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Abstract

Recently, synthesis and secretion of connective tissue growth factor (CTGF)/CYR61/CTGF/NOV-family member 2 (CCN2) in cultures of
hepatocytes were shown, which are sensitively up-regulated by exogenous TGF-�. In this study TGF-�-dependent CTGF/CCN2 expres-
sion in hepatocytes cultured under completely TGF-�-free conditions was analysed by Western-blots, metabolic labelling, and CTGF-
reporter gene assays. In alkaline phosphatase monoclonal anti-alkaline phosphatase complex (APAAP)-staining of cultured hepatocytes
it was demonstrated that latent TGF-� within the hepatocytes becomes rapidly detectable during culture indicating an intracellular
demasking of the mature TGF-� antigen. Subsequent signaling to the  CTGF/CCN2 promoter occurs via p-Smad2, whereas p-Smad3
does not seem to be involved. Cycloheximide did not abolish the rapid immunocytochemical appearance of mature TGF-�, but calpain
inhibitors partially suppressed intracellular TGF-� activation and subsequently CTGF up-regulation. Calpain treatment had the reverse
effect. None of the inhibitors of extracellular TGF-� signalling was effective in the reduction of spontaneous CTGF synthesis, but intra-
cellularly acting Alk 4-/Alk 5-specific inhibitor SB-431542 was able to diminish CTGF expression. The assumption that latent intracellu-
lar TGF-� is activated by calpains during culture-induced stress or injurious conditions in the liver in vivo was further validated by a
direct effect of calpains on the activation of recombinant latent TGF-�. In conclusion, these data are the first to suggest the possibility
of intracrine TGF-� signalling due to calpain-dependent intracellular proteolytic activation leading to transcriptional activation of
CTGF/CCN2 as a TGF-�-sensitive reporter gene. This mechanism might be deleterious for keeping long-term hepatocyte cultures due to
TGF-�-induced apoptosis and, further, might be of relevance for induction of apoptosis or epithelial-mesenchymal transition of hepato-
cytes in injured liver.
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Introduction

There is profound evidence for a significant (patho-)physiologic
role of the multifunctional polypeptide growth factor transforming
growth factor (TGF)-� in the liver [1, 2]. It is an important regu-
lator of cell proliferation and liver regeneration [3, 4], a causative
agent of liver cell apoptosis [5, 6], a strong immunosuppressant

and viability factor for T-lymphocytes [7], and an important mod-
ulator of primary and secondary (liver) tumors [3, 8, 9]. One of
the major roles of TGF-�, however, concerns its profibrogenic
action on hepatic stellate cells (HSC) [1, 10, 11]. This precursor
cell type of myofibroblasts (MFB) is activated by TGF-� to trans-
differentiate to MFB [10], and TGF-� stimulates the expression of
collagens [12, 13], proteoglycans [14], and hyaluronan [15, 16],
enhances the expression of tissue inhibitors of metallopro-
teinases (TIMPs). It furthermore down-regulates matrix metallo-
proteinases (MMPs) [17, 18], and thus, affects matrix remodeling.
In addition, newly discovered fibrogenic pathways in liver and
other organs as well, such as epithelial-mesenchymal transition
(EMT) [19–21], activation of portal fibroblasts to myofibroblasts
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[22], and homing of circulating fibrocytes in liver and their tran-
sition to (myo-)fibroblasts are critically dependent on the action
of TGF-� [23].

The biologic activity of this pluripotent cytokine is mainly reg-
ulated by extracellular mechanisms leading to the conversion of
the secreted, latent form into the active ligand capable of receptor
binding [24, 25] and initiation of the phosphorylation of the intra-
cellular cascade of Smad proteins [26]. But even after activation of
the latent complex, the extracellular activity of TGF-� is positively
or negatively influenced by several enhancer or trapping proteins,
which modulate the receptor activity of mature TGF-� [27].
Among them, CTGF/CCN2, a 36–38 kD cysteine-rich, heparin-
binding, and secreted protein belonging to the CCN-gene family
[28, 29], plays an important role. It is suggested as a downstream
modulator protein of TGF-� action, which facilitates its binding to
the signal-generating receptors [30], and which enhances the
TGF-�/Smad signalling pathway [31]. Taken together, CTGF/CCN2
is thought to amplify the action of TGF-� [32].

We recently showed that hepatocytes (PC) express
CTGF/CCN2, which is strongly upregulated by TGF-� [33]. In
comparison to CTGF synthesis in HSC/MFB, which is dependent
on endothelin-1, but only moderately regulated by TGF-�, pro-
duction and secretion of CTGF/CCN2 in diseased liver might be
much more attributed to PC than to HSC/MFB and biliary epithe-
lial cells [34], because of the prevalent number of parenchymal
liver cells in relation to HSC (hepatic stellate cell index: 109
HSC/1000 PC; [35]) and the sensitive up-regulation by TGF-� in
these cells. Therefore, we focused the present study on detailed
aspects of TGF-�-dependent regulation of CTGF/CCN2 expres-
sion in PC. Based on previously published data showing the
presence of several components of the TGF-�-system such 
as latency associated peptide (LAP) [36], latent TGF-�-binding
protein (LTBP) [37], and TGF-� itself within the cultured PC [38],
we analysed and characterized the spontaneous CTGF/CCN2
expression in these cells maintained under culture conditions
completely free of exogenously added TGF-�. We found that cul-
ture-induced stress leads to activation of intracellular latent TGF-
� (subtype 1) and signals entirely intracellularly resulting in
strong up-regulation of CTGF/CCN2. The data suggest this
intracrine mechanism as a very early response of PC to liver
injury, which rapidly leads to the secretion of this increasingly
important, paracrine acting TGF-� downstream modulator pro-
tein in the local tissue or even systemically in the circulation.

