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ABSTRACT HMG I(Y) proteins bind to double-stranded
A+T oligonucleotides longer than three base pairs. Such
motifs form part of numerous NF-AT-binding sites of lym-
phokine promoters, including the interleukin 4 (IL-4) pro-
moter. NF-AT factors share short homologous peptide se-
quences in their DNA-binding domain with NF-«B factors and
bind to certain NF-kB sites. It has been shown that HMG I(Y)
proteins enhance NF-kB binding to the interferon 8 promoter
and virus-mediated interferon $ promoter induction. We show
that HMG I(Y) proteins exert an opposite effect on the DNA
binding of NF-AT factors and the induction of the IL-4
promoter in T lymphocytes. Introduction of mutations into a
high-affinity HMG I(Y)-binding site of the IL-4 promoter,
which decreased HMG I(Y)-binding to a NF-AT-binding se-
quence, the Pu-bg (or P) site, distinctly increased the induc-
tion of the IL-4 promoter in Jurkat T leukemia cells. High
concentrations of HMG I(Y) proteins are able to displace
NF-ATp from its binding to the Pu-bg site. High HMG I(Y)
concentrations are typical for Jurkat cells and peripheral
blood T lymphocytes, whereas El4 T lymphoma cells and
certain T helper type 2 cell clones contain relatively low HMG
I(Y) concentrations. Our results indicate that HMG I(Y)
proteins do not cooperate, but instead compete with NF-AT
factors for the binding to DNA even though NF-AT factors
share some DNA-binding properties with NF-kB factors. This
competition between HMG I(Y) and NF-AT proteins for DNA
binding might be due to common contacts with minor groove
nucleotides of DNA and may be one mechanism contributing
to the selective IL-4 expression in certain T lymphocyte
populations, such as T helper type 2 cells.

Numerous, if not all, lymphokine genes are strongly expressed
after stimulation of T lymphocytes by signals that lead to T-cell
activation and proliferation. The prototype of a lymphokine
promoter, which is rapidly induced during T-cell activation, is
the interleukin 2 (IL-2) promoter/enhancer (see ref. 1 for
review). A further lymphokine promoter whose induction is
similar, but not identical, to the IL-2 promoter is the inter-
leukin 4 (IL-4) promoter. A number of signals that lead to the
induction of the IL-2 promoter in T lymphoma cells, such as
phorbol esters, Ca?* ionophores, and lectins, also induce the
IL-4 promoter, whereas low doses of the immunosuppressants
cyclosporin A (CsA) and FK506, which prevent T-cell activa-
tion, suppress the induction of both the IL-2 and IL-4 pro-
moters. Therefore, several transcription factors, which were
found to induce the IL-2 promoter in T cells, also contribute
to the induction of the IL-4 promoter in these cells (2-6).
One prominent class of transcription factors that control
both the induction of IL-2 and IL-4 promoters in T lympho-
cytes are the NF-AT factors. There are two high-affinity-
binding sites within the murine and human IL-2 and four (or
five) NF-AT-binding sites within the murine and human IL-4
promoters (see ref. 7 for review). Mutations within the NF-
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AT-binding sites of the murine IL-4 promoter, which suppress
NF-AT binding, had a deleterious effect on promoter induction
(2, 3). One NF-AT-binding site, the mutation of which led to a
drastic decrease of the IL-4 promoter activity, is the so-called
Pu-bg site (2) [also designated as the “P site” (8, 9); upstream
promoter site, IL-4 UPS (10); activation responsive element,
ARE (5); and CS1 element (11) in other studies]. This is a
composite factor-binding site, which was found to span about 35
nt in DNase I footprint experiments (2). In addition to NF-AT,
several other factors such as AP-1, octamer, NF-«B, and C/EBP
were described to bind to this site (2, 5, 8, 10, 12, 13). Due to a
continuous stretch of 12 A+T nt, this site also provides a
high-affinity-binding site for HMG I(Y) proteins.

HMG I(Y) proteins are abundant chromosomal proteins of
low molecular weight, which were found to bind to the DNA
minor groove of A+T stretches longer than 3 bp (14, 15). HMG
I(Y) proteins are unable to stimulate (or inhibit) promoter
activities on their own but they are able to interact with other
DNA-binding proteins to modify promoter activities (16-19).
This has been studied in greatest detail for the virus-mediated
induction of the human interferon B (IFN-B) promoter, where
HMG I(Y) proteins bind to several sites of the promoter, interact
with NF-«B and ATF-2 factors, and thereby enhance the viral
induction of the IFN-B promoter (16, 17, 20).

