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ABSTRACT 

 

Our previous studies showed that liver tissue and fibroblasts basally express 
osteoprotegerin (OPG) and that this expression can be induced by addition of 
TGFβ or by inducing liver fibrosis. Moreover, OPG treatment of liver tissue 
induced mRNA expression of TGFβ and we hypothesized that there must also 
be a brake in this feed-forward loop to prevent development of fibrosis during 
normal wound healing. We therefore aimed to study this feed-forward loop and 
investigate whether microRNAs could be involved as an internal brake. 

We used activated human primary hepatic stellate cells (HHSteC) and the human 
liver myofibroblast cell line LX2 to study the involvement of miRNAs in OPG 
production. We found that incubating activated HHSteC and LX2 with TGFβ 
resulted in lower OPG production by these cells when compared to untreated 
controls, indicating a brake on the TGFβ-OPG feed-forward loop. In a previous 
study with lung fibroblasts we found several miRNAs upregulated after TGFβ 
treatment. Of those, miR-145-5p was found to target OPG in two publicly 
available microRNA targetomes databases (TargetScan and miRDB). Similar to 
lung fibroblasts, we found significantly higher expression of miR-145-5p by LX2 
myofibroblasts treated with TGFβ as compared to untreated controls. To 
confirm whether miR-145-5p targets OPG in LX2 myofibroblasts, we treated 
fibroblasts with a miR-145-5p mimic and we found that it inhibited OPG 
production although not to the same extent as TGFβ treatment did. When we 
treated LX2 myofibroblasts with a miR-145-5p inhibitor together with TGFβ, we 
did not cancel the TGFβ-induced inhibition of OPG production. 

In conclusion, miR-145-5p is upregulated by TGFβ in liver myofibroblasts and 
targets OPG production is these cells to some extent. However, miR-145-5p 
does not have dominant control over the TGFβ-OPG feed-forward loop in 
(myo)fibroblasts and therefore other regulatory factors must be at play here as 
well. 
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INTRODUCTION 

 

Fibrosis is a persistent pathologic state of extracellular matrix accumulation 
postulated to be initiated by chronic injury and inflammation1,2. Fibrosis occurs 
when normal tissue regeneration processes are disrupted and cause persistent 
activation of fibroblasts and continuous production of extracellular matrix 
proteins such as collagens, fibronectin, proteoglycans and many more3,4,5. These 
are produced under the influence of profibrotic mediators such as transforming 
growth factor beta 1 (TGFβ1) and IL136,7, as well as osteoprotegerin (OPG) as 
we have shown in previous studies8 (CHAPTER 2). In those same studies we found that 
TGFβ and OPG stimulate each other’s expression and therefore appear to 
maintain a feed-forward loop contributing to excessive production of 
extracellular matrix proteins by activated fibroblasts. However, damage to 
tissues in most situations is repaired without the development of fibrosis, 
therefore there must be a control system in this OPG-TGFβ1 feed-forward loop. 
In addition, we found that when treating primary lung fibroblasts, isolated from 
fibrotic lung tissue, with TGFβ1, OPG release into culture medium was lower 
than from untreated control cells (unpublished data), suggesting that TGFβ1 
could also activate an OPG-inhibitory pathway. 

A known biological control system of mRNA translation is microRNAs (miRNAs)9. 
miRNAs can block a specific messenger RNA (mRNA) by targeting a 
complementary sequence to prevent translation or induce degradation10. 
MiRNAs expression can be upregulated after activation of various biological 
pathways and they are therefore able to play an intermediate role in addition to 
regulatory proteins to regulate protein expression11. MiRNAs targetomes have 
been widely studied and databases cataloguing targets of miRNAs have been 
developed, such as TargetScan and miRDB12-14. 

In order to control the TGFβ-OPG feed-forward loop, a candidate miRNA must 
be upregulated by TGFβ1 and have the OPG gene (TNFRSF11B) as its target. 
A study conducted by us on human primary parenchymal lung fibroblast showed 
higher expression of several microRNAs after treatment with TGFβ12. We used 
this set of miRNAs as a first indication which miRNA may be involved in 
regulating OPG production. We then searched the two available online 
databases and found that both databases reported miR-145-5p as a miRNA that 
can target OPG mRNA13,14. 

