
HAL Id: tel-03273375
https://theses.hal.science/tel-03273375

Submitted on 29 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

TGFβ Controls the Apico-Basolateral Orientation of
Tumor Spheres and Is Correlated With Patient

Outcome in Colorectal Cancer
Charlotte Canet-Jourdan

To cite this version:
Charlotte Canet-Jourdan. TGFβ Controls the Apico-Basolateral Orientation of Tumor Spheres and
Is Correlated With Patient Outcome in Colorectal Cancer. Cancer. Université Paris-Saclay, 2021.
English. �NNT : 2021UPASL030�. �tel-03273375�

https://theses.hal.science/tel-03273375
https://hal.archives-ouvertes.fr


TGFb controls the apico-basolateral 
polarity orientation of tumor 

spheres and is associated with 
patient outcome in colorectal 

cancer

Thèse de doctorat de l'université Paris-Saclay 

École doctorale n°582 : cancérologie : biologie - médecine - santé (CBMS) 
Spécialité de doctorat : Aspects moléculaires et cellulaires de la biologie 

Unité de recherche : Université Paris-Saclay, Inserm, Institut Gustave Roussy, 
Dynamique des Cellules Tumorales, 94800, Villejuif, France. 

Référent : Faculté de médecine 

Thèse présentée et soutenue à Villejuif, le 26 mars 2021, par 

 Charlotte Canet-Jourdan 

Composition du Jury 

Ama GASSAMA-DIAGNE 
DR, INSERM U1193 
Johanna IVASKA 
DR, Université de Turku 
Danijela VIGNJEVIC 
DR, UMR144 
Marc POCARD 
PU-PH, UMR965 

Fanny JAULIN 
DR, U1279

Présidente 

Rapportrice et Examinatrice 

Rappportrice et Examinatrice

Examinateur 

Directrice de thèse 

Th
ès

e 
de

 d
oc

to
ra

t 
N

N
T :

 2
02

1U
PA

SL
03

0 



   



 3 

 

 

1. ECOLE DOCTORALE N°582  
2. Cancérologie : biologie - médecine - 

santé (CBMS) 
3.  

Titre : La signalisation TGFb contrôle la polarity apico-basolatérale de sphères tumorales et corrèle avec la 
survie des patients atteints d’un cancer colorectal. 

Mots clés : cancer colorectal, polarité apico-basolatérale, TGFb, intégrines 

Résumé : La dissémination métastatique des cancers 
reste à ce jour, un problème de santé publique 
majeur. Les approches de biologie cellulaire, telles 
que les organoïdes, peuvent permettre de faire le lien 
entre les analyses histologiques et moléculaires, afin 
d’identifier les programmes morpho-oncogéniques 
sous-jacents à la dissémination des cancers. L’analyse 
systématique prospective d’effusions péritonéales de 
patients atteints d’un cancer colorectal (CCR) a 
permis l’identification d’un nouvel intermédiaire 
tumoral appelé Tumor spheres with inverted polarity 
(TSIPs). Les TSIPs sont des clusters cellulaires 
impliqué dans la dissémination métastatique des 
CCR dits « festonnés », mais leurs caractéristiques 
biologiques sont encore inconnues. 

Tandis que toutes les TSIPs présentent une polarité 
apico-basolatérale inversée dans les liquides, nous 
démontrons ici qu’elles en présentent deux au sein 
des tissus et des cultures organotypiques: soit elles 
conservent leur topologie inversée dite “apical-
out”, soit elles adoptent um phénotype plus 
conventionnel dit “apical-in”. Nous avons pu 
identifier que la signalisation TGFb ainsi que celle 
impliquée dans les adhésions focales contrôlaient 
l’orientation de polairté des spheres. De plus, nous 
avons pu associer la topologie apical-out avec une 
moins bonne survie chez les patients. 
 

 

 

Title : TGFb controls the apico-basolateral orientation of tumor spheres and is correlated with patient 
outcome in colorectal cancer. 

Keywords : colorectal cancer, apico-basolateral polarity, TGFb, integrins 

Abstract : The metastatic dissemination of cancer 
remains a major issue in patients’ treatment. Cell 
biology approaches, such as organoids, have the 
potential to bridge histological and molecular 
analyses to decipher the onco-morphogenetic 
programs that fuel cancer dissemination. The 
systematic prospective analysis of peritoneal 
effusions from patients with colorectal carcinoma 
(CRC) identified new tumoral intermediates called 
Tumour Spheres with Inverted polarity (TSIPs). TSIPs 
are cell clusters mediating the metastatic spread of 
CRC evolving from the serrated pathway, but their 
underlying biology is unknown. 
 

While all TSIPs harbor an inverted apico-basolateral 
polarity in fluids, here, we report two distinct 
topologies in tissues and organotypic culture: TSIPs  
either conserve the inverted “apical-out” polarity or 
switch to a conventional “apical-in” polarity. We 
identified TGFb and focal adhesion signaling as the 
main drivers of polarity orientation. Moreover, the 
automated assessment of these phenotypes and 
the calculation of a polarity score proved that the 
apical-out histology is associated with poor patient 
survival. 
This study identifies new tumour cell behaviors and 
their associated oncogenic pathways that could be 
exploited to stratify mucinous CRC patients with 
high risk of metastatic spread. 
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ABBREVIATIONS 

 

Numbers 

2D: two-dimensional 

3D: three-dimensional 

 

A 

A/B: apico-basolateral 

AEE: Apical early endosome 

AC: Adenocarcinoma 

AJ: Adherent junction 

AJC: Apical junctional complex 

AMIS: Apical membrane initiation site 

AMT: Amoeboid-to-mesenchymal transition 

Anx2: Annexin 2 

AP: Adaptor protein 

APC: Adenomatous polyposis coli 

aPKC: Atypical protein kinase C 

Arp: Actin-related protein 

ASC: Adenosquamous carcinoma 

Atoh1: Atonal homolog 1 

 

B 

BAR (domain): Bin, Amphiphysin, Rvs 

BEE: Basolateral early endosome 

bHLH: basic helix-loop-helix 

BL: Basolateral 

BM: Basement membrane 

BMP: Bone morphogenic protein 

bHLH: Basic helix-loop-helix 

BrdU: Bromodeoxyuridine 

 

C-D 

CAF: Cancer-associated fibroblast 

CBC: Columnar base cell 

CDC42: Cell division control protein 42 

C-ERMAD: C-terminal ERM-association domain 

CKI: Casein kinase I 

CIMP: CpG island methylator phenotype 

CIN: Chromosomal instability 

CMS: Consensus molecular subtype 

CRC: Colorectal cancer 

CRE: Common recycling endosome 

CRISPR: Clustered regularly interspaced short 

palindromic repeats 

CSS: Cancer-specific survival 

CTC: Circulating tumor cell 

Dlg: Disc large 

Ds: Dachsous 

DSS: Dextran sodium sulfate 

 

E 

E-cadherin: Epithelial cadherin 

ECM: Extracellular matrix 

EEA1: Early endosome antigen 1 

EEC: Enteroendocrine cell 

EMT: Epithelial-to-mesenchymal transition 

EPHB2: Ephrin type B receptor 2 

ER: Endoplasmic reticulum 

ERM: Ezrin/radixin/moesin 

 

F 

F-actin: Filamentous actin 

FAK: Focal adhesion kinase 

FAP: Familial adenomatous polyposis 

FERM: Four point one ERM 

Fmi: Flamingo 

Fz: Frizzled 
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G 

GA: Golgi apparatus 

GAP: GTPase activating protein 

GDI: Guanine nucleotide dissociation inhibitor 

GDP: Guanosine diphosphate 

GEF: Guanine nucleotide exchange factor 

GEMM: Genetically engineered mouse model 

GI: Gastrointestinal tract 

GPI: Glycosyl phosphoinositol 

GSK3: Glycogen synthase kinase 3 beta 

GTP: Guanosine triphosphate 

 

H-L 

HES: Hairy/enhancer of split 

HEK: Human embryonic kidney 

HGD: High grade dysplasia 

HGF: Hepatocyte growth factor 

HIPEC: Hyperthermic intraperitoneal 

chemotherapy 

HNPCC: Hereditary nonpolyposis colorectal 

cancer 

HP: Hyperplastic polyp 

ID1: Inhibitor of differentiation 1 

ILK: Integrin-lined kinase 

ISC: Intestinal stem cell 

JAM: Junctional adhesion molecule 

KO: Knock-out 

LBK: Liberkuhnian 

Lgl: Lethal giant larvae 

LGR5: Leucine-rich repeat-containing G protein-

coupled receptor 5 

LOH: Loss of heterozygosity 

LRP: Lipoprotein receptor-related protein 

 

M-N 

MAPK: Mitogen-activated protein kinase 

MAT: Mesenchymal-to-amoeboid transition 

MDCK: Madin-Darby canine kidney 

MeC: Medullary carcinoma 

MET: Mesenchymal-to-epithelial transition 

MiC: Micropapillary carcinoma 

MMP: Matrix metalloproteases 

MMR: Mismatch repair 

MSI: Microsatellite instability 

MSS: Microsatellite stable 

MVB: Multivesicular body 

MUC: Mucinous carcinoma 

N-cadherin: Neural cadherin 

NEC: Neuroendocrine carcinoma  

NHERF: Na+/H+ exchange regulatory cofactor 

NICD: Notch intracellular domain 

NM-II: Non-muscle myosin II 

NOS: Non-otherwise specified 

 

P 

PALS1: Protein associated with Lin Seven 1 

PAP: Pre-apical patch 

PAR: Partition defective 

PATJ: PAS1-associated tight junction protein 

PC: Peritoneal carcinomatosis 

PCP: Planar cell polarity 

PDGF: Platelet derived growth factor 

PDO: Patient-derived organoid 

PDX: Patient-derived xenograft 

PDZ: Postsynaptic density/discs large/zonula 

occludens 

PHD: Pleckstrin homology domain 

PI: Phosphoinositide 

PI3K: Phosphatidylinositol-3 kinase 

PIP2: Phosphatidylinositol 4,5-biphosphate, 

PtdIns(4,5)P2 
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PIP3: Phosphatidylinositol 3,4,5-triphosphate, 

PtdIns(3,4,5)P3 

PtdIns: Phosphatidylinositol 

PTEN: Phosphatase and tensin homolog deleted 

on chromosome ten 

PTM: Post-translational modification 

 

R-S 

RNA: Ribonucleic acid 

RNAi: RNA interference 

ROCK: Rho-associated coiled coil kinase 

R-spondin: Roof plate-specific spondin 

SCRIB: Scribble planar cell polarity protein 

SeC: Serrated carcinoma 

Shh: Sonic hedgehog 

SMURF: SMAD-specific E3 ubiquitin protein ligase 

SNARE: Soluble N-ethylmaleimide-sensitive 

factor attachment receptor 

SNX: Sortin nexin 

SRCC: Signet ring cell carcinoma 

SSP: Sessile serrated pathway 

SSA/P: Sessile serrated adenoma/polyp 

 

T 

TA cells: Transient-amplifying cells 

TCF: T cell factor 

TGFb: Transforming growth factor-b 

TGN: Trans-Golgi network 

TIAM1: T lymphocyte invasion and metastasis-

inducing protein 1 

TJ: Tight junction 

TME: Tumor microenvironment 

TSA: Traditional serrated adenoma 

TSG: Tumor suppressor gene 

TSIP: Tumor sphere with inverted polarity 

TSP: Traditional serrated pathway 

 

V-Z 

VAC: Vacuolar apical compartment 

WASP: Wiskott-Aldrich syndrome protein 

Wnt: Wingless interaction 

WT: Wild type 

ZO: Zonula occludens 
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INTRODUCTION 

 

 Colorectal cancer: from a digestive organ to a major worldwide health issue  

 The colon 

The colon ensures intestinal homeostasis through many processes. It regulates the balance 

between secretion (via the crypt cells) and reabsorption (via the enterocytes) of water and 

electrolytes, through passive diffusion relying on sodium cytoplasmic gradients and active 

absorption using membrane aquaporines. Those mechanisms take place mainly in the 

ascending colon (see Figure1) because of its longer exposure time with the digestive bowl. The 

colon also displays a digestive function via its bacterial flora which generates energy through 

the fermentation of undigested carbohydrates and proteins. 

 

Another important colonic function is the transport of undigested food and unabsorbed 

digestive metabolites towards the rectum for defecation. This is ensured by segmental and 

peristaltic contractions of the smooth muscle layers. The feces expulsion through the rectum 

is a complex process involving sphincters allowing continence1. 

 

4. Embryonic development 

The gastrointestinal (GI) tract arises from the three embryonic sheets: 

- The mesoderm gives rise to the digestive connective tissue such as the gut wall and 

the smooth muscle.  

- The endoderm is the source of the digestive epithelium found in the 

gastrointestinal tract, liver, gallbladder and pancreas. 

- The ectoderm will form the neural crests from which the enteric nervous system 

will arise2. 
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The digestive tube starts forming around the 3rd week of embryogenesis, simultaneously, 

gastrulation occurs to form the embryonic layers listed above. The different digestive 

epithelial cell types are found starting week 12 and resemble adult intestinal cells by week 

223. Different signaling pathways intervene all along this process to ensure a healthy 

development, such as: 

- Sonic hedgehog (SHH): promotes mesenchymal cells proliferation and villi 

formation4 

- Bone morphogenic proteins (BMPs): ensures correct crypt formation5 and stem 

cells localization6 

- Wingless integration (WNT): promotes intestinal stem cells proliferation7 

- Platelet derived growth factors (PDGFs): controls smooth muscle differentiation8. 

 

5. Architecture 

a. Colon histology 

 

 

 

 

 

 

 

 

 

Figure 1: General anatomy of the colon. Adapted from Levine et al, 1989. 

The colon represents the last 1-1.5m of the gastrointestinal tract. It starts at the end of the 

ileum, with the appendix and the cecum located in the right lower abdominal quadrant. Then, 

the ascending colon extends towards the hepatic flexure, connected to the splenic flexure via 

the transverse colon. The descending colon then proceeds to the left lower quadrant and gives 

rise to the sigmoid colon, ending with the rectum2. The colon also presents histological 

differences between its right and left part whose relevance will be discussed later in the 

pathology section. 
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Figure 2: Normal colon histological slice, stained with hematoxylin and eosin, showing the different 

layers. From The human protein atlas. 

 

The colon is composed of four layers9 (see Figure2):  

- The mucosa, a thick sheet in contact with the lumen containing the tubular 

intestinal glands (crypts of Liberkuhn), and the lamina propria, the crypts’ stroma, 

composed of connective tissue and inflammatory cells. 

- The muscularis mucosae, a thin layer of smooth muscle delimiting the border 

between the mucosa and the submucosa. 

- The submucosa, composed of loose connective tissue with blood, lymph vessels 

and nerves. 

- The muscularis externa, consisting of an inner circular smooth muscle layer and a 

discontinuous longitudinal layer. This muscular sheet is divided into three muscular 

bands called the teniae coli. 

- The serosa, representing the peritoneum visceral layer. 

Our team focuses on colorectal carcinomas and their metastatic 

dissemination. Since they arise from the colon epithelium, the rest of the 

manuscript will aim at describing the cellular and molecular characteristics of 

this tissue, both in physiology and in pathology. 
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b. Colonic cells 

The colon mucosal layer is composed of a columnar epithelium divided into numerous 

functional units: the crypts of Liberkuhn (see Figure3). The crypts are epithelial invaginations 

into the underlying connective tissue which protect stem cells by putting them away from the 

digestive bowl and increase the colon surface10. To ensure organ integrity maintenance, the 

intestinal tract is daily self-renewing, thanks to intestinal stem cells (ISCs) located at the crypt 

base. They divide to produce transient-amplifying (TA) cells which are highly proliferative 

progenitors that will then, depending on environmental signals, commit to the absorptive or 

the secretory lineages. This differentiation process happens while cells migrate towards the 

top of the crypt11. 

 

Figure 3: Colonic crypt architecture: (A) Electron microscopy of a crypt, (B) organization of cells 

throughout the crypt and (C) colonic cell lineages. From Bryant et al., 2008. 
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 Stem cells 

In homeostasis, stem cells are identified through the evaluation of their self-renewal and 

multipotency abilities12, mainly using clonal lineage tracing13. This technique was used in the 

1970s to first identify ISCs by radioisotope and 5+bromodeoxyuridine (BrdU) labelling of 

dividing intestinal cells. The results show a common origin of multipotent cells at the crypt 

base that were named crypt base columnar (CBC) stem cells. This was confirmed by the fact 

that ablation of those cell populations abolishes epithelial self-renewal14. Nowadays, to 

identify ISCs, most studies used the CBC stem cell marker Lgr5 (see Figure4). Lgr5 (Leucine-

rich repeat-containing G protein-coupled receptor 5) was the first identified CBC stem cell 

marker and was later found to be a WNT target gene selectively expressed in the cells within 

the base of adult intestinal crypts15.  

 

 

 

 

 

 

Figure 4: Lineage tracing in the colon using the Lgr5-EGFP-ires-Cre-ERT2/R26R-lacZ mouse model. 

Histological analysis of LacZ activity in the colon after (i) 24h, (j) 5 days and (k) 60 days induction. 

Barker et al., 2007. 

 

This was later on confirmed by using LGR5+ CBC stem cells to generate fully functional 

organoids16, but the precise expression profile of LGR5+ CBC stem cells cannot be determined 

because of the lack of LGR5 antibodies. Using FACS sorting methods, combinatorial microarray 

and proteomic approaches, a molecular signature for LGR5+ CBC stem cells was established17. 

It revealed a list of approximately 500 genes preferentially expressed in those cells, with a 

strong WNT signature. Moreover, it was shown that LGR5 was capable of amplifying WNT 

signaling through the binding of one of its agonist, R-spondin (Roof plate-specific spondin)18. 
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In fact, the Wnt signaling pathway (see Figure5) represents the primary driving force behind 

the proliferative ability of the intestinal epithelium, both in the healthy and carcinoma tissues. 

The main actor in Wnt canonical signaling pathway is b-catenin. In the absence of a Wnt signal, 

b-catenin is bound to the degradation complex composed of two tumor suppressors (axin and 

adenomatous polyposis coli (APC)) and two constitutively active kinases (glycogen synthase 

kinase 3b (GSK3) and casein kinase I (CKI)). GSK3 and CKI will phosphorylates b-catenin at its 

N-terminus, leading to its addressing and degradation at the proteasome. In this state, the 

transcriptional repressor Groucho is bound to the Wnt transcriptional factor T cell factor (TCF), 

preventing the transcription of Wnt targeted genes19,20. When Wnt ligands bind their 

receptors at the cell surface (Frizzled and low-density lipoprotein receptor-related protein 

(LRP), the consecutive signaling leads to the inactivation of the degradation complex. b-

catenin then accumulates in the cytoplasm and translocates into the nucleus to bind TCF 

instead of Groucho. The TCF/b-catenin dimer forms an active transcriptional complex allowing 

the transcription of Wnt targeted genes, many of them playing a role in intestinal stem cell 

maintenance, such as Lgr5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic representation of the Wnt signaling pathway, in absence (a) or in presence (b) of 

a Wnt ligand. G. van der Flier et al, 2009. 
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ISCs can differentiate into two main lineages: the secretory (comprising of Goblet, tuft and 

enteroendocrine cells) and the absorptive (the enterocytes). Their engagement into one or 

the other lineage relies on the Notch signaling pathway. In particular, Notch is responsible for 

the lateral inhibition between identical adjacent cells, the first differentiating cell preventing 

its neighbor from engaging towards the same cell fate21. 

 

Notch encodes four single transmembrane receptors (NOTCH 1 to 4) and has five ligands 

(Delta-like 1, 3 and 4; Jagged 1 and 2). When a Notch receptor binds its ligand on an adjacent 

cell, it results in proteolytic cleavages of the receptor via the g-secretase protease activity and 

the translocation of the Notch intracellular domain (NICD) into the nucleus. The NICD binds to 

a transcriptional repressor called CLS, allowing the transcription of Notch target genes such as 

the hairy/enhancer of split (HES) transcriptional repressors22. 

In intestinal cells, Notch signaling activates the expression of Hes1, which then represses the 

expression of atonal homolog 1 (Atoh1), a gatekeeper for the entry of cells into the secretory 

lineage. In fact, deletion of Hes1 increases the number of cells in the secretory lineage while 

decreasing the number of enterocytes23 (see Figure 6). On the opposite, deletion of Atoh1 results 

in a complete loss of all secretory lineages24, and its overexpression is sufficient to induce TA 

cells differentiation into secretory cells25.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Notch signaling involvement in ISCs differentiation, Gerbe et al., 2016. 
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 Goblet cells 

Goblet cells belong to the intestinal secretory lineage. They represent between 4-16% of 

epithelial cells from the duodenum to the descending colon26. They have a protective function 

through the production and secretion of mucins. The colon displays a two-layered mucus 

system where the inner layer, attached to the Goblet cells, function as a filter physically 

separating bacteria from epithelial cells. The outer layer arises from protease degradation of 

the inner layer and is a non-attached mucus27 (mainly MUC2) allowing effective transport of 

gut contents and preventing shear and chemical damage10.  

 

The intestinal Goblet cells can be directly regulated by immune cells. For example, in case of 

inflammation, some excreted cytokines can bind to Goblet cells surface receptors and induce 

a hyperplasia and mucus hypersecretion to protect the epithelium28. 

 

 Enteroendocrine cells 

The endocrine system is widely distributed throughout the body, participating in homeostasis 

by secreting hormones. In terms of cell number, the GI tract is the largest endocrine organ 

thanks to enteroendocrine cells (EECs) located in the intestinal mucosa and crypts29. 

Two types of EECs can be described: the “open-type” displaying an apical prolongation with 

microvilli in contact with the lumen thus allowing its chemosensing properties, and the 

“closed-type” located deeper into the crypt and lacking microvilli, responding indirectly to 

luminal content30. 

 

EECs produce and accumulates their secretory products (mainly hormones and peptides) into 

cytoplasmic granules which will be released upon stimulation at their basolateral membrane. 

They can act locally in a paracrine manner, directly stimulate nerve endings close to their 

release site and reach distant cells through the bloodstream, maintaining GI homeostasis. The 

EECs also participate in homeostasis through a gut-brain communication allowing the whole 

body to respond and adapt to the composition of its digestive bowl. 
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 Absorptive enterocytes 

Enterocytes are the most abundant cell type in the GI tract (more than 80% of the intestinal 

epithelium) and are responsible for nutrient absorption. Fully differentiated enterocytes are 

characterized by plasmic membrane protrusions at their apical pole: the microvilli, forming 

the brush border. This structure is about 100nm in diameter and 1-3µm in length and 

considerably increases the exchange surface between the lumen of the digestive tract and the 

enterocytes31. It is important to note that the colon displays less enterocytes than the small 

intestine. 

 

Apart from the mucus produced by Goblet cells, enterocytes display a mucinous coat at their 

surface. In fact, the microvilli are covered with a filamentous glycocalyx with large, negatively 

charged mucin-like glycoproteins. It forms a barrier from antigens and pathogens, but also 

provides a degradative environment promoting digestion and nutrients absorption32. 

 

Enterocytes are responsible for the transportation of macromolecules, either using: 

- Transcellular transport: directly through the enterocytes. Nutrients uptake is done 

via pinocytosis and especially through clathrin- and caveolae-mediated 

endocytosis33. 

- Paracellular transport: between adjacent cells. Tight junctions are dynamic 

structures which can be involved in a transjunctionnal osmotic flow, allowing the 

diffusion of nutrients (if their size is inferior to 5500Da)34. 

 

They also have a role in the immune defense against pathogens. In fact, they can digest 

antigens and release the fragments into the blood and/or lymphatic vessels. They can also 

directly present antigens to T cells through class I and II MHC molecules at their surface27. 
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 Tuft cells 

Tuft cells were initially observed in 1960s in the respiratory and the digestive systems by 

electron microscopy: they display a unique tubulovesicular system with an apical bundle of 

microfilaments connected to a microvilli tuft going into the lumen35 (see Figure8). They belong 

to the secretory lineage. 

 

 

    

       

 

 

 

 

 

 

Figure 8: Immunostainings of intestinal tuft cells, Gerbe et al., 2012. 

Based on structural similarities with the taste buds found within the tongue, tuft cells were 

said to have tasting properties. This was confirmed when many markers and members of the 

taste transduction pathway were found in those cells such as a-gutducin, b-endorphin, met-

enkephalin and uroguanylin36,37. Tuft cells definitely have a chemosensory function since their 

secretion can be modulated depending on the saltiness or sugar concentration of a solution. 

They are known to be the only epithelial cells to have the whole enzymatic machinery for 

prostaglandin-2 biosynthesis. They secrete peptides and hormones involved in water and 

sodium transport38 in the stomach where they are over-represented (over 30% of cells) and 

are thought to participate in neutralizing HCl to prevent gastric epithelial damage39. Despite 

all that, colon tuft cells are less studied and their function is still unknown. 
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 Colorectal cancer 

With nearly 2 million new cases and nine thousand deaths in 2020, colorectal cancer (CRC) is 

the second cause of cancer-related death worldwide40. There does not seem to be a gender 

prevalence and etiological factors and carcinogenesis mechanisms appear rather complex and 

heterogenous. Contributory agents include dietary habits (unsaturated fats, red meat, alcohol, 

low physical activity), inherited and somatic genetic alteration (see Figure 9). 

Figure 9: Risk factors in CRC, Dekker et al. 2019. 

 

 

CRCs heterogeneity made their classification a challenge for the scientific 

community, both histologically and molecularly. Here, we will focus CRCs 

histology and Consensus molecular subtypes (CMS) which seem to be the 

most recent and relevant classifications obtained so far. 
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1. Histopathology (grade and prognosis) 

a. Generalities 

CRCs are diagnosed by anatomopathologists following an endoscopic biopsy or a 

polypectomy.  

 

Then, CRCs are graded according to a TNM score41: 

- T (for Tumor): 

o TX: the tumor cannot be measured 

o T0: no evidence of primary tumor or it cannot be found 

o Tis: the cancer cells are growing on the most superficial layer of the tissue, 

this is the in situ tumor 

o T1,2,3 or 4: characterizing the size and/or the invasion of nearby tissues, 

the higher the number, the deeper it has invaded. 

- N (for Node): 

o Nx: the nearby lymph nodes cannot be evaluated 

o N0: they do not contain cancer cells 

o N1, 2 and 3: size, location and/or number of lymph nodes invaded by cancer 

cells, the higher the number, the greater the cancer spread in the lymph 

nodes. 

- M (for Metastases): 

o M0: no metastases were found 

o M1: the cancer has spread to distant location(s). 

 

Another criterion for tumors classification is the presence of immune cells within the tumor 

microenvironment (TME). It possess a prognostic value, even superior to TNM staging42,43and 

have been defined as the “immune contexture”43,44 (type, orientation, density and location of 

immune cells in distinct tumor areas). This led to the establishment of a CRC prognostic marker 

called “immunoscore”43,45,46 based on the presence of lymphocytes populations at the tumor 

center and at the invasive margin. 
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b. Histological CRC subtypes 

 Adenocarcinomas 

More than 90% of patients display adenocarcinomas (ACs) meaning that cancer cells arise 

from the epithelial cells in the colon mucosa. They are characterized by a glandular structure 

depending on the epithelial characteristics maintained in the cancer cells: 

- Well differentiated: more than 90% of the tumor is forming glands (10% of patients) 

- Moderately differentiated: 50-95% of gland formation (70% of patients) 

- Poorly differentiated: less than 50% of the tumor is forming gland (20% of 

patients)47. 

 

It is important to note that histological grading is only relevant for conventional 

adenocarcinoma. Indeed, some histological variants may display a high-grade morphology but 

behave like low grade lesions depending on their genetic alterations and expression profiles. 

 

 

 Mucinous carcinomas 

Apart from adenocarcinoma, other histological CRC variants can be observed, the second most 

common being mucinous carcinoma (MUC). A tumor is characterized as MUC when more than 

50% of the surface analyzed is composed of mucus. Within this extracellular secretion, cancer 

cells can be found as individuals or as groups48. For a long time, MUC have been correlated 

with a poor prognosis but recent studies demonstrated that there was no difference in overall 

survival (OS) of MUC compared to AC after correction for stage49,50. Nevertheless, MUC 

present more metastases, especially in the peritoneum which lead to peritoneal 

carcinomatosis (PC) and is responsible for the poor outcome after palliative 

chemotherapy51,52.  
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 Others 

Micropapillary carcinoma (MiP): 

MiP were first described in breast cancer and is now seen as a phenotypic component 

characterized by the presence of small tumor cells clusters within stromal areas48. A tumor is 

then defined as MiC when at least 5% of cells display this topology. They are more invasive 

than ACs and are associated with a poor prognosis. Those features combined with the high-

grade cytologic features suggest that MiC should be considered as poorly differentiated at the 

histological scale, although the individual cells may have maintained their differentiated 

polarized features such as A/B polarity53. 

 

Serrated carcinoma (SeC): 

This subtype presents glandular serration and can be accompanied by mucinous areas. Indeed, 

nearly 45% of SeC are found in MUC and suggests that MUC could arise from SeC. By 

performing an unsupervised clustering of expression data between SeC and AC, more than 

200 genes were differentially expressed54. 

 

Medullary carcinoma (MeC): 

MeC are characterized by the presence of poorly differentiated large cells displaying vesicular 

nuclei, eosinophilic cytoplasm and an important lymphocytes’ infiltration. They are difficult to 

discriminate with poorly differentiated ACs and present a general better outcome55. 

 

Signet ring cell carcinoma (SRCC): 

SRCC are identified via their typical phenotype with single cells displaying a large mucus 

vacuole putting their nucleus at its edge. Their poor prognosis is linked to their rapid 

progression and invasion towards the lymph nodes and the perineural system. Nevertheless, 

a high rate of recurrence has been observed leading to the recommendation to decrease 

aggressive treatments in SRCC patients56. Despite their poor outcome, the low frequency of 

this CRC prevents clinical trials from being developed. 
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Neuroendocrine carcinoma (NEC): 

The development of specific antibodies towards neuroendocrine differentiation lead to the 

distinction of NEC which are characterized by the presence of at least 30% of differentiated 

neuroendocrine cells within the tumor48. Those CRCs are part of a spectrum going from ACs 

presenting neuroendocrine differentiation to NEC. There seems to be a clonal relationship 

between the adenocarcinoma cells and the neuroendocrine ones which can be traced back to 

the adenoma lesions57. 

 

Adenosquamous carcinoma (ASC): 

ASCs resemble to ACs but are more advanced and present and poorer prognosis. However, 

since subtype is rare, really few clinical data are available58. 

 

Figure 10: Different histological subtypes of CRC: (a) MUC, (b) SRCC, (c) NEC, (d) ASC, (e) MeC, (f) SeC, 

(g) MiC. From Nagtegaal & Hugen 2016.  
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2. Consensus molecular subtypes 

a. Approach 

Histological classification of CRCs has proven its efficiency in patient care’s improvement, but 

molecular profiling should be able to identify clinically relevant groups for patient 

stratification and disease management. Recently, based on the individual work of 6 

independent labs59–64, a multicenter consortium presented a CRC consensus molecular 

classification which should allow a more refined stratification of patients and improve 

prognostication65. This gene-expression based classification gathers multiple criteria: 

• Chromosomal instability (CIN): more than two-thirds of CRCs display this 

characteristic where some chromosomes are aneuploid and carry multiple structural 

aberrations. 

• Microsatellite instability (MSI): consists in a hypermutable phenotype due to the loss 

of function in the mismatch repair (MMR) machinery. Microsatellites are short 

repetitive sequences enriched in polyadenine associated with Alu elements66,67which 

are particularly sensitive to replicative errors. MSI status was found in patients with 

Lynch syndrome, a hereditary condition leading to CRC usually starting at a young age. 

Thus, the MSI status represent a unique pathway for tumor development. Patients can 

present different levels of MSI (high or low) or be microsatellite stable (MSS). 

Moreover, the immunoscore mentioned above is related to the tumor’s 

immunogenicity and thus, applied on MSIhigh or MMR deficient patients. 

• CpG island methylator phenotype (CIMP): many gene promoters are enriched in 

cytosine and guanine clusters which can be methylated by a DNA methyltransferase. 

This leads to the silencing of genes, and in cancer, of tumor suppressor genes (TSG). 

Like MSI, the methylation level can vary from a patient to another which is referred to 

as CIMPhigh or CIMPlow. Non-hereditary MSI CRCs usually develop in CIMPhigh tumours 

after silencing of MLH1, an MMR gene, due to the methylation on its promoter68.  
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b. CMS 1-4 

By combining gene expression-based approaches on the 6 independent datasets mentioned 

above and applying non-supervised clustering approaches, the Consortium identified four 

main Consensus Molecular Subtypes (CMS1-4) displaying specific patterns of genetic 

alterations which correlated with the clinical data of the associated patients (see Figure12): 

- CMS1 tumors are hypermethylated (CIMP), present a hypermutated profile and 

contains most of MSI samples. This is in line with the enriched BRAF mutated 

tumors in this group. Moreover, the CMS1 group is characterized by a diffuse 

immune infiltrate, associated to the MSI status69. 

- In CMS2 tumors, there is a strong epithelial signature combined with an 

upregulation of WNT and MYC downstream targets, known to be widely implied in 

CRC tumorigenesis. 

- CMS3 tumors are enriched in multiple metabolic signatures which correlates with 

the occurrence of KRAS mutations, known to initiate an adaptation in cells’ 

metabolism70,71.  

- Finally, CMS4 tumors harbor a mesenchymal expression profile with upregulations 

in genes involved in EMT, TGFb signaling or matrix remodeling. display a large 

number of stromal cells, especially cancer-associated fibroblasts (CAFs) which have 

been described to influence and be influenced by tumor cells72. In fact, it is still a 

matter of debate as to decipher if the mesenchymal component observed in this 

subtype is due to an EMT-induced phenotype of cancer cells or to an important 

stromal cells contamination73,74. Nevertheless, the presence of a mesenchymal 

component is linked to worse outcomes in many cancers75–77 
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Figure 12: CMS groups and their characteristics Fessler et al., 2016. 

 

It is important to note that 13% of CRCs do not fit into this classification with either a mixed 

or a partial molecular phenotype. This can be due to the sampling procedures which can differ 

between patients but more importantly, to tumor heterogeneity. Three parameters can 

influence the tumor cell populations found in patients: the cell-of-origin, the oncogenic 

pathway and the tumor microenvironment78. 
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3. CRC developmental pathways 

a. Cell of-origin 

In order to explain that in a tumor, multiple cell populations can bear different oncogenic 

alterations, the cell-of-origin model was proposed. It relies on the fact that the first genetic 

lesions inducing tumorigenesis are found on a distinct cell type which will proliferate to form 

the tumor bulk. Several candidates were found in CRC: stem cells in which WNT activation 

leads to the development of adenomatous lesions79 or differentiated cells acquiring tumor-

initiating properties after being exposed to an external cue80. Thus, tumor heterogeneity can 

be explained by the presence of multiple cells-of-origin, each responsible for the expansion of 

a tumor subtype (see Figure 13).  

 

Indeed, the same mutation on different cell types will lead to the formation of different tumor 

phenotypes. For instance, the loss of APC gene expression on an ISC will lead to the formation 

of a tubular adenoma, whereas if it appears on a higher cell within the crypt, APC loss is not 

sufficient by itself and additional factors such as inflammation are required to induce 

carcinogenesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Cell-of-origin model for intratumoral heterogeneity, Visvader et al., 2011. 
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However, since the identity of cells along intestinal crypts does not rely on epigenetic marks 

but more on environmental cues, it is unlikely that CRC heterogeneity can only be explained 

through the cell-of-origin model. Nonetheless, based on the fact that the colon is divided into 

the proximal-right side and the distal-left side, originating from distinct embryonal precursors, 

an anatomical cell-of-origin model could contribute to CRC heterogeneity. Indeed, tumors 

arising from each side display specific molecular characteristics and physiopathological 

features81. It is still to decipher if this could lead to a proper clinical segmentation such as the 

separation between colon and rectal cancer (see Figure14). 

 

Figure 14: Comparison of proximal and distal CRCs, Dekker et al. 2019. 

 

b. Oncogenic pathways 

Another model used to explain tumor heterogeneity relies on cancer cells’ oncogenic 

pathways. Indeed, different oncogenic alterations on the same cell type give rise to distinct 

tumors: APC loss on an ISC leads to a tubular adenoma, whereas the activating mutation 

BRAFV600E or KRAS G12V induces serrated lesions78. 

