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1 | INTRODUCTION

Lung cancer is the most deadly cancer worldwide and mortality rates
are rising. Non-small cell lung carcinoma (NSCLC) accounts for ~85%
of all lung cancers, with lung adenocarcinoma (LUAD; 40%) and lung
squamous cell carcinoma (LUSCC; 30%) comprising its predominant
subtypes.? Somatic Kirsten rat sarcoma viral oncogene homolog (KRAS)
mutation represents the most frequent gain-of-function alteration in
NSCLC and 40% of KRAS mutated NSCLC cases display a second, non-
random mutation in the TP53 tumor suppressor gene (TRP53).313
Genetically engineered mouse models (GEMMs) recapitulating these
two highly prevalent mutations reproducibly develop lung cancer that
resembles human LUAD development.!*2?! Interestingly, generalized
expression of oncogenic Kras in the lungs of adult mice initiated tumor
formation only in a subset of cells and tissue types.2#1¢1820 This clearly
demonstrated that not all lung cells are amenable to mutant Kras trans-
formation and showed that susceptibility to neoplastic transformation
depends on anatomical location. To identify the initial source of these
tumors, GEMMs with tissue-specific oncogenic Kras activation in the
absence (K model) of or in conjunction with Trp53 loss-of-function
(KP model) have been used (reviewed in Reference 22). These experi-
ments suggested multiple cell types such as surfactant-associated pro-
tein C-expressing (Sftpc thereafter called SP-C) alveolar type Il (AT2)

182023-26  sacretoglobin-expressing (Scgblal thereafter called

cells,
CC10) Club cells?®?” and rare SP-C/CC10 dual positive putative bro-
nchioalveolar stem cells (BASCs)!” as cells-of-origin for LUAD. While
these experiments provided clear evidence for SP-C positive AT2 cells
as genuine lung tumor-initiating cells, methodological limitations such
as the requirement for initial inflammatory stress caused by infection

182028 ¢ promiscuous

with adenoviral-Cre-recombinase (Cre) particles
transgene activation in different lung cell types,?* provided only circum-
stantial evidence that Club cells indeed act as progenitor cells for K- or
KP-promoted LUAD. In addition, Xu and collaborators reported that
CC10 single positive Club cells were resistant to Kras'?P-activated
tumor formation due to the lack of concurrent Notch activation.?’ Thus,
definitive evidence that Kras-transformed Club cells can act as cells-of-origin
for LUAD is currently lacking.

Compelling evidence suggests that both the type of oncogenic

lesions and the cell-of-origin can strongly influence tumor histotype,
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A tumor’s cellular origin can influence its histopathology, metastasis, and response to therapy. In
this study, the authors provide definitive evidence for Club cells as cells-of-origin for mutant
Kras/Trp53-deficient lung cancer. In addition, the data identify the specific subgroup of cancer-
initiating Club cells that is susceptive to transformation, define their lineage-marker infidelity
during tumor progression, and uncover their potential for promoting aggressive lung adenocarci-
nomas. These results will aid in the understanding of how lung cancer arises and progresses to

become a life-threatening condition.

local and metastatic dissemination, malignancy and response to ther-
apy.?2%031 For example, Kras*2P-activation together with loss of the
serine/threonine kinase 11 (Stk11 also known as Lkb1) tumor suppres-
sor gene function in Club cells induced a mixture of heterogeneous
tumor histotypes including lung adenosquamous carcinoma (LUASC),
LUSCC and LUAD.3223 Similarly, after showing that the initial lung lin-
eage identifiers might be lost during tumor progression, recent studies
analyzing single-cell transcript and epigenomic states indicated that
KP-transformed AT2 cells progressively adopt alternate lineage identi-
ties that resulted in intertumor and intratumor clonal diversity and
heterogeneous tumor cell states.®*3> Although pathologists have
stratified human lung cancers on the assumption that neoplastic cells

236 it remains unknown if and

retain features of their cell-of-origin,
which subset of Club cells are susceptible to KP transformation and
the ontogeny of putative Kras-transformed Club cells has not been
sufficiently characterized.

Here, we provide direct experimental proof that mutant Kras*?V-
expressing and Trp53-deficient murine Club cells act as progenitors
for LUAD. Our study also defines the anatomical location of cancer-
initiating Club cells and demonstrates that KP-transformed Club cells
lose CC10 lineage marker expression and gradually start to express

the AT2 alveolar lineage marker SP-C.

2 | MATERIALS AND METHODS
21 | Mice

All animal experiments were in accordance with the local implementation of
EU directive 2010/63/EU and were approved by the ethics committee on
animal care of Rhineland Palatinate/Germany (Landesuntersuchungsamt
Koblenz). The CC10-CreERT2 Kras-S-C12VseoWT Tipp53Vf (CKP) lung cancer
model was homozygous for the CC10-CreERT2(B6N.12956(Cg)Scgbla
1tm1(Cre/ERT)BIh/J) knock-in allele” homozygous for the Tip53™*
(Tp53tm1Bm) knock-in allele®® and heterozygous for the KrastStG12Vseo
knock-in allele.* Before the described in vivo lineage tracing experiments,
CKP mice were backcrossed to a C57BL/6 background using speed con-
genic single-nucleotide polymorphism (SNP)-guided crossing (LGC Genomics,

Hoddesdon, UK).
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2.2 | Genotyping

For genotyping the CC10-CreERT2 allele, we used oligonucleotides
5-ACTCACTATTGGGGGTGTGG-3', 5-AGGCTCCTGGCTGGAATAG-
T-3' and 5-CCAAAAGACGGCAATATGGT-3' yielding a 245 bp PCR
(polymerase chain reaction) fragment for the CreERT2 knock-in and a
550 bp fragment for the wild-type locus. The Trp53 allele was gen-
otyped with oligonucleotides 5-AAGGGGTATGAGGGACAAGG-3’
and 5'-GAAGACAGAAAAGGGGAGGG-3' yielding a 584 bp fragment
for the floxed Trp53 knock-in and a 431 bp fragment for the wild-type
locus. The Kras-S-©12Ve¢° gliele was identified by a three-primer PCR
reaction with oligonucleotides 5-CGTCCAGCGTGTCCTAGACTTTA-3,
5'-TGACCGCTTCCTCGTGCTT-3 and 5'-ACTATTTCATACTGGGTCTG-
CCTT-3 vyielding a 390 bp knock-in and a 240 bp wild-type fragment.

