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Abstract

Loss of the cell-cell adhesion protein E-cadherin underlies the development of diffuse-type gastric cancer (DGC),
which is characterized by the gradual accumulation of tumor cells originating from the gastric epithelium in the
surrounding stroma. How E-cadherin deficiency drives DGC formation remains elusive. Therefore, we investigated the
consequences of E-cadherin loss on gastric epithelial organization utilizing a human gastric organoid model and
histological analyses of early-stage DGC lesions. E-cadherin depletion from gastric organoids recapitulates DGC initiation,
with progressive loss of a single-layered architecture and detachment of individual cells. We found that E-cadherin
deficiency in gastric epithelia does not lead to a general loss of epithelial cohesion but disrupts the spindle orientation
machinery. This leads to a loss of planar cell division orientation and, consequently, daughter cells are positioned outside
of the gastric epithelial layer. Although basally delaminated cells fail to detach and instead reintegrate into the
epithelium, apically mispositioned daughter cells can trigger the gradual loss of the single-layered epithelial architecture.
This impaired architecture hampers reintegration of mispositioned daughter cells and enables basally delaminated cells to
disseminate into the surrounding matrix. Taken together, our findings describe how E-cadherin deficiency disrupts gastric
epithelial architecture through displacement of dividing cells and provide new insights in the onset of DGC.
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Ireland.

Keywords: diffuse-type gastric cancer; HDGC; E-cadherin; CDH1; human gastric organoids; cell division; spindle orientation; LGN;
mitotic extrusion; epithelial reintegration

Received 10 November 2023; Revised 4 January 2024; Accepted 22 February 2024

No conflicts of interest were declared.

Introduction cytosolic tails are connected to the actin cytoskeleton

through a- and p-catenin [2]. However, the role of

The architecture of epithelia is strongly intertwined with
their function as tissue barriers, which requires their
organization into tightly coherent cell layers. Epithelial
cohesion and integrity rely on the establishment of
intercellular junctions, in which the cell-cell adhesion
protein E-cadherin and other members of the classical
cadherin family fulfil a central role [1]. Cadherins
mechanically couple neighboring cells through homotypic
interactions of their extracellular domains, while their

the cadherin—catenin complex extends beyond cell
adhesion, and through interactions with a plethora of
proteins it impinges on cellular processes such as
proliferation [3-7], division orientation [8—13], and
survival [14-17]. E-cadherin is frequently lost in epi-
thelial cancers, which contributes to the disruption of
epithelial organization and metastatic dissemination of
cells during late stages of tumor development [18,19].
Pro-oncogenic effects of E-cadherin loss have been

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great Britain and Ireland.
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited.


https://orcid.org/0000-0002-9966-5402
https://orcid.org/0000-0001-9836-5558
https://orcid.org/0000-0002-0034-4642
mailto:chella.vanderpost@radboudumc.nl
mailto:m.gloerich@umcutrecht.nl
http://wileyonlinelibrary.com
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpath.6277&domain=pdf&date_stamp=2024-04-04

Cell division-dependent dissemination of diffuse-type gastric cancer cells 227

mainly attributed to disrupted cell-cell adhesion, while
the contribution of other functions of E-cadherin that
impact epithelial organization are less well explored.

In addition to promoting late-stage tumor progression,
E-cadherin loss is an early event in specific epithelial
cancers and drives the development of diffuse-type gas-
tric cancer (DGC). E-cadherin expression is typically
attenuated in sporadic DGC tumors, and mutations in
the E-cadherin encoding gene CDHI underlie the
genetic predisposition to hereditary DGC (HDGC) that
arises following inactivation of the remaining wildtype
allele [20-24]. Analyses of DGC development in HDGC
patients and mouse models revealed that tumor forma-
tion is initiated by the dissemination of tumor cells from
the single-layered gastric epithelium into the underlying
stroma of the mucosa [25-27]. These early-stage
intramucosal lesions consist mostly of diffusely spread
signet ring cells (SRCs; characterized by their bloated
morphology and crescent-shaped nuclei) and can even-
tually progress into highly infiltrative advanced
carcinomas [28]. Cells that have escaped from the epi-
thelium are occasionally found to be still confined by
the basement membrane, which is proposed to reflect
the initial phase of DGC development [29—-32]. In these
intraepithelial lesions, the epithelial architecture is lost,
as cells are positioned underneath the epithelium
(pagetoid spread) or have replaced normal epithelial
cells in the gastric gland entirely (in situ lesions) [25].
Loss of functional E-cadherin appears to be sufficient
for the development of early-stage DGC, as HDGC
patients and E-cadherin-deficient mouse models
develop many intramucosal DGC lesions throughout
their stomach from an early age [28,33-35]. However,
it is unknown how E-cadherin loss triggers the detach-
ment of cells from the epithelium and the formation of
DGC lesions, and whether this is merely due to disrup-
tion of cell-cell adhesion or involves other cellular
mechanisms that are affected by the absence of
E-cadherin [36].

Here, we investigated how E-cadherin deficiency
drives the loss of epithelial organization underlying
DGC development, using a human DGC organoid
model and histological analyses of HDGC patient tissue.
We reveal a central role for cell divisions in the disrup-
tion of gastric epithelial architecture upon the loss of
E-cadherin, in which daughter cell displacement out-
side of the epithelial layer induces multilayering and
eventually their dissemination into the surrounding
matrix. Our results exemplify how dysregulated
daughter cell positioning may contribute to tumor
initiation by disrupting epithelial architecture and trig-
gering cell dissemination.

Materials and methods

Antibodies and reagents

The following commercial antibodies were used
at the indicated concentrations for western blot,

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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immunofluorescence, or immunohistochemistry: mouse
anti-E-cadherin (HECD-1; 1:2,500 western blot; ab1416;
Abcam, Amsterdam, The Netherlands), mouse anti-
a-tubulin (DM1A; 1:5,000 western blot; CP06; Sigma-
Aldrich, Amsterdam, The Netherlands), mouse anti-
a-catenin  (15D9; 1:500 immunofluorescence; ALX-
804-101; Enzo Life Sciences, Raamsdonksveer, The
Netherlands), mouse anti-P-cadherin (clone 56; 1:100
immunofluorescence and 1:500 western blot; 610227,
BD Biosciences, Heidelberg, Germany), rabbit anti-
B-catenin (1:500 immunofluorescence; C2206; Sigma-
Aldrich), rabbit anti-leucine-glycine-asparagine repeat
protein (LGN) (1:250 immunofluorescence and immu-
nohistochemistry; ABT174; Merck, Amsterdam, The
Netherlands), mouse anti-E-cadherin (clone 36; 1:500
immunohistochemistry; 610182; BD Biosciences),
mouse anti-E-cadherin (NCH-38, Dako Omnis GA059;
Agilent, Amstelveen, The Netherlands), and mouse anti-
Ki-67 (MIB-1, Dako Omnis GA626; Agilent). The follow-
ing reagents were used at the indicated concentrations and
according to the manufacturer’s protocol: RO-3306
(9 pm; Tocris, Abingdon, UK), Y-27632 (10 pm;
AbMole BioScience, Brussels, Belgium), and SiR-
DNA (1 pM, supplemented with 10 pm verapamil;
Spirochrome SC007; Cytoskeleton, Denver, CO, USA).

