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ABSTRACT: Idiopathic pulmonary fibrosis (IPF) is a fatal lung disease with limited therapeutic options and unknown
etiology. IPF is characterized by epithelial cell injury, impaired cellular crosstalk between epithelial cells and
fibroblasts, and the formation of fibroblast foci with increased extracellular matrix deposition (ECM). We in-
vestigated the role of runt-related transcription factor 2 (RUNX2), a master regulator of bone development that has
been linked to profibrotic signaling. RUNX2 expression was up-regulated in lung homogenates from patients with
IPF and in experimental bleomycin-induced lung fibrosis. The RUNX2 level correlated with disease severity as
measured by decreased diffusing capacity and increased levels of the IPF biomarker, matrix metalloproteinase 7.
Nuclear RUNX2 was observed in prosurfactant protein C—positive hyperplastic epithelial cells and was rarely found
in myofibroblasts. We discovered an up-regulation of RUNX2 in fibrotic alveolar epithelial type II (ATII) cells as
well as an increase of RUNX2-negative fibroblasts in experimental and human pulmonary fibrosis. Functionally,
smallinterfering RNA-mediated RUNX2 knockdown decreased profibrotic ATII cell function, such as proliferation
and migration, whereas fibroblasts displayed activation markers and increased ECM expression after RUNX2
knockdown. This study reveals that RUNX2 is differentially expressed in ATII cells vs. fibroblasts in lung fibrosis,
which contributes to profibrotic cell function. Cell-specific targeting of RUNX2 pathways may represent a
therapeutic approach for IPF.—Miimmler, C., Burgy, O., Hermann, S., Mutze, K., Giinther, A., Konigshoff,
M. Cell-specific expression of runt-related transcription factor 2 contributes to pulmonary fibrosis. FASEB ].
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Idiopathic pulmonary fibrosis (IPF) is a fatal interstitial
lung disease of as-yet-unknown etiology that occurs pre-
dominantly in aged, male patients (1). Patients usually
suffer from cough and dyspnea and exhibit gradual lung
function decline that finally leads to respiratory failure (2).
Our current pathophysiologic knowledge suggests that
perpetuated injuries to the distal lung lead to impaired
alveolar wound repair and hyperplastic alveolar epithelial
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cells, often overlying activated myofibroblasts (3, 4).
These myofibroblasts form so-called fibroblastic foci with
increased deposition of extracellular matrix (ECM) (3).
It has been demonstrated that disturbed epithelial-
mesenchymal crosstalk is driven via epithelial secretion of
different growth factors, such as TGF- and PDGF, as well
as via the reactivation of developmental pathways, such
as WNT, sonic hedgehog, or Notch (3, 5). Although two
drugs have recently been approved for therapy, the
prognosis of IPF remains poor. Nintedanib and pirfeni-
done are able to reduce lung function decline; however,
neither reverse or stop the disease (6, 7). Thus, a better
understanding of IPF pathophysiology and the identifi-
cation of novel targets are urgently needed to design more
effective treatments for the future.

Runt-related transcription factors (RUNXs) comprise a
family of genes that are fundamental for organ develop-
ment and play important roles in tumor formation and
progression. RUNX proteins can act as both tumor sup-
pressor genes or dominant oncogenes, depending on the
cellular context (8). The three RUNX genes share the highly
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homologous runt domain, which is essential for DNA
binding and interaction with the coactivator, core-binding
factor, B-subunit (CBFB) (9, 10). RUNX factors are scaf-
folding proteins that bind DNA after complexing with
CBEB. In the nucleus, the RUNX/CBFB complex can in-
teract with a variety of cofactors, such as Lefl, Smad, or
p300, that determine the outcome of RUNX-mediated
gene transcription (11, 12). Knockout mice show distinct
phenotypes, with respiratory failure reported for RUNX2-
and RUNX3-null mice (13-15). Of importance, several
lines of evidence indicate crosstalk of RUNX transcription
factors with profibrotic signaling pathways, such as TGF-
B, bone morphogenetic protein, or WNT signaling (8, 16),
which have been shown to be critically involved in IPF (5).
TGF-B signaling can induce RUNX2 expression or alter its
DNA binding activity. RUNX2 can also interact with TGF-
B signaling via modulation of downstream signaling
molecules, such as Smad3 or the TGF- type I receptor
(17). Moreover, it has been demonstrated that canonical
WNT/ B-catenin signaling activates the RUNX2 promoter
and induces its expression (18). Modulation of RUNX2
activity by these fibrosis-associated signaling pathways
led us to hypothesize that RUNX2 might be involved in
pulmonary fibrosis. In this study, we report that RUNX2 is
differentially expressed in fibrotic alveolar epithelial cells
and fibroblasts, which contributes to profibrotic cellular
function and promotes the progression of lung fibrosis.

MATERIALS AND METHODS
Animals and bleomycin administration

All animal experiments were approved by the Government of
Upper Bavaria and registered under Project 55.2-1-54-2532-88-12.
Eight- to 10-wk-old C57BL/6N mice (Charles River Laboratories,
Sulzfeld, Germany) were housed under standard conditions and
had free access to water and laboratory rodent chow. For the in-
duction of pulmonary fibrosis, mice were instilled with 3 U/kg
body weight bleomycin sulfate (Almirall, Barcelona, Spain) dis-
solved in 50 pl sterile PBS (Thermo Fisher Scientific, Waltham,
MA, USA). Control mice were instilled with 50 .l sterile PBS.
Intratracheal instillation was performed by using a Micro-Sprayer
Aerosolizer (Model IA-1C; Penn Century, Wyndmoor, PA, USA).
Mice were humanely killed, and lungs were excised, flushed with
saline, snap frozen, and stored until analysis.