 

Only 3-5% of CRCs present a hereditary component with mutations associated with strong 

predisposing syndromes such as the familial adenomatous polyposis (FAP) or the hereditary 

nonpolyposis CRC (HNPCC, also called Lynch syndrome)82. The vast majority of CRCs are 

therefore sporadic with 20% displaying a family history which biological basis is unresolved. 
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By studying the hereditary forms of CRCs, two models of genetic alterations progressively 

leading from early neoplastic lesions to cancer were discovered and further confirmed in 

sporadic forms: the conventional adenoma-carcinoma sequence and the serrated pathway. 

 

 

 Adenoma-carcinoma sequence 

The adenoma-carcinoma sequence is a well-defined model for tumorigenesis that arose from 

Vogelstein et al. in the 1990s and is based on the progressive accumulation of genetic 

modifications leading to the transformation of normal cells into tumor cells83. Those genetic 

modifications will mainly target two types of genes: oncogenes and tumor suppressor genes 

(TSGs). During carcinogenesis, the expression of oncogenes will be upregulated, whilst TSGs 

will be downregulated. 

 

In the adenoma-carcinoma sequence, the first genetic alteration is carried by the APC gene 

with more than 95% of mutations leading to a frameshift or nonsense ones, mainly on both 

alleles, causing the protein to be truncated84,85. Since its inactivation is a starting point in many 

CRCs, APC is considered as a TSG. This gene is best described in the canonical WNT signaling 

as mentioned before, where it represents a binding partner for b-catenin, controlling its 

levels86,87. 

 

During CRC carcinogenesis, APC silencing leads to the accumulation of b-catenin, mimicking a 

constitutive WNT activation which allows them to be independent from the stem-cell niche. 

APC loss of function is followed by activation of the proto-oncogene KRAS. Ras proteins are a 

family of small-G proteins activated downstream of growth factor receptors, composed by 

three members (KRAS, HRAS and NRAS), commonly mutated in various cancer types88. In CRCs, 

KRAS somatic gain-of-function mutations are found in nearly 40% of patients, subsequently of 

APC alterations. The Ras proteins display many downstream effectors involved in cell 

proliferation such as the MAPK and PI3K pathways. KRAS mutations provides tumor cells with 

the ability to activate signaling pathways involved in cellular growth without the upstream 

activation of growth factors receptors. 
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This is followed by a loss of heterozygosity (LOH) on chromosome 18q and especially on 

SMAD2 and SMAD4. In normal colon epithelial cells, TGFb has anti-proliferative and pro-

apoptotic properties. Those alterations maintain the increased tumor cell growth induced by 

KRAS mutations89. This is maintained by further inactivation of the TSG p53. Indeed, 

subsequent LOH is found on chromosome 17p in around 70% of CRCs with more than 85% 

displaying a mutation on the p53 gene. This leads to an increase in cell proliferation by 

inactivation of cell cycle checkpoints and a decrease of apoptosis and autophagy90. 

 

 

 Serrated pathway 

In the last 10 years, an alternative pathway leading to CRC was discovered after the 

observation of serrated polyps as early neoplastic lesions91,92. Between 15 and 30% of CRCs 

present those lesions and are associated with advanced diseases93. These tumors share an 

early activation of the MAPK pathway (BRAF or KRAS mutations), CIMP and MSI status94. 

 

The first TSP lesion (called TSA, for traditional serrated adenoma) can arise either from BRAF 

or KRAS mutation. Usually, TSAs associated with KRAS mutations evolve towards conventional 

adenomatous dysplasia and CRC, whereas BRAF mutations progress towards serrated 

adenocarcinoma (SAC). Both of them can lead to TSA high grade dysplasia through the 

hypermethylation and loss of expression of certain genes. TSA are predominantly localized in 

the distal colon or rectum95.  

 

The SSP starts with a BRAF mutation leading to the formation of a hyperplastic polyp (HP). 

Subsequently, the expression of two TSGs is modulated: p16 and IGFB7, involved in cell-cycle 

arrest96,97. First, they are overactivated following the MAPK pathway activation downstream 

of BRAF mutation. This leads to dormant HP lesions due to p16- and IGBF7-induced 

senescence. Then, the CIMPhigh background of those tumors induces the loss of expression of 

those two TSGs and the following evolution towards sessile serrated adenomas/polyp (SSA/P). 

Finally, the accumulation of genetic alterations on MLH1 associated with MSI, or MGTM with 

MSS, leads to the formation of SAC, preferably located in the proximal colon. 
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Altogether, these data demonstrate the heterogeneity of the serrated pathway which is still 

controversial among the scientific community. Much more needs to be done to truly elucidate 

this carcinoma developmental route. Moreover, since the presence of serrated adenoma 

lesions has been observed in many other cancers of the digestive tract, deciphering the SP 

mechanisms would benefit greatly to clinicians95. 

 

 

4. Tumor microenvironment  

As mentioned before, TME has a major influence on tumor and is a useful tool for CRC 

classification. Indeed, in the last years it became clear that there is a crosstalk between cancer 

cells and diverse extrinsic components such as stromal cells or soluble factors, which can 

shape tumor development, heterogeneity and progression98. 

 

a. Cancer-associated fibroblasts 

Cancer-associated fibroblasts (CAFs) are frequently recruited to tumor sites where they 

contribute to tumor growth and invasion in various ways. In the TME, different populations of 

CAFs can be observed whose origins are still unclear but mainly seems to come from the 

activation of normal fibroblasts by cancer cells. 

 

They present dual skills by targeting cancer cells through their secretions which promote 

proliferation and invasion (such as TGFb), and by remodeling their surrounding ECM, 

facilitating tumor cells’ way throughout a complex environment99,100.  

 

b. Immune cells 

The implication of the immune system in CRC carcinogenesis has been widely studied in the 

past 20 years with data showing that immunodeficient mice develop spontaneous 

tumors101and that tumors express neoantigens induce an anti-tumoral immune response42 . 

The latter could lead to immunoediting, a process where tumor cells escape the immune 

surveillance by activating immunosuppressive pathways102. 
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As mentioned before, immune cells are widely found in the TME of CMS1 tumors where many 

tumor-infiltrating lymphocytes103 and cytotoxic T cells104 are observed and may contribute to 

the better prognosis of this group. It is important to note that inflammation can also favor 

malignant transformation as it is the case concerning inflammatory bowel disease which has 

been described as an increased risk for CRC development105. In fact, it seems that CRC arising 

in this condition present a specific oncogenic route leading to a distinct type of CRC106. 

 

 

5. Metastatic routes 

Metastases are the main cause of cancer-related deaths107. Around 20% of CRC patients are 

diagnosed with a stage IV disease with synchronal metastases, associated with a 13% five-year 

survival108. Mainly, CRC metastases are found at the liver, lungs and in the peritoneal cavity. 

Nevertheless, the underlying mechanisms driving CRC metastatic patterns are not well 

described. Numerous determinants can influence CRC invasive properties and metastatic 

sites.  

 

a. Circulatory systems 

The most common site for CRC metastases is the liver. Because of its important blood and 

lymph irrigation, cancer cells are thought to invade the liver through the portal system. The 

risk of developing such metastases increases with the tumor penetration depth into its 

surrounding tissue containing most vessels (submucosa, muscularis propria and pericolonic 

fat)109. 

 

The metastatic dissemination is a multistep process starting by the invasion into the 

surrounding matrix to reach blood and/or lymph vessels. Then starts the intravasation where 

cancer cells go through the endothelial wall to reach the systemic circulation. Tumour cell 

clusters are defined as emboles in the lymphatic vessels and called Circulating tumor cells in 

the blood stream (CTCs)110. Within the blood vessels, CTCs are protected from the shear stress 

or the immune system by platelets and neutrophils surrounding them and thus, forming a 

shield. CTCs will then exit the circulation by extravasation111 but only a few will then survive 

and proliferate to form liver metastases. 
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b. Transcoelomic route 

Another route of CRC dissemination is the transcoelomic spread where tumor cells 

detach from the primary tumor and invade through the entire digestive wall to reach the 

peritoneal cavity. The peritoneum is the largest serous membrane of the body, which facilitate 

the transport of fluids and cells across the abdominal cavity112 . It is composed of two layers: 

the visceral one, covering all the abdominal organs, and the parietal one, lining the abdomen. 

Because of its non-adhesive surface, the peritoneum allows transcoelomic dissemination113. 

As mentioned above, CRC cancer cells will detach from the primary tumor and use the 

peritoneal transports to migrate through the abdominal cavity. Once they found a suitable 

secondary site, they will adhere, invade and proliferate to form metastases called peritoneal 

carcinomatosis (PC). Patients with PC have a poor prognosis and are generally in the disease 

terminal stage114. 

 

c. Iatrogenic dissemination 

The concept of cancer cell dissemination during surgery through direct seeding during 

surgical procedure was first described in the late 1800s where metastases formed at a donor 

graft site, far from the primary site and which did not present any afferent drainage115. It is 

then possible that during the removal of a colorectal tumor, the resection causes a release of 

cancer cells in the abdominal cavity, contaminating it but also the surgeon’s gloves and 

instruments. It is therefore sometimes recommended to change gloves and instruments 

before exploring the rest of the abdomen116.  

 

Even though the possibility of CRC cells disseminating through the iatrogenic route seems low, 

a clinical study with 22 patients operated for CRC showed the apparition of metachronous 

metastases displaying the same molecular signature as the primary tumor for five of them. 

Metastatic cells were sampled and shown to be able to adhere to the colonoscope and 

proliferate as organoids117. 
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6. Perineural invasion 

Perineural invasion (PNI) consist in the formation of metastases along the nerves. It represents 

a key CRC pathological feature since it occurs in around one third of patients118 PNI is thought 

to be the route of least resistance for cancer cells since the sheath, the connective tissue 

covering the nerves is rather loose119. Disseminating cancer cells induce nerve damage leading 

to the secretion of neural regeneration factors which also promote cancer cell survival, 

proliferation and motility. PNI is associated with a reduced overall survival and disease-free 

survival since it renders complete tumor removal with safe margins rather challenging120,121. 

Moreover, since the precise mechanism of PNI remains unclear, there are no effective 

pharmacological strategies available yet. 

 

Unfortunately, there is a lack of models recapitulating CRC’s heterogeneity. 

Indeed, conventional cell culturing in 2D do not reflect tumor’s metastatic 

abilities or response to treatments. In the next part of this manuscript, we 

will discuss the advantages and disadvantages of organoids and mouse 

models currently available to study CRC features. 

 

7. Models 

a. 3D models 

In the late 1980s, the first 3D cultures of breast epithelia forming ducts in an ECM extract 

emerged and with it, the notion of organoids. They are defined by a 3D culture of various cell 

types coming from the same organ and recapitulating its expression profile and functions122. 

Nowadays, organoids are used in many fields (basic research, drug development, personalized 

medicine…) and specially in cancer research where tumor-derived organoids (tumoroids) 

represent the trending ex vivo model. The generation of CRC tumoroids is based on normal 

small intestinal ones or “mini-gut” where isolated intestinal stem cells are embedded in 

Matrigel (laminin- and collagen IV-rich matrix), a basement membrane substitute, and 

covered in a medium supplemented in niche factors to recapitulate the crypt 

microenvironment. 
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CRC tumoroids can be established experimentally after genome editing of normal tissue 

organoids using the CRISP-Cas9 technique to reproduce the two oncogenic pathways 

described before. Indeed, the introduction of mutations on APC, TP53, SMAD4 and KRASG12D 

recapitulates the conventional adenoma-to-carcinoma sequence while mutations on BrafV600E, 

Cdkn2a, Tgfbr2, Znrf2 and Rnf43 closely mimic the serrated pathway123. It is important to note 

that because of the heterogeneity of the genetic alterations involved in the serrated pathway, 

it is rather difficult to obtain a relevant experimental model. 

 

Another way of developing CRC tumoroids is to directly cultivate tumor cells coming from 

biopsies. They are called Patient-derived organoids (PDOs). The PDOs have a robust predictive 

potential, conferring them the possibility to be used for personalized treatment124. 

 

Tumoroids are also a great model to study the TME by coculturing them with stromal or 

immune cells. For example, co-culturing mouse gastric organoids with mesenchymal cells 

induced various cell lineages125. Moreover, adding adipocytes into the culture of CRC 

tumoroids increases proliferation and aggressiveness of cancer cells126. 

In the past decade, an effort has been made in deciphering the role of the intestinal microbiota 

in health and disease. It was shown that various species of microorganisms have an influence 

on CRC carcinogenesis and certain bacteria are known to favorize cancer progression by 

dysregulating the immune system127. The exact mechanisms implied in this interaction are still 

unclear. To investigate this point, CRC tumoroids can be co-cultivated with microorganism 

(using microinjection into the tumoroids)128. 

 

Nevertheless, organoids present various limitations. First, human-derived organoids 

generated upon biopsies may vary from a laboratory to another based on the site of biospie 

and the different culture conditions (media composition, Matrigel batch, dissociation 

conditions). Second, except co-culturing methods, tumoroids culture do not recapitulate the 

complexity of cancer cells interaction with non-cancerous components129. Third, it has been 

shown that culturing pure tumoroids could be difficult and normal cells coming from adjacent 

healthy tissues might overgrow cancer cells130. Finally, the intratumoral heterogeneity might 

be lost after long-term expansion via the selection of certain clones favored by culture 

conditions. 
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Taking this into account, organoids and tumoroids represent a great tool for basic research as 

well as clinical investigations but more needs to be done to overcome their limitations. 

 

 

b. Mouse models 

Despite the usefulness of organoids to study CRC, animal models still represent the best 

preclinical tool to investigate cancer progression, metastases formation, interaction with 

other cell types and response to treatment. 

 

The first mouse models appeared in 1915 with the development of carcinogen-induced 

models. They were obtained by injecting or feeding potential carcinogen components to mice 

and observe the apparition of tumors131. For example, Dextran sodium sulfate (DSS) was 

broadly used to induce colitis and thus, favorize the apparition of neoplastic lesions132. It is 

important to note that those models present an important amount of variability between 

strains and carcinogen exposure protocols and that they rarely induce CRC with invasive 

properties. Nowadays, they are used to study the influence of diet and the gut microbiome on 

CRC carcinogenesis. 

 

 Genetically engineered mice models (GEMMS) 

In the 1990s, with the identification of the adenoma-carcinoma sequence by Vogelstein and 

Fearon133 , the need for genetically engineered mice models (GEMM) to properly study CRC 

increased. The Cre-loxP tool was found very useful to develop tissue-specific conditional 

knock-out (KO) of TSGs or activation of oncogenes and to overcome the embryonic lethality 

of germline KO mice134. The genes involved in the adenoma-carcinoma sequence have 

different effects on CRC tumorigenesis in mice: 

- Apc: Apc loss by itself is not sufficient to induce a malignant disease, in line with 

the fact that CRC development is the result of the sequential accumulation of 

multiple genetic alterations. However, Apc loss seems to be a key parameter in 

establishing CRC GEMM since and that restauration of Apc in Apc KO, Kras mutated 

and TP53-deficient mice leads to tumor regression135. Even though, Apc KO mice 

have limitations: the homozygous loss of Apc is lethal during embryonic 

development and ApcMin mice only develop tumors in the small intestine.  
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- TP53: In patients, TP53 is correlated with advanced cancer stages. In mice with a 

constitutively active Notch background, its combination with Apc loss increases 

invasiveness136. 

- Smad4: combined with Apc, Smad4 loss accelerates tumor development and 

metastases formation137. 

 

Concerning the serrated pathway, the sole BRAFV600E mutation leads to the formation of 

hyperplastic crypts and to invasive carcinomas only when combined with mutations in Apc or 

TP53138. Some reasonable effort has been made to develop MSI mouse models but mutations 

on MMR genes led to hematopoietic diseases, except in Apc deficient mouse but this model 

does not represent the genetic alterations found in CRC patients139. 

 

While a tremendous amount of data about CRC carcinogenesis was obtain using GEMM, they 

do not represent what is found in patients because of the tumor location (mainly in the small 

intestine), the lack of genetic heterogeneity and the metastatic pattern. Moreover, they are 

expensive and time-consuming. 

 

 

 Transplant models 

Another way to study CRC development in vivo is to directly transplant cell lines, tumoroids 

or even patient tumor fragments into immunocompromised mice, either in the colon 

(orthotopic graft) or in another tissue (heterotopic graft). In patient-derived xenografts 

(PDXs), the subcutaneous engraftment of tumor fragments allows to develop large collection 

of tumors, allowing to mimic inter and intratumoral heterogeneity. Heterotopic models do not 

recapitulate CRC progression but can also be useful to assess a precise step of carcinogenesis. 

Such models include hematogenous dissemination after  intravenous injection, specific 

metastatic colonization to the liver after splenic injection or peritoneal seeding after 

intraperitoneal injection140. 
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Orthotopic models allow us to study tumor development in the adequate TME but it also 

involves complicated surgical procedures, except for the intrarectal injection. Two major 

drawbacks of transplant models rely on the use of immunocompromised mice, preventing 

interactions between cancer and immune cells and the murine stroma. In PDX, the patient 

stroma is replaced by the murine one, but it has been shown that the murine stroma 

architecture resembles the patients’ and that murine stromal cells adopt a human-like 

phenotype141. The main limitation with PDXs is the low tumor take rate and the time required 

to establish a model. 

 

Considering the tremendous amount of studies focusing on the interactions between the 

immune system and cancer cells for the development of immunotherapies, researchers are 

trying to implement the immune system of immunocompromised mice by injecting cells 

deriving from human bone marrow or hematopoietic stem cells142. 

 

In the recent years, two models combining organoids and mice models were developed to 

recapitulate the disease from the first polyps to metastases. First, O’Rourke and colleagues143 

used GEMMs harboring KRASG12D mutation and TP53 conditional KO to form organoids in 

which they induced an APC loss-of-function using CRISPR/Cas9-mediated genome editing. 

After four to nine weeks post-implantation, more than half of the mice display stage I tumors, 

at 16 weeks two thirds of mice had a stage II disease with a tumor mass infiltrating into the 

adipose tissue and liver metastasis. They furthered demonstrated the WNT dependency of 

this model by restoring APC expression which led to tumor regression and cell differentiation. 

Thus, the orthotopic engraftment of Apcmut/KrasG12D/p53mut organoids in syngeneic mice 

recapitulates the adenoma-carcinoma-metastasis program. 
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In the same issue, Roper and colleagues144 published another model that relies on direct 

editing of mouse colon epithelial cells. To do so, they injected viruses that specifically infect 

epithelial cells using a Cre recombinase driven by a Villin promoter79,145and CRISPR/Cas9 to 

knock down APC. The infected cells were mainly locating at the crypt base, suggesting that 

stem cells were targeted. By sequencing the adenomatous lesions developed upon this 

technique, distinct APC inactivating mutations were observed suggesting that these tumors 

developed from two different cells. Thus, this model could be of great use to study cells-of-

origin and subsequent alterations that would spontaneously appear during tumorigenesis. 

 

As mentioned above, cancer cells’ invasive abilities determine patients’ 

prognosis. It relies on phenotypical changes allowing cells to detach 

themselves from the primary tumor, migrate towards distant sites and to 

colonize them. Considering the clinical challenge that metastatic cancers 

represent, they have been extensively studied in experimental models but the 

complexity of this process still prevents us from truly understanding the ins 

and outs of it. In the next part of this manuscript, I will start by introducing 

single cell migration and then, talk about how they can move as collectives. 
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 Invasion 

Single cells have been shown to migrate using two modes: a mesenchymal one, usually 

activated in epithelial-derived tumors by a transcriptional program called epithelial-to-

mesenchymal transition (EMT) and an amoeboid one, hijacked from immune cells. 

 

 Single cell migration 

1. EMT, a vast transcriptional program 

a. In physiology 

EMT has been described to play a crucial role in many cellular processes (such as stemness 

and cell-fate reprogramming) and controls the morphogenic events required for epithelial 

cells to migrate towards distant sites146. This is observed during embryogenesis where neural 

crests cells detach themselves from the dorsal neural epithelium and migrate as single 

mesenchymal cells before giving rise to mature structures such as the peripheral nervous 

system146. EMT relies on the expression of specific transcription factors (FTs) or drivers which 

will downregulate epithelial genes and upregulate mesenchymal ones. 

 

In the next paragraph, I will briefly introduce epithelium organization and the 

proteins involved since they are the main EMT-targets. Their proper function 

will be discussed in a dedicated part (III. Epithelial cells: a polarized entity).    

 
Epithelia are functional interfaces between the organs and their environment. They are 

composed of cohesive epithelial cells, adhering and communicating with each other through 

specialized intercellular junctions and displaying an apicobasolateral polarity (A/B polarity): 

- The apical surface provides a luminal interface where exchanges between the 

digestive bowl and the cell can happen. 

- The basolateral surface in contact with adjacent cells, ensures the barrier function 

through specialized junctions and relying on a layer of extracellular matrix called 

the basement membrane. 
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Those compartments differ in composition and organization, giving them specialized 

functions147,148,149. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure16: Epithelial cell junctions and A/B polarity, Martin-Belmonte et al., 2012.  

 

Neighboring cells display different types of junctions (see Figure16): tight junctions (TJs), 

adherent junctions (AJs), desmosomes and gap junctions. TJs are located at the frontier 

between the apical and the basolateral pole and composed of occludin, claudin and junctional 

adhesion molecule (JAM). They possess a “fence” function, preventing specific membrane 

components from going from a pole to another, and a “gate” function, selectively allowing the 

diffusion of certain molecules. AJs composed of E-cadherin and nectin, provide strong 

intercellular connections. Proteins involve in cell-cell junctions such as E-cadherin are critical 

EMT-targets since their disruption lead the cells to detach from their neighbors, loose their 

differentiated features and potentially migrate.  
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Transcriptional program 

Changes in gene expression patterns is under the control of microRNAs (miRNAs, inducing 

mRNA degradation), alternative splicing and FTs which activation is observed in early EMT and 

is described to be cell-type or tissue-dependent. Three master regulators have been 

extensively studied: SNAIL1, basic helix-loop-helix (bHLH, such as TWIST) and ZEB transcription 

factors (see Figure17).  

Their expression is induced by many signaling pathways such as WNT, Notch or growth factors, 

especially transforming growth factor-b (TGFb)150. The fact that different signaling pathways 

are able to activate the same transcription factors shows that there is a cooperation between 

them, needed for both inducing and maintaining the EMT program in cells. For example, TGFb 

signaling disrupt adherens junction which enables b-catenin to relocalize to the nucleus and 

be used by the WNT pathway151. 

 

 

Figure17: Overview of EMT main drivers and their effectors, Lamouille et al. 2014. 
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Dissolution of cell-cell junctions and ECM remodeling 

EMT relies on the downregulation of epithelial genes (such as CDH1 coding for E-cadherin) 

combined with the upregulation of mesenchymal ones (such as N-cadherin to facilitate cells’ 

detachment or fibronectin to promote migration).  It can be accompanied by the cytoplasmic 

cleavage and thus degradation of E-cadherin, and the downregulation of junctional proteins 

expression (such as claudin and occludin, or diffusion of ZO-1152). Loss of cell-cell junctions 

induces the loss of A/B polarity since polarity proteins such as SCRIB are localized thanks to E-

cadherin. Cells also remodel the ECM and change their interaction with it to enhance their 

motility. Mainly, EMT will induce an overexpression MMPs to degrade the ECM153, and of 

integrins to facilitate the traction-based movement generated at the front via protrusions154. 

 

 

Reorganization of the cytoskeleton 

To increase motility, cells need to reorganize their cortical actin to adopt a front-rear polarity 

(see Figure18). New actin-rich membrane extensions are formed (lamellipodia, filopodia and 

invadopodia, the latter exerting an ECM degradation function155,156) along with actin stress 

fibers at the front, and a contractile rear at the back. The conversion from A/B to front-rear 

polarity and its maintenance is under the control of RhoGTPases and polarity proteins 

crosstalk. Those proteins are usually localized thanks to cell-cell junctions and maintained via 

mutual exclusions. This process will be further discussed in a dedicated part. The dissolution 

of cell-cell junctions allows RhoGTPases and polarity proteins relocalization. Indeed,  PAR and 

Scribble complexes with PATJ relocalize to the leading edge where RAC1 and CDC42 promote 

actin-rich membrane protrusions157 and integrin clustering, while RHOA is enhancing 

contractility through ROCK at the back158, as described in the figure below.  
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Figure18: Mack et al. 2014, Localization and interactions between RhoGTPases and polarity proteins 

in A/B and front-rear polarity. 

 

To ensure epithelial integrity, cells can also regain their normal properties through the inverse 

process called mesenchymal-to-epithelial transition (MET), highlighting their plasticity. This 

process antagonizes the expression of EMT drivers through microRNAs (miRNAs) which binds 

mRNA and induce their degradation, allowing the re-expression of epithelial genes. It is to 

note that the expression of miRNAs is blocked by EMT transcription factors, highlighting the 

mutual antagonism governing this plasticity.  

 

We previously demonstrated that TGFb signaling, and especially its 

downregulation, is involved in the biogenesis of a tumoral intermediate 

correlated with a poor prognosis in MUC CRC patients. Since my PhD work 

aims at deciphering the effects of this downregulation on this tumoral 

intermediate, the next part will focus on TGFb signaling among other EMT 

inducers. 
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b. TGFb signaling 

The human TGFb family is composed of over 30 members with two ligand subfamilies (the 

TGFb-activin-Nodal and the BMP subfamilies). They signal through the assembly of a hetero-

tetrameric receptor complex composed of two type I (e.g. TGFBR1), considered as signal 

propagators and two type II receptors (e.g. BMPR2), known as activators. A ligand binding on 

its receptor induces the dimerization of type I and II receptors with the type II phosphorylating 

the type I receptor, which will then propagate the signal through an intracellular Ser/Thr 

kinase activity159. TGFb signaling can be divided into canonical and non-canonical pathways 

depending on the cytoplasmic intermediates activated upon ligand binding. 

 

Canonical signaling 

SMAD signaling is considered as the canonical TGFb pathway. SMADs are intracellular proteins 

which are phosphorylated by TGFBR1 upon ligand binding (BMPs activate SMAD1/5/8, TGFb 

and activins activate SMAD2/3). We will refer to these SMADs as R-SMADs (receptor-

phosphorylated SMADs). After phosphorylation, a R-SMAD dimer forms a hetero-trimer with 

SMAD4, translocate to the nucleus and bind to the DNA along with transcription factors, thus 

enabling TGFb effects on gene expression160. Their turnover is under the control of GSK3 which 

phosphorylation will lead R-SMADs to be recognized by SMURF1 (SMAD-specific E3 ubiquitin 

protein ligase 1) and then addressed to the proteasome for degradation and recycling. WNT 

has been found to stabilize SMAD1, highlighting the cooperation between BMP and WNT 

pathway161 as required during embryonic development. In fact, WNT act as an environmental 

factor needed for TGFb-induced EMT, otherwise TGFb would have a quiescent effect on 

epithelial cells146. 

 

Another way to end R-SMADs activity is via a negative feedback provided by SMAD-induced 

expression of SMAD7 which recruits SMURF at TGFb and BMPs receptors162,163. The canonical 

pathway is the one responsible for TGFb transcriptional effects involved in EMT. For example, 

in epithelial cells, TGFb-activated SMAD proteins induce the expression of SNAIL with whom 

they cooperate to repress CDH1, the gene encoding for E-cadherin164.  
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Non-canonical signaling 

Different signals emanate directly from TGFBR2 which phosphorylates PARD6 leading to the 

recruitment of SMURF1 to target RHOA for degradation. cell-cell junctions are destabilized 

favoring the migratory phenotype165,166. TGFBR2 and BMPR2 can also directly phosphorylate 

LIMK1, an inhibitor of cofilin, an actin-depolymerization factor, thereby stabilizing actin 

filaments167. 

 

The TGFb pathway has been studied for over 40 years but a lot remains to be decipher. The 

challenge relies on the fact that its effects on transcription can vary depending on the cell type 

and the cellular context. For example, TGFb downregulates the expression of ID1 (Inhibitor of 

differentiation 1) in mammary epithelial cells, but upregulates it in metastatic breast cancer 

cells168,169. Three types of contextual determinants fashion the cellular response to this 

cytokine: the signaling transduction machinery (abundance and activity of ligands, receptors, 

intracellular signaling partners and regulators), its transcription partners (transcription 

factors, methylation agents or DNA-binding cofactors) and the epigenetic status of the cell 

(methylation marks or histone modifications)170. 

 

TGFb signaling is involved in many processes such as cell proliferation, differentiation and 

tissue homeostasis to name a few. Its implication in EMT is undeniable and relies on both the 

canonical pathway via TGFBR1-SMAD proteins which induces the expression of mesenchymal 

genes while repressing epithelial ones and upregulates SNAIL and TWIST, and the non-

canonical pathway resulting in TGFBR2-PAR6-induced RHOA degradation at TJs, with WNT 

providing the required transcriptional environment. 
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Figure19: TGFb-induced EMT transcriptionnal effects, Lamouille et al., 2014. 

 

 

c. EMT in cancer 

The participation of EMT in cancer has been extensively studied as a normal cells’ program 

highjacked by cancer cells where they gain stem cells properties by dedifferentiation and thus, 

resistance to apoptosis and invasive properties.  The expression of EMT TFs has indeed been 

correlated with undifferentiated highly metastatic and therapy-resistant high-grade 

tumors171. 

 

Nevertheless, in the past decade EMT has been described has a transitional state (called 

“metastable”, (see Figure20) since it seems not to be required for every step of the metastatic 

cascade. This has been shown in a study where they followed tumor cells expressing GFP-

vimentin in a breast cancer mouse model, displaying an enrichment of GFP-positive cells in 

circulating tumor cells (CTCs) but not in metastases76. The fact that in breast cancer, EMT-like 

cancer cells represent less than 15% of the tumor bulk also highlight the fact that EMT is a 

limited focal event depending on tumor cells microenvironment172. Furthermore, EMT can be 

dispensable for the metastatic process. 
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It is the case in a mouse model of pancreatic ductal adenocarcinoma where the loss of SNAIL 

or TWIST does not impact metastasis formation77. Altogether, those data suggest that EMT is 

a very dynamic process where cells will more likely adopt partial EMT-phenotype depending 

on what suits best their survival in the environmental conditions they are in.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure20: Plasticity during EMT and MET, Nieto et al., 2016. 

 

EMT also participates in many other cancer-related events favoring tumor progression: 

- Cell survival: TGFb-induced EMT effects on cells are contextual and it has been 

shown that in cells displaying an activated RAS pathway, it confers resistance to 

apoptosis via the expression of SNAIL173 and oncogene-induced senescence via the 

expression of TWIST and ZEB1174,175. 

- Chemoresistance: as described before, cancer cells displaying a mesenchymal 

phenotype seems more resistant to chemotherapy. It has been demonstrated that 

upregulating the expression of miR-200c restores cancer cells sensitivity to 

chemotherapeutic agents176. Nevertheless, because of the lack of specific 

assessment of EMT in patients’ tumor due to the adaptivity of this process, clinical 

targeting of EMT has not been successful so far177. 
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- Immunosuppression: SNAIL1-expressing tumors are capable of immunoediting 

through the activation of immunosuppressive cytokines or regulatory T cells for 

example178. 

- Inflammation: the presence of a pro-inflammatory microenvironment is correlated 

with tumor progression. EMT is known to promote inflammation and can act on 

both cancer cells and stromal cells179. 

- Stemness: compared to colorectal cancer cells mainly displaying an epithelial 

phenotype, only EMT-like tumor cells are able to generate 3D organoids180. As 

described before, embryogenesis, ISCs and mesenchymal stem cells share many 

transcriptional factors and patterns of expression. 

 

 

2. Single cell migration modes 

Once cancer cells have detached from each other through the activation of EMT or other 

signals, they can migrate as individuals into the stroma. Single cell migration occurs through 

two different modes: either a traction-based (or mesenchymal) one where cells display 

protrusions at the front to grab ECM components, and a contractile cortex at the back to 

release adhesions and allow the cell body to move forward; opposed to a propulsive one (or 

amoeboid) which is adhesion-independent and relies on contractile forces. In the next part, I 

will describe the main changes cells have to undergo to power motility regardless of the 

migration mode, followed by a description of the mesenchymal and then the ameboid 

movement. 

 

a. Migration determinants 

Cell migration relies on different determinants: 

- The cytoskeletal organization: this comprises cytoskeletal dynamics with actin 

filaments, intermediate filaments and microtubules. The actin cortex is composed 

of branched actin filaments aligned parallelly to the plasma membrane which 

assemble and disassemble locally, providing different types of cell protrusions181. 

This is under the control of RhoGTPases, cross-linking proteins (e.g. fascin, filamin 

and spectrins), actin-membrane-binding proteins (e.g. ERMs) and proteins allowing 

membrane curvature (e.g. amphiphysin)182. 
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- Cell-ECM interactions: cells usually start to migrate after integrating an 

environmental cue. It can be molecules bind to fibers (the main membrane proteins 

regulating cell adhesion to the surrounding ECM are integrins183) or diffusing within 

the stroma produced by other cells at distance, migrating cells leading the way 

(paracrine signals) or the migrating cells itself (autocrine signals). Moreover, 

migrating cells evolve throughout ECM by degrading its components, mostly via the 

secretion of MMPs. 

- Cell deformability: 3D confined environments display a complex meshwork of 

fibers which topology and viscoelasticity define movement direction but also 

require cells to adapt their shape. Most cellular components are highly deformable 

except the nucleus which is the largest and stiffest organelle184. 

 

 

b. Mesenchymal 

Mesenchymal cells (such as fibroblasts or cancer cells) display protrusions at the front (thanks 

to CDC42 and RAC1 high activity) with long-lived cortical actin networks integrating stress 

fibers and focal adhesions (FAs), thus allowing a strong connection between the ECM and the 

cellular contractile apparatus (see Figure21). FAs formation relies on integrins covalently 

binding to ECM components (e.g. collagen, fibronectin) to form adhesion complexes at the 

leading edge of moving cells which can mature with the recruitment of cytoplasmic adaptors 

(talin then kindlin and paxillin) and mechanical modulators (vinculin and p130Cas)185. Further 

engagement of NMII leads to the formation of focal adhesions (FAs) through integrin b1 

binding to collagen fibers within the ECM, which provide a stable anchorage and transmit force 

to the whole cell body. FAs turn over defines mesenchymal cells’ velocity186. Those structures 

transmit force locally so cells can pull themselves forward. This is coupled with the secretion 

of matrix-degrading proteases at the front to decrease ECM confinement. Adhering cells need 

to disassemble ECM-binding adhesions at the contractile back (thanks to RHOA activation) to 

be pulled at the front187. 
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Figure21: Scheme representing mesenchymal migration, Yamada & Sixt 2019. 

 

c. Ameboid 

In homeostasis, amoeboid migration is used by immune cells to rapidly migrate towards an 

infection site. Amoeboid cells use a propulsive mode based on a retrograde actin flow and 

frictions forces in confined environment. It is important to note that the interactions between 

the cell membrane and the substrate are still poorly understood188. It is important to note that 

ameboid migration is only described in 3D since it relies mainly on confinement (to generate 

friction forces for example)188. 

 

Contrary to mesenchymal migration, amoeboid cells do not adhere to the ECM, either because 

(i) they do not express integrins or other proteins involved in FAs maturation, (ii) they migrate 

through a non-adhesive environment (e.g. vessels, in hypoxic conditions)189 or (iii) they 

present a high cortical contractility downregulating the adhesive machinery (see Figure22).  

 

Amoeboid cells present short-lived actin foci with rapidly turned-over adhesion proteins 

providing weak forces190. Thus, amoeboid cells do not migrate using focalized actin stress 

fibers and traction. Instead, they use their contractile actomyosin cortical network to form 

low-adhesive membrane protrusions at the leading edge resulting from a local contractility 

weakening187. This is followed by the contraction of the rear, under the control of RHOA191. 

Thus, high actomyosin contractility provides the propelling forces required for movement 

generation but also favors a round shape which acts as an anti-adhesive factor192. 
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Depending on the engagement of adhesion receptors, amoeboid cells can migrate using 

filopodia (like monocytes) which provides moderate force due to intermediate adhesions, or 

blebs (like primordial germ cells) which are non-adhesive but stiff structures allowing cells to 

use friction to their surrounding ECM to move193. Amoeboid cells display less ECM-

degradation properties but are highly deformable. 

