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Opposing roles of activator protein-1 and CCAAT/enhancer binding
protein f§ in the regulation of inducible granulysin gene expression

in a human monocytic cell line, THP-1
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Kurume University School of Medicine, Kurume, Fukuoka 830-0011, Japan

SUMMARY

We previously reported that inducible granulysin gene expression in a human monocytic cell line,
THP-1 is dominantly dependent on transcription factor activator protein-1 (AP-1). Here, we further
examined the precise regulatory mechanisms underlying granulysin gene expression using THP-1
cells treated with Acholeplasma laidlawii. Transfection of reporter gene constructs into THP-1 cells
indicated that the presence of a positive regulatory element(s) is located from —329 to —85 base
pairs, containing two distinct AP-1 binding sites and one nuclear factor-kB (NF-kB) binding site.
Deletion or mutation of the NF-kB binding site failed to affect inducible promoter activity, whereas
deletion or mutation of both the AP-1 binding sites abrogated the promoter activity. Interestingly,
deletion of the putative CCAAT/enhancer binding protein § (C/EBPp) binding site upstream of the
positive regulatory element induced the augmentation of granulysin promoter activity. Electro-
phoretic mobility shift assays demonstrated that nuclear extract prepared from A. laidlawii-treated
THP-1 cells generated a specific binding to oligonucleotides, including AP-1, C/EBPf, and NF-xB
element. Furthermore, over-expression of liver-enriched transcriptional activator protein, a subunit
of C/EBPJ, augmented A. laidlawii-induced granulysin promoter activity, whereas over-expression
of liver-enriched transcriptional inhibitory protein inhibited the promoter activity. NF-xB p50
homodimer had no transactivation property, although it bound to the NF-kB site. These results
indicate that AP-1 and C/EBP, but not NF-kB participate in the regulation of inducible granulysin
gene expression in THP-1 cells. Moreover, the Toll-like receptor 2-dependent signalling pathway
may be involved in A. laidlawii-induced transactivation of the granulysin promoter. Thus, these
results suggest that the gene expression of granulysin in macrophages would be exquisitely

regulated by positive and negative transcription factors when microbial invasion occurs.

INTRODUCTION

An antimicrobial protein granulysin is constitutively expressed
in cytotoxic T lymphocytes (CTL) and natural killer (NK)
cells.' CTL are reported to kill intracellular Mycobacterium
tuberculosis by releasing granulysin from cytotoxic granules
into the infected target cells following antigen recognition.* On
the other hand, the role of granulysin in NK cells in host defence
remains to be defined. Granulysin lyses not only a broad range
of microbes, including bacteria, fungi and parasites“ﬁ6 but also a
variety of tumour cell lines by inducing apoptosis.” Accord-
ingly, granulysin appears to play a critical role in the defence
mechanism against bacterial invasion.
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Granulysin is constitutively expressed selectively in CTL
and NK cells as described above, although a low level of
granulysin mRNA was detected in a human T-cell line HuT-
78.2 However, granulysin mRNA in NK cells was not augmen-
ted by stimulation with cytokines such as interleukin-2 (IL-2)
and interferon-o. (IFN-a).'® Similarly, granulysin mRNA in IL-
2-dependent CTL lines is constitutively expressed.' In contrast,
unstimulated human peripheral blood lymphocytes (PBL) show
avery low level of granulysin mRNA, but the level of granulysin
mRNA of PBL cultured in a mixed lymphocyte culture or in the
presence of phytohaemagglutinin is significantly increased.'
Little is known, however, about the regulatory mechanisms
underlying granulysin gene expression at the level of transcrip-
tion factors in both CTL and NK cells.

Recently, an antimicrobial peptide defensin, comparable to
granulysin regarding killing mechanisms against microbes, has
been investigated for the regulatory mechanisms of its expres-
sion. The expression of human a-defensin (human neutrophil
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peptide-1 and -3) gene in a human promyelocytic cell line,
HL-60 is reported to be regulated by a transcription factor
CCAAT/enhancer binding protein o (C/EBPw).'! Subsequently,
the expression of human [-defensin-2 in human epithelial cells
is demonstrated to be controlled by the pathways of mitogen-
activated protein kinase, but not nuclear factor-xB (NF-kB).!2
In contrast, the transcriptional regulation of the human (3-defen-
sin-2 gene using a mouse macrophage cell line, RAW264.7 is
shown to be dependent on NF-kB.'? Thus, the expression of the
defensin gene seems to be regulated by various transcription
factors.

We previously reported that Acholeplasma laidlawii-induced
transactivation of the granulysin promoter in a human mono-
cytic cell line, THP-1, is dominantly dependent on transcription
factor activator protein-1 (AP-1)."* In the present study, we
further examined the precise regulatory mechanisms involved
in A. laidalawii-induced granulysin promoter activity in THP-1
cells. Our results demonstrate that deletion or mutation of the
AP-1 binding site abrogated the response to A. laidlawii sti-
mulation. In contrast, the granulysin promoter activity was
enhanced by deletion of the putative CCAAT/enhancer binding
protein B (C/EBPP) binding site. Electrophoretic mobility shift
assays (EMSA) showed that nuclear extract prepared from A.
laidlawii-treated THP-1 cells generated specific binding to
DNA oligonucleotides, including AP-1, C/EBPp, and the NF-
kB element in the granulysin promoter. Furthermore, over-
expression of liver-enriched transcriptional activator protein
(LAP), a subunit of C/EBPp, augmented A. laidlawii-induced
granulysin promoter activity, whereas over-expression of liver-
enriched transcriptional inhibitory protein (LIP) inhibited the
promoter activity. The NF-xB p50 homodimer had no transacti-
vation property, although it bound to the NF-kB binding site.
Thus, these results indicate that AP-1 and C/EBP, but not NF-
kB, participate in the regulation of inducible granulysin gene
expression in THP-1 cells. Moreover, the signalling pathway of A.
laidlawii-induced transactivation of the granulysin promoter
seems to be Toll-like receptor (TLR) 2-dependent.

