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ABSTRACT 

Primary myelofibrosis is a Ph-negative chronic myeloproliferative neoplasm characterized by bone marrow 
fibrosis and associated with the involvement of several pathways, in addition to bone marrow 
microenvironment alterations, mostly driven by the activation of the cytokine receptor/JAK2 pathway. 
Identification of driver mutations has led to the development of targeted therapy for myelofibrosis, 
contributing to reducing inflammation, although this currently does not translate into bone marrow fibrosis 
remission. Therefore, understanding the clear molecular cut underlying this pathology is now necessary to 
improve the clinical outcome of patients. The present study aims to investigate the involvement of IGFBP-
6/sonic hedgehog /Toll-like receptor 4 axis in the microenvironment alterations of primary myelofibrosis. We 
observed a significant increase in IGFBP-6 expression levels in primary myelofibrosis patients, coupled with a 
reduction to near-normal levels in primary myelofibrosis patients with JAK2V617F mutation. We also found 
that both IGFBP-6 and purmorphamine, a SHH activator, were able to induce mesenchymal stromal cells 
differentiation with an up-regulation of cancer-associated fibroblasts markers. Furthermore, TLR4 signaling was 
also activated after IGFBP-6 and purmorphamine exposure and reverted by cyclopamine exposure, an inhibitor 
of the SHH pathway, confirming that SHH is involved in TLR4 activation and microenvironment alterations. In 
conclusion, our results suggest that the IGFBP-6/SHH/TLR4 axis is implicated in alterations of the primary 
myelofibrosis microenvironment and that IGFBP-6 may play a central role in activating SHH pathway during the 
fibrotic process. 
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INTRODUCTION 
 

A large number of hematologic and non-hematologic 

disorders are associated with increased bone marrow 

(BM) fibrosis, an abnormal accumulation of 

extracellular matrix (ECM) components, representing 

the endpoint of many chronic inflammatory diseases, 

leading to organ dysfunction [1]. Primary myelofibrosis 

(PMF) is an hematologic disease characterized by 

progressive proliferation of mainly granulocytic and 

megakaryocytic cells in the bone marrow, which in turn 

stimulate BM fibrosis, eventually resulting in 

extramedullary hematopoiesis and massive 

splenomegaly [2, 3]. Patients with PMF display aberrant 

expression of several cytokines, implicated as either the 

cause or the effect of the bone marrow stromal reaction 

[4]. PMF is still considered an incurable disease, with 

the notable exception of the few patients who 

successfully undergo an allogeneic stem cell 

transplantation [5]. The molecular pathogenesis of PMF 

is characterized by dysregulation of the Janus 

kinase/STAT (JAK/STAT) signalling pathway, which is 

crucial for normal cytokine-mediated cell responses. 

Unfortunately, up to date, the only available target 

therapy is represented by the JAK inhibitors (JAKi), 

which can reduce the spleen size and relieve 

constitutional symptoms by acting on the inflammatory 

cascade. However, JAKi are neither able to restore the 

altered stroma nor to revert bone marrow fibrosis [6]. 

Another important pathway, frequently involved in 

PMF and secondary myelofibrosis (SMF), is the 

Hedgehog signalling pathway, also recognized in 

several fibrotic and malignant diseases. Increased 

expression of Hedgehog target genes was reported in 

granulocytes isolated from unselected MPN patients, 

while activation of Hedgehog signalling was reported to 

be present in murine BM transplant models of PMF [7]. 

Among the Hedgehogs, sonic hedgehog (SHH) is the 

best characterized and most widely studied. SHH 

signalling has been implicated in the regulation of 

injury repair and its expression is deregulated in a 

multitude of fibrotic processes [8–10]. Consequently, 

targeting SHH signalling might be a promising strategy 

for therapeutic intervention in a multiplicity of fibrotic 

diseases [11]. The pathogenesis of fibrosis is not fully 

understood [12], but several lines of evidence suggest 

that various cytokines or growth factors [13] may 

promote a supporting microenvironment, leading to the 

development of a profibrotic population of fibroblasts. 

A regulatory loop between chemokines and 

transforming growth factor-beta (TGFβ) has been 

described [14, 15]. In particular, ECM components store 

TGFβ which remains as a latent signal until activation 

via MMP-dependent proteolysis or by mechanical 

tension [16]. After activation, TGFβ favors 

mesenchymal stromal cells mediated ECM deposition 

through induction of type I, III, IV, VII, and X collagen, 

fibronectin, and proteoglycans [17]. The critical role of 

TGFβ has been established in a variety of fibrotic 

disorders relating to the severity of fibrosis and a low 

count of BM megakaryocytes [18, 19]. It has been 

demonstrated that TGF-β produced by hematopoietic 

cells is pivotal for the pathogenesis of myelofibrosis 

that develops in mice with thrombopoietin 

overexpression [20–22]. Few effective therapies to stop 

or reverse tissue fibrosis are available in clinical 

practice. Thus, it is important to understand the cellular 

and molecular mechanisms of fibrogenesis, to fully 

understand the pathogenesis of the fibrotic process, and 

also to develop efficient strategies to treat patients with 

fibrotic disorders [11]. 