 

Because they do not rely on the assembly/disassembly of multiproteic structures, amoeboid 

cells have a higher velocity than mesenchymal cells. Their migration speed will more depend 

on the ECM topology and its viscoelasticity to both provide confinement-induced frictions and 

deformability. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure22: Parameters favoring non-adhesive migration, Paluch et al. 2016. 

 

 

Nevertheless, some ameboid cells display integrins like leukocytes which need to adhere to 

the endothelial wall during extravasation, but this engagement reflects an immobilization 

event rather than actual migration188. Indeed, studies in 3D and in vivo interfering with 

integrins demonstrated a reduced but not abolished migration of leukocytes and other 

amoeboid cells194. 
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Thanks to Pan et al., we recently gained insight into the signaling pathways underlying 

amoeboid migration through the assessment of B-cell lymphomas dissemination. Indeed, 

amoeboid migration is also observed in blood cancers. They showed that amoeboid 

movement is triggered by STAT3 which induces RHOA activation and thus, a contractile 

phenotype195. 

 

 

 Collective cell migration 

1. Traction-based collective migration  

In development, homeostasis and cancer, cells have demonstrated the ability to move 

collectively. This relies on the maintenance of cell-cell junctions during migration, allowing 

directionality for the group and the movement of cells that would be immobile otherwise. As 

in single cells, cell cohorts harbor a front-rear polarity axis and cytoskeletal rearrangements 

involving RhoGTPases. Collectives present leaders at the front displaying actin-rich protrusions 

applying traction forces on the surrounding ECM, and followers guided forward thanks to cell-

cell junctions196.  

 

Cell-cell adhesion 

Collective migration is enabled by the maintenance of cell-cell junctions, especially AJs. In 

mammal epithelial cells, E-cadherin establish a link between neighboring cells via homophilic 

interactions, and the actin cytoskeleton via catenins (p120-, a- or b-catenin)197. Destabilizing 

cadherins considerably alters collective movement198. Indeed, the association between 

cadherins and actin cables of neighboring cells allows the formation of a supracellular lateral 

actin organization. Throughout migration, cell-cell junctions are submitted to the cortical actin 

retrograde flow of the collective leading to their movement towards the rear until they are 

recycled back to the front and then re-engaged into AJs. Besides providing a physical link 

between cells, E-cadherin defines followers’ polarity, preventing integrins from engaging with 

the ECM at cell-cell contacts199,200. Moreover, E-cadherin has been recently described as a 

survival factor in invasive ductal carcinomas by preventing oxygen-mediated apoptosis201. 
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Leader/follower polarization 

Leader cells are defined by their morphology, their position at the cohort’s front and their 

interactions with the ECM. As in mesenchymal single cell migration, epithelial leaders interact 

with collagen-I through b1-integrins which leads to the formation of FAs and the recruitment 

of CDC42 and RAC1 at the front to promote actin polymerization and thus, protrusion 

formation. Cells become leaders through the expression of a transcriptional program such as 

in breast cancer202 after or by sensing external cues such as growth factors (e.g. EGF) which 

receptors will activate integrins via an inside-out signaling. Recently, it has been shown that 

collectives can perform chemotaxis: leaders at the front displaying high RAC1 activity are 

attracted towards a gradient of a soluble cue, with the back of the cohort showing a collective 

contractile ring with activated RHOA203. 

 

Moreover, leader cells are responsible for the collective movement directionality through the 

secretion of proteases but also of ECM components, facilitating followers migration204,205. 

Leader cells tract follower cells displaying mechanosensing abilities. This is mediated by 

conformational changes of mechanotransducers upon stretching (such as talin in FAs or 

catenins in AJs) which will lead to the unmasking of other proteins modulating adhesions’ 

strength. In collective cell migration, traction forces produced by leader cells will induce to the 

translocation of the protein Merlin, an ERM-like protein, thus promoting RAC1 activity and 

defining the front side of followers206. Moreover, tension increases junctional stability by 

unmasking cytoplasmic domains and allowing interactions between a-catenin with vinculin or 

actin for example207. 

 

Collective dissemination in cancer has been described a few times after strands or clusters of 

carcinoma cells presenting a partial EMT phenotype were observed at the tumor front and in 

metastases208. 
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2. TSIPs 

Recently, our team demonstrated that in MUC CRC patients, the main tumoral intermediate 

were tumor spheres displaying strong epithelial features and presenting an outward apical 

pole, in contact with their surrounding ECM (see Figure 23). We called them TSIPs for Tumor 

spheres with inverted Polarity. They were first observed within peritoneal effusions of patients 

presenting peritoneal carcinomatosis (PC) and correlated with a poor prognosis. 

 

 

 

Figure23: TSIPs from peritoneal effusions (left panel: after embedding in collagen- gels, scale 

bar=50µm; right panel: electron microscopy showing the presence of microvilli at spheres surface), 

Zajac et al., 2018. 

 

By comparing the expression profiles of TSIPs-producing (MUC) and non-producing (LBK) 

CRCs, we found that MUC CRCs were all associated with CIMP cancers and expressed the 

serrated gene signature. Serrated precursor lesions present apical invaginations into the 

lumen that can also be seen in MUC CRC patients’ histological sections. Our data showed that 

TSIPs arise from apical budding into the lumen of serrated precursors evolving towards MUC 

CRC. During cancer progression, the luminal accumulation of TSIPs and mucus breaks the 

neoplastic epithelium, releasing TSIPs into the peritumoral stroma where they invade towards 

the peritoneal cavity. Moreover, using a GSEA, we were able to show that MUC CRC patients 

display a downregulation in the TGFb pathway (canonical and non-canonical) and that this was 

sufficient to prevent TSIPs’ formation in a mucinous CRC cell line. This correlates with the 

absence of EMT activation in these cancers. 
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Despite their unusual morphology and inverted A/B polarity, TSIPs possess a true metastatic 

ability. Indeed, using Patient-derived xenografts (PDXs), we were able to reform TSIPs that 

maintain patients’ characteristics. By injecting them as TSIPs or after dissociation into single 

cells, we were able to demonstrate that TSIPs are much greater initiators of metastases’ than 

their single cell counterparts. Their invasion capability occurs while keeping an outward apical 

pole and relies on a propulsive collective mode of invasion209 (see Figure24). 

 

 

 

Figure24: TSIPs collective invasion relies on actomyosin contractility, Zajac et al., 2018. 

 

Altogether, these data highlight the existence of a non-protrusive collective mode of invasion 

that is EMT-independent in serrated CRC subtypes, that we have named “collective 

amoeboid”210. 

 

3. Plasticity 

Depending on intrinsic fitness or external cues, single cells can switch from a mesenchymal to 

an amoeboid phenotype and back. This is required in vivo, where cells can transition between 

tissues like leukocytes during immune surveillance, passing from the blood to interstitial tissue 

or like tumor cells during metastasis. Still, those processes are complex and difficult to study. 

In vitro, mesenchymal-to-amoeboid transition can be induced by putting mesenchymal cells 

in a non-adhesive environment211, by increasing RHOA or decreasing RAC1 activity212 or by 

increasing cell deformation via decreasing cells’ proteolytic activity213. The reverse process can 

be observed by activating RAC1 or decreasing RHOA activity, increasing integrins-mediated 

adhesions or stimulate ECM degradation214. Migrating cells can also detach themselves from 

the collective to adopt a single-cell mode of invasion, mesenchymal or amoeboid. 
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This process can be induced by changes in ECM topology (e.g. confinement, complexity) or 

soluble factors. It leads to the downregulation of cell-cell junctions, especially E-cadherin, 

allowing them to detach themselves from the cohort187. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure25: Plasticity between invasion modes, te Boekhorst et al. 2016. 

 

 

 Epithelial cells: a polarized entity 

 At the tissue level: planar polarity 

Throughout the evolution, epithelia are the most polarized tissue ever observed in metazoa. 

The intestinal epithelium is no exception and is highly polarized as well. To ensure its function, 

the intestine needs to be organized and its orientation coordinated within the plane of the 

epithelium, this is called Planar cell polarity (PCP). This allows epithelial cells to localize 

themselves among others and to establish specialized cell-cell junctions. It has been shown 

that the intestinal epithelium invaginations (called crypts) are under the control of PCP genes, 

in cooperation with small GTPases and some polarity proteins215. 
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PCP was first studied in arthropods in the late 1970s216 and especially in the fly, Drosophila 

melanogaster, whose eyes and wings are particularly polarized at the tissue level. This 

polarization in under the control of two sets of PCP factors: the Frizzled (Fz)/Flamingo (Fmi) 

core group and the Fat/Dachsous (Ds) system. They are asymmetrically distributed within the 

cell, giving it a proximal/distal polarity, due to intracellular feedbacks between them. At the 

tissue level, the coordination of this polarity relies on asymmetric intercellular contacts (see 

Figure25). Despite a tremendous amount of work by the scientific community, the interactions 

between Fz/Fmi and Fat/Ds are still unclear, though it may seem, according to recent work 

that they are independent and work in parallel in Drosophila217. 

 

Concerning the first cue leading to PCP proteins localization, a gradient of noncanonical Wnt 

signaling is thought to be implied since PCP involves Frizzled, a Wnt receptor, and is 

independent of its main intracellular component, b-catenin. Nevertheless, the absence of a 

planar polarity phenotype upon loss of WNT activity leaves the debate open. Concerning 

downstream effectors, PCP organization relies on directed targeting of intracellular vesicles 

for the delivery of polarity proteins and cytoskeletal reorganization, thus implying Rho-

GTPases. Indeed, RHOA, RAC1, ROCK, CDC42 and myosin II have all been described as planar 

polarity effectors during gastrulation for example215.  

 

    

 At the cell level: A/B polarity establishment 

As mentioned before, epithelial cells display an apicobasolateral polarity, essential to their 

function. A/B polarity is defined by the asymmetric segregation of proteins and lipids to 

distinct membrane domains. The establishment of the apical and basolateral domain 

identities has been extensively studied during development. In the past two decades, 

tremendous progress has been made using 3D models of epithelial cells, mostly Madin-Darby 

canine kidney (MDCK) cells. Nevertheless, the sequence of events leading to a fully polarized 

epithelium is still unclear218. 
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1. Cell-cell contacts: the first cue to polarization 

 

Figure26: Schematic representation of A/B polarization, Iden et al., 2008. 

 

The study of cell lines revealed that the first cue for A/B polarization establishment is the 

dimerization of E-cadherin at cell-cell nascent adhesions (see Figure x). This leads to the 

recruitment of AJs and TJs proteins which will serve as a scaffold for the anchoring and  

localization of polarity proteins (see Figure26).  

 

Three complexes are involved in A/B polarity establishment: 

- Phosphoinositides (PIs); 

- Rho-GTPases; 

- Polarity complexes: 

• PAR/aPKC, composed of Partition defective 3 and 6 (PAR3 and PAR6), and 

atypical protein kinase C (aPKC); 

• Crumbs, containing Crumbs (CRB), Protein associated with Lin Seven 1 

(PALS1) and PAS1-associated tight junction protein (PATJ); 

• Scribble, consisting of Scrib, Disc Large (DLG) and Lethal giant larvae (LGL). 

They interact through a mutual exclusion mechanism where the one prevents the expression 

of another one at this membrane compartment. 
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The identification of A/B polarity establishment components was mainly achieved on 

Drosophila and C. elegans. Most of the proteins have a homologue in vertebrates and the 

sequence of events is thought to be very similar between species. 

My PhD works focused on the mechanisms required for A/B polarity 

orientation and maintenance. Therefore, I chose to give you an overview on 

the actors of A/B polarity establishment, and then focus more on the ones 

involved in orientation and maintenance.  

 

2. Phosphoinositides and sphingolipids 

Phosphoinositides (PIs) represent less than 15% of phospholipids in eukaryotes. 

Phosphatidylinositol (PtdIns), the precursor of PIs, is synthesized at the endoplasmic reticulum 

(ER) and delivered towards cellular membranes by vesicular transport or by cytosolic PtdIns 

transfer proteins. Its inositol ring phosphorylation leads to the formation of seven PIs species, 

with PtdIns(4)P and PtdIns(4,5)P2 being the most represented. Each of them has a specific 

subcellular distribution with a preference for membranes subsets219.  

 

PIs are signaling and structural platforms thanks to the binding of cytosolic or membrane 

proteins to their head. As for their localization and levels, they are determined by their 

phosphorylated state, under the control of phosphoinositides kinases and phosphatases 

whose cellular localization is tightly regulated. Typically, phosphorylation of the inositol ring 

charges PtdIns negatively thus enabling electrostatic interactions, either with a cluster of basic 

residues (such as those found in actin regulatory proteins like profilin220) or folded structures 

(such as the pleckstrin homology domain, PHD221 found in polarity proteins like Ezrin). Even 

though there is a large number of PI effectors, they all share a common motif known as the 

“PI code”222. There are 11-PI binding molecules known to specifically interact with PIs, thus 

establishing a spatiotemporal control of membrane-cytosol interactions, intracellular 

signaling and, as we focus here, membrane identity. 
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PIP3 at the basolateral membrane 

PIs are key markers of A/B polarity with phosphatidylinositol 4,5-biphosphate (PIP2) being 

segregated at the apical surface, and phosphatidylinositol 3,4,5-triphosphate (PIP3) at the 

basal pole. The conversion from one-another is ensured by phosphatase and tensin homolog 

deleted on chromosome ten (PTEN) (for PIP3 dephosphorylation into PIP2) and 

phosphatidylinositol-3 kinase (PI3K) (for PIP2 phosphorylation into PIP3)223. Nevertheless, 

according to recent work, it is possible that PTEN is not the only PIP2 spatial regulator. Indeed, 

phosphatidylinositol 5-kinase, known to promote PIP2 production, is also found at the apical 

pole224. 

 

It has been shown that in unpolarized MDCK cells, both PIP2 and PIP3 are localized at cell-cell 

and cell-ECM contacts. Within the first stages of polarization, PIP2 and PTEN become enriched 

at the apical membrane while PIP3 stays at the basolateral pole. The role of PIs in cell A/B 

polarity establishment was confirmed by ectopic insertion of exogenous PIP3 into the apical 

domain of well-polarized MDCK cysts. This was sufficient to relocalize basolateral components 

and PI3K as well as excluding apical proteins, totally inverting their polarity225. This result was 

recently reinforced by a study showing that decreasing PIP2 levels by perturbing its cytosolic 

transportation is enough to impair A/B polarity in 3D MDCK cysts226. We do not know what 

localizes PTEN in MDCK cells, but it seems that it is the first molecular event leading to the 

formation of an apical membrane and lumen227.  

 

PIP2 define the apical membrane 

Following apical membrane establishment, PIP2 recruits and binds Annexin2 (Anx2) which is 

thought to be a mediator in the PIP2-dependent actin cytoskeleton remodeling227. In turn, 

Anx2 binds the Rho-family small GTPase CDC42, a known actin modulator. Downregulation of 

CDC42 using RNA interference (RNAi) experiments disrupted the apical cytoskeleton and 

impaired lumen formation. Such defects have also been observed after downregulation of 

Axn2 and PTEN. Altogether, these results indicate the presence of a PTEN/PIP2/Anx2/CDC42 

axis linking PIP2 and the actin cytoskeleton remodeling during A/B polarity establishment. 
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PIP2 can also bind to the FERM domain of the ezrin/radixin/moesin (ERM) polarity proteins, 

known as adaptors between the plasma membrane and the actin cytoskeleton, and induce a 

conformational change releasing them from an autoinhibited state. PIP2 and its synthesizing 

enzyme (PtdIns kinase type Ig) can also bind the FERM domain of talin, increasing its affinity 

for integrins and helps generate PIP2 at the apical membrane228. 

 

 

3. Rho-GTPases 

By studying polarity establishment in Drosophila melanogaster and Caenorhabditis elegans, 

researchers found the first evidences for a crosstalk between polarity proteins and small 

GTPases229.  Rho GTPases are enzymes of the family of small GTPases. They are hydrolases 

that act as major regulator of cytoskeletal organization (see Figure 28). They control actin 

polymerization and contractility but also microtubule dynamics. Consequently, they regulate 

numerous cell processes such as migration, cell cycle progression, differentiation and as we 

focus here, A/B polarity230. Three Rho GTPases have been extensively investigated and they 

all have a key role in polarity establishment: CDC42, RHOA and Rac1. More precisely, CDC42 

is involved in polarity proteins localization while RHOA and Rac1 transmit polarity orientation 

signals. They were first described in the early 1990s for their roles in several signaling 

pathways but share the same ability to link membrane receptors to the actin and microtubule 

cytoskeleton231–233. 

 

Figure28: RhoA, CDC42 and RAC1 and their effectors, Iden et al., 2008. 
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Rho GTPases are activated by numerous membrane receptors such as integrins, cadherins, 

Tyrosine kinases and G-coupled protein receptors155. Most RhoGTPases cycle between an 

active GTP-bound state and an inactive GDP-bound state. This is under the control of Guanine 

nucleotide exchange factors (GEFs) which catalyze the exchange between GDP and GTP for 

their activation, GTPase activating proteins (GAPs) which increase GTP hydrolysis and Guanine 

nucleotide dissociation inhibitors (GDIs) which sequestrate the GDP-bound form away from 

GEFs for their inactivation. Some “atypical” GTPases do not function as described here but are 

constitutively GTP-bound and their activity in under the control of post-translational 

modifications (PTMs)234.  

 

As seen in Figure 28, RhoGTPases are involved in cytoskeletal changes through actin 

polymerization and contractility: 

 

• Actin network regulation 

Two pools of cellular actin can be observed: a dynamic junctional one stabilizing cell-cell 

contacts, and a peripheral one composed of thin bundles required for epithelial cell shape235. 

It has been shown that actin polymerization and organization at cell-cell contacts involves two 

actin nucleators modulated by Rho GTPases which are the Arp2/3 complex, activated by Rac1 

and CDC42 and needed for branched actin networks, and formin-1, under the control of RHOA 

and required for the polymerization of actin cables236,237. It also has been shown that there 

could be a Rac-GTP gradient under the control of A/B polarity, where apical polarity proteins 

(such as CDC42 and the PAR complex) bind the Rac-GEF T lymphocyte adhesion and 

metastasis-inducing protein 1 (TIAM1) and spatially control membrane protrusions238. By 

directly binding small GTPases, PIs spatially modulate their intracellular activity. 

 

• Contractility 

The other key component of cytoskeletal remodeling is non-muscle myosin II (NM-II), an actin-

binding protein which is regulated by phosphorylation on its heavy and light chains239. A large 

number of kinases can modulate NM-II activity but one of major interest is the Rho-associated 

coiled coil kinase (ROCK) which presents two isoforms ROCKI and ROCKII. It has been shown 

that ROCKII can specifically bind PIP3 through its PHD thus leading to a basolateral regulation 

of NM-II activity240. 
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Despite the fact that ROCKI and II are highly homologous, studies in knockout mice showed 

that ROCKI could not compensate for ROCKII, implying that the two isoforms regulate distinct 

pools of NM-II241. Moreover, ROCK activity is linked to the enhancement of PTEN activity in 

Human embryonic kidney (HEK) cells242, thus promoting apical identity. 

 

CDC42 

As mentioned earlier, CDC42 is involved in the apical domain identity establishment through 

the PTEN/PIP2/Anx2/CDC42 axis. Indeed, after binding to Anx2, CDC42 in involved in the apical 

pole identity via binding and localizing apical proteins such as the PAR6/aPKC dimer through 

PAR6243 and the Crumbs-Pals1-Patj complex in a Rab11a-dependent manner244. Moreover, 

CDC42 remodels the actin cytoskeleton via Arp2/3 to promotes nascent cell-cell adhesions: it 

promotes the formation of cytoplasmic protrusions in the form of filopodia in a N-WASP-

dependent manner245 and stabilize AJs by contributing to E-cadherin endocytosis and turnover 

through its effector IQGAP246. 

 

It seems that CDC42 activity is important in the early stages of cell-cell junctions’ 

establishment and lumenogenesis. Indeed, the presence of CDC42-GAPs (such as SH3PB1 or 

ARHGAP17) at the apical pole during TJs maturation indicates a time and spatial inactivation 

of CDC42 which is required for the assembly of the sub-apical actin belt247. 

 

Rac1 

Rac1 is known to be involved in two main processes during epithelial A/B polarity 

establishment: first, upon b1-integrins activation through ECM binding, Rac1 is involved in 

basement membrane assembly. This will be discussed in a dedicated section on A/B polarity 

orientation bellow. Second, Rac1 is involved in the establishment of early cell-cell 

adhesions248. Indeed, the first cell-cell contacts are initiated by actin-based E-cadherin-

containing membrane protrusions which requires local Rac1 activation249. Expression of a 

constitutively active Rac1 mutant causes E-cadherin and actin filaments accumulation at cell-

cell junctions250 while expression of a dominant-negative form impedes cadherin-dependent 

cell-cell adhesions251. Those results highlight a key role for Rac1-dependent actin nucleation 

in nascent cell-cell junctions establishment, which have been shown to involve WAVE, a Rac1 

direct effector responsible for its actin-polymerization effects235. 
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Rac1 is recruited at cadherin-dependent nascent cell-cell junctions where it is locally activated 

by its GEFs Vav2252 and Tiam1253,254 which are previously recruited by E-cadherin to modulate 

Rac1 activity at those sites. In contrast to GEFs, GAPs at cell-cell junctions are less investigated 

but studies using a Rac1-FRET sensor showed that Rac1-GTP is present during a short period 

of time at primordial junctions, suggesting that Rac1 inactivators (GAPs or GDIs) are there to 

finely regulate its activity255, as described above for CDC42. 

 

Rac1 and RHOA antagonize each other with Rac1 decreasing RHOA activity through the 

activation of p190-RhoGAP at cell-cell junctions. This leads to the segregation of Rac1 at TJs 

and RHOA at the basal pole. This effect is also enhanced by E-cadherin-activation of Src at 

nascent cell-cell adhesions, which recruits p190-RhoGAP. However, RHOA-dependent 

actomyosin contractility is needed for the maturation of cell-cell junctions by promoting the 

formation of a contractile belt which is required for correct A/B polarization256. 

This highlights the spatiotemporally regulated balance between CDC42 and Rac1 at the apical 

pole and RHOA at the basolateral pole required during A/B polarity establishment257. 

 

RHOA 

RHOA roles in A/B polarity are still controversial but it has been shown to be required for cell-

cell adhesion. Indeed, RHOA is recruited at primordial cell-cell contacts by the Crumbs 

complex where it locally increases contractility through its effector ROCK to help cells in 

transforming nascent lamellipodia contacts into a local actomyosin belt as observed in mature 

AJs. RHOA also recruits Rac1 GAPs to prevent its activity at the apical domain258,259. This 

observation, in contradiction with previous ones about Rac1 enrichment at the apical pole, 

converge with a RHOA/Rac1 mutual exclusion during A/B polarity establishment, suggesting 

sequential participations and the presence of gradients of GTPases activities along the A/B 

axis245. 

 

RHOA is then inactivated at the apical pole via p190RhoGAP as described before but is thought 

to be later recruited at mature AJs to enhance E-cadherin endocytosis and turn over through 

Rac1-IQGAP inhibition260,261and to promote junctional contractility required for this process 

through its ROCK activation of NMII262. 
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Overall, RhoGTPases and especially CDC42, Rac1 and RHOA are key determinants of A/B 

polarity establishment through their effects on the cytoskeleton coordinated by polarity 

complexes. They have opposite effects with RHOA enhancing cell contractility by regulating 

actin-myosin filaments assembly while Rac1 reorganize the cytoskeleton to form adhesive 

structures such as filopodia and lamellipodia. Their spatiotemporally regulation is not fully 

understood, probably due to the fact that there are at least 80 GEFs263,264and 50 GAPs265 finely 

tuning their activity and only a few were deeply investigated for now. 

 

 

4. Polarity complexes 

a. Par3/Par6/aPKC 

PAR proteins were the first identified in a cell polarization process in C. elegans asymmetric 

divisions in 1988. Using genetic screens to detect mutations impairing the asymmetry of those 

divisions, researchers were able to identify 6 genes: PAR1 and PAR4 were described as protein 

kinases, PAR3 and PAR6 display PDZ domains, PAR5 is a peptide-binding protein and PAR2 

contains a zinc-binding domain and does not have any homologue in other species than in the 

worm. PAR1, PAR3, PAR5, PAR6 and aPKC interact to asymmetrically localize one another and 

define the concept of polarity protein complex266. In A/B polarity, the PAR6/PAR3/aPKC 

tripartite has been extensively studied and are strongly conserved between species, from 

worms to vertebrate. 

 

There are three PAR6 proteins: PAR6A/C, PAR6B and PAR6D/G which can be found alone or 

together in different cell types. In epithelial cells, they are mainly found at TJs (PAR6A and G) 

and in the cytosol (PAR6A and B). PAR6 doesn’t display any enzymatic activity, its role resides 

in binding and correctly localizing other proteins. Its downregulation impairs TJs267,268but its 

overexpression does not affect them269. PAR6 key role is to allow interaction between aPKC 

and its effectors such as PAR3 and LGL. 
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In mammals, two Par3 genes have been identified coding for PAR3A and B but only PAR3A can 

bind aPKC through its PDZ binding domain270. PAR3A localization is defined by its self-

association with JAMs at nascent cell-cell junctions which can serve as a scaffold for the 

recruitment of proteins involved in TJs maturation such as PAR6 or aPKC271,272. Indeed, 

depletion or overexpression of PAR3 disrupts TJs and correct localization of PAR6 and 

aPKC267,271,273. 

 

aPKC displays two isoforms, aPKCl/i and aPKCz which differ from conventional PKCs in 

displaying a N-terminal PB1 domain known to bind PAR6. In epithelial cells, aPKC is found at 

TJs, colocalizing with PAR proteins. Its kinase activity is essential for the correct localization of 

PAR3 and 6274. 

 

 

b. Crb/PALS1/PATJ 

In 1990, Tepass and colleagues discovered a link between epithelial cell polarity and crumbs 

(crb) gene in D. melanogaster. Crb mutations disrupt the epithelial organization of the fly’s 

epidermis275. Later on, two proteins were shown to interact with Crumbs: Stardust (PALS1 in 

mammals) and PATJ. Their downregulation results in the same defects observed after Crumbs 

perturbation, thus they emerged as a second polarity complex. 

 

There are three CRB proteins (CRB1,2 and 3) which have different tissue localization, with 

CRB3 mainly found in epithelial cells. All of them display a FERM-binding domain on their 

cytoplasmic tails thus linking them to the cytoskeleton with CRB3 being found at TJs and at 

the apical pole276,277. 

 

PALS1 is a scaffold protein binding PATJ and found at the apical border. Its downregulation 

mislocalizes E-cadherin at the cell membrane and induces a loss of PATJ expression, showing 

that their mutual interaction is needed for their stability278,279. 
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In mammals, two homologues of Drosophila Dpatj are found: PATJ and MUPP1. PATJ is known 

to interact with many TJs proteins such as ZO-3 and Claudin-1 at TJs. Indeed, downregulation 

or overexpression of PATJ prevents ZO-1, ZO-3 and Claudin-1 from correctly being localized at 

TJs highlights a PATJ function in stabilizing TJs280–282. Moreover, PATJ can bind PALS1 and CRB3, 

thus providing a link between lateral and apical domains components. MUPP1 displays a high 

level of homology with PATJ but its function is less described. It may serve a scaffold for TJs 

proteins in early cell-cell contacts such as Claudins and JAMs. 

 

 

c. Scrib/Lgl/Dlg 

The SCRIB (Scribble planar cell polarity protein) gene was identified as a polarity regulator in 

Drosophila where it is found at the basolateral membrane. Mutations in this gene prevents 

the correct localization of apical proteins without perturbing the basolateral domain, 

indicating a role for Scribble in excluding apical proteins from the basolateral (BL) domain283. 

It was then shown that it interacts with two other proteins: LGL and DLG, first identified as 

tumor suppressors. They were then found to overlap with Scribble without physical 

interactions being described between them283,284. 

 

There are five mammalian DLG (Disc large) proteins with DLG1 being the most studied one, 

especially in epithelial cells. DLG1 has been shown to bind with APC which is associated with 

b-catenin, and PI3K thus addressing it to the BL domain285,286. 

 

LGL1 and LGL2 are the two described LGL (Lethal giant larvae) proteins which are highly 

homologous and intensively studied in epithelial cells, they will be cited as LGL1/2 from now. 

They have been described to be bound to PAR6/aPKC in the early phases of A/B polarity 

establishment where aPKC will then phosphorylate LGL to detach it from the apical dimer thus 

excluding it from this pole287,288. 
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d. Interactions and roles in A/B pol. Establishment 

 

 

 

 

 

 

 

 

 

 

Figure29: A/B polarity establishment, cooperation between cell-cell adhesions, polarity complexes 

and RhoGTPases. Rodriguez-Boulan et al., 2014. 

 

Following its activation, CDC42 recruits and binds aPKC, triggering its activation thus exerting 

its kinase activity on LGL. This leads to its dissociation from the PAR6/aPKC dimer, addressing 

it to the BL compartment where it can interact with DLG and Scribble289. Then, aPKC can 

phosphorylates PAR3 to form the activated apical PAR complex. Phosphorylated PAR3 

accumulates at TJs and dissociate itself form PAR6/aPKC290. PAR1 is found at AJs where it 

phosphorylates PAR3, excluding it from the BL membrane and preventing its binding to aPKC. 

Moreover, PAR1 can be phosphorylated by aPKC to prevent its apical localization. 

Phosphorylated PAR1, PAR6 and LGL bind to PAR5 at the basal pole which stabilizes their 

presence at this site291. 

 

CRB3 can bind PAR6 directly or via PALS1 to promote TJs maturation. Indeed, cooperation 

between Crumbs and Par complexes is emphasized by the fact that the correct localization of 

zaPKC at TJs is impaired by downregulation of PALS1278. Interestingly, in those cells, PAR3A 

was not mislocalized suggesting that it is not apically recruited by PAR6 but is more likely to 

be present at this pole through anchoring to JAM proteins292. 
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The establishment of A/B polarity in epithelial cells requires a spatiotemporal regulation of 

polarity complexes. Their distinct localizations participate in the apical domain identity (for 

Par and Crumbs complexes) and basolateral domain identity (for Scribble) and gives functional 

insights into their mutual exclusion. Moreover, it seems that the Par complex, through its 

enzymatic activity via aPKC, has a dynamic role in membrane identity, while Scribble and 

Crumbs maintain it by mutually antagonizing each other. 

 

For a long time, biological processes have been studied using 2D techniques, 

growing cells as monolayers, mainly on plastic and therefore, were really far 

from the epithelial organization found in vivo. The development of three-

dimensional (3D) systems allows scientists to investigate the processes 

involved in epithelial morphogenesis in a more relevant manner. Today, the 

3D Madin-Darby canine kidney (MDCK) seems to be one of the best models 

to investigate cell polarity293–296. Indeed, once put in a gel of extracellular 

matrix (ECM), they are able to form a cyst, a spherical monolayer displaying 

a central lumen296. The results mentioned in the following paragraphs were 

obtained on 3D MDCK (unless otherwise mentioned). 
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 A/B polarity orientation and maintenance 

1. Cyst morphogenesis 

Figure30: Schematic representation of the molecular network for de novo lumen formation, Bryant et 

al., 2010. 

 

The sequence of events leading to the establishment of a MDCK polarized cyst has been 

elucidated in 2010. At the two-cells level (or early aggregate), the apical protein podocalyxin 

(PCX) is found at the cell surface, in contact with the ECM. Following the polarization cue, PCX 

is internalized via Rab8a- and Rab11a-positive vesicles towards the common cell membrane 

to form Apical membrane initiation site (AMIS), in cooperation with the polarity dimer 

Par3/aPKC. The Anx2/CDC42 complex recognizes the Rab8a/Rab11a vesicles, regulating its 

apical transport. 

 

This is thought to be mediated via a Tuba-dependent CDC42 activation, leading to Par6 binding 

thus correctly targeting the apical vesicle towards the AMIS, bearing the Par3/aPKC dimer. 

This leads to the formation of the Pre-apical patch (PAP), expanding into a lumen by pumps 

and channel297. 
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Figure31: A/B polarity orientation in MDCK cyst, Bryant et al., 2014. 

 

 

In 2014 the mechanism was completed by demonstrating that A/B polarity orientation is 

regulated by ECM sensing and downstream RhoGTPases signaling. PCX is actually part of a 

complex with Na+/H+ exchange regulatory cofactor (NHERF1) and Ezrin. In suspension (or in 

an apical-out conformation obtained by blocking ECM sensing), the PCX/NHERF1/Ezrin 

complex is as the abutting membrane and is phosphorylated by high ROCK activity. After ECM 

detection by integrins (see following part for integrins description), the recruitment of FAK 

leads to the activation of p190-RhoGAP and thus, inactivation of RHOA and the subsequent 

dephosphorylation of Ezrin. Then, PKCbII dephosphorylates PCX which induces NHERF1 

dissociation from Ezrin and endocytosis of PCX (via NHERF2) to the AMIS as described above. 

The phosphatase PP2A then dephosphorylates PCX and NHERF1 allowing the 

PCX/NHERF1/Ezrin complex to reassociate a the newformed lumen, permitting correct A/B 

polarization298. 
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2. ECM sensing 

In vitro experiments showed that when not surrounded by ECM (like in suspension), epithelial 

3D structures display an inverted polarity with an outward apical pole. Once in matrix, they 

detect their surrounding environment through membrane receptors, mainly integrins and 

dystroglycan. Integrins are a family of transmembrane glycoproteins that form heterodimers 

composed of a-subunits and b-subunits. They can form 24 pairings with specific binding 

properties and tissue distributions299. 

 

Integrins are synthesized in the ER where they dimerize and bind to calcium in a bent inactive 

state. Then, they traffic through the Golgi to the plasma membrane where they are found in 

different states, depending on extracellular ligands’ availability and the presence of 

intracellular (in)activators. 

 

Integrins can be activated following an extracellular cue (outside-in activation) like the 

presence of Mg2+ or the binding of an ECM component. In this case, FAK is recruited, followed 

by talin, inducing the unfolding of the integrins extracellular domain, and the opening 

between the two subunits in the cytoplasm. Many cytoplasmic proteins are recruited upon 

integrins activation and establish the link with downstream signaling molecules and the actin 

cytoskeleton, allowing the formation of a nascent FA. Kindlins, which enhance talin-induced 

integrins activation, and the IPP complex (Integrin-linked kinase (ILK), PINCH and parvin) bind 

intracellularly and recruit focal adhesion proteins such as paxillin and a-actinin300. Moreover, 

through vinculin, talin binding to the actin cytoskeleton is strengthened and upon myosin-

induced contraction, is stretched which is thought to be required for integrins activation301. 

This leads to integrin clustering and the maturation of the FA. Integrins then serve a 

biomechanical sensor, transmitting force to the ECM via the binding of their head and an 

extracellular component, and to the cytoskeleton via their actin-adaptor proteins (e.g talin or 

tensin)302. 
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Another way to activate integrins is via cytoplasmic signals (inside-out activation). This 

requires the binding of talin to the cytoplasmic tail of the b-subunit. The mechanisms 

underlying this process are still unclear, some studies thought that in platelets, the activation 

of the small GTPase RAP1 was necessary for the targeting of talin from the cytoplasm to the 

membrane but the matter is still under debate303. 

 

Integrins can be endocytosed whether they are bound or not to their ligand and recycled 

through early endosomes where they can be addressed to lysosomes or recycled back to the 

membrane. It is to note that addressing integrins to lysosomes does not always result in their 

degradation, some can be retrogradely recycled back to the membrane304. Furthermore, 

integrins can still signal from the endosomes. 

 

Figure32: Life of an integrin, Kechagia et al., 2019. 
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In collagen-rich stroma, a2b1 and a3b1 integrins are able to bind collagen fibers which 

triggers the signal for A/B polarization. This leads to the activation of Rac1 and the deposition 

of laminin at the basal pole, involving IRSp53. Indeed, impairing this adaptor decreases cell-

ECM interactions and laminin deposition305,306. Moreover, FAK recruitment upon integrins 

activation leads to the p190-RhoGAP-mediated inactivation of RHOA at the basal pole. This 

reinforces Rac1 activity and thus cytoskeletal reorganization to form actin-rich protrusions, 

mediating adherence forces. Indeed, blocking b1 integrins or inhibiting Rac1 leads to the 

inversion of cysts polarity displaying their apical pole in contact with the ECM305,307. In the 

same way, enhancing contractility through RHOA/ROCK/myosin II leads to an inverted polarity 

topology308. A similar phenotype has been observed in ductal breast carcinomas309 and in 

mucinous colorectal cancer209. Whether polarity inversion was induced or occurring in vivo 

during tumorigenesis, cell-cell junctions and an asymmetrical distribution of polarity 

components were maintained, suggesting that A/B polarity establishment and orientation can 

use distinct and independent molecular mechanisms and that the latter mainly relies on ECM 

sensing. 

