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P-cadherin mechanoactivates tumor-mesothelium
metabolic coupling to promote ovarian cancer
metastasis
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In brief

Ma et al. demonstrate that heterotypic
P-cadherin interactions can transduce
distinct mechanical signals between
metastatic cancer cells and the
interacting tumor mesothelium. This
interaction facilitates a lipogenic-
glycolytic metabolic coupling between
the two cell types, thereby reinforcing
peritoneal metastasis in ovarian cancer.
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SUMMARY

Cancer adhesion to the mesothelium is critical for peritoneal metastasis, but how metastatic cells adapt to
the biomechanical microenvironment remains unclear. Our study demonstrates that highly metastatic
(HM), but not non-metastatic, ovarian cancer cells selectively activate the peritoneal mesothelium. HM cells
exert a stronger adhesive force on mesothelial cells via P-cadherin, an adhesion molecule abundant in late-
stage tumors. Mechanical activation of P-cadherin enhances lipogenic gene expression and lipid content in
HM cells through SREBP1. P-cadherin also induces glycolysis in the interacting mesothelium without
affecting lipogenic activity, with the resulting lactate serving as a substrate for lipogenesis in HM cells. Nano-
delivery of small interfering RNA (siRNA) targeting P-cadherin or MCT1/4 transporters significantly sup-
presses metastasis in mice. Moreover, increased fatty acid synthase levels in metastatic patient samples
correlate with high P-cadherin expression, supporting enhanced de novo lipogenesis in the metastatic niche.
This study reveals P-cadherin-mediated mechano-metabolic coupling as a promising target to restrain

metastasis.

INTRODUCTION

Ovarian cancer is the leading cause of mortality among gyneco-
logical malignancies. Metastatic ovarian cancer cells exhibit a
marked predilection for colonizing the peritoneum and omen-
tum."? Peritoneal metastasis, although less frequent than
blood-borne metastasis, poses significant challenges for treat-
ment due to its rapid and extensive dissemination fueled by
positive feedback mechanisms. The aggressive nature of this
dissemination mode renders current therapies largely ineffec-
tive, resulting in a 5-year survival rate of less than 25% for indi-
viduals with advanced-stage disease.®

Metastasis is a complex and highly inefficient process, with
less than 0.01% of disseminated cancer cells successfully es-
tablishing themselves in a target tissue and initiating new meta-
static growth.* In the context of peritoneal metastasis, adhesion
to the mesothelium lining at the peritoneal surface is a first critical

step.” Mesothelial cells were traditionally considered passive
barriers, but emerging research indicates their active involve-
ment in shaping the metastatic microenvironment in ovarian can-
cer. Studies have shown that cancer-associated mesothelial
cells could secrete extracellular matrix proteins such as fibro-
nectin and collagen, cytokines and chemokines like interleukin
(IL)-8 and CCL2, as well as soluble proteins such as angiopoie-
tin-like 4 and osteopontin, which may collectively create a
favorable environment that promotes tumor adhesion, chemore-
sistance, and immune evasion.®”'" On the other hand, metasta-
tic cancer cells have been found to induce mesenchymal transi-
tion in mesothelial cells via IL-1 and transforming growth factor
B.5"° However, since these studies have primarily focused on
secreted factors, the involvement of cell-cell contact in signal
transduction remains largely unknown.

Metastatic cells possess remarkable capability to sense and
respond to a wide range of biochemical and biophysical signals
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Figure 1. P-cadherin mechanically modulates tumor-mesothelial adhesion
(A) Adhesion assays were performed to evaluate the adhesive capabilities of non-metastatic (NM) and highly metastatic (HM) cells (labeled green with the green-
fluorescent chloromethyl derivatives of fluorescein diacetate [CMFDA] dye) to confluent monolayers of human peritoneal mesothelial cells (HPMCs) or MeT5A
cells. Representative fluorescent images and quantification of adhered cells are shown. Scale bar, 100 pm.
(B) Expression levels of P-cadherin (P-cad), E-cadherin (E-cad), N-cadherin (N-cad), cadherin-6 (Cad-6), and cadherin-17 (Cad-17) in NM and HM cells were

analyzed by RT-PCR and western blot.

(C) Mesothelial adhesion assays were performed with HM cells transfected with non-specific (NS), E-cad, N-cad, P-cad, Cad-6, or Cad-17 siRNA (green).
Representative fluorescent images and quantification of adhered cells are shown. Scale bar, 100 um.
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from their surrounding microenvironment. Although the biome-
chanics of tumor microenvironment, known as the mechano-
niche, have long been overlooked, they are now recognized as
distinct features in cancer development and progression.'?'®
Mechanosensitive proteins have emerged as promising and
unique targets for cancer therapeutics. The mechano-niche en-
compasses various factors, such as tissue stiffness, extracellular
matrix composition, and mechanical forces, that can profoundly
influence the behaviors and functions of cancer cells. In addition
to adapting to the dynamic mechanical changes, metastatic
cells must also meet diverse metabolic demands during their
journey. Significant rewiring of metabolic circuits, including aer-
obic glycolysis, oxidative phosphorylation, lipid metabolism, and
glutamine metabolism, is regarded as a hallmark of cancer.
However, the precise mechanisms by which the mechano-niche
impacts cancer cell metabolism remain largely unknown.
Cadherins are well-known mechanosensitive sensors that
transmit both outside-in and inside-out signals that modulate
their conformation and adhesive properties.'*'® E-cadherin-
mediated mechanotransduction was shown to regulate glucose
uptake through the activation of adenosine monophosphate-
activated protein kinase (AMPK), '® while another study reported
that heterophilic E-cadherin/N-cadherin mechanical signaling
could drive collective migration.'” Despite these findings, the
functional significance and molecular mechanisms of mechani-
cal signaling by cadherins are largely unexplored. Our present
study aims to investigate the potential role of cadherin in estab-
lishing a connection between cell adhesion mechanics and
metabolic reprogramming at the mesothelial metastatic niche.
Our results reveal the role of P-cadherin, distinguishing it from
other cadherins, in activating the peritoneal niche and establish-
ing metabolic coupling with the mesothelium during peritoneal
colonization. These significant findings underscore the thera-
peutic potential of targeting P-cadherin-mediated mechano-
transduction for the treatment of peritoneal metastasis.

RESULTS

P-cadherin promotes the adhesion of metastatic cells to
the mesothelium

To elucidate the molecular basis of metastasis under tightly
controlled conditions, we have established an isogenic model
of spontaneous human ovarian cancer metastasis consisting of
the highly metastatic (HM)-non-metastatic (NM) cell pair.'®'° Or-
thotopic injection in both immunocompromised and humanized
mouse models revealed that HM cells rapidly metastasized
within the peritoneum, closely mirroring human ovarian cancer
dissemination patterns, whereas NM cells did not metastasize
despite exhibiting similar tumorigenicity as HM cells.”®"® To
ensure that our observations were not cell-line specific, we
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have used HM-NM pairs derived from HEYA8 and OVSAHO
cell lines. To mimic tumor-mesothelial interaction, we conducted
mesothelial adhesion assays. Both primary human peritoneal
mesothelial cells (HPMCs) and human mesothelial cell line
MeT5A were employed to ensure the robustness of our observa-
tions. A significant increase in the adhesion of HEYA8 HM cells to
mesothelial cell monolayer compared to their NM counterparts
was observed (HPMC, 3.40 + 0.25-fold increase; MeT5A,
7.14 + 0.64-fold increase; Figure 1A). Similar results were ob-
tained when using the OVSAHO HM-NM cell pair (4.54 + 0.40-
fold increase; Figure S1A), indicating that metastatic cells are
more capable of adhering to the mesothelium. Conditioned
medium from either HM or MeT5A cells alone did not affect
HM-MeT5A adhesion (Figure S1B), further suggesting the
involvement of a contact-dependent mechanism in this tumor-
mesothelium interaction.

To identify the cell adhesion molecule responsible for
mediating the interaction between HM cells and the mesothe-
lium, we examined the expression of E-cadherin, N-cadherin,
P-cadherin, cadherin-6, and cadherin-17, which have previously
been implicated in the progression of ovarian cancer.?°~*? Qur
analysis showed significantly lower expression of E-cadherin
and significantly higher expression of the other cadherins at
both the mRNA and protein levels in HEYA8 HM cells compared
to NM cells (Figure 1B). Similar protein expression changes
were observed in OVSAHO cell pair (Figure S1C). To identify
which of these cadherins is important for the interaction, we
used corresponding small interfering RNAs (siRNAs) to target
E-cadherin (siE-cad), N-cadherin (siN-cad), P-cadherin (siP-
cad), cadherin-6 (siCad-6), and cadherin-17 (siCad-17). We
found that specifically blocking P-cadherin resulted in a signifi-
cant decrease in the mesothelial adhesion of HEYA8 HM cells.
The adhesion of HEYA8 HM to HPMC or MeT5A decreased
notably with siP-cad (83% + 7%), whereas siE-cad (27% =+
15%), siN-cad (29% =+ 19%), siCad-6 (36% + 9%), and siCad-
17 (10% + 10%) did not exhibit significant reductions compared
to a non-specific siRNA (siNS) control (Figure 1C). All siRNA
showed similar knockdown efficiency (Figure S1D). Additionally,
siP-cad significantly reduced adhesion of OVSAHO HM cells
(HPMC 68% = 11% and MeT5A 77% + 8%) (Figure S1E). The
expression of P-cadherin was detected in both HPMC and
MeT5A (Figure S1F). These data together support the specific
involvement of P-cadherin during HM-MeT5A interactions.