MATERIALS AND METHODS

Antibodies

Rabbit anti-C/EBP, anti-c-Jun/AP-1, and anti-NF-xB p65 poly-
clonal antibodies (pAb) were purchased from Santa Cruz Bio-
technology (Santa Cruz, CA). Rabbit anti-NF-kB p50 pAb was
obtained from Rockland (Gilbertsville, PA). Mouse anti-human
TLR2 monoclonal antibody (mAb) was obtained from Cascade
Bioscience (Winchester, MA).'> Normal mouse immunoglobulin
G2a (IgG2a) was purchased from PharMingen (San Diego, CA).

Cell line

The human monocytic cell line THP-1 was maintained in RPMI-
1640 medium (Nissui Pharmaceutical, Tokyo, Japan) supple-
mented with 10% heat-inactivated fetal calf serum, 2mM L-
glutamine, 0-15% sodium bicarbonate, 100 U/ml penicillin and
100 pg/ml streptomycin at 37° in 5% CO..

Acholeplasma laidlawii
The A. laidlawii PG8 was cultured in Pleuropneumonia-like
organism (PPLO) medium (Difco, Detroit, MI) and heat-inac-

tivated for 30 min at 60° as described previously.'® It was then
centrifuged for 30 min at 20 000 g, followed by lyophilization.
For stimulation, the lyophilized A. laidlawii was suspended in
the supplemented RPMI-1640 described above.

Construction of reporter plasmids

The granulysin gene upstream region from the start codon was
cloned from THP-1 genomic DNA by polymerase chain reaction
(PCR) using a common 3’ antisense primer, 5'-GGGCCCAGG-
TAGCCATGGTGGGGCAGCCGC-3' [from nucleotide +78
with a Neol restriction site (underlined)] and various 5’ sense pri-
mers. The following 5’ sense primers were used: 5'-GGATCCG-
GATCCTGCCTATACGATTCCCACTCCC-3' [from nucleotide
—1167 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCATTAGCAGGGCATGGTGGCG-3' [from
nucleotide —967 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCTCCAGCAAAAGACTCCCTTC-3' [from
nucleotide —757 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCCTACTGGGTGAGCCCTTGGAG-3' [from
nucleotide —510 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCTATATTGTTAAATTAAAAAGC-3' [from
nucleotide —329 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCAATATCTGGAACGTACTTGTA-3' [from
nucleotide —239 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCACATCCCAGGCATCCTGGCAGC-3' [from
nucleotide —193 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCTCTTCACACACTGGTATTTG-3' [from
nucleotide —85 with a BamHI restriction site (underlined)], 5'-
GGATCCGGATCCGGAGATGACATACAAAAAGGG-3' [from
nucleotide —38 with a BamHI restriction site (underlined)], and
5'-GGATCCGGATCCAAAAGGGCAGGACCTGAG-3' [from
nucleotide —24 with a BamHI restriction site (underlined)].
These primers were designed based on the granulysin genomic
sequence.'”'® PCR was performed with KOD Plus DNA poly-
merase (Toyobo, Osaka, Japan) according to the manufacturer’s
protocol. The PCR profile included denaturation at 96° for
2 min, followed by 35 cycles of denaturation at 96° for 30 sec-
onds, annealing at 55° for 30seconds, extension at 68° for
1 min/kilobase, and a final extension at 68° for 5 min. The PCR
products were digested with BamHI and Ncol and cloned into
the pGL3-Basic luciferase reporter vector (Promega, Madison,
WI). The recombinant constructs were designated pGL3-1167/
+62, pGL3-967/4+-62, pGL3-757/4-62, pGL3-510/+62,
pGL3-329/4-62, pGL3-239/4-62, pGL3-193/4-62, pGL3-85/
+62, pGL3-38/+62, and pGL3-24/4-62 (the positions are
relative to the transcription start site). The pGL3-643/4-62
construct was generated from the pGL3-1167/4-62 construct
by excision of the region upstream of the Kpnl site (position
—643). The potential AP-1 binding site [—277 to —271 base
pairs (bp)] TGACTCA of the pGL3-329/4-62 was mutated to
TGAGCTC using PCR-based mutagenesis.'” The following
primers were used: sense, 5'-GAGATGAGCTCCTTATACTT-
TTAGTATAAGTAT-3’ (bold indicates mutated sequences); and
antisense, 5'-ACTTGACCCAAAAACTATTTTTAAAC-3'. The
mutated construct was designated pGL3-329/+62 AP-1 mut-
ant. The potential NF-kB binding site (—214 to —204 bp) GG-
GGTTTCTCC of the pGL3-329/4-62 or pGL3-329/4+-62 AP-1
mutant was mutated to TACCTTTCTCC using PCR-based mu-
tagenesis. The following primers were used: sense, 5'-TTGTA-
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CTGGTACCTTTCTCCCTCCATCGGCACATCCC-3 (bold
indicates mutated sequences); and antisense, 5-GTACGTT-
CCAGATATTGCATGGG-3'. The mutated construct was
designated pGL3-329/462 NF-kB mutant and pGL3-329/
+62 AP-1 + NF-«B mutant, respectively. The potential AP-
1 binding site (—96 to —86bp) CCTGACCTGCT of the
pGL3-193/4+62 was mutated to CCGAGCTCGCT using
PCR-based mutagenesis. The following primers were used:
sense, 5-ACTGCCCGAGCTCGCTTCTTCACACACTG-
GTATTTG-3' (bold indicates mutated sequences); and anti-
sense, S-GGTAGCCCACAGGGTCCATGCCAC-3. The
mutated construct was designated pGL3-193/+62 AP-1 mu-
tant. The mutated clone was verified by restriction pattern.
The plasmids were purified with a Qiagen plasmid kit (Qiagen,
Chatsworth, CA) and used for transient transfection.

