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Cell competition promotes metastatic intestinal
cancer through a multistage process

Ana Krotenberg Garcia,' Mario Ledesma-Terrén,’? Maria Lamprou,’ Joyce Vriend,” Merel Elise van Luyk,’
and Saskia Jacoba Elisabeth Suijkerbuijk!4*

SUMMARY

Cell competition plays an instrumental role in quality control during tissue development and homeostasis.
Nevertheless, cancer cells can exploit this process for their own proliferative advantage. In our study, we
generated mixed murine organoids and microtissues to explore the impact of cell competition on liver
metastasis. Unlike competition at the primary site, the initial effect on liver progenitor cells does not
involve the induction of apoptosis. Instead, metastatic competition manifests as a multistage process.
Initially, liver progenitors undergo compaction, which is followed by cell-cycle arrest, ultimately forcing
differentiation. Subsequently, the newly differentiated liver cells exhibit reduced cellular fitness,
rendering them more susceptible to outcompetition by intestinal cancer cells. Notably, cancer cells
leverage different interactions with different epithelial populations in the liver, using them as scaffolds
to facilitate their growth. Consequently, tissue-specific mechanisms of cell competition are fundamental
in driving metastatic intestinal cancer.

INTRODUCTION

Worldwide, colorectal cancer is the third most common cancer in males and second in females (International Agency for Research on Cancer,
WHO). Approximately one-third of patients with colorectal cancer develop metastases within the first three years after diagnosis.'* The liver
is a main site of colorectal cancer metastasis and is responsible for a large part of the colorectal cancer-dependent lethality.'* Liver tissue is
formed by several different cell types that all contribute to optimal liver function, such as detoxification, metabolism, and bile production.’
The two main epithelial cell types are cholangiocytes and hepatocytes. Cholangiocytes form the bile ducts and are an important source of
progenitor cells.® During regeneration these cells can differentiate into hepatocytes as a response to chronic liver damage.”'” This process
is characterized by the loss of expression of progenitor markers such as SOX9 and LGR5 and gain expression of typical hepatocyte markers
such as CYP and Albumin.? Most of the liver is formed by hepatocytes, which represent 60% of the cells and accounts for 80% of the volume of
the tissue." Under homeostatic conditions hepatocytes remain in a quiescent state. However, upon acute injury, hepatocytes can switch to a
regenerative state which allows the reconstitution of lost tissue through cell proliferation or increasing of cell size.”'*""* The colonization of a
secondary organ by cancer cells requires cellular interactions with a novel microenvironment. In the liver this is reflected by various histological
growth patterns of liver metastases.'”'® Each of these patterns display distinct histological characteristics and often correlating to a specific
prognosis. In particular, the replacement pattern, which is characterized by the direct interaction of cancer cells with the surrounding liver
epithelium is associated with poor patient outcome.'® The importance of interactions between liver cancer cells and surrounding liver tissue
is further illustrated by the finding that peritumoral hepatocytes depend on YAP signaling to restrain tumor growth.'” However, interactions of
metastasis and healthy liver tissue are still poorly understood.

Cell competition is a vital mechanism that drives the continuous selection of cells based on their relative fitness. It serves as a mechanism
for quality control during both development and adult tissue homeostasis by the elimination of unfit cells.'® For example, fluctuations in the
expression levels of the transcription factor Myc play a crucial role in determining the survival of cells in the mouse epiblast and developing
heart.'”?° This mechanism ensures that only the fittest cells constitute these tissues. Additionally, cell competition is employed to remove
early malignant cells, characterized by oncogenic Ras expression or a p53 mutation, from epithelial tissues s the pancreas and intestine.”’*?
It is important to note that cancer cells can exploit this process of cell competition to promote tumor growth.'®?* A significant body of
research has demonstrated the substantial contribution of cell competition to various stages of primary colorectal cancer. During tumor initi-
ation, APC mutant stem cells gain a crucial competitive advantage over wild-type stem cells through the secretion of the WNT antagonist
NOTUM.?*?> Additionally, the expression of oncogenic variants of KRas and PI3K leads to a similar competitive advantage.”® At later stages
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of tumorigenesis, we have shown that intestinal cancer cells actively eliminate surrounding healthy epithelial tissue in both the Drosophila
adult midgut and murine organoids.””"*® In the latter, wild-type cells are eliminated in a JNK dependent manner and activate a fetal-like state,
an injury-response that is often activated in damaged intestinal epithelia.””*° Importantly, the cancer population directly benefits from these
competitive interactions by boosting their proliferation rate.

To understand the influence of surrounding tissue on the growth of colorectal cancer liver metastasis it is crucial to identify the interactions
between cancer cells and the epithelial cell populations. Here, we show that intestinal cancer cells outcompete wild-type liver cells in murine
organoids and microtissues. When facing progenitor cells, cancer cells induce a cell-cycle arrest and subsequent loss of the wild-type pro-
genitor state. The interaction of cancer cells with differentiated, hepatocyte-like cells, causes a reduced cellular fitness and results in rapid
outcompetition. Importantly, the cancer population uses wild-type tissue as a scaffold for tumor growth and benefits from these interactions
through increased expansion.

RESULTS
Cancer cells outcompete wild-type liver cells
To investigate the role of cell competition in liver metastasis we adapted our previously developed 3D mixed organoid model.*’ For this,
membrane-bound tdTomato-labeled wild-type liver cholangiocyte organoids were derived from liver tissue isolated from mTmG transgenic
mice as described previously.*” These cultures are formed by liver progenitor cells that can be differentiated into functional hepatocytes.® In
addition, Dendra2-labeled small intestinal cancer organoids were derived from Villin-CreER™ Apc™f G12D/WT Tr5531/R172H 4ransgenic
mice.”’** To study cellular interactions during liver metastasis, clumps of wild-type liver and small intestinal cancer cells were aggregated
to enforce the formation of single mixed organoids (Figure 1A).

First, we followed the cellular behavior in organoids fixed on days 1, 3, and 4 after plating. Both wild-type and cancer populations increased

Kras

over a period of four days in pure organoids (Figure 1B). However, the number of wild-type cells contributing to mixed organoids gradually
decreased at day 3 (£30%) and 4 (£20%) compared to day 1 (+55%) after mixing (Figure 1C). Furthermore, the total number of cells per
organoid showed a 7.5-fold expansion at day 3 compared to day 1, while the absolute number of wild-type cells only increased 2.5 times
and the cancer population was responsible for most of the overall expansion (Figure 1D). This indicates that, even though wild-type cells
can proliferate, they are outcompeted in mixed organoids.

To gain insight into the dynamics of this competitive behavior, individual nuclei were tracked based on the expression of Histone H2B-
Cerulean3 using time-lapse microscopy. Pure wild-type organoids showed exponential growth with a doubling time of approximately 24 h
(Figures 1E, 1F, and S1A; Video S1). However, the growth rate of wild-type cells was dramatically increased to 33 h in the presence of cancer
cells (Figures 1E, 1F, and S1A; Video S1). Importantly, toward the end of the experiment, the average expansion of the wild-type population
was reduced from 5.5 times in pure conditions to 3.2 times in mixed organoids (Figure 1G), confirming the outcompetition of wild-type cells.
Interestingly, we observed a correlation between the wild-type expansion rate and the percentage of wild-type cells that contributed to the
mixed organoid at the start of the experiment. Mixed organoids with a higher percentage of wild-type cells showed an expansion rate that
approached pure conditions, while those with a low wild-type contribution also displayed little expansion (Figure 1H). This indicates that the
initial number of wild-type cells determines the speed of competition. Together, these data show that wild-type liver cells are outcompeted by
cancer cells in mixed organoids.

