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Abstract

The presence of thousands of lipid species in nature (to date around 21500 molecular
species) opens the question of why life needs this high variety if to generate membranes only a
few species are really needed. The systematic study of the lipidome has helped in defining
lipids not just as building blocks and providers of the right environment for proteins to
function, but also as direct participants in many biological processes and as precursors of other
signaling molecules. In this thesis, we took advantage of the last advances in lipid analytical
techniques to study the lipid changes occurring in colon pathophysiology and to identify
potential new lipid biomarkers for colorectal cancer (CRC).

Analyzing commercial cell lines lipidome by HPLC-mass spectrometry, we
demonstrated that the lipidome was able to distinguish between healthy primary and CRC cell
lines. Further, we assessed the difference in lipid composition in human tissue sections,
analyzing them by imaging mass spectrometry techniques (IMS). This technique allows
describing two-dimensionally the lipid distribution along tissue sections. The images obtained
showed that the lipidome was sensitive enough to discriminate between the different cell
types conforming colon mucosa first, and then between healthy and tumor tissue. Among the
multiple changes detected, it was remarkable how different arachidonic acid (AA) species were
handled by the epithelial cells compared to stromal cells. While AA changed precisely along the
colon crypt according to the differentiation state of the epithelial cells, in the stroma, the
changes surfaced the immunological response naturally occurring in a healthy colon. In order
to delve into the role of AA metabolism in proliferation and differentiation processes, we used
colon organoids to investigate how changes in prostaglandins (PG) metabolism influenced
colonocytes development.

Given the sensitivity showed by the lipidome to the pathophysiological state of colon
cells, we next explored the possibility of using the lipid composition of extracellular vesicles
(EVs) as non-invasive biomarkers. We confirmed that the lipid composition of these vesicles
was sensitive enough to stratify them according to their cell of origin in model systems and
according to the patients group (healthy vs. adenomatous polyps/invasive neoplasia). These
analyzes showed that the lipid composition of plasma-derived EVs reflects the colon tumor
development by a significant proportion of patients with colon tumors.

In summary, this thesis proved that the lipidome is highly sensitive to the
pathophysiological state of cells in the colon, establishing the comprehensive lipid analysis as a
feasible and reliable tool to detect pathological states as CRC. Furthermore, this study
provided solid evidence to investigate lipid metabolism as a source of potential new drug
targets.



Resum

La preséncia de milers d'especies de lipids en la natura (a dia d'avui al voltant de 21500
especies moleculars) fa qliestionar el perque la vida necessita aquesta gran varietat si per
generar membranes bastarien unes quantes espeécies. L'estudi sistematic del lipidoma ha
ajudat a definir els lipids no només com a blocs de construccié i proveidors de I'ambient
necessari per fer funcionar les proteines, sind a més com a participants en multiples processos
biologics i com a precursors d'altres molecules senyal. En aquesta tesi, hem aprofitat els
darrers avencos en técniques d'analisi de lipids per estudiar els canvis que es donen en la
fisiopatologia del colon i per identificar nous potencials biomarcadors de cancer colorectal
(CCR).

Amb ['analisi lipidica de linies comercials per HPLC acoblada a espectrometria de
masses, hem demostrat que el lipidoma era capag de distingir entre cél-lules primaries sanes i
linies cel-lulars de cancer colorectal. A més, comprovarem les diferéncies en composicio
lipidica en talls histologics de teixit huma usant técniques d'imatge acoblada a espectrometria
de masses (IMS). Aguesta técnica permet descriure en dues dimensions la distribucié dels
lipids al llarg de les seccions histologiques. Les imatges obtingudes mostraren que el lipidoma
era suficientment sensible per discriminar primer entre les diferents cel-lules que conformen la
mucosa del colon, i després entre el teixit sa i tumoral. Entre els multiples canvis detectats, fou
remarcable com les espécies que contenien acid araquidonic (AA) eren usades de forma
diferent entre les cel-lules epitelials i les estromals. Mentre que I'AA canviava al llarg de Ia
cripta en funcié del seu estat de diferenciacio, al llarg de I'estroma els canvis concordaven en la
resposta immunologica que es dona fisiologicament en el colon sa. Per tal d'aprofundir en el
paper del metabolisme de I'AA en processos de diferenciacié i proliferacié, usarem organoides
de colon per investigar com els canvis en el metabolisme de les prostaglandines podria influir
en el desenvolupament dels colonocits.

Donada la sensibilitat mostrada pel lipidoma en la fisiopatologia de les cel-lules del
colon, a continuacié explorarem la possibilitat d'usar la composicié lipidica de vesicules
extracel-lulars (EVs) com a biomarcadors no invasius. Confirmarem que la composicid lipidica
d'aquestes vesicules era suficientment sensible per estratificar-les depenent de la seva cél-lula
d'origen en sistemes model i d'acord amb el grup de pacients corresponent (sans vs. polips
adenomatosos/neoplasies invasives). Aquestes analisis mostraren que la composicié lipidica de
EVs aillades de plasma de pacients reflectien el desenvolupament de tumors a una proporcié
significativa de pacients amb tumors al colon.

En resum, aquesta tesi prova que el lipidoma és altament sensible a I|'estat
fisiopatologic de les cél-lules en el colon, establint les analisis lipidiques exhaustives com una
eina viable i reproduible capa¢ de detectar estats patologics com el cancer colorectal. A més,
aquest estudi proporciona evidencies solides per investigar el metabolisme lipidic com a font
de noves dianes terapeutiques.



Resumen

La presencia de miles de especies de lipidos en la naturaleza (a dia de hoy alrededor de
21500 especies moleculares) hace cuestionar el porqué la vida necesita esta gran variedad si
para generar membranas bastarian unas pocas espécies. El estudio sistematico del lipidoma ha
ayudado a definir los lipidos no solo como bloques de construccién y proveedores del
ambiente necesario para hacer funcionar las proteinas, si no ademas como participantes en
multiples procesos biolégicos y como precursores de otras moléculas sefial. En esta tesis,
hemos aprovechado los ultimos avances en técnicas de andlisis de lipidos para estudiar los
cambios que se dan en la fisiopatologia del colon y para identificar nuevos potenciales
biomarcadores de cancer colorectal (CCR).

Con el andlisis lipidico de lineas comerciales por HPLC acoplada a espectrometria de
masas, hemos demostrado que el lipidoma era capaz de distinguir entre célular primarias
sanas y lineas celulares de cancer colorectal. Ademds, comprobamos las diferencias en
composicion lipidica en cortes histologicos de tejido humano usando técnicas de imagen
acopladas a espectrometria de masas (IMS). Esta técnica permite describir en dos dimensiones
la distribucién de los lipidos a lo largo de secciones histoldgicas. Las imdgenes obtenidas
mostraron que el lipidoma era suficientemente sensible para discriminar primero entre las
diferentes célular que conforman la mucosa del colon, y depsués entre el tejido sano y el
tumoral. Entre los multiples cambios detectados, fue remarcable como las especies que
contenian acido araquiddnico (AA) eran usadas de forma diferente entre las células epiteliales
y las estromales. Mientras que el AA cambiaba a lo largo de la cripta en funcién de su estado
de diferenciacion, a lo largo del estroma los cambios concordaban con la respuesta
inmunolégica que se da fisiolégicamente en el colon sano. Para profundizar en el papel del
metabolismo del AA en procesos de diferenciacién y proliferacién, usamos organoides de
colon para investigar como los cambios en el metabolismo de las prostaglandinas podria influir
en el desarrollo de los colonocitos.

Dada la sensibilidad mostrada por el lipidoma en la fisiopatologia de las células del colon,
a continuacion exploramos la posibilidad de usar la composicion lipidica de vesiculas
extracelulares (EVs) como biomarcadores no invasivos. Confirmamos que la composicién
lipidica de estas vesiculas era suficientemente sensible para estratificarlas dependiendo de su
origen celular en sistemas modelo y de acuerdo con el grupo de pacientes correspondiente
(sanos vs. polipos adenomatosos/neoplasias invasivas). Estos andlisis mostraron que la
composicion lipidica de EVs aisladas de plasma de pacientes reflejaban el desarrollo de
tumores a una proporcion significativa de pacientes con tumor en el colon.

En resumen, esta tesis prueba que el lipidoma es altamente sensible al estado
fisiopatoldgico de las células en el colon, estableciendo los andlisis de lipidos eshaustivos como
una herramienta viable y reproducible capaz de detectar estados patolégicos como el cancer
colorectal. Ademds, este estudio proporciond evidencias sélidas para investigar el
metabolismo lipidico como una fuente de nuevas dianas terapéuticas.
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1. Introduction _

1 Introduction

The term lipid encompasses a broad family of biomolecules with different characteristics,
although a common feature shared by all is their hydrophobicity, a property necessary for
their biological roles as main membrane components and as an energy reservoir. Lipidomic
techniques provide comprehensive lipid characterization of samples, allowing understanding
the multiple roles of lipids beyond the separation of aqueous solutions by forming
membranes. To date, around 21.500 lipid species from biological sources have been identified,
which are classified into the six categories included in figure 1-1. Bearing this in mind, the
obvious question would be: if an isolating barrier can be generated using few, or even a single,
phospholipid species, why do cells generate such a complex lipid repertoire?

Mammalian lipid categories

Endocannabinoids Eicosancids Docosanoids Glyccro“plds 028 Spesies”)
Acetyl CoA Fatty acyls Glycerophospholipids

\ J——— 17488 Spachen®| . 1008 Speciea®)

| 1 )
. 2
Isopentenyl-pyrophesphate i
’ .
Sterols | ipi
~ ey ) Sphingolipids

(1242 Spevies ™)

/

Prenols
15258 Spacier*)

(RN

Figure 1-1. Metabolic interactions between the relevant lipid classes in mammals, including the number of lipid
species defined so far in each class. Information on lipid species was obtained from the Lipid Maps Structure
Database®".

The lipid composition is completely dependent on the function to be carried out; in
fact, different cell types and even organelles possess unique membrane composition®*. Thus,
many biological processes like cell division>", differentiation’***, modulation of the
inflammatory response®™™*® or cytochrome c activity”® depend on specific membrane lipid
composition. Delving in this topic, the description of specific regions of membranes able to
affect enzyme location and activity adds further complexity to lipid membrane metabolism*2°.
In this context, the lipid membrane environment is not just an invariable scaffold where static
proteins exert their functions, but a fast adaptable ocean that responds to the cell
physiological requirements. Given the great number of membrane lipid molecular species, is
not a surprise the still scarce knowledge about each one function and regulation. Hence, the
reason why life requires this plethora of diverse lipids for many different biological locations
and situations is still an unanswered question. However, their participation in any biological
process raised membrane lipids as useful biomarkers and their metabolism as a promising
target for many pathological conditions.

The diversity of these biomolecules forces to the application of multiple techniques to
obtain a complete lipidome. For many years, the difficulty in identifying all lipid species due to
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_ 1. Introduction

a lack of massive analysis techniques had dragged the advances in lipid knowledge. However,
the development of mass spectrometry (MS) and its coupling to chromatographic techniques
in the late 1950s®” boosted significantly the interest in studying the complete lipidome in
multiple tissues and contexts (Figure 1-2). Although was their broad application to lipid
analysis from the 2000s which lead spectacularly to the emergence of lipid-related works.

80000
7]
§ 60000 SR hed ot
: .
re)
3 40000| Appearence
— of MS
(o]
Q
-g 20000
— |
=

0 1 1 ] 1
1940 1960 1980 2000 2017

Figure 1-2: Number of publications related with lipids. Information obtained from Web of Science database
(accessed 23/07/2018).

The possibility of characterizing whole lipidomes with higher precision increased
drastically the knowledge about lipid participation in pathophysiological processes. In fact, MS
have been indispensable to understand the relevance of lipid diversity in life. The lipidomic
techniques applied in this thesis exemplify how the use of comprehensive lipid knowledge
provides important information about tissue physiological states and how it can be used to
reveal biomarkers in pathological situations.

However, without tools characterizing their distribution within tissues, the biological
meaning of a lipidome remained unclear. Protein and nucleic acid visualization by microscopy
revealed the biological relevance of confining enzyme activity to delimited tissue and cell
locations. Unfortunately, without any feasible probe to mark specific lipids in tissues, the
lipidomic field suffered more limitations. These limitations were overcome by the
development of MS imaging (IMS) applied to lipid analysis, leading the field to new and
exciting possibilities in this research field. Thus, using these techniques it is possible to obtain
complete profiles of molecules along with two-dimensional samples like histological tissues.
The application of lipid IMS techniques allows the description of lipidomes in tissues preserving
their original distribution, with almost no manipulation and, most importantly, with absolute
independence of probes.

Lipid imaging gave us the information that many specific lipid molecular species change
along colon mucosa. The most relevant change was the increase in AA of the epithelial stem
cells which reside at the mucosa base in contrast of increased AA at the luminal site of the
connective tissue. This result alone raises the AA as a marker for proliferation and
differentiation in colon epithelial cells and of inflammation in the colon mucosa connective
tissue. Also, this tight gradient was completely disturbed in adenomatous polyps (pre-cancer

8



1. Introduction _

lesions). We further studied the role of AA-derived molecules in the colon physiology in the
context of colon epithelial cells differentiation process.

The AA is transformed by COX enzymes to eicosanoids, varied bioactive molecules
usually related to pathologies with an inflammatory component like cancer. This relation based
many works that tried to use COX enzymes inhibitors (mainly Nonsteroidal Antiinflammatory
Drugs) to treat CRC. Unfortunately, the high cardiotoxicity of these compounds and the
relative low effects of these drugs over CRC size reduction challenge the effectiveness of these
drugs to treat this disease. To understand better how alterations in lipid and PG metabolism
may affect to colonocytes, the final part of this work explored the role of PGs in the colon
epithelial cell proliferation and differentiation. Using ex vivo colonocytes culture we tested the
different capacities of three PGs and their receptors in cell proliferation. These results alert on
the action of NSAIDs as the diverse COX products exert completely different effects over colon
epithelial cell fate. Therefore, suggests that more specific therapies limited to only a few
eicosanoid receptors could potentially be an effective therapeutic approach for CRC.

The use of lipidomic techniques applied in this thesis identified biomarkers for CRC and
set the base to understand the mechanisms involved in colon epithelium physiology and the
alterations present when colon tumors are developed.

1.1 Lipids: a basic classification

Cell membranes are =4 nm thick structures that separate the different cell organelles
from the cytoplasm and provide an adequate enzymatic environment. Furthermore, biological
membranes not only separate the different cell agueous environments, but they also provide
the necessary plastic scaffold for the correct protein location and function®**>?. This protein
regulation by membrane lipids occurs through direct interaction with specific lipids® or to the
surrounding lipid context through changes in their biophysical properties (like membrane
curvature and polarity)***. Finally, lipid products can serve as ligands and bioactive molecules
precursors placing membranes as a hub of signaling molecules.

With the rise of lipidomics, there was a need to standardize the nomenclature and lipid
classification.  Currently one of the |largest lipid databases LIPID MAPS
(https://www.lipidmaps.org) established the following classification®’: glycerophospholipids
(referred phospholipids hereafter), fatty acids, sterols, sphingolipids, glycerolipids, prenol
lipids, saccarolipids, and polyketides.

Fatty acids:

Fatty acids are carboxylic acids with an aliphatic chain, constituted, in most cases, by
an even number of carbons that may range from 2 up to more than 30 carbons.

Fatty acids are classified according to the number of carbons in the following
categories: short-chain (C2-4), medium-chain (C6-10), long-chain (C12-20), very-long-chain
(C22-24), and ultra-long chain (C>26) fatty acids. While the last two categories are highly
enriched only in certain tissues, like skin, retina, meibomian gland, testes, and brain, the rest
of fatty acids are ubiquitous®**".

Further, fatty acids might be saturated or unsaturated, with the number of double
bonds ranging from 1 (monounsaturated fatty acids, MUFA) to more than 6 (polyunsaturated
fatty acids, PUFA). The number of unsaturations affects membrane physical properties. Thus,
PUFA-membranes are more flexible than MUFA-membranes as PUFAs reduce the energy
necessary for deformation®*. Figure 1-3 shows examples of two common fatty acids, the
hexadecanoic acid (C16:0), a saturated fatty acid, and the AA (C20:4), a PUFA. While most
natural fatty acids have from 0 to 6 double bonds, it is possible to find higher unsaturation
levels. In mammals, the most frequent double bonds are cis (Z), while trans (E) fatty acids are
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mostly incorporated from diet*. Mammals are unable to synthesize fatty acids with
unsaturations more proximal to the methyl end than the ninth carbon, like in the n-3 and n-6
fatty acids (where n indicates the position of the first double bond starting from the methyl
end). For this reason, linoleic acid (18:2n-6) and linolenic acid (18:3n-3) are considered
essential fatty acids (precursors of AA and docosahexaenoic acid (DHA, 22:6n-3), respectively)
and they must be incorporated from the diet. Fatty acids are mainly straight chains, although
branched fatty acids are present in very low levels in the skin of newborns®. In humans,
increases in branched fatty acids may be indicative of severe peroxisomal diseases, like Refsum
disease, characterized by the accumulation of these fatty acids and phytanic acid due to a-
oxidation impairment®.

/\/\/\/\/\/\/\/U\

Hexadecanoic acid (16:0) AA (20:4)

Figure 1-3: Left, hexadecanoic acid, a 16 carbon faty acid with no unsaturations, as example of saturated fatty acid.
Right, AA a 20-carbon fatty acid with 4 unsaturations, as example of PUFA.

Phospholipids:

Phospholipids are by far the main component of cell membranes in prokaryotic and
eukaryotic cells. Their structure is based on a glycerol backbone esterified to two fatty acids at
sn-1 and sn-2 positions and a phosphate group at sn-3. The sn-1 position is usually occupied by
a saturated or a MUFA, while PUFAs usually occupy the sn-2 position. The phosphate group is
linked to different moieties being ethanolamine, choline, serine, inositol (generating PE, PC,
phosphatidylserine, and Pl respectively) the most abundant in mammalian cells; phosphatidic
acid (PA) instead is bound to a hydrogen atom (Figure 1-4). Besides these main phospholipids,
there are other presents in a lesser amount in cells but with specific locations and functions.
This is the case of the cardiolipin, a lipid composed of three glycerol backbones, 2 phosphates,
and four acyl chains. Cardiolipin present only at the mitochondrial membranes where is
essential in stabilizing enzymes and complexes involved in energy production and
mitochondrial apoptotic processes®’. Bis(monoacylglycerol) phosphate (BMP) is another minor
lipid with a non-conventional structure, composed by two monoacylglycerols bound to a
phosphate group. BMP have been related to a normal lysosomal function®.

Further, phospholipids can be classified according to the nature of the bond at the sn-1
position, which may be: an ester, ether or vinyl-ether linkage, giving rise to diacyl-, alkyl- and
alkenyl-glycerophospholipids (or plasmalogens), respectively (Figure 1-4). Ether lipids have
many peculiarities as the specific synthesis pathway (initiated at the peroxysomes and finished
at the endoplasmic reticulum) and their enrichment in PUFA**™*!, the reason why plasmalogens
are considered second messengers reservoirs****. The vinyl ether linkage confers specific
curvature properties as well as a greater reactivity towards reactive oxygen species45"47.
Plasmalogens participate in processes as membrane fusion®®, membrane trafficking®, and T-
cell activation®®, although their exact biological roles of these lipids remain unknown. However,
it is clear that alterations on their synthesis pathways are the cause of severe pathological
conditions. Rhizomelic Chondrodysplasia Punctata (RCDP) and Zellweger Disease, both
showing extremely low levels of ether lipids, are the two inherited diseases associated with
impaired biosynthesis of plasmalogens®>.

In turn, each class of membrane phospholipids comprises a broad family of molecular
species differing in their fatty acyl composition. Acyl chains are very unevenly distributed
among lipids of different classes: PC is highly enriched in 16:0/18:1, while it contains a very low
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amount of docosahexaenoic acid (22:6n-3). Conversely, the latter is highly present in both
diacyl- and alkenyl- PE, as well as phosphatidylserine, whereas Pl is highly enriched in
18:0/20:4. The individual functions of these different molecular species are poorly understood
and only recently are the factors establishing the specific incorporation of particular acyl
chains into certain lipids attracting more attention>*. Figure 1-4 presents the different possible
combinations of fatty acids and polar heads of the main phospholipid classes.

Phospholipids

Acyl chains at sn-1 and sn-2 position Polar heads at sn-3 position

sn-1, ester bond Ra=) ~ PA
N N '..‘

p Mo~y 0 - PC
sn-2, ester bond 0 NN

I\
sn-1, ether bond I
RO TN PE

A )n :\(\ R

[ " 3
sn-1, vinyl ether bond R0 =7 ~0 %
" NK;

AN /\(\ .

Figure 1-4: Structural elements of glycerophosphate-based lipids. On the left, the different acyl chain types of
linkage established at the sn-1 position between the fatty acid and the glycerophosphate backbone are shown.
Thus, it is possible to establish three subgroups depending on the nature of the bond at sn-1 position, which
may be: an ester, ether, or vinyl-ether linkage, giving rise to diacyl-, alkyl- (O-alkyl, -O-CH,-) and alkenyl- (O-alk-
lenyl (—O-CH=CH-)) glycerophospholipids, respectively. Most of the O-alkyl moieties occur as
plasmanylcholines, whereas the O-alk-lenyl group is mainly associated with plasmanylethanolamines (also
called PE plasmalogens)ss. Conversely, the sn-2 position is occupied by a fatty acid linked via an ester bond. On
the right, the most common polar heads found in mammalian cell membranes: phosphatidic acid (PA),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI).

Sterols and cholesterol:

Steroids are molecules from 27 to 29 carbons derived from the sterol, a molecule of 17
carbons composed by three hexagonal and one pentagonal rings (Figure 1-5). Choleterol is the
most studied member of the sterol family because of the impact on human health that
elevated circulating levels of this lipid have®®. Commonly thought to be found only in animals,
cholesterol has been also found in plants®. In addition, cholesterol is a main component of
myelin sheaths, in fact, 20% of the total cholesterol in the body is present in the brain®.
Besides, cholesterol is the precursor molecule of the bile acids, Vitamin D and steroid
hormones. In membranes, these highly hydrophobic molecules are intermingled with the fatty
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acid tails of the phospholipids increasing membrane fluidity, where also modulates the fluidity
of the membrane™ and regulates the activity of membrane proteins®.

Figure 1-5: Structure of cholesterol, the most common sterol present in mammalian cells.

In agreement with its importance, defects in the cholesterol synthesis pathway are
responsible for several inherited disorders with severe neurodevelopmental defects, such as
Smith-Lemli-Opitz syndrome, desmosterolosis, and Niemann-Pick type C disease®®. However,
impaired cholesterol metabolism has also been linked to non-inherited neurodegenerative
diseases like Alzheimer disease, Huntington's disease, Parkinson's disease, depression,
amyotrophic lateral sclerosis, stroke, head trauma, and also normal aging®®*.

Sphingolipids:

As phospholipids, sphingolipids are also amphipathic molecules, although in this case,
the hydrophobic moiety is a sphingoid long-chain base, the result of palmitic acid (16:0) and L-
serine condensation. This reaction is catalyzed by serine palmitoyl acyltransferase (SPT).
Further, an amide bond to a saturated or monounsaturated fatty acid may be established at
carbon 2 leading to a ceramide (Cer) core. Different moieties can be linked to position 1
leading to Cer 1-phosphate if linked to a phosphate group, SM if bound to phosphocholine, or
glycosphingolipids and gangliosides if bound to saccharides (Figure 1-6). Sphingolipids are
considered mainly eukaryotic lipids as only a few bacteria species like the Bacteroides genus
present them at their membranes®. In contrast to phospholipids, sphingolipids are quite stable
regarding their fatty acid composition, and remodeling is restricted essentially to the polar
head.

e Ceramide:

Cer is the sphingolipids metabolic hub and considered as the precursor of the other
sphingolipids and an important player in cell signaling, especially mediating apoptosis®*°.

e Sphingomyelin:

SM is the most abundant sphingolipid and one of the major components in mammalian
cell plasma membranes. Described for the first time in the brain®, SM is a distinctive
component of myelin accounting for the 5-9% of its total membrane lipids’"’>. At the cellular
level is mostly located at the outer leaflet of the membrane”’* and forming part of the
nucleohistones’>””. SM is synthesized through the union of a choline to the hydroxyl group of
a Cer. To be transformed into SM, Cer are transported from the ER to the Golgi by the CERT
transfer protein’®. Once in the Golgi, a phosphocholine head from a PC is transferred by the
phosphatidylcholine:ceramide choline-phosphotransferase, or SMS’. This enzyme can also
perform the reverse reaction, yielding PC and Cer from SM and diacylglycerol®*’. However, SM
degradation is mostly done by specific sphingomyelinases that produce Cer. Depending on the
site of action, exist the acidic sphingomyelinase which acts at the outer leaflet of the
membrane and the neutral sphingomyelinase, resident at the inner leaflet of the bilayer®".

e Glycosphingolipids:

These lipids bond a monosaccharide or an oligosaccharide through a glycosidic bond.
There are three main types: cerebrosides, globosides, and gangliosides (if contain one or more

12



1. Introduction _

sialic acid residues)®?. These lipids play important roles in cellular interaction and recognition,
their best-known role is as responsible for erythrocytes blood group ABH.

Sphingolipids

Sphingosine

/\/W\/\'/\/\;Q(\

Ceramide

Sphingomyelin LY :
\ /, -~ /
y, NN

Glucosylceramide

% SV

Figure 1-6: Structural elements of sphingoid-based lipids. The most frequent sphingoid base is sphingosine,
although there are also other structures such as sphinganines and 4-hydroxysphinganines. Depending on the polar
head attached to the ceramide, different molecules are generated, such as sphingomyelins (phosphocholine),
cerebrosides (glucose, galactose...), and gangliosides (oligosaccharides or sialic acid). In terms of the fatty acyl
chain, in sphingolipids it is highly common to find saturated or monounsaturated fatty acids, which often contain a
hydroxyl group at C2-position.

1.2 Lipid nomenclature

Many fatty acids have common names, such as oleic acid (C18:1), palmitic acid (C16:0),
and AA (C20:4), which are still heavily used at all scientific levels despite the existing
systematic nomenclature. The abbreviated form includes two numbers separated by a colon:
the first one indicating the total number of carbons and the second, the total number of
double bonds. Depending on the nature of the work, nomenclature may become more
complex, including the exact position of double bonds, their stereochemistry (cis (Z) or trans
(E)), or indicating the position of the first double bond starting from the methyl end (i.e. n-3).
The latter is relevant to differentiate between n-3 and n-6 fatty acid acids.

For more complex molecules like phospholipids, it is important to be aware of the
different nomenclature a lipid species may receive, particularly if the abbreviated form is used.
Thus, in glycerolipids (mono-, di-, and tri-acylglycerides) and phospholipids, the simplest way
to abbreviate their content is by adding the number of carbons of each of the acyl chains as
well as the number of double bonds (5C: Sunsaturation). However, it is essential to bear in
mind that by using this form, important information is missing. Thus, Pl 36:2 could correspond
to a Pl esterified to 18:0 (saturated fatty acid) + 18:2n-6 (essential fatty acid) but it could also
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be esterified to 18:1+18:1. In turn, 18:1 could have the double bond at position n-9 (oleic acid)
or n-7 (vaccenic acid). Finally, such abbreviation does not provide information regarding the
position at which the fatty acid is esterified (sn-1 or sn-2). In an effort to define a more
descriptive nomenclature, the following was proposed depending on the degree of structural
detail provided: a) number of C-atoms:number of double bonds, if the esterified fatty acids are
not known; b) fatty acids separated by an underscore (_), if they are known but the sn-position
is not established; and, finally, c) fatty acids separated by a forward slash (/), if both fatty acid
and sn-position are known (Table 1-1)®. The degree of detail provided will depend on the
analytical efforts applied to analyze the sample. Despite rapid advances in the field to
determine the specific fatty acyl chain composition of each lipid class or their backbone
binding position, rather time-consuming and technically challenging methods are still required.
Nonetheless, there is no doubt that the better the characterization of species, the more
precise experiments can be designed.

Free Fatty acid Phospholipid Sphingolipid
Systematic Name  12E-octadecenoic 1-octadecanoyl-2-(4Z,72,10Z,132,16Z,19Z- N-
acid docosahexaenoyl)-sn-glycero-3- (tetracosanoyl)-
phosphoethanolamine sphinganine-1-

phosphocholine

Common Name trans-12-elaidic acid PE(18:0/22:6(42,72,10Z,132,16Z,19Z)) C24DH SM
Abbreviated form  C18:1n-6° PE(40:6)" SM(d18:0/24:0)°
PE(18:0_22:6)
PE(18:0/22:6)

Table 1-1. Nomenclature of fatty acid-containing lipid species.

®The number 6 indicates where the first double bond is found starting from the methylene end.

® Based on [40], briefly explained in the main text.

“Letter “d” indicates the number of hydroxy (-OH) groups present in the sphingoid backbone (m:1, d: 2, t:3).

1.3 Membrane heterogeneity

The amphypathic nature of phospholipid and sphingolipids because of the presence of
hydrophobic (fatty acid tails) and hydrophilic (head groups) domains induces the spontaneous
self-association of fatty acid tails in aqueous solution. In this way, the total surface in contact
with water is minimized, establishing a hydrophobic core, while polar head groups face the
aqueous environments directly. This key feature allows biological membranes not only to
segregate the intracellular milieu into sub-compartments (organelles) but also to provide the
hydrophobic environment needed for the activity of transmembrane proteins.
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%* SM PC Pl PS PE CL Others
Endoplasmic ND 4 28 ND 4
Reticulum
Subcellular | pjasma membrane 39 4 23 ND 1
fraction® Mitochondria ND 46 11 1
Golgi 13 8 4 18 ND 7
Late Endosomes 10 48 3 1 23 ND
Human cell Erythrocytes 32 ND ND ND
typesand | Platelets™ 15 35 12 23 ND ND
tissues Epidermic cells® 21 4 19 2
Brain’> 18 34 6 7 11 ND
Table 1-2. Cellular and subcellular composition in terms of membrane lipid classes * Values are expressed as a
percentage of total phospholipids. To help comparison within subcellular fractions or within human cell types, cells
were colored with increasing intensity according to their value. ND: non-detected or not described its value in the
corresponding study.

Table 1-2 shows how specific lipid composition is in terms of lipid families depending
on the tissue or subcellular organelle. However, this specificity goes beyond tissue identity, as
each of the subcellular organelle membranes shows particularities at the compositional level®.
Whereas SM is absent in the endoplasmic reticulum (ER), cardiolipin and cholesterol are
exclusively found in mitochondria and plasma membrane, respectively®®°. In fact, there is a
compositional gradient along the secretory pathway in terms of lipid composition which has a
profound functional impact. Taking into account the fact that most lipids are synthesized in the
ER, it is clear that there should be a wide variety of mechanisms able to concentrate specific
lipids at specific cellular locations®®. In turn, the same cell organelle shows a different
composition according to its tissue origin. Thus cardiolipin, which contains four fatty acids in its
structure, has a rather homogeneous composition that is highly enriched in linoleic acid
(18:2n-6). However, this applies to heart and liver cardiolipin — wherein this fatty acid accounts
for approx. 70% and 90%, respectively — but not to brain cardiolipin where it accounts for only
10%™.

For a long time, it was assumed that lipids were randomly distributed within the
membrane leaflets, and were incapable of adopting a coherent lateral structure. Now we know
that there are at least two additional levels of organization in terms of lipid distribution: 1)
between the two leaflets, so-called transverse asymmetry; and 2) within each leaflet, the
lateral asymmetry, i.e., the formation of microdomains. Transverse asymmetry refers to the
differences in composition existing between the two leaflets, thereby affecting various bilayer
properties, including membrane potential, surface charge, permeability, and shape, as well as
stability®*®*. Consistent with these critical functions, asymmetry is maintained by a complex
enzymatic network, consisting of flippases (out-to-in), floppases (in-to-out), and scramblases
(bidirectional), which mediate lipid translocation”. One of the most studied examples is
phosphatidylserine translocation to the outer leaflet, a process that acts as a susceptibility
signal involved in blood clotting®, membrane trafficking®’’, apoptosis®, and cancer®. In most
characterized eukaryotic cells, PC and sphingolipids are found in the extracellular leaflet;
whereas PS, PE, Pl, and phosphoinositides are preferentially restricted to the cytosolic
leaflet'®™®!, Yet the latter applies basically to the plasma membrane. Within any cell,
membrane asymmetry is far from a homogenous characteristic, as there exists a vital gradient
along the secretory pathway, from the ER (symmetric and loosely packed) to the plasma
membrane (asymmetric, thick, and rigid). This asymmetry is achieved by increasing the
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content in sterols, sphingolipids, and phosphatidylserine, which has a definitive impact not
only on membrane thickness but also on membrane electrostatics®°*'°2. The mechanisms
regulating all these processes are complex, involving specific lipid-protein interactions, and are
the object of active research®%,

Over the years, different types of membrane domains have been described, such as
caveolae'®*® clathrin-coated pit’®*%, ceramide platforms™°, and lipid rafts''’. The latter are
defined as dynamic sterol-sphingolipid-enriched assemblies and are established in the outer
leaflet. Lipid rafts have been proposed as regulators of signaling pathways, because of the
specific lipid-lipid, protein-lipid, and protein-protein interactions occurring within these
domains®’. Interestingly, it seems that lipid rafts somehow influence the organization of inner
leaflet-associated proteins during signal transduction®*?®, suggesting the existence of inter-
leaflet communication®

A final concept that needs introducing is the intrinsic molecular geometry of
membrane lipids, determined by the size of the head group and the acyl chain composition
(Figure 1-7). Thus, PC and phosphatidylserine adopt a cylindrical form; PE and PA assume a
conical molecular geometry because of the relatively small size of their polar head group; and
lysophospholipid (lacking a fatty acid) and phosphoinositides (having an inositol ring) have the
shape of an inverted cone. Also, the fatty acid composition does have a certain impact on
membrane conformation as well. For instance, the presence of a double bond induces the
straight-chain to bend, thereby increasing the space it occupies. Hence, the combination of
molecules with different geometry within the bilayer imposes membrane defects and
curvature stress, which is used for budding (vesicles), fission (during cell division), and fusion
(e.g. during secretory pathway)'**'**. Cells are able to sense and regulate the shape of
membranes. For example, cytidine triphosphate:phosphocholine cytidylyltransferase (CCT),
the rate-limiting enzyme in PC biosynthesis, can adapt its activity according to the level of
cylindrical or conical phospholipids present in the membrane'****>.

The Phospholipid Anatomy Phospholipid Spatial shape

PC PS PA PE Pl LPC
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Impact of lipid composition on membrane biophysical properties. Membranes are established because of the
amphipathic nature of their components, particularly phospholipids and sphingomyelin. Lipids are
asymmetrically distributed between the two leaflets and, in turn, within each of the leaflets. Each phospholipid
has a particular shape depending on the polar head and its fatty acid composition. Lipid composition determines
many properties of the membrane, such as thickness, fluidity, and surface charge. Thus, membrane thickness can
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be modified by altering its composition. Thus, while short, unsaturated fatty acids increase fluidity, saturated
fatty acids and sterols decrease it. Conversely, surface charge is determined by the presence or absence of
anionic lipids, such as phosphatidylserine (positively charged) and phosphoinositides (negatively charged).
Finally, changes in phospholipid intrinsic geometrical shape also impact membrane curvatures and regulate
vesicle formation®*%¢.

In summary, a rather complex scenario is depicted in which, in addition to all the
regulatory mechanisms on lipid synthetic pathways, the membrane lipidome is also regulated
between leaflets and even within each of the leaflets. This complexity makes it quite difficult
to take all these elements into account in a single experiment. Although significant
improvements have been made in this sense, such as the generation of asymmetric model
membranes®, it is still not possible to reproduce in vitro the complexity of the cell membrane
at the composition level, making it difficult to fully evaluate the real impact of an altered
lipidome on cell functioning.

1.4 Membrane phospholipid metabolism

The cell membrane lipidome is highly dynamic, with lipid pools being continuously
modified to adjust to environmental changes and cell requirements. Cells possess two
pathways to maintain the membrane lipid pools, a de novo (named Kennedy"’) pathway, and
the remodeling (named Land’s cycle) pathway.

1.4.1 De novo or Kennedy pathway

The de novo synthesis of lipids was the first lipid synthesis pathway described. Despite
being mainly used by the cells to synthesize triacylglycerides, it is also used for phospholipid
synthesis. In this pathway, all phospholipids are synthesized from the main pool of cellular PA,
being the interchange of polar heads and acyl chains the main source of phospholipid pools.
PA can be synthesized mainly through two possible paths (Figure 1-8). In the de novo pathway,
the molecule synthesized has a palmitate (16:0) at the sn-1 position and oleate (18:1) or
linoleate (18:2) acid at the sn-2 position. Highly unsaturated fatty acids like the PUFA, will be
incorporated in later reactions through fatty acid remodeling reactions in the Land’s cycle.
Finally, PA may be converted into CDP-diacylglycerol and use it in Pl and cardiolipin synthesis,
or it can be dephosphorylated to diacylglycerol for the synthesis of PC and PE as well of
triacylglycerol**®(Figure 1-8).
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Figure 1-8: Principal pathways on membrane lipid biosynthesis in mammals. Phospholipids and triacylglycerides can be synthesized de novo from common diacylglycerol or phosphatidic
acid precursors by the so-called ‘Kennedy pathway’m. Briefly, phosphatidic acid is synthesized by the successive addition of two fatty acyl-CoAs (fatty acid activated form) to glycerol-3-
phosphate, a product of glycolysis. Then, phosphatidic acid may be converted into CDP-diacylglycerol, which is used in the synthesis of phosphatidylinositol and cardiolipin, or
dephosphorylated to diacylglycerol for the synthesis of phosphatidylcholine and phosphatidylethanolamine as well as triacylglycerolm. Phosphatidylethanolamine — choline and serine polar
heads — may be interconverted by exchange, decarboxylation, and methylation reactions'’. The equilibrium between phosphatidic acid (PA) and diacylglycerol (DAG) is a metabolic hub
linking the synthesis of major phospholipids and triacylglycerides. However, the module with the highest modification rate is fatty acid moiety, and both acyltransferases and phospholipases
are critical for this’?**?, The first PA path begins with the formation of the lysophosphatidic acid (LPA) trough the link of one fatty acid and a phosphate to the sn-1 and sn-3 position of a
glycerol, respectively. This first reaction is exerted at the ER by acyltransferases with high affinity for saturated fatty acids. Once LPA is synthetized, a second fatty acid is bonded to the sn-2
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position. In contrast with the first acyltransferase, the one binding the sn-2 fatty acid has higher affinity for unsaturated fatty acids. The second most common PA synthesis pathway requires
the phosphorilation of a diacylglycerol by a diacylglycerol kinase. The ether lipids metabolism is ruled by four rate limiting enzymes: the AGPS, the GNPAT™ (also named DHAPAT or DAPAT)
and the fatty alcohol reductase 1 and 2 enzymes (FAR1 and FAR2)125. Once the fatty alcohols are synthetized, they enter into the peroxisomes lumen where the other two limiting enzymes,
GNPAT and AGPS, are'®. GNPAT acylates dihidroxyacetone phosphate in the first reaction, and is followed by the exchange of the acyl group for a fatty alcohol by the AGPS™"% The limiting
step for PC de novo synthesis is catalyzed by the CTP phosphocholine cytidyltransferase which activity is highly enhanced when is translocated from the cytosol to a lipid bilayer114’129.
Phosphocholine is then transfered from the CDP-choline to diacylglycerol by the CDP-choline:1,2-diacylglycerol phosphocholinetransferase. Similarly to PC, PE rate-limiting step is catalysed
by the CTP:phosphoethanolamine cytidyltransferase wich converts phosphoethanolamine to CDP-ethanolamine. Then, PE is transfered to a diacylglycerol or a 1-alkenyl-2-acyl glycerol by a
phosphoethanolamine transferase™. Additionally to the de novo synthesis, PE can also be synthetised from PS decarboxylation in the mitochondria, a process highly dependent on the cell
type and on the PS and ethanolamine availabilitym. Phosphatidylserine can serve as precursor of other phospholipids by its decarboxylation and methylation, a process specially relevant for
PC and PE synthesism. Both PS and Pl are synthesizedfrom the CDP-diacylglycerol though the CTP:phosphatidate cytidyltransferase, located in the mitochondria and endoplasmic
reticulum™2. PS is mainly generated through base exange reactions while PI through the condensation of the inositol to a diacylglycerol by the CDP-diacylglycerol:inositol
phosphatidyltransferase enzymem. AGPAT, 1-acylglycerol-3-phosphate-O-acyltransferase; AGPS, alkylglycerone phosphate synthase; ALA: alpha-linolenic acid, CCT, CTP: phosphocholine
cytidylyltransferase; CDP-Choline, cytidine diphosphate choline; CDP-DAG, cytidine diphosphate-diacylglycerol; CDP-E, cytidine diphosphate ethanolamine; CDS, cytidine diphosphate
diacylglycerol synthase; CEPT, choline/ethanolamine phosphotransferase; CERS, ceramide synthase; CL, cardiolipin; CLS, cardiolipin synthase; CPE, ceramide phosphoethanolamine; CPT,
cholinephosphotransferase; DHAP, dihydroxyacetone phosphate; ELOVL Fatty Acid Elongases; FADS: fatty acids desaturases; FAR, fatty acyl co-A reductase FAS, fatty acid synthase; GCS,
glucosylceramide synthase; GNPAT, glyceronephosphate O-acyltransferase HMGCS, hydroxymethylglutaryl coenzyme A (CoA) synthase; HMGCR, 3-hydroxy-3-methylglutaryl-CoA reductase;
LA: linoleic acid; PA, phosphatidic acid; PAP, phosphatidic acid phosphatase; P-Choline, phosphocholine; PG, phosphatidylglycerol; PGP, phosphatidylglycerolphosphate; PIP,
phosphoinositide; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PIS, phosphatidylinositol synthase; PS, phosphatidylserine; SMS, sphingomyelin synthase; SMSr, sphingomyelin
synthase-related enzyme; SPT, serine palmitoyltransferase (adapted from Holthuissg). * Essential fatty acids; LA (n-6) and ALA (n-3), mammals cannot insert double bounds more proximal to
the methyl end than the ninth carbon atom (D-9 desaturase), n-3 and n-6 fatty acids cannot be synthesized de novo, consequently these fatty acids have to be present in the diet 3% For
simplicity, lysophosphadylacyltransferases were not included.
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e Synthesis of ether lipids:

Ether lipids present a different synthesis pathway due to the link of a fatty alcohol instead
of a fatty acid at the sn-1 position. The fatty alcohol synthesis is catalyzed by specific
peroxisomal enzymes, where the ether lipid synthesis begins. The modification of a fatty acid
into fatty alcohol is performed by one of the two FAR enzymes described so far, the FAR1 and
FAR2, both located at the peroxisomal membrane. While both enzymes share the same affinity
for 16 and 18 carbon acyl chains, FAR1 can bind both saturated and unsaturated fatty acids
while FAR2 has only affinity for the saturated ones'” (Figure 1-9). The next steps, which are
common to those for diacyl-glycerophospholipids, occurs in the endoplasmic reticulum.
Despite the relevance and abundance of plasmalogen species, there is still scarce knowledge
on the specificity of these lipid-synthetic enzymes towards plasmalogen or diacyl species.

