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Abstract

Background: Glycoprotein Nonmetastatic Melanoma Protein B (GPNMB) is a 
ubiquitous transmembrane protein that is involved in immune regulation and tissue 
remodeling. The membrane shedded protein is elevated in patients with non-alcoholic 
steatohepatitis (NASH). Our aim was to establish the transcriptional profile of the 
Gpnmb gene in precision-cut liver slices (PCLS) from different mouse and human 
models.
Methods: PCLS were obtained from healthy and diseased mouse and human livers. 
The diseased mouse models included biliary and parenchymal liver fibrosis (Mdr2-
/-, CCl4) and NASH models (Amylin liver NASH (AMLN), choline-deficient 
L-amino acid-defined (CDAA)). Results were complemented with healthy and 
cirrhotic human liver slices. PCLS were cultured for 48h and the gene expression 
of Gpnmb was assessed by qRT-PCR. Additionally, we evaluated the effect of a 
phosphatidyl-inositol-3-kinase (PI3K) inhibitor (omipalisib) and a PPARa/d 
agonist (elafibranor) on Gpnmb gene expression. mRNA sequencing assessed Gpnmb 
expression in different murine and human organs slices.
Results: Gpnmb was markedly upregulated, up to 1500-fold, in the fibrosis models 
and in two of the NASH models – CDAA and AMLN. Compared to healthy liver, 
human diseased liver expressed increased levels of Gpnmb. Incubation of murine and 
human PCLS led to a further increase of Gpnmb for all tested groups, regardless 
the status of the liver. Treatment with omipalisib increased Gpnmb gene expression 
in healthy murine PCLS, but decreased it in diseased murine PCLS (Mdr2-/- and 
CDAA), and in healthy and diseased human PCLS. Elafibranor had no effect on 
Gpnmb gene expression in PCLS obtained from CDAA and its control diet.
Conclusions: PCLS can be used to study the liver expression of Gpnmb. GPNMB 
might be a potential preclinical marker for advanced liver diseases that are 
characterized by the presence of fibrosis. Species differences are shown by different 
PI3K regulation. A better understanding about the role and regulation of GPNMB 
is needed to consider its use as a liver disease marker. 

Keywords: Glycoprotein Nonmetastatic Melanoma Protein B, precision-cut 
tissue slices, marker, fibrosis, NASH, omipalisib, PI3K, elafibranor, NGS
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Introduction
 

Non-alcoholic liver disease (NAFLD) is an umbrella term that describes 
a spectrum of histological changes in patients without alcohol consumption that 
varies from simple steatosis (fat >5% of liver weight) to inflammatory non-alcoholic 
steatohepatitis (NASH), which can progress to liver cirrhosis [1]. 

Glycoprotein nonmetastatic melanoma protein B (GPNMB, osteoactivin), 
also known as dendritic cell-heparin integrin ligand (DC-HIL, mouse ortholog), 
is a transmembrane protein with three domains: cytoplasmic, transmembrane and 
extracellular [2]. The extracellular domain can be cleaved through the ADAM10 
(A Disintegrin And Metallopeptidase domain 10) protease [3], and the resulting 
soluble form can be measured in serum [4]. The serum levels of soluble GPNMB 
were higher in non-alcoholic steatohepatitis (NASH) patients when compared to 
patients with simple steatosis [4], making GPNMB a possible NASH biomarker. 
Additionally, elevated levels of GPNMB were observed in rats with obesity [4] and 
diet-induced NASH [5]. 

GPNMB, however, is not a liver specific protein; it is expressed in several 
organs, such as bones, adipose tissue, thymus, pancreas, heart, kidney, lung, skin and 
muscle [6–8] and by various cells including osteoblasts, macrophages, dendritic 
cells, hepatic stellate cells (HSC) and adipoctes [4,6,9]. GPNMB is involved in 
physiological (osteoblastogenesis [10]) and pathological (cancer [11,12], amyotrophic 
lateral sclerosis [13] (ALS)) processes. GPNMB was discovered in melanoma cells 
[14] and elevated levels of this protein were related to cancer recurrence, tumor 
aggressiveness and metastasis [15,16]. Nevertheless, the exact physiological role of 
GPNMB is not completely elucidated. In macrophages, GPNMB was reported to 
be a negative regulator of inflammation due to inhibition of T-cell activation [9,17]. 
In fibroblasts, GPNMB upregulates the gene expression of matrix metalloproteinase 
(MMP)-3 and MMP-9 [18], playing a role in tissue remodeling. 
  Considering that NASH pathology is characterized by liver steatosis, 
inflammation and fibrosis, coupled with the fact that MMPs are involved in 
extracellular matrix remodeling, we decided to broadly characterize the Gpnmb 
transcription profile in an ex vivo model that shows spontaneous inflammation and 
fibrosis during culture – the precision-cut liver slices (PCLS) [19–22]. The PCLS 
model allows the study of liver-specific GPNMB without the interference from 
different organs and infiltrating immune cells. In this model the architecture and 
cellular composition of the organ is preserved [23]. Furthermore, human tissue can 
be used, excluding the need for animal to human translation. Moreover, PCLS help 
to reduce the number of laboratory animal used for research. 