Increased expansion of competing cancer cells

Next, we questioned whether competition could also alter cancer cell behavior. Therefore, we went back to time-lapse microscopy of H2B-
Cerulean3 expressing cells (Figure 2A and Video S2). Tracking of the absolute number of cells for up to 70 h showed that, even though cancer
cells proliferated more than wild-type cells in pure organoids (Figures 1F, 2B, and S2), the proliferation rate of cancer cells was further
increased in mixed organoids (Figures 2B and S2). Furthermore, the average expansion of cancer cells increased from 10.4 in pure to 16.7
times in mixed organoids toward the end of the experiment (Figure 2C). Interestingly, the expansion of cancer cells was inversely correlated
to the percentage of cancer cells in the mixed organoid (Figure 2D), suggesting that cancer cells benefit from the presence of a relative higher
number of wild-type cells. Thus, these data show that wild-type cells provide a growth supportive role that benefits cancer cell expansion.

Cancer induces compaction and cell-cycle arrest of wild-type liver cells
So far, we have shown a reduced expansion of the wild-type population in mixed organoids. To further understand the impact of competition
on wild-type cells we closely examined interactions between the two cell populations. Two lines of evidence suggest that forces generated by
cancer cells induce a morphological change in wild-type cells: 1) The nuclear shape of wild-type cells in mixed organoids appeared more
elongated compared to wild-type nuclei in pure organoids (Figure 3A). 2) Measurement of the average distance between the five closest
neighbors revealed a decreased inter-nuclear distance of competing wild-type cells (Figures 3B and 3C). Of note, competition did not affect
the inter-nuclear distance of cancer cells in the same organoids (Figures 3B and S3A), indicating that these effects are not a consequence of
the overall morphology of the tissue. Together, these data show that competition induces the compaction of wild-type cells.

Cell compaction and tissue crowding have previously been described to cause active elimination of less fit cells.***> However, in the time-
lapse movies of mixed organoids we did not find evidence for increased apoptosis or extrusion of wild-type cells. This suggests that the lower
expansion rate of competing wild-type cells is instead caused by an effect on cell proliferation. Therefore, we first used two complementary
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Figure 1. Cancer cells outcompete wild-type liver cells

(A) Schematic depiction of a 3D model for cell competition in murine liver and intestinal cancer organoids.

(B) Representative maximum projections of 3D-confocal images of pure WT (B), cancer (B') and mixed (B”) organoids fixed at days 1, 3, and 4 after plating and
stained with DAPI (blue).

(C) The percentage of WT nuclei contributing to mixed organoids 1, 3 and 4 days after mixing is shown; each dot represents one organoid (mean + SEM,; Kruskal-
Wallis test; p < 0.0001; n =78, 84 and 69 organoids).

(D) Displays the absolute number of cells in organoids shown in (B); the ratio of “Day 3" over “Day 1" of all (white), cancer (green), and wild-type (magenta) cells are
plotted (mean + SEM; Ordinary one-way ANOVA).

(E-H) Analysis of WT cells in pure and mixed H2B-Cerulean3 expressing organoids by live imaging. (E) Representative maximum projections of 3D-confocal
images of time-lapse series of WT pure (E) and mixed (E') organoids. (F) Quantification of the number of WT nuclei in pure and mixed conditions per
organoid normalized to the start of the time-lapse (mean + SEM; paired t-test, two-tailed; p < 0.0052; n = 65 and 47 organoids). (G) Quantification of WT
expansion, the ratio of the number of WT nuclei at t = 60h over t = Oh is plotted; each dot represents one organoid (mean + SEM; Mann-Whitney test, two-
tailed; p < 0.0001; n = 65 and 47 organoids). (H) Shows the WT expansion at t = 60h plotted against the initial percentage of WT cells per mixed organoid
(Simple linear regression; R? = 0.1639; p = 0.0048, n = 47 organoids). Scale bars represent 50um.

See also Figure S1 and Video S1.
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Figure 2. Increased expansion of competing cancer cells

(A) Representative maximum projections of 3D-confocal images of time-lapse series of H2B-Cerulean3 expressing pure cancer (A) and mixed (A’) organoids.
(B) Quantification of the number of cancer nuclei in pure and mixed conditions per organoid normalized to the start of the time-lapse (mean + SEM; paired t-test,
two-tailed; p < 0.014; n = 49 and 47 organoids).

(C) Quantification of cancer expansion, the ratio of the number of cancer nuclei at t = 60h over t = Oh is plotted; each dot represents one organoid (mean + SEM;
Mann-Whitney test, two-tailed; p < 0.0004; n = 49 and 47 organoids).

(D) Shows the cancer expansion at t = 60h plotted against the initial percentage of cancer cells per mixed organoid (Simple linear regression; R? = 0.3229;
p < 0.0001, n = 47 organoids). Scale bars represent 50um.

See also Figure S2 and Video S2.

markers of cell proliferation to study the impact of competition on different phases of the cell cycle; DNA replication was visualized by the
incorporation of the thymidine analogue 5-Ethynyl-2’-deoxyuridine (EdU) and phosphorylation of Histone H3-Ser10 (pH3) was used to recog-
nize mitotic chromatin. The combination of both markers allowed us to identify cells in S phase (EdU+), cells proceeding from S phase to
mitosis (EdU+/pH3+) and cells in mitosis (pH3+). Importantly, for all three phases fewer wild-type cells were found in mixed organoids
(Figures 3D-3G), indicating that competition induces a decrease in wild-type proliferation throughout different phases of the cell cycle.
Next, as cell proliferation is a highly dynamic process, we aimed to visualize cell cycle progression in real-time. For this, wild-type organoids
were derived from Fluorescent Ubiquitylation-based Cell Cycle Indicator-2 (FUCCI2) transgenic mice.” This allowed us to follow the progres-
sion of wild-type cells from the G1 phase (based on hCDT1-mCherry) through S-G2-M phases (based on hGeminin-mVenus) of the cell cycle.
Nuclei in pure wild-type organoids showed an alternating expression of hCDT1-mCherry and hGeminin-mVenus throughout the experiment
(Figure 3H and Video S3), confirming continued active cell cycle progression of these cells. In contrast, where initially cycling wild-type cells
were detected in mixed organoids, this population rapidly decreased to almost absence toward the end of the experiment. Instead, there was
an accumulation of the number of hCDT1-mCherry positive wild-type cells at later time-points (Figure 3H and Video S3). These findings were
confirmed by the quantification of the expression of the FUCCI2 reporters in pure and mixed organoids fixed three days after plating (Fig-
ure S3D), which showed an increase of G1 and a decrease of S-G2-M wild-type cells during the competition (Figures 3l and 3J). Interestingly,
we observed that a subpopulation of wild-type cells lost both FUCCI2 markers (Figure 3H insets and 3K). These cells were arrested after the
degradation of hGeminin while CDT1 was not yet expressed and were in a putative GO state. In addition, a similar growth arrested population
was detected in the previously described cell proliferation experiment, where we found an increased percentage of wild-type cells that was
negative for both EdU and pH3 in mixed organoids (Figure S3B). Even after extending the EdU pulse to 24 h, +30% of the competing wild-
type population was EdU-/pH3- (Figure S3C), indicating a complete stop in the proliferation of a large population of competing wild-type
cells. Together, these data show that cancer cells outcompete wild-type cells through compaction and a subsequent cell-cycle arrest.

