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Abstract

Gastric cancer is the third most common cause of cancer-related death worldwide. Diffuse type
gastric cancer (DGC) is a particularly aggressive subtype that is both difficult to detect and

treat. DGC is distinguished by weak cell-cell cohesion, most often due to loss of the cell

adhesion protein E-cadherin, a common occurrence in highly invasive, metastatic cancer cells.

In this study, we demonstrate that loss-of-function mutation of E-cadherin in DGC cells results

in their increased sensitivity to the non-apoptotic, iron-dependent form of cell death, ferroptosis.
Homophilic contacts between E-cadherin molecules on adjacent cells suppress ferroptosis through
activation of the Hippo pathway. Furthermore, single nucleotide mutations observed in DGC
patients that ablate the homophilic binding capacity of E-cadherin reverse the ability of E-cadherin
to suppress ferroptosis in both cell culture and xenograft models. Importantly, although E-cadherin
loss in cancer cells is considered an essential event for epithelial-mesenchymal transition (EMT)
and subsequent metastasis, we found that circulating DGC cells lacking E-cadherin expression
possess lower metastatic ability, due to their increased susceptibility to ferroptosis. Together,

this study suggests that E-cadherin is a biomarker predicting the sensitivity to ferroptosis of

DGC cells, both in primary tumor tissue and in circulation, thus guiding the usage of future
ferroptosis-inducing therapeutics for the treatment of DGC.

Introduction

Gastric cancer (GC) is the third most common cause of cancer-related mortality and fifth
most common type of cancer worldwide[1]. While rates of the most common Lauren
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histological subtype, intestinal type GC, have been declining steadily, frequency of the
second most common subtype, diffuse type, is rising and currently accounts for roughly
30% of all GC cases[2, 3]. Diffuse type gastric carcinoma (DGC) is a poorly differentiated
carcinoma that grows along the lining of the stomach[3]. While the intestinal GC is
associated with risk factors such as diet, cigarette use, and chronic gastritis caused by H.
pyloriinfection, DGC is associated with mutations to genes involved in cell-cell adhesion,
primarily CDH1, encoding the adherens junction protein E-cadherin. Germline mutations to
CDH1 have been shown to cause a heritable predisposition to DGC[3-6]. The association
between DGC risk and CDHI mutation are so significant that prophylactic gastrectomy

is often recommended for family members of DGC patients who harbor mutations to
E-cadherin[7-9].

Weak cohesion is a hallmark of DGC, resulting in diffuse tumors along the gastric

lining. As a result, DGC is difficult to detect, and is typically found in late stages. The
difficulty of early DGC detection renders treatment difficult, as many patients have relatively
advanced stages of the diseased by the time of diagnosis. As such, a total gastrectomy

with lymphadenectomy is typically required as a curative intervention. Neoadjuvant therapy
has also been shown to improve patient outcomes, typically including a combination of
5-fluorouracil and a platinum-based therapy such as cisplatin, improving median survival
from 27 months after surgery alone to 36 months[10].

Loss of E-cadherin-mediated adhesion is a primary risk factor in DGC. E-cadherin,

or cadherin 1, is a member of the cadherin family of proteins which participates in
homophilic binding with cadherin molecules on adjacent cells, forming the core of adherens
junctions[11]. E-cadherin is a transmembrane protein, with an intracellular domain that
binds the other proteins that comprise adherens junctions, the catenins. p-catenin and p120
catenin bind directly with each other, while a-catenin binds both B-catenin and the actin
cytoskeleton, linking E-cadherin to the regulation of mechanical forces on the cell[12]. The
extracellular domain of E-cadherin is composed of five extracellular cadherin (EC) repeat
domains, numbered EC1 at the N-terminus to EC5, ending at the plasma membrane. The
exact mechanism of how E-cadherin homophilic binding occurs remains unclear, though
the “linear zipper” model, while modified over time, has lasted in the field[11, 13, 14].
Within the EC1 domain, a hydrophobic pocket is formed by K179, D181, and E243 residues
which can fit W156 (the second position in the mature protein)[15]. This binding site has
been proposed to be involved in binding in #rans (binding E-cadherin on another cell)[16].
A second binding domain exists on the opposite side of the protein chain between EC1

and EC2, which most likely facilitates binding in ¢/s (E-cadherin molecules on the same
cell)[16]. Binding in c/s appears to enhance the adhesive strength of adherens junctions by
aggregating E-cadherin molecules[17]. However, these mechanisms are still under debate in
the field[11].

We recently found that loss of E-cadherin enhances sensitivity to ferroptosis, a necrotic
cell death modality driven by iron-dependent lipid peroxidation[18]. Mechanistically, loss
of E-cadherin inhibits the activity of the tumor suppressive Hippo pathway[19]. The
Hippo pathway is a central mediator of contact inhibition of cell growth, stopping cells
from growing when they contact other cells, in an E-cadherin-dependent manner[18-20].
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E-cadherin-mediated cell-cell adhesion suppresses ferroptotic cell death, which was reversed
by inhibiting the homophilic adhesion of E-cadherin molecules on adjacent cells. We also
found that other cadherin family members may share this ability; CDHZ, or N-cadherin-
mediated contacts could also suppress ferroptosis[18], though the mutation of other cadherin
proteins have not been implicated in cancer. As loss-of-function mutation of E-cadherin is

a frequent event in DGC, in this study we investigate the role of E-cadherin in regulating
ferroptosis in DGC cells, as well as the underlying mechanism and therapeutic implications.
Through a series of cellular and xenograft experiments, we demonstrate that E-cadherin
mutation renders DGC cells more sensitive to ferroptosis induction, and this process is
mediated by tumor suppressor NF2 and downstream transcription coactivator YAP/TAZ. The
therapeutic relevance of ferroptosis induction is further supported by our observation that
ferroptosis inhibition promoted metastasis of DGC cells harboring mutations to COH1.

