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Abstract

Forkhead box protein 3 (Foxp3) is indispensable for the development of CD4*CD25* regulatory T
cells (Tregs). Here we analyzed three prominent evolutionary conserved regions (ECRS) upstream
of the transcription start site of the human FOXP3 gene. We show that ECR2 and ECR3 fragments
derived from positions —1.3 to —2.0 kb and —5.0 to —6.0 kb, respectively, display basal
transcriptional activity. Reporter constructs derived from ECR1, located between —0.6 and +0.23
kb and thus the most proximal ECR in respect of transcription initiation, remained almost inactive.
However, ECR1 was transactivated by the NF-xB subunit p65 in HEK 293 cells. In Jurkat and
primary T cells, in addition to p65, a second stimulus delivered by either T-cell receptor
stimulation or addition of PMA was needed. Co-expression of IxBa inhibited p65-mediated
FOXP3 proximal promoter transactivation, and the NF-xB inhibitor curcumin reduced Foxp3
neoexpression in IL-2/CD3/CD28/TGF-p stimulated PBMCs. Moreover, proximal FOXP3
promoter transactivation was inhibited by Foxp3 and the SP transcription factor family member
SP3. Thus, the human proximal FOXP3 promoter is controlled by activation through the TCR
involving PKC and the NF-xB subunit p65 and by inhibition through a negative feedback loop and
SP3.
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1 Introduction

Among the lymphoid lineage, a small population of T-lymphocytes is described as
regulatory T cells (Tregs) that maintain peripheral immune tolerance and thus play a major

"Corresponding author at: Medical University of Vienna, Molecular Immunology Unit, Institute for Hygiene and Applied
Immunology, Lazarettgasse 19, A-1090 Vienna, Austria. Tel.: +43 1 40160 33001; fax: +43 1 40160 933002.
hannes.stockinger@meduniwien.ac.at (H. Stockinger).



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Eckerstorfer et al.

Page 2

role in immune responses and prevention of autoimmunity (Shevach, 2004). Foxp3, a
member of the forkhead/windged-helix family of transcriptional regulators is indispensable
for the development as well as execution of the suppressive function of Tregs in mice and
humans and remains the most distinct marker for this T-cell subset: mutations in the human
FOXP3 gene cause X-linked human IPEX (immune dysregulation, polyendocrinopathy,
enteropathy, X-linked syndrome) and XLAAD (X-linked autoimmunity-allergic
dysregulation syndrome) (Bennett et al., 2001; Chatila et al., 2000; Wildin et al., 2002). A
two base pair frame shift in the murine FOXP3 gene leads to a truncated Foxp3 protein (lack
of the forkhead domain) and to the autoimmune scurfy phenotype in male mice (Brunkow et
al., 2001). Further, ectopic expression of Foxp3 in non-Treg cells and even in Jurkat T cells
induced a Treg phenotype (Hori et al., 2003; Kim et al., 2007).

The forkhead domain of Foxp3 was shown to be required for nuclear localization and DNA
binding (Schubert et al., 2001). Various genes are regulated on the transcriptional level by
Foxp3 (Marson et al., 2007; Zheng et al., 2007). For instance, IL-2, IL-4 and IFN-y
transcription is repressed, whereas IL-2 receptor a-chain (CD25), glucocorticoid-induced
TNF receptor family related protein (TNFRSF18, GITR), the co-stimulatory molecule
cytotoxic T-lymphocyte antigen 4 (CTLA-4) and integrin alpha E chain (CD103) are
activated (Hori et al., 2003). One of the mechanisms underlying transcriptional control of
these genes by Foxp3 might be in the physical interaction with AMLL1 that inhibits AML1 to
activate IL-2 and IFN-gamma gene expression through binding to their respective promoters
(Ono et al., 2007).

Foxp3 expression is not entirely restricted to Tregs in humans: TGF-p and TCR signaling
induced Foxp3 expression in CD4*CD25~ T cells (Chen et al., 2003; Tran et al., 2007), and
Morgan et al. (2005) demonstrated that Foxp3 mRNA transcription can be induced with
PHA or CD3/CD28 antibodies in human CD25~ PBMCs and CD8+ PBMCs within 24 to 40
h after stimulation. However, transient Foxp3 expression does not result in a regulatory
phenotype (Wang et al., 2007). Long-term hyporeactive or suppressive phenotypes require
stabilized expression of Foxp3 (Williams and Rudensky, 2007) mediated by epigenetic
control through CpG demethylation and histone methylation (Floess et al., 2007).