Our aim was to characterize the transcriptional profile of Gpnmb in PCLS 
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obtained from two NASH and liver fibrosis murine models, as well as human healthy 
and cirrhotic livers. Recently, we performed whole transcriptome analysis in precision-
cut tissue slices of healthy Bl/6 mice and healthy and disease human tissues (Chapter 
2 and 3), and found that culture, tissue type and diseased phenotype affect the 
expression of Gpnmb. Details of these observations are integrated in the discussion. 
Furthermore, we investigated how Gpnmb is regulated when the phosphoinositide 
3-kinase (PI3K) pathway is inhibited; as knocking out the pathway’s negative 
regulator in mice leads to steatohepatitis [24]. Additionally, we assessed if GPNMB 
can be a preclinical marker of NASH by assessing the effect of a compound currently 
in Phase III clinical trial on the Gpnmb expression.  

Methods

Chemicals
We purchased omipalisib (GSK2126458, GSK458) from Selleckchem 

(Munich, Germany). We prepared the stock solution (5 mM) in DMSO and we 
stored it at -80°C. Elafibranor was purchased from (Sage Chemicals, Johannesburg, 
South Africa), dissolved in DMSO and the stock (10 mM) was stored at -20°C. The 
culture media had a final concentration ≤ 0.4% DMSO. 

Human tissue 
This study was approved by the Medical Ethical Committee of the University 

Medical Centre Groningen, according to Dutch legislation and the Code of 
Conduct for dealing responsibly with human tissue in the context of health research 
(www.federa.org), refraining the need of written consent for ‘further use’ of coded-
anonymous human tissue. Human tissue from excess surgical material of patients 
with different pathologies was used to prepare precision-cut tissue slices (PCTS). 

Animals 
The animal experiments were approved by the Animal Ethics Committee of 

the University of Groningen (DEC 6416AA-001) and by the Animal Care and Use 
Committee of the State of Baden-Württemberg (approval No. 13-011-G), Germany. 
For these experiments we used adult mice, age 8-44 weeks. Male 8-10 week-old 
C57BL/6 (Bl/6) mice (De Centrale Dienst Proefdieren, UMCG, Groningen, The 
Netherlands) were used to obtain PCTS for next-generation sequencing (NGS) 
study and PCLS for further analysis. Male and female FVB and Mdr2(abcb4)-/- 
mice, 9 week-old, were provided by the laboratory of D. Schuppan. Female 9 week-
old Balb/c, used for CCl4-induced fibrosis, were purchased from Janvier (Saint 
Berthevin Cedex, France). Female 9-11 week-old Balb/c mice were obtained from 
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Envigo (The Netherlands) and they were used as a control for the CCl4-induced 
fibrosis, although they did not receive any treatment. Male 8 week-old BL/6 mice 
from Boehringer Ingelheim were used for Choline Deficient L-Amino Acid 
(CDAA) and Amylin liver NASH model (AMLN) diets. The animals were housed 
under standard conditions, with chow and water ad libitum.

Liver fibrosis models
Spontaneous biliary fibrosis is observed in Mdr2-/- mice after birth and 

advanced fibrosis is present after 8 weeks [25]. We induced parenchymal liver fibrosis 
in Balb/c mice by oral administration of escalating doses of CCl4 (0.875 mL/kg – 
first dose, 1.75 mL/kg – week 1–3; 2.5 mL/kg – week 4), three times per week during 
four weeks [26].

NASH models
NASH was induced in male BL/6 mice using two diets: CDAA (E15666-

94, Ssniff Spezialdiäten GmbH) for 12 weeks and AMLN (D09100301, Research 
Diets, NJ, USA) for 26 weeks. As a control diet for CDAA, CSAA (E15666-94, 
Ssniff Spezialdiäten GmbH) was used. KLIBA NAFAG 3438 was used as a control 
diet for AMLN.

Preparation of precision-cut tissue slices
All mice were sacrificed under isoflurane (Nicholas Piramal, London, UK) 

anesthesia by cervical dislocation. The livers, kidneys and lungs were collected in 
University of Wisconsin (UW) preservation solution (DuPont Critical Care, 
Waukegab, USA), whereas the small and large intestine was preserved after 
excision in ice-cold Krebs-Henseleit buffer supplemented with 25 mM D-glucose 
(Merck, Darmstadt, Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP 
Biomedicals, Aurora, OH, USA), saturated with carbogen (95% O2/5% CO2) and 
pH 7.42, until PCTS preparation.