E-cadherin mediates cell density-regulated ferroptosis in DGC cells

E-cadherin has been shown to suppress ferroptosis through mediating cell-cell contacts

in a cell density-dependent manner[18]. To determine whether E-cadherin also mediates
cell density-dependent regulation of ferroptosis in gastric cancer cells, we analyzed two
DGC cell lines with different expression patterns of E-cadherin (Fig. 1a, b). SNU16 cells
cluster via E-cadherin mediated contacts despite being weakly adherent to tissue culture
dishes. When cultured at a low density, these cells were sensitive to the GPX4 inhibitor
1S,3R-RSL3 (RSL3), but ferroptosis was suppressed at higher densities (Fig. 1c, d). Similar
results were observed using two other ferroptosis inducers, system X~ inhibitor erastin2
and cystine starvation (Fig. S1a, b). SNU668 cells suppress E-cadherin via promoter
methylation[21]. These cells were sensitive to ferroptosis regardless of cell density (Fig. 1e,
f and Fig. Slc, d). Lipid peroxidation and reactive oxygen species (ROS) were suppressed
in dense SNU16 cells, but not dense SNU668 cells (Fig. 1g and Fig. S1e). According to
DepMap (https://depmap.org/portal/), expression of CDHI inversely correlates with cellular
dependence on GPX4 among gastric cancer cell lines (Fig. S1f), consistent with our finding
that cells with lower or no E-cadherin expression have a stronger reliance on GPX4, a potent
ferroptosis suppressor. To further test this potential causative relationship, we generated a
CRISPR-Cas9-mediated knockout cell line of E-cadherin in SNU16 cells (Fig. 2a). SNU16
cells lacking E-cadherin (SNU16 sg CDHI) were sensitive to ferroptosis when cultured even
at high density (Fig. 2B). We also reconstituted E-cadherin into SNU668 cells (Fig. 2c).
Dense SNU668 cells expressing E-cadherin had a suppressed response to RSL3 (Fig. 2d).
As expected, when the same cells were cultured into 3D tumor spheroids, the spheroids
expressing E-cadherin were more resistant to RSL3 (Fig. 2e, f).

Patient-derived E-cadherin missense mutations in ferroptosis regulation

Having confirmed that E-cadherin can regulate ferroptosis in DGC cell lines, we next sought
to understand how this process could be impacted by E-cadherin mutations observed in
DGC patients. E-cadherin mutation is correlated with poor prognosis of DGC patients,
whereas this effect is not apparent in breast lobular carcinoma, another type of cancer with

a high frequency of E-cadherin mutations (Fig. S2a, b). A majority of mutations in DGC
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patients cause aberrant large deletions or frameshifts to the coding sequence, which would
universally result in a loss of function[18]. Selecting point missense mutations has the
potential to uncover an interesting mechanism wherein certain functions of E-cadherin such
as adhesion or catenin-binding may be intact but its ability to suppress ferroptosis is ablated.
Therefore, we generated a cohort of patient-derived missense mutants of E-cadherin by site-
directed mutagenesis (Fig. S2c). The first two domains (EC1 and EC2) have been shown to
be particularly important for binding[11]. After stably expressing these mutant constructs in
SNU16 sgCDH1 cells and SNU668 cells (defective of endogenous E-cadherin expression),
we found that several mutations to EC1 domain (E254Y, D291N) led to decreased stability
and cleavage in SNU668 cells, suggesting certain missense mutants observed in patients
may lead to loss of function of E-cadherin through protein degradation. However, such
degradation appears to be context-dependent as we only observed it in SNU668 cells but not
SNU16 sgCDHI cells.

We expressed wild type E-cadherin and the four mutant constructs in SNU16 sg CDH1 cells
(cleavage of the E254Y mutant was less apparent in these cells than in SNU668 cells) (Fig.
3a). Cell death was strongly suppressed by wild type E-cadherin. Of the four mutants tested,
three were unable to suppress ferroptosis whereas the other one, A634V, located adjacent to
the plasma membrane, suppressed ferroptosis as potently as the wild type E-cadherin (Fig.
3b). As the first two cadherin domains are proposed to be the most critical for binding, a
mutation to the fifth may not have a critical effect on the homophilic binding activity of
E-cadherin. Similar results were observed in SNU668 cells (Fig. 3c, d) and tumor spheroids
generated from SNUG668 cells (Fig. 3e).

