly differ-
ent between tumor-infiltrating and PBTRs. Peak annotation 
was performed with R package ChIPseeker. GO and GSEA 
analysis were performed with R package clusterProfiler. 
TFs motif analysis was carried out using HOMER tool. 
Genomic signal density plots were calculated by R pack-
age EnrichedHeatmap. TF regulatory networks were drawn 
using Cytoscape.

RNA‑seq data analysis

Sequencing reads were evaluated by FastQC and trimmed by 
Trim Galore. Trimmed reads were aligned to the hg19 refer-
ence genome with HISAT2. Aligned files were filtered using 
Samtools. PCR duplicated reads were filtered using Picards. 
Transcripts were quantified at a gene level using featureCounts 
based on the GENECODE annotation. The differential analy-
sis was analyzed by DESeq2. Genes with absolute log2 fold 
change ≥ 1 and adjusted p value < 0.05 were considered signifi-
cantly different between tumor-infiltrating and PBTRs.

Transcription factor footprinting analysis

TF motifs were collected from Homo sapiens Comprehen-
sive Model Collection database. TF footprinting analysis was 
carried out using TOBIAS tools with the principal workflow 
including the following steps. ATACorrect tool was used to 
correct the bias of ATAC-seq reads (TOBIAS ATACorrect 
-bam sample.bam -genome hg19genome.fa.gz -peaks merged_
peaks.bed -blacklist hg19_blacklist.bed). Then, ScoreBigwig 
tool was used to calculate footprint scores from corrected cut-
sites (TOBIAS FootprintScores -signal corrected.bw -regions 
merged_peaks.bed). The BINDetect tool was used to estimate 
differentially bound motifs (TOBIAS BINDetect -motifs 
HOCOMOCOv11_full_HUMAN_mono_meme_format.
meme -signals tumor_Tregs_footprints.bw blood_Tregs_foot-
prints.bw -genome hg19genome.fa.gz -peaks merged_peaks_
annotated.bed -peak_header merged_peaks_annotated_header.
txt -outdir BINDetect_output -cond_names Tumor_versus_
Blood -cores 8). The PlotAggregate tool was used to visualize 
TF footprints based on ATAC-seq signals (TOBIAS PlotAg-
gregate -TFBS FOXP3_all.bed -signals tumor_Tregs_cor-
rected.bw blood_Tregs_footprints.bw -output FOXP3_foot-
print_comparison_all.pdf -share_y both -plot_boundaries 
-signal-on-x).

TCGA data analysis

The TCGA bladder urothelial carcinoma (BLCA), cervical 
squamous cell carcinoma and endocervical adenocarcinoma 
(CESC), esophageal carcinoma (ESCA), brain lower grade 
glioma (LGG), hepatocellular carcinoma (LIHC), thymoma 
(THYM) data were used to evaluate the correlation of gene 
expression and patient survival. The statistical analysis was 
performed by GEPIA.



	 B. Zhuo et al.

1 3

103  Page 4 of 18



Integrative epigenetic analysis reveals AP‑1 promotes activation of tumor‑infiltrating…

1 3

Page 5 of 18  103

Results

The chromatin accessibility landscape of TITRs 
is distinct from those of PBTRs

Treg cells heavily infiltrate tumors and are highly immu-
nosuppressive in the TME [9, 28, 29]. Several studies have 
found that TITRs are phenotypically distinct from Treg cells 
in peripheral blood [17–20], suggesting that TME compo-
nents have a significant impact on the phenotype and func-
tion of TITRs.

To elucidate the dynamic and precise mechanisms of tran-
scriptional regulation of TITRs, we investigated the chro-
matin accessibility landscape and gene expression profiling 
of Treg cells using ATAC-seq and RNA-seq. The overall 
scheme of this study is presented in Fig. 1A. TITRs and 
PBTRs were sorted by flow cytometry (Fig. 1B). Cells were 
stained with anti-FOXP3 and the purity of cells was higher 
than 95% (Fig. S1A). The insert size distribution has obvi-
ous periodicity, as expected (Fig. S1B). A high enrichment 
of read counts around TSS regions showed that the datasets 
satisfy quality control (Fig. S1C). Pearson correlation analy-
sis demonstrated that our datasets were highly reproducible 
between biological replicates (Fig. S1D). RNA-seq profil-
ing was used for determining the differentially expressed 
genes in TITRs compared to PBTRs (Fig. S2, Supplemen-
tary Table 1).