Because of the importance of Foxp3 for development and peripheral function of Tregs, it is
instrumental to understand FOXP3 gene regulation. Brunkow and colleagues cloned a 30.8
kb genomic fragment that contained the entire murine FOXP3 gene along with ~18 kb of the
5" sequence and ~4 kb of the 3" sequence. Within this sequence they found a distal, non-
coding exon (named exon —2b) ~6.1 kb upstream of the first coding exon of the murine
FOXP3 gene. In this region a potential promoter was predicted by GENESCAN (Brunkow et
al., 2001). Mantel et al. and Ouaked et al. investigated a further promoter region: —1657 to
+176 in respect to transcription initiation of the human FOXP3 gene. There these authors
described proximal promoter elements i.e. a transcription start site, TATA box, GC box,
CAAT box and transcription factor binding sites (Mantel et al., 2006; Ouaked et al., 2009).
Other regulatory, in particular highly conserved enhancer elements that bind either NFAT
and Smad3, or STAT5, CREB and ATF, respectively, were reported within “intron zero”, a
region of approximately 6 kb that interrupts the 5" untranslated region (Bassuny et al., 2003;
Burchill et al., 2007; Floess et al., 2007; Kim and Leonard, 2007; Mantel et al., 2006; Tone
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et al., 2008; Zorn et al., 2006). Recently, it has been shown by several groups that Foxp3
expression and thymic Treg development requires TCR signaling via the NF-xB subunit c-
Rel (Isomura et al., 2009; Long et al., 2009; Ruan et al., 2009). However, how NF-xB exerts
its Foxp3 regulating effect is still a matter of debate. According to Long et al. prerequisite
for Foxp3 expression is binding of a c-Rel-p50 complex to the promoter distal enhancer in
intron zero (Long et al., 2009). In contrast Ruan et al. (2009) argue that a c-Rel-p65 complex
at the Foxp3 promoter initiates an enhanceosome further consisting of NFAT, Smad, and
CREB. In contrast Jana et al. (2009) have also reported recently that c-Rel does not bind at
all to the Foxp3 promoter and they attribute to p65 and p50 rather an inhibitory effect on
Foxp3 expression. Because these studies were all done with inbred mice, these differences
are highly challenging, in particular in respect of comparison with and translation to
humans. In addition to experimental conditions or cell types in different activation/
differentiation stages, etc., that might underlie the differences in the mouse studies, human
Tregs further vary in several molecular aspects to mouse ones (Ziegler, 2006). For instance,
Foxp3 seems to be a more consistent marker for functional Tregs in mice than in humans
where it appears more as a T-cell activation marker (Morgan et al., 2005; Tran et al., 2007),
humans express a second isoform (Allan et al., 2005), and while expression of IL-35 by
mouse Tregs is important for suppression, IL-35 is not even expressed by human Tregs
(Bardel et al., 2008).

Here we aimed to get insight into the regulation of human Foxp3 and studied three
prominent evolutionary conserved regions (ECRs) contained in a ~6 kb spanning region
upstream of the human FOXP3 transcription start site. By using a 525 base pair promoter
fragment derived from ECR1, the region closest to the FOXP3 transcription start site, we
identified the NF-xB subunit p65 as a critical transactivator of the proximal Foxp3 promoter.
Further, p65-mediated proximal Foxp3 promoter transactivation was inhibited by Foxp3
indicating control of Foxp3 expression by a negative feedback mechanism.

2 Material and methods

2.1 Bioinformatics analysis

For sequence alignments we used the “UCSC Genome Bioinformatics” tools (http://
genome.cse.ucsc.edu) (Kent et al., 2002). Identification of ECRs was performed by the
bioinformatics program “ECR-Browser” (http://ecrbrowser.dcode.org) (Ovcharenko et al.,
2004). Transcription factor binding sites were analyzed by “CONSITE” (http://asp.ii.uib.no:
8090/cgi-bin/CONSITE/consite) (Sandelin et al., 2004).

2.2 Construction of promoter fragments

Genomic DNA was isolated from peripheral blood of a human male donor and Jurkat T cells
according to the manual provided with the Genomic DNA Purification Kit # K0519
(Fermentas, St. Leon-Rot, Germany). The genomic DNA was used as a template to amplify
FOXP3 promoter fragments by PCR.

The ECR1_525 fragment was obtained from the blood genomic DNA by use of the
ProofStart™ DNA Polymerase Kit (Quiagen, Vienna, Austria). The ECR1 525
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amplification product was cloned into the Kpn I/Bgl 1l restriction sites of the luciferase
reporter vector pGL3-Basic (Promega, Madison WI, USA). As a control, we generated a
pGL3-Basic plasmid with an inverse orientated ECR1_525 insert.

To perform reporter assay experiments in T-cell lines we modified the plasmid pd2EGFP-N1
(Clontech, Mountain View CA, USA) expressing destabilized enhanced green fluorescent
protein (d2EGFP) by removing the CMV promoter (=pd2EGFP-N1-ACMV). It was
generated by restriction digestion with Ase | and Nhe | and filling the sticky ends by using
T4-polymerase reaction. The Kpn I/Bgl Il fragment of pGL3-ECR1_525 was subcloned into
Kpn 1/Bgl Il and Kpn I/BamH | digested pd2EGFP-N1-ACMYV vectors resulting in correct
and inverse orientation of the FOXP3 promoter fragments.

All other FOXP3 promoter fragments (ECR1_855, ECR2_1072, ECR1+2_2008,
ECR1+2_2208 and ECR3_1474) were amplified via PCR from genomic Jurkat DNA by the
use of Extensor PCR Master Mix 2 (AB-GENE, Epsom, UK). All amplification products
were cloned into pGEM-T-Easy (Promega). The inserts were isolated by EcoR | digestion
and cloned into pd2EGFP-N1-ACMYV resulting in correct and inverse orientated FOXP3
promoter plasmids. The pGL3-FOXP3 promoter constructs were generated from the
corresponding pd2EGFP-N1-ACMV-FOXP3 promoter plasmids by a cloning step via the
Bgl 11/Kpn | restriction sites. Mutagenesis of the NF-xB binding site was performed by
using the QuikChange® XL Site-Directed Mutagenesis Kit (STRATAGENE, Cedar Creek,
Texas, USA).

