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Hepatic stellate cells (HSC) are the major cellular drivers of liver fibrosis. Upon liver inflammation caused by a broad

range of insults including non-alcoholic fatty liver, HSC transform from a quiescent into a proliferating, fibrotic phenotype.
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1. Introduction

Liver fibrosis is the replacement of parenchymal liver tissue by non-parenchymal scar tissue . This process mostly

occurs due to liver inflammation from alcohol abuse , viral infection , or a non-alcoholic fatty liver . In early stages,

liver fibrosis is reversible upon treatment of the underlying etiology . If left untreated liver fibrosis can progress to more

severe conditions like cirrhosis and liver cancer . However, there is still no approved treatment for the progression of

fibrosis other than the removal of the source of inflammation .

Most fibrotic tissue generation can be attributed to a specialized cell type in the liver, the hepatic stellate cells (HSC) .

Under healthy liver conditions, these non-parenchymal cells merely act as a storage buffer for retinol (vitamin A), which is

deposited as retinylesters in cytosolic lipid droplets (LD) . Upon sustained liver inflammation, HSC transform from a

quiescent (resting) phenotype towards a myofibroblast-like phenotype . This transformation, termed “activation”, is a key

event in liver fibrosis . HSC display distinct characteristic changes during activation, which allows them to proliferate at

an increased rate , migrate  towards the site of liver damage, lose their LD and increase their production of fibrotic

proteins . If we can improve our understanding of the cellular and molecular processes involved in HSC activation, we

might identify targets to revert HSC to their quiescent phenotype, therefore alleviating fibrosis in a damaged liver.

Immortalized human HSC cell lines, which closely reflect primary HSC in vivo, are widely available . These cell lines

allow for accessible in-depth mechanistic investigations without the use of cancer cell lines or animal models. Often these

HSC cell lines are treated with CCl  or TGF-β to induce activation in vitro . We chose a well described HSC cell line

developed in 2005, termed Lieming Xu 2 (LX-2) , which displays a low activation (quiescent) state under low serum

conditions . The addition of serum activates LX-2 cells , making it an accessible model for studying HSC

activation without the need for CCl  or TGF-β. It is noteworthy to add that LX-2 cells never achieve a fully quiescent state

when grown on plastic dishes .

2. Hepatic Stellate Cells Are Activated by Fetal Bovine Serum

The LX-2 cell line shows characteristic features of primary HSC in vivo and displays a quiescent phenotype in growth

medium with low serum concentrations but gets activated in high serum concentrations . We here employed this easy

and robust approach to study changes between quiescent and activated LX-2 cells.

We treated LX-2 cells with either 1% or 10% FBS for 24 h. Their activation status was confirmed by investigation of α-

smooth muscle actin (α-SMA; Figure 1), a protein highly expressed in activated HSC which enhances the contractility of

cells  and has been prominently featured as a reliable marker for HSC activation .
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Figure 1. LX-2 HSC activation by serum. (A) α-SMA protein expression of LX-2 cells under low (1% FBS) or high (10%

FBS) serum concentration. Vinculin was used as loading control. (B) α-SMA protein expression of LX-2 cells incubated in

10% FBS for 24 h, then for additional 24 h in either 1% FBS (10% FBS to 1 % FBS) or 10% FBS (10% FBS to 10% FBS).

Vinculin was used as loading control. (C) COL1A1 protein expression of LX-2 cells under low (1% FBS) or high (10%

FBS) serum concentration. One additional band can be seen at ~200 kDa, which was not used for quantification. Loading

control was β-actin. ** p < 0.01; *** p < 0.001, unpaired t-test, two-sided.

Indeed, we observed a strong upregulation in α-SMA protein expression upon increased serum concentration in the

growth medium (Figure 1A). We next investigated whether the serum activation of LX-2 cells was reversible. For this, we

incubated LX-2 cells in 10% FBS containing DMEM for 24 h, replaced the media with 1% FBS containing DMEM for

additional 24 h and subsequently analyzed the expression of α-SMA. Figure 1B suggests that LX-2 cells can switch back

from their activated to their quiescent state, depending on the serum concentration in the medium. In addition to α-SMA,

activated HSC produce increased amounts of extracellular matrix (ECM) proteins, such as collagen . Collagen 1 α1

(COL1A1) is frequently used as a marker for fibrosis  and therefore can also be used to indicate the activation status of

HSC. Correspondingly, LX-2 cells indeed showed increased deposition of COL1A1 protein upon serum activation for 24 h

(Figure 1C).

3. Serum Activated Hepatic Stellate Cells Show a Phenotype
Characteristic of Activated Hepatic Stellate Cells

We next analyzed the phenotype of activated LX-2 cells. During activation, HSC transform into a myofibroblast-like

phenotype, which is accompanied by an increased growth rate , enhanced migration , and the loss of LD volume .

We saw enhanced growth of LX-2 cells upon an increase in serum concentration after 48 h (Figure 2A).