Here we studied the feed-forward loop between TGFβ and OPG and 
investigated the involvement and control of miR-145-5p using human primary 
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hepatic stellate cells and hepatic myofibroblast cell line LX2. We aimed to obtain 
information on the expression of miR-145-5p in our model and proof to confirm 
the role of miR-145-5p in controlling the TGFβ-OPG feed-forward loop in 
(myo)fibroblasts. 
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EXPERIMENTAL PROCEDURES 

 

Human hepatic stellate cells (HHSteC) and LX2 hepatic myofibroblasts  

HHSteC (ScienCell, Carlsbad, CA, USA) were cultured in stellate cell medium 
containing 2% fetal bovine serum (FBS) and 1% of stellate cells growth 
supplement (ScienCell) in a 12-well plate initially coated with 10% human serum 
albumin (HSA) (Sigma-Aldrich, Missouri, USA) to maintain a nonactivated state 
or uncoated to induce HHSteC activation. Human hepatic myofibroblasts LX2 
(kindly provided by Prof. S. L. Friedman, Icahn School of Medicine at Mount 
Sinai, NY, USA15) were cultured in Gibco® Dulbecco’s Modified Eagle Medium 
(DMEM) (Thermo Scientific, Waltham, Massachussets, USA) containing 4.5 g/L 
D-Glucose (Sigma-Aldrich), 2 mM L-Glutamine (Thermo Scientific), and 10% of 
fetal calf serum (FCS) (Biowest, Nuaillé, France). 50,000 cells per well were 
starved at low serum concentration (0.5%) 24 hours prior to experiments with 
TGFβ. Cells were then left either untreated or were treated for 24 hours with 5 
ng/mL TGFβ. Culture m were collected for OPG ELISA and cells were collected 
for either RNA isolation or a protein assay (Bradford protein assay by Bio-Rad, 
Hercules, CA, USA) to correct for the number of cells in a well. 

 

OPG ELISA 

Enzyme-linked immunosorbent assay (ELISA) of OPG (human OPG DuoSet® 
ELISA kit, Cat. No. DY805, R&D Systems, Minneapolis, USA) was used to 
measure OPG levels in cell culture media according to the standard protocol 
provided by the manufacturer. 

 

Real-time qPCR of miR-145-5p 

Total RNA was isolated from cultured cells using a Maxwell® LEV Simply RNA 
Cells/Tissue kit (Promega, Madison, Wisconsin, US). Total mRNA concentration 
was quantified using a NanoDrop® ND-1000 Spectrophotometer (Thermo 
Scientific). miR-145-5p concentrations were assessed with miR-320a as 
endogenous control using Taqman® Advanced miRNA Assay system according 
to the instructions provided by the manufacturer and run using a 7900HT Real-
Time PCR sequence detection system (Applied Biosystems, Waltham, 
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Massachusetts, US). Output data was analyzed using SDS 2.4 software (Applied 
Biosystems) and ΔCt values were calculated. 

 

miR-145-5p mimic and inhibitor transfections 

Transfections of LX2 cells with miRCURYTM LNATM miR-145-5p and miR-39-3p 
(control) mimic and miRCURYTM LNATM miR-145-5p Power inhibitor and negative 
control A Power inhibitor (table 1) (Exicon/Qiagen, Woburn, MA, USA) were 
done using a RNAiMAX Transfection System based on small RNA-lipid complex 
containing Lipofectamine® RNAiMAX reagent (Thermo Fisher Scientific) in 
Opti-MEM® medium (Thermo Fisher Scientific) according to the instructions 
provided by the manufacturer. LX2 cells were incubated with the mimic/inhibitor 
microRNAs-lipid complexes for 12 hours and then washed three times with 
standard medium prior to another 12 hours of incubation in standard medium 
as mentioned above. Culture media and cells were collected for OPG ELISA and 
protein/RNA measurement respectively. 

