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Abbreviations

1 LUAD Lung adenocarcinoma
2 NGS Next generation sequencing
3 gPCR Quantitative real-time PCR

4 RNAseq Next generation RNA sequencing

5 NSCLC Non-small cell lung carcinoma

6 EC Urethane (also called ethyl carbamate)

7 DEN Diethyl nitrosamine (also called N,N-Diethyl nitrous amide)
8. TP53 Tumor protein p53

9. MLL?2 Histone-Lysine N-methyltransferase

10. CDKN2A Cyclin Dependent Kinase Inhibitor 2A
11. KEAP1 Kelch like ECH associated protein 1
12. PTEN Phosphatase and tensin homolog

13 KRAS KRAS proto-oncogene, GTPase

14 EGFR Epidermal growth factor receptor

15 ALK ALK receptor tyrosine kinase

16 BASC Broncho-alveolar stem cell

17 AT Alveolar type cell

18 PNEC Pulmunary neuroendocrine cell

19 Kras Kirsten rat sarcoma viral oncogene homolog

20 Trp53 Transformation related protein 53

21 GSEA Gene set enrichment analysis
22 CRE P1 bacteriophage CRE recombinase
23 GFP green fluorescent protein

24 CCSP Club cell secretory protein
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LYZ2 Lysozyme C-2
SFTPC Surfactant Protein C
ddPCR Digital droplet PCR
dNTP Deoxynucleotide

ddPCRAYv advanced ddPCR assay
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Introduction

Lung cancer presents the deadliest killer among malignant tumours both in
men and women with over 1.7 million deaths per year. In 2030, the incidence
of this dreadful disease will exceed 3.7 million, according to Globocan 2018
projections’. Lung cancer is classified in two major categories: small cell
lung cancer (SCLC) which accounts for 15% of new cases, and non-small
cell lung cancer (NSCLC) accounting for another 80% (Figure 1)'. In this last
category of lung cancers, different subtypes are identified as follows: lung
adenocarcinoma (LUAD), squamous cell carcinoma (SCC), and large cell
lung carcinoma (LCLC)? 3. These histological subtypes display different
cellular appearances, arise in different locations in the lungs, are caused by

different main risk factors, and display divergent mutation profiles?7.

80.00% Non small cell lung cancer
m 15.00% Small cell lung cancer
5.00% Others

m= 40.00% Adenocarcinoma
30.00% Squamous cell carcinoma
10.00% Large cell carcinoma

Figure 1: Histologic classification of lung cancer. The data were collected from Bray et al.
“Global cancer statistics”. CA Cancer J Clin 2018. The plots were generated with Prism
Graphpad 8.

In the past, over 10% of NSCLC were assigned to the LCLC subtype.
Currently, using a deeper classification of other histological subtypes, only
2% are diagnosed as LCLC*. The name of this category reflects the absence

of a squamous or glandular cytology and the lack of differentiation of the



cells involved. This histological subtype can be found in almost every

location in the lung?.

Previously SCC presented the most common subtype of NSCLC?®. It generally
localizes in the central part of the lungs, in proximity to the large airways? 3.
From the molecular point of view, SCC contains inactivating mutations in
various tumor suppressor genes such as tumor protein p53 (TP53, mutated
in 81% of cases), histone-Lysine N-Methyltransferase (MLL2, 20%), cyclin
dependent kinase Inhibitor 2A (CDKN2A 15%), kelch like ECH associated
protein 1 (KEAP1 12%), and phosphatase and tensin homolog (PTEN 8%)
(Figure 2). In addition, recurrent gain-of-function mutations have been found
in oncogenes such as phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit alpha (PIK3CA, 16%) and neurofibromin 1 (NF1, 15%)*. The
histology of SCC is characterized by flat and elongated cells that form
multiple layers and feature partial keratinisation and follicle formation similar
to the skin? 3. The major risk factor is smoking (direct or second-hand
smoke), while secondary (contributing) risk factors are thought to be

asbestos, heredity, and radon?® 5.

Currently, LUAD is the most prominent histological subtype of lung cancer,
accounting for over 40% of all cases of NSCLC" °. It tends to develop in the
smaller airways, in proximity of the alveolar spaces®. The World Health
Organization classifies LUAD in various histopathologic growth patterns
(lepidic, acinar, papillary, micropapillary, solid, invasive mucinous, colloid,
fetal, and enteric)®. LUAD histology is characterized by a glandular shape
and presents features of mucus secreting cells. Major genomic alterations
are present in the KRAS proto-oncogene GTPase (KRAS, 25-30%),
epidermal growth factor receptor (EGFR 15-17%), and ALK receptor tyrosine
kinase (ALK, 4-7%) driver oncogenes. Regarding the onco suppressor side,
TP53 (41%) is the single most mutated gene in LUAD, followed by KEAP1,
(14%) (Figure 2)7 8. LUAD risk factors are heredity factors®, as well as
occupational exposure to agents such as silica, asbestos, radon, heavy
metals, radiation, and diesel fumes? 3. Nevertheless, the main etiologic

agent remains tobacco smoke®'".
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- I;/Iﬁ(ggfﬁ/ﬁ% Unknov;n 24%
0
m= NRAS 0-5%

>1 mutation 3%
Unknown 31 %

Figure 2: Driver genes mutations in LUAD and SCC. Data are collected from the cancer
genome atlas (https://portal.gdc.cancer.gov/) and catalogue of somatic mutation in cancer
(https://cancer.sanger.ac.uk/cosmic). The gene names are reported as HGNC
nomenclature. <1 mutation= mutation in more than one driver gene. The plots were

generated with Prism Graphpad 8th.

1.1. Tobacco’s carcinogens mutational signature in LUAD

The advent of deep sequencing and transcriptome profiling opened new
possibilities to further characterize and describe LUAD. In the past 10 years
a plethora of sequencing studies populated the scientific literature, using as
starting material the cancer patient specimens. According to the concept of
carcinogen-induced mutational signatures’-'%, every carcinogen tends to
leave a specific imprint on normal human cells. This effect persists
throughout the carcinogenic process and can be detected in fully malignant
tumors. According to this, it is possible retrospectively decipher what a
carcinogen caused, namely a carcinogen signature’ 8 'S, Therefore, the
definition of such carcinogen signatures has primarily relied on correlation
between clinically documented exposures (i.e. smoking) and sequencing
results from various human cancers’-'% 13. ' For the tobacco smoke, where
the composition consists of a complex mixture of chemical compounds'', the
signature derived it is the result of the addiction and combination of all
carcinogens induced mutation present in this complex mixture. Indeed, the
different specific carcinogen-induced alterations contribute with different
patterns and weights at the whole smoking signature® '6. Due to the mixture

of carcinogens present in the tobacco smoke, and the accumulation of
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several mutational events during the tumorigenesis process, it is not
possible to dissect the contribution of every single carcinogen from a fully
malignant smoking-associated tumor’-'°, Furthermore, the effect of a single
carcinogen is not only the genomic alteration that the carcinogen caused, but
also the downstream repercussion that this genomic alteration will induce,

and the feedbacks that would derive from this event'’.

In consequence, a gap emerged between cutting-edge technology and the
possibility of finely mapping the carcinogen-induced molecular alterations in
the lungs. Indeed, for the tobacco smoke induced alterations, the necessity
arose to develop different animal models of carcinogen induced LUAD to
dissect the carcinogenic effect of the tobacco smoke in the different
alteration processes related to the different carcinogens. In this matter, only
one study (Westcott et al, Nature 2015) attempted to define a specific
carcinogen-induced signature and it was limited to only two carcinogens that
could mimic the mutational pattern observed in humans'’. The remarkable
results obtained in this study are hampered by the different stromal and
immune-infiltrating cells contaminating the sequencing samples'® 9,
Therefore, it seems of essential importance to obtain the appropriate starting
material for defining a signature induced by a single carcinogen. In this
optic, deriving a pure cancer cell would be a good starting point. Despite
that, only a carcinogen signature is not enough to precisely map the pattern
of mutation acquisition in the lung. It remains uncertain in which pulmonary

cell lineage the LUAD tumorigenesis initiates.

1.2. LUAD cell lineage of origin

Different cell lineages contribute to constitute the lungs airway epithelium. In
the lower respiratory tract, we can recognize the respiratory epithelium and
the respiratory zone?'. The respiratory epithelium lines trachea, bronchi and
bronchioles, and is composed from Goblet cells with the function of secreting
mucus to protect the membrane. The ciliated cells mainly dedicate to the
mucus clearance mechanism?'. Among the ciliated cells we also find the
basal cells, representing the stem cells, or the progenitors of the airway
epithelium. At the level of terminal bronchioles, we also observe the club
cells; able specifically to secrete different kinds of surfactants, and

characterized by their glandular form?2. In the respiratory zone, at the level
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of the alveoli, we find alveolar macrophages and pneumocytes. In
pneumocytes, we recognize alveolar type 1 (AT1) and alveolar type 2 (AT2)
subtypes?'. AT1 cells are devoted to the gas exchange, their shape is
typically squamous with a thin wall and a flat shape. The AT2 cell are
cuboidal and their function is related to the production of lung surfactant.
Pulmunary neuroendocrine cell (PNEC) and variant club cell complete the

lung histology?? (Figure 3).

Ciliated
] 5 T Figure 3: Cells of the lungs: schematic
i
'r;é ! ! Basal representation of different cell lineages
= 8’1 /basal progenitor  comnosing the respiratory epithelium. In
§ - ) brackets are reported the different
o Club (SCGB1A1+)
specific marker per cell lineage.
— Broncho-alveolar stem cell
S O Variant club
= (BASC);Bronco-alveolar ductal junct.
o
g The figure was readapted from
<B( E Sutherland KD.,Berns A.”Cell of origin of
o

(SCGB1A1+/SPC+) lung cancer”.Molecular Oncology 4, 397-
403 (2010).

In patients, LUAD stains positive for markers of AT2 cell and club cells with
antibodies detecting surfactant protein C (SPC) and secretoglobin family 1A
member 1 (SCGB1A1)?3. These findings gave rise to the hypothesis that AT2
cells were the LUAD cells of origin. To elaborate on this hypothesis, most
scientists deployed different transgenic mouse models mainly based on the
point mutations in KRAS codon 12/1324-26. These mutations, that represent
the most common in KRAS driven LUAD in human?’, lead to the oncogenic
form of KRAS. With these animal models, using different CRE drivers, it is
possible to induce the expression of the oncogenic KRAS in different cell
lineages?4-26- 28 Having as target the AT2, the first studies focused their
attention on this cell lineage and Broncho-alveolar stem cells (BASC) that
stained positive to AT2 and club cell markers?%. Another study had as
investigation target the club cells using the same approach to try to resolve
the implication of this lineage in the LUAD tumorigenesis?®. Both studies

concluded that KRAS mutation in different cell lineages can start the
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tumorigenesis process , but full malignancies arose exclusively from AT2
cells and other cell lineages gave rise only to hyperplasia?® 28, An uncharted
matter in this approach is to detect the smoked induced LUAD cell of origin.
This cannot be achieved using a genetic model, where all the series of
events related to smoking and tumorigenesis are not recapitulated and

neither possibly recaptured” & 12. 17,

In summary, the state of the art in smoking-induced LUAD consists of an
unknown initiating cell lineage, a mutational profile accounting as key
mutation KRAS and TP53 genes, and a location in the lung at the level of the
small airways in proximity of the alveolar space. In this context our group
established a specific and pivotal way to induce LUAD in mice3°. We also
used a combination of genetically induced mouse models, and/or different
triggering carcinogens to recapitulate early event of thoracic

malignancy3® 3'. On behalf of that, we are in the position of combining
different experimental approaches to tackle the identification of the smoked
induced LUAD cells of origin and define specific carcinogen induced
signatures. In this broad topic, | focused on a method to map early events of
alterations in the lung, after the carcinogen insult, and profiled the
transcriptional pattern of pure cancer cell lines derived from different

carcinogens.

1.3. Aim

The aim of this dissertation is to combine different approaches for mapping
alterations induced by tobacco smoke carcinogens during LUAD
tumorigenesis. In our research group, we achieved to induce LUAD with
different carcinogens in susceptible mouse strains. Using those different

models of carcinogen-induced LUAD, this thesis aims to:

a) Map the gene expression profiles of carcinogen induced LUAD cell

lines established using injection of two different tobacco carcinogens

into two differentially susceptible mouse strains.

b) Identify the cellular origin of LUAD using mouse models of respiratory

epithelial cell fate.
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2. Publication I: Tobacco chemical-induced mouse lung
adenocarcinoma cell lines pin the prolactin orthologue proliferin as a
lung tumour promoter

2.1. Summary

LUAD represents the most common histological subtype of and the most
frequent cause of death from non-small cell lung carcinoma (NSCLC),
accounting for over 600,000 deaths per year worldwide'. As is also true for
other histological subtypes of NSCLC, smoking represents the main cause of
LUAD. The molecular profile of this disease is completely different in
smokers compared with never smokers, carrying over ten times the amount
of mutations as well as a unique transcriptome” '3 33, The need for faithful
models of smoking-induced LUAD that fully recapitulate the biological

behavior and the molecular profile of LUAD is unmet.

Hence, mouse models of tobacco carcinogen-triggered LUAD were selected
for our purposes, and we induced LUAD in two different strains of inbreed
mice: FVB and Balb/c, using two different carcinogens of tobacco smoke:
urethane and diethyl nitrosamine, applied according to established protocols.
All mice developed large tumors that, after histological confirmation, were
used to establish truly malignant carcinogen-induced LUAD cell lines (n = 7).
Independent from which carcinogen was used, all cell lines were harboring
mutations in Kras and Trp53 genes. They are mouse homologs of two of the
most relevant altered human genes in smokers’ LUAD (KRAS and TP53)7. All
cell lines were immortals, phenotypically stables and indefinitely
proliferatives in vitro. Those cell lines were able to cause, through
subcutaneous, intravenous, and intrapleural injection, primary solid tumors
at the injection site and lung metastases in syngeneic mice, which were

uniformly lethal.

Gene expression profiling of our carcinogen induced LUAD cell lines, in
comparison with naive mouse lungs and various other cell types (alveolar
epithelial cells, immune cells, and other cancer cell lines), revealed a unique
gene expression signature. This transcriptomic fingerprint featured
statistically significant alterations in key pathways for cancer development,
such as DNA replication, purine metabolism, and mitotic checkpoint

regulation. Interestingly, the carcinogen-induced LUAD cell line signature

14



sufficed to precisely dichotomize normal from cancer samples from the
Biomarker-integrated Approaches of Targeted Therapy for Lung Cancer
Elimination (BATTLE) study3°. Moreover, gene-set enrichment analysis
disclosed a strong positive enrichment of the LUAD cell line transcriptomic
signature among smokers’ patients and a significant negative enrichment

among never smokers’ from the BATTLE dataset.

In conclusion, our carcinogen-induced cell lines are able to closely mimic
smokers’ LUAD in terms of biological behavior and molecular profile,

representing a new tool to study the pathobiology of this disease.

2.2. Contribution

My personal contribution to this publication consisted of defining the
transcriptome profile of the different carcinogen-induced LUAD cell lines,
revealing the unique transcriptomic signature of those cell lines and cross-
examining those results with a publicly available dataset of human LUAD
transcriptomes. For this purpose, we performed gene expression profiling
using Affymetrix Mouse Gene 2.0 ST Arrays and analyzed the samples listed
below using dedicated software (Transcriptome analysis console 4, TAC4;
Thermo Fisher Scientific, Waltham, MA):

e Tobacco carcinogen-induced LUAD cell lines (n = 6)
e Lung from naive syngeneic mice (n = 4)

e Mouse type Il alveolar epithelial cells (n = 5)

e Mouse airway epithelial cells (n = 4)

e Mouse mast cells (n = 4)

¢ Mouse macrophages (n = 4)

e Other murine cancer cell lines (n = 4)
The results of the above analyses are visible in figure 4A of the publication.

After gene expression profiling, | performed pathway and gene-set
enrichment analyses (GSEA) (figures 4E and 4F). Pathway analysis was
performed using the WikiPathway function of TAC4. GSEA was performed
using GSEA4 (Broad institute; available at https://www.gsea-
msigdb.org/gseal/index.jsp). To cross-validate the carcinogen-induced LUAD

cell line signature in human LUAD transcriptomes, | derived from our mouse

15



gene list the relative human orthologs using OrthoDB, and other relevant
webtools. This “humanized” gene list was then used for two different

purposes:

e As a metric of distance to compute hierarchical clustering between
human LUAD transcriptomes and matched normal lung tissues.
e To build a custom gene-set and analyze its enrichment in

transcriptome profiles of smokers’ and never smokers’ LUAD.

The results are reported in the publication in figures 6E and 6F
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Abstract

Lung adenocarcinoma (LADC) is the leading cause of cancer death worldwide. Nevertheless, syngeneic mouse models of the
disease are sparse, and cell lines suitable for transplantable and immunocompetent mouse models of LADC remain unmet
needs. We established multiple mouse LADC cell lines by repeatedly exposing two mouse strains (FVB, Balb/c) to the tobacco
carcinogens urethane or diethylnitrosamine and by culturing out the resulting lung tumours for prolonged periods of time.
Characterization of the resulting cell lines (n = 7) showed that they were immortal and phenotypically stable in vitro, and
oncogenic, metastatic and lethal in vivo. The primary tumours that gave rise to the cell lines, as well as secondary tumours
generated by transplantation of the cell lines, displayed typical LADC features, such as glandular architecture and mucin
and thyroid transcription factor 1 expression. Moreover, these cells exhibited marked molecular similarity with human
smokers’ LADC, including carcinogen-specific Kras point mutations (Kras®'® in urethane- and Kras®' in diethylnitrosamine-
triggered cell lines) and Trp53 deletions and displayed stemness features. Interestingly, all cell lines overexpressed
proliferin, a murine prolactin orthologue, which functioned as a lung tumour promoter. Furthermore, prolactin was
overexpressed and portended poor prognosis in human LADC. In conclusion, we report the first LADC cell lines derived
from mice exposed to tobacco carcinogens. These cells closely resemble human LADC and provide a valuable tool for the
functional investigation of the pathobiology of the disease.

Introduction

Lung cancer is the leading cause of cancer death worldwide the European Union and 170 000 in the USA, with lung adeno-
accounting for 1.6 million deaths in 2012, including 270 000 in carcinoma (LADC) accounting for half of the cases (1,2). Lung
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Abbreviation

EC ethyl carbamate

LADC lung adenocarcinoma
PRL proliferin, prolactin
RT-PCR reverse transcription PCR

cancer is mainly caused by chemical carcinogens of tobacco
smoke (3-5). Smoking-induced carcinomas including LADC
bear thousands of mutations per genome, including gain-of-
function point substitutions in critical codons of the KRAS
proto-oncogene and deletion or loss-of-function point substitu-
tions of the tumour suppressor TP53, encountered respectively
in 20-40% and 80-90% of LADC (6-9). There is an unmet need for
relevant mouse models of smoking-induced carcinomas such
as LADC, which cannot be fully recapitulated by genetic models
(10). Such vehicles would aid in the identification of new lung
cancer genes, in the distinction of true cancer drivers from pas-
senger events and in the development of new therapies.

To more comprehensively understand lung cancer initiation,
evolution and signalling, faithful mouse models of the disease
are invaluable (11). Although elaborate genetic mouse models of
lung cancer are available, they do not fully recapitulate smoke-
induced carcinogenesis, because they are based on a single or
a few transgenes that are turned on artificially (10,12,13) and
tumours often regress after transgenes are turned-off (14).
Importantly, evidence suggests that mouse models of tobacco
carcinogen-induced LADC are closely related to the human dis-
ease (10). In specific, urethane promotes LADC development
through induction of KRAS and other oncogene mutations
that are also found in human LADC (10,15). However, existing
tobacco carcinogen-triggered mouse lung tumour models are
not really thought to be malignant, despite that these lung tu-
mours feature high similarities to human lung cancer (16,17).
Therefore, truly malignant and transplantable mouse tobacco
carcinogen-derived lung cancer cell lines do not exist. Such cells
are invaluable as they could be used in immunocompetent mice
to faithfully recapitulate human lung cancer on a background of
full tumour-host interactions (13).

Proliferins (PRLs), also known as mitogen regulated proteins,
are four murine glycoprotein orthologues of human prolactin
(18-22). PRLs are highly expressed in the murine placenta during
embryogenesis, as well as in highly proliferative adult mouse
tissues such as skin hair follicles and small intestinal crypts,
where they function to drive cellular proliferation, angiogenesis
and wound healing (18,23,24). PRL expression levels have been
correlated with fibrosarcoma progression in mice (24); however,
their role in LADC remains unknown.

Here, we report the establishment of a battery of murine cell
lines derived from LADC of two inbred mouse strains following
exposure to two different tobacco carcinogens, and we show
that they are malignant. These cell lines, faithful mouse models
of human smoking-induced LADC, unveiled an unexpected
LADC-promoting role for PRL in mice and for its orthologue pro-
lactin in humans.

Materials and methods

Ethics approval

Experiments were carefully designed and approved a priori by the
Veterinary Administration of the Prefecture of Western Greece (approval
protocol numbers 3741/16.11.2010, 60291/3035/19.03.2012 and 118018/578/
30.04.2014) and were conducted according to Directive 2010/63/EU (http://
eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri= 0J:L:2010:276:0033:0079:
EN:PDF).
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Murine cell lines used and authentication method

The murine cancer cell lines used were Lewis lung carcinoma, B16F10 skin
melanoma and PANO2 pancreatic adenocarcinoma (all from the National
Cancer Institute Tumour Depository, Frederick, MD), as well as MC38 colon
adenocarcinoma cells (obtained from Dr. Timothy Blackwell, Vanderbilt
University, Nashville, TN) and AE17 pleural mesothelioma cells (obtained
from Dr. Timothy Blackwell, Vanderbilt University). All cell lines have been
described previously in detail (25). NIH 3T3 cells were from the American
Type Culture Collection (Manassas, VA). Cells were cultured at 37°C in 5%
C0,-95% air using Dulbecco's modified Eagle's medium 10% foetal bovine
serum, 2 mM L-glutamine, 1 mM pyruvate, 100 U/ml penicillin and 100 mg/
ml streptomycin and were tested biannually for identity by short tandem
repeats and Mycoplasma spp. by PCR.

Derivation of mouse LADC cell lines

Ten months after first carcinogen [urethane, ethyl carbamate (EC),
CH,CH,0CNH,, CAS #51-79-6; diethylnitrosamine, N,N-diethylnitrous
amide, DEN, C,H, N,O, CAS # 55-18-5] exposure, mice were killed, lung tu-
mours were dissected from surrounding healthy lung parenchyma under
sterile conditions, were halved, one-half was processed for histology, and
the other half was chopped into 1 mm pieces and seeded to cell culture
dishes. Cells were cultured under standard conditions outlined in the
Supplementary data, available at Carcinogenesis Online. When adenocar-
cinoma was diagnosed for a given tumour, its corresponding culture was
passaged in vitro over a period of 18 months and 60 passages, whichever
occurred first. All mouse LADC cell lines were deposited at the Laboratory
for Molecular Respiratory Carcinogenesis cell line facility (http:/www.
Imrc.upatras.gr) and are available on request (Imrc@upatras.gr).

Availability of data

Microarray data are publicly available at Gene Expression Omnibus
(GEO) DataSets (https://www.ncbi.nlm.nih.gov/gds/) using accession IDs
GSE94981 (LADC, lungs, airway epithelial cells, mast cells and macro-
phages), GSE82154 (alveolar epithelial type II cells cells), GSE58188 (other
cancer cells including Lewis lung carcinoma, MC38, AE17, B16F10 and
PANO?2 cells) and GSE43458 (BATTLE trial).

