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Abstract

Bile ductular proliferation is markedly upregulated in biliary fibrosis and cirrhosis. However, the 

mechanisms regulating this upregulation in bile ductular proliferation have not been defined. 

Recently, we demonstrated that expression of the ectonucleotidase nucleoside triphosphate 

diphosphohydrolase-2 (NTPDase2/Entpd2) by portal fibroblasts (PF) is a critical regulator of bile 

ductular proliferation. Since interleukin 6 (IL-6) is markedly upregulated in biliary cirrhosis, our 

aims were to determine the role and mechanism of IL-6 in the regulation of NTPDase2 by PF. We 

found that IL-6 downregulated NTPDase2 protein expression in a concentration-dependent and 

time-dependent fashion but did not alter PF α-smooth muscle actin expression. IL-6 markedly 

downregulated NTPDase2 mRNA expression. Expression of the IL-6 receptor gp130 but not the 

IL-6 receptor gp80 was detected in PF. Two transcription start sites were identified in rat Entpd2 
by the method of RNA ligase-mediated rapid amplification of 5′ cDNA ends. The minimal 

promoter construct, but not shorter constructs, was downregulated by IL-6. Three putative IL-6 

response elements were identified in silico and mutated. Mutation of all three response elements, 

but not fewer elements, completely abolished the IL-6 response. Thus IL-6 transcriptionally 

downregulates NTPDase2 expression by PF via actions at specific promoter elements 

independently of myofibroblastic differentiation. This effect may represent a novel signaling 

pathway by which bile ductular proliferation is dys-regulated in biliary cirrhosis and thus provides 

a potential therapeutic approach for the regulation of bile ductular growth.
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Extracellular nucleotides such as ATP regulate a variety of important cellular functions via 

activation of specific P2X and P2Y receptors (1, 8, 18, 52). In the liver, P2Y receptors are of 

particular importance in such diverse processes as bile secretion (12), cell volume 

autoregulation (53), and cell growth (21, 49). Since P2Y receptor activation has important 

downstream consequences, the regulation of P2Y receptors is of great interest.

One of the primary ways in which P2X and P2Y receptors are regulated is via enzymatic 

catalysis of extracellular nucleotides, which then limit agonist availability (4). The chief 

enzymes that mediate this catalytic activity are enzymes of the ectonucleoside triphosphate 

diphosphohydrolase (E-NTPDase) family (28, 38). NTPDase2/CD39L1 is expressed in a 

variety of tissues, but there are limited observations about its potential physiologic 

function(s) (31, 44). In the healthy liver, NTPDase2 is expressed only in portal fibroblasts 

(PF), fibrogenic cells that surround intrahepatic bile ducts (11). NTPDase2 is specifically 

downregulated in biliary cirrhosis in both rats and humans (10). Recently, we demonstrated 

that NTPDase2 critically regulates bile duct epithelial growth via catalysis of extracellular 

nucleotides and that this regulation is lost in biliary cirrhosis (21). However, the molecular 

mechanism by which NTPDase2 is downregulated in biliary cirrhosis is unknown.

Bile duct epithelia upregulate production of several inflammatory mediators in biliary 

cirrhosis, including monocyte chemoattractant protein-1 (MCP-1/CCL2) (30), stromal cell-

derived factor-1 (48), and interleukin-6 (IL-6) (58). We have shown in previous work that 

MCP-1 has multiple effects on PF, including induction of α-smooth muscle actin (ASMA) 

expression and stress filament reorganization, upregulation of collagen synthesis, and 

downregulation of NTPDase2 protein (27). This finding suggested that NTPDase2 

expression was linked to myofibroblastic differentiation of PF.

Since bile duct epithelia markedly upregulate IL-6 expression in biliary cirrhosis, we 

investigated the effect of IL-6 on PF NTPDase2 expression and myofibroblastic 

differentiation. Presently we report that IL-6 transcriptionally downregulates NTPDase2 

expression in PF without inducing myofibroblastic differentiation. To determine the 

mechanism by which IL-6 downregulates NTPDase2 expression in PF, we cloned and 

characterized the rat NTPDase2 promoter and identified specific IL-6 response elements 

(IL-6 REs). These findings imply that NTPDase2 can be regulated independently of 

myofibroblastic differentiation and provide potential new therapeutic approaches to the 

regulation of bile ductular proliferation.

MATERIALS AND METHODS

Confocal immunofluorescence

Expression of gp80 and gp130 by PF was determined by indirect confocal 

immunofluorescence. Liver sections (7 μm) were obtained using methods previously 

described (11) and were affixed to glass slides. Slides were washed twice in PBS and fixed 

with 3.7% formaldehyde. Slides were incubated with either rabbit polyclonal anti-gp80 

(Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit polyclonal anti-gp130 (Santa Cruz 

Biotechnology) (1:100 each) overnight at 4°C. Slides were then washed with cold PBS for 5 

min three times and incubated with AlexaFluor 488-conjugated anti-rabbit (Molecular 
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Probes, Eugene, OR) for 45 min at 37°C. Slides were then washed with rhodamine 

phalloidin to identify filamentous actin (11) and washed again with ice-cold PBS before use. 

