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Cytokine-Induced Hepatic Apoptosis Is Dependent on
FGL2/Fibroleukin: The Role of Sp1/Sp3 and STAT1/PU.1
Composite cis Elements

Mingfeng Liu,* Michael Mendicino,* Qin Ning,” Anand Ghanekar,* Wei He,* Ian McGilvray,*
Itay Shalev,* David Pivato,* David A. Clark,* M. James Phillips,* and Gary A. Levy'#

Previous studies from our laboratory have shown that fulminant hepatitis caused by the mouse hepatitis virus, MHV-3, is
dependent on production of the novel immune coagulant fgl2/fibroleukin. In this study, we investigate the role of IFN-y and TNF-«
in the induction of fgl2 expression and fgl2-dependent hepatic apoptosis. Infusion of IFN-y in combination with TNF-« through
the portal vein of fgI2*'* mice led to widespread hepatic apoptosis and fibrin deposition. Livers from fg/2~’~ mice were normal,
although strong expression of the fgl2 knockout reporter gene Lac Z was seen in both resident hepatic macrophages and endo-
thelial cells. In vitro, IFN-y and TNF-« induced fgl2 expression in a macrophage and endothelial cell-specific manner. In mac-
rophages (peritoneal and RAW 264.7 cells), IFN-vy, but not IFN-«, LPS, TNF-«, or IL-1 induced fgl2 mRNA transcription and
protein expression, while in endothelial cells TNF-, but not IFN-+, induced fgl2 transcription. In addition, while TNF-« enhanced
IFN-vy-induced macrophage fgl2 transcription, IFN-vy also enhanced TNF-a-induced endothelial cell fgl2 transcription. The in-
duction of fgl2 by IFN-vy in macrophages involved a STAT1-dependent pathway, involving the composite cis elements Sp1/Sp3 and
GAS/PU.1. The latter interacted with IFN-y-dependent Sp1/Sp3, STAT1, and the Ets family of transcription factors member PU.1.
The interaction of PU.1 with the IFN-vy-activated sequence/Ets family of transcription factors site determined the macrophage-
specific induction of fgl2 by IFN-vy. Overall, this study demonstrates that IFN-y and TNF-« induce hepatocyte apoptosis in vivo,

which is dependent on induction of fgl2, and defines the molecular basis of transcription of fgl2 in vitro. The Journal of Immu-

nology, 2006, 176: 7028-7038.

( : ytokines play an important role in the pathogenesis of
both experimental and human acute and chronic liver dis-
eases including viral hepatitis B (HBV),? hepatitis C, ex-

perimental hepatitis in mice induced by mouse hepatitis virus 3

(MHV-3), autoimmune hepatitis, alcohol-induced hepatitis, and

hepatitis produced by hepatotoxins including Con A (1-3). Al-

though we have reported a critical role for the procoagulant mol-
ecule fgl2 in MHV-3-induced fulminant hepatitis, its role in cyto-
kine-dependent liver damage in general is unclear.

Recently, it has been reported that Con A-induced hepatitis is an
IFN-v-dependent event mediated by the STAT1. IFN-vy has also
been implicated in both LPS- and D-galactosamine-induced liver
injury in animals and in chronic hepatitis C infection in humans (3,
4). By transgenic approaches, it has been shown that overexpres-
sion of IFN-v in the liver directly can produce chronic active hep-
atitis (5) and IFN-v is critical to the pathogenesis of acute hepatitis
in an HBV transgenic model system (6).
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There is considerable information concerning the mechanisms
by which IFN-y activates gene expression. Following IFN-vy bind-
ing, the IFN-yR oligomerizes and brings the JAKSs into juxtapo-
sition, leading to their cross-phosphorylation and activation (7, 8).
The STATS, which are recruited to the JAK-receptor complex via
their Src homology 2 domain, are phosphorylated on a conserved
tyrosine residue. This phosphorylation results in STAT dimeriza-
tion to form a protein complex denoted as y-activated factor which
relocates to the nucleus and regulates expression of multiple target
genes through the IFN-vy-activated sequence (GAS), such as
ICAM-1 (9-11). Recent studies have also shown that a JAK-ac-
tivated, STAT1-independent pathway exists for IFN-vy-regulated
genes (7). This STAT1-independent pathway is as equally impor-
tant as the STAT1-dependent pathway in contribution to antiviral
responses, and to the control of proliferation and tumor suppres-
sion (7). For example, IFN-+y can regulate gene expression through
a JAK1-dependent, STAT1-independent pathway (7). In addition,
IFN-v can induce C/EBP-f transcription and regulates the tran-
scription of IFN-y-regulated factor 9 (IRF-9) through novel IFN-
y-activated transcriptional elements) that are different from GAS
(12). In addition, an E box, distinct from GAS, and possible co-
operative cis elements, have been found to be totally responsible
for IFN-v induction of the fourth component of human comple-
ment (C4) (13). These findings indicate that IFN-y may act via a
variety of intracellular pathways to regulate gene expression rele-
vant to induction of hepatic inflammation.

In MHV-3-induced liver injury, intravascular fibrin deposition
and subsequent liver cell (hepatocyte) apoptosis are a consequence
of MHV-3 induction of the immune coagulant fgl2/fibroleukin in
macrophages and endothelial cells (14, 15). Infusion of mAbs
against fgl2 prevents MHV-3-induced liver injury and subsequent
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mortality, supporting a pivotal role for fgl2 in the pathogenesis of
MHV-3-induced liver damage (16). Furthermore, mice in which
fgl2 was deleted by targeted recombination (fg/2 /") had a marked
reduction in MHV-3-induced liver injury (17). Although the nu-
cleocapsid (core) protein of MHV-3 was shown to induce fgl2
expression, there are other factors that are thought to contribute to
the regulation of fgl2 transcription (14, 15). It has been reported
that induction of IFN-vy and TNF-a by macrophages is a critical
determinant of both the liver cell death and subsequent morbidity/
mortality associated with MHV-3 infection (18). Furthermore,
IFN-vy has also previously been reported to induce fgl2 transcrip-
tion in BALB/cJ peritoneal macrophages in vitro (19).

In this report, we demonstrate that IFN-y in combination with
TNF-« induces hepatocyte apoptosis in vivo which is fgl2 depen-
dent. We further demonstrate that the STATI-related signaling
pathway and Sp1/Sp3-STATI1/PU.1 transcriptional complex are
involved in the regulation of fgl2 transcription in vitro.