Transient transfection and luciferase assay

Transient transfections were performed by the Effectene trans-
fection reagent (Qiagen) according to the manufacturer’s pro-
tocol. A total of 4x10° THP-1 cells were transfected
transiently with 0-19 ng of reporter plasmid and 0-01 pg of
pRL-TK or phRG-TK (Promega) as an internal control plasmid
in 24-well plates (Costar, Cambridge, MA). After 24 hr, trans-
fected cells were stimulated with 10 pg/ml A. laidlawii. After a
further 24 hr of incubation, cells were lysed and assayed for
luciferase activity using a Dual-Luciferase Reporter Assay
System (Promega). Both firefly and Renilla luciferase activities
were monitored with a Lumat LB9507 luminometer (Berthold,
Wildbad, Germany). Normalized reporter activity is expressed
as the firefly luciferase value divided by the Renilla luciferase
value. Relative fold induction is calculated as the normalized
reporter activity of the test sample divided by the untreated
pGL3-1167/+62.

EMSA

Nuclear extracts were prepared from THP-1 cells as described
previously.'* Synthetic oligonucleotides were used as probe for
EMSA. The oligonucleotides were designed to generate a single
5'-G overhang to each end after annealing with their com-
pliments. The following oligonucleotides were used: AP-1
(—279/-260), 5'-GATGACTCACTTATACTTTT-3' (—279 to
—260bp); NF-kB (—221/-197), 5'-GTACTAAGGGGTTTCT-
CCCTCCATC-3' (—221 to —197 bp); AP-1 (—109/—84), 5'-G-
GGCTACCACTGCCCTGACCTGCTTC-3' (—109 to —84 bp);
and C/EBP (—1008/—986), 5'-GGCCAACATGGTGAAAC-
CCTGTC-3' (—1008 to —986 bp). The double-stranded oligo-
nucleotides were end-labelled with [oc—32P]dCTP using the
Klenow fragment of DNA polymerase I (Amersham-Pharmacia
Biotech, Uppsala, Sweden). Labelled DNA probe was purified
using Quick Spin Column G-25 (Roche, Basel, Switzerland).
Purified DNA probe was adjusted to 10000 counts per minute
(c.p.m.)/pl and stored at 4° until use. For binding reactions, 5 pug
of nuclear extract was incubated in a total volume of 23 pul of
binding buffer [10 mM HEPES-KOH pH 7-9, 50 mM KCI, 5 mM
MgCl,, 1 mM ethylenediaminetetraacetic acid (EDTA), 10%
glycerol, 5mM dithiothreitol, 0-5 ug of poly(dI-dC), 10 pg/ml
leupeptin, 10 pg/ml aprotinin, 10 pg/ml pepstatin A, 1mM
phenylmethylsulphonyl fluoride, 1 mM Na3;VO,] for 10 min at
room temperature. Then, o-*?P-end-labelled probe (20 000 ¢.p.m.)
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was added to the reaction mixture for an additional 30 min at
room temperature. For competition assays, excess unlabelled
oligonucleotides were preincubated with nuclear extract in the
above binding buffer at room temperature for 10 min prior to the
addition of the radiolabelled probe (20000 c.p.m.). For anti-
body-mediated supershift assays, nuclear extracts were prein-
cubated with 1 pg of appropriate antibodies or normal rabbit
IgG (Inter-Cell Technologies, Hopewell, NJ) at 4° for 60 min
before the addition of the radiolabelled probe. The reactions
were loaded on a 5% polyacrylamide gel in 0-5 x Tris—borate—
EDTA, and electrophoresed for 2 hr at 200 V before drying. The
intensity of the DNA—protein complex bands was measured
using a Phosphor-Imaging system (Fujifilm BAS-2000; Fuji-
film, Tokyo, Japan).

