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Naive T-helper (Th) cells diﬀerentiate into distinct lineages including Th1, Th2, Th17
and regulatory T (Treg) cells. Each of these Th-lineages has speciﬁc functions in immune
defense and T cell homeostasis. Th cell fate decisions and commitment are dependent on
the kind and strength of T cell stimulation and the subsequent gene expression proﬁles.
Our analysis targeted the identiﬁcation of new regulatory transcription factor binding
sites (TFBSs) in the promoter regions of up- and down-regulated genes in Treg cell
diﬀerentiation and lineage maintenance. For this approach we compared diﬀerent gene
groups from global gene expression studies with background models of randomly selected
genes to identify signiﬁcantly overrepresented TFBSs.
Results of our analysis suggest that Ets and IRF family members contribute to
the regulation of the initial induction of Treg cells. Furthermore, we identiﬁed the
overrepresented TFBS-pairs Runx-NFAT and GATA3-Foxp3 in Treg speciﬁc genes
and Foxp3 dependent genes, respectively. Interestingly, previous studies have observed
functional interactions of both TFBS-pairs in T cells. This study provides a starting
point for further investigations to elucidate the transcriptional network in Treg cells.
Keywords: regulatory T cells; diﬀerentiation; promoter analysis; transcription factors.

1. Introduction
T-helper (Th) cells are the central players of adaptive immune responses in
mammalians. There are diﬀerent eﬀector subsets of Th cells, such as Th1, Th2,
and Th17 cells, as well as Treg cells. Each of these Th cell subsets has speciﬁc
functions in pathogen defense and regulation of immune reaction. Dysregulation
of T cell activation and diﬀerentiation can lead to autoimmune diseases and
allergies. Therefore, it is important to understand how these processes are regulated.
Transcription factors (TFs) and cytokines are crucial orchestrators of Th cell
fate decision processes. Often, not only one master transcription factor, but a
transcription factor network is essential for induction and maintenance of diﬀerent
Th-subpopulations.
Treg cells represent a unique population of Th cells that actively inhibit other
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immune cells by diﬀerent mechanisms. The lineage specifying transcription factor
Foxp3 is a hallmark of the Treg cell lineage [13]. Ectopic overexpression of Foxp3 in
resting Th cells successfully converts these into functional Treg cells [9]. Mutations
or deletion of Foxp3 cause severe autoimmune disorders [6]. Peripheral naive Th
cells can diﬀerentiate into Foxp3+ Treg cells by simultaneous stimulation of the
T cell receptor and the TGF-β receptor in vivo and ex vivo [13, 39]. In addition,
TGF-β is necessary for the maintenance and in vivo expansion of peripheral Treg
cells [15, 21]. However, the molecular mechanisms of TGF-β-dependent Treg cell
generation and maintenance are largely unknown.
Few transcription factors have been reported to promote TGF-β-dependent
de novo induction of Foxp3 expression. Among them are TIEG1 (also named
Kﬂ10) [36], NFAT and SMAD3 [35]. Other transcription factors are supposed to act
as negative regulators of Foxp3 expression, such as GATA3 [20] and STAT6 [33].
To discover more of such regulators of Foxp3 expression as well as Treg cell
induction and maintenance, we analysed diﬀerent gene groups for overrepresented
binding sites of transcription factors and pairs of transcription factors.

2. Materials and Methods
Recent studies showed that many transcription factors bind symmetrically close
to the TSS [3, 32]. Therefore, we decided to select the region -500 to +500 bp
around the transcription start site (TSS) for each gene and call this region hereafter
promoter region. Promoter regions were extracted from the Ensembl database [11].
All 610 vertebrate binding site motifs represented by positional weight matrices
(PWMs) were taken from TRANSFAC 12.1 [24]. For prediction of single binding
sites the TFBS perl module from Lenhard et al. [19] was used.

