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Liver Colonization by Colorectal Cancer Metastases
Requires YAP-Controlled Plasticity at the

Micrometastatic Stage
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Micrometastases of colorectal cancer can remain dormant for
years prior to the formation of actively growing, clinically detectable
lesions (i.e., colonization). A better understanding of this step in the
metastatic cascade could help improve metastasis prevention and
treatment. Here we analyzed liver specimens of patients with
colorectal cancer and monitored real-time metastasis formation in
mouse livers using intravital microscopy to reveal that micrometa-
static lesions are devoid of cancer stem cells (CSC). However, lesions
that grow into overt metastases demonstrated appearance of de novo
CSCs through cellular plasticity at a multicellular stage. Clonal
outgrowth of patient-derived colorectal cancer organoids phe-
nocopied the cellular and transcriptomic changes observed during
in vivo metastasis formation. First, formation of mature CSCs
occurred at a multicellular stage and promoted growth. Conversely,
failure of immature CSCs to generate more differentiated cells
arrested growth, implying that cellular heterogeneity is required
for continuous growth. Second, early-stage YAP activity was
required for the survival of organoid-forming cells. However,
subsequent attenuation of early-stage YAP activity was essential
to allow for the formation of cell type heterogeneity, while
persistent YAP signaling locked micro-organoids in a cellularly
homogenous and growth-stalled state. Analysis of metastasis
formation in mouse livers using single-cell RNA sequencing
confirmed the transient presence of early-stage YAP activity,
followed by emergence of CSC and non-CSC phenotypes, irre-

Introduction

Epithelial tissue turnover is fueled by a small pool of self-renewing
stem cells (SC) that give rise to a large population of differentiated cells.
Colorectal cancers comprise similar cell populations to the healthy
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spective of the initial phenotype of the metastatic cell of origin.
Thus, establishment of cellular heterogeneity after an initial
YAP-controlled outgrowth phase marks the transition to
continuously growing macrometastases.

Significance: Characterization of the cell type dynamics, com-
position, and transcriptome of early colorectal cancer liver metas-
tases reveals that failure to establish cellular heterogeneity through
YAP-controlled epithelial self-organization prohibits the outgrowth

of micrometastases.
See related commentary by LeBleu, p. 1870
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Liver colonization by colorectal cancer cells is are devoid of cancer

stem cells and high in YAP activity.

intestine, including cell types reminiscent of cycling SCs as well as
differentiated cells (1-4). Furthermore, the cellular hierarchy observed
in normal epithelium is vastly maintained in tumors where so-called
cancer stem cells (CSC), marked by Lgr5, constitute a self-renewing
population that fuels cancer growth by generating all epithelial cell
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types present in colorectal cancers (3, 5). Both in intestinal homeostasis
and cancers, genetic lineage tracing experiments have revealed a high
degree of plasticity where more differentiated cells regain SC potential
often triggered by external cues (6).

The main cause of colorectal cancer-related mortality is metastatic
spread to distant organs such as the liver and lungs. Metastases exhibit
cellular heterogeneity resembling the tissue of origin (7). Similarly to
primary colorectal cancers, Lgr5* CSCs are indispensable for meta-
static growth and maintenance in murine models (5, 8). Considering
the central role of CSCs within the cellular organisation of tumors and
metastases, it has been a long-held belief that colorectal cancer metas-
tases are seeded by CSCs. However, using mouse models it was recently
demonstrated that the vast majority of disseminating colorectal cancer
tumor cells are Lgr5~, while Lgr5" CSCs reappear at the distant site (8).

Metastatic colonization, that is the successful outgrowth of a
(dormant) micrometastasis into an actively growing overt lesion, is
a rate-limiting step in the metastatic cascade (9, 10). Illustrative of this
is the phenomenon of metastatic latency in patients with colorectal
cancer. Micrometastases can remain dormant and undetected in the
liver for years after surgical removal of the primary tumor, eventually
regaining proliferative behavior and resulting in overt metastases (11).
Yet, their small size and inactive nature make micrometastases difficult
to detect and study. As a result, it remains elusive as to how a single
metastasizing cell grows out into a heterogeneous cell mass and which
features are critical for its success (7). Although the microenvironment
has been previously implicated in population dormancy (12, 13), the
epithelial side underlying cellular dormancy is poorly understood.

Adult SC-derived organoids have emerged as a tool to study both
normal and cancerous tissue physiology (14, 15). In particular, their
genetic tractability and accessibility allow detailed studies on cellular
differentiation trajectories in human and mouse intestinal
tissue (16-18) and permit detailed insights into the intrinsic nature
of epithelial self-organization.

In this study, we are using a combination of patient biopsies,
functional patient-derived xenografts (PDX) and mouse models of
colorectal cancer to study plasticity at different stages of in vivo
metastasis formation in the liver. We demonstrate a close resemblance
in cellular organization and patterning between liver metastasis for-
mation in vivo and clonal outgrowth of patient-derived colorectal
cancer organoids (PDO). Through detailed imaging and transcrip-
tomic analysis, our organoid and in vivo data reveal that epithelial self-
organization involving attenuation of high levels of YAP activity
followed by the formation of cell type heterogeneity is required to
transition from the micrometastasic stage to overt liver colonization.

Materials and Methods

Human colorectal cancer liver metastases

The collection and processing of human tissue from residual
material of liver resection specimens was performed in accordance
with the Declaration of Helsinki and approved by the Biobank
Research Ethics Committee (TCBio; protocol 16-651) of the Univer-
sity Medical Center Utrecht (Utrecht, the Netherlands). This tissue is
classified as “residual material” and the collection and processing of
this biological material is in accordance with the “no objection”
procedure defining the release of anonymized residual material with-
out broad consent under strict conditions and approval under afore-
mentioned Research Ethics Committee.

Liver tissue strips from patients with colorectal cancer (Supplemen-
tary Table S1) measuring 5-10 cm x 2 cm and extending from a
macrometastasis into healthy peripheral liver tissue were formalin-fixed
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paraffin embedded (FFPE) and consecutively cut. When no macro-
metastasis was available for diagnostic reasons, a liver tissue strip was
obtained from a part of the liver unrelated to a macrometastasis.