Materials and Methods

Materials 

Recombinant soluble TGF-� type II receptor (rsT�RII) was constructed as pre-
viously described [39]; anti hT�RII (AF-241-NA), rhTGF�-1 (240-B), rhLAP
[TGF-�] (246-LP), recombinant latent TGF-�1, neutralizing anti TGF-�1 anti-
body (AF-101-NA) and mouse monoclonal anti-TGF-�1/-�2/-�3 (MAB1835)

were from R&D Systems (Minneapolis, MN); calpain inhibitor III
(#208722), calpain inhibitor IV (#208724), furin inhibitor II (#344931),
human calpain I (#208713) and rat calpain II (#208718) were from
Calbiochem (Darmstadt, Germany); Alk4/5 inhibitor (SB-431542) was
from Tocris Bioscience (Ellisville, MO); actinomycin D (A1410), aphidicolin
(A0781) and cycloheximide (#01810) were from Sigma Aldrich (St. Louis,
MO); rabbit anti-Smad3 (ab28379) was from Abcam (Cambridge, UK);
goat anti-CTGF/CCN2 (L-20, sc-14939) was from Santa Cruz (Santa Cruz,
CA); rabbit anti-pSmad3 (Ser423/425)/pSmad1 (Ser463/465) (#9514),
rabbit anti-pSmad2 (Ser465/467) (#3101) and rabbit anti-Smad2 (#3102)
were from Cell Signaling/New England Biolabs (Ipswich, MA); and mouse
anti-�-actin was from Cymbus Bioscience (Southampton, UK). 

Cell culture and preparation of cells

All animals received human care in compliance with the German
Tierschutzgesetz, which is in accordance with the National Research
Council’s criteria. PC were isolated from male Sprague-Dawley rats
(180–320 g body weight) by the two-step collagenase method of Seglen
[40] modified as described before [41]. As indicated, cells were isolated
and cultured in the complete absence of (TGF-� containing) fetal calf
serum (FCS). The viability of the final parenchymal cell suspension,
checked by trypan blue exclusion, was around 85%, and cell recovery was
20–50 � 107 cells/liver. Contamination with other nonparenchymal cells
was less than 2% and proven by RT-PCR for decorin (data not shown).

Cells were seeded in 2 ml GIBCOTM HepatoZYME-SFM (Invitrogen,
Carlsbad, CA) without FCS on type I collagen (BD Bioscience, Erembodegem,
Belgium) coated plastic dishes (Becton Dickinson, Franklin Lakes, NJ) with
a density of 5.4 � 104 cells/cm2. The presence of mature or latent TGF-�
in HepatoZYME-SFM after acid activation was excluded by ELISA (EIA-
1864, DRG Diagnostics, Marburg, Germany) [36, 38], which could not
detect the respective antigen. Obviously, TGF-� was either absent in the
culture medium or below the detection limit of the assay (1.9 pg/mL). PC
were cultured at 37°C in a humidified atmosphere of 5% CO2 and 95% air
in entirely serum-free (TGF-�-free) medium supplemented with 4 mmol/L
L-glutamine, penicillin (100 IU/mL), and streptomycin (100 mg/mL) (all
from Cambrex, East Rutherford, NJ). The first change of the medium was
1 h after seeding and unattached PC were washed off with Dulbecco’s
Modified Eagle’s Medium (DMEM) (Cambrex). PC were then cultured for
various times in serum-free GIBCO(tm) HepatoZYME-SFM, supplemented
with L-glutamine and penicillin/streptomycin as described above. 

HSC isolation

HSC were isolated by the pronase-collagenase perfusion technique, puri-
fied by single-step density gradient centrifugation with Nycodenz
(Nyegaard, Oslo, Norway) as described [42] and characterized by their
typical light microscopic appearance, immunostaining for desmin and
vimentin, and vitamin A-specific autofluorescence. Cell viability checked by
the trypan blue exclusion test was normally higher than 95%, and the
mean purity was 90 ± 5%.

Sodium Dodecyl Sulfate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE) and Western Blotting 

Preparations of cell extracts, determination of protein concentrations, and
Western blot analysis were performed as previously described [36]. 
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Primary antibodies of various species were visualized using horserad-
ish peroxidase- or alkaline phosphatase-conjugated anti-mouse, -goat 
or -rabbit IgG (Santa Cruz) and the Supersignal West Dura Extended
chemiluminescent (Pierce Biotechnology, Rockford, IL) or NBT/BCIP sub-
strate (Perbio Science, Rockford, IL). 

Metabolic labelling

The methods of metabolic labelling of PC cultures and immunoprecipita-
tion of radioactively labelled proteins were described previously [37].

Briefly, PC cultured in 28 cm2 culture dishes for 24 hrs were labelled
with the Pro-Mix L-[35S] in vitro cell labelling mix (Amersham Biosciences,
Little Chalfont, UK) 3 hrs before the selected time points in the presence or
absence of calpain inhibitor III, cycloheximide and Alk4/5 inhibitor, respec-
tively. Thereafter, the culture medium was discarded, cells were washed
and scraped off with lysis buffer (RIPA + CompleteTM [a mixture of
protease-inhibitors; Roche] + phosphatase inhibitor cocktail II [Sigma-
Aldrich]). After a preclearing step with non-immune IgG, the cell lysate was
incubated with the CTGF/CCN2 antibody followed by precipitation with pro-
tein-G agarose (Santa Cruz) and several washings.

The immunocomplexes were resolved in lysis buffer, LDS (lithium
dodecyl sulfate; Invitrogen) and DTT (dithiotreitol; Sigma-Aldrich). The
radioactivity incorporated into the CTGF protein was determined using a �-
counter (Packard, Downer Grove, IL) and referred to total DNA.

For autoradiography, the beads were resuspended in NuPAGE 2 � LDS
sample buffer (Invitrogen) including DTT, heated for 10 min at 70°C and
subjected to a 4–12% gel gradient. The gel was fixed, soaked in Amplify
(Amersham), dried, and exposed to a BIOMAX MR film (Kodak, Stuttgart,
Germany). 

