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ABSTRACT

The transcription repressor Bach2 has been proposed as a regulator of T cell quiescence, but
the underlying mechanism is not fully understood. Given the importance of interleukin-2in T
cell activation, we investigated whether Bach2 is a component of the network of factors that
regulates interleukin-2 expression. In primary and transformed CD4" T cells, Bach2
overexpression counteracted T cell receptor/CD28- or PMA/ionomycin-driven induction of
interleukin-2 expression, and silencing of Bach2 had the opposite effect. Luciferase and
chromatin immunoprecipitation assays revealed that Bach2 binds to multiple Maf-recognition
element-like sites on the interleukin-2 proximal promoter in a manner competitive with AP-1,
and thereby represses AP-1-driven induction of interleukin-2 transcription. Thus, this study
demonstrates that Bach2 is a direct repressor of the interleukin-2 genein CD4" T cells during
the immediate early phase of AP-driven activation, thereby playing an important role in the

mai ntenance of immune quiescence in the steady state.



INTRODUCTION

Interleukin-2 (IL-2) is produced by CD4" T cellsimmediately after activation through the
T cell receptor (TCR)/CD28, and it plays diverse roles in the immune response. In addition to
its well-known activity as a T cell growth factor, it has broad crucia roles in not only
stimulating but also limiting immune reactions (1-3), so that production of IL-2 needs to be
tightly regulated. Studies have indicated that IL-2 production is both positively and
negatively regulated at the transcriptional level. The regulatory network for IL-2 gene
transcription is known to include positive regulators, such as NFAT, AP-1, NF-kB, and Oct-1,
and negative regulators, such as TCF-8, Satbl, Blimp-1, and Aiolos (4-7).

Bach2 is a transcriptional repressor containing a basic-region leucine zipper domain (8).
It forms heterodimers with small Maf proteins, and these dimers bind to Maf-recognition
elements (MARES) on target genes. Bach2 was initially characterized as a B cell-specific
factor critical to somatic hypermutation and class-switch recombination of 1g-encoding genes
during plasma cell differentiation (9, 10). However, Bach2 has recently been shown to
participate in T cell-mediated immune responses in a cell-intrinsic manner (11-13). Bach2
represses the genes associated with the differentiation of effector cells and effector memory
cells, including Blimp-1 and Gata3 (11-13), enabling T cells to maintain a quiescent state.
Although these findings establish Bach2 as a key regulator of T cell-mediated immune
homeostasis, it remains to be determined whether Bach2 is a component of the network of
factorsthat regulates IL-2 expression in conventional T cells.

In the current study, we investigated whether Bach2 regulates expression of the IL-2
gene. Our results reveal that Bach2 binds to MARE-like sites in the IL-2 proximal promoter
in competition with AP-1, and thereby represses the AP-1-driven induction of IL-2 gene
transcription in CD4" T cells. Thus, we identify a novel component for the regulatory

network of I1L-2 expression, and describe a mechanism by which naive CD4" T cells maintain



guiescence in the steady state.

RESULTSAND DISCUSSION
IL-2 variesinversely with Bach2 in transformed CD4" T cells

Given that the T cell receptor (TCR)-driven downregulation of Bach2 coincides with
enhanced induction of IL-2 expression in mouse CD4" T cells (data not shown), we
investigated whether Bach2 participates in the regulation of 1L-2 expression using a human
transformed Jurkat T cell line. The cells were transfected with Bach2-expressing vector
(MigR1-Bach2) and were assayed to confirm enhanced expression of Bach2 (Fig. 1A). The
cells transfected with MigR1-Bach2 and stimulated with PMA/ionomycin for 16 hours
produced significantly reduced amounts of IL-2 mRNA than those transfected with empty
vector (Fig. 1B). Consistent with this, in intracellular FACS analysis gated on only GFP*
transfected cells, fewer Bach2-transfected cells became IL-2-producing cells at 6 and 24
hours after stimulation than empty vector-transfected (control) cells (Fig. 1C and D). The
media collected from the culture of Bach2-transfected cells contained a reduced amount of
IL-2 than media collected from vehicle-transfected cells (Fig. 1E). These data demonstrate
that Bach2 counteracts the PMA/ionomycin-mediated induction of IL-2 gene expression at
the transcriptional and/or post-transcriptional levels.