In an earlier report on the activity of the murine IL-4
promoter in T cells, we reported that HMG I(Y) exerts a
suppressive effect on IL-4 promoter induction (2). However, it
remained to be shown how this suppression by HMG I(Y) occurs.
We show here that HMG I(Y) interferes with the binding of
NF-AT factors to Pu-bg, a high-affinity NF-AT-binding site of the
IL-4 promoter. The interference between HMG I(Y) and NF-AT
factors seems to be one molecular mechanism for the selective
activity of the IL-4 promoter in certain T lymphocyte subsets,
such as in T helper type 2 (Th2) cells.

MATERIALS AND METHODS

Cell Culture, DNA Transfection, and Luciferase Assays. Hu-
man Jurkat T leukemic cells and murine El4 T lymphoma cells
were grown in RPMI medium, and HeLa cells were grown in
DMEM medium containing 5% fetal calf serum. Usually, 4 X 107
T cells were transfected with 20 ug of DNA using the DEAE
dextran transfection protocol. HeLa cells were transfected using
the calcium phosphate protocol. The cells were cultured for 20 h
after transfection and then divided. One portion of the cells was
left as an uninduced control, one portion was induced by 10 ng
phorbol 12-O-tetradecanoylphorbol-13-acetate (TPA) per ml
and 0.5 uM ionomycin and one portion by TPA + ionomycin and
CsA (100 ng/ml). Transfection experiments were repeated at
least three times and standard deviations calculated as shown in
the figures.

Abbreviations: IL-2, interleukin 2; IL-4, interleukin 4; CsA, cyclo-
sporin A; Th2, T helper type 2; IFN-B, interferon B3; TPA, 12-O-
tetradecanoylphorbol-13-acetate; tk, thymidine kinase; GST, glutathi-
one S-transferase; EMSA, electrophoretic mobility shift assay.
*S.K.-H. and G.S. contributed equally to this work.
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DNA Cloning. The construction of numerous IL-4 promoter/
chloramphenicol acetyltransferase (CAT) plasmids has been
described (2). In all thymidine kinase (tk)-CAT constructs, the
CAT reporter gene was removed by Bg/Il/Kpnl digestion and
replaced by the BamHI/Kpnl fragment from the luciferase vector
ptkLuc containing the luciferase gene of plasmid pXPL (22).
Trimers of the Pu-bg M site (see below, but with two Sall sites)
were introduced into the Sall site in front of the tk promoter, the
two distal copies in the direction of transcription, the proximal
copy in the opposite orientation. Trimers of the Pu-bgnm site
were cloned between the Sall/BamHI sites, the most proximal
and distal copies in the direction of transcription, the second copy
in the opposite direction.

HMG I(Y) site mutations were introduced into the wild-type
IL-4 promoter (construct IL4-270; ref. 2) and the promoter
containing HMG I(Y) site mutations within Box II (2), using an
oligonucleotide-directed mutagenesis system (Amersham) and a
Pu-bg.pwvi primer similar to the oligonucleotide shown below.
The pRSV-NF-ATc expression vector contains the complete
cDNA of NF-ATc (23) and 195 additional 5’ untranslated mRNA
nucleotides, which were cloned from a human B-cell cDNA
library (S.C., unpublished work). The structure of the HMG I(Y)
expression vector has been described (2).

Preparation of Bacterially Expressed Glutathione S-
Transferase (GST) Proteins. The GST-NF-ATp vector was
constructed by the insertion of the Nael/Smal fragment of
murine NF-ATp cDNA containing the Rel-like DNA-binding
domain (24) into the GST vector pGEX-2 (25). Chimeric GST
proteins were prepared as described (10).

Preparation of Nuclear Protein Extracts and DNA/Protein-
Binding Studies. Nuclear proteins from Jurkat cells, El4 cells, and

FiG. 1. The Pu-bg (P site) of the murine IL-4 A
promoter is a strong HMG I(Y)-binding site. (4)
Scheme of the murine IL-4 promoter. The factor 45
binding sites were determined in DNase I foot-
print protection experiments (2) and are shown
as solid boxes. The binding of C/EBP factors to
Pu-bp has been demonstrated for the human
IL-4 promoter (6, 27). Due to sequence homol-
ogies with the Pu-bg, the Pu boxes C and D B
should harbor weak AP-1 and octamer sites, °

Cells M

although this has not been demonstrated so far
(2, 12). The sequence of Pu-bg is shown below

C/EBPp
Oct-1,2
AP-1NF-AT HMG 1 SP-1
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human peripheral T lymphocytes were prepared (26) and used in
electrophoretic mobility shift assays (EMSAs) as described pre-
viously (2). For the detection of HMG I(Y) binding, the EMSAs
were carried out in the presence of 200 ng of sonicated herring
sperm DNA per assay or, in a few cases (Fig. 1B, lanes 9-12),
poly(dG-dC) instead of poly(dI-dC) as nonspecific inhibitor. In
“supershift” EMSAs, 1 ul of a-NF-ATp (raised against peptide
67.1) (24) or a-HMG I(Y) (16) was added after the addition of
nuclear proteins.