 

Insulin-like growth factor-binding proteins (IGFBPs) 

play a relevant role in the fibrotic process in the liver 

damage [23]. In particular, it has been demonstrated a 

mutual regulation between IGFBP-7 and TGF-β in 

hepatic stellate cells which most likely accelerates the 

progression of liver fibrosis [24]. Interestingly, patients 

with PMF display significantly higher levels of insulin-

like growth factor-binding protein-2 (IGFBP-2), 

confirming the pathogenetic role of these proteins in 

PMF progression [4]. Interestingly, higher levels of 

IGFBP-2 have been described in patients with PMF 

compared to healthy donors [4], suggesting a potential 

pathogenetic role of IGFBPs in PMF. Given the role of 

IGFBP-6 as a master regulator of fibroblasts 

proliferation and senescence [25–28], in the current 

study, we analyzed its role in the molecular 

pathogenesis of PMF also to further elucidate the 

molecular mechanism(s) of PMF fibrosis. 

 

MATERIALS AND METHODS 
 

Cell culture and pharmacological treatments 

 

Healthy mesenchymal stem cells HS5 were purchased 

from ATCC Company (Milan, Italy). Cells were 

maintained in culture medium (Dulbecco's Modified 

Eagle Medium (DMEM) containing 10% fetal bovine 

serum (FBS), 100 U/mL penicillin, and 100 U/mL 

streptomycin). At 80% confluency, cells were 

passaged using trypsin-EDTA solution (0.05% trypsin 

and 0.02% EDTA) [29]. IGFBP-6 (Sigma–Aldrich, 

Milan, Italy) was added to the cell cultures of all 

experiments at final concentrations of 200 ng/mL for 

both 24h and 48h. 

 

Isolation of high-density neutrophils 

 

Whole blood (40 mL) was collected from healthy 

volunteers in vacutainer tubes containing the 

anticoagulant, potassium EDTA, and diluted 1:1 with 
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dextran 3% for two hours to obtain plasma enriched 

with white cells. Peripheral blood mononuclear cells 

(PBMCs) were then isolated using Ficoll-Paque, 

according to the manufacturer’s instructions (Pharmacia 

LKB Biotechnology, NJ, USA). The pellet obtained 

after centrifugation of PB on Ficoll, containing 

erythrocytes and neutrophils, was subjected to 

hypotonic lysis (155 mM NH4Cl, 10 mM KHCO3, 0.1 

mM EDTA, pH 7.4) for 15 min on ice. Following 

washes, cells were sorted using the EasySep human 

neutrophil Isolation kit (StemCell Technology, cat 

#17957). Neutrophil’s purity and viability were checked 

by morphology and flow cytometry. 

 

Datasets selection 

 

The NCBI Gene Expression Omnibus (GEO) database 

(http://www.ncbi.nlm.nih.gov/geo/) [30] was used to 

select transcriptome datasets to analyze genes 

expression in primary myelofibrosis (PMF) patients. 

Potential interesting datasets were identified using the 

mesh terms “myelofibrosis”, “JAK2V617F”, “JAK2”, 

“CD34+” and “Human”. The obtained datasets were 

ranked by number of samples (High to Low), age, 

gender, and clinical data made available by the authors. 

We selected two datasets (GSE53482, GSE41812,). A 

total of 78 samples (62 PMF patients and 16 healthy 

controls) were analyzed. The collection of the data 

samples is reported in Table 1. Supplementary 

information of sample recruited are available in Series 

Matrix File (s) (GEODataset). 

 

The GSE53482 (platform GPL13667) was composed of 

Peripheral Blood (PB) CD34+ Cells from 16 healthy 

donors and 42 PMF patients (23 PMF patients carrying 

the mutation JAK2V617F and 19 JAK2 wild-type 

samples) [31]. We selected data from GSE41812 

(platform GPL13667) relative to PB CD34+ cells of 20 

PMF patients (11 carrying the mutation JAK2V617F and 

9 were wild-type) [32].  

 

Dataset processing, experimental design, and 

statistic 

 

To process and identify Significantly Different 

Expressed Genes (SDEG) in all the selected datasets, 

we used the MultiExperiment Viewer (MeV) software. 

For multiple genes probes that insisted on the same 

GeneID, the ones with the highest variance were 

selected. For all data sets, the significance threshold 

level was p<0.05. The genes with p<0.05 were 

identified as SDEG and selected for further analysis. 

For all datasets, we performed statistical analysis with 

GEO2R, applying a Benjamini and Hochberg (False 

discovery rate) to adjust P values for multiple 

comparisons [33–35].  

From all datasets, we performed a comparative analysis 

of significantly expressed genes in PB CD34+ Cells 

from PMF patients carrying the mutation JAK2V617F 

compared to JAK2 wild-type PMF patients. We 

obtained 1278 upregulated and 2070 downregulated 

genes in JAK2V617F mutated patients compared to JAK2 

wild-type.  

 

For statistical analysis, Prism 8 software (GraphPad 

Software, USA) was used. Based on the Shapiro-Wilk 

test, almost all data were skewed, so parametric tests 

were used. Significant differences between groups were 

assessed using the Mann–Whitney U test, and the 

Kruskal-Wallis test was performed to compare data 

between all groups followed by Dunn's post hoc test. 

Correlations were determined using Pearson’s ρ 

correlation. All tests were two-sided and significance was 

determined at p < 0.05. The analysis of microarray data 

by Z-score transformation was used to allow the 

comparison of microarray data independently of the 

original hybridization intensities [36]. Raw intensity data 

for each experiment is log10 transformed and then used 

for the calculation of Z scores. Z scores are calculated by 

subtracting the overall average gene intensity (within a 

single experiment) from the raw intensity data for each 

gene, and dividing that result by the SD of all of the 

measured intensities, according to the formula:  

 

Z score (intensity G − mean intensity G1. . . 