Bach2 involvement in the regulation of 1L-2 expression was further investigated in Jurkat
T cells by silencing endogenous Bach2 expression. Jurkat T cells were transfected with
Bach2-specific or control SSIRNA and then stimulated to induce IL-2 expression. The Jurkat T
cells expressed a substantial amount of endogenous Bach2 protein, and Bach2-specific
SIRNA reduced the expression of Bach2 protein (Fig. 1F). Silencing of Bach2 resulted in
increased IL-2 production, as judged by measuring IL-2 mMRNA and secreted proteins and

percentages of IL-2-producing cells (Fig. 1G-J). This result supports our hypothesis that



Bach2 regulates |L-2 expression at the transcriptiona and/or post-transcriptional level.

Bach2 repressestranscription of IL-2 in Jurkat T cells by binding to thelL-2 promoter

To test the hypothesis that Bach2 binds to the IL-2 promoter and represses transcription
rather than regulating IL-2 at the post-transcriptional level (e.g., by affecting mRNA stability),
we first conducted transient transfection and reporter assays using the reporter vector —601
IL2—Luc constructs, comprising 601 bp of the murine IL-2 promoter upstream of the
trandation start site. Jurkat T cells were transfected with the reporter vector together with
MigR1-Bach2 or empty vector, and cultured in the presence or absence of PMA/ionomycin.
In the absence of stimulation, luciferase expression driven by the IL-2 proximal promoter was
very low and there was no significant difference between cells transfected with MigR1-
Bach2 or the vehicle (Fig. 2A). Activation with PMA/ionomycin, however, strongly induced
the expression of luciferase, which was dramatically reduced by Bach2 overexpression,
indicating that Bach2 inhibits the activation of the IL-2 proximal promoter. We obtained
similar results when we replaced the —601 IL2—Luc construct with the —2000 IL2—Luc
construct, comprising 2000 bp of the human IL-2 promoter upstream of the translation start
site (Fig. 2B). This suggests that murine Bach2 can also exert effects on the human IL-2
promoter, and that Bach2 binding sites are present within 601 bp upstream of the IL-2
translation start site.

With the help of previous investigations (14-16) and in silico analysis, we identified five
MARE-like sequences as putative Bach2-binding sites, at —368, —322, —160, —37 and —30 bp
upstream of the human IL-2 trandation start site (Fig. 2C). These sequences have
approximately 55-67% nucleotide sequence homology with the canonical sequences of
MARE (TGA(C/G)TCAGC). To investigate whether Bach2 binds to the IL-2 proximal

promoter in the cell, and exactly which MARE-like sites are involved in this association, we



transfected Jurkat T cells with Flag-tagged Bach2-expressing vector or empty vector, cultured
the cels with or without PMA/ionomycin, and then conducted chromatin
immunoprecipitation (ChlP) assays. Immunoprecipitation of the cross-linked chromatin with
anti-Flag antibody (Ab), but not with 1gG, significantly enriched the genome regions located
between —408 and —303 (referred to as Sitel) and between —250 and —149 (referred to as
Site?) upstream from the IL-2 trandation start site in stimulated cells (Fig. 2D). Interestingly,
the genome region containing —37 and —30 MARE-like sequences (referred to as Site3) was
not enriched. This result suggests that Bach2 binds to —368/—322 and —160 MARE-like sites,
but not —37/-30 MARE-like sites.

To confirm the binding of Bach2 to —368/—322 and —160 MARE-like sites, but not —37/—
30 MARE-like sites, we performed reporter assays with multiple mutated IL-2 promoter—
luciferase constructs as depicted in Fig. 2C and E. We found that both luciferase induction by
PMA/ionomycin and suppression by Bach2 were intact when using the mutantl construct
(mutations in =37 and —30 MARE-like sites), but highly impaired when using the mutant2
construct (mutations in —368, —322, and —160 MARE-like sites) (Fig. 2E). This result
suggests that promoter sites, including the MARE-like sequences at —368, —322, and/or —160,
but not at —37/-30, are crucia not only for PMA/ionomycin-mediated induction but also for
Bach2-mediated repression of IL-2 transcription, which is consistent with our results from the
ChIP assay. This result also implies that the repressor Bach2 and activator(s) induced by

PMA/ionomycin share the same binding sites.

