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Received 22 May 2017 highlight novel functions for the aryl hydrocarbon/dioxin receptor (AhR) in maintaining cell differentiation and
Received in revised form 7 August 2017 tissue homeostasis. Notably, AhR depletion stimulates an undifferentiated and pluripotent phenotype likely as-
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sociated to a mesenchymal transition in epithelial cells and to increased primary tumorigenesis and metastasis
in melanoma. In this work, we have used a lung model of epithelial regeneration to investigate whether AhR reg-
ulates proper tissue repair by adjusting the expansion of undifferentiated stem-like cells. AhR-null mice devel-
oped a faster and more efficient repair of the lung bronchiolar epithelium upon naphthalene injury that
required increased cell proliferation and the earlier activation of stem-like Clara, Basal and neuroepithelial cells
precursors. Increased basal content in multipotent Sca1*/CD31~/CD4 ™ cells and in cells expressing pluripotency
factors NANOG and OCT4 could also improve re-epithelialization in AhR-null lungs. The reduced response of AhR-
deficient lungs to Sonic Hedgehog (Shh) repression shortly after injury may also help their improved bronchiolar
epithelium repair. These results support a role for AhR in the regenerative response against toxins, and open the
possibility of modulating its activation level to favor recovery from lesions caused by environmental

contaminants.
©2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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In the bronchiolar epithelium of the lung, cell tracing experiments
have revealed the existence of Basal, Clara and type II alveolar stem-
like cells whose differentiation give rise to ciliated and Goblet cells

1. Introduction

Cell replacement and tissue regeneration under physiological condi-

tions are rare events in most mammalian tissues with the exception of
the immune system, skin epithelium and the lining of the gastrointesti-
nal tract. However, several organs are capable of triggering a regenera-
tive response after acute exposure to harmful agents. Specifically, lung
and liver can replenish dead cells and restore tissue architecture and
function from the activation of undifferentiated and differentiated pre-
cursors (Eisenhauer et al., 2013; Kotton and Morrisey, 2014; Leeman
et al.,, 2014; Taub, 2004).

Abbreviations: AhR, Aryl hydrocarbon (dioxin) receptor; CC10, Clara cell 10 protein;
CCly, carbon tetrachloride; CK14, cytokeratin; CGRP, Calcitonin gene-related peptide;
E-Cad, E-cadherin.

* Corresponding authors.

E-mail addresses: jmmerino@unex.es (J.M. Merino), pmfersal@unex.es

(P.M. Fernandez-Salguero).

https://doi.org/10.1016/j.scr.2017.10.009

(Volckaert and De Langhe, 2014). In fact, Basal cells are considered
stem progenitors able to generate Clara and ciliated cells in the proximal
epithelium (Hong et al., 20044a,b, Rock et al., 2011, Rock et al., 2009)
whereas Clara cells can either auto-renew or produce ciliated cells in
the bronchus. Under homeostatic conditions, cells of neuroepithelial or-
igin have also auto-renewing potential although their ability to make
other cell types is limited (Song et al., 2012). Lung exposure to the
toxic compound naphthalene (NPH) leads to a selective and massive de-
struction of Clara cells despite the appearance of an small pool of resis-
tant cells that significantly contribute to regenerate the damaged
bronchiolar epithelium (Giangreco et al., 2009; Giangreco et al., 2002;
Rawlins and Hogan, 2006; Reynolds et al.,, 2000). Under injuring condi-
tions, neuroepithelial cells can also differentiate to Clara and ciliated
cells thus assisting in the renewal of the bronchioalveolar epithelium
(Song et al,, 2012).

1873-5061/© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The aryl hydrocarbon/dioxin receptor (AhR) has an increasing num-
ber of xenobiotic-dependent and xenobiotic-independent activities in
the cell (Mulero-Navarro and Fernandez-Salguero, 2016; Pohjanvirta,
2012). From the homeostatic and physiological point of view, AhR has
recognised roles in maintaining cell differentiation in the immune sys-
tem (Esser and Rannug, 2015; Esser et al., 2009; Quintana et al., 2008;
Veldhoen et al., 2008), gonads (Rico-Leo et al., 2016), embryonic stem
cells (Ko et al., 2016; Wang et al., 2016), skin epithelia (Rico-Leo et al.,
2013), melanoma (Contador-Troca et al., 2013; Contador-Troca et al.,
2015), osteoblasts (Sharan et al., 2011; Yu et al.,, 2014) and embryonic
teratocarcinoma cells (Morales-Hernandez et al., 2016).

The involvement of AhR in tissue regeneration has been analyzed in
zebrafish exposed to the AhR carcinogenic ligand TCDD (2,3,7,8-
tetrachlorodibenzo-p-dioxin). Following surgical amputation, TCDD
inhibited caudal fin and heart regeneration at the larvae stage but not
in adult zebrafish, suggesting that AhR activation by TCDD interferes
with tissue repair at early stages of development in this non-
mammalian animal model (Hofsteen et al., 2013; Mathew et al,,
2006). Leflunomide, an anti-inflammatory drug and a proposed AhR ag-
onist induced epimorphic re-growth of amputated zebrafish fin, further
supporting the implication of AhR in tissue regeneration (O'Donnell
et al., 2010). TCDD pre-treatment also reduced liver regeneration in
mice after two-third partial hepatectomy, presumably by regulating
cell cycle at the level of the cyclin-dependent kinase inhibitors p21P!
and p27""" (Jackson et al., 2014; Mitchell et al., 2006).