Human gastric organoid culture and generation of
E-cad®° organoids

Gastric organoids, previously derived from isolated
whole glands of the human gastric corpus [37], were
cultured at 37 °C and 5% CO, in basement membrane
extract (BME; 3533-010-02; Bio-Techne, Dublin,
Ireland) in advanced DMEM/F12 medium (Invitrogen,
Bleiswijk, The Netherlands) containing 1% GlutaMax
(Invitrogen), 0.01 m HEPES buffer (ThermoFisher
Scientific, Bleiswijk, The Netherlands), and 1% penicillin/
streptomycin stock solution (Lonza, Oss, The Netherlands),
supplemented with 1 x B27 (Invitrogen), 1 X Primocin
(Invivogen, Toulouse, France), 1 mM n-acetyl cysteine
(A9165; Sigma-Aldrich), 2 pm A83-01 (2939/10;
Bio-Techne), 200 ng/ml recombinant human FGF10
(100-26; Peprotech, London, UK), 50 ng/ml recombi-
nant human EGF (AF-100-15; Peprotech), 1 nm recom-
binant Gastrin-I (3533-010-02; Bio-Techne), 0.5 nm
Whnt Surrogate-Fc Fusion Protein (U-Protein Express,
Utrecht, The Netherlands), R-Spondinl-conditioned
medium (5% vol/vol), and Noggin-conditioned medium
(10% vol/vol). Organoids were passaged as single cells
using trypsin—-EDTA (T3924; Sigma-Aldrich) once a
week and grown in the presence of Y-27632 for the first
2-3 days; they were kept in culture for a maximum of
15 passages. Organoids were harvested after incubation
of 1mg/ml Dispase II (11510536; ThermoFisher
Scientific) for 15 min at 37 °C where indicated.
E-cadherin knock-out organoids were generated
by electroporation (as described previously [38]) of
the pSpCas9-2A-GFP plasmid (#48138; Addgene,
Watertown, MA, USA) containing a sgRNA sequ-
encing targeting exon 3 of the human CDHI gene
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(sgRNA sequence: 5’-AAGATTGCACCGGTCGACA
A-3’). Three days after electroporation, GFP-positive
single cells (indicative of Cas9 expression) were puri-
fied by fluorescence-activated cell sorting and clonal
organoids were expanded. Genomic DNA was isolated
from individual clones to genotype for the successful
generation of out-of-frame deletion (using the follow-
ing forward and reverse primers; 5’-TCTTCCCA
CAAGTTCGCTCT-3’ and 5’-AGTTAAGGCCAGG
GATGCTT-3"), which was validated by western blot
analysis of whole cell lysates. Stable organoid lines
were generated by lentiviral transduction of hEFla-
H2B-mNeonGreen-IRES-Blast (a kind gift from Hugo
Snippert, UMCU, The Netherlands [39]) and selection
with 7.5 pg/ml blasticidin or hEF1a-E-cadherin-mScarlet-
IRES-PURO (NM_001287125.2) and selection with
0.4 pg/ml puromycin.

To monitor the organization of organoids over
time (Figure 1B,C and supplementary material,
Figures S1B,C and S2D.E), brightfield images of
organoids were acquired using an EVOS-M5000
(ThermoFisher Scientific) using a 2x (NA = 0.08),
4x (NA =0.16), or 10x (NA = 0.4) objective. For
the comparison with E-cad®® organoids with ectopically
expressed E-cadherin (see supplementary material,
Figure S1D,E), brightfield images were made of
organoids with junctional E-cadherin-mScarlet sig-
nal using a Zeiss Cell Observer (Carl-Zeiss, Breda,
The Netherlands) equipped with an Orca Flash 4.0
camera (Hamamatsu, Hamamatsu City, Japan) with a
20x objective (NA = 0.75). For the analysis of
organoid morphology, organoids were manually scored
for the presence of single cells that were clearly outside
of the organoid.

Immunostaining of gastric organoids

For immunostaining, organoids were seeded as single
cells in BME drops in glass-bottom dishes (Lab-Tek 1II;
ThermoFisher Scientific). After 7 days of culture
(or different time points, where indicated), organoids
were fixed in 4% formaldehyde (ThermoFisher
Scientific), permeabilized in buffer containing 1% BSA
(Sigma-Aldrich), 10% DMSO (VWR Chemicals,
Amsterdam, The Netherlands), and 2% Triton X-100
(Sigma-Aldrich) in PBS, and incubated with the indicated
primary and Alexa-conjugated secondary antibodies (Life
Technologies, ThermoFisher Scientific) together with
DAPI (Sigma-Aldrich), and Alexa-conjugated phalloidin
(Life technologies) where indicated. For LGN immu-
nostaining in organoids (Figure 3C), cells were
stained in suspension following recovery from BME
using Dispase (Invitrogen) and subsequent fixation
with 4% paraformaldehyde and permeabilization with
0.1% Triton X-100. Immunofluorescence images of
whole organoids (Figures 1D,G,I and 3C) were made
using a Zeiss LSM880 scanning confocal microscope
using a 40x (NA = 1.1) objective (Carl-Zeiss). Shown
images are single slices unless stated otherwise.
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Immunohistochemistry on patient tissue sections
and positional analysis of DGC lesions

FFPE tissue sections (4 pm) from archival patient material
(2020-2023) were used from gastrectomy specimens of
patients with and without a confirmed pathogenic germline
variant in CDHI. Immunohistochemistry was performed
using the Dako Omnis platform (Agilent Technologies)
using an automated staining protocol. H&E-, PAS-diastase
(PAS-d)-, and immunohistochemically-stained tissue
sections were scanned using a Pannoramic 1000 DX
slide scanner (3DHistech, Budapest, Hungary) using a
20x objective or a 40x optical equivalent magnifica-
tion. Pathological lesions were classified based on his-
tological characteristics as either intraepithelial (Tis;
comprising of pagetoid spread and in situ lesions within
the basement membrane) or early-stage DGC tumors
(T1a; SRC carcinomas confined to the mucosa).

