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“Champions are made from something they have deep inside them:
a desire, a dream, a vision.
They have to have the skill and the will,

but the will must be stronger than the skill”.

Muhammad Ali






SUMMARY / RESUMEN






Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive
disease characterized by its metastatic potential and chemoresistance. These
traits are partially attributable to the highly tumorigenic pancreatic cancer stem
cells (PaCSCs). Interestingly, these cells show unique features in order to sustain
their identity and functionality, some of them amenable for therapeutic
intervention. Importantly, our group has previously described that the ratio
between MYC and peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGCla) controls the oxygen phosphorylation (OXPHOS)-
dependent metabolic phenotype of PaCSCs to maintain their pluripotent status.
This scenario, apparently, renders PaCSCs highly sensitive to mitochondrial
inhibition with Metformin. However, different clones of PACSCs with distinct levels
of MYC/PGCla arise upon such metabolic stress situation, thereby generating
resistance to this compound. Therefore, we hypothesize that deciphering the
mechanisms underlying PaCSCs biology bears the potential to find novel targets
amenable for therapeutic intervention against this extremely chemoresistant
subpopulation with tumor-initiating properties. To that end, the main aim of this
doctoral thesis is to study the specific traits of PaCSCs that contribute to their
inherent aggressiveness in order to identify novel targetable orchestrators of their

functionality.

On the one hand, compiling data from our group suggests that peroxisome
proliferator-activated receptor delta (PPAR-8) correlates with pancreatic cancer
progression and metastatic dissemination in response to energy deprivation and
microenvironmental cues derived from tumor-associated macrophages (TAMs).
However, the mechanistic basis of this regulation remains elusive. Here, we
demonstrate that PPARD was consistently upregulated in response to different
metabolic stressors (i.e., macrophage-derived conditioned medium or low dose
Etomoxir) prior to epithelial-to-mesenchymal transition (EMT)-related functional
changes. Intriguingly, freatment with various PPAR-8 agonists induced enhanced
invasiveness. In addition, both experimental approaches increased the
MYC/PGCla ratio, suggesting that the metabolic modulation that takes place in
PaCSCsis orchestrated upstream by PPAR-8. The increased aggressiveness found
in vitro was franslated info enhanced metastatic dissemination in vivo.
Mechanistically, PPARD overexpression or incubation with the agonist GW0742

induced an early activation of the MYC promoter, reducing the activity of



PGCI1A promoter. Moreover, MYC therapeutic targeting blocked the invasion
induced by PPAR-3, suggesting its pro-metastatic effects were dependent on
MYC/PGCla. Conversely, pharmacological targeting of PPAR-6 inhibited the
invasive capacity conferred by MCM or Efomoxir, or basal invasiveness in highly
metastatic cells. Importantly, in vivo freatment with the PPAR-6 antagonists
GSK3787 or GSK0660 showed decreased liver metastases incidence, which

strongly supports the pro-metastatic role of PPAR-8 in PDAC.

On the other hand, screening of phospho-receptor tyrosine kinases revealed
that PaCSCs harbored increased activation of anaplastic lymphoma kinase
(ALK). We subsequently demonstrated that oncogenic ALK signaling contributes
to tumorigenicity in PDAC patient-derived xenografts (PDXs) by promoting
stemness through ligand-dependent activation. Indeed, the ALK ligands midkine
(MDK) or pleiotrophin (PTN) increased self-renewal, clonogenicity and CSC
frequency in several in vitro local and metastatic PDX models. Conversely,
tfreatment with the clinically-approved ALK inhibitors Crizotinib and Ensartinibb
decreased PaCSC content and functionality, including invasiveness, in vitro and
in vivo, by inducing cell death. Strikingly, ALK inhibitors sensitized chemoresistant
PaCSCs to Gemcitabine, as the most used chemotherapeutic agent for PDAC
tfreatment. Consequently, ALK inhibition delayed tumor relapse after
chemotherapy in vivo by effectively decreasing the content of PaCSCs. In
summary, our results demonstrate that targeting the MDK/PTN-ALK axis with
clinically-approved inhibitors impairs in vivo tumorigenicity and chemoresistance
in PDAC.

Taken together, our data strongly suggests that blockade of PaCSCs specific
characteristics with pharmacologic inhibitors by different means, such as
modulating their metabolic phenotype or targeting specific signaling pathways,
decreases the metastatic incidence, tumorigenicity and chemoresistance in
PDAC.



El adenocarcinoma ductal de pdncreas (PDAC, del inglés pancreatic ductal
adenocarcinoma) es una enfermedad exiremadamente  agresiva
caracterizada por su potencial metastdsico y quimioresistencia. Estas
caracteristicas se atribuyen parcialmente a unas células altamente
tumorigénicas denominadas células madre tumorales pancredticas (PaCSCs,
del inglés pancreatic cancer stem cells). Estas células presentan unas
caracteristicas Unicas que les permiten mantener su identidad y funcionalidad y
pueden representar oportunidades terapéuticas. Nuestro grupo ha descrito con
anterioridad que el balance entre MYC y el coactivador del receptor gamma-
1 alfa activado por el proliferador de peroxisomas (PGCla, delinglés peroxisome
proliferator-activated receptor gamma coactivator-1 alpha) controla el
fenotipo metabdlico dependiente de fosforilacion oxidativa (OXPHOS, delinglés
oxygen phosphorylation) para sustentar su estado de pluripotencia.
Aparentemente, este escenario hace que las PaCSCs sean altamente sensibles
a la inhibicién mitocondrial con Metformina. Sin embargo, diferentes clones de
PaCSCs con distintos niveles de MYC/PGCla surgen ante tal situacion de estrés
metabdlico, generando asi resistencia a este compuesto. Por lo tanto, nuestra
hipotesis es que descifrar los mecanismos que subyacen a la biologia de las
PaCSCs tiene el potencial de encontrar novedosas dianas susceptibles de
intervencion terapéutica contra esta subpoblacidén  extremadamente
quimiorresistente con propiedades iniciadoras de tumores. Considerando lo
anterior, el principal propdsito de esta tesis doctoral es el estudio de las
caracteristicas especificas de las PaCSCs que confribuyen a su inherente
agresividad con el fin de identificar novedosos reguladores de su funcionalidad

que puedan ser bloqueados.

Por un lado, la recopilacién de datos de nuestro grupo sugiere que el
receptor delta activado por proliferadores de peroxisomas (PPAR-8, del inglés
peroxisome proliferator-activated receptor delta) se correlaciona con la
progresion del cdncer de pdncreas y la diseminacion metastdsica en respuesta
a la deprivacion energética y senales microambientales derivadas de
macrofagos  asociados a  tumores  (TAMs, del inglés tumor-associated
macrophages). Sin embargo, el mecanismo de esta regulacidon sigue sin
conocerse. Aqui, demostramos que PPARD se reguld al alza de forma

consistente en respuesta a diferentes estresores metabdlicos (i.e., medio



condicionado derivado de macréfagos o dosis bajas de Etomoxir) antes de los
cambios funcionales relacionados con la transicion epitelio-mesénquima (EMT,
del inglés epithelial-to-mesenchymal transition). Curiosamente, el tratamiento
con varios agonistas de PPAR-8 indujo un incremento en la capacidad invasiva
de las células. Ademds, ambas estrategias experimentales (estresores
metabdlicos y activacion directa de PPAR-3) incrementd la relacién
MYC/PGCla, lo que sugiere que la modulacién metabdlica que tiene lugar en
las PaCSCs estd orquestada por PPAR-56. EI aumento de la agresividad
encontrado in vitro se fradujo en mayor diseminacion metastasica in vivo. En
cuanto al mecanismo, la sobreexpresion de PPARD o la incubacion con el
agonista GW0742 indujo una activacion temprana del promotor de MYC,
reduciendo la actividad del promotor de PGCIA. Ademds, el bloqueo
terapéutico de MYC redujo la invasion inducida por PPAR-8, sugiriendo que sus
efectos pro-metastdsicos dependen de MYC/PGCla. Por el contrario, el
blogueo farmacoldgico de PPAR-3 inhibid la capacidad invasiva conferida por
MCM o Etomoxir, o la invasividad basal en células altamente metastdsicas. Es
importante destacar que el tratamiento in vivo con los antagonistas de PPAR-6
GSK3787 o GSK0660 resultdé en una disminucion de la incidencia de metastasis
hepdticas, lo que apoya firmemente el papel pro-metastdsico de PPAR-§ en
PDAC.

Por ofra parte, el cribado de fosfo-receptores tirosina quinasa reveld que las
PaCSC albergaban una mayor activacion de la quinasa del linfoma anapldasico
(ALK, delinglés anaplastic lymphoma kinase). Posteriormente, demostramos que
la senalizacion oncogénica de ALK confribuye a la tumorigenicidad de los
xenoinjertos derivados de pacientes (PDXs, del inglés patient-derived
xenografts) de PDAC al promover la pluripotencia mediante la activacion
dependiente de ligando. De hecho, los ligandos de ALK, midkina (MDK) o
pleiotrofina (PTN), aumentaron la autorrenovacion, la clonogenicidad y la
frecuencia de CSC en varios modelos in vitro de PDXs locales y metastdsicos. Por
el contrario, el fratamiento con los inhibidores de ALK ya aprobados para su uso
clinico, Crizofinib y Ensartinib, redujo el contenido y la funcionalidad de las
PaCSCs, incluida su capacidad de invasion, in vitro e in vivo, al inducir su muerte
celular. Sorprendentemente, los inhibidores de ALK sensibilizaron a las PaCSCs

quimiorresistentes a la Gemcitabina, el agente quimioterapéutico mdas utilizado



para el fratamiento del PDAC. En consecuencia, la inhibicién de ALK retrasé la
reaparicion tumoral fras la quimioterapia in vivo al disminuir eficazmente el
contenido de PaCSCs. En resumen, nuestros resulfados demuestran que atacar
el eje MDK/PTN-ALK con inhibidores clinicamente aprobados disminuye la

tumorigenicidad y la quimiorresistencia in vivo en PDAC.

En sintesis, nuestros datos sugieren firmemente que la neutralizacion de la
funcionalidad de las PaCSCs por diferentes medios, como la modulacion de su
fenotipo metabdlico o la inhibicion de vias de senalizacion especificas,
disminuye la incidencia metastdtica, la tumorigenicidad y la quimiorresistencia

en PDAC.
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1. PANCREATIC CANCER

The pancreas, an essential organ with important roles for normal body
functioning, is a dual gland composed by both endocrine and exocrine
parenchymas. On the one hand, the endocrine secretory tissue —also known as
islets of Langerhans— represents 1-2% of the total pancreas mass and is
composed by different cell types, including beta cells. These cells secrete the
insulin necessary to maintain blood glucose homeostasis. On the other hand, the
remaining exocrine pancreatic mass is comprised of acinar and ductal cells that
produce different enzymes necessary for the proper digestive functionl'l (Figure
1).
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Figure 1. Schematic representation of the healthy pancreas. The pancreatic parenchyma is
composed by endocrine and exocrine glands. The endocrine tissue, or Islets of Langerhans,
contains, among others, the beta cells responsible of insulin secretion. The exocrine tissue contains
the acini and the ducts, where digestive enzymes are produced.

Pancreatic Ductal Adenocarcinoma (PDAC) is the most represented
pancreatic cancer with an increasing incidence and an extremely poor 5-year
overall survival of 10% and 7% in Spanish females and males, respectivelyl,
Despite PDAC low incidence rate as compared to other cancer-related
malignancies, its mortality rate continues to rise, making it potentially the second
deadliest cancer by 203084, PDAC may be originated from both ductal and
acinar cells, being the latter the most common cell-of-originil. In this case, PDAC
arise from acinar cells that suffer acinar-to-ductal metaplasia (ADM) or ductal
reprogramming, a process by which these cells transdifferentiate and acquire
ductal identity. Consequently, acinar cells following ADM display enhanced
expression of ductal markers, such as cytokeratin-19 (CK-19) and SOX?Iel,
Therefore, ADM is considered the precursor lesion of pancreatic intraepithelial

neoplasia (PanIN) which, in turn, is the main pathological process triggering

33
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PDACUI. In most cases, along PDAC evolution from ADM, mutations in key genes
occur without distinction between duct- and acinar-derived PDACsEL. K-RAS is
the main driver mutation, being present in >95% of the cases and responsible for
the ADM, followed by loss of the tumor suppressors p16NK4A (INK4A), CDKN2A,
TP53 and SMADA4871 (Figure 2). Nonetheless, not all of these mutations occur in all
PDAC patients; the combination of two of them, usually K-RAS and another one,

is sufficient to trigger oncogenic transformation.

Ductal reprogramming PaniNla-1b PanIN2 PanIN3 PDAC
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Figure 2. Schematic representation of PDAC evolution and the key mutation drivers during tumor
progression. The most common genes mutated along PDAC development are represented. K-RAS
hyperactivity may drive acinar cells info ductal reprogramming, thereby further establishing the
PanIN state. Further mutations in INK4A, CDKN2A, TP53 and SMAD4 genes may contribute to PDAC
development. However, mutations in all these genes do not occur always. In addition,
concomitant increasing desmoplasia occurs along pancreatic fumoral transformation. Adapted
from Morris et al., 2010.

Risk factors associated to pancreatic malignant transformation consist of
smoking, alcohol consumption, obesity, occupational exposure to certain metals
and chemical agents, age, gender, ethnicity, diabetes and family history!l.
Conftrast-enhanced computed tomography (CT) is the imaging tool of choice
under pancreatic cancer suspicion. In addition to this, the only serum biomarker
used nowadays for pancreatic cancer is CA 19-9. However, while it only may
help to confirm the diagnosis, it is not sufficiently sensitive nor specific as an
individual screening tool for asymptomatic patients!'?, The neoplastic evolution
of PDAC in early stages is not concomitant to symptoms occurrence. Thus, in the

vast maijority of cases (80-90%) it is diagnosed when the metastatic events, which
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are mainly restricted to the liver, have already occurred. Commonly, symptoms
at the time of diagnose include jaundice, abdominal and back pain, nauseaq,
unexplained weight loss, changed bowel habits, depression, deep vein
thrombosis and new onset of diabetes not associated to weight gainl'l. While
PDAC is mostly diagnosed at an advanced/metastatic stage, only 10-15% of the
patients will be eligible for surgical resection which are precisely the ones
presenting the disease at early stages. On the contrary, the standard-of-care
(SOC) in the case of advanced disease is chemoradiotherapy with Gemcitabine
plus nab-Paclitaxel (albumin-bounded Abraxane) for patients with poor health
or FOLFIRINOX (Folinic acid, 5-Fluoracil, Irinotecan and Oxaliplatin) for patients
with otherwise good healthl'2, However, the European overall median survival
for metastatic PDAC undergoing treatment is 4.6 monthsl'3l. Indeed, PDAC
freatment remains a supreme challenge since, despite the possible initfial
remission, most of PDAC patients ultimately display resistance to current
therapeutic strategies following tumor relapsel’. As a consequence, limited
progress has been made in the past decades concerning PDAC treatment. To
date, countless targeted compounds have been tested and failed in clinical
trials for pancreatic cancerl'?, yet few exhibited moderate promising resultsi’él,
In 2007, the American Food and Drug Administration (FDA) approved Erlotinib,
an inhibitor of the epidermal growth factor receptor (EGFR), in combination with
Gemcitabine as a first line SOC for metastatic PDAC patients!’l. However, the
last major breakthrough occurred more than 10 years later when, in 2019,
approval of the poly ADP-ribose polymerase (PARP) inhibitor Olaparib

represented a four months increase in BRCA* PDAC patients survivall'él,

Regardless of this, extensive research has permitted the identification of the
main source of PDAC inherent chemoresistance. Mounting evidence point
PDAC-associated chemotherapy failure to a small but unique subpopulation of
cells within the tumor known as pancreatic cancer stem cells (PaCSCs). As such,
these cells have self-renewal capacity and tumor-initiating properties, which
make them capable of initiating and sustaining tfumor growth. In addition to this,
they are able to survive after chemotherapy as a consequence of their intrinsic

chemoresistance, thus promoting recurrencell?.20],

Therefore, in addition to delayed detection, lack of effective therapeutic

options due to the presence of highly chemoresistant PaCSCs make PDAC an
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extremely aggressive disease. Having acknowledged PaCSCs as the source of
PDAC aggressiveness and understanding CSCs biology is crucial in order to
finding new targets amenable for therapeutic intervention with the final goal of

efficiently control this lethal disease.

2. INTRATUMOR HETEROGENEITY AND THE CANCER STEM CELL CONCEPT

While large progress has been achieved concerning cancer therapy,
outcomes are widely divergent across cancer types and, most importantly, from
patient to patient with the same tumor. Efforts in finding a unique effective
cancer therapy had been shaded by what we know as tumor heterogeneity.
This is the inherent ability of a single tumor to evolve, and so leading to systematic
therapy failure that results in tumor progression, recurrence and greater mortality.
The use of next-generation sequencing has denoted a major breakthrough in
understanding cancer as independent and completely different disorders across
types and patients. Importantly, spatial and temporal sequencing of a single
tumor throughout progression have deciphered that conversion of non-
malignant to malignant cells is the final outcome of a sequential acquisition of
genetic and epigenetic alterations in key cellular processes that contribute to an
increasing infratumor heterogeneity. While this phenomenon can be remarkably
variable across cancer types and patients, it is well recognized now that is the
main responsible for therapeutic failure and recurrencel?'-24, Thus, understanding
the origin of such infratumor heterogeneity has become a major priority in
cancer biology. Indeed, three principles lay the foundation to explain the
underlying mechanisms of such heterogeneity: genetic driver mutations,
hierarchical organization and the influence of the tumor microenvironment
(TME). While their nature diverges from one another, they are not mutually
exclusive and contemplating them as a whole has the potential to facilitate the

understanding of the infricate ecosystem of cancer disease!?3l,

First proposed by Peter Nowell in 1976[2¢1, the “stochastic” clonal evolution
model comprises a series of genetic advantageous mutations, that lead to
clonal and sub-clonal selection of transformed cancer cells across different
tumor regions!?-21_ This principle implies that cancer initiation, development and

progression obey the “Theory of Evolution by Natural Selection” of Charles
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Darwin, by which differentiated cancer cells acquire heritable mutations that will
attribute their progeny with survival advantages over the cells lacking these
mutations. These mutations, called oncogenic drivers, are accumulative and
beneficial for cancer cells, ultimately promoting the expansion of selected
clones which further conftribute to the evolving intratumor heterogeneityl?]

(Figure 3A).
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Figure 3. Schematic representation of the different models of acquisition of tumor heterogeneity. A)
In the “stochastic” clonal evolution model, fumor heterogeneity is achieved by the selection and
expansion of specific clones of differentiated cells that suffered genetic mutations. B, C) While the
classical view of the “hierarchical” CSC model supports that CSCs undergo symmetric and
asymmetric divisions to promote differenfiation and perpetuate its linage (self-renewal),
respectively (B), the plastic view states that CSCs are capable of swinging between different
grades of stemness (CSC-hybrid) and differentiation states under signals derived from the tumor
microenvironment (C). Adapted from Dagogo-Jack et al., 2017 and Valle et al., 2018.

However, oncogenic driver mutations are not sufficient to fully explain
infratumor heterogeneity. To this regard, studies in leukemia have permitted to
learn two lessons: 1. there are different clones that contribute to tumor evolution,
and 2. in terms of response to therapy and recurrence, subclonal variability exists
as well. In other words, not all the subclones respond equally to the same

therapy. In fact, the blood system is formed by a complex hierarchy in which
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hematopoietic stem cells (HSC) give rise to diversified pools of cells with distinct
grades of differentiation and function. This branched out structure, rather than
being dependent of the HSC genetic status, is based on sophisticated
developmental programs, and the resulting organization is necessary for the
proper function of the blood system. Then, functional heterogeneity in normal
tissue evolution is based in non-genetic modulation and tells us that, without this
diversity, the functionality of the entire system would be compromised. That is, for
instance, without HSC, it would be impossible to have a functional immune
system(23], Certainly, upon their very first discovery in acute myeloid leukemia by
Tsvee Lapidotl almost 30 years ago, the CSC theory has gained enormous
momentum to explain cancer origin and intfratumoral heterogeneity. The
“hierarchical” CSC model, then, implies that this heterogeneity is consequence
of a hierarchically organized structure in which CSCs are on top of a phenotypic
and functional pyramid. In spite of being a small proportion of the total tumor
mass, these unique cells with self-renewal capacity and tumor initiating
properties coexist as different clones that are able to sustain the intfratumoral
heterogeneity by undergoing symmetrical and asymmetrical divisions. As a
consequence, the cells within the fumor show differences in morphology, state
of differentiation, proliferation, gene expression, metabolism and invasive,
metastatic and angiogenic potential. CSC have similar features to their non-
tumoral counterparts, as they retain the unlimited ability of self-renewal and
dedifferentiation characteristics of a stem cell, though in a deregulated manner.
Likewise, each subclone is a (epi-) genetically distinct entity that can give rise to
different progenitor cells that will lead to tumor growth in the context of such
heterogeneityl®l (Figure 3B). Lapidot demonstrated his hypothesis using
fluorescence activated cell sorting (FACS) by separating CD34*/CD38,
CD34+/CD38* and CD34 cell fractions and further injecting them in
immunocompromised mice. With this elegant experiment, Lapidot evidenced
the presence of what he called leukemia initiating cells confined to the
CD34+/CD38 subsetB3ol, This early study served as a precedent to demonstrate
the CSC hypothesis in solid malignancies such as breast32, brainl®l, head and
neckB4, pancreas!’?2, |ungB®l, prostatel®6371, colonl®39 and sarcomal4dl,
Importantly, all of these reports used tumor engraftment as a way to validate one

of the main characteristics featured by CSCs, the tumor initiating potential.
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Interestingly, theories explaining the infratumor heterogeneity continue to
evolve and a second hypothesis included in the “hierarchical” model has
already been proposed: the plastic CSC view. This new perspective implies that
a single CSC is able to epigenetically modulate its phenotype according to
microenvironmental cues, hence being forced to adapt in order the tumor to
survive and progressill. Therefore, CSC self-renew or differentiate into plastic
hybrid cancer cells that will further differentiate or dedifferentiate according to
specific signals from their niche. Indeed, as far as nutrient availability is
concerned, glucose and oxygen levels diminish in the milieu as malignant cells
grow and the TME expands, the pH becomes acid and reactive oxygen species
(ROS) and inflammatory mediators accumulate. Considering that differentiated
tumor cells are fully glycolytic in order to cope with their enhanced proliferative
demands (i.e., Warburg effect), this scarce scenario obliges CSCs to become
metabolically and functionally plastic in order to survive and detoxify their
microenvironment from ROS. However, CSCs preferentially use oxygen
phosphorylation (OXPHQOS) or glycolysis depending on the tumor type and model
used!2 and this lack of consensus could be explained, at least in part, by CSCs
intrinsic plasticity. Then, hybrid cancer cells and CSCs are continuously sensing a
selective pressure that will ultimately force them to either adapt and progress or
otherwise extinguish completely, thus promoting the survival of the fittest clones.
Apart from metabolic mediators, there are other microenvironmental stimuli
maintaining the tumoral evolution and progression. Indeed, the tumor niche
becomes the perfect stage where the communication between cancer (stem)
cells and stromal cells takes place. This crosstalk befalls in an accurate
bidirectional cascade of events that, among other phenomena, promotes the

scape from the natural mechanisms of immune surveillancel*d! (Figure 3C).

Concurrently to the discrepancies in explaining tumor heterogeneity, and
especially related to the “hierarchical” model, the hypothesis of CSCs
emergence remains still unclear since it might vary between malignancies. One
theory arises from the observed similarities between CSCs and their homologous
adult fissue resident stem cells (SCs) suggesting that the latter may suffer a
malignant transformation during the physiological regeneration program that
maintains fissue homeostasisi44. Other hypothesis entails the acquisition of

stemness-related properties by differentiated cancer cells. On the one hand, it
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has been suggested that differentiated cancer cells undergoing epithelial-to-
mesenchymal fransition (EMT) can also acquire stem-like propertiesi’l. On the
other hand, microenvironmental signals from stromal cells may mediate
dedifferentiation of non-CSCs, thus conferring serf-renewal, tumorigenic abilities
and chemoresistancel“64l. A dual scenario in which tissue resident SCs and
differentiated cancer cells originate new CSCs is present in chemoresistant

pancreaticl“l and lung*! cancer cells as well.

Therefore, although the *hierarchical” model was controversial for more than
a centuryl®, mounting evidence over the past decades supports the presence
of highly tumorigenic CSCs with self-renewal capacity and functional plasticity
to the extent of becoming the most suitable and recognized theory to

understand and characterize infratumor heterogeneity.

3. TRAITS OF PANCREATIC CANCER STEM CELLS

PaCSCs were first isolated and characterized almost two decades ago by
two independent groups based on the differentfial expression of distinct cell
surface biomarkers (Figure 4), as previously demonstrated in many other
malignancies. First of all, Li et al.l?% defined a highly tumorigenic population
expressing the cell surface markers CD44, CD24 and epithelial specific antigen
(ESA, also known as epithelial cell adhesion molecule EpCAM) by implanting
primary PDAC xenografts inimmunocompromised mice. In this study, the authors
demonstrated that, while CD44+/CD24*/ESA* cells represented a very small
proportion of the total cellularity (<0.8%), it clearly featured stemness-related
properties. Afterwards, Hermann et al.l' not only demonstrated the presence of
CD133* PaCSCs with increased tumorigenicity and chemoresistance, but also
dissected the presence of CD133*/CXCR4* metastatic PaCSCs in the invading
edge. Indeed, CD133* CSCs have been reported in other cancer types, such as
braint®!, liverl52, colon3839, prostatel®3 and breast>¥ cancers, further validating
this surface protein as a biomarker for this cell population. CD133 (cluster of
differentiation 133) is also known as Prominin-1. Despite its specific function
remains still elusive, the AC133 epitope of human Prominin-1 was first discovered
as a marker of HSCs®l. Several studies have demonstrated the role of Prominin-1

in CSC-related properties, as reviewed by Shmelkov et al.l3dl, In addition to
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CD133, Miranda-Lorenzo ef al.l¥l identified a CSC-exclusive autofluorescence
compartment capable of discriminating stem-like populations from the
differentiated counterparts (Figure 4). Additionally, several other biomarkers
have been proposed for the identification and isolation of PACSCs, including
aldehyde dehydrogenase 1 (ALDH1)®1, the anthrax toxin receptor 1 (ANTXRT) 58],
CD91 and hepatocyte growth factor receptor c-METE0, among others (Figure
4). Certainly, the use of all these biomarkers have helped to understand PaCSCs
biology and raise awareness that, indeed, the differences in their functionality
are the reflection of differences at the molecular, metabolic and signaling
pathways levels. Therefore, exploring this distinctness in order to find novel
therapeutic targets against PaCSCs bears the potential for developing new

clinical strategies with the final aim of effectively control this aggressive disease.

Beyond the surface biomarkers mentioned above, the expression of specific
genes has been reported and accepted for the molecular characterization of
PaCSC. The increased expression of specific genes in PaCSC versus
differentiated cells has been recognized as a pluripotency gene expression
signature characteristic of enhanced stemness. KLF4, NANOG, OCT3/4 and SOX2
are the main genes composing this signature for the study of PACSCslé-¢4l (Figure
4). On the one hand, NANOG, OCT3/4 and SOX2 are very important factors that
sustain pluripotency and self-renewal in embryonic stem cells (ESCs) during the
first stage of embryonic developmentlésl, Indeed, these three pluripotency
factors are commonly expressed in all four types of pluripotent cells: ESCs, adult
stem cells (ASCs), induced pluripotent stem cells (iPSCs) and CSCslé%l. The role of
these three core pluripotency genes in PDAC, whose activity orchestrates the
pluripotent state by regulating the subsequent expression of several other crucial
genes involved in this specific cell state, was summarized by Herreros-Villanueva
and collaboratorsiéésl, On the other hand, KLF4 was firstly described as one of the
four Yamanaka factors essential for the formation of iPSCs, together with OCT3/4,
SOX2 and MYCI¥1, Further investigations reported an essential role of KLF4 in

acinar-to-duct cell reprograming in PDAC early carcinogenic stages!éé¢?l,
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Figure 4. Schematic representation of the most common biomarkers and genes used to study the
PaCSCs compartment. The research studies in which these biomarkers and genes were originally
described are referenced.

In summary, the expression of different genes and surface biomarkers have
permitted PaCSCs isolation for their study and characterization, further allowing
for the design of therapeutic strategies aiming to target this aggressive
subpopulation. In addition to this, it is worth noticing that previous studies from
our group and others have shown that PaCSCs bear unique features essential to
maintain their properties and functionality, such as increased mitochondrial
metabolism (i.e., OXPHQOS), metabolic plasticity (i.e., ability to use other
metabolic substrates for energy production), enhanced mesenchymal-like
phenotype primed fo invade, increased immunoevasive properties and an
inherent ability to induce chemotherapeutic failure. These characteristics, in
principle, are amenable for therapeutic intervention and will be further

explained.
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3.1. Metabolic plasticity

Differentiated cancer cells have been recognized for more than a century
for showing exclusive aerobic glycolytic metabolism (the Warburg effect)
concomitant to dysfunctional mitochondrion’0711,  However, increasing
evidence now demonstrates that cancer cells may also relay on OXPHOS
according to nufrient and oxygen availability at a given tfimel’2d. This
phenomenon has been termed as “metabolic reprogramming” or “metabolic
plasticity” and has been recently acknowledged as one of the cancer
hallmarksl’3l, However, our group has reported that mitochondrial OXPHOS
coupled to the ftricarboxylic acids (TCA) cycle appears to be the preferred
pathway for energy production in PaCSCslé'l, as described for CSCs in other
malignancies!“2¢21, This metabolic disparity between non-CSCs and CSCs may be
explained by the increased proliferative demands of differentiated cancer cells.
Despite more efficient in terms of ATP production per molecule of glucose,
mitochondrial respiration requires more biochemical reactions, thus rendering
the process slower than aerobic glycolysis. For that reason, fast proliferating cells
such as differentiated cancer cells prefer aerobic glycolysis, a faster although
less efficient pathway for energy production, while slow proliferating CSCs would
lean towards a more diversified mitochondria-dependent metabolism. In fact,
this may be as well considered as a metabolic adaptation in response to the
nutrient shortage characteristic of the TME, since several substrates may be
recycled to enter the TCA cycle. This is the case of, for instance, lipids or amino
acids present in the TME or obtained via autophagy or the lactate resulted from
the aerobic glycolysis performed by differentiated cancer cells. This dual
scenario may be exploited to benefit PDAC patients with strategies combining
chemotherapeutics targeting fast-proliferating bulk differentiated cancer cells
with compounds against PaCSCs mitochondria for the ablation of this highly

tumorigenic relapse-responsible subpopulationl’4l,

We have provided proof-of-concept for the efficacy of metabolic inhibition
for PaCSCs targeting in animal modelslé1-¢2.64757¢] byt further clinical translation
has remained challenging due to lack of clinically effective compounds. On the
one hand, we have recently demonstrated that PaCSCs subpopulation may be
compromised by targeting mitochondrial dynamics, a key mechanism

necessary for its homeostasis. Specifically, PaCSC rely on mitochondrial fission
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and its inhibition with Mdivi-1 affected the energetic balance in these cells by
accumulating dysfunctional mitochondria, further leading to cell death and
diminishing CSC-related functions in consequencel¢d. However, the use of
metabolism-based therapies targeting PaCSCs have proven a big challenge in
their way to the clinics. On the one hand, the proposed compounds showed
poor bioavailability for their use in complex organismsl’4. On the other hand, our
group has previously demonstrated that the metabolic phenotype in PDAC
stem-like cellsis not completely homogeneous and that different phenotypes co-
exist within PaCSCslé2. Therefore, although the vast majority of PaCSC rely on
OXPHOS and are very sensitive to mitochondrial inhibition by the anfidiabetic
agent Metforminléll, a small portion of PaCSCs with low mitochondrial amount
(CD133*/Mitoto%) becomes resistant to this inhibition while maintains its self-
renewal statusté2, Importantly, the OXPHOS-dependency of PaCSCs directly
relies on the balance between the protooncogene c-MYC and the master
regulator of mitochondrial biogenesis PGCla (peroxisome proliferator-activated
receptor gamma coactivator-1 alpha). In a physiological context, PGCla is a
transcriptional coactivator that binds specific nuclear receptors serving as an
anchor platform to trigger metabolism-related gene transcription. As a result,
PGCla acts as a metabolic sensor of environmental stress and finely tunes
energetic metabolism. On the one hand, it coordinates both genomic and
mitochondrial DNA expression to promote mitochondrial biogenesis’’l. On the
other hand, PGCla promotes glycogen storage by inducing the expression of
glucose transporter 4 (GLUT4), thus increasing glucose uptake while inhibiting
glycolysisl’e791 In PDAC, c-MYC modulates stemness through PGCla activity by
binding to its promoter. Therefore, increased levels of c-MYC correlate with
PGCla inhibition and cell differentiation, while c-MYC downregulation directly

influence PGCla upregulation to unleash PACSC phenotypelé? (Figure 5).
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Figure 5. Schematic representation of the heterogeneity of the CSCs pool in PDAC. While
differentfiated cancer cells display a Warburg phenotype characterized by MYC-dependent
enhanced glycolysis, PaCSC are mainly PGC1a-mediated OXPHOS-dependent, a situation that, in
principle, renders them very sensitive to mitochondrial inhibition by Metformin. However, the
presence of PaCSCs resistant to this compound revealed the metabolic heterogeneity that exists
within this aggressive subpopulation. ETC: electron transport chain. Adapted from Sancho et al.,
2015.

In addition to the functions above mentioned, PGCla regulates the
expression of genes involved in the fatty acids (FAs) oxidation (FAQO) process,
thereby promoting OXPHOSEA, Importantly, PGCla is a transcriptional
coactivator of a superfamily of receptors involved in FAs metabolism, the

peroxisome proliferator-activator receptor family (PPARs)®-8l, In line with what
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we mentioned above about the CSC-diversified mitochondrial metabolism,
several studies have proved that lipid metabolism is required to maintain the CSC
poolin several malignancies®4-8¢l, including PDACI®], not only concerning energy
production, but also being directly implicated in the formation of the cell
membrane, as well as acting as signaling moleculesi®l.  Importantly,
accumulating evidence indicates that CSCs accumulate higher amount of lipids
info lipid droplets (LDs) than their more differentiated progenies, further
reinforcing the notion that lipid metabolism modulates cancer aggressiveness!é?l,
Indeed, the acetyl coenzyme A (acetyl CoA) resulting from the FAO serves to
replenish the TCA cycle in the absence of glucose, thereby contributing to the
OXPHOS-dependent PaCSC metabolism in scarce scenariosl’4. Several
preclinical studies have used Etomoxir, an inhibitor of the lipid fransporter into the
mitochondria CPT1a (carnitine palmitoyl-tfransferase 1a), to demonstrate how

FAs modulate CSC-related propertiesl74l,

3.2. Immunoevasion

The immune system has a proved dual implication in tumorigenesis. On the
one hand, the natural immunity provides host-protecting mechanisms. On the
other hand, the immune system has tumor-shaping effects, defined as the ability
to promote tumor progression by escaping from the immunosurveillance
mechanisms. Several cells and factors are differentially linked to the
immunoevasion process in distinct cancer types. This dual scenario led to define
the concept of cancer immunoediting, which includes three processes known
as the “three Es": elimination, equilibrium and escape. The elimination process,
indeed, corresponds to the immunosurveillance phase. In the equilibrium phase,
the immune system shapes the tumor and promotes the selection of cancer cell
clones with enhanced survival opportunities upon an immune response against
them. Finally, the escape phase is characterized by the expansion of the
immune-shaped tumorl#3l, In addition to this, tumors are defined as “hot” or
“cold” whether they are prone to trigger a strong antitumoral immune response
or not, respectively. Importantly, PDAC is considered an immunotolerant “cold”
tumor in which several factors contribute to the immunosuppression mechanisms
that explain why immunotherapy results ineffective in these patients (Figure 6).

On the one hand, the extremely desmoplastic histopathological reaction
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characteristic of the PDAC microenvironment is characterized by a dense stroma
composed by cancer-associated fibroblasts (CAFs), which are thought to come
from pancreatic stellate cells (PSCs). CAFs contribute to PDAC immunoevasive
properties by producing the extracellular matrix (ECM) deposits, among other
functions. The tightly-packed ECM limits the proper vascularization, thus creating
a hypoxic TME that impedes anfitumoral immune cells recruitment and
chemotherapeutic agents’ bioavailability to the targets. On the other hand, the
PDAC immune landscape is characterized by infiltration of M2-polarized
protumoral macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and
regulatory T cells (Tregs). In addition to this, there are other components that
also contribute to PDAC's immunosuppressive phenotype. Secreted factors or
cytokines produced by cancer (stem) cells, CAFs, TAMs and the rest of immune
cells present in PDAC stroma mediate this immunotolerant TME. These include,
but are not limited to, interleukin 10 (IL-10) and transforming growth factor beta
(TGFB)PY. Likewise, the expression of specific surface protfeins, such as
programmed cell death protein-1 (PD-1) and its ligand (PD-L1), as well as the
antiphagocytic signal CD47, also promote PDAC immunosuppressive
phenotype. PD-L1 protein expression in cancer (stem) cells promotes self-
tolerance by regulating effector T cell activity and viability through PD-1
interaction. Moreover, cancer-expressed PD-L1 avoids regulatory T cell-
mediated apoptosisl?. Other important components of the antitumoral immune
response are interferons (IFNs), which may have both immunostimulant and
immunosuppressive impact depending, at least in part, by the exposure time.
During a chronic stimulation phase, IFN-y is associated to what is known as
adaptive immune resistance. Under these circumstances, IFN-y induces PD-1 and
PD-L1 expression in PDAC and other cancersl?394. For all these reasons, every
attempt of clinical trials with current immunotherapy has failed in obtaining
favorable results. However, deciphering the immunoediting mechanisms have

gained a big momentum in PDAC research.
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Figure 6. Schematic representation of the main components contributing to PDAC immunoevasive
phenotype. The strong desmoplasia, the infiliration of immunosuppressive cells and the cytokines
secreted, together with the expression of surface markers that make pancreatic cancer (stem)
cells imperceptible to the immune cells promote the immunoediting process in PDAC.

In addition to the above mentioned, the strong correlation found between
CSCs markers expression and the infiliration of immunosuppressive cells have
provided clear insights on the importance of this phenomenon for tumor
progressiont?>2¢l, Particularly in PDAC, enhanced immunoevasive properties may
be induced by shaping cell metabolism towards OXPHOS-dependent CSCs-
enriching conditionsié3l. Indeed, PaCSCs exhibit upregulation of PD-L1 which
correlates with poor prognosisl?”’l. Despite the mechanisms underlying PaCSCs-
mediated immunoevasion remains poorly understood, a recent study
demonstrated the implication of PaCSCs in promoting immunoediting by
upregulating PD-L1 and CD471¢3l. IFNs are also involved in the maintenance of
PaCSCs properties. On the one hand, an early study demonstrated that IFN-a
enhances the expression of CSC markers in vitro and in vivo while promoting
invasiveness and metastasisl?®l. On the other hand, a more recent study further
reinforced the notion that IFNs modulate PaCSCs functionality. In this study,
PaCSCs-secreted IFN-B promoted IFN-stimulated gene 15 (ISG15) secretion by

TAMs which, in turn, fostered PaCSCs maintenance and activityl??l, Therefore,
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despite little advances have been made towards the use of immunotherapy in
PDAC compared to other malignancies, the knowledge about the
immunosuppressive phenotype of PACSCs is now increasing, thereby shedding

light on this previously discouraging field.

3.3. EMT, invasiveness and metastasis

Metastasis, the final step of cancer progression, is also the deadliest event of
the disease. During the metastatic course, cancer (stem) cells undergo a
dynamic and reversible stepwise process characterized by escape from the
primary tumor site, intravasation and dissemination through the blood and/or
lymphatic system, exitravasation at distant organs, metastatic seeding,
colonization and tumor outgrowth in the metastatic niche (Figure 7). This
exceptionally complex sequence of events is finely regulated by the initiation of
transcriptional programs, whose execution will lead to cell migration. Basically,
two different programs have been described to mediate cancer cell migration
and invasion: amoeboid migration, which is the main mechanism used for
individual cell migration, and mesenchymal migration, which is mainly featured
by cell clustersl’®l, Despite its complexity, the mesenchymal migration process
has been comprehensibly studied. It is characterized by the induction of the EMT
program. While being essential in the embryonic developmental process, the
EMT program also plays a key role in tissue repair, fumorigenesis and metastasis
formation, being especially relevant in PDAC, since >90% of patients are
diagnosed when metastatic events have already occurredoll, |t comprises
different tfransitory intermediate states along the whole epithelial-mesenchymal
phenotype spectrum (partial/hybrid E-M, Figure 7) upon activation of certain
transcription factors such as Snail, Slug, Twist and Zebl'92, |n PDAC, the expression
of several genes is a well-accepted approach for the study of the EMT program
induction. These included SNAIL, SLUG, ZEB11499.1031 and, later on, LOXL2[104
(Figure 7). Another gene that has been intimately linked to cancer cell migration
and invasion is MYC0510¢ However, a direct role of deregulated MYC activity
controlling invasiveness in PDAC has not been described to date. As a result of
the activation of the EMT ftranscriptional program, the cells undergo
morphological changes concomitant to increased motility and resistance to

apoptosis, as well as higher ability to degrade the extracellular matrix101.107.108],
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Once cancer cells had reached the metastatic niche, they are subjected to the
opposite process termed mesenchymal-to-epithelial transition (MET, Figure 7)
which may explain why metastases perfectly resemble the original fumor from

which they arose, both at the molecular and histopathological level.
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Figure 7. Schematic representation of the metastatic dissemination in PDAC. The metastatic process
comprises a finely tuned consecutive events led by the induction of the EMT transcriptional
program followed by mesenchymal-like morphological changes (1). This phenomenon precedes
the scape from the primary tumor site mediated by increased migration and invasion abilities (2,
3) that will promote the dissemination of cancer (stem) cells through the blood vessels (4). When
the cells arrive fo distant organs, mainly liver and lungs, PaCSCs exiravasate from the blood vessels
(5) and undergo the opposite mesenchymal-to-epithelial transition process (6). Then, metastatic
seeding occurs leading to colonization and secondary tumor outgrowth (7). On the other hand,
migrating non-CSCs are thought to confribute to the metastatic niche formation by secreting
factors and exosomes or by emerging as newly-made stem-like cells.

Single cell transcriptomic analyses on PDAC genetically engineered mouse
models (GEMM) and human samples demonstrated that the EMT program
contributes as well to tumor heterogeneity. This study proved the presence of
cellular clusters with different gene expression patterns corresponding to
epithelial or mesenchymal phenotypes, as well as hybrid subpopulations with
infermediate phenotypes, all of them well-qualified for the dissemination
process!'?l, These paradoxical results require the additional nofion that
metastatic spreading commanded by the EMT program is rather a complex

process in which multifactorial components are involved. Importantly,
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understanding the association of the EMT program with the CSC phenotype is
essential to comprehend this complexity. However, while both non-CSCs and
CSCs have the ability to undergo EMT and MET processes, only CSCs will have
the ultimate capacity of colonizing the secondary site to successfully establish a
metastasis, and this is due to their inherent self-renewal and tumor initiating
propertiest’ol, Importantly, a great percentage of circulating tumor cells (CTCs)
express CSC markers in their surfacel''0111 While it is now well-accepted that
CSCs are the sole cell entity responsible for the initiation of the metastatic
tumorl'l, the role of differentiated cancer cells without tumor initiating capability
in the metastatic process is becoming a major issue as well. On the one hand, it
is known that they may contribute to the formation of the pre-metastatic niche
by secreting fumor-derived factors and exosomes that willreach secondary sites,
paving the way for the successful metastatic colonization(''2, On the other hand,
some studies have demonstrated that non-CSCs undergoing EMT acquire CSCs-
related properties during the process, thus associating the EMT program with the

de novo CSC emergence mentioned in the previous section(# (Figure 7).

