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a b s t r a c t

As TNF is one of the earliest signals that can be detected in the leukocyte-derived inflammatory cascade
which drives subsequent cytokine production, we are interested in determining whether TNF is one of
the initiating factors controlling liver remodeling and regeneration following chronic liver damage.
One of the early responses is the expression of lymphotoxin-b by hepatic progenitor oval cells. The
aim of this study was to determine whether hepatic expression of LT-b was controlled by TNF and to
understand the basis of this regulation. We previously showed that LT-b expression is transcriptionally
controlled via the TNF-induced, inflammatory NF-jB pathway in T lymphocytes. Here we show that
TNF is able to upregulate LT-b expression in hepatic cells at the transcriptional level by the binding of
NF-jB p50/p65 heterodimers and Ets1 to their respective sites in the LT-b promoter.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lymphotoxin-beta (LT-b) is a membrane-bound member of the
TNF family and is closely related to TNF itself. LT-b exists as part of
a heterotrimer, comprising, in its most abundant form, two LT-b
subunits and one lymphotoxin-a (LT-a) subunit (i.e., LTa1b2)
[1,2]. The LTab ligand is expressed on the surface of activated lym-
phocytes [3] and signals via the lymphotoxin-b receptor (LTbR) [4],
a protein ubiquitously expressed by nonlymphoid cells [5,6]. We
have shown previously that LT-b expression is transcriptionally
controlled via the TNF-induced, inflammatory NF-jB pathway in
T lymphocytes [7,8]. Recent work has shown that LT-a and LT-b
are also expressed in hepatic progenitor (oval) cells [9] and virally
infected hepatocytes [10]. Further, in both LT-b and LTbR knock-
out mice, oval cell mediated liver regeneration was impaired indi-
cating an important role for LT-b signaling in this process [11].

Current evidence suggests that the appearance of oval cells follow-
ing chronic liver injury is preceded by the infiltration of lympho-
cytes in an initial inflammatory burst [12,13]. We have shown
previously that signaling via the major inflammatory cytokine
TNF is necessary for an optimal oval cell-mediated regenerative re-
sponse [14]. Recent evidence suggests that macrophages may also
play a major role in the response [15]. Accordingly, the aim of this
study was to determine whether hepatic cell expression of LT-b
was controlled at the transcriptional level by TNF and to identify
the transcription factors that regulate the response.

2. Materials and methods

2.1. RT-PCR analysis of LT-b mRNA

Total RNA was isolated from cells using RNAzol™B (Tel-Test
Inc., TX, USA) and reverse transcribed using the Reverse Transcrip-
tion System (Promega Corp.) according to the manufacturer’s
instructions. The mRNA levels of LT-b and GAPDH were analyzed
by quantitative real-time PCR using the iQ SYBR green supermix
(Biorad Laboratories, Inc.). All the samples were assayed in tripli-
cate and analyzed using the iQ5 real-time PCR Detection System
(Biorad). To calculate relative expression, all results were analyzed
according to the DCt method using GAPDH as a reference gene. The
PCR primer sequences were LT-F AAGCTGCCAGAGGAGGAGCC, LT-
R TCCCGCTCGTCAGAAACGCC, GAPDH-F TGCCCCCTCTGCTGATGCC,
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GAPDH-R CCTCCGACGCCTGCTTCACCAC. PCR reactions conditions
were as described [16].

2.2. Cell culture

The murine p53�/� immortalized liver cell line, PIL-4, was cul-
tured in Williams’ Medium E plus supplements [17]. HepG2 (ATCC
HB-8065) and HepB3 (ATCC HB-8064) human cell lines were ob-
tained from the American Type Culture Collection (ATCC, VA,
USA), and maintained in MEM supplemented with 10% heat-inac-
tivated fetal bovine serum (FBS), 0.1 mM non-essential amino
acids, 1 mM sodium pyruvate, 100 U/ml penicillin and 100 lg/ml
streptomycin (Invitrogen, CA, USA). Cells were incubated at 37 �C
in a humidified atmosphere containing 5% CO2.

2.3. Transfections and luciferase reporter assays

The full-length pLTBL-1828 reporter [7] and derivatives carry-
ing mutations in putative transcription factor binding sites were
described previously [8]. Cells were transfected by lipid-mediated
transfection as described [16] and cultured for 24 h prior to induc-
tion with recombinant human TNF (5 ng/ml; Roche Diagnostics
Australia, NSW, Australia) or PMA (20 ng/ml; Calbiochem-Nova-
biochem, NSW, USA) for 18 h. For cotransfections using pcDNA3.1
derivatives expressing human Ets1 and Ets2 cDNA [8] the expres-
sion constructs were used in 2 molar-fold excess over the LT-b re-
porter construct. Relative LT-b promoter activity was expressed as
luciferase activity normalized to the respective Renilla luciferase
activity. Transfection data obtained from at least three indepen-
dent experiments were analyzed for statistical significance using
analysis of variance (ANOVA).