To understand how these mutations might impact ferroptosis, we characterized the effect of
these mutations on a series of documented cellular or biochemical activities of E-cadherin.
First, none of these mutations affected the proliferation rate of cells (Fig. S3a). All mutants
were able to, at least partially, correctly localize to the plasma membrane in SNU668 cells;
and we noted the E254Y and R732Q mutants appeared to partially disrupt localization (Fig.
S3b) (R732Q is within the transmembrane region). Second, we tested whether these mutants
retained the ability to dimerize in frans. For this purpose, we subcloned each E-cadherin
mutant into expression plasmids containing either a hemagglutinin (HA) or Flag epitope tag
at the C-terminus. Cells containing the HA-tagged construct were then cocultured with cells
expressing their Flag-tagged counterpart to determine their potential intercellular interaction
by Flag immunoprecipitation. While the full length E254Y mutant was not detected in
293T cells likely due to proteolysis, the D291N mutant was less efficient at binding than
the wild type or other mutants (Fig. 4a). Thirdly, we employed a wound healing assay

to test the effects of E-cadherin mutations on cell motility. As deletions of EC domains
enhance cell motility[22], we predicted that the point mutations to the N-terminal cadherin
domains would have the greatest effect on the rate of wound healing. The two mutants at
the N-terminus, E254Y and D291N, healed a scratch wound as well as the empty vector
control, while the others behaved more similarly to the wild type E-cadherin (Fig. 4b and
Fig. S3b). For further study, we selected the D291N mutant, due to its clear link between
loss of function and ferroptosis, and the A634V mutant, which despite being identified in
DGC patients, does not appear to affect E-cadherin activity or ferroptosis sensitivity and
effectively serves as a control. Importantly, both mutants colocalized with B-catenin as well
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as the wild type (Fig. 4c). A634V, near the end of the extracellular domain, did not affect
E-cadherin binding nor the adhesive capability of E-cadherin (Fig. 4a, b). Instead, recent
work suggests that this mutation causes altered activity of integrin p1, dysregulating cell-
extracellular matrix interactions and enhancing invasiveness without disrupting homophilic
binding of E-cadherin[23].

Thus far, we have identified several single nucleotide mutations observed in DGC patients
that can reverse cellular sensitivity to ferroptosis as loss of E-cadherin expression. To
determine whether these mutations render DGC cells selectively sensitive to ferroptosis
induction even under the background of tumor heterogeneity, we cocultured SNU668 cells
expressing each of these mutants with SNU668 cells expressing wild type E-cadherin (they
were differentially labelled with fluorescence). Indeed, cells expressing a vector control or
the D291N mutant were selectively killed off from the mixed population when challenged
with RSL3, while cells expressing wild type E-cadherin or the A634V mutant were resistant
to RSL3 (Fig. 4c, d). This was not due to a growth disadvantage, as treatment with
ferroptosis inhibitor liproxstatin-1 restored the growth of control cells or cells expressing
D291N (Fig. 4d).

Hippo pathway and YAP/TAZ-driven transcription mediate E-cadherin-regulated ferroptosis

in DGC cells

Previously, we discovered the role of the Hippo pathway and downstream transcription
coactivator YAP/TAZ in regulating ferroptosis[18]. As E-cadherin can activate the Hippo
pathway, we performed a series of mechanistic experiments linking E-cadherin, the Hippo
pathway, and YAP/TAZ in DGC cells. E-cadherin-mediated signals are propagated through
cytoskeletal forces to activate the tumor suppressor NF2, also known as merlin[19]. Indeed,
hairpins targeting NF2 sensitized SNU16 cells (which express E-cadherin) to ferroptosis
(Fig. 5a and Fig. S5a). Further, activity of YAP and TAZ was suppressed in dense SNU16
cells, but not in dense SNU668 cells (which do not express E-cadherin) (Fig. S5b).

We and others identified YAP/TAZ target genes that regulate ferroptosis: 7FRC, ACSL4,
and NOX4[18, 24]. Transferrin receptor (TFRC) is responsible for the absorption of
transferrin into cells, providing iron, an essential element for the cell but also a catalyst

of ferroptosis[25]. Acyl CoA Synthetase Long Chain 4 (ACSL4) promotes the incorporation
of oxidation-sensitive long chain polyunsaturated fatty acids into phospholipids, providing
substrates for the lipid peroxidation necessary for ferroptosis[26, 27]. The NADPH oxidases
(NOXs), including NOX4, produce superoxide as a byproduct of their catalytic activity, and
thus inhibition of NOX activity could suppress ferroptosis[28]. Expression of all three of
these proteins was suppressed in dense SNU16 cells, but not in dense SNU668 cells (Fig.
5b and Fig. S4c—e). A recent study identified ALOXE3, a member of the arachidonate
lipoxygenase family that can directly oxidize arachidonic acids, as another target of

YAP and TAZ that regulates ferroptosis[29]. However, we did not observe a significant
suppression of ALOXE3 in dense SNU16 cells (Fig. S4f). As expected, expression of the
canonical YAP/TAZ targets CCNJ, also known as CYRG61, and CCNZ, or CTGF, were both
strongly suppressed in dense SNU16 cells (Fig. S4g, h).
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In both SNU16 sgCDH1 and SNU668 cells, wild type E-cadherin or A634V could
suppress expression of TFRC, ACSL4, and NOX4, whereas D291N failed to do so (Fig.
5¢, d). This result supports the mechanism that E-cadherin suppresses ferroptosis via
inhibiting YAP/TAZ-driven transcription. Consistent with this mechanism, overexpression
of the constitutively active YAP mutant, YAPS127A re-sensitized SNU16 sg CDHI cells
expressing wild type or A634V E-cadherin to ferroptosis induction (Fig. 5e, S5). Similarly,
overexpression of YAPS127A 3150 recovered lipid peroxidation in these cells upon RSL3
treatment (Fig. 5f). Finally, expression of YAPS127A also rendered spheroids sensitive to
both RSL3 and erastin, regardless of the status of E-cadherin (Fig. 5g and Fig. S6).