In this study, we have exposed AhR wild type (AhR™'*) and AhR-
null (AhR~~) mice to naphthalene (NPH), a non-AhR-ligand toxic
molecule, to investigate how AhR deficiency affects lung regeneration.
The analyses of specific lung progenitor cell types and pluripotency
markers revealed that AhR ™~ mice have an increased efficiency to re-
pair tissue damage, most probably because of an earlier and more effi-
cient activation of stem-like cell subpopulations. These results agree
with the current interest in the field to develop non-toxic AhR modula-
tors potentially useful to improve tissue repair after toxic injury, surgical
intervention or diseased states producing chronic lesions.

2. Materials and methods
2.1. AhR** and AhR™'~ mice and treatments

AhR*/* and AhR~'~ mice were generated by gene targeting as
previously described (Fernandez-Salguero et al., 1995). Female
mice were used in this study since previous reports have shown
that whereas male mice develop tolerance for naphthalene, females
trigger a much more sensitive response against this toxin (North et al.,
2008; Sutherland et al.,, 2012). AhR*/* and AhR™~ females at 6 to
8 weeks of age were treated with a single i.p. dose of 250 mg/kg NPH
(Sigma-Aldrich) dissolved in corn oil; control mice received the same
volume of corn oil. Following treatment, mice were sacrificed at 2, 10
or 21 days and their lungs removed and processed for analysis. All
work involving mice has been performed in accordance with the Na-
tional and European legislation (Spanish Royal Decree RD53/2013 and
EU Directive 86/609/CEE as modified by 2003/65/CE, respectively) for
the protection of animals used for research. Experimental protocols
using mice were approved by the Bioethics Committee for Animal Ex-
perimentation of the University of Extremadura (Registry 109/2014)
and by the Junta de Extremadura (EXP-20160506-1). Mice had free ac-
cess to water and rodent chow.

2.2. Antibodies and reagents

The following antibodies were used: anti-AhR (ENZO RPT 1:100 for
lung, and Immunostep EB11767 1:50 for liver), anti E-cadherin
(Invitrogen 13-1900, 1:100), anti-Ki67 (Santa Cruz Biotechnology sc-
15,402, 1:200), anti-cytokeratin 14 (CK14) (COVANCE AF64 1:100),
anti-CGRP (Santa Cruz Biotechnology sc-8856, 1:100), anti-CC10/

Scgb1a1 (Origene TA322860 1:150), anti-OCT4 (Santa Cruz Biotechnol-
ogy sc-5279, 1:200), anti-NANOG (Novus Biologicals NBP2-13177SS
1:50), anti-Shh (Novus Biologicals NBP2-22139SS 1:100).

2.3. Hematoxylin/eosin staining

Lung tissues were extracted and fixed overnight at room tempera-
ture in buffered formalin and included in paraffin. Sections were obtain-
ed at4 pm, deparaffinated in xylol and gradually re-hydrated to distilled
water. Sections were then incubated with hematoxylin for 3 min,
washed with tap water and stained with eosin for 1 min. A final washing
step was performed and tissues were de-hydrated, mounted and ob-
served in a NIKON TE2000U microscope equipped with 4x (0.10 nu-
meric aperture), 10x (0.25 numeric aperture) and 20x (0.40 numeric
aperture) objectives.

2.4. Immunohistochemistry

Lung sections (3 um) were obtained, deparaffinated and gradually
re-hydrated to PBS. Sections were then incubated for 45 min in PBS con-
taining 0.25% Triton X-100 (PBS-T) and 0.3% H,0- to block endogenous
peroxidase activity. After washing in PBS-T, unspecific binding was
blocked by incubation in PBS-T containing 2 mg/ml gelatin (PBS-T-G)
and 0.1 M lysine. The corresponding primary antibodies diluted in
PBS-T-G were added for 16-18 h at the concentrations indicated
above. Following washing in PBS-T-G, sections were incubated for 1 h
atroom temperature with the corresponding biotin-conjugated second-
ary antibody. After a final washing step in PBS-T-G, the streptavidin-
peroxidase complex was added and the presence of target proteins re-
vealed with diaminobenzidine (DAB). Nuclei were counterstained
with Harris hematoxylin and sections de-hydrated and mounted using
Eukitt (Kindler GmBH). A NIKON TE2000U microscope equipped
with 4x (0.10 numeric aperture), 10 x (0.25 numeric aperture) and
20x (0.40 numeric aperture) objectives was used for microscopic
observation.