Western blot

Fifty micrograms of THP-1 nuclear extract were separated by
sodium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) on a 12% gel and transferred onto a nitrocellulose
membrane. Non-specific binding was inhibited by incubation of
the membrane in 10% skimmed milk in Tris-buffered saline
(TBS) [10 mM Tris (pH 7-6) and 0-15M NaCl] containing 0-1%
Tween-20 (TBS-T) for 1 hr at room temperature. The membrane
was rinsed in TBS-T and incubated with the rabbit anti-C/EBP3
pADb (Santa Cruz) (1:4000 dilution) in 1% skimmed milk in
TBS-T. After 1hr incubation at room temperature, the mem-
brane was incubated for 1 hr with peroxidase-conjugated goat-
anti-rabbit immunoglobulin (Cappel Research, Durham, NC) in
1% skimmed milk in TBS-T at room temperature and developed
with an ECL system (Amersham-Pharmacia Biotech).

Construction of LAP and LIP expression vector

THP-1 cells (2 x 10°%) were cultured in the presence of A. laidlawii
at 10 pg/ml for 24 hr in six-well plates (Costar). The cells were
collected and pelleted by centrifugation at 1500 g for 5 min at 4°.
The pellets were used for total RNA extraction using the method
of Gough.?® Synthesis of cDNA and PCR were performed using
a RNA PCR kit (Takara, Ohtsu, Japan) and KOD Plus DNA
polymerase (Toyobo) according to the manufacturer’s instruc-
tions, respectively. The following LAP-specific 5’ sense primer
was used: 5'-AAGCTTAAGCTTCCACCATGGAAGTGGC-
CAACTTC-3’ (underline indicates HindlIl restriction site).
The following LIP-specific 5" sense primer was used: 5'-AA-
GCTTAAGCTTCCACCATGGCGGCGGGCTTCCCGTAC-3'
(underline indicates HindIII restriction site). The following com-
mon 3’ antisense primer was used: 5'-GGATCCGGATCCCT-
AGCAGTGGCCGGAGGC-3' (underline indicates BamHI
restriction site). The PCR profile included denaturation at 96°
for 2min, followed by 35 cycles of denaturation at 96° for
30 seconds, annealing at 60° for 30 seconds, extension at 68° for
1 min, and a final extension at 68° for 5 min. The PCR products
were digested with Hindlll and BamHI and cloned into a
pcDNA3.1 (Invitrogen, Carlsbad, CA). The plasmids were
purified with a Qiagen plasmid kit (Qiagen) and used for
transient transfection.

Statistical evaluation
Data were analysed by using the Student’s paired #-test. Data
with a P-value of <0-05 were considered significant.
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RESULTS

Functional analysis of the granulysin promoter in
a human monocytic cell line, THP-1

To examine elements necessary for inducible granulysin pro-
moter activity, a 1-2-kb genomic DNA fragment immediately 5’
to the translation initiation site of the granulysin gene was cloned
and fused to firefly luciferase gene. In addition, to localize the
functional motif(s) necessary for inducible activity, serial 5’
deletions of the granulysin promoter were generated. THP-1 cells
were transiently transfected with these luciferase reporter plas-
mids and then were left untreated or were stimulated with A.
laidlawii at a concentration of 10 pg/ml. As shown in Fig. 1, the
augmentation of inducible granulysin promoter activity was det-
ected from pGL3-1167/4-62 to pGL3-329/4-62. The granulysin
promoter activity then dropped sharply, which is consistent with
the observation that the deleted region contained an AP-1 bind-
ing site (—277 to —271 bp, termed upstream AP-1 site) important
for granulysin gene expression.'* In addition, the granulysin
promoter activity continued to decrease from pGL3-239/4-62
to pGL3-85/4-62. These results indicate the presence of a positive
regulatory element(s) located from —329 to —85 bp. Deletion of
a putative NF-xB binding site (—214 to —204 bp) did not signi-
ficantly affect inducible promoter activity, but deletion of another
putative AP-1 binding site (—96 to —86 bp, termed downstream
AP-1 site) abrogated the response to A. laidlawii stimulation.
Further deletion (pGL3-38/4+62 and pGL3-24/4-62) had no
effect on promoter activity. In contrast, the granulysin promoter
activity was enhanced by deletion of the region between —1167
and —967 bp. Therefore, some negative regulatory element(s)
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may exist in this region. Indeed, the region located between
—1003 and —990bp contains a putative C/EBPf binding site
(Fig. 1), which is known to bind to a transcription repressor LIP.'
These results suggest that both AP-1 binding sites may be
important for inducible granulysin promoter activity and a puta-
tive C/EBPP binding site (— 1003 to —990 bp) may participate in
the negative regulation of granulysin promoter activity.

To confirm the functional significance of the region between
—329 and —85bp, the upstream AP-1 site and/or the NF-xB
binding site (—214 to —204 bp) contained in the pGL3-329/
462 was mutated by PCR-based mutagenesis. In addition, the
downstream AP-1 site of the pGL3-193/4-62 was mutated by
PCR-based mutagenesis. THP-1 cells were transfected with
various truncated or mutated promoter constructs and luciferase
activity was measured. As shown in Fig.2, the nucleotide
substitution in the upstream AP-1 site (pGL3-329/4-62 AP-1
mutant) resulted in a reduction of promoter activity to the level
of the pGL3-1167/462, which is consistent with the previous
observation.'* However, the nucleotide substitution in the NF-
kB binding site (pGL3-329/4-62 NF-kB mutant) did not sig-
nificantly affect inducible promoter activity. In addition, the
nucleotide substitution in the both the upstream AP-1 site and
the NF-xB binding site (pGL3-329/4-62 AP-1 4+ NF-xB mutant)
resulted in a reduction of promoter activity to the level of the
pGL3-329/+62 AP-1 mutant construct. On the other hand, the
nucleotide substitution in the downstream AP-1 site (pGL3-
193/+62 AP-1 mutant) abrogated the response to A. laidlawii
stimulation. Therefore, the results in Fig.2 support that both
AP-1 binding sites may be involved in the up-regulation of
inducible granulysin promoter activity.