PCTS were prepared with a Krumdieck tissue slicer (Alabama Research and 
Development, USA), as previously described [22,23,27]. PCTS were incubated for 
48h in Williams Medium E (with L-glutamine, Gibco (Gibco, Paisly, Scotland) with 
different supplements depending on the organ [21–23]. Additionally, only PCLS 
were incubated for 48h with 1 μM omipalisib or solvent as control. Incubation was 
done under the following conditions: 37°C, 80-95% O2 and 5% CO2, horizontally 
shaken at 90 rpm. Culture media was refreshed every 24h. 

Viability of PCTS
The viability of PCTS was determined based on the slice’s content in 
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adenosine triphosphate (ATP) using a bioluminescence kit (Roche Diagnostics, 
Mannheim, Germany). The ATP results (pmol) were normalized to the total protein 
content (μg) that was determined with the Lowry method (RC DC Protein Assay, 
Bio Rad, Veenendaal, The Netherlands). 

Next-Generation Sequencing 
For this method we used murine and human PCTS. Liver, kidney, jejunum, 

ileum and colon PCTS we obtained from BL/6 mice. Human PCTS were obtained 
from healthy jejunum and ileum, and healthy and diseased liver, kidney and ileum. 
All PCTS were cultured for 48h and snap frozen until processing. The total RNA was 
extracted semi-automatically with MagMax AM1830 kit (Fisher Scientific GmbH, 
Schwerte, Germany) from four pooled murine slices or one human slice. Next, 100 
ng RNA was reverse transcribed to cDNA with TruSeq Stranded Total RNA LT 
Sample Prep Kit with Ribo-Zero H/M/R (Illumina Inc, San Diego, CA, USA). The 
kit depletes the samples of cytoplasmic ribosomal RNA and provides coverage for 
coding and multiple forms of non-coding RNA.  The Illumina TruSeq methods were 
used to generate libraries. Sequencing was performed with Illumina HiSeq 3000 
system (cluster kit TruSeq SR Cluster Kit v3 - cBot – HS GD-401-3001, sequencing 
kit TruSeq SBS Kit HS- v3 50-cycle FC-401-3002), according to Illumina protocols 
as 85 bp, single reads and 7 bases index read. The processing pipeline was previously 
described [28]. RNA-Seq reads from all samples were aligned to the human and 
mouse reference genomes respectively (Ensembl 70; http://www.ensembl.org), using 
STAR. The gene expression profiles were quantified using Cufflinks to obtain Reads 
Per Kilobase of transcript per Million mapped reads (RPKM) as well as read counts. 
Gene expression profile plots where generated from RPKMs at group 25 percentile 
(lower error bar), median unique reads (blue box) and 75 percentile (upper error bar) 
using the perl library GD::Graph. Paired differential gene expression was assessed by 
Limma to obtain log2 normalized fold changes and padj-values were adjusted for false 
discovery rate (FDR) by applying Benjamini-Hochberg correction.

mRNA quantification by qRT-PCR
We used quantitative reverse transcription polymerase chain reaction (qRT-

PCR) to assess the gene expression of Gpnmb and Collagen1a1 (Col1a1). We extracted 
total RNA from three pooled snap-frozen PCLS with the FavorPrep™ Tissue Total 
RNA Mini Kit (Favorgen, Vienna, Austria). RNA was reverse transcribed to cDNA 
using the Reverse Transcription System (Promega, Leiden, The Netherlands) using 
the manufacturer’s protocol. The qRT-PCR analysis was performed with a ViiA 
7 Real-Time PCR System (Applied Biosystems, California, USA) using specific 
primers (Table 1) and SYBR Green (Roche) or TaqMan (Roche) based detection. 
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The fold induction results were calculated with the 2-ΔΔCt method, whereas gene 
expression was calculated using 2-ΔCt, using as reference genes: Gapdh (Mdr2-/-, FVB 
and human PCLS) and Hmbs as reference genes.

Hydroxyproline analysis 
The hepatic hydroxyproline (Hyp) content was determined using 260-

350 mg tissue that was hydrolyzed overnight at 110°C in a 6N solution of HCl. 
The following day the samples were diluted in citric-acetate buffer and treated 
with Chloramine T (Sigma-Aldrich, Zwijndrecht, Netherlands) and 4-(dimethyl)
aminobenzaldehyde (Sigma-Aldrich). The absorbance of the samples was measured 
at 550 nm. The results are presented as μg of hepatic Hyp per mg tissue.