Sequencing of all vectors and the production of oligonucleotides were carried out by MWG
Biotech AG, Martinsried, Germany. The primers used for generation of the different
constructs and the site-directed mutagenesis were: ECR1 525 (-499 to +26): Forward
primer (Kpn / site): 5'-AATAGGTACCACATAGAGCTTCAGATTCTC-3". Reverse primer
(Bgl 11 site): 5'-TATAAGATCTCTGACAGAAAAGGATCAGCC-3’. ECR1_855 (=629 to
+226): Forward primer: 5"-CCCTCGCCGGGTAGTTCAAGCAAT-3’. Reverse primer: 5'-
CTTCACCTTTAAGTCTTCTGCCATT-3". ECR2_1072 (-2333 to —1261): Forward primer:
5'-CAGGTGCTGGGGCAGGGAACAAT-3". Reverse primer: 5’-
GCTTTCTTTGGTGCTGGGCTTTGA-3". ECR1+2_2008 (—1982 to +26): Forward primer:
5'-CTGTCCAACACACCCAAGCCATTT-3". Reverse primer: 5’-
TATAAGATCTCTGACAGAAAAGGATCAGCC-3". ECR1+2_2208 (-1982 to +226):
Forward primer: 5'-CTGTCCAACACACCCAAGCCATTT-3". Reverse primer: 5'-
CTTCACCTTTAAGTCTTCTGCCATT-3". ECR3_1474 (-6315 to —4841): Forward primer:
5 -CCATCACTCTTTGACTGACTGACT-3’. Reverse primer: 5'-
CATTAGCTGTCTGCTTCTGTTTTC-3". Mutagenesis of the NF-xB binding site within
ECR1: Forward primer: 5’-
GAGAGAGAGAAAAAAAAAACTATGATAAGGCCCCCCCACCCCG-3’. Reverse
primer: 5'-CGGGGTGGGGGGGCCTTATCATAGTTTTTTTTTTCTCTCTCTC-3'.

2.3 Cell culture

The human embryonic kidney (HEK) cell line 293 was cultured in DMEM (GIBCO,
Invitrogen, Lofer, Austria) supplemented with 10% fetal bovine serum (SANOVA Pharma
GesmbH, Vienna, Austria). Jurkat E6.1 T cells were cultured in RPMI 1640 medium
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(GIBCO) supplemented with 10% fetal bovine serum. Before usage, the media were
supplemented by adding 2 mM glutamine, 100 U/ml penicillin and 100 pg/ml streptomycin
(all from Invitrogen).

PBMCs were isolated from blood of healthy donors by standard density-gradient
centrifugation using Lymphoprep (Nycomed, Oslo, Norway). CD4* T cells were purified
from the PBMC:s by depletion of CD8-, CD14-, CD16-, CD19-, CD20- and CD56-positive
cells using mouse anti-human mAbs (CD8 mAb MEM-87, CD14 mAb MEM-18, CD16
mAb MEM-154, CD19 mAb WI1J09, CD20 mAb MEM-97, CD56 mAb MEM-188, all
kindly provided by Dr. Vaclav Horejsi, Institute of Molecular Genetics, Academy of
Sciences of the Czech Republic, Prague, Czech Republic) and magnetic sorting using goat
anti mouse 1gG coated microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). The
resulting CD4* T-cell population was separated into CD4*CD25~ and CD4*CD25" T cells
by using anti-CD25 magnetic microbeads (Miltenyi Biotec). For stimulation, cells were
cultured with 10 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma—Aldrich, Vienna,
Austria), 1 uM ionomycin (Sigma—Aldrich), 1 ug/ml phytohemagglutinin (PHA; Murex
HA16 #RE-30852801, Biomedica, Vienna, Austria), 1 pg/ml plate-bound CD3 mAb OKT3
(Ortho Pharmaceuticals, Raritan, NJ, USA) or 500 ng/ml soluble CD28 mAb Leu28 (Becton
Dickinson, Franklin Lakes, USA) alone or in combination. Curcumin was obtained from
Sigma—Aldrich.

2.4 Immunofluorescence analysis

Foxp3 staining was conducted by using the Alexa Fluor® 647 labeled mouse anti-human
Foxp3 monoclonal antibody clone 259D/C7 from Becton Dickinson according to the
manufacturer’s manual. PE-conjugated monoclonal anti-human CD25 clone 4E3, purchased
from Miltenyi Biotec, was incubated with the cells for 30 min on ice. Antibody staining of
cells was evaluated by using a LSR 1l flow cytometer from Becton Dickinson.

2.5 Luciferase reporter gene assays

Cells were seeded into 24-well plates the day prior to transfection using the calcium
phosphate method. Data normalization was achieved by co-transfection of 0.3 ug pRC-
CMV-BGal plasmid to each sample. We used the luciferase reporter gene assay high
sensitivity kit from Roche Diagnostics Wien GmbH (Vienna, Austria). In brief, harvested
cells were resuspended in 150 pl luciferase assay lysis buffer provided with the kit. Debris
was removed by centrifugation. For measurement of luciferase activity we used 100 pl of
supernatant in a Berthold Lumat LB 9501 device (Berthold Technologies GmbH, Vienna,
Austria). Thirty microliters of the supernatant of each sample was used for the 8-
galactosidase assay using ortho-nitrophenyl p-p-galactopyranoside (ONPG, Sigma-Aldrich)
as substrate. The protein concentration of each sample was measured by the BIO-RAD
protein assay (Vienna, Austria) using 5 ul of the supernatant.

