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As one of themost common forms of cancer, lung cancers
present as a collection of different histological subtypes.
These subtypes are characterized by distinct sets of driver
mutations and phenotypic appearance, and they often
show varying degrees of heterogenicity, aggressiveness,
and response/resistance to therapy. Intriguingly, lung can-
cers are also capable of showing features of multiple sub-
types or converting from one subtype to another. The
intertumoral and intratumoral heterogeneity of lung can-
cers as well as incidences of subtype transdifferentiation
raise the question of to what extent the tumor character-
istics are dictated by the cell of origin rather than the ac-
quired driver lesions. We provide here an overview of
the studies in experimental mouse models that try to ad-
dress this question. These studies convincingly show that
both the cell of origin and the genetic driver lesions play a
critical role in shaping the phenotypes of lung tumors.
However, they also illustrate that there is far from a direct
one-to-one relationship between the cell of origin and the
cancer subtype, as most epithelial cells can be repro-
grammed toward diverse lung cancer fates when exposed
to the appropriate set of driver mutations.

Lung cancer is the world’s deadliest cancer. Every year,
more people die of lung cancer than of colon, breast, and
prostate cancers combined (Ferlay et al. 2015; Adjei
2019). While some ascribe the deadliness of lung cancers
to the fact that the disease is often detected at a more ad-
vanced stage, themain difficulty in improving patient sur-
vival lies in that lung cancer is a very challenging cancer
to treat. Surgery can be performed in early-stage disease.
However, once the cancer has disseminated within the
lung and metastasized to other tissues, systemic treat-
ments are often the only option. Lung cancers come in
multiple flavors, and it is crucial to tailor the treatment
according to the subtype. We can distinguish lung cancers

into roughly twomajor subgroups: nonsmall cell lung can-
cer (NSCLC), which accounts for∼85%of cases and is fur-
ther subdivided into lung adenocarcinoma (LUAD) and
lung squamous cell carcinoma (LSCC), as well as large
cell carcinoma (LCC), and small cell lung cancer (SCLC),
which accounts for the remaining 15% of lung cancer cas-
es (Siegel et al. 2017).
Of all themajor subtypes of lung cancer, LUADpatients

benefit from the largest selection of treatment options.
LUAD patients receive combinations of chemotherapy,
targeted therapy (e.g., inhibitors of EGFR and ALK), and
immunotherapies according to their genotypic and pheno-
typic stratification, resulting in a substantial survival ben-
efit for a subset of patients (Ramalingam and Belani 2008;
Han et al. 2015; Xia and Herbst 2016; Hida et al. 2017; Pe-
ters et al. 2017). Treatment options are much more limit-
ed for LSCC (∼30% of lung cancers) and SCLC patients for
whom almost no effective treatment option substantially
extending survival has become available over the last 25
yr. Most LSCC and SCLC patients succumb to their dis-
ease within a fewmonths or a few years. Recently, immu-
notherapy has shown long-term benefit in a small fraction
of LSCC and SCLC patients (Brahmer et al. 2015; Kogure
et al. 2018; Armstrong and Liu 2019). Other innovative
therapies are being explored but so far without significant
breakthroughs.
To develop more effective therapies and improve pa-

tient survival, we must gain a better understanding of
the biology of these diseases, with the hope of finding
new vulnerabilities and identifying widely applicable
screening markers that permit earlier detection of these
cancers. This is a challenging task, as illustrated by the
slow advance of such developments in LSCC and SCLC.
LSCC can present with very diverse sets of driver lesions
including a substantial contribution of tumor suppressor
gene losses, making it difficult to identify suitable targets
for therapeutic intervention (The Cancer Genome Atlas
Research Network 2012). Similarly, SCLC, with predom-
inant loss of both RB1 and TP53 tumor suppressor genes,
does not exhibit strong driver pathway dependencies for
which drugs are available (George et al. 2015). Although
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the frequent amplification and overexpression of MYC
family members might make them attractive therapeutic
targets, we currently lack effective drugs against them in
the clinic. Similarly, targeting the frequently amplified
and overexpressed BCL2 protein or the activated PI3K
pathway has yielded disappointing results besides being
associated with significant toxicity (Tarhini et al. 2010;
Baggstrom et al. 2011; Langer et al. 2014). Furthermore,
the significant heterogeneity of lung tumors often result-
ing from long-term carcinogen exposure and chromosom-
al instability has resulted in tumor populations in which
escape mutations are often abundantly present.

This raises the question of whether other treatment
paradigms that do not exclusively depend on the acquired
oncogenic lesions but take advantage of specific charac-
teristics of the cancer cell of origin could serve as a way
forward. The use of rituximab in the treatment of non-
Hodgkin’s lymphoma (NHL) and other hematopoietic
malignancies (Mohammed et al. 2019) provides an exam-
ple for such an approach, where lineage-specific cell sur-
face markers serve as therapeutic target to eradicate
tumor cells that belong to a specific hematopoietic line-
age. Furthermore, heterogeneous populations arising
from a different cell of origin even within the same tumor
subtype may also determine clinically relevant features
such as local dissemination, metastatic potential, and re-
sponse to therapy and therefore serve as a predictive
marker. Consequently, defining the cell of origin can
help undercover the mechanisms of tumor initiation
and progression and identify unique cell type-specific tar-
gets for therapy (Visvader 2011; Blanpain 2013). Assessing
the cells of origin of human lung tumors has proven diffi-
cult as these tumors usually have a long history of accu-
mulating driver and passenger mutations that, together
with environmental factors, can impact tumor develop-
ment. The presence of markers characteristic for lung ep-
ithelial cell subtypes can be used to infer a cell of origin
for that tumor, whether it is LUAD (Tabbo et al. 2018)
or SCLC (Rudin et al. 2019). However, ongoing single-
cell sequencing and 3D organoid approaches are likely
to help achieve a much better understanding of the early
stages of lung cancer development in humans in the fu-
ture. Back and forth studies between mouse models and
human analyses probably offer the best perspectives for
studying prevention, early detection, and more effective
treatment paradigms.

In this review, we summarize the work performed in
model systems of lung cancer that specifically sheds light
on the cell of origin of lung cancers. We chose to review
here mostly studies performed in mice, as this approach
permits a more thorough analysis of the specific location
and features of early lesions. We refrain from including
studies that do not address cell of origin aspects of tumor
development and response/resistance to therapy.

Epithelial lineages in the lung

The lung is a complex organ composed of many different
cell types. In contrast to some other tissues that show

very high rates of turnover, such as the hematopoietic sys-
tem and the intestinal tract, the turnover of lung tissue is
relatively slow, with a turnover time of 7 yr in humans.
However, upon injury, the tissue has the capacity to
quickly repair the damage through themobilization of res-
ident cells with tissue stem cell properties (Rawlins and
Hogan 2006; Kim 2017; Leach and Morrisey 2018; Lee
and Rawlins 2018). These specialized cells, such as basal
cells and subsets of alveolar type II (AT2) cells, are capable
of giving rise to the diverse lineages that line the different
anatomical compartments of the respiratory system. The
major differentiated cell subtypes in the lung are repre-
sented by their localization and role in maintaining the
lung structure: Alveolar type I (AT1) and II (AT2) cells
are responsible for forming and maintaining the alveolar
structures, with the AT1 cells being responsible for gas ex-
change; the club and ciliated cells cover the trachea and
bronchi along with the basal epithelial cells lining the
basement membrane; and a numerous range of more spe-
cialized cells are distributed both dispersed and at specific
locations (e.g., at bronchi bifurcation sites or in the transi-
tion from the bronchioles to the alveoli). Among these rar-
er cell types are the innervated neuroendocrine cells
important for gauging intrapulmonary small molecule
levels and controlling the biochemical milieu by the reg-
ulated secretion of a range of bioactive peptides. Neuroen-
docrine cells are present both as clusters (as
neuroepithelial bodies present mostly at bifurcation sites)
and dispersed single cells throughout the trachea and
bronchi (see Fig. 1; Garg et al. 2019).

GEMMs as a tool for uncovering cellular mechanisms
of lung cancer development

Most of the knowledge about lung development and how
it is controlled by specific transcriptional programs comes
from studies using genetically engineered mouse models
(GEMMs). Similarly, GEMMs have been heavily used to
increase our understanding of what drives the develop-
ment of the various lung cancer subtypes (see Tables 1–
3). While studying human lung cancers offers unique
challenges such as the difficulty in dissecting the specific
factors responsible for cancer initiation, GEMMs can alle-
viate some of these challenges by offering a system in
which individual gene expressions may be tweaked. Ad-
vanced mouse models of lung cancer allow for both spa-
tial and temporal control of oncogene activation and
tumor suppressor inhibition (Kwon and Berns 2013; Sán-
chez-Rivera and Jacks 2015). Because mice used to model
lung cancer live under controlled genetic and environ-
mental conditions, the development of lung tumors is
highly reproducible, allowing for studies of cancer initia-
tion and progression that are still impossible to model in
patients. Mouse models also provide a powerful system to
investigate epigenetic heterogeneity within tumors or
during cancer progression (Tammela and Sage 2019). Per-
haps most importantly, however, mouse models can pro-
vide a phenotypic readout when genetic modulations of
interest are introduced in specific cell lineages. As we

Ferone et al.

1018 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


argue further below, it is the combination of both the spe-
cific genetic lesions and the cell of origin that determines
tumor characteristics.
So far, the approach to identify a cell of origin for can-

cers has been limited to the use of cell type-specific Cre
drivers either by using engineered knock-in strategies or
by infecting lung cells with adenoviruses driving Cre ex-
pression by specific promoters. Each of these approaches
has their own advantages and limitations, and we deal
with these in the context of their specific application.
Herewe further explore towhat extent the combination

of the cell of origin and the set of distinct mutations
determines specific tumor features such as its location,
morphology, microenvironment, plasticity, latency, het-
erogeneity, and aggressiveness.