Gn)/SDG1. . . Gn 

 

where G is any gene on the microarray and G1. . . Gn 

represents the aggregate measure of all the genes [37]. 

 

Real-time PCR 

 

RNA was extracted by Trizol® reagent (category no. 

15596026, Invitrogen, Carlsbad, CA, USA). The first-

strand cDNA was then synthesized with a High-

Capacity cDNA Reverse Transcription kit (category no. 

4368814, Applied Biosystems, Foster City, CA, USA). 

High cDNA quality was checked, taking into 

consideration the housekeeping gene Ct values. 

Quantitative real-time PCR was performed in Step-One 

Fast Real-Time PCR system, Applied Biosystems, using 

the SYBR Green PCR MasterMix (category no. 

4309155, Life Technologies, Monza, Italy). The 

specific PCR products were detected by the 

fluorescence of SYBR Green, the double-stranded DNA 

binding dye. Primers were designed using BLAST® 

(Basic Local Alignment Search Tool, NCBI, NIH), 

considering the shortest amplicon proposed and β-actin 

was used as the housekeeping gene. Primers were 

purchased by Metabion International AG (Planneg, 

Germany) (Table 2). The relative mRNA expression 

level was calculated by the threshold cycle (Ct) value of 

http://www.ncbi.nlm.nih.gov/geo/
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Table 1. Dataset information. 

N° Dataset GPL IGFBP-6 IDH1 Healthy PMF CD34+ JAK2V617F  +JAK2V617F - 

1 GSE53482 GPL13667 11717909_at 11718474_a_at 16 42 PB 23 19 

2 GSE41812 GPL13667 11717909_at 11718474_a_at 0 20 PB 11 9 

 

Table 2. Gene of interest primer sets. 

Gene of interest Forward primer (5′ → 3′) Reverse primer (5′ → 3′) 

TGFB CCCAGCATCTGCAAAGCTC GTCAATGTACAGCTGCCGCA 

BMP2 ATGGATTCGTGGTGGAAGTG GTGGAGTTCAGATGATCAGC 

SHH GCGAGATGTCTGCTGCTAGT TTACACCTCTGAGTCTCAGCC 

IGFBP-6 GACCAGGAAAGAATGTGAAAGGA GCTCTGCCAATTGACTTTCCTTAG 

β-Actin CCTTTGCCGATCCGCCG AACATGATCTGGGTCATCTTCTCGC 

 

each PCR product and normalized with β-actin by using 

a comparative 2-ΔΔCt method. 

 

Western blot analysis 

 

Briefly, for western blot analysis, 50 μg of proteins 

were loaded onto a 12% polyacrylamide gel Mini-

PROTEAN® TGXTM (BIO-RAD, Milan, Italy). 

Electro-transfer to nitrocellulose membrane was 

obtained through Trans- Blot® TurboTM (BIO-RAD), 

using Trans-Blot® SE Semi-Dry Transfer Cell (BIO-

RAD). Membranes were blocked in Odyssey Blocking 

Buffer (Licor, Milan, Italy), according to the 

manufacturer’s protocol. After blocking, membranes 

were washed three times in PBS for 5 min and 

incubated with primary antibodies against human α-

SMA, TGF-β, HMOX1, TLR3, TLR4, E – Cadherin, 

Col1a, and β-actin (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), overnight at 4° C. The next day, 

membranes were washed three times in PBS for 5 min 

and incubated with Infrared anti-mouse IRDye800CW 

(1:5000) and anti-rabbit IRDye700CW secondary 

antibodies (1:5000) in PBS/0.5% Tween-20 for 1h at 

room temperature. All the antibodies were diluted in 

Odyssey Blocking Buffer. The obtained blots were 

visualized by Odyssey Infrared Imaging Scanner (Licor, 

Milan, Italy). Densitometric analysis was used for 

protein levels quantification, normalizing data to protein 

levels of β-actin. 

 

Cytokine detection 

 

Cell culture supernatants collected 24h from cell-

laden hydrogel were frozen at −80° C until use. 

Multiplex immunobead assay technology 

(procartaplex Cytokine/Chemokine Magnetic Bead 

Panel, THERMO, MA; and Magpix analytical test 

instrument, Luminex Corp., Austin, TX) was 

performed on culture medium to determine 

concentrations of selected cytokines (BMP2, IL – 6, 

MMP2, CHI3L1, RANTES/CCL5, sRANKL, OPG, 

MMP9, TIMP – 1, IL – 8, MCP - 1). Culture medium 

from untreated cells and treated were evaluated. 

 

Immunocytochemistry analysis 

 

Cells were grown directly on coverslips before 

immunofluorescence and treated with IGFBP-6 at the 

final concentration of 200 ng/mL. After washing with 

PBS, cells were fixed in 4% paraformaldehyde 

(category no. 1004968350 Sigma-Aldrich, Milan, 

Italy) for 20min at room temperature. Subsequently, 

cells were incubated with primary antibody against p 

– NFkB, IRF3, and YAP1 at 1:200 dilution, overnight 

at 4° C. After 24h, cells were washed three times in 

PBS for 5 min and then incubated with TRITC 

secondary antibody (anti-goat, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) (1:200) for 1h 

at room temperature. The slides were mounted with a 

medium containing DAPI (4′,6- diamidino-

2phenylindole, category no. sc-3598, Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) to visualize 

nuclei. The fluorescent images were obtained using a 

Zeiss Axio Imager Z1 microscope with Apotome 2 

system (Zeiss, Milan, Italy). The specificity of 

immunostaining was verified by excluding incubation 

with the primary or secondary antibody, as the 

negative control. Immunoreactivity was evaluated 

considering the signal-to-noise ratio of 

immunofluorescence [38]. 