Figure 2. Effect of serum activation on LX-2 cell phenotype. (A) Relative proliferation of LX-2 cells under low (1% FBS) or

high (10% FBS) serum concentrations, normalized to 0 h. (B) Left: gap closure assay of LX-2 cells in either 1% FBS or

10% FBS after 0 h and 14 h. Right: Quantification of gap closure rate where the increase of occupied space is measured
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against time and plotted as slope (normalized to 1 % FBS). Higher values represent faster migration. (C) Transwell

migration of LX-2 cells through a membrane in either 1% FBS or 10% FBS after 24 h. These images show the underside

of the membrane and therefore only migrated cells stained purple. (D) Left, both images: lipid droplets (BOPIPY, green)

and nuclei (DAPI, blue) staining of LX-2 cells shown as maximum intensity Z-projection. Right: Quantification of lipid

droplet volume per cell. * p < 0.05; *** p < 0.001, unpaired t-test, two-sided.

Furthermore, we tested the migratory properties of activated LX-2 cells. We first performed a gap closure assay (scratch

assay) where LX-2 cells must migrate in order to close a gap between confluent cell batches. To suppress serum-driven

proliferation effects, we pre-incubated both conditions in 1% FBS and replaced the growth media by fresh 1% or 10% FBS

containing DMEM at timepoint 0 h. We then monitored migration of cells for the period of only 14 h during which no growth

difference was observed (Figure 2A). The difference in growth was prominent only after 48 h in culture (Figure 1A). As

expected, serum activated LX-2 cells migrated faster, leading to quicker gap closure (Figure 2B). Faster migration was

further corroborated by performing a transwell migration assay. For this purpose, LX-2 cells were seeded onto porous

transwells at 1% or 10% FBS. Serum activated LX-2 cells showed enhanced migration to the lower side of the membrane

after 24 h (Figure 2C).

We also investigated whether serum activation of LX-2 cells was accompanied by loss of LD. In order to induce LD

formation, LX-2 were first incubated in 200 µM oleic acid at 1% FBS for 24 h and then treated with either 1% or 10% FBS

containing DMEM for additional 48 h. We observed a decline in LD volume in serum activated LX-2 cells (Figure 2D).

Furthermore, LD in serum activated LX-2 cells appeared to be smaller in accordance with .

Altogether, these findings confirm serum activation of LX-2 cells as an accessible option for studying the activated

phenotype of HSC in vitro.

4. Proteomic Analysis of Serum Activated Hepatic Stellate Cells Reveals
Changes of Several Key Cellular Pathways

To reveal global changes on protein level induced by HSC activation we examined the proteome of serum activated LX-2

cells. After treatment of LX-2 cells with either 1% or 10% FBS for 48 h, cells were harvested and subjected to shotgun

proteomics. As a result, we quantified 4598 proteins across six biological replicates per treatment group (quiescent or

activated). The protein list was filtered to keep only those proteins quantified in all six replicates in at least one of the

treatment groups. The resulting protein matrix comprised of 3163 proteins was subjected to statistical analysis.

Principal component analysis (PCA) of the proteomics dataset revealed a clear separation between serum activated and

quiescent LX-2 cells (Figure 3A). Correspondingly, as shown in the volcano blot in Figure 3B, serum activated LX-2 cells

undergo a massive change to their proteome during activation; in numbers: 465 proteins were highly significantly up- or

downregulated (two-sample t-test, two-sided, S0 = 0.1, permutation-based false discovery rate (FDR) = 0.05, 250

randomizations). In accordance with the observed phenotypes, activated stellate cells had a higher abundance of proteins

involved in migration (e.g., fibronectin 1 FN1, angio-associated migratory cell protein AAMP, Figure 3B, marked in purple),

reduced levels of proteins involved in lipid biosynthesis (e.g., FASN, CYP51A1, Figure 3B, marked in red) and a

prominent up-regulation of ribosomal proteins (Figure 3B, marked in blue).

Figure 3. Changes of the LX-2 HSC proteome upon serum activation. (A) Principal component analysis shows a clear

separation between serum activated (10% FBS) vs. quiescent (1% FBS) LX-2 cells. (B) Volcano blot of serum activated

(10% FBS) vs. quiescent (1% FBS) LX-2 cells at FDR = 0.05 and S0 = 0.1. FDR corrected Student t-test p-value < 0.05, N
= 6 biological replicates per group.

4.1. Serum Activated Hepatic Stellate Cells Show Increased Ribosome Biogenesis, Cell Cycle, Cell
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Migration and Oxidative Stress Related Proteins

To gain an overview of metabolic pathways and protein classes affected by serum activation we used significantly

changed proteins as input for protein network and functional enrichment analysis using the STRING  database for

analysis and Cytoscape  for visualization (Figure 4). As one of the most prominently enriched clusters in serum

activated LX-2 cells we identified ribosome biogenesis related proteins, including small ribosomal proteins (RPS) as well

as large ribosomal subunit proteins (RPL) (gene ontology (GO) process ribosome biogenesis GO:0042254, 49 enriched

genes out of 270 pathway genes, FDR: 3.2 × 10  for proteins with enrichment values, enrichment score: 1.02665; Figure
4A). Additionally, we identified 32 proteins involved in rRNA processing (GO:0006364), of which 31 were upregulated in

serum activated cells.