Primary cell isolation

Primary murine alveolar epithelial type II (pmATII) cells were
isolated as published previously (19). In brief, mouse lungs were
harvested after bronchoalveolar lavage was performed and
flushed with 0.9% NaCl solution through the right heart. Lungs
were inflated with 1.5 ml dispase (BD Biosciences, San Jose, CA,
USA) and subsequently perfused with 300 pl of 1% low-melting-
point agarose (Sigma-Aldrich, St. Louis, MO, USA). Agarose-
filled lungs were incubated for 45 min at room temperature.
Lungs were then minced and filtered through nylon meshes with
pore sizes of 100, 20, and 10 wm (Sefar, Heiden, Switzerland).
Samples were centrifuged at 200 g for 10 min. Pellet was resus-
pended and the resulting cell suspension was incubated in petri
dishes coated with Abs against CD45 and CD16/32 for anegative
selection of macrophages and lymphocytes. Negative selection
for fibroblasts was performed by adherence on cell culture dishes
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for 25 min. After a viability check with trypan blue, cells were
either snap frozen in liquid nitrogen for additional RNA or protein
isolation or seeded in DMEM medium (Thermo Fisher Scientific)
that contained 10% fetal bovine serum (FBS; PAN Biotech, Aiden-
bach, Germany), 2 mM L-glutamine (Thermo Fisher Scientific),
3.6 mg/ml glucose, 10 mM HEPES (Thermo Fisher Scientific), and
1% penicillin/streptomycin (Thermo Fisher Scientific).

Isolation of primary human lung fibroblasts (phLFs) was
approved by the local ethics committee of the Ludwig Max-
imilians University Miinchen (333-10). phLFs were isolated as
published previously (20). In brief, specimens of lung resections
were cut in 1- to 2-cm? pieces and digested with collagenase T
(Biochrom, Cambridge, United Kingdom) at 37°C for 2 h.
Digested material was filtered through nylon filters with a pore
size of 70 pm. After centrifugation at400 ¢ and 4°C for 5 min, cells
were cultured under standard conditions, at 37°C, 5% CO, using
DMEM/nutrient mixture F12 medium (DMEM/F12; Thermo
Fisher Scientific) that was supplemented with 20% FBS and 1%
penicillin/streptomycin.

Cell culture and transfection

Alveolar epithelial A549 cells (CCL-185; American Type Culture
Collection, Manassas, VA, USA) were cultured in DMEM/F-12
(Thermo Fisher Scientific) that was supplemented with 10% FBS.
After starvation in DMEM + 0.1% FBS, cells were stimulated with
recombinant human TGF-B1 (R&D Systems, Minneapolis, MN,
USA) or glycogen synthase kinase 3 inhibitor, CHIR 99021 (R&D
Systems), at indicated doses for 24 h.

RUNX2 or scrambled control small interfering RNA (siRNA)
were transfected by using Lipofectamine RNAiMax (Thermo
Fisher Scientific). For pmATII cells, freshly isolated cells were
plated in 12-well plates in a density of 1 million cells per well.
On d 2 after isolation, cells were transfected with 80 nM of a pool
of 3 siRNAs that targeted murine RUNX2 mRNA or scrambled
control siRNA. For phLFs, cells at passages 5-8 were reverse
transfected with 20 nM siRNA that targeted human RUNX2
mRNA or scrambled control siRNA. A549 at passages 5-7 were
used for RUNX2 silencing experiments and siRNA that targeted
human RUNX2 mRNA was used at a final dose of 50 nM. siRNA
used was for murine RUNX2 mRNA (Santa Cruz Biotechnology,
Dallas, TX, USA), human RUNX2 mRNA (Santa Cruz Bio-
technology), and scrambled control siRNA (Santa Cruz Bio-
technology). Cells were examined 48 h post-transfection, which
reflects d 4 after isolation for pmATII cells.

Human tissue

Whole-lung homogenates of patients with IPF or healthy donor—
lung explants not used for transplantation—were used for RNA
isolation and protein isolation. Paraffin-embedded tissue sections
were used for immunofluorescent staining. All lung tissue samples
were collected in frame of the European IPF registry and provided
by the University of Giessen Lung Center Giessen Biobank [mem-
ber of the German Center for Lung Research (DZL) Platform Bio-
banking]. Study protocol was approved by the Ethics Committee of
the Justus-Liebig-University Giessen (111/08 and 58/15).

Immunofluorescence staining

Lung sections of patients with IPF and donors or bleomycin
(BLEO)- and PBS-treated murine lungs were deparaffinized be-
fore an antigen retrieval step was performed in a pressure cooker
at 125°C. Sections were permeabilized with 0.1% Triton X-100
(AppliChem, Darmstadt, Germany) for 15 min and blocked with
5% bovine serum albumin (Sigma-Aldrich) for 1 h. RUNX2 Ab
(Abcam, Cambridge, United Kingdom), a-smooth muscle actin
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(aSMA) Ab (Abcam), pro-surfactant protein C (proSPC) Ab
(EMD Millipore, Darmstadt, Germany), or cytokeratin (CK)
Ab (Dako, Hamburg, Germany) were diluted in Ab diluent
(Zytomed Systems, Berlin, Germany) and applied to lung sec-
tions overnight on 4°C. Fluorophore-labeled secondary Ab
(Thermo Fisher Scientific) was applied for 1 h at room tempera-
ture. DAPI (Sigma-Aldrich) was applied to visualize cell nuclei.
Slides were mounted with fluorescence mounting medium
(Dako). Digital images were obtained by using an Axioimager
Microscope (Zeiss, Oberkochen, Germany). All images presented
in the same panel were captured by using identical detector set-
tings. Semiquantitative analysis has been performed by using
Image] (National Institutes of Health, Bethesda, MD, USA) on at
least 3 images per sample.

RNA isolation and cDNA synthesis

Mouse lungs were homogenized by using a Sartorius Micro-
Dismembrator S (Thermo Fisher Scientific). Subsequently, total
RNA was isolated by using phenol-chloroform extraction and the
peqlab Gold Total RNA Kit (PEQLAB; VWR International
GmbH, Erlangen, Germany). RNA from murine ATII cells and
primary human lung fibroblasts was isolated by using peqLab
Gold Total RNA Kit according to manufacturer instructions.
RNA concentration and purity were determined by using a
Nano-Drop spectrophotometer (Thermo Fisher Scientific). One
thousand nanograms of total RNA was applied for cDNA syn-
thesis by using the SuperScriptll Kit (Thermo Fisher Scientific)
and a Mastercycler nexus (Eppendorf, Hamburg, Germany).