AP-1 [l C/EBPB B NF-«B [ unstimulated [l Stimulated
Relative luciferase activity

Granulysin promoter Firefly luciferase© 2 4 6 8 10 12
pGL3-1167/+62 ‘”67.“]] Ne——i2———
PGL3-967/+62 -967 i l2———— J*
pGL3-757/+62 -757, H B —
PGL3-643/+62 -643 R —
pGL3-510/+62 -510 H +%ﬁ
pGL3-329/+62 -329H +6&—|
pGL3-239/+62 239 FE T P — 7 *
pGL3-193/+62 -1 93% +6%—l
pGL3-85/+62 -85 it 82— *%
pGL3-38/+62 .38 +62
PGL3-24/+62 2480
pGL3-Basic C——

Figure 1. Functional analysis of upstream region of granulysin gene. THP-1 cells (4 x 10° cells) were transfected with various
truncated promoter constructs, as described in the Materials and Methods. After 24 hr, transfected cells were stimulated with or without
10 pg/ml A. laidlawii. After a further 24 hr of incubation, the cells were lysed and assayed for luciferase activity. Data are presented as
relative luciferase activity. The results for each set of transfections were normalized for Renilla luciferase activity and to the full-length
unstimulated promoter activity (pGL3-1167/462). Values represent the mean +=SEM from three independent experiments. *P < 0-05;

**P <0-01.
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Figure 2. Suppression of granulysin promoter activity by mutation in the upstream and downstream AP-1 element, but not the NF-xB
element. The upstream AP-1 binding site TGACTCA of the pGL3-329/4-62 was mutated to TGAGCTC using PCR-based mutagenesis.
Also, the potential NF-kB binding site GGGGTTTCTCC of the pGL3-329/4-62 or pGL3-329/+62 AP-1 mutant was mutated to
TACCTTTCTCC using PCR-based mutagenesis. In addition, the downstream AP-1 binding sitt CCTGACCTGCT of the pGL3-193/
+62 was mutated to CCGAGCTCGCT using PCR-based mutagenesis. THP-1 cells (4 x 10’ cells) were transfected with various truncated or
mutated promoter constructs, as described in the Materials and Methods. After 24 hr, transfected cells were incubated with or without 10 pg/
mlA. laidlawiifor 24 hr. Then the cells were lysed and assayed for luciferase activity. Data are presented as in the legend to Fig. 1. *P < 0-05;

*#*P <001

EMSA of the putative transcription factor binding
sites in granulysin promoter

We previously reported that the AP-1 binds to the upstream AP-
1 site."* To demonstrate further specific protein binding to the
putative NF-kB site, downstream AP-1 site, and C/EBP site,
EMSA were performed. The double-strand oligonucleotides
containing the putative NF-xB site, downstream AP-1 site,
and C/EBP site of granulysin promoter were used as probes
to detect a specific protein binding in the nuclear extract from
THP-1 cells stimulated with A. laidlawii. As shown in Fig. 3(a),
nuclear extract prepared from the THP-1 cells generated a
specific binding to probe encompassing the NF-xB binding site
(lane 2), whereas unstimulated nuclear extract from the cells
failed to do so (lane 1). In competition assay, the presence of
excess unlabelled wild-type probe efficiently out-competed the
retarded band (lane 3-4), whereas a non-specific DNA probe
containing an upstream AP-1 site failed to do so (lane 5-6). To
identify the NF-«B protein, the nuclear extract from stimulated
THP-1 cells was preincubated with NF-kB p50- or p65-specific
antibody before the addition of radiolabelled probe. The specific
retarded band was shifted in the presence of anti-NF-xB p50
antibody (lane 8). However, in the presence of anti-NF-kB p65
antibody (lane 9) and normal rabbit IgG (lane 7), the specific
retarded band was not shifted. These results show that NF-xB
p50 homodimer had no transactivation property, although it
bound to the NF-kB site (—214 to —204 bp) in the granulysin
promoter.

As shown in Fig. 3(b), nuclear extract prepared from THP-1
cells stimulated with A. laidlawii generated a specific binding to
probe encompassing the downstream AP-1 site (lane 2), where-
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as unstimulated nuclear extract from the cells failed to do so
(lane 1). In competition assay, the presence of excess unlabelled
wild-type probe efficiently out-competed the retarded band
(lane 4), whereas a non-specific DNA probe containing a
NF-kB binding site failed to do so (lane 5-6). To identify
the AP-1 protein, the nuclear extract from stimulated THP-1
cells was preincubated with c-Jun/AP-1-specific antibody
before the addition of radiolabelled probe. The specific retarded
band was shifted in the presence of anti-c-Jun/AP-1 antibody
(lane 8). However, in the presence of normal rabbit IgG, the
specific retarded band was not shifted (lane 7). These results
show that the AP-1 binds to the downstream AP-1 site in the
granulysin promoter. Therefore, these results support that two
distinct AP-1 binding sites are important for the regulation of
inducible granulysin promoter activity.