Histopathological analysis 
Formalin-fixed, paraffin-embedded PCTS 4-μm sections were stained with 

Picrosirius red to assess fibrosis. The images were acquired with NanoZoomer S360 
(Hamamatsu, Hamamatsu, Japan).

Data and statistical analysis 
The experiments were performed with three to ten different animals 

per strain or model, using triplicate slices for all measurements. The results are 
expressed as mean ± standard error of the mean (SEM). Significance was established 
using Student’s t-test or ANOVA and Dunnett’s multiple comparison test, with 
significance p<0.05. Solely for NGS we used significance p<0.01. Correlations were 
assessed using Pearson correlation calculations.

Results 
 
Gpnmb gene expression is increased in several murine models 
of fibrotic and fatty liver disease

GPNMB was proposed as a NASH biomarker, since serum levels are 
elevated in rodent models and patients [4]. Our first question was if the hepatic 
gene expression levels of Gpnmb are increased prior culture in PCLS obtained from 
murine models of liver diseases (fibrosis and NASH) compared to healthy controls. 
Our second question was if there is a correlation in these models between the gene 
expression of Gpnmb and a key marker of fibrogenesis, collagen a1(I) (Col1a1). The 
gene expression of Gpnmb and Col1a1 was measured by qRT-PCR in two models 
of liver fibrosis (biliary: Mdr2-/-; parenchymal: CCl4) and two diet-induced NASH 
models (CDAA, AMLN). The gene expression of Gpnmb was increased in both 
models of fibrosis, and especially in the CCl4-model, where the fold induction was 
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1500-fold higher than in naïve Balb/c mice (Fig.1A). In the NASH models (Fig.1B), 
Gpnmb expression was increased 380-fold (CDAA) and 60-fold (AMLN) when 
compared to their control diets (CTR). The correlation Gpnmb-Col1a1 (Fig.1C) 
showed a strong positive correlation (Pearson r>0.7) between the two genes in all 
models, but reached statistical significance only for the CDAA model. CCl4-induced 
liver fibrosis and Mdr2-/- are well characterized models of liver fibrosis that are, 
e.g., used for antifibrotic drug testing [25,26]. Since the NASH models usually 
show milder degrees of fibrosis, we assessed fibrosis by biochemically measuring the 
hepatic collagen content via hydroxyproline (Hyp) to confirm a significant increase 
in fibrosis (Fig.1D). These results show that Gpnmb was highly upregulated in four 
murine models of fibrotic liver diseases, and that Gpnmb gene expression strongly 
correlated with fibrogenesis, i.e., Col1a1 gene expression. 

Figure 1 – Gpnmb gene expression in diseased liver models. Fold induction after qRT-
PCR of Gpnmb expression in PCLS from murine models of (A) fibrosis and (B) NASH; 
All PCLS were collected after preparation (no incubation); Fold induction is relative to 
the corresponding control for each model; (C) Pearson r values resulted from correlation 
calculations between the ΔΔCt of Gpnmb and Collagen1a1 gene expression between diseased 
liver model and corresponding control; (D) Hydroxyproline (hyp) concentration in the 
NASH livers and their controls, presented as μg hyp/mg liver tissue; *p < 0.05, ***p<0.001 
significantly different from control; n=3-7.

Gpnmb gene expression increases during culture of healthy and 
diseased murine PCLS

To determine how Gpnmb gene expression is altered in cultured PCLS, a 
model of acute inflammation and liver repair (Chapter 2), we incubated liver slices 
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from mouse models of liver fibrosis and NASH and their healthy controls for 48h. 
Considering that the mere culture of PCLS goes along with an induction of fibrosis 
markers [19,29], we additionally assessed the correlation between the gene expression 
of Gpnmb and Col1a1. All PCLS obtained from the liver fibrosis and NASH models, 
and their healthy controls showed a significant induction of Gpnmb after 48h 
incubation (Fig.2A and B).  The correlation between Gpnmb and Col1a1 expression 
(Fig.2C) was only strong for FVB PCLS, whereas PCLS cultures from Mdr2-/-, 
Balb/c naïve and CCl4-fibrotic mice showed a moderate correlation (Pearson r>0.3 to 
<0.7). The correlations between Gpnmb and Col1a1 (Fig.2D) differed: CDAA and its 
control showed no correlation, while AMLN displayed a strong positive correlation, 
and AMLN control had a strong negative correlation. Collagen morphometry after 
Sirius Red (SR) staining of PCLS after 48h of culture showed the presence of 
marked fibrosis in all disease groups (Fig.2E). These data show that Gpnmb increases 
during culture in both healthy and diseased PCLS; furthermore, there was no clear 
correlation between Gpnmb-Col1a1 in all models. 