Peroxisome | | Cytoplasm

Dihydroxyacetone
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Figure 1-9: Scheme of the pathway for plasmalogen synthesis. Plasmalogen synthesis is a multi-step process
initiated in the peroxisomes and ended in the endoplasmic reticulum. The synthesis is catalyzed by the following
enzymes (1) FAR1 and 2, fatty acyl-CoA reductase 1 and 2, (2) GNPAT, glycerone phosphate O-acyltransferase (also
known DHAPAT, dihydroxyacetone-phosphate acyltransferase); (3) AGPS, alkylglycerone phosphate synthase (also
know ADAPS, alkyldihydroxyacetonephosphate synthase); (4) alkyl/acyl DHAP reductase, (5) alkyl/acyl
glycerophosphate acyltransferase, (6) phosphatidic acid phosphatase, (7) ethanolamine (choline)
phosphotransferase (8) plasmenylethanolamine desaturase, (9) phospholipase C, (10) choline phosphotransferase.
Adapted from Braveman et. al.®. Species indicated by (Cho) represent the choline equivalent of the corresponding
GPEthanolamine species.

As the metabolic hub of the other phospholipids, PA modifications are the basic
process required for the de novo synthesis of the other major phospholipid classes: PC, PE,
phosphatidylserine, and PI.

PC is the most abundant phospholipid in most biological membranes being especially present
in the outer leaflet of the plasma membrane™®*".

PE is usually the second more abundant phospholipid in eukaryotic organisms and, in contrast
to PC, is more present at the inner leaflet of the plasma membrane'®**,

PS despite accounting for less than 10% of the total phospholipids, plays important roles in
blood coagulation and apoptosis. In healthy cells, PS is more concentrated at the inner leaflet
of the plasma membrane™®*®, and is translocated to the outer leaflet during apoptosis where
is recognized by macrophages™*™**’.

Pl is present mainly at membranes inner leaflet
the AA, a key precursor of inflammatory molecules™®. Also, its phosphorylation leads to the
synthesis of phosphoinositides (PIPs), important bioactive molecules”*****. One of the most
studied PIP is PIP3, synthesized through the action of PI3K *****. Once generated, PIP3 can
stimulate AKT signaling which in turn fuels proliferation and inhibits apoptosis'*****. Despite

100101 ‘The main fatty acid associated with Pl is
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knowing deeply the effects on different phosphorylation sites, the effects of specific FA
composition in Pl it has been barely studied and only is known to affect the cellular location of
PIPs™. On the other hand, the phosphorylated inositol head of PIP2 can be cleaved by PLC
generating IP; (inositol-3-phosphate) and DAG (diacylglycerol). IP; induces Ca®* release from

the ER™*" which at the end stimulates target expression mainly through CREB activation™®
161

1.4.2 Fatty acid remodeling or Land’s cycle

Rapid lipid fatty acid composition changes are necessary to perform processes like cell
fission or protein complex formation at any cell level either bacteria'®, protozoa'® or
mammals'**®*. Thus, cells do not rely on the de novo pathway to modify the phospholipid
pools, but instead, they interchange fatty acids amid phospholipid classes in the named Land’s
cycle'®®> Acyl chain interchange requires separating the fatty acid of one phospholipid by a
phospholipase A enzyme (PLA) before the esterification of another fatty acid by a
lysophosphatidyl acyltransferase (LPLAT) ****’° (Figure 1-10). Despite most of the phospholipid
synthesis and modification enzymes shares affinity for different substrates, each one has more
activity towards one specific reaction. For example, PLA,GIV enzymes are able to release any
fatty acid in the sn-2 position of any phospholipid, but with much more affinity for the AA
bonded to PIP,*" .

LPLAT | | PLA, &

PLA,

Free fatty acids

Figure 1-10: Scheme of the Land’s cycle. PLA, enzymes catalyze the release of fatty acids at sn-2 possition of
phospholipids. The released phospholipids can be used in other metabolic pathways or can be transacylated to
other phospholipid after its activation by the union of a CoA residue through acyl CoA synthase enzymes (ACS).

The term phospholipase refers to any enzyme able to hydrolyze part of a phospholipid.
Their functions include the maintenance of the cell homeostasis, the release of bioactive
molecules, nutrients digestion and even are a common component of snake poison and
bactericidal fluids. To avoid unspecific phospholipid degradation, their regulation is highly
dependent on their functional coupling to membranes™'. Phospholipases are classified
depending on their site of action on the phospholipid. PLA act on the ester bond of the fatty
acid with the glycerol of the sn-1 position (PLA;) or sn-2 position (PLA,). Phospholipases able to
attack both positions are named PLB. Lysophospholipases act on lysophospholipids hydrolizing
the remaining fatty acid. Although not participating in the Land’s cycle, PLC and PLD are also
relevant phospholipases in cell metabolism. PLC cleaves the glycerophosphate bond while the
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removal of the polar head is catalyzed by the PLD, therefore both C and D are in fact
phosphodiesterases (Figure 1-11)*"2.

PLA, activity was described for the first time in 1877 by Bokay, who observed the
degradation of PC by some component of the pancreatic fluid. During the next years, many
secreted PLA (sPLA,) were identified in venoms and pancreatic juices and classified according
to their structure>*’®, These sPLA, were small and Ca’**-dependent and contained many
disulfide bonds, catalytic histidine, and aspartate residues'’*. In the late ‘80s, PLA, activity was
also described in neutrophils'’® and platelets**® forcing the revision of the classification in 1991
with their sequencing and clonation™®2, These newly described PLA, were bigger, contained
a serine catalytic domain, and no disulfide bonds.

Despite this, it is frequent to divide PLA into Ca**-dependent and Ca**-independent
PLA. In the group of the Ca2+-dependent PLA,, the named Group IV PLA, (PLA,GIV) is one of the
most relevant phospholipases in cell metabolism and inflammation because of its high
specificity for AA-containing phospholipids'®™®>. Interestingly, Ca®* is not required for their
catalytic activity, but is necessary for the union of the N-terminal tail to the plasma or
intracellular membranes where is active’™°. In phagocytes, AA release by PLA,GIV is directly
channeled to eicosanoid production'®****, while macrophages activation involves the specific
mobilization of AA-containing PC mobilization'®. Regarding Ca®*-independent PLA, activity,
Group VI PLA, (iPLA,GVI) has a potent AA specificity and supply Ca**-independent activity in

a”* absence'®. At least in macrophages, iPLA, is a major enzyme responsible for the AA
remodeling™*****’,

Despite that multiple PLA2 inhibitors have been designed, their inespecificity and the
promiscuity intrinsically associated with lipid enzymes hamper the study of these enzymes.
Thus, arachidonyl trifluoromethyl ketone, broadly used to inhibit Ca**-dependent PLA,, inhibits
to a lesser extent iPLA2 activities'. On the other hand, bromoenol lactone, despite inhibiting
specifically the iPLA, activity, also inhibits PA dephosphorylation, and therefore DAG
generation™.

HYDROPHOBIC MOIETY z6:2) POLAR HEAD (incsitol)

PLA, PLC

X,
/V\/\/\/\/\/\/\)l\ ~ R
\(\ N

\/\/\_/\_,/\/\/\/\n/ pLD ( \

PLA, PTEN

Pl-3-phosphate

Figure 1-11: Scheme of phospholipases sites of action. On the left PLA; and PLA, cleaves the fatty acid linked at
the sn-1 and sn-2 position of a phospholipid respectively. PLC acts on the bond between the phosphate group and
the glycerol releasing IP3. PLD cleaves the polar head producing also PA which, in addition to being a phospholipid
precursor, can act as an intracellular mediator. PI3K phosphorylates Pl at the inositol polar head generating
phosphoinositides, a family of highly bioactive compounds. PI3K action can be reversed by the action of the
phosphatase PTEN.
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LPLAT enzymes can be classified by their affinity for phospholipids polar head.
According to this classification five LPCAT??% two LPEAT?***** and one LPIAT?’ enzymes
have been described so far. Regardless of this classification and as in the case of PLA, enzymes,
LPLAT enzymes are able to bond multiple substrates both polar heads and fatty acids. Thus,
there is scarce knowledge about LPLAT activity and regulation. This lack of works addressing
phospholipid remodeling is especially manifest regarding Pl fatty acid regulation. The LPIAT1
(also named MBOAT?7) is the acyltransferase with higher activity towards PI%7, unfortunately,
little is known about its role in cell metabolism and its regulation.

Taking into account that lipid-related enzymes are able to act on multiple substrates,
the lipid homeostasis seems to be controlled more through the coupling of the different
acyltransferases to PLA, and acyl-CoA synthases”®**%.

1.5 Lipid analysis

Membrane lipid analysis is a challenging field due to their similar chemical structures
that hamper their unequivocal identification. Thus, due to their intrinsic chemical properties,
the development of probes is not a viable approach for lipid analysis; instead, lipid
identification relies on separation by their polarity (chromatography) and fragmentation
pattern through ionization (MS). MS-based techniques generate massive information on the
lipid composition of a biological sample, the so-called lipidome. Therefore, to obtain a
complete sample lipidome requires the combination of various chromatographic and MS
techniques. All lipid classes encompass multiple molecular species depending on the fatty acids
attached to their lipid backbone. Different fatty acid composition of molecular species implies
differences of tens of daltons. For example, the mass difference between PC 16:0/18:1
(759.5778 Da) and PC 16:0/20:4 (781.5622 Da) is of around 22 Da as the second possesses 6
more carbons and three more double bonds. Despite small, this slight difference is translated
in a complete different use of both lipids in cells. Therefore, an accurate lipid identification is
mandatory to obtain feasible results and to withdraw the correct conclusions.

Chromatography is a general term referring to the separation of complex mixtures into
simpler groups or individual components taking advantage of the molecules chemical
properties™®. Briefly, in a chromatographic technique, the sample is placed over a stationary
phase before the application of a mobile phase that flows dragging the sample analytes within
the stationary phase. The time it takes for a molecule to go through the chromatography
system depends on the affinity between the stationary phase and the molecule. The higher the
affinity between them the longer it will take. In the case of lipids, chromatography is based on
the polarity of the molecules. Of the main membrane lipids, cholesterol is the less polar,
phospholipids the second ones and SM the most polar of them. Chromatography techniques
allow the separation of complex lipid mixtures, although the identification of molecular species
requires tedious and elaborate protocols.

MS techniques enable the identification through fragmentation of molecules simplifying
the protocols and in principle introducing fewer errors in the analysis. The sample ionization
generates fragments that are ultimately identified by their mass/charge ratio. As the same
mass ions can be generated from different lipids, some settings are usually applied to correctly
identify the contribution of each lipid to the whole spectra. Coupling a chromatographic
technique to a mass spectrometer allows separating the different lipid classes first and then
identifying the specific lipid species. Another approach is to take advantage of the ease of each
class to generate positive or negative ions, which allows discriminating classes by using
different settings. For example, PCs ionize better to positive ions while PE and Pl to negative
ones. Setting a detector to detect only positive or only negative ions simplifies the spectra by
reducing the number of molecules to analyze.
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1.5.1 Before analysis: the lipid extraction

To analyze a lipidome, it is usually necessary to separate first the lipid fraction from the
rest of the biomolecules. Any lipid extraction uses organic solvents, which besides separating
lipids also denaturalize lipases, preventing major lipid degradation and PUFA oxidation. Due to
the high differences in lipid polarity within the lipid families®™’, there is no universal lipid
extraction technique that acts as effectively overall lipid classes. Therefore, particular
protocols are used depending on the lipid category to study. Two broadly used protocols allow
extracting the main membrane lipid classes like phospholipids and sphingolipids: the Folch**?
and Blight & Dyer’"® methods. Over the years, many variants that favor the extraction of
specific lipid subfamilies have been developed.

1.5.2 Membrane lipid analysis by chomatographic techniques

Thin-layer chromatography (TLC) was the first and most used technique applied to
analyze lipid extracts. It was widely used during the XX century and currently, it is still useful in
particular situations. In TLC, the lipid extract is placed over the stationary phase (usually silica)
distributed over a plate, then, part of the plate is submerged in a solvent system. While the
mobile phase migrates towards the top of the plate, lipids separate according to their affinity
to the mobile and stationary phases. Afterward, the lipid bands are usually visualized using
chemical treatments and/or exposure to high temperatures. Different separations can be
achieved depending on the solvent system used as the mobile phase. TLC allows separating the
major lipid classes: phospholipids, sphingolipids, and neutral lipids, but usually, each TLC band
contains numerous molecular species being exceptional its use to separate individual
molecular species.

Gas-Liquid Chromatography (GC) uses a carrier gas (the mobile phase) to separate
analytes along a thin capillary (the stationary phase). In general, GC is suitable for neutral lipids
of less than 500 Da. More complex molecules like phospholipids and triglycerides are unable to
become gas without degradation due to their high mass. Once injected, the sample is heated
(up to 200-330°C) becoming gas when begins migrating through the capillary. The migration of
each molecule depends on its physicochemical properties like the boiling point or the affinity
for the solid phase’®. The main disadvantage of this technique is that the use of high
temperatures usually leads to the thermal decomposition of the sample. Regarding this
limitation, any compound with charged sites (as fatty acids) cannot become gas without
decomposition™'. To overcome this limitation the analytes are chemically modified prior
analysis in a process called derivatization, which introduces additional residues to the
molecules. The most common fatty acid derivatization method involves their methylation into
neutral molecules called fatty acid methyl esters (FAME).

In liquid chromatography (LC), the use of a liquid mobile phase at a much lower
temperature allows separating temperature-sensitive molecules without risk of thermal
degradation. The development of compact columns used at high pressure leads to the
development of High-Performance Liquid Chromatography (HPLC), improving the mass
resolution. The most common mobile phases are composed of multiple solvents combinations,
which usually include water and organic solvent. The stationary phase is a small column filled
with silica, which can be modified in, from its composition to the length and particle size. After
the sample injection, the mobile phase can be held constant (isocratic elution) or change along
time depending on the desired separation of the sample components. The great variety of
settings modifiable in HPLC allows researchers to separate complex mixtures of analytes.

1.5.3 Mass Spectrometry techniques
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MS techniques identify hundreds of lipid species with low cost and relatively short
times. Although also applied to protein analysis, lipids present more suitable properties for
these techniques as they generate fewer fragments and therefore simpler spectra. The
development and optimization of MS allowed overcoming the previous lipid analysis
techniques limitations, letting to the complete identification of the specific molecular species.
MS techniques usually begin with the analytes fragmentation by ionization. The application of
an electric potential gradient accelerates the molecules depending on their mass/charge ratio
(m/z), reaching the detector at different times®**. The identification of the molecule can be
initially done by the comparison of the m/z with databases, being www.lipidmaps.org the most
currently used in the lipid field®***>**®, In terms of sample ionization, the three most common
desorption ionization MS techniques applied to lipid analysis are Electrospray lonization (ESI),
Secondary lon Mass Spectrometry (SIMS) and Matrix-Assisted Laser Desorption lonisation
(MALDI).

Electrospray ionization (ESI) uses an intense electric field at atmospheric pressure to
ionize the sample. The intense ion charge generated repels the ions producing ionic
evaporation of the sample in the form of an aerosol. ESI-MS analysis usually requires a
previous separation (with LC or HPLC for example) to enhance the detection resolution. A
variant of the method is the Desorption/Electrospray lonisation (DESI), which uses the ESI as
ionization method™®. In this case, the charged droplets and ions of solvent produced in an
electrospray jet are directed to the sample to desorb their ions**°. The main advantage of
these techniques is that the analysis occurs at atmospheric pressure®>***, which make suitable
for in situ MS or even in living biological systems®?>. Unfortunately, this system requires
relatively high amounts of the sample due to its low sensitivity*>.

SIMS ionizes the sample using a focused ion beam of high-energy particles generated
by primary ions collisions directed to its surface’®***. This type of ionization allows the
detection of concentrations even at attomolar (10™) range?*. However, the extreme analyte
fragmentation limits its mass sensitivity to <500 Da constraining the lipid analysis to small
molecules like fatty acids®’.

MALDI is an upgrade of Laser Desorption lonisation (LDI) which uses laser radiation at
a specific wavelength to ionize the sample. The use of some chemical compound named matrix
mixed with the sample eases the photon absorbance and therefore the mixture ionization. The
matrix absorbs the laser radiation assisting in the emission of molecular and fragment
ions”*®?*_ Depending on the matrix used, the ionization of particular molecules may change;
therefore, knowing their properties is crucial for a proper sample analysis®*’. According to the
type of matrix, exist various LDI like the Desorption/ionization on silicon (DIOS)**' and the
MALDI?*®?®_ The vacuum necessary for this technique avoids sample oxidation and enzymatic
degradation by the sample own enzymes.

In addition, the environment provided by the matrix, acidic or basic depending if the
ions generated are positive or negative respectively, averts aggregation between the different
analytes”***, Unlike ESI, MALDI usually does not charge the molecules with more than one
charge making simpler spectra however, some molecules present in the sample can ionize with
matrix fragments, adding confusing ions to the spectra. Also, the laser energy fluctuation and
the heterogeneous matrix crystallization elicits a poor ion-signal reproducibility making the
MALDI unsuitable to obtain quantitative results®*”. Despite this, this technique has a high mass
resolution for even 10! mol**.

In any case, any of the ionization techniques described (DESI, SIMS, and MALDI)
requires accurate mass determination and tandem MS/MS for exact molecule identification.
Tandem MS/MS identifies the first ionization fragments and submits them to a new
fragmentation. The second fragmentation into smaller molecules allows detecting more subtle
differences and identifying the molecule. The smaller the molecule is to fragment, the fewer
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species coincides with the same mass so its identification is easier and more accurate. This
methodology requires specific settings and is difficult to apply, but courrently is the only way
to obtain the exact lipidome of a sample.

Finally, all these ionization techniques can be coupled to imaging software allowing to
obtain images of the analyte distribution®®>. The setting to obtain images is done by moving
the ionization source (laser beam, ion current...) across one sample, to obtain the lipidome
distribution along the sample. After the molecule profile is determined at each point of the
sample, a software can assemble the pixels providing the image of the spectra within the
sample. These MS-imaging techniques (IMS) unveiled the high correlation between the
molecular images and the histology of tissues®*"**>**® (Figure 1-12).
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Figure 1-12: Example of MS imaging technique, in this case MALDI-IMS, applied to colon. A) Representative MS
spectra associated to one of the pixels defining an MALDI-IMS image. Each m/z peak is integrated and the value is
represented according a color scale vs. the coordinates where the spectrum was recorded. B) First column: HE
staining of colonoscopy biopsies included for comparison, the rest of columns shows the distribution of some of
the lipid species displaying a gradient in intensity. Scale bar = 150um. All spectra showed were recorded in
negative-ion mode and at 10um of spatial resolution.

Despite the limitations regarding the number of analytes able to identify, SIMS is by far
the one MS technique with better lateral resolution. SIMS provides 50 nm of spatial resolution
images for elemental ions and few organic fragments®*”?*® and some hundreds of nanometers
for biological surfaces>****. On the other side, the lower spatial resolution of MALDI (5-100
um)**?* and DESI (200 pm)** is compensated by the higher amount of molecules able to
detect due to softer ionization sources®*”.
lon detection

Once the samples are ionized, each ion must be identified by some ion analyzing
method. The most common are the Time of Flight (TOF) and the lonic Trap, which are
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commonly combined to overcome their specific limitations. Thus, the ionic trap can be used to
filter the ions that will finally arrive at a TOF, so that the sample complexity is reduced.

Importatnly for this study, the application of the different lipidomic techniques to
biological samples has highlighted the relevance of lipids in complex biological processes like
differentiation and proliferation. In the colon, the study of epithelial cells brings a good
opportunity to study those processes due to the dynamic in proliferation and differentiation
present in their cells cycle.

1.6 Colon as a proliferation and differentiation model

The human large intestine, or colon, begins at the ileocecal valve which connects with
the small intestine. The colon diameter is approximately double that of the small intestine and
diminishes progressively except for the region of the ampulla of the rectum. It is between 120
and 150 cm long and is anatomically divided into four regions: ascending, transverse, and
descending colon, and the rectum (Figure 1-13).

Right colic Left colic
(hepatic) flexure TRANSVERSE COLON (splenic) flexure

Taenia coli

DESCENDING
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ASCENDING
COLON
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Sigmoid
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lleocecal valve

Appendix SIGMOID COLON

Rectum

Anus

Figure 1-13: General anatomy of the large intestine. The ascending colon is composed of the cecum and the
ascending colon. The ascending colon is 15-20cm length, at the hepatic flexure became the transverse colon of 30-
60cm. The left colon is composed of the descending and the sigmoid colon. The splenic flexure defines the
beginning of the descending colon for 20-25cm, but after crossing the pelvic brim is named sigmoid colon. The
rectosigmoid junction indicates the beginning of the rectum, the final part of the intestine”>". Adapted from
www.teachmeanatomy.info.

At the microscopic level, the colon is composed of four layers: the mucosa, the
submucosa, the muscularis and the adventitia (Figure 1-14 A). In turn, the mucosa comprises
the epithelial layer, the lamina propria and the muscularis of the mucosa (Figure 1-14 B). The
physiologic function of colon epithelium (composed by the colonocytes) is the absorption of
water, electrolytes, bile salts and other substances produced by bacterial degradation®’;
which basically forms the stool. The lamina propria is the connective tissue nutritionally and
metabolically supporting the epithelial layer, and where are located the lymphatic nodules and
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immune infiltrates. Finally, the muscularis mucosa is the muscular layer that produces the
micro-movements necessary to move the stool*".
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Figure 1-14: A) Histological section of human colon. The figure indicates the layers of the colon tissue, namely:
mucosa, submucosa, muscular layer, adventitia and serosa. The mucosa, the functional part of the
gastrointestinal tract, occupies around one-fourth of the total colon thickness. The submucosa is the poor-cell
and collagen-enriched part of the colon that gives physical support to the tissue thanks to their differently
orientated fibers, composing a flexible honeycombzsz. . The submucosa presents arterial and blood plexuses,
adipose accumulations and neural ganglionsm. Muscular layers, internal circular and external longitudinal, are
perpendicularly oriented and are the main responsible for colon peristaltic movements. Finally, adventitia and
serose layers provide physical anchorage points betwen the bowel and the abdomen. B) Scheme of the mucosa
layer. Colon crypts are composed of epithelial cells that can be divided into different populations, namely: stem
cells, cKit™ cells, TA cells and differentiated cells. In turn, colon crypts are surrounded by the lamina propria or
stroma, the supporting tissue in charge of supplementing the epithelium with growth factors as well as of the
immunological responses of the colon.

The epithelial layer is formed by tubular parallel crypts, its functional unit, surrounded
and supported by the lamina propria®' (Figure 1-14 B). The main nutrition source of
colonocytes comes from the bacterial fermentation of starch and proteins leading to the
generation of short-chain fatty acids®>***. Colon crypts renew the colonocytes population
from the residing colon stem cells, which lie at the crypt base and become high rapid dividing
cells named transit-amplifying (TA) cells®>?*°. The colon stem cells are supported by Paneth-
like cells identified by the expression of the cKit marker®’**°. Colonocytes positioned at the
mid and luminal segments of the crypts acquire their final phenotype and spatial position as
migrating towards the colon lumen. Differentiated colonocytes cell types include columnar
absorptive cells, goblet cells, and endocrine cells®*2®2_ Once colonocytes reach the lumen, cells
are flaked off by the stool and dyeing by anoikis, the programmed cell death induced by
detachment®®?®>. The process of proliferation and differentiation requires strict growth
factors secretion in a gradient along the crypts. Thus, disruption of this subtle mechanism
leads to tumors and cancer development®*®2®°,
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According to the Spanish association against cancer (AECC) and the Spanish society of
medical oncology (SEOM), in the last 20 years the cancer incidence has increased due to the
lifespan extension of the population as the probability to develop cancer increases
exponentially with age from 30 years. Thus, studies driven by the Global Cancer Observatory
(GCO) indicated that in 2012, new 1.4 million cases were diagnosed with 700000 deaths
worldwide caused by CRC?>?’*, Thus, was expected an incidence increase by 60% respect total
cancer deaths by 2013%%*%. In addition to the patient incidence, the burden of cancer in
health institutions is undeniable as cancer-related causes are the third cause of hospitalization.
Once a tumor is able to break through the basal membrane, malignant cells disperse through
the body in the process called metastasis. For many cancer types, the development of a
complete neoplastic lesion from its incipient state range from 20 to 30 years and is just during
the final 5 years that the cells present high proliferation rate and finally invasion capacities®’*
%78 |f the pathologic proliferation is detected in its early stages, the disease is still treatable and
effective in 50% of cases, but once tumors metastasize, therapies are rarely effective®’®?”. In
fact, tumors recur in more than one third of patients with localized disease within 5 years after
surgery due to the residual malignant cells®®® disseminated to other tissues. Hence, despite
being an inefficient process?®?*? the metastasis is the main cause of cancer mortality*®>. CRC is
the malignant tumor with most incidences in Spain, in addition, the main survival rate in Spain
is 64% while in Europe it is 57%. Figure 1-15 schematizes the different types of possible tumor
lesions present in the colon. In this context, early stages of CRC are easily treatable with
surgical resection; in fact, colon tumors detected by colonoscopy are routinely removed with
no more consequences for the patients. Unfortunately, colon tumors do not produce clear
symptoms until the disease is at advanced stages, when the surgical resection is more
aggressive and is more probable to not remove all cancer cells. Paradoxically these particular
characteristics of CRC make this disease one of the most preventable but one of the less
detectable cancers.
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Figure 1-15: Schematic representation of the different polyp types of the colon. Adapted from
http://www.hopkinscoloncancercenter.org.

Routinely, tumor lesions are classified according to the so-called TNM system which
classifies a tumor by the extent of the tumor (T), the number of affected lymph nodes (N) and
if the tumor had metastasized (M). In the context of CRC, the TNM score is applied as indicated
in Table 1-3.
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Stage Level of involvement
Tumor
T1 Limited to mucosa and submucosa
T2 Extension into but not through muscularis of the mucosa
T3 Invasion of perirectal fat
T4 Invasion of adjacent structures
Nodes
NO No involved lymph nodes
N1 Fewer than four regional nodes positives for tumor
N2 More than four regional nodes positives for tumor
Metastasis
MO No metastasis
M1 Distant metastasis
Table 1-3: Application of the TNM score to colon tumors. Adapted from Oh et. al.
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Even further, the analysis of the genetic features of tumor lesions allows classifying
many patients depending on their outcome and even the possibility to develop chemotherapy
resistance. In this context, BRAF and KRAS mutations and microsatellite instability analysis are
routinely used as prognostic factors for many tumor types®**?2°*. Although useful, the multiple
possibilities in terms of genetic alterations and phenotypical tumor characteristics opened a
scenario where is difficult to develop a correct and useful cancer stratification protocol.
Addressing this problem, some works proposed multiple-feature stratification methods to
classify CRC patients as shown in Table 1-4.

Worse survival after
relapse

Worse relapse-free and
overall survival

MSI immune i Canonical i Metabolic i Mesenchimal

1 1 1
14% i 37% i 13% i 23%

1 1 1

MSI, high CIMP H i Mixed MSI status,SCNA |

o Nigh LV, SCNA high } VIXed VIS statlls, H SCNA high

hypermutation ! ! low, CIMP low !
1 1 1

BRAF mutations i i KRAS mutations i
1 1 1

Immune infiltration and 1 WNT and MYC i . 1 Stromal infiltration, TGF-B
. 1 . 1 Metabolic deregulation 1 - . .
activation ! activation ! ! activation,angiogenesis

1 1 1
| | |
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1

Table 1-4: Proposed molecular CRC stratification. Adapted from Ginney et. al.*?

phenotype; MSI, microsatellite instability; SCNA, somatic copy number alterations

. CIMP, CpG island methylator

The study of the multiple cell signals necessary for the colonocytes proliferation and
differentiation processes revealed important colon pathophysiological mechanisms candidates
as future cancer biomarkers or as therapeutic targets. During the last years analysis of genetic
mutations identified multiple genes involved in cancer development. This knowledge led to
propose a multistep genetic model necessary to develop sporadic CRC******. Many mutations
related to the sequence of developing tumors are mainly related to B-catenin/APC pathway,
p53, BRAF, KRAS, and DNA mismatch repairing genes*™".
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1.7 Introduction to colon signaling

The seemingly simple functions of the large intestine need in fact of the coordination of
multiple tissues and cell types different as neurons, inflammatory cells, fibroblasts, and
epithelial cells. In this context, the metabolism of colonocytes and lamina propria is complex,
requiring intercommunication between both tissues. The latter involves the secretion by
supporting epithelial cells (ckit* cells) and lamina propria cells of a large number of growth
factors as Wnt3a*>?%, R-spondinlm‘m, EGF*® Notch®*, and BMP*®,

Whnt signaling:

Whnt signaling is related to control growth and patterning during animal development
either by secretion and action in adjacent cells’®>% or by long-range activity by gradients®*®
% In the colon, the lamina propria secretes Wnt3a in a gradient, being more expressed near
the crypt base. Therefore, the epithelial cells express the Wnt target genes gradually®™, with
higher expression at the crypt bottom where the stem cells (Lgr5*) reside and lower at the
luminal site”®. In the small intestine, Wnt3a is secreted by Paneth and mesenchymal cells 32,
while in the large intestine, besides the lamina propria there are Paneth-like cells, which
express the cKit protein, with similar properties™>*". The stem cells differentiation into this
supporting cKit" cells requires Wnt3a signaling activation and Notch inhibition®*.

Wnt3a signaling is the main driving force for colon proliferation and differentiation
through the nuclear translocation of B-catenin in the named B-catenin canonical pathway
(Figure 1-16). B-catenin is a membrane-associated protein, essential for colonocytes
intercellular adhession®*>%*, In physiological conditions, the excess of cytoplasmic B-catenin is
degraded by the destruction complex®”. If cytoplasmic B-catenin is not degraded, its
translocation to the nucleus is favored, enhancing proliferation once bound to TCF protein®**
333 Although this signaling can activate other non-canonical pathways, colon organoid studies
have demonstrated that the main contribution in colon proliferation is done by the Wnt
canonical pathway”®.

The union of Wnt3a to the Frizzled/LRP6 receptor complex induces the abduction of
Dsh and Axin proteins through the cytoplasmic tail of LRP6>*****, preventing the functional
association of the destruction complex®*®. The latter is a multiprotein association which
phosphorylates proteins like B-catenin, marking them for ubiquitination and subsequent
degradation®’?*®. The genetic program started with this pathway also promotes the
expression of proliferation restrictive proteins like Ephrins®**®3*. Ephrin receptors inhibit
proliferation when contact cells expressing its ligands, as happen in the stem cell
neighbourhood*****. Consistently, inhibition of the Ephrin B2 receptor increases tumor growth
and invasivity>*. Thus, loss of this receptor is related to poorer overall survival in CRC patients
despite increasing nuclear B-catenin presence inherent of these lesions>**>**3%,

Pathological outcomes of this pathway led to tumors and cancer development. Being APC
malfunction the usual cause, in fact, mutations in this protein are detected in 75.5% of patients
with colorectal tumors and around 59.7% of patients with familial adenomatous polyposis®®
268

R-spondin1 signaling:

R-spondinl is a protein wich expression is Wnt-dependent®” and like Wnt3a, it is
necessary for the correct colonocyte proliferation profile®®. R-spondinl induces
phosphorylation of its receptor which is necessary for the LRP6/Frizzled activation®*****’. This
ligand binds specifically to LRP6 and has no affinity for the Frizzled receptor®*. The
simultaneous stimulation of both R-spondinl and Wnt3a is necessary to activate colonocyte B-
catenin signaling®®**® (Figure 1-16).

BMP and Noggin signaling:

Bone Morphogenic Protein (BMP) signaling enhances differentiation and inhibits

intestinal stem cell proliferative profile*****° (Figure 1-16). Indeed, inactivating mutations of
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this protein leads to the massive adenoma formation of the familial adenomatous polyposis
disease®'. Conversely, the Noggin ligand is antagonist of the BMP receptors®*? and is secreted
by the lamina propria surrounding the crypt bases®°. Once activated, BMP receptor
heterodimerize and autophosphorylates, then is able to phosphorylate SMAD proteins, a well-
known transducer protein family***3*°. Despite Wnt signaling is the main proliferative
intestinal pathway, the inhibition of BMP through Noggin is necessary for a proper intestinal
stem cell proliferative profile*®.

EGF signaling:

EGF participates actively in multiple signaling pathways and is a ligand for specific
tyrosine kinase receptors named EGFRs**°(Figure 1-16). The active role of this receptor in
proliferation is highlighted by its overexpression in many cancers®”**® which has led to the
development of chemotherapy drugs targeting these receptors®>>®>. Many ligands of these
receptors are synthesized as precursors and only became active after partial proteolysis>>®, an
activation mechanism particularly relevant in EGFR indirect activation through GPCRs****%.
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Figure 1-16: Colon main phenotype driving signaling pathways. Adapted from Komiya et. al.>®* and Herbst et.
2% Wnt3a signaling:The destruction complex is a multiprotein association composed by Axin, Dvl, Ck1, GSK-38,
APC and B-TrCP proteins which phosphorylates proteins like B-catenin, marking them for ubiquitinization and
subsequent degradation337’338. While Axin and APC anchors B-catenin to the destruction complex, Ck1 and GSK-33
proteins phosphorylates it*®®, Initially, cK1%¢73%8 phosphorylates B-catenin prior the subsequent three
phosphorylations by GSK—3[3369’370. B-TrCP is the E3-ubiquitin ligase which bonds the GSK-3B phosphorylated -
catenin to the proteasomem'an. BMP signaling: Phosphorylated SMAD proteins are able to recruit the SMAD4
protein, then the complex translocate to the nucleus where transcribe differentiation genes, mainly PTEN®27°,
PTEN is a negative regulator of PI3K*”®, which in turn sitimulates cell-cylcle progression and supress apoptosis
through Akt activitysso. PTEN inactivation allows Akt activity favouring downstream pathwaysm’380 like nuclear B-
catenin signaling. EGF signaling: Once activated, this receptors activate the Ras-Raf mitogen —activated protein
kinase pathway381 and the PI3K-Akt pathwayagms".
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Within the variety of colonocytes, all populations can be stratified into four major cell
types: stem cells, Paneth-like cells, TA cells and differentiated cells (Figure 1-14, B). Those cell
populations can be discriminated by different cell markers: 1) stem cells express the Lgr5
receptor. Lgr5 is a Wnt target gene?®® and marks the stem cells at the small intestine and the
colon®®. Despite being a rhodopsin-like seven transmembrane G-protein-coupled receptor
(GPCR)***** Lgr5 does not act through the classical GPCR nor B-arrestin signaling®®. RSPOs
proteins bind to this receptor potentiating the Wnt signaling388. This receptor is necessary for
the LRP6 phosphorylation and the subsequent accumulation of cytoplasmic B-catenin despite
enhancing also its rapid turnover®®. 2) Paneth-like cells can be identified by the cKit protein. c-
kit protein is the receptor for the Stem Cell Factor (SCT) also named as mast cell growth
factor®™”*®, It is a marker for colon Paneth-like cells®®, the named cKit* cells that express
factors necessary for stem cell maintenance like DII1, DIl4 (Notch ligands) and EGF**°. The cKit"
cells are goblet cells expressing also Muc2 and are present at the bottom third region of the
crypts™®. While doing the same function as Paneth cells of the small intestine and sharing the
same markers®®?*° ckit" cells had not been comprehensively studied and their complete
relation with stem cells is not completely understood. 3) TA cells posses the Wdr43 protein.
Wdrd3 (WD repeat-containing 43 protein) is involved in nuclear processing of pre-18S
ribosomal RNA, while in gastrointestinal track marks for the TA cells. TA cells reside above the
cKit-stem cell niche and give the final cell differentiated cell types (enterocytes, goblet cells,
and enteroendocrine cells) by rapid divisions®®. Finally, most differentiated colonocytes
express the Krt20 keratin. Krt20 is a type | keratin and an epithelial differentiation marker as
this protein make up the intermediate filaments of epithelial cells**.

Despite the comprehensive knowledge about colon metabolism and CRC, there is still
insufficient information to have effective pharmacological therapies and diagnostic and
prognostic biomarkers. In fact, there are still no markers for early states of sporadic tumor
lesions development. The study of membrane lipids in colon tumor development could be a
promising approach to develop new therapies and biomarkers. Unfortunately, the close
relationship of multiple cell types in colon compels to the use of tissue visualization techniques
like microscopy. MALDI-IMS lipidomic revealed not only the potential of lipids to discriminate
between healthy and pathological epithelium, beyond that, a profound analysis revealed
subtle but relevant changes along the colon crypts.

1.8 Arachidonic acid derivatives and prostaglandin signaling

As will be described in section 3.2.1., the results revealed a gradual and tight regulation
along colon crypts of AA-containing phospholipids and of the enzymes related to AA
metabolism, specially PLA, and COX enzymes. For these reasons, in the last part of this study,
we focused our attention on the role of the AA derived metabolites, in particular, PGs could
have on colonocyte fate. The coordinated action of PLA, and COX enzymes is derived into the
production of highly bioactive molecules like eicosanoids and cannabinoids. These AA-derived
molecules are involved in multiple cell processes like cell proliferation or cell fate
regulation®*****3_|n terms of colon physiology, eicosanoids, and especially PGs, have been
related to mucin secretion, EGF release and more importantly, to the canonical B-catenin
pathway4°2'4°9'414'415.

PGs are the most studied eicosanoids. Historically, PGs have been related to
inflammation and inflammation-related conditions like pain, fever, cancer or Alzheimer’s
disease. However, their relevance in physiological processes like ovulation, bone formation or
gastric mucosa homeostasis highlights PGs as key participants in cell proper development*®
8 Figure 1-17 summarizes the hallmarks of PG research.
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» -Bergstrom » -Smith » -Lewis and Roberts »-Habenicht » -Sugimoto, Funk,
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precursor activities responses inducible COX enzymes | four PGE, receptors
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Figure 1-17: Timeline of relevant milestone in prostaglandin research field. PGs were first identified in the
1930s by Goldblatt and von Euler™®*? but was Van Dorp et. al. and Bergstrom et. al. who identified in 1964 the
AA as their precursor .In 1971 was proved that aspirin, indomethacin and salicylate (nonsteroideal anti-
inflammatory drugs (NSAIDs)) inhibit the COX activitym, while in 1972 were described two distinct PG synthase
activities™*. It was not until 1988 when was suggested the COX membrane location and its activity site”. Thus,
different studies proposed in 1982 and 1988 the first evidences of two COX isoforms with different
autoinactivation rates, sensitivity to NSAIDs and time courses for PGE, and PGF,, synthesis 426427 The
characterization of the two COX proteins isoforms were done by the detection of one constitutive and one
inducible COX activities*® and the description of two different transcripts and protein sizes”™. The
constitutive COX protein was named as COX1, while the inducible protein, related to inflammatory states, COX2.
The description of the four known PGE, receptors (EP1, EP2, EP3 and EP4) was done from 1992 to 1994. EP3 was
the first PGE, receptor described in 1992432, and was followed rapidly by the description in 1993 of EP1 and
EP4*3%* One year later, EP2 was pharmacologically characterized*®.

PGs are not the only AA-derived bioactive molecules, as multiple molecules can be
synthesized not only from PGH, but directly from the AA (Figure 1-18).
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Figure 1-18: Prostaglandins and thromboxanes synthesis scheme. Adapted from Simmons et. al.”®. The free AA

is cycled by the cyclooxygenase enzymes (COX) to synthtetize PGH,, a highly unstable eicosanoids precursor. In
turn, PGH, can be modified by multiple enzymes to provide PGs and thromboxanes

Endocannabinoids are bioactive lipids especially related to nervous system regulation. The
main endocannabinoids are the anandamide (AEA) and the 2-arachidonoyglycerol (2-AG);
being both compounds inactivated through their hydrolysis to AA by specific lipases®’**®
(Figure 1-19). Two endocannabinoid receptors have been described so far, CB1 and CB2
both able to inhibit the adenylate cyclase®®. The central nervous system only expresses the
CB1 receptor, responsible for the endocannabinoids analgesic and temperature control
effects**®. Conversely, the CB2 receptor is mainly present in inflammatory cells modulating
inflammatory responses®*® by for example repressing the migration of CD8" T lymphocytes®®.
Both receptors are present in the gastrointestinal tract and inhibit the adenylate cyclase and
the cAMP production®”#****_Also, CB1 has been described as cell migration inhibitor in colon

tumor cells*®.

439-441
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Figure 1-19: Scheme of the endocannabinoids synthesis and degradation. AEA synthesis pathway begins with the
transfer of AA from the snl position of PC to a PE nitrogen atom by the N-acyl transferase (NAT) to form N-
arachidonyl-phosphatidylethanolamine (NAPE)395’445. The NAPE-specific PLD (NAPE-PLD) converts NAPE to AEA™M®, 2.
AG is synthesizedfrom the phosphatidylinositol-4,5-biphosphate (PIP,) with AA in the sn2 position by PLC-B. The
DAG generated is then hydrolysed by the diacylglycerol lipase (DAGL)394’447'448. 2AG, 2-arachidonylglycerol; 5-, 12-,
15-LOX, 5-lipooxynase, 12-lipoosxygenase and 15-lipooxygenase respectivelly; AA, arachidonic acid, AEA,
anandamide; COX1-2, cyclooxygenase 1 and 2 respectivelly; DAGL, diacylglycerol lipase; FAAH, fatty acid amide
hydrolase; HETE, hydroxyeicosatetraenoic acid; LT, leukotrienes, MAGL, monoacylglycerol lipase; NAPE-PLD, N-
arachidonyl-phosphatidylethanolamine specific PLD; PG, prostaglandins; PLA2, phospholipases A2; TX,

thromboxanes. Adapted from Chiurchiu et. al.*t.

