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SUMMARY

Circulating tumor cell (CTC) clusters are often detected in blood samples of patients with high-grade tumor
and are associated with tumor metastasis and poor prognosis. However, the underlying mechanisms by
which cancer cell clusters are released from primary tumors beyond blood vessel barriers remain unclear.
In this study, a three-dimensional (3D) in vitro culture system was developed to visualize tumor intravasation
by positioning tumor organoids with distinct genetic backgrounds to surround microvessels. We visualized
tumor intravasation in a cluster unit, including collective migration toward microvessels, vessel co-option,
and the release of CTC clusters—an invasion mechanism not previously reported. Furthermore, elevated
levels of transforming growth factor f§ (TGF-) and activin expression in endothelial cells within the coculture
microenvironment were pivotal for facilitating tumor cell intravasation, which was associated with endothe-
lial-to-mesenchymal transition (EndoMT) in microvessels. Our 3D in vitro system can be used to develop ther-

apeutic strategies for tumor metastasis by targeting the release of CTC clusters.

INTRODUCTION

Metastasis is the main cause of cancer-related death.’* There-
fore, it is important to understand the blood-borne metastatic
process at the molecular and cellular levels to develop therapeu-
tic strategies and improve cancer prognosis.>* A recent study
has highlighted the concept of partial epithelial-to-mesenchymal
transition (pEMT), which is thought to be responsible for the col-
lective migration of cancer cells from primary sites.>® pEMT
leads to the formation of protrusions and the release of tumor
cell clusters from tumor-derived organoids.7 Moreover, circu-
lating tumor cell (CTC) clusters have been detected in the blood-
stream of cancer patients, with their metastatic potential signifi-
cantly increased compared with single CTCs.®® These results
suggest that cancer cell clusters are released from primary tu-
mors, migrate to blood vessels, circulate as CTC clusters, and
disseminate to distant organs, where they develop metastatic tu-
mors. This concept has been supported by preclinical and clin-
ical evidence, such as collective migration of cancer cells into
stroma, exploiting existing blood vessels as a template for tumor
growth (vessel co-option), and the detection of CTC clusters.
However, the precise mechanism by which CTC clusters cross
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the robust endothelial barrier and invade the vessels at the pri-
mary tumor site remains unclear; and the genetic regulation of
this process is yet to be elucidated.

The accumulation of gene mutations in colorectal cancers is
essential for acquiring metastatic potential.'®'" In particular,
the combination of gene mutations, Apc2”’® (A), Kras®'?P (K),
Tgfbr2™'~ (T), or Trp53727°" (P), contributes to collective migra-
tion at the primary intestinal tumors and liver metastasis in animal
models. For example, mouse intestinal tumor cells that have A
and P gene mutations (abbreviated as AP) are invasive but non-
metastatic, whereas those with A, K, T, and P gene mutations
(abbreviated as AKTP) are invasive and highly metastatic.'>'®
To elucidate how malignant cancer cell clusters intravasate
and the genetic alterations involved in this process, in vitro imag-
ing model systems are crucial for sequentially visualizing the
metastatic process.

Here, we developed a three-dimensional (3D) in vitro culture
system based on microphysiological systems (MPS) technology
to visualize tumor intravasation by positioning tumor organoids
around a microvessel.""" Compared with conventional
in vitro cultures, which are separated by porous membranes, '%°
the hydrogel-based 3D microenvironments allow the interaction
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Figure 1. In vivo metastasis study and 3D in vitro tumor-microvessel model

(A) Schematic illustration of the in vivo metastasis model. Non-metastatic AP or metastatic AKTP organoids were transplanted with Matrigel into the mouse
spleen.

(B) Immunohistochemistry of liver tissues performed using antibodies against the endothelial cell marker CD31 or the fluorescent proteins specifically expressed
in the transplanted tumor organoids. Representative tissue-sectional images of the CD31-positive liver sinusoidal vessels containing tumor cells with mutation in

(legend continued on next page)
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of tumor cells, as a cluster unit, with the endothelial layer.
Furthermore, unlike randomly arranged tumor organoids,?° 2
we developed a 3D in vitro culture system in which tumor and
vessel are spatially arranged. The strict control over the distance
between tumor organoids and microvessel enabled the creation
of two models aiming to elucidate the role of secreted factors in
tumor progression. Using the in vitro microvessel models and tu-
mor cells with different genetic backgrounds,'*'® we visualized
the sequential process of CTC cluster release from tumor orga-
noids and found that transforming growth factor p (TGF-p) and
activin are essential for tumor cell intravasation accompanying
endothelial-to-mesenchymal transition (EndoMT). Our study
paves the way for discovering molecular targets associated
with collective migration and polyclonal metastasis through
drug screening, thereby improving cancer prognosis.

RESULTS

In vivo metastasis analysis and 3D in vitro tumor-
microvessel models using genetically defined tumor
organoids

We have previously established mouse intestinal tumor-derived
organoids with mutations in major colon cancer driver genes,
such as Apc®”"6 (A), Kras®'?P (K), Tgfbr2~'~ (T), and Trp53727°H
(P) in various combinations.'"'® In this study, we used non-
metastatic AP and metastatic AKTP organoids. Initially, we
transplanted these organoids to the spleen of NOD.Cg-
Prkdcse@li2rg'™"™i/SzJ (NSG) mice and examined their metasta-
tic behavior during extravasation from sinusoidal vessels into
liver parenchyma (Figure 1A). At 7 days post-transplantation,
immunostained liver tissue sections showed the presence of
both AP and AKTP organoid cells within the lumens of liver ves-
sels (Figure 1B, top). By day 14, AKTP cells had invaded the liver
parenchyma from the vessels, while AP cells were still confined
within the vessel lumens (Figure 1B, bottom). These results indi-
cate that genetic alteration patterns in the tumor cells determine
their ability to extravasate into the liver beyond vessel walls dur-
ing blood-borne metastasis.

To further elucidate the differences in metastatic ability be-
tween AP and AKTP organoids at the cellular level, particularly
with respect to tumor-vessel interactions, we developed 3D
in vitro culture models that recapitulate their spatial arrangement
in the tumor microenvironment (Figure 1C). This culture system
consists of a microvessel (200 pm in diameter) embedded with
tumor organoids (100-200 pm in diameter) within a collagen
gel. It facilitates spatiotemporal analysis of cellular interactions
which is unattainable using conventional 2D cultures. By manual
positioning tumor organoids, we established near interaction (NI)
models (<20 pm) and distant interaction (DI) models (>100 pm)
based on the distance between tumor organoids and the micro-
vessel (Figure 1D). The NI model allows observation of tumor in-
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travasation mediated by direct cell-cell interactions, whereas the
DI model enables examination of metastatic potential due to
secreted factors from either tumor cells from the organoids or
endothelial cells from the microvessels.