We next investigated the mechanical properties of P-cadherin
during the adhesion using atomic force microscopy-based sin-
gle-cell spectroscopy to measure the force of interaction be-
tween MeT5A cells cultured on plates and ovarian cancer cells
attached to the cantilever (Figure 1D). HM cells exhibited a signif-
icantly higher rupture force compared to NM cells (Figure 1E),
indicating the presence of stronger mechanical stress at the

(D) An image illustrating the measurement of cell-cell rupture forces by atomic force microscopy.

(E and F) Rupture forces of NM or HM detached from MeT5A cells (E), and HM detached from MeT5A cells in the absence or presence of siP-cad or P-cad
blocking antibody (P-cad Ab), with siNS and IgG as controls, respectively (F) (n = 5).

(G) P-cad expression in normal ovarian surface epithelial (OSE) cells and ascites from patients with ovarian cancer (n = 7) were analyzed by western blot.

(H) Binding of Fc- or P-cad/Fc-coated beads to HM cells were quantified. Scale bar, 20 um.

(I) Cell viability of HM cells treated with Fc- or P-cad/Fc-coated beads for 3 days were determined. All experiments were repeated three times. B-actin serves as
the loading control. Data are presented as mean + SD. *p < 0.05, **p < 0.01. See also Figure S1.
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junctions between HM and MeT5A cells in contrast to the junc-
tions between NM and MeT5A cells. The rupture force in HM-
MeT5A interactions decreased when treated with siP-cad or a
P-cadherin neutralizing antibody, compared to interactions
treated with siNS or control immunoglobulin (Ig)G treatment,
respectively (Figure 1F). These findings suggest that P-cadherin
plays an essential role in mediating mechano-interactions be-
tween these two cell types. Notably, we also observed enhanced
P-cadherin expression in ascitic tumor cells derived from patients
with ovarian cancer compared to normal ovarian surface
epithelium (OSE) (Figure 1G). Slight variations in the P-cadherin
protein size were observed among different patients, likely due
to differences in glycosylation.”®> To test the functional role of
P-cadherin, we further used magnetic beads coated with immo-
bilized P-cadherin Fc chimera protein (P-cad/Fc), which bind to
the cell surface and mimic cadherin-mediated adhesion (Fig-
ure 1H).?* The presence of P-cad/Fc-coated beads significantly
enhanced cell proliferation in HM cells, whereas IgG Fc-coated
beads showed no effect when compared with the untreated
control (Figure 1l). These findings suggest a potential role of
P-cadherin in promoting tumor growth.

P-cadherin rewires lipid metabolism in tumor cells

Metabolic reprogramming enables cancer cells to meet the
increased demand for energy and biosynthetic precursors
necessary for their uncontrolled growth during metastasis.
The observed enhancement in proliferation resulting from
P-cadherin-coated beads prompted us to hypothesize that
P-cadherin affects cellular metabolism. To test this, we per-
formed RNA sequencing (RNA-seq) of HM cells upon treatment
with siNS or siP-cad. Pathway analysis revealed a significant
alteration in fatty acid (FA) metabolism (p < 0.05; Figure 2A).
To validate our RNA-seq findings, we performed RT-PCR for
several key lipogenic genes, namely acetyl-coenzyme A (CoA)
acetyltransferase 2 (ACAT2), ATP-citrate lyase (ACLY), FA syn-
thase (FASN), lipin 1 (LPIN1), and sterol regulatory element-
binding transcription factor 1 (SREBF1). All these genes ex-
hibited significantly decreased expression in HM cells treated
with siP-cad (Figure 2B). Consistently, overexpression of
P-cadherin in NM cells led to the upregulated expression of
these lipogenic genes (Figure 2B). Western blot further
confirmed similar changes at the protein level (Figure S2A).
We also tested the expression of well-known lipolytic genes,
including hormone-sensitive lipase (HSL), monoacylglycerol
lipase (MAGL), and perilipin-1 (PLIN), which remained un-
changed regardless of P-cadherin expression (Figures 2B and
S2A), confirming that P-cadherin specifically regulates lipogen-
esis rather than lipolysis in HM cells. Moreover, HM cells sorted
from the MeT5A coculture showed significant upregulation of
the above key lipogenic proteins compared to HM cells cultured
alone (Figures 2C and S2B). This was supported by oil red O
(ORO) staining, which revealed greater accumulation of neutral
lipids in the HM-MeT5A coculture than in HM cells alone,
whereas no change was observed in NM cells upon coculture
(Figures 2D and S2C). Compared with IgG and siNS controls,
P-cadherin antibody and siP-cad markedly impaired the lipid
accumulation in HM cells, as revealed by decreased ORO
staining in the HM-MeT5A coculture (Figures 2E and S2D).
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Consistently, overexpression of P-cadherin in NM enhanced
lipid accumulation upon coculture (Figure 2F). These observa-
tions collectively suggest a specific role of P-cadherin in regu-
lating de novo lipogenesis in HM cells during mesothelial
adhesion. We also pretreated HM cells with 5-(tetradecyloxy)-
2-furoic acid (TOFA), which inhibits acetyl-CoA carboxylase
essential for FA synthesis®® or silenced SREBP1, which is a
master regulator of lipogenesis.?® Both treatments resulted in
a significant decrease in cellular lipid content during the HM-
MeT5A coculture (Figures 2G and 2H), suggesting that addi-
tional lipids are produced through de novo lipogenesis instead
of being transferred from the extracellular environment.

We also performed Seahorse XF analysis to assess the influ-
ence of P-cadherin on bioenergetic metabolism in HM cells.
Our results showed that siP-cad did not alter mitochondrial or
glycolytic metabolism in HM cells (Figure 2I). Consistently, RT-
PCR showed that siP-cad had no effect on the uptake of glucose
or the expression of glycolytic genes, including glucose trans-
porter 1 (GLUT1), hexokinase 2 (HK2), glucose-6-phosphate
isomerase (GPI), and phosphoglycerate kinase 1 (PGK1), in
HM cells (Figures S2E and S2F). Gene set enrichment analysis
(GSEA) of RNA-seq data also suggested that the lipolytic or
glycolytic pathways were unaffected (Figure S2G). Together,
these results further indicate that P-cadherin-mediated tumor-
mesothelium adhesion specifically evokes de novo lipogenesis
in HM cells.

P-cadherin-mediated mechanotransduction regulates
lipogenesis through SREBP1 activation

We next investigated the mechanistic basis for the link between
P-cadherin-mediated mechanotransduction and cell meta-
bolism. Among the lipogenic genes upregulated by P-cadherin,
we chose to focus on SREBP1 (encoded by the SREBF1 gene)
since it is an important transcription factor that regulates FA syn-
thesis and has been shown to be mechanically regulated by
extracellular matrix stiffness.’®*” Treatment with P-cad/Fc
beads led to the upregulation of SREBP1 mRNA as well as both
the full-length (fl) precursor and mature (ma) forms of SREBP1
proteins in HM cells (Figure 3A). Immunostaining showed
enhanced nuclear levels of SREBP1 upon P-cad/Fc bead treat-
ment, an effect that could be inhibited by the P-cadherin blocking
antibody (Figure 3B), confirming the specific role of P-cadherin in
SREBP1 activation. The expression of lipogenic genes induced
by P-cad/Fc-coated beads was found to be suppressed upon
knockdown of SREBP1 (Figure 3C). Furthermore, the reduction
in lipogenic gene expression caused by siP-cad could be
restored by overexpressing SREBP1 (Figure 3D), further vali-
dating the involvement of SREBP1 in P-cadherin-mediated lipo-
genesis. To investigate how P-cadherin transduces this signal,
we evaluated the effects of mechanical cues on the actin cyto-
skeleton. Phalloidin staining showed that P-cadherin-mediated
adhesion force significantly enhanced filamentous actin tension,
which was blocked by treatment with P-cadherin antibody
(Figures 3E and 3F). Treatment of HM cells with blebbistatin, an
inhibitor of myosin that disrupts actin organization, inhibited the
induction of SREBP1 by P-cad/Fc-coated beads (Figure 3G). A
reduction of cytoplasmic p120 catenin (p120ctn), along with
active Rac1 and Cdc42—key mediators of cadherin-induced
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Figure 2. P-cadherin rewires lipid metabolism in tumor cells

(A) RNA-seq of siNS or siP-cad-treated HM cells identified pathways downregulated in siP-cad compared to siNS. Red line indicates p = 0.05.