 

The activation of Rac1 also leads to the assembly of a basement membrane away from 

protrusions formation via IRSp53, thus determining a protrusive apical pole and laminin-rich 

basal pole. Interestingly, O’Brien et al. demonstrated that Rac1 is required for laminin 

assembly but not for its secretion305. Moreover, IRSp53 locally activates actin polymerization 

factors (e.g WAVE) leading to a basally-organized actin network306. 

 

 

 

 

 

 

 

 

 

 



 80 

3. Sorting and polarized trafficking of transmembrane polarity proteins 

As mentioned earlier, epithelial cells display a pronounced asymmetry through the A/B axis, 

giving rise to specific membrane domains both morphologically and functionally distinct. To 

ensure membrane identity, proteins need to be correctly sorted and addressed to the correct 

membrane compartment which relies on complex intracellular polarized trafficking routes, 

described by the following figure: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure33: Biosynthesis routes of polarity proteins, Rodriguez-Boulan et al., 2014. 

 

 

After biosynthesis at the endoplasmic reticulum (ER, not shown), apical proteins traffic from 

the Trans-Golgi network (TGN) directly towards the apical pole (1) or shuttle through the 

Apical recycling endosome (ARE, 2), the Apical sorting endosome (ASE, 3) or the Common 

recycling endosome (CRE, 4) to be modified before being delivered to the correct membrane 

domain. In the same fashion, basolateral proteins traffick either directly to the basal pole (5) 

or through the CRE (6) or the Basolateral sorting endosome (7)310. 
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Polarity protein endocytosis mainly involves clathrin-mediated endocytosis, especially for BL 

proteins. Clathrin-mediated endocytosis is a multistep process allowing the sorting and 

recycling of many membrane components through the transport of cargoes (composed of a 

transmembrane protein and its extracellular ligand) into the cytoplasmic compartment311. To 

date, four AP-complexes have been identified (AP-1 to 4) and localize to different cellular sites. 

The most studied variant of clathrin-associated AP-1 complex is AP-1B. Nevertheless, some 

studies have shown that BL protein sorting can be AP-independent and correct localization of 

proteins recognized through their dileucine motif are not impacted by AP-1B 

downregulation312. Moreover, not all A/B polarized cells express AP-1B, indicating the 

existence of other protein-sorting machineries. It is the case for E-cadherin and Na+/K+/ATPase 

which are recognized by ankyrins to traffic from the Golgi to the BL plasma membrane313. 

 

Opposed to basolateral components which are recognized via a cytoplasmic signal, apical 

sorting determinants can be localized at the transmembrane or the extracellular domains. The 

latter being the most studied, it seems to rely on N- and O-linked glycosylation of extracellular 

proteins314,315. This involves a family of sugar-binding proteins called galectins which cross-link 

proteins with carbohydrates to form glycans316. Indeed, depletion of galectin-3 mislocalized 

apical lipid-rafts to the basolateral pole317. Some apical proteins traffic through lipid rafts 

which are dynamic complexes of cholesterol, glycosphingolipids and proteins. They are 

recognized by clustering agents and are involved in the TGN318. The exact mechanisms leading 

to apical proteins sorting are not well described. It is thought that the BL sorting signals are 

“dominant”, meaning that if a protein presents both apical and BL targeting signals, it will 

traffic to the BL domain. Some BL proteins can traffic to the apical pole via transcytosis if the 

BL signal is inactivated.  

 

In epithelial cells, microtubules are bundled along A/B axis with the dynamic plus ends at the 

basal pole. They display motor proteins called kinesins which are small ATPases that bind 

vesicles and transport them along microtubules319,320. 
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After their correct targeting, polarity proteins-containing vesicles need to be tethered and 

then fused with the appropriate membrane domain. This is mainly under the control of the 

Rab family of small GTPases (as shown on Figure). In the case of A/B polarity, annexins can 

modulate vesicle docking, especially Annexin2, find in the PTEN/PIP2/Anx2/CDC42 axis, which 

is able to bind vesicles containing apical proteins and thus, be used as a scaffold for the correct 

localization of polarity proteins321. The fusion relies on the SNARE complex composed of 

vesicular-SNAREs (v-SNAREs) and target-SNAREs (t-SNAREs), which composition differs 

between the apical and the BL pole. Downregulation or mislocalization of SNAREs disrupt the 

correct delivery of A/B polarity proteins vesicles to the targeted membrane domain322. 

 

 

All the mechanisms listed above allow epithelial cells to generate specialized 

membrane and cytoplasmic domains, allowing them to ensure their functions 

within a tissue. This primary polarization of cells requires further maturation 

and stabilization of established structures, often referred to as A/B polarity 

maintenance. This process requires that the antagonism between all A/B 

polarity establishment actors (PIs, Rho GTPases and polarity complexes) 

remains unchanged so that they can be used as a scaffold for the recruitment 

of other components, reinforcing each membrane domain identity. 
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4. A/B polarity maintenance 

Maturation of cell-cell junctions 

As mentioned before, cell-cell junctions play a key role in A/B polarity. The assembly of AJs 

and TJs two complexes are highly interconnected since immature AJs are needed for TJs 

formation. Indeed, the initial contact between two neighboring cells relies on RAC1-mediated 

actin-based protrusions carrying E-cadherin, which will induce lamellipodia and filopodia 

formation through remodeling of the actin cytoskeleton. This demonstrates the close 

relationship between AJs and Rho GTPases that is needed for both establishment and 

maintenance of cell-cell contacts and thus A/B polarity (see Figure34). Moreover, proteins 

composing AJs and TJs (respectively nectin, E-cadherin and occludin, claudin, JAM) recruit and 

bind cytoplasmic proteins which form the cytoplasmic plaque and represent a link between 

junctional proteins and the actomyosin cytoskeleton, through actin-binding proteins or 

RhoGTPases family members and effectors237,249,251,323. 

 

 

 

 

 

 

 

 

 

 

Figure34: Actors of cell-cell junction maturation, Mack et al. 2014. 

 

ERM proteins 

Maintaining a link between the plasma membrane and the actin cytoskeleton is of major 

importance in preserving A/B polarity in epithelial cells. This is ensured by the ERM (Ezrin, 

radixin, moesin) protein family belonging to the band 4.1 superfamily. They all display a 

plasma membrane-binding domain at their amino-terminus called FERM (Four point one ERM) 

and a carboxy-terminal domain known as C-ERMAD (C-terminal ERM-association domain) 

which is known to bind the FERM domain or filamentous actin (F-actin). 
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Despite their very similar structures, ERM proteins have different distributions (ezrin is 

exclusively found in epithelial cells while moesin is expressed in endothelial cells) suggesting 

that they are needed for distinct cell mechanisms.  ERM are present in the cytoplasm in an 

inactivated conformation where the FERM domain and the C-ERMAD are bound. They are 

then recruited to the apical plasma membrane where they bind to PIP2 and are 

phosphorylated, thus decreasing the affinity between their two domains, enabling F-actin to 

bind to the C-ERMAD324.  

 

In intestinal epithelial cells, ezrin is the only ERM expressed and is concentrated along cell-cell 

contacts in the crypt and is apically relocalized during cell differentiation and migration 

towards the surface. Deletion of ezrin in the mouse intestinal epithelium leads to abnormal 

microvilli appearance, indicating its role in shaping this structure through its interaction with 

the actomyosin cytoskeleton. Furthermore, ezrin has also been described to bind other 

membrane receptors thus apically stabilizing them325.  

 

Overall, A/B polarity maintenance involves the continuous segregation of multiple cellular 

components, ensuring membrane integrity required for cells to function during their entire 

lifespan. However, since A/B polarity establishment was first studied in simple organisms 

(Drosophila and C. elegans) which seem to only require on the cooperation between PIs, 

RhoGTPases and polarity complexes, since downregulation of other polarity components does 

not impact membrane identity. 

 

Thus, one can wonder if the identification of a distinct step such as polarity maintenance is 

relevant, especially in mammals, based on the fact that it relies on maturation of already 

established structures and feedback loops to preserve the interaction of primary actors. What 

is described as polarity maintenance could be part of the polarity establishment process which 

would present a common set of early determinants between species. Moreover, it is possible 

that those processes were separated in order to simplify their understanding, but it is more 

likely that many steps are happening concomitantly. It is also important to note that first, 

much more is needed to totally apprehend the complexity of such events and second, that 

such further studies will require more physiological cellular models. 
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PhD AIMS 
 

Cancer cell dissemination has been extensively studied and whether it is based on single cells 

or collective strands, it always seems to rely on the activation of at least, a partial EMT. This 

leads to the loss of epithelial characteristics due to an increase in TGFb signaling. Mainly, 

epithelial cells lose their A/B polarity which is replaced by a front-rear one. Yet this conception 

is mostly gleaned from experimental model systems. 

 

Four years ago, I applied for a PhD in Fanny Jaulin’s lab because she was proposing a subject 

that was in line with my training and with what I was looking for in a PhD subject: it was a 

translational project combining a real fundamental investigation based on clinical 

observations, that implied modern technical approaches using 3D matrices, PDXs, mice 

models and patients’ samples. In line with the lab standpoint, I believe that the cooperation 

between researchers and clinicians is mandatory and both parties benefit greatly from one 

another. 

 

At the time I joined the team, we just discovered a new mode of CRC metastasis identified 

from explants retrieved from a cohort of 50 patients with metastatic colorectal cancer. This 

process relies on EMT-independent collective clusters of cancer cells called Tumor spheres 

with inverted polarity (TSIPs). Those spheres still express many epithelial markers (such as E-

cadherin or CD133) and conserve their A/B polarity throughout the metastatic cascade. We 

made the intriguing observation that, once embedded in 3D collagen-I gels, two thirds of 

patients’ spheres present an inverted polarity with an outward apical pole in contact with the 

ECM (called apical-out), while one third conserve a more conventional architecture with the 

relocalization of the apical pole away from the matrix by formation of a lumen (called apical-

in). 
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Identifying the ins and outs of this remarkable tumor intermediate would allow us to gain a 

better understanding of EMT-independent dissemination pathways and A/B polarity in cancer 

cells. My PhD project aimed at: 

 

(i) Deciphering the oncogenic molecular alterations allowing apical-out TSIPs to 

maintain their inverted polarity, even when surrounded by ECM, as such a topology was never 

described before.  

 

(ii) Determining how these alterations relate to the molecular and cellular mechanisms 

of apico-basolateral polarization in normal epithelial cells. 

 

(iii) Comparing the metastatic potential of TSIPs with the two polarity orientations. 

While in Zajac et al. we showed that apical-out TSIPs were able to initiate peritoneal metastatic 

in mice models, I wished to assess whether apical-in TSIPs were more or less invasive and 

whether this was a consequence of A/B polarity orientation.  

 

(iv) Finally, I wanted to go back to patients’ specimen to evaluate if TSIPs and their 

topology could be used as a clinical biomarker to improve patients’ care. Indeed, since they 

are involved in advanced stages, we could benefit from a better understanding of their clinical 

relevance. 
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PUBLICATIONS 

Organoids as preclinical models to improve intraperitoneal chemotherapy 

effectiveness for colorectal cancer patients with peritoneal metastases: Preclinical 

models to improve HIPEC. 

Treating CRC patients with peritoneal carcinomatosis (PC) is still challenging because of the 

widespread metastases in the abdomen, across the peritoneum. Systemic chemotherapies 

have proven limited efficacy due to the low concentration of the cytotoxic compound that 

reach the peritoneal cavity. There is a need for a relevant preclinical model, allowing us to 

study this poorly investigated condition and to translate preclinical data to patient. In Roy et 

al., we used organoids to develop a representative model of response to chemotherapy and 

to identify new therapeutic approaches for patients. 

 

In this paper, we first compare the chemotherapies used to treat PC across the world as there 

was no treatment consensus. We treated CRC organoids in vitro, in 3D collagen-I gels to 

determine their response to different molecules, used alone or in combination, and/or 

concentrations coinciding with patients’ data. HIPEC is a particular treatment in the way that 

the chemotherapeutic agent is heated up to 43°C during the 30-90 min incubation into the 

peritoneal cavity. Then, the chemotherapeutic bath is removed. My contribution to this paper 

relied on the demonstration that treating organoids with Oxaliplatin at 43°C was not more 

efficient on two out of three of our organoid models (Figure 4: only significative in one model 

(p<0.05)). These results indicate that heating chemotherapy might not be effective. Overall, 

we demonstrate that even for the most efficient treatment, 1 hour incubation is insufficient 

to kill all the cells of the organoids.  

 

Interestingly, I showed that by repeating treatment cycles (90min of Oxaliplatin every three 

days), I could demonstrate that this was sufficient to increase Oxaliplatin effects on two 

models with a high significance (Figure 6). Therefore, we proposed that PC patient could 

benefit from being treated by repetitive cycles of intraperitoneal chemotherapy. 
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Synopsis 

Organoids represent a relevant preclinical tool widely use to assess intravenous 

systemic chemotherapy efficiency in the context of personalized medicine. In this study, 

we use these “mini-organs” from colorectal carcinomas to identify the optimal cytotoxic-

based protocols for the contact chemotherapy administered intraperitoneally to 

patients with peritoneal metastases.   

 

Abstract 

Background: Peritoneal metastases (PM), corresponding to tumor implants into the 

peritoneal cavity, are associated with impaired prognosis and low responsiveness to 

systemic chemotherapy. A new therapeutic approach has dramatically changed the 

prognosis of patients with PM from colorectal cancer (CRC), consisting in the association 

of a complete cytoreductive surgery followed by intraperitoneal chemotherapy 

associated to hyperthermia (HIPEC). Many drugs have been administered 

intraperitoneally, but no clear consensus has been approved. Therefore, relevant 

preclinical models are essentials for the efficient translation of treatments option into 

affected patients. Method: Organoids, the last generation of preclinical models, were 

used to rationalize and improve intraperitoneal chemotherapy. We tested several 

cytotoxics, combination, effect of hyperthermia, exposure duration and frequency. 

Results: Organoids were a representative model of response to chemotherapies used 

for the treatment of PM from CRC; 460mg/m2 of oxaliplatin being the most efficient 

cytotoxic treatment. Repeated incubations with oxaliplatin; mimicking cycles of 

intraperitoneal treatment, resulted in an increased efficacy. Conclusion & Discussion: 

Organoids are relevant models to study the chemosensitivity of peritoneal metastases 

from CRCs. These models could be used for large scale drug screening strategies or 

personalized medicine, for colorectal carcinoma but also for PM from other origins.  

 

Keywords 

Peritoneal carcinomatosis 

Colorectal carcinoma 

Organoids 

Preclinical 

HIPEC 
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Introduction  

Relevant preclinical models are essentials for the efficient translation of 

treatments option into affected patients. Cancer cells lines and mice xenograft have 

proven to be valuable in anti-cancer drug discovery, but they both comprise caveats. A 

third generation of preclinical models, named organoids, holds great appeal.  Organoids 

grow ex vivo from normal or cancer stem cells in tridimensional matrices based-gels to 

develop into fully differentiated “mini-organs” recapitulating the architecture and 

function of mature normal or pathological organs1-3. This technology is already applied 

to the personalized treatment of patients with cystic fibrosis and proof-of-concept have 

been made for gene therapy and regenerative medicine4-6. As organoids generated from 

primary cancer explants represent inter and intra-tumour heterogeneity, they show 

great promises for translational research and clinical applications 7,8. To date, all studies 

use organoids to investigate the effect of systemic chemotherapy delivered 

intravenously. In this study, we used organoids generated from colorectal carcinomas to 

identify optimal cytotoxic-based protocols for the contact chemotherapy administered 

intraperitoneally to patients with peritoneal metastases.    

Peritoneal metastases (PM) correspond to the tumour implants into the 

peritoneal cavity from different solid organs, mostly from colorectal, gastric and ovarian 

carcinomas. The diagnosis of PM represent in most of cases a fatal issue and treatment 

based on systemic chemotherapy still offers poor survival9. Since nearly three decades, a 

new therapeutic approach has dramatically changed the prognosis of patients with PM 

from colorectal cancers and from primary peritoneal malignancies (i.e. pseudomyxoma 

and mesothelioma)10-12. This treatment consists in the association of a complete 

cytoreductive surgery (CRS) of all the visible peritoneal implants (maximum residual 

tumour size of 1 mm), followed by intraperitoneal chemotherapy associated to 

hyperthermia (HIPEC) to treat the remaining non visible tumour implants. Direct 

intraperitoneal chemotherapy allows to higher local concentration, increases local 

biodisponibility, with the aim of improving the effect of the cytotoxic drugs.  Beside CRS 

and HIPEC, local administration of chemotherapy has also been used either in patients 

with unresectable PM to enhance the response to chemotherapy by the local effect13-16, 

or after surgical resection of PM, in the adjuvant setting17, 48 
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Pharmacokinetics studies have been performed to determine the peritoneal and 

plasmatic concentrations of the cytotoxic administered directly into the peritoneum 

aiming to define the optimal cytotoxic and its optimal dosing. Indeed, the behavior of a 

drug administered into the peritoneal cavity is conveniently described by a two-

compartment model: the first compartment represents the peritoneal cavity and the 

second is characterized by the central and peripheral compartments including the other 

tissues of the body that are in direct contact with the bloodstream. The intraperitoneal 

concentration of the cytotoxic can be defined as:  

 

C peritoneum = (plasma clearance)+ (cavity clearance) 

   C plasma  (cavity clearance) 

 

Pharmacokinetic studies have shown that intravenous injections of 5-Fluorouracyl (5-

FU) lead to a peritoneal concentration 100 fold lower than that obtained after direct 

intraperitoneal (IP) administration of 5-FU18,19. These results have been confirmed with 

Irinotecan and Mitomycin-C. However, since the introduction of this new approach, 

many drugs, at different concentrations and in diverse combination have been described 

worldwide; but actually, no clear consensus has been approved20-24. Therefore, the 

definition of the optimal cytotoxic drug, dosing, and administration route are still 

required.  

 

Material and Methods  

Organoids retrieval and preparation from Patient-Derived Xenograft: Four human 

colorectal tumour (IC-OO10P (CRC 1), IGR-0012P (CRC 2), LRB-0008M (CRC 3), IRG-

0014P (CRC 4)) from the CReMEC tumour collection were maintained in 

immunocompromised mice as previously described by Julien et al.21. Briefly, small 

tumour fragments were subcutaneously engrafted on the flank of anesthetized mice 

(2.5% isoflurane). Tumour growth was measured at least once a week. When the volume 

reach 1500 mm3, mice were sacrificed and tumour were used for ex vivo experiments 

and 50mm3 fragments engrafted on the flank of new mice (up to 10 passages). 

Organoids were prepared according to Sato et al2 and adapted for muco-secreting 

tumours as follows: tumours between 1000-1500 mm3 were retrieved from the mice, 

minced into small fragments using a sterile scalpel and were incubated for 1h30 (45min 
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for 10P) at 37°C in a final volume of 5 ml of culture medium (DMEM) without fœtal 

bovin serum (FBS) and with 2 mg/ml collagenase IV (Sigma, C2139). The samples were 

then mixed with 20 ml of DMEM and filtered on 100 Ɋm mesh size cell strainers 

(EASYstrainer, 542000). Digested tumour clusters were pelleted in by 4 pulse-

centrifugations at 1500 rpm. The tumour fragments, free of single cells, were maintained 

3 days in ultra-low attachment plates  (Corning, CLS3471) in culture medium for PDX 

CRC2 and 3 or in Matrigel 3mg/mL (BD, 354230) 15% for PDX CRC1 and CRC4.  

 

Organoids invasion in Collagen-I : 

Rat-tail Collagen-I (Corning, 354236) was neutralized with 1.0 M NaOH and 10x MEM 

(Life Technologies, 21430-02) according to the ratio: 1.0:0.032:0.1 (vol/vol). The 

concentration was then adjusted at 1,3-2 mg/ml with DMEM 1X and the collagen is 

incubated on ice for 1-1h15. Organoids embedded in neutralized Collagen-I were added 

on the pre-coated well at an average concentration of 10 organoids per microliter 

(NUNC 24-well chamber or Ibidi 8-well chamber). The gel was allowed to polymerize for 

45 min at 37°C. Organoids were then cultured in culture medium supplemented with 

FBS 10 % and with or without cytotoxic drugs for different time point. 

 

Cytotoxic drugs: 

Cytotoxics were selected for their common use in PC treatment: Mitomycin-C KIOWA 

10mg (Prostrakan, United Kingdom), 5-Fluorouracil (5-FU) 50mg/mL (Accord 

Healthcare, France), Oxaliplatin 5mg/mL (Accord Healthcare), Irinotecan 20mg/mL 

(Hospira, France) and Doxorubicin 200mg/100mL (TEVA), Paclitaxel 6mg/mL(KABI). 

Five cytotoxic mixtures were studied with a 2L/m2 ceiling. Solvant was NaCl 0,9% 

(Fresenius): 

Ȉ Triplet: 5-FU 400mg/m2 (200mg/L) + Oxaliplatin 300mg/m2 (150mg/L) + 

Mitomycin-C 15mg/m2 (7,5mg/L) 

Ȉ HIPEC: 5-FU 400mg/m2 (2mg/L)18+ Oxaliplatin 300mg/m2 (150mg/L) + 

Irinotecan 200mg/m2 (100mg/L) 

Ȉ Doxorubicin: 5-FU 400mg/m2 (2mg/L)18+ Doxorubicin 40mg/m2 (20mg/L) 

Ȉ Mitomycin: Mitomycin-C 35mg/m2 (17,5mg/L) 

Ȉ Doxorubicin + Mitomycin: 5-FU 400mg/m2 (2mg/L)18 + Doxorubicin 15mg/m2 

(7,5mg/L) + Mitomycin-C 15mg/m2 (7,5mg/L) 
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Cytotoxics were incubated during 30/60/90min at 37°C or 43°C and after a briefly wash 

out with DMEM continuing incubation for 48h with DMEM culture medium+FBS+PS.  

 

Chemosensitivity assay: 

Immunofluorescence: Samples were washed twice in PBS supplemented with calcium 

(0.1mM) and magnesium (1mM) and fixed in PFA 4% for 45min (organoids, 

peritoneum). Permeabilization was performed in PBS supplemented with 0.5% 

Triton(x100) during 45min. Primary antibodies were incubated overnight at 4°C at the 

dilutions listed below in antibody dilutent, PBS with 10% serum supplemented by 0.1% 

Triton(x100). Secondary antibodies (CyTM3-conjugated or Fluorescein (FITC) 

conjugated anti-Mouse or anti-Rabbit, Alexa Fluor 488 anti-rabbit 1:100, Jackson 

ImmunoResearch) and DAPI (1 Ɋg/ml) were incubated 2h at room temperature. 

Antibodies: The following primary antibodies were used at the indicated dilutions: 

cleaved caspase 3 (1:100, Cell signalling, 9661), alexafluor 647 phalloidin (1:200, Life 

Technologies, A22287). 

Luminescence: The reagent used to analysed cell viability was CelltitlerGlow (Promega). 

Samples were prepared by pipetting with a 1000mL cone to dissociate Collagen-I and 

release organoids in culture medium. CelltitlerGlow was added v/v to the culture 

medium. After manual marked plate shaking, mixture was leaved at room temperature 

during 30 minutes. Quantification was carried out with a Fluostar Optima luminometer. 

Survival was proportional to the luminescence signal. 

 

Microscopy, images traitement and analyses: 

Images were acquired using a SpinningDisk CSU-W1 (Yokogawa) with a ZylasCMOC 

camera piloted with an Olympus X83. Organoids survival was quantified with a < alive 

cells/total cells> ratio. Images for display were processed using ImageJ, Imaris or 

Metamorph softwares. 

 

Platinum Determination 

Platinum levels in organoids lysates were measured by a fully validated atomic 

absorption spectrophotometric method, on a PinAAcle 900Z spectrophotometer (Perkin 

Elmer, MA, USA). Briefly, 48h after Oxaliplatin treatment (460 mg/m2) at 37°C or 43°, 

organoids were lysed using the CellTiter-Glo® kit (Promega, WI, USA). Untreated 
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organoids were used as controls. Lysats were centrifuged and stored at -20°C prior 

analysis.  

 

Statistical Analyses: 

All errors indicated in the text are SEM for quantitative values or error margin for 

percentages. Non-parametric, unpaired t-test and Mann-Whitney tests were performed 

to determine whether the difference between two groups was significantly different in 

their mean value using Prism 6.  

 

Results 

Assessing CRC cell viability using ATP-bioluminescence 

We prepared organoids from patient-derived-xenografts (PDX) established from CRC 

tumours25 as previously described3.  In order to assess the chemosensitivity of CRC 

organoids to cytotoxic drugs, we opted for an ATP-bioluminescence assay7. Organoids 

were treated with 35mg/m2 of Mitomycin-C (Mito-C), 4 or 400mg/m2 of 5-Fluorouracil 

(5-FU) for 72 hours. The number of viable cells was measured by quantifying the level of 

ATP for each treatment and normalized to control conditions. Exposure to 

intraperitoneal concentration of Mito-C (35mg/m2) and 5-FU (400mg/m2), decreased 

ATP-bioluminescence by 80% and 60%, respectively (Fig.1A). In order to confirm that 

decreased ATP-bioluminescence was reflecting increased cell death, we stained control 

and treated organoids using immunofluorescence. Confocal microscopy revealed that, in 

control conditions, organoids were almost exclusively formed by live cells (Fig. 1B, left 

panel). In contrast, exposure to 35mg/m2 Mito-C and 400mg/m2 5-FU significantly 

decreased the number of viable cells detected by DAPI staining (Fig. 1B for 

immunostaining and 1C for quantification). The appearance of cleaved-caspase 3 (CC3) 

staining demonstrated that cell death induced by Mito-C and 5-FU was mainly attributed 

to apoptosis (Fig. 1B). 

Therefore, the microscopy approach confirmed that CRC organoids are sensitive to 

cytotoxics and that ATP-bioluminescence is a robust and efficient assay to measure their 

chemosensitivity.  

 

CRC organoids viability according to 5-FU concentrations 
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CRC patients with PM can either be treated by systemic chemotherapy or direct 

incubation of cytotoxics into the peritoneal cavity, such as during HIPEC12,26. 

Pharmacokinetic studies have shown that the intraperitoneal (IP) concentration of 5-FU 

was about 100 times lower after intravenous injection when compared with direct IP 

administration18,19. While 400 mg/m2 of 5-FU significantly diminished cell viability, 

reducing its concentration to 4 mg/m2 had no significant effect on organoids viability 

(Fig. 1A). These results were confirmed by immunofluorescence since we could not 

detect any significant cleaved caspase-3 staining in organoids treated with 4 mg/m2 of 

5-FU (Fig. 1B). These results show that our assay sensitivity is optimal to detect 

different tumour cell response to cytotoxic drugs. Second, this confirm that the lower 

access of the peritoneal cavity by the cytotoxic drug injected intravenously seriously 

compromises drugs cytotoxic effect, highlighting the pharmacological benefit of the IP 

route of administration.  

 

Organoids viability according to the duration of exposure 

We next compared the effect of the cytotoxic drugs after different times of exposure 

according to the protocols commonly used during HIPEC21,27-29. We used 35 mg/m2 of 

Mito-C for 30, 60 and 90 min and assessed cell viability after 2 days (Fig. 2A). In order to 

assess the robustness of incubation time variation on different genetic background, we 

performed these tests on organoids generated from four independent CRC Patient-

derived xenografts (PDXs) (CRC-1 to 4, Fig. 2B). After incubating Mito-C during 30 min, 

organoids viability was not significantly different than controls for CRC1 and CRC3 while 

it was decreased to 71% and 59% in CRC2 and CRC4, respectively (Fig. 2C, 2D, 2E and 

2F). In these latest models, increasing Mito-C incubation to 60 and 90 min only mildly 

decreased cell viability (Fig. 2D and 2F) while these durations yielded significant death 

when compared to 30 min in CRC1 and CRC3 organoids, killing 50% to 63% of tumour 

cells at 90 min. (Fig.2C and 2E). In all models, we did not detect any significant 

differences between 60 and 90 min incubation time (Fig. 2C, 2D, 2E and 2F). 

Together these experiments demonstrate that, 60 or 90 min treatment with 35 mg/m2 

of Mito-C are consistently efficient, independently of CRC genetic background while 

reducing incubation time to 30 min only trigger cell death in certain CRCs, but not 

others. Yet, in all models, 36% to 60% of CRC cells remained viable after 90 min of 35 

mg/m2 of Mito-C (Fig. 2C, 2D, 2E and 2F).  
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Organoids viability according to the use of common cytotoxic agents   

We then thought to use our assay to compare the efficiency of the drugs commonly 

administered to CRC patients with peritoneal metastases during HIPEC (see table for 

references, Fig. 3A).  Organoids were incubated with different cytotoxics for 90 min and 

viability was assessed after 48 hours. CRC1 and CRC4 were globally more sensitive to 

the mentioned drugs than CRC2 and CRC3. In CRC1 and CRC4, the cell viability was 

reduced by more than 50% and up to 19% with limited variability among the different 

treatments (Fig. 3A for drugs and concentration and Fig.3B and 3E for the response). In 

contrast, the treatment by 5-FU4/Dox15/Mito15 had no significant effect on CRC2 and 

CRC3. In addition, Mito35 and 5-FU4/Dox40 had only limited cytotoxicity on these 

organoids, killing less than half of the CRC cells (Fig.3C and 3D). However, Oxaliplatin 

(Oxali) treatment (alone or in combination with 5-FU and Irinotecan) was at least as 

efficient in CRC2 and CRC3 than for CRC1 and CRC4, reducing cell viability by at least 2-

fold and up to 8% (Fig.3C and 3D). Except for CRC4, we did not detect any significant 

difference between exposure to Oxali at the dose of 460mg/m2 and the combination of 

Oxali at 300mg/m2 with 5-FU and Irinotecan (5FU4/Ox300/Iri200, see Fig. 3B, 3C, 3D 

and 3E). Together, these results demonstrate that organoids sensitivity to cytotoxic 

agents varies among tumours and that Oxaliplatin, alone or in combination, has a 

broader cytotoxic action than other drugs, independently of the molecular background 

of the tumour. 

 

Organoids viability according to the degree of hyperthermia  

During HIPEC, the cytotoxics are incubated in a bath warmed-up to 41-43°C, a 

procedure supposed to increase cytotoxicity on classical 2D cell-lines cultures and in 

patients30-32. We therefore examined whether rising temperature during drug 

incubation could be more efficient and eradicate CRC organoids. We compared the 

viability of organoids exposed, or not, with Oxali 460mg/m2 at 37°C and 43 °C. 

Increasing the temperature to 43°C did not significantly increased the cytotoxicity of 

Oxaliplatin CRC3 and CRC4 (Fig. 4B and 4C). However, CRC1 showed decreased 

chemoresistance when Oxali was heated to 43°C, yet, it did not completely kill the 

organoids either (Fig. 4A). Then we investigated if this difference of chemoresistance 

could be explained by platinum accumulation in organoids, measuring platinum in CRC1 
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and CRC3 after 48h at 37°C and 43°C. Platinum concentrations were significantly higher 

in CRC3 at 43°C compared to 37°C but no difference was observed for CRC1 (Fig. 4B).  

 

Testing new combinations of cytotoxic agents 

As none of the current cytotoxic treatments used during HIPEC completely killed 

organoids, we decided to investigate their response to alternative drug combinations. 

We thought to combine Oxali, the most powerful cytotoxic in our assay (Fig.3) and in 

CRC patients (recommended by the NCCN guidelines) with other drugs to identify 

synergistic associations. As recently proposed19, we tested the combination of Oxali, 

Mito-C and 5-FU but we enhanced the doses at 300mg/m2 of Oxali, 15mg/m2 of Mito-C 

and 400mg/m2 of 5-FU ȋthat we named “triplet”Ȍ. As a control, we also exposed 

organoids to each drug separately. The triplet strongly reduced all organoids viability 

and down to only 7% in CRC3. However, the triplet was not significantly more efficient 

than the treatment by Oxali alone at the dose of 460mg/m2 (Fig. 5A, 5B, 5C and 5D). 

Then, we thought to combine the maximum concentration of Oxali with Mito-C at either 

15 or 35mg/m2. We could only detect mild variations and no significant added value of 

these combinations in all models (Fig. 5A, 5B, 5C and 5D). 

In sum, these data show that the most powerful cytotoxic drug to decrease the rate of 

viable cells in CRC organoids is the Oxaliplatin at a dose of 460 mg/m² after 60 min 

exposure. Combinations to others cytotoxics doesn’t seem to improve these results. 

 

Repeated cycles of oxaliplatin exposure achieve the best cytotoxic effect 

Finally, we used organoids to evaluate the efficiency of repeated IP administration of 

chemotherapy, as described in patients with unresectable peritoneal disease, or in an 

adjuvant setting after optimal surgical debulking. We choose to test repeated contact 

chemotherapy with Oxali as it was the most efficient cytotoxic in our preliminary 

results.  Treating organoids made from CRC3 with repeated cycles of 90 min of Oxali 460 

mg/m² every 3 days for 9 days maintained a selective pressure constraining tumour cell 

number to less than 5% of the initial tumour cell mass over extended period of time  

(Fig. 6A and 6C). In addition, treating organoids made from CRC4 and CRC2, less 

sensitive to Oxali, not only restrained regrowth from viable cells, but also improved the 

tumour cell reduction rates at each exposure. After only three cures, the protocol 

increased cell death induced by Oxali treatment by 1,6 and 3-fold in CRC2 and CRC4, 
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respectively (Fig. 6B and 6D). Using this approach we could obtain a much better control 

of the disease and attractively, in neo-adjuvant settings, induce a sufficient response, 

which could allow performing complete cytoreductive surgery.  

 

Discussion  

The use of cancer cell lines and murine models to improve the chemotherapeutic 

treatment of peritoneal carcinomatosis has so far been limited for several reasons. First, 

mice models of peritoneal carcinomatosis have been described in the literature33. 

However, in these small animals the low abdominal volume and the high peritoneal 

absorption, combined with the rapid tumour growth, weight loss, ascites formation and 

death are not representative of the human pathology. Larger animals, such as rabbits, 

seem to be more adequate models and present the advantage of being compatible with 

complete cytoreductive surgery like the one performed in humans before HIPEC; but 

animal care facilities handling such animals are rare34. Second, cancer cell lines cultured 

in conventional 2D conditions do not recapitulate the tridimensional (3D) architecture 

of the metastatic nodules, favouring drug penetration but probably failing to predict 

effective doses and chemoresistance in vivo. Indeed, in our study, the tridimensional 

organization of organoids has proven to be crucial to reveal that conventional drug 

posology rarely kills the entire tumour structure; an inner cancer cell core often remains 

viable, potentially initiating recurrent growth after treatment. As an example, exposing 

organoids to 400mg/m2 of 5-FU (corresponding to 200mg/L) for 90 min only kills 

between 15% and 37% of CRC cells (Fig. 5). In contrast, using conventional CRC cell 

lines, Shimizu et al. showed up to 90% of CRC reduction rate, a stronger effect that is 

very likely favored by the monolayer organization of the cancer cells, but not 

representative of the tumour architecture and response19.  

Organoids have been used to identify new agents for the systemic chemotherapy of 

primary cancers7,8. However, for the first time, we investigated their relevance in the 

study of contact chemotherapies, when the cytotoxics are directly delivered to the 

metastases and their microenvironment, such as in the case of peritoneal malignancies. 

Likely because there is an immediate correlation between the administration and 

effective concentration, we validated the use of organoids as a relevant preclinical model 

to rationalize the treatment of CRC patients with PM. Moreover, using ATP-

bioluminescence as a read-out for cancer cell viability we could extend our approach to 
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medium and large-scale screening strategies. These could be used to identify new 
compounds in the treatment of peritoneal metastases but also to tailor chemotherapy in 
the context of personalized medicine. 
 