Principal component analysis (PCA) on chromatin acces-
sibility demonstrated that TITRs clustered together and 
were separated from PBTRs (Figs. 1C, S3A), indicating 
distinct differences existed in Treg cells between tumor and 
peripheral blood. To study chromatin opening and closing 
in TITRs and PBTRs, we performed differential chromatin 

accessibility analysis between these two groups. In TITRs, 
21652 peaks were identified with increased accessibility 
(defined as “hyper-accessible” regions) and 7334 peaks 
with decreased accessibility (defined as “hypo-accessible” 
regions) (Fig. 1D). Genes with differential accessible chro-
matin peaks that have been previously involved in regulation 
of Treg cell suppression and function are listed in Fig. 1E 
and Supplementary Table 2. These genes included signaling 
molecules, surface receptors and transcription factors. For 
example, CTLA-4, a key regulator for controlling suppres-
sive function of Treg cells [30], has multiple hyper-accessi-
ble peaks at the distal-intergenic regions in TITRs. RNA-seq 
data also found the upregulated expression of CTLA4 in 
TITRs, which is consistent with previous reports [13, 31]. 
Treg cells expressing homing receptors can migrate to a 
range of tissues and inflammation sites. Several chemokine 
receptors, including CCR1, CCR5, CCR8 and CXCR3, 
were highly expressed by TITRs, and emerged in the more 
open chromatin sites. However, CCR7, a chemokine recep-
tor associated with early resting or quiescence of T cells 
[32], has three hypo-accessible peaks at the promoter and 
intronic regions, and one hypo-accessible peak at the distal-
intergenic region (Fig. 1F). These findings indicated that 
TITRs not only have specific gene expression patterns, as 
shown in previous studies [17–19], but also have distinct 
chromatin accessibility features compared to PBTRs, which 
motivated us to elucidate what the intrinsic mechanism of 
the open chromatin signatures might be.

Positive correlation between the changes 
of chromatin accessibility and the expression 
of genes

To understand the potential regulatory function that may 
influence the gene expression of TITRs, we segmented 
the genome into promoters, introns, untranslated regions 
(UTRs), and distal intergenic (> 10 kb from known TSSs) 
features based on GENCODE annotation. Functional anno-
tation analysis revealed that the differential accessible 
chromatin regions were mainly distributed in gene distal 
elements (Fig. 2A). Among all samples, the great majority 
of regions were distributed in intron or intergenic regions 
(Fig. S3B). Next, we analyzed the locations of differential 
accessible chromatin regions relative to annotated genes in 
the human genome. Approximately 24% of hypo-accessible 
chromatin regions localize within 5 kilobases (kb) of a TSS, 
while more than 65% of hypo-accessible chromatin regions 
localized 5–100 kb from the TSS (Fig. 2B). Approximately 
18% of hyper-accessible chromatin regions localize within 
5 kb of a TSS, while the remaining 80% of hyper-accessible 
chromatin regions localized 5–100 kb from the TSS, with 
some even further than 100 kb (Fig. 2B).

Fig. 1   Distinct chromatin accessibility landscape of tumor-infiltrat-
ing Treg cells (TITRs) and peripheral blood Treg cells (PBTRs). A 
Schematic representation of the overall experimental study design. 
ATAC-seq, CUT&Tag and RNA-seq were applied to Treg cells with 
biological replicates purified from tumor tissues and peripheral blood, 
and the sequence data set was used for downstream bioinformatical 
analyses. B Representative flow cytometry plots showed the sorting 
strategy of Treg cells based on CD25 and CD127 expression from 
tumor tissues and peripheral blood. C Principal component analy-
sis (PCA) plot showed that TITRs were clearly differentiated from 
PBTRs based on normalized read counts of chromatin accessibility. 
TITRs are indicated in red, and PBTRs are indicated in blue. D MA 
plot shows the differential chromatin accessibility between TITRs 
and PBTRs. The red (blue) dots represent the significantly accessi-
ble peaks between the groups (absolute log2 fold change ≥ 1, adjusted 
p value < 0.05). E The number of open peaks associated with genes 
encoding receptors, signaling molecules and transcription factors in 
TITRs and PBTRs. F Genome browser snapshot of ATAC signals and 
gene expression (GE) levels at the CTLA4 and CCR7 gene locus in 
TITRs and PBTRs. Red rectangles and vertical shaded boxes (red) 
indicate hyper-accessible chromatin peaks in TITRs. Blue rectangles 
and vertical shaded boxes (blue) indicate hypo-accessible chromatin 
peaks

◂
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We postulated that the differential chromatin accessibility 
we observed might mark a combined activation of promoter 
and distal regulatory elements at specific developmental 
stages to drive target gene expression. We then divided the 
differential chromatin accessibility peaks into TSS-proximal 
(± 5 kb) and TSS-distal (> 5 kb) peaks based on distance 
to the nearest TSS for further analyses. We found that fold 
changes of gene expression were significantly positively 

correlated with changes of chromatin accessibility at 
both TSS-proximal peaks (Pearson’s correlation r = 0.59, 
p < 2.2e−16) (Fig. 2C) and TSS-distal peaks (Pearson’s cor-
relation r = 0.39, p < 2.2e−16) (Fig. 2D), although there was a 
subset of peaks with discordant changes. The possible reason 
for the weak correlation between TSS-distal peaks and gene 
expression might lie in the fact that the association of dis-
tal regulatory regions to target genes is more vulnerable to 
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multiple factors, such as chromatin loops and topologically 
associating domains. We also observed that normalized read 
counts of chromatin accessibility at TSS-proximal and TSS-
distal regions were consistent with the transcriptional levels 
of proximal target genes (Fig. 2E, F). We found that genes 
with higher chromatin accessibility levels tended to show 
higher expression (Figure S3C). Further pathway analyses 
indicated that genes associated with TSS-proximal regions 
are involved in the cytokine-cytokine receptor interaction 
pathway, whereas genes associated with TSS-distal regions 
are involved in the T cell receptor signaling pathway (Figure 
S3D).

