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Adequate lung epithelial repair relies on supportive interactions within the
epithelial niche, including interactions with WNT-responsive fibroblasts. In
fibroblasts from patients with chronic obstructive pulmonary disease (COPD)
or upon in vitro cigarette smoke exposure, Wnt/β-catenin signalling is
distorted, which may affect interactions between epithelial cells and fibroblasts
resulting in inadequate lung repair. We hypothesized that cigarette smoke (CS), the
main risk factor for COPD, interferes with Wnt/β-catenin signalling in fibroblasts
through induction of cellular stress responses, including oxidative- and
endoplasmic reticulum (ER) stress, and thereby alters epithelial repair support
potential. Therefore, we assessed the effect of CS-exposure and the ER stress
inducer Thapsigargin (Tg) on Wnt/β-catenin signalling activation in MRC-5
fibroblasts, and on their ability to support lung epithelial organoid formation.
Exposure of MRC-5 cells for 15 min with 5 AU/mL CS extract (CSE), and
subsequent 6 h incubation induced oxidative stress (HMOX1). Whereas
stimulation with 100 nM Tg increased markers of both the integrated stress
response (ISR - GADD34/PPP1R15A, CHOP) and the unfolded protein response
(UPR - XBP1spl, GADD34/PPP1R15A, CHOP and HSPA5/BIP), CSE only induced
GADD34/PPP1R15A expression. Strikingly, although treatment of MRC-5 cells with
the Wnt activator CHIR99021 upregulated the Wnt/β-catenin target gene AXIN2,
this response was diminished upon CSE or Tg pre-exposure, which was confirmed
using a Wnt-reporter. Furthermore, pre-exposure of MRC-5 cells to CSE or Tg,
restricted their ability to support organoid formation upon co-culture with murine
pulmonary EpCam+ cells in Matrigel at day 14. This restriction was alleviated by
pre-treatment with CHIR99021. We conclude that exposure of MRC-5 cells to
CSE increases oxidative stress, GADD34/PPP1R15A expression and impairs their
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ability to support organoid formation. This inhibitory effect may be restored by
activating the Wnt/β-catenin signalling pathway.
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stress

Introduction

Lung injury and inadequate repair processes underlie a variety of
chronic lung diseases, including chronic obstructive pulmonary
disease (COPD) and interstitial lung diseases (ILD) (Kneidinger
et al., 2011; Rock and Konigshoff, 2012; Baarsma et al., 2017).
Adequate lung epithelial repair requires interactive cross-talk
within the alveolar stem cell/progenitor niche between progenitor
cells and their microenvironment, including structural cells such as
fibroblasts (Baarsma et al., 2017; Skronska-Wasek et al., 2018). The
mesenchymal niche orchestrates alveolar cell function and repair
through secretion of fibroblast growth factors (FGFs), Wnt ligands,
Wnt signalling activation and other growth factors (Frank et al.,
2016; Zepp et al., 2017; Khedoe et al., 2021; Penkala et al., 2021).
Dysfunctional signalling of repair pathways, including the Wnt/β-
catenin pathway, has been implicated in aberrant lung epithelial
repair in COPD (Rock and Konigshoff, 2012; Kneidinger et al.,
2011). Importantly, Wnt-responsive mesenchymal cells dictate
alveolar cell proliferation and differentiation, whereas
myofibroblasts impair alveolar repair (Zepp et al., 2017). The
Wnt/β-catenin signalling pathway is central to the interaction
between epithelial cells and surrounding mesenchymal cells
during repair processes. In lung diseases such as COPD, it has
been hypothesized that this crosstalk is impaired, leading to
inappropriate signalling between, for example, airway epithelial
cells and fibroblasts. Wnt/β-catenin signalling is thus important
for proper interaction between both lung epithelial cell and
fibroblasts and its distortion may lead to disturbed cross-talk. In
COPD, distortedWnt/β-catenin signalling in fibroblasts may help to
explain remodelling processes that together with tissue injury are a
cause of impaired lung function (Baarsma et al., 2017).

One common cellular stress response, which is activated in
smokers with and without COPD, is the unfolded protein response
(UPR) to endoplasmic reticulum stress (ER stress) (Malhotra et al.,
2009; Gan et al., 2011; Lawson et al., 2011; Marciniak, 2019). It has
been demonstrated that ER stress may interfere with various repair
pathways, which is relevant for COPD and ILD, since these
pathways are overactivated in diseased lung tissue (Tanjore et al.,
2012; Wei et al., 2013; Dickens et al., 2019). Whereas this cellular
response is activated to restore homeostasis upon cellular or micro-
environmental stress, prolonged activation can lead to cell
dysfunction, inappropriate differentiation and cell death
(Marciniak, 2019). Three transducers mediate sensing of ER
stress and initiate activation of the UPR: ATF6, IRE1 and PERK.
Autophosphorylation of the kinase domain of PERK results in
attenuation of protein synthesis by phosphorylation of eukaryotic
initiation factor (eIF2)-α, and this mechanism also contributes to the
integrated stress response (ISR). However, in addition to PERK and
ER stress, further eIF2α kinases can respond to a range of other
cellular stresses to trigger the ISR resulting in similar downstream

events (Emanuelli et al., 2020). Not only cigarette smoke, but also
various endogenous and exogenous triggers are able to activate
either the UPR or the ISR (Marciniak, 2019; Emanuelli et al., 2020;
van ’t Wout et al., 2015). Importantly, there is evidence for
prolonged activation of the UPR and ISR in (epithelial) cells in
cigarette smokers and COPD patients (Malhotra et al., 2009), and
this has been implicated in dysfunction of both airway epithelial cells
and pulmonary fibroblasts, leading to epithelial-to-mesenchymal
transition (EMT) and myofibroblast differentiation (Delbrel et al.,
2019; Song et al., 2019), respectively. Mutations in various genes,
including SFPTC and MUC5B may induce ER stress in lung
epithelial cells, contributing to EMT and fibrosis in IPF (Burman
et al., 2018; Dickens et al., 2019). In addition to causing cellular
dysfunction, prolonged activation of the UPR and ISR may interfere
with mRNA processing and translation of proteins, leading to
impairment of signalling pathways involved in repair.

In this study, we used an in vitro model of lung repair in
which mesenchymal cells support epithelial organoid formation.
Using this model, we have recently shown that TGF-β treatment
of fibroblasts impairs their ability to support organoid formation
(Ng-Blichfeldt et al., 2019). In the present study, our aim was to
dissect the impact of cellular stress responses (e.g., oxidative
stress and ER stress) on the supportive role of the lung fibroblast
for lung epithelial cell repair. Therefore, we focused on the effect
of cigarette smoke extract- and chemically-induced ER stress in
MRC-5 fibroblasts, including Wnt/β-catenin signalling and their
ability to support epithelial progenitor function.

Materials and methods

Mouse epithelial cell isolation

Lung epithelial cells were isolated from C57BL6/J mice
(8–14 weeks) as described before (Ng-Blichfeldt et al., 2019;
Wu et al., 2019). Mice were kept under a 12/12 h light/dark
cycle and had ad libitum access to food and water. In short, after
anesthesia (40 mg/kg ketamine and 0.5 mg/kg dexdomitor, i.p.)
the pulmonary vasculature of C57BL/6N or C57BL6/J mice was
flushed with PBS, after which the lungs were filled with Dispase
(BD, Biosciences, Oxford, United Kingdom) in low-melting
agarose (Sigma Aldrich, Poole, United Kingdom) for 45 min at
room temperature (RT). Lung lobes were homogenized in
DMEM containing DNase1 (Applichem, Germany), after
which a single-cell suspension was prepared. Subsequently,
using magnetic-activated cell sorting (MACS isolation), cell
suspensions underwent a negative selection for CD45
(Miltenyi Biotec, Teterow, Germany) and CD31 (Miltenyi),
after which EpCAM+ (CD326) epithelial cells were isolated
(Miltenyi) as described before (Ng-Blichfeldt et al., 2019; Wu
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et al., 2019). Antibodies used for experimental procedures are
listed in Table 1. EpCAM+ cells were resuspended in DMEM with
10% fetal calf serum (FCS, Bodinco, Alkmaar, Netherlands).
Experimental animal protocols were approved by the
University of Groningen animal experimentation committee
under CCD license AVD105002015303.