Quantitative RT-PCR

Quantitative RT-PCR was performed in a LC480 II Lightcycler
(Roche Diagnostics, Mannheim, Germany) using SYBR green
(Roche Diagnostics). Primers (Eurofins Genomics, Ebersberg,
Germany) are listed in Table 1 (murine primers) and Table 2
(human primers). Hypoxanthine guanine phosphoribosyl trans-
ferase (HPRT) was used as a reference gene. Cycle threshold
(ACy) values were calculated as follows: AC; (gene of interest) = C;
(HPRT) - G (§ene of interest). Fold changes were calculated by
using the 2" method.

Protein isolation

Lung tissue was homogenized by using a Sartorius Micro-
Dismembrator S. Tissue powder was then lysed in modified
RIPA buffer (20 mM Tris HCI, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% NP-40, 2.5 mM Na,P,07, 1% sodium deoxycholate).

TABLE 1. List of murine primers

pmATII cells were washed with ice-cold PBS and frozen at
—80°C. After lysing cells with T-Per (Thermo Fisher Scientific)
and centrifugation at 15,000 g for 30 min, supernatant was col-
lected and protein concentration was determined [bicinchoninic
acid (BCA); Thermo Fisher Scientific]. phLFs were lysed with
modified RIPA, centrifuged at 15,000 g for 30 min, and the su-
pernatant was used for BCA and Western blot analysis.

Scratch assay

A549 cells were seeded in 6-well plates at a confluence of 80%,
transfected with siRUNX2 or control as previously outlined, and
starved for 12 h. Confluent monolayers were wounded by
scraping a pipette tip across the monolayer, as previously de-
scribed (21). After washing with PBS, cells were cultured in
DMEM + 0.1% FBS. Images were captured immediately after the
scratch (¢ = 0 h), then observed 24 and 48 h after the scratch by
using a Moticam 1080 BMH camera (Motic, Kowloon Bay, Hong
Kong) that was mounted on an inverted microscope with a X4
objective (VWR International). Each condition was conducted in
triplicate, and 3 areas were observed for each well. Images were
blindly analyzed for the wound area by using Image]J, and data
were expressed as the percentage of wound closure normalized
tot=0h.

Western blotting

Fifteen micrograms of protein lysate was run on SDS-PAGE gels
and transferred to nitrocellulose membranes (Biozym Scientific,
Hessisch Oldendorf, Germany). Roti-Block blocking solution
(Carl Roth, Karlsruhe, Germany) was applied to the membrane
for 1 h. Overnight incubation with Abs against RUNX2 (Abcam
and MBL International, Woburn, MA, USA), aSMA (Sigma-
Aldrich), collagen 1 (COL1; Rockland, Limerick, PA, USA), and
B-actin (ACTB; Sigma-Aldrich), diluted in blocking solution, was
performed at 4°C. After washing, horseradish peroxidase—
conjugated secondary Ab (GE Healthcare, Chalfont St. Giles,
United Kingdom) was applied for 1 h. Proteins of interest were
detected with a ChemiDoc XRS+ system (Bio-Rad, Hercules, CA,
USA) and Pierce ECL Substrate (Thermo Fisher Scientific) or
SuperSignal West Dura Chemiluminescent Substrate (Thermo
Fisher Scientific). Densitometric analysis was performed by using
Image Lab software (v.4.0.1; Bio-Rad).

Statistical analysis

Statistical analysis was performed by using Prism 5 (GraphPad
Software, La Jolla, CA, USA). Unpaired Student’s ¢ test or

Sequence, 5'-3’

Gene Forward Reverse Product length (bp)
Acta2 GCTGGTGATGATGCTCCCA GCCCATTCCAACCATTACTCC 81
Cbfb TAAGTACACGGGCTTCAGGG AAGTATACGATCTCCGAGCGA 93
Cendl ATGCCAGAGGCGGATGAGA ATGGAGGGTGGGTTGGAAAT 104
Collal CCAAGAAGACATCCCTGAAGTCA TGCACGTCATCGCACACA 129
Fnl GGTGTAGCACAACTTCCAATTACG GGAATTTCCGCCTCGAGTCT 92
Hprt CCTAAGATGAGCGCAAGTTGAA CCACAGGACTAGAACACCTGCTAA 86
Runxl CATCGCTTTCAAGGTGGTGG CGCGGTAGCATTTCTCAGTT 109
Runx2 ACGAGGCAAGAGTTTCACCT TGTCTGTGCCTTCTTGGTTC 120
Runx3 TCTGAACCCAACCCCCTGA TGCTCGGGTCTCGTATGAAG 117
$100a4 AGGAGCTACTGACCAGGGAGCT TCATTGTCCCTGTTGCTGTCC 103
Tnc GGCCCCGGCTTGAAGA GGGCTTGAACCAGGTGATCA 105
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TABLE 2. List of human primers

Sequence, 5’

-3

Gene Forward Reverse Product length (bp)
ACTA2 GAGATCTCACTGACTACCTCATGA AGAGCTACATAACACAGTTTCTCCTTGA 116
CCND1 CCGAGAAGCTGTGCATCTACAC AGGTTCCACTTGAGCTTGTTCAC 94
COLIAI CAAGAGGAAGGCCAAGTCGAG TTGTCGCAGACGCAGATCC 128
FNI CCGACCAGAAGTTTGGGTTCT CAATGCGGTACATGACCCCT 81
HPRT AAGGACCCCACGAAGTGTTG GGCTTTGTATTTTGCTTTTCCA 157
RUNXI TTCACAAACCCACCGCAAGT TCTGCCGATGTCTTCGAGGTTC 88
RUNX2 TATGAGAGTAGGTGTCCCGC TGCCTGGGGTCTGTAATCTG 102
S100A4 TCTTGGTTTGATCCTGACTGC AACTTGTCACCCTCTTTGCC 105
TNC CCATCTATGGGGTGATCCGG TCGGTAGCCATCCAGGAGAG 139

Mann-Whitney U test were used (2-tailed, 95% Cls). Results are
shown as means = SEm.

