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Highlights

Transgenic mouse strain with hSDC1 overexpression in the liver was created.
SDC1 overexpression exerted a protective effect in the first 2 month of fibrosis.
Overexpressing SDCI1 removes TGFB1 and THBSI1 from the liver by shedding.

SDC1 promoted MMP14 synthesis/activity and the protease increased syndecan
shedding.

Loss of hSDC1 and heparan sulfate explains the suspension of protective effect.



Abstract

Increased expression of syndecan-1 is a characteristic feature of human liver cirrhosis.
However, no data are available on the significance of this alteration. To address this question
we designed a transgenic mouse strain that driven by albumin promoter, expresses human
syndecan-1 in the hepatocytes. Liver cirrhosis was induced by thioacetamide in wild type and
hSDC1** mice of the identical strain. The process of fibrogenesis, changes in signal
transduction and proteoglycan expression were followed. In an in vitro experiment, the effect
of syndecan-1 overexpression on the action of TGFB1 was determined. Human syndecan-1
and TGFB1 levels were measured by ELISA in the circulation. Without challenge, no
morphological differences were observed between wild type and transgenic mice livers,
although significant upregulation of phospho-Akt and FAK was observed in the latter.
Fibrogenesis in the transgenic livers, characterized by picrosirius staining, collagen type I, and
SMA levels, lagged behind that of control in the first and second months. Changes in signal
transduction involved in the process of fibrogenesis, as SMAD, MAPK, Akt and GSK,
pointed to the decreased effect of TGFB1, and this was corroborated by the decreased mRNA
expression of TIEG and the growth factor itself. In vitro experiments exposing the LX2
hepatic stellate cell line to conditioned media of wild type and syndecan-1 transfected Hep3B
cell lines proved that medium with high syndecan-1 content inhibits TGFB1-induced
upregulation of SMA, TIEG, collagen type | and thrombospondin-1 expression. Detection of
liver proteoglycans and heparan sulfate level revealed that their amounts are much higher in
control transgenic liver, than that in the wild type. However, it decreases dramatically as a
result of shedding after hepatic injury. Shedding is likely promoted by the upregulation of
MMP14. As syndecan-1 can bind thrombospondin-1, and as our result demonstrated that the
same is true for TGFB1, shed syndecan-1 can remove the growth factor and its activator
together into the systemic circulation.Taking together, our results indicate that the effect of
syndecan-1 is accomplished on two levels: a, the shedded syndecan can bind, inhibit and
remove TGFB1; b, interferes with the activation of TGFB1 by downregulation and binding
thrombospondin-1, the activator of the growth factor. However, by the end of the fourth
month the protective effect was lost, which is explained by the considerable decrease of

syndecan-1 and the almost complete loss of heparan sulfate from the surface of hepatocytes.
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Abbreviations: SDC1: syndecan-1; TGFp1: transforming growth factor-p1; MAPK: matrix
activated protein kinase; ECM: extracellular matrix; ERK: extracellular matrix regulated
kinase; GSK: glycogen synthase kinase; aSMA: o smooth muscle actin; THBSLI:
thrombospondin-1; MMP: matrix metalloprotease; HCC: hepatocellular carcinoma; HS:
heparan-sulfate; PG: proteoglycan. TA: thioacetamide; TIEG: TGFp inducible early gene;
TIMP: tissue inhibitor of metalloproteinases; PAI: plasminogen activator inhibitor; bFGF:
basic fibroblast growth factor; PDGF: platelet-derived growth factor

1. Introduction

In spite of sustained progress in understanding various aspects of the disease,
management of liver cirrhosis is still a major challenge in medicine. The etiology includes a
series of diseases and conditions, including HBV, HCV, alcohol consumption, autoimmunity,
or various metabolic diseases [1]. Although a few reports show complete regeneration of the
liver after cirrhosis induced by HBV [2-4], except for liver transplantation, generally still lack
appropriate therapeutic measures. During liver fibrosis, hepatic stellate cells and fibroblast of
the portal triad are activated and differentiate into myofibroblasts, start to proliferate, and
produce ECM proteins, as well as MMPs and MMP inhibitors (e.g. TIMPs and PAI-I) [5-7].
This process involves several other factors including macrophages and inflammatory cells.
All of these secrete growth factors and cytokines creating a cascade of events, which result in
the imbalance between connective tissue production and degradation [8, 9]. Among others,
TGFB1 and PDGF as well as bFGF are considered the most potent pro-fibrogenic cytokines in
the liver [10].

Although syndecan-1 is recognized as an active player in wound healing [11], its role
in liver fibrogenesis has not been characterized. Syndecan-1 (SDC1) is a transmembrane
proteoglycan, member of the syndecan family. Its protein core carries three heparan sulfate
and two chondroitin sulfate side chains covalently attached to the protein backbone. The
molecule occupies a strategic position on the cell surface establishing interactions between the
extracellular matrix and the cytoplasm. SDC1 binds the ECM and modulates the effect of
various growth factors and their receptors. It is well documented that various proteases (e.g.
MMPs) can cleave the ectodomain of SDC1 [12]. The released syndecan-1 functions as
paracrine and autocrine modulator of signaling in the microenvironment [13, 14] and can be

detected in the circulation [15]. SDC1 participates in various physiological and pathological



processes. In SDC1 overexpressing mice wound healing is delayed due to reduced cell
proliferation induced by circulating syndecan-1 [16]. SDC1 overexpression protects against
cardiac dysfunction, dilatation and myocardial infarction [17] and increased serum syndecan-
1 levels are markers of heart failure with fibrosis [18]. The expression and serum
concentration of the protein increases in liver diseases such as NAFLD [19], liver cirrhosis
and HCC [20]. Released syndecan-1 is reported to be a useful marker in the diagnosis of liver
fibrosis [15].

To better understand the role of syndecan-1 in hepatic diseases, the aim of this study
was to characterize the role of syndecan-1 overexpression in the development of

thioacetamide-induced liver cirrhosis.