IHC

FFPE sections were deparaffinized in xylene (Klinipath) and sub-
sequently rehydrated in a graded alcohol series (100% ethanol to 70%
ethanol). For patient liver tissue sections, epitope retrieval was per-
formed by cooking the slides for 20 minutes in citrate buffer (Alfa
Aesar, pH 6.0), followed by blocking of endogenous peroxidase in 1.5%
H,0, in PBS, and antibody incubation. Subsequently, slides were
developed with diaminobenzidine (Fluka) followed by hematoxylin
counterstaining, air-dried, and mounted on coverslips. For tyramide
multiplex THC, epitope retrieval was carried out in 10 mmol/L sodium
citrate (pH 6.0) or 1 mmol/L EDTA (pH 9.0) depending on the
antibody. Endogenous peroxidase was inactivated and sections were
blocked in 10% normal goat serum prior to antibody incubation.
Sections were developed using Alexa Fluor-conjugated tyramides.
Same species antibodies were applied after 10 minutes of heat-
mediated stripping of the antibody complex in 10 mmol/L sodium
citrate (pH 6.0) buffer. Slides were counterstained with DAPI (Sigma-
Aldrich, 600x).

Antibodies were incubated overnight at 4°C (details listed in
Supplementary Table S2) and poly-horseradish peroxidase antibodies
were used in both cases for signal amplification. Automated stainings
were performed for CDX2 and EPCAM using the Ventana Bench Ultra
at the department of pathology at the University Medical Center
Utrecht (Utrecht, the Netherlands).

For identified metastases, the correlation between metastatic size
(micro or macro) and SC marker expression (absent or heterogeneous)
was assessed using a Fisher exact test.

Mouse experiments

All mouse experiments were performed in accordance with proto-
cols approved by the Institutional Animal Care and Use Commitees of
our institutions: the Animal Welfare Committees of the Animal
Welfare Body Utrecht, the Royal Netherlands Academy of Arts and
Sciences, and the Netherlands Cancer Institute. Animals were kept at
animal facilities of the Central Laboratory Animal Research Facility
(Gemeenschappelijk Dierenlaboratorium, GDL), the Hubrecht Insti-
tute or the Netherlands Cancer Institute.

For transplantation experiments, 8-14-week-old male and/or
female NOD.Cg-Prkdc®“™® 1l2rg™™"/Sz] mice, obtained from
Charles River (NSG, Charles River strain code 614) or The Jackson
Laboratory (NSG, The Jackson Laboratory, catalog no. 005557) were
used as acceptors.

Orthotopic transplantation of colorectal cancer organoids

Orthotopic transplantation of PDOs was performed as previously
described (19). Mice were sedated and type I collagen blobs (Corning,
catalog no. 354249) containing approximately 250,000 and 150,000
cells for the murine and human colorectal cancer model, respectively,
were transplanted into the cecal subserosa of recipient mice.

Murine livers of 15 mice were analyzed for the presence of human
metastases after 3 weeks (3 mice, 1 micrometastasis) or 9-12 weeks
(12 mice, all but 1 metastasis).

Mesenteric or portal vein injection of murine colorectal cancer
cells

Lgr5" and Lgr5 cells were collected by FACS and injected in
100 uL PBS into recipient mice. For intravital microscopy (IVM)
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experiments, 10,000 Lgr5™ cells were collected from murine colo-
rectal cancers grown for 7-10 weeks upon orthotopic transplanta-
tion and injected into the mesenteric vein (8, 20). For the single-cell
RNA-sequencing (scRNA-seq) experiment, Lgr5* and Lgr5~ sub-
populations were isolated from colorectal cancer organoids.
Approximately, 400k, 200k, 200k, and 50k cells were injected into
the portal vein and harvested after 1, 7, 13, and 27 days, respectively.

Intravital imaging on liver metastases

An abdominal imaging window was applied onto the liver of sedated
mice and daily tracking of metastases through IVM was performed as
previously described (8, 21, 22).

Collagenase liver perfusion

For the isolation of colorectal cancer cells, a two-step liver perfusion
protocol was adopted and modified (23). In brief, the portal vein or
subhepatic vena cava was cannulated with a 24G IV catheter (BD
Insyte Autoguard Shielded IV catheter; BD 381412) to perfuse first,
70 mL HBSS (Gibco) with 0.5 mmol/L EGTA, 25 mmol/L HEPES, and
NaOH to reach a pH of 7.4 at 37°C. Next, 80 mL digestion medium
consisting of DMEM-low glucose (Corning) with 15 mmol/L HEPES,
Penicillin-Streptomycin, collagenase type IV (Gibco) in sufficient
quantity for 120 Collagenase Digestive Units (CDU)/mL at 37°C)
was perfused.

The liver was excised, minced in a 15-cm petri dish with 10 mL
digestion medium, resuspended in 25 mL isolation medium (DMEM-
High/F-12, Gibco with 10% FBS), and filtered through a 70-um
strainer. The supernatant of two initial washing steps (centrifugation
at 50 x g for 2 minutes) was washed twice more with 25 mL isolation
medium (centrifugation at 500 x g for 3 minutes). Then, DRAQ7 (Cell
Signaling Technology) was added and single, alive, RFP* cells were
FACS-sorted into 384-well collection plates for scRNA-seq.

Organoid cultures

Organoid lines were maintained in Matrigel (Corning) as previously
described (24, 25). Culture medium was adapted per line depending on
the presence of oncogenic mutations that render growth factors
obsolete: Loss of APC, SMAD4, and oncogenic KRAS®'?P were attrib-
uted by leaving out R-Spondin, Noggin, and EGF, respectively. For
details on the lines, see supplementaries.

For experiments, single cells were plated at a density of 250—
1,000 cells/uL Matrigel. Perturbation studies were performed using
doxycycline (Bio-Connect), verteporfin (Bio-Techne), XMU-MP-1
(Sigma) at indicated concentrations with corresponding DMSO
controls (VWR).

