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SUMMARY

Tumors evolve by sequentially acquiring genetic abnormalities, like K-Ras
activation and Tp53 loss of function, which enable transformed cells to survive,
proliferate, invade, and reprogram their microenvironment. Simultaneously,
transformed cells need to cope with a stressful scenario, including an accelerated
metabolism, genome instability, or immune surveillance. Therefore, cancer cells
must rely on some non-oncogenic signaling pathways to tolerate homeostatic
control deficiencies, adapt to the new demands, and monitor continuous

changes in the microenvironment to respond accordingly.

The p38 MAPK signaling pathway is a stress-related pathway that cells use
to transduce extracellular cues and orchestrate appropriate responses. p38a,
the most widely expressed p38 MAPK family member, has been classically
attributed tumor suppressor functions due to its ability to arrest the cell cycle,
induce cell differentiation, and trigger apoptosis. Nevertheless, in several
human tumor types, p38 MAPK activity levels have been found increased and
sometimes correlated to poor survival, suggesting a pro-tumorigenic role.

In this study, we observed a negative correlation between p38ac mRNA
expression levels and the overall survival of lung adenocarcinoma patients.
Using a K-Ras“'?V driven mouse model of lung cancer, we show that indeed
p38a signaling plays a dual role during lung tumorigenesis. On one hand,
p38a avoids malignant transformation in lung epithelial cells by promoting
their differentiation. However, in the transformed lung epithelial cells, p38ca
enhances proliferation as well as the secretion of inflammatory cytokines to form
a favorable niche for cancer progression. p38a also plays a pro-tumorigenic role
by promoting tumor vascularization and immunotolerance of tumor-infiltrated
myeloid cells. Altogether, our data suggest that targeting this pathway might
be therapeutically useful for lung adenocarcinoma.
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RESUMEN

Los tumores evolucionan al adquirir anormalidades genéticas de manera
secuencial, como la activaciéon de K-Ras y la pérdida de funcionalidad de
Tp53, que permiten a las células transformadas sobrevivir, proliferar, e invadir,
asi como acondicionar su microambiente. Simultaneamente, las células
transformadas también han de lidiar con situaciones de estrés, incluyendo
un metabolismo acelerado, un genoma altamente inestable, o el sistema de
vigilancia de las células inmunes. Por lo tanto, las células cancerosas han de
apoyarse en vias de sefializacién no-oncogénicas que les permiten tolerar las
deficiencias en los sistemas de control de homeostasis, adaptarse a los nuevos
requerimientos funcionales, y monitorizar los cambios en el microambiente
para responder de manera apropiada.

La via de las p38 MAPK estd intimamente relacionada con la respuesta al estrés
y es utilizada por las células para transducir sefiales extracelulares y orquestrar
las respuestas correspondientes. p38a es el miembro de la familia de p38 MAPK
mas ampliamente expresado, y se le han atribuido cldsicamente funciones
supresoras tumorales gracias a su habilidad para detener el ciclo celular,
inducir diferenciacion, y desencadenar procesos apoptéticos. No obstante, hay
evidencia de que el nivel de actividad de p38 MAPK podria estar incrementado
en varios tipos de tumor humanos y, en algunos casos, se ha correlacionado con
una baja supervivencia, lo que sugiere un papel pro-tumoral.

En este estudio, hemos observado una correlacién negativa entre los niveles
de expresion de p38a y la supervivencia en pacientes de adenocarcinoma
pulmonar. Hemos usado un modelo murino de cdncer de pulmén inducido por
la expresion del oncogen K-Ras para demostrar que, efectivamente, p38a juega
un papel dual durante el desarrollo de la carcinogénesis de pulmén. Por una
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parte, p38a evitala transformacién maligna delas células pulmonares epiteliales
sanas mediante la induccién de diferenciaciéon celular. Sin embargo, en las
células epiteliales pulmonares transformadas, p38a estimula la proliferacién y
la secrecién de citocinas inflamatorias que preparan un nicho favorable para la
progresion tumoral. p38a también juega un rol pro-tumorigénico al promover
la vascularizaciéon del tumor y la immunotolerancia por parte de las células
mieloides infiltradas. En conjunto, nuestros datos sugieren que la inhibicién de
esta via de sefalizacion podria ser ttil en términos terapéuticos para los casos
de adenocarcinoma de pulmoén.
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BRIEF HISTORY OF ONCOLOGY

Our knowledge of the nature of cancer is quite recent, although humanity has
known about this illness since ancient times. The very first testimonies about
cancer date back to 1600 BC when ancient Egyptians wrote the Edwin Smith
Papyrus describing how to remove breast tumors by cauterization. The study of
cancer in antiquity was, however, established by Greek physicians between the
420 BC and 200 AD, most notably by Hippocrates and Galen. They coined the
term cancer (Mukherjee 2010) and the suffix -oma, to name cancerous lesions,
which they could only describe outwardly (Karpozilos and Pavlidis 2004). It was
not until the 17 century, when autopsies were no longer considered profane
acts, that physicians could better comprehend the anatomy and functions of
the human body, and actually study the cause of cancer.

The initial clues about carcinogenesis emerged from the first epidemiological
studies and the use of microscopes. In 1713, Bernardino Ramazzini reported a
relatively high incidence of breast cancer in nuns speculating about a possible
relationship to their celibate lifestyle. These associations suggested for the first
time the influence of hormones on carcinogenesis (Bode and Dong 2009). The
tirst link between cancer and an external agent was established in 1761, when
John Hill related cancer with the use of tobacco, which today is known as one
of the most harmful oncogenic agents (Doll and Hill 1956).

The 19* century certainly brought progress to the oncology field. Johannes
Muller showed that tumors are actually made of cells and not of extravasated
lymph. Rudolf Ludwig Karl Virchow, described leukemia for the first time, and
suggested that cancer cells come from the “activation” of otherwise normal
cells, which are dormant (Huntly and Gilliland 2005). He also was the first to
observe white blood cells infiltrating tumors, and to suggest that many cancers
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develop after sustained inflammation, pointing for the first time towards
a recently identified hallmark of cancer: tumor-promoting inflammation
(Balkwill and Mantovani 2001; Coussens and Werb 2002).

Regarding the metastatic process, in 1889 Stephen Paget concluded that
cancer cells spread through the bloodstream to the entire body but are able
to grow only in a few organs (Paget 1889). His thoughts inspired the recent
concept of tumor microenvironment and would encourage doctors later on to
develop systemic adjuvant drug treatments to be used after surgery, to destroy
remaining metastatic cells.

First Galen uses || Autopsies || First link between | | Cancer cells | ||dentification First First
testimony || thesuffix || become || tobacco smoking || metastasize || of the first | [immortalized | | hightroughput
of breast “oma’to || accepted || and lungcancer || throughthe || oncovirus cell line dru

ey T bloodstream screenings
resections || malignan T .
in ancient tumors umors are ; First
made of Introduction ;
cells of radiation ﬁ%réﬁ%%ge%” First use of
therapy a CT scanner
1600BC 300BC ~ 200AD 1710 1770 1850 1890 1900 1910 1940 1950 1970 1990

Invention of Virchow describes Papanicolau Discovery
microscopes leukemia & ploneers of p53
preventive

cancer-associated

Erennaer inflammatory cells screenings
endocrine influence ; . ;
Hyppocrates in tumors- first Boveri proposes the First First mouse
coins the term epidemiological existence of ce chemotherapeutic models of
arkinos studies cycle checkpoints drugs cancer

FIGURE 1. Timeline. Depiction of some of the most relevant events in the history
of oncology.

The genetic basis of cancer remained hidden till the 20" century. In 1902
Theodor Boveri suggested that tumors arise from aberrant mitoses and
uncontrolled cell growth caused by radiation, physical or chemical insults
or by microscopic pathogens. Furthermore, he proposed the existence of cell
cycle checkpoints and, hence, the existence of genes with oncogenic and tumor
suppressor roles (Boveri 2008), which were not identified till the late 1970s.

In addition, during this century, the first oncovirus and many new carcinogens
were identified. In sight of the cancer-related risks to which we are daily
exposed, a need for cancer preventive screenings among the population arose.
George Papanicolaou proposed the first screening test in 1923, which is still in
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use today for the detection of cervical cancer (Bode and Dong 2009).

Now, in 2017, we can see that the body of knowledge that we have acquired
along the centuries (FIGURE 1) has remarkably improved prevention, early
detection and treatment of cancer. We have developed mouse models that
mimic human cancers and immortalized cell lines to study the disease at
the cellular and molecular levels. We have developed imaging tests, such as
computed tomography scans, which have replaced many exploratory surgeries.
We have developed radiotherapy and many different chemotherapeutic
treatments. However, despite the current advances, many cancer patients die
every year so both researchers and clinicians nowadays keep focusing their
efforts on a more precise characterization of the individual tumors (Doroshow
and Kummar 2014), and in performing high-throughput screenings and clinical
trials to find better therapeutic drugs. The future is promising, but definitely,
we still have a long path in front of us.
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CANCER

Tumors are complex tissues, composed of different cell types, with an
uncontrolled proliferation potential and the ability to highjack the control
mechanisms of the organism to fight for their survival. Tumors develop in
a multistep process where cells sequentially acquire genetic abnormalities,
which provide them with new biological capabilities, and a growth advantage
under otherwise deleterious circumstances (Hanahan and Weinberg 2000).

The carcinogenesis process can be divided into three major steps: the initiation
involves an irreversibly alteration in a cell, the promotion step is defined
as the expansion of the initiated cell clone leading to a benign lesion, and
progression is the last stage where the cancerous clone expands rapidly
generating a malignant cancer (Barrett 1993). In humans, at least four to six
mutations are required to reach the malignant state (Hahn and Weinberg 2002).
These mutations may be a combination of inherited alterations, modifications
induced by environmental factors or the result from cell replication errors.
Two thirds of the cancer cases are estimated to be caused by errors during stem
cell divisions, hence tissues that host the greatest number of stem cell divisions
are usually those most vulnerable to cancer (Tomasetti and Vogelstein 2015).

During the process of malignant transformation, cells rely on genome instability
(Tomlinson et al. 2002) to acquire features of limitless replicative potential, insensitivity
to antigrowth cues, evasion of apoptosis, self-sufficiency in growth signals, and
avoidance of immunosurveillance (Hanahan and Weinberg 2000). Furthermore,
tumors evolve by gathering support from surrounding stromal cells for niche
remodeling, and by attracting new blood vessels for the supply of nutrients and
oxygen. This evolution goes hand in hand with tumor-promoting inflammation,
which will foster the progression of the tumor till it can invade and metastasize
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(FIGURE 2) (Lu et al. 2006; Hanahan and Weinberg 2011).

Many of the aforementioned features can be brought about by genetic
alterations in key oncogenes (gain of-function mutations, amplification,
and overexpression) and tumor suppressors (loss-of-function mutations,
deletion, and epigenetic silencing) (Hahn and Weinberg 2002). Aside, there
are non-oncogenic signaling pathways that must also be rewired to adapt to
these new biological capacities and to tolerate the new cellular stresses. For
instance, once transformed cells enter an uncontrolled proliferation state, they
express more telomerase to overcome the shortening of telomeres, and they
weaken their spindle checkpoint to survive aberrant mitosis (Luo et al. 20095b).
Another consequence of enhanced proliferation is the need for an increase
in biosynthesis; hence tumor cells need to adapt their metabolism to fulfill

Sustaining Evading growth
proliferative suppressors
signaling

Avoiding
immune
destruction

Deregulating
cellular
energetics

Resisting cell Enabling
death replicative
immortality
Genome Tumor-
instability & promoting
mutations inflammation

Inducing Activating
angiogenesis invasion &
metastasis

FIGURE 2. The hallmarks of cancer. lllustration of the classical and emerging
hallmark capabilities of cancer cells. Modified from (Hanahan and Weinberg 2011).
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the new demands. As a side-effect, the cell will experience an accumulation
of unfolded proteins and will need to constitutively activate the heat-shock
response and the proteasome. The newly accelerated metabolism will
eventually exhaust the available nutrients and the delivery capabilities of the
local vasculature, forcing the tumor cells to monitor these changes in their
microenvironment and develop a strategy to survive this metabolic stress, for
example by inducing neo-angiogenesis (Jones and Thompson 2009). Therefore,
there are two key mechanisms: changes in stress-support pathways within
the neoplastic cells, and changes in the environment that alter the selective
pressure on those neoplastic cells (Barcellos-Hoff et al. 2013).

There are more than 100 distinct types of cancer and several subtypes of tumors
can be found within specific organs. Although the mentioned biological
features are common to almost every tumor, their acquisition appears in
variable sequences, both among tumors of the same type and certainly
between tumors of distinct types. This huge complexity makes it instrumental
to understand the cellular circuitries involved, which ones are common to
several or all tumor types, and whether they act in a cell-autonomous way
or in collaboration with the other cells of the microenvironment [reviewed in
(Hanahan and Weinberg 2000)].
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NON-SMALL CELL LUNG CANCER

Each year 1.8 million new cases of lung cancer are diagnosed (13% of the total
cancer incidence). In the year 2012, it accounted for 1.5 million deaths (19.4%
of the total cancer-related deaths), affecting populations all around the world.
Lung cancer is one of the most aggressive human cancers, with a 5-year overall
survival of only 10-15% (Brambilia and Travis 2014). The most important risk
factor for lung cancer is smoking. In populations with prolonged cigarette
use, the proportion of lung cancer cases attributable to cigarette smoking has
reached 90% (Doll 2000; IARC Working Group on the Evaluation of Carcinogenic
Risks to Humans 2004). However, other factors such as asbestos or environmental

smog also influence the risk of suffering lung cancer.

Due to its complexity and abundant subtypes, pathologists have long been
challenged to accurately classify lung cancer, and this becomes of essential
importance at the time of deciding a therapeutic treatment. According to
histopathological criteria, lung cancer is classified into small-cell lung cancer
(SCLC) and non-small cell lung cancer (NSCLC). NSCLC accounts for 82%
of lung cancer cases and can be further divided into three major histologic
subtypes: adenocarcinoma, squamous cell carcinoma and large cell carcinoma
(Travis et al. 1999; Tuveson and Jacks 1999). Adenocarcinomas are the most
frequent type of NSCLC. They account for 40% of all lung cancer cases, are
epithelial tumors, and can be distinguished by positive staining for surfactant
proteins and thyroid transcription factor (TTF1) (Tuveson and Jacks 1999; Travis
et al. 2015).
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Common genetic alterations

Lung cancer is one of the most genomically altered cancers (Kan et al. 2010).
Arguably, the most common mutated or deleted genes in both NSCLC and
SCLC are the tumor suppressor genes TP53 and retinoblastoma (RB1). TP53 is
altered in more than 75% of SCLC, and in 50% of NSCLC. The TP53 mutations,
mostly G-T transversions, carry the hallmark of smoking (Lewis and Parry 2004).
RB1, on the other hand, is inactivated in more than 90% of SCLC while being
less frequent in NSCLC (~15%)(Reissmann et al. 1993; Dosaka-Akita et al. 1997). In
contrast, mutations or promoter hypermethylation of cyclin dependent kinase
inhibitor 2A (CDKN2A), mutations of RAS genes, or aberrant expression of
HER? occur frequently in NSCLC but rarely in SCLC (Zochbauer-Muller et al.
2002; Fong et al. 2003).

Specifically in lung adenocarcinoma, exome and genome sequencing has
identified a wide variety of genetic abnormalities as drivers of this cancer
subtype (TABLE 1). Activating mutations of EGFR and the Kirsten Ras (K-RAS)
oncogene are the most common genetic lesions, and are mutually exclusive.
We can also find amplifications of TTF1, activating mutations on BRAF, and
inactivation of tumor suppressor genes like STKI11. Moreover, fusion genes
bounding a tyrosine kinase domain and a dimerization domain can also act
as driver mutations. They usually involve the anaplastic lymphoma receptor
tyrosine kinase (ALK), or the proto-oncogenes ROSI or RET (Sanchez-Cespedes
et al. 2002; Wood et al. 2015; Campbell et al. 2016). Noteworthy, ALK or EGFR
mutations are more frequent in patients who have never smoked, while K-RAS
mutations are predominant in those patients with a smoking history (Pao et al.
2004; Heist and Engelman 2012).

Mutations in K-RAS

The work reported in this thesis is focused on the so far intractable K-RAS
mutant adenocarcinoma, which accounts for 25% of lung adenocarcinomas
and 20% of all NSCLCs (Slebos et al. 1990; Rodenhuis and Slebos 1992). K-RAS
is one of the four members of the Ras family of small GTPases. It has two
isoforms, KRAS4A and KRAS4B, the latter one being the most abundant
splicing variant (Wang and You 2001). This 21kDa protein serves as a transducer
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that couples surface receptor tyrosine kinases to intracellular effector pathways,
transducing growth-promoting and survival cues. In homeostatic conditions,
it cycles between ‘on” (GTP-bound) and ‘oft” (GDP-bound) conformations. This
cycle requires catalyzers to stimulate the exchange of GDP for GTP (guanine
nucleotide exchange factors) or to accelerate the hydrolysis of GTP (GTPase-
activating proteins).

The most frequent mutations of K-RAS occur in codon 12 (85%) and 13 (14%)
and prevent the formation of van der Waals bonds between RAS and GTPase-

TABLE 1. Frequent genetic alterations and targeted therapies for NSCLC

Available targeted

Gene Status*  Available GEMM References
therapy
ALK fusion, N o (Soda et al. 2007;
ALK F L1196M, F1174L  Crizetinib, ceritinib Chen et al. 2010)
EGER M L858, Del19, Erlotinib, gefitinib, (Paez et al. 2004,
T790M, Ins20 afatinib, osimertinib Jietal. 2006)
L (Engelman et al. 2007;
MET F OE Crizotinib Xu et al. 2012a)
N (Rikova et al. 2007,
ROS1 F N/A Crizotinib Davies et al. 2012)
BRAF M V600E N/A (Paik et al. 2011)
(Wang et al. 2003;
CDKN2A M Null N/A Lou-Qian et al. 2013)
HER2-YVMA (Stephens et al. 2004,
HER2 e insertion LA Wang et al. 2006b)
(Jackson et al. 2001;
K-RAS M G12D, G12V, G12C N/A Mascaux et al, 2005)
MEK1 M N/A N/A (Marks et al. 2008)
(Kawano et al. 2006;
PIK3CA M p1i0a N/A Engelman et al. 2008)
P53 M Conditional null, N/A (Mitsudomi et al. 2000;

R172H

Chen et al. 2012)

Abbreviations are explained in the main text except for: Del19, EGFR exon 19 deletion;
Ins20, EGFR exon 20 insertion; N/A, not available; OE, overexpression. *Status refers to the
mechanisms by which each gene is altered in tumors: mutation (M), copy number gain (C) or
fusion (F). Modified from (Chen et al. 2014).
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activating proteins (Pylayeva-Gupta et al. 2011). In consequence, the GTPase
function of K-RAS is disrupted, rendering the protein and the downstream
effector pathways constitutively active. The most frequent missense mutationsin
KRAS codon 12 are K-RAS“?V and K-RAS“'?P. The Glycine to Valine substitution
has been associated with a worse prognosis than the substitution to Glutamate,
raising the possibility that specific amino acid substitutions might dictate
particular transforming features (Keohavong et al. 1996).

K-RAS shows pleiotropic activity; for instance, it leads to cell cycle progression
through the RAF/MEK/ERK cascade, to epithelial-to-mesenchymal transition
via RHO B or to apoptosis inhibition through PI3K/PDK1/AKT, to name a
tew (Marshall 1999; Zondag et al. 2000; Malumbres and Barbacid 2003). K-RAS
overactivation can also induce senescence but this might even favour the
selection of clones with defective checkpoints, e.g. mutated TP53 (Collado et
al. 2005; Halazonetis et al. 2008). In view of the pro-growth and pro-survival
functions that K-RAS can mediate, the pro-tumorigenic activity of the
constitutively active mutant K-RAS might not be surprising.

The cell of origin

Lung adenocarcinoma is predominantly diagnosed in the distal airways,
namely the bronchioles and alveoli. In humans, the basal epithelium of the
bronchioles contains basal cells; while the luminal epithelium contains ciliated,
neuroendocrine, goblet and club cells. Differently, mouse bronchioles are
composed just by a monolayer epithelium of club, neuroendocrine and ciliated
cells (Cheung and Nguyen 2015). The epithelium of the alveoli is made up
of alveolar epithelial type 1 cells (AE1), which provide the interface for gas
exchange; and alveolar epithelial type 2 cells (AE2), which are characterized
by surfactant protein C expression (SPC*) and secrete pulmonary surfactant
to reduce surface tension so the alveoli do not collapse upon exhalation.
Immature AE2 cells (SPC*, Integrin a634*) have been proposed as progenitors
of the adult alveolar epithelium, together with multipotent bronchioalveolar
stem cells (BASC). Situated in the junction between the bronchiole and the
alveolus (BADYJ), BASC co-express CCSP and SPC markers, can self-renew, and
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can give rise to both AE2 and club cells (CCSP*) (Rock and Hogan 2011; Kotton
and Morrisey 2014).