2. Results

2.1. Hepatic fibrosis is attenuated in hSDC1*"* mice

Morphometry of picrosirius stained slides showed equal amounts of connective tissue
in untreated control and hSDC1** livers. In the second month of TA exposure, the deposition
of connective tissue in transgenic livers significantly lagged behind the control ones. However,
by the end of the fourth month the values in the two groups leveled off, and the intensity of
picrosirius staining in hSDC1 *'* became comparable to the control liver samples. (Fig. 1A,B).

2.2. Production and accumulation of collagen type |

On the immunostaining of untreated frozen liver specimens, reaction with collagen
type | marks the blood vessels. In harmony with the picrosirius staining, TA exposure resulted
in the accumulation of the protein in the acino-peripherial regions along the sinusoids. When
compared to the control animals, the extent of collagen positivity until months four was lower
in hSDC1*"* livers where the two groups displayed similar intensity. Collagen was deposited
in the fibrotic tissue forming pseudolobules. (Fig. 2A).

The expression of collagen type | mMRNA steady-state level supported this result. In
the first three months of TA treatment the type I collagen level was significantly higher in WT
animals than in transgenic mice. However, its expression in the fourth month of fibrogenesis

became almost equal in the two studied groups (Fig. 2B).

2.3. Activation of myofibroblasts




To detect the activated myofibroblasts, aSMA staining was carried out. In the control
livers, SMA positivity confined to the smooth muscle cells of the blood vessels. The
immunopositivity correlated with the localization of type | collagen at the end of the 4"
month of TA exposure, indicating the presence of proliferating myofibroblasts. At that time
point collagen and aSMA expression seemed to be balanced in wild type livers, whereas
aSMA positivity was weaker and more localized than that of collagen type | in hSDC1**
livers. This was supported by the Western blot as well, showing that aSMA intensity, seen in

hSDC1** protein extracts, never exceeded the level observed wild type samples (Fig. 3).

2.4. Changes of MMPs in vivo.
Looking for the mechanisms implicated in the protracted development of liver fibrosis
in hSDC1** mice the activity of MMP2 and MMP9 was determined. Although we could

detect the active form of MMP2 on the zymograms, the activity between wild type and

syndecan transgenic livers did not differ over the experimental period (data not shown). On
the other hand MMP2 activation pointed toward MMP14 and certainly immunohistochemistry
revealed elevated amount of reaction at time point TA2 in the hSCD1** livers (Fig. 4).
Furthermore, in contrast with the other groups, the reaction was located not only to the
nonparenchymal cells of the sinusoids, but it was present along the plasma membranes of
hepatocytes. The enzyme expression dropped below the control level by the end of the fourth

month.

2.5. Effect of syndecan-1 on the steady state levels of TGFB1 and TIEG mRNA and the
activation of Smad?2 and Smad3 proteins
Without hepatic challenge hSDC1*"* livers contain less TGFB1 mRNA than that of

control livers. TA exposure upregulates the message both in the control and the hSCD1**
livers. Although the upregulation in the transgenic livers is somewhat higher in the first two
months, it declines by the end of the third month where the expression of the wild type
samples reaches their maximal level. In the fourth month TGFB1 expression drops to the
control level, not showing any significant alteration (Fig. 5A).

TIEG mRNA expression of the wild type samples followed the expression pattern of
TGFpB1. However, this was not the case in hSDC1*"* samples, where hardly any elevation of
the MRNA could be detected. The difference between the TIEG expression of wild type and
transgenic livers proved to be significant in control samples and at months two and four in

TA-exposed groups (Fig. 5B).



In the untreated samples, the amount pSmad2 and pSmad3 levels were equal in both
groups. At the second month of TA administration, the amount of both pSmads were
significantly higher in the WT animals compared to that in the hSDC1*"* samples (Fig. 5C).

2.6. Modification of sighal transduction by overexpression of human syndecan-1

Representative members of signaling pathways known to be implicated in the
development of liver fibrosis were quantified to assess the effect of syndecan-1
overexpression on the development of TA-induced liver injury. In control hSDC1** livers,
the expression levels of all proteins were higher than that in the wild types, reaching statistical
significance at pAkt and FAK. Simultaneously, Erk1/2 and pAKT S473 from the first month
of TA injury, NFkB, pAKT T308, pGSK3 from the second, and FAK from the 3rd month of
TA injury increased more in the wild type than in the syndecan transgenic livers, suggesting
an inhibitory role of the proteoglycan. In general, the differences could no longer be observed

by the end of the fourth month of hepatic injury (Fig. 6).

2.7. Overexpression of syndecan-1 inhibits the action of TGFB1

To address whether syndecan-1 interferes with TGFB1 action, conditioned media of
Hep3B hepatocellular carcinoma cell line that does not expresses syndecan-1 and syndecan-1
transfected Hep3B cells (HEP3B/SDC1) were co-cultured with LX2 immortalized Ito cells
and treated with 2 ng/mL TGFp1 for 48 h. Subsequently the expression levels of SMA and
TIEG were measured. Co-cultures containing the medium of hSDC1 transfectant cells
(HEP3B/SDC1/LX2) expressed significantly lower amounts of aSMA and TIEG mRNA
compared to the wild type co-culture (HEP3B/LX2) (Fig.7A,B).

We characterized the production of collagen type | of LX2 cells growing in the media
of the two hepatoma cell lines by using dot-blot. After TGFB1 treatment, the level of type I
collagen increased in the culture medium of both co-cultures, but in a less extent in that
growing in HEP3B/SDC1 conditioned medium (Fig. 7C).

We also asked the question if the released syndecan-1 is capable to bind TGFB1. To
this end, immobilized human TGFB1 was incubated with the culture medium of human
syndecan-1 transfected hepatoma cells. After subsequent washing steps the anti-syndecan-1
antibody identified positive syndecan-1 reaction in the localization of TGFB1 indicating the
interaction between TGFB1 and the shed syndecan-1 (Fig. 7D).