For immunofluorescent staining of paraffin-
embedded tissue sections (Figures 3D,E and supplemen-
tary material, Figure S3C), tissues were dewaxed with
xylene and dehydrated by consecutive incubation steps
with a decreasing percentage of ethanol. Antigens
were retrieved by boiling slides in buffer containing
10 mm TRIS and 1 mm EDTA (pH 9.0). Slides were
incubated with the indicated primary and Alexa-
conjugated secondary antibodies (Life Technologies) in
buffer containing 10% normal goat serum (ThermoFisher
Scientific). Tissue sections were mounted in Vectashield
with DAPI (Brunschwig, Amsterdam, The Netherlands).
Images were made with a Zeiss Cell Observer equipped
with Orca Flash 4.0 camera (Hamamatsu) with a 20x
objective (NA =0.75) or a 63x objective
(NA = 1.15), or a Zeiss LSM880 scanning confocal
microscope using a 63x objective (NA = 1.15) using
Zen image acquisition software (Carl-Zeiss).

For the evaluation of the relative location
(Figure 2A—C) of the proliferative zone in healthy epithelia
(n =5 non-HDGC patients), intraepithelial lesions, and
early-stage DGC lesions (n = 10 HDGC patients), digi-
tized slides were viewed with Sectra Digital Pathology
Module, with the use of the built-in image ruler (Sectra,
Linkoping, Sweden). The relative position along the
lumen—pit axis was determined by dividing the absolute
position of the proliferative zone of non-pathological
glands (marked by Ki-67-positive cells) or the lesions
(based on histological analysis) over the total length of
the corresponding gastric gland.

RNA expression analysis of classical cadherins

mRNA was isolated from gastric organoids that
were grown for 7 days in normal culture conditions
and removed from BME with dispase according to
the manufacturer’s protocol (NucleoSpin RNA;
Macherey-Nagel, Dueren, Germany). The mRNA
was subsequently converted to cDNA using RT-PCR
(iScript™ cDNA Synthesis Kit; BioRad, Lunteren,
The Netherlands). The presence of cadherin cDNA
was then assessed with PCR (Taqg DNA polymerase;
New England Biolabs, Ipswich, MA, USA) with
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primer pairs for each individual classical cadherin and
subsequently run on an agarose gel (see supplementary
material, Figure S1F). Primer pairs were validated with
mRNA isolated from control cell lines (see supplementary
material, Figure S1G; MDA-MB231 for CDHI, CDH?2,
and CDH3; HUVEC for CDH5 and CDH6), following the
same procedure as described above.

Spindle orientation and cell delamination
measurements in gastric organoids

For live-cell imaging of organoids, organoids were
seeded, as single cells or as intact organoids following
isolation by dispase treatment, in BME drops in glass-
bottom dishes (Lab-Tek II; ThermoFisher Scientific).
After 7 days of culture, organoids were imaged with a
Nikon Spinning Disc confocal microscope using a 40x
objective (NA = 1.15; Figures 3A, 4A-C, 5C-E, and
supplementary material, Figures S3B and S4A) at 37 °C
and 5% CO, (Nikon, Amsterdam, The Netherlands).
Z-stacks were made in all organoid acquisitions; all
analyses were carried out on the three-dimensional
shape of the organoid using the Clearvolume
plugin [40] of Fiji software [41]. Nuclei were visualized
with either SiR-DNA (Figures 3A and supplementary
material, Figures S3B and S4A) or H2b-mNeongreen
(Figures 4A—C and 5C-F).

Cell division rates of organoids (see supplementary
material, Figure S3A) were determined by dividing the
number of divisions during the acquisition (17-20 h) by
the number of cells present at t = 0. Statistical analyses
were carried out using Prism 8 software (GraphPad,
Boston, MA, USA) using an unpaired z-test between
the pooled organoid division rates of three independent
experiments. The orientation of cell division (Figures 3B
and supplementary material, Figure S3B) in Z-stacks of
single-layered organoids was scored as the direction
of chromosome movement in anaphase in respect to
the plane of the epithelial layer based on the position of
neighboring nuclei, as planar (~0-30° angle), tilted
(~31-60° angle), or perpendicular (~61-90° angle).
Statistical analyses were performed using a paired #-test
in Prism 8 software between the average fraction of
planar divisions of three independent experiments. The
fate of daughter cells of misoriented (tilted and perpen-
dicular) divisions was monitored for 20 h in total.
Disseminated cells where the mode of detachment (five
of 34 events) or cell fate (five of 34 cells) was un-
clear were excluded from analyses. For the visualiza-
tion of whole organoids (Figure 4A,C), color-coded
Z-projections were made using Fiji software [41] and
outlines of single cells were segmented using the
StarDist plugin [42].

Mitochondrial targeting of cadherins

U20S cells obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) were cultured
at 37°C and 5% CO, in high-glucose DMEM,
supplemented with 10% FBS, and penicillin/streptomy-
cin. Cells were co-transfected with YFP-tagged TPR

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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repeats of human LGN (NM_013296.4, amino acids
8-351 [12]) and mScarlet-tagged mitochondrial surface-
binding protein ActA [43] coupled to the cytosolic tail of
E-cadherin (NM_009864.2, amino acids 736-888 [12]),
N-cadherin (NM_007664.5 amino acids 746-900),
P-cadherin (XM_038667222.1, amino acids 678-829),
VE-cadherin (NM_001795.5, amino acids 621-784), or
K-cadherin (XM_005619465.2, amino acids 566-816).
Cells were seeded on collagen-I-coated glass-bottom
dishes (Lab-Tek II; ThermoFisher Scientific) after 24 h
and live-cell imaging (Figure 3G) was performed after
36-48 h using a Zeiss LSM880 scanning confocal
microscope at 37 °C and 5% CO, using a 63 X objective
(NA = 1.15). The fraction of cells with colocalization
of LGN to mitochondria (Figure 3H) was scored
blindly; a statistical analysis was performed using a
paired t-test.

MDCK cyst cultures

MDCK GII cells [44] (a kind gift from W. James Nelson,
Stanford University, Stanford, CA, USA) were cultured
at 37 °C and 5% CO, in low-glucose DMEM containing
10% FBS, 1 g/l sodium bicarbonate, and penicillin/
streptomycin. Wildtype or E-cadherin®® MDCK
cells [45] were grown in three-dimensions as cysts,
as described previously [46]. In brief, cells were
seeded as single cells in 3.3 mg/ml Matrigel (Corning,
Amsterdam, The Netherlands) in glass-bottom dishes
(Lab-Tek II; ThermoFisher Scientific) and supplemented
with fresh medium every 2-3 days. Cysts were fixed and
immunostained (see supplementary material, Figure S3D)
after 7 days of culture with the immunostaining protocol
for organoids described above.