Flow analysis of organoids

Viability readouts were performed upon addition of DAPI (Sigma)
30 minutes prior to the sort. STAR gates were defined as STARM (top
15%), STAR® (bottom 15%), and STAR™4 (remaining 70%) based on
the DMSO sample using FlowJo 10.6.1 (https://www.flowjo.com). EdU
incorporation assays were performed after fixation with 4% parafor-
maldehyde for 15 minutes at room temperature. Significance levels
were assessed by two-tailed Student ¢ tests compared with DMSO
control.

Organoid tracking experiment

STAR™ and STAR™ cells were collected by FACS from
2-week-old organoids and plated onto 384-well imaging plates
(Corning). Organoid size per phenotype (homogeneous and
heterogeneous) was compared using a two-tailed Student ¢ test.
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For the organoid growth rate r, a proliferation model with
uniform growth of all cells over time was assumed: N(t) =
Ny x exp(r x t), with number of cells per organoid N and time
in days t. Paired organoid data of day 6 (Ny) and day 10-11 (N
(t)) were used for the analysis.

Size filtering of organoids

Organoids were harvested with 1 mg/mL Dispase II (Life Tech-
nologies), and pelleted by gentle spinning at 300 X g, 4 minutes,
4°C. The organoid suspension was first applied onto a 100-pum
strainer (VWR), while organoids passing the filter were collected in
a 50 mL falcon tube. Organoids trapped in the filter (>100 wm) were
isolated using 10 mL of Advanced DMEM/F12, pelleted and kept on
ice. Next, to collect organoids of 40-70 pum in diameter, the flow-
through of the 100-um strainer was subjected first to a 70-pum
strainer (VWR) and subsequently to a 40-pum strainer (VWR).
Organoids trapped in the 40-um strainer were washed out with
10 mL of Advanced DMEM/F12, pelleted, and kept on ice until
processed further.

Organoid staining

Antibody staining was performed as previously described (26).
Briefly, 10- to 14-day-old organoids were fixed in 4% PFA, incubated
in PBT (PBS with 0.1% Tween 20), and blocked with OWB (0.1%
Triton X100 and 0.2% BSA). Antibodies (Supplementary Table S2)
were incubated overnight at 4°C. Organoids were imaged in clearing
agent (60% glycerol and 2.5 mol/L fructose).

CellTiter-Glo

Organoids were grown in white-walled 96-well tissue culture plates
(Merck). For analysis, 50% v/v CellTiter-Glo reagent (Promega) was
added to each well. The plate was shaken rigorously for 30 minutes and
afterwards analyzed using a SpectraMax M5 microplate reader
(Molecular Devices). Background levels (average of cell-free wells)
were subtracted and data was normalized to the respective DMSO
control.

EdU incorporation assay

EdU incorporation assays were performed after adding 500 nmol/L
EdU for 16 hours to cells and processed according to the manufac-
turer’s instructions (Click-iT EdU Cell Proliferation Kit for Imaging,
Thermo Fisher).

qRT-PCR analysis

Samples frozen in 350 UL RLT buffer were processed using the
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions including DNAsel treatment (Qiagen). cDNA was reverse
transcribed (iScript cDNA Synthesis Kit, Bio-Rad) with 1 ug RNA
input. 4 uL of cDNA input (diluted to 220 total volume) was mixed
with 5 uL FastStart Universal SYBR Green Master (Sigma-Aldrich)
and 0.5 umol/L forward and reverse primer each (Supplementary
Table S3). Gene expression was normalized to the mean of the
housekeeping genes ACTB (forward: CATTCCAAATATGAGAT-
GCGTTGT; reverse: TGTGGACTTGGGAGAGGACT) and B2M
(forward: GAGGCTATCCAGCGTACTCCA; reverse: CGGC-
AGGCATACTCATCTTTT). Data is represented as mean + SEM.

Bulk RNA-seq sample preparation

Twelve-day-old organoids, grown from single STAR™ cells, were
size filtered as described above. Subcultures were trypsinized and
STARM, STARmid, and STAR™ cells were collected by FACS in
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technical duplicates or triplicates (10-20k cells each), then snap-
frozen.

RNA-seq libraries were prepared as described previously (15)
with the following adaptations: Up to 73 ng RNA was used as input
material. The library was amplified in 13 cycles and subsequent
clean-up was performed using a 0.8x bead-based clean-up. Seq-
uencing was performed using an Illumina NextSeq500 with 50-bp
paired-end reads.

Bulk RNA-seq analysis

Sequencing reads mapped to the pre-indexed hg38 genome
assembly. Differential gene expression analysis was performed with
the DESeq2 package (27). Genes with no reads mapped in any of
the samples were filtered prior to differential gene expression
(DGE) analysis (Wald test with Benjamini-Hochberg correction).
For investigations on STAR dynamics (Supplementary Fig. S4B),
equal numbers of replicates (n = 2) of each biological condition
were used and significantly changing genes were identified with a
likelihood-ratio test.

The YAP activity score is based on Yap perturbation studies in
mice (28). It is computed as mean of two expression level fold changes:
Yap knockout/control and the inverse of Yap overexpression/control.
Genes that were not picked up reliably in both studies were not
assigned a YAP score.

Gene-set enrichment analysis (GSEA) was performed using the
fgsea R package (29) of an intestinal SC signature (30), fetal and repair
gene signature (31), and LCC signature (13).

Micro-organoid-related genes were extracted on the basis of their
high YAP score and/or a high fold change in expression between
micro- and macro-organoids (see Supplementary Methods; Supple-
mentary Table S3).

scCRNA-seq

scRNA-seq was performed according to the Sort-seq protocol (32).
Libraries were sequenced on an Illumina NextSeq500 at paired-end
60- and 26-bp read length and 75,000 reads per cell.

scRNA-seq data analysis

Reads were mapped to the mm10 genome assembly including
the DTR-eGFP and tDimer2 reporter transcripts. Analysis was
performed with the R-package Seurat (version 4.0.4; ref. 33).
Cells with >200 unique transcripts and <10% mitochondrial
reads were included into the analysis. Gene signature expression
levels were computed using the AddModuleScore function (ctrl
= 5) for the following gene sets: YAP signature (28) and fetal
signature (ref. 34; as previously extracted, ref. 35); CSC and non-
CSC signatures (8) extracted upon differential gene expression
of Lgr5* and Lgr5™ cells located in primary or metastatic
tumors.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism (soft-
ware version 6) unless specified otherwise. Results with P values
smaller than 0.05 were considered statistically significant (*).
P values smaller than 0.01 and 0.001 are indicated by (**) and
(***), respectively.

