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In brief

Through an integration of spatial analyses
and co-culture studies, Mori et al.
demonstrate that feedback activation
between HIF-1a-positive cancer cells and
cancer-associated fibroblasts (CAF)
contributes to chemoresistance of
ovarian clear cell carcinoma. Targeted
inhibition of CAF activation by a receptor
tyrosine kinase inhibitor augmented
chemosensitivity, suggesting possible
application for CAF-targeted therapy.
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SUMMARY

Ovarian clear cell carcinoma (OCCC) is a gynecological cancer with a dismal prognosis; however, the mech-
anism underlying OCCC chemoresistance is not well understood. To explore the intracellular networks asso-
ciated with the chemoresistance, we analyze surgical specimens by performing integrative analyses that
combine single-cell analyses and spatial transcriptomics. We find that a chemoresistant OCCC subpopula-
tion with elevated HIF activity localizes mainly in areas populated by cancer-associated fibroblasts (CAFs)
with a myofibroblastic phenotype, which is corroborated by quantitative immunostaining. CAF-enhanced
chemoresistance and HIF-1a induction are recapitulated in co-culture assays, which show that cancer-
derived platelet-derived growth factor (PDGF) contributes to the chemoresistance and HIF-1a induction
via PDGF receptor signaling in CAFs. Ripretinib is identified as an effective receptor tyrosine kinase inhibitor
against CAF survival. In the co-culture system and xenograft tumors, ripretinib prevents CAF survival and
suppresses OCCC proliferation in the presence of carboplatin, indicating that combination of conventional

chemotherapy and CAF-targeted agents is effective against OCCC.

INTRODUCTION

Although molecular-targeted and immune-based therapies have
made a substantial impact on refractory cancers, many tumors
eventually acquire chemoresistance. Such resistance can be
attributed to intratumor cell-cell networks, which enable cancer
cells to survive and proliferate after therapy.’ Notably, cancer
cells gain chemoresistance by forming cellular networks
with non-tumor cells, such as cancer-associated fibroblasts
(CAFs).?* Therefore, to understand the biological basis of resis-
tance, it is important to gain a global picture of intratumor hetero-
geneity and the cell-cell networks by which resistant cancer cells
survive.

While both genetic and epigenetic alterations contribute to tu-
mor heterogeneity, gene expression analyses in a variety of clin-
ical tumors at the single-cell level have led to marked progress in
understanding the epigenetic heterogeneity of clinical tumors.*®
Transcriptome analyses using single-cell RNA sequencing
(scRNA-seq) or single-nucleus RNA-seq (snRNA-seq) have re-

vealed the cellular composition of clinical tumors and the gene
expression profiles of each population.® In addition, recent prog-
ress in spatial transcriptomics and other spatial omics ap-
proaches has enabled researchers to visualize gene expression
in histological specimens and to stratify histological regions
based upon these expression profiles.” ® In particular, integra-
tive analyses of spatial transcriptomics using single-cell analysis
has allowed the location of identified subpopulations to be visu-
alized within tissue samples. '°

Epithelial ovarian cancer (EOC) is a major gynecological malig-
nancy.'’ Among the major subtypes of EOC, ovarian clear cell
carcinoma (OCCC) at advanced stages is associated with a
poor prognosis, which is mainly attributed to chemoresistance
to standard regimens that include paclitaxel and carbopla-
tin.'>"® While alternative treatments for OCCC, such as immune
checkpoint inhibitors or molecular targeted therapy against re-
ceptor tyrosine kinases, are in clinical trials, no effective alterna-
tive to standard chemotherapy has been developed.'* There-
fore, to develop an effective therapy for advanced OCCC is
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one of the major unmet medical needs in the field of gynecolog-
ical oncology.

Previous studies examined the cellular heterogeneity of high-
grade serous ovarian cancer (HGSOC), a major subtype of
EOC, by performing scRNA-seq of patient ascites and found
extensive inter-patient variability both in the tumor and non-tu-
mor populations.” In another report, clinical specimens of
HGSOC were examined by spatial transcriptomics to assess dif-
ferences in spatial composition between poor responders and
excellent responders to adjuvant chemotherapy.'® Despite
these pioneering studies, the cellular networks that define che-
moresistance of HGSOC remain unclear, and no integrative
studies of EOC, including OCCC, have been reported.

In this paper, to elucidate the cell-cell networks responsible for
chemoresistance of OCCC, we performed integrative analyses
of surgical specimens by combining snRNA-seq and spatial
transcriptomics. By comparing results from chemosensitive
and chemoresistant cases of OCCC, we identified a chemore-
sistant subpopulation that was localized in CAF-populated areas
and associated with HIF-1a activation. Further investigations
combining quantitative analyses of immunostaining, in vitro co-
culture studies, and tumor xenograft models suggested that a
feedback activation loop between HIF-1a-activated cancer cells
and platelet-derived growth factor (PDGF)-activated CAF is the
biological basis of OCCC chemoresistance. Furthermore, we
demonstrated that inhibition of PDGF-mediated CAF activation,
in combination with carboplatin, blocks OCCC proliferation, indi-
cating effectiveness of CAF-targeting therapy for refractory
cancers.

RESULTS

Identification of a cancer cell subpopulation associated
with chemoresistance of OCCC

To identify intratumor networks responsible for chemoresistance
of OCCC, we obtained frozen samples from surgical specimens
and performed integrative analyses that combine single-cell an-
alyses and spatial transcriptomics; subsequently, we extended
the analyses by multicolor quantitative immunostaining, in vitro
co-cultures, and mouse xenograft experiments (Figure 1A).

To obtain single-cell transcriptome data from frozen samples,
we performed snRNA-seq® of chemosensitive (n = 5, 0CC-S1-5)
and chemoresistant (n = 5, OCC-R1-5) cases (Figure 1B;
Table S1). The snRNA-seq data were then subjected to dimen-
sionality reduction using uniform manifold approximation and
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projection (UMAP). Clustering of single-nucleus data presented
on UMAP indicated that cells were stratified mainly according
to clinical case, which was presumably caused by batch effects
(Figure S1A). To eliminate batch effects and integrate individual
datasets, we performed an anchoring procedure so that we
could compare cell identity across samples'® (Figure S1B).

After anchoring the data, we found that major cell types
(epithelial cancer cells, CAFs, endothelial cells, and immune
cells) formed distinct clusters upon UMAP presentation (Figures
1C, S1C, and S1D). Cells from both chemoresistant and chemo-
sensitive cases were distributed within each cell type (Fig-
ure S1E). In the EpCAM* epithelial population, non-tumor cells
were barely detectable based on an estimation of copy number
alterations by InferCNV analyses'® (Figure S1F), which was pre-
sumably attributed to careful elimination of non-tumor tissues
during sample preparation.

To examine potential links between chemoresistance and
oncogenic activations, we evaluated genomic alterations in ma-
jor oncogenes and tumor suppressor genes using the NCC On-
copanel (Figure S1G). As reported previously, mutation of
ARID1A and PIK3CA was identified in a large proportion of the
samples (7 of 10 and 4 of 10 cases, respectively). However, there
was no clear association with chemoresistance because both of
these mutations occurred in both chemosensitive and chemore-
sistant cases (Figure S1G).

Next, to examine whether a chemoresistant cancer subpop-
ulation exists, we stratified the EpCAM™* tumor population into
six subpopulations (Cancer #1-6) (Figures 1C and 1D). Remark-
ably, we found that a fraction of the Cancer #2 subpopulation
was higher in chemoresistant cases than in chemosensitive
ones (Figures 1D and 1E). On the other hand, evaluation of
non-tumor cell types revealed no significant difference in
numbers between chemoresistant and chemosensitive cases
(Figures 1F and 1G).

The chemoresistant population of OCCC is associated
with HIF activation and a poor prognosis

To determine the gene expression profiles of each cancer sub-
population, we isolated preferentially expressed signature genes
(Figure S2A; Table S2). Examination of signature gene expres-
sion in advanced OCCC cases (n = 30) indicated that the
signature of the Cancer #2 subpopulation, but not that of other
subpopulations, was associated with shortened progression-
free or overall survival (Figure 2A), linking the chemoresistance-
associated Cancer #2 subpopulation to a poor prognosis.