As shown in Fig. 3(c), nuclear extract prepared from THP-1
cells stimulated with A. laidlawii generated a specific binding to
probe emcompassing the C/EBPf binding site (lane 2). The level
of the specific binding was enhanced as compared with that of
unstimulated nuclear extract (lane 1). In competition assay, the
presence of excess unlabelled wild-type probe efficiently out-
competed the retarded band (lane 3—4), whereas a non-specific
DNA probe containing an upstream AP-1 site failed to do so
(lane 5-6). To identify the C/EBPJ protein, the nuclear extract
from stimulated THP-1 cells was preincubated with C/EBPj-
specific antibody before the addition of radiolabelled probe. The
specific retarded band was shifted in the presence of anti-C/
EBPp antibody (lane 8). However, the specific retarded band
was not shifted in the presence of normal rabbit IgG (lane 7).
These results show that the C/EBPJ binds to the putative C/
EBPp binding site (—1003 to —990bp) in the granulysin
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promoter. Taken together, these results suggest that AP-1 and C/
+ EBP, but not NF-xB play important roles in the regulation of
- inducible granulysin promoter activity.

p65

9 Induction of LIP in THP-1 cells stimulated
with A. laidlawii

~= Supershift  C/EBPB consists of the positive regulator, LAP and the negative
regulator, LIP.>' Honda et al. reported that the LIP produced in
THP-1 cells treated with M. tuberculosis and lipopolysacchar-
ide (LPS) showed repressor activity on human immunodefi-
ciency virus-1 (HIV-1) long-terminal repeat (LTR) promoter.>*
We next examined whether A. laidlawii induces LIP in THP-1
cells. To this aim, nuclear extract prepared from THP-1 cells
stimulated with A. laidlawii were analysed for C/EBPJ proteins
by Western blot. As shown in Fig.4, THP-1 cells stimulated
with A. laidlawii strongly induced LIP, compared to unstimu-
lated cells. In contrast, the level of LAP was essentially con-
stant. Therefore, these results indicate that A. laidlawii-induced
LIP may participate in the negative regulation of inducible
= granulysin promoter activity.
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Figure 4. Western blot analysis of nuclear extracts prepared from THP-
1 cells stimulated with A. laidlawii. Nuclear extracts from THP-1 cells
stimulated with or without 10 pg/ml A. laidlawii for 24 hr were analysed

o for C/EBP protein by Western blot. LAP and LIP were detected with C/
EBPp antibody, as described in the Materials and Methods.

C/EBpp

8
el -~ Supershift

Figure 3. EMSA of putative transcription factor binding sites in the
upstream region of the granulysin gene. The following oligonucleotides
were used: (a) NF-kB (—221/—197), 5'-GTACTAAGGGGTTTCTCC-
CTCCATC-3' (—221 to —197 bp); (b) AP-1 (—109/—84), 5'-GGGCTA-
CCACTGCCCTGACCTGCTTC-3' (—109 to —84 bp); and (c) C/EBPB
(—1008/—986), 5'-GGCCAACATGGTGAAACCCTGTC-3' (—1008 to
—986bp). A *?P-labelled, double-stranded oligonucleotide probe was
incubated with nuclear extracts from THP-1 cells stimulated with or
without 10 pg/ml A. laidlawii for 24 hr, as described in the Materials and
Methods. The competitors were used in a 10- or 100-fold molar excess
over labelled probes. —279/—260, —221/—197, —109/—84 and —1008/
—986 indicate unlabelled probes. Supershift assays were perfomed with
1 pg of appropriate antibodies: rabbit anti-c-Jun/AP-1 antibody (c-Jun),
rabbit anti-NF-kB p50 antibody (p50), rabbit anti-NF-kB p65 antibody
(p65), and rabbit anti-C/EBPf antibody (C/EBPp) or normal rabbit IgG
as a cotrol (IgG). The asterisk (*) indicates nuclear extract from A.
laidlawii-stimulated THP-1 cells.
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Figure 5. Over-expression of LIP or LAP affects the granulysin pro-
moter activity. (a) Basal and A. laidlawii-induced granulysin promoter
activity is inhibited by over-expression of LIP. (b) Over-expression of
LAP increases basal and A. laidlawii-induced granulysin promoter
activity. (c) The herpes simplex virus TK promoter activity is not
affected by over-expression of LAP or LIP. THP-1 cells (4 x 10° cells)
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Over-expression of LIP led to a decrease in A. laidlawii-
induced transactivation of the granulysin promoter

