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Lactoferrin (Lf) has been suggested to play roles in
primary defense against microbial infection and other
cellular processes including immunomodulation. Lf is
known to bind to DNA and implicated to activate tran-
scription. In the present study, we demonstrated that
Lf stimulated transcription of IL-18 gene, one of nat-
ural genes containing putative Lf binding site (LBS) in
the 5'-flanking sequences. K562 cells treated with a
combination of Lf and PMA showed a synergistic in-
duction in the level of IL-18 mMRNA over treatment
with PMA alone. Synergistic stimulation of IL-18 ex-
pression by Lf and PMA was also confirmed by IL-18/
Luc reporter gene assays. Analysis of Lf domains re-
vealed that the transcriptional domain of Lf is located
within the N-terminal 90 amino acids, termed Nla and
that the C-terminal half lobe lacked the transactivat-
ing activity. The Nla, the N-terminal half lobe as well
as intact Lf stimulated transcription of IL-18 gene in
the transfected K562 cells along with PMA, while the
C-terminal half lobe did not. Our results suggest that
Lf may play some roles in transcription of IL-18 gene
and may also regulate transcription of other natural
genes containing LBS.  © 2002 Elsevier Science
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Lactoferrin (Lf) is a non-heme iron-binding glycopro-
tein which is predominantly found in human milk and
in other body fluids secreted from glandular epithelium
cells of salivary glands, biliary tract and lacrimal
gland. It is a major component of the secondary gran-
ules of polymorphonuclear leukocytes (1) and is re-
leased from neutrophils during inflammatory re-
sponses (1, 2). Lf is known to play roles in primary
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defense against microbial infections probably due to its
ability to bind to ferric ions which are essential nutri-
ents for bacterial growth (3, 4). Lf was shown to exert
a number of immunological responses such as regula-
tion of myelopoiesis (5), activation of NK cells (6), in-
hibition of granulopoiesis (7) and stimulation of
lymphokine-activated killer cell activity (8). A number
of investigators reported that Lf affected production
and release of cytokines such as TNF-«, IL-18, IL-8,
NO, and GM-CSF (9-14).

Regulation of these processes by Lf is not understood
clearly, although some of these functions are thought
to be independent of its ability to bind ferric ions. Lf,
after binding at the cell surface, was internalized and
appeared in nucleus, where it was bound to DNA (15).
Specific lactoferrin binding sites (LBS) have been iden-
tified from random human sequence and one of specific
LBS, GGCACTTGC, was demonstrated to activate
transcription of a reporter gene containing the se-
quence (16).

The amino acid sequence of Lf, like all transferrins,
demonstrates a striking 2-fold internal homology, with
about 40% amino acid identity between the N- and
C-terminal halves (17). The three-dimensional struc-
ture of human lactoferrin has revealed that it is sub-
divided into two lobes, N- and C-lobes, each associated
with one metal-binding site as other transferrin family
(18, 19). The N- and C-terminal halves appear to have
the same folding based on the similar supersecondary
structure (18).

Lf is an extremely polyfunctional protein and binds
to a number of different molecules. The N-terminal
domain is responsible for binding of heparin, bacterial
lipopolysaccharide, human lysozyme and DNA (20, 21).
In the present study, we showed that Lf plays roles in
transcription of 1L-18 gene containing five putative Lf
binding sites in the 5’-flanking sequences. Analysis of
IL-18 mRNA levels by RT-PCR showed that Lf and
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phorbol myristate acetate (PMA) synergistically stim-
ulated IL-1B gene expression. We demonstrated that
the transcriptional domain of Lf was located within the
N-terminal 90 amino acid region and that the C-terminal
half lobe lacked the transactivating activity.

MATERIALS AND METHODS

Cell culture and transfection. Monkey kidney COS-1 and Hela
cells were cultured in DMEM containing 10% fetal bovine serum,
penicillin (100 U/ml) and streptomycin (100 wpg/ml). Human
promonocytic U937 and human myelogenous leukemia K562 cells
were cultured in RPMI 1640 (Gibco BRL) containing 10% fetal bo-
vine serum, 2 mM glutamate, penicillin (100 U/ml) and streptomycin
(100 pg/ml). For COS-1 cells, transient transfections were carried
out by Lipofectamine method as described by manufacturer (Gibco
BRL). U937 and K562 cells were transfected by electroporation (100
wF capacitance, 400 V and 400 ) wave controller resistance) with
use of Gene Pulsar (Bio-Rad). pCH110 (Amersham) was introduced
in all experiments in order to correct for transfection efficiency.