Cell of origin of lung adenocarcinoma (LUAD)

Lung adenocarcinoma (LUAD) (Fig. 2) is the most com-
mon type of lung cancer. A large proportion of the cases
are caused by tobacco smoking, which is responsible for
causing base-substitutions in cancer-related genes such
as TP53 and KRAS. Still, nonsmokers represent ∼25% of
all lung cancer cases, the vast majority of which is
LUAD. In these cases, LUAD often presents with point
mutations in EGFR and specific gene fusions (e.g., ALK,
ROS1, andRET) (Sun et al. 2007; The Cancer Genome At-

las Research Network 2014). Other commonly inactivat-
ed tumor suppressor genes include KEAP1, STK11, and
NF1 (Sun et al. 2007; The Cancer Genome Atlas Research
Network 2014).
Since accumulating evidence suggested activating mu-

tations in KRAS as a key initial event in LUAD tumori-
genesis, conditional mutant KrasG12D has been
expressed in various mouse lung compartments using
multiple approaches with the aim to identify the cells of
origin of LUAD. A transgenic mouse model permitting
spatio-temporal induction of sporadic activation of mu-
tantKraswas generated byMeuwissen et al. (2001). These
transgenic mice (β-Actin-Lox-GFP-Stop-Lox-KRASG12V-
IRES-PLAP) expressed ubiquitous GFPwhile a polyadeny-
lation signal prevented mutant KRAS expression. The ex-
pression of KRASG12V could subsequently be induced
along with placental alkaline phosphatase (PLAP) upon
intratracheal delivery of adenoviral Cre. Mice infected
with adenovirus carrying Cre under transcriptional con-
trol of the cytomegalovirus promoter (Ad5-CMV-Cre)
showed progressive LUAD with a short latency (5–8 wk).
The development of LUAD at the lung periphery (intra-
parenchymal lesions) and the absence of bronchial adeno-
carcinoma in spite of the efficient targeting of bronchial
epithelial cells suggested that AT2 cells serve as the
most prominent cell of origin of KRASG12V-induced

Figure 1. Schematic representation showing how mouse lung
composition varies from the trachea to the alveolar space. Basal,
club, neuroendocrine and AT2 cells are the major differentiated
subtypes and have been either engineered or targeted to express
tumor driver mutations.

Figure 2. Schematic representation of genetic lesions that have
resulted in LUAD in mouse models. Targeted cells of origin
throughout the lung are also shown.

Cells of origin of lung cancers
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LUAD. Several mutant Kras knock-in models were gener-
ated by the Jacks laboratory: one in which spontaneous
sporadic activation of mutant Kras did occur (Johnson
et al. 2001) and the widely used Lox-Stop-Lox-KrasG12D

knock-in model (Jackson et al. 2001), where the mutant
Kraswas induced upon intranasal instillation of recombi-
nant adenoviral Cre. Mice in this latter model developed
LUAD within 14 wk. Due to the presence of papillary
structures located at the bronchiole/alveoli border at the
end of a stretch of club cells, which express both the
club cell marker CC10 and the AT2 cell marker SPC,
the authors suggested amodel in whichKrasG12D promot-
ed the transdifferentiation of club cells into CC10–SPC-
double-positive cells, which serve as the cell of origin of
lung adenoma and adenocarcinoma (Jackson et al. 2001).
Using this same model, Kim et al. (2005) demonstrated
that these double-positive cells were also present in nor-
mal lung. These cells, which showed self-renewal capaci-
ty and were multipotent in clonogenicity assays, were
named bronchioalveolar stem cells (BASCs). However,
more recent studies have demonstrated that CC10+ club
cells and SPC+ AT2 cells, rather than the double-positive
BASCs themselves, serve as the cell of origin for LUAD
upon KrasG12D activation (Xu et al. 2012). Upon tamoxi-
fen administration, LSL-KrasG12D; Trp53F/+; CC10CreER;

Rosa26R-fGFP mice (where F stands for “floxed,” meaning
that part of the gene is flanked by loxP sites) developed
bronchioalveolar duct junction (BADJ) hyperplasia and
LUAD in the alveolar space. In spite of Cre activation in
nearly 90% of club cells (Rawlins et al. 2009), no tumors
were found in the bronchi and upper airways, suggesting
that club cells have a different susceptibility to LUAD
transformation. They also pointed to the presence of
CC10+ AT2 cells capable of initiating LUAD. To investi-
gate whether only CC10+ AT2 cells were capable of trans-
formation, Xu et al. (2012) administered tamoxifen to LSL-
KrasG12D; Trp53F/+; SftpcCreER; Rosa26R-fGFP mice and
found that SPC+CC10− alveolar cells were also efficiently
transformed into LUAD. BADJ cells remained largely un-
affected, even if they appeared labeled. Overall, their re-
sults suggested that both SPC+CC10+ and SPC+CC10−

cells in the alveoli can serve as the cells of origin of LUAD.
As BASCs and some of the other lung epithelial popula-

tions are activated to proliferate and repopulate the lung in
response to injury, one may hypothesize that relative cel-
lular plasticity and activation in response to injury could
enhance development of lung cancer. Indeed, Mainardi
et al. (2014) demonstrated that the adenoviral infection it-
self contributed to the permissiveness of lung cells to be-
come transformed into LUAD. These investigators used

Table 1. LUAD mouse models obtained by targeting single or combined driver mutations to distinct cells of origin

Target cells Genetics Inducer Tumor type/location Reference

Lung epithelial cells Lox-
GFPpA-Lox; KrasG12VIRES-PLAPpA

IT Ad5-CMV-Cre Peripheral LUAD Meuwissen et al.
2001

Lung epithelial cells LSL-KrasG12D IN AdCre LUAD and papillary
structures at BADJ

Jackson et al. 2001

Lung epithelial cells LSL-KrasG12D IN AdCre LUAD and papillary
structures at BADJ

Kim et al. 2005

AT2 CCSP-rtTA; TetO-EGFRL858R Dox LUAD in alveolar space Politi et al. 2006
AT2 CCSP-rtTA; TetO-EGFRΔL747–S752 Dox LUAD in alveolar space Politi et al. 2006
AT2 CCSP-rtTA; Trp53F/F; KrasLSL-G12D/+ Dox LUAD in alveolar space Fisher et al. 2001
AT2 CCSP-rtTA; KrasLSL-G12D/+ Dox LUAD in alveolar space Fisher et al. 2001
90% Club
90% BASC
10% AT2

LSL-KrasG12D; Trp53Flox/+; CC10CreER/+;
Rosa26R-fGFP

Tam BADJ hyperplasia; LUAD
in alveolar space

Xu et al. 2012

AT2 LSL-KrasG12D; Trp53Flox/+; SPCCreER/+;
Rosa26R-fGFP

Tam LUAD in alveolar space Xu et al. 2012

AT2 and BASC SPCCreER/+; Trp53f/f; KrasLSL-G12D/+ Tam LUAD in alveolar space Lin et al. 2012
AT2 and BASC SPCCreER/+; KrasLSL-G12D/+ Tam LUAD in alveolar space Lin et al. 2012
AT2 SPCrtTA; tetO-EGFRL858R Dox LUAD in alveolar space Lin et al. 2012
Lung epithelial cells KrasLox/LSLG12Vgeo; RERTert/ert Tam LUAD in alveolar space Mainardi et al.

2014
Lung epithelial cells KrasLox/LSLG12Vg IT AdCre LUAD in alveolar space;

adenoma in BADJ
Mainardi et al.
2014

AT2 LSL-KrasG12D; Trp53F/F IT Ad5-SPC-Cre LUAD in alveolar space Sutherland et al.
2014

Club LSL-KrasG12D; Trp53F/F IT Ad5-CC10-Cre LUAD in alveolar space
and BADJ

Sutherland et al.
2014

AT2 KrasG12D/+;Lkb1F/F IT Ad5-SPC-Cre LUAD in alveolar space Nagaraj et al. 2017
Club KrasG12D/+;Lkb1F/F IT Ad5-CC10-Cre LUAD in alveolar space

and lung adenosquamous
cell carcinoma

Nagaraj et al. 2017

(IT) Intratracheal; (LUAD) lung adenocarcinoma; (F) flox; (LSL) Lox-Stop-Lox; (IN) intranasal; (AT2) alveolar type 2; (Tam) tamoxifen;
(Dox) doxycycline; (BADJ) bronchoalveolar duct junction; (BASC) bronchoalveolar stem cell.
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amodel in whichmutantKras, alongwith the Bgeomark-
er,was inducedby4-OH-tamoxifen treatment,which acti-
vates CreERexpression from theRERT locus encoding the
large subunit of RNA polymerase II. In this model, mice
developedmalignant LUAD in the alveolar space 24wk af-
ter Cre activation. Targeted and stained cells at other lung
sites did not expand further beyond a small cluster of cells.
When Cre was intratracheally delivered via an adenoviral
vector, mice developed papillary hyperplasia at the BADJ
region that progressed to adenomas expressing both
CC10 and SPC markers but not to malignant tumors.
Only adenomas in the alveolar space, positive for SPC
and not for CC10, progressed tomalignant tumors. There-
fore, both the target cell and the way in which mutations
are activated can affect the permissiveness for tumor for-
mation. Importantly, a number of lung cell populations
aside from BASCs has been implicated in undergoing
transdifferentiation in response to concomitant inflam-
mation or local damage, such as the differentiation of
club cells to AT2 cells (Zheng et al. 2013).
Another study that interrogated whether LUAD can

arise from multiple cells of origin was based on the
selective targeting of either CC10+ or SPC+ cells by using
highly specific lineage-restricted recombinant Cre adeno-

viruses (Sutherland et al. 2014).KrasLSL-G12D/+mice devel-
oped LUAD following infections with either of the
viruses. However, the tumors in thesemice showed differ-
ent localization and exhibited a distinct phenotype. Fol-
lowing Ad5-SPC-Cre infection, the mice developed
tumors exclusively in the alveolar space but not in the
BADJ region. Tumors were positive for SPC but not for
CC10, in line with previous observations by Xu et al.
(2012). Ad5-CC10-Cre infection of KrasLSL-G12D/+ mice re-
sulted in papillary hyperplasia at the BADJ, which in-
volved not only CC10+SPC+ BASCs but also CC10+ club
cells. Lineage tracing experiments with Ad5-CC10-Cre-
injected LacZmice did not reveal the previously reported
CC10+ AT2 cells in the alveolar space (Rawlins et al.
2009); therefore, either club cells or BASCs, both present
in the BADJ region, could have served as the potential
cells of origin for LUAD. By using KrasLSL-G12D/+;R26R-
Confettimice, it was shown that CC10+ hyperplasic cells
gradually lose the expression of CC10 and gain expression
of SPC, resulting in SPC+ adenomas (Sutherland et al.
2014). This suggested that CC10+SPC− populations served
as the cell of origin of this subset of adenomas exhibiting a
more papillary phenotype. The fact that Ad5-SPC-Cre in-
fection did not promote LUAD in the BADJ region

Table 2. LSCC mouse models obtained by targeting single or combined driver mutations to distinct cells of origin

Target cells Genetics Inducer Tumor type/location Reference

All tissues IkkαKA/KA Germline mutation Skin lesions; only 20% of
LSCC

Xiao et al. 2013

All tissues, except
Loripos skin cells

Lori-IKKα; IkkαKA/KA Transgenic expression
IKKα in Loripos cells;
Ikkα germline mutation

100% LSCC Xiao et al. 2013

All tissues, except
K5pos skin and
lung cells

K5-IKKα; IkkαKA/KA Transgenic expression
IKKα in K5pos cells; Ikkα
germline mutation

No tumors Xiao et al. 2013

Lung epithelial
cells

PtenF/F;Lkb1F/F IN AdCre Peripheral LSCC Xu et al. 2014

Lung epithelial
cells

Lenti-Sox2;Lkb1F/F IN Sox2-PGK-Cre
lentivirus

LSCC and few cases of
LUAD

Mukhopadhyay
et al. 2014

Lung epithelial
cells

Rosa26LSL-Sox2-IRES-GFP; Lkb1F/F IT Ad5-CMV-Cre Peripheral LSCC and small
adenosquamous lesions