(B) RT-PCR of P-cad, lipogenic genes (ACAT2, ACLY, FASN, SREBP1, and LIPIN1) and lipolytic genes (HSL, MAGL, and PLIN) in HM cells transfected with siNS,
siP-cad, empty vector, or P-cad overexpression vector (n = 3).

(C) Western blot of FASN, ACAT2, ACLY, SREBP1, and LIPIN1 in HM cells cultured alone or cocultured with MeT5A (n = 3).

(D-H) Representative images and quantification of oil red O (ORO) staining of neutral lipids (red) in CMFDA-labeled HM or NM cells (green) cocultured with MeT5A
are shown. (D) HM cells were cultured alone or cocultured with MeT5A. (E) HM cells were treated with P-cadherin antibody (P-cad Ab) or IgG isotype control
before MeT5A coculture. (F) NM cells were transfected with P-cad overexpression vector or empty vector control before MeT5A coculture. (G) HM cells were
pretreated with or without TOFA before MeT5A coculture. (H) HM cells were transfected with siNS or SREBP1 siRNA (siSREBP1) before MeT5A coculture.

(I) Mitochondrial metabolism (left) and glycolysis profiles (right) of HM cells treated with siNS or siP-cad and corresponding quantification of bioenergetic masses
(n = 4 per group). B-actin serves as loading control. Scale bar, 20 um. TOFA, 5-(tetradecyloxy)-2-furoic acid; OCR, oxygen consumption rate; ECAR, extracellular
acidic rate. Data are presented as mean + SD. “p < 0.05. Unpaired Student’s t test for comparison between two groups and one-way ANOVA followed by a
Tukey’s test for comparison between three or more groups. See also Figure S2.
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Figure 3. P-cadherin mechano-activates SREBP1 via actin remodeling in an O-GlcNacylation-dependent manner
(A) HM cells were treated with IgG/Fc (Fc)- or P-cad/Fc-coated beads followed by RT-PCR or western blot of SREBP1.
(B) Immunostaining of SREBP1 in HM cells after incubating with Fc- or P-cad/Fc-coated beads, with or without P-cadherin blocking antibody (P-cad Ab). Scale

bar, 10 pm.

(C) RT-PCR of SREBP1, ACAT2, ACLY, and FASN in HM cells transfected with siNS or siSREBP1 in the presence of P-cad/Fc-coated beads.
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actin remodeling®® —was observed in HM cells treated with siP-
cad and cocultured with MeT5A, further supporting P-cadherin-
induced mechano-signal transduction in HM cells (Figures S2H
and S2I).

Cell adhesion is controlled by dynamic posttranslational modifi-
cations (PTMs) that facilitate rapid biological responses to stimuli.
O-GlcNAcylation, a widespread PTM that acts as an important
sensor of metabolic state, has recently been linked to lipogenesis
and the regulation of SREBP1.2°*' O-GIcNAcylation of specificity
protein 1 (Sp1) has been shown to enhance its binding to the
SREBP1 promoter and activate transcription while also potentially
increasing SREBP1 protein stability through its interaction with the
E3-ubiquitin ligase FBW7.7%*" Therefore, we asked if this PTM is
involved in P-cadherin regulation on SREBP1. Treating HM cells
with OSMI-1, an inhibitor of O-GIcNAc transferase (OGT), sup-
pressed SREBP1 induction by P-cad/Fc-coated beads (Fig-
ure 3H). However, both treatment with tunicamycin, an inhibitor
of N-glycan biosynthesis, and surface N-glycan removal by
PNGase F had no effect on the induction of SREBP1 by P-cad/
Fc-coated beads (Figure 3l). Consistent with OSMI-1 treatment,
knockdown of OGT by an siRNA inhibited SREBP1 induction
(Figure 3J). To demonstrate that O-GIcNAcylation regu-
lates downstream lipogenesis by acting on SREBP1, we
used the O-GIcNAcase inhibitor thiamet G, which enhances
O-GlcNAcylation. Treatment with thiamet G increased the expres-
sion of lipogenic genes, an effect that was abolished by siSREBP1
(Figure S2J). These data together suggest that P-cadherin regu-
lates SREBP1 in an O-GlcNAcylation-dependent manner.

P-cadherin activates glycolysis in mesothelial cells
We next determined whether tumor-mesothelial interaction could
induce changes in the activity of mesothelial cells. Compared
with MeT5A alone, HM, but not NM, cells selectively activated
MeT5A to secrete tumor-promoting cytokines, such as granulo-
cyte colony-stimulating factor (G-CSF), granulocyte-macro-
phage colony-stimulating factor (GM-CSF), IL-6, IL-8, CXCL1/
GROgq, and IL-1a/IL-1F1 (Figure 4A). As shown in Figure 4B, we
noted a marked decrease in E-cadherin expression and a strong
induction of N-cadherin and fibronectin expression in MeT5A
sorted from the HM coculture compared with MeT5A alone.
Similar results were observed using HPMC (Figure S3A), suggest-
ing the presence of mesothelial-to-mesenchymal transition,
which is indicative of mesothelial cell activation.®

Considering the impact of P-cadherin on HM metabolism, it is
plausible that P-cadherin might also influence the metabolic pro-
file of mesothelial cells. However, upon silencing P-cadherin, we
observed no effect on the expression levels of lipogenic genes
(Figures 4C and S3B). Interestingly, we discovered that treat-
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ment with siP-cad or P-cadherin overexpression led to a signif-
icant decrease or increase, respectively, in key glycolytic genes
(GLUT1, HK2, GPI, and PGK1) in mesothelial cells (Figures 4D,
S3C, and S3D). Corresponding changes at the protein level
were observed by western blot (Figures S3B-S3D). Additionally,
flow cytometric analysis revealed a reduced capacity of MeT5A
cells to uptake glucose, as shown by a decrease in the fluores-
cence signal of 2-NBDG (a glucose analog) following siP-cad
transfection compared to siNS transfection (Figure 4E). In
contrast, treatment of MeT5A cells with P-cad/Fc-coated beads
led to a significant increase in glucose uptake and subsequent
lactate production, which was reversed by siP-cad treatment
(Figures 4F and 4G). These findings provide compelling evidence
that P-cadherin-mediated adhesion forces promote a highly
glycolytic profile in mesothelial cells.

Lactate is shuttled to HM cells as a lipid source

Given the differential metabolic alterations mediated by
P-cadherin in tumor and mesothelial cells, we postulated that
the lactate produced by the activated mesothelium may drive
HM tumor cell lipogenesis. We first traced the lipidomic fate of
3C-labeled lactate in metastatic tumors in mice through gas
chromatography-tandem mass spectrometry (GC-MS/MS) and
found that palmitic acid (C16:0) in HM tumor cells was labeled
to a larger degree (M + 2 to M + 8) than that in NM tumor cells
(M + 2 to M + 4), indicating that HM cells use more lactate for
de novo FA synthesis compared to NM cells (Figure S4A). To
provide direct evidence that mesothelial cell-derived lactate
could promote HM lipogenesis, we performed targeted lipido-
mics in the HM-MeT5A coculture after incubation with uniformly
13C-labeled glucose ([U'3Cg]-glucose) with or without the addi-
tion of cold lactate (Figure 5A). In the presence of cold lactate,
the generation of high '*C-labeled palmitic acids was shifted to
low '3C-labeled palmitic acid (16:0) in the sorted HM cells (Fig-
ure 5B). Similar results were observed for palmitoleic acid
(16:1) and cholesterol synthesis (Figure 5B), confirming that
MeT5A-secreted lactate is used by HM cells for lipid generation
(Figure 5C). Consistently, siP-cad reduced the lactate uptake of
HM induced by P-cad/Fc-coated beads (Figure S4B).

We also performed '3C glucose experiment to confirm the role
of P-cadherin in lactate shuttling during coculture. Comparing
to siNS control, siP-cad caused a significant decrease in
3C-labeled palmitic acid (M + 14) and palmitoleic acid (M + 12
to M + 16) in HM cells, suggesting a role of P-cadherin in lipogen-
esis (Figure 5D). There was also a significant reduction in
3C-labeled pyruvate, while no difference was found in phospho-
enolpyruvate, a metabolic product upstream of pyruvate in the
glycolytic pathway (Figure 5D). These data support our results

(D) HM cells were co-transfected with siP-cad and empty vector or SREBP1 overexpression vector, followed by incubation with P-cad/Fc-coated beads. RT-PCR

of the indicated genes was performed.

(E and F) Phalloidin staining of F-actin in HM cells treated with Fc- or P-cad/Fc-coated beads (E) and in HM cells treated with or without P-cad antibody in the

presence of P-cad/Fc-coated beads (F). Scale bar, 20 um.