Immunocytochemistry

Immunocytochemistry was carried out with the alkaline phosphatase anti-
alkaline phosphatase (APAAP) method essentially as previously described
[38, 43]. Briefly, PC cultured for 24 hrs were fixed with 95% (v/v)
ethanol/5% (v/v) acetic acid at 4°C for 24 hrs. After fixation cells were
washed in Tris-buffered saline, and unspecific binding sites were blocked
with 1% bovine serum albumin, 0.1% fish gelatin, 0.1% TritonX-100 and
0.05% Tween 20. Cells were then incubated for 1 hr with either goat anti-
CTGF/CCN2 (diluted 1:300) or mouse anti-TGF-�1/-�2/-�3 (diluted 1:50)
in Tris-buffered saline plus 0.1% bovine serum albumin, followed, when
necessary, by additions of the appropriate link antibodies (mouse anti-goat
IgG, #31107, Pierce), and finally, by a biotinylated rabbit-anti mouse sec-
ondary antibody (Z0259; Dako, Glostrup, Denmark), the mouse monoclonal
APAAP complex (Dako), and the Fast Red chromogenic substrate system
(Dako). According to the manufacturer, the used mouse monoclonal 
anti-TGF-�1/-�2/-�3 antibody specifically detects the biologically active,
mature peptide. The slides were counterstained with hematoxylin and
mounted in glycergel (Dako). Negative controls were performed similarly,
but with unspecific mouse or goat immunoglobulin G (IgG) instead of the
specific primary antibodies. 

For 0 hr stainings (cytospin slides), an aliquot of freshly isolated cell
suspension was diluted in GIBCO(tm) HepatoZYME-SFM in order to obtain
a concentration of 105 PC/ml. A total of 200 µl of the suspension were
added to cytospin pots (Thermo Scientific, Rockford, IL), and centrifuged
for 3 min at 500 rpm. The slides were removed and allowed to dry at room
temperature.

Immunohistochemical stainings

Liver specimens of untreated rats or rats subjected to intraperitoneal
injection of CCl4 (25% solution in mineral oil [2 ml/kg body weight];
Merck) or D-galactosamine-HCl (D-GalN; 500 mg/kg body weight; Merck,
Darmstadt, Germany), respectively, were fixed in 4% paraformaldehyde
solution for 4 hrs and embedded in paraffin. After conventional process-
ing as described previously [38, 44], tissue sections (2 µm) were pre-
pared, mounted on glass slides and dried at 56°C for 1 hr. After deparaf-
finization, endogenous peroxidase blocking as described [38, 44] and
incubation with normal serum for 30 min, sections were incubated with
the primary monoclonal antibody against goat anti-TGF-�1/-�2/-�3 (dilu-
tion, 1:50) at 37°C for 1 hr or overnight at 4°C, respectively, followed by
APAAP staining as described above. 

RT-PCR for TGF-�1

Total cellular RNA was extracted from PC and HSC, respectively, with the
Qiagen RNeasy purification kit (Qiagen, Hilden, Germany). cDNA was
reverse-transcribed using the First-Strand cDNA synthesis kit (Invitrogen).
RT-PCR was performed using the Biometra T3000 Thermocycler PCR
System (Biometra, Göttingen, Germany) and the following primers: rat
TGF-�1 (forward: 5´-CTC TCC ACC TGC AAG AC-3´; reverse: 5´-GGA CTC
TCC ACC TGC AAG AC-3´) and rat decorin (forward: 5´-CTC TGG CAT AAT
CCC TTA CGA-3´; reverse: 5´-GGT ATG CAA GTC CTT CAG GTT-3´).
Primers were purchased from MWG Biotech (Ebersberg, Germany). The
size of the amplified TGF-�1 fragment was 450 bp and the size of the
amplified decorin fragment was 214kb.

In general, 1 µl cDNA in 14.5 µL of RNAse free water (Roche
Diagnostics, Mannheim, Germany) and 5 µl 5� Taq Master PCR Enhancer
(Eppendorf, Hamburg, Germany) was mixed with 0.5 µl dNTPs (Qiagen),
2.5 µl of 10� PCR Buffer/15 mM MgCl2 (Qiagen), 0.5 µl of 10 µM forward
primer, 0.5 µl of 10 µM reverse primer and 0.5 µl of Taq polymerase (1U/µl;
Roche Diagnostics). The following PCR conditions were used: 95°C/4 min,
followed by 40 cycles at 94°C/30 sec, 54°C/30 sec and 72°C/1.5 min, then
72°C/10 min, and stopped at 4°C. PCR products were separated on 4%
agarose gels and visualized under UV-Light (MWG Biotech).

hCTGF/CCN2-Promotor-luciferase 
gene reporter assay

The vector pGL3-hCTGF-Luc was cloned as previously described [33].
Briefly, hCTGF/CCN2 promoter sequences were amplified from human
genomic DNA in a standard PCR using primer CTGFu 5´-d(GAG CTC CTG
CTG TTT GCC TCT TCA GCT AC)-3´ and CTGFr 5´-d(AAG CTT GTC GTC
TCG GGG CTG TCG GA)-3´ containing additional cloning sites for SacI and
HindIII (underlined). The amplified fragment containing 508-bp of the
annotated CTGF/CCN2 promoter (nt 33708 to 33201, GenBank Accession
no. AL354866) was first cloned into pGEM-T-Easy vector, verified by
sequencing, and the SacI/HindIII fragment was then subcloned into vector
pGL3-Basic (Promega, Madison, WI).

PC were simultaneously transfected with 200 ng of hCTGF/CCN2-luc
and 20 pg of promoterless Renilla luciferase as internal standard using
FuGENE 6TM according to the manufacturer’s instructions (Roche). At spe-
cific time points, hCTGF/CCN2 luciferase activities were determined 
and normalized to Renilla luciferase. Results are presented as luciferase
activity relative to Renilla-luciferase activity.
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TGF-�1 enzyme linked immunosorbent 
assay (ELISA)

Freshly isolated PC (107/ml) were lysed on ice by ultrasound 3 � 30 sec
(0.5 W) in GIBCOTM-HepatoZYME-SFM. After centrifugation (10,000 g,
4°C, 3 hrs), the supernatant was divided into 2 ml aliquots. Some aliquots
were incubated each with 0.5 U/ml calpain 1 and calpain 2 for 1 hr, respec-
tively, other aliquots were kept at 0°C and 37°C for 1 hr, respectively, with-
out addition of calpain. Thereafter, the active fraction of TGF-� was
measured with an ELISA, which is specific for mature (active) TGF-�1
(EIA-1864, DRG Diagnostics) [36, 38].