Figure 4. Visualization of changes to the proteome of LX-2 cells during serum activation. The color bar in the center

indicates up- (red) or downregulated (blue) proteins in serum activated (10% FBS vs. 1% FBS) LX-2 cells. (A) Ribosomal

proteins (small ribosomal subunits RPS and large ribosomal subunits RPL) as well as proteins related to ribosomal

biogenesis were upregulated in serum activated LX-2 cells. (B) Many proteins related to cell migration like AAMP and FN1

are upregulated in serum activated LX-2 cells fitting the observed increase in cell migration (Figure 2B,C). (C) Serum

activated LX-2 cells show a decreased expression of proteins involved in the lipid biosynthetic process fitting the observed

decrease in LD volume (Figure 2D). (D) Supplementary to (C), proteins involved in cholesterol biosynthesis are distinctly

downregulated in serum activated LX-2 cells.

Furthermore, we also observed increased expression of Golgi-ER traffic related proteins (Tubulin beta-8 chain TUBB8,

Arfaptin-2 ARFIP2, Golgi SNAP receptor complex member 1 GOSR1). These findings are in line with the observation of

increased ECM protein production (see Figure 1C).

Additionally, upregulated proteins in serum activated LX-2 cells like cell division protein kinase 6 (CDK6) or kinetochore

protein Spc24 (SPC24) imply an upregulation of the cell cycle (Figure 3B, green dots), which can also be seen in Figure
2A where we show increased proliferation in serum activated LX-2 cells. In line with these findings, we found upregulated

nucleotide biosynthesis proteins in activated HSC (Figure 3B, black dots).

Interestingly, proteins related to cellular stress response like glutathione peroxidase 1 (GPX1), and GPX4 are highly

upregulated in serum activated LX-2 cells (Figure 3B, grey). Glutathione peroxidases were shown to reduce oxidative

stress in HSC .

Proteomic network analysis also suggested increased expression of proteins related to cell migration, including the

aforementioned AAMP and FN1 in serum activated LX-2 cells. Although STRING functional enrichment analysis with

values/ranks did not identify cell migration to be significantly enriched, 27 out of 37 matched proteins involved in this GO
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term were found significantly upregulated. (Figure 4B; cell migration GO process GO:0016477, 37 enriched genes out of

812 pathway genes, FDR: 0.0151 for upregulated proteins only, network strength: 0.35). This observation is in line with

the phenotype we describe in chapter 2.1.1 and Figure 2B,C.

4.2. Activated Hepatic Stellate Cells Show a Decrease in Fatty Acid and Cholesterol Biosynthesis

Interestingly, lipid biosynthetic processes were found to be downregulated in serum activated LX-2 cells (GO process

GO:0008610, 30 enriched genes out of 585 pathway genes, FDR: 2.8 × 10  for proteins with enrichment values,

enrichment score: 2.08448), including all fatty acid desaturases (SCD (being the most downregulated protein (6-fold)),

FADS1, FADS2), acetyl-CoA-carboxylase 1 (ACACA), and fatty acid synthase (FASN; Figure 4C). Some of these findings

are in accordance with previous reports as FASN downregulation was already reported on mRNA level in activated (10 %

FBS) as compared to quiescent (2 % FBS) LX-2 cells . These observations are in accordance with the LD volume

changes described in chapter 2.1.1 and Figure 2D. However, not only fatty acid de-novo synthesis and desaturation were

affected during activation. Cholesterol biosynthesis was another prominently downregulated pathway in activated HSC

(GO process GO:0006695, 14 enriched genes out of 41 pathway genes, FDR: 7.4 × 10  for proteins with enrichment

values, enrichment score: 2.62406). In addition, lipid transport proteins were reduced, e.g., apolipoprotein M (APOM) and

low-density lipoprotein receptor (LDLR), see Figure 3B, red dots.

Overall, the proteomic alterations suggest several metabolic changes. Additionally, we identified a downregulation of

glucose transporter SLC2A1 in serum activated LX-2 cells, see Figure 3B, yellow dots, suggesting decreased glucose

uptake. Lastly, we also detected changes in abundance of several ECM proteins. However, we could not identify

upregulation of COL1A1 like we see in our western blot (Figure 1C) or a clear trend in the expression of other collagen

proteins in our proteomics dataset. One reason for this might be the proteomics sample preparation: while for western blot

analysis trypsin was used for cell harvest, for proteomics analysis physical detachment using cell scrapers was applied.

This might suggest that cell scraping does not assure a quantitative collection of collagen proteins. Additionally,

crosslinked ECM proteins with low solubility are notoriously difficult to quantify using proteomics . Despite this, we

could identify many higher expressed regulators of ECM production, including fibulin-2 (FBLN2) and pleckstrin homology

domain-containing family A member 2 (PLEKHA2) in serum activated LX-2 cells (Figure 3B, dark red dots).
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