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Abstract

C-reactive protein (CRP) is an acute phase protein produced by hepatocytes. A minor elevation in
the baseline levels of serum CRP is considered an indicator of chronic inflammation. In hepatoma
Hep3B cells, IL-6 induces CRP expression by activating transcription factors STAT3 and C/EBPS.
IL-1 synergistically enhances the effects of IL-6. The first 157 bp of the CRP promoter are
sufficient for IL-1 synergy. Previously, NF-«B, a transcription factor activated by IL-15in Hep3B
cells, has been shown to increase endogenous CRP expression. The purpose of this study was to
investigate the possible action of NF-«B on the 157 bp of the proximal promoter. In this study we
show that NF-«B requires and acts synergistically with C/EBPS on the CRP-proximal promoter to
regulate CRP expression. We located the regulatory element that consisted of overlapping binding
sites for NF-«B (p50-p50 and p50-p65) and OCT-1. The «B site was responsible for the synergy
between NF-xB and C/EBPSand was also necessary for the CRP transactivation by C/EBPS
through the C/EBP site. Mutation of the «B site decreased the synergistic effect of IL-150n IL-6-
induced CRP expression. Basal CRP expression increased dramatically when binding of both
OCT-1 and NF-«B was abolished. Combined data from luciferase transactivation assays and
EMSA lead us to conclude that the binding of OCT-1 to the promoter, facilitated by p50-p50 in a
novel way, represses, whereas replacement of OCT-1 by p50-p65 induces CRP transcription in
cooperation with C/EBPS. This model for CRP expression favors the variation seen in baseline
serum CRP levels in a normal healthy population.

C-reactive protein (CRP)2 is a multifunctional acute phase protein whose serum
concentration increases in chronic and acute inflammation (1- 4). CRP is primarily
produced by hepatocytes (5, 6), and its synthesis is regulated at the transcriptional level (7—
9). In human hepatoma Hep3B cells, IL-6 induces CRP expression modestly by activating
the transcription factors STAT3 and C/EBPS (10 -14). IL-1, which alone has no effect on
CRP expression in Hep3B cells, synergistically enhances the effects of IL-6 (15). The first
157 bp of the CRP promoter are sufficient for synergistic induction of CRP expression by
IL-6 and IL-15(7, 12). Besides Hep3B cells, STAT3 and C/EBP/ have been shown to act on
CRP promoter in other hepatic cell lines also (16-20). On the CRP-proximal promoter,
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within the first 157 bases, C/EBP£binds to a site centered at —52, and STAT3 binds to a site
at —108 (10 -12). A second C/EBP site is located at position —219 (11).

Three other transcription factors, hepatocyte nuclear factor-1 (HNF-1), HNF-3, and OCT-1,
are involved in maintaining the constitutive expression of CRP (11, 21). OCT-1 is a broadly
expressed, versatile transcription factor of the POU family of homeo domain proteins.
OCT-1 performs many divergent roles in cellular transcriptional regulation, partly due to its
flexibility in DNA binding and its ability to associate with multiple and varied coregulators.
Although generally thought of as an activator of gene transcription, OCT-1 also represses
transcription through a variety of mechanisms (22).

The mode of action of IL-1 in CRP expression is not defined. Because IL-1 activates NF-«B
in Hep3B cells, it is hypothesized that IL-1 may be acting through activation of NF-«B (23).
There are five NF-«B proteins: p50, p52, p65, Rel-B, and c-Rel; they form homodimers or
heterodimers with each other, and bind to «B sites on the promoter regions to modulate
transcription (24). It has been shown previously that the NF-«B heterodimer p50-p65
induces endogenous CRP expression in Hep3B cells (23); however a binding site for p50-
p65 has not been identified in the first 157 bp of the CRP promoter.

In the current study we investigated the possible presence of a kB site within the 157 bp of
the proximal promoter. We located a regulatory element, —74/-59, with overlapping binding
sites for NF-xB and OCT-1. Our data indicate that the binding of OCT-1 to the promoter,
facilitated by p50-p50 in a novel way, represses, whereas replacement of OCT-1 by p50-p65
induces CRP transcription in cooperation with C/EBPS.