Slides incubated with secondary antibody alone were used as a control for specificity of 

fluorescence detection. Confocal imaging of fixed liver sections was performed using a 

Zeiss LSM 510 confocal imaging system. Sections were excited using a krypton-argon laser 

at 488 nm and observed at >515 nm to detect Alexa 488 fluorescence, and they were excited 

at 568 nm and observed at >585 nm to detect rhodamine fluorescence.

Isolation of primary rat PF

Male adult Sprague-Dawley rats (180–250 g; Harlan Sprague Dawley, Indianapolis, IN) 

were used for isolation of PF in all experiments. PF were isolated as described previously 

(26). Briefly, rat nonparenchymal cell (NPC) fractions were obtained by collagenase and 

Pronase digestion of rat livers. Cell suspensions were separated using serial mesh filtration. 

The resulting suspension of NPC was plated in medium containing DMEM/F-12 containing 

2% penicillin-streptomycin, 10% fetal calf serum, 0.3% gentamicin, and 0.1% fungizone. 

Cells were used 96 h after isolation, at which time cell purity approaches 100%.

Immunoblot analysis

Alterations in expression of NTPDase2 were determined by immunoblot using a rabbit 

polyclonal antibody directed against NTPDase2/CD39L1 (11, 44), and alterations in ASMA 

expression were determined by a mouse monoclonal antibody directed against rat ASMA 

(Sigma, St. Louis, MO) (13). Changes in expression were compared with β-tubulin 

expression (protein loading control). PF were treated overnight with IL-6 (1, 5, 10, or 20 

ng/ml) or control (buffer alone), and protein homogenates were isolated. In separate 

experiments, PF were treated with or without IL-6 (10 ng/ml) for 0–24 h. Equal amounts of 

protein for each group were separated by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) under non-reducing conditions and transferred onto a polyvinylidene difluoride 

membrane (Immobilon; Millipore, Bedford, MA). The membrane was blocked with nonfat 

milk (5% in PBS), hybridized to rabbit polyclonal anti-NTPDase2/CD39L1 (1:500), mouse 

monoclonal anti-ASMA (1: 2,000; Sigma), or mouse monoclonal anti-β-tubulin (1:1,000; 

Cell Signaling, Danvers, MA) and then anti-rabbit or anti-mouse secondary antibody, 

respectively, and developed using enhanced chemiluminescence.

In separate experiments, expression of the IL-6 receptors gp80 and gp130 was determined in 

untreated PF. PF were isolated, electrophoresed, transferred, and blotted as described above. 

Exposure to either gp80 or gp130 (1:10,000 each) was performed as described above, and 

detection was achieved using enhanced chemiluminescence.

Real-time RT-PCR

Changes in NTPDase2 mRNA were determined using real-time RT-PCR with an ABI 

PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA). Total RNA 

was extracted from PF treated overnight with either IL-6 (10 ng/ml) or buffer alone, and 

cDNA was synthesized by reverse transcriptase. The level of NTPDase2 was determined 

using sequence-specific oligonucleotide primers and probes [upstream, 5′-

CAGCGGACAAGGAGAATGACA-3′; downstream, 5′-
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TGCCACCACCTTGAACATCA-3′; TaqMan (Applied Biosystems) MGB probe 6FAM-

CAT CGT GGC CAG CAC AGC TCT-MGBNFQ]. Rat GAPDH primers were used as 

endogenous controls for mRNA concentration. PCR was performed under the following 

protocol: 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s.

Analysis of 5′ cDNA end by RNA ligase-mediated rapid amplification of cDNA ends

The transcription start site of the rat Entpd2 gene was determined using a modified method 

of 5′ rapid amplification of cDNA ends (RACE), the RNA ligase-mediated rapid 

amplification of 5′ cDNA ends (5′ RLM-RACE), using FirstChoice RLM-RACE kit 

following the manufacturer’s instructions (Ambion, Austin, TX). Total rat heart RNA was 

isolated with Trizol reagent (Invitrogen, Burlington, ON, Canada) and used as template for 

the replacement of the mRNA 5′ CAP structure by a 5′ RLM-RACE adaptor. The full-

length RNA ligated to the adaptor was then reverse transcribed with SuperScript II 

(Invitrogen) and an oligo(dT)18. The Entpd2 transcription start sites were analyzed by nested 

PCR amplification. The first amplification was done using 5′ RLM-RACE and gene-

specific outer primers (gsrN2-R2) at annealing temperatures of both 60 and 55°C (Table 1). 