2.6 Fluorescence-based reporter assays

Jurkat cells (5 x 106) were mixed with up to 5 pg plasmid DNA and 100 pl ATP free
“cytomix-buffer” according to van den Hoff et al. (1992). Human primary T cells (5 x 106)
were mixed with up to 5 pg plasmid DNA and 100 pl “enhanced cytomix-buffer”, which was

Mol Immunol. Author manuscript; available in PMC 2019 January 21.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Eckerstorfer et al.

Page 6

also devoid of ATP but contained in addition 1.25% DMSO and 100 mM sucrose.
Electroporation of Jurkat and primary T cells was performed in 2 mm cuvettes using an
“AMAXA™ Nucleofector” device (AMAXA GmbH, Cologne, Germany). Immediately
after electroporation, cells were washed with RPMI 1640 medium and cultured as described.
Dead cells were excluded by 7-amino-actinomycin D (7-AAD) staining and SSC/FSC
properties to assess d2EGFP expressing cells among the living population. In some
experiments, DsRed expression vector was co-electroporated to distinguish between
transfected and untransfected cells and thus to determine d2EGFP expression just among
transfected cells. Because of the spectral overlap of DsRed and 7-AAD we assessed in the
respective experiments the living population due to the FSC/SSC properties only. Flow
cytometry was performed using a LSR |1 flow cytometer (Becton Dickinson).

3 Results

3.1 The upstream region of the human FOXP3 gene contains three ECRs

To identify sequences that may contain regulatory elements controlling the human FOXP3
gene we screened the 6.3 kb stretch upstream of the 5”-non-coding exon for ECRs with
more than 85% identity/>100 base pairs between the human, mouse, rat, cow and dog
FOXP3 loci. We found three main ECRs (for simplicity we named them ECR1 to 3). ECR1
comprises a stretch of ~0.4 to ~0.5 kb, which was described to contain the proximal FOXP3
promoter (Mantel et al., 2006). ECR2 is situated 1.3-2.0 kb upstream of the transcription
start site. The utmost distant part of ECR2 (-1.85 to —2.0 kb) shows the most conserved
sequences followed by an extended stretch of descending conservation. ECR3 occurs as a
large conserved region between -5 and -6 kb, which is located in close proximity to the
protein phosphatase 1 regulatory (inhibitor) subunit 3F (PPP1R3F) gene with opposite
orientation to Foxp3 transcription.

Fig. 1 illustrates the human FOXP3 gene, transcription start site, ECRs and promoter
fragments derived from the respective ECRs. The ECR1_525 (-499 to +26) promoter
fragment covers the complete ECR1 stretch, in contrast to the ECR1_855 construct (—629 to
+226), which contains additional flanking sequences. ECR2_1072 (-2333 to -1261)
comprises the complete ECR2 including additional up- and downstream sequences.
Furthermore, two fragments were amplified containing both ECR1 and ECR2:
ECR1+2_2208 (-1982 to +226) and ECR1+2_2008 (—1982 to +26). ECR3_1474 was
amplified from the region —6315 to —4841; it contains the potential promoter region ECR3,
which includes the first exon and a small part of the first intron of PPP1R3F.

3.2 Basal transcriptional activities of the cloned ECR fragments

We cloned the different correct and inverse orientated promoter fragments into the pGL3-
basic vector and transfected the resulting luciferase reporter plasmids into HEK 293 cells to
investigate their basal transcriptional activity. Measurement of luciferase expression revealed
low reporter activity of ECR1. In contrast, ECR2 showed high reporter activity suggesting
an important upstream element that might contribute to FOXP3 gene regulation. Moreover,
we observed basal transcriptional activity directed towards FOXP3 within the ECR3
fragment that overlaps with the first exon of the human PPP1R3F gene. Strikingly, PPP1R3F
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is transcribed in the opposite direction of FOXP3. The inverse orientated ECR3 fragment
(ECR3_INV) corresponding to the transcriptional direction of PPP1R3F showed only
negligible luciferase expression (Fig. 2A).

3.3 Transactivation of the proximal human FOXP3 promoter by NF-xB subunit p65

Based on literature and bioinformatics analysis (see Fig. S3), we selected several
transcription factor candidates for ECR1 transactivation in a coexpression/luciferase reporter
assay. We tested NFATc2/p and SP transcription factors recently published to control the
proximal human FOXP3 promoter (Mantel et al., 2006). Further, we analyzed AML-1,
ternary complex factor Elk-1, ETS domain family member PU.1, EGR-1, Foxp3, NF-xB
family members p65 and cRel; for reviews see (Hayden and Ghosh, 2004; Sharrocks, 2001).
We also included STAT5a because an inducible form of STAT5, when transiently activated
in IL-2 knockout mice, increased CD4*CD25" T-cell levels (Antov et al., 2003). In addition
to these transcription factors, we selected the following controls: EAPP, E2F1, E2F4,
GATAL, STAT1 (Harigae, 2006; Levy and Darnell, 2002; Novy et al., 2005; Trimarchi and
Lees, 2002). As shown in Table 1A, only NF-xB subunit p65 transactivated ECR1_ 525 in
HEK 293 cells significantly.