2.3 | Preparation of tamoxifen working solution
and tumor induction

Using a light-tight 50 mL Falcon tube, the tamoxifen (TAM) working
solution was prepared by dissolving 1 g TAM (T-5648, Merck
Sigma-Aldrich) in 10 mL ethanol at 37°C. Subsequently, 90 mL of
autoclaved sunflower oil were added, the mixture placed in a rotat-
ing wheel for 15 hours at room temperature and aliquots were
stored at —20°C. To induce tumor development, 8-12 weeks old
CKP mice received in all cases one injection of 100 pL TAM work-
ing solution which corresponds to a total amount of 1 mg TAM

per CKP mouse.

24 | X-Gal staining and tissue clearing of lungs

X-Gal staining and tissue clearing of whole lungs were performed as
described.®’ Briefly, lungs were dissected and fixed in ice-cold
acetone, washed twice with PBS and equilibrated at 4°C for 6 hours
in equilibration buffer (5 mM potassium ferrocyanide, 5 mM potas-
sium ferricyanide and 2 mM magnesium chloride in PBS pH 7.4). For
developing B-galactosidase (lacZ) activity, lungs were incubated for
15 hours at 37°C in X-Gal staining buffer (equilibration buffer
containing 1 mg/mL X-Gal [5-bromo-4-chloro-3-indolyl-p-pb-galacto-
pyranoside dissolved in dimethylformamide]), transferred into post-
fixation buffer (4% formaldehyde/1% glutaraldehyde in PBS pH 7.3)
and dehydrated in methanol (25%, 50%, 75% and 100%). To render
lung tissues transparent, lungs were transferred to a 2:1 mixture of
benzyl benzoate/benzyl alcohol at room temperature. After clearing,
whole mount images were generated using a Stemi 2000-C binocular
(Carl Zeiss, Germany) equipped with a SPOT digital microscope
camera (Diagnostic Instruments, Sterling Heights, MI, USA) and
imported into Photoshop 7.0 (Adobe Systems, Mountain View, CA).
For each analyzed time point, five independent mouse lungs were

analyzed (n = 5).

25 |
sections

Preparation and staining of lung tissue

For producing paraffin-embedded sections, lungs were dissected,
washed twice in PBS and fixed in ice-cold Histofix (Roth, Germany).
Subsequently, sections were dehydrated, using a Leica TP1020 auto-
matic benchtop tissue processor (40%-100% ethanol followed by
xylene and liquid paraffin). For tissue embedding, a Leica EG1150C
cold plate and the Leica EG1150H heated paraffin-dispensing module
were used. Sections of 5 pm thickness were produced with a Leica
RM2255 rotary microtome, deparaffinized (65°C for 1 hour), and sta-
ined with hematoxylin and eosin (H&E).

To visualize lacZ reporter gene activity on sections, lungs were
inflated with fixation buffer (2% [w/v] 0.25% glutaraldehyde in PBS
pH 7.4), incubated in fixation buffer for 2 hours at room temperature,
transferred into equilibration buffer (5 mM potassium ferrocyanide,
5 mM potassium ferricyanide and 2 mM magnesium chloride in PBS
pH 7.4), and placed for a minimum of 3 hours on a rocking platform
(4°C; 100-200 rpm). Next, lungs were transferred into X-gal staining
solution (equilibration buffer containing 1 mg/mL X-Gal) and placed
on a rocking platform (37°C; 100 rpm) for 12 hours. Finally, lungs
were washed once in PBS for 5 minutes and fixed overnight at 4°C in

PBS containing 4% paraformaldehyde and embedded in paraffin.

2.6 | Immunohistochemistry

Lungs were harvested, stained, fixed and paraffin-embedded as
described. To remove all traces of paraffin, sections were subjected
to two consecutive xylol incubation steps (2x 10 minutes).
Deparaffinized sections were rehydrated (2x 100% isopropanol for
10 minutes, 2x 95% isopropanol for 10 minutes, 2x 75% isopropanol
for 10 minutes and 2x distilled H,O for 5 minutes), followed by anti-
gen retrieval (10 mM sodium citrate buffer pH 6.0/steam cooker for
30 minutes) and washed in distilled H,O for 5 minutes. To block
endogenous peroxidase activity, tissue sections were incubated with
3% hydrogen peroxide in distilled H,O for 15 minutes and washed in
distilled H,O (2x 5 minutes). To permeabilize cells, sections were
incubated twice for 10 minutes in permeabilization buffer (1% bovine
serum albumin (BSA) in tris-buffered saline pH 7.6 (TBS) containing
0.4% Triton X-100). Blocking was performed with 2.5% normal horse
serum (Vector Laboratories, Burlingame, CA) for at least 1 hour.

In all cases, primary antibodies (Table 1) were diluted in TBS-T
(1% bovine serum albumin in TBS containing 0.1% Triton X-100),
added to the sections and incubated in a dark humid chamber at 4°C
overnight.

After washing twice in TBS-T for 10 minutes, secondary anti-
bodies were applied. In case primary rabbit antibodies were used, sec-
tions were incubated with an HRP-labeled secondary goat anti-rabbit
IgG antibody for 1-2 hours. Sections were washed for 10 minutes in
TBS-T, submitted to DAB staining (IMPACT DAB Kit, Vector Labora-

tories, SIC_4105) and washed in tap water. In case primary rat
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TABLE 1 Detailed list of antibodies used for immunochemistry
Antigen Antibody Source Article no. Dilution
SP-C Recombinant anti-SP-C antibody Abcam ab211326 1:1000
CC10 (Scgbi1al) Anti-CC10 antibody Abcam ab40873 1:300
SOX2 Anti-Sox2 antibody Abcam ab97959 1:200
NKX2-1 Recombinant anti-Nkx2-1 antibody Abcam ab76013 1:1000
Ki67 Anti-Ki67 antibody Bethyl IHC-00375 1:500
Vimentin Anti-vimentin antibody Abcam ab92547 1:1000
CD45 Anti-mouse CD45 Biolegend 103 101 1:200
Hmga2 Anti-Hmga2 antibody Abcam ab97276 1:100
a-Sma Anti-a-Sma Abcam ab124964 1:1000
1gG rabbit Goat anti-rabbit IgG heavy and Abcam ab205718 1:10000

light chain (HRP)

1gG rat Goat anti-rat IgG heavy and light Vector BA-9401 1:1000

chain (biotinylated)

antibodies were used, sections were incubated with a biotinylated
anti-rat 1gG for 1-2 hours. Sections were washed for 10 minutes
in TBS-T, and submitted first to an ABC Kit (VECTASTAIN Elite,
Peroxidase, PK-6100) signal amplification step, followed by DAB
staining (IMPACT DAB Kit, Vector Laboratories, SIC_4105) and
washed in tap water. Slides were developed by adding 200 uL DAB
solution, counterstained with hematoxylin (Roth, Germany) and
dipped into tap water for stopping hematoxylin staining. Finally,
sections were dehydrated using incubation steps (each 10 min, 95%
ethanol, 100% ethanol and 2x xylene), mounted with Roti Histokit II,
sealed with coverslips and documented using an AxioScope.Al

microscope (Zeiss, Germany).