Increased competition through loss of wild type the progenitor state

A cell-cycle arrest is typically linked to a high level of cell differentiation.” In addition, several types of cell competition are driven by the forced
differentiation of stem or progenitor cells. For example, in both the fly and mouse intestine increased differentiation causes loss of less fit

4 iScience 27, 109718, May 17, 2024



iScience ¢? CellPress
OPEN ACCESS

A Pure WT

Cancer DAPI

D WT Pure

WT EdU

E F < G

100 A 2\/ . 20 kR
R . @ X

» 80 3 » 15

3 604 8 = °

e ¥ = £ 10

= 40 J & =

3 20 ﬁ s s 5

o + I

w o 5 =} S

" o
Pure Mixed w Pure Mixed

WT Pure Oh

J <50 K
2} 1o~
2 40 E S
= 30 O]
= 038
+ 20 5
2 -~
& 10 o2
)

- » 0
Pure Mixed Pure Mixed Pure Mixed

iScience 27, 109718, May 17, 2024 5



¢? CellPress iScience
OPEN ACCESS

Figure 3. Cancer induces compaction and cell-cycle arrest of WT liver cells

(A) Representative maximum projections of 3D-confocal images of pure WT (A) and mixed (A’) organoids. The insets display a 2x magnification of the area in the
white box. Nuclei are visualized by the expression of H2B-Cerulean3 (cyan).

(B) Representative maximum projections of 3D-confocal images of pure WT (B), pure cancer (B') and mixed (B”) organoids. The insets display a 2.3x magnification
of the area in the white box and white dotted line outlines the wild-type population. Nuclei are visualized with DAPI (gray).

(C) Quantification of the inter-nuclear distance of WT cells in pure and mixed organoids; each dot represents one organoid (mean + SEM; Ordinary one-way
ANOVA, Sidak’s multiple comparisons test; p < 0.0001; n = 41 and 64 organoids).

(D-G) Representative maximum projections of 3D-confocal images of pure WT (D) and mixed (D’) organoids. Cells in the S phase are labeled with EJU (cyan), and
mitotic cells are marked by pH3 (yellow); cells that progressed from the S phase to mitosis within 1.5h are double-positive; the white dotted line outlines the wild-
type population. The percentage of WT cells in S phase (E), that progressed from S phase to mitosis (F) and in mitosis (G) in pure WT and mixed organoids are
plotted; each dot represents one organoid (mean + SEM; Ordinary one-way ANOVA, Sidak’s multiple comparisons test; p < 0.0001; n = 55 and 47 organoids).
(H) Representative maximum projections of 3D-confocal images of time-lapse series of pure WT (H) and mixed (H') organoids. Cell cycle phase of WT cells is
visualized by the expression of hCDT1-mCherry (G1, magenta) and hGeminin-mVenus (5-G2-M, yellow). The insets display a 7.5x magnification of the area in
the white box.

(I-K) Quantification of WT cell proliferation in pure and mixed organoids. The percentage of WT cells in G1 (I), S-G2-M (J), and negative (K) are plotted; each dot
represents one organoid (mean + SEM; unpaired t test, two-tailed; p <0.0275, I; p <0.0001, J; p < 0.0318, K; n = 43 and 62 organoids). Scale bars represent 50pum.
See also Figure S3 and S3.

cells.”*?> Furthermore, stem cell displacement from the niche drives cell selection by forced differentiation in the mouse epidermis.*”*?
Therefore, we next wondered whether the cell-cycle arrest of competing wild-type cells is correlated to an altered differentiation state. In
adult liver tissue, progenitor cells can trans-differentiate into hepatocytes after chronic liver damage in a process known as ductal reaction
and this can be mimicked in organoid cultures.®"" SOX9 is one of the main markers of the liver progenitor state and its expression strongly
decreases during differentiation.””™*" Therefore, we next focused on the expression of this transcription factor. As expected, high nuclear
SOX9 expression was found in pure liver progenitor cultures (Figures 4A and S4). Similarly, cancer cells showed heterogeneously high expres-
sion of SOX9, which was irrespective of the presence of wild-type cells (Figures 4A and S4). In contrast, competing wild-type cells showed a
major reduction in average SOX9 expression (Figures 4A, 4B, and S4). Furthermore, the percentage of wild-type cells with high SOX9 expres-
sion was severely reduced in mixed organoids (Figure 4C), indicating that fewer progenitor cells remained in the competing wild-type pop-
ulation. On the other hand, the percentage of wild-type cells with low SOX9 expression was strongly increased (Figure 4D), suggesting that
competition induces differentiation in most wild-type cells. Interestingly, we observed that organoids with fewer remaining wild-type cells also
had more cells with low SOX9 expression (Figure 4E). Together, this suggests that more cancer cells can inflict a stronger response and that
the strength of competition is determined by the relative contribution of cell populations. Thus, cell competition driven by intestinal cancer
cells induces a loss of the progenitor state of wild-type liver cells.

Differentiated wild type cells are effectively outcompeted

So far, our findings suggest that competition causes a cell-cycle arrest and loss of progenitor state in wild-type cells. We next aimed to analyze
the effect of differentiation on the outcome of competition. For this, wild-type liver progenitor cells were exposed to a well-characterized
15 days differentiation protocol (Figure 5A). This generated organoids from differentiated hepatocyte-like cells that lack protein expression
of SOX9 (Figure 5B), show decreased transcript levels of progenitor markers Krt19 and Thx3 (Figures S6D and S6E), while the expression of
hepatocyte markers Albumin, HNF4, and Cyp3a was increased (Figures S6A-S6C). Furthermore, in contrast to wild-type progenitors, which
showed a 4.5-fold expansion over de course of two days (Figures 5C and S5B), differentiated cells were non-proliferative (Figures 5C and 5D).
This was confirmed using time-lapse microscopy (Figure S5A and Video S4). Importantly, the reduced proliferation was not caused by a gen-
eral cytostatic effect of the differentiation medium as the expansion of pure cancer organoids was not affected (Figures S5C-S5G and
Video S5).

Next, differentiated wild-type organoid cultures were disrupted and aggregated with clumps of cancer cells to generate mixed organoids
(Figure S5H). Using time-lapse microscopy, we observed a rapid takeover of the mixed organoids by the cancer population (Figure 5E and
Video Sé). This effect was obvious from the early stages of the experiment, while the effects of competition on progenitor cells first start to
appear after 30 h (Figures 1F and 5E, and Video Sé). Together, this indicates that the outcompetition of differentiated wild-type cells is much
more efficient than that of progenitor cells. Indeed, the number of differentiated wild-type cells that contribute to mixed organoids reduced
3.5 times over the course of two days (Figures 5F and 5G) compared to a 2-fold reduction of competing progenitor cells (Figures 5F and S5I).
This led to mixed organoids that contained over 90% of cancer cells three days after plating (Figures 5F and 5H). Thus, differentiated wild-type
liver cells are non-proliferative and therefore more susceptible to outcompetition by intestinal cancer cells.

Wild type liver acts as a scaffold for tumor growth during competition

Next, we aimed to develop a model that better resembles the overall organ structure of the liver and allows us to study liver-cancer interac-

46

tions in a self-organizing matrix-free environment. We were inspired by reported microtissues from organs such as the brain,** heart,*® and

4750 that were previously used to study the tissue development and response to injury. For this, pieces of hepatocyte-like differentiated

liver
organoids were aggregated in a U-bottom plate to obtain self-organizing liver microtissues with a size of 1-2mm (Figure 6A). To avoid cues

coming from the extracellular matrix we withdrew the culture matrix during aggregation. These liver microtissues were devoid of SOX9
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Figure 4. Increased competition through loss of the WT progenitor state

(A) Representative maximum projections of 3D-confocal images of WT pure (A), mixed (A’), and cancer pure (A”) organoids fixed 3 days after plating. The
organoids were stained for SOX9 (gray). The insets display a 2.5x magnification of the area in the white box and the white dotted line outlines the wild-type
population.