An aliquot of each of these first PCR products was amplified by another PCR with the 5′ 
RLM-RACE and gene-specific inner primers (gsrN2-R1) at an annealing temperature of 

55°C. PCR amplifications were performed using the Expand high-fidelity PCR system 

(Roche, Laval, QC, Canada) under the following conditions: 94°C for 3 min, 35 cycles of 

94°C for 30 s, 55 or 60°C (as indicated in Table 1) for 30 s, and 72°C for 30 s, completed by 

a 7-min incubation at 72°C. Samples from each of these two nested amplifications were 

ligated into pCRII TOPO vector (Invitrogen) following the manufacturer’s instructions. Five 

individual colonies from each transformation were analyzed by PCR amplification following 

the pCRII TOPO vector kit instructions. Three clones originating from 55°C outer PCR and 

two from 60°C outer PCR were analyzed by sequencing on a DNA analyzer (ABI 3730xl; 

Applied Biosystems).

Genomic DNA isolation

Rat heart genomic DNA was rapidly isolated with the method described by Chapdelaine et 

al (9). Briefly, liquid nitrogen frozen tissue was ground into fine powder, resuspended in a 

proteinase K solution [50 μg/ml proteinase K, 0.5% sarcosyl (CinnaGen; Ottawa, ON, 

Canada), and 0.5 M EDTA], and incubated for 15 min at 56°C. The digested tissue was 

diluted 10 times in 50 mM Tris · HCl buffer, pH 8.0, and treated with 10 μg/ml RNaseA. 

After phenol-chloroform extraction, genomic DNA was obtained by ethanol precipitation 

with 0.2 volumes of 5 M NaCl and resuspended in water.

PCR amplification of Entpd2 putative promoter and construction of reporter vectors

To analyze the promoter activity of the 5′ untranslated region of rat Entpd2 gene, series of 

10 fragments of the promoter region with length between 1,686 and 79 bp were generated. 

An extra restriction enzyme site was added to each forward (KpnI) and reverse primer 

(BglII). All primer sequences and positions are listed in Table 1. For PCR amplification of 

the longest fragment (1,686 bp) that was expected to contain the complete promoter, 0.1 μg 

of genomic DNA isolated from rat heart was used as template with the primers prN2-F1 and 

prN2-R1. The first plasmid (~10 ng) was then used as template for PCR amplification of all 
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other promoter fragment (prN2-F2 to prN2-F10) with the same reverse primer (prN2-R1). 

The amplifications were done with Phusion high-fidelity DNA polymerase (Finnzyme, 

Ipswich, MA) for maximum of fidelity of the elongation. All PCR amplifications were done 

as follows: 98°C for 1 min, 30 cycles of 98°C for 10 s, annealing temperature as indicated in 

Table 1 for 30 s, and 72°C for 1 min, and ended by a 7-min incubation at 72°C. 

Amplification products were ligated into the KpnI/BglII cloning site in the luciferase 

reporter gene pGL2-Basic vector (Promega, Nepean, ON, Canada). The nucleotide sequence 

of each promoter fragment was confirmed by sequencing as described above.

Site-directed mutagenesis of putative IL-6 response promoter elements

Putative IL-6 REs were analyzed by site-directed mutagenesis. Site-directed mutants were 

generated using the QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, 

CA). The following sets of oligonucleotide primers were used: site A: forward, 5′-

GGGTCTGGCTTGCCTTTGGCCAGAAAAAAATTTGGC-3′; reverse, 5′-

GCCAAATTTTTTTCTGGCCAAAGGCAAGCCAGACCC-3′; site B: forward, 5′-

CGCAAGCAAGGCTGCGGAATCAACCTAGTCAAACCC-3′; reverse, 5′-

GGGTTTGACTAGGTTGATTCCGCAGCCTTGCTTGCG-3′; and site C: forward, 5′-

GGGTATCCTCTCAGGACCAGGGCAGAGCTCCC-3′; reverse, 5′-

GGGAGCTCTGCCCTGGTCCTGAGAGGATACCC-3′. PCR amplification of mutants was 

performed using Pfu Turbo DNA polymerase (Stratagene) under the following parameters: 

95°C for 1 min, followed by 18 cycles of 95°C for 50 s, 60°C for 50 s, and 68°C for 6 min, 

and then 68°C for 7 min. Each mutation was confirmed by automated sequencing before use.

Culture and transfection of HepG2 cells

HepG2 cells were cultured in DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% 

fetal bovine serum. On the day before transfection, cells were split into 12-well plates. 

Plasmid DNA (4 μg) was diluted into 100 μl of Opti-MEM I medium (Invitrogen), and then 

6 μl of FuGENE 6 reagent (Roche Biosciences, Palo Alto, CA) was added. The mixture was 

incubated at room temperature for 15 min and then added to cells in a stepwise fashion.

Detection of changes in luciferase activity

Transfected HepG2 cells were treated overnight with IL-6 (10 ng/ml) or buffer alone. 

Changes in firefly luciferase activity were normalized to Renilla luciferase activity and 

detected using a Synergy HT multidetection microplate reader (BioTek, Winooski, VT).

