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Article

Histological hallmarks and role of Slug/PIP axis
in pulmonary hypertension secondary to
pulmonary fibrosis
Gregoire Ruffenach1, Soban Umar1, Mylene Vaillancourt1, Jason Hong1,2, Nancy Cao1, Shervin Sarji1,

Shayan Moazeni1, Christine M Cunningham1, Abbas Ardehali3, Srinivasa T Reddy4, Rajan Saggar2,

Gregory Fishbein5 & Mansoureh Eghbali1,*

Abstract

Pulmonary hypertension secondary to pulmonary fibrosis (PF-PH)
is one of the most common causes of PH, and there is no approved
therapy. The molecular signature of PF-PH and underlying mecha-
nism of why pulmonary hypertension (PH) develops in PF patients
remains understudied and poorly understood. We observed signifi-
cantly increased vascular wall thickness in both fibrotic and non-
fibrotic areas of PF-PH patient lungs compared to PF patients. The
increased vascular wall thickness in PF-PH patients is concomitant
with a significantly increased expression of the transcription factor
Slug within the macrophages and its target prolactin-induced
protein (PIP), an extracellular matrix protein that induces
pulmonary arterial smooth muscle cell proliferation. We developed
a novel translational rat model of combined PF-PH that is
reproducible and shares similar histological features (fibrosis,
pulmonary vascular remodeling) and molecular features (Slug and
PIP upregulation) with human PF-PH. We found Slug inhibition
decreases PH severity in our animal model of PF-PH. Our study
highlights the role of Slug/PIP axis in PF-PH.

Keywords non-fibrotic area; prolactin-induced protein; Slug; vascular

remodeling
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Introduction

Pulmonary hypertension (PH) is a life-threatening disease character-

ized by an increased mean pulmonary arterial pressure (mPAP) over

25 mmHg. This increased pressure is due, at least in part, to the

thickening of distal pulmonary arterial walls as a result of uncon-

trolled proliferation of vascular wall cells (Vaillancourt et al, 2015;

Sharma et al, 2016). One of the most common forms of PH is

secondary to interstitial lung disease (group 3.2) with a prevalence

of about 30–40% in patients with pulmonary fibrosis (PF) (Lettieri

et al, 2006; Behr & Ryu, 2008; Simonneau et al, 2013). PH

secondary to PF is refractory to conventional drug therapies and is a

strong indication for lung transplantation. Despite the high preva-

lence of PH in this population, the molecular mechanism of PH

secondary to PF (PF-PH) remains under-investigated (Patel et al,

2007). PF-PH has been viewed as a process driven by lung fibrosis.

This view is supported by the study from Colombat et al (2007)

who found a significant positive correlation between the macro-

scopic extent of lung fibrosis and mean pulmonary artery pressure

in idiopathic PF patients, and by other studies reporting a correla-

tion between vascular wall thickness and severity of lung fibrosis in

PF (Parra et al, 2005; Mlika et al, 2015). However, other clinical

reports did not find any correlation between increased mPAP and

lung fibrosis (Mura et al, 2012) as measured by high-resolution

chest CT or forced vital capacity of PF patients (Nadrous et al, 2005;

Zisman et al, 2007; Nathan et al, 2019). Furthermore, a growing

body of evidence (Heath et al, 1968; Harari et al, 1997; Leuchte

et al, 2004; Kim et al, 2010) demonstrates that molecular differences

exist between PF and PF-PH patients, suggesting the involvement of

specific pathways in PF-PH patients. Pathological reports suggest

that vascular remodeling in PF patients is mainly limited to fibrotic

areas of the lung, whereas in PF-PH patients, it spreads to the non-

fibrotic area as well, although this histological observation was

never quantified (Heath et al, 1968; Kim et al, 2010). Taken

together, these reports further support a specific molecular mecha-

nism of PH development in PF-PH patients.

At the molecular level, the transcription factor Slug, also known

as Snai2, has already been implicated in PF (Jayachandran et al,

2009) where it is expressed by epithelial cells and can participate in
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extracellular matrix remodeling (Zhang et al, 2011; Boufraqech et al,

2016; Coll-Bonfill et al, 2016). Slug has also been implicated in

chronic obstructive pulmonary disease (Hopper et al, 2016) as well

as in pulmonary arterial hypertension (Ranchoux et al, 2015; Tomos

et al, 2017), where it is expressed by endothelial cells and participates

in endothelial to mesenchymal transition. Nonetheless, the role of

Slug has never been investigated in PF-PH patients to date.

In the present study, we have carefully examined the histological

features of the pulmonary vasculature between non-fibrotic and

fibrotic areas of the lung in PF and PF-PH patients. We also eluci-

dated a molecular signature of PF-PH that could drive the histologi-

cal differences in non-fibrotic areas between PF-PH and PF lungs.

We found that the transcription factor Slug is upregulated in PF-PH

when compared to PF lungs. In PF-PH patient lungs, we found that

upregulation of Slug was associated with increased vascular cell

proliferation via its target the prolactin-induced protein (PIP). We

developed a novel translational rat model of combined PF-PH that is

reproducible and shares similar histological features (fibrosis,

pulmonary vascular remodeling) and molecular features (Slug and

PIP upregulation) with human PF-PH. Our data show that Slug is

expressed in epithelial cells, macrophages, and fibroblasts, but Slug

expression is only significantly higher in macrophages in PF-PH

compared to PF both in human and in rat lungs. We also demon-

strate that Slug inhibition in our pre-clinical model of PF-PH

decreases PH severity and is associated with reduced PIP expres-

sion. Our study reveals a new role for Slug in promoting vascular

remodeling through its extracellular target PIP.

Results

Vascular wall thickening in non-fibrotic areas of distal
pulmonary arteries in patients with PH secondary to PF

We first examined differences in lung fibrosis and vascular remodel-

ing between patients with PF-PH and PF alone. The Ashcroft score

between PF and PF-PH patients was similar, but significantly higher

compared to Ctrl and PAH patients (Fig 1A). mRNA expression of

fibronectin, collagen I, and collagen III was also not significantly dif-

ferent between PF and PF-PH patients (Fig 1B–D). Furthermore,

vascular wall thickness was significantly increased in PAH and PF-

PH patients compared to Ctrl and PF. PF patients also exhibited

increased vascular thickening compared to Ctrl, but it was signifi-

cantly lower than in PF-PH patients (Fig 1E).

To examine whether there are any differences in vascular remod-

eling in areas of lung with different degree of fibrosis, vascular

remodeling was quantified in three different areas: non-fibrotic

(Ashcroft score 0–2), mild fibrosis (Ashcroft score 2–5), and severe

fibrosis (Ashcroft score > 5) in PF and PF-PH patients. There was a

direct correlation between Ashcroft score and distal vascular wall

thickness in our end-stage PF group. We observed the same correla-

tion in the PF-PH patient population but with a significantly higher

degree of vascular remodeling (Fig 1F). We then grouped mild and

severe fibrotic areas together to investigate vascular wall thickness

in non-fibrotic (Ashcroft score < 2) and fibrotic areas (Ashcroft

score > 2) in PF-PH versus PF patients. In non-fibrotic areas, signifi-

cant pulmonary vascular thickening was found in PF-PH versus PF

patients (Fig 1G). In both PF and PF-PH patients, fibrotic areas

yielded increased vascular remodeling when compared to non-

fibrotic areas of the lung (Fig 1G). Taken together, our data show

increased vascular wall thickening in the non-fibrotic and fibrotic

areas of PF-PH patients compared to PF, demonstrating a distinct

vascular remodeling pattern between PF-PH and PF patients.

Increased proliferation of vascular wall cells in PF-PH patients is
associated with upregulation of Slug and its target PIP

We investigated cell proliferation within the distal pulmonary vascu-

lar walls, a mechanism well known to participate in vascular wall

thickening in PH. Pulmonary vascular endothelial cells (EC) and

pulmonary vascular smooth muscle cells (SMC) were more prolifer-

ative in PF-PH compared to PF patients assessed by the percent of

Ki67-positive nuclei (Fig 2A). Given the known implication of the

transcription factor Slug in cell proliferation (Emadi Baygi et al,

2010; Yang et al, 2010) and extracellular matrix remodeling (Huang

et al, 2009), we compared the expression of Slug in the lungs of PF-

PH and PF patients. We found a 2.5-fold upregulation of Slug mRNA

and protein in PF-PH lungs compared to PF alone (Fig 2B and C). In

order to define which cell type(s) is responsible for Slug upregula-

tion in the lungs of PF-PH patients, we measured the expression of

Slug in 5 major cell types in the lungs: epithelial cells, fibroblasts,

macrophages, EC, and SMC. Our co-immunofluorescence staining

showed Slug is highly expressed in the epithelial cells and to lesser

extent in macrophages, fibroblasts, and EC (Fig 2D). More impor-

tantly, we found that expression of Slug is significantly increased

only in macrophages, without any change in CD68 transcript levels,

in PF-PH compared to PF patients (Fig 2E). Furthermore, Slug

expression was more abundant in the fibrotic areas of the lung in

▸Figure 1. Pulmonary vascular remodeling pattern in PF-PH patients is distinct from patients with PF alone.