Figure 1. Identification of a cancer cell subpopulation associated with chemoresistance of OCCC

(A) Study design based on surgical specimens of OCCC.

(B) Timeline presentation of 10 patients whose tumors were used for snRNA-seq, spatial transcriptome, and immunostaining analyses.

(C) UMAP presentation of snRNA-seq data obtained from chemoresistant (OCC-R1-5) and chemosensitive (OCC-S1-5) OCCC. Original snRNA-seq data from the
10 tumors (Figure S1A) were subjected to anchoring prior to data integration. Subsequently, the identity of cells in each cluster was determined based upon
expression of marker genes,‘7 as shown in Figure S1C. TEC, tumor endothelial cells; CAF, cancer-associated fibroblast; TAM, tumor-associated macrophage;
TIL, tumor-infiltrating lympohcyte. The epithelial tumor population was further classified into six subpopulations (Cancer #1-6), denoted by the indicated colors.
(D) Stacked bar graph displaying the distribution of each cancer cell subpopulation (Cancer #1-6) in each tumor (left) and the percentage of cancer cells (right).
(E) Boxplots showing the fraction of the indicated cancer subpopulations in the chemoresistant and chemosensitive tumors shown in (D). The horizontal bars
within the boxes indicate the median value. The top and bottom bars of the box denote the 25th and 75th percentiles, respectively. ***p < 0.001; n.s., not
significant.

(F) Stacked bar graph displaying the distribution of non-tumor cell populations within each tumor (left) and the percentage of non-tumor cells (right).

(G) Boxplots showing the fractions of the indicated non-tumor populations. *p < 0.05, **p < 0.01, ***p < 0.001. p values were determined by Student’s t test.
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Next, we performed Gene Ontology (GO) enrichment analyses
of the subpopulations to investigate their biological characteris-
tics. The results showed that the Cancer #2 subpopulation was
associated with hypoxic responses and with the extracellular
matrix (Figure 2B). In accordance, single-sample gene set
enrichment analyses (ssGSEA) of Hallmark signature gene sets
revealed that hypoxia pathways were activated specifically in
the Cancer #2 subpopulation (Figures 2C and S2B). On the other
hand, enrichment analyses of the other major subpopulations
indicated that the Cancer #1 and #3 subpopulations were asso-
ciated with interferon response pathways and cell-cycle-related
pathways (Figures 2B and 2C), respectively, suggesting that the
Cancer #3 subpopulation is a cycling population.

Next, we performed virtual inference of protein activity by en-
riched regulon analysis to investigate transcriptional regulators
associated with each cluster. In agreement with the findings of
an elevated hypoxic response, the Cancer #2 subpopulation
showed elevated activity of HIF1A (HIF-1¢) and EPAS1 (HIF-
20) (Figures S2C and S2D). Of note, the top five transcription fac-
tors activated in the Cancer #2 subpopulation (HIF1A, EGR-1,
ATF-2, EPAS1(HIF-2A), and SP-1) mediate hypoxic responses.?°
We found extensive overlap of target genes that were upregu-
lated in the Cancer #2 subpopulation (Figure S2E), suggesting
that these transcription factors co-operate to induce hypoxic
responses. Taken together, these results indicate that the #2
chemoresistant subpopulation is associated with a poor prog-
nosis and HIF-mediated hypoxic responses.

Chemoresistant cells are localized in CAF-populated
areas of OCCC

Next, we attempted to determine the histological localization of
the Cancer #2 chemoresistant cancer subpopulation by per-
forming spatial transcriptomics analysis. Surgical specimens
from chemoresistant (OCC-R2) and chemosensitive (OCC-S3)
cases were subjected to Visium spatial gene expression ana-
lyses. Specific markers for epithelial cancer cells, CAFs, endo-
thelial cells, and immune cells were used to determine the loca-
tion of these cells within tumors. Hematoxylin and eosin (H&E)
staining of serial sections indicated that the specimens were
roughly segregated into cancer- or CAF-dominated regions
(Figures 3A and S3A, far left). Consistent with this, we found
that the tissue distribution of cancer cells and CAFs depicted
by Visium analyses corresponded approximately to the cancer
cell- or CAF-dominated regions visualized by H&E staining
(Figures 3A and S3A). Indeed, Visium spots could be classified
into three groups based upon gene expression profiles (Figures
3B and S3B): cancer-dominated, CAF-dominated, and cancer/
CAF-mixed (Figures 3C and S3C). The distribution of the three
types of spots corresponded approximately to that of cancer
cells and CAFs observed in the H&E images (Figures 3D
and S3D).
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Next, to localize the major cancer subpopulations (#1-5), we
performed anchor-based integration of snRNA-seq data and
Visium data (STAR Methods) and then calculated a prediction
score for each subpopulation in each Visium spot (Figures 3E
and S3E). In both chemoresistant and chemosensitive cases,
visualization of cancer subpopulations based upon the predic-
tion scores revealed that the Cancer #2 subpopulation was local-
ized mainly in cancer/CAF-mixed spots. By contrast, the Cancer
#1 and #3 populations were localized mainly in cancer-domi-
nated spots (Figures 3F and S3F).

In agreement with the snRNA-seq data, the Cancer #2 signa-
ture, but not the other signatures, was expressed to a greater
extent in OCC-R2 than in OCC-S3 (Figure 3G), thereby support-
ing an association between cancer cells harboring the Cancer #2
signature and chemoresistance.

HIF-1a-induced cancer cells reside near CAFs in
chemoresistant OCCC

Next, we immunostained HIF-1a-positive cancer cells to further
investigate the location of the Cancer #2 chemoresistant popu-
lations in cancer/CAF-mixed areas. Remarkably, co-immuno-
staining of chemoresistant tumors (OCC-R1-5) with antibodies
specific for HIF-1a, PAX8 (a marker for ovarian cancer cells),
and «-SMA (a marker for CAFs) revealed widespread distribution
of PAX8-positive cancer cells that co-express HIF-1a (Fig-
ure S4A). By contrast, the fraction of cancer cells co-expressing
detectable HIF-1a in chemosensitive tumors (OCC-S1-5) was
much lower than in chemoresistant tumors (Figure S4A). In
fact, quantification of stained cells using QuPath (Figure S4B)
indicated that the fraction of the HIF-1a-positive population in
chemoresistant tumors was, on average, three times higher
than that in the chemosensitive tumors (33.2% vs. 11.0%,
respectively) (Figure S4C).

We observed that HIF-1a-positive cancer cells in chemoresist-
ant tumors frequently localized near «-SMA-positive cells
(Figures 3H and S4D). Indeed, evaluation of relative distance
among HIF-1a-positive cancer cells, HIF-1a-negative cancer
cells, and «-SMA-positive cells by nearest-neighbor analyses
(CytoMAP) indicated the localization of HIF-1a-positive cancer
cells near a-SMA-positive cells (Figures 3l and S4E). Accord-
ingly, calculation of average distance from PAX8(+)/HIF-1a(+)
cells or PAX8(+)/HIF-1a(—) cells to the nearest a-SMA(+) cells
(QuPath) confirmed the localization of PAX8(+)/HIF-1a (+) cells
near «-SMA(+) cells (Figures 3J and S4F). These data suggest
that localization of HIF-1a-induced cancer cells near CAF is a
hallmark of chemoresistant OCCC.

CAFs in chemoresistant tumors show a myofibroblastic
phenotype

Close localization of CAFs to chemoresistant cells suggests that
CAFs may play a functionalrole in enhancing the chemoresistance

Figure 2. A chemoresistant subpopulation of OCCC is associated with HIF activation and a poor prognosis

(A) Kaplan-Meier plots of advanced-stage OCCC (stages II-1V, n = 30). The top 20 genes highly expressed by each cancer subpopulation (Cancer #1-6) were
selected as signature genes and used to classify the 30 cases of advanced OCCC (stages II-1V) into groups with high or low expression of signature genes.
Kaplan-Meier curves show progression-free survival and overall survival in each group. p values were calculated using log rank test.

(B) Dot plot presentation of Gene Ontology (GO) terms specifically enriched in cancer subpopulations (Cancer #1-5).