2.7 | Periodic acid Schiff staining

For periodic acid Schiff (PAS) staining 5 pm deparaffinized lung sec-
tions were placed in 1% periodic acid (Roth, Germany, HP0O0.1) for
10 minutes, washed in tap water for 5 minutes, rinsed in distilled
water and treated with Schiff's reagent (Roth, Germany, X900.2) for
20 minutes at room temperature. Next, sections were washed in tap
water for 5 minutes, rinsed in distilled water and counterstained with
Mayer's hemalum solution for 7 seconds (Merck, Germany, 1.09249.2500).
Hemalum staining was stopped by washing with tap water and rinsing with
distilled water as above. Slides were dehydrated and mounted with a

coverslip.

2.8 | Quantitative analysis of lung tissue sections

Quantitative analysis of H&E-stained and anti-CC10, anti-SP-C,
anti-Nkx2-1 and anti-Sox2 antibody-stained sections was in all cases
performed using a minimum of three individual tissue sections with
each consecutive section having a distance of 2100 um to the previ-
ous section for each individual mouse (n = 5 mice). For each time
point (control, 12 days, 2, 4 and 5 months after TAM) five individual

laboratories

CKP lungs were analyzed. For determining the number of AHs,
AAHSs (diameter < 100 um) and ADs (diameter > 100 um), paraffin-
embedded H&E-stained whole mouse lungs were used. For antibody-
stained sections, whole lungs were first X-Gal-stained, embedded in
paraffin, sectioned, deparaffinized, incubated with primary and
secondary antibody as described above, counterstained with hematoxy-
lin, and recorded using an AxioScope.A1 microscope (Zeiss, Germany).

For documenting H&E-stained whole lung lobe sections, paraffin-
embedded slides (2, 4 and 5 months after tumor induction) were
scanned using a NanoZoomer 2.0-HT slide scanner (Hamamatsu
Photonics, Hamamatsu City, Japan). Sections were analyzed with the
NDP view 3.1.66 software (Hamamatsu Photonics, Japan).

For defining N/C ratios, we used the Zeiss ZEN analysis software
(Zeiss, Germany).

29 | TCGA analysis

TCGA data was retrieved using the R package TCGAbiolinks. Code
(6f5cde97-d259-414F-8122-6d0d66f49b74). To compare the patient
dataset to the here used CKP mouse model, only KRAS and TP53 co-
mutated (all mutations and deletions included) patients have been
analyzed. Gene expression levels from CC10 (ENSG00000149021)
and SP-C (ENSG00000168484) were derived and depicted on log10 scale.

3 | RESULTS

3.1 | Progressive lung tumorigenesis is
reproducibly induced in CKP mice

To initiate lung tumor development, we used CC10-CreERT2
KrastStG12Veeo/WT 1y 53f/fl (CKP) GEMMSs. In CKP mice, tamoxifen
(TAM) injection induces conditional expression of oncogenic Kras*?Y
that is co-expressed with the $-Geo lacZ reporter gene, and concur-

rently inactivates Trp53 tumor suppressor function (Figure 1A).
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As depicted in the transparent whole lung images of Figure 1B, a
single dose of 1 mg TAM produced a characteristic blue pattern
of recombined lacZ-expressing cells that become visible after
incubation with 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside
(X-Gal). Twelve days after TAM injection, X-Gal staining highlighted
the pseudostratified columnar lung epithelium of the bronchi and the
preterminal and distal bronchioles. This characteristic pattern was
almost identical at 2 months and at 4 months after TAM injection,
multiple blue-stained hyperplastic areas, several small and some larger
tumors had developed. As shown in the left image of Figure 1B, lung
lobes from CKP mice never receiving TAM completely lacked X-Gal-
stained Kras'?V-expressing cells. This initial analysis indicated that
CKP mice receiving a single TAM injection reproducibly develop a dis-

tinctive pattern of progressive lung tumorigenesis.

3.2 | Low-dose tamoxifen directs conditional gene
activation to Club cells in CKP mice

Lineage tracing experiments with the CC10-CreERT2 mouse strain
could not conclusively define Kras-initiated lung cancer progenitors
because in these experiments TAM application caused conditional
gene activation in Club cells, AT2 cells and presumptive BASCs.24
Assuming a possible dose-response effect, we wondered if reducing
the amount of TAM could restrict Cre-recombinase activity to Club
cells in CKP mice. To test this hypothesis and to determine the