Materials and Methods
Cells and cytokines

Peritoneal macrophages were harvested from BALB/cJ mice 5 days after
i.p. administration of 1.5 ml of 5% thioglycolate (Difco Laboratories) as
described previously (20). The murine macrophage cell line, RAW 267.4
(RAW), which was derived from BALB/cJ mice, was obtained from the
American Type Culture Collection (ATCC). Cells were maintained in
DMEM supplemented so as to contain 10% FBS and maintained as in-
structed according to ATCC protocols. Cytokines IL-1, IL-6, IFN-v,
TNF-«, and IFN-a were purchased from BD Pharmingen. LPS was pur-
chased from Sigma-Aldrich.

Mice

Production of mice deficient in fgl2 has been described previously (17).
Mice of the fgl2~/~ genotype backcrossed onto C57BL/6 for 10 genera-
tions were used for the series of experiments described below. The LacZ
reporter and PGK-neo gene were inserted within the first of two coding
exons of the fg/2 gene enabled detection of fgl2 transcription by B-galac-
tosidase (-gal) expression.

Histology

Livers were removed from all euthanized animals and analyzed for histol-
ogy. For histological examination and quantification of hepatic necrosis
and apoptosis, liver tissue was fixed in 10% buffered formalin for 4 h
followed by routine tissue processing and staining using an automated
tissue processor, following which the tissue blocks were embedded in par-
affin. Livers were then sectioned 5-um thick and stained with H&E and
with martius/scarlet/blue. Tissue sections of liver were also stained for
assessment of apoptosis using a standard laboratory TUNEL automated,
robotic in situ method. Sections were scored in a blinded fashion to de-
termine the extent of hepatocyte cell death. The surface area of the liver
examined was equal in all instances and corresponded to 10 contiguous
histologic fields at low magnification (X100).

In vivo IFN-y and TNF-« infusion and [(3-gal staining

For in vivo studies, IFN-y (5 X 10* U) or TNF-a (1 X 10° U) were
administrated either alone or in combination through the portal vein of
fgl27'~ and fgI2™'" mice. Liver tissues were collected at either 8 or 20 h
postinfusion. 3-gal staining was performed on tissue frozen in OCT (Tis-
sue-Tek; Sakura Finetek) and sectioned on a cryostat at 6 wm. The B-gal
staining kit (Invitrogen Life Technologies) was used and the protocol was
modified for use on tissue sections to detect the Lac Z reporter. fg/2~/~ and
fel2™"" mouse tissue samples were fixed in formaldehyde-glutaraldehyde
and stained in a solution containing X-gal (40 mg/ml) in N,N-dimethylfor-
mamide for 24 h at 37°C in a humidified chamber. Each section was
washed in PBS and covered with a coverslip in an aqueous mounting
medium (DakoCytomation). fgl2™/" tissue was used as Lac Z-negative
control. Serial sections were stained with H&E using standard procedures
to confirm morphological structures seen by [B-gal staining. For double
staining, frozen sections were thawed at room temperature for 20 min.
Slides were then fixed in 50% acetone and 50% methanol for 10 min.
Slides were washed once in PBS containing 0.65% BSA, blocked for 30
min in wash buffer plus 3% goat serum and were analyzed using either the
combination of rabbit anti-f-gal (Abcam) and rat anti-mouse CD31 (BD
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Biosciences) or rabbit anti-B gal and rat-anti-mouse CD11b (BD Bio-
sciences). Second Abs were FITC-labeled goat-anti-rabbit IgG (Abcam) or
rhodamine-labeled goat-anti-rat IgG (BD Biosciences).

Northern blot

Total cellular RNA (20 ug) from each tissue or cells was electrophoresed
in a 1% denaturing agarose gel with 1.7% formaldehyde and then trans-
ferred to nitrocellulose membranes (Schleicher & Schuell) in 20X SSC
(1X SSC in 0.15 M/L NaCl plus 0.015 M/L sodium citrate). RNA was
immobilized by UV cross-linking the membrane, and hybridized in ex-
presshyb from BD Clontech. Hybridization was conducted at 68°C for 2 h
with an [e-*?P]dCTP-labeled 700-bp DNA probe of mouse fgl2 cDNA
(7 X 10® cpm/ug) encompassing nt 100—639. Labeled mouse glyceralde-
hyde-3-phosphate dehydrogenase cDNA was used to ensure the equal load-
ing of the RNA in each tissue. The membrane was washed twice with 1X
SSC and 0.1% SDS at room temperature for 15 min and twice with 0.1X
SSC and 0.5% SDS. The membrane was then autoradiographed by expo-
sure to Kodak film (X-OMAT; Eastman Kodak).

Jgl2 promoter constructs

fgl2 promoter reporter plasmids were constructed as described previously
(20). Briefly, a 1.3-kb fgl2 promoter fragment was released from pM166 by
digestion with Sall and EcoRV and subcloned into pGL2Basic using the
Smal and Xhol sites in this vector to construct a promoter reporter plasmid
pfel2(—1320/+9)Luc. 5’ truncations of the fgl2 promoter in pGL2Basic
were created by PCR. 5'-deleted promoter fragments were amplified from
pfgl2(—1320/+9)Luc using a common antisense primer (5'-GCC ACA
ACC AAC CAG GAA G-3', positions 1335-1353 in GenBank accession
AF025817) and a series of sense primers at varying distances upstream
(20). The PCR products were subcloned into the plasmid PCR2.1 (Invitro-
gen Life Technologies). These fragments were then excised from PCR2.1
by digestion with HindIIl and Sall and transferred into the pGL2Basic
using the HindIIl and Xhol sites. All promoter constructs were sequenced
to confirm the orientation and to verify the sequences.

Site-directed mutagenesis

Six sequential site-directed mutants were created within a 70-bp region
(—119 to —41) of the fgl2 promoter in the promoter-reporter pfgl2(— 1320/
+9)Luc as described previously (20). Each mutant contains the sequence
GGTACC, a Kpnl restriction site. These mutations were introduced using
paired primers according to the manufacturer’s instruction (Invitrogen Life
Technologies). Mutants were verified by sequencing. Mutation of positions
—108 to —99 and —97-91 (mutl and 2) contains no known cis elements
Mutation of positions —87 to —80 bp (mut3) contains an octamer motif:
5'-ATGCAAAT-3'. Mutation at positions —77 to —71 bp (mut4) contains
a Spl1/Sp3-binding site 5'-GCCCGCCC-3'. Mutation at positions —68 to
—59 bp contains the GAS/ETS binding site 5'-TTCTGGGAACT-3'. Mu-
tation of positions —57 to —44 (mut6) contains an Apl site
5'-TGAGTCAG-3'.