Bach2 competes with AP-1 for binding to MARE-like sites of the I L-2 promoter
AP-1 is a critical transcription factor that regulates the IL-2 promoter. Given that the
canonical AP-1 recognition motif (TGA(C/G)TCA) is embedded in MARE (14, 15), we

wanted to know whether there is any functional interference between AP-1 and Bach2 on the



IL-2 proximal promoter. To investigate this, we transfected Jurkat T cells with ¢-Jun- and c-
Fos-expressing vectors and conducted luciferase assays with the —601 IL2—Luc construct.
Luciferase expression was induced without any exogenous stimulation when transfected with
c-Jun- and c-Fos-expressing vectors (Fig. 3A). Importantly, this induction was significantly
downregulated by expression of Bach2. Conversely, the repressive effect of Bach2 on
PMA/ionomycin-induced IL-2 transcription was totally counteracted by AP-1 overexpression
(Fig. 3B). These results demonstrate mutual functional interference between Bach2 and AP-1
on the IL-2 proximal promoter.

Next, we tested whether Bach2 can elicit its activity via the canonical AP-1 recognition
motif. AP-1 overexpression alone was sufficient to induce luciferase expression from the
Apl-Luc construct, and this effect was partialy but significantly reduced by Bach2
overexpression (Fig. 3C). We aso obtained similar results when the cells were stimulated
with PMA/ionomycin (Fig. 3D). These results suggest that the functiona interference
between Bach2 and AP-1 is caused because they share the same binding sites on the IL-2
proximal promoter.

To evauate this hypothesis, we conducted ChlP assays using Jurkat T cells which were
transfected with Bach2-expressing vector alone or together with AP-1-expressing vectors (Fig.
3E). The enrichment of Bach2 to the Sitel and Site2 of the IL-2 promoter was reduced by
AP-1 overexpression, suggesting that Bach2 suppress IL-2 production via competition with

AP-1 for binding to the -368/-322 and -160 MARE-likes sites of IL-2 promoter.

Bach2 regulates IL-2 expression through direct and indirect (Blimp-1-mediated)
pathwaysin primary CD4" T cdlls.
The aforementioned results obtained using Jurkat T cells suggested that Bach2 is a

repressor of the IL-2 gene in CD4" T cells. To evauate whether this is also true in primary



CD4" T cells, CD4" T cells sorted from normal mice were transduced with a retrovirus
carrying the Bach2-overexpressing vector (MigR1-Bach2) and IL-2 production in response
to stimulation with anti-CD3/CD28 monaoclonal Abs (mAbs) was assessed. Bach2-transduced
cells gave rise to a lower percentage of IL-2-producing cells than cells transduced with
vehicleaone (Fig. 4A).

We further evaluated the action of Bach2 on the repression of IL -2 using Bach2-deficient
cells. We found that CD4" T cells from Bach2 knockout (KO) mice produced approximately
3-fold more IL-2 mRNA 6 hours after stimulation than those from wild-type (WT) littermates.
However, IL-2 expression decreased in KO cells between 6 and 24 hours, whereas it was
increased gradualy in WT cells (Fig. 4B). This might be due to other regulators that are
induced when Bach2 is deficient. Because Bach2 has been proven to repress Prdml (which
encodes Blimp-1, a known repressor of I1L-2) (7), we suggest that Blimp-1 might be one such
regulator. In agreement with this hypothesis, the level of Prdm1 mRNA in naive CD4" T cells
from Bach2 KO mice was higher than that from WT mice and gradually increased with time
when stimulated with anti-CD3/CD28 mAbs (Fig. 4C). To evaluate our hypothesis, we
transduced WT and KO CD4" T cells with aretrovirus delivering Prdmil-specific ShRNA and
assessed IL-2 expression. Blimp-1-silencing in Bach2 KO cells resulted in enhanced
expression of IL-2 mRNA at the level equivalent to that of WT cells (Fig. 4D), indicating that
Blimp-1 is overexpressed in Bach2 KO cells during the later phase of activation, and
participates in the regulation of IL-2 expression. Taken together, these results suggest that
Bach2 expressed in primary naive CD4" T cells directly represses IL-2 gene transcription
during the early phase of T cell activation. Although Bach2 is also suggested to have the
potential to drive IL-2 gene transcription by repressing Blimp-1 during later phases of
activation, this is unlikely because of the activation-driven downregulation of Bach2. We did

not detect such an effect of Blimp-1 in Jurkat T cells, as shown in Figures 1G to J,



presumably due to the undetectable level of Blimp-1in Jurkat T cells (data not shown).