One of the major activator of latent TGFB1 is thrombospondin-1 (THBS1). The
amount of THBSL1 increased after TGFB1 exposure in case of medium HEP3B/LX2 co-
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culture compared to untreated samples. On contrary, Hep3B/SDC1 medium/LX2 co-culture
failed to produce excess amounts of THBS1 upon TGFp1 treatment (Fig. 7E). To avoid the
interference with the hepatoma cells, we repeated this experiment by cultivating LX2 cells
only in the conditioned media of the two hepatoma cell lines. In this setup, hSDC1-containing
medium inhibited the THBS1 production of both the control and TGFB1 exposed LX2 cells.
In this case, the TGFp inhibitory effect was not complete indicating the role of cell-cell
contact between LX2 and Hep3B/SDC1 cells, as well (Fig. 7F).

To prove that hSDC1 is capable to upregulate MMP14, caseinase activity of culture
media from HEP3B/LX2 and HEP3B/SDC1/LX2 cocultures have been determined. As
Fig.7G shows MMP14 is present in both media, however in a much lower extent in that of
HEP3B/LX2, furthermore it seems to be mainly in inactive form, whereas both active and
inactive enzyme is present in HEP3B/SDC1/LX2 sample. The enzyme activities do not

respond to TGFB1 exposure (Fig.7G).

2.8. Changes in human syndecan-1 and heparan sulfate expression after TA injury, and

the concentration of human syndecan-1 and TGFB1 in the circulation

When performing immunostaining, the antibody recognizing the extracellular domain
of human syndecan-1 did not react with the mouse liver tissue (Fig. 8A). Control hSDC1**
livers showed positive reaction along the sinusoids corresponding to the apico-basal surface
of hepatocytes. Liver fibrosis enhanced the amount of hSDC1 at TA2 time point, but at the
end of the experiments, we witnessed considerable loss of the proteoglycan. These results
were confirmed by Western blot analyses as well (Fig. S2). Changes in heparan sulfate
expression partially followed those of syndecan-1 (Fig. 8B). Progressive decrease occurred
already from the 2" month, until the end of the experiment. Changes in HS expression was
different in wild type animals, where we observed upregulation at month 2, but the final
outcome was complete loss (Fig. 8 A,B). Parallel with the decrease of hSDCL1 and HS in the
transgenic livers, concentration of shedded human syndecan-1 increased significantly in the
circulation (Fig.8C). Although it did not reach the level of significance, concentration of
TGFB1 in the circulation of transgenic animals surpassed that of the controls at each time
point (Fig.8D).

As seen on Western blots, mouse syndecan-1 expression is low in the control livers of
wild type animals and progressively increases over time (Fig. S2). Compared to the wild type,



in hSDC1*"* livers mouse syndecan-1 expression is lower throughout the experimental period,

presumably as a compensatory effect (Fig. S2).

3. Discussion

Following recent introduction of drugs capable to eradicate HCV, one of the major
etiological factors responsible for development of liver cirrhosis, the next biomedical
challenge is to reverse the fibrotic remodeling of the liver [21]. In general, the mode of action
of the players implicated in fibrogenesis are well known [3]. However, current reports lack a
detailed evaluation of the role of syndecan-1, the major cell surface proteoglycan of the
healthy organ. This proteoglycan is upregulated in human liver cirrhosis, and its increased
shedding and elevated serum concentration is a typical feature of liver fibrosis [15, 22].
Moreover, syndecan-1 appears to be required for proper wound healing. As liver cirrhosis has
close relationship with wound healing and scar formation, it is likely that the overexpression
of syndecan-1 in cirrhotic liver has clinical significance [23]. Its structure and localization
places syndecan-1 into a central position in the events taking place in course of fibrogenesis.
The current studies were designed to investigate whether syndecan-1 exerts protective effects
against liver injury and fibrosis.

Transgenic mice expressing syndecan-1 in their liver did not show any particular
phenotype without hepatic challenge. When animals were exposed to TA, syndecan-1
overexpression provided protection against liver fibrosis in the first two months. However,
this protection ended by the fourth month of TA exposure, when picrosirius staining revealed
equal intensity of connective tissue deposition in wild type and in hSDC1** livers.

As the accumulation of the connective tissue in an organ is a consequence of the
imbalance in production and degradation, we attempted to characterize the events implicated
in our liver fibrosis model, and study them in context with the actual expression or release of
syndecan-1. The lower steady state levels of collagen type | mMRNA, with the lower amount of
aSMA on Western blot, and their decreased immunopositivity in hSDC1** livers in the first 3
months of TA injury supported the results of picrosirius staining, and indicated the protracted
activation of fibrogenic (hepatic stellate cells and fibroblast) nonparenchymal liver cells. In
addition, lower expression of TIEG mRNA, a validated indicator of TGFB1 action, pointed to
the decreased effect of the growth factor. The in vivo observed effect of syndecan-1

overexpression on TIEG mRNA level was confirmed in vitro, as well.



We clearly observed a difference in the mRNA level of TGFB1 in hSDC1** livers,
which was somewhat higher at the first two months of TA injury and dropped after that, and
legged behind the relative expression of the wild type livers. As TGFB1 is capable to
stimulate its own transcription, decrease in its mMRNA steady state level can also be the
consequence of its decreased availability [24]. Because overexpression of syndecan-1 is
capable to decrease both TGFB1 and TGFp1 receptor expression [25] and heparan sulfate can
negatively regulate TGFB1 responsiveness [26], it is likely that these processes can delay
fibrogenesis. Furthermore, our results highlighted another process that can be responsible for
the clearance of the growth factor, namely the shedding of syndecan-1. We observed a
progressive increase in the extracellular domain of syndecan-1 in the sera of transgenic
animals throughout the entire experiment (Fig.7C). Parallel with this change the amounts of
intrahepatic proteoglycans and heparan sulfate decreased, creating an inbalance between the
liver and the circulation. The decrease was much more pronounced in hSDC1** livers
especially at the second month of TA injury. According to earlier reports, TGFB1 binds
heparan sulfates [27, 28] and the transmembrane proteoglycan syndecan-1 contains heparan
sulfate side chains [29]. We managed to verify here that released syndecan-1 binds TGFp1
and subsequently promotes the clearance of the growth factor into the circulation decreasing
its local concentration. Although the changes did not prove significant, TGFf1 ELISA of the
serum supported our hypothesis.

