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A B S T R A C T

Intestinal organoids reflect the 3D structure and function of their original tissues. Organoid are typically cultured 
in Matrigel, an extracellular matrix (ECM) mimicking the basement membrane, which is suitable for epithelial 
cells but does not accurately mimic the tumour microenvironment of colorectal cancer (CRC). The ECM and 
particularly collagen type I is crucial for CRC progression and invasiveness. Given that efforts to examine CRC 
organoid invasion in a more physiologically relevant ECM have been limited, we used a floating collagen type I 
matrix (FC) to study organoid invasion in three patient-derived CRC organoid lines. In FC gel, organoids contract, 
align, and fuse into macroscopic ring structures, initiating minor branch formation and invasion fronts, phe
nomena unique for the collagen ECM and otherwise not observed in Matrigel-grown CRC organoids. In contrast 
to Matrigel, FC organoids showed basal extrusion with improper actin localization, but without change in the 
organoid polarity. Moreover, small clusters of vital invading cells were observed. Gene expression analysis 
revealed that the organoids cultured in a FC matrix presented more epithelial and stem cell-like characteristics. 
This novel technique of cultivating CRC organoids in a FC matrix represents an in-vitro model for studying cancer 
organization and matrix remodelling with increased organoid stemness potential.

1. Introduction

Intestinal organoids comprise the 3D architecture and organ-specific 
function of the originating organ. To date, the extracellular matrix 
(ECM) mainly used for the cultivation of intestinal organoids is Matrigel, 
a gelatinous protein mixture with poorly defined ingredients. As its main 
components are collagen type IV and laminin, it mimics the basement 
membrane, which makes it a suitable matrix for growing organoids from 

epithelial cells. However, it does not accurately reflect the tumour 
microenvironment (TME) surrounding colorectal cancer (CRC) cells [1]. 
The growth and progression of colorectal tumours are strongly influ
enced by their surrounding ECM and particularly collagen I, plays a 
crucial role by influencing various processes such as metastasis [2], 
genomic instability [3], drug resistance [4], or immune infiltration [5]
and thus contributing to malignant transformation [5]. During these 
processes, cancer cells not only take advantage of the collagen in the 
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stroma but also promote collagen deposition by cancer-associated fi
broblasts to increase matrix stiffness, another known ECM-driven 
mechanism to tumour aggressiveness [6].

In addition to its prominent role in CRC tumour progression, collagen 
I constitutes a more physiological alternative to Matrigel and contributes 
to increased reproducibility, as it eliminates batch-to-batch variability. 
As organoids become increasingly refined, new methods are needed to 
map the complex structure and behaviour of tumours [7]. However, to 
date, only limited efforts have been made to further develop existing 
organoid model systems.

Here, we present the cultivation of three patient-derived CRC orga
noids in a floating collagen type I (FC) matrix. It is a novel protocol for 
cultivation of human colorectal cancer organoids based on its original 
description in mouse small intestine organoids [8]. This simple method 

enables cystic CRC organoids to form macroscopic ring structures with 
enhanced stemness characteristics. Moreover, physiological cancer cell 
phenomena such as matrix invasion and basal-cell extrusion can be 
observed.

2. Results and discussion

2.1. Organoids with cystic morphology form ring structures in a floating 
collagen matrix

In this study, we tested the behaviour of three patient-derived CRC 
organoid lines with different tumour stages and metastatic status when 
cultivated in a floating collagen (FC) type I matrix compared to Matrigel 
(Fig. 1A-B, Fig. S1). Organoids from healthy colorectal tissue as well as 