It is possible that the biology of the different cells is what drives the different
phenotypes of lung cancer with distinct genotypes (FIGURE 3). It has been
proposed that stem and progenitor cells are the cells of origin of carcinoma
because they are the only ones with enough lifespan to accumulate the many
genetic alterations required for tumor progression. Furthermore, given their
self-renewing capacity they would not need to be subjected to extensive
epigenetic reprogramming (Visvader 2011). However, it is also plausible that a
more mature, differentiated cell with acquired self-renewal capabilities might
give rise to malignancy:.
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FIGURE 3. Cells of origin of lung cancer. Known (arrows) and predicted (dashed
arrow) influence of the cell of origin and the oncogenic mutation in the formation
of lung adenocarcinoma. Abbreviations: PNEC, pulmonary neuroendocrine cell.
Circled arrows show cells with self-renewing capacity. Adapted from (Cheung and
Nguyen 2015).
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The cell of origin of lung adenocarcinoma is still under discussion because the
distal airway epithelium is very plastic and several cell types can be induced
to transform under different conditions. AE2 progenitors have historically
been seen as the tumor initiating cells, consistent with the staining of human
adenocarcinoma samples with the SPC marker (Cheung and Nguyen 2015).
However, in 2001 the BASC population was identified (Jackson et al. 2001) and
soon proposed as the putative cell of origin of K-Ras-driven adenocarcinomas
(Kim et al. 2005). Nevertheless, recent studies in genetically engineered mouse
models (GEMM) targeted the expression of oncogenic K-Ras only in CCSP*
cells (club cells and BASC) or only in SPC* cells (AE2 and BASC), and AE2 cells
seemed to be the only cells capable to give rise to advanced adenocarcinomas,
while club and BASC seemed limited to low grade lesions (Xu et al. 2012b;
Mainardi et al. 2014).

Progression of NSCLC

Stages of lung tumor progression

The histologic progression of NSCLC was poorly understood until the beginning
of the 21% century. In 2001, the laboratory of Tyler Jacks used a K-Ras“*"-driven
lung cancer mouse model to propose atypical adenomatous hyperplasias (AAH)
as the precursor lesions of lung adenomas. AAH are formed by the proliferation
of atypical epithelial cells growing along alveolar septa without disrupting the
alveolar architecture, while adenomas are neoplasms indeed distinguished by
the distortion of this architecture (FIGURE 4). Adenomas, in turn, might be the
previous stage to malignant lung adenocarcinoma formation (Jackson et al. 2001;
Kerr 2001). As adenomas progress they show features of malignancy, including
nuclear hyperchromatism and increased mitotic rate. Nuclear pleomorphisms
are found already in the adenocarcinoma stage, e.g. enlarged nuclei.

Aside of this histologic classification, clonal evolution inside lung tumors
can make lesions derive into a different cancer subtype. For instance, lineage-
tracing experiments in GEMM have shown that K-Ras-transformed club cells
can form hyperplasias in the terminal bronchioles that eventually switch to
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SPC-expressing adenocarcinomas. Inflammation at the moment of K-Ras
activation or the loss of Tp53 might be the driving force behind this switch
(Mainardi et al. 2014; Sutherland et al. 2014). Also K-Ras-driven adenocarcinomas
arising from AE2 progenitors can transdifferentiate into lung squamous cell
carcinomas when mutating Stk11 (]i et al. 2007; Han et al. 2014). In consequence,
this non-linear evolution is an added difficulty to the already arduous tasks of
accurately classifying and treating lung tumors.
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FIGURE 4. Stages of tumor progression in K-Ras®'?® mice. (A) AAH 2 weeks post-
induction. (B) Papillary adenoma 6 weeks post-induction. (C) Large adenoma 12
weeks post-induction. (D) Adenocarcinoma 16 weeks post-induction. (E) Higher
magnification of the adenoma in B. (F) Higher magnification of the lesion in C
(arrows indicate mitosis). (G) Higher magnification of the lesion in D. The tumor
shows increased mitotic rate (arrows), nuclear enlargement, and prominent
nucleoli (asterisk). Taken from (Jackson et al. 2001).

Lung cancer metastasis

More than 70% of patients with advanced stage NSCLC, die within 18 months
of diagnosis due to metastasis (Wood et al. 2014). Metastatic spread starts with
cancer cells invading and migrating toward surrounding tissues by rearranging
their cytoskeleton to gain motility and secreting extracellular matrix remodelers
thatwill ultimately degrade thebasallamina and permeabilize the nearby vessels
(Kessenbrock et al. 2010). Cancer cells also need to lose their epithelial features,
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like adhesion or polarization, in a process named epithelial-to-mesenchymal
transition so they can intravasate and disseminate in the circulation. In this
regard, loss of E-cadherin is a well-established prognostic marker which is
observed in local lung cancer invasion and correlates with poor prognosis
(Kalogeraki et al. 2003).

Tens of thousands of cancer cells can be shed into the circulation, yet less than
0.01% will survive to produce metastasis because once in the circulation, cancer
cells need to survive the attack of innate immune natural killer cells and the
hemodynamic shear stress in small blood vessels. Thus, for enhancing their
survival, tumor cells associate with blood platelets, that will also help them
to slow down the velocity in the bloodstream and adhere to the endothelium
at their destination (Joyce and Pollard 2009). In the case of lung cancer cells, the
most frequent metastatic sites are brain, adrenal gland, liver, bone and the lung
itself (Valastyan and Weinberg 2011). Once metastatic cells extravasate and settle
in a secondary site, they must adapt to the new microenvironment of the host
organ, and revert their mesenchymal phenotype through mesenchymal-to-
epithelial transition to finally reinitiate the tumor growth (Brabletz 2012).

The lung cancer microenvironment

Nowadays the reductionist view of tumors as groups of homogenous cancer
cellsis outdated and cancer is considered an ecological disease where malignant
cells interplay with non-malignant stromal cells, conforming the tumor
microenvironment (TME). Signals from cancer cells can act both systemically
and locally, recruiting and reprogramming normal stromal cells. These stromal
cells signal back to both the cancer cells and themselves, building up a network
to construct, stabilize and expand the tumor niche, thus enabling proper tumor
survival, growth and progression (Polyak et al. 2009). In NSCLC, as in other
cancers, the main stromal players are the activated fibroblasts (local and bone-
marrow derived), the immune cells, the endothelial cells, and the pericytes
(FIGURE 5).

Cancer-associated fibroblasts (CAF) are marked by a-smooth muscle actin,
and promote tumor progression. They can interplay with cancer cells and
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other stromal cells through direct cell contact and by secreted factors. CAF are
responsible for the aberrant production of mitogens, matrix metalloproteinases
(MMP), and inflammatory mediators, that can stimulate tumor cell proliferation,
induce remodeling of the niche, and recruit immune cells, respectively (Levental
et al. 2009; Erez et al. 2010). CAF have been shown to induce drug resistance
in lung tumor cells by secreting hepatocyte growth factor (Wang et al. 2009).
Additionally, CAF are the main producers of extracellular matrix proteins,
mainly fibronectin in lung adenocarcinomas, which supports tumor growth
(Kaplan et al. 2005).

The immune cells that usually infiltrate NSCLC include myeloid derived
suppressor cells, regulatory T cells, tumor-associated macrophages, and tumor-
associated neutrophils. Myeloid derived suppressor cells and regulatory T
cells are the main responsible for the blockade of antitumor immunity, by
downregulating the proliferation and induction of effector T cells (Mantovani et
al. 2008). In parallel, tumor cells can evade immunosurveillance on their own
by expressing molecules that maintain tolerance to normal peripheral tissues,
namely the tumor-associated programmed cell death 1 ligand (PDL1), which
inhibits CD8* cytotoxic response (Juneja et al. 2017).

Tumor-associated macrophages and tumor-associated neutrophils can show
different phenotypes according to their role in impeding (type I immune
response) or promoting (type II) tumor progression. In lung cancer, tumor-
promoting macrophages and neutrophils secrete pro-angiogenic factors such
as platelet-derived growth factor (PDGF) and vascular endothelial growth
factor (VEGF), thus they are associated with increased microvessel formation.
Moreover, they also produce inflammatory cytokines, reactive oxygen species
(ROS), and proteases that will induce mitogenic signals in the neighboring cells
and restructure the extracellular matrix (Vignaud et al. 1994, Mantovani et al.
2011).

Finally, endothelial cells and pericytes are responsible for constructing new
blood vessels and producing blood-borne factors to nourish the tumor as it
grows (Lu et al. 2006; Hanahan and Coussens 2012). The angiogenic switch is
arguably the inflection point in the growth and malignization of tumors.
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FIGURE 5. Lung cancer microenvironment. The TME includes, among others,
recruited endothelial cells, fibroblasts, myeloid cells (macrophages, neutrophils),
and lymphoid cells. Extracellular matrix gives structural support to tumor cells.
Tumor cells, moreover, often express immune checkpoint molecules, such as PDL1,
to attenuate a cytotoxic response from T cells. Modified from (Chen et al. 2014).

Although the lungs is a highly vascularized organ, eventually local blood
vessels cannot keep up anymore with the rate of tumor growth. Thus, tumor
cells and their surrounding stromal cells enter a hypoxia state that leads to
secretion of VEGF and PDGF, which increase intratumoral microvascular
density. The expression of these factors is frequently reported in NSCLC and
correlates with poor prognosis (Masuya et al. 2001).

Elucidating thenature of co-evolution of tumor cellswith theirmicroenvironment
is not only crucial for a better understanding of the primary tumor, as the TME
is involved in the metastatic process as well. To name a few aspects, immune
cells secrete proteases that facilitate cell motility, CAF produce transforming
growth factor B (TGF-B) that induces epithelial-to-mesenchymal transition in
cancer cells (Pietras and Ostman 2010), and the tortuous vasculature of tumors
has deficient intercellular junctions, which makes them permeable, facilitating
cancer cell intravasation (Xian et al. 2006). Moreover, the primary tumor releases
factors to distant organs to recruit immune cells that will prepare a favorable
niche prior to the arrival of the metastatic cell (Kaplan et al. 2006, Peinado et al.
2011).
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Therefore, considering the TME as a potential target offers new therapeutic
opportunities, with the advantage that the genetically stable cells composing
the microenvironment are less plastic and thus less likely to acquire drug
resistance (Hu and Polyak 2008).

Mouse models for the study of NSCLC

Mouse models have been an essential tool for learning the pathogenesis of lung
cancer. The murine tumors share a great similarity in their histopathological
features and genomic alterations with those found in human cancers. Therefore,
they have enabled numerous experiments which would not be possible using
patient samples or cancer cell lines, like studies of metastasis, preclinical
trials for targeted therapies or lineage-tracings for the identification of tumor
initiating cells (Heist and Engelman 2012).

The first mouse models for lung cancer were based on the susceptibility
of certain inbred strains to spontaneous tumor-development, like A/]
mice, and their enhanced sensitivity to carcinogens such as polycyclic
aromatic hydrocarbons and nitrosamines derived from tobacco, or
ethyl carbamate (urethane) (Shimkin and Stoner 1975). The molecular
characterization of these mice revealed genetic alterations nowadays
known to be important in the development of lung cancer, like activating
mutations in K-Ras (Chen et al. 1994), overexpression of c-Myc (Re et
al. 1992) or inactivation of Cdkn2a (Malkinson 2001). Nevertheless, the
random mutagenesis process made it difficult to control the experimental
conditions; thus, more specific and sophisticated models were needed,
like transgenic mice that express an oncogene or knock-out (KO) mice
which can inactivate a tumor suppressor. Today, GEMM for most of the
common NSCLC driver mutations have been generated, including for
K-Ras, Egfr and Eml4-Alk fusion (Kwon and Berns 2013). Some examples
are displayed in TABLE 1.

In the first generation of GEMM, the expression of genetic alterations
was constitutive and ubiquitous, and many times driven by strong viral
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promoters (Tuveson and Jacks 1999). The main problem was that mutated
cancer genes in the germ line often led to embryonic lethality, impeding
the study of their effects in adult mice. Moreover, a constitutive and
ubiquitous model is far from resembling the physiological situation
where few transformed cells with a stochastic-occurring mutation try to
thrive surrounded by ostensibly normal cells in a specific organ.

This was partially solved by the use of conditional alleles, which better
mimic the sporadic tumorigenesis process and which also allow for a
spatio-temporal control of the expression of the mutated gene (Jonkers
and Berns 2002). The K-Ras“'*" inducible model is the most widely used
nowadays for the study of NSCLC. It develops adenocarcinomas after 9
to 12 weeks after oncogenic K-Ras induction, but no metastasis is detected
(Meuwissen et al. 2001). Moreover, it allows the control of tumor initiation
and multiplicity by the dose of Cre recombinase that is inoculated
into the animal using an adenovirus, facilitating the analysis of tumor
progression. The model also mimics sporadic tumor development as
activation of K-Ras“'*" occurs in some tumor cells while the surrounding
cells are normal.

Development of targeted therapies

Diagnosis and treatment of NSCLC has greatly improved in the last decade
thanks to the implementation of personalized medicine. Nowadays,
stratification and treatment selection for patients not only relies in radiography
and pathological evaluation but also in the genetic characteristics of the tumor.

On one hand, patients of advanced NSCLC with EGFR mutations or ALK
fusions can benefit from targeted therapy with tyrosine kinase inhibitors.
Unfortunately, almost every treated tumor will become resistant in less than
a year and continue to progress (Travis et al. 2015). Therefore, the use of
targeted therapy in NSCLC is restricted to non-resectable and late stage tumors
(Timmerman et al. 2010; Heist and Engelman 2012). On the other hand, patients
of advanced stage NSCLC without targetable genomic alterations, like mutant
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IN GEMM MODEL
Tumor initiation in K-Ras-driven NSCLC

C-RAF
MEK1/2 or ERK1/2

pl110a

p85 PI3K inh + MEK inh

Tumor initiation & progression in K-Ras-driven NSCLC

CDK4 CDK4 inhibitor

GATA2 Proteasome inhibitor
+ ROCK inhibitor

MYC

Tumor initiation & progression in K-Ras + Tp53-driven NSCLC

NFkB (IKB-SR)

NFkB (IKKB)

SYNTHETIC LETHALITY

Mutant K-RAS human NSCLC cell lines (RNAi screens)

TKB1

GATA2

REFERENCE

(Blasco et al., 2011)

(Gupta et al., 2007)
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FIGURE 6. Preclinical studies to validate therapeutic targets in K-RAS-driven
NSCLC. (A) GEMM driven by conditional mutant K-Ras alleles (in blue) and GEMM
that also carry mutated, KO or null Tp53, which develop more aggressive metastatic
adenocarcinomas (in green), are indicated together with the pharmacologic
approaches, which use selective targeted inhibitors. (B) RNAi screenings aimed at
identifying human genes that induce synthetic lethality in combination with K-RAS

oncogenes. Modified from (Barbacid 2012).
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K-RAS or CDKNZ2A, are limited to the general platinum-based combination
therapy (Hirsch et al. 2017).

Therefore, there is an urgent need for new therapeutic approaches. As K-RAS
has largely remain undruggable, many strategies targeting RAS downstream
kinases and synthetic lethal partners have been developed. Validated targets
that induce tumor regression include components of the ERK and PI3K/
AKT cascades (Engelman et al. 2008), or other pathways not directly linked to
K-RAS like CDK4 (Puyol et al. 2010) or GATA2 (Kumar et al. 2012). FIGURE
6 summarizes some of the most relevant preclinical studies in the last few
years using GEMM of K-Ras-driven NSCLC. Nevertheless, these studies report
some targets that have shown only partial tumor regression or have only been
studied during tumor initiation. Aside, some of the inhibitors, like those for
MEK, show undesirable toxicities. As well, some strategies have been tested
only in Tp53-proficient tumors, and the development of drug resistance has
not yet been evaluated in many cases. Hence, we still need to continue studying
and searching for better therapies against this aggressive cancer.
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p38 MAPK SIGNALING

Cells need to be aware of the constant changes in their environment to respond
accordingly. Transmembrane receptors integrate the extracellular stimuli and
trigger signaling cascades which eventually lead to the activation of intracellular
programs. Protein phosphorylation is one of the main mechanisms of signal
transduction, indeed almost every known signaling pathway eventually

impinges on a protein kinase or phosphatase (Graves and Krebs 1999).

The mitogen-activated protein kinase family

Mitogen-activated protein kinases (MAPKs) are a superfamily of proline-
directed serine/threonine protein kinases. Their activation may be induced
by a broad variety of stimuli (hormones, growth factors, cytokines, and
environmental stresses) deriving in the regulation of many cellular processes
such as proliferation, differentiation, and survival (Roux and Blenis 2004).

Four major MAPK pathways have been identified in mammals: the extracellular
signal regulated kinase (ERK) 1/2 (Boulton and Cobb 1991), the c-Jun
N-terminal kinase (JNK) 1/2/3 (Derijard et al. 1994; Kyriakis et al. 1994), the p38
MAPK «, B, v, 9 (Freshney et al. 1994; Han et al. 1994; Lee et al. 1994; Rouse et al.
1994) and the ERKS pathway (Lee et al. 1995; Zhou et al. 1995). Four additional
MAPK-like components have been also identified (ERK3/4 and ERK7/8) but
they do not seem to follow the canonical mechanism of activation of classical
MAPKSs (Coulombe and Meloche 2007).

Canonical transmission of signals occurs through three evolutionarily
conserved, sequentially acting kinases: a MAP kinase kinase kinase (MAP3K)
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receives the upstream signal and activates a MAP kinase kinase (MAP2K), which
in turn will activate the MAPK. MAPKSs are catalytically inactive until dually
phosphorylated by MAP2Ks on their activation loop, containing a Thr-Xaa-Tyr
motif (Kyriakis and Avruch 2001). In general, the ERK1/2 cascade is activated by
mitogens, whereas the JNK and p38 MAPK cascades are activated mainly by
stresses and pro-inflammatory cytokines (FIGURE 7). Once activated, MAPKs
can phosphorylate downstream targets like transcription factors, other protein
kinases or RNA binding proteins (Dhillon et al. 2007; Trempolec et al. 2013a).

Specificity of MAPKs is provided in part by conserved docking domains to bind
substrates, which are mainly phosphorylated on serines or threonines followed
by a proline. Additionally, scaffold proteins link components of the pathway
together to ensure effective signal transmission. The level of MAPKs usually
does not change throughout the course of stimulation, and the magnitude
and duration of signaling is typically regulated through dephosphorylation
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FIGURE 7. Scheme of the canonical mammalian MAPK signaling cascades. MAPK
signaling shows a cascade organization, in which activation of upstream kinases
leads to sequential activation of the MAPK modules. Adapted from (Keshet and
Seger 2010).
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by generic phosphatases or dual-specificity phosphatases that downregulate
MAPK activity (Krishna and Narang 2008; Pan et al. 2012).

Despite the complexity of the MAPK system, consisting of more than 200
distinct components, tight mechanisms of regulation define which MAPKs will
be activated and, consequently, what will be the cellular response to a particular
stimulus. Likewise, since a given stimulus can activate different MAPKs, it
is possible that crosstalk among them contributes to the final response. For
example, p38 MAPKSs can inhibit the JNK pathway at the level of MAP3KSs,
or inhibit the ERK1/2 pathway through the phosphatase PP2A (Stalheim and
Johnson 2008; Cuadrado and Nebreda 2010; Keshet and Seger 2010).

The p38 MAPK pathway

Four genes encode for the four p38 MAPKs: MAPK14 for p38a, MAPK11 for
p38B, MAPK12 for p387y, and MAPK13 for p386. p38a was the first member
identified, and is the homologue of Saccharomyces cerevisiae Hog1l. Moreover,

three alternatively spliced isoforms of the MAPK14 gene have been reported:
Mxi2, Exip and CSBP1 (Lee et al. 1994; Faccio et al. 2000, Yagasaki et al. 2004).

Despite the ~60% homology in their amino acid sequences, p38a, p383, p38y
and p386 show different target preferences, different sensitivity to chemical
inhibitors and also different tissue expression patterns. p38a and p38f3, but not
p38y or p386, can phosphorylate MAPKAPK2 (MK2) and MAPKAPK3 (MK3),
and can be inhibited by low concentrations of pyridinylimidazole drugs, such
as SB203580 or SB202190. These inhibitors bind competitively to the ATP-
binding pocket in p38a and p38p3, but p38y and p386 have a bulky methionine
in position 106 that impedes inhibitor binding (Coulthard et al. 2009; Cuadrado
and Nebreda 2010).

p38a is highly abundant in most cell types, and p38a KO mice are embryonic
lethal due to placental defects (Adams et al. 2000; Allen et al. 2000; Mudgett et al.
2000; Tamura et al. 2000). Conditional deletion of p38ca in the mouse embryo
bypasses the lethality, but pups die soon due to lung dysfunction (Hui et al.
2007). Conversely, expression of p3883, p38y and p386 is more restricted to
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specific tissues: p38f is generally expressed at low levels, except for brain
where it shows significantly higher levels; p38y is highly expressed in skeletal
muscle, and p386 is mainly found in pancreas, kidney and small intestine.
Single deficiency of p388, p38y or p386 does not affect normal development
in mice, suggesting putative compensatory functions among the p38 MAPKSs
(Beardmore et al. 2005; Cuenda and Rousseau 2007; Ruiz-Bonilla et al. 2008).

Three MAP2Ks can phosphorylate p38 MAPKs: MKK3 can activate p38a, p38y
and p389; MKK4, which is also an activator of JNKs, can activate p38a; and
MKKS® is a potent activator of the four p38 MAPKs. The contribution of each
MAP2K depends on the stimulus (Remy et al. 2010) and the expression level of
each MAP2K in the given cell type. For instance, T cell-receptor-mediated p38
MAPK activation is selectively disrupted in MKK6 KO immature thymocytes
but not in the MKK3 KO (Enslen et al. 1998; Brancho et al. 2003). Of note, MAP2K-
independent activation mechanisms have been reported as well, like p38c
autophosphorylation induced by the interaction with TAK1-binding protein
(TAB1) (Ge et al. 2002, Tanno et al. 2003).