RESULTS
RUNX2 is increased in IPF

We first examined the expression of RUNX2 in explanted
lungs of patients with IPF and donor controls. Quantita-
tive PCR analysis of whole-lung homogenate from donors
or patients with IPF revealed that RUNX2 mRNA was

significantly increased in fibrotic lungs compared with
donor lungs (donors: AC, —0.58 * (.18 sem; patients with
IPF: AC,;0.79 *+ 0.15sem; P < 0.0001; Fig. 1A). Next, protein
levels of RUNX2, aSMA, and ACTB were assessed by
Western blotting. RUNX2 protein expression was signifi-
cantly increased (IPF fold-change: 1.53 = 0.11 sem; P <
0.05) and accompanied by increased levels of «SMA (Fig.
1B). To validate these findings in a larger cohort, we
extracted the gene expression data of donors and patients
with IPF from a Lung Tissue Research Consortium data set
[Gene Expression Omnibus Series (GSE) accession number:
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Figure 1. RUNX2 expression is increased in idiopathic pulmonary fibrosis. A) mRNA levels of RUNX2 were assessed by qPCR in
whole lung homogenate of donors and IPF patients. Data was normalized to Hypoxanthin-Guanin-Phosphoribosyltransferase

(HPRT) and is shown as AC,, means * SEM. n= 16 for donors, n=

37 for IPF patients. B) Protein expression of RUNX2 and aSMA

was determined in whole lung homogenates of donors and IPF patients. Densitometric analysis was performed using B-Actin
(ACTB) as loading control; n =7 donors, n =7 IPF patients. C) Analysis of microarray data published with the accession number
GSE47460 by the Lung Genomics Research Consortium. Gene expression levels of RUNX2 were assessed in donors and IPF
patients. Gene expression was correlated with % predicted diffusing capacity for carbon monoxide (DLCO) or expression levels
of potential IPF biomarkers matrix metalloproteinase-7 (MMP7) and osteopontin (SPPI); n = 91 for donors, n = 122 for IPF
patients. Statistics: unpaired Student’s ¢ test (A) and Mann-Whitney U test (B). Spearman rwas used for correlation analysis (C).

*P < 0.05, #*P < 0.001.
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47460; National Center for Biotechnology Information,
Bethesda, MD, USA; https:/fwww.ncbi.nlm.nih.gov/geo/].
Here, we confirmed the up-regulation of RUNX2 mRNA in
the lungs of patients with IPF compared with healthy do-
nors (relative gene expression: donors: 7.37 * 0.05 sEm;
patients with IPF: 8.05 £ 0.05 sem; P < 0.001; Fig. 1C). Of
note, RUNX2 levels were negatively correlated with the
diffusing capacity of the lung for carbon monoxide (DLCO;
Spearman r = —0.49; P < 0.0001). Furthermore, RUNX2
levels were positively correlated with matrix metal-
loproteinase 7 (MMP7) and osteopontin (SPP1), potential
biomarkers for IPF (Spearman r = 0.70; P < 0.0001; and
Spearman r = 0.67; P < 0.0001, respectively) (22). The main
binding partner of RUNT-related genes, CBFB, was also
increased in human pulmonary fibrosis (relative gene ex-
pression: donors: 10.63 * 0.03 sem; patients with IPF: 10.79 *
0.01 sem; P < 0.001; Supplemental Fig. 1) and corre-
lated with DLCO and IPF biomarkers (correlation with
DLCO: Spearman r = —0.26; P < 0.0001; correlation
with MMP?7: Spearman r = 0.37; P < 0.0001; correlation with
SPPI: Spearman r = 0.38; P < 0.0001; Supplemental Fig. 1).

RUNX2 is expressed in several cell types and
colocalizes with proSPC-positive hyperplastic
ATII cells

To identify which cells express RUNX2 in the human lung,
we performed costaining on lung sections of donors and
patients with IPF together with proSPC as an ATII cell
marker or aSMA as a myofibroblast and smooth muscle
cell marker. Hyperplastic ATII cells of patients with IPF
exhibited a strong signal for RUNX2, whereas we detected
less RUNX2 nuclear-positive ATII cells in donors (Fig.
2A). Only a few aSMA-positive myofibroblasts exhibited
nuclear RUNX2 in IPF lungs compared with donors (Fig.
2A). To further assess the cellular distribution of RUNX2,
we quantified the number of RUNX2-positive cells that
expressed proSPC or aSMA in IPF and donor lung tissue
specimens (Fig. 2B and Supplemental Table 1). We found a
significant increase in double-positive proSPC/RUNX2
cells in IPF compared with donor lungs (Fig. 2B and
Supplemental Table 1) with hyperplastic RUNX2-positive
ATII cells often in close proximity to aSMA-positive
myofibroblast foci (Fig. 2C).

Surprisingly, however, within «SMA-positive cells, we
primarily observed an increase in the RUNX2-negative
subpopulation in IPF compared with donor lungs, which
indicated that differential cell-specific RUNX2 expression
might contribute to pulmonary fibrosis (Fig. 2B).

RUNX2 mRNA and protein levels are increased
in experimental pulmonary fibrosis

We also assessed RUNX2 expression in experimental lung
fibrosis. Intratracheal administration of bleomycin is one
of the most commonly used models of pulmonary fibrosis
in mice (23). Bleomycin injury leads to an acute in-
flammatory process that peaks at approximately d 7 and
subsequently evolves into fibrotic lung remodeling at
around d 14, recapitulating many aspects of human