Prostaglandin signaling:

PGs, as well as endocannabinoids, will be described in this section. Figure 1-20
summarizes the current knowledge on the signaling pathways involving the PGs through their
interaction with their corresponding GPCR.
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Figure 1-20: Scheme of PGs signaling cascades. The coupling of the G-protein complex to the receptor induces

the dissociation of its corresponding G, subunit from the Gg, complex by substituting GDP for GTP*. The

dissociated proteins interact with different second messengers participating in multiple pathways like the MAP
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kinases, receptor tyrosine kinases, P13-kinases and c-Jun-N-terminal kinases (JNK)*™°. Of the three types of G, Ggs

activates the adenylate cyclase while G, type inhibits the enzyme, stimulating or inhibiting cAMP synthesis
respectively449’451’457. The signaling through cAMP can be counteracted by the enzyme phosphodiesterase, which
degrades cAMP*E, G, the third described G, activates Pl-specific PLCB which in turn hydrolyzes PIP, to
diacylglycerol and inositol 1, 4, 5 triphosphate (IP5) #9481 Union of IP3 to IP5 gated calcium channels located at
the ER induces a rapid release of ER Ca?t 1PO157.433.462483 atter continuous activation, GPCR and the ligand are
internalized through their union to B-arrestin464. The increase of cytoplasmic cAMP synthesized from the
adenylate cyclase activates the cAMP-dependent protein kinase A (PKA)"GE”466 and other kinases like Epac467’468.
Once activated, this protein translocates to the nucleus where phosphorylates transcription factors, being the
activation of the Proliferation Cyclic AMP-Responsive Element Binding protein (CREB) the most relevant
regarding proliferationm. In the nucleus, phospho-CREB induces the expression of survival genes like c-1AP2*®E,
Also, the increase of cytoplasmic Ca* induced by G4 activated the PKC kinase, which also has CREB as one of its
targetslsg'l(’l. The Gg and G, subunits exert also biological effects by activating the PI3K-AKT axis. This pathway is
mostly implicated in regulating apoptosis pathways. When PI3K is activated by the GBy complex, phosphorylates
PIP, to PIP5. This phosphoinositide activates AKT, a kinase that once activated inhibit pro-apoptotic factors like
BAD, procaspase-9, and FKHR™™2, Redundantly also activate factors like CREB and induce NF-kB nuclear
degradation upregulating anti-apoptotic genes. In addition, this pathway inactivates p53 contributing to cancer

. o1y 152-154
chromosome inestability

PG receptors are named after their main ligand: PGD, binds to DP and CRTH2
receptors, PGF, has only the FP receptor, and PGE, receptors are the EP1, EP2, EP3, and EP4*"°.
Next, we briefly summarized the current knowledge existing on these receptors, particularly
that relevant for our studies in colon tissue.

PGD, and DP receptors:

PGD, signaling is mainly associated with allergic responses as is synthesized by
activated mast cells and participates in IgE-mediated type | acute allergic responses®’"*”2.
Besides its role in inflammatory responses, PGD, has been related in platelet aggregation
inhibition®”®,  smooth muscle relaxation and contraction*’®, vasodilation and
vasoconstriction®”>, mucus secretion®’® and sleep induction*”’. PGD, levels are decreased in
colon cancer hepatic metastasis. Thus, treatment with PGD, inhibits slightly SW480 and LS174t
CRC commercial cell lines proliferation*’®.

Up to now, two PGD, receptors have been identified: DP and CRTH2 receptors, both
with similar affinity for PGD, *’**®. DP receptor is member of the prostanoid GPCR subfamily
being similar to the other PG members while the CRTH2 receptor has little similarity to any of
them. DP receptor couples to a G, subunit, although some data suggest a cross-activation of
the G, subunit***, while CRTH2 couples to a G, *">***.

PGF,, and FP receptors:

PGF,, couples to FP receptor, a G, type GPCR™. However, PGF,, can also bind to EP1
and EP3 receptors which complicate the contribution of this molecule to the overall PG
signaling™**®®. It has been described as a pro-proliferating role of PGF,, in epidermal
tumors™. Thus, activation of the FP receptor leads to VEGF expression, increasing
angiogenesis in tumors*®. This signaling pathway stimulates MAPK pathway activation®***%,
broadly related to cancer progression**®**°. Both PGF,, and PGE, increase motility and invasion
of cancer cells, although PGF,, in an EGFR independent way*®.

PGE, and EP receptors:

Despite the existence of extensive bibliography regarding PG effects and signaling,
PGE, is, the one most thoroughly described. It is usually considered a pro-inflammatory
molecule that regulates vasodilatation*! and cytokines production®**®*. However, PGE,
participates in other functions, in some cases even contradictory depending on the tissue or
the situation. This phenomenon was partly explained with the discovery of the four EP
receptors: EP1, EP2, EP3, and EP4. EP3 and EP4 have the highest affinity for PGE, while EP1
and EP2 the lowest (Ks< 1 nM and Kq > 10 nM respectively) ***. In colon cancer cells, PGE,
stimulates proliferation in a GPCR-dependent but cAMP-independent way. Upon PGE,
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stimulation, G, dissociated binds axin protein, uncoupling B-catenin from the destruction
complex and stabilizing it. Also, the Gg,-PI3K-AKT axis activated by PGE, phosphorylates GSK-3b
inactivating this protein®®. The simultaneous presence of more than one PGE, receptor in the
cells complicates the understanding of its signaling as their signaling pathways are not only
different but in some cases completely opposed.

EP1 receptor known mechanism of action is through the G4 as its activation initiates a
PLC-dependent calcium release and PKC activity*******®. However, this increase does not
correlate with an increase in IP;*** and depends on the extracellular calcium suggesting a Gy
independent mechanism*’®. Some studies have related the activity of this receptor with CRC
development in mice, however, this effect appeared to be small and not a main factor in the
development of CRC*’.

EP2 and EP4 receptors are coupled to G, ***** although EP4 binds PGE, with less
affinity*”>. Pharmacologically these receptors differ in their sensitivity to butaprost (an EP2
agonist): while the EP2 receptor is activated, the EP4 is insensitive to this molecule.

EP2 activation leads to GSK-3 inactivation by phosphorylation in a PKA-dependent
PI3K-independent manner*®. Its activation also stimulates EGF receptor transcription,
increasing the migration and invasion of colon cancer cells******. Due to its shorter C-terminal
tail compared to the EP4, EP2 suffers less agonist-induced desensitization through
internalization*®*%*,

EP4 activation induces phosphorylation of extracellular signal-related kinasel/2
(ERK1/2) through PI3K and the subsequent expression of early growth response factor-1°>%",
This pathway induces also GSK3 protein phosphorylation, leading to nuclear B-catenin
activity*™. Its signaling is not primarily due to an increase in adenylate cyclase activity, as it
have been shown that its activation stimulates proliferation in carcinoma cells with almost no
increase in cAMP levels®®. This receptor had a faster internalization rate due to its longer C-
terminal tail’®. The EP4 receptor have been related to CRC development, as treatment with
EP4 antagonist in mouse CRC model decreased the number and size of colon tumors.>**

EP3 receptor is able to participate in different cell signaling processes due to its
multiple described isoforms®®°%, although generally couples to G, ®°%. For example, the
decreased cAMP levels after the EP3A isoform activation results in the MAPK pathway
activation®™. Regarding tumorigenesis, some works have related this receptor with tumor
development and angiogenesis®™, others described just the opposite, suggesting that this
receptor could be a tumor suppressor>*%. Finally, some studies suggest that EP3 receptor does
not play any role in cancer development®?’.

In terms of subcellular localization, EP receptors have been located at both cytoplasmic
membrane and nuclei*®***>* Despite this, most studies assume just cytoplasmic
membrane stimulation not taking into account the dual location and the potential crosstalk
between both locations. Therefore, the role of intracellular PG signaling in cell metabolism is
still unknown. A divergent cytoplasmic membrane and intracellular PG signaling is a tempting
model to explain the apparent contradictory role of these molecules in cell pathophysiology
that some studies reflect.

Finally, in addition to GPCR activation, PGE, can activate c-Src which in turn releases
EGFR ligands by metalloprotease activation®®>. However, some works only observed a minimal
increase in EGFR tyrosine phosphorylation upon PGE, treatment®”. In any case, EGFR
activation induces ERK2 activation which at the end favors cell proliferation through
overexpression of genes like c-fos*®*. PGE, promotes proliferation at least in one commercial
CRC cells, but only in the absence of functional APC, suggesting a late effect of this PG in
tumorigenesis. In addition, that work showed that PGE, acts at two levels: one dependent on
Ggs and one of Gg,*. The initiated by G, stimulates PI3K and Akt signaling that at the end
phosphorylates GSK-3B. The activation initiated by the G, subunit implies its binding to axin
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and the subsequent promotion of GSK-3B release from the destruction complex. Although
many works relate PGE, to tumor formation and progression®®*****2! the mechanism of action
of this PG is still not well understood.
Prostaglandins and cancer treatment

Since the description of inflammation as one of the hallmarks of cancer’?, PGs, and
especially PGE, have been related to several steps of tumorigenesis as increased tumor
proliferation®**°%, resistance to apoptosis’”, increased invasiveness**®, angiogenesis*®>*, and
immunosuppression®®?%*. In fact, the participation of both COX enzymes is necessary for
tumor development. Thus, in CRC tumors COX1 is more expressed in the epithelial cells while
COX-2 is more expressed within the lamina propria®>. In this context, the presence of COX1
products at early tumor development stages eases the development of the tumor, while COX2
paracrine signaling would be more implicated in tumor size increase®”. The tight involvement
of COX activity with cancer was reinforced by epidemiological studies showing a decreased risk
of colon (43%), breast (25%), lung (28%), and prostate (27%) cancers when there is a regular
intake of NSAIDs>*®. In addition, there is evidence suggesting that COX inhibitors (mostly
NSAIDs) play not only a protective role in cancer development, but also could increase the
progression-free and the overall survival in colorectal and breast cancer®’°?°. With this in
mind, many studies explored the possibility of inhibiting COX activity to reduce tumor burden
and size>*®°*. However, the inhibition of both COX produces undesirable side effects*>*
especially in the intestinal tract™ and cardiovascular tissue>*>>*. This led to the development
of specific COX2 inhibitors, the -—oxibs, which unfortunately still present important
cardiotoxicity*®>*>*°. Either way, clinical trials investigating the viability of COX2 inhibition in
cancer treatment proved that although reducing the objective response rate, COX2 inhibition
does not significantly increase the overall survival while it increases importantly the risk of
cardiovascular events™>**. In the effort of avoiding undesired side effects and increase
effectiveness, some research groups focused on targeting the PG pathway downstream from
COX activity. With this approach, some successful studies have been proposed to reduce
inflammation through mPGES-1 inhibition, the main enzyme in charge of PGE, synthesis*®*>>>
>>% While the first results were promising by not producing cardiotoxic effects>, this approach
is difficult to translate from the murine model to humans due to differences in the enzyme
between both species*®. Besides, the inhibition of this enzyme led to the oversynthesis of
other COX derivatives*. Being the major product of all PGs, the inhibition of PGE, synthesis
would lead to the accumulation of PGH,, the COX product. The accumulation of PGH,
combined with the blockade of its main derivate synthesis favors the synthesis of other
prostanoids, which at the end could lead to other important and undesired side
Effect5404'556'559_561.

The multiple efforts to treat tumor development from a COX inhibition perspective
failed due to the exclusive focus on one PG effect over tumorigenesis, ignoring the effects that
other PGs exert over the whole biological system. In this context, the understanding of how PG
receptors participate in colon pathophysiology could derive into more specific more effective
treatments and with fewer side effects. This thesis has contributed to enlarging the knowledge
on this aspect (Seccion 3.2.2).

1.9 Lipid biomarkers

A biomarker can be defined as a clinical indicator that reflects a disease diagnosis,
progression, prognosis or treatment effects over a patient. Usually used as a diagnostic tool,
biomarkers can range from visual clinical symptoms to components of different biological
fluids and tissues. Biomarkers can be divided as invasive or non-invasive, depending if is or is
not required surgery to evaluate them. The detection of early biomarkers to diagnose and
stratify diseases has become a priority in the biomedical field to apply early disease
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treatments. Patients stratification is of special relevance in oncology because an early surgical
resection can avoid further tumor development, and also because the development of new
oncologic drugs is expensive and difficult. Therefore, the development of tools able to detect
tumors before becoming invasive would save many lives and significant would reduce the
economic burden associated with the chemotherapy treatments.

While most patients stratification tools are based on genetic features, many works have been
addressed to identify lipid biomarkers for cancer, where altered lipid levels in both cancer
tissue and biological fluids have been described. For example, plasma lipidome from ovarian
cancer patients showed differences in LPA, LPC, LPI, and S1P compared to healthy
patients®®>*%. Similarly, plasma and urine of prostate cancer patients present alterations in
diacyl, vinyl- and alkenyl PE species and PS, LacCer and HexCer ***°®. Even further, the
lipidome is sensitive enough to discriminate between breast benign tumors and cancer
biopsies by their levels of Pl, GluCer, LPC, and pC%6°¢7, Regarding CRC, altered levels of LPC, PC
SM and sphingolipids can discriminate between plasma of healthy and patients with CRC**®°%°.
However, the application of lipid biomarkers as routine biomarkers still seems far to be a
reality.

1.9.1 Extracellular vesicles as non-invasive biomarkers

To date, the only non-invasive screening tool broadly applied for CRC detection is the
fecal occult blood test (FOBT). FOBT relies on the higher bleeding probability of tumor lesions
compared to the healthy mucosa. Actual antibody-based detection kits for FOBT detect from
32 to 53% of patients with advanced neoplasia®’**”* and reduce the population screened
overall CRC mortality in a 22%°". In any case, once a patient presents positive FOBT must
undergo a colonoscopy to surgically remove the possible tumor lesion. Unfortunately, FOBT
yields those much false negative and positive results that the inefficiency in the process usually
overtakes digestive endoscopy departments. Therefore, the development of cheap, feasible
and non-invasive biomarkers and stratification tools for this disease is still a pending subject.
Among the different approaches to obtain new and complementary to FOBT non-invasive
biomarkers, the analysis of EV experienced considerable attention.
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of primary endocytic vesicles, early endosomes, late endosomes, and Iysosome5575. During their maturation,
endosomes accumulate vesicles, while the early endosomes contain almost no internal vesicles; the bigger late
endosomes (also known as multivesicular bodies or MBV) can contain hundreds of them>"**"”. These MVBs sort
their content to different and specific destinations® ®*”°. One of the first acknowledged functions of MVBs was
the targeting of membrane proteins and lipids to their degradation in Iysosomessgo'sgz, although also have been
described their function as temporal storage compartment5583. The third possible fate of the MVB is the
secretion of cellular components to the cell exterior. To accomplish this last possibility, MVBs fuse with the

. . " 584
membrane and release their vesicles, known as exosomes. Adapted from Fujita et. al.™ .

Cells shed different types of vesicles that can be classified according to their origin:
blebbing of the plasma membrane (membrane vesicles and apoptotic bodies) or secreted from
internal membranes through the endosomal system (exosomes)®®. The vesicles can be
grouped into the term EV (Figure 1-21)**®. EVs were first studied during the early ‘80s when it
was described that maturating erythrocytes secrete multiple small molecules from fused
MVBs>®%_ EVs comprise the three main vesicles present in blood: apoptotic bodies,
microvesicles, and exosomes. At first, EVs were described as cellular tools to discard cell
debris®®>°'. However, later works described cell receptors interaction with EVs lipid and
proteins®>>%*, which propose them as intercellular messengers. Thus, was revealed their
importance in intracellular mechanisms>’*% suggesting their possible therapeutic application
as anticancer tools*®’. However, the main focus was on the search of fluid biomarkers after the
discovery of mRNA and miRNA inside EVs and the possible use of this genetic material by the
recipient cells®®. Using differential centrifugations and filtering processes it is possible to
obtain enriched fractions of each one®. The comprehensive characterization of EVs revealed
that their content is highly regulated and comes mainly from the plasma membrane, the
endocytic pathway and the cytosol of the parental cell®**°%,

This focus in the field yield to the description of increased circulating EVs in ovarian and
pancreatic cancer®®®™ and their decrease in urine for prostate cancer patients compared with
the healthy controls®". Some studies went even further by describing the EVs composition
sensitive enough to identify different tumors **>**'? and as treatment monitoring tool®****.
In terms of lipid composition, several studies have described the lipidome of EVs obtained
from a diversity of biological sources®®®°”*">* Fyrther, lipid-related enzymatic activities have
been described in these vesicles, revealing a complex intercellular lipid metabolism with EVs as
central players®™. Surprisingly, only a few explored how EVs lipid molecular species could be
used as biomarkers>®>°29°%,
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2 Hypothesis and aim of the study

There are multiple pieces of evidence that the lipid composition is highly sensitive to any
change in cell status, therefore, we hypothesize that the lipidome can be a good CRC
biomarker and the lipid metabolism a promising and unexplored pharmacological target.

The main aim of this thesis was to investigate the role of membrane lipids in colon
physiology while identifying lipid biomarkers of CRC. Hence, the objectives of this thesis were:

1. To characterize the lipidome of the colon in cell models and patients and explore how

can be used as invasive and/or non-invasive biomarker of CRC.

2. In base of the lipid characterization of the colon and the CRC, exploring the role of

specific lipids and lipid-related enzymes in the process of differentiation within colon
mucosa.

The results of this study will be divided into two main chapters:

e In the first chapter we characterized the lipidome of commercial cancer cell lines and
their derived EV with the objective of detect lipid tumor changes. Also, we used the
MALDI-IMS technique to reveal the lipidome of the different components of colon
tissue and how they are deregulated in adenomatous polyps. To assess the clinical
relevance of these results, we also analyzed EV from CRC patient-derived plasma. This
part reveals that exist multiple changes in colon tumor processes reflected in lipid
composition that can be potentially used as clinical biomarkers.

e In the second chapter of the thesis, we examined how the changes in colon tissue are
regulated. To do this, we analyzed thoughtfully the MALDI-IMS results, revealing strict
and subtle lipid and lipid-related enzymes changes parallel to colon differentiation
processes. Those changes were mainly related to AA-containing phospholipids and
their related enzymes. The final part of this work explores the role of PGs in
colonocytes physiology, exposing a complex role of these molecules on cell fate.
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3 Results: Chapter 1: Exploring the cell membrane lipidome as
colorectal cancer biomarker

3.1.1 Lipid biomarkers for cellular malignization in cell culture model

Taking into account the lipidome sensitivity to cellular changes, this study explored
whether the lipid fingerprint could be used to assess the metastatic capacity of colon cancer
cells. Metastasis is a complex cellular process that requires changes in cell adhesion and
morphology, as cells must detach from and neighboring environment, processes profoundly
associated with lipid composition and metabolism®*®!. As a first approach, we analyzed by
HPLC-MS the lipid profile of four human CRC cell lines and one human colon primary cell line.
We choose cancer-derived cell lines isolated at different stages to have a better knowledge
about different grades of invasive cancer (Table 3-1). Thus, HT29, SW480, and LS174t cell lines
were isolated from primary tumors, while Colo 201 cell line was isolated from a CRC metastatic
site. Finally, healthy primary colonocyte cells were isolated from healthy donors.

Table 3-1: Table describing relevant pathological characteristics of the CRC cell lines used. The second and
third columns of the table refer to the cancer types where these cells were isolated.
Cell line -
CRC grade®*’ Tumor characteristics
name
HT29 Duke's type B colorectal adenocarcinoma H n hth
- e tumor grew through the
SW480 Duke's type B colorectal adenocarcinoma & &
- muscle layer of the bowel.
LS174t Duke's type B colorectal adenocarcinoma
The tumor was isolated from
Colo 201 Duke's type D colorectal adenocarcinoma other body parts after
metastasis

In addition to the origin, these cell lines differ in their behavior in culture. Primary,
HT29, SW480, and LS174t cells are adherent, while around half Colo 201 population grow in
suspension, in addition, Colo 201 divide at a much higher rate than the other cell lines. We
know that cell division and confluence rates influence lipid composition and metabolism®™'.
Therefore, to be able to evaluate the cell lipid differences at equivalent conditions we seeded
the Colo 201 at a lower concentration to obtain a similar number of cells and confluence at
48h. Cells were cultured with exosome free media, adherent cells were seeded at 1,200
cells/cm® and Colo 201 at 800 cells/cm® More details are provided at the Experimental

procedures section.
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Figure 3-1: Analysis of major membrane lipid classes of the cells analyzed. A) PCA of major membrane lipid
classes in the cells analyzed. Explained Variance= 83,42%. PC, phosphatidylcholine; SM, sphingomyelin; Cer,
ceramide; PE, phosphatidylethanolamine; PE P-, ethanolamine plasmalogens; Pl, phosphatidylinositol; PS,
phosphatidylserine. o Primary,  HT29, | LS174t, ® s5w480 and @ Colo 201 cell lines. B) Variance analysis of
major membrane lipid classes. Values are expressed as % of total lipids (mean % SD), n=3-6. Statistical significance
was assessed using one-way ANOVA followed by Bonferroni post-test. Only statistical differences between primary
and cancer cells are represented. Comprehensive results were presented in Supplemental table 1. The asterisk (*)
indicates a significant difference between a cancer and the primary cell line. * P<0.05; ** P<0.01; *** P<0.001.

Lipidomic analysis provided vast information about the cell lines, which was first
represented using Principal Component Analysis (PCA), which helps to visualize the relative
proportions between the variables studied. We have included a thorough PCA explanation in
the Experimental procedures section. PCA of the lipid classes was able to clearly separate
primary from cancer cells basically because of the changes in the relative levels of PE, and to a
lesser degree, because of PE plasmalogens and PC levels (Figure 3-1, A). Consistently, the
ANOVA showed profound alterations in the lipid class composition between cell lines (Figure 3-
1, B and Supplemental table 1). The most abundant lipids in all cells were PC (44.8-53.6%) and
PE (11.5-25.1%). Diacyl and vinyl ether ethanolamine species showed the most consistent
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differences between primary and all cancer cells. In primary cells, PE and PE-P levels were
25.1% and 5.4% respectively, while in tumor cells, PE and PE-P mean levels were 10.6% and
15.2% respectively. Finally, all cancer cell lines increased PC (44.9% vs. 51.7% primary vs. mean
tumor cell value) and decreased SM (11.1% vs. 7.5%) in three of the four tumor cells (all but
LS174t). The decrease in tumor SM levels was consistent with previous works®®.

In order to delve into these differences, we performed a PCA using all molecular species
detected (Figure 3-2). The results confirmed the capacity of the whole lipidome to separate
cells in three groups according to their malignancy, that is, primary cells (Prim) from in situ
(HT29, SW480, and LS174t) and from highly metastatic cancer cells (Colo 201). Primary cells
were mostly separated from the other cells because of the higher amounts in Pl 38:3, SM
d18:1/24:1 and Cer d18:1/24:1, and lower amounts of PE plasmalogens 16:0/22:6 and SM
d18:1/16:0. Colo 201 were separated from the in situ cells thanks to the higher content in PS
and PE 36:1, SM d18:1/16:0 and Cer 18:1/24:0 and lower content in Cer 18:1/16:0 and
18:1/24:1 and PE plasmalogens 16:0/20:4.
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Figure 3-2: PCA analysis of the contribution of each lipid species analyzed in % of the total lipid class. Explained
variability 54.55%. Only the most influential species are indicated at each variables PCA analysis. o Primary,  HT29,
Ls174t, ® sw4g0 and ® Colo 201 cell lines.

Despite separating clearly the different cell types, PCA using all lipid species barely
explained 50% of samples variance. The low explained variability could indicate that there are
minor molecular species different enough to discriminate between cell lines. To identify these
minor lipids, each lipid class was analyzed separately by PCA and variance analysis. All lipid
classes were able to separate, to a greater or lesser extent, primary cells from the cancer cells
(Figure 3-3 and Supplemental figure 1). However, only PC, PE plasmalogens and PS molecular
species were able to clearly separate Colo 201 from the rest of the cell lines. The variance
analysis of the molecular species of each lipid class confirmed that cell malignization impacted
profoundly on lipid composition.
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Figure 3-3: PCA of each lipid class separates the primary from the cancer cells. The analysis was made with the
contribution in percentage of each molecule to the total amount of the lipid class. Explained variances: PC 82.4%, PE
plasmalogens 65.9%, PS 87.5%. Only the most influential variables are indicated at each PCA variables graph. [
Primary, HT29, ® 15174t, ® sw480 and ® Colo 201 cell lines.

Consistent with data in human colon epithelium®*’ (expressed in section 3.1.2. of this
work), the most abundant PC species in all cell lines was 34:1 (34.6-50.9%) (lowest and highest
value throughout the five cell lines analyzed respectively), followed by 36:2 (13.9-27.3%), 34:2
(6.8-13.1%) and 36:1 (7.4-9.2%). Within this lipid class, we detected an increase in 34:1 (34.6%
vs. 43.97%, primary vs. the average value in cancer cells), a decrease in 36:3 (5.4% vs. 3.3%)
and 36:2 (21.8% vs. 11,9%, except for Colo 201 that was an increase of 27.3%) (Figure 3-4 and
Supplemental table 2).

In PE, 36:2 (17.9-34.4%) was the most abundant species, followed by 36:1 (9.9-25.5%),
34:1 (13.0-15.9%), and 38:4 (4.7-14.3%). The increase in 40:7 and 40:6 (0.3% and 0.5% in
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primary vs 2.9% and 4.7% in tumor cells respectively) and the decrease in 38:3 were the most
consistent changes through all cell lines (Figure 3-4 and Supplemental table 2). In situ cancer
cells were equally affected in 36:2, 38:3 and 38:4 composition, decreasing 36:2 (34.4% vs.
19.1% primary vs. mean value of the in situ cancer cells) and 38:3 (10.6% vs. 15.3%) and
increasing 38:4 (8.9% vs. 13.1%). Considering that one of the possible assignations for 36:2
could be 18:0/18:2, for 38:3 18:0/20:3 and for 38:4 18:0/20:4; these changes would be
consistent with the metabolic relationship of the fatty acids esterified at the sn-2 position. On
the contrary, in Colo 201, 38:4 levels were below all the other cells (4.7%), 36:2 levels were
similar to the primary cells (32.1%), while 38:3 decreased to similar levels as the in situ cancer
cells (3.0%). Finally, 36:1 was increased in Colo 201 cells (1.8-fold respect the primary cells).

In PE plasmalogens, the most abundant species was 16:0/20:4 (12.9-33.8%), followed by
18:0/20:4 (13.3-21.7%), 16:0/22:6 (0.7-26.9%) and 18:0/18:1 (5.1-18.1%)(Figure 3-4 and
Supplemental Table 2). Its most robust result was the decrease in the oleic acid-containing
species, either at sn-1 or sn-2 position(16:0/18:1, 18:1/18:1, 18:0/18:1, 18:1/20:4), which was
coincident with changes reported in colon tissue®*® (expressed in section 3.1.2. of this work). In
addition, all cancer cells showed a significant increase in most DHA-containing species
(16:0/22:6 and 18:0/22:6) which is consistent with previous reports®*.

In PS, 36:1 (37.8-60.5%), 36:2 (7.8-16.4%) and 34:1 (6.9-16.7%) were the most
abundant molecular species (Figure 3-4 and Supplemental Table 2). The largest and most
consistent changes were the robust increase in 40:5 and 40:6 in all cancer cells compared to
primary cells. The most abundant Pl molecular species were 38:3 (13:2-47.9%), 38:4 (15.9-
30.7%) and 36:1 (1.5-23.6%). PI most pronounced changes affected to MUFA species (34:1 and
36:1). While the primary cells have around 1.0% of both MUFA species, the average values in
cancer cells were 11.3% (5.1-15.6%) and 16.7% (9.6-23.6%) for 34:1 and 36:1
respectively(Figure 3-4 and Supplemental Table 1). Interestingly, Colo 201 cells differ in their
content in 34:1, 36:2 and 36:1 compared to the rest of cancer cells.

Finally, in terms of sphingolipids, the most abundant species were d18:1/24:1 (9.5-
36.5% in SM, 10.9-26.7% in Cer) and d18:1/16:0 (36.7-58.2% in SM and 30.3-56.2% in Cer)
(Figure 3-4 and Supplemental Table 2). Interestingly, the most profound changes between
cancer and primary cells occurred in these species and both sphingolipids analyzed, with the
addition of significant increases of d16:1/18:1 in all cancer cells compared with the primary
cells. Thus, d18:1/16:0 increased (1.5-fold in SM and 1.2-fold in Cer) while d18:1/24:1
decreased (25.2% in SM and 8.3% in Cer) in cancer cells compared to primary cells although
not significantly in all cancer cells.
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Figure 3-4: Lipid fingerprint in primary, in situ and metastatic cancer cells. Bar diagrams comparing the changes in
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PC, PE, PS, PI, SM, and Cer lipid composition in primary, HT29, LS174t, SW480, and Colo 201 cells. Values are
expressed as a percentage of total fatty acid (mole %) and represent mean + SD, n=3-6. Statistical significance was
assessed using one way ANOVA followed by Bonferroni post-test. Only significance respect primary cells are
expressed. Comprehensive results are presented in Supplemental tables. For clarity, only species account for <5%
of total lipid class were included in the graph. * P<0.05; ** P<0.01; *** P<0.001.

Next, we analyzed how specific species, expressed as number of C-atoms:number of
double bonds were distributed within phospholipid classes (PC, PE, PE plasmalogens, PS, and
Pl). This analysis would indicate in which phospholipid class the cells store a particular
combination of fatty acids.
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Figure 3-5: Lipid distribution of species accumulated in PC. The total percentage of each fatty acid combination
detected was calculated. The contribution of each lipid class to the total amount of fatty acid combination was
calculated to evaluate how much is accumulated in each lipid class compared to the others. Values are expressed
as a percentage of total fatty acid (mole %) and represent mean + SD, n=3-6. Statistical significance was assessed
using one way ANOVA followed by Bonferroni post-test. Only significance respect primary cells are expressed. *
P<0.05; ** P<0.01; *** P<0.001.

The species showed in Figure 3-5 are mainly accumulated in the PC moiety. Primary
cells have relatively similar values of PC and PE species, but cancer cells accumulate these
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lipids in PC to the detriment of the rest of species, including PE. The species with the most
pronounced changes were 36:2 and 36:3, whose distribution shifted from a PC:PE ratio of
50:40 and 60:30, respectively in primary cells, to 70:10 in cancer cells.
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Figure 3-6: Lipid distribution of species shifting from PC and PE to PE plasmalogens in tumor cells compared to
the primary cells. The total percentage of each fatty acid combination detected was calculated. The contribution
of each lipid class to the total amount of fatty acid combination was calculated to evaluate how much is
accumulated in each lipid class compared to the others. Values are expressed as a percentage of total fatty acid
(mole %) and represent mean * SD, n=3-6. Statistical significance was assessed using one way ANOVA followed by
Bonferroni post-test. Only significance respect primary cells are expressed. * P<0.05; ** P<0.01; *** P<0.001.

Figure 3-6 shows species which in primary cells present similar distribution, being the
main reservoirs PC, PE and PE plasmalogens. Conversely, tumor cells accumulate these species
in PE plasmalogens with a parallel reduction in the other lipid classes hubs, being PC and PE
the classes showing a more spectacular decrease. Comparing to the primary cells, tumor cells
accumulate 30% more of these molecular species in plasmalogens.
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Figure 3-7: Lipid distribution of species shifting to plasmalogens in the in situ tumor cells. The total percentage
of each fatty acid combination detected was calculated. The contribution of each lipid class to the total amount
of fatty acid combination was calculated to evaluate how much is accumulated in each lipid class compared to
the others. Values are expressed as a percentage of total fatty acid (mole %) and represent mean * SD, n=3-6.
Statistical significance was assessed using one way ANOVA followed by Bonferroni post-test. Only significance
respect primary cells are expressed. * P<0.05; ** P<0.01; *** P<0.001.

The tumor lipid species showed in Figure 3-7 accumulate AA and DHA species in
plasmalogens with saturated fatty acids at the sn-1 position. The probable assignation of 40:7
and 38:5 includes DHA and AA respectively, but with an 18:1 fatty acid at the sn-1 position.
Therefore, Figure 3-6 and 3-7 present lipids with an opposite metabolism, as tumor cells did
not accumulate more PUFAs in plasmalogens with 18:1 at sn-1 position compared to primary
cells.

One last group of lipid species (which include 36:1, 38:3, 40:4 and 40:5) showed a rather
miscellaneous behavior and a slight decrease in the species accumulated in PE comparing
tumor with primary cells (Supplemental figure 2).

Levels of plasmalogen are coordinated whith enzyme changes.

We showed a clear plasmalogen synthesis alteration at the sn-1 level in tumor cells,
intending to explain this disturbance we analyzed mRNA expression and protein levels of rate-
limiting plasmalogen synthesis enzymes. As the sn-1 plasmalogen position is established in the
peroxisome steps of plasmalogen synthesis, we investigated whether tumor cells have
disturbed expression of these enzymes. Therefore; fatty acyl-CoA reductase (FAR isoforms 1
and 2), glycerine-phosphate O-acyltransferase (GNPAT) and alkylglycerone-phosphate
synthase (AGPS) expression were evaluated (Figure 3-8).

Western Blot analysis showed that FAR1, FAR2, and AGPS protein expression was
consistently enhanced in all cancer cell lines compared to primary cells while the only protein
behaving consistently at all cell lines were FARL. The larger impact was observed in AGPS with
a 30- to 120-fold increase depending on the cancer cell line. In addition, Colo 201 AGPS
expression was a 44- to 90-fold higher than in SW480, LS174t, and HT29 cells. FAR1 and FAR2
were 5- to 12-fold and 1.5- to 2-fold overexpressed in cancer cells compared to primary cells.
GNPAT protein expression changes were only detected by SW480 cells overexpression
significantly different compared to the other cells (Figure 3-8, A-D).

Next, we evaluated mRNA levels of these enzymes in all cell lines. FAR1 mRNA levels
were uniformly overexpressed by 5.6-fold (on average) in all cancer cell lines. AGPS mRNA
levels were also overexpressed in all cell lines although values varied considerably among
them, being a 4-fold increase in LS174t while the rest of cancer cells present a 1.4-fold change.
GNPAT mRNA levels were overexpressed by 3.6-fold in LS174t, while the other cell lines
present almost no changes with a change of 0.9-fold in Colo 201, 1.2-fold in HT29 and 0.9-fold
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in SW480. Finally, the FAR2 mRNA expression pattern was quite different among cells, being
7.0- and 2.1-fold overexpressed in LS174t and HT29 cells, respectively, but downregulated by
0.3-fold in Colo 201 and SW480 cells (Figure 3-8, E-H).

Altogether these results were consistent with data on plasmalogen levels, indicating
that plasmalogen metabolism is profoundly affected at protein and mRNA levels (being the
latter highly dependent on the cell line).
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Figure 3-8: A-D) Protein expression of ether lipids synthesis enzymes: FAR1 and FAR2 (fatty acyl-CoA reductases 1
and 2), AGPS (alkyl-glycerone-3-phosphate synthase), and GNPAT (glyceronephosphate O-acyltransferase) in primary
(Pr) and cancer colon cell lines (Co, Colo-201; HT, HT29; LS, LS174T; SW, SW480). Values are expressed as a
percentage of control and represent the mean + SEM, n=3-5; E-H) Gene expression of ether lipids synthesis
enzymes in primary (Pr) and cancer colon cell lines (Co, Colo-201; HT, HT29; LS, LS174T; SW, SW480). Values are
expressed as a percentage of control and represent the mean + SEM, n=5. To assess statistical differences one-way
ANOVA and Bonferroni post-test was applied. *, cancer vs. primary cell line. * P < 0.05; ** P <0.01; *** P <0.001.

Discussion:

Lipidomic data of tumor cells revealed a complex scenario where hundreds of lipids
change in a highly orchestrated manner by mechanisms yet to be defined. The lipidome was
sensitive enough to not only discriminate between the primary and the tumor cells lipidome
but also between cancer cell origin (primary tumor or metastatic site).

Among the multiple changes described, there were two clearly consistent results: the
profound shift of PC and PE to PE plasmalogens in tumor cells and the drastic shift of AA- and
DHA- containing diacyl species to PE plasmalogens. Besides, the thorough analysis of the cells
lipidome is in agreement with previous reports showing lower SM*>® and higher PE
plasmalogens content®*®* in cancer cells, although the causes of these alterations remain
unknown. SM changes are in agreement with the works relating SM content to the regulation
of cell adhesion **>**® and the cleavage furrow formation during cytokinesis®"’, both critical
processes in cell division and tumor development. Interestingly, the lipidomic analysis showed
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a common change at the molecular species level in both sphingolipids analyzed: SM and Cer.
Thus, primary cells were highly enriched in d18:1/24:1 species, while cancer cells in
d18:1/16:0. Although these are a rather common sphingolipids species, there is still no clear
evidence on their specific role that could certainly depend on the cell type. It is also
remarkable the increased amount of SM d18:1/16:0, a molecular species able to distinguish
between usual tumor necrosis from infarct-like necrosis in response to treatment®®. Unlike in
phospholipids, fatty acid turnover is not a common way to modify this lipid class molecular
species, so the impact must be happening at the species de novo synthesis or degradation
level.

Regarding plasmalogens, while present in any tissue, they are in higher concentrations
in the central nervous system with significant increases during the first years of life® . In
addition, ethanolamine plasmalogens are the main phospholipid in neutrophils *%®° in
skeletal and cardiac muscle®”®*° and are the source of PAF in endothelial cells®®, while in
colon account for approximately 10% of total phospholipids®®’. Deficiencies in plasmalogen
synthesis are associated with cataract formation, mental retardation, craniofacial
dysmorphisms, rhizomelic shortening of the limbs and lack of muscle tone®? Those severe
pathological consequences of plasmalogen deficiencies stand out the physiological importance
of this lipid class. Also, since the 1960’s exist reports indicating enhanced plasmalogen levels in
cancer®™. Since then, many studies have shown higher levels of plasmalogens in cancer cell
lines®®%4%%4 i xenograft models®™ or human tumor samples®?***. In addition, ether lipid
content has been positively associated with cell tumor metastatic capacitites®*®®*. The
striking PE plasmalogens shift described here, proved to be highly selective for those
presenting a saturated fatty acid at the sn-1 position and AA or DHA at the sn-2 position.
Importantly, these changes in lipid composition were explained by the overexpression of
plasmalogen synthesis enzymes in all cancer cell lines: FAR1, FAR2, and AGPS. Despite the solid
evidence of the relevance of these lipids, little is known about the impact on tumorigenesis of
the specific ether lipid synthesis enzymes. Although at mRNA levels the effect was less
straightforward, we show that all enzymes involved in the rate-limiting steps of ether lipids
biosynthesis, except for GNPAT, were overexpressed at the protein level in cancer cells.

The initial reaction in ether lipid synthesis requires the formation of a complex
between two AGPS and one GNPAT molecules that will acylate dihydroxyacetone phosphate at
the sn-1 position'”®. Recently, AGPS overexpression was associated with cancer cell
aggressiveness and invasiveness in primary breast, melanoma, and prostate cell lines®®.
Consistently, we showed that AGPS not only was overexpressed in all cancer cell lines tested
but also that there were significant differences between cell lines isolated from the primary
tumors or the metastatic sites (Figure 3-8). This result consolidates AGPS expression as a good
biomarker for cancer cell metastatic capacity. Conversely, GNPAT mRNA was only
overexpressed in LS174t while in the rest of cells was either unaffected or slightly
downregulated. A similar observation was reported in a study on murine microglia exposed to
inflammatory stimuli®®. Therefore, it cannot be ruled out that the tumor inflammatory
component could account for the GNPAT mRNA levels observed in this study.

Fatty acyl-CoA reductases catalyze the reduction of a fatty acyl-CoA substrate to the
fatty alcohol that will be linked at the sn-1 position of the plasmalogens®. Of both FAR
enzymes described, FAR1 presents the broadest distribution, while FAR2 is largely restricted to
meibomian glands, skin, brain and, importantly for this study, in the small intestine (no data
were reported for colon) '*>. Importantly, FAR1 and FAR2 also differ in their activity and
substrate preference. FAR1, which seems to be more active, accounts for C16:0, C18:0, and
C18:1 fatty alcohols synthesis, while FAR2 prefers C16:0 and C18:0 saturated fatty acids'>.
Furthermore, FAR1 stability (but not FAR2) is post-translationally regulated by a mechanism
that senses plasmalogens levels, in which the adequate localization of plasmalogens in the
inner leaflet may be fundamental®>®%. It is known that apoptosis or exposure to noxious cues
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induces translocation to the outer leaflet of both diacyl and ether ethanolamine
glycerophospholipids %¢°®°. Therefore, it is possible that in cancer cells, PE plasmalogens
translocation could wrongly convey “a low plasmalogen level” signal to the plasmalogen,
which could lead to the overexpressed FAR1 levels, as it was observed in this study (Figure 3-
8).

In addition, to corroborate the already described increase in PE plasmalogens in
cancer, the results also describe a specific shift of certain molecular species (36:4, 38:4, 38:6,
40:6) from PC and PE into PE plasmalogens (Figure 3-6). Thus, while primary cells accumulate
these species mainly in PC and PE, cancer cells do it in PE plasmalogens; being 38:4 the species
showing smaller changes as also was accumulated in PIl. This observation is specific to those
species containing a saturated fatty acid at the sn-1 position and AA or DHA at the sn-2
position. FAR1 and FAR2 overexpression could account for the specificity regarding the sn-1
position. It has been proposed that differences between both enzymes expression, activity and
substrate preference could be related to cell strategies to differentially channel fatty alcohols
either to ether lipid or wax ester synthesis®’’. Conversely, in a context of exacerbated
plasmalogen synthesis, FAR2 could also contribute to the total PE plasmalogens pool as has
been described early where mRNA levels of this enzyme were overexpressed in intestinal
cancer'®. Despite the differences between cancer cells, when compared to primary cells, these
lipid and protein changes were strikingly homogeneous in the four cancer lines, pointing to
what could be a common feature of the tumorigenic process.

Figure 3-9 includes recent data linking plasmalogen levels with the adequate
recruitment and activation of Akt, a key regulator of cell proliferation®*®”*. In healthy cells,
phosphatidylinositol-3—kinase (PI3K) phosphorylates PIP2 to PIP3, which recruits Akt directly
via a PH-pleckstrin domain. Despite the lack of direct pieces of evidence indicating the
preference of PI3K enzymatic for AA-containing PIP2, this specificity was shown for PI4K>**2,
besides, both PIP2 and PIP3 are enriched in AA®”>. Altogether, it could be speculated that PI3K,
may prefer AA-containing substrates. Thus, other works show that plasmalogens are needed to
maintain Akt linked to the membrane®*®”*, which is crucial for its activation via
phosphorylation by PDK1 and PDK2 (among others). Once phosphorylated, Akt shuttles back to
the cytosol where phosphorylates a myriad of targets, activating downstream pathways that
culminate in cell proliferation. In cancer cells, including CRC cells, PI3K and Akt are
overexpressed at protein level®”>®”’. Therefore, the presence of high levels of AA-containing
phospholipid®/*'#%34%4% 3nd plasmalogen *¥%** in cancer cells would provide the substrate and
the needed environment to sustain the enhanced and uncontrolled cell division.
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Figure 3-9: A model describing the impact that the most consistent lipid changes observed in cancer cells, the
increase in PE plasmalogens and AA-containing phospholipids (in particular Pl) on the Akt signaling pathway, a
canonical regulating cell differentiation, and proliferation pathway. A) The model in healthy cells. B) Exacerbated
Akt signaling stimulated by the increase in PE plasmalogens and AA-containing species in cancer cells.