Results

Spontaneous and TGF-�-induced expression of
CTGF/CCN2 in cultured rat PC

Freshly cultured PC express only trace amounts of CTGF, but
during culture under serum-free conditions a gradual increase of
CTGF expression can be recorded (Fig. 1A). The expression is
rapidly stimulated by TGF-�1. Furthermore, PC transfected with
the CTGF-luciferase reporter gene under serum-reduced condi-
tions show significantly more luciferase activity after 24 hrs than
at the onset of culture. The 24 hrs expression level is enhanced
5.5-fold by TGF-� (Fig. 1B). In PC-cultures maintained under
serum-rich conditions (10% FCS), the expression of CTGF is
accelerated reaching a maximum level between 12 and 16 hrs of
culture (Fig. 1C). But also under completely serum-free condi-
tions, a gradual, even though less pronounced increase of CTGF
in Western blot analysis is noted (Fig. 1C). CTGF expression in
PC cultures is due to active de novo synthesis, as both, the tran-
scriptional inhibitor actinomycin D (Fig. 1D) and the translational
inhibitor cycloheximide (Fig. 1E), completely suppress the
appearance of immuno-blotted CTGF (Fig. 1D) and the biosynthetic
labelling of CTGF with [35S] methionine/cysteine (Fig. 1E). The
latter one measures the current biosynthetic activity during a
pulse labelling of each 3 hrs at the indicated time points. This is
in contrast to the immune-blot analyses where total protein after
a certain culture time is detected. The incorporation of the
radioactive label into immunoprecipitated CTGF increased rap-
idly during early culture reaching maximum levels about 15 hrs
after initiation of the primary culture (Fig. 1E). As expected, the
DNA-polymerase inhibitor aphidicolin was without any inhibitory
effect on CTGF expression (Fig. 1D).

Effect of internal and external inhibitors 
of TGF-� signalling on CTGF/CCN2 expression in
PC cultured under TGF-�-free conditions

The data described above suggested that the spontaneous CTGF
expression found even under serum- and consequently TGF-�-free

culture conditions might as well be regulated by intracellularly
deposited TGF-� in PC. To evaluate its potential role, serum-free
cultures were exposed to a specific, intracellularly acting
Alk4/Alk5-serine/threonine kinase inhibitor (SB-431542) [45],
which clearly shows a strong, but not complete inhibition of
spontaneous as well as TGF-�-induced CTGF expression (Fig. 2A),
indicating a TGF-�/Alk5 dependency of spontaneous CTGF
expression. Accordingly, pulsed biosynthetic labelling of CTGF,
each for a period of 3 hrs before various time points of PC cul-
ture, exhibits a reduction of immuno-precipitated [35S]-labelled
CTGF at each time point (Fig. 2B). The consistent reduction of
CTGF de novo synthesis eventually results in a strong reduction
of overall availability of CTGF within the cell, as seen in Western
blot analysis (Fig. 2A). Amazingly, if TGF-� inhibitors are used,
which inhibit the extracellular activity of the ligand such as a
soluble receptor type II TGF-� (sT�RII), LAP, and neutralizing
TGF-�1 antibody (�TGF-�1), no inhibitory effect on sponta-
neous CTGF expression is noticed (Fig. 2C). In addition, a block-
ing antibody against type II TGF-� receptor (�T�RII) did not
reduce CTGF-luciferase expression of PC transfected with the
respective reporter gene construct (Fig. 2D). Functionality of the
inhibitors regarding exogenously added TGF-ß was proven in
separate experiments (data not shown) and also published pre-
viously [39, 46].

We then analysed the activation status of Smad2 and Smad3
in serum-(i.e. TGF-�-) free cultures of PC, 1 and 2 days after
seeding. The expression level of phosphorylated Smad2 could
be inhibited only by the intracellularly acting Alk4/Alk5-inhibitor,
but not by extracellularly acting TGF-� antagonists or scav-
engers described above (Fig. 3A). Interestingly, p-Smad3 was
not detectable at all (as shown by the missing lower band), but
the unphosphorylated form of Smad3 was present at almost the
same amounts in cells cultured for 24 hrs (Fig. 3A). Instead,
there was a clear expression of phosphorylated Smad1, which,
however, could not be reduced by the Alk4/Alk5-inhibitor as
expected (Fig. 3A). We further demonstrate in control experi-
ments that TGF-�1 added to PC cultures clearly induced the
expected strong phosphorylation of Smad3 (and cross-reacting
Smad1) (Fig. 3B). Thus, endogenous TGF-�-dependent CTGF
expression in PC involves the phosphorylation of Smad2 but not
of Smad3, which obviously is different to the signalling of exoge-
nously acting TGF-�.

Demasking of endogenous TGF-� in cultured
hepatocytes and in injured liver

The observations described above suggest a CTGF synthesis in
cultured PC, which is regulated by intracellular signalling of 
TGF-�. We favored the hypothesis that the concentration of hepa-
tocellular TGF-� might increase during the stress of isolation and
cell culture, because freshly isolated PC express only trace
amounts of CTGF as described above (Fig. 1A and B) making a
steady level of TGF-� within the PC unlikely. To test this assump-
tion, freshly isolated and serum-free PC-cultures (24 hrs) were
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stained for TGF-� using the APAAP-procedure. As shown in figure 4,
cytospins of freshly isolated PC were only marginally stained at
the sub-membranous periphery, but 24 hrs later an intense stain-
ing of the entire cytosol was observed (Fig. 4A) which confirms
previous findings [43]. TGF-� staining was insensitive to the treat-

ment of PC with cycloheximide (Fig. 4B), which rules out de novo
synthesis as a cause of increasing TGF-� staining. Instead, we
propose a ‘stress-induced’ demasking process of intracellular
latent TGF-� during cell culture. To investigate this finding in situ,
TGF-� staining of normal, CCl4- and D-galactosamine-injured livers,