We next tested whether this holds also true in T cells. For this purpose, we established a
reporter assay based on d2EGFP expression to measure reporter activity by flow cytometry.
Briefly, we replaced the CMV promoter of the pd2EGFP-N1 vector by the ECR1_525
promoter fragment and transferred the resulting plasmids into Jurkat T cells by
electroporation. After 22h of cultivation, the cells were harvested and flow cytometry was
performed. Compared to the transcription factor screen in HEK 293 cells, we again found
p65 as the most striking transactivator of the proximal promoter region in Jurkat T cells.
Furthermore, only the transactivation ability of p65 was enhanced by PMA/ionomycin
stimulation of the Jurkat T cells (Table 1B).

The specificity of transactivation of ECR1_525 by p65 was elaborated by a dose dependence
and mutation analysis. First, cotransfection of ECR1_525 with increasing amounts of p65
resulted in a dose dependent transactivation: ECR1_525 alone (0.5 fold activation), +0.3 ug
p65 cDNA (3.5 fold activation), +0.6 g p65 cDNA (14.4 fold activation), +0.9 ug p65
cDNA (21.9 fold activation), +1.2 ug p65 cDNA (36.6 fold activation) (Fig. 2B). Second,
partial mutation of the potential NF-xB binding site 5"-GAGAACCCCC-3" (position
-157/-148) to 5'-GATAAGGCCC-3" (=ECR1_525mut) reduced p65-mediated ECR1
transactivation (Fig. 2C). Furthermore, we compared the transactivation ability of p65 on
each fragment containing the proximal human FOXP3: ECR1 525 (-499/+26), ECR1_855
(-629/+226), ECR1+2_2208 (—-1982/+226) and ECR1+2_2008 (-1982/+26). In contrast to
ECR1_525, p65 could not transactivate ECR1_855 (Fig. 2D). This result suggested at least
one transcriptional repressor-binding site either within the sequence stretches —629/-499
and/or +26/+226. To identify these sites, we analyzed ECR1+2_2208 that contains the
complete ECR1_855 element plus ECR2 including the linker region —629/-499. This
construct showed a fourfold lower luciferase activity upon p65 co-transfection compared to
the ECR1_525 promoter fragment. Truncation of the region +26/+226 resulted in
ECR1+2_2008, which showed in comparison to ECR1_525 a doubled transcriptional
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activity with p65. Thus, the stretch +26/+226 contains at least one transcriptional repressor-
binding site (Fig. 2D).

Because of the high basal reporter activity within ECR2 and ECR3 (Fig. 2A) we assumed
that these ECR regions contain (i) an alternative transcription start site and/or (ii) an
enhancer element that acts on ECR1. Therefore, we generated additional reporter constructs
to investigate potential enhancer function of ECR2 and ECR3. For this purpose ECRs were
cloned in correct or inverse orientation downstream of the luciferase gene of empty pGL3-
Basic, pGL3-ECR1_525 and pGL3-ECR1_855 plasmids. Then we checked the constructs in
CD3 stimulated Jurkat T cells. However, we observed no enhancer activity of the
downstream cloned ECR2 or ECR3 (supplementary Fig. S1). Further, compared to HEK 293
cells, the basal activity of ECR3 was reduced in Jurkat T cells (compare Fig. S1 and Fig.
2A).

3.4 p65-Mediated transactivation of ECR1 in Jurkat T cells requires PKC

Because p65 barely transactivated ECR1_525 in resting but well in PMA/ionomycin
stimulated Jurkat T cells (Table 1B), we analyzed whether PMA or ionomycin signaling
alone is able to induce the proximal FOXP3 promoter in combination with p65. We tested
also other activation agents including CD3 and CD28 mAbs and PHA. Table 2 summarizes
the results of three independent experiments and Fig. 3 shows flow cytometry profiles of a
typical experiment of the triplicate data sets summarized in Table 2. One can see that PMA
is critical for transactivation of the proximal FOXP3 promoter ECR1_525 by p65. Also
signaling via CD3 activated the ECR1_525 promoter fragment in p65 transfected cells
significantly. However, ionomycin, CD28 or PHA alone did not transactivate ECR 525,
indicating that activation of the protein kinase C via CD3 or PMA stimulation is required for
the induction of the proximal FOXP3 promoter by NF-xB/p65. In agreement with this
finding PKCO0 was found essential for TCR-mediated NF-xB activation (Li et al., 2005), and
mice deficient in PKC® harbor CD4* T cells with reduced Foxp3 mRNA levels and low
numbers of CD4*Foxp3+Treg cells (Gupta et al., 2008; Schmidt-Supprian et al., 2004).

We display here also the effect of NFATc2/p that was earlier reported to be a key factor for
transactivation of the proximal FOXP3 promoter (Mantel et al., 2006). In our assays
NFATc2/p did not transactivate ECR1_525 neither in resting nor activated Jurkat T cells
(Fig. 3 and Table 2). This finding correlates with Tone et al., who found poor binding of
NFAT (position —406 to —306) in the Foxp3 promoter. According to that report the major
contribution of NFAT to Foxp3 expression is activation of the enhancer at position +2137 to
+2158 (Tone et al., 2008).