(B-E) SOX9 expression in WT cells. (B) Displays the average SOX? intensity in WT cells in pure and mixed organoids; each dot represents one organoid (mean +
SEM; Mann-Whitney test, two-tailed; p < 0.0001; n = 57 and 67 organoids). The percentage of WT cells with SOX9 expression above the 75-percentile (high, C) or
below the 25-percentile (low, D) of the total normalized average intensity is plotted and each dot represents one organoid (mean + SEM; Kruskal-Wallis test;
p < 0.0001; n = 57 and 67 organoids). (E) Shows the percentage of WT cells with low SOX9 levels plotted against the percentage of WT cells per organoid
(Simple linear regression; R? = 0.2511; p < 0.0001, n = 67 organoids). Scale bars represent 50pum.

See also Figure S4.

protein expression and further increased mRNA expression of Albumin, illustrating that the differentiation status of hepatocyte-like wild-type
liver cells was preserved (Figures 6B and S6A).

To study competitive interactions, we added pieces of cancer organoids during aggregation (Figure 6A). This resulted in liver metastasis
microtissues where patches of cancer cells are surrounded by liver tissue (Figure 6C). While characterizing these liver metastasis microtissues
we made two observations: 1) pure cancer cells had difficulties to independently form coherent microtissues and had a size that was markedly
smaller than that of pure wild-type microtissues (Figures 6C-6E). However, when surrounded by liver microtissue, cancer cells thrived
(Figures 6C and 6E). 2) In contrast, the generation of pure wild-type microtissues was very efficient (Figure 6C), while the volume of wild-
type was much reduced in liver metastasis microtissues (Figures 6C and 6D). Interestingly, mixed microtissues generated with either wild-
type or early transformed APC™~ small intestine organoids did not show the outcompetition of hepatocyte-like cells (Figures S6F and
S6G). In fact, these intestinal cell populations contribute approximately 19% and 11% (APC™~ and WT Sl respectively) to the mixed micro-
tissues, which is lower than the expected 33.33% based on a starting ratio of 1:2 (Sl: Liver). This indicates that the malignant potential of cancer
cells is required to induce cell competition. Furthermore, it suggests that metastatic cancer tissue benefits from interactions with wild-type
tissue and uses this as a scaffold for expansion, while wild-type tissue suffers from the presence of cancer cells.

To understand the nature of the reduction in wild-type liver tissue volume we questioned whether this was caused by the induction of cell
death. Staining for cleaved-Caspase3 showed a higher number of apoptotic wild-type cells in mixed compared to pure microtissues
(Figures 6F and 6Q). Interestingly, in these liver metastasis microtissues, cancer and liver tissue intermingled and closely interacted. We
observed that cell death was particularly prominent at the interface between the different cell populations (Figure 6F), suggesting that
short-ranged interactions are important for the elimination of wild-type cells. Thus, we developed a matrix-free model to study competition
between liver and cancer tissue. Using these liver metastasis microtissues we show that wild-type liver tissue acts as a scaffold for intestinal
cancer cells. This subsequently induces the elimination of the wild-type cells, which further promotes the colonization of liver tissue by cancer
cells.

DISCUSSION

Colonization of secondary organs is one of the most rate-limiting steps in the formation of metastasis and most cancer cells are eliminated by
defense mechanisms of the host tissue before metastasis can form.”' Upon arrival, cancer cells need to adapt to a novel microenvironment.
This requires an intricate interplay between the metastatic cancer cells and a large variety of cell populations in the new organ. A large body of
work has focused on interactions of cancer cells with non-epithelial cell populations. In the liver, for example, growth of colorectal cancer
metastases is repressed by activated B cells.”” In contrast, high levels of liver fibrosis correlate with a poor prognosis for patients with colo-
rectal cancer, indicating a pro-metastatic effect of fibroblasts.>® In addition, hepatic stellate cells, liver-specific mesenchymal cells, promotes

iScience 27, 109718, May 17, 2024 7




¢ CellPress iScience
OPEN ACCESS

A Liver progenitor
organoid

15 days
differentiation i - -
B’ Differentiated

WT SOX9

Differentiated

WT Progenitor WT Differentiated

(o4 Day 1 c’ Day 3 c” Day 1 c" Day 3

ns

O
N
o
S

o
o

(Log10)
S

No of cells per
differentiated organoid

Day 1 Day 3

60h

WT Progenitor

WT Differentiated

Mixed WT: Cancer DAPI

s

H

g G H

o © 100 » 100

S 8 >
E’,;so 85 80

o = O

55 60 oS 60
29 32
S0 40 S S 40
52 TR
5 20 2% 20
= @©
°© O 0

Day 1 Day 3

WT Differentiated

Figure 5. Differentiated WT cells are effectively outcompeted

(A) Schematic depiction of differentiation from progenitor cholangiocytes (top) to hepatocyte-like organoids (bottom) organoids.

(B) Representative maximum projections of 3D-confocal images of SOX9 staining in progenitor (B) and differentiated (B') WT organoids. The insets display a 3x
magnification of the area in the white box.

(C) Representative maximum projections of 3D-confocal images of progenitor (C and C') and differentiated (C” and C”) WT organoids, fixed 1 day (C and C”) and
3 days (C" and C™) after plating; nuclei are visualized with DAPI (blue).

(D) Quantification of the number of differentiated WT cells; each dot represents one organoid (Median; Kruskal-Wallis test, Dunn’s multiple comparison test;
p > 0.9999; n =132 and n = 129).
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Figure 5. Continued

(E) Representative maximum projections of 3D-confocal images of time-lapse series of mixed organoids generated from WT progenitor (E) and WT differentiated
(E') cells.

(F) Representative maximum projections of 3D-confocal images of mixed organoids from WT progenitor (F and F') and WT differentiated (F” and F”) organoids,
fixed at day 1 (F and F”) and day 3 (F and F") after plating; nuclei are visualized with DAPI (blue).

(G) shows the percentage of differentiated WT cells in mixed organoids at day 1 and day 3: each dot represents one organoid (Median; Kruskal-Wallis test, Dunn's
multiple comparison test; p < 0.0001; n = 140 and n = 128).

(H) displays the percentage of cancer cells in mixed organoids generated from WT progenitor (left) or differentiated (right) cells; each dot represents one
organoid (Median; Kruskal-Wallis test, Dunn’s multiple comparison test; p < 0.0001; n = 81 and n = 128). Scale bars represent 50um.

See also Figure S5, Videos S4, S5, and Sé.

the exit from dormancy of metastasized breast cancer through the induction of a fibrotic injury response.”® Even though hepatocytes can
assist liver metastasis through a systemic response that facilitates the formation of a pro-metastatic niche,”” direct interactions of metastatic
cancer cells with the epithelial cells in the liver are less well-understood. Here, we identified multiple cellular interactions of intestinal cancer
with the two main epithelial cell types of the liver. This multi-step process benefits the growth of cancer cells through the outcompetition of
healthy wild-type cells. Interestingly, such cellular interactions have previously been suggested based on histopathological growth patterns of
liver metastasis.'® Especially, the replacement pattern, which shows direct interactions and intermingling of liver tissue and cancer cells and is
correlated with a poor outcome for patients. However, these studies are primarily based on endpoint analysis of histopathological samples or
imaging methods that do not reach cellular resolution. The culture models that we have developed here allow the dynamic analysis of such
competitive interactions with a subcellular and temporal resolution. Importantly, each dedicated model is optimized to study aspects of this
multi-step competition process.

