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Abstract

Excessive production of extracellular matrix is responsible for clinical manifestations of fibroproliferative

disorders and drugs which can inhibit excessive synthesis of type I collagen are needed for the therapy. Several

dicationic diphenylfurans were synthesized and were found to bind RNA. Two of these type compounds were able

to reduce synthesis of type I collagen by human fibroblasts and human activated hepatic stellate cells (HSCs).

Activated HSCs are responsible for collagen production in liver fibrosis. When added at 40 AM compound 588

reduced intracellular level and secretion of procollagen a1(I) by 50%, while compound 654 reduced these

parameters by more than 80% at 20 AM. 654 also significantly reduced secretion of fibronectin. Toxic effects were

observed at 80 AM for 588 and 40 AM for 654. 654 reduced expression of a reporter gene with collagen signal

peptide, while expression of the same gene without signal peptide was unaffected. Also, expression of intracellular

proteins tubulin and calnexin was unchanged. 654 accumulated inside the cell in the cytoplasm and did not change

the steady-state level of collagen mRNAs. Treatment of cells with proteosome inhibitor MG132 did not change the

inhibitory effect of 654, suggesting that 654 acts as suppressor of translation of proteins containing a signal

peptide. Most secreted proteins of fibroblasts and activated HSCs are components of extracellular matrix.

Therefore inhibition of their production, as shown here for procollagen a1(I) and fibronectin, may be a useful

property of some of diphenylfurans, making these compounds a basis for development of antifibrotic drugs.
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Introduction

Fibroproliferative disorders are characterized by excessive and uncontrolled production of

extracellular matrix composed primarily of type I collagen which results in tissue fibrosis (Bitterman

and Henke, 1991). Fibrosis can affect almost any organ and cause progressive loss of function, but

fibrosis of the liver is the most common and is the 8th leading cause of death in the USA (2000).

Fibroblasts and myofibroblasts are cell types which synthesize type I collagen. In quiescent state these

cells synthesize small amounts of type I collagen necessary to support tissue remodeling and wound

healing. After a profibrotic stimulus, they become activated and increase collagen synthesis up to

hundred fold (Friedman, 1996; Friedman, 1999b; Stefanovic et al., 1997; Stefanovic et al., 2000).

Increased collagen synthesis is initiated and maintained by profibrotic cytokines like TGF-beta1, TGF-

beta2 and connective tissue growth factor (CTGF), which are produced in response to the profibrotic

insult (Friedman, 1999a; Hellerbrand et al., 1999; Pinzani et al., 1998). Upon a prolonged insult the

collagen production evades normal regulatory mechanisms and proceeds to fibrosis. The regulation of

type I collagen is still poorly understood and this precluded development of antifibrotic drugs.

Type I collagen is the most abundant protein in human body and is a heterotrimeric protein, composed

of two a1(I) chains and one a2(I) chain (procollagens), which are encoded by separate genes (Kivirikko,

1998). Its biosynthesis starts on the membrane of endoplasmic reticulum (ER), where translating

ribosomes drive the insertion of individual chains into the lumen of ER (Beck et al., 1996; Sauk et al.,

1994). In the ER collagen chains undergo hydroxylation of the selected proline and lysine residues, with

subsequent glycosylation of hydroxylysines (Myllyharju and Kivirikko, 2004). After these posttransla-

tional modifications, two a1 and one a2 chains fold into a heterotrimeric protein. Procollagen

heterotrimers contain globular N and C terminal domains and central rod like triple helical region.

Heterotrimers are secreted into extracellular space where the terminal globular domains are cleaved off,

yielding the mature type I collagen, which polymerizes into fibrils (Birk et al., 1997; Lo et al., 2004).

Collagen fibrils are stabilized by intermolecular crosslinks made by the enzyme lysyl oxidase (Kagan and

Li, 2003). Deposition of the crosslinked fibrils, which are resistant to proteolytic degradation, is

responsible for alteration of normal tissue extracellular matrix (fibrosis) and change in organ architecture.