We found that Bach2 and AP-1 competed to bind to the same sites in the IL-2 proximal
promoter. This appears to be due to sequence similarity between their binding sites. If that is
the case, repression by Bach2 ought to be observed for other genes with AP-1 binding sitesin
their promoter regions. Indeed, many genes associated with the termina differentiation of
CD8" T cells have AP-1 binding sites and have been found to be repressed by Bach2 (14).

Lesniewski et al’s results obtained from umbilical cord blood CD4" T cells (16) are in
accordance with our description of the association of Bach2 on the IL-2 promoter, but, in
contrast to the current results, Bach2 was found to promote directly IL-2 transcription. This
discrepancy may stem from differences in the types of cells studied, as fetal CD4" T cells
have many features distinct from adult CD4" cells (16). In addition, the authors of the study
focused on the role of Bach2 in the spontaneous production of IL-2 without any stimulus
during a resting state, which is different from the current study, which investigated
TCR/CD28-driven induction of I1L-2 gene expression.

In conclusion, we demonstrate here that Bach2 acts as a direct repressor of IL-2 that
prevents the AP-1-driven induction of IL-2 transcription. Therefore, the current study is
important, asit is the first to identify the competition between Bach2 and AP-1 at the binding
site of the IL-2 gene and it also describes a novel mechanism by which Bach2 contributes to
CD4" T cell quiescence. In addition, given the association of Bach2 polymorphism with
many immune disorders (17-20), the current study may help our understanding of the

pathophysiology of these disorders.

MATERIALSAND METHODS
Mice

Bach2”™ mice and their littermate controls (9) were bred an animal facility a Hanyang



University under specific pathogen-free conditions. The study protocol was approved by the
Institutional Animal Care and Use Committee (IACUC) of Hanyang University. All animal

experiments were carried out in strict accordance with the guidelines and regul ations.

Plasmid constructs

Mouse Bach2 cDNA was reverse-transcribed from RNA isolated from mouse T cells,
amplified by PCR and inserted into pcDNA3-2xFLAG and MigR1 (carrying IRES-GFP
cDNA) vectors. Plasmids carrying c-Jun and c-Fos cDNA were purchased from Korea
Human Gene Bank. The reporter constructs —601 1L2—-Luc and Apl—Luc (comprising copies
of AP-1 recognition motifs) (21) were provided by Dr. Young Dae Yun (Ewha Womans
University, Seoul, Korea). The construct —2000 IL2—-Luc was generated by PCR and cloned
in a pGL4 vector (Promega). Mutated IL-2 promoter—{uciferase constructs (referred to as
Mutantl and Mutant2) were generated by introducing substitution mutations into the
construct —2000 IL2—Luc, as depicted in Fig. 2C and E. pLMPd plasmids carrying DNA
sequences encoding Prdml- or Cd19-specific shRNA (22) were a kind gift from Dr. Youn

So0 Choi (Seoul Nationa University, Seoul, Korea).

Primary mouse cell culture

Spleen cells from mice were prepared as described previously (23). Mouse CD4™ T cells were
purified by negative selection using MACS columns (eBioscience or Stemcell). To purify
naive CD62L"CD44°CD4" T cells, MACS-sorted CD4* T cells were further sorted using
FACSArialll (BD Biosciences). Total or naive CD4" T cells were cultured in the presence of
immobilized 5 pg/ml anti-CD3 mAb (145-2C11; eBioscience) and soluble 1 pg/ml anti-

CD28 mAD (37.51; eBioscience) unless indicated otherwise, followed by further assays.
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Jurkat T cell culture and transfection

One million Jurkat T cells (ATCC) were transfected with 10 pug plasmid DNA or 100 nM
SIRNA by electroporation using NEPA21 Super Electroporator (Nepa Gene). Human Bach2
SiIRNA and negative control SSRNA were purchased from Qiagen. Twenty-four hours after
transfection, whole cells or FACS-sorted GFP" cells were used in further experiments. The
level of Bach2 protein in transfected cells was assessed by standard immunoblotting using

anti-Bach2 Ab (Cell Signaling).