Results

Novel mouse LADC cell lines generated by exposure
of inbred mouse strains to tobacco carcinogens

To develop murine LADC cell lines, we repeatedly exposed FVB
and Balb/c mice to the tobacco carcinogens urethane (EC) and
diethylnitrosamine [N-nitrosodiethylamine (DEN)]. For this,
mice received repetitive intraperitoneal EC (1 g/kg) or DEN (200
mg/kg) injections and were observed for prolonged periods
of time for true LADC to develop (Figure 1A). Indeed, mice de-
veloped large tumours that were harvested under sterile con-
ditions and bisected, one-half of the tumours were always
used for histological examination and the other half minced
for long-term culture under standard conditions (Figure 1B).
Histology revealed that some tumours were LADC showing
abundant mitoses, invasion of adjacent lung structures and ne-
crosis (Figures 1C and D). Cells from these tumours were cul-
tured for a period of over 18 months and/or 60 passages, such
that only truly malignant cells survived. This simple method
has been shown not to introduce new artificial mutations that
are not present pre-culture (26). The resulting LADC cell lines
(n = 7) were named XYLA# with X signifying the mouse strain
(F, FVB; B, Balb/c), Y the carcinogen used (U, EC; E, DEN), LA lung
adenocarcinoma, and # their serial number by derivation date.
All cell lines were immortal, phenotypically stable and indefin-
itely proliferative in vitro where they displayed spindle shapes
and anoikis (Figures 1E and F). In addition, all cell lines exhib-
ited nuclear atypia and stemness as they were able to form
tumour-spheres in vitro, a capacity unique to stem and cancer

0202 UOJBIN| 91 UO JBSN 3BU10lqIq[elusZ 4S9 Aq 8¥689EG/ZSE L/ 1 L/0TAVEASqE-DILE/UIDIED W0 dNO"DlWBPEDE//:SARY WOl POPEOJUMOQ



1354 | Carcinogenesis, 2019, Vol. 40, No. 11

A

bilth urethane x 4 tumor culture
U
:ﬂ:l:l:l:ﬂ:ﬂ:l:ﬂ FULA (3)

months after blrth (n= 10 FvB mlce)

birth urethane x 10 tumor culture
4 .
LT BULA (2)
0 12

3 6 9
months after birth (7 = 10 Balb/c mice)

birth DEN x 8 tumor culture
3 — 2 4 G M | o
== === === LR o LLC * g
9 -0- FULA1 3
1.5+ Fekd | e— | ]
months after blrth (n=10 Balb/c mice) -0~ FULA2 w 40 I*ﬁ %‘g
c o) w £
5~ -~ FULA3 o 3 3o
= g 10 Falt ] 20 S
B E < BUAl & Do 28
§ o < BUA2 £ Q2 & Le
2Q osd <o BEAl 5 S8 gc
EQ - BELA = a
K s.c. flank tumors & spontaneous lung E < 40 0\,‘?\,?“\7
metastases = 0 N\
0 50 100 150 \’Q\)Q\)Q(f’
hours in culture
L M ~ N .. O

20m%k %% k%% NS

tumor volume (cm®)
LS]
Lung tumor number

100 = 10
* 10 é
50 w05
]ns o
0 0 0 = 00
1 0 20 40
, O T TX O O T T
5mm N ) days post-tumor cells VO’ %‘3\&%& VP
i.v. lun Mali nant leural
metastgses g effusions P 2 104 £>005 5 10 M sl
s 00001 == LLC
c =i FULA
G 0.5+ 0.5+ 05 1 —- BULA
g |fan —— BELA
i gopmedel 1l o, " G I

0 20 40 0 20 40 g 49 90 30

Survival (days)

Figure 1. Celllines derived from lung tumours of inbred mice treated with tobacco carcinogens are true lung adenocarcinomas. (A) Schematic of the method used and
naming convention of cell lines derived from lung tumours of urethane (ethyl carbamate, weekly intraperitoneal injections of 1 g/kg)-treated and diethylnitrosamine
(DEN, weekly intraperitoneal injections of 200 mg/kg)-treated FVB and Balb/c mice. Tumour culture was done at 37°C in 5% CO,-95% air using Dulbecco's modified Eagle's
medium 10% foetal bovine serum, 2 mM L-glutamine, 1 mM pyruvate, 100 U/ml penicillin and 100 mg/ml streptomycin for >18 months or 60 passages, whichever oc-
curred first. Cell lines were named XYLA# with X signifying the mouse strain (F, FVB; B, Balb/c), Y the carcinogen used (U, EC; E, DEN), LA lung adenocarcinoma and #
their serial number by derivation date. (B-D) Macroscopic image (B) and haematoxylin and eosin-stained sections (C, D) of lungs with primary lung adenocarcinomas
(LADC, dashed outlines) from urethane-treated FVB mice displaying hallmarks of malignancy including necrosis (black arrows) and invasion/distortion of adjacent
lung structures (red arrows). (E) Phase contrast image of FULA1 cells in culture showing cobblestone (white solid arrows) and spindle (black solid arrows) shapes and
anchorage-independent growth (anoikis, empty black arrows). (F) May-Griinwald-Giemsa-stained cytocentrifugal specimen of FULA1 cells shows nuclear atypia. (G)
In vitro 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide growth curves of chemical LADC cell lines compared with Lewis lung carcinoma (LLC) cells (n
= 4/group/time-point). Data are presented as mean + SD. **P < 0.001 for LLC cells compared with LADC cells at 96 h by two-way analysis of variance (ANOVA) with
Bonferroni post-tests. (H) Primary tumour-spheres formed by FULA1 cells in vitro. (I) In vitro tumour sphere formation potential of chemical LADC cell lines compared
with LLC cells (n = 3/group). Data are presented as mean + SD. * P < 0.05 and ***P < 0.001 for the indicated comparisons by one-way ANOVA with Bonferroni post-tests. (J)
Bioluminescence image of constitutively luminescent FVB-Tg(CAG-luc,-GFP)L2G85Chco/] mouse injected with 1 mg p-luciferin at 4 weeks post-subcutaneous injection
of 1 million FULAL1 cells showing reduction of the bioluminescent signal by the non-luminescent tumour (dashed outline) compared with the opposite healthy site
(arrow). (K-P) Mice syngeneic to the respective cell line (LLC cells: C57BL/6 mice; FULA cells, FVB mice; BULA and BELA cells, Balb/c mice) received 1 million tumour cells
subcutaneously, 250 000 cells intravenously or 150 000 cells intrapleurally (n = 10/cell line/route) and were followed till the first signs of sickness. (K) Representative
images of subcutaneous primary tumours (top left, dashed outline) and spontaneous lung metastases (top right, black arrows) at 1 month post-subcutaneous delivery,
of forced lung metastases at 3 weeks post-intravenous injection (bottom left, black arrows) and of malignant pleural effusion (MPE) at 12 days post-intrapleural injec-
tion (bottom right, dashed lines). (L, M) Data summary of primary tumour volume (L) and spontaneous lung metastasis number at 24-34 days (M) post-subcutaneous
delivery. (N) Lung tumour number at 2-3 weeks post-intravenous injection. (O) MPE volume at 12-28 days post-intrapleural injection. (P) Kaplan-Meier survival plots
and overall log-rank test probability values (P). (L-O) Data are presented as mean + SD. ns, *, ** and ** denote P > 0.05, P < 0.05, P < 0.01 and P < 0.001, respectively, for the
comparisons indicated or for LLC cells compared with LADC cells (L), by one-way (M-O) or two-way (L) ANOVA with Bonferroni post-tests.
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cells (Figures 1G-I). Remarkably, on subcutaneous delivery of 1
million cells/mouse to syngeneic mice, LADC cell lines were able
to form primary solid tumours at the injection site, as well as
spontaneous pulmonary metastases (Figures 1J-L). Intravenous
delivery of 250 000 LADC cells to syngeneic mice caused lung
metastases as well, and intrapleural injection of 150 000 LADC
cells to syngeneic mice triggered malignant pleural effusions
(Figures 1M-0). All LADC cell lines were uniformly lethal re-
gardless of injection route, confirming their malignant nature
(Figure 1P). The primary tumours that gave rise to the cell lines,
as well as secondary tumours generated by transplantation of
the cell lines, all displayed typical LADC features, such as glan-
dular architecture and mucin and thyroid transcription factor 1
expression (Figure 2). These results firmly support that the cell
lines derived from lung tumours of tobacco carcinogen-treated
mice are true LADC cells that can recapitulate the metastatic
patterns of human LADC.

Tobacco chemical-induced mouse LADC cell lines
harbour Kras mutations and Trp53 loss

Activating KRAS mutations and loss or mutation of TRP53
are common in human LADC of smokers (7,27,28). We hence
sought to determine whether our LADC cell lines were similar
to human LADC in terms of Kras and Trp53 status (Figure 3).
Reverse transcription PCR (RT-PCR) followed by direct com-
plementary DNA sequencing of Kras (target) and Nras (control)
transcripts revealed the presence of heterozygous Kras®'* mu-
tations in all EC-induced cell lines and heterozygous Kras®"
mutations in all DEN-induced cell lines, but no Nras muta-
tions (Figures 3A and B; Supplementary Figure 1, available at
Carcinogenesis Online). Interestingly, all Kras®®-mutant cell
lines generated using EC also expressed a nonsense-mediated
decay transcript, in addition to the mutant and wild-type (V7)
transcripts (Figure 3A; Supplementary Figure 1, available at
Carcinogenesis Online), a mechanism thought to prevent the
expression of mutant proteins (29). To assess the Trp53 status

H&E

PAS-D

TTF1
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of our carcinogen-induced LADC cell lines, they were cross-
examined with mouse tracheal epithelial cells obtained over
a time course post-EC exposure and with two non-carcinogen-
derived mouse cancer cell lines with defined Kras and Trp53
status: Lewis lung carcinoma cells with mutant Kras®*¢ and
Trp53%T and MC38 colon adenocarcinoma cells with mutant
Kras®**} and mutant Trp53*7# (25,30). RT-PCR and quantita-
tive real-time PCR (qPCR) showed different patterns of mono-
or bi-allelic Trp53 loss (Figure 3C and D), whereas western
immunoblots and immunocytochemistry did not detect Trp53
mutations (Figure 3E; Supplementary Figure 2, available at
Carcinogenesis Online). Diverse EGFR expression patterns were
determined via qPCR and western immunoblots that did not
correlate with carcinogen or mouse strain used (Figure 3D
and E), whereas Sanger sequencing yielded Egfr"" in all cell
lines. Notably, these results show that our murine tobacco
carcinogen-triggered LADC cell lines bear KrasM'T alleles and
exhibit patterns of Trp53 loss that resemble the human LADC
of smokers. Moreover and in accord with a comprehensive gen-
omic screen of carcinogen-induced LADC (10), the data indi-
cate that each tobacco carcinogen inflicts a defined KRAS point
mutation (single nucleotide variation): EC causes Kras®®* and
DEN Kras®™ mutation. Finally, the data identify for the first
time mutant KRAS-associated nonsense-mediated decay in our
EC-generated cell lines with Kras®™* mutations, which together
with codon bias can explain the notorious absence of mutant
KRAS reads in RNA-sequencing studies (29,31).

Tobacco chemical-induced mouse LADC cell lines
overexpress stemness and cancer genes

Global gene expression analysis of our LADC cells in com-
parison with total lung RNA from naive mice and various
other cell types [Gene Expression Omnibus (GEO) DataSets
accession IDs GSE94981 for LADC cell lines, lungs, airway
epithelial cells, mast cells and macrophages; GSE82154 for al-
veolar epithelial type II cells and GSE58188 for other cancer

PANO2

R AR TR T/ A
o) 4-‘*'*’.’;”'/5" -
;

KRASG2D

Figure 2. Tobacco carcinogen-induced mouse lung carcinomas are classified as adenocarcinomas. Primary urethane (A, F, K) and DEN (B, G, L)-induced LADC tumours
that gave rise to the LADC cell lines, secondary subcutaneous tumours generated by transplantation of FULA cells into syngeneic mice (C, H, M), KRAS¢"?°-driven
LADC (Ref. (45); D, I, N), as well as subcutaneous tumours of pancreatic adenocarcinoma PANO?2 cells (Ref. (25); E, ], O), were stained for haematoxylin and eosin (H&E),
Periodic acid-Schiff-diastase (PAS-D), and thyroid transcription factor 1 (TTF1). (A-E) H&E-stained representative tumour sections. Note the typical glandular-solenoid
structure of LADC tumours (A-D) and the solid form of PANO2 tumours (E). (F-J) PAS-D stain for visualization of mucin. Note the adenocarcinoma-distinctive positive
mucin staining of all LADC (F-I) and the negative PAS-D staining of PANO2 tumours (J). (K-O) Immunostaining for TTF1 (NKX2-1). Note the LADC-distinctive nuclear
immunoreactivity of all LADC (K-N) and the negative results from PANO2 tumours (O).
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Exon 1
Exon 2

ENSMUST00000032399 — Transcript Kras-001
Exon 3 " eeeE g ©

GATTCGGCA GC SAGGCGGCAGCGCTGTGGCGECGGE

G GTCCCGCTCCCGCGCCATTTC
AGGCGECEGCGEGAGCCTCAGGCGCGECEECTCCECGE
CGCGGAGAGAGGCCTGCTGARRATGACTGAGTATARACTTGTGGTGGTTGGAGCTGETGE
CGTAGGCAAGAGCGCCTTGACGATACAGCTAATTCAGARTCACTTTGTGGATGAGTATGA
CCCTACGATAGAGGACTCCTACAGGAARCAAGTAGTARTTGATGGAGARACCTGTCTCTT
GGATATTCTCGACACAGCAGGTES oAGGAGTACAGTGCARTGAGGGACCAGTACATGAG
; : | AACT GGGCTTTCTTTGTGTATTTGCCATARATAATACTARATCATT TGRAAGATAT
05 = | Kras ci pcg ok ool TCACCATTATAGAGAACARATTARAAGAGTARAGGAC TCTGAAGATGTGCC TATGGTCCT..,

A
Exon 3 skipping

ENSMUST00000156486 — Transcript Kras-006 (Nonsense mediated decay, NMD)
GA “GGCCGCGGCGGCTGAGGCGGCAGCGCTGTGGCGGCGGCTGAGACG

GCGGCTCGGCCC GTCCCGCTCCCGCGCCATTTC CGG
AGCGAGCGCGGCG! GCCTGAAGGCGGCGGCGGGAGCCTGAGGCGCGECGGCTCCGCGG
CGCGGAGAGRGGCCTGCTGRRRATGACTGAGTATARACTTGTGGTGGTTGGRGCTGGTGG
CGTAGGCAAGAGCGCCTTGACGATACAGCTAATTCAGAATCACTTTGTGGATGAGTATGA
CCCTACGATAGAGAGAACAAATTAAAAGAGTAAAGGACTCTGAAGATGTGC CTATGGTCC
TGGTAGGG}\ATAAGTGTGATT'I@I‘I‘CTAGJ\ACAGTAGACACGAAACAGGCTCAGGAG'I‘...
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Figure 3. Tobacco carcinogen-induced mouse lung adenocarcinoma cell lines bear codon 61 Kras mutations and exhibit loss of Trp53. (A) Kras and Nras messenger
RNA (mRNA) expression by RT-PCR of select chemical-induced lung adenocarcinoma cell lines and sequences of the amplicons cut and extracted from the gels to-
gether with their matching Ensembl annotations. Note the shorter nonsense-mediated decay (NMD) transcript. (B) Complementary DNA Sanger sequencing traces of
splenocytes of WT C57BL/6 mouse and of the chemical-induced lung adenocarcinoma cell lines reported here. Note the heterozygous Kras®'* and Kras®'" single nucleo-
tide variants (arrows) in all urethane- and DEN-induced cell lines, respectively. Note also the superimposition of WT, mutant and NMD Kras traces in urethane-induced
cell lines. No Egfr and Nras mutations were detected. (C) Trp53 mRNA expression by RT-PCR of mouse tracheal epithelial cells cultured from the lungs of urethane-
exposed mice at various time-points post-injection, of select chemical-induced lung adenocarcinoma cell lines and of Lewis lung carcinoma (LLC; Kras®'*°, Trp53"“")
and MC38 colon adenocarcinoma (Kras®*}, Trp53%7¢¥) cells. (D) Trp53 and Egfr mRNA expression by qPCR of LLC, MC38 and chemical-induced LADC cell lines relative to
Gusb. Data are presented as mean + SD (n = 3/group).*P < 0.05, **P < 0.01 and ***P < 0.001, for comparison with LLC cells by one-way analysis of variance with Bonferroni
post-tests. (E) EGFR, KRAS, NRAS, TRP53 and ACTB protein expression of LLC, chemical-induced LADC and CT26 (Kras"", Trp53"") and MC38 colon adenocarcinoma cells
by western immunoblot. Note the absence of detectable labile TRP53"" expression in all but MC38 cells that bear mutant Trp53%7#* that results in abnormally stable
but non-functional TRP53 protein. The immunoblot has been cropped. LADC cell line naming convention XYLA# denotes X for mouse strain (F, FVB; B, Balb/c), Y for car-
cinogen used (U, EG; E, DEN), LA for lung adenocarcinoma and # for serial number by derivation date.

cells; freely available at https://www.ncbi.nlm.nih.gov/gds/] comprised several cancer and stemness genes, such as Itga2
identified a distinct transcriptomic pattern of LADC cells, (32) and PRL transcripts Prl2c2/Prl2c3/Pri2c4. Gene expression
including differential expression of a 43 gene-signature that was validated by qPCR (Figure 4A-C). Similar gene expression
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Figure 4. Comparative transcriptome profiling of carcinogen-induced mouse lung adenocarcinoma cell lines identifies focal overexpression of PRLs. (A) Unsupervised
hierarchical clustering of global transcriptomes of chemical-induced LADC cell lines, total mouse lung RNA, alveolar type 2 cells, airway epithelial cells, bone marrow-
derived mast cells and macrophages and other cancer cell lines by microarray [GEO DataSets accession IDs GSE94981 for LADC cell lines, lungs, tracheal epithelial cells,
mast cells and macrophages; GSE82154 for alveolar epithelial type 2 cells (ATII cells) and GSE58188 for other cancer cell lines; freely available at https://www.ncbi.nlm.
nih.gov/gds/]. Cut-off used was statistical significance by analysis of variance (ANOVA) (P) and false discovery rate q < 102 (B) PRL transcript (Pr2c2, Pri2c3 and Prl2c4)
and Itga2 expression of mouse LADC cells and naive lungs relative to Gusb by qPCR. Data are presented as mean + SD. **P < 0.001 for all comparisons with naive lungs
by one-way ANOVA with Bonferroni post-tests. (C) The 43 transcripts differentially expressed in LADC cells versus all other groups and clustering together with PRL
transcripts (A, red box) comprising the LADC PRL signature. AGE, differential gene expression; ANOVA, analysis of variance; P, probability. (D, E) Summary of the murine
genes differentially expressed in LADC cells and naive lungs using the cut-offs shown and of their human orthologues comprising the LADC cell line signature (D) and

pathway analysis thereof (E).

analyses comparing LADC cell lines only to mouse lungs re-
vealed a broader transcriptomic signature of the LADC cells,
which indicated significant perturbation of pathways signifi-
cant for cancer cells, such as DNA replication, cell cycle and
purine metabolism pathways (Figure 4D and E). To examine
the stemness of LADC cells, we determined RNA and protein
levels of the lung and cancer stemness markers Lgr6 and Itgb3
(33,34). Remarkably, LADC cells displayed significant expres-
sion levels of both genes (Figure 5A-C; Supplementary Figures
3 and 4, available at Carcinogenesis Online), indicating a prom-
inent cancer stemness potency in line with their tumour
sphere-forming capacity.

23

The prolactin orthologue PRL drives the in vitro and
in vivo growth of tobacco chemical-induced mouse
LADC cell lines

Because microarray analyses identified PRL transcripts to
be the most abundantly and specifically overexpressed by
LADC cell lines compared with other samples (Figure 4B; and
Supplementary Figure 5, available at Carcinogenesis Online),
we validated the microarray (Figure 4C; Supplementary Figure
6, available at Carcinogenesis Online) and sought to function-
ally investigate its role in LADC development and evolution.
Interestingly, PRL was overexpressed in experimental murine
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Figure 5. Carcinogen-induced mouse lung adenocarcinoma cell lines overexpress lung and cancer stemness markers. Proliferin drives lung adenocarcinoma growth in
vitro and in vivo. (A) Representative dotplots and data summary of flow cytometry of lung cells and LLC and chemical-induced LADC cell lines for the cancer stem cell
marker CD44 and the lung stem cell marker LGR6 identified significant proportions of CD44+LGR6+ cells (arrows). Data are presented as mean + SD (n = 3/group). *** P
< 0.001 for comparison with lung cells by one-way analysis of variance (ANOVA) with Bonferroni post-tests. (B) Lgr6 messenger RNA expression by qPCR of lungs and
LLC, MC38 and chemical-induced LADC cell lines relative to Gusb. Data are presented as mean + SD (n = 3/group). ** P < 0.001 for comparison with lungs by one-way
ANOVA with Bonferroni post-tests. (C) ITGB3, PRL and ACTB protein expression of mouse tracheal epithelial cells (mTECs) cultured from the lungs of urethane-exposed
mice at various time-points post-injection, of select chemical-induced LADC cell lines and of LLC, MC38 colon adenocarcinoma and CT26 colon adenocarcinoma
cells by western immunoblot. Immunoblot has been cropped. (D) Immunoreactivity of murine lungs from the urethane and KRAS¢'?> LADC models for proliferin (red
colour) before tumour initiation (top), at early stages of tumour progression (middle) and when harbouring LADC (bottom). Blue colour indicates nuclear Hoechst33258
counterstaining. Note the increased PRL expression in LADCs. (E) Immunoreactivity of benign mouse tracheal epithelial cells (mTECs) and NIGH 3T3 fibroblasts and of
select chemical-induced LADC cells for proliferin (red colour). Blue colour indicates nuclear Hoechst33258 counterstaining. Note the increased nuclear PRL expression
in LADCs. (F) Prl2c2 messenger RNA expression by qPCR of different mouse cancer cell lines with (FULA, LLC, MC38) and without (PANO2, B16F10) Kras mutations (25)
relative to Gusb. Data are presented as mean + SD (n = 3/group). ***P < 0.001 for comparison with B16F10 cells by one-way ANOVA with Bonferroni post-tests. (G) Pri2c2
gene expression of parental and Kras-modulated (red: shKras-expressing; green: pAKras2B-expressing) cancer cell lines (25) relative to Gusb by qPCR shows that Prl2c2
expression is KRAS-driven. Data are presented as mean + SD (n = 3/group).*P < 0.05, **P < 0.01 and **P < 0.001, for comparison with parental cells by Student’s t-test. (H)
FULA1 and BULAZ2 cells were stably transfected with target-specific short hairpin (shRNA) against Prl2c2 or Itgh3 or random shRNA pools (shC). Shown are representative
results of PRL, ITGB3 and ACTB protein expression by western immunoblot, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide assay and tumour sphere
formation capacity in vitro, as well as primary tumour growth and lung metastasis formation in vivo on injection of 1 million cells to syngeneic FVB or Balb/c mice. Data
presented are mean + SD (n = 3-6/group) obtained from FULA?2 cells, but identical results were obtained using BULA1 cells. *P < 0.05 and **P < 0.001, for comparison of
the colour-coded silenced cells with control-transfected cells by one or two-way ANOVA with Bonferroni post-tests.

hyperplastic lesions and LADC from both urethane and KRAS¢'?® displaying exclusive nuclear PRL immunoreactivity, in stark
models (Figure 5D). Furthermore, PRL expression was found contrast with the cytoplasmic signal of KRASYT cells (Figure
to be mutant KRAS-associated and -driven, with KRASMYT cells SE). Silencing of Kras expression in KRASMYT cells resulted in
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decreased PRL expression levels whereas plasmid-mediated
overexpression of AKras2B%?¢ transcript in KRAS"' cells induced
the levels of PRL (Figure S5F and G). Importantly, short hairpin
RNA-mediated silencing of the most abundant PRL transcript
Pri2c2 side by side with the important cancer stemness tran-
script Itgb3 led to comparable and significant decreases in in
vitro cell proliferation and tumour-sphere formation, as well as
in in vivo subcutaneous tumour growth rates and spontaneous
metastatic capacity to the lungs (Figure 5H), indicating that PRL
is an important lung tumour promoter as was shown previously
for integrin B3 (33).

Prolactin is overexpressed in human LADC and
portends poor survival

We next assessed a potential role for the human PRL orthologue
prolactin (also abbreviated PRL) in human LADC. In a sample
set (GEO DataSets accession ID: GSE43458) of 30 normal lung
tissues from never smokers, 40 LADC from never smokers and
40 LADC from smokers from the BATTLE trial (35), a 77 gene
set representing the PRL signalling pathway [Wiki Prolactin
Signaling Pathway, Homo Sapiens; http://www.wikipathways.
org/index.php/Pathway:WP2037 (36)] could accurately cluster
normal samples from cancer tissues (Figure 6A and B). Gene
expression analysis revealed that PRL messenger RNA was sig-
nificantly overexpressed in LADC tissues compared with normal
lung tissues from the BATTLE study (Figure 6C). Moreover, PRL
immunoreactivity was stronger in LADC tissues from our centre
(37) compared with surrounding non-cancerous lung tissues
(Figure 6D). Interestingly, a 2378 gene transcriptomic signature
of our LADC cell lines identified earlier (Figure 4D) managed to
accurately cluster normal from cancer samples of the BATTLE
study (Figure 6E). Furthermore, gene set enrichment analysis (
(38); http://software.broadinstitute.org/gsea/index.jsp) of the
transcriptomic signature and the BATTLE study dataset samples
revealed highly positive enrichment of the transcriptomic signa-
ture in LADC samples from smokers but negative enrichment in
LADC samples from never smokers (Figure 6F).

Importantly, patients with lung cancer from the Kaplan-
Meier Plotter database (http://kmplot.com/analysis/index.
php?p=service&default=true (39); with high PRL expression
displayed significantly shorter survival compared with pa-
tients with lower expression levels. Interestingly, the dismal
survival effect of PRL was restricted to female patients with
LADC (Figure 7A-E). Remarkably, multivariate Cox regression
analyses revealed that together with increasing tumour stage,
high PRL expression is an independent negative prognosticator
of overall survival in patients with lung cancer, independent of
sex, smoking history and histology (Figure 7F and G).

Discussion

Here, we report the first-ever derivation of multiple true LADC
cell lines obtained from lung tumours generated in mice by ex-
posure to tobacco carcinogens. We comprehensively character-
ized their properties in vitro and in vivo and clearly show that they
present true adenocarcinoma cell lines that (i) display cancer
stem cell properties; (ii) grow and metastasize in the lungs and
pleural space of syngeneic mice similar to the human disease;
and (iii) carry expression and mutation profiles that resemble
human LADC of smokers. Importantly, a universal signature of
these cell lines across different tobacco carcinogens and mouse
strains used to generate them is shown to be present in human
LADC, rendering them relevant tools for research on this disease.
This signature revealed that these tobacco carcinogen-inflicted
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LADC cell lines depend on PRL for sustained growth and me-
tastasis. Moreover, the human PRL orthologue prolactin was
overexpressed in human LADC and was linked with poor sur-
vival. Hence, our murine LADC cell lines prove for the first time
that tobacco chemical-induced lung tumours in mice are indeed
malignant, address the unmet need for faithful mouse models
of smoking-induced human LADC in syngeneic immunocompe-
tent mice and present exciting new tools for the discovery of
novel drivers and treatments of the human disease in the future.

This is the first study designed and implemented to develop
transplantable mouse models of human tobacco carcinogen-
induced LADC. Although lung cancer is the leading cause of
cancer death worldwide (1,2), LADC is its most common histo-
logical subtype with increasing incidence, and tobacco smoking
is the main cause of the disease (3-5), tools for research are
still sparse. Although cell lines and transplantable models have
spearheaded lung cancer research and discovery, only a handful
of murine cell lines for syngeneic transplantable models exist,
complemented by a multitude of human cell lines for xenograft
models in immunocompromised mice that lack an adaptive
immune system (16,40). This shortcoming has been overcome
by the development of transgenic mouse models that recapitu-
late salient features of human LADC (41,42). However, genetic
LADC models are not metastatic (43), display copy number alter-
ations rather than the heavy load of single nucleotide variants
found in human LADC of smokers (6) and in chemical-induced
LADC of mice (10) and often display histological appearances
not reminiscent of the human disease (40). Although chemical
LADC models were long discovered and widely used, they were
neglected in the era of transgenic models, thought to present
adenomas rather than carcinomas. However, the strengths of
chemical models, including their high mutation load, the pre-
dominance of single nucleotide variants and their interaction
between carcinogen, exposure protocol and host genetic back-
ground render them lucrative (10,13,16). To this end, we used
tobacco chemicals to identify a cardinal role for nuclear factor-
kB signalling in LADC (44,45) and another group discovered im-
portant mechanisms of genomic context- and organ-specific
KRAS-driven carcinogenesis using chemical models (46,47). Our
work provides for the first time mouse models of LADC that
combine the strengths of transplantable and chemical models:
our LADC cell lines are readily transplantable in syngeneic mice,
metastasize like human LADC and carry Kras/Trp53 lesions and
gene expression profiles that resemble the human disease.

