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ARTICLE INFO ABSTRACT
Am'Cl_e history: Growth and development of the mature lung is a complex process orchestrated by a number of intricate devel-
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trolling branching morphogenesis cell differentiation, and formation of the conducting and respiratory airways.
In addition, WNT pathways are often re-activated in mature lungs during repair and regeneration. WNT- signal-
ing has been elucidated as a crucial contributor to the development of idiopathic pulmonary fibrosis as well as
other hyper-proliferative lung diseases. Silicosis, a detrimental occupational lung disease caused by excessive in-

g?lcv:ords' halation of crystalline silica dust, is hallmarked by repeated cycles of damaging inflammation, epithelial hyper-

WNT plasia, and formation of dense, hyalinized nodules of whorled collagen. However, mechanisms of epithelial cell
Pneumoconiosis hyperplasia and matrix deposition are not well understood, as most research efforts have focused on the pro-

Fibrosis nounced inflammatory response. Microarray data from our previous studies has revealed a number of WNT-

Eat_hr\lfv-l%Y-analySiS signaling and WNT-target genes altered by crystalline silica in human lung epithelial cells. In the present
pithelium

study, we utilize pathway analysis to designate connections between genes altered by silica in WNT-signaling
networks. Furthermore, we confirm microarray findings by QRT-PCR and demonstrate both activation of canon-
ical (-catenin) and down-regulation of non-canonical (WNT5A) signaling in immortalized (BEAS-2B) and pri-
mary (PBEC) human bronchial epithelial cells. These findings suggest that WNT-signaling and cross-talk with
other pathways (e.g. Notch), may contribute to proliferative, fibrogenic and inflammatory responses to silica in
lung epithelial cells.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Development of the mature lung is a complex process involving
branching morphogenesis and growth of the conducting airways
followed by respiratory airway formation and finally development
of the alveolar airspaces. These processes are orchestrated by
dynamic cell differentiation patterns and intricate cross-talk be-
tween mesenchymal and epithelial cell types (Chang et al., 2013;
Desai et al., 2014; Rockich et al., 2013; Varner and Nelson, 2014;
Herriges and Morrisey, 2014). Several signaling pathways including
fibroblast growth factor (FGF), wingless type MMTV integration
site (WNT), are implicated in coordination of lung development
(Hines and Sun, 2014). Furthermore, such signaling pathways are
vital to homeostasis of the mature lung, whereby they mediate self-
renewal and regeneration of the airways and alveoli upon injury and
cell turnover (Hogan et al., 2014). However, in hyper-proliferative
diseases, developmental pathways may become disrupted during re-
generation and repair leading to excessive cell turnover, compensatory
proliferation, and imbalanced matrix dissolution and deposition
(Herriges and Morrisey, 2014; Hogan et al., 2014; Beers and Morrisey,
2011).

WNT-signaling is highly active and strictly regulated in develop-
mental processes (Volckaert and De Langhe, 2015; Nusse, 2012). On
the other hand, WNT-signaling has been implicated as a driving force
in the development and progression of chronic lung diseases such as
emphysema and chronic obstructive pulmonary disease (COPD) (Lam
et al., 2011; Pain et al., 2014; Heijink et al., 2013; Chilosi et al., 2003,
2012). WNT is a family of 19 secreted glycoproteins, which bind to het-
erodimeric receptor complexes of frizzled receptors (FZD) and low-
density lipo-protein receptors (LRP) 5 and 6, initiating down-stream
signaling, to promote cell proliferation, migration and differentiation
(MacDonald et al., 2009; Willert and Nusse, 2012). WNT-signaling is
classified into 3 main pathways. Canonical WNT/3-catenin, which pro-
motes cell proliferation, and two non-canonical pathways, WNT/c-jun
N-terminal kinase (JNK), which controls cell polarity and cytoskeletal
rearrangement, and the WNT/Ca™* pathway which controls cell migra-
tion and adhesion (MacDonald et al., 2009; Komiya and Habas, 2008;
Gordon and Nusse, 2006).

WNT-signaling is regulated by a number of secreted inhibitors, in-
cluding secreted frizzled-related proteins (SFRPs) and WNT-inhibitory
factors (WIFs) which inhibit signaling by direct contact with WNT-
ligands, whereas the Dickkopf WNT-signaling pathway inhibitors
(DKKs) interact with receptor complexes (Kawano and Kypta, 2003).
Moreover, WNT-signaling is also regulated intracellularly by the scaf-
folding proteins, Axis Inhibition proteins (AXINs) by promoting degra-
dation of B-catenin (Behrens et al., 1998; Kikuchi, 1999; Lee et al.,
2003; Lietal., 2012). In addition, it has been demonstrated that different
WNT pathways regulate each other via crosstalk, e.g. non-canonical
WNT-signaling (WNT5A) can both activate and repress canonical
WNT-signaling (Yao et al., 2014).