Results

E-cadherin-deficient gastric organoids display a
progressive loss of epithelial architecture

To study the consequences of E-cadherin loss on gastric
epithelial architecture, we used human gastric organoids
that recapitulate the native organization of the gastric
epithelium in a three-dimensional environment [37,47].
We generated E-cadherin-deficient (E-cad®®) gastric
organoids using CRISPR/Cas9 genome editing
(Figure 1A and supplementary material, Figure S1A).
We monitored both wildtype and E-cad®® organoids
growing from single cells over time within a matrix of
BME, which closely mimics the composition of the base-
ment membrane to which native gastric epithelia adhere
(Figure 1B,C) [48]. Wildtype gastric organoids gradually
developed from a compact cell cluster into a single
layer of polarized epithelial cells surrounding a lumen
(typically visible after 3—4 days), visualized by staining
of the F-actin cytoskeleton (Figure 1B-D). Surprisingly,
a substantial fraction of E-cad®® organoids developed a
similar epithelial organization, indicating that gastric
organoids lacking E-cadherin remain able to form a
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cohesive, polarized epithelial monolayer (Figure 1B-D).
However, over time, E-cad®® cultures showed an
increased prevalence of organoids that either failed to
develop or lost their single-layered organization, resulting
in organoids with multiple lumens as well as complete
lumen loss (Figure 1B-D). We also observed a progres-
sive accumulation of individual cells outside of E-cad®
organoids that appeared to have detached from the

organoid epithelium into the extracellular matrix
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(Figure 1B-D). A fraction of these cells displayed a
bloated morphology with crescent-shaped nuclei
(Figure 1D, yellow arrowheads), akin to the characteris-
tically shaped SRCs found in early-stage DGC tumors
(Figure 1E; inset). The abundance of detached cells was
increased when the basement membrane surrounding
mature E-cad®? organoids was disrupted with the
matrix protease dispase (see supplementary material,
Figure S1B,C), suggesting that the basement membrane
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may physically hamper cells from leaving the orga-
noid epithelium. Importantly, introduction of ectopic
E-cadherin—-mScarlet prevented the loss of epithelial
architecture and accumulation of detached cells in
E-cad®® organoids, validating that the morphological
changes observed in E-cad®® organoids are a conse-
quence of the absence of E-cadherin (see supplementary
material, Figure S1D,E).

The progressive disruption of epithelial architecture
in E-cad®® organoids shows similarities with the
histopathological stages in HDGC patients, reflected by
intraepithelial lesions that have lost the normal epithelial
organization within a gastric gland (Figure 1F) and DGC
lesions consisting of tumor cells that have disseminated
from the epithelium (Figure 1E). The intraepithelial
lesions are presumed to be a precursor stage of DGC
tumors in the stroma, underscored by SRCs disseminated
in the stroma occasionally being found in close proximity
to intraepithelial lesions (Figure 1F). Taken together, our
data indicate that E-cadherin deficiency leads to a gradual
disruption of gastric epithelial architecture with detach-
ment of individual cells, even though it does not result in a
general loss of intercellular adhesion.

We speculated that other adhesion molecules help to
retain gastric epithelial cell-cell adhesion in the absence
of E-cadherin. In line with this, we observed that core
components of the cadherin complex (i.e. a-catenin and
[-catenin) remained present at cell—cell contacts in intact
E-cad®® organoids (Figure 1G,I), indicating the pres-
ence of other cadherin family members in the gastric
epithelium in the absence of E-cadherin. Indeed, we
detected RNA expression of P-cadherin (but not
other classical cadherins; N-, K-, and VE-cadherin)
in both wildtype and E-cad®® gastric organoids (see
supplementary material, Figure S1F). The presence of
P-cadherin was confirmed by western blot analyses
and immunostaining, which showed upregulation of
P-cadherin protein levels in E-cad®® organoids and the
localization of P-cadherin at cell—cell contacts in these
organoids (Figure 1H.,I). Thus, our data suggest that

disruption of the single-layered architecture of the gastric
epithelium following E-cadherin loss is not merely due to
loss of cell—cell adhesion and probably involves attenua-
tion of additional cellular processes that cannot be com-
pensated for by other cadherin proteins.

Cell detachment from E-cadherin-deficient gastric
epithelia is linked to cell proliferation

To understand the potential mechanisms underlying the
escape of E-cadherin-deficient cells from the gastric epi-
thelium, we further characterized the earliest stages of
tumor development in HDGC patients using histological
and immunohistochemical analyses (Figure 2A,B).
Analysis of the spatial distribution of intraepithelial
lesions (in situ lesions and pagetoid spreads) showed a
strong bias towards their formation in the isthmus region
of gastric glands, typically residing near the proliferative
zone that is marked by Ki-67 expression (Figure 2C and
supplementary material, Figure S2A). Similarly, early-
stage intramucosal DGC lesions closely overlapped with
this proliferative region (Figure 2A—C and supplementary
material, Figure S2B), as has previously been reported in
both DGC patients and mouse models [31,34,35,49].
These data imply that DGC lesions originate from the
proliferative region of the gastric epithelium.

One potential explanation for the spatial bias is that the
process of cell division itself contributes to disruption of
gastric epithelial architecture and cell detachment. To test
this hypothesis, we blocked cell division in E-cad®®
organoids using the Cdkl inhibitor RO-3306, which
prevents cells from entering mitosis. Organoids were
treated with RO-3306 at the approximate moment we
typically observed the onset of cell detachment,
between days 4 and 5 after plating (Figure 2D.,E).
This showed that RO-3306-mediated inhibition of cell
division fully halts the detachment of cells from
E-cad®® organoids (Figure 2D,E). Overall, these data
indicate that cell divisions are required for the progres-
sive detachment of cells from gastric organoids and