Transient transfection and luciferase assay

Transient transfection was conducted using GenePorter (Gene Therapy
System) according to manufacturer’s instruction. RAW cells were plated at
5 X 10°/well in 6-well plates 18 h before transfection. Transfection con-
ditions were optimized using the SV40 promoter/enhancer luciferase con-
trol plasmid, pGL2-control. Cells were cotransfected with 2 ug of fgl2
reporter construct and 2 ug of pRSV-B-gal DNA to control for transfection
efficiency as previously described (20). Each transfection experiment was
performed in triplicate and repeated a minimum of three times.

EMSAs

Nuclear extracts from macrophage RAW cells were prepared as described
(20). For EMSA, double-stranded GAS oligonucleotide probe (5'-GCC
CTT TTC TGG GAA CTC AGA-3', nt —76 to —56) was 5’ end-labeled
with [y-**P]ATP (Amersham) using T4 polynucleotide kinase. fgl2 mutant
5'-CGCCCTTTTGAGGTACCTCAGAACGCCTG-3" was used as com-
petitor. The underlining represents the nucleotide changed. For each
EMSA reaction, 2-5 ug of nuclear extracts were incubated for 15 min on
ice in 20 wl of binding buffer. A total of 10* dpm of probe was added to
each reaction and the mixture was incubated at room temperature for 30
min. For supershift assays, 2 ug of Ab were incubated with nuclear extracts
for 45 min before adding DNA probe. Anti-STAT-1-«, Spl, Sp3, ETS-1,
PU.1 Elf-1, STAT-3 IgG are from Santa Cruz Biotechnology. For compe-
tition, 100X cold oligo was added to the reaction. The binding reactions
were sized-fractionated on a nondenaturing, 5% acrylamide gel, and run at
150 V at room temperature for 2 h in 1 X Tris-glycine buffer.
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Western blot

Cell lysates from a 10-cm plate were prepared by adding 0.5 ml of ice-cold
buffer (20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 2.5 mM sodium pyrophosphate) supplemented with the
protease inhibitors leupeptin (1 wg/ml), pepstatin A (1 ug/ml), antipapin
(50 pg/ml), and PMSF (0.1 mM). Lysates were scraped from the plate and
sheared by passing through a 21-gauge needle three times. The lysates were
centrifuged for 10 min at 4°C and the supernatants were collected. Samples
were heated at 100°C for 5 min, cooled on ice, and resolved by SDS-
PAGE, transferred to nitrocellulose membrane and subject to Ab detection.
Anti-STAT-1, tyrosine phosphorylated STAT-1, p38, Lyn, tyrosine-phos-
phorylated p38, and serine 727-phosphorylated STAT-1 were obtained
from Santa Cruz Biotechnology.

Chromatin immunoprecipitation assay (ChIP)

ChIP was performed on postconfluent cells using the ChIP Assay kit (Up-
state Biotechnology) as previously described (21). Approximately 3 X 10°
cells were used per ChIP assay. Briefly, formaldehyde was added to culture
medium to a final concentration of 1%, and incubated for 10 min at 37°C
following stimulation. Sonication of cell lysates achieved soluble chroma-
tin fragments containing DNA ranging in size from 200 to 1000 bp. Son-
icated cell lysates were centrifuged for 10 min at 14,000 rpm at 4°C. The
supernatant was diluted 10 times to 2000 nl with ChIP dilution buffer. A
20-ul aliquot (1% of total) was removed, the cross-links were reversed by
heating at 65°C for 4 h, and then 4 ul was used to quantitate the amount
of input DNA. The remaining diluted supernatant was precleared with
salmon sperm DNA/protein A agarose, then incubated overnight at 4°C
with 5 ug of specific Ab (Ab), 5 ng of control rabbit IgG, or no Ab. To
collect the immunoprecipitated (IP) complexes, salmon sperm DNA/pro-
tein A agarose was added and incubated for 1 h at 4°C. After washing, the
immune complexes were eluted twice with 250 ul of freshly prepared
elution buffer (1% SDS and 0.1 M NaHCO3). The formaldehyde cross-
links were reversed in combined eluates by heating at 65°C for 4 h. The
resulting IP DNA sample was purified and resuspended in 25 ul of filtered
water. Twenty micrograms of tRNA was used to aid in precipitation. At
least three independent ChIP assays were performed. Abs used for ChIP
analysis were as follows: STAT1, PU.1, NF-«B, and RNA polymerase II
(Pol II), purchased from Santa Cruz Biotechnology.

Real-time PCR analysis of ChIP samples

The following primer sets were used in ChIP experiments to amplify IP
DNA containing the fgl2 promoter: for STAT1, PU.1 and Pol II of the fgl2
proximal promoter (—116 to —25), 5'-TCC TGT GTG GCG TCT GAG
ACT-3" and 5'-CTT TAA TAG CCA CCG CCG-3'; for NF-«B of the fgl2
upstream promoter region (—802 to —655), 5'-GAA TTT GGG TTT ATC
TGT GTC AGT TAC GC-3’" and 5'-GGC TGT CCT TCC CCA TCA CTC
AG-3'. The amount of target IP DNA was quantified on an ABI7900 HT
sequence Detection System (Applied Biosystem) using SYBR green meth-
odology. Determinations were performed in triplicate on 4 ul of bound
chromatin, 4 ul of a no Ab control or control IgG immunoprecipitation,
and 4 ul of a 10-fold diluted input chromatin in a 25-ul reaction. IP DNA
was normalized to the diluted input sample using a 2“7 calculation
method (where CT is the cycle threshold) (22) and subtracts the no Ab or
control IgG sample for nonspecific immunoprecipitation. Findings were
comparable whether a no Ab control or control IgG was used to control for
nonspecific immunoprecipitation.