Selection of Gene Groups
To identify new regulating transcription factors in Treg cells we selected four gene
groups (Table 1) from global gene expression studies and analyzed transcription
factor binding sites in the genes within the depicted groups. Genes of the ﬁrst
two groups were extracted from our own global gene expression studies. The ﬁrst
gene group contains genes diﬀerentially expressed in naive T-helper cells after
stimulation with anti-CD3/CD28 antibodies for three hours (Table 1, gene group
STIM). This group comprises immediate early genes of Th cell activation. The
second group constitutes genes which are diﬀerentially expressed after treatment
of cells with low-dose TGF-β (0.2 ng/ml) and low-dose Cyclosporine A (CsA,
5 nM). These conditions promote the induction of Foxp3+ regulatory Th cells.
The third group contains Foxp3 dependent genes and the fourth group Treg
speciﬁc genes. Both groups were extracted from four global gene expression and
chromatin-immuno-precipitation (ChIP) studies [12, 25, 31, 40].
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Table 1: Selected gene groups with number of genes in the group (# Genes) and the
average GC-content of the promoter regions inside the group (GC %).
Gene
group

Description

GC %

# Genes

STIM

genes in Th cell
activation
genes in Treg
cell induction
Treg
speciﬁc
genes
Foxp3
dependent genes

58.38

2871

56.86

101

57.12

543

57.6

601

TGF-β
/CsA
TREG
FOXP3

Targets of our TFBS search
regulatory TFs in stimulated
naive Th cells
regulatory TFs during initial
Treg cell induction
regulatory TF pairs for Treg
cell maintenance
regulatory TF pairs in Foxp3
dependent genes

Selection of Transcription Factors
To search for combinatorial control of TFs in Treg cells, we selected TFs with known
regulatory functions in either T cell development or T cell function (Table 2).

Table 2: Selected transcription factors for combinatorial analyses.
Transcription factors

Function

AHR
AP-1, NFAT, NF-κB
C/EBP
CREB, ATF

activates diﬀerentiation of Treg and Th17 cells [26]
major TFs activated by T cell stimulation [30]
mediator of Il-17 signalling [29]
CREB/ATF binding sites are important for T cell
receptor induced expression of Foxp3 [17]
EGR-2 and EGR-3 have negative eﬀects on T cell
activation [28]
master transcription factor in Treg cells [13]
master transcription factor in Th2 cells [41]
components of TGF-β signalling pathway [23]
prevent the STAT6 inhibition of Foxp3 [33]
regulates the diﬀerentiation of Th17 cells [8]
master transcription factor in Th17 cells [8]
inhibits with Foxp3 and promotes with RORγt Th17
cell diﬀerentiation [38]
main TF of Il-6 signalling pathway [8]
regulates the Foxp3 expression directly [37]
activates TGF-β-induced Foxp3 expression [36]

EGR
Foxp3
GATA3
p300, SMAD3, TGIF
RAR-α/RXR-α
RORα
RORγt
Runx1
STAT3
STAT5
TIEG
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Determination of an Overrepresented Motif in a Gene Group
First, we generated an empirical distribution of predicted number of binding sites for
the motif using randomly selected genes. Next, with this empirical distribution we
calculated for each gene in the group the p-value to observe the predicted number
of binding sites for the motif. P-values below 0.05 are considered as signiﬁcant.
Based on these p-values we applied two commonly used statistical hypothesis tests,
Fisher’s exact test and Z-test, to determine an overrepesentation of the motif in the
group. For the Z-test the z-sores were calculated by comparing the sum of p-values
of genes to a background model. We chose to use the sum of p-values in order to
avoid single genes having to much inﬂuence. According to this approach, motifs with
z-scores smaller than -3 are regarded as overrepresented in the group. We chose for
Fisher’s exact test the same signiﬁcance level, corresponding to 0.0027.
Compensating GC-Rich Promoter Regions
Promoter regions of the selected gene groups are GC-rich (Figure 1). GC-rich
promoters have also been observed in previous studies, e.g. by Bozek et al. [5]
in clock-controlled genes. Potentially, GC-rich promoters have the ability to
ease gene transcription, since CpG-island promoters are facilitating constitutive
gene expression or rapid gene induction without requiring SWI/SNF nucleosome
remodeling complexes [27].
If we quantify TFBS overrepresentation with our approach or with
F-MATCH [16] using arbitrary mouse genes as a background model, we ﬁnd many
GC-rich motifs. This can be regarded as an artefact due to the high GC-content
of our gene groups. Consequently, in this paper we apply GC-matched background
models as in Bozek et al. [5].
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Fig. 1: GC-content distribution of analysed promoter regions (light) and promoter
regions from the background model (black).
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3. Results
Overrepresented Motifs in the Gene Group of Activated Naive Th
Cells
Overrepresented motifs were determined by Fisher’s exact test and by the Z-test.
By comparing results of Fisher’s exact test to the results of the Z-test, we observed
that all predictions by Fisher’s exact test were obtained also by the Z-test. The lists
contain overrepresented motifs with low and high GC-content. This indicates that
we compensated the high GC-content successfully with our background model. We
present in Table 3 overrepresented motifs detected by both tests. The transcription
factors associated to the motifs point to links between T cell activation and cAMP
and ERK signalling, cell cycle and diﬀerentiation. Interestingly, many of these
transcription factors are also predicted to regulate clock-controlled genes [5].