Materials and Methods

Cell culture, cytokine treatment, transfection, and luciferase (Luc) transactivation assay

Hep3B cells were cultured in serum-free medium overnight for cytokine treatments as
described previously (14). The confluency of cells was ~60% at the time of treatments. 1L-6
and IL-18 (R&D Systems) were used at concentrations of 10 ng/ml and 1 ng/ml,
respectively, and the cells were treated for 24 h. For transient transfections, cells were plated
into 6-well plates and transfected using FuGene-6 reagent (Roche) as described previously
(25). Luc reporter-CRP promoter constructs were used at 1 1g of plasmid/well. Cytokine
treatments were started 16 h after transfection. After 40 h of transfection, Luc assays were
performed as described previously (25). Luc activity was measured in a luminometer
(Molecular Devices), which was programmed for the integration time of 10 s with no
postinjection delay time.

Preparation of nuclear extract and EMSA

Nuclear extracts were prepared using the NE-PER nuclear and cytoplasmic kit (Pierce) and
were used in EMSA as reported previously (14). The oligonucleotide (oligo) 5'-
GATCCGGGGACTTTCCATGGATGGGGACTTTCCATGG-3' was used as the consensus
KB site-containing probe. Oligos were obtained from Integrated DNA Technologies. The gel
shift incubation buffer contained 40 mM KCI, 16 mM HEPES (pH 7.9), 1 mM EDTA, 2.5
mM DTT, 0.15% Nonidet P-40, 8% Ficoll, and 1 tqg of poly(deoxyinosinic-deoxycytidylic
acid). The Ab to C/EBPS(C19), p50 (H119), p65 (C20), HNF-1 (H205), and OCT-1 (C21)
were purchased from Santa Cruz Biotechnology. Unlabeled competitor oligos were used in a
200-fold molar excess. DNA-protein complexes were resolved in native 4.5%
polyacrylamide gels containing 2.5% glycerol. Gels were analyzed in a phosphor imager
using Image-Quant software (GE Healthcare). Sequences of the top strand of the double-
strand oligos, derived from the CRP promoter and used in EMSA, were as follows: oligo 1,
19 bp long, 5-ATGTTGGAAAATTATTTAC-3'; oligo 2, 25 bp long, 5'-
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CAATGTTGGAAAATTATTTACATAG-3'; and oligo 3, oligo 2 with mutated «B site, 5'-
CAATGTTGGTTAATAATTTACATAG-3' (the «B sites are underlined, and the mutated
bases are in bold).

Engineering of CRP promoter-Luc reporter constructs

Results

The wild-type (WT) construct, Luc-157 WT CRP, has been described previously (13). The
Luc-300 WT construct was prepared according to a previously reported method (26).
Briefly, genomic DNA (Promega) was used to PCR-amplify a fragment corresponding to nt
-300/-1 of the CRP promoter, using the primers 5'-
CCTAGATCTAGAGCTACCTCCTCCTGCCTGG-3' and 5'-
CCGACGCGTACCCAGATGGCCACTCGTTTAATATGTTACC-3'. Primers were
designed to contain the BgAl and Mlul restriction sites, respectively. PCR product was
cloned into the Luc reporter vector pGL2 basic (Pro-mega), and the DNA sequence was
confirmed. These two WT constructs were used as templates for mutagenesis. Constructs
containing mutated kB and STATS3 sites were generated using the QuikChange site-directed
mutagenesis kit (Stratagene). The B site was mutated by substituting ~"2AAAATT-57
with ~2TTAATA-57 using mutagenic primers 5'-
GCGCCACTATGTAAATTATTAACCAACATTGCTTGTTGGGGC-3' and 5'-
GCCCCAACAAGCAATGTTGGTTAATAATTTACATAGTGGCGC-3'. The STAT3 site
was mutated by substituting ~111TCCCGA-106 with ~111GATATC106 ysing mutagenic
primers 5'-GCTTCCCCTCTGATATCAGCTCTGACACCTG-3' and 5'-
CAGGTGTCAGAGCTGATATCAGAGGGGAAGC-3'. Mutations were verified by
sequencing. Plasmids were purified using Maxiprep plasmid isolation kit (Eppendorf).

NF-kB acts synergistically with C/EBPB on the CRP-proximal promoter

To determine whether NF-«B could induce CRP transactivation through the proximal
promoter under any experimental condition, constructs of the WT promoter regions —300/-1
and —157/+3 linked to Luc reporter (Luc-300 WT and Luc-157 WT) were trans-fected into
Hep3B cells along with expression vectors for NF-«B (p50 and p65) and C/EBPS. NF-«B
did induce CRP promoter-driven Luc expression, but only in the presence of C/EBPS (Fig.
1). The amount of C/EBPSwas critical for inducing the effect of NF-«B on both —300/-1
and —157/+3 promoters. For 200 ng of p50 and p65 plasmids, >20 ng of C/EBP/£ plasmid
were required to observe the synergistic induction. The data indicated that NF-«B required
and acted synergistically with C/EBP £ bound to its proximal, but not the distal, site and that
a B site must be located within the 157 bp on the CRP promoter.