2.5. Immunofluorescence

Lung sections (3 um) were initially processed as indicated above but
omitting the blocking step with H,0,. Non-specific epitopes were
blocked by incubation for 1 h at room temperature in PBS containing
0.05% Triton X-100 (TBS-T), 0.2% gelatin and 3% BSA. Sections were in-
cubated overnight at 4 °C with the corresponding primary antibodies di-
luted in PBS-T containing 0.2% gelatin. Following washing in this same
gelatin solution, sections were incubated for 1 h at room temperature
with Alexa-488 or Alexa-633 labeled secondary antibodies. After addi-
tional washing, sections were dehydrated, mounted on Mowiol and vi-
sualized using an Olympus FV1000 confocal microscope (Olympus).
Objectives used were: 10x (0.40 numeric aperture) and 20 (0.70 nu-
meric aperture). Fluorescence analysis was done using the FV10 soft-
ware (Olympus). DAPI was used to stain cell nuclei.

2.6. Cell sorting and pluripotent stem cell isolation

To quantify and to isolate pluripotent stem cells, lungs were extract-
ed and processed essentially as described with some modifications
(Gadepalli et al., 2013). In brief, lungs were initially perfused through
the trachea with a Dispase solution (PBS containing 0.5 U/ml Dispase)
to improve tissue digestion. Next, lungs were finely minced in PBS and
rotated for 30 min at 37 °C in digestion solution (PBS containing
0.5 U/ml Dispase and 60 U/ml collagenase (Invitrogen)). Digested
lungs were homogenized by pipetting and passing through a 21gauge
syringe, filtered by a 0.40 um mesh and centrifuged at 300 g for 5 min.
Cell pellets were resuspended in sorting medium (PBS containing 10%
FBS) prior to use. To quantify the number of pluripotent stem cells, sam-
ples were stained according to the Scal™/CD31~/CD45~ phenotype
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and analyzed using a MoFlo Astrios EQ flow cytometer (Beckman Coul-
ter). To isolate lung pluripotent stem cells for further analyses, cell pel-
lets were processed by magnetic separation using the Pluripotent Stem
Cell Isolation kit (Miltenyi Biotec) and the autoMACS Separator flow
cytometer following the instructions provided by the manufacturer.

2.7. Reverse transcription and real-time PCR

Lungs were obtained at the different times and stored at —80 °C
until use. Total lung RNA was purified by a two-step protocol. Firstly, tis-
sues were grinded in liquid nitrogen, extracted in a Trizol reagent
(Ambion)/chloroform solution, centrifuged and the aqueous superna-
tant precipitated with isopropanol and centrifuged at 15.000 g for
30 min at 4 °C. Secondly, dried pellets were dissolved in DEPC-treated
water and the RNA-containing solutions further purified using the
High Pure RNA Isolation Kit (Roche). Reverse transcription was per-
formed using random priming and the iScript Reverse Transcription
Super Mix (Bio-Rad). Real-time PCR (qPCR) was done using SYBR®
Select Master Mix (Life Technologies) in a Step One Thermal Cycler
(Applied Biosystems) essentially as described (Morales-Hernandez
et al., 2016; Rico-Leo et al., 2016). Gapdh was used to normalize gene
expression (ACt) and 224 to calculate changes in mRNA levels with
respect to control or untreated conditions. The following primer se-
quences were used: Oct4 5'-CACGAGTGGAAAGCAACTCA-3’ (forward)
and 5’-TTCATGTCCTGGGACTCCTC-3’ (reverse); Nanog 5'-AAGTACCTC
AGCCTCCAGCA-3’ (forward) and 5'-GTGCTGAGCCCTTCTGAATC-3’
(reverse); Shh 5'-CTGGCCAGATGTTTTCTGGT-3’ (forward) and 5’-

GATGTCGGGGTTGTAATTGG-3' (reverse); Glil 5'-CAGGAGTCCTTGCTCT
GTCC-3’ (forward) and 5-AGATTAAGAGGCCCCCAAGA-3’ (reverse);
Gapdh 5'-TGAAGCAGGCATCTGAGGG-3’ (forward) and 5’-CGAAGG
TGGAAGAGTGGGAG-3’ (reverse).

2.8. Statistical analyses

Quantitative data are shown as mean + SD. Comparisons between
experimental conditions was done using GraphPad Prism 6.0 software
(GraphPad). The student's t-test was used to analyze differences be-
tween two experimental groups and ANOVA for the analyses of three
or more groups. The Mann-Whitney non-parametric statistical method
was used to compare rank variations between independent groups.