 

Statistical analysis  

Statistical analyses were performed using GraphPad Prism 6. Normality of data 
was tested using D’Agostino-Pearson’s test for datasets with an n >8. If data 
were normally distributed, a paired or unpaired Student’s t-test was used to 
compare two paired or unpaired groups respectively, otherwise or with datasets 
n£8 a Mann Whitney U or Wilcoxon test was used. When comparing multiple 
groups, a parametric one-way ANOVA or non-parametric paired 
Friedman/unpaired Kruskal-Wallis test was performed depending on normality 
of the data. For all tests, significance is presented as P value above each bar in 
the graph. Data are presented as box-and-whisker plots with min-max whiskers 
and individual data points. 
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RESULTS 

 

Activated (myo)fibroblasts produce less OPG after TGFβ1 stimulation 

We used two models of activated fibroblasts with high basal production of OPG 
to assess the effect of TGFβ1 stimulation: primary human hepatic stellate cells 
(HHSteC) activated by culturing on an uncoated polystyrene surface and a 
human myofibroblast cell line LX2. Activation of HHSteC by culturing in 
uncoated wells resulted in a trend of higher OPG production (p=0.1) when 
compared to nonactivated cells (figure 1A). When these activated HHSteC were 
additionally treated with TGFβ we found a trend towards lower OPG production 
again (p=0.1) (figure 1B). Furthermore, untreated LX2 myofibroblasts also 
produced high basal levels of OPG and when treated with TGFβ these cells 
produced significantly less OPG than the untreated cells (figure 1B). 

 

MicroRNA 145-5p is a TNFRSF11B (OPG)-gene targeting miRNA and is 
upregulated by TGFβ stimulation 

In our previous study, we reported that the expression of several miRNAs was 
regulated by TGFβ1 in primary parenchymal lung fibroblasts (figure 2A, 
recapped in Table 1)12. We compared the miRNAs listed in this report with 
available online databases of miRNA targetomes, i.e. TargetScan13 and miRDB14. 
In both databases we found that miR-145-5p targets OPG (Table 2). 

To confirm that miR-145-5p is also relevant in liver myofibroblasts we used LX2 
hepatic myofibroblasts to assess miR-145-5p expression after treatment with 
and without TGFβ1. We found that miR-145-5p expression (normalized for 
endogenous control miR-320a) was significantly higher after TGFβ1 treatment 
when compared to untreated controls. 

 

miR-145-5p mimic mildly downregulates OPG production, but inhibiting 
miR-145-5p does not counteract the effects of TGFβ1 

To confirm that miR-145-5p upregulation in LX2 myofibroblasts after TGFβ 
stimulation is relevant to the regulation of OPG production, we transfected LX2 
myofibroblasts with a miR-145-5p mimic or with miR-39-3p as a negative control 
and used TGFβ1 as our positive control for inhibition of OPG production. We 
found that TGFβ1 treatment indeed resulted in significantly lower OPG 
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production as was shown before in figure 1B (figure 3A). miR-145-5p mimic 
transfection resulted in a trend towards lower OPG production when compared 
to untreated controls (p=0.08), but not to the same level as TGFβ1 treatment 
did. Transfection with control mimic miR-39-3p did not affect OPG production 
by LX2 myofibroblasts. 

 

HHSteC 

 

 

FIGURE 1. TGFβ1 treatment results in lower OPG production by activated human hepatic 
stellate cells and myofibroblasts. Human primary hepatic stellate cells (HHSteC) can be 
activated by culturing on an uncoated polystyrene surface. When HHSteC were cultured in 
uncoated wells, cells produce more OPG than nonactivated cells cultured in human serum 
albumin-coated wells (A). Treating cells in uncoated wells with TGFβ1 resulted in lower OPG 
production compared to the untreated cells (B). LX2 hepatic myofibroblasts produced 
significantly less OPG when treated with TGFβ1 as compared to untreated controls (C). Groups 
were compared using a Wilcoxon test, p<0.05 was considered significant. 
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FIGURE 2. Expression of miR-145-5p is induced by TGFβ in LX2 myofibroblasts. we 
previously reported that miR-145-5p was induced in primary lung fibroblasts by TGFβ1 
treatment14 (A, figure is reproduced with permission, list is also represented in Table 1). MiR-
145-5p was found to have TNFRSF11B (the OPG gene) as its target in the TargetScan and 
miRDB databases12,13. We then measured miR-145-5p expression levels in LX2 myofibroblasts 
with and without TGFβ1 treatment and found that miR-145-5p expression was higher after TGFβ 
treatment for 24 hours when compared to an untreated control group. Groups were compared 
using a Wilcoxon test, p<0.05 was considered significant (B). 