MRC-5 lung fibroblast and MEF culture and
stimulation

MRC-5 lung fibroblasts (ATCC CCL 171, United States) were
cultured in MEM (Gibco) containing 100 U/ml penicillin/
streptomycin (Gibco), 25 mM HEPES (Invitrogen), non-
essential amino acids (NEAAS, Gibco) and 10% heat-
inactivated FCS at 37°C in 5% CO2. For mRNA analyses,
MRC-5 lung fibroblasts were grown to confluence and kept in
serum-free medium overnight. MRC-5 were then stimulated for
15 min with 2 or 5 AU/mL freshly prepared cigarette smoke
extract (CSE) generated as described in (23), washed with PBS
and then further cultured for 6 h. To induce ER stress, MRC-5
fibroblasts were incubated for 6 h with 100 nM thapsigargin (Tg,
Sigma). To examine the effect of Wnt/β-catenin activation on
cellular stress responses (e.g., oxidative stress and ER stress),
MRC-5 cells were treated with vehicle, 2 µM CHIR99021 or
10 mM N-acetylcysteine (NAC) during the 6 h exposure. After
6 h, MRC-5 cells were lysed for RNA isolation and gene
expression analyses. Similar stimulation procedures were
applied to mouse embryonic fibroblasts (MEFs), derived from
WT, Gadd34−/−, Chop−/− or EIF2a AA signalling deficient mice
(Scheuner et al., 2001).

For organoid assays, MRC-5 fibroblasts were first mitotically
inactivated using 10 μg/mL Mitomycin-C (Sigma-Aldrich) (Ng-
Blichfeldt et al., 2019), followed by washing and a restoration
period of 1 h. MRC-5 fibroblasts were then stimulated for 15 min
with 5 AU/mL freshly prepared CSE (Luppi et al., 2005), washed
with PBS and then incubated for 6 h, either in the presence or
absence of 2 µM CHIR99021 or 10 mMNAC. ER stress was induced
using 100 nM Tg for 6 h, either or not in presence of CHIR99021 or
NAC. MRC-5 fibroblasts were trypsinized thereafter and
immediately used for organoid assays. An overview of the
experimental set-up is shown in Figure 1A.

Organoid assay

Organoid assays were performed as previously described (Ng-
Blichfeldt et al., 2019). Pre-treated or pre-exposed MRC-5
fibroblasts were resuspended in a 1:1 ratio (20.000 cells each)
with EpCAM+ cells in 50 µL DMEM/10% FBS +50 µL growth-
factor reduced Matrigel (Corning). Cell suspensions were seeded
on 24-transwell inserts and subsequently incubated at 37°C for
~30 min to enable polymerization of the Matrigel. Organoid
cultures were maintained in DMEM/F12 with 5% (vol/vol) FBS,
2 mM L-glutamine, p/s, 1x insulin-transferrin-selenium (Gibco),
recombinant mouse EGF (0.025 μg/mL, Sigma), bovine pituitary
extract (30 μg/mL, Sigma), and freshly added all-trans retinoic acid
(0.01 μM, Sigma) at 37°C with 5% CO2. Y-27632 (10 μM, Tocris,

Oxford, United Kingdom) was added for the first 48 h of culture. To
quantify colony-forming efficiency, the total number of organoids
per well was counted manually 7 days after seeding using a light
microscope at ×20 magnification. Organoid diameter was measured
14 days after seeding with a light microscope connected to NIS-
Elements software (Nikon Europe, Netherlands). For
immunofluorescence, organoid cultures were fixed with ice-cold
acetone/methanol (1:1) for 12 min at −20°C, then non-specific
binding sites were blocked in PBS with 5% bovine serum
albumin (BSA; Sigma). Samples were stored at 4°C until
immunofluorescence analysis.

Immunofluorescence staining

Immunofluorescence staining was performed as described
before (Ng-Blichfeldt et al., 2019; Wu et al., 2019). Cultures
were incubated with primary antibodies (alveolar cells: anti-
proSP-C Millipore AB3786; ciliated cells: anti-Acetylated
tubulin Sigma T6793) diluted in PBS with 0.1% (wt/vol) BSA
and 0.1% (vol/vol) Triton X-100 at 4°C overnight, then washed
three times in PBS (> 20 min between washes), after which
cultures were incubated with secondary antibodies and DAPI
at 4°C overnight. After 3x washing with PBS, transwell
membranes were excised from inserts and mounted on glass
slides with mounting media and glass coverslips.
Immunofluorescence was visualized using a Leica SP8 confocal
microscope (Wetzlar, Germany), and images were obtained with
Leica Application Suite software. Per condition, > 150 organoids
were analyzed at ×40 magnification, and the number of alveolar
vs airway organoids was quantified (Ng-Blichfeldt et al., 2019; Hu
et al., 2020).

TOP/FLASH reporter assay

The TOP/FOP flash assay was performed as described before
(Baarsma et al., 2017; Wu et al., 2019). In short, MRC-5 fibroblasts
were seeded in 96-well plates, and upon confluence, were transfected
with 100 ng/well TOP luciferase reporter plasmid or negative control
(FOP plasmid) using Lipofectamine™ LTX Reagent with PLUS™
Reagent (Invitrogen, Carlsbad, United States) in serum-free Opti-
MEM® medium (Life Technologies, Carlsbad, United States) for 5 h.
Thereafter, MRC-5 cells were stimulated for 6 h with vehicle, 2 or 5 AU/
mL freshly prepared CSE (15 min exposure washed and incubated),
100 nMTg without or with 2 µM CHIR99021 and/or 10 mM NAC in
Opti-MEM® medium with 0.1% FBS. After incubation, MRC-5
fibroblasts were lysed using the Bright-Glo™ Luciferase Assay System
(Promega) and luciferase activity was measured using a Spectramax
Microplate Reader (Molecular Devices, San Jose, United States).
SoftmaxPro (Molecular Devices) was used to collect and analyze data.

q-PCR analysis

RNA was isolated from MRC-5 fibroblasts according to the
manufacturer’s instruction using Maxwell RNA extraction kits
(Promega, Madison, WI, United States). Quantitative RT-PCR
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(q-PCR) was performed as described previously (Delbrel et al.,
2019). q-PCR reactions were performed in triplicate. We
included two reference genes, selected using the “Genorm
method” (Genorm, Primer design, Southampton,
United Kingdom), to calculate the normalized gene
expression. Expression values were determined by the relative
gene expression of a standard curve as determined by CFX
manager software, and expressed as fold increase (Bio-Rad).
Used primer pairs are listed in Table 2.

Statistical analyses

Data are presented as mean ± SEM. N refers to number of
independent experiments using MRC-5 fibroblasts, and n refers to
number of independent experiments upon EpCAM+ isolation. Data
were analyzed usingOne-way or Two-wayANOVA (as indicated in the
legends) and Tukey post hoc test to compare differences amongst
groups. All analyses were performed using Graphpad Prism 9.3.1.
Differences at a value of p< 0.05were considered statistically significant.

TABLE 1 Antibodies for experimental procedures.

Antibody Technique Supplier + Cat. No.

CD45 MACS sorting Miltenyi Biotec, Germany 130-052-301

CD31 MACS sorting Miltenyi Biotec, Germany 130-097-418

CD326 MACS sorting Miltenyi Biotec, Germany 130-091-051

Pro-Surfactant protein-C Immunofluorescence staining Millipore AB3786

Acetylated tubulin Immunofluorescence staining Sigma T7451

Donkey anti-Mouse Secondary Antibody, Alexa Fluor™ 568 Immunofluorescence staining Invitrogen/Life Technologies A10037

Goat anti-Rabbit Secondary Antibody, Alexa Fluor™ 488 Immunofluorescence staining Invitrogen/Life Technologies A11008

TABLE 2 Primer pairs used for gene expression analysis.