Mollaoglu et al.
2018

Basal PtenF/F; Cdkn2abF/F;LSL-
Fgfr1K656E

IT Ad5-K14/K5-Cre Heterogeneous lung
lesions; sporadic central
LSCC

Ferone et al. 2016

Basal PtenF/F; Cdkn2abF/F;LSL-Sox2 IT Ad5-K14/K5-Cre Central LSCC Ferone et al. 2016
Club PtenF/F; Cdkn2abF/F;LSL-Sox2 IT Ad5-CC10-Cre Central and peripheral

LSCC
Ferone et al. 2016

AT2 PtenF/F; Cdkn2abF/F;LSL-Sox2 IT Ad5-SPC-Cre Peripheral LSCC Ferone et al. 2016
Lung epithelial
cells

Sox2CreER; Rosa26LSL-Sox2-
IRES-GFPF/F; Nkx2-1F/F

Tam LSCC Tata et al. 2018

Basal KrasG12D; Fbxw7F/F IT Ad5-K5-Cre No tumors Ruiz et al. 2019
Club KrasG12D; Fbxw7F/F IT Ad5-CC10-Cre LSCC near the airways and

LUAD in the alveolar
space

Ruiz et al. 2019

AT2 KrasG12D; Fbxw7F/F IT Ad5-SPC-Cre LUAD in the alveolar
space

Ruiz et al. 2019

AT2 KrasLSL-G12D/+; Nkx2-1F/F;
Foxa1F/F;Foxa2F/F

IT Ad5-SPC-Cre/IT Ad5-
SPC-FlpO

LSCC Camolotto et al.
2018

(IkkαKA/KA) IkkαK44A/K44A; (Lori) truncated loricrin promoter; (IN) intranasal; (IT) intratracheal; (F) flox; (LUAD) lung adenocarcinoma;
(LSCC) lung squamous cell carcinoma; (AT2) alveolar type 2; (Tam) tamoxifen.
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suggested that BASCswere not the cell of origin of LUAD.
In a model with both Trp53 deletion and mutant
KrasG12D, LUAD originated from both Ad5-CC10-Cre or
Ad5-SPC-Cre injected mice; in this setting, the tumor de-
velopment was accelerated, and mice developed metasta-
sis (Sutherland et al. 2014), indicating that different cells
can function as the cell of origin of LUAD with carcino-
mas originating from club cells exhibiting more pro-
nounced papillary features.

In conclusion, this group of studies has pointed to AT2
cells as the predominant cell of origin of LUAD (Mainardi
et al. 2014). This holds true for mutant KRAS-induced as
well as mutant EGFR-induced tumors with or without
concomitant loss of TP53 (Fisher et al. 2001; Politi et al.
2006) Furthermore, most studies have excluded BASCs

as a cell of origin of LUAD, based on the absence of detect-
able LUAD development at the BADJ upon targeting (Lin
et al. 2012).

A recent mouse model combined KrasG12D and loss of
the tumor suppressor Lkb1 (also known as Stk11) in club
and AT2 cells by using either Ad5-CC10-Cre or Ad5-
SPC-Cre viruses (Nagaraj et al. 2017). Co-occurring
KRASmutations with LKB1 deletions are found in ∼30%
of humanLUADpatients and are responsible for an aggres-
sive form of a metastasis-prone NSCLC subtype. Modeled
inmice, the cell of origin appears to influence the survival
and histopathology spectrum of the KrasG12D;Lkb1Δ/Δ

driven tumors. Ad5-SPC-Cre-injected mice exhibited a
longer latency to tumor development than Ad5-CC10-
Cre-injected mice and only developed typical LUAD;

Table 3. SCLC mouse models obtained by targeting single or combined driver mutations to distinct cells of origin

Target cells Genetics Inducer Tumor type/location Reference

NE Trp53F/F;Rb1F/F IT Ad5-CGRP-Cre SCLC in central lung Sutherland et al.
2011

Club Trp53F/F;Rb1F/F IT Ad5-CC10-Cre Rare LUAD in alveolar space Sutherland et al.
2011

AT2 Trp53F/F;Rb1F/F IT Ad5-SPC-Cre SCLC in central lung Sutherland et al.
2011

Lung epithelial
cells

Trp53F/F;Rb1F/F IN Ad-Cre SCLC in main airways; BADJ Park et al. 2011

Lung epithelial
cells

Trp53F/F;Rb1F/F;Rbl2F/F IN Ad-Cre SCLC in main airways; BADJ Park et al. 2011

Club Trp53F/F;Rb1F/F; Scgb1a1-
Cre

constitutive No tumors Park et al. 2011

AT2 Trp53F/F;Rb1F/F IN Ad-SPC-CreER+
Tam

Rare LUAD in alveolar space Park et al. 2011

AT2 Trp53F/F;Rb1F/F;Rbl2F/F IN Ad-SPC-CreER+
Tam

Rare LUAD in alveolar space Park et al. 2011

AT2 and
bronchial cells

Trp53F/F;Rb1F/F; SPC-rtTA/
(tetO)7-Cre

Dox Rare LUAD in alveolar space (also
without induction by Dox)

Park et al. 2011

Lung epithelial
cells

Trp53F/F;Rb1F/F Rosa26+/
LSL-SmoM2−YFP

IT Ad-Cre SCLC in central lung Park et al. 2011

Lung epithelial
cells

Trp53F/F;Rb1F/F;PtenF/+ IT Ad5-CMV-Cre SCLC in central lung Cui et al. 2014

Lung epithelial
cells

Trp53F/F;Rb1F/F; invCAG-
Mycl-Luc

IT Ad5-CMV-Cre SCLC in central lung Semenova et al.
2016

Lung epithelial
cells

Trp53F/F;Rb1F/F; invCAG-
Nfib-Luc

IT Ad5-CMV-Cre SCLC in central lung and NE lesions in
alveolar space

Semenova et al.
2016

NE Trp53F/F;Rb1F/F;MycLSL/LSL IT Ad5-CGRP-Cre SCLC and a variant form in central lung Mollaoglu et al.
2017

NE Trp53F/F;Rb1F/F;CrebbpF/F IT Ad5-CGRP-Cre SCLC in central lung Jia et al. 2018
Lung epithelial
cells

Trp53F/F;Rb1F/F;Rbl2F/F IT Ad5-CMV-Cre SCLC in proximal and distal airways and
BADJ

Yang et al. 2018

NE Trp53F/F;Rb1F/F;Rbl2F/F IT Ad5-CGRP-Cre Fewer SCLC in proximal airways Yang et al. 2018
NE Trp53F/F;Rb1F/F IT Ad5-CGRP-Cre SCLC Ferone et al. 2020
Club Trp53F/F;Rb1F/F IT Ad5-CC10-Cre SCLC at low frequency and long latency Ferone et al. 2020
AT2 Trp53F/F;Rb1F/F IT Ad5-SPC-Cre SCLC with long latency Ferone et al. 2020
Basal Trp53F/F;Rb1F/F IT Ad5-K14-Cre SCLC Ferone et al. 2020
NE Trp53F/F;Rb1F/F;Fgfr1K656E IT Ad5-CGRP-Cre SCLC and rare LUAD in alveolar space Ferone et al. 2020
Club Trp53F/F;Rb1F/F;Fgfr1K656E IT Ad5-CC10-Cre LUAD in alveolar space Ferone et al. 2020
AT2 Trp53F/F;Rb1F/F;Fgfr1K656E IT Ad5-SPC-Cre LUAD in alveolar space Ferone et al. 2020
Basal Trp53F/F;Rb1F/F;Fgfr1K656E IT Ad5-K14-Cre Invasive SCLC and rare small LUAD in

alveolar space
Ferone et al. 2020

(NE) Neuroendocrine; (IT) intratracheal; (F) flox; (SCLC) small cell lung cancer; (LUAD) lung adenocarcinoma; (AT2) alveolar type 2;
(BADJ) bronchoalveolar duct junction.
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meanwhile, Ad5-CC10-Cre injected mice developed aci-
nar and mucin types of LUAD and, more importantly,
lung adenosquamous carcinoma. This suggests that the
role of LKB1 is restricted to airway cells, and therefore its
loss in alveolar cells does not significantly affect LUAD
originating from AT2 cells. However, other studies (Han
et al. 2014) have provided evidence that LUAD initiated
from KrasG12D;Lkb1Δ/Δ mutant AT2 cells tend to transdif-
ferentiate to an adenosquamous phenotype, suggesting
that features seemingly imposed by the cell of origin can
be modulated by other, so far not defined, factors.
The most relevant mouse models of LUAD with rele-

vant information about the nature of the genetic lesions,
the cell type specificity of the mutation inducer, and the
tumor location are summarized in Table 1 (see also Fig.
2). The findings demonstrate that multiple cell types in
the lung can give rise to LUAD. Furthermore, the effects
of driver lesions are also dependent on the cell of origin,
even to the extent that LUAD initiated from the same
set of driver lesions result in tumors with different charac-
teristics depending on whether AT2 or club cells were tar-
geted. The heterogeneity resulting from the cell of origin
is likely further amplified by intratumoral heterogeneity,
in which tumors display hierarchical features as driven by
Wnt signaling-mediated paracrine interactions (Tammela
et al. 2017).
Therefore, it will be important to buildmodels to assess

more systematically how LUAD development hijacks dis-
tinct signaling pathways in their cells of origin that play a
critical role duringnormal lungdevelopment and tissue re-
newal. MAPK signaling in AT2 cells is exemplary in this
respect (Desai et al. 2014), making these cells specifically
vulnerable for mutant EGFR- and KRAS-mediated trans-
formation. The same holds for Wnt signaling (Nabhan
et al. 2018), which may play a more important role in
LUAD (Tammela et al. 2017) than previously suspected.
The knowledge acquired by these studies might enable
us to stratify patients with apparently the same histotype
as well as provide inroads to new therapeutic strategies.
For instance, can the basal cells serve as the cell of origin
of LUAD if reprogrammedwith the appropriate set of driv-
ers, and how would response to therapy of these tumors
differ from that of LUAD initiated from club cells? Given
that a substantial fraction of cancer patients present with
mixed histology or show evidence of transdifferentiation
from one cancer subtype to another (e.g., LUAD to
SCLC) following treatment, plasticity is a hallmark ofma-
lignant lung cancers. It is therefore worthwhile to investi-
gate whether these cancers nevertheless retain distinct
cell of origin features that can serve as target for
intervention.