In mammals, twenty MAP3Ks have been identified so far and about ten of them
can phosphorylate MKK3/4/6 to elicit p38 MAPK activation. Some examples
are: apoptosis signal-regulating kinase (ASK) 1, which can activate p38a in
response to oxidative stress (Dolado et al. 2007); TGF-f3-activated kinase (TAK)
1, which preferentially responds to inflammatory cytokines activating p38, JNK
and nuclear factor kappa B (NFxB) pathways (Wang et al. 2001); and MAPK/
ERK kinase kinase (MEKK) 3, which impinges on the MKK3-p38 axis during
hyperosmotic shock (Uhlik et al. 2003). Upstream of the cascade, the regulation
of MAP3Ks is complex, involving phosphorylation by STE20 family kinases,
binding of small GTP-binding proteins of the Rho family or ubiquitination-
based mechanisms. The diversity of MAP3Ks and their regulatory mechanisms
allows cells to respond to a wide variety of stimuli through the p38 MAPK
cascade, and also to activate other signaling pathways in parallel (Cuevas et al.
2007; Stalheim and Johnson 2008).

p38 MAPKSs act like a funnel for the different upstream stimuli but also allow
for a downstream diversification of the signal (FIGURE 8) so that multiple
functions can be simultaneously controlled; for example, protein degradation,
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p38a in lung tumor progression
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FIGURE 8. The p38 MAPK pathway. Different stimuli such as growth factors,
inflammatory cytokines or environmental stresses can activate p38 MAPKs,
which in turn target protein kinases, cytosolic substrates, transcription factors or
chromatin remodelers. Abbreviations are explained in the main text except for:
ASK1, apoptosis signal-regulating kinase 1; CHOP, C/EBP-homologous protein;
DLK1, dual-leucine-zipper-bearing kinase 1; EEA1, early-endosome antigen 1;
NHE-1, Na+/H+ exchanger 1; PSD95, postsynaptic density 95; TAO, thousand-and-
one amino acid; TPL2, tumor progression loci 2; TTP, tristetraprolin; ZAK1, leucine

zipper and sterile-a motif kinase 1; ZNHIT1, zinc finger HIT-type 1. Adapted from
(Cuadrado and Nebreda 2010).

v

mRNA stability, endocytosis, cytoskeleton dynamics or cell migration (Shi
and Gaestel 2002). p38 MAPKs have been reported to induce the expression of
immediate-early response genes via the mitogen- and stress-activated kinases
(MSK) 1 and 2 which, in turn, phosphorylate the nucleosomal proteins histone
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H3 and high-mobility group (HMG) 14 (Soloaga et al. 2003); or transcription
factors, such as activating transcription factor (ATF) 1 and NFkB p65 (Wiggin
et al. 2002; Vermeulen et al. 2003). p38 MAPKSs can also directly phosphorylate
a number of transcription factors that will mediate differentiation or stress
responses, like C/EBPa, myocyte enhancer factor 2C (MEF2C), ATF2/6 or
Tp53 (Perdiguero and Muiioz-Cidnoves 2008; Geest et al. 2009).

Gene expression is also regulated by p38 MAPKSs at the post-transcriptional
level, for example by inhibiting the miRNA biogenesis mediator Drosha (Yang
et al. 2015) or by inducing MK2-mediated phosphorylation of both AU-rich
element (ARE)-binding proteins, that mediate mRNA stability (Winzen et al.
1999; Mahtani et al. 2001), and argonaute2 (Ago2) that silences miRNAs (Zeng
et al. 2008). MK2 is also known to phosphorylate the heat-shock protein (Hsp)
27, which remodels actin cytoskeleton, on serines 15, 78 and 82 in response to
growth factors and stress (Stokoe et al. 1992; Rouse et al. 1994; Guay et al. 1997).

p38 MAPK can regulate protein synthesis too, via MK2/3-mediated
phosphorylation of the eukaryotic elongation factor 2 kinase (eEF2K) (Knebel
et al. 2002) and via MAPK interacting serine/threonine kinase (MNK)
1/2-mediated phosphorylation of the eukaryotic initiation factor 4E (elF4E)
(Knauf et al. 2001). Moreover, many cytosolic proteins can be phosphorylated
by p38 MAPKSs, including phospholipase A2 (PLA2), glycogen synthase,
the microtubule associated protein tau, cyclin D1, cyclin-dependent kinase
inhibitors like CDKNI1C, the ubiquitin ligase Siah2, Bcl-2 family proteins,
EGFR, fibroblast growth factor receptor (FGFR)1 or keratins (Khurana et al.
2006; Cuenda and Rousseau 2007; Swat et al. 2009; Trempolec et al. 2013Db).

An additional layer of complexity is provided by the ability of p38 MAPKSs
to phosphorylate some substrates on non-proline directed sites instead of the
Ser/Thr-Pro consensus motif (Reynolds et al. 2000; Cheung et al. 2003). Moreover,
kinase independent functions have been described for the yeast homolog Hog1
involving the recruitment of transcription machinery (de Nadal and Posas 2010),
although in mammalian cells there is yet little evidence.

p38 MAPKSs are important regulators of inflammation, stress response,
proliferation, apoptosis and cell survival (Wagner and Nebreda 2009). Since the
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TABLE 2. Studies on the roles of p38a in cancer using GEMM

Phenotype// p38a role

References

Organ Mouse line Cancer model
WT treated with
CDDP + p38i MMTV-PyMT
Breast
Q/ﬁﬁg(gr/gl; Deletion previous to
Villin-CreERT2 AOM/DSS
p38a (F/F) x Deletion previous to
Villin-CreERT2 AOM/DSS- tumors
Colon WT treated with APCT™" /AOM
p38i
WT treated with
p38i + MEK COIMYOES
38a (F/F) x
P (F/F) DEN and
Alb-Cre or )
phenobarbital
Mx-Cre
Liver s[5 =
Alb-Cre or DEN
Mx-Cre
p38a (F/F) x K-Rasttei2v x
RERTNn-Cre Ad-Cre
p38 Y182F X
K_R G12D
@ FSP1-Cre *
Lung
p38 P2241 K_RasalzD
Trp53LSLR17ZH.
pasa/B Y323F K_RaSLSLGlzD
Pancreas x Pdx1-Cre
@ K14-p38a DN UV light

Skin

Reduced tumor growth
and malignancy,
increased apoptosis // TP

Increased tumor load,
impaired differentiation
and barrier function // TS

Reduced tumor load,
enhanced apoptosis // TP

Reduced tumors, highly
infiltrated // TP

Reduced tumor load,
differentiated lesions,
increased apoptosis // TP

Increased tumor load,
erythroid proliferation
defect // TS

Increased tumor burden,
increased damage, and
increased ROS levels // TS

AE2 hyperplasia and
sensitivity to oncogenic
insults // TS

Reduced tumor burden,
impaired reprogramming
of the stroma // TP

Reduced tumor load,
increased apoptosis upon
CDDP // TP

Reduced tumors and
secreted inflammatory
cytokines // TP

Reduced tumor
burden, and reduced
inflammation // TP

(Pereira et al. 2013)

(Wakeman et al.
2012; Gupta et al.
2014)

(Gupta et al. 2014)

(Chiacchiera et al.
2009)

(Chiacchiera et al.
2012)

(Hui et al. 2007)

(Sakurai et al. 2008)

(Ventura et al. 2007)

(Brichkina et al.
20164)

(Brichkina et al.
2016b)

(Alam et al. 2015)

(Dickinson et al.
2011; Liu et al. 2013;

Abbreviations: AOM, azoxymethane; CDDP, cisplatin; DEN, N-diethylnitrosamine; DN, dominant
negative; DSS, dextran sodium sulfate; (F/F), floxed p38a; MEKi, MEK inhibitor; PyMT, polyoma
middle T oncoprotein; p38i, p38 MAPK inhibitor; TP, tumor promoter; TS, tumor suppressor.
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year 2000, gene-targeting experiments in mice have evidenced the contribution
of p38 MAPKSs to tissue homeostasis and pathological conditions, such as
neurodegeneration, autoimmunity, and cancer (Wagner and Nebreda 2009). See
TABLE 2 for an overview of the functions of p38a in cancer, which have been
studied using different mouse models.

The dual role of p38a in cancer

The pleiotropic activity of p38 MAPKs covers a compendium of the different
hallmarks of cancer (TABLE 3). Furthermore, p38 MAPK signaling can impact
on many stresses affecting the cancer cells, including hypoxia, detachment from
matrix, inflammation, or oxidative, metabolic, and chemotherapy-induced

genotoxic stresses.

Tumor suppressing functions

The activation of p38 MAPKS, and specifically of p38a, has been classically
associated with tumor suppression due to its capacity to induce cell cycle
arrest. For example, in response to stress, p38a can stop the G1/S transition
by downregulating the expression of cyclin D1 (Lavoie et al. 1996), by
stabilizing the cyclin-dependent kinase inhibitor p21 (Lafarga et al. 2009), or
by phosphorylating RB1 (Gubern et al. 2016). As well, p38a has been reported
to negatively feedback on growth-promoting signals, such as oncogenic Ras,
thus avoiding cell transformation (Chen et al. 2000; Li et al. 2003). Accordingly,
several proteins that can potentially downregulate the activity of p38a have
been found overexpressed in human tumors and cancer cell lines, like the
phosphatase Wip1 in breast cancer (Bulavin et al. 2002; Li et al. 2002). p38a
has been also associated with the G2/M checkpoint by activating Tp53 upon
UV-induced damage (Bulavin et al. 2001), or in response to replication stress
(Llopis et al. 2012). The irreversible cell cycle arrest that accompanies senescence
requires p38a activity as well (Iwasa et al. 2003; Zheng et al. 2013). However,
senescence comes hand in hand with the senescence-associated secretory
phenotype, a network of inflammatory cytokines controlled by p38a (Freund
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et al. 2011) which has been shown to promote mammary tumor progression in
vivo (Alspach et al. 2014).

The ability of p38a to induce cell differentiation has also been connected to
tumor suppression. p38a can stop cell proliferation to initiate differentiation-
specific gene programs; like in the myogenesis process (Perdiguero et al. 2007)
in which the absence of p38a impairs muscle differentiation and leads to
rhabdomyosarcoma (Puri et al. 2000). Likewise, other studies have showed the
differentiation-mediated protective role of p38a against transformation in lung
epithelial cells (Ventura et al. 2007), intestinal epithelium (Otsuka et al. 2010;
Chiacchiera et al. 2012; Gupta et al. 2014) and CD4- CD8- thymocytes (Pedraza-
Alva et al. 2006).

Another anti-tumoral role of p38a involves the induction of apoptosis. For
instance, p38a can induce the expression of pro-apoptotic proteins in mammary
epithelial cells to trigger anoikis (Owens et al. 2009), or in mouse embryonic
fibroblasts (MEFs) upon UV radiation (Porras et al. 2004), and can inactivate
anti-apoptotic Bcl-2 proteins by phosphorylation after serum withdrawal (De
Chiara et al. 2006). Also, p38a can induce apoptosis via the PP2A-mediated
inactivation of AKT signaling, as long as cardiomyocytes are attached to their
substrate (Zuluaga et al. 2007). p38a is also able to activate Tp53 in response to
genotoxic damage, which induces apoptosis both in normal and cancer cell lines
(Sanchez-Prieto et al. 2000; Cuadrado et al. 2007), halting situations of genomic
instability. In addition, ROS accumulation, which can highly increase the rate
of mutagenesis, activates p38a signaling, inducing apoptosis and preventing
Ras-mediated transformation (Dolado et al. 2007).

Tumor promoting functions

Nonetheless, some studies support pro-survival roles for p38a too. This is not
surprising since p38a can mediate stress signaling, and several stress-related
mechanisms can help to sort out mishaps before commiting the cell to death.
Thereby, activation of DNA damage checkpoint by p38a has been reported to
counteract tumor suppression, since it can favor resistance to cytotoxic agents
or y-radiation by facilitating DNA repair prior to mitosis entry, thus escaping
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TABLE 3. Impact of p38a MAPK signaling on different hallmarks of cancer

Mechanism// Stimulus

p38a role

Trait Cell type

References

MKK3/6E; Ras®?Y;

38a induces
? Fibroblastos Wip1”; late passage;

senescence // TS
/" low [H,0,]
p38a reprograms CAF, mouse )
. Bleomycin,
the TME to produce  K-Ras-driven lung o
hyaluronic acid
cancer cells

growth signals // TP

GF and hormones
stimulate
proliferation via p38a
// TP

Serum; FGF;

Fibroblasts, PC12,
estradiol; spermine

MCF7

MKK3/6FF; NaCl;
overconfluence,
y-radiation; H,0,

Fibroblasts, RIE1,
U20S, CRC cells,
HEK293, MCF7

p38a arrests G1/S
transition of the cell

cycle // TS
mESC, o
p38a promotes cell ) Retinoic acid; low
. . myofibroblasts,
differentiation // TS serum
AE2
High p38 MAPK Epidermal, glioma uPAR OE;
fibronectin;

& lymphocytic

supports cancer cell
cancer cell lines

y-secretase inhibitor

dormancy // TS
p38a activates Cardiomyocytes, )
) ) ) UV, nutrient
proapoptotic proteins fibroblasts, L
) deprivation
// TS keratinocytes
p38a-mediated G2/M Thymocytes, Phototherapy;
arrest enhances Jurkat, Daudi, etoposide;
survival // TP U1810 y-radiation
38a activation
" regulates Fibroblasts, Nutrient deprivation
& HEK293 P
autophagy// TS or TP
Neutrophils,
p38a modulates )
. Hela, OC316, LPS; nutrient
glucose metabolism o
/TP H1299, MCF7, deprivation
fibroblasts

Zheng et al. 2013)

(Wang et al. 2002,
Iwasa et al. 2003;
Bulavin et al. 2004;

(Alspach et al. 2014;
Brichkina et al. 2016a)

(Maher 1999;
Lewis et al. 2005;
Faust et al. 2012)

(Lavoie et al. 1996;
Faust et al. 2005;
Lafarga et al. 2009;
Swat et al. 2009;
Gubern et al. 2016)

(Aoudi et al. 2006;
Perdiguero et al. 2007;
Ventura et al. 2007)

(Aguirre-Ghiso et al.
2001; Masiero et al.
2011; Soeda et al.
2017)

(Porras et al. 2004; Van
Laethem et al. 2004)

(Capellini et al. 2005;
Kurosu et al. 2005;
Cosaceanu et al. 2007)

(Webber and Tooze
2010; Keil et al. 2013;
Suietal. 2014)

(Schuster er al. 2007;
Desideri et al. 2014;
Chaube et al. 2015)
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TABLE 3 Continued. Impact of p38a MAPK signaling on different hallmarks of cancer

Mechanism//

Trait p38at role Cell type Stimulus References
Gao et al. 2002;
p38a stabilizes DU145, . ( )
) Cr(VI); hypoxia; IL1B;  Emerling et al. 2005;
HIF1la and promotes fibroblasts, L )
angiogeniesis // TP lioma cells y-radiation Yoshino et al. 2006;
g : Kim et al. 2014)
. (Lee et al. 1994;
Inflammatory Monocytes, Endotoxin; LPS; )
. . Winzen et al. 1999;
molecules production Hela, DC, active MEKKZ; )
. . Saccani et al. 2002; Sun
depends of p38 // TP cardiomyocytes cortiescoesterone
et al. 2008)
T M ——— Keratinocytes, (Johansson et al. 2000;
P re:wodelin /TP fibroblasts, SCC TNFo; TGF-3 Reunanen et al. 2002;
& cells, PC3 Xu et al. 2006)
o Intestine and (Rosen et al. 2002;
p38 activation Non-adherent
triggers anoikis // TS breast EC, conditions Owens et al. 2009;
g8 MDA-MB231 Zhang et al. 2009)
38a controls
5 HUVEC, MSS31, (Kobayashi et al. 2006;
cytoeskeleton . VEGF-A
fibroblasts Rousseau et al. 2006)

dynamics // TP

(Bhowmick et al. 2001,

p38a promotes NMuMG, PANC1, TGF-B; Ras™2" Dreissigacker et al.
EMT, invasionand  MCF10A, A549, R8s S 2006; Hang et al. 2011;
. . IL8/VEGF; CTGF .
migration // TP PC9, PC14 Desai et al. 2013; Kato

et al. 2016)
(Wang et al. 2006a;

380 f
\( im:\unztjlveor:nce DC, macrophages, SN of myeloma cells;  Yao et al. 2006, Huber
T cells LPS; TGF-B etal. 2008; Lu et al.

/TP 2014)

(Sanchez- Prieto et al.

p38a activates DNA  Fibroblasts, Hela, CDDP; UV; 2000; Bulavin et al.

damage response HCT116, RPE, monastrol; 2001; Thompson and

Wq_\'l //TS U20s gemcitabine Compton 2010; Kopper
etal. 2013)

) (Dolado et al. 2007;

p38a controls ROS Fibroblasts, colon Ras®?V: H.O_; Gutierrez-Uzquiza et
and breast cancer 272 )

levels // TS or TP cells CDDP al. 2012; Pereira et al.
2013)

Abbreviations: CDDP, cisplatin; CTGF, connective tissue growth factor; CRC, colorectal cancer;
DC, dendritic cells; EC, epithelial cells; GF, growth factors; LPS, lipopolysaccharide; mAb,
monoclonal antibody; mESC, mouse embryonic stem cells; OE, overexpression; SCC, squamous
cell carcinoma; SN, supernatant; TP, tumor promotion; TS, tumor suppression.
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mitotic catastrophe (Kurosu et al. 2005, Cosaceanu et al. 2007). p38a has been
also associated with resistance to cisplatin in breast cancer by reducing ROS
accumulation (Pereira et al. 2013), to sorafenib in hepatocellular carcinoma by
supporting MEK-ERK signaling (Rudalska et al. 2014), or to irinotecan in colon
cancer by inducing pro-survival autophagy (Paillas et al. 2012). Cancer cells
can also survive metabolic stress via activation of the AMPK-p38a-PGC-1a
axis (Chaube et al. 2015) or by a rearrangement of glucose metabolism to avoid
autophagy-mediated cell death (Desideri et al. 2014).

p38a can influence the maturation of immune cells, favoring immunotolerance.
In response to inflammatory mediators like interferon-y, p38a blocks the
maturation of dendritic cells so that their antigen presentation capacity is
impaired as well as their cytotoxic activity against the tumor cells (Yao et al.
2006; Lu et al. 2014).

There is also evidence that p38a activity can promote cell cycle progression,
like in estradiol-treated breast adenocarcinoma cells (Lewis et al. 2005), in
hepatocyte growth factor-stimulated melanoma cells (Recio and Merlino 2002),
or in cytokine-sensitive acute myeloid leukemia (Srinivasa and Doshi 2002).

Interestingly, p38a not only mediates the signaling induced by cytokines
but also controls the expression of some of them, including TNF«, IL-6
or monocyte-chemoattractant protein (MCP) 1, both at the transcriptional
and posttranscriptional levels. Therefore, several p38a inhibitors have been
developed and are now undergoing clinical trials for inflammatory diseases
(Goldstein et al. 2010; MacNee et al. 2013). Besides cytokines, p38a regulates
cyclooxygenase (COX) 2 and inducible nitric oxide synthase (iNOS) production,
further supporting chronic inflammation and tumor promotion (Chen et al.
1999; Saklatvala 2004).

p38a can also favor tumor progression by promoting cell invasion and
migration in several ways. It can induce expression of matrix remodeling
proteases, such as MMP2 that has been reported to mediate invasion of TGF-3-
stimulated prostate cancer cells (Xu et al. 2006); and it can phosphorylate and
stabilize Twistl, which in turn triggers epithelial-to-mesenchymal transition
enhancing invasiveness of Ras-transformed breast cancer cells (Hong et al.
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2011). Migration requires changes in the cell cytoskeleton and p38a can control
actin-fiber polymerization via MK2-Hsp27 (Rousseau et al. 2006) or directly via
focal adhesion kinase (FAK) (Yoshizuka et al. 2012).

The metastatic potential of breast cancer has been positively correlated with
p38a (Wu et al. 2014). However, high p38 MAPK activity has also been described
to restrict colon cancer cells from metastasizing the lung after a previously
established liver lesion (Urosevic et al. 2014), and to induce cancer cell dormancy
(Aguirre-Ghiso et al. 2001; Masiero et al. 2011).

The induction of angiogenesis is an essential step for tumor progression and
metastatic dissemination. p38a can contribute to this process positively by
promoting the secretion of pro-angiogenic factors, like VEGF (Gao et al. 2002;
Yoshino et al. 2006, Kim et al. 2016) or negatively by blocking neovasculature
formation (Matsumoto et al. 2002). This is important when considering p38
MAPK inhibitors as adjuvants for cancer treatment as inhibition of p38 MAPK
can potentially downregulate VEGF production, stopping angiogenesis, and
making blood vessels more organized, enhancing drug delivery and avoiding
leaky walls that predispose to metastasis.

Understanding the duality

Taken together, the aforementioned studies suggest that cancer cells use
p38a signaling to their advantage during tumor progression, whereas it acts
as a caretaker in normal cells of the healthy tissue. For example, p38a can
stimulate cell cycle progression in chondrosarcoma cells but not in primary
normal chondrocytes (Yosimichi et al. 2001; Halawani et al. 2004). Likewise, p38c
is essential in colon tumor maintenance whereas in normal colon preserves
the epithelial barrier and avoids colitis-associated tumor initiation (Gupta et
al. 2014). Accordingly, high levels of phosphorylated p38 MAPK have been
correlated with malignancy in follicular lymphoma, non-small-cell lung cancer,
thyroid cancer and lymph node-positive breast carcinomas (Dolado and Nebreda
2008).