Tumor organoids hijack adjacent microvessel (MV) and
release tumor cell clusters

To examine the intravasation mechanism through the physical
contact between tumor cell clusters and endothelial cell layers,
we analyzed cellular and tissue behavior using metastatic-
AKTP and nonmetastatic AP organoids in the NI model. In the
coculture of microvessel with AKTP organoids, time-lapse imag-
ing revealed that by day 3, AKTP cells invaded microvessels and
traveled along the vessel walls. By day 5, tumor cell clusters
(CTC clusters) were observed to be released into the lumen of
the microvessels (Figures 2A and 2B). These intravasation pro-
cesses were confirmed by confocal laser scanning microscopy
(CLSM) analysis, highlighting (1) hijacking of endothelial cell
layers by AKTP cells and (2) the release of CTC clusters from
AKTP organoids into the microvessel lumen (Figures 2C and
S1, Video S1).

While both AKTP and AP organoid cells invaded the vessel
endothelial layer in the NI model, the release of CTC clusters
by non-metastatic AP cells was rarely observed (Figures 2C
and S1; Video S2). The CLSM analysis showed that the tumor in-
vasion area on the microvessel wall with both AKTP and AP cells
gradually increased over 3 days (Figure 2C, arrowheads, and
2D). This process represents vessel co-option, a non-angiogenic
process through which tumor cells utilize pre-existing blood ves-
sels to support tumor growth, survival, and metastasis.???***
The invaded area ratio by tumor cells on the microvessel wall
was 62.7% for AP and 89.5% for AKTP (Figure 2E), corroborating
previous reports that AKTP organoids are more invasive than
AP."21% Taken together, the NI model analysis revealed an intra-
vasation mechanism of cancer cell clusters, characterized by tu-
mor cell invasion along the microvessel wall, akin to co-option,
followed by the subsequent release of CTC clusters through
direct interactions between tumor organoids and vessels.

Tumor-microvessel secretion factors mediate
metastatic processes

To investigate whether secreted factors are involved in migration
and invasion, we next analyzed the dynamics of cell behavior us-
ing the DI model. AP organoids did not migrate toward the micro-
vessel and remained in their original position even after 3 days. In
contrast, AKTP cells exhibited invadopodium formation, cell
detachment from the tumor organoids, and collective cell migra-
tion toward the microvessel (Figures 3A and S2; Videos S3, S4,
and S5). Intriguingly, endothelial cells also migrated toward the
AKTP organoids, which was not observed in coculture with AP
(Figure 3A, circle). The ratio of invadopodium formation on tumor

Apc?”76 and Trp53727°1 (AP) (left) and Apc?”6, Kras®'2P (K), Tgfbr2 '~ (T), and Trp53727°H (AKTP) organoids (right). n = 3 biologically independent animals. Scale

bars represent 50 pm.
(C) Experimental setup for the 3D in vitro tumor-microvessel model.

(D) Schematic illustration and representative microscopic images of tumor-microvessel models with different distances (abbreviated as “d”) between the tumor
organoid and the microvessel: near interaction models (NI) and distant interaction models (DI). tdTomato-labeled AP (red); Venus-labeled AKTP (green). Scale

bars represent 500 pm.
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Figure 2. The hijacking of adjacent microvessel (MV) by tumor cells and release of tumor cell clusters

(A) Time-dependent microscopic images of intravasation by AKTP organoids in a 3D near interaction (NI) coculture model (red). Scale bars represent 500 pm.
(B) Enlarged images of the intravasation region at day 5. Hijacked microvessels with tumor cells invading the microvessel inner wall (arrowheads) and CTC
clusters being released into the lumen (arrow). Scale bars represent 100 pm.

(C) Time-dependent 3D or cross-sectional CLSM images of intravasation by AP or AKTP organoids. AP or AKTP cells were labeled with tdTomato (red), and the
microvessels were stained with UEA-1 (green). Tumor invasion on the microvessel inner wall and the release of CTC clusters into the lumen were indicated by
arrowheads and arrows, respectively. The microvessel layer (green) at day 0 was indicated by dotted line (Videos S1 and S2). The respective individual channel
images are provided in Figure S1. Scale bars represent 100 pm.

(legend continued on next page)
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organoids increased more than 4-fold when cocultured with mi-
crovessels compared to monoculture conditions, i.e., conditions
where there was no microvessel (Figures 3B and 3C). These re-
sults collectively suggest that endothelial cell-derived factors
induce the cluster migration of metastatic tumor cells.

Interestingly, DI model analyses showed that endothelial cell
layers on the microvessel wall were partially disrupted near the
tumor organoids by day 5. Such partial disruption of endothelial
cell layers was observed more frequently in the coculture with
AKTP organoids than with AP organoids (Figures 3D-3F). During
the process of tumor metastasis, it has been reported that
vascular integrity was compromised to facilitate tumor cell intra-
vasation and extravasation. This disruption of endothelial barrier
is induced by endothelial-to-mesenchymal transition (EndoMT;
also called EndMT), which plays a crucial role in tumor progres-
sion and metastasis.?**> During EndoMT, endothelial cells lose
their characteristic features, such as strong cell-cell contact
and the expression of specific markers like vascular endothelial
growth factor receptor 2 (VEGFR2/KDR) and tunica interna
endothelial cell kinase 2 (Tie-2), and they acquire mesenchymal
phenotypes including stress fiber formation and the expression
of mesenchymal cell markers, such as smooth muscle 22«
(SM22a), a-smooth muscle actin (aSMA), and fibronectin.
Consequently, we examined expression of SM22« in endothelial
cells at the partially disrupted microvessel layers. As expected,
SM22a was upregulated in the endothelial cells cocultured with
AKTP compared to the ones cocultured with AP or endothelial
cell monoculture (Figures 3E and 3F).

Taken together, these findings suggest that presence of
metastatic tumor cells like AKTP can alter endothelial charac-
teristics, promoting a metastasis-favorable phenotype such
as EndoMT. This transformation helps to create a malignant
tumor microenvironment that may be essential for tumor
metastasis.