The cell lipidome is heterogeneous and plastic enough to participate in complex
processes like tumorigenesis. While different cell types and pathophysiological conditions
present specific changes in lipids, there are broad processes like proliferation, sharing similar
lipid characteristics. Our lipidome results show that changes in lipid composition coincide with
the optimal scenario in which cancer cells can sustain uncontrolled cell division. This colon
cancer cells characterization consolidates lipidome analysis as a powerful tool for establishing
accurately the cell pathophysiological state.

3.1.2 Lipid biomarkers for cellular malignization in human tissue

While the knowledge acquired by traditional MS has helped in understanding the
relevance of lipids in health and disease, the basic functions of lipids in each cell type is a
question still to be answered. Traditional MS requires the homogenization of the tissues to
analyze, losing the valuable information about the distribution of their molecular components
within the different tissue cells. IMS overcame this limitation by discriminating between tissue
different components®”’. There is no doubt that the visualization of the lipids distribution
throughout a tissue will help to understand their regulation and physiological functions.
MALDI-IMS lipid images of colon slices showed that each tissue present in colon mucosa
(epithelium, lamina propria and muscularis of the mucosa) possesses a unique lipidome that
reflects precisely the colon anatomy. The analysis of colon tissue slices at 25 um? pixel
resolution was able to discriminate between the epithelium, lamina propria and muscularis of
the mucosa. However, a higher spatial resolution (10 and 5 pum?’ pixel resolution images)
provided further physiological information. Images at 10 pm? allowed the visualization of the
crypt lumen, but 5 pm? ones clearly define the lumen and mirror the colonocytes intracellular
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structure. We choose to use 10 um? pixel resolution analysis as a compromise between the
image size and the biological information obtained (Figure 3-10).

25 um 10 pm S5um
0 I 100

Pl 38:4

Figure 3-10: Comparison of a colon tissue slice stained with hematoxylin and eosin and representative
distributions of lipid species. The large and small squares highlight the areas scanned at 10 and 5 um, respectively.
The last three images at the bottom right are a detail of the distribution of Pl 34:1 recorded at 25, 10 and 5 um.

The massive amount of information provided by MALDI-IMS images was first analyzed
using k-means clustering analysis. The clustering analysis gives general non-guided information
of the lipid distribution along with the sample. This approach allows identifying the general
behavior of the lipids and more importantly gives the representative composition of each
tissue. The k-means analysis group n observations into k clusters where each observation
belongs to the cluster with the more similar mean. Applied to lipid IMS, the clusters are made
from the pixels with similar lipid composition. This approach in healthy colon tissue determines
that the composition of the different tissues of the colon (epithelium and lamina propria) and
components like the mucin are different enough to be separated by their lipidome. Also, one
additional cluster adjacent to the crypts could be compatible with epithelial nuclei (Figure 3-
11).
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Figure 3-11: Clustering analysis of healthy colon mucosa. This analysis was driven to give 9 clusters and 7
understandable clusters are represented: A) Hematoxylin-Eosin staining of the consecutive slice analyzed by
MALDI-IMS. Scale bar= 100um. B) Representation of 7 clusters generated from the k-means analysis. C-D) Clusters
corresponding to epithelial cells. C) Epithelial base section of the tissue. D) Epithelial luminal site of the tissue. E-
G) Clusters corresponding to lamina propria. E) Apical part of the lamina propria. F) Mid part of the lamina
propria. G) Lamina propria surrounding the base of the crypts. H) Cluster corresponding to the tissue mucus. 1)
Cluster surrounding the epithelial cells that could correspond to the epithelial cells nuclei.

The analysis divides healthy epithelium into two lipid clusters located at the upper
(luminal) and lower (basal) parts of the crypt (Figure 3-11, C and D). This distribution is in
accordance with the presence of different epithelial cell types with different functions along
colon crypts.

To assess the relevance of lipidome as colon cancer biomarker we compared the
healthy mucosa clusters to the clusters generated in adenomatous (AD) polyps. The use of AD
instead of neoplastic lesions allows still identifying crypts, although with enlargement and
divisions, with a clear base and luminal site. MALDI-IMS clustering analysis showed that the
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controlled distribution of lipid species was indeed highly disturbed in AD. In fact, unlike healthy
epithelium, adenomatous tissue presents only one coherent epithelial cluster, which is
consistent with the dedifferentiation process that occurred during the adenoma polyp
development (Figure 3-12).

Healthy Crypt Lamina Propria

Basal Apical Basal Intermediate Apical

Lamina
Propria

Figure 3-12: Representative examples of cluster formation. In order to compare healthy mucosa and
adenomatous polyp samples, MSI results were analyzed by k-means to establish those clusters corresponding to
the same cell type. In healthy tissue, the k-means analysis consistently established the apical and basal clusters for
the epithelium layer and the basal, intermediate and apical clusters for lamina propria. However, in adenomatous
polyps, only one cluster corresponding to the epithelium, as well as one for the lamina propria, were consistently
formed. Scale bar =200 pum.

Epithelium:

To assess statistical differences between samples, the clusters generated
corresponding to the equivalent same zone between different samples (for example crypt
base) were compared. The statistical comparison of the epithelial clusters (healthy basal,
healthy apical and AD epithelial cluster) showed that the AD cluster resembled somehow that
of the basal healthy basal cluster (Figure 3-13).
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Figure 3-13: PCA of PI, PE, PC and PE plasmalogen species using the clusters of the epithelial layer obtained by k-
means. @ Luminal healthy epithelial, basal healthy epithelial, adenoma epithelial cluster. Here, we
represent the scores and loadings plots of PC 1 vs. PC 2. In PI the first principal component explains the separation
between adenomatous epithelium (yellow) and apical crypt epithelium (purple), being basal crypts (green) located
in the middle. This separation can be explained by the grouping of some AA-containing Pl species on one side
(right) and M/DUFA PI species on the other (left). Explained variance: 60.0% In PC, PC1 explains the grouping
between adenomatous crypts (blue) on one side and healthy crypts (apical (purple) and basal (green)) on the
other. The variation of the percentage of PC 34:1, PC 34:0 and PC 36:1 is responsible for this separation. Explained
variance: 40.0%. PE species are not as suitable as other species for discrimination between adenomatous groups
and healthy mucosa. Explained variance: 45.0% PE plasmalogens separates clearly between healthy and
adenomatous epithelium due to the relative amounts of PUFA- and MUFA/DUFA-containing species. Having much
more PUFA the diseased tissue. On the other hand, the basal epithelia present higher content of AA and DUFA
species compared to the luminal epithelium. Explained variance: 54.0% n=3-5. AA: arachidonic acid, DUFA:
diunsaturated fatty acids, MUFA: monounsaturated fatty acids, PC: phosphatidylcholine, PE:
phosphatidylethanolamine, PI: phosphatidylinositol.
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Figure 3-14: Lipid composition is highly regulated along the colon crypt. Bar diagrams showing the comparison of
the average lipid composition of healthy apical (white bars) and basal clusters (black bars), and AD cluster (grey
bars), previously established by k-means. Values are expressed as meantSD, n=3-5. Statistical significance was
assessed using ANOVA followed by Bonferroni post-test analysis. * P < 0.05, ** P < 0.01, apical vs. basal, & P <
0.05, && P < 0.01 apical vs. AD, and T P < 0.05, ¥t P < 0.001 basal vs. AD. For simplicity, only species showing
statistical differences and accounting for more than 3% of total lipid classes appeared, a comprehensive list may
be found in Supplemental table 2.

PCA of each phospholipid separated the three types of clusters proving that each one
possesses a unique lipid fingerprint. PC, PE, PE plasmalogens, and Pl were able to separate
between the apical and basal healthy epithelium clusters. The relative amount of AA-
containing and MUFA-containing lipids would account for this subtle separation as the basal
crypt cells contained more AA-containing species compared to the luminal ones. In addition,
the uncontrolled proliferation in adenomatous tissue was reflected in the tissue lipid
composition. Contrary to PI, the rest main lipid classes analyzed (PC, PE, and PE plasmalogens)
were able to separate the healthy epithelium from the adenomatous one. PE and PE
plasmalogens separated the adenomatous epithelium mostly due to its higher amount of AA-
containing species (mainly 38:4, 38:5, 40:4 and 40:5). Conversely, PC 34:0 and 34:1 species
were more concentrated in AD epithelium being the PC species more relevant for AD and
healthy epithelium separation.

Similarities in lipid composition between AD and healthy basal epithelium could be due
to the increased proliferative properties over differentiated colonocytes, nevertheless, the
pathological status is still reflected in their composition. Interestingly 36:3-containing
phospholipids (PI, PE, PE plasmalogens and PC) were the only species decreasing when AD was
compared to both apical and basal clusters (although not significantly in PI) (Figure 3-14 and
Supplemental table 3). When the apical cluster was compared to AD the decrease in 36:1 and
36:2 parallel to the increase in 36:4 and 38:4 was observed in Pl. Also, is remarkable the 15%
increase in PC 34:1 and the 3% increase in PE plasmalogens 38:6 in the AD cluster. PE
plasmalogen species showed profound differences in lipid composition, which were larger than
observed for PI, PE, and PC. Thus, using values of healthy apical segments, the comparison
with AD segments showed a robust increase from approximately 50% to 72% in long-chain
PUFA-containing species (36:4, 38:4, 38:6, 40:6), and a decrease from 50% to 28% in no-PUFA
containing species (34:2, 36:1, 36:2, 36:3).

Lamina propria:

Unlike crypts, the lamina propria is composed of a complex mixture of cells which can be
broadly classified into hematopoietic and non-hematopoietic mesenchymal cells. The
comprehensive analysis of the lipidome along the lamina propria evidenced an additional level
of complexity in understanding the specific function of membrane lipids. Lamina propria and
epithelium lipidome stated profound differences between how both tissues handle the same
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lipid species. Following a similar approach than the presented for the epithelium, the three

clusters established in healthy tissue (basal, intermediate and apical) and the segment found in
AD were compared.
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Figure 3-15: A) The lipid analysis by MALDI-IMS surfaced the immunological commitment of the lamina propria.
Scale bar = 200um. B) Bar diagrams showing the comparison of the average lipid composition of healthy apical
(white bars), intermediate (light grey bars) and basal clusters (black bars), and adenomatous cluster (AD) (striped
grey bars) for PI, PC, PE, and PE plasmalogen classes. Values are expressed as meantSD, n=3-5. Statistical
significance was assessed using ANOVA followed by Bonferroni post-test analysis. * P < 0.05, ** P < 0.01, *** P <
0.001, apical vs. basal; & P < 0.05, && P < 0.01 apical vs. AD; t P < 0.05, +t P < 0.001 basal vs. AD; $ P < 0.05
intermediate vs. AD, and € P < 0.05 basal vs. intermediate. For simplicity, except for Pl 38:4 species, only species
showing statistical differences and accounting for more than 3% of total lipid classes appeared, a comprehensive list
may be found in Suppl. Table 3.

First of all, AA-containing species were 5.6-fold more concentrated in the lamina
propria compared to the epithelium (Figure 3-15, A), which could be due to the AA
proinflammatory capacity and the physiological inflammatory level associated to a healthy
colon®’. On the other hand, the cluster composition analysis showed the inverse pattern seen
in the epithelium. Luminal lamina propria compared to the basal site presented a clear
tendency to increase in AA-containing species (36:4, 38:4, 38:5, 40:4 and 40:5) and a decrease
in 36:2 species (Figure 3-15, B and Supplemental table 4).

While in healthy lamina propria, three clusters in negative mode and two in positive
were formed, conversely, adenomatous consistently generated only one cluster. To assess the
impact of tumorigenesis over lamina propria lipidome we compared the three healthy clusters
to the adenoma. As happens in the epithelium, the adenomatous lamina propria lipidome
resembles the basal healthy epithelium. Hence, there is a general decrease in AA-containing
species in AD compared to luminal lamina propria. Except for Pl 36:4, 38:5 and 40:5, and PE
plasmalogen 36:4 which were increased in AD and PE plasmalogen 34:5 that did not change,
the rest of AA-containing species decreased in AD compared to healthy luminal lamina propria.
This change was compensated by a higher content of MUFA-containing species in AD lamina
propria compared to the healthy one (Figure 3-15, B and Supplentary table 3). The opposite
changes in tumorigenesis in epithelium and lamina propria states profound differences in how
different cell types handle the same lipid species in pathological conditions.

Discussion:

Despite the multiple studies pointing to membrane lipids as central players during
cellular processes like cell division, there is still an important information gap about their role
and regulation in proliferation and differentiation. The non-guided analysis of lipidome images
generated by MALDI-IMS presented here aimed to address this question and showed three
consistent conclusions. First, that the lipid composition is specific of each tissue conforming
the colon. Second, the lipid composition is sensitive to the cell physiological state, as it can be
inferred from the fact that epithelium and lamina propria possess differentiated lipid
composition when comparing their basal and luminal sections. Finally, the regulation of the
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epithelial and stromal cells lipidome is significantly disturbed in the pathological context of
adenomatous polyps.

In the colon, the differential distribution of many lipids defined clearly the histological
features of the tissue distinguishing between the epithelial layer, the lamina propria and the
muscularis of the mucosa®®. The examples shown in the Figure 3-16, where two similar lipids
presented an opposite distribution, clearly illustrates how specific lipid composition is for each
colon tissue. While Pl 38:4 was in higher amounts in lamina propria, Pl 36:2 was more present
in epithelial cells.

The implications of such divergent lipid composition between different parts of the
same tissue evidence the probable inexact results when whole tissue homogenates are
analyzed. This phenomenon highlights the limitations of traditional MS setups and the
necessity of using MS-imaging to ascertain the real impact of lipids in whole tissue physiology.

A Pl 382

L A m/1=861.54

Figure 3-16: A) Healthy colonic mucosa Hematoxilyn-Eosin stained. Scale barr=50um. B-C) Pl 38:4 and Pl 36:2
respective distribution obtained by MALDI-IMS. The images are a representative example of how different lipids
distribute differently along the epithelium and the connective tissue of the colon, presenting each one their
own specific lipid composition. It is appreciable that these two lipids, differing only in two carbons and one
double bond show a reciprocally exclusive distribution being the Pl 38:4 more abundant in the connective and
PI136:2 in the epithelial tissue.

The setting of the colon crypts, with a base of proliferating cells that differentiate
along the crypt axis, makes MALDI-IMS perfectly suited to understand the role of lipids in
proliferation and differentiation processes. MALDI-IMS lipidome provided insightful
information about the colonocytes and the lamina propria physiologic state. The colon is an
interesting scenario where both epithelium and lamina propria possess different
characteristics depending on the proximity of the cells to the colon lumen. This process was
reflected in the lipid composition, as MALDI-IMS images non-guided analysis generated two
epithelial clusters with specific lipid composition clearly located at the crypt base and the
luminal sites. These epithelial clusters fit with the proliferative profile of the colonocytes, as
colonocytes at crypt base (mainly stem cells and TA cells) possess higher proliferative
capabilities than the luminal colonocytes. These basal epithelial clusters differed in their higher
content in AA-containing and lower MUFA-containing phospholipids at the crypt base
compared to the luminal ones. On the other hand, the same analysis was able to reflect a
similar but inverse behavior within the lamina propria. Due to the presence of antigens in the
stool and the own microbiota, the luminal side of the lamina propria recruits higher immune
cells and shows higher immune activation rates near the lumen than near the mucosa
base®®®°. In the case of the lamina propria, the higher amounts of AA-containing
phospholipids were at the luminal side of the colon.

In agreement with the loss in controlling the cell cycle, adenomatous polyps showed a
lipidome altered compared to the healthy mucosa. The main consistent lipid change in the
adenomatous epithelium was the decrease in all 36:3 species. Thus, it was remarkable the
similar AA profile of the adenomatous epithelium compared to the crypt base colonocytes,
which could be associated to the high proliferative capabilities of these cells in particular.
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In summary, MALDI-IMS lipidome revealed profound regulation of lipid species within
colon tissue. The lipid specific profile showed clear differences between the lamina propria and
the epithelial cells of the colon. But even further, the lipid composition was able to convey the
proliferative status of the colonocytes and the inflammatory state inherent of a healthy lamina
propria. While many articles described relevant lipid changes in cancer, opening the
opportunity to use lipids as biomarkers®?®%%%8 |inid image analysis of colon tissue may be able
to reveal subtler ones. These results clearly proved the great potential of IMS in the clinical
field in identifying new and highly specific biomarkers.

3.1.3 Extracellular vesicles lipids as biomarkers of malignization in cell culture
model

In this section, we analyzed the lipidome of EVs derived from the cell lines described in
section 3.1.1 by HPLC-MS to investigate EVs lipidome as a potential CRC biomarker. The EVs
fraction was obtained by differential centrifugation and successive filtrations as described
previously®®® and the lipid extract analyzed by HPLC-MS®®®. The methodology is explained in
detail in the Experimental procedures section.
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Figure 3-17: Lipid classes content analysis of colon cancer cells-derived EVs. A) Lipid classes content analyzed by
PCA. Explained variance: 93.06%. ® Primary, ~ HT29, ® 1s174t, ® sw480 and ® Colo 201 cell lines. B)
Representation of all lipid classes values. Mean and SD represented. Only statistical differences with primary cells
are represented. Statistical differences were assessed by one-way ANOVA followed by a Bonferroni post-test. *
P<0.05; ** P<0.01; *** P<0.001.

PCA of lipid classes was able to separate between primary and cancer cell-derived EVs
(Figure 3-17, A). However, and unlike for cells, PCA was not able to discriminate between the
in situ and Colo 201 cancer cells. In any case, lipid classes influencing the most in the PCA were
PC, SM, PE plasmalogens, and PS. Primary cells were clearly separated from the rest due to the
PE plasmalogens and PC ratio (high amounts of PE plasmalogens and low amounts of PC). In
situ cell lines had a profile with high content in PC combined with low levels in PE
plasmalogens. Finally, the most malignant cells were characterized by the low PC level
compared to the in situ cancer cells.

The means representation showed first that, in terms of composition, and consistent
with the literature, the most abundant lipids in EVs were PC (29.84-61.6%) and SM (28.4-
35.4%)%2%%*% (Figure 3-17, B and Supplemental table 5). The most relevant differences
between primary and cancer cells were the increase in PC (29.8% vs. 57.2% primary cells vs.
tumor cells), and the decrease in Cer (3.4% vs. 0.89%), PE (10.3% vs. 1.7%) and PI (4.1% vs.
0.73%). Despite not being significant, it is worth mentioning how in situ cancer cells EVs
differed from Colo 201 in their PE plasmalogens (1.0% vs. 7.8% in situ cancer cells vs. Colo 201
cells) and PS (1.5% vs. 10.3%) content. In general, in situ cancer cells EVs have less lipid variety
than the primary and Colo 201 cells.

To better understand EVs regulation and function we compared the lipidome of EVs
with the cell of origin (Figure 3-18). In this context, the most robust result was the increase in
SM levels in EVs (8.2% vs. 33.3%, cellular content vs. EVs content) a result consistently
demonstrated in literature®>®*. The opposite pattern was observed in PE and PE
plasmalogens content, as EVs of all cells present impoverishment respect their origin cell,
although primary derived EVs PE levels are closer to the cell compared to the cancer cells. On
the other hand, while primary and Colo 201 maintained a similar ratio of PE plasmalogens and
PS, the in situ cells showed a drastic decrease in their EVs content for these lipids. Interestingly
cancer cells showed enrichment in their PE plasmalogens content compared to the primary
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cells that contrast with the drastic decrease in PE plasmalogens of their EVs. PS and Cer
showed a similar profile, where in situ cancer cells had higher levels in cells, Primary cells
showed a sligh enrichment in their exosomes and Colo 201 presented similar levels in cells and
EVs for both lipid classes. Primary EVs and cells had similar Pl levels, however, EVs derived
from cancer cells decrease their content in this lipid compared to their origin cell. It is worth
mentioning, however, how a minor lipid class as Cer was highly enriched in EVs (almost 3
higher levels in EVs compared to cell lipid content) but was barely affected in the cancer cells.
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Figure 3-18: Lipid enrichment in cells and cells derived EVs. The ratios were made dividing the cellular composition
between the EVs composition on the left side of the graph and inversely on the right side of the graph.

Globally, primary EVs were more similar to parental cells than cancer EVs. To delve into
the EVs lipid composition, next, we analized their lipid molecular species content.
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Figure 3-19: PCA of lipid species anlayzed in cell culture-derived EVs. Only the most influential variables are
indicated at each variables PCA analysis. Explained variances: PC 82.0%, PE 61.2% and PS 71.1%. o Primary,
HT29, ® LS174t, ® sw480 and @ Colo 201 cell lines. We only presented here the lipid classes separating clearly
between the different EVs origin. The remaining classes are represented in Supplemental figure 3.

The analysis of EVs lipid molecular species revealed profound changes in the acyl chain
composition of their lipids. PCA showed that PC (high content of 32:0, 34:2 and 36:2), PE (low
content of 34:1 and 32:0), PI (high 38:3 and low 36:1 content) and PS (high 36:2 and 34:1 and
low 36:1 content) could separate between primary and cancer cells. Although PC 34:1, PE 36:2
and Pl 38:3 are increased in Colo 201 cells respect in situ cancer cells, the separation is not
drastic (Figure 3-19 and Supplemental figure 3).
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Figure 3-20: Lipid fingerprint in primary, in situ and metastatic cancer cells extracellular vesicles. Bar diagrams comparing the
levels in PC, PE and PS lipid composition at molecular species levels in primary, HT29, LS174t, SW480, and Colo 201 cells. Values are
expressed as a percentage of total fatty acid (mole %) and represent mean * SD, n=3-6. Statistical significance was assessed using
one way ANOVA comparing primary to cancer cells. For clarity, only species accounting for <5% of total lipid class are included in the
graphs. * P<0.05; ** P<0.01; *** P<0.001.

The most abundant PC species were 34:1 (28.3-34.7%) followed by 36:2 (7.8-19.9%)
and 36:1 (11.8-17.5%) (Figure 3-20 and Supplemental table 6). The main difference between
primary and tumor cells was the drastic increase in PUFA species. Regarding AA-containing
species, the most remarkable increases were in 38:5 and 38:4 (5-fold and 2-fold increase
respectively) while in DHA-containing species were 40:6 and 40:5 (20-fold increase).
Interestingly, 36:1, a MUFA-containing species, was also increased in cancer cells compared to
primary cells (11.0% vs. 16.6% primary vs. mean cancer cell content). On the other hand,
primary cells were enriched in the diunsaturated species 34:2 (12.0% vs. 2.5% primary vs.
mean of all tumor cells) and 36:2 (19.9% vs. 8.8%) compared to all cancer cells (Figure 3-20 and
Supplemental table 6). In PE, the most abundant species were 34:1 (10.5-37.1%), 36:2 (24.0-

71



_ 3. Results: Chapter 1: Exploring the cell membrane lipidome as colorectal cancer biomarker

42.4%) and 36:1 (15.7-23.7%) species (Figure 3-20 and Supplemental table 6). The most
relevant differences were the increase in 34:1 (10.5% vs. 30.3% primary vs. mean of all tumor
cells) and 32:0 (0.4% vs. 10.0%) and decrease in 38:3 (9.4% vs. 0.85%) occurred in cancer cells
derived EVs. In PI, the most abundant species were 38:4 (29.1-36.7%) and 38:3 (14.9-43.5%).
However, no significant differences were detected in Pl species among the studied cell line-
derived EVs (Supplemental table 6). Finally, the most abundant PS species was by far 36:1
(52.6-66.1%) followed by 36:2 (6.5-16.3%). The most consistent changes throughout the cell
lines were the decrease in 38:3 (8.5% vs. 4% primary vs. mean of all tumor cells) and 40:4
(4.5% vs. 0.3%) (Figure 3-20 and Supplemental table 6).

Regarding sphingolipids, the most abundant EVs SM species were d18:1/16:0 and
d18:1/24:1 in SM (36.8-45.4% and 17.4-23.2% respectively) while in Cer species were
d18:1/16:0 and d18:1/24:0 (19.9-30.6% and 16.5-34.3% respectively). Interestingly, most SM
species remained rather constant throughout the different cell lines. This and previous works
describing high levels of SM in EVs®%®?'%% suggest a constant SM composition for EVs
formation regardless of their origin. Taking into account these constant SM levels is
remarkable the higher concentration of sphingolipids d16:1/18:1 in tumor cells (1.6% vs. 4.9%)
(Supplemental table 6).

Discussion:

The use of EVs composition as biomarker could pose new approaches to treat diseases
like cancer, where early detection is a critical factor for the patient survival. Despite the
general interest generated in this field, and the potential of lipids as biomarkers, there are only
a few works describing complete lipidome of EVs®*®®*'. Our EVs analyzes are in agreement with
previous works showing a drastic enrichment of EVs in SM respect the source of origin®%°®.
Besides, we described a general impoverishment in in situ tumor cell lipidome compared to
the primary and the Colo 201 cells. Therefore, the in situ cancer cells EVs present high levels of
PC and SM, and very low levels of the rest phospholipids, which would lead to more rigid
membranes.

In addition, using the comprehensive result of specific lipid molecular species we were
able to segregate EVs depending on their origin, being the PC, PE, PI, and PS molecular species
the ones able to clearly separate between primary and the rest of cells. On the other hand,
Colo 201 derived EVs differentiate from the in situ cancer cell by their relatively low levels in
PC. In general, the separation between primary and cancer cells was mainly due to their
content in MUFA and DUFA species content. Specifically, the most consistent segregation
between primary and cancer cells was due to higher PC and PS 36:2 and lower PE 34:1 and
32:0 and Pl and PS 36:1 content in the primary EVs. Thus, PC 34:1, PE 36:2 and PI 38:3
molecular species were increased enough in Colo 201 cells, to segregate them from the in situ
cancer cells.

Here we provide a comprehensive lipidomic analysis of EVs derived from three in situ-
isolated cancer cells and one metastatic-isolated cancer cell. The results showed that the EVs
lipidome is dependent on the cell origin and therefore has the potential of becoming a good
biomarker. These changes could help in future works to understand the role and regulation of
EVs, but more importantly, could set the base to use the EVs lipidome as a cancer non-invasive
biomarker tool.

3.1.4 Extracellular vesicles lipidome as clinical colorectal cancer biomarker

The analysis of commercial cell lines-derived EVs showed that the lipid composition of
these vesicles is very sensitive to their origin. These results support the approach of using the
lipidome of EVs derived from biological fluids as non-invasive biomarkers for cancer.
Unfortunately, all tissues and cells secrete multiple types of vesicles that could mask EVs
secreted from tumors, especially at early stages. To assess the viability and sensitivity of using
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patient-derived EVs lipidome, this section explores the feasibility of plasma-derived EVs
lipidome as clinical biomarkers in patients with different colon tumor types. To this, we
classified the patients into four groups. 1) Healthy group, including patients with no clinical
discoveries during the colonoscopy; 2) Patients with hyperplastic polyps (HP); 3) patients with
adenomatous polyps (AD); 4) patients with invasive neoplasia (Neo). Supplemental table 8
showed relevant clinical characteristics of the patients participating in the study.
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Figure 3-21: Lipid classes content analysis of patients plasma-derived EVs. A) Lipid classes content analyzed by
PCA. Explained variance 92.57%. ] Healthy, L HP,  AD, and ® neo patients. B) Representation of all lipid classes
values. The bars represent healthy (n=13) (white bars), HP (n=5) (light grey bars), AD (n=16) (striped grey bars) and
carcinoma patients (n=19) (black bars). Mean and SD represented n=. Only statistical differences between healthy
patients are represented. Statistical differences were assessed by one-way ANOVA followed by a Bonferroni post-
test. * P<0.05; ** P<0.01; *** P<0.001.

PCA of all lipid classes showed a tendency of grouping EVs according to their clinical
classification. The PC1 was the one responsible for stratifying the patients, with almost no
participation of the PC2. The most influential lipids classes in PC1 formation were PC and SM.
Healthy patients EVs showed higher and levels of SM and lower levels of PC than in AD and in
Neo patients. Despite LysoPC is a major contributor to PC2, it mainly explains Healthy EVs
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variability, showing no effect of this lipid class in the patients segregation (Figure 3-21, A and
Supplemental table 7).

The analysis of the variance confirms the tendencies illustrated by PCA (Figure 3-21, B).
As expected and mimicking the cell culture EVs results, the most abundant lipid classes were
PC (36.7-48.0%) and SM (25.1-33.5%). The most remarkable result was the PC increase in AD
and Neo patients compared to the healthy group (36.7 vs. 47.5% Healthy vs. mean value of AD
and Neo patients). In addition, there is a clear tendency in Pl decreasing in AD and Neo
patients compared to the healthy ones (14.9% vs. 10.5%). The analysis of the lipid molecular
species would reveal subtle lipid changes between the patients groups.

PC PC variables
PC2 PC2—
o 1
®e T epPC3a:2
° °
[ ) ®e > Y T
I } * ——% |+ ———Jpc1
®PC36:2 ePC34:1
o ©® ® 4
L .PC36:3. 'Y ! ! 1PC1
r T . T T 1
®e % ®PC36:1
1 ool
oPC38:4
® PC36:4
PE PE variables
PC2— PC2T
°
®PE38:4
& T
® . b °
o|® o o OPE34:1
: L | : IPC1 PE40:6
° ) PE36:2
PE38:60®
o o #c3u
° .
} 5 %P2E36 1 } PC1
r ]
PE42:7]
. -
Pl Plvariables
PC2—T PC2—
°
° T P PI36:2
d % 1
® 2.
I } » {PC1
o o ° o PI34:10@ PI36:1
+ °
[l Y 1 IPcl
r T
R oPI38:4
1 o PI36:4
PI36:0
1 #1320
& Heallhy

Hyperplastic polyp
Adenomatous polyp
B Invasive Meoplasia
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88.1%, PE 92.1%, Pl 89.1%. Lipid classes content analyzed by PCA. Explained variance 92.57%. @ Healthy, @ HP,
AD, and @ Neo patients.
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Although PC, PE, and Pl showed a clear tendency in separating the different patients
groups, the great variability in the EVs lipidome precluded the stratification of all patients
according to their EVs lipidome. In any case, PC showed a clear tendency in separating healthy,
AD and Neo patients mostly by the influence of PC1. Indeed, healthy patients showed higher
levels of PC 36:1 and lower PC 34:2, 36:8 and 38:4 compared to most AD and Neo patients
(Figure 3-22). In a similar way, healthy patients derived EVs present higher amounts of PE 34:1
and 42:7 but relatively lower levels of PE 38:4 compared to most AD and Neo patients. Finally,
some Pl species presented a quite regular composition within each group of patients. Pl 38:4 is
more present in AD and Neo patients compared to healthy ones; in addition, those patients
present lower levels of MUFA-containing species, being Pl 34:1, 36:1, 32:0 and 36:0 the less
present at AD and Neo patients compared to healthy ones. In general, patients with malignant
lesions present higher amounts of AA-containing species (especially 34:8 species) in their EVs.
It is worth mentioning the global behavior of HP patients, with a disperse distribution within all
phospholipid classes (Figure 3-22 and Supplemental figure 4). The analysis of the variance
reinforces the PCA results in identifying further potential lipid biomarkers.
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Figure 3-23: Molecular species composition of EVs isolated from patients plasma. For simplicity only
represented the species accounting for more than 5% and the major AA-containing species are represented. The
bars represent healthy (n=13) (white bars), HP (n=5) (light grey bars), AD (n=16) (striped grey bars) and
carcinoma patients (n=19) (black bars). Mean and SD represented n=. Only statistical differences between
healthy patients are represented. Statistical differences were assessed by one-way ANOVA followed by a
Bonferroni post-test. * P<0.05; ** P<0.01; *** P<0.001. As a major sphingoid base, we assumed that all SM
backbones were 18:1 carbon chains, although this was not checked and other minor sphingoid bases could be
present at SM molecular species. The comprehensive lipid composition may be found at Supplemental Table 9.

PC most abundant species were 34:1 (26-32.5%), 34:2 (14-20%) and 36:2 (9.2-11.9%).
The most consistent composition changes were the decrease in 34:1 (32.5% vs. 26% Healthy
vs. mean AD and Neo values) and the increase in 38:3 (1.3% vs. 2%). However there are
multiple tendencies of differences between healthy and AD and Neo patients such as:
increases in 34:2 (14% vs. 19.1%), 36:4 (1.8% vs. 5.2%), 36:3 (2.6% vs. 4.4%), 36:2 (9.2% vs.
11.9%) and 38:4 (1.5% vs. 4.1%) and decreases in 36:1 (10.1% vs. 6.7%) and 38:1 (3.1% vs.
1.8%) species. On the other hand LPC main species were 16:0 (51-57.2%), 18:0 (16.3-19.4%)
and 18:1 (10-13.2%).

The main PE species were 34:1 (13.5-23.7%), 38:4 (5.5-14.5%) and 42:7 (5.1-10.2%).
The most consistent change between healthy and AD and Neo patients was the significant
increase in 38:4 (5.5% vs. 14%). While not significant there was also a slight increase in 38:5
(2.7% vs. 4.4%) and a decrease in 38:2 (4.4% vs. 3.3%), 38:1 (3% vs. 2.2%), and 42:7 (7.8% vs.
5.4%) species.

The PI class was mainly composed by 38:4 (16.1-33.6%), 36:2 (15.5-18.3%) and 34:1
(8.9-14%) species. Despite being the third most abundant class lipid (mean value of all groups
9.2%), Pl was the class showing most species changes. The most notable change was the
increase in 38:4 (16.1% vs. 31.8%), but there were also decreases in 32:0 (10.9% vs. 6.1%), 34:2
(6.8% vs. 5.2%), 34:1 (14% vs. 8.9%), 36:1 (12.7% vs. 8.7%) and 36:0 (10% vs. 5.9%) species.

Regarding sphingolipids, the most abundant SM species were SPM 16:0 (36.5-39.4%),
SPM 24:1 (11.2-12.7%) and SPM 24:0 (6.7-8.8%). Despite their high relative abundance respect
the other lipids, there were almost no difference between SM species, being the only one
significant the slight decrease in 16:1-OH (1.3% vs. 1.05% Healthy vs. mean value of AD and
Neo) and a slight increase in 24:1 in Neo patients (11.2% vs. 12.7% Healthy vs. Neo patients).
Cer most abundant species were 24:0 (28.4-31.9%), 24:1 (26.7-31%) and 22:0 (12.8-13.5%) but
no changes or tendencies were detected in their species distribution between healthy and the
pathological situations.

The comprehensive analysis of the cell lipid composition showed how, AA- and MUFA-
containing phospholipids are markers for proliferation, cells derived EVs and plasma-derived
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EVs. Despite this clear tendency, neither MUFA- nor AA-containing species were able to
classify correctly all patients analyzed by themselves. Taking advantage of these general AA-
MUFA relations we further investigated if the ratio between these species could be used as
clinical biomarkers.
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Figure 3-23: The ratio between the 34:1 and 38:4 species discriminate between healthy patients and patients
with adenoma and invasive neoplasia. The ratio was calculated by dividing the total content in 34:1 and 38:4 of
PC, PE, and PI. Statistical differences were assessed by one-way ANOVA followed by a Bonferroni post-test. **
P<0.01.

The ratio between 34:1 and 38:4 molecular species was sensitive enough to separate
significantly between the healthy patients and AD and Neo patients (Figure 3-23). However,
this ratio did not apply to each patient as there were false negative results for 62.5% in AD and
52.5% in Neo groups. It is remarkable, the patients presenting very low 34:1/38:4 ratio,
suggesting the presence of a subgroup of patients particularly sensitive to this ratio. Finally,
although HP patients showed a similar ratio than AD and Neo patients, they did not reach
significant differences with healthy patients.

Discussion:

The discovery of reliable, easy and cheap to analyze non-invasive biomarkers for
cancer, with minimum inconvenience to patients and clinicians, is a main concern in
healthcare. With this in mind, many signs of progresses to identify protein and/or genetic
biomarkers in biological fluids occurred, especially within the field of E\°%3°%>600602605605-
61462162368 i1y the past years. All these works led os with one clear conclusion; despite we still
not know the role of EVs in pathophysiology, their potential use as biomarkers is undeniable.

Surprisingly, not many studies focusing on EVs lipidome have been done to date®®®*,
With the idea of providing further knowledge to this topic, we analyzed the lipidome of
plasma-isolated EV from a cohort of patients undergoing colonoscopy. Our results point to an
evident shift of some specific molecular species throughout the phospholipids classes in
healthy patients and patients who had already developed some kind of tumor lesion in the
colon. This shift is sensitive enough to stratify correctly about 37% of AD and 47% of Neo
patients. This stratification was associated with the clear tendency in increasing PUFA and
decreasing MUFA containing species in patients with adenomatous tumors or invasive
neoplasias. More specifically, there was a general increase in 38:4 and a decrease in 34:1
species. It is rather remarkable the sensitivity of the lipidome of EVs particularly in the
adenoma condition, as these tumors did not trespass the connective tissue and they are not
connected directly to the bloodstream.

The main limitation of the results is the relatively high presence of false positive and
negative results. Increasing the number of analyzes and describing exhaustively the patients
clinical status could bring light to these results. Although the healthy patients analyzed did not
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present any tumor lesion, most of them underwent a colonoscopy trying to detect the cause of
some symptomatology, usually unexplained diarrheas or anemias. With this in mind, it would
not be surprising that the high variability in EVs “healthy” group would be due to pathological
conditions unrelated or partially related to colon tumor development. Unfortunately, to date,
we were unable to detect specific symptoms patterns that would explain the false positive
patients. In a similar way, it is possible that the AD and Neo patients present variables
unrelated to their disease which could interfere with their EVs lipidome. Anyhow, the presence
of a subgroup of AD and Neo patients with very low 34:1/38:4 ratio suggest the presence of a
subgroup clearly identifiable by this method. Future works should be addressed to understand
the factors influencing EVs lipidome to try to understand all the variables influencing EVs
lipidome that could influence the final patient diagnostic. The characterization of the lipidome
of other blood fractions and diseases could give even more information about the health state
of the patient. Maybe the combination of lipidome analysis combined with other parameters
like an analysis of circulating RNA could provide information specific enough to stratify
correctly patients with colorectal tumors.

This work set the base not just to identify an EV lipid profile for CRC, but proved that
the lipidome is a reliable, and relatively easy and economical way to stratify patients according
to their necessity to be submitted to other diagnostic tests. This approach to diagnosing
diseases seems to be completely viable as most hospitals present the clinical analysis
department with mass spectrometers. Thus, unlike happens with MS proteins, the fragments
generated in lipidome analysis are easier to analyze once the protocol is established. In any
case, EVs lipidome could become a massively used parameter to stratify patients susceptible
for more invasive diagnostic techniques than a simple blood analysis.
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3.2 Chapter 2: Lipid metabolism in the colonocytes proliferation and
differentiation process

3.2.1 Lipidome as biomarker of the physiopathological state of the cell

To date, multiple works have clearly demonstrated that the lipidome is affected by the
pathophysiological state of the cells?®®#%¥7%% 4 fact consistent with the results showed in
chapter 1. Furthermore, our MALDI-IMS clustering analysis was sensitive enough to
discriminate between the base and the luminal site of the crypts. Observational evaluation of
the MALDI-IMS analysis of the colon showed a gradual distribution of some lipids along the
mucosa. Therefore, to try to reveal more subtle changes in colonocytes differentiation we
analyzed the MALDI-IMS data by statistical guided analysis.

In this thesis section, we evaluated, pixel-by-pixel, the changes occurring along a path
depicted from the base to the luminal site of the crypts. The analysis along healthy colon
crypts revealed that multiple lipid molecular species changed in a gradual manner. The levels
of these lipids changed along the crypt in a linear or logarithmic manner with high correlation
coefficients (R* from 0.68 to 0.98). Among these species, the lipids showing more consistent
gradients were PI, PE plasmalogens and AA-containing phospholipids (Figure 3-24).

Of all lipids classes detected heterogenous as phospholipids, sphingolipids, triacyl- and
diacylglycerides, the limited amount of lipids distributed in a gradient indicates a rather lipid
class-specific finding. Despite these gradually distributed lipid species, the total amount of
each phospholipid class did not change along the crypt, suggesting the necessity of keeping
lipid class levels constant regardless of its differentiation state. Altogether, it is clear that
colonocytes strictly regulate their lipid composition concomitant to the differentiation process,
modifying some species while constraining others within narrow margins.
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Figure 3-24: Highly coordinated PI and PE plasmalogens species distribution depending on cell healthy crypt position. A) Selected MALDI-IMS image showing the path depicted to analyze,
pixel by pixel, the changes in the lipidome along the crypt. B-D) Fitted curve showing changes in PI lipid species relative intensity (RI) according to the distance of the pixel to the crypt base; B)
AA-containing species: 36:4 (o), 38:4 (m), 38:5 (A), 40:4 (V); C) MUFA/DUFA-containing species: 34:2 (o), 34:1 (m), 36:2 (A), 36:1 (¥); and D) sum of AA-containing species(e), sum of
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MUFA/DUFA (m) and sum of AA+MUFA/DUFA-containing species ( A ).F-G) Fitted curve showing changes in PE plasmalogens lipid species Rl according to the distance of the pixel to the base of
the crypt; E) AA-containing species: 36:4 (o), 38:4 (m),40:4 (A ); F) MUFA/DUFA-containing species: 34:1 (e), 36:2 (A ) and 36:1 (m); and G) sum of AA containing species (®), sum of MUFA/DUFA
(m), and sum of AA+MUFA/DUFA-containing species (A ). Values represent the mean of the Rl values for each lipid species of 5 different crypts in 4 independent measurements. Scale bar =
100um.
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The gradual decrease in AA-containing species was compensated by an increase in
MUFA and DUFA species. Although all phospholipid classes analyzed showed this behavior, the
most consistent classes were the Pl and PE plasmalogens. Within the PI class, all AA-species
followed a logarithmic decrease (Pl 38:4, 36:4, 38:5 and 40:4; R% = 0.96, 0.94, 0.64 and 0.89
respectively Figure 3-24, B). On the contrary, species containing MUFA and or DUFA fatty acids
increased compensating the AA gradual decrease, (P1 34:1, 34:2, 36:1 and 36:2, R*=0.89, 0.76,
0.98 and 0.94, respectively) (Figure 3-24, C and Supplemental table 10). Similarly, three of the
four AA-containing PE plasmalogens species (36:4, 38:4 and 40:4) decreased in a logarithmic
manner with high correlation coefficients R’>= 0.91, 0.77 and 0.84 respectively (Figure 3-24, E
and Supplemental table 10). Thus, three MUFA and DUFA species (34:1, 36:1 and 36:2)
increased towards the luminal site (R*= 0.70, 0.82 and 0.63) (Figure 3-24, F and Supplemental
table 10). The mirroring changes of the MUFA/DUFA- respect the AA-containing Pl and PE
plasmalogens indicate a highly synchronized turnover of these species during colonocyte
differentiation. These results were consistent with previous literature showing that compared
to diacyl species, ether species are highly enriched in PUFA, particularly in AA (approximately
4-fold)***°. Conversely, PE species were enriched in mono- di and triunsaturated fatty acids
(MUFA, DUFA and TrUFA, approximately 1.5-, 1.8- and 3-fold increase respectively). In any
case, the progressive distribution of these species was also observed in AA-containing diacyl PE
and PC showing a logarithmic decrease (Supplemental table 10). Thus, changes in PE 38:4 and
36:1, and of PC 32:0 could also be mathematically adjusted (R* = 0.79, 0.80, 0.69, respectively)
and, although with lower R® values, some additional AA-containing species also showed a
logarithmic decrease (PE 38:5, 36:4, and PC 38:4 with an R® = 0.46, 0.46 and 0.42 respectively).
Nevertheless, the most shocking result was the stable values obtained for the 80% of PC
species and 60% of PE species (Supplemental table 10). Considering that diacyl PC and PE are
the major phospholipid classes in mammalian cells, the results would suggest that these lipid
classes could be playing an important role in cell integrity as the cell maintains constant their
values regardless of its differentiation stage. Altogether, it is clear that colonocytes strictly
regulate their lipid composition species while constraining others within narrow margins.