pulmonary fibrosis (23). Murine lung fibrosis was con-
firmed at d 14 by a reduction in lung function (Supple-
mental Fig. 2A). Moreover, lung histology revealed
distorted tissue architecture and extracellular matrix
remodeling (Supplemental Fig. 2B), as well as increased
mRNA expression of the fibrotic markers, collagenlal
(Col1al), tenascin-C (Tnc), and fibronectin (Fnl; Supple-
mental Fig. 2C). We assessed the mRNA levels of Runx
factors and their main interaction partner, Cbfb, at
14 d after bleomycin challenge (Fig. 3A). Runx2 was sig-
nificantly up-regulated on the mRNA level in bleomycin-
induced fibrosis (PBS: AC; —1.63 = 0.19 sim; BLEO:
—0.94 = 0.17 sem; P < 0.05), whereas Runx1, Runx3, and
Cbfb expressions were not significantly altered (Fig. 3A).
Western blot analysis confirmed a strong increase of
RUNX2 on the protein level in whole-lung protein lysates
of BLEO-treated mice at d 14 (BLEO fold-change: 3.30 =
0.46 sem; P < 0.01; Fig. 3B). RUNX2 was localized to the
alveolar epithelium of fibrotic lungs and to mesenchymal
cells (Fig. 3CI, II). Similar to human IPF tissue specimens,
the quantification of RUNX2-positive cells revealed pri-
marily an increase of double-positive CK/RUNX2 cells
(Fig. 3D and Supplemental Table 2). Within the aSMA-
positive cell population, we also observed a larger increase
in RUNX2-negative cells compared with RUNX2-positive
cells after bleomycin and compared with PBS control (Fig.
3D); however, there was also a small increase in RUNX2-
positive fibroblasts. These data urged us to further evalu-
ate the functional role of RUNX2 in both alveolar epithelial
and mesenchymal cells.

RUNX2 is upregulated in primary murine ATII
cells isolated from fibrotic mice lungs and
mediates the expression of fibrosis

relevant genes

We isolated primary murine ATII cells of PBS- or
bleomycin-treated mice on d 14 after instillation. gPCR
analysis revealed a significant upregulation of genes as-
sociated with cell proliferation and migration such as
5100a4 (PBS: AC; —3.20 * 0.16 sem, BLEO: AC; —0.53 *
0.31seM, P < 0.001) and Cyclin D1 (Ccnd1) (PBS AC,3.77 +
0.18 sem, BLEO: AC; 4.45 = 0.14 sem, P < 0.05), together
with significant upregulation of the fibrosis-associated
genes Tnc (PBS AC; —4.03 = 0.43 sem, BLEO: AC; 2.51 *
0.40 sem, P < 0.05) and Fnl (PBS AC; —0.05 = 0.61 sem,
BLEO: AC;4.31 = 0.17 sem, P < 0.05) in ATII cells isolated
from bleomycin-treated animals compared to ATII cells
isolated from control mice (Fig. 4A), which is in line with
previous observations that fibrotic ATII cells are able to
express mesenchymal and ECM-related genes (24-26). In
parallel, Runx2 expression in ATII cells was significantly
enhanced following bleomycin (PBS AC; —3.37 = 0.18 sev,
BLEO: AC; —2.03 = 0.22 sem, P < 0.001). Increased RUNX2
protein levels in fibrotic ATII cells were confirmed by
immunofluorescence staining with fibrotic ATII cells
exhibiting a strong nuclear expression of RUNX2 (Fig. 4B).
Of note, nuclear RUNX2 staining has been observed in
proliferating fibrotic ATII cells (Fig. 4BIII), which have
been implicated in disease development and progression
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Figure 2. RUNX2 is differentially expressed in ATII cells vs. fibroblasts in the IPF lung and mainly colocalizes with proSPC-
positive hyperplastic ATII cells. A) Immunoflourescence stainings were performed on paraffin sections of donor and IPF lungs.
RUNX2 staining is shown in red, costaining with prosurfactant protein C (proSPC; I) or a-smooth-muscle actin (aSMA; II) in
green. DAPI was used to visualize cell nuclei and is shown in blue. Control staining using only secondary antibody and DAPI (Z1).
Representative images of 3 donor and 3 IPF lungs. Arrows indicate double stained cells. Scale bars, 100 pm. Arrows indicate
double stained cells. B) Semiquantitative analysis was performed using 3 representative X20 images per patient and condition. C)
Serial sections of an IPF lung showing hyperplastic ATII cells adjacent to a fibroblastic focus. Representative images from H&E
staining (a, b), costaining for proSPC (green) and RUNX2 (red; ¢, d) or costaining for aSMA (green) and RUNX2 (red; ¢, f).
H&E staining is shown to better visualize the underlying tissue architecture. Higher magnifications of white squares in ¢, ¢ are
shown in d, f, respectively. Scale bars, 100 pm (¢, ¢), 20 pm (4, f).

(27-30). To begin to understand why RUNX2 is upregu- induction of Runx2 in the ATII cell line A549 (Fig. 4C).
lated in lung fibrosis, we analyzed RUNX2 expression Next, we aimed to elucidate the functional role of RUNX2
upon treatment with TGF-B1 or the WNT/B-catenin ac- in the alveolar epithelium and performed RUNX2
tivator CHIR99021, both of which led to a significant knockdown experiments in primary murine ATII cells
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Figure 3. RUNX2 expression is increased in experimental lung fibrosis. A) mRNA levels of runtrelated transcription (Runx)
factors and their main interaction partner core-binding factor, § subunit (Cbfb) were determined in whole lung extracts from
PBS(control)- or bleomycin (BLEO)-challenged mice. Data was normalized to Hprt and is shown as AC, mean * sEm; n = 4 for
each group. B) Protein expression of RUNX2 in whole lung homogenates on d 14 after instillation of PBS or bleomycin.
Densitometric analysis was performed using B-Actin (ACTB) as loading control; n =5 for PBS, n=9 for BLEO. C) Representative
immunofluorescence stainings of lung sections of bleomycin- or PBS-treated mice. RUNX2 staining is shown in red, costaining
with cytokeratin (CK; /) or a-smooth-muscle actin (aSMA; /) in green. DAPI was used to visualize cell nuclei and is shown in
blue. Control staining using only secondary antibody and DAPI (/II). Higher magnifications of white squares are shown to the
right. Arrows indicate double stained cells. Scale bars, 100 wm; » = 3 for each group. D) Semiquantitative analysis was performed
using 3 representative X20 images per mouse and condition. Statistics: unpaired Student’s ¢ test (A), and Mann-Whitney U test
(B). *P < 0.05, **P < 0.01.