A Masson’s trichrome representative images of pulmonary fibrosis and quantification.
B–D Relative transcript expression of (B) fibronectin, (C) collagen I, and (D) collagen III to GAPDH.
E Masson’s trichrome representative images of vascular wall thickening and quantification.
F Masson’s trichrome representative images and correlation between lung fibrosis and vascular wall thickness in PF and PF-PH patients. Out of the 14 PF and PF-PH

patients, 3 of them had no non-fibrotic area and therefore were excluded for comparison between non-fibrotic and fibrotic areas (n = 11/group; Ashcroft score
non-fibrosis: 0–2; mild fibrosis: 3–5; severe fibrosis > 5) (* compared to non-fibrotic areas of the same group of patients).

G Masson’s trichrome representative images of vascular wall thickening in non-fibrotic area (Ashcroft score 0–2) and fibrotic area (Ashcroft score > 2) and
quantification in PF and PF-PH.

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is written within each bar graph. Statistical test: panels
(A, E–G): ANOVA; panels (B–D): t-test (* versus Ctrl, † versus PF, ! versus PAH, $ versus PF-PH; **P < 0.01, ***P < 0.001, ****P < 0.0001, ††††P < 0.0001, !!!P = 0.0001,
!!!!P < 0.0001, $$$$P < 0.0001).
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both PF-PH and PF patients when compared to the non-fibrotic

areas (Fig 2F).

Based on our data, we hypothesized that Slug might be responsi-

ble for promoting vascular cell proliferation in PF-PH patients by

regulating the expression of extracellular matrix proteins. To test this

hypothesis, we used publicly available microarray data from 22 PF

and 45 PF-PH patients (Mura et al, 2012). The clinical characteristics

of the patients used in the microarray were comparable with our

cohort (Table 2 from Mura et al, 2012). Our analysis revealed a

significant upregulation of 59 genes known to be transcriptional

targets of Slug in PF-PH patients compared to PF (Fig 3A, and

Appendix Table S5). We found seven of these genes are implicated

in cellular proliferation and present in the extracellular space (Fig 3B

and C, Appendix Tables S6 and S7). Since the most upregulated

gene, mucin 4, is anchored to the cell membrane (Dhanisha et al,

2018) and is not secreted into the extracellular matrix, we focused

on the second most upregulated transcriptional target of Slug, the

prolactin-induced protein (PIP). We observed that PIP mRNA and

protein were upregulated in the lungs of our PF-PH patient popula-

tion compared to the PF population (Fig 3D and E). Immuno-staining

confirmed PIP upregulation in the extracellular space (Fig 3F).

To demonstrate the functional role of PIP on vascular cells, we

exposed human fibroblasts, EC, and SMCs to PIP and assessed cell

proliferation. We found PIP did not induce fibroblast proliferation

(Fig 3G) but was sufficient to induce EC and SMC proliferation

(Fig 3H–J).

Taken together, Slug upregulation in the lungs of PF-PH patients

is associated with increased expression of its transcriptional target

PIP leading to vascular cell proliferation.

Development of a new animal model recapitulating the
histological hallmarks of PH secondary to PF

Based on our above findings, we hypothesized that Slug inhibition

may reduce the severity of PH in PF-PH by targeting PIP. Bleomycin

has been used for decades to induce PF; however, the vascular

remodeling in bleomycin-treated rats has been shown to be only

present in fibrotic areas of the lung (Jarman et al, 2014). We also

found rats treated with bleomycin do not recapitulate histological

and molecular features of our PF-PH patients and were, therefore,

not suitable to test our hypothesis (Figs 4 and 5).

To circumnavigate this, we developed an animal model of PH in

pre-existing PF, by sequential instillation of bleomycin and MCT.

Since bleomycin treatment is known to produce two distinct phases,

an early inflammatory phase and a fibrotic phase starting around day

nine (Chaudhary et al, 2006), we started MCT after the second phase

to ensure PH development in a pre-existing fibrotic environment

similar to human pathology. Our data at day 14 post-bleomycin show

a significant increase of the Ashcroft score, as well as the mRNA

expression of fibronectin, collagen I, and collagen III compared to

Ctrl, confirming the development of pulmonary fibrosis in these

animals at this time point (Fig 4A–D). Therefore, MCT was adminis-

tered 14 days post-bleomycin instillation, and all rats were sacrificed

at day 35 as shown in Fig 4E. Measurement of RVSP and RV hyper-

trophy index confirmed the development of PH in this model of PF-

PH. Indeed, the RVSP of Bleo-MCT and MCT rats were similar but

significantly higher than Ctrl and Bleo rats (Fig 4F and G).

To confirm the relevance of this model to human disease, we

assessed lung fibrosis and vascular remodeling. As in humans, we

found the Ashcroft score and mRNA expression of collagen I and

collagen III were similar in Bleo and Bleo-MCT rats and significantly

higher when compared to the Ctrl and MCT groups (Fig 4H–K). The

expression of fibronectin was similar between MCT, Bleo, and Bleo-

MCT rats but significantly higher than Ctrl (Fig 4I). Furthermore,

vascular wall thickness was similar and increased in MCT and MCT-

Bleo rats when compared to Ctrl and Bleo rats (Fig 4L).

The comparison between fibrotic and non-fibrotic areas of the

lung showed that Bleo rats had significantly thicker vascular walls

in fibrotic areas compared to non-fibrotic areas (Fig 4M). Further-

more, Bleo-MCT rats showed a significantly increased distal

◀ Figure 2. PF-PH patients exhibit increased proliferation of vascular wall cells and increased Slug expression.

A Representative images of Ki67-positive pulmonary vascular endothelial cells (EC, vWF in green) and smooth muscle cells (SMC, aSMA in white) and quantification
(* versus PF, *P < 0.05, **P < 0.01).

B, C Relative expression of Slug mRNA (B) and protein (C) normalized to GAPDH in PF and PF-PH patients.
D Representative images of Slug (red) expression in bronchial epithelial cells (EpC), fibroblasts (Fib) (vimentin in green), macrophages (Mф, CD68 in green), pulmonary

vascular endothelial cells (EC, von Willebrand factor in green), and pulmonary vascular smooth muscle cells (SMC, aSMA in white); and quantification.
E Relative CD68 mRNA expression normalized to GAPDH.
F Representative images of Slug (red) expression in macrophages (Mф, CD68 in green) in non-fibrotic and fibrotic areas of the lung in PF and PF-PH patients and

quantification.

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph. Statistical test: panels
(A–E): t-test; panel (F): ANOVA (* versus PF; *P < 0.05).

▸Figure 3. Online lung microarray analysis revealed PIP as one of the Slug transcriptional targets mediating vascular cell proliferation in PF-PH.

A Heatmap of the 20 genes upregulated in GSE24988 microarray and known to be Slug transcriptional target.
B Venn diagram showing the overlap between Slug targets implicated in cell proliferation and known to be extracellular.
C Heatmap of the seven transcriptional targets of Slug known to promote proliferation and to be extracellular.
D, E Relative expression of prolactin-induced protein (PIP) mRNA (D) and protein (E) expression normalized to GAPDH in PF and PF-PH patients.
F Representative images of PIP immunohistochemistry showing its extracellular localization and quantification.
G–J Proliferation assay on healthy fibroblast (G), pulmonary arterial EC (H), and healthy pulmonary arterial SMC (I and J) in the presence or absence of PIP.

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph. Statistical test: panels
(D–F): t-test; panels (G–J): ANOVA (*P < 0.05, **P < 0.01 ***P < 0.001).
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vascular wall thickness in fibrotic and non-fibrotic areas of the lung

compared to Bleo rats, consistent with our observations in the

human disease (Fig 4M).

Collectively, these data provide the first evidence that our

animal model fulfills distal pulmonary vascular histological charac-

teristics of PH in end-stage PF-PH patients, while bleomycin alone

is not sufficient to recapitulate these histological features of PF-PH

patients.

Our animal model of PF-PH exhibits a pattern of lung vascular
wall cell proliferation and upregulation of Slug/PIP similar
to patients

We further compared lung vascular wall cell proliferation in our

animal model of PF-PH to human PF-PH pathology and to the rat

model of PF. Similar to patients, MCT-Bleo rats had a significantly

higher percent of Ki67-positive nuclei in EC and SMC in comparison

with Bleo rats (Fig 5A).