Overexpression of syndecan-1 and the gradually increasing shedding with the resulting
removal of TGFB1 had profound impact on the SMAD, MAPK, Akt and Wnt pathways, all
participating in fibrogenesis activation [30-34]. Whereas their expression at time point zero
were equal or higher in SDC1**livers, their expression started to decrease later on. Compared
to fibrogenesis in wild type livers, the ERK1/2 pathway (itself can be activated by TGFp1
[35]) became inhibited. This process was followed by decreased Akt phosphorylation and
decreased inactivation of GSK3a. Akt phosphorylation at Ser*”® by MTORC2 complex is
similarly regulated by TGFp1 [36].

The HS binding matricellular protein thrombospondin-1 (THBS1) is one of the major
activators of latent TGFp1 [37-40]. It is synthesized mainly by the nonparenchymal liver cells.
Considering its well-characterized activity in fibrogenesis, we hypothesized that it can play a
role in our model. Indeed, we found decreased amounts of THBS1 in the syndecan-1

expressing hepatoma-LX2 cell co-culture system.
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All of these findings indicate that syndecan-1 attenuates the development of liver
fibrosis partly by binding and eliminating TGFpB1, partly by hindering its activation,
presumably by interfering with the action of THBS1.

The dynamism of hSDC1 and MMP14 expression showed that at TA2 time point
both are overexpressed in the transgenic liver, whereas no difference were detected in the
expression of MMP2 and MMP9 over the experimental period. This correlation raised the
possibility that syndecan-1 is capable to upregulate MMP14, which was proved by our in vitro
experiments. Here we detected the protease in the culture medium, but the shedding of
MMP14 is already published [41]. In contrast to MMP2 and MMP9, in our system its
upregulation did not require the effect of TGFB1. As it is published [42], we propose, that
MMP14, upregulated by hSDC1, is responsible for the shedding of the proteoglycan.
However, this mechanism initiates a vicious circle, as the more MMP14 is activated, the more
hSCD1 is removed from the surface of hepatocytes, what we witnessed by the end of the
experiment. This way, no syndecan-1 remains in the liver to bind and remove TGFB1 and
THBS1, and activate MMP14. In addition, decrease of HS content of the liver raises the
possibility that heparanase is also implicated in this process, which is a further task to prove.

The role of MMP14 in the resolution of liver fibrosis by activation of MMP2 has been
already published [43, 44]. Needless to say that in case of cessation of toxic injury the
mechanism, proposed by our model is beneficial, and can help to reverse liver fibrosis,

whereas it is insufficient at a prolonged toxic exposure.

4. Experimental Procedures

4.1. Generation of Syndecan-1 transgenic mice

To generate a mouse strain that overexpresses human syndecan-1 in their liver, we
designed a vector containing the human syndecan-1 cDNA sequence driven by a mouse
albumin promoter (Fig. S1A). A 3.6 kb DNA fragment was isolated from mAlb/hSyndl
plasmid with Sall-Ecil digestion and subsequent electroelution. Fragments were purified and
microinjected into inseminated FVB/N mouse oocytes and the oocytes were transferred into
CD1 host females. The progenies were tested for the presence of the targeted gene. The
isolated DNA was digested with EcoRI enzyme, which split an approximately 2,2 kb
fragment with the Hindlll sequence used as probe. The final product was detected on a 1%
TBE agarose gel (Fig. S1B). The forward (f) and reverse (r) primers were as follows (f:
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GGCTGTAGTCCTGCCAGAAG) and (r: GTATTCTCCCCCGAGGTTTC). After
genotyping the transgene was found in one male and two females. Transgenic animals were
backcrossed into the FVB/N background for nine generations until homozygosity. Animals
were produced in the Institute of Experimental Medicine of the Hungarian Academy of
Sciences. The expression level of human syndecan-1 was analyzed by fluorescence

immunohistochemistry (Fig. S1C).

4.2. Induction of liver cirrhosis

For induction of liver cirrhosis, 30 wild type and 30 hSDC1** transgenic mice were
exposed to thioacetamide (TA) dissolved in their drinking water (300 mg/L) from 1 month of
age for 4 months. Six mice were sacrificed at each time-point at monthly intervals. Age-
matched untreated animals with identical genetic background served as controls. At each
time-point, body weight and the liver weight were recorded, and blood was collected. Half of
the liver samples were frozen for further processing and the other half were fixed in 10%
formaldehyde and embedded in paraffin for histological analysis. Paraffin sections were
dewaxed in xylene and stained with hematoxylin- eosin and picrosirius red (PS). Stained
sections were used for histological diagnosis. All animal experiments were conducted
according to the ethical standards of the Animal Health Care and Control Institute, Csongrad
County, Hungary (permit no. XV1/03047-2/2008).

4.3. Cell lines

LX2 human hepatic stellate (a kind gift from Dr. Scott Friedman) and Hep3B
hepatocellular carcinoma cell lines (purchased from the ECACC (European Collection of Cell
Cultures)) were cultured in DMEM-1000 (Dulbecco's Eagle Medium, Sigma Aldrich, St
Louise, MO, USA) supplemented with 10% fetal bovine serum albumin (FBS, Sigma Aldrich)
and 1% penicillin-streptomycin solution (Sigma Aldrich).

Transfection of Hep3B cell line was carried out with a syndecan-1-EGFP construct
using Effectene reagent (Qiagen, Valencia, CA, USA) according to the manufacturer's
instructions. Briefly, Hep3B cells were grown until 60% confluence and treated with 0.2
ug/mL EGFP syndecan expression vector, containing the full length cDNA of syndecan-1.
The construction of the syndecan-1 plasmid is described elsewhere [45]. Co-cultivating of
1x10° LX2 and 5x10* Hep3B wild type, or syndecan-1 transfected Hep3B cells were carried
out in a 6-well plate. The serum concentration of co-cultures was decreased to 0.5% for 12 h
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and the cells were exposed to recombinant human TGFB1 (Sigma Aldrich, Cat. No. T7039-
2UG) at 2 ng/mL concentration for 48 hours [46].