(C) Heatmap of normalized ssGSEA enrichment scores for Hallmark pathways in cancer subpopulations (Cancer #1-6).
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of OCCC. To examine a subpopulation of CAFs that may exist in
chemoresistant OCCC, we used the snRNA-seq data to stratify
the CAF population shown in Figure 1C. Contrary to stratification
ofthe cancer population, however, we did not find a subpopulation
that exists preferentially in chemoresistant OCCC (Figures 4A,
S5A, and S5B).

As an alternative approach, we used the snRNA-seq data to
examine whether CAFs from chemosensitive cancers were
associated with any particular biological features. It has been
reported that CAFs comprise heterogeneous populations,
including inflammatory CAFs (iCAFs), antigen-presenting CAFs
(apCAFs), and myofibroblastic CAFs (myCAFs), and that my-
CAFs reside close to cancer cells.”®' Comparison of CAFs
from chemoresistant and chemosensitive tumors by ssGSEA
and GO term analyses indicated that CAFs from chemoresistant
OCCC were associated with epithelial-mesenchymal transition
(EMT) and extracellular matrix organization (Figures 4B and
4C), phenotypes associated with myCAFs. Strikingly, CAFs
from chemoresistant OCCC showed elevated expression of
the myCAF gene signature (Figure 4D) and the myCAF-related
genes FAP, TPM1, and THBS2 (Figure 4E). In accordance, visu-
alization of each CAF signature supported dominant distribution
of myCAFs in chemoresistant but not in chemosensitive tumors
(Figure S5C). Furthermore, immunostaining studies revealed
higher levels of FAP-a (a protein encoded by the FAP gene) in
chemoresistant tumors than in chemosensitive ones (Fig-
ure S5D). Collectively, these data indicate that the myCAF
population is increased in chemoresistant cancer and that HIF-
1a-induced OCCC cells and myCAFs constitute a cancer micro-
environment associated with chemoresistant OCCC.

To establish the clinical importance of HIF1-a-positive cancer
cells or FAP-a-expressing myCAFs in chemoresistant OCCC, we
next examined their presence in a large set of formalin-fixed
paraffin-embedded specimens of treatment-naive OCCC (86
cases: stage |, 45; stage Il, 8; stage lll, 24; stage IV, 9) by per-
forming tyramide-based multicolor immunofluorescence for
HIF-1a, PAX8, FAP-a, and a-SMA (Table S4; Figure S5E). To
examine whether increased fractions of HIF-1a«-positive cancer
cells or FAP-a-expressing myCAFs affect the clinical course of
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OCCC, we calculated the fraction of HIF-1a-positive cells among
PAX8-positive cancer cells and FAP-a-positive cells among
a-SMA-positive CAFs. A fraction of HIF-1a-positive cancer cells
were weakly associated with that of FAP-a-positive CAFs (Fig-
ure S5F), and we observed modest increases of fractions of
these cells in advanced stages (Figure S5G). Of note, calculation
of the relative distance from FAP-a-positive cells to the nearest
HIF-1o-positive or HIF-1a-negative cancer cells (QuPath)
indicated the localization of HIF-1a-positive cancer cells near
FAP-a-positive cells (Figure S5H), suggesting localization of
HIF-1a-induced cancer cells near active CAFs.

Remarkably, Kaplan-Meier analyses revealed that a higher
fraction of these cells in tumors was associated with poor prog-
nosis and that patients with both high fractions (>10%) of HIF-
1a-positive cancer cells (HIF-1a"9") and high fractions (>80%)
of FAP-a-positive CAFs (FAP-o. "9M) suffered from significantly
worse prognoses than the other groups (Figure 4F). In accor-
dance, univariate analyses showed that fractions of HIF-1a-
and FAP-o -positive cells were associated with progression-
free and overall survival (Figure 4G). Furthermore, multivariate
analyses indicated that both fractions were prognostic factors
independent of advanced stages (Figure 4H). These data indi-
cate that expansion of HIF-1a-positive cancer cells and myCAFs
negatively affects the clinical courses of OCCC, presumably as a
result of aggravated chemoresistance.

In vitro co-cultivation of CAFs with chemoresistant

OCCC cells recapitulates the chemoresistant niche

Co-localization of the chemoresistant subpopulation of cancer
cells and CAFs implies mutual crosstalk between these cells in
chemoresistant niches. To examine potential crosstalk between
these cells, we established an in vitro co-culture system. First,
we established cancer spheroids and CAFs separately from
fresh surgical OCCC specimens. Second, we retrospectively
selected chemoresistant cancer-derived spheroids based
upon extensive expression of HIF-1a in cancer cells in the orig-
inal surgical specimens (data not shown). The identities of the
selected cancer spheroids and CAFs were confirmed by expres-
sion of specific markers: PAX8 and KRT7 for OCCC and a-SMA

Figure 3. HIF-1a-positive chemoresistant cells reside near CAFs in chemoresistant OCCC

(A) Far left: H&E staining of OCC-R2 tissue sections. Right: Visium spatial transcriptomics (ST) spots on H&E-stained sections were overlaid with spatial feature
plots of ovarian cancer cell markers (EPCAM, PAX8, and KRT7), CAF markers (COL1A1, COL1A2, DCN, and VIM), endothelial cell (TEC) markers (VWF, CDH5,
and PECAMT), or an immune cell marker (PTPRC).

(B) UMAP plots of the Visium ST spots shown in (A). ST spots were classified into three clusters by unsupervised clustering and are denoted by different colors.
(C) Dot plots showing average expression of CAF markers and ovarian cancer cell markers by the indicated clusters. Three clusters shown in (B) were designated
as cancer-dominated spots, CAF-dominated spots, and mixed spots, based upon expression of these markers.

(D) Spatial presentation of the three cluster in OCC-R2 tissue sections. Tissue localization of the clustered ST spots was visualized and is denoted by the indicated
colors.

(E) Spatial feature plots of the prediction scores for the indicated cancer subpopulations (Cancer #1-5) in OCC-R2 tissue sections.

(F) Top: UMAP feature plots of ST spots of OCC-R2. Prediction scores for the indicated cancer subpopulations are shown in red. Bottom: violin plots of the
prediction scores for the cancer subpopulations shown in the top columns. ST spots were classified into three groups as shown in (D), and the prediction scores
for each group are presented.

(G) Violin plots showing the average expression values for the signature genes expressed by the indicated cancer subpopulations (Cancer #1-5) in ST spots of
OCC-R2 and OCC-S8. In the boxplots inside the violin plots, the top and bottom bars of the boxes represent the 25th and 75th percentile, respectively, and the
horizontal bars within the box indicate the median value.

(H) Representative magnified images of HIF-1a(+) cancer cells near a-SMA(+) CAFs in a chemoresistant tumor (OCC-R3). Scale bar, 100 um.

(I) Nearest-neighbor analysis of the image shown in (H).

(J) Boxplot showing the average distance from PAX8(+)/HIF-1a,(+) cells or PAX8(+)/HIF-1a(—) cells to the closest a-SMA(+) cell, calculated using the image shown
in (H). **p < 0.001. p values were determined by Student’s t test.
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and collagen | for CAF (Figure S6A). Third, the spheroids and
CAFs were labeled with GFP and mCherry, respectively, and
then cultivated alone or together (at a 1:1 ratio) to examine cell
proliferation and phenotypic alterations induced by co-cultiva-
tion (Figures 5A and 5B). Indeed, co-cultivation increased the
survival rate of CAFs (Figure 5C) and induced expression of
HIF-1o. and HIF-2a in cancer spheroid cells (Figures 5D and
5E). Remarkably, co-culture increased chemoresistance to
carboplatin (Figure 5F), indicating that the presence of CAFs
contributes to chemoresistance of OCCC.

Next, to examine changes in gene expression induced after
co-culture, we performed scRNA-seq of cells cultivated under
monoculture or co-culture conditions (Figures 5G and S6B).
When we compared the gene expression profiles of cancer
spheroids under co-culture and monoculture conditions by
ssGSEA, we found that four of five top Hallmark signatures
(EMT, tumor necrosis factor alpha signaling via nuclear factor
kB, inflammatory response, and hypoxia) induced after co-cul-
ture were identical to those upregulated in the Cancer #2 sub-
population (Figures 2C and S6C). In addition, co-culture with
CAFs caused specific up-regulation of the Cancer #2 gene
signature (Figure 5H, p < 0.001) and induced activation of all
nine top transcription factors activated in the Cancer #2 subpop-
ulation (Figures S2C and S6ED). Collectively, phenotypic alter-
ation of cancer spheroids induced by co-cultivation with CAFs
largely simulated the gene expression profiles of the Cancer #2
subpopulation.