Tumor-microvessel coculture alters their morphology
and mesenchymal molecular marker expression

To understand the molecular mechanisms underlying interaction
between tumor organoids and the microvessel, we utilized a
semi-3D coculture model (Figures 4A and 4B). In this model,
endothelial cells were cultured as a monolayer, allowing for
examining the cell morphology of both tumor organoids and
endothelial layers, along with gene expression profiles through
quantitative PCR analysis.

Similar to the results observed in the 3D model, the semi-3D
coculture demonstrated metastatic behaviors and EndoMT. Tu-
mor organoids formed invadopodia when cocultured with endo-
thelial cells (Figures 4C and S3), while endothelial cells exhibited
increased expression of EndoMT marker SM22« and disruption
of endothelial layers (Figure 4D). These phenotypes were more
pronounced when cocultured with AKTP organoids compared
to AP organoids. Furthermore, quantitative PCR analysis re-
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vealed significant upregulation of mesenchymal markers, fibro-
nectin, and aSMA in the endothelial layers when cocultured
with tumor organoids (Figure 4E).

TGF-p family members, including TGF-p1, TGF-$2, TGF-p3,
and Inhibin pA: a subunit of activin A (hereafter termed activin),
are involved in various stages of tumor progression and metas-
tasis, including epithelial-to-mesenchymal transition (EMT) in
epithelial tumor cells and EndoMT.2® Quantitative PCR analysis
also revealed TGF-p family on the endothelial layers: TGF-f1,
TGF-B2, and activin were significantly upregulated when cocul-
tured with AKTP organoids (Figure 4E).

Inhibition of TGF-p1 and TGF-p2 reduces metastatic cell
behaviors and EndoMT
TGF-B1, TGF-p2, and activin play a pivotal role in intestinal tumor
progression and have malignant effects on the tumor microenvi-
ronment. %252 Importantly, tumor cells including AKTP cells ex-
press TGF-B."” Since we observed greater invasiveness and
more vigorous promotion effect of EndoMT in AKTP compared
to AP, we focused on the AKTP coculture to examine the effects
of TGF-p family ligands on tumor aggressiveness. To investigate
the role of TGF-B1 and TGF-p2 in facilitating tumor invasion and
EndoMT, an Fc-chimeric protein containing the extracellular do-
mains of both TGF-p type | and Il receptors (TPRI-TBRII-Fc),
which has been demonstrated to inhibit the TGF-p signal,
was introduced into the semi-3D model (Figures 5A and 5B).%%
The microscopic image analysis showed that invadopodium
formation on AKTP was significantly reduced under the TpRI-
TBRII-Fc treatment compared with control-Fc (Figures 5C and
5D). TBRI-TPRII-Fc preserved the normal pavement pattern of
the endothelium, suggesting the TGF-p secretion in the coculture
system (Figure 5E). The quantitative PCR analysis showed
that SM22a, aSMA, and fibronectin expression remarkably
decreased in endothelium upon the TPRI-TBRII-Fc treatment
compared with control-Fc (Figure 5F). Moreover, TGF-f family
genes were also prominently downregulated in the endothelial
layer (Figure 5G). In a 3D microvessel model, TpRI-TPRII-Fc
treatment suppressed the invadopodia formation (Figure S4A)
and microvessel disruption (Figure S4B). To further verify the
TGF-p signaling, AKTP TGF-p1 KO line was cocultured with
HUVEC both in 3D microvessel and semi-3D models. Interest-
ingly, although AKTP cells expressed higher TGF-$1 compared
with AP cells in a protein level (Figure S5A), TGF-p1 depletion
in AKTP (Figure S5B) did not show notable reduction both in mi-
crovessel disruption and SM22a expression in endothelial
monolayer (Figures S5C and S5D), suggesting other specific
TGF-Bs (e.g., TGF-p2) may be key factors to alter endothelial
phenotype in the cancer metastasis. These results suggested
that the specific inhibition of TGF-B signaling suppressed
the gene expression of the mesenchymal markers and
TGF-B ligands in endothelium and further attenuated both
EndoMT and AKTP invasion.

(D) Time-dependent CLSM images of the microvessel hijacked by tdTomato-labeled AP (red) or Venus-labeled AKTP (green) organoids. Microvessels were
stained with CellTracker violet BMQC (blue). The outline of the microvessel and the area occupied by AP or AKTP organoids was delineated by a dotted line. Scale

bars represent 50 pm.

(E) Quantification of the AP- or AKTP- invasion area on the microvessel at day 5. (n = 11 from 4 independent experiments). Data are represented as mean + S.D.

The data were statistically tested by two-sided t-test. p values are provided.
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Figure 3. Metastatic processes mediated by tumor and microvessel secretion factors

(A) Representative 3D CLSM images of time-dependent interaction between AP or AKTP and microvessels in a 3D distant interaction (DI) coculture model. AP or
AKTP cells were labeled with tdTomato (red) and microvessels were stained with UEA-1 (green). The migrating AKTP organoids or angiogenic sprouts are
indicated by arrowheads or circles, respectively. Scale bars represent 100 pm. The respective individual channel images are provided in Figure S2.

(B) Representative 3D CLSM images of AP or AKTP organoids in monoculture or in coculture with microvessel at day 3. The formation of invadopodia is indicated
by the arrowheads. AP or AKTP cells were labeled with tdTomato (red) or Venus (green). Scale bars represent 50 pm.

(C) Quantification of AP or AKTP organoids with invadopodia (>20 pm at length) in monoculture or coculture with microvessels at day 3. (n = 3—4 for biological chip
replicates). Data are represented as mean + S.D. The data was statistically tested by two-way ANOVA. p values are provided.

(legend continued on next page)
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Inhibition of activin reduces metastatic cell behaviors
but has a limited effect on EndoMT

To elucidate the role of activin in coculture with AKTP and
endothelial layer, follistatin, a well-known activin inhibitor,”*
was introduced into the semi-3D model (Figures 6A and 6B).
Exogenous high concentration activin induced partial EMT in
the AKTP organoids (Figure S6A). The morphological analysis
conducted using microscopic images showed that invadopo-
dium formation on AKTP was significantly reduced under folli-
statin treatment compared to the control, similar to the effects
observed with TPRI-TPRII-Fc (Figures 6C and 6D). However,
follistatin did not suppress the disruption of the endothelial
layer both in 3D microvessels and semi-3D model and failed
to notably downregulate EndoMT mesenchymal markers in
endothelial cells (Figures 6E and SEB). The gene expression
analysis using gPCR showed that aSMA was significantly sup-
pressed by follistatin, whereas SM22« and fibronectin remained
unchanged compared with the control (Figure 6F). With respect
to TGF-p family ligands, TGF-p2 and Inhibin BA (activin) were
slightly downregulated in endothelium (Figure 6G). These re-
sults suggest that inhibition of activin by follistatin suppressed
tumor EMT but had a limited effect on EndoMT suppression.
Taken together, EndoMT was enhanced by TGF-p derived
from metastatic AKTP, and the invasion of metastatic AKTP
was promoted by activin secreted from endothelial cells that
underwent EndoMT, suggesting a dominant role of activin in
the invasion of metastatic AKTP.