We previously showed that, at the primary site, competition driven by intestinal cancer cells can enforce a cell state transition of surround-
ing healthy small intestinal cells.?’ Interestingly, an analogous response is provoked in healthy liver tissue by the same intestinal cancer cells.
However, during competition at the primary site, the neighboring intestinal wild-type cells dedifferentiate, while instead at the metastatic site,
progenitor cells undergo cell-cycle arrest and differentiation. Remarkably, in both tissues this is the natural response to tissue damage; In the

273956 and chronic injury in the adult liver induces the differentiation of cholan-

intestine, injury causes reversion to a primitive fetal-like state
giocytes into hepatocytes through the so-called ductal reaction.”'® Together, this suggests that surrounding organ tissue reacts to cancer-
driven competition by the activation of an injury response that is embedded in the host tissue. In both tissues, the activation of an injury
response and the subsequent outcome of competition are similar and result in the elimination of the wild-type population and increased
growth of the cancer population. However, the steps that are taken to reach this outcome are tissue-specific. Where intestinal cells are rapidly
forced to undergo apoptosis, the initial effect of competition on wild-type liver progenitors is the compaction and initiation of a cell-cycle
arrest. Only differentiated cells are eventually eliminated via apoptosis. This has a major effect on the timing of events and the impact on
the cancer population. Where the inhibition of apoptosis is sufficient to block the competition of primary intestinal cancer, this will unlikely
prevent loss of liver tissue. In fact, the cancer population initially benefits from the presence of wild-type tissue. For example, competitive
interactions with progenitor cells causes increased expansion of cancer cells and interactions with differentiated cells provide a scaffold
for cancer cell colonization. Understanding how this feedback is regulated, in terms of the supply of niche factors, the identification of involved
paracrine signaling pathways or mechanical interactions is an important aim for further research.

The here described liver metastasis microtissues were inspired by microtissues from different organs such as brain®® or heart,”® which have
been instrumental to understand the function and response of the tissue of origin to different types of damage or drug response. Here, they
were crucial to identify competitive interactions between differentiated liver tissue and cancer cells. In particular, the requirement of the wild-
type tissue to provide a scaffold for colonization by cancer cells. Previously, liver microtissues with a functional biliary ductal network were
generated, through the aggregation of hepatocytes, cholangiocytes and fibroblasts.”” Combining these cell types with intestinal cancer cells
would allow the full recapitalization of the major cellular interactions during liver metastasis. Importantly, the exclusion of immune cells from
this culture system allows us to untangle the complex cellular interplay without interference of the immune system. It would open the pos-
sibility to model other histopathological growth patterns of liver metastasis,'> such as the desmoplastic type, which is characterized by inter-
actions with stromal cells. In addition, the models are easily adaptable to other cancers that are prone to metastasize to the liver, such as
breast and pancreatic cancer. Together, our findings can be used to create a true molecular understanding of how healthy cells and cancer
cells interact and influence each other, which is a critical step forward toward competition-based cancer therapy.

Limitations of the study

Here, we describe how competitive interactions shape the growth of liver metastasis using mixed organoids and microtissues. While these
models allow careful dissection of the impact of direct cellular interactions on cell behavior with a high spatial and temporal resolution, they
are constrained by some limitations. For instance, our current set-up is restricted to epithelial cells only, without taking the influence of stroma
or immune cells into account. Besides the cellular compartment, our models also lack the contribution of additional components in the local
microenvironment of the liver, such as hypoxia-induced microvessels and acellular products. Therefore, they do not recapitulate the full
complexity of mature liver metastasis and should be used to interpret the influence of epithelial cell interactions. Furthermore, a key challenge
for these models is the medium formulation, which must support the growth and viability of diverse cell types. This means that in some
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Figure 6. WT liver acts as a scaffold for tumor growth during competition

(A) Schematic depiction of the generation of liver metastasis microtissues.

(B) Representative 3D-reconstructed stitched confocal images of a pure WT microtissue stained for SOX9 (gray); nuclei are visualized with DAPI (blue). The insets
display a 2.5x magnification of the area in the white box.

(C) Representative 3D-reconstructed stitched confocal images of from pure WT (C), mixed (C'), and pure cancer (C”) microtissues.

(D and E) Quantification of the WT (D) and cancer (E) volume contributing to pure and mixed microtissues; each dot represents one microtissue (mean + SEM;
unpaired t-test, two-tailed; p < 0.0057; n = 16 and 17 microtissues, D; p = 0.005; n = 9 and 17 microtissues, E).

(F) Representative 3D-reconstructed stitched confocal images of WT pure (F) and mixed (F') microtissues stained for Cleaved Caspase3 (gray); nuclei are
visualized with DAPI (blue). The insets display a 7x magnification of the area in the white box.

(G) Quantification of Cleaved Caspase3 positive WT cells within the epithelium of the pure and mixed microtissues; each dot represents one microtissue (mean +
SEM, Mann-Whitney test, two-tailed; p = 0.0463; n = 18 and 16 organoids). Scale bars represent 100 um excluding magnifications in, where scale bar represents
10 pm.

See also Figure S6.

experiments, components are added that are crucial for the viability of one population, but less optimal for another. Additionally, the
maximum duration of experiments is limited, once mixed organoids or microtissues are formed, they cannot be expanded without disturbing
the competition process.

Lastly, in the first part of our study, we model competitive interactions between cancer and liver progenitor. These liver cells are activated
by an injury response, such as those inflicted by metastasis, however they are not the main constituents of the liver. More complex co-culture
models, where cholangiocytes, hepatocytes, and cancer cells are combined in physiologically relevant ratios, are needed to characterize the
influence of the different cell populations on competition and metastasis.

In our study, we show that cancer cell survival is promoted by hepatocyte-like cells. This subsequently causes apoptosis-driven elimination
of this wild-type population. A mechanistic understanding of the signals that are responsible for both processes is currently missing. For this, it
is crucial to characterize the range and type of communication that occurs between both cell populations in space and time. For example,
treatment with Z-VAD-FMK, a pan-caspase inhibitor, largely prevents the fragmentation of wild-type tissues resulting in larger and smoother
patches of wild-type cells (Figure S6H). This indicates that these cells are no longer eliminated. However, the treatment also further promoted
the viability of the cancer cell population (Figure S6H). To dissect the contribution of apoptosis to cell competition and cancer cell prolifer-
ation, manipulation of the individual cell populations or perturbation of their signaling is required. In summary, the models we have devel-
oped provide key insights into the impact of competitive interactions on the growth of intestinal cancer liver metastasis, but do not fully simu-
late all aspects of the complex liver micro-environment. In addition, future studies are needed to gain insight into the mechanisms that drive
competition.
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Antibodies

Anti-Sox9 (1:500)

Anti-GFP (1:1000)

Anti-RFP (1:1000)

Anti-Ki-67 (SolA15) (1:100)

Anti-pH3 (1:500)

Anti-Cleaved Caspase 3 (Asp175) (1:200)
Donkey anti-Goat, Alexa Fluor 488 (1:500)
Donkey anti-Mouse Alexa Fluor 555 (1:500)
Donkey anti-Mouse, Alexa Fluor 647 (1:500)
Donkey anti-Rabbit, Alexa Fluor 555 (1:500)

Donkey anti-Rabbit, Alexa Fluor Plus 647 (1:500)

Donkey anti-Rat, Alexa Fluor 647 (1:500)

4', 6-Diamidino-2-phenylindole Dihydrochloride

(DAPI) (1:2000)

Merck Millipore
Abcam

Chromotek
ThermoFisher Scientific
Merck Millipore

Cell Signaling Technology
ThermoFisher Scientific
ThermofFisher Scientific
ThermofFisher Scientific
ThermofFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific

Toronto Research chemicals

AB5535; RRID:AB_2239761
Ab6673; RRID:AB_305643
5f8-150; RRID:AB_2336064

14-5698-82; RRID:AB_10854564

06-570; RRID:AB_310177
9661S; RRID:AB_2341188
A-32816; RRID:AB_2762839
A-31570; RRID:AB_2536180
A-31571; RRID:AB_162542
A-31572; RRID:AB_162543
A-31573; RRID:AB_2536183
A-48272; RRID:AB_2893138
D416050; CAS:28718-90-3

Phalloidin CF-647 Biotium #00041; CAS:17466-45-4
Chemicals, peptides, and recombinant proteins