3. Results

3.1. AhR depletion accelerates lung regeneration after naphthalene-induced
injury

Histological examination of the bronchiolar epithelium under basal
conditions (untreated, UT) did not reveal significant overt differences
between AhR '~ and AhR™/* mice (Fig. 1A,B). Two days after a single
acute dose of naphthalene (NPH), a very similar destruction of the bron-
chiolar epithelium was observed in AhR™'" and AhR~/~ female mice
(Fig. 1A,B), indicating that AhR-null mice were equally sensitive than
AhR wild type mice to this toxin. Interestingly, regeneration of the bron-
chiolar epithelium took place earlier in absence of AhR since by day 10
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Fig. 1. AhR knock-out accelerates regeneration of the bronchiolar epithelium after naphthalene injury. AhR*/* and AhR '~ female mice were left untreated (UT) or treated with 250 mg/kg
NPH and bronchiolar epithelium analyzed after 2, 10 and 21 days. (A) Hematoxylin-eosin (H&E) staining of lung sections. (B) Epithelial cells were counted for each mouse genotype and
each time point. Data are shown as the number of epithelial cells per bronchiole a counted using a 10x objective in a NIKON TE2000U light microscope. (C) Immunofluorescence for the
adherent junctions E-cadherin protein was used to further reveal the timing of regeneration in both genotypes. An Alexa 488-conjugated secondary antibody was used. (D) Changes in
endothelium after NPH exposure were also determined by counting the number of blood vessels. Results are presented as the number of blood vessels counted per unit area using a
10x objective in a NIKON TE2000U light microscope. Details of the micrographs are shown in the insets. Two to three biological replicates and at least 5 experimental sections from
each mouse were analyzed. A NIKON TE2000U microscope was used to visualize H & E staining. An Olympus FV1000 confocal microscope and the FV10 software (Olympus) were used
for immunofluorescence. Data are shown as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001. Bars: panel 1A: 100 pm, panel 1C: 25 pm, inset: 30 pm.
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after treatment, AhR '~ mice already recovered their basal numbers of
epithelial cells (Fig. 1A,B). AhR™"* mice showed a regenerative response
that did not completely reconstruct the epithelium until 21 days from
NPH exposure (Fig. 1A,B). To further support the more efficient tissue
repair in AhR deficient mice, E-cadherin immunofluorescence was
used to label the different epithelial cell layers of the bronchiolar
epithelium. Indeed, despite a similar sensitivity to NPH (2 days), tissue
repair proceeded faster in AhR™~ mice than in their counterparts
AhR™/* mice (Fig. 1C). It has been suggested that the endothelium
cross-talks with neighbour epithelial precursors to enhance their cell-
autonomous regenerative potential (Ding et al., 2011; Yamamoto
et al., 2007). Endothelial cell analysis showed that regardless a reduced
content in basal blood vessels, AhR-null mice developed an earlier and
more sustained vascular response to NPH than AhR wild type mice,
whose vascularization remained suppressed even at latter times after
treatment (Fig. 1D). The faster regenerative reaction observed in
AhR™'~ mice was confirmed by quantifying the number of proliferating
Ki67 positive cells. Basal proliferation rates were very low in both AhR ™
* and AhR™~ mice in bronchiolar and peribronchiolar epithelia
(Fig. 2A). In the bronchiolar epithelium, the number of Ki67 + cells rap-
idly increased in AhR ™~ mice 2 days after NPH exposure to decline to
basal levels by 21 days (Fig. 2B, left panel); in AhR*/* mice, bronchiolar
proliferation was delayed reaching its maximum at 10 days and

remaining at high levels until 21 days (Fig. 2B, left panel). The profile
of Ki67 expression in peribronchiolar cells again revealed an earlier re-
sponse in AhR™~ than in AhR™/* mice, although proliferation contin-
ued elevated above basal levels in both genotypes even at 21 days
after treatment (Fig. 2B, right panel).

3.2. Lack of AhR expands undifferentiated cell types in the regenerating
bronchiolar epithelium

Several cell types can become activated to reconstitute the broncho-
alveolar epithelium after severe NPH-induced injury. Most regeneration
is produced by differentiation of NPH-resistant Clara cells lining the
basal epithelium, although additional types including isolectin GSI-B4
reactive-cytokeratin 14 expressing cells and neuroepithelial precursors
can be also involved (Giangreco et al., 2009; Giangreco et al., 2002;
Rawlins et al., 2009; Reynolds et al., 2000; Song et al., 2012). We first de-
cided to determine if AhR knock-out affected the global content in un-
differentiated Sca1*/CD31~/CD45~ cells considered representative of
multipotent bronchiolar stem cells (Gadepalli et al., 2013; Gong et al.,
2014; Teisanu et al., 2009). Flow cytometry analysis for Scal™/CD31~/
CD45~ indicated that AhR™~ lungs had an increased amount of
multipotent stem cells under basal physiological conditions (Fig. 3A).
Based on this observation, we then examined the profile of
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Fig. 2. Lack of AR triggers a faster proliferative response in the bronchiolar and peribronchiolar epithelia. AhR*/* and AhR~~ female mice were left untreated (UT) or treated with
250 mg/kg NPH and bronchiolar epithelium analyzed after 2, 10 and 21 days. (A) Proliferation was analyzed by immunohistochemistry in lung sections using Ki67 as a marker.
(B) The number of Ki67 + cells was counted in the bronchiolar (left panel) and peribronchiolar (right panel) regions of the lungs at the different time points analyzed.
Data are represented as the number of Ki67 + cells per the total number of epithelial cells per bronchiole (left panel) or the number of Ki67 + cells per unit area using a 10x objective
in a NIKON TE2000U light microscope. At least 500 cells were counted per biological replicate. Details of the micrographs are shown in the insets. Two to three biological replicates
and at least 5 experimental sections from each mouse were analyzed. A NIKON TE2000U microscope was used for immunohistochemistry. Data are shown as mean + SD. **p < 0.01,
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p < 0.001. Bar: 100 pm, inset: 25 um.
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percentage of Scal*/CD31~/CD45~ cells in AhR~~ lungs has been compared to that in AhR*/* lungs (set to 1). (B) Lung sections were prepared and immunostained for Clara cells
using the CC10/Scgb1a1 marker. (C) The number of bronchiolar positive cells were counted and plotted for the different experimental times. Details of the micrographs are shown in
the insets. Two to three biological replicates and at least 5 experimental sections from each mouse were analyzed. A NIKON TE2000U microscope was used for immunohistochemistry.