Genetic status of E-cadherin determines metastatic potential of DGC cells and their
responsiveness to ferroptosis-inducing therapy

In gastric cancer, mutations to E-cadherin are predictive of poor survival (Fig. S2a).
However, we found that cells harboring E-cadherin mutations that disrupt its activity to
modulate Hippo-YAP/TAZ signaling are rendered more sensitive to ferroptosis /in vitro.
To test whether E-cadherin mutations may be a biomarker predicting the sensitivity of
DGC to ferroptosis-inducing compounds, we generated a subcutaneous xenograft model
using SNU16 sg CDH cells expressing a control vector (also recapitulating majority of
patient-derived E-cadherin mutation, which is loss of expression), wild type E-cadherin,
or the D291N mutant (a patient-derived missense mutation). Firstly, we confirmed that
imidazole ketone erastin (IKE), an erastin derivative with improved stability and efficacy
in in vivo models, could efficiently induce ferroptosis in SNU16 cells defective of CDH1
expression or expressing inactive mutant of CDHZ (Fig. S7a). These cells were injected into
athymic nu/numice and tumors were allowed to develop. Once tumors reached a volume
of 150 mm3, mice were administered either a vehicle or imidazole ketone erastin (IKE),
an erastin analog that can be used /in vivo. While cells expressing wild type E-cadherin
grew following treatment with IKE, both the vector control and D291N mutant tumors
stabilized with treatment (Fig. 6a, b and Fig. S7b). The vector control and D291N tumors
both had increased levels of malondialdehyde (MDA), a lipid peroxidation decomposition
product used as an indicator of ferroptosis, and a decreased expression of the proliferation
marker Ki67 (Fig. 6¢). These results indicate that IKE induced ferroptosis to suppress tumor
growth. Consistent with our /n vitro observations, these tumors also had increased nuclear
accumulation of YAP and elevated ACSL4 expression (Fig. 6d and Fig. S7c).

A recent study suggested that, paradoxically, while E-cadherin is a suppressor of invasion
into the bloodstream, loss of E-cadherin is a liability for circulating tumor cells (CTCs),
subjecting them to increased oxidative stress[30]. Therefore, we investigated whether
ferroptosis contributes to the vulnerability of circulating gastric cancer cells lacking E-
cadherin expression. This is important, as positive result will provide evidence supporting
the /in vivo biological function of ferroptosis in suppressing tumorigenesis, and in this
specific case, metastasis associated with loss-of-function mutation of a tumor suppressor. To
test this possibility, we injected SNU16 sg CDHI expressing a control vector or wild type
E-cadherin into the tail vein of mice. Prior to injection, cells were incubated with either
ferroptosis inhibitor liproxstatin-1 or DMSO (vehicle control). Four weeks after tail-vein
injection, lungs were scanned for metastatic lesions (Fig. 6e, Fig. S7d). While SNU16
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sgCDHI cells were nearly totally unable to form metastatic lesions, reconstitution of E-
cadherin or supplementation with liproxstatin-1 enhanced metastatic colonization following
intravenous injection, indicating the role of E-cadherin-mediated ferroptosis suppression in
promoting metastasis after intravasation.

Discussion

Treatment options for diffuse gastric cancer (DGC) remain limited. Recently, the FDA and
EMA approved the addition of the PD-1 inhibitor nivolumab to the chemotherapy regimen
in patients with advanced disease following a clinical study which found a significant
improvement in overall survival when adding the immune checkpoint inhibitor to the
treatment plan[31]. In advanced GC patients with high tumor expression of PD-L1 (roughly
60% of all patients), median survival improved from 11.1 months to 14.4 months. When all
patients were included regardless of PD-L1 expression, survival improved from 11.6 to 13.8
months. While checkpoint inhibitors are a new direction in GC treatment, they only lead to
a modest improvement in outcomes, and they may not be suitable for all patients. Therefore,
other treatment options should be investigated. Additionally, future studies will be required
to understand whether ferroptosis may be a suitable addition to this therapy regimen, which
cannot be evaluated using the present xenograft model.

Here we present evidence to support that ferroptosis induction, although still under
development and unavailable clinically, may represent a promising therapeutic approach
for the treatment of cancers harboring specific oncogenic mutations, e.g., DGC with loss-
of-function mutation of E-cadherin, as we demonstrated in both cell culture and mouse
xenograft analysis. Whether these therapies may be suitable to use in combination with
current first line treatments or as a second line of treatment requires further investigation.
Remarkably, mutations of CDHZ1 and subsequent activation of YAP/TAZ usually promote
malignancy and resistance of cancer cells to common therapies. Therefore, our finding that
these same mutations render DGC cells more sensitive to ferroptosis induction indicates
the E-cadherin mutations are potential Achilles’ heels and biomarkers of DGC guiding

the use of ferroptosis-inducing therapies. While several potential biomarkers for ferroptosis
sensitivity such as ACSL4[32] or TFRC[33] have been identified, mutation or deletion of
E-cadherin in DGC or other cancers is a far more easily evaluable biomarker than making
determinations based on gene or protein expression. Further, the highly frequent rate of
CDH1 mutation in various cancers including DGC also makes it a preferred biomarker for
predicting responsiveness of these cancers to ferroptosis-inducing therapies.