3.5 ECRI1 transactivation in human CD47CD25~ T cells

Next, we analyzed ECR1 transactivation in primary human CD4*CD25~ T cells isolated
from peripheral blood. We coelectroporated the cells with the proximal promoter fragment
ECR1_525 plus vectors encoding p65 or NFATc2/p and cultured them with or without
PMA/ionomycin for 24h. In contrast to Jurkat cells (Fig. 3, Tables 1 and 2), PMA/ionomycin
stimulation alone transactivated ECR1 significantly (7.8% d2EGFP positive cells).
Furthermore, we observed a slight p65-mediated transactivation of ECR1 525 in
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unstimulated cells (5.8% d2EGFP positive cells), which was dramatically enhanced upon
PMA/ionomycin stimulation (27.6% d2EGFP positive cells). In contrast to p65, the
transcription factor NFATc2/p alone failed to transactivate ECR1_525 but had a slight
synergistic transactivatory effect upon PMA/ionomycin stimulation (Fig. 4).

3.6 NF-xB inhibitor curcumin stalls Foxp3 expression

Curcumin is a potent inhibitor of PMA-mediated NF-xB activation (Ranjan et al., 2004) and
in agreement we found that curcumin reduced p65-mediated ECR1 transactivation in Jurkat
T cells (supplementary Fig. S2). Based on this observation we asked whether curcumin also
inhibits the expression of endogenous Foxp3 in primary T cells. In order to address this
question, we stimulated PBMCs for 48 h with I1L-2, CD3, CD28 and TGF-p to induce Foxp3
expression and treated the cells with increasing concentrations of curcumin. This procedure
markedly reduced expression of Foxp3 in the activated CD25 positive T blasts (Fig. 5).

3.7 p65-Mediated transactivation of the proximal Foxp3 promoter is repressed by Foxp3

and SP3

One of the dominant effects of Foxp3 on target genes is to suppress their activation (Marson
et al., 2007). Therefore, we tested the potential negative regulatory function of Foxp3 on its
own expression. Indeed, overexpression of Foxp3 inhibited p65-mediated transactivation of
the proximal FOXP3 promoter fragment ECR1_525 in both HEK 293 cells (Fig. 6A) and
Jurkat T cells (Fig. 6B).

It was shown that SP transcription factors are able to bind to proximal FOXP3 promoter
elements and that mutation of these binding sites reduces reporter gene expression (Mantel
et al., 2006). Based on this finding, we tested the influence of transcription factor SP1 and
SP3 on the proximal FOXP3 promoter. SP3 was able to repress p65-mediated ECR1_525
transactivation in a dose dependent manner in HEK 293 cells, in contrast to SP1, which had
no effect (Fig. 6A). We obtained the same results when we used Jurkat T cells (Fig. 6B). The
NF-xB repressor 1xB-a was co-expressed as a control (Fig. 6B).

4 Discussion

In this work we cloned three evolutionary conserved regions (ECR1, ECR2 and ECR3),
which are located upstream of the transcription start site of the human FOXP3 gene. In HEK
293 cells, ECR1, which comprises the proximal FOXP3 promoter, showed only low basal
transcriptional activity indicating that its induction is strictly controlled. In contrast, high
basal reporter activity was observed for ECR2 and ECR3 suggesting a potential regulator
function of these sequence stretches for FOXP3 gene expression.

Indeed, by using constructs spanning ECR1 and ECR2, we identified a region upstream of
—-629 (most probably located within ECR2), that enhanced the transcriptional activity of the
proximal FOXP3 promoter (Fig. 2D). ECR3 is located in close proximity to the open
reading frame of PPP1R3F. Therefore, we originally assumed that it controlled this FOXP3
unrelated gene. However, ECR3 showed poled reporter transactivation in direction to
FOXP3 (Fig. 2A). Thus, both ECR2 and ECR3 possess basal transcriptional activity in
direction to the FOXP3 gene.
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To further analyze whether ECR2 or ECR3 enhances transcriptional activity of ECR1, we
cloned either ECR2 or ECR3 downstream of an ECR1-controlled luciferase reporter gene.
However, this reporter was enhanced neither by ECR2 nor ECR3 (supplementary Fig. S1).
Therefore, at the moment we do not have entirely conclusive data on the putative enhancer
activity of the distal ECRs 2 or 3 on the proximal FOXP3 promoter in ECR1. In this respect
one has to mention that Tone et al. did not observe reporter activity for the upstream regions
-5551 to —4288 and —2402 to —1730 in the murine FOXP3 gene that partially correspond to
the human regions ECR3 and ECR2, respectively. However, they identified enhancers
downstream of the Foxp3 transcription start site (Tone et al., 2008).

When screening for regulators of ECR1 we identified the NF-xB subunit p65 as a critical
factor; all other tested transcription factors failed or just weakly transactivated (Table 1). We
confirmed p65-mediated ECRL1 transactivation by performing various experiments using
different cells (Figs. 2-4). Further, the addition of the NF-xB inhibitor curcumin reduced
endogenous Foxp3 expression in primary peripheral blood T cells (Fig. 5), and
overexpression of IxB-ablunted p65-mediated ECRL1 transactivation. We also allocated the
p65 binding site to the sequence stretch —157 to —148 in ECR1.