Data are shown as mean =+ SD. ***p < 0.001. Bar: 100 um, inset: 25 um.

undifferentiated precursor cell lineages in NPH-exposed AhR*/* and
AhR~~ bronchiolar epithelium. Immunohistochemical analysis using
the Clara cell-specific marker CC10/Scgblal (Secretoglobin 1al)
(Volckaert and De Langhe, 2014) showed that AhR deficiency did not
alter endogenous Clara cell numbers and that NPH was very efficient
in depleting this cell type in the bronchiolar epithelium (Fig. 3B).
CC10/Scgb1al positive cells rapidly and steadily increased in AhR ™/~
lungs from 2 days after NPH treatment until the end of the regenerative
process; CC10/Scgb1a1 positive cells also expanded in AhR™ 7 lungs, al-
though with a slower and less pronounced kinetic that did not reach
basal values by 21 days (Fig. 3B).

Isolectin GSI-B4 reactive cells, expressing the undifferentiation
marker cytokeratin 14 (CK14), can differentiate to Clara cells upon
NPH exposure. We have used immunofluorescence for CK14 to

determine the contribution of this cell type to the regenerative process.
In absence of significant differences under basal tissue conditions,
ARR™~ mice produced an earlier and transient increase in CK14 +
cells reaching highest values at 2 days to decrease to initial levels by
21 days (Fig. 4A). AhR™ ™ mice, on the contrary, did not significantly ex-
panded CK14 + cells in response to NPH and showed a moderate de-
crease at later stages (e.g. 21 days) of regeneration (Fig. 4A).
Interestingly, AhR '~ mice had similar profiles of CK14 and Ki67 posi-
tivity in the regenerating bronchiolar epithelium.

Neuroepithelial precursors can differentiate to Clara cells after NPH-
induced injury (Volckaert and De Langhe, 2014). We then performed
immunofluorescence for the calcitonin-gene related peptide (CGRP)
that is considered specific for pulmonary neuroendocrine cells (Song
et al., 2012). AhR™~ mice had significantly increased basal amounts of
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CGRP + cells with respect to AhR™” mice (Fig. 4B). Following NPH
treatment, the number of neuroepithelial cells transiently decreased at
2 days in AhR™~ lungs to fully recover to pre-treatment values at
21 days. AhR™'" mice developed an inverse response increasing
CGRP + cells at shorter times to decrease to initial values at the end
of regeneration (Fig. 4B). Intriguingly, the transient decrease in
neuroepithelial cells observed shortly after injury in AhR '~ lungs ap-
peared synchronized with the transient increase in CK14+ and Clara
cells and with their enhanced proliferation rates.

3.3. Pluripotency markers are modulated in an AhR-dependent manner
during lung regeneration

We, and others, have shown that AhR is involved in the regulation of
pluripotency-inducing genes such as OCT4/POU5F1 (Bunaciu and Yen,
2011; Cheng et al., 2015; Morales-Hernandez et al., 2016), NANOG
(Morales-Hernandez et al., 2016) and SOX2 (Contador-Troca et al.,
2015). We therefore decided to investigate if the accelerated regenera-
tion observed in AhR ™~ mice could be associated to a differential ex-
pression in AhR-related pluripotency markers. Immunofluorescence
analysis revealed a significant upregulation of OCT4/POUS5F1 in basal
AhR ™~ bronchiolar epithelium as compared to AhR"’* lung (Fig. 5A).
NPH treatment induced a slight decrease in OCT4/POUS5F1 levels from
2 to 10 days in AhR™~ mice that regained initial values by 21 days.
AhR +/+ lungs treated with NPH transiently increased bronchiolar
OCT4/POU5F1 expression at 2 days to then return to pre-treatment
levels at 21 days (Fig. 5A). In AhR™~ lungs, NANOG was also