The interaction between shedded syndecan-1 and LX-2 cell line was tested in an
indirect cell culture model. Briefly, the culture media of Hep3B and syndecan-1
overexpressing Hep3B cells were harvested. The media were centrifuged to remove cell
debris, and the supernatants were diluted in 1:1 ratio with DMEM-1000. The diluted media
were applied only on LX2 cells, and TGF3 was administered as described above.

4.4. Morphometrical analysis

To determine the connective tissue content of liver samples, picrosirius red stained
sections were analyzed with an Olympus microscope using a Cue-2 software (Olympus,
Tokyo, Japan). At least five representative areas at a 10X magnification were considered from

each section.

4.5. Immunostaining

Frozen sections of the liver were fixed in ice-cold methanol and washed with
phosphate-buffered saline (PBS). Next, sections were blocked with 5% (w/v) bovine serum
albumin (BSA, Sigma Aldrich) dissolved in PBS for 1 h. The slides were washed and
incubated with primary antibodies in 1% (w/v) BSA/PBS overnight at 4°C. After washing,
appropriate fluorescent secondary antibodies (Table 1) were applied for 60 min in dark.
Nuclei were stained with DAPI (4',6'-diamidino-2-phenylindole). Pictures were taken with
Nikon Eclipse E600 (Nikon, Tokyo, Japan) with the help of Lucia Cytogenetics software
(Laboratory Imaging, Praha, Czech Republic). Details of antibodies used are found in
Supplementary Table 1.

Formalin-fixed paraffin-embedded sections were solubilized in xylene and ethanol,
then washed with distilled H.O for 5 min. Antigen retrieval was performed in a pressure
cooker using TRIS-EDTA buffer (10 mM TRIS, 1 mM EDTA, 0.05% Tween 20, pH=9) for
20 min. After cooling, slides were washed 3 times in PBS with 0.05% Tween20 (PBST). Next,
endogenous peroxidase was inactivated by addition of 10% H»O> dissolved in methanol for
10 min. After washing with PBST, 5 w/v% bovine serum albumin (BSA)/PBS containing
10% normal serum was applied for 1 h to prevent any nonspecific binding. Primary antibodies
were applied overnight at 4°C. The next day, slides were washed 3 times in PBST, and then
incubated with appropriate secondary antibodies conjugated either with horse reddish
peroxidase or with biotin for 1 hour. A detailed list of primary and secondary antibodies and
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their appropriate dilutions is provided in Supplementary Table 1. In case of human syndecan-
1 primary antibody the slides were incubated for 1 h with rabbit anti-goat HRP antibody at RT.
For MMP-14 antibody Novolink Polymer Detection kit (RE7150-K, Leica Biosystem,
Wetzlar, Germany) and for heparan-sulfate antibody M.O.M. ImMmPRESS HRP Polymer Kit
(Vector Laboratories, Burlingame, CA) was used according to the manufacturer’s protocol.
Images were taken using Pannoramic 250 digital scanner (3DHistech Ltd., Budapest,

Hungary).

4.6. Real-time RT-PCR
Total RNAs were isolated from the frozen livers, as well as the harvested cells for

gene expression analyses. After homogenization, total RNA was isolated with Trizol reagent
following the protocol provided by the manufacturer. The concentration and purity of the
isolated RNAs were characterized by using an ND-1000 spectrophotometer. One pg total
RNA was reverse-transcribed using the M-MLV Reverse Transciptase kit in the animal model
and High-Capacity cDNA Reverse Transciptase Kit with RNase Inhibitor in the tissue culture
experiment. Real time PCR was performed in a Step One Plus Real-Time PCR System using
the ABI TagMan Gene Expressions Assays (Supplementary Table 2.) for mice liver samples
and PrimeTime gPCR Assays (Supplementary Table 2.) for cell samples. 185 RNA and
GAPDH were used as controls. Samples were run in triplicate with 20 ng cDNA, using
TagMan Universal PCR MasterMix in 20 pL reaction volume. Reaction conditions were as
follows: initial denaturing 95°C for 10 min followed by 40 cycles of denaturation at 95°C for
15 sec and annealing at 60°C for 1 min. The results were obtained as threshold cycle values,
and the expression levels were calculated with the 222¢t equation. All reagents were
purchased from Thermo-Fisher Scientific (Carlsbad, CA, USA), except for ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and PrimeTime qPCR
Assays (Integrated DNA Technologies, San Jose, CA, USA))

4.7. Syndecan-1 and TGFB1 ELISA

Collected blood samples were centrifuged for 10 min at 2400 rpm, and the plasma

samples were transferred to a clean 1.5 mL tube. The amount of human syndecan-1 was
quantified in the plasma using the CD138 ELISA Kit (Diaclone, Gen Probe, Besangone,
France, Cat. No. 850.640.096) The plasma level of mouse TGFB1 was measured using the
mouse TGFB1 ELISA Kit (R&D System Minneapolis, MN, USA) according to the
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manufacturer's protocol. The color reaction was detected at 450 nm with a Multiskan MS
ELISA Reader (A.A. LabSystem, Ramat-Gan, Israel).

4.8. Western Blot and Dot Blot Analysis

Frozen liver samples and cells were lysed in a buffer containing 20 mM Tris-HCI
pH 7.5, 150 mM NaCl, 2 mM EDTA, 1 mM PMSF, 10 mM sodium orthovanadate, 10 mM
NaF, 1:200 Protease Inhibitor Cocktail (P8340, Sigma Aldrich), and 0.5 % Triton X-100.

Protein concentrations were measured as described before by Bradford [47]. Fifteen ug of

total proteins were mixed with loading buffer containing p-mercaptoethanol and were
incubated at 95 C for 5 min. Denatured samples were loaded onto a 10% polyacrylamide gel
and run for 30 min at 200 V on a Mini Protean vertical electrophoresis equipment (Bio-Rad,
Hercules, CA). Proteins were transferred onto a PVDF membrane (Merck Millipore.
Billerica, MA) by blotting for 1.5 h at 100 V. For dot blot analysis, 200 pL of cell medium
was applied onto PVDF membrane. Ponceau staining was applied to determine blotting
efficiency in both Western and Dot blot analysis. Membranes were blocked with 5 w/v%
non-fat dry milk (Bio-Rad) or bovine serum albumin (BSA) for phosphorylated proteins in
TBS for 1 h followed by incubation with the primary antibodies at 4 °C for 16 overnight.
Membranes were washed 3 times with TBS containing 0.5 v/v% Tween-20, then were
incubated with appropriate HRP-conjugated secondary antibodies for 1 h. Immunodetection
was performed by peroxidase reaction or ECL (Pierce, Rockford, IL, USA). A detailed list

of the antibodies used in this study is presented in Supplementary Table 1.