Plasmid construction. A reporter gene, L4E1b/CAT, was con-
structed by replacing the GAL4 binding sites of pG5E1b/CAT with a
50 bp DNA fragment containing four tandem repeats of lactoferrin
binding site (GGCACTTGC). IL-1B/luciferase reporter plasmid was
constructed by ligation of PCR-amplified IL-18 upstream DNA frag-
ment (—3753 to +550) (22) to pGL-basic plasmid (Promega). The
plasmids expressing different domains of lactoferrin were con-
structed by inserting PCR-amplified lactoferrin cDNA fragments
into pRcCMV plasmid (Invitrogen), and the resulting plasmids were
named as pLf-T, pLf-C, pLf-N, pLf-Nla, pLf-NIb, and pLf-NII. The
positions of amino acid residues of Lf and its fragments are as
follows: T (1-692), C (342-692), N (1-345), Nla (1-90), NIb (252-
320), and NII (91-251). GAL4/Lf fusion plasmids were constructed
by inserting PCR-amplified lactoferrin cDNA fragments into
pSG424, and the resulting plasmids were designated as pSG-T,
pSG-N, and pSG-C. pG5E1b/CAT was used as a reporter gene for
assaying transcriptional activities of GAL4 fusion plasmids.

RT-PCR. Lf (Iron-saturated form, Sigma) was added to K562
cells to final concentration of 10 wg/ml at the cell density of 1 X 10°
cells. Immunodepleted Lf was prepared by using rabbit anti-human
Lf (Sigma) and was added to K562 cells. After 24 h of incubation,
PMA (Sigma) was added at the concentration of 10 ng/ml and incu-
bated for another 24 h. To test the effects of Lf and its fragments on
transcription of IL1-B gene, K562 cells were transfected with pLf-T,
pLf-C, pLf-N, and pLf-Nla as described above and the transfected
cells were treated or not treated with PMA after 24 h of transfection
at the concentration of 10 ng/ml. Cells were harvested to measure
IL-18 mRNA levels by RT-PCR. Total RNA was extracted from the
samples using High pure RNA isolation kit (Roche), and 1 ug of total
RNA was reverse transcribed and amplified using specific primers
for IL-18 and B-actin. RT-PCR was carried out by using Titan One
tube RT-PCR kit (Roche). B-actin mRNA levels were used as internal
controls.

CAT and Luciferase reporter gene assays. Transfected cells were
treated with Lf and/or PMA 2 h after transfection as described above
and harvested, or were harvested 48 h after transfection without any
treatment for enzyme assays. The CAT assay was performed as
described previously (23) and the luciferase assay by the method
using enhanced luciferase assay kit (Promega). The reporter enzyme
activities were normalized on the basis of p-galactosidase activities.
All experiments were repeated at least five times.

In vitro transcription/translation. Lf and its fragments were in
vitro translated with the TNT T7 quick coupled transcription/
translation system (Promega). In vitro transcription/translation was
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carried out with 1 pg of pLf-T, pLf-N, or pLf-C plasmid DNA in 50 ul
of reaction mixture supplemented with 50 uCi of [®*S]methionine
(Perkin—Elmer Life Sciences) and appropriate amounts of TNT T7
Quick Master Mix (Promega) for 90 min at 30°C. The reaction prod-
ucts were electrophoretically separated on 15% SDS—polyacrylamide
gel, which was dried and analyzed by autoradiography (24).

RESULTS AND DISCUSSION

Lf and PMA synergistically stimulate expression of
IL-18. Lf was shown to activate transcription of a
CAT reporter constructs containing four tandem Lf
consensus binding sites, 5'-GGCACTTGC-3' (16). To
test whether Lf activates transcription of any natural
genes in cells, we searched human genes which contain
the Lf consensus binding site and found that human
IL-18 gene, among other candidate genes, contained
five putative LBS in the 5'-flanking sequences. The
effect of Lf on transcription of IL-183 gene was analyzed
by measuring IL-18 mRNA levels, which was shown in
Fig. 1A. K562 cells were stimulated to accumulate
IL-18 mRNA with PMA (Fig. 1A) but showed little if
any response to LPS treatment (data not shown) as
observed in U937 cells previously (25). K562 cells
treated with Lf produced only a slight increase in IL-13
MRNA level, which was detected only after longer cy-
cles of RT-PCR. However, K562 cells stimulated with a
combination of Lf and PMA showed a synergistic in-
duction in the level of IL-18 mMRNA over treatment
with PMA alone. Synergistic stimulation of IL-13 ex-
pression by Lf and PMA was also confirmed by Lucif-
erase reporter assays in the transfected K562 cells
treated with a combination of Lf and PMA or treated
either alone (Fig. 1B). In contrast, previous treatment
of Lf with anti-human Lf abrogated the synergistic
stimulation of IL-18 gene, indicating that the effect
was attributed to Lf (Figs. 1A and 1B).

