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Summary

Cancer is the second most common cause of death, only preceded by
cardiovascular diseases. The main reason behind the high mortality rates
of cancer is the appearance of metastasis, the dissemination and
colonisation of secondary tissues by cells from the primary tumour. In
particular, in the case of colorectal cancer (CRC) the survival rates of
patients diagnosed, drop drastically if diagnosis happens at later stages
when metastasis has occurred. A similar trend can be observed for most
of the cancers commonly diagnosed. When metastasis occurs, treatment
relies heavily on the use of chemotherapy, even if the original tumour
mass is surgically removed, the metastases will still survive. It is thus
paramount to find new tools that improve early diagnosis so that detection
can occur before the tumour spreads. In this context, the main focus of
this thesis has been the understanding and characterisation of CRC
metastasis to find new diagnostic markers that can be used in the clinic.
We have used isogenic cell lines, that share the same genetic background
but have different metastatic capacities, to define the proteome of CRC
metastasis in vitro.

The first part of the thesis consists of the proteomic analysis of five
isogenic cell lines of CRC. The KM12 model (that comprises the non-
metastatic KM12C cells and the metastatic KM12SM and KM12L4a cells)
and the SW480/SW620 model. The KM12 recapitulates the metastasis of
CRC towards liver (KM12SM) and liver/lung (KM12L4a). On the other
hand, SW620 cells are the lymph node metastatic counterpart of SW480
cells. Using tandem mass tag (TMT) multiplexed isotopic labelling and
subcellular fractionation we have analysed the protein content of 6
different subcellular compartments (including secreted proteins). Among
the proteins we found to be altered, some of them were already known to
be related to metastasis, as it would be the case for MUC5AC, while
others had not yet been associated with it, as BAIAP2 or GLG1. We
validated the results obtained using both western blot and
immunofluorescence. Through western blot we could not only confirm the
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differences that we had detected in the mass spectrometry analysis but
also observe that some of these differences would have been overlooked
if a whole cell approach would have been followed. Immunofluorescence
analysis confirmed that the alterations in protein levels and subcellular
localisation were also visible in cells in native conditions. Finally, the
evaluation of two of the altered markers, BAIAP2 and GLG1, revealed
very interesting results in terms of their application for diagnosis or
prognosis. For BAIAP2, we observed that the switch in its localisation from
the cytosol to the membrane, as seen in metastatic cell lines, correlates
with poor patient survival. On the other hand, GLG1 plasma levels were
significantly higher in CRC patients than in controls and they were able to
discriminate between metastatic CRC and control patients.

The second part of the thesis was focused on in the translation of our
proteomic pipelines to other cell culture modalities. In particular we were
interested in understanding how the extracellular matrix and culture
dimensionality influence cancer cell behaviour. As a first step to evaluate
how suitable our analysis was for 3D cultured cells, in collaboration with
the group of Prof. Dr. Kouwer we studied the differentiation of adipose
derived stem cells in matrices with different mechanical and chemical
properties. The results we obtained were in agreement with their previous
results and proved the tremendous impact that 3D culture can have in cell
differentiation. One of the most influential factors for cell differentiation in
3D was the presence of RGD, a tripeptide commonly involved in integrin
binding. Consequently, we decided to evaluate how ligands for other
integrins would affect this process. We found that one peptide, recognised
by integrin asP+1 was able to induce the spreading of adipose derived stem
cells much faster than any other matrix evaluated. Then, once we had
confirmed that our analysis could be used for 3D culture cells we decided
to continue and investigate the more complex KM12C/KM12SM model of
CRC metastasis. We encapsulated CRC cells in different matrices and
compared protein expression in each of these conditions and with cell

XX



Summary

cultured in a monolayer. Interestingly, we could observe that 3D culture
induces non-metastatic KM12C cells to become more similar to KM12SM
cells, which would indicate that they acquire a more metastatic phenotype
when they are cultured in 3D. Finally, we focused on the interplay of
KM12C and KM12SM cells with cancer associated fibroblasts, another
key player in the metastatic process. Our data showed that KM12C and
KM12SM interact differently with cancer associated fibroblasts, forming
different cellular structures.

In the last section of results, we studied the role in CRC metastasis of one
of the proteins that had been previously found to be overexpressed in
metastatic KM12SM cells, the Aryl hydrocarbon receptor-interacting
protein (AIP). Through gain-of-function experiments we were able to
demonstrate that AIP induced a drastic change in the behaviour of KM12C
cells that displayed a more aggressive and metastatic like phenotype.
Cells displayed higher invasive, adhesive and migration capacities when
AIP was overexpressed. AIP also triggered changes in several signalling
pathways, including AKT, JNK and SRC and EMT related mediators that
were all altered in AIP overexpressing cells. Proteomic comparison of
controls and cells ectopically expressing AIP revealed a series of proteins
to be up and downregulated with 60 proteins being commonly altered
between KM12C and KM12SM. Western blot analysis of some of them
validated the proteomic results. In addition, through immunofluorescence
analysis we could also detect changes in the levels and localisation of E-
Cadherin, ZO-1 and Cadherin-17. The latter had been previously
associated with metastasis and our results indicate that AIP
overexpression induces cadherin-17 translocation to the cell membrane.
Finally, in vivo experiments confirmed that the observed increase in
metastatic capacities was not limited to in vitro studies. KM12C cells
ectopically expressing AIP were able to reach the liver upon intrasplenic
injection while control cells could not. Survival of mice injected with AIP
overexpressing cells was significantly reduced. Altogether, our results
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demonstrate that AIP can have a central role in the process of CRC
metastasis.

To sum up, the results presented in this thesis show the clear potential
that proteomic approaches can have for the understanding of not only
CRC metastases but other biological questions as adipose derived stem
cell differentiation. Some of the results shown here have clear potential
for the application in the clinic and will be further explored in the future.
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Resumen

Tras las enfermedades cardiovasculares, la segunda causa de muerte en
paises desarrollados es el cancer. El principal factor detras de la alta
mortalidad del cancer es la aparicidbn de metastasis, el proceso por el cual
células provenientes de la masa tumoral original diseminan y son
capaces de colonizar tejidos distantes. En el caso del cancer colorrectal
(CCR), las tasas de supervivencia de los pacientes caen de manera
drastica si el diagnostico de la enfermedad se produce en estadios tardios
en los que ya haya aparecido metastasis. Esta tendencia se puede
observar también en la mayoria de los canceres diagnosticados en la
actualidad. Uno de los principales problemas de la metastasis es que una
vez aparece, el tratamiento del cancer se vuelve complejo, siendo la
quimioterapia la principal forma de tratamiento ya que, aunque se elimine
quirargicamente la masa tumoral original, los nichos metastaticos
sobreviviran a la operacion. Es por tanto necesario el desarrollo de
nuevas técnicas de diagnéstico que permitan mejorar la deteccion
temprana, antes de que el tumor se extienda. En este contexto, el
principal objetivo de esta tesis ha sido entender y caracterizar la
metastasis del CCR para encontrar marcadores de diagnostico que
puedan trasladarse a la practica clinica. Para definir el proteoma de la
metastasis de CCR hemos empleado una serie de lineas celulares
isogénicas, que comparten la misma carga genética, con diferente
potencial metastatico.

La primera parte de esta tesis estd centrada en la caracterizacion
protebmica de cinco lineas isogénicas de CCR. Por un lado el modelo
KM12 (compuesto por las células no metastaticas KM12C vy las células
metastaticas KM12SM y KM12L4a) y por otro el modelo SW480/SW620.
El modelo KM12 recapitula la metastasis de CCR hacia higado
(KM12SM) y hacia higado/pulmén (KM12L4a). El modelo de las células
SW480 y SWS620 recapitula la metastasis de CCR hacia nédulo linfatico.
Para realizar el analisis protebmico de las muestras primero se realizo el
fraccionamiento subcelular del extracto proteico de las cinco lineas
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celulares. Las diferentes fracciones fueron marcadas utilizando el
marcaje TMT 11-plex para su posterior analisis mediante espectrometria
de masas. Entre las proteinas alteradas algunas de ellas ya habian sido
descritas previamente como asociadas a metastasis, como es el caso de
MUCS5AC. Los resultados obtenidos fueron validados mediante western
blot e inmunofluorescencia. La validacion permitid, no solo confirmar los
resultados obtenidos del analisis de espectrometria de masas sino que
ademas nos permitid6 demostrar que alguno de los cambios detectados
habria pasado desapercibido de no haber realizado el analisis a nivel
subcelular. Por otro lado, la inmunofluorescencia nos permitié confirmar
que los resultados derivados del western blot y la protedmica eran
representativos de la situacion real en células en condiciones nativas. Por
ultimo, los experimentos adicionales realizados con BAIAP2 y GLG1
demostraron el potencial de ambos marcadores para su uso en clinica.
En el caso de BAIAP2, pudimos observar que el cambio en la localizacion
desde el citoplasma hacia la membrana nuclear, tal y como ocurria en las
células metastaticas, correlacionaba con una disminucibn en la
supervivencia de los pacientes de CCR. Por su parte, encontramos que
en el caso de GLG1 sus niveles séricos eran significativamente mas altos
en los pacientes de CCR comparado con los controles y eran suficientes
para discriminar entre pacientes con CCR metastatico y la poblacion
control.

La segunda parte de los resultados de la tesis ha estado enfocada a
determinar la validez de nuestro método de analisis para el estudio de
células y cultivos realizados en 3 dimensiones, ademas de tratar de
entender los procesos de diferenciacién celular en estas condiciones.
Como primer paso hemos realizado el estudio de la diferenciacion de
células madre derivadas de tejido adiposo en colaboracién con el grupo
del profesor Paul Kouwer. Los resultados obtenidos coinciden con los
resultados preliminares que ya habian obtenido en el grupo del profesor
Kouwer, y proporcionaban una posible explicacion para las diferencias
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observadas entre las células encapsuladas en cada una de las matrices
evaluadas, ademas de demostrar el tremendo impacto que las
condiciones de cultivo en 3D pueden tener en el proceso de
diferenciacion. Una de las propiedades que observamos fue mas critica
fue la presencia de ligandos de integrina. Decidimos, por tanto, evaluar
el efecto que otros ligandos de integrina podrian tener en la diferenciacion
de las células madre derivadas de tejido adiposo. De los diferentes
ligandos estudiados encontramos que un péptido en particular,
reconocido por la integrina osP+1, era capaz de inducir la rapida
diferenciacion de las células madre y cambios morfoldégicos muy
marcados. Tras confirmar la validez de nuestros protocolos para el
analisis del proteoma de células cultivadas en 3D, procedimos a cultivar
las células KM12C y KM12SM del modelo de metastasis de CCR para
investigar el efecto de la matriz en el proceso metastatico. La comparativa
entre células de CCR cultivadas en monocapa o encapsuladas revel6 que
las células KM12C se vuelven mas similares a las metastaticas KM12SM
al ser cultivadas en 3D. Por ultimo, investigamos la relacién entre las
células KM12C y KM12SM vy los fibroblastos asociados al tumor que
también forman parte del microambiente tumoral. Mediante microscopia
de fluorescencia pudimos observar que las células KM12C, no
metastaticas, se distribuyen de manera diferente (mas homogénea) con
respecto a los fibroblastos que las células KM12SM (mas segregadas).

El dltimo bloque de resultados se centra en el estudio de una de las
proteinas que habiamos encontrado como regulada al alza en un trabajo
anterior, la proteina que interactua con el receptor de aril hidrocarburos
(AIP, por sus siglas en inglés). Para llevar a cabo dicho analisis indujimos
la sobreexpresidon de AIP tanto en las células KM12C como en las
KM12SM. Mediante ensayos funcionales pudimos detectar un aumento
drastico en las capacidades metastaticas (invasion, adhesion, migracion
y formacidn de colonias) de ambas lineas celulares al sobreexpresar AlP,
aunque el cambio fue particularmente notable para las células KM12C.
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Ademas la sobreexpresion de AIP también provocé cambios en los
niveles de una serie de proteinas implicadas en sefalizacion celular
(como AKT, JNK o SRC) y en mediadores de la transicion epitelio-
mesénquima. Los cambios de los mediadores de la transicion epitelio-
mesénquima no se limitaron sbélo a nivel de expresion, por
inmunofluorescencia también pudimos detectar cambios en la
localizacion de E-Cadherina y ZO-1. Para hacer una evaluacién mas
detallada de las proteinas alteradas, realizamos la caracterizacion
proteémica de las células control y aquellas que sobreexpresaban AlP.
De dicha caracterizacién pudimos obtener una serie de proteinas cuyos
niveles estaban alterados tanto en las células KM12C como en las
KM12SM. Por altimo, para evaluar si el incremento en la capacidad
metastatica de las células KM12C tenia también efecto in vivo realizamos
una serie de experimentos en ratones que confirmaron el claro
incremento en las propiedades tumorigénicas y metastaticas de las
células KM12C al expresar AIP de manera ectopica.

En conclusion, los resultados presentados en este trabajo constituyen
una clara demostracién del potencial que las técnicas protedmicas tienen.
No sélo orientados al campo de la oncoprote6mica de cara a descubrir
nuevas dianas terapéuticas o marcadores de diagnostico, sino también
como una herramienta mas a la hora de responder preguntas biolégicas
complejas.
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Samenvatting

Kanker is de tweede meest voorkomende doodsoorzaak, alleen
voorafgegaan door hart- en vaatziekten. De voornaamste oorzaak van het
hoge sterftecijfer bij kanker is het optreden van metastasen, de
verspreiding en kolonisatie van secundaire weefsels door cellen van de
primaire tumor. In het bijzonder bij colorectale kanker (CRC) daalt de
overlevingskans van de gediagnosticeerde patiénten drastisch wanneer
de diagnose in een later stadium wordt gesteld en er metastase is
opgetreden. Een soortgelijke tendens kan worden waargenomen bij de
meeste vormen van kanker die vaak worden gediagnosticeerd. Wanneer
metastase optreedt, is de behandeling sterk afhankelijk van het gebruik
van chemotherapie; zelfs wanneer de oorspronkelijke tumormassa
operatief wordt verwijderd, zullen de metastasen blijven voortbestaan.
Het is dus van het grootste belang nieuwe instrumenten te vinden die de
vroegtijdige diagnose verbeteren, zodat opsporing kan plaatsvinden
voordat de tumor zich verspreidt. In deze context was de hoofdfocus van
dit proefschrift het begrijpen en karakteriseren van CRC metastase om
nieuwe diagnostische markers te vinden die in de kliniek gebruikt kunnen
worden. We hebben gebruik gemaakt van isogene cellijnen, die dezelfde
genetische achtergrond hebben maar verschillende metastatische
capaciteiten, om het proteoom van CRC metastase in vitro te bepalen.