Small-interfering RNA (siRNA)-based experiments

A siRNA strategy was used to examine the effects of silencing endogenous
PU.1 on transcription of fgl2 in RAW cells. PU.1 and control siRNAs were
obtained from Santa Cruz Biotechnology. Forty-eight hours after transfec-
tion with GeneSilencer (see below), total RNA or protein samples were
prepared using the Qiagen total RNA kit or lysis buffer (see previous sec-
tion). RT-PCR was performed to determine PU.1 expression at the mRNA
level using the forward primer: CACCATGGAAGGGTTTTCCCT
CACGTGG and reverse primer AGCCTGGCGGTCTCTGC.

For Western blotting, protein extracts from the same number of cells
were loaded and were separated on a 10% SDS-PAGE gel and the proteins
were detected with anti-PU.1 (Santa Cruz Biotechnology).

Cotransfection of siRNA and luciferase reporter plasmids was con-
ducted using GeneSilencer siRNA Transfection Reagent (Gene Therapy
System). For each transfection, 2 ug of luciferase reporter plasmid, 1 ug
of pRSV-B-gal DNA, and 1 pg of siRNA were mixed based on Gene-
Silencer transfection manuals.

Data analysis

Data were expressed as mean = SEM where applicable, obtained from at
least three independent experiments, each done in triplicate. The Student #
test for unpaired samples (two-tailed) was used to analyze the data. The
level of statistically significant difference was defined as p < 0.05.

Results
IFN-vy and TNF-« induces fgl2 expression and causes
hepatocyte apoptosis

As seen in Fig. 1, portal vein infusion of IFN-vy in combination
with TNF-a led to apoptosis in >50% of hepatocytes (TUNEL
staining). That hepatocyte apoptosis was fgl2 dependent was
shown by the fact that liver tissue recovered from fg/2~/~ mice
infused with TNF-« and IFN-y were near normal (Fig. 1). Intra-
vascular fibrin deposits were seen adjacent to areas of hepatic ne-
crosis and apoptosis, similar to mice infected with MHV-3 (17,
23). Infusion of IFN-vy or TNF-« alone failed to produce hepato-
cyte apoptosis (data not shown), suggesting that the combination
of both cytokines is required for the induction of liver damage

B-gal staining was performed on liver tissue for detection of fgl2
promoter activity. Livers from wild-type control mice (fgi2*'")
had no expression of fgl2 promoter-directed Lac Z gene, whereas
patches of B-gal were seen in fg/2~'~ mice 8 h after injection of
IFN-v as expected. Increased expression of (3-gal persisted up to
20 h after IFN-+y injection (Fig. 2), with localization mainly near or
along the vessels. Following infusion of TNF-« in fg/l2~'~ mice,
B-gal activity was detected with a perivascular staining pattern
within endothelial cells. Infusion of both TNF-« and IFN-vy re-
sulted in enhanced [3-gal staining in both macrophages and endo-
thelial cells (Fig. 2). Macrophages and endothelial cells were con-
firmed as the cellular source of p-gal activity by
immunofluorescence staining using anti-CD11b for macrophages
and anti-CD31 for endothelial cells, as shown in Fig. 2.

Mechanism of IFN-vy-induced fgl2 transcription

As shown in Fig. 3, IFN-v, but not TNF-«, IFN-a, IL-1, or LPS
induced a time-dependent increase in fgl2 expression in
RAW264.7 macrophage cells. RAW cells were transfected with
the fgl2 promoter construct pfgl2(—1320/+9)Luc (20) to dissect
the mechanism of IFN-y-induced fgl2 expression. This construct
has a 1320-bp DNA sequence upstream of the transcription start
site. As shown in Fig. 4A, consistent with our Northern blot results
(Fig. 3), IFN-vy induced fgl2 promoter activity to a maximum 8.5-
fold, whereas IL-1 and TNF-« had no effect on fgl2 transcription.
To identify functionally important DNA regions necessary for
IFN-v-induced fgl2 transcription, a series of plasmids containing a
luciferase reporter under the control of successively deleted fgl2
promoters (20) were used. As shown in Fig. 4B, serial 5'-deletions
of regions spanning —1.3 kb to —119 bp failed to eliminate fgl2
promoter activity in response to IFN-v. Deletion of the region from
—119 bp to —58 bp completely eliminated fgl2 promoter activity.
This promoter region has previously been shown to be requisite for
constitutive expression of fgl2 in endothelial cells and contains a
cluster of cis-DNA elements including Oct-1, Sp1/Sp3, and an
overlapping ETS/GAS or STAT-x site (20). One of these cis ele-
ments, the STATx/ETS-binding site (TTCTGGGAACT), or a
GAS/ETS-like cis element, has been previously reported to bind to
STAT proteins in response to IFNs (10). To test whether this cis
element was responsible for fgl2 induction by IFN-vy, we mutated
TTC TGG GAA CT to TTA TGG TAA CT in the pfgl2(—1320/
+9)Luc and transfected this plasmid into RAW cells. Fig. 4C
shows that this two-nucleotide mutation completely abrogated fgl2
promoter activity. In contrast, a mutation targeting an upstream
IE1 cis element had no effect on fgl2 promoter activity. These
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Fgl2+/+
Untreated
FIGURE 1. Histopathology of liver in fgl2™/*
and fgI2~'~ mice. Comparison of controls and mice
following IFN-y and/or TNF-« treatment. H&E-
stained sections, left panel, the liver histology of
either nontreated or combined IFN-y and TNF-a- Fg|2-f-
treated animals. Right panel, The TUNEL assay (by |FN’}“‘TNFQ
in situ hybridization) of the sequential sections to
the left. All micrographs X100 (original
magnification).
Fgl2+/+
IFNy+TNF o

results suggested that IFN-y-induced fgl2 expression is dependent
on STAT-x/ETS.