Gene (human) Forward primer sequence (5′ to 3′) Reverse primer sequence (3′ to 5′)

ATP5B TCACCCAGGCTGGTTCAGA AGTGGCCAGGGTAGGCTGAT

RPL13A AAGGTGGTGGTCGTACGCTGTG CGGGAAGGGTTGGTGTTCATCC

AXIN2 CGGGAGCCACACCCTTCT TGGACACCTGCCAGTTTCTTT

GADD34 ATGTATGGTGAGCGAGAGGC GCAGTGTCCTTATCAGAAGGC

Bip CGAGGAGGAGGACAAGAAGG CACCTTGAACGGCAAGAACT

CHOP GCACCTCCCAGAGCCCTCACTCTCC GTCTACTCCAAGCCTTCCCCCTGCG

XBP1SPL TGCTGAGTCCGCAGCAGGTG GTCGGCAGGCTCTGGGGAAG

HGF TCCAGAGGTACGCTACGAAGTCT CCCATTGCAGGTCATGCAT

FGF2 AGAAGAGCGACCCTCACATCA CGGTTAGCACACACTCCTTTG

FGF7 TCCTGCCAACTTTGCTCTACA CAGGGCTGGAACAGTTCACAT

FGF10 CAGTAGAAATCGGAGTTGTTGCC TGAGCCATAGAGTTTCCCCTTC

HMOX1 AAGACTGCGTTCCTGCTCAAC AAAGCCCTACAGCAACTGTCG

Wnt5A GGG TGG GAA CCA AGA AAA AT TGG AAC CTA CCC ATC CCA TA

WNT5B ACG CTG GAG ATC TCT GAG GA CGA GGT TGA AGC TGA GTT CC

Gene (murine) Forward primer sequence (5′ to 3′) Reverse primer sequence (3′ to 5′)

Xbp1spl CTGAGTCCGCAGCAGGTGCAG GTCCATGGGAAGATGTTCTGG

Chop GGAGCTGGAAGCCTGGTATGAG GCAGGGTCAAGAGTAGTGAAGG

Gadd34 CCCGAGATTCCTCTAAAAGC CCAGACAGCAAGGAAATGG

Axin2 CGCTTTGATAAGGTCCTGGC AGTTCCTCTCAGCAATCGGC

Hmox1 GATAGAGCGCAACAAGCAGAA CAGTGAGGCCCATACCAGAAG

Actb GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC
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Results

CSE induces cellular stress responses in
MRC-5 lung fibroblasts, whilst impairing
CHIR99021-induced Wnt/β-catenin
signalling

The experimental set-up is visualized in Figure 1A. MRC-5 lung
fibroblast were exposed to 5 AU/mL CSE for 15 min and
subsequently incubated for 6 h, and a CSE-induced expression of
HMOX1 (Figure 1B) was observed. Tg, a widely used nonspecific
activator of the UPR, clearly increased expression of GADD34/
PPP1R15A, CHOP, XBP1spl and BiP (Figures 1C, D,
Supplementary Figure S1A), whereas CSE exposure only
significantly increased GADD34/PPP1R15A expression (Figures
1C, D), and therefore we cannot conclude that CSE activates the
UPR and/or ISR. As activation of the Wnt/β-catenin pathway is

suggested to tip the balance towards a pro-repair and regenerative
response in both epithelial cells and fibroblasts in COPD
(Kneidinger et al., 2011; Hu et al., 2020), we treated MRC-5 lung
fibroblasts with the Wnt/β-catenin activating compound,
CHIR99021 (2 µM), during stimulation with CSE and Tg.
Activation of the Wnt/β-catenin pathway did not modulate CSE-
induced GADD34/PPP1R15A and HMOX1 expression. However,
CSE inhibited CHIR-induced activation of the Wnt/β-catenin target
gene AXIN2, whereas the inhibitory effect of Tg on CHIR-induced
AXIN2 was less pronounced (Figure 2A). This inhibitory effect of
CSE on CHIR99021-induced Wnt/β-catenin signalling activation
was confirmed in a TOP/FLASH reporter assay (Figure 2B).

To determine whether the CSE-mediated reduction of
CHIR99021-induced Wnt/β-activation was dependent on
components of the UPR and/or ISR pathways, we used mouse
embryonic fibroblasts (MEF) from wildtype, Gadd34−/−, Chop−/−
or EIF2a (AA) signalling deficient mice (Supplementary Figure S1A).

FIGURE 1
CSE induces stress responses in MRC-5 lung fibroblasts MRC-5 fibroblasts were cultured until confluency was reached, after which they were
serum-starved for 24 h. Upon starvation, MRC-5 fibroblasts were exposed to vehicle (white dots/bars) freshly-prepared CSE (2 or 5 AU/mL, light and dark
grey dots/bars resp.) for 15 min or Tg (dark greydots/grey bars) and stimulated for 6 h.CHIR99021or vehicle (2 μM, stripes bars)was added during stimulation
with CSE or Tg (experimental set-up shown in (A)). Cells were then lysed for RNA isolation, cDNA synthesis and RT-qPCR. HMOX1 expression
(B) was measured as marker for oxidative stress. GADD34 (C) and CHOP mRNA expression were determined as a read-out for activation of the ISR,
whereas XBP1spl and BiP (D) were measured to determine UPR activation. Data are shown as mean ± SEM (with individual datapoints);
N = 3–4 independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 Data were analyzed using One-way ANOVA statistical testing in
Graphpad Prism 9.3.1. Abbreviations: AU/mL: arbitrary units/mL; CSE: cigarette smoke extract; ER stress: endoplasmic reticulum stress; ISR: integrated
stress response; Tg: thapsigargin; UPR: unfolded protein response.
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In line with our observations in human MRC-5 cells, Gadd34 and
Hmox1 expression was increased upon CSE exposure in MEFs,
whereas CSE did not increase Xbp1spl (data not shown). In
contrast to MRC-5 fibroblasts, CSE did increase Chop expression
in MEFs (data not shown). CHIR99021-induced activation ofWnt/β-
catenin signalling appeared less pronounced in MEF. Importantly,
absence of Gadd34 or Chop did not affect CSE- or Tg-induced
impairment in CHIR-induced responses (Supplementary Figures
S1B–E), whereas this impairment was less clear in MEFs unable to
phosphorylate eIF2α. These data suggest that Gadd34 and CHOPmay
not be required for the suppressive effect of CSE on activation of
CHIR99021-induced Wnt/β-catenin signalling, whereas oxidative
stress may be involved in this effect.

CSE exposure impairs repair-related factors

To further understand the effects of CSE and Tg exposure on
MRC-5 fibroblast and their suggested supportive function for
epithelial cells, we measured expression of several growth factors
andWnt ligands related to (impaired) repair. Expression ofWNT5A
was induced upon treatment with CHIR99021 compared to control,
and exposure to 5 AU/mL CSE, but not Tg, reduced CHIR99021-
induced WNT5A expression (Figure 3A). WNT5B was increased
significantly upon exposure to 2 AU/mL CSE and
CHIR99021 treatment compared to control and exposure to
5 AU/mL and Tg. Interestingly, also CHIR99021 alone
significantly reduced FGF7 expression, which was not further

reduced by CSE or Tg. These findings suggest that CSE and Tg
both alter expression of repair-related mediators in MRC-5 cells,
which could not all be restored by CHIR99021-induced Wnt/β-
catenin activation.