Het eerste deel van het proefschrift bestaat uit de proteomische analyse
van vijf isogene cellijnen van CRC. Het KM12 model (dat bestaat uit de
niet-metastatische KM12C cellen en de metastatische KM12SM en
KM12L4a cellen) en het SW480/SW620 model. Het KM12-model bootst
de metastasering van CRC naar lever (KM12SM) en lever/long
(KM12L4a) na. Anderzijds zZijn SW620-cellen de
lymfekliermetastaserende tegenhanger van SW480-cellen. Met behulp
van TMT-multiplexed isotopische labeling en subcellulaire fractionering
hebben we de eiwitinhoud van 6 verschillende subcellulaire
compartimenten (inclusief gesecreteerde eiwitten) geanalyseerd. Van de
eiwitten die wij gewijzigd vonden, was van sommige reeds bekend dat zij
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verband houden met metastase, zoals het geval zou zijn voor MUC5AC,
terwijl andere daar nog niet mee in verband waren gebracht, zoals
BAIAP2. Wij hebben de verkregen resultaten gevalideerd met behulp van
zowel western blot als immunofluorescentie. Met behulp van western blot
konden wij niet alleen de verschillen bevestigen die wij bij de
massaspectrometrie-analyse  hadden geconstateerd, maar 00k
constateren dat sommige van deze verschillen over het hoofd zouden zijn
gezien als een hele-cel-benadering zou zijn  gevolgd.
Immunofluorescentieanalyse bevestigde dat de veranderingen in
eiwitniveaus en subcellulaire lokalisatie ook zichtbaar waren in cellen in
natuurlijke omstandigheden. Tenslotte bracht de evaluatie van twee van
de veranderde markers, BAIAP2 en GLG1, zeer interessante resultaten
aan het licht wat betreft hun toepassing voor diagnose. Voor BAIAP2
hebben wij geconstateerd dat de verschuiving in zijn lokalisatie van het
cytosol naar het membraan, zoals gezien in metastatische cellijnen,
correleert met een slechte overleving van de patiént. Anderzijds waren de
GLG1 plasmaniveaus significant hoger bij CRC-patiénten dan bij
controles en konden zij onderscheid maken tussen metastatische CRC
en controlepatiénten.

Het tweede deel van het proefschrift was gericht op de vertaling van onze
proteomische pijplijnen naar andere celkweekmodaliteiten. In het
bijzonder waren we geinteresseerd om te begrijpen hoe de extra cellulaire
matrix en kweekdimensies het gedrag van kankercellen beinvioeden. Als
eerste stap om te evalueren hoe geschikt onze analyse was voor 3D
gekweekte cellen, bestudeerden we in samenwerking met de groep van
Prof. Dr. Kouwer de differentiatie van adipose afgeleide stamcellen in
matrices met verschillende mechanische en chemische eigenschappen.
De resultaten die we verkregen waren in overeenstemming met hun
eerdere resultaten en bewezen de enorme impact die 3D kweek kan
hebben op celdifferentiatie. Een van de meest invloedrijke factoren voor
celdifferentiatie in 3D was de aanwezigheid van RGD, een tripeptide dat
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gewoonlijk betrokken is bij integrinebinding. Daarom besloten wij na te
gaan hoe liganden voor andere integrines dit proces zouden beinvioeden.
We ontdekten dat één peptide, herkend door integrine alpha-beta, in staat
was om de verspreiding van vetafgeleide stamcellen veel sneller te
induceren dan enige andere geévalueerde matrix. Toen we eenmaal
hadden bevestigd dat onze analyse kon worden gebruikt voor 3D
kweekcellen, besloten we verder te gaan en het complexere
KM12C/KM12SM model van CRC metastase te onderzoeken. Wij
kapselden CRC-cellen in verschillende matrices in en vergeleken de
eiwitexpressie in elk van deze omstandigheden en met cellen gekweekt
in een monolaag. Interessant is dat we konden waarnemen dat 3D kweek
niet-metastatische KM12C cellen induceert om meer te lijken op KM12SM
cellen, wat erop zou wijzen dat ze een meer metastatisch fenotype
verwerven wanneer ze in 3D gekweekt worden. Tenslotte hebben we ons
gericht op de wisselwerking van KM12C en KM12SM cellen met kanker-
geassocieerde fibroblasten, een andere belangrijke speler in het
metastatische proces. Onze gegevens toonden aan dat KM12C en
KM12SM  verschillend interageren met  kanker-geassocieerde
fibroblasten, en verschillende cellulaire structuren vormen.

In het laatste deel van de resultaten bestudeerden we de rol in CRC-
metastase van een van de eiwitten die eerder tot overexpressie bleken te
komen in metastatische KM12SM-cellen, het Aryl koolwaterstofreceptor-
interagerende  eiwit (AIP). Door middel van "gain-of-function"
experimenten konden we aantonen dat AIP een drastische verandering
teweegbracht in het gedrag van KM12C-cellen, die een agressiever en
metastatisch fenotype gingen vertonen. De cellen vertoonden een hoger
invasief, adhesief en migratievermogen wanneer AIP werd
overgeéxpresseerd. AIP Dbracht ook veranderingen teweeg in
verschillende signaalwegen, waaronder AKT, JNK en SRC en EMT-
gerelateerde mediatoren die allemaal veranderd waren in cellen met
overexpressie van AlP. Proteomische vergelijking van controles en cellen

XXX



Samenvatting

die AIP ectopisch tot expressie brengen, toonde een reeks eiwitten aan
die verhoogd of verlaagd werden, waarbij 60 eiwitten tussen KM12C en
KM12SM gemeenlijk veranderd waren. Western blot analyse van
sommige van deze eiwitten bevestigde de proteomische resultaten.
Bovendien konden we met behulp van immunofluorescentieanalyses ook
veranderingen vaststellen in de niveaus en lokalisatie van E-Cadherine,
Z0-1 en Cadherine-17. Dit laatste werd eerder in verband gebracht met
metastase en onze resultaten wijzen erop dat AlP-overexpressie
induceert dat cadherine-17 wordt getranslokeerd naar de periferie van de
cel. Tenslotte bevestigden in vivo experimenten dat de waargenomen
toename in metastatische capaciteiten niet beperkt was tot in vitro
studies. KM12C cellen die ectopisch AIP tot expressie brachten waren in
staat om de lever te bereiken na intrasplenische injectie, terwijl controle
cellen dit niet konden. De overleving van muizen geinjecteerd met AIP
overexpresserende cellen was significant verminderd. Al met al tonen
onze resultaten aan dat AIP een centrale rol kan spelen in het proces van
CRC metastasering.

Samenvattend tonen de resultaten in dit proefschrift het duidelijke
potentieel aan dat proteomische benaderingen kunnen hebben voor het
begrijpen van niet alleen CRC metastasen maar ook andere biologische
vragen zoals adipeus afgeleide stamceldifferentiatie. Sommige van de
hier getoonde resultaten hebben een duidelijk potentieel voor toepassing
in de klinische toepassingen en zullen in de toekomst verder worden
onderzocht.
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AC
ACS
AD
ADSC
AJCC
APC
ATCC
BSA
CA19-9
CAF
CEA
CEB
CIMP
CIN
CRC
CSC
DMEM
DMSO
DNA
ECM
EDTA
ELISA
EMT
ESI
FAP
FBS
FIT
FOBT
GAM
GAR
GSEA

Abbreviation list

Adenocarcinoma
Adenoma-carcinoma sequence
Adenoma

Adipose stem cell

American Joint Committee on cancer
Antigen presenting cell

American type culture collection
Bovine serum albumin
Carbohydrate antigen 19-9
Cancer-associated fibroblast
Carcinoembryonic antigen
Cytoplasmic fraction of CRC cells
CpG island methylator phenotype
Chromosomal instability

Colorectal Cancer

Cancer stem cell

Dulbecco’s modified Eagle medium
Dimethyl sulfoxide
Desoxiribonucleic acid(s)
Extracellular matrix
Ethylenediaminetetraacetic acid
enzyme-linked immunosorbent assay
Epithelial-to -mesenchymal transition
Electrospray ionization

Familial Adenomatous polyposis
Fetal bovine serum

Faecal immunochemical test
Faecal occult blood test

Goat anti mouse IgG

Goat anti rabbit IgG

Gene set enrichment analysis
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HPS Hamartomatous polyposis syndrome(s)
IBD Inflammatory bowel disease

IF Immunofluorescence

IHC Immunohistochemistry

LC Liquid chromatography

LF Label-free

m/z Charge/mass ratio

MALDI Matrix assisted laser desorption ionization
MAP MUTYH associated polyposis

MEB Membrane fraction of CRC cells

MEM Minimum essential medium

MET Mesenchymal-to-epithelial transformation
MeV Multiexperiment viewer

miRNA Small micro RNA

MMR DNA mismatch Repair

MS Mass Spectrometry

MSI Microsatellite instability

NEB Nuclear fraction of CRC cells
NEB-CBP Chromatin bound fraction of CRC cells
NES Normalized enrichment score

NK cells Natural Killer cells

O/N Overnight

PAGE Polyacrylamide gel electrophoresis
PBS phosphate buffered saline

PBS-T Tween 0.1% PBS 1x

PCR Polymerase chain reaction

PDE Phosphodiesterase

PEB Cytoskeletal fraction of CRC cells

PEG polyethylene glycol

PFA Paraformaldehyde
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PIC
RIPA buffer
RNA
ROC
SD
SDS
SEM
SILAC
TAA
Tccells
TCDD
TCEP
TFA
TMA
TME
T™MT
TNM
TOF
Treg cell
TSA
WB

Abbreviation list

Polyisocianopeptide
Radioimmunoprecipitation assay buffer
ribonucleic acid(s)

Receiver operating characteristic
Standard deviation

Sodium dodecyl sulfate

Standard error of the mean

Stable isotope labelling by amino acids in cell culture
Tumour associated autoantigen
CD8+ cytotoxic T cells
2,3,7,8-tetrachlorodibenzo-p-dioxin
Tris(2-carboxyethyl)phosphine
Trifluoroacetic acid

Tissue microarray

Tumour microenvironment
Tandem mass tag
Tumour-Nodule-Metastasis
Time-of-flight

Regulatory T cells

Tumour specific antigen

Western blot
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Introduction

The first description of cancer dates back to Ancient Egypt, circa 1600
BCE, and can be found in an old manuscript that describes the
appearance and surgery of tumours or ulcers in the breast (1). Such
malignancies were already at the time described as “untreatable” (1). Due
to its very nature, cancer has burdened humanity since its dawn.
Nonetheless, it was not until the 20t and 215t centuries when the overall
improvement in lifespan and the establishment of a welfare state led to an
increase in cancer occurrence. Additionally, the improvement in both pre-
and post-mortem diagnosis also led to a rise in the number of cancer
cases detected (2). Since first described, our understanding of the onset,
evolution and spread of cancer has drastically expanded. However,
despite the advances achieved in cancer research, it remains the second
leading cause of death in the United States of America (USA) only
preceded by cardiovascular disease (3).

Cancer is a complex disease characterized by a series of molecular
mechanisms and footprints (4, 5). These footprints are referred as the
hallmarks of cancer and were initially comprised of six alterations
(activated invasion/metastasis, angiogenesis induction, cell death
resistance, sustained proliferative signalling and growth suppressors
evasion) to which two more characteristics (dysregulated cellular
energetics and avoidance of immune destruction) and two enabling
factors (genome instability and tumour promoting inflammation) were
added ten years later (5). Carcinogenesis, also known as tumorigenesis,
is the series of events that lead to the formation of a primary tumour. The
process varies widely depending on the tissue in which the tumour is
formed. Nonetheless it usually follows some common steps. Generally,
driven by mutations that induce abnormal and uncontrolled growth, a
single cell will start a dysregulated clonal expansion that will lead to the
formation of the tumoral mass (6). This clonal expansion does not imply
that the cell that started the process bears all the characteristics described
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before. Initially, the most important feature is the uncontrolled
proliferation, and, in later stages, the expansion of a mutationally unstable
clone will lead to the appearance of subpopulations with different traits
that altogether give the tumour cells its aggressive behaviour (6).

As the tumour mass becomes larger it will, if possible, hijack the molecular
mechanisms of blood vessel formation (angiogenesis) to induce the
generation of new circulatory afferents that bring nutrients and oxygen to
the poorly irrigated growing malignancy (7). Tumour angiogenesis can be
particularly critical for two reasons: firstly, poorly irrigated tumours can
evolve into a necrotic or apoptotic state that has been related with poor
prognosis and increased aggressiveness (8-12); and secondly,
angiogenesis and the formation of new blood vessels serve both as a
source of nutrients to fuel the tumour growth and as a connection to the
general blood circulation (13). The more irrigated a tumour becomes, the
higher the chances for a tumoral cell to escape from its primary niche (13).
Although the process of tumour implantation and development of
secondary distant tumour masses is highly inefficient, a vast number of
tumoral cells make their way to the blood each day (14, 15).

The process by which secondary tumours develop in distant tissues far
from where the original cancer was formed is known as metastasis (16).
Metastasis is of particular interest as it leads to one of the main causes of
cancer associated death which is the spread of the primary tumour with
the subsequent systemic damage (17). Although difficult to estimate in
detail, some figures indicate that metastasis is responsible for around 70
to 90% of the total amount of cancer associated deaths (18, 19). Taking
a closer look to the year cancer statistics for the USA (20), it can be clearly
seen how late-stage diagnosis, at a point where distant metastasis have
appeared, drastically decreases the probability of survival.

Some common steps of the onset and progression of the metastasis have
been extensively described (21). Nonetheless, they are affected by the
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tissue of origin and where spread happens, the tumour-host response and
the nature of the tumour itself (22, 23). Once the primary tumour becomes
large enough and induces the formation of new vessels through
stimulating angiogenesis, both isolated cells and larger aggregates will
disseminate into the bloodstream (23). Despite being initially debated
(24), the consensus hypothesis in the field for the survival and
implantation of these aggregates is the “seed and soil” hypothesis (22).
The main principle behind this hypothesis is the concept that the primary
tumour environment (the “seed”) determines and influences the tissues in
which secondary metastasis will be able to settle (the “soil”) and develop
a secondary tumour mass (22). This would explain the association
between some types of cancer and the most common metastases
developed in those malignancies (25, 26). In terms of the tumoral cells,
the “seed and soil” hypothesis would translate into the mechanism by
which malignant cells would transform into a more invasive phenotype,
that upon arrival at a distant tissue would transit back to its original state
to start the colonization. Cancer cells can exploit the epithelial to
mesenchymal transition (EMT), a biological process crucial in tissue
development, to adapt their traits and acquire migrating capacities that
allow them to detach from the tumour mass and use the general
circulation to migrate. The process would be reverted when the cancer
cell (seed) encounters an appropriate tissue (soil) returning to its original
proliferative status.

Colorectal cancer

Colorectal cancer (CRC) is the cancer with the third highest incidence rate
for both males and females worldwide (20). Annual figures from the global
cancer observatory indicate that there were over 1.9 million estimated
new cases of CRC for both genders in 2020 (27, 28). In addition, CRC
represents the second cause of cancer related death worldwide with
nearly a million deaths in 2020 (27, 28). In terms of its global distribution
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and epidemiology, CRC could be considered a disease more associated
to developed countries. Besides the factors previously described that
linked together welfare and increased life expectancy with cancer
incidence, most of CRC'’s risk factors are also correlated with western
developed countries (29). Nonetheless, the occidentalising process taking
place in Asian and developing countries has also increased their
incidence rates. Among the common risk factors for CRC, we can find
sedentary behaviour and obesity, diet, smoking and alcohol consumption
(29). Although no specific genetic footprint or mutations have been directly
associated with the onset of CRC, around 30% of all cases have a family
history of the disease, indicating the possible existence of predisposing,
yet unknown, germ-line mutations (29).