 

 

Table 1. TGFβ-regulated miRNAs in primary lung fibroblasts (Ong et al., 2017)12 

 

Upregulated by TGFβ1 

 
miR-27b-5p, miR-181a-2-3p, miR-23a-5p, miR-143-5p, miR-
27a-5p, miR-181a-3p, miR-181b-5p, miR-99b-3p, miR-503-5p, 
miR-424-3p, miR-214-5p, miR-143-3p, miR-199a-5p, miR-27a-
3p, miR-23a-3p, miR-342-3p, miR-21-3p, miR-145-5p, miR-214-
3p, miR-125b-1-3p, miR-455-3p 
 

 

Downregulated by TGFβ1 

 
miR-34a-5p, miR-361-5p, miR-155-5p, miR-221-3p, miR-222-
3p, miR-345-5p, miR-490-5p, miR-490-3p 
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Table 2. miRNAs, upregulated by TGFβ1, targeting TNFRSF11B (the OPG gene) according to 

TargetScan and miRDB13.14 

No. Database miRNAs targeting TNFRSF11B 

1 TargetScan13 miR-181b-5p, miR-145-5p 

2 miRDB14 miR-145-5p 

 

To further confirm the role of miR-145-5p in regulating OPG production, we 
also investigated the opposite strategy in which we inhibited miR-145-5p with a 
specific inhibitor. Transforming growth factor β1 treatment again resulted in a 
significant decrease in OPG production while cotreatment with the miR-145-5p 
inhibitor did not restore OPG production to untreated control levels (figure 3B). 

 

 
FIGURE 3. miR-145-5p may target OPG, but inhibiting it failed to restore OPG production 
upon TGFβ-induced inhibition. When LX2 myofibroblasts were transfected with miR-145-5p 
mimic, a trend towards lower OPG production was found when compared to untreated controls. 
This effect was not found with control miR-39-3p transfection. Positive control TGFβ1 
significantly inhibited OPG production. Groups were compared using a Friedman’s test with a 
Dunn’s correction for multiple testing, p<0.05 was considered significant (A). When LX2 
myofibroblasts were treated with a miR-145-5p inhibitor together with TGFβ, the inhibitor did 
not negate the TGFβ1-inhibiting effects on OPG production. Groups were compared using a 
one-way ANOVA with Holm-Sidak’s correction for multiple testing, p<0.05 was considered 
significant (B). 
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DISCUSSION 

 

In this study we have shown that TGFβ1 stimulation of mature myofibroblasts, 
that already have high basal production of OPG, does not further increase the 
production of OPG and even results in lower OPG production by these cells. 
We hypothesized that miR-145-5p could play a significant role in this negative 
feedback control. We subsequently showed that, although miR-145-5p does 
inhibit OPG production to some extent, it does not appear to have dominant 
control over OPG production, indicating the possibility of other miRNAs being 
involved. 

Thirunavukkarasu et al. (2001) have previously demonstrated that OPG 
production is upregulated by TGFβ through stimulation of OPG promoter 
activity.  All three different isoforms of TGFβ, TGFβ1, TGFβ2, and TGFβ3, 
stimulated the promoter to the same level16. Similarly, we found in our previous 
studies that TGFβ1 stimulation of fibroblasts and precision-cut slices of healthy 
tissues resulted in more OPG being excreted into the culture medium8 (CHAPTER 

2),17 (CHAPTER 3). Moreover, we also found that treatment of cells or slices with OPG 
resulted in higher TGFβ1 mRNA expression, suggesting a feed-forward loop 
that could potentially spiral out of control in pathogenic conditions8 (CHAPTER 2),17 

(CHAPTER 3). TGFβ and OPG are both proteins produced during normal wound 
healing9,10,18,19, therefore this feed-forward loop must have a feedback/control 
mechanism to prevent pathology and this feedback/control mechanism may be 
disrupted during pathological situations and lead to fibrosis. 