Data and code availability

The sc- and bulk RNA-seq data generated in this study are publicly
available in Gene Expression Omnibus (GEO) at GSE189987 and
GSE193248, respectively.
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Results

Liver micrometastases of human colorectal cancers are devoid
of classical SC markers

Recent data suggests that metastatic growth requires CSCs (5, 8).
Yet, examining the presence of CSCs in patient micrometastases is
challenging due to their small size and sporadic appearance. Therefore,
we collected liver tissue strips of patients undergoing surgical removal
of colorectal cancer liver metastases (Supplementary Table S1), which
start at the clinically detectable metastatic lesion and extend 5-10 cm
into the adjacent liver tissue (Fig. 1A and B). Using IHC against three
colonic markers (EPCAM, GPA33, and CDX2, Supplementary
Table S2), we could faithfully identify 17 micrometastatic lesions in
18 patients. (Fig. 1B; Supplementary Fig. SIA-S1H).

We ensured that the micrometastatic lesions are independent
entities by demonstrating the absence of branches toward macrome-
tastases using IHC on consecutive sections. In addition, most micro-
metastases exceeded 1 mm in distance to the macrometastatic lesion
(Fig. 1C), which is the margin used for radical resection in the
clinic (36).

To examine the cellular composition of micrometastases, we set out
to perform THC analysis for intestinal SC markers. Frequently used
intestinal SCmarkers comprise LGR5, ASCL2,and OLFM4 (30,37-40).
Because of the lack of proven antibodies against human LGR5 or
ASCL2, we stained human liver metastases with an OLFM4 antibody
whose suitability we confirmed on human colonic sections (Supple-
mentary Fig. S1D). Most macroscopic lesions displayed a heteroge-
neous expression pattern, reminiscent of a subpopulation of OLFM4™"
CSCs. Conversely, all micrometastatic lesions were completely devoid
of OLFM4 (Fig. 1D and E; Supplementary Fig. S1G and S1H),
suggesting the lack of OLFM4" CSCs at the micrometastatic stage.

Compromised by limited availability of IHC-compatible SC mar-
kers, we decided to corroborate the OLFM-based patient data with the
analysis of spontaneously formed liver metastases upon orthotopic
transplantation of human colorectal cancer organoids into the cecum
of mice (Fig. 1F). In these metastases, we assessed activity of our
previously developed intestinal SC reporter STAR (41) that reflects the
transcriptional activity of ASCL2, the master regulator of intestinal SC
fate (38, 40).

While the number of macrometastases was limited (n = 4, humane
endpoint after 9-12 weeks), micrometastatic lesions identified through
expression of human CEA were very abundant (n = 30). CSC activity,
visualized with STAR-driven sTomato (Supplementary Fig. S1I and
S1J), showed a heterogeneous expression pattern in macroscopic
metastases, while being enriched at the rim of the tumor where most
actively growing clones reside (42). In contrast, no STAR signal could
be detected in any microscopic lesion (Fig. 1G and H), indicating that
classical CSCs are absent in liver micrometastases of human colorectal
cancer.

Lgr5* CSCs appear at micrometastatic stages and mark the
transition toward successful metastatic colonization

To understand the relationship between CSC appearance and
growth kinetics of liver metastases, we set out to monitor these
parameters for individual metastatic lesions over time by IVM. To
monitor live metastatic outgrowth, we turned to a well-known mouse
colorectal cancer cancer model (Apc, Kras, and Tp53 mutant; ref. 8), in
which we used the Lgr5-DTR-eGFP knock-in allele as SC marker. As
circulating tumor cells of this model have previously been shown to be
Lgr5” (8), we FACS-purified Lgr5~ tumor cells as previously
described (8) and injected them into the mesenteric vein to
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Figure 1.

Liver micrometastases of human colorectal cancers are devoid of classical SC markers. A, Graphical representation of liver tissue strips extending from
macrometastases into adjacent liver tissue. B, Liver tissue strip stained for GPA33 to identify macro- and micrometastases (arrowheads). Dashed line, 1 mm
distance to macrometastasis. Scale bar, 5 mm (50 um in close-ups). C, Distance of identified micrometastases to their respective macrometastasis. Each dot
represents one lesion. D, Bar graph summarizing OLFM4 expression patterns in all macro- and micrometastases as either completely absent (green) or
heterogeneous (orange). E, Representative IHC stainings of a macro- and micrometastasis of the same patient. Macrometastasis shows heterogeneous OLFM4
expression. Close-ups, orange boxes. Scale bars, 100 um. F, Experimental setup for spontaneous metastasis formation in mice using orthotopic transplantation of
human colorectal cancer PDOs with analysis after 9-12 weeks. G, Bar graph depicting the presence of STAR™ CSCs in liver macro- or micrometastases, identified and
classified (size) through IHC against human CEA. H, Representative images related to G. STAR minigene is unique to xenotransplanted cancer line. Signal outside
CEA-marked metastasis is background. Scale bars, 50 um. ***, P < 0.001.
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synchronize seeding of liver metastases (Fig. 2A). After surgical
implantation of an abdominal imaging window (day 5; refs. 22, 43),
we could track the outgrowth of multiple metastatic lesions over time
(3-10 days), while assessing their size and cellular composition
(Fig. 2B-E). Most lesions were first entirely Lgr5~ with de novo Lgr5™"
cells appearing during the next days. Notably, this symmetry break in
terms of spontaneous CSC appearance coincided with a burst in
growth (Fig. 2C and D). In strong contrast, microscopic lesions
without appearance of Lgr5* cells displayed limited to no growth
(Fig. 2E; Supplementary Fig. S1K). Thus, the establishment of a SC-
driven cellular organization defines the transition toward continuous,
colonizing growth.