Fig. 1. Comparison of cultivation in Matrigel, attached collagen, and floating collagen. (A) Clinicopathological data of the three patient-derived organoid lines (P1- 
P3) used in this study; metachr.-metachronous; synchr.-synchronous. (B) Workflow for the generation of the floating collagen (FC) matrix. (C) Representative 
histological (HE, top panel) of organoid lines P1-P3 in Matrigel; brightfield images (middle and lower panel) of independent experiments of the organoid lines P1-P3 
cultured in Matrigel and in attached collagen. Scale bars: 50 µm (top panel); 200 µm (middle and lower panels). (D) Representative brightfield images of the growth 
patterns of P1–P3 organoids in FC. Scale bars: 200 µm. (E) Representative immunofluorescence and histological (HE) images of P2 organoids (▴) in FC fused to the 
epithelium (↑) of the ring structure. For whole-mount confocal imaging, the organoids were stained with phalloidin (red), tubulin (green), and DAPI (blue). Scale 
bars: 20 µm (top panel); 200 µm (lower panel).
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CRC organoids grown in Matrigel typically grow as sharply defined 
cystic structures without visible interactions with neighbouring orga
noids or the surrounding matrix (Fig. 1C). A tumour-specific 
morphology is usually not visible. Collagen type I, as used in the asso
ciated collagen gel contraction assay (CGCA), is the preferred alternative 
matrix for CRC cultivation in a more physiological TME, especially for 
the transplantation of organoids into in-vivo mouse models [9]. Tradi
tionally, researchers have used the attached-matrix model of CGCA with 
the collagen drop still being attached to the matrix so that the gel can 
only contract in the vertical dimension [10]. When cultivated in an 
attached collagen matrix, the overall morphology of the three organoid 
lines did not change, but some organoid clusters and fibre alignment 
around the organoids was visible (Fig. 1C). However, this interactive 
behaviour seemed to be restricted by the stiffness and inflexibility of the 
collagen matrix due to its attachment to the plate. In particular, the 
organoid line of patient one (P1) already showed some spontaneous 
detachment of the collagen drops.

For the first time, we cultivated CRC organoids in a modified version 
of the CGCA floating matrix model (Fig. 1B). During the first 4 days—the 
so-called “stress phase”—the organoids had the opportunity to grow and 
build tension in the collagen gel. To overcome the challenge of matrix 
inflexibility, the collagen drop was detached on day 4 to initiate the 
floating phase (Fig. 1B). This technique has been shown to enable mu
rine small intestine organoids to interact not only with the matrix 
through contraction but also with each other to form tube- and crypt-like 
macroscopic superstructures [8]. In organoids derived from other tis
sues, including pancreatic cancer and breast, phenomena such as 
branching [11] or alveolation [12] can be observed. When our three 
patient-derived CRC organoid lines were cultivated in FC, the predom
inantly cystic organoid lines P1 and P2 fused to form macroscopic ring 
structures (Fig. 1D, E).

2.2. CRC organoid cultivation in FC allows long-term cultivation, matrix 
remodelling, and matrix invasion

Time lapse imaging over the course of 3 days postdetachment (p.d.) 
demonstrated the dynamics of ring formation in P1 organoids (Fig. 2A). 
During the first 16 h p.d., we observed significant collagen matrix 
contraction and organoid contact. A few organoids were already visible 
at the edge of the drop. Over time, the organoids further contracted the 
matrix, aligned, and an increasing number of organoids moved to the 
edge of the drop and merged into the developing ring structure. Due to 
the flat disc-like geometric structure of the FC matrix there is uniform 
nutrient access, eliminating nutrient gradient-driven organoid move
ment. The fusion to the epithelium of the ring was also visible via our 
immunofluorescence and histological analyses (Fig. 1E). The phenom
enon of ring formation in the FC matrix was observed only in the P1 and 
P2 organoids, whereas the patient three (P3) organoids showed only 
minor contraction, consumption of the FC matrix and, rather, predom
inant organization into small groups. Various variables, such as stiffness, 
collagen concentration, and lack of cancer-associated fibroblasts [13] in 
FC compared to the primary tumour, could explain the differences in the 
behaviour of the three organoid lines. Strikingly, the ring structure in 
the FC drop could be maintained for up to 14 days, whereas the avail
ability of free collagen matrix was the limiting factor due to collagen 
consumption and contraction by the organoids, as exemplified by P2 in 
Fig. 2B. Compared with attached collagen, the same organoid line sur
vived for only 7 days until the organoids “burst” to eliminate debris and 
dead cells (Fig. 2B).