Mechanistically, this study demonstrated that the adhesive capability of E-cadherin, which

is commonly lost in DGC, regulates ferroptosis in both /7 vitro and xenograft models.

Both loss of expression and point mutations identified in DGC patients that disrupt

the homophilic binding activity of E-cadherin can reverse the effect of E-cadherin on
suppressing ferroptosis. Specifically, we found that mutations to residues that interfere

with the homophilic binding activity of E-cadherin, either by disrupting localization or
binding directly, can block the anti-ferroptotic function of E-cadherin. On the other hand, the
A634V mutant, which is predicted to disrupt E-cadherin-extracellular matrix interactions,
retains its ability to suppress ferroptosis[23]. Further, we confirmed that these disruptions
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to E-cadherin relief the inhibition of YAP/TAZ by the NF2-Hippo pathway, leading to the
upregulation of a variety of proteins, including ACSL4, TFRC, NOX4, and ALOXES3. These
proteins likely promote a ferroptosis-sensitive state by modifying the phospholipidome

and increasing oxidative stress within cells. Interestingly, previous reports also suggest the
existence of ferroptosis-sensitive cellular state[34, 35]. For example, epithelial-mesenchymal
transition (EMT) and mesenchymal properties have been implicated to define a cellular state
more favorable for ferroptosis[35]. The important role of YAP/TAZ in EMT[36] provides a
mechanistic explanation for the link between EMT and ferroptosis.

Because of the central role of EMT in metastasis[37], the relationship between EMT

and ferroptosis, as well as the role of E-cadherin in both processes, warrants further
investigation. Transcriptional suppression of E-cadherin is often associated with EMT[11],
presumably facilitating cellular movement through tissue, allowing metastasizing cells

to reach distal locations more easily through the body. However, as loss of E-cadherin
sensitizes cells to ferroptosis, would metastasizing cells, especially those lacking E-cadherin
expression, be more vulnerable to ferroptosis? Our study supports this notion: E-cadherin-
expressing DGC cells injected intravenously were able to better colonize and form
metastases in the lung than the same cells lacking E-cadherin; conversely, suppression

of ferroptosis pharmacologically enhanced metastasis of DGC cells lacking E-cadherin
expression. In theory, circulation through the vasculature imparts a great deal of oxidative
stress on cells, and ferroptosis may be a consequence of the oxidative stress — this scenario
can explain our observation. Similarly, a recent study found that melanoma cells traveling
through lymph, which is rich in glutathione and monounsaturated fatty acids (both of which
protect against ferroptosis), form metastases better than cells traveling through blood[38].
They also found that suppression of ferroptosis could enhance metastasis of melanoma
cells traveling through blood. Furthermore, another study found that loss of E-cadherin
can actually make metastasis less efficient once cells reach the bloodstream[39], despite
loss of E-cadherin being a central step in EMT. Taken together, it is likely that E-cadherin
mutation may impact individual steps of metastasis differentially: it promotes cancer cell
intravasation; but once cancer cells reach blood circulation, lack of E-cadherin expression
renders these cells more susceptible to oxidative stress and ferroptosis, thus reducing their
metastatic potential.

Cell culture and treatment conditions.

SNU16 and 293T cells were purchased from ATCC. SNU668 cells were obtained from

the Korean Cell Line Bank (KCLB). SNU16 and SNU668 cells were cultured in RPMI
containing 10% fetal bovine serum (FBS), 100 units mI~1 penicillin, and 100 pg mi~1
streptomycin (Pen/Strep). 293T cells were cultured in DMEM containing 10% FBS, Pen/
Strep, and 2 mM L-glutamine. Cells were kept in an incubator maintained at 37°C and 5%
CO». Cystine starvation media was prepared as previously described[18]. Erastin2 (Cayman
Chemical Company), RSL3, and Lpx-1 (Selleck Chemicals) were all dissolved in DMSO.
For experiments, “sparse” is defined as 5 x 103 (SNU16) or 3 x 103 (SNU668) cells in a
96-well and 8 x 104 (SNU16) or 5 x 10° (SNU668) in a 6-well dish. “Dense” is defined
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as 5 x 104 (SNU16) or 3 x 10% (SNU668) cells in a 96-well and 8 x 10° (SNU16) or 5 x
10° (SNU668) in a 6-well dish. Cells were grown for 30 hours prior to use for experiments.
All cell lines used were sent for STR profiling and routinely monitored for mycoplasma
contamination.

Plasmids and cloning.

pGEMT-CDHI was purchased from Sino Biological and mutant constructs were generated
using the Q5 Site-Directed Mutagenesis kit (New England BioLabs). Primers used for
mutagenesis are listed in Supplementary Figure 1. These mutant E-cadherin genes were
then subcloned into the pQCXIP backbone. To generate either Flag or HA 3’ tags, a
fragment was amplified using primers that include the nucleotide sequence for either
epitope tag (Supplementary Figure 1). Fragments and each construct were cut with Nhel
(an internal restriction site) and Pacl, gel purified, and ligated together. All constructs were
confirmed by sequencing. CRISPR-Cas9-mediated CDHZI knockout was performed using
a pool of three vectors with a single vector containing an sgRNA and Cas9 (Santa Cruz
Biotechnology sc-400031). pQCXIH-Flag-YAP-S127A was from Dr. Kunliang Guan’s lab
(Addgene #33092).