Electromobility shift assay

Nuclear extracts from HepG2 cells after 1 h of stimulation with IL-6 (20 ng/ml) or buffer 

alone were prepared following the procedure outlined by Schreiber et al. (41). DNA binding 

assays were performed with 10 μg of nuclear extracts as described previously (51). The 32P-

labeled double-stranded oligonucleotides used as probes are described in Table 1. For 

competition experiment, a 25-fold molar excess of unlabeled double-stranded 

oligonucleotides was added to the binding reaction. Complex bound to the IL-6 REs was 

separated by electrophoresis under nondenaturing conditions in a 4% polyacrylamide gel 
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containing 5% glycerol that was run at 200 V for 3 h at 4°C in 0.5× Tris-borate-EDTA buffer 

and visualized by autoradiography.

Statistical analysis

Data are means ± SD where appropriate. Comparisons between individual groups were 

made with two-tailed t-tests.

RESULTS

PF express the IL-6 receptor gp130

There are two IL-6 receptors that have been identified in mammalian cells: gp80 and gp130. 

The gp130 receptor is expressed by a variety of cell types, whereas the distribution of gp80 

is more limited (40). The expression of gp130 and gp80 by PF was determined by confocal 

immunofluorescence in normal rat liver. As shown in Fig. 1, expression of gp130 is limited 

to the region in which PF are expressed. In contrast, gp80 is not expressed in this region 

(Fig. 1B). The expression of gp130 by PF was confirmed by immunoblot (Fig. 1C). These 

data demonstrate that PF express the IL-6 receptor gp130 but not gp80.

IL-6 downregulates NTPDase2 protein expression in a time-and concentration-dependent 
fashion independently of ASMA expression

The effect of IL-6 (1–20 ng/ml) on PF NTPDase2 protein expression was determined by 

immunoblot (Fig. 2, A and B). Primary rat PF were treated overnight with IL-6, and the 

expression of NTPDase2, ASMA, and β-tubulin (loading control) was analyzed. IL-6 

downregulated NTPDase2 expression in a concentration-dependent fashion, with maximal 

effect at 5–10 ng/ml. Importantly, IL-6 had no effect on expression of ASMA, suggesting 

that the regulation of NTPDase2 was independent of myofibroblastic differentiation. The 

concentrations of IL-6 that downregulated NTPDase2 expression were comparable to those 

known to be secreted by bile duct epithelia and to regulate bile duct epithelial activity (34).

We next determined whether IL-6 downregulated PF expression of NTPDase2 in a time-

sensitive fashion. IL-6 downregulated NTPDase2 within 2 h, and the effect was sustained to 

24 h (Fig. 2, C and D). IL-6 had no effect on NTPDase2 expression in 30 or 60 min (not 

shown). Thus downregulation of NTPDase2 in PF by IL-6 is time- and concentration-

dependent and independent of myofibroblastic differentiation.

IL-6 downregulates NTPDase2 transcription

The effect of IL-6 on PF NTPDase2 mRNA expression over time was determined by real-

time RT-PCR. As shown in Fig. 3. IL-6 downregulated NTPDase2 mRNA to ~40–70% of 

control, with maximal downregulation at 24 h. This experiment demonstrates that IL-6-

dependent downregulation of NTPDase2 by PF occurs at the transcriptional level.

Determination of the transcription start site and promoter characterization

To assess the mechanism by which NTPDase2 transcription is regulated by IL-6, we located 

and cloned the rat Entpd2 promoter. We therefore determined the transcription start site(s) of 

the gene by performing 5′ RLM-RACE with total RNA purified from rat heart as template. 
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A nested PCR amplification was done on 5′ RACE adaptor-ligated cDNAs. The PCR 

products obtained were separated by electrophoresis on an agarose gel as shown in Fig. 4A. 

The first step of the nested PCR was done at two different annealing temperatures. The 

annealing temperature of 55°C (Fig. 4A, 4th lane) revealed two bands at ~300 and 350 bp, 

whereas only the shorter band was amplified at the annealing temperature of 60°C (Fig. 4A, 

3rd lane).

After the cloning of each nested PCR product separately (i.e., those from 55 and 60°C 

annealing temperatures), five individual colonies from each cloning experiment were 

analyzed by PCR, and we found that the smaller fragment was predominant (data not 

shown). All tested clones from the annealing temperature of 60°C corresponded to the lower 

fragments, whereas three lower fragments and two upper fragments were found with the 

annealing temperature of 55°C. Five clones were selected, and the fragments of interest were 

sequenced, with two corresponding to the longest fragment of ~350 bp and three to the 

shortest fragment of ~300 bp. The analysis of these sequences showed the presence of two 

transcription start sites for rat Entpd2: a major one at −45 bp and a second one at −81 bp 

with respect to the ATG (Fig. 4B). None of these two transcription start sites corresponds to 

an initiator consensus sequence (Inr) (20).

We also performed computational analysis of the GenBank database of expressed sequence 

tags (ESTs), looking for 5′-end sequences of rat NTPDase2 cDNAs using the sequence with 

the GenBank accession number BC086558 for comparison. Twelve homologous EST 

sequences were found with a 5′ end located between −8 and −61 bp upstream of the ATG 

(data not shown). Even if none of them corresponded exactly to our 5′ RLM-RACE results, 

it confirms that this region is the most highly probable target to contain the transcriptions 

starts sites.