However, the human proximal FOXP3 promoter is controlled also by factors other than p65.
This is indicated by a repressor activity, which we identified within the ECR1 stretch +26 to
+226. This finding is corroborated by an earlier study reporting important regulatory
elements within the region —245 to +176 (Mantel et al., 2006). This paper describes also
binding sites for NFAT within the proximal FOXP3 promoter region and discusses the
relevance of NFAT binding to the Foxp3 promoter by the sensitivity of FOXP3 induction to
cyclosporine A (Mantel et al., 2006). However, in our hands, NFATc2/p overexpression had
negligible potential to transactivate ECR1 in HEK 293 and Jurkat T cells; we only observed
a moderate synergistic effect of NFATc2/p on transactivation of ECR1 in PMA/ionomycin
stimulated primary CD4*CD25~ T cells. In this respect, we would like to stress that
cyclosporine A inhibits the nuclear translocation of p65 due to interference with degradation
of IKBa and IKBb (Marienfeld et al., 1997). The relevance of NF-xB versus NFAT for
Foxp3 expression is further corroborated by CD4*CD25**GITR** cells from NFATc2/c3
deficient mice that display normal Treg function and unchanged Foxp3 expression levels
(Bopp et al., 2005), while mice deficient in PKC, CARMAL1 or Bcl10, that are upstream
signaling molecules for NF-xB activation, display a substantial reduction or absence of
Tregs (Barnes et al., 2009; Gupta et al., 2008; Medoff et al., 2009; Molinero et al., 2009;
Schmidt-Supprian et al., 2004). The same Treg defect holds true for mice bearing a
conditional deletion of IKKP (Schmidt-Supprian et al., 2003). Finally, recently several
independent reports provide convincing evidence that the NF-xB subunit c-Rel is critical for
Foxp3 expression in mice (Isomura et al., 2009; Long et al., 2009; Ruan et al., 2009).

NF-xB could also be the key in the identified negative feedback regulation of Foxp3 (Fig.
6A and B). This mechanism could be executed by physical interaction of Foxp3 with NF-xB
that was shown to result in inhibition of NF-xB activity (Bettelli et al., 2005). As a further
potent repressor of p65-mediated ECR1 transactivation we discovered SP3 (Fig. 6A and B).
How SP3 functions is not clear at the moment. On the BCAT-2 promoter, SP1 and SP3
transcription factors can bind to the same DNA motifs resulting in SP3-mediated repression
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of SP1-dependent promoter transactivation (Hagen et al., 1994). Interestingly, on the Fas
promoter, SP1 is bound to the xB-SP1 site. The NF-xB p50-p65 heterodimer can occupy
this site to induce the Fas promoter (Chan et al., 1999). On the FOXP3 promoter the
identified SP binding site (Mantel et al., 2006) has poor SP1 binding affinity (Tone et al.,
2008). Whether this site can be easier occupied by SP3 is subject of further assays as well as
the role of the potential human regulatory FOXP3 elements ECR2 and ECR3 in specific
transcription of Foxp3 for human Treg differentiation and function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Sc%ematic overview of the human Foxp3 locus, the identified ECRs and the amplified
promoter fragments. The upper section of the figure shows the organization of the FOXP3
gene on chromosome X. The gene PPP1R3F (NM_033215) is located upstream. The three
ECRs on the upstream region of human Foxp3 (indicated in gray) were identified based on
the DNA sequence similarity between the human, rat, mouse, cow and dog FOXP3 loci
using the bioinformatics program ‘ECR-Browser’ (database May’04/hg17; human Chr. X:
48883883-48863781; conservation: minimum length 100 base pairs, 85% identity). The
cloned promoter fragments containing the identified ECRs are illustrated in the lower
section. The black areas correspond to exons.
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Fig. 2.

Trgnscriptional activities and p65-mediated transactivation of the cloned promoter fragments
in HEK 293 cells analyzed by luciferase reporter assays. (A) The cells were transiently
transfected with the indicated correct and inverse ECR-luciferase reporter constructs. After
40 h of cultivation, the basal transcriptional activity was determined. (B) HEK 293 cells
were transiently co-transfected with 0.5 ug pGL3-Basic or proximal FOXP3 reporter
construct pGL3-ECR1_525 plus 0.0, 0.3, 0.6, 0.9 or 1.2 ug of p65 cDNA. After 40 h of
culture, cells were harvested and luciferase expression was measured. (C and D) Transient
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co-transfection of HEK 293 cells with 1 ug of indicated FOXP3 reporter constructs with or
without 1 ug p65 cDNA. After 24 h of culture, cells were harvested and luciferase
expression was measured. Each experiment is representative for three independent ones,
performed in triplicates. Bars represent means of triplicates; the SD is indicated.
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Fig. 3.

Trgnsactivation of ECR1 in Jurkat T cells. Flow cytometry profiles of Jurkat T cells
transfected with the pd2EGFP reporter under control of the proximal FOXP3 promoter
ECR1_525. pd2EGFP expression was also analyzed upon co-transfection with p65 or
NFATc2/p, and PMA/ionomycin stimulation. The dot blots show side scatter (SSC)/d2EGFP
properties of life gated cells. This experiment is representative for three independent
experiments, which are compiled in Table 2.
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Fig. 4.