Measurement of cell death.

Cell death was assessed using a high-content imaging assay using a Cytation 5 imaging
system. Cells were infected with lentiviruses harboring Histone 2B fused to mCherry (H2B-
mCherry, Addgene #20972) in order to label live nuclei. For RSL3 or erastin experiments,
cells were imaged in the Cytation 5 equipped with FITC and TexasRed filter sets after 24
hours using a protocol designed in the Gen 5 v3.08 software (BioTek Instruments). For
cystine starvation, cells were placed in a BioSpa incubator (BioTek Instruments) linked to
the Cytation 5, and cells were imaged every two hours. Four images were taken per well
using the 4x objective. Live (SYTOX Green~, SG7) and dead cells (SYTOX Green*, SG*)
were identified using a watershedding cell count algorithm using the Gen 5 software. To
avoid double counting, double-positive cells (H2B*SG™*) were also counted separately. For
24-hour endpoint experiments, cell death was calculated as:

sGt

cell death= 100 X
(SGT+56- - H2BtsGh

A similar calculation was used to measure cell death in time course experiments. In order to
account for dead cells that detach from the substrate and float away — artificially deflating
the SG* count — we adjusted the SG* count to use the maximum value between the first
image (t = 0) and the current time point 7, as suggested for the STACK cell death assay[40]:

SG;,

maxy=0—t=n

celldeath, -, = 100 X
(SGu, o, +SG,—,— H2BTSG;_,)
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Immunoblotting.

Protein lysates were collected as previously described[18]. Lysates were separated on 8%
gels and transferred to nitrocellulose membranes. Membranes were blocked in 5% skim milk
in TBST for one hour. Membranes were incubated overnight at 4°C in primary antibody
diluted in TBST and in secondary at room temperature for 1 hour. Blots were imaged

using Clarity ECL solution (Bio-Rad) and an Amersham 600 imager (GE Healthcare Life
Sciences).

Immunofluorescence.

Antibodies.

RT-qPCR.

Cells were prepared as described on glass coverslips. Cells were permeabilized in 0.1%
Triton X100 in PBS (1) and blocked in 1% BSA in PBS (w/V). Coverslips were incubated
in primary antibodies overnight at 4°C, and secondary antibodies for 30 minutes at room
temperature. Widefield microscopy was performed on a Nikon Eclipse Ti-E microscope,
with an attached Andor CSU spinning disk confocal microscope for confocal microscopy.
Images were captured and analyzed using NIS Elements (Nikon) and Fiji.

For Western blots, the following antibodies were used: E-cadherin (Abcam, ab76055,
1:1000), B-actin (Sigma-Aldrich A1978, 1:3000); NF2 (Cell Signaling 12888, 1:1000);
ACSL4 (Santa Cruz sc-365230, 1:100); TFRC (Abcam ab214039, 1:1000); NOX4 (Abcam
ab109225, 1:1000); HA (Sigma-Aldrich H3663, 1:2000); Flag (Sigma-Aldrich F1804,
1:2000); rabbit IgG-HRP (Thermo Fisher 31458, 1:10000); mouse IgG-HRP (Thermo
Fisher 31430, 1:10000). For immunofluorescence: E-cadherin (Abcam, ab76055, 1:200);
YAP (Cell Signaling 14074, 1:200); HA (Sigma-Aldrich H3663, 1:400); ACSL4 (Thermo
Fisher PA5-27137, 1:200); FITC-anti-MDA (ab27615, 1:50); Ki67 (Cell Signaling 9449,
1:400); rabbit 1gG-AlexaFluor488 (Invitrogen A11008, 1:500); mouse 1gG-AlexaFluor594
(Invitrogen A32744, 1:500).

Cells were washed in PBS and mRNA was collected using TRIzol (Invitrogen) according

to the manufacturer’s specifications. cDNA was produced using iScript (Bio-Rad) according
to the manufacturer’s specifications. gPCR was performed using iQ Sybr-Green Master Mix
(Bio-Rad) and CFX96 thermocycler (Bio-Rad).

Wound healing assay

8 x 10% SNU668 cells labeled with H2B-mCherry were seeded in 24-well plates (Corning)
with a well diameter of 1.6 cm. After 30 hours, cells had reached confluence, and

an approximately 200 um scratch was made down the center of each well using p200
micropipette tip (USA Scientific). Plates were then placed in a Biospa incubator attached
to a Cytation 5 imager. Images were taken at two-hour intervals and the rate at which cells
closed the 200 um gap was quantified.
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Subcutaneous xenograft models.

7.5 x 108 SNU16 sgCDH! cells expressing a vector, wild type E-cadherin, or the D291N
mutant in 100 pl 1:1 Matrigel:serum-free RPMI were injected into the left flank of athymic
nu/numice (Envigo). Tumor growth was monitored every three days by caliper. Once tumors
reached a mean volume of 150 mms3, mice with each tumor type were randomly grouped
into two groups. IKE (MedChemExpress) was resuspended in a solution of 65% D5W (5%
dextrose in water), 5% Tween-80, and 30% PEG-400. Mice were then treated daily with
either 40 mg kg™ IKE or the vehicle via i.p. injection.