An important biological feedback mechanism is microRNA-regulated control of 
mRNA translation20. Interestingly, we have found in two available online miRNA 
targetome databases that miR-145-5p, which we previously reported is 
upregulated by TGFβ in human lung fibroblasts12, targets OPG mRNA (gene 
name TNFRSF11B). In addition, several other studies reported that miR-145-5p 
targets OPG21-23. We confirmed in our system that TGFβ stimulation of LX2 liver 
myofibroblasts also resulted in higher expression of miR-145-5p, indicating this 
finding was not exclusively related to lung fibroblasts. This higher expression of 
miR-145-5p after TGFβ stimulation was accompanied by lower production of 
OPG and transfecting LX2 myofibroblasts with a miR-145-5p mimic could partly 
reproduce the TGFβ effect of inhibiting OPG production. This suggests that 
miR-145-5p is at least partly involved in inhibiting the TGFβ-OPG feed-forward 
loop. Interestingly, a recent study by Ye et al. has shown that miR-145 is 
downregulated in liver tissue of patients with liver fibrosis, suggesting that 
fibrosis may develop when the brake on the TGFβ-OPG feed-forward loop is 
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not present24. This idea is reinforced by publications showing that loss of miR-
145 exacerbated angiotensin II-induced cardiovascular fibrosis and cardiac 
scarring after heart injury25,26. A next step would be to investigate miR-145-5p 
expression and cellular localisation in a cohort of liver tissue samples from 
control patients and patients with liver cirrhosis to investigate whether the 
results of Ye et al. can be replicated in an independent cohort24. We have 
already shown previously in such a cohort that OPG expression is higher in 
cirrhotic liver tissue than in control tissue8 (CHAPTER 2). Investigating a correlation 
with miR-145-5p expression would strengthen our data presented here. 

Surprisingly, when searching for previously published data on miR-145 in liver, 
two papers came up also using LX2 myofibroblasts27,28. Both papers (from the 
same group of researchers) show downregulation of miR-145 after TGFβ 
stimulation, the exact opposite result of what we found. We consistently find 
upregulation of miR-145-5p after TGFβ stimulation of LX2 myofibroblasts and 
also found this in primary lung fibroblasts, and therefore we have no explanation 
for this discrepancy. The above-mentioned study by Yang et al. does point at a 
possible explanation of the role of OPG in the development of liver fibrosis27. 
OPG is a well-known decoy receptor for the apoptosis-inducing ligand TRAIL. 
Through neutralizing of TRAIL, OPG may be able to prevent myofibroblast 
apoptosis and stimulate ongoing extracellular matrix production. Interestingly, 
Yang et al. showed that inducing expression of miR-145 in hepatic stellate cells 
increased their sensitivity for TRAIL-induced apoptosis through a ZEB2 (zinc-
finger E-box binding protein 2)-mediated pathway. In our studies increased 
expression of miR-145 is accompanied by lower production of OPG and thus 
less neutralization of TRAIL would be a probable outcome with subsequently 
more TRAIL-induced apoptosis. We could not find any papers describing 
interactions between ZEB2 and OPG and it would therefore be of interest to 
see if this pathway is involved in OPG production in myofibroblasts. 

Our results indicate that although miR-145-5p does inhibit OPG production to 
some extent, it does not appear the only influence. We saw a hint of increased 
OPG production upon transfection with a miR-145-5p inhibitor, but this effect 
was also seen upon transfection with the miRNA control inhibitor, suggesting a 
non-specific inhibiting activity. We also found no significant correlation between 
miR-145-5p expression and OPG protein production upon TGFβ1 treatment 
(supplementary figure S1). Therefore, it is probable that other miRNAs are also 
involved in control of TGFβ-OPG feed-forward loop. In our previous studies we 
found another miRNA (table 1 and 212-14) that is upregulated by TGFβ and 
potentially targets OPG and may thus be involved in regulation of its expression, 
namely miR-181b-5p. Since we could not find any evidence of interactions 
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between miR-181b-5p and OPG, we chose not to investigate this microRNA 
first. However, now we know other miRNAs may be involved, miR-181b-5p 
should be a first candidate to further investigate. 

 

 

 

CONCLUSIONS 

 

In conclusion, miR-145-5p is upregulated by TGFβ in liver myofibroblasts and 
targets OPG production is these cells to some extent. However, miR-145-5p 
does not have dominant control over the TGFβ-OPG feed-forward loop in 
(myo)fibroblasts and therefore other regulatory factors must be at play here as 
well. 
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SUPPLEMENTARY FIGURE 

 

 

 

 

FIGURE S1. No correlation between OPG mRNA and miR-145-5p expression. There is no 
significant correlation between OPG mRNA and miR-145-5p expression. Correlation was tested 
using Spearman’s correlation test, p<0.05 was considered significant. 
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