A kB site is located at position —69 on the CRP promoter

We read the DNA sequence of the CRP promoter and found a potential B site (—=74/-63)
overlapping the known binding sites for transcription factors HNF-1/OCT-1/HNF-3 (11, 21)

(Fig. 2).

Oscillation between the binding of p50-p50/OCT-1 and p50-p65 on the overlapping kB/

OCT-1 sites

Binding of NF-«B to the putative «B site was determined by EMSA, using consensus «B
site probe and nuclear extracts from cells treated with IL-1/ as the source of NF-«B (Fig.
3A). IL-18treatment induced formation of the NF-«B p50-p65 complex (/anes 1-5). Oligos
1, 2, and 3 derived from CRP promoter and containing the «B site were used as competitors.
The 19-bp oligo 1 (=79/-61) did not compete efficiently with the probe for binding to NF-
KB (/ane 6); however, the 25-bp oligo 2 (-81/-57) competed (/ane 7). To confirm that the
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competition was due to the «B site on oligo 2, the «B site was mutated in oligo 3, and this
oligo did not compete for binding NF-«B (/ane 8). Thus, the region =74/-63 on the CRP
promoter is the «B site, and a certain flanking sequence is necessary for binding NF-«B.

EMSA, using oligo 2 as the probe, provided direct visualization of binding of NF-«B (Fig.
3B). Three specific complexes were formed (/anes 1 and 2). The complex on the top was
HNF-1 (/ane 7), the next complex was OCT-1 (/ane 8), and the fastest migrating complex
contained NF-«B p50-p65 (/anes 5and 6). Unexpected results are shown in /anes 3, 4, and
8. In /ane 3, the mutated oligo 3 (with the OCT-1 site intact) competed with HNF-1 complex
only, showing that mutation of the «B site abolished binding to OCT-1 in addition to NF-
KB. This result indicated that binding of OCT-1 to the probe required an intact B site. In
lane 4, binding of OCT-1 to the probe, in addition to that of NF-«B, was drastically
diminished in the presence of unlabeled consensus B site oligo, indicating dependence of
OCT-1 on NF-«B proteins for binding to its site. In /ane 8, binding of p50-p65 to the probe
was increased by the addition of anti-OCT-1 Ab, indicating that OCT-1 inhibited binding of
p50-p65 to the probe. This result also indicated that the NF-«B proteins required for OCT-1
binding (/ane 4) to the probe must be p50-p50 and explained the low intensity of the NF-«B
complex seen in /ane 1. We confirmed the capability of the B site to bind p50-p50 by using
recombinant p50 (Fig. 4A4). We conclude that the region —81/-57 on the CRP promoter
binds either OCT-1 or p50-p65, and the binding of OCT-1 to its site requires prior transient
binding of p50-p50 to the «B site. Lastly, to confirm the finding that the binding of OCT-1
to its site was dependent on an intact «B site, as seen in /ane 3 (Fig. 38), an EMSA was
performed using oligo 3 as the probe (Fig. 4B8). Only one specific complex containing
HNF-1 was formed.

The kB site is functional

To determine whether the «B site mediated the synergistic effect of NF-xB on CRP
transactivation by C/EBP/, we conducted trans-activation assays using Luc-300 m-«B and
Luc-157 mutated-xB (m-«B) constructs with the mutated «B site (Fig. 5). In Luc-300 WT,
NF-4B enhanced the inducing effect of C/EBPS from 78- to 127-fold. In the Luc-300 m-«B
construct, NF-«B did not do so; instead, the effect of C/EBPSalone was reduced by ~90%
(from 78- to 8-fold) compared with the WT construct, indicating that an intact kB site was
also necessary for maximum transactivation by C/EBPg itself. Similar results were obtained
with Luc-157 constructs. We conclude that the B site is responsible for synergy between
NF-«B and C/EBPSand is also necessary for the action of C/EBPSthrough the C/EBP site.