Cultrex PathClear Reduced Growth Factor Bio-Techne 3533- 005-02
Basement Membrane Extract Type 2

Doxycycline (0.425 mM) Sigma Aldrich D9891
Hygromycin (0.5mg/mL) MedChemExpress HY-B0490/CS-2609
DMSO Sigma Aldrich D8418-250ML
Z-VAD-FMK (50 uM) AbMole M3143
Polybrene (8mg/ml) Sigma Aldrich TR-1003
Collagenase A (0.125mg/mL) Roche 10103586001
Dispase Il (0.125mg/mL) Sigma-Aldrich 102441796
RapiClear® 1.49 SunJin Lab RC149001
Advanced DMEM/F12 ThermoFisher Scientific 12634-010
HEPES ThermoFisher Scientific 15630-056
GlutaMAX ThermofFisher Scientific 35050-068
Penicillin/Streptomycin ThermoFisher Scientific 15130-122
R-spondin1 Prepared in house N/A

N21 R&D systems AR008
Nicotinamide Sigma Aldrich N0636-100G
Noggin-Fc Ipa therapeutics N002
N-acetylcysteine Sigma Aldrich A9165
hFGF10 Peprotech 100-26
[Leu15]-gastrin | Sigma Aldrich G9145-1MG
mEGF Peprotech 315-09

hHGF Peprotech 100-39

WNT Surrogate-Fc Ipa therapeutics NOO1

Y-27632 Abmole Bioscience M1817
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REAGENT or RESOURCE SOURCE IDENTIFIER

HepatiCult™ Organoid Basal STEMCELL Technologies 100-0387

Medium (Human)

HepatiCult™ Organoid Differentiation STEMCELL Technologies 100-0388

Supplement (Human)

Penicillin/Streptomycin ThermoFisher Scientific 15130-122

Dexamethasone Tokyo Chemical Industry D1961

A83-01 Tocris 2939

Tris (pH 8.5) Merck Millipore 77861

Copper (Il) sulfate hydrate Sigma Aldrich 209201

CF-647-Azide Biotium 92084

Ascorbic acid Sigma Aldrich 50817

Cultrex PathClear Reduced Growth Factor Bio-Techne 3533- 005-02

Basement Membrane Extract Type 2

40OH-Tamoxifen Sigma H7904-5mg

Trizol Life technologies 15596018

High- Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 4368814

Oligo dT primers Invitrogen 18418020

SYBR Green Thermo Fisher Scientific 4367659

Ascorbic acid Sigma Aldrich 50817

Experimental models: Organisms/strains

Rosa26-CreERT2; mTmG The Jackson Laboratory 007676

Rosa26-rtTA::Col1a1-tetO-H2B-mCherry The Jackson Laboratory 014602

Rosa26p-FUCCI2 RIKEN CDB0203T

Villin-Cre®R"2Ap ™ Kras® 120/ WT Tp5 3f/R172H Fumagalli et al., 2017*° N/A

Villin-Cre®R2Ap ™"

Villin-Cre®R™?'Kras®12P'WT -Confetti

Oligonucleotides

Primers for gPCR, see Table S1. This paper N/A

Recombinant DNA

pLentiPGK Hygro DEST H2B-mCerulean3 Addgene 90234

pMDLg/pRRE Addgene 12251

PRSV-Rev Addgene 12253

pMD2.G Addgene 12259

pLentiPGK Hygro DEST H2B-mCerulean3 Addgene 90234

Software and algorithms

Imaris Oxford Instruments 9.9.1

FlJI https://imagej.net 1.52p

MetaMorph Molecular Devices, USA 7.8

Prism GraphPad 9.5.1

ZEN Black Zeiss V2.3

Pipeline for Image Processing This paper https://github.com/SuijkerbuijkLab/KrotenbergGarcia_2024

Object Segmentation and Counter Ref.”"

Analytical Resources (OSCAR)

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Other

12 well CELLSTAR® plate, polystyrene Greiner Bio-one 665180

6 well CELLSTAR® plate, polystyrene Greiner Bio-one 657160

U bottom 96 w plates FaCellitate F202003
u-Plate 96 well black uncoated plates IBIDI 89621
p-Slide 8 well"9" uncoated plates IBIDI 80801
iSpacers 0.05mm deep, 0.25mm deep Sunlin Lab and Co #1S204
50kDa Amicon Ultra-15 Centrifugal Filter Units Merck UFC905024
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Saskia JE Suijker-
buijk (s.j.e.suijkerbuijk@uu.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability
e All data reported in this paper will be shared by the lead contact upon request.
e All original codes have been deposited at GitHub (https://github.com/SuijkerbuijkLab/KrotenbergGarcia_2024) and are publicly avail-
able as of the date of publication.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Isolation and culture of mouse organoids

All experiments were performed in accordance with the Animal Welfare Committee of the Netherlands Cancer Institute, the Netherlands.
Animals were kept were housed under standard laboratory conditions at the Netherlands Cancer Institute facility and received standard lab-
oratory chow and water ad libitum. Please refer to the tables (below) for the composition and recipes of all culture media and solution. Wild-
type cholangiocytes were derived from Rosa26-CreERT2:mTmG”’ females 8-21 weeks, FUCCI2* males 8-21 weeks, Rosa26-rRtTA-
H2BmCherry males 8-21 weeks as previously described.* In short, isolated liver tissue was minced on a petri dish and incubated in a digestion
solution (Collagenase A and Dispase ll). After digestion, several rounds of centrifugation were used to discard debris and isolate ducts. Iso-
lated ducts were plated in Cultrex PathClear Reduced Growth Factor Basement Membrane Extract Type 2 (BME2) in mouse isolation medium.
Small intestine cancer organoids, derived from the small intestine of Villin-CreER2ApcKras® 2P WTT53%R172H (male) mice were previously
reported.33 Vi||in-CreERT2Apcﬂ/ﬂ (male) and Villin-CreFRT2KrasConfetti-G12D/WT (tomale) small intestine organoids were derived as previously
described™® and induced with 1uM 40H-Tamoxifen for three days. Villin-Cre®R?Apc™® were selected for three days in medium without
RSPO and WNT. Villin-CreERT2Kras®fett-G12D/WT g} 5 \ved very low induction and were treated as wild-type small intestine organoids. Al lines
were cultured as described previously”' in drops of BME2 in mouse liver expansion or isolation medium + Noggin.

Transduction of organoids

Lentiviral transduction was preformed using standard procedures. In short, lentivirus was produced in HEK293T by co-transfection of a dual
lentiviral vector 3™ generation pLentiPGK Hygro DEST H2B-mCerulean3 with helper plasmids pMDLg/pRRE, pRSV-Rev and pMD2.G (gifts
from Markus Covert and Didier Trono, Addgene plasmids #90234, #12251, #12253 and #12259). Viral particles were harvested from cells
four days after transfection and concentrated using 50kDa Amicon Ultra-15 Centrifugal Filter Units (Merck, cat#UFC905024). Organoids
were dissociated by mechanical disruption and dissolved in 250 uL ENR medium supplemented with Y-27632 and Polybrene together
with the concentrated virus. Cells were incubated at 32°C while spinning at 600xG for 1 hour followed by a 4-hour incubation at 37°C before
plating in BME2. Selection was carried out from day 3 onwards with hygromycin.
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Basic medium

Reagent Stock Final concentration Amount (515mL total)
Advanced DMEM/F12 N/A N/A 500 mL

HEPES ™ 10 mM 5mL

GlutaMAX 100x 1x 5mL

Penicillin/ Streptomycin 10.000 U/mL 100 U/mL 5mL

ENR medium

Reagent Stock Final concentration Amount (50mL total)
Basic medium N/A N/A 47.2mL

mEGF 500 pg/mL 50 ng/mL 5uL

Noggin-Fc 100% 0.5% 250 pL

R-spondin1 100% 5% 2.5mlL

N21 50x 1x 1 mL

N-acetylcysteine 500 mM 1mM 100 pL

Expansion medium

Reagent Stock Final concentration Amount (50mL total)
Basic Medium N/A N/A 45.63 mL