1.4 %

ECR1 transactivation mediated by p65 or NFATc2/p in primary human T-lymphocytes.
CD4* CD25~ T-lymphocytes were electroporated with 2 ug ECR1_525 pd2EGFP reporter in
combination with 2 ug cDNA expressing the indicated molecules and 1 g pDsRed
expression vector. After electroporation, the cells were rested over night in RPMI 1640
medium without FCS. The next day the samples were divided, cultured in IL-2 (30 U/ml)
and 10% FCS conditioned RPMI 1640 medium, and stimulated with or without 10 ng/ml
PMA and 1 uM ionomycin for 24h. Dot blots show d2EGFP expressing cells among the
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transfected cells, which were identified and gated by DsRed expression. This experiment is
representative for two independent ones.
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1uM Curcumin
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119.1% | 1.4%

APC-A

Curcumin inhibits endogenous Foxp3 expression in primary human T cells. PBMCs were
isolated from human blood and stimulated with IL-2 (50 U/ml), CD3 (5 pg/ml OKT3 plate-
bound), CD28 (0.5 pg/ml LEU28 soluble), TGF-B (5 ng/ml) and treated with indicated
amounts of curcumin. After 48 h of culture, we analyzed Foxp3 and CD25 expression by

flow cytometry.
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Fig. 6.

Fogxp3 and SP3 but not SP1 repress p65-mediated ECR1_525 reporter activity. (A) Transient
co-transfection of HEK 293 cells with 1 ug ECR1_525 luciferase reporter plasmid plus 1 ug
p65 and increasing concentrations of SP1, SP3 or Foxp3 cDNAs. Luciferase activity was
measured after 24 h. Bars represent triplicates; standard deviations are indicated. (B) Jurkat
T cells were electroporated with 1 ug ECR1 525 pd2EGFP reporter and 1 ug pDsRed
expression vector alone or in combination with 1 pg of the indicated transcription factor
cDNAs. After electroporation the samples were cultured for 24 h in the presence or absence
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of 1 pug/ml platebound CD3 antibody OKT3. Bar graph shows the percentage of d2EGFP
expressing cells among the transfected cells, which were identified and gated by DsRed
expression. Bars represent triplicates; standard deviations are indicated.
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Transactivation of ECR1_525 by different transcription factors.

Page 24

Transcription factor

A. Fold activation of luciferasereporter in HEK 293 cells

B. Percentage of d2EGFP expressing Jurkat T cells

Unstimulated PMA/iono

/ 1.1+0.2 11 2

AML1a 1+0.2 1 2.7
AML1b 2803 1.2 1.9
EAPP 1.7+0.1 1 25
E2F1 0.3+0.1 1.4 18
E2F4 2504 0.9 2.2
EGR1 2105 1.4 2.7
Elk1 43+0.1 0.7 15
Foxp3 16+0.2 0.6 2

GATA1l 47+04 1.4 4.5
NFATcla 1+0.2 18 51
NFATc2/p 14+04 1.2 3.1
PU.1 2703 25 3

p65 24.4+39 35 10.9
cRel 16+0.1 13 2.1
STAT1 06+0.1 15 2.1
STAT5a 12+04 2.3 4.1
SP1 1.3+0 18 2.3
SP3 14+04 3 15

(A) HEK 293 cells were transiently co-transfected with 1 pg ECR1_525 luciferase reporter plasmid alone or in combination with 2 pug of expression
vectors encoding the indicated transcription factors. Luciferase expression was measured after 24 h. The data are the mean value + SD of three
independent experiments. (B) Jurkat T cells were electroporated using 2 ug ECR1_525 d2EGFP reporter plasmid in combination with 1 ug of either
one of the indicated transcription factor cONA or as control empty pClneoHA vector. Samples were divided and treated for 22 h with or without

PMA/ionomycin. Prior to flow cytometry measurement, the cells were treated with 1 pg/ml 7-AAD to distinguish dead cells from the living

population.
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Activation dependent transactivation of ECR1-525in Jurkat T cells.

Table 2

Treatment ECR1_525+control ECR1_525+p65 ECR1_525+NFATc2/p
Medium 1% (0.2) 1.2% (+1.1) 0.7% (+0.5)

PMA 1.5% (+0.6) 13.4% (£3.1) 1.5% (+0.5)

lono 0.6% (+0.2) 0.3% (+1.1) 1.3% (+1.8)

PHA 1.3% (+1.1) 4.4% (£2.7) 1% (1.0)

cD3 0.8% (+0.5) 5.9% (+1.4) 0.6% (+0.4)

cD28 0.8% (+0.4) 2.1% (+1.5) 0.7% (0.7)

PMA/iono  2.5% (+1.5) 20.7% (+2.6) 2.3% (+1.0)
PMA/PHA  2.7% (+0.6) 14.5% (+3.6) 2.5% (+1.1)
CD3/CD28  1.2% (+0.4) 6.3% (+1.6) 0.7% (+0.1)

Page 25

Jurkat T cells were electroporated using 2 pg ECR1_525 in combination with 1 pg of either p65 cDNA, NFATc2/p cDNA or as a control empty
pClneoHA vector. After electroporation, cells were divided and treated for 22 h with the indicated stimuli. Prior to flow cytometry measurement,
the cells were stained with 1 pg/ml 7-AAD to distinguish dead cells from the living population. The table summarizes the percentages of d2EGFP
expressing cells and the respective SD of three independent experiments.
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