Regarding CRC survival, if diagnosed in earlier stages of the disease,
before metastasis occurs, 5-year survival is very high, 90 to 74%
depending on the degree of spreading in the colorectal tissue (20).
However, survival percentages plummet down to a 14% in the case of late
diagnosis where metastasis has appeared (20). CRC’s main metastatic
niches are the liver and lungs, delicate tissues in which surgical removal
of the metastases can be both difficult and insufficient (26, 30, 31).
Precisely for this reason, significant efforts in CRC research are oriented
towards developing better screening techniques that allow for a more
efficient early detection.

Colorectal cancer aetiology and risk factors

One of the reasons behind the late diagnosis of CRC is the heterogeneity
that characterizes this malignancy. Genetic and environmental factors
have been described to influence the onset of the disease (32). However,
roughly 75% of all diagnosed cases of CRC are sporadic with no previous
record of familiar CRC. On the other hand, patients with family history of
CRC represent between 15 to 20% of all CRC patients (32). It is worth
mentioning though that the increased risk associated with a positive family
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history of CRC is not linked to a particular genetic footprint and no genes
have been specifically associated with CRC onset (33). Finally, there is a
small percentage of hereditary syndromes (Lynch syndrome,
adenomatous and hamartomatous polyposis syndromes) that have a
clear high lifetime risk of developing CRC and represent around 5% of all
CRC patients (33).

Due to the heterogeneity of the disease, the association with particular
risk factors remains partially obscure although recent large meta-analysis
studies have shed light onto some of the most prominent risk factors for
CRC. In an analysis encompassing over 460 research articles Johnson et
al. identified a series of risk factors that were significantly associated with
CRC (34). The authors found significant associations with body mass
index, red meat consumption, smoking cigarettes, inflammatory bowel
disease (IBD) and family history of CRC (34). Although not statistically
significant, additional factors that showed a positive trend on CRC risk
were processed meat and alcohol consumption (34). On the contrary, fruit
and vegetable consumption as well as physical activity showed a
significant reduction in CRC risk (34). Interestingly, recent epidemiological
studies have also shown a clear and significant association between CRC
risk and some regions of Portugal and cities in Spain, although the actual
cause behind this relation remains unclear (35).

Familial colorectal cancer

A positive familiar history for CRC represents the single most determinant
risk factor for CRC, and the risk increases depending on the number of
family members affected and the age at which they were diagnosed (32).
In such patients either regular or one-off colonoscopy screening is
advised (36). The exact frequency and age at which the test should take
place will depend on the number of affected family members as well as
the age at which they were diagnosed (37, 38). In general, a 5-year
colonoscopy screening is recommended after turning 40 years old for
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individuals with several family members with history of CRC, while, for
patients with a lesser risk, a one-off colonoscopy at 55-year-old is
recommended (37, 38).

Hereditary colorectal cancer syndrome
Lynch Syndrome

Lynch syndrome represents the most prevalent type of hereditary
colorectal cancer syndrome (39). Although here considered in the context
of CRC, Lynch syndrome is actually a predisposition to a broad spectrum
of cancers, including endometrium, stomach or brain among others (39,
40). This syndrome is caused by heterozygous germline mutations in
MLH1, MSH2, MSH6 or PMS2 that render the product of these genes
non-functional (39). All these proteins are involved in DNA mismatch
repair (MMR), and thus, the mutations induce a deficiency in MMR,
causing microsatellite instability (41). Interestingly, MMR deficiency is not
observed and does not play a role in the initiation of sporadic CRC (41).
Lynch syndrome is diagnosed via genetic testing in those patients with
positive familiar history and colonoscopy since an early age (20 years) is
advised for the detection and removal of polyps (40, 42).

Familial adenomatous polyposis

Familial adenomatous polyposis (FAP), the second-most common
hereditary CRC syndrome, is an autosomal dominant disease. FAP
originates from the mutation of adenomatous polyposis coli (APC), a gene
encoding a protein involved in Wnt signalling pathway (32, 43). Mutations
in APC lead to the appearance of multiple colorectal adenomas that can
later evolve into a colorectal adenocarcinoma if the patients are not
diagnosed early enough (43). In recent years the analysis of patients with
FAP-like phenotypes without APC mutations led to the categorization of a
separate polyposis syndrome known as MUTYH associated polyposis
(MAP), the first polyposis syndrome with recessive inheritance (44). Up to
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40% patients presenting this phenotype were found to carry MUTYH
mutations. Aberrant MUTYH creates somatic transversions in a variety of
genes, including APC or KRAS (44).

Hamartomatous polyposis syndromes

The last category of hereditary CRC syndromes are the hamartomatous
polyposis syndromes (HPS). Most of these types of syndromes
encompass a collection of autosomal-dominant inherited diseases
characterized by the presence of hamartomatous polyps, in comparison
to the more common adenomatous polyps (45). Among these syndromes
we can find the juvenile polyposis syndrome, Peutz-Jeghers syndrome,
mixed polyposis syndrome and PTEN hamartoma tumour syndrome (46).
HPS represents a rather small percentage (less than 1%) of all CRC
diagnosed patients, and compared with adenomatous polyps, the
histologic evolution of polyps is drastically different (45). Furthermore, the
study of the Peutz-Jeghers syndrome served as a reference for describing
an alternative to the adenoma-carcinoma sequence known as the
hamartoma-to-carcinoma sequence, broadening the knowledge on
sporadic hamartomas formation and progression (45, 47).

Colorectal cancer development and progression

As it was mentioned earlier, there are several factors that can increase
the risk of suffering from CRC. Those related with lifestyle, can be
modified, and even changed to be protective against CRC development
(48). For example, dietary intake of fats and red meat has been
associated with high risk of developing CRC while high intake of dietary
fibre, calcium or fish have been linked with decreased risk of CRC (49,
50). Besides modifiable risk factors, other unavoidable risks such as
type 2 diabetes, IBD, familiar history of CRC and other hereditary
conditions as Lynch syndrome, have also been associated with CRC (48,
51). For most cases, initial development of CRC does not produce
remarkable symptoms in patients. The tumour usually has a slow growth,
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and it is not until it reaches a considerable size that symptoms related with
the obstruction of the large intestine appear (48). Such symptoms
comprise, but might not be limited to, pain, cramping or bleeding (48). As
symptoms are only noticed when the tumour mass starts to grow, which
correlates with the increase in its metastatic potential, screening an early
diagnosis are crucial to prevent the spread of the disease.

In terms of the progression of the malignancy, adenomatous polyps,
sometimes simply referred to as polyps or adenomas, represent the main
source from which a tumoral mass may arise (52). This stage is known as
the preinvasive neoplasia and its progression depends on both the size
and histopathological changes of the tumour (52). Mutations related to cell
cycle control and proliferation (APC, KRAS, SMAD4 or the TP53 genes)
taking place in the adenoma might also drive the progression of the polyp
towards sporadic CRC (53). Recent studies using gene edited organoids
have shown the effect that simultaneous mutation of APC, KRAS,
SMAD4, PIK3CA and TP53 have on the development of the tumoral mass
in mice (54). In this phase, the polyps or the carcinoma mass that may
arise from them remain concealed and have not yet invaded other tissues
(52).

Mainly three molecular mechanisms have been described to induce a
malignant change in the adenoma-carcinoma sequence (ACS) driving the
appearance of CRC. Either alone or in combination, chromosomal
instability (CIN), CpG island methylator phenotype (CIMP), and
microsatellite instability (MSI) can induce changes that lead to the
malignancy of benign adenomas (55).

CIN is found in 65 to 70% of all sporadic CRC cases, being the most
recurrent alteration in sporadic CRC (55). Initially suggested by Fearon
and Vogelstein (56), the tumorigenic process of CRC is initiated by
mutations in the newly formed adenoma. Genome-wide sequencing
revealed up to 80 mutated genes in colorectal tumours although just few
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Figure | 1: Adenoma to carcinoma sequence scheme in colorectal cancer.

of them, such as EGFR, MYC or TP53 (57) are considered real initiators
of the ACS (58). Remarkably, the order in which such mutations appear
is also important (58)(Figure | 1). Taking as an example KRAS and APC,
which are often associated with the progression of the ACS, KRAS
hyperactivation alone is not able to drive the change from a benign
adenoma to a malignant tumour in vivo (59). However, in the context of
an APC mutated adenoma, KRAS mutation can induce the
hyperproliferation of the adenoma cells and thus malignancy (59).
Besides point mutations, chromosomal instability can also result in the
loss or addition of complete chromosome fragments. Among the most
observed losses, the 17p deletion is known to contribute to the metastatic
progression of the neoplasia, since the TP53 gene, that encodes for the
tumour suppressor protein p53, is encoded in this chromosomal fragment
(60, 61).

In CIMP-driven CRC, which is now considered a subtype of CRC (62, 63),
an increase in the methylation status of CpG islands leads to the
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epigenetic inactivation of hundreds of genes, including tumour suppressor
genes (64). Although the exact genes and zones that should be
considered to define CIMP-CRC driven cancer are still under debate, a
differentiation between CIMP negative and two different CIMP positive
phenotypes, CIMP1 and CIMP2, was suggested by Lan et al. (63).
Characteristic of CIMP1 is the presence of BRAF mutations and MSI,
while CIMP2 often present KRAS mutations but no BRAF or TP53
mutations (63). Other classifications have also been suggested based on
different criteria like the methylation status of a series of key genes (62)
or the presence or absence of MSI (64).

Colorectal cancer staging

CRC staging is made based on the depth to which the neoplasia has
invaded the colorectal tissue (65). Invasion through the muscular mucosa
marks the transition between the in situ carcinoma (Tis) onto Stage |I.
Further invasion to the muscularis propria and across it towards the
serosa result in Stage IIA (52). Perforation of the serosa leads to the
transition to Stage 1B (52). Until this point, no metastasis nor invasion of
adjacent lymph nodes has occurred and surgical resection of the
cancerous lesions is still possible (52). Although the staging of CRC is of
paramount importance for diagnosis and crucial in the proper assessment
of the treatment required, the ACS is a complex multi-stepped process
with a myriad of factors involved (66). As the malignancy progresses, it
will invade the surrounding lymph nodes and keep expanding through the
colon and rectum walls — Stage Il (52). Finally, the cells that shed from
the tumoral mass will reach and colonize distant tissues, marking the last
stage of CRC in which distant metastases appear — Stage IV (52). These
stages correspond to the Tumour-Nodule-Metastasis (TNM) system,
which is currently the most widely accepted and internationally advised
staging system. It was introduced by the American Joint Committee on
Cancer (AJCC) and the most recent version is the 8t iteration of the
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manual (67). This system defines different stages for cancer progression
based on a series of anatomical and non-anatomical categories that are
grouped together and reflect prognosis (68). Anatomical categories would
be the primary tumour, nodule invasion or presence of metastases, while
histological information would be an example of non-anatomical
categories. The status of these different categories can be evaluated by
physical or surgical examination or by imaging. The description of each
subcategory can be found in Figure | 2 and Table | 1.
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Figure |1 2: Scheme of colorectal cancer staging based on the TNM staging.
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Table | 1: TNM stages and categories

T category

Tx

T0

Tis

T1

T1a

T1b

T2

T3

T4

T4a

T4b

Primary tumour cannot be
evaluated

No evidence of primary
Tumour

Malignant cells confined in the
epithelium

Invasion of the lamina propia,
muscularis mucosae or
submucosa

Invasion of the lamina propia
or muscularis mucosae

Invasion of the submucosa

Invasion of the muscular
propia
Invasion of the adventitia

Invasion of neighbouring
structures

Invasion of the pleura,
pericardium, azygos vein,
diaphragm or peritoneum

Invasion of other structures
such as the aortha

N category
N Regional lymph nodes
X
cannot be evaluated
NO No metastasis in the
regional lymph nodes
N1 Metastasis in 1-2
regional lymph nodes
N2 Metastasis in 3-6
regional lymph nodes
Metastasis in 7 or more
N3

regional lymph nodes

M category

MO No distant metastasis
M1 Distant metastasis

G category: histology grade

Gx Unknown grade

G1 Well differentiated

Moderately
G2 .
differentiated
Poorly or
G3 Y

undifferentiated
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Colorectal cancer diagnosis

As it was mentioned earlier, since the patient prognosis is largely
dependent on the stage when CRC is diagnosed, early CRC diagnosis is
paramount. However, most of the early symptoms of the malignancy are
rather unspecific, like lower abdominal pain or changes in the defecation
routine (69). Several meta-analyses have already shown that the
diagnostic value of early CRC symptoms is poor and should be
accompanied by other sources of information (70-72). Most frequently,
early colorectal carcinomas do not present any clear symptoms, and thus,
the diagnosis is done either via faecal occult blood test (FOBT), imaging
(colonoscopy) or molecular diagnostic based on biomarkers.

Faecal occult blood test and other diagnostic tests

Due to their simplicity and cost-effectiveness, FOBT and faecal
immunochemical fest (FIT) are the main non-invasive diagnostic tests
used (73). The principle behind FOBT (also known as guaiac-based
FOBT) is the detection of the peroxidase activity of haemoglobin’s heme
group in the stool (74). Similarly, FIT is also based on the detection of
haemoglobin although in this case it is detected by specific antibodies
against human haemoglobin (74). FIT has several advantages compared
to FOBT. The use of specific antibodies against human haemoglobin
reduces the ratio of false positive results due to dietary intake of
haemoglobin from animal derived blood or of peroxidases present in raw
vegetables that would alter the peroxidase-based detection (75). Both
tests have rather high specificity for CRC (98-99% for FOBT and 91-98%
for FIT) although the sensitivity of FOBT (25-38%) is lower than that of
FIT (61-91%) (76). Lately, FIT has been recommended over FOBT due to
its higher sensitivity and compliance because of the lack of dietary
restrictions and the need for fewer stool samples collection (77). Despite
the high specificity and sensitivity values, both tests showed false-positive
rates that were close to 50% (78). As a consequence, while these tests
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are recommended as a primary source of screening, positive results must
be confirmed via colonoscopy.