Lastly, TAMs' implication in tumor evolution goes far beyond their association
to the immunoevasive phenotype, but rather they also have an impact in the
metastatic process. Importantly, an enhanced EMT phenotype in PDAC cells
spatially overlaps with inflammation, while treatment with anti-inflammatory
agents abrogates metastatic spreading in mice. In this early study, the authors
also demonstrated by tagging and tracking PDAC cells that these events occur
before the histological detection of the pathology!''%, therefore, supporting the
notion that EMT takes place in early stages of the tumorigenic outgrowth,
including the pre-neoplastic lesions. In PDAC, secreted factors from cancer cells
confer a pro-metastatic phenotype in macrophages by modulating monocyte
metabolism towards increased glycolysisl''3. In turn, TAMs promote invasiveness
in PaACSCsl?l. Hence, the intricate crosstalk between pancreatic cancer (stem)
cells and their niche fosters aggressiveness not only by immunoediting

mechanisms, but also by enhancing the invasive abilities of cancer cells.
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3.4. Chemoresistance

Chemotherapy failure remains the Achilles heel concerning PDAC —and other
aggressive cancers— management in the pursuit of long-lasting treatment
responses that increase patients’ survival. While common chemotherapeutic
agents are quite efficient in eliminating bulk differentiated tumor cells, CSCs are
able to escape from the treatment due to their inherent chemoresistance.
Different mechanisms, reviewed by Abdullah and Chowl!'4, define this CSC-
infrinsic characteristic and include, but are not limited to, overexpression of ATP-
binding cassette (ABC) fransporters and hyperactivation of CSC-related
signaling pathways such as Hedgehog, PI3K/Akt, Notch, WNT/B-catenin, and
MYC, among others.

ABC fransporters are especially known by their ability to efflux toxic agents as
chemotherapeutics out of cancer cells, thereby contributing to cancer
chemoresistance and cytoprotection. Importantly, ABC fransporters expression is
enhanced in CSCs, including PaCSCsl4l, thus, representing both potential
biomarker for CSCs detection and target for anti-CSCs therapy. In addition to
this, ABC transporters have a side function dedicated to release active
biomolecules into the extracellular milieu. Nevertheless, ABC transporters are not
exclusively located in the cell membrane and can be found in the membranes
from cytoplasmic vesicles as well. As an example, ABCG2 is overexpressed in
CSCs from PDAC and other tumoral malignancies and serves to pump in and
accumulate ABCG2-dependent substrates, such as the autofluorescence
riboflavin (vitamin B2), and drugs, such as Mitoxantrone. This scenario not only
potentiates chemotherapeutic failure as PaCSCs avoid Mitoxantrone's effects
by accumulating it in intracellular vesicles, but also allows for the detection and

isolation of fluorescence PaCSCsl¢l (Figure 8).

Many signaling pathways have been linked to CSC-intrinsic chemoresistance
in PDAC. For instance, TET1, as the most important demethylating enzyme
implicated in chemoresistance, induces the expression of CHLT (neural cell
adhesion molecule L1-like protein, also known as close homolog of L1) that will
further downregulate the Hedgehog pathway, thus favoring chemosensitivityl(11él,
Additionally, the natural compound Berberine reverted Rap1/PI3K-Akt-mediated
Gemcitabine resistance in both PDAC cell lines and patient-derived organoids

(PDOs)M71, Another pathway implicated in chemoresistance in PDAC is Notch.
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On the one hand, PSCs mediate chemotherapy failure by promoting the
expression of the stemness regulator transcription factor HES1 via Notch-1
receptor activationl'®, On the other hand, the cytokine midkine (MDK) induced
ABCCI1 and ABCC2 expressionl''”l and activated Notch-2 signaling to inhibit
Gemcitabine sensitivityl1201, Likewise, in osteosarcoma, enhanced WNT/B-catenin
signaling displayed increased resistance to doxorubicin through the WNT/B-
catenin pathway by inducing the expression of ABCBI transporter in a PTN/ALK-
dependent mannerl'2ll, This indicates that, apart from the traditional signaling
pathways, others such as ALK may also play a pivotal role in mediating

chemoresistance (Figure 8).
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Figure 8. Schematic representation of the different events contributing to PDAC-intrinsic
chemoresistance. ABC fransporters control chemotherapy efflux of the cell or influx in infracellular
vesicles to neutralize toxicity, as well mediate riboflavin accumulation in fluorescence vesicles that
facilitate CSCs detection and isolation. CAFs-mediated desmoplasia induces the expression of the
pluripotent factor HESI. Different signaling pathways increase resistance to distinct
chemotherapeutic agents. The protooncogene MYC promotes chemotherapy failure by inducing
a metabolic reprogramming featured by enhanced glutamine usage. However, these four
mechanisms are interrelated and not mutually exclusive.

Finally, mounting evidence described the link between metabolic
reprogramming by MYC signaling and resistance to chemotherapy. In a murine
model of PDAC, Gemcitabine enhanced the expression of Mucbac, a protein
previously related to chemoresistance. Mucbac promoted B-catenin
translocation to the nuclei to unleash Myc expression which, in turn, increased
glutamine uptake and utilization. Either glutamine deprivation or glutaminolysis
inhibition overcame Mucbac-mediated resistance to Gemcitabinel'?2. In

another study, the link between MYC and nab-Paclitaxel resistance was
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described in primary PDAC cells. In this study, resistant nab-Paclitaxel cells were
generated in vitro from treatment-naive PDAC patients’ cells o demonstrate in
animal models that MYC expression was sustained long after nab-Paclitaxel
withdrawalll23l, Therefore, the chemoresistance process goes beyond an acute
state that rather produces long-lasting effects in the cells undergoing it. Indeed,
the notion that MYC is a key regulator of stemness in PDACI¢2, further reinforces

its link with chemoresistance (Figure 8).

Hence, while chemotherapy resistance continues to be areal challenge, our
knowledge continues to increase. Indeed, several approaches, such as ABC
transporters blockade or inhibition of CSC-related signaling pathways, may be

useful to successfully overcome PaCSCs-intrinsic chemoresistance.

4. PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS

Peroxisome proliferator-activated receptors (PPARs) comprise a family of
proteins belonging to the nuclear hormone receptor superfamily of transcription
factors (TFs) that, after being activated by specific ligands, extensively regulate
gene expression through direct binding to PPAR responsive elements (PPRES) in
the DNAD'24, The PPARs structure consists of four main regions: 1. A/B or ligand-
independent domain, which includes the AF1 region important for subtype-
specific activity; 2. C or DNA-binding domain (DBD); 3. D or docking cofactors
domain; and 4. E or ligand-binding domain (LBD). The LBD is quite similar to other
nuclear receptor except for being larger, which may facilitate the interaction
with a wider range of compounds harboring an acidic head group compared
to other nuclear receptorsl'?l, Three different PPAR isoforms have been
described to date: PPAR-a (also known as NR1C1), PPAR-3 (also known as PPAR-
B or NR1C2) and PPAR-y (also known as NR1C3). Characterization of the LBD of
each isoform revealed that, while PPAR-a and PPAR-y have pretty similar ligand-
binding pocket in terms of size and shape, the one of PPAR-3 is significantly
smaller. This peculiarity my explain the observed ligand restriction in PPAR-8 versus
the other two isoforms. The endogenous ligands activating all three PPARs are all
kinds of FAs and FA-derived molecules. Likewise, several synthetic compounds
are currently available for PPARs modulation, although none of the PPAR-6

agonists/antagonists are approved for clinical use nowadays!'?4. Upon ligand-
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dependent activation, all PPARs heterodimerize with the retinoid X receptor
(RXR), which belongs to the same receptor superfamily, and the LBD stabilizes
acquiring a conformation that promotes binding of coactivator or corepressor
profeins. Then, the PPAR:RXR heterodimer plus the coactivator or corepressor
bind to the PPREs present in the promoters of the target genes and, subsequently,
activate or repress their expressionl'2¢l, PPARs function is isotype-specific and
varies across tissues in a context-dependent manner. In broad terms, all three
PPARs are involved in energy homeostasis through lipid sensing, while PPAR-8
additionally regulates cell proliferation, differentiation, survival and fissue repair.
On the other hand, mounting evidence associates all PPARs with tumorigenesis,

thereby rendering them excellent candidates for therapeutic intervention(124.1271,

4.1. PPAR-delta

PPAR-B/8 was first identified 30 years ago in Xenopus and hamed PPAR-BI[128],
A year later, a similar protein with apparent incomplete homology to PPAR- was
isolated from mouse and termed PPAR-8['?1, Further studies eventually
demonstrated that, indeed, PPAR-B and PPAR-6 are homologous. In humans,
PPAR-8 is encoded by the gene PPARD and is expressed broadly, especially in
organs with high FAs metabolism, reproductive organs and the cardiovascular,
endocrine and immune systems, with increased basal levels in the

gastrointestinal fract and the skeletal musclel'23],

Unsaturated FAs are natural ligands for PPAR-8, including derivatives from
linoleic acid. However, the effect of endogenous ligand-dependent activation
of PPAR-3 is, in fact, tissue-specific depending also on the relative presence of
coactivators and corepressors. For instance, 13-HODE (13-
hydroxyoctadecadienoic acid) has been reported to inhibit PPAR-6 in colorectal
cancer cells to induce apoptosis!’3d, while in pre-adipocytes it acts as an agonist
enhancing lipid detoxification!’3ll, Additionally, PPAR-8 may be exogenously
activated with FAs from outside the cell or synthetic ligands. On the one hand,
for instance, the flavonoid ombuine (ombuin-3-O-beta-D-glucopyranoside) is a
dual agonist of PPAR-a. and PPAR-8 able to decrease lipids concentration in
hepatocytes and macrophages!’®2, On the other hand, several chemical PPAR-

8 modulators have been developed to date. The very first PPAR-8 agonist L-
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165041 or the compound GW0742, among others, are the most used PPAR-8
inducers nowadays for in vitro experiments. Conversely, GSK06460 as the first
selective PPAR-6 antagonist, GSK3787 as irreversible PPAR-3 inhibitor, or DG172
are considered inverse agonists since they are able to recruit corepressor
proteins to downregulate PPAR-8 target genesl'?l. Certainly, it is important to
highlight the notion that both endogenous and exogenous signals may trigger
PPAR-§ signaling with different downstream effects. PPAR-8 activation results in
the phosphorylation of several consensus sites by protein kinase A (PKA),
regardless of the presence or absence of a ligand, thereby increasing basal and
ligand-dependent activity to unleash gene expression or repression of PPAR-8
target genes. Conversely, negative regulation of PPAR-§ is mediated by

ubiquitin-induced proteolysis!33],

As mentioned in the general infroduction for PPARs, PPAR-8 exerts a wide
range of physiological functions in a tissue-specific manner, most of them related
to lipid metabolism. In the pancreas, PPARD knockout (KO) increased insulin
secretfion, while systemic treatment of obese (ob/ob)l'34 and diabetic
(db/db)l35l mice with PPAR-3 agonists enhanced glucose-stimulated insulin
secrefion and normalized pancreatic islet hypertrophy. In the liver, one of the
most important organs implicated in energy homeostasis, PPAR-§ promotes
lipogenesis and activates the pentose phosphate pathway (PPP) to increase

glucose utilization, while PPARD null mice exhibit glucose intolerancel’3¢l,

In cancer, however, the role of PPAR-8 has remained a subject of controversy
among malignancies probably due to tissue contextualization. Even more
disturbing is the fact that this controversy is found within the same malignancy,
although this is most likely a consequence of the diversity of the models usedl'371,
For instance, PPARD knockdown (KD) promoted colon cancer progression and
resistance to treatmentl’38l, while PPAR-6 signaling endowed intestinal organoid-
and tumor-initiating properties induced by a high-fat diet (HFD) in the same
malignancy!'¥9! (Figure 9). Another example of controversy is the one found in
liver carcinoma. On the one hand, PPARD- mice were more susceptible to
develop induced hepatocellular carcinoma (HCC) and, subsequently, PPARD
overexpression in HCC cell lines inhibited proliferation, migration and invasion
while enhanced apoptosis in these cellsl4, Conversely, a different study

correlated increased PPAR-8 activity to treatment resistance in HCC providing
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proof of concept of the potential benefits of PPAR-6 targeting to improve
chemosensitivity['41] (Figure 9). Contradictory results have been published also for
breast cancer, reporting both PPAR-8-dependent inhibition of tumorigenicity!'42
and survival and metastatic advantages in harsh metabolic conditions!'43!
(Figure 9). Likewise, this controversy is also found in PDAC. In previous reports,
PPAR-8 was found to regulate B-cell lymphoma 6 (BCL-6)-dependent matrix
metalloproteinase 9 (MMP-9) activity, thus inhibiting the ability of PDAC cells to
invadel'#4. Further studies demonstrated that PPAR-8 and BCL-6 counteract the
anfi-inflammatory state characteristic in the transition from pancreatitis to
PDACI“% (Figure 9).
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Figure 9. Controversies described in PPAR-8 implication across tumoral malignancies. Different
studies have reported confradictory effects of PPAR-8 activation or repression, not only among
cancer types, but also within the same tumor entity, most likely due to the different models used.
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However, the role of PPAR-6 in PDAC progression and metastasis has gained
more attention lately. An early study already correlated PPARD expression with
increased in vitro EMT, migration and invasion, as well as in vivo metastasis in
several cancers, including PDACI41, This was not only recently confirmed, but
also a link between PPAR-8 and immunoevasion in PDAC was reported. On the
one hand, PPAR-§ activation with a chemical agonist or with HFD significantly
accelerated PDAC  progression from  PanIiNs via CCL2-mediated
immunosuppressionl'#7l. Additionally, direct FA binding to the mitochondrial
glutamic-oxaloacetic transaminase 2 (GOT2) promoted PPAR-8 activity to inhibit
T cell effector recruitment in the TME, thus promoting an immunoevasive
scenariol’l, Importantly, PPARD is expressed in hepatic resident macrophages
(also known as Kupffer cells). In this situation, PPAR-3 is responsible for
macrophage polarization towards a M2 anti-inflammatory and protumoral

phenotypel'#], thus confirming the role of PPAR-3 in Immunoevasion (Figure 9).

In summary, despite an apparent lack of consensus when attributing the anti-
or pro-tumoral role of PPAR-§, accumulating evidence suggest that, in PDAC, this
franscription factor has an important role in promoting tumor progression,
immune system scape and metastasis. Therefore, PPAR-8 targeting hold promise

to substantially improve PDAC patient’s outcome.

5. RECEPTOR TYROSINE KINASES

The human protfein kinase complement or “kinome” comprises over 500
protein kinases that represents the 1.7% of the total human genome. Protein
kinases modulate other protein activity by fransferring phosphate groups from
ATP to amino acids residuesl’s0.151 Protein kinases are classified into nine major
groups, each of them further divides into different families and, frequently,
subfamilies!’?, One of the most studied groups is the one known as protein
tyrosine kinases (TKs) which, as its own name suggests, phosphorylates tyrosine
aminoacidic residues in the target proteins. A total of 90 TKs has been identified
to date, among which 58 are receptor tyrosine kinases (RTKs) and 32 correspond
to non-receptor tyrosine kinases (NRTKs)!'33l, Both RTKs and nRTKs activation
converges into signal tfransduction pathways inside the cells that control basic

cellular functions such as cell proliferation, differentiation, survival and
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metabolism and are frequently overexpressed and/or hyperactivated in many
cancer typeslts4155] Indeed, the neoplastic progression process comprises a
multistep course of events commonly induced by dysregulated cellular signal
fransduction pathways mediated by protein TKs. Cancer cells interact with
surrounding non-malignant cells and other components of the TME in an intricate
crosstalk involving cell-cell and cell-matrix contacts, as well as paracrine and
endocrine regulations based on ligand-receptor interactions, being the latter
typically orchestrated by RTKs!'56.1571 |n addition to the above-mentioned cellular
processes, RTKs are also involved in the induction of angiogenesis!'>®l and
migratory/invasive capacityl'>?; such processes are especially relevant in tumor
progression by restoring nutrient and oxygen accessibility in the typically scarce
TME and potentiating metastatic dissemination, respectively. Even more
interesting for us is the implication of several TKs in promoting stemness in different
fumor types, such as EGFR in breast cancerl1¢0.1611, FGFR in prostate cancerl'é2,
EphR in brain tumorst'é3.1¢4, melanomal'¢sl and lung cancert'¢él, as well as the nRTK

SRC in pancreatic cancerlié?],

Therefore, one of the most explored avenues to design new targeted
treatment strategies is, precisely, the inhibition of TKs. Notably, several TK inhibitors
(TKi) are currently under evaluation in clinical trials for PDAC, including Erlotinib
(EGFR inhibitor, phase lll) or Masitinib (c-kit/PDGFR inhibitor, phase lIl)l'3. Hence,

RTKs may also be potential candidates for targeting PaCSCs.

5.1. Anaplastic Lymphoma Kinase

Anaplastic lymphoma kinase (ALK) is one of the 58 RTKs described to date
that was first discovered in 1994 in anaplastic large-cell ymphoma (ALCL) as the
fusion protein NPL-ALK following chromosomal rearrangementl'é8l, Subsequently,
ALK was shown to be aberrantly expressed and/or activated in several cancer
typeslé¢?-1721 Some years before its discovery, in 1997, the first ALK wild-type
characterization was reported by two groups simultaneouslyl!731741 The ALK
receptor belongs to a two-member RTK subfamily and shows a high homology
with the other member of the subfamily, the leukocyte tyrosine kinase (LTK). ALK
is predominantly expressed in several regions of both the central and the

peripheral nervous system (CNS and PNS, respectively) with increased levels in
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the neonatal brainl'73l, This indicates that ALK plays an important physiological

role in neural development(162.173],

Human ALK, or CD246 (cluster of differentiation 246), gene is located at region
P23.2-p23.1 of chromosome 274, It contains 26 exons that encode different
protein isoforms. The full-length ALK is formed by 1620 amino acids (aa) and, as
the rest of RTKs, it contains three domains: intracellular tyrosine kinase domain
(ICD). a single transmembrane domain (TMD) and extracellular ligand binding
domain (ECD). However, ALK is an unusual RTK since it has a unique structure in
the ECD which is not present in any of the other RTKs, including LTK: two MAM
(meprin, A-5 protein, receptor protein-tyrosine phosphatase mu) domains, which
are thought to participate in cell adhesion, separated by a low-density

lipoprotein receptor class a (LDLa) domain, whose function remains unknown(1741,

Full-length ALK protein may suffer post-transiational N-glycosylation, a process
by which the molecular weight of ALK increases from 180 to 220 kDa. Besides this,
the 220 kDa glycosylated full-length ALK protein can be cleaved in the ECD to
give a 140 kDa truncated ALK and an 80 kDa free fragment released into the
extracellular compartment (Figure 10). It has been described that both

glycosylation and cleavage take place during normal ALK functionl'711,

60



UNIVERSITY OF ZARAGOIZA | 2023

180 kDa

‘ N-glycosylation

220 kDa

‘ Cleavage

80 kDa (extracellular)
140 kDa (intracellular)

LDLa
LBD

# N-glycans

Figure 10. Schematic representation of the ALK receptor structure and its main post-translational
modifications. ALK receptor consists of an infracellular domain (ICD) which contains the kinase
domain (KD), a tfransmembrane domain (TMD) and an exiracellular domain (ECD). The ECD
contains different subdomains important for ALK activation and function, such as the glycine-rich
domain (GRD), two MAM domains separated by a LDLa domain, a heparin binding domain (HBD)
and the ligand binding domain (LBD). The 180 kDa full length ALK protein may be N-glycosylated,
a fact that increases its molecular weight to 220 kDa. Finally, both 180 and 220 kDa ALK may be
cleaved resulting in an extracellular 80 kDa portion and an infracellular 140 kDa fragment that will
be further internalized.

While ALK remained an orphan receptor for many years, different molecules
have been recently proposed as potential ALK activating ligands. However, this
is still a matter of great controversy. While some studies point to midkine (MDK)
and pleiotrophin (PTN)[70.1751, others suggest the cytokines family with sequence
similarity 150 members A and B (FAM150A and B, also known as ALKALT and 2)117¢]
as main activators of the ALK pathway. MDK and PTN are heparin-binding growth
factors with multiple regulatory functions in biological processes such as
proliferation, differentiation, migration and neural development through binding
to different receptors, including ALKI77:1781 Indeed, the ECD of the full-length ALK
protein contains a heparin binding motif and heparin was reported to physically
bind to the ALK receptor, thus activating itl'”?l (Figure 10). Conversely, FAM150A

and B were first described as LTK ligands!'®l and their activity on ALK was
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demonstrated later on given the reported high homology between both
RTKsl176.181]

ALK receptor physiological activation triggers different intracellular signaling
pathways involved in proliferation, survival and metabolism, including JAK/STAT
and Ras/ERKI7I182183] - However, ALK function is better studied and
acknowledged in disease. As mentioned before, although mammalian ALK
receptorisinvolved in neural development, it also has been linked to oncogenic
signaling caused by three main different mechanisms: translocations, gain-of-
function mutations and amplification. On the one hand, ALK rearrangements
generate a wide range of fusion proteins upon chromosomal tfranslocation of the
ALK gene with other genes. The most common cancer-related malignancies with
ALK franslocations are ALCLI'¢8 and NSCLC (non-small cell lung cancer)l84,
which fusion partners are nucleophosmin (NPM) and echinoderm microtubule-
associated protein-like 4 (EML4), respectively. Despite this, many other
translocations have been described to occur in these and other tumoral
malignancies!'®.1851 On the other hand, ALK activating mutations have been
reported in glioblastomal'®l, among others adult cancer typesl'edl, as well as
pediatric cancers such as neuroblastomal’®! and rhabdomyosarcomal’él,
Finally, amplification has been demonstrated in a wide range of cancers,
including but not limited to NSCLC and melanomal'83l, Therefore, oncogenic ALK
has gained substantial interest due to its raising detection in human
malignancies. However, in PDAC, this receptor has been completely overlooked.
The possible cause points to the lack of mMRNA overexpression in bulk fumor cells
when compared with normal pancreas or the low level of chromosomal

rearrangements of the ALK gene found in PDAC tumors!'8?.190],

Oncogenic ALK signaling has also been described to regulate stemness!'?1-
1941, For instance, in glioblastoma, ALK signaling modulates self-renewal and
tumorigenicity through SOX2-mediated PTN activationl!?ll. A more recent study
on the same malignancy reported that, in turn, the modulation of these CSC
features takes places through SOX9-mediated MDK activationl'?d, thus
highlighting the importance of the ALK pathway in controlling the pluripotent
status in glioblastoma. Another example is the one found in ovarian high-grade
serous carcinoma (HGSC) in which ALK amplification promotes the maintenance

of the aggressive phenotype by enhancing CSC featuresl'?4. Another stemness-
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related feature in which ALK signaling has been found deregulated is the
prometastatic events. In neuroblastoma, both MYCN and c-MYC regulate ALK

expression to enhance invasivenessl175.19¢1,

Several small molecules have been used in the clinics to block ALK activity for
years. Currently, six ALK inhibitors classified into three generations are approved
for their use in NSCLC patients. Crizotinib was the first-in-class first-generation ALK
inhibitor authorized by the FDA in 2011 as second line therapeutic strategy for this
disease. It was approved later on by the European Medicines Agency (EMA) in
2012 and the Chinese National Medical Products Administration (NMPA) in 2013.
In 2015, Crizotinib was approved by the EMA as first line freatment for NSCLCU971,
Crizotinib completely transformed ALK* NSCLC management as a trivalent TKi
against ALK, c-MET and ROS1[178-2001, However, Crizotinib presented poor blood-
brain barrier penetration, thereby favoring metastatic dissemination to the brain
as the main organ of NSCLC progression sitel?l, In addition to this, NSCLC
patients rapidly showed resistance to Crizotinib due to mutations in the ALK
receptor that led to inefficient Crizotinib-ALK binding!?%2. As a consequence,
second-generation ALK inhibitors were developed, such as Ensartinib, which
exhibited a potent response in Crizotinib-resistant ALK* NSCLC patientsi203], This
led to its approval by the Chinese NMPA in 2020 as second-line freatment7],
Unfortunately, second-generation ALK inhibitors induced further resistance due
to other mutations in the ALK receptor. In 2021, Lorlatinib, was approved as a
third-generation ALK inhibitor by the American FDA and, in 2022 by the EMA, as
first-line therapy in NSCLC. Importantly, diverse studies in NSCLC have linked
resistance to ALK inhibitors with EMT. On the one hand, resistance to ALK inhibitors
conferred by mutations in the receptor promotes the acquisition of the EMT
phenotype, thereby enhancing migration and invasion abilities204205, On the
other hand, a very recent study showed that, indeed, the EMT process promotes
cross-resistance to new-generation ALK inhibitors through TGFB, and that this
phenomenon is less pronounced in cancer cells with partial/hybrid E-M transition
state. The authors of this study demonstrated that inhibition of TGF-mediated
EMT with silibinin overcomes resistance to new-generation ALK inhibitors in NSCLC
cells with stronger mesenchymal phenotypel24, Currently, fourth-generation ALK
inhibitors are being investigated to reduce ALK TKi-resistant mutations

suscepftibility'971,
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PDAC aggressiveness is, to a large extent, the consequence of the presence
of a small portion of cells with stem-like properties known as pancreatic cancer
stem cells (PaCSCs). Thanks to their inherent self-renewal capacity, tumor-
initiating properties and chemoresistance, these cells are the sole cell entity
responsible for tumor formation, metastatic dissemination and disease relapse.
Notably, PaCSCs harbor wunique characteristics, such as enhanced
mitochondrial metabolism or hyperactivation of specific signaling pathways.
Bearing this in mind, the general hypothesis on which the present doctoral thesis

has been developed is the following:

The identification of distinct metabolic routes and signaling pathways used
by pancreatic cancer (stem) cells may serve to pinpoint new targets amenable

for therapeutic intervention.

Based on this hypothesis, the main aim of this doctoral thesis was to
interrogate the role of the nuclear hormone receptor PPAR-6 and the surface
receptor tyrosine kinase ALK in orchestrating PaCSCs-specific functions. In order

to accomplish this general aim, the following specific objectives were proposed:

1. To assess PPAR-6/ALK status in PDAC patients and patient-derived xenograft
(PDX) models.

2. To evaluate the functional effects of PPAR-8/ALK activation upon specific
experimental conditions.

3. To appraise, in vitro and in vivo, the consequences of PPAR-8/ALK inhibition

on PaCSCs features.
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1. Cell culture
1.1. Patient-Derived Xenografts (PDXs) and Circulating Tumor Cells (CTCs)

PDX185, PDX215, PDX253, PDX265, PDX354 and PDXA6L were obtained
through the Biobank of the Spanish National Cancer Research Center (CNIO,
Madrid, Spain; CNIO20-027). Tumor pieces underwent several amplification
passages in mice prior to establishing primary cultures. Tumor dissociation and
establishment of in vitro primary cultures was performed as previously
described?7], The metastatic model CTCA was established from circulating
tumor cells and obtained through the Barts Pancreas Tissue Bank of the Barts
Cancer Institute (https://www.bartspancreastissuebank.org.uk/; BCI, London,
United Kingdom; 2019/02/IISA/PS/E/Cell-cultures). Cells were submitted to a
maximum of 15 passages in complete RPMI 1640 GlutaMAX™ medium
supplemented with  10% fetal bovine serum (FBS) and 50 U/mL
penicillin/streptomycin (all from Gibco, Life Technologies, Carlsbad, CA, USA). For
experiments, the medium was changed to DMEM/F-12 GlutaMAX™ medium
supplemented with 2% B27 (Gibco), 50 U/mL penicillin/streptomycin, and 20
ng/mL fibroblast growth factor (FGF)-basic (Pan-Biotech, Aidenbach, Germany).
All PDXs were grown in a humidified incubator at 37°C with 5% CO2 and regularly
tested for mycoplasma at the Technical and Scientific Services Unit from the

Health Sciences Institute of Aragon (IACS).
1.2. Celllines

AsPC1, BxPC3, MiaPaCa2, Pancl and Su8686 were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were
submitted to a maximum of 30 passages in the same conditions as the primary
cultures described above (section 1.1). HEK 293T were purchased from ATCC and
submitted to a maximum of 30 passages in DMEM medium supplemented with
10% FBS, 50 U/mL penicillin/streptomycin, 6 mM glutamine, 1X pyruvate and 1X

non-essential amino acids (all from Gibco).
1.3. Adherent versus spheroids

PDAC PDXs cells were cultured in adherence as per 1.1. or anchorage-
independent conditions at 10° cells/mL with DMEM/F-12 GlutaMAX™ medium
supplemented as described above (section 1.1.). First generation spheroids were

grown up to seven days, dissociated with frypsin (Corning, Oneonta, NY, USA)
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and regrown at 10° cells/mL for five more days. Flasks were coated with 10%
poly(2-hydroxyethyl methacrylate) (Sigma-Aldrich, Saint Louis, MO, USA) in 96%
ethanol and left at 37°C until all the liquid was evaporated. Flasks were rinsed
once with 1X PBS prior to their utilization. When adherent cells reached around
70% of confluence, medium was changed to complete DMEM/F-12 GlutaMAX™
for 72 hours. After the indicated times, supernatants from both adherent and
spheroid cells were collected and cells or spheroids were harvested for further

analyses.
1.4. Primary human macrophages and conditioned medium

Leucocyte cones from anonymous healthy donors were obtained from the
National Blood Transfusion Service (UK) according to City and East London
Research Ethics Committee (17/EE/0182). Cones were stored at 4°C and used
within 24 hours of delivery to maintain cell viability. Monocyte-derived human
macrophage culture, polarization into M2-like macrophages and generation of
conditioned medium were performed as previously described??l. Monocyte-
derived human macrophage cultures were maintained in IMDM (Gibco)
supplemented with 10% human AB serum (Corning) and polarized to M2-like
phenotype by incubation with 0.5 ng/mL of macrophage colony-stimulating
factor for 48 hours (MCSF; PeproTech). To generate conditioned medium (MCM),
macrophages were then washed with 1X PBS and cultured for additional 48 hours
in complete DMEM/F12 GlutaMAX™ medium. Medium was then collected,

centrifuged and supernatant stored at -80°C.

2. In vitro treatments
2.1. EMT induction with Etomoxir and MCM

Etomoxir was purchased from Sigma-Aldrich and dissolved in ultrapure RNase
and DNase free water (Gibco) following the manufacturer’s instructions. Cells

were treated for 48 hours at low-dose Efomoxir (20-40 uM) to avoid toxicity.

MCM was obtained as described above (section 1.4) and PDAC cells were

then incubated for 48 hours.

2.2. PPAR-3 agonists, antagonists and inverse agonists

72



UNIVERSITY OF ZARAGOZA | 2023

GWO0742 (agonist), GSK3787 (antagonist) and L165 (agonist) were purchased
from Cayman Chemical (Ann Arbor, Ml, USA). GSK0660 was purchased from
Sigma-Aldrich. DG172 (inverse agonist) was purchased from Tocris Bioscience
(Bristol, UK). All compounds were dissolved in DMSO (Sigma-Aldrich) following the
manufacturer’s instructions. Cells were treated for 48 hours with GW0742 or L165
at 5 uM, GSK3787 or GSK0660 at 10 uM or DG172 at 2.5 uM.

2.3. MYC inhibitors

Mycro3 was purchased from Aobious INC (Gloucester, MA, USA) and
dissolved in DMSO following the manufacturer’s instructions. Cells were treated

for 48 hours with Mycro3 at 25 uM, with DMSO compensation when needed.
2.4. ALK ligands and inhibitors

Midkine and pleiotrophin were purchased from PeproTech (London, UK) and
dissolved following the manufacturer’s instructions. Cells were treated at 1, 10 or
100 ng/mL for the indicated time points in each individual experiment. Crizotinib
and Ensartinib were purchased from Selleckchem (Munich, Germany) and
dissolved in DMSO following the manufacturer’s instructions. Cells were freated
at concentrations ranging 0.5 to 10 uM for the indicated time points in each

individual experiment, with DMSO compensation when needed.
2.5. Chemotherapy

Gemcitabine 0.9% sodium chloride (Eli Lilly and Company, IN, USA) was used

at concentrations ranging from 1 to 750 nM for 24 to 72 hours.

3. Cell viability, toxicity and proliferation

3.1. Resazurin (viability assay)

Cells were seeded in friplicate in 26-well plates 24 hours before treatment. At
zero and 72 hours, medium was discarded and Resazurin (Alfa Aesar) was added
to the cells at 10 uM in 1X PBS and incubated for one hour in a humidified
incubator at 37°C with 5% COa. Fluorescence was then read according to
manufacturer’s instructions by using a Synergy HT (BioTek Instruments, Santa

Clara, CA, USA) plate reader. The ICso was calculated using GraphPad Prism 8.
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3.2. MultiTox-Fluor Multiplex Cytotoxicity Assay (toxicity assay)

Cells were seeded in friplicate in 96-well plates 24 hours before treatment. At
zero and 72 hours, assay was performed by incubating with MultiTox reagents
(Promega, Madison, WI, USA) and fluorescence was then read according to

manufacturer’s instructions by using a Synergy HT plate reader.
3.3. Crystal violet (proliferation assay)

After Resazurin or MultiTox technique, the cells were rinsed once with 1X PBS
and incubated for 30 minutes with crystal violet. The plates were rinsed carefully
with tap water and dried for at least 24 hours. After dissolution in 1% SDS, the
absorbance at 590 nm was read using a Synergy HT plate reader. The ICso was

calculated using GraphPad Prism 8.

4. RNA analyses
4.1. RNA exiraction

Cell pellets were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and RNA was extracted according to manufacturer’s instructions and

quantified using Nanodrop™ 2000 (ThermoFisher Scientific).
4.2. cDNA synthesis

1 ug of RNA was retrotranscribed into cDNA using Maxima H minus cDNA
synthesis Master Mix with dsDNase kit for regular RTQPCR analysis (ThermoFisher

Scientific) following manufacturer’s instructions.
4.3. Real Time quantitative Polymerase Chain Reaction (RTqPCR)

RTgPCR was performed using PowerUp™ SYBR Green Master Mix (Applied
Biosystems, ThermoFisher Scientific) according to manufacturer’s instructions. The
human primers used are listed below (Table 1). Human HPRT was used as

endogenous housekeeping gene.
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GENE FORWARD PRIMER REVERSE PRIMER
HPRT TGACCITGATITATITTGCATACC CGAGCAAGACGITCAGTCCT
PPARD CTCTATCGTCAACAAGGACG GTCTICTTGATCCGCTGCAT
VIM GACAATGCGTICTCTGGCACGICTT TCCTCCGCCTCCTIGCAGGTTCTT
ZEBI GATGATGAATGCGAGTCAGATGC CTGGICCICTTCAGGTGCC
SLUG GIGTTTGCAAGATCTGCGGC TICTCCCCCGIGTGAGTICT
LOXL2 GGCACCGIGTTGCGATGACGA GCTGCAAGGGTICGCCTCGTT
SNAIL GCTCCITTCGTICCITCTCCTC TGACATCTGAGIGGGTCIGG
GAPDH TCCTGITCGACAGTCAGCCGC ACGACCAAATCCGITGACTCCG
ALK CGAGCIGITCAGTTIGGTIGGA AGGAGCTATGACCAGICCCG
MDK GGICCCGCGGGTTATACAG CCGCCCTTCTTCACCTTATCTIT
PTN CAGTCCAAAAATCCCGCCAA AGCCTGCATITITGAGTTGGAA
KLF4 ACCCACACAGGTGAGAAACC ATGTGTAAGGCGAGGTIGGIC
OCT3/4 CTTGCTGCAGAAGTIGGGTIGGAGGAA CTIGCAGTIGIGGGTITCGGGCA
NANOG AGAACTCTCCAACATCCTGAACCT TGCCACCTCTTAGATITCATICTCT
SOX2 AGAACCCCAAGATGCACAAC CCGGGGCCGGTATITATAATC
PD-L1 TGCAGGGCATICCAGAAAGA ACCGTIGACAGTAAATGCGITC

Table 1. List of primers used for the RTGQPCR assays.
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4.4. MYC and PGCI1A reporter assay

293T cells were transfected with either an empty promoter, c-MYC promoter
(HBM-luc, plasmid #16604; Addgene, Watertown, MA, USA) or PGC1A promoter,
all coupled to luciferase expression, using Lipofectamine™ 2000 (Invitrogen) and
Opti-MEM™ medium (Gibco). In parallel, two experimental conditions were set:
PPARD OE and PPAR-8 activation. To do so, 293T cells were either transfected
with the empty vector TRIPZ or TRIPZ-PPARD OE vector, or treated with 5 uM
GWO0742. After 12 hours, medium was changed and treatment with GW0742 was
maintained. Likewise, doxycycline treatment was started at 2 ug/mL. Cells were
harvested at different time points and lysed with RIPA buffer as per 5.1.
subsection. MYC and PGCI1A promoters’ activity was then analyzed by using the
Pierce™ Firefly Luciferase Glow Assay Kit (ThermoFisher Scientific) following the
manufacturer’s instructions. Luminescence was detected using the Synergy HT

plate reader. Samples were normalized for total protein amount as per 5.2.

5. Protein analyses

5.1. Protein exiraction

Cell pellets were lysed in RIPA buffer (Sigma-Aldrich) supplemented with
protease and phosphatase inhibitors (both from Alfa Aesar, ThermoFisher
Scientific) for 30 minutes ice-rocking. Cell lysates were then centrifuged at 12000

x g for 30 minutes and protein-containing supernatants were kept at -80°C.
5.2. Protein quantification

After extraction, proteins were quantified using the Pierce™ BCA Protein
Assay Kit (ThermoFisher Scientific) by reading the absorbance with the Synergy

HT plate reader.
5.3. Protein separation and detection by Western Blot

Proteins were separated in Novex™ WedgeWell™ 10% Tris-Glycine precast
gels using BenchMark™ pre-stained protein ladder (both from Invitrogen) and
transferred into PVDF membranes (ThermoFisher Scientific). Membranes were
blocked in 5% BSA-1X PBS-0.1% Tween 20 (ThermoFisher Scientific) for 1 hour at
room temperature and incubated overnight at 4°C with the following primary
antibodies: PPAR-8 (1:1000), PGCla (1:1000) (both from Santa Cruz), ALK (1:1000),
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PALK (Tyr1604, 1:1000), ERK 1/2 (1:3000) (all from Cell Signaling Technology,
Danvers, MA, USA), pERK 1/2 (T202-Y204, 1:3000, Abgent, San Diego, CA, USA),
and vinculin (1:10000) or B-actin (clone AC-74, 1:10000) (both from Sigma-
Aldrich) as loading controls. After several washes with 1X PBS-0.5% Tween 20,
membranes were incubated with peroxidase-conjugated goat anti-rabbit
(1:5000) or goat anti-mouse (1:50000) (both from Invitrogen). Pierce™ ECL
Western Blotting Substrate was used to detect protein-antibody complexes prior
to visualization on CL-X Posure™ fiims. Band intensities were analyzed using

ImageJ software (https://imagej.nih.gov/ij/). Likewise, protein from sorted CD133

and autofluorescence cells extracted for the RTK array were separated,

tfransferred and visualized as described for normal Western Blot.
5.4. PPAR-5 Transcription Factor Assay Kit

The specific binding of PPAR-8 to the PPAR response element was quantified
following manufacturer’'s instructions. Briefly, nuclear extracts from different
experimental conditions (MCM, Etomoxir, GWO0742) were obtained and
incubated on top of PPAR response element-coated in the assay 96-well plate
overnight. After several washes, anti-PPAR-3 primary antibody was added
following HRP-conjugated secondary antibody incubation. Afterwards,

absorbance was detected using the Synergy HT plate reader.
5.5. Proteome Profiler™ Array

Cells were sorted by autofluorescence and CDI133 expression using the
SH800S Cell Sorter as described below (section 6.2.) and pellets were lysed
according to manufacturer’s instructions. The samples were further processed
following the Human Phospho-Receptor Tyrosine Kinase Kit (R&D Systems Europe,
Ltd., Abingdon OX14 3NB, UK) manufacturer’s instructions. Pierce™ ECL Western
Blotting Substrate was used to detect protein-antibody complexes prior to
visualization on CL-X Posure™ films (both from ThermoFisher Scientific, Waltham,
MA, USA). The resulting dots were analyzed using ImagelJ software (National
Institutes of Health, Bethesda, MD, USA).

5.6. Enzyme-Linked Immunosorbent Assay (ELISA)

MDK levels in supernatants from cell cultures and fresh fumor pieces, as well
as plasma from mice bearing orthotopic tumors were determined using the MDK

DuoSet ELISA kit (R&D systems, Minneapolis, MN, USA) as per manufacturer’s
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instructions. For MDK determination in tumor pieces, freshly exiracted
subcutaneous or orthotopic tumors were minced, and pieces of around 1T mm3
were incubated for 24 hours in 1 mL of complete DMEM/F-12 GlutaMAX™

medium.

6. Flow Cytometry
6.1. Apoptosis

Cell pellets were rinsed once with 1X PBS and incubated onice for 15 minutes
in 2% FBS-0.5% BSA-1X PBS blocking solution. PE-conjugated CD133 antibody or
the corresponding control immunoglobulin G1 were added at 1:400 in blocking
solution. Cells were stained on ice for 30 minutes and protected from light. Then,
the antibody or IgG1 excess was rinsed and pellets were resuspended in APC-
conjugated Annexin V at 1:20 in Annexin V buffer solution plus Zombie Violet dye
at 1:400 (all antibodies and probes are from Biolegend, San Diego, CA, USA).
Samples were transferred into FACS tubes and incubated for 20 minutes at room
temperature protected from light prior to their analysis by FACS Canto Il (BD,
Franklin Lakes, NJ, USA). Flowing 2 software (Turku Bioscience Centre, Turku,

Finland) was used for data analysis.
6.2. Fluorescence Activated Cell Sorting (FACS)

Cells were blocked and stained for CD133 as described above (section 6.1.).
For autofluorescence sorting, a previously described protocol was followed!®¢l,
After staining, pellets were resuspended in Zombie Violet dye at 1:400 in 1X PBS
and incubated for 20 minutes at room temperature protected from light. Viable
cells corresponding to CDI133 or autofluorescence negative and positive
populations were sorted using the SH800S Cell Sorter (Sony Biotechnology, San
José, CA, USA) and collected info 5 mL tubes containing complete RPMI

medium. Pellets were stored at -80°C for further processing.

7. In vitro functional assays for CSCs

7.1. Invasion assay

After 48 hours of tfreatment with PPAR-§ activators/inhibitors or ALK inhibitors,

105 cells were seeded in DMEM/F-12 GlutaMAX™ medium without supplements
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on top of Matrigel-coated 24-well 0.8 um PET membrane invasion chambers
(Corning). After 12-24 hours, invasion fowards a 20% FBS gradient was tested by
staining invading cells with Diff Quick staining (PanReac AppliChem, Barcelona,
Spain) following manufacturer’s instructions and counting using an inverted

microscopy (Nikon Eclipse TS100).
7.2. Sphere Formation Assay (SFA)

104 cells were seeded in ftriplicate in complete DMEM/F-12 GlutaMAX™
medium using polyhema-coated 24-well plates in the presence of different
tfreatments. When indicated, cells were pre-treated in adherence for 48 hours in
complete DMEM/F-12 GlutaMAX™ medium prior to being seeded without
tfreatments in anchorage-independent conditions as described above (section
1.3.). In both cases, the spheroids were counted after seven days using an

inverted microscope at 20X magnification.