Currently, two chemotherapy protocols are mainly used intraperitoneally during HIPEC: 
Oxaliplatin or Mitomycin-C. However, many variations exist between the teams and 
there is no real consensus as to the dose to be used, the duration of HIPEC, the 
temperature or the modalities (closed- versus open-abdomen). It seems impossible to be 
able to compare the different modalities integrating all possible variables in randomized 
phase 3 trials. Therefore, the use of pre-clinical models to determine the most effective 
protocol is of great help. Oxaliplatin appears to be the most effective drug, irrespective 
of the duration of exposure, which must exceed 30 min, and regardless of temperature. 
Combination with other cytotoxics does not appear to improve cytotoxicity. These 
results should be confirmed on a larger number of organoid models; however, the use of 
Oxaliplatin at a dose of 460 mg / m² could be the "standard" protocol of HIPEC open-
abdomen done in patients with colorectal PM35. Organoids could also be used to test 
individual chemosensitivity to different cytotoxic. It could also be proposed to perform a 
laparoscopy in patients who are candidates for a complete cytoreductive surgery 
followed by HIPEC36,37, in order to ensure the resectability of the disease, and to perform 
biopsies of peritoneal tumour nodules, and then test their chemosensitivity to different 
drugs, and determine within less than two weeks, the cytotoxic to use, as proposed  for 
gastric cancers by Hultman et al.38.  
This technique for assessing organoids chemosensitivity could also be used in patients 
with peritoneal recurrence after a first HIPEC. Indeed, an iterative HIPEC is more and 
more proposed in case of isolated peritoneal recurrence, accessible to a new complete 
cytoreductive surgery, in selected patients39-43. However, should the peritoneal relapse 
be considered as a failure of HIPEC, of the technique, or as a chemoresistance to the 
cytotoxic used during the first HIPEC. It would therefore be extremely interesting to test 
the chemosensitivity to different cytotoxics before programming a new HIPEC under 
these circumstances. 
 
Conclusions 
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We demonstrated that repeated contact chemotherapy allowed to maintain a low rate of 

viable cells. These results are in accordance with the use of repeated intraperitoneal 

chemotherapy cycles in patients with unresectable peritoneal disease We opted for 

repeated cycles of platinum derived drug exposure, not heated, as done in patients 

mostly from ovarian and gastric carcinomas44-46. Using this approach we could obtain a 

much better control of the disease and attractively, in neo-adjuvant settings, induce a 

sufficient response, which could allow performing complete cytoreductive surgery. This 

approach is also in accordance with the survival benefit reported with the 

administration of intraperitoneal chemotherapy after optimal debulking for patients 

with ovarian carcinoma47.  

 

Acknowledgments 

 

We thank the members of the Jaulin lab and Departments of Surgical and medical 

Oncology for discussion; Joel Raingeaud and Fotine Libanje for critical reading of the 

manuscript. This work was supported by the Gustave Roussy fund raising on colorectal 

cancer (Roulons pour le colon/mars bleu) and the ATIP-AVENIR program.  

 

 

  



 102 

 
 

 

 

 

 

 

 

 



 103 

 

 

 

  

 20 

47. Jaaback K, Johnson N, Lawrie TA. Intraperitoneal chemotherapy for the initial 

management of primary epithelial ovarian cancer. Cochrane Database Syst Rev 

2016; CD005340.  

48.     Morgan RJ Jr, Armstrong DK, Alvarez RD, et al. Ovarian Cancer, Version 1.2016, 

NCCN Clinical Practice Guidelines in Oncology. J Natl Compr Canc Netw. 2016;14: 

1134-1163.  

  



 104 

 
 

 

 21 

 

Figure Legends 

 
Figure 1 

ATP-bioluminescence is a robust and efficient assay to measure the 

chemosensitivity of CRC organoids 

Drug response of patient-derived CRC organoids after a 72h exposure to 35mg/m2 of 

Mito (Mitomycin-C), 400 or 4 mg/m2 of 5-FU (5-Fluoruracil). The CRC cell viability in 

organoids was measured with ATP-LUM (A) or immunofluorescence (B, C) assays. 

(A) The ATP-LUM assay consists in measuring the ATP rate which is proportional to the 

number of viable cells. The signal is normalized to control condition and organoid 

number in each well. 
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(B) For the immunofluorescence assay, we fixed organoids and stained using DAPI 

(blue), Cleaved-Caspase-3 (green) and Phalloidin (red). Using confocal microscopy, we 

acquired Z-stacks and displayed one representative median section. Scale bar = 50μm. 

(C) The number of dead cells (labelled by cleaved caspase-3) and live cells (positive for 

DAPI only) per organoid was counted using software assisted annotation, then, the ratio 

viable cells / total cells was calculated.  

For each conditions, data are displayed as the average from at least n=3 experiments, 

error bar represent SEM and P-values were calculated using unpaired T-test (**p<0.01, 

*p<0.05) 
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Figure 2 

Kinetic study of contact chemotherapy using IP concentration of Mitomycin-C 
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(A) Schematic representation of the experimental strategy: Organoids were incubated 

with Mitomycin-C at 35mg/m2 during 30, 60 and 90 min. Then, the drug was washed-

out and the organoids viability was assessed after 48 hours. 

(B) Molecular profiles of the four CRC patient-derived-xenografts used to produce 

organoids. 

(C-F) Cell viability was measured using the ATP-LUM assay for organoids made from 

CRC1-4. Luminescence signal is normalized to control conditions and organoids number 

in each well. For each conditions, data are displayed as the average from at least n=3 

experiments, error bar represent SEM and P-values were calculated using unpaired T-

test (****p<0.0001, ***p<0.001, **p<0.01, *p<0,05) 
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Figure 3 

Efficiency of conventional cytotoxics used for HIPEC on CRC organoids 
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(A) Summary table of cytotoxics concentrations and combinations commonly used 

during HIPEC with their references in the literature. 

(B-E) Organoids were generated from CRC1-4. CRC cell viability was assessed by ATP-

LUM after 90min incubation with cytotoxics (mg/m2, fully described in table A) 

followed by 48 hours incubation in normal media. The luminescence signal was 

normalized to control condition and the number of organoids in each well. For each 

conditions, data are displayed as the average from at least n=3 experiments, error bar 

represent SEM and P-values were calculated using unpaired T-test (****p<0.0001, 

***p<0.001, **p<0.01). 
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Figure 4 
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Mimicking HIPEC by increasing temperature during oxaliplatin incubation does not 

significantly increase CRC organoids death. 

(A-C) Cell viability analysis by ATP-LUM after 90 min incubation at 37°C or 43°C with 

oxaliplatin 460mg/m2 on organoids made from CRC1 (A), CRC2 (B) and CRC4 (C). The 

luminescence signal was normalized to control condition and the number of organoids 

in each well. For each conditions, data are displayed as the average from n=3 

experiments, error bar represent SEM and P-values were calculated using unpaired T-

test (*p<0,05). 

(D-E) Platinum determination in organoids incubated at 37°C and 43°C. Ox : Oxaliplatin 

(460 mg/m2), Control : untreated. For each conditions, data are displayed as the 

average from at least n=3 experiments, error bar represent SEM and P-values were 

calculated using Mann-Whitney test  (*p<0.05). 
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Figure 5 

Combining cytotoxics is not more efficient at inducing CRC organoids death than 

oxaliplatin 460mg/m2 alone 

Organoids made from CRC1 (A), CRC2 (B), CRC3 (C) and CRC4 (D) were incubated for 90 

min with the following drugs, alone or in combination: Oxali 300 or 460mg/m2, Mito-C 

35 and 15mg/m2, 5-FU 400mg/m2. Cell viability was assessed using ATP-LUM after 48 

hours at 37°C. The luminescence signal was normalized to control condition and the 

number of organoids in each well. For each conditions, data are displayed as the average 

from at least n=3 experiments, error bar represent SEM and P-values were calculated 

using unpaired T-test (****p<0.0001, ***p<0.001, **p<0.01, * p<0.05). 
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Figure 6 
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Repeated cycles of oxaliplatin is the most efficient protocol to reduce CRC organoid 

viability. 

(A) Schematic representation of the experimental strategy for organoids repeated 

exposure to 460mg/m2 of Oxaliplatin during 90 min at 37°C. 

(B-D) the viability of organoids made from CRC2-4 was assessed by ATP-Lum after 8 

days in culture (submitted to 1 (C1), 2 (C2) or 3 (C3) cures of Oxaliplatin 460mg/m2.  

The luminescence signal was normalized to control condition and the number of 

organoids in each well. For each conditions, data are displayed as the average from at 

least n=3 experiments, error bar represent SEM and P-values were calculated using 

unpaired T-test (****p<0.0001, ***p<0.001, **p<0.01, * p<0.05). 

 

 

 

 

 

 



 115 

Tumor spheres with inverted polarity drive the formation of peritoneal metastases in 

patients with hypermethylated colorectal carcinomas 

In the article by Zajac et al. we published the first evidence of collective cancer dissemination 

maintaining epithelial features and presenting and inverted A/B polarity. Through the 

collection of primary explants, we showed that the tumor intermediates in poor prognosis 

CRCs  display a robust epithelial organization with the expression of cell-cell junction proteins 

(such as E-cadherin and ß-catenin) and basolateral markers (such as Scribble, ß1-integrins and 

EpCam) on internal cell membranes. At the spheres’ periphery, we were able to observe the 

expression of many apical proteins like ezrin, villin, NHERF1 or CD133. This was confirmed by 

electron microscopy allowing us to confirm this inverted polarity with the presence of 

microvilli on the outward pole of spheres. 

 

TSIPs are found in CRC patients with histotypes of poor prognosis such as micropapillary, 

cribriform or mucinous (MUC). These cancers emerge from the serrated carcinogenic 

pathway. TSIPs arise from the saw-tooth pattern associated with these cancers by a dynamic 

process that has been named endophytic growth. Groups of tumor cells detach from the 

serrated lesions towards the lumen, thus generating spheres with an inverted A/B polarity. 

We also demonstrated that MUC CRC patients display a downregulation in TGFß signaling 

pathway, both in the canonical and non-canonical pathways, which promotes TSIPs formation 

in an in vitro model of endophytic growth. TGFß also has an effect on TSIPs polarity. Indeed, 

in this paper I was able to demonstrate that stimulating TSIPs with TGFb is sufficient to disrupt 

their apical-out polarity in 3D collagen-I gels. Using shRNA, I established that this was relying 

on the TGFb non-canonical pathway through ParD6 (Figure 6a), which has been described to 

play a role in contractility through the inhibition of ROCK. 

 

Finally, we could demonstrate that the apical-out topology is maintained throughout the 

metastatic cascade. Indeed, apical-out TSIPs have been found in primary tumors, peritoneal 

effusions as well as in distant metastases. By putting TSIPs on top of peritoneum explants from 

the same patient, we could show that spheres invade the explant without changing their 

topology. 
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Furthermore, by injecting PDXs spheres into the peritoneal cavity of mice, we could observe 

that TSIPs are also able to form metastases and that their inverted topology is conserved. 

 

Altogether, by studying patients’ samples of metastatic CRCs, we have identified a new 

tumoral intermediate which relies on a collective organization with a strong epithelial 

signature and an inverted /AB polarity.  
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As a critical step in cancer progression, and a challenge to 
patient treatment, tumour cell dissemination has been the 
subject of intense investigations. It is commonly assumed 

that the progression and dissemination of carcinomas are associ-
ated with the loss of epithelial architecture and apico–basolateral 
polarity1–3 as an epithelial-to-mesenchymal (EMT) programme is 
activated and undifferentiated single tumour cells escape from the 
primary tumour4,5. To reach secondary sites, these single cells use 
two distinct mechanisms: a traction-based mesenchymal migration 
that requires actin-rich protrusions and adhesion to the extracellu-
lar matrix (ECM), or a propulsive amoeboid locomotion that relies 
on the peripheral contractility of the actomyosin cortex to squeeze 
between ECM fibres6–8. Nevertheless, the metastatic dissemina-
tion of carcinomas can occur without activation of the EMT pro-
gramme9,10, and it has been proposed that collective migration could 
contribute to cancer spread6, 11,12. Similar to the collective move-
ments orchestrating embryonic development, leader cells sense and 
adhere to their environment to exert the dragging forces pulling the 
rest of the cohort13,14. However, the knowledge we have on cancer 
cell dissemination essentially comes from experimental model sys-
tems, in vitro and in animals, and the mechanisms underlying the 
metastatic spread in patients are under-investigated. The respective 
contribution of tumour cell collectives and individual cells remains 
unclear, and whether cancers can use specific strategies to dissemi-
nate in the body has never been addressed.

Here, we explored colorectal carcinoma (CRC) dissemina-
tion to the peritoneum (peritoneal carcinomatosis). CRCs, the 

second-leading cause of cancer related-death, evolve through dis-
tinct genetic and epigenetic pathways. The majority of CRCs arise 
through the chromosomal instability pathway, which is initiated by 
adenomatous polyposis coli (APC) loss of function15,16. However, 
cancers with poor prognosis mainly originate from the CpG island 
methylator phenotype (CIMP) group of CRCs17–20. About 10% of 
these hypermethylated tumours evolve toward microsatellite insta-
bility (MSI-high), whereas most of them remain microsatellite 
stable (MSS) or display an intermediate phenotype (MSI-low)21–23. 
CIMP cancers develop from serrated polyps and progress toward 
specific histological subtypes of CRCs with dismal outcome (muci-
nous (MUC), micropapillary and cribriform)24,25. CRCs metas-
tasize to the liver, the lung and the peritoneum, which is a serous 
membrane lining the abdominal organs26,27. Tumour cells reach the 
peritoneal cavity by full-thickness invasion of the digestive wall or 
via systemic circulation. They then attach to the peritoneum and 
invade through the connective tissue, producing dozens of meta-
static nodules, which substantially worsen patient outcome28,29. To 
date, the molecular and cellular mechanisms underlying CRC meta-
static seeding of the peritoneum are unknown.

In this systematic prospective study, we applied cell biol-
ogy methods to study live tumour specimens collected from 56 
patients with CRC who were undergoing cytoreductive surgery. 
Our results revealed that collective behaviour predominates in 
the peritoneal microenvironment, and, unpredictably, cancer cell 
apico–basolateral polarity is maintained, but inverted, during the 
metastatic spread.

Tumour spheres with inverted polarity drive the 
formation of peritoneal metastases in patients 
with hypermethylated colorectal carcinomas
Olivier Zajac1,10, Joel Raingeaud1, Fotine Libanje1, Celine Lefebvre1, Dora Sabino1, Isabelle Martins2,3, 
Pétronille Roy1, Clara Benatar1, Charlotte Canet-Jourdan1, Paula Azorin1, Mélanie Polrot4,  
Patrick Gonin! !4, Salima Benbarche! !5, Sylvie Souquere6, Gerard Pierron6, Damien Nowak1, Ludovic Bigot1,  
Michel Ducreux7, David Malka7, Camille Lobry! !5, Jean-Yves Scoazec8, Clarisse Eveno9, Marc Pocard9, 
Jean-Luc Perfettini! !2,3, Dominique Elias7, Peggy Dartigues8, Diane Goéré7 and Fanny Jaulin! !1*

Metastases account for 90% of cancer-related deaths; thus, it is vital to understand the biology of tumour dissemination. Here, 
we collected and monitored > 50 patient specimens ex vivo to investigate the cell biology of colorectal cancer (CRC) metastatic 
spread to the peritoneum. This reveals an unpredicted mode of dissemination. Large clusters of cancer epithelial cells display-
ing a robust outward apical pole, which we termed tumour spheres with inverted polarity (TSIPs), were observed throughout 
the process of dissemination. TSIPs form and propagate through the collective apical budding of hypermethylated CRCs down-
stream of canonical and non-canonical transforming growth factor-β  signalling. TSIPs maintain their apical-out topology and 
use actomyosin contractility to collectively invade three-dimensional extracellular matrices. TSIPs invade paired patient perito-
neum explants, initiate metastases in mice xenograft models and correlate with adverse patient prognosis. Thus, despite their 
epithelial architecture and inverted topology TSIPs seem to drive the metastatic spread of hypermethylated CRCs.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Results
Tumour spheres with inverted polarity predominate in peri-
toneal effusions of patients with CRCs of poor prognosis. To 
characterize CRC dissemination to the peritoneum, we collected 
and examined ex vivo peritoneal effusions from 43 patients with 
CRC with peritoneal metastases who were undergoing cytoreduc-
tive surgery. We identified single tumour cells and clusters (defined 
as aggregates of four or more cells) co-expressing the CRC mark-
ers epithelial cell adhesion molecule (EpCam) and cytokeratin 20 
(CK20). Both were negative for vimentin (Supplementary Table 
1a and Supplementary Fig. 1a). When compared to single cells, 
tumour cell clusters were the most frequent (68%) and, comprising 
257 ±  45 cells on average, the most abundant tumour intermediates 
(by 66-fold; Supplementary Table 1a). Conventional cytology analy-
ses confirmed the presence of tumour cell clusters, and observation 
by phase microscopy enabled us to discriminate between irregu-
lar and spherical cluster morphologies, segregating in different 
patients. Tumour spheres, defined by their round shape and smooth 
edges, represent 88% of all clusters (Supplementary Fig. 1b,c and 
Supplementary Table 1a).

Strikingly, tumour spheres exhibit a robust epithelial organi-
zation. The adherens junction proteins E-cadherin and β -catenin 
are concentrated at contacts between tumour cells. The basolat-
eral proteins Scribble, β 1 integrin and EpCam are found within 
the spheres on internal membranes. By contrast, the apical mark-
ers ezrin, villin, atypical protein kinase C, sodium–hydrogen 
exchanger regulatory factor 1 (NHERF1), CD133 (also known 
as prominin 1) and prominent actin bundles are enriched at the 
periphery of the spheres (Fig. 1a,c and Supplementary Fig. 1d). 
This polarized epithelial organization was confirmed using elec-
tron microscopy, which revealed the presence of densely packed 
microvilli covered with glycocalyx at the external surface, together 
with tight junctions, adherens junctions and desmosomes at zones 
of cell–cell contacts (Fig. 1b). These experiments, together with 
staining for zonula occuludens 1 and the Golgi apparatus, show 
that, in contrast to normal epithelial tissues, the spheres display an 
inverted apico–basolateral polarity, with their apical pole oriented 
outwards (Fig. 1a and Supplementary Fig. 1e). We named these 
structures tumour spheres with inverted polarity (TSIPs). Despite 
their robust epithelial architecture, TSIPs almost exclusively asso-
ciated with histological subtypes with an adverse prognosis and 
increased metastases occurrence, including MUC tumours, the 
second most common form of CRCs30,31 (Fig. 1d). To evaluate 
whether TSIPs could act as malignant tumour intermediates, we 
analysed peritoneal effusions from 13 patients with advanced dis-
ease but without peritoneal metastases (Supplementary Table 1b). 
These samples were all free from TSIPs, demonstrating that TSIPs 
are specifically associated with peritoneal metastases as expected if 
they are key intermediates in the process of tumour dissemination 
(Fig. 1e). Moreover, TSIPs were found in 88% of poor prognosis 
but only in 45% of good prognosis patients with CRC with perito-
neal metastases (ref. 32) (Fig. 1f). In addition, the number of TSIPs 
found in effusions correlates with the peritoneal cancer index, an 
integrated measure of the extent, number and size of the metastatic 
nodules33 (Fig. 1g).

Hence, TSIPs are tumour intermediates with a robust epithe-
lial identity and an inverted apico–basolateral polarity that have 
disseminated to the peritoneal cavity of patients with CRC with  
poor prognosis.

TSIPs form through the collective apical budding of hyper-
methylated CRCs. We initially reasoned that TSIPs could origi-
nate from the adhesion and/or proliferation of disseminated single 
mesenchymal cells following a mesenchymal-to-epithelial transi-
tion4. However, when we analysed the gene expression profiles 
of MUC CRCs and normal samples from two different data sets 

(Carte d’identité des tumeurs (CIT) and The Cancer Genome Atlas 
(TCGA))17,19 with gene set enrichment analysis (GSEA)34, we did 
not detect any activation of an EMT programme in MUC CRCs35 
(Supplementary Fig. 2a,b). As a further test of this hypothesis, we 
collected and monitored single cells from peritoneal effusions. To 
avoid selecting for epithelial states (EpCam+), we also used total sin-
gle-cell fractions or only depleted for CD45-positive haematopoi-
etic cells. The single tumour cells did not proliferate or aggregate to 
form multicellular structures over a period of 9 days, whether they 
were grown in suspension or in ECM (Matrigel and collagen-I; Fig. 
2a,b). Instead, these cells tended to rapidly die in isolation, whereas 
tumour cells remained viable and proliferated within collectives, 
so that 67.5 ±  7.5% of TSIPs were alive after 9 days (Fig. 2c). When 
TSIPs were dissociated using trypsin, the resulting single cells died 
almost as rapidly as the single-cell fractions (Fig. 2c), suggesting 
that cell–cell interactions provide important survival signals. Using 
the mucus-secreting line LS174T36 and patient-derived xenografts 
(PDX#1 and PDX#2)37, we confirmed that MUC CRC single cells 
died, even in the presence of collagen-I or laminin-rich matrices 
(Fig. 2d–f). Supplementing Matrigel with Y27632 as previously 
described38, allowed single cells from PDX#1 (11 ±  5%) and PDX#2 
(6 ±  4%) to subsist, proliferate and generate small colonies, which 
did not display TSIP features (Fig. 2f). The survival of single cells 
in suspension could be prolonged by promoting the aggregation of 
LS174T single cells (Fig. 2g). This depended on E-cadherin engage-
ment, as shown by the effect of function-blocking antibodies and 
a calcium-chelating agent (Fig. 2h). Together, these results show 
that MUC CRC single cells are both short-lived and unable to form 
TSIPs, neither in suspension nor in ECM matrices.

We then investigated whether TSIPs could form in primary 
tumours. Histological sections of TSIP-producing CRC specimens 
revealed densely organized tumour cell clusters outlined by villin 
or ezrin immunostaining, demonstrating that TSIPs exist in pri-
mary tumours of patients, as well as in lymph nodes and peritoneal 
metastases (Fig. 3a,b and Supplementary Fig. 3a–c). We investigated 
whether core polarity proteins could participate in TSIP formation 
by altering the apico–basolateral polarity of tumour cell groups. 
However, silencing the polarity proteins ParD3, Scribble or Llgl2 in 
small clusters of LS174T cells embedded in three-dimensional (3D) 
matrices did not promote polarity inversion and TSIP formation 
(Fig. 3c and Supplementary Fig. 4a,b).

How then do TSIPs form and propagate? To identify the cel-
lular and molecular events associated with TSIP-based dissemina-
tion, we compared the transcriptomic profiles of TSIP-producing 
(MUC) and non-producing (Lieberkuhnian (LBK)) CRCs. Using 
two independent data sets, we noted that virtually 100% of MUC 
CRCs associate with CIMP cancers, rather than chromosome 
instable cancers (CIN), and express the serrated gene signature17, 18, 

39 (Fig. 3d,e). The serrated precursor lesions harbour serial bulges 
that protrude apically into the lumen of the neoplastic glands25 (ii 
in Fig. 3f, red arrows). Ezrin immunostaining of serrated precursors 
and MUC primary tumours suggested that TSIPs could be gener-
ated by budding as the serrated lesions progress toward MUC CRCs 
(iii in Fig. 3f and iii in Supplementary Fig. 3b). To test this hypoth-
esis, we grew several cell lines in culture. Only the mucus-secreting 
LS174T cell line was found to bud. Over 7–8 days, LS174T cultures 
liberated in suspension 267 ±  25 TSIPs that displayed an inverted 
apico–basolateral polarity (Fig. 3g,h). Strikingly, time-lapse imag-
ing revealed that immobilized patient TSIPs themselves bud. These 
buds formed and grew over a period of ~3 days, leading to scission 
events that liberated new independent and viable TSIPs (Fig. 3i and 
Supplementary Video 1).

These experiments support the idea that CIMP MUC CRCs pos-
sess an intrinsic and specific mode of propagation through the gen-
eration of TSIPs by a morphogenetic event that we named collective 
apical budding (Supplementary Fig. 7c). Through this process, 
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tumour cell collectives detach from the primary tumour, reverting 
the topology of their apico–basolateral polarity. TSIPs initially accu-
mulate in the lumen of MUC CRC glands (i in Supplementary Fig. 
3b). As the cancer progresses, active budding and increased mucus 
secretion breach the neoplastic epithelial monolayers, with the glan-
dular architecture being progressively lost to the benefit of TSIPs 
(Fig. 3a,b and iii in Supplementary Fig. 3b).

Canonical and non-canonical transforming growth factor-β sig-
nalling regulate TSIP production by collective apical budding. 
To identify the molecular mechanisms underlying TSIP formation 
by collective apical budding, we analysed the pathways that were  

differentially regulated in TSIP-producing tumours using GSEA. 
The analysis revealed that transforming growth factor-β  (TGF-β ) 
signalling was downregulated in MUC CRCs (Fig. 4a). This cor-
relates with the elevated frequency of somatic mutations in genes 
encoding TGF-β  receptors in these tumours (Fig. 4b). To test the 
influence of TGF-β  on TSIP production in LS174T cultures, we first 
verified that, as previously described40, transcriptomic slippages cor-
rect part of the frameshift mutations in the genes encoding the TGF-
β  receptors, giving rise to low but functional signalling (detected by 
increased Smad2 phosphorylation upon TGF-β  stimulation; Fig. 4c). 
TGF-β  treatment reduced TSIP-LS174T production by 6.3 ±  0.05 
fold (whereas Noggin had no effect; Fig. 4d). Conversely, inhibition  
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of TGF-β  receptor type 1 (TGF-β R1) by SB431542 or short interfer-
ing RNA (siRNA), increased TSIP-LS174T production by 3.9 ±  0.4 
and 2 ±  0.13 fold, respectively (Fig. 4d and Supplementary Fig. 
4c), without altering cell proliferation (Supplementary Fig. 4d). To 
investigate the contribution of downstream players, we depleted 

receptor-activated Smad (R-Smad) proteins. Silencing Smad2, but 
not Smad3 or Smad4, mimicked TGF-β R1 depletion, increasing 
TSIP-LS174T formation by 3 ±  0.4 fold (Fig. 4e and Supplementary 
Fig. 4e). This probably reflects specific features of Smad2 among 
R-Smads41. Furthermore, silencing the non-canonical effector 
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ParD6A augmented TSIP-LS174T production by up to 2.4 ±  0.3 fold 
and increased the levels of RhoA and the phosphorylation of myo-
sin-II (Fig. 4e,f and Supplementary Fig. 4f). Furthermore, inhibi-
tion of Rho-associated protein kinase (ROCK) and myosin-II using 
pharmacological inhibitors, decreased TSIP-LS174T production in 
control and short hairpin ParD6A (shParD6A)-treated cells (Fig. 
4g). By contrast, interfering with the TGF-β  pathway did not pro-
mote the reversion of polarity in small clusters of LS174T embedded 
in the ECM (Fig. 4h), and silencing Scribble, Llgl2 or ParD3 did not 
contribute to TSIP production by LS174T budding (Supplementary 
Fig. 4g).

Thus, these results show that the progression from serrated/
CIMP precursor lesions to MUC CRCs is associated with low 
canonical and non-canonical TGF-β  signalling, both of which par-
ticipate in TSIP formation by collective apical budding.

TSIPs collectively invade in their apical-out topology. As TSIPs 
are present all along the path of cancer dissemination and because 
single cells are unable to survive in isolation and generate TSIPs, we 
reasoned that TSIPs may spread via a collective mode of invasion14. 
To test this hypothesis, we collected fragments of peritoneum from 
a non-metastatic region during surgery and incubated them ex vivo 
with paired patient’s TSIPs. After 3 days, we stained the tissues for 
CK20 and ezrin, revealing that, in 77 ±  19% of cases, TSIPs collec-
tively invaded peritoneal explants. We could not detect any instance 
of single-cell invasion (Fig. 5a,b). To further validate these findings, 
we embedded patient TSIPs into collagen-I matrices and monitored 
their behaviours. In all cases, and in line with our previous results 
(Fig. 2), the single cells that were released through TSIP spontane-
ous dissociation (5% of cases), or from TSIP delamination, died 
and stained positive for cleaved caspase-3 (arrowheads in Fig. 5c 
and Fig. 5d,e). This absence of mesenchymal cell invasion contrasts 
with the bona fide EMT observed in irregular clusters that were iso-
lated from peritoneal effusions (Supplementary Fig. 2c). Strikingly, 
most TSIPs maintain their outward apical pole in contact with the 
ECM, yet, collectively invade into the 3D gel (Fig. 5c,f,g). We con-
firmed these results using TSIPs generated from PDX#1 and PDX#2 
(Supplementary Fig. 5a,b). Like patient TSIPs, TSIP-PDX#1 and 
TSIP-PDX#2 both maintain their outward apical pole and migrate 
through collagen-I gel with an average centroid displacement of 
47.6 ±  3.7 μ m and 15.5 ±  1.6 μ m over 6 days, respectively (Fig. 5d,g–
i, Supplementary Fig. 5c and Supplementary Video 2).

Thus, TSIPs undergo collective invasion in their apical-out 
topology. They seem to migrate slower than most cancer cell lines42. 
However, their speed is in the order of magnitude of collective inva-
sion rates measured in vivo and the scale of cancer progression in 
patients43,44.

TSIP collective invasion is driven by the peripheral apical acto-
myosin contractility. Then, we wanted to decipher the molecular 
mechanism underlying the collective invasion of TSIPs. We first 
examined whether the TGF-β  pathway, which controls TSIP for-
mation, could also contribute to the apico–basolateral polarity 
orientation of TSIPs in the ECM. Stimulating TSIPs with TGF-
β  strongly reduced the number of TSIPs with inverted polarity 
to 13.3 ±  3.7%. This could partially be rescued by the expression 
of shParD6A, but not shSmad2 (Fig. 6a,b). Treating TSIPs with 
the ROCK inhibitor Y27632 completely abolished TSIP polarity 
inversion, and blebbistatin reduced it to 32.7 ±  16.5%, confirm-
ing that non-canonical TGF-β  signalling is essential to maintain 
the outward apical pole of TSIPs in the ECM (Fig. 6a,b). Next, 
to identify the molecular machinery driving TSIP invasion, we 
inhibited the proteins known to control collective migration, 
such as focal adhesion kinase (FAK), Rac1 or integrins, and ana-
lysed TSIP-PDX#1 displacement and invasion speed over 6 days. 
None of the treatments affected TSIP-PDX#1 movement, which is 

consistent with these basolateral proteins being segregated away 
from collagen-I and the absence of protrusion detected by video 
microscopy (Fig. 6c, Supplementary Fig. 5c,d and Supplementary 
Video 2). To address the contribution of apical proteins to TSIP 
invasion, we incubated TSIPs in Matrigel. This induced a long-
lasting inhibition of apical membrane polarization, but preserved 
the peripheral actomyosin cortex45 (Fig. 6a,b). In these condi-
tions, TSIP-PDX#1 invaded even more efficiently, with an average 
displacement of 79 ±  7.2 μ m (Fig. 6d and Supplementary Fig. 5e). 
We then hypothesized that the increased actomyosin contractil-
ity generated by low non-canonical TGF-β  signalling could medi-
ate the force-generation propelling TSIPs in 3D environments, 
similar to the mechanism reported for single cells undergoing 
amoeboid migration8. In line with this hypothesis, immunostain-
ing revealed that myosin-II was phosphorylated at the peripheral 
apical cortex of TSIPs (Supplementary Fig. 5f). Moreover, inhib-
iting ROCK and myosin-II significantly reduced TSIP-PDX#1 
average displacement from 49.9 ±  3.6 μ m to 29.7 ±  2.5 μ m and 
22.4 ±  1.5 μ m, respectively (Fig. 6d and Supplementary Fig. 5e). 
Inhibiting myosin-II activity had a greater effect than Y27632 
on TSIP migration but not on apico–basolateral polarization 
(Fig. 6a,b). This confirmed that, at the apical pole of TSIPs, the 
contractility of the actomyosin cortex, and not the membranous  
proteins, has a prevalent role in migration.

Thus, TSIPs invade tissues using a unique mode of collective 
invasion that does not involve the formation of adhesion-based 
protrusions. Rather, it relies on the high contractility of the apical 
peripheral actomyosin cortex resulting from decreased non-canon-
ical TGF-β  signalling.

TSIPs are efficient initiators of metastases. To assess whether 
TSIPs possess tumour-initiating properties, we used mice xeno-
graft models. We injected TSIPs (TSIP-PDX#1 and TSIP-PDX#2) 
expressing the luciferase reporter gene into the peritoneal cav-
ity of immunodeficient mice. As a control measure, we injected 
the equivalent number of single cells. Bioluminescence monitor-
ing demonstrated that TSIP-PDX#1 and TSIP-PDX#2 efficiently 
seed peritoneal metastases (TSIP-PDX#1 was 60-times more effi-
cient than TSIP-PDX#2 at colonizing the peritoneum (Fig. 7a,b) 
and also gave rise to abundant ascites). By contrast, by 40 days, 
the tumour burden was 20-fold lower or absent in mice injected 
with their single-cell counterparts, respectively (Fig. 7a,b). The 
presence of metastases was confirmed when mice were killed and 
measured using a modified peritoneal cancer index assessment33 
(Supplementary Fig. 6a). In the ascites, TSIP-PDX#1 propagated 
surrounded by mostly apoptotic caspase-3-positive single tumour 
cells (Fig. 7d and Supplementary Fig. 6b,c). Staining using haema-
toxylin–eosin–saffron or an antibody against human major histo-
compatibility complex (MHC) class I demonstrated the presence of 
MUC secondary tumours that had deeply invaded the peritoneum, 
penetrating several organs (the liver, the bladder and the intestine; 
Fig. 7d, top panels). We investigated the architecture of metasta-
ses initiated by TSIPs. They were almost exclusively composed of 
cohesive epithelial EpCam-positive/vimentin-negative tumour cell 
masses (Fig. 7c–f and Supplementary Fig. 6d). In mice injected 
with TSIP-PDX#1 and TSIP-PDX#2, 1% and 3% of tumour cells, 
respectively, were visible as individuals, among which only cells 
from TSIP-PDX#2 expressed vimentin, alone or in combination 
with EpCam (Fig. 7e,f and Supplementary Fig. 6d). Finally, staining 
for ezrin and Scribble proved that tumour cell groups all displayed 
an inverted apico–basolateral polarity, as we observed in patients 
with MUC CRC (Fig. 7d, bottom panels, compared with Fig. 3a and 
Supplementary Fig. 3c).