 

Statistical analysis 

 

Statistical analyses were performed using SPSS11.0 

software. Differences between experimental groups 

were determined by the Fisher method with statistical 



 

www.aging-us.com 25059 AGING 

significance (p<0.05). To compare treatment groups, 

the null hypothesis was tested by single-factor 

analysis of variance (ANOVA) for multiple  

groups. Likewise, the unpaired T-test method  

was used for two groups. Data are presented as  

mean ± SD.  

 

RESULTS 
 

IGFBP-6 was modulated in PMF patients 

 

To find a potential link between JAK2 and IGFBP-6, 

we first analyzed the z-score expression levels of 

IGFBP-6 in healthy, JAK2 wild type and JAK2V617F 

mutant PMF patients (Figure 1A). We observed a 

significant increase in IGFBP-6 z-score gene 

expression levels in PMF patients wild type for 

JAK2V617F mutation compared to healthy and to 

PMF patients who carried the JAK2V617F mutation 

(Figure 1A). Furthermore, no significant modulation 

was observed comparing IGFBP-6 expression levels 

between healthy subjects and PMF patients who 

carried the JAK2V617F mutation. Noteworthy, we 

observed no significant correlation between IGFBP-6 

and JAK2 expression levels in the selected samples 

for our analysis (Figure 1B). We then moved to 

analyze IGFBP-6 mRNA expression in primary 

isolated neutrophils positive and negative cells from 

PMF patients (Figure 1C). Interestingly, we  

observed that also in PMF JAK2WTneutrophils, 

IGFBP-6 mRNA expression was significantly 

increased.  

 

IGFBP-6 induces CAF differentiation in mesenchymal 

stem cells 

 

In order to highlight cellular mechanisms involved in 

BM fibrosis, we moved to study the effects of IGFBP-

6 signalling in HS5 cells. We exposed HS5 cells to 

200 ng/mL of IGFBP-6 for 24h and 48h and we then 

analyzed the expression levels of cancer-associated 

fibroblasts (CAFs) markers. Western blot analysis 

revealed that 24h post-IGFBP-6 exposition, the 

expression levels of the CAFs markers α-smooth 

muscle actin (α-SMA, Figure 2A, 2B), fibroblast 

activation protein (FAP, Figure 2A, 2C), and TGF-β 

(Figure 2A, 2D) were significantly increased as 

compared to control cells (Figure 2A–2D), indicating 

a CAFs transition of HS5 cells upon IGFBP-6 

signalling stimulation. α-SMA and TGF-β levels were 

significantly upregulated also 48h post-IGFBP-6 

exposition (Figure 2A–2D) and qRT-PCR confirmed 

TGF-β mRNA levels at 48h as compared to control 

cultures (Figure 2E). 

 

 
 

Figure 1. IGFBP-6 was modulated in PMF patients. (A) z-score expression levels of IGFBP-6 in healthy, JAK2 wild type, and JAK2V617F 

mutant PMF patients. (B) Correlation analysis between IGFBP-6 and JAK2 expression levels in the PMF patients. (C) mRNA expression of 
IGFBP-6 in neutrophils of PMF patients. * p<0.05. 



 

www.aging-us.com 25060 AGING 

IGFBP-6 induces genes associated with extracellular 

matrix and bone remodeling 

 

To further characterize HS5 cells phenotype upon 

IGFBP-6 stimulation and the potential 

microenvironmental conditioning mediated by CAFs 

differentiation, we analyzed the expression levels  

of several tumor invasiveness and progression 

mediators.  

We observed that both matrix metalloproteinase-2 

(MMP2) and MMP9 were increased 48h after IGFBP-6 

exposition (Figure 3A, 3B), and this was coupled with an 

increased expression of chitinase 3 like 1 (CHI3L1) after 

both 24h and 48h post-treatment (Figure 3C). We also 

observed that TIMP metallopeptidase inhibitor 2 

(TIMP2) levels were increased by IGFBP-6 stimulation 

at 24h, even if our data report near-normal levels at  

48h \post-IGFBP-6 exposition (Figure 3D). Also,

 

 
 

Figure 2. IGFBP-6 induces CAF differentiation in mesenchymal stem cells. (A) HS5 cells exposed to 200 ng/mL of IGFBP-6 for 24h and 
48h were lysed and subjected to immunoblotting using specific antibodies against α-SMA, FAP1, and TGF-β. Protein content was normalized 
to the housekeeping protein β-actin. The entire assay was made in triplicate, a representative one is shown. Signals from immunodetected 
bands were semi-quantified by densitometry. (B–D) Statistical analysis of data revealed that α-SMA expression was significantly increased in 
the HS5 cells IGFBP-6- induced for 24h and 48h (B), FAP1 expression was significantly increased in the HS5 cells IGFBP-6- induced for 24h (C) 
TGF-β expression was significantly increased in the HS5 cells IGFBP-6- induced for 24h and 48h (D). Data are presented as means ± sem. **p < 
0.01 and ***p < 0.001 vs. untreated. (E) qPCR results were obtained for TGF-β in HS5 cells exposed to 200 ng/mL of IGFBP-6 for 24h and 48h. 
Relative mRNA expression level normalized with β-actin by using a comparative 2-ΔΔCt method. **p < 0.01. 
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the levels of TNF receptor superfamily member 11b 

osteoprotegerin (OPG) and calcitonin were found to 

increase over time upon IGFBP-6 exposition (Figure 

3E, 3F). Finally, bone morphogenetic protein 2 (BMP2) 

expression was 2-fold increased in IGFBP-6 treated 

cells as compared to control (Figure 3G) and this was 

supported by an increased BMP2 mRNA expression 

(Figure 3H). 