For hyper-accessible chromatin regions, gene set enrich-
ment plots showed that upregulated genes of TITRs across 
species and tumor types [19] were significantly enriched 
among genes adjacent to the TSS-proximal and TSS-distal 
regions in TITRs compared to the PBTRs (Fig. 2G, H). For 
hypo-accessible chromatin regions, genes downregulated 

in TITRs identified by RNA-seq analysis were significantly 
enriched among genes adjacent to the TSS-proximal and 
TSS-distal peaks in PBTRs compared to the TITRs (Fig. 2G, 
H). Gene ontology (GO) analysis showed that the genes 
adjacent to hyper-accessible chromatin regions were highly 
enriched in those involved in the activation of immune 
responses, leukocyte differentiation, cell migration, and 
immune response-regulating signaling pathways, whereas 
terms related to DNA repair and mRNA processing were 
found in the hypo-accessible chromatin region-associated 
genes (Figure S3D).

Overall, the results indicate that extensive chromatin 
remodeling occurs mainly in intronic and distal-intergenic 
regions and that changes of gene expression are highly asso-
ciated with chromatin remodeling in TITRs.

De novo enhancer activation and poised enhancer 
activation in TITRs

Our ATAC-seq data analysis found that a large portion of 
hyper-accessible regions were largely located in introns and 
distal intergenic regions (Fig. 2A), which often contains 
enhancer elements. To comprehensively evaluate alteration 
of chromatin modifications and identify putative enhanc-
ers in TITRs, we performed CUT&Tag using antibodies to 
H3K4me1 and H3K27ac in the sorted Treg cells. Follow-
ing integration of ATAC-seq and CUT&Tag data, we found 
that a portion of the hyper-accessible chromatin regions 
(3259 peaks) that displayed de novo establishment of open 
chromatin also showed de novo establishment of H3K4me1 
deposition in TITRs. We hereafter refer to these regions as 
“de novo enhancer activation” (DNEA) regions (Fig. 3A). 
Interestingly, the remaining large portion of hyper-acces-
sible chromatin regions (6885 peaks) have high H3K4me1 
deposition signal in both TITRs and PBTRs, and thus were 
designated as “poised enhancer activation” (PEA) regions 
(Fig. 3A). We also found counterparts in the hypo-accessi-
ble chromatin regions, defined as “enhancer deactivation” 
(EDE) and “poised enhancer deactivation” (PEDE) regions 
(Fig. S4). There are some shared epigenetic features between 
TITRs and PBTRs, which we defined as “typical enhancers” 
(TEs) and “poised enhancers” (PEs) (Fig. S5).

Previous studies showed that enhancers tend to interact 
with adjacent genes through a loop mechanism to activate 
gene transcription [33]. We found that the average expres-
sion level of genes affected by the DNEA and PEA regions 
in TITRs is significantly higher than genes unaffected by the 
DNEA or PEA regions in PBTRs (Fig. 3B, C), indicating 
that formation of an active enhancer has a positive effect 
on targeted gene expression. Furthermore, we found that 
the proximal genes of PEA regions show a higher average 
expression level (Fig. 3D). GO analysis of DNEA-adjacent 
genes revealed significantly enriched terms, such as negative 

Fig. 2   Positive concordance between changes of chromatin accessi-
bility occurring in gene distal regulatory regions and gene expression. 
A The pie charts show the percentage of hyper-accessible and hypo-
accessible chromatin regions with respect to different genomic fea-
tures. B Distance distribution of hyper-accessible and hypo-accessible 
chromatin regions relative to transcription start site (TSS). C Posi-
tive correlation of differential chromatin accessibility peaks at TSS-
proximal regions with differential expression genes. The horizontal 
and vertical axis represent the log2 foldchange values derived from 
differential accessibility and differential gene expression analysis, 
respectively. Correlation was calculated using the Pearson correlation 
coefficient analysis. D Positive correlation of differential chromatin 
accessibility peaks at TSS-distal regulatory regions with differentially 
expressed genes. The horizontal and vertical axis represent the log2 
foldchange values derived from differential accessibility and differ-
ential gene expression analysis, respectively. Correlation was calcu-
lated using the Pearson correlation coefficient analysis. E Heatmap 
shows significant changes of chromatin accessibility at TSS-proximal 
regions and expression of corresponding genes. Rows represent sig-
nificantly different ATAC-seq peaks and the corresponding genes, 
respectively. Columns represent each sample. F Heatmap shows sig-
nificant changes of chromatin accessibility at TSS-distal regions and 
expression of the nearest gene. Rows represent significantly different 
ATAC-seq peaks and nearest genes, respectively. Column represents 
each sample. G GSEA plot shows enrichment levels of indicated 
gene sets in TITRs versus PBTRs. Genes associated with the hyper-
accessible peaks at TSS-proximal regions are ranked at the left side 
and genes associated with the hypo-accessible peaks at TSS-proximal 
regions are ranked at the right side. Left panel: enrichment plots gen-
erated by GSEA using published TITR upregulated genes (identified 
by Magnuson et  al. [19]). Right panel: enrichment plots generated 
by GSEA using TITRs downregulated gene sets identified from this 
study. H GSEA plots show enrichment levels of indicated gene sets 
in TITRs versus PBTRs. Genes associated with the hyper-accessible 
peaks at TSS-distal regulatory regions are ranked at the left side and 
genes associated with the hypo-accessible peaks at TSS-distal regula-
tory regions are ranked at the right side. Left panel: enrichment plots 
generated by GSEA using published TITR upregulated genes (identi-
fied by Magnuson et  al. [19]). Right panel: enrichment plots gener-
ated by GSEA using TITRs downregulated gene sets identified from 
this study