EMSAs were performed to examine the nature of the function-
ally important nucleoprotein complexes that form at STAT-x/ETS
cis-regulating element important for IFN-y induced fgl2 promoter
activity in RAW cells. Using EMSA probe spanning nt —76/—57
containing the nucleotide sequence 5'-GCCCTTTTCTGG
GAACTCAG-3’, we detected a specific protein-DNA complex
following IFN-+y stimulation (Fig. 4D). (Bold and underlined por-
tions of the sequence represent the STAT1 binding site.) Results
showed that in resting cells, a single DNA-protein complex was
observed (lane 2). After IFN-vy stimulation, an upper complex ap-
peared on the gel (Fig. 4D, lane 3). The upper complex was spe-
cific because this complex could be competed away by 100-fold
excess of cold probe (Fig. 4D, lane 4). Interestingly, a cold probe,
5'-GCCCTTTTATGGTAACTCAG-3', which had the same mu-
tation as the fgl2 promoter in Fig. 4C, only competed away the
lower complex but not the upper complex (the one induced by
IFN-vy treatment). At present, the lower band has not been identi-
fied and may represent nonspecific binding. In a supershift assay,
an anti-STAT1 Ab was able to shift the upper complex (Fig. 4D,
lane 6), whereas an anti-STAT3 Ab had no effect on the protein-
DNA complexes (Fig. 4D, lane 7). To further assess the involve-
ment of STAT1 in the transcription of fgl2 upon IFN-vy treatment,
we examined whether STAT1 could bind to the GAS/ETS in the
fgl2 proximal promoter in vivo. Binding of STAT1 was shown by
the ChIP assay which showed a 27-fold increase of STAT1 with
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HE Staining TUNEL Assay
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the fgl2 proximal promoter whereas the binding of Pol II to fgl2
increased 15-fold (Fig. 4E). These results collectively demonstrate
that the macrophage GAS/ETS site was functional and active upon
IFN-vy treatment, and that fgl2 induction by IFN-y is STATI1
dependent.

IFN-y-induced transcription of macrophage fgl2 depends on
STAT-1/PU.I cis element and requires Sp1/Sp3-binding site

As the region spanning from —119 to —59 bp of fgl2 promoter
also includes OCT-1, Sp1/Sp3, as well Apl cis-DNA elements
(Fig. 5), cis elements other than GAS/ETS were examined for their
role in IFN-y-induced fgl2 transcription. Reporter constructs con-
taining six sequential mutated cis elements were transfected into
RAW macrophage cells which were then stimulated with IFN-vy.
As seen in Fig. 5A, while mutl, mut2, mut3 (mOct-1), and mut6
(mAP1) have no effect on IFN-y-induced fgl2 transcription, mut4,
which contains mutation of Sp1/Sp3 cis element, as well as mut5,
which contains mutation of STATI/ETS, significantly reduced
fgl2 promoter activity. This result suggested that IFN-vy-induced
fgl2 promoter activity also required the presence of an Sp1/Sp3-
binding site. To confirm the involvement of an Sp1/Sp3 transcrip-
tion factor in fgl2 promoter activity induced by IFN-v, an adjacent
probe to the STAT-1/ETS-containing Sp1/Sp3 site was examined
for its binding ability to Spl or Sp3 in RAW cells. In contrast to
that of endothelial cells (20), neither Sp1 nor Sp3 was able to bind
to Sp1/Sp3 cis element without IFN-vy stimulation. The interaction
with Spl and Sp3 was detected only when IFN-y was added, as
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FIGURE 2. Cellular localization of fgl2 transcription in response to cytokine stimulation in hepatic tissue. Liver frozen sections were from fg/2 '~ mice
treated with TNF-c, IFN-v, and combined TNF-« and IFN-vy and were stained as follows: A, B-Galactosidase (a, e, i, and m) using lacZ reporter blue. B-D,
Immunofluorescence microscopy as follows: B, X-galactosidase FITC-labeled Ab (b, f, j, and n) green fluorescence. C, CD31 (g), CDI1b (c and k),
combined CD31 and CD11 (o), thodamine-labeled Abs red fluorescence. D, d, CD31; A, i, and p, overlay of B and C; colocalization as shown by orange

staining (arrows).

demonstrated by the supershift band seen following addition of
either anti-Sp1 or anti-Sp3 Abs and the disappearance of the lower
protein-DNA complex (Fig. 5B). The supershift pattern is similar
to that seen in endothelial cells except for the appearance of an
unidentified nonspecific complex (20). Both Sp1 and Sp3 are com-
ponents of the protein-DNA complex formed with the Sp1/Sp3-
binding site (Fig. 5B) suggesting that both transcription factors
contribute to fgl2 induction in macrophage cells.

The involvement of Sp1/Sp3 in fgl2 induction, however, did not
independently explain macrophage-specific induction by IFN-y. In
endothelial cells, both Spl and Sp3 were active and were able to
interact with fgl2 promoter even without addition of IFN-y (17,
20). Therefore, we postulated that additional cis elements might be
invoked. The ETS core site, GGAA, located in the middle of the
GAS/ETS element was examined for its possible role in differen-
tiating the fgl2 induction by IFN-y. EMSA was performed using
the same probe for STAT1 (—76/—57) with macrophage nuclear
extracts. As shown in Fig. 5C, without addition of IFN-vy there is
a major complex seen in the gel which represents a nonspecific
DNA-protein complex as seen in Fig. 4D. However, a shifted pro-
tein-DNA complex appeared after the addition of Ab against the
ETS family member PU.1, while Ab against other ETS family
members did not produce any shift. These results suggest that the
PU.1-DNA complex might have been obscured in the major com-
plex and the mutation of ETS core sequence GG GAA CT to GG

TAA CT did not abolish the binding of PU.I1 to the ETS core
GGAA. The PU.1-STAT-1/ETS interaction was, however, further
enhanced after addition of IFN-y along with the STAT1-DNA
complex (Fig. 5D). The ChIP assay was performed to further con-
firm the binding of PU.1 to the fgl2 proximal promoter containing
GAS/ETS cis element in vivo. The direct immunoprecipitation of
chromatin complex by anti-PU.1 showed that the PU.1-fgl2 pro-
moter DNA complex increased 14-fold after IFN-vy treatment (Fig.
5E). As a similar protein-DNA complex was not detected when
SVE-10 endothelial cell nuclear extracts were used (20), the in-
teraction between PU.1 and STAT-1/PU.1 site suggested a distinc-
tive function of PU.1 responsible for the induction of fgl2 in mac-
rophages by IFN-vy and the lack of this factor (PU.1) in endothelial
cells may explain the inability of IFN-+y to induce endothelial fgl2
transcription.