Strikingly, when two FC matrices contacted each other randomly (e. 
g. overnight at the edge of the well), the fusion of those two floating 
collagen drops was regularly observed (Fig. 2C). Microscopic analysis of 
the fused drops revealed that they were connected by a continuous 

Fig. 2. Properties of the ring structures and matrix invasion. (A): Representative bright-field images of a P2 ring structure formed in floating collagen (FC) over the 
course of 70 h. Scale bars: 200 µm. (B) Time-lapse bright-field imaging of P2 organoids over the course of four days in the final phase of cultivation in FC (top panel) 
and attached collagen (AC; no detachment step performed) (lower panel) at the same point of time in cultivation. Arrows (↔) highlight the contraction of the 
collagen matrix. Scale bars: 200 µm. (C) Representative images of two fusing P1 FC organoid drops (1, 2). Scale bars: 200 µm. (D) Brightfield images of various 
morphologically different invasion patterns into the collagen matrix in FC organoids (↑, ▴, *). Scale bars: 200 µm. (E) Histological findings of various FC matrix 
invasion patterns (↑, ▴, *) observed by HE staining. Scale bars: 100 µm.
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bridge of fibres from the macroscopic organoid ring of one drop to the 
organoid ring of the other drop (Fig. 2C). These ring assemblies can be 
separated only by direct mechanical force from pipette tips. However, 
further research is necessary to understand the mechanism by which 
organoid structures in these two drops sense each other and remodel the 
matrix.

In addition to their morphological variety, some branching and in
vasion front-like structures that have never been observed in CRC 
organoids cultivated in Matrigel are also visible. The invasion of colo
rectal cancer cells into a collagen matrix, compared to Matrigel, was first 
reported by Vellinga et al. in an attached collagen matrix [14]. Friedl 
et al. described different morphological patterns of cancer invasion that 
were primarily shown in laboratory-intensive systems [15]. Friedl et al. 

differ between individual and collective migration, where cell–cell 
adhesions are still retained [15]. Indeed, such a collective migration 
pattern of multicellular groups with small cell clusters or solid strand 
formation was visible in all 3 organoid lines via brightfield microscopy 
and immunohistochemical analysis (Fig. 2D, E). The organoid cells may 
have been chemoattracted by each other or simply followed microtracks 
in the FC matrix (Fig. 2D, E). Overall, the pattern of invasion was not 
patient specific. Since the protrusions exhibited highly temporal dy
namics, with some of the fronts being visible for only hours, further 
imaging was complicated. We were not able to float Matrigel drops 
without damaging the matrix due to the low connectivity of proteins. In 
another study, a matrix similar to Matrigel floated, but FC-mediated 
invasion phenomena could not be observed [16].

Fig. 3. Apical-basal extrusion in floating collagen organoids. (A) Cell debris surrounding P1-P3 organoids cultivated in FC as observed by HE staining (↑). Scale bars: 
50 µm. (B) Representative whole-mount confocal images of P2 organoids in Matrigel or in FC. Organoids were stained with phalloidin (red), tubulin (green), and 
DAPI (blue). Arrows (↑) highlight the localization of the actin ring. Scale bars: 20 µm. (C) Villin immunohistochemical staining of P2 organoids in FC. Scale bar: 
100 µm. (D) Schematic overview of differences in the direction of extrusion between organoids cultivated in floating collagen (FC) and in Matrigel. (E) Different 
examples of small cluster of cells/ organoidsof EpCAM-stained P2 organoids in FC. Scale bars: 50 µm (top panel); 25 µm (lower panel).
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2.3. Floating collagen organoids exhibit an apical-basal extrusion 
phenomenon