Exposure to CSE and ER stress in MRC-5
fibroblasts impairs support of epithelial
organoid formation, which is partly restored
by treatment with the Wnt/β-catenin
activator CHIR99021

As Wnt/β-catenin signalling as well as expression of repair
related factors was altered upon CSE/Tg exposure in MRC-5
fibroblasts, we performed a lung epithelial organoid assay in
order to assess the functional consequence on lung epithelial
progenitor function. Therefore, mitomycin-treated MRC-5
fibroblasts were stimulated with 5 AU/mL CSE or Tg to induce
ER stress, and subsequently seeded in Matrigel with murine lung
EpCAM+ epithelial cells (Figure 1A). Organoid formation was
followed for 14 days. Pre-exposure of MRC-5 lung fibroblast to
Tg resulted in a lower number of epithelial organoids both at day
7 and day 14, while CSE pre-exposure lowered epithelial organoid
formation only at day 14 (Figure 4A); organoid size and composition
was unaffected (Figures 4B, C). After showing that CSE and Tg
impair CHIR-induced Wnt-signalling based on analysis of AXIN2
expression (Figure 2), we next investigated whether residual Wnt
signalling sufficed to increase organoid formation. To this end,

FIGURE 2
CSE lowers CHIR99021-induced Wnt/b-catenin signalling in MRC-5 lung fibroblasts. MRC-5 fibroblasts were cultured until confluency was
reached, after which they were serum-starved for 24h. Upon starvation, MRC-5 fibroblasts were exposed to vehicle (white dots/bars) freshly-prepared
CSE (2 or 5 AU/mL, light and dark grey dots/bars resp.) for 15 min or Tg (dark grey dots/grey bars) and stimulated for 6 h. CHIR99021 or vehicle (2 μM,
stripes bars) was added during stimulation with CSE or Tg. Cells were then lysed for RNA isolation, cDNA synthesis and RT-qPCR. The effect onWnt/
β-catenin signalling was assessed by determiningmRNA expression of AXIN2 (A) and using a TOP/FLASH reporter (B). Data are shown asmean ± SEM; N=
3-4 independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data were analyzed using One-way ANOVA statistical testing in
Graphpad Prism 9.3.1. Abbreviations: AU/mL: arbitrary units/mL; CSE: cigarette smoke extract; Tg: thapsigargin.

Frontiers in Cell and Developmental Biology frontiersin.org06

Khedoe et al. 10.3389/fcell.2023.1165581

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1165581


MRC-5 lung fibroblasts were treated with 2 µM CHIR99021 during
stimulation with CSE and Tg and effects on support of epithelial
organoid formation were assessed. Remarkably, CHIR99021 pre-
treatment of MRC-5 fibroblasts alone did not increase organoid
numbers, but pre-treatment with CHIR99021 during CSE exposure
restored support of epithelial organoid formation (Figure 4A), which
was evident most clearly at 14 days. Also, CHIR99021-pre-treatment
of MRC-5 cells appeared to induce a more mature organoid
phenotype with higher numbers of SFTPC+ cells compared to
CHIR99021-untreated organoids, although this effect was not
significant.

These findings suggest that Tg and CSE pre-exposure of MRC-5
lung fibroblasts impairs their ability to support epithelial organoid
formation. CSE-induced impairment of support of epithelial
organoid formation and maturation of organoids was partly
restored upon pre-treatment with the Wnt/β-catenin activator
CHIR99021, suggesting that activation of Wnt/β-catenin
signalling during CSE exposure reverses some of the CSE-
induced anti-repair effects.

Treatment with the oxidative stress inhibitor,
N-acetylcysteine, partly restores effects of
CSE exposure

To determine the role of oxidative stress in the observed effects
on Wnt/β-catenin signalling activation and support of organoid
formation, MRC-5 fibroblasts were treated with CHIR99021 (2 µM)
and/or N-acetylcysteine (NAC, 10 mM) or vehicle during the 6 h
stimulation with CSE (2 or 5 AU/mL, 15 min exposure) or
100 nM Tg. There were no differences in expression of GADD34/
PPP1R15A upon NAC or NAC + CHIR99021 pre-treatment
(Figure 5A) compared to vehicle control. In contrast, XBP1spl
was upregulated upon NAC pre-treatment of CSE-exposed cells
(Figure 5B). Although non-significant, NAC pre-treatment reduced
CSE-induced expression ofHMOX1 (Figure 5C). mRNA expression
of AXIN2 (Figure 5D) was unaltered upon NAC pre-treatment,
which was confirmed using a Wnt/β-catenin reporter (Figure 5E).
Despite our observation that NAC prevented CSE-induced effects
on GADD34/PPP1R15A, and HMOX1, pre-treatment of MRC-5

FIGURE 3
CSE impairs repair-related factors. MRC-5 fibroblasts were cultured until confluency was reached, after which they were serum-starved for 24 h.
Upon starvation, MRC-5 fibroblasts were exposed to vehicle (white dots/bars) freshly-prepared CSE (2 or 5 AU/mL, light and dark grey dots/bars resp.) for
15 min or Tg (dark grey dots/grey bars) and stimulated for 6 h. Cells were then lysed for RNA isolation, cDNA synthesis and RT-qPCR. Expression of Wnt
ligands (WNT5A andWNT5B) (A) and growth factors (FGF2, FGF7, FGF10 and HGF) (B)were determined as a read-out of repair-related factors. Data
are shown as mean ± SEM; N = 3–4 independent experiments; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Data were analyzed using One-way
ANOVA statistical testing in Graphpad Prism 9.3.1. Abbreviations: AU/mL: arbitrary units/mL; CSE: cigarette smoke extract; FGF: fibroblast growth factor;
HFG: hepatocyte growth factor; Tg: thapsigargin.
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cells with NAC did not affect epithelial organoid formation
(Figure 5F). These findings suggest that the observed CSE-
mediated inhibition of support of epithelial organoid formation
(Figure 2A) only partly results from oxidative stress.

Discussion

Crosstalk between fibroblasts and lung epithelial cells is crucial
for both lung development and appropriate repair responses
following lung injury, and this beneficial interaction has been
suggested to be impaired in chronic lung diseases such as COPD.
In this study, we show that exposure to cigarette smoke extract
(CSE) of MRC-5 lung fibroblasts induced cellular stress responses,
including oxidative stress and upregulation of GADD34/PPP1R15A.
Furthermore, we showed that CSE caused an impairment of the
ability of MRC-5 cells to support of epithelial progenitor function, as
assessed by the organoid forming capacity of lung EpCAM+ cells.

This effect was partially restored upon activation of the Wnt/β-
catenin signalling pathway in fibroblasts during CSE stimulation.

Previous studies showed that CSE exposure induces
myofibroblast differentiation of MRC-5 fibroblasts as assessed by
enhanced α-SMA expression (Baek et al., 2012; Song et al., 2019) and
altered expression profiles of proteins related to stress responses,
mitochondrial activity, and aging in human fetal lung fibroblasts
(HFL-1) (D’Anna et al., 2015). Myofibroblast activation has been
associated with impaired repair and remodelling, and may
contribute to progression of COPD and ILD (Ng-Blichfeldt et al.,
2019; Liu et al., 2021). We showed that exposure to CSE induced
expression of GADD34/PPP1R15A in MRC-5 lung fibroblasts,
whereas UPR markers were unaffected. These findings are in
contrast to previously reported findings using MRC-5 fibroblasts,
in which the UPR was found to be activated upon CSE stimulation
(Song et al., 2019). This apparent discrepancy may result from
differences in CSE preparation method, CSE dosage and CSE
exposure duration. Exposure to the chemical ER stress inducer