The following chemically synthesized oligonucleotides were
used in EMSAs as probes or for competition:

Pu-bg: (—92)tcgaCAATCTGGTGTAATAAAATTTTCCAATGTAAACTCAg (—57)
GTTAGACCACATTATTTTAAAAGGTTACATTTGAGTcctag
Pu-bpnm:  (—92)tcgaCAATCTGGTGTAATAAAATTTTAAAATGTAAACTCAg (—57)
GTTAGACCACATTATTTTAAAATTTTACATTTGAGTCctag
Pubpom: (—92)tcgaCAATCTGGTGTAATAAAATTTTCCAATGTGGACTCAg (—57)
GTTAGACCACATTATTTTAAAAGGTTACACCTGAGTcctag
Pu-bp.ami:  (—92)tcgaCAATCTGGTGTAATCAAATTTTCCAATGTAAACTCAg (—57)
GTTAGACCACATTAGTTTAAAAGGTTACATTTGAGTcaget
Pu-bp.um2:  (—92)tcgaCAATCTGGTGTAATCAAACTTTCCAATGTAAACTCAg (—57)
GTTAGACCACATTAGTTTGAAAGGTTACACCTGAGTcagcet
Pu-bpyms: (—92)tcgaCAATCTGGTGTCATCAAACTTTCCAATGTAAACTCAg (—57)
GTTAGACCACAGTAGTTTGAAAGGTTACACCTGAGTcaget
Pu-bp Homs3: (—92)tcgaCAATCTGGTGTCATCAAACTTTCCAATGTGGACTCAg (—57)
GTTAGACCACAGTAGTTTGAAAGGTTACACCTGAGTcaget
BoxII(—225)tcgaCACTTTGTAGATTTAAAAAAAAAAGGGGGGGGGAGGGGTGTTTCg (—182)
GTGAAACATCTAAATTTTTTTTTTCCCCCCCCCTCCCCACAAAGcctag
BoxIIy (—225)tcgaCACTTTGTAGATTTCAACAACAAAGGGGGGGGGG (—194)
GTGAAACATCTAAAGTTGTTGAAACCCCCCCCCCctag
Oct consensus site: ctagaGCAGAAATGCAAATTATACCCG
CGTCTTTACGTTTAATATGGGCttcga

HMG |
Oct-1,2 Oct-1,2
NF-AT AP-1 NF-Y AP-1NF-AT NF-AT 1

Box |

Pu-bg Puby TATA
-~ ~
- ~

= ~
CAATCTGGTGTAATAAAATTITCCAATGTAAACTCA

the promoter scheme. The “core” of NF-AT Jurkat — PBL-T—
recognition sequence is indicated, and the HMG ::'“ -T1 -T — T/ —
I(Y) site is shown in boldface letters. (B) De- Smp: ) m"‘:"m'

tection of HMG I(Y) binding to the Pu-bg in Abs. -H HPr - NNN
EMSAs. Four microgram nuclear proteins from +p +np

El4 T lymphoma cells (lane 1), peripheral human
CD4* T lymphocytes (lane 2), Jurkat T leukemic
cells (lanes 3-18), and peripheral human T lym-
phocytes (lanes 19-22) were incubated with a
radioactively labeled Pu-bg probe in the pres-
ence of 200 ng herring sperm DNA (lanes 1-8
and 13-15), 2 ug poly(dG-dC) (lanes 9-12), and
700 ng (lanes 16-18) or 2 ug poly(dI-dC) (lanes
19-22) as nonspecific competitors. In lanes 14 NS
and 17, nuclear proteins were isolated from T
cells treated by TPA for 3 h (T), in lanes 15 and
18 by ionomycin for 3 h (I), and in lanes 19-22
by TPA and ionomycin for 10 h. In all the other
lanes, nuclear proteins from uninduced cells
were used. For specific competition (lanes 4-7),
50 ng of DNA of Pu-bg, Box II, mutated Box II,
or an octamer consenus site were added as
indicated. In lanes 10-12, 0.5 pl or 1 ul of a
HMG I(Y)-specific antibody (H) (16) or 1 ul of
pre-immune serum (Pr.) was added to the EM- FP
SAs for the detection of specific HMG I(Y)
binding. In lanes 20-22, 1 ul of an antibody
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raised against a NF-ATp peptide (N) (24, 28) was added. In lanes 21 and 22, 50 ng of the immunogenic 67.1 peptide (ref. 28; N+sp) or an unrelated
peptide (N+np) were added. The positions are indicated for the free probe (FP), the HMG I(Y), and NF-AT complexes. NS indicates an unspecific