PI3K inhibition affects Gpnmb gene expression differently in 
healthy and diseased murine PCLS

The PI3K pathway plays a central role in physiology (cell cycle, proliferation 
and metabolism) and pathology (NASH, cancer, fibrosis) [24,30,31]. To assess how 
Gpnmb gene expression is influenced by the inhibition of this pathway in the various 
liver inflammation and fibrosis models ex vivo, we incubated PCLS from the different 
strains/models for 48h with omipalisib, a selective and potent PI3K inhibitor [32]. 
We used PCLS from healthy BL/6 and from Mdr2-/- mice (due its resemblance to 
human primary sclerosis cholangitis [33]), and PCLS from CDAA mice, as this is a 
good model for fibrotic NASH (Fig.1D). We evaluated the extent to which Gpnmb 
and Col1a1 gene expression varied and correlated with treatment. In PCLS from 
BL/6 control (Fig.3A), the gene expression of Gpnmb was significantly increased 
10-folds after 48h of incubation with omipalisib at 1 μM. In contrast, PCLS from 
severely fibrotic Mdr2-/- mice showed a downregulation of Gpnmb expression, while 
PCLS from its healthy FVB control showed no significant difference (a 2-fold 
induction of Gpnmb) (Fig.3B). In PCLS from CDAA mice, Gpnmb was differently 
altered by omipalisib treatment: a significant decrease (2-fold) in the CDAA PCLS 
vs. a significant increase (7-fold) in the PCLS from their healthy controls (Fig.3C). 
A correlation between Gpnmb and Col1a1 was only found in PCLS from healthy 
controls (BL/6, FVB and BL/6 control CDAA), which was statistically significant 
for BL/6 and BL/6 control CDAA (Fig.3 D), whereas correlations in PI3K inhibitor-
treated PCLS from diseased Mdr2-/- and CDAA mice showed a weak negative and 
positive correlation, respectively, between Gpnmb and Col1a1 gene expression. 
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Figure 2 – Gpnmb gene expression after 48h of PCLS culture. qRT-PCR of Gpnmb 
expression in PCLS after 48h culture. PCLS were obtained from murine models of (A) liver 
fibrosis and (B) NASH; We performed Student’s t-test between 48h cultured PCLS and the 
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corresponding 0h PCLS; Pearson r values resulted from correlation calculations between the 
ΔΔCt of Gpnmb and Collagen1a1, before and after culture of PCLS from (C) liver fibrosis 
and (D) NASH models and their controls; ***p<0.001 significantly different from PCLS 
of the corresponding diet prior incubation (0h); (E) Sirius Red staining of representative 
paraffin liver sections (10x); n=3-7.
 
 Importantly, these results show that the inhibition of the PI3K pathway has 
a differential effect on Gpnmb gene expression, presumably depending on etiology of 
inflammation and fibrosis. 

Figure 3 – The effect of the PI3K inhibitor, omipalisib, on Gpnmb gene expression in 
PCLS after 48h of culture. qRT-PCR of Gpnmb expression in PCLS obtained from (A) 
healthy, (B) fibrotic and (C) NASH livers; PCLS were incubated with 1 μM omipalisib or 
with solvent for 48h; Fold induction is relative to the PCLS incubated for 48h with solvent 
(0.4% DMSO in culture media); (D) Pearson r values resulted from correlation calculations 
between the ΔΔCt of Gpnmb and Collagen1a1 gene expression between treated and untreated 
PCLS after 48h; *p<0.05, ***p<0.001 significantly different from untreated PCLS; n=3-5.

Gpnmb gene expression in CDAA PCLS is not altered by 48h 
treatment with elafibranor 

As a NASH biomarker, GPNMB should decrease when liver steatosis 
and inflammation are reduced. Elafibranor is a dual PPARa/d agonist that 
showed NAFLD resolution in patients [34] and is now in Phase 3 clinical trials 
(NCT02704403). We previously showed that elafibranor activated PPAR signaling 
in CDAA and control PCLS by increasing the expression of fat catabolism markers, 
but did not affect inflammation and fibrosis markers (Chapter 4). We investigated if 
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Gpnmb gene expression in CDAA PCLS changed as a result of 48h of elafibranor 
treatment. Both CDAA and its control PCLS showed no difference in the expression 
of Gpnmb after the treatment (Fig 4A). Additionally, fibrosis was not reduced by 
48h treatment with elafibranor (Fig. 4B and Chapter 4). The results show that short 
treatment of PCLS with a PPARa/d agonist does not influence Gpnmb expression. 

Figure 4 – The effect of elafibranor on PCLS. (A) qRT-PCR of Gpnmb expression in PCLS 
obtained from CDAA murine livers and their control; PCLS were incubated with 0.2 and 1 
μM elafibranor or with solvent for 48h; Fold induction is relative to the PCLS incubated for 
48h with the solvent (0.4% DMSO in culture media); (B) Sirius Red staining of representative 
paraffin liver sections (10x);  n=3-5.