◂
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regulation of the immune system, and included such known 
genes as HAVCR2 (Fig.  3E, S6A). HAVCR2 has been 
reported negatively regulate the immune responses against 
viral infection. Recent studies have shown that HAVCR2 is 
also expressed by Treg cells and TIM3 + Treg cells are the 
predominant Treg cell population in tumors. The increased 
chromatin accessibility and de novo accumulation of 
H3K4me1 and H3K27ac marks was observed at the intronic 
regions of HAVCR2 (also known as TIM3) in TITRs (Fig-
ure S6B). GO analysis of PEA-adjacent genes revealed 
significantly enriched biological process terms, such as T 
cell differentiation, T cell activation and cytokine receptor 
activity and included such known genes as BATF, BCL11B, 
CBFB and IRF4 (Fig. 3F). For example, the active enhancer 
signature of BATF, instructing the suppressive activity of 
TITRs, is shown by the induction of open chromatin peaks, 
and enriched H3K4me1 and H3K27ac modifications at the 
intronic regions (Figure S6C), suggesting that BATF uses 
the putative enhancer to enhance gene expression in TITRs.

AP‑1 family motifs are enriched at the enhancer 
regions of TITRs

The chromatin accessibility landscape resulting from the 
binding of transcription factors (TFs) in combination with 
histone modifications acting on cis-regulatory elements 

coordinately regulate gene expression [34]. Therefore, to 
identify potential transcription factors involved in driving 
these dramatic differences in accessibility, we implemented 
enrichment analysis of TF binding motif using Homer suite 
within the differentially accessible chromatin regions. Motif 
analysis showed that some motifs were highly enriched in 
hyper-accessible chromatin regions, such as Fra1, JunB, Fos, 
and BATF motifs (Fig. 4A and Supplementary Document 
1), and the majority of these transcription factors belong 
to AP-1 family [35]. In hypo-accessible chromatin regions, 
some motifs, such as ETV1, ERG, ETS1, and Etv2, were 
more enriched in PBTRs (Fig. S7A and Supplementary 
Document 2).

Recently, computational analysis of footprints has 
emerged as a more effective and accurate technique to infer 
multiple TF occupancy genome-wide compared with chro-
matin immunoprecipitation sequencing (ChIP-seq) [36, 37]. 
Hence, the differential TF binding plots were generated 
(Fig. 4B and Supplementary Document 3) by comparing 
the TOBIAS-based footprinting scores between TITRs and 
PBTRs. The differential TOBIAS scores of each TF foot-
print are shown in Supplementary Table 3. FOXP3 creates 
footprints both in TITRs and PBTRs, as expected (Figure 
S8A). We observed a group of TFs with significant activ-
ity shifts (Fig. 4B), all belonging to the AP-1 family [35]. 
We found that this group of motifs from the AP-1 family 
cluster together in Treg cells (Fig. 4B). Consistent with the 
gene expression, footprint score of JUN was much higher in 
TITRs compared with PBTRs (Fig. 4C), suggesting that JUN 
has higher binding activity in TITRs. There was a signifi-
cantly positive correlation between the gain of JUN binding 
and the targeted gene expression (Fig. 4D). By integrating 
the TF footprint scores and gene expression, we constructed 
a cross-regulatory network around JUN in TITRs (Fig. 4E).

Several TFs known to be involved in effector Treg cell 
differentiation and gene expression regulation were enriched 
in TITRs (Figs. S8A, S9A). We also observed a shift of 
ETS1, Fli1, ERG, ETV2 and other TF activity in PBTRs 
(Figs. S7B, S9B). ETS-1 controls the development of natural 
regulatory T cells [38], which has been found to bind the 
FOXP3 enhancer region CNS2 [39]. An aggregated foot-
print of ETS-1 was clearly visible in PBTRs (Fig. S7C), 
which supports the previous notion[38]. Overall, the results 
described above suggest that AP-1 family members have 
important functions for the maintenance of open chromatin 
in TITRs.

c‑Jun binds at regulatory regions to regulate 
signature genes of TITRs

To further validate the predicted transcription factors 
in regulating specific gene expression of Treg cells in 
the TME, we performed CUT&Tag assay for c-Jun on 