Reactivation of WNT-signaling in mature lungs has been viewed as a
key-contributing factor in the initiation and development of pulmonary
diseases. In lung cancers, over-activation of WNT-signaling is evidenced
by increased expression of WNT ligands, as well as decreased expres-
sion of WNT-inhibitors by epigenetic-silencing (Yao et al., 2014;
Nakashima et al., 2010; Tao et al., 2015; Zhang et al., 2010). Recently,
WNT signaling has also been elucidated as a key contributor in the de-
velopment of idiopathic pulmonary fibrosis (IPF) (Chilosi et al., 2003).
Studies have revealed increased expression of WNT ligands as well as
target genes in IPF lungs (Konigshoff et al., 2008) with prominent acti-
vation of WNT-signaling components in the lung epithelium, especially
during the regenerative stages of experimental pulmonary fibrosis
(Konigshoff et al., 2008; Meuten et al., 2012). Current understandings
suggest autocrine and paracrine WNT signaling leads to epithelial hy-
perplasia, and matrix remodeling in lung fibrosis (Konigshoff and
Eickelberg, 2010).

In occupations such as mining, sandblasting and ceramics, long term
exposure to respirable crystalline silica is associated with the develop-
ment of pulmonary fibrosis (silicosis), as well as lung cancers, particu-
larly in smokers (Mossman and Churg, 1998). Development of silicosis
is hallmarked by deposition of inhaled particles, prolonged cycles of
massive inflammation, epithelial hyperplasia, fibroblast proliferation,
and deposition of extracellular matrix components (Perkins et al.,
2014a). This results in the development of distinct silicotic nodules,
which can grow, coalesce, and eventually cause progressive massive
pulmonary fibrosis (Castranova and Vallyathan, 2000). However, mech-
anisms of epithelial cell hyperplasia and matrix deposition are not well
understood, as the majority of research has focused on the intense and
prolonged inflammatory response in silicosis.

Microarray data from our previous studies of gene expression profil-
ing in lung epithelial cells exposed to crystalline silica suggests WNT-
signaling is modulated by silica (Perkins et al., 2012, 2014b). As seen
in multiple fibrotic disorders, consequent autocrine and paracrine sig-
naling likely contributes to epithelial regeneration and recruitment of fi-
broblasts leading to matrix breakdown and deposition in silicosis
(Perkins et al.,, 2014a). The goals of this study were to utilize pathway
analysis to draw connections between potential WNT-signaling net-
works, confirm microarray findings, and demonstrate whether canoni-
cal, and/or non-canonical WNT-signaling pathways are induced by
crystalline silica in human lung epithelial cells.

2. Materials and methods
2.1. Culture and silica exposures in BEAS-2B and NHBE cells

Culturing of both BEAS-2B and Normal human bronchial epithelial
cells (NHBE) commercially available (Lonza, Clonetics) was performed
as previously described (Perkins et al., 2012). Cells were exposed to
Cristobalite silica (King of Prussia, PA), which was previously character-
ized (Perkins et al., 2012) with a mean diameter of 2.16 + 2.00 um. Cells
were exposed to non-lethal doses (less than LDsg) for 24 h, as previously
described (Perkins et al., 2012). In brief, silica dust was dispersed in ster-
ile saline solution at a concentration of 1 mg/ml. Prior to exposure, silica
samples were sonicated for 15 min in a water bath sonicator and
trichurated through a 25G needle prior to administration.

2.2. Isolation and culture of primary bronchial epithelial cells (pBECs)

Lung tissue used for the isolation of PBECs was obtained from the
Maastricht Pathology Tissue Collection (MPTC). Collection, storage and
use of tissue and patient data were performed in agreement with the
“Code for Proper Secondary Use of Human Tissue in the Netherlands”
(http://www.fmwv.nl). The scientific board of the MPTC approved the
use of materials for this study under MPTC2010-019. PBECs were isolat-
ed from resected lung tissue of 3 patients without known history of
chronic lung diseases who underwent surgery for solitary pulmonary
nodules. Isolation, culture and characterization of cells was performed
by the Primary Lung Culture (PLUC) facility at the Maastricht University
Medical Centre (MUMOC) as previously described (van Wetering et al.,
2000).

Briefly, cells were detached from bronchus rings by protease XIV di-
gestion (Sigma, St. Louis, MO, USA), washed and cultured in defined
keratinocyte serum-free medium (KSFM, Gibco, life technologies, NY,
USA) containing 1 uM isoproterenol (Sigma, St. Louis, MO, USA), penicil-
lin/streptomycin (GE Healthcare Life Sciences, Eindhoven, The
Netherlands) and MycoZap PlusPR (Lonza, Verviers, Belgium). Culture
dishes were pre-coated using 30 pg/ml PureCol (Advanced Biomatrix,
San Diego, CA, USA), 10 pg/ml human fibronectin (Becton Dickinson,
Franklink Lakes, NJ, USA) and 10 ug/ml BSA (Sigma, St. Louis, MO,
USA). When cell layers reached approximately 80% confluency, cells
were trypsinized and cryopreserved until further use. Epithelial
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