The outcome upon p38a activation is determined not only by the malignant
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stage of the cell, but also by the cell type. In skin carcinogenesis, for instance,
p38ainduces senescence via p38-regulated /activated kinase (PRAK) in primary
fibroblasts, thus p38a dominant negative mice cannot avoid the formation of
papillomas (Sun et al. 2007; Zheng et al. 2013). On the contrary, animals with
p38a KO keratinocytes develop fewer and smaller skin papillomas (Dickinson et
al. 2011; Liu et al. 2013). Indeed, in Prak KO animals papillomas do not progress
to carcinomas due to impaired angiogenesis capacity of the Prak KO endothelial
cells (Yoshizuka et al. 2012). Although both fibroblasts and endothelial cells are
normal, the activation of p38a in each cell type leads to distinct functions,
which have different consequences on tumor suppression.

It is also important to consider the nature of the stimulus and how it activates
p38a signaling. It has been shown that the treatment of NIH3T3 fibroblasts
with mitogens, like bFGF, weakly and transiently activates p38 MAPK favoring
G1/S cell cycle transition, whereas the same cells exposed to stress, like
anisomycin or sorbitol treatments, induce high and persistent phosphorylation
of p38 MAPK that leads to cell cycle arrest (Faust et al. 2012).

In addition, the cell fate depends on the functional compensation by other
p38 MAPK isoforms and other pathways, which is dependent as well on the
abundance of the other proteins in each cell type. For example, embryonic
hepatocytes deficient in p38a or p38f3 can phosphorylate Tp53 on Ser 389,
whereas double KO hepatocytes lose this phosphorylation ability and undergo
apoptosis (Saba-El-Leil et al. 2016).

Also, JNKs, ERK1/2 and p38 MAPKSs can crosstalk and exert antagonistic effects
on cell proliferation and survival. In some cases, p38a negatively regulates
cell proliferation by antagonizing JNK1/2 signaling at different levels (Wagner
and Nebreda 2009). Accordingly, in liver and hematopoietic cells, p38a KO
leads to enhanced proliferation and tumor development that correlates with
upregulation of the JNK—c-Jun pathway (Hui et al. 2007). Likewise, p38a can
inactivate the ERK1/2 pathway to induce apoptosis, via dephosphorylation of
MEK1/2 upon arsenite treatment (Chen et al. 2000; Li et al. 2003). Furthermore,
p38a has been reported to crosstalk with other pathways such as Wnt (Thornton
et al. 2008; Guinot et al. 2016), Notch (Kondoh et al. 2007; Masiero et al. 2011), NFxB
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(Saccani et al. 2002; Vermeulen et al. 2003) or AKT (Wu et al. 2007; Zuluaga et al.
2007), leading to very different outcomes.

In conclusion, p38a can control tumor-related functions in very different ways,
both in the cancer cell and in the TME, acting as a tumor suppressor in certain
contexts and, in others, as a tumor promoter. Hence, further studies, including
the use of specific mouse tumor models, are a must to identify the tumor types
that can benefit from p38a inhibition.

p38a in non-small cell lung cancer

In the lung, p38a ablation causes enhanced proliferation of the alveolar
progenitors and differentiation defects leading to a disrupted alveolar
architecture, with thickened alveolar septa both in young and adult mice
(Hui et al. 2007; Ventura et al. 2007). Moreover, the systemic absence of p38a
predisposes lung tissue to K-Ras"'*-driven lung tumor development (Ventura et
al. 2007), pointing towards a tumor suppressor role of p38a in the healthy tissue.
Accordingly, a recent report correlated decreased levels of p38a to increased
Wnt signaling in stem cells from advanced human lung adenocarcinomas
(Guinot et al. 2016). However, whether depletion of epithelial p38a is sufficient
for tumor formation, or whether it needs the collaboration between different
cell types, remains to be confirmed.

Conversely, human lung adenocarcinomas show increased levels of
phospho-p38 MAPK (Greenberg et al. 2002) and the NSCLC cell line U1810 can
resist radiotherapy in a p38a dependent manner (Cosaceanu et al. 2007). These
facts therefore suggest that tumors may get advantage of the activity of p38a. In
fact, a recent study claimed that kinase inactivation of p38a reduces K-Ras“'?"-
driven tumors through abrogation of fibroblast-derived hyaluronan synthesis
(Brichkina et al. 2016a). It has been also reported that downregulation of the
downstream p38a effector MK2 together with Tp53, or the inactivation of p38a
sensitizes lung tumors to cisplatin treatment (Morandell et al. 2013; Brichkina
et al. 2016b). Nevertheless, in NSCLC, the role of p38a in progression to
malignant stages, the effects of pharmacological inhibition, and the individual
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contribution of p38a within the epithelial and the immune cell compartments
have not been studied.

Regarding the interplay between epithelial cells and the stroma, p38a has been
reported to maintain the crosstalk between human lung stem cells (defined
as LGR6" cells) and activated fibroblasts, leading to cytokine secretion, which
eventually attracts endothelial cells and establishes a functional niche for the
pulmonary stem cell (Ruiz et al. 2014). Accordingly, stromal p38a has been
shown to help pre-metastatic niche formation within the lungs (Hiratsuka et
al. 2006; Hiratsuka et al. 2011) and lung cancer cell extravasation (Matsuo et al.
2006). None of these reports, however, have addressed the influence of p38a in
the metastatic abilities of the lung cancer cell itself.

Therefore, taking into account all the possible functions that p38a can exert,
before claiming its use as a therapeutic target, we need to study the role of p38a
along the development of NSCLC, and among the different cell compartments
of the TME, using both genetic tools and available chemical inhibitors of p38c.
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Objectives







The main goal of this thesis is to gain a deeper understanding on the role of
p38a MAPK during K-Ras®'?¥-driven lung tumorigenesis.

The specific goals that we have pursued are:

1. Characterization of the loss of function of p38a in the tumor initiating
cells of K-Ras“?V-driven non-small cell lung cancer.

2. Characterization of the function of p38a in established K-Ras“'*'-driven
lung tumors and its influence on their metastatic potential.

3. Definition of the contribution of p38a signaling within different cell
compartments of the lung tumor microenvironment.

4. Investigation of the potential impact of these findings on the
understanding and treatment of human lung adenocarcinoma.
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Materials &
Methods







Mouse housing

Animals were housed in the specific pathogen free (SPF) mouse facilities of
PRBB and PCB (Barcelona). Animals were maintained under a standard 12h
light-dark cycle, at 21°C, with free access to regular chow diet and autoclaved
sterile water. Breeding pairs were set at a minimum age of 6 weeks. Litters
were weaned at 21 days of age and marked with an eartag. All experiments
were performed according to the European Union, national and institutional
guidelines. Experimental protocols were approved by the Animal Ethics
Committee at the University of Barcelona.

Generation of conditional mice

K-Ras*/FF¢12V mice carry a mutant codon 12 encoding a Valine, and a
transcriptional inhibitory sequence flanked by Frt sites within the first intron
of the K-Ras locus (Francoz et al, submitted). K-Ras*/™!2¥ mice were crossed
with p38a lox/lox and p38a lox/- mice (Adams et al. 2000; Ventura et al. 2007;
Heinrichsdorff et al. 2008) and Ubiquitin-CreERT2 mice (Wang et al. 2009) to
obtain the genotypes K-Ras*/™12V; p38a lox/lox; Ubiquitin-CreERT2 and
K-Ras*/FFe12V; p38ar lox/-; Ubiquitin-CreERT2. Both genotypes, named from
now on as p38a—A", were on a mixed C57BL/6]-FVB background and showed
indistinguishable lung phenotypes, as determined by histology studies (Ventura
etal. 2007). Additionally, p38a—A"" mice were crossed to constitutive p383~/-mice
(del Barco Barrantes et al. 2011). K-Ras*/*F¢12V; p38alox/lox were alternatively
crossed to Sftpc-CreER mice (Xu et al. 2012b) to obtain lung-specific p38a KO
mice (p38a—A%©), and were also combined to a Cre reporter line bearing the
double fluorescent tdTomato/eGFP allele (Muzumdar et al. 2007). Myeloid-
specific p38a KO mice (p38a-AY*) and fibroblast-specific p38a KO mice (p38a-
AFsP) were generated by crossing p38a lox/lox mice with constitutive LysM-Cre
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(Clausen et al. 1999) or Fspl-Cre (Trimboli et al. 2008), respectively. p38a-AFp
mice were also crossed to the tdTomato/eGFP reporter line. Offsprings were
maintained in a C57BL/6] background. The K-Ras“'?Y KI, the tdTomato/eGFP
reporter and the Cre transgenes were always kept in heterozygosis. Littermate
controls were used in all experiments.

Isolation of genomic DNA and mouse genotyping

Mouse tails were digested in 7501 of Tail buffer (100mM NaCl, 50mM Tris-HCI
pH8, 10mM EDTA pHS, 1% SDS in sterile ddH,0O) with proteinase K (0.5pg/
pl) at 56°C. After overnight digestion, 250pl of saturated NaCl was added,
mixed for 5min and centrifuged at 1600xg 10min at room temperature (RT).
The supernatant was poured into a new tube containing 500 pl of isopropanol.
Tubes were inverted several times and centrifuged again at full speed for 10 min
at RT. The supernatant was carefully discarded without disturbing the DNA
pellet. Pellet was washed with 70% ethanol and, after drying, resuspended in
150 pl of autoclaved ddH,O.

The polymerase chain reaction (PCR) mixture was prepared with 50 ng of
gDNA, 2 pl of 10x Taq buffer, 1.5 ul of each primer (10 uM), 0.5 .l of ANTP mix
(10 mM), 0.3 pl Taq polymerase (Biolaq, Ecogen #21060) and ddH,O to a final
volume of 20 pl. Primers were purchased from Sigma and sequences are shown
in TABLE 4. The mix was subjected to the following PCR program in a BioRad
thermocycler: 94°C for 5 min; 35 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for
45 s; and 72°C for 10 min, then cool down to 4°C. PCR products were resolved
by electrophoresis in a 2% agarose gel.

Tumor induction

The K-Ras*/*F¢12V mouse strain (Francoz et al, submitted) can generate lung tumors
upon activation with adeno-FlpO viral particles as previously described (Jackson
et al. 2001; Puyol et al. 2010). Concisely, 8 to 12 week old mice were anesthesized
(75 mg/kg ketamine plus 1 mg/kg medetomidine, intraperitoneally) and
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TABLE 4. Primer sequences for mouse genotyping

Gene Forward primer 5’-3’ Reverse primer 5’-3’ Product
CreTg ACGAGTGATGAGGTTCGCAAG CCCACCGTCAGTACGTGAGAT 520 bp
K-Ras WT CCACAGGGTATAGCGTACTATGCAG  CTCAGTCATTTTCAGCAGGC 350 bp
K-Ras®?V KI  TAGTGCCTTGACTAGAGATCA CTCAGTCATTTTCAGCAGGC 507 bp
p38a WT CTACAGAATGCACCTCGGATG AGAAGGCTGGATTTGCACAAG 121 bp
p38a lox CTACAGAATGCACCTCGGATG AGAAGGCTGGATTTGCACAAG 188 bp
p38a del CCAGCACTTGGAAGGCTATTC AGAAGGCTGGATTTGCACAAG 411 bp
p38a null ATGCTACTGTCTGCGCCTCTCT TACTTTCGGTTCCTCTTCCCATGA 190 bp
Tm-GFP WT CTCTGCTGCCTCCTGGCTTCT CGAGGCGGATCACAAGCAATA  330bp
Tm-GFP Tg ~ CTCTGCTGCCTCCTGGCTTCT TCAATGGGCGGGGGTCGTT 250 bp

Abbreviations: del, deletion; KI, knock-in; Tg, transgene; Tm, Tomato; WT, wild type.

placed on a platform by their front teeth so that their chest hangs vertically
beneath them. A cold light was directed on the chest of the mouse to allow
visibility of the trachea, the tongue was gently pulled out with flat forceps.
A 0.5 mL syringe with a rubber catheter covering the needle was introduced
through the vocal cords and a single dose of 100 puL of adenoviral solution
(10° pfu) per mouse was intratracheally inoculated. 2 mg/kg atipamezol were
subcutaneously injected to recover mice from anesthesia. Standard mismatch
PCR was used for checking oncogenic K-Ras“?" activation in mice inoculated
with adeno-FlpO (see TABLE 7 below), as it allows identification of the G12V
point mutation by amplification of cDNA from whole lung lysates.

Genetic and chemical inhibition of p38a in mice

To activate the tamoxifen-inducible CreER and CreERT2, mice were injected
intraperitoneally with tamoxifen (12.5 mg/ml, Sigma #T5648) dissolved in a
mix 1:9 of ethanol (Panreac): corn oil (Sigma). Doses of 0.125 mg/g body weight
were injected for five consecutive days. p38a downregulation was confirmed
by western-blotting 15 days after last tamoxifen injection.
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The inhibitor of p38a and p383 MAPKSs, PH797804 (Selleckchem #52726),
was dissolved to a concentration of 1.75 mg/ml in PBS containing 0.5%
methylcellulose (Sigma) and 0.025% Tween20 (Sigma). Mice were weighed and
a daily dose of 17.5 mg/kg body weight was administered by oral gavage for
15 consecutive days. Control mice were administered the vehicle solution. The
inhibition of p38a was confirmed by western-blotting 6 h after the last dose,
using lysates of lungs treated with 300 mM of NaCl for 15 min.

Generation of murine lung cancer cell lines and orthotopical
implantation in mice

Primary tumors from p38a lox/lox; K-Ras*/™12V mice were implanted in
Crl:NU-Foxnlnu mice as previously described (Ambrogio et al. 2014). A fragment
of each engraftment was derived in vitro by mincing with sterile scalpels and
plating the resulting single cells in cell culture plates with Dulbecco’s modified
Eagle medium (DMEM) supplemented with 20% fetal bovine serum (FBS) plus
1% penicillin/streptomycin under standard culture conditions. Medium was
renewed once a week till cell colonies with epithelial cell morphology were
observed. Then cells were trypsinized and expanded.

For orthotopical implantation of the murine K-Ras“'*'-driven lung cancer
(mKLC) cells into immunocompetent mice, anesthetized animals were
intratracheally inoculated 100 pl of a 2x10° cells/ml solution and tumors were
left to grow for 25 days. For intratracheal administration, cells were cultured
to 70% confluence in DMEM 10% FBS, diluted with PBS, kept on ice, and
thoroughly mixed prior to each inoculation. The vocal cords were viewed
directly with the help of a cold light source, and a blunted catheter coupled to
a syringe was passed beyond them to inoculate the cells.

Metastasis studies

4.5x10° mKLC cells were subcutaneously injected into the rear flanks of 8-week
old female athymic nude mice (Envigo, Harlan). Allograft growth was followed
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in vivo till reaching a maximum volume of 1 cm® Follow-up was performed
using a caliper. Thereafter tumors were removed, incisions were closed and the
mice were kept for 15 more days to monitor metastatic foci formation.

For colonization ability assays, 5x10° mKLC cells were injected through the tail
vein of 8-week old female athymic nude mice. Tumor burden was analyzed
18 days after the injection, by measuring the percentage of tumor area in
hematoxylin and eosin (H&E) stained sections using computerized imaging
software (Image J).

TUNEL assay

To detect apoptosis in paraffin-embedded samples, the Fluorescein in situ cell
death detection kit (Roche #11684795910) was used according to manufacturer’s
instructions. Fluorescent images were scanned with a Nanozoomer digital slide
scanner (Hamamatsu) and analyzed by computerized image software (Image J).

Immunohistochemistry

Lungs were fixed by insufflating 10% neutral buffered formalin (Sigma) through
the trachea with a syringe, and incubated overnight at 4°C in 10 ml 10% neutral
buffered formalin. Samples were then washed with PBS, dehydrated in a
tissue processor (Sakura), and embedded in paraffin blocks using a paraffin
embedding module (Leica). Blocks were cut with a microtome (Leica) into
4 pm thick sections. After a de-wax step in xylene for 10 min, samples were
rehydrated in a descending series of ethanol solutions (100%, 95%, 75%, 50%
and ddH,0). Lung sections were then either stained with H&E following the
standard protocol, or used for immunohistochemical staining (IHC). For IHC,
rehydrated lung sections were treated with peroxidase blocking buffer for 15
min at RT to block endogenous peroxidase activity. Thereafter slides were
washed in tap water and antigen retrieval was performed as noted in TABLE
5, according to the primary antibody to be used. Slides were then washed with
PBS and incubated in blocking buffer (10% normal goat serum and 0.3% Triton
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X-100 in PBS). Diluted primary antibodies were added as indicated in TABLE
5. After washing the primary antibody, HRP-conjugated secondary antibodies
were added and incubated for the specified times. Signal was visualized with
3,3-diaminobenzidine (DAB), and counterstained with hematoxylin. Tissue
was again dehydrated, washed in xylene, and mounted with a coverslip using

DPX mounting medium.

TABLE 5. Antibodies for IHC of mouse lung tissue

Antigen Dilution/ Incubation  Vendor (Reference) Antigen retrieval

Primary antibodies

CCSP 1:100/ o.n. 4°C Santa Cruz (sc-9772) Citrate pH6
CD3 1:10/ 2 h RT Dako (1S50330) EDTA pH9

CD45 1:100/ o.n. 4°C BD biosciences (550539) EDTA pH9

CD68 1:750/ o.n. 4°C Biorbyt (orb47985) Citrate pH6
Cleaved caspase 3 1:500/ 2 h RT Cell Signaling (9661) Citrate pH6
Kie7 1:500/ 1 h RT Novocastra (NCL-Ki67-P)  Citrate pH6
P-MK2 (T334) 1:100/ o.n. 4°C Cell Signaling (3007) Citrate pH6
P-p38 (T180/Y182)  1:500/2 h RT Cell Signaling (4631) Citrate pH6
PDGFRPB 1:300/ 2 h RT Thermo (MA5-14851) Citrate pH6
Pro-SPC 1:3000 /o.n. 4°C Millipore (AB3786) Citrate pH6
von Willebrand factor 1:3/ 30 min RT Dako (I1S527) EDTA pH9

Secondary antibodies

anti-goat IgG-HRP 1:80/ 45 min RT Dako (P0449)
anti-mouse IgG-HRP  1:100/ 30 min RT Dako (P0447)
anti- rabbit IgG-HRP  RTU/ 45 min RT Immunologic (DPVR110HRP)
anti-rat IgG-HRP 1:80/ 45 min RT Dako (P0450)

Abbreviations: o0.n., overnight; RT, room temperature; RTU, ready to use.
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Histopathological analysis

Lungs were photographed and weighed. Tumors in freshly harvested lungs,
and lung sections stained with H&E were counted, sized, and analyzed for
tumor grade and inflammation by two independent observers in a blinded
fashion. Evaluation of tumor grade followed the classification established by
Tyler Jacks” laboratory (Jackson et al. 2001).

IHC and X-Gal stained sections were visualized with a Nanozoomer digital
slide scanner (Hamamatsu). Individual images were acquired for each tumor
from each of the tissue sections. DAB or X-Gal staining were quantified in a
completely automated manner corresponding to either the relative percentage
of stained surface or the relative percentage of positive cells, using computerized
imaging software (Image J).

Lung single cells preparation and fluorescence activated cell
sorting (FACS)

Lung lobules, with or without tumors, were isolated from upper respiratory
airways and finely minced with a scalpel in 5 ml serum-free DMEM. Each lung
was then added 5 ml of serum-free DMEM containing 2 mg/ml Collagenase
A (Roche), 0.4 mg/ml Dispase II (Sigma) and 0.2 mg/ml DNAse I (Roche),
and enzymatically digested at 37°C while rotating for 30 min. 30 ml of ice-cold
DMEM 10% FBS was used for quenching the reaction, samples were put on
ice, cell suspension was filtered through a 70 pm pore cell strainer (BD), and
the filter was washed with 10 ml more of ice-cold DMEM 10% FBS. Cells were
pelleted at 250xg for 5 min at 4°C, and supernatant was discarded. Erythrocytes
were lysed in 4 ml Red cell lysis buffer (150 mM NH,Cl, T mM KHCO,, 0.1
mM EDTA in distilled water; pH 7.3) during 4min at RT and immediately
washed with ice-cold DMEM 10% FBS. After a second filtration through a 70
pm pore cell strainer and centrifugation at 250xg, cells were resuspended in ice-
cold fluorescence activated cell sorting (FACS) buffer (Dulbecco’s Phosphate-
Buffered Saline supplemented with 2% FBS). For the analysis of stem cell
markers in immortalized lung tumors cells, we additionally permeabilized cell
membranes with 0.5% w/v saponin for 15 min at RT in the dark.
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Alive cells were counted using trypan blue in the TC10 cell counter from BioRad,
then 2 million cells were blocked with anti-CD16/CD32 (clone 93, eBioscience;
1:200) for 5 min at RT plus 5 min at 4°C. Fluorophore conjugated antibodies
were incubated for 30 min on ice in the dark. The list of antibodies is specified
in TABLE 6. The excess of antibody was washed out once and resuspended in
300 pl of cold FACS buffer. Samples were run in a FACS Aria Fusion II cytometer
(Beckton Dickinson). DAPI (1:100) was used for exclusion of dead cells and
debris and doublets were excluded by plotting forward-scattered (FSC) versus
side-scattered (SSC) channels. Data was analyzed using Flow]Jo software. For
RNA or DNA extraction, a 70 pm sorter tip was used and sorted samples were
harvested in a 1.5 ml tube containing 40 pL of lysis buffer (10mM Tris pH 7.4,
20 mM DTT, 0.5% SDS, 0.5 ng/ul proteinase K) to be subsequently processed as
previously described (Gonzalez-Roca et al. 2010).