Fig. 3   De novo enhancer activation and poised enhancer activation in 
TITRs. A Categorical heatmaps show activation of de novo enhanc-
ers and poised enhancers. The enhancers were defined by H3K4me1 
peaks over 3 kb distant from TSSs. The first two heatmaps show the 
normalized read counts of ATAC-seq at each peak (± 3 kb from the 
peaks) in TITRs and PBTRs samples. The middle two heatmaps show 
the normalized read counts of H3K4me1 signal at each peak (± 3 kb 
from the peaks) in TITRs and PBTRs samples. The last two heatmaps 
show the normalized read counts of H3K27ac signal at each peak 
(± 3  kb from the peaks) in TITRs and PBTRs samples. H3K4me1 
peaks are divided into equal windows. Metagene plot showing the 
average reads density of chromatin accessibility, with H3K4me1 
and H3K27ac modification signals at each peak (± 3  kb from the 
peaks), respectively. B The average gene expression levels of de 
novo enhancer activation regions adjacent genes in TITRs were sig-
nificantly higher than PBTRs. Y‐axis represents the normalized read 
count. Significance was checked by t test: ****, p value < 0.0001. 
C The average gene expression levels of poised enhancer activa-
tion regions adjacent genes in TITRs were significantly higher than 
PBTRs. Y‐axis represents the normalized read count. Significance 
was checked by t test: ****, p value < 0.0001. D The average gene 
expression levels of poised enhancer activation regions adjacent 
genes were significantly higher than the average gene expression 
levels of de novo enhancer activation nearest genes in TITRs. Y‐axis 
represents the normalized read count. Significance was checked by t 
test: ****, p value < 0.0001. E Heatmap plot displays the significantly 
enriched biological process of de novo enhancer activation regions 
adjacent genes and representative genes are displayed below. F Heat-
map plot displays the significantly enriched biological process of 
poised enhancer activation regions adjacent genes and representative 
genes are displayed below
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Fig. 4   AP-1 family binding motifs are enriched in the enhancer 
regions of TITRs. A Heatmap shows the percentage of motifs 
enriched in hyper-accessible chromatin regions compared to the 
background sites harboring the same motifs. Top 40 overrepre-
sented motifs were selected with a p value < 10–100. B Volcano plot 
displays differential TF binding activity estimated from TOBIAS 
between TITRs and PBTRs. Each dot represents one motif obtained 
from JASPAR database. Tumor-infiltrating Treg cell-specific TFs 
are highlighted in red and peripheral blood Treg cell-specific TFs 
are highlighted in blue. AP-1 family members are selected and pre-
sented. Clustering tree represents TFs with more than 50% overlap. 

Complete TFs activity are listed in Supplementary Table 2. C Accu-
mulated footprint plot of JUN. The accumulated plots are centered 
at the total possible JUN binding sites between TITRs and PBTRs. 
D Heatmap shows genome-wide differential JUN footprint activity 
and differential corresponding gene expression between TITRs and 
PBTRs. The column of binding prediction represents whether the 
site will be bound/unbound by JUN in the TITRs. E JUN transcrip-
tion factor regulatory network. Nodes indicate gene colored based on 
differential gene expression between TITRs and PBTRs. JUN node is 
colored based on footprint fold change between TITRs and PBTRs. 
Node sizes represent network degree
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tumor-infiltrating Treg cells. Our CUT&Tag analysis iden-
tified approximately 18,000 peaks significantly bound by 
c-Jun (Fig. 5A). Interestingly, functional annotation analy-
sis revealed that the nearly half of c-Jun bound peaks were 
located in promoter regions, which suggest that c-Jun medi-
ates interactions between promoters and enhancers in close 
proximity (Fig. 5A). We then sought to identify enriched 
DNA sequence motifs within the c-Jun bound peaks and 
found that Jun-AP1 binding motif was significantly enriched 
(Fig. 5B), which further confirmed the quality and specific-
ity of our c-Jun CUT&Tag experiment.

To better understand the role of c-Jun in regulating epi-
genetic changes underlying alterations in gene expression 
of TITRs, we analyzed the colocalization of c-Jun binding 
sites with the differential accessible chromatin regions iden-
tified by ATAC-seq. We observed 5801 c-Jun target genes 
overlap with genes defined by differential ATAC-seq peaks 
(Fig. 5C), which indicated that these genes were not only 
directly bound by c-Jun, but also were differential regulated 
on the epigenetic level. We found that functional enrich-
ment of these common genes was highly enriched in the T 
cell activation and T cell differentiation (Fig. 5D), whereas 
enrichment terms related to ribonucleoprotein complex bio-
genesis and RNA catabolic process were found in the c-Jun 
specific target genes. Similarly, c-Jun target genes with dif-
ferential ATAC-seq peaks previously involved in regulation 
of Treg cell suppression and function are listed in Fig. 5E 
and Supplementary Table 4, and included receptors, signal-
ing molecules and transcription factors.

Next, to gain additional molecular mechanism of how 
c-Jun regulates the transcription, we determined whether 
the c-Jun might be involved in the regulation of enhancer 
activation of TITRs. We found both “poised enhancers acti-
vation” and “de novo enhancers activation” regions have a 
clear enrichment of c-Jun occupancy in TITRs (Fig. 5F). 
For example, the HAVCR2 (Tim3) gene locus had two c-Jun 
binding sites (Fig. 5G). One of them bound to the promoter 
region of HAVCR2 locus. Additional binding site became 
accessible only in TITRs, suggesting that c-Jun promote dif-
ferential expression of HAVCR2 on TITRs by acting on this 
enhancer. These data indicate that c-Jun directly binds at 
enhancer regions which chromatin has been opened and can 
drive activated gene expression in TITRs.