 

Purmorphamine-mediated SMO activation 

recapitulates IGFBP-6 effects on HS5 cells 

 

In the effort to link IGFBP-6 effects with key inductors 

and regulators of cell fate and differentiation in the 

fibrotic process, we analyzed whether IGFBP-6 

stimulation was coupled with SHH de-regulation. SHH 

mRNA expression levels in control and IGFBP-6 

treated cells were robustly increased at both 24h and 

48h post-stimulation (Figure 4A). Such a phenomenon, 

IGFBP-6 stimulation was also coupled with an increase 

of GLI family zinc finger 1 (GLI1) nuclear translocation 

(Figure 4B), indicating that IGFBP-6 stimulation was 

able to induce the canonical SHH signalling pathway on 

HS5 cells. 

 

Noteworthy we analyzed SHH signalling pathway in 

peripheral blood-derived CD34+ cells sorted from 

microarray datasets and we observed that the GLI1 and 

GLI2 z-score expression levels in PMF patients who 

carried the JAK2V617F mutation were significantly 

reduced, compared to healthy subjects (Figure 4C). 

Furthermore, we highlighted a concomitant increase of 

the SHH receptor patched 1 (PTCH1) and the effector 

belonging to the pathway smoothened (SMO) in both 

 

 
 

Figure 3. IGFBP-6 induces the expression of mediators involved in proliferation and migration in HS5 cells. (A–G) Multiplex 
immunobead assay technology on HS5 cells exposed to 200 ng/mL of IGFBP-6 for 24h and 48h was performed on a culture medium to 
determine concentrations of indicated cytokines. Culture medium from untreated cells and treated cells were evaluated. (*P < 0.05) (H) qPCR 
results obtained for BMP2 in HS5 cells exposed to 200 ng/mL of IGFBP-6 for 24h and 48h. Relative mRNA expression level normalized with β-
actin by using a comparative 2-ΔΔCt method. *** P < 0.001. 
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Figure 4. Purmorphamine-mediated SMO activation recapitulates IGFBP-6 effects on HS5 cells. (A) qPCR results were obtained 

for SHH in HS5 cells exposed to 200 ng/mL of IGFBP-6 for 24h and 48h. Relative mRNA expression level normalized with β-actin by using a 
comparative 2-ΔΔCt method. **p <0.01; ***p < 0.001. (B) Immunofluorescence analysis were performed on HS5 cells treated with IGFBP-6 at 
the final concentration of 200 ng/mL, followed by fixing and staining with anti-Phalloidin (green) and anti-Gli1 (red). Nuclei were visualized 
using DAPI. Immunoreactivity was evaluated considering the signal-to-noise ratio of immunofluorescence (scale bar 20 μm). (C) z-score 
expression levels of Gli1, Gli2, GPATCH1, and SMO in healthy, JAK2 wild type, and JAK2V617F mutant PMF patients. (D–I) Multiplex 
immunobead assay technology on HS5 cells exposed or not to purmorphamine was performed on culture medium to determine 
concentrations of indicated cytokines. Histograms showed a significant increase of MMP9 (D), TIMP (E), CHI3L1 (F), BMP2 (G), OPG (H), and 
sRANKL (I) after purmorphamine stimulation, as compared to control. **p <0.01; ***p < 0.001. 
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PMF patient groups, JAK2WT and JAK2V617F 

mutant, compared to the healthy subjects (Figure 4C). 

 

Given the relevance and druggability of the SHH 

signalling pathway, we analyzed the levels of 

proliferation and migration mediators found as induced 

by IGFBP-6, in HS5 cells exposed to the SMO agonist 

purmorphamine. Intriguingly, we observed an IGFBP-6 

superimposable increase of MMP9 (Figure 4D), TIMP 

(Figure 4E), CHI3L1 (Figure 4F), BMP2 (Figure 4G), 

and OPG (Figure 4H) upon purmorphamine stimulation, 

as compared to control levels. Such evidence was 

coupled with a significant reduction of Soluble RANK 

Ligand (sRANKL) in purmorphamine-treated HS5 cells 

(Figure 4I). 

 

SHH/IGFBP-6/TLR4 axis activation in HS5 cells 

 

Given the toll-like receptor 4 (TLR4) and TLR3 role 

in PMF, we moved to analyze the expression levels of 

TLR4 and TLR3 in HS5 cells after IGFBP-6 

stimulation at both 24h and 48h. We found  

increased protein expression levels of both  

receptors as compared to control (Figure 5A–5C), 

 

 
 

Figure 5. IGFBP-6 induces TLR4 signalling on HS5 cells. (A) HS5 cells exposed to 200 ng/mL of IGFBP-6 for 24h and 48h were lysed and 

subjected to immunoblotting using specific antibodies against TLR4 and TLR3. Protein content was normalized to the housekeeping protein β-
actin. The entire assays were made in triplicate, a representative one is shown. Signals from immunodetected bands were semi-quantified by 
densitometry. (B, C) Statistical analysis of data revealed that TLR4 (B) and TLR3 (C) expression were significantly increased in the HS5 cells 
IGFBP-6- induced for 24h and 48h. Data are presented as means ± sem. **p < 0.01 and ***p < 0.001 vs. untreated. (D) Immunofluorescence 
analysis were performed on HS5 cells treated with IGFBP-6 at the final concentration of 200 ng/mL, followed by fixing and staining with anti-
pNF-kB (red), anti-IRF3 (red), and anti-YAP1 (green). Nuclei were visualized using DAPI. Immunoreactivity was evaluated considering the 
signal-to-noise ratio of immunofluorescence (scale bar 20 μm). 
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indicating that IGFBP-6 was able to modulate TLR4 and 

TLR3 signalling.  