Epithelial cell extrusion is the process by which cells of the epithe
lium are removed to maintain a homeostatic epithelial cell number 
without disrupting the epithelial barrier. Typically, in healthy colonic 
tissue as well as in organoids cultured in Matrigel, cells are extruded 
apically by contraction of the apical actin ring of the neighbouring cell 
surrounding the apoptotic cell [17]. In CRC organoids grown in Matri
gel, the apical side faces towards the lumen into which dead cells are 
shed (Fig. 1C); the same observation was reported in attached collagen 
drops [18]. Therefore, these organoids require frequent passaging to 
remove cell debris and maintain organoid viability. Unlike Matrigel-like 
organoids, FC organoids were surrounded by a flood of apoptotic bodies, 
as revealed in HE staining (Fig. 3A). To evaluate the role of F-actin in this 
phenomenon, we determined the localization of the actin filaments in P2 
organoids by confocal immunofluorescence. We observed that the actin 
ring faced the apical side of the lumen in Matrigel, whereas in FC, the 
actin filament was instead localized on the basal side (Fig. 3B). Inter
estingly, the overall polarity of the organoid ring structures did not 
change upon cultivation in FC, as shown by Villin staining (Fig. 3C). 
Thus, for both conditions, the apical side of the organoids cultured in 
either Matrigel or FC still faced towards the lumen. Contrary mucinous 
colon cancer organoids cultivated in collagen I switched their 
apico-basal polarity [18].

So far, we can only speculate why both extrusion directions (Fig. 3D) 
occurred in FC (Fig. 3 A-C). In this context, an improper localization of 
the actin filaments was shown to randomize the direction of extrusion 
[17]. Moreover, a matrix containing collagen type 1 was an adequate 

murine mammary organoid environment to study basal extrusion and 
breaching of the epithelium [19]. Fadul et al. (2018) reported that basal 
extrusion is a feature of highly invasive tumour cells and suggested a 
novel mechanism of metastasis [20]. Indeed, our histological analysis 
revealed the presence of small groups of tumour cells in the FC matrix 
after more than 9 days of cultivation (corresponds to 5 days p.d.) 
(Fig. 3E). This phenomenon has never been observed in Matrigel. We 
suggest that such cell clusters survive anoikis signals and are capable of 
forming new organoids, a phenomenon that has already been described 
by Vellinga et al. (2016). Single-cell approaches such as spatial 
scRNA-seq are necessary to further decipher the molecular profile and 
mechanism of these invading cancer cells.

2.4. Cultivation of organoids in an FC matrix triggers stemness 
characteristics

Organoids cultivated in Matrigel are frequently used as versatile 
model systems to recapitulate the gene expression signature and 
morphological and functional features of the corresponding cancer cells 
in-vitro [21]. However, only a high-collagen TME contributes to cancer 
progression and metastasis and therefore fully reflects the invasion 
processes occurring in-vivo. In particular, the microenvironment of 
normal tissue, which is reflected by the Matrigel composition, can 
reduce if not compensate for the effects of aggressive oncogenic drivers 
in epithelial cells [22].

As collagen has been shown to inhibit differentiation and trigger 
stemness in colorectal cancer cells [23], we aimed to better understand 
the observed morphological changes at the molecular level. Therefore, 
we defined 4 sets of genes for qPCR analysis, including stem cell, 

Fig. 4. Molecular characteristics of the organoid ring structures. (A-B) qPCR analysis of the gene sets for stemness, epithelial, differentiation, and EMT markers for P1 
(A) and P2 (B) organoids cultivated in floating collagen (FC) and Matrigel. mRNA levels were normalized to GAPDH and calculated relative to those of the Matrigel 
condition on day 9 of cultivation. Data from two independent experiments (three technical replicates each, two colour codes; Exp.- experiment) are shown as single 
data points and the mean. (C) Venn diagram of upregulated genes for P1 and P2 organoids in FC. (D-E) Immunohistochemical comparison of Ki67 (D; proliferation 
marker) and TROP2 (E) expression in P1 and P2 organoids in Matrigel or FC.
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epithelial, differentiation, and EMT markers (Fig. 4A, B). By analysing 
9-day-old organoids (≙ 5 days p.d.), we observed an upregulation of the 
stem cell markers LGR5, TROP2, and BMI1 in the FC organoids of P1 and 
P2 and ATOH1 in P1 compared with Matrigel.