7.3. Colony Formation Assay (CFA)

Cells were seeded in complete RPMI medium in é6-well plates at a density of
500 or 1000 cells/well. After 24 hours, treatments were added in complete
DMEM/F-12 GlutaMAX™ medium. Medium and tfreatments were changed every
seven days. After 21 days, colonies were stained with crystal violet dye (Acros
Organics, ThermoFisher Scientific). Colonies were then counted manually,
dissolved in 1% sodium dodecyl sulfate (SDS, ThermoFisher Scientific) and the

absorbance at 590 nm was read using the plate reader Synergy HT.
7.4. Exireme Limiting Dilution Assay (in vitro ELDA)

103 cells per condition were mixed with DMEM/F-12 GlutaMAX™ medium plus
freatments and serial dilutions were then seeded in sextuplicate in polyhema-
coated 96-well plates. After seven days, the presence or absence of, at least,
one spheroid was assessed using an inverted microscope. Further analysis was
done by the WaltertEliza Hall Bioinformatics online tool for ELDA analysis

(http://bioinf.wehi.edu.au/software/elda/)208],
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7.5. Wound Healing Assay (WHA)

Cells were seeded in 6-well plates and cultured until obtaining a confluent
monolayer when a mechanical cell-free gap was made by scratching the
monolayer with a 200 uL pipette tip. Cells were then washed twice with 1X PBS to
remove detached cells. Cells were treated with Crizotinib or Ensartinib in
DMEM/F-12 GlutaMAX™ medium for up to 48 hours and pictures were taken

every 12 hours using an inverted microscope at 10X magnification.

8. In vivo experiments

8.1. Experimental metastasis assay

PDX354 cells stably expressing either a doxycycline-inducible non-targeting
ShRNA (NT) or a shRNA against PPARD (sh#1 PAPRD) coupled to the expression
of the green fluorescence protein (GFP) were pre-treated in vitro with 2 ug/mL
doxycycline and/or 40 uM Etomoxir for 48 hours. Afterwards, GFP expression was
checked by flow cytometry prior injection of 10° of these cells into the spleen of
immunodeficient NOD SCID gamma (NSG) mice under isofluorane-induced
anesthesia. Mice were then provided with doxycycline in the drinking water and
treated intraperitoneally with 15 mg/kg of Efomoxir or vehicle for seven days.
Next, splenectomies were performed and tumor growth was followed up by
palpation. After nine weeks post intrasplenic surgeries, all mice were

euthanatized and livers were processed to check GFP expression by RTgPCR.
8.2. Spontaneous metastasis assay

CTCA-GFP-luc or PDX265 were pre-treated in vitro with the PPAR-8 inducer
GWO0742 at 5 yM or antagonists GSK3787 or GSK0660 at 10 uM for 48 hours. Cells
were then orthotopically injected in the pancreas of NSG mice under isofluorane-
induced anesthesia. One week post-surgeries, intraperitoneal treatment with the
drugs was started at 3 mg/kg/day and continued for up to nine weeks. Tumor
growth was followed up by IVIS® or palpation twice a week. Then, mice were

euthanized and both pancreas and livers were processed for RNA or histology.
8.3. Tumorigenicity assay (in vivo ELDA)

Cells were pre-treated in vitro for 48 hours. Two cell densities (104 and 109)
diluted in 50:50 complete DMEM/F-12 GlutaMAX™ medium:Matrigel™ (Corning)
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were subcutaneously injected into both the top and bottom flanks of six weeks-
old Foxnlnu nude mice of both sexes (n=4 mice per group, n=8 injections per
group) under isofluorane-induced anesthesia. Tumor size was monitored once a
week using a caliper and volumes were calculated using the formula
(length*width?)/2. After six weeks, when control mice had reached humane
endpoint criteria, mice were euthanized, tumors were collected and pictures
were taken. The number of tumors at end point was analyzed using the
Walter+Eliza Hall Bioinformatics online tool, considering fumors >50 mm?3 that were
growing for 3 weeks in a row, the rest were excluded from the analysis. Tumors
corresponding to the injections with 104 cells from PDX354 were dissociated and
stained with EDCAM-FITC, CD133-PE and CD44-APC antibodies for FACS analysis

as described above (section 6.2.).
8.4. In vivo treatment assay

Tumor pieces of about 15 mm3 were soaked in Matrigel™ prior subcutaneous
implantation in both flanks of six weeks-old Foxn1nu nude female mice (n=4 mice
per group, N=8 implants per group) under isofluorane-induced anesthesia. When
tumor size was about 300 mm3, mice were freated with one cycle of
chemotherapy as follows: 30 mg/kg Abraxane (i.v.) twice a week plus 70 mg/kg
Gemcitabine (i.p.) once a week during three weeks and one week of rest. After
the chemotherapy cycle, mice were randomized and treated with 25 mg/kg
Crizotinib or the corresponding dose of vehicle (hydroxypropyl methyl cellulose,
Sigma Aldrich) (oral gavage) twice a day until endpoint. Tumor size was
monitored twice a week using a caliper and volumes were calculated using the
formula (length*width?)/2. After 10.5 weeks, when control fumors had reached
humane endpoint criteria, mice were euthanized, tumors were collected and
weighted and pictures were taken. A small piece of the tumors was processed
for RNA to assess pluripotency gene expression by RTQPCR as described above
(section 4). The rest of the tumors was dissociated as previously reported(207l and
stained with EDCAM-FITC, CD133-PE and CD44-APC antibodies for FACS analysis

as described above (section 6.2.).
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9. Bioinformatic analyses
9.1. GEPIA2 webserver

Expression data fromm human PDAC tissue and normal pancreatic tissue were
analyzed using the webserver GEPIA2 (TCGA and the GTEx project databases;
http://gepia2.cancer-pku.cn/)271, The Pearson correlation coefficient was
calculated to study the association of the individual genes corresponding to ALK
or ALK ligands with 1) a stemness signature defined by the combined expression
of the pluripotency-related genes KLF4, OCT3/4, NANOG and SOX2; or 2) a EMT
signature defined by the combined expression of the EMT-related genes ZEBIT,
SLUG, SNAIL and LOXL2. Likewise, ALK overexpression (OE) signature previously
described in Mazzeschi et al.l2'0 was used to analyzed its association with ALK
ligands expression. The correlation between PD-L1 and a TAMs infiltration
signature previously described in PDAC by Xia et al.2l with ALK, ALK OE

signature, MDK and PTN was also analyzed.
9.2. cBioPortal Webserver

ALK mutational status was assessed using the webserver cBioPortal (Pancreas
UTSW, Pancreas TCGA PanCan 2018, Pancreas TCGA, Pancreas ICGC and
Pancreas QCMG 2016 project datasets; https://www.cbioportal.org) 212,

9.3. Gene Set Enrichment Analysis (GSEA)

PDX354 cells untreated or treated with Etomoxir were compared in GSEA for
the Hallmark glycolysis. PDAC samples of the TCGA dataset classified into high
and low ALK expression were compared in GSEA for a stemness signature
previously described in Ai et al.l2i3, The GSEA module of the GenePattern suite
from the Broad Institute was used with 1000 permutations and FDR <25% was

considered statistically significant.

10. Statistical Analyses

Data are represented as mean + SEM of, at least, three independent
experiments unless otherwise specified. Data were analyzed using GraphPad
Prism 8. Student’s t-test or Mann-Whitney test were performed for two-group

comparisons, while one-way ANalysis Of VAriance (ANOVA) or Kruskal-Wallis tests
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were performed for multiple group comparisons, depending on the results of the
Shapiro-Wilk normality test, with post hoc Bonferroni’'s or Dunn's fests,

respectively. Differences were considered significant when p < 0.05.

11.Other experimental procedures

The bellow-listed experimental procedures were externally performed in

collaboration with other facilities or laboratories according to their own

protocols.
PROCEDURE FIGURE FACILITY OR LABORATORY
Christopher Heeschen's lab
Bulk RNAseq Figure 1.7
Shanghai Jiao Tong University School of Medicine, China
CIBA (Center of Biomedical Research from Aragon), fechnical
scientific services
IHC Figure 1.8C and D
CNIO (Spanish National Cancer Research Center), technical
scientific services
Alvaro Curiel (Kenneth P. Olive's lab)
scRNAseq Figure II.11
Columbia University Irving Medical Center, New York, USA
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PPAR-delta Acts as a Metabolic Master Checkpoint for Metastasis in Pancreatic Cancer

1. Background: a common transcriptional program linked to PPARD
controls EMT induced by metabolic stress and microenvironmental
cues in PDAC

The previously described PaCSCs dependency on mitochondrial oxygen
phosphorylation (OXPHOS) concomitant to reduced metabolic plasticity render
this highly tumorigenic subpopulation very sensitive to mitochondrial inhibition.
This scenario opened a new therapeutic window against the subpopulations
responsible for chemotherapy failure and tumor relapse. For instance, the
antidiabetic drug Metformin, which inhibits the mitochondrial electron transport
chain (ETC) complex | (NADH dehydrogenase), has been reported to have
antitumoral effects by preferentially targeting PaCSCsléll. However, further data
from our group described certain metabolic plasticity featured by a small portion
of PaCSCs with reduced mitochondrial content and increased levels of
MYC/PGCla balance. In consequence, this intermediate PaCSCs population
displayed resistance to Metforminlé2, This scenario led the group to interrogate
whether this metabolic heterogeneity could be translated into functional
heterogeneity. Therefore, the Metformin-resistant cells were characterized by
means of morphology and gene expression patterns. Surprisingly, metformin-
resistant clones acquired an elongated, mesenchymal-like morphology (Figure
.L1A) and showed increased expression of the epithelial-to-mesenchymal
transition (EMT) genes ZEB1 and VIM (Figure 1.1B).
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Figure I.1. A) Representative images of parental (fop) PDX215 and its Metformin-resistant
counterpart (bottom). B) RTgPCR for the EMT genes ZEBT and VIM mRNA levels in different
Metformin-resistant PDXs compared fo their parental counterparts. M: Metformin-resistant. Data
are shown as the fold change to parental cells, depicted as mean + SEM and analyzed using
Mann-Whitney test. * p<0.05, ** p<0.01.

Metformin causes an energy drop in the cells by inhibiting the ETC complex |,
thereby inducing energy crisisl2'4. Considering this, in order to discard Metformin
off-target effects and confirm that, indeed, EMT-like morphological and gene
expression changes are a consequence of metabolic stress, different
approaches were pursued. On the one hand, the cells were treated with a panel
of partial mitochondrial inhibitors, such as Etomoxir (CPT1a inhibitor), Malonate
(complex Il inhibitor) and UK5099 (pyruvate carrier inhibitor). On the other hand,
the cells were exposed to tumor-like conditions (hypoxia, low pH and low
glucose) mimicking the scarcity of the tumor microenvironment (TME). Finally, the
cells were incubated with macrophage conditioned medium (MCM) that has
been previously described to boost CSC-related properties??l. These distinct
scenarios uncovered the same phenotypic modifications: an elongated
morphology (Figure I.2A) and enhanced expression of several EMT-related genes
(Figure 1.2B).
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Figure 1.2. A) Representative images illustrating morphological changes in PDX354 after 72 hours of
freatment with different mitochondrial inhibitors (3 mM Metformin, 5 mM Malonate, 20 uM Etomoxir,
100 M UK5099), tumor-like conditions (hypoxia (3% O2), low pH (50 uM HCI) and low glucose (1
mM])) or macrophage-conditioned medium (MCM). B) RTQPCR for the EMT genes ZEBI, SLUG,
SNAIL, LOXL2 and VIM mRNA levels after freatment as in A (pooled data from PDX185, 215, 253, 354
and AéL). TL: tumor-like conditions. The dashed line represents the value of the control cells. Data
are shown as the fold change to control condition, which is represented as the dashed line,
depicted as mean + SEM and analyzed using Mann-Whitney fest. * p<0.05, ** p<0.01, *** p<0.005.

These results suggested that the metabolic stress suffered by partial
mitochondrial blockade or a starvation situation, as well as microenvironmental
cues derived from tumor-associated macrophages (TAMs) are able to exhibit
features reminiscent to the EMT program, thereby favoring the acquisition of a
more aggressive phenotype. Therefore, in order to find a common metabolic
program controlling invasiveness in PDAC, we selected the long chain fatty acid

transporter (CPT1a) inhibitor Efomoxir and MCM for further experiments.
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A carbohydrate-based PCR array performed on PDX354 revealed common
differential expression of several metabolic genes, including the glycolysis-
related MYC213l (upregulated) and the OXPHOS-related peroxisome proliferator-
activated receptor gamma coactivator 1-alpha®l (PPARGCIA or PGCIA,
downregulated), in both Efomoxir and MCM conditions (Figure 1.3). Another
gene consistently upregulated in Efomoxir and MCM samples was the

peroxisome proliferator-activated receptor delta (PPARD, Figure 1.3).
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Figure 1.3. Carbohydrate PCR array after 48 hours of freatment with 20 uM Efomoxir or MCM in
PDX354 (n=3 for each condition).

These results were further validated in collaboration with Christopher
Heeschen's lab (Center for single-cell omics and key laboratory of oncogenes
and related genes (Shanghai Jia Tong University School of Medicine, China)) by
single cell franscriptomic analyses (sScCRNAseq, Figure 1.4A) performed on different
PDAC circulating tumor cells (CTCs) isolated from patients’ blood, which
account for a more aggressive phenotype. Both Etomoxir and MCM conditions
clustered separately from control condition. Further re-clusterization grouped
basically the same way for both treatment approaches, which, in turn, resulted
significantly enriched in the Hallmark EMT when compared to control clusters.
These results resulted especially relevant since PPARD increased expression was
mostly confined to cells displaying the highest expression of the Hallmark EMT.
(Figure 1.4B).

90



PPAR-delta Acts as a Metabolic Master Checkpoint for Metastasis in Pancreatic Cancer

PDAC-003
Treatments Clusterization Hallmark EMT
030~ -
3 . Cont
JLE L I 1 . Eto,
g
]
é 0.20-
2
c L]
Yois- .
L}
.
0.10- I
T T T T T T 3 6 é ; 4'
-4 0 4 —4 0 4 Clusters
UMAP_1 UMAP_1
0.30- i - . Cont
Ed MCM
o~ '§ 025- o |
P i
g g 0.20-
w
015~ . . H
0.10- L] | 1
-4 o 4 -4 0 4 ’ ‘ élusiefs ' ’
UMAP_1 UMAP_1
Treatments Hallmark EMT PPARD
5 5
EMT_Score
§ o 00 o 20
7 < 0 g0 15
O i ozs  E i
L4 0.20 % 0s
E 5 0.15 5 . 3 00
E 010 . .
ke

EMT_Score 4
0.30

™

8 o~ ~ C 10
1! B 0.25 a! 0 e

2 % - g 05

[a] 0.15 o

o -4 0.10 -

-5 o] 5

Figure 1.4. Single cell franscriptomic analyses of PDAC002, 003 and 021 treated with 20 yM Efomoxir
or MCM for 48 hours. Data are represented as UMAP (uniform manifold approximation and
projection) plots and showing the different clusters by a color code for Etomoxir (Eto) and MCM
conditions and analyzed using Mann-Whitney test (p-value < 2.2e-16). A) Expression of the signature
Hallmark EMT in the different clusters from PDAC-003 incubated with 20 uM Etomoxir or MCM for 48
hours. B) Simultaneous expression of the signature Hallmark EMT and PPARD in MCM-incubated
PDAC-002 and 021 cells.
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PPAR-8 is a member of the PPAR nuclear hormone receptors that modulates
energy homeostasis by controlling the expression of numerous genes implicated
in lipid and glucose metabolism!'241271 Importantly, PPARD expression resulted
significantly upregulated in human PDAC samples when compared to normal
pancreatic tissue from The Cancer Genome Atlas (TCGA, normal and tumoral)
and Genotype-Tissue Expression (GTEx, tumoral) datasets (Figure 1.5A) and

predicted disease-free survival (Figure 1.5B).
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Figure 1.5. A) Transcriptomic bioinformatic analyses of PPARD comparing normal (N) and PDAC (T)
human fissues from TCGA and GTEx datasetfs. B) Kaplan Meier survival curves of disease-free
survival form PPARDHIGH and PPARDLOW PDAC patients.

Further bioinformatic analyses revealed that PPARD expression correlated
with the expression of an EMT gene signature comprised of ZEBT, SNAIL and SLUG
(Figure LL6A). Additionally, gene set enrichment analyses (GSEA) in PPARDHIGH
versus PPARDOY patients revealed a significant enrichment of the Hallmark gene
set collection EMT (Figure 1.6B, left panel), whereas OXPHOS pathway resulted
significantly downregulated (Figure 1.6B, right panel), as we could suspect from
the reduced PGCIA expression from the carbohydrate PCR array previously

performed (Figure 1.3).
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Figure 1.6. A) Correlation expression of PPARD with an EMT signature composed by ZEBI1, SNAIL and
SLUG in human tissues from TCGA and GTEx datasets. TPM: franscripts per million. B) Gene set
enrichment analysis comparing the top 50% PPARD expression group (PPARDHIGH) with the bottom
50% PPARD expression group (PPARDLOW) in the TCGA data series. NES (normalized enrichment
score) values of the Hallmark gene set EMT (left panel) and OXPHQOS (right panel) meeting the
significance criteria: nominal p-value of <0.05, FDR <25%.

Taken together, these previous data from the group indicate that PDAC
aggressiveness may be modulated by different means resulting in the initiation
of the EMT program. Such factors are partial inhibition of the mitochondria and
microenvironmental signals derived from TAMs, and both converged in
increased PPARD, MYC and EMT-related genes expression irrespective of the

distinct mechanism of action.

Therefore, we hypothesized that PPAR-5 orchestrates the metastatic potential
in PDAC in response to metabolic stress and microenvironmental cues by
modulating the balance between MYC and PGCla. Considering this hypothesis

and in order to evaluate it, we proposed the following objectives:
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1. To assess the functional effects of PPAR-8 activation upon mitochondrial
inhibition or environmental signals.

2. To evaluate the potential PPAR-6 downstream effectors through which it
orchestrates the invasive phenotype in PDAC.

3. To appraise, in vitro and in vivo, the consequences of PPAR-§ inhibition on

PDAC metastatic potential.
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2. PPAR-8 mediates the functional changes associated with

invasiveness and metastasis in PDAC

Consistent to the scRNAseq performed in the CTCs-derived primary cultures,
we were able to reproduce these results in bulk RNAseq from PDX354. Indeed,
the analyses performed in collaboration with Christopher Heeschen's group
showed that both treatments grouped in the same gene expression pattern,
while control samples displayed quite the opposite result (Figure I.7A). Although,
no changes in PPARD, MYC or PGCIA individually were found, GSEA analyses
revealed enrichment in the glycolytic pathway (Figure 1.7B). These results
confirmed that both partial inhibition of the mitochondria with Etomoxir or
secreted factors from TAMs induce a common transcriptional program based on
increased glycolysis, as expected by the MYC upregulation previously found in

the PCR array (Figure 1.3).
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Figure 1.7. A) Bulk RNAseq of PDX354 treated with 20 uM Etomoxir or MCM for 48 hours. B) GSEA of
the Hallmark glycolysis in Etomoxir-treated PDX354 from A. Note that the in vifro part of these
experiments was done by us while the RNAseq and further analyses were performed in Christopher
Heeschen's lab.
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Next, we sought to validate the previous RNAseq results by analyzing PPARD
expression at the mRNA level (Figure I.8A). While morphological changes began
to be noticeable after 48 hours of treatment, both Etomoxir and MCM increased
PPARD gene expression at 24 hours, suggesting that the cascade of events starts
by PPAR-8 activity. These transcriptional changes in PPARD were translated into
increased PPAR-8 protein levels (Figure 1.8B) and activation by direct binding to
the PPAR response element (PPRE, Figure 1.8C). Interestingly, both strategies
substantially increased PPARD/PPAR-8 gene and protein expression, as well as
activity, to levels comparable to the PPAR-6 chemical agonist GW0742 (Figure
I.8A-C).
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Figure 1.8. A) RTgPCR for PPARD mRNA levels after 24 and 48 hours of incubation with 20 uM
Etomoxir, MCM or 5 uM GWO0742 (pooled data from PDX185, 215, 253, 354 and AéL). B) Western blot
of cell lysates from PDX354 after freatment as in A. Vinculin was used as loading control. C) PPAR-
& activity measured as binding to the PPAR response element after incubation with 20 uM Efomoxir,
MCM or 5 uM GWO0742 for 24 hours in PDX354. In A and C, data are shown as the fold change to
control condition, which is represented as the dashed line, depicted as mean + SEM and analyzed
using One-way ANOVA or Kruskal-Wallis fest. * p<0.05, ** p<0.01.
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Functionally, the induction of PPAR-5, either with Etomoxir or MCM, or by its
direct activation with the agonists L-165041 (L-165) and GWO0742 (GW42),

rendered the cells with enhanced invasiveness in vifro (Figure I.9A and 1.9B).

A
m215 @253 0354 ) m215 m253 0354
5 815 FT
P
*
)
9" 4 * x k¥ o) 4
2O ©°
© <3 *% ws
o) = v
£°C 2
g o 2 8 2
> IE o
E ~— 1 =
5 1
S
0
=0

Cont
MCM  Eto Cont L-165 GW42

Figure 1.9. A) Invasion assay with cells pre-treated with MCM or 20 uM Etomoxir for 48 hours. Cells
were seeded in Boyden chambers and, after 16 hours, Diff Quick staining was performed and
invading cells were counted. B) Invasion assay as in A with cells pre-treated with 5 uM L-165041 (L-
165) or GW0742 (GW42) for 48 hours. Data are shown as the fold change to confrol condifion,
depicted as mean + SEM and analyzed using One-way ANOVA or Kruskal-Wallis test. * p<0.05, **
p<0.01.

The increased in vitro invasiveness was confirmed in an in vivo experimental
metastasis assay by intrasplenic injection of PDX354 stably expressing either a
non-targeting shRNA (NT) or a shRNA against PPARD (sh#1 PPARD) coupled to
the expression of the green fluorescence protein (GFP). The cells were pre-
treated in vitro with doxycycline and/or Efomoxir for 48 hours prior being injected
intfo the spleen of immunodeficient NOD SCID gamma (NSG) mice. Mice were
then provided with doxycycline in the drinking water and treated
infraperitoneally with Etomoxir for seven days when splenectomies were
performed. After nine weeks post surgeries, all mice were euthanized and livers

were processed to check GFP expression by RTQPCR (Figure 1.10).
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Figure 1.10. Schematic overview of the experimental metastasis assay. PDX354 GFP-luc cells
fransduced with doxycycline-inducible lentiviral vectors stably expressing a non-targeting shRNA
(NT) or a shRNA against PPARD (sh#1 PPARD) were pre-tfreated in vifro with or without 20 uM
Etomoxir for 48 hours. Then, cells were heterotopically injected in the spleen of NOD SCID gamma
(NSG) immunodeficient mice and, after 7 days, splenectomies were performed. Mice were freated
with oral doxycycline (2 mg/mL, drinking water) and/or Etomoxir (15 mg/kg. i.p., daily) post-
surgeries and pre-splenectomies. After 9 weeks, all mice were euthanized, livers were collected
and GFP expression was analyzed in liver homogenates by RTgPCR.

Livers from Etomoxir-treated mice in which we injected the non-targeting
ShRNA cells (NT + eto group) showed the highest levels of GFP expression. In
contrast, the ones also treated with Efomoxir but in which we injected the
ShPPARD cells (sh#1 PPARD + Eto group) exhibited less GFP signal. Strikingly, livers
from vehicle-treated mice in which we injected the shPPARD cells (sh#1 PPARD -
Eto group) had no GFP expression at all (Figure 1.11A). Finally, we calculated the
percentage of mice with micrometastases (Figure 1.11B), which reflects the results
obtained in Figure I.11A and indicates that PPAR-6 presence is necessary for the

metastatic dissemination of PDAC cells.
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Figure 1.11. Experimental metastasis assay of PDX354 GFP-luc cells fransduced with doxycycline-
inducible lentiviral vectors stably expressing a non-transient shRNA (NT) or a shRNA against PPARD
(sh#1 PPARD). A) RTgPCR for GFP in liver homogenates at end point (week nine). B) Percentage of
micrometastases per group calculated as the number of GFP~ livers divided by the total number
of mice per each group and multiplied by 100. Data are shown as the individual absolute GFP
copy number per mice, depicted as mean + SEM and analyzed using One-way ANOVA or Kruskal-
Wallis test. ** p<0.01.

Together, these data demonstrate that the metabolic regulator PPAR-5 is
responsible for functional changes concomitant with EMT induction, thereby
strongly suggesting an essential role for PPAR-6 in the process of cancer cell

invasiveness and metastasis.
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3. PPAR-3 modulates the MYC/PGCI1A balance to promote the
invasive phenotype in PDAC

Previous studies from the lab indicated that MYC plays a fundamental role in
controlling the metabolic and pluripotent profile of PaCSCs by negatively
modulating PGCIA expression, a key factor that regulates mitochondrial
biogenesislé?. Notably, we confirmed the PCR array results of increased MYC and
reduced PGCla after MCM and Etomoxir freatment at the protein level (Figure
1.12). These results are in line with our GSEA analyses that showed a decreased
OXPHQOS in PPARDHIGH patients and increased glycolysis after EMT induction
(Figure 1.6B, right panel and 1.7B, respectively), since PGCla is implicated in
mitochondrial metabolisml®ll, while MYC promotes the expression of several

glycolytic genes!213l,
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Figure 1.12. Western blot of cell lysates from PDX354 after incubation with MCM or treatment with
20 uM Etomoxir or 5 uM GW0742 for 48 hours. Vinculin was used as loading conftrol.

Importantly, the enhanced invasive capability of EMT-induced cells by MCM
or Efomoxir was reversed by MYC inhibition (Figure I.13A) accompanied by

downregulation of the EMT-related genes VIM and ZEB] (Figure 1.13B).
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Figure 1.13. A) Invasion assay with PDX354 cells pre-freated with MCM or 20 uM Etomoxir for 48 hours
in the presence or absence of the MYC/MAX interaction inhibitor Mycro3 (25 uM). Cells were
seeded in Boyden chambers and, after 16 hours, Diff Quick staining was performed and invading
cells were counted. B) RTGPCR for VIM and ZEBT EMT-related genes mRNA levels after 48 hours of
freatment of PDX354 as in A (left panel: MCM +/- Mycrog3; right panel: Efomoxir +/- Mycro3). Data
are shown as the fold change to control condition which is represented as the dashed line,
depicted as mean + SEM and analyzed using Students 1 test. # p<0.05, ## p<0.01, ### <0.005
versus control; * p<0.05 versus MCM or Etomoxir alone.

Considering the above and the notfion that MYC regulates the invasive
phenotype in many malignancies!'9510¢ while it has a crucial role in modulating
the metabolic phenotype in PDACI#, our results suggest a link between PPAR-6
and MYC/PGCla for two main reasons. On the one hand, at the molecular level,
Etomoxir treatment exhibited increased PPARD expression (Figure 1.3), as well as

a glycolytic enrichment (Figure 1.7B), while PPARDMCH patients showed a
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decreased in OXPHOS metabolism (Figure 1.6B, right panel). On the other hand,
at the functional level, PPAR-8-mediated invasiveness and metastasis together
with the notion that MYC promotes metastatic spread by directly inducing EMT-
related gene expression or indirectly by cooperating with other genesl216.2171,
Therefore, in order to elucidate whether and how this regulation is taking place,
we performed a MYC and PGCIA reporter assay on PDAC cells overexpressing
PPARD (PPARD OE) or treated with a PPAR-6 chemical agonist. Importantly,
PPARD OE or PPAR-§ activation by GW0742 consistently induced MYC promoter
activity and subsequently reduced PGCIA promoter activity (Figure 1.14). These
differences were significantly appreciated from 12 hours onwards in PPARD OE,

while with PPARD activation the full response took place at 24 hours.
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Figure 1.14. MYC and PGCIA reporter assay. Promoter activity was estimated as luciferase
bioluminescence at the indicated time points following PPARD overexpression (PPARD OE, left
panel) or freatment with 5 uM GWO0742 (right panel). Data are shown as the fold change to 0 hours,
depicted as mean + SEM and analyzed using Students t test. * p<0.05, ** p<0.01.

Collectively, these results further reinforce the potential link between the
MYC/PGCla balance and the subsequent induction of invasion/metastasis
through PPAR-6.
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4. Therapeutic targeting of PPAR-8 abrogates the invasive and

metastatic ability in vitro and in vivo, respectively

Therapeutic targeting of the oncoprotein MYC has proven to pose real
challenge to the extent of being considered a “yet to be drugged” target218l,
For that reason, and considering our previous results demonstrating MYC direct
regulation by PPAR-6 and that PPAR-6 mediates invasiveness through MYC, we
decided to use either PPAR-8 antagonists or inverse agonists to block invasion
and metastasis. First of all, PPAR-8 blockade with either GSK0660 or GSK3787
(antagonists) and DG172 (inverse agonist) decreased the number of invading
cells induced by MCM or Etomoxir in our PDXs (Figure 1.15A) or the basal

invasiveness of the metastatic cells (Figure 1.15B).
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Figure 1.15. A) Invasion assay with PDX215 and 354 cells pre-treated with MCM or 40 yM Efomoxir
for 24 hours in the presence or absence of the PPAR-8 antagonists GSK0660 and GSK3787 (10 uM)
or the inverse agonist DG172 (1 yM). Cells were seeded in Boyden chambers and, after 24 hours,
Diff Quick staining was performed and invading cells were counted. B) Invasion assay with CTCA
cells pre-tfreated with the PPAR-§ antagonists GSK0660 and GSK3787 (10 uM) or the inverse agonist
DG172 (1 uM). Cells were seeded in Boyden chambers and, after 24 hours, Diff Quick staining was
performed and invading cells were counted. Data are shown as the fold change to control
condition, depicted as mean + SEM and analyzed using Students t test or Mann-Whitney test. ##
p<0.01, ### <0.005 versus untreated control; * p<0.05 , ** p<0.01, *** pP<0.005 versus MCM or
Etomoxir alone (A) or control (B).

Afterwards, we sought to validate these in vifro results in a hepatic

spontaneous metastasis assay in NSG immunocompromised mice. CTCA GFP-luc
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cells or the highly invasive PDX265 were pre-treated in vitro with a PPAR-8 inducer
or antagonist prior being orthotopically injected in the mice pancreas. One week
post-surgeries, intraperitoneal treatment with the drugs was started and

continued every other day for up to nine weeks, while tumors were followed up
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by IVIS® or palpation twice a week. At endpoint, both pancreas and livers were

processed for RNA or histology (Figure 1.16).

Figure 1.16. Schematic overview of the spontaneous metastasis assay. PDX265 or CTCA GFP-luc
cells were pre-treated in vifro with 5 uM GW0742, 10 uM GSK3787 or 10 uM GSK0660 for 48 hours.
Then, cells were orthotopically injected in the pancreas of NSG mice and, after seven days,
infraperitoneal treatment was started with either PPAR-6 inducer or antagonists every other day.
Tumors were followed up by palpation or IVIS® and, after six or nine weeks, mice were euthanized
and pancreas and livers processed for RTGPCR analyses or histology.

On the one hand, PPARD expression resulted significantly higher in the
pancreas of those mice under PPAR-8 activation treatment (i.e., GW0742), while
it remained unchanged in those under PPAR-3 blockade (i.e., GSK3787 or
GSK0660) (Figure 1.17).
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Figure 1.17. Spontaneous metastasis assay of PDX265 (A) or CTCA GFP-luc (B) cells orthotopically
injected in the pancreas of NSG mice. A) RTQPCR for PPARD in pancreas homogenates from
PDX265 cells at end point (week six). B) RTQPCR for PPARD in pancreas homogenates from CTCA
GFP-luc cells at end point (week nine). Data are shown as the individual PPARD expression per
mice relative to control mice, depicted as mean + SEM and analyzed using One-way ANOVA or
Kruskal-Wallis test. * p<0.05.
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On the other hand, liver homogenates were assessed for metastasis by means
of human GAPDH (hGAPDH) or GFP expression by RTQPCR. In both cases, the
signal was increased in the samples derived from PPAR-8 activation and
decreased in the ones from PPAR-8 inhibition (Figure 1.18A and 1.18B).
Consequently, the metastatic incidence was calculated as the percentage of
macrometastases (visually detected) or micrometastases (detected by RTGPCR)
and resulted higher with GW0742 treatment and lower with the antagonists’
freatment (i.e., GSK3787 or GSK0660), as expected (Figure 1.18C and 1.18D, top
panels). Accordingly, hepatic metastatic foci extension measured as pancreatic
cytokeratin 19 (CK19) detection by immunohistochemistry, despite present in alll
the conditions, was consistently increased upon PPAR-6 activation and
decreased upon PPAR-3 inhibition with the antagonists (Figure 1.18C and 1.18D,
middle panels). Most importantly, GW0742 samples had increased levels of MYC
and vimentin proteins expressed in the tissue preparations than those of GSK3787
or GSK0660, thus confirming our previous in vitro results of PPAR-6 conftrolling the
EMT program through MYC (Figure 1.18C and 1.18D, bottom panels).
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Figure 1.18. Spontaneous metastasis assay of PDX265 or CTCA GFP-luc cells orthotopically injected
in the pancreas of NSG mice. Arising metastases were evaluated by means of hGAPDH or GFP
expression by RTgPCR in liver homogenates (A and B, respectively), incidence (C and D, top
panels) and CK19 protein expression in liver preparations (C and D, middle panels). MYC and
vimentin protein expression was also evaluated in liver preparations (C and D, bottom panels).

These data demonstrate that PPAR-8 inhibition reduces the invasive and

metastatic potential of PDAC cells in vitro and in vivo.

Taken together, we have unraveled a previously unknown function of PPAR-
8 intfegrating metabolic stress and stroma-derived stimuli to potentiate the
invasive and metastatic ability of PDAC cells through modulation of the
MYC/PGCla ratio. Most importantly, we have proven that small inhibitory
compounds targeting PPAR-8 are able to overcome invasiveness by effectively

decreasing metastasis onset in pancreatic tumors-bearing mice.
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ALK Signaling Drives Tumorigenicity, Invasiveness and Chemoresistance of Pancreatic Ductal Adenocarcinoma Cells

1. Background: PaCSCs have enhanced expression and activation of

ALK receptor

Apart from substantial differences in their metabolism, CSCs modulate
signaling pathways according to their needs at a given time. In this sense, in order
to identify pharmacologically targetable receptor tyrosine kinases (RTKS)
specifically activated in PaCSCs, our group ran a RTK array from
autofluorescence-sorted CSC-enriching condition —a well-demonstrated CSC
biomarkerl>¢l- versus differentiated cells (Figure Il.1A). Among the differentially
phosphorylated RTKs, the receptor anaplastic lymphoma kinase (ALK) showed

the most prominent upregulation in PaACSCs (i.e., Fluo* cells, Figure 11.1B).
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Figure Il.1. A) Proteome Profiler Human Phospho-RTK Array in cells sorted by autofluorescence (Fluo-
as non-CSCs, Fluo* as CSCs) for the indicated PDXs. Dots corresponding to p-ALK are indicated with
a white square. B) Mean of the quantification of the dots corresponding to p-ALK from A (n=1).
DOP: density of pixels.

Notably, ALK total protein expression was also increased in Fluo* samples and
in anchorage-independent cultures (spheres, sph), as another well-known CSC-

enriching model for PDACI? (Figure 11.2).
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Figure 11.2. Representative fluorescence activated cell sorting (FACS) histograms of CD246 (ALK)
expression (percentage of maximal fluorescence) in the CSC-enriching conditions
autofluorescence (Fluo) and anchorage-independent (spheres, sph) versus adherent (adh)
cultures in the indicated PDXs (n=1).

These convincing preliminary results opened an exciting new line of research
involving a completely previously overlooked RTK in PDAC. Therefore, we
hypothesized that ALK signaling pathway regulates PDAC aggressiveness by
controlling the self-renewal capacity, tumorigenicity, invasive potential and
chemoresistance of PaCSCs. Considering this hypothesis and in order to evaluate

it, we proposed the following objectives:

1. To assess ALK pathway in PDAC (stem) cells in terms of gene and protein
expression, correlation with stemness and invasiveness, and activation.

2. To evaluate the functional effects of the ALK pathway activation by its
ligands in vitro and in vivo by studying its contribution to the aforementioned
PaCSCs features, as well as the immunoevasive properties.

3. To appraise, in vitro and in vivo, the consequences of the ALK pathway

inhibition on viability and the foregoing mentioned PaCSCs characteristics.
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2. ALK receptor expression and activation are linked to CSC-related

features in PDAC patients

While ALK receptor was shown to be aberrantly expressed and/or activated
in several cancer typesl'¢?-172], its expression had been previously reported to be
very low or even absent in PDAC tissues!'8?1, For this reason, we decided to verify
its expression by western blot in a panel of PDAC patient-derived xenografts
(PDXs) and established cell lines. Surprisingly, all of them showed considerable
ALK expression and phosphorylation (Figure 11.3). The previously described
different molecular weights of ALK were found in the western blot for all the cell
types assessed (220 kDa full-length glycosylated wild type ALK and 180 kDa full-
length wild type ALK) (Figure 11.3).
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Figure 11.3. Western blot of cell lysates comparing PDXs and cell lines to assess p-ALK and ALK protfein
levels (n=1). Numbers represent the quantification of the band intensity for each protein normalized
by actin. Bx: BXPC3; Mia: MiaPaCa2; Su: Su8686.

Apart from autofluorescence and anchorage-independent cultures, there
are other feasible models to study PaCSCs and their functionality nowadays. The
biomarker CD133 is also commonly used to distinguish stem-like populations to
their differentiated counterparts in PDACI29, In this work, we focused on the
expression of CD133 as a differential surface marker of PaCSCs. Thereby, we
sought to validate the previous Fluo/adh-sph results in CD133- versus CD133*
samples. As we expected, the RTK array revealed higher p-ALK levels in the
CD133* population (Figure Il.4A and 11.4B). Notably, CD133* samples also showed

increased ALK protein expression by means of flow cytometry in our PDXs,
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including a model of metastatic PDAC established from circulating tumor cells

(CTCA, Figure 11.4C).
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Figure I1.4. A) Proteome Profiler Human Phospho-RTK Array in PDX354 cells sorted by CD133 surface
marker as CSC-enriching condition. Dots corresponding to p-ALK are indicated with a white square.
B) Mean of the quantification of the dots corresponding to p-ALK from A (n=1). DOP: density of
pixels. C) Left panel: flow cytometry histograms of CD246 (ALK) expression (percentage of maximal
fluorescence) in CD133 versus CD133* cell populations; right panel: pooled data showing the
individual values for the indicated PDXs (n=1 for each PDX). Data are shown as the fold change to
CD133-, depicted as mean + SEM and analyzed using Mann-Whitney test. * p<0.05, ** p<0.01, ***

p<0.005.
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We additionally validated our findings by western blot in the different models,
where CSC-enriching conditions such as Fluo*, CD133* and spheroids showed

increased levels of ALK protein, both total and phosphorylated (Figure 11.5).
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Figure I1.5. Western blot of cell lysates from different CSC settings (sorted cells by autofluorescence
(Fluo) and CDI133 content; cells grown in adherent (adh) versus anchorage-independent
conditions as spheroids (sph)) in the indicated PDXs to assess p-ALK and ALK protein levels (n=1 for
each condition). The numbers represent the quantification of the band intensity of each protfein
normalized by actin, shown as the fold change to each differentiated cell condition.

Remarkably, CSC-enriching samples also showed increased ALK mRNA
(Figure 11.6). However, these differences were only significant in spheroid samples,

probably due to small number of replicates in the other two conditions.
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Figure I1.6. RTQPCR of ALK mRNA levels in the indicated CSC settings: autofluocrescence-sorted cells
(Fluo), CD133-sorted cells and spheroids (sph). Pooled data showing the individual values for the
indicated PDXs (Fluo n=1, CD133 n=2, sph n=11). Data are shown as the fold change to
differentiated cells, which is represented as the dashed line, depicted as mean + SEM and
analyzed using Mann-Whitney test. * p<0.05, ** p<0.01, *** p<0.005.
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As mentioned above, ALK expression is low in PDAC tissues and chromosomal
translocations are very rarell8?.190220]  Indeed, although we detected a positive
trend, bioinformatic analyses showed no significant differences in ALK expression
in PDAC patients as compared to healthy pancreatic fissue from the Cancer
Genome Atlas (TCGA, normal and PDAC) and the Genotype-Tissue Expression
(GTEx, normal) datasets (Figure 11.7A) and revealed a low percentage of genetic

alterations in this gene (Figure 11.7B).
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Figure 11.7. A) Transcriptomic biocinformatic analyses of ALK comparing normal (N} and PDAC (T)
human tissues from GTEx and TCGA datasets, respectively (webserver.: GEPIA2). B) Mutational
status of ALK from different datasets: 1. Pancreas UTSW, 2. Pancreas TCGA PanCan 2018, 3.
Pancreas TCGA, 4. Pancreas ICGC and 5. Pancreas QCMG 2016. Mut: mutation, Amp:
amplification, DDel: deep deletion (webserver: cBioPortal).

Additionally, we performed further correlation analyses in the same datasets.
As our data points that ALK receptor potentially modulates CSC-related features
in PDAC, we first assessed whether its expression correlates with our validated sets
of pluripotency (KLF4, NANOG, OCT3/4 and SOX2)¢4 and EMT (SNAIL, SLUG, ZEB1
and LOXL2)042211 genes. According to TGCA and GTEx datasets, ALK expression
in PDAC patients does not correlate with the expression of either gene signature
(Figure 11.8A and I1.8B, respectively), which is not surprising considering ALK almost
absent expression in PDAC patientsl'®], Nonetheless, because bioinformatic
analyses based on the sole ALK expression in patients resulted inconclusive, we
decided to interrogate an ALK overexpression (OE) signature composed by 58
genes that was recently described in breast cancer cells2’9. The ALK OE

signature significantly correlated with both the pluripotency and EMT signatures
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(Figure 1.8C and I11.6D, respectively). Notably, this ALK OE signature was
significantly overexpressed in human PDAC samples (Figure 11.8E) from the

analyzed databases.
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Figure 11.8. Transcriptomic bioinformatic analyses comparing normal (N) to PDAC (T) human tissues
from GTEx and TCGA datasets, respectively. A) Correlation of ALK expression with a stemness gene
signature composed by KLF4, OCT3/4, NANOG and SOX2. B) Correlation of ALK expression with an
EMT gene signature composed by SNAIL, SLUG, ZEB1 and LOXL2. C) Correlation of ALK OE signatfure
with the stfemness gene signature described in A. D) Correlation of ALK OE signafure with the EMT
gene signature described in B. In A-D, the Pearson correlation coefficient (R) is calculated and
intferpreted as follows fogether with the p-value: the color green represents a p-value<0.05 and a
R>0.5, while the color red represents either a p-value>0.05 or a R<0 (negative correlation). E) ALK
OE signature expression. TPM: transcripts per million.
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Despite its low expression, we were able to classify these PDAC patients into
high and low ALK expression groups for gene set enrichment analysis (GSEA).
Interestingly, while ALKOW patients did not show any enrichment, patients with
higher ALK expression exhibited significant enrichment of pathways related to
CSC properties and functionality such as EMT and xenobiotic metabolism (Figure
I.9A), as well as a stemness signature previously described in PDACI213 (Figure
I.9B, top panel). On the other hand, besides pathways related to ALK
downstream signaling such as K-Ras or JAK/STAT, ALKHGH samples also showed
enrichment of the ALK OE gene signature mentioned above (Figure 11.9B, bottom

panel).
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Figure I.9. A) Gene set enrichment analysis comparing the top 50% ALK expression group (ALKHIGH)
with the bottom 50% expression group in the TCGA data series. NES (normalized enrichment score)
values of the Hallmark gene sets meeting the significance criteria: nominal p-value of <0.05,
FDR <25%. B) Enrichment plot of stemness (top panel) and ALK overexpression (OE) (bottom panel)
signatures in ALKHIGH versus ALKLOW,

In summary, our results indicate that ALK expression and activation is
enhanced in PaCSCs from different PDXs, and its function is linked to stemness

and CSC-related pathways in human PDAC samples.
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3. Ligand-dependent ALK activation contributes to PDAC stemness

and invasiveness

Several molecules have been proposed as ALK activators, including midkine
(MDK), pleiotrophin (PTN), and family with sequence similarity 150 members A
(FAM150A) and B (FAM150B)l170.17¢] Interestingly, bioinformatic analyses revealed
that MDK and PTN, but not FAMIS50A nor FAMIS50B, were significantly
overexpressed in human PDAC samples when compared to normal pancreas
(Figure II.10A). Moreover, MDK expression showed the most consistent positive
correlation with our well-stablished pluripotency and EMT gene sets and the ALK

OE signature mentioned above (Figure 11.10B).
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Figure 11.10. A) Expression of ALK ligands comparing normal (N) and PDAC (T) human fissues from
GTEx and TCGA datasets, respectively. B) Correlation expression of ALK ligands with a pluripotency
signature composed by KLF4, OCT3/4, NANOG and SOX2 (top row), an EMT signature composed
by ZEB1, SNAIL, SLUG and LOXL2 (middle row) or an ALK overexpression (OE) signature (bottom row)
in human fissues from TCGA and GITEx datasets. The Pearson correlation coefficient (R) is
calculated and interpreted as follows together with the p-value: the color green represents a p-
value<0.05 and a R>0.5, the color orange represents a p-value<0.05 and a R<0.5, while the color
red represents either a p-value>0.05 or a R<0 (negative correlation). TPM: franscripts per million.