Inhibition of AP‑1 interfered with Treg cells 
activation in vitro

To assess whether AP-1 family members can be induced 
from stimulated Treg cells in  vitro, we reanalyzed the 
GSE138603 dataset from the NCBI GEO public database. 
This data set includes the transcriptomes of expanded human 
Treg cells that were either unstimulated or treated with anti-
CD3/anti-CD28 for 24h. Transcriptome analysis revealed 

in vitro stimulated Treg cells exhibit an activated pheno-
type with high expression of Treg signature genes compared 
to the unstimulated Treg cells (data not shown). We found 
that several AP-1 family members including c-Jun were 
significantly elevated in Treg cells following stimulation. 
Several co-inhibitory and co-stimulatory molecules were 
also included.

To interrogate the requirement of AP-1 expression to 
promote the activation of PBTRs, we utilized the chemical 
inhibitor T5224, which specifically inhibited the DNA bind-
ing activity of AP-1 [40]. CD25 + CD127− Treg cells from 
peripheral blood were sorted and stimulated with anti-CD3/
anti-CD28 in the presence of T5224 or vehicle (DMSO) for 
24h. Transcriptome profiling assays on treated and untreated 
Treg cells were performed. Our transcriptome sequencing 
data demonstrated considerable changes took place in gene 
expression after T5224 treatment (Fig. 6A). A total of 5773 
genes were significantly upregulated and 9171 downregu-
lated in response to treatment with vehicle for 24h, compared 
with T5224 treated Treg cells. GO analysis revealed enrich-
ment in genes related to T cell activation and differentiation 
(Fig. 6B). Interestingly, our analysis revealed that core Treg 
cells signature genes such as CTLA4, PDCD1 (PD1) and 
several immune checkpoints including TNFRSF18 (GITR), 
TNFRSF4(OX-40), ICOS were significantly reduced in 
T5224-treated Treg cells (Fig. 6C), compared to vehicle-
treated Treg cells. Among them, HAVCR2 and PD-L1 were 
selected for qPCR, and the results were consistent with 
transcriptome sequencing (Figure S10A). At the protein 
level, inhibiting AP-1 caused downregulation of immune 
checkpoints such as CTLA4, ICOS, and GITR (Fig. 6D). 
To further clarify whether Treg function was impaired after 
T5224 treatment, we performed a CFSE-based suppression 
assay of Treg cells. We found that T5224-treated Treg cells 
displayed attenuated suppressive functions, compared to 
vehicle-treated Treg cells (Fig. S10B). These data suggested 
that AP-1 is required for activation of Treg cells in vitro 
and plays an essential role in regulating activated genes in 
TITRs.

c‑Jun expression was associated with worse patient 
outcome in multiple cancers

Next, we reanalyzed published single-cell datasets of tumor-
infiltrating lymphocytes from HCC and NSCLC patients. We 
observed that TITRs exhibited significantly higher level of 
c-Jun than PBTRs isolated from peripheral blood, tumor, 
and adjacent normal tissues from HCC and NSCLC patients. 
(Fig. 7A). Higher expression of c-Jun was also detected in 
CD4+ T cells isolated from tumors, compared to peripheral 
blood and normal tissues (Fig. 7B), which is consistent with 
the findings that tumors contained a higher ratio of effec-
tor Treg cells. To investigate the potential clinical relevance 
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of our findings, we asked whether the expression of c-Jun 
correlate with the clinical outcome of cancer patients. We 
then employed a web tool GEPIA (Gene Expression Profil-
ing Interactive Analysis) for TCGA survival analysis. We 
found that high expression of c-Jun is clinically associated 
with poor prognosis in a variety of cancers including HCC 
(Fig. 7C).

Discussion

As discussed in the introduction, the TME is highly immu-
nosuppressive via a range of mechanisms, which may impair 
tumor cells clearance. It has been recognized that human 
tumors often harbor large numbers of CD4+CD25+ Treg 
cells with highly activated effector features and superior 
suppressive functions. Therefore, it is valuable to compre-
hensively profile the epigenome, which could extensively 
elucidate the mechanism of gene regulation of TITRs and 
offer potentially therapeutic strategies targeting TITRs.

We compared the chromatin accessibility landscape of 
TITRs and PBTRs from the same individual using ATAC-
seq in a genome-wide scale. TITRs and PBTRs were derived 
from the same individual, thus precluding the effect of 
genetic variation, and provided a perfect model to account 
for the gene regulation mechanism. Howard Y. Chang et al. 
have applied single-cell ATAC-seq to predict cell type-spe-
cific enhancers and transcription factors of human intratu-
moral T cells [41]. However, they mainly focused on the 
regulatory trajectory of exhausted CD8+ T cells, rather than 
on Treg cells. Recently, CCR4+ Treg cells with expression 
of PD-1 and TCF1 exhibited stem-like properties as have 
been reported in HCC. ATAC-seq data showed plentiful 
chromatin remodeling between CCR4+ and CCR4− Treg 
cells, and revealed increased accessibility at the promoters 
of CCR4 in CCR4+ Treg cells [42].