Our results appear to be correlated with the previous
observation that Lf activated macrophages to secrete
inflammatory cytokines such as TNF-«, IL-8 and NO
(13). Itis known that IL-1 release by macrophages not
only mediates tissue damage but also activates a cas-
cade of cytokines that include TNF-«a (13). Thus, it is
supposed that Lf may play roles in production of IL-1
and also other inflammatory cytokines.

However, Lf inhibits the production of GM-colony
stimulating factor (GM-CSF) from monocyte-induced
fibroblast (9). Lf also inhibits the release of IL-13, IL-2
and TNF-a from mixed lymphocyte cultures (10).
Therefore, the effects of Lf on cytokines production are
unclear and may depend on types of cells and condi-
tions of cell growth. Indeed, the inhibitory effect on
production of GM-CSF by Lf was only observed when
Lf was added before adherence of the monocyte for
culture but not observed at the time of adherence or
after adherence (9).
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FIG. 1. Synergistic stimulation of IL-13 gene by Lf and PMA. (A)
Increased IL-18 mRNA levels in K562 cells treated with Lf and PMA
measured by RT-PCR. A, 45 cycles of PCR; B, 25 cycles of PCR.
B-Actin mRNA levels were measured in parallel by RT-PCR as in-
ternal control (25 cycles of PCR). (B) Increased expression of I1L-13/
luciferase reporter gene in transfected K562 cells by PMA and Lf.
K562 cells were transfected with IL-1B/luciferase reporter plasmid
and pCH110. After 2 h of transfection, Lf was added to the trans-
fected cells and incubated for 24 h. PMA was then added at final
concentration of 10 ng/ml and incubated for 24 h. Cells were har-
vested and assayed for luciferase activity.

The transcriptional domain is located in the
N-terminal region of Lf. To identify the transcrip-
tional domains of Lf, COS-1 cells were cotransfected
with the reporter construct pL4E1b/CAT containing
four tandem repeats of Lf consensus binding site and a
plasmid expressing Lf or its fragments, and tested for
their abilities to direct transcription of the reporter
gene. The COS-1 cells transfected with plasmid ex-
pressing intact Lf exhibited positive CAT activity (Fig.
2A) as previously observed in K562 human myeloge-
nous leukemia cells (16). Transcriptional activation
was also obtained with the construct expressing the
N-terminal half lobe or the N-terminal 90 amino acid
region, which was compared to little transcriptional
activity of the C-terminal half lobe (Fig. 2A). The result
shows that transcriptional domain is localized in the
N-terminal 90 amino acid region.

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Cotransfection of cells with IL-18/Luc reporter plas-
mid and Lf-expressing plasmid resulted in expression
of the reporter gene as in the case of the minimal
promoter containing the LBS (Fig. 2B), confirming that
Lf was active for transcription of IL-18 gene. The Nla
portion of Lf was shown to activate transcription of
IL-1B as well as intact Lf (Fig. 2B). As shown in Fig. 2,
the activities of each Lf domain directing IL-13 tran-
scription were almost same as those on the minimal
promoter containing four Lf binding sites. We also
confirmed the transcriptional activities of Lf domains
in K562 and U937 cells and obtained very simi-
lar patterns as in COS-1 cells (data not shown), sug-
gesting that cell-specific proteins may not be required
for activating transcription of a gene containing LBS
by Lf.
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FIG. 2. Activation of reporter gene by Lf and its N-terminal
fragments. (A) Transcriptional activation was determined by mea-
suring CAT activity from reporter construct containing four tandem
repeats of LBS (L4E1b/CAT) in COS-1 cells cotransfected with a
plasmid expressing Lf or its fragment. (B) IL-18/luciferase reporter
construct containing five putative LBS in the 5'-flanking sequence
was used for measurement of transcriptional activation in K-562
cells cotransfected with a plasmid expressing Lf and its derivatives.
Lf and its different fragments expressed in transfected cells are
represented as follows: T, intact Lf (1-692); C, C-lobe (342—-692); N,
N-lobe (1-345); Nia (1-90); Nib (252—350); NIl (91-251). The num-
bers in parentheses indicate the positions of amino acid residues of
Lf and its fragments.
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FIG. 3. Invitro transcription/translation of Lf and its fragments
and analysis of transactivation of Lf and its fragments by GAL4/Lf
fusion proteins. (A) In vitro transcription/translation products of
mock (pRcCMV), pLf-T, pLf-N, and pLf-C. The positions of amino
acid residues are indicated in the legend to Fig. 2. (B) GAL4 DNA
binding domain was fused with Lf, N-lobe, and C-lobe and trans-
fected into COS-1 cells along with pG5E1b/CAT reporter plasmid
and pCH110 as an internal control plasmid. GAL4/C-lobe fusion
protein fails to activate the reporter gene.