Participation of the kB site in the synergy between IL-6 and IL-18

To determine whether the «B site mediated the synergistic effect of IL-150on CRP
transactivation by IL-6, we conducted transactivation assays using Luc-300 m-«B and
Luc-157 m-«B constructs with the mutated «B site (Fig. 6). In Luc-300 WT, IL-15enhanced
the inducing effect of IL-6 5.1-fold. In the Luc-300 m-«B construct, the synergistic effect of
IL-14was reduced by 50% (from 5.1- to 2.6-fold) compared with the WT construct. Similar
results were obtained with Luc-157 constructs.

The overlapping kB and OCT-1 sites regulate basal CRP expression

Basal transactivation of the CRP promoter Luc-300 m-«B and Luc-157 m-«B was increased
~15-fold compared with the basal transactivation of the corresponding WT promoters (Fig.
7). As a control, when the STAT3 site was mutated (m-ST), basal activity of the promoter
did not increase. Because mutation of the «B site abolished binding of OCT-1 to the
promoter (Figs. 38 and 4B), the transactivation results suggest that OCT-1 acts as a
repressor of CRP expression.
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Discussion

To explore the mechanism of CRP gene expression, we evaluated the participation of NF-
KB in the induction of CRP gene expression through the proximal promoter. Our major
findings were as follows: 1) NF-«B p50-p65 acted synergistically with C/EBP£to induce
CRP transactivation through 157 bp of the promoter; 2) a minimum amount of C/EBPS was
critical for NF-«B synergy; 3) a B site was located at position —69, overlapping the known
OCT-1/HNF-1/HNF-3 sites; 4) the «B site was required for the synergism between NF-«B
and C/EBPg,; 5) the «B site, in part, contributed to the synergism between IL-6 and IL-15; 6)
basal CRP expression was increased dramatically when the binding of both OCT-1 and NF-
KB to their cognate sites was abolished; and 7) a novel interaction between OCT-1 and NF-
KB dimers p50-p50 and p50-p65 was observed, indicating that this binding site on the CRP
promoter was a key element in regulating CRP gene expression under basal and
inflammatory conditions.

A binding site for NF-«B p50-p65 within the CRP-proximal promoter of the CRP gene was
not identified in previous attempts (13, 14, 23). The «B site found previously on the CRP
promoter was located at position —2652, although a nonconsensus B site for binding p50-
p50 was present in the proximal promoter at position —48. We found that p50-p65, in the
presence of C/EBPS, acted as an inducer of CRP expression. Moreover, transactivation by
C/EBPSthrough the C/EBP site located at position —=52 also required the B site, strongly
indicating a functional association between the two sites. The physical interaction in vitro
and synergism in transcriptional activity between NF-«B and C/EBPS acting through their
adjacent sites is a general phenomenon and has been reported for a number of other gene
promoters (27, 28). Previously reported data (13, 14) showed that p65-p65 inhibited the
inducing effects of p50-p50 and also of C/EBPSon CRP expression through the proximal
promoter. In those transactivation experiments using the overexpression approach, the
amount of C/EBPS was kept constant, and the amount of p50 or p65 varied. In contrast, in
this report, we used constant amounts of p50 and p65 with increasing amounts of C/EBPS. It
was not obvious whether the previously reported inhibitory effect of p65 was due to the
sequestration of a limited amount of C/EBP£ by p65 homodimers (13, 14).

The presence of a B site within the first 157 bp strongly indicated that this site could be the
IL-1-response element on the CRP promoter. The results indicated that the activation of
p50-p65 and the B site at —69, contributed only partially to the synergistic effect of IL-1 on
IL-6-induced CRP gene expression. Our data support the idea that IL-1, besides activating
NF-&B in Hep3B cells, participates in 1L-6 synergy via other pathways, as has been shown
in the case of other IL-1-regulated genes (29).

We present our data obtained from mutational analysis of the CRP promoter and from the
unique interaction of transcription factor on the OCT-1/«B site in the form of a working
model (Fig. 8). This model would guide us to the next series of experiments to demonstrate
the functions of OCT-1, p50-p50, and p50-p65 in regulating CRP expression. There are four
features of this model. 1) The absence of binding of any transcription factor to the OCT-1/
KB site enhances basal CRP expression. 2) The binding of OCT-1 to the promoter requires
previous transient binding of p50-p50 to the overlapping «B site. 3) OCT-1 represses basal
CRP expression, consistent with the known role of OCT-1 as a repressor of gene expression
(30). Thus, basal CRP expression may vary depending upon the availability of free p50-p50
and OCT-1 in the hepatocyte nuclei. The importance of the ratio of various transcription
factors in regulating gene expression has been documented (31). 4) Under inflammatory
conditions, p50-p65 replaces OCT-1 to induce CRP transcription. Such oscillation between
nucleoprotein complexes on the gene promoters has been described previously (32). In

J Immunol. Author manuscript; available in PMC 2013 November 06.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Voleti and Agrawal

Page 6

addition, because the C/EBP site is only 16 bp away from the «B site, C/EBP£and p50-p65
may form a stable ternary complex.
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FIGURE 1.