Human Gpnmb expression is increased in liver diseases and 
regulated by PCLS culture and PI3K inhibition 

Increased serum levels of circulating GPNMB were reported in cancer 
and NASH patients [4,15]. In order to evaluate this marker in diseased liver, we 
measured the Gpnmb expression in PCLS from healthy and cirrhotic patients at 
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baseline and after 48h of culture. Gene expression of human Gpnmb at baseline 
showed an upregulation in fibrotic compared to healthy liver (Fig.5A). Culture led to 
a similar (5-fold) increase in Gpnmb gene expression in human healthy and fibrotic 
PCLS (Fig.5A). Furthermore, we treated human PCLS with omipalisib, to assess 
the Gpnmb expression profile after PI3K pathway inhibition. Contrary to murine 
PCLS results, PI3K pathway inhibition had a similar effect in human healthy and 
fibrotic PCLS (Fig.5B). Omipalisib significantly decreased Gpnmb gene expression 
at 0.1 μM in healthy PCLS and 1 μM in fibrotic PCLS. Gpnmb and Col1a1 gene 
expression correlated moderately at baseline (Pearson r=0.48) (Fig.5C), as both 
genes are upregulated in fibrotic tissue (Fig.5D). 48 h of culture showed different 
correlations for PCLS from healthy (moderately negative) vs. diseased (moderately 
positive) livers.  

Figure 5 – Gpnmb expression in human healthy and cirrhotic PCLS. (A) Baseline and 
after 48h incubation Gpnmb expression in human healthy and cirrhotic PCLS; Student’s 
t-test between 48h cultured PCLS and the corresponding 0h PCLS; (B) The effect of PI3K 
inhibitor, omipalisib, on Gpnmb gene expression after 48h culture of PCLS; (C) Pearson r 
values resulted from correlation calculations between the ΔΔCt of Gpnmb and Collagen1a1 
in all PCLS; (D) Sirius Red staining of representative paraffin liver sections (20x); *p<0.05, 
**p<0.01 ***p<0.001 significantly different from corresponding control PCLS; n=5.
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Treatment with omipalisib reduced the expression of both genes, resulting 
in strong positive correlations for PCLS from healthy and fibrotic liver. These results 
show that Gpnmb gene expression was increased in diseased human livers; PCLS 
culture led to an increased expression in both healthy and cirrhotic PCLS, whereas 
PI3K pathway inhibition reduced its expression in PCLS from healthy and diseased 
human livers. With the exception of healthy PCLS cultures, all conditions showed a 
moderate or strong correlation between the gene expression of Gpnmb and Col1a1.

Discussion 

The purpose of this study was to characterize the liver-specific gene expression 
profile of Gpnmb ex vivo in healthy and diseased mouse and human livers at baseline 
and during PCLS culture. We included four murine models of liver fibrosis and 
NASH, human cirrhotic livers, and healthy control livers, allowing mouse-human 
comparisons. The use of PCLS enabled us to study Gpnmb gene expression in ex vivo 
models characterized by ongoing inflammation and fibrosis of various etiologies. In 
our study we showed that GPNMB might be a novel liver disease preclinical marker, 
whereas its suitability as clinical NASH biomarker is still questionable. Additionally, 
we showed that the PI3K pathway is involved in the regulation of both murine and 
human Gpnmb expression, but this regulation is different across these two species. 

GPNMB was proposed as a biomarker for NASH [4]; however, we think 
that there are certain drawbacks that will be further addressed. Ideal or thoroughly 
clinically validated noninvasive biomarkers for liver fibrosis and NASH remain to be 
defined, although promising candidates are on the horizon [35–37]. The characteristics 
of an ideal biomarker include specificity for the liver, sensitivity for disease severity 
and progression, noninvasiveness and easy determination [38]. Additionally, it would 
be valuable if the biomarker follows similar trends in different species to allow its use 
in preclinical studies. 