Next, we examined the expression of Slug and PIP in our animal

model. We found the expression of Slug mRNA and protein was

significantly upregulated in the lungs of Bleo-MCT rat lungs

compared to Bleo alone (Fig 5B and C). In order to define which cell

type(s) is responsible for Slug upregulation in the lung of Bleo-MCT

rats, we measured the expression of Slug in epithelial cells, fibrob-

lasts, macrophages, EC, and SMC. We found varying levels of Slug

expression in epithelial cells, fibroblasts, and macrophages, but only

in macrophages was the expression of Slug upregulated in Bleo-

MCT compared to Bleo rats similar to humans (Fig 5D), without

significant modification in CD68 mRNA (Fig 5E). Furthermore, in

Bleo-MCT rats, both fibrotic and non-fibrotic areas had greater

expression of Slug compared to Bleo alone, although the expression

of Slug in Bleo-MCT rats was significantly higher in fibrotic areas

when compared to non-fibrotic areas (Fig 5F).

Finally, the expression of PIP mRNA and protein levels was also

significantly increased in the lungs of Bleo-MCT rats compared to

Bleo rats (Fig 6A–C).

Taken together, these data demonstrate that our combined

animal model of PF-PH mimics the vascular remodeling and Slug

and PIP expression of human end-stage PF-PH patients, whereas the

bleomycin model of PF alone does not. Thus, our animal model

allowed us to examine the potential of Slug as a therapeutic target

to decreased PH severity in PF-PH.

Slug inhibition decreases PH severity in rats with pre-existing PF
and is associated with decreased PIP expression

To test our hypothesis that Slug inhibition reduces severity of PH in

PF-PH by targeting PIP, we silenced Slug in the lungs of Bleo-MCT

rats (Fig 7A). Our data show Si-Slug resulted in significantly

decreased Slug mRNA and protein expression compared to rats that

received scramble siRNA (Fig 7B and C), demonstrating the effi-

ciency of our knockdown. Slug inhibition in the presence of a PH

stimulus was sufficient to reduce PH severity in rats with pre-

existing PF as RVSP and right ventricular hypertrophy were signifi-

cantly lower compared to scramble siRNA (Si-Scrm)-treated rats

(Fig 7D and E).

Slug inhibition did not affect lung fibrosis since mRNA expres-

sion of fibronectin, collagen I, and collagen III as well as Ashcroft

scores was similar between Si-Slug and Si-Scrm rats (Fig 7F–I).

Nonetheless, vascular wall thickness was significantly lower in

◀ Figure 4. An animal model recapitulating most of the histological hallmarks of PH secondary to PF.

A Masson’s trichrome representative images of lung fibrosis and quantification 2 weeks after PBS or bleomycin instillation.
B–D Quantification of (B) fibronectin, (C) collagen I, and (D) collagen III mRNA.
E Schematic of experimental protocol. Animals were divided into 4 groups: control (Ctrl), pulmonary fibrosis (PF), pulmonary hypertension (PH), and PF secondary to

PH (PF-PH). At day 0, rats in the PF and PF-PH groups received an intratracheal instillation of bleomycin (2.5 mg/kg), whereas the Ctrl and PH groups received a
PBS instillation. At day 14, the PH and PF-PH groups received a subcutaneous injection of monocrotaline (MCT, 60 mg/kg), whereas the Ctrl and PF groups received
a subcutaneous injection of PBS.

F, G (F) Right ventricular systolic pressure (RVSP) and (G) right ventricular hypertrophy index following the experimental protocol.
H Masson’s trichrome representative images and quantification of Ashcroft score in the experimental model.
I–K Relative expression of fibronectin (I), collagen I (J), and collagen III (K) mRNA normalized to GAPDH.
L Masson’s trichrome representative images and quantification of vascular remodeling.
M Masson’s trichrome representative images and quantification of the vascular remodeling between fibrotic and non-fibrotic areas in the experimental model.

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph. Statistical test: panels
(A–D) : t-test; panels (F–M): ANOVA (* versus Ctrl, † versus PF, ! versus PH; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, †P < 0.05, †††P < 0.001. ††††P < 0.0001,
!P < 0.05, !!P < 0.01, !!!!P < 0.0001).

▸Figure 5. Our animal model of PF-PH exhibits similar vascular wall cell proliferation and Slug expression to PF-PH patients.

A Representative images and quantification of Ki67-positive (red) pulmonary vascular endothelial cells (EC, vWF in green) and smooth muscle cells (SMC) in the
experimental model (* versus Bleo, **P < 0.01).

B, C Relative expression of Slug mRNA (B) and protein (C) normalized to GAPDH.
D Representative images of Slug (red) expression in bronchial epithelial cells (EpC), fibroblasts (Fib, vimentin in green), macrophages (Mф, CD68 in green), pulmonary

vascular endothelial cells (EC, vWF), and smooth muscle cells (SMC, aSMA in white); and quantification (below) (* versus Bleo, P < 0.05).
E CD68 mRNA quantification.
F Representative images of Slug (red) expression in macrophages (Mф, CD68 in green) in non-fibrotic and fibrotic areas of the lung in Bleo and Bleo-MCT rats and

quantification.

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph. Statistical test: panels
(A, D, and E): t-test; panels (B, C, and F): ANOVA (* versus Ctrl, † versus PF, ! versus PH; *P < 0.05, **P < 0.01, †P < 0.05, !P < 0.05, !!P < 0.01).
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Si-Slug rats compared to Si-Scrm rats in both fibrotic and non-

fibrotic areas (Fig 7J and K). This decreased vascular wall thickness

was concomitant with a significant reduction in Ki67-positive nuclei

from EC and SMC (Fig 7L).

Furthermore, Si-Slug treatment significantly reduced the expres-

sion of Slug expression by the macrophages but had no effect on

CD68 expression (Fig 8A and B). In fact, Slug inhibition resulted in

downregulation of Slug in both fibrotic and non-fibrotic areas

(Fig 8C). Consistent with this change in Slug expression, levels of

PIP mRNA and protein were significantly decreased in Si-Slug

compared to Si-Scrm (Fig 8D–F).

In summary, Slug inhibition in the presence of a PH stimulus

decreases PH severity in rats with pre-existing PF by decreasing

vascular remodeling and PIP-mediated vascular wall cell

proliferation.

Discussion

In this study, we report a distinct pulmonary vascular remodeling

pattern that differentiates PF-PH and PF patients. In PF-PH patients,

we observed increased vascular wall thickening in both non-

fibrotic and fibrotic areas, whereas PF patients mainly exhibit

vascular wall thickening in fibrotic areas. We also identified the

transcription factor, Slug, which is significantly upregulated in the

lung macrophages of PF-PH compared to PF patients. In addition,

we report that Slug upregulation in the lungs of PF-PH patients is

associated with increased vascular cell proliferation via its tran-

scriptional target PIP. Our study and others demonstrate that the

well-accepted experimental model of PF induced by bleomycin

alone does not recapitulate histological characteristics of end-stage

PF-PH patients (Jarman et al, 2014). Thus, we developed a

combined model of PF-PH in rats that mimics vascular remodeling

(in both fibrotic and non-fibrotic areas of lung) and expression of

Slug and PIP in end-stage PF-PH patients. Our data show that while

Slug is expressed in epithelial cells, macrophages, and fibroblasts

in the lung, Slug expression is only significantly higher in PF-PH

compared to PF in macrophages both in rat lungs similar to

humans. Using this model, we found that Slug inhibition in the

presence of a PH stimulus decreases PH severity in rats with pre-

existing PF by decreasing vascular remodeling and PIP-mediated

vascular wall cell proliferation.

In the present study, we showed a correlation between fibrosis

severity and vascular wall thickness in end-stage PF-PH patients

(Fig 1F and G). This correlation was previously described in PF

patients (Parra et al, 2005; Mlika et al, 2015) and agrees with the

data presented here. The presence of vascular remodeling in the

non-fibrotic areas of the lung in PF-PH patients was suggested by

others, yet never previously quantified (Heath et al, 1968; Kim et al,

2010). Colombat et al, 2007 recently found a significant positive

correlation between the macroscopic extent of lung fibrosis and

mean pulmonary artery pressure in idiopathic PF patients, suggest-

ing that the increased pressure is only driven by lung fibrosis.

However, several other studies did not find any significant dif-

ferences between lung fibrosis in PF-PH patients compared to PF

(Nadrous et al, 2005; Zisman et al, 2007; Nathan et al, 2019). To

examine whether the increased vascular remodeling in PF-PH is due

to an increase in lung fibrosis, we compared the Ashcroft score as

well as the expression of pro-fibrotic markers between PF-PH and

PF patients. We did not find any significant differences between

Ashcroft score and the expression of fibronectin, collagen I, and

collagen III between PF and PF-PH patients (Fig 1A–D) suggesting

A B

C

Figure 6. Increased PIP expression in the lungs of PF-PH compared to PF rats.

A, B Relative expression of PIP mRNA (A) and protein (B) normalized to GAPDH.
C Representative images and PIP quantification.