Although changes in gene expression upon cultivation in floating 
collagen were restricted to stemness, patient-specific gene expression 
alterations could be observed (Fig. 4C). While P2 organoids presented an 
increase in the expression of secretory markers such as ATOH1 and 
MUC2, P1 organoids presented a rather inflammatory profile with an 
increase in COX2 expression. In this context, ATOH1-positive secretory 
progenitor cells contribute to tissue homeostasis and renewal [24]
whereas an increase in the most abundant COX2 derivative PGE2 pro
moted the organoid-forming efficiency and viability of LGR5+ intestinal 
stem cells [25]. Interestingly, P1 organoids presented increased VIM 
expression levels. These variable patterns in gene expression might 
reflect the different molecular subtypes of colorectal carcinomas [26].

Another important prognostic parameter is Ki-67 (a proliferation 
marker), which is associated with poor clinical outcomes in patients 
with CRC [27]. Our immunohistochemical staining results revealed 
strong Ki-67 expression in the Matrigel as well as in the FC P1 and P2 
organoids, reflecting the strong proliferative activity of the two organoid 
lines under both conditions (Fig. 4D).

An interesting commonly upregulated marker in ring-forming lines is 
TACSTD2, which encodes the protein TROP2 and is a marker for foetal 
stem/progenitor cells [28] (Fig. 4C). In addition, we validated the in
crease in TROP2 expression at the protein level, as shown by TROP2 
immunohistochemical staining (Fig. 4E). Its expression is correlated 
with the epithelial phenotype and is negatively associated with EMT 
[29], which was confirmed by our gene expression analysis (Fig. 4A-E). 
Recently, TROP2 overexpression in premalignant and malignant CRC 
lesions was shown to be a marker for developmental reprogramming in 
neoplastic cells [30]. We reported that increased expression of TROP2 in 
colon cancer cells triggered cell de-adhesion as a first step in metastasis 
[31].

To understand whether these alterations in gene expression were 
caused by matrix-induced temporal cell plasticity or by permanent 
changes, FC collagen organoids were transferred back to Matrigel, and 
gene expression was analysed after two passages in Matrigel. As a result, 
the organoids derived from P1 and P2 presented a decrease in stem cell 
marker expression with a shift to a more Matrigel-like differentiation 
pattern (Fig. S2). In P2, TACSTD2 expression was even below the orig
inal Matrigel level.

Overall, our results suggest that the cultivation of CRC organoids in a 
floating collagen matrix amplifies the existing organoid-specific gene 
expression profiles, thereby enabling the organoids to fully exploit their 
malignant potential within an interactive matrix system.

3. Conclusion

Our method of embedding patient-derived CRC organoids in a FC 
matrix allows for organoid self-organization into ring structures through 
matrix remodelling and contraction. In this approach, physiological 
cancer cell phenomena such as matrix invasion become detectable, 
which has never been previously observed in Matrigel. Compared with 
their Matrigel organoid counterparts, the generated ring structures have 
enhanced stem cell-like characteristics. The remarkable self- 
organization of organoids achieved by cultivation in FC constitutes the 
extension of macroscopic tumour formation to patient-derived CRC 
organoids.

4. Materials and methods

4.1. Human samples and ethical guidelines

The organoids of Patient 1 and Patient 2 were kind gifts from Prof. 
Trevor Dale (Cardiff University, Wales) and were recently published as 

ISO49 and ISO50 [32]. The tissue used for the generation of organoids 
from Patient 3 was collected at the Universitätsklinikum Erlangen 
(Germany). All procedures were performed in accordance with the 
Declaration of Helsinki and were covered by an ethics vote of the Uni
versitätsklinikum of the Friedrich-Alexander-Universität Erlangen-
Nürnberg (23–2023-Br).