Table 3: Overrepresented motifs in group STIM (p-values from Fisher’s exact test).
The comments are based on TRANSFAC and Gene Ontology [2].
Motif

TF

V$E2F Q2
V$ELK1 02
V$NFY 01
V$NRF2 01
V$CETS1P54 03
V$CREBATF Q6
V$NRF1 Q6
V$HMGIY Q3
V$ATF 01
V$CDX Q5
V$CIZ 01
V$MMEF2 Q6
V$CREB 02
V$WHN B
V$AP2GAMMA 01
V$AHR Q5
V$IRF Q6 01

E2F family
Elk-1
NF-Y
Nrf-2
c-Ets-1
CREB, ATF
Nrf-1
HMG-I(Y)
ATF
Cdx
CIZ
MEF-2a
CREB
Foxn1
AP-2γ
AHR
IRF family

Comment

P-value

cell cycle regulation
ERK/MAPK target
regulates MHC II genes
stress response
ERK/MAPK target
cAMP signalling
induces MEF-2a
lymphocyte diﬀerentiation
cAMP signalling
cell diﬀerentiation
myeloid cell diﬀerentiation
muscle speciﬁc
cAMP signalling
T cell proliferation
retinoic acid target
diﬀerentiation of T cells
diﬀerentiation of T cells

3.6271e-06
7.9353e-06
2.1575e-05
2.5528e-05
3.9109e-05
0.0001
0.0002
0.0003
0.0006
0.0013
0.0016
0.0016
0.0018
0.0019
0.0019
0.0021
0.0022
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Transcription Factors of the Ets Family and IRF Family Are
Overrepresented in the Gene Group of Treg Cell Induction
We identiﬁed four motifs (IRF8, IRF family, PU.1 and Elf1) as overrepresented in
the gene group TGF-β/CsA (see Figure 2). The binding site motif of IRF8 is quite
similar to the one of IRF family. Note, that reverse complementary motifs represent
the same binding site on the opposite DNA strand. The two similar motifs of PU.1
and Elf1 belong to the Ets family. In fact, it has been observed that PU.1 can bind
to Elf1 binding sites [4]. PU.1 and Elf1 seem to diﬀer from other Ets family members
in their DNA binding speciﬁcity [4].

(a) IRF8 (z-score = -6.29)

(b) IRF family (z-score = -3.84)

(c) PU.1 (z-score = -4.16)

(d) Elf1 (z-score = -3.58)

Fig. 2: Overrepresented motifs in the gene group TGF-β/CsA.