FIGURE 4
CSE and Tg pre-exposure of MRC-5 fibroblasts impairs mesenchymal support of epithelial organoid formation. MRC-5 fibroblasts were
mitomycin-C inactivated for 2 h, followed bywashing and a 1h recovery-period. Upon starvation, MRC-5 fibroblasts were exposed to vehicle (white dots/
bars) freshly-prepared CSE (5 AU/mL, ldark grey dots/bars) for 15 min or Tg (dark grey dots/dark grey bars) and stimulated for 6 h. MRC-5 cells were then
detached and seeded with freshly isolated mouse Epcam + lung epithelial cells in a 1:1 ratio in Matrigel, and organoid formation and growth was
followed for 14 days. Organoid number (white arrows) was counted at day 7 and 14 (A). Data are shown as mean ± SEM; N = 4 independent MRC-5
fibroblast experiments, EPCAM+ cells: n = 8 mice; *p < 0.05, **p < 0.01, ***p < 0.001. Organoid size was determined at day 14 (B) in, and organoid
composition was determined using immunofluorescence staining of organoids fixed at day 14 organoids. Organoids were costained for proSFTPC
(alveolar, green) and ACT (bronchial, red) and displayed as percentage of total organoids expressing one, both, or neithermarkers (C) (for both n= 3mice).
The nuclei were visualized using DAPI (blue). Data presented in 4B were analyzed using One-way ANOVA statistical testing in Graphpad Prism 9.3.1. Data
presented in Figures 4A,C were analyzed using Two-way ANOVA statistical testing in Graphpad Prism 9.3.1. Abbreviations: ACT: acetylated tubulin; AU/
mL: arbitrary units/mL; CSE: cigarette smoke extract; SFTPC: pro-surfactant protein-C; Tg: thapsigargin.
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Tg did activate markers of both the ISR and the UPR, which is in line
with other studies. However, it needs to be noted that Tg may also
activate other cellular processes unrelated to the UPR and ISR by its
effect on intracellular calcium stores.

We showed that CSE and TG not only induced cellular stress
responses in MRC-5 cells, but also decreased the capacity of the
MRC-5 fibroblasts to support epithelial organoid formation.
Furthermore, we showed that pre-exposure of MRC-5 cells to
CSE resulted in (non-significantly) diminished expression of
maturation markers in the organoids, as shown by an increase in
SFTPC−/ACT− organoids. Interestingly, CHIR99021 treatment was
able to partially restore this inhibitory effect of CSE treatment,
although CSE pre-treatment did lower ((but did not abolish) CHIR-
99021-induced AXIN2 expression as marker of Wnt/β-catenin
signalling activation compared to control.

The reduced ability of MRC-5 fibroblasts to support organoid
formation upon CSE or Tg exposure may result from a cascade of
events, including impaired growth factor production and activation of
cellular stress signals. TGF-β is increased in COPD lungs and contributes
to myofibroblast formation (Konigshoff et al., 2009; Baarsma et al.,
2011). Furthermore, we previously showed that fibroblast exposure to
TGF-β decreases their capacity to support epithelial organoid formation
(Ng-Blichfeldt et al., 2019), which results from altered expression of
Wnt/β-catenin signalling components and target genes. Our results
using Tg indicate that ER stress reduced CHIR99021-induced Wnt/
β-catenin signalling activation. Whereas acute ER stress is important in
maintaining cellular homeostasis (Marciniak, 2019), prolonged ER stress
responses may result in cellular dysfunction and cell death and is closely
linked to other cellular stress responses including oxidative stress,
mitochondrial dysfunction and cellular senescence (Kanaji et al.,

FIGURE 5
Pre-treatment with an anti-oxidant does not restore impaired Wnt/β-catenin signalling upon CSE exposure. MRC-5 fibroblasts were cultured
until confluency was reached, after which they were serum-starved for 24h. Upon starvation, MRC-5 fibroblasts were exposed to freshly-prepared CSE
(2 or 5 AU/mL) for 15 min or Tg and stimulated for 6h. CHIR-99021 (2 μM, pink dots and bars) or vehicle (white dots and bars) and (brown dots and bars)/or
N-acetylcysteine (10 mM, blue dots and bars) was added during stimulation with CSE or Tg. Cells were then lysed for RNA isolation, cDNA synthesis
and RT-qPCR. Gadd34 (A) mRNA expression were determined as a read-out for activation of the ISR, whereas XBP1spl (B) was measured to determine
UPR activation. HMOX1 expression (C) was measured as marker for oxidative stress and the effect on Wnt/β-catenin signalling was assessed by
determining mRNA expression of AXIN2 (D) and using a TOP/FLASH reporter (E). MRC-5 fibroblasts were mitomycin-C inactivated for 2 h, followed by
washing and a 1 h recovery-period. MRC-5 fibroblasts were subsequently exposed to freshly-prepared CSE (5 AU/mL) for 15 min, Tg or Tm and
stimulated for 6 h. N-acetylcysteine (10 mM) or vehicle was added during stimulation with CSE, Tg or Tm. MRC-5 cells were then detached and seeded
with freshly isolated mouse Epcam + lung epithelial cells in a 1:1 ratio in Matrigel, and organoid formation and growth was followed for 14 days; organoid
number was counted at day 14 (F). Data are shown as mean ± SEM; n = 3mice; *p < 0.05. Data presented in (A–F)were analyzed using Two-way ANOVA
statistical testing in Graphpad Prism 9.3.1. Abbreviations: AU/mL: arbitrary units/mL; CSE: cigarette smoke extract; NAC: N-acetylcystein; Tg:
thapsigargin.
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2014; Koloko Ngassie et al., 2021), processes that are increased in lungs
from COPD patients. Fibroblasts from COPD patients show
disorganized organelle organization and enhanced ER stress
(Weidner et al., 2018), which may impact the niche-function of
fibroblasts in lung epithelial repair. ER stress may interfere with
Wnt/β-catenin signalling in various ways. Firstly, ER stress may
interfere with Wnt ligand processing and secretion in Wnt-producing
cells, leading to lower production or inactivity of secreted Wnt ligands
(Verras et al., 2008). Secondly, ER stress leads to attenuation of protein
translation resulting in a transient decrease in short-lived signalling
molecules including bone morphogenic protein-4 (BMP-4) (Malzer
et al., 2018) and potentially β-catenin. ER stress may also inhibit
transcription of proteins downstream of β-catenin (van Lidth de
Jeude et al., 2017), and finally ER stress responses may lead to
proteosomal degradration of proteins (Fabre et al., 2019). There are
thus several mechanisms by which ER stressmay interfere in theWnt/β-
catenin signalling pathway, although the precise mechanism is
unclear yet.

Although we did not find altered gene expression of β-catenin
upon CSE- or Tg-induced ER stress (not shown), we did show that
gene expression of various injury- and repair-related factors (FGF7,
WNT5A) and CHIR99021-induced Wnt/β-catenin signalling
activation was altered upon CSE exposure in MRC-5 cells. This is
in line with previous findings showing that the mesenchymal niche
secretes fibroblast growth factors (FGFs), Wnt ligands/signalling
activation and other growth factors (Frank et al., 2016; Zepp et al.,
2017; Khedoe et al., 2021; Penkala et al., 2021), and thereby
orchestrates alveolar cell function. We did not measure protein
levels of secreted growth factors, due to the short-lived nature of
especially Wnt ligands, but do show a functional impairment in
support of epithelial organoid formation. Various FGFs have been
shown to enhance lung epithelial organoid formation (Rabata et al.,
2020), and HGF and FGF7 were able to reverse diminished organoid
growth upon co-culture with TGF-β-treated MRC-5 fibroblasts (Ng-
Blichfeldt et al., 2019). Future studies are needed to define whether
altered expression of these growth factors contributes to impaired
repair in COPD. Furthermore, additional factors induced by CSE-
exposure in MRC-5 cells, including pro-inflammatory factors, may
have contributed to the impaired capacity to support lung epithelial
progenitor function, which we did not study here.