DISCUSSION

We developed two 3D in vitro models with a controlled distance
between cancer organoids and microvessel (NI and DI) to study
cancer cell intravasation and the interaction between tumor and
blood vessel (Figure 1). Using this system, we observed AKTP tu-
mor organoids during intravasation, noting endothelial layer
disruption, microvessel lumen co-option, and release of tumor
cell clusters (Figures 2, 3, and 4). These released clusters may
circulate as CTC clusters and metastasize. The crosstalk be-
tween endothelial and tumor cells involved TGF-p1, TGF-p2,
and activin secretion, potentially promoting EndoMT and tumor
invasion (Figures 4, 5, and 6).

Our 3D model offers advantages over conventional systems
by manipulating tumor-microvessel distances in collagen
gel, enabling examination of direct and indirect interactions.
Utilizing intestinal tumor-derived organoids with diverse genetic
backgrounds (non-metastatic AP and metastatic AKTP),
we observed early metastatic processes such as collective
migration and intravasation through vessel walls. While
in vivo studies support polyclonal metastasis, the exact
mechanism of CTC cluster generation remains unclear. Our
findings suggest tumor cell clusters intravasate collectively
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through sequential tumor cell-endothelial interactions, inducing
EndoMT, disrupting endothelial layers, and releasing CTC clus-
ters. This cluster intravasation process is less observed with
non-metastatic AP organoids, indicating the necessity of driver
mutations for an effective interaction with endothelium. In addi-
tion, higher cell number in an organoid could exacerbate inva-
sion. This system presents a potential mechanism for CTC
cluster generation.

Our previous study shows metastatic AKTPs secrete TGF-§,
altering the microenvironment and activating hepatic stellate
cells to form fibrotic niches."® The current study highlights mo-
lecular interactions between AKTP and endothelial cells: (1)
AKTP and endothelial cell-secreted TGF-p promotes EndoMT
in microvessel and causes endothelial damage; (2) Activin secre-
tion from endothelial cells raises TGF-p ligand expression, pro-
moting EMT-like processes in AKTP cells despite AKTP lacking
TGF-p receptors. TGF-f and activin inhibition experiments
(Figures 5 and 6) identified their roles in suppressing EMT-like
invasive processes and varying effects on EndoMT. Activin ap-
pears crucial for tumor EMT but less so for EndoMT. The TGF-
p family (TGF-p1, -p2, -p3) activates TPRI and TPRII receptors,
contributing to EMT, tumor angiogenesis, and EndoMT. Fc-
chimeric protein inhibition of TGF-p receptors in our model in-
hibited tumor invasion and EndoMT, indicating TGF-p ligands’
essential role in AKTP malignancy. Introduction of follistatin, an
activin inhibitor, confirmed activin’s role in AKTP invasiveness
but not in EndoMT modulation, critical for tumor malignancy.

In vivo studies have reported invadopodium formation and
vessel co-option in various tumor types,>%?22%59-32 yet their
specific roles in metastasis remain ambiguous. Tumor inva-
sion involves intricate interactions with surrounding non-tumor
cells such as aSMA-positive myofibroblasts and collagen
deposition in tumor microenvironments, which contribute to
disease progression.””***% Stromal and tumor cell interac-
tions activate endothelial cells, altering their phenotype and
enhancing tumor malignancy. The tumor microenvironment in-
cludes vascular endothelial cells and stromal or immune cells,
which secrete inflammatory cytokines and growth factors.
Activated endothelial cells, altered by factors from stromal
or tumor cells, adopt a mesenchymal-like phenotype that sup-
ports disease progression. Previous reports highlight the
crucial role of fibroblasts in breast cancer organoids in angio-
genesis within the tumor microenvironment, underscoring ma-
lighancy mediated by activated endothelium.®® Hepatic stel-
late cells activated by cancer-derived TGF-$ are considered
key mediators of cancer extravasation from sinusoidal ves-
sels.”®%% A simplified model developed in this study provides
an understanding of the direct interaction between tumor and
endothelium.

The Cancer Genome Atlas has shown several genetic
mutations and deletions associated with colorectal tumor

(D) Time-dependent microscopic images of microvessels with disrupted regions near tumor organoids at day 5. AP or AKTP were labeled with tdTomato (red) or
Venus (green), respectively. The disrupted regions of microvessel edges are indicated by the arrowheads. Scale bars represent 500 pm.

(E) Immunofluorescent CLSM images of the HUVEC layer on the tumor-microvessel models at day 5. SM22a-positive HUVECs or disrupted area on the HUVEC
layer are indicated by the arrowheads or the dotted line, respectively. Scale bars represent 20 pm.

(F) Quantification of SM22a-positive HUVECs in the 3D microvessels and disrupted endothelial layer (n = 3-4 for biological chip replicates). Data are represented
as mean = S.D. The data in C and F were analyzed by two-sided t-test. p values are provided. ns: not significant.

iScience 28, 112517, June 20, 2025 7




¢? CellPress iScience
OPEN ACCESS

A B Monoculture Coculture
Semi-3D culture model HUVEC layer

Organoids e e HUVEC layer
(~320rg/device) 0
I T Organoids T vs

_______________ Medium change IF & gPCR

" HUVEC layer ™. (Day) c1> : :

silicon wall B y L9 v
culture chamber | *e 0 ' Organoids ' Semi-3D culture '
¥ : Image acquisition
C Monoculture HUVEC coculture 2 ()

AP AKTP
coculture coculture

HUVEC

AP AKTP AP AKTP monoculture

SM22a

(o>}
1 - & =
F-actin

Sy [aEE o
Scale bars: 100 um

SM22a intensity 8 EC disruption

o]
o =
= P=0.0235 © P=0.0437
2 o n.s.
g 34 n.s. ©
£ 3 2
— o
S 44 o
& 2- % S
I 5 c
= O 2= c
2] 14 > ‘g‘
¢ s )
'c..% D 0 (]
© 0 = =
12 o R o 2 i
<(\OQ\ Oxv éQ 6\00 x?? {_&Q = . e
& © Ox‘?“ IR e SM22a/F-actin/nucleus e bars: 20 um
& & ({/O

human Inhibin BA
human aSMA 5human Fibronectin 4 human TGF-31 4 human TGF-32 . (activin subunit)