4.9. Syndecan-1 and TGFB1 interaction

In order to detect the interactions between released syndecan-1 and TGFp1, serially
diluted growth factor (Sigma Aldrich) was applied onto a PVDF membrane. Next, the
membranes were blocked with 5% non-fat dry milk dissolved in TBS and incubated with the
culture media of syndecan-1 transfected Hep3B cells overnight at 4°C. Dot blot of 50 uL
medium of syndecan-1 transfected Hep3B cells were used as positive control. Next, the
membranes were washed with TBS and probed with an anti-syndecan-1 antibody that
recognize the extracellular domain of human syndecan-1 (EPR6454, Merck) in 1:500 dilution
for 16 h at 4°C. After washing, the membranes were incubated with a HRP- conjugated
secondary antibody (Supplementary Table 1.) for 1 h at room temperature. Images were

visualized with Super Signal West Pico Chemiluminescent Substrate Kit and recorded by
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using a Kodak Image Station 4000 MM Digital Imaging System (Kodak, Rochester, NY,
USA).

4.10. Proteoglycan isolation

In order to determine the amount of proteoglycans (PGs) and heparan sulfate on
Western-blot total PG was isolated from frozen liver samples after homogenization in liquid
nitrogen. The extraction buffer added to liver samples contained 4 M Guanidium-HCI, 50 mM
Sodium-acetate, 5 mM NEM, 0.5 mM PMSF, 0.001 w/v % soy-bean tripsin inhibitor (Sigma
Aldrich) and 5000 U/ml aprotinin (Richter Gedeon, Budapest, Hungary). The samples were
incubated for 20h at 4°C, pH=5.0. After centrifugation, trichloroacetic acid (TCA) was added
to the supernatants reaching a final concentration of 10 v/v%. Precipitated material was
removed by centrifugation at 11 000 RPM for 30 min. The supernatants neutralized were
loaded into cellulose dialysis membrane tubes (D9277, Sigma Aldrich) and were dialyzed
against buffer containing 7M urea 0.05 M Tris-HCI, 5mM NEM, 5mM PMSF, 0.0001 w/v%
soy-bean tripsin inhibitor (Sigma Aldrich) and 5000 U/ml aprotinin, pH=7.0 (Richter Gedeon,
Budapest, Hungary). For anion exchange chromatography DE52 diethylaminoethyl cellulose
(Whatman) columns were used equilibrated with 7 M Urea and 50 mM NaCl, pH=7.0. The
columns were washed with buffers with increasing sodium concentration and proteoglycans
were eluted with 7 M Urea and 0.8 M NaCl at pH=7. The eluted samples were precipitated
with absolute ethanol in a ratio of 1:9 overnight at -70°C. The samples were loaded on to
Mini-Protean TGX Precast 4-20% Gradient Gel (BioRad). The electrophoresis was performed
as previously described at the Western-blot analysis section. The gels were stained in 5%
Alcian-Blue in 2% acetic-acid then destained in 7% acetic acid.

4.11. GAG isolation

Equal volume of frozen liver samples were lysed in 10 ml 0.1 M Tris-HCI (pH=7.9),
and diluted with 4X volume of acetone, incubated overnight at room temperature. After
centrifugation at 3000 RPM for 30 min at 4°C, the supernatant was removed and the pellet
was washed with acetone three times. The pellets were air dried and then were resuspended in
5ml 0.1 M Tris-HCI (pH=7.9). Non-specific protease (Cat.No. P8811, Sigma Aldrich) was
added to degrade proteins in the samples and were incubated for three days at 50°C. For -
elimination, NaOH was applied in a final concentration of 0.5 M and incubated for 4 hours at
RT. After incubation the pH of the samples were reduced to 7.5 with HCI. To elliminate the
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residual macromolecules from the samples trichloroacetic acid was used at 10 v/v% final
concentration for 4°C on ice for 1 hour. After centrifugation at 3000 RPM for 30 min at RT
the supernatants were loaded into cellulose dialysis membrane tubes (Cat. No. D9527, Sigma
Aldrich), and were dialyzed against dH.O. After dialysis, the samples were precipitated with
cetylpyridinum-chloride (CPC, Cat. No.: C9002, Sigma Aldrich) and NaSOs at the final
concentration of 0.5% and 0.02M respectively. After centrifugation at 5000 RPM for 1 hour at
4°C 1 ml of 2 M NaCl and 96% ethanol in a 100:15 dilution ratio was added to the samples
and incubated for 5 min at RT to unfold the GAG-CPC complex. The samples were
precipitated at 4°C for 24 hour with 4X volume of 96% ethanol containing 1 w/v% sodium
acetate and 1 v/v% acetic acid. After centrifugation, the pellets were washed with acetone, air-
dried and resuspended in dH2O. The amount of GAG was determined by dimethylmethylene

blue assay [48]. The absorbance was measured at 525 nm wavelength.

4.12. Caseinase assay

For caseinase assay 20 pl of cell culture media was used and 5% FBS (Foetal Bovine
Serum, Cat. No. F0804, Sigma Aldrich) was applied as positive control. Briefly, aliquots of
each sample were analyzed on a 7.5% SDS-polyacrylamide gel, containing 3 ug/ml casein (o-
Casein from bovine milk, C6780, Sigma Aldrich), 5 pul/ml fibronectin (Cat. No. F1141, Sigma
Aldrich) and 10 pl/ml Matrigel (Cat. No. E1270, ECM Gel from Engelbreth-Holm-Swatm
murine sarcoma, Sigma Aldrich). After electrophoresis at 200 V for 35 min, the gel was
washed in 2.5% Triton X-100 for 30 min, then incubated for 20 hours at 37°C in a solution
containing 50 mM Tris, pH=7.5, and 10 mM CacCl> . Gels were fixed in 30% methanol and
10% acetic acid for 30 min at room temparature, then stained with Coomassie Brilliant Blue
for another 30 min. Areas of enzyme activity appeared as transparent bands on the blue

background.