We also compared gene expression profiles of CAFs under
co-culture and monoculture conditions by ssGSEA. The EMT
pathway, which was strongly upregulated in CAFs in chemore-
sistant OCCC (Figure 4B), was induced under co-culture condi-
tions (Figure S6E). In addition, we found that transforming growth
factor B (TGF-B) signaling was strongly induced after co-cultiva-
tion (Figure S6E), suggesting that TGF-B signaling, which is a
well-known signaling pathway that drives CAF generation,”**
may account for the EMT phenotype of the CAF induced under
co-culture conditions. Furthermore, co-cultivation upregulated
the myCAF signature (Figure 51, p < 0.001) as well as genes
representative of myCAF, including FAP, THBS2, and TPM1
(Figure S6F), induction of which was also observed in chemore-
sistant OCCC (Figure 4E). Thus, both cancer spheroids and
CAFs, when incubated together, undergo phenotypic alterations
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associated with chemoresistant OCCC. These data strongly
suggest that interactions between cancer cells and CAFs lead
to formation of a chemoresistant niche in OCCC.

CAF activation by cancer-derived PDGF mediates
chemoresistance and activates HIF-14 in cancer cells

To better understand the molecular mechanism underlying che-
moresistance mediated by the cancer-CAF interaction, we
used NicheNet?* to examine potential ligand-receptor interac-
tions between these cells (Figure S7A). When we examined
the snRNA-seq data, we identified 12 ligand-coding genes
that were highly expressed in the Cancer #2 subpopulation
(NAMPT, EFNAS5, PDGFB, C3, ANXA1, SPP1, FN1, ITGBI1,
LAMC2, LAMB1, LAMAT1, and RELN) (Figure S7A). Receptor-
ligand analyses revealed that interaction between PDGFB (the
B subunit of PDGF) and PDGFRB (the B subunit of PDGF recep-
tor) was a strong candidate mediator of cell-cell signaling be-
tween cancer cells and CAFs (Figure S7A). In support of this,
PDGFB was preferentially expressed in the Cancer #2 subpop-
ulation from chemoresistant tumors (Figure S7B), and immuno-
staining of chemoresistant tumor showed activating phosphor-
ylation of PDGFRB in «-SMA-positive CAFs that resided near
KRT7-positive cancer cells (Figure S7C). Activation of CAF by
PDGF signaling has also been reported in other types of
cancer.””

Therefore, we next examined the functional significance of
the PDGF-PDGFR interaction in the co-culture system. As
expected, PDGFB and PDGFRB were expressed at high
levels by cancer spheroid cells and CAFs, respectively (Fig-
ure 6A). Co-culture led to activating phosphorylation of PDGFR
(p-PDGFRB) and expression of a myCAF marker (FAP-o) in
CAFs (Figure 6B). Indeed, treatment of CAFs with a purified
PDGFB ligand induced phosphorylation of PDGFRB and expres-
sion of FAP-a (Figure 6C) and increased proliferation of CAFs
(Figure 6D), thereby phenocopying the effects of co-culture
with cancer spheroids. Conversely, CRISPR-mediated knockout
of PDGFRB in CAFs abolished PDGF-mediated proliferation
(Figures 6E and 6F) and FAP-o expression (Figure 6G), indicating
that the PDGFB-induced proliferation and expression of the my-
CAF-like phenotype were mediated by activation of the PDGF re-
ceptor in CAFs. In accordance, immunostaining of chemoresist-
ant OCCC showed activating phosphorylation of PDGFRB in

Figure 4. CAFs in chemoresistant tumors are associated with myofibroblastic phenotype

(A) UMAP plot of CAFs, color-coded as chemoresistant (OCC-R1-5) or chemosensitive (OCC-S1-5) cases.

(B) Bar chart showing enrichment of specific biological pathways in CAFs from resistant tumors. Enrichment of a pathway is calculated by comparing the average
ssGSEA values of Hallmark gene sets in CAFs from five chemoresistant and five chemosensitive tumors. p values for the top 15 Hallmark terms enriched in CAFs

from chemoresistant cases were determined by Student’s t test. **p < 0.01.

(C) Dot plot of biological GO terms upregulated in CAFs from chemoresistant (OCC-R) and chemosensitive (OCC-S) cases.
(D) Violin plots of the signature scores for the indicated CAFs from chemoresistant and chemosensitive cases.

(E) Volcano plots showing preferential induction of myCAF signature genes in CAFs from chemoresistant cases. Average expression values for the indicated CAF
signature genes® expressed by CAFs from chemoresistant and chemosensitive cases were calculated, and the relative ratios are shown. The horizontal and
vertical axes represent the log1o values of fold changes and p values, respectively. Red dots, myCAF signature genes; yellow dots, iCAF signature genes; green
dots: apCAF signature genes; black dots, panCAF signature genes. A list of the signature genes is presented in Table S3.

(F) Kaplan-Meier plots of OCCC (stages I-IV, n = 86). The patients were stratified into 4 groups: HIF-1a'°"/FAP-a'*" (n = 49), HIF-1a""/FAP-0/°" (n = 11), HIF-
16/°%/FAP-0"9" (n = 18), and HIF-1c"9"/FAP-4"9" (n = 8). Kaplan-Meier curves of progression-free survival and overall survival in each group are shown.

(G and H) Association of HIF-1a and FAP-a expression with poor prognosis. Association of the indicated parameters with progression-free survival or overall
survival was evaluated by univariate (G) and multivariate (H) analyses (86 cases of OCCC). Hazard ratios (HRs), 95% confidence intervals, and p values were
calculated with Cox’s proportional hazards regression model. **p < 0.001.
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a-SMA-positive CAFs that resided near KRT7-positive cancer
cells (Figure S7C).

Next, we examined the functional role of PDGFR signaling in
cancer chemoresistance. PDGFR knockout in CAFs reduced
its viability (Figure 6H). Remarkably, the PDGFRB knockout in
CAFs inhibited expression of HIF-1a, HIF-2a, and PDGFB in can-
cer cells (Figure 6l). Moreover, the knockout reduced cancer
chemoresistance to carboplatin (Figure 6J). Taken together,
these data indicate the presence of a positive feedback loop
between cancer cells and CAFs: PDGF expressed by OCCC in-
duces PDGFR-mediated activation and survival of CAFs, which,
in turn, augments HIF activation, PDGF expression, and chemo-
resistance in cancer cells.

CAF inhibition by ripretinib in combination with
carboplatin inhibits growth of OCCC
The crucial role of the PDGF-PDGFR signaling axis in CAF-medi-
ated chemoresistance tempted us to devise an effective therapy
targeting PDGFR signaling in CAFs. To this end, we initially
searched for tyrosine kinase inhibitors (TKIs) that inhibit CAFs.
Carboplatin did not have any significant effect on CAF growth (Fig-
ure 7A). TKls showed varying levels of growth inhibition, with rip-
retinib showing decent efficacy (Figures 7A and S8A). In fact, 1 uM
ripretinib inhibited activating phosphorylation of PDGFRB and
expression of FAP-a within 24 h (Figure S8B). Subsequently, we
examined the inhibitory effects of ripretinib in the presence or
absence of carboplatin in the in vitro co-culture system. As ex-
pected, ripretinib at 1-5 uM effectively reduced the viability of
CAFs even in the absence of carboplatin (Figure 7B). Importantly,
inhibition of cancer cell proliferation by carboplatin was markedly
enhanced by ripretinib (Figures 7C and 7D). By contrast, ripretinib
did not show significant enhancement of carboplatin-mediated in-
hibition upon monoculture of cancer cells (Figure 7E), indicating
that ripretinib inhibits OCCC growth via CAF suppression.
Finally, we examined the effect of combined treatment with
carboplatin and ripretinib on OCCC xenografts. The cancer
spheroids and CAFs used in the co-culture assays were mixed
ata 1:1 ratio and transplanted subcutaneously into immunocom-
promised NOG mice. Notably, ripretinib in combination with car-
boplatin led to marked inhibition of tumor growth (Figures 7F,
S8C, and S8D).
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According to our model, ripretinib inhibits growth of chemore-
sistant OCCC by inhibiting CAF. Therefore, we predicted that a
fraction of the HIF-1a-positive cancer cells would be reduced
in the presence of ripretinib. Indeed, we observed a marked
reduction in a fraction of HIF-1a-positive cancer cells (Figures
7G and 7H) as well as a-SMA-positive CAFs (Figure S8E) after
treatment.