Cigarette smoke induces oxidative stress and various studies
suggest that oxidative stress may alter mitochondrial and ER
function (Fabre et al., 2019) and Wnt/β-catenin signalling (Qu et al.,
2019). Therefore, we investigated whether oxidative stress mediates the
CSE-induced reduction in CHIR99021-induced AXIN2 expression.
Reducing oxidative stress by NAC treatment has been shown to
restore diesel-induced impaired lung epithelial organoid formation
(Wu et al., 2022). Whereas we show that NAC treatment did reduce
the oxidative stress (e.g.,HMOX1mRNA expression), NAC only partly
restored AXIN2 expression and did not improve organoid supporting
capacity of CSE-exposed MRC-5 fibroblasts, suggesting that the
observed effects may be (partly) independent from oxidative stress.
It has to be noted, that NACnot only has anti-oxidant activities, but also
breaks disulfide bridges (Aldini et al., 2018). Previous research showed
that DTT, which also breaks disulfide bridges, induces ER stress
(Sundaram et al., 2018), which is in line with our observation that
NAC increased XBP1spl in CSE- and Tg-exposed cells. Furthermore,

oxidative stress has been shown to alter Wnt/β-catenin signalling
(directly) by various mechanisms, which is discussed in detail
elsewhere (Qu et al., 2019), and the direct interaction between
oxidative stress and Wnt/β-catenin signalling activation is beyond
the scope of the current study. CSE exposure induces various
cellular stress responses, and CHIR99021-induced Wnt/β-catenin
signalling activation was lowered by CSE exposure. However the
relative contribution of oxidative stress, ER stress and factors related
to repair to the ability of CSE to impair WNT/β-catenin signalling and
organoid growth is unclear.

Whereas we show a clear effect of CSE and ER stress on
mesenchymal cellular responses and their ability to support of
epithelial organoid formation, there are several limitations of our
model. We used a single exposure of CSE in MRC-5 cells. Future
studies using repeated exposuresmay better mimic COPD pathogenesis.
Here, we used MEF to determine the role of CSE-mediated reduction of
CHIR-induced Wnt/β-catenin activation, and showed that MEFs
deficient in components of the UPR or ISR, did not respond
differently to CSE exposure compared to WT MEFs. A limitation
could be that we did not use lung fibroblasts from mice deficient in
UPR/ISR components. However, as WT MEF exhibited similar
responses as MRC-5 fibroblasts, we do not expect large differences in
responses. Furthermore, mice deficient in some of the UPR/ISR
components present a lethal phenotype, and therefore experiments
with lung fibroblasts for those mice was not feasible. Furthermore,
heightened ER stress has also been shown in lung epithelial cells
(Malhotra et al., 2009; Wang et al., 2017) and may also affect lung
epithelial progenitor function (Goldfarbmuren et al., 2020). Here, we
specifically investigated the cross-talk between mesenchymal cells and
epithelial cells, as ER stress is also increased in fibroblasts of COPD
patients (Weidner et al., 2018). Finally, we used Tg as a well-established
activator of the UPR, that causes ER stress by depletion of Ca2+ stores.
We cannot formally exclude the possibility that activities of Tg
independent of UPR activation have contributed to our observations.

Despite these limitations, the findings from our study point to
potential targets for improving altered cross-talk and lung epithelial
repair in COPD. Studies have shown that CS-induced effects on ER
stress and the subsequent activation of the UPR may be targeted
through treatment with Tauroursodeoxycholic acid (TUDCA)
(Tong et al., 2021) or 4-phenylbutyric acid (4-PBA) (Wang et al.,
2017); treatment with these compounds prevented EMT in
experimental fibrosis and experimental emphysema in mice.
There are several other compounds available that also target the
ER stress pathway, that may be studied in the context of lung
epithelial repair. Our results show that the responses to ER stress and
the ISR may partly mediate cigarette smoke-induced alterations in
the cross-talk between mesenchymal cells and lung epithelial cells.
Targeting ER stress or the ISR in fibroblasts may therefore represent
an attractive therapeutic target to restore altered cross-talk and lung
epithelial repair in COPD.

In conclusion, our study showed that CSE and ER stress impair
Wnt/β-catenin activation in MRC-5 fibroblasts and subsequent
cross-talk between lung fibroblasts and lung epithelial cells,
resulting in impaired lung organoid formation at day 14.
Thereby, we provide further insight into the way disturbed
mesenchymal cell function in COPD may contribute to the
impairment of repair processes observed in COPD.

Frontiers in Cell and Developmental Biology frontiersin.org10

Khedoe et al. 10.3389/fcell.2023.1165581

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1165581


Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
The animal study was approved by University of Groningen animal
experimentation committee under CCD license AVD105002015303.
The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

PK designed and performed the experiments, processed the data
and prepared the manuscript. WS and JN-B performed experiments
and provided intellectual input for the manuscript. SM and MS
provided MEF, RG provided the TOP/FLASH reporter. PH, JS, RG
and SM supervised the project and contributed to writing of the
manuscript. All authors contributed to the article and approved the
submitted version.

Funding

This project was funded by the Lung Foundation Netherlands
(#6.1.14.009).

Acknowledgments

The authors thank Sophie Bos, Xinhui Wu and Chiara
Ciminieri (Dept. of Molecular Pharmacology, Groningen
Research Institute of Pharmacy, University of Groningen,
Groningen, the Netherlands) for their technical support during
the experiments.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The reviewer GT declared a past co-authorship with the authors
RG to the handling Editor

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2023.1165581/
full#supplementary-material

References

Aldini, G., Altomare, A., Baron, G., Vistoli, G., Carini, M., Borsani, L., et al. (2018).
N-acetylcysteine as an antioxidant and disulphide breaking agent: the reasons why. Free
Radic. Res. 52 (7), 751–762. doi:10.1080/10715762.2018.1468564

Baarsma, H. A., Skronska-Wasek, W., Mutze, K., Ciolek, F., Wagner, D. E.,
John-Schuster, G., et al. (2017). Noncanonical WNT-5A signaling impairs
endogenous lung repair in COPD. J. Exp. Med. 214 (1), 143–163. doi:10.1084/
jem.20160675

Baarsma, H. A., Spanjer, A. I., Haitsma, G., Engelbertink, L. H., Meurs, H., Jonker, M.
R., et al. (2011). Activation of WNT/β-catenin signaling in pulmonary fibroblasts by
TGF-β₁ is increased in chronic obstructive pulmonary disease. PLoS One 6 (9), e25450.
doi:10.1371/journal.pone.0025450

Baek, H. A., Kim, D. S., Park, H. S., Jang, K. Y., Kang, M. J., Lee, D. G., et al. (2012).
Involvement of endoplasmic reticulum stress in myofibroblastic differentiation of lung
fibroblasts. Am. J. Respir. Cell Mol. Biol. 46 (6), 731–739. doi:10.1165/rcmb.2011-
0121OC

Burman, A., Tanjore, H., and Blackwell, T. S. (2018). Endoplasmic reticulum stress
in pulmonary fibrosis. Matrix Biol. 68-69, 355–365. doi:10.1016/j.matbio.2018.
03.015

D’Anna, C., Cigna, D., Costanzo, G., Bruno, A., Ferraro, M., Di Vincenzo, S., et al.
(2015). Cigarette smoke alters the proteomic profile of lung fibroblasts.Mol. Biosyst. 11
(6), 1644–1652. doi:10.1039/c5mb00188a

Delbrel, E., Uzunhan, Y., Soumare, A., Gille, T., Marchant, D., Planes, C., et al. (2019).
ER stress is involved in epithelial-to-mesenchymal transition of alveolar epithelial cells
exposed to a hypoxic microenvironment. Int. J. Mol. Sci. 20 (6), 1299. doi:10.3390/
ijms20061299

Dickens, J. A., Malzer, E., Chambers, J. E., and Marciniak, S. J. (2019). Pulmonary
endoplasmic reticulum stress-scars, smoke, and suffocation. FEBS J. 286 (2), 322–341.
doi:10.1111/febs.14381

Emanuelli, G., Nassehzadeh-Tabriz, N., Morrell, N. W., and Marciniak, S. J. (2020).
The integrated stress response in pulmonary disease. Eur. Respir. Rev. 29 (157), 200184.
doi:10.1183/16000617.0184-2020