4.13. Statistical analysis

All statistical analyses were made with GraphPad Prism 6.01 software (Graphpad Software
Inc.). Datawere tested for normal distribution by D'Agostino and Pearson's omnibus normality
test. Significance of changes were tested by non-parametric tests (Mann-Whitney) or
Students’ t-tests depending on the distribution of the data. Significance levels were selected as
*:p<0.05; **:p<0.01; and ***:p<0.001.
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7. Legend to Figures

Figure 1. Hepatic fibrosis is accentuated in hSDC1**animals. A: Picrosirius stained sections
from the liver of wild type and hSDC1**animals without treatment (CTL), and in the second
(TA2) and fourth (TA4) month of thioacetamide exposure. Scale bar: 150 um. B:
Morphometry of the picrosirius stained sections revealed protracted development of liver
fibrosis in hSDC1*"* transgenic mice. Values represent the mean (%)+s.e.m. of six animals in

each group. Significance level: *:p<0.05 **:p<0.01

Figure 2. Changes in collagen type | in hepatic fibrosis in hSDC1** mice. A: Collagen type-|
immunostaining. On the control liver sections the reaction labels the blood vessels. The
reaction labels the TA-induced liver fibrosis in the acino-periherial regions and along the
sinusoids, which is well discernible in control livers at the 2" month of TA exposure but
modest in hSDC1** livers. Scale bar: 200 um. The intensity of collagen immunoreaction
became equal at TA4 time point. B: Relative expression of collagen-type I mRNA of
hSDC1** livers compared to that of the wild type animals. Values represent the mean (%)=s.d.

of six animals in each group. Significance level: *:p<0.05

Figure 3. Changes in a-smooth muscle actin (aSMA) in liver sections. A: aSMA
immunostaining. In control samples the reaction was observed around the blood vessels. At
TA2 and TA4 time points, when myofibroblasts appear in the fibrotic septa, the intensity of
the reaction was weaker in hSDC1** livers. Scale bar 200 um. B: aSMA Western-blot
confirmed the results of immunohistochemistry, although no difference between the
expression of wild type and hSDC1** livers was observed at the time point 3 month.
Differences between TAL, TA2 and TA4 time points are significant with p values of <0.05

and <0.001 respectively. n=6, data are expressed as mean=S.d.

Figure 4. Immunohistochemistry of MMP14 in wild type and hSDC1** mice over the 4
months period. The intensity of MMP14 is similar in the control groups, where the
immunoreaction is located to the sinusoidal area. At time point TA2 strong overexpression
occurs in the hSDC1*"* livers, where the reaction aligns the sinusoids and can be detected on
the plasma membranes of hepatocytes as well. At the end of the experiments, the expression
drops below that of the control in both groups. Arrows point to the reaction on the

plasmamembranes of the hepatocytes.

23



Figure 5. Analysis of TGFB1 and related molecules. A: mMRNA expression of TGFB1. The
steady state level of the growth factor mRNA is gradually increasing until the 2" months of
TA exposure. After that it increases further in the wild type liver, whereas it drops in the
hSDC1** livers below the values of wild type samples. B: starting from the 2" month steady
state level of TIEG increases in wild type liver, but its induction fails in transgenic livers. C:
pSmad2 and pSmad3 Western-blots showing increased phosphorylation of the protein at 2"
months of TA exposure in the wild type livers. Values represent the mean (%)+s.d. of six

animals in each group. Significance level: * p<0.05

Figure 6. Alterations in signal transduction pathways of the liver cells after TA exposure.
pPERK1/2 of wild type liver is activated already in the first month of TA exposure in wild type
livers, reaching maximal intensity at TA2 time point but hardly any activation was observed
in hSDC1** livers. At TA1 and TA2 time points pAkt Ser 473 of hSDC1*"* livers was higher
than that of control, but decreased thereafter, together with the decreased activation of
pGSK3ap at TA2, TA3 and TA4 time points. NF«xB showed similar tendency, at TAL-TA3
time points, but the expression became equal at TA4. The behavior of FAK | also followed
the same tendency. Except pGSK3af3, at TA4 time point the intensity of signaling pathways

leveled off.

Figure 7. In vitro experiments showing the effect of syndecan-1 overexpression on LX2 cells.
LX2 cells were co-cultivated either with syndecan-1 negative Hep3B or syndecan-1
transfected Hep3B/SDC cells. Subsequently, the cells were exposed to TGFB1 and these cells
were compared to the untreated, control groups. We determined mRNA levels of aSMA (A),
TIEG (B), collagen type | protein upon TGFp1 treatment (C), the binding of syndecan-1 to
the immobilized TGFB1 (D), and changes in thrombospondin-1 level (THBS1) (E).
Stimulation of THBS1 of LX2 cells was repeated with the conditioned media of the 2
hepatoma cell lines to exclude the effect of the hepatoma cells (F). Detection of shed MMP14
in the medium produced by LX2-Hep3B cocultures (G). MMP14 production is much higher
in the HEP3B/SDC1/LX2 cocultures.

In the presence of syndecan-1, SMA production decreases both in the control and in the
TGFB1 treated group. TIEG was inhibited only in TGFB1 exposed samples, similarly to
THBS1. The medium of HEP3B/SDC cells contained ample amounts of released syndecan-1,
which interacted with the immobilized TGFB1. No syndecan-1 was detectable in the medium
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of HEP3B cells (D). HEP3B/SDC1 cells synthesize considerable amount of MMP14. Pictures

are the representatives of four independent experiments. Data are expressed as mean=S.d.