isolated on d 14 after bleomycin or PBS instillation usinga  siRUNX2 0.42 = 0.06 seMm, P < 0.001) (Fig. 4D). Impor-
siRNA approach. RUNX2 knockdown was confirmed by  tantly, RUNX2 knockdown led to the reduction of mRNA
qPCR in the PBS group (fold change: siRUNX2 0.31 = 0.06  level of the S100 calcium-binding protein family S100a4,
seM, P < 0.01) and in the BLEO group (fold change: which has been implicated in cell migration as well as to
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Figure 4. RUNX2 is upregulated in ATII cells isolated from fibrotic mouse lungs and regulates expression of fibrosis associated
genes. A) On d 14 after instillation of PBS or bleomycin, mice were humanely killed, and ATII cells were isolated. Gene
expression was analyzed by qPCR, data was normalized to Hprt and is shown as AC, mean * sem; n = 4-8 for PBS, n = 4-9 for
BLEO. B) Immunofluorescence staining of isolated ATII cells from non-fibrotic and fibrotic mouse lungs. RUNX2 staining is
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the reduction of the cell cycle gene Ccndl in uninjured as
well as fibrotic ATII cells (Fig. 4D, E). Downregulation of
CCND1 on protein level upon RUNX2 knockdown was
confirmed by Western blotting (Fig. 4E). Furthermore, we
performed a scratch assay following RUNX2 knockdown
on A549 cells. Loss of RUNX2 resulted in a marked in-
hibition of cell migration (percentage of wound closure at
48 h; scr: 34.33 + 1.67 seM, siRUNX2: 10.33 + 1.45sEM, P <
0.001) (Fig. 4F). Together, these data suggest that RUNX2
regulates migratory and potentially hyperplastic behavior
of alveolar epithelial cells in lung fibrosis.

Downregulation of RUNX2 in primary
human lung fibroblasts promotes
myofibroblast differentiation

Semiquantitative analysis of RUNX2 immunofluores-
cence staining in IPF and experimental lung fibrosis sug-
gested a differential expression of RUNX2 in the fibroblast
population upon fibrotic injury. To further confirm these
data, we first analyzed a published microarray dataset
(GSE17978) where total mRNA, processed right after iso-
lation of fibroblasts from donor or IPF lungs, was analyzed
(31). IPF fibroblasts overexpressed several mesenchymal
genes such as COL1IAI, ACTA2, TNC and FN1 (relative
gene expression: Donors: 0.87 = 0.05 sem, IPF patients:
0.55 * 0.07 sem, P < 0.01) (Supplemental Fig. S3). In line
with our observation and in contrast to lung epithelial
cells, IPF fibroblasts exhibited a decrease of RUNX2
mRNA compared with donor fibroblasts (relative gene
expression: Donors: 0.87 = 0.05 sem, IPF patients: 0.55 =
0.06 sem, P < 0.01) (Fig. 5A). We further found a significant
negative correlation between mRNA levels of RUNX2
with fibrotic markers, such as COL1A1 (Pearsonr = —0.52,
P < 0.05) and ACTA2 (Pearson r = —0.51, P < 0.05) (Fig.
5A), suggesting that low RUNX2 levels in fibroblasts
promote myofibroblast activation and extracellular matrix
deposition. To further proof this association, knockdown
of RUNX2 was performed in primary human lung fibro-
blasts (phLFs) and confirmed by qPCR (fold change at
baseline: siRUNX2 0.13 = 0.01 sem, P < 0.01; fold change
after TGF-B1: siRUNX2 0.18 = 0.06 sem, P < 0.01; Fig. 5B).
Notably, RUNX2 silencing led to mRNA upregulation of
several mesenchymal genes at baseline and upon treat-
ment with TGF-B1, including COLIA1 (fold change:

siRUNX2 1.66 *+ 0.23 sem, P < 0.05), ACTA2 (fold change:
siRUNX2 2.57 = 0.31 sem, P < 0.01) and TNC (fold
change: siRUNX2 1.59 = 0.26 sem, P < 0.05). Moreover,
only in the presence of TGF-B1, RUNX2 silencing also in-
duced a significant increase of FNI expression (fold
change: siRUNX2 1.55 * 0.17 sem, P < 0.05, Fig. 5B).
Western blotting of whole cell lysates followed by densi-
tometry to ACTB confirmed RUNX2 knockdown
(fold change: siRUNX2 0.57 = 0.05 sem, P < 0.05) and type
1 collagen (COL1) upregulation (fold change: siRUNX2
2.45 =+ 0.08 sem, P < 0.05) on protein level (Fig. 5C).

DISCUSSION

The runt related transcription factors (RUNX) are a family
of 3 genes, essential for cell differentiation, proliferation
and lineage specification (8). RUNX2 has been pre-
dominantly studied in the context of bone, but has lately
gained interest as a driver of different cancer types.
RUNX2 is expressed by cancerous mesothelial cells, giving
these cells the ability to transform into osteoblast-like cells
(32, 33). Interestingly, pleural mesothelial cell plasticity
seems to play an important role in the process of pulmo-
nary fibrosis in animal models as well as in IPF (34, 35).
While recent studies have reported that RUNX2 might be
involved in the pathogenesis of pulmonary hypertension
and asthma (36, 37), RUNX2 has not been studied in the
context of pulmonary fibrosis and only little is known
about RUNX2 function in organ fibrosis in general. The
present study demonstrates that RUNX2 is increased in
whole lung homogenates from experimental as well as
from human IPF tissue specimen with a correlation be-
tween RUNX2 expression level and fibrosis severity.
Further, the main partner of RUNX factors CBFB, essential
for RUNX2 function (38), is also increased under fibrotic
condition compared with control. Nuclear RUNX2 stain-
ing was largely observed in proSPC-positive cuboidal
shaped alveolar epithelial cells in IPF patients and was also
found in isolated ATII cells from fibrotic mice lungs, sug-
gesting a profibrotic role for RUNX2 in ATII cells. Im-
portantly and in contrast to the alveolar epithelial cell
compartment, our data suggest that the aSMA-positive
myofibroblast population, which increases in IPF lungs, is
primarily RUNX2-negative. While an increased expres-
sion of RUNX2 in alveolar epithelial cells was associated