Colorectal cancer organoids phenocopy the cellular dynamics
during metastatic outgrowth

Organoids are known for their self-organizing capacity (44). To
study early development of human colorectal cancer liver metastases in
more detail, we tested whether their growth kinetics and correspond-
ing cellular composition are recapitulated by clonal outgrowth of
human colorectal cancer organoids.

Using the STAR reporter to label endogenous ASCL2-driven stem
cell activity (nuclear sTomato, Supplementary Fig. S1I) in lines with
diverse genetic background, we noticed behavior closely resembling
our in vivo observations (Fig. 3A and B). Foremost, STAR™ cells gave
rise to multicellular structures in the absence of CSCs. After about 5 to
6 days of culture, heterogeneity arose in the majority of the organoids
(Fig. 3C; Supplementary Fig. S2A; Supplementary Video S1). When
correlating organoid size to phenotypes, it became clear that organoids
with a heterogeneous cellular composition were efficiently growing,
while organoids that failed to generate CSCs remained restricted in size
(Fig. 3D and E; Supplementary Fig. S2B). Intriguingly, when plating
single STAR™ cells, we observed similar growth kinetics, timing of
symmetry break (corrected for fluorophore decay), and organoid
sizes in relation to cellular composition (Fig. 3F-H; Supplementary
Fig. S2C-S2G). Indeed, homogeneous STAR" organoids that failed
to break symmetry by differentiation remained growth-restricted
similar to their homogeneous STAR™ counterparts that lacked CSCs
(Fig. 3E and H).

To further consolidate these findings, STAR was introduced into
a set of eight independent colonic organoid lines with diverse sets of
driver mutations (representative of either normal, adenoma, or
malignant state). Again, analysis confirmed that organoids that
failed to develop cell type heterogeneity, being pure CSC or non-
CSC organoids, became growth stagnated (Supplementary Fig. S3A
and S3B). The difference in the proliferative behavior between
macro- and micro-organoids was further demonstrated by EdU
incorporation on day 11 (Fig. 3I). Importantly, using a computed
growth rate per cell, we confirmed that generating cellular hetero-
geneity is functionally supportive of organoid growth rather than
being a stochastic result linked to higher cell numbers (Supple-
mentary Fig. S2F and S2G).

Next, we assessed the pattern by which de novo CSCs emerged
during plasticity events in live-cell recordings of organoid out-
growth with respect to their preceding mitosis (Supplementary
Fig. S3C; Supplementary Video S1). We found no link when
comparing STAR levels in the first emerging STAR™ CSCs to their
direct sisters, which were either diverging or comparable (Supple-
mentary Fig. S3D-S3F vs. Supplementary Fig. S3G-S3I). Likewise,
the onset of STAR level increase seemed uncoupled to the timing of
the preceding mitosis (Supplementary Fig. S3D and S3E vs. Sup-
plementary Fig. S3F and S3I).
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Growth-restricted micro-organoids are in a YAP state

To understand why the development of cell type heterogeneity
coincides with sustained growth, we set out to transcriptionally profile
cells with various STAR levels from either growth-stagnated (micro)
organoids or from cellular heterogeneous (large) organoids (Fig. 4A).
We chose A/K/P/S organoids as they depict a pronounced size
difference between organoid phenotypes, which enables their separa-
tion by size (Supplementary Figs. S2B and S2D and S4A). Moreover,
they grow in the absence of niche-derived growth factors, which
suggests that the growth stagnation of micro-organoids is a tumor-
intrinsic failure.

Transcriptomic analysis demonstrated anticipated expression pat-
terns in heterogeneous (large) organoids: The STAR™ population was
enriched for SC markers/Wnt targets (such as ASCL2, AXIN2,
NOTCH]1) and proliferation markers (MKI67, CCNB1, CCNB2), while
the STAR™ population showed increased expression of differentiation
markers such as VILL, KRT19, JAG1, TFF2, and HNF4G (Fig. 4B).
Furthermore, in contrast to the differential expression of mature cell
type markers, the cellular states within the homogeneous micro-
organoids seemed to be less diverse, with immature CSCs and high
expression of some differentiation markers (Fig. 4B and C; Supple-
mentary Fig. S4B and S4C). In line with this, principal component
analysis of all samples revealed that the strongest source of biological
variance related to the organoid phenotype, directly followed by the
level of SC activity (Fig. 4D).

Next, unbiased analysis of the differentially expressed genes
between big and small organoids (1,985 genes, fold change > 1.5, FDR
<0.05) suggested YAP signaling as the strongest enriched signature in
micro-organoids (FDR < 2.1 x 107% Supplementary Fig. S4D). More-
over, the addition of a computed YAP score that is based on in vivo
perturbation studies (28), indicated that 40% of these genes show a
high probability to be target genes of YAP activity (Fig. 4E; Supple-
mentary Fig. S4E). In addition, gene signatures derived from previous
YAP/TAZ studies (16, 31), in contrast to an intestinal SC signature,
positively correlate with the expression pattern in growth-stalled
micro-organoids (Fig. 4F-H).

Reassuring, a set of these genes (Supplementary Table S3) was
generally enriched in micro-organoids across different lines (Fig. 41I;
Supplementary Fig. S5A), confirming similar YAP activity in micro-
organoids regardless of the mutational background.

Micro-organoids are in a pseudo-stable state and resemble
dormant micrometastases

Growth-stalled micro-organoids and dormant micrometastases
both lack mature CSCs and demonstrate limited proliferative behavior.
Assessing whether micro-organoids are also transcriptionally similar
to micrometastases is challenging due to their elusive nature and lack
of colorectal cancer micrometastatic model systems. As closest alter-
native, we exploited expression data of latency-competent cells (LCC)
from lung adenocarcinoma and breast tumor models that can only
form small metastatic foci in mice (13). We found strong similarity in
expression patterns between our micro-organoids and LCCs (Fig. 5A),
corroborating the extent of similarity between micro-organoids and
micrometastases.