Fabre, B., Livneh, I., Ziv, T., and Ciechanover, A. (2019). Identification of proteins
regulated by the proteasome following induction of endoplasmic reticulum stress.
Biochem. Biophys. Res. Commun. 517 (2), 188–192. doi:10.1016/j.bbrc.2019.07.040

Frank, D. B., Peng, T., Zepp, J. A., Snitow,M., Vincent, T. L., Penkala, I. J., et al. (2016).
Emergence of a wave of Wnt signaling that regulates lung alveologenesis by controlling
epithelial self-renewal and differentiation. Cell Rep. 17 (9), 2312–2325. doi:10.1016/j.
celrep.2016.11.001

Gan, G., Hu, R., Dai, A., Tan, S., Ouyang, Q., Fu, D., et al. (2011). The role of
endoplasmic reticulum stress in emphysema results from cigarette smoke exposure. Cell
Physiol. Biochem. 28 (4), 725–732. doi:10.1159/000335766

Goldfarbmuren, K. C., Jackson, N. D., Sajuthi, S. P., Dyjack, N., Li, K. S., Rios, C. L.,
et al. (2020). Dissecting the cellular specificity of smoking effects and reconstructing
lineages in the human airway epithelium. Nat. Commun. 11 (1), 2485. doi:10.1038/
s41467-020-16239-z

Hu, Y., Ng-Blichfeldt, J. P., Ota, C., Ciminieri, C., Ren, W., Hiemstra, P. S., et al.
(2020). Wnt/β-catenin signaling is critical for regenerative potential of distal lung
epithelial progenitor cells in homeostasis and emphysema. Stem Cells 38, 1467–1478.
doi:10.1002/stem.3241

Kanaji, N., Basma, H., Nelson, A., Farid, M., Sato, T., Nakanishi, M., et al. (2014).
Fibroblasts that resist cigarette smoke-induced senescence acquire profibrotic
phenotypes. Am. J. Physiol. Lung Cell Mol. Physiol. 307 (5), L364–L373. doi:10.1152/
ajplung.00041.2014

Khedoe, P., Wu, X., Gosens, R., and Hiemstra, P. S. (2021). Repairing damaged lungs
using regenerative therapy. Curr. Opin. Pharmacol. 59, 85–94. doi:10.1016/j.coph.2021.
05.002

Frontiers in Cell and Developmental Biology frontiersin.org11

Khedoe et al. 10.3389/fcell.2023.1165581

https://www.frontiersin.org/articles/10.3389/fcell.2023.1165581/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2023.1165581/full#supplementary-material
https://doi.org/10.1080/10715762.2018.1468564
https://doi.org/10.1084/jem.20160675
https://doi.org/10.1084/jem.20160675
https://doi.org/10.1371/journal.pone.0025450
https://doi.org/10.1165/rcmb.2011-0121OC
https://doi.org/10.1165/rcmb.2011-0121OC
https://doi.org/10.1016/j.matbio.2018.03.015
https://doi.org/10.1016/j.matbio.2018.03.015
https://doi.org/10.1039/c5mb00188a
https://doi.org/10.3390/ijms20061299
https://doi.org/10.3390/ijms20061299
https://doi.org/10.1111/febs.14381
https://doi.org/10.1183/16000617.0184-2020
https://doi.org/10.1016/j.bbrc.2019.07.040
https://doi.org/10.1016/j.celrep.2016.11.001
https://doi.org/10.1016/j.celrep.2016.11.001
https://doi.org/10.1159/000335766
https://doi.org/10.1038/s41467-020-16239-z
https://doi.org/10.1038/s41467-020-16239-z
https://doi.org/10.1002/stem.3241
https://doi.org/10.1152/ajplung.00041.2014
https://doi.org/10.1152/ajplung.00041.2014
https://doi.org/10.1016/j.coph.2021.05.002
https://doi.org/10.1016/j.coph.2021.05.002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1165581


Kneidinger, N., Yildirim, A. O., Callegari, J., Takenaka, S., Stein, M. M., Dumitrascu, R.,
et al. (2011). Activation of theWNT/β-catenin pathway attenuates experimental emphysema.
Am. J. Respir. Crit. Care Med. 183 (6), 723–733. doi:10.1164/rccm.200910-1560OC

Koloko Ngassie, M. L., Brandsma, C. A., Gosens, R., Prakash, Y. S., and Burgess, J. K.
(2021). The stress of lung aging: endoplasmic reticulum and senescence tete-a-tete.
Physiol. (Bethesda) 36 (3), 150–159. doi:10.1152/physiol.00039.2020

Konigshoff, M., Kneidinger, N., and Eickelberg, O. (2009). TGF-Beta signaling in
COPD: deciphering genetic and cellular susceptibilities for future therapeutic regimen.
Swiss Med. Wkly. 139 (39-40), 554–563. doi:10.4414/smw.2009.12528

Lawson, W. E., Cheng, D. S., Degryse, A. L., Tanjore, H., Polosukhin, V. V., Xu, X. C.,
et al. (2011). Endoplasmic reticulum stress enhances fibrotic remodeling in the lungs.
Proc. Natl. Acad. Sci. U. S. A. 108 (26), 10562–10567. doi:10.1073/pnas.1107559108

Liu, G., Philp, A. M., Corte, T., Travis, M. A., Schilter, H., Hansbro, N. G., et al. (2021).
Therapeutic targets in lung tissue remodelling and fibrosis. Pharmacol. Ther. 225,
107839. doi:10.1016/j.pharmthera.2021.107839

Luppi, F., Aarbiou, J., van Wetering, S., Rahman, I., de Boer, W. I., Rabe, K. F., et al.
(2005). Effects of cigarette smoke condensate on proliferation and wound closure of
bronchial epithelial cells in vitro: role of glutathione. Respir. Res. 6, 140. doi:10.1186/
1465-9921-6-140

Malhotra, D., Thimmulappa, R., Vij, N., Navas-Acien, A., Sussan, T., Merali, S., et al.
(2009). Heightened endoplasmic reticulum stress in the lungs of patients with chronic
obstructive pulmonary disease: the role of nrf2-regulated proteasomal activity. Am.
J. Respir. Crit. Care Med. 180 (12), 1196–1207. doi:10.1164/rccm.200903-0324OC

Malzer, E., Dominicus, C. S., Chambers, J. E., Dickens, J. A., Mookerjee, S., and
Marciniak, S. J. (2018). The integrated stress response regulates BMP signalling through
effects on translation. BMC Biol. 16 (1), 34. doi:10.1186/s12915-018-0503-x

Marciniak, S. J. (2019). Endoplasmic reticulum stress: a key player in human disease.
FEBS J. 286 (2), 228–231. doi:10.1111/febs.14740

Ng-Blichfeldt, J. P., de Jong, T., Kortekaas, R. K., Wu, X., Lindner, M., Guryev, V.,
et al. (2019). TGF-beta activation impairs fibroblast ability to support adult lung
epithelial progenitor cell organoid formation. Am. J. Physiol. Lung Cell Mol. Physiol.
317 (1), L14–L28. doi:10.1152/ajplung.00400.2018

Penkala, I. J., Liberti, D. C., Pankin, J., Sivakumar, A., Kremp, M.M., Jayachandran, S.,
et al. (2021). Age-dependent alveolar epithelial plasticity orchestrates lung homeostasis
and regeneration. Cell stem Cell 28 (10), 1775–1789.e5. doi:10.1016/j.stem.2021.04.026

Qu, J., Yue, L., Gao, J., and Yao, H. (2019). Perspectives on Wnt signal pathway in the
pathogenesis and therapeutics of chronic obstructive pulmonary disease. J. Pharmacol.
Exp. Ther. 369 (3), 473–480. doi:10.1124/jpet.118.256222

Rabata, A., Fedr, R., Soucek, K., Hampl, A., and Koledova, Z. (2020). 3D cell culture
models demonstrate a role for FGF and WNT signaling in regulation of lung epithelial
cell fate and morphogenesis. Front. Cell Dev. Biol. 8, 574. doi:10.3389/fcell.2020.00574