Together, these data demonstrate that TSIPs are efficient initia-
tors of peritoneal metastases and that EMT and MUC CRC single 
tumour cells do not make a significant contribution to this process.
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Discussion
In summary, by investigating specimens from patients with meta-
static CRC, we have identified a collective and epithelial mode of 

cancer dissemination, based on collective budding, growth and inva-
sion processes. Remarkably, TSIPs, which constitute the malignant 
metastatic intermediates linking primary tumours to peritoneal  

c

a

D2
D2 D1D1

D3

D3

D6

D6

+
+

+

+

d

g h

b

Reflection (peritoneum)
Ezrin
DAPI

3D

P
er

ito
ne

um
 P

er
ito

ne
al

 c
av

ity

XZ

YZXY

CytoCCasp3 Overlay

0

25

50

75

100

T
S

IP
s 

w
ith

in
ve

rt
ed

 p
ol

ar
ity

 (
%

)

Pati
en

ts

(n
 =

 26
5)

PDX#1

(n
 =

 44
7)

PDX#2

(n
 =

 18
0)

Pati
en

ts

(n
 =

 17
3)

PDX#1

(n
 =

 31
6)

PDX#2

(n
 =

 88
)

0

25

50

75

100

C
oh

es
iv

e 
T

S
IP

s 
(%

)

TSIPs

TSIPs

e
E-cadherin
Ezrin
DAPI

f

0 10 20 30 40
0.00

0.25

0.50

0.75

1.00

Speed (μm per day)

50 μm

TSIP-PDX#1:

TSIP-PDX#2:

D0

D2

D4

D6

Displacement (d) D0–D6
Speed (mm per day)

d(D0–D6)
d(D0–D2–D4–D6)

= Directionality

i

Patient’s
peritoneum

Patient’s
TSIPs

0

25

50

75

100

T
S

IP
s 

ad
he

si
on

 o
r

in
va

si
on

 (
%

)

*

Plastic
(n = 44)

Peritoneum
(n = 27)

D
ire

ct
io

na
lit

y

Speed Directionality Displacement

13.7 ± 0.88

4.58 ± 3.6

0.6 ± 0.03

0.5 ± 0.04

47.6 ± 3.7

15.5 ± 1.6

TSIP-PDX#1
TSIP-PDX#2

Fig. 5 | TSIPs collectively invade in their inverted topology. a, Left panel, schematic representation of the peritoneum invasion assay. Right panel, 
associated bar graph shows the quantification of TSIPs adhesion or invasion in paired peritoneum or a plastic dish after 3!d in culture represented as a 
percentage of the initial TSIPs incubated (n represents the number of TSIPs from three patients; two-sided unpaired t-test *P!= !0.0345). b, Representative 
images of TSIP-invading peritoneum explant from matching patients from two different patients samples, stained for ezrin and DAPI. The peritoneum is 
visualized by reflection microscopy. The XZ and YZ images represent orthogonal views of the Z-stack. The right panel displays a 3D reconstruction. c, 
Time-lapse sequences of patient TSIP displacement in collagen-I gel monitored by DIC microscopy over 6!d (D0–D6). Arrowheads point to cell debris. 
TSIP perimeters and centroids are highlighted by coloured dashed lines and white crosses, respectively. TSIP displacements were observed from three 
independent patients. d, Number of cohesive TSIPs from patients, PDX#1 and PDX#2 after 6!d in collagen-I, represented as the percentage of the total 
TSIPs. n represents the total number of TSIPs analysed from seven patients for primary samples or three independent experiments for TSIP-PDX. e, 
Patients’ TSIPs were stained for Hoechst-33342, cytochrome c (CytoC), and cleaved caspase-3 (Casp3), repeated for five patients. Dashed lines represent 
the TSIP periphery. f, Representative image from three different patients’ TSIPs collected and embedded into collagen-I. After 6!d, TSIPs were stained 
for ezrin, E-cadherin and DAPI. Arrowheads show cell corpses and debris. g, Bar graph representing the number of TSIPs with inverted polarity after 
6!d in collagen-I (as a percentage of cohesive TSIPs). n represents the total number of TSIPs analysed from seven patients for primary samples or three 
independent experiments for TSIP-PDX. h, Schematic representation of the measurements of TSIP displacement. i, Speed (μ m per day) plotted against 
the directionality for TSIP-PDX#1 (n!= !114 TSIPs) and TSIP-PDX#2 (n!= !75 TSIPs) from three independent experiments. The table shows the mean!± !s.e.m. 
speed, displacement and directionality. Scale bars, 50!μ m, unless otherwise specified. The graphs in a, d and g represent mean!± !s.e.m.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE CELL BIOLOGY | VOL 20 | MARCH 2018 | 296–306 | www.nature.com/naturecellbiology 303



 125 

 

 

 

 

ARTICLES NATURE CELL BIOLOGY

metastases, retain a robust epithelial architecture and an inverted 
apico–basolateral polarity during their dissemination (see the 
graphical summary in Supplementary Fig. 7).

Although we cannot exclude the possibility that some of the 
vimentin-positive cells contribute to the disease, these cells do 
not generate multicellular structures ex vivo and rapidly die in 
isolation, as reported for circulating tumour cell clusters in the 
bloodstream46. Moreover, our results are in agreement with recent 
mouse models of breast and pancreatic carcinomas that demon-
strated the formation of distant metastases independently of EMT 
activation9,10. TSIPs form and propagate in specific histological 
subtypes of CRCs with dismal outcome and increased occurrence 
of peritoneal metastases, which evolve from the CIMP/serrated 
pathway30,31. Although there is no mouse models of these cancers, 
our results are in line with the phenotypes of TGFBR1-knockout 
and SMAD3-knockout mice, which induce the differentiation of 
goblet cells and MUC intestinal malignancies, respectively47,48. In 
addition, the low TGF-β  signalling could explain the lack of EMT 
activation in these tumours49–51.

Our findings contradict the prevailing consensus that carcinoma 
progression is accompanied by the loss of epithelial architecture 
and polarity52,53. Yet, whereas the normal apico–basolateral polarity 
is maintained at the cellular level, the neoplastic tissue organization 
is profoundly altered, with the protective apical pole in contact with 
patient fluids and tissues. This may enable TSIPs to survive in mul-
tiple environments and help them to evade immune surveillance. 
Interestingly, TSIPs invade tissues using a unique mode of collective 
invasion that does not involve the formation of adhesion-based pro-
trusions54,55 but is reminiscent of propulsive amoeboid single-cell 
migration56, a process that has never been reported for collectives. 
Moreover, collective apical budding does not occur from normal 
epithelia. Although we have seen cancer formation and progression 
as the result of improper reactivation of normal developmental pro-
cesses, TSIP biology suggests that neoplastic epithelia may develop 
specific strategies to colonize the body. This clinical cell biology 
research provides an alternative conception of cancer dissemina-
tion and is vital if we are to use an understanding of the biology of 
tumour progression to the benefit of cancer patients.
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Methods
Methods, including statements of data availability and any asso-
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Methods
Recovery and characterization of peritoneal effusions from patients with CRC. 
The human study protocols followed all relevant ethical regulations in accordance 
with the declaration of Helsinki principles. The study was approved by the ethics 
committee (CPP IDF 10), under protocol NI-2015-06-03, at Gustave Roussy 
and Lariboisière Hospitals. Written informed consent was obtained from all 
patients. Peritoneal effusions from a total of 59 patients with CRC were collected. 
The patients received neoadjuvant chemotherapy 2–3 weeks before surgery. 
The peritoneal effusion samples were collected at the onset of hyperthermic 
intraperitoneal chemotherapy treatment. Immediately after laparotomy, and before 
cytoreductive surgery, serous fluid was collected by addition and reabsorption 
of 500 ml of saline solution. The fluids were processed in the laboratory within 
2 h after collection for characterization and functional experiments. The freshly 
isolated samples were transferred to sterile tubes and centrifuged at 1,500 rpm 
for 10 min. The peritoneal cancer index33 was evaluated during surgery. Counting 
and characterization of cells in the peritoneal effusion total fraction was done 
after Ficoll Paque Plus (17-1440-02, GE Healthcare) centrifugation following the 
manufacturer’s protocol. A part of the interphase was removed and cells were 
cytospined at 1,500 rpm for 5 min on a Superfrost Plus glass slide (10149870, 
Thermo Scientific). Then, the cells were fixed in 4% paraformaldehyde (PFA) 
(15710, Electron Microscopy Sciences) for 5 min and washed with PBS. The cell 
count was performed on the cytospin slides.

Separation of tumour clusters and single cells. The rest of the interphase was 
carefully collected and transferred to a new sterile tube. DMEM medium 
containing 4.5 g per litre glucose, glutaMAX (31966021, Life Technologies) and 
1% penicillin–streptomycin (P/S; 15140-122, Life Technologies) was added to a 
final volume of 10 ml. Differential centrifugations, spin down until 2,000 rpm, were 
performed at least 4 times. During these centrifugations, the supernatants were 
saved for the single tumour cells enrichment and analyses procedures. The clusters 
that were present in the pellet were counted: some of them were fixed in 4% PFA 
for 45 min and immobilized for immunofluorescence and characterization; the 
other part was directly used for functional studies. TSIPs were defined as tumour 
clusters with spherical shape and smooth surface, and irregular clusters were 
defined by their uneven shape and rim. In parallel, single cells were pulled down by 
centrifugation at 1,500 rpm for 5 min and resuspended in fresh medium. The total 
number of single cells was counted in a Neubauer chamber and trypan blue (Life 
Technologies) was used to assess cell viability; an aliquot was used for cytospin 
(total single-cell fraction, see description below). Prior to functional studies 
(proliferation, aggregation and survival), to exclude any small aggregates that 
would have formed during the manipulation, the single-cell suspension was filtered 
with a pre-separation filter (20 μ m) (130-101-812, Miltenyi Biotec). Single cells 
were used as such or enriched for CRC cells using EpCam-coated microbeads and 
MS columns (130-061-101 and 130-041-301, Miltenyi Biotec) or after exclusion 
of the CD45-positive population using EasySepTM Human CD45 Depletion Kit 
(18259, STEMCELL,) following the manufacturer’s protocol.

Animal studies. Animal experiments were compliant with French legislation 
and European Union Directive 2010/63. The project was validated by the Ethical 
Committe (CEEA) no. 26 and was then granted French government authorizations 
under numbers 517-2015042114005883 and 2734-2015111711418501. Mice were 
obtained from Charles River, and were housed and bred at the Gustave Roussy 
animal core facility (accreditation number E-94-076-11). Animals were humanely 
euthanized according to end points that were validated by the Ethical Commitee 
and the French government (Ministère de l’Enseignement Supérieur, de la 
Recherche et de l’Innovation).

Organoids retrieval and preparation from TSIP-PDX. Two human CRCs (PDX#1 
corresponding to LRB-0009C and PDX#2 corresponding to IGR-0012P) from 
the CReMEC tumour collection were maintained in NSG mice (NOD-scid 
IL2Rγ null, from Charles River) as previously described37. Briefly, small tumour 
fragments were subcutaneously engrafted on the flank of anaesthetized mice 
(2.5% isoflurane). Tumour growth was measured at least once a week. When 
the volume reached 1,500 mm3, mice were killed and tumours were used for ex 
vivo experiments, and 50 mm3 fragments were engrafted on the flank of new 
mice. Organoids were prepared as previously described38, and were adapted for 
mucus-secreting tumours as follows: the PDX#1 or PDX#2 tumours between 
1,000–1,500 mm3 were retrieved from the mice, minced into small fragments using 
a sterile scalpel and were incubated for 90 min at 37 °C in a final volume of 5–10 ml 
of culture medium (DMEM) without FBS and with 2 mg ml–1 collagenase (C2139, 
Sigma). The samples were then mixed with 20 ml of DMEM and filtered on 100-μ 
m mesh size cell strainers (542000, EASYstrainer). Digested tumour clusters 
were pelleted in by 4 pulse-centrifugations at 1,500 rpm. The tumour fragments, 
which were free of single cells, were maintained for 3 d in ultra-low attachment 
plates (CLS3471, Corning) in culture medium. Then, organoids were pelleted at 
1,500 rpm and characterized (staining with apico–basolateral polarity markers 
(see results in Supplementary Fig. 6a,b) showed that the organoids displayed the 
characteristics of TSIPs retrieved from the patients). TSIPs-PDX were used for 
survival and invasion experiments, as well as for mice intraperitoneal injections.

Mice intraperitoneal injections. TSIPs and single cells obtained from PDX#1 and 
PDX#2 (above) were transduced using green fluorescent protein (GFP)-luciferase 
lentiviruses (see below for lentiviral particle production). Immediately after PDX 
tumour dissociation and mucin removal, tumour fragments were incubated with 
lentiviruses at a concentration of 600,000 viruses per ml in a 6-well ultra-low 
attachment plate. The medium was changed after 2 d, and single cells were obtained 
by trypsinization. Transduced TSIPs (1 ×  104), or the equivalent number of single 
cells, were resuspended into 100 μ l culture media and injected intraperitoneally 
using a 25 G needle. The mice were monitored by bioluminescence imaging every 
7 d until 40 d post-injection.

Bioluminescence imaging. All bioluminescence imaging experiments were 
performed using an IVIS Spectrum CT pre-clinical in vivo imaging system 
(PerkinElmer Life Sciences). Mice were anaesthetized with 2.5% isoflurane, 
received caudal intravenous injection of 150 mg per kg of d-Luciferin (E1605, 
Promega) and were imaged after 2 min. The settings (acquisition time, f/stop 
and binning) were applied differently from one experiment to another, taking 
into account the metastasis development and the consecutive increasing levels of 
emitted photons.

Invasion assays. Collagen-I assays. Rat-tail collagen-I (354236, Corning) was 
neutralized with 1.0 M NaOH and 10×  MEM (21430-02, Life Technologies) 
according to the ratio: 1.0/0.032/0.1 (vol/vol/vol). The concentration was then 
adjusted to 1.3–2 mg ml–1 with DMEM 1×  and the collagen was incubated on ice 
for 60–75 min. The TSIPs embedded in neutralized collagen-I were added on top of 
the pre-coated well at a concentration of 1–2 TSIPs per ml (ibidi 8-well chamber). 
The gel was allowed to polymerize for 45 min at 37 °C. TSIPs were then maintained 
in culture medium supplemented with 10% FBS for up to 6 d (3 d for TGF-β  
(20 ng ml–1, P01137, R&D System), SB431542 (10 µ M, S1067, Sellekchem) alone 
or in combination with a lentivirus encoding shSmad2 and shParD6A) and fixed 
for staining. Media were supplemented with a FAK inhibitor (10 µ M, 869288-64-2, 
Sigma), NSC-23766 (50 μ M, 2161, Tocris), integrin α 2 function-blocking antibody 
(5 μ g ml–1, sc-13346, Santa Cruz), Y27632 (25 μ M, 688000, Calbiochem) and 
blebbistatin (10 μ M, 203391, Calbiochem).

Matrigel assays. TSIPs were embedded into 3 mg ml–1 Matrigel (354230, BD) and 
incubated in a pre-coated 8-well chamber (ibidi). After polymerization, culture 
medium supplemented with 10% FBS was added.

TSIP polarity assessment. After incubation into collagen-I or Matrigel, the apico–
basolateral polarity of TSIPs was quantified after immunostaining using anti-ezrin. 
TSIPs are considered to have inverted polarity when at least 75% of the total 
peripheral cells displayed an outward apical pole in one confocal Z-section.

Ex vivo peritoneum invasion assay. During surgery, peritoneal fragments were 
excised in a non-tumoural region (which was confirmed by histology preparation). 
Patient peritoneum explants were immediately sealed at the bottom of a transwell 
insert (PIEP12R48, Millipore; the polyethylene terephthalate membrane 
(PET) membrane was removed) using collagen-I. After insertion into 24-well 
culture plates, the insert was filled with culture medium. The side that lines the 
peritoneum cavity faced the upper chamber. TSIPs collected in matching patients 
were seeded on top of the peritoneum in the upper chamber. The invasion assay 
lasted for 3 d, and then the peritoneal tissue was washed in PBS supplemented with 
Ca2+ and Mg2+ and fixed in 4% PFA.

LS174T budding assay. 24 h after plating the LS174T cell line (4 ×  105 cells in a 
22-cm2 tissue culture dish or 1 ×  105 cells in a 10-cm2 dish for Fig. 3g), the medium 
was changed and the cells were incubated with normal medium or treated as 
follows: TGF-β  (10 ng ml–1), SB431542 (10 µ M), H1152 (2 µ M, 2414, Tocris), 
blebbistatin (10 µ M) or Noggin (100 ng ml–1, 120-10 C, Peprotech). At day 7, 8 and 
9, the plates were hit 20 times on the bench, the medium collected and centrifuged 
for 8 s at 500 g to pellet the TSIPs and the supernatant transferred back to the 
plates. TSIPs-LS174T were then counted under light microscope and TSIP counts 
added for 3 consecutive days.

LS174T morphogenesis assay. LS174T 2D cell cultures were partially dissociated 
with trypsin (0.25%)-EDTA and filtered through 20-μ m pre-seperation filters 
(Milteny Biotech). The harvested clusters (< 5 cells) were embedded in a mix of 
collagen-I (rat-tail neutralized, as described in the invasion assay, and used at a 
final concentration of 1.3 mg ml–1) and Matrigel (final concentration of 4.5 mg ml–1) 
in an ibidi plate. Single cells died, but small clusters survived and were grown for 
7 d at 37 °C. Their polarity was assessed after fixation and ezrin immunostaining. 
Most clusters developed as cysts, with the apical pole surrounding 1–3 lumens. The 
polarity was considered inverted (that is, the apical pole faced the ECM gel) when 
> 50% of the cells displayed a peripheral ezrin staining (and no lumen). The non-
polar structures showed a diffuse ezrin localization.

Single-cell assays from patients’ primary samples and cell lines. Single-cell 
obtention. Single cells from patients’ peritoneal effusions were isolated as described 
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above. Dissociated single-cell (dSC) suspensions were obtained from TSIPs, PDX#1 
and PDX#2, LS174T and SW620 by dissociation using trypsin (0.25%)-EDTA for 
7–10 min, and filtered through 20-μ m pre-separation filters. As controls, TSIPs 
from patients, PDX#1, PDX#2 and LS174T were incubated in similar conditions. 
Survival and proliferation in suspension were addressed by plating single cells 
in ultra-low attachment 96-well plates at 10–100 cells per ml. Proliferation was 
followed by light microscopy, and survival was assessed with trypan blue and 
propidium iodide (PI) at day 0 and every 3 d. Hoechst was used to count nuclei. 
LS174T aggregation was promoted by increasing the cell concentration to 
4,000 cells per ml.

ECM gel assays. Single cells were obtained by dissociation as described above, 
and embedded in either Matrigel (354238, Corning, diluted, with medium, to a 
final concentration of 3.5 μ g ml–1) with or without Y27632 at a concentration of 
25 μ M or collagen-I (rat-tail collagen-I neutralized and polymerized as described 
for the invasion assays). They were seeded in an ibidi plate at 37 °C and cultured 
with adequate supplemented medium. Survival was assessed throughout a 
period of 9 d.

TSIP mitotic index was calculated as the ratio between mitotic cells and the 
total cell number, expressed as a percentage. Mitotic and interphasic nuclei were 
stained with 4,6-diamidino-2-phenylindole (DAPI) and identified by  
their morphology.

Culture condition and transfection of cell lines. LS174T (Sigma) were grown 
in EMEM medium supplemented with 1% non-essential amino acids, 10% FBS 
and 50 μ g ml–1 penicillin, 50 μ g ml–1 streptomycin (P/S). Colo205 (American Type 
Culture Collection, ATCC) were cultured in RPMI-1640 medium supplemented 
with 1 mM sodium pyruvate, 10% FBS and P/S. SW620 and Caco-2 (ATCC) 
were grown in DMEM medium supplemented with 1 mM sodium pyruvate, 
10% FBS and P/S. HCT-15 and LS1034 (ATCC) were grown in RPMI-1640 
medium supplemented with 10% FBS and P/S. All cell lines were maintained in 
a humidified incubator at 37 °C under a 5% CO2 atmosphere. siRNA transfection 
into LS174T was achieved using DharmaFECT 1 according to the manufacturer’s 
instructions. siRNA were purchased from Dharmacon: siGENOME human Smad2 
(D-003561-04 (#2)), Smad3 (D-020067-01 (#1) and D-020067-04 (#2)), Smad4 (D-
003902-05 (#1) and D-003902-07 (#2)) and non-targetting #2 (D-001206-14-05), 
ON-TARGETplus human ParD3 (L-015602-00), Scribble ((L-010500-00), Llgl2 (L-
019812-01) and TGF-β R1 (M-003929-02).

Virus production, shRNA sequences and infection. Virus production. 
GFP-luciferase, shParD6A and shSmad2 lentiviruses were obtained by co-
transfecting the lentiviral vector pFUGW-Pol2-ffLuc2-eGFP (Addgene 71394), 
pRRL.TRE3GdsRed-ShParD6A and pRRL.TRE3GdsRed-Smad2 (ref.57) with 
the packaging vectors pMD2G (Addgene) and pCMVdR8,74 (Addgene) into 
HEK293T cells with the transfection reagent jetPRIME (114-15, Polyplus). 
Lentiviruses containing supernatants were collected on days 2 and 3 following 
transfection, concentrated by ultra-centrifugation (50,000 g for 2 h) and stored 
at −  80 °C.

shRNA sequences. Complementary DNA (cDNA) sequences used to make shRNA 
lentiviruses are as follows: Smad2#1: 5′ -GAACAAACCAGGTCTCTTG-3′ 
; Smad2#2: 5′ -GGTGTTCGATAGCATATTA-3′ ; ParD6A#1: 5′ 
-GCCAGGTTTCCTCAGTCATAGA-3′ ; and ParD6A#2: 5′ 
-AACAGCCATAACCTCATTGTCA-3′ .

Hybridized complementary oligonucleotides were inserted in the XhoI/EcoRI 
sites of pRRL.TRE3GdsRed.

Infection. LS174T (5 ×  104 cells) were transduced using lentiviruses, amplified and 
sorted by FACS on a double GFP (infection)-positive and DsRed (a red fluorescent 
protein; shRNA induction)-positive signal following induction of ParD6A 
and Smad2 shRNA expression (Tet-On regulated) by addition of 100 ng ml–1 
doxycycline (D9891, Sigma-Aldrich). In parallel, a shRNA Renilla construct cell 
line was made as a control. For organoids infection, see the ‘Mice intraperitoneal 
injections’ section above.

Immunoblot. Cells were lysed with SDS sample buffer (62.5 mM Tris-
HCl (pH 6.8), 10% glycerol, 0.002% bromophenol blue, 2% SDS and 5% β 
-mercaptoethanol), and lysates were boiled for 10 min. The samples were subjected 
to SDS–PAGE and proteins were transferred to nitrocellulose membranes 
(GE Healthcare). Membranes were incubated for 30 min in blocking solution 
(TBS containing 0.1% Tween-20 and 3% BSA) and further incubated with the 
appropriate primary antibody overnight at 4 °C. The membranes were then washed 
three times with 0.1% Tween-20/TBS and incubated for 45 min with secondary 
antibody conjugated to horseradish peroxidase; anti-mouse horseradish peroxidase 
(dilution of 1:10,000; NA931V, GE Healthcare) or anti-rabbit horseradish 
peroxidase (dilution of 1:3,000; 7074S, Cell Signalling Technology). Bound 
antibodies were detected with enhanced chemiluminescence. The exact reference, 
dilution and validation statement for each primary and secondary antibodies are 
included in Supplementary Table 4.

Quantitative RT–PCR. The total RNA fraction was isolated using RNeasy Mini 
Kit 50 (Qiagen) and applied to reverse transcription using High-Capacity RNA-
to-cDNA Kit (Applied Biosystems). The cDNA was analysed by quantitative 
PCR (qPCR) using GoTaq qPCR Master Kit (Promega) with QuantiStudio 7Flex 
Real-Time PCR System (Applied Biosystems). Reaction parameters were 95 °C 
for 1 min, followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s and 72 °C for 20 s. 
The triplicate mean values were calculated using GAPDH gene transcription as 
reference for normalization. For RT–PCR the following primers were used:

Smad2Fwd: 5′ -GCTTGAGAAAGCCATCACCACT-3′ 
; Smad2Rev: 5′ -AGGCCTGTTGTATCCCACTGA-3′ 
; ParD6AFwd: 5′ -CGCGCAGTCCCGATAGCATC-3′ 
; ParD6ARev: 5′ -AGAACTCCTGGAAGCCGCTC-3′ 
; ParD3Fwd: 5′ -TGTATGCCCAAGTCAAGAAGCC-3′ 
; ParD3Rev: 5′ -TGCCTCAGACGCTGTATCCG-3′ 
; Llgl2Fwd: 5′ -GCAACTGGCGTTCACATCGA-3′ 
; Llgl2Rev: 5′ -AGTAGTGTGTGCTCATCGCG-3′ ; GAPDHFwd: 
5′ -CTTTTGCGTCGCCAGCCGAG-3′ ; and GAPDHRev: 5′ 
-CCAGGCGCCCAATACGACCA-3′ .

Immunofluorescence, immunohistochemistry, antibodies and histology. 
Immunofluorescence. Samples were washed twice in PBS supplemented with 
Ca2+ (0.1 mM) and Mg2+ (1 mM) and fixed in 4% PFA for 45 min (TSIPs and 
peritoneum) or 10 min (cytospins and single cells). Permeabilization was 
performed in PBS supplemented with 0.5% Triton X-100 for 45 min (5 min for 
cytospins, single cells and slides from mice metastasis). Primary antibodies were 
incubated overnight at 4 °C at the dilutions listed below in antibody diluent, PBS 
with 10% serum supplemented by 0.1% Triton X-100. Secondary antibodies (Cy3-
conjugated or fluorescein isothiocyanate (FITC)-conjugated anti-mouse or anti-
rabbit, Alexa Fluor 488 anti-rabbit 1:100, Jackson ImmunoResearch) and DAPI (1 μ 
g ml–1) were incubated overnight at 4 °C for 2 h at room temperature. Slides were 
mounted using Fluoromont-G (Southern Biotech).

The exact reference, dilution and validation statement for each primary and 
secondary antibodies are included in Supplementary Table 4.

Histology. CRC and peritoneum specimens obtained after surgical resection 
were formalin fixed and paraffin embedded according to routine protocols. 
Peritoneal effusions were concentrated by centrifugation and fixed in formalin, 
then embedded for cytoblock. Sections (3 μ m) of formalin-fixed and paraffin-
embedded samples were deparaffinized, unmasked (pH 8) and rehydrated before 
haematoxylin–eosin–saffron or alcian blue staining, immunohistochemistry or 
immunofluorescence.

Immunohistochemistry. Sections were immunostained with ezrin (1:100; 610603, 
BD Biosciences) or anti-CK20 mouse monoclonal antibody (clone Ks20.8, Dako). 
Stainings were performed with Ventana BenchMark XT immunostainer (Ventana 
Medical Systems) using the UltraView DABv3 kit (Ventana). The chromogene 
was 3,3′ -diaminobenzidine (DAB) in all the stainings. Histochemical staining 
with Alcian Blue (pH 2.5) was performed with Ventana BenchMark Special Stains 
(Ventana Medical Systems) utilizing the V1.00.0010 process. Peritoneal effusion 
smears were stained using May–Grünwald–Giemsa.

Live imaging, electron microscopy, image treatment and analyses. Microscopy 
acquisition and live imaging. Images were acquired using an Olympus 
Epifluorescence inverted × 73 microscope or a SpinningDisk CSU-W1 (Yokogawa) 
with a ZylasCMOC camera piloted with an Olympus × 83 microscope. TSIP 
behaviours in 3D culture were imaged by differential interference contrast (DIC) 
time-lapse microscopy, with motorized stage, temperature and CO2 controllers. 
Images were recorded every 30 min for 6 d for patient samples and every 2 d for 
organoids. Sphericity, shape factor and perimeter were measured using the Cellsens 
Dimension software (Olympus) from DIC images. TSIP polarity was assessed by 
calculating the ratio between peripheral cells with or without ezrin staining from 
one median section.

Analyses of TSIP trajectories from DIC time-lapse sequences. The TSIP perimeter 
was delineated manually, and the TSIP centroid position was calculated using 
ImageJ. TSIP centroid displacement was automatically tracked using ImageJ and 
verified by visual inspection before further quantification. The speed (μ m per day) 
was calculated as the total distance travelled over 6 d, the displacement (μ m) as the 
length between the centroid positions at day 0 and day 6, and the directionality as 
the ratio between the distance and the displacement.

Images for display were processed using Metamorph or ImageJ software.

Electron microscopy. Isolated TSIPs were fixed in 2% glutaraldehyde in 0.1 M 
PBS (pH 7.3) and deposited in drops of neutralized collagen (2 mg ml–1) that 
were allowed to polymerize for 10 min at room temperature laid on a glass 
coverslip. TSIPs were washed for 30 min in PBS, post-fixed with 2% osmic acid 
at room temperature and rinsed in water. Samples were dehydrated in ethanol 
and embedded in Epon. Polymerization was complete after 48 h at 60 °C. Ultra-
thin sections were collected on 100 mesh grids coated with Formvar and carbon, 
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stained with uranyl acetate and lead citrate, and observed with a FEI Technai Spirit 
transmission electron microscope at 80 Kv. Digital images were taken with a SIS 
MegaviewIII CCD camera.

Expression profiles and sample phenotype definitions. CIT. The gene expression 
profiles from 15 MUC, 188 LBK and 19 normal samples were obtained from the 
CIT collection of patient samples as described previously19 (GSE39582). Analyses 
of differential expression were done using the t-test from the ClassComparison 
package in R.

TCGA expression data. TCGA RNA-sequencing raw count data were obtained from 
GSE62944 (ref. 58). We retrieved 41 normal colon, 61 MUC CRC and 389 LBK samples. 
Analyses of differential expression were performed using the limma voom procedure59.

TGF-β  pathway. The Reactome signalling TGF-β  receptor complex and activin 
receptors have been classified according to the function of genes into three 
categories: receptors, canonical component and non-canonical components.

TCGA mutation data. Somatic mutations were retrieved using the data set of 
276 samples as previously described17 available from the cBioPortal: http://www.
cbioportal.org/study?id= coadread_tcga_pub#summary. The significance of the 
differential prevalence of mutations per gene or per set of genes between MUC 
(n =  26) and LBK (n =  174) groups was calculated with Fisher’s exact test.

Cell lines. We obtained gene expression profiles for ovarian cancer cell lines 
from GSE26805. We retrieved nine clearance-competent (invasive high) and 
six clearance-incompetent (invasive low) cell lines as defined in the original 
publication35. The EMT signature was broken into a mesenchymal gene set and an 
epithelial gene set according to the direction of expression changes in the cell lines.

Gene-set activity computation. The activity of a gene set in a sample was computed 
the following way: we first z-transformed the gene expression profiles to normalize 
the expression of each gene across samples. We then computed the enrichment 
score of a gene set using this z-transformed matrix of expression, as described in 
the GSEA original publication34. The enrichment score corresponds to the relative 
activity of a gene set in a sample as compared to all others. Hence, samples with high 
enrichment scores are the samples with the highest relative expression of the genes 
belonging to this set among the samples belonging to the gene expression matrix.

GSEA. GSEA was implemented in R and follows the method previously described34. 
Null distribution was obtained by 1,000 sample-shuffling. Gene signatures were 
obtained by ranking the genes according to the sign of the statistics (S) and the P 
value of the test with the following metric: −  1 ×  (S) ×  log (P, 10).

MUC versus LBK pathway enrichment analysis. Pathways were obtained from the 
KEGG and Reactome pathways from the C2 collection of the MSigDB database. To 
identify pathways enriched in CIT and TCGA data sets, we first analysed the two 
data sets independently. The GSEA P values were then integrated using the Stouffer 
method and corrected for multiple hypothesis testing with a false discovery rate 
(FDR) following the Benjamini–Hochberg procedure. Significant pathways were 
defined as those satisfying FDR <  0.2.

Statistics and reproducibility. Significance was tested with unpaired two-tailed 
Student’s t-test, one-way analysis of variance (ANOVA), linear regression using 
GraphPad Prism or one-sided and two-sided Fisher’s exact test (using R and 
http://www.socscistatistics.com/tests/fisher/Default2.aspx), with the level of 
significance set at α  =  0.05 (95% confidence interval). The method used, P values 
and n numbers are indicated in the figure legends. P values of significance are 
represented as ****P <  0.0001, ***P <  0.001, **P <  0.01 and *P <  0.05. The exact 
value is indicated when possible.

No statistical method was used to predetermine sample size. No animals were 
excluded from the study. No method of randomization was used. The investigators 
were not blinded to allocation during experiments or outcome assessment.

Peritoneal effusions were collected from independent patients. The exact 
number of effusions analysed is indicated in each figure legend.

All experiments, including the experiment using patient specimens, were 
repeated at least three times independently under similar technical conditions, 
except for Figs. 2g,3c (Llgl2) and 6b (TGF-β  +  shSmad2) where the experiments 
were performed twice. For each figure panel, the exact number of biological 
replicates is indicated in the legend.

Quantitative data are represented as mean ±  s.e.m., unless otherwise specified 
in the legend.

Representative experiments, including western blots and immunostainings, 
were repeatedly observed from at least three independent biological replicates, 
except the western blots in Supplementary Fig. 4c (siTGF-β R1) and the stainings 
in Supplementary Fig. 1d (atypical protein kinase C-ζ ) and Supplementary Fig. 2c 
(EMT) that were done only two times.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. Secondary accessions: the human colon cancer RNA-sequencing 
and mutation data sets used to support the findings of this study are both derived 
from the TCGA Research Network (http://cancergenome.nih.gov/) and are 
available from GSE62944 and the cBioPortal (http://www.cbioportal.org/study?id= 
coadread_tcga_pub#summary), respectively. The human colon cancer microarray 
data from the CIT cohort are available from GSE39582. The gene expression 
profiles for ovarian cancer cell lines are available from GSE26805.

Source data for Fig. 4a,b are provided in Supplementary Tables 2 and 3. Source 
data for Fig. 3h and Supplementary Fig. 5c are provided in Supplementary Videos 
1 and 2. All other data supporting the findings of this study are available from the 
corresponding author upon reasonable request.
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ABSTRACT 

The metastatic dissemination of cancer remains a major cause of mortality. Cell biology 

approaches have the potential to bridge histological and molecular analyses to decipher the 

onco-morphogenetic programs that fuel cancer invasion and dissemination. The systematic 

prospective analysis of peritoneal effusions from over 50 patients with colorectal carcinoma 

(CRC) identified Tumour Sphere with Inverted polarity (TSIPs). TSIPs are malignant tumor cell 

clusters mediating the metastatic spread of CRC evolving from the serrated pathway, including 

the mucinous histotype326. While all TSIPs harbor an inverted apico-basolateral polarity in 

fluids, here, we report two distinct topologies in tissues and organotypic culture: TSIPs either 

conserve the inverted “apical-out” polarity or switch to a conventional “apical-in” polarity. We 

derived tumor explants from mucinous CRC patient-derived xenografts that recapitulate the 

features of primary specimens. Expression analysis and functional experiments carried ex vivo 

identified TGFb and focal adhesion signaling as the main drivers of polarity orientation in these 

cancers. An automated morphometric segmentation allowing the quantification of apical-in 

and apical-out components and the calculation of a polarity score proved that the apical-out 

histology is associated with poor patient survival. This study identifies new tumor cell 

behaviors and their associated oncogenic pathways that could be exploited to stratify CRC 

patients with high risk of metastatic spread. 

 
 
INTRODUCTION 

With one million new cases worldwide every year, colorectal carcinoma (CRC) is the 

second leading cause of cancer-related death. Large scale molecular analyses of CRCs’ 

genomes and expression profiles have documented CRC heterogeneity and identified 

consensus molecular subtypesd. Combined together these analyses indicated that sporadic 

CRCs develop through two main oncogenic pathways: the Chromosomal INstability pathway 

(CIN) that usually starts with the loss-of-function of the APC tumor suppressor gene and leads 

to numerous chromosomal losses and amplifications327. This neoplastic transformation, often 

localized in the left colon, is associated with the most common histological form of CRC 

(NOS/Lieberkuhnian). The other group of CRCs progresses in the right colon along the serrated 

pathway, named after the “saw-tooth” morphology of their common precursor lesions328.  
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Serrated CRCs are initiated by either KRAS or BRAF gain-of-function mutations and harbor the 

CpG Islands Methylation Phenotype (CIMP)95,329. 15% of CIMPs CRC evolve toward the 

microsatellite instable phenotype but most of them retain a stable or low level of 

microsatellite instability and progress toward the most aggressive histotypes of CRCs, i.e. 

mucinous (MUC), micropapillary and cribriform92.  

 

Almost all CRC patients will succumb from metastases seeded by invasive cancer cells. 

Despite the heterogeneity of CRCs, invasion and dissemination has principally been studied in 

the sole context of the epithelial-to-mesenchymal transition (EMT). This model proposes that 

carcinoma progression and invasion are associated with the loss of epithelial architecture as 

the EMT transcriptional program is activated to promote the dissociation into single cells 

endowed with migratory and proteolytic activities146,171,172. Numerous correlative evidences 

between CRC progression and EMT activation have been found330,331. Yet, it is still unclear 

whether this transcriptional program is causative to invasion and metastases formation or 

enabling other cell properties such as stemness or resistance to chemotherapies172. 3D 

reconstruction of CRC histological specimens demonstrated the absence of individual single 

cells at the tumor margins332 and point to tumour “buds” or “clusters” as the tumor 

intermediates conquering the invasive front333. In line with this morphological assessment, 

the fine molecular analysis of patient tumor specimens revealed that the mesenchymal 

signature associated with CRC is not activated in cancer cells, but rather amplified in the 

peritumoral stroma74. 