4.1.1. Establishment and cultivation of organoids from human CRC tissue
The tumour samples from Patient 3 were cut into small fragments 

and washed with 10 mL of 3 + medium (Table S1) in a Petri dish. Next, 
the fragments were transferred into a 15 mL Falcon tube, and 3 mL of 
complete digestion medium containing RPMI 1640 (PAN Biotech™), 
FBS (final concentration 5 %), collagenase XI (Vetec™, final concen
tration 5 mg/mL), Y-27632 (Stemcell Technologies™, final concentra
tion 10.5 µM) and DNAse I (Stemcell Technologies™, final 
concentration 10 µM) was added and incubated at 37 ◦C for 2 h. After 
digestion, the suspension was passed through a 40 µL strainer (Falcon™) 
and centrifuged at 300 × g at 4 ◦C for 5 min. Then, the supernatant was 
removed, and the sample was washed with 5 mL of 3 + medium. After 
centrifugation (300 × g, 4 ◦C, 5 min), the supernatant was removed, and 
the cells were resuspended in an appropriate amount of growth factor- 
reduced Matrigel (Corning). The suspension was then plated on a 48- 
well plate (25 µL per well), and after solidification (10–15 min), com
plete culture medium (Table S1) was added. Organoids generated from 
Patient 3 were cultivated in complete culture medium (Table S1) inde
pendent of the ECM and passaged in Matrigel every 7 days. Organoids 
generated from Patient 1 and Patient 2 were recently described by 
Badder et al. (named ISO49 and ISO50, respectively) and were cultured 
in minimal medium [32].

4.1.2. Cultivation of organoids in Matrigel
The cultivation of organoids from Patient 1 and Patient 2 in Matrigel 

(Corning) was performed as previously described [32] (Table S1). After 
passaging, Y-27632 (Stemcell Technologies™) was added to the me
dium, which was then first changed after 3 days and then changed every 
other day without the addition of Y-27632. The organoids of Patient 3 
were also cultivated in Matrigel (Corning) and received complete cul
ture medium (Table S1) following the same scheme of changing the 
medium used for Patients 1 and 2. In general, organoids were passaged 
every 7 days. All organoid lines were regularly tested for mycoplasma 
contamination using endpoint PCR (primer sequence forward: 5’ -TGC 
ACC ATC TGT CAC TCT GTT AAC CTC- 3’; reverse: 5’ -GGA GCA AAC 
AGG ATT AGA TAC CCT- 3’) with a mycoplasma PCR positive control 
DNA from the Leibniz-Institute DSMZ.

4.1.3. Preparation of the collagen matrix
Acid-digested rat tail collagen type I (Corning) was neutralized with 

1 N NaOH to a pH of 7.2–7.4 via pH indicator strips. The gel was sub
sequently diluted with 10x PBS (Gibco™) and minimal medium 
(Table S1) to a final concentration of 1.7 mg/mL.

4.1.4. Cultivation of organoids in attached and floating collagen
For cultivation in the floating collagen matrix, the collagen mixture 

was incubated for 70 min after neutralization to allow for a preassembly 
time. For transfer from Matrigel to collagen I, 7-day-old Matrigel orga
noids were harvested, washed with 3 + medium (Table S1), and me
chanically disrupted into large fragments by pipetting up and down 
15–20 times. After centrifugation (300 × g, 5 min, 4 ◦C), the superna
tant was removed, the cell pellet from the preassembled collagen was 
resuspended, and 25 µL of the organoid-collagen I mixture was plated 
into a 6-well plate. For solidification, the drops were incubated at 37 ◦C 
for 50 min before the addition of the corresponding culture medium 
supplemented with 10.5 µM Y-27362 (Stemcell Technologies™). The 
medium was changed after 3 days and then every other day without the 
addition of Y-27632. For the floating, on day 4 of cultivation, the drops 
were detached from the plate by using a 10 µL pipette tip.
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4.1.5. Recovery after cultivation in floating collagen
Seven days post-passaging in Matrigel, the organoids were trans

ferred into the neutralized collagen matrix, detached on day 4 and 
cultivated until day 9. The organoids were subsequently released from 
the collagen matrix with collagenase XI (Vetec™, final concentration 
2 mg/mL) and washed three times with 3 + medium (Table S1). Next, 
the organoids were embedded and cultivated in Matrigel for 3 days until 
passaging, followed by 9 days until RNA extraction.