Cirrhosis is the end stage of liver fibrosis and is characterized by the accumulation of extracellular

matrix proteins in the liver, including type I collagen and fibronectin (Aycock and Seyer, 1989;

Schuppan, 1990). Hepatic stellate cells (HSCs also named Ito cells, lipocytes, or fat-storing cells) are the

major cell type responsible for collagen synthesis in the cirrhotic liver (De Leeuw et al., 1984; Maher

and McGuire, 1990). In normal liver, quiescent HSCs store vitamin A, (Hendriks et al., 1985) but only

express trace amounts of type I collagen (Stefanovic et al., 1997). Upon a fibrogenic stimulus, HSCs

become activated, processes in which they lose retinoid droplets, proliferate, change morphologically

into myofibroblasts, and increase their synthesis of extracellular matrix proteins (Friedman, 1999b;

Knittel et al., 1999). Culturing quiescent HSCs on plastic causes activation similar to that seen in liver

fibrosis in vivo; including the accumulation of collagen a1(I) mRNA and protein (Friedman et al., 1992;

Knittel et al., 1999). In vitro activation of HSCs can thus serve as an excellent model system to study

regulation of collagen type I (Stefanovic et al., 1999; Stefanovic et al., 1997).

One of the goals of therapy for fibroproliferative disorders is to inhibit excessive synthesis of

extracellular matrix proteins. Inhibitors of prolyl (Sakaida et al., 1999; Wang et al., 2002) and lysyl

hydroxylases (Saika et al., 1995), as well as inhibitors of lysyl oxidase (Nagan et al., 1998; Nagan and

Kagan, 1994), were suggested as antifibrotic drugs. In addition, neutralizing antibodies against CTGF



L. Stefanovic et al. / Life Sciences 76 (2005) 2011–2026 2013
(Minato et al., 2004) and soluble TGF-beta receptors (Ezquerro et al., 2003; Nakamura et al., 2000) were

tried as blockers of fibrosis. We have described a molecular decoy which can decrease collagen type I

synthesis in HSCs and fibroblasts by sequestering a regulatory RNA binding protein. (Stefanovic et al.,

2002). However, for now, the treatment of fibroproliferative disorders remains symptomatic and

pharmacological compounds are urgently needed. In this paper we describe two compounds which are

able to significantly decrease intracellular and extracellular level of type I collagen and fibronectin in

human HSCs and fibroblasts.
Material and methods

Compounds 588 and 654

The synthesis of DB654 has been reported previously (Lansiaux et al., 2002). The synthesis of DB588

is described below.

2,5-Bis(4-{3-[2-(1-pyrrolidino)ethyl]ureido}phenyl)furan Dihydrochloride (DB588). To a suspension

of 2,5-bis[4-(chlorocarbonyl)phenyl]furan (Boykin et al., 1998) (1.73 g, 5.0 mmol) and tetrabutyl

ammonium bromide (0.10 g) in dichloromethane (100 ml) was added a solution of sodium azide (0.86 g,

13.2 mmol) in water (20 ml) and the mixture was stirred vigorously at room temperature for 5 hours. A

clear yellow solution was quickly achieved followed almost immediately by formation of a yellow

precipitate. The dichloromethane was then removed in vacuo (temp b 30 8C), additional water was
added, and the product was collected, rinsed with ether, and air dried overnight at 40 8C to give the

bis(acyl azide) as a bright yellow fluffy solid (1.66 g, 93%), mp 136–37 8C dec (with loss of nitrogen).

IR (KBr): v 2140 (N3), 1681 (CO) cm�1. The compound was used directly in the next step.

A solution of the above bis(acyl azide) (0.45 g, 1.25 mmol) in dry dioxane (30 ml) was heated at reflux

under nitrogen for 30 min to give the bis(isocyanate) 3 (with loss of nitrogen). 1-(2-Amino-

ethyl)pyrrolidine (0.45 g, 3.9 mmol) was then added and the resulting suspension was further refluxed

for 2 hrs. The mixture was then cooled and filtered to give, after rinsing with ether, the free base as a pink

solid (0.53 g, 80%). 1H-NMR (dimethyl-d6 sulfoxide): y 1.67–1.71 (m, 8H), 2.44–2.51 (m, 12H), 3.20