shown in red. DAPI was used to visualize cell nuclei and is shown in blue. Representative images of 3 independent experiments
are shown. Scale bars, 50 pm. C) A549 cells were cultured in presence of TGF-1 (2 ng/ml), the WNT/B-catenin-activating
compound CHIR99021 (2 wM) or corresponding vehicle control for 24 h. Gene expression was analyzed by qPCR, normalized to
Hprt and displayed as fold change compared to control, means * sEm; n = 3 for each group. D) Primary murine ATII cells isolated
on d 14 after instillation of PBS or bleomycin were cultured and transfected using a pool of 3 siRNAs targeting Runx2 mRNA
(siRUNX2) or a non-specific scrambled siRNA control (scr). Knockdown was performed for 48 h. Gene expression was displayed
as fold change compared to scrambled siRNA control, mean * seM; n = 6 for PBS groups, n = 4-5 for BLEO groups. E) Protein
expression of CCND1 was determined in cell lysates of scr- or siRUNX2-transfected primary murine ATII cells isolated 14 d after
instillation of bleomycin. Densitometric analysis was performed using B-Actin (ACTB) as loading control. F) Scratch test
performed on A549 cells transfected with a RUNX2-specific siRNA or scrambled siRNA (control). Representative images (n = 3)
at 0 and 48 h are shown (left). Original magnification, X4. Wound closure follow-up (right). Data are expressed as percentage of
wound closure normalized to wound area at ¢= 0 h, means * sEm; n = 3 for each group. Statistics: unpaired Student’s ¢ test (A, F),
Mann-Whitney U test (C, D), or paired Student’s ¢ test (k). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. Downregulated RUNX2 in IPF lung fibroblasts promotes myofibroblast differentiation. A) Analysis of microarray data
published with the accession number GSE17978. Gene expression levels of RUNX2 were assessed in non-cultured fibroblasts,
isolated from donor and IPF lungs and correlated to expression levels of COLIAI and ACTA2. B, C) Primary human lung
fibroblasts (phLFs) were transfected using a pool of 3 siRNAs targeting RUNX2 mRNA (siRUNX2) or a non-specific scrambled
siRNA control (scr) with or without TGF-B1. Knockdown was performed for 48 h. B) Gene expression was analyzed by qPCR,
normalized to HPRT and displayed as fold change compared to scrambled siRNA control, means * sEm; n = 6 per group. C)
Protein expression of RUNX2 and collagenl (COLI) was determined in cell lysates of scr- or siRUNX2-transfected primary
human lung fibroblasts. Densitometric analysis was performed using B-Actin (ACTB) as loading control; n = 4 per group.
Statistics: unpaired Student’s ¢ test or Pearson r was used for correlation analysis (A). Mann-Whitney U test (B, C). *P < 0.05,

P < 0.01.

with a proliferative and migratory response, we found that
reduced RUNX2 expression in fibroblasts correlated with
the upregulation of fibrotic marker genes, such as COL1A1
and ACTA2, thus corroborating our in vivo findings in
human tissue and suggesting that differential and cell-type
dependent RUNX2 expression is involved in fibrogenesis.

Chronic epithelial injury and subsequent hyperplasia
of ATII cells with the release of growth factors and cyto-
kines are key features of IPF that contribute to distorted
epithelial-mesenchymal crosstalk and (myo)fibroblast
function. Several signaling pathways have been demon-
strated to be involved in fibrogenesis, among them are the
TGF-B and WNT/B-catenin pathways (5). Here, we ob-
served that both, TGF-8 and WNT/B-catenin activation
induce RUNX2 expression, which is in line with previous
reports that reported RUNX2 to be a WINT/B-catenin
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target gene in osteoblastic cells or mammary epithelium
(18, 39). Interplay between RUNX genes and TGF-$ sig-
naling can occur at various levels. RUNX2 can modulate
the expression of TGF-BRI and/or downstream targets of
TGEF-B signaling such as SMAD3 (17, 40, 41). Enhanced
TGF-B signaling can in turn upregulate RUNX2 on tran-
scriptional level, as observed in this study, and further at
the posttranscriptional level through the phosphorylation
of RUNX2 by ERK1/2 (8, 42). WNT-induced RUNX2 ex-
pression and the subsequent modulation of TGF-BRI by
RUNX2 might represent a regulatory cross talk of both
signaling pathways and might further serve as a feedback
loop enhancing RUNX2 overexpression (17).

We and others previously demonstrated increased
proliferative capacity of ATII cells isolated from fibrotic
lungs contributing to fibrosis progression (27-30).
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Modulation of epithelial cell proliferation has been
shown to ameliorate pulmonary fibrosis in rodents (28,
29). In our experiments, loss of RUNX2 in ATII cells led to
decreased expression of the proliferation marker Ccndl,
further suggesting that increased RUNX2 contributes to
fibrogenesis by enhancing epithelial proliferation. In line
with these findings, depletion of RUNX2 is associated
with reduced regenerative potential in mammary epi-
thelium and interferes with mammary organoid forma-
tion (39). Murine RUNX2-negative breast cancers
showed reduced levels of CCND1 and Ki-67 expression
compared to RUNX2-positive breast cancers (43). Fur-
thermore, in a study with 137 human breast cancer
specimen a significant correlation between high RUNX2
levels and high levels of the proliferation marker Ki-67
was demonstrated (44).In addition, it has been shown
that RUNX2 is increased in lung cancer and correlates
with patients’ survival (45, 46). IPF patients have a higher
incidence of lung cancer development and several simi-
larities in signaling pathways involved in fibrosis and
tumorigenesis have recently been highlighted (47, 48).
As such, future studies dissecting the potential role of
RUNX2 in these processes is of high interest.