These results obtained in bulk fumor samples were confirmed in collaboration

with Alvaro Curiel-Garcia (Columbia University Irving Medical Center, New York,
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USA) in a PDAC single-cell transcriptomic datasetl22, where MDK showed the
strongest positive correlation with three out of the four stemness genes separately
(KLF4=0.37, OCT3/4=0.9, NANOG=0.78, SOX2=0.81, Figure Il.11A). Further analyses
of this single-cell dataset revealed that MDK was expressed by a wide range of
cell types, including ductal, acinar and tumor cells as well as fibroblasts (Figure
IL11B), whereas PTN was mainly expressed by stromal cells (Figure 11.11B).
Moreover, these analyses further corroborated the low expression of ALK mRNA
in PDAC tumors, as it was undetectable at single-cell level in the different PDAC

cell populations included in this dataset (Figure 11.11B).
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Figure 1.11. A) Correlation matrix of the indicated genes in single tumor cells from the Peng
scRNAseq datasetl222], The numbers and doft sizes indicate the R value of each correlation. The blue
color indicates a positive correlation, whereas the red color represents a negative correlation. B)
Single-cell expression analysis of the indicated genes in the different cellular populations included
in the Peng scRNAseq dataset. The doft size represents the percentage of cells expressing each
gene per population, while the color scale denotes the expression level.

Importantly, we confirmed that MDK was secreted by both subcutaneous
and orthotopic PDX tumors ex vivo (Figure 11.12A, left and middle panel,
respectively) and in vivo, since we detected human MDK in the plasma of mice
bearing orthotopic PDXs (Figure 11.12A, right panel). While only spheroids (sph)
showed increased levels of MDK expression at the mRNA level (Figure 11.12B), no
significant differences were found in terms of MDK secretion in this CSC-enriching
model (Figure 11.12C).
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Figure 11.12. A) MDK detection in supernatants from subcutaneous (subcut, left panel; PDX185 n=6,
215n=5, 253 n=6, 265 n=4, 286 n=5, 354 n=16, 191120 n=2, 170820 n=2, HUMS002 n=3) and orthotopic
(ortho, middle panel; n=6 for each PDX) PDX implants ex vivo and in plasma (right panel; n=6 each
PDX) from orthotopic tumor-bearing mice by ELISA. B) RTQPCR of MDK mRNA levels in the indicated
CSC sefttings: autofluorescence-sorted cells (Fluo), CD133-sorted cells and spheroids (sph). Pooled
data showing the individual values for the indicated PDXs (Fluo n=2, CD133 n=3, sph n=15). Data
are shown as the fold change to differentiated cells, which is represented as the dashed line,
depicted as mean + SEM and analyzed using Mann-Whitney test. * p<0.05, ** p<0.01, *** p<0.005.
C) MDK detection in supernants from adherent (adh) and spheroid (sph) cultures by ELISA. Pooled
data showing the individual values for the indicated PDXs (185 n=3, 215 n=7, 253 n=4, 354 n=3).
Data are shown as the fold change to adherent condition, depicted as mean + SEM and analyzed
using Mann-Whitney test. * p<0.05, ** p<0.01, *** p<0.005.

Treatment with recombinant human MDK induced ALK phosphorylation in the
short term (i.e., 1, 2 and 5 minutes; Figure 11.13, left panel). Later on,
phosphorylation was observed in its well-described downstream signaling

partner ERK1/20'82 (i.e., 5 and 30 minutes; 1, 2 and 6 hours; Figure 11.13, right
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panel), corroborating ligand-dependent ALK activation with different doses of
MDK (i.e., 1, 10 or 100 ng/mL).
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Figure 11.13. Kinetics of ALK activation by western blot at the indicated times after freatment with 1,
10 or 100 ng/mL of recombinant MDK. Numbers represent the quantification of the band intensity
of each protfein normalized by actin, shown as fold change to the control group (n=1 for each
PDX).

This activation resulted in improved CSC functionality in vitro. First of all,
exogenous pre-treatment with MDK strongly enhanced self-renewal irrespective
of the dosage by increasing the number of spheroids formed after seven days of
assay (Figure 1I.14A). Consequently, the freatment also promoted clonogenicity
(Figure 11.14B). Finally, exogenous MDK increased CSC frequency in vitro
analyzed by means of an extreme limiting dilution assay (ELDA, Figure 11.14C). The
results from these three experiments together indicate that MDK enhanced self-

renewal, and this translated into increased CSC content.
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Figure 11.14. A) Sphere formation assay after pre-tfreatment with recombinant MDK for 72 hours at
the indicated concentrations (ng/mL) in adherent conditions. Pooled data showing the individual
values for the indicated PDXs (185 n=7, 215 n=2, 253 n=4, 354 n=4). B) Colony formation assay after
21 days of treatment with 10 ng/mL of recombinant MDK. Left panel: absorbance of the crystal
violet staining. Pooled data showing the individual values for the indicated PDXs (185 n=3, 215 n=1,
354 n=1). Right panel: Representative micrographs. The numbers represent the absorbance of
crystal violet shown as the fold change to the control group. In A and B, data are shown as the
fold change to control condition, which is represented as the dashed line (A), depicted as mean
+ SEM and analyzed using Kruskal-Wallis (A) or Mann-Whitney (B) tfests. * p<0.05, ** p<0.01, ***
p<0.005. C) Estimation of the CSC frequency by in vitro extreme limiting dilution assay (ELDA) after
freatment with the indicated concentrations of recombinant MDK for seven days in PDX185 (n=2).
The numbers indicate one CSC every x number of cells. Stafistical significance is calculated using
a chi-square test.
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Next, we sought to validate these results in vivo with a tumorigenicity assay
(ELDA). Fort that, we pre-treated in vitro our cells with MDK and subcutaneously
injected them in the flanks of immunocompromised nude mice at decreasing
cell densities (Figure II.15A). Unfortunately, we were not able to reproduce the
results in vivo as the CSC frequency did not result in significant differences with
MDK pre-treatment (Figure 1l.15B). However, these results suggest that, despite
being able to enrich CSC population (Figure 11.14), the ALK pathway probably
need a continuous stimulation via MDK in order to maintain its effects on PaCSC

functionality in the long term.
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Figure I.15. In vivo ELDA with cells of the indicated PDXs (PDX185 n=2, PDX354 n=1) pre-freated in
vifro with 100 ng/mL MDK for 72 hours and subcutaneously injected into the flanks of nude mice at
decreasing cell densifies (PDX185 n=8 mice per group, 354 n=6 mice per group). A) Schematic
overview of the in vivo ELDA. B) Estimated CSC frequency of PDX185 (left) and 354 (right). Statistical
significance is calculated using a chi-square test.

Despite increased CSC functionality, exogenous MDK treatment did not
translated into increased pluripotency genes (Figure Il.16A) nor stemness surface
markers (Figure 11.16B) expression. These results may indicate that 1. gene and/or
protein expression should not be overrated by using it as a single tool, but
preferably in combination with functional assays; or 2. the effects on PaCSCs are

exclusively at the functional level.
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Figure 11.16. A) RTQPCR for pluripotency genes mRNA levels after 72 hours of incubation with MDK
at the indicated concentrations. Pooled data showing the individual values for the indicated PDXs
(185 n=4, 215 n=3, 253 n=4, 354 n=4). B) CSC population measured as CD133*/CD44* cells by FACS
after 72h of incubation with MDK at the indicated concentrations (ng/mL). Pooled data showing
the individual values for the indicated PDXs (185 n=6, 215 n=2, 253 n=3, 354 n=6). Data are shown
as the fold change to control condition, which is represented as the dashed line, depicted as mean

MDK1 MDK 10 MDK 100

+ SEM and analyzed using Kruskal-Wallis test.
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Additionally, exogenous MDK enhanced migration by increasing wound

closure (Figure Il.17), whose differences were especially visible at 24 and 48 hours.

Oh 12h 24h 48h

MDK

Figure 11.17. Scratch wound healing assay of PDX354 freated with 20 ng/mL MDK for 48 hours after
performing the scrafch. Pictures were taken at the indicated fimes with an inverted microscope at
10X magnification (n=1).

Similar to pluripotency gene expression, the MDK-induced changes of the
EMT genes were minor (Figure 11.18), thus confirming that MDK acts simply at the

functional level.
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Figure 11.18. RTgPCR for EMT genes mRNA levels after 72 hours of incubation with MDK at the
indicated concentrations. Pooled data showing the individual values for the indicated PDXs (185
n=2, 253 n=2, 354 n=2). Data are shown as the fold change to control condition, which is
represented as the dashed line, depicted as mean + SEM and analyzed using Kruskal-Wallis test. *
p<0.05, ** p<0.01, *** p<0.005.

127

© PDX185
PDX253
v PDX354

11 S11NS3Y



CHAPTER Il

Comparable results were obtained after tfreatment with PTN (Figure 11.19-
I1.22). Exogenous incubation with PTN activated ALK signaling at short times by
inducing ALK and ERK 1/2 phosphorylation (Figure II.19A). Likewise, this activation
had functional effects on CSCs since both self-renewal and clonogenic capacity

were enhanced with the tfreatment (Figure 11.19B and I1.19C, respectively).
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Figure 11.19. A) Kinetics of ALK activation after the indicated times of freatment with 1 ng/mL of
recombinant PTN measured by Western Blot. Numbers represent the quantification of the band
intensity for each protein normalized by actin, shown as the fold change fo control condition (n=1).
B) Sphere formation assay after pre-treatment with recombinant PTN for 72 hours at the indicated
concenfrations (ng/mL) in adherent conditions. Pooled data showing the individual values for the
indicated PDXs (185 n=4, 215 n=2, 253 n=3, 354 n=3). Data are shown as the fold change to control
condition, which is represented as the dashed line, depicted as mean + SEM and analyzed using
Kruskal-Wallis test. * p<0.05, ** p<0.01, *** p<0.005. C) Representative colony formation assay after
21 days of freatment with 10 ng/mL recombinant PTN (n=1 for each PDX). The numbers represent
the crystal violet staining absorbance, shown as the fold change to control condition.
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Similar to MDK, PTN did not show increased pluripotency genes (Figure 1l. 20A)

nor surface markers (Figure I.20B) expression in the cells, but rather significantly

decreased the percentage of CD133*/CD44* cells (Figure 11.20B).
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Figure 11.20. A) RTgPCR for pluripotency genes mRNA levels after 72 hours of incubation with PTN at
the indicated concentrations. Pooled data showing the individual values for the indicated PDXs
(185 n=1, 215 n=2, 253 n=2, 354 n=2). B) CSC population measured as CD133*/CD44* cells by FACS
after 72h of incubation with PTN at the indicated concentrations (ng/mL). Pooled data showing
the individual values for the indicated PDXs (185 n=4, 215 n=2, 253 n=2, 354 n=4). Data are shown
as the fold change to control condition, which is represented as the dashed line, depicted as mean
+ SEM and analyzed using Kruskal-Wallis test. * p<0.05, ** p<0.01, *** p<0.005.

Treatment with recombinant PTN increased wound closure (Figure 11.21). As

happened with MDK, the differences were especially visible at 24 and 48 hours.

129

11 S11NS3Y



CHAPTER Il
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PTN

Figure 11.21. Scratch wound healing assay of PDX354 freated with 20 ng/mL PTN for 48 hours after
performing the scrafch. Pictures were taken at the indicated times with an inverted microscope at
10X magnification (n=1).

Finally, comparable to MDK, exogenous PTN barely increased the expression

of some of the EMT genes analyzed, although not significantly (Figure 11.22).
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Figure 11.22. RTgPCR for EMT genes mRNA levels after 72 hours of incubation with PTN at the
indicated concentration. Pooled data showing the individual values of the indicated PDXs (185
n=1, 253 n=1). Data are shown as the fold change to control condition, which is represented as the
dashed line, depicted as mean + SEM and analyzed using Mann-Whitney test. * p<0.05, ** p<0.01,
*** p<0.005.

These results confirm that ligand-dependent activation of the ALK pathway
enhances PDAC aggressiveness by boosting CSCs properties. Whereas acute
freatment with exogenous MDK or PTN did not substantially modify gene
expression patterns, their effects on PaCSC properties were completely

functional.
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4. The crosstalk between TAMs and PaCSCs might be promoting

immunoevasion via ALK signaling

As demonstrated in PDACP? and melanomal223l, cancer cells shape the
tumor niche towards a tolerogenic, immunosuppressive microenvironment by
inducing macrophage polarization to M2 protumoral macrophages (also called
tumor associated macrophages, TAMs). On the one hand, melanoma-secreted
MDK has a key role in educating macrophages to favor the immunosuppressive
environment through IFN modulation?3],  Likewise, PDAC cells promote
monocyte differentiation towards the M2 phenotype to exert their
immunosuppressive role. In turn, these TAMs promote aggressiveness of PDAC
cells by increasing CSC propertiest?’l. However, in PDAC, this macrophage

polarization has not been linked to MDK.

Considering that MCM enhances PaCSCs properties by increasing self-
renewal and tumorigenic capacity and promoting the invasive abilities via
secreted factors, and that PDAC cells induced MDK mRNA levels in TAMsP?1, we
wondered whether MCM may also trigger ALK pathway signaling. Intriguingly,
incubation of PDAC cells with MCM at short times induced a rapid (i.e., 30
minutes and two hours) and potent phosphorylation of ALK receptor in both the
PDXs tested while maintaining total ALK levels virtually unchanged (Figure 11.23A).
Conversely, longer exposure times (i.e., 24 hours), while showed different
response in p-ALK levels depending on the PDX, probably due to their inherent
heterogeneity, both cell types downregulated total ALK protein levels (Figure
I1.23B). These results were further confirmed by RTQPCR as ALK mRNA levels were

also reduced at longer times of MCM exposure (i.e., 48 hours; Figure 11.23C).
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Figure 11.23. A, B) Western blot of cell lysates from PDX185 and 354 incubated with M2-polarized
macrophages-conditioned medium (MCM) for the indicated times (n=1 for each PDX). Actin was
used as loading control. C) RTgPCR for ALK mRNA levels after 48 hours of incubation with MCM in
PDX354 (n=2). Data are shown as the fold change to control condition, depicted as mean + SEM
and analyzed using Mann-Whitney test.

The regulation of PaACSC biology functions on a bidirectional communication

between them and all the components of the fumor niche. On the one hand,

we know that TAMs significantly upregulate MDK mRNA when stimulated by
PDAC cells??l. Despite that, we failed to detect MDK in MCM samples (Figure
I1.24A). On the other hand, incubation of PDAC cells with MCM revealed a trend

to increase MDK expression in cancer cells (Figure 11.24B).
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Figure 11.24. A) MDK detection in supernants from M2-polarized protumoral macrophages by ELISA.
Pooled data showing the individual values of different MCM samples (n=12). Data are depicted as
mean + SEM. B) RTQPCR for MDK mRNA levels after 48 hours of incubation with MCM in PDX354
(n=2). Data are shown as the fold change to confrol condition, depicted as mean + SEM and
analyzed using Mann-Whitney test.

Consequently, we decided to perform correlation analyses of our genes of
intferest with a recently described TAMs infiltration signature comprising 10
upregulated genes in PDACIE2, Recurrently, neither ALK nor PTN expression
correlated with TAMs infiltration in PDAC (Figure 11.25, left and right panels,
respectively). However, both ALK OE signature and MDK expression were robustly
associated with TAMs infiltration (Figure 11.25, middle-left and middle-right panels,
respectively), especially the ALK OE signature.
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Figure 11.25. Correlation expression of a TAMs infilfration signature with ALK (left panel), ALK OE
signature (middle-left panel), MDK (middle-right panel) or PTN (right panel) in human fissues from
TCGA and GTEx datasets. The Pearson correlation coefficient (R) is calculated and interpreted as
follows together with the p-value: the color green represents a p-value<0.05 and a R>0.5, while the
color red represents either a p-value>0.05 or a R<0 (negative correlation). TPM: transcripts per
million.
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One of the most widely studied mechanisms of immunoevasion in cancer is
the one featured by programmed cell death-ligand 1 and programmed cell
death-1 (PD-L1 and PD-1, respectively) proteins. The expression of these two
proteins promotes self-tolerance by regulating effector T cell activity and viability,
as well as avoiding regulatory T cell apoptosisi??. Because of oncogenic fusion
protein NPM/ALK has been linked to increased PD-L1 expression in T cell
lymphoma (ALK* TCL), we decided to run correlation bioinformatic analyses of
PD-L1 expression with different components of the ALK pathway. While neither
ALK nor PTN expression alone correlated with PD-L1 expression in PDAC patients
(Figure 11.26, left and right panels, respectively), both the ALK OE signature and
MDK did show a significant positive correlation with PD-L1 (Figure 11.24, middle-

left and middle-right panels, respectively).

ALK ALK OE MDK PTN

3- 5 B“’alue =0.66 - p-value=0 . 7 p-value =7.6e-07 ’ 7 p-value =02
3 *R =-0.024 R=0.55 . R=0.26 T R =-0.068 .

N

SLAES 1
o ST - RN
lal> AU I

B ..'-:;.._. i p=0.2
;! R=-0.068

p=0.66 | |
R=-0.024 | |

0123456005 1 15 20 2 4 6 8 100 2 4 6 8 10

Log,(PD-L1 TPM)
o= 01 O

Log,(TPM)

Figure 11.26. Correlation expression of PD-L1 with ALK (left panel), ALK OE signature (middle-left
panel), MDK (middle-right panel) or PTN (right panel) in human tissues from TCGA and GTEx
datasets. The Pearson correlation coefficient (R) is calculated and interpreted as follows together
with the p-value: the color green represents a p-value<0.05 and a R>0.5, the color orange
represents a p-value<0.05 and a R<0.5, while the color red represents either a p-value>0.05 or a
R<0 (negative correlation). TPM: franscripts per million.

As TAMs are able to induce PD-L1 expression in PDACE2!, we decided to
validate if conditioned medium from TAMs (i.e., MCM) is able to induce PD-LI
expression in our models. As we thought, MCM induced a significant increase in
PD-LT mRNA levels (Figure Il.27A). Although noft significant, we detected a slight
induction of PD-L1 expression upon exogenous MDK and PTN treatment in a first

attempt with littfle consistency among the different PDXs tested (Figure 11.27B).
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Figure 11.27. A) RTQPCR for PD-L1 mRNA levels after 48 hours of incubation with MCM. Pooled data
showing the individual values for the indicated PDXs (215 n=2, 253 n=1, 354 n=2). B) RTqPCR for PD-
LT mRNA levels after 72 hours of incubation with MDK or PTN (ng/mL). Pooled data showing the
individual values for the indicated PDXs (185 n=1, 253 n=1, 354 n=1). Data are shown as the fold
change to control condifion, which is represented as the dashed line, depicted as mean + SEM
and analyzed using Mann-Whitney test. * p<0.05, ** p<0.01, *** p<0.005.

Altogether, these data suggest that the ALK signaling pathway may promote

an immunotolerogenic microenvironment involving TAMs via secreted factors,

although other assays are required in order to support these initial findings.
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5. ALK inhibition abrogates CSC functionality in vitro and in vivo

The use of small compounds, like Crizotinibb or Ensartinib, to inhibit ALK signaling
is a common approach to treat ALK* cancer-related malignancies, such as
NSCLC?4, Considering ALK contribution to stemness in PDAC, we decided to test

the effects of these compounds on our PDXs and the metastatic CTCA.

First, both Crizotinib and Ensartinib inhibited cell proliferation, with ICso ranging
from 0.7 to 3.8 and 0.4 to 1.8 uM, respectively (Figure 11.28A and 11.28B). Because
the ICso calculated is related to inhibition of proliferation in the bulk tumor cells,
which is mainly representative of the differentiated cells (95-99% of the total cell
density), we decided to use a wider range of the compounds’ dosage for further
experiments to ensure PaCSCs killing and functional inhibition. As a result, both
compounds inhibited ALK phosphorylation and downstream signaling at the

selected concentrations (Figure 11.27C).
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Figure Il. 28. A) ICso of Crizofinib and Ensartinib at 72 hours of treatment for each cell type (Crizofinib:
PDX185 n=3, 215 n=11, 253 n=3, 354 n=9, CTCA n=17; Ensartinib: PDX185 n=3, 215 n=4, 253 n=2, 354
n=4, CTCA n=é). B) Proliferation rate graph of each cell type from which A is derived. Data are
shown as the fold change to control condition and depicted as mean + SEM. The dashed line
represents the 50% of cell proliferation inhibition. C) Kinetics of ALK inhibition after the indicated
fimes of treatment with 10 uM Crizotinib and 5 uM Ensartinib measured by western blot (n=1 for
each PDX). The numbers represent the quantification of the band intensity of each protfein
normalized by actin, shown as the fold change to the control group.

Consequently, ALK inhibition with Crizotinib induced cell toxicity in most of the
cell types assessed and especially at the highest dose tested (Figure 11.29, left
panel). Regardless of the different response of each cell type, toxicity was

significantly induced from 0.5 uM in pooled samples (Figure 11.29, right panel).
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Figure 11.29. Toxicity of Crizotinib for each cell type assessed by MulfiTox-Fluor Multiplex Cytotoxicity
Assay and measured as relative fluorescence units normalized by crystal violet. Left panel: mean
value for each cell type separately, right panel: pooled data showing the individual values for
each cell type (PDX185 n=3, 215 n=11, 253 n=3, 354 n=9, CTCA n=18). Data are shown as the fold
change to control condifion, which is represented as the dashed line, depicted as mean + SEM
and analyzed using Kruskal-Wallis test. * p<0.05, ** p<0.01, *** p<0.005.

We measured next cell death after treatment with both compounds.
Treatment with both Crizotinib and Ensartinib efficiently induced cell death in the
tumor bulk in all the cell types tested at the highest dosage (Figure 11.30A and
11.30B, respectively).
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Figure 11.30. A, B) Percentage of total cell death measured as the sum of Annexin V+, Zombie Violet*
and double positive staining by FACS in the whole population after 48 hours of treatment with
Crizotinib (A; PDX215 n=8, 354 n=9, CTCA n=9) or Ensartinib (B; PDX215 n=5, 354 n=5, CTCA n=10).
Left panels: mean value for each cell type separately (left) and pooled data showing the individual
values for each cell type (right); right panels: representative flow cytometry density plots of PDX354.
Data are depicted as mean + SEM and analyzed using Kruskal-Wallis test. * p<0.05, ** p<0.01, ***
p<0.005.

Most importantly, both compounds induced cell death in the CD133*

population (Figure I.31A and 11.31B), thus decreasing the CD133 content (Figure
I1.31C and I1.31D).
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Figure 11.31. A, B) Percentage of total cell death measured as the sum of Annexin V+, Zombie Violet*
and double positive staining by fACS in CD133* cells after 48 hours of treatment with Crizotinib (A;
PDX215 n=8, 354 n=9, CTCA n=9) and Ensartinib (B; PDX215 n=5, 354 n=5, CTCA n=10). Left panels:
mean value of each PDX separately; right panels: pooled data showing the individual values of
each PDX. C, D) CD133 content in samples from A (C) and B (D). Right panels: mean of the CD133*
content of each PDX separately (left) and pooled data showing the individual values of each PDX
(right); right panels: representative flow cytometry density plots of PDX354. In A-D, data are shown
as the fold change to control condition, which in C and D is represented as the dashed line,
depicted as mean + SEM and analyzed using Kruskal-Wallis test. * p<0.05, ** p<0.01, *** p<0.005.

As MCM induced EMT and enhanced invasiveness in PDAC cells (see chapter
1), we assumed that MCM-incubated PDAC cells displayed a more aggressive
phenotype that may be comparable to the CTCA metastatic model. This model
of induced aggressiveness resulted especially important for us since we observed
the activation of the ALK pathway by MCM (Figure 11.23A). Thus, we decided to
evaluate whether MCM-incubated PDAC cells respond as CTCA cells to the
tfreatment with ALK inhibitors. Certainly, both Crizotinib and Ensartinib significantly
increased cell death in the three PDXs tested after pre-incubation with MCM
(Figure 11.32, left panel). This resulted especially relevant for Crizotinib in the

CD133* population (Figure 11.32, right panel).
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Figure 11.32. Percentage of total cell death measured as the sum of Annexin V*, Zombie Violet* and
double positive staining by FACS in the whole population (left panel) or in the CD133* cells (right
panel) after 48 hours of incubation with MCM prior to 48 hours of freatment with Crizotinib or
Ensartinib. Pooled data showing the individual values for the indicated PDXs (215 n=2, 253 n=1, 354
n=3). Data are shown as the fold change to control condition, which is represented as the dashed
line, depicted as mean + SEM and analyzed using Kruskal-Wallis test. * £p<0.05, ** p<0.01, *** p<0.005.

Afterwards, since these findings suggested that ALK inhibition particularly
targets PaCSCs, we assessed the efficacy of these compounds in impairing

stemness-related functionality. Indeed, both Crizotinib and Ensartinib diminished
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self-renewal (Figure II.33A) and clonogenic capacity (Figure 11.33B). Likewise,

pretreatment with both Crizotinib and Ensartinib decreased CSC frequency in
vifro (Figure Il. 33C and 11.33D).
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PDX185 CTCA
CSC1/x p-value CSC1/x p-value
CONT 28.6 8.39

CRIZO 1 206.7 1.69e-° 6.33 0.474
CRIZO 5 103.2 1.69e6 18.82 0.0455
CRIZO 10 85.6 0.00044 35.34 0.0004
ENS 0.5 75.1 0.0032 18.26 0.0491

ENS 1 315.3 2.99¢-13 16.55 0.084
ENS 5 183.2 1.48e8 130.51 3.05e12

Figure 11.33. A) Sphere formation assay after seven days of freatment with Crizotinib and Ensartinib.
Left panel: mean value of each PDX separately. Right panel: pooled data showing the individual
values of each cell type (Crizofinib: PDX185 n=3, 215 n=6, 253 n=3, 354 n=6, CTCA n=18; Ensarfinib
PDX185 n=9, 215 n=9, 253 n=6, 354 n=15, CTCA n=18). B) Colony formation assay after 21 days of
freatment with Crizotinib and Ensartinib. Top panels: absorbance of crystal violet shown as the
mean value for each cell type separately (left) and pooled data showing the individual values for
each cell type (right; Crizotinib: PDX185 n=4, 215 n=4, 253 n=4, 354 n=4, CTCA n=8; Ensartinib:
PDX185 n=3, 215 n=4, 253 n=3, 354 n=3, CTCA n=10). Boltom panel: images of a representative
experiment of each cell type treated with either 1 uM Crizotinib or Ensartinib. C) Sphere formation
assay after pre-treatment with Crizotinib for 48 hours in adherent conditions. Left panel: percentage
of spheres for each cell type; right panel: pooled data showing the individual values for each cell
type (PDX185 n=12, 215 n=9, 253 n=9, 354 n=9, CTCA n=12). In A-C, data are shown as the
percentage of control condition, which is represented as the dashed line, depicted as mean + SEM
and analyzed using One-way ANOVA or Kruskal-Wallis (CTCA from A, PDX185 from C) tests. *
p<0.05, ** p<0.01, *** p<0.005. ND: not determined. D) CSC frequency after treatment with Crizofinib
and Ensartinib for seven days, estimated by in vifro ELDA (n=1). Statistical significance is calculated
using a chi-square test.

Then, we moved to assess whether ALK inhibition is capable of reducing

invasiveness in vifro. Both compounds decreased the number of cells capable

of invading the Matrigel™ matrix (Figure 11.34).
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Figure I1.34. Invasion assay with the indicated cell type (Crizotinib: PDX354 n=3, CTCA n=5;
Ensartinib: PDX354 n=3, CTCA n=2) pre-tfreated with 2.5 uM Crizofinib or 5 uM Ensartinib for 48 hours.
Cells were seeded in Boyden chambers and, after 24 hours, Diff Quick staining was performed and
invading cells were counted. Right panel: mean of invading cells; left panel: pictures of a
representative experiment of CTCA taken at 4X with an inverted microscope. Data are shown as
the percentage of control condition, which is represented as the dashed line, depicted as mean
+ SEM and analyzed using Kruskal-Wallis test. * p<0.05, ** p<0.01, *** p<0.005.

These effects on CSC functionality could be validated in vivo by an ELDA
(Figure 11.35).

PDX185 or 354 ‘ o
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Figure 11.35. Schematic overview of the in vivo ELDA experiment. Cells pre-treated in vifro with 10
MM Crizotinib and 5 uM Ensartinib for 48 hours and subcutaneously injected into the flanks of nude
mice af decreasing cell densities. After 6 weeks, mice were euthanized and tumors were harvested
for further analyses (PDX185 n=4 mice per group, 354: n=3 per group; all mice beared 2
subcutaneous fumors).
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Pretreatment with the compounds efficiently decreased the number and
size of tumors (Figure I.36A), the percentage of tumorigenicity (Figure 11.36B) and
the CSC frequency (Figure 11.36C).
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Figure 11.36. A) Pictures of tumors at end point (week six). B) Percentage of tumorigenicity over time.
Note that the curves representing the Crizotinib conditions 103 and 104 cells overlap in PDX185. C)
Estimated CSC frequency in PDX185 (left) and 354 (right). Statistical significance is calculated using
a chi-square test. ND: not determined.
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Despite no significant differences were found in the CSC frequency in
PDX354, we decided to further analyze the tumors corresponding to 104 cells
injection. Frist, no significant differences were found in fumor volume or weight,
regardless of a negative trend with smaller and lighter tumors in Crizotinib
condition (Figure I.37A, left and right panels, respectively). Importantly, even
though the percentage of epithelial tumor cells remained unchanged (Figure
I.37A), the number of CD133* cells decreased in the tumors obtained from
Crizotinib-pretreated cells when analyzed by FACS (Figure 11.37B).
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Figure 11.37. A) Tumor volume (left panel) and weight (right panel) of PDX354 tumors from Figure
1.36. B, C) FACS analyses of PDX354 104tumors from Figure 11.36 by which the percentage of EpCAM*
cells (B) and the CSC population measured as CD133*/CD44+ content (C) was assessed. In A-C,
data are depicted as mean + SEM and analyzed using Kruskal-Wallis (A) or Mann-Whitney (B and
C) tests. * p<0.05, ** p<0.01, *** p<0.005.

These results demonstrate that ALK inhibition targets pancreatic cancer
(stem) cells at different levels: 1. by inhibiting cell proliferation and causing
toxicity in the bulk tumor cells; 2. by inducing cell death in both differentiated
and CSCs; and 3. by effectively impairing PaCSCs functionality in vitro and in

Vivo.
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6. ALK inhibition prevents chemoresistance in vitro and in vivo

One of the main confributors fo chemotherapy failure in PDAC is its intrinsic
chemoresistancel'4. Indeed, conventional chemotherapy usually targets just the
tumor bulk, thus enriching the content of chemoresistant CSCs and causing
tumor relapse. Considering the toxic effect of ALK inhibitors on PaCSCs, we
decided to test if either Crizotinib or Ensartinib were able to sensitize our cells to
Gemcitabine treatment in vitro. Interestingly, the combination of Gemcitabine
with Crizotinib or Ensartinib at low doses decreased considerably the ICso of this
chemotherapeutic agent (Figure 11.38A and 11.38B), although in a significant way

only in some cases.

A
Gemcitabine absolute IC5, (nM)
PDX185 PDX215
ICs, p-value ICs p-value
S Gem 38.3 246.8
E, +CRIZO 124 0.0793 226.6 0.2
E +ENS 3.3 0.0209 38.1 0.049
2 Gem 31.3 26.9
% +CRIZO 9.7 0.0491 8.9 0.4
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Figure 11.38. The combined effect of Gemcitabine and ALK inhibitors was studied using low doses
of the compounds (Gem 50 nM unless otherwise specified, Crizofinib 1 uM, Ensartinib 1 uM). A) ICso
of Gemcitabine at 72 hours of freatment alone and in combination with Crizofinib or Ensartinib for
each PDX (185 n=4, 215 n=3). Data are analyzed using One-way ANOVA test. * p<0.05, ** p<0.01,
*** p<0.005. B) Representative proliferation rate graph of PDX185 and 215 from which A is derived.
Data are shown as the fold change to control condition and depicted as mean + SEM. The dashed
line represents the 50% of cell proliferation inhibition.
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The diminished ICso resulted in enhanced cell death (Figure 11.39A and 11.39B).
Certainly, co-treatment with Ensartinib significantly increased cell death in the
CD133* population (Figure I1.39B) and decreased CD133 content (Figure 11.39C)
when compared to Gemcitabine alone. These results were especially relevant in
the Ensartinib condition (Figure 11.39B and 11.39C).
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Figure 11.39. The combined effect of Gemcitabine and ALK inhibitors was studied using low doses
of the compounds (Gem 50 nM unless otherwise specified, Crizotinib 1 uM, Ensartinib 1 uM). Pooled
data from PDX185 (n=12), 253 (n=3) and 354 (n=3). A) Total cell death measured as the sum of
Annexin V*, Zombie Violet* and double positive staining in the whole population after 48 hours of
freatment as indicated. B) Total cell death measured as the sum of Annexin V*, Zombie Violet* and
double positive staining in CD133* cells after 48 hours of treatment as indicated. C) CD133 content
of the samples shown in B. In A-C, data are shown as the fold change to confrol condition, which
is represented as the dashed line, depicted as mean + SEM and analyzed using Kruskal-Wallis test.
* p<0.05, ** p<0.01, *** p<0.005.

Regarding functionality, only Ensartinib inhibited Gemcitabine-induced
clonogenicity when the cells were freated at the same time (Figure 11.40A).
However, we failed to see differences in Gemcitabine alone versus the
combination with ALK inhibitors as for self-renewal capacity (data not shown). For
this reason, we decided to test a different and more suitable approach by pre-
treating the cells in adherent conditions with Gemcitabine for 48 hours followed
by seven days of treatment with ALK inhibitors alone in anchorage-independent
conditions. This Gemcitabine pre-treatment strategy, while targets highly-
proliferative bulk tumor cells (i.e., differentiated cells), allows for a CSC
enrichment and further assessment of anti-CSC therapy with ALK inhibitors.

Importantly, both Crizotinilb and Ensartinib prevented Gemcitabine-induced self-
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renewal capacity (Figure 11.40B), which reflects the enrichment in CSCs induced

by Gemcitabine, thus indicating the effectiveness of this combined treatment.
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Figure 11.40. The combined effect of Gemcitabine and ALK inhibitors was studied using low doses
of the compounds (Gem 50 nM unless otherwise specified, Crizotinib 1 uM, Ensartinib 1 uM). A)
Colony formation assay after 21 days of freatment with Gemcitabine alone or in combination with
Crizotinib or Ensartinio at the same time (n=3). B) Sphere formation assay after 48 hours of
Gemcitabine pre-treatment in adherent conditions prior to seven days of treatment with Crizofinib
or Ensartinib in anchorage-independent conditions as indicated (n=9). Data are shown as the fold
change to control condition (A) or the percentage of control condition (B), depicted as mean +
SEM and analyzed using Kruskal-Wallis test. * p<0.05, ** p<0.01, *** p<0.005.

Considering these results, we decided next to transfer this approach into the
in vivo setting by freating mice bearing subcutaneous PDAC implants with
Crizotinib after a chemotherapy cycle with Gemcitabine and Abraxane, the
most commonly used chemotherapy combination fo tfreat PDAC nowadays

(Figure 11.41).
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Figure 11.41. Schematic overview of the in vivo treatment experiment. PDX215 tumor pieces were
subcutaneously implanted in the flanks of nude mice. When tumors reached approximately 300
mma3, one cycle of chemotherapy was given fo the animals: 30 mg/kg of Abraxane (i.v., twice a
week) in combination with 70 mg/kg of Gemcitabine (i.p., once a week) for 21 days. After seven
days of rest, mice were randomized and treated with either vehicle or 25 mg/kg of Crizofinib (oral
gavage, twice a day) until end point (n=4 mice per group bearing 2 subcutaneous tumors each).

We first confirmed that freatment with Crizotinib was not toxic to the animals

since their body weight remained essentially unchanged (Figure 11.42).
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Figure 11.42. Mice weight over time.

Strikingly, tfreatment with Crizotinib significantly delayed tumor growth after
chemotherapy (Figure 11.43A). Crizotinib-treated tumors were significantly smaller

(Figure 11.43B and 11.43C) and lighter (Figure 11.43D) than tumors in the control
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group, and in some cases disappeared completely after treatment (Figure

11.438).
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Figure 11.43. A) Tumor volume over time. B) Pictures of tumors at end point (week 10). C) Tumor
volume at end point (week 10). D) Tumor weight at end point (10 weeks). In A, C and D, data are
depicted as mean + SEM and analyzed using Students t fest. * p<0.05, ** p<0.01, *** p<0.005.

Importantly, while no difference was found in the expression of the epithelial
marker EpCAM (Figure I1.44A), Crizotinib-treated tumors showed decreased
content of CDI133*/CD44* cells (Figure 11.44B) and reduced expression of

stemness genes (Figure 11.44C).
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Figure 11.44. A) Percentage of EpCAM* cells of tumours shown in Figure 11.40B. B) Percentage of
CD133+/CD44* cells of tumours shown in Figure 11.43B. C) Pluripotency gene expression of tumours
shown in Figure 11.43B. In A-C, data are depicted as mean + SEM and analyzed using Students t test
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or One-way ANOVA test. * p<0.05, ** p<0.01, *** p<0.005.

These results confirmed our hypothesis that blocking ALK using small molecule
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inhibitors delays tumor growth after chemotherapy by targeting PaCSCs.

Taken together, our findings demonstrate an important role of ALK receptor
in PaCSCs contributing to PDAC aggressiveness. Importantly, the use of

chemotherapeutic agents in combination with ALK inhibitors shows the potential

for mitigating the otherwise inevitable tumor relapse after chemotherapy.
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PPAR-delta Acts as a Metabolic Master Checkpoint for Metastasis in Pancreatic Cancer

Therapies targeting the mitochondria have proven to hold promise as anti-
CSCs treatment as this cell population is highly dependent on mitochondrial
metabolism in many malignanciesl’4. Notably, our group have demonstrated
that, while differentiated cancer cells feature a glycolytic MYC-dependent
metabolism, PaACSCs mainly rely on mitochondrial metabolism with increased
expression levels of peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PPARGCIA or PGCIA). PGCla modulates metabolism at
many levels. On the one hand, it regulates mitochondrial biogenesis, thus
promoting OXPHOSI780, On the contrary, it inhibits glycolysis by promoting
glycogen anabolisml’8791, Indeed, our group has demonstrated that, in PDAC,
glycolysis inhibition is actually driven by reduced MYC expression, since genetic
or pharmacologic downregulation of MYC resulted in increased PGCIA
expression and subsequent mitochondrial oxygen consumption, while reduced
glycolytic capacity. Conversely, MYC overexpression (OE) induced the opposite
results: diminished PGCIA expression and oxygen consumption rate to
extracellular acidification rate (OCR/ECAR) as a measurement of the metabolic
switch from OXPHOS to glycolysis. Therefore, the MYC/PGCla balance enhances
aggressiveness in PDAC by controlling stemness as reduced MYC levels increases
PGCIA expression in PaCSCs, thereby modulating their metabolism towards
OXPHQOS!¥2l, Considering this, mitochondrial targeting seemed a highly promising
therapeutic option to eliminate this aggressive subpopulation in PDAC. This is the
case, for instance, of the antidiabetic drug metformin, whose specificity
targeting PaCSCs was indeed demonstrated by our group. In this study, the
group proved that, while metformin induced cell cycle arrest in the differentiated
cancer cells, it caused a significant energy crisis on PaACSCs that led to cell death,
thus decreasing tumor burden and progression in mouse modelsié'l, However,
further studies from our group on the potential anti-PaCSCs effects of metformin
revealed the acquisition of resistance to this compound featured by a plastic
population with stemness-related properties but lower mitochondrial load. These
cells showed an intermediate metabolism based on mid expression levels of both
MYC and PGCIA, with lower mitochondrial mass but sfill maintaining its
pluripotent state (CD133*/MitotoW)lé2, An increased balance between MYC and
PGCla caused decreased mitochondrial oxygen consumption and increased

glucose uptake, lactate release and glycolytic capacity, all indicative of a
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metabolic reprogramming. This scenario rendered this PACSCs CD133*/Mitotow
population resistant to this compound. It was confiirmed, then, that the
MYC/PGCla balance determines PDAC aggressiveness by modulating

stemness.

Indeed, under such metabolic stress situation induced by metformin, the
resistant PaCSC population displayed a gene expression pattern and
morphological changes reminiscent of the EMT program (Figure 1.1). Strikingly,
treatment with other mitochondrial partial inhibitors, such as Etomoxir, or
exposure to tumor-like conditions (hypoxia, low pH and low glucose) also resulted
in the acquisition of an EMT-like phenotype (Figure 1.2), indicative of a
phenotypic adaptation to nutrient shortage. This phenomenon was also further
associated to microenvironmental cues derived from tumor-associated
macrophages (TAMs), as M2-polarized macrophages-conditioned medium
(MCM) displayed identical effects (Figure 1.2). Importantly, MCM has been
reported as a potent inducer of the EMT program in PDAC that potentiates in
vitro invasivenessl??l. Therefore, regardless of their different mechanism of action,
these two approaches (mitochondrial inhibition and MCM) induced a more
aggressive phenotype based on an EMT-like gene expression pattern and
mesenchymal-like morphological changes (Figure 1.2). Whether the induction of
this phenotype based on metabolic stress potentially primed PDAC cells to

invade was addressed later on.

In addition to EMT-related genes, we found other genes differentially
expressed in MCM- and Etomoxir-treated cells that are of especial interest for us.
Interestingly, the carbohydrate PCR array performed on different primary PDAC
patient-derived cells tfreated with Etomoxir or MCM not only displayed MYC
upregulation and PGC 1A downregulation, but also showed a consistent increase
in peroxisome proliferator-activated receptor delta (PPARD) levels (Figure 1.3).
Indeed, we have now confirmed that PPAR-8 orchestrates PDAC aggressiveness
by demonstrating the link between its activity and the acquisition of the EMT
phenotype as a prerequisite for invasiveness and metastasis onset. PPAR-6
belongs to the nuclear receptor superfamily of ligand-activated transcription
factors(225], PPAR-6 has been linked to PDAC progression and plays a critical role
in promoting metastatic dissemination in different cancers. On the one hand, a

comprehensive study interrogated PPAR-3 influence in the metastatic process in
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different in vivo models across several cancer types, including PDAC: from tail
vein experimental metastasis assays with melanoma, lung carcinoma and colon
cancer cells, to orthotopic spontaneous metastasis assays with pancreatic and
breast cancer cells, as well as an intrasplenic experimental metastasis assay with
colon cancer cells. In all these experiments, PPARD knockout (KO) cells were
used to demonstrate a decrease in metastatic dissemination. Therefore, in these
studies, the authors argue contrary to the proposed antitumor effects of PPAR-8
described for many cancers and demonstrated its inherent role in the metastatic
process’4l, On the other hand, a mechanistic link between PPAR-6 and
invasiveness and metastasis had been proposed in previous studies. In lung
adenocarcinoma, fibroblast-derived factor 1 (SDF-1) induced EMT through the
CXCR4/B-catenin/PPAR-3 axis, while downregulation of these proteins had the
contrary effect. Importantly, they have demonstrated that the final player of this
cascade is PPAR-5, since CXCR4 knockdown (KD) suppressed both CTNNBI (B-
catenin) and PPARD gene expression, while CTNNB1 KD inhibited only PPARD with
no effects on CXCR4, and PPARD KD did not repress the expression of the other
two genesl??4. However, in PDAC no mechanistic link concerning PPAR-8 has

been described to date.