Fig. 4. Levels of bronchiolar precursors generating Clara cells are enhanced in AhR ™~ lungs. AhRR*/* and AhR ~/~ female mice were left untreated (UT) or treated with 250 mg/kg NPH and
bronchiolar epithelium analyzed after 2, 10 and 21 days. (A) Generation of isolectin GSI-B4 reactive cells expressing the undifferentiation marker CK14 were quantified by
immunofluorescence using an anti-CK14 specific antibody. (B) Neuroepithelial precursors were analyzed by immunofluorescence using the calcitonin-gene related peptide (CGRP) as
marker. Details of the micrographs are shown in the insets. Two to three biological replicates and at least 5 experimental sections from each mouse were analyzed. An Alexa 633-
conjugated secondary antibody was used for detection. DAPI staining was used to label cell nuclei. An Olympus FV1000 confocal microscope and the FV10 software (Olympus) were
used for immunofluorescence. Data are shown as mean =+ SD. *p < 0.05, **p < 0.01, ***p < 0.001. Bars: 50 pm, inset: 25 um.
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upregulated under basal tissue conditions and its expression markedly
decayed at 10 days to partially recover at 21 days after NPH exposure
(Fig. 5B). NANOG was rapidly downregulated by NPH in AhR*/* bron-
chiolar epithelium decreasing at 2 days after treatment to moderately
increase from 10 to 21 days (Fig. 5B). Thus, constitutive upregulation
of OCT4/POU5F1 and NANOG could give AhR ™~ lungs an advantage
to respond against NPH injury. To analyze if OCT4/POU5F1 and
NANOG overexpression could be related to the presence of undifferen-
tiated cells in the basal epithelium, flow cytometry was used to isolate
stem-like cells from naive AhR™” and AhR™~ lungs. Quantitative
mRNA analyses for Oct4 and Nanog in isolated stem-like cells revealed
that both genes were significantly upregulated in untreated AhR~/~
lungs (Fig. 6A), further supporting that AhR deficiency contributes to
the generation of a primed status favoring an early repair response.
We then decided to determine Oct4 and Nanog mRNA levels in NPH-
treated lungs. Interestingly, the profile of Oct4 mRNA expression before
and after NPH treatment (Fig. 6B) closely followed that of OCT4 protein
as determined by immunofluorescence (see Fig. 5A). Nanog mRNA ex-
pression had a qualitatively similar pattern to that of NANOG protein
(see Fig. 5B), although no significant differences were observed in
mRNA between AhR™* and AhRR ™~ lungs (Fig. 6C).

Recent studies have shown that the ligand of the Hedgehog (Hh)
pathway Sonic Hedgehog (Shh) is expressed in Scgb1al + cells of the
proximal adult lung epithelium, and that Hh signaling becomes
downmodulated at the acute phase of lung injury to regain normal
levels during regeneration (Peng et al., 2015). Since absence of AhR in-
fluenced the appearance of CC10/Scgb1a1 + cells during tissue repair in
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Fig. 5. Pluripotency-related factors OCT4/POUS5F1 and NANOG are differentially regulated during regeneration of the bronchiolar epithelium. AhR*/* and AhR '~ female mice were left
untreated (UT) or treated with 250 mg/kg NPH and bronchiolar epithelium analyzed after 2, 10 and 21 days. (A) OCT/POU5F1 was analyzed by immunofluorescence in lung sections
of each mouse genotype using a specific antibody. An Alexa 488-conjugated secondary antibody was used for detection. (B) NANOG levels were determined by immunofluorescence
in the same lung sections indicated above. Details of the micrographs are shown in the insets. An Alexa 633-conjugated secondary antibody was used for detection. DAPI staining was
used to label cell nuclei. Two to three biological replicates and at least 5 experimental sections from each mouse were analyzed. An Olympus FV1000 confocal microscope and the
FV10 software (Olympus) were used for immunofluorescence. Data are shown as mean + SD. **p < 0.05, **p < 0.01, ***p < 0.001. Bars: 50 um, inset: 25 pm.

NPH treated mice, we decided to use immunofluorescence to examine
Shh expression in the bronchiolar epithelium of AhR*'* and AhRR ™/~
mice. In agreement with previous reports, Shh was transiently down-
regulated in AhR™™ lungs at the beginning of the regeneration process
(e.g. 2 days) returning to its basal levels by 10 and 21 days (Fig. 7A).
AhR ™~ lungs had reduced basal expression of Shh protein that gradual-
ly increased from 2 to 10 days after treatment to return to basal levels at
21 days (Fig. 7A). mRNA analysis revealed that AhR ™~ lungs had re-
duced basal levels of Shh that were not repressed at 2 days after NPH
treatment and that transiently increased from 10 to 21 days (Fig. 7B).
ARR™'* lungs expressed higher basal amounts of Shth mRNA that
remained slightly reduced from 2 to 21 days from treatment (Fig. 7B).
The fact that complete downregulation of Shh did not seem required
to trigger regeneration in AhR '~ mice was intriguing. We considered
the possibility that the subpopulation of stem-like cells present in
AhR™~ mice under basal conditions could have reduced expression of
inhibitory Shh. mRNA analysis of flow cytometry isolated stem-like
cells revealed a significant repression of Shh in AR~ lungs as com-
pared to AhR™* lungs (Fig. 7C). The effector of the Hedgehog pathway
Glioma-associated oncogene homolog-1 (Gli1) was also significantly re-
pressed in AhRR™/~ stem-like cells (Fig. 7D), suggesting that
downmodulation of inhibitory Shh signaling in AhR ~~ undifferentiated
precursors might contribute to improve regeneration.

Based on the different regenerative potential existing between
AhR™" and AhR™~ mice, we decided to determine whether AhR itself
was regulated during lung repair. Immunofluorescence analysis showed

that basal AhR expression was severely repressed in AhR™ ™ lungs be-
tween 2 and 10 days to return to its initial levels by 21 days (Fig. 7E).
As expected, AhR ™~ bronchiolar epithelium completely lacked AhR ex-
pression (Fig. 7E). Thus, AhR may need to be downregulated early after
NPH-induced damage to facilitate lung regeneration.