complex generated with nuclear proteins from Jurkat cells.
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FiG. 2. Binding of NF-ATp to the Pu-bg DNA. (4) KMnO4 T
oxidation (T-Ox.) and G-methylation (G-Meth.) interference assays.
In the T-oxidation assays, the T residues of single-stranded Pu-bg
DNA labeled at their 5’ ends were oxidized by KMnO, treatment,
annnealed with cold complementary Pu-bg DNA, and incubated with
bacterially expressed GST-NF-ATp, followed by a preparative EMSA
as described (10). The free probes (F) and NF-ATp complexes (N)
were electroblotted, isolated, cleaved by piperidine, and fractionated
on a 12% polyacrylamide gel, along with a T-specific sequence reaction
(not shown). In the G-methylation interference assays, labeled Pu-bg
DNAs were methylated by dimethyl sulfate treatment, annealed, and
processed as the oxidized probes. (B) Compilation of contacts of
NF-ATp with the Pu-bg DNA. Strong interactions of NF-ATp are
indicated by solid triangles, weak interactions by open triangles. The
HMG I(Y)-binding motif is shown in boldface letters. The core motifs
for the binding sites of NF-AT, AP-1, and octamer factors are boxed.
The contact points of octamer factors shown as solid and open circles
have been determined in T-oxidation and G-methylation interference
studies (A.H., unpublished data) using bacterially expressed GST-
Oct1-POU and GST-Oct2-POU domain proteins (see ref. 10).

Cu?* /phenanthroline footprint assays, G methylation and
KMnO, T oxidation interference assays were done according
to standard protocols as described (10).
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C.
P-bB WT SCAATCTGGTGTAATAAAATTTTCCAATGTAAACTCA 3

oM SCAATCTGGTGTAATAAAATTTTCCAATGTggACTCA
HMI  5CAATCTGGTGTAATCAAATTTTCCAATGTAAACTCA ¥
HM2  5CAATCTGGTGTAATCAAACTTTCCAATGTAAACTCA Y
HM3  SCAATCTGGTGTcATcAAACTTTCCAATGTAAACTCA ¥
HOM3 SCAATCTGGTGTCATCAAACTTTCCAATGTgQACTCA ¥
NM SCAATCTGGTGTAATAAAATTTTaaAATGTAAACTCA »

Fic. 3. Binding of HMG I(Y) to Pu-bg mutated in the NF-AT,
octamer, and HMG I(Y) motifs. (4) EMSAs. Four micrograms of
nuclear proteins from Jurkat cells were incubated with a Pu-bg
wild-type probe (WT, lane 1) or probes mutated in the octamer motif
(OM, lane 2), the HMG I(Y)-binding site (HM1, HM2, and HM3,
lanes 3-5) or in both the octamer and HMG I(Y) motifs (HOM3, lane
6). The sequence of mutated Pu-bg probes is shown below in C. (B)
EMSA competitions. Nuclear proteins from Jurkat cells were incu-
bated with a Pu-bg wild-type probe in the absence (lanes 1 and 9) or
presence of 50 ng of the Pu-bg wild-type DNA (lane 2) or oligonu-
cleotides containing mutations in the octamer motif (OM, lane 3), the
HMG I(Y) motif (HM1, HM2, and HM3, lanes 4-6), the octamer and
HMG I(Y) motifs (HOM3, lane 7), or the NF-AT motif (NM, lane 8).
(C) Sequences of the mutated Pu-bg oligonucleotides used in the
EMSAs in 4 and B.

RESULTS

Pu-bg, a NF-AT Site from the Murine IL-4 Promoter Is a
Strong HMG I(Y)-Binding Site. The murine IL-4 promoter
contains two A+T stretches longer than 10 bp. In DNase I
footprint protection experiments using protein extracts from El4
T lymphoma cells and P815 mast cells, these long A+T stretches
were found to be part of two large protected DNA regions, the
so-called Box II and the Pu-bg (2), also designated as P site (Fig.
1A). Both sites are composite factor-binding sites. Box II consists
of two types of DNA segments, a G+C-rich half to which
Sp-1-like factors bind with high affinity (S.K.-H., unpublished
results), and an A+T-rich half, which is a binding site for HMG
I(Y) proteins (2). The Pu-bg harbors one of the multiple NF-
AT-binding motifs of the IL-4 promoter (Figs. 1 and 2) and also
several other binding sites for nuclear proteins. One of them is
HMG I(Y). This is shown in Fig. 1B, where nuclear proteins from
El4 T lymphoma cells (lane 1), peripheral human CD4* T
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lymphocytes (lane 2), and human Jurkat T leukemic cells (lanes
3-15) were investigated in EMSAs under conditions allowing the
efficient binding of HMG I(Y) proteins to Pu-bg DNA. The
specificity of HMG I(Y) binding is shown by competition of
HMG I(Y) complex formation with an excess of other HMG
I(Y)-binding sites and an antibody raised against HMG I(Y).
Competition with a 250-fold molar excess of Box II, a strong
HMG I(Y)-binding site, resulted in a significant reduction of
HMG I(Y) complex formation (Fig. 1B, lane 5), whereas the
same molar excess of a mutated Box IIy; oligonucleotide was
unable to compete (lane 6). A very weak competition was
observed with an octamer consensus site, a poor HMG I(Y)-
binding site (lane 7). HMG I(Y), but no other complex formation
was also suppressed by an HMG I(Y)-specific antibody used in
the EMSA incubations (Fig. 1B, lanes 9-12).