An additional functional property of colorectal cancer microme-
tastases in livers is their capacity to reinitiate growth after years of being
dormant. Using organoid formation capacity of micro-organoid-
derived cells, we demonstrated renewed proliferation in virtual all
cells as shown by the incorporation of EAU within 16 hours (Fig. 5B
and C). Moreover, over time, they generated large organoid structures
that are indistinguishable from a normal culture (Fig. 5B), supporting
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Lgr5™ CSCs appear at micrometastatic stages and mark the transition toward successful metastatic colonization. A, Experimental setup for timed metastasis
formation assay in mice. RFP™ murine Apc™/Ft/Kras®'2>/+ /Tp53K0/KO cancer organoids were orthotopically transplanted into mice to form primary cancers. After
8 to 10 weeks, Lgr5™ primary tumor cells were collected by FACS and injected into the mesenteric vein of recipient mice. Growth kinetics and cellular dynamics of
growing liver metastases were monitored by IVM. Stem cells are labeled by endogenous Lgr5-DTR-eGFP expression. B, Representative IVM images of one liver
metastasis taken on consecutive days. Top, RFP™ tumor cells (red) visualizing tumor mass and Lgr5-DTR-eGFP expression (green) marking CSCs. Bottom, identical
panelsin false colors. Dashed line, metastasis border. Scale bar, 50 um. C, Traces depicting the size of individual metastatic lesions that develop cellular heterogeneity
over time. Day 0, time of de novo appearance of Lgr5* CSCs. Black and orange symbols refer to time points prior to and post symmetry break, respectively. D, As in
C, with the mean metastasis size of all lesions represented by a box plot. Whiskers represent minimum to maximum. E, Traces showing the size of individual
metastatic lesions over time with no symmetry break event during the course of imaging. Lesion without Lgr5* SCs (black), lesions with Lgr5 expression before
start of IVM (orange).
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the notion that tumor cells in micro-organoids are intrinsically fine, yet
remain in a pseudo-stable, nonproliferative state. Likewise, isolation
and replating of intact micro-organoids revealed again their capacity to
reenter a proliferative state and transition to mature organoids
(Fig. 5D and E), while YAP activity decreased (Supplementary
Fig. S5B).

Dynamic YAP activity is required for the outgrowth of colorectal
cancer organoids

To understand the origin of active YAP/TAZ signaling in growth-
stagnated micro-organoids, we assessed the temporal expression
patterns of micro-organoid-related YAP genes during clonal organoid
formation. As observed in mouse organoids (16), most YAP genes
demonstrated highest expression levels during the earliest stage of
outgrowth, which subsequently decreased over time (Fig. 6A; Sup-
plementary Fig. S5C), suggesting that the transcriptional state of
micro-organoids mimics the earliest stages of organoid outgrowth
prior to symmetry break.

To assess whether persistent YAP signaling is related to the homo-
geneous nature of micro-organoids, we measured SC activity upon
perturbing YAP signaling activity. Inducible expression of YAP**4, a
constitutively active YAP mutant, led to transcriptional downregula-
tion of intestinal SC markers in multiple lines, while overexpression of
the inactive mutant YAPS*** had no effect (Supplementary Fig. S5D).
To confirm this on protein level, we chose flow cytometry analysis over
Western blot, due to low expression levels of intestinal SC markers and
a lack of proven antibodies. As expected, expressing YAP** for
48 hours in different colorectal cancer organoids prior to symmetry
break induced a loss of STAR™ CSCs, while STAR' cells became more
frequent (Supplementary Fig. S5E). Conversely, upon inducible
expression of YAP inhibitor YTIP (45), the fraction of CSCs increased
at the expense of the STAR' population (Supplementary Fig. S5E).

Next, to activate Yap signaling activity to more physiologic levels, we
made use of the MST1/2 inhibitor XMU-MP-1, which prevents
inactivation of YAP by LATS1/2 (46). Across multiple lines, organoids
treated with XMU-MP-1 at functional, nontoxic levels were smaller in
size (Fig. 6B; Supplementary Fig. S5F-S5I) and showed reduced EdU
incorporation (Fig. 6C) compared with controls. In addition, these
YAP-activated organoids revealed a similar reduction in STAR™ CSCs
(Fig. 6D), as seen previously through active Yap™* overexpression.
Thus, counteracting the physiologic decay of early-stage YAP activity
in colorectal cancer PDOs compromises the formation of mature CSCs
and persistent YAP activity can induce growth-stalled micro-
organoids.

Next, we treated 8-day-old A/K/P/S organoids with XMU-MP-1
(Fig. 6E and F). In these mature colorectal cancer organoids we scored
again a reduction in CSC numbers (Fig. 6G). However, in contrast to
the organoid formation data, proliferation both overall and stratified

Cellular Determinants of Metastatic Outgrowth

by STAR population, was not affected at this stage (Fig. 6H; Supple-
mentary Fig. S5] and S5K). Finally, we tested the consequence of
inhibiting the early-stage YAP activity wave using verteporfin at
nontoxic levels (Supplementary Fig. S5L). As previously described for
low-grade APCX® colorectal cancer lines (31), preventing YAP activity
during the first 2 days of outgrowth entirely blocked organoid for-
mation (Fig. 6I and J). Thus, YAP activity is essential for single
colorectal cancer cells, yet needs to decay over time to enable the
formation of CSCs and to sustain proliferation.

Mapping cellular phenotypes during in vivo formation of
colorectal cancer liver metastases

To assess whether the dynamic expression patterns underlying
colorectal cancer organoid formation can be translated to a metastatic
setting, we investigated the cellular composition during liver metas-
tasis formation over time by scRNA-seq (Fig. 7A).

First, we noticed that Lgr5 constitutes a suitable SC marker in this
cancer model, considering its coexpression with other SC markers
(Supplementary Fig. S6A and S6B). Next, in agreement with the fact
that both Lgr5" CSCs and Lgr5~ non-CSCs are capable of forming
metastases in injection assays (8), we noticed that the initial Lgr5 status
at the time of injection does not majorly influence the transcriptomic
phenotype of metastatic cells (Supplementary Fig. S6C). Conversely,
the age of the metastases (1, 7, 14, and 27 days) strongly correlates with
transcriptional changes in our data set (Fig. 7B), indicating major
changes in cellular phenotypes during liver colonization by colorectal
cancer metastases.