identity of lung cells that had undergone Cre-mediated recombination,
we X-Gal stained proximal and distal lung sections of CKP mice that
received a single injection of 1 mg TAM. As shown in the microscopic
images of Figure 2A-C, at day 12 after TAM induction epithelial cells
lining the proximal large airways, as well as cells in the distal bronchi-
oles and bronchioalveolar duct junctions (BADJs) had undergone
Cre-recombination reaching a recombination efficiency of 95%. In
contrast, alveolar spaces did not contain any recombined lacZ-
expressing cells (Figure 2D). To further confirm the targeting selectiv-
ity, we applied lineage-specific antibodies. Staining for CC10 protein
expression overlapped with recombined Club cells in the large
airways, the bronchioles and the BADJs (Figure 2E-G) but did
not stain AT2 cells in the alveoli (Figure 2H). In contrast, recombined
lacZ-expressing cells did not express SP-C protein (Figure 2I-K). As
expected, lacZ-negative AT2 cells expressed the SP-C marker
(Figure 2L). Although short TAM serum half-life times of about
12 hours have been reported for rats and mice*® and 1 mg TAM
injection reproducibly directed Cre-recombination to Club cells but
not to BASCs and AT2 cells at day 12, we wanted to confirm the
absence of recombination in AT2 cells and BASCs at a later time point.
As shown in Figure S1, injection of 1 mg TAM equally failed to induce
recombination in SP-C* AT2 cells and CC10/SP-C dual positive
BASCs at day 20. The observed staining of recombined cells with
CC10 antibodies thus demonstrated that the low-dose TAM regime
applied directs oncogenic Kras'2¥ expression to CC10 single positive
Club cells but not to AT2 cells and CC10/SP-C dual positive BASCs in
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3
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FIGURE 1 Conditional expression of oncogenic Kras'?" and inactivation of Trp53 tumor suppressor function promotes progressive lung
tumorigenesis in CKP mice. A, Schematic representation depicting tamoxifen (TAM)-induced conditional transgene activation in the CKP mouse
model. In CKP mice, the CreERT2 coding sequence is under the transcriptional control of the endogenous CC10 promoter. After TAM injection,
CKP mice start to express oncogenic Kras'2¥ together with the -Geo lacZ reporter gene and concomitantly lose Trp53 tumor suppressor
function. B, Representative images of CKP lungs demonstrating progressive lung tumorigenesis after TAM injection. The images show all five lung
lobes as transparent X-Gal-stained whole mounts obtained from CKP mice before (control) and at 12 days, 2 months and 4 months after a single
intraperitoneal injection of 1 mg TAM. Lung lobes shown are the right-lung cranial lobe, the right-lung middle lobe, the right-lung post caval lobe,
the left-lung lobe and the right-lung caudal lobe. A similar tumor progression pattern was observed using additional TAM-induced CKP lungs

(n = 5 mice). Bar represents 2 mm [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2

Low-dose TAM induction directs Kras*?¥ expression to CC10 single positive Club cells. A-D, Photomicrographs of representative
X-Gal-stained lung sections from CKP mice at day 12 after TAM induction. Rearranged Kras

12V_5-Geo lacZ-expressing cells are X-Gal-stained in

blue at the proximal large airways (A), the distal bronchioles (B) and the BADJs (C) but not in the alveoli (D). E-H, Immunodetection of
CC10-expressing cells on X-Gal-stained CKP lung sections at day 12 after TAM induction. Representative photomicrographs demonstrating the
expression of the Club cell-specific CC10 protein in rearranged X-Gal™ cells of the proximal airways (E), the distal bronchioles (F), the BADJs (G)
and the absence of CC10™ cells in the alveoli (H). I-L, Inmunodetection of SP-C-expressing cells on X-Gal-stained CKP lung sections at day 12
after TAM induction. Representative photomicrographs demonstrating the lack of SP-C protein expression in rearranged X-Gal™ cells of the
proximal airways (1), the distal bronchioles (J) the BADJs (K) and the presence of SP-C™ AT2 cells in the alveoli (L). Thin bars represent 100 um and
thick bars represent 10 pm. For each analysis, similar results were obtained using additional TAM-induced lungs (n = 5 mice) [Color figure can be

viewed at wileyonlinelibrary.com]

CKP mice. Because the NK2 homeobox 1 (Nkx2-1, also known as Ttf-1)

transcription factor is a common classifier for human LUAD*%*? that

4344 and has been described to act as

5

is expressed in >70% of patients
an oncogene in TRP53-mutated lung adenocarcinomas,*> we next
documented Nkx2-1 expression in normal lungs and at 12 days after
TAM injection. As shown in Figure S2A-D, in normal lungs Nkx2-1
protein was uniformly expressed in epithelial cells of the large
airways, the distal bronchioles, the BADJs and in alveolar AT2 cells.
Likewise, at 12 days after TAM injection, the vast majority but not all
recombined Club cells of the large airways, the distal bronchioles and
the BADJs expressed Nkx2-1 in CKP mice (Figure S2E-G). Since the
SRY (sex-determining region Y)-box 2 (Sox2) transcription factor is
implicated in oncogenic lineage specification, reprogramming and

46-50 e next investigated if oncogenic Kras

therapeutic resistance,
expression/Trp53-deletion in Club cells induces Sox2 expression. As
expected Sox2 was expressed in basal cells but we did not detect any Sox2
protein in recombined Club cells (Figure S2H-J). We conclude that low-dose

12V activation to CC10 single positive

TAM induction directs oncogenic Kras
Club cells in CKP mice and that Nkx2-1 and Sox2 expression is basically not

altered in mutant Kras-expressing/Trp53-deleted Club cells.

3.3 | Club cell-derived preneoplastic areas are
restricted to distal bronchioles

Having demonstrated that a low-dose TAM regime directs conditional
gene activation to CC10 single positive Club cells, we next wanted to

identify the anatomical localization of presumptive cancer-initiating cells.

Because proliferation is a necessary condition for the development of
preneoplastic lesions, we investigated the location of proliferating cells

among Kras*?V

-transformed/Trp53-deleted cells. To this end, we stained
proximal and distal lung sections from normal and from CKP mice at
12 days after TAM induction with Ki67 antibodies. As shown in
Figure S3A, epithelial cells lining the proximal airways did not, or only
very rarely, stain for the Ki67 proliferation marker in wild-type mice. In
contrast, we found Ki67" cells within the distal bronchioles, in proximity
to the BADJs and in the alveoli (Figure S3B-D). Interestingly, microscopic
analysis of lung sections from TAM-induced CKP mice produced a very
similar distribution pattern with proliferating cells confined to the distal
bronchioles, the BADJs and the alveoli (Figure S3E-H). To provide addi-
tional evidence for the distal anatomical localization of preneoplastic
cells, we examined X-Gal-stained lung sections for the presence of Ki67+
areas at 2 months after TAM injection. While proximal airways, BADJs
and alveolar spaces did not show signs for proliferative preneoplastic
areas (Figure S1I, K and L), clusters of preneoplastic cells frequently local-
ized to the distal bronchioles (Figure S3J). These findings show that
expression of oncogenic Kras'?" together with Trp53 loss-of-function pro-
motes preneoplastic growth only in a subset of Club cells and that these

cells are localized to the distal bronchioles.
3.4 | Proliferating preneoplastic Club cells
progressively lose CC10 lineage marker expression