.5 P=0.0012 .s -5 P =0.0249 .s .5 P =0.0076
2 4- @44  P<00001 g, p=ooter g, _p=oo0s 2,] |ns
= n.s. = = = o

2, g, | Pzoooot g g g

< < <, < p=0.0051 g

x,] x,. x 4 x

IS S £ S £

[ (] (] (] [

2 2 2 17 2 2

5 19 5 17 K| ks K

[0] [5] [0] [5] [0

o e L2 2 4

RN s 2 & S 2 &
& & & & & & & & &
< Y < & < &

Figure 4. Coculture of AKTP and endothelial cell layer activates TGF-$ family signaling in HUVECs
(A) Experimental setup for the in vitro semi-3D culture model of gene expression in tumor organoids and endothelial cells.
(B) Schematic illustration of the experimental condition and time course in the semi-3D study.

(legend continued on next page)
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development and its malignant transformation®”; TGFBR2, a
TGF-p family receptor found in this project, showed potential
to promote malignant transformation and metastasis via
TGF-p signaling. This contradicts the in vivo study conducted
by our group concluding that AKTP (mutated Tgfbr2) has a
higher metastatic potential than AP (intact Tgfbr2). To resolve
this controversy, we propose a multistep malignant loop
model via cell-to-cell crosstalk: (1) Vascular endothelial cells
are activated by TGF-f family ligands from AKTP tumors or
endothelial endogenous TGF-ps that were amplified in their
coculture environment and undergo EndoMT, a progressive
endothelial state that facilitates tumor invasion; (2) invadopo-
dium formation on tumor cells is elicited by activin secreted
by endothelial cells (Figure 7). These metastasis-related
behaviors have been quantitatively determined using colon
cancer with different genetic mutations. In addition, the role
of TGF-p family ligands in tumor—-endothelial malignant cross-
talk for metastasis has been revealed. Interestingly, TGF-p1
depletion in AKTP tumor did not suppress microvessel disrup-
tion, suggesting other specific TGF-fs (e.g., TGF-$2) may be
key factors to alter endothelial phenotype in the cancer metas-
tasis.®®*° In summary, we visualized tumor intravasation
within a cluster unit, including collective migration in the
collagen gel, vessel co-option, and the release of CTC clus-
ters. This was achieved by developing in vitro co-culture
systems, revealing a previously unreported manner of
cluster invasion. TGF-p family ligands were found to be key
mediators of tumor invasiveness beyond the endothelium bar-
rier by comparing the cell function among different tumor cell
types with distinct genetic backgrounds. This study can
contribute to developing effective strategies to halt tumor
metastasis.

Limitations of the study

To note a limitation of this study, these findings have been ob-
tained in human umbilical cord endothelial cells (HUVEC), cocul-
tured with mouse-derived tumor cells. This needs to be verified
in other tissue specific endothelial cells, especially cancer-asso-
ciated endothelial cells from human patient-derived tissues.
Moreover, addition of immune cells will provide more holistic
cancer microenvironment Indeed, increased TGF- signaling is
reported to promote cancer immune evasion.*® Also, in future
studies, precise organoid aligning method and CTC cluster
capturing method should be developed for the quantification of
tumor intravasation.
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Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

@ EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Endothelial cell preparation
o Intestinal tumor-derived cell preparation

(C) Representative time-dependent phase-contrast images of AP or AKTP organoids under monoculture or coculture with the endothelial layer. Invadopodia are

indicated by arrowheads. Scale bars represent 100 pm.

(D) (i) Representative CLSM images showing the immunostained HUVEC layer in monoculture or cocultured with AP or AKTP organoids at day 6 after coculture.
Scale bars represent 20 pm. (i) Quantification of SM22« intensity and endothelial layer disruption (n = 3). Data are represented as mean + S.D.

(E) Relative mRNA levels of mesenchymal markers and TGF-p family ligands in HUVECs cultured with or without AP or AKTP organoids for 6 days. Inhibin fAis a
subunit of activin. (n = 3 for biological chip replicates). Data are represented as mean + S.D. Significant differences were analyzed by one-way ANOVA in E or two-
tailed unpaired Student’s t test in F, respectively. p values are provided. ns: not significant.
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Figure 6. Activin inhibition reduced metastatic cell behaviors with minimal impact on EndoMT

(A) Schematic illustration of the concept of in vitro semi-3D experiment treated with follistatin. Follistatin neutralizes activin secreted by HUVECs or AKTP organoids.
(B) Schematic illustration of the in vitro semi-3D experiment. 0.1% BSA in PBS as a vehicle was added to the control. Image acquisition and expression analysis
were performed at the indicated time points.

(C) Representative time-dependent phase-contrast images of AKTP organoids with the HUVEC layer treated with follistatin or its vehicle alone. Invadopodia are
indicated by the arrowheads. Scale bars represent 100 um.

(D) Quantification of invadopodium formation on AKTP organoids under coculture with HUVECs treated without (control) or with follistatin (n = 3 for biological chip
replicates).

(E) (i) Representative phase-contrast images (top, bars: 100 pm) and CLSM images (second to bottom, bars: 20 pm) of the immunostained HUVEC layer with AKTP
organoids after six days of treatment without (control) or with follistatin. (i) Quantification of SM22 intensity and endothelial layer disruption (n = 3).

(F) Relative mRNA levels of mesenchymal markers in HUVECs with AKTP organoids after six days of treatment without (control) or with follistatin (n = 3 for
biological chip replicates).