To confirm the involvement of PU.1 in macrophage fgl2 induc-
tion by IFN-v, siRNA was used to silence the endogenous PU.1
expression in RAW cells because its binding site in the fgl2 pro-
moter overlaps with that of STAT1. PU.1-specific and scrambled
siRNAs were obtained from Santa Cruz Biotechnology. As seen in
Fig. 6A, transfection of PU.1 siRNA resulted in significant reduc-
tion of the PU.1 gene at the mRNA level as assessed by RT-PCR.
Transfection of a control siRNA, a nonspecific sequence, had no
effect on PU.1 expression compared with the no siRNA transfec-
tion control. The same results were obtained at the protein level as
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FIGURE 3. Cytokine induction of fgl2 mRNA and protein expression in macrophages. Northern blot analysis of fgl2 mRNA transcripts in macrophages.
Twenty micrograms of total RNA extracted from unstimulated or cytokine stimulated RAW cells were added to each lane and hybridized with an fgl2 probe
as described in Materials and Methods. An actin cDNA was used to ensure equal amounts of RNA in all lanes. A, RAW cells were incubated alone
(untreated) for 24 h, lane I; with 100 U/ml IFN-vy for 6 and 20 h, lanes 2 and 3; 50 ng/ml LPS, lane 4. B, RAW cells were incubated for 6 h alone (untreated),
lane 1; or with 50 U/ml IL-1, lane 2; 100 U/ml IFN-y, lane 3; and 400 U/ml TNF-q, lane 4. C, RAW cells untreated, lane 1; with 100 and 200 U/ml IFN-v,
lanes 2 and 3; 100 U/ml IFN-vy and 1000 U/ml IEN-a, lane 4, and increasing amount of IFN-« at 1000, 2000, 4000, and 8000 U/ml, lanes 5-8. D, fgl2
protein production in response to increasing concentrations of IFN-vy in peritoneal macrophages from BALB/cJ mice.

detected by Western blot with an anti-PU.1 Ab (Fig. 6B). As
shown in Fig. 6C, cotransfection of a PU.1 siRNA with pfgl2LUC
reporter plasmid significantly reduced fgl2 promoter activity in
response to IFN-vy, while a control siRNA had no effect. These
results argue for a role for PU.1 in macrophage fgl2 induction by
IFN-vy.

Effect of IFN-vy and TNF-a on fgl2 transcription in
macrophages and endothelial cells

On the basis of our in vivo studies, we postulated that TNF-a could
enhance the fgl2 response to IFN-vy. As shown in Fig. 7A, IFN-y
induced macrophage fgl2 transcription, whereas TNF-« alone had
no effect. When combined, however, TNF-« significantly en-
hanced IFN-vy induction of fgl2 expression in macrophages. In
endothelial cells, the combination of TNF-« and IFN-vy led to more
fgl2 mRNA expression than TNF-« alone. In both murine SVE-10
cells and in primary pig aorta endothelial cells, TNF-« alone in-
duced fgl2 expression, whereas IFN-vy alone was ineffective (Fig.
7B). When both TNF-« and IFN-y were added, fgl2 expression
was enhanced (Fig. 7C). These studies show that IFN-y and
TNF-a can enhance each other’s effect in fgl2 induction in differ-
ent cells. However, the mechanism of TNF-« induction of fgl2 in
endothelial cells and its enhancing effect by IFN-y is still not clear
and awaits further investigation

The mechanism of this enhancement in macrophages was ex-
amined further in vitro. RAW cells were transfected with the fgl2
promoter reporter constructs as described above. As shown in Fig.

7D the enhanced effect of TNF-a on IFN-vy transcription of fgl2
was localized between —725 and —614 bp upstream of the tran-
scription start site (Fig. 7D). Within the negative strand three pu-
tative NF-«kB-binding sites were identified. Addition of the NF-«B
inhibitor MG132 abolished the enhanced TNF-« effect suggested
the role of NF-«kB in TNF-a-enhanced IFN-vy induction of fgl2
transcription (Fig. 7E). This result is further supported by a 4.7-
fold increase in IP DNA by real-time PCR of the fgl2 promoter
region containing putative NF-«kB consensus-binding sites immu-
noprecipitated by anti-NF-«kB Ab (Fig. 7F). Silencing of PU.1
using the same siRNA strategy described above also inhibited
the ability of TNF-« to enhance IFN-vy-induced fgl2 transcrip-
tion (Fig. 7G).

Discussion

In these studies, we document that portal vein infusion of [FN-vy in
combination with TNF-a induces hepatocyte apoptosis that is de-
pendent on expression of fgl2. This finding was confirmed by the
observation that hepatocyte apoptosis was only seen in livers from
fgl2™'* and not fgl2~'~ mice. fgl2 mRNA and protein expression
were induced by IFN-v, but not by LPS, TNF-a, or IL-1 in isolated
peritoneal macrophages or the RAW macrophage cell line. This
macrophage-specific fgl2 induction by IFN-vy required a composite
cis element that included Sp1/Sp3 and an overlapping GAS/ETS to
interact with Sp1, Sp3, and STAT]1. Furthermore, PU.1 regulated
IFN-v induction of fgl2 through the overlapping GAS/ETS site.
Although TNF-« induced fgl2 transcription in endothelial cells, it
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+9)Luc is significantly different from that of pfgl2(—1320/+9)Luc wild-type construct when macrophages were treated with IFN-y. C, Contribution of
putative GAS cis element to IFN-vy induction of fgl2. Putative GAS cis element and IE1 element were mutated in the fgl2 promoter reporter plasmid and
transfected into RAW cells and analyzed for luciferase activity in response to IFN-vy treatment. *, Promoter activity of pfgl2mGASLuc is significantly
different from that of pfgl2(—1320/+9)Luc wild-type construct in response to IFN-y. From A-C, The data is the average of at least three separate
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of IFN-vy induced fgl2 transcription through the putative GAS element in the fgl2 promoter. Probe used is described in Materials and Methods. Nuclear
extracts (NE) from RAW cells treated with or without IFN-y were incubated with labeled probes. Addition of NE, cold probe competitors, and Abs are
indicated at the bottom of the panel. Arrows indicate the specific STAT-1 DNA-protein complexes and Ab shifted DNA-protein complexes. E, ChIP assay
was performed as described in Materials and Methods. fgl2 proximal promoter DNA pulled down was analyzed by real-time PCR. Data are expressed as
fold increase in amount of DNA pulled down = SD in IFN-vy-treated samples relative to that of no treatment. *, IP DNA from IFN-vy-treated cells by
anti-STAT1 Ab is significantly different from that of untreated cells (p < 0.05).
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FIGURE 5. The involvement of cis elements in fgl2 transcription in response to IFN-y. A, The effect of cis elements other than GAS/ETS on macrophage
fgl2 transcription by IFN-y was examined. Linker-scan mutants of fgl2 luciferase reporter plasmids were used as described in Materials and Methods. All
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pfel2mGAS/PU.1Luc (Mut5) was significantly different from that of wild-type construct pfgl2(—1320/49)Luc in response to IFN-y (p < 0.05). B, EMSA
analysis of the protein-binding ability of Sp1/Sp3 and GAS/ETS cis element in macrophages. Arrows show the supershift complex with anti-Sp1 and
anti-Sp3 Ab. C and D, Nuclear extracts from untreated and treated macrophages were incubated with labeled fgl2 probe —76/—57 fgl2 containing GAS/ETS
cis element. Arrows show the supershift complex by anti-PU.1 Ab (C and D), and the appearance of STAT1 DNA-protein complex. E, ChIP assay of fgl2
proximal promoter DNA pulled down by real-time PCR. Shown are representative experiments (triplicate determinations), each performed at least three
times. Data are expressed as fold increase in amount of DNA pulled down = SD relative to that of no treatment. *, [P DNA from the IFN-vy-treated sample