We analyzed the images obtained in adenomatous polyps following the same
approach. The pixel by pixel analysis was consistent with the loss of differentiation in these
premalignant lesions. In fact, Pl 38:4 and 34:1, two of the PI species showing the most gradual
distribution in healthy mucosa, were rather stable along AD crypts, exhibiting variations along
AD epithelium of +15% of their average value. Consistently, PE plasmalogen lipid species
present a disturbed distribution in adenomatous epithelium as well. Hence, the regular
changes previously observed in healthy epithelium for 36:1, 36:2, 36:4, 38:4 and 40:4 PE
plasmalogens species were absent in adenomatous polyps.

The regular changes in lipid composition along colon crypts could only be possible
through the coordinated action of enzymes involved in membrane lipid metabolism. As a first
approach to investigate the underlying mechanisms, we tested whether or not changes in
lipidome were accompanied by changes in protein expression by using immunofluorescence
(IF) techniques. Taking into account the general lipid enzyme promiscuity in terms of substrate
affinity, we analyzed those enzymes that, according to literature, exhibit most specificity either
for the fatty acid moiety (AA/MUFA) or for the phospholipid class, in this case, Pl and PE
plasmalogens. The comprehensive list of the enzymes studied is listed in Table 3-2. We
quantified the IF signal at the top (lumen), center and lower (basal) part of the crypts and the
IF values of these areas were statistically analyzed.
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Enzyme Function
Lipid biosynthesis-related proteins
scD1 Unsaturates 16:0 or 18:0 to 16:1 and 18:1 respectivelly®"*%,
ACS4 Bonds Co-A to 20:4 fatty acid. Expressed through PPARS®*.
CDS2 Synthesizes CDP-diacylglycerol for the synthesis of P1®**.
FAD2 Unsaturates 18:2 to 20:4%%.
Phospholipid plasticity
MBOAT7 Acyltransferase with preference for AA and PI*2%2.
AGPAT2 Acyltransferase with preference for AA and PA™®>%%,
Eicosanoid metabolism-related proteins
PLA,G4 Ca”* dependent PLA2. Preference for AA-containing phospholipids*®*®”’.
iPLA,G6 Calcium-independent PLA2. Preference for AA-containing phospholipids®®.
mPGE,S Microsomal PGE2 synthase enzyme699'7°°.
COX1 Constitutive COX isoform. Rate-limiting step for PGE2 synthesis’®"’%,
COX2 Inducible COX isoform. Rate-limiting step for PG synthesis’®’%7%,
Cannabinoid receptors
CB1 Cannabinoid receptor 1'%
CB2 Isoform 2 of cannabinoid receptor®.
Phosphoinositides metabolism
Pi3K Phosphorilates PIP2 to PIP37%%7,
PIP2 Important intracellular mediator for the release of intracellular calcium.

Plasmalogen metabolism
FAR1 Bonds at sn1 position a fatty alcohol. Have preference for saturated and MUFAs

125

Bonds at sn1 position a fatty alcohol. Have preference only for saturated fatty

FAR2 acids'®.
AGPS Rate limiting enzyme for the plasmalogen synthesis'**.
GNPAT Rate limiting enzyme for the plasmalogen synthesis'**.

Table 3-2: Comprehensive list of enzymes tested in colon sections.

Figure 3-25 shows the enzymes presenting a significant gradual distribution along
colon crypts. The analysis of all the enzymes tested is shown in Supplemental table 11. As
explained in section 1.2.2, the main mechanism to modify phospholipid species is by
transacylation. During transacylation, the fatty acid at the sn-2 position is hydrolyzed by a PLA,
and subsequently esterified into a lysophospholipid by an acyltransferase. Therefore we
interrogate the human colon for the distribution of two acyltransferase enzymes (Figure 3-25
and Supplemental table 11): MBOAT7, with a high preference for AA and Pl; and AGPAT2, with
lower affinity for AA™152978% "ynexpectedly, despite the intense AA and MUFA species shift,
there were not any gradient in these enzymes (with p-values of 0.191 and 0.838 for the
MBOAT7 and AGPAT2 respectively). Taking into account the absence of gradients for these
enzymes, we evaluate next the distribution of enzymes involved in AA mobilization instead.

In relation to AA metabolism, we evaluated the expression of acyl-CoA synthase 4
(ACS4), fatty acid desaturase 2 (FAD2), cytosolic Ca**-dependent PLA, Group IV (cPLA,), Ca**-
independent PLA, Group VI (iPLA,), COX1 and COX2 and prostaglandin E, synthase (PGE,S)
(Figure 3-25 and Supplemental table 11). The analysis showed that the enzymes coordinately
engaged in the AA conversion into PGE,: cPLA, (but not iPLA,), COX1 and PGE,S, displayed a
neat gradient in expression, being the signal significantly more intense at the luminal side than
at the base of the crypts (P< 0.003-0.0001, n°z0.3-0.5). FAD2 followed by ACS4 and COX2,
although with much higher P-values, also showed a gradual distribution (P < 0.008, 0.02 and
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0.04, respectively). In all cases, the magnitude of the change, represented by the n® value, was
rather similar (n°=0.3-0.4).

While eicosanoids are the most studied AA-related molecules, other families like
endocannabinoids also play important roles in cell metabolism. The distribution of CB1 and
CB2 was studied along colon crypts as a possible pathway affected during colonocyte
differentiation. While CB2 did not show any gradual distribution (Supplemental table 11), CB1
was more present at the luminal crypt side compared to the crypt base (P < 0.0001 and n’=
0.3) (Figure 3-25).

Pl, like AA, plays important roles as highly bioactive molecules precursor, the
phosphoinositides. Phosphoinositides are phosphorylated Pl derivatives essentials for
important metabolic pathways like Akt signaling”®”°. The first reaction in this pathway is the
phosphorylation of PI, catalyzed by PI3K which generates PIP. When its distribution was
analyzed in the colon, PI13K showed higher concentration at the luminal site than near the crypt
base (P<0.0011 and n’= 0.3) (Figure 3-25). However, we did not detect a PIP gradient using a
specific antibody (Supplemental table 11).

Regarding PE plasmalogen species we analyzed whether the distribution of
plasmalogen species could be explained by the distribution of their rate-limiting synthesis
enzymes (AGPS, GNPAT, FAR1, and FAR2). The plasmalogen species showing clearest gradient
were the species with saturated fatty acids at the sn-1 position and AA at sn-2. Given the
different affinity of FAR1 and 2 enzymes to saturated and unsaturated fatty acids respectively
it could be expected a differential enzyme expression. Indeed, AGPS and FAR1 signals were
significantly more intense at the luminal side than at the base of the crypt (P<0.003 and 0.001,
n°=0.3 and 0.4 respectively) (Figure 3-25). On the contrary, expression of FAR2 and GNPAT
show no variations along colon crypts (Supplemental table 11).

Finally, we investigated if the gradual increase of MUFA-containing species (Pl and PE
36:1 mainly) drive us to interrogate about stearoyl-CoA desaturase (SCD1) colon distribution.
SCD1 is involved in the conversion of saturated FA into MUFA, especially in the saturation of
16:0 and 18:0 into 16:1 and 18:1 respecivelly®>***. IF analysis showed that the SCD1 signal
increased firmly along the crypt, parallel to the increase of MUFA-containing phospholipids
(P<0.0001 and n’=0.4) (Figure 3-25). In addition, we tested CDP-diacylglycerol synthase 2
(CDS2), a rate-limiting enzyme involved in the de novo synthesis of Pl, which show no
variations in its expression (Supplemental table 11).
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Figure 3-25: Statistical analysis showing a gradual distribution of lipid enzymes along the crypt. Once obtained the IF
images, complete crypts were divided into three areas: basal, central and apical as it is described in Experimental
procedures. The white arrow points the base of the crypt, while the yellow the luminal site of the crypt. IF values were
obtained in at least 12 different sections of 3-4 different patients. Statistical differences were assessed by repeated
measurement ANOVAs were computed for IF values using IBM SPSS Statistics 22. Results are reported using a significance
level (P-value) of 0.05. ACS4: Acyl-CoA synthase 4; CDS2: CDP-Diacylglycerol Synthase 2; COX1/2: cyclooxygenase 1/2;
PLA2G4: Ca** dependent phospholipase A2; iPLA2: Ca2+-independent phospholipase A2; FAD2: fatty acid desaturase 2;
PGE,S: prostaglandin E2 synthase; SCD1: stearoyl-CoA desaturase 1; CB1/2: cannabinoid receptor 1/2; Pi3K:
phosphatidylinositol 3-kinase; PIP2: phosphatidylinositol 3 phosphate; MBOAT7: acyltransferase AA specific; AGPAT2:
acyltransferase; FAR 1 and FAR2, fatty acid reductase 1 and 2; GNPAT: glycerone-phosphate O-acyltransferase; AGPS:
alkylglycerone-phosphate synthase. Scale bar= 50um.

In order to delve into the role of lipids in colon physiology, we also analyzed the lipids
and the same lipid-related enzymes in the pathological context of adenomatous polyps. The
gradual distribution of multiple species mirroring the healthy epithelium differentiation
process was completely lost in the adenomatous polyps. Species like the Pl 38:4 and 34:1, two
of the Pl with the most accentuated gradient along the healthy crypts, were stable along the
AD crypts with variations of +15% of the average value (being the change in the healthy
enterocytes up to 60% in the case of the Pl 38:4). Consistent with the lipidome results, the
enzyme gradual distribution was lost also in AD polyps (Supplemental table 12). The only
protein stablishing some kind of gradient was PI3K (P<0.011, n’=0.224), but presenting an
inverse gradient compared to healthy enterocytes, being the center of the tumor the region
with higher PI3K expression (Figure 3-26 and Supplemental table 12). This protein distribution
would be in line with multiple studies showing an increase in PI3K/Akt/mTOR signaling
multiple types of cancer stem cells”*7*.

Regarding the rest of lipid enzymes tested, their altered expression in adenomatous
polyps and CRC agrees with previous literature (ACS4”*®, cPLA2’Y, COX27°%"187% FAD2®
CB1**, microsomal PGE,S’%, SCDlm). However, to our knowledge, this is the first work
describing changes in COX1 expression and lipid composition in a context of tumor
development. The massive loss of gradual enzyme distribution reinforces the concept that
lipidome is tightly regulated at the protein expression level during the colonocytes
differentiation process.
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Figure 3-26: Statistical analysis showing a gradual distribution of lipid enzymes along the adenomatous crypt.
Once obtained the IF images, complete crypts were divided into three areas: basal, central and apical as it is
described in Experimental procedures. The white arrow points the base of the crypt, while the yellow the luminal
site of the crypt. IF values were obtained in at least 12 different sections of 3-4 different patients. Statistical
differences were assessed by repeated measurement ANOVAs were computed for IF values using IBM SPSS
Statistics 22. Results are reported using a significance level (P-value) of 0.05. Pi3K: phosphatidylinositol 3-kinase.
Scale bar = 50um.

Colon physiology cannot be understood without the lamina propria; which not only
keeps the colon protected from infections but also provides the metabolic niche necessary for
correct colonocyte development.

Taking into account the consistent generation of three specific clusters along the
lamina propria, we decided to examine carefully how the lipidome changed from the base to
the lumen of the lamina propria. Following the same approach as in the epithelium, we
assessed the changes in a path depicted from the basal to the luminal side of the lamina
propria. The results showed that AA-containing species established an opposite gradient to the
observed in the colon crypt (Figure 3-27 and Supplemental table 13). Thus, PE species
containing AA increased towards the lumen (36:4, 38:4, 38:5 and 40:5, R, =0.55, 0.55, 0.70 and
0.49, respectively), whereas PE 36:1 decreased (R, = 0.55). In PC, the content of up to five lipid
species changed linearly to the distance, being the increase in PC 38:4 and 38:5 and the
decrease in PC 34:2 the most relevant changes (R* = 0.47, 0.65 and 0.63, respectively). Unlike
in the epithelium, all Pl species showed a rather scattered distribution, being Pl 38:4 (R, = 0.45)
the noticeable exception (Supplemental table 13). A similar scenario was found for
plasmalogens, unlike the gradual distribution of AA-containing PE and PC species, only two
stromal PE plasmalogens species, accounting for 10% of the total (40:5 and 40:6), showed this
type of distribution (with an R?=0.60). That is, despite the high AA-content in PE plasmalogens,
90% remained constant regardless of the physiological inflammatory gradient. Particularly
interesting were the cases of 36:4 and 38:4, the most abundant species, whose intensity values
varied <10% along the lamina propria, 21.1 + 1.6 and 28.2 + 2.6% respectively.
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Figure 3-27: The lipid analysis by MALDI-IMS surfaced the immunological commitment of the lamina propria.
A) MALDI-IMS images of AA-containing lipid species in healthy mucosa in negative-ion mode and at 10um of
spatial resolution; scale bar = 200um. B) The fitted curve showing changes in Pl: 38:44 (e), PE: 38:4 (®) and 36:1
(o) and PC: 38:4 (e) and 38:5 (o) according to the distance of the pixel to the base of the crypt.

We also studied the distribution of the lipid-related enzymes by depicting three

regions: the stromal tissue near the base of the crypt, the mid part of the crypt and the luminal
part. Consistently, the increase in AA-containing species (mainly 38:4 and 38:5) coincided with
a robust gradient in cPLA, and COX2 expression, two enzymes strongly involved in the
inflammatory response (P< 0.0001 and 0.007 and n’=0.4 and 0.2, respectively) (Figure 3-28 and
Supplemental table 14). Surprisingly, COX1 showed a significant but opposite gradient, being
more present near crypt base reinforcing its already known role of physiologic mainteinance of
PG levels (P<0.025 and n’=0.1) (Figure 3-28). In addition to COX1, there is more concentration
of MBOAT7 and CB2 in the lamina propria near the crypt base (P<0.005 and 0.005, n°=0.2 and
0.2 respectively) (Figure 3-28). The presence of more MBOAT7 at the crypt base reinforces the
idea of specific traffic of AA and a gradient concomitant to the inflammatory state of the
connective tissue. As an immunomodulatory receptor, it is not a surprise that the CB2 receptor
showed a strict regulation along the lamina propria.
Consistent with the general scattered distribution of plasmalogen species, their synthetic
enzymes showed minimal changes along the lamina propria. Thus, AGPS (P<0.540), GNPAT
(P<0.392) and FAR1 (P<0.177) presented equal distribution, and only FAR2 was distributed in a
gradient (P<0.047, n’=0.3) (Figure 3-28 and Supplemental table 14). Altogether these results
suggest that stromal plasmalogens were barely modified during tissue dedifferentiation.
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Figure 3-28: Statistical analysis showing a gradual distribution of lipid enzymes along the lamina propria
surrounding healthy colon crypts. Once obtained the IF images, complete crypts were divided into three areas:
basal, central and apical as it is described in Experimental procedures. The white arrow points the base of the crypt,
while the yellow the luminal site of the crypt. IF values were obtained in at least 12 different sections of 3-4
different patients. Statistical differences were assessed by repeated measurement ANOVAs were computed for IF
values using IBM SPSS Statistics 22. Results were reported using a significance level (P-value) of 0.05. COX1/2:
cyclooxygenase 1/2; PLA2G4: ca® dependent phospholipase A2; CB2: cannabinoid receptor 2; MBOAT7:
acyltransferase AA specific; FAR2, fatty acid reductase 2. Scale bar= 50um.
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Adenomatous lamina propria:

The impaired differentiation process also affected the distribution of lipid enzymes in
the adenoma tumor lamina propria. Regarding AA metabolism, PGE,S and AGPAT2 were more
present at the luminal side of the lamina propria (P< 0.0001 and P< 0.002 and n’= 0.6 and 0.2
respectively) (Figure 3-29). This distribution could suggest an involvement of PG synthesis at
the tumor periphery. On the other hand, there is also a luminal significant increase in FAR1 and
FAR2 enzymes (P< 0.019 and 0.006, n?=0.3 and 0.4 respectively) (Figure 3-29). Because AA-
containing plasmalogens are the main species inside this lipid class, it is possible that the
coordination of plasmalogen and PGE, synthesis would be related. Conversely, PLA, and COX
enzymes did not show any gradual distribution along the adenoma tumor lamina propria
(Supplemental table 15). The PLA and COX enzymes (especially COX2)"**"*" overexpression in
cancer could made unnecessary for the tumor a gradual distribution to enhance its growth as
its activity could supply PGH, along the whole tumor mucosa. As in the adenomatous
epithelium, PI3K is more concentrated at the center of the tumor, decreasing its presence
while approaching the luminal site (P< 0.007, n’=0.2) (Figure 3-29). Conversely, PiP2 showed
an inverse distribution, being more concentrated at the luminal site of the adenoma lamina
propria (P<0.007, n’=0.2) (Figure 3-29).
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Figure 3-29: Statistical analysis showing a gradual distribution of lipid enzymes along the lamina propria
surrounding adenoma colon crypts. Once obtained the IF images, complete crypts were divided into three areas:
basal, central and apical as it is described in Experimental procedures. The white arrow points the base of the crypt,
while the yellow the luminal site of the crypt. IF values were obtained in at least 12 different sections of 3-4
different patients. Statistical differences were assessed by repeated measurement ANOVAs were computed for IF
values using IBM SPSS Statistics 22. Results are reported using a significance level (P-value) of 0.05. PGE,S:
prostaglandin E2 synthase; Pi3K: phosphatidylinositol 3-kinase; PIP2: phosphatidylinositol 3 phosphate; AGPAT2:
acyltransferase; FAR 1 and FAR2, fatty acid reductase 1 and 2. Scale bar= 50um.

Discussion:

The systematic analysis of the lipidome along specific paths colon tissue depicted in
images generated using MALDI-IMS spectra revealed the strict organization of lipid species in
both epithelium and lamina propria. Strikingly, AA-containing phospholipids were the species
following the most regular distribution patterns along the basal-luminal axis. In the epithelium,
lipid composition changed in an orchestrated manner depending on the cell differentiation
state, while in lamina propria, it concurred with its characteristic gradient in
inflammation®’®%”°, Therefore, these species established an inverse gradient in both tissues,
clearly indicating the distinctive role that the same species could play according to the cell type
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and, more importantly, to cell context. A previous study in mice described a differential lipid
composition along colon crypts using TOF-SIMS’®. Unfortunately, the high fragmentation
inherent of this technique made impossible the whole molecule reconstruction giving limited
lipid information. This definitively hampers the interpretation of the data in the context of the
complex lipid metabolism. Other IMS studies on colon lipidome did not achieve enough spatial
resolution to observe any gradient???’?*73 as they were not able to differentiate between
epithelial and stromal cells. Consequently, the present study not only provides a
comprehensive description of colon epithelium in terms of phospholipid composition but also
identifies regular patterns in lipid distribution implying an organization level that has not been
previously described. It is worth mentioning that despite the expected inter-individual
variability, the lipid compositional values were very similar between patients. The high
reproducibility highlights the robustness of the technique towards experimental variables,
such as the amount of matrix deposited and changes in the laser power during the MSI
analytical process or differences between sample histological dispositions. Altogether the
results presented here, agree with a regulatory mechanism that finely defines the functional
distribution of the lipid species. This concept was reinforced by three facts: the gradual
variation in the intensity of certain lipid species, the gradient described by enzymes committed
to lipid metabolism and the loss of both lipid and protein gradients in a pathological context.

We established that the variation of a defined number of lipid species along crypts
could be described using a rather simple mathematical equation (R*> 2 0.7-1.0 for epithelium,
R® 2 0.4-0.7 for lamina propria). All these species were AA-containing phospholipids, Pl or PE
plasmalogens. We found that 98.5% of Pl and 66% of PE plasmalogen species displayed gradual
changes in the epithelium, implying that these species are particularly sensitive to the
developmental state of the cell. Interestingly, the AA-containing species decrease was
compensated by an increase of mono/diunsaturated species.

Consistent with a highly regulated process, gradual expression patterns of lipid
enzymes were also found along the crypts, indicating that colonocyte lipid composition is
regulated at least at the protein expression level. Despite the current information about
multiple enzymes isoforms*??, is the understanding of how lipid enzymes couple their activity
that should reveal lipid regulation processes still not well understood. In this context, we
hypothesized that this specificity in phospholipid remodeling could be achieved through the
coordinated regulation of PLA, and acyltransferase activity. Indeed, in the epithelium, the most
prominent gradient was established by the cPLA,-COX1-PGE,S axis, which coordinately
synthesizes PGE,. Thus, the robust gradient in SCD1 could explain the gradient of MUFA-
containing phospholipids. Interestingly, the distribution of Ca’*-dependent PLA, coincides with
the gradient in calcium ion previously described along the crypt”*"”*2. This would support a
gradient in PLA, activity along the crypt as the Ca*-independent PLA, expression does not
change. This activity would hydrolyze AA from the phospholipids participating, together with
SCD1, in the fatty acid remodeling process previously described (Figure 1-10). The AA
hydrolyzed would be driven to COX1 and PGE,S for PGE, synthesis, which regulates the
synthesis and secretion of mucin in mature colonocytes*®.

These results enlarge the number of proteins that, as nuclear B-catenin’** or ephrin B2
receptor’®, its expression is tightly associated with the colonocytes differentiation process.
The gradual changes in lipid enzymes fit with their relatively low substrate specificity. Almost
all lipid enzymes do not act over one specific substrate with an on/off mechanism; instead,
their action over specific molecular species could be done mainly through the enzyme
availability of substrates. Therefore, their regulation occurs mainly through cellular location
and presentation of lipids by coupling to other lipid-related proteins. In fact, the coupling of
lipid enzymes like ACS4 is a main regulation mechanism for this enzyme activity”>*. With this in
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mind, the gradual differentiation process along colon crypts would be parallel to a gradual
supplying of different lipid molecular species to different enzymes along the crypt axis.

Two cell signaling coordinated events may help link the changes in epithelial
phospholipid composition and the Wnt signaling pathway, the main regulator of colonocyte
proliferation and differentiation program (Figure 3-30). On one hand, upon Frizzled receptor
activation, Dvl stimulates both Pl4K and PI4P5K by direct interactions, leading to the synthesis
of Pl-4-phosphate and PI (4,5) biphosphate, respectively’*>”*%. In turn, PI-4,5-P2 is required for
Whnt-induced LRP6 phosphorylation, which maintains the Wnt pathway activated, and
consequently, stimulating cell proliferation®*®. On the other hand, PI4K activity was
demonstrated to depend on PI fatty acid composition®’?, being higher in the presence of AA
and lower in the presence of oleic acid. This activity profile would be in agreement with the
attenuation of the Wnt pathway occurring as colonocytes differentiations advances. Thus, it is
known that, as differentiation proceeds, Wnt3a becomes less available to colonocytes, while a
highly coordinated and yet-to define mechanism, replaces Pl 38:4 for MUFA/DUFA-containing
PI, poorer Pl kinases substrates®’>. All these changes would contribute altogether to the Wnt-
proliferative signal attenuation.

*
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Figure 3-30: A model describing the potential role of Pl species turnover in colonocyte differentiation. Wnt3a
activates PI(4,5)-P2 synthesis by activating PI-4-K (P14K) and PI-4-P-5-K (PIP5KI) via Frizzled and Dishevelled”**>”*, In
turn, PI(4,5)-P2 is required for Wnt-induced LRP6 phosphorylation that maintains the Wnt pathway activated. We
hypothesize that during differentiation, PLA, and acyltransferases act coordinately to replace Pl 38:4 for
MUFA/DUFA-containing Pl, poorer Pl kinases substrates®’? and therefore, decreasing the production of Pl (4,5)-P2.
The latter, in addition to the gradient in Wnt3a, would contribute to the Wnt-proliferative signal attenuation.

Adapted from Qin et. al.”®.

Concerning to the lamina propria, the first noticeable result was the high content in
AA-containing phospholipids compared to the epithelium (5.6-fold higher), which could be due
to the AA proinflammatory capacity and the physiological inflammatory level associated to a
healthy colon®®. Furthermore, we could establish a gradual distribution in lipid species which
were almost exclusively associated with AA-containing phospholipids, particularly PE and PC
species. Importantly, the AA gradient fully coincided with the gradual distribution of immune
cells in healthy colon mucosa, which are frequently found beneath the luminal epithelium,
extending down up to a quarter of the way to muscularis mucosae®”®*”. Hence, we propose
that the AA accumulation in PE and PC, the major phospholipid classes in the plasma
membrane, is intimately related to the immune response, providing larger AA reservoirs.
Consistently, two enzymes strongly involved in the inflammatory response, cPLA, and COX2
expression, showed the most robust gradient (P<0.0001 and 0.007, respectively). In line with
the gradient in inflammation along the lamina propria, the immunomodulator CB2 receptor
showed also a clear gradient (P<0.005) with a higher presence surrounding the crypt base. The
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presence of an immunomodulatory receptor near the crypt base led to propose a control of
immune response at the crypt base to avoid stem cell insults from the immune cells.
Conversely, the higher levels of COX1 enzyme in the lamina propria near the crypt base would
be consistent with a PG supplementation from stromal cells to the proliferative segment of
colon crypts. This would be in agreement with previous reports showing increased intestinal
growth with PGE, supplementation of intestinal organoids’®’. These results open the door to
investigate thoroughly the changes occurring in lamina propria in the context of the
tumorigenic transformation, which may provide new insights besides the already known roles
that this tissue has in the appearance and progression of CRC”*%.

The study of lipid dynamics during colonocyte proliferation and differentiation could
shed some light over not only on how the lipid gradual changes are regulated but their
function in colonocyte health and disease. With this in mind, the final chapter of this thesis will
explore the role of PGs, AA-derived molecules, during colonocyte differentiation. To this, we
used mice-derived colon organoids and evaluate the effects of inhibiting their PLA, and COX
activity simultaneously to PG stimulation.

3.2.2 Prostaglandin signaling in colon proliferation

3.2.2.1 Organoid growth and lipid metabolism.

Using MALDI-IMS and IF assays we revealed the lipid tight regulation in human colon
physiology. While colonocytes regulate their lipid composition according to their
differentiation state, lamina propria lipids are distributed in agreement to its homeostatic
inflammatory tone®®®”°. In both tissues, the AA-containing lipid and AA related enzymes
showed the most regular distribution patterns along the basal-luminal axis. The results showed
a fine lipid regulation parallel to lipid-related protein changes and also the loss of both
gradients in adenoma context. Altogether these results are in agreement with the subtle
regulation of colonocyte cell fate necessary for colon homeostasis®*>*®.

Of the multiple changes observed in colonocytes, highlights the lower expression of
AA-PLA, and COX enzymes at the crypt base compared to the differentiated colonocytes.
Among the COX derivative products involved in colon physiology, PGs participate in intestinal
peristalsis and cell survival”?”’**’*, Unfortunately, there is no knowledge about how PGs
distribute and are regulated along the colonocytes crypt axis. In fact, the consistent evidence
that PGs are an important stem cell proliferative force”””**7** seems initially contrary to our
finding that crypt-base colonocytes present more esterified AA and less COXs and AA-PLA2
enzymes levels. Therefore, why stem cells would require less mobilization of AA and how this
is regulated is an incognita. To study if the protein changes observed in AA-related enzymes
participate in the colonocytes proliferation and differentiation process, we study the effects of
inhibiting the PLA, and COX activities in mouse colon organoids. The use of commercial cell
cultures, is unable to reflect the different colonocytes populations present in colon crypts,
while colon organoids allow observing the development of crypts with all the colonocytes
types present in healthy tissue. Colonocytes organoids are ex vivo structures derived from
colonic stem cells or colon crypt fragments seeded inside an artificial extracellular matrix.
Under certain conditions (especially when stimulated by Wnt3a), the crypt fragments growth
to spheroids with the capacity to form new crypts. This model allows evaluating the effects of
treatments over colon crypts in a highly reliable way. Once grown for 24h, crypts were treated
with cPLA,GIV, iPLA,CVI, COX1 and COX2 inhibitors: (arachidonyltrifluoromethyl ketone (ATK),
bromoenol lactone (BEL), valeroyl salicylate (VS) and celecoxib (Cel) respectively). The non-
toxic effect of each inhibitor at the concetration used was evaluated by visualization of viability
(Supplemental figure 5) and by MTT assay at 72h.
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The effects of the inhibitors were tested by using commercial kits for PLA, and COX
activities on isolated mice colon crypts. PLA, kit measures the capacity of the sample to
hydrolyze labeled PC. The results showed a decrease in the PLA, activity of approximately 50%
when treatments with ATK (5 uM) and BEL (20 puM) alone or combined were used
(Supplemental figure 6, A). The COX activity kit used detects the capacity of the sample to
produce a fluorescent product as result of the processing of a labeled COX probe. The COX1
and COX2 inhibitors, VS (0.1 mM) and Cel (4 uM), inhibited around 80% of the total COX
activity, either by separate or combined (Supplemental figure 6, B). Higher doses of the
inhibitors impaired cellular viability, suggesting that the minimum activity levels for the
organoid survival are 50% for the PLA, and 80% for the COX respect to the control.

The increase in the organoid size is a reflection of their proliferative capacy; therefore,
cultured organoids size was first evaluated by measuring their main area upon 48h.

95



_ 3. Results: Chapter 2: Lipid metabolism in the colonocytes proliferation and differentiation

process

1.04

0.54

Growth rate at 48h

Size increase

0.0

-
o
A

Fold increase
o
b

0.0

DMSO

Wdr43

-

Fold Increase
- - ~N
o 0 o
A A 3

o
o
i

LgrS

DMSO

Inhibitors

Inhibitors

Inhibitors

Fold increase

Fold increase

—
o
A

o
o
A

cKit

0.0

)
o
i

ot
(]
1

DMSO Inhibitors

Krt20

0.0

DMSO Inhibitors

Figure 3-31: Effects of PLA, and COX inhibition over mice colon organoid proliferation and differentiation. A)
Colon organoid growth. The growth ratio was calculated by dividing the well value at 48h by the mean value at Oh.
The experiment was carried out in 8 different animals. Statistical differences were established using one-way
ANOVA followed by Bonferroni post-test. B-C) Representative images of organoids for each treatment B) organoids
treated with vehicle, C) organoids treated with PLA, and COX inhibitors, scale bar= 50 um. D-G) Colon organoid
populations assessed by ddPCR. D) Wdr43 expression, E) cKit expression, F) Lgr5 expression G) Krt20 expression.
ddPCR values are referred to control and represent the mean + SEM, n=7-3. To assess statistical differences t-test
analysis was applied.
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At 48h, the vehicle-treated organoids double their size compared to Oh (data not
shown). The treatment with PLA, and COX inhibitors did not exert any visible effect over the
organoid growth rate compared to the control condition (Figure 3-31, A). In addition, taking
into account that the differentiation process into multiple cell types keeps the homeostasis of
colon crypts, We assessed the effects of the treatments with inhibitors over the colonocytes
differentiation process. In this sense, we evaluate four different colonocytes populations by
digital droplet PCR (ddPCR). To cover most colonocytes types we quantified the expression of
four genes: Lgr5, cKit, Wdr43 and Krt20 (for stem cells, cKit™ cells, TA cells, and differentiated
colonocytes respectively).

The analysis of the colonocytes populations by ddPCR showed that the PLA, and COX
inhibition did not exert any visible effect over the cell differentiation process (Figure 3-31 D-G).
These results point to another source of COX derivatives able to enhance stem cell
proliferation. In fact, the proper proliferation and differentiation of colonocytes require the
coordinated secretion of multiple growth factors by the lamina propria (explained in section
1.5). In this context, the higher presence of COX1 in the lamina propria surrounding the crypt
base could provide a paracrine eicosanoid supplementation required for a correct colonocyte
development. This hypothesis would be in agreement with the COX2 lamina propria gradient
focused on the inflammatory role while COX1 would synthesize the PGs necessary for the
colon stem cell proper development. This model would mimic the scenario observed in the IF
experiments where the colonocytes at the crypt base present less PLA, and COX proteins while
they are surrounded by a higher presence of COX1 in the lamina propria. With this in mind,
next experiments were performed by treating mouse colon organoids with PGF,, PGD,, and
PGE, with or without PLA, and COX inhibitors. As in the case of the inhibitors, previous MTT
assays proved non-toxic effect of the three PGs tested.
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Figure 3-32: Effects of PGD, over mice colon organoid proliferation and differentiation. A) Colon organoid growth
ratio. The growth ratio was calculated by dividing the mean organoid area value at 48h by the mean value at Oh.
The experiment was carried out in 8 different animals. Statistical differences were established using one-way
ANOVA followed by Bonferroni post-test. Asterisks indicate a significant change: * P<0.05. B-D) Representative
images of organoids for each treatment B) organoids treated with vehicle; C) organoids treated with PLA; COX
inhibitors, and PGD,; D) organoids treated with PGD,; scale bar= 50 um. E-H) Colonocytes cell phenotypes are not
dependent on PGD, signaling. Four different colon epithelial markers were evaluated by ddPCR after treatment
with PGD, and PLA, and COX inhibitors. E) Wdr43 expression, F) cKit expression, G) Lgr5 expression H) Krt20
expression. Values are referred to control and represent the mean + SEM, n=8-3. Statistical analysis was assessed
by One way ANOVA followed by Bonferroni post-test.
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The PGD, treatment did not increase the organoids size, however, PGD, treatment
simultaneous to a PLA, and COX2 inhibition increased organoids size 1.6-fold respect to control
(Figure 3-32, A). Surprisingly, the size increase induced by PGD, and PLA, and COX inhibition
was not reflected by colonocytes markers expression (Figure 3-32, E-H). No PGD, treatment or
its combination with inhibitors exerted any detectable effect over the possible colonocytes
populations.
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Figure 3-33: Effects of PGF,, over mice colon organoid proliferation and differentiation. A) Colon organoid growth
ratio. The growth ratio was calculated by dividing mean organoid area value at 48h by the mean value at Oh. The
experiment was carried out in 8 different animals. Statistical differences were established using one-way ANOVA
followed by Bonferroni post-test. Asterisks indicate a significant change: * P<0.05. B-D) Representative images of
organoids for each treatment B) organoids treated with vehicle; C) organoids treated with PLA, COX inhibitors, and
PGF,; D) organoids treated with PGF,,; scale bar= 50 um. E-H) PGF,, is able to modify the colonocytes phenotype.
Four different colon epithelial markers were evaluated by ddPCR after treatment with PGF,, and PLA, and COX
inhibitors. E) Wdr43 expression, F) cKit expression, G) Lgr5 expression H) Krt20 expression. Values are referred to
control and represent the mean + SEM, n=8-3. Statistical analysis was assessed by One way ANOVA followed by
Bonferroni post-test.
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PGF,, increased the organoid size 1.75-fold compared to control conditions, however,
this effect was reverted when simultaneusly are inhibited PLA, and COX activities (Figure 3-33,
A). The increase in organoid size was not reflected in an increase expression in Lgr5 (Figure 3-
33, G). The lack of Lgr5 overexpression simultaneous to a 2.62-fold increase in cKit expression
(Figure 3-33, F) suggests a limitation of the cKit cells to secrete functional Wnt3a. In any case,
the size increase seems to be mostly due to the increase in TA cells proliferation, reflected by a
2-fold overexpression of Wdr43 marker (Figure 3-33, E). The regression to normal phenotypes
upon PLA, and COX inhibition could reflect a complex signaling pathway that requires
intracellular and extracellular production of PGs.
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Figure 3-34: Effects of PGE, over mice colon organoid proliferation and differentiation. A) Colon organoid growth
ratio. The growth ratio was calculated by dividing the mean organoid area value at 48h by the mean value at Oh.
The experiment was carried out in 8 different animals. Statistical differences were established using one-way
ANOVA followed by Bonferroni post-test. Asterisks indicate a significant change: * P<0.05. B-D) Representative
images of organoids for each treatment B) organoids treated with vehicle; C) organoids treated with PLA, COX
inhibitors, and PGE,; D) organoids treated with PGE,; scale bar= 50 um. E-H) PGE, signaling is able to modify the
colonocytes phenotype. Four different colon epithelial markers were evaluated by ddPCR after treatment with
PGE, and PLA, and COX inhibitors. E) Wdr43 expression, F) cKit expression, G) Lgr5 expression H) Krt20 expression.
Values are referred to control and represent the mean + SEM, n=8-3. Statistical analysis was assessed by One way
ANOVA followed by Bonferroni post-test.
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PGE, did increase the size of the organoids by 1.7-fold respect to the control condition
however that increase was counteracted with PLA, and COX enzymes inhibition (Figure 3-34,
A). In agreement with the organoid size results, PGE, did increase the Wdr43 marker by 2-fold
(Figure 3-34, E). Surprisingly, PGE, alone did not increase any of the other colonocyte
populations; however, if it is combined with PLA2 and COX inhibitors; the markers for Lgr5
were increased, by 3.7-fold. Conversely, cKit" cells were not upregulated (Figure 3-34, G and F
respectively). This result suggests that PGE, not only favors proliferation, but its regulation
modulates colonocytes phenotypes.

Figure 3-35 summarizes the outcomes of PGD, PGF,, and PGE, treatments over mouse
colon organoids. In summary, the three PGs tested exerted completely different effects over
mouse colon organoids.

PGD, PGF,, PGE,
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Proliferation No proliferation No proliferation Proliferation No proliferation Proliferation
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Figure 3-35: Graphical abstract of the effects over proliferation and cell phenotype depending on the prostaglandin
supplied and if there is PLA, and COX inhibition.

The organoid inhibition of PLA, and COX activities did not modulate the colonocytes
phenotype. On the other hand, the supplementation of the organoids by different PGs shows a
complex scenario where different PGs exert diverse effects upon colonocytes cell fate. These
results aware of the use of COX inhibitors to treat colon inflammatory-related diseases. Thus,
PGE, results showed a complex metabolism where the colonocyte cell populations are heavily
dependent on their own PG synthesis capacities. In fact, additionally to PGE, supplementation,
the inhibition of PLA, and COX activities was the only treatment favoring the proliferation of
stem cells.

3.2.2.2 Prostaglandin receptors localization in murine colon epithelial cells.

The previous results showed that PGs, depending on if are externally supplemented or
generated by the colonocytes, exert different effects on colonocytes proliferation and
differentiation processes. This different outcome would fit with a model where the PG
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signaling triggered from the plasma membrane differs from the intracellular triggered
signaling. In agreement with the previous statement, some studies described both COX
enzymes at the nuclei and the perinuclear region’*7*. In fact, COX enzymes structures predict
their possible location at the lumen of the nuclear envelope and the endoplasmic reticulum®®.
The particular AA and AA-related enzymes crypt spatial distribution and the differential PG-
treated organoids outcome drive us to investigate if intracellular PG signaling could differ from
the plasma membrane canonical signaling. First, we investigated the possible presence of PG
receptors at colonocytes nuclei. Specifically, we studied the nuclear presence of EP1, EP2, EP3
and EP4, DP and FP receptors in mice colon histological sections. The presence of each
receptor was assessed by IF and calculating its colocalization coefficient with the nuclei. In
addition, each receptor nuclear presence was assessed by western blot of whole crypt
homogenate and nucleus enriched fraction from colon crypts (Figure 3-36).
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Figure 3-36: A) Mander’s coefficient value of different PGs receptors and representative Western Blot of each
receptor in whole crypts (WC) and nucleus enriched fraction (Nuc). B) Gradual distribution of EP1 receptor along
with crypt colonocytes nuclei. Immunofluorescence (IF) experiments were made on NMRI mouse colon. Tissue
sections were incubated with primary antibodies for PG receptors (EP1, EP2, EP3 and EP4 (Abcam) for PGE2, DP
(Enzo) for PGD2, and FP (Enzo) for PGF2a), for ATPase Na*/K" as a negative control (Abcam) and with DAPI for
nuclei. The images were obtained using a Zeiss confocal microscope and the Mander’s colocalization coefficients
were calculated using Zen software. Briefly, ROl were manually drawn around the nuclei (10nuclei/crypt, 5 crypts
section) in three consecutive sections. The experiment was carried out in 3 different animals. Statistical
differences were established using one-way ANOVA followed by Bonferroni post-test. Asterisks indicate a
significant change: * P<0.05, ** P<0.001, ***P<0.0001.

IF and western blot analysis showed that all the PG receptors checked except for the
EP4 presented colocalization values above the negative control protein (the Na'/K" ATPase)
(Figure 3-36, A and Supplemental figure 7). Interestingly, the absence of the EP4 receptor in
colonocytes nucleus suggests a relevant participation of the membrane EP4 signaling in
colonocyte physiology. Thus, the presence of multiple PG receptors at colonocytes nuclei
presents a more complex PG pathway than thought before. Furthermore, we assessed if some
of these nuclear receptors showed a gradual distribution along the crypts. We found that only
the EP1 receptor presents a significantly higher presence at the crypt base nuclei compared
with the nuclei at the middle or luminal parts.
The organoid treatment with PGE, simultaneous to PLA, and COX inhibition was the only
treatment overexpressing the stem cell marker Lgr5. On the other hand, the analysis of the PG
receptors showed that the only PGE, receptor absent at colonocytes nuclei was the EP4. Both
results point to the membrane activation of the EP4 receptor as responsible for the stem cell
marker overexpression in colon organoids. To asses if the effects of the PGE, are mainly due to
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effects over this receptor or there is also the participation of other PGE, receptors we treated
mice colon organoids with the EP4 agonist L-902,688. Thus, we treated the organoids with the
EP4 antagonist L-161,982. The toxicity of these compounds was assessed by MTT observing no
effects over the colonocytes survival.
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Figure 3-37: Effects of EP4 over mice colon organoid proliferation and differentiation. A) Colon organoid growth
ratio. The growth ratio was calculated by dividing the mean organoid area value at 48h by the mean value at Oh.
The experiment was carried out in 8 different animals. Statistical differences were established using one-way
ANOVA followed by Bonferroni post-test. Asterisks indicate a significant change: * P<0.05. B-G) Representative
images of organoids for each treatment B) organoids treated with vehicle; C) organoids treated with the EP4 agonist
L-902,688; D) organoids treated with L-902,688 and PLA, COX inhibitors; E) organoids treated with the EP4
antagonist L-161,982; F) organoids treated with L-161,982 and PLA, COX inhibitors; G) organoids treated with PGE,
and L-161,982; scale bar= 50 um. H-K) Modification of the colonocytes phenotype when the EP4 signaling is
altered. Four different colon epithelial markers were evaluated by ddPCR after treatment with PGE, and PLA, and
COX inhibitors. H) Wdr43 expression, 1) cKit expression, J) Lgr5 expression K) Krt20 expression. Values are referred
to control and represent the mean + SEM, n=8-3. Statistical analysis was assessed by One way ANOVA followed by
Bonferroni post-test.