In silico analysis of sequences upstream of transcription start site, expected to correspond to 

the promoter, showed a GC-rich sequence with seven putative binding sites for Sp-1 and one 

CAAT box-like element (Fig. 4B) but no TATA box. TATA-less promoters possess GC-rich 

sequences, and Sp-1 is expected to play an important role in polymerase recruitment for 

such promoters (36). Our analysis shows that the rat NTPDase2 promoter is among the 46% 

other promoters that do not possess a TATA or an Inr element (56).

The NTPDase2 promoter is IL-6 sensitive

A 1,689-bp sequence upstream of the start codon, corresponding to the rat NTPDase2 

promoter, was cloned. To assess the regulation of NTPDase2 promoter activity, serial 

truncation constructs of the promoter were made and subcloned into the luciferase 

mammalian expression vector pGL2-Basic. Constructs were expressed in HepG2 hepatoma 

cells that endogenously express NTPDase2 (17), and relative luciferase activity was assessed 

(Fig. 5). The shortest construct with residual luciferase activity greater than empty vector 

was the F9 construct extending 188 bp upstream of the NTPDase2 start codon, suggesting 

that this is the NTPDase2 minimal promoter (Fig. 4B).

To determine whether the F7 construct was IL-6 sensitive, HepG2 cells expressing this and 

further truncated constructs were treated overnight with IL-6 (10 ng/ml). Cells expressing 
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the F7 construct downregulated luciferase activity in response to IL-6 (Fig. 6), whereas, cells 

expressing shorter constructs did not. These data demonstrate that the IL-6 RE of the 

NTPDase2 promoter is located within the F7 construct.

Mutation of all three putative IL-6 REs in the NTPDase2 promoter abrogates the response 
to IL-6

As shown in Fig. 4B, in silico analysis of the NTPDase2 promoter using the transcription 

element search system (TESS; University of Pennsylvania Computational Biology and 

Informatics Biology Laboratory, www.cbil.upenn.edu/tess) revealed three potential IL-6 

REs. To determine whether these putative IL-6 REs are responsible for IL-6-mediated 

downregulation of the NTPDase2 promoter, the three elements were mutated either alone or 

in various combinations. IL-6 sensitivity was determined in each of these constructs by 

luciferase activity in HepG2 cells. As shown in Fig. 7, mutation of each element individually 

or two by two had no impact on the IL-6 repressive effects, except for the construct 

harboring a single mutation in the IL-6 RE C, where the IL-6-mediated repression did not 

reach statistical significance in this particular set of experiments. A reporter construct with 

all three IL-6 RE elements mutated (mut ABC), however, was no longer responsive to IL-6 

(Fig. 7). These results indicate that IL-6 represses the NTPDase2 promoter through the IL-6 

REs and that the three IL-6 REs appear to be redundant.

The three IL-6 RE in the Entpd2 promoter are bound by proteins from HepG2 nuclear 
extracts

Electromobility shift assays with nuclear extracts from IL-6-stimulated and unstimulated 

HepG2 cells are presented in Fig. 8. We detected a single protein-DNA complex with all 

three probes corresponding to IL-6 REs A, B, and C found in the rat NTPDase2 promoter. 

The same band was also seen with the α2-macroglobulin-specific probe (data not shown). 

The bands obtained are similar to the data previously published with a typical IL-6 RE (19). 

The specificity of the binding was confirmed by competition assays. Addition of a 25-fold 

molar excess of unlabeled probes of IL-6 REs A, B, and C (Fig. 8, lanes 3 and 5) or rat α2-

macroglobulin-specific unlabeled probe (59) (Fig. 8, lanes 4 and 7) to the reaction mixture 

efficiently competed the binding. Altogether, these data indicate that a protein specifically 

binds to each of the three IL-6 REs in the NTPDase2 promoter and that this protein can also 

bind the consensus IL-6 RE from the rat α2-macroglobulin.

DISCUSSION

Ecto-nucleotidases of the E-NTPDase family regulate extracellular concentrations of 

nucleotides and their hydrolytic products (4). As such, NTPDases are critical regulators of 

the activity of plasma membrane receptors for extracellular nucleotides, including P2Y and 

P2X receptors. NTPDase2 is a 75-kDa ectonucleotidase with a well-defined organ and 

suborgan distribution (7, 23, 44). However, the physiological functions of NTPDase2 have 

only recently begun to be defined. NTPDase2 has been implicated in brain development, 

largely since NTPDase2 is expressed in germinal zones of developing neural tissue (6, 31). 

NTPDase2 has been shown to be responsible for hydrolysis of extracellular nucleotides by 

retinal pigment epithelium (37); however, the specific physiological function of NTPDase2 
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in this tissue has not been determined. Although NTPDase1 appears to be the dominant 

ectonucleotidase regulating platelet aggregation and vascular inflammation in solid organ 

transplantation (14, 39), NTPDase2 also appears to have a role in this process (4, 44).