Figure 1. E-cadherin-deficient human gastric organoids mimic the early-stage development of DGC. (A) Western blot analysis of lysates from
parental (Wt) and E-cadherin knock-out (KO) human gastric organoid lines probed (IB, immunablot) for E-cadherin and o-tubulin.
(B) Representative phase-contrast images of wildtype and E-cad*® organoid cultures at 1, 4, and 7 days after seeding as single cells in a
BME matrix. Organoids with a visible lumen (dark blue), no lumen (blue), and with detached cells surrounding the organoids (yellow) are
indicated by dashed lines. (C) Quantification of wildtype and E-cad* organoid morphology over time, indicating means + SD from three
independent experiments (individual experiments indicated by shapes). (D) Representative immunostaining of wildtype and E-cad“°
organoids after 7 days of culture. To visualize organoid morphology, DNA (DAPI; cyan) and F-actin (phalloidin; grays) were labeled,
highlighting the apical brush border surrounding the lumen(s). Yellow arrowheads indicate single cells with a SRC-like morphology, with
peripheral crescent-shaped nuclei. (E) H&E and PAS staining on serial sections of an early-stage DGC lesion (outlined with a dashed line) of
an HDGC patient, with a high-magnification inset of an individual SRC. Note the intracellular accumulation of mucin (magenta in PAS) that
displaces the nucleus to the cell periphery. (F) H&E and PAS staining on serial sections of an in situ intraepithelial lesion of an HDGC patient,
with SRCs confined within the basement membrane (outlined with a black dashed line) that have largely replaced the normal gastric
epithelial cells. In the tissue section stained with PAS, additional SRCs are visible outside the gastric gland (black arrows). (G) Immunostaining
of wildtype and E-cad“° organoids for the cadherin complex component a-catenin (grays). Note that although a-catenin is not absent from
cell-cell contacts in the absence of E-cadherin, its presence is slightly reduced and more punctuated. (H) Western blot analysis of lysates from
parental (Wt) and E-cadherin knock-out (KO) human gastric organoid lines for P-cadherin and a-tubulin. A representative blot and the mean
P-cadherin expression levels (normalized to a-tubulin levels) + SD from three independent experiments (individual experiments indicated by
shapes) are shown. Paired t-test. **p < 0.005. (I) Immunostaining of wildtype and E-cad“® organoids for P-cadherin (green in merge), showing
colocalization with B-catenin (magenta in merge) at cell-cell contacts (arrowheads), together with DAPI (cyan). Scale bars, 10 um (D, Gand 1)
or 100 um (B, E and F).
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Figure 2. Cell detachment from E-cadherin-deficient gastric epithelia is linked to cell division. (A) Immunohistochemical staining for
proliferation marker Ki-67 on a serial section of an early-stage DGC lesion (outlined with a dashed line), showing that the lesion resides near
the Ki-67-positive proliferative region of surrounding healthy gastric glands. (B) H&E staining on a serial section of an early-stage DGC lesion
(outlined with a dashed line), exemplifying the measurements for the total length of the gastric gland and the location of the lesion used in
the quantification (C). (C) Histogram of the relative positions of the proliferative zone (green; marked by Ki-67-positive cells; n = 58),
intraepithelial lesions (blue; n = 38), and early-stage DGC lesions (red; n = 78) in the stroma along the lumen-pit axis of gastric epithelial
glands of the corpus, relative to the total length of the corresponding gland. The frequency indicates the relative number of lesions or
proliferative area present in each region in the gastric gland. (D) Representative examples of phase-contrast images of E-cad® organoid
cultures before or after treatment with RO-3306 that inhibits mitotic entry, or vehicle control DMSO, added following 4 days of culture.
Organoids with detached cells surrounding the organoids are indicated with yellow dashed lines. (E) Quantification of the fraction of
organoids with detached cells before or 24 h after the addition of DMSO or RO-3306. Mean fractions £ SD of three independent experiments
(individual experiments indicated by gray shapes) are shown. Paired t-test: n.s. not significant; *p < 0.05. Scale bars, 100 pum.

suggest that this process contributes to the formation of  cells in wildtype and E-cad®® organoids that had not yet
DGC lesions following E-cadherin loss. lost their single-layered architecture. Using timelapse
confocal imaging of organoids with labeled DNA, we
could closely assess cell divisions within the three-
dimensional epithelium of organoids (see Figure 3A,B
and supplementary material, Movies S1-S6). Whereas
To understand how cell divisions contribute to the loss  the number of divisions is not increased in E-cad“®
of epithelial tissue architecture, we followed dividing  organoids compared with wildtype (see supplementary

Absence of E-cadherin results in randomization of
cell division orientation in gastric epithelia
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material, Figure S3A), we noted a striking difference in
the orientation of these divisions. In wildtype organoids,
cells consistently oriented their divisions in the plane of
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Figure 3 Legend on next page.
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epithelial architecture [50]. In E-cad®© organoids, divi-
sion orientation was not exclusively planar and, instead,
divisions were frequently tilted or oriented perpendicular
to the epithelial monolayer (Figure 3A,B and supplemen-
tary material, Movies S3-S6). Planar cell divisions in
E-cad®® organoids were restored upon introduction of
ectopic E-cadherin—-mScarlet (see supplementary material,
Figure S3B). Thus, loss of E-cadherin leads to a disruption
of planar divisions and results in a randomized orientation
of cell division in gastric organoids.

It has previously been shown that E-cadherin estab-
lishes planar cell divisions by recruitment of LGN, a
core adaptor protein of the spindle orientation machin-
ery, to ensure planar spindle positioning when cells
enter mitosis [12]. Immunostaining for LGN showed
that its cortical localization along cell-cell contacts
observed in wildtype gastric organoids (Figure 3C)
was attenuated in E-cad®© organoids (Figure 3C), in
line with their loss of planar cell divisions. To test
whether the regulation of LGN is also perturbed during
DGC development, we performed immunohistochem-
ical analyses on tissue sections of gastric tissue from
healthy individuals and early-stage lesions from
HDGC patients. In epithelia of healthy gastric tissue,
we observed the localization of LGN at cell-cell adhe-
sions marked by E-cadherin (Figure 3D). In contrast,
the cortical distribution of LGN was lost in tumor cells
of lesions of HDGC patients with aberrant E-cadherin
expression (five of five lesions), in which LGN was
instead found in the cytoplasm and nucleus
(Figure 3E and supplementary material, Figure S3C).
This cytoplasmic accumulation of LGN was particu-
larly apparent in less-differentiated tumor cells, which
lack the cytoplasmic mucin vacuoles present in SRCs
(Figure 3E and supplementary material, Figure S3C).
This shows that in gastric epithelial cells, loss of
E-cadherin disrupts the cortical localization of LGN.

JL Monster et al

As the cortical LGN localization is disrupted upon
loss of E-cadherin in gastric organoids (Figure 3D) even
though other cadherins are present (Figure 1F-H), this
raises the question whether LGN is selectively able to
interact with E-cadherin. To test the ability of the different
cadherin family members to localize LGN, we artifi-
cially targeted their cytosolic tails to mitochondria in
U20S cells (which lack endogenous E-cadherin) and
monitored the co-recruitment of ectopically expressed
LGN (Figure 3F). This revealed that in addition to
E-cadherin, K-cadherin (CDH6) and VE-cadherin
(CDHS5) were also capable of targeting LGN to mitochon-
dria (Figure 3G,H). In contrast, the other classical cadherin
family member expressed in the gastric epithelium,
P-cadherin (CDH3; Figure 1H,I and supplementary
material, Figure S1F), was not able to recruit LGN
(Figure 3G,H), explaining why its presence is insuffi-
cient to localize LGN to cell—cell contacts in E-cad“®
organoids (Figure 3C). Overall, these data show that loss
of E-cadherin in gastric epithelia results in the disruption
of planar cell divisions, which is explained by the inca-
pacity of the remaining cadherins to recruit LGN to cell-
cell adhesions.