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph (t-test; *P < 0.05,
**P < 0.01).
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that the increase in vascular remodeling in PF-PH is driven by acti-

vation of specific molecular pathways. In fact, other groups demon-

strated distinct molecular differences between PF and PF-PH

patients suggesting the activation of specific molecular pathways in

driving PH (Harari et al, 1997; Leuchte et al, 2004; Nadrous et al,

2005; Mura et al, 2012). For example, Mura et al, 2012 demon-

strated a heightened inflammatory response and increased cell

proliferation were implicated in this process.

In the context of left heart disease, it has been shown that about

50–80% of patients develop PH (group 2) due to a passive increase

of pulmonary vascular pressure. Overtime, in a subset of these

patients, PH will be sustained via an active mechanism leading to

vascular remodeling (Guazzi, 2014; Breitling et al, 2015). We

believe a similar paradigm could apply to PF-PH patients, where PF

patients may initially show increased pressure arising from lung

fibrosis that, over time, may induce specific molecular changes in

the vascular walls. The cause of these molecular and cellular

changes remains largely unknown, although various environmental

and genetic factors may play a role and should be investigated

further in future studies.

Bleomycin has been used for decades to induce experimental

model of PF. Mice on chronic low dose of bleomycin have also

been shown to develop some degree of PH (Collum et al, 2017;

Mertens et al, 2018). The development of PH in mice on chronic

dose of bleomycin was mitigated by hyaluronan synthase inhibi-

tion (Collum et al, 2017) and also in smooth muscle cell adeno-

sine A2b receptor knockout mice (Mertens et al, 2018). Since mice

never develop severe pulmonary vascular remodeling as in rats

and do not mimic histopathological features of human PH, we

developed our combined model of PF-PH in rats. We found that

rats treated with bleomycin alone do not recapitulate the histologi-

cal and molecular features of PF-PH patients. For example, bleo-

mycin alone only induces vascular remodeling within the fibrotic

areas, and Slug is not upregulated in the lungs of rats in bleo-

mycin alone group (Fig 5C; Jayachandran et al, 2009). In addition,

lung expression levels of Slug and PIP in rats were only upregu-

lated in combined PF-PH compared to PF alone as in human

lungs. Therefore, we developed a new animal model, by sequen-

tial administration of bleomycin and MCT in rats, that better reca-

pitulates the histological differences (vascular remodeling in both

fibrotic and non-fibrotic areas) and molecular differences (Slug

and PIP upregulation) observed in our PF-PH patients (Figs 4 and

5). Our novel animal model provides a new tool to understand

group 3 PH pathology.

Modification of the vascular ECM is part of the vascular

remodeling mechanism seen in PH and has recently been investi-

gated in PF-PH patients (Milara et al, 2016). However, in our

study we did not find any significant differences between collagen

I, collagen III, and fibronectin expression in PF-PH compared to

PF in both rats and humans. The lack of changes in fibrotic mark-

ers in the whole lung tissue does not indicate the absence of

increased deposition of vascular ECM. These proteins are also

involved in lung fibrosis so local vascular changes of the ECM

may be masked by the high concentration of these proteins in the

lung parenchyma.

Transcription factor Slug has been implicated in PAH, as well as

in COPD (Ranchoux et al, 2015; Coll-Bonfill et al, 2016; Hopper

et al, 2016). In our study, we are investigating the role of Slug for

the first time in PH secondary to PF, for which the clinical presenta-

tion as well as the underlying mechanism of PH is different from

PAH and COPD patients. We found expression of Slug is signifi-

cantly upregulated in the lungs of PF-PH compared to PF patients.

In the lung, Slug is highly expressed in the epithelial cells and to

lesser extent in macrophages, fibroblasts, and EC (Figs 2D and 5D).

While previous studies show Slug expression in SMC in PAH

patients (Coll-Bonfill et al, 2016), we did not detect Slug expression

in SMC in PF-PH patients nor in our animal model. Taken together,

these data strengthen the molecular differences between PF-PH and

PAH pathologies. While Slug expression was found in multiple cell

types, our data show Slug upregulation in PF-PH compared to PF is

driven by its significantly higher expression in macrophages in both

human and rat lungs. Although the inflammatory nature of MCT in

the combined PF-PH rats could be a confounding factor compared to

PF rats who receive bleomycin alone, there were no significant dif-

ferences in CD68 transcript levels between PF and PF-PH rats

suggesting that the sequential administration of bleomycin and MCT

does not induce an increased recruitment of macrophages in our

study. The expression of Slug in inflammatory cells has already

been shown in other diseases (Inoue et al, 2002; Moldovan & Kuse-

witt, 2007), but, to our knowledge it has never been demonstrated

in any form of PH.

To further examine how Slug upregulation may participate in

vascular remodeling in PF-PH patients, we reanalyzed publicly

available microarray data from PF and PF-PH patients. We used

online microarray data as a discovery tool to identify Slug targets

that are implicated in vascular remodeling and secreted in the

extracellular space. Our cohort and cohort used in online microar-

ray have similar clinical characteristics such as age, sex, and

◀ Figure 7. Slug inhibition reduces PH severity in our rat model of PF-PH.

A Experimental schematic of the prevention protocol. All rats received bleomycin at day 0 and MCT at day 14. Starting at day 17, rats received five intratracheal
nebulizations (twice a week for 3 weeks) of either a small interfering RNA (siRNA) directed against Slug (Si-Slug) or scramble siRNA (Si-Scrm).

B, C Relative expression of Slug protein (B) and mRNA (C) normalized to GAPDH.
D, E Right ventricular systolic pressure (RVSP) and (E) right ventricular hypertrophy index in PF-PH rats treated with Si-Slug compared to Si-Scrm.
F–H Relative expression of fibronectin (F), collagen I (G), and collagen III (H) normalized to GAPDH.
I Masson’s trichrome representative images and quantification of the Ashcroft score.
J Masson’s trichrome representative images and quantification of vascular wall thickness.
K Masson’s trichrome representative images and quantification of the vascular remodeling between non-fibrotic and fibrotic areas of the lung.
L Representative images and quantification of Ki67-positive (red) pulmonary vascular endothelial cells (EC, vWF in green) and smooth muscle cells (SMC, aSMA in

white).

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph. Statistical test: panels
(B–J): t-test; panels (K and L): ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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forced vital capacity (Mura et al, 2012). Our analysis revealed

upregulation of 59 transcriptional targets of Slug in PF-PH versus

PF patients (Fig 3A–C). Among these genes, we identified PIP, an

extracellular matrix protein known to induce cancer cell prolifera-

tion (Naderi & Meyer, 2012; Baniwal et al, 2013), and confirmed

its upregulation in our PF-PH patients (Fig 3D–F). The fact that we

were able to validate PIP upregulation in our own cohort further

strengthens the implication of PIP in PF-PH patients. Furthermore,

our data demonstrate the role of PIP in vascular remodeling by

promoting SMC and EC proliferation isolated from pulmonary

artery in vitro (Fig 3G). Our data show PIP does not promote

fibroblast proliferation, and therefore, PIP may not directly partici-

pate in the development of pulmonary fibrosis (Fig 3G). Further-

more, reduced expression of PIP by Slug-siRNA did not have any

effect on the Ashcroft score or the expression of the fibronectin,

collagen I, and collagen III, further supporting the absence of a role

for Slug/PIP axis in fibroblast remodeling (Fig 6E–H). Our data

support the presence of histological and molecular differences

Table 1. Clinical characteristics of the patients.

Ctrl (n = 4) PF (n = 14) PAH (n = 7) PF-PH (n = 14)

Age (years) 25 � 4.5 61 � 10 43 � 11 62 � 9

Sex Male, n (%) 4 (100) 9 (64) 0 (0) 8 (57)

Diagnostic, n (%) IPF, 7 (50) IPAH, 7 (100) IPF-PH, 8 (57)

ILD, 7 (50) ILD, 6 (43)

mPAP (mmHg, n) – 20 � 4 (14) 63 � 8 (7) 32 � 2 (14)

CO (l/min, n) – 5.4 � 1.2 (13) 5.5 � 1.9 (7) 4.6 � 1.0 (13)

PVR (wood unit, n) – 2.6 � 0.7 (9) 9.10 � 5.9 (3) 4.8 � 1.7 (9)

Time lapse (month) – 7.8 � 5 (14) 13.5 � 7.5(6) 11 � 10 (14)

6MWD (m, n) – 221 � 123 (11) 230 � 105 (6) 194 � 129 (11)

FVC (L, n) – 2.13 � 1 (13) – 1.87 � 1 (14)

FVC (%predicted, n) – 48.9 � 19 (13) – 49.9 � 19 (14)

FEV1(L, n) – 1.78 � 0.8 (13) – 1.57 � 0.7 (14)

FEV1 (% predicted, n) – 54.1 � 22 (13) – 56.0 � 19 (14)

FEV1/FVC – 83.8 � 5.7 (13) – 85.6 � 8.4 (14)

DLCO (ml/min/mmHg2, n) – 6.4 � 2.4 (11) – 6.6 � 2.9 (12)

DLCO (% predicted, n) – 24.4 � 1.8.1 (12) – 26.5 � 9.4 (11)

Oxygen saturation (%, n) – 96.1 � 3.1 (14) – 97.1 � 2.5 (14)

Oxygen use (L) – 3.53 � 1.9 (13) – 4.9 � 1.9 (14)

Medication, n (%)

Antifibrotic – 1 (7)) 0 (0) 2 (14)

Prostacyclin – 0 (0) 7 (100) 1 (7)

ET1R inhibitor – 1 (7) 6 (86) 1 (7)

PDE5 inhibitor – 0 (0) 7 (100) 4 (28)

Definition of abbreviations: mPAP: mean pulmonary arterial pressure; CO: cardiac output; PVR: pulmonary vascular resistance; Time lapse: time between the right
heart catheterization and transplant/death. 6MWD: 6-min-walking distance; ILD: interstitial lung disease (other than IPF); IPAH: idiopathic PAH; IPF: idiopathic
pulmonary fibrosis; PAH: pulmonary arterial hypertension; PH: pulmonary hypertension; PF: pulmonary fibrosis. Values are expressed as mean � SD.