R-spondin1 100% 5% 2.5mL

N21 50x 1x 1 mL

Nicotinamide 1™ 10 mM 500 pL

Noggin-Fc 100% 0.5% 250 pL
N-acetylcysteine 500 mM 1mM 100 pL

hFGF10 500 pg/mL 100 ng/mL 10 pL

[Leu15]-gastrin | 100 pg/mL 100 ng/mL 5puL

mEGF 500 pg/mL 50 ng/mL 5uL

hHGF 500 pg/mL 50 ng/mL 5puL

Isolation medium

Reagent Stock Final concentration Amount (50mL total)
Expansion medium N/A N/A 49.95 mL

WNT Surrogate-Fc 5uM 0.2nM 2 uL

Y-27632 10 mM 10 uM 50 uL

Differentiation medium

Reagent Stock Final concentration Amount (50mL total)
HepatiCult™ Organoid Basal Medium (Human) N/A 93.9% 46.95 mL

HepatiCult™ Organoid Differentiation Supplement N/A 5% 2.5mlL

Penicillin/ Streptomycin 10.000 U/mL 100 U/mL 0.5 mL

Dexamethasone 3mM 3uM 50 pL
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APC microtissue medium

Reagent Stock Final concentration Amount (10mL total)
N21 50x 1x 200 pL
N-acetylcysteine 500 mM 1T mM 20 pL

[Leu15]-gastrin | 100 pg/mL 100 ng/mL 1L

mEGF 500 pg/mL 50 ng/mL 1puL

FGF10 500 pg/ml 100 ng/ml 2 pl

A83-01 500 uM 50 nM 1puL

hEGF 0.5 mg/ml 50 ng/ml 1l

Noggin 0.2 uM 0.5% 50 pl

R-Spondin1 10% 1 ml

S| WT microtissue medium

Reagent Stock Final concentration Amount (10mL total)
ENR Medium See table above 10ml

Gastrin 100 uM 10 nM Tul

FGF10 500 pg/ml 100 ng/ml 2l

METHOD DETAILS

Generation of mixed organoids

Mixed organoids were generated as described previously.*' In short, suspensions of small clumps of cells were generated from organoids by
mechanical disruption and divided over Eppendorf vials in a 1:1 ratio (WT: cancer). Cells were concentrated by mild centrifugation and the
pellet was resuspended in a small volume of mouse liver expansion medium and incubated at 37°C for 30 minutes. Cell aggregates were
plated in BME2 and cultured in mouse liver expansion medium. For imaging purposes cells were plated in p-Plate 96 well black uncoated
plates or p-Slide 8 well"9" uncoated plates.

Differentiation

Cholangiocyte organoids were subjected to a 15-day differentiation protocol developed by STEM CELL Technologies (“Initiation, growth and
differentiation of human organoids using HepatiCult™") following the suppliers’ guidelines. In short, organoids were maintained in expansion
medium for 5 days with a medium refreshment at day 3. On day 5 differentiation medium was added and refreshed every 3 days (on day 8, 11
and 14). At day 15 differentiated organoids were ready for use. For generation of mixed organoids the cultures were supplemented with
Noggin at day 14. Cancer organoids were cultured in with differentiation medium + Noggin for at one day prior to mixing.

Generation of microtissues

Cancer organoids and hepatocyte-like organoids obtained by differentiation (described above) were kept in differentiation medium +
Noggin (for AKP microtissues), APC microtissue medium or SI WT microtissue medium, for 24h prior to microtissue formation. Organoids
were harvested and wash three times with basic medium to remove the culture matrix. After the last wash, the organoids were mechanically
disrupted pipetting through a fire-polished glass Pasteur pipet. Cancer organoids were intensively disrupted to generate small pieces and
wild-type organoids were treated with a gentle disruption to prevent induction of an injury response. The disrupted organoids were divided
over Eppendorf vials in a 2:1 ratio (WT liver : cancer) and concentrated by gentle centrifugation. Cell pellets were dissolved in 5-8 pL differ-
entiation medium +Noggin and incubated at 37°C for 30min. After aggregation, 100 uL /well of differentiation medium +Noggin was added
and divided over 96w U bottom plates. Microtissues were allowed to mature at 37°C for 3 days.

RNA isolation, cDNA generation and gPCR

Liver progenitor organoids, cultured in expansion and isolation medium for three days, liver progenitor organoids at day 15 of the differen-
tiation protocol and microtissues cultured for three days, were harvested for RNA isolation. After one wash with PBSO, they were resuspended
in TmL of Trizol and kept at -80 degrees. RNA was extracted using standard chloroform-based methods followed by ethanol-precipitation.
cDNA was generated using according to manufacturer instructions using 2 uM of Oligo dT primers. 20 ng of cDNA per well was used for gPCR
analysis, together with 5 pL. SYBR Green and 10 uM forward and reverse primers. See Table S1 for the used primers.
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Immuno-fluorescence

Immuno-fluorescence assays were performed as previously described,’’ while protected them from light. In short, organoids were fixed with
4% Paraformaldehyde (PFA) in PBS for 20-30 minutes. Microtissues were fixed by removal of 50 pL. medium and addition of 50 pL of 8% PFA in
PBS for 20min. Fixation was followed by a minimum of three washes with PBS0 and samples were stored in PBSO at 4°C until use. Samples were
permeabilizated and blocked in PBS/0.5% BSA/ 0.5% TX-100 for at least 30 minutes and incubated with primary antibodies overnight at 4°C.
After washing three times in PBS/ 0.1% TX-100 samples were incubated with secondary antibodies and DAPI for from 1-3 hours at RT (organo-
ids) up to overnight at 4°C (organoids and microtissues).” After three washes with PBS/ 0.1% TX-100 and twice with PBS the samples were kept
in PBS for imaging. Microtissues, were mounted in RapiClear clearing solution on glass slides using iSpacers. For EAU detection, organoids
were treated with EU staining solution (100mM Tris pH 8.5, 1 mM, Copper (ll) sulfate hydrate, 10 uM 647-Azide, 100 mM Ascorbic acid) for
30 minutes prior to antibody incubation.

Microscopy

Imaging of fixed samples and time-lapse videos of FUCCI2 were acquired on a Carl Zeiss LSM880 Fast AiryScan Confocal Laser Scanning
microscope (Axio Observer 7 SP with Definite Focus 2) equipped with a CO2 and 37°C incubator. A Plan-Apochromat 20x/0.8
WD=0.55mm air objective was used to obtain 12bit images with a 1024 resolution, via bidirectional imaging, using a pinhole size of 1AU.
A Z-slice thickness of 2.5 um (fixed samples) and 5 um (timelapse and microtissues) was used to cover the complete thickness of the sample
(17 to 150 slices). For time-lapse imaging a time interval of 2 hours was used for a total duration of 80 hours. The following laser lines were used:
405nm, Laser Argon Multiline (445/488/514), 561nm and 633 nm.