 

Genetically engineered mice models may shed some light on the participation of EMT 

to CRC metastatic spread, but such studies have already shown that EMT is dispensable for 

metastases formation in other carcinomas such as pancreatic and breast cancers76,77. In fact, 

in breast, lung, prostate cancers and sarcomas, functional studies have proven the 

predominant participation of collective cancer cell behaviors in the metastatic seeding of 

secondary lesions202,208,334–336. These tumor cell clusters harbor increased migratory fitness 

and survival capabilities, allowing them to navigate the peritumoral stroma but also circulate 

into the hematogenous system to reach secondary organs337. 
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Yet, the mechanism that fuels the metastatic spread of digestive cancers are under-

investigated and understanding the oncogenic pathways and cellular components underlying 

CRC dissemination remains a major unmet medical need. 

 

Cell biology approaches have the potential to bridge the knowledge gained from 

histological and molecular studies in order to decrypt tumor cell invasive behaviors and open 

new avenues of prognostic or therapeutic investigations. To capture the malignant tumor 

intermediates contributing to CRC metastatic spread in patients our laboratory specialized in 

the retrieval and monitoring of live tumor explants from primary or metastatic sites at the 

time of cytoreductive surgery. We conducted two prospective systematic studies that 

revealed a predominant collective behavior and a strong epithelial addiction from these 

explants. However, depending on their molecular and histological types, CRCs adopt two 

distinct strategies based on the topology and migratory properties of their tumor 

intermediates209,338. The analyses of peritoneal effusions revealed that about 50% of the 

metastatic patients harbored large spherical clusters containing hundreds of cancer cells with 

a robust epithelial architecture and, strikingly, an inverted apico-basolateral polarity. Their 

apical surface is surrounding the tumor cell cluster and facing outwards, in contact with 

patients’ fluids. We named them TSIPs for Tumor Spheres with Inverted Polarity209. Despite 

their differentiated features, TSIPs are associated with high peritoneal metastatic burden and 

poor patient prognosis. Using patients explants and experimental model systems, we 

identified a TSIP-based metastatic cascade that is fully collective and epithelial, without 

detectable contribution of EMT or single cells. Strikingly, TSIPs were only found in patients 

harboring CRC that evolved along the serrated pathway (88% harboring KRAS or BRAF 

mutation) and gave rise to the mucinous, micropapillary and cribriform histotypes209. 

 

Here, we combined the study of live primary cancer explants and MUC CRC histological 

and molecular data to investigate TSIPs invasion. This study uncovered a switch in apico-

basolateral polarity orientation associated with two subtypes of MUC CRCs. Combining 

functional and histological approaches, we revealed the signaling pathways controlling these 

two topologies and identified they are associated with different patient outcome.  
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RESULTS 
Primary tumor explants revealed an apico-basolateral polarity switch in the metastatic 

dissemination of mucinous CRCs to the peritoneum. 

TSIPs retrieved from the peritoneal effusions of patients with metastatic colorectal carcinoma 

at the time of surgery were immediately embedded in collagen-I gels. As reported previously, 

66% of the TSIPs retain the same inverted apico-basolateral polarity they displayed in 

suspension209. However, the remaining 34% of TSIPs lost their peripheral apical staining in 

collagen-I. Instead, basolateral proteins, such as EpCam and E-cadherin, localized at the 

extracellular matrix (ECM) abutting membrane (Fig.1A, 1B and 1C). Concomitantly, a large 

central cavity formed within the cell cluster (stars, Fig. 1A and 1C). The enrichment of the actin 

staining at the membrane outlining the cavity suggested that an apical pole has formed there, 

which was confirmed using the apical marker ezrin (Fig. 1C). Together, the staining revealed 

that, while all TSIPs have an inverted “apical-out” topology in suspension in patient peritoneal 

effusions, 34% of them reverted their polarity to a conventional “apical-in” polarity when 

embedded in ECM. To assess whether this could also happen during tissue invasion, we 

monitored TSIPs invading into peritoneum explants209. In this assay, we detected TSIPs 

forming a central lumen outlined with a robust actin staining, reminiscent of the observation 

made in collagen-I gels (Fig. 1D). To exclude any experimental artefact, we explored the 

histology of tumor specimens from our patient cohort. Hematoxilin Eosin Safran (HES) staining 

identified two distinct histological architectures, which was very homogenous in some 

patients and consistent with the TSIP phenotype ex vivo (Fig. 1E and 1F). As an example, 

Patient#6, who had all TSIPs retaining their apical-out topology in collagen-I, presented solid 

cell masses with an outward ezrin staining, proving the inverted topology in the metastatic 

tissue (Fig. 1E and 1F top panel). Patient#1, who had 78,7% of TSIPs reverting to an apical-in 

phenotype in collagen-I, had metastases with a glandular organization, where the apical pole 

of cancer cell faces large luminal cavities (Fig. 1E and 1F bottom panel). Together, these results 

show that all patients harbor TSIPs with an inverted apico-basolateral polarity in suspension 

in peritoneal effusion (“apical-out” phenotype). Yet, for a third of the patients, the TSIPs do 

not maintain this inverted polarity in ECM-rich tissues and switch to a normal polarity 

orientation with an inward apical pole surrounding a central lumen (“apical-in” phenotype Fig. 

1G). 
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Apico-basolateral polarity orientation is a cell-autonomous features of mucinous CRCs 

The robust correlation between tumor architecture and TSIP topology ex vivo, both in 

peritoneum and collagen-I invasion assays, suggested that the polarity orientation is a cell-

autonomous feature. To validate this hypothesis, we selected three patient-derived xenograft 

(PDX) mice models from an independent collection of CRCs339. We selected 3 CRC histotypes 

producing TSIPs (mucinous (MUC) CRC) and analyzed the architecture of the human tumor 

into the mice subcutaneous stroma.  As for patients, we identified two morphologies:  PDX#1 

and PDX#2 are composed of tumor cell masses delineated by an outward ezrin staining 

corresponding to the apical-out phenotype. In contrast, PDX#3 harbored a glandular 

organization with lumens surrounded by apical membranes, corresponding to the apical-in 

phenotype (Fig. 2A). Small tumors fragments were maintained in suspension for 3 days to 

mimic the TSIPs in the peritoneal effusion and then embedded in collagen-I gel to assess their 

polarity. While all TSIPs have an inverted apico-basolateral polarity in suspension (Supp Fig. 

1A and 1B), they adopt different topologies in collagen-1 that are consistent with the tumor 

histological architecture in mice (Supp Fig. 2). Respectively 84,4% and 97,8% of TSIPs produced 

from PDX#1 and PDX#2 maintained their apical-out topology in collagen-I (Fig. 2B and 2C). To 

the contrary, TSIPs from PDX#3 reverted to an apical-in phenotype and formed lumens in 

collagen-I (Fig. 2B and 2C). This polarity switch is not an artefact from the markers used in 

immunofluorescence as we could detect opposite topologies by electron microscopy, showing 

microvilli at internal (apical-in) or external (apical-out) membranes (Fig. 2D). Thus, the PDXs 

recapitulate the observations made from the patients and attest there are two topologies in 

MUC CRC based on the orientation of their apico-basolateral polarity. The distinct topologies 

appear in the murine stroma and simple collagen-I gels, showing this feature is mostly cell 

autonomous.  
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Apical-out and apical-in explants harbor different expression profiles  

The PDX explants providing truthful experimental models, we used them to compare the 

expression profiles of the two topologies and identify the mechanism of polarity orientation 

in MUC CRCs. PDX#1, PDX#2 and PDX#3 explants were maintained in suspension or embedded 

into collagen-I for 3 days, then their RNA was extracted and analyzed (Fig. 3A, in triplicates). 

Whole transcriptome experiments were investigated in each experimental condition for each 

PDXs. Human Clarium S chip were performed for each condition and after RMA normalization 

a supervised analysis was investigated by Analysis of Variance. The response of the PDXs to 

collagen-I was measured by Significance Analysis for Microarray algorithm in transcriptome. 

These analyses revealed that collagen-1 regulated more genes in PDX#3 (156 specific genes, 

supplementary table 1) as compared to PDX#1 and PDX#2 (34 specific genes, supplementary 

table 2), among which only 2 are in common (Fig. 3B). In line with these results, the global 

gene signature of collagen-I response allowed to drastically discriminate collagen-I embedded 

PDX#3 from all other transcriptomic profiles (Euclidean distances, Fig. 3C). This is confirmed 

to be significant by unsupervised principal component analysis (p-value = 2.84e-11, Fig. 3D 

and supplementary Fig 3). In order to identify the pathways differentially activated by 

collagen-I in PDX#3 versus PDX#1 and PDX#2, we performed Gene Set Enrichment Analysis 

(GSEA). This revealed a repression of cell cycle progression and an activation of the Sonic 

Hedgehog (SHH), Transforming Growth Factor beta (TGFb), Hypoxia and Focal adhesion 

pathways with respective NES of +2.07, +2.33, +2.67 and +1,47 (Fig. 2E and 2F). Together, this 

analysis identified the pathways activated by collagen-I in PDX#3 (apical-in) and revealed that 

these pathways are not induced in apical-out CRCs after embedding in ECM.  

 

Downregulated TGFb signaling prevents normal apico-basolateral polarity orientation in 

TSIPs 

To assess which one(s) of these signaling pathway(s) control(s) polarity orientation, we 

performed interference experiments using the PDX explants in collagen-1 gels. To mimic 

hypoxia ex vivo, we incubated organoids from PDX#1 and PDX#2 with desferrioxamine (DFO), 

an inhibitor of HIF1a degradation. This treatment did not impact the polarity orientation as 

compared with controls (Supplementary Fig. 4A and 4B). Thus, the hypoxic status of the cells 

is correlated to polarity, but not causative to its orientation.  
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No major component of the SHH pathway were differentially regulated between apical-in and 

apical-out tumors, neither this pathway was reported to regulate apico-basolateral polarity. 

Thus, we next investigated the participation of TGFb signaling in polarity orientation. We first 

aimed at inhibiting the TGFb pathway in TSIPs generated from PDX#3. Organoids were treated 

with two independent inhibitors of TGFb receptor II (TGFBR2), SB431542 and A83-01. The 

drugs were added to the collagen-I gels (treatment) or in preceding their embedding in the 

matrix (pre-treatment). Both inhibitors prevented the polarity reversion that occurs when 

TSIPs from PDX#3 are embedded into collagen-I (Fig. 4A). While the proportion of apical-in 

spheres dropped, the apical-out phenotype increased significantly, from 0% to 25.56% and 

87.78% after treatment with SB431542 and A83-01 respectively (Fig.  4B). Conversely, we 

stimulated organoids made from PDX#1 and PDX#2 with TGFb and assessed for polarity 

orientation. We observed a clear response of PDX#1 to TGFb associated with a significant drop 

in the number of TSIPs with inverted apical-out polarity, from 81.95% to 26.42% (Fig. 4C and 

4D). In contrast, the TSIPs from PDX#2 treated with TGFb were indistinguishable from the 

controls, all in their apical-out topology (Fig. 4C and 4D). Exome sequencing of TGFb receptors 

and effectors identified that all harbored the TGFBR2 frame-shift mutation reported to 

decrease TGFb signaling340 while only PDX#2 display a loss-of-function mutation in Smad4 (Fig. 

4E, supp Fig. 4C) and decreased levels of mRNA (Supp Fig. 4D). This likely explains why this 

tumor is insensitive to TGFb stimulation. Thus, the experiments validated the participation of 

the TGFb pathway to the control of apico-basolateral polarity orientation of TSIPs in MUC 

CRCs. 

 

The balance between integrin-mediated adhesion and contractility controls polarity 

orientation in CRCs 

The focal adhesion pathway is also activated in PDX#3 embedded in collagen-I, but not in the 

PDX#1 and PDX#2 which retain their apical-out topology. Interestingly, integrin b1 (ITGB1) 

controls the orientation of apico-basolateral polarity in normal renal cell lines through the 

downregulation of the actomyosin contractility341. Thus, we tested whether ITGB1 and 

contractility could regulate polarity orientation in CRCs. TSIPs from PDX#1 and PDX#2 were 

incubated with Y27632 to inhibit ROCK, an important activator of myosin activity. 
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This treatment reduced the number of spheres with inverted polarity by 27.6 and 5.9fold, 

respectively. Strikingly, this is associated with the appearance of internal apical membranes 

surrounding one or several luminal cavities, reminiscent of the apical-in topology (Fig. 5A and 

5B). Conversely, inhibiting ITGB1 with AIIB2 function blocking antibodies and shRNA or 

increasing contractility with calyculin-A strongly repress the apical-in phenotype in PDX#3, 

with the vast majority of TSIPs retaining their apical-out topology in collagen-I (87.33%, 

52.07% and 90.02% respectively, Fig. 5C and 5D). Thus, the core machinery controlling A/B 

polarity orientation in normal cell is at play in the topology of MUC CRCs. 

 

We then investigated whether the balance between adhesion and contractility could relate to 

defective TGFb signaling. We first hypothesize that decreased activation of non-canonical 

TGFb could increase the level of RHOA, ROCK and therefore contractility. However, western 

blot experiments showed that the amount of phosphorylated myosin-II, a read-out for ROCK 

activity and contractility342, is similar in the 3 MUC CRC PDXs (Data not shown). We then 

reasoned that integrin function could be impaired. We showed that ITGB1 controls the apical-

in orientation of PDX#1 and PDX#2 treated with Y27632 (Fig. 6A and 6B) or TGFb (Fig. 6C and 

6D) proving the integrin is functional and do not harbor loss-of-function mutations. Yet, TGFb 

is a known regulator of ITGB1 transcription and the microarray analysis revealed that PDX#1 

and PDX#2 harbored lower levels of mRNA coding for ITGB1 (Fig. 6E). In line with this, we 

found that the levels of ITGB1 protein detected by immunofluorescence in PDX#1 and PDX#2 

are lower than in PDX#3 (Fig. 6F and 6G). Together, these results show that the balance 

between ITGB1-mediated adhesion and actomyosin contractility is involved in the inverted 

apical-out topology of TSIPs in collagen-I. 

 

Histological assessment of apical-out clusters and polarity score stratifies MUC CRC patient 

survival. 

In order to determine if A/B polarity orientation could impact clinical outcome, we performed 

a histological analysis from a published annotated cohort of MUC CRC patients333.  The apico-

basolateral polarity of Cytokeratin 20 positive clusters was determined using an algorithm 

created in Definiens Developer XD (Definiens, Munich, Germany) software for 36 patient 

specimens. 
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Based on their shape and their localization relative to the stroma and the mucus (stained by 

the Alcian Blue), clusters were classified into apical-in or apical-out categories (Fig 7A). The 

results obtained through this morphometry analysis are consistent with the cohort of CRC 

patients with peritoneal carcinomatosis (Fig. 1B), showing that two third (27/36) of the 

patients harbored mostly apical-out organization while de remaining third (9/36) display a 

glandular apical-in architecture (Fig 7B). We also calculated a polarity score, based on the ratio 

between apical-in and apical-out components. For the prediction of death from mucinous 

CRC, we used Receiver Under Operating characteristics (ROC) analyses to calculate the most 

accurate cut-off values of the number of apical-out clusters and the polarity score. 

Log rank test with Kaplan-Meier curves showed that patients harboring a CRC with a high 

number of apical-out clusters (> 92) had a significantly shorter cancer-specific survival (CSS) 

than patients having a CRC with a low count of apical-out clusters (≤ 92) (P = 0.04; H.R.: 2.5; 

C.I.: 1-6.3) (Fig. 7C). Similarly, the patients having a CRC with a low polarity score (ratio 

between apical-in and apical-out < 2.75) had significantly shorter CSS than those harboring a 

CRC with a high score (≥ 2.75) (P = 0.02; H.R.: 3.1; C.I.: 1.1-8.4) (Fig. 7D). Together, these data 

point to two subgroups of MUC CRC patients based on the topology of the TSIPs they produced 

and the architecture of their tumor. The biology of these cancers is different as is the clinical 

outcome of the patients, the apical-out cancers being associated with shorter survival.  

 

TSIPs apico-basolateral polarity is neither an advantage nor a disadvantage in terms of 

metastatic abilities (not submitted). 

Since apical-out TSIPs are found in majority in patients, we reasoned that the apical-out 

topology could confers TSIPs an advantage in terms of metastatic abilities. To test that, we 

injected TSIPs in the peritoneal cavity of mice treated with PBS or IgG for control groups. 

(Fig.NS control A). After 6 weeks, we evaluated invasion using the Peritoneal carcinomatosis 

index (PCI, Fig.NS control E) and assess polarity phenotype by quantifying the presence of a 

luminal cavity, reminiscent of the apical-in topology, on HES staining of samples displaying 

macroscopic nodules. The phenotype was rather mixed in PDX#1 and PDX#3 (Fig.NS control 

B. top right an Fig. NS control C). Since PDX#3 slides presenting many clusters embedded in 

mucin, they did not present any luminal cavities since no ECM is at their abutting surface to 

trigger apico-basolateral polarity reversion. To truly evaluate the proportions of clusters able 

to form a luminal cavity, we quantified only clusters in contact with stromal components. 
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By doing so, the percentage of clusters displaying an apical-in topology increased (1.2fold) and 

is consistent with PDX#3 ex vivo results. Then, PCI assessment (Fig. NS control E) demonstrated 

that PDX#1 is able to induce a peritoneal carcinomatosis, whereas PDX#2 an PDX#3 did not 

invade the abdominal compartment (Fig. NS control F). 

 

In treated groups, polarity reversion was achieved in PDX#1 and PDX#3 but not in PDX#2 (Fig. 

NS treated B and C). Indeed, the presence of a luminal cavity reminiscent of the apical-in 

topology increased by 1.72fold the Y27632 group (control mean=35.68±8.93%; treated 

mean=61.62±9.58%), and decreased by 3.78fold in the AIIB2 group (control 

mean=54.48±25.51%; treated mean=14.66±17.13%) in PDX#1 and PDX#3 respectively. 

Nevertheless, inverting TSIPs polarity did not impact their metastatic abilities (Fig. NS treated 

D), suggesting that A/B polarity is neither an advantage or a disadvantage in metastatic 

seeding. 
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FIGURES 
Figure 1: Primary tumor explants revealed an apico-basolateral polarity switch in the 

metastatic dissemination of mucinous CRCs to the peritoneum. 
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Figure 1: Primary tumor explants revealed an apico-basolateral polarity switch in the 

metastatic dissemination of mucinous CRCs to the peritoneum. 

(A) Representative image of a patient MUC CRC sphere forming a luminal cavity after 3 days 

in collagen, immunostained for EpCam, phalloidin and DAPI. 

(B) Quantification of TSIPs polarity in suspension (in peritoneal effusions) and in collagen. The 

graph shows the percentage of apical-out vs. apical-in spheres based on the outward or 

luminal localization of ezrin respectively, in one confocal-Z-section (30 TSIPs/patient for 7 

patients). 

(C) Representative image of an apical-in patient MUC CRC sphere after 3 days in collagen, 

immunostained for ezrin, E-cadherin and DAPI. 
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Figure 2: Apico-basolateral polarity orientation is a cell-autonomous features of mucinous 

CRCs. 
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Figure 2: Apico-basolateral polarity orientation is a cell-autonomous features of mucinous 

CRCs. 

(A) HES staining (top panel) and ezrin, vimentin and DAPI immunostaining (bottom panel) of 

subcutaneous MUC CRCs tumours: apical-out (PDX#1 and #2) and apical-in (PDX#3) PDX 

tumors. Scale bar=50µm (top panel) and 100µm (bottom panel). *=lumen. 

(B) TSIPs from PDXs after 3 days in collagen-I gels, immunostained for ezrin, F-actin and DAPI. 

Scale bar=50µm. *=lumen. 

(C) Quantification of PDXs’ TSIPs A/B polarity orientation based on Supplementary figure1 

criteria in one confocal-Z-section (n=3 independent experiments). 

(D) Electron microscopy of PDXs spheres in suspension or after 3days in collagen-I gel showing 

microvilli at the periphery for PDX#1 and PDX#2 and internal membranes for PDX#3. 
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Figure 3: apical-out and apical-in explants harbor different expression profiles.  
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Figure 3: apical-out and apical-in explants harbor different expression profiles.  

(A) Schematic representation of the protocol used to generate mRNA for the microarray. 

TSIPs’ RNA were extracted either after 3 days in suspension or in collagen-I gels. 

(B) Venn diagram representing the number of genes regulated by collagen-I embedding. 

(C) Discrimination of PDX#3 in response to collagen-I stimulation. Corresponding to 

supplementary table #1. 

(D) Results from (B) and (C) are confirmed by an unsupervised principal component analysis. 

(E,F) The Gene set enrichment analysis revealed that PDX#3 spheres in collagen-I specifically 

repress the cell cycle progression (G2M checkpoint) and activate four pathways: Focal 

adhesion, Sonic Hedgehog, TGFb and hypoxia signaling. 

  



 148 

Figure 4: Downregulated TGFb signaling prevents normal apico-basolateral polarity 

orientation in TSIPs. 
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Figure 4: Downregulated TGFb signaling prevents normal apico-basolateral polarity 

orientation in TSIPs. 

(A) Immunostainings for ezrin, F-actin and DAPI in control condition, of PDX#3 treated with 

A83-01 (10mM) or pretreated in suspension for 3 days and then treated in collagen-I gels for 

3 days (10mM). 

(B) Quantification of PDX#3 sphere’s phenotypes treated and pre-treated with SB431542 

(10µM) or A83-01 (10mM). 

(C) Immunostainings for ezrin, F-actin and DAPI after 3 days treatment of TGFb (20ng/mL) for 

PDX#1 and #2 or SB431542 (10µM) for PDX#3. 

(D) Quantifications of PDX#1 and PDX#2 spheres’ phenotypes after TGFb treatment. 

(E) Summary table recapitulating TGFb signaling pathways mutations in PDXs, obtained by 

whole exome sequencing (corresponding to Supp Fig. 4A). *frameshift mutation corrected by 

transcriptomic slippage and responsible for low TGFb signaling340. 
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Figure 5: The balance between integrin-mediated adhesion and contractility controls 

polarity orientation in CRCs. 
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Figure 5: The balance between integrin-mediated adhesion and contractility controls 

polarity orientation in CRCs. 

(A) Spheres from PDX#1 (top panel) and PDX#2 (bottom panel) immunostained for ezrin, F-

actin and DAPI after treatment with Y27632 (25µM). 

(B) Quantifications of PDX#1 and PDX#2 spheres’ phenotypes after Y27632 treatment. 

(C) Spheres from PDX#3 after treatment with AIIB2 (1µg/mL), shITGB1 or Calyculin-A (1nM) 

and immunostained for ezrin, F-actin and DAPI. 

(D) Quantifications of PDX#3 spheres’ phenotypes after AIIB2, Calyculin-A treatment or 

shITGB1. 

Scale bar=50µm. 
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Figure 6: Polarity reversion induced by actomyosin relaxation and TGFb are mediated by b1-

integrins. 
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Figure 6: Polarity reversion induced by actomyosin relaxation and TGFb are mediated by b1-

integrins. 

(A) PDX#1 spheres immunostained for ezrin, F-actin and DAPI after 6 days in collagen-I gels 

treated with Y27632 (25µM), AIIB2 (1µg/mL) or the two combined (combo). 

(B) Quantifications of PDX#1 TSIPs polarity after Y27632, AIIB2 or combo treatments. 

(C)  PDX#1 spheres immunostained for ezrin, F-actin and DAPI after 6 days in collagen-I gels 

treated with TGFb (20ng/mL), AIIB2 (1µg/mL) or the two combined (combo). 

(D) Quantifications of PDX#1 TSIPs polarity after TGFb, AIIB2 or combo treatments. 

(F) ITGB1 Log2 expression of the three PDX models in suspension. 

(G) Immunostainings for b1-integrins (P5D2), F-actin and DAPI of PDX#1, #2 and #3 in 

suspension. 

Scale bar=50µm. 
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Figure 7: Histological assessment of apical-out clusters and polarity score stratifies MUC CRC 

patient survival. 
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Figure 7: Histological assessment of apical-out clusters and polarity score stratifies MUC CRC 

patient survival. 

(A) Staining for CK20 and Alcian blue of two MUC CRC patients and the corresponding 

segmentation from the morphometry analysis. The top panels show a region that is mostly 

represented by apical-in tumoral component while tumor in the bottom panels harbor an 

apical-out architecture. 

(B) Quantitative representation of the apical-in (blue) and apical-out (green) component for 

each MUC CRC patient and the associated polarity score (apical-in/apical-out). 

(C-D) Kaplan-Meier curves displaying cancer-specific survival depending on the number of 

apical-out clusters (C) and polarity score (D). The log-rank test indicates a significant difference 

between the survival curves. 
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Supplementary Figure 1  

 
 

 

 

 

 

 

 

 

 

 

(A) PDXs spheres immunostained for GM130, ezrin and DAPI. Scale bar=50µm. 

(B) Quantification of spheres A/B polarity orientation from one confocal-Z-section. 

 

 

 

 

 

 

 

 

 

 

  

Supplementary Figure 1 Canet-Jourdan et al.
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Supplementary Figure 2 

 
 
 
 

 

 
 

 
 
 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Representative images of TSIPs polarity in collagen-I immunostained for ezrin, F-actin and 

DAPI. Various topologies are observed and quantified based on morphological characteristics 

and localization of ezrin. 
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Supplementary Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In GSEA collagen-I PDX#3 specific signature, 54 genes were found up regulated with a fold 

change over 2 and reclassified experimental groups. 
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Supplementary Figure 4 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure 4 

PDX#1

C
on

tro
l

D
FO

 1
00
μM

PDX#2

0

25

50

75

100

125

%
sp

he
re

s

Apical-in

Partial A-in

None

Partial A-out

Apical-out

DFO - -+ +

PDX#1 PDX#2

C

D

PDX#1

PDX#2

PDX#3

TGR1
Mut Code

SMA2
TGR1

TGR1

SMA1

GeneName
TGFBR2

TGFBR2

TGFBR2

SMAD4

SMAD4

Chromosome
chr3

chr3
chr18

chr18

chr3

Position
30691871
48591918
30691871

30691871

48584726

rs79375991;COMS1744957,COSM1180952

rs79375991;COMS1744957,COSM1180952

rs79375991;COMS1744957,COSM1180952

rs80338963;COSM14140

ID RefNucleo
GA

GA

GA

C

G

AltNucleo
G

G

G

T

A

functionalClass
frameshift variant

frameshift variant

frameshift variant

missense variant

stop gained

HGVS.c
c.458delA
c.1081C>T
c.458delA

c.458delA

c.804G>A

HGVS.p
p.Lys153fs

p.Arg361Cys
p.Lys153fs

p.Lys153fs

p.Trp268*

TranscriptID
NM_001024847.2

NM_001024847.2

NM_001024847.2

NM_005359.5

NM_005359.5

Exon
4/8

4/8

4/8

9/12

7/12

A

#1
 su

sp

#1
 co

ll

#2
 su

sp

#2
 co

ll

#3
 su

sp

#3
 co

ll
7

8

9

10

11

12

13

Lo
g2

 e
xp

re
ss

io
n

SMAD4

B



 160 

Supplementary Figure 4: 

(A) TGFb signaling pathway mutations in PDXs obtained after whole exome sequencing. 

(B) SMAD4 Log2 expression for each PDX in suspension and after 3 days in collagen-I. 

(C) TSIPs from PDX#1 and #2 treated with DFO (100µM, 3 days) and immunostained for ezrin, 

F-actin and DAPI. 

(D) Quantifications of PDX#1 and PDX#2 spheres’ phenotypes after DFO treatment. 

Scale bar=50µm. 
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Supplementary Table 1 

 

 

Ratio of the Log2 expression of PDX#3 in collagen/suspension. 

gene PDX#3 ratio Coll/Susp gene PDX#3 ratio Coll/Susp
C3 45,88656794 PTK6 2,286804974
KCTD11 14,89407546 NBAS 2,265767771
CLIC3 12,90626815 PTGR1 2,219138944
GPER1 11,84878042 CCL14 2,208908001
LRP1 10,43481656 MAN2A1 2,198724227
ALOX15B 9,51365692 SEC24A 2,193649959
CA9 8,359017223 CST3 2,188587403
SORL1 8,092955522 SLC25A1 2,128740365
SCD 7,799238846 FZD5 2,128740365
CEMIP 7,34451216 NAT8 2,123827608
VEGFA 6,78963177 PAK2 2,118926189
AHNAK 6,742732358 KDM5B 2,114036081
HSD3B1 6,133313379 SECISBP2L 2,109157259
FLNB 5,938094283 PSD4 2,075319318
DDIT4 5,869889452 ACSL3 2,070529848
SERPINA1 5,78907695 PDK3 2,06575143
GAL3ST1 5,735820992 MIA3 2,03731162
SLC22A18 5,578974665 PGAM1 2,02791896
MYO7B 5,438969491 EPAS1 2,018569602
SYNPO 5,327037118 RPL29 2,004626324
NPY4R 4,890561111 PSMD1 -2,0139111
PRKAA2 4,868014055 C20orf196 -2,032609864
C6orf223 4,823231311 COL3A1 -2,046747784
BHLHE40 4,75682846 RRP7A -2,051482243
PRAP1 4,691339797 MED24 -2,080119868
CA2 4,469148552 SETD7 -2,084931522
PRKCDBP 4,267328972 TTC13 -2,099433367
NOXO1 4,208579393 GLE1 -2,104289696
ATP2B4 4,160239736 MBTPS2 -2,118926189
CDC42BPB 3,89061979 DHDDS -2,123827608
AGRN 3,881640926 TSFM -2,128740365
ACSS2 3,84593221 SLC20A2 -2,163449332
FAM213A 3,434261746 CASP2 -2,173469725
DYNC1H1 3,426336076 RGS2 -2,183536529
QSER1 3,426336076 NT5DC2 -2,239743208
S100A4 3,348078452 OGFOD1 -2,260538779
TRIB3 3,234030609 FAM109B -2,313376368
PTPRF 3,21912069 SLC37A3 -2,324091174
TRIB2 3,066656689 C16orf62 -2,324091174
MSL1 3,059579387 KLHL18 -2,367448977
HMOX1 3,059579387 MRRF -2,37292527
DUSP6 3,010493495 IPO9 -2,383915887
PRSS12 2,989698497 ZAK -2,394957409
TFF3 2,975915028 MFSD1 -2,422785474
AMOT 2,948538435 ITGAE -2,422785474
PIK3C2B 2,948538435 L3MBTL2 -2,456606299
PLA2R1 2,948538435 HSPA14 -2,490899245
ITGB4 2,928171392 NUBPL -2,508224819
NBEAL1 2,928171392 SUPT16H -2,578740617
TMEM135 2,867910496 SLC39A8 -2,614738494
ID1 2,815387168 CHID1 -2,639015822
IGF2R 2,815387168 REEP4 -2,682044796
GTF2IRD2B 2,732080514 PADI2 -2,744734621
LAMA5 2,732080514 HACD3 -2,783049688
ZFAND3 2,713208655 CMSS1 -2,821899614
BAZ2A 2,700699892 SLC25A32 -2,907945035
HIST1H2AC 2,694467154 NMU -2,948538435
PARP14 2,67585511 STEAP4 -3,052518418
CIDEB 2,663518559 CLPB -3,080860445
FOXN3 2,645120292 RTKN2 -3,095129987
DOCK4 2,602683711 MTHFD1 -3,271608234
MTRNR2L9 2,560927954 DDIAS -3,466148183
KAT2B 2,560927954 CACNB4 -3,490257151
EYA4 2,549121255 TRMT1 -3,588381635
UGT2A3 2,5198421 ELOVL7 -3,663781161
MTRNR2L6 2,514026749 RCC1 -3,810551992
TLK1 2,496661098 APOBEC3B -3,837056477
ELMSAN1 2,496661098 FANCI -4,093495568
TANC1 2,4794154 REP15 -4,469148552
ANO6 2,462288827 CORO1A -4,823231311
PER2 2,445280555 TACC1 -4,845570948
SLC41A2 2,445280555 CDCA7L -5,004872558
SPG11 2,428389769 COCH -5,401399785
PITX2 2,394957409 CGB1 -6,276672783
VPS13C 2,37841423 TMEM173 -6,453134074
PRPF8 2,345669898 CGB -6,758329389
ARL4A 2,30271096 CGB8 -7,908112163

SLC43A1 -9,084035433
REG1B -11,65868633
HEPACAM2 -20,39297004
REG1A -29,71940512
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Supplementary Table 2 

 

 

Ratio of the Log2 expression of PDX#1 and PDX#2 in collagen/suspension. 

 

 

gene PDX#1 and PDX#2  ratio Coll/Susp
CCL20 34,73536455
UBD 23,45244882
CXCL8 12,68454619
MMP7 8,845845227
PI3 7,251770827
TNFAIP3 5,683054957
GLIPR1 5,650322969
TNFRSF9 5,241573615
BIRC3 4,884914575
PLAU 4,839976357
NDUFA4L2 4,407620464
CXCL1 4,301977562
SPRR2A 4,121968081
CXCL11 3,995381687
IL1B 3,913157921
IL32 3,462146244
IL1A 3,410539567
ARRDC3 3,07730335
KRT6A 3,034937206
S100A3 2,783049688
SERPINB9 2,728926113
DCBLD2 2,703821666
MAOB 2,685145006
VNN1 2,596677176
IFI6 2,560927954
CLIC3 2,332159834
LAMC2 2,221704075
SDC4 2,198724227
GUCA2A 2,198724227
B3GALT5 2,153475136
TGM2 2,131201003
BHLHE40 2,089754306
ADGRF1 2,082524305
SULT1B1 2,077718207
CD83 1,961104844
IFNGR2 1,95657896
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Figure not submitted (control): TSIPs apico-basolateral polarity is neither an advantage nor 

a disadvantage in term of metastatic abilities. 
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Figure not submitted (control): TSIPs apico-basolateral polarity is neither an advantage nor 

a disadvantage in terms of metastatic abilities (control groups). 

(A) Schematic representation of the peritoneal carcinomatosis model obtained with PDX#1, 

PDX#2 and PDX#3 TSIPs in immunocompromised mice for the control groups. 

(B) HES staining for the control groups. PDX#1 and PDX#3 display mixt phenotypes (see top 

right of HES staining). Scale bar=200µm. 

(C) Quantification of the percentage of clusters displaying a luminal cavity for control groups 

of each PDX model. 

(D) Quantification of the percentage of PDX#1 clusters in contact with stromal components 

and displaying a luminal cavity. 

(E) Schematic representation of Peritoneal carcinomatosis index (PCI) evaluation. 

(F) PCI for control groups of each PDX models. 
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Figure not submitted (treated): TSIPs apico-basolateral polarity is neither an advantage nor 

a disadvantage in terms of metastatic abilities (treated groups). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 
 
 
 
 
 
 

Supplementary Fig. in vivo (not submitted)
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Figure not submitted (treated): TSIPs apico-basolateral polarity in neither an advantage nor 

a disadvantage in terms of metastatic abilities (treated groups). 

(A) Schematic representation of the peritoneal carcinomatosis model obtained with PDX#1, 

PDX#2 and PDX#3 TSIPs in immunocompromised mice for the treated groups (Y27632 

10mg/kg/twice a week for PDX#1 and PDX#2, AIIB2 2.5mg/kg/week for PDX#3). 

(B) HES staining for the treated groups. Scale bar=200µm. 

(C) Quantification of the percentage of clusters displaying a luminal cavity for treated groups 

of each PDX model. 

(F) PCI for treated groups of each PDX models. 
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DISCUSSION  
 
By studying MUC CRC patients’ specimens, our team identified a new tumoral intermediate 

composed of about a hundred of tumor cells forming spheres and displaying a strong epithelial 

signature. In suspension, like in the peritoneal effusions where we found them in the first 

place, they display their apical pole at the cluster periphery.  In those samples, only a few 

single cells were found, which did not survive in culture conditions (liquid or matrix), while the 

tumor clusters did. Their collective-dependent survival was further confirmed by the fact that 

the destabilization of their cell-cell junctions or their dissociation into single cells led to 

apoptosis after a few days. Furthermore, by injecting spheres or the equivalent number of 

single cells into the peritoneal cavity of mice, the clusters were much more efficient at forming 

metastases. Thus, the collective feature seems to be a requirement for cell survival and 

therefore for dissemination and colonization of distant organs. The fact that clusters are more 

efficient than single cells at forming metastases has already been described in breast337,343, 

ovarian cancers344 and melanoma345 for example. 

 

The absence of EMT activation (at cellular and molecular levels) and the strong epithelial 

characteristics of TSIPs correlate with the low TGFb signaling associated with these cancers. 