Retroviral transduction
PLAT-E retroviral packaging cells were transfected with MigR1-Bach2 and pCL—eco, and
the supernatants containing retroviruses were collected, as described previously (24). Pre-

activated CD4" T cells were spin-infected with retrovirus supernatants as described (24).

FACS

To induce IL-2 expression, Jurkat T cells were stimulated with 40 ng/ml PMA plus 1 uM
ionomycin (both from Sigma-Aldrich) for either 6 or 24 hours. Mouse CD4™ T cells were
stimulated as described above. Brefeldin-A (BD Biosciences) was added for the last 4 hours
of simulation. Cells were stained with anti-mouse CD4 mAb (RM4-5; eBioscience) and anti-
mouse IL-2 mAb (MQ1-17H12; eBioscience) or anti-human IL-2 mAb (JES6-5H4; BD
Biosciences), and assayed using a FACSCanto |l (BD Biosciences), as described previously

(25).

ELISA
Jurkat T cells transfected with MigR1 or MigR1-Bach2 were stimulated with PMA and

ionomycin for 24 hours. The concentration of human IL-2 in the culture supernatants was

11



determined by ELISA using IL-2 ELISA Ready-SET-Go kit (eBioscience), according to the

manufacturer’s instructions.

Quantitative RT-PCR
Quantitative RT-PCR was conducted as described previously (23). The primer sequences used

were described in Supplementary Table 1.

L uciferase assay

Jurkat T cells were transiently cotransfected with plasmids expressing cDNA and reporter
constructs. Twenty-four hours after transfection, live cells were cultured for 24 hours with or
without PMA/ionomycin, and assayed with a Luciferase Assay System (Promega) according
to the manufacturer’s protocol. Firefly luciferase activity was normalized to either [-
galactosidase activity or Renilla luciferase activity and recorded as relative luciferase units

(RLUS).

Chromatin immunopr ecipitation—quantitative PCR (Chl P-gPCR)
Jurkat cells were assayed by the standard ChiP-qgPCR methods, as described (26). Anti-Flag
(F1804; Sigma-Aldrich), anti-c-Fos (Sc-8047; Santa Cruz) and control 1gG Abs (Sc-2027;

Santa Cruz) were used. The primer sequences used were described in Supplementary Table 1.
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FIGURE LEGENDS

Figurel. IL-2 variesinversely with Bach2

Jurkat T cells were transfected with MigR1, MigR1-Bach2, or Bach2-specific or control (ctl)
SiIRNA and assayed by immunoblotting (A and F). The transfectants were stimulated with
PMA/ionomycin for 16 hours and assayed by gRT-PCR (B and G), for 6 or 24 hours and
assayed by FACS (C, D, H and I). The culture supernatants were collected and assayed by
ELISA (E and J). Representative FACS profiles with the percentage of cells in the indicated
area (C and H) and percentages of IL-2-producing cells (D and I) are shown. All data are
representative of three independent experiments. Nil, no staining. *p<0.05, **p<0.01 and

***n<0.001 by Student’s t-test.

Figure2. Bach2isarepressor of IL-2

(A, B and right panel of E) Jurkat T cells were transfected with MigR1 () or MigR1-Bach2
(+) plasmids, together with reporter constructs, cultured with or without PMA/ionomycin
(P, and analyzed using luciferase assays. (C) The human IL-2 promoter region including
WT and mutated sequences of putative Bach2-binding sites (B.S.) are shown. Conserved
sequences of the canonical MARE are indicated by bold. The numbers indicate bp upstream
of the trandation start site. Arrows indicate the annealing sites of primers for ChlP-gPCR. (D)
Jukat T cels transfected with pcDNA3-2xFLAG-Bach2 were stimulated with
PMA/ionomycin and assayed by ChIP-gPCR. (The left panel of E) Schematic representation
of mutated reporter constructs. All data are representative of three independent experiments.