 

We also performed an immunofluorescence analysis in 

IGFBP-6 exposed and control cells for phospho nuclear 

factor kappa B (pNF-kB), interferon regulatory factor 3 

(IRF3), and yes-associated protein 1 (YAP1, Figure 5D), 

finding that IGFBP-6 exposition increased 

immunofluorescence intensity of IRF3 while reduced 

pNF-kB and suppressed nuclear YAP1 in exposed HS5 

cells (Figure 5D). 

 

In the effort to link SHH signalling stimulation 

throughout purmorphamine, IGFBP-6 effects, and TLR4, 

we first analyzed whether purmorphamine was able to 

increase IGFBP-6 mRNA levels, confirming a 

mechanistic link between SMO activation and IGFBP-6 

expression levels (Figure 6A). Importantly, we also 

found that purmorphamine stimulation was able to induce 

a similar immunofluorescence profile of pNF-kB, IRF3, 

and YAP1 as compared to HS5 cells exposed to IGFBP-6 

(Figure 5D, 6B). Indeed, we found increased IRF3 in 

purmorphamine stimulated cell cultures and reduced 

expression of pNF-kB and YAP1 (Figure 6B). We then 

moved to analyze protein expression levels upon positive 

(i.e. purmorphamine) and negative (i.e. cyclopamine) 

modulation of SHH signalling pathway. Evaluating the 

effects of purmorphamine-induced SMO activation, we 

found that purmorphamine was able to increase both 

TLR4 and TLR3 protein expression levels (Figure 6E–

6G), and even more that cyclopamine, a SMO antagonist, 

was able to suppress TLR4 and TLR3 signalling (Figure 

6E–6G). Of note, co-treatment with both SMO agonist 

and antagonist did not affect TLR4 and TLR3 expression 

levels, as compared to control cell cultures (Figure 6E–

6G). 

 

We finally quantified expression levels of TLR4 after 

IGFBP-6 stimulation and cyclopamine-mediated SMO 

inhibition, confirming that IGFBP-6 increases TLR4 

levels but, importantly, this was abolished by cotreatment 

with the SMO antagonist cyclopamine (Figure 6H–6I). 

 

DISCUSSION 
 

In this study, we showed that IGFBP-6 is modulated in 

PMF patients and mediates CAFs differentiation, by 

regulating the expression of α-smooth muscle actin (α-

SMA), TGF-β and FAP-1 and also inducing the 

expression of critical factors for cell proliferation and 

migration in a stromal cell line. Our data also 

demonstrated that IGFBP-6 acts as a SHH signalling 

pathway modulator, resembling purmorphamine-

mediated SMO activation in HS5 cells. Finally, IGFBP-6 

regulation on TLR4 and TLR3 signalling, pNF-kB, and 

IRF3 expression, and YAP1 subcellular localization, 

provide novel and relevant insights on an emerging role 

for IGFBP-6 in controlling the fibrotic process, with 

implications in fibrosis pathogenesis in PMF patients. 

 

IGFBP-6 has never been reported as related to PMF, 

even though increased levels of IGF-2 and IGFBP-1, 

IGFBP-2, IGFBP-4 transcripts have previously been 

found in patients with PMF [4]. Interestingly, our study 

shows an increased IGFBP-6 level in PMF patients with 

wild-type JAK2, while IGFBP-6 was reduced in PMF 

patients bearing JAK2V617F mutation. 
 

IGFs are involved in fibroblast activation and 

mobilization and can be considered key chemotactic 

factors, playing a crucial role in promoting stromal 

fibroblast transition to CAFs [28]. Consistently, silencing 

IGFBP-6, IGF-I, or IGF-II expression in epithelial cells 

or blocking IGF-1 receptor (IGF-1R) activity in 

fibroblasts significantly inhibits fibroblast mobilization 

[28]. Our data show that the exposure of HS5 cells to a 

recombinant IGFBP-6 protein increases the expression of 

CAFs specific markers α-SMA, fibroblast activation 

protein (FAP1), and TGF-β1 [28, 39]. Interestingly, 

TGF-β is a multifunctional protein associated with lung 

fibrosis and tumor invasion. Indeed, cancer cells might 

modify the bone marrow niche by releasing fibrotic and 

angiogenic cytokines, including TGF-β1. TGF-β is also 

implicated in the pathogenesis of PMF and PMF 

development is attributable to aberrant interactions 

between neoplastic hematopoietic clones and 

mesenchymal stromal cells (MSCs) [40]. We also 

observed that the expressions of α-SMA and FAP1 

gradually increased in a time-dependent manner, 

suggesting that they were upregulated following the rise 

of TGFβ1 expression in HS5 cells exposed to 

recombinant IGFBP-6. Indeed, our data indicated that α-

SMA and TGF-β1 were still up-regulated after 48h after 

IGFBP-6 exposition and qRT-PCR confirms a significant 

increase of TGF-β mRNA levels also after 48h. 

Therefore, it can be assumed that fibroblasts activities are 

gradually enhanced during the initial stage of new tissue 

formation and IGFBP-6 may promote CAFs formation 

via regulating the fibroblast functions.  