Unsupervised clustering of all cells resulted in nine distinct clusters
(Fig. 7C and D), which were subsequently ranked by their relative
abundance of cells per time point (Fig. 7E). Cluster 6, the cluster
predominantly made up of cells from day 1, revealed an enrichment for
many known YAP target genes (e.g., Edn, Misn, Amotl2) including
those enriched in micro-organoids (Ctgf, Cyr61, Ankrdl; Supplemen-
tary Fig. S6D) and also associates most strongly with published YAP
signatures (Fig. 7F and G). Conversely, gene expression patterns of
cells arising late during metastatic outgrowth (clusters 0, 5, and
1; Fig. 7E), showed particular enrichment of SC markers (Lgr5,
DTR-eGFP, Smoc2) and SC-associated genes (Hesl, Hnf4a) in the
dominant late-stage clusters 0 and 1 (Supplementary Fig. S6E).

Next, we stratified the data set by the Lgr5 status at the time of
injection and analyzed the developing cellular phenotypes separately
(Fig. 7H and I). In line with the need for Lgr5" CSC for metastatic
growth (5), we found that Lgr5 and Ascl2 are becoming more widely
expressed over time in metastases originating from Lgr5~ cells (Sup-
plementary Fig. S6F and S6G), as well as previously obtained (8) gene
expression signatures of Lgr5" CSCs (Fig. 7] and K). Interestingly, also
gene expression signatures for non-CSCs increased slightly over time
(Supplementary Fig. S6H and S6I), suggesting that non-CSCs in older

Figure 3.

Colorectal cancer organoids phenocopy the cellular dynamics during metastatic outgrowth. A, Stills from live-cell recordings of A/K/P/S-mutant organoid formation
(day 5 to 11) from single nuclear STAR™ cells (red). Top, organoid fails to establish heterogeneity and stagnates in growth. Bottom, organoid develops cellular
heterogeneity, indicated by varying STAR levels and continues to grow. Nuclei are marked with a chromatin tag (green). Color hues are red/green overlaid (resulting
inyellow to dark orange). Arrowhead, symmetry break. Scale bars, 50 um. B, 3D-rendered pictures of single cells growing into either a heterogeneous organoid (top)
or into homogeneous STAR ™ (bottom left) or STAR™ (bottom right) micro-organoids. Nuclei (green), STAR (nuclear, red), overlay (yellow). Scale bar, 100 um. C-H,
Pooled data of four human colorectal cancer organoid lines. Engineered APCKKO/KRASC2P/~ /TP53KO/KO (A /K/P), APCKO/KOIKRASCT2D/~ | TP53KO/KO /M A DFO/KO
(A/K/P/S), PDO P16T, and PDO P19bT. Data are stratified by STAR identity at the time of plating. Outgrowth of STAR™/STAR™ cells with homogeneously STAR™
(green)/STAR™ (red) organoids and heterogeneous organoids (orange/yellow). C and F, Graph representing the fraction of organoid phenotypes per indicated time
point during the outgrowth of STAR™/STAR™ colorectal cancer cells. D and G, Graph representing the size (mean cell number + SEM) of developing organoids from
single STAR™/STAR™ cells, stratified by final phenotype. E and H, Organoid size per final phenotype for the outgrowth of single STAR™/STAR™ cells. Two-tailed
Student t test (P value, 0.0070/0.0045) indicates significant difference. I, Three 12-day-old organoids with EdU incorporation (pink) to label proliferative cells. Blue,
counterstain Hoechst 33342. Inset (yellow) shows optimal brightfield cross-section. Scale bars, 100 um. **, P < 0.01.
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populations and organoid phenotypes. E, Heatmap showing all 369 differentially expressed genes between small (homogeneous) and large (heterogeneous)
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metastatic dormancy (breast tumor line HCC1954 and lung adenocarcinoma line H20877; ref. 13). B, Outgrowth potential of single cells derived from micro- or macro-
organoids (A/K/P/S) isolated after 12 days of culturing. Green, H2B. Scale bars, 200 um. €, EdU incorporation (pink) indicates proliferating cells 3 days after plating
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K/P/S) uponisolation and replating as intact structures. Green, H2B. Scale bars, 200 um. E, EdU incorporation (pink) indicates regained proliferative activity of micro-
organoids 1 day after replating. Blue, counterstain Hoechst 33342. Scale bars, 100 pm.

metastases start matching those of primary tumors. Similarly, signa-
tures for non-CSCs became more pronounced over time during
metastasis formation by Lgr5" CSC (Fig. 7L and M).

Thus, regardless of the metastatic cell of origin, also in vivo cellular
heterogeneity is generated over time and is preceded by YAP activity at
the earliest stage.

Discussion

The metastatic cascade is a multi-step cell-biological process that
includes cell migration, intravasation, metastatic seeding, and out-
growth (47). The process of outgrowth, or metastatic colonization, is a
highly inefficient, rate-limiting step that depends on complex inter-
actions between tumor cells and the microenvironment (10). Yet, the
cell-intrinsic properties underlying successful transition to metastatic

AACRJournals.org

colonization and developmental trajectory of cells are poorly under-
stood. Among others, due to their sporadic occurrence and limited
size, micrometastases are difficult to identify and characterize. Fore-
most, functional studies are hampered as the number of appropriate
model systems is limited.

In this study, we used patient biopsies, colorectal cancer PDOs,
mouse models of colorectal cancer, and human tumor xenografts to
investigate at high spatial and temporal resolution the phenotypic and
transcriptional changes taking place during the transition from micro-
metastases to successful liver colonization (Fig. 8).

Our patient-related data is in agreement with previous mouse
studies demonstrating the ultimate need for Lgr5* colorectal CSCs
for metastatic outgrowth (5, 8). In addition, our study is complemen-
tary to the previous finding that the majority of metastases is seeded by
Lgr5™ cells (8). However, irrespective of the identity of the seeding cell,

Cancer Res; 82(10) May 15, 2022
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Figure 6.