We report a comprehensive analysis of changes in chro-
matin accessibility in Treg cells and observe more open 

chromatin regions in the TITRs than those in PBTRs, which 
is consistent with the transcriptomic findings that there are 
more significantly up-expressed genes in TITRs. Signifi-
cantly, we found that fold changes of gene expression were 
positively correlated with changes of chromatin accessibil-
ity. GO analysis showed that the hyper-accessible chromatin 
regions adjacent genes were related to T cell differentia-
tion process. Many differentially expressed TFs involved in 
regulating differentiated Treg cells, including BATF, VDR, 
IRF4, and PRDM1, have elevated chromatin accessibility 
and corresponding gene expression. These findings suggest 
that changes of chromatin accessibility could explain the 
inherent reason for the differential gene expression between 
TITRs and PBTRs.

The cytokine milieu and specific TFs polarizing CD4+ 
T helper cell differentiation can drive the functional spe-
cialization of Treg cells in parallel to suppressing the cor-
responding T helper cell responses in inflammation [43]. 
We also observed that the elevated expression of the Th1 
core factor T-bet, CXCR3 and Th2 master factor GATA3 is 
accompanied by a greater degree of chromatin accessibility, 
as opposed to the Th17 TF RORγt (RORC) and Th17-asso-
ciated chemokine receptor CCR6. However, a few excep-
tions have been observed. For example, CCR4, known to be 
mainly expressed on effector Treg cells in tumor tissues, was 
associated with hypo-accessible peaks in PBTRs. The causes 
of this discrepancy may lie in additional regulatory mecha-
nisms, such as DNA methylation, involved in its transcrip-
tion. Single-cell RNA sequencing of infiltrating lymphocytes 
from HCC revealed CCR4 was expressed at lower levels on 
tumor-infiltrating Treg cells compared with peripheral blood 
Treg cells. These results suggest that Treg cells comprise a 
complex and heterogeneous population with diverse func-
tions to regulate the mixed immune response in the TME.

Secondly, we provided comprehensive putative enhancer 
profiles using H3K4me1 and H3K27ac modifications in the 
TITRs and PBTRs and found massive remodeling of the 
enhancer landscape between TITRs and PBTRs. Mijnheer 
et.al found that super-enhancers of TBX21 are increased 
in synovial fluid-derived Treg cells in juvenile idiopathic 
arthritis patients. Moreover, they found VDR as a novel 
marker related to effector Treg cell differentiation [44]. We 
also found enrichment of these TFs in our tumor-derived 
Treg cells, which may be the reason for the similar gene 
expression profile of Treg cells from SF and the TME [44].

In mammalian cells, active and poised enhancers are 
commonly marked by H3K4me1 in a cell-type-specific 
manner [45, 46]. Our previous studies demonstrated that 
the poised chromatin state can predict the gene transcrip-
tion potential [47, 48]. It has long been known that poised 
chromatin is an important element in gene regulation during 
the development of the immune system [49, 50]. Given that 
not all differentially upregulated genes conform to the same 

Fig. 5   Identification of c-Jun directly target genes in TITRs. A The 
pie chart shows the percentage of c-Jun binding cites in TITRs with 
respect to different genomic signatures. B Motif enrichment analy-
sis was performed for c-Jun binding sites in TITRs. C The overlap 
between c-Jun target genes and genes defined by differential ATAC-
seq peaks. D GO analysis shows the biological processes associated 
with overlapped genes. E List of c-Jun target genes encoding recep-
tors, signaling molecules and transcription factors in TITRs. F Cate-
gorical heatmaps show chromatin accessibility, H3K4me1, H3K27ac 
modification and c-Jun CUT&Tag signals at DENA and PEA regions. 
Metagene plot showing the average reads density of chromatin 
accessibility, with H3K4me1 and H3K27ac modification and c-Jun 
CUT&Tag signals at each peak (± 3 kb from the peaks), respectively. 
G Genome browser snapshot of ATAC signals and gene expression 
(GE) levels at the TNFRSF18, HAVCR2 and CCR8 gene locus in 
TITRs and PBTRs. Vertical shaded boxes (red) indicate c-Jun binding 
sites in TITRs
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regulatory patterns by enhancers, we hypothesized that the 
transcription of induced genes may be separately regulated 
by diverse enhancer activation. In fact, we found a large 
portion of hyper-accessible chromatin regions have a high 

H3K4me1 deposition signal in both TITRs and PBTRs, and 
were designated as PEA regions in TITRs. Furthermore, 
the poised enhancer activation was accompanied with 
the upregulation of adjacent genes associated with T cell 