Live-imaging of pure and mixed organoids containing mTmG-labeled wild-type cells were acquired with an Eclipse Ti2-E with PFS (Nikon,
Japan) equipped with a Confocal Spinning Disc Unit CSU-W1-T1 (Yokogawa, Japan). A Plan Apo AD 20x / 0.80, WD=0.80, MRD70270 (Nikon,
Japan) dry objective was used to obtain 16bit images with a 1024 resolution and 2x2 binning. A Z-slice thickness of 5 um was used to cover the
complete thickness of 300 um. The time interval was 5 hours for a total duration of 60-70 hours. The following laser lines were used: Stradus 445
(441 nm /80 mW, Vortran, USA), Stradus 488 (490 nm / 150 mW, Vortran, USA) and OBIS 561 (561 nm, 150 mW, Coherent, USA). Temperature
control and CO2: STXG-PLAMX-SETZ21L (TokaiHit, Japan) were set at 37°C and 5% CO2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis

Image processing and analysis were performed using the open-source platform FIJI*? in combination with computational routines developed
in the programming language Julia. For each raw image, program was developed that facilitated the selection of individual organoids in the
confocal and lateral planes of the raw image based on the DAPI channel. Next, a general computational pipeline was applied for each orga-

noid; 1) kernel size definition, 2) image processing and 3) 3D object classification and analysis.

Kernel size definition

The kernel size, a theoretical value that is equal to the minimal size of the objects of interest inside of the image, was identified by measure-
ment of the raw image after application of a rude processing pipeline, facilitating the automatic high-throughput processing of all the images.
The processing pipeline was based on the usage of the average plus the standard deviation as the value to distinguish between foreground
and background, and the application of a median filter (with a kernel size equal to the pixel resolution of the image). Lastly, the Euclidean
Distance Transform was calculated and used to detect the maximum values. This correlates to the radius of the objects of interest (kernel
size) in the 5% of confocal slices with the highest measurements of optical density, which corresponded to planes with the highest biological
content. Finally, the kernel size was determined as the average of these values. For time-lapse data (Figures 1, 2, and 5), an additional step was
added: harmonization of the kernel size for all the frames of the time-lapse by taking the average value of the kernel size calculated for the
individual time frames.

Image processing

To extract and enhance the biological signal from the different channels of each image specific routines were applied. DAPI Intensities were
homogenized, and background subtraction was performed using an adapted Top-Hat algorithm. This involved subtraction of a copy of the
raw image after application of a Gaussian blur, minimum and maximum filters, based on the kernel radius calculated in the previous step.
Next, a median filter was applied to preserve the shape of the nuclei. Background and foreground were distinguished by setting a cut-off
value based on the average intensity of each pixel below the average intensity of the entire confocal slice histogram. The watershed algorithm
in Fiji was used for segmentation of the objects in 2D. To avoid sharp borders and false object detection, two rounds of watershed algorithms
were applied, with an intermediate step of median filtering (kernel size equal to the pixel resolution). The raw binary and segmented images
were multiplied with the raw data to preserve the original pixel intensities. In order to detect the centroids, dimensions and orientation of each
nuclei, the Object Segmentation and Counter Analytical Resources (OSCAR) model was applied using the parameters and measurements
previously described.’**° Dendra-2 (cancer) and mTmG (wild-type) were used to classify the different cell populations and therefore pro-
cessed in parallel. Both channels were processed using a pipeline that included Gaussian blur, maximum, and minimum filters that were
applied to each confocal slice. For the mTmG channel, this was followed by subtraction of the Dendra-2 channel. The resulting images
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were thresholded using the average intensity of each pixel that was below of the average intensity of the whole confocal slice as a cut-off value.
In EJU experiments (Figure 3) H2B-mCherry, expressed wild-type cells, was the sole marker that was used for classification of the cell pop-
ulations. Therefore, a multi-step pipeline of filters was developed to validate correct classification. First, with a minimum filter was applied,
followed by an adapted Top-Hat algorithm (kernel radius not multiplied by two), and a median filter with half the value of the kernel radius
to smooth object borders. Outliers were removed to eliminate small patches of expression inside nuclei. The image was then binarized and
multiplied by the raw data to preserve the original intensities. EdU & pH3 processing was carried out in three steps. First, the previously ex-
plained advanced top-hap algorithm was applied to remove background and equalize the intensities of signal across the image. Then, Fiji
routine was used to automatically apply the Li's Minimum Cross Entropy thresholding method based on the iterative version®’ over the in-
tensity histogram formed by all confocal slices for each image. For EAU this was followed by application of an opening filter over the binary
image to remove small artefacts while preserving the objects. For pH3, we applied a grayscale morphological opening and background sub-
traction based on a cut-off value that was the average of the intensities that were higher than the average intensity for the entire histogram. For
Sox9 the adapted top-hat algorithm was used, followed by application of a median filer and outlier detection in order to smoothen the signal.

3D object classification and analysis

The last step of our analysis is used to extract 3D information from the processed images at a single cell level. To achieve this, the DAPI chan-
nel was subjected to an artificial intelligence routine that was specifically designed to detect objects in densely packed environments. Our
routine has been thoroughly tested and optimized for the phenotypical characterization of 3D nuclei in multicellular samples of embryos
and hearth microtissues.’*° The spatial dimensions of each 3D nucleus were used to quantify the volume of positive signal within each nu-
cleus (referred to as marker volume) and calculation of the average intensity. For classification of cells (e.g. wild-type or cancer), the parameter
alpha was introduced, which represents the ratio between the marker volume and the total volume. For the detection of wild-type cells using
mTmG, EdU, and pH3 markers, an alpha value of 0.1 was used. For classification of wild-type cells based on H2B-mCherry alpha was set to
0.25. Classification of SOX9 expression was based on the relative intensity of SOX9 in all wild-type nuclei. For this, the individual experiments
were first normalized based on the maximum intensity in the experiment. Next, the relative intensities of all wild-type nuclei were combined to
determine the distribution of SOX9 expression within the whole cell population (See Figure S4). The 25 and 75 percentile values were used as
threshold to respectively define SOX9-low and SOX9-high cells.

Imaris software was used for quantification of FUCCI2, compaction and microtissue experiments. Quantification of cell number and volume
was performed on 3D reconstructed images. In short, individual nuclei were segmented using the “'spots’ function and classified as wild-type
(Dendra2-) or cancer (Dendra2+). The average distance to the five closest neighbors was calculated for each nucleus as a proxy for internuclear
distance. For FUCCI2 quantifications, the average intensity of hCDT1-mCherry and hGeminin-mVenus was measured. Thresholding was used
to classify wild-type nuclei as G1 (mCherry+/mVenus-), S-G2-M (mCherry-/mVenus+) or GO-like (mCherry-/mVenus-).

3D reconstructions of microtissues from five independent differentiation experiments (Figure Sé) were analyzed. The “surface” function
was used to mask mTmG (wild-type) and Dendra2 (cancer) populations in pure and mixed microtissues and the total volume of the surfaces
was calculated.

Quantification of Cleaved-Caspase3 was performed on 3D reconstructions of microtissues from four independent differentiations. For this,
three crops with a dimension of 250 um x 250 um x 50 pm (X/Y/Z) were made in a blinded fashion. All quantifications were performed by a
different person to avoid bias. First, wild-type nuclei were segmented and counted using the “spots” function in the DAPI channel. Next, in
mixed conditions the “surface” function was used to classify wild-type cells. Lastly, the number of Cleaved-Caspase3+ cells within the wild-
type epithelium was determined (excluding debris and extruded cells).

Visualization

Images were either 3D reconstructed in Imaris or a maximum projection was made in Fiji (indicated in the figure legends). For microtissues,
raw images were first stitched using Zen software and colors were adjusted in Imaris prior snapshots were taken Images and movies were
converted to RGB using FlJI, cropped and when necessary, smoothened, cropped, rotated and contrasted linearly.

Statistical analysis

Statistics were performed using GraphPad Prism. Paired or unpaired t test was used when data showed normal distribution (verified with a
normality test), whereas Mann-Whitney test was used for data that did not display parametric distribution. For multiple comparisons we used
one-way ANOVA for normal distribution data and Kruskal-Wallis test when data was not showing parametric distribution. Adoption of one
statistical test or the other is indicated for each experiment in the figure legends.*®
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