(G) Expression of full-length (fl)- and mature (ma)-SREBP1 in HM cells with the indicated treatment were analyzed by western blot.

(H) HM cells were treated with beads coated with Fc or P-cad/Fc and OSMI-1 as indicated, followed by western blot.

(I) HM were treated with tunicamycin, PNGase F and Fc- or P-cad/Fc-coated beads as indicated, followed by western blot.

(J) HM cells transfected with siNS or OGT siRNA (siOGT) were treated with Fc- or P-cad/Fc-coated beads, followed by western blot. B-actin and GAPDH serve as
loading controls. Data are presented as mean + SD from three independent experiments. “p < 0.05. Unpaired Student’s t test for comparison between two groups
and one-way ANOVA followed by a Tukey’s test for comparison between three or more groups.
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Figure 4. P-cadherin regulates glycolysis in MeT5A cells

(A) Cytokine array analysis of conditioned medium from MeT5A alone or cocultured with HM or NM cells.

(B) RT-PCR analysis of E-cadherin, N-cadherin, and fibronectin levels in MeT5A cocultured with or without HM.

(C and D) MeT5A cells transfected with siNS or siP-cad were cocultured with HM. After coculture, flow-sorted MeT5A cells were analyzed by RT-PCR for (C)
P-cad and lipogenic genes (ACAT2, ACLY, and FASN) and (D) P-cad and glycolytic genes (GLUT1, HK2, GPI, and PGK1). B-actin serves as the loading control.
(E) Glucose uptake in siNS or siP-cad-treated MeT5A cells was analyzed by flow cytometry using the glucose analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino]-2-deoxy-D-glucose (2-NBDG).

(F) Representative fluorescent images of 2-NBDG uptake by MeT5A treated with Fc- or P-cad/Fc-coated beads for 24 h, and quantification of fluorescent in-
tensity (n = 10), are shown.

(G) Extracellular lactate levels in the conditioned medium of MeT5A cells treated with Fc- or P-cad/Fc-coated beads (left) and siNS or siP-cad (right) were
measured. Data are presented as mean + SD from three independent experiments. *p < 0.05. Unpaired Student’s t test for comparison between two groups and
one-way ANOVA followed by a Tukey’s test for comparison between three or more groups. See also Figure S3.

that P-cadherin did not affect the glycolysis pathway but may and monocarboxylate transporter 1 (MCT1) are the major trans-
affect the use of 'C-labeled lactate from MeT5A as a source  porters of lactate efflux and uptake, respectively.>*>* As shown
for lipogenesis. in Figures 5E and 5F, suppressing lactate export in MeT5A with

We hypothesized that lactate shuttling is important for tumor-  siMCT4 restricted both HM cell proliferation and lipid generation
mesothelial interaction. Monocarboxylate transporter 4 (MCT4)  during coculture. Alternatively, inhibiting lactate import by MCT1
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Figure 5. Lactate is shuttled from mesothelial cells into HM cells
(A) Schematic illustration of the *C-labeled targeted lipidomic assay workflow.
(B) Heatmap of "*C-labeled fatty acids and cholesterol (C16:0, C16:1, CHOL) in sorted HM cells.
(C) Schematic illustration of the expected effects of supplemented cold lactate on lipid composition.
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short hairpin RNA (shRNA) in HM cells abolished proliferation
and lipid accumulation (Figures 5G and 5H). AR-C155858,%* a
MCT1/2 inhibitor, was also used to block lactate uptake in HM
cells. AR-C155858 significantly reduced the ORO staining in
the HM-MeT5A coculture, further confirming that lactate shut-
tling is required for lipogenesis in tumor cells (Figure 5l). These
results demonstrate that P-cadherin-mediated adhesion drives
de novo lipogenesis in highly metastatic tumor cells through
the vectorial transport of lactate from the mesothelium to cancer
cells.

High FASN expression is associated with high
P-cadherin and Ki67 expression in patients with
metastatic ovarian cancer

To corroborate the clinical relevance of lipogenesis in peritoneal
metastasis, we first performed immunohistochemical staining of
FASN in paired primary and metastatic tumor samples obtained
from patients with high-grade serous ovarian carcinoma. The
metastatic samples include omental metastases as well as met-
astatic specimens from other sites with mesothelial lining (total
n = 16: omentum, n = 9; bladder flap, n = 4; pelvic perito-
neum/peritoneal, n = 3). The clinicopathological information is
provided in Table S1. We specifically examined the FASN
expression in tumor cells rather than adipocytes, which are his-
tologically distinct. As shown in Figures 6A and 6B, the majority
of metastatic specimens expressed elevated levels of tumor
FASN (H-score) as compared to their parallel primary samples
(10 of 16 metastatic specimens, 62.5%, p = 0.0362). To validate
the association between FASN, P-cadherin, and metastatic
growth, we further evaluated the expression levels of
P-cadherin and the proliferation marker Ki67. Metastatic speci-
mens with elevated FASN expression showed higher expression
of P-cadherin and Ki67 compared to matched primary tumors
(P-cadherin, p = 0.0340; Ki67, p = 0.0241), while metastatic
specimens with low FASN expression showed little change in
P-cadherin and Ki67 expression (Figures 6C and 6D). The higher
expression levels of FASN, P-cadherin, and Ki67 in HM relative
to NM tumors were also confirmed (Figures S5A and S5B).
These data support the association of P-cadherin with cell pro-
liferation through lipogenic regulation.

To confirm the importance of P-cadherin signaling in vivo, we
used our well-characterized amphiphilic dendrimers, AmDM,
which formed nanoparticles with siRNA and could specifically
target tumor sites through enhanced permeation and retention
effect.®>°® Mice with intraperitoneal xenograft of HM were
treated with dendriplexes of siP-cad, which caused significant
reductions in the number of metastatic tumor nodules and asci-
tes formation in the peritoneal cavity, as well as enhanced sur-

Cell Reports

vival as compared with mice injected with control dendriplexes
of siNS (Figures 6E and 6F). A representative high-magnification
image of the tumor nodules and histological H&E staining are
shown in Figures S6A and S6B to confirm the identification of
metastatic tumors. Successful P-cadherin knockdown using
dendriplexes was confirmed by western blot (Figure S6C). Addi-
tionally, siP-cad dendriplexes in vivo significantly reduced the
expression lipogenic genes ACLY, FASN, ACAT2, and lactate
transporter MCT4 of the metastatic tumors (Figure S6D). These
data validated an important role of P-cadherin in metabolic re-
programming during metastasis.

Inhibition of MCT1/4 reduces peritoneal metastasis

in vivo

High expression of MCT1 was found to be significantly associ-
ated with a decrease in both overall survival and progression-
free survival of patients with ovarian cancer using Kaplan-Meier
plotter (o < 0.005) (Figure 7A). MCT1 also showed a positive
correlation with P-cadherin and FASN expression (Figure 7B),
implicating the importance of the lactate uptake. To further
confirm lactate shuttling in vivo, mice bearing intraperitoneal
HM tumors were treated with dendriplexes of siMCT1 or siMCT4.
Successful target gene knockdown using dendriplexes was
confirmed by western blot (Figure S6C). We observed significant
reductions in the number of metastatic tumor nodules and ascites
formation compared to mice injected with siNS-dendriplexes
control (Figures 7C and 7E). Kaplan-Meier curves showed that
mice with specific targeting of MCT1 or MCT4 also displayed pro-
longed survival (Figures 7D and 7F). The importance of MCT1 in
peritoneal metastasis was also supported by shRNA knockdown
(Figure SBE). We further demonstrated the potential of therapeu-
tic targeting by treatment with a clinical-grade MCT1 inhibitor,
AZD3965,%” which significantly reduced metastasis in mice (Fig-
ure S6F). These in vivo experiments, together with patient anal-
ysis, strongly support the clinical importance of our proposed
mechanisms in ovarian cancer metastasis.

DISCUSSION

Adhesion to the mesothelium and the ability to sustain prolifera-
tion at the secondary site are pivotal events in peritoneal metas-
tasis; however, the underlying mechanisms remain poorly eluci-
dated. In this study, we have identified P-cadherin as a distinct
and critical mediator that initiates metabolic symbiosis between
tumor cells and the interacting mesothelium. These findings are
consistent with preclinical and clinical evidence, which suggest
acorrelation between high expression of P-cadherin, metastasis,
and unfavorable clinical outcomes in ovarian cancer,*~*" thereby

(D) Lipidomic analysis of '*C-labeled palmitic acid (C16:0), palmitoleic acid (C16:1), and glycolysis intermediates phosphoenolpyruvate (PEP) and pyruvate in HM
cells with siNS or siP-cad after coculture with MeT5A in medium supplemented with 25 mM [U"3C]-glucose (with three technical replicates each). Data are

presented as mean + SD. *p < 0.05, ***p < 0.001. Two-way ANOVA.