Cell of origin of lung squamous cell carcinoma (LSCC)

It has long been hypothesized that LSCC (Fig. 3) arises
from tracheobronchial basal cells, which is in line with
the notion that well-differentiated LSCC expresses more
or less homogenously p63 and keratins K14 and K5, the
markers of tracheobronchial basal cells that are not ex-

pressed in the peripheral lung (Cole et al. 2010; Travis
et al. 2011; Vaughan et al. 2015). Therefore, LSCC is ex-
pected to develop predominantly in the upper airways.
However, it appears that peripheral LSCC occurs almost
as frequently as central LSCC (Funai et al. 2003; Sakurai
et al. 2004; Yousem 2009; Hayashi et al. 2013). According-
ly, GEMMs in which either basal or alveolar cells are tar-
geted have shown to mimic human central and peripheral
LSCC, although with variable efficiency and with an im-
portant role played by the driver mutations.
In the LSCC models first described, the cell of origin

was not unequivocally defined: This is the case for the
IKKα knock-in mouse model (Xiao et al. 2013), as well as
for the Lkb1F/F;PtenF/F and Lenti-Sox2;Lkb1F/F mouse
models (Mukhopadhyay et al. 2014; Xu et al. 2014).
IKKα acts in theNF-κB pathway but also serves as a switch
controlling differentiation of epithelial cells (Descargues
et al. 2008), whereas LKB1 acts in the AMPK pathway reg-
ulating cell growth and energymetabolism (Li et al. 2015).
SOX2 is a transcription factor critical for conferring stem/
progenitor cell features (Laughney et al. 2020). The IKKα
model was generated by introducing a germline mutation
in which lysine residue at amino acid 44, an ATP-binding
site, was substituted to alanine to produce kinase-dead
Ikkα knock-in (IkkαK44A/K44A) (Xiao et al. 2013), as IKKα
was found to be disrupted in a small percentage of human

Figure 3. Schematic representation of genetic lesions that have
resulted in LSCC in mouse models. Targeted cells of origin
throughout the lung are also shown.
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LSCC (1.7% according to TCGA). In mice, disruption of
IKKα activity led to SCC development in lung and skin ep-
ithelia. Re-expression of thewild-type IKKα in K5-express-
ing cells prevented SCC development in both tissues.
Since the genetic alterationwas not somatically inducible
in a spatio-temporal fashion, it remains unclear to what
extent the disruption of IKKα activity in all cells through-
out development influences disease development and
even the cell of origin. However, the observation that
SCC development is prevented by the K5-specific expres-
sion of IKKα clearly supports a basal–epithelial cell as the
likely cell of origin in this specificmodel (Xiao et al. 2013).

In 2014, two conditional LSCC mouse models were de-
scribed based on Lkb1 loss (Mukhopadhyay et al. 2014; Xu
et al. 2014), which is found in ∼2% of human LSCC (The
Cancer Genome Atlas Research Network 2012). One
model combined Lkb1F/F and PtenF/F conditional tumor
suppressor alleles that were inactivated by intranasal
(IN) delivery of adenovirus with Cre-recombinase under
a ubiquitous promoter; in this model, the mice developed
LSCC in the peripheral lung with a latency of 40–50 wk
(Xu et al. 2014). Delivery of adenovirus with Cre under
surfactant proteinC promoter (SPC-Cre) or club cell secre-
tory protein promoter (CC10-Cre) both failed to induce tu-
mors when used with Lkb1F/F and PtenF/F conditional
alleles. No more specific information on the cell of origin
was reported with this set of tumor suppressor disrup-
tions, although the data indicated that these genetic le-
sions were unable to initiate LSCC from AT2 and club
cells. In the other model, a lentiviral approach was used
to drive the expression of Sox2 and Cre-recombinase in a
Lkb1F/F conditional mouse strain (Lenti-Sox2;Lkb1F/F).
Mice developed LSCC and, in a few cases, LUAD with a
latency of 6–10 mo and 40% penetrance (Mukhopadhyay
et al. 2014). It is possible that Sox2 expression and Lkb1
loss (Han et al. 2014) enable the reprogramming of distinct
lung cell lineages to a squamous-like identity, but since
the lentivirus used did not act in a specific cell type, this
study did not provide further insight into the cell of origin
of LSCC.

A recent study presented a more detailed analysis of
Lkb1 loss-based models and described squamous tumors
and small adenosquamous lesions with predominantly
peripheral localization at early time points, suggesting
that these tumors originated from the distal lung epitheli-
um (Mollaoglu et al. 2018). Differently from previous
work (Mukhopadhyay et al. 2014), overexpression of
SOX2 was not mediated by lentiviral delivery but from
the Rosa26 locus (Mollaoglu et al. 2018). In this study,
Mollaoglu et al. (2018) suggested that SOX2 overexpres-
sion following Ad5-CMV-Cre injection makes the AT2
cells permissive to squamous differentiation due to both
SOX2-mediated NKX2-1 suppression and recruitment of
tumor-associated neutrophils (TANs). In this context,
the development of LSCC is driven by the cell of origin,
the genetic drivers, and interactions between the cancer
cells and immune cells. Interestingly, LUAD induced by
KrasG12D can progress to LSCC upon subsequent deletion
of Lkb1, which appears to cause loss of PRC2 through re-
duced expression of EED, a critical component of the

PRC2 complex thereby permitting lineage switching
(Zhang et al. 2017).

To develop a model of LSCC carrying the genetic le-
sions most frequently found in human LSCC, Ferone
et al. (2016) generatedmousemodels based on the biallelic
deletion of both Pten and Cdkn2ab, two genes frequently
inactivated in human LSCC. However, this combination
alone was insufficient to promote LSCC: Mice developed
heterogeneous lesions 10–15 mo following Ad5-K14-Cre
intratracheal delivery. Therefore, Pten and Cdkn2ab bial-
lelic inactivation was combined with the overexpression
of either Fgfr1 or Sox2 genes, which are frequently ampli-
fied in human LSCC (The Cancer GenomeAtlas Research
Network 2012). When combined with conditional overex-
pression of a constitutive active form of Fgfr1 (Fgfr1K656E

allele) in basal cells, sporadic LSCCwithin heterogeneous
lesions were found after a latency of 2–5 mo. The most
successful inducer of squamous cell fate appeared to be
Sox2 overexpression in combination with Pten and
Cdkn2ab deletions (Sox2PC mice). This combination
was sufficient to transform either K14+ or K5+ basal cells
into LSCC with 100% penetrance and a latency of ∼7
mo. In addition, findings in Sox2PC mice showed that
club and AT2 cells were also efficiently reprogrammed to-
ward a squamous fate, giving rise to LSCC with the same
penetrance and latency as observed for basal cells (Ferone
et al. 2016). Interestingly, targeting this set of driver le-
sions to AT2 cells showed that during their transition to
LSCC, the AT2 cells first started to express the club cell
marker CC10 while losing the AT2 marker SPC and sub-
sequently acquired basal cell markers p63 and K5with the
concomitant loss of the transiently expressed CC10.
When the lesions were targeted to club cells, they lost
CC10 expression while acquiring the specific markers
for LSCC. These results indicate that a combination of le-
sions often found in human LSCC can effectively induce
LSCC from all the major lung cell types. However, the
data also show that even a strong driver such as Sox2 over-
expression (Lu et al. 2010), alone or in combination with a
single additional driver lesion, cannot transform a non-
squamous cell. For instance, the combined loss of the
lung identity transcription factor Nkx2-1 and Sox2 over-
expression promoted LSCC when switching was directed
to airway epithelial cells but not when targeted to AT2
cells (Tata et al. 2018).

Thus, although lung cells show substantial plasticity
and can be reprogrammedwith a combination of three dif-
ferent genetic lesions, the cellular and epigenetic context
determines the distinct combinations of driver lesions
that may effectively cause transformation of that particu-
lar cell. Apparently, the combination of Sox2 overexpres-
sionwith concomitant loss of Pten andCdkn2ab is able to
release this epigenetic restriction inmultiple cell lineages
in the lung.

Recently, specific sets of mutations were shown to
drive a mixture of LSCC and LUAD in a model based on
KrasG12D activation in combination with Fbxw7 deletion
(KFmice), a gene that codes for a ubiquitin ligase that tar-
gets severalwell-known oncoproteins (Ruiz et al. 2019). In
this case, predominance of one or the other histotype was
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dictated by the cell of origin that was targeted. Targeting
Fbxw7Δ/Δ and KrasG12D specifically to K5-expressing cells
failed to give rise to LSCC. In contrast, KF mice infected
with Ad5-CC10-Cre virus developed tumor lesions with
histological characteristics of LSCC that were mostly lo-
cated in and adjacent to the airways. Ad5-CC10-Cre infec-
tion also resulted in 20% of LUAD tumors, which were
found exclusively in the alveolar space. Targeting AT2
cells with Ad5-SPC-Cre in KF mice resulted exclusively
in adenomas and adenocarcinomas distributed over the al-
veolar area.Whereas LUAD tumors in theKFmousemod-
el originated from SPC+ AT2 cells, LSCC tumors
originated from CC10+ luminal cells of the airways. This
finding further underscored the importance of the cell of
origin in determining lung cancer subtype development
even in the presence of the same genetic lesions.
On the other hand, other studies of LSCC highlighted

the role of specific genetic drivers in shaping the subtype
determination of lung cancers. KrasG12D activation with
concomitant Nkx2-1 deletion (KrasLSL-G12D/+; Nkx2-1F/F)
together with either Foxa1 or Foxa2 disruption was re-
ported to promote squamous differentiation of tumor le-
sions (Camolotto et al. 2018). These mice developed
LUAD juxtaposed to LSCC lesions (adeno-squamous le-
sions), and further examination revealed that while the
LUAD lesions were genetically proficient for either
Foxa1 or Foxa2, the squamous compartment was actually
negative for the expression of both. This result suggested
that the expression of either FOXA1 or FOXA2 was re-
quired in the initiation phase but that the subsequent
loss of both was necessary for the cells to undergo squa-
mous differentiation in this genetic background. In con-
trast, when both Foxa1 and Foxa2 were genetically
deleted from the beginning, mice developed LUAD ex-
pressing markers of the squamo–columnar junction of
the gastrointestinal tract. The investigators suggested
that this difference was attributable to a context-specific
regulation of lung cancer identity by NKX2-1, FOXA1,
and FOXA2. By using sequential in vivo recombination,
they showed that FOXA1/2 loss in establishedKRAS-driv-
en neoplasia originating from SPC+ alveolar cells
was capable of promoting keratinizing squamous cell car-
cinomas, illustrating the capacity of these transcription
factors to cause transdifferentiation. However, since these
mutations were not induced in other lung cell lineages,
this leaves open the possibility that this set of mutation
can also promote LSCC in other lung compartments.
Key mouse models of LSCC are summarized in Table 2

(see also Fig. 3), with relevant information about the na-
ture of the genetic lesions, the cell type specificity of the
mutation inducer, and the tumor location. From the stud-
ies listed above, a number of important conclusions can be
drawn:
(1) The various lung lineages show extensive plasticity.

LSCC can be induced from basal epithelial cells, AT2
cells, and club cells. A limited set of driver lesions fre-
quently found in human LSCC is sufficient in mice to
give rise to LSCC from these different cell types, suggest-
ing that those cell types might serve as the cell of origin of
LSCC in humans also.