2.4. Electrophoretic mobility shift assays (EMSA)

Nuclear extracts were prepared and EMSA reactions carried out
as previously [16,18]. Oligonucleotides used in this study are as
follows (mutant nucleotides in lower case): Region D (region con-
taining NF-jB binding site; �90 to �71 of the LT-b promoter),
TGTGCGGAAAGTCCCAGCCA; mutant RegD-M, TGTGCGGggtacCC-
CAGCC; NF-jB-consensus, AGTTGAGGGGACTTTCCCAGGC; Region
C2 (Ets binding site; �130 to �91), AGCTCTGGGTAAACAGGAAGC
TGGGTGAGGGGAGCAGGGG; mutant RegC2-M2, AGCTGTGGGTAA
ACggtAccCTGGGTGAGGGGAGCAGGGG; Ets-consensus, CGAGCAG
GAAGTTCGACG [19]. Supershift antibodies used were anti-NF-jB
p65 (A-X, sc-109X rabbit polyclonal IgG), anti-NF-jB p50 (NLS-X,
sc-114X rabbit polyclonal IgG) and anti-Ets1/Ets2 (C-275X, sc-
112X rabbit polyclonal IgG) (Santa Cruz Biotechnology).

2.5. Chromatin immunoprecipitation (ChIP)

ChIPs were performed using the Upstate Biotechnology (Lake
Placid, NY) ChIP assay kit as previously described [20] with minor
modifications. Briefly, 1 � 107 cells were fixed with formaldehyde
(Sigma-Aldrich, St Louis, MO) and sonicated 10 times for 5 sec
(pulses separated by 3 min on ice) using a Sonifier 250 (Branson
Ultrasonics Corporation, Danbury, CT) set at duty cycle 100% and
output 4.5. Soluble chromatin was precleared with Salmon Sperm
DNA/Protein A/G-agarose beads (Upstate Biotechnology) and incu-
bated overnight with either 2 lg of Ets1 antibody (C-20, Santa Cruz
Biotechnology) or 2 lg of normal rabbit IgG (Santa Cruz Biotech-
nology). Immune complexes were collected and DNA isolated
using the QIAmp DNA blood mini-kit (Qiagen). Quantitative PCR
was carried out using SYBR Green PCR mastermix (Qiagen) and
the LT-b promoter specific primers, TCAGAGAACCCAGGCATC-
CAGCTG and TGCACACCTGGCTGGGACTTTCC. Cycling conditions
were 96 �C for 5 min, followed by 28 cycles of 96 �C for 30 sec,

58 �C for 30 sec, 72 �C for 30 sec. Off-target control primers,
TCCTGCATCCTGTCTGGAA and GTCTTCTGGGCCACTGACTG ampli-
fied a region of the TNF promoter that does not contain any
Ets-consensus motifs or known to bind any Ets proteins. Cycling
conditions were 96 �C for 5 min, followed by 28 cycles of 96 �C
for 30 sec, 59 �C for 30 sec, 72 �C for 30 sec. Samples were run on
a Rotor Gene 2000 real-time PCR Thermalcycler and the results
analyzed using Rotor Gene 6 software (Corbett Research Pty Ltd.,
Sydney, Australia).

3. Results

3.1. Response of LT-b in oval cells and hepatocellular carcinoma cell
lines to TNF

We have previously shown that LT-b mRNA and protein is ex-
pressed in the human hepatocellular carcinoma cell lines Hep3B
and HepG2 and the murine oval cell line PIL4 [16]. To determine
whether these cell lines were appropriate models to study the

Fig. 1. Hepatic expression of LT-b is inducible by TNF and PMA. Inducible
expression of LT-b steady-state mRNA levels (A) and relative LT-b promoter activity
(B) was investigated in PIL-4 oval cell and HepG2 and Hep3B hepatoma cell lines.
Following transfection with the full-length LT-b promoter-luciferase reporter and a
24 h recovery period, transfected cells were either left untreated or treated with
recombinant human (h) TNF (5 ng/ml) or PMA (20 ng/ml) for 18 h. Cells were then
harvested for both total protein and RNA. Steady state mRNA levels were
determined by quantitative PCR normalized against GAPDH mRNA levels and
expressed as -fold induction over untreated cells. Relative LT-b promoter activity is
expressed as firefly luciferase activity normalized to the respective Renilla luciferase
activity. The data presented for each cell type are mean values (±SEM) of at least
three independent transfections, expressed relative to the respective untreated
values. Treatments resulting in statistically significant induction of LT-b compared
to untreated activity, are indicated �(p < 0.05) or ��(p < 0.01).
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