(m, 4H), 6.13 (t, 2NH), 6.81 (s, 2H), 7.43 (d, J = 8.8 Hz, 4H), 7.61 (d, J = 8.8 Hz, 4H), 8.75 (s, 2NH). The

salt was prepared by dissolving the free base in hot EtOH containing anhydrous HCl, filtering to remove

trace insolubles, and then concentrating the solution in vacuo to an oil. Drying in vacuo gave a tan/yellow

solid (mp N 150 8C dec). 1H-NMR (dimethyl-d6 sulfoxide): y 1.88 (br m, 4H), 2.00 (br m, 4H), 3.02 (br m,

4H), 3.22 (m, 4H), 3.46 (m, 4H), 3.59 (br m, 4H), 6.74 (t, 2NH), 6.83 (s, 2H), 7.48 (d, J = 8.8 Hz, 4H),

7.63 (d, J = 8.8 Hz, 4H), 9.16 (s, 2NH), 10.29 (br s, 2NH). 13C-NMR (dimethyl-d6 sulfoxide): y 23.1,

38.2, 53.4, 55.3, 106.1, 117.6, 123.3, 123.9, 139.9, 152.1, 154.9. Analysis for C30H38N6O3-2HCl-

0.66H2O (615.46): Calcd: C, 58.54; H, 6.77; N, 13.66. Found: C, 58.59; H, 6.89; N, 13.45.

Cell culture

Immortalized cell line of activated human HSCs (hHSC) was described before and was a kind gift of

Dr. B. Schnabl (Schnabl et al., 2002). hHCS and primary human skin fibroblasts were grown in 6-well

dishes in DMEM supplemented with 10% calf serum until confluent. 588 and 654 were added to the cells

in concentrations indicated (between 5 and 40 AM) and incubated for 21 h or 45 h. MG132 (Sigma) was
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added at 100 AM, where indicated. The medium was then changed to 0.5 ml of serum free DMEM and

incubation continued for additional three hours. The medium, which contains newly accumulated

collagen within 3 h, as well as the cell layer, were collected and analyzed for collagen protein and mRNA.

To check the toxicity of the drugs, images of cells were taken at various time points after addition of

the drugs and cell viability was estimated by staining with propidium iodide and YO-PRO-1 nucleic acid

stain (Molecular Probes).

To assess the subcellular accumulation of the drugs, 654 was added to hHSCs at 5 AM and after 30

min the image of the cells was taken under visible and UV light using blue filter with cutoff of nm.

Transient transfections were done into NIH3T3 fibroblasts seeded at subconfluent density in p100

plates and using 3 Ag of plasmid DNA/plate and TransIT-LT1 reagent (Mirus). 24 h after transfections

the cells were trypsinized and equal number was seeded into 6-well plates where they were grown for

additional 24 h. 654 was added at 5 AM and 20 AM and incubated with cells for 24 h. The cells were then

lysed in 100 AL of luciferase lysis buffer (Promega) and luciferase activity (RLU) was measured in a 10

AL aliquot. RLU was normalized to total protein concentration in the samples and the results were

expressed as percentage of RLU/Ag relative to the control cells (without drug). Two independent

transfection experiments were performed, each done in duplicate.

Plasmid constructs

Two hybrid mouse collagen a1(I)/luciferase gene without the signal peptide (COLL/LUC) was

constructed by ligating a ds-oligonucleotide with sequence of mouse collagen a1(I) gene (nt + 85 to nt +

143 where + 1 is the start of transcription, contains internal XbaI site) and HindIII and NcoI overhangs

into HindIII and NcoI sites of pEGFP-1 vector (construct I) and pGL3 vector (construct II). Then, XbaI –

BamHI (blunt) fragment of the construct II (containing the entire luciferase gene) was recloned into

XbaI-BsrGI (blunt) of construct I, yielding construct III. Finally, SpeI-XbaI fragment of mouse collagen

a1(I) minigene, containing 220 nt of the promoter was cloned into SpeI-XbaI of construct III yielding

COLL/LUC. COLL/LUC encodes for luciferase protein which has only 9 amino acids of mouse collagen

a1(I) at the N-terminus. For the hybrid mouse collagen a1(I)/luciferase gene with the signal peptide, a

ds-oligonucleotide with sequence of mouse collagen a1(I) gene (nt + 120 to nt + 188) and XbaI and NarI
O
O

Cl

O

Cl

O
O

N3

O

N3

O

NCOOCN

O

N
H

N
H

N
H

N
H

O O
NN

a

c

DB588

1 32

b

Fig. 1. Schematic representation of synthesis of 588. 588 was synthesized as inMaterial and methods. Reagents and conditions:

a) NaN3, TBAB, CH2Cl2, H2O; b) 1,4-Dioxane, D; c) 1-(Aminoethyl)pyrrolidine, D. Synthesis of 654 has been described

before (Lansiaux et al., 2002).
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overhangs was cloned into XbaI and NarI sites of COLL/LUC. This plasmid encodes for luciferase

protein which has all 22 amino-acids of the signal peptide of mouse collagen a1(I) protein at the N-

terminus and was named SP-COLL/LUC.