Endoscopy and image-based diagnostic

All positive FOBT or FIT tests must be confirmed via colonoscopy as this
is the most important CRC diagnostic technique. Colonoscopy consists of
the visual inspection of the full length of the colon (total colonoscopy)
using a flexible tube equipped with a video camera. This technique allows
not only for the visualization of the colon to detect the presence of polyps,
adenomas or tumours, but also for the collection of tissue samples that
can later be subjected to a detailed histological evaluation (79). In
addition, small polyps may be completely resected during the process,
which is known as polypectomy, making colonoscopy suited not only for
diagnosis but also for therapy (79, 80). However, several disadvantages
of colonoscopy prevent it from being intensively applied for population
screening. Besides its invasiveness other disadvantages of colonoscopy
are the high cost and the high level of skill required from the endoscopist,
the need for sedation with its corresponding associated risks and the low
level of patient compliance (80). A less invasive alternative to total
colonoscopy is flexible sigmoidoscopy that is limited to the imaging of the
rectum and the distal section of the colon (81). Meta-analysis of the
application of sigmoidoscopy report that the rates of colon perforation are
reduced by half compared to total colonoscopy, as well as having
decreased costs and higher patient compliance (81, 82). Virtual
colonoscopy is a last resource imaging alternative for those cases in
which endoscopic techniques are not advised. In virtual colonoscopy a 3D
representation of the colorectum is generated by merging X-ray images
acquired by rotating the imaging plane (83). Less invasive than
endoscopic techniques, virtual colonoscopy can have wonderful
diagnostic potential but is largely dependent on the skills of the radiologist
that interprets the results (83).
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Biomarkers and molecular diagnostic of CRC

Molecular diagnostic is based on the detection or characterization of a
given molecular footprint (DNA, RNA or protein) that is specifically
associated to a disease. These markers can be also helpful in the staging
and classification of patients, like the HER2 gene in breast cancer (84).
In the context of CRC, the degree of success has been limited, despite
the many efforts for finding serum biomarkers that could be used for
screening (85). Currently, in the clinic, two biomarkers are mainly used for
the detection of CRC: the carcinoembryonic antigen (CEA) and
carbohydrate antigen 19-9 (CA19-9) (86). However, both markers show
limited sensitivity and specificity for CRC as their levels also vary in
response to other pathologies. Consequently, detection of CA19-9’s use
is not recommended for diagnosis and CEA is only recommended
together with other screening methods to help the prognosis (86).
According to the guidelines from the American Society for Clinical
Oncology, CEA and CA19-9 should only be used for the evaluation of
patient prognosis, detection of recurrence and treatment monitoring (87).
Besides CEA and CA19-9, some small microRNAs (miRNAs) have also
been postulated as serum diagnostic markers of CRC like miR-19a,
miR-210, miR-203 (markers of liver metastasis (88)) or miR-135a and
miR-135b. The targets of these microRNA are diverse, miR-19a for
example targets the T-cell intracellular antigen 1, a potent tumour
suppressor, thus promoting CRC proliferation. miR-210 is a master
regulator of hypoxia, with several targets related to cell proliferation and
metabolism. miR-203 has also been shown to control cell proliferation
through targeting a protein called Hakai while both miR-135 haven shown
to target phosphofructokinase-1 to regulate glycolysis, being capable of
promoting the progression of pancreatic cancer. Regardless of their target
and biological function, none of the miRNA mentioned are currently being
used for actual diagnosis.
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Genetic biomarkers

As previously mentioned, CRC lacks a clear genetic footprint that could
be used for diagnosis (except for hereditary CRC). Nonetheless, over the
last years efforts have been made to try to find genetic biomarkers that
could serve as diagnostic/prognostic tools (89). These genetic biomarkers
could be grouped in those that have proven to be useful for
diagnosis/prognosis or those useful for prediction of treatment response
(89). In terms of actual diagnostic markers, the genes currently used are
related to the same molecular mechanisms involved in triggering a
malignant change in the ACS: CIN, CIMP and MSI (90). Within the CIN
tumour markers, APC, KRAS, NRAS and BRAF, and in particular the
mutational status of KRAS, NRAS and BRAF are important for anti-EGFR
therapy (91). APC testing is of special interest as APC germline mutations
lead to FAP (32). A test panel based on 5 biomarkers, the so-called
Bethesda-markers, has been proposed for the identification of MSI
phenotypes which have been associated with better survival and less
propensity towards the development of metastatic lesions (85, 90, 92).
In addition, MSI status is also important for treatment as studies have
already reported a link between this feature and the sensitivity to
5-fluorouracil-based chemotherapy (93). As for CIMP phenotype, no
panel of specific methylation markers has been standardized vyet.
However, hypermethylation of regions like the septin-9 promotor or MLH1
epigenetic silencing have been associated with the early stages of
CRC (85).

It is worth noting that, DNA microarrays, widely used for the identification
of other cancer types such as breast (94, 95), ovarian (96) or melanomas
(97), have not yet been fruitful in CRC. However, one study in 2013
reported the characterization of six subtypes of CRC using gene
expression analysis, and the differential response to cetuximab therapy
(98).
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Proteomic biomarkers

The lack of more sensitive approaches for early detection of CRC opens
a whole set of opportunities for proteomic derived biomarker discovery.
By using the adequate models or subjects for the different stages and
progression of CRC, the identification of proteins that show altered protein
expression in these stages represents an outstanding starting point for
the discovery of new therapeutic and diagnostic biomarkers. Furthermore,
the advances in proteomic analysis techniques in recent years have
enabled the identification not only of proteins but also post-translational
modifications that might serve as biomarkers of disease (99).

Proteomic approaches focused on CRC biomarkers can be mainly divided
into two different categories. On the one hand, differential studies that, by
using mass spectrometry, compare protein expression between different
conditions, cells or tissues to find proteins that are dysregulated (100-
102). On the other hand, humoral response studies that focus on the
alterations on the humoral immune response of the organism against
tumour derived proteins (103).

Colorectal cancer associated autoantigens

Differential studies can be performed by either working with sera or
plasma samples from patients or with tissues or cells. In the first case,
protein microarrays can be used to interrogate the sera from control and
CRC patients to find proteins that are differentially expressed and could
serve as biomarkers (102). Indeed, tumour associated antigens (TAAS)
are proteins that can be found in both normal and tumoral cells, but also
induce an immune humoral response due to a dysregulation in their
expression levels or related to the phenotype they induce (104). Examples
of such TAAs include the EGFR (105), EPCAM (104) or p53 (106) and
their relevance is related to both their diagnostic/prognostic value and
treatment potential (104). In previous works from our research group
using commercial and custom-made protein and phage microarrays, a
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total of 43 TAAs potential biomarkers for CRC were found (102). The
combination of 4 of these TAAs together with an additional peptide from
other TAA (identified by phage microarrays) enabled for discriminating
between control and CRC patients’ sera with great specificity and
sensitivity (101, 102).

Besides TAAs, a separate category of tumour antigens known as tumour
specific antigens (TSAs) has also been described for the detection of
CRC (107). TSAs are neoantigens, i.e., antigens that are specific to the
genome of the cancer cell and arise from non-synonymous mutations.
They are incorporated to the major histocompatibility complex molecules
and recognized by the immune system (107). As their name indicates,
TSAs are not expressed in non-tumoral tissues, offering an advantage
compared to TAAs as it is the specificity towards the tumour (108).
Consequently, TSAs are more useful for cancer immunotherapy than
TAAs and have been extensively studied for this purpose (108).
Conversely, TAAs are more useful for diagnostic than TSAs. As TSAs
arise from mutations, the specific protein that will mutate and the antibody
that will be developed against it are difficult to predict and are univocally
associated to a phenotype. On the contrary, TAAs are derived from a
dysregulation linked to the progression of the tumour and can thus be
linked to a particular malignancy.

Autoantibodies and humoral response as biomarkers of CRC

Both TAAs and TSAs will lead to the generation of autoantibodies, i.e.,
antibodies targeted towards self-molecules. Inside the tumour it is
common for proteins to suffer changes in their localisation, structure,
abundance or even degradation, all of which can trigger a humoral
response from the immune system (109). Similar to the detection of TAAs,
microarrays are also frequently used for the identification of
autoantibodies. Furthermore, the results derived from TAAs microarrays
can be used to prepare complementary autoantibodies microarrays or to
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screen for particular antibody expression signatures. For example, in
previous research from our group we demonstrated the potential of a
panel of autoantibodies for the discrimination between control and CRC
patients at early stages (102). Furthermore, the characterization of the
exosomes from CRC primary and metastatic surrogates lead to the
discovery of a new set of TAAs and autoantibodies with diagnostic
capacity to discriminate between control, early and late stages of CRC
(110). The main disadvantage of autoantibody detection as CRC
diagnostic tool is the elevated cost of protein microarrays. Consequently,
autoantibody panels are often derived from the screening of TAAs which
are later evaluated via orthogonal techniques, such as enzyme-linked
immunosorbent assay (ELISA) or western blot assays.

The tumour microenvironment

The tumour microenvironment (TME) is the collection of immune and
stromal cells, blood vessels and extracellular matrix that surround the
tumour (111) (Figure | 3). The exact composition of the tumour
microenvironment is constantly subjected to changes (112). Furthermore,
the tumour and TME establish a dynamic relation where the tumour can
modify the TME and, in response, the TME can stimulate cancer
resistance and spreading (111). The events taking place in the TME are
crucial for the development and progression of the tumour. For instance,
the formation of new blood vessels is paramount for the arrival of nutrients
to the hypoxic core of the tumour, while anti-tumoral immune response
must be modulated for the tumour to continue growing (111, 113, 114).
The components of the TME that affect the progression of the tumour
could be divided into three categories, immune cells, stromal cells, and
the extracellular matrix. The interplay between immune cells and the
emerging tumour is a complex process comprised of at least three distinct
phases (115). In an initial phase, the so-called ‘elimination phase’, both
Natural Killer (NK) cells and CD8* cytotoxic T (Tc) cells will be able to kill
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cancer cells (116, 117), either by recognizing ligands of natural killing
receptors (118) or neoantigens presented by antigen-presenting cells
(APCs) (119). Eventually, some of the tumoral cells will manage to
escape, albeit partially. The surveillance of the immune system enters the
‘equilibrium phase’. In this phase, tumoral cells will continue growing and
being killed by the immune system, but they will not be completely
eliminated (120). Tumoral cells in the equilibrium phase may enter in a
dormant estate, without further progressing and waiting for a more
favourable microenvironment that enables for the expansion of the

Cancer associated T regulatory cells
fibroblasts

‘ CD8* T cells Cancer cells

Natural Killer Cells ’ Hypoxic cancer
cells

TGF-R

Figure | 3: Tumour microenvironment. The TME is composed of a mixture of
cancer cells and other cell types as CAFs and immune cells like NK or Tieq cells.
The interplay between the heterogenous population present in the TME is a
highly complex scenario. As an example of one of the many factors secreted by
CAFs and other cells present in the TME TGF-f is shown.
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malignancy (121). Angiogenesis has been postulated as one of the
mechanisms behind such switch in dormancy (121). Finally, in the ‘escape
phase’ tumoral cells that have gained the ability to avoid immune
recognition spread and multiply giving rise to the actual tumour. The
mechanisms leading to the escape phase are varied and can be related
to both the host and the tumour itself (115). Besides the angiogenic
change mentioned previously, other changes in the microenvironment
that can drive the escape phase are the secretion of antiapoptotic or
immunosuppressive cytokines (as VEGF or TGF-B) and the recruitment
of regulatory T (Treg) cells and other immunomodulatory cells (119).

Stromal cells recruited by the tumour also have an important role in the
evolution of the malignancy (111, 122). Tumour cells are able to attract
fibroblasts, adipocytes and mesenchymal cells to their surrounding by
using different mechanisms, including cytokines and vesicle secretion
(123-125). Moreover, recent reports have shown the potential that
exosomes from tumoral cells have for providing mesenchymal cells with
a tumour-favourable profile (124). Once recruited, a positive feedback
loop is established by which the non-cancer-associated cells will
transform into cancer-associated stromal cells that will continue secreting
cytokines that favour a pro-tumorigenic environment (126, 127). Among
the different types of stromal cells found in the TME, cancer associated
fibroblasts (CAFs) are of special interest. CAFs will produce most of the
extracellular components of the TME, including the extracellular matrix
(ECM) and signalling molecules as growth factors (111). In particular,
CAFs will secrete TGF-B, FGF2 and HGF, which stimulate tumour growth
and will induce tumoral cells to start the EMT program (111, 127).
Furthermore, CAFs will also secrete proteinases that degrade the
basement membrane allowing for cancer cells to migrate more easily
through the TME (128). Besides this proteinase-based migration model,
other reports also suggest that CAFs could stimulate cancer cell migration
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in a proteinase independent manner (129). Finally, CAFs are the main
secretors and modifiers of the ECM present in the TME.

Although initially overlooked, the role of the ECM in the progression of the
tumour has now been shown to be also tremendously relevant (130). For
example, NK cells can modify the TME ECM by secreting Fibronectin 1 to
alter the architecture that surrounds the tumour and prevent metastasis
(131). Both the chemical and mechanical properties of the ECM can affect
the tumorigenic capacities of the growing cell mass (132)(Figure | 4). In
terms of chemical signalling, the ECM can act as both a reservoir of
cytokines and growth factors and a signalling hub by itself by triggering
ECM-receptor interactions (111). Overall, it is generally accepted that the
high levels of ECM molecules as fibronectin or collagen present in solid
tumours are mostly secreted by CAFs and take up to 60% of the total
tumour mass (133). Additionally, the components of the TME ECM are
also remarkably different to those of the non-malignant tissues (134). A
recent proteomic analysis of the ECM of breast cancer xenografts
revealed that both stromal and cancer cells can secrete and synthesize
collagens, while stromal cells produce the majority of proteoglycans and
cancer cells secrete most of the ECM modulating enzymes (135). The
exact changes that occur depend on the type of carcinoma. In invasive
ductal carcinoma collagen production is shifted towards collagen | and I,
while breast carcinomas show an increase in collagen V production (133).
Moreover, some studies have already found a role for the ECM in helping
to maintain the subset of cancer stem cells (CSCs) inside the tumour
(130). More specifically, collagen |, one of the collagens found to be
upregulated in the ECM of tumours, can promote the EMT transition in a
TGF-B dependent manner which would be further enhanced in the TME
due to the presence of CAFs (136, 137). Induction of EMT would lead part
of the differentiated cancer cells towards a stem-like phenotype
characteristic of CSC (138). In addition, the increase in ECM deposition
will interfere with cell-cell adhesions and polarization, inducing an
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increase in the secretion of growth factors and amplifying the feedback
loop created by the extra ECM and CAFs (139).

In terms of the signal triggered by ECM molecules, ECM-adhesion
through integrins can trigger ERK and PI3K cascades promoting cell
growth, survival and migration (140, 141). In addition, matrikines, i.e.
components derived from the ECM digestion by cancer and other cells
inside the tumour microenvironment, can also regulate angiogenesis and
control the angiogenic switch (132). Fragments derived from collagen,
elastin or laminin can have opposing effects in the tumour progression

Integrin ligands Cytokines Mechanical
g B a.
X LX) ...
o o %
i 15t

[ ] [ ]
00 = N
( ) 3
\%\

\ | /

FAK ERK Hippo

Alterations in:

« Cell adhesion * Immune evasion

« Cell proliferation + Cytoskeletal dynamics

* Cell metabolism <« EMT

« Cell migration » Matrix remodelling and secretion

Figure | 4: Intracellular signalling pathways modulated by alterations in the
extracellular matrix. From the membrane down in the nucleus, cell-surface
receptors act as signalling hubs translating extracellular signals into changes in
gene expression. The changes in gene expression control a myriad of
processes such as chemosensitivity, EMT programmes, cell differentiation and
stemness, proliferation and survival, cell adhesion, migration and invasion,
cytoskeletal dynamics. As part of a feedback loop these changes can also
regulate the secretion of matrix-remodelling enzymes and matrix proteins from
within the tumour.
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and the specific effect depends on the cellular receptors being triggered
(134). Interestingly, levels of collagen derived matrikines could be used to
discriminate between sera from control and CRC patients. This opens the
way for a possible use of matrikines as diagnostic/prognostic markers
albeit their relatively low levels in sera and other body fluids still hinders
such application (134).