(G) Relative mRNA levels of TGF-p family ligands in HUVECs after six days of treatment without (control) or with follistatin. Inhibin pA is a subunit of activin. (n = 3 for
biological chip replicates) The datain D, F and G are represented as mean + S.D. Significant differences between control and treated condition were analyzed by
two-way ANOVA in D or two-tailed unpaired Student’s t test in F and G, respectively. p values are provided. n.s.: not significant.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

VE-Cadherin Cell Signaling Technology 2500; RRID: AB_10839118
goat anti-rabbit IgG Alexa Fluor 555 Invitrogen A21422

GFP Cell Signaling Technology #2956

RFP Rockland Immunochemicals INC. #600-401-379

CD31 Dianova #DIA-310, Clone SZ31;

alkaline phosphatase-conjugated antibody

Vector Laboratories

RRID: AB_2631039
ImmPRESS AP reagent KIT,

against rabbit IgG #MP-5401
recombinant Fc-chimeric TGF-p receptor Original

containing both TBRI and TRRII

SM22a Abcam ab14106; RRID: AB_443021
Goat anti-Mouse IgG (H+L) Cross-Adsorbed Invitrogen A-21422
Secondary Antibody, Alexa Fluor 555

Chemicals, peptides, and recombinant proteins

Hoechst 33342 Invitrogen H3570
Glutaraldehyde Sigma Aldrich G6257

Alexa Fluor-488 Phalloidin Invitrogen A21422
Paraformaldehyde FUJIFILM Wako N/A
VECTOR ImmPACT DAB peroxidase substrate kit Vector Laboratories N/A
VECTOR red alkaline phosphatase substrate kit Vector Laboratories N/A
Follistatin R&D Systems 4889-FN-025

lipofectamine

Puromycin
penicillin-streptomycin solution
ALK inhibitor (A83-01)

GSK3 inhibitor (CHIR99021)
ROCK inhibitor (Y27632)
ISOGEN

ReverTra Ace gPCR RT Master Mix
Thunderbird SYBR gPCR Mix
TOPO cloning vector

Triton X-100

Tween20

Dextran

Alexa Fluor 488-conjugated phalloidin
CellTrackerTM Violet BMQC

CellTrackerTM Green CMFDA

Fluorescein Ulex Europaeus Agglutinin 1 (UEA1)
Bovine serum albumin

Endothelial Cell Growth Medium-2 BulletKit (EGM-2)

Fetal bovine serum (FBS)
Advanced DMEM/F-12 medium

Thermo Fisher Scientific
InvivoGen

FUJIFILM Wako
Sigma-Aldrich
Sigma-Aldrich
FUJIFILM Wako

Nippon Gene

TOYOBO

TOYOBO

Thermo Fisher Scientific
Sigma-Aldrich
Calbiochem
Sigma-Aldrich

Invitrogen

Thermo Fisher Scientific
Thermo Fisher Scientific
Vector Laboratories
Sigma-Aldrich

Lonza

Biosera

Thermo Fisher Scientific

Leuconostoc spp.,
Mr 450000-650000

A12379

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HUVEC, Lot #0000699241 Lonza #C2519A
AP (tdTomato) Original N/A

AKTP (Venus) Original N/A

AKTP (tdTomato) Original N/A
Experimental models: Organisms/strains

Mouse: NOD.Cg-Prkdc*°@li2rg'™™/SzJ (NSG) Charles River N/A
Oligonucleotides

human TGFB2 Forward: 5'-GTTCGATTTGACGTCTCAGCAAT-3' N/A

human TGFB2 Reverse: 5-CAATCCGTTGTTCAGGCACTCT-3' N/A

human TAGLN Forward: 5'-TCAAGCAGATGGAGCAGGTG-3' N/A

human TAGLN Reverse: 5'-GCTGCCATGTCTTTGCCTTC-3' N/A

human ACTA2 Forward: 5-CAAAGCCGGCCTTACAGAG-3' N/A

human ACTA2 Reverse: 5'-AGCCCAGCCAAGCACTG-3’ N/A

human FN7 Forward: 5'-AAACCAATTCTTGGAGCAGG-3’ N/A

human FN7 Reverse: 5-CCATAAAGGGCAACCAAGAG-3' N/A

human PPIA Forward: 5'-TGGTTCCCAAGTTTTTCATCTGC-3' N/A

human PPIA Reverse: 5-CCATGGCCTCCACAATATTCA-3 N/A

human INHBA Forward: 5'-AGGTGGGTGTGGTGAGAAAA-3’ N/A

human INHBA Reverse: 5-CACACTGTTTCTGCAGGTTCC-3' N/A

human TGFB1 Forward: 5'-GAGGACTGCGGATCTCTGTG-3' N/A

human TGFB1 Reverse: 5'-GCACTTCAACAGTGCCCAAG-3' N/A
Software and algorithms

IMARIS software BitPlane version 9.0.0
ZEN 2 blue edition software Carl Zeiss

Graphpad Prism GraphPad Software version 10.0.2
Other

Acupuncture needles of 200 pm 3D stereolithography photoresist Seirin Expert Material Series No. 08, J type N/A
384-well round-bottom plates Sumitomo Bakelite

type | collagen solution (Cellmatrix type I-A) Nitta Gelatin

Matrigel Corning

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Endothelial cell preparation

Primary human umbilical vein endothelial cells (HUVEC, mixed origin of five newborn Caucasian, female and male; Lonza, Basel,
Switzerland) were cultured in Endothelial Cell Growth Medium-2 BulletKit (EGM-2; Lonza) at 37°C in a humidified atmosphere of
5% CO,. The cells were used at passages 3 or 4.

Intestinal tumor-derived cell preparation

Mouse intestinal tumor-derived cells were used as previously described. ' Briefly, cell lines of AP and AKTP were developed from
ApcA776 Trp53F270H and Apc?”'6 Kras®'2P Tgfbr2™'~ Trp53727°" mouse intestinal tumors, respectively. AP and AKTP cells were
labeled with fluorescent proteins, tdTomato (AP-tdt, AKTP-tdt) and Venus (AKTP-v). cDNAs of tdTomato and Venus were subcloned
to the pPB-CAG-IP PiggyBac transposon expression vector and co-transfected with the transposase expression vector to cells using
lipofectamine (Thermo Fisher Scientific, Waltham, MA, USA). Consequently, transfected clones were selected by drug selection with
1 pg/ml of puromycin (InvivoGen, San Diego, CA, USA). Mycoplasma testing was performed using an indirect immunofluorescence
test. These tumor cells were cultured on dishes with the tumor 2D medium (Advanced DMEM/F-12 medium; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 5% penicillin—streptomycin solution (FUJIFILM
Wako, Osaka, Japan), 5 pM ALK inhibitor (A83-01, Sigma-Aldrich, Saint Louis, MO, USA), 5 uM GSK3 inhibitor (CHIR99021,
Sigma-Aldrich), and 10 pM ROCK inhibitor (Y27632, FUJIFILM Wako). The cells were used between passages 3 to 20. AKTP-
Tofb1 knockout cell line was established using TGF-p1 CRISPR/Cas9 KO plasmids (#sc-423364, Santa Cruz). The plasmid was
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transfected to AKTP cells using Lipofectamine LTX (#15338100, Thermo Fisher Scientific). Transfected clones were selected by cul-
ture in 1 mg/mL puromycin for 2 days. Separately established nine AKTP-Tgfb1 KO clones were pooled and used for the further ex-
periments to minimize clonal effect. KO cell lines were confirmed via immunoblotting using anti TGF-p1 antibody. Briefly, organoid
cells were lysed in TNE buffer with cOmplete Mini Protease Inhibitor Cocktail (#11836170001, Roche, Basel, Switzerland), and 10 pg
of the protein samples were separated using 10% SDS-polyacrylamide gel. Antibody against TGF-p1 (#ab179695, Abcam) was used
as the primary antibody, and GAPDH (#016-25523, FUJIFILM Wako Pure Chemicals, Japan) was used for internal control. The ECL
detection system (#RPN2235, GE Healthcare, Buckinghamshire, UK) was used to detect immunoblotting signals.