Western blots

50 Ag of cellular proteins were run on 7.5% SDS-PAGE gels under reducing conditions. After

transfer, the blots were probed with 1:1000 dilution of anti-collagen type I antibody (600-401-103,

Rockland). We have shown previously that this antibody specifically recognizes collagen a1(I) chain

(Stefanovic and Brenner, 2003). Anti-fibronectin antibody (BD Bioscience), anti-tubulin antibody

(Zymed) and anti-calnexin antibody (BD Bioscience) were also used at 1:1000 dilution. The signal was

developed using ACL system (Amersham). 40 AL of cellular medium (corresponding to equal # of cells)

was directly analyzed for expression of collagen and fibronectin, as above.
20 µµM

40 µM

60 µM
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CON     40

B

procollagen

20  30  40   CON

C

procollagen

µM : µM :

1 2 1   2   3  4

Fig. 2. 588 decreases procollagen in human fibroblasts. A. Morphology and apoptosis of human fibroblasts after treatment with

588. Compound 588 was added at the indicated concentrations to confluent culture of human fibroblasts and incubated for 24 h.

Image of cells was taken under phase contrast and after propidium iodide (PI) staining under UV light. B. 588 decreases

intracellular level of procollagen a1(I) protein. Western blot was done with 50 Ag of cellular proteins from control cells (lane 1,

CON) and cells treated with 40 AM of 588 for 24 h (lane 2, 40). Migration of procollagen a1(I) is indicated by arrows. C. 588

decreases accumulation of procollagen a1(I) in cellular medium. Cells were treated with 20 AM (lane 1), 30 AM (lane 2) or 40

AM (lane 3) of 588 for 21 h, cellular medium was changed and incubation continued for additional 3 h, when an aliquot of the

medium was analyzed for procollagen a1(I) as in B. CON are control cells without 588.



L. Stefanovic et al. / Life Sciences 76 (2005) 2011–20262016
RT-PCR

Total RNA was extracted according to the standard procedure (Chomczynski and Sacchi, 1987). RT-

PCR reactions were done with 100 ng of total RNA using rTth reverse transcriptase RNA PCR kit (Perkin

Elmer) in presence of 10 ACi of 32P dCTP, according to the previously used protocol (Stefanovic et al.,

1997). The primers specific for human collagen a1(I) mRNAwere: 5VATCCCACCAATCACCTGCGTA
and 3V ACAGATCACGTCATCGCACAA, a2(I) mRNA were: 5V CAGCAGGAGGTTTCGGCTAA

and 3V CAACAAAGTCCGCGTATCCA, a1(III) mRNA were: 5V ATCTTGGTCAGTCCTATGCGG

and 3V GCAGTCTAATTCTTGATCGTCA. GAPDH specific primers, as an internal control, were

described before. (Stefanovic et al., 1997)Reverse transcription (at 50 8C, 15 min) and amplification was

done in a single reaction using only gene specific primers. The PCR step consisted of 20 cycles (1 min at

94 8C, 2 min at 50 8C ), which was in the linear range of the reaction.
Results

Compounds

The synthesis of DB654 has been previously reported (Lansiaux et al., 2002). The synthesis used to

prepare DB588 is straightforward and is outlined in Fig. 1. DB588 was obtained in an overall 74% yield

from the starting diacid chloride.