In addition to cell proliferation, several other cellular
functions and phenotypes have been associated with al-
veolar reprogramming in IPF (49). Ithas been reported that
ATII cells isolated from fibrotic lungs are able to partly
acquire fibroblast properties, e.g., the enhanced expression
of mesenchymal genes like COL1 and aSMA (24-26).
RUNX2 has been demonstrated to play a potential role in
epithelial to mesenchymal transition (EMT) in the lung
epithelial cell line A549, as well as in breast cancer and
thyroid carcinoma cells (50-52). While we did not observe
differences in epithelial marker gene expression (such as
Snai2, E-Cadherin, or tight junction protein 1) upon
RUNX2 knockdown (data not shown), we discovered that
5100a4, a mesenchymal marker and migratory gene, is
positively regulated by RUNX2 in ATII cells and that
RUNX2 silencing diminished migration properties of
Ab549 cells. S100A4 was initially described as a fibroblast
marker upregulated in experimental and human lung fi-
brosis (53). We found increased 510024 expression in fi-
brotic ATII cells, which might indicate reprogramming of
these cells (28). Interestingly, increased S100A4 staining
has been demonstrated in TTF1-positive epithelial cells in
experimental lung fibrosis (54). Further studies demon-
strated that S100A4-positive fibroblasts were partly de-
rived from lung epithelium after bleomycin injury,
however they rarely showed a myofibroblast phenotype
(55). RUNX2-dependent regulation of S100A4 has been
linked to a migratory profile associated with metastasis in
breast and prostate cancer (40, 51). Thus, it is possible that
RUNX2 initiates a process of reprogramming in alveolar
epithelial cells and exerts a migratory effect through in-
duction of S100A4 in injured alveolar epithelium. This
concept is in line with a recent study demonstrating that
S100A4 positive cells, which surround fibroblastic foci in
IPF, are highly proliferative and constitute an active fi-
brotic front (56).

The accumulation of activated aSMA-positive myofi-
broblasts is another pathologic feature of IPF. Unexpectedly,

we found a decreased expression of RUNX2 in fibrotic
fibroblasts compared to fibrotic alveolar epithelial cells
and observed an increase in RUNX2-negative aSMA-
positive myofibroblasts in IPF, indicating that loss of
RUNX2 is involved in profibrotic function of these cells.
In line with this, our data revealed that RUNX2 silencing
in fibroblasts enhanced myofibroblast differentiation
through induction of COL1A1, ACTA2 and TNC genes.
Notably, we analyzed a publicly available microarray
data set comparing IPF and donor fibroblasts, in which
we found that loss of RUNX2 correlated with increase in
COL1A1 and ACTA2 expression. Consistent with our
findings, it has been reported that downregulation of
RUNX1 is necessary for the differentiation of mesen-
chymal stem cells toward myofibroblasts. The authors
reported that knockdown of RUNX1 led to upregulation
of myofibroblast markers TNC and ACTA2 (57). Since
we excluded alterations in RUNX1 expression in our
studies, this indicates a potentially overlapping function
of RUNX genes. Furthermore, RUNX2 has been shown
to suppress the expression of type 1 collagen in non-
osseous mesenchymal cells (58). Importantly, upregu-
lation of aSMA, COL1 and COL3 have been reported in a
RUNX2 heterozygous knockout mice subjected to a
ureteral obstruction model of kidney fibrosis (41). It will
be important in future studies to elucidate the cell-
specific contribution of RUNX2 expression in a similar
experimental lung fibrosis model in vivo.

Our findings of differential RUNX2 expression in ex-
perimental and human IPF raises the question how
RUNX2 expression is regulated and which mechanisms
are involved in either up- or downregulating RUNX2 in
different cell types. The latter is of high interest, as we
observed that both TGF-B1 as well as WNT/B-catenin
activation induces a robust expression of RUNX2 in ATII
cells. Cell-specific changes within the (epi)genetic profile of
different cell types might result in a different RUNX2 ex-
pression. Moreover, the availability of secreted profibrotic
mediators might be distinct within the local microenvi-
ronment between alveolar epithelial cells and fibroblasts.
With respect to WNT signaling, which can be divided into
two main pathways (a canonical WNT/B-catenin signal-
ing and a non-canonical B-catenin independent pathway)
(59), we and others have provided evidence of a differen-
tial WNT ligand signature, with an increase of non-
canonical WNT ligand (such as WNT5A and WNT5B)
expression by fibroblasts (60, 61). This altered signaling
pattern might act differentially on several cell types
depending on the expression of specific WNT surface re-
ceptors, which needs to be further investigated in future
studies. The transcription factor TWIST1 represents an-
other potential regulator of RUNX2 expression in fibro-
blasts. TWIST1 has been demonstrated to downregulate
RUNX2 expression in zebrafish embryos (62) as well as in
human mesenchymal stem cells by directly binding to the
RUNX2-promotor (63). Interestingly, several groups have
shown that TWIST1 is expressed in human IPF as well as in
murine models of pulmonary fibrosis. Two studies dem-
onstrated TWIST1 staining in alveolar epithelial cells and
fibroblasts, whereas another study exclusively located
TWIST1 to fibrotic fibroblasts (64—66). Therefore, increased
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TWIST1 expression in fibrotic fibroblasts might be re-
sponsible of downregulation of RUNX2, leading to myo-
fibroblast differentiation and increased ECM deposition.
Based on our findings, we hypothesize that the total
amount of RUNX2 in the fibrotic lung primarily reflects
the increased expression in injured and hyperplastic
alveolar epithelial cells, which do express substantial
amounts of RUNX2. In line with this, we found that IPF
patients with higher RUNX2 mRNA expression in
whole lung homogenates exhibited worse prognostic
markers, for instance reduced DLCO and increased
biomarkers MMP7, SPP1 indicating that RUNX2 level
might serve as novel surrogate marker of IPF progres-
sion. The downregulation of RUNX2 in fibrotic fi-
broblasts, however, promoting differentiation into
myofibroblasts, is masked in total lung homogenates,
further highlighting the importance of cell-specific
analysis. One limitation of this study resides in the
lack of in vivo evidences concerning the cell-specific
contribution of RUNX2 to the development and pro-
gression of lung fibrosis. This could be addressed using
transgenic mice with conditional and cell-specific
deletion of RUNX2 and would help to further identify
cell-specific RUNX2 activator/repressor that could be
further investigated as therapeutic targets for IPF.
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