106



3. Results: Chapter 2: Lipid metabolism in the colonocytes proliferation and differentiation process [

The EP4 agonist L-902,688 increased the organoid size by 1.7-fold, a similar increase
exerted by PGE, (Figures 50, A and 53, A). In a similar instance, the inhibition of PLA, and COX
activities reverse the size increase (Figure 53, A). Treatment with the EP4 antagonist L-161,982
did not change the organoid growth rate. This result shows that EP4 activation is not necessary
for epithelial proliferation in the colon, but in any case, increase the proliferation rate upon
activation. Besides, the treatment with PLA,, COX, and L-161.982; and the one with PGE, and L-
161,982 did increase the size 1.5-fold although not significantly (Figure 53, A). In summary,
these results suggest that the size increase effects of PGE, are dependent on the cellular
membrane EP4 receptor activation. The EP4 agonist not only increased the organoid size at a
similar rate than PGE, but also increased Wdr43 and cKit expression (Figure 3-37, H and I).
These results would strongly suggest that the size increase effects observed when organoids
were treated with PGE, would be mainly due to its action over the EP4 receptor. For that
matter, the stimulation of the EP4 receptor elicits colonocytes proliferation by stimulating the
TA cells without affecting the stem cell population. Figure 3-38 summarizes the results of the
PGE, and EP4 treatments outcomes.
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Figure 3-38: Scheme of the effects of the different treatments involving EP4 agonist and antagonists.

Therefore, the stem cell phenotype observed in epithelial cells of the colon seema to
be due thanks to the stimulation of other EP receptors concomitant with intracellular PLA, and
COX activity inhibition.

Discussion:

The colonocytes differentiation process requires the coordinated activity of multiple
signaling pathways allowing a controlled proliferation rate of colonocytes. These pathways are
mainly controlled by the lamina propria; which secretes multiple growth factors in a gradual
manner along the crypt axis’*>%. The MALDI-IMS and IF results showed in section 3.2.1
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suggested that besides the already described growth factor communication, lipid mediators
secretion could participate in this differentiation process. In this scenario, the crypt basal cells
(stem and cKit" cells) would generate relatively low amounts of eicosanoids reflected on their
lower levels of PLA, and COX enzymes, regardless of their higher amount of AA-containing
phospholipids. Thus, the eicosanoids produced through COX1 expressed at the lamina propria
surrounding these cells would provide the eicosanoids necessary for a proper crypt
development. Therefore, the modification of the PG signaling in colon organoid model would
be able to stimulate the stem cells, located at the crypt base niche. The assessment that five of
the six PG receptors tested were present at the colonocytes nuclei already suggest a
differential function of these receptors depending on their location. In addition, the treatment
of organoids with different PGs with or without PLA, and COX inhibition exerted completely
different effects depending on the PG tested.

The study of the location of six different PG receptors revealed the presence of most of
them in various cell locations. The redundant presence of these receptors could imply different
PG effects depending on the site of action. Interestingly, most lipid-related enzymes, due to
their low enzymatic specificity, regulate their activity through functional coupling to substrates
and locations™"?%?%: 3 mechanism that seems to be shared for the PG synthesis and signaling
inside the cell. However, how this coupling is regulated and which specific mechanisms
activate are questions to be answered. In addition, we still ignore the possible interactions
between the different PG signaling pathways and between the PGs and the other colonocyte
proliferation and differentiation pathways like the driven by Wnt3a. In this context,
determining the role of the intracellular PG receptors would probably share light over the
multiple effects of these COX derived molecules.

Despite being described the participation of PGE, in the mature colonocytes mucin
secretion’®, any the organoid treatments increased the colonocyte differentiation marker
Krt20. These results suggest that the PG signaling is not implicated in the development of a
differentiated colonocyte phenotype. On the other hand, we described that the
supplementation of the organoids with PGF,,, PGE, or the EP4 agonist L-902,688 increased the
organoid proliferation rate, reflected in the organoid size increase. In addition, the bulk of
proliferation was parallel to significant overexpression in the TA cells marker Wdr43. The
proliferation of these cells is done in an Lgr5 independent activation way”®. Interestingly, any
of the size increasing treatments increased also the stem cell marker Lgr5. This reflects that
while stem cells proliferate steadily renewing the epithelium, the rapid proliferating TA cells
are the ones in charge to derive into the different phenotypes of the colon (enterocytes,
goblet cells, and enteroendocrine cells)®®.

PGD, is able to bind two receptors, DP and CRTH. Despite both receptors are GPCR, DP
is G while CRTH is a Gy type. Therefore, PGD, is a puzzling signaling pathway with two
opposite receptors described so far. However, to our knowledge there is no study describing
the presence of the CRTH receptor within colon mucosa, therefore, the effects of PGD, over
colon organoids were attempted to be understood assuming its signaling through the DP
receptor. DP activation should lead to proliferation through the increase in cAMP, although
some works addressed an opposed effect in CRC cell lines*’®. Our treatment of organoids with
this molecule led indeed to some puzzling results. PGD, alone did not increase the organoid
size and did not change any cell marker tested. Nevertheless, in the presence of PLA, and COX
inhibitors, the PGD, treatment increased the organoid size without changing any cell
population.

It is difficult to explain how the organoids increased their size without affecting any of
the cell populations, especially when the condition necessary implies inhibiting the
endogenous PLA, and COX activities. This result suggests that the exogenous PGD, stimulation
simultaneous to PLA, and COX inhibition stimulates colonocytes proliferation regardless of
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their differentiation state. How this receptor is able to stimulate proliferation without affecting
the cell fate in the colon is still an incognita to be answered.

PGF,, receptor is Guq type, which should increase proliferation through PKC
phosphorylation of CREB. Indeed, organoid treatment with this molecule led to organoid size
increase and overexpression of the TA cells marker, a result in agreement with previous
reports where PGF,, increased proliferation in epithelial tumors®®. Interestingly, this PG also
increased the cKit® cell population. Given the necessity of Notch inhibition for a correct cKit"
cell population development®* is tempting to suggest a regulation of PGF,, over this signaling
pathway. Upon activation, Notch receptors are proteolyzed, the free cytoplasmic fragment is a
transcription factor’**’*° able to enhance enterocytes differentiation®®’. EGF is able to
antagonize Notch signaling’®", thus, knowing that EGF can be released indirectly by GPCRs is
possible that the cKit overexpression would be due thanks to an indirect EGF release.
Paradoxically, the increase in cKit® cells did not increase the stem cell population questioning
the capacity of these accompanying cells to secrete functional Wnt3a in intestinal physiology,
an idea already explored by other authors**”>2,

In any case, the inhibition of the epithelial PG synthesis by PLA, and COX inhibition
reversed any detectable effect over the organoid growth and cell differentiation. This latter
result reinforces the idea that endogenous PG synthesis and signaling are necessary for a
correct PGF,, stimulation.

To complicate even further the scenario, PGF,, is able to stimulate also EP1 and EP3.
EP1 and FP are G,q receptors and therefore a cross-activation should not has in principle
divergent effects. Conversely, EP3 is G, therefore its activation should inhibit the adenylate
cyclase and its subsequent effects over stimulation. Anyhow, the clear increase in proliferation
suggests a small effect of the EP3 receptor upon colon organoid PGF,, stimulation.

PGE, receptors comprise all three GPCR types, being the EP2 and EP4 receptors
stimulators of the adenylate cyclase, the EP3 receptor an inhibitor, and the EP1 a PKC
activator. These even contradictory pathways complicate the understanding of how this PG
acts, especially in cells like colonocytes which express all receptors. That level of complexity
escalated with the description of the presence of EP1, EP2, and EP3 at colonocyte nuclei. As
happens with PGF,, conditions, treatment of the organoids with PGE, increased their size, an
effect counteracted if PLA, and COX activities are, in addition, inhibited. However, the cell
phenotypic outcome is completely different, as PGE, did not overexpress cKit, and
simultaneous inhibition of PLA, and COX increased colon stem cell marker. Interestingly, PGE,
treatment simultaneous to PLA, and COX inhibition mimics the conditions already described by
MALDI-IMS and IF, where the crypt base cells present less PLA, and COX but are accompanied
by a higher presence of COX1 in the lamina propria nearby.

EP2 and EP4 are G, a GPCR type directly related to nuclear B-catenin signaling

through destruction complex disengaging®®, and therefore are the most likable candidates to
overexpress Lgr5. EP4 activation through its antagonist L-902,688 increased not only the
organoid size but also TA and cKit" cell markers. Like the situation with PGF,,, the simplest
explanation for the organoid size increase was the parallel overexpression of Wdr43. However,
is intriguing again why the increase in cKit" cells did not stimulate the stem cell phenotype and
question the effectiveness of these cells to secrete Wnt3a as previously described®**”*2,
As EP4 stimulation simultaneous to PG synthesis inhibition was unable to stimulate Lgr5
expression, therefore PGE, stem cell proliferation seems to be a consequence of EP2
exogenous supplementation. However, the implication of PGE,, and more specifically, EP2
signaling in the Wnt3a colonocytes stimulation requires further investigations.

An alternative explanation of these results could imply the B-catenin stabilization
through GSK3b phosphorylation produced by the By heterodimer®”. However, as all GPCR are
able to stimulate the By signaling, is unlikely that this is the leading pathway in Lgr5
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overexpression upon PGE, stimulation. Other explanations could include a synergistic
inhibition of intracellular EP1, EP2, and EP3, although such complex interaction seems less
probable that the participation of just one receptor. In any case, it is still an incognita if the
mechanism of the stem cell increase is related to their direct proliferation of instead just favors
the secretion by the cKit" cells of other growth factors like Wnt3a. Figure 3-39 summarizes the
model proposed for stem cell stimulation in colon crypts.

PGE,

Cytoplasm

Nucleus

Stem cell
B’catenin - proliferation

Figure 3-39: Scheme of the effects of the proposed model different treatments involving EP4 agonist and
antagonists.

The treatment of mice colon organoids with different PGs led us with the conclusion
that each one tested exerted divergent effects over proliferation and differentiation. Previous
studies in colon cancer already showed different effects of the three PGs regarding cell
proliferation. PGD,, despite being considered pro-inflammatory inhibits slightly the
proliferation of CRC cell lines*’®. Conversely, many works had related PGF,, as a factor
increasing angiogenesis, proliferation, migration, and invasion in various tumor types®®**®"4%,
The PGE, signaling is more complicated due to the existence of four different EP receptors,
each one participating differently in colon cancer progression. EP1 and EP3 showed small
effects over CRC proliferation, while some studies exposed their pro-proliferative
properties®””™ others showed anti-proliferative capacities of these receptors **”**2. The role
of EP2 and EP4 seems more consistent as stimulators of tumor progression?®>4!41>200.201.04 |y
addition to these shreds of evidence, this work suggests a scenario where endogenous PG
synthesis could also regulate cell fate and proliferation capacities by complementing the
exogenous PG supplementation.

Unfortunately, the limitations of the study make unable the presentation of solid
conclusions about the specific roles of each PG in the context of colonocytes proliferation and
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differentiation. One of the most capital obstacles was that the inhibition of PLA, and COX
enzymatic activity was not complete, and therefore we cannot discard the participation of
endogenous PGs in the signaling. In order to overcome this specific limitation, we should first
ascertain where each endogenous and exogenous PG mainly acts.

Regardless of the multiple works addressing the role of PG receptors over tumor
progression, there is little knowledge about their roles in cell metabolism. The results showed
here reveal the importance of knowing the roles of the different PGs in different contexts. In
fact, the results showed here present a model where the use of COX inhibitors to treat
pathological conditions with an inflammatory component is an oversimplification of the PG
signaling as ignores their diverse consequences over healthy cell physiology. Thus, despite
being a promising approach to treat tumor development, COX inhibitors like the NSAIDs
presented too many relevant side effects to be a viable antitumor too|***>43>20>26:39-361
Perhaps, future treatments over specific COX products and their receptors could treat the
noxious components of diseases with inflammatory components minimizing the undesired side
effects of inhibiting COX activity.
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4 General discussion

With nucleic acids, sugars, and proteins, lipids are one of the basic molecules for life. Their
hydrophobic or amphipatic properties give them multiple functions essential for life as
bioactive molecules, energy reservoir, and membrane components. Their participation in main
cellular processes could set the base for therapeutic targets and sensitive biomarkers. This
work uses the colon context to study differentiation processes and tumor detection in the
context of CRC.

The chapter 1 of this thesis explores the capacity of the lipidome of being used as a CRC
biomarker.

The subtle lipid regulation during the epithelium differentiation process showed in this
study reveals new dimensions in the role of lipid species in cell physiology. The outcome of this
work breaks with the general belief that the membrane lipids are roughly regulated with the
only role of separating the different cell compartments. Instead, we showed that the presence
of many lipid, regardless of its relative amount and its known function, is exquisitely defined
according to the cell type and to cell physiological state. Thus, the lipid composition is highly
sensitive to the metastatic state of cells to the point that the lipids in their derived EVs are able
to be stratified according to their origin. This latter fact was translated to the clinical field,
where we proved that the lipidome of plasma-derived EVs stratifies a relevant population of
patients with dangerous tumors.

In the last years, EV content had received more attention. These vesicles are relatively
easy to isolate and do not require invasive techniques in order to isolate them. In line with this
strategy, we analyzed the lipid content of these vesicles in order to reveal their possible use as
non-invasive biomarkers.

In a first approach, we analyzed EVs isolated from CRC cell lines and compared their
lipidome with primary colon cell culture from healthy tissue. Lipid analysis of these vesicles
revealed that their lipid content is specific enough to separate them according to their cell of
origin. The comprehensive lipid analysis showed a clear impovirshment on the EVs lipidome of
the tumor cells, especially the in situ tumor cells, compared to the primary cells-derived EVs.
The lipid classes analysis showed a clear increase in PC and decreases in PE, Pl and Cer lipid
classes in tumor cells. Further analysis of the molecular species revealed a general shift from
PUFA-containing species to MUFA- and DUFA-containing ones. This general behavior was kept
in plasma-derived EVs from patients submitted to colonoscopy. In the patients derived EVs,
there were no differences between patients groups using just the lipid class composition.
However, a comprehensive analysis of lipid plasma-derived EVs showed that lipid species
composition was unable to discriminate between the different patient groups. However, as in
cell-derived EVs, there was a clear tendency to increase PUFA-containing species in patients
with adenomas and neoplasias compared to the healthy ones. Specifically, the major changes
were in AA-containing species in detriment of MUFA-containing ones. The further exploration
of this phenomenon showed that the relative amounts of 34:1 and 38:4 species as a promising
lipid measurement for patients stratification. Although not discriminating between all the
patients analyzed, most of them were correctly classified by their 34:1/38:4 ratio and a
subgroup of adenoma and invasive neoplasia patients with a very low ratio was revealed. In
summary, the EVs lipidome seems a future useful tool to stratify patients wich would require
further diagnostic tests like a colonoscopy.

In addition to non-invasive biomarkers, this work explored the lipid changes that
occurred in colon cancer cells isolated from different stages of the disease and in tissue
biopsies by MALDI-IMS. Indeed, lipid composition was sensitive enough to discriminate
between healthy primary cells and CRC cell lines. Clear differences were perceived within lipid
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classes, especially by PE and PE plasmalogen relative abundance, with a clear shift to PE
plasmalogens class seemingly coming from PE in the cancer cells. Further analysis of lipid
molecular species revealed a general increase in PUFA-containing phospholipids to the
detriment of MUFA and DUFA in tumor cells compared to the primary ones. Thus, lipid class
changes were highlighted when lipid molecular species distribution between lipid classes was
studied. Distribution of PUFA-containing lipids showed a pronounced shift from PE and PC
species to PE plasmalogen species in tumor cells compared to primary cells. That shift was
specific of molecular species with saturated fatty acids at the sn-1 position while species with
18:1 at sn-1 position (18:1/22:6 and 18:1/20:4) did not show that shift. Further analysis
showed that indeed, the rate-limiting enzymes in charge of synthesizing the fatty alcohols
required for plasmalogen synthesis were disturbed in colon cancer cell lines.

Cell results from comprehensive lipidome come up with new clues of how metastatic
processes could require specific lipid changes that we could exploit as biomarkers and/or
therapeutic targets. To asses the applicability of those results we also analyzed colon healthy
and adenomatous mucosa by MALDI-IMS. The lipid distribution provided by MALDI-IMS
discriminates clearly between the different tissues present in colon mucosa: epithelium,
lamina propria and muscularis of the mucosa. Additionally to the mean lipid composition, the
application of k-means clustering to the images separated the epithelium in two segments and
the lamina propria in three. The two epithelial segments correspond in fact to the base and the
luminal site of the crypts, mirroring the differentiation process present in colon crypts.
Furthermore, the segments generated in the lamina propria could correspond to the
physiological inflammatory state of this tissue. To understand better how the lipidome reflects
proliferative pathologies we verified whether the lipid composition reflects the pathological
disarrangement produced in colon adenomatous polyps (AD), the most common colon lesions
leading to CRC’**. Despite being estimated that only 5 to 10% of adenomas undergo invasive
lesions”™, AD are considered to be the precursor lesion for approximately 60-70% of
carcinomas that arise via the “adenoma-carcinoma” pathway described in 1990**’*°. The
MALDI analysis over adenomatous mucosa showed the inability of the k-means analysis of
separating different compartments, reflecting the undifferentiated state of the tumor
epithelial cells. In addition, when the adenomatous epithelial lipid composition was compared
to the healthy clusters, the analysis showed a similar lipid composition between the healthy
basal epithelial cells and the adenomatous epithelium. As the healthy colon stem cells reside
at the bottom of the crypt, this similar lipid composition is in agreement with the
dedifferentiated state of both healthy and adenoma cells.

By taking advantage of the sensitivity of the lipidome to the physiological state of the
cells, the first chapter of the thesis showed multiple changes in the tumor transformation of
the colon. Among the changes detected, highlights the increase in PUFA content by the tumor
cells compared to the healthy ones. On the other hand, the analysis of EVs revealed the
possibility of using its lipid analysis as a non-invasive diagnosis tool. In this context, the ratio
between the 38:4 and 34:1 species stand out as a stratification tool for at least a population of
patients with adenoma or invasive neoplasia.

The second chapter of this thesis explores the fine distribution of the lipids along with the
colon tissue and the possible lipid mechanisms implicated in the colonocytes proliferation
and differentiation processes.

In the second chapter of the thesis, we explored thoroughly the MALDI-IMS results
presented already in section 3.1.3. The description using a mathematical equation of the
gradual distribution of lipid species implies that based merely on its lipid signature, it is
possible to predict and assess the pathophysiological status of a single cell within a tissue.
Taking into account that this was demonstrated in human tissue, the translational impact that
lipid image fingerprint may have in the clinical field is clearly reinforced. In addition to those
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results, the IF characterization of the lipid-related enzymes presented a complex scenario
where AA-derived molecules would play important roles in colon physiology. The results
showed in section 3.2.1 set the base for the experiments where we revealed the divergent
effects of the endogenous and exogenous supplementation of three different PGs.

The analysis of the images pixel by pixel along the colon mucosa axis revealed a
gradual distribution of the AA-containing phospholipids at the epithelium and within the
lamina propria. The lipids presenting the most gradual distribution were the PE plasmalogen
and the Pl species. In the epithelium, the gradient was in agreement with the differentiation
state of the cells, being the cells present at the base of the crypt (stem and cKit cells) the ones
presenting higher levels of these lipids. The gradual decrease in AA-containing phospholipids
was compensated by MUFA- and DUFA- containing phospholipids according to the proximity to
the colon lumen. Both AA and MUFA/DUFA gradients fitted into lineal or logarithmic
equations, reflecting the tight regulation of the lipids to the differentiation state of the
colonocytes. In a similar way but inversely, the lamina propria presented also an AA gradient,
although in this case, the lower concentration of these species was found at the basal side of
the mucosa. Also, the MUFA/DUFA species compensate for the increase of AA-containing
species towards the lumen. In addition, the enzymes related to the metabolism of these lipids
showed also a coordinated distribution along the colon epithelium and lamina propria.
Conversely, the lipid and enzyme gradients were completely lost in the context of adenoma
tumors. These analyses showed the fine lipid regulation parallel to the colonocytes
differentiation state and to the inflammatory state of the healthy colon.

The MALDI and IF analysis of the colon mucosa showed a colon stem cell lipid profile
with high levels of esterified AA species and relatively low levels of enzymes able to metabolize
them. In order to understand better the regulation of the AA in colon crypts, we modified its
metabolism by using chemical inhibitors with or without exogenous supplementation of PGs.
The analysis of the proliferation and differentiation of the colonocytes showed diverse effects
for each of the three PGs tested (PGD,, PGF,, and PGE,). Among the effects visualized, the
only treatment increasing the population of stem cells was the treatment of PGE,
simultaneous to PLA, and COX inhibition. To further explore the mechanism of this stimulation
we checked the possibility that colonocytes present PG receptors in the nuclei besides the
plasma membrane. Of all the receptors checked, the only one not present in colonocytes
nuclei was the EP4. Therefore, we studied if was the activation of the EP4 simultaneous to the
PLA, and COX inhibition the responsible for the increase in the stem cell marker. As both EP2
and EP4 are the only receptors which signaling could be related directly to the nuclear location
of B-catenin, the main proliferation and differentiation factor in colonocytes we proposed a
model compatible with our results able to explain the stem cell increase. In this model, would
be the exogenous stimulation of EP2 coincident with the inhibition of the endogenous PG
signaling, the stimulus which could favor the stem cell proliferation. Unfortunately, the lack of
inhibiting completely the PLA, and the COX activities limit the extent of the conclusions. The
remaining PG synthesis capacity of the organoids was probably stimulating the colonocytes
receptors to a different extent. Next experiments should be addressed in order to know the
specific roles of each plasma membrane and intracellular PG receptor. In addition, there is still
the question of the possible interaction between the different PG signaling pathways and the
other differentiation driving pathways like the Wnt in the colon. In any case, the
demonstration that the modification of the PG metabolism can affect the colonocytes
proliferation and differentiation capacities opens the gate to study these receptors as more
specific targets for inflammatory-related diseases.

The thorough characterization of the colon in healthy and tumor conditions set the
base to study important cell processes like proliferation and differentiation. The understanding
of the mechanisms underlying the membrane lipid composition will be able to delve into the
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cellular processes that lead to cancer. This thesis is a clear example of how the lipid
composition study is a powerful research tool with high potential to detect useful biomarkers
and effective therapeutic targets.
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5 Conclusions

1. The lipidome is clearly affected during the cell malignant transformation. The
changes described herein depend on the model of study (commercial cell lines vs.
human tissue samples). However, in both a global increase in esterified
arachidonic species was described, as well as an increase in plasmalogen species.

2. The thorough characterization of EV lipidome leads us to conclude that lipid
species are clearly segregated during the shedding process, leading to an increase
in SM and an impoverishment in Pl, PE and PE plasmalogens. However, EV still
conserves part of the parental lipid fingerprint, and consequently, this can be used
to stratify EV according to the cell type origin in model systems as well as in human
samples (healthy vs patients with adenomatous polyps or invasive neoplasia).

3. IMS is a very powerful technique to identify lipid biomarkers, particularly at spatial
resolutions below the average cell size. Hence, the IMS analysis of human colon
mucosa clearly demonstrated that base merely on the lipidome, the two main
tissues presenting the mucosa, i.e. epithelium, stroma, as well as the presence of
tissue a malignant transformation are clearly distinguishable.

4. IMS analysis of human colon mucosa was able to establish that the lipid
composition in colonocytes is sensitive to their differentiation state, identifying PI,
PE plasmalogens and AA-containing phospholipids as the species most affected
during the process. Consistently, this tight regulation of the lipidome was clearly
disturbed in tumor epithelium.

5. IMS analysis of human colon mucosa was able to establish gradual changes along
with the stroma, particularly in AA-containing phospholipids, that fully coincides
with the distribution of immune cells within the tissue.

6. The role of PGs in colon pathophysiology is still not well understood, as PGE,,
PGD,, and PGF,, exert different effects (even opposite) on colon epithelium
proliferation. Therefore, more specific therapies specifically targeting PG receptors
signaling could avoid some undesired secondary effects associated with COX
inhibition treatments.
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6 Experimental procedures

6.1 Chapter1

6.1.1 Commercial cell lines culture conditions

CRC cell lines, Colo-201, HT29, LS174T, and SW480 were purchased from the European
Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK). The primary colon epithelial
cell line was purchased from Innoprot (Ref. P10768, Derio, Spain). Depending on the cell line,
2-3*10" cells were plated and grown for 72h in the appropriated medium completed with
exosome-free FBS (10% v/v) (Labclinics, Barcelona, Spain. Ref. S181B-500), 1% non-essential
aminoacids (Labclinics, Barcelona, Spain. Ref. NEAA-B), 2mM glutamine (Labclinics, Barcelona,
Spain. Ref. P1012-500GR). Cells were plated as follows: primary cell line, 30.000 cells/cm?, 48h
in Colonic Epithelial Cell Medium (Innoprot, Bizkaia, Spain. Ref. P60165) without FBS; SW480,
20.000 cells/cm?, 48h in DMEM (Labclinics, Barcelona, Spain. Ref. L0106-500); HT29, 30.000
cells/cm®, 48h, in MEM (Labclinics, Barcelona, Spain. Ref. MEMA-RXA); LS174t, 30.000
cells/cm?, 48h, in MEM (Labclinics, Barcelona, Spain. Ref. MEMA-RXA); and Colo 201 20.000
cells/cm?, 72h, in RPMI (Labclinics, Barcelona, Spain. Ref. L0490-500). The additional 24h for
the Colo 201 cells were added to assure that these cells, which half of the population grow in
suspension, adhered well.

For the collection of the EV, after 48 hours after being plated (72 for the Colo 201) the
medium was collected and kept at -802C until processing.

6.1.2 Extracellular vesicles isolation

The EV isolation protocol from cell culture was performed adapting the protocol
described in Crescitelli et. al.*®*. Briefly, the medium was centrifuged for 10 minutes at 300g to
remove suspended cells. A second centrifugation at 2000 for 20 minutes precipitate big
cellular debris and dead cells. To discard the apoptotic bodies, the supernatant was filtered by
gravity through a 0.8 um pore size filter. Then, the volume was centrifugated at 12200g for 40
minutes using an ultracentrifuge (Optima L-100 XP Ultracentrifuge, Beckman Coulter,
Barcelona, Spain) using a 70Ti rotor and 26.9 ml tubes (lzasa, Barcelona, Spain). The
supernatant was filtered by pressure through a 0.2 um filter. The final centrifugation to
precipitate the EVs was done at 120000g for 70 min with the same ultracentrifuge, rotor, and
tubes than the previous step. All the processes were done at 42C. The assessment of the EVs
correct size was done by electronic transmission microscopy and the presence of exosomes by
the expression of CD40 antigen evaluated with western blot.

The plasma-derived EVs protocol was the same but with a dilution of the plasma in PBS
at least at a 1:1 ratio before the first centrifugation.

6.1.3 Cells and cell-derived EVs lipid composition

The lipids were extracted according to Ogiso et.al. protocol®®. Internal standard

solutions were prepared as described previosly®*were added to the internal standard solution.
For measurements of plasmalogen PE (PE plasmalogens), an external standard solution
containing 50 pmol each of PE(28:0) and PE plasmalogens18:0/18:1 was prepared.
Pretreatment and measurement of the external standard solution were performed
simultaneously with the samples and derived [peak area of PE plasmalogens18:0/18:1/peak
area of PE(28:0)] values were used as the corrective coefficients for the quantitation of PE
plasmalogens, respectively.
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Lipid extractions were performed as described previously ®®, with several modifications.
Briefly, cell pellets were sonicated for 10 s with 0.1 ml methanol/butanol (1:1) to inactivate the
associated enzymes using an ultrasonic bath. After the addition of 0.05 ml standard lipid
mixture, 0.05 ml of 0.5 M phosphate buffer (pH 6.0), and 0.2 ml of water, the samples were
shaken with 0.7 ml of butanol and sonicated for 3 min in an ultrasonic bath. After
centrifugation, the upper layer was collected. The original suspension was re-extracted by the
addition of 0.35 ml each of ethyl acetate and hexane, followed by centrifugation. The resulting
extract was combined with the first butanol extract. After the addition of 0.7 ml methanol,
10% (0.21 ml) of this solution was dried under reduced pressure at 40°C, and dissolved in 20 pl
of LC mobile phase B and 30 pl of mobile phase A. This sample was used to analyze Cer, SM, PE
and PC levels. The remaining 90% (1.8 ml) of the extract was fractionated on a DEAE-cellulose
column (500 pl bed volume packed in a 1 ml polypropylene pipette tip), previously activated by
acetic acid. After washing with 2 ml of methanol, the column-bound lipids were eluted with 1
ml methanol/28% aqueous ammonia/formic acid (1,000:33:22). The organic solvent was
evaporated from the eluate under reduced pressure at 50°C, after which dried materials were
dissolved with 50 pl of mobile phase A. The resulting sample was used for the analyzes of
acidic lipids (i.e. PS, PG, PI, and PA).

Sphingolipids

Molecular species Final . Dilution Supplier/

concentration Reference
SM(d18:1/12:0) 1uM MeOH '”Stggggzr;ie/
Cer(d18:1/12:0) my Meon | nStruchenie/
GlcCer(d18:1/12:0) 1uM MeOH '”Stggggzr;ie/
LacCer(d18:1/12:0) 1uM MeOH '”Stggggzr;ie/
GM3(d18:1/12:0) 1uM MeOH | Avanti/860058P
P(dfse:rl_/ll_z:O) 1uM MeOH Inst;:(c)f;zrrie/

Instruchemie/

Sph(d17:1) 1uM MeOH 860640
Instruchemie/
Sph-1-P(d17:1) 1uM MeOH 60641
Phospholipids
. Supplier/
Molecular species Fmtal i Dilution
concentration Reference
PC(14:0/14:0) 10uM MeOH | Avanti/830345P
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PE(14:0/14:0) 10uM ('\Z/I_:f) Avanti/850745P
M:C:W

PS(14:0/14:0) 1uM (2:1:1) Avanti/840033P

PA(14:0/14:0) 1uM MeOH Avanti/830345P
M:C .

PG(14:0/14:0) 1uM (2:1) Avanti/840445P
M:C .

PI(16:0/16:0) 1uM (2:1) Avanti/850141
M:C .

DAG(14:0/14:0) 1uM (2:1) Avanti/800814P

-LC-MS analysis

Lipids were measured using LC-MS/MS as described previously®®®, except that the
collision energy was set to 30 V for Cer, SM, PE, and PC. The mass transitions were additionally
set to 702.5/364.2, 724.5/364.2, 728.6/390.2, 730.6/392.2, 748.5/364.2, 750.5/390.2,
752.6/392.2, 774.5/390.2, and 776.6/392.2 for PE plasmalogens in the positive ion mode. Each
molecular species was identified based on the MS/MS spectrum and the LC retention times,
and quantities present were calculated from the peak areas of the measured lipids, compared
with those of the internal standards. Each level of measured lipids was normalized to the total
protein content.

6.1.4 Principal component analysis

The Principal Component Analysis (PCA) is a very useful tool to reveal sample
tendencies and the variables that make able to discriminate between them. PCA reduces the
dimensionality of the dataset while retaining most of its variance”®. To achieve that, the
analysis projects a first vector with the direction that explains the maximum variability, named
PC1. Then, a second component (PC2) uncorrelated to the PC1 and able to explain the most
remaining variance is projected. Principal components are generated until all the variance can
be explained. The variables presenting higher differences between samples have more impact
on the first PCs as explain most variability. Thus, the representation of only a few PCs is able to
explain the distribution of multiple samples along with a cloud of variables. PCA simplifies
multiple variables experiments easing the identification of the relevant variables of a dataset.

The PCA calculates scores for each sample and variable at each principal component.
The sample scores describe which samples are different and which are similar. As more
separated are represented two samples, more different in their variables will be. In the same
way, the variables score plot show how each variable participate in the samples separation and
what is the relation between variables within a sample (e.g. if the variable X is higher but the Y
is lower in the controls respect a treatment). This analysis gives a lot of information about the
samples and variables distribution useful to clarify a large amount of data, however, is not able
to give information about the significance of the differences.

To interpret the PCA we must focus on the distance between the variable and the axis
center in the spatial representation of the PCA scores. As more close are the variables to the
axis, less participates this particular variable to the samples separation, and inversely, when
the variables are far from the axis, more separate the samples along this PC.
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An in deep review of what is Principal Component Analysis can be found was explained

by Ringner’®.

6.1.5 Protein quantification

Protein concentration in the samples was measured using a protein assay based on the
Bradford dye-binding method, according to manufacturer’s instructions (Bio-Rad Laboratories,
Madrid, Spain). The assay is based on the reaction of protein with an alkaline copper tartrate
solution and Folin reagent. The color development is due mainly to the amino acids tyrosine
and tryptophan. Proteins effect a reduction of the Folin reagent by loss of 1, 2 or 3 oxygen
atoms thereby producing one or more of several possible reduced species which have a
characteristic blue color with maximum absorbance at 750 nm. The protein concentration was
calculated extrapolating the values into a standard curve.

6.1.6 Western Blot

The samples were mixed with 10X electrophoresis loading buffer (120 mM Tris-HCI, pH
6.8, 4% SDS, 50% glycerol, 0.1% bromphenol blue, and 10% mM B-mercaptoethanol) and then
boiled for 3 minutes. For the immunoblotting, the equal protein content extracts were
resolved in SDS-polyacrylamide gel and transferred to nitrocellulose membranes (Whatman).
After transference, the membranes were blocked with blocking solution (PBS containing 5%
non-fat dry milk and 0.1% Tween) for 1h at room temperature. Then the membranes were
incubated overnight at 42C with the specific antibodies: rabbit anti-GNPAT (1:600, Atlas
antibodies, Ref. HPA060059), rabbit anti-AGPS (1:600, Atlas antibodies, Ref. HPA030209),
rabbit anti-FAR1 (1:6000, Antibodies-online, Ref. ABIN2174097), rabbit anti-FAR2 (1:6000,
Antibodies-online, Ref. ABIN709091), rabbit anti-EP1 receptor (1:500, Bioss Antibodies,
Woburn, Massachusetts, Ref. bs-6316R), rabbit anti-EP2 receptor (1:1500, Antibodies-online,
Ref. ABIN3184492), rabbit anti-EP3 receptor (1:500, Bioss Antibodies, Woburn, Massachusetts,
Ref. bs-1876R), rabbit anti-EP4 receptor (1:500, Bioss Antibodies, Woburn, Massachusetts, Ref.
bs-8538R), rabbit anti-DP receptor (5ug/ml, Enzo Life Sciences, Barcelona, Spain, Ref. ADI-905-
800-100), rabbit anti-FP receptor (5ug/ml, Enzo Life Sciences, Barcelona, Spain, Ref. ADI-905-
901-100) rabbit anti Na*/K" ATPase (1:10000, Abcam, Cambridge, UK, Ref. ab124677) and B-
actin (1:10000, LI-COR Biosciences Ref. 926-42,212). After incubation, membranes were
washed with PBS containing 0.1% Tween 20 (Sigma-Aldrich), and with 0.1% Tween 20 PBS
containing 5% BSA (Sigma-Aldrich) for polyclonal antibodies. Then they were incubated with
goat anti-rabbit IRDye 800CW (1:5000, LI-COR, Ref. 926—32,211) or Alexa 680 donkey anti-
mouse IgG (1:2500, Abcam, Ref. ab175774) secondary antibodies at room temperature for 1 h.
Membranes were visualized using an Odyssey Clx Imaging System (LI-COR Biosciences,
Nebraska, USA); Quantity one software (Bio-Rad) was used to quantify the specific signals.
Normalization was performed by the protein/B-actin content except for the evaluations of the
PG receptors at the nuclei.

Antibody Concentration used Provider

Primary antibodies

rabbit anti-GNPAT 1:600 Atlas antibodies
rabbit anti-AGPS 1:600 Atlas antibodies
rabbit anti-FAR1 1:6000 Antibodies-online
rabbit anti-FAR2 1:6000 Antibodies-online

123



_ 6. Experimental procedures

rabbit anti-EP1 receptor 1:500 Bioss Antibodies

rabbit anti-EP2 receptor 1:1500 Antibodies-online

rabbit anti-EP3 receptor 1:500 Bioss Antibodies

rabbit anti-EP4 receptor 1:500 Bioss Antibodies

rabbit anti-DP receptor Sug/ml Enzo Life Sciences

rabbit anti-FP receptor Sug/ml Enzo Life Sciences

rabbit anti Na'/K" ATPase 1:10000 Abcam

B-actin 1:10000 LI-COR Biosciences
Secondary antibodies

goat anti-rabbit IRDye 800CW | 1:5000 LI-COR

Alexa 680 donkey anti-mouse | 1:2500 Abcam

I1gG

6.1.7 RNA isolation protocol

Samples for RNA isolation were lysed in one volume of Tripure reagent (Sigma-Aldrich).
After homogenated, 1/3 volume of Chloroform was added. The tube was vigorously shaken
and left on ice for 10 minutes. Then the tube was centrifuged at 12000g at 49C for 15 minutes.
The superior phase was transferred to a new tube with one volume of isopropanol and then
placed ON at -209C. To precipitate the RNA, the tube was centrifuged at 12000g at 42C for 10
minutes. The RNA was then resuspended with an adequate volume of DNA/RNAse free water.

The purity of the RNA was assessed by a Nanodrop (Nanodrop 2000, Thermo Fisher,
Barcelona, Spain). In any case, the 260/280 ratio was between 1.7 and 2 to be acceptable for
analysis.

6.1.8 Quantitative Reverse Transcription-Polymerase Chain Reaction
(qRT-PCR)

Total RNA was isolated from samples using Tripure reagent (Sigma-Aldrich) and the
following transcription to cDNA (up to 1pug RNA) with SensiFAST cDNA Synthesis Kit (Bioline,
London, UK). Quantitative real-time PCR was performed in CFX96 Touch™ Real-Time PCR
Detection System (Bio-Rad), with Hard-Shell® 96-Well PCR Plates, low profile, thin wall, skirted,
white/clear (Bio-Rad), using Sensi Fast™ SYBR® No-Rox Kit (Bioline), PCR Water Ultra Pure
18.2MQ, DNase/RNase-Free (Bioline) and the following primers: Human FAR1: Fw 5’-
GTACAACAGGCAGCACTAATCC-3’, Rv 5'- TTGGAGGTTAGATTTACATTGGGC-3’; Human FAR2:
Fw5’- GCGACTGGGAAAGGGTTTCT-3’, Rv5’- CCAATTGCAGGGATTGATGT-3’; Human GNPAT: Fw
5’-GCCAGTTATAGCAGCAGGAATG-3’, Rv 5'- GCCCAGTAGAGTTTATTGCCAC-3’; Human AGPS: Fw
5’-GTGATACACCTCCTTCTGTTGT-3’, Rv 5- TCGCTCAAACATTCCTTCCC-3’; Human 18S Fw 5'-
TAAGCAACGAGACTCTGGCAT-3’, 18S Rv 5'- CGGACATCTAAGGGCATCACAG-3’ (Isogen, Utrech,
Netherlands).

6.1.9 Tissue samples processing for imaging techniques
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The sample collection for this study was specifically approved by the Ethics Research
Committee of the Balearic Islands (IB 2118/13 PI). Informed consent was obtained in written
form from each patient before performing each endoscopy. Human colon biopsies were
obtained in the Endoscopic Room of the Hospital Universitari Son Espases (Palma, Spain) or of
the Hospital Comarcal de Inca (Inca, Spain). Endoscopic biopsies were resected using a Radial
Jaw Standard Capacity Biopsy Forceps (Radial Jaw™ 4, Boston Scientific, USA) and immediately
snapped frozen in liquid nitrogen and saved at -80 °C until sample preparation.

If the samples were used for imaging techniques sections of ~10 um thickness were
prepared using no cryoprotective substances and no embedding material in a cryostat (Leica
CM3050S) at-20 °C and placed on plain glass microscope slides. A consecutive section was
stained with hematoxylin and eosin (H&E) for structure identification and 9 consecutive slices
were placed in adherent glass slides for IF imaging.

6.1.10 MALDI-IMS analysis

2-Mercaptobenzothiazole (MBT) and 1,5-diaminonaphtalene (DAN) matrices, as well
as hematoxylin and eosin for histological staining were purchased from Sigma-Aldrich. Water,
methanol, acetonitrile, 2-propanol and formic acid (Fisher Scientific, Fair Lawn, NJ, USA) were
of Optima® LC/MS grade. Leucine enkephalin acetate hydrate, ammonium acetate, and
sodium hydroxide solution were purchased from Sigma-Aldrich Chemie (Steinheim, Germany).
Detailed information regarding the MALDI-imaging and data analysis can be found in Garate et
al.>®®. Briefly four sections of control and four sections of AD colon from different individuals
were scanned in negative-ion mode, while four sections of control and another three sections
of AD colon were scanned in positive-ion mode, using the orbitrap analyzer of an LTQ-Orbitrap
XL (Thermo Fisher, Bilbao, Spain), equipped with an N2 laser (100 w max power, elliptical spot,
60 Hz repetition rate). Mass resolutions of 30,000, 60,000 and 100,000 at m/z = 400 Da were
used to record the data, and the scanning range was 480—1000 Da in positive-ion mode and
550-1200 Da in negative-ion mode.

Lipid assignment was based on the comparison between the experimental m/z and the
species in the software's database (33000 lipid species plus adducts) and in lipid maps
database (www. lipidmaps.org). Mass accuracy was always better than 9 ppm and it was
typically better than 3 ppm. In this type of analyzers, the mass accuracy depends somehow in
the intensity of the peaks, and thus, those m/z with higher intensity present better mass
accuracy. In those cases where no univocal assignment was found, a comparison with the data
from UHPLC-MS/MS was performed. If any of the candidates was not detected by UHPLC—MS,
and it was not detected as another adduct in the MALDI-IMS experiment, this candidate was
not considered for the assignment.

MBT (2-mercaptobenzothiazole)™ and DAN (1,5-diaminonaphtalene)”™’ were used as
matrices for positive and negative ion detection respectively and were deposited with the aid
of a glass sublimator (Ace Glass 8023)**. Spectra were analyzed using dedicated software
(MSIAnalyst, NorayBioinformatics S. L.). A detailed description of data processing may be
found in Ref.*, but briefly, the spectra were normalized using a total ion current (TIC)
algorithm, and aligned using the Xiong method during the parsing stage’*®. All peaks with
intensity values lower than the 0.5% of the intensity of the strongest peak were filtered to
reduce the number of m/z and to speed up the analysis.