We could generate xenografted tumors when only the cancer
spheroids were used for the transplantation. We observed
extensive infiltration of «-SMA-positive cells in the generated tu-
mors (Figure S8F), suggesting that host-derived CAFs were also
capable of interacting with xenografted cancer cells. Indeed, rip-
retinib enhanced the inhibition of tumor growth by carboplain
(Figure S8G). Collectively, these data indicate that CAF inhibition
is an effective treatment that eliminates chemoresistant OCCC
when combined with standard chemotherapy agents.

DISCUSSION

Recent progress in spatial transcriptomics and other spatial
omics technologies has enabled visualization of the molecular
architecture of cancer tissues in histological samples.”® The
spatial location of cell populations of interest can be inferred
by integrating spatial transcriptomics with single-cell gene
expression analyses.'®?%?” Here, we exploited the power of
this integrative approach to determine the spatial localization
of regions associated with OCCC chemoresistance. These
studies, in combination with multicolor immunostaining, re-
vealed that chemoresistance is associated with regions in which
HIF-1a-activated cancer cells co-localize with myCAFs and that
expansion of these cells profoundly affects the prognosis of
OCCC patients.

Integrative analyses of snRNA-seq and the spatial transcrip-
tome are descriptive in nature; therefore, we used an in vitro
co-culture system to functionally validate the importance of
interactions between cancer cells and CAFs. Previously, we
established spheroid cultures from clinical specimens of
HGSOC and colorectal cancer and investigated their biological
characteristics.?®*' By applying a similar method, we estab-
lished spheroid cultures from surgical specimens of OCCC and
showed that OCCC-derived CAFs confer chemoresistance

Figure 5. Co-cultivation of CAFs with chemoresistant OCCC cells recapitulates the chemoresistant niche in vitro

(A) Experimental design of the in vitro co-culture system. Cancer spheroid cells and CAFs were derived from surgical specimens of HIF-1a-positive OCCC. The
established cancer cells and CAFs were labeled with GFP/Luc2 and mCherry/hRluc, respectively; cultivated either alone or in combination; and subjected to a
chemosensitivity assay, scRNA-seq, or drug screening.

(B) Bright-phase images (top) and fluorescence images (bottom) of the indicated cells cultivated under organoid conditions for 7 days. Scale bars, 100 pm.
(C) Survival of CAFs upon monoculture or co-culture with cancer cells (OVN-48) for 7 days. Cultured cells were grown in the absence or presence of the indicated
concentrations of carboplatin, and cell survival was evaluated by measuring hRLuc activity. The data are presented as mean + SD (n = 3). p values were
determined by Student’s t test. **p < 0.001.

(D) Western blot analyses of cancer cells that were sorted by fluorescence-activated cell sorting (FACS) after incubation under monoculture or co-culture
conditions for 3 days.

(E) Representative image of immunostaining of HIF-1a and «-SMA in cancer cells and CAFs co-cultured for 3 days. Scale bars, 100 pm.

(F) Cancer cell growth (OVN-48) upon monoculture or co-culture with CAFs for 7 days. Cultured cells were grown in the absence or presence of the indicated
concentrations of carboplatin, and cancer cell proliferation was evaluated by measuring Luc2 activity (n = 3). **p < 0.001.

(G) UMAP plot of scRNA-seq data from cancer cells (OVN-48) and CAFs incubated under monoculture and co-culture conditions for 3 days.

(H) Violin plots of the signature scores for the cancer subpopulations (Cancer #1-6) grown under the monoculture and co-culture conditions in (G).

() Violin plots of the indicated signature genes in CAFs grown under the monoculture and co-culture conditions shown in (G). Statistically significant differences
are indicated: ***p < 0.001.
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Figure 6. CAF activation by cancer-derived PDGF mediates chemoresistance and HIF-1a activation of cancer cells

(A) Western blot analysis of GFP-labeled cancer cells (OVN-48) and mCherry-labeled CAFs with the indicated antibodies.

(B) Western blot analysis of CAFs, grown under monoculture or co-culture conditions for 3 days with the indicated antibodies. Note that a PDGFRB level was
reduced under co-culture conditions, presumably via negative feedback regulation.?”

(C) Western blot analyses of CAFs treated with 40 nM PDGFB for 3 days.

(D) Relative growth of CAFs treated with different concentrations of PDGFB for 7 days. The data are presented as mean + SD (n = 3). p values were determined by
Student’s t test. **p < 0.01, **p < 0.001.

(E) Western blot analyses of CAFs subjected to Cas9/CRIPSR-mediated knockout with the indicated sgRNAs.

(F) Relative growth of CAFs transduced with the indicated sgRNA and then treated with 20 nM of PDGFB for 7 days. The data are presented as mean + SD (n = 3).
p values were determined by Student’s t test. Statistically significant differences are indicated. **p < 0.01.

(G) Western blot analyses of control and PDGFRB-deficient CAFs that were FACS-sorted on mCherry after incubation with cancer cells for 3 days.

(H) Survival of control and PDGFRB-deficient CAFs that were incubated with cancer cells for 7 days (n = 3). **p < 0.01, ***p < 0.001.

(I) Western blot analysis of cancer cells that were FACS-sorted on GFP after incubation for 3 days with control or PDGFRB-deficient CAFs. p values were
determined by Student’s t test. Statistically significant differences are indicated: **p < 0.01, ***p < 0.001.

(J) Proliferation of cancer cells cultured for 7 days with control or PDGFRB-deficient CAFs in the presence of the indicated concentrations of carboplatin (n = 3).
***p < 0.001.
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Figure 7. CAF inhibition by ripretinib blocks growth of OCCC in combination with carboplatin
(A) Inhibition of CAFs cultured for 7 days grown on attachment culture conditions in the presence of the indicated TKls or carboplatin (1 puM). The data are
presented as mean + SD (n = 3). p values were determined by Student’s t test. Statistically significant differences are indicated: *p < 0.05, **p < 0.01.

(legend continued on next page)
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in vitro. Further investigations at the molecular level revealed that
cancer-derived PDGF activates CAFs, which, in turn, induce
HIF-1a signaling and chemoresistance in OCCC.

CAFs are involved in cancer progression through interaction
with cancer cells and other cell types in the tumor microenviron-
ment.”® Although CAFs are regarded as potential therapeutic
targets due to their cancer-promoting roles, effective cancer
therapy targeting them is not yet established.? This may be
due to the heterogeneity of CAFs; there are cancer-promoting
and -inhibiting populations, and the biological characteristics
of a targetable cancer-promoting CAF subpopulation are not
well defined.”**

In this study, we demonstrate that CAF inhibition by ripretinib
acts co-operatively with standard chemotherapy to inhibit
OCCC tumor growth both in in vitro co-culture assays and in vivo
mouse xenografts. It is noteworthy that, because of frequent
oncogenic mutations in PIK3CA and other genes affecting phos-
phatidylinositol 3-kinase-AKT signaling in OCCC, clinical trials
have been conducted to examine the efficacy of some TKI inhib-
itors.'*® However, the TKls used in these trials are intended to
directly inhibit proliferation of cancer cells. On the other hand,
our data indicate that ripretinib is capable of inhibiting PDGFR
activation and survival of CAFs, although the compound may
also affect OCCC cells. Considering that the presence of CAFs
confers chemoresistance, TKI-mediated inhibition of CAFs
may be exploited to overcome OCCC chemoresistance.

It is not clear why ripretinib was better at inhibiting CAFs than
other TKis, but it may be attributed to extensive suppression of
PDGFR isoforms and/or related kinases. Indeed, ripretinib blocks
PDGFRA (the subunit o isoform), KIT, and BRAF in addition to
PDGFRB (the subunit B isoform).>* The effectiveness of CAF-tar-
geting therapy may also reflect the dominance of cancer-promot-
ing populations within OCCC. In any case, our data suggest that
CAF-targeting cancer therapy may be applicable to other types of
cancers in which CAFs play a growth-promoting role.