© 2008 The Authors
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Fig. 1 TGF-�-induced and spontaneous expression of CTGF in cultured rat PC (A) Western blot of CTGF of PC cultured for various times under serum-
free conditions with or without addition of 5 ng/ml rh TGF-�1. Lysate was separated on 4–12% gel gradient in SDS (25 �g protein/lane) under non-
reducing conditions and probed for CTGF/CCN2 using a polyclonal anti CTGF-antibody. �-Actin always served as loading control. A representative blot
of three independent experiments is shown. (B) CTGF/CCN2 reporter gene activation. PC were transfected simultaneously with 200 ng of reporter plas-
mid phCTGF-luciferase and 20 pg of promoterless Renilla-luciferase as internal control 1 hr after isolation and cultured under serum-free conditions
with or without addition of 5ng/ml rh TGF-�1. Luciferase activity relative to Renilla-luciferase was measured 1 hr and 24 hrs after seeding. Mean val-
ues +/– SD of three independent experiments are given. (C) Western blot of CTGF of PC cultured for various times under serum-rich (10% FCS, top)
and serum-free (bottom) conditions, respectively. Two representative blots of four independent experiments are shown. (D) Western blot of CTGF of
PC cultured under serum-free conditions with or without addition of actinomycin D and aphidicolin, respectively. Representative blots of three inde-
pendent experiments are shown. (E) Immunoprecipitation of metabolically labeled CTGF. PC were cultured in serum-, cysteine- and methionine-free
HepatoZYME-SFM for 24 hrs in the absence or presence of cycloheximide (5 �M) and pulse-labeled with the PRO-MIX L-[35S] methionine/cysteine
in vitro cell labeling kit each for 3 hrs before indicated time points. Culture medium was discarded, cells were washed, and cellular protein extracts
were prepared, in which CTGF/CCN2 was immunoprecipitated with polyclonal anti-CTGF antibody and protein-G agarose beads. Immunocomplexes
were resolved by RIPA+Complete, LDS and DTT. The radioactivity incorporated into CTGF was determined using a �-counter.
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Fig. 2 Effect of external and internal inhibitors of TGF-� signalling on CTGF expression in PC cultured under TGF-�-free conditions (A) Western blot of CTGF of
PC cultured for 24 hrs under completely serum-free conditions with or without addition of 5ng/ml rh TGF-�1. Some cultures received the Alk4/5 inhibitor 
(SB-431542, 5 �M), lysates were probed for CTGF/CCN2 and �-actin expression. A representative blot of four independent experiments is shown. 
(B) Immunoprecipitation of metabolically labeled CTGF. PC were cultured in serum-, cysteine- and methionine-free DMEM for 24 hrs in the absence or pres-
ence of Alk4/5 inhibitor (SB-431542, 5 �M) and labeled with the PRO-MIX L-[35S] methionine/cysteine in vitro cell labelling kit each for 3 hrs at indicated time
points and processed as described in Fig. 1E. (C) Western blot of CTGF of PC cultured for 24 hrs under complete serum-free conditions. Cultures received var-
ious inhibitors of extra- and intracellular TGF-�1 signalling like rsT�RII (1 µg/ml), neutralizing anti TGF-�1 antibody (4 µg/ml) and rhLAP [TGF-�] (1 µg/ml).
Lysates were probed for CTGF/CCN2 and �-actin expression. A representative blot of three independent experiments is shown. (D) CTGF/CCN2 reporter gene
activation. PC were prepared as described in Fig. 1B, but received a blocking anti hT�RII antibody (10 µg/ml). They were cultured for 24 hrs under completely
serum-free conditions. CTGF-luciferase activities are shown relative to Renilla luciferase activity. Mean values � SD of four experiments are shown.

Fig. 3 Effect of Alk4-/Alk5-inhibition on Smad-phosphorylation under TGF-�-free conditions (A) Western blot of p-Smad2, 1, 3 of PC cultured for 
24 hrs under complete serum-free conditions and subjected to Alk4/5 Inhibitor (SB-431542, 5 �M), rsT�RII (1 µg/ml) and neutralizing anti TGF-�1
antibody (4 µg/ml), respectively. Lysates were probed for p-Smad2, p-Smad1, and p-Smad3, total Smad2, total Smad3, and �-actin, respectively.
Representative blots of four independent experiments are shown. (B) Western blot of p-Smad3 (cross-reacting with p-Smad1) of PC cultured for 
24 hrs under serum-free conditions with or without addition of rhTGF-�1 (5ng/ml). The blot is representative for three independent experiments.
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respectively, was performed. PC of normal livers were completely
TGF-�-negative, but 1 week and, more accentuated, 4 weeks of
CCl4-treatment resulted in TGF-� positivity of PC spotted in the
tissue (Fig. 5). Similarly, D-galactosamine-treated rats contained
numerous TGF-�-positive PC one day after onset of liver injury
(Fig. 5). Of note, in both models of toxic liver injury, TGF-� posi-
tive PC were predominantly located in the periportal fields.

Modulation of TGF-� demasking and CTGF
increase in cultured PC by calpains and 
calpain inhibitors

The following experiments were set up to analyze potential mecha-
nisms of TGF-� demasking in PC stressed by culture conditions and
liver injury, respectively. Based on previous results [47], we suspected
a role of calpains in this process. Consequently, serum-free PC
cultures were treated with calpains 1 and 2 and calpain inhibitors,
respectively and TGF-� staining intensity was semi-quantitatively
tested against untreated control PC cultures. Calpain inhibitor III
clearly reduced the staining intensity of TGF-� compared to control

PC and PC treated with calpain 1 and calpain 2, respectively (Fig. 6).
Obviously, the latter ones were more intensely stained than the
untreated cells. Furthermore, PC treated with calpain 1 and calpain 2,
respectively, developed a markably impaired morphology compared
to controls (data not shown). These treatments also affected CTGF-
immunostaining in a similar way. Compared to untreated PC cultures,
addition of both calpain 1 and calpain 2 generated a clearly more
intense CTGF-staining, whereas calpain inhibitor reduced the staining
intensity (Fig. 7). Here, different time points (12 hrs, 24 hrs) were
chosen to make differences in staining intensity more conspicuous.