Recently, we have demonstrated that variations in the adduct ratio may hide other
physiologically relevant changes in lipid concentration®*’*°. Therefore, data on the relative
abundance of species detected in positive-ion mode were generated adding all adducts of each
species in a single mass channel. Thus, the values reported for, for example, PC 34:1 contain
the data from PC 34:1 + H+, PC 34:1 + Na+, PC 34:1 + K+ and PC 34:1 + MBT+. In those cases in
which a mass channel contains contribution from more than one species, the percentage due
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to each species was determined using the H+/Na+/K+ ratio found for each ®*”*° lipid class and
assumed constant for all the species of a given class. This ratio was calculated for each
individual spectrum with the aid of a home-built program. The correction cannot be performed
just by deconvolution of the average spectrum, as it may change for each type of tissue®**’>°.
The spectra in each experiment were grouped using k-means for comparison. Changes
between healthy and adenomatous cluster lipid composition were assessed using ANOVA
followed by Bonferroni post-test.

6.1.11 Plasma-derived EVs lipid composition

Lipid extraction of plasma-derived EVs was performed according to the method of
Bligh and Dyer®™ in the presence of not naturally occurring lipid species as internal standards.
The following lipid species were added as internal standards: PC 14:0/14:0, PC 22:0/22:0, PE
14:0/14:0, PE 20:0/20:0 (di-phytanoyl), PS 14:0/14:0, PS 20:0/20:0 (di-phytanoyl), P1 17:0/17:0,
LPC 13:0, LPC 19:0, LPE 13:0, Cer d18:1/14:0, Cer 17:0, D7-FC, CE 17:0 and CE 22:0. A total of
120 pg of EVs pellet resuspended in PBS were extracted. Chloroform phase was recovered by a
pipetting robot (Tecan Genesis RSP 150) and vacuum dried. The residues were dissolved in
either in 10 mM ammonium acetate in methanol/chloroform (3:1, v/v) (for low mass
resolution tandem MS) or chloroform/methanol/2-propanol (1:2:4 v/v/v) with 7.5 mM
ammonium formate (for high resolution MS).

The analysis of lipids was performed by direct flow injection analysis (FIA) using either a triple
qguadrupole mass spectrometer (FIA-MS/MS; QQQ triple quadrupole) or a hybrid quadrupole-
Orbitrap mass spectrometer (FIA-FTMS; high mass resolution).

FIA-MS/MS (QQQ) was performed in positive ion mode using the analytical setup and
strategy described previously’®®’®'. A fragment ion of m/z 184 was used for PC, SM’® and
lysophosphatidylcholine (LPC)™. The following neutral losses were applied: PE 141, PS 185,
phosphatidylglycerol (PG) 189 and Pl 277°%. PE plasmalogens were analyzed according to the
principles described by Zemski-Berry’®*. Sphingosine based Cer and hexosylceramides (HexCer)
were analyzed using a fragment ion of m/z 2647%, Lipid species were annotated according to
the recently published proposal for shorthand notation of lipid structures that are derived
from MS®. For these data glycerophospholipid species annotation was based on the
assumption of even-numbered carbon chains only. SM species annotation is based on the
assumption that a sphingoid base with two hydroxyl groups is present.

The Fourier Transform Mass Spectrometry (FIA-FTMS) setup is described in detail in
Horing et. al.”®®. Triacylglycerol (TG), diacylglycerol (DG) and cholesteryl ester (CE) were
recorded in positive ion mode FTMS in m/z range 500 - 1000 for 1 min with a maximum
injection time (IT) of 200 ms, an automated gain control (AGC) of 1*106, three microscans and
a target resolution of 140000 (at 200 m/z). The mass range of negative ion mode was split into
two parts. LPC and lysophosphatidylethanolamine (LPE) were analyzed in the range 400 - 650
m/z. PC, PE, PS, SM and Cer were measured in m/z range 520 - 960. Multiplexed acquisition
(MSX) was used for, the [M +NH4]+ of free cholesterol (FC) (404.39 m/z) and D7-cholesterol
(411.43 m/z) 0.5 min acquisition time, with a normalized collision energy of 10 %, an IT of 100
ms, AGC of 1*105, isolation window of 1 m/z, and a target resolution of 140000. Data
processing details were described in Horing et. al. using the ALEX software’® which includes
peak assignment and intensity picking. The extracted data were exported to Microsoft Excel
2010 and further processed by self-programmed Macros.

762

6.2 Chapter 2

6.2.1 Immunofluorescence in colon tissue
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Sections of 10 um thickness as described in Section 6.1.9 were placed on positive
charged adherent plain glass microscope slides. The fixation of the immunological slides and
the retrieval of its antigens were performed using pre-chilled methanol:acetone (Sigma
Aldrich, Madrid, Spain and Scharlau, Barcelona, Spain, respectively) at 1:1 dilution. Slides were
blocked using BSA at 5% (Sigma Aldrich) for 10 min. The immunostaining was made for 1 h at
room temperature (RT) followed by an incubation with a secondary antibody for 45 min at RT
in a humidified chamber. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI, Dako-
Agilent Technologies, Santa Clara, CA, USA) at 1:10,000 dilution for 1 min at RT. Slides were
mounted in Dako Fluorescent Mounting Medium (Dako, Agilent Technologies). The following
primary antibodies were used: rabbit anti-ACSL4 (PA5-27137, Thermo Scientific, Waltham, MA,
USA; 1:1500), rabbit anti-PLA2 Group IV (PA5-29100, Thermo Scientific, 1:1500); rabbit anti-
PGE2S (HPA020631, Atlas Antibodies, Stockholm, Sweden, 1:75), rabbit anti-PLA2 group VI
(HPAO01171, Atlas Antibodies, 1:200), rabbit anti-FADS2 (HPA006741, Atlas antibodies, 1:260),
rabbit anti-CDS2 (HPA019698, Atlas antibodies, 1:50); mouse anti-COX1 (SC-19998, Santa Cruz
Biotechnology, 1:500), mouse anti-COX2 at dilution (sc-19999, Santa Cruz, 1:525), mouse anti-
SCD1 (ab39969, Abcam, Cambridge, UK, 1:500), rabbit anti-CB1 (PA1-743, Thermo Fisher,
Barcelona, Spain, 1:1250), mouse anti-CB2 (MAB3655, Fisher Scientific, Madrid, Spain, 1:20),
goat anti-MBOAT7 (sc-243245, Santa Cruz, Heidelberg, Germany, 1:500 ), goat anti-AGPAT2
(sc-68585 Santa Cruz, Heidelberg, Germany, 1:500), mouse anti-PIP2 (Abcam, Cambridge, UK,
1:200), rabbit anti-PI3KR3 (Uniprot, 1:50), rabbit anti AGPS (Atlas antibodies, Bromma,
Sweden, 1:500), rabbit anti GNPAT (Atlas antibodies, Bromma, Sweden, 1:200), rabbit anti-
FAR1 (Antibodies-online, Aachen, Germany, 1:150), rabbit anti-FAR2 (Antibodies-online,
Aachen, Germany, 2pg/ml). Secondary antibodies used were donkey anti-mouse alexa fluor
555 (ab150106, Abcam, Cambridge, UK, 1:600), chicken anti-rabbit alexa fluor 488 (A-11008,
Life Technologies, 1:400), donkey anti-rabbit alexa fluor 555 (A31572, Life Technologies,
1:400), chicken anti-goat alexa fluor 488 (A21467, Life Technologies, 1:400). Images were
obtained with Axioscope Cell Observer microscope (Carl Zeiss, Germany). Once IF images were
captured, the crypts appearing entire were divided in three areas (upper/luminal, intermediate
and down/basal) and the IF intensity values were obtained using the microscope software. To
evaluate statistically the differences in protein expression along the crypt, repeated
measurement ANOVAs were computed for healthy and for adenomatous tissue in separated
analysis using IBMSPSS Statistics 22. Results are reported using a significance level (i.e., alpha)
of 0.05 and eta-square to indicate the magnitude of the difference. A similar approach was
taken for lamina propria.

Antibody Concentration used Provider
Primary antibodies

rabbit anti-ACSL4 1:1500 Thermo Scientific
rabbit anti-PLA2 Group IV 1:1500 Thermo Scientific
rabbit anti-PGE2S 1:75 Atlas Antibodies
rabbit anti-PLA2 group VI 1:200 Atlas Antibodies
rabbit anti-FADS2 1:260 Atlas Antibodies
rabbit anti-CDS2 1:50 Atlas Antibodies
mouse anti-COX1 1:500 Santa Cruz
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mouse anti-COX2 1:525 Santa Cruz
mouse anti-SCD1 1:500 Abcam

rabbit anti-CB1 1:1250 Thermo Fischer
mouse anti-CB2 1:20 Fisher Scientific
goat anti-MBOAT7 1:500 Santa Cruz

goat anti-AGPAT2 1:500 Santa Cruz
mouse anti-PIP2 1:200 Abcam

rabbit anti-PI3KR3 1:50 Uniprot

rabbit anti AGPS 1:500 Atlas Antibodies
rabbit anti GNPAT 1:200 Atlas Antibodies
rabbit anti-FAR1 1:150 Antibodies-online
rabbit anti-FAR2 2ug/ml Antibodies-online

Secondary antibodies

donkey anti-mouse alexa | 1:600 Abcam

fluor 555

chicken anti-rabbit alexa fluor | 1:400 Life Technologies
488

donkey anti-rabbit alexa fluor | 1:400 Life Technologies
555

chicken anti-goat alexa fluor | 1:400 Life Technologies
488

6.2.2 Organoid cell culture

6.2.2.1 Wnt3a and RSPONDIN-1 complemented medium preparation

To allow organoids development is necessary the presence of Wnt3a and RSPONDIN-1
ligands in the medium. To this, we used fibroblasts with a plasmid for Wnt3a or RSPONDIN-1
synthesis coupled to Zeocin gene resistance. The fibroblasts are expanded for at least one
week with DMEM/F12, 10% FBS, 1% Penicilyn/Streptomycin, 1% GlutaMax (Labclinics,
Barcelona, Spain.) and 1% Zeocin (Invivogen, Toulouse, France). To generate the
complemented media the fibroblasts are seeded without Zeocin and after reaching confluence
the medium is changed. After one week complementing the medium, the medium is filtered
through 20um mesh, aliquoted and stored at -802C until use.

6.2.2.2 Crypt isolation and organoid culture
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The sample collection for this study was specifically approved by the Animal Ethics

Research Committee of the IdISBa (2015/17/AEXP). The organoids were generated from crypt
fragments from NMRI mice. The protocol was adapted from’®®. The mice colon was extracted
and the distal part (the last 2-3 cm) collected. A biopsy-size fragment (3mm?® approximately)
was kept at -802C for colocalization evaluations. The remaining distal part of the colon is and
flushed out with PBS + Primocyn (0.2%). The higher seeding efficiency of the distal colon made
it a more suitable part to form organoids’®’. The tissue is minced into small pieces and washed
twice in PBS with Primocyn (0.2%) for 5 min. The shaking must be gentle and the PBS must be
removed by decantation. The tissue is suspended in 5ml of DMEM/F12 with 1% FBS (complete
DMEM) and 500 U/ml collagenase 1X and incubated at 379C for 30 minutes in a water bath
shaking vigorously every 5 minutes. To finish dissociate the tissue and to stop the collagenase
activity 5 ml of complete DMEM were added and the tissue pipetted with a 10ml pipette. The
top 5 ml of the crypt suspension is transferred to a new tube, passing through a 100um cell
strainer to remove large materials. The DMEM addition and filtration processes are repeated 3
times. The liberated crypts were combined by centrifuging at 300g for 5 minutes. A final wash
is done with 5ml complete DMEM and a centrifugation at 60g for 3 minutes twice (the two
centrifugations allows a better precipitation of the crypts). At this speed, the crypts but not the
cells precipitate. The viable crypts fragments were seeded in 15ul of cold matrigel in a 96 well
plate. The organoids were cultured with WENR culture media described in***”*” with some
modifications. WENR contained 50% Wnt and 10% RSPONDIN complemented media, 40%
DMEM/F12 complete media (10% FBS, 1% Primocin), 1x B27 (which helps in forming cell
spheres and sustain their propagation’®), 1x N2 (used in primary cultures as a
supplementation growth factor’’®), 1mM N-acetylcysteine (NaC) (used as antioxidant and as a
mucolytic agent’’!), 100 ng/ml Noggin, 50 ng/ml EGF.
The concentration of each inhibitor was: 5 uM for Arachidonyl trifluoromethyl ketone, 20 uM
for Bromoenol lactone, 0.1 mM for Valeroyl salicylate, 4 uM for Celecoxib. In the case of the
PGD,, PGF,,, and PGE, all were used at 0.022 uM. The EP4 agonist L-902,688 was used at 1 uM
while its antagonist L-161.982 was used at 10 uM.

Images of the organoids were obtained with Axioscope Cell Observer microscope (Carl
Zeiss, Germany) at Oh, 24h, and 48h of treatment. The growth rate was calculated by dividing
the mean size of the organoids at 48h between the mean size of the same well at Oh. The area
quantification was done using Zen Blue Software (Carl Zeiss, Germany).

6.2.3 Organoid MTT assays

The assessment of the organoids viability after the different treatments was assessed
by direct visualization and by MTT assay. We used the Roche MTT assay kit (Sigma-Aldrich,
Spain). The assay is based on the cleavage of the yellow tetrazolium salt MTT to purple
formazan crystals by metabolic active cells’”’>. This cellular reduction involves the pyridine
nucleotide cofactors NADH and NADPH’”>. The formazan crystals formed were solubilized and
the cells lysed by using the Solubilization solution (with SDS). The resulting colored solution is
quantified using a scanning multiwell spectrophotometer Synergy H1 microplate reader
(BioTek, Bad Friedrichshall, Germany). The signal was calculated by substrating the reference
absorbance at 690 nm to the 550 nm signal absorbance.

6.2.4 PLA; and COX inhibition assessment
The PLA, and COX activities capacities after their inhibition were assessed over isolated

mice crypts. The crypts were isolated as described in section 6.2.2.2 and then the
corresponding assay was performed in the presence of the inhibitors at the working
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concentrations. In order to be able to compare all the samples, the protein content of each
reaction was assessed as explained in section 6.1.5.

PLA, inhibition assessment

The PLA, activity was measured with the EnzCheck PLA, Assay Kit of Invitrogen
(Thermo Fisher, Barcelona, Spain). This assay is based on the different fluorescence of a
labeled AA depending if is free or esterified. The excitation of the sample was at 490nm, while
the emission was measured at 515 and 575 nm. The value of PLA, was calculated by doing the
ratio between the emission at 515 and the one at 575.

COX inhibition assessment

The COX activity was measured with the COX Activity Assay Kit of Abcam. This kit
measures the fluorescence emitted at 587 nm of a COX probe after its peroxidation.

6.2.5 Digital Droplet PCR

To know the effects of influencing in the PG signaling besides proliferation, we
assessed the effects of each treatment over differentiation by quantifying different cell
markers using digital droplet PCR (ddPCR). ddPCR is based on the preparation of an emulsion
of thousands of droplets. Each droplet should contain only one copy of cDNA, the primers and
the polymerase. With more copies of one gene more droplets would amplify their content and
therefore would display signal. The main advantage of this technique over conventional qPCR
is its higher sensitivity and their quantitative results which can leave aside the evaluation of a
housekeeping gene’’*. The markers used were: Krt20 for differentiated cells, ckit for the cKit"
cells, Lgr5 for the stem cells and Wdr43 for the TA cells.

Total RNA was isolated from samples using Tripure reagent (Sigma-Aldrich) and
following transcription to cDNA (up to 1pg RNA) with SensiFAST ¢cDNA Synthesis Kit (Bioline,
London, UK). Droplets were generated using QX200 droplet generator (Biorad) and the PCR
reaction in a termocycler (C1000 Touch™ thermal cycler, Biorad). The positive droplets were
quantified using QX200 droplet reader (Biorad). The concentration values were used to assess
differences between the different conditions. The PCR reactions were performed using QX200
ddPCR EvaGreen supermix, PCR Water Ultra Pure 18.2M(Q, DNase/RNase-Free (Bioline) and the
following  primers: Mouse Lgr5: Fw  5-ACCCGCCAGTCTCCTACATC-3', Rv 5'-
GCATCTAGGCGCAGGGATTG-3’ (Tm = 57.52C); cKit: Fw 5'-TGGCTCTGGACCTGGATGAT-3’, Rv 5'-
ATCTTTGTGATCCGCCCGTG3’ (Tm = 60.82C); Krt20: Fw 5’- TAGAGTTGCAGTCCCACCTC-3’, Rv 5'-
TGTTCTTGGTTCTGGCGTTC-3’ (Tm = 60.82C); Wdr43: Fw 5’- AGTCCTCCTTACACAGGGCT-3’, Rv
5’- CGGTATCCTCAGCACAGTCC-3’ (Tm = 60.629C) (Isogen, Utrech, Netherlands).

6.2.6 Nuclear colocalization of prostaglandin receptors in
colonocytes by IF

To detect the presence of PGs receptors on the nucleus, we labeled each protein and
analyze its colocalization with the nuclei labeled with DAPI using the Manders’ colocalization
coefficient (MCC).

The MCC works as follows: for two probes that can be named R and G, two different MCC are
derived, M1 is the fraction of R in compartments containing G, and the M2 would be the
fraction of G in compartments containing R. These coefficients are calculated as follows:
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This method for evaluating colocalization measures co-occurrence regardless of the
proportionality between the channels. The main con of this method is the great effect that the
background exerts over this value.

To overcome the effect of the background over the MCC we chosed the next approach:
With the point scatter of the colocalization graph we can determine a good threshold for each
channel (DAPI and the antibody). For each protein, a specific threshold was applied for each
image. The negative colocalization values were assessed by analyzing tissue areas without
nuclei but with antibody signal (like epithelial cell membrane), areas from luminal colon and a
negative area apart from the tissue. The threshold was established at the point where the
protein channel was just above the negative colocalization areas and the increasing DAPI
channel enough to have Mander’s colocalization values of 0 on the negative areas.

Despite the decrease in the background signal, there is always some remaining
colocalization value. To assess which Mander’s coefficient value is a real negative in the colon
we also calculate this coefficient for the Na/K ATPase at the nucleus. The values equal or below
this exclusive cytoplasmic membrane protein MCC were considered negative.

Tissue slices were fixed and their antigens retrieved by using ice-cold Methanol:Acetone
(1:1) for 10 minutes. After that, the slices were blocked with BSA at 5%. Then were incubated
using the next antibodies: rabbit anti-EP1 receptor (1:300, Bioss Antibodies, Woburn,
Massachusetts, Ref. bs-6316R), rabbit anti-EP2 (1:250, Antibodies-online, Ref. ABIN3184492),
rabbit anti-EP3 receptor (1:400, Bioss Antibodies, Woburn, Massachusetts, Ref. bs-1876R),
rabbit anti-EP4 receptor (1:300, Bioss Antibodies, Woburn, Massachusetts, Ref. bs-8538R),
rabbit anti-DP receptor (1:500, Enzo Life Sciences, Barcelona, Spain, Ref. ADI-905-800-100),
rabbit anti-FP receptor (1:500, Enzo Life Sciences, Barcelona, Spain, Ref. ADI-905-901-100)
rabbit anti Na’/K* ATPase (1:100 Abcam, Cambridge, UK, Ref. ab124677). The secondary
antibody used was donkey anti-rabbit alexa fluor 555 (A31572, Life Technologies, 1:400) and
DAPI for nuclei. The images were obtained using Zeiss confocal microscope and the Mander’s
colocalization coefficients were calculated using Zen software. Briefly, ROl were manually
drawn around the nuclei (10nuclei/crypt, 5 crypts section) in three consecutive sections.

6.3 Statistical analysis

Unless specified, all statistical analysis was made using Graphpad Prism Software.
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8 Supplemental material

3.1.1 Lipid markers for cellular malignization in cell culture model
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Cer Cer variables
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Supplemental figure 1: PCA of each molecular lipid class separates the primary from the cancer cells. The analysis
was made with the contribution in percentage of each molecule to the total amount of the family. Explained
variances: PE 65.9%, Pl 87.5%, SM 90.6%, Cer 96.4%. Only the most influential variables are indicated at each PCA
variables graph. o Primary,  HT29, @ LS174t, @ 5wW430 and @ Col0201 cell lines.

Supplemental table 1

Prim HT29 LS174t SwW480 Colo 201
Lipid classes
Mean SD Mean SD Mean SD Mean SD Mean SD
PC 44.9 4.8 50.4 2.9 49.2 0.7 53.6 16 53.6 12
a aaa aaa
7.2 6.0 7.8
SM 11.1 2.1 y 1.0 9.0 1.6 aaa 0.6 : 0.9
aa c a
0.6
Cer 1.4 0.7 1.8 0.5 1.2 0.2 1.5 0.2 bbb 0.0
d
11.7 11.6
PE 25.1 3.4 8.2 13 aca 13 108 0.7 asa 1.0
aaa bb aaa b
18.5 14.8 13.4 13.9
PE-P 5.4 0.6 : 1.4 aaa 0.9 aaa 1.1 aaa 1.0
aaa bbb bbb bbb
PI 4.8 0.6 75 11 56 0.8 6.4 0.6 54 0.4
aaa bb bb
PS 7.4 0.2 6.4 2.2 8.5 0.8 8.4 1.9 7.1 0.9
Supplemental table 1: Comprehensive lipidome analysis of Primary, HT29, LS174t, SW4380 and Colo 201 cells. Statistical significance was
assessed using ANOVA followed by Bonferroni post-test analysis. a P < 0.05, aa P<0.01, aaa P < 0.001, Primary vs HT29; b P < 0.05, bb P < 0.01,
bbb P < 0.001, Primary vs LS174t; ¢ P < 0.05, cc P < 0.01, ccc P < 0.001, Primary vs SW480; d P < 0.05, dd P < 0.01, ddd P < 0.001, Primary vs
Colo 201.

Supplemental table 2

Prim HT29 LS174t SE480 Colo 201

Lipid molecular species

PC
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Mean SD Mean SD Mean SD Mean SD Mean SD
3.8
. 95 6.7 a 5.3
32:0 6.3 1.0 )< 1.8 > 0.3 2 0.7 >3 0.4
C
10.0 71 6.8 79
34:2 13.1 3.4 a 1.0 asa 0.9 aaa 0.3 : 0.5
b b aaa
39.1 43.6 510 421
34:1 34.7 0.8 ! 2.8 aaa 1.9 a;)a:)a 1.2 aaa 1.4
a bb - ddd
0.7
36:4 15 0.1 2.8 1.2 1.9 0.6 2.3 0.2 oo 0.1
d
2.9 2.7
36:3 5.5 1.0 4.2 0.6 3.5 0.3 ana 0.2 aaa 0.1
aa aaa bb
C
27.3
a
36:2 21.8 1.7 16.6 2.8 17.0 2.0 139 1.2 oo 31
a ccc
ddd
36:1 7.4 0.4 7.1 0.7 8.7 11 9.2 0.8 9.2 2.2
05
38:6 0.1 0.0 18 0.6 13 0.3 15 0.1 bbb 0.1
aaa aa aaa C
dd
1.0
38:5 1.0 0.2 2.1 1.1 2.2 0.5 2.1 03 b 0.2
a a dd
2.3 2.1 or
i . . aaa
384 4.1 0.6 - 13 2.8 05 - 0.2 o 0.1
ccC
14 11
38:3 3.0 0.4 15 0.5 2.4 0.4 aaa 0.2 aca 0.2
aaa bb
C ccc
03
40:7 0.1 0.0 06 0.1 05 0.1 0.5 0.0 aaa 0.0
aaa aaa aaa
d
406 0.2 0.0 1.0 0.5 0.9 03 08 0.1 0.4 0.2
a a b
405 0.5 0.0 0.9 0.4 1.0 03 1.0 0.1 0.6 0.1
0.2 03 0.2 02
40:4 0.8 0.1 - 0.1 - 0.1 - 0.1 . 0.0
aaa aaa aaa c
PE
32:0 0.3 0.2 0.5 0.2 0.5 0.2 03 0.0 0.3 0.1
2.5 1.9 2.7
34:2 4.2 11 4.1 1.0 a 0.6 aa 0.3 . 0.3
bb bbb
_ 13.0
34:1 13.0 18 16.0 17 14.8 16 " 12 14.8 0.8
2.0 0.8 1.0 0.2
. . . . bbb
36:4 0.7 0.1 20 0.3 08 0.1 10 0.2 bt 0.1
ddd
2.1 3.2 3.0
36:3 4.9 15 4.8 0.9 ana 06 " 05 a 0.2
bbb bb
32.1
36:2 34.4 5.3 19.9 3.8 19.7 45 17.9 0.8 bb 5.4
aa aaa aaa cc
ddd
255
. 18.0 16.7
36:1 14.1 22 9.9 2.0 L8 11 L6 17 aas 3.4
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cccC
ddd
101 3.7
38:5 3.1 0.3 151 2.9 66 1.3 aaa 1.9 bbb 0.7
aaa bb ddd
4.7
38:4 8.9 05 12.7 1.7 12.5 1.3 14.3 18 bbb 1.0
aa a aaa cce
ddd
63 25
38:3 10.6 0.9 3.7 1.1 an 2.0 5.3 0.6 aaa 0.5
aaa b aaa ccc
d
40:7 0.3 0.1 3.0 0.1 2.9 0.7 3.0 0.1 2.7 0.4
aaa aaa aaa aaa
6.2 4.1
40:6 0.5 0.1 3.5 0.9 aca 1.7 4.8 0.7 aa 0.6
aa bb aaa c
4.4 4.2 2.7
40:5 13 0.3 1.4 0.4 ana 1.4 aa 05 - 0.5
bbb bbb
02 1.0 L4 03
40:4 3.4 16 - 0.2 - 05 aa 0.3 - 0.1
aaa aaa b aaa
Pl
34:2 07 0.4 13 03 L7 0.3 1.6 0.5 19 03
a a aa
9.8 5.1
34:1 0.9 0.8 14.6 4.9 156 2.2 aa 1.2 bbb 0.4
aaa aaa c cce
36:4 06 01 18 05 18 0.9 25 0.0 1.2 01
a a aa d
4.2 2.1
36:3 4.1 12 2.8 0.4 ) 0.9 aa 0.4 3.0 0.4
CccC
16.2
11.2 aaa
36:2 7.9 3.4 75 13 o 15 9.9 1.4 bbb 1.8
cC
ddd
23.6 17.4 16.2 9.6
36:1 15 15 - 7.0 - 2.0 - 17 bbb 0.9
aaa aaa aaa ¢
38:6 0.1 0.0 0.7 0.2 06 0.4 0.6 0.0 0.2 0.1
aa a a b
38:5 3.9 2.1 2.9 0.7 2.7 11 4.1 0.3 4.3 0.4
38:4 27.8 9.7 20.1 9.5 15.9 5.4 32-7 3.0 275 1.8
13.2 233
38:3 47.9 48 17.8 3.7 22.4 7.7 aaa 1.0 aaa 1.3
aaa aaa c d
05 0.4
40:7 0.2 0.0 0.3 0.1 0.2 0.1 a 0.1 A 0.1
cC cC
406 0.5 0.1 3.1 0.6 2.4 1.2 21 0.2 2.3 0.1
aaa aa a aa
45
40:5 1.3 0.1 2.8 0.6 2.8 1.1 aaa 0.3 3.2 0.3
a a bb aa
cC
21 16
40:4 2.6 0.1 0.7 0.4 12 0.2 bbb 0.5 an 0.3
aaa aaa
cc bb
PS
32:0 0.1 0.1 0.1 0.0 0.1 0.0 oéo 0.0 oéo 0.0
0.8 0.4 0.7
34:2 1.9 0.6 2.1 0.5 aa 0.3 aaa 0.1 aa 0.2
bbb bbb bbb
. 16.7 7.6 6.9 78
34:1 10.0 1.9 6. 2.3 76 1.4 6.9 0.6 ’8 0.6
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06 0.1 0.1 0.0
364 0.2 0.0 - 0.1 a0a 0.0 2 0.0 ana 0.0
aaa bbb bbb bbb
29 0.4 0.4 0.4
36:3 1.5 0.2 : 0.1 aaa 0.2 aaa 0.2 aaa 0.1
aaa bbb bbb bbb
g o 111
36:2 15.3 06 16.4 1.8 aa 1.9 2 0.8 2 17
bbb bbb
C
60.5
. 38.0 54.2 51.0 aa
36:1 53.7 2.0 8.( 2.2 4 23 o1 2.3 oob 0.4
ddd
38:6 0.0 0.0 0.2 02 0.1 0.1 0.2 0.0 050 0.0
. 25 0.4 0.8 0.2
385 0.4 0.0 25 1.0 04 0.1 08 0.2 0-2 0.1
. 6.0 26 3.2 1.4
38:4 3.2 0.1 . 2.1 2.6 0.4 3. 0.7 L4 0.1
3.7
383 9.9 1.1 6.8 1.1 8.2 1.1 6.6 1.0 bbb 05
aa aa cce
dd
0.4
0.4
407 0.0 0.0 02 01 02 0.0 e 01 aa 0.0
a aa b
C
85 95
40:6 0.2 0.1 4.8 11 a0a 2.2 aca 0.4 7.1 0.8
aaa bbb bbb aaa
7.3 8.4 6.1
405 0.7 0.2 2.4 0.6 ana 1.4 ana 05 aaa 0.8
bbb bbb dd
SM
d18:1/16:0 36.8 33 513 47 51.2 9.9 53.2 3.0 58.2 3.8
a a a aa
165 6. 2.2
d18:0/16:0 25 0.1 9.1 25 aaa 5.4 - 2.6 b 0.2
bb cee cce
16
d18:1/18:1 0.6 0.2 12 0.5 0.7 0.2 aa 0.1 1.0 0.2
a b ce
d18:1/18:0 3.3 0.7 4.6 2.0 2.7 0.9 5cc9 0.7 3.7 0.3
d18:1/20:0 11 0.0 28 08 18 0.7 1.9 0.2 2;3 0.4
d18:1/22:1 27 1.0 2.9 0.8 2.0 08 2.7 0.4 2.0 05
d18:1/22:0 6.8 0.5 5.7 12 456 11 4.7 0.7 4.8 12
d18:1/24:1 36.5 6.8 9.5 25 9.7 2.1 124 1.0 13.6 15
aaa aaa aaa aaa
d18:1/24:0 7.0 0.8 7.7 0.9 6.0 12 554 0.7 6.8 1.4
d18:1/26:1 0.9 0.1 0.3 0.0 0.4 0.1 0.2 0.1 0.3 0.0
aaa aaa aaa aaa
0.1
d18:1/26:0 0.2 0.1 0.3 0.1 0.3 0.1 bb 0.0 0.2 0.1
cC
4.7 4.0 58 4.6
d16:1/18:1 17 0.6 - 0.7 : 1.0 aca 0.4 - 12
aa a c aa
Ceramides
38.2 30.3
d18:1/16:0 38.2 33 53.4 5.4 56.2 7.9 bb 25 bbb 57
a aa ccc ccC
11 3l 0.8
d18:1/18:0 16 0.1 2.7 0.9 : 05 a 0.4 bbb 0.3

bb

cce

ddd
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d18:1/20:0 0.6 0.0 1.7 2.7 0.4 0.2 0.3 0.1 0.2 0.1
d18:1/22:1 05 0.0 0.2 0.1 0.3 0.1 o1 0.0 0.2 0.3
d18:1/22:0 6.2 0.6 6.3 1.3 5.9 1.9 6.8 1.0 4.6 1.4
24.7 235
d18:1/24:1 26.7 1.8 10.9 1.8 14.6 3.2 bbb 3.9 bbb 4.8
aaa aaa cc cc
37.2
a
d18:1/24:0 24.8 3.2 24.3 4.0 20.3 7.1 25.9 2.2 bb 7.4
ccc
d
0.8
d18:1/26:1 0.8 0.1 0.2 0.0 0.2 0.2 0.2 0.1 bbb 0.3
aa aa aa cc
dd
d18:1/26:0 05 0.1 0.7 0.6 1.4 11 0.8 0.6 2o 14
Supplemental table 2: Comprehensive lipidome analysis of Primary, HT29, LS174t, SW4380 and Colo 201 cells. Statistical significance was
assessed using ANOVA followed by Bonferroni post-test analysis. a P < 0.05, aa P < 0.01, aaa P < 0.001, Primary vs HT29; b P < 0.05, bb P <
0.01, bbb P < 0.001, Primary vs LS174t; c P < 0.05, cc P < 0.01, ccc P < 0.001, Primary vs SW480; d P < 0.05, dd P<0.01, ddd P < 0.001, Primary
vs Colo 201.

Supplemental figure 2
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Suppplementary figure 2: Lipid distribution of species decreasing in PE. Total percentage of each fatty acid combination detected
was calculated. The contribution of each lipid class to the total amount of fatty acid combination was calculated in order to evaluate
how much is accumulated in each lipid class compared to the others. Values are expressed as percentage of total fatty acid (mole %)
and represent mean * SD, n=3-6. Statistical significance was assessed using one way ANOVA followed by Bonferroni post-test.
Only significance respect primary cells are expressed. * P<0.05; ** P<0.01; *** P<0.001.

3.1.2 Lipid markers for cellular malignization in human tissue

Suppplementary table 3
% of total RI
Healthy epithelium Adenoma
Segment Apical Basal
Assigned lipid species Mean + SD Mean + SD Mean + SD
Pl
34:2 89+1.1 7612 6.3+1.9
34:1 16.3+2.1 12.7+1.5 12.5+3.3
36:4 28108« 42+1.0 49+0.5
36:3 48+1.2 54112 3.3+1.0
36:2 27.8+4.9¢ 23.0+4.15 17.6 3.9
36:1 18.7+0.3 +2 11.5+14 11.2+3.7
38:6 0.8+0.1 0.7+0.1 0.4+03
38:5 1.7+0.5 2.8+0.2 2.5+0.6
38:4 17.4+£29 31.2+2.0 40.3+11.0
40:4 0.7+0.3 1.1+0.2 0.9+0.8
PE
34:2 22+0.1 2.210.2 1.3+1.0
34:1 7.1+0.8 5.8+0.8 5.7+0.8
34:0 0.00 £ 0.00 1.2+1.1 1.1+14
36:4 1.2+0.3 1.4+0.2 1.0+ 0.6
36:3 7.5+0.3 2 8.2+0.5 tt 4015
36:2 26.3+2.1 25.0+1.8 23.9+2.9
36:1 258+1.4 23.2+2.0 31.0+5.8
36:0 16+14 1.5+1.3 1.2+1.2
38:6 02104 0.2+0.3 0.7+0.5
38:5 2.2+0.6 2.6+0.5 29+1.4
38:4 5.7+0.5 7.810.2 8.2+2.4
38:3 7.9%+0.8 8.1%1.0 6.7+1.6
38:2 9.81+0.1 9.410.1 8.0+13
38:1 1.5+1.3 1.4+1.3 24+0.7
40:5 0.6+0.4 0903 0.910.6
40:4 04103 1.0+0.1 0.910.6
PC
32:0 32+14- 59+1,0+ 3.3+0.6
32:1 1.1+05 1,4+0,3 09z+0.1
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34:0 3.2+0.5 2,4+0,6 +t 46+0.6
34:1 36.1+2.8%= 31,9+0,3 ++ 47.1+4.9
34:2 16.3+3.8 17,4+3,3 143+23
34:3 13+03s 1,5+0,2 ++ 0.7+0.1
36:0 04+0.1 0,2+0,1 04+0.1
36:1 55+0.3 45+0,4 58+1.3
36:2 17.1+1.1 16,5+1,0 12.7+2.6
36:3 10.1+£19% 10,8 £ 0,5 ++ 56+1.2
36:4 29+0.6 3,9+0,4 26+14
36:5 0.2+0.2 0,2+0,1 0.1+0.2
38:2 0.3+0.3 0,2+0,1 0.0+0.0
38:3 04+0.3 0,5+0,4 0.2+0.1
38:4 1.0+04 1,4+0,3 1.0+0.8
38:5 0.6+0.3 0,8+0,4 0.5+0.6
38:6 0.2+0.2 0,2+0,1 0.1+0.2
40:5 0.01+0.01 0,0+0,1 0.0+0.0
40:6 0.04 £ 0.02 0,2+0,1 0.0x0.0
PE plasmalogens

PE P- 16:0/18:2 7.7+13zs 73114+ 25+1.8
PE P- 16:0/18:1 13.6x1.7 11.6+0.9 9.2+33
PE P- 16:0/20:4 109+1.1« 144+1.0 15.0+2.2
PE P- 16:0/20:3,

PE P-18:1/18:2 5.4+ 0.6 ssa 5.4+ 1.0 t+t 2.1+0.2
PE P- 18:0/18:2,

PE P- 18:1/18:1,

PC P- 16:0/18:2 14.7 £2.9 sza 11.8+2.0+ 6.5+2.0
PE P- 18:0/18:1,

PC P- 16:0/18:1 11.1+£0.7 82 8.1+0.2 +1.5
PE P- 16:0/22:6 40109« 40+£0.7+ 72115
PE P- 18:1/20:4,

PE P- 16:0/22:5,

PE P- 18:0/20:5 6.8+1.5 8.2+1.6 7.7+1.0
PE P- 18:0/20:4,

PE P- 16:0/22:4 16.0+1.5 18.6+0.7 255%6.3
PE P- 40:7 0.9+0.8 0.7+0.7 1.3+0.6
PE P- 18:0/22:6,

PE P-18:1/22:5,

PC P- 16:0/22:6 45+09 3.9+0.6 8.8+2.38
PE P- 18:0/22:5,

PC P- 16:0/22:5 1.9+05 2.3+0.5 26+0.5
PE P- 20:0/20:4,

PE P-18:0/22:4,

PC P- 18:0/20:4 25+04 3.7t04 41+15
Suppplementary table 3: Comprehensive lipidome of colon epithelial clusters. All possible plasmalogen species assignations are
indicated, although the most probable is marked in bold. Values are expressed as meantSD, n=3-5. Statistical significance was
assessed using ANOVA followed by Bonferroni post-test analysis. * P < 0.05, ** P < 0.01, apical vs. basal, & P < 0.05, && P < 0.01 apical
vs. AD, and T P < 0.05, T P < 0.001 basal vs. AD.
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Suppplementary table 4

% of total RI

Healthy LP Adenoma
Lamina Propria Apical Central Basal
Pl Mean + SD Mean + SD Mean + SD Mean = SD
34:2 0.3 + 0.1 09 + 0.1 16 £ 0.5 1.4 +1.2
34:1 1.2 £ 0.3 23 + 0.2 3.5+ 0.8 3.8 +33
36:4 2.1 £ 043 2.2 £ 0.3 2301 2.8 +03
36:3 0.7 £ 0.1 = 1.2 £+ 0.1 22 £ 0.7 1.3+ 0.7
36:2 41 + 0.6+ 6.0 £ 1.1 11.1 £ 5.1 6.5+ 2.6
36:1 23 + 0.5 3.4 + 0.6 57 £33 4.2 + 3.1
38:5 3.4 £ 03 3.8 £ 0.6 3.7 £ 0.6 4.7 £+ 1.7
38:4 68.0 £ 3.2 63.0 £ 24 53.4 + 8.2 55.1 + 11.4
38:3 13.2 + 29 116 £ 3.3 87 34 114 £+ 1.1
40:6 14 £ 09 19+ 11 31+ 17 2.8 +1.2
40:5 1.8 £+ 0.9 26 14 36 £ 21 4.8 + 2.6
40:4 14 £ 0.2 1.0 £ 0.6 1.1 £ 0.3 1.1+0.8
PE
34:1 3.2 £ 08ss 4.2 + 0.7 45+11 52 + 0.6
34:0 57 £ 04 5.5 + 0.3 5.1 £ 0.3 6.1 + 3.1
36:4 34 + 0.6 7 + 0.6 1.8+ 04 1.2 +14
36:3 2.1 £ 09 28 £ 0.3 3.9+ 15 15 +1.7
36:2 139 + 1.8~ 16.7 £ 15 22.7 £ 44 17.2 £ 4.6
36:1 18.1 + 2.2 216 £ 2.7 235+ 43 249 £ 79
38:5 7.4 £ 0.8+ 5.4 + 0.8 3.6 £ 0.7 59 +23
38:4 346 £ 15 29.2 £ 2.0 223 + 2.8 26.6 £ 8.1
38:2 6.0 £ 0.7 = 7.5 £ 09¢€ 9.8 + 1.1 +tt 6.5 £ 0.9
40:5 57 0.6 44 + 0.6 2.8 £ 05 49 £ 2.2
PC
32:0 129 + 16 11.7 £+ 1.9 11.3 £ 5.7
32:1 1.6 £ 0.1 1.8 + 0.1 1.7 £ 04
34:0 24 £ 05 24 £ 05 34 £ 09
34:1 269 + 1.0« 29.7 £ 19 373+ 75
34:2 11.0 + 2.7 13.4 + 2.5 120 + 1.6
34:3 0.8 £ 0.3 09 = 0.2 0.6 £ 0.3
36:0 03 0.1 03 0.1 0.2 0.1
36:1 3.8 £ 0.5 49 + 0.4 45 + 1.2
36:2 10.3 12.6 £+ 0.4 11.1 + 2.7
36:3 5.8 £ 0.5 6.3 £ 0.5 5.5 %+ 0.9
36:4 115+ 2.4 6.7 £ 1.1 6.8 £ 4.7
36:5 0.7 £ 0.2 22 04 0.1 0.2 £ 0.3
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38:2 0.1 +0.1 0101 ND

38:3 0.7 £ 0.7 0.7 £ 0.7 0.3 £ 0.2
38:4 6.4 £ 1.2 53 1+ 0.8 31+ 20
38:5 3.8+14 2.1 £ 0.8 1.8 + 1.5
38:6 0.8 + 04« 04 = 0.2 0.2 £ 03
40:5 0.1 01 0.1 01 ND

40:6 0.1 +0.1 0.1 +0.1 ND

PE plasmalogens

16:0/ 18:1 6.3 £ 0.9 7.2 £ 05 7.8 £ 0.7 6.4 £ 0.8
16:0/18:2 ND 1.0+ 04 14 £ 0.5 0.7 £ 0.6
18:0/18:1,

PC P- 16:0/18:1 34 1.0 40 + 0.3 4.0 £ 0.6 34+ 1.0
18:0/18:2,

PEP-18:1/18:1, |34 + 1.1 34 £ 0.6 42 + 1.0 3.3+ 0.6
PC P- 16:0/18:2

16:0/20:3,

PE P- 18:1/18:2 ND 0.7 £ 0.6 14 + 0.7 1.1 £ 0.3
16:0/20:4 186 + 2.0+ s |204 + 1.2 21.2 £ 2.7 22.7 £ 20
18:0/20:4,

PE P- 16:0/22:4 28.4 + 3.8 28.8 + 3.0 295 £+ 5.2 265 + 13
18:1/20:4,

PE P-16:0/22:5, |13.1 + 24 134 + 2.1 123 £ 20 131 £ 21
PE P-18:0/20:5

16:0/22:6 6.5+ 1.2 51+ 09 41+ 10+ 6.6 £+ 1.4
20:0/20:4,

PE P-18:0/22:4, |7.6 £ 0.5+, & 6.1 £ 0.7 54+ 13 5.7 £ 0.6
PC P- 18:0/20:4

;g:g{iézzf)’/zzﬁ 58+ 10 |43t 11 3.6 + 1.4 4.6 0.6
18:0/22:6,

PE P-18:1/22:5, |6.2 £ 0.8+ 45 + 0.7 28 £ 2.0+ 58 £+ 1.1
PC P- 16:0/22:6

Suppplemental table 4: Comprehensive lipidome of colon lamina propria clusters. All possible plasmalogen species
assignations are indicated, although the most probable is marked in bold. Values are expressed as meantSD, n=3-5. Statistical
significance was assessed using ANOVA followed by Bonferroni post-test analysis. * P < 0.05, ** P < 0.01, apical vs. basal, & P
<0.05, && P < 0.01 apical vs. AD, and t P <0.05, t1 P < 0.001 basal vs. AD.