To gain insight into early histopathological alterations, we next ana-
lyzed CKP lungs at 2 months after TAM injection. At this time,
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transparent X-Gal-stained lungs preserved the initial characteristic
pattern of recombined cells observed 12 days after TAM application
(Figure 1). However, at 2 months several enlarged X-Gal-stained areas of
different sizes appeared in the distal lungs. Hematoxylin and eosin (H&E)
staining revealed that these areas consisted of 93% adenomatous hyper-
plasias (AHs) and atypical adenomatous hyperplasias (AAHs) and 7%
larger (ADs, diameter > 100 pm) adenomas (Figure S4A and B). These
early lesions showed mild nuclear atypia such as enlarged nuclei, inter-
mediate nuclear/cytoplasmic (N/C) ratios, fine granular chromatin and
distinct small nucleoli but lacked invasive growth patterns (Figure S4C
and D). In addition, we did not find any infiltration with immune cells in
AHs, AAHs and ADs (Figure S5).

Human LUAD tumors are reported to change their initial
histotype and have the ability to shift lineage marker expression
during disease progression and upon therapy.>%>2 In support of addi-
tional evidence for histotype plasticity, KP-transformed murine AT2
lung cancer cells progress through a continued evolution of increased
heterogeneity and clonal diversification.®#%° Therefore, we wondered
if KP-transformed Club cells might undergo a similar degree of plastic-
ity. To assess bronchiolar vs alveolar lineage marker identity, we
investigated CC10- and SP-C-expression at 2 months after tumor ini-
tiation. Interestingly, staining with either CC10 or SP-C antibodies
demonstrated the presence of both CC10 and SP-C positive lesions
(Figure 3A, B, D and E). Of all AHs, AAHs and ADs, 23% retained
CC10 expression (Figure 3C) and 76% had started to express SP-C
(Figure 3F). Further indicating the early diversification of transformed
Club cells, we found that 24% of all preneoplastic lesions had
completely lost initial Nkx2-1 transcription factor expression
(Figure S6A-C). However, at this early stage of tumorigenesis, we did
not observe lesions with Sox2 protein expression (Figure S6D-F).

These results show that KP-transformed CC10 single positive
preneoplastic Club cells have the ability to generate AHs, AAHs and
ADs lacking apparent immune cell infiltration. Our findings also dem-
onstrate that the developing lesions do not strictly preserve CC10
expression but start to express SP-C protein, which is a marker for

alveolar lineage specification and identity.

3.5 | Disease progression promotes LUAD
consisting of heterogeneous cancer cells

Given the immediate shift in lineage-defining markers, we wanted to
investigate the intrinsic propensity of KP-transformed Club cells
to fuel continued lung carcinogenesis and to progressively generate
tumors with lineage marker conversion. To this end, we analyzed
lungs at 4 months after TAM injection. At this time point, CKP lungs
presented numerous variably sized lesions including several larger
tumors (Figure 1B). Indicating continuous tumor progression, 20% of
these lesions were adenomas (ADs, diameter > 100 pm) and 80% AHs
and AAHs (Figure S7A and B). Some of the bigger lesions also started
to display characteristic features of mouse LUAD. For example, we
found multiple larger adenocarcinomas (ACs; diameter > 500 pm) with

papillary growth patterns (Figure S7C). In comparison to 2 months,

Adenomas % positive

o (C)

AHs/AAHs

(A)

SN RGN
KBRS bt
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Ccc10

SP-C

FIGURE 3 Club cell-initiated tumors lose CC10 expression and
start to express the AT2 cell marker SP-C. A-B, Photomicrographs
showing CC10 expression in AHs/AAHs and adenomas at 2 months
after TAM injection. Bars represent 100 um. C, Percentage of CC10"
AHs/AAHSs and adenomas at 2 months after TAM injection. D-E,
Photomicrographs showing SP-C expression in AHs/AAHSs and
adenomas at 2 months after TAM injection. Bars represent 100 pm. F,
Percentage of SP-C™ AHs/AAHSs and adenomas at 2 months after
TAM injection. Similar results for all readouts were obtained using
additional TAM-induced lungs (n = 5, mice) [Color figure can be
viewed at wileyonlinelibrary.com]

cancer cells were increasingly pleomorphic displaying striking nuclear
hyperchromasia, large round nuclei, reduced N/C ratios and bigger
nucleoli, and we occasionally found multinuclear giant cancer cells
(Figure S7D). Nonetheless, all lesions lacked obvious immune cell infil-
tration but extra-tumoral CD45" immune cell clusters sporadically
surrounded larger ADs (Figure S8A and B). Immunohistochemical anal-
ysis of AHs, AAHs, ADs and ACs further revealed that the number of
lesions containing CC10-expressing cancer cells remained low (20%)
while an increasing number of lesions harbored SP-C-expressing can-
cer cells (73%; Figure 4A-H). In addition, the number of lesions with
Nkx2-1" cells further decreased (66%) and for the first time, we
identified tumors (5%) containing Sox2 protein expressing cells
(Figure 41-P). Immunostaining for CC10 and SP-C of consecutive lung
tumor sections further confirmed the intertumoral and intratumoral
heterogeneity of CC10 and SP-C lineage marker expression. At this
time, we found (a) tumors expressing both CC10 and SP-C, (b) tumors
harboring cells preserving CC10 expression that have started to
express SP-C in a subset of cells and (c) SP-C* tumors lacking CC10
expression (Figure S9). These results demonstrate the existence of a
developmental oncogenic program promoting an initially papillary
LUAD histotype of intertumoral and intratumoral heterogeneity,
characterized by the maintenance of Nkx2-1" lesions, the continued
decrease of CC10" lesions, an increase in SP-C* lesions and the

emergence of some Sox2™ tumors.