Effects of calpain inhibitors on CTGF-expression
and of calpains on the activation of latent TGF-��

Next we tested whether calpain inhibition also affects CTGF expres-
sion in PC cultures treated with calpain III and calpain IV inhibitors,
respectively, in a quantitatively relevant amount. A clear reduction
of CTGF protein was observed when calpain inhibitors were added
to the cultures (Fig. 8A), but the stimulatory effect of exogenous
TGF-� on CTGF remained completely unaffected by both calpain
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Fig. 4 Time course of APAAP immunostainings of TGF-�1, 2,3 in cultured PC (A) APAAP immunostainings of TGF-� in freshly isolated PC (0 hr) and
in PC cultured for 24 hrs under serum-free conditions. A monoclonal antibody against the three isoforms of TGF-� was used. According to the manu-
facturer, the used mouse monoclonal anti-TGF-�1/-�2/-�3 antibody specifically detects the biologically active, mature peptide. Controls were performed
with non-specific mouse immunoglobulin G (IgG) instead of TGF-� specific first antibody (Original magnification 40�). (B) APAAP immunostainings
of TGF-� in PC cultured for 24 hrs under serum-free conditions but in the presence or absence of cycloheximide (5 µM) (Original magnification 40�).
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Fig. 6 Modulation of TGF-� staining in cul-
tured PC by calpain inhibitors and calpain
APAAP immunostainings of TGF-� of PC
were performed as described in Fig. 4.
Cultured PC were treated with calpain 1
(0.5 U/ml), calpain 2 (0.5 U/ml), and cal-
pain inhibitor III (20 µM), respectively for
24 hrs under serum-free conditions
(Original magnification 40�).

Fig. 5 APAAP immunostainings of TGF-�1, 2, 3 in livers of CCl4- and D-galactosamine-injured rats Paraffin-embedded liver tissue of healthy rats and
of rats treated intraperitoneally with CCl4 (1 week and 4 weeks) and D-galactosamine-HCl (D-GalN) (24 hrs), respectively were stained as described
above (Original magnification 40�). Staining controls received a non-specific IgG instead of TGF-� specific first antibody.
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inhibitors (Fig. 8B). The inhibitor of furin, a subtilisin-like propro-
tein convertase needed for processing of pro-TGF-� [48] had no
effect on endogenous CTGF-expression supporting the fact that de
novo synthesis of TGF-� only seems to play a minor role, if at all.
Analogous to these findings, calpain inhibitors also reduced basal
Smad2-phosphorylation while no effect was detectable on Smad3
phosphorylation caused by exogenous TGF-� stimulation (Fig. 8C).

Supporting these results, we found that calpain inhibitor III reduced
spontaneous CTGF-luciferase reporter gene expression of transfected
PC by about 75% compared to untreated cultures (Fig. 8D). 

In this context it should be noted that no transcript of TGF-�1 could
be detected in PC cultured for 24 hrs. Hepatic stellate cells, which are
known to express TGF-�1, are strongly positive as expected (Fig. 8E).
Furthermore, the absence of transcripts for the small proteoglycan
decorin in PC, in contrast to hepatic stellate cells, proves the high
purity of the PC cultures used in these experiments (Fig. 8E).

We then tested a direct effect of calpain 1 and 2 on the activation of
recombinant latent TGF-�. Both calpains converted the latent TGF-� to
the active, immunologically detectable antigen (Fig. 8F). Furthermore,
latent TGF-� in the lysate of freshly isolated PC was activated signifi-

cantly if incubated for 2 hrs at 37°C (Fig. 8G). However, the additions
of calpains 1 and 2 did not further enhance the amount of immunolog-
ically detectable TGF-� (Fig. 8G) in the cell lysate suspension.

Discussion

Data of this study extend the understanding of the regulation of the
newly discovered synthesis of CTGF/CCN2 in PC. As shown by us
previously [33] and by a very recent report [49], CTGF expression
in PC is efficiently stimulated by exogenous TGF-� using the activin
receptor-like kinase (Alk5)-Smad3 pathway. Furthermore, overex-
pression of Smad7 in cultured PC and transgenic mice reduced
TGF-�-dependent CTGF/CCN2 expression [49]. Thus, signal trans-
duction of exogenous TGF-� to the CTGF promoter follows the com-
mon pathway of intracellular signalling, in which phosphorylation of
Smad3 plays an important role for CTGF/CCN2 expression [50].

Here we elucidate for the first time the mechanisms that lead to
CTGF/CCN2 expression in PC, which were isolated and cultured in an
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Fig. 7 Modulation of CTGF-staining in cultured PC by calpain inhibitors and calpain APAAP immunostainings of CTGF in PC that were treated with
calpain 1 (0.5 U/ml), calpain 2 (0.5 U/ml), and calpain inhibitor III (20 µM), respectively and cultured for 12 hrs and 24 hrs under serum-free condi-
tions. Control PC cultures were untreated. Staining was performed with a goat polyclonal antibody against CTGF. The staining control was performed
with unspecific goat IgG instead of the specific primary antibody (Original magnification 40�).
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entirely TGF-�-free environment (Fig. 9). We demonstrate that even
under these conditions CTGF/CCN2 is regulated by TGF-�, which is
present inside PC. However, about 95% of total intracellular TGF-� is
functionally inactive and immunocytochemically not detectable in
freshly isolated cells [36]. The intracellular existence of LAP, LTBP,