3.1.3 Extracellular vesicles lipids as biomarkers of malignization in cell culture model

Supplemental table 5

Prim HT29 LS174t Sw480 Colo201
Lipid classes
Mean SD Mean SD Mean SD Mean SD Mean SD
29.8 8.0 616 15 58.4 41 603 5.8 48.6 9.6
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SM 34.8 55 34.0 2.7 35.4 2.1 34.0 1.8 28.4 2.8
3.4 0.5 10 0.3 13 0.6 0.8 0.4 0.6 0.2
Cer : : aaa . aaa . aaa . aaa .
PE 10.3 25 0.9 0.4 13 0.6 13 0.9 3.3 13
aaa aaa aaa aaa
PE P- 6.3 1.2 0.9 0.7 1.1 0.9 1.2 1.7 7.9 5.9
- 41 18 0.4 0.2 0.6 0.2 11 0.9 0.9 0.4
aa aa a aa
11.3 4.7 14 03 1.9 0.7 1.3 1.0 103 5.2
PS a a
Supplemental table 5: Lipid classes analysis of EVs isolated from the supernatant of Primary, HT29, LS174t, SW4380 and Colo 201 cells.
Statistical significance was assessed using ANOVA followed by Bonferroni post-test analysis. a P < 0.05, aa P < 0.01, aaa P < 0.001, Primary vs
HT29; b P < 0.05, bb P <0.01, bbb P <0.001, Primary vs LS174t; c P < 0.05, cc P < 0.01, ccc P < 0.001, Primary vs SW480; d P < 0.05, dd P < 0.01,
ddd P < 0.001, Primary vs Colo 201.

Supplemental figure 3

PCA:
PE P- PE P-variables
PC2- PC2—+
- L
—t PE(P18.022:6)
9. 15
. : t VPE P-isgﬁglu
b f {pc1 PRI
. 1 L o . -
= ¢ PE(P-16:020.4)
Pl Pl variables
PC2 PC2T
.
i *PI(38:3)
A -+
o S * PI(36:1)
f { t {PC1
~
- ° } } t {PC1
< PA3P4) * Pi(34:1)
4 Pi(36:2)e _L
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SM SM variables
PC2— PC2—+
ed18:1/24:1
a i
5 *d18:1/16:0
e e &
: . .. . , I ¢ 4 t {PC1
I T T 1PC1 d18:1/18:0]
AL d18:1722:1 | # 916:1/18:1
*e d$8:122:0
Cer Cer variables
PC2+ PC2—
o L
4 d18:1724:1
L J . »
L
4 ® °
— i -t } {pc2 | } = } {PC1
. ed18:1/24:.0
. ®418:1126:0
4 ° ——
. d18:1/16:0
& Frimary HT20 @ (o201
2 L5174
® SWAasD

Supplemental figure 3: PCA of lipid species anlysed in cell culture derived EVs. Only the most influential variables
are indicated at each variables PCA analysis. Explained variances: PE plasmalogens 100%, Pl 68.6%, SM 76.0%, Cer
57.7%. @ primary,  HT29, ® 15174t, ® SW480 and @ Col0201 cell lines.

Supplemental table 6

Prim HT29 LS174t SW480 Colo201
Lipid molecular species
PC
Mean SD Mean SD Mean SD Mean SD Mean SD
5.3
32:0 12.6 55 5.6 0.1 5.7 0.6 A 1.7 7.1 2.2
2.2 25 25 2.8
342 12.0 1.3 oy 0.0 Y 0.1 o 0.3 - 0.7
3401 305 6.1 28.3 0.6 28.5 0.9 28.4 3.3 34.7 4.3
1.9 2.0 2.0
364 1.2 0.3 A 0.1 - 0.0 - 0.2 1.7 0.3
36:3 3.6 0.8 2.9 0.2 2.9 0.1 3.1 0.2 2.7 0.4
9.4 8.3 7.8 9.6
362 19.9 5.8 o 1.9 > 0.3 i 0.3 i~ 1.9
14.8
11.8 1.7 17.5 0.8 17.5 0.4 16.8 0.3 a 1.0
aaa aaa aaa b
36:1 c
386 0.2 0.0 2.7 0.1 2.7 0.1 2.9 0.4 2.4 0.6
. aaa aaa aaa aaa
385 06 |01 52 0.2 51 0.2 54 0.8 4.6 1.0
. aaa aaa aaa aaa
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6.7 6.9 7.0 5.4
38:4 31 0.7 aaa 0.2 aaa 0.3 aaa 0.9 A 11
6.4
383 3.0 2.3 6.0 0.3 6.2 0.5 - 1.1 4.9 1.1
407 0.0 |00 0.6 0.1 0.6 0.0 0.7 0.1 0.5 01
. aaa aaa aaa aaa
406 0.2 0.0 5.3 0.4 5.0 0.3 5.7 1.1 4.1 1.0
. aaa aaa aaa aaa
405 0.5 0.1 5.2 0.1 5.4 0.3 5.5 0.9 4.2 0.8
. aaa aaa aaa aaa
404 0.6 0.2 0.6 0.1 0.5 0.0 0.6 0.2 0.5 0.1
PE
320 0.4 0.1 18.3 115 8.5 7.3 10.0 71 3.3 3.6
42 11.6 38 9.3 9.9 77 2.7 8.3 8.8 2.0 0.6
105 0.8 30.3 5.3 37.1 1.6 29.8 7.0 24.1 6.0
aa aaa aa a
34:1 c
375 2.9 24.8 8.1 24.0 6.2 26.2 5.8 42.4 5.2
36:2 b
61 185 0.4 23.7 5.2 15.7 3.8 21.0 25 21.9 5.0
286 0.5 0.3 3.5 3.1 0.5 0.9 0.5 0.8 0.5 0.8
. 35 05 2.2 1.9 1.2 2.0 1.0 1.7 18 0.8
8.0 0.9 5.6 15 33 1.7 3.3 2.3 3.1 0.9
38:4 A
9.4 1.6 0.5 0.9 2.0 2.3 0.0 0.0 0.9 0.4
38:3 aaa aaa aaa aaa
PE plasmalogens
p16:0/20:4 | 426 3.1 38.4 34.1 25.8 225 51.9 6.2 36.5 12.7
D16:0/22:6 6.4 35 28.7 185 30.6 26.8 31.0 17.3 31.3 16.7
p18:0/20:4 | 50-9 4.7 32.9 44.4 43.7 19.1 17.2 11.1 32.2 7.2
PS
342 1.7 0.5 0.5 0.1 0.1 0.1 0.1 0.1 0.3 0.2
. aa aaa aaa aaa
72 7.2 7.9
e 9.1 0.8 15.7 35 : 25 ; 45 ; 1.1
0.0 0.1 0.3
363 1.3 0.5 0.4 0.6 ). 0.1 - 0.1 " 0.2
6.5 9.2 10.8
16.0 1.9 16.3 1.5 aaa 2.0 aa 2.6 a 0.5
36:2 bbb bb b
65.1 66.1 65.4
52.6 3.6 54.6 5.1 an 3.0 aa 0.4 aa 2.3
36:1 b bb bb
385 0.4 0.1 0.5 0.3 0.1 0.1 0.2 0.2 0.1 0.1
2.1 1.9
384 3.2 0.2 5.1 2.0 - 0.7 3.6 0.8 " 0.3
3.9 4.3 45 3.8
25 8.5 11 - 0.8 - 2.7 - 1.6 A 0.5
74 42 5.0
0.9 0.7 1.7 1.3 aaa 2.3 . 0.7 aa 0.3
40:6 bbb A b
6.8
1.7 0.1 1.3 0.9 a 2.3 45 1.6 4.0 15
40:5 bb
404 45 0.8 0.0 0.1 0.5 0.3 0.2 0.2 0.6 0.3
. aaa aaa aaa aaa
Pl
341 35 2.1 9.9 8.6 10.0 1.4 11.3 5.1 7.0 2.4
36:2 11.9 5.3 4.9 4.6 1.1 1.2 47 1.7 10.7 9.0
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40.4 16.6
361 4.4 3.1 o 18.8 24.8 11 24.5 3.7 0 1.7
38:4 36.8 3.3 29.9 12.9 29.4 48 29.1 2.5 30.3 2.4
14.9 35.4
383 435 8.7 4. 6.2 34.7 5.7 30.4 7.7 > 9.0
SM
4.9 4.9 4.7 5.3
d16:1/18:1 16 0.5 aaa 0.1 aaa 0.8 aaa 0.2 aaa 0.8
d18:1/16:0 | 40.2 6.1 36.8 0.6 38.2 15 36.9 1.4 45.4 5.0
2.6 3.1 26 2.4
d18:0/16:0 6.9 3.2 a 0.1 a 0.2 a 0.3 aa 0.2
d18:1/18:1 1.6 0.7 2.3 0.1 2.3 0.2 2.4 0.3 1.7 0.3
d18:1/18:0 7.0 1.2 7.8 0.4 7.8 0.1 7.9 0.8 5.9 1.3
3.1 3.0 3.0
d18:1/20:0 1.7 0.0 - 0.2 - 0.3 - 0.2 2.2 0.6
34
2.9 0.4 53 0.4 53 0.3 o4 0.5 b 1.2
di8:1/22:1 d
8.3
7.4 0.6 10.8 0.4 10.3 0.4 10.2 0.3 bb 1.0
aaa aa aa (o4
d18:1/22:0 d
aiszan | 232 9.7 19.1 0.7 18.0 1.1 19.0 0.7 17.4 11
d18:1/24:0 6.6 0.8 7.0 0.4 6.8 0.2 7.4 0.6 7.4 0.8
418:1/26:1 0.6 0.2 0.2 0.1 0.3 0.1 0.4 0.3 0.5 0.3
418:1/26:0 0.1 0.0 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1
Ceramides
d18:1/16:0 | 399 75 37.4 10.9 33.2 15.6 30.7 2.5 36.4 10.5
13 15 2.3
qis1/180| 113 15 5.1 5.1 2 1.6 - 2.1 >3 2.0
as220| 122 1.2 9.1 5.6 8.1 46 12.0 2.1 7.7 2.3
d18:1/24:1 | 184 6.3 8.6 75 11.0 7.7 14.3 0.8 18.2 45
d18:1/24:0| 165 3.3 32.1 15.6 34.3 9.5 32.9 3.3 317 6.5
418:1/26:0 1.6 0.7 7.7 3.3 12.0 6.2 8.6 3.9 3.8 4.3

Supplemental table 6: Comprehensive lipidome analysis of EVs isolated from the supernatant of Primary, HT29, LS174t,
SW4380 and Colo 201 cells. Statistical significance was assessed using ANOVA followed by Bonferroni post-test analysis. a P
<0.05, aa P <0.01, aaa P < 0.001, Primary vs HT29; b P < 0.05, bb P < 0.01, bbb P < 0.001, Primary vs LS174t; c P < 0.05, cc P
<0.01, ccc P <0.001, Primary vs SW480; d P < 0.05, dd P < 0.01, ddd P < 0.001, Primary vs Colo 201.

3.1.4 Extracellular vesicles lipidome as clinical CRC biomarker

Supplemental table 7

Healthy HP AD Neo
Lipid clases
Mean SD Mean SD Mean SD Mean SD
pC 36.7 4.7 45.0 14.1 48.0 133 46.9 9.0
SM 335 6.3 25.1 6.6 28.5 10.1 28.5 6.6
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Cer 3.0 12 2.6 0.4 2.7 12 3.4 11
PE 7.7 2.4 75 2.4 5.8 3.0 7.2 2.4
b 1.4 0.4 18 0.7 2.0 0.6 18 05
- 14.9 6.1 15.8 6.4 10.8 3.9 101 3.2
LpC 2.8 0.9 2.1 05 2.1 11 2.1 0.9

Supplemental table 7: Lipid classes analysis of EVs isolated from the serum of healthy patients, patients with
hyperplastic polyps (HP), adenomatous poylps (AD) and with carcinomas (Neo). Statistical significance was assessed
using ANOVA followed by Bonferroni post-test analysis. a P<0.05, aa P<0.01, aaa P<0.001, Healthy vs. HP; b P<0.05,
bb P<0.01, bbb P<0.001, Healthy vs AD; c P<0.05, cc P<0.01, ccc P<0.001, Healthy vs Neo.

Supplemental table 8

Healthy Patients Group
Sex Age | Location
M 37 Rectum
F 37 Rectum
F 39 Rectum
F 39 Rectum
F 44 Rectum
F 49 Rectum
M 50 Rectum
F 51 Rectum
F 52 Rectum
F 59 Rectum
M 61 Rectum
F 62 Rectum
F 66 Rectum
F 69 Rectum
Hyperplasic polyps
Sex Age | Location
M 43 Transverse
F 45 Transverse, descendent
M 52 Transverse
M 75 Descendent
M 83 Ascendent
Adenomatous Polyps Group
Sex Age | Location Histologic details ° N¢ of polyps
F 54 Sigma TV 1
M 56 Ascendent Tubular 6
F 57 Descendent Tubular >20
M 58 Rectum Tubular >20
M 61 Ascendent TV 4
M 61 Sigma TV 3
F 61 Descendent Tubular 1
M 63 Rectum TV 1
M 65 Transverse Tubular 3
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F 65 Sigma ? 1
M 67 Transverse TV 2
F 67 Ascendent-cecum Tubular 2
F 68 Tranverse TV 1
M 74 Rectum TV with ADC 3
M 78 Ascendent Tubular -
F 82 Cecum Without HGD 3
Invasive neoplasia
Sex Age Location Anatomic stage/ TNM classification b
M 59 Recto T3 No-N;
F 78 Sigma T3 N,
F 65 Sigma T3 Np
F 58 Rectum T,
F 66 Rectum T3 Ng M,
M 72 Sigma T1 No
F 60 Sigma T,
M 66 Sigmoide T, No
M 47 Sigma Ts M,
M 53 Ascendent T4 No
F 77 Sigma T, No
F 65 Sigma-descendent T3 Nob M4,
F 54 Descendent Ta No
M 74 Splenicus T3 No
M 70 Rectum T3 No
M 71 Descendent T3 Ny
M 54 Rectum T3N3
M 69 Sigma T3 Nyp
M 87 Rectum T3 Ng

Supplemental table 8: Clinical information of the patients participating in this study ® Adenomas are divided into three subtypes
based depending on the percentage of villous component into: (1) tubular (<25%), (2) tubulovillous (TV, 25-75%), and (3) villous
(>75%). Villous adenomas are associated more often with larger adenomas and more severe degrees of dysplasia. HGD: High

Grade Dysplasia. ®) NOS: not otherwise specified, i.e., conventional adenocarcinoma.

Supplemental figure 4
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Supplemental figure 4: PCA of % of each species lipid family in patients serum derived Evs. Explained variances: LPC

Supplemental table 9

Healthy HP AD Neo
Lipid molecular species
PC

Mean SD Mean SD Mean SD Mean SD
30:0 17 0.4 15 058 10 0.6 10 05
32:2 0.2 0.1 0.2 0.1 0.2 01 0‘_;12 01
32:1 2.0 0.7 1.8 0.7 15 0.6 1‘_.:13 0.5
32:0 5.5 2.0 3.6 1.6 3.8 2.5 42 2.3
343 0.6 0.2 0.7 0.2 0.7 0.3 0.7 0.2
342 14.0 2.8 17.5 6.8 18.2 5.0 20.0 45
241 325 43 28.9 5.4 26.0 78 26.1 62
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340 1.3 0.6 0.7 0.4 0.8 0.8 0.8 0.6
365 0.3 0.1 0.3 0.1 0.4 0.3 0.4 0.2
5.6
36:4 1.8 1.0 3.5 2.1 - 4.6 4.9 3.3
45
363 2.6 0.9 4.1 1.7 A 2.3 4.3 1.7
11.9
36:2 9.2 1.3 10.9 2.8 10.6 1.7 = 2.6
6.4
36:1 10.1 1.9 7.3 2.8 7.1 4.2 - 2.9
3.0 2.9
36:0 5.0 0.8 3.6 1.8 - 2.0 - 2.0
386 1.9 0.4 2.6 1.4 2.6 1.6 2.2 1.0
385 1.6 0.4 1.7 0.5 1.9 0.9 16 0.5
4.3
38:4 15 0.7 2.7 1.3 - 3.4 3.9 2.5
2.1 2.0
38:3 1.3 0.4 1.9 0.2 - 0.8 ) 0.7
382 1.6 0.4 1.7 0.9 15 0.4 15 0.5
1.7
381 3.1 0.6 2.3 1.1 2.0 1.4 - 1.2
106 11 0.4 1.3 0.2 1.1 0.4 11 0.4
205 0.7 0.2 0.7 0.3 0.5 0.2 0.5 0.1
204 0.4 0.1 0.5 0.3 0.5 0.3 0.5 0.3
PE
342 4.4 1.3 4.3 1.7 45 1.2 4.8 1.3
341 23.7 12.5 13.4 12.3 19.8 15.3 17.6 12.3
362 6.7 1.6 6.8 3.9 7.4 1.7 7.7 1.7
361 7.3 2.4 6.0 3.2 6.2 4.0 6.5 3.1
386 2.7 1.0 4.1 2.7 5.2 4.0 4.9 33
385 2.7 1.0 4.2 1.4 4.5 2.7 4.2 1.9
135 14.5
38:4 5.5 2.9 9.1 6.9 > 9.0 - 8.1
08 0.8
13 0.6 15 0.7 a 0.3 : 0.3
32:2 b b
1.0 1.1
391 1.6 0.5 15 0.6 o 0.3 - 0.3
1.8
2.3 0.6 d 0.9 1.6 0.8 1.6 0.8
32:.0 e
34:3 1.3 0.5 1.4 0.6 0.9 0.3 1.1 0.4
0.8
34:0 1.4 0.6 1.4 11 0.9 0.5 - 0.4
365 0.9 0.4 1.0 0.3 0.7 0.2 0.7 0.2
2.4 2.4
364 13 0.4 1.8 0.7 - 0.9 - 1.0
2.1
36:3 1.7 0.3 2.0 0.4 1.9 0.3 - 0.5
383 2.9 1.0 3.8 11 2.6 1.0 2.7 0.9
3.2
382 4.4 0.8 3.6 11 - 1.0 3.3 1.2
2.2
381 3.0 0.9 2.9 0.9 2.2 0.8 " 0.6
206 2.6 2.2 1.9 2.9 4.3 3.4 3.2 2.7
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40'5 3.0 13 4.1 17 2.7 1.2 3.0 1.0
40:4 3.0 1.2 3.2 0.8 25 0.8 2.8 1.0
40:3 3.2 1.3 3.6 1.8 2.1 1.0 25 1.0
10.2
7.8 3.4 d 5.9 5.1 2.4 5.7 2.7
42:7 e b b
426 3.0 18 3.0 17 2.0 11 1.9 0.9
3.4 17
425 2.7 1.2 - 1.7 . 0.7 2.0 0.9
PI
5.6 6.6
320 10.9 28 9.0 4.4 >-6 3.4 > 3.1
4.8 55
342 6.8 11 5.2 0.9 48 1.4 - 1.1
8.9 8.9
a1 14.0 4.3 10.8 4.7 - 43 < 3.8
364 3.2 2.1 4.1 11 3.9 0.8 35 1.2
36:3 3.6 18 3.9 2.6 4.0 1.0 3.6 1.0
362 155 36 16.2 3.4 15.8 35 18.3 2.2
8.3 8.9
361 12.7 2.7 108 3.3 - 4.2 - 4.2
52 6.6
360 10.0 3.0 8.2 3.6 >:2 3.0 - 3.0
384 16.1 6.9 23.0 11.9 336 14.8 301 12.8
38:3 5.6 17 7.0 1.9 75 18 6.7 2.4
382 15 17 18 2.3 2.4 1.1 13 1.2
LPC
150 0.7 0.1 0.7 0.2 0.6 0.2 0.6 0.2
161 12 0.3 13 0.3 13 03 12 0.2
51.0
16:0 57.1 3.9 55.6 5.9 L 6.2 54.3 3.0
183 0.4 0.1 0.4 0.1 03 0.1 0.4 0.1
182 5.3 2.7 7.3 4.7 8.3 4.3 6.8 2.3
132
181 10.0 2.2 117 3.3 8. 3.0 115 2.1
180 19.4 3.4 163 5.0 17.1 4.9 17.7 3.2
- 0.3 0.1 0.3 0.1 0.4 0.1 0.4 0.1
31
204 1.4 0.9 2.3 1.4 - 2.1 2.9 13
0.9
203 0.5 0.2 0.8 0.4 - 05 0.7 0.2
20:0 0.6 0.2 0.5 0.1 05 03 05 0.2
0.9
226 0.4 0.2 0.6 0.3 - 0.6 0.7 0.3
925 0.2 0.1 0.3 0.1 03 0.1 0.3 0.1
03
92 0.2 0.1 0.3 0.1 0.3 0.1 - 0.1
22:0 2.2 0.7 17 0.6 17 0.9 17 0.8
SM
d18:1/14:0 3.8 0.7 4.1 13 3.6 0.5 3.2 0.6
d18:1/15:0 1.9 0.2 2.1 05 1.8 0.3 1.7 0.3
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d18:1/16:1 3.0 0.6 32 0.7 32 0.9 3.1 05
d18:1/16:0 37.9 2.6 39.4 2.7 365 27 39.0 2.9
d16:0/ 16:0 1.9 0.3 16 0.4 15 0.4 18 0.3
d18:0/16:1-OH 13 0.2 13 0.3 11 0.2 11 0.2
d18:1/16:0-OH 0.6 0.1 0.5 0.2 04 0.1 0.5 0.1
d18:1/18:1 2.4 0.6 2.4 0.6 25 0.9 2.4 0.6
d18:1/18:0 7.4 1.0 72 11 7.0 15 7.4 12
d18:0/ 18:0 0.5 0.3 0.4 0.3 0.4 0.2 0.6 0.2
d18:1/20:1 11 0.3 11 0.2 11 0.3 1.0 0.3
d18:1/20:0 34 0.9 32 1.2 32 1.0 2.9 0.8
d18:1/22:2 0.1 0.1 0.2 0.2 0.1 0.1 0.1 0.1
d18:1/22:1 34 0.9 37 0.6 41 13 35 0.8
d18:1/22:0 8.1 1.0 7.3 1.1 7.9 1.2 7.3 1.3
d22:0/ 22:0 0.1 0.2 0.0 0.0 0.1 0.1 0.1 0.1
d18:1/24:3 0.1 0.1 0.2 0.1 0.3 0.3 0.2 0.2
d18:1/24:2 2.8 0.7 35 15 4.0 22 38 1.4
d18:1/24-1 11.2 12 11.8 23 12.6 17 121 12
d18:1/24:0 8.8 2.7 6.7 2.6 8.5 3.8 7.4 2.7
Cer
d18:1/16:0 7.5 1.3 8.8 1.2 7.5 1.4 9.0 2.3
d18:1/18:0 4.8 1.4 5.3 1.4 4.2 1.0 5.0 1.2
d18:1/20:0 4.5 1.7 4.9 1.3 4.1 1.1 4.9 1.2
d18:1/22:0 135 11 13.3 0.7 12.9 1.3 12.8 1.8
d18:1/23:0 9.6 4.0 10.0 2.1 9.2 3.6 8.8 2.8
d18:1/24:1 29.6 8.3 26.7 6.3 30.3 7.8 31.0 7.0
416117240 30.6 35 31.1 23 819 33 284 3.1
Supplemental table 9: Lipid molecular species analysis of EVs isolated from the serum of healthy patients, patients
with hyperplastic polyps (HP), adenomatous poylps (AD) and with carcinomas (Neo). Unless indicated, as major
sphingoid base, we assumed that all SM backbones were 18:1 carbon chains, although this was nos checked and other
minoritary sphingoid base could be present at SM molecular species. Statistical significance was assessed using ANOVA
followed by Bonferroni post-test analysis. a P<0.05, aa P<0.01, aaa P<0.001, Healthy vs. HP; b P<0.05, bb P<0.01, bbb
P<0.001, Healthy vs AD; c P<0.05, cc P<0.01, ccc P<0.001, Healthy vs Neo; d P<P<0.05, dd P<0.01, ddd P<0.001, HP vs
AD; e P<0.05, ee P<0.01, eee P<0.001, HP vs Neo; f P<0.05, ff P<0.01, fff P<0.001, AD vs Neo.

3.2.1 Lipidome as biomarker of the physiopathological state of the cell

Supplemental table 10

Gradual distribution
Lipid class ‘ Assigned lipid R’ Adjustment Gradient® RI basal / apical
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| species | mode® values"
Pl
32:1 0.62 Log + 0.2/0.6
34:1 0.89 lineal + 8.0/17.0
34:2 0.76 Log + 5.0/8.0
36:1 0.98 lineal + 6.0/20.0
36:2 0.94 Log + 5.7/27.0
36:3 0.76 2" -
36:4 0.94 Log 8.2/2.5
38:4 0.97 Log - 71.6/15.0
38:5 0.81 lineal - 2.5/1.5
40:4 0.82 lineal - 1.4/0.4
PE
34:1 0.80 Log + 4.3/7.2
36:3 0.85 2" :
36:4 0.42 lineal - 1.8/1.0
38:1 0.56 2" +
38:4 0.79 Log - 20.0/5.4
38:5 0.40 lineal - 3.6/1.6
PE-P
16:0/18:1 0.70 Log + 8.3/14.4
18:0/18:1
PC-0 16:0/18:1 0.82 Log + 5.6/13.0
18:0/18:2
18:1/18:1 0.63 Log + 8.3/15.5
PC-0 16:0/18:2
16:0/20:4 0.91 Log - 21.3/9.7
1:85:‘2): 0.77 Log - 28.6/16.1
20:0/20:4
18:0/22:4 0.84 Log - 8.1/1.9
PC-0O 18:0/20:4
PC
32:0 0.69 lineal - 6.5/4.6
38:2 0.68 lineal - 0.7/0.4
38:3 0.68 lineal - 1.0/0.5
38:4 0.43 Log - 2.8/1.1
38:5 0.26 Log - 1.1/0.7
Even distribution
Lipid class Assgned lipid Mean SD %
species
PE
36:1 24.23 1.34 5.53
36:2 25.41 1.97 7.74
38:2 9.99 0.91 9.12
38:3 7.29 0.70 9.68
PE-P
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16:0/18:2 8.4 0.9 10.71
16:0/20:3
18:1/18:2 4.8 0.6 12.50
18:1/20:4
16:0/22:5 8.8 1.5 17.05
18:0/20:5
16:0/22:6 4.4 0.6 13.64
18:0/22:6
18:1/22:5 4.7 0.6 12.77
PC-0 16:0/22:6
PC
32:1 1.50 0.11 7.00
34:1 37.17 1.52 4.10
34:2 16.40 0.62 4.00
34:3 1.50 0.10 7.00
36:2 17.10 0.40 2.00
36:3 10.40 0.74 7.00
Scattered distribution
Lipid class Assgned lipid mean SD %
species
PI
32:0 0.53 0.06 11.25
38:6 0.99 0.20 20.71
PE
34:2 2.27 0.31 13.56
PC
36:1 4.44 0.49 10.94
36:4 3.20 0.43 13.30

Supplemental table 10: (a) Changes in Rl along the crypt were fitted to linar equation, a polynomial equation of second
grade (Z"d) or to a logarithmic equation (log). (b) Slope was considered positive when Rl increased from the base of the
crypt towards the lumen and negative if the opposite. (c) To indicate the magnitude of the change, IR values at the first
and last pixel corresponding to the base and top are included. Values are expressed as percentage of total Rl for a
particular lipid class and represent the IR mean value of five different crypts obtained in four independent experiments
measurements. Those species following the strictest patterns appear shadowed in grey.

Supplemental table 11

Healthy enterocytes
Protein | P-value® r|2 Gradient®
PGE2S 0.0001 0.484 +
SCD1 0.0001 0.39 +
CB1 0.0001 0.331 +
COX1 0.001 0.343 +
FAR1 0.001 0.377 +
AGPS 0.003 0.337 +
PLA2G4 0.003 0.461 +
FAD2 0.008 0.483 +
Pi3K 0.011 0.293 +

199



_ 8. Supplemental material

200

ACS4 0.02 0.469

COX2 0.039 0.271

MBOAT7 0.191 0.088 +
CDS 0.467 0.0134 +
PiP2 0.674 0.005 +
CB2 0.72 0.003 +
FAR2 0.785 0.006 +
AGPA+, 0.827 0.002 -
iPLA2G6 0.838 0.002 -
GNPAT 0.843 0.003 -

Supplemental table 11: Statistical analysis showing a gradual distribution of lipid enzymes along the
crypt. a) Once obtained the IF images, complete crypts were divided in three areas: basal, central and
apical as it is described in Materials and Methods. IF values were obtained in at least 12 different
sections of 3-4 different patients. To evaluate statistically the differences in protein expression along
the crypt, repeated measurement ANOVAs were computed for IF values in healthy and for
adenomatous tissue in separated analysis using IBM SPSS Statistics 22. Results are reported using a
significance level (P-value) of 0.05 and eta-square (nz) to indicate the magnitude of the difference. b)
Slope was considered positive when IF values increased from to base of the crypt towards the lumen
and negative if the opposite. ACS4: Acyl-CoA synthase 4; CDS2: CDP-Diacylglycerol Synthase 2;
COX1/2: cyclooxygenase 1/2; PLA2G4: Ca®* dependent phospholipase A2; iPLA2: Ca*"-independent
phospholipase A2; FAD2: fatty acid desaturase 2; PGE2S: prostaglandin E2 synthase; SCD1: stearoyl-
CoA desaturase 1; CB1/2: cannabinoid receptor 1/2; Pi3K: phosphatidyl inositol 3-kinase; PIP2:
phosphatidyl inositol 3 phosphate MBOAT7: acyltransferase aa specific; AGPA+,: acyltransferase; FAR
1 and FAR2, fatty acid reductase 1 and 2; GNPAT: glycerone-phosphate O-acyltransferase; AGPS:
alkylglycerone-phosphate synthase.

Supplemental table 12

Adenomatous colonocytes
Protein | P-value®® n’ Gradient™
Pi3K 0.011 0.224 | -
ACS4 0.052 0.154 | +
CB2 0.063 0.127 | +
COX1 0.134 0.135 | +
iPLA2G6 0.148 0.143 | +
PiP2 0.209 0.046 | +
CDS2 0.214 0.08 |+
AGPS 0.22 0.113 | +
FAD2 0.273 0.07 | +
FAR1 0.333 0.156 | +
PLA2G4 0.477 0.015]-
PGE2S 0.539 0.035] -
SCD1 0.614 0.009 | -
CB1 0.646 0.011]-
FAR2 0.707 0.012 | +
COX2 0.736 0.006 | +
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GNPAT 0.771 0.007 |-
MBOAT7 0.790 0.003 | =
AG PAT2 0.935 0|=

Supplemental table 12: Statistical analysis showing a gradual distribution of lipid enzymes along the
adenomatous crypt. a) Once obtained the IF images, complete crypts were divided in three areas:
basal, central and apical as it is described in Materials and Methods. IF values were obtained in at
least 12 different sections of 3-4 different patients. To evaluate statistically the differences in protein
expression along the crypt, repeated measurement ANOVAs were computed for IF values in healthy
and for adenomatous tissue in separated analysis using IBM SPSS Statistics 22. Results are reported
using a significance level (P-value) of 0.05 and eta-square (r]z) to indicate the magnitude of the
difference. b) Slope was considered positive when IF values increased from to base of the crypt
towards the lumen and negative if the opposite. ACS4: Acyl-CoA synthase 4; CDS2: CDP-
Diacylglycerol Synthase 2; COX1/2: cyclooxygenase 1/2; PLA2G4: ca** dependent phospholipase A2;
iPLA2: Ca“—independent phospholipase A2; FAD2: fatty acid desaturase 2; PGE2S: prostaglandin E2
synthase; SCD1: stearoyl-CoA desaturase 1; CB1/2: cannabinoid receptor 1/2; Pi3K: phosphatidyl
inositol 3-kinase; PIP2: phosphatidyl inositol 3 phosphate MBOAT7: acyltransferase aa specific;
AGPA:,: acyltransferase ; FAR 1 and FAR2, fatty acid reductase 1 and 2; GNPAT: glycerone-phosphate
O-acyltransferase; AGPS: alkylglycerone-phosphate synthase.

Supplemental table 13

Gradual Distribution
Lipid class Assigned lipid species R Gradient™® RI basal / apical
values®

PI
34:1 0.20 - 3.3/1.9
36:1 0.28 - 7.3/2.4
36:2 0.29 - 13.2/2.4
36:3 0.36 - 2.5/1.1
36:4 0.18 - 2.5/2.0
38:4 0.45 + 60.1/77.8
38:5 0.28 - 4.6/2.4

PE
34:1 0.24 - 4.6/3.7
36:1 0.55 - 24.3/23.6
36:2 0.22 - 19.6/14.3
36:4 0.55 + 2.0/2.3
38:2 0.44 - 9.2/7.2
38:4 0.55 + 21.9/27.5
38:5 0.70 + 3.8/5.6
40:5 0.49 + 3.4/4.8

PC
32:0 0.32 - 13.5/13.3
34:2 0.63 - 16.6/12.3
34:3 0.39 - 1.1/0.9
36:2 0.42 - 11.7/10.8
36:4 0.24 + 4.9/10.5
36:5 0.01 - 0.3/0.7
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38.3 0.32 + 0.4/0.6
38:4 0.47 + 4.1/5.9
38:5 0.65 + 1.4/3.6
38:6 0.42 + 0.5/0.9
PE plasmalogens
PE P-40:4/PE 0-40:5 0.6 + 7.6/5.4
PE P-40:5/PE 0-40:6 0.6 + 5.8/3.6
Even distribution
Lipid class Assigned lipid species mean SD %
PE
34:0 5.10 0.76 14.90
38:3 6.23 0.70 0.28
PC
32:1 1.88 0.21 11.00
34:1 29.52 2.02 6.84
36:1 3.86 0.85 22.01
36:3 4.33 1.03 23.88
Scattered distribution
Lipid class \ Assigned lipid species \ mean SD %
PI
| 3422 | 117 0.56 48.32
PE
34:2 1.30 0.42 32.60
36:3 2.90 0.75 25.94
PE-P
PE P- 34:1/PE 0-34:2 7.3 2.21 30.24
PE P- 34:2/PE 0-34:3 1.61 1.21 75.4
PE P-36:1/PE 0-36:2 3.97 1.76 44.43
PE P-36:2/PE 0-36:3 4.04 2.16 53.52
PE P-36:3/PE 0-36:4 1.04 0.99 94.83
PE P-36:4/PE 0O-36:5 20.62 3.74 18.12
PE P-38:4/PE 0-38:5 27.62 5.41 19.58
PE P-38:5/PE 0O-38:6 13.44 3.38 25.11
PE P-38:6/PE O-38:7 5.26 2.05 38.97
PE P-40:6/PE 0-40:7 4.45 241 54.06
PE P-40:7/PE 0-40:8 1.18 1.05 88.44
PC
38:2 0.30 0.10 43.90

Supplemental table 13: (a)Changes in Rl along the crypt were fitted to linear equation. (b) Slope was considered
positive when Rl increased from the base of the crypt towards the lumen and negative if the opposite. (c) To indicate
the magnitude of the change, IR values at the first and last pixel corresponding to the base and top of the mucosa are
included. Values are expressed as percentage of total IR for a particular lipid class and represent the IR mean value of
four independent experiments measurements. PtdCho: phosphatidylcholine, PtdEtn: phosphatidylethanolamine,
PtdIns: phosphatidylinositol. Those species following the strictest patterns appear shadowed in grey.
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Healthy lamina propria
Protein P-value® r]2 Gradient™
PLA,G4 0.0001 0.408 | +
CB2 0.005 0.159 |-
MBOAT7 0.005 0.165| -
COX2 0.007 0.181 |+
iPLA,G6 0.012 0.073 | +
COX1 0.025 0.088 | -
FAR2 0.047 0.291 | +
SCD 0.053 0.061 |-
FAR1 0.177 0.094 | +
FADS2 0.218 0.03 |-
PGE,S 0.248 0.021 |+
PIP2 0.284 0.025| =
ACS4 0.287 0.022 | +
AGPA-, 0.33 0.152 |-
GNPAT 0.392 0.029 | +
PI13IK 0.529 0.009 | +
AGPS 0.54 0.165 | +
CDS 0.545 0.013 |-
CB1 0.488 0.013 | +

Supplemental table 14: Statistical analysis showing a gradual distribution of lipid enzymes along the
healthy lamina propria. (a) Once obtained the IF images, complete crypts were divided in three
areas: basal, central and apical as it is described in Materials and Methods. IF values were obtained
in at least 12 different sections of 3-4 different patients. To evaluate statistically the differences in
protein expression along the crypt, repeated measurement ANOVAs were computed for IF values in
healthy and for adenomatous tissue in separated analysis using IBM SPSS Statistics 22. Results are
reported using a significance level (P-value) of 0.05 and eta-square (r]z) to indicate the magnitude of
the difference. (b) Slope was considered positive when IF values increased from to base of the crypt
towards the lumen and negative if the opposite. ACS4: Acyl-CoA synthase 4; CDS2: CDP-
Diacylglycerol Synthase 2; COX1/2: cyclooxygenase 1/2; PLA2G4: ca® dependent phospholipase A2;
iPLA2: Ca2+—independent phospholipase A2; FAD2: fatty acid desaturase 2; PGE2S: prostaglandin E2
synthase; SCD1: stearoyl-CoA desaturase 1; CB1/2: cannabinoid receptor 1/2; Pi3K: phosphatidyl
inositol 3-kinase; PIP2: phosphatidyl inositol 3 phosphate MBOAT7: acyltransferase aa specific;
AGPA;,: acyltransferase; FAR 1 and FAR2, fatty acid reductase 1 and 2; GNPAT: glycerone-
phosphate O-acyltransferase; AGPS: alkylglycerone-phosphate synthase.

Supplemental table 15

Adenoma lamina propria
Protein P-value® r]2 Gradient®
PGE,S 0.0001 0.64 |+
PIP2 0.002 0.191 |+
FAR2 0.006 0.432 | +
PI3K 0.007 0.266 | -
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FAR1 0.019 0.316

AGPA-, 0.038 0.155

AGPS 0.052 0.326 | +
COX2 0.069 0.103 | -
MBOAT7 0.107 0.105| -
iPLA,G6 0.122 0.101 | +
FADS2 0.157 0.129 | -
ACS4 0.244 0.029 | +
GNPAT 0.302 0.151 |+
CB2 0.581 0.016 | +
COX1 0.645 0.017 |-
CDS2 0.724 0.009 | +
CB1 0.738 0.006 | =
PLA,G4 0.785 0.003 | =

Supplemental table 15: Statistical analysis showing a gradual distribution of lipid enzymes along the
healthy lamina propria. (a) Once obtained the IF images, complete crypts were divided in three
areas: basal, central and apical as it is described in Materials and Methods. IF values were obtained
in at least 12 different sections of 3-4 different patients. To evaluate statistically the differences in
protein expression along the crypt, repeated measurement ANOVAs were computed for IF values in
healthy and for adenomatous tissue in separated analysis using IBM SPSS Statistics 22. Results are
reported using a significance level (P-value) of 0.05 and eta-square (nz) to indicate the magnitude of
the difference. (b) Slope was considered positive when IF values increased from to base of the crypt
towards the lumen and negative if the opposite. ACS4: Acyl-CoA synthase 4; CDS2: CDP-
Diacylglycerol Synthase 2; COX1/2: cyclooxygenase 1/2; PLA2GA4: ca” dependent phospholipase A2;
iPLA2: Ca“—independent phospholipase A2; FAD2: fatty acid desaturase 2; PGE2S: prostaglandin E2
synthase; SCD1: stearoyl-CoA desaturase 1; CB1/2: cannabinoid receptor 1/2; Pi3K: phosphatidyl
inositol 3-kinase; PIP2: phosphatidyl inositol 3 phosphate MBOAT7: acyltransferase aa specific;
AGPA,: acyltransferase; FAR 1 and FAR2, fatty acid reductase 1 and 2; GNPAT: glycerone-
phosphate O-acyltransferase; AGPS: alkylglycerone-phosphate synthase.

3.2.2 Prostaglandin signalingin colon proliferation

Supplemental figure 5

Vehicle (DMSO 0.3%)

Arachidonyl trifluoromethyl ketone
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10 uM 20 uM

Bromoenol lactone

20 pM 50 pM 100 uM

Valeroyl salicilate

0.05 mM 0.1 mM 0.2 mM 0.5 mM 0.8 mM
Celecoxib
4 uM 6 uM 10 um 20 uM

Supplemental figure 5: Representative images of the organoids cultured at different PLA, and COX inhibitors concentration. The maximum concentration of
each inhibitor before organoid development impairment compared to control conditions was: 5 uM for ATK, 20 uM for BEL, 0.1 mM for VS and 4 uM for Cel.
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Supplemental figure 6

A PLA, activity B COX activity
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Supplemental figure 6: Assessment of the PLA, and COX inhibition capacity of the compounds used. . Statistical
significance was assessed using ANOVA followed by Bonferroni post-test analysis. *** P<0.001. A) Assessment of
PLA, activity after treatment with PLA, inhibitors using the EnzChek Phospholipase A, assay kit of Invitrogen. The
concentrations used for each inhibitor was: 5 uM for ATK and 20 uM for BEL. B) Assessment of COX activity after
treatment with COX inhibitors using the COX Activity Assay kit of Abcam. The concentrations used for each
inhibitor was: 0.1 mM for VS and 4 uM for Cel. DMSO: dimethylsulfoxyde, ATK: arachidonyl trifluoromethyl
ketone, BEL: bromoenol lactone, PLA,: combination of ATK and BEL, VS: valerolyl salycilate, Cel: celecoxib, COX:
combination of VS and Cel.

Supplemental figure 7

206



ATPase Na'/K"

PGF,, receptor

PGD, receptor

8. Supplemental material [

207



_ 8. Supplemental material
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Supplemental figure 7: Representative inmunofluoresce assay of each prostaglandin receptor tested and the ATPase Na*/K"

as a negative control of nuclear presence.
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