(2) Transformation of the different lung cells as de-
scribed for Sox2PC mice (Ferone et al. 2016) results in
LSCCs with indistinguishable expression profiles, sug-
gesting profound reprogramming. Whether any unique
epigenetic markers of the cell of origin are retained has
not been studied and would be worth further exploring.
(3) The order in which the mutations accumulate mat-

ters. The observations made by Snyder and coworkers
(Camolotto et al. 2018) are very intriguing in this respect.
They illustrate that genetic lesions (such as loss of
FOXA1/2) can inhibit LSCC if occurring early on by com-
manding a shift in cellular identity. However, they do pro-
mote LSCC when occurring during later phases of tumor
development.

Cell of origin of small cell lung cancer (SCLC)

Accounting for ∼15% of all lung cancer cases, SCLC (Fig.
4) is a common and particularly lethal form of neuroendo-
crine (NE) lung cancer (Sabari et al. 2017). Several sub-
types of SCLC have been recently classified on the basis
of transcription factor expression patterns (Rudin et al.
2019). The major subtypes are characterized by the pre-
dominant expression of either the ASCL1, NEUROD1,
POU2F3, and YAP1 transcription factors. To what extent

Figure 4. Schematic representation of genetic lesions that have
resulted in SCLC in mouse models. Targeted cells of origin
throughout the lung are also shown.
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the cell of origin is correlated with these subtypes is still
an intriguing but unresolved question. The available
data suggest that both the driver lesions set as well as
the cell of origin will command the tumor subtype (Ire-
land et al. 2020). All SCLC subtypes are currently treated
in the first-line with platinum-based chemotherapies, ra-
diotherapy, and immunotherapy (Calles et al. 2019); how-
ever, resistance to treatment ensues rapidly, illustrating
the urgent need to develop alternative treatment options.
SCLC shows near-ubiquitous loss of function of the RB1
and TP53 tumor suppressor genes (George et al. 2015),
but a better characterization of the genetic drivers of
this cancer and the contribution of its potential cells of or-
igin to tumor characteristics are needed for developing
more effective therapies.

SCLC was initially thought to arise exclusively from
the NE lung epithelial cells, a rare population of cells in
the lung. However, experiments conducted in Trp53F/F;
Rb1F/F mice by Sutherland et al. (2011) showed that cell
type-restricted adenoviral vectors carrying Cre under the
promoter of the SPC gene (Ad5-SPC-Cre), enabling dele-
tion ofRb1 and Trp53 tumor suppressor genes specifically
in AT2 cells, was also able to induce SCLC, although
much less efficiently as compared with Ad5-CGRP-Cre
that directed Cre expression to CGRP+ NE cells. Ad5-
CC10-Cre (targeting club secretory cells) was very ineffi-
cient to induce SCLC, indicating that club cells are rela-
tively resistant to transformation to neuroendocrine
cancers in this genetic context. All tumors developed by
targeting CGRP+ NE cells were located in the central re-
gion of the lung, as is the case for most SCLCs in human,
were highly invasive, and almost exclusively belonged to
theAscl1+ subtype. Although these results confirmed that
NE cells are likely the predominant cell of origin for
SCLC, they also suggested that AT2 cells are capable of
giving rise to SCLC. In a way, this is reminiscent of the
transdifferentiation of LUAD into SCLC, seen with a
low but significant incidence in EGFR-mutant LUAD pa-
tients treated with EGFR inhibitors (Niederst et al. 2015).
Apparently, the down-regulation of RAS signaling creates
a condition that facilitates transdifferentiation to SCLC,
provided that RB is inactivated. A similar phenomenon
is observed in prostate cancer, emphasizing the almost ab-
solute requirement for RB loss in SCLC as well as the no-
tion that strong MAPK signaling is not well tolerated in
SCLC (Calbo et al. 2011). Other studies were in line
with the notion that NE cells serve as the primary cell
of origin of SCLC (Park et al. 2011). Mice developed
SCLC when they were intranasally (IN) injected with
Ad-CMV-Cre, but selective targeting of club or AT2 cells
did not promote SCLC under the conditions used. Instead
of adenovirus, Park et al. (2011) used mice carrying Cre
under the endogenous promoter of the CC10marker to in-
duce Rb1 and Trp53 deletions in club cells; to target AT2
cells, they used either adenovirus carrying CreER under
the SPC promoter (Ad-SPC-CreER) or a SPC-rtTA/(tetO)
7-Cre mouse line. These models did not yield any NE tu-
mors from club orAT2 cells but only LUAD in a few cases.
Differences between the reported experiments can be re-
lated to the different approaches used to induce genetic le-

sions, the length of time the animals were monitored, the
influence of the genetic background, or environmental
factors, such as local damage or inflammation that can in-
fluence lung cell transdifferentiation (Zheng et al. 2013).
Nevertheless, Song et al. (2012) confirmed that SCLC
can develop in lung NE cells in adult mice upon deletion
of Rb1 and Trp53 using a CGRP-CreER knock-in allele
(CGRPCreER/+;Trp53F/F;Rb1F/F mice). Similarly, loss of
CREBBP (Trp53F/F;Rb1F/F;CrebbpF/F mice) (Jia et al.
2018) or overexpression of L-MYC (Trp53F/F;Rb1F/F;
invCAG-Mycl-Luc mice) (Semenova et al. 2016) also
give rise to SCLC upon infection with Ad5-CGRP-Cre as
does deletion ofRb1, Trp53, and Pten (Cui et al. 2014;Mc-
Fadden et al. 2014). Deletion of the latter gene set using
Ad5-CMV-Cre results mostly in the development of aci-
nar and mixed adenocarcinoma with neuroendocrine dif-
ferentiation (Cui et al. 2014), suggesting that initiation
from a different epithelial cell type alters the fate of can-
cer cells in this genetic context. Importantly, deletion of
Rb1 and Trp53 and activation of Myc in NE cells using
Ad5-CGRP-Cre were shown to result in the development
of the NeuroD1 variant form of SCLC (Mollaoglu et al.
2017), indicating that different subtypes of SCLC may
arise from the same cell type. More recently, using
Ascl1CreER/+;Trp53F/F;Rb1F/F mice and lineage tracing ap-
proaches, Ouadah et al. (2019) have suggested that SCLC
originating fromNE cells may actually arise from a subset
of lung NE cells with stem cell features (NEstem).
Whether NEstem cells are the exclusive cell of origin for
SCLC among all NE cells in the lung is currently
unknown.

While NE cells or a subpopulation of NE cells are very
likely to be a cell type of origin for SCLC, in line with
the earlier data of Sutherland et al. (2011), recent findings
have confirmed that SCLC can develop from various cell
lineages, although with different efficiency. In a recent
study, Trp53F/F;Rb1F/F mice injected with Ad5-SPC-Cre
and, to a lesser extent, mice injected with Ad5-CC10-
Cre were shown to develop SCLC. More strikingly, tra-
cheobronchial basal cells, targeted with Ad5-K14-Cre,
were identified as an additional potential cell of origin
for SCLC (Ferone et al. 2020). In this model, the efficiency
of transformation into SCLC as well as tumor latency
matched that of mice injected with Ad5-CGRP-Cre, rais-
ing the possibility that a subpopulation of K14+ cells in
lung is receptive to neuroendocrine transformation. Ac-
cordingly, deletion of Rb1 and Trp53 along with Pten
andRbl1 (p107) withAd5-K5-Cre, which targets cells sim-
ilar to K14-expressing cells, also led to the development of
SCLC, supporting the idea that basal cells can serve as a
cell of origin for SCLC in the context of a different set of
driver lesions (Lázaro et al. 2019).

Furthermore, certainmutations canmodify the propen-
sity of specific cell types to give rise to SCLC. This is the
case for Trp53F/F;Rb1F/F;Fgfr1K656E mice, in which expres-
sion of a constitutively active form of FGFR1 in different
lung compartments revealed a strikingly context-depen-
dent effect. FGFR1K656E selectively promotes SCLC from
K14-expressing tracheobronchial basal cells but impairs
SCLC development from CGRP-expressing NE cells
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(Ferone et al. 2020). Therefore, FGFR1 can act either as a
driver or suppressor of SCLC, depending on the cell of
origin.
In addition to modifying the tumorigenic effect of ge-

netic drivers, the cell of origin also plays a role in tumor
evolution and metastasis of SCLC as documented by
Yang et al. (2018) in Trp53F/F;Rb1F/F;Rbl2F/F mice. Most
of themetastasized SCLC found in thesemice upon injec-
tion with Ad5-CMV-Cre exhibited high expression levels
of the prometastatic transcription factor NFIB (Dooley
et al. 2011; Semenova et al. 2016), whereas they were neg-
ative for NFIB when induced by injection with Ad5-
CGRP-Cre. NFIB expression was shown to affect chroma-
tin structure and augment accessibility by transcription
factors (Denny et al. 2016). Hierarchical clustering of chro-
matin accessibility showed that primary SCLC and
metastasis differed in this respect in Ad5-CMV-Cre-
injected Trp53F/F;Rb1F/F;Rbl2F/F mice, whereas Ad5-
CGRP-Cre-injected Trp53F/F;Rb1F/F;Rbl2F/F mice did not
show any difference in chromatin accessibility between
primary tumors and metastasis (Yang et al. 2018). How
SCLC arising from CGRP-expressing cells disseminates
and forms metastasis is still unknown and deserves fur-
ther investigation. Regardless, these experiments clearly
illustrate that tumor evolution is directed differently in
tumors arising from CGRP-expressing cells and from
one or more other cell lineages targeted by the ubiquitous
CMV promoter. These different evolutionary pathways
will likely also have an impact on how the tumors re-
spond to therapy.
While the neuroendocrine phenotype and common oc-

currence of RB1 loss in large cell neuroendocrine carcino-
ma of the lung (LCNEC) have suggested potential ties
between this cancer type and SCLC (George et al. 2018),
a robust mouse model of LCNEC development has not
yet been developed. Recently, however, combining Pten
deletion alongside Trp53/Rb1/Rbl1 loss, which normally
leads to SCLC development (Ng et al. 2020), has been
shown to generate LCNEC in mouse models (Lázaro
et al. 2019). Targeting the quadruple knockout to all cell
lineages with Ad5-CMV-Cre resulted in a majority of tu-
mors being LCNEC while targeting basal cells with Ad-
K5-Cre resultedmostly in SCLC. Not only does this study
represent the first and only mouse model for LCNEC re-
ported so far, but it also further underscores that the cell
of origin plays an important role in determining the lung
cancer subtype specification even in the same genetic
background.
A selection of relevant mousemodels developing SCLC

with specific emphasis on the targeted cell of origin, is
summarized in Table 3 (see also Fig. 4). Information about
the nature of the genetic lesions, the cell type specificity
of the mutation inducer, and the tumor location are also
included.