 

Hallmarks of PMF include expansion of the 

megakaryocytic (MKs) lineage and bone marrow fibrosis 

with a progressive deposition of ECM components in the 

BM that favor the aberrant MKs differentiation. Our data 

showed that IGFBP-6 is able to induce high levels of 

MMP2 and MMP9, and tissue inhibitors of 

metalloproteinase (TIMP). Interestingly, it has been 

recently reported that IGFBP-7 participates in 

MMP2/TIMP2 and MMP9/TIMP1 balance, down-

regulation of TGFβ1 expression and degradation of the 



 

www.aging-us.com 25065 AGING 

 
 

Figure 6. IGFBP-6-induced TLR4 signalling is controlled by SHH signalling through SMO. (A) qPCR results obtained for IGFBP-6 in 

HS5 cells exposed or not to purmorphamine. Relative mRNA expression level normalized with β-actin by using a comparative 2-ΔΔCt method. 
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**P < 0.01 and ***P < 0.001. (B) Immunofluorescence analysis were performed on HS5 cells exposed or not to purmorphamine, followed by 
fixing and staining with anti-pNF-kB (red), anti-IRF3 (red), and anti-YAP1 (green). Nuclei were visualized using DAPI. Immunoreactivity was 
evaluated considering the signal-to-noise ratio of immunofluorescence (scale bar 20 μm). (C) HS5 cells exposed to purmorphamine, 
cyclopamine, or both were lysed and subjected to immunoblotting using a specific antibody against IGFBP-6. Protein content was normalized 
to the housekeeping protein β-actin. The entire assay was made in triplicate, a representative one is shown. Signals from immunodetected 
bands were semi-quantified by densitometry. (D) Statistical analysis of data revealed that IGFBP-6 expression was significantly increased after 
exposure to purmorphamine. Data are presented as means ± sem. **p < 0.01 and ***p < 0.001 vs. untreated. (E) HS5 cells exposed to 
purmorphamine, cyclopamine, or both were lysed and subjected to immunoblotting using specific antibodies against TLR4 and TLR3. Protein 
content was normalized to the housekeeping protein β-actin. The entire assay was made in triplicate, a representative one is shown. Signals 
from immunodetected bands were semi-quantified by densitometry. (F, G) Statistical analysis of data revealed that purmorphamine was able 
to increase while cyclopamine was able to suppress both TLR4 (F) and TLR3 (G) protein expression levels. Co-treatment with both SMO 
agonist and antagonist did not affect TLR4 and TLR3 expression levels, as compared to control cell cultures. Data are presented as means ± 
sem. **p < 0.01 and ***p < 0.001 vs. untreated. (H) HS5 cells exposed to IGFBP-6, cyclopamine, or both were lysed and subjected to 
immunoblotting using a specific antibody against TLR4. Protein content was normalized to the housekeeping protein β-actin. The entire assay 
was made in triplicate, a representative one is shown. Signals from immunodetected bands were semi-quantified by densitometry. (I) 
Statistical analysis of data revealed that TLR4 expression levels were significantly increased after IGFBP-6 stimulation, while a cotreatment 
with cyclopamine had a reducing effect on TLR4 expression. Data are presented as means ± sem. **p < 0.01 and ***p < 0.001 vs. untreated. 

 

ECM. Moreover, through the regulation of MMPs/TIMPs 

balance, SHH pathway mediates IGFBP-7 knockdown-

induced attenuation of hepatic fibrosis [41]. Several 

studies showed that marked up-regulation of TIMP-1 in 

PMF, as opposed to MMPs, may increase the proliferation 

of bone marrow fibroblasts, suggesting their functional 

relevance in this disease. We observed that TIMP2 levels 

are increased by IGFBP-6 stimulation at 24h and that 

TIMP2 levels return to near-normal values within 48h 

post-IGFBP-6 exposition, supporting the hypothesis that 

IGFBP-6 may modulate the BM niche, favor ECM 

deposition, and then MKs differentiation [4, 42–44]. PMF 

is also characterized by osteosclerotic tissue representing 

a pathological event distinguished by increased bone 

density and abnormal hardening and its pathogenesis is 

still largely unknown [45]. Our data demonstrated that 

IGFBP-6 increases the levels of OPG, calcitonin, and 

BMP2, suggesting a possible role of IGFBP-6 as a pro-

osteosclerotic agent in PMF. We also showed that IGFBP-

6 treatment resulted in a significant increase of non-

enzymatic chitinase-3 like-protein-1 (CHI3L1), which is 

involved in inflammation, fibrosis progression, tissue 

injury and repair, and remodelling responses [46, 47]. 

CHI3L1 is overexpressed in different human cancers [48] 

and CHI3L1 levels in PMF serum are increased, 

indicating that it is associated with disease progression 

from early-stage disease (ET, PV) to the myelofibrotic 

stage [49]. An increasing number of studies indicated that 

SHH signalling pathway is recognized in several fibrotic 

and malignant diseases [7], including PMF [50], and 

murine glioma-associated oncogene 1 (GLI1), a positive 

effector of canonical SHH signalling pathway, supports 

the development of BM fibrosis, a process that seems to 

be responsive to specific GLI inhibition [51]. 