Concerning our results, first of all, PPARD was significantly overexpressed in
PDAC patients from the TCGA and GTEx datasets (Figure 1.5A), predicted
disease-free survival (Figure 1.5B) and correlated with the expression of our EMT
signature (Figure 1.6A). Additionally, PPARDHGH patients exhibited a significant
enrichment of EMT pathways (Figure 1.6B, left panel). The correlation between
EMT and PPARD expression was further confirmed by single cell franscriptomic
analyses (SCRNAseq) performed on different advanced PDAC cells isolated from
patients’ blood. These analyses exhibited a consistent upregulation of PPARD in
cells undergoing EMT (Figure 1.4). Interestingly, MCM and Etomoxir treatment did
not only increase PPARD/PPAR-6 gene and protein expression to levels
comparable to the PPAR-3 chemical agonist GW0742 (Figure 1.8A and 1.8B), but
also increased its activation (Figure 1.8C). Even more important are the functional
effects coming from PPAR-§ activation, since different PPAR-8 chemical agonists
enhanced in vitro invasiveness like both MCM and Etomoxir (Figure 1.9B and 1.9A,

respectively). Likewise, Etomoxir enhanced PPAR-8-mediated metastatic
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dissemination in vivo, while PPARD KD decreased to half the percentage of mice

with micrometastases induced by Efomoxir treatment (Figure 1.11).

MYC is the most common deregulated gene found in human malignancies
taking a big part in all hallmarks of cancer, including metastasis. To exert its
function, MYC necessarily forms a heterodimer with MAX[2271, There are multiple
ways by which MYC regulates invasion and metastasis. For instance, a study in
lung cancer demonstrated that MYC cooperates with C-RAF in a C-RAF-driven
non-small cell lung cancer (NSCLC) animal model to increase metastasis
incidence, although MYC OE in low-metastatic NSCLC cells was sufficient to
induce metastatic dissemination to the lungs after their subcutaneous
inoculation in immunodeficient micell%l, However, these results may be biased
by the inherent fropism of NSCLC cells to their organ-of-origin and not exclusively
driven by the metastatic process. Another example is the one found in prostate
cancer. In this report, a modified genetically engineered mouse model (GEMM)
based on lentiviral targeting of Pfen and Tp53 was developed and used to
demonstrate Myc involvement in prostate cancer metastatic disseminationtoél,
While MYC implication in invasiveness and metastasis seems pretty clear, the role
of PGCla remains confroversial. In melanomal?2l and prostate cancerl227],
PGCla was shown to act as a tumor suppressor, since its upregulation was
proven to be crucial for reducing migration and metastasis in both diseases.
Conversely, circulating mammary cancer cells showed increased PGCIA
expression levels and enhanced mitochondrial biogenesis, while PGCla
inhibition resulted in decreased cytoskeleton remodeling and diminished
invasion239, However, in PDAC, this link between PGCla and invasiveness
remains elusive. Altogether suggested that the MYC/PGCla balance determines
PDAC aggressiveness not only by modulating stemness, as previously reported
by our group'é?, but also controlling invasion, and that this could be orchestrated

upstream by PPAR-3.

While it is known that MYC promoter carries a PPAR responsive element (PPRE,
GeneCards), a correlation between MYC and PPAR-8 to unleash metastatic
disease have not been described in any cancer to date. Considering this and
our previous results, we hypothesized that the MYC/PGCla balance may be
regulated upstream by PPAR-3. Importantly, MYC appeared overexpressed while

PGCIA resulted downregulated under the metabolic stress circumstances
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studied here (MCM or Etomoxir treatment; Figure 1.3, 1.4 and 1.12), as occurred in
the previous study of the laboratory!éd. Certainly, we show here that PPARD
modulates MYC promoter activity not only by PPARD OE but also with its
activation with the chemical agonist GW0742 (Figure 1.14). Moreover, PGCI1A
promoter activity resulted decreased under the same circumstances, although
its late inhibition suggested that this modulation comes from MYC and not
directly from PPAR-3. Importantly, our group have previously confirmed that MYC
downregulates PGCI1A expression by directly binding to its promoterlé2, thus
posing PGCla as a downstream target of MYC. Overall, PPAR-6 controls PDAC
invasiveness by directly enhancing MYC activity towards an increased glycolytic
metabolism which, in turn, downregulates PGCla and OXPHOS. Additionally,
MYC-driven metastatic dissemination may also be motivated by suppression of
epithelial genes231l and induction of mesenchymal ones232., Intriguingly, we show
here that MYC inhibition further supported the notion that PPAR-8 mediates
invasiveness through MYC signaling by significantly decreasing MCM- or
Etomoxir-induced EMT-related gene expression and invading cells (Figure 1.13B

and 1.13A, respectively).

Previous studies have reported that metabolic stress as a consequence of
dysfunctional mitochondriall233234  or glutamine deprivation(23%  promote
invasiveness. In line with these findings, we have shown that the metabolic stress
caused by either mitochondrial blockade or a starvation situation (low glucose,
low oxygen) promoted the acquisition of a more aggressive phenotype (Figure
1.2), most likely primed to migrate towards less scarce microenvironments. This
phenomenon suggests that metabolic adaptation may occur in cancer cells
when they face hostile nutrient shortage, and that this metabolic plasticity is a
prerequisite to acquire a more aggressive invading phenotype to increase the
probability of surviving. Indeed, this is what takes place in highly tumorigenic
pancreatic cancer cells (i.e., PaCSCs) when the tumor progress to metastatic
stages since, as mentioned before, different clones of these cells with distinct
metabolic phenotypes coexistlé2, In addition to this, the tumor microenvironment
(TME) in PDAC is characterized by an extremely abundant and dense stromal
compartment with remarkable hypovascularization, which represents one of the
hallmarks of PDAC. This situation contributes to the harsh microenvironmental

conditions (i.e., nutrient deprivation and lack of oxygen) to which pancreatic
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cancer (stem) cells need to adapt in order to thrivel23¢, As mentioned earlier in
this discussion, further characterization of the metformin-resistant PaCSCs
subpopulation suggested that, certainly, metabolic stress or stromal cues
unleashed the EMT genetic program through metabolic modulation (Figure 1.2)
although this hypothesis was not confirmed in this PhD work. Overall, this ability of
cancer (stem) cells to reprogram their metabolism upon metabolic stress render
them highly defiant to the nutrient shortage characteristic of the TMEI237.238] and,

at least in PDAC, seems to be directly orchestrated by PPAR-3.

As mentioned before, therapeutic intervention remains challenging in PDAC
since diagnosis occur late and common chemotherapeutic agents target
differentiated bulk tumor cells while enrich highly aggressive and metastatic cell
populations (i.e., PaCSCs). Given our results, different therapeutic possibilities
arose to prevent metastatic dissemination in PDAC: to inhibit MYC or to target
PPAR-3. Indeed, several compounds have been tested against MYC with little
clinical transcendence, although they have provided important insights about
MYC biology??71, All these unsuccessful attempts are mainly consequence of
MYC structure, which lacks traditional binding pockets, and the absence of a
resolved crystal structure in its monomer presentation. Therefore, MYC s
considered a "yet to be drugged” target, also because its function is completely
pleiotropic and not exclusively tumoral2'®l, On the other hand, there are some
available compounds able to target PPAR-3, such as GSK0660, GSK3787 and
DG17202%, Indeed, we were able to block MCM- and Etomoxir-induced
invasiveness in vitro (Figure 1.15) and, most importantly, reduced metastatic
incidence in vivo of two highly metastatic PDAC models (Figure 1.18). Despite
none of these compounds are approved in the clinical setting at the moment,
we have provided proof of concept that PPAR-6 blockade prevents PDAC cells
from disseminating and forming metastatic lesions. However, we are aware that
PDAC diagnose occurs when metastatic disease is already present, then,
whether PPAR-§ inhibition might represent an efficient approach to be used in

this scenario must be further investigated.

In summary, our data demonstrate that PPAR-6 targeting with small
compounds decreases metastatic dissemination in PDAC. Therefore, these

results provide the rationale for developing novel therapeutic strategies against
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aggressive PDAC cells with increased PPAR-8-mediated metabolic plasticity

(Figure 11).
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Figure 11. Schematic representation of the main conclusions extracted from chapter I.
Mitochondrial inhibition with Efomoxir, soluble factors present in M2-polarized conditioned medium
(MCM), or treatment with PPAR-§ agonists activate PPAR-8 to unleash its nuclear function regulating
gene expression. On the one hand, it directly binds the MYC promoter, thus activating its expression
(1). In turn, MYC represses PGC1A expression, while activates EMT-related gene expression (2). This
scenario fosters a glycolytic, mesenchymal-like phenotype with enhanced invasive capacity (left
panel). Conversely, pharmacologic targeting of PPAR-8 represses MYC (1) to unleash PGCIA (2)
expression towards an enhanced mitochondrial metabolism with reduced invasiveness (right
panel).
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ALK Signaling Drives Tumorigenicity, Invasiveness and Chemoresistance of Pancreatic Ductal Adenocarcinoma Cells

As discussed in the previous chapter, pancreatic ductal adenocarcinoma
(PDAC) aggressiveness mostly relies on the presence of aggressive pancreatic
cancer stem cells (PaCSCs) that survive after conventional chemotherapy,
eventually regrow the tumor and migrate to colonize secondary organs. As
pancreatic cancer stem cells (PaCSCs) bear unique features when compared
tfo their most differentiated counterparts, the combination of conventional
chemotherapy with anti-PaCSCs therapies may represent a promising
alternative to improve long-term survival of PDAC patients. In this sense, receptor
and non-receptor tyrosine kinases (RTKs and nRTKs, respectively) represent a
much more approachable strategy since they can be targeted by a plethora of
specific and clinical-grade compounds. In addition, RTKs and nRTKs conftrol
essential cellular mechanisms dysregulated in cancer, such as metabolism,
proliferation, survival and, most importantly, stemnessl1¢0.161.163.164.2391 -~ Several
clinical trials in PDAC are currently exploring the potential benefit of diverse TK
inhibitors in PDACI2401,

In order to find novel pharmacologically amenable targets hyperactivated
in PaCSCs, we decided to focus on RITKs, since their expression in the cellular
membrane allows for targeting by both small molecules and blocking antibodies.
Screening of RTKs revealed that the receptor anaplastic lymphoma kinase (ALK)
was consistently overexpressed and hyperactivated in PACSCs, by using different
CSC enrichment methods and models to account for infrinsic intra- and
intertumoral heterogeneity (Figures 11.1-11.6). Although the ALK receptor plays an
important physiological role in neural developmentl162.173], it was first discovered
in lymphoma as the fusion protein NPL-ALK following chromosomal
rearrangementliéél, Subsequently, ALK was shown to be aberrantly expressed
and/or activated in several cancer typesl'¢-1721 ALK receptor activation triggers
different intracellular signaling pathways involved in proliferation, survival and
metabolism, including JAK/STAT and Ras/ERKI82183  Importantly, some studies
suggested that ALK acts as a regulator of stemness in several cancers!1?1-194],
However, our results were certainly unexpected, since this receptor has been
overlooked in PDAC. The possible cause points to the lack of mRNA
overexpression in fumor bulk cells when compared to normal pancreas or the
low level of chromosomal rearrangement of the ALK gene in PDACU#! (Figure

I1.7), which is the main pathogenic mechanism associated to ALK in NSCLC and
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brain tumorsl'¢?-1721 The low ALK expression at the mRNA level detected in bulk
transcriptomic analysis of The Cancer Genome Atlas (TCGA) and the Genotype-
Tissue Expression (GTEx) datasets (Figure 11.7A) was further evidenced in the
single-cell expression analysis (scRNAseq, Figure I1.L11B), where ALK was
undetectable in the different cell populations of the pancreatic niche, including
tumor cells. In fact, detection of ALK mRNA levels proved challenging even in our
primary cultures (Figure 1.6 and data not shown). However, we detected
considerable ALK expression and phosphorylation in different PDAC PDX models
and established cell lines by western blot (Figures 11.3 and I1.5). Our data further
reinforces the importance of considering protein post-transiational regulation
and modifications accompanied with functional assays over purely

transcriptomic studies for target discovery screenings.

Nevertheless, further biocinformatic analyses of franscriptomic datasets
supported our initial results in vitro. Indeed, we were able to link the mRNA
expression of both ALK and an ALK overexpression (OE) signature previously
described20 with pathways related with CSCs in PDAC patients, such as
epithelial-to-mesenchymal transition (EMT), drug metabolism and stemness
(Figure 11.8A-11.8D and 11.9). In addition, these analyses allowed us to propose the
cytokines midkine (MDK) and, to a lesser extent, pleiotrophin (PTN), as the main
putative ligands triggering ALK activation in PaCSCs. Indeed, the identification
of the actual ALK ligand is a matter of great controversy: while some studies point
to MDK and PTNI70.1751 others suggest the cytokines FAM150A and B (family with
sequence similarity 150 members A and B)l'7¢2411 as main activators of the ALK
pathway. While the results obtained for FAMI5S50A and FAMI50B were
inconsistent, both MDK and PTN were overexpressed in PDAC patient samples
(Figure 1.10A), although only MDK correlated with the expression of pluripotency
and EMT genes in both bulk and scRNAseq data and with the ALK OE signature
mentioned above (Figures 1.10B and II.11A). However, we cannot definitely
discard the implication of FAM150A nor FAM150B in our system without further

experimental analyses.

MDK and PTN are heparin-binding growth factors with multiple regulatory
functions in biological processes such as proliferation, differentiation and
development through binding to different receptors, including ALK[I77.178l

Interestingly, functional assays with recombinant MDK and PTN demonstrated
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that ligand-dependent ALK activation increased several CSC-related properties
such as self-renewal, clonogenicity and CSC frequency in our PDX models
(Figures 11.14, 11.19B and 11.19C), indicating that the axis MDK/PTN-ALK enhances
stemness in PDAC. Indeed, ALK activation via MDK or PTN has been shown to
regulate self-renewal and tumorigenicity in glioblastomall?!.1922421 - while PTN
knockdown favored chemosensitivity and inhibited clonogenic capacity in
osteosarcomal?#l. The differences we observed at the functional level, however,
were not transferable to the molecular analyses performed by RTgPCR and flow

cytometry (Figures Il.16 and 11.18).

Functional assays on the invasive potential were less conclusive due to fewer
complementary tests. However, we were able to link the MDK/PTN-ALK axis to
invasiveness in PDAC, another key feature of CSCs. Indeed, MDK- and PTN-
dependent ALK activation regulated migration/invasion in glioblastomal?42 and
gliomal?44, respectively. As mentioned above, our bioinformatic analyses
correlated ALK OE target genes and MDK with EMT-related genes, frequently
associated with invasiveness (Figure 11.8D and 11.10B, middle row, respectively).
Despite the differences found in EMT gene expression after treatment with ALK
ligands resulted not significant (Figures 11.18 and 11.22), migration assays
suggested a functional link between this pathway and invasiveness (Figure 11.17
and 11.21). These results confirm that ligand-dependent activation of the ALK
pathway enhances PDAC aggressiveness by boosting CSCs properties. Whereas
acute freatment with exogenous MDK or PTN did not substantially modify gene
expression patterns of stemness or EMT programs (Figures 11.16, 11.18, 11.20 and
I1.22), their effects on PaCSC properties were at the functional level, thereby
highlighting the importance of performing functional assays with prolonged
exposure of the cells fo ALK ligands to properly study CSC biology in the long-

tferm.

Our results point to different modes of ALK ligand-dependent activation in
PaCSCs. Analysis of the scRNAseq dataset indicated that MDK was expressed by
a wide range of cells present in the pancreatic niche, including tumor cells
(Figure II.11B), suggesting that MDK could activate ALK in both an autocrine and
paracrine manner. On the one hand, we confirmed the autocrine regulation by
the high levels of human MDK present in supernatants of both subcutaneous and

orthotopic tumor pieces, plasmas from orthotopic ftumor-bearing mice (Figure Il.
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12A) and primary tfumor cells in culture regardless of their pluripotency status
(Figure 11.12B and 1I.12C). On the other hand, regarding the paracrine regulation,
PTN was barely expressed in tumor cells according to our analysis of the
sCRNAseq PDAC dataset (Figure 1.11B) and was undetectable in PDXs (data not
shown). In contrast, PTN was expressed by stromal cells, such as fibroblasts and
stellate cells (Figure II.11B), revealing the potential paracrine regulatory loop in
which cells from the tumor microenvironment may sustain PaCSCs through ALK
activation via PTN. Importantly, regarding MDK-mediated paracrine regulation
of ALK, a recently published RNA microarray analysis from tumor-associated
macrophages (TAMs) revealed that MDK expression is increased in these immune
cells after being polarized towards an immunosuppressive phenotype when co-
cultured with PDAC cellsi. Indeed, the incubation of PDAC PDXs with
conditioned medium from protumoral macrophages (MCM) —-a confirmed
inducer of the EMT phenotype in PDAC (see chapter I)- further corroborated the
link between invasiveness and ALK receptor in PDAC cells, since it appeared
strongly phosphorylated (Figure 11.23A). Additionally, a recently described TAMs
infiltration gene expression signaturel?'l positively correlated with ALK pathway
in our bioinformatic analyses (Figure 11.25). Surprisingly, MDK expression positively
correlated with this TAMs infiltration signature (Figure 11.25). However, MDK
expression and secrefion did not correlate in M2-polarized protumoral
macrophages, since it was undetectable in any of the MCM samples assessed
(Figure 24A), as previously observed in melanoma cellsl223245  Altogether
suggests that a complex crosstalk between CSCs and their niche is taking place.
Strikingly, another recent study revealed that melanoma cells secrete MDK to
promote an immune-suppressive microenvironment involving TAMs and
cytotoxic T cellsi?23, suggesting that MDK secretion by PaCSCs could also play a
role in immunoediting in PDAC. Taken together, we hypothesize that TAMs-
PaCSCs crosstalk might modulate PDAC aggressiveness through the ALK
signaling pathway via: 1. other potential ALK ligands secreted by TAMs; and/or
2. inducing MDK expression and secretion in pancreatic cancer (stem) cells
(Figure 11.24B) to exert their function in both paracrine- and autocrine-mediated

manners, respectively.

Interferon gamma (IFN-y) has been described as a classical natural

anticancer agent produced by T lymphocytes and natural killer (NK) cells to
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stimulate antitumoral macrophages!?4-2481, However, it also has been linked to
adaptive immune resistance by inducing the expression of immune checkpoints,
such as programmed cell death 1 and its ligand (PD-1/PD-L1), in many cancer-
related malignancies, including PDACP324, Strikingly, IFN-y pathway resulted
enriched in ALKMIGH patients from our gene set enrichment analyses (GSEA, Figure
I.9A) and a positive correlation of ALK OE signature and MDK with both TAMs
infiltration signature and PD-L1 (Figure 11.25 and 11.26, respectively) was obtained
from the bioinformatic analyses performed. In addition to this, we found
enhanced PD-L1 expression after incubation with MCM (Figure 11.27A) and a
positive trend with exogenous MDK or PTN treatment (Figure 11.27B). On an
entirely speculative basis, we hypothesize that the immunosuppressive
microenvironment in PDAC could be promoted by an infricate crosstalk
between TAMs and cancer (stem) cells through ALK and IFN-y pathways, as
suggested by both the bioinformatic analyses and the in vitro results and
supported by recent bibliography. Despite PDAC is considered a “cold tumor™
with minor, yet not nonexistent, immune infilfration, our hypothesis is that the IFN-
y produced by the limited immune cells in the PDAC TME is sufficient to induce
the adaptive immune resistance by which TAMs induce PD-L1 expression in
PaCSCs through MDK- (and/or other ligands)-ALK axis. Likewise, TAMs induce PD-
I expression in T lymphocytes that will interact with PaCSCs-expressed PD-L1 to

exert the immunosuppression (Figure 12).
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Figure 12. Hypothetical schematic representation of the IFN-y-mediated adaptive immune
resistance through the ALK pathway in PDAC. Immune cells such as T lymphocytes (T cells) and
natural killer (NK) cells secrete IFN-y that will induce the expression of PD-1 on T cells and PD-L1 on
PaCSCs through different cytokines and ALK ligands secretion to potentiate the
immunosuppressive TME characteristic of pancreatfic tumors. Likewise, TAMs-mediated PaCSC
stimulation may promote MDK secretion in these cells. Moreover, IFN-y may act directly on PaCSCs.
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Importantly, we have demonstrated the crucial role of ALK for PDAC CSC-
related functions not only by exogenous activation of the receptor, but also
through pharmacological inhibition strategies using clinically-approved
compounds. Crizotinib is a trivalent ALK, c-Met and ROS1 inhibitor approved by
the Food and Drug Administration (FDA) to treat cancers expressing oncogenic
ALK fusion proteinsl?81991 and, later on, those depending on c-Met and/or ROS1
signalingl?®. On the other hand, Ensartinib is a potent and specific next-
generation ALK inhibitor currently evaluated in a phase il triall2%3], included in our
study to discard the off-target effects induced by Crizotinib. Treatment with both
Crizotinib and Ensartinib inhibited proliferation (Figure 11.28A and 11.28B), and
induced toxicity and cell death in vifro (Figure 11.29-11.32), suggesting that ALK
signaling conftributes to cell survival. ALK inhibition was effective in our models
derived from local (PDXs), metastatic PDAC (CTCA) and EMT-induced PDXs (i.e.,
with MCM), suggesting this therapeutic approach may be effective in advanced
and metastatic patients (Figure 11.30-11.32). Notably, ALK inhibition drastically
decreased the CSC content (Figure 1.31C and 11.31D) and stemness features in
vifro and in vivo (Figure 11.33, 11.36 and 11.37). Finally, ALK inhibition also reduced
the migratory and invasive abilities in our models (Figure 11.34). Altogether, these
results demonstrate that ALK is functionally necessary for PACSC maintenance

during fumor progression.

Therapy failure and recurrence remain a major issue in PDAC management
due to its infrinsic chemoresistance. In addition, conventional treatments target
the tumor bulk and enriches the CSC contfent, responsible for tumor relapse. Our
GSEA revealed that PDAC patients with higher levels of ALK expression have
enhanced xenobiotic metabolism (Figure I.9A), a process by which tumor cells
reduce drugs’ bioavailability, thus increasing cytoprotection. Some studies on
MDK and PIN also support the implication of the ALK pathway in
chemoresistance. In osteosarcoma, PTN reduced chemosensitivity through
enhancing ALK/GSK3pB/B-catenin signaling by increasing multidrug resistance
protein 1 (ABCBI, P-glycoprotein or MDR1) expression('21l, Likewise, MDK derived
from cancer-associated fibroblasts (CAFs) of different malignancies reduced
chemotherapy-induced cell death via expression of the long non coding RNA
(IncRNA) ANRIL by increasing the expression of the multidrug resistance-

associated protein 1 and 2 (ABCCI1 and ABCC2, respectively)l'?l. Interestingly,
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an early study demonstrated that MDK depletion sensitizes PDAC cells to
Gemicitabinel'20, Although mediated through Notch-2 receptor in this case, the
implication of MDK with chemoresistance was evidenced in PDAC for the first

fime in this study.

Here, we demonstrate that both Crizotinib and Ensartinib decreased the ICso
of Gemcitabine more than half (Figure 11.38), with stronger effects by Ensartinib
freatment. Importantly, both ALK inhibitors in combination with Gemcitabine
decreased PaCSC content by inducing cell death (Figure 11.39) and abrogated
Gemcitabine-induced clonogenicity (Figure II.40A) and self-renewal (Figure
I.40B). Importantly, Crizotinib treatment significantly delayed tumor relapse in
vivo (Figure I.43A) and some tumors even disappeared after freatment (Figure
I1.43B). Moreover, tumors from Crizotinib-treated mice showed reduced stemness
markers (Figure 11.44B and 11.44C), indicating a successful PACSC targetingin vivo.
Since development of resistance to Crizotinib has been reported already249],
further in vivo experiments would be needed in order to test Ensartinib, a
compound still in the process of approval by the FDA. Besides its improved
specificity, this inhibitor was more potent than Crizotinib either alone or in
combination with Gemcitabine in vitro. Considering our results, we would expect
a reduction of the required dosage in vivo to obtain a positive response, further

translated into minimal side effects when applied as combinatory treatment.

In summary, our results demonstrate that PaCSCs sustain their stemness
program through MDK (and PTN)-dependent activation of the ALK signaling
pathway. Importantly, this pathway can be pharmacologically targeted with
small molecule inhibitors that, combined with conventional chemotherapy,
showed promising effects for an effective long-term treatment of PDAC (Figure
13).
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Figure 13. Schematic representation of the main conclusions extracted from chapter Il. PaCSCs
express higher levels of the ALK receptor, leading to an hyperactivated pathway with
consequences on survival, proliferation, self-renewal, tumorigenicity and chemoresistance.
Targeting the MDK/PTN-ALK axis with clinically-approved inhibitors impairs in vivo fumorigenicity
and chemoresistance in PDAC, suggesting a new treatment approach to improve the long-term
survival of these patients. Parejo-Alonso et al., 2023.
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Pancreatic ductal adenocarcinoma (PDAC) aggressiveness mainly relies on
two key factors: delayed detection, since symptoms are mild and/or unspecific
even at advanced disease stages, and its infrinsic resistance to current treatment
regimentsli®l, thus making PDAC progression to metastatic disease a silent
process. Unfortunately, current therapeutic strategies for PDAC disease translate
into dismal curative opportunities since most of these patients eventually
develop resistance to chemotherapy and tumor relapsel'4 featured by a small
but unique subpopulation of cancer cells known as pancreatic cancer stem cells
(PaCSCs)202191, Therefore, it seems likely that either early detection or combining
chemotherapy with drugs targeting CSCs —directly eliminating them and/or
indirectly inhibiting their functionality— may be the only way to ensure long-term
survival of PDAC patients. However, there is not a reliable biomarker for PDAC
early detection nowadays, which aggravates the difficulties in the already
challenging PDAC management. In our group, we are focused on the
differential features that render PaCSCs unique versus the most differentiated
progenies in order to find targetable vulnerabilities against them. In this PhD work,
two different approaches were investigated to counteract PDAC aggressiveness
by targeting important elements for CSCs biology and functionality: metabolic
reprograming and extracellular signal transduction, both considered hallmarks

of cancerl73250],

On the one hand, the distinct metabolic phenotype between differentiated
cancer cells and CSCs represents an appropriate candidate for the
development of specific anti-CSCs therapeutic strategies. While the preferred
metabolic pathway used by CSCs differ in different cancer types!*?, it has been
well-demonstrated that PaCSCs are exclusively dependent on mitochondrial
oxygen phosphorylation (OXPHQOS)®. However, our group set to modify the
adjective “exclusive” to “highly” by further proving the presence of metabolic
plasticity within this previously described “metabolically static” subpopulation.
The balance between MYC and PGCla regulates the metabolic phenotype
seen in PaCSCs, impacting their pluripotency statuslé2 and modifying their
invasive abilities. Here, we demonstrate that PPAR-§ orchestrates PaCSCs
metabolic plasticity by controling MYC/PGCla balance towards increased
invasiveness, thereby constituting an accurate candidate to avoid the

metastatic dissemination in PDAC. However, this approach may represent a
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double-edged sword. While this strategy seems a suitable therapeutic
opportunity for metastatic PDAC, the metabolic modulation that takes place
when inhibiting PPAR-5 towards increased PGCla may enhance other stemness
properties in these cells, such as tumorigenicity and chemoresistance. In any
case, further studies would be needed in order to prove whether this scenario
may be happening upon PPAR-6/MYC/PGCla-dependent metabolic rewiring.
However, we may anticipate that a combinatory therapeutic approach with
mitochondrial inhibitors would be needed to counteract the potential arising
metabolic plasticity-mediated resistance towards the opposite OXPHOS-

dependent phenotype.

On the other hand, receptor and non-receptor tyrosine kinases (RTKs and
NRTKs, respectively) represent an equally suitable strategy since they can be
targeted by a plethora of specific and clinical-grade compounds. Besides this,
RTKs and nRTKs conftrol essential cellular mechanisms dysregulated in cancer,
such as metabolism, proliferation, survival and, most importantly,
stemnessl154155.2511 - Several clinical frials in PDAC are currently exploring the
potential benefit of diverse TK inhibitors in PDACIYI, Here, we define an important
role of anaplastic lymphoma kinase (ALK) receptor in PaACSCs functionality by
demonstrating its direct implication in enhancing self-renewal, tumorigenicity
and chemoresistance. Indeed, this strategy represents a huge therapeutic
opportunity with high chances of success since ALK receptor can be blocked by
numerous compounds already approved for their clinical use. In addition to this,
the fact that this receptor is barely expressed in healthy adult fissues reduces the

potential adverse effects coming from a possible prolonged systemic treatment.

In summary, despite a more in-depth investigation may be required, both
strategies showed promising results and bear the potential to benefit PDAC

patients in the future.
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The following conclusions can be drawn from the results presented in this

doctoral thesis:

CHAPTER I

1. A common transcriptional program integrates metabolic stress
(mitochondrial inhibition with Etomoxir) and microenvironmental cues derived
from TAMs (incubation with  MCM) characterized by increased glycolytic

metabolism.

2. Both Etomoxir and MCM induce PPARD/PPAR-8 gene and protein

expression, as well as activation of PPAR-3.

3. Functionally, PPAR-6 activation by Etomoxir and MCM enhances the

invasive and metastatic potential of PDAC PDXs in vitro and in vivo.
4. MYC is a direct downstream effector of the PPAR-6 signaling pathway.

5. PPAR-8 blockade reduces the in vifro basal and Etomoxir- and MCM-
induces invasive abilities of PDAC metastatic and local PDXs, respectively, as well

as the in vivo metastatic incidence of PDAC orthotopic-bearing mice.

CHAPTER Il

1. ALK receptor is expressed in different PDXs and stablished cell lines from
PDAC.

2. ALK receptor is overexpressed and preferentially phosphorylated in
PaCSCs.

3. MDK and PTN activate ALK, thus enhancing self-renewal, clonogenicity

and CSC frequency in vitro.

4. Pharmacological targeting of ALK induces cell death in CD133* PaCSCs

and impairs stem functionality in vitro and in vivo.

5. Combination of clinically-approved ALK inhibitors with chemotherapy

targets PaCSCs in vitro and delays tumor relapse in vivo.
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De los resultados presentados en esta tesis doctoral pueden extraerse las

siguientes conclusiones:

CAPITULO I:

1. Un programa franscripcional comun integra el estrés metabdlico
(inhibicidon mitocondrial con Efomoxir) y senales microambientales derivadas de
los TAMs (incubaciéon con MCM) caracterizado por un augmento del

metabolismo glicolitico.

2. Tanto Efomoxir como MCM inducen la expresion génica y proteica de
PPARD/PPAR-8, asi como la activacion de PPAR-S.

3. A nivel funcional, la activacién de PPAR-6 mediante Etomoxir y MCM
aumenta el potencial invasivo y metastdtico de los PDXs de PDAC in vitro e in

Vivo.
4. MYC es un efector directo de la via de senalizacidon de PPAR-S.

5. El blogueo de PPAR-8 reduce, in vitro, la capacidad invasiva basal e
inducida por Etomoxir y MCM de los PDXs de PDAC metastaticos y locales,
respectivamente, asi como la incidencia metastatica in vivo de ratones con

tumores ortotépicos de pdncreas.

CAPITULO II:

1. Elreceptor ALK se expresa en diferentes PDXs y lineas células establecidas
de PDAC.

2. El receptor ALK se encuentra mds expresado y fosforiiado de forma

preferente en PaCSCs.

3. MDK and PTN activan ALK, aumentando, asi, la capacidad de auto-

renovacion, clonogenicidad, y frecuencia in vifro de CSC.

4. Lainhibicion farmacoldgica de ALK induce muerte celular en las PaCSCs

CD133*y afecta la funcionalidad de las células madre in vitro e in vivo.

5. La combinacion de inhibidores de ALK clinicamente aprobados con

quimioterapia ataca a las PaCSCs in vitro y retrasa la recidiva in vivo.
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SUMMARY

In pancreatic cancer, emerging evidence suggests that PPAR-O overexpression is associated
with tumor progression and metastasis, but a mechanistic link is still missing. Here we now show that
PPAR-0 acts as the integrating upstream regulator for the metabolic rewiring, which is preceding the
subsequent initiation of an invasive/metastatic program. Specifically, paracrine and metabolic cues
regularly found in the metastasis-promoting tumor stroma consistently enhance, via induction of
PPAR- activity, the glycolytic capacity and reserve of pancreatic cancer cells, respectively,
accompanied by decreased mitochondrial oxygen consumption. Consequently, genetic or
pharmacological inhibition of PPAR-§ results in reduced invasiveness and metastasis.
Mechanistically, PPAR-0 acts by shifting the MYC/PGCIA balance towards MYC, enhancing
metabolic plasticity. Targeting MYC similarly prevents the metabolic switch and subsequent initiation
of invasiveness. Therefore, our data demonstrate that PPAR-J is a key initiator for the metabolic
reprogramming in pancreatic cancer, thereby acting as a checkpoint for the phenotypic change
towards invasiveness. These findings provide compelling evidence for a novel treatment strategy to

combat pancreatic cancer progression.

Keywords: Pancreatic ductal adenocarcinoma, Epithelial-to-mesenchymal transition,

Metastasis, Cancer stem cells, Metabolism, MYC, PGC1A, PPAR, PPARD
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INTRODUCTION

Pancreatic Ductal Adenocarcinoma (PDAC), the most frequent form of pancreatic cancer is an
extremely lethal disease with high metastatic potential (Hidalgo, 2010). At the time of diagnosis, 80-
90% of the patients are already at an advanced/metastatic disease stage, with very limited therapeutic
options and a particularly poor long-term outcome (Siegel et al., 2017). This can, at least in part, be
attributed to the hierarchical organization of PDAC, containing cells with tumor-initiating properties
or cancer stem cells (CSCs), which constitute the driving force for disease progression, metastasis,

and chemo-resistance (Hermann et al., 2007; Li et al., 2007).

CSCs are capable of unlimited self-renewal, thereby maintaining the CSC pool and also giving
rise to the more differentiated progenies (non-CSCs) with a high proliferative capacity. Although both
CSCs and non-CSCs can acquire mobility by processes such as epithelial-to-mesenchymal transition
(EMT), the arising metastatic CSCs would predominantly be able to initiate secondary lesions due to
their strong tumor-initiating capacity. Thus, complementing current chemotherapies with strategies
that efficiently target CSCs, bears the potential to eventually improve patients’ long-term survival
(Gallmeier et al., 2011; Lonardo et al., 2011; Mueller et al., 2009; Zhang et al., 2016).

We recently reported that c-MYC (hereinafter referred to as MYC) plays an essential role in
defining the metabolic phenotype and stemness of PDAC cells, by negatively controlling the
expression of the mitochondrial biogenesis factor PGCIA (Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha) (Sancho et al., 2015). Reduced MYC expression in CSCs was required to
unleash PGCIA and promoted an OXPHOS-dependent metabolic phenotype, thereby enhancing their
self-renewal capacity. This rendered CSCs particularly sensitive to mitochondrial targeting (i.e.
Metformin), whereas differentiated cancer cells, characterized by increased MYC expression and a
glycolytic phenotype, were not sensitive to Metformin.

Intriguingly, however, a subpopulation of CSCs turned out to be resistant to mitochondrial
inhibition due to an increased MYC/PGCIA ratio and metabolic plasticity, allowing them to modulate
their metabolism in response to exogenous environmental cues. This subset of Metformin-resistant

CSCs displayed a highly invasive phenotype, suggesting a potential link between metabolism and
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invasiveness. Indeed, here we now conclusively show that metabolic reprogramming induced by
PPAR-0 (Peroxisome Proliferator-Activated Receptor delta) via enhancing MYC/PGCIA ratio, which
precedes and facilitates the acquisition of an invasive, EMT-like phenotype in PDAC cancer (stem)
cells. This phenotype was induced either through partial inhibition of mitochondrial activity and
nutrient stress, respectively, or via stromal cues. Single-cell RNAseq identified PPAR-0 as a directly
druggable upstream target, which integrates both nutrient-sensing and stromal signals to modulate
cellular metabolism and subsequently invasiveness and metastasis via increasing the MYC/PGCIA
ratio. Therefore, targeting PPAR-3 represents a novel and translatable approach to counteract PDAC

progression and metastasis.

RESULTS

Induction of an EMT-like phenotype in PDAC cells. We have previously shown while
prolonged treatment of PDAC cultures with the mitochondrial complex I inhibitor Metformin
eliminated a large fraction of CSCs, outgrowth of pre-existing resistant CSC clones occurred (Sancho
et al., 2015; Lonardo et al., 2013). These prevalent Metformin-resistant cells were morphologically
distinct with an elongated shape and diminished cell-to-cell contact and showed upregulation of
EMT-related genes, e.g. VIM and ZEBI (Figure S1A).

To determine if the acquisition of an EMT-like phenotype could be a general downstream
consequence of diminished mitochondrial activity, we next treated various primary PDAC cultures
using distinct means to inhibit their mitochondrial functions, e.g. reducing mitochondrial uptake of
different carbon sources or diminishing the activity of the electron transport chain (ETC). Indeed,
short-term treatment with Malonate (complex II inhibitor), Etomoxir (mitochondrial long-chain fatty
acid transporter blocker) and UKS5099 (mitochondrial pyruvate carrier blocker) resulted in
morphological and gene expression changes in the cells that are consistent with the induction of EMT
(Figure 1A, S1B). Interestingly, mimicking conditions frequently found in the tumor
microenvironment (low pH, nutrient deprivation, hypoxia) induced similar alterations in morphology

and gene expression (Figure 1A, S1B). Even glucose or glutamine deprivation alone induced
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expression of EMT genes (Figure S1C). Thus, decreased mitochondrial activity, either directly
induced by inhibitors or indirectly by diminishing metabolic substrates, consistently led to the
induction of an EMT-like phenotype.

We previously identified microenvironmental signals from tumor-associated macrophages
(TAMs) and pancreatic stellate cells (PSCs) that strongly induce invasion and metastasis in PDAC
(Lonardo et al., 2012; Sainz et al., 2014, 2015). Co-culturing PDAC cells with primary human TAMs
or PSCs resulted in up-regulation of VIM and ZEBI (Figure S1D). The observed changes in gene
expression induced by TAMs could be mimicked by macrophage-conditioned medium (MCM)
(Figure 1B), and were comparable to the changes induced by Etomoxir (Figure 1C). Treatment with
MCM or Etomoxir consistently upregulated ZEBI in both CD133" CSCs and CD133~ non-CSCs,
independent of their mitochondrial content (Figure S1E), but did not significantly alter their self-
renewal capacity (Figure S1F). In line with the outlined morphological and transcriptional changes,
the cells in both models showed a consistent and strong induction of in vitro invasiveness and in vivo
metastasis, respectively (Figure 1D, 1E).

From this diverse panel of invasion/metastasis-inducers, we selected MCM and Etomoxir as the
most suitable and relevant stimuli for our subsequent studies. This selection was based on their
distinct mechanism of EMT induction: 1) microenvironmental signals from TAMs (MCM) and 2)
partial impairment of mitochondrial activity by Etomoxir-mediated inhibition of fatty acid uptake,
which resulted in a comparable and reproducible increase of cell invasiveness in vitro and metastasis
in vivo (Figure 1D, 1E).

A common transcriptional program linked to PPARD controls invasiveness and metastasis
induced by microenvironmental signals. In order to detect common global transcriptional changes
induced by both MCM and Etomoxir, we next performed single-cell RNAseq (scRNAseq) analyses
for three different PDAC models. Notably, scRNAseq showed that the majority of cells underwent a
strong induction of the Hallmark EMT signature, whereas a smaller subset of cells did not respond to
the EMT cues (e.g. Cluster 2, Figure 2A). As expected from their distinct mechanism of action,

distinct transcriptional profiles in response to EMT induction were noted for MCM and Etomoxir
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(Figure 2SA). These findings were consistent with the diverse morphological changes upon induction
of EMT where a subset of cancer cells maintained their epithelial morphology (Figure S2B).

Intriguingly, while MCM and Etomoxir induced a distinct transcriptional profile compared to
untreated control cells (Figure S2A), Gene Set Enrichment Analysis (GSEA) analysis revealed that
both treatments consistently activated metabolic pathways such as glycolysis and hypoxia, an effect
that again was mostly confined to cells responding to EMT induction (Figure 2A, S2C). Bulk
transcriptional analysis showed a similar trend, although differences were less pronounced, most
likely due to contained cells that did not respond to EMT induction (Figure S2C, S2D). Together,
these data demonstrate that the majority of PDAC cells undergo similar metabolic changes in
response to EMT induction.

We then further analyzed the scRNAseq data sets to identify specific metabolism-related genes
and regulators. Most intriguingly, upon induction of EMT we noted a consistent upregulation of the
nuclear Peroxisome Proliferator-activated Receptor-6 (PPARD) across the different clusters (Figure
2B). While PPARD upregulation was heterogeneous, it was mostly confined to cells displaying the
Hallmark EMT signature. PPARD is a member of the PPAR subfamily of nuclear hormone receptors,
together with PPARA and PPARG. This subfamily modulates energy homeostasis by controlling the
expression of numerous genes involved in lipid and glucose metabolism (Dubois et al., 2017).
Notable, we only found PPARD to be consistently upregulated in EMT cells, whereas the expression
of other family members, e.g. PPARA and PPARG, was not altered (Figure 2B).

We next performed a series of bioinformatic analyses of publicly accessible human datasets, to
further interrogate a possible association of these nuclear receptors with human PDAC aggressiveness

and metastasis. First, analysis of TCGA and GTEx datasets (http://gepia.cancer-pku.cn/index.html)

showed significantly increased expression levels for the PPAR family members PPARD and PPARG
for tumor tissue versus normal tissue (Figure 3A), which also correlated with poor outcome (Figure
3B). Interestingly, only PPARD expression positively correlated with an EMT-related gene signature
formed by ZEBI, SNAIL and SLUG in the tumor (Figure 3C). We performed GSEA of the TCGA

dataset and compared samples belonging to the top and bottom quartiles of PPARD expression.
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Applying the Hallmark gene set collection, we found that the EMT pathway was one of the most
significantly enriched pathways in patients with high PPARD expression, together with metabolism-
related pathways glycolysis and hypoxia (Figure 3D, 3E). Consistently, the OXPHOS pathway was
significantly downregulated in the high PPARD expression quartile (Figure 3D, 3E). Together, these
results mirror the transcriptional expression pattern induced by our in vitro EMT conditions, further
corroborating how hypothesis that PPARD acts as a key regulator for the metastatic program in
PDAC.