In addition to new research tools, our findings also provide
important conceptual advances. By applying Robert Koch’s pos-
tulates, we prove for the first time beyond doubt that at least
some chemical-induced lung tumours in mice are malignant
adenocarcinomas. In addition, the isolation of the true tumour-
initiating cells from these tumours will probably lead to the iden-
tification of new disease drivers and mechanisms, such as the
PRL/prolactin pathway reported here. Future sequencing of these
cells will hopefully yield yet unknown perturbed genes and path-
ways that go undetected by large scale molecular fingerprinting
projects that examine heterotypic tumours (10,27). This can be
appreciated by the average ~70-fold overexpression of PRL by
our LADC cell lines relative to naive murine lungs, compared
with the ~1.3- to 1.5-fold overexpression of prolactin in human
LADC relative to naive human lungs (Figure 6C; Supplementary
Figure 5, available at Carcinogenesis Online). We are currently
fingerprinting our cell lines, aiming at the functional identifi-
cation of the genomic imprints of different tobacco (and other)
carcinogens on the murine DNA in the nucleotide, trinucleo-
tide, gene, locus and chromosome levels, aiming to expand and
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Figure 6. Prolactin is overexpressed in human lung adenocarcinoma. (A) Genes that comprise the Wiki Prolactin Signaling Pathway (Homo Sapiens; http://www.
wikipathways.org/index.php/Pathway:WP2037) used as input for analyses of the BATTLE study in (B) (36). (B) Unsupervised hierarchical clustering of the BATTLE trial
transcriptomic dataset including 30 normal lung tissues from never smokers, 40 LADC from never smokers and 40 LADC from smokers (GEO DataSets accession ID:
GSE43458 (35);) by the Wiki Prolactin Signaling Pathway from (A) significantly distinguishes normal samples from LADC tissues (x? and hypergeometric test P < 0.0001).
(C) Prolactin (PRL) transcript PRL normalized to B-actin (ACTB) transcript ACTB expression of patients from the BATTLE trial shows increased PRL expression in LADC
compared with normal lung tissues. Data are presented as median with Tukey’s whiskers (boxes: interquartile range; bars: 50% extreme quartiles) and raw data points
(dots) (n = 30-40/group). P denotes overall one-way analysis of variance probability and * and *** denote P < 0.05 and P < 0.001, respectively, for comparisons indicated by
Bonferroni post-tests. (D) Immunoreactivity of representative LADC tissues from our centre (37) for prolactin (red colour). Blue colour indicates nuclear Hoechst33258
counterstaining. Note the increased PRL expression in LADCs (dashed lines) compared with adjacent tissues. (E) Unsupervised hierarchical clustering of the BATTLE
trial transcriptomic dataset by a 2378 gene transcriptomic signature of our LADC cell lines identified in this study (Figure 4D) significantly distinguishes normal samples
from LADC tissues (x> and hypergeometric test P < 0.0001). (F) Gene set enrichment analysis (GSEA (38); http://software.broadinstitute.org/gsea/index.jsp) of a 2378 gene
transcriptomic signature of our LADC cell lines identified in this study (Figure 4D) in smokers’ and never-smokers’ LADC from the BATTLE study. Note that the signature
of our tobacco carcinogen-induced LADC cell lines was significantly positively enriched in LADC from smokers from the BATTLE trial, but negatively enriched in LADC
from never smokers. NES, normalized enrichment score; P, nominal probability: FDR g, false discovery rate probability; FWER P, family-wise error rate probability. Note
that FDR q and FWER P < 0.25 are considered significant in GSEA.

validate the important findings of Alexandrov et al., who initi- powerful tool to study gene function in cancer, expanding the
ated the process of defining carcinogenic DNA imprints by clin- methods currently available for this, such as CRISPR/Cas9. For
ical correlation across multiple human cancers (48,49). Taking example, we have derived LADC cells from urethane-treated
into account that tumour initiating cells might be resistant to mice carrying conditionally deleted (floxed) Trp53 alleles and
conventional chemotherapy regimens, LADC cells may also pre- have performed causes recombination-mediated recombin-
sent optimal models to study drug response and test novel ther- ation (i.e. Trp53 deletion) in vitro, gaining important insights into
apies (50). the role of functional Trp53 in osteopontin signalling (30). We

The method to generate chemical-induced LADC cell lines are currently applying this technique to an array of reporter,
reported here may also be useful for future research, as it can knock-in/out and conditional mice, garnering important in-

be applied to any genetically modified mouse strain, yielding a sights into LADC biology.
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Figure 7. Prolactin expression is associated specifically with poor survival of
female patients with lung adenocarcinoma. (A-E) Kaplan-Meier survival plots
with univariate Cox regression hazard ratios (HR) and 95% confidence inter-
vals (95% CI) of patients with lung cancer (A), squamous cell lung carcinoma
(B), lung adenocarcinoma (C) and females (D) and males (E) with lung adeno-
carcinoma, stratified by prolactin messenger RNA (mRNA) expression as deter-
mined by microarray (probe ID: 205445_at). Optimal cut-offs were determined by
dichotomizing patient data by all possible percentiles of prolactin expression.
Data were from the Kaplan-Meier Plotter database (http://kmplot.com/analysis/
index.php?p=service&default=true (39);. Note the sex- and histology-specific im-
pact of prolactin expression on survival. (F, G) Kaplan-Meier survival plot with
multivariate Cox regression HR and 95% CI of patients with lung cancer stratified
by prolactin mRNA expression (F). Analyses were done as earlier, this time using
multivariate function and entering prolactin expression, histological subtype,
stage, sex and smoking history as co-variables. Results of multivariate Cox re-
gression analysis (G) show that together with increasing stage, high prolactin
expression is an independent dismal predictor of survival in lung cancer. RMA,
robust multi-array units; OS, overall survival; HR, hazard ratio of high versus low
expressing patients; 95% CI, 95% confidence intervals; P, log-rank test or Cox re-
gression probability values.

LADC cell lines were derived from two mouse strains (FVB
and Balb/c) exposed repeatedly to the cigarette carcinogens
urethane (EC) and diethylnitrosamine (DEN). This procedure
simulates tobacco smoking in humans (10,16). Importantly, the
culture of these cells does not introduce changes other than
those induced by the carcinogenic process (26), a fact pending
validation. To this end, transcriptomic analyses revealed
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ubiquitous altered expression of a signature comprised 2716
genes in our LADC cell lines that included a 43 gene set tightly
linked with PRL. PRL and its human counterpart prolactin were
validated as potent LADC drivers using observational studies
in murine and human LADC, as well as functional studies in
mice. The discovery of the role of PRL/prolactin signalling in
LADC underscores the value of our LADC cell lines as research
vehicles and warrants further investigation of PRL/prolactin as
candidate therapeutic targets.

In conclusion, the tobacco carcinogen-inflicted murine LADC
cell lines reported and made available here are valuable tools for
research and discovery and can be used in multifaceted ways
for future identification of molecular signatures, driver genes
and pathways and drugs against LADC. These cell lines made
possible the identification of PRL/prolactin signalling as lung tu-
mour promoter.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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Supplementary Materials and methods

Mouse models of endogenous lung adenocarcinoma

FVB (#001800), Balb/c (#001026), FVB-Tg(CAG-luc,-GFP)L2G85Chco/J (called
CAG.Luc.eGFP; #008450; (1), B6.129S4-Krastm4Tyj/J (called KRAS®'2P; #008179;
(2), and C57BL/6 (#000664) mice were obtained from Jackson Laboratories (Bar
Harbor, MN) and were bred on the corresponding background at the University of
Patras Center for Animal Models of Disease. Experimental mice were sex-, weight

(20-25 g)-, and age (6-12 week)-matched.

For chemically induced lung carcinogenesis, FVB, and Balb/c mice received the
tobacco carcinogens urethane (Sigma Aldrich, U2500) intraperitoneally (1g/Kg in 100
ul phosphate-buffered saline) or diethylnitrosamine (200 mg/kg) (Sigma Aldrich,
N0756) and were sacrificed after ten months (3,4). For mutant KRAS-driven lung
tumorigenesis, C57BL/6 mice heterozygous for the loxP-STOP-loxP.KRASE 2P
transgene (KRAS®'2® mice), which express mutant KRAS in any somatic cell upon
CRE-mediated recombination, received 5 x108 intratracheal plaque-forming units of
adenovirus encoding CRE recombinase (Ad-Cre; Baylor College of Medicine,

Houston, TX) and were killed after four months (2).
Mouse models of transplantable lung adenocarcinoma

For heterotopic lung adenocarcinoma (LADC) development, mice were anesthetized
using isoflurane inhalation and received s.c. injections of 100 yL phosphate-buffered
saline (PBS) containing 1 x 10° mouse cancer cells. Three vertical tumor dimensions

(81, 82, and 83) were monitored longitudinally and tumor volume was calculated
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using the formula m * 81 * 82 * 83 / 6 as described elsewhere (5-7). Mice were
sacrificed after 3-4 weeks. For forced lung metastasis induction, mice were
anesthetized using isoflurane inhalation and received i.v. injections of 100 pL
phosphate-buffered saline (PBS) containing 0.25 x 10° murine cells. Mice were
sacrificed after two weeks. Lung tumors were counted and sized using a Stemi DV4
stereoscope (Zeiss, Jena, Germany) in transillumination mode to visualize both
superficial and deep lung metastases. For malignant pleural effusion precipitation,
syngeneic mice received 150,000 murine cancer cells intrapleurally and mice were
sacrificed after two weeks. Pleural effusions and tumors were evaluated as

described elsewhere (5,6).
Isolation and culture of mouse cell types and lines

Mouse airway epithelial cells were cultured from the stripped tracheal epithelia of
eight-week-old FVB and Balb/c mice as described previously (8). Bone marrow-
derived macrophages were generated after one-week culture of whole bone marrow
cells flushed from the four long bones (two tibias and two femurs) of FVB mice with
100 ng/mL recombinant murine (rm) macrophage colony-stimulating factor, thereby
passaging the adherent cells, as described elsewhere (9). Bone marrow-derived
mast cells were generated after four-week culture of whole bone marrow cells
flushed from the four long bones (two tibias and two femurs) of FVB mice with 100
ng/mL rm interleukin-3 with or without 100 ng/mL rm KIT-ligand, thereby passaging

the non-adherent cells (7).

Cytology, cytometry, and histology
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For May-Grinwald Giemsa stain, cells were fixed with methanol for 2 min, were
stained with May-Grinwald stain in 1 mM Na,HPO,, 2.5 mM KH,POQOy, pH = 6.4 for 6
min, and subsequently with Giemsa stain in 2 mM Na,HPO4, 5 mM KH,POy, pH =
6.4 for 40 min, were washed with H-O, and were dried. Slides were mounted with
Entellan (Merck Millipore, Darmstadt, Germany), coverslipped, and analyzed. For
flow cytometry and fluorescence-activated cell sorting (FACS), 10° cells suspended
in 50 ml FACS buffer (PBS supplemented with 2% FBS and 0,1% NaNs) were
stained with the indicated antibodies according to the manufacturer’s instructions
and recommended dilutions (Supplementary table ST1) for 20 min in the dark, were
washed with FACS buffer from excess antibody, and were resuspended in 1ml
FACS buffer for further analysis. For histology, murine lungs were inflated, fixed in
4% paraformaldehyde overnight, embedded in paraffin or OCT and were stored at
room temperature or -80°C, respectively. Five-um paraffin or 10-um-cryosections
were mounted on glass slides. Sections were labeled using the indicated antibodies
(Supplementary table ST1), counterstained with Envision (Dako, Carpinteria, CA) or
Hoechst 33258 (Sigma), and mounted with Entellan new (Merck Millipore) or Mowiol
4-88 (Calbiochem, Gibbstown, NJ). For isotype control, primary antibody was
omitted. Immunoreactivity was quantified as described previously (10). For
hematoxylin-eosin staining, slides were incubated with deionized H>O for 2 minutes
at room temperature and transferred to hematoxylin solution (Papanicolaou’s
solution 1b hematoxylin solution S; Merck Millipore) for 30 seconds at room
temperature (RT). Then slides were washed up with tap water, incubated for 1
second in 1% acid alcohol at RT, incubated with lithium solution for 4 seconds at RT
and washed with tap water again. Subsequently slides were incubated in eosin

solution (Eosin Y solution 0.5% alcoholic; Merck Millipore) for 1 minute at RT and
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washed with tap water. PAS-D staining was done as described elsewhere (11).
Finally slides were dehydrated, coverslipped, and analyzed. Bright-field and
fluorescent microscopy were carried out on AxioLab.A1 (Zeiss), AxioObserver.D1
(Zeiss) or TCS SP5 (Leica) microscopes. Digital images were processed with Fiji

academic software (12) .

Cell proliferation and tumor-sphere assays

In vitro cancer cell proliferation was determined using the 3-(4,5-dimethylthiazol-2-
yh)-2,5-diphenyltetrazolium bromide (MTT) assay, as described previously (10).

Tumor-sphere generation assay was performed as described elsewhere (13)
Bioluminescent imaging

Mice were imaged on a Xenogen Lumina |l after i.v. delivery of 1 mg D-luciferin
(Gold Biotechnology). Data were analyzed on Living Image v.4.2 (Perkin-Elmer,

Waltham, MA) (6).

RNA Extraction, Sanger sequencing, and gene expression analyses

Cellular RNA was isolated using Trizol (Thermo Fisher Scientific, Waltham, MA)
followed by RNAeasy purification and genomic DNA removal (Qiagen, Hilden,
Germany). For lung tissue RNA, tissues were passed through 70 um strainers (BD
Biosciences, San Jose, CA) and 10’ cells were subjected to RNA extraction. One ug
RNA was reverse-transcribed using Oligo(dT)s and Superscript Il (Thermo Fisher).
Kras, and Nras cDNAs were amplified using specific primers (Supplementary table
ST2) and Phusion Hot Start Flex polymerase (New England Biolabs, Ipswich, MA).

DNA fragments were run on 2% agarose gels and were purified with NucleoSpin gel
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and PCR clean-up columns (Macherey-Nagel, Diren, Germany) and were
sequenced using the appropriate primers by VBC Biotech (Vienna, Austria). gPCR
was performed using specific primers (Supplementary table ST2) and SYBR FAST
gPCR Kit (Kapa Biosystems, Wilmington, MA) in a StepOne cycler (Applied
Biosystems, Carlsbad, CA). Ct values from triplicate reactions were analyzed with
the 22T method (2). mMRNA abundance was determined relative to B-glycuronidase

2—ACT __ 2 -(Ct of transcript)-(Ct of Gusb

(Gusb) and is given as ). Microarrays were done as

described elsewhere (10).
Flow cytometry and Immunoblotting

Cell cytometry and data analysis were performed on a CyFlow ML instrument using
FloMax Software (Partec GmbH, Minster, Germany). A CyFlow ML instrument with
FloMax Software (Partec, Munster, Germany) was used for cell cytometry, sorting,
and data analysis. Total protein extracts from cultured cells were prepared using
Mg?* lysis/wash buffer [25 mM HEPES (pH=7.5), 150 mM NaCl, 1% NP-40, 10 mM
MgCly, 1 mM EDTA, 2% glycerol]. Proteins were separated by 8-15% Sodium
Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis (SDS-PAGE) and were
electroblotted to PVDF membranes (Merck Millipore). Membranes were probed with
primary antibodies followed by incubation with appropriate horseradish peroxidase-
conjugated secondary antibodies (Supplementary table ST1) and were visualized

with enhanced chemiluminescence (Merck Millipore).
Statistics

Sample size for in vivo experiments was calculated using G*power

[(http://www.gpower.hhu.de/) assuming a = 0.05, B = 0.8, and effect size d = 1.5. No
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data were excluded. Data acquisition was blinded on samples previously coded by a
non-blinded investigator. All data were examined for normality by Kolmogorov-
Smirnov test. Values are given as mean = SD or median(interquartile range, IQR), as
appropriate and indicated. Sample size (n) refers to biological replicates. Differences
in means were examined by t-test or one- or two-way ANOVA with Bonferroni post-
hoc tests. P values are two-tailed and P <.05 was considered significant. Analyses

and plots were done on Prism v5.0 (GraphPad, La Jolla, CA).
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Supplementary Figures

Supplementary Figure SF1
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Kras and Nras mRNA expression by RT-PCR of mouse tracheal epithelial cells
(mTECSs) cultured from the lungs of urethane-exposed mice at various time-points

post-injection and of select chemical-induced lung adenocarcinoma cell lines.
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Supplementary Figure SF2

Immunoreactivity (brown color) of LLC, MC38, and chemical-induced LADC cell lines
for TRP53 protein by immunocytochemistry. Note blue nuclear hematoxylin staining

and the strong nuclear TRP53 immunoreactivity of MC38 cells.
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Supplementary Figure SF3
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Immunoreactivity of LLC and urethane (EC)-induced LADC cell lines, naive lungs,
chemical-induced LADCs, and lung metastases induced by LADC cell lines for LGR6

(brown color). Blue color indicates hematoxylin counterstaining.
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Supplementary Figure SF4
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LGR6 and ACTB protein expression of LLC and select chemical-induced LADC cells

by Western immunoblot.
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Supplementary Figure SF5
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Proliferin (PRL) transcript Prl2c2 normalized to B-actin transcript (Actb) expression of
chemical-induced lung adenocarcinoma (LADC) cell lines, total mouse lung RNA,
mouse tracheal epithelial cells (INTECs) alveolar type Il cells and bone marrow-
derived macrophages by microarray (GEO Datasets accession IDs are given in
Figure 4). Data are presented as median with Tukey’s whiskers (boxes: interquartile
range; bars: 50% extreme quartiles) and raw data points (dots) (n = 4-6/group). P
denotes overall one-way ANOVA probability and *** denote P < 0.001 for

comparison of LADC cells with any other group by Bonferroni post-tests.
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Supplementary Figure SF6
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Pri2c2 mRNA expression by gqPCR of mouse tracheal epithelial cells (MmTECSs)
cultured from the lungs of urethane-exposed mice at various time-points post-
injection and of urethane-induced LADC cell lines relative to Gusb. Data are
presented as meantSD (n = 3/group). *** denotes P < 0.001 for comparison with

mTECs by one-way ANOVA with Bonferroni post-tests.
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Supplementary Tables

Supplementary Table ST1
Antibodies
. Product
Antibody Company number
Proliferin Antibody (E-10) Santa Cruz sc-271891
Biotechnology
p53 Antibody (FL-393) Santa Cruz sc-6243
Biotechnology
K-Ras Antibody (F234) Santa Cruz sc-30
Biotechnology
N-Ras Antibody (F155) Santa Cruz sc-31
Biotechnology
B-Actin Antibody (C4) Santa Cruz Sc-47778
Biotechnology
Anti-Integrin beta 3 antibody [EPR2417Y] Abcam ab75872
Anti-EGFR antibody [EP38Y] Abcam ab52894
Anti-GPCR LGR6 antibody [EPR6874] Abcam ab126747
y : y y Scientific
Anti/TTF1 antibody Thermo Fisher MAS-16406
Scientific
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Supplementary Table ST2

PCR primers

Method® Primer® Sequence Amplicon length
gPCR Trp53F CGCCGACCTATCCTTACCAT bp 120
gPCR Trp53R TTCTTCTTCTGTACGGCGGT

gPCR EgfrF(1) ATCAAAGTTCTGGGTTCGGG bp 156
gPCR EgfrR(1) CATCACATAGGCTTCGTCAAGG

qPCR EgfrF(2) AACTGTACCTATGGATGTGCTG bp 154
qPCR EgfrR(2) GGATTTGGAAGAAACTGGAAGG

gPCR ProliferinF CATCTCCAAAGCCACAGACAT bp 145
gPCR ProliferinR GCGAGCATCTTCATTGTCAG

gPCR ltgb2F GAATGCCTACTATAAACTCTCCTC bp 117
qPCR ltgb2R GATTTGCCTATACTCGATGCT

gPCR Lgr6F ATGACCTTGGCTCTCAACCA bp 100
gPCR LgréR GCTGGATGCGGTTGTTATGT

gPCR GusbF TTACTTTAAGACGCTGATCACC bp 165
gPCR GusbR ACCTCCAAATGCCCATAGTC

Sanger Seq KrasF CCATTTCGGACCCGGAG bp 905
Sanger Seq KrasR CTTTAGTCTCTTCCACAGGCA

Sanger Seq NrasF GCGCCTAGTGATTACGTAGC bp 905
Sanger Seq NrasR TGAAGAGGTCTCAGGTTAGATGG

RT-PCR Trp53F GTAGCTTCAGTTCATTGGGA bp 1450
RT-PCR Trp53R TGAAGTCATAAGACAGCAAGGA bp 1450

2 Application: gqPCR: quantitative (real-time) PCR, Sanger Seq: Sanger Sequencing,
RT-PCR: Reverse transcription PCR = Forward, R Reverse
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Supplementary Table ST3
Oligonucleotides

Oligonucleotide

Company

Product number

Integrin B3 shRNA (m) Lentiviral Particles is a
pool of 3 different shRNA plasmids:

sc-35677-VA Hairpin sequence:
GATCCGCTACAGTATGTGATGAAATTCAAG
AGATTTCATCACATACTGTAGCTTTTT

sc-35677-VB Hairpin sequence:
GATCCCATCCCATTTGCTAGTGTTTTCAAG
AGAAACACTAGCAAATGGGATGTTTTT

sc-35677-VC Hairpin sequence:
GATCCGTCAGTATGTGGGAATGTATTCAAG
AGATACATTCCCACATACTGACTTTTT

Santa Cruz
Biotechnology

sc-35677-V

Proliferin-1 shRNA (m) Lentiviral Particles is a
pool of 3 different shRNA plasmids:

sc-61412-VA Hairpin sequence:
GATCCGCTTCAGAATGGAGATGAATTCAAG
AGATTCATCTCCATTCTGAAGCTTTTT

sc-61412-VB Hairpin sequence:
GATCCCCTGAAGTGTTACATGTTATTCAAG
AGATAACATGTAACACTTCAGGTTTTT

sc-61412-VC Hairpin sequence:
GATCCCTCTGCTTCTGAAATATCATTCAAG
AGATGATATTTCAGAAGCAGAGTTTTT

Santa Cruz
Biotechnology

sc-61412-V

K-Ras shRNA (m) Lentiviral Particles is a pool
of 3 different shRNA plasmids:

sc-43876-VA Hairpin sequence:
GATCCCTACAGGAAACAAGTAGTATTCAAG
AGATACTACTTGTTTCCTGTAGTTTTT

sc-43876-VB Hairpin sequence:
GATCCGAACAGTAGACACGAAACATTCAAG
AGATGTTTCGTGTCTACTGTTCTTTTT

sc-43876-VC Hairpin sequence:
GATCCCCATTCAGTTTCCATGTTATTCAAG
AGATAACATGGAAACTGAATGGTTTTT

Santa Cruz
Biotechnology

sc-43876-V

Mutant Kras plasmid
eGFP.KRASG12C-2B.retro.puro

Addgene

64372
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3. Publication II: Club cells form lung adenocarcinomas and maintain the
alveoli of adult mice

3.1. Summary

Lung cancer and chronic lung diseases represent a major health problem and
are caused by the inhalation of noxious substances, such as tobacco smoke.
LUAD is mainly caused by chemical tobacco smoke carcinogens that induce
alterations of KRAS in still unknown pulmonary cells 7 % 1032 Previous
studies of pulmonary lineage tracing have identified as LUAD progenitors
both airway and alveolar cells??® 2°. However, all those studies suffered of
the peculiar promiscuity or incomplete lung cell lineage labeling of the
existing lineage tracing mouse models. This resulted in failing in the
complete identification of all cells belonging to a given lineage (false
negative marking) or detecting other cells outside of the target lineage (false
positive marking). Moreover, existing studies that tried to address the
cellular origins of LUAD used genetically engineered mouse models based
on the overexpression of oncogenes such as KRAS®'?? in the lungs?® 2°.
Recently, it was shown that these genetic models do not mimic the
mutational profiles of human LUAD as well as of chemical-induced mouse
models'®. Using the more human-relevant carcinogen-triggered LUAD
models, we aimed to define the cell lineage/s that initiate tumorigenesis. For
the purpose of cell lineage labeling, we crossed a CRE-reporter mouse strain
that switches somatic cells from membranous mt/td Tomato to membranous
GFP upon CRE-mediated recombination®® with six different CRE-driver
strains. This allowed permanent and accurate labeling of different lung cell
lineages. Moreover, the co-localization of GFP-labeling with cell lineage
protein markers showed that GFP in CCSP-CRE mice marks all airway
epithelial cells including club and ciliated cells. In the same way, GFP in
LYZ2-CRE mice marks some alveolar type 2 cell and alveolar macrophages.
We next induced LUAD with urethane (also known as ethyl carbamate, EC)
or 3-methylcholanthrene injections. Both carcinogens were able to give rise
to preneoplastic lesions and neoplasia located in airways and in the alveolar
regions. Amazingly, all tumors of GFP;CCSP-CRE mice showed GFP-labeled
airway cells that did not express the club cell marker CCSP but acquired the
expression of alveolar epithelial markers SFTPC with or without LYZ2. These

results were then recapitulated using a single urethane hit on GFP;CCSP-
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CRE, GFP;SFTPC-CRE, and GFP;LYZ2-CRE mice backcrossed to the
susceptible FVB strain, which develops human-like alterations like
KRASQ®®'R_We then established and applied digital droplet PCR (ddPCR) to
detect in which lung lineage the KRAS®®'R arose at early time points after
single urethane exposures. To enable the simultaneous detection of KRAS
and CRE-cassette status, an ad hoc technical assay was designed and
tested. One week past the EC hit, both GFP; CCSP-CRE and GFP;LYZ2-CRE
mouse strains showed KRAS®®'R mutations, but KRAS®'R mutations
selectively persisted in GFP-labeled airway cells in the lungs of GFP;CCSP-
CRE mice at two weeks. In summary, we addressed in this publication the
accomplice role of airway epithelial cells, and more specifically of club cells,

as cells of origin in LUAD.

3.2. Contribution

My personal contribution to the publication consisted in developing an assay
to quantitatively, spatially, and longitudinally define the presence of Kras
mutations in carcinogen-induced mouse models of LUAD. Among different
possibilities, we decided to utilize Digital droplet polymerase chain reaction
(ddPCR)3®". With a standard ddPCR assay it is possible to analyze a single
genetic condition per experiment. My contribution was to repurpose this
assay with a new approach to allow the detection of two different genetic
conditions with a single assay and analyze the relative data. A detailed
overview of technical method, statistical and analytical approaches
implemented are provided in Appendix A. The ddPCR custom primers and
probe are described in Spella, M. et al. 2019 materials and methods. The
results are shown in Spella, M. et al. 2019 figure 2A and figure 2

supplement.
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Club cells form lung adenocarcinomas and
maintain the alveoli of adult mice
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Fleming", Vari, Greece; °First Department of Critical Care Medicine and Pulmonary
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Abstract Lung cancer and chronic lung diseases impose major disease burdens worldwide and
are caused by inhaled noxious agents including tobacco smoke. The cellular origins of
environmental-induced lung tumors and of the dysfunctional airway and alveolar epithelial turnover
observed with chronic lung diseases are unknown. To address this, we combined mouse models of
genetic labeling and ablation of airway (club) and alveolar cells with exposure to environmental
noxious and carcinogenic agents. Club cells are shown to survive KRAS mutations and to form lung
tumors after tobacco carcinogen exposure. Increasing numbers of club cells are found in the alveoli
with aging and after lung injury, but go undetected since they express alveolar proteins. Ablation
of club cells prevents chemical lung tumors and causes alveolar destruction in adult mice. Hence
club cells are important in alveolar maintenance and carcinogenesis and may be a therapeutic
target against premalignancy and chronic lung disease.

DOI: https://doi.org/10.7554/eLife.45571.001

Introduction

Chronic lung diseases present tremendous health burdens attributed to dysfunctional alveolar repair
(Barnes et al., 2015; Lozano et al., 2012; Spella et al., 2017). Lung adenocarcinoma (LUAD), the
leading cancer killer worldwide, is mainly caused by chemical carcinogens of tobacco smoke that
induce mutations of the Kirsten rat sarcoma viral oncogene homologue (KRAS) in yet unidentified
pulmonary cells (Torre et al., 2015; Forbes et al., 2011; Hecht, 1999; Campbell et al., 2016;
Cancer Genome Atlas Research Network, 2014). The discovery of the cellular lineages and the
transcriptional programs that underlie lung regeneration and carcinogenesis is extremely important,
since epithelial developmental pathways are intimately related with oncogenic signaling to jointly
regulate stemness and drug resistance (Barbie et al., 2009, Seguin et al., 2014). To this end,

Spella et al. eLife 2019;8:e45571. DOI: https://doi.org/10.7554/eLife.45571
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elife digest The deadliest form of lung cancer is called lung adenocarcinoma, or LUAD.
Tobacco chemicals often cause the disease by damaging the genetic information of lung cells. The
damage leads to harmful changes in the DNA sequence which prompt the cells to form tumors. For
instance, the most common of these changes takes place in a gene called KRAS. However, it is still
unclear exactly which type of lung cells are more likely to develop into a tumor.