4.1.6. Immunohistochemistry (IHC)
For immunohistochemistry, floating collagen drops at different time 

points were collected with a spatula. Then, each drop was fixed for 
20 min with 4 % PFA and washed three times with PBS (PAN Biotech™) 
for 5 min. Matrigel organoids were collected and released from the 
Matrigel by using Cell Recovery Solution (Corning) according to the 
manufacturer’s instructions. After fixation with 4 % PFA for 30 min, the 
organoids were encased with the Epredia™ Cytoblock™ Cell Block 
Preparation System according to the manufacturer’s instructions. 
Organoids mounted in the Cytoblock were then paraffin-embedded, and 
1 µm thin sections were prepared. The slides were subsequently depar
affinized and rehydrated according to standard protocols of the Institute 
of Pathology (Universitätsklinikum Erlangen). Slides were stained in an 
automated setting with haematoxylin and eosin (HE) following vali
dated IHC protocols. IHC staining for Villin (1:100, ab130751, Abcam), 
TROP2 (1:2000, ab214488, Abcam), and Ki-67 (1:2000, #12202, Cell 
Signaling Technologies) was conducted manually overnight after heat- 
induced antigen retrieval and peroxidase blocking. Subsequently, the 
slides were incubated with biotinylated secondary antibodies, detected 
with a VECTASTAIN Elite ABC Kit (Vector Laboratories) and DAB sub
strate (Dako/Agilent), and counterstained with haematoxylin.

4.1.7. Brightfield and whole-mount immunofluorescence microscopy
Brightfield microscopy of the organoids was performed on a Leica 

DMi1 microscope. For immunofluorescence staining, the collagen drop 
was fixed after 7 days of cultivation as described above and transferred 
to an 8-well glass bottom µ-slide (Ibidi). Matrigel organoids were 
directly cultivated on 8-well µ-slides (Ibidi) and fixed with 4 % PFA for 
30 min. For blocking and permeabilization, the samples were incubated 
overnight in buffer containing 0.1 % BSA, 0.2 % Triton X-100 and 
0.05 % Tween 20 in PBS. Next, the samples were incubated with Alexa 
Fluor 488-conjugated anti-Tubulin (1:500, ab195883, Abcam) over
night. The next day, the samples were stained with Actistain 555 (1:40, 
PHDH1, Cytoskeleton Inc.) for 1.5 h at room temperature (RT) and with 
DAPI (1:1000, MBD0015, Sigma–Aldrich) for 15 min at RT. Finally, 
Fluoromount™ (Sigma–Aldrich) was added to each well and allowed to 
solidify at RT for 1 h. Confocal imaging was performed on the Cell
Voyager™ CQ1 Benchtop High-Content Analysis System (Yokogawa).

4.1.8. qPCR
For gene expression analysis, the organoids were cultivated in 

Matrigel or in a floating collagen matrix for 9 days. Organoids were 
released from their matrix by using Cell Recovery Solution (Corning) for 
Matrigel or collagenase XI (Vetec™, final concentration 2 mg/mL) for 
collagen. Isolation of total RNA, cDNA synthesis, and qPCR were per
formed as previously described [31]. Briefly, total RNA from cell pellets 
was extracted via the QIAzol Lysis Reagent (Qiagen) combined with the 
RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. The 
quality of the purified RNA was initially assessed via a Nanodrop1000 
(Thermo Fisher). Reverse transcription was performed via the Quanti
Tect Reverse Transcription Kit (Qiagen, Hilden, Germany). cDNA 
amplification was conducted via primers for targets of interest (Meta
bion; Table S2) and the QuantiTect SYBR®Green PCR Kit (Qiagen) ac
cording to the manufacturer’s protocol. Ct expression values were 
determined via the CFX96™ Real-Time System (Bio-Rad). The obtained 
Ct values were normalized to human GAPDH expression.