Reintegration of daughter cells from misoriented
divisions in single-layered epithelia

Next, we investigated whether misoriented divisions in
E-cadherin-deficient gastric organoids position daughter
cells outside of the monolayer and thereby contribute to
the loss of the single-layered epithelial architecture. For
this, we tracked the daughter cells of misoriented cell
divisions in E-cad®® organoids, at a stage that they had
still retained their single-layered architecture (Figure 4
and supplementary material, Movies S7-S9). We
observed that during misoriented divisions, typically
one daughter cell remains within the monolayer while

Figure 3. Disruption of planar cell division machinery upon E-cadherin loss. (A) Representative images of the orientation of cell divisions in
wildtype and E-cad ® organoids, marked with labeled nuclei (H2b-mNeon). (B) Quantification of the orientation of cell divisions in respect to
the plane of the organoid epithelium in wildtype and E-cad*? organoids. The mean fraction of divisions £ SD from three independent
experiments with >20 divisions per condition per experiment is shown. Paired t-test comparing planar divisions: *p < 0.05.
(C) Immunostaining (longitudinal view and cross-section) of wildtype and E-cad“® gastric organoids for LGN (grays), together with DAPI
(cyan). Of note, some non-specific antibody staining of remnant BME surrounding the organoid is visible for the wildtype organoid (top left).
(D) Immunohistochemical analysis of gastric epithelial tissue from a healthy individual for E-cadherin (green) and LGN (magenta), together
with DAPI (cyan). High-magnification images (bottom) show that LGN localizes to cell-cell contacts marked by E-cadherin (yellow
arrowheads), while being excluded from mucin granules in mucin-secreting cells. (E) Immunohistochemical analysis of an early-stage
DGC lesion (marked by a dashed yellow line) of an HDGC patient for E-cadherin (green) and LGN (magenta). High-magnification images below
show SRCs (middle panel) and less-differentiated tumor cells lacking the bloated SRC morphology (bottom panel), with attenuated cortical
E-cadherin localization. In these cells, LGN has lost its cortical (c; green dashed line) distribution (marked by yellow arrowheads) and is found
throughout the cell, frequently enriched in the nucleus (n; blue dashed line) that presumably results from its interaction with nuclear
NuMA [12]. Note that in many SRCs the cytoplasm is almost completely pushed peripheral by accumulated mucin (muc; gray dashed line;
which lacks LGN staining) and, therefore, LGN may appear cortical. In five of five lesions from three HDGC patients the loss of cortical LGN was
observed (see supplementary material, Figure S3C). (F) Schematic illustration of a mitochondrial targeting assay to assess cadherin-LGN
interactions, by localization of the cytosolic tails of cadherins labeled with mScarlet (mSc) and determining the recruitment of the YFP-
tagged TPR domain of LGN that binds E-cadherin (abbreviated to LGN-YFP) [12]. (G) Representative images of a mitochondrial targeting assay
to determine cadherin-LGN association in U20S cells. The top panels show mitochondrial localization (magenta) of the respective cadherin
cytosolic tails or empty vector (EV); the bottom panels show the localization of LGN (green). (H) Quantification of the relative recruitment of
YFP-LGN to mitochondria by the cytosolic tail of different cadherin family members. The mean fraction of cells with mitochondrial
localization of LGN + SD of three independent experiments (individual experiments indicated by gray shapes) is shown. Paired t-tests
compared with EV: n.s. not significant; *p < 0.05; **p < 0.005. Scale bars, 10 um (A, C and G and bottom panels of D and E) or 100 um (top
panel of D and E).
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Figure 4. Misoriented divisions can reintegrate in the gastric epithelium or result in multilayering. (A) Analysis of the position of daughter
cells from misoriented divisions in gastric E-cad“® organoids. The quantification shows the average distribution + SD from three independent
experiments (38 misoriented divisions). Examples for each category are shown in a color-coded Z-projection (four or five slices with a 5 pum
interval) of the organoid with marked nuclei (H2b-mNeon) at indicated timepoints; dividing cells are highlighted with yellow arrowheads.
(B) High-magnification examples of a basally delaminated cell (from A) that reintegrates in the E-cad“® organoid epithelial layer. The time-
series of brightfield images with marked nuclei (H2b-mNeon, Fire LUT) shows that the daughter cell of misoriented divisions (green
arrowheads) can retain an adhesive surface contact (indicated with a dashed line), which expands upon their reintegration. (C) Example
of a time-series of a color-coded Z-projection (four slices with a 5 um interval) of an E-cad*® organoid that progressively loses the epithelial
monolayer due to apically mispositioned daughter cells that fail to reintegrate. Individual misoriented divisions are marked by arrowheads

and their respective daughter cells are marked over time in the bottom panel. Scale bars, 10 pm.

the other daughter cell is positioned outside the epithelial
layer, with an increased propensity to localize apically
over basally (77% versus 23%) (Figure 4A). Strikingly,
instead of disseminating into the surrounding matrix, the
majority of cells that delaminate from the epithelium
reintegrated in the monolayer within several hours
(Figure 4A,B and supplementary material, Movies S7
and S8). Misplaced daughter cells of non-planar divi-
sions typically retained a region of contact with cells of
the monolayer; after the completion of mitosis, this
contact expanded and the delaminated cell moved back
into the epithelium (Figure 4B and supplementary mate-
rial, Movies S7 and S8). This occurred for all cells that

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

delaminated on the basal side of the epithelium
(Figure 4A), even in the absence of a basement mem-
brane following dispase treatment (data not shown).
Importantly, a fraction (16%) of apically delaminated cells
remained outside the epithelial monolayer (Figure 4A and
supplementary material, Movie S9). These apically
delaminated cells that did not reintegrate caused the
multilayering of the organoid epithelium; misoriented
divisions were typically the initiating event towards
complete loss of epithelial architecture and lumen loss
(Figure 4C and supplementary material, Movie S9).
Thus, although non-planar divisions can position daugh-
ter cells out of the epithelium, this process by itself does
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not result in complete detachment of cells from the = monolayer. However, misoriented divisions can lead
gastric organoid epithelium into the surrounding  to the multilayering and eventual complete loss of
matrix because delaminated cells reintegrate into the  epithelial architecture.
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Aberrant positioning of daughter cells triggers cell
dissemination from organoids that have lost their
single-layered architecture