To examine further the roles of C/EBPJ proteins in the regula-
tion of inducible granulysin promoter activity, we tested to see
whether LIP suppresses A. laidlawii-induced transactivation of
the granulysin promoter. To address this question, the cDNA for
LIP was cloned, placed under the transcription control of the
cytomegalovirus (CMV) promoter, and transiently co-transfected
with pGL3-1167/4-62 into THP-1 cells. As shown in Fig. 5(a),
co-transfection of THP-1 cells with increasing amounts of a
LIP expression vector inhibited basal and A. laidlawii-induced
granulysin promoter activity in a dose-dependent manner. The
observed inhibition was not due to non-specific inhibition of
transcription by LIP because co-transfecting the CMV-LIP
construct with phRG-TK driven by herpes simplex virus TK
promoter, which has no C/EBPJ binding sites, did not signifi-
cantly affect the luciferase activity (Fig. 5¢). By contrast, over-
expression of LAP increased basal and A. laidlawii-induced
granulysin promoter activity in a dose-dependent manner
(Fig. 5b). In these assays, we used only pGL3-1167/+62 con-
struct containing C/EBP binding site (—1003 to —990bp).
Subsequently, we found another potential C/EBPJ binding site
(—64 to —51 bp) in the granulysin promoter using the TRANS-
FAC database (http://transfac.gbf.de/). Indeed, over-expression
of LIP decreased the promoter activity of pGL3-967/4-62 and
pGL3-329/462 construct lacking in C/EBPP binding site
(—1003 to —990 bp) (data not shown). This site may function as
a C/EBPp binding site, however, the binding of C/EBP to this
site remains to be elucidated. As shown in Fig. 3(c), transcrip-
tion factor C/EBPf binds to the putative C/EBPJ binding site
(—1003 to —990 bp) in the granulysin promoter. In addition, LIP
was strongly induced in nuclear extract prepared from THP-1
cells stimulated with A. laidlawii (Fig.4). Furthermore, indu-
cible granulysin promoter activity was enhanced by deletion of
the region between —1167 and —967 bp, which contains the C/
EBPJ binding site (Figs1 and 2). Therefore, these results
indicate that the LIP binding to C/EBP site in the granulysin
promoter participates in the negative regulation of inducible
granulysin promoter activity.

Suppression of A. laidlawii-induced granulysin
promoter activity by anti-TLR2 mAb

Mycoplasmas are wall-less bacteria that occur as commensals
or pathogens in animals and humans.”> Mycoplasmas and their
membranes are potent activators of macrophages, the active
principal being lipoproteins**~2® and lipopeptides.?”*® Myco-

Figure 5. continued

were transfected with 0-19 pug of pGL3-1167/4-62 and 0-01 pg of phRG-
TK [in Fig.5(c) except for only phRG-TK used], in addition to co-
transfection with LAP or LIP expression vector. The pcDNA3.1 was used
to ensure that all transfection mixtures had a total of 0-7 ug of DNA. After
24 hr, transfected cells were stimulated with or without 10 pg/ml A.
laidlawii. After a further 24 hr of incubation, the cells were lysed and
assayed for luciferase activity, as described in the Materials and Methods.
Data are presented as in the legend to Fig. 1, except for the data in Fig. 5(c),
which are presented as relative light units per pg protein.
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Figure 6. Suppression of A. laidlawii-mediated transactivation of the
granulysin promoter by anti-TLR2 mAb. THP-1 cells (4 x 10° cells)
were transfected with pGL3-1167/462 or pGL3-329/+4-62, as described
in the Materials and Methods. After 24 hr, transfected cells were
incubated with 10 pg/ml mouse anti-TLR2 mAb or normal mouse
IgG2a as a control for 30 min prior to stimulation with or without
10 pg/ml A. laidlawii. After a further 24 hr of incubation, the cells were
lysed and assayed for luciferase activity. Data are presented as in the
legend to Fig. 1. **P < 0-01.

plasmal lipoprotein and lipopeptide activates macrophages
through a TLR2-dependent signalling pathway.z()’30 In the next
experiment, we examined the inhibitory effect of anti-TLR2
mADb on A. laidlawii-induced granulysin promoter activity. As
shown in Fig.6, A. laidlawii-induced transactivation of the
granulysin promoter was significantly inhibited by pretreatment
with anti-TLR2 mAb. These results suggest that the TLR2-
dependent signalling pathway may be involved in A. laidlawii-
induced transactivation of the granulysin promoter.

DISCUSSION

In the present study we demonstrated that there are two distinct
AP-1 binding sites (—277 to —271 bp and —96 to —86 bp) and a
NF-xB binding site (=214 to —204bp) in the granulysin
promoter (Fig. 1). Deletion or mutation of both the AP-1 bind-
ing sites abrogated the response to A. laidlawii stimulation,
whereas deletion or mutation of the NF-kB binding site failed to
affect inducible promoter activity. Furthermore, deletion of the
putative C/EBP binding site (—1003 to —990 bp) induced the
augmentation of granulysin promoter activity (Figs1 and 2).
Thus, the transcription factors AP-1 and C/EBPJ function as
critical regulators in the expression of the granulysin gene.
EMSA demonstrated that nuclear extract prepared from A.
laidlawii-treated THP-1 cells generated specific binding to
DNA oligonucleotides, including AP-1 and NF-xB element
(Fig.3a). However, NF-kB, binding NF-kB site (—214 to

—204 bp) in the granulysin promoter, was the p5S0 homodimer
without transactivation property (Fig. 3a). The members of NF-
kB family include p50 (NF-xB1), p52 (NF-xB2), p65 (RelA),
RelB, v-Rel, and c-Rel33 1n cells, NF-kB exists as homo- or
heterodimers with distinct DNA-binding specificity. A hetero-
dimer composed of p50 and p65 subunits is the most common
dimer>'*> The p65 protein has a transactivation domain,
whereas the p50 protein is lacking in this domain. Therefore,
the pS0 homodimers are unable to transactivate, although they
bind to DNA. The p50 homodimers have different binding
specificities from p50—p65 heterodimers.** They preferentially
bind GGGGAT(T/C)CCC, as evidenced by screening with a
pool of random oligonucleotides.** The p65 homodimers and
pS0—p65 heterodimers cannot bind the p5S0 homodimers binding
motif as well.>*** The sequence of the NF-kB binding site of
the granulysin promoter (GGGGTTTCTCC) shows high iden-
tity with the motif for the pS0 homodimer. Therefore, these
previous findings support our data that the pSO homodimer can
bind to the NF-xB binding site (—214 to —204bp) in the
granulysin promoter.