4. Discussion

Certain mammalian tissues, such as lung and liver, have the ability to
regenerate after exposure to environmental toxicants, as a consequence
of accidental damage or following surgical intervention. One aspect cur-
rently under close scrutiny is to discover the identity of the precursor
cell lineages that trigger the regenerative response. In the lung, the acti-
vation and differentiation of pluripotent/multipotent stem-like cells ap-
pear relevant for repair following interaction with damaging toxins
(Kotton and Morrisey, 2014; Leeman et al., 2014). Also relevant is to
characterize the molecular intermediates controlling the differentiation
of stem-like cells that will produce the cell types required to restore tis-
sue structure and function.

AhR is one such potential molecular intermediate since it is involved
in maintaining differentiation of normal and transformed cells
(reviewed in (Mulero-Navarro and Fernandez-Salguero, 2016)) and in
regulating pluripotency-related genes OCT4, NANOG and SOX2
(Bunaciu and Yen, 2011; Cheng et al., 2015; Contador-Troca et al.,
2015; Morales-Hernandez et al., 2016). In a non-mammalian context,
AhR inhibits caudal fin and heart regeneration in zebrafish upon TCDD
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Fig. 6. Oct4 and Nanog mRNA expression in lung stem-like cells and NPH-treated lungs.
(A) Lungs from untreated AhR*/* and AhR~/~ female mice were processed to isolate
stem-like cells using magnetic-assisted flow cytometry. mRNA levels of Oct4 and Nanog
were analyzed by RT-qPCR in those pluripotent cells from each genotype. (B and
C) AhR*/* and AhR '~ female mice were left untreated (UT) or treated with 250 mg/kg
NPH and their lungs extracted at 2, 10 and 21 days. Oct4 (B) and Nanog (C) mRNA
expression was analyzed at each time point by RT-qPCR using total lung RNA.
Oligonucleotides for each gene are indicated in the Methods. Gene expression has been
normalized by Gapdh and represented as 2~ 24, Two to three biological replicates and
at least 4 experimental replicates from each mouse were analyzed. Data are shown as
mean + SD. ***p < 0.001.

exposure (Hofsteen et al., 2013; Mathew et al., 2006) whereas, in mam-
mals, TCDD treatment prior to two third partial hepatectomy sup-
pressed mouse liver regeneration by blocking cell cycle through
inhibition of cyclin-dependent kinase-2 (CDK2) (Jackson et al., 2014;
Mitchell et al., 2006). To the best of our knowledge, there are no previ-
ous studies addressing the implication of AhR in lung regeneration.
Here, we have used AhR-null mice to investigate if endogenous AhR ex-
pression affects lung regeneration in response to injury caused by the
non-AhR-ligand toxic molecule naphthalene. The major conclusion of

the study is that absence of AhR increases the efficiency and expedites
lung regeneration likely by activating the differentiation of stem-like
precursors and by modulating the expression of pluripotency-
inducing factors.

Naive AhR-null mice had similar numbers of bronchiolar epithelial
cells and were equally sensitive than wild type mice to NPH-induced
lung injury, thus excluding the existence of developmental alterations
that could influence their regenerative potential. Increased regeneration
of AhR™~ lungs likely depended on an early proliferative response in
the otherwise non-proliferating lung epithelium, in agreement with
the well-known role of AhR in controlling cell proliferation and cell
cycle (Barouki et al., 2007; Marlowe et al., 2004; Marlowe and Puga,
2005; Pohjanvirta, 2012; Puga et al., 2002). Cell proliferation after NPH
exposure is closely linked to a differentiation program of precursor
cells residing in the bronchioalveolar epithelium (Volckaert and De
Langhe, 2014). Clara cells are considered the predominant cell type re-
sponsible for restoring the bronchiolar epithelium after NPH toxicity
(Giangreco et al., 2009; Giangreco et al., 2002; Reynolds et al., 2000).
In agreement with these previous reports, Clara cells were steadily pro-
duced at a higher level in AhR ™~ than in AhR*/* NPH-exposed lungs.
Since basal numbers of Clara cells did not significantly differ between
both genotypes, our results suggest that their accumulation in AhR-
null bronchiolar epithelium could derive from an increase in their
auto-renewing capacity and/or their expansion from undifferentiated
precursors.