Intratumoral heterogeneity

Intratumoral heterogeneity is a theme long believed to be
specific for human tumors that arise through many steps

driven by accidental lesions occurring at relatively high
incidence as a result of DNA damage and chromosome in-
stability. Interestingly, even in highly defined mouse
models, where essential driver lesions are introduced by
genetic engineering rather than inflicted by damage, there
is substantial tumor heterogeneity (Ireland et al. 2020).
The resulting intratumoral heterogeneity, which is likely
to be driven by epigenetic changes in mouse models, is
reminiscent of mechanisms that control normal tissue ar-
chitecture with a guiding role for tissue stem cells. These
cells depend on niches that provide the paracrine signals
enabling theirmaintenance as well as their differentiation
into a diversity of cell types with dedicated functions.
This hierarchy is well defined for the hematopoietic sys-
tem and for the intestine in which niche cells, such as
Paneth cells, secreteWnt to secure themaintenance of tis-
sue stem cells (or in the context of a tumor, the tumor-ini-
tiating cells). Such paracrine interactions are also
observed in other complex tissues such as lungs (Lee
et al. 2017), and Wnt-producing niches are also critical
for adenocarcinoma development (Tammela et al. 2017).
In the past, we provided evidence for the presence of

clonal tumor populations in SCLC that are composed of
both neuroendocrine and nonneuroendocrine cell types.
Their paracrine interdependence was supported by the
more effective proliferation and metastatic capacity of
mixed cell populations upon subcutaneous grafting in
mice (Calbo et al. 2011; Kwon et al. 2015). Whereas this
specific study demonstrated that the paracrine effect of
FGF2 produced by the nonneuroendocrine tumor cells
on neuroendocrine SCLC resulted in the up-regulation
of the ETS transcription factor PEA3, shown to be respon-
sible for most of the effect of paracrine signaling, we also
demonstrated that Notch signaling from neuroendocrine
to nonneuroendocrine cells is an inherent feature seen
in their SCLC model based on inactivation of Rb1,
Trp53, and Rbl2 (Lim et al. 2017). Notably, this intratu-
moral heterogeneity driven by Notch is less present in tu-
mors initiated in CGRP-expressing cells compared with
cells in which the CMV promoter is active, suggesting
that the identity of the cell of origin can influence epige-
netic heterogeneity, similarly to its effects on the mecha-
nisms of metastasis discussed above.
While the interdependency of clonal subpopulations

within lung cancers can contribute to intratumoral het-
erogeneity, tumors also promote heterogeneity through
tumor-stromal interactions. Lung tumors recruit a diver-
sity of stromal components, such as fibroblasts, immune
cells, and vascular endothelial cells, as well as contribute
directly to the tumor vasculature (Williamson et al. 2016).
This vasculogenic mimicry has been observed in a num-
ber of other tumor types such as gliomas (Ricci-Vitiani
et al. 2010). There is no reason to assume that this plastic-
ity should be unidirectional. A tumor can consist of
multiple different cell types, each with their specific vul-
nerabilities or refractoriness to distinct treatments but
also capacity to interconvert, thereby creating a system
in which a fraction of the tumor cells is likely resistant
to treatment. This is still a relatively unexplored territory,
and autochthonous mouse tumor models are the system
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of choice to better understand the rules and signals
governing this plasticity (Tammela and Sage 2019). This
cellular plasticity is likely also at the basis of the transdif-
ferentiation, another source of heterogeneity. Tumor plas-
ticity at an individual cell levelmay occur through genetic
drift fostered by microenvironmental cues such as hypox-
ia or paracrine signaling from infiltrating immune cells or
adjacent tissues. At a population level, the adaptive re-
sponse of tumorsmay be the result of treatments inwhich
the selective pressure, imposed by targeted drugs, selects
for escape variants with very different phenotypic charac-
teristics. The relapse of LUAD as SCLC is an illustrative
example (Niederst et al. 2015). So far, such transdifferen-
tiation has, to our knowledge, not yet been shown in
mouse models. It certainly would be important to assess
in more detail what the critical drivers of such transition
are. Clearly, the loss of RB function is a critical require-
ment but seems insufficient by itself. Considering that
AT2 cells serve as cell of origin for LUAD, the SCLC
that results from inactivation of Rb and p53 in AT2 cells
(see above and Table 3) maymimic some of steps required
for such transition.

Conclusion

The picture that transpires from studying the mouse
models of lung cancer that have been developed is that
of a highly versatile system in which multiple cell types
in the lung can give rise to various lung cancer subtypes.
Cell of origin and tumor subtype are clearly connected
but with quite some infidelity. Specific drivers can facil-
itate particular subtype transitions or might block them.
LSCC can be effectively generated from basal epithelial
cells, AT2 cells, and club cells. This requires distinct
driver lesions, and the transition from AT2 cells to
LSCC follows a well-defined path in which the AT2 cells
first starts to express club cell-specific marker CC10
with concomitant down-regulation of the AT2-specific
marker SPC. Subsequently, the cells lose CC10 expres-
sion and become P63+ and K5+, which are the character-
istic markers of LSCC. The tumors originating from
these different cells of origin are indistinguishable based
on RNA expression profiles, although it is not excluded
that they retain specific epigenetic imprints from the
cell of origin.

LUADismost efficiently induced fromAT2cells and, to
a lesser extent, from CC10+ cells localized at the BADJ re-
gion. Tumors arising from this latter location have a clear-
ly different, more papillary phenotype. Here, proliferative
lesions positive for SOX2 and CC10 and negative for SPC
lose thesemarkers andbecomeSPC-positive. Basal epithe-
lial cells do not appear to serve as effective cells of origin of
LUAD. The phenotype of LUAD is also strongly influ-
enced by transcription factors such as NKX2-1 and
FOXA1/2, or LKB1, the loss of which can push LUAD to
adenosquamous cell phenotypes. Similarly, treatment of
mutant-EGFR LUAD with EGFR inhibitors can result in
the transdifferentiationof LUADintoSCLCwith concom-
itant changes in drug sensitivities.

SCLC can be induced from a variety of cells, with NE
cells being an effective cell of origin upon loss of Rb1 and
Trp53. However, targeting Rb1 and Trp53 loss to basal
epithelial cells also appears as an efficient route to
SCLC. Interestingly, activation of FGFR signaling—regu-
larly seen in human SCLC—is well tolerated when SCLC
is induced from basal epithelial cells, whereas FGFR sig-
naling potently inhibits SCLC initiated from NE cells.
There are also peripheral cells that do not express K14,
CC10, SPC, or CGRP, but nevertheless give rise to
SCLC-like neuroendocrine tumors. These tumors are
particularly prominent when Rb1 and Trp53 loss in-
duced by Ad5-CMV-Cre is combined with overexpres-
sion of Mycl. The tumors resemble the lesions induced
by Ad5-CMV-Cre in Trp53F/F;Rb1F/F;Rbl2F/F mice (Yang
et al. 2018). These neuroendocrine tumors, with close re-
semblance to SCLC, exhibit a clearly different expression
pattern and show intrinsic resistance to chemotherapy
regimens, thereby serving as an illustrative example of
how the cell of origin can modulate critical tumor fea-
tures relevant for therapy.

Overall, mouse models of lung cancer can teach us im-
portant lessons about the cells of origin of lung tumors
and the driver lesions and/or epigenetic modulations
needed to permit a particular cell to act as the cell of ori-
gin. Given the close resemblancewith the cognate human
lung tumor subtypes, many of the lessons learned might
also be applicable to human lung tumors and it will be im-
portant in the future to model subtypes of lung cancers
that have not been modeled yet in mice. Furthermore,
mouse models can also provide insight into the role of
stage-specific drivers that might be required only at a par-
ticular phase of tumor development (e.g., being irrelevant
during tumor progression and, consequently, being un-
suitable as target for intervention). A detailed inventory
of the expression profiles of all cell types of lung from
both humans and mice (Tabula Muris Consortium 2018)
will allow us not only to correlate normal cell types be-
tween both species but also to identify specific lineage
markers that can help to trace back the cell of origin of tu-
mors. Applying organoid and 3D whole organ imaging
with immunolabeling at single cell resolution (Rios
et al. 2019) can greatly help in understanding tumor archi-
tecture and biomarker expression. This will facilitate
comparisons with human lung tumor samples analyzed
by single cell sequencing techniques (Laughney et al.
2020) to understand the underlying biology that will re-
main of crucial importance for developing more effective
therapies.
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X, Fernández-Cuesta L, Bosco G, et al. 2015. Comprehensive
genomic profiles of small cell lung cancer. Nature 524: 47–
53. doi:10.1038/nature14664

George J,Walter V, PeiferM, Alexandrov LB, SeidelD, Leenders F,
Maas L, Müller C, Dahmen I, Delhomme TM, et al. 2018. In-
tegrative genomic profiling of large-cell neuroendocrine carci-
nomas reveals distinct subtypes of high-grade neuroendocrine
lung tumors. Nat Commun 9: 1048. doi:10.1038/s41467-018-
03099-x

Han X, Li F, Fang Z, Gao Y, Li F, Fang R, Yao S, Sun Y, Li L, Zhang
W, et al. 2014. Transdifferentiation of lung adenocarcinoma in
mice with Lkb1 deficiency to squamous cell carcinoma. Nat
Commun 5: 3261. doi:10.1038/ncomms4261

Han F, He J, Li F, Yang J, Wei J, Cho WC, Liu X. 2015. Emerging
roles of microRNAs in EGFR-targeted therapies for lung can-
cer. Biomed Res Int 2015: 672759.

Hayashi T, SanoH, Egashira R, Tabata K, TanakaT,NakayamaT,
Kashima Y, Hori T, Nunomura S, Fukuoka J. 2013. Difference
of morphology and immunophenotype between central and
peripheral squamous cell carcinomas of the lung. Biomed
Res Int 2013: 157838.

Hida T, Nokihara H, KondoM, Kim YH, Azuma K, Seto T, Taki-
guchi Y, Nishio M, Yoshioka H, Imamura F, et al. 2017. Alec-
tinib versus crizotinib in patients with ALK-positive non-
small-cell lung cancer (J-ALEX): an open-label, randomised
phase 3 trial. Lancet 390: 29–39. doi:10.1016/S0140-6736(17)
30565-2

Ireland AS, Micinski AM, Kastner DW, Guo B, Wait SJ, Spain-
hower KB, Conley CC, Chen OS, Guthrie MR, Soltero D, et
al. 2020. MYC drives temporal evolution of small cell lung
cancer subtypes by reprogramming neuroendocrine fate.Can-
cer Cell doi:10.1016/j.ccell.2020.05.001

Jackson EL, Willis N, Mercer K, Bronson RT, Crowley D, Mon-
toya R, Jacks T, Tuveson DA. 2001. Analysis of lung tumor
initiation and progression using conditional expression of on-
cogenic K-ras. Genes Dev 15: 3243–3248. doi:10.1101/gad
.943001

Cells of origin of lung cancers

GENES & DEVELOPMENT 1029

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Jia D, Augert A, Kim DW, Eastwood E, Wu N, Ibrahim AH, Kim
KB, Dunn CT, Pillai SPS, Gazdar AF, et al. 2018. Crebbp
loss drives small cell lung cancer and increases sensitivity to
HDAC inhibition. Cancer Discov 8: 1422–1437. doi:10
.1158/2159-8290.CD-18-0385

Johnson L, Mercer K, Greenbaum D, Bronson RT, Crowley D,
Tuveson DA, Jacks T. 2001. Somatic activation of the K-ras
oncogene causes early onset lung cancer in mice. Nature
410: 1111–1116. doi:10.1038/35074129

Kim CF. 2017. Intersections of lung progenitor cells, lung disease
and lung cancer. Eur Respir Rev 26: 170054.