The C-terminal half lobe lacks transactivation do-
main. The amino acid sequence of Lf, like all trans-
ferrins, demonstrates a striking 2-fold internal homol-
ogy, with about 40% amino acid identity between the
N- and C-terminal halves (17). Nevertheless, the
N-lobe of Lf activated transcription of LAE1b/CAT and
IL-1B/Luc reporter genes, while the C-lobe of Lf did not
(Figs. 2A and 2B). The C-terminal half lobe was ex-
pressed equally well as Lf and the N-terminal half lobe
(Fig. 3A). It has been previously reported that Lf pos-
sesses two DNA binding sites with different affinities
and that the high-affinity binding site was located in
the N-terminal portion of Lf and the second binding
site was located in the larger Lf fragment comprising
C-terminal region (21). Analysis of transcriptional ac-
tivation domains by GAL4/Lf fusion proteins in COS-1
cells revealed that Lf fragments containing the
N-terminal 90 aa region contained the transactivating
activity but the C-terminal half lobe did not (Fig. 3B).
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Thus, failure of the C-terminal half lobe to activate
transcription of the reporter gene was probably due to
very weak activation domain or even absence of it in
the C-terminal domain. We attempted to locate the
DNA binding domain and activation domain within the
N-terminal 90 amino acid region by expressing Lf frag-
ments from residue 1 to 52 and from residue 47 to 90
but failed to separate the DNA binding and activation
activities clearly probably due to conformational
change or instability of each fragment.

In the Nla region of human Lf, there are two basic
clusters, Arg®-Arg®-Arg*-Arg® and Arg”®-Lys*-Val®-
Arg®. Previous reports showed that each consecutive
arginine residue of the first basic cluster from residue
2 to 5 contributed to the interaction of Lf with ligands
such as heparin, lipid A, human lysozyme and DNA
(20). 1t was postulated that binding of Lf to ligands was
predominantly mediated through the second basic
cluster. The loop region from residue 28 to 34 amino
acids was also essential for the high affinity binding of
LPS (26). The region of human Lf which binds specif-
ically to receptors on mitogen-stimulated lymphocytes
is also located within the identified transcriptional do-
main (27).

The N-terminal 90 aa region is responsible for the
synergistic stimulation of IL-18 gene expression. All of
Lf and its fragments containing the N-terminal 90 aa
region were able to stimulate transcription of human
IL-18 gene synergistically with PMA but the
C-terminal half lobe was not (Fig. 4). The IL-18 mRNA
level in K562 cells transfected with pLf-C was similar
to that of mock-transfected cells when treated with
PMA. However, the amounts of IL-183 mRNA were
increased to higher levels in the transfected K562 cells
expressing the Nla, the N-terminal half lobe, or the
intact Lf than those in the mock transfected cells or in
the cells expressing the C-terminal half lobe when in-
duced with PMA (Fig. 4). Our results indicated that the
N-terminal half lobe and Nla, the N-terminal 90 aa
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FIG. 4. Synergistic stimulation of IL-13 gene in the transfected
K562 cells expressing Lf or its fragment containing the N-terminal
90 aa region. Upon treatment of the transfected K562 cells with PMA
(10 ng/ml), the amounts of IL-13 mRNA were increased to higher
levels in the cells transfected with pLf-T, pLf-N, and pLf-Nla than
those in the cells transfected with pLf-C or in mock-transfected cells.
IL-18 mRNA levels were measured by RT-PCR (25 cycles) and
B-actin MRNA levels were measured in parallel as internal control
(25 cycles).
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region also synergistically stimulated transcription of
IL-18 gene as Lf.

In human IL-18 gene, the five putative lactoferrin
binding sites are located between —3202 and —3193
(GGCACTTGC), between —3137 and —3129 (GGAAC-
TTGC), between —2384 and —2376 (GTCACGTGC),
between —1357 and —1348 (GGCACTGTGC), and be-
tween —1052 and —1043 (GGAACTTGC). The LBS
located between —3202 and —3193 is perfect match to
the reported LBS but other sites are not. Gel mobility
shift assay revealed that Lf bound to all five sites (data
not shown). We do not know presently which sites are
important for synergistic activation of IL-18 by Lf and
PMA. A PMA-responsive enhancer is located between
position —2982 and —2795 upstream of the transcrip-
tion start site (28). A LPS-responsive region from
—3757 to —2729 was essential for maximal LPS induc-
tion of IL-18 gene (22). In addition, NFIL-6 sites both
proximal and distal to the cap site are also important
for LPS-induced activation of the human IL-18 gene
(22, 29). We are presently analyzing the putative Lf
bindings sites to identify Lf binding sites which are
important for induction of IL-18 in conjunction with
other responsive elements.
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