Our data indicate that loss of planar divisions is insuffi-
cient to drive the basal detachment of cells from gastric
E-cad® organoids that still have a single-layered archi-
tecture. Therefore, to understand the origin of dissemi-
nated cells (Figure 1D), we followed the growth of
E-cad®® organoids starting from a single-layered epi-
thelium until cell detachments were observed (Figure 5
and supplementary material, Movies S10-S12). This
revealed that complete cell detachments into the sur-
rounding matrix almost exclusively occurred after the
single-layered architecture was disrupted (i.e. multilay-
ered or total loss of lumen; Figure SA and supplemen-
tary material, Movies S10-S12). When further
characterizing these cell-dissemination events in
E-cad®® organoids, we noticed that the majority
(22 of 29) of detached cells directly originated from
dividing cells (Figure 5B). This was due to cell divi-
sions in the outer layer of the organoid resulting in the
positioning of one of the daughter cells outside of the
organoid, at sufficient distance to completely lose con-
tact and prevent reintegration (Figure SB—D and supple-
mentary material, Movies S10 and S11). These cells
were frequently already positioned partially outside the
epithelium prior to cell division, predominantly due to
the basal movement of cells to the periphery of
the E-cad®® organoid following mitotic entry
(Figure 5B,D and supplementary material, Movie S11).
This partial delamination prior to division presumably
decreases the likelihood of their integration by increas-
ing the distance between daughter cells and the organoid
epithelium, and thereby limiting the remaining surface
contact between them. Although we also observed a
small fraction of extrusions originating from non-mitotic
cells (Figure S5B,E and supplementary material,
Movie S12), the majority of events where cells
completely disseminated from E-cad®® organoids is
dependent on the aberrant positioning of daughter cells
following cell division (Figure 5B), and this requires the
preceding loss of the epithelial monolayer.

Following basal detachment into the extracellular
matrix, the majority of E-cadherin-deficient cells
remained alive, as only a small fraction of cells under-
went apoptosis (as determined by nuclear fragmentation;
Figure 5F). We did not observe any divisions in dissem-
inated cells, and a fraction of these cells developed into
SRC-like cells over time (Figure SF and supplementary
material, Figure S4A and Movie S13). This demon-
strates that SRC-like cells observed in the extracellular
matrix (Figure 1D) can indeed originate from cells
detaching from gastric organoids. Overall, these data
show that, following the loss of the monolayered archi-
tecture by misoriented divisions, mitotic events also
contribute to the dissemination of cells from the gastric
epithelium into the surrounding matrix.

Discussion

Here we describe how E-cadherin loss leads to a disrup-
tion of gastric epithelial architecture and induction of
cell dissemination, which relies on cells to proceed
through mitosis. Due to randomization of the orientation
of cell division, daughter cells are positioned both
basally and apically outside of the epithelial layer.
Although basally delaminated cells reintegrate into the
single-layered epithelium preventing their dissemina-
tion, apically delaminated daughter cells induce a grad-
ual loss of the single-layered epithelial architecture. At
this stage, mispositioned daughter cells fail to reinte-
grate, resulting in the dissemination of basally
delaminated cells into the surrounding matrix.
Together, our findings underscore that the role of
E-cadherin in epithelial organization extends beyond
establishing epithelial cohesion and show how
E-cadherin deficiency can disrupt epithelial architec-
ture through the displacement of dividing cells. As
such, our study exemplifies how dysregulated daughter
cell positioning can contribute to tumor initiation,
which may represent a mechanism more broadly
employed during dissemination of tumor cells from
epithelial tissues across different cancer subtypes.

Figure 5. Disseminated cells originate from mispositioned mitotic daughter cells. (A) Quantification of the morphology of E-cad*® organoids
at the time of basal cell detachment. The fractions were calculated from the total number of detached cells (n = 34) pooled from four
independent experiments. (B) Quantification of the mechanism of detachment of cells from E-cad®® organoids, from the total number of
detached cells (n = 29) pooled from four independent experiments. (C) High-magnification example of a cell dividing out of the E-cad*®
organoid. The time-series of brightfield images with marked nuclei (H2b-mNeon, Fire LUT) shows a dividing cell within the organoid resulting
in one daughter cell positioned and remaining in the surrounding matrix (green arrowheads). (D) High-magnification example of a cell
dividing out of the E-cad*® organoid epithelial layer that was partially delaminated prior to division. The time-series of brightfield images
with marked nuclei (H2b-mNeon, Fire LUT) shows a dividing cell within the organoid moving basally after mitotic rounding (between nuclear
envelope breakdown; timepoint 0:20 and metaphase; timepoint 0:40). Following division, one daughter cell remains outside the epithelium
(green arrowheads), whereas the other daughter cell reintegrates in the monolayer (not shown). (E) High-magnification example of non-
mitotic cell dissemination from an E-cad® organoid epithelial layer. The time-series of brightfield images with marked nuclei (H2b-mNeon,
Fire LUT) shows the detachment of the cell from the epithelium in the absence of entry into mitosis (green arrowheads). (F) Quantification and
examples of the fates of cells detached from E-cad*® organoids into the surrounding matrix. Representative brightfield images with marked
nuclei (H2b-mNeon, Fire LUT) show apoptotic cells (fragmented nuclei; top) and alive cells (no fragmented nuclei, middle and bottom). A
subset of alive cells develops into SRC-like cells (crescent-shaped, peripheral nuclei; bottom). Cells were followed for up to 30 h following
detachments; fractions were calculated from the total number of detached cells (n = 29) pooled from four independent experiments. Scale
bars, 10 pm.
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The human gastric organoid model in which
E-cadherin is depleted provides a powerful tool to study
the cellular events underlying the formation of DGC
lesions in real-time, as it reflects the genetic and histo-
pathological features of early-stage DGC [37,47,51].
E-cadherin loss is the most established driver event of
DGC initiation, and both E-cadherin-deficient organoids
and early-stage lesions in HDGC patients display accu-
mulation of cells that disseminated from the basal side of
the gastric epithelium and develop into SRCs. In both,
dissemination appears to be preceded by a progressive
loss of epithelial monolayer architecture, which in
patients is reflected by intraepithelial lesions that are
found in close proximity to SRC lesions. Our findings
thereby support the model of (H)DGC pathogenesis
from Carneiro et al [30], with DGC development starting
with intraepithelial lesions that are the origin of dissem-
inating cells that form the SRC lesions in the stroma. Our
detailed analysis of E-cadherin-deficient organoids
provides evidence that this process results from
mispositioning of daughter cells, which is corroborated
by histological analysis of HDGC lesions in patients that
are associated with cell divisions and disruption of the
cell division orientation machinery. Nonetheless, future
studies using in vivo models of DGC are needed to
address to what extent the displacement of dividing cells
underlies the formation of initial intraepithelial and sub-
sequent mucosal lesions. These studies will also answer
how specific characteristics of native gastric tissue,
including the physical properties of the basement
membrane and stroma surrounding epithelia, influence
epithelial disorganization and tumor cell dissemination
during DGC development. Although our study focused
on the formation of early-stage DGC lesions, it remains
unanswered whether advanced DGC originates from
the malignant transition of these early lesions or
constitutes an independent event [36]. Importantly, in
both scenarios the development of advanced tumors
relies on the prior dissemination of cells from the gas-
tric epithelium.