The most clearly documented function of NTPDase2 has been demonstrated in the liver, 

where it appears to have an important physiological role that is disrupted in disease. 

Specifically, NTPDase2 regulates liver cell growth. NTPDase2 is expressed by PF that 

surround intrahepatic bile ducts. PF expressing NTPDase2 markedly block the proliferation 

of bile duct epithelia, whereas those lacking NTPDase2 expression have no effect on the 

proliferation of bile duct epithelia (21). Bile ductular proliferation is upregulated by biliary 

cirrhosis (3, 46), and NTPDase2 transcription and expression are down-regulated by biliary 

cirrhosis (10). Restoration of NTPDase2 into portal myofibroblasts from animals with 

biliary cirrhosis restores their ability to block proliferation of bile duct epithelia (21). Thus 

identification of factors that regulate NTPDase2 expression by portal fibroblasts/

myofibroblasts is of great importance.

Although much is known about the acute regulation of NTPDase enzymatic activity (24, 42, 

54), relatively little is known about the transcriptional regulation of NTPDases as a group, 

and about NTPDase2 in particular. An ectonucleotidase related to NTPDase2 is 

transcriptionally regulated by follicle-stimulating hormone in rat testicular Sertoli cells, 

although the signal transduction mechanism by which this occurs is unknown (29). 

NTPDase2 transcription is upregulated in hepatoma cells (24), but the mechanism by which 

this occurs is also unknown. Interestingly, NTPDase2 transcription is markedly upregulated 

by the environmental toxin 2,3,7,8-tetrachlorodibenzo-p-dioxin via a mechanism involving 

the aromatic hydrocarbon receptor (AhR)/AhR nuclear translocator system in mouse 

hepatoma cells (17). Finally, downregulation of transcription of both NTPDase2 (as noted in 

the preceding paragraph) and the hepatocyte canalicular ecto-ATPDase (now designated 

NTPDase8) (15, 25, 43) have both been demonstrated in animal models of biliary cirrhosis 

(2, 10). This is mediated in part by the inflammatory cytokine MCP-1; however, the effects 

of MCP-1 are likely indirect, since MCP-1 induces multiple morphological and functional 

changes in PF (27). At the transcriptional level, NTPDase2 appears to be the most highly 

regulated member of the E-NTPDase enzyme family.

In this study we have identified and cloned the rat Entpd2 promoter and report that the 

inflammatory cytokine IL-6 has specific direct effects on NTPDase2 transcription that are 

mediated by particular NTPDase2 promoter elements. We focused on IL-6 as a regulator of 

NTPDase2 function for several reasons. First, IL-6 is among several inflammatory mediators 

thought to be important in liver fibrosis (22, 33, 50). Second, IL-6 is upregulated in patients 

with biliary cirrhosis (32, 57). Finally, IL-6 has been shown to be secreted by bile duct 

epithelia (55, 58), which are the cells in closest proximity to PF. We found that IL-6 

transcriptionally downregulated NTPDase2 expression in a time- and concentration-

dependent fashion in PF. We cloned the NTPDase2 promoter and found three putative IL-6 

REs by in silico analysis. Interestingly, combined inactivation of two of these elements was 

insufficient to prevent the effect of IL-6 on promoter activity; only mutation of all three 

elements prevented downregulation of NTPDase2 promoter activity by IL-6. This example 

of promoter element redundancy is somewhat uncommon but has been noted previously for 
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a variety of genes. For example, the human 7SK encoding a small nuclear RNA contains two 

octamer-like elements, both of which must be mutated to block transcription (5), and the 

killer cell Ig-like receptor promoter contains functionally redundant AP4 sites (35). 

However, since single mutation of IL-6 RE C (most proximal to the NTPDase2 start site) 

had no effect on either IL-6-sensitive NTPDase2 promoter activity or protein/DNA 

interaction, it is likely that any effects mediated at this promoter site are indirect.

IL-6 is thought to induce gene regulation via an indirect signal transduction system. IL-6 

binds to cells at the plasma membranes via a receptor complex consisting of two molecules: 

IL-6 receptor (IL-6R)/gp80 and gp130 (40). Whereas gp130 is thought to be widely 

expressed, the cell distribution of gp80 has been reported to be limited (47). In this study we 

have shown that PF express gp130, providing a molecular basis for IL-6 responsiveness. 

IL-6-sensitive changes in transcription are mediated via actions of specific promoter IL-6 

REs (16, 19). Although the intermediate steps coupling IL-6 receptor activation and IL-6 

REs are unclear, a set of IL-6 RE binding proteins have been identified, which mediate IL-6-

sensitive induction of α2-macroglobulin (19). The intermediate steps coupling IL-6 and 

NTPDase2 transcriptional downregulation have not yet been identified.