Isolation of peritoneal macrophages

Mice were sacrificed and skin was cut to expose the peritoneum. 5 ml of cold
PBS were injected into the peritoneal cavity and recovered using a syringe.
Process was repeated once. Cell suspension was centrifuged at 150xg for 5
min, resuspended in 3 ml DMEM 10% FBS and plated in a 6 cm tissue culture
plate. Next day, cells were washed 3 times with cold PBS to remove dead cells.
Adhered cells, mostly macrophages, were trypsinized and used for protein

extraction.

Cell culture

mKLC cell lines were maintained in DMEM (Sigma, #D5796). Both media were
supplemented with 10% heat inactivated FBS (Thermo Fisher Scientific), 1%
L-glutamine (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Gibco)
at 37°C and 5% CQO,, unless otherwise specified. All cell lines were tested for

mycoplasma before performing experiments, using the colorimetric kit from
Lonza (#LT07-710).
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TABLE 6. Antibodies for FACS staining of mouse lung single cell preparations

Antigen Fluorophore Dilution Vendor (Reference)

CCsP + 2" ab Alexa 647 1:200 Santa Cruz (sc-9772)
CD11b FITC 1:150 BD Bioscience (553310)
CD11c Brilliant Violet 711 1:150 Biolegend (117349)
CD31 PE 1:100 BD Bioscience (553373)
CD31 PE-Cy7 1:100 Biolegend (102417)
CD45 APC 1:200 BD Bioscience (559864)
CD45 APC-eFluor 780 1:300 eBioscience (47-0451-80)
CD90.2 Aleza 488 1:200 Biolegend (105316)
EpCAM FITC 1:50 Santa Cruz (sc-53532)
EpCAM APC-Cy7 1:50 Biolegend (118217)
F4/80 PE 1:150 Biolegend (123109)

Gr-1 APC 1:150 Biolegend (108412)
ItgB2 (CD18) PE 1:100 Biolegend (101407)
PDGFRa Brilliant Violet 786 1:100 Biolegend (740930)
PDGFRP APC 1:100 eBioscience (17-1402-82)
SPC + 2% ab Alexa 488 1:100 Chemicon (ab3786)

Generation of retrovirus and stable cell lines

For retroviral production, CaCl,-mediated transfection method was used.
Briefly, a 500 pl mixture of 5.5 pg retroviral plasmid (pWZL-blasticidin-CreERT2,
which was a kind gift from Mariano Barbacid’s lab in CNIO Madrid), 5 pg
packaging vector (pcL-Eco; Addgene #12371), and 2.5 M CaCl, was bubbled up
by air injection while adding 500 pl of 2X HBS buffer pH 7 drop-wise. After 20
min, HEK293T cells that had been cultured at 50% confluence in DMEM 10%
FBS in 10 cm plates and seeded 24 h beforehand, were transfected with this
mixture. 16 h later, cell medium was refreshed. After 48 h the viral supernatant

was removed, cleared with a centrifugal filter device (Amicon Ultra-15 #910024;
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Merck) at 3000xg, for 1 h at 4°C, and recovered in 1 ml DMEM 10% FBS.

Target cells were incubated with 300 pl of the obtained virus solution plus
polybrene 8 mg/ml for 24 h. Medium was replaced with DMEM 10% FBS and
24 h later cells were selected with 2 pg/ml Blasticidin (Thermo Fisher Scientific
#A1113903) for 7 days and maintained subsequently in the normal growth
medium.

p38a downregulation in cells in culture

To induce p38a deletion, mKLC cells carrying p38a floxed alleles were treated
with 150 pg/ml of Tat-Cre protein (Peitz et al. 2002) for 10 h in serum-free
DMEM with 1% penicillin/streptomycin. Thereafter medium was changed to
DMEM 10% FBS and cells were checked by western-blot.

For mKLC cells carrying both p38a floxed alleles and inducible CreERT2, p38a
deletion was induced in vitro with 3 daily doses of 10 pM 4-hydroxytamoxifen
(Sigma #H6278) or in vivo with 5 intraperitoneal injections of tamoxifen (12.5
mg/ml, Sigma #T5648).

For chemical inhibition of p38c, mKLC cells were seeded, let to attach overnight,
and then treated for 4 days with PH797804 (1 pM; Selleckchem #52726) every
24 h, or SB203580 (10 pM every 48 h; Axon MedChem #1363). Control cells
were treated with the DMSO vehicle every 48 h.

RNA processing and analysis

Total RNA was extracted from tumors, lung tissue, or isolated cells using the
Purelink RNA minikit (Ambion #12183018A) following the manufacturer’s
instructions. The obtained total RNA was then treated with DNase I.
RNA concentration and purity was determined using NanoDrop 2000
spectrophotometer.

cDNA was obtained from 1 pg of the purified RNA using random primers
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(Invitrogen #48190-011) following exactly the SuperScript Il reverse transcriptase
protocol from Invitrogen (#18064-014) in a final volume of 20 pl.

For quantitative real-time PCR, 20 ng of cDNA were used in triplicate, in 20 pl of
total volume, on a BioRad CFX96™ thermal cycler machine using SYBR green
(BioRad #1708886). Each primer (TABLE 7) was used at a final concentration
of 0.25 uM. PCR program was run as follows: 50°C for 2 min, 95°C for 10 min,
40 cycles of denaturation at 95°C for 15 s, plus annealing at 56°C for 15 s, plus
elongation at 72°C for 60 s, and three final steps of 95°C for 15 s, 60°C for 2
min and 95°C for 15 s. Relative levels of gene expression were measured by the
AAC(t) method and normalized against the endogenous control p38a exon 12.

TABLE 7. Primer sequences for quantitative RT-PCR

Gene Forward primer 5’-3’ Reverse primer 5’-3’

K-Ras WT CTTGTGGTGGTTGGAGCTGGT CTCCCCAGTTCTCATGTACTGG
K-Ras®?" CTTGTGGTGGTTGGAGCTGTA CTCCCCAGTTCTCATGTACTGG
Mdm?2 CAAGAGACTCTGGTTAGACC GGATCCTTCAGATCACTCCC
p21wafl/cip ATGTCCAATCCTGGTGATGTCC TCAGGGTTTTCTCTTG CAGAAG
p38a exon 2 GCATCGTGTGGCAGTTAAGA GTCCTTTTGGCGTGAATGAT
p38a exon 12 GCCCTCCCTCACTTCAGGAG TGTGCTCGGCACTGGAGACC

Cytokine array analysis of tumor lysates and cell culture
supernatants

Four different plates of wild type (WT) and Tat-Cre treated cells (passage 3)
were grown at same confluence for 48 h in 4.5 ml DMEM 10% FBS. Supernatants
were then harvested, centrifuged, pooled and 1 ml of total volume was assayed
immediately on the array membranes. For tumor lysates, five dissected tumors
from four different mice of each genotype were pooled together and lysed
in 80 ul of buffer (10 png/ml aprotinin, 10 pg/ml leupeptin, and 10 pg/ml
pepstatin in PBS) using Precellys cell disruptor (Bertin Technologies). Triton
X-100 was added to a final concentration of 1%, and lysates were frozen at
-80°C overnight. Protein content was quantified for each pool with the DC

81




Protein assay kit (BioRad) and 1600 pg of protein were used for loading onto
the array membranes. Cytokine profiler array instructions (R&D Systems,
#ARY006) were followed exactly. Concisely, array membranes were blocked for
1 h, samples were incubated with antibody cocktail for 1 h at RT, and altogether
were incubated overnight at 4°C while rocking. Next day, membranes were
washed three times and incubated with Streptavidin-HRP for 30 min. ECL-
reagent and X-ray film (Fujifilm, #47410-19236) were then used to detect signal.
Pixel densities on developed X-ray film were collected and analyzed using a
transmission mode scanner and image analysis software (Image J).

Flow cytometry-based assays for the analysis of cell
proliferation

For the analysis of cell cycle profiles, trypsinized cells and their supernatant
were centrifuged at 250xg for 5 min, washed with PBS and diluted to 10° cells/
ml. 330 ul of cell suspension were thoroughly mixed with 660 pl ice cold
absolute ethanol added drop-wise. After overnight incubation at 4°C, ethanol
was removed by centrifugation (250xg, 5 min). Pellet was washed with PBS
and resuspended in 500 pl DNA staining solution (0.2 mg/ml RNAse A from
Roche [#109-169], 20 ng/ml propidium iodide [PI] from Sigma [#P4864]). Cells
were incubated for 30 min at 30°C in a water bath in the dark, and then run in
a Gallios flow cytometer (Beckman Coulter).

To measure cellular BrdU incorporation, cells were pulsed for 90 min with 10
pM BrdU, harvested, and resuspended in 500 pl PBS. 5 ml of cold 70% ethanol
were added drop-wise while agitating the tube, and cells were stored overnight
in the freezer. Cells were then pelleted, washed and their DNA was denatured
with 0.5 ml of 0.1 M HC1/ 0.5% Tween 20 for 10min on ice and then washed and
boiled. Cells were next washed twice with 0.5% Tween/ 1% BSA in PBS and
then incubated with anti-BrdU-FITC antibody. After incubation for 30 min at
RT in the dark, excess of antibody was washed out and cells were resuspended
(108 cells in 400 pl) in PBS containing 2 mg/ml PI plus 5 mg/ml RNase A. Cell
suspensions were run in a Gallios flow cytometer and analyzed using Flow]o
software.
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Proliferation curves

To analyze the proliferation of cells in culture, 8000 cells per well were plated
in 12-well plates in quadruplicate for each of the time points of interest. At
every point, cells in each of the four wells were trypsinized and counted using
a Neubauer chamber and trypan blue to differentiate dead cells.

Complementary, the number of metabolically active cells was measured by
MTT [3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays.
Concisely, 800 cells in a 100 pl volume were plated in quadruplicate for
every indicated time point and condition in 96-well plates with a repetition
pipette. The metabolic activity was measured using the MTT kit from Sigma
(#11465007001), adding 10 pl of the MTT labeling reagent were added to each
well and 4 h later 100 ul of the solubilization solution were used to quench
reaction. Color intensity was measured on the next day in a spectrophotometer
using a 595 nm filter.

Clonogenic assay

For colony formation assays, cells were seeded ata density of 2000 cells per well in
6-well plates. After 15 days, cells were fixed for 30 min in 4% paraformaldehyde
(PFA) and subsequently stained with 0.05% crystal violet for 15 min. After
washing with ddH,O, draining, and photographing the plates, the number of
colonies was counted in an automatized manner using Image] software.

Soft agar assay

To measure cell proliferation in anchorage-independent conditions, semisolid
proliferation media were prepared with 0.35% and 0.5% agarose in DMEM 10%
FBS. 0.5% agarose was used to homogeneously cover the bottom of the 6-well
plate. When solidified, 2000 mKLC cells were mixed with an equal volume of
the 0.35% agarose in DMEM and plated on top of the previous layer. After
solidification of the second layer, 1 ml of DMEM 10% FBS was added, and
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renewed once a week. After 25 days, colonies per well were manually counted
under a microscope and photographed for size analysis with Image J software.
One well without any cells was used as background control for image analysis.

Anoikis assay

The bottom of a 24-well plate was coated with 120 ul of 0.03 g/ml poly-HEMA
(Sigma-Aldrich) in 95% ethanol and left dry-out overnight. 5x10* cells per well
are seeded and counted after 48 h under the microscope with a Neubauer
chamber using trypan blue.

Cell attachment assay

Assays were done in 24-well plates either empty or coated with 10 ng/ml
fibronectin, or 10 ug/ml collagen I overnight at 4°C. Cells were labeled with
Cell Tracker Green (Invitrogen #C7025) on the previous day (30 min at 37°C)
and kept in low serum overnight (DMEM 0.5% FBS). 5x10* cells in serum free
media were added to each well for 2 h. Thereafter, wells were washed once and
adhered cells were fixed in formalin for 30 min at RT. Three different fields (10X
magnification) of each well were photographed under a microscope and green
cells were counted manually.

Migration assay

To assay cell migration ability, Boyden chambers (Falcon #353097) were
inserted into the wells of 24-multiwell plate containing 700 1l DMEM 10% FBS.
4x10* cells, which had been grown overnight in DMEM 0.5% FBS, were seeded
in duplicates in the upper part of the chamber in 500 ul DMEM 0.5% FBS.
Chambers with 0.5% FBS in the upper and bottom parts were used as controls.
Cells were incubated for 14 h and then fixed with 4% PFA in PBS, stained with
0.1% crystal violet, and washed with ddH,O. Migrated cells were quantified by
taking pictures of each well at 20X magnification and counting manually.
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Preparation of protein extracts

Single cells were homogenized in lysis buffer (50 mM Tris—-HCI pH 7.5, 150
mM NaCl, 1% NP-40, 5 mM EDTA, 5 mM EGTA, 20 mM NaF, 0.1 mM sodium
orthovanadate, 1 mM DTT, 1 mM microcystin, and the inhibitor cocktails
from Roche Phostop [#04906837001] and Complete [#11836145001]) using 80
pl buffer/million cells, and were sonicated in a cold water-bath for 10 min.
Tissue samples were mechanically disrupted also in lysis buffer using a
Precellys homogenizer. The supernatant was poured into a clean 1.5 ml tube
and bath-sonicated for 10 min. Lysed cells were shaked, kept on ice for 15 min,
and thereafter centrifuged at 1600xg for 15 min at 4°C. The supernatant was
collected into a new tube and quantified in reference to a BSA-standard curve
using the DC Protein assay kit (BioRad #5000112).

Immunoblotting

Equal amounts of protein in Laemmli buffer were separated by SDS-
polyacrylamide gel electrophoresis and transferred to anitrocellulose membrane
(Whatman #10401396) during 2 h at 200 mA using a wet-blotting transfer
system (BioRad). Ponceau red staining was used to confirm the efficiency of
transfer. The nitrocellulose membrane was blocked with 5% non-fat milk in
PBS - 0.05% Tween for 1 h at RT. Specific proteins were labeled with the primary
antibodies listed in TABLE 8 at 4°C, rocking overnight. Excess of antibody was
then washed with TBS and the secondary antibody was incubated for 1 h at
RT in the dark. Tubulin was used as loading control and signal was visualized
using Odyssey Infrared Imaging System (LiCor, Biosciences).

Biostatistical analysis of lung cancer patient cohorts

The gene expression omnibus (GEO) repository (Barrett et al., 2013) was
searched for microarray and survival data of NSCLC samples. The GEO
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TABLE 8. Antibodies used for immunoblotting

Antigen Dilution Host Vendor (Reference)
Primary antibodies

eCadherin 1:1000 mouse BD Bioscience (610181)
HSP27 1:1000 goat Santa Cruz (1049)

MK2 1:1000 rabbit Cell Signaling (3042)
P-ERK 1:1000 rabbit Cell Signaling (9101S)
P-HSP27 (S78) 1:500 rabbit Cell Signaling (2401)
P-p38 (T180/Y182) 1:2000 rabbit Cell Signaling (9211)
p38a 1:1000 rabbit Cell Signaling (9218)
p38a 1:1000 goat Santa Cruz (sc-535)
Tubulin 1:5000 mouse Sigma (T9026)
Secondary antibodies

Goat IgG- Alexa Fluor 680 1:5000 donkey Invitrogen (A21084)
Mouse IgG- Alexa Fluor 680 1:5000 goat Invitrogen (A21057)
Mouse IgG- Alexa Fluor 800 1:5000 donkey Rockland (610-731-124)
Rabbit 1gG- Alexa Fluor 680 1:5000 goat Invitrogen (A21076)
Rabbit 1gG- Alexa Fluor 800 1:5000 goat Rockland (611-131-122)

data sets GSE30219 and GSE31210 included information about pathological
stages. GSE10072 and GSE19188 were normalized and used for analyzing the
expression levels of MAPK14, MAPKAPK2 and MAP2K6 in tumor samples
and paired healthy parenchyma. The GEO data sets GSE8894 and GSE31210
were used for assessing the prognostic value of MAPK14, MAPKAPK2
and MAP2K6 corresponding to tumor progression. The probe set used for
MAPK14 was 210449 _x_at, for MAPKAPK?2 was 201461_s_at, and for MAP2K6
was 205698_s_at. Lung adenocarcinoma patient samples were split by median
expression level of each gene and the two patient cohorts were compared
by Kaplan—-Meier survival plot, using Cox regression with 95% confidence

intervals and log-rank P value.
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Statistical methods

Data are presented as means + standard error of the mean (SEM) or means
+ standard deviation (SD) for in vitro data. Dataset statistics were analyzed
with Prism 7 (GraphPad software). Groups were compared using the two
tailed Mann-Whitney test or the analysis of variance (ANOVA). p values below
0.05 were considered statistically significant (*P<0.05, **P<0.01, ***P<0.001,
****P<0.0001).
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p38a, but not p38p3, is required for lung homeostasis

To understand the role of p38 MAPK signaling in lung tumorigenesis, we
first determined the contribution to homeostasis of the closely related p38a
and p38B family members, which are expressed at detectable protein levels
in mouse lungs (del Barco Barrantes et al. 2011). To perform a loss of function
study, we deleted both p38 MAPKs taking into account that constitutive p3883-
deficient animals are viable but p38a null mice are embryonically lethal. For the
genetic downregulation of p38a, we used adult mice expressing the ubiquitous
and tamoxifen-inducible Ubiquitin-CreERT2 recombinase and floxed p38a
alleles, in which the second and third exons, coding for the kinase domain
of p38a, are flanked with LoxP sequences (FIGURE 9A). These sequences
are cleaved by the CreERT2 recombinase, whose activation depends on the
administration of tamoxifen to the animal due to the fusion of the recombinase
to the hormone-binding domain of the estrogen receptor. Animals were given
daily intraperitoneal injections of tamoxifen during five consecutive days and

nkilled two weeks later. The efficiency of p38a downregulation in p38a-AU" mice
was assessed by western blot of whole-lung lysates (FIGURE 9B).

To determine the contribution of each of these p38 MAPKSs to lung homeostasis

A B
p38aloxllox WT } p38a-A“b
- _._} p38a
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FIGURE 9. p38a depletion by gene-targeting. (A) After tamoxifen injection, active
Cre recombinase cleaves the LoxP sites flanking exons 2 and 3 of the MAPK14 gene.
(B) Immunoblot of p38a and a-tubulin of whole lysates from two independent
samples of WT and p38a-A'" lungs.
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and to rule out any redundancy between them, we checked the alveolar
architecture in lungs of WT, p38a—-A", p383-null and p38a—A";p38B3-
null (double KO) animals. Inactivation of p38a in adult mouse lungs led to
thickening of the alveolar septa (FIGURE 10A) due to hyperproliferation of
SPC-expressing cells (FIGURE 10B), as previously described (Hui et al. 2007;
Ventura et al. 2007). Interestingly, the lack of p388 did not affect the structure
of the alveoli (FIGURE 10). Furthermore, p38a depletion in p383-null lungs
produced an equivalent phenotype to that of the single p38a-A" mice,
suggesting that p38a, and not p38p, is in charge of maintaining distal airway
homeostasis.
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FIGURE 10. p38a, but not p38B, maintains homeostasis in lungs. (A)
Representative pictures of H&E sections from WT, p38a-A'®, p38B-null, and
p38a-AU’;p38B-null animals. Scale bars, 100 um (upper panels) and 50 um (lower
panels). (B) Ki67- and SPC-labeled sections from WT p38a-A"°, p38B-null, and
p38a-AU’;p38B-null lungs. Scale bars, 50 pm.
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Inactivation of p38a in alveolar epithelial type II cells
enhances lung tumor initiation

The systemic loss of p38a, but not p38f3, produces a hyperproliferation of SPC-
expressing cells that disrupts the normal architecture of the alveoli (Ventura
et al. 2007). AE2 progenitors and BASC, both characterized by expressing
SPC, are considered the tumor initiating cells of K-Ras“'*'-driven lung
adenocarcinoma (Jackson et al. 2001; Xu et al. 2012b) so we next inquired whether
the downregulation of p38a just in the SPC-expressing cells is sufficient to
sensitize lungs to cancer development. First, we specifically downregulated
p38a in the AE2 and BASC populations by injecting tamoxifen for 5 days to
mice bearing SPC-CreER (p38a—A%<). The downregulation of p38a two weeks
after tamoxifen injections was, as expected, specific to lung tissue (FIGURE
11A) and occurred in approximately 30% of AE2 progenitors, as determined by
qPCR of sorted pneumocytes (CD31 CD45 ITGB2* SPC* like in (Mukhametshina
et al. 2013)) (FIGURE 11B). Mice were also engineered with a tdTomato/eGFP
reporter (Muzumdar et al. 2007) to follow-up Cre recombinase activity and,
therefore, the likely efficiency of p38a deletion. The tdTomato/eGFP reporter
is expressed under the Rosa26 promoter so every cell constitutively expresses
Tomato fluorescent protein, which in turn is flanked by LoxP sites. Thus, only
those cells where Cre is active can cleave the LoxP sites inducing the expression
of eGFP (FIGURE 11C-D).