Inhibition of collagen synthesis by compounds 588 and 654 in human fibroblasts

Based on preliminary experiments toxic effects of 588 were observed at 80 AM. Therefore, compound

588 was tested at concentrations from 20 to 40 AM. At 40 AM with human fibroblasts 588 did not cause

a change in cell morphology or cell numbers when incubated for 24 h. No apoptosis or cell death was

observed by staining of cells with propidium iodide at 40 AM of 588 (Fig. 2A). The number of apoptotic

cells increases at 60 AM and at 100 AM all cells are apoptotic (Fig. 2A). Intracellular steady state level of

procollagen a1(I) protein was determined by western blot after 24 h incubation with various

concentrations of 588 (Fig. 2B). Two bands representing procollagen a1(I) are probably due to

differences in posttranslational modifications. Procollagen a1(I) protein was decreased to 50% (lane 2)

of the level seen in control cells, but only with 40 AM of 588 (lane 1). Lower concentrations were
Fig. 3. 654 decreases procollagen in human fibroblasts. A. Morphology and apoptosis of human fibroblasts after treatment with

654. Compound 654 was added at the indicated concentrations to confluent culture of human fibroblasts and incubated for 24 h.

Image of cells was taken under phase contrast and, after YO-PRO-1 staining or propidium iodide staining, under UV light.

CON are nontreated cells. B. Morphological change of the cells with 20 AM of 654. Cells were treated with 20 AM of 654 for 24

h (middle panel), 48 h (right panel) or left untreated (CON, left panel). Phase contrast image is shown. C. 654 decreases

intracellular level of procollagen a1(I) protein. Cells were treated with 5 AM (lane 2) or 20 AM (lane 3) of 654 for 24 h and

cellular proteins analyzed as in Fig. 2B. CON (lane 1) are control untreated cells. D. 654 decreases accumulation of procollagen

a1(I) in cellular medium. Cells were treated with 5 AM (lanes 3 and 4) or 20 AM (lanes 5 and 6) or without 654 (CON, lanes 1

and 2) and cellular medium analyzed as in Fig. 2C. E. 654 decreases accumulation of fibronectin in cellular medium. The

samples from C were probed for expression of fibronectin by western blotting.
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without effect. We also estimated secretion of procollagen into cellular medium by incubating the

cells for 21 h with 40 AM 588. The cellular medium was then changed and incubation continued for

additional 3 h. By this approach we determined the amount of procollagen accumulated within the last 3
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h (Fig. 2C). As shown in Fig. 2C, 588 was able to inhibit the rate of procollagen a1(I) secretion into

cellular medium by about 50% at 40 AM (lane 3), while lower doses were ineffective (lanes 1 and 2).

Compound 654 was tested at concentrations of 5 AM and 20 AM. At these concentrations there was no

increase in number of apoptotic cells after 24 h, as judged by staining with YO-PRO-1 and propidium

iodide (Fig. 3A). However, at 20 AM we observed morphological changes of human fibroblasts (Fig.

3A), which was evident within 30 min of addition of 654. Under higher magnification the cells showed

more elongated shape, which remained unchanged during 24 h and 48 h of incubation (Fig. 3B). At 5

AM, 654 did not have any effect on cell morphology, while it became toxic at 40 AM (not shown). The

effect of 654 on procollagen synthesis was analyzed by western blot. At 20 AM, 654 caused reduction of

cellular level of procollagen a1(I) level by about 80% (Fig. 3C, lane 3), while it had a minimal effect at 5

AM (lane 2). Likewise, 20 AM of 654 decreased accumulation of procollagen a1(I) into cellular medium

to almost undetectable level (Fig. 3D, lanes 5 and 6), while at 5 AM this decrease was about 20–30%

(lanes 3 and 4). We also measured accumulation of another extracellular matrix protein, fibronectin. 654

inhibited secretion of fibronectin to a similar extent as that of procollagen (Fig. 3E).

From these experiments we concluded that both compounds, 588 and 654 can inhibit synthesis of

procollagen and fibronectin by human fibroblasts, however 654 seemed to be more potent with almost

complete inhibition seen at 20 AM. Therefore, we decided to study the effects of 654 on other collagen

producing cells, activated human HSCs.

Effects of 654 on human HSCs

Immortal human HSC line with activated phenotype was described by Schnabl et al. (Schnabl et al.,

2002). HSCs were incubated with 5 AM and 20 AM of 654 for 48 h. At 20 AM, 654 caused

morphological changes of activated HSCs, with rounding of cells and appearance of thin cytoplasmic

protrusions (Fig. 4A). At this dose we did not see a significant cell toxicity, as assessed by propidium

iodide staining (Fig. 4A, bottom panels). At 20 AM, 654 decreased intracellular level of procollagen

a1(I) by 50–80%, depending on the experiment (Fig. 4B, lanes 2, 3 and 7). With 5 AM in one

experiment we saw a decrease of 20–30% (lane 1), however this was not always reproduced (lane 6).