PPAR-6 controls invasiveness and metastasis in PDAC. Using our panel of five inducers of
EMT, we were able to confirm a consistent upregulation of PPARD, irrespective of the trigger
(Figure 4A). Although MCM and Etomoxir also upregulated other members of the PPAR family, i.e.
PPARA and PPARG (Figure S3A, S3B), we found that only PPARD was significantly up-regulated
during the first 24h, when changes of cellular morphology and ZEBI expression were still minor or
even undetectable (Figure S3A, S3B). The exclusive and rapid PPAR-9 activation within 24h could
be further corroborated by demonstrating direct binding to its consensus sequence (Figure 4B) and
preferential up-regulation of PPAR-0 target genes (Figure S3C).

Importantly, treatment of PDAC cells with PPAR-0 chemical agonists (GW0742, GW501516,
and L-165), but not PPAR-o or PPAR-Y agonists (e.g. WY 14643 and rosiglitazone), resulted in a
dose-dependent induction of EMT-related genes and typical morphological changes (Figure S4A,
S4B). Conversely, knockdown of PPARD (Figure S4C) virtually abrogated the transcriptional
changes induced by MCM, Etomoxir and the PPAR-0 agonist L-165 (Figure S4D). Functionally,
PPAR-{ activation by agonists resulted in enhanced invasiveness in vitro (Figure 4C) and metastasis
in vivo (Figure 4D). Moreover, knockdown of PPARD reversed MCM, Etomoxir, or PPAR-8
agonist-induced invasiveness (Figure 4E) as well as Etomoxir-induced metastasis in vivo (Figure
4F). Together, these data demonstrate that PPAR-3, but not other PPARs, is responsible for
transcriptional and functional changes concomitant with EMT induction, thereby strongly suggesting

an essential role for PPAR-$ in the process of cancer cell invasiveness and metastasis.
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PPAR-§ controls a metabolic program linked to invasiveness and metastasis in PDAC. As
shown above, EMT induction by microenvironmental signals was strongly linked to a metabolic
transcriptional program characterized by glycolysis and hypoxia signaling induction and OXPHOS
inhibition (Figure 2); features also observed in patients expressing high PPARD levels (Figure 3D,
3E). Interestingly, using a carbohydrate metabolism PCR array, we found genes implicated in uptake
and intermediary metabolism of alternative sugars such as fructose, TCA substrates, amino acids and
lipids to be commonly upregulated following EMT induction with MCM, Etomoxir, or the pyruvate
carrier inhibitor UK5099 (Figure SA).

Moreover, the PCR array confirmed a significant increase of PPARD and a switch in the
MYC/PGC1A balance towards increased MYC expression (Figure 5A). We had previously described
a similar switch in Metformin-resistant primary PDAC cells (Sancho et al., 2015), favoring glucose
metabolism via glycolysis versus OXPHOS. As predicted by the above transcriptional profiling,
metabolic parameters associated with enhanced glycolytic activity (glycolysis, glycolytic capacity and
reserve) were increased upon induction of EMT with MCM or Etomoxir in CSCs and non-CSCs
(Figure 5B, 5C). Conversely, mitochondrial oxygen consumption rate (OCR) was reduced upon
pretreatment with MCM or Etomoxir. Both maximal and ATP-linked OCR were inhibited by 40-50%
upon the indicated treatments, with similar changes in CSCs and non-CSCs (Figure 5B, 5C), despite
their different baseline levels (Sancho et al., 2015). These effects on OCR could be mimicked by co-
culture of the cancer cells with primary human TAMs or PSCs (Figure S5A-C).

Of note, metabolic changes related to glycolysis were less evident (Figure 5C), corroborated
by a slight enhancement of glucose uptake and release of lactate and alanine upon treatment (Figure
S5D-F). However, both glycolytic capacity and reserve, which measure metabolic plasticity as the
ability to switch to alternative pathways upon complete inhibition of mitochondrial ATP, were
increased upon EMT induction (Figure 5C). We therefore hypothesized that EMT induction favors
the combined metabolism of glucose by glycolysis together with the use of alternative carbon sources

in mitochondria, as suggested by the PCR array data. This would be particularly relevant for CSC
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functionality as most of these cells in the native state lack metabolic plasticity and are unable to
compensate mitochondrial impairment by switching to glycolysis (Sancho et al., 2015).

To further test this hypothesis, we performed a series of experiments manipulating PPARD
expression and function by genetic and pharmacological means. Functionally, when PPAR-
d induction was prevented by inducible knockdown, the metabolic changes associated with EMT, e.g.
increased glycolytic capacity and diminished mitochondrial respiration, were abrogated (Figure 6A).
Conversely, treatment of PDAC cells with the chemical agonists GW0742 and L-165, which
specifically activated and upregulated PPARD (Figure 4B, S3D), recapitulated the metabolic switch
induced by induction of EMT (Figure 6B). Consistent with PPARs stimulation of lipid metabolism
and, specifically, fatty acid oxidation (FAO), decreased glucose-dependent respiration was completely
rescued by the addition of palmitate and carnitine to the culture medium (Figure 6C). This suggests
that PPAR-0 promoted glucose diversion to glycolysis while upregulating the FAO machinery to
provide an alternative carbon source for TCA cycle when substrates are available.

Downstream signaling cascade initiating the metabolic switch and promoting invasiveness.
MYC plays an essential role in defining the metabolic phenotype and stemness of PDAC cells by
negatively controlling the expression of the mitochondrial biogenesis factor PGC-1o. (Sancho et al.,
2015). On the other hand, decreased PGC-1a expression was shown to be essential for inducing
migration and metastasis in melanoma and prostate cancer (Luo et al., 2016; Torrano et al., 2016).
Here, in addition to the changes in MYC and PGCIA expression upon treatment with MCM,
Etomoxir, and UK5099 (Figure SA), we found that direct overexpression of MYC induced an EMT-
like phenotype (Figure S6A). Together, these data suggest an intricate link between the altered
MYC/PGCIA balance and the subsequent induction of invasiveness/metastasis. This metabolic
reprogramming could be either cause or consequence of acquiring a migratory/metastatic phenotype.

We hypothesized that the PPAR-6-mediated induction of metastatic activity was related to
changes in the MYC/PGC1A ratio. To test this hypothesis, we first analyzed the MYC/PGCI A ratio in
our diverse EMT/metastasis models. Indeed, induction of metastatic activity by diminishing

mitochondrial activity due to ETC inhibition or lack of fuel resulted in a consistent increase of the
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MYC/PGCIA ratio (Figure 7A, S6B). Notably, the absolute changes in the expression of either MYC
or PGC1A individually did not always correlate with the induction of the EMT-like phenotype. For
some models, the increase in MYC expression was rather modest or absent, whereas PGCIA was still
greatly reduced and vice versa. Instead, we found that, at the mRNA level, an increased MYC/PGCIA
ratio was most consistently linked to an EMT phenotypic induction. At the protein level, however,
MCM, Etomoxir, and the PPAR-$ agonist GW0742 reproducibly increased MYC expression and
diminished PGC-1la expression (Figure 7B). Moreover, PPARD knockdown, which inhibited
invasion and metastasis (Figure 4E-4F), diminished the increase in the MYC/PGC1A ratio induced by
MCM, Etomoxir, and PPAR-0 agonist L-165, respectively (Figure S6C). Finally, PPARD
overexpression or PPAR-§ agonist treatment consistently induced MYC promoter activity and
subsequently reduced PGCIA promoter activity (Figure 7C), indicating a direct link between PPARD
expression and the MYC/PGCIA ratio. Indeed, the enhanced invasiveness of the cancer cells
following treatment with the PPAR-0 agonist could be reversed by either MYC knockdown or PGCIA
overexpression (Figure 7D), essentially attributing PPAR-8’s pro-metastatic effects to its ability to
increase the MYC/PGCIA ratio.

To further corroborate our finding that the MYC/PGCIA ratio is crucially implicated in the
metastatic process, we next analyzed different models with functional and/or physiological relevance.
Specifically, we found that 1) the MYC/PGCI1A ratio most closely correlated with patients’ survival
(Figure S6D), 2) migrating cells showed both increased levels of EMT-associated genes and
MYC/PGCIA ratio compared to non-migrating cells (Figure S6E); 3) the MYC/PGCIA ratio of
disseminated cells from patients with advanced PDAC was 1,000-8,000x higher compared to the ratio
observed for cells derived from primary tumors (Figure S6F), and 4) circulating tumor cells (CTC) in
xenograft models showed increased MYC expression compared to the corresponding primary tumors
(Figure S6G).

The latter finding was most pronounced in cells with increased expression of stemness genes as
a putative pool of circulating CSCs (Figure S6H). Notably, PGCIA expression was very low to

undetectable in most circulating single cancer cells and therefore the MYC/PGCIA ratio could not be
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calculated in this instance (data not shown). Interestingly, once the pro-metastatic PDX cells had
formed actual liver metastases, they showed very low MYC/PGCIA ratios, with reduced MYC
expression and PGCIA levels exceeding those found in primary tumors (Figure S6I). These changes
in gene expression were associated with a reversion to their original mitochondria-driven metabolic
state (Figure S6J).

To further validate the crucial functional role of the altered MYC/PGCIA ratio for inducing the
EMT program, we next used an inducible MYC knockdown system to prevent MYC upregulation
upon EMT induction. MYC knockdown was induced 48 hours before exposing the cells to EMT-
inducing conditions. As expected, MYC knockdown essentially prevented the downregulation of
PGCIA upon treatment with MCM or Etomoxir (Figure S6K) and the subsequent switch in the
metabolic phenotype associated with EMT (Figure 7E, 7F). MYC knockdown also prevented ZEB]
upregulation and induction of invasiveness (Figure 7G, 7H).

As blocking the MYC/PGCIlA-governed metabolic program prevented the pro-metastatic
phenotype induced by microenvironmental cues or fuel deprivation, we next aimed to
pharmacologically inhibit MYC expression using the MYC/MAX interaction inhibitor Mycro3 in
order to mimic the effects of MYC knockdown. Pretreating the cells with Mycro3 efficiently reduced
the upregulation of VIM and ZEBI in response to EMT induction by MCM and Etomoxir (Figure
S6L) and prevented induction of invasiveness (Figure 7). These data could be further corroborated
by overexpression of PGCIA prior to EMT induction, which prevented the metabolic changes
induced by MCM and Etomoxir, respectively (Figure S6M, left panel) and consequently the cells did
not acquire an invasive phenotype (Figure S6M, right panel).

Together, these data support our hypothesis that, upon PPAR-0 activation, MYC (through
inhibition of PGC1A) not only governs the metabolic changes related to EMT, but also initiates and
mediates the EMT/invasive program as a whole.

Therapeutic targeting of PPAR-9J abrogates metastatic activity. Finally, we tested if PPAR-9
could be blocked pharmacologically to inhibit invasion and metastasis in vitro and in vivo. Indeed,

pre-treatment with the PPAR-0 antagonists GSK0660 and GSK3787 or the inverse agonist DG172
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inhibited the invasive capacity conferred by MCM or Etomoxir treatment (Figure 8A), or the basal
invasive capacity of highly metastatic PDAC-265 cells (Figure 8B). Importantly, these in vitro results
could be corroborated in vivo using a model of spontaneous metastasis following orthotopic injection
of PDAC-265 cells. PPARD expression was significantly increased in PPAR-0 agonist GW0742-
treated mice (Figure 8C), which translated into higher metastatic spread in GW0742-treated mice,
whereas the PPAR-0 antagonist GSK3787 significantly reduced metastatic dissemination (Figure 8D,
8E). Of note, MYC and Vimentin protein expression were significantly increased in tumors treated
with GW0742 (Figure 8E, lower panel).

In summary, PPAR-J integrates nutrient-sensing and stromal signals to reprogram PDAC cell
metabolism via MYC/PGCIA, promoting cancer cell invasiveness and in vivo metastasis in PDAC.
Importantly, this process can be pharmacologically reversed using existing small molecule inhibitors,

thus providing a potential new avenue for the treatment of advanced PDAC.

DISCUSSION

PPAR-$ is a member of the nuclear receptor superfamily of ligand-activated transcription
factors. It regulates a variety of biological functions, in a cell and context-dependent manner,
including cellular metabolism, proliferation, differentiation and survival, as well as inflammation
(Giordano Attianese and Desvergne, 2015). Probably due to strong cell context-dependency and
utilization of diverse model systems, the role of PPAR-8 in cancer has remained controversial
(Wagner and Wagner, 2020). Although occasionally related to tumor suppression (Martin-Martin et
al., 2018), increased PPARD expression has mostly been linked to enhanced metastasis in several in
vivo models (Zuo et al., 2017). Even more importantly, poor patient outcome, including reduced
metastasis-free survival correlated with PPARD expression in various cancer types (Abdollahi et al.,
2007; Zuo et al., 2017). However, while accumulating evidence suggest that PPAR-0 also promotes
tumor progression and metastasis in PDAC (Liu et al., 2020; Sanford-Crane et al., 2020; Zuo et al.,

2017), other reports have questioned these finding (Coleman et al., 2013; Smith et al., 2016).
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Our data now clearly support the notion that PPARD promotes progression and metastasis in
PDAC. First, using single-cell analysis of various PDAC primary cultures, we found that PPARD
was exclusively upregulated in cells actually undergoing EMT (Figure 2A&B). We also found
PPARD to be overexpressed in the PAAD TCGA dataset (Figure 3A) and correlated with disease-
free survival (Figure 3B). Interestingly, PPARD-high patients also showed enrichment for pathways
related to cellular metabolism, inflammation, cell cycle, and EMT (Figure 3D, 3E), in line with our in
vitro findings using single-cell analysis (Figure 2 & S2). Such broad transcriptional program
controlled by PPAR-0 suggested to us that it represents a strong candidate for integrating the multiple
pathways regulating tumor progression and metastasis in PDAC. Indeed, our present data now suggest
that the implication of PPAR-$ in the interplay between tumor cells and TAMs may be bidirectional,
since we found PPARD upregulation and activation in response to microenvironmental signals from
TAMs (Figure 2, 4A, 4B). This could create a positive feedback loop in vivo, further promoting
tumor progression via induction of EMT in cancer cells.

EMT can also be induced by metabolic stress resulting from impaired mitochondrial
metabolism (Figure 1), which could be related to either genomic or transcriptional defects, e.g. lack
of mitochondrial DNA (Guha et al., 2014), mutations in TCA cycle enzymes (Grassian et al., 2012;
Loriot et al., 2012; Sciacovelli et al., 2016), or downregulation of components of the OXPHOS
system (Gaude and Frezza, 2016). Our data now demonstrate that not only (epi-) genetic inhibition of
mitochondrial function, but also functional inhibition of mitochondria, e.g. via pharmacological
inhibition of the ETC, is sufficient to induce a metastatic program in PDAC, in line with findings for
other cancer types (Han et al., 2018; Porporato et al., 2014).

Even more strikingly, we found that nutrient stress was similarly effective at inducing EMT and
invasiveness of cancer cells (Figure 1, S1). Indeed, although glutamine deprivation has recently been
described as an inducer of EMT via Slug upregulation in KPC-derived murine PDAC cells
(Recouvreux et al., 2020), we here describe a wider phenomenon: inhibition of mitochondrial uptake
of diverse carbon substrates (glutamine, pyruvate, fatty acids) and/or lack of oxygen, thereby

mimicking the hypoxic and acidic tumor microenvironment, consistently induced EMT. Notably,
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mitochondrial activity was also repressed by microenvironmental signals such as TAM-derived
factors, indicating a common metabolic route in the context of EMT (Figure 5B, 5C).

As PPAR-§ was the only PPAR family member activated by stromal signals or in response to
metabolic stress conditions (Figure 4B), we hypothesized that PPAR-0 acts as an integrating sensor
of diverse signals from the tumor microenvironment, and subsequently activates the EMT program to
1) gain metabolic plasticity and thereby adapt and survive in challenging environmental conditions
and 2) acquire mobility, evade the primary tumor and search for more permissive environments
elsewhere. Interestingly, it was recently proposed that inflammatory signals can trigger a pseudo-
starvation response driving invasiveness, independent of nutrient abundance (Garcia-Jiménez and
Goding, 2019), suggesting that PPAR-0 controls such starvation/pseudo-starvation responses as a
prerequisite for induction of EMT and subsequent metastasis in PDAC.

To our knowledge, this is the first report associating PPAR-0 with tumor progression and
metastasis via metabolic rewiring. PPAR-J initiates a global pro-metastatic metabolic program via
increasing the MYC/PGCIA ratio. Notably, changes in the ratio predicted the aggressiveness of
PDAC cells and overall patient survival more accurately than each of the two genes individually.
Indeed, the pro-invasive effects of enhanced PPAR-§ activation could be reversed by either MYC
knockdown/pharmacological inhibition or PGC1A overexpression (Figures 7, S7). Pharmacological
or genetic induction of PPARD resulted in a rapid upregulation of MYC (24h), suggesting a direct
interaction as the MYC promoter carries a PPAR responsive element (PPRE; Genecard), although
MYC upregulation may occur indirectly via the microRNA Let-7c (Shah et al., 2007). But our
promoter activity assays confirmed that PPARD stimulation directly induced MYC promoter activity
and subsequently reduced PGCIA promoter activity (Figure 7C). The resulting pro-invasive effects
could be reversed by knockdown of MYC or overexpression of PGC1A (Figure 7D).

MYC and PGC-1a have been connected to metabolic switch and tumor progression/metastasis.
Specifically, MYC expression promotes cellular de-differentiation, EMT, and increased metastatic
potential (Bian et al., 2017; Ischenko et al., 2015; Soucek et al., 2013). Indeed, the molecular

signature of aggressive squamous/mesenchymal PDAC includes MYC-activated signaling pathways
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(Bailey et al., 2016). Moreover, analysis of PDAC models revealed that MYC overexpression is
associated with less differentiated tumors and a glycolysis-related gene signature (Bian et al., 2017).
Indeed, we found that MYC upregulation suppressed PGCIA resulting in an altered metabolism with
enhanced global glycolytic/plastic capacity (conferred by MYC), accompanied by inhibition of
mitochondrial oxygen consumption and activity (as a result of PGC1A downregulation via MYC).

Our data show that metabolic plasticity is crucial to support the increased energetic needs
during invasion and the subsequent metastatic process. As metastatic cells decrease their
mitochondrial function (Danhier et al., 2013; Schafer et al., 2009), they need to rely on alternative
sources to maintain their energy balance, and activation of glycolysis seems to be the most plausible
option. However, our results demonstrate that the increase in glycolytic activity upon EMT induction
is rather modest (Figure 5B, 5C and S5). Instead, we found that glycolytic reserve was more
profoundly enhanced in EMT cells, rather suggesting increased metabolic plasticity and
diversification of metabolic substrates, e.g. alternative sugars or fatty acids (Figure 5A, S6).

Although CSCs and non-CSCs are similarly capable of undergoing EMT, regardless of their
basal metabolic phenotype (Figure S1E), CSCs are the most capable and aggressive cells for
establishing new metastatic sites due to their inherent self-renewal and tumor-initiating capacities
(Hermann et al., 2007). Previously we also reported that most CSCs in the primary tumor are strictly
dependent on OXPHOS activity and that these harbor the highest tumorigenic potential. Here we now
expand on these findings by showing that in CSCs undergoing EMT the self-renewal capacity
remained essentially unchanged (Figure S1F). While these results were rather unexpected they do
suggest an intricate interplay between stemness, EMT and cellular metabolism (Daniel et al., 2021).
Considering the importance of maintaining stemness in cancer (Wang et al., 2019; Zhang et al., 2017),
we hypothesize that during the EMT process PPAR-0 becomes a key driver of stemness, rendering
CSCs less dependent on mitochondrial metabolism. Future studies should further dissect this potential
mechanistic duality in CSCs.

Finally, we found that genetic or pharmacological targeting of PPAR-§ inhibited tumor

aggressiveness and metastasis in vitro and in vivo (Figure 8). These data are in line with previous
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reports for murine PDAC models showing that Ppard knock-down strongly decreased tumorigenesis
mouse melanoma cells (Zuo et al., 2017), and Ppard knockout inhibited tumor progression in KC
mice on a high-fat diet (Liu et al., 2020). Taken together, accumulating data now strongly support the
concept that PPAR-8 inhibition reduces the MYC/PGCIA ratio and thereby diminishes PDAC
progression and metastasis. These data provide the rational for developing novel PPAR-6-targeting

treatment strategies to combat advanced pancreatic cancer.
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FIGURE LEGENDS

Figure 1. Induction of EMT-like phenotype in PDAC cells. (A) Left: Representative images
illustrating morphological changes for PDAC-354 cells in response to treatment for 72h with the
complex I inhibitor Metformin (3mM), the B-oxidation inhibitor Etomoxir (20uM), complex II
inhibitor Malonate (SmM), the pyruvate carrier inhibitor UK5099 (100uM), or tumor-like conditions
(low pH (HCI1 50 uM) + low glucose concentration (1 mM) + 3% O,). Right: Expression of EMT-
associated genes (VIM [vimentin], SNAIL, SLUG, ZEBI and LOXL?2) was determined by rtQPCR after
cells were treated for 48h as indicated. Pooled data for PDAC-185, A6L, 215, 253, and 354 (n<4 for
each cell type). Data are normalized to HPRT (lower left panel). (B-C) PDAC-215, 253, and 354
cells were treated with macrophage-conditioned medium (MCM) or 20uM Etomoxir (Eto) for 48h
and expression of EMT-associated genes (VIM, SNAIL, ZEBI, SLUG and LOXL?2) was determined by
rtQPCR (n<4 for each cell type). Data are normalized to HPRT. (D) Cells were treated as indicated
above and seeded in modified Boyden invasion chambers containing 20% FBS in the lower
compartment. The number of invasive cells was analyzed after 16h. (E) GFP* Luciferase” PDAC-354
cells were treated with control, MCM, or 20uM Eto for 48h and then injected intrasplenically to
assess their metastatic capacity. Representative photographs of liver metastasis and subsequent H&E
staining. All data are represented as mean = SEM. * p<0.05, ** p<0.01, *** p<0.001. See also Figure
S1.

Figure 2. Single-cell RNAseq analysis identifies metabolic switch during EMT induction.
(A) Left panel: PDAC-003 cells were treated with control vehicle (CTRL), macrophage-conditioned
medium (MCM), or 20uM Etomoxir (ETO) for 48h to induce an EMT-like state and were then
subjected to single-cell RNAseq (10X Genomics Chromium platform). Unsupervised clustering of
viable PDAC cells exposed to CTRL, MCM or ETO, represented as UMAP plots. Different clusters
are color coded. Right panel: Boxplots illustrating gene set enrichment results for the EMT and
Glycolysis (Hallmark data set) for different clusters in CTRL versus MCM and ETO treatment,
respectively. Differences in enrichment scores between treatments were assessed using the Mann-

Whitney U test. (B) Expression of EMT hallmark signature and PPARD family members in single
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cancer cells (PDAC-002 and 021) displayed as unsupervised clusters and color-coded for allocated
treatment.

Figure 3. PPARD expression is linked to metabolic switch and invasiveness in PDAC
patients. (A) Expression levels for PPAR family members in PDAC tumors (T) versus surrounding
normal tissue (N) included in the TCGA and GTEx projects. (B) Patients were dichotomized for the
tumor expression levels for PPAR family members (higher and lower expression compared to the
mean; RNA Seq V2 RSEM values). Kaplan Meier survival curves for disease-free survival are shown.
Dotted lines denote the confidence interval. (C) Correlation between tumor expression levels for
PPAR family members and an EMT-associated signature composed of SLUG, SNAIL, and ZEBI. (D)
Gene sets enriched in the transcriptional profile of tumors belonging to the top PPARD high-
expression group, compared with the bottom expression group in the TCGA data series. Shown are
the NES (normalized enrichment score) values for each pathway using the Hallmark gene sets,
meeting the significance criteria: nominal p-value of <0.05, FDR[I<[125%. (E) Enrichment plot for
EMT, Glycolysis, Hypoxia and OXPHOS hallmarks in PPARD high versus low samples, showing
values of NES and FRD g-values.

Figure 4. Activation of PPAR-0 initiates invasiveness and metastasis. (A) PPARD
expression upon 48h of treatment with the complex I inhibitor Metformin (3mM), the B-oxidation
inhibitor Etomoxir (204M), complex II inhibitor Malonate (5SmM), the pyruvate carrier inhibitor
UK5099 (100¢M), or tumor-like conditions (HCI 50 uM + 1 mM Glc+ 3% O2) with the indicated
stimuli in PDAC-215, 253, and 354 cells. (B) PPAR-$ activity, measured as binding to its specific
DNA sequence, following stimulation with MCM, Eto, and PPAR-8 agonist GW0742 for 24 hours.
(C) Invasive capacity of cells treated for 48h with the PPAR-0 agonists L-165 and GWO0742,
respectively. Cells were placed in modified Boyden invasion chambers containing 20% FBS in the
lower compartment and the number of invasive cells was assessed after 16h. (D) In vivo metastatic
activity of PDAC-354-GFP-luc cells pretreated with GW0742 for 48h. After surgery, mice received
three more daily doses of GW0742 (0.3mg/kg i.v.). IVIS imaging (left panel) and quantification of

the total CK19 area in the livers 9 weeks after implantation (right panel). (E) PDAC-215, 253, and
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354 cells were stably transduced with inducible lentiviral vectors expressing either a non-targeting
shRNA (NT) or three different shRNAs against PPARD (sh#1, sh#2, sh#3). Transduced cells were
pre-treated with doxycycline for 24h, then incubated with MCM, Eto, or L-165 for 48h. (F) ZsGreen
expression by rt-QPCR in liver homogenates from an in vivo metastasis assay of PDAC-354 cells
stably expressing either the NT or the sh#1 against PPARD. Cells were pretreated with doxycycline
and/or 20 Eto uM for 48h. After intrasplenic implantation, mice were treated with oral doxycycline
(2mg/ml drinking water) and Etomoxir (15 mg/kg, i.p. every day) for 7 days, when splenectomies
were performed. Table indicates the percentage and total number of micrometastases in each
experimental group. All data are represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001. See
also Figures S3 and S4.

Figure 5. A common PPAR-§-initiated metabolic program drives invasiveness. (A) Gene
expression profile as assessed by a Carbohydrate metabolism PCR array in PDAC-354 cells. Heatmap
showing only genes whose expression was significantly altered. Cells were treated with vehicle
(Cont), macrophage-conditioned medium (MCM), 20uM Etomoxir (Eto), or 100uM of the pyruvate
carrier inhibitor UK5099 for 48h. (B) Representative Extracellular Acidification Rate (ECAR) profile
for PDAC-253 cells (Glycolysis test) (upper panel). G, Glucose; O, ATP synthase inhibitor
Oligomycin; 2DG, Glycolysis inhibitor 2-deoxy-glucose. Representative Oxygen Consumption Rate
(OCR) profile for PDAC-253 cells (Mitochondrial stress test) (lower panel). O, ATP synthase
inhibitor Oligomycin; F, mitochondrial oxidative phosphorylation uncoupler FCCP (Carbonyl
cyanide-4 [trifluoromethoxy] phenylhydrazone); A+R, complex III inhibitor Antimycin A + Electron
transport change inhibitor Rotenone. (C) Glycolysis, glycolytic capacity, and reserve in adherent vs
sphere-derived cells (upper panel). Pooled data from PDAC-215, 253, and 354. Maximal and ATP-
linked respiration in non-CSCs vs CSCs (lower panel). Pooled data for PDAC-215, 253, and 354. All
data are represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001. See also Figure S3.

Figure 6. PPAR-$ controls the balance between OXPHOS and glycolysis, linked to EMT
and metastasis. (A) PDAC-215, 253, and 354 cells were stably transduced with inducible lentiviral

vectors expressing either a non-targeting shRNA (NT) or three different shRNAs against PPARD
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(sh#1, sh#2, sh#3). Transduced cells were pre-treated with doxycycline for 24h, then incubated with
macrophage-conditioned medium (MCM), Etomoxir (Eto), or L-165 and tested for glycolytic capacity
(upper panel) and ATP-linked respiration (lower panel) after additional 24h. (B) Mitochondrial
stress test (upper row) and glycolysis test (lower row) following treatment with control (Cont) or the
PPAR-0 agonists L-165 or GW0742. Left column, representative OCR and ECAR profiles for
PDAC-253. Right column, pooled data for PDX-215, 253, and 354 cells. O, ATP synthase inhibitor
Oligomycin; F, mitochondrial oxidative phosphorylation uncoupler FCCP (Carbonyl cyanide-4
[trifluoromethoxy] phenylhydrazone); A+R, complex III inhibitor Antimycin A + Electron transport
change inhibitor Rotenone. G, Glucose; 2DG, Glycolysis inhibitor 2-deoxy-glucose. * p<0.05, **
p<0.01. (C) ATP-linked respiration (left panel) and maximal respiration (right panel) for control
versus GW0742-treated cells following treatment with or without Palmitate-BSA (FAO assay). Cells
were treated with 10 uM GW0742 for 48 hours prior to the assay. Pooled data from PDAC-215, 253
and 354 cells. All data are represented as mean + SEM. *** p<0.001 vs Control, &&& p<0.001 vs
Palmitate.

Figure 7. PPAR-$ rewires cellular metabolism regulating MYC/PGCIA balance. (A)
Expression of MYC, PGCIA and MYC/PGCIA ratio in PDX-354 after mitochondrial energy
deprivation during 48-72h. (B) MYC and PGC-1o expression measured by Western Blot following
48 h treatment with macrophage-conditioned medium (MCM), Etomoxir (Eto), or the PPAR-0 agonist
GWO0742 (5uM). Vinculin was used as loading control. (C) MYC and PGCIA promoter activity at the
indicated times following treatment with PPAR-8 agonist GW0742 or PPARD overexpression
(PPARD OE). (D) PDAC- 354 cells were transduced with inducible lentiviral vectors expressing
either a non-targeting shRNA (NT) or two different shRNAs against MYC (sh#1, sh#2) or the
complete cDNA of PGCIA. Effect of MYC knockdown (shMYC, pooled data for sh#1 and sh#2) or
PGC-1o overexpression (PGC1A OE) on invasiveness in response to treatment with SuM PPAR-0
agonist L-165 for 48h. (E-H) PDAC-215 and 354 cells were transduced with inducible lentiviral
vectors expressing either a non-targeting shRNA (NT) or two different sShRNAs against MYC (sh#1,

sh#2). Transduced cells were pre-treated with doxycycline for 48h and then incubated with MCM or
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Eto. (E) OCR changes for maximal respiration (left) and ATP-linked respiration (right). (F)
Glycolytic capacity (left) and reserve (right). (G) ZEBI gene expression. (H) Invasive capacity. (I)
PDAC-354 cells were treated with MCM or 20uM Eto for 48h in the presence or absence of the
MYC/Max interaction inhibitor Mycro3 (25uM). Cells were then seeded in modified Boyden invasion
chambers containing 20% FBS in the lower compartment and the number of invasive cells was
assessed after 16h. All data are represented as mean + SEM. # p<0.05, ## p<0.01, ### p<0.001 vs
unstimulated control. * p<0.05, ** p<0.01, *** p<0.001 versus NT. See also Figure S.

Figure 8. Therapeutic targeting of PPAR-0 impairs invasion in vitro and metastasis in
vivo. (A) PDAC-215 and 354 cells were pre-treated with PPAR-0 antagonists GSK0660 (10xM) and
GSK3787 (10uM) and inverse agonist DG172 (2.5uM) for 1h and then treated with MCM or
Etomoxir for 48h. Invasion over 16h was assessed in modified Boyden invasion chambers. (B) Highly
metastatic PDAC-265 cells were incubated with the PPAR-§ antagonists GSK0660 (10uM) and
GSK3787 (10uM) and the PPAR-9 inverse agonist DG172 (1uM) for 48h and invasion was assessed
after additional 16 hours. (C, D) Spontaneous metastasis upon orthotopic injection of 10° metastatic
PDAC-265-GFP-luc cells. Following implantation, mice were treated daily with either vehicle, the
PPAR-$ agonist GW0724 (0.3mg/kg i.p.) or the PPAR-6 antagonist GSK3887 (3mg/kg i.p.) until
termination of the experiment at week 9, when mice showed signs of disease. Tumor and onset of
metastasis were assessed by weekly IVIS. (C) Expression of PPARD in pancreatic tumors measured
by rt-QPCR. (D) Metastasis onset evaluated as htGAPDH absolute copy number. (E) Percentage of
macro and micrometastases in the liver (upper panel). Expression levels of CK-19 in liver sections
(middle panel, representative images), or c-MYC (brown) and VIM (purple) in pancreatic tumors
was measured by IHQ (bottom panel, representative images). All data are represented as mean +
SEM. * p<0.05, ** p<0.01, *** p<0.001 vs NT cells; # p<0.05, ## p<0.01, ### p<0.001 vs control or

single treatment.
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EXPERIMENTAL PROCEDURES

Primary human PDAC cells. For primary cultures, PDAC tissue fragments were minced,
enzymatically digested with collagenase (Stem Cell Technologies) for 90 min at 37°C (Mueller et al.,
2009), and after centrifugation for 5 min at 1,200 rpm the pellets were resuspended and cultured in
RPMI, 10% FBS, and 50 units/ml penicillin/streptomycin. For experiments, cells were cultured in
DMEM:F12 supplemented with B-27, L-Glutamine (all from Gibco, Life Technologies), 50 U/mL
penicillin—streptomycin (Sigma) and B-FGF (PeproTech). PDXs tissues were obtained through the
Biobank of the Spanish National Cancer Research Centre (CNIO), Madrid, Spain (references M-
20/002-1, 1409181220BSMH, 1204090835CHMH) and the ARC-NET Biobank at the 'Rossi’
University of Verona Hospital, Italy (reference 6.B.04 - Samples PDAC-10953). Cancer cells from
advanced PDAC patients were isolated and expanded from peripheral blood (Shanghai Jiaotong
University School of Medicine, Protocol No 20130905), as previously described (Agerbzk et al.,
2018).

Primary human macrophages and conditioned media. Leucocyte cones from anonymous
healthy donors were obtained from the National Blood Transfusion Service (UK) according to City
and East London Research Ethics Committee (17/EE/0182). Cones were stored at 4°C and used
within 24 hours of delivery to maintain cell viability. Monocyte-derived human macrophage culture,
polarization into M2-like macrophages and generation of conditioned medium were as previously
described (Sainz et al., 2014, 2015). Monocyte-derived human macrophage cultures were maintained
in IMDM (Gibco) supplemented with 10% human AB serum and polarized by incubation with
0.5ng/ml of macrophage colony-stimulating factor for 48 hours (MCSF; PeproTech). To generate
conditioned media, macrophages were then washed with PBS and cultured for additional 48 hours in
supplemented DMEM:F12 (see previous section). Media was then collected, centrifuged and
supernatant stored at -80°C.

Single-cell capture, library Preparation, and RNA-seq. The samples (ETO-treatment vs
CTRL, MCM-treatment vs CTRL) were labeled with Cell Hashing antibodies following the

manufacturer’s instruction (BioLegend), cells were counted on Countess II automated cell counter
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(Thermo Fisher) after staining, and up to 25,000 cells were loaded per lane on 10X Chromium
microfluidic chips (10X Genomics). Single-cell capture, barcoding, and library preparation were
performed using the 10X Chromium Single Cell 3’ Reagent Kits version 3 chemistry, and according
to the manufacturer’s protocol (#CG000185). cDNA and HTO libraries were checked for quality on
the Agilent 4200 Tapestation, and quantified by KAPA qPCR before sequencing on a single lane of a
NovaSeq 6000 S4 flow cell (Illumina) to an average depth of 100,000 reads per cell.

Single-Cell Data Processing, Quality Control, and Analysis. The Cell Ranger pipeline (v1.3,
10X Genomics) was used to firstly convert Illumina base call files to FASTQ files, then
demultiplexing was conducted before aligning FASTQs to the GRCh38 genome reference and
producing the digital gene-cell counts matrix. Samples were combined using the Cell Ranger
aggregate function, which merges output from multiple runs to normalized to the same sequencing
depth before generating a gene-barcode (cell) expression matrix. Potential doublets were identified by
DoubletFinder (McGinnis et al., 2019) and removed before proceeding to downstream analysis.
Quality control, normalization, clustering, dimensionality reduction and visualization were performed
using R toolkit Seurat package (Butler et al., 2018). Gene-cell matrices were filtered to remove cells
with fewer than 500 unique molecular identifiers (UMI) counts and 500 detected genes, and cells with
more than 15% mitochondrial gene counts were also filtered. The gene set enrichment analysis was
conducted using ssgsea function from GSVA package. RNA-seq data are available at NCBI dbGaP
under the accession number GSE184871.

XF extracellular flux analysis. Single-cell suspensions from trypsinized secondary
spheres/adherent cultures were plated in XF96 Cell Culture Microplates previously coated with Cell-
Tak (BD Biosciences) at a cellular density of 30,000 cells/well. For OCR determination, cells were
incubated in base assay medium supplemented with 2mM glutamine, 10mM glucose, and 1mM
pyruvate for 1h, prior to the measurements using the XF Cell Mito Stress Kit. Concentrations of
oligomycin and FCCP were adjusted for each primary cell type. For glycolytic metabolism
measurements, cells were incubated in basal media supplemented with 2mM glutamine and 1mM

pyruvate prior to injections using the Glycolysis Stress Test kit. Experiments were run in a XF96°
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analyzer, and raw data were normalized to protein content. Unless indicated otherwise, all reagents
and materials were from Agilent Seahorse XF Technologies (Agilent Technologies).

Invasion assay. Invasion assays were performed using 24-well 8.0um PET membrane invasion
chambers coated with growth factor reduced Matrigel™ (Corning). After 48h of pre-treatment, 10’
primary PDAC cells were seeded to coated inserts in serum free media. Invasion towards 20% FBS
was tested after 12-24h incubation at 37°C in a humidified atmosphere of 5% CO,. Invaded cells were
fixed with 4% paraformaldehyde, stained with DAPI and imaged on the Olympus Fluorescence
microscope (model BX51). Cell number was analyzed using automated Imagel particle analysis
software.

In vivo metastasis and treatments. For classical metastasis assay upon intrasplenic injection,
pre-treated PDAC-354 CMV-Luciferase-RFP-TK expressing cells were re-suspended in 50ul of
Matrigel and injected in the spleen of NSG mice (NOD Scid interleukin (IL)-2 receptor y chain
knockout mice; Charles Rivers) at a concentration of 0.5x10° cells per injection. After 7 days,
splenectomy was performed. For spontaneous metastasis assay, PDAC-265 cells were re-suspended in
30ul of Matrigel and injected orthotopically to NSG mice at a concentration of 1x10° cells per
injection. Mice were then imaged weekly using the IVIS Spectrum Imaging System (Caliper Life
Sciences). Mice were anaesthetized with isoflurane (2%) and injected intraperitoneally with 150
mg/kg of luciferin (Caliper Life Sciences) diluted at 15 mg/mL in PBS. For the experiment shown in
Figure 5D, mice were treated for three consecutive days with GW0742 (0.3 mg/kg i.v.) after surgery.
For the experiment shown in Figure 5F, mice were treated with oral doxycycline (2mg/ml drinking
water) and Etomoxir (15 mg/kg, i.p. every day) for 7 days after intrasplenic implantation. For the
experiment shown in Figure 8E, mice were treated daily with either vehicle (PBS), the PPAR-9
agonist GW0724 (0.3 mg/kg i.p.) or the PPAR-8 antagonist GSK8337 (3 mg/kg i.p.) until termination
of the experiment. Once a minimum of 1x10°ROI bioluminescence in liver was achieved in at least 3
mice after 5 minutes following injection, or if signs of ascites developed, all experimental mice were
sacrificed (9 weeks). Livers and pancreas were harvested, imaged on collection and fixed in 4% PFA.

Procedures were conducted in accordance with institutional and national regulations (Animals in
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Science Regulation Unit, Home Office Science, London, UK; Project License PPL70/8129; Ethical
Conduct in the Care and Use of Animals as stated in The International Guiding Principles for
Biomedical Research involving Animals (Council for International Organizations of Medical Sciences
(CIOMYS)); Universidad de Zaragoza Ethics Committee; project licenses PI22/17 and PI141/20).

Statistical analysis. Results for continuous variables are presented as means + SEM unless
stated otherwise. Treatment groups were compared with the independent samples t test. Pair-wise
multiple comparisons were performed with the one-way ANOVA (two-sided) with Bonferroni
adjustment. p values < 0.05 were considered statistically significant. All analyses were performed
using Prism GraphPad (version 5.04).