Figure 8. Detection of human syndecan-1, heparan sulfate and plasma levels of hSDC1 and
TGFp1. Paraffin embedded control and TA exposed liver specimens at time point TA2 and
TA4 were reacted with polyclonal anti human SDC1 antibody recognizing the extracellular
domain of the proteoglycan. The antibody did not react with the mouse liver, whereas positive
reaction was obtained in transgenic livers. Here the intensity of staining increased at time
point TA2 but considerable decrease was observed at time point TA4 (A). Immunoreaction of
hSDC1** livers with the monoclonal anti-heparan sulfate antibody, clone 10E4 was the most
intensive, but it decreased gradually by the end of the experiments. In case of wild type
animals the peak of HS expression was seen at TA2 time point and the reaction vanished by
the end of the 4" month. (B) Plasma levels of syndecan-1 (C) and TGFB1 (D). Parallel with
the loss of HS in the livers, the circulating human syndecan-1 concentration increases, and
there is more circulating TGFB1 in the circulation of transgenic animals. n=6, data are

expressed as mean4s.d.

Figure 9. Molecular mechanisms participating in the protective effect of syndecan-1
overexpression.

Heparan sulfate chains of syndecan-1 can bind both TGFB1 and thrombospondin-1 (THBSL1).
This action inhibits the activation of the latent growth factor. Thus, the availability of active
TGFB1 decreases. Furthermore, hSDC1 overexpression upregulates MMP14, resulting in
increased shedding of syndecan-1. Shed syndecan-1 enters into the circulation together with
TGFB1 cargo and presumably also with THBS1. Decreased activation and availability of
TGFB1 downregulates signaling, implicated in the enhanced synthesis of molecules needed to

fibrogenesis.

Supplementary Figure S1

Cloning strategy and characterization of hSDC** mice. Syndecan-1 is driven by the albumin
promoter, thus the protein expresses only in the hepatocytes. (A) A 3.6 kb DNA containing
the promoter and the cDNA of syndecan-1 was cut out, cleaned and microinjected into
FVB/N mouse oocytes. With genotyping the transgene was found in one male and two

females. The transgenic animals were backcrossed into the FVB/N background for nine
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generations until homozygosity (B). Immunoreaction with monoclonal anti-human syndecan-

1 antibody (C) that recognizes the extracellular domain of the molecule.

Supplementary Figure S2. Western blots of proteoglycans isolated from the mouse livers.
The upper panel shows the immunoreaction of mouse syndecan-1, the lower panel is blotted
with human syndecan-1. Mouse syndecan-1 expression is low in the control livers of wild
type animals and progressive increases over time. Presumably as a compensatory effect its
expression is always lower in the control, TA2 and T4 hSDC1** livers. Antibody, against the
intracellular domain of human syndecan detected positive reaction on case of control liver,
which in harmony with the immunohistochemistry increased at TA2 and decreased at TA4
time points. Modest cross reactions were fonund in the samples of wild type animals, which
were not seen on immunohistochemistry.

Measurement of the GAG concentrations, isolated from the livers showed higher amount of
total GAG in hSDCN1 transgenic livers, which dropped and leveled by the end of the second
month most probably because of increased shedding. Considering the severe decrease of HS
in the livers at month 4, the increased GAG content rather corresponds the DS, and CS chains

of the deposited extracellular matrix.
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Figure 4.
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Figure 5.
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Figure 7.
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Figure 9.
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Figure S1.
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Figure S2.
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Supplementary Table 1. List of antibodies

Name of antibody Cat. No. Provider Application | Dilution
Alpha-actin (smooth muscle) 1184-1 Epitomics Western 1:1000
Alpha-actin (smooth muscle) 1184-1 Epitomics IHC 1:100
phospho-Akt (Thr308) 2965 Cell Signaling Western 1:1000
phospho-Akt (Ser473) 4058 Cell Signaling Western 1:1000
Anti-Collagen 1 ab34710 AbCam Dot-blot 1:1000
Anti-Collagen type | 234167 Calbiochem IHC 1:100
FAK 3285 Cell Signaling Western 1:1000
phospho-GSK-3 o/f 9331 Cell Signaling Western 1:1000
(Ser21/9)

NFkB (D14E12) 8242 Cell Signaling Western 1:1000
phospho-p44/42 MAPK 4370 Cell Signaling Western 1:1000
phospho-Smad?2 12747 Cell Signaling Western 1:1000
(Ser465/467) Clone 1385D

phospho-Smad3 12747 Cell Signaling Western 1:500
(Ser423/425) Clone C25A9

Anti-Syndecan-1 MABT-516 | Merck Dot-blot 1:1000
Anti-Syndecan-1 MABT-516 | Merck IHC 1:500
Heparan Sulfate (10E4 370255-S | Seikagaku, Western 1:500
epitope) Amsbio

Thrombospondin 1 sc-12312 Santa Cruz Western 1:500
MMP-14 EP1264Y | AbCam IHC-P 1:400
GSK-3p (clone 27C10) 9315 Cell Signaling Western 1:1000
Akt 4691s Cell Signaling Western 1:1000
Erk1/2 4695s Cell Signaling Western 1:1000
Human Syndecan-1 ECM AF2780 R&D IHC-p 10 pg/ml
Mouse Syndecan-1 ECM AF3190 R&D Western 1:1000
Syndecan-1 3643R-100 | BioVision Western 1.500
Heparan-Sulfate (10E4) 370255-S | Amsbio IHC-p 1:75
Secondary antibodies

Donkey anti-Rabbit 1gG A-31572 Molecular Probes, | IHC, ICC 1:200
(H+L), Alexa Fluor 555 Invitrogen

Donkey anti-Goat 1gG A-11055 Molecular Probes | IHC, ICC 1:200
(H+L), Alexa Fluor 488

Goat anti-Rabbit P0448 Dako Western, Dot- | 1:2000
Immunoglobulins/HRP blot

Rabbit anti-Goat P0449 Dako IHC-p 1:200
Immunglobulins/HRP

Rabbit anti-Goat P0449 Dako Western 1:2000

Immunoglobulins/HRP
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Supplementary Table 2. List of gene expression assays.

Mouse | Assay ID

Col1A1 | Mm00801666_gl

TIEG Mm00449812_m1

TGFBl | Mm01178820 m1

B-actin | MmM00607939 sl

Human | Assay ID

aSMA | Hs.PT.56a.21389192

TIEG Hs.PT.58.424187.9s

GAPDH | Hs.PT.39a.22214836
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