The results of the EMSAs shown in Fig. 1B indicate that the
concentrations of HMG I(Y) proteins vary conspicuously
among different T cells. High concentrations of HMG I(Y)
were found in Jurkat T leukemia cells and, in particular, in
human peripheral T lymphocytes, whereas relatively low con-
centrations were found in murine El4 T lymphoma cells.
Moreover, phorbol ester treatment of Jurkat T cells led to a
significant increase of HMG I(Y) binding, similar to that
published previously for human HUT-78 T lymphoma cells
and K562 erythroleukemia cells (29). However, treatment with
the Ca?* ionophore ionomycin alone did not affect HMG I(Y)
binding (Fig. 1B, lanes 13-15) but stimulated strongly the
generation of NF-AT/Pu-bg complexes (lanes 16-18). This is
consistent with the conditions for the induction of NF-AT/
DNA complexes (7). Since in certain T cells, such as Th2 cells,
the IL-4 promoter is efficiently stimulated by ionomycin alone
(4), those differences in the induction conditions for HMG
I(Y) and NF-AT complex formation might be of importance
for the IL-4 promoter induction in these cells.

NF-AT and HMG I(Y) Proteins Overlap and Compete in Their
Binding to the Pu-bg DNA. In activated peripheral human T
lymphocytes, which contain high concentrations of HMG I(Y)
(Fig. 1B, lane 2), NF-ATp appears to be one of the major NF-AT
proteins binding to the Pu-bg. EMSAs with an antibody raised
against a NF-ATp peptide led to the “supershift” of almost all
proteins in NF-AT/Pu-bg complexes (see Fig. 1B, lane 20). The
supershift was abolished by the addition of an excess of the
immunogenic NF-ATp peptide (+sp, lane 21), whereas addition
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of the same excess of an unrelated peptide was without effect on
the supershift (+np, lane 22).

To investigate the binding of NF-ATp to the Pu-bg DNA in
more detail, recombinant NF-ATp protein was used in G-
methylation and T-oxidation interference studies with a Pu-bg
DNA probe. In the methylation interference studies, the two
G residues of positions —69 and —70, and in the oxidation
experiments the T residues of positions —71, —72, —73, and
—74 were found to be contacted by NF-ATp (Fig. 24). Weaker
contacts of NF-ATp were also observed for the T residues —68
and —75 on the opposite DNA strand. These two nucleotides
flank the NF-AT “core” motif GGAAAA (see Fig. 2B). Probably
due to the binding of HMG I(Y) to the minor groove of DNA
(15), we were unable to detect contacts between HMG I(Y)
proteins and Pu-bg DNA in parallel assays.

To determine the binding of HMG I(Y) to Pu-bg DNA we
introduced mutations within the NF-AT, octamer, and puta-
tive HMG I(Y)-binding site of Pu-bg DNA and tested their
protein binding in EMSAs. Substitution of two G residues at
the positions —69 and —70 of Pu-bg by A residues in mutation
NM, which destroy the NF-AT-binding motif and enlarge the
A+T stretch, led to a distinct increase of HMG 1(Y) binding
(Figs. 3B, lane 8 and 54, lanes 3 and 6). The octamer mutation,
OM, did not affect HMG I(Y) binding (Fig. 34, lane 2),
whereas all mutations within the putative HMG I(Y) site had
a deleterious effect on HMG I(Y) binding. Mutation HM1,
which left intact an A+T stretch of 7 bp, had a relatively
moderate reducing effect (see Fig. 34, lane 3, but see also Figs.
3B, lane 4 and 54, lanes 2 and 5), whereas the mutations HM2,
HM3, and HOM3, which contain additional mutations in the
flanking A/T bp of the proposed HMG I(Y) site (and HOM3
in the octamer site) abolished any HMG I(Y) binding. This is
shown directly in Fig. 3 (lanes 4-6) using HM2, HM3, and
HOM3 as probes, or as competitors in EMSAs in which HM2,
HM3, and HOM3 were unable to compete for HMG I(Y)
complex formation (Fig. 3B, lanes 5-7). These results demon-
strate that the nucleotides from position —74 to —81 of Pu-bg
overlapping the NF-AT-binding site correspond to a strong
HMG I(Y)-binding site.