◀ Figure 8. Slug inhibition reduces vascular remodeling and proliferation of vascular wall cells.

A Representative images and quantification of Slug-positive macrophages (Slug, red; CD68 green).
B Relative expression of CD68 mRNA normalized to GAPDH.
C Representative images and quantification of Slug-positive macrophages between non-fibrotic and fibrotic areas of the lung.
D, E Relative expression of PIP mRNA (D) and protein (E) normalized to GAPDH.
F Representative images and quantification of PIP immunohistochemistry.
G Proposed mechanism. In pulmonary fibrosis, vascular wall thickening is mainly seen in fibrotic areas of the lung, while in PH secondary to PF, vascular remodeling

is seen in both fibrotic and non-fibrotic areas of the lung. The extension of vascular wall thickening to the non-fibrotic areas of the lung in PF-PH is concomitant
with an increased expression of Slug and PIP in the lungs in both fibrotic and non-fibrotic areas. At the cellular level, Slug upregulation in macrophages in PF-PH
leads to increased PIP expression in the extracellular space, which in turn triggers SMC proliferation leading to vascular wall thickening observed in fibrotic and
non-fibrotic areas of the lung (ECM: extracellular matrix; SMC/EC: smooth muscle cells and endothelial cells).

Data information: Values are expressed as mean � SEM. The number of samples per group for each experiment is included within each bar graph. Statistical tests:
panels (A, B, and D–F): t-test; panel (C): ANOVA (*P < 0.05, **P < 0.01, ****P < 0.0001).
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between PF-PH and PF patients and give the first evidence of the

role of Slug in macrophages in promoting vascular wall cell prolif-

eration through the presence of its target PIP in the extracellular

space in PF-PH lung.

While the molecular mechanism by which PIP promotes SMC

and EC proliferation in the setting of PF-PH is not known, PIP has

been shown to induce cell proliferation by multiple pathways in

cancer. Recently, it was demonstrated that PIP is an aspartyl protei-

nase able to cleave fibronectin (Caputo et al, 2000). In turn, fibro-

nectin fragments induce cell proliferation (Naderi & Meyer, 2012).

In another study, Baniwal et al (2013) demonstrated that PIP inhibi-

tion decreases cell proliferation and migration through the focal

adhesion kinase, which is known to be increased in the remodeled

vessels of PF patients (Lagares et al, 2012), and promotes

pulmonary artery SMC migration and proliferation in PAH (Paulin

et al, 2014). These evidence highlight the role of PIP in cell prolifer-

ation through various mechanisms, all of which could potentially be

relevant in PF-PH pathology and should be investigated in future

studies. Although we demonstrated the role of PIP in SMC and EC

proliferation, we also identified six other transcriptional targets of

Slug found to be upregulated in PF-PH versus PF patients that are

involved in proliferation and are secreted into the extracellular

space. These genes could also drive mechanistic differences between

PF-PH and PF patients. For example, we identified the latent-trans-

forming growth factor beta-binding protein 4 (LTBP4) which binds

and activates TGF-b in the extracellular matrix (Koli et al, 2004).

This pathway may play an important role in PF-PH development

since TGF-b is implicated in lung fibrosis (Tatler & Jenkins, 2012)

and PH (Botney et al, 1994; Gore et al, 2014). The insulin growth

factor binding protein 2 (IGFBP2), another protein upregulated in

PF-PH, is known to control the activation of insulin growth factors

and is also implicated in PH pathogenesis (Guiot et al, 2016). This

protein is also a predictive marker of idiopathic PF severity (Guiot

et al, 2015, 2016) which highlights its potential role in PF-PH

pathology.

In agreement with our in vitro experiments showing exogenous

PIP is able to induce proliferation in both SMC and EC, our

in vivo experiments also show Slug inhibition is associated with

decreased expression of PIP and decreased vascular remodeling

leading to a decreased PH severity (Figs 7J and 8D and E). These

experiments together support the role of Slug/PIP axis in promot-

ing pulmonary vascular remodeling and demonstrate the therapeu-

tic potential of Slug inhibition in a pre-clinical model of PF-PH

(Figs 6 and 7).

Our research identifies histological and molecular differences

between PF-PH and PF patients and gives the first evidence of the

implication of Slug/PIP axis in PF-PH pathophysiology. Whether our

findings can be applied to other forms of PF remains to be seen. As

in all animal models, our combined animal model of PF-PH has

some limitations. While we found this model represents the aspects

of end-stage disease in humans studied here, further investigation is

necessary to identify whether it represents other histological and

molecular characteristics of PF-PH as well.

This study highlights histological and molecular differences

between end-stage PF and PF-PH patients by the presence of

vascular remodeling in non-fibrotic areas of the lung in end-stage

PF-PH patients and implicates the Slug/PIP axis in vascular remod-

eling (Fig 8G). Furthermore, we demonstrate that Slug inhibition

reduces PH severity in a pre-clinical model of PF-PH, which may

pave the way toward a better understanding of this debilitating

disease.

Materials and Methods

Human tissue samples

Prior to collecting patient lung samples, we obtained institutional

review board approval from the Office of the Human Research

Protection Program (OHRPP) at UCLA and informed consent from

all subjects and confirmed that the intended experiments

conformed to the principles set out in the WMA Declaration of

Helsinki and the Department of Health and Human Services

Belmont Report. Lung sections were obtained from explanted

lungs at end stages of lung diseases (at the time of lung transplant

or deceased) including pulmonary fibrosis (PF, n = 14),

pulmonary arterial hypertension (PAH, n = 7), pulmonary hyper-

tension secondary to pulmonary fibrosis (PF-PH, n = 14), and

control (with no history of lung disease, Ctrl, n = 4). Out of the

14 PF and PF-PH patients, 3 had no non-fibrotic area and there-

fore were excluded for comparison between non-fibrotic and

fibrotic areas. For Ctrl and PAH patients, we only had access to

slides. For PF and PF-PH patients, out of 14 patients in each

group, we had access to the slides and lung samples from 6

patients in each group and we only had access to slides for

remaining 8. Clinical characteristics of patients and control

subjects are given in Table 1. In addition, Appendix Table S1

provides individual values of the parameters listed in Table 1 for

each patient. Considering mPAP > 40 mmHg is one of the most

accepted criteria to define severe PH in PF patients (although

there is still no consensus to define mild and severe PH, Trammell

et al, 2015), 12 of our PF-PH patients (85%) would be classified

as mild PH, and two patients with mPAP of 44 and 47 mmHg

would be classified as severe PH. We included these two patients

in our study since all of their other parameters did not signifi-

cantly differ from the other PF-PH patients in this group (Table 1

and Appendix Table S1).

Animal model

Male, Wistar rats (~200–250 g) were purchased from Charles River

Laboratories. All experimental protocols received Animal Research

Committee (ARC) at UCLA institutional review and committee

approval. Animals were divided into four groups (n = 7/group):

control (Ctrl), pulmonary fibrosis (PF), pulmonary hypertension

(PH), and PF secondary to PH (PF-PH). At day 0, rats in the PF and

PF-PH groups received an intratracheal instillation of bleomycin

(2.5 mg/kg) (Tomos et al, 2017), whereas the Ctrl and PH groups

received a PBS instillation. At day 14, the PH and PF-PH groups

received a subcutaneous injection of monocrotaline (MCT, 60 mg/

kg), whereas the Ctrl and PF groups received a subcutaneous injec-

tion of PBS (Fig 4E).