3.6 | Club cell-initiated tumors become
increasingly malignant

Previous data suggested that activation of mutant Kras in Club cells

does not promote malignant late-stage tumor formation.'8242¢
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FIGURE 4 Bronchiolar and alveolar lineage marker expression and gain of Sox2 transcription factor expression at 4 months after tumor

initiation. A-C, Photomicrographs showing CC10 expression in AHs/AAHSs, adenomas and adenocarcinomas at 4 months after TAM injection.
Small and large bars represent 100 um. D, Percentage of CC10" AHs/AAHSs and adenomas at 4 months after TAM injection. E-G,
Photomicrographs showing SP-C expression in AHs/AAHSs, adenomas and adenocarcinomas at 4 months after TAM injection. Small and large bars
represent 100 pm. H, Percentage of SP-C* AHs/AAHs, adenomas and adenocarcinomas at 4 months after TAM injection. I-K, Photomicrographs
showing Nkx2-1 expression in AHs/AAHSs, adenomas and adenocarcinomas at 4 months after TAM injection. Small and large bars represent

100 pm. L, Percentage of Nkx2-1" AHs/AAHSs, adenomas and adenocarcinomas at 4 months after TAM injection. M-O, Photomicrographs
showing Sox2 expression in AHs/AAHSs, adenomas and adenocarcinomas at 4 months after TAM injection. Small and large bars represent 100 pm.
P, Percentage of Sox2* AHs/AAHSs, adenomas and adenocarcinomas at 4 months after TAM injection. Similar results for all readouts were
obtained using additional TAM-induced lungs (n = 5 mice) [Color figure can be viewed at wileyonlinelibrary.com]

To determine if KP-transformed Club cells have the potential to gen-
erate malignant LUAD, we analyzed CKP lungs at 5 months after TAM
injection, at which point several larger tumors (diameter between
500 and 2500 pm) had developed (Figure 5A). Inspection of diseased
lungs showed clear histopathological features of malignancy. As illus-
trated in Figure 5A, at 5 months after TAM induction, big tumors con-
stituted the most prevalent tissue element in some lung areas. Further
indicating a heterogeneous and aggressive LUAD phenotype, tumors
displayed regional variation consisting of acinar or papillary growth
patterns of differentiated and highly pleomorphic areas (Figure 5B-D).
Detailed examination of individual cancer cells exhibited severe and
variable nuclear atypia, with large heterochromatic nuclei, coarse
granular chromatin and high N/C ratios (Figure 5E,F). At this stage, we
also identified sporadic nuclear pseudo-inclusions and multi-nucleated
giant cancer cells (Figure S10A,B). Indicative of productive tumor estab-
lishment, some bigger ACs had intratumoral blood vessel supplies while
other larger ACs were regressive, lacking sufficient blood supply
(Figure S10C,D). Although both smaller lesions and bigger ACs contained
hardly any infiltrating CD45" immune cells, some larger tumors were

flanked by neighboring immune cell clusters (Figure S11A,B).

Indicating an almost complete lineage marker conversion, immu-
nostaining with CC10 and SP-C antibodies revealed that only a frac-
tion of tumors contained CC10™ cells (6%), while nearly all tumors
(98%) now expressed SP-C protein (Figure 6A-F). Moreover, we found
Nkx2-1 transcription factor expression in almost all tumors (93%;
Figure 6G-I). Further confirming progressive cellular diversification, at
5 months after TAM induction, about half of all tumors (51%) con-
tained transformed cells expressing the Sox2 transcription factor
(Figure 6J-L). To show the progressive alterations in CC10, SP-C,
Sox2 and Nkx2-1 protein expression, Figure S12 summarizes these
data. However, we never detected PAS-stained cancer cells within
these heterogeneous tumors indicating the absence of a mucinous
LUAD histotype (Figure S13A-C). Finally and indicating the absence of
tumor cells starting to undergo epithelial-to-mesenchymal transition
(EMT), larger tumors never contained regional foci of vimentin-
expressing cells at this time point (Figure S13D,E). Indicative for the
presence of cancer-associated fibroblasts (CAFs), we found high levels
of alpha-smooth muscle actin (a-Sma) protein in and around larger
tumors (Figure S13F,G). Equally, all larger tumors expressed high-
mobility group AT-hook 2 (Hmga2) protein (Figure S14A-D), a marker
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FIGURE 5 Club cell-initiated tumors progress to malignant
LUAD. A, Representative H&E-stained lung section from CKP mice at
5 months post tumor initiation. Black frame indicates the position of
the mid-sized adenocarcinoma shown in B. Scale bar represents

1 mm. B, Adenocarcinoma with papillary and acinar growth pattern.
Upper black frame indicates the enlarged picture detail of (C) and
lower black frame the enlarged picture detail of Figure 6D. Scale bar
represents 200 pm. C, Tumor area with acinar growth pattern. Scale
bar represents 50 pm. D, Tumor area with papillary growth pattern.
Scale bar represents 50 pm. E, Photomicrograph showing cancer cells
with large nuclei with high N/C ratios of variable size and
heterochromatic nucleoli (black arrow). Scale bar represents 25 um.
F, Photomicrograph showing variable nuclear atypia with small (white
arrow) and large nuclei (black arrow). Scale bar represents 25 um.
Similar results for all readouts were obtained using additional
TAM-induced lungs (n = 5 mice) [Color figure can be viewed at
wileyonlinelibrary.com]

that has been recently reported to indicate stages of advanced tumor
malignancy.®®

Analysis of late stage sections thus showed the potential of
Kras*?V-expressing and Trp53-deleted Club cells to generate malignant
tumors in our model. The intertumoral and intratumoral diversity of prog-
ressed tumors further demonstrated that initially KP-transformed Club
cells undergo a progressive lineage marker conversion toward alveolar
AT2-type specification that is accompanied by nearly uniform Nkx2-1
and newly acquired Sox2 transcription factor expression in the majority
of advanced tumors.

3.7 | The majority of LUAD patients express CC10
during early stages of tumor development

Human LUAD tumors have been reported to change their initial
histotype and have the ability to shift lineage marker expression dur-
ing disease progression and upon therapy.’*>? To investigate CC10
and SP-C linage marker expression in human LUAD patients, we ana-
lyzed mRNA-Seq data from The Cancer Genome Atlas (TCGA).>® This
analysis revealed that from 548 samples, 34 carried the KP mutation.
As shown in Figure S15A, from all Stage | KP lung tumor biopsies, nine
had high (9/18; 50%), seven intermediate (7/18; 39%) and two low
(4/18; 11%) CC10 mRNA levels. In Stage Il samples, the percentage of
high CC10 mRNA biopsies decreased (2/8; 25%) and a higher