The overlapping binding of NF-AT and HMG I(Y) proteins to
the Pu-bg could have different consequences for factor binding
such as cooperation between the two factors, as has been de-
scribed for NF-kB and HMG I(Y) proteins (20), or in contrast,

FiG. 4. NF-ATp and HMG I(Y) com- A. B.
pete for the binding to Pu-bg DNA. (4) A Probe P-bp P-bB.NM Probe P-bg
Pu-bg probe was incubated with increasing
concentrations of (=10, 20, and 100 ng) R HMG 1Y) HMG I(Y)
bacterially expressed GST-NF-ATp in the A e ~1 ~1
absence (lanes 1-3) or presence (lanes 5-7) NE-ATp NF-ATp ATAD NE-ATp m—)F:ATp w—

of a constant amount of HMG I(Y) puri-
fied from Ehrlich ascites cells [see ref. 2 for
the isolation of HMG I(Y)]. In lane 4,
Pu-bg DNA was incubated with HMG I(Y)
alone. In lanes 8-11, Pu-bg DNA was in-
cubated with a constant amount of HMG
I(Y) in the absence (lane 8) or presence
(lanes 9-11) of increasing concentrations
of (=10, 20, and 100 ng) of GST-NFATc-
TAD B, i.e., a GST-NF-ATc fusion protein
containing the transacting domain B of
NF-ATc (S.C., unpublished work). In lanes
12-15, a constant amount of HMG I(Y)
was incubated in the absence (lane 12) or
presence (lanes 13-15) of increasing con-
centrations of (10, 20, and 100 ng) GST-
NF-ATp with the Pu-bp.nm motif mutated 1213
in the NF-AT-binding site of Pu-bg (see

GST-NF-AT, ‘

HMG I(Y)

.

POl

456 7

GST-NF-ATplf Wi

HMG KY) -
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12345

- =

891011 1213 14 15

Fig. 3C). Note the inhibition of HMG I(Y) binding to Pu-bg by high concentrations of NF-ATp (lanes 6 and 7). No competition of HMG I(Y)
binding by NF-ATp was observed to a Pu-bg.xm motif (lanes 12-15) to which NF-ATp is unable to bind. Likewise, an NF-AT protein lacking the
DNA-binding domain was unable to displace HMG I(Y) from the binding to Pu-bg (lanes 8-11). (B) Increasing concentrations of purified HMG
I(Y) were incubated with a low, constant amount of GST-NF-ATp (lanes 2-5). In lane 1, NF-ATp protein alone was incubated. Note the inhibition

of NF-ATp binding by high concentrations of HMG I(Y) (lane 2).



Immunology: Klein-Hessling et al.

competition between the factors, as we detected for NF-AT and
octamer factors (10). To determine whether NF-ATp and HMG
I(Y) proteins cooperate or compete with each other at the Pu-bg,
recombinant NF-ATp and HMG I(Y) proteins purified from
mammalian cells were titrated in EMSAs. As shown in Fig. 44
(lanes 5-7), high concentrations of GST-NF-ATp protein were
able to suppress the binding of HMG I(Y) to Pu-bg. Vice versa,
high concentrations of HMG I(Y) were also able to suppress the
binding of GST-NF-ATp to Pu-bg DNA (Fig. 4B, lanes 2-5).
Under the same conditions high concentrations of an unrelated
GST fusion protein, ie., GST-NF-ATc-TAD coding for the
transacting domain of NF-ATc, were unable to displace HMG
I(Y) from Pu-bg DNA (Fig. 44, lanes 9-11). Likewise, GST-NF-
ATp protein was unable to displace HMG I(Y) from a site, i.e.,