In summary, we have identified a novel and specific regulator of NTPDase2 transcription 

and have characterized the signal transduction system by which this is regulated. Since 

NTPDase2 is of great importance in the regulation of liver cell growth, we hope that this 

work will lead to novel pharmacological approaches to the dysregulation of cell growth in 

the cirrhotic liver and will be extended to cell growth dysregulation in other organs in 

fibrotic conditions.
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Fig. 1. 
Portal fibroblasts (PF) express the IL-6 receptor gp130. Expression of IL-6 receptors gp80 

and gp130 was determined by confocal immunofluorescence in normal rat liver sections. A: 

expression of gp130 was detected in stromal tissue surrounding intrahepatic bile ducts, 

portal veins, and hepatic arteries. Structures can be identified by colabeling with rhodamine 

phalloidin to identify β-actin. No staining outside of the portal area was noted (not shown). 

B: expression of gp80 was not noted within the portal area. Occasional positive cells were 

noted within the parenchyma. Again, portal structures were identified by rhodamine 

phalloidin staining. C: immunoblot analysis using the gp130 antibody in A identified a 

single 130-kDa band (arrow) in isolated PF. No band was detected using gp80 antibody in 

PF (not shown).
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Fig. 2. 
IL-6 downregulates nucleoside triphosphate diphosphohydrolase (NTPDase) protein 

expression in PF. A: concentration downregulation of NTPDase2 protein by IL-6. Day 1 
primary rat PF were treated overnight with either buffer alone or buffer containing IL-6 (1–

20 ng/ml), and protein was extracted. Relative expression of NTPDase2, α-smooth muscle 

actin (ASMA), and β-tubulin (loading control) were determined by immunoblot. IL-6 

induced downregulation of NTPDase2 in a concentration-dependent fashion but had no 

effect on ASMA expression. A representative of 3 blots is shown. B: quantification of 

changes in band intensity. Changes in band intensity were determined using ImageJ software 

on scanned blots. Analysis confirmed that IL-6 downregulated NTPDase2 expression (solid 
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line) but had no effect on ASMA expression (dashed line). C: time-sensitive downregulation 

of NTPDase2 protein by IL-6. PF were treated at various time points (2, 6, or 24 h) with 

either control buffer or buffer containing IL-6 (10 ng/ml). Relative expression of NTPDase2 

and β-tubulin was determined by immunoblot. Downregulation of NTPDase2 was noted at 2 

h and sustained up to 24 h. D: quantification of changes in band intensity. Changes in band 

intensity were assessed as described in B. Analysis confirmed that IL-6 downregulated 

NTPDase2 expression at 2, 6, and 24 h.
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Fig. 3. 
IL-6 downregulates NTPDase2 mRNA expression in PF. Day 1 primary rat PF were treated 

at various time points with either buffer alone or buffer containing IL-6 (10 ng/ml), and total 

RNA was extracted. Relative mRNA expression of NTPDase2 was determined using real-

time RT-PCR and calculated relative to GAPDH. IL-6 decreased NTPDase2/GAPDH 

mRNA ratio at 2, 6, and 24 h (n = 4 for each group). *P < 0.05; **P < 0.005.
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Fig. 4. 
Rat Entpd2 transcription start sites and promoter analysis. A: electrophoretic analysis on 2% 

agarose gel of the nested PCR amplification products was performed on total rat heart 

modified cDNAs. The first round of PCR amplification was performed at 2 different 

annealing temperatures, 60 and 55°C, as indicated. The second lane shows the negative 

control (Ctrl) where 5′ rapid amplification of cDNA ends (RACE) adaptor-ligated cDNAs 

were omitted. B: rat Entpd2 minimal promoter nucleotide sequence. The adenine of the 

translation start site (ATG) is indicated by an arrow at the nucleotide +1. Transcription start 

sites, deduced from the sequences of 5 individual clones originating from the outer PCR at 

60 and 55°C annealing temperatures, are indicated by asterisks (*) or pound signs (#), 

respectively. The IL-6 response elements (IL-6 REs A, B, and C) are boxed, and potential 

Sp-1 binding sites as well as the CAAT box-like elements are underlined. The prN2-F7 to 

prN2-F10 primer sequences (F7–F10) are indicated in bold type.
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Fig. 5. 
The NTPDase2 minimal promoter is located 188 bp upstream of the NTPDase2 start site. 

HepG2 cells were transfected with control plasmid (pGL2) or serial truncations of the 

putative NTPDase2 promoter (F10, −81 bp; F9, −188 bp; F8, −335 bp; F7, −489 bp; F6, 

−680 bp; F5, −889 bp; F4, −1,080 bp; F3, −1,302 bp; F2, −1,530 bp; F1, −1,688 bp), and 

luciferase activity was determined. Luciferase activity was equal to the full-length F1 

construct for constructs F2–F7 but was markedly decreased in shorter constructs F8–F9 and 

was essentially absent in the shortest construct, F10 (n = 3). *P < 0.05; **P < 0.005; ‡P = 

NS (not significant) vs. F1.
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Fig. 6. 
F7 promoter construct activity is downregulated by IL-6. HepG2 cells were transfected with 

control plasmid (pGL2) or IL-6 promoter truncation constructs F7–F10 and treated 

overnight with IL-6 (10 ng/ml), and then luciferase activity was determined. Luciferase 

activity was downregulated by IL-6 in the F7 construct but not in shorter constructs (n = 3). 