Mice were euthanized at a pre-determined endpoint using CO, and tumors were resected and
weighed. According to the Institutional Animal Care and Use Committee (IACUC) protocol
for these experiments, once any tumor exceeded a volume of 1,000 mm3, 1.5 cm in diameter
or 10% of body weight, the mice would immediately be euthanized. At the end of the study,
mice were euthanized with CO, and tumors were taken for immunohistochemical staining.
Results are presented as mean tumor volume + s.d.

All protocols were approved by the Memorial Sloan Kettering Cancer Center IACUC.

Immunohistochemistry.

Excised tumors were weighed and washed in PBS without calcium and magnesium. Tumors
were then fixed in 4% fresh formaldehyde at 4°C for roughly 16 hours, followed by
immersion in 30% sucrose in PBS (/) at 4°C, rotating until tumors sank to the bottom

of the tube. Tumors were then embedded in OCT (Sakura Finetek) and frozen at —80°C.
10-um thick sections were made on a cryostat (Leica) set to —20°C and transferred to
Superfrost Plus microscope slides (Fisher Scientific). Slides were then washed in PBS to
remove the remaining OCT, permeabilized in 0.2% Triton X-100, and blocked in 1% BSA
in PBS for 1 hour at room temperature containing 0.1 pg ml~1 Hoechst 33342 (Thermo
Scientific). Primary antibodies were diluted in blocking buffer and incubated for 2 hours at
room temperature. Anti-rabbit or mouse IgG conjugated to AlexaFluor-594 (Invitrogen) was
diluted in blocking buffer and incubated for 1 hour at room temperature. Slides were dried,
mounted, and imaged by microscopy.

Tail vein metastasis model.

SNU16 sg CDHI were infected with lentiviruses to stably express a fluorescent marker,
iRFP-720 (Addgene #104587). After flow assisted cell sorting (FACS), cells were
engineered to express either a vector control or wild type E-cadherin. These cells were
trypsinized, counted, resuspended in serum-free RPMI, and passed through a strainer to
obtain a single cell suspension. Cells were then incubated with either DMSO or 2 uM
liproxstatin-1 for 30 minutes. Mice were randomly assigned into groups and a heat lamp was
used to dilate tail veins briefly. 1x10° cells were injected through the tail vein in 100 puL
using a 28g needle. Mice were monitored immediately after injection for labored breathing
or other signs of stress, and daily thereafter for overall health. After four weeks, mice were
euthanized and lungs were excised.
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50-um cryosections were obtained, roughly 12 from each lung. Sections were washed in
PBS, counterstained with Hoechst 33342 (Invitrogen), and mounted. Slides were scanned for
clusters of 50 or more cells expressing the far-red fluorescent marker iRFP720.

All protocols were approved by the Memorial Sloan Kettering Cancer Center IACUC.

Statistical analysis.

Experiments are the result of at least three biological replicates. Western blots and
micrographs are representative images of at least three biological replicates. Statistical
analyses were performed using Prism 6.0 (GraphPad). If individual data points are not
represented, data are presented as mean * s.d. from three independent experiments. Pvalues
were determined Student’s t-test or ANOVA with Tukey’s multiple comparison test as
indicated. Pvalues are represented by asterisks: *: < 0.05; **: £<0.01; ***: £<0.001,;
**xk: P<0.0001; NS not significant. Exact Pvalues are listed in each corresponding figure
legend, referring to asterisks from left to right or (if listed in the key) top to bottom. Unless
otherwise stated, experiments were not randomized, and investigators were not blinded.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of cell density on ferroptosis of DGC cells.
a, Measurement of CDH1 expression in SNU16 and SNU668 cells by gPCR after culture at

their respective sparse or dense concentrations (see Methods). P= 0.6442, 0.2421 (from left
to right). b, E-cadherin expression was assessed in SNU16 and SNUG668 cells. c-d, SNU16
cells were cultured either sparse or dense and treated with various concentrations of RSL3
for 24 hours with or without 1 uM liproxstatin-1 (Lpx-1). ¢, Representative images of cells
treated with 1 pM RSL3 collected by Cytation 5 imaging. d, Data after image analysis

by Gen5 software. e-f, SNU668 cells were treated and analyzed as described in c and d.

0, SNU16 and SNUG668 cells were treated with 0.5 uM RSL3 for 18 hours, stained with
C11-BODIPY for lipid peroxidation quantitation by flow cytometry. £=0.0038, 0.3015,
0.8800, 0.3898. Statistical analysis was performed by student’s t-test.
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Figure 2. E-cadherin expression dictates cell density-regulated ferroptosisin DGC cells.
a, CRISPR-Cas9-mediated E-cadherin knockouts were confirmed in SNU16 cells by

Western blot. b, Sparse and dense SNU16 control or sgCDH cells were treated with
indicated concentrations of RSL3 for 24 hours. Cell death was measured by Cytation 5

imaging. ¢, Overexpression of E-cadherin was confirmed in SNU668 cells by Western
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blot. d, Sparse and dense SNU668 control or E-cadherin-expressing cells were treated with
the indicated concentrations of RSL3 for 24 hours. e-f, SNU668 cells expressing a vector
control or E-cadherin were cultured into tumor spheroids for 72 hours and treated with 1

UM RSL3 in the presence or absence of 1 uM liproxstatin-1 for an additional 30 hours.