In order to study the role of p38a in the AE2 cells during the first steps of
tumorigenesis, we needed to downregulate p38a in the tissue prior to tumor
induction. Therefore, we designed a strategy that uncouples the inactivation
of p38a from the expression of oncogenic K-Ras“'?, based on the combination
of the SPC-Cre — LoxP and the Flp — FRT systems. Expression of K-Ras“'*Y in
mouse lungs triggers lung adenocarcinoma development (Guerra et al. 2003).
For the controlled induction of oncogenic K-Ras®?V we used mice with a
knocked-in (KI) stop cassette flanked by FRT sites (FIGURE 12A). This cassette
precedes the open reading frame of the K-Ras“'*V oncogene (K-Ras*/™¢'?V) and
is removed only upon intratracheal inoculation of adenovirus containing FlpO
recombinase. This enables transcription of the oncogene, which can be detected

93




1.5,
SPLEEN LUNG N
c
(@]

- - + + - - + + CreER 3 1.0

lox/+ lox/lox lox/+ lox/lox lox/+ lox/lox lox/+ lox/lox h T

. ﬁ‘ =
' 2
! o —— 9
= '.....% LOX o}
s S — G —— — — o
y WT Q

WT  p38a/* p38a-A®©
p38a-ASF©
= > @ >

LoxP LoxP

CRE
recombinase

3>

LoxP

FIGURE 11. p38a specific downregulation in AE2 cells. (A) PCR of genomic DNA
from whole lysates of spleen and lung samples one week after last tamoxifen
injection. (B) Genomic DNA was isolated from AE2 cells sorted one week after
five tamoxifen injections either from WT, p38a lox/+ or p38a-A%*° mice, and
analyzed by gPCR with specific primers for exon 2 and exon 12 of p38a. Relative
copy number of exon 2 versus exon 12 of a representative experiment is shown.
Values show average = SD (n=3). (C) The double reporter gene tdTomato/GFP
constitutively expresses Tomato fluorescent protein and blocks eGFP expression,
until Cre-mediated excision enables eGFP transcription. (D) Representative
confocal microscopy images of fixed lung tissue sections from WT and p38a-A%*
mice showing Tomato (red) and eGFP (green) labeling (n=4). Nuclei were stained
with DAPI (blue). Scale bar, 50 um.

by RT-PCR (FIGURE 12B). Hence, we downregulated p38a seven days before
inducing the expression of the K-Ras“'? oncogene, and p38a—A°* animals were

then maintained on a tamoxifen diet until the end of the experiment (FIGURE
120).

Twenty weeks after K-Ras“'?V expression, p38c-A%< mice showed lungs with
disrupted parenchyma and numerous lesions constituted by SPC* cells
growing along the preexisting alveolar framework (FIGURE 13A). Moreover,
p38a-A%< lungs showed areas remarkably infiltrated by immune cells (FIGURE
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FIGURE 12. K-Ras®?'-driven lung tumor induction. (A) Before intratracheal
inoculation of FIpO recombinase, the STOP cassette introduced within the first
intron of the K-Ras locus impairs its transcription. Following adeno-FlpO infection,
the recombinase recognizes the FRT sites, removes the STOP cassette and allows
expression of oncogenic K-Ras®'?". (B) Semi-quantitative RT-PCR to check KRas®?¥
expression levels in whole lung lysates. (C) Scheme of the experimental design to
study the role of p38a in lung tumor initiation. Ad-FlpO, adenovirus containing
FIpO recombinase; TMX (i.p.), tamoxifen intraperitoneal injections.

13B), accompanied by an increase in STAT3 phosphorylation (FIGURE 13C), a

known mediator of tumor-promoting inflammation (Yu et al. 2009).

p38a-A%P mice showed increased tumor burden and, accordingly, a significantly
increased percentage of proliferative cells, as marked by Ki67+ staining (FIGURE
14A-B). The augmented tumor load was also evinced by the augmented weight
of p38a-A* lungs in comparison to their WT counterparts (FIGURE 14C).
Therefore, the lack of p38a, even in 30% of the pneumocytes, is sufficient to

sensitize lungs to tumor formation induced by K-Ras®'?", indicating that p38a

plays a cell autonomous tumor suppressor role in the healthy lung epithelia.

Noteworthy, p38a-A%< lungs showed mostly hyperplasias, while WT animals

had formed mainly adenomas with papillary structures. In other words,

despite the increased tumor burden, the histopathological analysis showed

fewer tumors in advanced stages in p38a-A% lungs (FIGURE 14D), suggesting

that p38a also plays a role in the progression of K-Ras“'?¥-driven lung cancer.
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FIGURE 13. Enhanced proliferation and inflammation in K-Ras®'?V lungs with
p38a-deficient AE2 progenitors. (A) Upper, Representative H&E stainings of WT
and p38a-A° lungs. Scale bar, 2 mm. Middle, SPC-labeled AE2 cells in sections
from WT and p38a-A** lungs. Lower, representative pictures of WT and p38a-As©
lungs stained for the hematopoietic cell marker CD45. Scale bar, 100 um. (B) . The
histogram shows the quantification of CD45* cells per field in lung tumors from WT
and p38a-A*° mice. Data shows average + SEM (n=3 mice). (C) Quantification of
pSTAT3+ cells in lung tumors from WT and p38a-A%*° mice. Data shows average *
SEM (n=3 mice).
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FIGURE 14. p38a-A* mice show increased tumor burden but delayed
progression to advanced stages. (A) Lung sections were stained with Ki67
antibody to detect proliferative cells. The histogram shows the quantification of
Kie7+ cells in individual tumors. (B) Quantification of the tumor area relative to
the total lung area. (C) Weight of the lungs of healthy mice and WT and p38a-
A% animals with tumors. (D) Tumors were microscopically analyzed and classified
according to their pathological stage: adenocarcinoma (ADC, red), adenoma (AD,
yellow), atypical adenomatous hyperplasia (AAH, blue). Data in all graphs shows
average + SEM (n>4 mice per group).

p38 MAPK pathway is upregulated in lung adenocarcinomas
and correlates with mortality rate in patients

The increased percentage of hyperplasias in p38a-A*< mice hinted a putative role
for epithelial p38a in the progression of lung tumors to more advanced stages.

Therefore, we analyzed the phosphorylation status of p38 MAPK in
K-Ras“'?-driven tumors developed 22 weeks after inoculation with adeno-
FlpO. Given its tumor suppressor properties, we expected low levels of p38
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FIGURE 15. p38 MAPK activation is enhanced in K-Ras¢?'-driven lung tumors.
Representative phospho-p38 MAPK staining of a murine K-Ras®*?'-driven tumor.
Scale bar, 200 um. The histogram shows the quantification of phospho-p38 MAPK
positive cells per tumor as determined by IHC. Values correspond to average +
SEM (n=5 mice).

MAPK phosphorylation within the tumor masses. Strinkingly, we detected
significantly increased phospho-p38 MAPK levels in the tumors in comparison
to the healthy parenchyma (FIGURE 15), indicating that tumor cells may take
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FIGURE 16. Human lung adenocarcinomas show increased levels of p38 MAPK
pathway components. (A) Boxplots for mRNA expression levels of MKK6, p38a
and MK2 comparing paired adenocarcinomas and healthy tissues (n>49 per
group). (B) Boxplots for mRNA expression levels of MKK6, p38a and MK2 for the
different driver mutations in early stage lung adenocarcinoma (n>11 per group).
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advantage of this signaling pathway.

Having detected higher activity of p38 MAPK in mouse lung tumors, we
analyzed the status of the p38 MAPK pathway in human lung adenocarcinomas
in two different cohorts of patients formed by 122 and 156 samples, respectively,
both containing tumor and non-tumor lung tissue. We found a significant
increase in MKK6, p38a and MK2 mRNA expression levels in tumor tissue
compared with paired healthy parenchyma (FIGURE 16A), confirming the
observations in mouse tissue. Nevertheless, this increase seemed independent
from any particular driver mutation as we observed no difference in the
expression levels of the components of the p38 MAPK pathway among the
distinct subtypes of lung adenocarcinoma (FIGURE 16B).

This activation of the pathway seemed to be enhanced with tumor progression,
as we observed a direct correlation between MKK6 expression levels —
probably reflecting p38a activation — and the tumor stage in a third cohort of
lung adenocarcinoma patients (FIGURE 17). As well, there was a modest but
consistent increase in the p38a and MK2 mRNA expression levels correlating
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FIGURE 17. MKK6, p38a and MK2 mRNA levels correlate with malignancy in
human lung adenocarcinomas. Boxplots correlating the MKK6, p38a and MK2
mMRNA levels with the pathological stage of human lung adenocarcinoma samples
(n=71for T1, 12 for T2, 2 for T3).
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with the stage of tumor progression. Altogether, these observations in human
samples support a tumor-promoting role of p38a in lung adenocarcinoma.

Additionally, we checked the p38 MAPK pathway status in patients with lung
adenocarcinoma who have or not have suffered metastasis to the regional
lymph nodes. MKK6 expression levels significantly correlated with enhanced
lymph node metastasis, and these patients with metastasis also showed slightly
higher levels of expression of p38a and MK2 in their primary tumors (FIGURE
18).
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FIGURE 18. MKK6 expression levels are higher in patients with lymph node
metastasis. Boxplots correlating MKK6, p38a and MK2 mRNA levels to the
metastatic status NO (none) and N1 (regional lymph nodes affected) in patients of
lung adenocarcinoma (n=82 for NO and n=3 for N1).

Next, we wondered whether p38a mRNA levels could be used as a prognostic
factor, and performed a univariate analysis adjusting the data according to age,
sex, smoking history, and pathological stage. We observed that, independently
of tumor stage, highest levels of expression of the MKK6-p38a-MK2 axis
correlated with a higher mortality rate (FIGURE 19A) and a higher relapse
incidence (FIGURE 19B) in lung adenocarcinoma patients from the three
different cohorts.

All these data suggest that high p38 MAPK signaling could be used as a
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FIGURE 19. p38a expression levels correlate with reduced survival. (A) Kaplan—
Meier plots showing overall survival of lung adenocarcinoma patients stratified by
high or low MKK6, p38a, or MK2 mRNA expression (n>105 per group). (B) Kaplan-
Meier plots display recurrence-free survival over time of lung adenocarcinoma
patients stratified by high or low MKK6, p38a, or MK2 mRNA expression (n>105

per group).

prognostic factor of poor survival in lung adenocarcinoma. However, these
correlations were not maintained in other subtypes of NSCLC. For instance,
a univariate analysis of recurrence-free survival for squamous cell carcinoma
patients did not correlate with the levels of MKKS6, p38a or MK2 (FIGURE 20).

In summary, tumor grade, metastasis to lymph nodes and poor prognosis
correlate with the upregulation of p38a pathway components in lung
adenocarcinoma patients, regardless of the driver mutation. However these
features are not general for all NSCLC subtypes. Therefore, the progression of
lung adenocarcinoma seems to be particularly dependent of p38a, suggesting
that p38a activity could be a useful prognosis indicator for this disease.
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FIGURE 20. p38 MAPK signaling in lung squamous cell carcinoma does not
correlate with survival. Kaplan-Meier plots showing disease free survival over
time of lung squamous cell carcinoma patients stratified by high or low MKK®,
p38a, or MK2 mRNA expression, respectively. Log rank P values are specified for
each graph (n>34 per group).

Downregulation of p38a reduces tumor burden in K-Ras®'?V-
driven NSCLC

As p38a has potential prognostic value in lung adenocarcinomas, we inquired
whether theloss of p38a in tumors could impair their progression. This question
is very relevant from a clinical perspective, and could help to design new
therapeutic approaches for K-Ras“'*V-driven lung adenocarcinomas, currently
an unmet medical need. To investigate whether lung adenocarcinomas need
p38a to progress, we inoculated ten-week old p38a—AU" mice with adeno-FlpO
and confirmed the presence of lung tumors 20 weeks later. These mice, both
with or without Ubiquitin-CreERT2, were then injected intraperitoneally with
tamoxifen during five consecutive days todownregulate p38a and were analyzed
two weeks later (FIGURE 21A). Surprisingly, mice with downregulated p38a
showed a significant decrease in the number as well as in the size of macroscopic
tumors (FIGURE 21B), which we assessed for efficient p38ac downregulation
by both qPCR and western blot (FIGURE 21C-D). Furthermore, we observed
a remarkable decrease in the percentage of advanced lesions (FIGURE 21E), in
agreement to the in vivo experiment above (FIGURE 14D). Hence, collectively
these results indicate a pro-tumorigenic role of p38a in lung cancer cells.

Noteworthy, both the number of visible tumors and the average tumor size
were increased in WT mice compared to those animals analyzed before p38a

102



Ad-FlpO TMX (i.p.)
Vi . /4 A\ A 4 1
1
10 week 5 months . ) 2 weeks Tumor
) Initial point )
old animals analysis
*% *
100 . £ 15+
&2 A S
5 ) ] S
£ 75 ° A A
2 £ 10 o
%5 A I ° |
~ 50 S
9] (] 2
e} Y
£ A % S 5
z 254 N ® - 8
AQ ° iL 1S
O’ﬁ‘;# 2 =1

0
Initial  WT p38a-AY® Initial  WT  p38a-A%

C D E
EmADC EAD mmAAH
~1.00 WT | p38a—AY
g i + mlOOA
I
§0.75< ST p38a S
~ L ]
50.50] ‘ g
é e 57’-“_—- Tubulin R 201
50.25] w
o
(98]
20.00. ol
WT  p38a-A WT p38a-A

FIGURE 21. p38a promotes NSCLC progression. (A) Scheme of the experimental
design to study the role of p38a in lung tumor maintenance. Ad-FIpO, adenovirus
containing FIpO, TMX (i.p.), tamoxifen intraperitoneal injections. (B) Sections of
WT and p38a-A® lungs were stained with H&E. Bars, 2 mm. The histograms show
the quantification of the tumor number and tumor size distribution per animal,
before (yellow) and 2 weeks after tamoxifen treatment in WT (red) and p38a-AY"
(blue) mice. Data represent means + SEM (n>9 mice per group). (C) Genomic DNA
was isolated from individual tumors either from WT or p38a-A"® mice and the
relative copy number of p38a exon 2 versus p38a exon 12 was analyzed by gPCR.
Data represent means = SD (n=4 WT and 16 p38a KO tumors). (D) Immunoblot of
p38a and a-tubulin of individually isolated tumors at the experimental endpoint.
(E) Tumors were microscopically analyzed and classified according to their
pathological stage. AAH, atypical adenomatous hyperplasia; AD, adenoma; ADC,
adenocarcinoma. Data shows average = SEM (n=6 mice per group).

downregulation, indicating that tamoxifen by itself does not interfere with
tumor growth. Likewise, an equivalent experiment using animals bearing
Ubiquitin-CreERT2 without floxed p38a, showed no significant differences
neither in average number nor in tumor size, discarding any effect related to
the Cre recombinase activity by itself (FIGURE 22).
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Noteworthy, both the number of visible tumors and the average tumor size
were increased in WT mice compared to those animals analyzed before p38a
downregulation, indicating that tamoxifen by itself does not interfere with
tumor growth. Likewise, an equivalent experiment using animals bearing
Ubiquitin-CreERT2 without floxed p38a, showed no significant differences
neither in average number nor in tumor size, discarding any effect related to
the Cre recombinase activity by itself (FIGURE 22).

As both tumor number and tumor size decreased in p38a-A"™ animals, we
first checked apoptosis and proliferation markers. We did not observe any
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FIGURE 22. Control experiment using animals only bearing Ubiquitin-CreERT2
showed no difference in tumor number or size. Average tumor number and
tumor size distribution in WT and Ubiquitin-CreERT2 mice, before and two weeks
after tamoxifen treatment. Data represent means + SEM (n>3 mice per group).

difference in the number of apoptotic cells neither by cleaved-caspase 3
immunohistochemistry nor by TUNEL (FIGURE 23, upper pannels). However,
the number of proliferative cells, marked by Ki67 immunostaining, was
diminished in p38a—A" tumors (FIGURE 23, lower pannels).

In conclusion, we have observed smaller tumors in p38a-A" animals, which
are similar in number and size to the tumors harvested prior to tamoxifen
injections. We have not detected apoptotic cells, conversely we have observed
a reduction in the percentage of Ki67* cells. Altogether, these observations
strongly suggest that p38a has tumor promoting properties during lung
adenocarcinoma progression and indicate that p38a downregulation produces
a cytostatic effect in tumor cells.
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FIGURE 23. p38a-A" tumors showed similar apoptosis ratios but reduced
proliferation capacity. Representative images of tumors stained for cleaved
caspase 3. Scale bar, 200 um. TUNEL staining of K-Ras®*?¥-driven tumors from WT
and p38a-AY mice. Positively stained cells are marked with arrowheads. Scale
bar, 100 um. Representative Ki67 staining of K-Ras®*?'-driven tumors from WT
and p38a-A"" mice. Scale bar, 100 um. The histogram shows the quantification
of proliferative cells (Ki67*) per tumor. Values represent means = SEM (n=3 mice).

p38a kinase activity is necessary for tumor progression

To determine whether the pro-tumorigenic role of p38a relies on the catalytic
function of the protein, we inhibited the kinase activity of p38c using the low
molecular weight chemical compound PH797804. K-Ras“*? mice with 20-week
old lung tumors were administered either PH797804 or vehicle solution for 14
days. After this period, we confirmed the inhibition of p38 MAPK signaling by
western blot as the downstream target Hsp27 was not phosphorylated in the
inhibitor treated samples.
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Animals treated with the inhibitor showed a statistically significant decrease in
the number and size of lung tumors in comparison to the vehicle-treated group
(FIGURE 24A-B). Again, a cytostatic effect was observed as the number and
size of the tumors before the treatment resembles that of the inhibitor-treated
group. The number of advanced lesions, as well as the percentage of Ki67* cells
per tumor, was also reduced (FIGURE 24C-D). These results phenocopied our
observations using the tamoxifen-inducible mouse model, further confirming
the pro-tumoral role of p38a in lung cancer cells. Moreover, these results show
that the kinase activity of p38a is important for lung tumor progression and its
inhibition could be potentially useful for NSCLC therapy.
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FIGURE 24. Chemical inhibition of p38a kinase activity impairs tumor growth.
(A) Lung sections from vehicle- and inhibitor-treated animals were stained with
H&E. Bars, 2 mm. The histograms show the quantifications of the average tumor
number and the tumor size distribution, before and after 2 weeks of treatment.
Data represent means + SEM (n>10 mice per group. Each dot represents one
animal). (B) Individually isolated tumors were immunobloted with the indicated
antibodies at the experimental endpoint. (C) Tumors were microscopically analyzed
and classified according to their pathological stage. AAH, atypical adenomatous
hyperplasia; AD, adenoma; ADC, adenocarcinoma. Data shows average + SEM (n=3
mice per group). (D) Quantification of proliferative cells in individual tumors as
determined by IHC staining for Ki67. Values represent means + SEM (n>5 mice).
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Lung tumor growth depends on epithelial p38a

The growth of solid tumors strongly depends of the interplay between tumor
cells and their niche, as tumor cells continuously perceive and feed signals to
the adjacent stroma which reprogram normal fibroblasts and recruit additional
inflammatory cells, eminently from the myeloid cell lineage (Barcellos-Hoff et al.
2013). Since we have observed that ubiquitous downregulation of p38a impairs
lung tumor progression, we next studied the contribution of p38a in different
cell populations of the TME, namely the epithelial, mesenchymal-derived and

immune cell compartments.

To study the role of epithelial p38a in the tumor mass, we used the p38a-
AP¢ mouse model. We injected tamoxifen in mice with 20-weeks old tumors
that either expressed or not SPC-CreER and killed them two weeks after. No
differences were observed between the downregulated and control groups,
neither in the amount, nor the size of the lesions (FIGURE 25).

As mentioned earlier, since the efficacy of deletion in this model accounted
for about 30% of the pneumocytes in this model, we cannot rule out that the
limited percentage of cells with downregulated p38a was insufficient to cause
substantial effects on the established tumors.

As a complementary approach, we isolated lung adenocarcinomas from
our K-Ras“'?¥ mice, engrafted them into immunodeficient mice and put the
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FIGURE 25. Genetic deletion of p38a in a fraction of SPC* cells from K-Ras®'?V
tumors shows no difference in tumor burden. Average tumor number and tumor
size distribution in WT and p38a-A° mice, before and two weeks after tamoxifen
treatment. Data represent means + SEM (n>3 mice per group).
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subsequent tumor cells in culture as previously described (Ambrogio et al. 2014).
This strategy allowed us to generate a murine K-Ras“? lung cancer (mKLC) cell
line carrying p38a-floxed alleles, in which p38a can be deleted by expressing
Cre recombinase in the cells, for example using TatCre protein (Peitz et al. 2002).
These cells can be implanted orthotopically, ensuring p38a downregulation
only in the epithelial cells that constitute the tumor mass.

We wanted to confirm that the immortalized cells retain the main characteristics
of our lung cancer mouse model, which does not bear Tp53 mutations. This fact
is noteworthy because K-Ras®??; Tp53mut tumors are more aggressive than
those carrying only mutations in K-Ras (Jackson et al. 2005), and only half of
human adenocarcinomas inactivate Tp53 (Chen et al. 2014). Until recently, it
was not possible to immortalize lung cancer cell lines from primary tumors
that were Tp53-proficient, but the method of serial passaging into nude mice
(Ambrogio et al. 2014) allows the immortalization of the cells, arguably by the
acquisition of other tumor-promoting mutations. To test whether the mKLC
cells with p38a-floxed alleles do maintain functional Tp53, they were treated
with nutlin-3, a compound that blocks the interaction between the E3 ubiquitin
ligase Mdm2 and Tp53, resulting in Tp53 accumulation. We also treated
cells with cisplatin, a DNA damage-inducing agent that ultimately activates
Tp53. In cells with functional Tp53, the activation of the pathway leads to the
accumulation of both p21 and Mdm2. After 24 h treatment with nutlin-3 and
cisplatin, we observed increased p21 and Mdm?2 expression by qPCR (FIGURE
119 gmp2t
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FIGURE 26. Cells isolated from K-Ras®?Y tumors maintain proficient Tp53.
Analysis by real-time gPCR of the mRNA levels for p21 and Mdm?2 in WT and p38a
KO mKLC (Tat-Cre treated) cells incubated for 24 h either with vehicle (Vh), nutlin-3
or cisplatin (CDDP). Data are means + SD (n =3 replicates).
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26A) as well as p21 accumulation by immunoblot (FIGURE 26B), meaning that
our mKLC cells are Tp53 proficient and resemble our GEMM.