The levels of a-tubulin and calnexin were unchanged with addition of 654 (Fig. 4B). Similar to

fibroblasts, secretion of procollagen a1(I) from HSCs was completely abolished by 20 AM of 654 after

48 h (Fig. 4C, lane 3). 5 AM of 654 was ineffective to inhibit procollagen secretion (lane 2). Secretion of

fibronectin was inhibited by 20 AM of 654 to about 50% (Fig. 4D, lane 3).

654 does not change the steady-state level of collagen a1(I) mRNA

To provide insight into a mechanism by which 654 may act, we first analyzed subcellular

distribution of 654 employing its autofluorescence. 654 was added to HSCs at 5 AM and after 30 min

the image of the cells was taken under UV light. Autofluorescence of 654 was seen throughout the

cytoplasm, while the nuclei were mostly excluded (Fig. 5A). Control cells showed no autofluorescence.

This indicates that the compound is rapidly taken up by the cells and that it accumulates in the

cytoplasm.

Next, we wanted to see if 654 affects the steady state level of collagen mRNAs. Fibroblasts were

treated as in Fig. 3 and total RNA extracted and analyzed by RT-PCR for expression of: 1. collagen a1(I)

mRNA and a2(I) mRNA, which encode for type I collagen, 2. a1(III) mRNA, which encodes for
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Fig. 4. 654 decreases procollagen in activated human HSCs. A. Change in morphology of HSCs. Cells were treated with 5 AM
(top middle panel) or 20 AM (top right panel) or without 654 (CON, top left panel) for 48 h. The images were taken under phase

contrast Bottom left panel shows cells treated with 20 AM of 654 for 48 h and bottom right panel the same cells after staining

with propidium iodide. The latter image was taken under UV light. B. 654 decreases intracellular level of procollagen a1(I)

protein. Cells were treated in two independent experiments with 5 AM (lanes 1 and 6) or 20 AM (lanes 2, 3 and 7) of 654 for 48

h and cellular proteins analyzed as in Fig. 2B. CON (lane 4 and 5) are control untreated cells. The samples were reprobed for

expression of a-tubulin in experiment 1 (left panel) and for calnexin in experiment 2 (right panel). C. 654 decreases

accumulation of procollagen a1(I) in cellular medium. Cells were treated with 5 AM (lane 2) or 20 AM (lane 3) or without 654

(CON, lane 1) and cellular medium analyzed as in Fig. 2C. D. 654 decreases accumulation of fibronectin in cellular medium.

The samples from C were probed for expression of fibronectin by western blotting.
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another fibrillar collagen, type III, and 3. GAPDH mRNA, as control. As shown in Fig. 5B, the steady-

state level of all three collagen mRNAs was unchanged with addition of 654 for 24 h. The level of

GAPDH mRNAwas also unchanged. This suggests that the decrease in procollagen protein synthesis by

654 was not due to inhibition of transcription of collagen genes or decrease in stability of collagen
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Fig. 5. 654 accumulates in cytoplasm but does not change the steady-state level of collagen mRNAs. A. Subcellular

accumulation of 654. HSCs were incubated with 5 AM of 654 for 30 min and images taken under phase contrast (654 VIS,

upper left panel) or under UV light (654 UV, upper right panel). CON are control untreated cells. B. Steady-state level of three

collagen mRNAs remains unchanged with 654. Cells were treated with 654 as in Fig. 4 and total RNAwas analyzed by RT-PCR

for expression of collagen a1(I) mRNA, a2(I) mRNA, a1(III) mRNA and GAPDH mRNA, as control. Migration of the

relevant bands is indicated to the left.
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mRNAs. Since this compound does not accumulate in the nucleus an effect on transcription was not

unexpected, but we concluded that cytoplasmic regulation of collagen mRNA stability (Stefanovic et al.,

1997) was not affected by 654.