At the physical/mechanical level, enhanced ECM secretion makes
tumoral tissues significantly stiffer than their non-tumoral counterparts
(130). This increased stiffness is mainly caused by collagen and
hyaluronan, present in high levels in the TME (142). Collagen shows
strain-stiffening, a unique mechanical property characterized by an
increase in stiffness when force is applied to the material (143). On the
other hand, hyaluronan, negatively charged, generates hydrogel-like
networks that can buffer compressive stresses (142).

A central player in sensing and transducing the mechanical changes of
the ECM is the Hippo/YAP/TAZ pathway (144). The exact mechanisms
that control how the actin cytoskeleton and tensile stress affect and
regulate the YAP pathway are unclear. However, it is well established that
stiffer ECMs induce the translocation of YAP and TAZ to the nucleus
activating their transcriptional activity (145). In the context of tumour
progression, this signalling cascade has been shown to induce
proliferation (146) and to regulate immune evasion (147) and CSC
renewal (148, 149). In addition, the stiffening of the ECM can lead to the
secretion of TGF-B and drive changes in the phenotype of cancer cells
towards becoming more aggressive and motile (150). In parallel, the
increased ECM stiffness also drives pro-angiogenic signals and VEGF
secretion to promote the formation of new blood vessels that irrigate the
tumour mass (151). Cancer cells can even physically manipulate the ECM
and remodel it by force-mediated realignment of its fibres to generate
passages for migration (132).
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Epithelial to mesenchymal transition in the context of metastasis

The EMT is a biological process that leads to the conversion of an
epithelial cell into a mesenchymal cell (152). In this process the epithelial
cells lose their polarization as well as the inter-cellular interactions and
links with the surrounding cellular matrix, acquiring properties of
mesenchymal cells (Figure | 5). These cells have a very distinct
phenotype compared with epithelial cells. Mesenchymal cells show
enhanced migratory capacity and invasiveness that is often accompanied
by enhanced ECM secretion (153). In the context of cancer progression
and metastasis, EMT can induce the transition of tumoral cells from the
primary tumour to a more malignant/mesenchymal phenotype with further
invasive capacities (152, 154). Recent studies have demonstrated that
the transition is more similar to a continuum spectrum rather than just an
on and off switch (155-157). According to this model, the initial signals
sensed by malignant cells in the primary tumour, that led to a more
invasive phenotype, would not be present in the colonized tissue.
Consequently, cells would transit back towards an epithelial phenotype
allowing for implantation and further development of the metastasis (158).

EMT controlled activation during embryogenesis and wound healing is
triggered, mainly, by the activation of SNAI1 and SNAI2 (also known as
Slug), respectively (159). During development, fibroblast derived growth
factors (FGFs), hepatocyte growth factor (HGF), TGF-B, BMPs, WNTs or
Notch, will activate SNAI1 that will subsequently supress the expression
of E-cadherin and other epithelial markers (160). Similar pathways will be
activated for wound healing re-epithelialization, although in this case
EMT-inhibiting transcription factors will also be activated to keep a tighter
control of cell fate and migratory capacities (161). In the tumour itself,
EMT markers have been found at the invasive front of carcinomas and
circulating tumour cells (159). However, the prognostic value of EMT
markers remains still debatable. While numerous reports indicate that
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EMT markers could be used as prognostic markers (162-165), some
research groups suggest that such correlation is highly dependent on the
tissue and cancer subtype (166).

Besides the clear implications of EMT and the reverse
mesenchymal-to-epithelial transition (MET) on cell motility and migration,
it has also been found that EMT could play a role in immune evasion and
the generation of CSCs (154, 159). It has been shown that overexpression
of SNAI1 in murine and human melanoma cells induced the activation of
Treg Cells and prevented dendritic cells activity (167). Furthermore, the
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Figure | 5: Epithelial to mesenchymal transition and its role in the migration of
tumoral cells and invasion of distant tissues. N-Cad: N-Cadherin, E-Cad:
E-Cadherin
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silencing of SNAI1 in melanomas that did not respond to immunotherapy
significantly reduced tumour growth and metastasis after an increase in
tumour-specific and -infiltrating lymphocytes and general systemic
immune response (167). In addition, researchers also found that cancer
cells undergoing EMT secrete cytokines that result in a more
immunosuppressive environment (168). It has also been found that EMT
can induce the up-regulation of proteins involved in immune checkpoint
such as Programmed Death Ligand-1 and -2 (PD-L1 and PD-L2) (159).
On the other hand, it was observed that overexpression of Snail or Twist
in tumour-transformed mammary epithelial cells induced an increase in
tumorigenic and stem properties of these cells (169). Altogether, the
evidence gathered so far point to a clear involvement of the EMT program
in the progression and development of tumours, albeit some of the
mechanisms or switches might remain partly undefined.

Proteomics and Mass spectrometry

A proteome is defined as the group of proteins produced and/or modified
by an organism or living system at a defined point in time and space (170).
Proteomics is a collection of methodologies whose ultimate goal is to
identify protein footprints that can be associated to particular conditions
(171). Among the different approaches we can differentiate between
qualitative and quantitative proteomics. In the latter, the aim is to identify
those proteins or modifications that would be specific to each of the
conditions being studied. As an example, in oncoproteomics the main
goal is to identify those proteins associated to a particular malignancy
compared with a healthy status. On the other hand, qualitative proteomics
focuses on the complete characterization of a set of proteins being
expressed. In parallel, proteomics can also be used to analyse the
collection of post-translational modifications and protein-protein
interactions of a given condition (172).
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Proteomic techniques could be divided into two groups depending on
whether they are based on mass spectrometry (MS) or not (173). In
MS-based proteomics, isolated proteins are examined. This isolation can
be done via either mono- or bidimensional polyacrylamide
electrophoresis. After the initial isolation step, proteins are digested, and
the resulting peptides analysed using MS (170). MS enables the
separation and mass identification of all the peptides in the digestion
mixture. ldentification is done by considering both the enzyme with which
the peptides were digested, most frequently trypsin, and the charge/mass
(m/z) ratio of the identified peptides. The identified peptides are compared
against a database containing the theoretical peptides obtained from the
digestion of the known proteins and correspondingly assigned (170).
Liquid chromatography (LC) can also be used for the isolation and
separation of the digestion peptides (174). In LC-MS/MS, reverse phase
chromatography is generally used to separate the different peptides
based on their hydrophobicity for a direct subsequent analysis in a mass
spectrometer (175). This general approach described corresponds to
what is known as bottom-up proteomics (170).

Alternatively, in top-down proteomics the isolated proteins are not
digested by trypsin, or other proteases, and thus the intact proteins are
introduced into the gas phase of the spectrometer using electrospray
ionization (ESIl) and fragmented in the actual spectrometer (176).
Compared to bottom-up proteomics, top-down simplifies protein
identification as there is no need for protein inference (177). Top-down
proteomics have other advantages over bottom-up, namely the possible
loss of post-translational modifications or the omission of large fragments
that can happen in bottom-up proteomics (178). However, top-down
proteomics is not without its problems and the technical difficulties
associated with intact protein proteome-wide studies have hindered the
advance of top-down proteomics and lagged it behind bottom-up
proteomics (178).
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Paramount to the astounding progress seen in the field of proteomics are
the innovations in the field of mass spectrometry. The first step in the
process of the MS analysis is the ionization of the sample, which in the
case of peptides is achieved either via ESI or matrix-assisted laser
desorption/ionization (MALDI) (179). Once the peptides have been
converted into ionized analytes the mass analyser is the component in
charge of determining the m/z ratios. For proteomics, the most common
used mass analysers are quadropoles, ion traps, time-of-flight (TOF) or
Fourier-transform ion cyclotron resonance analysers (179). Each of the
different type of analysers have marked differences in terms of design and
performance with their corresponding advantages and disadvantages
(171). Consequently, and to take advantage of the strengths of each type,
different analysers are frequently used in tandem rather than just in a
stand-alone configuration (171). Some common tandem configurations
can be seen in Figure | 6.

Quantitative proteomics

As much as the proteomics field has strived to achieve the complete
proteome characterization, knowing the identity of the proteins that are
part of such proteome is not the only important information. The levels of
expression of one protein can drastically alter its function and
consequently quantitative proteomics are fundamental in biomedical
research and molecular medicine (180). In quantitative proteomics, the
absolute or relative abundance of the proteins present in the proteome of
two or more conditions are compared. To detect and measure the
abundance of the proteins in each proteome either isotopic labelling or
label-free (LF) MS approaches can be used (181). The use of isotopic
labelling simplifies the data acquisition process as samples from the
different conditions can be combined in the same MS run (181). Isotopic
labelling can be done either via chemical linking with a reagent isobarically
labelled (Tandem Mass Tag (TMT) or iTraq) (182, 183) or via metabolic
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uptake of labelled aminoacids (Stable isotope labelling by amino acids in

cell culture (SILAC)) (184).
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The materials and methods described in the following section have been
adapted or partially adapted from the following articles:

Spatial Proteomic Analysis of Isogenic Metastatic Colorectal Cancer Cells
Reveals Key Dysregulated Proteins Associated with Lymph Node, Liver,
and Lung Metastasis.

Solis-Fernandez, G.; Montero-Calle, A.; Martinez-Useros, J.; Lopez-
Janeiro, A.; de los Rios, V.; Sanz, R.; Dziakova, J.; Milagrosa, E.;
Fernandez-Acefero, M.J.; Pelaez-Garcia, A.; Casal, J.l.; Hofkens, J.;
Rocha, S.; Barderas, R.

Cells 2022, 11, 447. https://doi.org/10.3390/cells11030447

Aryl-hydrocarbon receptor-interacting protein regulates tumorigenic and
metastatic properties of colorectal cancer cells driving liver metastasis

Solis-Fernandez, G., Montero-Calle, A., Sanchez-Martinez, M. et al.

Br J Cancer (2022). hitps://doi.org/10.1038/s41416-022-01762-1




Materials & Methods

Cell lines and cell culture

All the cell lines used in this thesis together with a brief description of the
cell line can be found in Table M&M 1.

Table M&M 1: List and brief description of cell lines used.

Cell line Description Ref
KM12C Non-metastatic CRC cells from the KM12 system (1)
Liver metastasis CRC cells from the KM12 system,
KM12SM isogenic with KM12C (1)
Lung and liver metastasis CRC cells from the KM12
KM12L4a system, isogenic with KM12C and KM12SM (1)

SW480 Established from a primary colon adenocarcinoma (2)

Established from a metastatic lymph node, derived from

SW620 the same tumour from which the SW480 cells were (2)
derived.

HT-29 Human colorectal adenocarcinoma cell line with epithelial (3)
morphology
Isolated from the large intestine of an 82-year-old,

SW48 Caucasian, female grade IV Dukes C colorectal cancer (4)
patient

CaCo-2 Epithelial cells isolated from colon tissue derived from a 72- (5)

year-old, caucasian, male with colorectal adenocarcinoma

Human colorectal carcinoma cell line, derived from an
Lim-1215 omentum biopsy, with the primary lesion found in the (6)
ascending colon

Established in 1977 from the tumour mass of a 55-year-old
Colo 320 woman with a moderately undifferentiated  (7)
adenocarcinoma of the sigmoid colon

RKO Poorly differentiated colon carcinoma cell line (8)
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gglr‘i)\?;c? Stem cells derived from adipose tissue and isolated from 9)
Stem Cells human lipoaspirate

Cance_r Human primary derived fibroblasts immortalized with hTert,
Associated labell ith | ic GEP ( (10)
Fibroblasts abelled with cytoplasmic expression.

All cells, except CaCo-2, Colo320 and ADSCs, were cultured at 37 °C in
a humidified environment at 5% CO. in Dulbecco’s modified Eagle
medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS;
Sigma), L-glutamine (2 mM final concentration; Gibco) and either
penicillin/streptomycin (100 U/mL  final concentration; Gibco) or
gentamicin (10 pg/mL final concentration; Gibco). For CaCO-2 minimum
essential medium (MEM; Gibco) was used while RPMI medium (GIBCO)
was used for Colo 320. For adipose derived stem cells (ADSCs), 5.05 g
of alpha-MEM (GIBCO) and 1.1 g of sodium bicarbonate were diluted in
distilled, filtered water and FBS was added (10% final concentration) and
cells were cultured in this medium.

KM12C, KM12SM and KM12L4a were obtained from the laboratory of
Dr. Fidler’s lab (MD Anderson Cancer Center, Houston, TX, USA). The
remaining CRC cell lines were purchased from the American Type Culture
Collection (ATCC). ADSCs were obtained from the Radboud biobank. All
cells were cultured for a maximum of 10 passages except for ADSCs that
were cultured for less than 7 passages. Cancer associated fibroblasts
(CAFs) labelled with GFP were a kind gift from Prof. Olivier de Wever from
UGhent.

Protein extraction and quantification

For the protein extracts of 2D cultured cells, cells were grown until 90%
confluence and then passaged using PBS-EDTA 4 mM. PBS-EDTA was
used to prevent trypsin from digesting any of the proteins being expressed
in the cell surface or cell junctions. After passage, cells were harvested
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by centrifugation at 1000 g for 5 minutes. The supernatant of the cell
pellets was removed, and the cell pellets were kept at -20°C until they
were used for protein extraction. Protein extracts were obtained by lysing
cells with commercial RIPA buffer (Sigma Aldrich) with protease and
phosphatase inhibitors (commercial house) at 1x final concentration. After
resuspending the cell pellets in RIPA buffer, 256G syringes (BD
biosciences) were used to make sure that cells were completely lysed.
Protein concentration from each of the protein extracts was determined
by tryptophan quantification method (11). Results were confirmed using
10% SDS-PAGE and posterior Coomassie blue staining.

For the spatial analysis of CRC cell lines, a subcellular protein
fractionation kit (Subcellular Protein Fractionation Kit for Cultured Cells,
Thermofisher Scientific) was used to isolate the proteins from all the
different compartments. Following the manufacturer’s intructions, cell
pellets were resuspended in the appropriate buffer and subsequently
lysed. The different subcellular fractions (CEB, cytoplasmic proteins;
MEB, membrane proteins; NEB: nuclear soluble proteins; NEB-CBP,
chromatin-bound proteins; PEB, cytoskeletal proteins) were isolated by
sequential centrifugation and resuspension of the cell pellet in the
corresponding buffers. In parallel, for the secretome protein collection,
cells were incubated overnight with serum-free DMEM. After overnight
incubation the media was collected and proteins in suspension were
methanol-chloroform precipitated and re-suspended in RIPA buffer. All
the 6 subcellular fractions were quantified the same way as all the other
protein extracts using the Trp method (11).

For 3D studies, cells were harvested from the different matrices by
dissolving the polymers used, either Matrigel or polyisocianopeptide
(PIC), in cold PBS. The cells harvested in cold PBS were washed three
times with cold PBS to remove all the remnants of polymer and the cell
pellets stored at -20°C until protein was extracted. Protein extraction and
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quantification from the cell pellet was performed in the same way as for
2D samples. Likewise, spheroids’ protein extract was obtained by from
the pelleted spheroids using RIPA buffer for cell lysis in the exact same
manner as the rest of the samples.