Another salient finding of our study is that CAF activates
HIF-1o. in a neighboring chemoresistant subpopulation of
OCCC. HIF-10. is activated under hypoxic conditions,**"*° after
which its plays an essential role in progression and chemoresist-
ance of a variety of cancers, including EOC.>"*® By contrast, our
data indicate that HIF-1a is induced in OCCC only when culti-
vated together with CAFs, suggesting that diffusible signals
from activated CAFs, not hypoxia itself, induce HIF-1a in
OCCC. For example, the induction of HIF-1a may be attributable
to cytokines, exosomes, or metabolic products expressed in

Cell Reports Medicine

activated CAFs. Alternatively, it may be attributable to metabolic
products. Importantly, HIF-1a. is capable of transactivating
PDGFB,*° suggesting that activation of HIF-1a leads to forma-
tion of a positive feedback loop between HIF-1a-activated
OCCC and CAFs in which PDGFR signaling is activated. HIF-
1a induction is associated with chemoresistance from various
cancers,”® and our data suggest that the feedback loop forma-
tion between cancer cells and CAFs mediates chemoresistance
via HIF-1a induction.

In summary, we show that cancer cell-CAF interactions consti-
tute a chemoresistant niche in the tumor microenvironment of
OCCC. Although we focused on CAF functions in this paper,
our data do not exclude the possibility that other non-tumor cells,
such as macrophages or tumor-infiltrating lymphocytes, also
participate in cancer chemoresistance. Comprehensive analyses
of the tumor microenvironment, such as neighborhood analyses
using multiplexed imaging, “° will be needed to fully map the com-
plex cell-cell interactions within the tumor microenvironment.

Limitations of the study

To fully establish the functional importance of the interaction be-
tween cancer cells and CAFs, a comprehensive co-culture study
using a variety of patient-derived cancer spheroids and CAFs is
required. In this report, only one CAF and two cancer spheroids
were used, mainly due to the difficulty of establishing and ex-
panding patient-derived cells from OCCC. In future, it would
be desirable to (1) develop methods to efficiently establish and
expand patient-derived cancer spheroids and CAFs from
OCCC, (2) firmly establish the functional significance of the can-
cer cell-CAF interaction, and (3) exploit the established co-cul-
ture system to elucidate the molecular basis of the interaction.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Clinical samples
o Establishment of tumor-derived spheroids and CAF
o Animal experiments
e METHOD DETAILS

(B) Inhibition of CAFs by ripretinib. CAFs co-cultured with cancer cells under co-culture conditions were treated with the indicated concentrations of ripretinib and
carboplatin for 7 days (n = 3). ***p < 0.001.

(C) Co-operative inhibition of the growth of co-cultivated cancer cells (OVN-48) by ripretinib and carboplatin. Cancer cells co-cultured with CAFs were treated for
7 days with the indicated concentrations of ripretinib and carboplatin.

(D) Fluorescence images of cancer cells and CAFs co-cultured for 7 days in the presence or absence of 100 uM carboplatin and/or 5 uM ripretinib. Scale bars,
100 pm.

(E) Cancer cells grown under monoculture conditions were treated with the indicated concentrations of ripretinib and carboplatin for 7 days (n = 3). *p < 0.05.
(F) Xenografted tumors (OVN-48, 49 days after co-transplantation of cancer cells and CAFs) were treated with the indicated combinations of carboplatin and/or
ripretinib, and tumor volume (mean + standard error of the mean) was measured weekly (n = 8). **p < 0.001.

(G) Immunostaining of xenograft tumors (78 days post transplantation) with HIF-1a.. Magnified images are shown on the right. Scale bars, 500 pm (right) and
100 pm (left).

(H) Boxplots showing the percentage fraction of HIF-1a-positive cancer cells in the tumor tissues shown in (G). Average values + SEM are shown. p values were
determined by Student’s t test. Statistically significant differences are indicated: *p < 0.05, **p < 0.01, **p < 0.001.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-human PAX8

Mouse anti-human Cytokeratin 7
Mouse anti-human o-SMA
Rabbit anti-human Collagen |
Mouse anti-human B-Actin
Rabbit anti-human HIF-1a
Rabbit anti-human HIF-2a
Rabbit anti-human PDGFB
Rabbit anti-human Fibronectin
Rabbit anti-human PDGFRf3
Rabbit anti-human PDGFR@ (phospho Y1021)
Rabbit anti-human FAP-a

Goat Anti-Rabbit IgG Antibody (H + L),
Biotinylated

Donkey anti-rabbit IgG Alexa Fluor 750
Goat anti-mouse IgG Alexa Fluor 555

Proteintech

Dako

Abcam

Abcam
Sigma-Aldrich
Abcam

Abcam

Abcam

Abcam

Cell Signaling Technology
Abcam

Abcam

Vector Laboratories

Abcam
Thermo Fisher Scientific

Cat# 10336-1-AP, RRID: AB_2236705
Cat# M7018, RRID: AB_2134589
Cat# ab7817, RRID: AB_262054
Cat# ab138492, RRID: AB_2861258
Cat# A5316, RRID: AB_476743
Cat# ab51608, RRID: AB_880418
Cat# ab199, RRID: AB_302739
Cat# ab23914, RRID: AB_2162180
Cat# ab268020, RRID: AB_2941028
Cat# 3169, RRID: AB_2162497
Cat# ab16868, RRID: AB_302554
Cat# ab53066, RRID: AB_880077
Cat# BA-1000, RRID: AB_2313606

Cat# ab175728, RRID: AB_2924801
Cat# A-21424, RRID: AB_141780

Rabbit anti-human FAP-o Abcam Cat# ab227703
Biological samples
Ovarian clear cell carcinoma tissue samples National Cancer Center Japan, N/A

Niigata University
Mouse xenograft tumors National Cancer Center Japan N/A
Chemicals, peptides, and recombinant proteins
ProLongTM Diamond Antifade Thermo Fisher Scientific Cat# P36971

Mountant with DAPI
3,3’-diaminobenzidine

Nuclei EZ Lysis buffer
Recombinant RNase Inhibitor
Collagenase/hyaluronidase
Histodenz

ACK Lysing Buffer
STEMPRO hESC SFM

basic fibroblast growth factor
Accumax

MEM-a.

Fetal Bovine Serum

TripLE Express Enzyme
DMEM/F12-GlutaMAX
HEPES

N-2 Supplement

B-27 supplement

Human EGF
N-acetylcysteine

Growth Factor Reduced Matrigel
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Sigma-Aldrich
Sigma-Aldrich
Clontech/TaKaRa
Stemcell Technologies
Sigma-Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Innovative Cell Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Corning

Cat# D12384
Cat# NUC-101
Cat# 2313A
Cat# 7912

Cat# D2158
Cat# A1049201
Cat# A1000701
Cat# AA10-155
Cat# AM105
Cat# 12561-5
Cat# 10270106
Cat# 12604013
Cat# 10565-042,
Cat# 15630106
Cat# 17502-001
Cat# 17504-001
Cat# PHG0313
Cat# A7250
Cat# 356231
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REAGENT or RESOURCE SOURCE IDENTIFIER
Cell Recovery Solution Corning Cat# 354253
Human Recombinant PDGFB Fuji Film Wako Cat# 160-24033
Carboplatin Selleck Chemicals Cat# S1215
CP-673451 Selleck Chemicals Cat# S1536
Sorafenib Selleck Chemicals Cat# S7397
Imatinib Selleck Chemicals Cat# S2475
Regorafenib Selleck Chemicals Cat# S1178
Tivozanib Selleck Chemicals Cat# S1207
Pazopanib Selleck Chemicals Cat# S3012
Axitinib Selleck Chemicals Cat# S1005
Sunitinib Selleck Chemicals Cat# S7781
Nintedanib Selleck Chemicals Cat# S1010
Lenvatinib Selleck Chemicals Cat# S1164
Ripretinib Selleck Chemicals Cat# S8757
Alexa Fluor™ 488 Tyramide Reagent Thermo Fisher Scientific Cat# B40953