Dynamic Yap activity is required for the outgrowth of colorectal cancer organoids. A, Diminishing expression of micro-organoid-associated genes during the first
7 days of A/K/P/S organoid outgrowth. Gene expression, represented as mean -+ SEM, is normalized to day 1. B-D, Single A/K/P/S cells treated with 500 nmol/L
XMU-MP-1(MST1/2 inhibitor) for 3 or 7 days. B, Schematic of experimental setup (top) and representative organoid overview after 7 days of culture (bottom). Scale
bars, 100 um. C, Relative fraction of EdU-incorporating cells. D, Flow analysis of STAR levels. C and D, Data is normalized to DMSO control. E=H, Ten-day-old A/K/P/S
organoids were treated with 500 nmol/L XMU-MP-1and analyzed after 96 hours by flow cytometry. E, Experimental setup. F, Relative viability assessed by DAPI. G,
Relative change in STAR populations. H, Relative fraction of EdU-incorporating cells. F=H, Data are normalized to their respective DMSO control. I-J, Three umol/L
verteporfin was added to single A/K/P/S cells for 48 hours prior to wash out. Organoids were analyzed after 7 days. I, Schematic of experimental setup (top) and
representative organoid overview after 7 days of culture (bottom). Scale bars, 100 um. J, Relative viability as assessed by CellTiter-Glo. Data are normalized to DMSO
control. n.s., nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 7.

Mapping cellular phenotypes during in vivo formation of colorectal cancer liver metastases. A, Experimental design of scRNA-seq analysis of metastatic cells at
specific time points during in vivo liver metastasis formation initiated by either Lgr5* or Lgr5~ colorectal cancer cells. B and C, UMAP of scRNA-seq data color-
coded by time of harvest (B) and clusters (C) resulting from unsupervised hierarchical clustering. D and E, Composition of clusters color-coded by time
of harvest. D, Absolute number of cells. E, Relative composition of clusters ranked (in descending order) according to highest relative contribution from day 1.
F and G, Expression levels of Yap-associated gene signatures by cluster for Yap overexpression (F) in murine intestine (28) and fetal intestinal organoids
(ref. 34; G). H and I, UMAP after unsupervised hierarchical clustering of all Lgr5~- (H) and Lgr5*- (I) injected cells. J=M, Expression levels of SC (J and K)
and non-SC (L and M) gene signatures over time. Signatures are derived from primary tumors (ref. 8; J and L) and liver metastases (ref. 8; K and M). Data
input: Lgr57- (J and K) and Lgr5"- (L and M) injected cells.
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Summarizing model.

our in vitro and in vivo data indicate that both CSC and non-CSC have
the capacity to establish cell type heterogeneity and form successfully
growing metastases. Moreover, our data show that generation of cell
type heterogeneity through epithelial self-organization is essential, as
pure CSC or non-CSC organoids become growth stagnated. In analogy
to the SC support that is provided by differentiated Paneth cells in the
normal intestine (48), it is conceivable that non-CSCs fulfill a similar
role in promoting CSC function, even in a highly mutated background.
Furthermore, our data is in line with LICAM ™ cells being essential for
metastatic colonization of colorectal cancer (49), because LICAM is
known to induce YAP/TAZ activity in lung and breast cancer
models (50).

Intriguingly, the cellular dynamics and transcriptomic changes
during metastatic outgrowth is accurately phenocopied by clonal
outgrowth of colorectal cancer PDOs. Moreover, the processes under-
lying cell type maturation and CSC appearance at a multicellular stage
draw similarities to the symmetry break in mouse small intestinal
organoids, during which an initial YAP high/proliferative state pre-
cedes the reappearance of Lgr5" SCs and subsequent crypt forma-
tion (16). We show that this level of epithelial self-organization is
shared across multiple colorectal cancer PDOs, making organoid
formation by colorectal cancer PDOs a tractable disease model to
study live-cell biology during early-stage liver metastasis formation.
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We also scored a fraction of colorectal cancer micro-organoids
that failed to establish cellular heterogeneity and was compromised
in growth. These micro-organoids contain a homogeneous popu-
lation of immature cell types with strong expression of transcrip-
tional YAP targets. This finding is in line with the notion that YAP
activity represses in particular target genes requiring high Wnt
levels like SC genes, while more progenitor-associated Wnt target
genes, and as a consequence proliferative behavior, seem preserved
(Fig. 6G and Hj refs. 28, 31, 51, 52). Persistent YAP activity in
micro-organoids most likely originates from the physiologic and
essential YAP spike during the earliest stages of organoid formation.
Moreover, we demonstrate that its subsequent decay is critical, as
maturation and growth of colorectal cancer organoids is otherwise
prohibited. These transcriptional changes are in line with our
in vivo experiments and are functionally supported by earlier
studies demonstrating that YAP activation in murine colorectal
cancer cells prevents liver metastases (51). While our data supports
a preceding role for YAP activity during cellular plasticity, future
studies are warranted to resolve the underlying molecular mechan-
isms in full detail.

Several publications have linked YAP/TAZ activity in primary
cancers to poor patient survival (53-55). More specifically in colorectal
cancers, YAP activity and migratory behavior are linked to cell
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populations (Lgr5~ or LICAM™) that are endowed with metastasis-
initiating capacity (8, 49, 50, 56), providing an explanation for YAP asa
biomarker based on primary colorectal cancer tissues. Complementary
to this, we show that that early-stage YAP promotes single cell survival
and that loss of YAP activity at the metastatic site is essential to enable
CSC formation, subsequent maturation, and growth of the lesion.

In analogy to our experimental data, it is conceivable that failure to
establish epithelial self-organization at the micrometastatic stage
constitutes an epithelial, tumor-intrinsic cause underlying the forma-
tion of dormant micrometastases in the liver of patients with colorectal
cancer. As the microenvironment constitutes a further strong deter-
minant of metastatic colonization (13, 57), it will be of interest to study
its influence on the propensity of micrometastases to establish cellular
reorganization. The conceptual idea that dormant micrometastases are
stuck during their early developmental trajectory is a novel perspective
that provides a possible explanation for their state of cellular
quiescence.
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