Isobaric labelling for mass spectrometry analysis

All protein samples analysed via mass spectrometry were labelled using
TMT techniques (12). Proteomic analyses of AIP overexpression, 3D
differentiation of cancer cells and ADSCs differentiation in 3D were
performed using TMT 10-plex labelling kits (ThermoFisher Scientific)
while TMT 11-plex labelling kits (ThermoFisher Scientific) were used for
the CRC spatial analysis. Regardless of the protein extract used, the
labelling procedure as such was the same for all conditions see (13). In
brief, 20 ug of each protein extract were diluted to reach a final
concentration of 0.2 mg/mL in RIPA buffer (to a final volume of 100 pL)
and reduced by adding 10 yL of 100 mM tris(2-carboxyethyl)phosphine
(TCEP, Sigma Aldrich). Subsequently, samples were incubated for 45
minutes at 37°C and 600 rpm. An alkylation step was performed by adding
12.2 pL of chloroacetamide 0.4 M (Sigma, final concentration 40 mM) and
incubating for 30 minutes at room temperature and 600 rpm. To improve
protein digestion and allow for better peptide recovery from the digestion,
we used Sera-Mag magnetic beads mix (50%
hydrophilic/50% hydrophobic, GE Healthcare). Samples were incubated
with 100 pL of the mix of hydrophobic and hydrophilic beads and 230 yL
of 100% acetonitrile (PanReac Applichem) for 35 minutes at room
temperature and 600 rom. Then, supernatants were discarded, and
magnetic beads were washed twice with ethanol 70% (PanReac
AppliChem) and acetonitrile 100%. Proteins bound to magnetic beads
were digested for 14 hours at 600 rpm and 37 °C with 1 ug of porcine
trypsin (ThermoFisher Scientific) per 20 ug of protein extract, in 100 yL of
HEPES buffer (Sigma) 20 mM pH 8.0. To retrieve the maximum number
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of peptides from the beads, samples were sonicated for 2 minutes, and
the supernatant was collected. Beads were resuspended in 100 pyL of
HEPES buffer and sonicated again for 2 minutes, and the supernatant
was collected and mixed with the previous supernatant. Finally, 20 yL of
TMT markers were added to the corresponding tube in two subsequent
30 minutes incubations at room temperature. The content of the 10 or 11
tubes (depending on whether a 10- or 11-plex was used) was pooled
together and dried under vacuum. Samples were then reconstituted in
300 pL of TFA (Sigma Aldrich) 0.1% in water and separated based on
hydrophobicity using a High pH Reversed-Phase Peptide Fractionation
Kit (Pierce Biotechnology). A total of 12 fractions were separated and
subsequently dried under vacuum and stored at -80 °C until they were
LC—MS/MS analysed in a Q Exactive mass spectrometer (ThermoFisher
Scientific).

LC-MS/MS Analysis

LC-MS/MS analyses were made according to established protocols (14,
15). In brief, an Easy-nLC 1000 nano system (ThermoFisher Scientific)
was used for peptide separations. For each analysis, samples were
loaded into a precolumn Acclaim PepMap 100 (ThermoFisher Scientific)
and eluted in a RSLC PepMap C18, 50 cm long, 75 um inner diameter
and 2 ym patrticle size (Thermo Fisher Scientific). The mobile phase flow
rate was 300 nL/min using 0.1% formic acid in water (solvent A, Fisher
Chemical) and 0.1% formic acid in acetonitrile (solvent B, Fisher
Chemical). The following gradient profile was used: 5 minutes of 3-7%
solvent B, 95 minutes of 7 to 25% solvent B, 14 minutes of 25 to 60%
solvent B, 1 minute of 60 to 95% solvent B, and, finally, 5 minutes of 95%
solvent B. From each sample 4 pL were injected into the Q Exactive mass
spectrometer.

lonization was performed using 1900 V of liquid junction voltage and
270 °C capillary temperature. The full scan method employed a
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m/z 300-1800 mass selection, an Orbitrap resolution of 70,000 (at
m/z 200), a target automatic gain control value of 3 x 10, and maximum
injection times of 100 ms. After the survey scan, the 15 most intense
precursor ions were selected for MS/MS fragmentation. Fragmentation
was performed with a normalized collision energy of 27 and MS/MS scans
were acquired with a dynamic first mass, the AGC target was 1 x 105, with
a resolution of 35,000, an intensity threshold of 2 x 104, an isolation
window of 1.6 m/z units, and the maximum ion injection time was 100 ms.
Charge state screening was enabled to reject unassigned, singly charged,
and greater than or equal to seven protonated ions. A dynamic exclusion
time of 30 s was used to discriminate against previously selected ions.

MS data analysis

MS raw data were analysed with MaxQuant (Version 1.6.6.0) (16) against
UniProt UP000005640_9606.fasta Homo sapiens (human) 2019
database (20,962 protein entries, downloaded: May 2019). For the
analysis, Reporter ion MS2 type was used with Trypsin/P as cleavage
enzyme allowing for 2 missed tryptic cleavages and a mass tolerance of
20 ppm (Orbitrap). Mass tolerance of precursor and reporter were set to
4.5 ppm and 0.003 Da, respectively. Ser, Thr and Tyr phosphorylation
together N-terminal acetylation and methionine oxidation were set as
variable modifications, while carbamidomethylation of cysteines was set
as the only fixed modification. Overlapping isotopic contributions were
taken into account by correcting reporter ion intensities for any bias,
following the manufacturer’s certificate. Unique and Razor peptides were
considered for quantification. Minimal peptide length and maximal peptide
mass were fixed to 7 amino acids and 4600 Da, respectively. Precursor
intensity fraction with an FDR threshold of 0.01 was used for filtering of
identified peptides. Proteins identified as potential contaminants were
excluded from the analysis and only those proteins identified with at least
one peptide and an ion score above 99% were evaluated. The protein
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sequence coverage was estimated as the number of matching amino
acids in a specific protein sequence that were found in the peptides
sequences having confidence =95% divided by the total number of amino
acids in the sequence.

All channels from the TMT reagent were computationally normalized
using the sum of each channel signals to equal them and correct for the
differences resulting from the amount of protein labelled by each TMT
reagent. R studio was used to conduct sample loading normalization
following established protocols (https://github.com/pwilmart, accessed on
15th may 2020), using “tidyverse”, “psych”, “gridExtra” and “scales”
packages (17, 18). Analysis of the normalized data was performed either
in Perseus (Version 1.6.6) (19) or Microsoft Excel 2019 and Microsoft
Access 2019. In the case of TMT analysis that included replicate samples
Perseus was used together with Microsoft Excel, while Microsoft access
together with Microsoft Excel was used for the analysis of the rest of TMT
datasets.

For the spatial analysis of CRC proteins identified in at least 3 of the 10
samples with one or more peptides and a fold change = 2 for each ratio
were selected as potential proteins dysregulated in metastatic cells
(upregulated = ratio = 2, or downregulated = ratio < 0.5). For AIP
overexpression proteomic analysis and 3D differentiation of cancer cells,
the fold change ratio was set at = 1.5 (upregulated = ratio = 1.5, or
downregulated = ratio < 0.67). p-value representing the probability that
the observed ratio was different than 1 by chance was also calculated.
p-value < 0.05 was considered statistically significant. Finally, 3D
differentiation of adipose derived stem cells and bicyclic peptide
differentiation proteomic characterizations were analysed using Perseus.
In this case, the criteria followed for considering up- or downregulated
proteins was set at a fold change of 2.
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Tissue and plasma samples for Spatial characterization of CRC

This study related to biomarker discovery and validation was approved by
the Institutional Ethical Review Boards of the Instituto de Salud Carlos Ili
and Hospital Clinico San Carlos (Madrid) (CEI Pl 13_2020-v2). Tissue
and plasma samples were obtained from the IdISSC biobank of the
Hospital Clinico San Carlos, which belong to the National Biobank Net
(ISCIIl) cofounded with FEDER funds. Written informed consent was
obtained from all patients. Tissue and plasma samples were obtained
according to a standardized protocol for sample collection (20-22). Tissue
and plasma were stored at -80 °C until use (20-22). Paired
OCT -embedded frozen healthy and CRC tissue from 14 CRC patients at
stages | to IV was used for western blot analysis (Tables S1 and S2).

Plasma samples from healthy individuals with negative colonoscopy
(n = 32), plasma samples from CRC patients at stages I-IV (n = 38), and
plasma samples from individuals with premalignant lesions (colorectal
adenomas; n = 10) were analysed by ELISA (Table M&M 2).

58



Materials & Methods

59

Table M&M 2: Information of the paired tumoral and non-tumoral tissue samples from CRC patients used for the WB
and TMA analysis, and plasma samples from CRC patients used for the ELISA analysis.

Age Gender (n) Stage
Application Samples (n) Age Average Range
Icatl Premalignant
+ SD (years) Male Female a9 L1V
(years) Individuals
WB analysis CRC patients 14 721 +123 47-88 5 9 - 2 4 4 4
Tissue
IHC and TMA
samples . CRC patients 95 73.0+9.6 94-51 57 38 - 3 3061 1
analysis
CRC patients 48 73.2+10.3 49-88 21 27 10 101011 7
Plasma ELISA
Health
samples y 32 57.9+104 24-74 16 16 -

individuals
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Western blot

For western blot (WB) analysis, equal amounts of protein extracts (ug)
from each condition being evaluated were separated on a 10%
SDS-PAGE under reducing conditions (23). Samples transfer onto a
nitrocellulose membrane (Hybond-C Extra, GE healthcare) was
performed at 100V for 90 minutes using Mini Trans-Blot Module
equipment (Bio-rad). After transference, membranes were blocked in
blocking buffer for 1 hour at room temperature and subsequently
incubated overnight (O/N) at 4 °C with primary antibody diluted in blocking
buffer. The dilution of each of the primary antibodies used, together with
the blocking buffer used for each antibody and the purpose for which each
primary antibody was used can be found in Table S3. After O/N
incubation, membranes were washed for 10 minutes three times with
0.1% Tween 20-PBS 1x (PBS-T) to remove unbound primary antibody.
Membranes were then incubated for 1 hour at RT with the appropriate
secondary antibody (goat anti rabbit, GAR, or goat anti mouse, GAM)
labelled with horseradish peroxidase (HRP) in blocking buffer. The
washing step was repeated after secondary antibody incubation and
signal was developed with SuperSignal West Pico Maximum Sensitivity
Substrate (Pierce) or SuperSignal West Femto Maximum Sensitivity
Substrate (Pierce) and detected on an Amersham 680 Imager (GE
Healthcare).

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde (Sigma Aldrich) for 20 min at
37 °C and permeabilized with PBS 1x-0.1% Triton X-100 (Sigma Aldrich)
for 10 min at room temperature and blocked with PBS-T containing 10%
FBS for 1 h at room temperature. Cells were subsequently incubated O/N
at 4 °C with primary antibodies and then washed with PBS-T 3 times.
Then, immunofluorescence slides were incubated for 1 hour with
fluorescently labeled secondary antibody (Table S3). For samples to be
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analysed for F-actin, after secondary antibody incubation, slides were
incubated at room temperature for 45 minutes with phalloidin labelled with
Atto 520 dye (ThermoFisher scientific) diluted 1:400 in blocking buffer.
Finally, the cell nucleus was counterstained with DAPI (Agilent) at
10 pg/mL at room temperature for 10 minutes.

For staining of samples encapsulated in either Matrigel of PIC polymer,
cells encapsulated were washed with PBS and fixed with 4% PFA for 40
minutes instead of 20 minutes. After fixation, cells were permeabilized in
the same way as normal microscopy slide samples. Finally, samples were
blocked for 30 minutes at room temperature with BSA 1% in PBS and
then stained for 1 hour with Phalloidin Atto-520 diluted 1:20 in blocking
buffer (final concentration 10 yM).

In silico analysis

For the in silico analysis of CRC spatial characterization, gene set
enrichment analysis (GSEA) was performed using fsgea (Version 1.16.0)
and msigdbr (Version 7.2.1) R packages (24). In brief, differential protein
expression ranked lists obtained for each of the cellular compartments
were subjected to pathway enrichment analysis. Pathways belonged to
the gene ontology, human reactome and KEGG collections. GSEA was
performed using pathways that contained at least one protein from the
cross-validated differentially dysregulated proteins. From the 1831
pathways finally used in the present analysis, 1555 belonged to the gene
ontology collection, 234 to the human reactome and 42 to the KEGG
collection. A Benjamini—-Hochberg p-value below 0.05 was required to
consider the pathway significantly enriched. String db (version 11.5) for
functional protein association networks was used to identify clusters of
interaction among the proteins of the dataset.

For AIP prognostic analysis, the GSE17538 database was used. This set
contains 244 tumor samples with clinicopathological description from
colorectal cancer patients. Data were normalized using Bioconductor's
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Affymetrix package and transformed into z-scores. The prognostic value
of AIP was assessed by Kaplan-Meier survival curves using the best cut-
off method for separating high and low expression populations. The
significance of the difference in survival between both populations was
estimated by log-rank test. To validate the results with a different cohort
of patients, GEPIA2 tool (htip:/gepia2.cancer-pku.cn/) was employed

with colon adenocarcinoma TCGA dataset (270 tumor samples) (25).
Immunohistochemistry, tissue microarrays and ELISA

For immunohistochemistry (IHC) analysis of CRC spatial characterization,
tissue microarrays (TMAs) containing 95 core samples from CRC
samples (Table S4) and that had been previously constructed were used
(26, 27). For staining, 2 ym thick sections were deparaffinized following
previously established protocols (26-28) in low pH buffered solution
(EnVision™ FLEX Target Retrieval Solution, Dako). Before O/N
incubation at 4 °C with the indicated primary antibodies (Table S3), slides
were blocked with peroxidase blocking reagent (Dako) to prevent
endogenous peroxidase activity. Slides were then incubated with the
appropriate anti-lg HRP-conjugated polymer (EnVision™
FLEX-HRP, Dako). Visualization and immuno-reactivity were conducted
according to established protocols using 3,3’-diaminobenzidine as a
chromogen (28, 29).

IHC performed for the AIP overexpression studies were performed in the
same way, albeit in this case core tumor tissue samples from 50
metastatic and non-metastatic CRC patients and core tumor tissue
samples from 94 recurrent or non-recurrent CRC stage Il patients
composed the two tissue microarrays (TMAS) used in the study.