ProLong Glass Antifade Mountant

Thermo Fisher Scientific

Cat# P36984

Critical commercial assays

Vectastain Elite ABC detection kit
Chromium Single Cell 3’ Reagent Kit v3
Visium Spatial Tissue Optimization Kit
3’ CellPlex Kit Set A

Vector Laboratories
10x Genomics
10x Genomics
10x Genomics

Cat# PK-6100

Cat# PN-1000075
Cat# PN-1000193
Cat# PN-1000261

DNeasy Blood & Tissue kit Qiagen Cat# 69504
SureSelectXT reagent kit Agilent Cat# G9611A
SureSelect NCC Oncopanel Agilent Cat# 931195
Dual Luciferase Reporter Assay System Promega Cat# E1960
CellTiter-Glo Luminescent Cell Viability Assays Promega Cat# G7571
Opal 6-Plex Detection kit Akoya Biosciences Cat# NEL871001KT
Deposited data

Ovarian clear cell carcinoma in vitro scRNA-seq data Gene Expression Omnibus GSE224333
Ovarian clear cell carcinoma snRNA-seq data Gene Expression Omnibus GSE224334
Ovarian clear cell carcinoma visium data Gene Expression Omnibus GSE224335
Experimental models: Organisms/strains

NOD/Shi-scid IL-2Rynull mice Japan Crea N/A

Oligonucleotides

Edit-R Synthetic sgRNA Non-targeting Control #1
Edit-R Human Synthetic sgRNA pool for PDGFRB

Dharmacon-Horizon Discovery
Dharmacon-Horizon Discovery

Cat# U-009501-01-001p
Cat# SQ-003163-01-0002

Recombinant DNA

pCDH-CMV-MCS-EF1a-copGFP
pGL4.51[luc2/CMV/Neo]

pcDNAS-MTS-TagBFP-P2AT2A-EGFP-
NLS-P2AT2A-mCherry-PTS1

pGL4.74[hRIuc/TK]

System biosciences
Promega
Addgene

Promega

Cat# CD511B-1
Cat# E1320
Cat# 87829

Cat# E6921

Software and algorithms

CellRanger version 3.0.2
SpaceRanger version 1.1.0
cisCall

CellRanger version 6.1.2
Seurat version 3.2.2

10x Genomics

10x Genomics

Kato et al.”’

10x Genomics

Butler et al.*?; Stuart et al.'®

https://www.10xgenomics.com
https://www.10xgenomics.com
https://www.ciscall.org/
https://www.10xgenomics.com
https://github.com/satijalab/seurat

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

InferCNV version 1.5.0 N/A https://github.com/broadinstitute/inferCNV
escape version 1.8.0 N/A https://github.com/ncborcherding/escape
clusterProfiler Yuetal.*® https://github.com/YuLab-SMU/clusterProfiler
VIPER version 1.30.0 Alvarez et al.** https://www.bioconductor.org/packages/

DoRothEA version 1.6.0

survival

Garcia-Alonso et al.*®

release/bioc/html/viper.html
https://github.com/saezlab/DoRothEA

Therneau and Grambsch*® https://cran.r-project.org/web/packages/
survival/index.html

igraph N/A https://CRAN.R-project.org/package=igraph
NicheNet Browaeys et al.*’ https://github.com/saeyslab/nichenetr
QuPath Bankhead et al.*® https://qupath.github.io/

StarDist Schmidt et al.*? https://github.com/stardist/stardist
CytoMAP Stoltzfus et al.*° https://gitlab.com/gernerlab/cytomap

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Koji Oka-
moto (okamoto.kouji.dm@teikyo-u.ac.jp).

Materials availability
Plasmid vectors generated in this study are available from the lead contact upon request with a materials transfer agreement.

Data and code availability

Accession numbers of RNA-seq data (GSE224333, GSE224334, GSE224335) are listed in the key resources table. This paper does
not report original code. Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical samples

All procedures were performed using protocols reviewed and approved by the Ethics Committee of Teikyo University, Niigata Uni-
versity, and the National Cancer Center. All participants provided informed consent. For the snRNA-seq and spatial transcriptomics,
surgical specimens were obtained from patients between the ages of 44-72 (median age: 56), and their baseline characteristics was
provided in Table S1. For the Vectra multi-color analyses, surgical specimens were obtained from patients between the ages of 25-78
(median age: 55). Isolated surgical specimens were stored in at —80°C, subjected to formalin-fixed paraffin-embedded (FFPE) an-
alyses, or used for establishment of cancer spheroids or CAFs.

Establishment of tumor-derived spheroids and CAF

To establish patient-derived cancer spheroids (OVN-48 and OVN-43), OCCC tissues obtained by surgical excision were washed
immediately with PBS, cut into ~10 mm?® pieces using a scalpel, and dissociated with collagenase/hyaluronidase (#7912, Stem
Cell Technologies) for 2 h at 37°C. Dissociated cells were filtered sequentially through 100- and 70-um cell strainers (352350,
BD Falcon) and isolated by density gradient centrifugal purification in PBS containing Histodenz (D2158, Sigma).?® After lysis of
red blood cells with ACK Lysing Buffer (A1049201, Thermo Fisher Scientific), the isolated cells were used to establish cancer
spheroids by cultivating them on ultra-low-attachment culture dishes (#3471 or #3262, Corning) in STEMPRO hESC SFM
(A1000701, Thermo Fisher Scientific) supplemented with 8 ng/mL basic fibroblast growth factor (#AA10-155, Thermo Fisher Sci-
entific) and penicillin/streptomycin (37°C, 5% CO.,). Serial passage of formed cancer spheroids was performed every 2 weeks by
dissociating the spheroids with Accumax (AM105, Innovative Cell Technologies). To establish CAF cultures, the red blood cell-
removed Histodenz-purified cells were grown on attachment culture dishes (#35003, Corning) in MEM-a. (#12561-05, Thermo
Fisher Scientific) containing 10% FBS (#10270106, Thermo Fisher Scientific) and penicillin/streptomycin (37°C, 5% CO,). For serial
passage of established CAFs, attached cells were dissociated with TripLE Express Enzyme (#12604013, Thermo Fisher Scientific)
every 2 weeks.
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Animal experiments

All procedures of mouse experiments were performed using protocols reviewed and approved by the Institutional Animal Care and
Use Committee of Teikyo University and the National Cancer Center. To examine the synergistic effects of Carboplatin and Ripretinib
on xenograft tumors, Luc2-GFP-labeled cancer spheroid cells and HRIuc-mCherry-labeled CAFs were dissociated and mixed at a
1:1 ratio. Next, 1 x 10° mixed cells were suspended in 100 uL of E medium containing 50% GFR Matrigel, and injected subcutane-
ously into the flanks of NOG (NOD/Shi-scid IL-2Rynull) mice (Japan Crea). At 49 days post-transplantation (tumor volume:
~100 mm®), mice were randomized into four groups and with/without Carboplatin (40 mg/kg per week, intraperitoneal injection)
and/or Ripretinib (50 mg/kg/day, oral administration) for an additional 28 days. Tumor volume was calculated weekly using the stan-
dard formula: length x width x height x 7/6). Evaluation of tumor volume according to luciferase activity was performed using the
IVIS Spectrum imaging system (Caliper Life Science), which measured total luminescence emitted from the area of the mouse
abdomen (photons/sec/cm2/sr) at 10 min post-intraperitoneal administration of 15 mg/mL D-luciferin potassium salt (10 uL per
1 g body weight, Wako). The data were analyzed using Living Image software (v. 4.2; Caliper Life Science).

METHOD DETAILS

Nucleus isolation

Frozen OCCC samples were homogenized in 500 pL of ice-cold Nuclei EZ Lysis buffer (NUC-101, Sigma-Aldrich) using a KIMBLE
Dounce tissue grinder (D8938, Sigma-Aldrich), and incubated on ice for 5 min with an additional 1 mL of the lysis buffer. The homog-
enate was filtered through a 70-um cell strainer (#352350, Corning) and then centrifuged at 500xg for 1 min at 4°C. The pellet was
resuspended, washed with 1 mL of Lysis buffer, and incubated on ice for 5 min. After another cycle of washing with Lysis buffer, the
pellet was washed twice in 1 mL of Nuclei Suspension Buffer (1x PBS, 1% BSA, and 0.2% RNase inhibitor (2313A, Clontech/
TaKaRa)). The nuclear pellet was resuspended in 1 mL of Nuclei Suspension Buffer and filtered twice through a 35-um cell strainer
(#352235, Corning).