Kim CF, Jackson EL, Woolfenden AE, Lawrence S, Babar I, Vogel
S, Crowley D, Bronson RT, Jacks T. 2005. Identification of
bronchioalveolar stem cells in normal lung and lung cancer.
Cell 121: 823–835. doi:10.1016/j.cell.2005.03.032

Kogure Y, SakaH, Takiguchi Y, Atagi S, Kurata T, Ebi N, Inoue A,
Kubota K, Takenoyama M, Seto T, et al. 2018. A randomized
phase III study comparing carboplatin with Nab-paclitaxel
versus docetaxel for elderly patients with squamous-cell
lung cancer: study protocol. Clin Lung Cancer 19: e711–
e715. doi:10.1016/j.cllc.2018.05.005

Kwon MC, Berns A. 2013. Mouse models for lung cancer. Mol
Oncol 7: 165–177. doi:10.1016/j.molonc.2013.02.010

Kwon MC, Proost N, Song JY, Sutherland KD, Zevenhoven J,
Berns A. 2015. Paracrine signaling between tumor subclones
of mouse SCLC: a critical role of ETS transcription factor
Pea3 in facilitating metastasis. Genes Dev 29: 1587–1592.
doi:10.1101/gad.262998.115

Langer CJ, Albert I, Ross HJ, Kovacs P, Blakely LJ, Pajkos G, Som-
fay A, Zatloukal P, Kazarnowicz A, Moezi MM, et al. 2014.
Randomized phase II study of carboplatin and etoposide
with or without obatoclax mesylate in extensive-stage small
cell lung cancer. Lung Cancer 85: 420–428. doi:10.1016/j
.lungcan.2014.05.003

Laughney AM, Hu J, Campbell NR, Bakhoum SF, Setty M, Lav-
allée V-P, Xie Y, Masilionis I, Carr AJ, Kottapalli S, et al.
2020. Regenerative lineages and immune-mediated pruning
in lung cancer metastasis. Nature Med. 26: 259–269. doi:10
.1038/s41591-019-0750-6

Lázaro S, Pérez-CrespoM, Lorz C, Bernardini A, OteoM, Enguita
AB, Romero E, Hernández P, Tomás L, Morcillo MA, et al.
2019. Differential development of large-cell neuroendocrine
or small-cell lung carcinoma upon inactivation of 4 tumor
suppressor genes. Proc Natl Acad Sci 116: 22300–22306.
doi:10.1073/pnas.1821745116

Leach JP, Morrisey EE. 2018. Repairing the lungs one breath at a
time: how dedicated or facultative are you? Genes Dev 32:
1461–1471. doi:10.1101/gad.319418.118

Lee JH, Rawlins EL. 2018. Developmental mechanisms and adult
stem cells for therapeutic lung regeneration. Dev Biol 433:
166–176. doi:10.1016/j.ydbio.2017.09.016

Lee JH, Tammela T, Hofree M, Choi J, Marjanovic ND, Han S,
Canner D, Wu K, PaschiniM, Bhang DH, et al. 2017. Anatom-
ically and functionally distinct lung mesenchymal popula-
tions marked by Lgr5 and Lgr6. Cell 170: 1149–1163.e12.
doi:10.1016/j.cell.2017.07.028

Li F, HanX, Li F,Wang R,WangH, Gao Y,Wang X, FangZ, Zhang
W, Yao S, et al. 2015. LKB1 inactivation elicits a redox imbal-
ance to modulate non-small cell lung cancer plasticity and
therapeutic response. Cancer Cell 27: 698–711. doi: 10.1016/
j.ccell.2015.04.001

Lim JS, Ibaseta A, Fischer MM, Cancilla B, O’Young G, Cristea S,
Luca VC, Yang D, JahchanNS, Hamard C, et al. 2017. Intratu-
moural heterogeneity generated byNotch signalling promotes

small-cell lung cancer. Nature 545: 360–364. doi:10.1038/
nature22323

Lin C, Song H, Huang C, Yao E, Gacayan R, Xu SM, Chuang PT.
2012. Alveolar type II cells possess the capability of initiating
lung tumor development. PLoS One 7: e53817. doi:10.1371/
journal.pone.0053817

Lu Y, Futtner C, Rock JR, Xu X,WhitworthW, Hogan BL, Onaitis
MW. 2010. Evidence that SOX2 overexpression is oncogenic
in the lung. PLoS One 5: e11022. doi:10.1371/journal.pone
.0011022

Mainardi S, Mijimolle N, Francoz S, Vicente-Duenas C, Sanchez-
Garcia I, Barbacid M. 2014. Identification of cancer initiating
cells in K-Ras driven lung adenocarcinoma. Proc Natl Acad
Sci 111: 255–260. doi:10.1073/pnas.1320383110

McFaddenDG, Papagiannakopoulos T, Taylor-Weiner A, Stewart
C, Carter SL, Cibulskis K, Bhutkar A, McKenna A, Dooley A,
Vernon A, et al. 2014. Genetic and clonal dissection ofmurine
small cell lung carcinoma progression by genome sequencing.
Cell 156: 1298–1311. doi:10.1016/j.cell.2014.02.031

Meuwissen R, Linn SC, van der Valk M, Mooi WJ, Berns A. 2001.
Mouse model for lung tumorigenesis through Cre/lox con-
trolled sporadic activation of the K-Ras oncogene. Oncogene
20: 6551–6558. doi:10.1038/sj.onc.1204837

MohammedR,MilneA, Kayani K, OjhaU. 2019. How the discov-
ery of rituximab impacted the treatment of B-cell non-Hodg-
kin’s lymphomas. J Blood Med 10: 71–84. doi:10.2147/JBM
.S190784

Mollaoglu G, Guthrie MR, Böhm S, Brägelmann J, Can I, Ballieu
PM,MarxA, George J, Heinen C, ChalishazarMD, et al. 2017.
MYC drives progression of small cell lung cancer to a variant
neuroendocrine subtype with vulnerability to aurora kinase
inhibition. Cancer Cell 31: 270–285. doi:10.1016/j.ccell.2016
.12.005

MollaogluG, JonesA,Wait SJ,MukhopadhyayA, Jeong S, Arya R,
Camolotto SA, Mosbruger TL, Stubben CJ, Conley CJ, et al.
2018. The lineage-defining transcription factors SOX2 and
NKX2-1 determine lung cancer cell fate and shape the tumor
immune microenvironment. Immunity 49: 764–779.e9.
doi:10.1016/j.immuni.2018.09.020

Mukhopadhyay A, Berrett KC, Kc U, Clair PM, Pop SM, Carr SR,
Witt BL, Oliver TG. 2014. Sox2 cooperates with Lkb1 loss in a
mousemodel of squamous cell lung cancer.Cell Rep 8: 40–49.
doi:10.1016/j.celrep.2014.05.036

NabhanAN, BrownfieldDG,Harbury PB, KrasnowMA,Desai TJ.
2018. Single-cell Wnt signaling niches maintain stemness of
alveolar type 2 cells. Science 359: 1118–1123. doi:10.1126/sci
ence.aam6603

Nagaraj AS, Lahtela J, Hemmes A, Pellinen T, Blom S, Devlin JR,
Salmenkivi K, Kallioniemi O, Mäyränpää MI, Närhi K, et al.
2017. Cell of origin links histotype spectrum to immune mi-
croenvironment diversity in non-small-cell lung cancer driv-
en by mutant Kras and loss of Lkb1. Cell Rep 18: 673–684.
doi:10.1016/j.celrep.2016.12.059

Ng SR, Rideout WM 3rd, Akama-Garren EH, Bhutkar A, Mercer
KL, Schenkel JM, Bronson RT, Jacks T. 2020. CRISPR-mediat-
edmodeling and functional validation of candidate tumor sup-
pressor genes in small cell lung cancer. Proc Natl Acad Sci
117: 513–521. doi:10.1073/pnas.1821893117

Niederst MJ, Sequist LV, Poirier JT, Mermel CH, Lockerman EL,
Garcia AR, Katayama R, Costa C, Ross KN, Moran T, et al.
2015. RB loss in resistant EGFR mutant lung adenocarcino-
mas that transform to small-cell lung cancer. Nat Commun
6: 6377. doi:10.1038/ncomms7377

Ouadah Y, Rojas ER, Riordan DP, Capostagno S, Kuo CS, Kras-
now MA. 2019. Rare pulmonary neuroendocrine cells are

Ferone et al.

1030 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


stem cells regulated by Rb, p53, and Notch. Cell 179: 403–
416.e23. doi:10.1016/j.cell.2019.09.010

Park KS, LiangMC, Raiser DM, Zamponi R, Roach RR, Curtis SJ,
Walton Z, Schaffer BE, Roake CM, Zmoos AF, et al. 2011.
Characterization of the cell of origin for small cell lung cancer.
Cell Cycle 10: 2806–2815. doi:10.4161/cc.10.16.17012

Peters S, CamidgeDR, ShawAT, Gadgeel S, Ahn JS, KimDW, Ou
SI, Perol M, Dziadziuszko R, Rosell R, et al. 2017. Alectinib
versus crizotinib in untreated ALK-positive non-small-cell
lung cancer. N Engl J Med 377: 829–838. doi:10.1056/
NEJMoa1704795

Politi K, Zakowski MF, Fan PD, Schonfeld EA, Pao W,
Varmus HE. 2006. Lung adenocarcinomas induced in mice
by mutant EGF receptors found in human lung cancers re-
spond to a tyrosine kinase inhibitor or to down-regulation of
the receptors. Genes Dev 20: 1496–1510. doi:10.1101/gad
.1417406

Ramalingam S, Belani C. 2008. Systemic chemotherapy for ad-
vanced non-small cell lung cancer: recent advances and future
directions. Oncologist 13: 5–13. doi:10.1634/theoncologist
.13-S1-5

Rawlins EL, Hogan BL. 2006. Epithelial stem cells of the lung:
privileged few or opportunities for many? Development 133:
2455–2465. doi:10.1242/dev.02407

Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H,
Wang F, Hogan BL. 2009. The role of Scgb1a1+ Clara cells in
the long-term maintenance and repair of lung airway, but
not alveolar, epithelium. Cell Stem Cell 4: 525–534. doi:10
.1016/j.stem.2009.04.002

Ricci-Vitiani L, Pallini R, BiffoniM, TodaroM, Invernici G, Cenci
T, Maira G, Parati EA, Stassi G, Larocca LM, et al. 2010. Tu-
mour vascularization via endothelial differentiation of glio-
blastoma stem-like cells. Nature 468: 824–828. doi:10.1038/
nature09557

Rios AC, Capaldo BD, Vaillant F, Pal B, van Ineveld R, Dawson
CA, Chen Y, Nolan E, Fu NY, 3DTCLSM Group, et al. 2019.
Intraclonal plasticity in mammary tumors revealed through
large-scale single-cell resolution 3D imaging. Cancer Cell.
35: 618–632. doi:10.1016/j.ccell.2019.05.011

Rudin CM, Poirier JT, Byers LA, Dive C, Dowlati A, George J,
Heymach JV, Johnson JE, Lehman JM, MacPherson D, et al.
2019. Molecular subtypes of small cell lung cancer: a synthe-
sis of human andmousemodel data.Nat Rev Cancer 19: 289–
297.