Our data indicate that E-cadherin loss is insufficient to
drive a complete loss of cohesion in gastric epithelia,
presumably due to the presence of other adhesion mol-
ecules. Instead, the progressive disruption of architec-
ture and cell detachments from E-cadherin-deficient
epithelia arise from mispositioning of daughters of cell
divisions. The physical displacement of newly formed
daughter cells following division may challenge the
cell-cell contacts between E-cadherin-deficient cells
and thereby lead to detachment (Figure 5). The position-
ing of daughter cells is determined by the orientation of
cell division, which is tightly controlled throughout epi-
thelial development and homeostasis [52,53]. As such,
division orientation ensures that simple epithelia main-
tain their monolayered architecture and conversely
induces multilayering of stratified epithelia [50,54].
Our data indicate that loss of the regulation of cell
division orientation represents an oncogenic event,
which is supported by previous studies that linked
misoriented cell divisions to tumor formation in

© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd
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Drosophila wing disc epithelia [55,56] and prostate
tumorigenesis in mouse models [13]. It has previously
been demonstrated that cell division orientation is regu-
lated by E-cadherin independent of its function in cell-
cell adhesion [12]. Importantly, this does not exclude
that the absence of E-cadherin could weaken cell-cell
adhesion, as also suggested by junctional a-catenin
localization being slightly reduced and more punctuated
in E-cad®® compared with wildtype organoids
(Figure 1G). This potentially reduced adhesiveness
could contribute to the epithelial disorganization and cell
dissemination following cell divisions, and different
functions of E-cadherin may act in concert to maintain
gastric epithelial architecture.

We found that the gastric epithelium has intrinsic
self-organizing properties to protect against the con-
sequences of misoriented divisions by reintegration of
delaminated cells into the monolayer, as previously
described in Drosophila epithelia [57,58]. This pro-
tective reintegration mechanism in Drosophila epi-
thelia was shown to be mediated by the interaction
of displaced daughter cells with the epithelial layer
through lateral adhesion molecules, and a similar
mechanism may guide cellular reintegration in the
mammalian gastric epithelium. As we observe dissem-
ination of E-cadherin-deficient cells only after the
monolayer architecture is lost, the mechanisms of
reintegration may be less efficient in disorganized
epithelia. The efficiency of reintegration is presum-
ably influenced by the remaining adhesive surface of
mispositioned daughter cells and the epithelium fol-
lowing division. The extent of the remaining adhesive
surface probably depends on the distance at which divid-
ing cells are displaced, which may be increased in bulg-
ing organoids upon loss of the epithelial architecture.
Moreover, mitotic daughter cell displacement can be
promoted by the partial delamination of cells upon
mitotic entry that we occasionally observed in
E-cadherin-deficient organoids. This partial delamina-
tion could be a result of weakened intercellular adhesion
following E-cadherin loss, as extrusion of mitotic cells
has previously been linked to attenuated cell—cell
adhesion [59].

This study exemplifies how cadherin family members
can have specific binding partners, as we show LGN is
exclusively recruited to E-, VE-, and K-cadherin, but not
N- and P-cadherin. This suggests that E-cadherin loss
will distinctly affect division orientation across different
epithelia, dependent on the repertoire of cadherin pro-
teins they express. Indeed, in contrast to gastric epithelia,
E-cadherin loss is insufficient to disrupt junctional LGN
localization and planar cell divisions in MDCK cells that
also express K-cadherin (see supplementary material,
Figure S3D; [10,60,61]). Understanding which func-
tions of E-cadherin are shared with other cadherin family
members, as well as the divergent expression of
cadherins across epithelial tissues of different organs,
will help to explain why patients with a germline muta-
tion in CDHI are predisposed to develop tumors in
specific organs, such as in the stomach.
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Movie S2. Three-dimensional visualization of a planar cell division (marked by a yellow arrowhead) in a wildtype organoid, visualized by labeled nuclei
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Movie S3. Example of a tilted cell division (marked by a yellow arrowhead) in an E-cad® organoid, visualized by labeled nuclei (H2b-mNeon)
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Movie S4. Three-dimensional visualization of a tilted cell division (marked by a yellow arrowhead) in an E-cad® organoid, visualized by labeled nuclei
(H2b-mNeon)

dKO

Movie S5. Example of a perpendicular cell division (marked by a yellow arrowhead) in an E-cad™ - organoid, visualized by labeled nuclei (H2b-mNeon)

Movie S6. Three-dimensional visualization of a perpendicular cell division (marked by a yellow arrowhead) in an E-cad¥® organoid, visualized by

labeled nuclei (H2b-mNeon)
Movie S7. Example of a daughter cell from misoriented division in an E-cad*®
layer (highlighted by a yellow box)

organoid that is mispositioned basally and reintegrates in the epithelial

Movie S8. Example of a daughter cell from misoriented division in an E-cad® organoid that is mispositioned apically and reintegrates in the epithelial

layer (highlighted by a yellow box)

Movie S9. Example of an E-cad®® organoid that progressively loses its epithelial monolayer due to apically mispositioned daughter cells that fail to
reintegrate (one example is highlighted by a yellow box)

Movie S10. Example of an E-cad®® organoid with a disseminating cell due to a mispositioned daughter cell (highlighted by a yellow box) after the
monolayer is lost

Movie S11. Example of an E-cad®® organoid with a disseminating cell due to a mispositioned daughter cell that had already partially delaminated upon
entry into mitosis (highlighted by a yellow box)

Movie S12. Example of an E-cad¥® organoid with a non-mitotic cell being extruded from the epithelium (highlighted by a yellow box)

dKO

Movie S13. Example of a disseminated E-cas cell that progressively develops into an SRC-like cell
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