A. B. Jurkat T cells

Ind. unind. T/ T w0 ] O uninduced
g g o

Probe ¢°‘-¢“q°|<t°*t‘¢‘ z

g

e

3 Pubg B Pu O W Pubg
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Fic. 5. The binding of HMG I(Y) to Pu-bg suppresses transcrip-
tional activity of Pu-bg and of the IL-4 promoter. (4) Interruption of
the continuous A+T stretch of Pu-bg by mutation Pu-bg.-pm1 impairs
the binding of HMG I(Y) to Pu-bg, whereas mutation of the NF-AT-
binding site, Pu-bg.nm, enhances HMG I(Y) but abolishes NF-AT
binding. A wild-type Pu-bg probe (lanes 1 and 4) and Pu-bg probes
bearing mutations within the HMG I(Y) (Pu-bg.am1, lanes 2 and 5) or
NF-AT-binding sites (Pu-bg.nwm, lanes 3 and 6) were incubated with 3
pg nuclear proteins from uninduced Jurkat cells (lanes 1-3) or Jurkat
cells induced by TPA/ionomycin for 3 h (lanes 4-6) in the presence
of 200 ng herring sperm DNA. (B) Trimers of Pu-bp.umi bearing
mutated HMG I(Y)-binding sites show an increased constitutive and
inducible activity in comparison to trimers of wild-type Pu-bg in Jurkat
cells. tk-luciferase constructs carrying trimers of Pu-bg, Pu-bg_pmi, or
Pu-bp.nwM in front of the tk promoter were transfected into Jurkat cells.
Twenty hours later, one-third of the cells were induced by TPA and
ionomycin for 8 h in the absence of CsA, one-third in the presence of
CsA, and one-third were left as uninduced control. (C) Introduction
of HMG I(Y) mutations into the IL-4 promoter enhances the pro-
moter activity. tk-luciferase constructs containing the IL-4 wild-type
promoter (IL-4wr), the promoter bearing a mutated HMG I(Y) site
within Box II (IL-4/BlIIxm), a mutated HMG I(Y) site, HM1 within
Pu-bg (IL-4/Pu-bg.um) or mutations in both sites (IL-4/BII+Pu-
berum) were transfected into Jurkat cells. Twenty hours later, one-half
of the cells were treated with TPA + ionomycin for 8 h, and one-half
were left uninduced. (D) Overexpression of HMG I(Y) in HeLa cells
suppresses NF-ATc-mediated transactivation of a Pu-bg controlled
reporter gene in HeLa cells. A tk-luciferase reporter gene containing
trimers of Pu-bg in front of the tk promoter was cotransfected with
NF-ATc and/or HMG I(Y) expression vectors. Twenty hours later, the
cells were induced by TPA/ionomycin. After an additional 18 h, cells
were harvested, protein extracts prepared, and used for luciferase assays.
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Pu-bg.nm, to which NF-AT was unable to bind (Fig. 44, lanes
13-15). These results demonstrate that HMG I(Y) and NF-AT do
not cooperate but compete in their binding to the Pu-bg of the
IL-4 promoter.

Inhibition of HMG I(Y) Binding to the Pu-bg Enhances the
Activity of the IL-4 Promoter in T Cells. To determine whether
the binding of HMG I(Y) to the Pu-bg has any effect on the
induction of the IL-4 promoter, we investigated the effect of
mutations within the HMG I(Y)-binding site on the Pu-bg activity
in T cells. In a first set of experiments, trimers of “wild-type”
Pu-bg, or trimers of Pu-bg containing mutations within the HMG
I(Y) or NF-AT motifs, were inserted in front of a tk-luciferase
reporter gene and transfected into Jurkat cells. The mutations
HM1 and NM either reduced the binding of HMG I(Y) (Fig. 54,
lanes 2 and 5) or NF-AT (lane 6) to Pu-bg. As shown in Fig. 5B,
suppression of HMG I(Y) binding to the Pu-bg had an enhancing
effect on both the constitutive and inducible activity of the
reporter gene. In contrast, suppression of NF-AT binding re-
sulted in a distinct decrease of reporter gene activity. Since the
increase of the inducible activity of 3xPu-bg.gm construct could
be inhibited by CsA, one may conclude that the increase in the
Pu-bg activity may be mediated by NF-AT, the activity of which
is inhibited by low doses of CsA (7).

A similar positive effect on the reporter gene activity was also
observed when mutations were introduced into the HMG I(Y)-
binding sites in the context of the entire IL-4 promoter. Mutation
HM1 resulted in a 3-fold increase of IL-4 promoter activity in
Jurkat cells, whereas double mutations within the Pu-bg as well as
Box II resulted in a 7-fold increase of inducible promoter activity
(Fig. 5C). These data support our earlier conclusion that HMG
I(Y) proteins exert a negative effect on the IL-4 promoter (2).

To test the mutual functional interference between HMG
I(Y) and NF-AT proteins in another system, we cotransfected
HMG I(Y) and NF-ATc expression vectors, along with a
3xPu-bg controlled reporter gene into HeLa cells, which do not
express NF-AT factors (30). NF-ATc is a strong transactivator
and its DNA-binding properties are similar if not identical to
NF-ATp (31). Overexpression of NF-ATc in HeLa cells led to
a 6-fold increase of constitutive and a 9-fold increase of
inducible Pu-bg activity. Coexpression of HMG I(Y) in the
same cells resulted in a distinct decrease in NF-ATc-mediated
Pu-bg activity (Fig. 5D). Again, these results indicate a func-
tional interference between HMG I(Y) and NF-AT proteins in
the control of IL-4 promoter activity.