Cell death was assessed by SYTOX Green staining (€), and viability was assessed by
CellTiterGlo (f). Statistical analysis was performed by student’s t-test. £ =0.0046, 0.5756.
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Figure 3. Effect of patient-derived point mutations of E-cadherin on ferroptosis.
a, Expression of the indicated E-cadherin constructs in SNU16 sg CDH1 cells was confirmed

by Western blot. b, Dense SNU16 sg CDH cells expressing indicated E-cadherin constructs
were treated with 1 uM RSL3 for 24 hours. Cell death was assessed by Cytation 5

imaging. Statistical analysis was performed by one-way ANOVA with Dunnett’s multiple
comparison test. £ =<0.0001, 0.2903, 0.6078, < 0.0001, 0.1560. c, Expression of indicated
E-cadherin constructs in SNU668 cells was confirmed by Western blot. d, Dense SNU668
cells expressing indicated E-cadherin constructs were treated with 1 uM RSL3 for 24 hours.
Statistical analysis was performed by one-way ANOVA with Dunnett’s multiple comparison
test. £ =0.0003, 0.9999, 0.9952, 0.0273, 0.9469. e, SNU668 cells expressing indicated
constructs were cultured into tumor spheroids for 72 hours and treated with 1 pM RSL3

in the presence or absence of 1 uM liproxstatin-1 for an additional 30 hours. Viability

was assessed by CellTiterGlo. Statistical analysis was performed by two-way ANOVA with
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Sidak’s multiple comparison test. 2 =0.0045, 0.2867, 0.4205, 0.0072, 0.9999, 0.9810,
0.7456, 0.7853, 0.4841, 0.9199.
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Figure 4. Patient-derived point mutations alter s various cellular functions of E-cadherin.
a, 293T cells expressing indicated C-terminal-tagged E-cadherin constructs were co-cultured

for 30 hours followed by co-immunoprecipitation for Flag. b, Confluent SNU668 cells
expressing indicated constructs were subjected to wound healing analysis monitored by
Cytation 5 imaging. £ =< 0.0001, 0.7304, 0.9997, < 0.0001, 0.0014. c-d, SNU668 cells
expressing indicated constructs and EGFP-tagged H2B were co-cultured with SNU668 cells
expressing wild type E-cadherin and H2B-mCherry. Cells were incubated for 30 hours and
treated with 1 uM RSL3 in the presence or absence of 1 uM liproxstatin-1. The relative ratio
of GFP- to mCherry-tagged cells was monitored over 48 hours by Cytation 5 imaging. P =<
0.0001, < 0.0001, 0.7896. All statistical analyses were performed by two-way ANOVA with
Dunnett’s multiple comparison test.
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Figure 5. NF2-Hippo-YAP pathway mediates the ferroptosis-regulatory function of E-cadherin
in DGC célls.

a, Dense SNU16 cells expressing hairpins targeting a control sequence or NVF2were treated
with various concentrations of RSL3 for 24 hours. Cell death was measured by Cytation

5 imaging. b-d, Expression of ferroptosis-related genes regulated by YAP was assessed by
Western blot in sparse or dense SNU16 and SNU668 cells (b), and SNU16 sg CDH cells
(c), SNU668 cells (d) or SNU668 cell expressing the constitutively active Flag-YAPS127A
mutant (e) expressing the indicated E-cadherin mutants. f, SNU668 cells expressing either
a vector control or the constitutively active Flag-YAPS127A mutant were treated with 1

UM RSL3 in the presence or absence of 1 uM liproxstatin-1 for 24 hours. £ =< 0.0001,
0.9075, < 0.0001, 0.7962, 0.6922, 0.2039, 0.9999, 0.7493, 0.9241, 0.9991, 0.9524, 0.6583.
g, Indicated cell lines were treated with 0.5 uM RSL3 for 18 hours and stained with
C11-BODIPY. Lipid peroxidation was measured by flow cytometry. £ =< 0.0001, 0.0080,
<0.0001, 0.0010, 0.4788, 0.4177. h, Indicated cell lines were cultured into tumor spheroids
for 72 hours, treated with 1 pM RSL3 in the presence or absence of 1 UM liproxstatin-1 for
24 hours, and viability was measured by CellTiterGlo. £ =0.0072, 0.9957, 0.0005, 0.8994,
0.9991, 0.9835, 0.9936, 0.9999, 0.7143, 0.5478, 0.9999, 0.3135. All statistical analyses were
performed by two-way ANOVA with Dunnett’s multiple comparison test.
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Figure 6. E-cadherin mutation sensitizes DGC cellsto ferroptosisinduction in vivo and mitigates
lung metastasis of circulating DGC cells.

a, Subcutaneous SNU16 sg CDH1 xenografts expressing indicated HA-tagged E-cadherin
constructs were monitored every three days by caliper, and tumor volume was recorded.
Statistical analysis was performed by two-way ANOVA with Tukey’s multiple comparison
test. P =< 0.0001, 0.8744, < 0.0001. b, Excised tumors were briefly washed in PBS

and imaged. Scale bar = 1 mm. ¢, Cryosectioned tumors were stained for HA (indicating
E-cadherin expression), malondialdehyde (MDA), and Ki67. d, Tumor sections were stained
for YAP and ACSLA4 expression. e, SNU16 sg CDH1 cells expressing iRFP-720 and
indicated constructs were injected intravenously into mice. After four weeks, lungs were
excised and scanned for clusters of greater than 50 cells expressing iRFP-720. Statistical
analysis was performed by Kruskal-Wallis test with Dunn’s multiple comparison test. P =
0.0102, 0.0184, 0.9999.
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