Combinatorial Analysis Revealed GATA3-Foxp3 and Runx-NFAT
as Potential Regulatory Complexes
We used the transcription factors listed in Table 2 and the transcription factors
found in the previous section. Altogether we had 25 motifs, 20 motifs from
TRANSFAC, and 5 motifs based on sites from the literature such as Marson et
al. [22]. Out of the 25 single motifs we created 325 motif pairs by combination. The
distance between single binding sites in a motif pair was 1 to 15 bp in the initial
screen.
The combinatorial analysis consisted of three steps. In the ﬁrst step we searched
in the gene groups TREG and FOXP3 for overrepresented motif pairs in the same
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way as for the single motifs. We discovered 8 overrepresented motif pairs in the
group TREG and 18 in the group FOXP3. In the next step the overrepresented motif
pairs where ﬁltered using a heuristic criterion to reduce the number of predictions.
Only motif pairs with at least one motif having a z-score greater than zero are
chosen for further analysis. Thus, we focused on motif pairs where at least one
motif was not overrepresented. After this step we had 4 overrepresented motif
pairs left. IRF8-STAT3, NFAT-STAT3 and GATA3-Foxp3 in the group FOXP3
and Runx1-NFAT in the group TREG. Since Runx1, Runx2 and Runx3 have almost
identical DNA-binding domains [1], we refer from now on to Runx-NFAT. In the last
step we conducted a distance analysis for the 4 remaining motif pairs (Figure 3).
We assume that motif pairs with preferred short distances are particularly likely to
interact. We divided the range of 0 to 200 bp into 20 bp intervals and repeated for
each interval the overrepresentation analysis. As a result of the distance analysis
only Runx-NFAT and GATA3-Foxp3 have a clear preference for short distances.
Thus, our combinatorial analysis suggests that GATA3 and Foxp3 as well as Runx
and NFAT interact in short distances with each other.
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(a) NFAT-STAT3. Overrepresented
in group FOXP3 (z-score = -3.35).
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(b) GATA3-Foxp3. Overrepresented
in group FOXP3 (z-score = -3.15).
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(c) IRF8-STAT3. Overrepresented
in group FOXP3 (z-score = -3.01).
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(d) Runx-NFAT. Overrepresented
in group TREG (z-score = -4.12).

Fig. 3: Distance analysis was applied for the overrepresented motif pairs in 20 bp
intervals (red = target gene group, dark = control group). For NFAT-STAT3 and
IRF8-STAT3 no distances were preferred over others, whereas Runx-NFAT and
GATA3-Foxp3 have clear preferences for short distances.

November 7, 2009

18:4

WSPC - Proceedings Trim Size: 9.75in x 6.5in

genome˙informatics˙22˙master

Y.-H. Lee et al.

91

4. Discussion
The transcriptional network regulating diﬀerentiation, function, and maintenance
of Treg cells is largely unknown. In this study we used a bioinformatic approach
to identify transcription factors involved in the regulation of these processes in
Treg cells. For this purpose we analysed transcription factor binding sites in
promoter regions to identify signiﬁcantly overrepresented motifs in comparison to a
background model. Importantly, in accordance with Bozek et al. [5], we compensated
the high GC-content of the analysed promoter regions by using a GC-matched
background model to reduce false positive results.
The analysis of immediate early genes in Treg cell induction suggests that
transcription factors of the Ets family, PU.1 and Elf1, and of the IRF family
are involved in Treg cell diﬀerentiation processes. Experimental data for IRF4,
one IRF family member, support our results. It is already known that IRF4 is
essential for the diﬀerentiation of Th17 cells [8]. These data do not rule out
speciﬁc functions of other IRF family members in Treg cells. The role of Ets
family transcription factors in peripheral Th cell diﬀerentiation is largely unknown.
However, it has been reported that Elf1 regulates gene expression during T cell
activation [34] and that transiently expressed PU.1 might inhibit Foxp3 during
initial Th2 diﬀerentiation [10]. Interestingly, cell fate decisions of T cell progenitors
in the thymus are controlled by PU.1 [14]. Therefore, an important role of PU.1 in
peripheral Treg cell linage decision is possible, too.
Furthermore, we suppose from our results that the transcription factor pairs
GATA3-Foxp3 and Runx-NFAT are important for Treg cells. Indeed, experimental
data of Dardalhon et al. [7] showed already in Th2 cells that GATA3-Foxp3
interaction inhibited GATA3 mediated transactivation of Il-5. They suggested an
inhibition of other GATA3 targets as well. Interestingly, there is already a hint
that GATA3 and Foxp3 are transiently coexpressed during the second day of
Treg cell induction [20]. Therefore, it would be interesting to investigate whether
GATA3-Foxp3 interaction promotes Treg cell lineage decision by inhibition of Th2
cell development. This could be one mechanism how the master transcription factors
help to shape Th cell lineage decisions.
Not only GATA3-Foxp3 but also Runx-NFAT was already described as an
interaction pair in Th2 cells inhibiting IL-4 expression [18]. Our results suggest
that transcription factors of the Runx family interact with NFAT to regulate Treg
cell speciﬁc genes. Therefore, this interaction should be analysed in more detail in
the context of Treg cell induction and maintenance.
Our bioinformatics analyses of global gene expression data revealed several new
promising starting points for further investigations to elucidate the transcriptional
networks regulating Treg cell diﬀerentiation and maintenance.
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