Finally, for the GLG1 plasma level determination, plasma from patients
referred in Table M&M 2 and S2 were diluted 1:5 and GLG1 levels were
measured using a commercial GLG1 ELISA kit (Sabbiotech), according
to the manufacturer’s suggestions.
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Polyisocyanopeptide based polymer synthesis

An established protocol (30) was used for the synthesis of
Polyisocyanides (PIC). Briefly, isocyanide monomers (azide-appended
monomer and non-functional monomer in ratio 1:29) were dissolved in
toluene and a catalyst solution (Ni(ClO4)2:6H-O (0.1 mg/mL) in
toluene/ethanol 9:1) was added to achieve a final concentration ratio of
monomer to Ni>* equal to 5000:1 or 1000:1 depending on the desired
stiffness of the polymer. Monomer concentration was adjusted to
50 mg/mL by adding toluene. The polymerization mixture was stirred at
room temperature, and the progress of the reaction was followed by IR-
ATR (disappearance of the characteristic isocyanide absorption at
2140 cm). Once the isocyanide was consumed (48 h), the polymer was
precipitated in diisopropy! ether under vigorous stirring and collected by
centrifugation. Then, the polymer was precipitated in two sequential
rounds after being resuspended in dichloromethane and, finally, air-dried
to obtain an off-white solid. Viscometry was used to measure the
molecular weight of the polymer.

PIC polymer bioconjugation

For RGD biofunctionalization of the PIC polymer click chemistry was
used. The RGD peptide was bound with a DBCO-terminated spacer
composed of PEG repeats. Following previously established protocols the
DBCO-PEG4-RGD moiety was reacted with the azide appended
polymers. The reaction was conducted in such a way that, on average,
1% of the monomers that comprise the polymer carry a peptide. Similarly,
for the biofunctionalization with bicyclic peptides, the polymer carrying the
azide-appended group was resuspended in acetonitrile (2.5 mg/mL), and
the appropriate amount of peptide was added. Bicyclic peptides
(PEPSCAN) were diluted in DMSO at a final concentration of 6 mg/mL.
For both RGD and bicyclic peptides, conjugations were conducted O/N
under stirring at room temperature. Finally, conjugated polymers were
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collected for centrifugation after precipitation with diisopropyl ether and
air-dried in the same way as the un-conjugated polymer was.

Cell encapsulation and 3D culture

KM12C, KM12SM and human adipose-derived stem cells (ADSCs) were
all encapsulated following the same procedure that has already been
described in (31, 32). After UV sterilization of dry PIC polymers, they were
then dissolved in the cell culture medium used to culture the cells that
would be encapsulated, at a final polymer concentration of 2 mg/mL.
Polymers were dissolved for 24 hours under stirring at 4 °C. Once
polymers were dissolved, cells were harvested, counted and
subsequently mixed 1:1 with ice-chilled polymer to achieve a final polymer
concentration of 1 mg/mL at the desired cell density (200,000 cells/mL).
The cell-polymer mixture was transferred onto 48-well plates (Corning) or
8-well chambered coverslips (Sigma) depending on whether the cells
were cultured for protein extraction/DNA extraction or imaging and heated
to 37 °C. Once seeded in the well plates, cells were cultured under
standard cell culture conditions (already described in the cell lines and cell
culture section). For encapsulation in Matrigel (Corning), used as control
for 3D differentiation, the same procedure was followed although in this
case the ratio Matrigel:cell was 7:3. Mixture of Matrigel and cells was also
performed on ice. For both PIC and Matrigel after the gel had polymerized
because of temperature, additional cell culture medium was added on top
of the gels.

Plasmid vectors and cell transfection of KM12 cells

KM12C and KM12SM cells were transfected with a vector to induce the
overexpression of AIP. AIP gene was obtained from the DNASU plasmid
repository and cloned into the pcDNA3.1(+) vector, obtained from
ThermoFisher Scientific. Cloning of the AIP gene in the vector was
performed using Gibson assembly (33) (NEB), following standard
procedures and the manufacturer’s instructions. After plasmid cloning,
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Escherichia coli DH5a strain bacterial cells were transformed with the
mixture of the Gibson assembly reaction and selected using ampicillin
(100 pg/mL) containing agar plates. Individual resistant colonies were
harvested and expanded in liquid LB culture and plasmid inside bacteria
was purified using a commercial (Neobiotech) plasmid miniprep kit. Once
the vector sequence was verified, cells were transfected according to
previously described protocols (34-37). Briefly, on a p6 well plate, 250,000
cells were seeded and one day post-seeding cells were transfected using
JetPrime transfection reagent (Polyplus) following the manufacturer’s
instructions. Either 2 ug of pcDNA3.1(+) empty vector or the AIP
containing vector were used for cell transfection. Then, 48 hours
post-transfection cell media was changed and replaced with DMEM
containing 1 mg/mL G418 (Santa Cruz BioTechnologies) for cell selection
(3-4 weeks)(38). A concentration of 0.6 mg/mL of G418 was used for
routine cell culture after selection.

RNA extraction, cDNA synthesis, semi-quantitative PCR, real time
quantitative PCR (qPCR)

RNA was extracted from colon cancer cell lines with the RNeasy Mini Kit
(Qiagen Inc.) according to the manufacturer’s protocol. The extracted
RNA was quantified with a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies Inc.).

cDNA was synthesized using the NZY First-Strand cDNA Synthesis Kit
(NZYtech). Then, cDNA was directly used for semi-quantitative PCR
analysis of AIP, EMT markers and GAPDH (as control) mRNA levels
using specific primers (Table S5). Alternatively, cDNA was used for gPCR
analyses using specific primers of ZO1 (Tjp1 gene), E-Cadherin (CDH1),
ZEB1, TGFB1, Claudin-2, and Snail1 (SNAI1 gene) (Table S5), using 18S
as control and for normalization. Semi-quantitative PCR reactions were
performed using the Phusion High-Fidelty DNA Polymerase
(ThermoFisher Scientific). For gPCR, reactions were performed using TB-
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Green Premix Ex Taq (Tli RNaseH plus, Takara), and PCR and data
collection were performed on a Light Cycler 480 (Roche).

Cell adhesion, invasion, apoptosis detection, proliferation, soft agar
colony formation, and wound healing assays

Functional cell-based assays were performed at least in triplicate
according to established protocols (39-42). Cell adhesion assays were
conducted using 96 well plates that were coated with 0.4 yg/mm?2 of
Matrigel in coating buffer (0.1 M NaHCOs pH 8.8). Coating was done
overnight at 4 °C and subsequently unspecific binding was blocked by
incubating with adhesion medium (0.5% BSA in serum-free DMEM) at
37 °C for 2 hours. Before seeding, cells were starved for 5 hours without
serum and incubated with BCECF-AM (Molecular probes) at 37 °C for 30
minutes to label them. Cells were detached with PBS containing 4 mM
EDTA and resuspended in adhesion medium. In five separate wells of the
p96 well plate 10° cells were seeded and incubated for 30 minutes. Then,
to remove non-adherent cells, plates were washed with PBS and bound
cells were lysed with 1% SDS in PBS. Fluorescence signal of the lysates
was quantified in a Spark multimode microplate reader (Tecan Trading
AG).

Matrigel invasion assays were performed by resuspending 8x10° cells in
invasion medium (0.5% BSA in serum-free DMEM) and transferred onto
8 um pore-size filters transwells (Costar) that had been previously coated
with 35 to 50 pL of Matrigel diluted 1:3 in invasion medium. The bottom
compartment of the invasion chambers was filled with standard FBS
supplemented cell culture media. After 22 h of incubation at 37 °C, non-
invading cells were removed from the filter’s upper surface, and cells that
migrated through the filter were fixed with 4% PFA, stained with crystal
violet and the invading cells counted under a microscope.

For wound healing, cells were seeded inside IBIDI silicone wound healing
inserts (IBIDI, #80209) in 24-well plates at a density of 1.5x10°% cells per
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insert well. The day after, the insert was removed to uncover a cell-free
area of 500+100 ym. Fresh cell growth medium was added, and time-
lapse imaging of the cells was recorded. For imaging, a confocal
microscope (TCS-SP5-A0OBS-UV, Leica-Microsystems) imaging position
was set using the Mark and Find Leica imaging software tool, and
1500908 ym (2048x1200 pixels) images were acquired every 90
minutes. Temperature (37 °C) and CO- concentration (5%) were kept
constant throughout the whole imaging time (48 hours). The cell-free area
was measured with the MRI’'s Wound Healing tool for Imaged software
(NIH)(https://github.com/MontpellierRessourcesimagerie/imagej macros

and_scripts/wiki/Wound-Healing-Tool) (43), and the calculated areas

were visually inspected to verify all the time points were correct.

For cell proliferation assays, the growth medium was changed 24 h after
seeding (day 0), and cells were further incubated for three days. Then,
medium was removed, and cells were stained with 100 yl of the
chromogenic dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma) at a final concentration of 1 mg/mL in DMEM. The
cells were further incubated for 1 h at 37 °C and 5% CO.. Then, medium
was carefully aspirated, and cells disrupted with 100 pL of DMSO (Sigma)
prior to reading absorbance at 570 nm. All the experiments were done
three times in duplicate.

Colony soft agar assay was performed as previously described (42). In
brief, 2x concentrated cell culture media were mixed 1:1 with a molten
solution of 1% noble agar (Condalab). A total of 1.5 mL per well of the
42 °C mixture of media and agar was poured onto wells of a p6 cell culture
treated well plate (Corning) and this bottom layer of agar was allowed to
solidify. Subsequently, the top layer of agar containing the cells was
prepared. Two different cell densities, 5000 and 25000 cells per well, were
used. For both cell densities, a 1:1 mixture of cells diluted in media and
0.6% noble agar diluted in agar was prepared at 42 °C. Finally, 1.5 mL of
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the cell-agar mixture were poured on top of the bottom solidified layer of
agar. Cells were allowed to grow inside the agar gel for 21 days,
refreshing the media inside the wells every 2-3 days by adding 100 pL of
culture media per well. Then, colonies were visualised by microscopy by
acquiring at least 16 random fields of view.

Confocal microscopy and live cell imaging

All fluorescence confocal microscopy images were acquired on a Leica
TCS-SP8-AOBS-UV system (Leica Microsystems). All images were
acquired using a 63x water immersion N.A. 1.2 HC PL APO motCORR
objective (Leica). A supercontinuum White Light Laser (470-670 nm,
pulsed, 80 MHz, NKT Photonics) was used for fluorescence excitation
except for DAPI excitation, which was achieved using a UV diode laser
(405 nm, pulsed, 40 MHz, PicoQuant). Regardless of the settings used in
every particular experiment, they were all kept constant throughout all the
samples of the same experiment. For example, all fluorescence images
acquired for the spatial analysis of CRC metastasis were acquired in the
same conditions of pixel size, z-stack size, excitation laser power and
detector sensitivity.

Live cell imaging was performed using a Cytosmart Lux2 inverted
bright-field microscope (Cytosmart). The microscope was placed in an
incubator (37 °C, humidified) to monitor the morphology of the cells in
hydrogels. Cold cell-gel mixtures were prepared in the same way as the
described in the cell encapsulation section and 100 pL of the mixture were
pipetted onto a 35 mm glass-bottom dish (Cellvis, #1.5) and allowed to
gelify at 37 °C for 15 min. Afterward, 3 mL of CO.-independent a-MEM
culture medium (ThermoFisher Scientific) was pipetted on top of the
samples. 24-hour monitoring was performed to acquire real-time videos
with a 10x air objective acquiring images every 10 minutes.
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In vivo animal experiments

The Ethical Committee of the Instituto de Salud Carlos Il (Spain)
approved the protocols used for experimental work with mouse after
approval for the ethical committee OEBA (Proex 285/19). Liver
metastasis, in vivo homing and subcutaneous experiments were
performed in Nude mice according to established protocols (34).

For metastasis experiments, 106 AlIP- and Mock-stably transfected KM12
cells in 0.1 mL PBS were intrasplenically injected in Swiss nude mice
(Charles River; n=6 per group). The spleen was resected the day after,
and then mice were daily inspected for signs of disease, such as
abdominal distension, locomotive deficit, or tumour presence by
palpation. When symptoms were noticeable, mice were euthanized and
inspected for metastasis in the liver. For xenografts (n=6 per group),
tumours were induced in nude mice by subcutaneous injection of 1x106
AIP- and Mock-stably transfected KM12 cells in 0.1 mL PBS. Tumours
were measured with an external calliper, and volume was calculated as
(width)? x (length). When tumours reached an average size of 1500mms3,
animals were euthanized, and tumours excised for further evaluation.

For homing analysis to liver (n=2 per group), Swiss nude mice were
intrasplenically inoculated with 108 AIP- and Mock-stably transfected
KM12 cells in 0.1 mL PBS. Mice were then euthanized 24 h after
inoculation, and RNA was isolated using TriZol Reagent from liver and
spleen. RNA was analysed by RT-PCR as described above to amplify
human GAPDH and, as loading control, murine -actin using specific
primers (Table S5).

Six-eight weeks Swiss nude mice were used for in vivo experiments. The
same proportion of male and females per group were used. To avoid any
mistake during identification of the different animals, mice injected with
different cells were in different cases; and thus, no randomization and no
blinding were used in the study.
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Statistical analysis

Statistical analyses were performed with Microsoft Office Excel and
Graphpad Prism 8. Data were analysed by one-way analysis of variance
followed by Tukey-Kramer multiple comparison test. In both analyses, the
minimum acceptable level of significance was p-values <0.05. For
discrete variable data, as presence or absence of metastasis, we used x?
test. For continuous variable data with not Gaussian distribution, as
overall survival, we performed a U-Mann Whitney test.

For immunohistochemistry analysis, data distribution using the
Shapiro-Wilk test and variance homogeneity using the Bartlett test was
first evaluated. Since data normality was discarded in all cases, we then
assessed whether each indicated group's means were statistically
different from each other using the non-parametric U-Mann Whitney test
assuming unequal variances. p-values<0.05 were considered
statistically significant. Microsoft Office Excel, GraphPad Prism, and the
R program were used for all statistical analyses.

For ELISA, variance homogeneity was evaluated with the Bartlett test. As
non-homogeneous variances were observed in the dataset for all groups,
the non-parametric Mann—Whitney U test was used to determine whether
the mean of the control individuals, the mean of the premalignant
individuals, and/or the mean of the CRC groups (grouped or analyzing
each CRC stage separately) was statistically different. Mean + SEM were
represented. p-values < 0.05 were considered statistically significant.

ROC curves were used to evaluate GLG1 concentration as marker of
CRC patients, premalignant individuals, or control individuals.
Alternatively, ROC curves were used to evaluate IHC data. ROC curves
were constructed with the R program (Version 3.2.3) using the R package
Epi (44). AUC and maximized sensitivity and specificity were calculated.
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Objectives

The main objective of this doctoral thesis has revolved around the study
and characterization of colorectal cancer (CRC) metastasis.

Our first effort was focused on the subcellular spatial proteomic analysis
of isogenic cell lines of CRC with different metastatic properties for the
discovery of new biomarkers of the disease. Secondly, we focused on
expanding the characterisation to isogenic cells cultured in 3D aiming to
mimic culture conditions found in living tissues. The initial step of the 3D
proteomic analysis involved the study of adipose derived stem cells
(ADSCs) as a partially characterized and simpler model. Finally, we
focused on the functional analysis of one of the proteins found to be
upregulated in liver metastatic KM12SM CRC cells (compared with
isogenic non-metastatic KM12C CRC cells) the aryl hydrocarbon
receptor-interacting protein (AIP).