Rock, J., and Konigshoff, M. (2012). Endogenous lung regeneration: potential and
limitations. Am. J. Respir. Crit. Care Med. 186 (12), 1213–1219. doi:10.1164/rccm.201207-
1151PP

Scheuner, D., Song, B., McEwen, E., Liu, C., Laybutt, R., Gillespie, P., et al. (2001).
Translational control is required for the unfolded protein response and in vivo glucose
homeostasis. Mol. Cell 7 (6), 1165–1176. doi:10.1016/s1097-2765(01)00265-9

Skronska-Wasek, W., Gosens, R., Konigshoff, M., and Baarsma, H. A. (2018). WNT
receptor signalling in lung physiology and pathology. Pharmacol. Ther. 187, 150–166.
doi:10.1016/j.pharmthera.2018.02.009

Song, M., Peng, H., Guo, W., Luo, M., Duan, W., Chen, P., et al. (2019). Cigarette
smoke extract promotes human lung myofibroblast differentiation by the induction of
endoplasmic reticulum stress. Respiration 98 (4), 347–356. doi:10.1159/000502099

Sundaram, A., Appathurai, S., Plumb, R., and Mariappan, M. (2018). Dynamic
changes in complexes of IRE1α, PERK, and ATF6α during endoplasmic reticulum
stress. Mol. Biol. Cell 29 (11), 1376–1388. doi:10.1091/mbc.E17-10-0594

Tanjore, H., Blackwell, T. S., and Lawson, W. E. (2012). Emerging evidence for
endoplasmic reticulum stress in the pathogenesis of idiopathic pulmonary fibrosis. Am.
J. Physiol. Lung Cell Mol. Physiol. 302 (8), L721–L729. doi:10.1152/ajplung.00410.2011

Tong, B., Fu, L., Hu, B., Zhang, Z. C., Tan, Z. X., Li, S. R., et al. (2021).
Tauroursodeoxycholic acid alleviates pulmonary endoplasmic reticulum stress and
epithelial-mesenchymal transition in bleomycin-induced lung fibrosis. BMC Pulm.
Med. 21 (1), 149. doi:10.1186/s12890-021-01514-6

van ’t Wout, E. F., van Schadewijk, A., van Boxtel, R., Dalton, L. E., Clarke, H. J.,
Tommassen, J., et al. (2015). Virulence factors of Pseudomonas aeruginosa induce both
the unfolded protein and integrated stress responses in airway epithelial cells. PLoS
Pathog. 11 (6), e1004946. doi:10.1371/journal.ppat.1004946

van Lidth de Jeude, J. F., Meijer, B. J., Wielenga, M. C. B., Spaan, C. N., Baan, B.,
Rosekrans, S. L., et al. (2017). Induction of endoplasmic reticulum stress by deletion of
Grp78 depletes Apc mutant intestinal epithelial stem cells. Oncogene 36 (24),
3397–3405. doi:10.1038/onc.2016.326

Verras, M., Papandreou, I., Lim, A. L., and Denko, N. C. (2008). Tumor hypoxia
blocks Wnt processing and secretion through the induction of endoplasmic reticulum
stress. Mol. Cell Biol. 28 (23), 7212–7224. doi:10.1128/MCB.00947-08

Wang, Y., Wu, Z. Z., and Wang, W. (2017). Inhibition of endoplasmic reticulum
stress alleviates cigarette smoke-induced airway inflammation and emphysema.
Oncotarget 8 (44), 77685–77695. doi:10.18632/oncotarget.20768

Wei, J., Rahman, S., Ayaub, E. A., Dickhout, J. G., and Ask, K. (2013). Protein
misfolding and endoplasmic reticulum stress in chronic lung disease. Chest 143 (4),
1098–1105. doi:10.1378/chest.12-2133

Weidner, J., Jarenback, L., Aberg, I., Westergren-Thorsson, G., Ankerst, J., Bjermer,
L., et al. (2018). Endoplasmic reticulum, Golgi, and lysosomes are disorganized in lung
fibroblasts from chronic obstructive pulmonary disease patients. Physiol. Rep. 6 (5),
e13584. doi:10.14814/phy2.13584

Wu, X., Ciminieri, C., Bos, I. S. T., Woest, M. E., D’Ambrosi, A., Wardenaar, R., et al.
(2022). Diesel exhaust particles distort lung epithelial progenitors and their fibroblast
niche. Environ. Pollut. 305, 119292. doi:10.1016/j.envpol.2022.119292

Wu, X., van Dijk, E. M., Ng-Blichfeldt, J. P., Bos, I. S. T., Ciminieri, C., Konigshoff, M.,
et al. (2019). Mesenchymal WNT-5A/5B signaling represses lung alveolar epithelial
progenitors. Cells 8 (10), 1147. doi:10.3390/cells8101147

Zepp, J. A., Zacharias, W. J., Frank, D. B., Cavanaugh, C. A., Zhou, S., Morley, M. P.,
et al. (2017). Distinct mesenchymal lineages and niches promote epithelial self-
renewal and myofibrogenesis in the lung. Cell 170 (6), 1134–1148. doi:10.1016/j.cell.
2017.07.034

Frontiers in Cell and Developmental Biology frontiersin.org12

Khedoe et al. 10.3389/fcell.2023.1165581

https://doi.org/10.1164/rccm.200910-1560OC
https://doi.org/10.1152/physiol.00039.2020
https://doi.org/10.4414/smw.2009.12528
https://doi.org/10.1073/pnas.1107559108
https://doi.org/10.1016/j.pharmthera.2021.107839
https://doi.org/10.1186/1465-9921-6-140
https://doi.org/10.1186/1465-9921-6-140
https://doi.org/10.1164/rccm.200903-0324OC
https://doi.org/10.1186/s12915-018-0503-x
https://doi.org/10.1111/febs.14740
https://doi.org/10.1152/ajplung.00400.2018
https://doi.org/10.1016/j.stem.2021.04.026
https://doi.org/10.1124/jpet.118.256222
https://doi.org/10.3389/fcell.2020.00574
https://doi.org/10.1164/rccm.201207-1151PP
https://doi.org/10.1164/rccm.201207-1151PP
https://doi.org/10.1016/s1097-2765(01)00265-9
https://doi.org/10.1016/j.pharmthera.2018.02.009
https://doi.org/10.1159/000502099
https://doi.org/10.1091/mbc.E17-10-0594
https://doi.org/10.1152/ajplung.00410.2011
https://doi.org/10.1186/s12890-021-01514-6
https://doi.org/10.1371/journal.ppat.1004946
https://doi.org/10.1038/onc.2016.326
https://doi.org/10.1128/MCB.00947-08
https://doi.org/10.18632/oncotarget.20768
https://doi.org/10.1378/chest.12-2133
https://doi.org/10.14814/phy2.13584
https://doi.org/10.1016/j.envpol.2022.119292
https://doi.org/10.3390/cells8101147
https://doi.org/10.1016/j.cell.2017.07.034
https://doi.org/10.1016/j.cell.2017.07.034
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1165581

	Cigarette smoke restricts the ability of mesenchymal cells to support lung epithelial organoid formation
	Introduction
	Materials and methods
	Mouse epithelial cell isolation
	MRC-5 lung fibroblast and MEF culture and stimulation
	Organoid assay
	Immunofluorescence staining
	TOP/FLASH reporter assay
	q-PCR analysis
	Statistical analyses

	Results
	CSE induces cellular stress responses in MRC-5 lung fibroblasts, whilst impairing CHIR99021-induced Wnt/β-catenin signalling
	CSE exposure impairs repair-related factors
	Exposure to CSE and ER stress in MRC-5 fibroblasts impairs support of epithelial organoid formation, which is partly restor ...
	Treatment with the oxidative stress inhibitor, N-acetylcysteine, partly restores effects of CSE exposure

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