% positive

’;%

Adenocarcinomas

FIGURE 6 Most Club cell-derived adenocarcinomas have lost the
CC10 lineage marker, express SP-C and start to contain Sox2 positive
cancer cells. A-B, Photomicrographs showing CC10 expression in an
adenocarcinoma at 5 months post tumor initiation. Black frame in A
indicates the position of the enlarged detail in B. Small bar represents
400 pm and large bar 100 pm. C, Percentage of all CC107 lesions at
5 months after TAM injection. D-E, Photomicrographs showing SP-C
expression in an adenocarcinoma at 5 months post tumor initiation.
Black frame in D indicates the position of the enlarged detail in

E. Small bar represents 400 pm and large bar 100 pm. F, Percentage
of SP-C* lesions at 5 months after TAM injection. G-H,
Photomicrographs showing Nkx2-1 expression in an adenocarcinoma
at 5 months post tumor initiation. Black frame in G indicates the
position of the enlarged detail in H. Small bar represents 400 pm and
large bar 100 pm. I, Percentage of Nkx2-1" lesions at 5 months after
TAM injection. J-K, Photomicrographs showing Sox2 expression in an
adenocarcinoma at 5 months post tumor initiation. Black frame in J
indicates the position of the enlarged detail in K. Small bar represents
400 pm and large bar 100 pm. L, Percentage of Sox2™ lesions at

5 months after TAM injection. Similar results for all readouts were
obtained using additional TAM-induced lungs (n = 5 mice) [Color
figure can be viewed at wileyonlinelibrary.com]

proportion of samples displayed intermediate (4/8; 50%) and low
(2/8; 25%) CC10 mRNA levels. Of the five Stage Ill patients, two had
high (2/5; 40%), two intermediate (2/5; 40%) and one low (1/5; 20%)
CC10 mRNA levels. We also observed an additional overall reduction
of CC10 mRNA in Stage IV biopsies with two patients (2/3; 66%)
showing intermediate and one patient (1/3; 33%) low levels. Analysis
of SP-C expression in the same cohort (Figure S15B) revealed that the
majority of Stage | biopsies contained high (9/18; 50%) or intermedi-
ate (7/18, 38%) SP-C mRNA levels with only four patients (4/18,
22%) expressing low amounts of SP-C mRNA. In Stage Il biopsies, the
percentage of SP-C high (2/8; 25%) and intermediate (2/8; 25%)
expressers dropped and a higher patient fraction expressed low (4/8;
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50%) SP-C mRNA. Of the five Stage Il patients, two had high (2/5;
40%) one intermediate (1/5; 20%) and two low (2/5; 40%) SP-C
mRNA levels. Late Stage IV samples either contained high (2/3; 66%)
or intermediate (1/3; 33%) SP-C mRNA levels.

To visualize CC10 and SP-C co-expression, Figure S15C shows a
weighted mRNA level plot displaying CC10 and SP-C mRNA recordings
for each individual patient sample. Interestingly, CC10 (16/18; 89%) and
SP-C levels (14/18; 78%) were high to intermediate in the majority of
Stage | samples with only two patients expressing low amounts of CC10
and SP-C mRNA (2/18; 11%). Samples from Stage Il and Stage llI
patients were less uniform and contained fewer patients with high
CC10 (Stage Il 2/8; 25% and Stage Il 1/5; 20%) and SP-C (Stage Il 2/8;
25% and Stage Il 1/5; 20%) mRNA. From the three Stage IV patient
biopsies listed in the TCGA, two expressed intermediate (2/3; 66%) and
one low (1/2; 33%) amounts of CC10 while SP-C mRNA levels were
high in two (2/3; 66%) and intermediate in one (1/3; 33%) patient.
Although only based on a small number of samples, the analysis of KP-
mutated human LUAD tumors clearly demonstrated the high to inter-
mediate co-expression of CC10 and SP-C lineage markers at early
stages of disease. In addition, overall CC10 mRNA was reduced and
SP-C expression remained high or intermediate in a small cohort of
three Stage IV patients. Thus, the initially high CC10 levels, the hetero-
geneous co-expression of CC10 and SP-C lineage markers and the late
decrease of CC10 is similar in CKP mice and human patients. Because
the cell-of-origin and the developmental dynamic of individual TCGA
patients are unknown, the suggestive resemblance of CC10 and SP-C
lineage marker expression between CKP mice and human patients

should be interpreted with appropriate caution.

4 | DISCUSSION

One of the central issues facing cancer research is to understand how
cancer arises and progresses to become a life-threatening condition.
Given that nonrandom TRP53 mutations occur in about 40% of
KRAS-mutated Caucasian®*® and to a lower degree in Chinese®*
LUAD patients, we here investigated the oncogenic role of these co-
occurring lesions in murine Club cells. Besides the ability of genetic
alterations to promote cancer, emerging evidence from clinical data
and experiments in mice suggests a direct link between the cell-of-origin,
the resulting pathology, the tumor histotype and the response to
therapy in some cancer types including lung cancer.??2%3! Our data
demonstrate that KP murine Club cells act as progenitors for aggres-
sive LUAD. Using lineage tracing and single-cell recording, we further
establish the anatomic localization of LUAD-initiating Club cells to the
distal bronchioles. Moreover, considering the existence of a progres-
sively unfolding oncogenic program, tumor-initiating Club cells repro-
ducibly went through increasing stages of lineage marker conversion
across individual tumors within a single mouse and between different
mice. A striking characteristic of Club cell-initiated tumor development
was the progressive loss of the bronchiolar CC10 marker and the
increased gain of the alveolar AT2 cell marker SP-C together with the

late onset of Sox2 transcription factor expression, which heralds

International Journal of Cancer

oncogenic reprogramming and therapeutic resistance.***® Our data
thus demonstrate that a subset of KP-transformed Club cells can
serve as LUAD-initiating cells and that these cells undergo a progres-
sive process of carcinogenic evolution leading to aggressive and het-
erogeneous tumor formation.

Accumulating evidence demonstrated that upon Kras transforma-
tion LUAD can arise from murine AT2 cells.*82923-26 However, as
experiments with different K and KP models suggested that Club cells
can initiate,2°27>° or conversely, fail to initiate LUAD,18242¢ the
question of whether Club cells are indeed cells-of-origin for LUAD
remained controversial. Further confounding the interpretation of
previous lineage-tracing experiments with adenoviral-Cre particles,
Mainardi and colleagues reported that initial inflammatory stress,
caused by adenoviral infection, did modulate the susceptibility of lung
epithelial cells to oncogenic transformation.'® Our study conciliates
and extends these reports and provides definitive proof for Club cells
as progenitors for LUAD.