METHOD DETAILS

Formation of tumor organoids

Tumor cells were suspended in the 2D media at 5.0 x 10° cells/ml and then seeded into the ultralow attachment 384-well round-bot-
tom plates (Sumitomo Bakelite, Tokyo, Japan) at 100 cells/well to form organoids. The cells were cultured for approximately 60 h,
collected into a 1.5-mL tube. The supernatant was carefully removed, and the organoids were suspended in 2.4 mg/mL neutralized
type | collagen solution (Cellmatrix type I-A; Nitta Gelatin, Osaka, Japan) for further 3D or semi-3D model.

In vivo metastasis analysis: transplantation of tumor cells

Female NSG mice (NOD.Cg-Prkdcs°li2rg"™" "W/ aged 6 weeks, were purchased from Charles River, Yokohama, Japan). The mice
were housed in specific-pathogen-free conditions with a 12-h light-dark cycle at 23°C + 2°C with a relative humidity of 50% + 20%
and given ad libitum food and water for the duration of the study. For the chronological analysis at the early stage of colonization,
5 x 10° AKTP-v or 1 x 10° AP-tdt cells were injected into the NSG mouse spleen with 25 pl of Matrigel (Corning, Corning, NY,
USA). Liver tissues were examined histologically at day 7 and 14 after transplantation. Animal care was conducted in accordance
with the Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology (MEXT) of Japan. We observed no sex-
based differences in the primary phenotypes of AP and AKTP mice. Therefore, sex-based analysis was not performed in AP and
AKTP organoid transplantation experiments.'? All animal experiments were performed with the protocol approved by the Committee
on Animal Experimentation of Kanazawa University (AP-204139).

The liver tissues were fixed in 4% paraformaldehyde (PFA), embedded with paraffin, and sectioned at a thickness of 4 ym. For
immunohistochemistry, antibodies against GFP (#2956, Cell Signaling Technology, Danvers, MA, USA), RFP (#600-401-379, Rock-
land Immunochemicals INC., Limerick, PA, USA), and CD31 (#DIA-310, Clone SZ31; Dianova, Hamburg, Germany) were used as pri-
mary antibodies. The antibodies for GFP or RFP were used to detect Venus or tdTomato-labeled cells, respectively. The alkaline
phosphatase-conjugated antibody against rabbit IgG (ImMmPRESS AP reagent KIT, #MP-5401; Vector Laboratories, Newark, CA,
USA) was used as a secondary antibody. For double-labeling immunohistochemistry, CD31 or fluorescent proteins were stained
with VECTOR ImmPACT DAB peroxidase substrate kit (Vector Laboratories) or VECTOR red alkaline phosphatase substrate kit (Vec-
tor Laboratories), respectively.

3D tumor-microvessel model

To prepare a 3D microvessel with tumor organoids in the collagen gel, in-house polydimethylsiloxane (PDMS)-based chips
(25 mm x 25 mm x 5 mm: width x length x height) were used as described previously (16, 17). Tumor organoids mixed with a neutral-
ized collagen solution (2.4 mg/mL) were added into the central chamber of the device. The BSA-coated acupuncture needle (200 pm
in diameter; Seirin, Shizuoka, Japan) was inserted into the chip to form a lumen structure in the collagen gel. After manual positioning
of the tumor organoid using the edge-cut BSA-coated needle under a stereomicroscope, the devices were turned upside down and
incubated under a humidified atmosphere of 5% CO, at 37°C for 60 min. The inserted needles and collagen gels in the side chambers
were removed. To form microvessels, HUVECs were seeded into the collagen gel channel with a media containing 3% dextran (Leu-
conostoc spp., Mr 450,000-650,000, Sigma-Aldrich) at a density of 1 x 107 cells/mL. After microvessel formation, media were re-
placed with EGM-2 and changed every 1-2 days.

Semi-3D coculture model

The HUVEC layer on top of the collagen gel encapsulating tumor organoids, so-called semi-3D coculture model, were prepared as
follows. The in-house culture well chamber made of silicone sheets (diameter: 10 mm, height: 0.5 mm) on a glass coverslip (25 mm x
25 mm) were used in this model. Briefly, tumor organoids mixed with an ice-cold neutralized collagen solution were added into wells
with 30 organoids/well. The position of each organoid at X- and Y-axis was adjusted manually by the edge-cut BSA-coated needle
under a stereomicroscope as described above. After positioning each organoid, the whole devices were turned upside down and
incubated at 37°C for 45 min. HUVECs in EGM-2 containing 3% dextran at a density of 1 x 107 cells/mL were added onto the surface
of collagen gels and incubated at 37°C for 5 min. Cells were cultured in 2 mL of EGM-2 medium under a humidified atmosphere of 5%
CO, at 37°C for up to 6 days.
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Chemical inhibition study for TGF-p family members

For TGF-p family (TGF-p1, TGF-2, and TGF-p3) inhibition, 5 pg/mL recombinant Fc-chimeric TGF-p receptor containing both TpRI
and TPRII (TBRI-TPRII-Fc) or control-Fc (human IgG-Fc) was introduced to the semi-3D coculture model. TPRI-TRRII-Fc was previ-
ously shown to trap TGF-p1, -f2, and -3 ligands as a decoy receptor (28). For activin inhibition, we introduced 200 ng/mL follistatin
(4889-FN-025, R&D Systems), an antagonist for activin (29), or 0.1% BSA in PBS as a vehicle. Inhibitors were added to collagen gels
and the culture medium (day 0). For semi-3D coculture model, cells were cultured in 2 mL of EGM-2 medium under a humidified at-
mosphere of 5% CO, at 37°C until day 6 by replacing the medium with inhibitors introduced at day 3. Microscopic observation under
an inverted microscope was performed every 3 days, and samples were fixed for immunostaining at day 6. In the 3D tumor-micro-
vessel model, all medium conditions and data acquisition were performed in the same manner, except for the medium volume.