In the lungs, airway epithelial cells cover the inside of the passages that bring the air inside little
sacks called alveoli, which are lined by alveolar cells. Previous studies have used genetic methods to
switch on the KRAS mutation in different compartments of the mouse lung. This showed that groups
of airway cells, of alveolar cells, and of a class of cells located at the junction between airways and
alveoli could all give rise to cancer. However, these experiments did not examine how tobacco
chemicals could give rise to tumors in different groups of lung cells.

Here, Spella et al. triggered LUAD in adult mice by exposing them to the toxic chemicals found in
tobacco smoke, but without making any change to the KRAS gene. These mice also had genetically
engineered reporters that could be used to deduce where the resulting tumors came from. DNA
sequencing showed that the airway epithelial cells gained KRAS mutations after the chemical
treatment. When the airway epithelial cells were experimentally removed before the treatments with
tobacco chemicals, these mice did not get LUAD tumors. Spella et al. also observed that the
tobacco-induced tumors came from the epithelial cells in the airways, and not from the cells in the
alveoli. Moreover, when the lung was damaged, airway cells could move to the alveoli and start
adopting the identity of alveolar cells, thereby replenishing this population. Together, these
experiments imply that tobacco-induced LUAD starts in the airway epithelial cells.

These findings suggest that airway epithelial cells could be targeted to stop lung cancer early on.
Further studies should also examine how airway epithelial cells can transition to look more like
alveolar cells when the lungs get harmed.

DOI: https://doi.org/10.7554/eLife.45571.002

lineage-specific genes encoding epithelial proteins that support the physiological functions of the
lungs were recently shown to suffer non-coding insertions and deletions in LUAD, lending further
support to the longstanding notion that epithelial cells that express lung-restricted proteins are the
cellular sources of LUAD (Imielinski et al., 2017).

However, these cells of origin of LUAD remain only partially charted. Previous pulmonary lineage
tracing studies that utilized noxious insults and ectopic expression of oncogenes in the respiratory
epithelium incriminated both airway and alveolar cells as progenitors of newly formed alveoli and/or
LUAD in adult mice (Zuo et al., 2015; Kim et al., 2005; Cho et al., 2011; Xu et al., 2012;
Sutherland et al., 2014; Mainardi et al., 2014; Desai et al., 2014). To this end, airway epithelial
cells (AEC) line the bronchi and include ciliated, basal, goblet, and Clara or club cells; alveolar type II
cells (ATll) and alveolar macrophages (AM®) are distributed across the distal lung parenchyma; and
bronchoalveolar stem cells (BASC) with dual AEC/ATII properties are located at the bronchoalveolar
junctions. Established markers currently used to label these pulmonary lineages include acetylated
tubulin (TUBA1A) for ciliated cells, keratin 5 (KRT5) for basal cells, forkhead box J1 (FOXJ1) for gob-
let cells, Clara cell secretory protein (CCSP) for club cells, surfactant protein C (SFTPC) and lysozyme
2 (LYZ2) for ATII cells, and LYZ2 for AM®, are summarized in Figure 1A and Figure 1—figure sup-
plement 1, and are extensively studied in Desai et al. (2014) and Treutlein et al. (2014). However,
existing mouse models for lineage tracing feature incomplete and/or promiscuous lung cell labeling,
that is cellular markings fail to identify all cells of a target lineage (false negative marking) or wrong-
fully identify other cells outside of the target lineage (false positive marking) (Zuo et al., 2015;
Kim et al., 2005; Cho et al., 2011; Xu et al., 2012, Sutherland et al., 2014; Mainardi et al., 2014;
Desai et al., 2014). In addition, all studies that attempted to address the cellular origins of LUAD to
date employed overexpression of oncogenes such as KRAS®'?P in the lungs, to conclude that ATII
cells or BASC are the most probable culprits of the disease (Kim et al., 2005; Cho et al., 2011;
Xu et al., 2012; Sutherland et al., 2014; Mainardi et al., 2014; Desai et al., 2014). However, it
was recently shown that oncogenic KRAS®'?P-driven mouse lung tumors do not imitate the
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Figure 1. Airway cells in urethane-induced lung tumors. (A) Cartoon of the different lung epithelial lineages, their distribution in the airways (club,
goblet, ciliated, and basal cells) and the alveoli (alveolar type | and Il cells), their permanent fluorescent genetic labeling in the reporter mice used in
this study (green color), and the protein markers used for their identification. See also Figure 1—figure supplements 1-5. (B) Lung sections from naive
6-week-old GFP;CCSP.CRE mice (n = 22), in which all airway cells bear permanent genetic GFP+ (green arrows) and all other cells TOMATO+ (red
Figure 1 continued on next page
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Figure 1 continued

arrows) labels, counterstained with nuclear Hoechst33258 dye (top) or immunostained for the club cell marker CCSP and the alveolar type Il cell marker
SFTPC (bottom). a, alveoli; b, bronchi; v, vein. See also Figure 1—figure supplements 6-8. (C) Proliferating cell nuclear antigen (PCNA; brown) and
hematoxylin (blue)-stained (top) and CCSP (green) and Hoechst33258 (blue)-stained (bottom) lung tumor sections of urethane-treated C57BL/6 mice six
months post-treatment (n = 5/group), depicting endobronchial lung adenocarcinomas (white arrows). See also Figure 1—figure supplements 9—

11. (D) Lung sections of GFP;CCSP.CRE mice (n = 10) at six months post-urethane treatment bearing hyperplasias and tumors (dashed

outlines, top), and immunostained for the club cell marker CCSP (bottom left) and the alveolar type Il cell marker SFTPC (bottom right). Note the GFP-
labeled lesions of airway origin that have lost CCSP and have acquired SFTPC immunoreactivity. See also Figure 1—figure supplements 12—

19. CCSP, Clara cell secretory protein; TUBA1A, acetylated a-tubulin; SFTPC, surfactant protein C; LYZ2, lysozyme 2; FOXJ1, forkhead box J1; KRTS5,
keratin 5.

DOI: https://doi.org/10.7554/eLife.45571.003

The following source data and figure supplements are available for figure 1:

Figure supplement 1. Table of pulmonary lineage markers and key abbreviations used in this study.

DOI: https://doi.org/10.7554/eLife.45571.004

Figure supplement 2. Genetic labeling of pulmonary lineages in eleven mouse strains and intercrosses: summary of results.

DOI: https://doi.org/10.7554/elife.45571.005

Figure supplement 3. Genetic labeling of pulmonary lineages in seven lineage reporter strains on the C57BL/é background: representative images.
DOI: https://doi.org/10.7554/¢Life.45571.006

Figure supplement 4. Genetic labeling of pulmonary lineages in seven lineage reporter strains on the C57BL/é background: data summary.

DOI: https://doi.org/10.7554/eLife.45571.007

Figure supplement 4—source data 1. Quantification of GFP+ alveolar and bronchial cells in our reporter mice.

DOI: https://doi.org/10.7554/¢Life.45571.008

Figure supplement 5. Flow cytometric quantification of lineage-labeled cells in three lineage reporter strains on the C57BL/6 background.

DOI: https://doi.org/10.7554/¢Life.45571.009

Figure supplement 5—source data 1. Flow cytometric quantification of GFP+ and TOMATO+ cells in three lineage reporter mice.

DOI: https://doi.org/10.7554/eLife.45571.010

Figure supplement 6. Genetic lineage labels of protein-marked cells in three lineage reporter strains on the C57BL/6 background: representative
images.

DOI: https://doi.org/10.7554/eLife.45571.011

Figure supplement 7. Genetic lineage labels of protein-marked cells in seven lineage reporter strains on the C57BL/6 background: data summary.
DOI: https://doi.org/10.7554/eLife.45571.012

Figure supplement 7—source data 1. Quantification of GFP+/SFTPC+ and GFP+/CCSP+ cells in our reporter mice.

DOI: https://doi.org/10.7554/eLife.45571.013

Figure supplement 8. Protein markings of lineage-labeled cells in three lineage reporter strains on the C57BL/6 background: data summary.

DOI: https://doi.org/10.7554/eLife.45571.014

Figure supplement 8—source data 1. Quantification of protein marker expression of GFP+ cells in three lineage reporter mice.

DOI: https://doi.org/10.7554/¢Life.45571.015

Figure supplement 9. Two carcinogen regimens for reproducible lung tumor induction in naturally resistant C57BL/6 mice.

DOI: https://doi.org/10.7554/¢Life.45571.016

Figure supplement 10. Lung tumors induced in C57BL/6 mice by two carcinogen regimens.

DOI: https://doi.org/10.7554/elife.45571.017

Figure supplement 10—source data 1. Quantification of data shown in Figure 1—figure supplement 10.

DOI: https://doi.org/10.7554/eLife.45571.018

Figure supplement 11. Airway links of urethane-induced lung adenocarcinomas.

DOI: https://doi.org/10.7554/elife.45571.019

Figure supplement 12. Genetic labeling of urethane-induced lung adenocarcinomas in four lineage reporter strains on the C57BL/6 background:
representative images.

DOI: https://doi.org/10.7554/eLife.45571.020

Figure supplement 13. Genetic labeling of urethane-induced lung adenocarcinomas in four lineage reporter strains on the C57BL/6 background: data
summary.

DOV https://doi.org/10.7554/eLife.45571.021

Figure supplement 13—source data 1. Quantification of GFP+ tumors/lung and GFP+ cells/tumor in four lineage reporter mice after urethane
exposure.

DOI: https://doi.org/10.7554/eLife.45571.022

Figure supplement 14. Genetic labeling of MCA/BHT-induced lung adenocarcinomas in two lineage reporter strains on the C57BL/6 background:
representative images.

DOI: https://doi.org/10.7554/eLife.45571.023

Figure 1 continued on next page
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Figure 1 continued

Figure supplement 15. Protein marker expression of urethane-induced lung adenocarcinomas in three lineage-labeled mouse strains on the C57BL/6
background: representative images.

DOI: https://doi.org/10.7554/eLife.45571.024

Figure supplement 16. Genetic lineage labels of protein-marked cells in three lineage reporter strains on the FVB background: representative images.
DOI: https://doi.org/10.7554/eLife.45571.025

Figure supplement 17. A single-hit mouse model for urethane-induced lung adenocarcinoma induction in naturally susceptible FVB mice.

DOI: https://doi.org/10.7554/eLife.45571.026

Figure supplement 18. High-throughput epifluorescent detection of genetic labeling of urethane-induced lung adenocarcinomas in four lineage
reporter strains on the FVB background: representative images.

DOI: https://doi.org/10.7554/eLife.45571.027

Figure supplement 19. Genetic labeling of urethane-induced lung adenocarcinomas in three lineage reporter strains on the FVB background:
representative images.

DOI: https://doi.org/10.7554/eLife.45571.028

mutational landscape of human LUAD as closely as tobacco carcinogen-induced LUAD do
(Campbell et al., 2016, Cancer Genome Atlas Research Network, 2014; Westcott et al., 2015).

Here we aimed at identifying the cell lineage(s) that give rise to human-relevant tobacco carcino-
gen-triggered LUAD in mice and that regenerate adult murine alveoli after injury. For this, we com-
bined mouse models of genetic labeling and ablation of airway and alveolar epithelial cells with
noxious and tumorigenic insults to the adult lung. To achieve this, we adapted multi-hit chemical car-
cinogen exposure protocols to the murine C57BL/6 strain that is resistant to chemical tumor induc-
tion (Miller et al., 2003; Malkinson et al., 1997, Stathopoulos et al., 2007), and corroborated the
findings with the FVB strain that is susceptible to single-hit carcinogenesis (Westcott et al., 2015;
Stathopoulos et al., 2007, Vreka et al., 2018). We show that aging, toxic, and carcinogen insults to
the adult mouse lung cause expansion of airway-marked cells to the alveolar parenchyma, where
they express the alveolar marker SFTPC and facilitate alveolar repair and carcinogenesis. In addition,
we report how airway cells preferentially sustain chemical-induced KRAS mutations leading to LUAD
that are spatially linked with neighboring bronchi. Moreover, genetic ablation of airway cells is
shown to hinder alveolar maintenance and carcinogenesis in mice, indicating a central role for these
cells in alveolar regeneration and LUAD triggered in response to environmental challenges.

Results

Accurate genetic labeling of the airway lineage

To evaluate the contribution of different epithelial lung cell lineages to chemical-induced LUAD, we
crossed a CRE-reporter strain that switches somatic cells from membranous tdTomato (mT; hereafter
TOMATO) to membranous GFP (mG; hereafter GFP) fluorescence upon CRE-mediated recombina-
tion (MT/mG; hereafter TOMATO mice) (Muzumdar et al., 2007) to six different CRE-driver strains
on the C57BL/6 background (Desai et al., 2014; Oikonomou et al., 2012; Okubo et al., 2005;
Hayashi et al., 2002; Ogilvy et al., 1998; Tronche et al., 1999). This permitted the permanent
genetic GFP-labeling of different lung cell lineages (mouse strains are listed in Figure 1A and Fig-
ure 1—figure supplement 2, and in Materials and methods and in Appendix 1). Double heterozy-
gote offspring at six postnatal weeks (i.e., after mouse lung development is complete [Zuo et al.,
2015; Desai et al., 2014]) were examined for GFP-labeling (results are shown in Figure 1A, Fig-
ure 1—figure supplements 3 and 4, and in Figure 1—figure supplement 4—source data 1). This
approach labeled permanently all AEC of GFP;CCSP.CRE mice, some AEC and all ATIl of GFP;
SFTPC.CRE mice, some ATIl and all AM® of GFP;LYZ2.CRE mice, and various other cells in the
remaining intercrosses (Figure 1A, Figure 1—figure supplements 3-5, and Figure 1—figure sup-
plement 5—source data 1). Co-localization of GFP-labeling with lineage protein markers (listed in
Figure 1A and Figure 1—figure supplement 1) revealed that genetic GFP-labeling in GFP;CCSP.
CRE mice marked all airway epithelial cells including club and ciliated cells, in GFP;SFTPC.CRE mice
most airway and all alveolar epithelial type Il cells, and in GFP;LYZ2.CRE mice some alveolar epithe-
lial type Il cells and all alveolar macrophages (Figure 1B, Figure 1—figure supplements 6-8, Fig-
ure 1—figure supplement 7—source data 1, Figure 1—figure supplement 8—source data 1).
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These findings show precise airway epithelial lineage labeling in GFP;CCSP.CRE mice and non-spe-
cific airway/alveolar/myeloid lineage labeling in GFP;SFTPC.CRE and GFP;LYZ2.CRE mice.

Airway cells in chemical-induced lung adenocarcinoma

We next triggered LUAD in GFP;CCSP.CRE, GFP;SFTPC.CRE, and GFP;LYZ2.CRE mice on the
C57BL/6 background using repetitive exposures to the tobacco carcinogens urethane (ethyl carba-
mate, EC; stand-alone mutagen and tumor promoter) (Westcott et al., 2015; Miller et al., 2003,
Stathopoulos et al., 2007, Vreka et al., 2018) or 3-methylcholanthrene followed by butylated
hydroxytoluene (MCA/BHT; a two-hit mutagen/tumor promoter regimen) (Malkinson et al., 1997)
(Figure 1C, Figure 1—figure supplements 9 and 10, and Figure 1—figure supplement 10—
source data 1). In both models, preneoplastic (airway epithelial hyperplasias and atypical alveolar
hyperplasias) and neoplastic (adenoma and LUAD) lesions classified according to established guide-
lines (Nikitin et al., 2004) were located both in the airways and the alveolar regions. However,
established lung tumors were most frequently located near or inside the airways (Figure 1C and Fig-
ure 1—figure supplement 11). All hyperplasias and tumors of GFP;SFTPC.CRE and some of GFP;
LYZ2.CRE mice were GFP-labeled, but this was not informative, since baseline marking of GFP;
SFTPC.CRE and GFP;LYZ2.CRE mice were non-specific. Interestingly, all hyperplasias and tumors of
GFP;CCSP.CRE mice contained GFP-labeled airway cells that did not express the club cell marker
CCSP anymore, but had acquired expression of the alveolar epithelial markers SFTPC with or with-
out LYZ2 (Figure 1D, Figure 1—figure supplements 12-15, and Figure 1—figure supplement
13—source data 1). |dentical results were recapitulated using single urethane hits to GFP;CCSP.
CRE, GFP;SFTPC.CRE, and GFP;LYZ2.CRE mice backcrossed >F12 to the susceptible FVB strain,
which result in human LUAD-like mutations including Kras®®'R (Westcott et al., 2015; Vreka et al.,
2018; Kanellakis et al., 2019) (Figure 1D and Figure 1—figure supplements 16-19). Collectively,
these data support that airway cells contribute to chemical-induced LUAD, shifting from airway to
alveolar marker expression during carcinogenesis.

Airway cells sustain Kras®®'®
tumors

We next used digital droplet PCR (ddPCR) to determine the lung lineages that suffer Kras®*'® driver
mutations at early time-points after single urethane hits (Westcott et al., 2015; Vreka et al., 2018,
Kanellakis et al., 2019). For this, GFP;CCSP.CRE and GFP;LYZ2.CRE mice backcrossed >F12 to the
susceptible FVB strain received urethane and duplexed ddPCR designed to single-copy-co-amplify
Kras and Rosa™ was performed one and two weeks later. Interestingly, GFP-labeled cells of both
mouse strains had Kras2®'R mutations at one week post-urethane, but Kras2®'R mutations selectively
persisted in GFP-labeled airway cells in the lungs of GFP;CCSP.CRE mice at two weeks (Figure 2A,
Figure 2—figure supplement 1, and Figure 2—source data 1). In addition, three-dimensional

mutations and give rise to juxtabronchial

reconstruction of tumor-bearing lungs of FVB mice at 6 months post-urethane using high-resolution
micro-computed tomography (LCT) revealed that most lung tumors were spatially linked with the
airways, in accord with pathology results (Figure 2B and C, and Figure 2—source data 2). These
results support the involvement of airway cells in chemical-induced lung adenocarcinoma formation
in mice.

Alveolar dissemination of airway-labeled cells during carcinogenesis

Since airborne carcinogens act globally on the respiratory field (Franklin et al., 1997), we examined
non-neoplastic alveolar areas of carcinogen-treated GFP;CCSP.CRE mice, to discover markedly
increased numbers of GFP-labeled cells in the alveoli of carcinogen-treated mice compared with
saline-treated or naive controls (Figure 3A, Figure 3—figure supplements 1 and 2, and Figure 3—
figure supplement 2—source data 1). Immunostaining revealed that juxtabronchial GFP-labeled
cells still expressed CCSP, but lost CCSP and acquired SFTPC expression when located in alveoli
and tumors (Figure 3B and Figure 3—figure supplements 3 and 4). The expansion of airway cells
after urethane exposure was also documented using bioluminescent imaging of double heterozy-
gote offspring of CCSP.CRE intercrosses with Luciferase-expressing (LUC) mice (Safran et al.,
2003), a strain emitting light specifically from airway epithelia (Figure 3—figure supplement 5, and
Figure 3—figure supplement 5—source data 2). In addition, co-staining of human LUAD
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Figure 2. Airway cells sustain Kras®®'® mutations inflicted by urethane and give rise to juxtabronchial lung adenocarcinomas. (A) DNA was extracted

from the lungs of GFP;CCSP.CRE and GFP;LYZ2.CRE mice (FVB strain) one and two weeks post-urethane treatment (n = 5/group). Summary of
duplexed digital droplet PCR (ddPCR) results using primers and probes specific for the Rosa™ and the Kras"'" sequences. Note that all cell types
equally suffer initial Kras®®'® mutations, but only GFP-labeled cells of GFP;CCSP.CRE mice (i.e. airway cells) maintain the Kras@™® mutation after two
weeks. See also Figure 2—figure supplement 1. Data are shown as violin plot. P, overall probability, two-way ANOVA. ***: p<0.001 compared with all
other groups, Bonferroni post-tests. (B) Representative high-resolution micro-computed tomography (UCT) lung sections (top) and three-dimensional
reconstructions (bottom) from urethane-treated FVB mice six months after treatment (n = 10). Note lung tumors attached to (green arrows) or contained
within (blue arrows) the airways, as well as lung tumors with no obvious link to a bronchus (red arrows). (C) Summary of results from uCT (data from
Figure 2B) and pathology (data from Figure 1C) shown as violin plot. P, probability, two-way ANOVA.*, *** and ****: 1<0.05, p<0.001, and p<0.0001,
respectively, compared with airway-attached tumors, Bonferroni post-tests. Shown are also Spearman'’s correlation coefficient (p) and probability (P) for
correlation of uCT and pathology results.

DOI: https://doi.org/10.7554/eLife.45571.029

The following source data and figure supplement are available for figure 2:

Source data 1. Quantification ofKrasmutant droplets in duplexed digital droplet PCR (ddPCR).
DOI: https://doi.org/10.7554/eLife.45571.031

Source data 2. Quantification of tumor airway link.

DOI: https://doi.org/10.7554/eLife.45571.032
Figure supplement 1. Airway cells sustain Kras
DOI: https://doi.org/10.7554/eLife.45571.030

TR mutations inflicted by urethane.
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Figure 3. Expansion of airway cells in the tumor-initiated lung. (A) Non-neoplastic alveolar regions from lung sections of saline-, urethane (ethyl
carbamate, EC)-, and 3-methyl-1,2-dyhydrobenzoljlaceanthrylene/butylated hydroxytoluene (MCA/BHT)-treated GFP;CCSP.CRE mice at six months into
treatment (n = 8 mice/group). Note the few GFP-labeled cells of saline-treated mice and their increased numbers in carcinogen-treated mice (arrows).
See also Figure 3—figure supplements 1 and 2. (B) Juxtabronchial region from lung section of urethane-treated GFP;CCSP.CRE mouse at six months
into treatment (n = 22) stained for the alveolar type Il cell marker SFTPC. Arrows and legend indicate different phenotypes of extrabronchial GFP-
labeled cells. See also Figure 3—figure supplements 3-5. (C) Merged high-power image of SFTPC and KRT5 co-staining of human lung
adenocarcinoma (n = 10) shows significant co-localization of the two markers in a subset of tumor cells (arrows). See also Figure 3—figure supplement
6. CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; KRT5, keratin 5.

DOI: https://doi.org/10.7554/eLife.45571.033

The following source data and figure supplements are available for figure 3:

Figure supplement 1. Airway-labeled cells in the alveoli of carcinogen-exposed C57BL/6 mice: representative images.

DOI: https://doi.org/10.7554/eLife.45571.034

Figure supplement 2. Airway-labeled cells in the alveoli of carcinogen-exposed C57BL/6 mice: data summary.

DOI: https://doi.org/10.7554/elife.45571.035

Figure supplement 2—source data 1. Quantification of alveolar GFP+ cells in GFP,CCSP.CRE mice after carcinogen hit.

DOI: https://doi.org/10.7554/eLife.45571.040

Figure supplement 3. Airway-labeled cells in the alveoli of carcinogen-exposed mice express SFTPC.

DOI: https://doi.org/10.7554/eLife.45571.036

Figure supplement 4. Airway-labeled cells in environmental-induced lung tumors express SFTPC.

DOI: https://doi.org/10.7554/eLife.45571.037

Figure supplement 5. In vivo bioluminescent detection of the airway lineage in the lungs of saline- and carcinogen-treated mice.
DOI: https://doi.org/10.7554/eLife.45571.038

Figure supplement 5—source data 2. Quantification of chest bioluminescence signal in LUC;CCSP.CRE mice after urethane exposure.
DOI: https://doi.org/10.7554/eLife.45571.041

Figure supplement 6. Human lung adenocarcinomas co-express airway and alveolar markers.

DOI: https://doi.org/10.7554/elife.45571.039
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(Giopanou et al., 2015) for the alveolar marker SFTPC and the airway markers CCSP and KRT5
showed co-localization of SFTPC with KRT5 but not with CCSP (Figure 3C and Figure 3—figure
supplement 6). These results suggest that airway epithelial cells expand to alveolar regions during
field cancerization by tobacco carcinogens, a process involving either direct alveolar cell recycling by
airway epithelial cells or transient CCSP expression by alveolar cells during carcinogenesis. More-
over, that human and murine LUAD carry airway imprints although their location and protein expres-
sion suggests an alveolar origin (Desai et al., 2014; Aberle et al., 2011, Mason et al., 2000;
Lindskog et al., 2014; Sutherland and Berns, 2010).

Airway cells in the aging and injured adult alveolus

We next examined the kinetics of lineage-labeled cells during aging, injury, and repair. While the
number of GFP-labeled cells in the alveoli of aging GFP;SFTPC.CRE and GFP;LYZ2.CRE mice was
stable, GFP-labeled airway cells in the alveoli of aging GFP;CCSP.CRE mice progressively increased
and expressed SFTPC protein (Figure 4A and B and Figure 4—source data 1). Bleomycin treat-
ment, which depletes alveolar type Il cells (Lawson et al., 2005), accelerated the accumulation of
GFP-labeled airway cells in the alveoli and in urethane-triggered LUAD (Figure 4C and D, Figure 4—
figure supplements 1 and 2, Figure 4—source data 2, and Figure 4—figure supplement 2—
source data 1). GFP-labeled airway cells expressing the alveolar marker SFTPC also increased in the
alveoli of GFP;CCSP.CRE mice exposed to perinatal hyperoxia that damages forming alveoli
(Rawlins et al., 2009), and in the alveoli of GFP;CCSP.CRE mice treated with naphthalene that kills
airway epithelial cells (Sutherland and Berns, 2010, Rawlins et al., 2009), but were not identified
within the airways of naphthalene-treated GFP;CCSP.CRE mice; these appeared to be repopulated
by GFP-labeled airway cells that express the club cell marker CCSP (Figure 4E-4H, Figure 4—figure
supplements 3 and 4, Figure 4—source datas 3 and 4, and Figure 4—figure supplement 4—
source data 2). In line with the latter finding, no GFP-labeled alveolar cells were identified in the air-
ways of GFP;LYZ2.CRE mice recovering from naphthalene-induced injury (Figure 4G and H). Taken
together, the data indicate that airway-originated cells repopulate both the airways and the alveoli
during aging and recovery from injury, while alveolar cells do not reconstitute the airways, in line
with previous findings (Desai et al., 2014, Rawlins et al., 2009). The observed alveolar spread of air-
way-labeled cells was explained by either peripheral migration of airway cells or transient CCSP
expression by regenerating alveolar cells.