Next, we inoculated WT and p38a KO mKLC cells intratracheally into the lungs
of WT C57BL6/] mice. After 22 days, we observed an increased number of
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FIGURE 27. p38a KO cells form smaller lung tumors when implanted
orthotopically. (A) Upper, Lung sections from WT animals that were intratracheally
inoculated with either WT or p38a KO mKLC cells. Bars, 2 mm. Middle, pMK2
immunostainings of a WT and a p38a KO tumor. Scale bars, 100 um. Lower,
Average number of total tumors, of tumors bigger than 1 mm in diameter, and
tumor burden 22 days after the implantation of WT and p38a KO mKLC cells. Data
represent means + SEM (n>4 mice per group). (B) Tumors were microscopically
analyzed and classified into benign and malignant lesions. Data shows average +
SEM (n>3 mice per group). (C) Percentage of proliferative cells in individual tumors
as determined by IHC staining for Ki67. Values represent means + SEM (n>5 mice).
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tumors, but of smaller size, in animals injected with p38a KO cells, leading to
a diminished tumor load (FIGURE 27A). Again, most of p38a KO lesions were
at earlier stages of tumor development than WT lesions (FIGURE 27B) and
showed a decreased number of proliferative cells (FIGURE 27C), recapitulating
our previous observations in the p38a-A" mouse model.

As a complementary experiment to rule out any contribution from differences
in the colonization ability of WT and p38a KO mKLC cells, we generated a
mKLC cell line expressing both p38a lox/lox and CreERT2 (FIGURE 28A).
This way, p38a could be deleted in a time-controlled manner. Analogously
to the previous experiment, cells were orthotopically implanted in the lungs
and allow to grow for 22 days. At this time, animals were injected or not with
tamoxifen for 5 days. Fifteen days after the first tamoxifen injection we could
observe a significant decrease in both tumor number and size, resulting in
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FIGURE 28. Downregulation of p38a in cancer cells reduces lung tumor burden.
(A) Immunoblot for p38a of mKLC cells treated or not with 4-hydroxy-tamoxifen
(40H-TMX). Tubulin was blotted as loading control. (B) Lung sections from WT
animals inoculated with floxed p38a and CreERT2 mKLC cells and injected (p38a-
A™) or not (WT) with tamoxifen. Scale bar, 2 mm. Average number of total
tumors, tumors bigger than 1 mm diameter, and tumor burden 22 days after
implantation. Data represent means + SEM (n>2 mice per group).
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diminished total tumor burden (FIGURE 28B). Altogether, these data show
that epithelial p38a is necessary for the progression of lung tumors.

p38a-deficient tumors show impaired vascularization

In order to check whether the ubiquitous downregulation of p38a particularly
affects any of the components of the tumor stroma beyond the epithelial
cancer cells, we performed a histopathology analysis of the lung tumors
from WT and p38a-A" mice. The lung is a highly vascularized tissue and,
accordingly, blood vessels are an important component of the tumor mass.
The area covered by endothelial cells, positively stained for the von Willebrand
factor, was statistically decreased in p38a-A" tumors; and so it was the area
stained for Pdgfr3, which mainly marks pericytes (FIGURE 29A). The reduced
vascularization correlates with the decreased number of advanced tumors in
p38a-AU" mice as angiogenesis is determinant for tumor progression.

On the other hand, we analyzed the immune cell infiltration in the tumors. Same
numbers of lymphoid (CD3-expressing) cells associated to the tumor masses of
both genotypes and remained mainly on the periphery. We did not observe
changes either in the number of macrophages (CD68-positive cells) between
the WT and p38a-A" tumors. These results suggest that p38a is necessary for
the proper vascularization of lung tumors and does not interfere with immune
cell infiltration.

Myeloid p38a supports lung tumor growth

To determine more accurately the contribution of p38a individually in the
stromal cell compartments, we inoculated WT mKLC cells orthotopically
into animals constitutively expressing either Fsp-Cre or LysM-Cre. The
FSP1 promoter is useful for targeting CAF, as it is active in fibroblasts, cells
undergoing early steps of epithelial-to-mesenchymal transition and also some
bone marrow derived macrophages (Trimboli et al. 2008; Osterreicher et al. 2011).
On the other hand, the Lysozyme-M gene is specific for myeloid cell lineages,
particularly granulocytes and macrophages (Clausen et al. 1999).
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FIGURE 29. p38a-A"" mice show impaired vasculature. Representative IHC
stainings of WT and p38a-A" lung sections for the indicated markers of TME cell
components. The histograms show the respective quantifications of several tumors
of similar size from each animal. Values were obtained in a completely automated
manner, represent the relative percentage of stained surface per tumor, and
correspond to average + SEM (n=3 mice per group). Scale bars, 100 pm, and 50 um
for magnifications.
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First, we implanted mKLC cells in both p38a-A™" mice and the WT control
group, consisting of mice expressing Fsp-Cre without floxed p38a. These mice
all carried the tdTomato/eGFP reporter, so we could determine the efficiency
of p38a deletion by sorting the GFP-positive population. We sorted the GFP-
positive fibroblasts (Pdgfra* GFP* cells), which constituted about 15% of the
total Pdgfra-expressing cells, and analyzed them by quantitative PCR. The
sorted GFP-positive fibroblasts showed a 50% p38a-deletion (FIGURE 30A).

Twenty-two days after the implantation we did not observe any difference
between the tumors formed in each group of animals (FIGURE 30B), but we
cannot discard that a more extensive depletion of p38a in fibroblasts could
have affected tumor progression.

Secondly, we implanted mice with floxed p38ca, which either carried or not
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FIGURE 30. p38a might not contribute to CAF tumor-promoting activity. (A)
Scheme of the multicolor flow cytometry analysis of pulmonary GFP-positive
fibroblasts. The genomic DNA was analyzed by gPCR for the relative amount of
p38a exon 2 versus p38a exon 12. Data represent means + SD (n=4). (B) ) Lung
sections from WT and p38a-A™P animals 22 days after being inoculated with WT
mKLC. Scale bar, 2 mm. Average tumor number and tumors bigger than 1 mm
diameter 22 days after implantation. Data represent means + SEM (n>11 mice per

group).
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carried the LysM-Cre transgene. We confirmed the deletion in peritoneal
macrophages by westernblot (FIGURE 31A) and also by qPCR of sorted myeloid
population from lungs, within which alveolar macrophages and dendritic cells
showed the most efficient deletion of p38a (FIGURE 31B). Twenty-two days
after the implantation we observed a decrease in the number, the size and the
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FIGURE 31. Lungs deficient for myeloid p38a show decreased tumor growth.
(A) Immunoblot of p38a and a-tubulin in peritoneal macrophages from three
independent samples of WT and p38a-A“ mice. (B) Genomic DNA was isolated
from sorted lung resident myeloid populations either from WT or p38a-AY% mice,
and the amount of p38a exon 2 versus exon 12 was analyzed by gPCR. Data
represent means + SD (n=3). (C) Lung sections from WT and p38a-AY animals 22
days after being inoculated with WT mKLC. Scale bar, 2 mm. Average number of
total tumors, tumors bigger than 1 mm diameter, and tumor burden 22 days after
the implantation. Data represent means + SEM (n=4 mice per group).
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tumor burden in the p38a-A"* mice (FIGURE 31C), indicating that p38a might
play a pro-tumorigenic role in macrophages and dendritic cells. Taken together,
our results suggest that the strong tumor reduction observed upon ubiquitous
downregulation of p38a is the result of pro-tumorigenic p38a functions in
both the epithelial and myeloid cell compartments.
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FIGURE 32. p38a-deficient mKLC cells conserve their proliferation capability ex
vivo. (A-B) FACs of mKLC cells for EpCAM epithelial marker (A) and double staining
for CCSP and SPC (B). (C) Immunoblot of WT and p38a KO mKLC cells with the
indicated antibodies. (D) Cell-doubling curves of WT, p38a KO and mKLC control
cells without floxed p38a, either treated or not with Tat-Cre protein; n=3. (E) WT,
p38a KO, and non-floxed mKLC cells were labelled with BrdU and analyzed by flow
cytometry; n=8. (F) Colony-formation assay of WT, p38a KO and non-floxed mKLC
cell lines; n=3. (G) Representative cell cycle profiles from WT and p38a KO cells. All
data represent means + SD.
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WT and p38a KO mKLC cells can proliferate similarly ex vivo

Since lung tumors depend on epithelial p38a to progress, we examined the
characteristics and the proliferation capacity of WT and p38a KO mKLC cells ex
vivo. We confirmed that these cells were epithelial (FIGURE 32A) and negative
for mesenchymal markers such as CD90.2. They also expressed the alveolar
epithelium markers SPC and CCSP (FIGURE 32B). We checked by western
blot that mKLC cells retained the expression of e-Cadherin after treatment with
Tat-Cre protein (FIGURE 32C). We also inquired whether the oncogenic K-Ras-
Erkl/2 signaling pathway had been altered upon p38a depletion. In fact,
p38a has been reported to negatively feedback onto Erk1/2 signaling (Chen et
al. 2000; Li et al. 2003) but immunoblot of the WT and p38a KO cells showed
similar Erk1/2 phosphorylation levels in both cases (FIGURE 32C).

Next, we performed cell doubling assays which, strikingly, showed similar
proliferation curves for WT and p38a KO cells (FIGURE 32D). Consistently,
BrdU stainings and clonogenic assays were also comparable between WT and
p38a KO cells (FIGURE 32E-F). Indeed, the cell cycle profiles of both genotypes
overlapped, and had comparable apoptotic levels of subG, cell populations
(FIGURE 32G).

We then treated mKLC cells with two different p38 MAPK chemical inhibitors,
SB203580 and PH797804 (FIGURE 33A). Similar to the previous observations in
the genetic model, the chemical inhibition of p38a kinase activity did not affect
the proliferation capacity of mKLC cells ex vivo as shown by the proliferation
curves (FIGURE 33B) or colony formation assays (FIGURE 33C). Therefore, we
conclude that the downregulation or the inhibition of p38a does not change
the ability of lung tumor cells to grow ex vivo in standard culturing conditions.

The lack of p38a attenuates the inflammatory network in
lung tumors

To promote tumor growth, cancer cells not only rely on their proliferation
capacities, but also need a permissive ecosystem which provides them with
growth factors and immunosuppressive mediators (Barcellos-Hoff et al. 2013).
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FIGURE 33. Inhibition of p38 MAPK activity does not influence lung tumor cell
proliferation ex vivo. (A) Immunoblot of phosphorylated Hsp27 and the loading
control a-tubulin in mKLC cells that were either treated or not with the p38 MAPK
inhibitors SB203580 (SB) and PH797804 (PH) for four days. (B) Proliferation curves
of mKLC cells treated with the indicated p38 MAPK inhibitors for five days; n=3. (C)
Colony-formation assays with mKLC cell line treated with the indicated p38MAPK
inhibitors for 15 days; n=2. All data represent means + SD.

p38a depletion did not change the proliferation potential of mKLC cells ex
vivo, suggesting that the pro-tumorigenic role of p38a in tumor epithelial cells
might rely on a non-cell autonomous function in vivo.

Tumor-stroma communication, induction of proliferative signals and
immunosuppression are usually carried out by cytokines. Moreover, cytokines
are also intimately related to tumor-promoting inflammation. p38a plays a
pivotal role in inflammatory processes and has been extensively reported to
both regulate the secretion and mediate the signaling by cytokines (Cuadrado
and Nebreda 2010). Therefore, we evaluated the contribution of p38a to the
cytokine network in the K-Ras“'?-driven model of lung adenocarcinomas.

We first compared the levels of 40 different cytokines between WT and p38a
KO mKLC cells in culture, to look for intrinsic differences in cytokine secretion
driven just by the lack of p38a. We observed that the expression of most
cytokines in the p38a KO cells array was reduced, up to 30% and none of them
was upregulated (FIGURE 34A). p38a partially controls cytokine secretion
in tumor epithelial cells, although the general downregulation of both anti-
and pro-inflammatory cytokines suggests that, in the absence of stimuli or
extracellular stress, epithelial p38a downregulation does not strongly alter
the balance towards a more cytotoxic or less immunosuppressive immune
environment.

117




A
WT mKLC cells

%L

CXCL10

¥ TIMP1
oo

%L

G-CSF GM-CSF
oe

M-CSF MCP1
e

o
IL-1r:
LAl

p38a KO mKLC cells

B
WT tumors

@

CXCLiO

TlI\/LP 1 TREM1
CIRL
(1)

IL1aIL-1p
e I-16

CXCL9
L

p38a KO tumors

(4

CXCL1

450 m WT
4001 gm p38a kO
2350
2300
3250
QZOO
a 150
100
50
0 O & X N
> SN o
NG E LR
NSO GIN R SN
1007 g wr
> 80 B p38a KO
2
o 60
°
= 404
a
204
04
N A R o (>
N K NN DY
S N \\'C\‘O/\Q&@&

N
o

Pixel density

w
@

N
Q@

1 = WT

mm p38a KO

CXCL1 IL-6

FIGURE 34. p38a KO mKLC cells secrete decreased levels of cytokines. (A) WT and
p38a KO mKLC cells were cultured for 48h and supernatants were pooled together
on a cytokine array. The histograms show pixel density quantification of highly
expressed cytokines after a 5 minute and a 30 minutes exposition, respectively.
(B) Five tumors from four different mice for each genotype were lysed together
and loaded onto a cytokine array. The histogram shows pixel density quantification
of the ten most highly expressed cytokines on the array panel. All data represent

means * SD.

Next, we checked the status of the cytokine network in the TME context. The same
cytokines were evaluated in tumors that had been generated by orthothopical
implantation of WT and p38a KO lung cancer cells in immunocompetent
mice. The analysis of the tumor lysates showed a general and even stronger

downregulation of the secreted cytokines in p38a KO tumors, reduced on
average to half of the levels in WT tumors (FIGURE 34B). Interestingly, CXCL9
and the tissue inhibitor of metalloproteases (TIMP) 1 were among the most
significantly reduced cytokines. CXCL9is a T cell chemoattractant cytokine that
can be degraded by neutrophil collagenase (MMP-8), and cleaved by MMP-9
(Van den Steen et al. 2003). TIMP-1 is an inhibitor of MMPs that can also promote

118



lung tumor growth through activation of Erk1/2 signaling. Moreover, TIMP1
is usually upregulated in advanced lung-cancer patients with poor prognosis
(Xia et al. 2012).

In summary, the general reduction in the cytokine levels might impair
intercellular communication and also reduce inflammation-mediated
promotion of tumor growth. Furthermore, the enhanced differences between
cytokine levels in the tumors strengthens the hypothesis of p38a being involved
in non-cell autonomous functions in K-Ras®"?V—driven cancer.

Lung tumor cells deficient in p38a generate smaller metastasis

The final stages of cancer progression eventually lead to metastasis. Activated p38
MAPK has been reported to enhance several metastatic processes: epithelial-to-
mesenchymal transition, invasion, cell migration and extravasation. Conversely,
p38 MAPK has been shown to induce anoikis in circulating tumor cells and
cancer cell dormancy in disseminated cells [reviewed in (del Barco Barrantes and
Nebreda 2012)].

To study the role of p38a in the metastasis of lung cancer cells, we first looked
at some of these features in vitro. We checked cell heterologous attachment
using fibronectin- and collagen-coated plates. WT and p38a KO cells showed
equivalent abilities to adhere (FIGURE 35A), suggesting that p38a KO cells do
not have any intrinsic advantage to adhere to the niche. Moreover, cell migration
assays in Boyden chambers did not show any difference between WT and p38a
KO mKLC cells (FIGURE 35B). We next seeded cells in low-attachment plates
to evaluate anoikis resistance for 48h. The survival of detached cells did not
change in the absence of p38a (FIGURE 35C).

Furthermore, we checked the anchorage-independent growth using soft agar.
After 20 days we observed that a similar number of colonies had formed, thus
both WT and p38a KO mKLC cells can survive to non-adherence conditions, in
agreement with the aforesaid anoikis experiment. However, the colony size was
significantly reduced when p38a was depleted (FIGURE 35D), highlighting
the reduced tumorigenic potential of the cells upon p38a depletion. This

119




observation correlates with our in vivo results and again points towards a
supportive role of p38a in the progression of lung tumors.

The K-Ras“?V mouse model does not develop metastasis from the lung
primary tumors (Jackson et al. 2001). Therefore, to check the metastatic
potential of K-Ras“?"-driven lung tumors in vivo, we injected subcutaneously
WT and p38a KO mKLC cells into the back flanks of immunocompromised
mice and let them grow for 14 days until tumors were about 0.9 cm®. At this
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FIGURE 35. Depletion of p38a does not change the metastatic properties of
mKLC cells but reduces their growth potential in soft agar. (A) Average number of
mKLC cells attached to non-coated, fibronectin-coated and collagen-coated plates
90 min after seeding; n=8. Non-floxed cells were used as control for any side-effect
of the Tat-Cre treatment. (B) Cells were seeded on top of a Boyden chamber and
those migrated to the lower chamber were counted after 20 h; n=3. (C) Cells were
cultured for 48 h in non-adherent conditions and then counted in a Neubauer
chamber using trypan-blue; n= 4. (D) Representative pictures of WT and p38a KO
cells from two independent soft agar assays. Scale bars, 150 um. The histograms
show the quantification of the average number, average size and percentage of
colonies bigger than 150 um in a well; n=4. All data represent means + SD.
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time, primary tumors were resected and 15 days later lungs were checked for
metastatic foci. The number of metastatic tumors was similar for WT and p38a
KO mKLC cells (FIGURE 36A). However, when p38a KO mKLC cells were
injected intravenously into immunodeficient mice, we observed a decrease
in lung tumor burden compared with mice injected with WT cells (FIGURE
36B). Noteworthy, no metastasis to brain, bone, or liver was detected in either
of the groups. These results are consistent with the observations in soft agar.
Therefore, our results suggest that p38a contributes to the ability of mKLC
cells to metastasize, probably during the late stages of the process.
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FIGURE 36. p38a depletion diminishes the burden of metastatic foci. (A) Nude
mice which were injected with mKLC cells subcutaneously into their back flanks,
tumors were resected and metastatic foci were counted 15 days later; n>4 mice.
(B) Representative H&E sections and quantification of the tumor burden of lungs
from nude mice which had been injected with mKLC cells intravenously and were
analyzed 20 days later; n=3 mice. All data represent means + SEM.
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Discussion







p38a has been attributed tumor suppressor properties based on its ability to
arrest the cell cycle, induce cell differentiation and trigger apoptosis (Bulavin
and Fornace 2004). However, increased levels of phosphorylated p38 MAPK
have been related to malignancy in several human tumor types, like NSCLC
(Greenberg et al. 2002), follicular lymphoma (Elenitoba-Johnson et al. 2003), breast
carcinoma (Esteva et al. 2004), hepatocellular carcinoma (Wang et al. 2012) or
head and neck squamous cell carcinoma (Leelahavanichkul et al. 2014).

In this thesis, I have studied the contribution of p38a to different steps of lung
tumor development and have demonstrated that the initial tumor suppressor
role of p38a in lung epithelial cells, interfering with K-Ras“'*Y—driven malignant
transformation, is not maintained during advanced tumor stages, in which
p38a acts as a tumor promoter.

p38a plays a dual role in lung tumorigenesis

The ubiquitous downregulation of p38a in the lung leads to distorted alveolar
architecture due to hyperproliferation of AE2 progenitors (Hui et al. 2007).
Nevertheless, p388 KO lungs do not present hyperplasia and p38a and p383
double KO animals do not show an aggravated phenotype in comparison with
p38a KO littermates (FIGURE 10), suggesting that p38f is not involved in lung
homeostasis maintenance, in agreement with previous studies in p383 KO
mice (Beardmore et al. 2005). The alveolar architecture relies on p38a, as shown
by the increased percentages of proliferating SPC-positive cells in p38a KO
lungs (FIGURE 10).

p38a KO AE2 cells also become dysplastic as they lose the expression of
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differentiation markers and become more susceptible to oncogenic insults
like K-Ras®'?, giving rise to oversized lungs with numerous tumors (Ventura
et al. 2007). These observations are based on models of ubiquitous p38a
downregulation, but it is known that the tumor stroma controls stem cell
self-renewal and their compartment size (Bondar and Medzhitov 2013), thus a
possible stromal contribution to the enhanced tumorigenesis in p38a-deficient
lungs remained to be investigated. Here, we show that the downregulation
of p38a specifically in AE2 cells is enough to sensitize lungs to K-Ras“?-
driven tumorigenesis despite maintaining a WT niche. The increase in both
tumor burden and Ki67-positive cells (FIGURE 13A and 14) indicate that this
hyperproliferation is due to a cell-autonomous effect.