(E and F) HM cells were cocultured with MeT5A transfected with non-specific or MCT4 siRNA (siNS or siMCT4). MCT4 expression in MeT5A cells was analyzed by
western blot, and HM cell viability was assessed (E). Representative images and quantification of ORO staining in CMFDA-labeled HM (green) are shown (F).
(G and H) HM with non-specific or MCT1 shRNA (shNS or shMCT1) were cocultured with MeT5A. MCT1 expression in HM cells was analyzed by western blot, and
HM cell viability was assessed (G). Representative images and quantification of ORO staining (red) in HM (green) are shown (H).

() Representative images and quantification of ORO staining (red) in HM (green) in the absence or presence of monocarboxylate transporter inhibitor (MCTi) and
MeT5A coculture are shown. Scale bar, 20 um. B-actin was used as the loading control for all western blots (n = 3). Data are presented as mean + SD. *p < 0.05.

Unpaired Student’s t test. See also Figure S4.
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Figure 6. High FASN expression is associated with high P-cadherin and Ki67 expression in metastatic ovarian cancer
Immunohistochemistry (IHC) analysis of FASN, P-cad, and the proliferation marker Ki67 expression was performed in primary patient specimens (n = 10) and
paired metastatic specimens of omental and other peritoneal sites (n = 16).

(A) Representative images of IHC staining of FASN, P-cad, and Ki67 are shown. Scale bar, 50 pm.

(B) Quantitative analysis (H-score) of FASN expression in paired primary and metastatic specimens of omental (solid lines) and other peritoneal sites (dashed
lines).

(C and D) Quantitative analysis of P-cad (C) or Ki67 (D) expression in patients with elevated metastatic FASN expression vs. low metastatic FASN expression. Data
presented are median value. Paired Student’s t test; p < 0.05 is considered significant.

(E and F) Mice were intraperitoneally injected with HM cells followed by intravenous injection of siNS-AmDM or siP-cad-AmDM for 3 weeks. Representative
images of the peritoneal metastases and quantification of tumor nodules and ascites volume are shown (n = 5) (E). Data are presented as mean + SD. Unpaired
Student’s t test, ***p < 0.001. (F) Kaplan-Meier curves show survival of mice with siNS-AmDM and siP-cad-AmDM treatment. See also Figure S5 and Table S1.

emphasizing the therapeutic potential of targeting P-cadherinin  tions, the majority of cadherin studies have predominantly

the management of peritoneal metastasis. Although the current
study did not investigate the mechanism by which P-cadherin is
upregulated in metastatic cells, our previous research and
unpublished data suggest that P-cadherin may be upregulated
transcriptionally or post-translationally by gonadotropin-
releasing hormone (GnRH) or hepatocyte growth factor (HGF).%®
While cadherin-mediated adhesion typically occurs withinacom-
plex milieu where diverse cell types engage in physical interac-

focused on homotypic interactions among cells of the same line-
age. In contrast, our results clearly show that homophilic interac-
tions mediated by P-cadherin could elicit distinct signaling re-
sponses in tumor and mesothelial cells at the secondary site.
This finding provides invaluable insights into the spatial dynamics
of cadherin adhesion and signaling during the metastatic pro-
cess. Moreover, this specific metabolic coupling may underlie
the organotropism of metastatic cells toward the peritoneum,
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Figure 7. MCT1/MCT4-mediated lactate shuttling is a potential therapeutic target for peritoneal metastasis
(A) Kaplan-Meier plot of overall survival (OS) and progression-free survival (PFS) in ovarian cancer patients with low and high expression of MCT1. Number at risk

is listed below.

(B) SLC16A1 (MCT1) mRNA transcript level positively correlates with CDH3 (P-cad) and FASN transcript levels.

(C—F) Mice bearing intraperitoneally injected HM cells were intravenously injected with siNS-AmDM or siMCT1-AmDM (C and D) and siNS-AmDM or siMCT4-
AmDM (E and F) for 3 weeks. Representative images of the peritoneal metastases and quantification of tumor nodules and ascites volume are shown (n = 4). (D
and F) Kaplan-Meier curves show OS of mice with siNS-AmDM, siMCT1-AmDM, or siMCT4-AmDM treatment as indicated. Data are expressed as mean + SEM.

Unpaired Student’s t test, **p < 0.001. See also Figure S6.

potentially influencing the prognosis and treatment strategies for
cancer patients.

How mechanical pathways are integrated with other cellular
processes, such as cell metabolism, remains largely unknown.
Our findings indicate that P-cadherin has distinct roles in regu-
lating metabolic pathways in mesothelial versus metastatic tu-
mor cells. P-cadherin was shown to promote anoikis resistance
by activating the pentose-phosphate pathway and reducing
oxidative stress.*” In addition, P-cadherin was associated with
a hypoxic and glycolytic phenotype characterized by the
expression of HIF-1a, GLUT1, CAIX, MCT1, and CD147.%° It is
possible that, in mesothelial cells, P-cadherin binding enhances
glycolytic activity through signaling cascades involving hypoxia-
inducible factors (HIFs) or AMPK, which promote glycolysis
under metabolic stress or low-oxygen conditions. The hypergly-
colytic phenotype of the mesothelium has been reported to
promote mesothelial-to-mesenchymal transition and peritoneal
fibrogenesis,** potentially reinforcing the metastatic process.
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In contrast to mesothelial cells, metastatic cells are character-
ized by high aggressiveness and rapid proliferation and would
require increased lipogenesis for energy storage. Previous
research indicates that elevated extracellular matrix stiffness in-
hibits SREBP1 activity through increased acto-myosin contrac-
tion and AMPK activation.”® The distinct signaling in HM cells
could be attributed to the context-dependent mechanotrans-
duction processes occurring at cell-matrix and cell-cell adhe-
sion sites.*® Moreover, the interaction between P-cadherin
with other signaling molecules, such as insulin-like growth factor
1 receptor (IGF1R), may also contribute to the lipogenic pro-
cesses in metastatic cells, as IGF1 signaling is often dysregu-
lated in ovarian cancer and linked to increased lipogenic activity,
which may involve SREBP1.°"*® Notably, elevated SREBP1
expression has been correlated with advanced disease stages
and poor prognosis in ovarian cancer and other malig-
nancies.?>* Overall, the differential effects of P-cadherin on
metabolic pathways reflect the unique signaling cascades and
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metabolic needs of mesothelial and tumor cells, which could be
shaped by the tumor microenvironment.

Lipids play a causal role in driving tumorigenesis and metas-
tasis.”® Overexpression of lipogenic genes has been associated
with metastatic progression and poor prognosis in many cancer
types. In ovarian cancer, the increased expression of FASN is
observed in tumor tissues and predicts advanced disease status
and poor clinical outcomes.®" Inhibition of lipid metabolism using
an inhibitor cocktail was shown to reduce the peritoneal metas-
tasis of ovarian cancer in vivo.>? Consistent with these findings,
our data suggest that a P-cadherin-mediated lipogenic pheno-
type characterized by the overexpression of lipogenic genes is
important for metastasis in vivo. Beyond serving as an energy
source or building blocks for membrane synthesis, lipids play
other important roles in the tumor microenvironment. For
example, FAs and cholesterol enhance therapeutic resistance
and impact immune cell functions.®*** The lipid pool in cancer
cells can be supplied by both intracellular and extracellular sour-
ces, although the exact stoichiometric relationships between
these sources remain to be determined.”® Various cancers,
including ovarian cancer, have been shown to uptake FAs
produced by surrounding adipose tissues.® However, in some
contexts such as autophagy in adipocytes and mitosis in cancer
cells,””°® exogenously supplemented FAs could not fully
compensate for de novo-synthesized FAs, suggesting that de
novo lipogenesis is required for specific cellular processes.
Furthermore, de novo lipogenesis may enable cancer cells to
tailor their FA composition to meet their unique requirements.
Notable differences in FA composition have been observed be-
tween omental fat deposits and malignant ovarian tumors. In
addition, FA species vary in their length and saturation, and
such diversity indicates that their availability depends on the
specificity of metabolic pathways. Recent studies have shown
that unsaturated FAs were enriched in ovarian cancer stem cells
and were essential for their proliferation and survival.>® There-
fore, de novo lipogenesis may enable cancer cells to tightly con-
trol their FA composition. Moreover, metabolic intermediates in
de novo lipogenesis (citrate, acetyl-CoA, malonyl-CoA, and
palmitate) can function as secondary messengers for other
signaling pathways.®® Thus, the high lipid demand for metastatic
growth is met not only by the tumor microenvironment but also
by cancer cells themselves, making lipogenesis an attractive
target for therapy.