Airway cells maintain alveoli and foster tumors

To further examine the role of airway and alveolar cells in alveolar homeostasis and lung carcinogen-
esis, we ablated them by crossing CCSP.CRE, SFTPC.CRE, and LYZ2.CRE mice to mice expressing
Diphtheria toxin in somatic cells upon CRE-mediated recombination (DTA mice) (Voehringer et al.,
2008). Triple transgenic GFP;DRIVER.CRE;DTA intercrosses were also generated to evaluate abla-
tion efficiency. As expected, SFTPC.CRE;DTA and GFP;SFTPC.CRE;DTA mice were fetal lethal (no
double or triple heterozygote offspring was obtained by n > 3 intercrosses,>10 litters, and >60 off-
springs for each genotype; p<0.0001, Fischer’s exact test). However, all other ablated mice survived
till adulthood. Airway epithelial ablation was complete in GFP;CCSP.CRE;DTA mice, while some
GFP-labeled alveolar macrophages persisted in GFP;LYZ2.CRE;DTA mice, presumably freshly
recruited monocytes initiating LYZ2 expression. Immunostaining revealed that the denuded airway
epithelium of 12-week-old GFP;CCSP.CRE;DTA mice contained few flat CCSP+SFTPC+LYZ2+ immu-
unoreactive cells, while the apparently intact alveolar spaces of GFP;LYZ2.CRE;DTA mice harbored
only some CCSP-SFTPC-LYZ2+immunoreactive alveolar macrophages (Figure 5A, Figure 5—figure
supplements 1 and 2, and Figure 5—figure supplement 2—source data 1). Remarkably, morpho-
metric and functional analyses of 12-week-old DTA control, CCSP.CRE;DTA, and LYZ2.CRE;DTA
mice showed that LYZ2.CRE;DTA mice displayed normal airway caliper and mean linear intercept
(measures of airway and alveolar structure), normal number of CD45+ CD11b+ myeloid cells in bron-
choalveolar lavage (BAL; measure of airspace inflammation), and normal airways resistance and static
compliance (measures of airway and alveolar function) compared with DTA controls. However,
CCSP.CRE;DTA mice displayed widened airway and alveolar dimensions with inflammatory interal-
veolar septal destruction evident by increased mean linear intercept, CD45+ CD11b+ cells in BAL,
and static compliance (Figure 5B and C and Figure 5—source data 1), mimicking human chronic
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Figure 4. Airway cells in alveolar repair. (A) Non-neoplastic alveolar regions from lung sections of aging GFP;CCSP.CRE mice (bottom right section is
also SFTPC-immunostained) show increasing numbers of alveolar GFP-labeled cells with age (arrows). Green arrows: genetically GFP-labeled, SFTPC-
immunoreactive airway cells in alveolus of 15-month-old GFP;CCSP.CRE mouse. (B) Data summary (n = 5 mice/time-point) from (A) shown as violin
plot. Color-coded boxes indicate time windows of experiments in (C-H). P, probability, one-way ANOVA. ns, ***, and ****: p>0.05, p<0.001, and
Figure 4 continued on next page
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Figure 4 continued

p<0.0001, respectively, for comparison with time-point zero by Bonferroni post-tests. (C) SFTPC-immunostained lung sections of GFP;CCSP.CRE mice
show accelerated increase of alveolar GFP-labeled SFTPC-immunoreactive airway cells after bleomycin treatment (arrows). See also Figure 4—figure
supplement 1 and Figure 4—figure supplement 2. (D) Data summary from (C) shown as violin plots (n = 4 mice/time-point). P, probabilities, one-way
ANOVA. ns, *, **, *** and ****: pr>0.05, p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, for comparison with day zero by Bonferroni post-tests. (E)
SFTPC-stained lung sections of GFP;CCSP.CRE mice at two months after perinatal exposure to 98% O, show enlarged alveoli (evident by increased
mean linear intercept) enriched in GFP-labeled SFTPC-immunoreactive airway cells (arrows) compared with 21% O,. (F) Data summary from (E) shown
as violin plots (n = 6 mice/group). P, probabilities, t-test. (G) Lung sections (top) of GFP;CCSP.CRE mice (n = 5 mice/group) show enrichment of alveoli
in GFP-labeled cells post-naphthalene treatment (arrows). Lung sections (bottom) of GFP;LYZ2.CRE mice (n = 5 mice/group) at six weeks post-
naphthalene show no bronchial (b) GFP-labeled cells. See also Figure 4—figure supplements 3 and 4. (H) Data summary from (G) shown as violin plot
(n =5 mice/time-point). P, probability, two-way ANOVA. ns and ****: p>0.05 and p<0.0001, respectively, for comparison with corn oil by Bonferroni
post-tests. CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2.

DOI: https://doi.org/10.7554/elife.45571.042

The following source data and figure supplements are available for figure 4:

Source data 1. Quantification of alveolar GFP+ cells in GFP;CCSP.CRE mice during aging.

DOI: https://doi.org/10.7554/eLife.45571.047

Source data 2. Quantification of SFTPC+ and GFP+ cells in GFP;CCSP.CRE mice after bleomycin treatment.

DOI: https://doi.org/10.7554/eLife.45571.048

Source data 3. Data of mean linear intercept and GFP+/SFTPC+cells in GFP;CCSP.CRE mice after hyperoxia treatment.

DOI: https://doi.org/10.7554/eLife.45571.049

Source data 4. Data of GFP+/SFTPC+ cells in GFP;CCSP.CRE and GFP;LYZ2.CRE mice after naphthalene treatment.

DOI: https://doi.org/10.7554/¢Life.45571.050

Figure supplement 1. Alveolar type Il cell ablation using bleomycin pre-treatment increases airway-labeled cells in urethane-induced lung tumors:
representative images.

DOI: https://doi.org/10.7554/¢Life.45571.043

Figure supplement 2. Alveolar type Il cell ablation using bleomycin pre-treatment increases airway-labeled cells in urethane-induced lung tumors: data
summary.

DOI: https://doi.org/10.7554/eLife.45571.044

Figure supplement 2—source data 1. Quantification of GFP+ tumors/lung and GFP+ cells/tumor in GFP;CCSP.CRE mice after bleomycin and ure-
thane treatment.

DOI: https://doi.org/10.7554/eLife.45571.051

Figure supplement 3. Airway epithelial cell ablation using naphthalene is restored by airway-labeled cells: representative images.

DOI: https://doi.org/10.7554/eLife.45571.045

Figure supplement 4. Airway epithelial cell ablation by naphthalene: data summary.

DOI: https://doi.org/10.7554/eLife.45571.046

Figure supplement 4—source data 2. Quantification of GFP+ airway cells in GFP;CCSP.CRE mice after naphthalene treatment.

DOI: https://doi.org/10.7554/eLife.45571.052

obstructive pulmonary disease (Barnes et al., 2015). Finally, we exposed control and ablated mice
to ten consecutive weekly urethane exposures. All mice survived six months into carcinogen treat-
ment, and CCSP.CRE;DTA and LYZ2.CRE;DTA mice were equally protected from LUAD develop-
ment compared with controls (Figure 5D and E, and Figure 5—source data 2). Taken together,
these results show that the CCSP+ airway lineage maintains postnatal alveolar structure and func-
tion, and, together with the LYZ2+ alveolar lineage, are required for lung adenocarcinoma
development.

Airway epithelial signatures in experimental and human lung
adenocarcinoma

We subsequently examined the transcriptomes of cell lines isolated from urethane-induced LUAD
(Kanellakis et al., 2019) and of murine lungs with those of murine AEC isolated from tracheal
explants, of murine ATII cells (Frank et al., 2016), and of murine bone-marrow-derived macrophages
(BMDM). The AEC transcriptome was specifically enriched in LUAD cells compared with whole lungs
(Figure 6A and B, Figure 6—figure supplement 1, and Figure 6—source data 1). LUAD cell lines
lost expression of epithelial markers compared with their native lungs, but displayed up-regulated
expression of LUAD markers (i.e., Krt18 and Krt20), of epidermal growth factor receptor ligands
(Areg and Ereg), and of the Myc oncogene (Figure 6—figure supplements 2-4, and Figure 6—
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Figure 5. Airway cell-ablated mice display alveolar destruction and are protected from carcinogenesis. (A) Lineage marker-immunostained lung
sections of 12-week-old GFP;CCSP.CRE;DTA and GFP;LYZ2.CRE;DTA mice (n = 6/group) show increased bronchial and alveolar size and flat CCSP

+ SFTPC+ LYZ2+ cells in the airways of GFP;CCSP.CRE;DTA mice (green arrows), and CCSP-SFTPC-LYZ2+ alveolar macrophages in the airspaces of
GFP;LYZ2.CRE;DTA mice (blue arrows). See also Figure 5—figure supplements 1 and 2. (B) Hematoxylin and eosin-stained lung sections (n = 6/group)
from 12-week-old DTA (controls), CCSP.CRE;DTA (airway epithelial suicide model), and LYZ2.CRE;DTA (alveolar epithelial suicide model) mice. (C) Data
summaries of mean linear intercept, bronchoalveolar lavage (BAL) myeloid cells, pressure-volume curves, airway resistance, and static compliance

(n = 6-10/group) from 12-week-old DTA, CCSP.CRE;DTA, and LYZ2.CRE;DTA mice shown as violin plots. P, probabilities, one-way ANOVA. ns, **, and
**%: 5>0.05, p<0.01, and p<0.001, respectively, for the indicated comparisons, Bonferroni post-tests. (D) Lung photographs of control, CCSP.CRE;DTA,
and LYZ2.CRE;DTA mice at six months into treatment with urethane started at six weeks of age. (E) Incidence table and data summaries of lung tumors
from (D) (violin plots; n is given in table). P, probabilities, xz—test (table) and one-way ANOVA (graphs). ns, *, **, and ***: p>0.05, p<0.05, p<0.01, and
p<0.001, respectively, for the indicated comparisons, Fischer's exact tests (table) or Bonferroni post-tests (graphs). a, alveoli; b, bronchi; ps, pleural
space; v, vessel. CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2.

DOI: https://doi.org/10.7554/eLife.45571.053

The following source data and figure supplements are available for figure 5:

Source data 1. Quantifications of data shown in Figure 5C.

DOI: https://doi.org/10.7554/eLife.45571.056

Source data 2. Quantifications of data shown in Figure 5D and E.

DOI: https://doi.org/10.7554/eLife.45571.057

Figure 5 continued on next page

Spella et al. eLife 2019;8:e45571. DOI: https://doi.org/10.7554/eLife.45571 12 of 32

60



e LI FE Research article Cancer Biology | Cell Biology

Figure 5 continued

Figure supplement 1. Triple transgenic mouse models for validation of genetic pulmonary lineage ablation: representative images.

DOI: https://doi.org/10.7554/¢Life.45571.054

Figure supplement 2. Triple transgenic mouse models for validation of genetic pulmonary lineage ablation: data summary.

DOI: https://doi.org/10.7554/eLife.45571.055

Figure supplement 2—source data 1. Data of GFP+ cells in airways and alveoli of GFP,CCSP.CRE, GFP,CCSP.CRE;DTA, GFP;LYZ2.CRE and GFP;LYZ2.
CRE;DTA mice.

DOI: https://doi.org/10.7554/eLife.45571.058

figure supplement 2—source data 1). Similar analyses of the transcriptomes of human LUAD and
corresponding healthy lungs (Kabbout et al., 2013), and of primary human AEC, ATIl, and AM®
(Clark et al., 2015; Dancer et al., 2015; Lee et al., 2009) also disclosed that the AEC transcriptome
was significantly enriched in LUAD compared with healthy lungs (Figure 6C and D and Figure 6—
source data 2). Gene set enrichment analyses (GSEA) showed that the mouse AEC transcriptome
predominated over ATII/BMDM transcriptomes in LUAD cells (Figure 6E, Figure 6—figure supple-
ment 5, and Figure 6—source data 3). In addition, the human AEC transcriptome was enriched
equally with ATII/AM® transcriptomes in human LUAD compared with healthy lungs (Figure 6F, Fig-
ure 6—figure supplement 6, and Figure 6—source data 4). These results showed the presence of
an anticipated alveolar and an unexpected airway epithelial transcriptomic signature in tobacco car-
cinogen-induced LUAD of mice and men. The more pronounced results in mice were plausible by
the early nature of the human surgical specimens examined compared with our murine cell lines that
present advanced metastatic tumor cells.

Discussion

We characterized the dynamics of respiratory epithelial cells in the postnatal mouse lung during
aging and after challenge with noxious and carcinogenic insults. The contributions of airway cells to
chemical-induced lung adenocarcinoma are described for the first time (Figure 7A). Although the
peripheral location and molecular phenotype of murine and human lung adenocarcinoma (i.e., the
expression of the alveolar epithelial marker SFTPC) suggest an alveolar origin, we show here that
both airway and alveolar cells are found in environmental-induced lung adenocarcinoma and that, in
fact, airway cells may play a more prominent role during the initial steps of carcinogenesis. Further-
more, airway cells are implicated in postnatal alveolar maintenance during aging and recovery from
injury. Our analyses facilitate insights into the dynamics of epithelial lineages in the postnatal lung
(Figure 7B) and indicate that airway cells are essential for the sustained structural and functional
integrity of adult alveoli. Finally, mouse and human lung adenocarcinomas are shown to bare tran-
scriptome markings of highly enriched airway signatures, rendering our findings plausible in both
experimental and human lung adenocarcinoma.

This study addresses the cellular and molecular signatures of chemical-induced lung adenocarci-
noma. Lung tumors induced in two different mouse strains by two different chemical regimens con-
tained in tobacco smoke are shown to contain airway epithelial markings. This is important because
human lung adenocarcinoma is inflicted by chronic exposure to tobacco smoke and other environ-
mental exposures (Hecht, 1999; Campbell et al., 2016; Cancer Genome Atlas Research Network,
2014, Westcott et al., 2015; Miller et al., 2003; Malkinson et al., 1997; Alexandrov et al., 2016;
Castelletti et al., 2019). As such, the mutation profile of the human disease is more closely paral-
leled by chemical-induced murine lung tumors compared with lung cancers triggered by transgenic
expression of Kras®'?C or Kras®'?P in the respiratory epithelium (Westcott et al., 2015). Although
the latter transgenic tumors have been extensively studied (Kim et al., 2005; Cho et al., 2011,
Xu et al., 2012; Sutherland et al., 2014; Mainardi et al., 2014; Desai et al., 2014), chemical-
induced lung adenocarcinomas have not been investigated. In all mouse models we studied, all
tumors contained the airway genetic marking, in contrast with the LYZ2 alveolar genetic marking
which was dispensable for lung adenocarcinoma development. Our observations support the multi-
stage field concept of chemical carcinogenesis (Franklin et al., 1997), according to which tumor-ini-
tiated cells undergo multiple steps of genomic evolution and phenotypic appearance that include an
obligatory airway-like stage. In fact, the prevalence of a different Kras mutation in urethane-induced
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Figure 6. Airway and alveolar signatures in murine and human lung adenocarcinoma (LUAD). (A, B) RNA of mouse urethane-induced LUAD cell lines,
lungs obtained pre- and one week post-urethane treatment, airway epithelial cells (AEC), alveolar type Il cells (ATIl), and bone marrow-derived
macrophages (BMDM) was examined by Affymetrix Mouse Gene ST2.0 microarrays (n = 4/group). (A) Heat map of genes significantly differentially
expressed (overall ANOVA and FDR p<107%) shows accurate hierarchical clustering. (B) Expression of the 30 top-represented transcripts of AEC, ATII,
and BMDM in lungs and LUAD cells. See also Figure 6—figure supplements 1-4. (C, D) RNA of human LUAD (n = 40), never-smoker lung tissue
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Figure é continued

(n = 30), primary AEC (n = 5), primary ATIl (n = 4), and alveolar macrophages (AM®; n = 9) was analyzed by Affymetrix Human Gene ST1.0 microarrays.
(C) Heat map of genes significantly differentially expressed (AGE > 5 fold) between LUAD and lung (ANOVA and FDR p<1073) shows accurate
hierarchical clustering. (D) Mean expression levels of the 30 top-represented transcripts of human AEC, ATIl, and AM® in lungs and LUAD. (E, F) Gene
set enrichment analyses, including normalized enrichment scores (NES), of mouse (E) and human (F) AEC, ATIl, and BMDM/AM® signatures (defined as
the top 1% expressed genes overall or exclusive to the cell type; n = 2) in mouse and human LUAD transcriptomes shows significant enrichment of the
AEC (but not the ATIl and BMDM/AM®) signature compared with lung (nominal p<0.0001 for all, family-wise error rates FWER <0.01). Gene symbols
indicate the top three lagging genes from each signature and shows loss of ScgbTal (encoding CCSP) by LUAD. See also Figure 6—figure
supplements 5 and 6. Data are given as violin plots. P, two-way ANOVA probabilities. ns, *, **, and ***: p>0.05, p<0.05, p<0.01, and p<0.001 for the
indicated comparisons by Bonferroni post-tests. ANOVA, analysis of variance; FDR, false discovery rate.

DOI: https://doi.org/10.7554/eLife.45571.059

The following source data and figure supplements are available for figure 6:

Source data 1. Cross-examination of signature genes of murine AEC, ATII cells, BMDM, LUAD cells and lungs.

DOI: https://doi.org/10.7554/eLife.45571.066

Source data 2. Cross-examination of signature genes of human AEC, ATII cells, BMDM, LUAD cells and lungs.

DOI: https://doi.org/10.7554/elife.45571.067

Source data 3. Quantification of gene set enrichment analyses data shown in Figure 6E.

DOI: https://doi.org/10.7554/eLife.45571.068

Source data 4. Quantification of gene set enrichment analyses data shown in Figure 6F.

DOI: https://doi.org/10.7554/eLife.45571.069

Figure supplement 1. Lineage-specific gene expression in mouse lung adenocarcinoma cell lines induced by urethane compared with mouse lungs.
DOI: https://doi.org/10.7554/eLife.45571.060

Figure supplement 2. Loss of lineage marker expression in mouse lung adenocarcinoma cell lines induced by urethane.

DOI: https://doi.org/10.7554/eLife.45571.061

Figure supplement 2—source data 1. Quantification of gene expression levels of data shown in Figure 6—figure supplement 2.

DOI: https://doi.org/10.7554/eLife.45571.070

Figure supplement 3. Loss of lineage marker expression in mouse lung adenocarcinoma cell lines induced by urethane compared with mouse lungs:
heat maps.

DOI: https://doi.org/10.7554/eLife.45571.062

Figure supplement 4. Loss of lineage marker expression in mouse lung adenocarcinoma cell lines induced by urethane compared with mouse lungs:
volcano plot.

DOI: https://doi.org/10.7554/eLife.45571.063

Figure supplement 5. Mouse gene set enrichment analyses.

DOI: https://doi.org/10.7554/eLife.45571.064

Figure supplement 6. Human gene set enrichment analyses.

DOI: https://doi.org/10.7554/elife.45571.065

tumors (Kras@¢'R) compared to KRASC'2P mutations in the transgenic mouse models has led to
the suggestion that chemical carcinogens introduce KRAS mutations in a different population of
tumor-initiating cells than mouse models of genetic KRAS activation (Westcott et al., 2015). Our
findings of airway epithelial cells being more sensitive than alveolar type Il cells to Kras2®'® muta-
tions during the initial steps of urethane-induced carcinogenesis further supports this notion and ren-
der airway cells an attractive novel target for premalignancy.

The consistent finding of CCSP genetic markings (indicative of airway epithelial origin) together
with SFTPC and LYZ2 protein expression (indicative of alveolar epithelial phenotype) in chemical-
triggered lung adenocarcinomas and their precursor lesions implies three different scenarios for lung
adenocarcinoma formation: i) airway epithelial cells colonize the distal lung during carcinogenesis
thereby activating obligate (SFTPC+) and dispensable (LYZ2+) alveolar transcriptomes; ii) alveolar
cells transit through an obligate CCSP+ with or without a dispensable LYZ2+ stage during the pro-
cess; or iii) lung adenocarcinoma arises from multipotent progenitors that express multiple epithelial
markers, such as those found during pulmonary embryogenesis, in human lung adenocarcinoma,
and in other chronic lung diseases (Desai et al., 2014, Frank et al., 2016; Xu et al., 2016). How-
ever, in our view, the propensity of airway cells to survive KRAS mutations during early carcinogene-
sis, the close airway-proximity of lung tumors revealed by uCT and histology, as well as the fact that
CCSP-labeled cells did not express the CCSP marker anymore, support a bronchial origin of these
tumors. This view is in line with recent evidence for tobacco smoke-induced epigenetic changes that
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Figure 7. Proposed role of airway-marked cells in murine lung maintenance and adenocarcinoma. (A) Our
evidence supports the existence of distinct developmental ancestries for airway epithelial (AEC) and alveolar type
Il (ATII) cells, notwithstanding their common descent from an early (possibly Sftpc+) lung epithelial progenitor. The
developmental airway lineage (ScgbTal+ Sftpct; green) gives rise to all types of airway cells, including club,

Figure 7 continued on next page
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Figure 7 continued

ciliated, goblet, basal, and other cells, while the developmental ATl lineage (Sftpc+ Lyz2+; red) gives rise to AT
cells before birth. These lineages appear to be segregated in the growing unaffected lung of the mouse till the
age of six weeks, which roughly corresponds to a human age of six years, where cellular proliferation in the human
lungs ceases. Thereafter, and likely due to the continuous exposure of the lungs to inhaled noxious agents,
gradual expansion of ScgblaT+ Sftpct marked cells ensues. Upon lung injury, this process is accelerated.
Similarly, during carcinogenesis caused by chemical tobacco smoke carcinogens, Scgb1al+ Sftoct marked cells
expand and are ubiquitously present in peripheral lung adenocarcinomas. (B) Proposed neonatal proportions and
postnatal dynamics of pulmonary epithelial cells during adulthood. Estimated proportions of lineage-marked cells
at birth, based on flow cytometry and co-localization of proteinaceous and genetic cell marking. Lung lineages
appear to be segregated in the growing lung till the age of full lung development (six weeks in mice and 6-8 years
in humans) or till lung injury ensues. Schematic of proposed postnatal redistribution of marked cells in the adult
lung. Upon injury, during multi-stage field carcinogenesis, or even during unchallenged aging, ScgbTal+ marked
cells appear in the distal alveolar regions, thereby maintaining lung structure and function. Bubble size indicates
relative marked cell abundance. CCSP, Clara cell secretory protein; FOXJ1, forkhead box J1; KRT5, keratin 5; LYZ2,
lysozyme 2; SFTPC, surfactant protein C; TUB1A1, acetylated a-tubulin.

DOI: https://doi.org/10.7554/eLife.45571.071

sensitize human airway epithelial cells to a single KRAS mutation (Vaz et al., 2017). Along these
lines, the split genetic markings of chemical-induced lung adenocarcinomas of GFP;LYZ2.CRE mice
indicates that LYZ2-labeled alveolar cells are dispensable for environmental lung adenocarcinoma, as
opposed to what was previously shown for genetically-triggered lung adenocarcinoma (Desai et al.,
2014).

Our approach focused on the integral assessment of changes in lung epithelial kinetics and tran-
scriptome signatures during aging, injury, and carcinogenesis. The perpetual cell labeling approach
we adopted was preferred over pulsed lineage tracing models because of the unprecedented accu-
racy of our CCSP.CRE strain in exclusively and completely labeling airway epithelial cells at the con-
clusion of development, allowing tracking of subsequent changes in adulthood. The identification of
transcriptional programs that are activated during lung repair and carcinogenesis are of great impor-
tance for lung biology and are likely to lead to therapeutic innovations (Nagel et al., 2016). To this
end, insertions and deletions in lineage-restricted genes were recently shown to occur in human
lung adenocarcinoma (Imielinski et al., 2017). Moreover, integrin B3 and TANK-binding kinase one
partner with oncogenic KRAS signaling to mediate cancer stemness and drug resistance
(Barbie et al., 2009; Seguin et al., 2014). Along these lines, our findings of the involvement of air-
way epithelial cells in lung maintenance, repair, and carcinogenesis imply that at least some of these
cells present lung stem cells with regenerative and malignant potential and thus marked therapeutic
targets. This was evident in our hands by the facts that airway epithelial cells could maintain adult
injured alveoli and sustain KRAS mutations induced by urethane.

In conclusion, airway cells contribute to alveolar maintenance and lung carcinogenesis in response
to environmental challenges. Since defective epithelial repair underlies the pathogenesis of chronic
lung diseases and since abundantly transcribed genes are central to the mutational processes that
cause cancer, this finding is of potential therapeutic importance for chronic pulmonary diseases and
lung cancer.