by anti-PU.1 Ab is significantly different from that of untreated sample (p < 0.05).

also enhanced IFN-v-induced fgl2 transcription in macrophages.
When IFN-vy and TNF-« were given together in vivo, both resident
macrophages (Kupffer cells) and endothelial cells expressed fgl2
mRNA transcripts and protein, leading to fibrin deposition and
hepatic apoptosis. Thus, our results suggest that the hepatocyte
apoptosis requires the expression of both endothelial and macro-
phage fgl2. This finding is not totally unexpected as cytokine-
induced spontaneous abortion is induced only by the combination
of TNF-«a and IFN-vy and not by either cytokine alone (24) Fur-
thermore, TNF-induced hepatotoxicity only is seen when admin-
istered in combination with the hepatocyte-specific transcriptional
inhibitor p-galactosamine (25). In the cytokine-induced fetal loss
model, it was shown that copresence of endotoxin (LPS) and
TNF-« and IFN-vy act synergistically. Thus, the data presented
here in combination with previous studies supports the concept for
the need for multiple simultaneous signals at the cellular level to
trigger injury.

There is good evidence that IFN-vy plays an important role in
liver damage. Hepatitis induced by administration of Con A is

dependent on the expression of IFN-v, and IFN-y '~ mice show
reduced liver damage (3). IFN-y-dependent liver damage induced
by Con A is via the Jak/STAT1 pathway. In this study, we show
that IFN-y induction of macrophage fgl2 is similarly induced
through the Jak/STAT1 pathway. In the IFN-vy transgenic mouse
model, the overexpression of IFN-vy results in pathologic findings
of chronic active hepatitis, similar to human hepatitis (5). Addi-
tionally, IFN-vy has been found essential for hepatitis B virus sur-
face Ag-specific cytotoxic T cell-mediated acute hepatitis (26).
The finding that IFN-vy induction of fgl2 expression is STAT1
dependent did not explain why IFN-vy could not induce fgl2 ex-
pression in other cell types. Although IFN-y cannot induce fgl2
expression in endothelial cells, it is known that IFN-vy can activate
the STAT1-signaling pathway in endothelial cells (27). This anom-
aly could be explained by our finding that PU.1, a B cell- and
macrophage-specific ETS family member was required for fgl2
expression in macrophages and PU.1 is absent in endothelial cells.
PU.1 has been implicated in IFN-+y induction of CD40, FcR, and
IL-18 expression in macrophages via constitutive binding to the
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FIGURE 6. Effect of a PU.1 siRNA on fgl2 tran-
scription. A, Transfection of RAW cells with PU.1
siRNA resulted in silencing of PU.1 gene transcription
as assessed by RT-PCR. Lane 1, RAW cells, no treat-
ment; lane 2, RAW cells treated with control siRNA;
lane 3, RAW cells transfected with PU.1 siRNA. B,
Effect of PU.1 siRNA transfection of RAW cells on
PU.1 protein expression by Western blot. Lane I, No
treatment; lane 2, RAW cells transfected with control
siRNA; lane 3, RAW cells transfected with PU.1 c
siRNA. C, RAW cells were cotransfected with an fgl2
promoter reporter construct and either control siRNA

or PU.1 siRNA. IFN-y was added as indicated in the

figure. Shown are representative experiments (tripli-

cate determinations), each performed three times. Data

are expressed as fold increase in luciferase activity *

SE relative to that of pfgl2 (—1320/+9)Luc without

IFN-y and siRNA. #*, The promoter activity
pfel2(—1320/+9)Luc in macrophages treated with

PU.1 siRNA is significantly different from samples

without siRNA treatment in response to IFN-y (p <

0.05).
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ETS cis element in the promoters of these genes (28-30). Further-
more, PU.1 facilitates the action of activated STATI1 (28-30).
Meraro et al. (31) has shown interaction of PU.1 with a variety of
IFN-stimulated response elements (on the composite ETS/IRF re-
sponse element) to regulate cell-specific gene expression. Most of
these genes can be induced by either a type I IFN or by both type
I and type II IFN. However, the fg/2 gene is different in that it is
only induced by the type II IFN, IFN-vy. Although not totally ex-
plained, this difference may be due to the unique ETS/STATI1
composite that can bind both PU.1 and STAT1. Upon stimulation
with IFN-v, but not IFN-q, it appears that PU.1 and STAT1 form
an efficient heterocomplex that can drive fgl2-specific expression
in macrophages. Unlike CD40, FcR, and IL-18, which have sep-
arate STATI1- and PU.1-binding sites, the ETS core GGAA to
which PU.1 binds in the fgl2 promoter is located in the middle of
the overlapping GAS/ETS element, TTCTGGGAACT. (Under-
lined portion of the sequence represents the core binding site for
Ets family of transcription factors.) In contrast to CD40, however,
GAS and PU.1 had no spatial orientation and fgl2 also required the
presence of the Sp1/Sp3-binding site or, specifically, the binding
of the Sp1/Sp3 transcription factors. Thus, it is conceivable that the
binding of Sp1/Sp3 in the presence of IFN-y may serve as a core
factor that recruits PU.1 to the adjacent GAS/ETS site. When cells
were activated by IFN-v, activated STAT1-a may have been able
to recognize the GAS sequence and interact with both Sp1/Sp3 and
PU.1 to drive the fgl2 transcription. A similar PU.1 protein-DNA
complex was not detected in SVE-10 endothelial cells (20), and
thus the lack of PU.1 may explain the inability of endothelial cells
to express fgl2 in response to IFN-vy. Collectively, our studies
demonstrate that while IFN-vy-induced fgl2 transcription is STAT1
dependent, binding of Sp1/Sp3 and PU.1 are necessary to ensure
induction of fgl2 in macrophages.