Emerging evidence suggests lactate as an oncometabolite in
the tumor microenvironment. For example, lactate was shown
to promote the immunosuppressive function of regulatory T
(Treg) cells through lactylation.®" Significantly higher lactate
levels were found in ovarian cancer peritoneal metastasis sam-
ples than in benign samples in a small cohort of patients.®”
Furthermore, high lactate transporter expression predicted
advanced disease status and poor clinical outcomes in ovarian
cancer.®® Our study has demonstrated a proof of concept for
the therapeutic targeting of P-cadherin, MCT1, or MCT4 using
nanoparticle delivery. No mice exhibited apparent signs of
toxicity, such as decreased food intake or activity or body weight
loss, upon AmDM-siRNA treatment (data not shown). Den-
drimer-based nanoparticles have received US Food and Drug
Administration (FDA) approval and are currently being used in
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clinical settings, with several ongoing clinical trials investigating
their safety and efficacy for various diseases. Therefore, dendri-
plexes represent a promising therapeutic approach for targeting
P-cadherin in patients. Alternatively, P-cadherin-specific anti-
bodies could also be utilized. The peritoneal dissemination
may offer a clinical advantage in that therapeutic genes may
be sensitive and specific to target cells owing to the closed
space of the peritoneal cavity.

In conclusion, this study has uncovered a mechanism by which
metastatic cells utilize adhesion-driven mechanical cues to
shape their metastatic niche and promote metastatic outgrowth.
Our findings emphasize the crucial role of P-cadherin in connect-
ing mechanotransduction and cell metabolism within the perito-
neal metastatic niche. Targeting the unique mechanoresponsive
metabolic vulnerabilities of cancer cells and the tumor microenvi-
ronment holds promise for precise and localized therapeutic in-
terventions, reducing side effects and overcoming treatment
resistance. These findings may extend beyond ovarian cancer,
as P-cadherin is also upregulated in other cancer types like
gastric, pancreatic, and colon cancers, where peritoneal metas-
tasis represents a significant pathological process.

Limitations of the study

In this study, we aimed to investigate the role of specific cadher-
ins in tumor cell-mesothelium adhesion; therefore, we only
focused on those particularly relevant to ovarian cancer, namely
P-cad, N-cad, E-cad, cad-17, and cad-6.2%°*%" However, this
targeted approach may introduce bias, as other adhesion mol-
ecules that could also contribute to intercellular adhesion and
metabolic reprogramming were not included. Moreover, while
our study demonstrates that mesothelial cells may be a signifi-
cant source of lactate to promote tumor cell lipogenesis
upon adhesion, we did not examine other cell types within the
tumor microenvironment that could also contribute to lactate
production.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

P-cadherin BD Biosciences Cat #610227, RRID:AB_2077667
E-cadherin CST Cat #3195, RRID:AB_2291471
N-cadherin CST Cat #13116, RRID:AB_2687616
Cadherin-6 CST Cat #48111, RRID:AB_2799334
Cadherin-17 CST Cat #85724, RRID:AB_3669027
FASN CST Cat #3180, RRID:AB_2100796
Lipin 1 CST Cat #14906, RRID:AB_2798644
SREBP1 Santa Cruz Cat #sc-13551, RRID:AB_628282
B-actin Sigma Cat #A5316, AB_476743

P120ctn CST Cat #59854, RRID:AB_2799575
Rac CST Cat #2465, RRID:AB_2176152
Cdc42 CST Cat #2462; RRID:AB_2078085
GAPDH CST Cat #2118, RRID:AB_561053
P-cadherin Abcam Cat #ab242060, RRID: AB_2889265
Kie7 CST Cat #9027, RRID:AB_2636984
P-cadherin monoclonal antibody (NCC-CAD-299) Thermo Fisher scientific Cat #13-5800, RRID:AB_2533023
Anti-mouse IgG (H + L)-HRP Conjugate Bio-Rad Cat #1706516, RRID:AB_11125547
Anti-rabbit IgG (H + L)-HRP Conjugate Bio-Rad Cat #1706515, RRID:AB_11125142

Biological samples

Human peritoneal mesothelial cells (HPMC) Healthy donors N/A

Normal human ovarian surface epithelial cells Healthy donors N/A

Ovarian cancer tumor sections Patients N/A
Chemicals, peptides, and recombinant proteins

siLentFect Lipid Reagent for RNAi Bio-Rad Cat #1703360
Lipofectamine 2000 Thermo Fisher Scientific Cat #11668027
AR-C155858 MedChemExpress Cat #HY-13248
TOFA (5-(tetradecyloxy)-2-furoic acid) Abcam Cat #ab141578
CellTracker Blue CMAC Dye Invitrogen Cat #C2110
CellTracker Green CMFDA Invitrogen Cat #C7025

[U'3C] D-glucose
[13C3] sodium lactate

Cambridge Isotope Laboratories
Cambridge Isotope Laboratories

Cat #CLM-1396-1
Cat #CLM-1579-N

Human P-cadherin/Fc chimera protein R&D systems Cat #861-PC
Recombinant Human IgG1 Fc Protein, CF R&D systems Cat #110-HG

Critical commercial assays

Lipid Staining Kit BioVision Cat #K580-24

L-Lactate Assay Kit Abcam Cat #ab65331

Rabbit specific HRP/DAB Detection IHC Kit Abcam Cat #ab64261

Active Rac1 Detection Kit CST Cat #8815

Active Cdc42 Dectection kit CST Cat #8819

Deposited data

RNAseq analysis of HM cells with NS This paper GSA-Human: HRA004687

or P-cadherin siRNA [dataset]

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HEYA8 HM Toetal."®*and To et al.'® N/A
HEYA8 NM Toetal."®*and Toetal.’® N/A
OVSAHO JCRB Cat #JCRB1046
MeT5A ATCC Cat #CRL-9444
Experimental models: Organisms/strains

NOD/SCID/IL2rynull (NSG) mice Charles River Laboratories Cat #614
Oligonucleotides

ACAT2 forward primer IDT N/A
5-CCTGTGGTCATCGTCTCGGC-3’

ACAT2 reverse primer IDT N/A
5'-AAGCCAAGTGAGGAGCCTTG-3’

ACLY forward primer IDT N/A
5-AAGGGCATCGTGAGAGCAAT-3'

ACLY reverse primer IDT N/A
5-TGGGACTGAATCTTGTGGCAT-3’

B-actin forward primer IDT N/A
5'-TCACCGAGGCCCCTCTGAACCCTA-3'

B-actin reverse primer IDT N/A
5-GGCAGTAATCTCCTTCTGCATCCT-3

CDH1 forward primer IDT N/A
5'-ACAGCCCCGCCTTATGATT-3'

CDH1 reverse primer IDT N/A
5-TCGGACCGCTTCCTTCA-3’

CDH2 forward primer IDT N/A
5-TGGGAATCCGACGAATGG-3

CDH2 reverse primer IDT N/A
5-GCAGATCGGACCGGATACTG-3

CDH3 forward primer IDT N/A
5'-ACGAAGACACAAGAGAGATTGG-3'

CDH3 reverse primer IDT N/A
5-AGCAACCACCCCATTGTAGG-3

CDH6 forward primer IDT N/A
5'-TCAAGACAACAAAGACAACACG-3’

CDH6 reverse primer IDT N/A
5-TCTCCACCACCTTCGTCGTT-3

CDH17 forward primer IDT N/A
5'-ATGACAACCCTCCCAGGGC-3'

CDH17 reverse primer IDT N/A
5-GACCCCGAAATAAGTGCTGA-3'

FASN forward primer IDT N/A
5'-CTGGCCTACACCCAGAGCTA-3

FASN reverse primer IDT N/A
5-CTCCATGTCCGTGAACTGCT-3’

FN1 forward primer IDT N/A
5'-AAGACAGACGAGCTTCCCCA-3'

FN1 reverse primer IDT N/A
5-CTATGCCTTATGGGGGTGGC-3

Gpi forward primer IDT N/A

5'-GCGAGGCCAGAGTCCAATAA-3

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gpi reverse primer IDT N/A
5-GACCAGCCTTCCCTGCTAAG-3

GLUTT1 forward primer IDT N/A
5-GCAAGTCCTTTGAGATGCTGATCC-3'

GLUTT reverse primer IDT N/A
5-GCCGACTCTCTTCCTTCATATCC-3’

HK2 forward primer IDT N/A
5'-CCAGTTCATTCACATCATCAG-3

HK2 reverse primer IDT N/A
5-CTTACACGAGGTCACATAGC-3'

HSL forward primer IDT N/A
5-TCAGTGTGCTCTCCAAGTGTGTC-3'

HSL reverse primer IDT N/A
5-GCTATGGGCTCCGACATCTTC-3

MAGL forward primer IDT N/A
5'-TTGCTGCGAAAGTGCTCAAC-3'

MAGL reverse primer IDT N/A

5 -ATTCAGCAGTTGGATGCCGA-3'

Perilipin1 forward primer IDT N/A
5'-GAAACAGCATCAGCGTTCCC-3’

Perilipin1 reverse primer IDT N/A
5-ATGGTCTGCACGGTGTATCG-3

PGK1 forward primer IDT N/A
5-CTGTGCCAAATGGAACACGG-3’