Materials and methods

Reagent type Additional
(species) or resource  Designation Source or reference Identifiers information
Strain, strain C57BL/6 Jackson Stock #: 000664;
background Laboratory RRID:IMSR_JAX:000664
(Mus musculus)
Continued on next page
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Additional
information

Strain, strain FVB Jackson Stock #: 001800;
background Laboratory RRID:IMSR_JAX:001800
(M. musculus)
Genetic reagent TOMATO Jackson Stock #: 007676; Muzumdar et al., 2007
(M. musculus) Laboratory RRID:IMSR_JAX:007676
Genetic reagent LUC Jackson Stock #: 005125; Safran et al., 2003
(M. musculus) Laboratory RRID:IMSR_JAX:005125
Genetic reagent DTA Jackson Stock #: 009669; Voehringer et al., 2008
(M. musculus) Laboratory RRID:IMSR_JAX:009669
Genetic reagent LYZ2.Cre Jackson Stock #: 004781; PMID: 10621974
(M. musculus) Laboratory RRID:IMSR_JAX:004781
Genetic reagent SOX2.Cre Jackson Stock #: 008454; Hayashi et al., 2002
(M. musculus) Laboratory RRID:IMSR_JAX:008454
Genetic reagent VAV.Cre Jackson Stock #: 008610; Ogilvy et al., 1998
(M. musculus) Laboratory RRID:IMSR_JAX:008610
Genetic reagent NES.Cre Jackson Stock #: 003771; Tronche et al., 1999
(M. musculus) Laboratory RRID:IMSR_JAX:003771
Genetic reagent CCSP.Cre European Mouse Stock #: EM:04965; Oikonomou et al., 2012
(M. musculus) Mutant Archive RRID:IMSR_M231009
Genetic reagent SFTPC.Cre Mouse Genome RRID:MGI:3574949 Okubo et al., 2005
(M. musculus) Informatics
Cell line LUAD cells PMID: 30828726 Derived from
(M. musculus) urethane models
Biological Lung adeno Giopanou et al., 2015 Archival samples of
sample carcinomas patients with LUAD
(Homo sapiens)
Antibody rabbit poyclonal Abcam Cat. #: ab2426; IHC (1:3000)
anti-PCNA RRID:AB_303062
Antibody rabbit monoclonal Abcam Cat. #: ab108508; IF (1:50)
anti-LYZ2 RRID:AB_10861277
Antibody rabbit polyclonal Abcam Cat. #: ab53121; IF (1:200)
anti-KRT5 RRID:AB_869889
Antibody rabbit polyclonal Santa Cruz Cat. #: sc-13979; IF (1:200)
anti-SFTPC Biotechnology RRID:AB_2185502
Antibody rabbit polyclonal Santa Cruz Cat. #: sc-25555; IF (1:200)
anti-CCSP Biotechnology RRID:AB_2269914
Antibody goat polyclonal Santa Cruz Cat. #: s¢-9772; IF (1:1000)
anti-CCSP Biotechnology RRID:AB_2238819
Antibody mouse monoclonal Sigma-Aldrich Cat. #: T7451; IF (1:2000)
anti-acetylated RRID:AB_609894
o-tubulin
Antibody rabbit polyclonal Merck-Millipore Cat. #: AB3786; IF (1:500)
anti-SFTPC RRID:AB_91588
Antibody mouse monoclonal Thermo Fisher Cat. #: MA5-17057; IF (1:200)
anti-KRT5 Scientific RRID:AB_2538529
MA5-17057,
Antibody mouse monoclonal eBioscience Cat. #: 11-0451-85; FC (0,05 ng)
anti-CD45 FITC RRID:AB_465051
conjugated
Antibody mouse monoclonal eBioscience Cat. #: 12-0112-82; FC (0,05 pg)

anti-CD11b PE
conjugated

RRID:AB_2734869

Continued on next page
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Continued
Reagent type Additional
(species) or resource  Designation Source or reference Identifiers information
Antibody donkey polyclonal Molecular Probes Cat. #: A21206; IF (1:500)
anti-rabbit RRID:AB_141708
Alexa Fluor 488
Antibody donkey polyclonal Molecular Probes Cat. #: A11057; IF (1:500)
anti-goat Alexa RRID:AB_142581
Fluor 568
Antibody donkey polyclonal Molecular Probes Cat. #: A31573; IF (1:500)
anti-rabbit RRID:AB_2536183
Alexa Fluor 647
Antibody donkey polyclonal Molecular Probes Cat. #: A31571; IF (1:500)
anti-mouse RRID:AB_162542
Alexa Fluor 647
Antibody donkey polyclonal Abcam Cat. #: IF (1:500)
anti-mouse ab175700
Alexa Fluor 568
Sequence- Digital droplet This paper Kras2®'® mutation Forward:
based reagent PCR primers detection ATCTGACGTGCTTTGCCTGT,
Reverse:
CCCTCCCCAGTTCTCATGTA
Sequence- Digital droplet This paper Kras2¢'R sequence:
based reagent PCR probe mutation GACACAGCAGGT
detection CAAGAGGAGTACA
Sequence- Digital droplet Bio-Rad Registration #: Tomato allele
based reagent PCR primers Laboratories dCNS685684912 detection
and probe
Sequence- Quantitative PCR This paper Scgblal gene Forward:
based reagent ATCACTGTGGTCATGCTGTCC,
Reverse:
GCTTCAGGGATGCCACATAAC
Sequence- Quantitative PCR This paper Sftpc gene Forward:
based reagent TCGTTGTCGTGGTGATTGTAG,
Reverse:
TCGTTGTCGTGGTGATTGTAG
Sequence- Quantitative PCR This paper Gusb gene Forward:
based reagent TTACTTTAAGACGCTGATCACC,
Reverse:
ACCTCCAAATGCCCATAGTC
Commercial GenElute Sigma-Aldrich Cat. #: GIN70
assay or kit Mammalian
Genomic DNA
Minipreps Kit
Commercial RNeasy Mini Kit Qiagen Cat. #: 74106
assay or kit
Commercial SYBR FAST gPCR Kit Kapa Biosystems Cat. #: KK4600
assay or kit
Commercial MycoAlert LONZA Cat. #: LT07-318
assay or kit Mycoplasma
Detection Kit
Chemical Urethane, Sigma-Aldrich Cat. #: U2500 1 9/Kg
compound, drug ethyl carbamate (EC)
Chemical 3-methyl Sigma-Aldrich Cat. #: 442388 15 mg/Kg
compound, drug cholanthrene (MCA)
Chemical Butylated Sigma-Aldrich Cat. #: W218405 200 mg/Kg
compound, drug hydroxytoluene (BHT)
Chemical Naphthalene Sigma-Aldrich Cat. #: 84679 250 mg/Kg

compound, drug

Continued on next page

Spella et al. eLife 2019;8:45571. DOI: https://doi.org/10.7554/eLife.45571

19 of 32



e LI F E Research article

Cancer Biology | Cell Biology

Continued

Reagent type Additional
(species) or resource  Designation Source or reference Identifiers information
Chemical Bleomycin A2 Calbiochem Cat. #: 203401 0.08 units

compound, drug

Software, Transcriptome https://www. RRID:SCR_016519
algorithm Analysis thermofisher.com
Console Software /tw/zt/home/life-
science/
microarray-
analysis/
microarray
-analysis-
instruments
-software-services
/microarray
-analysis-software/
affymetrix-
transcriptome-
analysis-console-
software.html
Software, FlowJo TreeStar RRID:SCR_008520
algorithm software
Software, FloMax Partec RRID:SCR_014437
algorithm Software
Software, Broad Institute http://software. Subramanian et al., 2005
algorithm pre-ranked broadinstitute.org/
GSEA module gsea/index.jsp
software
Software, NRECON software Bruker
algorithm
Software, CT analysis Bruker
algorithm (Ctan) software
Software, CTVox software Bruker
algorithm
Software, QuantaSoft Bio-Rad Laboratories
algorithm (http://www.bio-rad.com/
en-gr/sku/1864011-
quantasoft-software
-regulatory-edition
?1D=1864011)
Software, G*power http://www.gpower.hhu.de/ RRID:SCR_013726 Faul et al., 2007
algorithm
Software, GraphPad Prism http://www.graphpad.com/ RRID:SCR_002798 Version 8
algorithm
Software, Fiji http://fiji.sc RRID:SCR_002285 PMID: 22743772
algorithm
Software, Living Image software  Perkin-Elmer RRID:SCR_014247 Version 4.2
algorithm (http://www.perkinelmer.
com/catalog/category/id/
living%20image %20software)
Other Microarray data This paper Gene Expression LUAD cells,
Omnibus (GEO) bone marrow derived
accession ID: macrophages (BMDM),
GSE94981 and tracheal AEC cells
Other Microarray data Gene Expression Accession ID: M. musculus ATII cells;

Omnibus (GEO)

GSE82154; GSES5459;
GSE46749; GSE18816;

GSE43458

H. sapiens AEC

cells;

H. sapiens

ATII cells;

H. sapiensAM®; H. sapiens non-smokers
lung

and LUAD

Continued on next page
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Other

GeneChip Mouse
Gene 2.0 ST
array; GeneChip
Human Gene
1.0 ST array

Thermo
Fisher Scientific

Cat. #: 902119;
Cat. #: 901085

Other

Hoechst33258
nuclear dye

Sigma-Aldrich

Cat. #: 14530

1:5000

Other

D-Luciferin
potassium salt

Gold
Biotechnology

Cat. #: LUCK-100

1 mg

Other

Trizol

Thermo

Cat. #: 15596026

Fisher Scientific

Key resources table
All raw data used to generate the main Figures and Figure Supplements are provided as *.xlsx
Source Data files.

Study approval

All mice were bred at the Center for Animal Models of Disease of the University of Patras. Experi-
ments were designed and approved a priori by the Veterinary Administration of the Prefecture of
Western Greece (approval numbers 3741/16.11.2010, 60291/3035/19.03.2012, and 118018/578/
30.04.2014) and were conducted according to Directive 2010/63/EU (http://eur-lex.europa.eu/legal-
content/EN/TXT/?qid=1486710385917&uri=CELEX:32010L0063). Male and female experimental
mice were sex-, weight (20-25 g)-, and age (6-12 week)-matched. n = 588 experimental and n = 165
breeder mice were used for this report. Sample size was calculated using power analysis on
G*power. Experiments were randomized across different cages and mouse lungs were always exam-
ined by two blinded researchers. Sample numbers are included in the figures and figure legends.
Archival tissue samples of patients with LUAD (Giopanou et al., 2015) that underwent surgical
resection with curative intent between 2001 and 2008 at the University Hospital of Patras were retro-
spectively enrolled. The observational protocol for these studies adhered to the Helsinki Declaration
and was approved by the Ethics Committee of the University Hospital of Patras, and all patients
gave written informed consent.

Reagents

Urethane, ethyl carbamate, EC, CAS# 51-79-6; 3-methylcholanthrene, 3-methyl-1,2-dyhydrobenzo[j]
aceanthrylene, MCA, CAS# 56-49-5; butylated hydroxytoluene, 2,6-Di-tert-butyl-4-methylphenol,
BHT, CAS# 128-37-0; naphthalene, CAS# 91-20-3, and Hoechst33258 nuclear dye (CAS# 23491-45-
4), were from Sigma-Aldrich (St. Louis, MO). Bleomycin A2, ((3-{[(2'-{(5S,8S,9S,10R,13S)—15-{6-
amino-2- [(1S)—3-amino-1-{[(2S)—2,3-diamino-3-oxopropyl]lamino}—3-oxopropyl] —5-methylpyrimi-
din-4-yl}—13-[{[(2R,3S,4S,55,65)—3-{[(2R, 35,4S,5R, 6R) —4-(carbamoyloxy)—3,5-dihydroxy-6-  (hydroxy-
methyl) tetrahydro-2H-pyran-2-ylloxy} —4,5-dihydroxy-6-(hydroxymethyl) tetrahydro-2H-pyran-2-yl]
oxy} (1H-imidazol-5-yl)methyl]—9-hydroxy-5-(1R)—1-hydroxyethyl]—8,10-dimethyl-4,7,12,15-tet-
raoxo-3,6,11,14-tetraazapentadec-1-yl}—2,4'-bi-1,3-thiazol-4-yl)carbonyllamino}propyl) (dimethyl)sul-
fonium; CAS #9041-93-4, was from Calbiochem (Darmstadt, Germany). D-Luciferin potassium salt,
(4S)—2-(6-hydroxy-1,3-benzothiazol-2-yl)—4,5-dihydrothiazole-4-carboxylic acid, CAS #2591-17-5,
was from Gold Biotechnology (St. Louis, MO).

Experimental mice

C57BL/6J (C57BL/6; #000664), FVB/NJ (FVB; #001800), B6.129(Cg)-Gt(ROSA)26Sor™#ACTE tdTemato,-
EGFPLue/j [mT/mG; TOMATO; #007676; (Muzumdar et al., 2007)], FVB.12956(B6)-Gt(ROSA)
26Sortmtuclkael; j 1| UC; #005125; (Safran et al., 2003)], B6.129P2-Gt(ROSA)26Sor™ ! PTALky/J IDTA;
#009669; (Voehringer et al., 2008)], B6.129P2-Lyz2"™"eo/) [ 'YZ2 CRE; #004781; (Desai et al.,
2014)], B6.Cg-Tg(Sox2-cre)1Amc/J [SOX2.CRE; #008454; (Hayashi et al., 2002)], B6.Cg-Tg(Vav1-
icre)A2Kio/J [VAV.CRE; #008610; (Ogilvy et al., 1998)], and B6.Cg-Tg(Nes-cre)1KIn/J [NES.CRE;
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#003771; (Tronche et al., 1999)] mice were from Jackson Laboratories (Bar Harbor, MN). B6é;CBA-
Tg(Scgb1al-cre)1Vart/Fimg (CCSP.CRE; European Mouse Mutant Archive #EM:04965) mice are
described elsewhere (Oikonomou et al., 2012) and Tg(Sftpc-cre)1Blh (SFTPC.CRE; Mouse Genome
Informatics #MGI:3574949) mice were donated by their founder (Okubo et al., 2005). Mice were
bred >F12 to the FVB background at the University of Patras Center for Animal Models of Disease.

Mouse models of lung adenocarcinoma

Six-week-old mice on the C57BL/6 background received ten consecutive weekly intraperitoneal ure-
thane injections (1 g/Kg in 100 L saline) and were sacrificed 6-7 months after the first injection, or
four consecutive weekly intraperitoneal MCA (15 mg/Kg in 100 L saline) followed by eight consecu-
tive weekly intraperitoneal BHT injections (200 mg/Kg in 100 uL corn oil) and were sacrificed 6-7
months after the first injection. Six-week-old mice on the FVB background received one intraperito-
neal urethane injection (1 g/Kg in 100 pL saline) and were sacrificed 6-7 months later
(Westcott et al., 2015; Miller et al., 2003; Malkinson et al., 1997, Stathopoulos et al., 2007,
Vreka et al., 2018).

Mouse models of lung injury

Six-week-old mice (C57BL/6 background) received intratracheal bleomycin A2 (0.08 units in 50 uL
saline) or intraperitoneal naphthalene (250 mg/Kg in 100 pL corn oil) (Lawson et al., 2005;
Rawlins et al., 2009). In addition, preterm mothers of the C57BL/6 background and their offspring
were exposed to room air (21% oxygen; control) or 98% oxygen for two days before and four days
after birth (Rawlins et al., 2009; Yee et al., 2009). Oxygen levels were continuously monitored. The
gas stream was humidified to 40-70% by a deionized water-jacketed Nafion membrane tubing and
delivered through a 0.22 um filter before passage into a sealed Lexan polycarbonate chamber mea-
suring 40 x 25x25 cm and accommodating 25 L gas at a flow rate of 5 L/min, resulting in complete
gas exchange every 5 min. Mothers were cycled between litters on 21% and 98% oxygen every 24
hr to prevent oxygen toxicity and to control for nutritional support of the pups. After perinatal
hyperoxia, mice remained at room air till sacrificed at eight weeks of age.

Urethane-induced lung adenocarcinoma cell lines

Lung tumors were dissected from surrounding healthy lung parenchyma under sterile conditions,
minced into 1 mm pieces, and cultured at 37°C in 5% CO,-95% air using Dulbecco’s Modified Eagle
Medium (DMEM), 10% FBS, 2 mM L-glutamine, 1 mM pyruvate, 100 U/mL penicillin, and 100 U/mL
streptomycin. All cell lines were immortal and indefinitely phenotypically stable over >18 months
and/or 60 passages, and were tumorigenic and metastatic in C57BL/6 mice (Kanellakis et al., 2019).
Cell lines were cultured in DMEM supplemented with 10% FBS and 100 IU/mL penicillin/streptomy-
cin and were maintained in humidified incubators at 37°C with 95% air-5% CO,. Cell lines were
authenticated annually using the short tandem repeat method and were tested negative for Myco-
plasma Spp. biannually by MycoAlert Mycoplasma Detection Kit (LONZA,; Verviers, Belgium).

Human lung adenocarcinomas

Ten archival formalin-fixed, paraffin-embedded tissue samples of patients with LUAD that underwent
surgical resection with curative intent between 2001 and 2008 at the University Hospital of Patras
were retrospectively enrolled (Giopanou et al., 2015). The observational protocol for these studies
adhered to the Helsinki Declaration and was approved by the Ethics Committee of the University
Hospital of Patras, and all patients gave written informed consent.

Micro-computed tomography

Urethane or saline treated FVB mice were sacrificed six months post urethane/saline injection. Lungs
were inflated and fixed with 10% neutral buffered formalin overnight. They were then dehydrated
and chemically dried for uCT scanning using a method kindly provided by Jeroen Hostens (Bruker;
Kontich, Belgium). Briefly, a gradient ethanol dehydration protocol (from 70-100%) was applied, fol-
lowed by 2 hr incubation in Hexamethyldisilazane (HMDS; Sigma, St. Louis, MO) and 2 hr air-drying.
The dehydrated lungs were then scanned in a Bruker SkyScan 1172 scanner at 41kV without filtration
and with 5.94 um voxel resolution (exposure: 440 ms). The X-ray projections were obtained at 0.35°
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intervals with a scanning angular rotation of 180" and two frames were averaged for each rotation
under a mean of 10 frames per random movement. 3D reconstructions were performed using NRE-
CON software (Bruker). Regions of interest for the whole lung and peripheral lung tissue were
defined in the CT analysis software (CTan; Bruker), thresholds applied to detect tissue from back-
ground, and a 3D volume rendering of the lungs were performed using the CTVox software (Bruker).

Structural assessments in murine lungs

Mouse lungs were recoded (blinded) by laboratory members not participating in these studies and
were always examined by two independent blinded participants of this study. The results obtained
by each investigator were compared, and lungs were re-evaluated if deviant by >20%. Lungs and
lung tumors were initially inspected macroscopically under a Stemi DV4 stereoscope equipped with
a micrometric scale incorporated into one eyepiece and an AxiocamERc 5 s camera (Zeiss, Jena,
Germany) in trans-illumination mode, allowing for visualization of both superficial and deeply-located
lung tumors (Stathopoulos et al., 2007; Vreka et al., 2018). Tumor location was charted and diam-
eter (8) was measured. Tumor number (multiplicity) per mouse was counted and mean tumor diame-
ter per mouse was calculated as the average of individual diameters of all tumors found in a given
mouse lung. Individual tumor volume was calculated as 13%/6. Mean tumor volume per mouse was
calculated as the average of individual volumes of all tumors found in a given mouse lung, and total
lung tumor burden per mouse as their sum. Following macroscopic mapping of lung and lung tumor
morphology, lungs of fluorescent reporter mice were imaged on a Leica MZ16F fluorescent stereo-
microscope equipped with GFP and RFP filters and a DFC 300FX camera (Leica Microsystems, Hei-
delberg, Germany) in order to determine their macroscopic fluorescent pattern. Lung volume was
measured by saline immersion, and lungs were embedded in paraffin, randomly sampled by cutting
5 um-thick lung sections (n = 10/lung), mounted on glass slides, and stained with hematoxylin and
eosin for morphometry and histologic typing of lung tumors. For this, a digital grid of 100 intersec-
tions of vertical lines (points) was superimposed on multiple digital images of all lung sections from
lung tissue of a given mouse using Fiji academic freeware (https://fiji.sc/). Total lung tumor burden
was determined by point counting of the ratio of the area occupied by neoplastic lesions versus total
lung area and by extrapolating the average ratio per mouse to total lung volume (Hsia et al., 2010).
The results of this stereologic approach were compared with the macroscopic method, and were
scrutinized if deviant by >20%. To evaluate alveolar structure and size, we calculated mean linear
intercept using randomly sampled hematoxylin and eosin-stained lung sections, as described else-
where (Hsia et al., 2010). For this, a digital grid of twenty random horizontal lines was superim-
posed on multiple digital images of all lung sections from lung tissue of a given mouse using Fiji.
Mean linear intercept was calculated by counting the intercepts of interalveolar septae with the lines
and the formula: 3{2 x (length of line/number of intercepts)}/total number of lines. All quantifications
were done by counting at least five random non-overlapping fields of view of at least ten sections
per lung.

Histology and molecular phenotyping

For histology, lungs were inflated to 20 cmH,O pressure that provides for a lung volume equivalent
to the resting volume of the lungs (a.k.a. functional residual capacity in humans) and enables precise
histologic observations on airway and alveolar structure avoiding false interpretations resulting from
the study of compressed or over-inflated lungs (Hsia et al., 2010). Subsequently, lungs were fixed
with 10% formalin overnight and were embedded in paraffin. Five-um-thick paraffin sections were
then counterstained with hematoxylin and eosin (Sigma, St. Louis, MO) and mounted with Entellan
New (Merck Millipore, Darmstadt, Germany). For immunofluorescence, lungs were inflated with a
2:1 mixture of 4% paraformaldehyde:Tissue-Tek (Sakura, Tokyo, Japan), fixed in 4% paraformalde-
hyde overnight at 4°C, cryoprotected with 30% sucrose, embedded in Tissue-Tek and stored at —80°
C. Ten-um cryosections were then post-fixed in 4% paraformaldehyde for 10 min, treated with 0.3%
Triton X-100 for 5 min, and incubated in blocking solution containing 10% fetal bovine serum (FBS),
3% bovine serum albumin (BSA), 0.1% polyoxyethylene (20) sorbitanmonolaurate (Tween 20) in 1x
phosphate-buffered saline (PBS) for 1 hr. Following labeling with the indicated primary antibodies
overnight at 4°C, sections were incubated with fluorescent secondary antibodies, counterstained
with Hoechst 33258 and mounted with Mowiol 4-88 (Calbiochem, Darmstadt, Germany). The
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following primary antibodies were used: rabbit anti-proliferating cell nuclear antigen (PCNA, 1:3000
dilution, ab2426, Abcam, London, UK), rabbit anti-LYZ2 (1:50 dilution, ab108508, Abcam), rabbit
anti-KRT5 (1:200 dilution, ab53121, Abcam), rabbit anti-SFTPC (1:200 dilution, sc-13979, Santa Cruz,
Dallas, TX), rabbit anti-CCSP (1:200 dilution, sc-25555, Santa Cruz), goat anti-CCSP (1:1000 dilution,
sc-9772, Santa Cruz), mouse anti-acetylated o-tubulin (1:2000 dilution, T7451, Sigma-Aldrich, St.
Lewis, MO), rabbit anti-SFTPC (1:500 dilution, AB3786, Merck-Millipore, Burlington, MA), and mouse
anti-KRT5 (1:200 dilution, MA5-17057, Thermo Fisher Scientific, Waltham, MA). Alexa Fluor donkey
anti-rabbit 488 (A21206, Thermo Fisher Scientific), Alexa Fluor donkey anti-mouse 568 (ab175700,
Abcam), Alexa Fluor donkey anti-goat 568 (A11057, Thermo Fisher Scientific), Alexa Fluor donkey
anti-rabbit 647 (A31573, Thermo Fisher Scientific), and Alexa Fluor donkey anti-mouse 647 (A31571,
Thermo Fisher Scientific) secondary antibodies were used at 1:500 dilution. For isotype control, the
primary antibody was omitted. Bright-field images were captured with an AxioLab.A1 microscope
connected to an AxioCamERc 5 s camera (Zeiss, Jena, Germany) whereas fluorescent microscopy
was carried out either on an Axio Observer D1 inverted fluorescent microscope (Zeiss, Jena, Ger-
many) or a TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany) with 20x, 40x and
63x lenses. Digital images were processed with Fiji. All quantifications of cellular populations were
obtained by counting at least five random non-overlapping bronchial-, alveolar-, hyperplasia-, or
tumor- containing fields of view per section.

Pulmonary function testing

Following anesthesia induced by intraperitoneal ketamine (100 mg/Kg) and xylazine (10 mL/Kg) and
tracheostomy, mice were mechanically ventilated by a Flexivent rodent ventilator (Scireq, Montreal,
Ontario, Canada). The whole procedure, described elsewhere (Manali et al., 2011), lasted 15 min.
After a 3 min run-in period of ventilation with 21% oxygen, a tidal volume of 10 mL/Kg, a respiratory
rate of 150 breaths/min, and a positive end-expiratory pressure of 3 cmH,O, paralysis was induced
using 8 mg/Kg intraperitoneal succinyl choline, and total respiratory system impedance was obtained
by applying an 8-sec-long pseudorandom frequency oscillation (0.5-19.75 Hz) to the airway opening.
Thirty seconds prior to initiation of measurements, lung volume history was once controlled by a 6-
sec-long inflation to 30 cm H,O pressure. Measurements were repeated thrice at 60 s intervals and
were averaged. Data were fit into the constant phase model in order to fractionate total respiratory
input impedance into airways resistance (Raw) and tissue damping and elastance coefficients. To
obtain pressure-volume (PV) curves, the respiratory system was incrementally inflated and deflated
to 40 mL/Kg total volume at seven steps each and airway pressures were recorded on each volume
change. The slope of the linear portion of expiratory PV curves, which represents static compliance
(Cst), a measure of airspace function, was calculated manually. Operators were blinded to animal
genotype.

Digital droplet (dd)PCR

TOMATO, GFP;CCSP.CRE, and GFP;LYZ2.CRE mice (FVB strain) received one intraperitoneal injec-
tion of urethane (1 g/Kg) and lungs were then harvested one and two weeks post-urethane, homog-
enized, and subjected to DNA extraction and purification using GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich, St. Louis, MO). DNA concentration and quality were assessed using a
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). DNA concentration
was converted to number of diploid copies according to the formula: DNA (ng/uL)/weight of mouse
diploid genome (3.9 pg). Digital droplet PCR protocol and analysis was performed as described pre-
viously using reagents, equipment and software from BioRad Laboratories Inc (Hercules, CA)
(Mazaika and Homsy, 2014). In brief, 20000 genome copies were used. Samples were normalized
internally according to the number of accepted droplets and inter-sample normalization was per-
formed according to the formula [x-min(x)[/[max(x)-min(x)],where x represents the actual, min(x) the
minimum, and max(x) the maximum number of accepted droplets. The data were reported as % pos-
itive/accepted droplets. Sequences of Kras?®'R primers and probe were: Kras?®'R forward: ATC
TGACGTGCTTTGCCTGT, Kras?®'® reverse: CCCTCCCCAGTTCTCATGTA, and Kras®®'R probe:
GACACAGCAGGTCAAGAGGAGTACA. The Rosa™" assay is registered as dCNS685684912 (Bio-
Rad) with MIQE context: seq1:195-315:+CCAGTTCATGTACGGCTCCAAGGCGTACGTGAAG-
CACCCCGCCGACATCCCCGATTACAAGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCG
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TGATGAACTTCGAGGACGGCGGTCT. Primers and fluorescently labeled probes were combined in
a mixture containing 18 UM forward and reverse primers and 5 uM labeled probes (20x primer/Tag-
man probe mix). Reactions were assembled to contain 12.5 uL 2x ddPCR mix no-UTP, 1.25 uL 20x
Kras®¢"Rprimer/Tagman probe Mix, 1.25 uL 20x Rosa™ custom primer/Tagman probe Mix and 10
uL DNA diluted in nuclease-free water. The ddPCR protocol included a first denaturation step at 95°
C for 10 min followed by 40 cycles of denaturation at 95°C for 30 s and 40 cycles of annealing at
62.5°C for 60 s, and was performed in a BioRad T100 Thermal cycler. Results were analyzed with a
BioRad QX100 droplet reader using the QuantaSoft software. The amplitude gathering thresholds
of positive droplets were set at 3500 for the Rosa™' and at 10000 for the Kras?*'R probe, according
to the manufacturer’s instructions.

Bronchoalveolar lavage (BAL)

BAL was performed using three sequential aliquots of 1000 L sterile ice-cold phosphate-buffered
saline (PBS). Fluid was combined and centrifuged at 260 g for 10 min to separate cells from superna-
tant. The cell pellet was resuspended in 1 ml PBS containing 2% fetal bovine serum, and the total
cell count was determined using a grid hemocytometer according to the Neubauer method. Cell dif-
ferentials were obtained by counting 400 cells on May-Grinwald-Giemsa-stained cytocentrifugal
specimens. Total BAL cell numbers were calculated by multiplying the percentage of each cell type
by total BAL cell number (Stathopoulos et al., 2007; Vreka et al., 2018).

Bioluminescence imaging

LUC;CCSP.CRE mice, bioluminescent reporters of CCSP-labeled cell mass, received one intraperito-
neal injection of saline (100 L saline) or urethane (1 g/Kg in 100 pL saline) and were serially imaged
before treatment start, and at 150 and 210 days into treatment. Imaging was done on a Xenogen
Lumina Il (Perkin-Elmer, Waltham, MA) 5-20 min after delivery of 1 mg D-Luciferin sodium in 100 pL
of sterile water to the retro-orbital vein, and data were analyzed using Living Image v.4.2 (Perkin-
Elmer, Waltham, MA) (Stathopoulos et al., 2007; Vreka et al., 2018).

qPCR and microarrays

Triplicate cultures of 10® LUAD cells, BMDM (obtained by 1 week bone marrow incubation with 100
ng/mL M-CSF), and tracheal AEC (obtained by 1 week incubation of stripped mouse tracheal epithe-
lium in DMEM) were subjected to RNA extraction using Trizol (Thermo Fisher) followed by column
purification and DNA removal (Qiagen, Hilden, Germany). Whole lungs were homogenized in Trizol
followed by the same procedure. Pooled RNA (5 ng) was quality tested (ABI 2000 Bioanalyzer; Agi-
lent Technologies, Sta. Clara, CA), labeled, and hybridized to GeneChip Mouse Gene 2.0 ST arrays
(Affymetrix, Sta. Clara, CA). All data were deposited at GEO (http://www.ncbi.nlm.nih.gov/geo/;
Accession ID: GSE94981) and were analyzed on the Affymetrix Expression and Transcriptome Analy-
sis Consoles together with previously reported (Frank et al., 2016; Kabbout et al., 2013;
Clark et al., 2015; Dancer et al., 2015; Lee et al., 2009) murine ATIl and human AEC, ATIl, AM®,
non-smokers lung, and LUAD microarray data (Accession IDs: GSE82154, GSE55459, GSE46749,
GSE18816, GSE43458). gPCR was performed using first strand synthesis with specific primers
(Scgb1al: ATCACTGTGGTCATGCTGTCC and GCTTCAGGGATGCCACATAAC; Sftpc: TCGTTG
TCGTGGTGATTGTAG and AGGTAGCGATGGTGTCTGCT,; Gusb: TTACTTTAAGACGCTGATCACC
and ACCTCCAAATGCCCATAGTC) and SYBR FAST gPCR Kit (Kapa Biosystems, Wilmington, MA) in
a StepOne cycler (Applied Biosystems, Carlsbad, CA). Ct values from triplicate reactions were ana-
lyzed with the 24T method relative to Gusb.