Interestingly, it was found that IGFBP-related protein 1 

(IGFBPrP1) leads to HSC activation and ECM synthesis, 

and promotes the development of liver fibrosis via the 

SHH pathway activation [52, 53]. However, the 

mechanisms by which IGFBPrP1, MMP/TIMP balance, 

and the SHH signalling pathway regulate and interact with 

each other are not completely elucidated [41]. Our results 

indicated a superimposable biological effect of IGFBP-6 

and purmorphamine, a purine derivative acting as 

selective SMO agonist and able to modulate osteoblast 

differentiation [54]. In particular, the robust increase of 

the SHH mRNA at both 24h and 48h post-IGFBP-6 

stimulation, coupled with the increase of nuclear GLI 

family zinc finger 1 (GLI1) translocation in HS5 cells, 

suggest that IGFBP-6 may play a central role in activating 

this critical pathway for fibrosis. 

 

Given that PMF originates in the pluripotent 

hematopoietic stem cell (HSC) [55], we also examined 

the actions of SHH effectors on CD34+ peripheral 

blood cells, finding a reduction of GLI1 and GLI2. 

Evidence show that in approximately 10% of patients 

with JAK2V617F-negative PMF, some additional 

regulations may occur [55]. Therefore, we hypothesized 

that the control of IGFBP-6 on GLI1 could match a 

possible role for IGFBP-6 in the genesis of PMF by the 

regulation of SHH pathway. To further confirm this 

hypothesis, we analyzed other molecules with a role in 

PMF pathogenesis. MSC cells express several TLRs 

involved in cell migration, invasion, and secretion of 

immune-modulating factors and can activate MSC [56]. 

Specifically, TLR3-primed MSCs primarily secrete 

immunosuppressive cytokines, whereas TLR4-primed 

MSC, mostly elaborate pro-inflammatory mediators 

[57]. Recent genetic and genomic studies associate 

fibrosis with TLRs and their damage-associated 

molecular pattern (DAMP) endogenous ligands [58]. 

Here we observed that IGFBP-6 was able to modulate 

TLRs signalling, increasing protein expression levels of 

both TLRs. We also showed that IGFBP-6 modulated 

and potentiated the action of OPG, a member of the 

TNF superfamily receptor, throughout its key role in 

inflammation and TNF-α production. To date, possible 

regulation of IGFBPs on the expression of TLRs has 
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never been demonstrated, but it is known that IGF-I and 

IGFBP axis is effective in reducing the inflammatory 

response of astrocytes through decreased expression of 

TLR4 in gene therapy [59]. We then hypothesize that 

increased TLR signalling may contribute to the increase 

of TNF-α, through IGFBP-6 regulation, giving a new 

role for IGFBP-6 in this complex process.  

 

Notably, TLR signalling pathway activation is 

associated with lymphoproliferative disorders, 

myelodysplastic syndromes and PMF [60]. One of the 

most TLR-4 related inflammatory protein is the 

interferon regulator factor 3 (IRF3), specifically 

involved in TLR4-induced downstream signalling [61]. 

IRF3 is an important YAP activator that binds YAP, 

leading to its nuclear retention and activation [62]. In 

normal fibroblasts, YAP1 is located in the cytoplasm, 

while in the activated cancer-associated fibroblasts, it 

translocates in the nucleus and promotes the expression 

of genes required for pro-tumorigenic functions [63]. 

However, little is known about the dynamics of YAP1 

nuclear shuttling and there is no evidence that it is 

sequestered stably in the cytoplasm. Indeed, it has been 

found that YAP1 nuclear translocation is extensively 

controlled by export rate modulation [63]. Recent 

studies also highlighted the functional role of YAP in 

organ fibrosis and tumorigenesis [64]. Among the 

fibroblast activating molecules that can activate 

fibroblasts and are involved in PMF pathogenesis, we 

showed that IGFBP-6 raised IRF3 expression and was 

able to suppress the nuclear transfer of YAP1, 

increasing its amount in the cytoplasm.  

 

The cytoplasmic accumulation of YAP defines the 

consequent loss of its transcriptional co-activator 

function. IGFBP-6 could therefore increase the 

cytoplasmic quantity of IRF3 and at the same time 

promote the cytoplasmic transport of YAP1, 

suppressing its displacement in the nucleus. 

Interestingly, the immunofluorescence profile induced 

by IGFBP-6 resembled the profile produced by 

purmorphamine stimulation. Indeed, purmorphamine 

was able to increase IGFBP-6 mRNA levels, confirming 

a mechanistic link between SMO activation and IGFBP-

6 expression and a possible indirect regulation on 

IGFBP-6-mediated fibrosis. Recently, several authors 

showed the central role of TLR4 in PMF. During BM 

fibrosis progression, fibronectin EDA isoform–TLR4 

axis sustains the expansions of megakaryocytes with a 

proinflammatory phenotype [65]. Interestingly, our data 

showed also that IGFBP-6 was able to exert a direct 

effect on the regulation of TLR4. Particularly, IGFBP-6 

stimulation increased TLR4 levels but this effect was 

abolished by cotreatment with the SMO antagonist 

cyclopamine, suggesting that IGFBP-6 induced TLR4 

expression through SHH pathway. 

While the role of driver mutations like JAK2V617F 

partially explains PMF pathogenesis, the functional 

involvement of MSC remains poorly understood [66]. 

Although some data are available about the role of 

IGFs axis on fibroblast activation and PMF 

pathogenesis, the role of IGFBPs and in particular of 

IGFBP-6 on this complex process has still been poorly 

explored. In conclusion, we propose a new role for 

IGFBP-6 in the regulation of the fibrotic process, 

controlling a series of inflammation modulators and 

fibroblast activators, suggesting that this molecule is 

deeply involved in the SHH signalling pathway 

activation. Future additional studies are now warranted 

to further dissect IGFBP-6 functional role in 

myelofibrosis. 
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