PGK1 reverse primer IDT N/A
5-AGTTGACTTAGGGGCTGTGC-3'

SLC16A1 forward primer IDT N/A
5'-TGGATGGAGAGGAAGCTTTCTAAT-3'

SLC16AT1 reverse primer IDT N/A
5-CACACCAGATTTTCCAGCTTTC-3

SREBF1 forward primer IDT N/A
5-ACAGTGACTTCCCTGGCCTAT-3

SREBF1 reverse primer IDT N/A
5-GCATGGACGGGTACATCTTCAA-3’

ON-TARGETplus CDH1 siRNA Dharmacon D-003877-07-0005
ON-TARGETplus CDH2 siRNA Dharmacon J-011605-06-0005
ON-TARGETplus CDH3 siRNA Dharmacon J-003823-12-0005
ON-TARGETplus CDH6 siRNA Dharmacon J-011991-07-0005
ON-TARGETplus CDH17 siRNA Dharmacon J-011829-06-0005
ON-TARGETplus OGT siRNA Dharmacon J-019111-08-0005
ON-TARGETplus SREBP1 siRNA Dharmacon J-006891-08-0005
ON-TARGETplus MCT4 siRNA Dharmacon J-005126-23-0005
ON-TARGETDplus Non-targeting control siRNA Dharmacon D-001810-02-20
Recombinant DNA

P-cadherin Lam et al.®® N/A

Software and algorithms

Prism 8.0 Graphpad https://www.graphpad.com/
QuPath 0.4.4 Bankhead et al.®’ https://qupath.github.io/
GAGE Luo et al.”® http://sysbio.engin.umich.edu/

~luow/downloads.php
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEYA8 HM and NM ovarian cancer cell sublines were constructed and maintained as previously described.'®'? In brief, isogenic HM
(highly metastatic) and NM (non-metastatic) cell lines were established by isolating migrated and non-migrated HEYAS8 cell clones,
respectively, from migration assay, and the differential metastatic properties were confirmed by orthotopic injection. HM and NM
cells were maintained in RPMI 1640. MeT5A were maintained in Medium 199:MCDB105 (1:1). All culture medium were supplemented
with 5% fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin (Invitrogen).

Primary cell cultures and human patient samples

Primary human peritoneal mesothelial cells (HPMC) were isolated from dialysate effluent from peritoneal dialysis from patients
with nonmalignant disorders as previously described.”’ The collection of PD fluid was approved by the Institutional Review
Board of the University of Hong Kong/Hospital Authority Hong Kong West Cluster. HPMC were used within three passages
to ensure genetic stability of the culture. Normal human ovarian surface epithelial (OSE) cells were derived from surface scrap-
ings of normal ovaries from women with nonmalignant gynecological diseases as previously described.”> OSE and HPMC were
maintained in Medium 199:MCDB105 (1:1) supplemented with 5% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL strep-
tomycin (Invitrogen).

Formalin-fixed paraffin-embedded (FFPE) clinical samples of paired ovarian high-grade serous carcinoma and metastases were
obtained from the pathology archives of Department of Pathology, University of Hong Kong, forimmunohistochemical analyses. Clin-
icopathological information of patients were provided in Table S1. Primary tumor ascitic samples were obtained from 7 patients with
high grade serous ovarian cancer (Stage llI/IV). Ascitic cells were collected following centrifugation and removal of red blood cells.
The use of these specimens was approved by the Institutional Ethical Review Board for Research on the use of human subjects at the
University of Hong Kong.

Mice

Female NOD/SCID/IL2ry™" (NSG) mice were purchased from Charles River Laboratories. HM, NM or transfected HM cells (1 x 106)
were intraperitoneally (i.p.) injected into NSG mice (n = 3 mice per group) and sacrificed after 3 weeks to focus on the early stages of
metastatic dissemination and adhesion. For dendriplexes treatment, mice bearing intraperitoneally injected HM cells were intrave-
nously injected with siNS-AmDM, siP-cad-AmDM, siMCT1-AmDM or siMCT4-AmDM for 3 weeks (siRNA: 1.0 mg/kg, N/P ratio = 5,
twice a week). At sacrifice, the volume of ascites was measured and all visible (>0.1 cm) metastatic tumor nodules were counted. All
mouse studies were performed according to the protocols approved by the University of Hong Kong Animal Care and Use
Committee.

METHOD DETAILS

Transfection and inhibitor treatment

Transient transfection with siRNA oligos (Dharmacon) or overexpression plasmids were performed using siLentFect for RNAi (Bio-Rad)
or Lipofectamine 2000 (Thermo Fisher Scientific), respectively. To establish cell lines with stable knockdown, cells were transduced
with MISSION shRNA Lentiviral Transduction Particles (Sigma) according to the manufacturer’s protocols. For MCT inhibition, cells
were treated with 200 nM monocarboxylate transporter inhibitor AR-C155858 (MedChemExpress) for 24 h. For inhibition of acetyl-
CoA carboxylase, cells were pretreated with TOFA (Abcam, 20 puM) for 2 h and then cocultured with MeT5A monolayer for 24 h. For
inhibition of OGT, cells were treated with OSMI-1 (MedChemExpress, 10 uM) together with Fc- or P-cad/Fc-coated beads for 24 h.
For inhibition of N-glycan biosynthesis and surface N-glycan removal, cells were treated with tunicamycin (MedChemExpress,
100 nM) or PNGase F (New England Biolabs) together with Fc- or P-cad/Fc-coated beads for 24 h.

Cell adhesion assay

Mesothelial cells were seeded on 96-well plates and cultured to form confluent monolayer. CMFDA (Invitrogen)-labeled cancer cells
were then added to the monolayer at a concentration of 1x10“ cells per well and incubated at 37°C for 30 min. After gentle washing
for three times with PBS, the plates were loaded on Cytation 1 (BioTek) for cell counting at the GFP channel. At least five microscopic
fields of the adhered cells were quantified for each condition.

Single-cell force spectroscopy

Cancer-mesothelial cell rupture forces were measured using JPK NanoWizard Il (Bio-AFM). MeT5A cells were seeded at a density of
10* cells/well on the 30 mm glass bottom dish (MatTek) and cultured overnight. Cantilevers were coated with 0.1 pg/mL poly-D-lysine
solution (Sigma) for 6 h, rinsed with water before calibration using the thermal noise method. For cell-cell rupture force measurement,
single cancer cell was picked up onto the cantilever with contact for 5 s, after which cancer cell was brought to contact with single
MeT5A cell (medium changed to FBS-free RPMI 1640) for 5 s, with approach/retraction velocities of 5 pm s~ ' and contact force of
2 nN. Force curves were collected and analyzed with JPK data processing software. For P-cadherin blocking group, HM and MeT5A
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cells were pre-incubated with 10 pg/mL P-cadherin antibody (NCC-CAD-299) (Thermo Fisher Scientific) for 15 min, after which
rupture forces were measured as stated above.

Western blot analysis

After SDS-PAGE, proteins were transferred to nitrocellulose membranes, which were blocked with 5% non-fat dry milk for 1 hand
incubated with primary antibodies for 1 h to overnight. The membranes were washed thrice and incubated with appropriate second-
ary antibodies conjugated with HRP (Bio-rad; 1:3,000). Bands were detected by Western-Lightning Plus Enhanced Chemilumines-
cence (PerkinElmer), and their intensities were determined by densitometry using Imaged. P-cadherin (BD Biosciences, #610227),
E-cadherin (CST, #3195), N-cadherin (CST, #13116), Cadherin-6 (CST, #48111), Cadherin-17 (CST, #85724), FASN (CST, #3180),
Lipin 1 (CST, #14906), SREBP1 (Santa Cruz, #sc-13551), and B-actin (Sigma, #A5316) were used.

Detection of active Rac1, Cdc42
Active Rac1 and Cdc42 was assessed by Active RAC1 detection kit and Active Cdc42 detection kit (Cell Signaling Technology) ac-
cording to manufacturer’s instruction.

Fluorescence staining

Cells (2x10%) were seeded in confocal dish 24 h before the indicated treatment. Cells were fixed with ice-cold methanol for 20 min
and permeabilized with 1% Triton X-100 for 30 min. Cells were washed with PBS and blocked with 5% BSA in PBS for 20 min, fol-
lowed by incubation with primary antibody (1:100) overnight or phalloidin for 1 h. After washing with PBS, cells were incubated with
dye-conjugated secondary antibody (1:100) for 1 h. Stained cells were mounted with Prolong antifade mountant with DAPI
(Invitrogen).

Oil red O (ORO) staining

ORO staining was carried out using Lipid Staining Kit (BioVision). Briefly, cells were treated as indicated and fixed with Formalin (10%)
for 30 min before staining with ORO in 60% isopropanol for 15 min. Confocal imaging was used to capture the Oil red O signals. Only
signals overlaying with green fluorescence (from tumor cells labeled with CellTracker Green) were measured. At least five micro-
scopic fields were quantified for each condition. Acquisition settings remained the same in all groups of fluorescent images.