654 inhibits translation of a protein with collagen signal peptide

To investigate a possibility that 654 inhibits translation of collagen mRNA we designed two

reporter genes (Fig. 6A). One reporter gene contained 220 nt of mouse collagen a1(I) promoter, the

a1(I) 5V UTR followed by the start codon and first 8 codons of collagen a1(I) open reading frame.

This was ligated in frame to the second codon of luciferase mRNA. This gene encodes for protein

luciferase activity which has 9 amino-acids of mouse collagen a1(I) at its N-terminus and was

named COLL/LUC. Because only 9 amino-acids were derived from collagen, such short sequence is

insufficient to serve as a signal peptide (Nothwehr and Gordon, 1989). Therefore this mRNA is

translated by cytosolic ribosomes and serves as a representative of mRNAs encoding cellular

proteins. The other gene is identical, except the sequence encoding the first 22 amino-acids of

collagen a1(I), representing the complete signal peptide, was ligated in frame to luciferase gene.

This mRNA encodes for functional signal peptide and is targeted for translation to the ribosomes

associated with the membrane of ER (Hegde and Lingappa, 1999). It was named SP-COLL/LUC

and is a representative of mRNAs encoding secreted proteins. The genes were transiently transfected

into human fibroblasts, the cells were divided into two halves and one half was treated with 20 AM
of 654, while the other half was left untreated (control). The luciferase activity was measured,

normalized to total protein in the samples and expressed as percentage of control. As shown in Fig.
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for only 9 amino-acids of collagen signal peptide and SP-COLL/LUC encodes for all 22 amino-acids of collagen signal peptide.

B. Expression of reporter genes after treatment with 654. COLL/LUC and SP-COLL/LUC were transiently transfected into

human fibroblasts and luciferase activity was determined after 24 h treatment with 20 AM of 654. Results were calculated as

relative luciferase units (RLU)/Ag of total protein and shown as percentage, relative to the activity in control, untreated cells.

Error bars represent F 1 SD as calculated from two independent experiments performed in duplicate.
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6B, 654 slightly increased the expression of COLL/LUC gene, however, expression of SP-COLL/

LUC was decreased to 40% of control. From this result we concluded that 654 selectively inhibits

synthesis of proteins containing a signal peptide and does not act as a general inhibitor of

translation.

To corroborate that 654 acts by decreasing translation of proteins with signal peptide, like collagen

and fibronectin, and not by increasing their degradation, we treated fibroblasts with proteosome inhibitor

MG132 either alone or in combination with 654. Procollagen which can not be secreted out of the cell is

degraded by a proteosome mediated mechanism (Fitzgerald et al., 1999; Stefanovic et al., 2004). As
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Fig. 7. 654 decreases procollagen in presence of an inhibitor of protein degradation. Human fibroblasts were treated with 100

AM of proteosome inhibitor MG132 (lane 2) or 100 AM of MG132 plus 20 AM of 654 (lane 1) for 24 h. Intracellular

procollagen was measured by western blot as in Fig. 2B.
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shown in Fig. 7, in the presence of MG132 654 was still able to reduce the cellular level of procollagen

a1(I) (lane 1), as compared to MG132 alone (lane 2). The level of a-tubulin remained the same in both

samples (bottom panel). This suggests that 654 decreases procollagen steady-state level by inhibiting its

synthesis and not by stimulating protein degradation.
Discussion

Fibroproliferative disorders are progressive and, once initiated, uncontrolled production of

extracellular matrix composed of type I collagen and fibronectin disrupts normal tissue architecture

(Bitterman and Henke, 1991). Treatment of fibroproliferative disorders has been so far only

symptomatic and drugs with ability to suppress synthesis of fibrous extracellular matrix are needed.

The progression of most fibroproliferative disorders is slow (Chatziantoniou et al., 2004;

McCaughan and George, 2004; Thannickal et al., 2004), therefore, inhibition of production of

extracellular matrix even to a small degree would significantly delay the onset of organ failure. A

series of diphenylfuran cations as potential RNA binding drugs and inhibitors of the Rev-Rev

responsive element (RRE) complex have been designed and synthesized (Gelus et al., 1999; Li et

al., 2001; Xiao et al., 2001). Analysis of the interaction of the diphenylfurans with RRE, as well as