*P < 0.02.
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Fig. 7. 
Mutation of all 3 putative IL-6 REs abrogates downregulation of IL-6 promoter activity by 

IL-6. HepG2 cells were transfected with control plasmid (pGL2), the F7 luciferase construct, 

or luciferase constructs containing mutations (mut) in various combinations of the 3 putative 

IL-6 REs and treated overnight with IL-6 (10 ng/ml), and then luciferase activity was 

assessed. As shown in Fig. 6, IL-6 downregulated NTPDase2 promoter activity in the F7 

construct. IL-6 also downregulated NTPDase2 promoter activity for all of the singly or 

doubly mutated constructs (except for mut C, which failed to reach statistical significance). 

Conversely, mutation of all 3 putative IL-6 REs (mut ABC) completely blocked the 

downregulation of NTPDase2 promoter activity by IL-6 (n = 3). *P < 0.05; **P = 0.052; ‡P 
= NS.
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Fig. 8. 
IL-6 treatment decreases the binding of a protein from HepG2 cells on NTPDase2 IL-6 RE. 

Electromobility shift assays were performed using 10 μg of nuclear extracts from 1-h IL-6-

stimulated or unstimulated HepG2 cells that were incubated with 32P-labeled double-

stranded oligonucleotide probes corresponding to IL-6 RE A, B, or C found in the promoter 

of rat Entpd2. Lanes 1, probe alone; lanes 2–4, unstimulated nuclear extracts with the 

labeled probes; lanes 5–7, IL-6-stimulated nuclear extract with the labeled probe. 

Competition assays with a 25-fold excess of unlabeled probes from corresponding IL-6 RE 

or from consensus IL-6 RE of rat α2-macroglobulin correspond to lanes 3 and 6 and to lanes 
4 and 7, respectively. IL-6 treatment induced a 36% increase in band intensity for IL-6 RE 

A, a 17% increase in band intensity for IL-6 RE B, and a 71% increase in band intensity for 

IL-6 RE C.
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Table 1

Primers used for these studies

Primers Sequence (5′-3′) Location Annealing Temperature, °C Experiment

gsrN2-R2 TAGAGGGGTCATTTGCATAGCTGG +2024/+2047 (exon3) 55 and 60 5′ RLM-RACE

gsrN2-R1 TGTCATTCTCCTTGTCCGCTGGCC +1477/+1500 (exon2) 55 5′ RLM-RACE

pRN2-R1 GAACGCGTGGGAGAACACAGC −23/−3 5′ Flanking region 
cloning

pRN2-F1 TCTGCCTGAGCCAAGCCACAC −1688/−1668 63 5′ Flanking region 
cloning

pRN2-F2 CCATGAGTGTCTCCCCAGGGC −1530/−1510 63 5′ Flanking region 
cloning

pRN2-F3 GGAAGCATGGGATGGGAGAGC −1302/−1282 63 5′ Flanking region 
cloning

pRN2-F4 TGTCCCTGCCTGTTCAGCAGC −1081/−1061 63 5′ Flanking region 
cloning

pRN2-F5 TGTGTGCCTGGTCGGTCTAGC −889/−869 63 55′ Flanking region 
cloning

pRN2-F6 GGGAGGCAAAAAGAGAGCGGC −680/−660 63 5′ Flanking region 
cloning

pRN2-F7 CAGATGCCGAACCCCTGTGCC −489/−469 63 5′ Flanking region 
cloning

pRN2-F8 CAAACCCCAACACCGGGTATC −335/−315 60 5′ Flanking region 
cloning

pRN2-F9 ACCGCTCCACTCACCTGAGTC −188/−168 60 5′ Flanking region 
cloning

pRN2-F10 GTCTAACTCTGGGGCCCCGGC −81/−61 63 5′ Flanking region 
cloning

IL-6 RE A sense CTTGCCTTTCCCTGGCCAGA −407/−388 Mobility shift assays

IL-6 RE A antisense TCTGGCCAGGGAAAGGCAAG −407/−388 Mobility shift assays

IL-6 RE B sense GGCTGCCTAGGAATCAACCT −358/−339 Mobility shift assays

IL-6 RE B antisense AGGTTGATTCCTAGGCTGCC −358/−339 Mobility shift assays

IL-6 RE C sense CTCAGGACTCCCAGGGCAGA −312/−293 Mobility shift assays

IL-6 RE C antisense TCTGCCCTGGGAGTCCTGAG −312/−293 Mobility shift assays

α2IL-6 RE sense GATCCTTCTGGGAATTCCTA Mobility shift assays

α2IL-6 RE antisense TAGGAATTCCCAGAAGGATC Mobility shift assays

All primers are numbered with reference to the translation of the first codon (ATG) of rat Entpd2. 5′ RLM-RACE, RNA ligase-mediated rapid 
amplification of 5′; cDNA ends; IL-6 RE, interleukin-6 response element.
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