*p<0.05, **p<0.01 and *** p<0.001 by Student’s t-test. NS, not significant.
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Figure 3. Bach2 competes with AP-1 for binding to the IL-2 proximal promoter

(A to D) Jurkat T cells were transfected with Bach2- and/or AP-1-expressing vectors, along
with reporter constructs, as indicated. The cells were cultured in the presence (B and D) or
absence (A and C) of PMA/ionomycin (P/l) for 24 hours and analyzed using luciferase
assays. (E) Jurkat T cells were transfected with pcDNA3-2xFLA G-Bach2 alone or together
with AP-l-expressing vectors and assayed by ChIP-gPCR methods. The data are

representative of three independent experiments. * p<0.05 and ** p<0.01 by Student’s t-test.

Figure 4. Bach2 regulates | L-2 expression in mouse primary CD4" T cells

(A) CD4" T cells were transduced with retroviruses carrying either empty vector (MigR1) or
MigR1-Bach2, stimulated with anti-CD3 and anti-CD28 mAbs for 24 hours, and assayed by
FACS. Representative FACS profiles gated on GFP' cells and the percentages of IL-2-
producing cells are shown. (B and C) Naive CD4" T cells sorted from WT or Bach2 KO
mice were stimulated for the time indicated and assayed by qRT-PCR to measure the mRNA
levels of IL-2 (B) and Prdm1 (C). (D) CD4" T cells sorted from WT or Bach2 KO mice were
infected with Prdml-specific or control shRNA-containing retrovirus and stimulated for 24
hours. GFP" cells were sorted and assayed by gRT-PCR. All data represent three independent

experiments. *p<0.05, **p<0.01 and *** p<0.001 by Student’s t-test.
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Figure 4

A

O

Relative Prdm1 mRNA level

Stimulation time (h)

MigR1 MigR1-Bach2 & 15 - *
105'_ ST L I & g 12
107 e 10 ] ~Emer > 9
103'_ 90 10° g 6 -
o
10° 10° o 3
S oo , oA N
QO 0 00 10t 10° 0 w0 1wt 10 =|I 0
IL-2 > Migr1 Bach2
2 180 1 g wr N
D
@ 1 -o-KO
< 150
oy 120 -
£
c\l| 90 _ *k
—
© 60 -
2
(4] _
S 30
Y
0 @ T . :
0 6 12 24
Stimulation time (h)
_ x Dctl shRNA
77 owr © 30 7 mPrdm1 shRNA
6 ] m KO (|>)
=925 - *kk *%*
5 - =
N o 20 -
4 - £ .5
N . 7
3 1 A
: o 1.0 -
2 1 2
1 $
@
0 g
0 6 24 WT KO



ARTICLE IN PRESS

Fig. 4



Supplementary Table 1. The primer sequences used for quantitative PCR

Genesor loci | Directions | Sequences
Forward 5-AACTCCTGTCTTGCATTGCAC-3
human IL-2
Backward | 5-GCTCCA GTTGTAGCTGTGTTT-3'
Forward 5-GTGCTCTTGTCAACAGCG-3
mouse IL-2
Backward | 5-GGG GAGTTTCAGGTTCCTGTA-3
Forward 5-TTCTTGTGTGGTATTGTCGGGACTT-3
mouse Prdm1
Backward | 5-TTGGGGACACTCTTTGGGTAGAGTT-3'
. Forward 5-GACGGCCAGGTCATCACTATTG-3
mouse B-actin
Backward | 5-AGGAAGGCTGGAAAAGAGCC-3
_ Forward 5-AGA GCTACGAGCTGCCTGAC-3
human B-actin
Backward | 5-AGCACTGTGTTGGCGTACAG-3
— Forward 5-TTCACATGTTCAGTGTAGTTTTATGACAA-3
e
Backward | 5-CGCCTTCTGTATGAAACAGTTTTTC-3'
— Forward 5-GATTTCACCTACATCCATTCAGTCA-3
t
Backward | 5-ACCTGT CTGAAAAAACATTACCTTCA-3
. Forward 5-TCCCTATCACTCTCTTTAATCACTACTCA-3
t
Backward | 5-CACTGTTTGTGACAAGTGCAAGAC-3
human Forward 5-TGC CATCGCCAAGGAGTAG-3
cyclophilin Backward | 5-TGCACAGACGGTCACTCAAA-3