Further description of experimental procedures is provided as supplemental information.
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Figure 1 — Induction of EMT-like phenotype in PDAC
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Figure 2 — Single-cell RNAseq analysis
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Figure 3 — PPARD expression is linked to EMT and metabolic switch
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Figure 4 — PPARD promotes invasion and metastasis
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Figure 5 — A common metabolic program induced in EMT
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Figure 6 — PPARD-induced metabolic changes
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Figure 7 — PPARD-induced downstream signaling
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Figure 8 — Therapeutic targeting of PPARD
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Figure S1, related to Figure 1

Mitochondrial energy deprivation promotes epithelial-to-mesenchymal transition in PDAC cells.
(A) Left panel: representative micrographs of parental PDAC-215 and their metformin-resistant counterparts.
Right panel: Vimentin (VIM) and ZEB1 expression in Metformin-resistant cells (215M, 253M, 354M) vs
treatment naive parental cells (PDAC-215, 253, 354). (B) PDAC-215, 253, and 354 cells were treated for 48h
with the indicated concentrations of Metformin, Malonate, UK5099, or hypoxia (3% O,) with or without glutamine
deprivation (low Q, 0.2 mM) and low pH (50 uM HCI). Expression of EMT-associated genes was determined by
rtPCR. Data were normalized to HPRT. (C) Cells were exposed for 72h to normoxia (20% O,) or hypoxia (3%
0O,) * the following metabolic stress conditions : low glutamine (low Q, 0.2mM), low glucose (low Glc, 1mM), low
pH (50uM HCI) or combinations thereof (low Q & low pH; low Glc & low pH). Pooled data for PDAC-185, A6L,
215, 253, and 354 (n<4 for each cell type). (D) VIM and ZEB1 expression in cells co-cultured for 72 h with M2-
differentiated human primary macrophages (M0) or human primary pancreatic stellate cells (PSC). Pooled data
from PDAC-253 and 354 (n=2 for each cell type). (E) ZEB1 expression for cells sorted for CD133 and
mitochondrial content (MitoTracker) and treated for 48h as indicated. Pooled data from PDAC-253 and 354. (F)
Sphere formation after 7 days of treatment with Control, MCM, and Etomoxir. Some of the data shown here are
also included in the pooled data graphs represented in Figure 1. Data are represented as mean + SEM. *
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Figure S1, related to Figure 1
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Figure S2, related to Figure 2

Transcriptomic analyses reveals a common transcriptional program associated to EMT. Cells were treated
with control vehicle (CTRL), macrophage-conditioned medium (MCM), or 20uM Etomoxir (ETO) for 48h. (A)
representative images. (B) Unsupervised clustering of viable PDAC cells exposed to CTRL, MCM or ETO,
subjected to single-cell RNAseq (10X Chromium platform) and represented as UMAP plots. (C) Gene set
enrichment analysis (GSEA, Hallmark gene set) for the Hallmark Hypoxia in the different transcriptional clusters
identified by single-cell RNAseq. (D) Heat map showing scaled normalized expression of differentially expressed
genes between control and MCM cells, with cells as columns and genes as rows. Genes were selected based on
absolute log2FoldChange > 0.8 and p<0.05. (E) Heatmap of top differentially expressed genes (absolute
log2FoldChange > 1.5, padj < 0.1) after analysis by bulk RNAseq. Hierarchical clustering of genes differentially
expressed in control cells versus treated cells. (F) Commonly up-regulated and metabolism-related pathways as
determined by GSEA (Hallmark gene set) for Etomoxir-treated PDAC cells.
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Figure S2, related to Figure 2
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Figure S3, related to Figure 4

Activation of PPARD induces EMT and metastasis. (A) Gene (24 & 48h; left panel) and protein (48h; right
panel) expression for the PPAR family members following treatment with macrophage-conditioned medium
(MCM), Etomoxir (Eto), or the PPAR-6 agonist GW0742 (5 uM). (B) Representative gene expression kinetics of
the indicated genes after treatment with MCM (left) of Etomoxir (right) in PDAC-215 cells. (C) Induction of PPAR
targets after 24h of treatment with MCM, Etomoxir or the PPARD agonist GW0742 (10uM). (D) Preferential
induction of PPARD after 72h of treatment with the PPARD agonists GW0742, GW501516, and L-165 (each
10uM). Pooled data from PDAC-AGL, 185, 215, 253, and 354 cells.
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Figure S4, related to Figure 4

PPAR-5 controls the EMT program induced by microenvironmental and nutrient-sensing signals. (A) Changes
in PPARD and EMT-associated genes after 72h of treatment with the indicated concentrations of the PPAR-8 agonists
GW0742, GW501516, and L-165. Pooled data from PDAC-A6L, 185, 215, 253, and 354 cells. (B) Lack of changes in
gene expression (left panel, pooled data for PDAC-215, 253, and 354) and morphology (right panel, PDAC-354 cells)
treated with WY14643 (PPAR-a agonist), Rosiglitazone (PPAR-y agonist), and GW0742 (PPAR-3 agonist) (each
10uM). (C, D) PDAC-253, 215, and 354 cells transduced with inducible lentiviral vectors expressing either a non-
targeting shRNA (NT) or three different shRNA against PPARD (sh#1, sh#2, sh#3). Cells were pre-treated with
doxycycline for 24 hours to induce shRNA expression and subsequently incubated with macrophage-conditioned
medium (MCM), Etomoxir (Eto) or the PPAR-8 agonist L-165. Changes in expression of PPARD (C) and EMT-related
genes (D) for PDAC-253 (upper panel), 215 (middle panel) and 354 (lower panel) cells. Data are represented as mean
+ SEM. # p<0.05, ## p<0.01, ##H## p<0.001 vs respective NT control.
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Figure S5, related to Figure 5

EMT induced by microenvironmental and nutrient-sensing signals relates to common metabolic changes.
(A) OCR and (B) ATP-linked OCR for PDAC spheres cultured alone (alone), together with M2 macrophages
(+MO) or with PSC (+PSC). Pooled data for sphere-derived PDAC-253 and 354 cells. (C) Maximal and ATP-
linked respiration in non-CSC or CSC alone or co-cultured with MO. Pooled data from PDAC-253 and 354 cells.
(D) Cells incubated for 48h with macrophage-conditioned medium (MCM) or 20mM Etomoxir (Eto).
Representative FACS for NBDG uptake in PDAC-253 cells, (E) Lactate concentration in supernatants, (F)
13C-Lactate and '3C-Alanine in supernatants as measured by GCMS after incubation with '3C-Glucose for 12h.
All data are represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001.
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Figure S6, related to Figure 7

PPARD controls cellular metabolism via MYC/PGC1A ratio to promote EMT and metastasis. Where indicated,
cells were treated with macrophage-conditioned medium (MCM) or Etomoxir 20 uM (Eto) for 48h. Cells transduced with
lentiviral constructs were pretreated with doxycycline for 48h before treatments. (A) MYC overexpression promotes
EMT-like phenotype. Left panel: representative images of parental and MYC-overexpressing PDAC-215 cells (MYC
OE). Right panel: MYC, VIM, and ZEB1 expression. (B) Expression of MYC, PGC1A and MYC/PGC1A ratio in PDAC-
253 (left) and PDAC-215 (right) after mitochondrial energy deprivation during 48-72h. (C) PDAC-253, 215, and 354
cells transduced with a non-targeting shRNA (NT) or three different shRNA against PPARD (sh#1, sh#2, sh#3) were
incubated with MCM or Eto or the PPARD agonist L-165 to determine MYC/PGC1A expression. (D) Patients from the
TCGA dataset were dichotomized for the tumor expression levels for MYC, PGC1A and MYC/PGC1A ratio. Kaplan
Meier survival curves for disease-free survival are shown. (E) EMT-related gene expression of cells that had
transmigrated towards 20% FBS for 16h versus gene expression of non-transmigrated cells. Pooled data from PDAC-
253, 10953, and 354 (n=2 for each cell type). (F) MYC, PGC1A and MYC/PGC1A ratio comparing six local disease
PDX (A6L, 185, 215, 253, 354, 10953) vs 5 metastatic PDX (SiC-002, 004, 006, 021, and 023). (G, H) Single GFP+
PDAC-354 cells sorted from the blood (CTC) and pancreas (primary) of mice bearing orthotopic tumors were analyzed
for the expression of MYC and PGC1A (G) or stratified into CSC versus non-CSC based on their expression of
pluripotency-related genes (NANOG, KLF4, SOX2, OCT4) (H). (I) MYC, PGC1A and MYC/PGC1A in primary tumors
and liver metastasis from mice bearing orthotopic tumors. (J) /n vivo metabolomics data after '3C-Glucose injection
comparing primary tumors with liver metastases. (K) PDAC-215 and 354 cells transduced a non-targeting shRNA (NT)
or two different shRNAs against MYC (sh#1, sh#2) were incubated with MCM or Eto to measure MYC (left) and PGC1A
(right) expression. (L) VIM and ZEB1 expression in PDAC-354 cells treated with MCM (left) or Eto (right) in the
presence or absence of the MYC/MAX interaction inhibitor Mycro3 (25uM). (M) PDAC-354 cells transduced with an
inducible construct for PGC-1a. overexpression were incubated with MCM or Eto to test maximal respiration (left) or
invasion (right). All data are represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs NT cells; # p<0.05, ##
p<0.01, ### p<0.001 vs control or single treatment.
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Figure S6, related to Figure 7
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ARTICLE INFO ABSTRACT

Keywords: Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive disease characterized by its metastatic
Pancreatic Ductal Adenocarcinoma potential and chemoresistance. These traits are partially attributable to the highly tumorigenic pancreatic cancer
ALK

stem cells (PaCSCs). Interestingly, these cells show unique features in order to sustain their identity and func-
Receptor Tyrosine Kinases

Cancer Stem Cells
Chemoresistance

tionality, some of them amenable for therapeutic intervention. Screening of phospho-receptor tyrosine kinases
revealed that PaCSCs harbored increased activation of anaplastic lymphoma kinase (ALK). We subsequently
demonstrated that oncogenic ALK signaling contributes to tumorigenicity in PDAC patient-derived xenografts
(PDXs) by promoting stemness through ligand-dependent activation. Indeed, the ALK ligands midkine (MDK) or
pleiotrophin (PTN) increased self-renewal, clonogenicity and CSC frequency in several in vitro local and meta-
static PDX models. Conversely, treatment with the clinically-approved ALK inhibitors Crizotinib and Ensartinib
decreased PaCSC content and functionality in vitro and in vivo, by inducing cell death. Strikingly, ALK inhibitors
sensitized chemoresistant PaCSCs to Gemcitabine, as the most used chemotherapeutic agent for PDAC treatment.
Consequently, ALK inhibition delayed tumor relapse after chemotherapy in vivo by effectively decreasing the
content of PaCSCs. In summary, our results demonstrate that targeting the MDK/PTN-ALK axis with clinically-
approved inhibitors impairs in vivo tumorigenicity and chemoresistance in PDAC suggesting a new treatment
approach to improve the long-term survival of PDAC patients.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the most common form
of pancreatic cancer, with an increasing incidence and an extremely
poor five-year overall survival of less than 9 % [1,2]. Despite PDAC low
incidence rate compared to other malignancies, its mortality rate con-
tinues to rise [3]. Importantly, PDAC aggressiveness mainly relies on

two key factors: delayed detection, since symptoms are mild and/or
unspecific even at advanced disease stage, and its intrinsic resistance to
current treatment regimens [1]. Regarding the latter, PDAC is a
considerably heterogeneous disease organized hierarchically, with
mounting evidence of a small but unique subpopulation of cancer cells
with self-renewal capacity and tumor-initiating properties. These
pancreatic cancer stem cells (PaCSCs) are capable of symmetrical and

Abbreviations: ALK, anaplastic lymphoma kinase; PDAC, pancreatic ductal adenocarcinoma; PaCSCs, pancreatic cancer stem cells; PDXs, patient-derived xeno-
grafts; MDK, midkine; PTN, pleiotrophin; TK, tyrosine kinase; TKi, tyrosine kinase inhibitor; RTK, receptor tyrosine kinase; CTC, circulating tumor cell; Fluo,
autofluorescence-sorted cells; GSEA, gene set enrichment analysis; ALK OE, ALK overexpression; TCGA, The Cancer Genome Atlas; GTEx, Genotype-Tissue
Expression; EMT, epithelial-to-mesenchymal transition; scRNAseq, single-cell RNA sequencing; ELDA, extreme limiting dilution assay; nRTKs, non-receptor tyrosine
kinases; NSCLC, non-small-cell lung cancer; FDA, Food and Drug Administration.
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asymmetrical divisions [4], the former giving rise to identical CSCs to
perpetuate its lineage, and the latter to differentiated progenies that
form the bulk of the tumor [4,5]. As such, PaCSCs have the capacity to
initiate and sustain tumor growth, in addition to promoting recurrence
after treatment due to their intrinsic chemoresistance [6]. Therefore,
new treatment strategies for pancreatic cancer are urgently needed.

One of the most explored avenues to design new treatment strategies
is the inhibition of tyrosine kinases (TKs), which are hyperactivated in
many cancer types and control basic functions such as cell differentia-
tion, proliferation and metabolism [7,8]. Notably, several TK inhibitors
(TKi) are currently under evaluation in clinical trials for PDAC,
including Erlotinib (EGFR inhibitor, phase III) or Masitinib
(c-kit/PDGFR inhibitor, phase III) [9]. Interestingly, several receptor
TKs (RTKs) have been shown to promote stemness in different tumor
types, such as EGFR in breast cancer [10,11], FGFR in prostate cancer
[12], EphR in brain tumors [13,14], melanoma [15] and lung cancer
[16], as well as the non-receptor TK (nRTK) SRC in pancreatic cancer
[17]. Hence, RTKs may also be potential candidates for targeting PaCSCs
and thereby improve patient long-term survival.

Here, we show now that the RTK anaplastic lymphoma kinase (ALK)
and its downstream signaling pathways are overactivated in PaCSCs-
enriched conditions. Mechanistically, we demonstrate that ALK can be
exogenously activated by midkine (MDK) and promotes essential
stemness functions such as self-renewal and tumorigenicity. Crucially,
we found that pathway blockade with clinically-approved ALK in-
hibitors rescue Gemcitabine resistance in PDAC, thereby providing a
new perspective for a more effective treatment regimen against this
deadly disease.

2. Methods
2.1. Cell culture

Patient-Derived Xenografts (PDXs) and Circulating Tumor Cells
(CTCs): PDX185, PDX215, PDX253 and PDX354 were obtained through
the Biobank of the Spanish National Cancer Research Center (CNIO,
Madrid, Spain; CNIO20-027). Tumor pieces underwent several ampli-
fication passages in mice prior to establishing primary cultures. Tumor
dissociation and establishment of in vitro primary cultures was per-
formed as previously described [18]. The metastatic model CTCA was
established from circulating tumor cells and obtained through the Barts
Pancreas Tissue Bank of the Barts Cancer Institute (https://www.bart-
spancreastissuebank.org.uk/; BCI, London, United Kingdom;
2019/02/1I1SA/PS/E/Cell-cultures). Cells were submitted to a maximum
of 15 passages in complete RPMI 1640 GlutaMAX™ medium supple-
mented with 10 % FBS and 50 U/mL penicillin/streptomycin (all from
Gibco, Life Technologies, Carlsbad, CA, USA). For experiments, the
medium was changed to DMEM/F-12 GlutaMAX™ supplemented with 2
% B27 (Gibco), 50 U/mL penicillin/streptomycin, and 20 ng/mL
FGF-basic (Pan-Biotech, Aidenbach, Germany). All PDXs were grown in
a humidified incubator at 37° C with 5 % CO3 and regularly tested for
mycoplasma at the Technical and Scientific Services Unit from the
Health Sciences Institute of Aragén (IACS).

Cell Lines: AsPC1, BxPC3, MiaPaCa2, Pancl and Su8686 were pur-
chased from the American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were submitted to a maximum of 30 passages in the
same conditions as the primary cultures described above.

Spheroids: Cells were cultured in anchorage-independent conditions
at 10° cells/mL with complete DMEM/F-12 GlutaMAX™ medium. First
generation spheroids were grown up to seven days, dissociated with
trypsin (Corning, Oneonta, NY, USA) and regrown at 10° cells/mL for
five more days. Flasks were coated with 10 % poly(2-hydroxyethyl
methacrylate) (Sigma-Aldrich, Saint Louis, MO, USA) in 96 % ethanol
and left at 37 °C until all the liquid was evaporated. Flasks were rinsed
once with 1X PBS prior to their utilization.

Biomedicine & Pharmacotherapy 158 (2023) 114162
2.2. Invitro Treatments

ALK inhibitors: Crizotinib and Ensartinib were purchased from
Selleckchem (Munich, Germany) and dissolved in DMSO (Sigma-
Aldrich) following the manufacturer’s instructions. Cells were treated
for 24-72 h at concentrations ranging 0.5-10 pM, with DMSO
compensation when needed.

Chemotherapy: Gemcitabine 0.9 % sodium chloride (Eli Lilly and
Company, IN, USA) was used at concentrations ranging from 1 to 750
nM for 24-72 h.

2.3. Flow cytometry

Apoptosis: Cell pellets were rinsed once with 1X PBS and incubated
on ice for 15 min in 2 % FBS-0.5 % BSA-1X PBS blocking solution. PE-
conjugated CD133 antibody or the corresponding control immuno-
globulin G1 were added at 1:400 in blocking solution. Cells were stained
on ice for 30 min and protected from light. Then, the antibody or IgG1
excess was rinsed and pellets were resuspended in APC-conjugated
Annexin V at 1:20 in Annexin V buffer solution plus Zombie Violet
dye at 1:400 (all antibodies and probes are from Biolegend, San Diego,
CA, USA). Samples were transferred into FACS tubes and incubated for
20 min at room temperature protected from light prior to their analysis
by FACS Canto II (BD, Franklin Lakes, NJ, USA). Flowing 2 software
(Turku Bioscience Centre, Turku, Finland) was used for data analysis.

Fluorescence Activated Cell Sorting (FACS): Cells were blocked and
stained for CD133 as described above. For autofluorescence sorting, a
previously described protocol was followed [19]. After staining, pellets
were resuspended in Zombie Violet dye at 1:400 in 1X PBS and incu-
bated for 20 min at room temperature protected from light. Viable cells
corresponding to CD133 or autofluorescence negative and positive
populations were sorted using the SH800S Cell Sorter (Sony Biotech-
nology, San José, CA, USA) and collected into 5 mL tubes containing
complete RPMI medium. Pellets were stored at —80 °C for further
processing.

2.4. Proteome profiler™ array

Cells were sorted by autofluorescence and CD133 expression using
the SH800S Cell Sorter as described above and pellets were lysed ac-
cording to manufacturer’s instructions. The samples were further pro-
cessed following the Human Phospho-Receptor Tyrosine Kinase Kit
(R&D Systems Europe, Ltd., Abingdon 0OX14 3NB, UK) manufacturer’s
instructions. Pierce™ ECL Western Blotting Substrate was used to detect
protein-antibody complexes prior to visualization on CL-X Posure™
films (both from ThermoFisher Scientific, Waltham, MA, USA). The
resulting dots were analyzed using ImageJ software (National Institutes
of Health, Bethesda, MD, USA).

2.5. Western blot

Cell pellets were lysed in RIPA buffer (Sigma-Aldrich) plus protease
and phosphatase inhibitors (both from Alfa Aesar, ThermoFisher Sci-
entific). After extraction, proteins were quantified using the Pierce™
BCA Protein Assay Kit (ThermoFisher Scientific). Proteins were sepa-
rated in Novex™ WedgeWell™ 10 % Tris-Glycine precast gels using
BenchMark™ pre-stained protein ladder (both from Invitrogen, Carls-
bad, CA, USA) and transferred into PVDF membranes (ThermoFisher
Scientific). Membranes were blocked in 5 % BSA-1X PBS-0.1 % Tween
20 (ThermoFisher Scientific) for 1 h at room temperature and incubated
overnight at 4° C with the following primary antibodies: ALK (1:1000),
p-ALK (T1604, 1:1000), ERK 1/2 (1:3000) (all from Cell Signaling
Technology, Danvers, MA, USA), p-ERK 1/2 (T202-Y204, 1:3000,
Abgent, San Diego, CA, USA), and p-actin as loading control (clone AC-
74, 1:10000, Sigma-Aldrich). After several washes with 1X PBS-0.5 %
Tween 20, membranes were incubated with peroxidase-conjugated goat
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anti-rabbit (1:5000) or goat anti-mouse (1:50000) (both from Invi-
trogen). Pierce™ ECL Western Blotting Substrate was used to detect
protein-antibody complexes prior to visualization on CL-X Posure™
films. Band intensities were analyzed using ImageJ software. Likewise,
protein from sorted CD133 and autofluorescence cells extracted for the
RTK array were separated, transferred and visualized as described for
normal Western Blot.

2.6. Real time quantitative polymerase chain reaction (RTqPCR)

Cell pellets were homogenized in TRIzol reagent (Invitrogen) and
RNA was extracted according to manufacturer’s instructions and quan-
tified using Nanodrop™ 2000 (ThermoFisher Scientific). 1 ug of RNA
was retrotranscribed into cDNA using Maxima H minus cDNA synthesis
Master Mix with dsDNase kit (ThermoFisher Scientific). RTqQPCR was
performed using PowerUp™ SYBR Green Master Mix (Applied Bio-
systems, ThermoFisher Scientific) according to manufacturer’s in-
structions. The primers used are listed below. HPRT was used as
endogenous housekeeping gene. Table 1.

2.7. Bioinformatic analyses

Expression data from human PDAC tissue and normal pancreatic
tissue were analyzed using the webserver GEPIA2 (TCGA and the GTEx
project databases; http://gepia2.cancer-pku.cn/) [20]. The Pearson
correlation coefficient was calculated to study the association of the
individual genes corresponding to ALK ligands with a stemness signa-
ture defined by the combined expression of the pluripotency-related
genes KLF4, OCT3/4, NANOG and SOX2. A publicly available human
single-cell RNA sequencing (scRNAseq) dataset [21] was used to
investigate the expression of ALK, MDK and PTN genes. Raw counts were
obtained from the Genome Sequence Archive (#CRA001160). Raw
counts from tumor samples were filtered excluding low-quality cells and
normalized using CPM (counts per million). Transform function was
used to obtain the final gene expression matrix. Cell types identified in
the reference papers were also used to calculate and plot the expression
and percentage of cells in each group for ALK, MDK and PTN genes using
ggplot2 package. All analyses were performed using R v.4.2.1 (Univer-
sity of Auckland, Auckland, New Zealand). The PDAC samples of the
TCGA dataset were classified into high and low ALK expression and
compared in gene set enrichment analyses (GSEA). The GSEA module of
the GenePattern suite from the Broad Institute was used with 1000
permutations and FDR < 25 % was considered statistically significant.
The signatures for stemness and ALK overexpression (OE) were previ-
ously described in Ai et al. [22] and Mazzeschi et al. [23], respectively.
ALK mutational status was assessed using the webserver cBioPortal
(Pancreas UTSW, Pancreas TCGA PanCan 2018, Pancreas TCGA,
Pancreas ICGC and Pancreas QCMG 2016 project datasets;
https://www.cbioportal.org) [24].

2.8. Engyme-linked immunosorbent assay (ELISA)
MDX levels in supernatants from cell cultures and fresh tumor pieces,
as well as plasma from mice bearing orthotopic tumors were determined

using the MDK DuoSet ELISA kit (R&D systems, Minneapolis, MN, USA)

Table 1
List of primers used for the RTqQPCR assays.

Biomedicine & Pharmacotherapy 158 (2023) 114162

as per manufacturer’s instructions. For MDK determination in tumor
pieces, freshly extracted subcutaneous or orthotopic tumors were
minced, and pieces of around 1 mm? were incubated for 24 h in 1 mL of
complete DMEM/F12 medium.

2.9. Sphere formation assay (SFA)

10* cells were seeded in triplicate in complete DMEM/F-12 medium
using polyhema-coated 24-well plates in the presence of different
treatments. When indicated, cells were pre-treated in adherence for 48 h
in complete DMEM/F-12 medium prior to being seeded without treat-
ments in anchorage-independent conditions as described above. In both
cases, the spheroids were counted after seven days using an inverted
microscope at 20X magnification.

2.10. Colony formation assay (CFA)

Cells were seeded in complete RPMI medium in 6-well plates at a
density of 500 or 1000 cells/well. After 24 h, treatments were added in
complete DMEM/F-12 medium. Medium and treatments were changed
every seven days. After 21 days, colonies were stained with crystal violet
dye (Acros Organics, ThermoFisher Scientific). Colonies were then
counted manually, dissolved in 1 % sodium dodecyl sulfate (SDS,
ThermoFisher Scientific) and the absorbance at 590 nm was read using
the plate reader Synergy HT (BioTek Instruments, Santa Clara, CA,
USA).

2.11. Extreme limiting dilution assay (ELDA)

In vitro ELDA: 10° cells per condition were mixed with DMEM/F-12
medium plus treatments and serial dilutions were then seeded in
sextuplicate in polyhema-coated 96-well plates. After seven days, the
presence or absence of, at least, one spheroid was assessed using an
inverted microscope. Further analysis was done by the Walter+Eliza
Hall Bioinformatics online tool for ELDA analysis (http://bioinf.wehi.ed
u.au/software/elda/) [25].

In vivo ELDA (Tumorigenicity Assay): Cells were pre-treated in vitro
for 48 h. Two cell densities (104 and 103) diluted in 50:50 complete
DMEM/F-12 medium:Matrigel™ (Corning) were subcutaneously injec-
ted into both the top and bottom flanks of six weeks-old Foxn1™ nude
mice of both sexes (n = 4 mice per group, n = 8 injections per group).
Tumor size was monitored once a week using a caliper and volumes
were calculated using the formula (length*widthz)/z. After six weeks,
when control mice had reached humane endpoint criteria, mice were
euthanized, tumors were collected and pictures were taken. The number
of tumors at end point was analyzed using the Walter-+Eliza Hall Bio-
informatics online tool, considering tumors > 50 mm® that were
growing for 3 weeks in a row, the rest were excluded from the analysis.
Tumors corresponding to the injections with 10* cells from PDX354
were dissociated and stained with EpCAM-FITC, CD133-PE and CD44-
APC antibodies for FACS analysis as described above.

2.12. Viability assay

Cells were seeded in triplicate in 96-well plates 24 h before

Gene Forward primer Reverse primer

HPRT TGACCTTGATTTATTTTGCATACC CGAGCAAGACGTTCAGTCCT

ALK CGAGCTGTTCAGTTGGTGGA AGGAGCTATGACCAGTCCCG

MDK GGTCCCGCGGGTTATACAG CCGCCCTTCTTCACCTTATCTTT
KLF4 ACCCACACAGGTGAGAAACC ATGTGTAAGGCGAGGTGGTC
OCT3/4 CTTGCTGCAGAAGTGGGTGGAGGAA CTGCAGTGTGGGTTTCGGGCA
NANOG AGAACTCTCCAACATCCTGAACCT TGCCACCTCTTAGATTTCATTCTCT
Sox2 AGAACCCCAAGATGCACAAC CGGGGCCGGTATTTATAATC
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treatment. At zero and 72 h, medium was discarded and Resazurin (Alfa
Aesar) was added to the cells at 10 uM in 1X PBS and incubated for one
hour in a humidified incubator at 37°C with 5 % CO,. Fluorescence was
then read according to manufacturer’s instructions by using a Synergy
HT plate reader. The ICso was calculated using GraphPad Prism 8.

2.13. MultiTox-fluor multiplex cytotoxicity assay

Cells were seeded in triplicate in 96-well plates 24 h before treat-
ment. At zero and 72 h, assay was performed by incubating with Mul-
titox reagents (Promega, Madison, WI, USA) and fluorescence was then
read according to manufacturer’s instructions by using a Synergy HT
plate reader.

2.14. Proliferation assay

After Resazurin or MultiTox technique, the cells were rinsed once
with 1X PBS and incubated for 30 min with crystal violet. The plates
were rinsed carefully with tap water and dried for at least 24 h. After
dissolution in 1 % SDS, the absorbance at 590 nm was read using a
Synergy HT plate reader. The ICsq was calculated using GraphPad Prism
8.

2.15. In vivo treatment

Tumor pieces of about 15 mm® were soaked in Matrigel™ prior
subcutaneous implantation in both flanks of six weeks-old Foxn1™ nude
female mice (n = 4 mice per group, n = 8 implants per group) under
isofluorane-induced anesthesia. When tumor size was about 300 mm3,
mice were treated with one cycle of chemotherapy as follows: 30 mg/kg
Abraxane (i.v.) twice a week plus 70 mg/kg Gemcitabine (i.p) once a
week during three weeks and one week of rest. After the chemotherapy
cycle, mice were randomized and treated with 25 mg/kg Crizotinib or
the corresponding dose of vehicle (hydroxypropyl methyl cellulose,
Sigma Aldrich) (oral gavage) twice a day until end point. Tumor size was
monitored twice a week using a caliper and volumes were calculated
using the formula (lengtl *Widthz)/Z. After 10.5 weeks, when control
tumors had reached humane end point criteria, mice were euthanized,
tumors were collected and weighted and pictures were taken. A small
piece of the tumors was processed for RNA to assess pluripotency gene
expression by RTqPCR as described above. The rest of the tumors was
dissociated as previously reported[18] and stained with EpCAM-FITC,
CD133-PE and CD44-APC antibodies for FACS analysis as described
above.

2.16. Statistical analysis

Data are represented as mean + SEM of, at least, three independent
experiments unless otherwise specified. Data were analyzed using
GraphPad Prism 8. Student’s t-test or Mann-Whitney test were per-
formed for two-group comparisons, while one-way ANalysis Of VAri-
ance (ANOVA) or Kruskal-Wallis tests were performed for multiple
group comparisons. Differences were considered significant when p <
0.05.

3. Results

3.1. ALK receptor expression and activation are linked to stemness in
PDAC patients

In order to identify pharmacologically targetable RTKs specifically
activated in stem-like cells, we ran a series of RTK arrays using different
CSC-enriching conditions versus differentiated cells (autofluorescence,
Fig. 1A, top and middle panel; CD133, Fig. 1A, bottom panel). Among
the differentially phosphorylated RTKs, the receptor anaplastic lym-
phoma kinase (ALK) showed the most consistent upregulation in both
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CSC-enriching conditions across the panel of tested PDXs (Fig. 1A and
S1A). ALK receptor was shown to be aberrantly expressed and/or acti-
vated in several cancer types [26-29], but its expression had been pre-
viously reported to be very low or even absent in PDAC tissues [30]. For
this reason, we decided to verify its expression by western blot in a panel
of PDAC patient-derived xenografts (PDXs) and established cell lines.
Surprisingly, all of them showed considerable ALK expression and
phosphorylation (Fig. S1B). We further validated our initial findings by
western blot (Fig. 1B), where CSC-enriching conditions such as Fluo®,
CD133" and spheroids (sph) showed further enhanced ALK phosphor-
ylation. Notably, CSC-enriched samples also showed increased ALK
mRNA (Fig. S1C) and protein expression (Fig. 1B, C).

As mentioned above, ALK expression is low in PDAC tissues and
chromosomal translocations are very rare [30-32]. Indeed, although we
detected a positive trend, bioinformatic analyses showed no significant
differences in ALK expression in PDAC patients as compared to healthy
pancreatic tissue from The Cancer Genome Atlas (TCGA) and
Genotype-Tissue Expression (GTEx) datasets(Fig. S1D) and revealed a
low percentage of genetic alterations in this gene (Fig. S1E). Despite its
low expression, we were able to classify these PDAC patients into high
and low ALK expression groups for gene set enrichment analysis (GSEA).
Interestingly, while ALK"®Y patients did not show any enrichment, pa-
tients with higher ALK expression exhibited significant enrichment of
pathways related to CSC properties and functionality such as
epithelial-to-mesenchymal transition (EMT) and xenobiotic metabolism
(Fig. 1D), as well as a stemness signature previously described in PDAC
(Fig. 1E, left panel) [22]. On the other hand, besides pathways related to
ALK downstream signaling such as K-Ras or JAK/STAT, ALK''®H sam-
ples also showed enrichment of an ALK overexpression (OE) gene
signature described in breast cancer cells [23] (Fig. 1E, right panel).
Interestingly, this ALK OE signature was significantly overexpressed in
human PDAC samples (Fig. 1F) and correlated with the expression of our
validated set of pluripotency genes (KLF4, NANOG, OCT3/4 and SOX2)
[33] (Fig. 1G).

In summary, our results indicate that ALK expression and activation
is enhanced in PaCSC-enriched conditions from different PDXs, and its
expression is linked to stemness and CSC-related pathways in human
PDAC samples.

3.2. Ligand-dependent activation of ALK contributes to PDAC stemness

Several molecules have been proposed as ALK activators, including
midkine (MDK), pleiotrophin (PTN), and family with sequence simi-
larity 150 members A (FAM150A) and B (FAM150B)[27,34]. Interest-
ingly, bioinformatic analyses revealed that MDK and PTN, but not
FAM150A nor FAM150B, were significantly overexpressed in human
PDAC samples when compared to normal pancreas (Fig. S2A). More-
over, only MDK expression showed a significant positive correlation
with both our well-stablished pluripotency gene set and the ALK OE
signature mentioned above (Fig. S2B). These results obtained in bulk
tumor samples were confirmed in a PDAC single-cell transcriptomic
dataset[21], where MDK showed the strongest positive correlation with
three out of the four of the stemness genes separately (KLF4=0.37,
0OCT3/4=0.9, NANOG=0.78, SOX2=0.81) (Fig. 2A). Further analyses of
this single-cell dataset revealed that MDK was expressed by a wide range
of cell types, including ductal, acinar and tumor cells as well as fibro-
blasts (Fig. 2B), whereas PTN was mainly expressed by stromal cells
(Fig. 2B). Moreover, these analyses further corroborated the low
expression of ALK mRNA in PDAC tumors, as it was undetectable at
single-cell level in the different PDAC cell populations included in this
dataset (Fig. 2B).

Importantly, we confirmed that MDK was secreted by both subcu-
taneous and orthotopic PDX tumors ex vivo (Fig. 2C, left and middle
panel, respectively) and in vivo, since we detected human MDK in the
plasma of mice bearing orthotopic PDXs (Fig. 2C, right panel). Although
CSC-enriched samples showed increased levels of MDK expression at the



B. Parejo-Alonso et al.

A

Differentiated

PDX215 PDX185

PDX354

_ _ o

B (g 5 55
) o G > WO
> N’ N’
Q\o < oY S & adn sph adh sph
270 —
]
75—

— 1 14
175_
- 1 11
| P ———
37—

PDX185

ALKHIGH patients: Hallmarks

o 1 2 3

ALLOGRAFT_REJECTION

INFLAMATORY_RESPONSE

EPITHELIAL_MESENCHYMAL_TRANSITION

IL6_JAK_STAT2_SIGNALING
INTERFERON_GAMMA_RE SPONSE
COMPLEMENT
BILE_ACID_METABOLISM
KRAS_SIGNALING_DN
MYOGENESIS
ANGIOGENESIS
APICAL_SURFACE
KRAS_SIGNALING_UP
1L2_STAT_SIGNALING
SPERMATOGENESIS
XENOBIOTIC_METABOLISM

COAGULATION

1 21 1 3
(- ——]

PDX354

0.6 1 118

PDX185 PDX354

E

Stemness signature
Enrichment plot CSC_BCL3

13
I
“ NES: 1.47
i FDR g-value: 0.033

lu_m_u_uu i

H}“| actin '

Biomedicine & Pharmacotherapy 158 (2023) 114162

CSCs

Fluo

C PDX185 PDX215

A

Fluo-
Fluo+

CD133-
CD133*

adh
sph

CD246-APC ——
ALK OE signature

Enrichment plot: ALK OF SIGNATURE

NES: 1.4
FDR q-value: 0018

umwn

St covovtnas —o—_—:an_

i -1 '\. =s
e T
ALKHSH  ALKLOW ALKHGH — ALKLOW
F ALK OE G
signature _
— == 4 p-value=0
c 3 + —| & & 2
S c
= 2.5 o D 15
o * 5%
g2 21 1+ £3 1]
SR 15 == &5
L] T n
50 2%
g~ 05 g5 0l R=0.77
0 o | T r -
19 1A - 0 05 1 1. 5 2
.‘/ ’/\ -
W Log, (ALK OE signature TPM)

(caption on next page)



B. Parejo-Alonso et al.

Biomedicine & Pharmacotherapy 158 (2023) 114162

Fig. 1. ALK is preferentially activated and overexpressed in PaCSC-enriched conditions. A) Proteome Profiler Human Phospho-RTK Array in cells sorted by auto-
fluorescence (Fluo) and CD133 content as CSC-enriching conditions for the indicated PDXs. Dots corresponding to pALK are indicated with a white square. B)
Western blot of cell lysates from different CSC settings (sorted cells by autofluorescence (Fluo) and CD133 content; cells grown in adherent (adh) versus anchorage-
independent conditions as spheroids (sph)). The numbers represent the quantification of the band intensity of each protein normalized by actin, shown as the fold
change of each differentiated cell condition. C) Flow cytometry histograms of CD246 (ALK) expression (percentage of maximal fluorescence) in the CSC-enriching
conditions shown in B. D) Gene set enrichment analysis (GSEA) comparing the top 50 % ALK expression group (ALK™®™) with the bottom 50 % expression group in
the TCGA data series. NES (normalized enrichment score) values of the Hallmark gene sets meeting the significance criteria: nominal p-value of < 0.05, FDR < 25 %.

E) Enrichment plot of stemness (left panel) and ALK overexpression (OE) (right panel) signatures in AL

KTH yersus ALKV, F, G) Transcriptomic bioinformatic

analyses comparing normal (N) to PDAC (T) human tissues from GTEx and TCGA datasets, respectively (webserver: GEPIA2): F) ALK OE signature expression; G)
Correlation of ALK OE signature with a stemness gene signature composed by KLF4, OCT3/4, NANOG and SOX2. TPM: transcripts per million.

mRNA level (Fig. 2D), no significant differences were found in terms of
MDK secretion (Fig. 2E). Treatment with recombinant human MDK
induced ALK phosphorylation in the short term (Fig. 2F, left panel).
Later on, phosphorylation was observed in its well-described down-
stream signaling partner ERK1/2 [35] (Fig. 2F, right panel), corrobo-
rating ligand-dependent ALK activation. This activation resulted in
improved CSC functionality, as exogenous treatment with MDK
enhanced self-renewal (Fig. 2G) and clonogenic capacity (Fig. 2H), and
increased CSC frequency in vitro (Fig. 2I). Interestingly, similar results
were obtained after treatment with PTN (Fig. S2C-E). These results
confirm that ligand-dependent activation of the ALK pathway enhances
PDAC aggressiveness by boosting CSCs properties.

3.3. ALK inhibition abrogates CSC functionality in vitro and in vivo

The use of small compounds, like Crizotinib or Ensartinib, to inhibit
ALK signaling is a common approach to treat ALK malignancies, such
as non-small-cell lung cancer (NSCLC) [36]. Considering ALK contri-
bution to stemness in PDAC, we decided to test the effects of these
compounds on our PDXs, including a model of metastatic PDAC estab-
lished from circulating tumor cells (CTCA).

First, both Crizotinib and Ensartinib inhibited cell proliferation, with
ICs0 ranging from 0.7 to 3.8 and 0.4-1.8 pM, respectively (Fig. S3A).
Importantly, both compounds inhibited ALK phosphorylation and
downstream signaling at the selected concentrations (Fig. 3A). Since
ALK inhibition with Crizotinib induced cell toxicity (Fig. S3B), we
measured next cell death after treatment with both compounds. Treat-
ment with both Crizotinib and Ensartinib induced apoptosis in the tumor
bulk (Fig. S3C, S3D) and, most importantly, in the CD133" population
(Fig. 3B, C), thus decreasing the CD133 content (Fig. 3D, E).

Afterwards, since these findings suggested that ALK inhibition
particularly targets CD133" cells, we assessed the efficacy of these
compounds in impairing stemness-related functionality. Indeed, both
Crizotinib and Ensartinib diminished self-renewal (Fig. 4A and S4A) and
clonogenic capacity (Fig. 4B and S4B). Likewise, pretreatment with both
Crizotinib and Ensartinib treatment decreased CSC frequency in vitro
(Fig. 4C and S4C). These effects on CSC functionality could be validated
in vivo, where pretreatment with the compounds decreased the number
and size of tumors (Fig. 4D and S4D), the percentage of tumorigenicity
(Fig. 4E) and the CSC frequency (Fig. 4F). Importantly, even though the
percentage of epithelial tumor cells remained unchanged (Fig. S4E), the
number of CD133"/CD44* cells decreased in the tumors obtained from
Crizotinib-pretreated cells (Fig. S4F). These results demonstrate that
ALK inhibition targets CD133" stem-like cells, by inducing cell death
and effectively impairing their functionality.

3.4. ALK inhibition prevents chemoresistance in vitro and in vivo

One of the main contributors to chemotherapy failure in PDAC is its
intrinsic chemoresistance [37]. Indeed, conventional chemotherapy
usually targets just the tumor bulk, thus enriching the content of che-
moresistant CSCs and causing tumor relapse. Considering the toxic effect
of ALK inhibitors on stem-like CD133" cells, we decided to test if either
Crizotinib or Ensartinib were able to sensitize our cells to Gemcitabine
treatment in vitro. Interestingly, the combination of Gemcitabine with

Crizotinib or Ensartinib at low doses decreased considerably the ICs for
this chemotherapeutic agent (Fig. 5A and S5A), resulting in enhanced
cell death (Fig. S5B). Certainly, co-treatment with Ensartinib signifi-
cantly increased cell death in the CD133" population (Fig. 5B) and
decreased CD133 content (Fig. 5C) when compared to Gemcitabine
alone. Importantly, both Crizotinib and Ensartinib prevented
Gemcitabine-induced self-renewal (Fig. 5D) and clonogenic capacity
(Fig. S50C), indicating the effectiveness of this combined treatment.

Considering these results, we decided next to transfer this approach
into the in vivo setting by treating mice bearing subcutaneous PDAC
implants with Crizotinib after a chemotherapy cycle with Gemcitabine
and Abraxane, the most commonly used chemotherapy combination to
treat PDAC nowadays. We first confirmed that treatment with Crizotinib
was not toxic to the animals by showing that their body weight remained
essentially unchanged (Fig. S5D). Strikingly, treatment with Crizotinib
significantly delayed tumor growth after chemotherapy (Fig. SE, F).
Crizotinib-treated tumors were significantly smaller (Fig. S5E) and
lighter (Fig. S5F) than tumors in the control group, and in some cases
disappeared completely after treatment (Fig. 5F). Importantly, while no
difference was found in the expression of the epithelial marker EpCAM
(Fig. S5G), Crizotinib-treated tumors showed decreased content of
CD133%/CD44" cells (Fig. 5G) and reduced expression of stemness
genes (Fig. 5H). These results confirmed our hypothesis that blocking
ALK using small molecule inhibitors delays tumor growth after chemo-
therapy by targeting CD133™" cells in PDAC.

4. Discussion

Despite current efforts to improve treatment outcomes, life expec-
tancy of pancreatic cancer patients remains terribly brief. This is, at least
in part, due to the presence of aggressive pancreatic cancer stem cells
(PaCSCs) that survive after conventional chemotherapy, eventually
regrow the tumor and migrate to colonize secondary organs. For this
reason, targeting stem-like cells in combination with conventional
therapies may be the only way to ensure long-term survival of pancreatic
ductal adenocarcinoma (PDAC) patients.

Previous studies from our group and others have shown that CD133"
PaCSCs bear unique features, essential to maintain their properties and
functionality and, in principle, are amenable for therapeutic interven-
tion. Indeed, we have provided proof-of-concept for the efficacy of
metabolic inhibition for PaCSCs targeting in animal models [33,38-40],
but further clinical translation has remained challenging due to lack of
clinically effective compounds. In contrast, receptor and non-receptor
tyrosine kinases (RTKs and nRTKs, respectively) represent a much
more approachable strategy since they can be targeted by a plethora of
specific and clinical-grade compounds. In addition, RTKs and nRTKs
control essential cellular mechanisms dysregulated in cancer, such as
metabolism, proliferation, survival and, most importantly, stemness
[10,11,13,14]. Several clinical trials in PDAC are currently exploring the
potential benefit of diverse TK inhibitors in PDAC [41].

In order to find novel pharmacologically amenable targets hyper-
activated in PaCSCs, we decided to focus on RTKs, since their expression
in the cellular membrane allows for targeting by both small molecules
and blocking antibodies. Screening of RTKs revealed that the receptor
anaplastic lymphoma kinase (ALK) was consistently overexpressed and
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Fig. 2. Ligand-dependent ALK activation supports self-renewal in PDAC. A) Correlation matrix of the indicated genes in single tumor cells from the Peng single cell
RNA sequencing (scRNAseq) dataset. The numbers and dot sizes indicate the r value of each correlation. The blue color indicates a positive correlation, whereas the
red color represents a negative correlation. B) Single-cell expression analysis of the indicated genes in the different cellular populations included in the Peng
scRNAseq dataset. The dot size represents the percentage of cells expressing each gene per population, while the color scale denotes the expression level. C) MDK in
supernatants from subcutaneous (subcut, left panel) and orthotopic (ortho, middle panel) PDX implants ex vivo and in plasma (right panel) from orthotopic tumor-
bearing mice by ELISA. D) RTqPCR of MDK mRNA levels in the indicated CSC settings: autofluorescence-sorted cells (Fluo), CD133-sorted cells and spheroids (sph).
Pooled data showing the individual values for the indicated PDXs. E) MDK detection in supernants from adherent (adh) and spheroid (sph) cultures by ELISA. Pooled
data showing the individual values for the indicated PDXs. F) Kinetics of ALK activation by western blot at the indicated times after treatment with 10 or 100 ng/mL
of recombinant MDK. Numbers represent the quantification of the band intensity of each protein normalized by actin, shown as fold change from the control group.
G) Sphere formation assay after pre-treatment with recombinant MDK for 72 h at the indicated concentrations (ng/mL) in adherent conditions. Pooled data from
PDX185 and 354. The dashed lines represent the value of the differentiated cells (D) or control (G) groups. Data are represented as mean + SEM and analyzed using
one-way ANOVA or Kruskal-Wallis tests of, at least, three independent experiments, unless otherwise specified. * p < 0.05, * * p < 0.01, * ** p < 0.005. H)
Representative colony formation assay after 21 days of treatment with 10 ng/mL of recombinant MDK. The numbers represent the absorbance of crystal violet shown
as the fold change from the control group. I) Estimation of the CSC frequency by in vitro extreme limiting dilution assay (ELDA) after treatment with the indicated

concentrations of recombinant MDK for seven days. The numbers indicate one CSC every x number of cells.

hyperactivated in PaCSCs-enriched conditions, using different CSC
enrichment methods and PDAC patient-derived xenograft (PDX) models
(Fig. 1A, B, C and S1A, S1C) to account for intrinsic intra- and intertu-
moral heterogeneity. Although the ALK receptor plays an important
physiological role in neural development [26,42], it was first discovered
in lymphoma as the fusion protein NPL-ALK following chromosomal
rearrangement [43]. Subsequently, ALK was shown to be aberrantly
expressed and/or activated in several cancer types [26-29]. ALK re-
ceptor activation triggers different intracellular signaling pathways
involved in proliferation, survival and metabolism, including JAK/STAT
and Ras/ERK [35,44]. Importantly, some studies suggested that ALK
acts as a regulator of stemness in several cancers [45-48]. However, our
results were certainly unexpected, since this receptor has been over-
looked in PDAC. The possible cause points to the lack of mRNA over-
expression in tumor bulk cells when compared with normal pancreas or
the low level of chromosomal rearrangement of the ALK gene in PDAC
[30] (Fig. S1D, S1E), which is the main pathogenic mechanism associ-
ated to ALK in non-small-cell lung cancer (NSCLC) and brain tumors
[26-29]. The low ALK expression at the mRNA level detected in bulk
transcriptomic analysis of The Cancer Genome Atlas (TCGA) dataset
(Fig. S1D) was further evidenced in the single-cell expression analysis
(scRNAseq, Fig. 2B), where ALK was undetectable in the different pop-
ulations of the pancreatic niche, including tumor cells. In fact, detection
of ALK mRNA levels proved challenging even in our primary cultures
(Fig. S1C and data not shown). However, we detected considerable ALK
expression and phosphorylation in different PDAC PDX models and
established cell lines by western blot (Fig. 1B, C and S1B). Our data
further reinforces the importance of considering protein
post-translational regulation and modifications over purely tran-
scriptomic studies for target discovery screenings.