RNA isolation and quantitative RT-PCR

Total RNAs of the semi-3D culture model samples were extracted by ISOGEN (Nippon Gene, Tokyo, Japan) (n = 3, biologically in-
dependent). cDNA was synthesized from 0.5 or 1 ng/10 pL RNA using ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, Japan).
Real-time PCR was performed using a StepOnePlus real-time PCR system (Applied Biosystems, Thermo Fisher Scientific) or Applied
Biosystems 7300 Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific) using Thunderbird SYBR gPCR Mix
(TOYOBO) according to the manufacturer’s protocol. For relative quantification of human gene expression, the target gene expres-
sions were normalized to the internal control gene, human cyclophilin A (PPIA). The level of mRNA of each gene in the semi-3D culture
model was applied for the standard curve compared to the control (relative expression = 1). The sequences of primer pairs are listed
in the key resources table.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde (PFA) in PBS for 45 minutes at 4°C and permeabilized with 0.5% Triton X-100 in PBS for
30 minutes at room temperature. Subsequently, samples were incubated in blocking solution A (0.1% BSA, 0.2% Triton X-100, and
0.05% Tween20 in PBS) for 2 hours at room temperature, followed by overnight treatment with blocking solution A supplemented
with 1% BSA at 4°C. The cells were then incubated with an antibody against SM22a (1:200, ab14106, Abcam, Cambridge, UK) in
blocking solution A overnight at 4°C. After washed several times with solution A, cells were incubated overnight at 4°C and for
2 h at room temperature in solution A containing Goat anti-Mouse IgG (H+L) secondary antibody, Alexa Fluor 555 (1:200, A21422,
Invitrogen). F-actin was stained with Alexa Fluor 488-conjugated phalloidin (1:200, A12379, Invitrogen) by incubating cells overnight
at 4°C. Nuclei were stained with Hoechst 33342 (1:1000, H3570, Invitrogen) by incubating cells overnight at 4°C. The samples were
stored at 4°C until observation with a microscope.

Microscopy

To visualize cell morphology under a confocal microscope, HUVECs were labeled with 4 uM CellTracker™ Violet BMQC (Thermo
Fisher Scientific) or CellTracker™ Green CMFDA (Thermo Fisher Scientific) in EGM-2 in a 60-mm dish before the fabrication of
the semi-3D or 3D coculture model. Microvessels were stained with 2 mg/mL fluorescein Ulex Europaeus Agglutinin 1 (UEA1, Vector
Laboratories, Burlingame, CA, USA) in EGM-2 daily until microscope observation.

For time-lapse observation, bright-field and fluorescent images were captured using a fluorescent microscope (Axio observer Z1)
with a 20x - observation lens. Z-stack images were taken using CLSM equipped with a 20 x - objective lens at 30-min or 1-h intervals.
The acquired Z-stack images were created by the IMARIS software (version 9.0.0, BitPlane, Zurich, Switzerland).

Bright-field and fluorescent images were captured using a fluorescent microscope equipped with a 20 x - observation lens. Z-stack
images were taken using CLSM equipped with a 40x water-immersion detection objective lens. The images were processed using a
median filter (3x3x3), and the maximum intensity projection (MIP) images were obtained with the ZEN 2 software (Carl Zeiss).

Image analyses

Quantification of morphological changes in the microvessel layer in 3D microvessel-on-a-chip: The images of the tumor-microvessel
models at day 5 obtained by Axio observer Z1 were used. The edge of the microvessel layer nearby tumor organoids, 500 um from the
nearest point from organoids, were defined as the region of interest (ROI). Invasion on microvessel was calculated by dividing the total
ROls hijacked by tumor organoids in the NI models by total ROls of all samples observed for each culture condition. Microvessel layer
disruption was calculated by dividing the number of the total disrupted ROlIs in the DI models by total ROls observed of all samples for
each culture condition.

Quantification of morphological changes in the microvessel layer in 3D microvessel-on-a-chip: The CLSM images of HUVEC layers
in Semi3D culture and DI models at days 5-6, immunostained as described above, were analyzed using Fiji software (ver. 2.90). The
disrupted area in DI models and HUVEC layers of the Semi3D culture was quantified by dividing the total disrupted area by the total
image area. The disrupted area was defined as regions lacking F-actin staining, manually selected using the Polygon Selections Tool.
SM22« intensity per cell was calculated by dividing the total fluorescence intensity of SM22a by the total number of cell nuclei. The
images were split into RGB channels using the Split Channels function. Nuclei were identified in the blue channel image using the
Point Selection Tool after applying a Median filter (3x3) and binarizing with the Threshold tool. The red (SM22a) and green (F-actin)
channel images were masked using the Image Calculator plugin (AND operation) with the binarized blue channel image.
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Fluorescence intensity within regions co-localized with nuclei was then extracted. The total fluorescence intensity of each channel
was calculated by multiplying the average intensity, obtained using the Measurement tool, by the image area.

Quantification of invadopodium formation: The Z-stack images of tumor organoids in the DI models at day 3 were used. 3D images
were reconstructed from Z-stack images and invadopodia were measured using the IMARIS software (version 9.0.0). The invadopo-
dium-positive ratio was calculated by dividing the total number of invadopodium-positive organoids by all counted organoids of all
samples for each cell type. Organoids with at least 1 invadopodium (length >20 pm) were defined as invadopodium-positive organo-
ids. The images of cancer organoids in the semi-3D models at day 1, 3, and 6 were used for the temporal change in cancer invado-
podium formation. The number of invadopodia was manually counted, and the number of invadopodia per 1 organoid was calculated
by dividing the total number of invadopodia by the number of organoids in each sample at the same day for each culture condition.

QUANTIFICATION AND STATISTICAL ANALYSIS
The data were analyzed using two-tailed unpaired Studeqt’s t-tests, Chi-square, Fisher’s exact tests, one-way ANOVA with Bonfer-
roni’s multiple comparisons test or two-way ANOVA with Sidak’s multiple comparisons test using GraphPad Prism10.0.2 (GraphPad

Software, Boston, MA, USA) Values are presented as mean + standard deviation (S.D.) in the figure legends. Differences between
means were considered statistically significant at p < 0.05. All data were reproduced by at least two independent experiments.
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