To examine whether Slug inhibition can decrease PH severity

in rats with pre-existing PF, rats were randomly divided into the

control and Slug inhibition groups (10 rats/group). All rats

received bleomycin at day 0 and MCT at day 14. Starting at day
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17, rats received five intratracheal nebulizations (twice a week

for 3 weeks) of either a small interfering RNA (siRNA) directed

against Slug (Si-Slug group; Dharmacon A-093398-13-0050;

5 nmol) or scramble siRNA (Si-Scrm; Dharmacon D-001910-01-50;

5 nmol) (Fig 7A).

Tissue preparation, staining, and imaging

Lungs were fixed in 4% paraformaldehyde, immersed in 20%

sucrose, mounted in OCT compound, and sectioned with microtome

at 5 lm. Paraffin-embedded control lung sections, obtained from

the UCLA pathology laboratory, were sectioned at 5 lm. Images

were acquired using a confocal microscope (Nikon).

After removing OCT or paraffin, all slides were boiled for 30 min

in citrate buffer as an antigen retrieval step. For nuclear staining,

slides were further immersed in cold methanol for 5 min to ensure

nuclear permeabilization. Slides were then blocked with PBS 1×

with 0.2% Triton and 10% goat serum for 1 h. Primary antibody

was applied to the slides overnight at 4C in PBS 1× with 0.2% Triton

and 5% goat serum. Secondary antibody was incubated for 2 h at

37C. All co-immunofluorescence was done in sequence. Primary

antibodies used were as follows: Ki67 (Millipore, AB9260, 1:200);

Slug in rats (Abcam, 27568, 1:500); Slug in human (LS Bio, LS-

C175161, 1:200); Cd68 in human (Bio-Rad, MCA5709A647, 1:500);

Cd68 in rats (Bio-Rad, MCA341A647, 1:500); aSMA (Novus, NBP2-

34522AF647, 1:500); vWF (Abcam, Ab6994, 1:200); vimentin (Cell

Signaling, CS3932, 1:200); and PIP (LS Bio, LS-B15418, 1:250).

Secondary antibodies used were as follows: biotinylated anti-rabbit

(Abcam, ab97062, 1:500); streptavidin-HRP (Abcam, ab7403,

1:1,000); anti-mouse (594) (Invitrogen, A11005, 1:1,000); anti-

mouse (488) (Invitrogen, A11001, 1:1,000); anti-rabbit (594) (Invit-

rogen, A11012, 1:1,000); and anti-rabbit (488) (Invitrogen, A11008,

1:1,000).

Western blot analysis

Proteins were extracted using RIPA buffer (Sigma, R0278) supple-

mented with protease inhibitor (cOmplete Mini, 11836153001) and

phosphatase inhibitor (Roche, 04906845001). Protein concentration

was measured using a Bradford assay (Sigma, B6916). 20 lg of

protein was loaded per well of the gel. Primary antibody was

applied to the membrane overnight at 4C, and secondary antibody

was applied at room temperature for 1 h. The membrane was

revealed using the Odyssey apparatus from Li-Cor. Western blot

quantification was performed using Image Studio software. The

intensity of each band was assessed for each sample and antibody.

GAPDH intensity was used to normalize the protein loading.

Primary antibodies used were as follows: Slug for rats (Abcam

27568, 1:1,000); Slug for human (LS Bio, LS-C175161, 1:1,000);

GAPDH (Novus, NB300-327, 1:2,000); and PIP (LS Bio, LS-B15418,

1:1,000). Secondary antibodies used were as follows: anti-mouse

(800) (Li-Cor, 926-68070, 1:5,000) and anti-rabbit (680) (Li-Cor,

926-68070, 1:5,000).

Real-time PCR

Total RNA from lungs was isolated with TRIzol and reverse-tran-

scribed with poly-dT primers using Omniscript reverse transcription

kit (Qiagen). Real-time PCR was performed on polyA+ cDNA with

specific primers using iTaq Universal SYBR� (Bio-Rad). GAPDH was

used as a housekeeping gene to normalize the transcript expression

of each gene to GAPDH.

Specific primers used in human:

GAPDH (NM_002046) forward: ATCTTCTTTTGCGTCGCCAG,

reverse: GGCGCCCAATACGACCAAA; SLUG (NM_003068) forward:

CGAACTGGACACACATACAGTGAT, reverse: GAGAGGCCATTGGG

TAGCTG; PIP (NM_002652) forward: TCCCAAGTCAGTACGTCCA

AA, reverse: CACCTTGTAGAGGGATGCTGC; collagen 1a1 (NM_

000088) forward: TCTCCCCAGAAGACACAGGAA, reverse: GACT

CTCCTCCGAACCCAGT; collagen 3a1 (NM_000090) forward:

CTTCTCTCCAGCCGAGCTTC, reverse: TAGTCTCACAGCCTTGCGTG;

fibronectin (NM_212482) forward: GTGCCATTTGCTCCTGCAC,

reverse: CTCGGGAATCTTCTCTGTCAGC; CD68 (NM_001251)

forward: GTCTACCTGAGCTACATGGCG, reverse: GATGAGAGGC

AGCAAGATGGA.

Specific primers used in rats:

GAPDH (NM_017008) forward: GTGCCAGCCTCGTCTCATAG,

reverse: GGTAACCAGGCGTCCGATAC; SLUG (NM_013035) forward:

AGACTCCAGCCCAAGCTTTC, reverse: GCTTTTCCCCAGTGTGTGTTC;

PIP (NM_022708) forward: ATACACCGGTTGATGGTGGC, reverse:

TGCGACGTTATTAGGGCAGA; collagen 1a1 (NM_053304) forward:

GTACATCAGCCCAAACCCCA, reverse: ACAAGCGTGCTGTAGGTGAA;

collagen 3a1 (NM_032085) forward: AGCGGAGAATACTGGGTTGA,

reverse: TAGCTGAACTGAAAGCCACCA; fibronectin (NM_019143)

forward: GGGCTCAATCCAAATGCCTCT, reverse: GCTGGTTCAGGC

CTTCGTT; Cd68 (NM_001031638) forward: ACCCGGAGACGACAA

TCAAC, reverse: CTTGGTGGCCTACAGAGTGG.

Ashcroft score quantification

Ashcroft scores were assessed using the modified Ashcroft scale

defined by Hubner et al (Hübner et al, 2008) on Masson’s

trichrome-stained lung sections analyzing at least five fields per

slides (10×). Non-fibrotic areas were defined by an Ashcroft score

below or equal to two, and fibrotic areas were defined by an

Ashcroft score above two.

Quantification of vascular wall thickness

Vascular wall thickness was assessed on distal pulmonary vascu-

lature (< 100 lm) using at least five arteries randomly selected

from each group. For fibrotic and non-fibrotic areas, vascular

wall thickness was quantified on at least five arteries randomly

chosen from each area. Vascular wall thickness was calculated

by averaging the external and internal diameter of transversally

cut vessels and determining the mean distance between the

lamina elastica externa and lumen in two perpendicular direc-

tions as already described (Ruffenach et al, 2016; Rol et al,

2017).

Quantification of vascular wall cell proliferation

Vascular cell proliferation was assessed on distal pulmonary

vasculature (< 100 lm) using at least 5–10 arteries randomly

selected from each animal/subject per group. For each quantified

vessel, the total number of endothelial cells (vWF-positive cells),
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smooth muscle cells (aSMA-positive cells), and double-positive

cells (Ki67/vWF and Ki67/aSMA) was quantified to obtain the

percent of Ki67-positive endothelial and smooth muscle cells.

Quantification of PIP staining

PIP staining was analyzed using the ImageJ plugin IHC profiler.

All quantification was performed on 5–10 randomly chosen

images per slide. Immunohistochemistry was used over

immunofluorescence for quantification considering the autofluo-

rescence and high background most often found with fibrotic

lung tissue.

Quantification of SLUG-positive cells

All quantification was performed on 5–10 randomly chosen images

per slide. For each cell type, the total number of cells per image and

the number of SLUG-positive cells were quantified to calculate the

percent SLUG-positive cells.

Cell proliferation experiments

Primary cultured pulmonary arterial smooth muscle cells, endothe-

lial cells, and fibroblasts from healthy subjects were seeded in a 96-

well plate (1,000 cells/well). Cells were treated with 25 or 50 ng of

PIP (MBS146246) or the vehicle. Three days later, the CC8 assay

was performed to assess cell proliferation following the manufac-

turer’s protocol (Dojindo Laboratories, CK04). Experiments were

performed at least three times.

Hemodynamics and gross histological evaluation

Right ventricular systolic pressure (RVSP) was measured in anes-

thetized animals by directly inserting a catheter into the right ventri-

cle (RV). The heart was then removed, and the RV wall, left

ventricular (LV) wall, and interventricular septum (IVS) were

dissected, and the ratio of RV to LV plus IVS weight [RV/(LV+IVS)]

was calculated as an index of RV hypertrophy.