It is worth mentioning that tumors formed from p38a KO AE2 cells were
remarkably more infiltrated by immune cells than WT lesions, probably
enhancing tumor-promoting inflammation as shown by the increase in STAT3
phosphorylation (FIGURE 13B-C), which stimulates tumor growth. The
increased infiltration that we observe confirms previous observations in a
constitutive p38a. KO model (Hui et al. 2007) and suggests that the lack of p38a
in tumor initiating cells might change their ability to recruit immune cells.

The tumor suppressor function of p38a in lung epithelial cells is probably
connected to both CCAAT enhancer binding protein a (C/EBPa) and protein
kinase C o (PKCa). The transcription factor C/EBPa controls proliferation and
differentiation in several cell types, and C/EBPa KO animals show a very similar
phenotype to that of the p38a KO in AE2 cells (Basseres et al. 2006; Martis et al.
2006). Moreover, p38a has been proposed to phosphorylate C/EBPS, which
in turn regulates the expression of C/EBPa (Ventura et al. 2007). On the other
hand, PKCa also acts as a tumor suppressor in lung epithelial cells, through a
PKCa-p38a-TGF-§ axis that enforces oncogene induced senescence avoiding
K-Ras-driven transformation (Hill et al. 2014).

The in vivo studies performed by Hui et al. (2007) and Ventura et al. (2007)
analyzed the role of p38a only in the early stages of lung tumorigenesis because
the experimental models used could not uncouple K-Ras induction from
p38a downregulation. Lung tumors could have been induced with chemical
carcinogens like urethane, but tumorigenesis in that case depends on a random
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mutagenesis process that adds an extra layer of variability to the study. Thus,
we have designed an in vivo strategy combining the Flp-FRT system with
different promoter-driven Cre recombinases. This way, both the cell type and
the time point in which each genetic modification takes place can be controlled,
allowing us to address the role of p38a in different cell compartments and at
different stages of K-Ras“?'-driven lung cancer development (FIGURE 12C
and 21A). Using this strategy, we first induced K-Ras“'*'-driven tumors and 20
weeks later induced systemic p38a downregulation. The acute downregulation
of p38a in mice with established lung tumors clearly impaired tumor growth,
in agreement with a recent publication (Brichkina et al. 2016b), and impaired
progression to more advanced stages (FIGURE 21B and 21E). The smaller
lung tumors observed upon systemic downregulation of p38a were similar in
number and size to the tumors harvested prior to tamoxifen injections, and had
a reduced percentage of Ki67-positive cells than WT tumors but no difference
in apoptotic markers (FIGURE 23). These data suggest that p38a pathway
mediates proliferation signals and its downregulation induces a cytostatic
effect.

Additionally, tumors in mice with ubiquitously downregulated p38a showed
impaired vascularization (FIGURE 29), which probably also contributes to
the halted tumor progression to more advanced stages. The decrease in tumor
vasculature can be due to the disruption of two axis in endothelial cells, one
enabling cell proliferation (Ras-p38a-GATA2) (Katsumura et al. 2014), and
a second one enabling cell migration (VEGFR2-p38a-PRAK) (Yoshizuka et
al. 2012), which are both necessary to form new blood vessels. Also, in non-
endothelial cells, p38a downregulation might have impaired the secretion of
extracellular factors which normally impinge on endothelial cells, affecting
therfore the induction of vasculature development.

It should be noted that a former report showed that p38a simultaneous
depletion to K-Ras“?" induction, made lung tumors progress faster to the
adenoma and adenocarcinoma stages, and animals die earlier (Ventura et al.
2007). The differences in tumor progression in both cases could be due to the
time point of p38a downregulation. In this case tumors in p38a. KO animals
are formed without p38a from the outset. In our case, WT tumors probably
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develop an addiction to p38a signaling that is halted upon acute genetic
downregulation, so they would need to readapt for resuming growth. Aside
from that, it is also possible that some tumors in Ventura et al. (2007) contained
progressively increasing numbers of p38a-proficient cells as tumor evolves,
surpassing the p38a KO cancer cells and enhancing even more the progression
of an initially bigger tumor burden.

How p38a performs tumor-promoting functions in K-Ras“'*'-driven lung
cancer cells is still unknown. The mechanism could go through downstream
targets of p38a, like I1-6, which has also showed a dual role during lung tumor
development. Il-6 maintains lung homeostasis, reduces iNOS production by

alveolar macrophages, and activates cytotoxic T cells upon K-Ras©'?P

oncogenic
stress. However, it promotes lung cancer growth through induction of the cell
proliferation regulator cyclin D1 (Qu et al. 2015). Additionally, the systemic
blockade of Il-6 with a monoclonal antibody has been shown to significantly
inhibitlung cancer progression and angiogenesis, and to reprogram the immune
cells towards an anti-tumor phenotype (Caetano et al. 2016). Accordingly, the
NFkB pathway, which also controls the secretion of 11-6 (Libermann and Baltimore
1990) and whose activity can be positively regulated by p38 MAPK signaling
(Cuadrado and Nebreda 2010), has been proven to mediate K-Ras-induced lung
tumorigenesis (Meylan et al. 2009; Basseres et al. 2010). Here we show that p38a-
depleted lung cancer cells form smaller tumors when implanted intratracheally
(FIGURE 27). In those tumors Il-6 secretion is reduced, and so it is in the
supernatant of the p38a KO cancer cells cultured ex vivo (FIGURE 34); hence
the pro-tumorigenic contribution of II-6 signaling could be affected by the
downregulation of p38a.

Our results on the dual role of p38a in NSCLC extend a recent study on intestinal
tumorigenesis (Gupta et al. 2014) and, in agreement with the upregulated levels
of phospho-p38 MAPK generally observed in human tumors (Wagner and
Nebreda 2009), it seems likely that this dual function might be conserved in
tumors originating in different tissues. Further studies using other inducible
tissue specific-deletion models should be performed to confirm this hypothesis.

To sum up, this thesis shows that the p38a pathway plays two opposing
functions in lung cancer development (FIGURE 37). During the early stages
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FIGURE 37. Dual role of p38a in lung tumorigenesis. Upper, p38a KO
pneumocytes are more sensitive to oncogenic insults like K-Ras®?V expression,
leading to enhanced tumorigenesis. Lower, the inhibition of p38a impairs the
progression of Kras®'?'-driven tumors.

of malignant transformation, p38a has an intrinsic antitumor role in epithelial
cells controlling differentiation and stem cell self-renewal (FIGURE 10, 14A
and (Ventura et al. 2007)). However, as tumors evolve, they become addicted to
p38a signaling, which favors cancer cell proliferation, angiogenesis, and pro-
tumorigenic cytokine expression (FIGURES 23, 29 and 34).

Both epithelial and myeloid p38a promote lung tumor
progression

Systemic expression of a non-phosphorylatable p38a mutant, which is expected
to function in a dominant negative manner, has been recently shown to reduce
the number and size of K-Ras-induced lung tumors (Brichkina et al. 2016b).
Specifically, p38a has been proposed to regulate the synthesis of hyaluronic
acid by CAF, which in turn induces lung cancer cell proliferation (Brichkina et
al. 2016a). Interestingly, the latter study discarded any tumor promoting role of
epithelial p38a due to enhanced proliferation of the mutant p38a cells when

inoculated into nude mice, and so then focused in the p38a-mediated signaling
in CAF using a fibroblast specific Cre system. However, our results indicate that
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lung epithelial tumor cells require p38a signaling to proliferate in anchorage-
independent conditions and within the pulmonary niche in vivo. Although cell
proliferation ex vivo is not affected by the absence of p38a (FIGURES 32 and
33), there are clear differences in soft agar colony size (FIGURE 35D). This
discrepancy might be explained because adhesion signals in 2D cultures are
sufficient to support cell growth independently of p38a; whereas in reduced
adhesion conditions, cells depend on p38a to produce and/or transduce
mitogenic signals that enhance tumor growth. Moreover, the differences in
tumor burden upon orthotopic implantation (FIGURE 27 and 28) point to a
role of p38a in tumor cell-stroma interactions.

Given that tumor cells rely on the associated stroma and the paracrine signaling
that interconnects them, one option is that p38a signaling in epithelial tumor
cells controls the establishment of a supportive interplay with the tumor
microenvironment (FIGURE 38). Consistent with this possibility, human lung
stem cells have been reported to depend on p38a to orchestrate a paracrine
network that forms the pulmonary niche. In particular, p38a regulates the
secretion of stromal cell-derived factor (SDF) 1, which in turn activates and
recruits fibroblasts that secrete TNFo and IL8, subsequently recruiting
endothelial cells (Ruiz et al. 2014). We have explored the epithelial cell-secreted
inflammatory network within the lung tumor context and observed that p38a
partially controls the secretion of several inflammatory cytokines, including
SDF-1 and II-1 (FIGURE 34), which may potentially promote tumor growth. In
the p38a KO lung tumors and cancer cells, we observed an important decrease
particularly in Timp-1 (FIGURE 34), an inhibitor of MMPs which positively
correlates with bad prognosis in NSCLC (Pesta et al. 2011). TIMP-1 was
previously linked to p38a signaling, as its expression can be induced by IL-1
via both the IKK/NF-kB and p38/ATF-2 pathways in astrocytes (Wilczynska et
al. 2006). Reduced expression of TIMP-1 might allow an accumulation of MMPs,
which degrade other cytokines such as CXCL9, explaining the concomitant
decrease that we observed in the latter protein. Aside of its MMP inhibitor
activity, Timp-1 can bind CD63 and activate FAK and Erk phosphorylation, that
enhance cell proliferation (Xia et al. 2012; Park et al. 2015).

A recent publication has shown that p38a signaling in CAF plays a crucial role
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in breast tumorigenesis by controlling the activity of AUF1, which induces the
post-transcriptional stabilization of tumor-promoting inflammatory cytokines
(Alspach et al. 2014). Unfortunately, we could not confirm a role for p38a in
the mesenchymal-derived cell compartment of lung tumors, due to the limited
deletion capacity of the Fsp-Cre system in our mouse lines (FIGURE 30). The
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FIGURE 38. p38a signaling in cancer cells establishes a supportive interplay
with the tumor microenvironment that promotes lung cancer progression.
p38a controls the secretion of cytokines by epithelial cancer cells and other
cells of the tumor microenvironment. p38a can also control the secretion of
extracellular matrix components by cancer-associated fibroblasts, as well as
tumor immunosuppression by myeloid cells, which ultimately impact on tumor
progression.

use of other fibroblast specific Cre lines, like Pdgfra-Cre or Colla2-Cre, would
be needed to investigate possible functions of p38a signaling in CAF during
lung tumorigenesis.

Additionally, we investigated the contribution of p38c in immune cells. The
number of infiltrating lymphocytes and macrophages does not change between
tumors with or without p38a (FIGURE 29), although we cannot discard
possible differences in their commitment to type I or type Il immune responses.
Particularly, we show that p38a in myeloid cells plays an important role
supporting lung tumor progression (FIGURE 31). The underlying mechanism
for this phenotype remains elusive but, based on previous data that relates
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p38a to tumor-promoting immune responses in dendritic cells (Wang et al.
2006a), it is possible that myeloid p38a facilitates tumor immune tolerance in
K-Ras-driven lung cancer (Lu et al. 2014).

Regarding the lymphoid lineage, it has been shown that tumor infiltrating
lymphocytes can exert type II responses, and also that interfering with non-
canonic p38a activation in CD4* T cells impairs pancreatic cancer (Alam et al.
2015). Therefore, the function of p38a in lymphocytes could also contribute to
the difference in lung tumor burden observed in mice with induced ubiquitous
downregulation of p38a. Aside of the tumor-promoting ability of p38a in
the T cells, we know from other studies in our group that epithelial p38a is
important for the tumor-lymphoid cells interplay. While p38a KO lung cancer
cells form substantially smaller tumors than WT cells when implanted into
immunocompetent mice, the difference is less clear when the same lung cancer
cells are implanted into the lungs of immunodeficient mice (Real S, unpublished
data). This observation suggests that signals produced by infiltrating T cells
could impinge differently on epithelial tumor cells with or without p38c,
promoting stronger growth in lung tumors that are p38a proficient.

In summary, our results show that p38a can perform pro-tumorigenic functions
both in the malignant lung epithelial cells and in immune cells, especially by
controlling the cytokine release and possibly by inducing immune-tolerance.

p38a as a potential therapeutic target in lung adenocarcinoma

In this study, we have addressed the role of p38a in lung tumors that are Tp53
proficient. For this, we have generated Tp53 proficient cell lines (FIGURE
26) that can deplete p38a ex vivo using a recently developed immortalization
method (Ambrogio et al. 2014). Importantly, Tp53 is a known target downstream
of the p38 MAPK pathway, so these lung cancer cell lines will allow the study
of cues that impinge on this protein through p38a signaling.

Constitutively active p38 MAPK has been proposed to increase the selective
pressure in cancer cells to inactivate downstream targets with tumor suppressor
functions like Tp53 or p16 (Bulavin and Fornace 2004), prompting tumors to more
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advanced stages, and making them more aggressive. Given that half of human
adenocarcinomas inactivate the TP53 gene (Chen et al. 2014) it is also useful to
ask whether Tp53-deficient lung tumors are sensitive to p38a downregulation.
As p38a depletion affects the progression to advanced lung cancer stages
(FIGURE 21E and 24C), and K-Ras®?; Tp53™! tumors can progress more
quickly, it is likely that p38a depletion in the Tp53™! context would have
shown stronger effects in tumor burden and progression. In fact, it has been
recently shown that systemic downregulation of p38a signaling in mice with
K-Ras®?P; Tp53™! lung tumors significantly reduces tumor burden (Brichkina
et al. 2016a), and another study has showed a synthetic lethality between the
p38a effector MK2 and Tp53 in K-Ras“'*P-driven lung tumors (Morandell et al.
2013). Therefore, the depletion of p38a could be beneficial for adenocarcinoma
treatment in both Tp53-proficient and -deficient scenarios.

Several inhibitors of p38 MAPK are undergoing clinical trials for treating
inflammatory diseases (Goldstein et al. 2010; MacNee et al. 2013). Previous studies
have shown that the chemical inhibitor of p38a PH797804 impairs growth of
patient-derived colorectal tumors (Gupta et al. 2015). In agreement with this
result, we show that p38a kinase function is necessary for K-Ras“?-driven
lung tumor progression into more advanced stages, based on the treatment of
mice with PH797804 (FIGURE 24).

In addition, p38a inhibition can potentiate the effect of chemotherapeutic
drugs like cisplatin or doxorubicin. For instance, the combination of PH797804
and cisplatin significantly impairs mammary tumor progression in mice
expressing polyomavirus middle T-antigen (Pereira et al. 2013), and p38 MAPK
has been related to cancer cell survival and resistance to doxorubicin treatment
in gastric cancer (Tan et al. 2014). This synergy also applies in the case of lung
cancer, as a recent study reported a significant reduction in K-Ras“*?-induced
lung tumor burden upon ubiquitous expression of the kinase inactive p38a
mutant P224]I, and an increase in the number of apoptotic cells when combined
with cisplatin (Brichkina et al. 2016b). As well, MK2”- Tp53~- double KO tumors
showed increased sensitivity to cisplatin in a K-Ras“'*’-driven NSCLC mouse
model (Morandell et al. 2013). Taken together all these results strongly support
the therapeutic interest of p38a inhibition for lung cancer treatment, alone or
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in combination with cisplatin.

Furthermore, we have shown that p38a inhibition affects both tumor cells
(FIGURE 27 and 28) and the tumor associated stromal cells (FIGURE 31 and
(Brichkina and Bulavin 2017)). Stromal cells are genetically more stable than the
heterogeneous cancer cells, thus the systemic inhibition of p38a might avoid
the development of resistance, which is a current struggle of other currently
available chemotherapies.

Nevertheless, p38 MAPK inhibition has been reported to occasionally enhance
metastatic features (del Barco Barrantes and Nebreda 2012), thus it is important
to study if the treatment of primary tumors with p38a inhibitors could carry
undesirable consequences. For example, one aspect to take into consideration is
that p38a activity is recovered upon withdrawal of the p38a inhibitor; therefore,
the use of a K-Ras®'?; Tp53™!" mouse model, which does eventually develop
metastasis to lymph nodes and distant organs (Jackson et al. 2005) would be
useful for evaluating metastasis latency upon treatment of the primary tumors
with p38a inhibitors. At the moment, our research shows that p38a depletion
in mKLC cells has a net negative effect on the growth of metastatic lesions
in the lung (FIGURE 36). We demonstrate in vitro that p38a downregulation
does not change the migratory abilities of tumor cells (FIGURE 35C) therefore
it does not seem likely that p38a inhibition in the primary tumor cells could
enhance their dissemination through the body. Furthermore, the comparable
behavior of WT and KO cells in anoikis assays (FIGURES 35A and 35B), but
the differences in the size of soft agar colonies (FIGURE 35D) and in the burden
of the metastasis upon intravenous injection of lung cancer cells (FIGURE
36B) indicate that p38a signaling might facilitate lung tumor growth in the
metastatic site. Indeed, studies injecting WT Lewis lung carcinoma cells in p38a
KO animals, i.e. with a p38a KO pre-metastatic niche, show strongly reduced
colonization of the lungs (Matsuo et al. 2006; Brichkina et al. 2016a). On the other
hand, p38a in the cancer-cell has also been shown to influence pre-metastatic
niche formation in the lung, through the expression of the inflammatory
chemoattractants S100A8 and S100A9 by the primary tumor (Hiratsuka et al.
2006). Therefore, we hypothesize that inhibiting p38a would potentially hinder
metastasis, improving the 5-year survival expectancy of lung cancer patients.
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p38a mRNA levels have clinical prognostic value

p38a has been identified as an influential gene deregulated in gene expression
networks generated from the sequencing data of primary NSCLC (Kalari et
al. 2012; Choi et al. 2015; Brichkina et al. 2016a). Moreover, the copy number of
MK2 has been proposed as a risk and prognosis biomarker for lung cancer (Liu
et al. 2012). Here, we further extend these predictions to the whole signaling
axis, by performing a bioinformatics analysis in three different cohorts of
human lung adenocarcinoma samples. We show that the expression of MK2,
p38a and MKKG6 are increased in lung adenocarcinomas compared to paired
healthy parenchyma, suggesting a likely enhanced activity of the p38 MAPK
cascade in lung tumors (FIGURE 16A). The upregulation correlates with the
tumor stage (FIGURE 17) and is independent of the driver mutation (FIGURE
16B). Altogether it is likely that p38a is not a downstream target activated
by K-Ras signaling but an orthogonal collaborator, i.e. a common pathway
activated upon the oncogenic stress induced in lung cancer cells, and therefore
applicable to many subtypes of adenocarcinoma. Moreover, adjusting the data
to the different tumor stages, we observed that the overall and the relapse-free
survival over time are statistically increased in patients with low levels of these
mRNAs (FIGURE 19). Therefore, we conclude that the mRNA levels of p38a
pathway components may have prognostic value in lung adenocarcinoma
patients. Accordingly, p38 MAPK phosphorylation levels were found increased
in mouse K-Ras“'?¥-driven lung tumors (FIGURE 15 and (Brichkina et al. 2016b)),
and human NSCLC tumors (Greenberg et al. 2002), especially in those of never
smokers (Mountzios et al. 2008).

However, it must be taken into account that the correlation between mRNA
expression levels and survival in lung adenocarcinoma did not apply to
squamous cell carcinoma (FIGURE 20). In fact, poorly phosphorylated p38
MAPK has been reported in advanced squamous cell carcinoma, and its
downregulation in cells of lung squamous cell carcinomas promotes the S
phase to G2 phase transition (Nan et al. 2017). Hence, it will be important to
determine which lung cancer types can use p38a mRNA levels as a prognostic
factor and benefit from p38a inhibition.
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Final remarks and future perspectives

Our results show that p38a signaling can exert opposite functions in lung
tumorigenesis depending on the cell transformation stage. On one hand,
p38a contributes to the homeostasis of lung progenitor cells interfering with
oncogene-induced malignant transformation. On the other hand, it contributes
to lung tumor progression by favoring vascularization and the establishment of
a cytokine network. We also show that p38a does not influence the early events
of the metastatic process, but rather supports progression of lung cancer cells
once they have metastasized the lung. Therefore, targeting this pathway alone
or in combination with chemotherapy may provide novel opportunities for the
treatment of lung adenocarcinomas.

It would be interesting to check whether other K-Ras-driven tumors, such
as pancreatic ductal adenocarcinomas, depend on p38a signaling for their
progression using GEMM. As well, although our understanding of the in vivo
roles of p38a signaling in tumors has considerably improved, more mechanistic
studies, including the use of high-throughput screening technologies are
required to identify key regulators of p38ca and the targets that exert its tumor-
promoting functions. This information will be fundamental for the design
of more efficient therapeutic strategies with reduced secondary effects to be
ultimately used in the clinics.
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Conclusions







p38a signaling in lung epithelial cells maintains lung homeostasis and
negatively regulates lung tumor initiation.

Enhanced mRNA expression levels of the MKK6, p38a and MK2 correlate with
advanced tumoral stages, reduced survival, and increased relapse incidence in
lung adenocarcinoma patients.

Systemic downregulation or inhibition of p38a reduces K-Ras“'*—driven lung
tumorigenesis and the formation of tumor-associated vasculature.

K-Ras“'?V-driven lung tumors depend on p38a signaling in epithelial and
myeloid cells to progress into advanced stages.

p38a signaling controls cytokine secretion by lung cancer epithelial cells,
promotes their growth in anchorage-independent culture conditions, and
facilitates growth of metastatic foci.
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