DISCUSSION

The results of this study show that HMG I(Y) and NF-AT factors
compete for binding to the NF-AT Pu-bg site of the murine IL-4
promoter. The results also indicate that the competition between
these types of factors for DNA binding plays an important role in
the IL-4 promoter induction upon T-cell activation. In peripheral
T lymphocytes and Jurkat T cells, which contain high HMG I(Y)
concentrations, the IL-4 promoter might be more strictly con-
trolled than in T cells with lower HMG I(Y) concentrations, such
asin El4 cells (see Fig. 1B). Similar low HMG I(Y) concentrations
were also found in the TH2 cell lines D10 and ATOP (S.K.-H.,
unpublished work).

The interference between HMG I(Y) and NF-AT factors is
in striking contrast to the synergistic binding of HMG I(Y) and
NF-«B to the kB site of the IFN-B promoter, which enhances
the viral induction of this promoter (16, 20). In addition to the
reported direct protein—protein interactions between the
HMG I(Y) and NF-«B proteins, the synergistic binding of
NF-«kB and HMG I(Y) to the IFN-B promoter might also be
facilitated by the binding of NF-«kB to the major groove and
HMG I(Y) to the minor groove of DNA (16). In contrast to
NF-«B factors, which share several properties with NF-AT
factors, NF-AT also contacts several nucleotides via the minor
groove of DNA. Several lines of evidence indicate that NF-
ATp contacts some of the GGAAAA base pairs of its core
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recognition sequence in the minor DNA groove (ref. 21; G.
Verdine, personal communication), which overlaps with the
HMG I(Y)-binding site of Pu-bg. It has been shown that a minor
groove binding agent is able to displace NF-AT but not other
factors, including NF-«B, from their binding sequence (32).

Numerous, if not all, lymphokine promoters are controlled
by multiple NF-AT-binding sites. Among the four NF-AT sites
of the murine IL-4 promoter that we detected in DNase I
footprint protection studies (2), similar to Pu-bg, the Pu-bc
spans a long stretch of eight A+T base pairs and might also be
controlled by HMG I(Y) proteins. The NF-AT/HMG I(Y) site
of Pu-bc is also bound by STAT6, an IL-4 induced transcription
factor implicated in the development of Th2 cells (33).

However, the interference between HMG I(Y) and NF-AT
factors does not seem to be the only mechanism by which HMG
I(Y) proteins suppress the IL-4 promoter. Introduction of mu-
tations into the HMG I(Y) site of Box I of the IL-4 promoter also
resulted in an increase of IL-4 promoter induction (Fig. 5B),
although the binding of HMG I(Y) to this site does not interfere
with the binding of Sp-1 or similar factors (S.K.-H., unpublished
results). One explanation might be an effect of HMG I(Y)
binding to this site on the architecture of the IL-4 promoter.
Because one HMG I(Y) molecule contains three so-called A+T-
hook-binding motifs (34) it is possible that HMG I(Y) proteins
bind simultaneously to two (and three) promoter sites, thereby
altering the promoter structure. Long contiguous A+T stretches
are also part of the murine IL-5 promoter (35) and could be of
similar functional relevance.

The IL-4 promoter is not the only promoter that is suppressed
by HMG I(Y) proteins in lymphoid cells. In a recent report, a
negative effect of HMG I(Y) on the Ig heavy chain ¢ germ-line
RNA promoter has been described, which seems to be mediated
by the binding of HMG I(Y) to a binding site for NF-BRE, a
STAT-like factor induced by IL-4 (36).

The interference between HMG I(Y) and NF-AT factors in
the control of the IL-4 promoter might have implications for
the different expression of lymphokines in certain T lympho-
cyte subsets, in particular in Th2 cells that express IL-4 and
IL-5 but not IL-2 and IFN-+y (37). For Jurkat cells we observed
a distinct increase of DNA binding for HMG I(Y) after TPA
but not ionomycin treatment, whereas the opposite was found
for NF-AT. NF-AT binding was strongly enhanced by iono-
mycin but not TPA treatment (Fig. 1B). It has been reported
for several T-cell lines that ionomycin alone is sufficient to
induce the IL-4 promoter but not the IL-2 promoter, which
needs both TPA and ionomycin for induction (4, 9, 38). Such
a situation seems to be typical for Th2 cells in which the
predominant increase of free cellular Ca?* might lead to a
preferential induction of the IL-4 but not IL-2 promoter. In
Jurkat cells, TPA treatment even lowered the induction of the
human IL-4 promoter, compared with the promoter induction by
ionomycin alone. This suppression was attributed to the binding
of RelA/NF-«B to the Pu-bg of the human IL-4 promoter (13),
which differs in 1 bp from the murine Pu-bg. Thus, the equilib-
rium between HMG I(Y), NF-kb, and other transcription factors
induced by TPA-activated protein kinase cascades and NF-AT
factors (including c-Maf interacting with NF-AT; ref. 39) induced
by enhanced Ca®" levels might be important for the selective
expression of lymphokines in Thl and Th2 cells.
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