Flow cytometry

BAL cells were suspended in 50 uL PBS with 2% FBS and 0.1% NaN3, were stained with anti-CD45
(#11-0451-85; eBioscience; Santa Clara, CA) and anti-CD11b (#12-0112-82; eBioscience; Santa Clara,
CA) primary antibodies for 20 min in the dark at 0.5 uL antibody per million cells, and were analyzed
on a CyFlowML cytometer with a sorter module using FloMax Software (Partec, Darmstadt, Ger-
many) or FlowJo software (TreeStar, Ashland, OR), as described previously (Kanellakis et al., 2019).
Perfused lungs were digested in RPMI-1640 medium containing collagenase Xl (0.7 mg/mL; Sigma,
St. Louis, MO) and type IV bovine pancreatic DNase (30 pug/mL; Sigma, St. Louis, MO) to obtain
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single-cell suspensions. After treatment with red blood cell lysis buffer (BioLegend; San Diego, CA),
single-cell suspensions were analyzed on a LSR Il flow cytometer (BD Bioscience, San Diego, CA),
and data were examined with FlowJo. Dead cells were excluded using 4,6-diamidino-2-phenylindole
(DAPI; Sigma, St. Louis, MO).

Microarray and gene set enrichment analyses (GSEA)

GSEA was performed with the Broad Institute pre-ranked GSEA module software (http://software.
broadinstitute.org/gsea/index.jsp) (Subramanian et al., 2005). In detail, genes significantly
expressed (log2 normalized expression >8) in murine tracheal airway cells, ATIl cells (Frank et al.,
2016), and BMDM were cross-examined against the murine lung and chemical-induced LUAD cell
line transcriptomes. In addition, previously reported human AEC, ATIIl, and AM® cellular signatures
(Clark et al., 2015; Dancer et al., 2015; Lee et al., 2009) were cross-examined against the previ-
ously described transcriptomes of human normal lung tissue from never-smokers and of LUAD
(Kabbout et al., 2013).

Statistical analysis

Sample size was calculated using power analysis on G*power (http://www.gpower.hhu.de/), assum-
ing @ = 0.05, B = 0.05, and effect size d = 1.5 (Faul et al., 2007). No data were excluded from analy-
ses. Animals were allocated to treatments by alternation and transgenic animals were enrolled case-
control-wise. Data were collected by at least two blinded investigators from samples coded by non-
blinded investigators. All data were normally distributed by Kolmogorov-Smirnov test, are given as
mean + SD, and sample size (n) always refers to biological and not technical replicates. Differences
in frequency were examined by Fischer's exact and % tests and in means by t-test or one-way
ANOVA with Bonferroni post-tests. Changes over time and interaction between two variables were
examined by two-way ANOVA with Bonferroni post-tests. All probability (P) values are two-tailed
and were considered significant when p<0.05. All analyses and plots were done on Prism v8.0
(GraphPad, La Jolla, CA).

Data availability

All raw data produced in this study are provided as *.xIsx source data supplements. The microarray
data produced by this study were deposited at GEO (http://www.ncbi.nlm.nih.gov/geo/; Accession
ID: GSE94981). Previously reported murine ATIl and human AEC, ATIl, AM®, non-smokers lung, and
LUAD microarray data are available at GEO using Accession IDs GSE82154, GSE55459, GSE46749,
GSE18816, and GSE43458).
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Appendix 1

DOI: https://doi.org/10.7554/eLife.45571.073

Abbreviations list and master legend

AEC, airway epithelial cells; AM®, alveolar macrophages; ANOVA, analysis of variance; ATII,
alveolar type Il cells; BAL, bronchoalveolar lavage; BASC, bronchoalveolar stem cells; BHT,
butylated hydroxytoluene; BMDM, bone-marrow-derived macrophages; C57BL/6 mice, mouse
strain inherently resistant to chemical carcinogens; CCSP, Clara cell secretory protein; CCSP.
CRE mice, mouse strain in which CRE expression is driven by the ScgbT1a1 promoter; CRE,
causes recombination; ddPCR, digital droplet PCR; DTA mice, genetic suicide mouse strain
that expresses Diphtheria toxin upon CRE-mediated recombination; EC, ethyl carbamate,
urethane; FOXJ1, forkhead box J1; FVB mice, mouse strain inherently susceptible to chemical
carcinogens; GFP, green fluorescent protein; GSEA, gene set enrichment analysis; KRAS,
Kirsten rat sarcoma viral oncogene homologue; KRT5, keratin 5; LUAD, Lung adenocarcinoma;
LYZ2, lysozyme 2; LYZ2.CRE mice, mouse strain in which CRE expression is driven by the Lyz2
promoter; MCA, 3-methylcholanthrene; uCT, micro-computed tomography; n, sample size;
NES.CRE mice, mouse strain in which CRE expression is driven by the Nestin neural promoter;
P, probability; PCNA, proliferating cell nuclear antigen; LUC mice, mouse strain that reports
for CRE-mediated recombination via firefly (Photinus pyralis) luciferase expression; SD,
standard deviation; SFTPC, surfactant protein C; SFTPC.CRE mice, mouse strain in which CRE
expression is driven by the Sftpc promoter; SOX2.CRE mice, mouse strain in which CRE
expression is driven by the Sox2 promoter; TOMATO, red fluorescent TdTomato fluorophore;
TOMATO (mT/mG) mice, mouse strain that reports for CRE-mediated recombination via a
switch from TOMATO to GFP fluorophore expression; TUBA1A, acetylated tubulin; VAV.CRE
mice, mouse strain in which CRE expression is driven by the Vav1 panhematopoietic promoter.
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Figure 1. Airway cells in urethane-induced lung tumors. (A) Cartoon of the different lung epithelial lineages, their distribution in the airways (club,
goblet, ciliated, and basal cells) and the alveoli (alveolar type | and Il cells), their permanent fluorescent genetic labeling in the reporter mice used in
Figure 1 continued on next page
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Figure 1 continued

this study (green color), and the protein markers used for their identification. See also Figure 1—figure supplements 1-5. (B) Lung sections from naive
6-week-old GFP;CCSP.CRE mice (n = 22), in which all airway cells bear permanent genetic GFP+ (green arrows) and all other cells TOMATO+ (red
arrows) labels, counterstained with nuclear Hoechst33258 dye (top) or immunostained for the club cell marker CCSP and the alveolar type Il cell marker
SFTPC (bottom). a, alveoli; b, bronchi; v, vein. See also Figure 1—figure supplements 6-8. (C) Proliferating cell nuclear antigen (PCNA; brown) and
hematoxylin (blue)-stained (top) and CCSP (green) and Hoechst33258 (blue)-stained (bottom) lung tumor sections of urethane-treated C57BL/6 mice six
months post-treatment (n = 5/group), depicting endobronchial lung adenocarcinomas (white arrows). See also Figure 1—figure supplements 9—

11. (D) Lung sections of GFP;CCSP.CRE mice (n = 10) at six months post-urethane treatment bearing hyperplasias and tumors (dashed

outlines, top), and immunostained for the club cell marker CCSP (bottom left) and the alveolar type Il cell marker SFTPC (bottom right). Note the GFP-
labeled lesions of airway origin that have lost CCSP and have acquired SFTPC immunoreactivity. See also Figure 1—figure supplements 12—

19. CCSP, Clara cell secretory protein; TUBATA, acetylated a-tubulin; SFTPC, surfactant protein C; LYZ2, lysozyme 2; FOXJ1, forkhead box J1; KRTS5,
keratin 5.

DOI: https://doi.org/10.7554/eLife.45571.003
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Marker Official Name, Aliases Target Coding Gene
Protein Lineage Human Mouse
TUBA1A Tubulin, alpha 1a, acetylated tubulin Ciliated AEC | TUBA1A Tubata
KRT5 Keratin 5 Basal AEC KRT5 Krts
FOXJ1 Forkhead box J1 Goblet AEC | FOXU1 Foxj1
CCSP Secretoglobin, family 1A, member 1 Club AEC, SCGB1A1 Scgb1al
(uteroglobin), Clara cell secretory BASC
protein, Clara cell 10 KDa protein
SFTPC Surfactant protein C ATIl, BASC | SFTPC Sftpc
LYZ2 Lysozyme 2 ATII, AM® LYZ2 Lyz2

Figure 1—figure supplement 1. Table of pulmonary lineage markers and key abbreviations used in this study. TUBATA, Tubulin alpha 1a or acetylated
tubulin; KRT5, Keratin 5; FOXJ1, Forkhead box J1; CCSP, Secretoglobin, family 1A, member 1 (uteroglobin) or Clara cell secretory protein or Clara cell
10 KDa protein; SFTPC, Surfactant protein C; LYZ2, Lysozyme 2; AEC, airway epithelial cells; BASC, bronchoalveolar stem cells; ATIl, alveolar type Il
cells or type Il pneumocytes; AM®, alveolar macrophages.
DOI: https://doi.org/10.7554/eLife.45571.004
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. CRE . .
Strain Category CRE reporter x CRE driver intercrosses
reporter
GFP; GFP; GFP; GFP; GFP; GFP;
Short Name TOMATO CCSP. SFTPC. | LYz2. SOX2. VAV. NES.
Cre Cre Cre Cre Cre Cre
B6.129(Cg)- CRA ) )
Gt(ROSA)26 | BECBA B6.120p2- | B6.Co- | B6.Co- | pe oo
Full Name Sortm4(ACT ezt | IESie: Lyz2tm1(cr [ L il Tg(Nes-
cre)1Vart/Fl | cre)1Blh cre)1Amc/ | icre)A2Kio/
B-tdTomato,- m e)lfo/J J J cre)1Kin/J
EGFP)Luo/J 9
Sy Muzumdar et | Oikonomou | Okubo et | Desaiet |Hayashiet| Ogilvy et | Tronche et
al., 2007 etal., 2012 | al.,, 2005 | al., 2014 al., 2002 al., 1998 al., 1999
ID JAX # EMMA # MGI # JAX # JAX # JAX # JAX #
007676 EM:04965 | 3574949 004781 008454 008610 003771
Background C57BL/6 C57BL/6 C57BL/6 | C57BL/6
tested FVB FVB FVB FVB C57BL/6 C57BL/6 C57BL/6
Lo AEC - e + - + - +
o
] ATII - - + + + - -
o
B AMO - - ] + + + _
[0}
3 BASC - + + - + - -
° BM - - - + + + -

Figure 1—figure supplement 2. Genetic labeling of pulmonary lineages in eleven mouse strains and intercrosses: summary of results. CRE, causes
recombination; TOMATO, tdTomato; GFP, green fluorescent protein; CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2;
SOX2, sex determining region Y (SRY)-box 2; VAV, Vav Guanine Nucleotide Exchange Factor 1; NES, nestin; JAX, Jackson Laboratories; EMMA,
European Mutant Mouse Archive; MGI, Mouse Genome Informatics; AEC, airway epithelial cells; BASC, bronchoalveolar stem cells; ATII, alveolar type |l
cells or type Il pneumocytes; AM®, alveolar macrophages; BM, bone marrow (myeloid) cells. Symbols indicate: - (white), no genetic labeling; +
(magenta), complete genetic labeling; + (blue), partial genetic labeling.

DOI: https://doi.org/10.7554/eLife.45571.005
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Figure 1—figure supplement 3. Genetic labeling of pulmonary lineages in seven lineage reporter strains on the C57BL/6 background: representative
images. Representative photographs (top row) and green epifluorescence images (second row) of whole lungs, as well as fluorescent microscopic
images of lung sections for nuclear Hoechst33258 stain (third row), endogenous TOMATO (fourth row), endogenous GFP (fifth row), and merged
images (bottom row) of genetically marked mice on the C57BL/6 background employed in these studies (described in detail in Figure 1—figure

supplement 2) at six postnatal weeks (n = 5/mouse strain). b, bronchi; a, alveoli; ps, pleural space.
DOI: https://doi.org/10.7554/elife.45571.006
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Figure 1—figure supplement 4. Genetic labeling of pulmonary lineages in seven lineage reporter strains on the
C57BL/6 background: data summary. XY plot of GFP-labeled airway versus alveolar cells from n = 5 mice/mouse
strain. Arrows denote the three lineage-reporter strains selected for further study including GFP,CCSP.CRE
(green), GFP;LYZ2.CRE (blue), and GFP;SFTPC.CRE (olive) mice. Data are given as mean + SD.

DOI: https://doi.org/10.7554/eLife.45571.007
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Figure 1—figure supplement 5. Flow cytometric quantification of lineage-labeled cells in three lineage reporter strains on the C57BL/6 background.
Schematic representation of genetic lineage labeling of GFP,CCSP.CRE, GFP;SFTPC.CRE, and GFP;LYZ2.CRE mice (left), flow cytometric gating
strategy to quantify GFP+ and TOMATO+ cells (middle), and violin plot from n = 5, 3, and six mice/strain (right). Numbers are mean + SD. P, overall

probability, two-way ANOVA.

DOI: https://doi.org/10.7554/eLife.45571.009
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Figure 1—figure supplement 6. Genetic lineage labels of protein-marked cells in three lineage reporter strains on the C57BL/6 background:
representative images. Representative merged fluorescent microscopic images from lineage marker-stained lung sections of 6-week-old lineage-
Figure 1—figure supplement 6 continued on next page
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labeled mice (n = 5/group). Arrows indicate cells expressing the respective marker protein with (green) or without (red) genetic lineage-labeling. CCSP,
Clara cell secretory protein; TUBA1A, acetylated tubulin; SFTPC, surfactant protein C; LYZ2, lysozyme 2; b, bronchi; a, alveoli.
DOI: https://doi.org/10.7554/eLife.45571.011
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Figure 1—figure supplement 7. Genetic lineage labels of protein-marked cells in seven lineage reporter strains
on the C57BL/6 background: data summary. XY plot of ratios of genetic GFP-labeled to protein marker CCSP and
SFTPC-immunoreactive cells (n = 5/group). Arrows denote the three lineage-reporter strains selected for further
study including GFP;CCSP.CRE (green), GFP;LYZ2.CRE (blue), and GFP;SFTPC.CRE (olive) mice. Data are given as
mean = SD.

DOI: https://doi.org/10.7554/eLife.45571.012
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Figure 1—figure supplement 8. Protein markings of lineage-labeled cells in three lineage reporter strains on the
C57BL/6 background: data summary. Quantification of protein marker expression of genetic-labeled cells of GFP;
CCSP.CRE, GFP;LYZ2.CRE, and GFP;SFTPC.CRE mice (n = é/strain) for Clara cell secretory protein (CCSP),

surfactant protein C (SFTPC), and lysozyme 2 (LYZ2). Data are given as violin plots. P, overall probability, two-way

ANOVA.

DOI: https://doi.org/10.7554/eLife.45571.014
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Figure 1—figure supplement 9. Two carcinogen regimens for reproducible lung tumor induction in naturally
resistant C57BL/6 mice. Top: schematic of multi-hit urethane administration tailored to yield 90% tumor incidence
in C57BL/6 mice: ten weekly intraperitoneal injections of 1 g/Kg urethane (ethyl carbamate, EC; gray arrows) are
initiated at six weeks after birth (pink arrow) and lungs are examined six months after the first urethane injection
(black arrow). Bottom: 3-methyl-1,2-dyhydrobenzoljlaceanthrylene (MCA)/butylated hydroxytoluene (BHT) regimen
tailored to yield 90% tumor incidence in C57BL/6 mice. Four weekly intraperitoneal injections of 15 mg/Kg MCA
(red arrows) initiated at six weeks after birth (pink arrow) are followed by eight weekly intraperitoneal injections of
200 mg/Kg BHT (blue arrows) and lung examination at six months after first MCA dose (black arrow).

DOI: https://doi.org/10.7554/eLife.45571.016
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Figure 1—figure supplement 10. Lung tumors induced in C57BL/6 mice by two carcinogen regimens. Eighty-four
C57BL/6 mice received ten weekly intraperitoneal injections of 1 g/Kg urethane (ethyl carbamate, EC) initiated at
six weeks of age and lungs were examined six months after the first urethane injection (black font and symbols).
Twenty C57BL/6 mice received four weekly intraperitoneal injections of 15 mg/Kg 3-methyl-1,2-dyhydrobenzolj]
aceanthrylene (MCA) followed by eight weekly intraperitoneal injections of 200 mg/Kg butylated hydroxytoluene
(BHT) and lungs were examined six months after the first MCA dose (gray font and symbols). Table shows tumor
incidence and graph shows tumor number versus mean tumor diameter. Each small circle represents one mouse
and each large circle with error bar the means for each carcinogen regimen.

DOI: https://doi.org/10.7554/elife.45571.017
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Figure 1—figure supplement 11. Airway links of urethane-induced lung adenocarcinomas. Proliferating cell nuclear antigen (PCNA)-stained lung
sections of urethane-treated C57BL/6 mice at six months post-treatment start. Arrows: airway hyperplasias (gray) and lung adenocarcinomas (black)
arising within a bronchus (left) and apparently in an alveolar region but adjacent to a bronchus (right).

DOI: https://doi.org/10.7554/eLife.45571.019
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Figure 1—figure supplement 12. Genetic labeling of urethane-induced lung adenocarcinomas in four lineage reporter strains on the C57BL/6
background: representative images. Representative photographs (top row) and green epifluorescence images (second row), as well as merged
fluorescent microscopic images of lung sections for nuclear Hoechst33258 stain, endogenous TOMATO, and endogenous GFP (bottom three rows), of
tumor-bearing lungs from genetically marked mice employed in these studies (described in detail in Figure 1—figure supplement 2) at six months
after initiation of ten weekly intraperitoneal urethane injections (n = 30, 22, 18, and 20/strain, respectively). b, bronchi. Top two rows: arrows indicate
Figure 1—figure supplement 12 continued on next page

Spella et al. eLife 2019;8:45571. DOI: https://doi.org/10.7554/eLife.45571 16 of 53

96



e LI F E Research article

Figure 1—figure supplement 12 continued

Cancer Biology | Cell Biology

lung tumors. Bottom three rows: white arrows indicate GFP-labeled cells in apparently non-affected alveolar areas of GFP;CCSP.CRE mice; green arrow
indicates rare GFP+ cell in non-affected central airway of GFP;LYZ2.CRE mouse. Note the absence of GFP-labeling of lung tumors in TOMATO mice,
the complete GFP-labeling in GFP;CCSP.CRE and GFP;SFTPC.CRE mice, and the partial GFP-labeling in GFP;LYZ2.CRE mice.
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Figure 1—figure supplement 13. Genetic labeling of urethane-induced lung adenocarcinomas in four lineage
reporter strains on the C57BL/6 background: data summary. XY plot of percentage of GFP-labeled tumors/lung
versus GFP-labeled tumor cells/tumor averaged per lung in strains from Figure 1—figure supplement 12 (n = 30,
22,18, and 20/group, respectively). Data are given as mean + SD.
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Figure 1—figure supplement 14. Genetic labeling of MCA/BHT-induced lung adenocarcinomas in two lineage reporter strains on the C57BL/6
background: representative images. Single-channel (endogenous TOMATO and GFP labeling and Hoechst 33258 nuclear stain) and merged images of
lung hyperplasias and tumors (dashed outlines) of TOMATO and GFP;CCSP.CRE mice at six months after initiation of treatment with four weekly
intraperitoneal injections of 15 mg/Kg 3-methyl-1,2-dyhydrobenzo[jlaceanthrylene (MCA) followed by eight weekly intraperitoneal injections of 200 mg/
Kg butylated hydroxytoluene (BHT) (n = 8/group). Note the absence of GFP-labeling in lesions of TOMATO mice and the GFP-labeled lesions of GFP;
CCSP.CRE mice.
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Figure 1—figure supplement 15. Protein marker expression of urethane-induced lung adenocarcinomas in three lineage-labeled mouse strains on the
C57BL/6 background: representative images. Lineage marker protein-stained lung adenocarcinomas (dashed outlines) from genetically marked mice

(n = 10/group). Note the genetic GFP-labeled tumor cells of GFP;CCSP.CRE mice that have lost CCSP and have acquired SFTPC with or without LYZ2
protein marker expression. CCSP, Clara cell secretory protein; TUBA1A, acetylated o-tubulin; SFTPC, surfactant protein C; LYZ2, lysozyme 2.
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Figure 1—figure supplement 16. Genetic lineage labels of protein-marked cells in three lineage reporter strains on the FVB background:
representative images. Representative merged fluorescent microscopic images from lineage marker-stained lung sections of 6-week-old lineage
reporter mice (n = 5/group). Arrows indicate cells expressing the respective marker protein with (green) or without (red) genetic lineage-labeling. CCSP,
Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2; b, bronchi; a, alveoli.

DOI: https://doi.org/10.7554/elife.45571.025
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Figure 1—figure supplement 17. A single-hit mouse model for urethane-induced lung adenocarcinoma
induction in naturally susceptible FVB mice. Schematic of single-hit urethane administration tailored to yield 100%
tumor incidence in FVB mice: one intraperitoneal injection of 1 g/Kg urethane (ethyl carbamate, EC; gray arrow) is
delivered at six weeks after birth (pink arrow) and lungs are examined six months later (black arrow).

DOI: https://doi.org/10.7554/eLife.45571.026
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Figure 1—figure supplement 18. High-throughput epifluorescent detection of genetic labeling of urethane-induced lung adenocarcinomas in four
lineage reporter strains on the FVB background: representative images. Representative photographs (top) and green (middle) and red (bottom)
epifluorescence images of tumor-bearing lungs from genetically lineage-marked FVB mice at six months after a single intraperitoneal urethane injection
(n > 8/strain). Arrows indicate all (white), GFP-labeled (green), and TOMATO-labeled (red) lung tumors.

DOI: https://doi.org/10.7554/eLife.45571.027
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Figure 1—figure supplement 19. Genetic labeling of urethane-induced lung adenocarcinomas in three lineage reporter strains on the FVB
background: representative images. Representative merged fluorescent microscopic images of lineage marker protein-stained lung tumors (dashed
outlines) from genetically marked mice (FVB background) at six months after a single intraperitoneal urethane injection (n > 10/strain). Note the genetic
GFP-labeled tumor cells of GFP;CCSP.CRE mice that have lost CCSP and have acquired SFTPC with or without LYZ2 protein marker expression. CCSP,
Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2.
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Figure 2. Airway cells sustain Kras®®'® mutations inflicted by urethane and give rise to juxtabronchial lung adenocarcinomas. (A) DNA was extracted

from the lungs of GFP;CCSP.CRE and GFP;LYZ2.CRE mice (FVB strain) one and two weeks post-urethane treatment (n = 5/group). Summary of
duplexed digital droplet PCR (ddPCR) results using primers and probes specific for the Rosa™ and the Kras"'" sequences. Note that all cell types
equally suffer initial Kras®®'® mutations, but only GFP-labeled cells of GFP;CCSP.CRE mice (i.e. airway cells) maintain the Kras@™® mutation after two
weeks. See also Figure 2—figure supplement 1. Data are shown as violin plot. P, overall probability, two-way ANOVA. ***: p<0.001 compared with all
other groups, Bonferroni post-tests. (B) Representative high-resolution micro-computed tomography (UCT) lung sections (top) and three-dimensional
reconstructions (bottom) from urethane-treated FVB mice six months after treatment (n = 10). Note lung tumors attached to (green arrows) or contained
within (blue arrows) the airways, as well as lung tumors with no obvious link to a bronchus (red arrows). (C) Summary of results from uCT (data from
Figure 2B) and pathology (data from Figure 1C) shown as violin plot. P, probability, two-way ANOVA.*, *** and ****: 1<0.05, p<0.001, and p<0.0001,
respectively, compared with airway-attached tumors, Bonferroni post-tests. Shown are also Spearman'’s correlation coefficient (p) and probability (P) for
correlation of uCT and pathology results.
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Figure 2—figure supplement 1. Airway cells sustain Kras2°'® mutations inflicted by urethane. DNA was extracted from the lungs of GFP;CCSP.CRE

and GFP;LYZ2.CRE mice (FVB strain) one and two weeks post-urethane treatment (n = 5/group). Representative gating strategy of digital droplet PCR
(ddPCR) using primers and probes specific for the Rosa™” and the Kras™T sequences. Dashed outlines indicated GFP+Kras2®'R+ droplet gates.
DOI: https://doi.org/10.7554/¢Life.45571.030
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Figure 3. Expansion of airway cells in the tumor-initiated lung. (A) Non-neoplastic alveolar regions from lung sections of saline-, urethane (ethyl
carbamate, EC)-, and 3-methyl-1,2-dyhydrobenzol[jlaceanthrylene/butylated hydroxytoluene (MCA/BHT)-treated GFP;CCSP.CRE mice at six months into
treatment (n = 8 mice/group). Note the few GFP-labeled cells of saline-treated mice and their increased numbers in carcinogen-treated mice (arrows).
See also Figure 3—figure supplements 1 and 2. (B) Juxtabronchial region from lung section of urethane-treated GFP;CCSP.CRE mouse at six months
into treatment (n = 22) stained for the alveolar type Il cell marker SFTPC. Arrows and legend indicate different phenotypes of extrabronchial GFP-
labeled cells. See also Figure 3—figure supplements 3-5. (C) Merged high-power image of SFTPC and KRT5 co-staining of human lung
adenocarcinoma (n = 10) shows significant co-localization of the two markers in a subset of tumor cells (arrows). See also Figure 3—figure supplement
6. CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; KRT5, keratin 5.
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Figure 3—figure supplement 1. Airway-labeled cells in the alveoli of carcinogen-exposed C57BL/6é mice: representative images. Single-channel
microscopy images (endogenous TOMATO and GFP labeling with Hoechst 33258 nuclear stain) of non-neoplastic alveolar regions of GFP;CCSP.CRE
mice treated as in Figure 3A.

DOI: https://doi.org/10.7554/elife.45571.034
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Figure 3—figure supplement 2. Airway-labeled cells in the alveoli of carcinogen-exposed C57BL/6 mice: data
summary. Data summary (shown as violin plot) from GFP;CCSP.CRE mice treated as in Figure 3A (n = 10/group).
P, overall probability, one-way ANOVA. ns and **: p>0.05 and p<0.01 for the indicated comparisons, Bonferroni
post-tests.
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Figure 3—figure supplement 3. Airway-labeled cells in the alveoli of carcinogen-exposed mice express SFTPC. Single-channel images of non-
neoplastic distal lung regions of urethane-treated GFP;CCSP.CRE mice at six months into treatment (n = 22), stained for the lung cell markers Clara cell
secretory protein (CCSP), acetylated a-tubulin (TUBA1A), and surfactant protein C (SFTPC). Note the genetic GFP-labeled tumor cells that have lost
CCSP and have acquired SFTPC protein marker expression.