TAR RNA, indicated that they bind RNA in sequence and structure-dependent manner. Stability

and translation of collagen a1(I) mRNA are dependent on binding of an RNA binding protein to

the 5V stem-loop located in the 5V UTR (Stefanovic and Brenner, 2003; Stefanovic et al., 1999;

Stefanovic et al., 2000; Stefanovic et al., 2002). Based on the ability of diphenylfurans to bind

structured RNA we surmised that some compounds may interfere with binding of the 5V stem-loop

binding protein to the collagen a1(I) mRNA. Therefore, we have tested 21 related diphenylfurans

for their ability to inhibit collagen synthesis by human HSCs and fibroblasts. Only two compounds,

588 and 654, showed significant reduction of collagen synthesis. Both compounds present quite

similar spatial arrays for the two cationic centers. In each case the cationic centers are six atoms
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removed from the diphenyl furan core. The major difference in the two structures is that 588 has

an additional potential hydrogen bond donor in the cationic side chain. 588 was able to reduce

collagen content by 50% when used at 40 AM (Fig. 2) and 654 reduced collagen by more than

80% at 20 AM (Figs. 3 and 4). However, since 654 also inhibited synthesis of fibronectin, the

mRNA of which does not have a 5V stem-loop, the mode of action is probably not by the

inhibiting interaction of the 5V stem-loop with its cognate RNA binding protein. More likely 654

inhibits translation of secreted proteins, because it decreased expression of luciferase protein when

we made it as a fusion protein with the collagen signal peptide (Fig. 6). Without the signal peptide

expression of luciferase protein was slightly increased (Fig. 6). Also, intracellular proteins, like a-

tubulin and calnexin were not affected (Fig. 4). For activated HSCs and fibroblasts, most of the

secreted proteins are components of extracellular matrix, so inhibition of synthesis of some or all of

them is a desirable property.

How 654 selectively inhibits translation of secreted proteins is not known. Secreted proteins have a

stretch of 20–25 hydrophobic amino-acids at the N-terminus called signal peptide (Nothwehr and

Gordon, 1989). Translation of these proteins starts on cytosolic ribosomes and pauses after the signal

peptide has been synthesized. Signal peptide is then recognized by signal recognition particle (SRP)

which targets the ribosome/mRNA/signal peptide complex to the membrane of ER. Protein synthesis

resumes by the membrane associated ribosomes and the protein is cotranslationaly inserted into the

lumen of ER (Hegde and Lingappa, 1999). SRP is a ribonucleoprotein complex assembled from 6

proteins and 300 nt long 7SL RNA (Halic et al., 2004). It is possible that 654 interacts with 7SL

RNA and interferes with the assembly or function of SRP. Alternatively, membrane bound ribosomes

may have a different conformation from free cytosolic ribosomes (Lerner et al., 2003), which may

allow binding of 654 to the ribosomal RNA of this ribosomal subset. Binding of 654 to ribosomal

RNA may interfere with its function either as the catalyst of peptide bond formation (Green et al.,

1998) or as a backbone for ribosomal proteins assembly (Ban et al., 1999). Cytoplasmic

accumulation of 654 (Fig. 5) is consistent with the compound being an inhibitor of translation. It

did not affect the steady state of collagen mRNAs (Fig. 5) nor increased procollagen protein

degradation (Fig. 7).
Conclusions

654 and 588 were able to reduce collagen synthesis by 50 to 80% in two collagen producing cells,

activated HSCs and fibroblasts. The effect was seen after 24 h to 48 h and at 20 AM and 40 AM,

respectively, while no effect was seen at 5 AM for 654 and 30 AM for 588. Both compounds exhibited a

toxic effect at a dose which was twice the effective dose. However, it is possible that a significant

inhibition can be achieved with lower doses of 654 after prolonged administration in vivo. Activation

of HSCs in vitro provides the strongest stimulus for collagen synthesis and usually the levels of

collagen mRNA and protein are higher in culture activated HSCs than HSCs activated by animal

models of liver injury (De Leeuw et al., 1984; Friedman, 1999b; Friedman et al., 1992; Geerts et al.,

1989; Hellerbrand et al., 1999; Lindquist et al., 2000; Rojkind and Greenwel, 1993). Therefore, testing

of 654 and related compounds in prolonged administration using animal models is needed. However,

this study indicates a possibility that antifibrotic drugs can be developed based on the structure of 654

and 588 compounds.
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