mature TGF-� and their subcellular location in cultured PC has been
shown previously, but an intracellular function, in particular an intra-
cellular interaction with the mature TGF-� peptide, was not yet
reported [36, 37]. Especially the functional meaning of the preferred
localization of latent TGF-� in the mitochondrial fraction of PC [36]
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Fig. 8 Effects of calpain (inhibitors) on transcriptional activation of the CTGF-gene and subsequent CTGF protein expression (A) Western blot of PC
cultured for 24 hrs under serum-free conditions in the presence or absence of calpain inhibitor III (10 µM), calpain inhibitor IV (1 µM) and furin
inhibitor (20 µM), respectively. Analysis was as described in Fig. 1A. A representative blot of four independent experiments is shown. (B) Western blot
of PC cultured for 24 hrs under serum-free conditions in the presence or absence of calpain inhibitor III (10 µM), calpain inhibitor IV (1 µM) with or
without addition of rh TGF-�1 (5 ng/ml). The blot is typical for three independent experiments. (C) Western blot of PC cultured for 24 hrs under serum-
free conditions in the presence or absence of calpain inhibitor III (20 µM), calpain inhibitor IV (1 µM) with or without addition of rh TGF-�1 (5 ng/ml).
One representative blot out of four independent experiments is shown. (D) CTGF/CCN2 reporter gene activation. Cultured PC were simultaneously
transfected with hCTGF/CCN2-luciferase and promoterless Renilla-luciferase as internal control, subjected to calpain inhibitor III (20 µM) and cultured
for 24 hrs under serum-free conditions. CTGF-luciferase activity relative to Renilla-luciferase is shown. Mean values � SD of five experiments are
shown. (E) RT-PCR for TGF-�1 and decorin in hepatic stellate cells (HSC) and PC cultured for 24 hrs. RT-PCR was performed using primers for TGF-�1
and decorin as described in Materials and Methods. Shown are the fragments for TGF-�1 and decorin after 32 cycles. The size of the amplified TGF-�1
fragment was 450 bp and the size of the amplified decorin fragment was 214kb. One representative result out of five is shown. (F) Activation of recom-
binant latent TGF-� (10 µg/ml) by calpain 1 and calpain 2 (each 0.5 U/ml) at 37°C. Thereafter, the concentration of immunologically detectable mature
TGF-� was determined with an ELISA. Mean values � SD of three experiments are given. (G) Activation of latent TGF-� in PC lysate at 37°C. Lysate
of freshly isolated PC was kept untreated for 1 hr in ice or at 37°C. Other aliquots of the lysate received calpain 1 (0.5 U/ml) and calpain 2 (0.5 U/ml)
prior to incubation. The concentration of mature TGF-� was quantified by an ELISA. Mean values � SD of three experiments are given.
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and in mitochondria of murine heart and liver cells [51] has never
been elucidated, although obviously of great importance. The origin
of hepatocellular TGF-� (components) might be dual, i.e. receptor-
dependent endocytosis of circulating TGF-� [52] and some synthe-
sis, which is absent in normal PC, but up-regulated  during culture.
Transcripts of TGF-�1 were not detectable in freshly isolated and
early cultures of PC using RT-PCR, but appeared gradually, even
though scarcely, during extended culture time [43].

Our data suggest deposited and not de novo synthesized latent
TGF-� as the (major) source for activation because the immunocy-
tochemically monitored demasking process was insensitive to
cycloheximide (which in contrast inhibits CTGF synthesis) and an
inhibitor of furin, a subtilisin-like proprotein convertase needed for
TGF-� synthesis and processing [48] was not inhibitory to endoge-
nous CTGF/CCN2 expression.

Based on the data presented in this study, we show that (i) con-
ditions of culture-induced stress and liver damage lead to a rapid
activation of intracellularly deposited latent TGF-�, which is immuno-
cytochemically demonstrated by ‘demasking’ of the mature TGF-�
antigen, beginning at the plasma membrane, (ii) the activated
(demasked) TGF-� is functionally active, which is seen by up-regu-
lation of CTGF/CCN2 and stimulation of the respective activity of the
promoter reporter, (iii) the signalling pathway is exclusively intracel-
lular, because four extracellularly acting inhibitors of the ligand and
of type II TGF-� receptor (T�RII) were without any inhibitory effect,
whereas the intracellularly acting Alk5 inhibitor SB-431542 [45]

strongly reduced CTGF/CCN2 expression, and (iv) the pathway of
intracellularly activated TGF-� uses the phosphorylation of Smad2
(p-Smad2) instead of Smad3, which, however, is phosphorylated by
exogenous TGF-� as shown. Taken together, these observations
support the hypothesis of an intracrine TGF-� signalling, which
might occur very rapidly also in situ, e.g. in response to injury as
shown here by positive APAAP stainings of PC distributed in a patch-
like pattern in CCl4- and D-galactosamine-injured livers, respectively.

The findings pose two important questions, i.e. (i) how might
intracrine TGF-� signalling precede and (ii) which processes
convert intracellularly latent TGF-� to the functionally active,
signalling molecule.

Not in the focus of the presented study is the question whether
latent TGF-ß is deposited within the PC through endocytosis from
the extracellular space or as a result of de novo synthesis. Both
processes are possible [37, 38, 43], but need further investigation. 