Fig. 6   AP-1 is required for Treg cells activation in  vitro. A Differ-
ential gene expression analysis between vehicle and T5224 treated 
Treg cells. Significantly upregulated genes of vehicle treated cells 
are labeled in red, and significantly downregulated genes of T5224 
treated cells are labeled in blue. B GO analysis of upregulated 
genes in vehicle treated cells revealed a significant enrichment of T 
cell activation related genes. C Boxplots show fold change of gene 

expression between vehicle and T5224 treated Treg cells. Signifi-
cance was determined using DESeq2 analysis. ***, p value < 0.001. 
D Mean fluorescence intensity plots (MFI; top) and histogram plots 
(bottom) of selected proteins gated on CD25 + FOXP3 + Treg cells. 
Significance was checked by paired t test. *, p value < 0.05, **, p 
value < 0.01
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activation and T cell differentiation processes in TITRs. 
Comparative analysis of TCR repertoires of Treg and con-
ventional T cells revealed that the most dominant Treg cells 
in metastatic melanoma and gastrointestinal tumors were 

recruited from the peripheral blood, after which their phe-
notypic signatures were influenced by the local TME [18, 
51]. These findings reconfirmed our speculation that these 
H3K4me1-predetermined enhancers give the TITRs a set 

Fig. 7   c-Jun expression was associated with worse patient out-
come in multiple cancers. A Box plots show the normalized gene 
expression of c-Jun in PBTRs and TITRs isolated from peripheral 
blood and tumors of HCC and NSCLC patients. (peripheral blood, 
cyan; tumors, red). Significance was checked by t test: ****, p 
value < 0.0001. B Box plots show the normalized gene expression of 

c-Jun in CD4+ T cells isolated from peripheral blood, normal tissues 
and tumors of HCC and NSCLC patients. (peripheral blood, cyan; 
normal tissues, yellow; tumors, red). Significance determined by t 
test: ****, p value < 0.0001. C Overall survival of patients with low 
and high expression of c-Jun in multiple cancers from TCGA dataset.
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of transcriptional options to deploy rapidly in response to 
TME stimuli. In addition to PENA, DENA regions may have 
played a significant role in regulating gene expression of 
TITRs. Because these DENA regions that displayed de novo 
establishment of open chromatin and H3K4me1 deposition 
in TITRs occurred only in tumor microenvironment, but not 
in peripheral environment. We speculate that DENA may 
not only require the prolonged exposure of TITRs to tumor 
antigens, but also may require signals from cytokines and 
other signaling molecules present in the TME. Therefore, 
DENA regions are more specific regulatory elements for 
controlling gene expression of TITRs with more immuno-
suppressive activity.

Lastly, we predict a series of TFs that might be involved 
in establishing tumor-infiltrating Treg cell-specific gene 
expression programs using an unbiased method called digital 
genomic footprinting [37, 52]. Interestingly, enrichment of 
transcription factor motifs showed distinct patterns between 
hyper-accessible and hypo-accessible chromatin regions. We 
observed a shift of AP-1 family member activity in TITRs. 
AP-1 participated in a broad range of biological processes, 
including cellular survival, proliferation and differentiation 
[35]. AP-1 facilitates enhancer remodeling of precursor-acti-
vated T cells, and is essential for Treg cell differentiation at 
the stage of thymocyte maturation [53]. AP-1 establishes 
the open chromatin at the effector genomic loci during the 
early stages of primary naive CD4+ T cell activation in vitro 
[54]. These findings led us to postulate that AP-1 family 
might have a positive role in tumor-infiltrating Treg cells 
differentiation process.

CUT&Tag assay of c-Jun performed on TITRs and inte-
grated multi-omics data suggest that c-Jun binds at regula-
tory regions of genes associated T cell activation and dif-
ferentiation process in tumor-infiltrating Treg cells. The TF 
footprint analysis results provide a rich resource for future 
exploration of the regulatory network in TITRs. Identifica-
tion of the upstream transcriptional regulators of c-Jun is 
helpful to construct the gene regulatory network. We found 
that the motif of RELB and NR1H2 existed in the c-Jun 
promoter region, and the gene expression level of RELB and 
NR1H2 were higher in the TITRs. Therefore, we predicted 
that RELB and NR1H2 might are responsible for c-Jun 
expression in TITRs, adding a layer of information on the 
transcriptional hierarchy governing TITRs gene activation.

To further demonstrate the positive function of AP-1 in 
the activation of Treg cells, we performed in vitro functional 
experiments. We took advantage of small molecule AP-1 
inhibitor to study the effect on the gene transcriptional and 
protein levels of Treg cells. Interestingly, the most striking 
impact of AP-1 inhibition was the marked downregulation 
of several immune checkpoint molecules (e.g., CTLA4, 
TNFRSF18, HAVCR2), which involved in controlling T 
cell activation. Additionally, despite significant decreases in 

Helios and GATA3 transcript level, no significant decreases 
in IKZF2 and GATA3 protein were detected in T5224-treated 
Treg cells. Results from CUT&Tag and in vitro assay provide 
further support that the AP-1 has a positive role for the activa-
tion of TITRs.

In conclusion, the epigenetic landscape of TITRs is clearly 
distinct from that of PBTRs, including chromatin accessibility 
and enhancer landscapes. Transcriptional changes of TITRs 
are reflected at the epigenetic level via global regulation of 
the activation of enhancers; in particular, AP-1 is necessary 
for the activation of TITRs. Our findings could help in better 
understanding of the mechanism of specific gene expression 
patterns of TITRs and facilitate the development of novel and 
potential therapeutic strategies targeting TITRs in liver cancer 
treatment.
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