Regarding the first possibility, it is known that Clara cells (Scgb1al +
cells) can auto-renew and differentiate to ciliated cells in order to re-
plenish a damaged bronchiolar epithelium (Kim et al., 2005; Rawlins
et al., 2009). One potential regulator of Clara cell differentiation is the
Hedgehog (Hh) signaling pathway that needs to be inhibited at early
phases of NPH-induced toxicity to allow lung regeneration (Peng
et al., 2015). Interestingly, we have found that AhR deficiency signifi-
cantly inhibits constitutive expression of Hh ligand Shh and of Hh target
Gli1 in isolated lung stem-like cells, suggesting that lower inhibitory Hh
signaling could favor their differentiation to regenerating Clara cells. To
address the expansion of Clara cells from undifferentiated precursors,
we analyzed the profiles of isolectin GSI-B4 reactive cells expressing
CK14 and of CGRP + neuroepithelial cells. CK14 positive cells rapidly in-
creased in AhR~/~ lungs in response to NPH toxicity and such increase
preceded the expansion of Clara cells. Because CK14 + cells can differ-
entiate into several multipotent cell types (Clara cells among them)
(Hong et al., 2004a,b), it is plausible that AhR deficiency increases the
ability of the bronchiolar epithelium to activate stem-like CK14 + cells
eventually generating Clara cells. Neuroepithelial cells expressing the
calcitonin-gene related peptide (CGRP) (Song et al., 2012) do not differ-
entiate to Clara cells under physiological conditions, but become
activated after NPH injury (Volckaert and De Langhe, 2014). The bron-
chiolar epithelium of AhR™~ mice had significantly higher amounts of
CGRP + cells than AhR ™~ mice. Interestingly, this cell type decreased
shortly after injury in AhR™~ mice concurrently with the raise in
Clara cells, perhaps indicating that a fraction of basal CGRP + cells
were differentiated into Clara cells. By contrast, CGRP + cells transiently
increased in AhR™7 lungs soon after NPH treatment and prior to Clara
cell accumulation. These results suggest that lack of AhR improved the
initial stages of bronchiolar regeneration by increasing the production
of Clara cells probably from upregulated CK14 + and neuroepithelial
cell lineages. In addition to these cell-autonomous effects, AhR ™/~
lungs developed a greater vascular response shortly after NPH toxicity,
despite a reduced basal content of blood vessels. AhR is required
for vascularization and angiogenesis and for the development of
the cardiovascular system (Lahvis et al., 2000; Lahvis et al., 2005;
Roman et al., 2009; Sauzeau et al., 2011). It is therefore possible
that AhR deficiency in the stroma could trigger angiogenesis to
favor repair of the bronchiolar epithelium. Further studies are need-
ed to determine whether those microenvironment-dependent ef-
fects involve cytokeratins regulated by AhR such as transforming
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growth factor-p1 (TGFR1) (Gomez-Duran et al., 2009; Rico-Leo et al.,
2013).

AhR-dependent effects on lung regeneration also involve changes in
pluripotency-related markers OCT4 and NANOG, both previously
known to be regulated by this receptor in different cell types (Bunaciu
and Yen, 2011; Cheng et al., 2015; Morales-Hernandez et al., 2016;
Mulero-Navarro and Fernandez-Salguero, 2016). The upregulation of
0CT4 and NANOG under basal conditions in AhR ™~ mice could reflect
the existence of an undifferentiated bronchiolar epithelium primed to
develop a more efficient differentiation response during tissue repair.
The upregulation of Oct4 mRNA in AhR ~~ lungs under basal conditions
could not only determine its increased protein expression but also indi-
cate that AhR controls Oct4 at the transcriptional level in bronchiolar ep-
ithelial cells similarly to that reported in stem-like undifferentiated
human carcinoma cells (Cheng et al., 2015; Morales-Hernandez et al.,
2016). In agreement with OCT4 being a regeneration inducing factor
in the lung, our data also showed that OCT4 expression increased in a
synchronized manner with cell proliferation in AhR** bronchiolar ep-
ithelium at earlier times than the onset of tissue repair. NANOG protein
was also overexpressed in basal AhR ™~ lungs although no significant
differences were found at the mRNA level, despite been also an AhR
transcriptional target in stem-like human carcinoma cells (Morales-
Hernandez et al, 2016). Interestingly, OCT4 and NANOG were
downmodulated once regeneration started in both AhR*/* and
AhR™~ lungs, suggesting that their expression was more relevant at
the beginning of the process, perhaps resembling their effects in adult
cell reprogramming (Nakagawa and Yamanaka, 2010; Takahashi and
Yamanaka, 2016). In fact, the overexpression of Oct4 and Nanog in
isolated stem-like AhR '~ cells in absence of NPH may link the expres-
sion of these genes to the faster enrichment of Clara, Basal and
neuroepithelial cells in AhR-null lungs. The lower expression of
NANOG at early times (e.g. 2 days) in AhR™™ mice is intriguing al-
though it could result from OCT4-dependent inhibition as previously re-
ported (Pan et al., 2006).

5. Conclusions

In summary, physiological AhR deficiency improves the regenerative
potential of the lung in response to the deleterious effects of acute toxin
exposure. Such effects involve enhanced proliferation, a more efficient
differentiation of cell lineages with stem-like properties and the upreg-
ulation of relevant pluripotency-related genes. AhR can be therefore a
novel regulator of lung regeneration and tissue repair, a function poten-
tially relevant considering the many toxic compounds interacting with
the lung epithelium to induce pathologies such as emphysema, cancer
and fibrosis. The characterization of AhR non-toxic antagonists could
help identify molecules useful for tissue repair after exposure to envi-
ronmental toxins and carcinogens. In this context, application of AhR
modulators able to transiently reduce receptor functions at early stages
of lung regeneration may be hypothetically consider novel tools with
therapeutic value. Further investigations using conditional mouse
models in which AhR can be knockdown within a defined time window
may be useful to answer that question.
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