4.1.9. DNA isolation and next-generation sequencing
Patient 3 organoids were cultivated for 7 days and released from 

Matrigel using Cell Recovery Solution (Corning). The isolation was 
performed via the NucleoSpin Tissue Mini kit for DNA from cells and 
tissue (Macherey Nagel) according to the manufacturer’s instructions. 
The quality of the purified DNA was initially assessed via a Nano
drop1000 (Thermo Fisher). Next-generation sequencing was performed 
via the TruSight Oncology 500 Assay (Illumina) on a NextSeq 550 
(Illumina) according to the manufacturer’s instructions for genomic 
profiling of the organoids.

4.1.10. Statistical analysis
Statistical analyses were performed with GraphPad Prism v. 10 

(GraphPad, San Diego, CA, USA). Every experiment was performed at 
least twice with three technical replicates each.
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versitätsklinikum Erlangen, Friedrich-Alexander-Universität Erlangen- 
Nürnberg (FAU). We are grateful to the group of Prof. Robert Stoehr 
(Molecular Pathology, Institute of Pathology, Universitätsklinikum 
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G. Zecchin, K. Steiger, R. Öllinger, D. Saur, C. Scheel, et al., Spatiotemporal 
dynamics of self-organized branching in pancreas-derived organoids, Nat. 
Commun. 13 (2022) 5219, https://doi.org/10.1038/s41467-022-32806-y.

[12] J.R. Linnemann, H. Miura, L.K. Meixner, M. Irmler, U.J. Kloos, B. Hirschi, H. 
S. Bartsch, S. Sass, J. Beckers, F.J. Theis, et al., Quantification of regenerative 
potential in primary human mammary epithelial cells, Development 142 (2015) 
3239–3251, https://doi.org/10.1242/dev.123554.

[13] H. Kobayashi, K.A. Gieniec, T.R.M. Lannagan, T. Wang, N. Asai, Y. Mizutani, 
T. Iida, R. Ando, E.M. Thomas, A. Sakai, et al., The origin and contribution of 
cancer-associated fibroblasts in colorectal carcinogenesis, Gastroenterology 162 
(2022) 890–906, https://doi.org/10.1053/j.gastro.2021.11.037.

[14] T.T. Vellinga, S. den Uil, I.H. Rinkes, D. Marvin, B. Ponsioen, A. Alvarez-Varela, 
S. Fatrai, C. Scheele, D.A. Zwijnenburg, H. Snippert, et al., Collagen-rich stroma in 
aggressive colon tumors induces mesenchymal gene expression and tumor cell 
invasion, Oncogene 35 (2016) 5263–5271, https://doi.org/10.1038/onc.2016.60.

[15] P. Friedl, S. Alexander, Cancer invasion and the microenvironment: plasticity and 
reciprocity, Cell 147 (2011) 992–1009, https://doi.org/10.1016/j. 
cell.2011.11.016.

[16] J.Y. Co, J.A. Klein, S. Kang, K.A. Homan, Suspended hydrogel culture as a method 
to scale up intestinal organoids, Sci. Rep. 13 (2023) 10412, https://doi.org/ 
10.1038/s41598-023-35657-9.

[17] G.M. Slattum, J. Rosenblatt, Tumour cell invasion: an emerging role for basal 
epithelial cell extrusion, Nat. Rev. Cancer 14 (2014) 495–501, https://doi.org/ 
10.1038/nrc3767.

[18] C. Canet-Jourdan, D.L. Pagès, C. Nguyen-Vigouroux, J. Cartry, O. Zajac, 
C. Desterke, J.B. Lopez, E. Gutierrez-Mateyron, N. Signolle, J. Adam, et al., Patient- 
derived organoids identify an apico-basolateral polarity switch associated with 
survival in colorectal cancer, J. Cell Sci. 135 (2022) jcs259256, https://doi.org/ 
10.1242/jcs.259256.

[19] C. Villeneuve, E. Lagoutte, L. de Plater, S. Mathieu, J.B. Manneville, J.L. Maître, 
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