Tissue specificity is an important feature of a biomarker, which ensures that 
other injuries in distinct organs are not reflected. However, this cannot always be 
achieved. GPNMB was proposed as a biomarker for several diseases, since it has 
shown increased gene expression and serum concentration in several conditions 
and organs: glioblastoma [2], breast cancer [39], ALS [13], kidney injury [40,41], 
Gaucher disease [42] and Niemann-Pick type C disease [43]. With regards to the 
liver, GPMNB was reported to be increased in hepatocellular carcinoma and obesity 
in rats [4,5], cirrhotic human tissue [5] and NAFLD patients [4]. In a previous 
study (Chapter 2 and 3), we used NGS to investigate culture-induced transcriptional 
changes in precision cut tissue slice cultures from healthy murine (BL/6) and human 
healthy and diseased tissues from five different organs: liver, kidney, jejunum, ileum 
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and colon. As previously mentioned, the precision-cut tissue slices (PCTS) model 
allows us to study the expression of a particular gene during inflammation/tissue 
repair in a certain organ in the absence of infiltrating immune cells. This means 
that all the observed changes are due to the resident cells of the studied organ. The 
expression of murine and human Gpnmb in our previously described NGS data 
set (Chapter 2 and 3) is shown in Fig. 6A – healthy mouse tissue and Fig. 6B – 
healthy and diseased human tissue. Prior to PCTS culture, Gpnmb was not detected 
in healthy mouse tissue, whereas all human tissues expressed Gpnmb. Interestingly, 
NGS results showed that human diseased livers had higher expression of Gpnmb 
compared to the corresponding healthy organ slices (Fold Change (FC) = 1.44, 
padj=0.03).  Furthermore, culture led to a highly significant multi-fold increase of 
Gpnmb expression in all mouse PCTS, with liver slices showing a FC of 153 (padj<10-

11). However, in human PCTS, the Gpnmb expression was increased during culture 
only in healthy liver and ileum, and diseased liver. We observed a FC of 26 in healthy 
(padj<10-15) and a FC of 6 (padj<10-7) in diseased human liver slices. These results show 
clear species differences, with murine cells expressing more Gpnmb during culture. 
Additionally, liver was the only organ that after culture showed an increased gene 
expression in both species, and also in healthy and diseased human tissue. 

Figure 6 – Electronic Northern plot for Gpnmb expression in murine and human PCTS. 
(A) Murine Gpnmb expression (RPKM) in PCTS before (0h) and after culture (48h); The 
number of experiment is indicated in brackets; (B) Human GPNMB expression (RPKM) in 
PCTS before (0h) and after culture (48h); The number of technical replicates is indicated in 
brackets; we used 3-4 technical replicates per experiment; *p< 0.01; n=3-5.
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This may be explained by the fact that compared to the other organs that 
have only macrophages as a source of GPNMB, the liver has two cell populations 
that can produce GPNMB: Kupffer cells (the liver’s resident macrophages) and HSC 
[4]. The NGS results were confirmed by our qRT-PCR, which show an increased 
expression of healthy and diseased murine and human Gpnmb during PCLS culture. 
Given these points, we concluded that increased expression of Gpnmb represents a 
non-specific tissue response to the acute inflammatory process induced by PCTS 
culture (Chapter 2 and 3).

Another feature of an ideal biomarker is sensitivity. This means that the 
biomarker should provide a clear diagnosis for the patient. Additionally, if the 
disease has several stages (as it is for different stages of liver fibrosis and NAFLD), 
the biomarker should provide indications about disease progression and efficacy of 
drug treatment. Our results showed that the expression of Gpnmb was increased 
at baseline only in the models that showed liver fibrosis: CCl4-induced fibrosis, 
Mdr2-/-, CDAA and AMLN, (Fig. 1). Moreover, there was a positive correlation 
between the expression of Gpnmb and Col1a1. This is consistent with the fact that 
GPNMB is increased during inflammation and can be expressed by activated HSC 
[4], an important player in fibrosis. Our results showed also differences between 
fibrosis models, with CCl4-induced fibrosis inducing a higher Gpnmb expression 
than Mdr2-/- mice, when compared to their own controls. This can be explained by 
the aggressive effect of CCl4 in the liver, which after metabolic activation induces 
severe inflammation, necrosis of centrilobular hepatocytes and HSC activation [44]. 
These effects induce liver fibrosis in few weeks. Furthermore, we used 9 week old 
Mdr2-/- mice, and in these animals a high activation of myofibroblast resembling 
activated HSC is observed starting at week 4, and by week 10 there is a decrease in 
the number of these cells [25]. Next, for the two NASH models that showed fibrosis 
and increased expression of Gpnmb, CDAA – the model with more fibrosis (based on 
hydroxyproline results) – had also a higher increase in gene expression for Gpnmb. We 
also obtained similar results for human PCLS that showed an increased expression 
at baseline between healthy and cirrhotic. This points toward the fact that Gpnmb 
expression could indicate the presence of fibrosis in animal models. However, results 
in literature investigating patient material are showing limitations for GPNMB as 
a biomarker. Katayama et al. reported increased serum GPNMB levels in NASH 
patients compared to patients with simple steatosis [4]. The same study showed a 
significant increase in serum GPNMB levels for patients with stage 4 fibrosis (liver 
cirrhosis) compared to patients with stage 1-3 liver fibrosis (no cirrhosis). 