Microarray analysis

Publicly available human microarray data (Mura et al, 2012) were

analyzed using the Limma package (Ritchie et al, 2015) to define a

list of extracellular Slug transcriptional targets known to promote

cell proliferation. The list of differentially expressed genes was

cross-referenced with a list of Slug, known or predicted, targets

from the Harmonizome [6] to define the list of Slug-controlled

genes differentially expressed in PF-PH (Appendix Table S2). This

list was sorted based on gene ontology and published literature to

define genes that are known to be implicated in cell proliferation

(cell growth GO:0030307; cell proliferation GO:0008283; regulation

of cell proliferation GO:0042127) (Appendix Table S3) and to be

present in the extracellular space (extracellular region GO:0005576;

extracellular space GO:0005615; extracellular matrix GO:0031012)

(Appendix Table S4). Finally, the two lists were cross-referenced

to identify genes that are transcriptionally controlled by Slug,

implicated in cell proliferation, and present in the extracellular

space.

Statistics

For comparison between two groups, we used an unpaired t-test. We

used an ANOVA test to compare more than two groups/conditions.

One-way ANOVA was used for comparing Ctrl, PF, PAH, and PF-PH

patients/rats, and two-way ANOVA was used when comparing

fibrotic and non-fibrotic areas of the lung from PF and PF-PH

patients/rats, followed by a Sidak multiple comparisons test to

compare a set of means. The normality of the data was verified using

the Shapiro–Wilk test, and the Brown–Forsythe test (modified

Levene’s test) was used to verify homogeneity of variances. When

homogeneity was not fulfilled, values were log-transformed to stabi-

lize variances and statistical analyses were performed on these log

transformations. Values below 5% (P < 0.05) were considered statis-

tically significant. The P-values are listed in Appendix Table S5. All

analyses were performed using GraphPad (Software, San Diego, CA,

USA).

Expanded View for this article is available online.
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The paper explained

Problem
Pulmonary hypertension (PH) is a major complication of pulmonary
fibrosis (PF) but there is no approved therapy. The molecular mecha-
nism of why pulmonary hypertension (PH) develops in this patient
population remains understudied and poorly understood.

Results
In this study, we show that vessel walls are thickened in both fibrotic
and non-fibrotic areas of the lungs of patients with PH secondary to
PF but this thickening is mainly restricted to the scarred areas in
patients with PF alone. In pulmonary hypertension secondary to
pulmonary fibrosis (PF-PH), expression of transcription factor Slug is
increased only in macrophages, leading to increased expression of its
transcriptional target prolactin-induced protein (PIP). PIP is an extra-
cellular matrix protein that induces proliferation of pulmonary arterial
smooth muscle cells. In a pre-clinical model of PF-PH, Slug inhibition
reduced the severity of PH.

Impact
Our study provides mechanistic insights into the pathological changes
seen in PH as a complication of PF. We highlight the transcription
factor Slug as a potential novel therapeutic target for this devastating
disease which currently has no approved treatment.

ª 2019 The Authors EMBO Molecular Medicine 11: e10061 | 2019 17 of 19

Gregoire Ruffenach et al EMBO Molecular Medicine

https://doi.org/10.15252/emmm.201810061


Conflict of interest
The authors declare that they have no conflict of interest.

References

Baniwal SK, Chimge N-O, Jordan VC, Tripathy D, Frenkel B (2013) Prolactin-

induced protein (PIP) regulates proliferation of luminal a type breast

cancer cells in an estrogen-independent manner. PLoS ONE 8: e62361

Behr J, Ryu JH (2008) Pulmonary hypertension in interstitial lung disease. Eur

Respir J 31: 1357 – 1367

Botney MD, Bahadori L, Gold LI (1994) Vascular remodeling in primary

pulmonary hypertension. Potential role for transforming growth factor-

beta. Am J Pathol 144: 286 – 295

Boufraqech M, Zhang L, Nilubol N, Sadowski SM, Kotian S, Quezado M,

Kebebew E (2016) Lysyl oxidase (LOX) transcriptionally regulates SNAI2

expression and TIMP4 secretion in human cancers. Clin Cancer Res 22:

4491 – 4504

Breitling S, Ravindran K, Goldenberg NM, Kuebler WM (2015) The

pathophysiology of pulmonary hypertension in left heart disease. Am J

Physiol Lung Cell Mol Physiol 309: L924 – L941

Caputo E, Manco G, Mandrich L, Guardiola J (2000) A novel aspartyl proteinase

from apocrine epithelia and breast tumors. J Biol Chem 275: 7935 – 7941

Chaudhary NI, Schnapp A, Park JE (2006) Pharmacologic differentiation of

inflammation and fibrosis in the rat bleomycin model. Am J Respir Crit

Care Med 173: 769 – 776

Coll-Bonfill N, Peinado VI, Pisano MV, Párrizas M, Blanco I, Evers M,

Engelmann JC, García-Lucio J, Tura-Ceide O, Meister G et al (2016) Slug is

increased in vascular remodeling and induces a smooth muscle cell

proliferative phenotype. PLoS ONE 11: e0162117

Collum SD, Amione-Guerra J, Cruz-Solbes AS, DiFrancesco A, Hernandez AM,

Hanmandlu A, Youker K, Guha A, Karmouty-Quintana H (2017) Pulmonary

hypertension associated with idiopathic pulmonary fibrosis: current and

future perspectives. Can Respir J 2017: 1430350

Colombat M, Mal H, Groussard O, Capron F, Thabut G, Jebrak G, Brugière O,

Dauriat G, Castier Y, Lesèche G et al (2007) Pulmonary vascular lesions in

end-stage idiopathic pulmonary fibrosis: histopathologic study on lung

explant specimens and correlations with pulmonary hemodynamics. Hum

Pathol 38: 60 – 65

Dhanisha SS, Guruvayoorappan C, Drishya S, Abeesh P (2018) Mucins:

structural diversity, biosynthesis, its role in pathogenesis and as possible

therapeutic targets. Crit Rev Oncol Hematol 122: 98 – 122

Emadi Baygi M, Soheili Z-S, Essmann F, Deezagi A, Engers R, Goering W,

Schulz WA (2010) Slug/SNAI2 regulates cell proliferation and invasiveness

of metastatic prostate cancer cell lines. Tum Biol J Int Soc

Oncodevelopmental Biol Med 31: 297 – 307

Gore B, Izikki M, Mercier O, Dewachter L, Fadel E, Humbert M, Dartevelle P,

Simonneau G, Naeije R, Lebrin F et al (2014) Key role of the endothelial

TGF-b/ALK1/endoglin signaling pathway in humans and rodents

pulmonary hypertension. PLoS ONE 9: e100310

Guazzi M (2014) Pulmonary hypertension in heart failure preserved ejection

fraction: prevalence, pathophysiology, and clinical perspectives. Circ Heart

Fail 7: 367 – 377

Guiot J, Henket M, Corhay J-L, Louis R (2015) Serum IGFBP2 as a marker of

idiopathic pulmonary fibrosis. Eur Respir J 46: PA3840

Guiot J, Bondue B, Henket M, Corhay JL, Louis R (2016) Raised serum levels of

IGFBP-1 and IGFBP-2 in idiopathic pulmonary fibrosis. BMC Pulm Med 16:

86

Harari S, Simonneau G, De Juli E, Brenot F, Cerrina J, Colombo P, Gronda E,

Micallef E, Parent F, Dartevelle P (1997) Prognostic value of pulmonary

hypertension in patients with chronic interstitial lung disease referred for

lung or heart-lung transplantation. J Heart Lung Transplant Off Publ Int

Soc Heart Transplant 16: 460 – 463

Heath D, Gillund TD, Kay JM, Hawkins CF (1968) Pulmonary vascular disease

in honeycomb lung. J Pathol Bacteriol 95: 423 – 430

Hopper RK, Moonen J-RAJ, Diebold I, Cao A, Rhodes CJ, Tojais NF, Hennigs JK,

Gu M, Wang L, Rabinovitch M (2016) In pulmonary arterial hypertension,

reduced BMPR2 promotes endothelial-to-mesenchymal transition via

HMGA1 and its target Slug. Circulation 133: 1783 – 1794

Huang C-H, Yang W-H, Chang S-Y, Tai S-K, Tzeng C-H, Kao J-Y, Wu K-J, Yang

M-H (2009) Regulation of membrane-type 4 matrix metalloproteinase by

SLUG contributes to hypoxia-mediated metastasis. Neoplasia 11:

1371 – 1382

Hübner R-H, Gitter W, El Mokhtari NE, Mathiak M, Both M, Bolte H, Freitag-

Wolf S, Bewig B (2008) Standardized quantification of pulmonary fibrosis

in histological samples. Biotechniques 44: 507 – 511, 514–517

Inoue A, Seidel MG, Wu W, Kamizono S, Ferrando AA, Bronson RT, Iwasaki

H, Akashi K, Morimoto A, Hitzler JK et al (2002) Slug, a highly

conserved zinc finger transcriptional repressor, protects hematopoietic

progenitor cells from radiation-induced apoptosis in vivo. Cancer Cell 2:

279 – 288

Jarman ER, Khambata VS, Yun YL, Cheung K, Thomas M, Duggan N, Jarai G

(2014) A translational preclinical model of interstitial pulmonary fibrosis

and pulmonary hypertension: mechanistic pathways driving disease

pathophysiology. Physiol Rep 2: e12133

Jayachandran A, Königshoff M, Yu H, Rupniewska E, Hecker M, Klepetko W,

Seeger W, Eickelberg O (2009) SNAI transcription factors mediate

epithelial-mesenchymal transition in lung fibrosis. Thorax 64:

1053 – 1061

Kim K-H, Maldonado F, Ryu JH, Eiken PW, Hartman TE, Bartholmai BJ, Decker

PA, Yi ES (2010) Iron deposition and increased alveolar septal capillary

density in nonfibrotic lung tissue are associated with pulmonary

hypertension in idiopathic pulmonary fibrosis. Respir Res 11: 37

Koli K, Wempe F, Sterner-Kock A, Kantola A, Komor M, Hofmann W-K, von

Melchner H, Keski-Oja J (2004) Disruption of LTBP-4 function reduces

TGF-beta activation and enhances BMP-4 signaling in the lung. J Cell Biol

167: 123 – 133

Lagares D, Busnadiego O, García-Fernández RA, Kapoor M, Liu S, Carter DE,

Abraham D, Shi-Wen X, Carreira P, Fontaine BA et al (2012) Inhibition of

focal adhesion kinase prevents experimental lung fibrosis and

myofibroblast formation. Arthritis Rheum 64: 1653 – 1664

Lettieri CJ, Nathan SD, Barnett SD, Ahmad S, Shorr AF (2006) Prevalence and

outcomes of pulmonary arterial hypertension in advanced idiopathic

pulmonary fibrosis. Chest 129: 746 – 752

Leuchte HH, Neurohr C, Baumgartner R, Holzapfel M, Giehrl W, Vogeser M,

Behr J (2004) Brain natriuretic peptide and exercise capacity in lung

fibrosis and pulmonary hypertension. Am J Respir Crit Care Med 170:

360 – 365

Mertens TCJ, Hanmandlu A, Tu L, Phan C, Collum SD, Chen N-Y, Weng T,

Davies J, Liu C, Eltzschig HK et al (2018) Switching-Off Adora2b in vascular

smooth muscle cells halts the development of pulmonary hypertension.

Front Physiol 9: 555

Milara J, Escrivá J, Ortiz JL, Juan G, Artigues E, Morcillo E, Cortijo J (2016)

Vascular effects of sildenafil in patients with pulmonary fibrosis and

pulmonary hypertension: an ex vivo/in vitro study. Eur Respir J 47:

1737 – 1749

18 of 19 EMBO Molecular Medicine 11: e10061 | 2019 ª 2019 The Authors

EMBO Molecular Medicine Gregoire Ruffenach et al



Mlika M, Bacha S, Braham E, El Mezni F (2015) The inter-connection between

fibrosis and microvascular remodeling in idiopathic pulmonary fibrosis:

reality or just a phenomenon. Respir Med Case Rep 17: 30 – 33

Moldovan NI, Kusewitt D (2007) Slug controls fibro-vascular differentiation of

monocytes/macrophages-containing cell columns. FASEB J 21:

A1215 – A1216

Mura M, Anraku M, Yun Z, McRae K, Liu M, Waddell TK, Singer LG, Granton

JT, Keshavjee S, de Perrot M (2012) Gene expression profiling in the lungs

of patients with pulmonary hypertension associated with pulmonary

fibrosis. Chest 141: 661 – 673

Naderi A, Meyer M (2012) Prolactin-induced protein mediates cell invasion

and regulates integrin signaling in estrogen receptor-negative breast

cancer. Breast Cancer Res 14: R111

Nadrous HF, Pellikka PA, Krowka MJ, Swanson KL, Chaowalit N, Decker PA,

Ryu JH (2005) Pulmonary hypertension in patients with idiopathic

pulmonary fibrosis. Chest 128: 2393 – 2399

Nathan SD, Barbera JA, Gaine SP, Harari S, Martinez FJ, Olschewski H, Olsson

KM, Peacock AJ, Pepke-Zaba J, Provencher S et al (2019) Pulmonary

hypertension in chronic lung disease and hypoxia. Eur Respir J 53:

1801914

Parra ER, David YR, da Costa LRS, Ab’Saber A, Sousa R, Kairalla RA, de

Carvalho CRR, Filho MT, Capelozzi VL (2005) Heterogeneous remodeling of

lung vessels in idiopathic pulmonary fibrosis. Lung 183: 291 – 300

Patel NM, Lederer DJ, Borczuk AC, Kawut SM (2007) Pulmonary hypertension

in idiopathic pulmonary fibrosis. Chest 132: 998 – 1006

Paulin R, Meloche J, Courboulin A, Lambert C, Haromy A, Courchesne A,

Bonnet P, Provencher S, Michelakis ED, Bonnet S (2014) Targeting cell

motility in pulmonary arterial hypertension. Eur Respir J 43: 531 – 544

Ranchoux B, Antigny F, Rucker-Martin C, Hautefort A, Péchoux C, Bogaard HJ,

Dorfmüller P, Remy S, Lecerf F, Planté S et al (2015) Endothelial-to-

mesenchymal transition in pulmonary hypertension. Circulation 131:

1006 – 1018

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK (2015) limma

powers differential expression analyses for RNA-sequencing and

microarray studies. Nucleic Acids Res 43: e47

Rol N, Timmer EM, Faes TJC, Vonk Noordegraaf A, Grünberg K, Bogaard H-J,

Westerhof N (2017) Vascular narrowing in pulmonary arterial

hypertension is heterogeneous: rethinking resistance. Physiol Rep 5:

e13159

Ruffenach G, Chabot S, Tanguay VF, Courboulin A, Boucherat O, Potus F,

Meloche J, Pflieger A, Breuils-Bonnet S, Nadeau V et al (2016) Role for runt-

related transcription factor 2 in proliferative and calcified vascular lesions in

pulmonary arterial hypertension. Am J Respir Crit Care Med 194: 1273 – 1285

Sharma S, Ruffenach G, Umar S, Motayagheni N, Reddy ST, Eghbali M (2016)

Role of oxidized lipids in pulmonary arterial hypertension. Pulm Circ 6:

261 – 273

Simonneau G, Gatzoulis MA, Adatia I, Celermajer D, Denton C, Ghofrani A,

Gomez Sanchez MA, Krishna Kumar R, Landzberg M, Machado RF et al

(2013) Updated clinical classification of pulmonary hypertension. J Am Coll

Cardiol 62: D34 –D41

Tatler AL, Jenkins G (2012) TGF-b activation and lung fibrosis. Proc Am Thorac

Soc 9: 130 – 136

Tomos IP, Tzouvelekis A, Aidinis V, Manali ED, Bouros E, Bouros D, Papiris SA

(2017) Extracellular matrix remodeling in idiopathic pulmonary fibrosis. It

is the “bed” that counts and not “the sleepers”. Expert Rev Respir Med 11:

299 – 309

Trammell AW, Pugh ME, Newman JH, Hemnes AR, Robbins IM (2015) Use of

pulmonary arterial hypertension-approved therapy in the treatment of non-

group 1 pulmonary hypertension at us referral centers. Pulm Circ 5: 356 – 363

Vaillancourt M, Ruffenach G, Meloche J, Bonnet S (2015) Adaptation and

remodelling of the pulmonary circulation in pulmonary hypertension. Can

J Cardiol 31: 407 – 415

Yang HW, Menon LG, Black PM, Carroll RS, Johnson MD (2010) SNAI2/Slug

promotes growth and invasion in human gliomas. BMC Cancer 10: 301

Zhang K, Chen D, Jiao X, Zhang S, Liu X, Cao J, Wu L, Wang D (2011) Slug

enhances invasion ability of pancreatic cancer cells through upregulation

of matrix metalloproteinase-9 and actin cytoskeleton remodeling. Lab

Invest J Tech Methods Pathol 91: 426 – 438

Zisman DA, Karlamangla AS, Ross DJ, Keane MP, Belperio JA, Saggar R, Lynch

JP, Ardehali A, Goldin J (2007) High-resolution chest CT findings do not

predict the presence of pulmonary hypertension in advanced idiopathic

pulmonary fibrosis. Chest 132: 773 – 779

License: This is an open access article under the

terms of the Creative Commons Attribution 4.0

License, which permits use, distribution and reproduc-

tion in any medium, provided the original work is

properly cited.

ª 2019 The Authors EMBO Molecular Medicine 11: e10061 | 2019 19 of 19

Gregoire Ruffenach et al EMBO Molecular Medicine