Nevertheless, further bioinformatic analyses of transcriptomic
datasets supported our initial results in vitro. Indeed, we were able to
link the mRNA expression of both ALK and an ALK overexpression (OE)
signature previously described [23] with pathways related with CSCs in
PDAC patients, such as epithelial-to-mesenchymal transition (EMT),
drug metabolism and stemness (Fig. 1D, E, G). In addition, these ana-
lyses allowed us to propose the cytokines midkine (MDK) and, to a lesser
extent, pleiotrophin (PTN), as the main putative ligands triggering ALK
activation in stem-like cells. Indeed, the identification of the actual ALK
ligand is a matter of great controversy: while some studies point to MDK
and PTN [27,49], others suggest the cytokines FAM150A and B (family
with sequence similarity 150 members A and B) [34,50] as main acti-
vators of the ALK pathway. While the results obtained for FAM150A and
FAM150B were inconsistent, both MDK and PTN were overexpressed in
PDAC patient samples, although only MDK correlated with the expres-
sion of pluripotency genes in both bulk and scRNAseq data and with the
ALK OE signature mentioned above (Fig. 2A and S2B).

MDK and PTN are heparin-binding growth factors with multiple
regulatory functions in biological processes such as proliferation, dif-
ferentiation and development through binding to different receptors,

including ALK [51,52]. Interestingly, functional assays with recombi-
nant MDK and PTN demonstrated that ligand-dependent ALK activation
increased self-renewal, clonogenicity and CSC frequency in our PDX
models (Fig. 2F-I and S2C-E), indicating that the axis MDK/PTN-ALK
enhances stemness in PDAC. Although we cannot discard side effects
of MDK/PTN on proliferation, the observed increase in the number of
spheres and colonies, as well as the estimated CSC frequency indicates
that the impact of ALK ligands in our models is on self-renewal capacity.
Indeed, ALK activation via MDK or PTN has been shown to regulate
self-renewal and tumorigenicity in glioblastoma [45,46], while PTN
knockdown favored chemosensitivity and inhibited clonogenic capacity
in osteosarcoma [53].

Our results point to different modes of ALK ligand-dependent acti-
vation in PaCSC-like cells. On the one hand, PTN was barely expressed in
tumor cells according to our analysis of the scRNAseq PDAC dataset
(Fig. 2B) and was undetectable in PDXs (data not shown). In contrast,
PTN was expressed by stromal cells, such as fibroblasts and stellate cells
(Fig. 2B), revealing a potential paracrine regulatory loop in which cells
from the tumor microenvironment may sustain PaCSCs through ALK
activation via PTN. On the other hand, analysis of the scRNAseq dataset
indicated that MDK was expressed by a wide range of cells present in the
pancreatic niche, including tumor cells (Fig. 2B, D, E). We confirmed
high levels of human MDK secretion in supernatants of both subcu-
taneous and orthotopic tumor pieces, plasmas from orthotopic tumor-
bearing mice (Fig. 2C) and primary tumor cells in culture regardless of
their pluripotency status (Fig. 2E). Strikingly, a recent study revealed
that melanoma cells secrete MDK to promote an immune-suppressive
microenvironment involving tumor associated macrophages and cyto-
toxic T cells [54], suggesting that MDK secretion by PaCSCs could also
play a role in immunoediting in PDAC.

Importantly, we have demonstrated the crucial role of ALK for PDAC
stemness not only by exogenous activation of the receptor, but also
through pharmacological inhibition strategies using clinically-approved
compounds. Crizotinib is a trivalent ALK, c-Met and ROS1 inhibitor
approved by the Food and Drug Administration (FDA) to treat cancers
expressing oncogenic ALK fusion proteins [55,56] and, later on, those
depending on c-Met and/or ROS1 signaling [57]. On the other hand,
Ensartinib is a potent and specific next-generation ALK inhibitor
currently evaluated in a phase III trial [58], included in our study to
discard off-target effects induced by Crizotinib. Treatment with both
Crizotinib and Ensartinib inhibited proliferation (Fig. S3A), and induced
cell death in vitro (Fig. 3B, C and S3C, S3D), suggesting that ALK
signaling contributes to cell survival. ALK inhibition was effective in our
PDX models derived from both local (PDXs) and metastatic PDAC
(CTCA), suggesting this therapeutic approach may be effective in
advanced and metastatic patients. Notably, ALK inhibition drastically
decreased the CSC content (Fig. 3D, E) and stemness features in vitro and
in vivo (Fig. 4 and S4), demonstrating that ALK is functionally necessary
for PaCSC-like cells maintenance.

Chemotherapy failure remains a major issue in PDAC management
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Fig. 3. ALK pharmacologic inhibition targets CD133" cells. A) Kinetics of ALK inhibition after the indicated times of treatment with 10 uM Crizotinib and 5 uM
Ensartinib. The numbers represent the quantification of the band intensity of each protein normalized by actin, shown as the fold change from control group. B, C)
Percentage of total cell death measured as the sum of Annexin V', Zombie Violet" and double positive staining in CD133" cells after 48 h of treatment with Crizotinib
(B) and Ensartinib (C). Left panels: mean value of each PDX separately; right panels: pooled data showing the individual values of each PDX. D, E) CD133 content in
samples from B (D) and C (E). Top panels: mean of the CD133" content of each PDX separately (left) and pooled data showing the individual values of each PDX
(right); bottom panels: representative flow cytometry density plots of PDX354. Data are shown as the fold change from control group, which is represented with the
dashed line. Data are represented as mean -+ SEM and analyzed using one-way ANOVA or Kruskal-Wallis test of, at least, three independent experiments. * p < 0.05,
**p <0.01, * ** p < 0.005.
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Fig. 4. ALK pharmacologic targeting abrogates CSC features in vitro and in vivo. A) Sphere formation assay after seven days of treatment with Crizotinib and
Ensartinib. B) Colony formation assay after 21 days of treatment with Crizotinib and Ensartinib. Top panel: absorbance of crystal violet; bottom panel: images of a
representative experiment of each PDX treated with either 1 pM Crizotinib or Ensartinib. C) CSC frequency after treatment with Crizotinib or Ensartinib for seven
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flanks of nude mice at decreasing cell densities. D) Pictures of tumors at end point (week six). E) Percentage of tumorigenicity over time. Note that the curves
representing the Crizotinib conditions 10° and 10* cells overlap. F) Estimated CSC frequency. Data are represented as mean + SEM and analyzed using one-way

ANOVA or Kruskal-Wallis tests of, at least, three independent experiments. * p < 0.05, * * p < 0.01, * ** p < 0.005.
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Fig. 5. ALK inhibition synergizes with Gemcitabine treatment in vitro and in vivo. The combined effect of Gemcitabine and ALK inhibitors was studied using low doses
of the compounds (Gem 50 nM unless otherwise specified, Crizotinib 1 uM, Ensartinib 1 uM). A) ICso of Gemcitabine at 72 h of treatment alone and in combination
with Crizotinib or Ensartinib. B) Total cell death measured as the sum of Annexin V*, Zombie Violet™ and double positive staining in CD133" cells after 48 h of
treatment as indicated. Pooled data from PDX185, 253 and 354. C) CD133 content of the samples shown in B. Data are shown as the fold change from control group,
which is represented with the dashed line (B and C). D) Sphere formation assay after 48 h of Gemcitabine pre-treatment in adherent conditions prior to seven days of
treatment with Crizotinib or Ensartinib in anchorage-independent conditions as indicated. E-H) In vivo treatment of mice subcutaneously implanted with PDX215
tumour pieces. When tumors reached around 300 mm®, mice were treated with 30 mg/kg of Abraxane (i.v., twice a week) in combination with 70 mg/kg of
Gemcitabine (i.p., once a week) for 21 days. After seven days of rest, mice were randomized and treated with either vehicle or 25 mg/kg of Crizotinib (oral gavage,
twice a day) until end point. E) Tumor volume over time. F) Pictures of tumors at end point (week 10). G) Percentage of CD133"/CD44" cells of tumors shown in F.
H) Pluripotency gene expression of tumors shown in F. Data are represented as mean + SEM and analyzed using one-way ANOVA or Kruskal-Wallis tests of, at least,
Ehree independent experiments. * p < 0.05, * * p < 0.01, * ** p < 0.005.

due to its intrinsic chemoresistance. In addition, conventional treat- through Precipita-Fecyt and a predoctoral contract from Apadrina la
ments target the tumor bulk and enriches the CSC content, responsible Ciencia-Ford Motor Company. ACG received support from Charles H.
for tumor relapse. Here, we demonstrate that both Crizotinib and Revson Senior Fellowship in Biomedical Science (Grant No. 22-22). IV

Ensartinib decreased the ICsy of Gemcitabine more than half (Fig. S5A was supported by the Government of Aragon (LMP29_21).
and S5A) with stronger effects by Ensartinib treatment. Importantly,

both ALK inhibitors in combination with Gemcitabine decreased Ethics approval

CD133" content (Fig. 5B, C) and abrogated Gemcitabine-induced self-

renewal (Fig. 5D) and clonogenicity (Fig. S5C). Importantly, Crizotinib Mice were housed according to institutional guidelines and all
treatment significantly delayed tumor relapse in vivo (Fig. 5E) and some experimental procedures were performed in compliance with the insti-
tumors even disappeared after treatment (Fig. 5F). Moreover, tumors tutional guidelines for the welfare of experimental animals as approved
treated with Crizotinib showed reduced stemness markers (Fig. 5G, H), by the Universidad of Zaragoza Ethics Committee (CEICA PI22/17) and
indicating a successful targeting in vivo. Since development of resistance in accordance with the guidelines for Ethical Conduct in the Care and
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would be needed in order to test Ensartinib, a compound still in the Biomedical Research involving Animals, developed by the Council for

process of approval by the FDA. Besides its improved specificity, this International Organizations of Medical Sciences (CIOMS).
inhibitor was more potent than Crizotinib either alone or in combination
with Gemcitabine in vitro. Considering our results, we would expect a
reduction of the required dosage in vivo to obtain a positive response,
further translated into minimal side effects when applied as combina-
tory treatment.

In summary, our results demonstrate that PaCSC-like cells sustain
their stemness program through MDK (and PTN)-dependent activation
of the ALK signaling pathway. Importantly, this pathway can be phar-
macologically targeted with small molecule inhibitors that, combined
with conventional chemotherapy, show promising effects for an effec-
tive long-term treatment of PDAC.

CRediT authorship contribution statement

B. Parejo-Alonso: conceptualization, investigation, formal analysis,
visualization, writing-original draft, writing-review and editing. A.
Royo-Garcia: investigation, writing-review and editing. P. Espiau-
Romera: investigation, writing-review and editing. S. Courtois: inves-
tigation, writing-review and editing. A. Curiel-Garcia: formal analysis,
visualization, writing-review and editing. S. Zagorac: investigation,
writing-review and editing. I. Villaoslada: investigation, writing-
review and editing. K. P. Olive: resources, writing-review and editing.
C. Heeschen: resources, writing-review and editing. P. Sancho:
5. Conclusions conceptualization, project administration, supervision, funding acqui-

sition, investigation, writing-original draft, writing-review and editing.

In this study, we have linked ALK signaling pathway to PDAC
aggressiveness by promoting CSC features, such as tumorigenicity and

chemoresistance. On the one hand, activation of ALK pathway with MDK ~ Conflict of Interest Statement
or PTN enhanced self-renewal, clonogenicity and estimated CSC fre-
quency. On the other hand, pharmacological inhibition of this receptor The authors declare no conflicts of interest.

with clinically-approved compounds targeted CD133™" cells by inducing
cell death, thus inhibiting self-renewal, clonogenicity, estimated CSC Data Availability
frequency and in vivo tumorigenicity. Most importantly, the use of

chemotherapeutic agents in combination with ALK inhibitors delayed Data will be made available on request.

tumor relapse in mice. Taken together, our findings demonstrate an

important role of ALK receptor in stem-like cells contributing to PDAC Acknowledgements

aggressiveness, thus showing the potential for mitigating the otherwise

inevitable tumor relapse after chemotherapy and improving treatment Authors would like to acknowledge the use of the CIBA (Centro de

outcome in PDAC patients. Investigacién Biomédica de Aragén) Flow Cytometry, Pathology and
Microscopy Facilities (Servicios Cientifico-T é cnicos, IACS-Universidad

Funding de Zaragoza). We also thank Laura Sancho Andrés for proofreading the
manuscript. We are grateful to patients with pancreatic cancer who

The research was supported by the Instituto de Salud Carlos III donated samples to the Barts Pancreatic Tissue Bank (http://www.

through the Miguel Servet Program (CP16,/00121 to P.S.), a PFIS pre- bartspancreastissuebank.org.uk) funded by the Pancreatic Cancer
doctoral contract (FI21/00031 to P. E-R) and Fondo de Investigaciones Research Fund.

Sanitarias (PI117/00082 and P120/00921, to P.S.) (all co-financed by

European funds (FSE: “El FSE invierte en tu futuro” and FEDER: “Una Appendix A. Supporting information

manera de hacer Europa”, respectively), the Worldwide Cancer

Research (WCR) Charity together with Asociacion Espanola contra el Supplementary data associated with this article can be found in the
Cancer (AECC) (19-0250, to P.S.). BP-A was supported by crowdfunding online version at doi:10.1016/j.biopha.2022.114162.

12



B. Parejo-Alonso et al.

References

[1]

[21

[31

[4]

[51

[6!

=

[7

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

M. Hidalgo, Pancreatic cancer, N. Engl. J. Med. 362 (2010) 1605-1617, https://
doi.org/10.1056/NEJMra0901557.

P. Rawla, T. Sunkara, V. Gaduputi, Epidemiology of pancreatic cancer: global
trends, etiology and risk factors, World J. Oncol. 10 (2019) 10-27, https://doi.org/
10.14740/wjon1166.

F. Bray, J. Ferlay, L. Soerjomataram, R.L. Siegel, L.A. Torre, A. Jemal, Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries, Ca. Cancer J. Clin. 68 (2018) 394-424, https://doi.org/
10.3322/caac.21492.

P.C. Hermann, S.L. Huber, T. Herrler, A. Aicher, J.W. Ellwart, M. Guba, C.J. Bruns,
C. Heeschen, Distinct populations of cancer stem cells determine tumor growth and
metastatic activity in human pancreatic cancer, Cell Stem Cell 1 (2007) 313-323,
https://doi.org/10.1016/j.stem.2007.06.002.

C. Li, D.G. Heidt, P. Dalerba, C.F. Burant, L. Zhang, V. Adsay, M. Wicha, M.

F. Clarke, D.M. Simeone, Identification of pancreatic cancer stem cells, Cancer Res
67 (2007) 1030-1037, https://doi.org/10.1158/0008-5472.CAN-06-2030.

P. Sancho, S. Alcala, V. Usachov, P.C. Hermann, B. Sainz, The ever-changing
landscape of pancreatic cancer stem cells, Pancreatology 16 (2016) 489-496,
https://doi.org/10.1016/j.pan.2016.04.004.

R. Sever, J.S. Brugge, Signal transduction in cancer, Cold Spring Harb. Perspect.
Med. 5 (2015), https://doi.org/10.1101/cshperspect.a006098.

Z. Du, C.M. Lovly, Mechanisms of receptor tyrosine kinase activation in cancer,
Mol. Cancer 17 (2018) 58, https://doi.org/10.1186/512943-018-0782-4.

E.S. Katayama, J.J. Hue, D.L. Bajor, L.M. Ocuin, J.B. Ammori, J.M. Hardacre, J.
M. Winter, A comprehensive analysis of clinical trials in pancreatic cancer: what is
coming down the pike, Oncotarget 11 (2020) 3489-3501, https://doi.org/
10.18632/0oncotarget.27727.

Z. Zheng, N. Shao, H. Weng, W. Li, J. Zhang, L. Zhang, L. Yang, S. Ye, Correlation
between epidermal growth factor receptor and tumor stem cell markers CD44/
CD24 and their relationship with prognosis in breast invasive ductal carcinoma,
Med. Oncol. North. Lond. Engl. 32 (2015) 275, https://doi.org/10.1007/s12032-
014-0275-2.

X. Wang, M.E. Reyes, D. Zhang, Y. Funakoshi, A.P. Trape, Y. Gong, T. Kogawa, B.
L. Eckhardt, H. Masuda, D.A. Pirman, P. Yang, J.M. Reuben, W.A. Woodward,

C. Bartholomeusz, G.N. Hortobagyi, D. Tripathy, N.T. Ueno, EGFR signaling
promotes inflammation and cancer stem-like activity in inflammatory breast
cancer, Oncotarget 8 (2017) 67904-67917, https://doi.org/10.18632/
oncotarget.18958.

J. Ko, A.N. Meyer, M. Haas, D.J. Donoghue, Characterization of FGFR signaling in
prostate cancer stem cells and inhibition via TKI treatment, Oncotarget 12 (2021)
22-36, https://doi.org/10.18632/oncotarget.27859.

E. Binda, A. Visioli, F. Giani, G. Lamorte, M. Copetti, K.L. Pitter, J.T. Huse,

L. Cajola, N. Zanetti, F. DiMeco, L. De Filippis, A. Mangiola, G. Maira, C. Anile,
P. De Bonis, B.A. Reynolds, E.B. Pasquale, A.L. Vescovi, The EphA2 receptor drives
self-renewal and tumorigenicity in stem-like tumor-propagating cells from human
glioblastomas, Cancer Cell 22 (2012) 765-780, https://doi.org/10.1016/j.
ccr.2012.11.005.

B.W. Day, B.W. Stringer, F. Al-Ejeh, M.J. Ting, J. Wilson, K.S. Ensbey, P.

R. Jamieson, Z.C. Bruce, Y.C. Lim, C. Offenhéuser, S. Charmsaz, L.T. Cooper, J.
K. Ellacott, A. Harding, L. Leveque, P. Inglis, S. Allan, D.G. Walker, M. Lackmann,
G. Osborne, K.K. Khanna, B.A. Reynolds, J.D. Lickliter, A W. Boyd, EphA3
maintains tumorigenicity and is a therapeutic target in glioblastoma multiforme,
Cancer Cell 23 (2013) 238-248, https://doi.org/10.1016/j.ccr.2013.01.007.

M.L. Taddei, E. Giannoni, A. Morandi, L. Ippolito, M. Ramazzotti, M. Callari,

P. Gandellini, P. Chiarugi, Mesenchymal to amoeboid transition is associated with
stem-like features of melanoma cells, Cell Commun. Signal. Ccs. 12 (2014) 24,
https://doi.org/10.1186/1478-811X-12-24.

W. Song, Y. Ma, J. Wang, D. Brantley-Sieders, J. Chen, JNK signaling mediates
EPHA2-dependent tumor cell proliferation, motility, and cancer stem cell-like
properties in non-small cell lung cancer, Cancer Res. 74 (2014) 2444-2454,
https://doi.org/10.1158/0008-5472.CAN-13-2136.

S. Alcala, V. Mayoral-Varo, L. Ruiz-Canas, J.C. Lopez-Gil, C. Heeschen, J. Martin-
Pérez, B. Sainz, Targeting SRC kinase signaling in pancreatic cancer stem cells, Int.
J. Mol. Sci. 21 (2020) 7437, https://doi.org/10.3390/ijms21207437.

M. Mueller, P.C. Hermann, J. Witthauer, B. Rubio-Viqueira, S.F. Leicht, S. Huber,
J.W. Ellwart, M. Mustafa, P. Bartenstein, J.G. D’Haese, M.H. Schoenberg, F. Berger,
K. Jauch, M. Hidalgo, C. Heeschen, Combined targeted treatment to eliminate
tumorigenic cancer stem cells in human pancreatic cancer, Gastroenterology 137
(2009) 1102-1113, https://doi.org/10.1053/j.gastro.2009.05.053.

1. Miranda-Lorenzo, J. Dorado, E. Lonardo, S. Alcala, A.G. Serrano, J. Clausell-
Tormos, M. Cioffi, D. Megias, S. Zagorac, A. Balic, M. Hidalgo, M. Erkan, J. Kleeff,
A. Scarpa, B. Sainz, C. Heeschen, Intracellular autofluorescence: a biomarker for
epithelial cancer stem cells, Nat. Methods 11 (2014) 1161-1169, https://doi.org/
10.1038/nmeth.3112.

Z. Tang, B. Kang, C. Li, T. Chen, Z. Zhang, GEPIA2: an enhanced web server for
large-scale expression profiling and interactive analysis, (n.d.) 5.

J. Peng, B.-F. Sun, C.-Y. Chen, J.-Y. Zhou, Y.-S. Chen, H. Chen, L. Liu, D. Huang,
J. Jiang, G.-S. Cui, Y. Yang, W. Wang, D. Guo, M. Dai, J. Guo, T. Zhang, Q. Liao,
Y. Liu, Y.-L. Zhao, D.-L. Han, Y. Zhao, Y.-G. Yang, W. Wu, Single-cell RNA-seq
highlights intra-tumoral heterogeneity and malignant progression in pancreatic
ductal adenocarcinoma, Cell Res. 29 (2019) 725-738, https://doi.org/10.1038/
541422-019-0195-y.

J. Ai, S.M. Wormann, K. Gorgiilii, M. Vallespinos, S. Zagorac, S. Alcala, N. Wu,
D. Kabacaoglu, A. Berninger, D. Navarro, E. Kaya-Aksoy, D.A. Ruess, K.

13

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Biomedicine & Pharmacotherapy 158 (2023) 114162

J. Ciecielski, M. Kowalska, L.E. Demir, G.O. Ceyhan, 1. Heid, R. Braren,

M. Riemann, S. Schreiner, S. Hofmann, M. Kutschke, M. Jastroch, J. Slotta-
Huspenina, A. Muckenhuber, A.M. Schlitter, R.M. Schmid, K. Steiger, K.

N. Diakopoulos, M. Lesina, B. Sainz, H. Algiil, Bcl3 couples cancer stem cell
enrichment with pancreatic cancer molecular subtypes, Gastroenterology 161
(318-332) (2021), €9, https://doi.org/10.1053/j.gastro.2021.03.051.

M. Mazzeschi, M. Sgarzi, D. Romaniello, V. Gelfo, C. Cavallo, F. Ambrosi,

A. Morselli, C. Miano, N. Laprovitera, C. Girone, M. Ferracin, S. Santi, K. Rihawi,
A. Ardizzoni, M. Fiorentino, G. D’Uva, B. Gyorffy, R. Palmer, M. Lauriola, The
autocrine loop of ALK receptor and ALKAL2 ligand is an actionable target in
consensus molecular subtype 1 colon cancer, J. Exp. Clin. Cancer Res. 41 (2022)
113, https://doi.org/10.1186/s13046-022-02309-1.

J. Gao, B.A. Aksoy, U. Dogrusoz, G. Dresdner, S.0. Sumer, Y. Sun, A. Jacobsen, R.
Sinha, E. Larsson, E. Cerami, C. Sander, N. Schultz, Integrative Analysis of Complex
Cancer Genomics and Clinical Profiles Using the cBioPortal, (2014) 34.

Y. Hu, G.K. Smyth, ELDA: Extreme limiting dilution analysis for comparing
depleted and enriched populations in stem cell and other assays, J. Immunol.
Methods 347 (2009) 70-78, https://doi.org/10.1016/].jim.2009.06.008.

R.H. Palmer, E. Vernersson, C. Grabbe, B. Hallberg, Anaplastic lymphoma kinase:
signalling in development and disease, Biochem. J. 420 (2009) 345-361, https://
doi.org/10.1042/BJ20090387.

A. Wellstein, ALK receptor activation, ligands and therapeutic targeting in
glioblastoma and in other cancers, Front. Oncol. 2 (2012), https://doi.org/
10.3389/fonc.2012.00192.

A. Garcia-Regalado, C.H. Gonzalez-De la Rosa, The role of anaplastic lymphoma
kinase in human cancers, Oncol. Hematol. Rev. Us. 09 (2013) 149, https://doi.org/
10.17925/0HR.2013.09.2.149.

H. Huang, Anaplastic lymphoma kinase (ALK) receptor tyrosine kinase: a catalytic
receptor with many faces, Int. J. Mol. Sci. 19 (2018), https://doi.org/10.3390/
ijms19113448.

S. Ormanns, G. Assmann, S. Reu, E. Gallmeier, D.C. Bader, A. Kleespies, M. Haas,
S. Kruger, V. Heinemann, T. Kirchner, S. Boeck, ALK expression is absent in
pancreatic ductal adenocarcinoma, J. Cancer Res. Clin. Oncol. 140 (2014)
1625-1628, https://doi.org/10.1007/500432-014-1774-4.

A.D. Singhi, S.M. Ali, J. Lacy, A. Hendifar, K. Nguyen, J. Koo, J.H. Chung,

J. Greenbowe, J.S. Ross, M.N. Nikiforova, H.J. Zeh, 1.S. Sarkaria, A. Dasyam,

N. Bahary, Identification of targetable ALK rearrangements in pancreatic ductal
adenocarcinoma, J. Natl. Compr. Canc. Netw. 15 (2017) 555-562, https://doi.org/
10.6004/jncen.2017.0058.

Y. Shimada, T. Kohno, H. Ueno, Y. Ino, H. Hayashi, T. Nakaoku, Y. Sakamoto,

S. Kondo, C. Morizane, K. Shimada, T. Okusaka, N. Hiraoka, An oncogenic ALK
fusion and an RRAS mutation in KRAS mutation-negative pancreatic ductal
adenocarcinoma, Oncologist 22 (2017) 158-164, https://doi.org/10.1634/
theoncologist.2016-0194.

S. Courtois, B. de Luxan-Delgado, L. Penin-Peyta, A. Royo-Garcia, B. Parejo-Alonso,
P. Jagust, S. Alcala, J.A. Rubiolo, L. Sanchez, B. Sainz, C. Heeschen, P. Sancho,
Inhibition of mitochondrial dynamics preferentially targets pancreatic cancer cells
with enhanced tumorigenic and invasive potential, Cancers 13 (2021) 698, https://
doi.org/10.3390/cancers13040698.

J. Guan, G. Umapathy, Y. Yamazaki, G. Wolfstetter, P. Mendoza, K. Pfeifer,

A. Mohammed, F. Hugosson, H. Zhang, A.W. Hsu, R. Halenbeck, B. Hallberg, R.
H. Palmer, FAM150A and FAM150B are activating ligands for anaplastic
lymphoma kinase, ELife 4 (2015), e09811, https://doi.org/10.7554/eLife.09811.
B. Hallberg, R.H. Palmer, The role of the ALK receptor in cancer biology, Ann.
Oncol. 27 (2016) iii4-iiil5, https://doi.org/10.1093/annonc/mdw301.

A.T. Shaw, D.-W. Kim, K. Nakagawa, T. Seto, L. Crin6, M.-J. Ahn, T. De Pas,

B. Besse, B.J. Solomon, F. Blackhall, Y.-L. Wu, M. Thomas, K.J. O’Byrne, D. Moro-
Sibilot, D.R. Camidge, T. Mok, V. Hirsh, G.J. Riely, S. Iyer, V. Tassell, A. Polli, K.
D. Wilner, P.A. Janne, Crizotinib versus chemotherapy in advanced ALK -positive
lung cancer, N. Engl. J. Med 368 (2013) 2385-2394, https://doi.org/10.1056/
NEJMoal214886.

S. Zeng, M. Pottler, B. Lan, R. Griitzmann, C. Pilarsky, H. Yang, Chemoresistance in
pancreatic cancer, Int. J. Mol. Sci. 20 (2019) 4504, https://doi.org/10.3390/
ijms20184504.

P.C. Hermann, P. Sancho, M. Canamero, P. Martinelli, F. Madriles, P. Michl,

T. Gress, R. de Pascual, L. Gandia, C. Guerra, M. Barbacid, M. Wagner, C.R. Vieira,
A. Aicher, F.X. Real, B. Sainz, C. Heeschen, Nicotine promotes initiation and
progression of KRAS-induced pancreatic cancer via Gata6-dependent
dedifferentiation of acinar cells in mice, Gastroenterology 147 (1119-1133)
(2014), e4, https://doi.org/10.1053/j.gastro.2014.08.002.

P. Sancho, E. Burgos-Ramos, A. Tavera, T. Bou Kheir, P. Jagust, M. Schoenhals,
D. Barneda, K. Sellers, R. Campos-Olivas, O. Grana, C.R. Viera, M. Yuneva,

B. Sainz, C. Heeschen, MYC/PGC-1a balance determines the metabolic phenotype
and plasticity of pancreatic cancer stem cells, Cell Metab. 22 (2015) 590-605,
https://doi.org/10.1016/j.cmet.2015.08.015.

P. Jagust, S. Alcala, B.S. Jr, C. Heeschen, P. Sancho, Glutathione metabolism is
essential for self-renewal and chemoresistance of pancreatic cancer stem cells,
World J. Stem Cells 12 (2020) 1410-1428, https://doi.org/10.4252/wjsc.v12.
i11.1410.

B.V.K.S. Lakkakula, B. Farran, S. Lakkakula, S. Peela, N.S. Yarla, P.V. Bramhachari,
M.A. Kamal, M.S. Saddala, G.P. Nagaraju, Small molecule tyrosine kinase
inhibitors and pancreatic cancer—trials and troubles, Semin. Cancer Biol. 56
(2019) 149-167, https://doi.org/10.1016/j.semcancer.2018.09.011.

T. Iwahara, J. Fujimoto, D. Wen, R. Cupples, N. Bucay, T. Arakawa, S. Mori,

B. Ratzkin, T. Yamamoto, Molecular characterization of ALK, a receptor tyrosine



B. Parejo-Alonso et al.

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

kinase expressed specifically in the nervous system, Oncogene 14 (1997) 439-449,
https://doi.org/10.1038/sj.onc.1200849.

S.W. Morris, M.N. Kirstein, M.B. Valentine, K.G. Dittmer, D.N. Shapiro, D.

L. Saltman, A.T. Look, Fusion of a kinase gene, ALK, to a nucleolar protein gene,
NPM, in non-Hodgkin’s lymphoma, Science 263 (1994) 1281-1284, https://doi.
org/10.1126/science.8122112.

B. Hallberg, R.H. Palmer, Mechanistic insight into ALK receptor tyrosine kinase in
human cancer biology, Nat. Rev. Cancer 13 (2013) 685-700, https://doi.org/
10.1038/nrc3580.

R. Koyama-Nasu, R. Haruta, Y. Nasu-Nishimura, K. Taniue, Y. Katou, K. Shirahige,
T. Todo, Y. Ino, A. Mukasa, N. Saito, M. Matsui, R. Takahashi, A. Hoshino-Okubo,
H. Sugano, E. Manabe, K. Funato, T. Akiyama, The pleiotrophin-ALK axis is
required for tumorigenicity of glioblastoma stem cells, Oncogene 33 (2014)
22362244, https://doi.org/10.1038/0nc.2013.168.

1. Lopez-Valero, D. Davila, J. Gonzdlez-Martinez, N. Salvador-Tormo, M. Lorente,
C. Saiz-Ladera, S. Torres, E. Gabicagogeascoa, S. Hernandez-Tiedra, E. Garcia-
Taboada, M. Mendiburu-Elicabe, F. Rodriguez-Fornés, R. Sanchez-Dominguez, J.
C. Segovia, P. Sanchez-Gomez, A. Matheu, J.M. Sepiilveda, G. Velasco, Midkine
signaling maintains the self-renewal and tumorigenic capacity of glioma initiating
cells, Theranostics 10 (2020) 5120-5136, https://doi.org/10.7150/thno.41450.
B.-S. Xu, H.-Y. Chen, Y. Que, W. Xiao, M.-S. Zeng, X. Zhang, A.L.K. ATI, interacts
with ¢-Myc and promotes cancer stem cell-like properties in sarcoma, Oncogene 39
(2020) 151-163, https://doi.org/10.1038/541388-019-0973-5.

T. Matsumoto, Y. Oda, Y. Hasegawa, M. Hashimura, Y. Oguri, H. Inoue, A. Yokoi,
M. Tochimoto, M. Nakagawa, Z. Jiang, M. Saegusa, Anaplastic lymphoma kinase
overexpression is associated with aggressive phenotypic characteristics of ovarian
high-grade serous carcinoma, Am. J. Pathol. 191 (2021) 1837-1850, https://doi.
0rg/10.1016/j.ajpath.2021.06.009.

G.E. Stoica, A. Kuo, C. Powers, E.T. Bowden, E.B. Sale, A.T. Riegel, A. Wellstein,
Midkine binds to anaplastic lymphoma kinase (ALK) and acts as a growth factor for
different cell types, J. Biol. Chem. 277 (2002) 35990-35998, https://doi.org/
10.1074/jbc.M205749200.

C. Moog-Lutz, J. Degoutin, J.Y. Gouzi, Y. Frobert, N.B. Carvalho, J. Bureau,

C. Créminon, M. Vigny, Activation and Inhibition of anaplastic lymphoma kinase
receptor tyrosine kinase by monoclonal antibodies and absence of agonist activity
of pleiotrophin, J. Biol. Chem. 280 (2005) 26039-26048, https://doi.org/10.1074/
jbc.M501972200.

14

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Biomedicine & Pharmacotherapy 158 (2023) 114162

T. Muramatsu, Midkine, a heparin-binding cytokine with multiple roles in
development, repair and diseases, Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 86 (2010)
410-425, https://doi.org/10.2183/pjab.86.410.

X. Wang, Pleiotrophin: activity and mechanism, in: Adv. Clin. Chem., Elsevier,
2020, pp. 51-89, https://doi.org/10.1016/bs.acc.2020.02.003.

D. Wu, L. Liu, X. Yan, C. Wang, Y. Wang, K. Han, S. Lin, Z. Gan, D. Min,
Pleiotrophin promotes chemoresistance to doxorubicin in osteosarcoma by
upregulating P-glycoprotein, Oncotarget 8 (2017) 63857-63870, https://doi.org/
10.18632/0oncotarget.19148.

D. Cerezo-Wallis, M. Contreras-Alcalde, K. Troulé, X. Catena, C. Mucientes, T.

G. Calvo, E. Canén, C. Tejedo, P.C. Pennacchi, S. Hogan, P. Kolblinger, H. Tejero,
A.X. Chen, N. Ibarz, O. Grana-Castro, L. Martinez, J. Munoz, P. Ortiz-Romero, J.
L. Rodriguez-Peralto, G. Gomez-Lépez, F. Al-Shahrour, R. Rabadan, M.P. Levesque,
D. Olmeda, M.S. Soengas, Midkine rewires the melanoma microenvironment
toward a tolerogenic and immune-resistant state, Nat. Med. 26 (2020) 1865-1877,
https://doi.org/10.1038/s41591-020-1073-3.

E.L. Kwak, Y.-J. Bang, D.R. Camidge, A.T. Shaw, B. Solomon, R.G. Maki, S.-H.I. Ou,
B.J. Dezube, P.A. Janne, D.B. Costa, M. Varella-Garcia, W.-H. Kim, T.J. Lynch,

P. Fidias, H. Stubbs, J.A. Engelman, L.V. Sequist, W. Tan, L. Gandhi, M. Mino-
Kenudson, G.C. Wei, S.M. Shreeve, M.J. Ratain, J. Settleman, J.G. Christensen, D.
A. Haber, K. Wilner, R. Salgia, G.I. Shapiro, J.W. Clark, A.J. Iafrate, Anaplastic
lymphoma kinase inhibition in non-small-cell lung cancer, N. Engl. J. Med. 363
(2010) 1693-1703, https://doi.org/10.1056/NEJMoal006448.

D.E. Gerber, J.D. Minna, ALK inhibition for non-small cell lung cancer: from
discovery to therapy in record time, Cancer Cell 18 (2010) 548-551, https://doi.
org/10.1016/j.ccr.2010.11.033.

A. Puccini, N.I. Marin-Ramos, F. Bergamo, M. Schirripa, S. Lonardi, H.-J. Lenz,
F. Loupakis, F. Battaglin, Safety and tolerability of c-MET inhibitors in cancer, Drug
Saf. 42 (2019) 211-233, https://doi.org/10.1007/540264-018-0780-x.

L. Horn, Z. Wang, G. Wu, E. Poddubskaya, T. Mok, M. Reck, H. Wakelee, A.

A. Chiappori, D.H. Lee, V. Breder, S. Orlov, 1. Cicin, Y. Cheng, Y. Liu, Y. Fan, J.
G. Whisenant, Y. Zhou, V. Oertel, K. Harrow, C. Liang, L. Mao, G. Selvaggi, Y.-
L. Wu, Ensartinib vs crizotinib for patients with anaplastic lymphoma
kinase—positive non-small cell lung cancer, JAMA Oncol. 7 (2021) 1-9, https://
doi.org/10.1001/jamaoncol.2021.3523.

1. Dagogo-Jack, A.T. Shaw, Crizotinib resistance: implications for therapeutic
strategies, Ann. Oncol. 27 (2016) iii42-iii50, https://doi.org/10.1093/annonc/
mdw305.



Figure S1: ALK is preferentially activated and overexpressed in PaCSCs. A) Mean of the quantification of the dots
corresponding to p-ALK from Fig. 1A. DOP: density of pixels, Diff: differentiated. CSCs: cancer stem cells. B) Western blot of
cell lysates comparing PDXs and cell lines. Numbers represent the quantification of the band intensity for each protein
normalized by actin. Bx: BxPC3; Mia: MiaPaCa2; Su: Su8686. C) RT-qPCR for ALK mRNA levels in different CSC settings.
Pooled data from PDX185 and 215. Sph: spheroids. Fluo n=1. CD133 n=2. Data are shown as the fold change to differentiated
cells. which are represented as the dashed line. Data are represented as mean + SEM and analyzed using one-way ANOVA or
Kruskal-Wallis tests of, at least. three independent experiments, unless otherwise specified. * p<0.05, ** p<0.01, *** p<0.005. D)
Transcriptomic bioinformatic analyses of ALK comparing normal (N) and PDAC (T) human tissues from GTEx and TCGA
datasets, respectively (webserver: GEPIA2). E) Mutational status of ALK from different datasets: 1. Pancreas UTSW, 2. Pancreas
TCGA PanCan 2018, 3. Pancreas TCGA, 4. Pancreas ICGC and 5. Pancreas QCMG 2016. Mut: mutation, Amp: amplification,
DDel: deep deletion (webserver: cBioPortal).
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Figure S2: Ligand-dependent ALK activation supports self-renewal in PDAC. A) Expression of ALK ligands comparing
normal (N) and PDAC (T) human tissues from TCGA and GTEx datasets. B) Correlation expression of ALK ligands with a
pluripotency signature composed by KLF4, OCT3/4, NANOG and SOX?2 (top row or an ALK overexpression (OE) signature
(bottom row) in human tissues from TCGA and GTEx datasets. The Pearson correlation coefficient (R) is calculated and
mterpreted as follows together with the p-value: the color green represents a p-value<0.05S and a R>0.5, the color orange
represents a p-value<0.05 and a R<0.5, while the color red represents either a p-value>0.05 or a R<0 (negative correlation).
TPM: transcripts per million. C) Kinetics of ALK activation after the indicated times of treatment with 1 ng/mL of
recombinant PTN measured by Western Blot. Numbers represent the quantification of the band intensity for each protein
normalized by actin, shown as the fold change to control condition. D) Sphere formation assay after pre-treatment with
recombinant PTN for 72 hours at the indicated concentrations (ng/mL) in adherent conditions (pooled data showing the
individual values for the indicated PDXs). The dashed line represents the value of the control condition. Data are represented
as mean + SEM and analyzed using one-way ANOVA or Kruskal-Wallis tests of, at least, three independent experiments. *
p<0.05, ** p<0.01, *** p<0.005. E) Representative colony formation assay after 21 days of treatment with 10 ng/mL
recombinant PTN. The numbers represent the crystal violet staining absorbance, shown as the fold change to control
condition.
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Figure S3: ALK pharmacologic inhibition targets PaCSCs. A) ICs, of Crizotinib and Ensartinib at 72 hours of treatment. Left
panel: ICs;, values for each cell type and inhibitor; right panel: representative proliferation rate graph of PDX185 and CTCA. B)
Toxicity of Crizotinib for each cell type measured as relative fluorescence units normalized by crystal violet. Left panel: mean
value for each cell type separately, right panel: pooled data showing the individual values for each cell type. Data are shown as
the fold change to control condition which is represented as the dashed line (A and B). C, D) Percentage of total cell death
measured as the sum of Annexin V*, Zombie Violet™ and double positive staining in the whole population after 48 hours of
treatment with Crizotinib (C) or Ensartinib (D). Top panels: mean value for each PDX separately (left) and pooled data showing
the individual values for each PDX (right); bottom row: representative flow cytometry density plots of PDX354. Data are
represented as mean + SEM and analyzed using one-way ANOVA or Kruskal-Wallis tests of, at least, three independent

experiments. * p<0.05, ** p<0.01, *** p<0.005.
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Figure S4. ALK pharmacologic targeting abrogates CSC features in vifro and in vivo. A) Sphere formation assay from Fig.
4A. Left panel: individual values for each PDX; right panel: representative images of PDX185. B) Sphere formation assay after
pre-treatment with Crizotinib for 48 hours in adherent conditions. Left panel: percentage of spheres for each PDX: right panel:
pooled data showing the individual values for each PDX. ND: not determined. C) Colony formation assay after 21 days of
treatment with Crizotinib or Ensartinib. Pooled data showing the individual values for each PDX. Data are shown as the
percentage of control condition which is represented as the dashed line. D-F) In vivo ELDA of cells pre-treated in vitro with 5
UM Crizotinib for 48 hours and subcutaneously injected in the flanks of nude mice at decreasing cell densities. D) Tumors at end
point (week 6): E) percentage of EpCAM~ cells in the 10* tumors showed in D; F) CD133*/CD44" content in the 10* tumors
showed in D. Data are represented as mean = SEM and analyzed using one-way ANOVA or Kruskal-Wallis tests of, at least,
three independent experiments. * p<0.05, ** p<0.01, *** p<0.005.
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Figure S5: ALK inhibition synergizes with Gemcitabine treatment in vifro and in vivo. The combined effect of Gemcitabine
and ALK inhibitors was studied using low doses of the compounds (Gem 50 nM unless otherwise specified, Crizotinib 1 pM,
Ensartinib 1 pM). A) Representative proliferation rate graph of PDX185 and 215 from Fig. 5A. B) Total cell death measured as
the sum of Annexin V*, Zombie Violet" and double positive staining in the whole population after 48 hours of treatment with
Gemcitabine alone or in combination with Crizotinib or Ensartinib. Pooled data from PDX185, 253 and 354. C) Colony
formation assay after 21 days of treatment with Gemcitabine alone or in combination with Crizotinib or Ensartinib. D-G) In vivo
treatment from Fig. SE-H. D) Mice weight over time; E) tumor volume at end point (week 10); F) tumor weight at end point (10
weeks); G) percentage of EDCAM™ cells of tumors shown in Fig. 5F. Data are represented as mean = SEM and analyzed using
one-way ANOVA or Kruskal-Wallis tests of, at least, three independent experiments. * p<0.05, ** p<0.01, *** p<0.005.
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