Indeed, we have demonstrated that in patients, as well as in MUC CRC cell lines and PDXs, 

both the canonical and non-canonical TGFb signaling were downregulated. Being a master 

inducer of EMT, this likely prevents the activation of this program346 and participates to both 

TSIPs generation and A/B polarity preservation. Thus, MUC CRC dissemination seems to go 

against the predominant model based on EMT-like programs. This is in line with recent work 

demonstrating that metastasis can result from an EMT-independent mechanism in breast and 

pancreatic cancers76,77. A parallel study in the lab also identified that NOS CRC maintain their 

epithelial architecture and apico-basolateral polarity at early stage of their invasion into the 

mucosae338. 
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By collecting patients live specimens, we were able to reveal a new mode of invasion and 

dissemination that could not be predicted by experimental model systems. TSIPs contradict 

the prevailing consensus that the loss of epithelial architecture is a requirement for cancer 

progression. This also allowed us to identify a second mode of collective migration that 

mechanistically resembles the ameboid locomotion of single cells. In Pagès et al.210, we 

demonstrate that in confined environments, TSIPs indeed use a contraction-based mechanism 

for migration. While confinement in the peritoneal cavity has not yet been investigated, it 

likely takes place in lymphatic vessels where we identified both TSIPs and other tumor cell 

clusters. 

 

Surprisingly, once embedded in matrix (at metastatic sites or in collagen gels) TSIPs display 

two different behaviors: for two-thirds of the patients TSIPs maintain their inverted topology 

(called “apical-out”), while one-third of TSIPs were able to relocalize their apical pole away 

from the ECM and formed a lumen (called “apical-in”).  

 

My PhD work allowed me to solve the founding questions I raised 4 years ago that stand as 

follow: (i) what are the oncogenic alterations providing TSIPs with their inverted A/B polarity?      

             (ii) what are the mechanisms of A/B polarity orientation in MUC CRCs? 

             (iii) Does polarity orientation impact MUC CRC metastatic potential? 

             (iv) Is A/B polarity correlated to distinct patient outcome? 

 

I will first discuss how the participation of TGFb signaling to TSIPs biology and how this 

pathway could influence the balance between adhesion and contractility and TSIPs A/B 

polarity. Second, how spheres topology seems to not be sufficient to dictate their metastatic 

abilities and finally, see how the apical-out topology is linked to adverse forms of CRC which 

might rely on a decreased response to treatment. 
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(i) Apical-out TSIPs do not activate TGFb and focal adhesion signaling when embedded into 

collagen-1 as compared to apical-in TSIPs. 

We performed a Gene set enrichment analysis (GSEA) on microarray data comparing the 

expression profiles of TSIPs with apical-out versus apical-in topologies. This revealed that 

apical-in spheres react to collagen-1 by a strong change in gene expression, while apical-out 

TSIPs do not. This induces an upregulation of the cell cycle, Sonic-hedgehog, TGFb signaling, 

hypoxia and the focal adhesion pathways. In this article, we chose not to address the cell cycle 

signaling pathways since they are not described in the literature as being involved in A/B 

polarity. Since we do not have the expression profile of the normal colon, we can only compare 

our models with each other.  

 

In the Sonic-hedgehog pathway, only a few genes were shown to be modulated by collagen 

which were not the main actors of this pathway. Moreover, while extensively studied in 

morphogenesis4, none of the gene in the SHH pathway has been described as regulator of A/B 

polarity establishment and/or orientation. Our preliminary data confirmed that the activation 

of this pathway in apical-out models (stimulation with SAG, a SHH agonist) or its 

downregulation in the apical-in (inhibition of SHH-targeted genes expression using GANT-61, 

a Gli-inhibitor) did not impact their topology (data not shown). A recent paper has correlated 

the activation of this pathway with increased tumor progression through apoptosis 

inhibition347, which might correlate with our data on cell cycle progression for the apical-in 

model. For those reasons, we decided not to investigate it any further.  

 

Concerning hypoxia signaling, genes involved seem downregulated in apical-out TSIPs 

compared to the apical-ins but treating spheres with an iron-chelator that stabilize HIF1a (by 

inhibiting PHD activity which induces HIF-1a degradation)348 did not induce any A/B polarity 

reorientation. Thus, DFO-mediated hypoxia does not influence TSIPs topology. Nevertheless, 

blocking PHD activity only inhibit HIF-1a canonical pathway. Indeed, metabolic shifts (e.g. 

nutrient starvation, glucose deprivation) can increase the expression of HIF-1a through a non-

canonical pathway, in a PHD-independent manner349. 
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Also, it is possible that the upregulation of hypoxia signaling in PDX#3 is HIF-independent, 

meaning that there is an upregulation of genes involved in the hypoxia pathway (such as VEGF) 

that is not induced by HIF-dependent transcription350. Furthermore, as for SHH, none of the 

main genes were found to be modulated by collagen embedding. 

 

In contrast to SHH and hypoxia, many key actors of the TGFb pathway were found to be 

modulated by collagen in the apical-in PDX#3 (e.g. TGFBR1, SMAD3, SMAD6), but not in PDX#1 

and PDX#2. This is in line with the fact that in Zajac et al., we showed that TSIP-producing 

tumors display a downregulation in the TGFb pathway, reinforcing the relevance of this result. 

Moreover, PDX#1 and #2 display a mutation on SMAD4 which could be responsible for the 

downregulation of this pathway in those models. Indeed, PDX#1 displays a missense mutation 

which can be rescued by TGFb stimulation, whereas PDX#2 harbor a stop gain mutation, 

completely impairing TGFb signaling (Figure 4). 

 

Lastly, PDX#3 collagen-embedding upregulates genes involved on the focal adhesion pathway. 

This was expected from the morphology of apical-in TSIPs which create numerous and strong 

interactions with the surrounding matrix. Indeed, genes involve in this pathway control the 

balance between contractility and adhesion, which is essential for A/B polarity orientation.  

 

The origins of those signaling pathways alterations more likely relies on mutations in their key 

actors. It would be interesting to complete this data set with a whole exome sequencing to 

identify the molecular actors involved. Indeed, we only sequenced PDXs for the canonical 

TGFb pathway, hence the data on SMAD4 mutation status. 

 

(ii) The balance between adhesion and contractility controls TSIPs A/B polarity orientation. 

I was able to demonstrate that the pathway described by the Mostov297,298,305,308 lab to 

regulate A/B polarity orientation in normal renal cells is also at play in the control of MUC CRC 

polarity orientation. Indeed, manipulating ITGB1 and ROCK could revert the natural topology 

of both apical-in and apical-out TSIPs. 
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In PDX#3, the use of an ITGB1 blocking antibody prevents polarization in collagen. We think 

that the antibody was binding the “ready-to-go” integrins observed in suspension at the 

spheres’ surface (data not shown), preventing them from binding collagen-I fibers. the fact 

that the function-blocking antibody was put when spheres were embedded in collagen and 

was not renewed during the three days of experiment, was surprising. Indeed, the entire pool 

of many integrins is usually renewed in thirty minutes351, it seems that once they have been 

blocked, they may not recycle back to the membrane. We can hypothesize that the balance 

between adhesion and contractility presents a threshold which cannot be overcome meaning 

that once spheres are locked in the inverted topology (the actomyosin cortex is completely 

homogeneous, leaving no room for integrins to be in their “ready-to-go” state), ECM 

stimulation cannot induce lumenogenesis anymore. Indeed, we might think that the increased 

contractility induced by adhesion inhibition decreases integrins levels, engaging them in cell-

cell junctions and preventing them from sensing the ECM.  

 

Indeed, data generated by the microarray demonstrated that in suspension and in collagen, 

apical-out models display less integrins (Figure 6). I tried to confirm that by western blot but 

despite many attempts, I did not succeed in getting specific signal. Still, this in line with the 

observations I did in immunofluorescence, even if we can question the relevance of 

quantifying expression levels using this technique. Moreover, I was not able to detect any 

“ready-to-go” integrins at the spheres surface in suspension which displayed a homogeneous 

actin cortex (data not shown), they always were at the basolateral pole. Thus, there might be 

two pools of ITGB1: a mobile one, able to traffic towards the ECM to sense it and activate 

downstream signaling such as polarity orientation, and an immobile one, here to reinforce 

epithelial cohesiveness and thus survival. Unfortunately, the role of ITGB1 at cell-cell junctions 

has not been investigated yet in the literature. 

 

Nevertheless, despite the lower levels of ITGB1 in the apical-out models, they are functional 

and required for Y27632-induced reversion of polarity towards the apical-in phenotype (Figure 

6). They seem sequestered at the basolateral pole. It is possible that they could participate in 

the stabilization of cell-cell junctions. The balance between adhesion and contractility is 

involved in the apical-out topology and is functional downstream of ROCK. 
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Indeed, inhibiting myosin-II using Blebbistatin also induces polarity reversion209 (data not 

shown) which has not been described has participating in the adhesion/contractility balance 

involved in A/B polarity orientation before. 

 

Moreover, by increasing contractility via Calyculin-A, I was able to prevent PDX#3 spheres 

polarization. This inhibition of protein phosphatase 2A (PP2A) might act on both contractility, 

through stabilization of phosphorylated myosin-II, but also by preventing PCX translation to 

the AMIS. Indeed, it is possible that there is an increase activity of PP2A in the apical-out 

spheres, preventing dephosphorylation of PCX, impairing recognition by Rab8- and Rab-11 

trafficking vesicles and thus, impairing lumen formation297. It would be interesting to 

investigate PCX/NHERF1/Ezrin trafficking events occurring in PDX#3 A/B polarization by 

downregulating Rab8 and/or Rab11 to first, confirm that they are involved in the apical-in 

topology orientation and second, see if they are defective in our apical-out models. 

 

 

(ii) Both canonical and non-canonical TGFb signaling seem involved in TSIPs polarity. 

TGFb impact on A/B polarity has been extensively studied in the context of EMT where it 

induces a loss of this feature, mainly by dissolution of cell-cell junctions150. Here, we 

characterized it as a regulator of A/B polarity orientation. As mentioned before, since we do 

not have any data on normal colon tissue, we can only compare our models with each other. 

Thus, since A/B polarity is maintained and that no proof of EMT has been observed, it is 

possible that even the apical-in model is downregulated for TGFb signaling. Indeed, all our 

models display mutations on TGFBRII (Supplementary Figure 4) which has been frequently 

found in MUC CRC patients209.  

 

In Zajac et al., we demonstrated that TSIPs-producing tumors display a low TGFb signaling and 

that it seems important for TSIPs biogenesis and responsible for their inverted polarity. In 

order to decipher the molecular alterations in the TGFb pathway involved in TSIPs behavior 

in, we first tested the effect of TGFb canonical and non-canonical signaling on TSIPs biogenesis 

by LS174T using siRNA. Those experiments revealed that silencing either SMAD2 or PARD6A 

increased LS174T TSIPs formation and level of RhoA and phosphorylation of myosin-II. 
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When I looked at the role of TGFb on polarity orientation in Zajac et al.209, I chose to investigate 

the contribution of these two proteins, SMAD2 and PARD6A. By downregulating their 

expression using shRNA while treating with TGFb, we could overcome the effects of TGFb on 

A/B polarity with shPARD6A but not SMAD2. This suggested that TGFb non-canonical signaling 

is important for maintaining TSIPs apical-out topology. Combined with the previous data 

showing that actomyosin relaxation (using Y27632 or Blebbistatin) was enough to induce 

polarity reversion in this model, we hypothesized that TGFb induces a cortical relaxation 

through PARD6A-mediated RhoA/ROCK inhibition. As shSMAD2 had no effect, we concluded 

that the canonical pathway had not contribution in A/B polarity orientation, but we did not 

test SMAD4 in these experiments. 

 

During my PhD, I showed that stimulating PDX#1 and PDX#2 with TGFb gives different results 

(Figure 4): it decreases PDX#1 apical-out topology, as demonstrated before, but has no effect 

on PDX#2. This might be explained by the different mutations they harbor as mentioned 

before. Based on this observation, we could wonder if using a shRNA against SMAD4 would 

have the same effects as it did with PARD6A on PDX#1 treated with TGFb. Moreover, it could 

be interesting to see if downregulating PARD6A and/or SMAD4 could prevent PDX#3 

lumenogenesis. 

 

Even though canonical and non-canonical TGFb signaling have been studied as independent 

pathways, they both seem involved in TSIPs polarity. It might be interesting to see if there is a 

crosstalk between PARD6A and SMAD4, with the hypothesis that there is a need for a residual 

canonical signaling for the non-canonical to be functional.  

 

The implication of TGFb signaling in TSIPs A/B polarity was confirmed by treating apical-in 

TSIPs with TGFb inhibitors. By doing so, I was able to shift their topology towards the apical-

out phenotype. Nevertheless, SB431542 alone is not really efficient but there seems to be an 

additional effect when spheres are treated in suspension before. Indeed, pretreatment of 

spheres consists in cultivating them in suspension right after tumor dissociation, when they 

are not organized as a sphere yet. 
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This means that downregulating TGFb signaling before cells are collectively organized 

prevents their correct A/B polarity orientation. It is important to note that this TGFb inhibitor 

only acts on TGFbRI, thus, it is possible that TGFb still signals through other receptors. 

Furthermore, by looking at the bar plot, we could imagine that increasing SB431542 

concentrations might be more effective. 

 

On the other hand, A83-01 is way more efficient at maintaining PDX#3 spheres in the apical-

out topology (see Fig. 12.3 times alone, 3.4 times with a pretreatment). This might be 

explained by the fact that A83-01 has a more potent activity and targets both TGFbRI and 

activin/nodal type I receptors, preventing TGFb signaling on a larger scale. Moreover, we are 

using it at a higher concentration than SB431542, it is possible that we are using in at a 

suboptimal concentration. 

 

How is the balance between ITGB1 and ROCK related to TGFb signaling? There were several 

hypotheses: 

First, as mentioned above, TGFb downregulation could be responsible for an increased 

contractility in apical-out TSIPs through the PARD6-ROCK axis. The literature states that 

activated TGFBR2 phosphorylates PAR6 which recruits SMURF1, a ubiquitin ligase, targeting 

RHOA for its degradation170. Nevertheless, by blotting P-MLC in our PDX models, we did not 

observe any difference in contractility. but the differences in contractility could relies on 

subcellular localization of the protein rather than on the expression level. This could be 

assessed by immunofluorescence. 

 

Second, this axis precisely targets RHOA at cell-cell junctions, causing their dissolution and 

thus, favoring migration in an EMT context. In our apical-out models, it might be possible that 

TGFb downregulation stabilizes cell-cell junctions more than it increases contractility.  
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Third, it has been shown that TGFb canonical signaling increases the expression of many a 

subunits and b1 integrins, their assembly into the right dimers and their exposure at the cell 

surface352. Thus, TGFb signaling downregulation through SMAD4 mutation might be 

responsible for the lower ITGB1 levels in the apical-out models and TGFb effects on PDX#1 

A/B polarity might go through an increase expression of those receptors. 

 

 

(iii) TSIPs A/B polarity does not seem to dictate their invasive and metastatic abilities in mice 

models of peritoneal carcinomatosis. 

After injecting TSIPs intraperitoneally and inducing polarity reversion in vivo, there was no 

difference between control and treated groups for each model in terms of metastatic burden. 

After quantifying spheres’ A/B polarity, it seems that the treatment did not work on PDX#2. 

Nevertheless, polarity inversion was achieved in PDX#1 and PDX#3 without modifying their 

metastatic abilities. Thus, the presence of an inverted polarity is neither an advantage nor a 

disadvantage for the metastatic seeding of immunocompromised mice. 

 

It is important to note that by quantifying the A/B polarity in all the spheres present in the 

slide of PDX#3, the phenotype was mixed (44.57% did not display a luminal cavity). Many of 

them were not in contact with any stroma, but rather surrounded by mucin. This could explain 

that the signaling for A/B polarity could not be triggered. Indeed, counting only TSIPs in 

contact with the stroma, revealed that 90.59% present a luminal cavity which correlates with 

the ex vivo observations. We should also note that the proportion of lumen-bearing TSIPs in 

the control group of PDX#1 is important. To be thorough, I should have done the same 

quantification on the apical-out models. Indeed, many clusters are in contact with the stroma, 

mainly composed of fibroblasts. Thus, we can speculate that they secrete many growth 

factors, such as TGFb, which locally induces a switch of A/B polarity orientation.  

 

 

 

 



 176 

We can also observe that PDX#1 is more invasive than PDX#2, despite the fact that they both 

produce apical-out TSIPs in control conditions and in collagen gels. This could be explained by 

the fact that PDX#1 comes from a peritoneal carcinomatosis while PDX#2 comes from a 

primary tumor, in a patient who never displayed metastases (pT3N2M0R0) and is in remission 

since its cytoreductive surgery. Thus, one can wonder about the fact that polarity itself is not 

sufficient to promote invasion, no matter the phenotype, and that it requires other cellular 

features. This is confirmed by PDX#3, also coming from a primary tumor where no metastases 

were observed in the patient, which has a similar invasion rate as PDX#2 and despite the 

effective A/B polarity reversion induced by AIIB2 treatment, did not became more invasive. It 

might be interesting to see if we can find an apical-in metastatic model to truly investigate the 

impact of an A/B polarity switch towards the apical-out phenotype on peritoneal invasion. 

 

Moreover, by modeling a PC, we bypassed all the anterior steps of carcinogenesis which might 

be determinant for dissemination. It is possible that apical-out tumors are more effective at 

producing TSIPs and thus, more of them are delivered into the peritoneal cavity, facilitating 

metastasis. To investigate that, we could create an orthotopic model by directly injecting 

spheres into the colon mucosa140,143,144 . 

 

 

(iv) TSIPs could be used as a prognostic biomarker in clinic. 

In Zajac et al.209, we were able to correlate the presence of apical-out TSIPs with peritoneal 

carcinomatosis and a poor prognosis. However, at this time we did not distinguish between 

apical-in and apical-out TSIPs that were both found in metastatic patients. Thus, we wondered 

if there was a correlation between TSIPs topology and patient survival from a fully annotated 

cohort of MUC CRC353. Thanks to Valeria Barresi from the university of Verona, we had access 

to an independent cohort of MUC CRC patients. Using automated morphometry, we could 

quantify the proportions of apical-out and apical-in TSIPs in each patient and observed their 

progression and survival rates. By doing so, we were able to demonstrate that the presence 

of apical-out TSIPs was correlated with a lower cancer-specific survival. This showed that 

apical-out bearing tumors are associated with poorer outcome. Since we did not detect a 

significant change in the mice models, the difference in patient survival could result from their 

response to chemotherapy. 
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In line with this, there is no significant difference between the two groups during the first 50 

months. Biologically, apical-out TSIPs could be more resistant to therapies as receptors 

responsible for drugs intake are mainly located at the basal pole and those involved in drugs 

outtake on the apical pole, which prevent drug accumulation in these tumors. This was 

demonstrated by Ashley et al.354 two years ago where they showed that the localization of 

ABCB1, an apical out-take receptor involved in chemotherapies intracellular transport, 

dictates spheroids’ response to treatment. apical-out spheroids present this receptor at their 

cell surface, preventing drugs from entering and thus, are more resistant to cytotoxic agents. 

Since they used cell lines, it will be interesting to confirm this in our PDXs. To do so, we could 

invert spheres polarity using shRNA targeting ITGB1 or ROCK, for apical-in or apical-out models 

respectively and see the impact A/B polarity on response to treatment in 3D collagen-I gels. 

 

In Roy et al.355, we were able to demonstrate that chemotherapies incubation for 1 hours as 

done in the HIPEC were never able to kill all the cells from tridimensional clusters such as 

organoids. This is in line with a recent clinical trial proving that HIPEC does not increase patient 

survival compared to cytoreductive surgery alone356 and that it can also have adverse post-

operative effects357. It is possible that the cytotoxic agents did not penetrate the clusters’ core, 

leaving some cells unharmed, maybe inducing resistance mechanisms. Moreover, we cannot 

exclude the presence of multiple cell types within the spheres, in particular, the inner layer 

could be composed of cells displaying stemness properties which have been described to 

confer resistance to treatment172. Instead, in this study we showed that repeated cycles of 

treatment could significantly impact cell survival from organoids, thus applying cures of 

chemotherapy into the peritoneal cavity of patients through a catheter could be less invasive 

and more efficient and is currently tested in the Gustave Roussy hospital. 

 

Finally, since CRC is a disease that develops overtime and is based on the sequential 

accumulation of genetic alterations, we could wonder if the apical-in topology represents an 

earlier stage which could evolve towards the apical-out. If so, by studying the later stages of 

the disease in patients, we might have enriched our data set in apical-out samples. It would 

be interesting to study the topology of early tumors and see if we increase the number of 

patients displaying apical-in spheres. 
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Indeed, during spheres identification on HES staining, we could observe that what we 

characterized as apical-in structures were classified as well differentiated tumors because of 

their glandular organization, whereas apical-out ones were identified as moderately to poorly 

differentiated. This correlates with the In-to-Out hypothesis since dedifferentiation of a tissue 

is usually observed in invasive carcinomas. Moreover, it would be interesting to compare the 

mutational landscape of apical-in versus apical-out tumors by phylogenetic bioinformatic 

studies to see if we could identify additional genetic lesions appearing overtime in the apical-

out patients. In order to do that, the most relevant samples would be the ones displaying both 

topologies. 
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MATERIAL AND METHODS 

Animal studies: 

Animal experiments were compliant with French legislation and EU Directive 2010/63. The 

project was validated by the Ethical Committe (CEEA) n°26 and was then granted French 

government authorizations under number 517-2015042114005883 and 2734-

2015111711418501. Mice were obtained from Charles River, housed and bred at the Gustave 

Roussy animal core facility (accreditation number E-94-076-11). Animals were humanely 

euthanized according to endpoints that were validated by the Ethical Commitee and the 

French government (Ministère de l'Enseignement Supérieur, de la Recherche et de 

l'Innovation). 

 

Organoids retrieval and preparation from Patient-Derived Xenograft (TSIP-PDX): Three human 

colorectal tumours (PDX#1 corresponding to LRB-0009C, PDX#2 corresponding to IGR-0012P 

nad PDX#3 corresponding to IGR-014P) from the CReMEC tumour collection were maintained 

in NSG mice (NOD-scid IL2Rgammanull, from Charles River, France) as previously described by 

Julien et al. Briefly, small tumour fragments were subcutaneously engrafted on the flank of 

anesthetized mice (2.5% isoflurane). Tumour growth was measured at least once a week. 

When the volume reach 1500 mm3, mice were sacrificed and tumours were used for ex vivo 

experiments and 50 mm3 fragments engrafted on the flank of new mice. Organoids were 

prepared according to Sato et al. and adapted for muco-secreting tumours as follows: The 

PDX#1, PDX#2 or PDX#3 tumours between 1000-1500 mm3 were retrieved from the mice, 

minced into small fragments using a sterile scalpel and were incubated for 1h at 37°C in a final 

volume of 5 to 10 ml of culture medium (DMEM) without FBS and with 2 mg/ml collagenase 

(Sigma, C2139). The samples were then mixed with 20 ml of DMEM and filtered on 100 μm 

mesh size cell strainers (EASYstrainer, 542000). Digested tumour clusters were pelleted in by 

4 pulse-centrifugations at 1500 rpm. The tumour fragments, free of single cells, were 

maintained 3 days in ultra-low attachment plates (Corning, CLS3471) in culture medium. Then, 

organoids were pelleted at 1500 rpm and characterized (staining with apico-basolateral 

polarity markers demonstrated the organoids display the characteristics of Spheres as show 

in Zajac et al). Spheres-PDX were used for survival and invasion experiments as well as for mice 

intraperitoneal injection.  
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Mice intraperitoneal injections: Spheres obtained from PDX#1, PDX#2 and PDX#3 (above) 

were prepared as described above. The medium was changed after 2 days then 1.104 spheres 

were treated in suspension with 0,5µg/mL of ITGB1 function blocking antibody AIIB2 or 25µM 

of ROCK inhibitor Y27632 (Calbiochem, 688000) for PDX#3 and PDX#1/#2 respectively. After 

24h, they were washed and resuspended into 100μl culture media and injected 

intraperitoneally using 25G needle. For PDX#1 and PDX#2, treated groups intraperitoneally 

received 10mg/kg/twice a week of Y27632 diluted in PBS, control groups received only PBS. 

PDX#3 treated group received 2,5mg/kg/week of AIIB2 while control group received 

2,5mg/kg/week of IgG. After 40 days, animals were humanely euthanized according to 

endpoints that were validated by the Ethical Commitee and the French government (Ministère 

de l'Enseignement Supérieur, de la Recherche et de l'Innovation). The Peritoneal 

carcinomatosis index was measured and macroscopic nodules were harvested and fixed in 

PFA 4%. 

 

Spheres’ polarity assessment: 

Collagen-I (Corning, 354236) was neutralized with 1.0 M NaOH and 10x MEM (Life 

Technologies, 21430-02) according to the ratio: 1.0:0.032:0.1 (vol/vol/vol). The concentration 

was then adjusted to 2 mg/ml with DMEM 1X and the collagen was incubated on ice for 1-

1h15. The spheres embedded in neutralized Collagen-I were added on top of the pre-coated 

well at a concentration of 30-50 Spheres/5µL (ibidi 8-well chamber). The gel was allowed to 

polymerize for 45 min at 37°C. Spheres were then cultured in culture medium supplemented 

with FBS 10 % for up to 6 days (3 days for PDX#3). The drugs were diluted in the media as 

followed: AIIB2 (DSHB, AB_528306), A83-01 (Sigma Aldrich, 909910-43-6, 100µM), , 

Blebbistatin (Calbiochem, 203391, 10 μM), Calyculin-A (Clinisciences, sc-24000A, 1nM), 

SB431542 (Sellekchem, S1067, 10 µM),  TGFb (R&D System, P01137, 20 ng/ml),  Y27632 

(Calbiochem, 688000, 25 μM). After incubation for 3 to 6 days, the apico-basolateral polarity 

of spheres was quantified after immunostaining using anti-Ezrin or anti-PERM. Spheres are 

considered with an inverted polarity when at least 75% of the total peripheral cells displayed 

an outward apical pole in one confocal Z-section and displays protrusions (see Supplementary 

Fig.1  for phenotypes). For spheres stained in suspension, they were fixed 10minutes in PFA 

4% then embedded in collagen-I gels for immunofluorescent staining. 
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Immunofluorescence, immunohistochemistry, antibodies and histology. 

Immunofluorescence: Samples were washed twice in PBS supplemented with Ca2+ (0.1 mM) 

and Mg2+ (1 mM) and fixed in 4% PFA for 45 min (TSIPs and peritoneum. Permeabilization was 

performed in PBS supplemented with 0.5% Triton X-100 for 45 min. Primary antibodies were 

incubated overnight at 4 °C at the dilutions listed below in antibody diluent, PBS with 10% 

serum supplemented by 0.1% Triton X-100. Secondary antibodies at 1/500 (Jackson 

ImmunoResearch, AffiniPure goat anti-mouse AlexaFluor, 488 715-545-150, AffiniPure goat 

anti-rabbit Cy3, 711-165-152 or LifeTechnologies goat anti-mouse 647,  A21241, donkey anti-

rabbit 488, A21206), phalloidin 1/1000 (Life Technologies) and DAPI (1µg/mL) were incubated 

overnight at 4°C or 2h at room temperature. 

Primary antibodies: CK20 1/200 (Abcam, ab76126), E-cadherin 1/200 (Abcam, ab1416), 

EpCam 1/200 (MA5-12436), Ezrin 1/100 (DSHB, AB_210031), GM130 1/200 (NovusBio, NBP1-

89757), Vimentin 1/500 (ThermoFisher Scientific, PA1-16759). 

 

Electron microscopy: Isolated TSIPs were fixed in 2 % glutaraldehyde in 0.1 M phosphate 

buffer pH 7.3 and deposited in drops of neutralized collagen (2 mg/ml) allowed to polymerize 

10 min at room temperature laid on a glass coverslip. TSIPs were washed 30 min in phosphate 

buffer, post-fixed with 2% osmic acid at room temperature and rinsed in water. Samples were 

dehydrated in ethanol and embedded in Epon. Polymerization was complete after 48 hours at 

60°C. Ultrathin sections were collected on 100-mesh grids coated with Formvar and carbon, 

stained with uranyl acetate and lead citrate and observed with a FEI Technai Spirit 

transmission electron microscope at 80 Kv. Digital images were taken with a SIS MegaviewIII 

CCD camera. 

 

Histology: CRC and peritoneum specimens obtained after surgical resection were formalin 

fixed and paraffin embedded according to routine protocols. Peritoneal effusions were 

concentrated by centrifugation and fixed in formalin, then embedded for cytoblock. Sections 

(3 μm) of formalin-fixed and paraffin- embedded samples were deparaffinized, unmasked (pH 

8) and rehydrated before haematoxylin–eosin–saffron or alcian blue staining, 

immunohistochemistry or immunofluorescence. 
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Immunohistochemistry: Sections were immunostained with ezrin (1:100; 610603, BD 

Biosciences) or anti-CK20 mouse monoclonal antibody (clone Ks20.8, Dako). Stainings were 

performed with Ventana BenchMark XT immunostainer (Ventana Medical Systems) using the 

UltraView DABv3 kit (Ventana). The chromogene was 3,3ʹ-diaminobenzidine (DAB) in all the 

stainings. Histochemical staining with Alcian Blue (pH 2.5) was performed with Ventana 

BenchMark Special Stains (Ventana Medical Systems) utilizing the V1.00.0010 process. 

Peritoneal effusion smears were stained using May–Grünwald–Giemsa. 

 

Microscopy, images treatment and analyses 

Confocal imaging: Images were acquired using a SpinningDisk CSU-W1 (Yokogawa) with a 

ZylasCMOC camera piloted with an Olympus X83. Images were processed using ImageJ or 

Metamorph softwares. 

 

Microarray 

Samples preparation: RNA was extracted using the RNeasy minikit (Qiagen, Cat. No. 74104) 

from spheres either after three days in suspension (wash one time in PBS supplemented with 

calcium and magnesium as mentioned above) or after three days in collagen-I gels (2mg/mL, 

see Spheres polarity assessment). 

 

Colorectal cancer samples polarity characterization: RNA sequencing raw count were collected 

(International Cancer Genome Consortium (ICGC)) for colorectal cancer samples which were 

characterized histologically as IN and OUT phenotype. A merged matrix could be built with 7 

samples characterized as OUT phenotype: A66781, AA3684, AA3950, CM5863, CM6162, 

F46704, D56534 and with 10 samples characterized as IN phenotype: AA3692, AA3555, 

AA3516, AA3877, AA3994, AAA00N, CA5796, D55539, DMA1D6, D56930. Resulting raw count 

matrix was normalized by Variance-stabilizing transformation algorithm in DeSeq2 R-package 

(Hubert).      

 

Survival analysis: Public dataset of RNA sequencing performed on tumor samples of colorectal 

cancer by Cancer Genome Atlas Network consortium was used in Z-score transformed format 

to performed overall survival analysis on IN-OUT signature. This dataset comprised 244 

samples which were treated for mRNA quantification by next generation sequencing358. 
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Overall survival data were analyzed by Kaplan Meier representation and assessed to be 

significant with log rank test. 

 

Transcriptome experiment: Whole transcriptome experiment have been processed on each 

PDX lines: 009C (#1), 012P (#2) and 014P (#3) and two experimental conditions: culture in 

suspension and culture on collagen. Each biological condition was tested in triplicate inside 

the transcriptome experimental map which represent 18 transcriptome experiments. Starting 

from 100 ng of total RNA microarray probes were synthetized and labeled with WT Plus 

Affymetrix chemistry in order to hybridized Clarium S Human microarray chip in Affymetrix 

microarray station.  

 

Transcriptome analysis: Transcriptome analysis was performed with RMA normalization 

algorithm from Transcriptome Analysis Console (TAC, Applied Biosystems) software version 

4.0. Two Analysis Of Variance (ANOVA) was performed with MEV standalone software (version 

4.9.0) with implementation of 500 permutations and decomposition on supervised factors: 

collagen effect, PBX phenotype IN & OUT. During this supervised analysis interaction factor 

was subtract from the results. Downstream bioinformatics analyses were performed with 

open source R software environment version 3.5.3 under Bioconductor359. Supervised 

differential expressed gene signature to see collagen effect on PDX was performed with 

Significance Analysis for Microarray (SAM) algorithm360 with a fold change threshold of 2 and 

a false discovery rate (FDR) less than 5 percent. Expression heatmap were drawn with 

pheatmap R-package with transcriptome normalized data. Unsupervised principal component 

analysis representation used FactoMineR library; Cleveland plot were performed with ggpubr 

library and Kaplan Meier with survival and ggplot2 libraries. Geneset enrichment analysis was 

done with Java standalone software GSEA version 4.0.3361. Functional interaction network was 

drawn with Cytoscape software version 3.6.0362. 

 

Patients segmentation: 

Image analysis was performed after manual selection of the regions of interest by the senior 

pathologist. As these regions were too large to be assessed in totality, they were divided into 

blocks of pixels that were processed individually and finally stitched. 
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Images show four different classes: background, DAB stained CK, Alcian Blue colored mucus 

areas and eosin (pink) colored, areas of stroma. 

All these classes were first segmented. Background areas are pixels whose brightness is higher 

than 215. CK clusters are pixels whose value is lower than 165 on blue component image. 

Mucin areas are pixels whose red component on blue component ratio is lower than 1, 

whereas stroma areas are pixels whose red on blue ratio is higher than 1, but that are not CK. 

Connected components are then computed for each class and small areas are discarded. 

To find the apical status of each CK cluster, the program looks if it is surrounded by mucus 

(apical-out) or if it touches or is enclosed by a stroma area (apical-in). CK clusters surrounded 

by mucus that enclose a mucus area are discarded. 

 

Statistical Analyses: 

Significance was tested with unpaired two-tailed Student’s t-test, one-way analysis of variance 

(ANOVA), linear regression using GraphPad Prism or one-sided and two-sided Fisher’s exact 

test (using R and http://www.socscistatistics.com/tests/fisher/Default2.aspx), with the level 

of significance set at α = 0.05 (95% confidence interval). The method used, P values and n 

numbers are indicated in the figure legends. P values of significance are represented as ****P 

< 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05. The exact value is indicated when possible. 

No statistical method was used to predetermine sample size. No animals were excluded from 

the study. No method of randomization was used. The investigators were not blinded to 

allocation during experiments or outcome assessment. 

Peritoneal effusions were collected from independent patients. The exact number of effusions 

analyzed is indicated in each figure legend. 

All experiments, including the experiment using patient specimens, were repeated at least 

three times independently under similar technical conditions.  For each figure panel, the exact 

number of biological replicates is indicated on the graph. 

Quantitative data are represented as mean ± s.e.m., unless otherwise specified in the legend. 
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ANNEX 

Cell clusters adopt a collective amoeboid mode of migration in confined non-adhesive 

environments.  

As mentioned in the introduction, cell migration is a fundamental aspect of embryonic 

development, adult homeostasis and cancer progression. To date, cells have been described 

to move either as single cells using a traction-based or a propulsive mode of migration, or as 

collective protrusive strands displaying a leader-follower organization. In this paper, Pagès et 

al. demonstrated that cells clusters are able to migrate without the formation of focal 

adhesion in confined environments. They rather rely on a supracellular contractile cortex 

enriched in myosin II at the back. We defined this second mode of collective migration 

“collective ameboid”, by analogy to single cells. 

 

The founding observation of this study is that TSIPs invade into 3D environment despite their 

apical-out topology, precluding the participation of conventional integrin/ECM interactions.  

I participated in this paper by providing a picture of an pical-out TSIP stained for ß1-integrin 

and actin in a 3D collagen-I gel, showing that integrins are sequestered at the basolateral pole, 

inside the spheres and thus, never in contact with the surrounding ECM (Fig1.A.a). 

 

They further show that many normal and tumoral cell clusters are able to collectively migrate 

in non-adhesive PEG-coated microchannels. Using live imaging of HT29-MTX expressing F-

tractin-mRuby3 and mTurquoise-MLC, they were able to demonstrate that static clusters 

display a homogenous apical expression of those two proteins, while migrating clusters 

present a polarized cortex with F-tractin and MLC enriched at the back. Furthermore, 

activating RHOA at the back of the cluster using optogenetic tool is sufficient to induce 

migration. These data demonstrate that collective amoeboid movement is supported by a 

supracellular contractile actin cortex. 
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