There is now compelling evidence that suggests that local pro-
duction of cytokines such as TNF-« and IFN-y in T cell-driven
models of fulminant hepatic failure are essential to the develop-
ment of liver cell apoptosis (18). The local release of cytokines
also exerts other effects, including interference with cell growth,
leukocyte infiltration and activation, and up-regulation of vascular
adhesion molecules (Ref. 32, (www-ermm.cbcu.cam.ac.uk/
01002812h.htm)). BALB/cJ mice following infection with MHV-3
develop fulminant hepatitis. In contrast to resistant A/J mice in
which there is a transient and low-level production of IFN-y and
TNF-«, the expression of IFN-y and TNF-« is sustained in high
levels in susceptible BALB/cJ mice (33). Furthermore, only sus-
ceptible mice express fgl2 in response to MHV-3 which results in
intravascular fibrin deposition and hepatocyte death. Thus, the ad-
ditive effect of IFN-y and TNF-« on the activation of fgl2 expres-
sion may contribute significantly to MHV-3-induced fulminant
hepatitis in susceptible mice. Although we did not directly exam-
ine the mechanism for the increased apoptosis, initial unpublished
data suggests that fgl2-induced apoptosis is independent of caspase
activation.

The enhanced effects of the combination of the IFN-y and
TNF-« has also been reported in fetal loss syndrome in pregnant
mice (34), and in the induction of diabetes in mice (35). The en-
hancing effects of IFN-y and TNF-« in causing fetal loss could
have been attributed to both macrophage and endothelial cell pro-
duction of fgl2. However, the fetal loss could also be explained by
enhanced fgl2 expression by only one cell type in response to the
two cytokines. A previous report by Suk et al. (36) has shown a
cellular signaling mechanism wherein IFN-vy acted via IRF-1 to
phosphorylate STAT1 which in turn up-regulated the receptor for
TNF-« that allowed TNF-« to activate cellular caspases. In this
model, the two cytokines had to be present simultaneously. In the

2202 ‘6 Yd£e |\ uo 1senb Aqg /6.0 jounwiwi i - mammy/:dny wioly papeoumoq


http://www.jimmunol.org/

The Journal of Immunology 7037

A B Cc

TNF-a. 20ng/ml
TNF-a
IFN-p+TNF-a

Untreated

IFN -y 200u/mi
IFN-p+TNF
TNFa

IFN -+ TNF ot

Untreated
Untreated
IFN-y
IFN-y

GAPDH oD cod o= Emd

D = E T
1 Il Untreated 18
7 D'FN'T 16
z T IFN-y + TNF-o. >
s € 14
e ﬁ 87 1o "
PR <8
s 2 sg ' I
} -
€v g5 8
o 23 5l
14 e’
4.
2 7
0 A

IFN-y
IFN-y

-1320 -725 €12 119

Mock

5’ Deletion Construct

IFN-p+TNF
IFN-pTNF

5
®

mg 4

i5 z

zE 3 '5___

a6 33

-+ 38

al ? 5

1 -

o

Jw

g
=
e

untreated
IFN-y+TNFa
Mock
IFN-y
IFN-y+TNFa
IFN-y+siPU.1
IFN y+TNF.z+siPU.1

FIGURE 7. Synergistic effect of IFN-y and TNF-a on macrophage fgl2 mRNA transcription. A, TNF-a enhances IFN-vy-induced fgl2 transcription in
macrophages. B and C, IFN-vy enhanced TNF-a-induced fgl2 transcription in primary pig endothelial cells (B) and in the mouse endothelial cell line SVE-10
(C). D, Localization of cis elements responsible for TNF-a-enhanced fgl2 transcription in response to IFN-y. A series of truncated fgl2 promoter reporter
plasmids, including pfgl2(—1320/+9)Luc, pfgl2(—723/+9)Luc, pfgl2(—612/4+9)Luc were transfected into macrophage cells. Transfected cells were either
treated with either IFN-vy or IFN-vy plus TNF-« 24 h posttransfection. Numbers indicate the location of truncation upstream of fgl2 transcription start site.
E, TNF-a enhanced IFN-vy induction of fgl2 transcription in macrophages was blocked by mg132, an NF-«B inhibitor. F, ChIP assay of fgl2 proximal
promoter DNA pulled down by anti-NF-«kB Ab by real-time PCR. *, IP DNA from an IFN-y- and TNF-a-treated sample by NF-«kB Ab is significantly
different from that of untreated sample. G, siRNA against PU.1 inhibited both /FN-y and the combination of /FN-y and TNF-« induced fgl2 promoter
activity. For all experiments, 20 ng/ml TNF-« and 200 U/ml IFN-y were used through A—F. D and G are representative experiments (triplicate determi-
nations), each performed at least three times. Data are expressed as fold increase in luciferase activity = SE relative to that of pfgl2(—1320/+9)Luc without
IFN-vy treatment or fold increase = SD in DNA immunoprecipitated (pull-down assay) as analyzed by real-time PCR. #*, The promoter activity following
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present study, enhancement was noted at the single-cell level in
both macrophages and endothelial cells. The exact pathways
whereby TNF-« enhances the effect of IFN-vy in macrophages (and
vice versa in endothelial cells) have not been determined. It is
probably distinct from those described by Suk et al. (36) and re-
lated to the interaction of NF-«B to the upstream fgl2 promoter
region (Fig. 7F). Further studies are now ongoing to determine the
exact DNA cis element requirement for this interaction. The ex-
istence of complex cell type-specific molecular cascades regulat-
ing fgl2 expression is consistent with fgl2 being a powerful bio-
logical mediator. This study demonstrated that IFN-y and TNF-«
play a critical role in fgl2-dependent hepatic cell death (apoptosis),
suggesting that targeting of both IFN-vy and TNF-a-mediated tran-
scriptional pathways in specific cell types may lead to the modu-
lation of the fgl2 expression and help to prevent liver injury.
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