In contrast to the augmentation of granulysin promoter
activity via AP-1, but not NF-kB, we speculated that C/EBPJ
may participate in the negative regulation of inducible granu-
lysin promoter activity because deletion of the binding site for a
C/EBP (located between —1003 and —990bp) led to the
enhancement of granulysin promoter activity (Figs1 and 2).
In addition, we showed that C/EBPJ binds to the putative C/
EBPf binding site (—1003 to —990bp) in the granulysin
promoter (Fig.3c) and that LIP is significantly induced in
THP-1 cells stimulated with A. laidlawii (Fig.4). Furthermore,
over-expression of LIP leads to a decrease in A. laidlawii-
induced transactivation of the granulysin promoter (Fig.5a).
The C/EBP transcription factor is reported to be an important
regulator of inflammation.*®*” The C/EBPB gene has no
introns, but a 37000 MW stimulatory isoform (called LAP)
and a 20000 MW inhibitory isoform (called LIP) are produced
from the same mRNA via a leaky ribosome scanning mechan-
ism.?! Importantly, LIP functions as a repressor when the level
of LIP expression is more than 20% of that of LAP expression.?’
Honda et al. reported that the LIP produced in THP-1 cells
treated with M. tuberculosis and LPS showed repressor activity
on HIV-1 LTR promoter containing C/EBPp binding sites.?> On
the other hand, cytokine genes, such as tumour necrosis factor-o
(TNF-a), also have C/EBP binding sites, and the transfection
of LIP represses TNF-oo promoter activity in myelomonocytic
cells.*® Thus, these earlier studies support our data that the LIP
binding to the C/EBP site in the granulysin promoter would
suppress A. laidlawii-induced transactivation of granulysin
promoter. Indeed, we have hardly detected the granulysin at
the level of protein in this system (data not shown), and hence
we tried to detect the granulysin protein in A. laidlawii-treated
THP-1 cells, in which LAP is over-expressed.

The recognition of pathogens on the cell surface is mediated
by receptors that are referred to as pattern-recognition receptors.
These receptors recognize conserved molecular patterns (patho-
gen-associated molecular patterns or PAMPs) shared by large
groups of micro-organisms.>>** Recently, it has been well
documented that the family of TLR plays important roles
as pattern-recognition receptors. The TLR family is now

© 2002 Blackwell Science Ltd, Immunology, 107, 507-516
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comprised of at least 10 members in mammals.*' ¢ Compo-
nents, including lipoprotein,*’ peptidoglycan and lipoteichoic
acid,*® induce intracellular signalling via TLR2, whereas LPS
induces the signalling via TLR4.** In the TLR signalling
pathways, transcription factors such as AP-1 and NF-xB are
activated and involved in cytokine gene expression.”® Feng and
Lo reported that lipid extract of Mycoplasma penetrans induces
TNF-a production and moreover activates both AP-1 and NF-
kB in macrophages.’’ We previously reported that A. laidlawii
induces TNF-o production in THP-1 cells,** and our recent pre-
liminary results showed that components of A. laidlawii, cap-
able of inducing TNF-a production, seem to be characteristic of
lipoprotein (data not shown). In this study, we demonstrate that
A. laidlawii-induced transactivation of the granulysin promoter
was significantly inhibited by pretreatment with anti-TLR2
mADb (Fig. 6). Taken together, it is conceivable that the TLR2-
dependent signalling pathway may be involved in A. laidlawii-
induced transactivation of the granulysin promoter. On the other
hand, Takeuchi et al. recently reported that TLR2 recognizes
mycoplasmal lipopeptide co-operatively with TLR6.%* How-
ever, in our experimental systems the participation of TLR6 in
A. laidlawii-induced transactivation of the granulysin promoter
remains to be elucidated. Recently, Thoma-Uszynski et al.
reported that bacterial lipoprotein activation of TLR2 leads
to a nitric oxide-independent killing of intracellular M. tuber-
culosis in human monocytes and alveolar macrophages.>* How-
ever, the effector molecules responsible for this killing are
unclear. Granulysin induced by bacterial lipoprotein may play
important roles in this mechanism.

Our data demonstrate that treatment of THP-1 cells with A.
laidlawii induces the activation of granulysin gene promoter via
transcription factor AP-1, but not NF-kB, and that the TLR2-
dependent signalling pathway may be involved in A. laidlawii-
induced transactivation of the granulysin gene promoter. In
contrast, transcription factor C/EBPJ participates in the nega-
tive regulation of inducible granulysin promoter activity. Thus,
these results indicate that the gene expression of granulysin in
macrophages would be acutely regulated by positive and nega-
tive transcription factors when microbial invasion occurs.
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