DOI: https://doi.org/10.7554/eLife.45571.036
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Figure 3—figure supplement 4. Airway-labeled cells in environmental-induced lung tumors express SFTPC. Juxtabronchial regions, alveolar
hyperplasias, and tumors (dashed lines) of lungs from urethane-treated GFP;CCSP.CRE mice at six months into treatment (n = 22) stained for lineage
marker proteins Clara cell secretory protein (CCSP), acetylated a-tubulin (TUBA1A), and surfactant protein C (SFTPC). Arrows and legend indicate
different phenotypes of extrabronchial GFP-labeled cells. a, alveoli; b, bronchi.

DOI: https://doi.org/10.7554/elife.45571.037
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Figure 3—figure supplement 5. In vivo bioluminescent detection of the airway lineage in the lungs of saline- and carcinogen-treated mice.
Representative merged bioluminescence/photographic images (left) and data summary (right) of LUC;CCSP.CRE mice (FVB background) before and
seven months after saline (one intraperitoneal injection of 100 uL; n = 6) or urethane (one intraperitoneal injection of 1 g/Kg in 100 pL saline; n = 5)
treatment. Note that in this model light is emitted exclusively by genetically CCSP-labeled cells over the lungs. Note also the signal decrease in saline-
and increase in urethane-treated mice. Data are given as mean + SD. P, overall probability, two-way ANOVA. ***: p<0.001 for comparison with saline,
Bonferroni post-test.
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Figure 3—figure supplement 6. Human lung adenocarcinomas co-express airway and alveolar markers. Co-staining of human lung adenocarcinomas
for SFTPC and either CCSP (A; n = 10) or KRT5 (B; n = 10) shows absence of CCSP expression and significant co-localization of SFTPC and KRT5 in a

subset of tumor cells. CCSP, Clara cell secretory protein; KRT5, keratin 5; SFTPC, surfactant protein C.
DOI: https://doi.org/10.7554/elife.45571.039
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Figure 4. Airway cells in alveolar repair. (A) Non-neoplastic alveolar regions from lung sections of aging GFP;CCSP.CRE mice (bottom right section is
also SFTPC-immunostained) show increasing numbers of alveolar GFP-labeled cells with age (arrows). Green arrows: genetically GFP-labeled, SFTPC-
Figure 4 continued on next page
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Figure 4 continued

immunoreactive airway cells in alveolus of 15-month-old GFP,CCSP.CRE mouse. (B) Data summary (n = 5 mice/time-point) from (A) shown as violin
plot. Color-coded boxes indicate time windows of experiments in (C-H). P, probability, one-way ANOVA. ns, ***, and ****: p>0.05, p<0.001, and
p<0.0001, respectively, for comparison with time-point zero by Bonferroni post-tests. (C) SFTPC-immunostained lung sections of GFP;CCSP.CRE mice
show accelerated increase of alveolar GFP-labeled SFTPC-immunoreactive airway cells after bleomycin treatment (arrows). See also Figure 4—figure
supplement 1 and Figure 4—figure supplement 2. (D) Data summary from (C) shown as violin plots (n = 4 mice/time-point). P, probabilities, one-way
ANOVA. ns, *, **, *** and ****: ph>0.05, p<0.05, p<0.01, p<0.001, and p<0.0001, respectively, for comparison with day zero by Bonferroni post-tests. (E)
SFTPC-stained lung sections of GFP;CCSP.CRE mice at two months after perinatal exposure to 98% O, show enlarged alveoli (evident by increased
mean linear intercept) enriched in GFP-labeled SFTPC-immunoreactive airway cells (arrows) compared with 21% O,. (F) Data summary from (E) shown
as violin plots (n = 6 mice/group). P, probabilities, t-test. (G) Lung sections (top) of GFP;CCSP.CRE mice (n = 5 mice/group) show enrichment of alveoli
in GFP-labeled cells post-naphthalene treatment (arrows). Lung sections (bottom) of GFP;LYZ2.CRE mice (n = 5 mice/group) at six weeks post-
naphthalene show no bronchial (b) GFP-labeled cells. See also Figure 4—figure supplements 3 and 4. (H) Data summary from (G) shown as violin plot
(n = 5 mice/time-point). P, probability, two-way ANOVA. ns and ****: p>0.05 and p<0.0001, respectively, for comparison with corn oil by Bonferroni
post-tests. CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2.
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Figure 4—figure supplement 1. Alveolar type Il cell ablation using bleomycin pre-treatment increases airway-
labeled cells in urethane-induced lung tumors: representative images. Representative epifluorescence (top) and
merged fluorescent microscopy (bottom) images of tumor-bearing lungs and lung tumors of six-week-old GFP;
CCSP.CRE mice that received intratracheal saline or 0.08 units bleomycin (n = 6/group), were allowed to recover
for one month, and subsequently received ten weekly intraperitoneal injections of 1 g/Kg urethane to be sacrificed
six months after the first urethane injection. Arrows and dashed outlines indicate lung tumors.
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Figure 4—figure supplement 2. Alveolar type Il cell ablation using bleomycin pre-treatment increases airway-labeled cells in urethane-induced lung
tumors: data summary. Violin plot of GFP-labeled tumors/mouse (n = é mice/group) and GFP-labeled cells/tumor (n = 12 tumors/group; n = 2 tumors/
mouse were examined) from experiment described in Figure 4—figure supplement 1. Note the enrichment of lung adenocarcinomas in GFP-labeled
cells in response to bleomycin, which depletes resident alveolar type Il cells. P, overall probability, two-way ANOVA. **: p<0.01 for comparison with
saline, Bonferroni post-test.

DOI: https://doi.org/10.7554/eLife.45571.044
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Figure 4—figure supplement 3. Airway epithelial cell ablation using naphthalene is restored by airway-labeled cells: representative images.
Representative fluorescent microscopic images of lungs of GFP;CCSP.CRE mice at different time-points after intraperitoneal injection of 250 mg/Kg
naphthalene given at six weeks of age. Shown are merges of Hoechst 33258-stain, endogenous TOMATO- and GFP-labeling, and immunostains for
surfactant protein C (SFTPC, left) or Clara cell secretory protein (CCSP, right). Arrows denote naphthalene-induced airway epithelial gaps that are
restored by GFP-labeled airway cells that express CCSP, but not SFTPC protein.

DOI: https://doi.org/10.7554/eLife.45571.045
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Figure 4—figure supplement 4. Airway epithelial cell ablation by naphthalene: data summary. Violin plot of percentage of GFP-labeled airway cells
from experiment described in Figure 4—figure supplement 3 (n = 6 mice/time-point). P, overall probability, one-way ANOVA. ***: p<0.001 for the

comparison with day zero, Bonferroni post-test.
DOI: https://doi.org/10.7554/eLife.45571.046
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Figure 5. Airway cell-ablated mice display alveolar destruction and are protected from carcinogenesis. (A) Lineage marker-immunostained lung
sections of 12-week-old GFP;CCSP.CRE;DTA and GFP;LYZ2.CRE;DTA mice (n = é6/group) show increased bronchial and alveolar size and flat CCSP

+ SFTPC+ LYZ2+ cells in the airways of GFP;CCSP.CRE;DTA mice (green arrows), and CCSP-SFTPC-LYZ2+ alveolar macrophages in the airspaces of
GFP;LYZ2.CRE;DTA mice (blue arrows). See also Figure 5—figure supplements 1 and 2. (B) Hematoxylin and eosin-stained lung sections (n = 6/group)
from 12-week-old DTA (controls), CCSP.CRE;DTA (airway epithelial suicide model), and LYZ2.CRE;DTA (alveolar epithelial suicide model) mice. (C) Data
summaries of mean linear intercept, bronchoalveolar lavage (BAL) myeloid cells, pressure-volume curves, airway resistance, and static compliance

(n = 6-10/group) from 12-week-old DTA, CCSP.CRE;DTA, and LYZ2.CRE;DTA mice shown as violin plots. P, probabilities, one-way ANOVA. ns, **, and
**%: 0>0.05, p<0.01, and p<0.001, respectively, for the indicated comparisons, Bonferroni post-tests. (D) Lung photographs of control, CCSP.CRE;DTA,
and LYZ2.CRE;DTA mice at six months into treatment with urethane started at six weeks of age. (E) Incidence table and data summaries of lung tumors
from (D) (violin plots; n is given in table). P, probabilities, xz—test (table) and one-way ANOVA (graphs). ns, *, **, and ***: p>0.05, p<0.05, p<0.01, and
p<0.001, respectively, for the indicated comparisons, Fischer's exact tests (table) or Bonferroni post-tests (graphs). a, alveoli; b, bronchi; ps, pleural
space; v, vessel. CCSP, Clara cell secretory protein; SFTPC, surfactant protein C; LYZ2, lysozyme 2.
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HOECHST33258

Figure 5—figure supplement 1. Triple transgenic mouse models for validation of genetic pulmonary lineage ablation: representative images.
Representative lung sections of 12-week-old GFP;CCSP.CRE, GFP;LYZ2.CRE, GFP,CCSP.CRE;DTA, and GFP;LYZ2.CRE;DTA mice (n = 6/group). Shown
are merges of Hoechst 33258-stained endogenous TOMATO- and GFP-labeling. Note increased bronchial (b) and alveolar (a) size, complete airway
epithelial denudement, and prominent distortion of bronchial and alveolar structure of GFP;CCSP.CRE;DTA mice compared with other strains,
mimicking chronic obstructive pulmonary disease. Note also the presence of some GFP-labeled alveolar macrophages in GFP;LYZ2.CRE;DTA mice
(arrows). a, alveoli; b, bronchi.

DOI: https://doi.org/10.7554/eLife.45571.054
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Figure 5—figure supplement 2. Triple transgenic mouse models for validation of genetic pulmonary lineage ablation: data summary. Violin plot of
GFP-labeling of lung sections of 12-week-old mice from Figure 5—figure supplement 1 (n = 6/group). Note the complete ablation of airway cells in
GFP;CCSP.CRE mice and the persistence of some GFP-labeled alveolar macrophages in GFP;LYZ2.CRE;DTA mice. Measurements were from at least
five non-overlapping tumor, airway, or alveolar fields/lung. P, overall probability, two-way ANOVA. ns and ****: p>0.05 and p<0.0001, respectively, for
the indicated comparisons by Bonferroni post-tests.
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Figure 6. Airway and alveolar signatures in murine and human lung adenocarcinoma (LUAD). (A, B

) RNA of mouse urethane-induced LUAD cell lines,

lungs obtained pre- and one week post-urethane treatment, airway epithelial cells (AEC), alveolar type Il cells (ATIl), and bone marrow-derived
macrophages (BMDM) was examined by Affymetrix Mouse Gene ST2.0 microarrays (n = 4/group). (A) Heat map of genes significantly differentially

expressed (overall ANOVA and FDR p<10’6) shows accurate hierarchical clustering. (B) Expression
Figure é continued on next page

of the 30 top-represented transcripts of AEC, ATII,
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Figure é continued

and BMDM in lungs and LUAD cells. See also Figure 6—figure supplements 1-4. (C, D) RNA of human LUAD (n = 40), never-smoker lung tissue

(n = 30), primary AEC (n = 5), primary ATIl (n = 4), and alveolar macrophages (AM®; n = 9) was analyzed by Affymetrix Human Gene ST1.0 microarrays.
(C) Heat map of genes significantly differentially expressed (AGE > 5 fold) between LUAD and lung (ANOVA and FDR p<1073) shows accurate
hierarchical clustering. (D) Mean expression levels of the 30 top-represented transcripts of human AEC, ATll, and AM® in lungs and LUAD. (E, F) Gene
set enrichment analyses, including normalized enrichment scores (NES), of mouse (E) and human (F) AEC, ATIl, and BMDM/AM® signatures (defined as
the top 1% expressed genes overall or exclusive to the cell type; n = 2) in mouse and human LUAD transcriptomes shows significant enrichment of the
AEC (but not the ATIl and BMDM/AM®) signature compared with lung (nominal p<0.0001 for all, family-wise error rates FWER <0.01). Gene symbols
indicate the top three lagging genes from each signature and shows loss of ScgbaT (encoding CCSP) by LUAD. See also Figure 6—figure
supplements 5 and 6. Data are given as violin plots. P, two-way ANOVA probabilities. ns, *, **, and ***: p>0.05, p<0.05, p<0.01, and p<0.001 for the
indicated comparisons by Bonferroni post-tests. ANOVA, analysis of variance; FDR, false discovery rate.
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Figure 6—figure supplement 1. Lineage-specific gene expression in mouse lung adenocarcinoma cell lines induced by urethane compared with
mouse lungs. RNA of mouse urethane-induced lung adenocarcinoma (LUAD) cell lines, lungs obtained pre- and one week post-urethane treatment,
and airway epithelial cells (AEC), alveolar type Il cells (ATIl), and bone marrow-derived macrophages (BMDM) was examined by Affymetrix Mouse Gene
ST2.0 microarrays (n = 4/group). Shown is the number of genes out of the 30 top-represented transcripts of AEC, ATIl, and BMDM within the top-2000-
expressed genes of lungs and LUAD cells.

DOI: https://doi.org/10.7554/eLife.45571.060
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Figure 6—figure supplement 2. Loss of lineage marker expression in mouse lung adenocarcinoma cell lines induced by urethane. Mean expression
levels of selected transcripts, including lineage markers and markers of histologic subtype in lung adenocarcinoma (LUAD) cell lines compared with
lungs pre- and one week post-urethane treatment (A and B, microarrays from Figure 6—figure supplement 1, n = 2/group; C, gPCR, n = 3/group).
AD, adenocarcinoma; SQ, squamous cell carcinoma; SC, small cell carcinoma. P, overall probability, two-way ANOVA. ****: p<0.0001 for the
highlighted genes compared with lungs (red, significantly down-regulated; green, significantly up-regulated).

DOI: https://doi.org/10.7554/eLife.45571.061

Spella et al. eLife 2019;8:e45571. DOI: https://doi.org/10.7554/eLife.45571 46 of 53

126



e LI F E Research article

Cancer Biology | Cell Biology

Pri2c2
Pri2c3; Pri2c4
Unc13c
Mir1949
Hist1h2ag '
Fosl1
Gm4737
Hist2h2ac
Hist2h2ab
Hmga2
Kenn4

Over-represented in LUAD cell lines

A\ 4

Racgap1
Aldh18at
Psat1
cnt3

Gen
Hist1h2b,
[ - B Padi2

Hist1h2af
Krt18
Hmgat-rs1
Hist4h4

Hist1h2ab
Slc7ab

AGE > 5
ANOVA P <0.01
528 genes

—
UAD Lungs Tracheal

Primary L
cell lines epithelial cells

Under-represented in LUAD cell Iines)

Sorbs3
E030019B13Rik
Gm2.
Gm24069
17550566

Figure 6—figure supplement 3. Loss of lineage marker expression in mouse lung adenocarcinoma cell lines
induced by urethane compared with mouse lungs: heat maps. 528 genes differentially expressed between six

Figure é—figure supplement 3 continued on next page
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Figure 6—figure supplement 3 continued

different lung adenocarcinoma cell lines cultured from urethane-induced lung tumors and six benign respiratory
mouse samples, including lungs of saline- and urethane-treated mice obtained at one week post-treatment, as
well as primary mouse tracheal epithelial cells using the cut-offs indicated. Whole heat map (left) showing the
accurate hierarchical clustering of the samples according to differentially expressed genes, as well as the top over-
and under-represented genes (right). Note the universal loss of expression of lineage markers by lung
adenocarcinoma cells (genes in red font). ANOVA, analysis of variance; FDR, false discovery rate.

DOI: https://doi.org/10.7554/eLife.45571.062
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Figure 6—figure supplement 4. Loss of lineage marker expression in mouse lung adenocarcinoma cell lines induced by urethane compared with

mouse lungs: volcano plot. Shown are selected top over- and under-represented genes (arrows) from microarrays from Figure 6—figure supplement
2.
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Figure 6—figure supplement 5. Mouse gene set enrichment analyses. Shown are gene set enrichment analyses of airway epithelial cell (AEC), alveolar
type Il cell (ATII), and bone marrow-derived macrophage (BMDM) transcriptome signatures in mouse lungs (top) and urethane-induced lung

adenocarcinoma (LUAD) cell lines (bottom) transcriptomes. The data were used to design Figure 6E.
DOI: https://doi.org/10.7554/eLife.45571.064
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Figure 6—figure supplement 6. Human gene set enrichment analyses. Affymetrix Human Gene ST1.0 microarrays hybridized with RNA of human lung
adenocarcinomas (LUAD; n = 40), never-smoker lung tissues (n = 30), primary airway epithelial cells (AEC; n = 5), primary alveolar type Il cells (ATII;

n = 4), and alveolar macrophages (AM®; n = 9) were cross-examined. Shown are gene set enrichment analyses of AEC, ATIl, and AM® signatures in
lung (top) and LUAD (bottom) transcriptomes. The data were used to design Figure 6F.
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Figure 7 continued

Il (ATII) cells, notwithstanding their common descent from an early (possibly Sftpc+) lung epithelial progenitor. The
developmental airway lineage (ScgbTal+ Sftpct; green) gives rise to all types of airway cells, including club,
ciliated, goblet, basal, and other cells, while the developmental ATIl lineage (Sftpc+ Lyz2+; red) gives rise to ATII
cells before birth. These lineages appear to be segregated in the growing unaffected lung of the mouse till the
age of six weeks, which roughly corresponds to a human age of six years, where cellular proliferation in the human
lungs ceases. Thereafter, and likely due to the continuous exposure of the lungs to inhaled noxious agents,
gradual expansion of Scgblal+ Sftpct marked cells ensues. Upon lung injury, this process is accelerated.
Similarly, during carcinogenesis caused by chemical tobacco smoke carcinogens, Scgb1al+ Sftoct marked cells
expand and are ubiquitously present in peripheral lung adenocarcinomas. (B) Proposed neonatal proportions and
postnatal dynamics of pulmonary epithelial cells during adulthood. Estimated proportions of lineage-marked cells
at birth, based on flow cytometry and co-localization of proteinaceous and genetic cell marking. Lung lineages
appear to be segregated in the growing lung till the age of full lung development (six weeks in mice and 6-8 years
in humans) or till lung injury ensues. Schematic of proposed postnatal redistribution of marked cells in the adult
lung. Upon injury, during multi-stage field carcinogenesis, or even during unchallenged aging, Scgb1al+ marked
cells appear in the distal alveolar regions, thereby maintaining lung structure and function. Bubble size indicates
relative marked cell abundance. CCSP, Clara cell secretory protein; FOXJ1, forkhead box J1; KRT5, keratin 5; LYZ2,
lysozyme 2; SFTPC, surfactant protein C; TUB1A1, acetylated a-tubulin.
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4. Conclusion

From the publications included in this dissertation it becomes evident that a
broad range of mouse and in vitro models was implemented to study
carcinogen-induced alterations in the lungs. It was demonstrated how
chemical carcinogenesis can be used to deepen our current understanding of
LUAD. Moreover, a new version of a cutting-edge technology was
implemented (ddPCR”%) and adapted to mouse models of tobacco-induced
LUAD.

The generation of seven carcinogen-induced LUAD cell lines from
carcinogen-induced tumors in different mouse strains was presented in the
first publication. These cell lines represent a multitasking tool to study
different aspects of smoking-induced LUAD since they are able to mimic the
different aspects of tumors-initiating cells and to exhibit a fully malignant
state. Furthermore, due to their gene expression profiles and mutational
burden in key cancer genes overlapping with smoker’s LUAD profiles, these
cell lines epitomize a road map to study the different aberrations induced by
tobacco carcinogens. As shown in the publication, these cell lines presented
a unique gene expression profile that is not only displaying cancer related
deregulation but also suggests the existence of specific carcinogen
signatures. This possibility is examined in depth in a study still unpublished,
in which our collection of cell lines was expanded to a larger number. We
used different mouse strains and carcinogens, which were subsequently
deployed in order to develop a new approach based on RNAseq. We were
able to fingerprint, in this study, the carcinogen-induced mutation status and

gene expression profiles of our cell lines.

In the second publication, the role of club cells in LUAD carcinogenesis was
elucidated. Using different combinations of cell lineage labeling, it became
possible to pinpoint the role of airway cells in LUAD development. The use of
ddPCRA% elucidated the persistence of Kras mutation in club cells during
early steps of carcinogenesis. Furthermore, the combination of cell lineage
labeling and ddPCR”% permitted for the first time analyses of mutational
processes in space and time on the single copy level. Consistent with the
tumor initiation phase, where a mutation arises in a cell and is clonally
expanded among its progeny, this approach allowed us to finely track the

development of a mutation in a specific cell lineage and to quantitatively
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assess its expansion over time. Expanding the spatial and longitudinal
mapping from one single mutation to the full spectrum of carcinogen-induced
mutations would require an experimental approach designed toward the
massive parallel sequencing. Nevertheless, the approach described in Spella

et al 2019 opens a targeted path for further explorations.

In conclusion, this dissertation combines different biological approaches
designed to map and characterize tobacco carcinogen-induced alterations in
the lungs. Importantly, the relative contributions of the candidate towards the
two included publications were critical in showing the faithful mimicry of
smokers’ LUAD by our carcinogen-induced cell lines in the first manuscript,
and in proving the early persistence of Kras mutations specifically in airway

epithelial cells in the second manuscript.
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Appendix A

The ddPCR is a reliable and powerful method that allows detection and
quantification of nucleic acids with exceptional sensitivity and high
accuracy®?. The ddPCR method is based on a single PCR reaction trapped
inside an oil droplet and the usage of fluorescent labeled oligos (TagMan®
probe) to identify a specific DNA fragment. In general, the ddPCR reaction is
set up as a duplex PCR, where one TagMan® probe is designed to target the
region of interest (ROI) and a second one for any standard reference
fragment (REF).The two TagMan® probes are always labeled with two

different fluorophores to allow the differential detection (Figure 4).

Amplification
with TagMan® probe

Sample

—a
Droplet

generation

REF positive

Figure 4: ddPCR workflow overview (adapted from Mazaika E. et al. 2011)

For our purposes, we wanted to overcome the technological limitation of two
detections (one ROl and one REF), and be able to detect and quantify two
different ROI with their relative REF, for a total of four different detections,
in the same ddPCR reaction. For this aim, we had to tackle three major

tasks:
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* To perform ddPCR on a single genome copy
* To identify a ROI-REF couple with one single TagMan® probe

* To quantify two different fragments emitting the same fluorescence

wavelength

Performing the ddPCR on a single genome copy

For preparing a ddPCR assay, the researcher needs to set up a PCR
reaction (composed by DNA template material, buffer, dNTPs, primers, and
DNA polymerase plus the two TagMan® probes). The number of total
droplets prepared per reaction is 20,000. To achieve filling every droplet
with a single genome copy, the researcher needs to know the weight in
grams of the specific species’ genome s/he is analyzing. According to this
principle, the sample weight should be equal to the weight of 20,000 genome
copies. Despite preparing the sample according to the above, it is unlikely
that a perfect distribution of one single genome copy per droplet can be
achieved. To overcome this issue, | succeeded in defining the different
fluorescence emitted from an empty droplet respective to a loaded one. This
procedure was set up based on comparisons between a droplet loaded with
the full ddPCR reaction and another missing the DNA template. In this way, |
was able to quantify the specific fluorescence of a droplet missing the
template and define the gating threshold. Combining this approach with the
maximal number of droplets per reaction, | was able to precisely define the

number of empty or loaded droplets (Figure 5).
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Figure 5: Empty droplet gating. On the left, a representative plot of no template sample is
shown; on the right, a representative plot of a DNA-loaded sample is depicted. The red

box shows the specific gating threshold used.

141



Identifying a ROI-REF couple with one single TagMan® probe

In general, a TagMan® probe has the size and a melting temperature
(depending on base composition and length of the probe) compatible with the
primer set. The modulation of these two parameters is the key to allow a
differential annealing of a TagMan® probe to two different DNA fragments.
Given the fact that the TagMan® probe will anneal specifically to one
fragment, the unspecific annealing to the second fragment relies on a
sequence homology exceeding 85% with the unspecific target sequence and
an annealing temperature of 2-4°C lower than the optimal one (depending on
TagMan® probe sequence composition). Combined with the droplet
technology, this approach allows identification of a ROI-REF couple (Figure
6).
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Figure 6: Identification and gating of different emission spectra of a TagqMan probe: shown
on the top is the channel amplitude plot and in the bottom the droplet frequency plot.
Boxes represent in red the empty droplet gating, in black the unspecific fluorescence

gating, and in yellow the specific fluorescence gating.

When this approach is extended to two TagMan® probes with different
fluorophores, it becomes possible to identify four different fragments (two
ROI-REF couples).
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Quantifying two different fragments emitting the same fluorescence

All ddPCR analysis software solutions are based on the quantification of
fluorescent droplets. Although with such software | was able to identify two
different fragments emitting the same florescence, quantification was not
possible, due to the several combinations of fluorescence thresholds to

examine (Figure 7).

TagMan 1 + TagMan 1 +
TagMan 2 - . TagMan 2 +

Channel 1 amplitude

TagMan 1 -
TagMan 2 +

Channel 2 amplitude

Figure 7: 2D amplitude plot depicting the different combinations of fluorescent droplets:
every box with a different color and letter labelling represents a different threshold;

unspecific (U), positive (+), and negative (-).

To analyze all different combinations of droplet fluorescence | developed an

R language computational script. This script is based on the formula

X
n of positive droplets = m

Where:
x= n droplets positive for the first TagMan® probe (specific and unspecific)

y= n droplets positive for the second TagMan® probe (specific and

unspecific)
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Z= n of empty droplets
The possible combination of thresholds (x and y) were calculated using the

formula

n!
Cnk = =1

This approach allowed to specifically quantify the 7-specific combinations of

fluorescence for each fragment (both REF and ROI).

With the implementations of all these approaches, | repurposed ddPCR for
our specific aims. For further reference to this technically advanced ddPCR |
will use ddPCRAdv.
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Spatial and longitudinal quantification of Kras®’? mutation

After developing and testing the ddPCRA%, | applied it to quantify the
Kras®®'Rmutation over time and specifically detect in which cell lineage it
aroused. For these purposes, we selected GFP;CCSP-CRE, and GFP;LYZ2-
CRE mice on the FVB background, as sources for airway epithelial-labeled
cells, and the second alveolar epithelial-labeled cells, respectively. Urethane
was used to induceKras®°’? mutations. The injected mice were divided in two
cohorts, one of which was harvested one week (GFP;CCSP-CRE, n=5 and
GFP;LYZ2-CRE, n=5) after the injection and another that was sacrificed two
weeks after the injection (GFP;CCSP-CRE, n=5 and GFP;LYZ2-CRE, n=5).

The goal of this experiment was to detect simultaneously:

e Kras status (ROI=Kras®'R and REF=Kras""?7vre)
e mt/mg locus status (Rosa locus status) in CRE-reporter strain
mt/tdTomato mice (ROI=mt and REF=mg) (Figure 5)

pCA

Red labelling

mg Green labelling

Figure 7: schematic diagram of themt/mg locus:from top to bottom is shown the CRE
recombinase action. Actin B core promoter (pCA), mt/Tomato(mt) in red, green florescent
protein gene (mg) in green, Cre recombinase (CRE)in yellow. The figure is readapted from
Muzumdar, M. D. et al 2007

For this ddPCRA”%, a specific TagMan® probe was conceptualized and
designed to detect mutations in the Kras gene (ROI-REF couple 1) and the
cells in which it occurred (green or red labeled) (ROI-REF couple 2) (Spella

M. et al 2019 materials and methods). In this way, a spatially and
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quantitative definition of the Kras status could be obtained. Subsequently, |
analyzed the trend over time finally allowing us to address the Kras status

longitudinally.
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