To be able to visualize transformed Club cells at single-cell resolution
and to investigate their tumorigenic potential over time, we established a
model where oncogenic Kras expression was restricted to CC10-
expressing Club cells (low-dose TAM-induced CKP GEMM:s). Impor-
tantly, excluding the possibility of inadvertent Kras'?¥
CC10/SP-C dual positive BASCs, the cells that were initially rearranged
did not express SP-C protein. Low-dose TAM transgene induction thus

expression in

specifically targeted Club cells in CKP lungs and circumvented local
inflammatory stress, caused by infection with viral particles.

Generalized expression of oncogenic Kras in the lungs specifically
transformed certain cell types and lineages indicating that only a
small fraction of all lung cells can act as progenitors for lung
cancer.2#161820 |5 CKP |ungs, proximal Club cells lining the large
airways were completely refractory to Kras'?V transformation indi-
cated by the lack of proliferating cells and preneoplastic clusters both
at day 12 and at 2 months after transgene activation. Although some
Kras*?V-expressing Club cells at the BADJs did proliferate, the devel-
opment of preneoplastic areas was completely restricted to the distal
bronchioles. These results reveal that Club cells respond differently to
oncogenic Kras activation and that the potential of Club cells to initi-
ate tumor growth is completely restricted to a subpopulation localized
to the distal bronchioles. One intriguing additional finding was that
the numbers and anatomical location of proliferating cells were very
similar in wild-type and short-term TAM-induced lungs. Since general-
ized expression of oncogenic Kras in murine lungs promotes tumor
formation only in a small subset of cells, it is tempting to speculate
that resting lung epithelial cells are not susceptible to transformation
and that preceding proliferation is required for productive tumor initi-
ation. However, to prove these two hypotheses, further research will
be needed.

Data from different laboratories suggested that oncogenic Kras
expression in Club cells could initiate hyperplastic growth patterns but
that the tumorigenic potential of these lesions is limited and never
progresses beyond the preneoplastic stage.'®242% |n contrast to these
reports, we demonstrate that Club cell-initiated lesions traverse from

preneoplastic AHs, AAHs to ADs and high-grade ACs. Recording
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neoplastic hallmarks during tumor development at 2, 4 and 5 months
post induction revealed a gradual increase in malignancy over time
that finally resulted in an aggressive LUAD phenotype. Because of the
very limited immune cell infiltration and the only sporadic but regular
appearance of immune cell clusters at the border of late stage tumors,
the immune phenotype of Club cell-derived LUAD is best classified as
immune-excluded within the time of analysis.>® Our data thus estab-
lish that KP-transformed Club cells undergo a progressive evolution
towards aggressive LUAD and that the progressing lesions display an
immune cell-excluded phenotype.

In our study, we also define the stepwise histotype conversion of
KP-transformed murine Club cells. Immunostaining for the principal
bronchiolar and alveolar lineage-defining markers CC10 and SP-C
uncovered the progressive loss of the initial CC10 marker and the
early onset and increasing gain of the alveolar SP-C marker. Interest-
ingly, analysis of KP-mutated LUAD patients revealed high to interme-
diate co-expression of CC10 and SP-C in the majority of early stage
patients and a decrease of CC10 expression in Stage IV samples.
However, taking into account, the small sample size and the fact that
the cell-of-origin in these patients remains elusive, this correlative
finding should be interpreted with caution. In CKP mice, we also iden-
tified some larger tumors with Sox2 protein expression at 4 months
after TAM induction and at 5 months, almost all bigger tumors con-
tained Sox2 positive cells. This highly reproducible switch in both
lineage-defining markers and the late onset of Sox2 master transcrip-
tion factor expression across individual tumors is consistent with the
view that initially KP-transformed Club cells undergo a stereotypic
carcinogenic program characterized by lineage marker conversion and
the late onset of Sox2 transcription factor expression, involved in
oncogenic lineage specification, reprogramming and therapeutic resis-
tance.**® Thus, in line with the long-known cellular diversification of
human LUAD®°2 and the recently reported heterogeneous tumor cell

3435 our data

states adopted by progressing KP-transformed AT2 cells,
reveal an inherent plasticity of LUAD-initiating Club cells. The pro-
gressing autonomous diversification of Club cell- and AT2 cell-
initiated murine lung tumors may also provide a good explanation
why individual LUAD cells can survive an initial anticancer treatment
and thus facilitate the development of new therapy-resistant
phenotypes in human patients.>” The fact that CC10 single positive
LUAD-initiating Club cells localize to the distal bronchioles and almost
immediately start to express SP-C also puts in perspective the
ongoing debate if BASCs can act as LUAD progenitors in mice. We
therefore would like to propose that only a small number of highly
plastic epithelial cells, representing a dynamic lineage continuum,
is amenable to KP transformation and that this plastic cellular sub-
set resides at the transition of the terminal bronchiole to the alve-
oli. This view is further supported by recent RNA-sequencing data
showing that the murine BASC transcriptome is characterized by
promiscuous co-expression of bronchiolar and alveolar epithelial
genes and by lineage tracing, demonstrating the potential of
BASCs to replenish pools of Club, ciliated, AT1 and AT2 cells upon
lung injury.”®>? The progressive lineage conversion and the late

gain of Sox2 gene expression in Club cell-initiated LUAD also

shows that these markers do not reflect the cell-of-origin of
murine and possibly also of human LUAD.

In conclusion, our data provide direct experimental evidence for
Club cells as cells-of-origin for LUAD. Recording the anatomical localiza-
tion of LUAD-initiating cells further revealed that only Club cells at the
distal bronchioles of the lungs are amenable to KP-transformation and
that the trajectory of tumor-initiating cells reproducibly follows a pro-
gram that is characterized by lineage infidelity, progressive tumor hetero-
geneity and the final emergence of aggressive LUAD. Given that a
subset of murine Club cells can act as progenitors for aggressive KP-
initiated LUAD, and supported by recent data demonstrating that genetic
ablation of Club cells completely prevented murine lung tumor formation
by toxic chemicals found in tobacco smoke,®® we would like to propose
that oncogenic Kras-transformed Club cells likely play a major role as

LUAD-initiating cells-of-origin in mice and possibly also in humans.
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