The specific objectives from each of the three different sub-objectives
are the following:

e Spatial characterization of CRC metastasis.
o Perform the subcellular spatial proteomics
characterization of five isogenic CRC cell lines (KM12C,
KM12SM, KM12L4a, SW480 and SW620) with different
metastatic properties.
o Validate the results obtained from the proteomic analysis.
o Immunofluorescence analysis of selected representative
proteins from all of the altered targets to confirm the
changes in protein expression and localization.
o Evaluate the diagnostic and prognostic potential of
identified dysregulated proteins (GLG1 in plasma by
ELISA and BAIAP2 in tissue by immunohistochemistry).
e Proteomics and PIC hydrogels as tools to understand 3D cell
differentiation and its role in cancer progression.
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Perform the proteomic analysis of ADSCs cultured in PIC-
based matrices and 2D to shed light onto proteomic
changes previously observed by collaborators.

Evaluate the impact of targeting specific integrins (owfs,
asP1) in the differentiation of ADSCs encapsulated in PIC
polymer.

Confirm the suitability of our proteomic pipeline for 3D
cultured cells

Investigate the effect of 3D culture in KM12C and
KM12SM cells as a tool to identify new CRC markers.

AIP as driver of CRC metastasis.

o

Induce the ectopic expression of AIP on KM12C and
KM12SM CRC cells and evaluate its effect on the
metastatic capacities of both cell lines using in vitro
functional assays (adhesion, colony formation, invasion,
migration and proliferation).

Study of the proteins and molecular signalling pathways
altered by AIP ectopic expression.

Evaluation of the in vivo metastatic and tumorigenic
potential of cells ectopically expressing AlP.









CHAPTER 1:

SPATIAL CHARACTERIZATION OF CRC
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Chapter 1 — Spatial Characterization of CRC metastasis

Introduction

Colorectal cancer, with an estimated overall incidence in the general
population of 447 per 100,000, is the second most common cancer in
Europe after lung cancer (1, 2). Despite screening programs, CRC is
diagnosed at advanced metastatic stages in nearly 20-30% of patients,
and relapse occurs in about 40-50% of those patients diagnosed at early
cancer stages (3). In the last decade, the use of different schedules of
chemotherapies combined with targeted biological therapies has
considerably improved the median overall survival for patients with
metastatic CRC (1). Nevertheless, the majority of patients with metastatic
CRC progress in spite of their initial treatment receiving second and third
line treatments, which results in less than 10% 5-year survival probability.

For CRC, besides adjacent lymph node colonization, the most common
sites of metastasis are liver (~70%) and lung (~39%); being the other less
common metastases sites peritoneum, bone, and nervous system
metastases (4). Liver metastases are frequently solitary (~46% of CRC
patients), while lung metastases often occur together with liver ones
(~68%) (4). Recent progress in metastasis research has expanded our
understanding of the molecular and cellular mechanisms behind this
process (1, 5); however, it is still far from being fully understood.
Metastasis is a multifaceted process comprised of multiple events. The
formation of a secondary tumour after colonization at a distant site is
preceded by basement membrane invasion and cell migration.
Subsequently, cancer cells intravasate into the surrounding vasculature
or lymphatic system. Cancer cells that are able to survive in the circulation
will be able to reach a secondary tissue by extravasation and
colonization (6). Through all these different events cancer cells are
exposed to a collection of everchanging microenvironments with unique
molecular characteristics (7, 8). Cancer cells must adapt to each of these
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situations, altering the expression, localization, and activation of proteins
to generate a metastasis.

In this context, isogenic cell lines, that share a common genetic
background, but with different metastatic capabilities can be
tremendously helpful. Quantitative proteomic analysis of such cell lines
has an immense potential to unveil clinically relevant mechanisms
underlying the metastatic progression (9-12). The most widely used cell
models of CRC metastasis are the KM12 cell system and the
SW480/SW620 pair of cell lines. The KM12 cell system includes three
isogenic cell lines with different metastatic properties: non- or
poorly-metastatic KM12C cells, liver metastatic KM12SM cells, and liver
and lung metastatic KM12L4a cells (13, 14). KM12C cells were isolated
from a tumour mass developed in a CRC patient in Duke’s B. stage,
equivalent to a T3NOMO or T4ANOMO stage following the TNM staging
described in the introduction section (13). The metastatic potential of
these cells was evaluated by spleen injection in nude mice (13). In
addition, the KM12L4a cell line was obtained through 3 cycles of isolation
and subsequent intrasplenic reinjection of KM12C cells that were able to
form liver metastases (13). On the other hand, KM12SM cells were
derived from a rare liver metastasis developed after cecum injection of
KM12C cells in nude mice (13). Numerous studies support a good
correlation between the findings observed using the KM12C and
KM12SM cells and patient samples, indicating that these isogenic cell
lines recapitulate quite effectively critical issues in CRC liver metastasis
(15-19).

Alternatively, the SW480/SW620 pair represents the chromosomal
instability subtype of CRC that is clinically commonly observed (20, 21).
SW480 cells were established by Dr. Leibovitz in 1976 from a Duke’s B>
primary adenocarcinoma of a 50-year-old male patient (20, 22). SW620
cells were isolated from the same patient as SW480 cells from a lymph
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node metastasis that was obtained 6 months after the isolation of SW480
cells, when the cancer recurred presenting widely spread metastasis (20,
22). In terms of TNM staging, SW620 would correspond to either TSN1MO
or TAN1MO, equivalent to a Duke’s C stage. SW480 and SW620 possess
differences in xenograft metastatic potential in vivo (23), migratory
propensity, and drug sensitivity (24), which also recapitulates the
behaviour observed in vivo.

A key defining feature of eukaryotic cells is precisely their high level of
compartmentalization, which is crucial for the portioning of biological
processes. Such compartmentalization allows for localizing specific
proteins to different locations and for creating distinct chemical
environments. Hence, control over protein subcellular localization is a
central part of cell physiology (25, 26). Indeed, many biological cell
processes, such as signalling cascades, involve changes in protein
subcellular localization, and protein mislocalization is often linked to
disease (27, 28). In the context of cancer, changes in the abundance or
subcellular localization of proteins, such as tumour suppressors or
oncoproteins, has been frequently reported (27). Mislocalization of these
proteins can prevent them from carrying on their function, subsequently
altering their ability to suppress tumour cells or, for oncoproteins, increase
their potential for inducing cancer development, metastasis or drug
resistance. Consequently, the identification of mislocalized proteins can
be of special relevance for the discovery of new cancer diagnostic
markers or therapeutic targets.

Previous studies have separately compared the KM12 cell model and the
SW480/SW620 cell pair at the proteome and secretome levels (12, 13),
or focused on the pair KM12C and KM12SM of the KM12 cell system to
spatially delineate proteins associated with liver metastasis (29).
However, there has been no report applying quantitative proteomics to
analyse jointly the different metastatic properties to lymph nodes
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(SW480/SW620 cell pair), to the liver, and to the liver and lung
(KM12C/KM12SM/KM12L4a cells); to identify proteins associated with
CRC metastasis or specific of lymph nodes, liver or lung metastatic
niches. Consequently, we compared the multidimensional protein content
of five subcellular fractions (cytoplasmatic proteins, membrane proteins,
nuclear proteins, chromatin bound proteins, and cytoskeletal proteins)
and the secretome of the three KM12 cell lines and the SW480/SW620
pair of cells. Our aim was to identify altered proteins in abundance and
localization in the most important metastatic niches of CRC besides lymph
nodes (liver and lung). This would allow to gain further insights into
metastatic CRC and to try to find novel relevant proteins associated with
the disease, which might serve as diagnostic markers and/or therapeutic
targets of intervention. Proteins were measured in parallel for the six
separate subcellular fractions, outlining metastasis-associated and
tropism-associated proteins.

To be able to undertake such characterization we decided to use
TMT 11-plex labelling quantitative proteomic analysis. Compared to LF
mass spectrometry, isotopic labelling allows for the combination of protein
extract coming from different sources, thereby reducing the time required
for MS runs. In addition, comparisons between label-free and isotopic
labelling MS have shown that although LF can, in some instances, detect
a larger number of proteins the difference with isotopic labelling is rather
small and at the cost of an increase in reproducibility (30-33). In a direct
comparison between TMT and LF for proteomic signalling pathways
analysis, it was demonstrated that TMT had a slight advantage over LF
regarding the number of altered proteins and pathways identified (30).
Researchers demonstrated that compared to both TMT and LF, SILAC
outperforms both in terms of technical variability, but LF was still the best
alternative for phosphoproteome and proteome coverage (31). Though
more stable and reproducible, SILAC labelling is hindered by the number
of samples that can be analysed in parallel, which is commonly limited to
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three. Consequently, given the nature of our experiment and the large
number of samples (30 in total) under evaluation we settled down for
chemical linking of isotopic labels. Similarly, at the time that we performed
the characterization iTraq labelling was limited to 8 channels, while TMT
allows for 11 and even 18 different labels. In addition, TMT was shown to
perform better than LF for the evaluation of altered proteins levels (32).

After bioinformatics, alterations in abundance and localization for selected
proteins from diverse subcellular localizations were validated by western
blot (WB) and immunofluorescence (IF) using CRC cells.
Immunohistochemistry (IHC) and WB using CRC patients’ tissue samples
supported the relevance of the results in the real-life scenario of CRC
metastasis. Finally, ELISA confirmed the association and dysregulation of
GLG1 in CRC metastasis. GLG1 plasma levels in control and CRC
patients had the diagnostic potential to discriminate between control and
advanced stages of the disease.
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Results

Subcellular fractionation and analysis for differential protein
expression and localization in lymph nodes, liver and lung
metastatic tropism of colorectal cancer cells

Isogenic KM12 cells (non-metastatic KM12C cells, liver metastatic
KM12SM cells and liver and lung metastatic KM12L4a cells) and isogenic
SW480 (non-metastatic) and SW620 (lymph node metastasis) CRC cell
lines with indicated metastatic tropisms were used to identify metastasis-
and tropism-associated proteins (Figure R-1 1). Prior to in-depth
proteomics analysis, cells were fractionated into five subcellular fractions
(cytoplasm (CEB), membranes (MEB), nuclear proteins (NEB),
chromatin-bound proteins (NEB-CBP), and cytoskeletal and insoluble
proteins (PEB)). In addition to these five fractions, a sixth fraction
corresponding to the conditioned medium of the cells -secretome- was
also analysed. The total of six fractions from the five cell lines were
separately trypsin-digested and labelled (Figure R-1 1). Each one of the
isobaric tags of TMT 11-plex labelling kit was used to label a separate and
unique fraction from an independent cell line. According to the labelling
scheme used, subcellular compartments were grouped in pairs for the
analysis: (i) membrane and cytoplasmic proteins, (i) nuclear and
chromatin-bound proteins, and (iii) cytoskeletal and secreted proteins.
Upon labelling, the three independent TMT experiments were separately
fractionated into 12 fractions according to peptide hydrophobicity prior to
LC-MS/MS analysis using a Q Exactive mass spectrometer.

After normalization (Figure R-1 2), a total of 4031 individual proteins were
identified and quantified using MaxQuant, from which, 2305 proteins were
observed in at least two or more pairs of subcellular compartments and
1157 proteins in all subcellular fractions (Table S6). Next, we carried out
a gene ontology (GO) cellular component classification of the identified
and quantified proteins to confirm the correct subcellular fractionation of
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Figure R-1 1: Workflow of the approach for the multidimensional proteomics
analysis of the isogenic non-metastatic and metastatic colorectal cancer cell lines.
CRC cells with indicated tropisms were subcellularly fractionated prior to TMT 11-
plex labeling mixed in a 1:1 proportion and peptides separated using the High pH
Reversed-Phase Peptide Fractionation Kit. Then, the fractionated peptides
obtained per TMT experiment were analyzed onto a Q Exactive mass
spectrometer. MaxQuant and Perseus were used for data analysis and identify
proteins dysregulated in CRC metastasis, which were validated by different
orthogonal approaches (WB, IF or IHC, among others).
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the multidimensional proteomics analysis. In all of the subcellular fractions
analysed, proteins were correctly classified within the first two GO cellular
component classification hits of each fraction, except for the secretome
proteins, where proteins presenting dual localizations are usually found.
In the secretome, 434 proteins were classified among extracellular
exosome proteins.
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Collectively, these results pointed out to a correct fractionation of the
subcellular organelles analysed.

Mapping spatial protein alterations in crc metastatic cells

Then, we focused the analysis on one-to-one (i.e., SW480 vs. SW620) or
grouped (non-metastatic vs. metastatic) comparisons for the identification
of dysregulated proteins metastasis-associated or associated with a
specific tropism using Perseus (Table S7). A fold change =2 and <0.5
was used as the cut-off for upregulated and downregulated proteins,
respectively. In general, we could observe a higher number of proteins
downregulated than upregulated for most of the cell compartments under
study. Interestingly, 582 proteins showed an opposite regulation in
abundance in different compartments, indicating that these proteins were
dysregulated in abundance and in localization.

The total number of dysregulated proteins for all compartments was larger
for those one-to-one comparisons in which cells were more different. The
total number of dysregulated proteins for the KM12C vs. KM12SM
comparison was 1353, for KM12C vs. KM12L4a was 1666 and for
KM12SM vs. KM12L4a, it was 1337. Furthermore, the comparison that
showed the largest number of dysregulated proteins was the one between
SW480 and SW620 cell lines with 2436 dysregulated proteins. These cell
lines—SW480 and SW620—were arguably the two most distinct cell lines
as they were derived from primary cells from the original tumour mass and
a metastasis developed in the lymph nodes, respectively. Regarding
comparisons between compartments, the subcellular compartments that
showed the highest dysregulation of proteins were the secretome and
nuclear and chromatin-bound proteins (Figure R-1 3 and Figure R-1 4).
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CRC cells and metastatic (KM12SM, KM12L4a, and SW620) CRC cells.
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Then, a gene set enrichment analysis (GSEA) was performed to identify
the most dysregulated pathways in each subcellular compartment for
grouped metastatic vs. non-metastatic CRC cells (Table S8). Taking as
reference the pathways of the gene ontology, KEGG pathways and the
human reactome, about 1800 altered pathways were observed using the
dataset of differentially expressed proteins in each compartment (Figure
R-1 5 and Figure R-1 6). For each compartment and each pathway, the
normalized enrichment score (NES) was calculated. Among the top
significant altered pathways, actin reorganization in CEB, RNA-
processing, and response to external stimulus in MEB, vesicle mediated
transport in NEB, cellular component disassembly in NEB-CBP, positive
regulation of transcription and positive regulation of nucleobase
containing compound metabolic process in PEB, and reorganization of
extracellular matrix in secretome were observed in the analysis (Figure R-
1 5 and Figure R-1 6).

Noticeably, it has been described that the secretome contains, besides
exosome and extracellular proteins, other proteins that possess dual
localizations in other subcellular compartments (i.e., soluble membrane
receptors). Moreover, all the enriched pathways in the secretome were
related to encapsulation, extracellular matrix, or integrin cell surface
interactions, except reticulum or unfolded protein response that were
related to extra-cellular protein constituents.

Collectively, these data highlight not only a correct fractionation of the
subcellular fractions (including the secretome) but also a vast
dysregulation of proteins and pathways in CRC isogenic cells to acquire
metastatic properties.
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