Exogenous TGF-� transduces signals via heteromeric complexes
of type I (T�RI) and type II (T�RII) serine/threonine kinase receptors
[26]. Ligand binding to T�RII recruits and phosphorylates T�RI,
which then transduces signals through receptor-dependent phos-
phorylation of Smads2 and 3. The latter ones are complexed with
Smad4 to be translocated to the nucleus, where they bind to Smad-
binding elements (SBE) of TGF-� responsive genes [53]. It is not
known how these components might assemble in intracrine sig-
nalling pathways. Histochemical evidence suggested previously an
intracellular activation of TGF-� also in B cells and plasma cells of
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Fig. 9 A simplified and schematic
overview of the proposed activation
process of latent TGF-� within PC
and of its intracellular signaling trig-
gering CTGF gene expression under
consideration of current literature
Latent TGF-�, which is deposited
within the hepatocyte is activated by
proteases such as calpain within the
first 24 hrs following culture-
induced stress or in vivo injury of the
liver parenchyma. Via intracellular
activation of the kinase domain of
the Alk5-receptor it triggers Smad2-
but not Smad3-phosphorylation
leading to nuclear translocation with
the common mediator Smad 4 and
subsequent CTGF expression. SARA,
Smad anchor for receptor activation;
SP1, transcription factor; ETS, tran-
scription factor.
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autoimmune mice [54]. Subsequently, a novel ligand-dependent
mechanism of intracellular active TGF-� was proposed for plasma
cells [55]. Following this report, the formation of active TGF-� within
the plasma cell promotes direct intracellular interaction of ligand with
T�RII, which effectively traps the receptor and prevents it from traf-
ficking to the plasma membrane [55]. These authors, however, could
not demonstrate signalling of the intracellular ligand-receptor com-
plex through Smad2. The evidence presented for the lack of sig-
nalling, however, was not firmly established. We show that inhibition
of the demasking process by calpain inhibitors reduces the phospho-
rylation of Smad2 and the expression of CTGF very clearly, whereas
the effects of exogenous TGF-� remained completely unaffected by
calpain inhibitors. Furthermore, the strong discrepancy between the
inhibitory effect of cell permeable, intracellular Alk5 inhibitor and the
lacking effect of non-permeable, extracellular inhibitors of TGF-�,
such as receptor blocker and ligand scavengers are highly sugges-
tive for entirely intracellular TGF-� signalling. Molecular details of
this pathway need to be clarified in following studies.

Based on previous data from this laboratory [44, 47], we have
focused our investigation on calpains as potential intracellularly act-
ing proteases responsible for demasking and activation of latent
TGF-�. Calpains consist of many types of calcium-dependent cyto-
plasmic proteases, which differ in their requirement for free Ca2+

[56]. Predominantly, they are in an inactive form, but several cellu-
lar events can increase intracellular calpain activity such as rise of
cytosolic free Ca2+, dissociation from the membrane, and decreases
in the level of calpastatin, the endogenous inhibitor [56]. We pro-
pose that some of these cellular events take place in isolated and
cultured PC and in injured livers as well leading finally to PC apop-
tosis and necrosis [57, 58]. This assumption is supported by our
earlier findings that inactivation of calpains attenuates the sponta-
neous apoptosis of PC [47]. Also of interest, calpains were shown
to be involved in integrin-mediated signal transduction [59], a
process, which is greatly disturbed during isolation, i.e. dissociation
between PC and surrounding matrix and culture of PC and in dam-
aged liver as well. Previously, we have shown that the composition
of culture matrix determines the staining intensity of intracellular
TGF-�, which correlates inversely with the PC-phenotype [44].
These data suggest integrin-linked signals modulating intracellular
TGF-� activation and the survival of PC [60]. Several reports point
to a significant role of calpain activation for the progression of liver
injury, e.g. by hepatotoxins [58]. Even the release of calpains from
dying PC is suggested as a mechanism, which mediates progres-
sion of acute liver injury [57]. Their proteolytic activity on a plethora
of substrates like several cytoskeletal and membrane proteins,
metabolic enzymes and transcription factors underlines the patho-
physiological significance of calpains. Our data further suggest
intracellular latent TGF-� as a further substrate for calpains.
Immunochemical and biochemical findings of TGF-� demasking
and CTGF expression in response to calpain and calpain-inhibitors
argue in favor of calpain-dependent TGF-� activation within PC. The
finding of direct activation of recombinant latent TGF-� by calpains
confirms a previous report showing cell-associated activation 

of latent TGF-� by calpain [61]. Furthermore, the faint staining of
TGF-� beneath the membrane of PC about 1 hr after isolation (Fig.
4) coincides with a calpain fraction bound to the cell membrane
[61]. Another, albeit circumstantial relation might exist between an
increase of intracellular calpain activity and loss of mitochondrial
membrane potential with increased membrane permeability [62].
The link might be activation of latent TGF-� that is preferentially
located in the mitochondrial subcellular fraction of PC [36, 51].
Thus, calpain activation might lead to the induction of PC apoptosis
via conversion of intracellular latent to mature TGF-�, as suggested
previously from our group [47].

CTGF/CCN2 expression in PC served in this study as a
reporter of TGF-� signalling, but the observations described
here might be relevant for several or selected TGF-� target genes
synthesized by PC. Even more, stress- or injury-dependent 
calpain activation and subsequent TGF-� activation could be of
great relevance for survival or apoptosis of PC [63]. Its preferred
location in the mitochondria, key players in the apoptotic cell
death in the liver [64], was already mentioned [36, 51]. Finally,
intracellular active TGF-� could be an important executor of
epithelial-mesenchymal transition (EMT) of PC, which is claimed
to be an increasingly important profibrogenic mechanism in liver
injury [19, 20]. Indeed, both fractions of TGF-�, i.e. external and
endogenous, might be significant for the decision of TGF-�
whether to induce apoptosis or EMT [63]. The interrelation of the
signalling pathways of TGF-� becomes even more complex if the
potential crosstalk of the Alk5/Smad2/3 and the Alk1/Smad1/5/8
cascades is considered [65]. In hepatic stellate cells the signifi-
cance of the latter TGF-� pathway for the expression of the
inhibitor of differentiation 1 (Id1) was shown recently, which is a
critical mediator of stellate cell transdifferentiation to myofibrob-
lasts [65]. Furthermore, the modulating effects of BMPs on 
TGF-�-induced target gene expression needs consideration in
future studies. If the interpretation of our data is adequate then
a self-limitation of PC cultures should be diminished and prolon-
gation of viable PC in culture could be reached by down-regula-
tion of TGF-� activation potentially by use of calpain inhibitors.
The latter ones have already been suggested as a therapeutic
drug for liver injury [56–58].

In conclusion, intrinsic activation of latent TGF-� in PC and subse-
quent signaling to TGF-�-responsive genes is suggested as an imme-
diately, if not the first occurring response of PC to cultural and injuri-
ous stress. It should be minimized in improved culture conditions and
for the prevention of liver injury, which finally leads to fibrosis.
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