NF-&B acts on first 157 bp of the CRP promoter and synergizes with C/EBPSto induce CRP
promoter (-157/+3 or —300/-1)-driven luciferase expression. A representative experiment is
shown; three independent experiments exhibited similar patterns. Cells were transfected
with CRP promoter-Luc constructs (Luc-300 WT and Luc-157 WT) and plasmids encoding
C/EBPS (increasing doses) and NF-«B (p50 and p65, 200 ng each). CRP transactivation was
represented as the relative luciferase activity.
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FIGURE 2.

Localization of the «B site on the CRP-proximal promoter. The nucleotide sequence of the
CRP promoter between positions —74 and -43, relative to the transcription start site, is
shown. The sequences of the putative «B site centered at —69 and known binding sites for
other transcription factors are boxed.
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FIGURE 3.

Binding of OCT-1 and NF-«B to the composite OCT-1/«B site. A, CRP promoter’s «B site
competes with the consensus B site for binding to NF-«B. EMSA using radiolabeled
consensus kB site probe and nuclear extract from IL-/treated cells as the source of NF-«B;
Competitor oligos 1-3, containing the putative «B site, were derived from CRP promoter.
Oligo 1, 19 bp containing the «B site; oligo 2, 25 bp containing the «B site; oligo 3, oligo 2
with mutated «B site. B, Direct binding of NF-«B to CRP promoter’s «B site. EMSA used
oligo 2 as a probe and nuclear extract from IL-Streated cells. The competitors (200-fold
excess of unlabeled oligos) and the Ab were added to the reaction mixtures before the
addition of probe. Results were analyzed by a phosphor imager. The mobility of the free
probe is not shown. A representative of three EMSAS is shown.
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FIGURE 4.

Binding of p50 and HNF-1 to oligo 2 and oligo 3, respectively. A, EMSA using oligo 2 as a
probe and recombinant p50 (4 gel shift units/lane). B, EMSA using oligo 3 as a probe and
nuclear extract from IL-Atreated cells. The competitors (200-fold excess of unlabeled
oligos) and the Ab were added to the reaction mixtures before the addition of probe. Results
were analyzed by a phosphor imager. The mobility of the free probe is not shown. A
representative of three EMSAS is shown.
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Page 12

The «B site and the C/EBP site act together to regulate CRP expression. The basal Luc
activity for each construct is considered 1, and Luc activities in response to C/EBPS (80 ng)
and NF-«B (p50 and p65, 200 ng each) are plotted as fold induction over basal expression.

The average + SEM of three experiments are shown.
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FIGURE 6.

Synergistic effect of IL-150n IL-6-induced CRP expression is only partially mediated by
NF-«B. The basal Luc activity for each construct is considered 1, and Luc activity in
response to IL-6 and IL-1Zis plotted as the fold induction over basal expression. A
representative experiment is shown.
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FIGURE 7.
The basal level of CRP expression was elevated from that of the promoter with the mutated

KB site. The basal Luc activities of mutated-STAT3 (m-ST) and m-«B constructs are plotted
as the fold induction over that of the WT construct whose basal activity was taken as 1. The
average = SEM of five experiments are shown.
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FIGURE 8.

A model showing the role of the overlapping kB/OCT-1 sites functioning with the C/EBP
site in regulating basal and induced CRP expression. A, Vacant OCT-1, kB, and C/EBP sites
increase basal CRP expression. B, Binding of OCT-1 to its site requires previous transient
binding of p50-p50 to the B site. Once OCT-1 is bound, p50-p50 leaves its site. C, OCT-1-
binding represses basal CRP expression. D, Cytokines such as IL-6 and IL-1factivate C/
EBPSand NF-«B p50-p65, respectively. A switch occurs between the repressor OCT-1 and
p50-p65. Because the «B site is only 16 bp away from the C/EBP site, a physical interaction
between NF-xB and C/EBPSis possible, resulting in induced CRP expression.
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