Although an increased serum level between different stages of the NAFLD 
or fibrosis shows the potential of GPNMB as a biomarker, there is no clear separation/
threshold for liver fibrosis stages without established cirrhosis, making it very hard 
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to assess disease progression or therapy benefit. Disease progression in NAFLD and 
liver fibrosis can take decades; consequently, the reduced sensitivity of GPNMB can 
be problematic. 

Another aspect for biomarker sensitivity is assessment of drug therapy efficacy. 
This means that changes in the biomarker concentration should be reflected as the 
result of successful treatments. Omipalisib, a PI3K inhibitor, showed antifibrotic effects 
in healthy and fibrotic PCLS (Chapter 5) obtained from mouse and human livers. 
The correlations between the expressions of Gpnmb/Col1a1 in murine PCLS showed 
a strong correlation only for healthy tissue (Fig. 3), whereas both human healthy and 
diseased PCLS displayed a strong correlation between Gpnmb and COL1a1 (Fig. 5). 
Although the animal models of liver fibrosis (Mdr2-/- and CDAA) showed a strong 
correlation for Gpnmb/Col1a1 prior culture, the treatment of corresponding PCLS 
with omipalisib failed to show a relationship between these two markers, pointing 
toward species differences and possibly different roles of GPNMB in human (murine) 
inflammation and fibrosis of varying etiology. Importantly, PCLS have the potential 
for target validation and detecting such differential expression and regulation, before, 
e.g. clinical studies targeting a molecule like GPNMB are initiated. With regards to 
NASH, we assessed the gene expression of Gpnmb in PCLS obtained from mice on 
control/CDAA diet and treated with elafibranor (PPARa/d agonist) for 48h. No 
difference was observed between control and PCLS treated with elafibranor with 
regard to Gpnmb gene expression (Fig. 4), showing that activation of fat catabolism 
does not affect gene Gpnmb expression in the short time of PCLS culture. 

The assessment of a biomarker should be precise, reproducible and sensitive. 
GPNMB is a protein and its concentration in biological samples can be determined 
using a solid phase sandwich enzyme-linked immunosorbent assay (ELISA) available 
on the market. Previous studies where the concentrations of serum soluble GPNMB 
were measured [4,13,39,42,43] do not show reproducible results, although all studies 
were performed using the same method and detection kit. The serum GPNMB levels 
for healthy controls vary from 3.5 to 50 [4,43] ng/ml, were in a similar range to the 
GPNMB levels in patients with cancer, ALS, liver fibrosis and NASH (5-30 ng/
ml [4,13,39]). For PCLS, it would be interesting to measure the concentration of 
GPNMB released in culture media by doing ELISA. 

To increase the understanding about GPNMB, it is important to unravel 
its role and regulation. It has been shown that deregulation of the PI3K pathway 
is associated with metabolic dysfunction and NASH [24,45], and GPNMB can 
activate the MEK/ERK and PI3K pathways [13]. Previous studies also showed that 
certain inhibitors of protein kinases (such as a MEK inhibitor) can increase Gpnmb 
gene expression in human cancerous cell lines [46]. The same study showed that the 
inhibition of the PI3K pathway had no effect on Gpnmb expression. Based on these 
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points we did not expect the see an effect of the PI3K inhibition. However, our study 
showed that the PI3K pathway is involved in the regulation of murine and human 
Gpnmb expression during PCLS incubation. Interestingly, we also observed species 
differences after inhibiting the PI3K pathway, as mouse PCLS showed an increase 
of Gpnmb gene expression in healthy tissue and a decrease in diseased livers, whereas 
both healthy and diseased human PCLS had a decrease in Gpnmb gene expression 
(Fig. 3 and 5). This might indicate that the changes that occur in diseased murine 
livers affect the regulation of this gene. The species differences could also suggest that 
the mouse is not an appropriate research animal for GPNMB studies. 

In conclusion, PCTS can be used to study the organ-specific expression of 
GPNMB in the context of acute inflammation and tissue repair. Murine and human 
Gpnmb showed increased expression in diseased livers and could be considered a 
potential preclinical marker for advanced liver diseases that are characterized by the 
presence of fibrosis, although there are certain disadvantages that have to be taken 
into consideration. Our study showed that the PI3K pathway is involved in the 
regulation of Gpnmb in PCLS and there are species differences that have to be taken 
into account when using the mouse as a preclinical model. The use of human tissue 
can provide more relevant insights for the role and regulation of GPNMB. PCLS 
may be a valuable preclinical tool to assess the expression and also the function of 
novel molecular players, as exemplified for Gpnmb in this report, and serve as a bridge 
to the human in vivo system, before clinical studies are initiated.
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