Glucose uptake assay

Cells were inoculated in a 6-well plate in 5% FBS supplemented culture medium. After the indicated treatment for 24 h, medium was
changed to glucose-free medium with 100 pg/mL 2-NBDG. Cells were incubated for 45 min and washed twice with ice-cold PBS,
before loading on Cytation 1. More than 3 technical replicates were analyzed for cell counting by ImageJ.

L-lactate measurement

The L-lactate levels of cells or culture medium were measured by L-Lactate Assay Kit (Abcam). Cells were collected by centrifugation
and resuspended in 100 plL lactate assay buffer, which were then homogenized and centrifuged to collect supernatant for L-lactate
assay. The culture medium was measured directly according to the manufacturer’s instructions.

Seahorse extracellular flux analysis

Mitochondrial and glycolysis bioenergetics were investigated using Seahorse Extracellular Flux analyzer (Agilent). Cells were treated
with siRNA for 24 h and reseeded onto 24-well XF plates for another 24 h before bioenergetics analysis. Growth medium was then
changed with XF base medium (pH, 7.4) containing 25 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine for mitochondrial
bioenergetics assay, or 2 mM glutamine (Sigma) for glycolysis bioenergetics assay. Oxygen consumption rate (OCR) or extracellular
acidic rate (ECAR) profiles were generated after the injection of 1.5 uM oligomycin, 3 uM FCCP and 1.2 uM rotenone+1.2 uM anti-
mycin A for OCR, or 15 mM Glucose, 1.5 uM oligomycin, 75 mM 2-DG for ECAR every 24 min. The average of four baseline rates and
up to five test rates were used for data analysis.

Proliferation assay
HM cells labeled with CMFDA were inoculated on the mesothelial monolayer or alone in RPMI 1640 supplemented with 5% FBS, and
monitored every 24 h for 4 days. More than 3 technical replicates were analyzed for cell counting by ImageJ.

13C¢-glucose and lactate competition assay
The lactate competition assay was modified from reported method.”® Briefly, mesothelial monolayer was first placed in RPMI 1640
(Gibco) containing 25 mM [U'3C]-glucose (Cambridge Isotope Laboratories) for 24 h. The monolayer was then washed with glucose-
free RPMI 1640 and labeled with CellTracker Blue CMAC Dye (Invitrogen) for 45 min before coculture with CellTracker Green CMFDA
Dye (Invitrogen)-labeled HM cells. The cells were further cultured in RPMI-1640 supplemented with 25 mM [U'3C]-glucose in the
absence or presence of 11 mM L-lactate (Sigma).
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13C-metabolic flux analysis

13C-lactate tracing was performed in mice which were first i.p. injected with NM or HM cells. After 3 weeks, during which the met-
astatic tumors had formed, mice were fasted for 3 h before receiving i.p. injection of 10 mM '3C5 sodium lactate (Cambridge Isotope
Laboratories). After 3 h, mice were sacrificed and the metastatic tumors were harvested for targeted lipidomics analysis. For '°C-
glucose flux analysis, MeT5A seeded in 100 mm dish were cultured in glucose-free medium containing 25 mM [U'3Cg]-glucose
for 24 h. CellTracker Green CMFDA Dye (Invitrogen)-labeled HM cells transfected with siP-cad or siNS were subsequently added
for coculture. After 24 h, cells were collected and HM cells were isolated by fluorescence-activated cell sorting. Cells were extracted
and subjected to GC-MS/MS analysis through an Agilent DB-23 capillary column and acquired in an Agilent 7890B GC-Agilent 7010
Triple Quadrapole Mass Spectrometer system (Santa Clara, USA). For fatty acids flux analysis, fatty acids were determined after
transesterification by methanol and concentrated hydrochloric acid (35%, w/w). For determination of PEP and pyruvate, extracted
samples by methanol/water (80%, v/v) were derivatized with methoxylamine hydrochloride and MSTFA with 1% TMCS. Metabolite
fragment ions of monoisotopic mass (denoted M + 0) and mass isotopologues of higher mass were quantified in SIM mode. A scan
range from m/z 50-500 was used to acquire mass spectra in SCAN mode. Data analysis was performed using the Agilent MassHunter
Workstation Quantitative Analysis Software. Relative fractions of mass isotopologues were calculated from the peak areas of corre-
sponding SIM ions. Raw data acquisition was performed with assistance of the University of Hong Kong Li Ka Shing Faculty of Med-
icine Center for PanorOmic Sciences Proteomics and Metabolomics Core.

Cell sorting
After cocultured for 24 h, fluorescent-labeled cells were sorted by BD FACSMelody cell sorter, and collected in RPMI 1640 supple-
mented with 5% FBS at 4°C.

Treatment with Fc- or P-cadherin/Fc-coated beads

Magnetic beads were coated with recombinant human P-cadherin/Fc chimera protein or recombinant human IgG1 Fc protein (R&D
systems) according to manufacturer’s instructions. Briefly, 1.5 mg Dynabeads Protein A (Invitrogen) were incubated with 50 uL Fc or
P-cad/Fc protein (100 pg/mL) in 200 pL PBS with 0.1% Tween 20 for 10 min at room temperature. Beads were collected using magnet
to remove unbound protein and washed once with PBS with 0.1% Tween 20, and then resuspended in 200 uL PBS. Cells seeded ina
6-well plate were treated with 15 pL of coated beads per well. For the treatment of cancer cells, medium was supplemented with
11 mM L-lactate (Sigma). The coated beads were stored at 4°C and used within one week.

RNA extraction and reverse-transcription PCR analysis
Total RNA was first extracted using Trizol reagent (Ambion) and then reverse-transcribed to cDNA using M-MLV reverse transcrip-
tase (Invitrogen). PCR was performed with a set of primers as listed in key resources table.

RNA sequencing and data analysis

RNA was extracted from HM cells were transfected with NS or P-cadherin siRNA and sent to BGl for transcriptomic RNA sequencing
(n = 2). Data have been deposited in the Genome Sequence Archive (China National Center for Bioinformation) which are publicly
accessible at https://ngdc.cncb.ac.cn/gsa-human (GSA-Human: HRA004687). Dysregulated pathways were identified with Gener-
ally Applicable Gene-set Enrichment (GAGE).

siRNA dendriplexes formation

AmDM (MW = 3838 g/mol, 16 amine end groups) were dissolved in distilled H>O and stocked in 500 pM. To prepare the siRNA den-
driplexes, dendrimer and siRNA were first diluted separately in OPTI-MEM (Invitrogen) and incubated at room temperature for 5 min
(siRNA dosage: 1 mg/kg, N/P ratio: 5). Dendrimer and siRNA were mixed and incubated at room temperature for 20 min before
treatment.

Immunohistochemistry

FFPE sections from patient or mice tumors were deparaffinized with xylene and rehydrated in graded ethanol. After blocking and
heat-induced antigen retrieval using citrate buffer, the specimens were separately incubated with primary antibody (FASN (#3180,
CST, 1; 100), P-cadherin (ab242060, Abcam, 1:1000), Ki67 (#9027, CST, 1:1000) overnight at 4°C. The slides were further pro-
cessed using rabbit specific HRP/DAB (ABC) detection IHC kit according to the manufacturer’s protocol (Abcam). Slides were
subsequently scanned on an Akoya Vectra Polaris scanner scanning at x20 magnification and semi-quantitative analysis of cyto-
plasmic FASN, membrane P-cadherin and nuclear Ki-67 expression was performed using QuPath 0.4.4 software. Five fields per
specimen with the strongest marker expression were selected for cell detection and tumor cell classification. Followed by single
cell detection, staining intensity (0, negative; 1, weak; 2, medium and 3, strong) and percentage of positive tumor cells were as-
sessed based on pre-defined arbitrary signal intensity. Gene expression was graded with an H-score as previously reported,
which is calculated by multiplying the percentage of positive cells (0-100) by the intensity (0-3). Data are expressed as median
H-score.
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Detection of active Rac1, Cdc42
Active Rac1 and Cdc42 was assessed by Active RAC1 detection kit and Active Cdc42 detection kit (Cell Signaling Technology) ac-
cording to manufacturer’s instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 was used for plotting and analysis of data. All experiments were carried out in duplicates or triplicates and
repeated at least two times. All data are presented as mean + SD unless otherwise indicated. Data derived from two groups were
compared by unpaired Student’s t test. Data derived from more than two groups were compared by one-way ANOVA followed
by a Tukey’s test. Paired sample t test is used for comparing expression of markers in paired patient specimens. Differences
were considered statistically significant when the p value was less than 0.05. ‘n’ in this study represents either the number of biolog-
ical replicates for in vitro experiments or number of mice for in vivo experiments.
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