Ruiz EJ, DiefenbacherME,Nelson JK, Sancho R, Pucci F, Chakra-
borty A, Moreno P, Annibaldi A, Liccardi G, Encheva V, et al.
2019. LUBAC determines chemotherapy resistance in squa-
mous cell lung cancer. J Exp Med 216: 450–465. doi:10.1084/
jem.20180742

Sabari JK, Lok BH, Laird JH, Poirier JT, Rudin CM. 2017.
Unravelling the biology of SCLC: implications for therapy.
Nat Rev Clin Oncol 14: 549–561. doi:10.1038/nrclinonc
.2017.71

Sakurai H, Asamura H, Watanabe S, Suzuki K, Tsuchiya R. 2004.
Clinicopathologic features of peripheral squamous cell carci-
noma of the lung. Ann Thorac Surg 78: 222–227. doi:10
.1016/j.athoracsur.2004.01.029

Sánchez-Rivera FJ, Jacks T. 2015. Applications of the CRISPR–
Cas9 system in cancer biology. Nat Rev Cancer 15: 387–393.
doi:10.1038/nrc3950

Semenova EA, Kwon MC, Monkhorst K, Song JY, Bhaskaran R,
Krijgsman O, Kuilman T, Peters D, Buikhuisen WA, Smit
EF, et al. 2016. Transcription factor NFIB is a driver of small
cell lung cancer progression inmice andmarksmetastatic dis-

ease in patients. Cell Rep 16: 631–643. doi:10.1016/j.celrep
.2016.06.020

Siegel RL, Miller KD, Jemal A. 2017. Cancer statistics, 2017. CA
Cancer J Clin 67: 7–30. doi:10.3322/caac.21387

Song H, Yao E, Lin C, Gacayan R, Chen MH, Chuang PT. 2012.
Functional characterization of pulmonary neuroendo-
crine cells in lung development, injury, and tumorigenesis.
Proc Natl Acad Sci 109: 17531–17536. doi:10.1073/pnas
.1207238109

Sun S, Schiller JH, Gazdar AF. 2007. Lung cancer in never smok-
ers–a different disease. Nat Rev Cancer 7: 778–790. doi:10
.1038/nrc2190

Sutherland KD, Proost N, Brouns I, Adriaensen D, Song JY, Berns
A. 2011. Cell of origin of small cell lung cancer: inactivation of
Trp53 and rb1 in distinct cell types of adult mouse lung. Can-
cer Cell 19: 754–764. doi:10.1016/j.ccr.2011.04.019

Sutherland KD, Song JY, Kwon MC, Proost N, Zevenhoven J,
Berns A. 2014. Multiple cells-of-origin of mutant K-Ras-in-
duced mouse lung adenocarcinoma. Proc Natl Acad Sci 111:
4952–4957. doi:10.1073/pnas.1319963111

Tabbò F, Nottegar A, Guerrera F, Migliore E, Luchini C, Maletta
F, VeroneseN,Montagna L, GaudianoM, Di Giacomo F, et al.
2018. Cell of origin markers identify different prognostic sub-
groups of lung adenocarcinoma. Hum Pathol. 75: 167–178.
doi:10.1016/j.humpath.2018.01.017

Tabula Muris Consortium, Overall coordination, Logistical coor-
dination, Organ collection and processing, Library preparation
and sequencing, Computational data analysis, et al. 2018.
Single-cell transcriptomics of 20 mouse organs creates a
Tabula Muris. Nature 562: 367–372. doi:10.1038/s41586-
018-0590-4

Tammela T, Sage J. 2019. Investigating tumor heterogeneity in
mouse models. Annu Rev Cancer Biol 4: 99–119.

Tammela T, Sanchez-Rivera FJ, Cetinbas NM, Wu K, Joshi NS,
Helenius K, Park Y, Azimi R, Kerper NR, Wesselhoeft RA,
et al. 2017. AWnt-producing niche drives proliferative poten-
tial and progression in lung adenocarcinoma. Nature 545:
355–359. doi:10.1038/nature22334

Tarhini A, Kotsakis A, GoodingW, Shuai Y, Petro D, FriedlandD,
Belani CP, Dacic S, Argiris A. 2010. Phase II study of everoli-
mus (RAD001) in previously treated small cell lung cancer.
Clin Cancer Res 16: 5900–5907. doi:10.1158/1078-0432
.CCR-10-0802

Tata PR, Chow RD, Saladi SV, Tata A, Konkimalla A, Bara A,
Montoro D, Hariri LP, Shih AR, Mino-Kenudson M, et al.
2018. Developmental history provides a roadmap for the
emergence of tumor plasticity. Dev Cell 44: 679–693.e5.
doi:10.1016/j.devcel.2018.02.024

Travis WD, Brambilla E, Noguchi M, Nicholson AG, Geisinger
KR, Yatabe Y, Beer DG, Powell CA, Riely GJ, Van Schil PE,
et al. 2011. International association for the study of lung can-
cer/american thoracic society/european respiratory society
international multidisciplinary classification of lung adeno-
carcinoma. J Thorac Oncol 6: 244–285. doi:10.1097/JTO
.0b013e318206a221

Vaughan AE, Brumwell AN, Xi Y, Gotts JE, Brownfield DG,
Treutlein B, Tan K, Tan V, Liu FC, Looney MR, et al. 2015.
Lineage-negative progenitors mobilize to regenerate lung epi-
thelium after major injury.Nature 517: 621–625. doi:10.1038/
nature14112

Visvader JE. 2011. Cells of origin in cancer.Nature 469: 314–322.
doi:10.1038/nature09781

Williamson SC,Metcalf RL, Trapani F,Mohan S, Antonello J, Ab-
bott B, Leong HS, Chester CP, Simms N, Polanski R, et al.

Cells of origin of lung cancers

GENES & DEVELOPMENT 1031

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


2016. Vasculogenic mimicry in small cell lung cancer. Nat
Commun 7: 13322. doi:10.1038/ncomms13322

Xia B, Herbst RS. 2016. Immune checkpoint therapy for non-
small-cell lung cancer: an update. Immunotherapy 8: 279–
298. doi:10.2217/imt.15.123

Xiao Z, Jiang Q, Willette-Brown J, Xi S, Zhu F, Burkett S, Back T,
SongNY, Datla M, Sun Z, et al. 2013. The pivotal role of IKKα
in the development of spontaneous lung squamous cell carci-
nomas. Cancer Cell 23: 527–540. doi:10.1016/j.ccr.2013.03
.009

Xu X, Rock JR, Lu Y, Futtner C, Schwab B, Guinney J, Hogan BL,
Onaitis MW. 2012. Evidence for type II cells as cells of origin
of K-Ras-induced distal lung adenocarcinoma. Proc Natl Acad
Sci 109: 4910–4915. doi:10.1073/pnas.1112499109

Xu C, Fillmore CM, Koyama S, Wu H, Zhao Y, Chen Z, Herter-
Sprie GS, Akbay EA, Tchaicha JH, Altabef A, et al. 2014.
Loss of Lkb1 and Pten leads to lung squamous cell carcinoma
with elevated PD-L1 expression. Cancer Cell 25: 590–604.
doi:10.1016/j.ccr.2014.03.033

YangD, Denny SK, Greenside PG, Chaikovsky AC, Brady JJ, Oua-
dah Y, Granja JM, Jahchan NS, Lim JS, Kwok S, et al. 2018.
Intertumoral heterogeneity in SCLC is influenced by the
cell type of origin. Cancer Discov 8: 1316–1331. doi:10
.1158/2159-8290.CD-17-0987

Yousem SA. 2009. Peripheral squamous cell carcinoma of lung:
patterns of growth with particular focus on airspace filling.
HumPathol 40: 861–867. doi:10.1016/j.humpath.2008.11.008

Zhang H, Fillmore Brainson C, Koyama S, Redig AJ, Chen T, Li S,
Gupta M, Garcia-de-Alba C, Paschini M, Herter-Sprie GS,
et al. 2017. Lkb1 inactivation drives lung cancer lineage
switching governed by polycomb repressive complex 2. Nat
Commun 8: 14922. doi:10.1038/ncomms14922

Zheng D, Limmon GV, Yin L, Leung NH, Yu H, Chow
VT, Chen J. 2013. A cellular pathway involved in Clara cell
to alveolar type II cell differentiation after severe lung
injury. PLoS One 8: e71028. doi:10.1371/journal.pone
.0071028

Ferone et al.

1032 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


 10.1101/gad.338228.120Access the most recent version at doi:
 34:2020, Genes Dev. 

  
Giustina Ferone, Myung Chang Lee, Julien Sage, et al. 
  
Cells of origin of lung cancers: lessons from mouse studies

  
References

  
 http://genesdev.cshlp.org/content/34/15-16/1017.full.html#ref-list-1

This article cites 96 articles, 21 of which can be accessed free at:

  
License

Commons 
Creative

.http://creativecommons.org/licenses/by/4.0/
License (Attribution 4.0 International), as described at 

, is available under a Creative CommonsGenes & DevelopmentThis article, published in 

Service
Email Alerting

  
 click here.right corner of the article or 

Receive free email alerts when new articles cite this article - sign up in the box at the top

© 2020 Ferone et al.; Published by Cold Spring Harbor Laboratory Press

 Cold Spring Harbor Laboratory Press on August 27, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/doi/10.1101/gad.338228.120
http://genesdev.cshlp.org/content/34/15-16/1017.full.html#ref-list-1
http://creativecommons.org/licenses/by/4.0/
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.338228.120&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.338228.120.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56352&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fapplications%2Fcrisprmod%2Fcrispri%3Futm_source%3DGDJournal%26utm_medium%3Dbanner%26utm_campaign%3DCRISPRMod%26utm_id%3DCRISPRMod%26utm_content%3DM
http://genesdev.cshlp.org/
http://www.cshlpress.com