Single-nucleus RNA-seq (snRNA-seq)

For snRNA-seq of OCCC tissues, cDNA libraries were prepared from isolated nuclei (4000-8000 nuclei) on Chromium controller (10X
Genomics) using the Single Cell 3’ Reagent Kit v3 (PN-1000075, 10X Genomics). Next-generation sequencing of the cDNA libraries
was performed on the HiSeq 2500 (lllumina) platform at a median depth of 65,124 reads/cell. Fastq files of the sequencing data were
processed by the cellranger pipeline (version 3.0.2, 10X Genomics) and mapped to the GRCh38 (version 3.0.0 for premRNA) refer-
ence genome to generate matrices of unique molecular identifier (UMI) and cell-associated barcodes.

Spatial transcriptomics

Frozen OCCC samples were embedded in pre-chilled OCT compound (#25608-930, Sakura Finetek Japan Co., Ltd.), re-frozen on
dry ice, and then stored at —80°C. Preparation of cDNA libraries from the tissue sections was performed using a Visium Spatial Gene
Expression kit (10X Genomics) according to the manufacturer’s instructions. Optimal parameters for permeabilization of OCCC tis-
sue were determined using the Visium Spatial Tissue Optimization Kit (PN-1000193; 10x Genomics). Subsequently, 10 pm sections
cut from OCT-embedded samples were subjected to H&E staining and cDNA library preparation from barcoded Visium spots after
permeabilization for 20 min. Next-generation sequencing was performed on a HiSeq 2500 (lllumina) platform. Fastq files of the
sequencing data were processed by the spaceranger pipeline (version 1.1.0., 10X Genomics) and mapped to the GRCh38 reference
genome to generate matrices of UMI and spot-associated barcodes.

Targeted genome sequencing

Genomic DNA was extracted from frozen OCCC tissues using a DNeasy Blood & Tissue kit (#69504, Qiagen) prior to selection of
targeted sequences using the SureSelect NCC Oncopanel (v.4.0; Agilent Technologies). The captured sequences were subsequently
used to construct libraries using a SureSelectXT reagent kit (Agilent Technologies). Paired-end sequencing (2 x 150 bp) was per-
formed by using NextSeq 500 (lllumina). Mutations (single-nucleotide variations, and short insertions, and deletions), gene amplifi-
cations, and gene fusions, were detected using the cisCall system.*'

Bulk RNA-seq analysis

Total RNA extraction and library preparation were performed as previously reported.®’ Briefly, total RNA was extracted from frozen
samples of OCCC (30 cases) using TRIzol (#15596026, Invitrogen), and then subjected to cDNA library preparation by using a TruSeq
Stranded mRNA Library Prep Kit (RS-20020595, lllumina), according to the manufacturer’s instructions. Subsequently, cDNA li-
braries were sequenced on the lllumina HiSeq 2500 platform with the 2 x 100-bp paired-end read module. Sequenced reads
were mapped onto the human genome reference sequence (UCSU hg19) using Basespace (lllumina).

Plasmid construction

To generate the pCDH-Luc2-T2A-copGFP plasmid, the Luc2-T2A-copGFP cassette was initially generated by ligating a synthe-
sized T2A sequence to Luc2 (PCR-amplified from pGL4.51[Luc2/CMV/Neo] (Promega, E1320)) and copGFP (PCR-amplified from
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pCDH-CMV-MCS-EF1a-copGFP (System biosciences, CD511B-1)). Subsequently, the Luc2-T2A-TagBFP sequence in pCDH-
Luc2-T2A-TagBFP?® was substituted with the Luc2-T2A-copGFP cassette via the EcoRl and Sall sites to generate pCDH-
Luc2-T2A-copGFP. To generate the pCDH-hRIuc-T2A-mCherry plasmid, the hRIuc-T2A-mCherry cassette was first generated
by ligating the synthesized T2A sequence with hRluc (PCR-amplified from pGL4.74[hRIuc/TK] (Promega, E6921)) and mCherry
(PCR-amplified from pcDNA5-MTS-TagBFP-P2AT2A-EGFP-NLS-P2AT2A-mCherry-PTS1 (Addgene, #87829)). Subsequently,
pCDH-hRIluc-T2A-mCherry was generated from pCDH-Luc2-T2A-TagBFP using a similar construction strategy. The pCDH-
Luc2-T2A-copGFP and pCDH-hRIuc-T2A-mCherry plasmids were used to generate lentiviruses for gene transduction into cancer
cells and CAF, respectively.

In vitro co-culture assay

OCCC spheroid cells and CAF were infected by lentiviruses expressing Luc2 and GFP (pCDH-Luc2-T2A-copGFP), and lentiviruses
expressing hRLuc and mCherry (oCDH-hRLuc-T2A-mCherry), respectively. For co-culture, the infected spheroid cells and CAF were
mixed at 1:1 ratio. Subsequently, monocultured cancer cells, monocultured CAF, or co-cultured cells were plated into a 96-well plate
(1 x 10* cells/well) layered with growth factor-reduced (GFR) Matrigel (#356231, Corning), and then incubated for 6 h with MEM-a.
supplemented with 10% FBS. After removing floating dead cells, the remaining cells were overlaid with GFR Matrigel and, subse-
quently, with E medium (DMEM/F12-GlutaMAX (#10565-042, Thermo Fisher Scientific)) supplemented with penicillin-streptomycin,
10 mM HEPES (#15630106, Thermo Fisher Scientific), N-2 Supplement (#17502-001, Thermo Fisher Scientific), B-27 supplement
(#17504-001, Thermo Fisher Scientific), 1 mM N-acetylcysteine (A7250, Sigma-Aldrich), and 50 ng/mL human EGF (PHG0313,
Thermo Fisher Scientific)). For the chemosensitivity assay, monocultured or co-cultured cells were treated with Carboplatin
(81215, Selleck Chemicals). Cell growth was evaluated using a dual luciferase reporter kit (E1960, Promega). For western blot anal-
ysis, cultivated cells were harvested with Cell Recovery Solution (#354253, Corning) and GFP-expressing cancer cells and mCherry-
expressing CAFs were selected by flow cytometry (FACS Aria lll, Beckton Dickinson, Franklin Lakes, New Jersey).

Single-cell RNA-seq (scRNA-seq) of in vitro-cultivated cells

Monoculture and co-culture of cancer cells and CAF (3 days after incubation) were used to prepare single-cell cDNA libraries. For
this, 3000-6000 cells were applied to a Chromium controller (10X Genomics). Library construction was performed using the Single
Cell 3’ Reagent Kit v3 and 3’ CellPlex Kit Set A (10X Genomics), according to the manufacturer’s instructions. Next-generation
sequencing of the cDNA libraries was performed using a HiSeq 2500 (lllumina). Fastq files of the sequencing data were processed
by the cellranger pipeline (version 6.1.2, 10X Genomics) using the command “cellranger multi”, and then mapped onto the GRCh38
reference genome to generate matrices of UMI and cell-associated barcodes.

In vitro proliferation assays of CAF

To examine the chemosensitivity of CAF, in vitro-cultivated CAFs at Day 7-10 post-passage were enzymatically dissociated and used
for chemosensitivity assays. The following TKIs were purchased from Selleck Chemicals and used for the assay: CP-673451 (S1536),
Sorafenib (S7397), Imatinib (S2475), Regorafenib (S1178), Tivozanib (S1207), Pazopanib (S3012), Axitinib (S1005), Sunitinib (S7781),
Nintedanib (S1010), Lenvatinib (S1164), and Ripretinib (S8757). Human recombinant PDGFB (160-24033, Fuji Film Wako) was used
to examine the effects of PDGF signaling on CAF. The effects of TKls or PDGFB on cell growth were quantified by measuring lucif-
erase activity in a CellTiter-Glo Luminescent Cell Viability Assay (G7571, Promega) according to the manufacturer’s instructions.

CRISPR/Cas9-mediated gene knockout

CAFs grown for 7-10 days after passaging were enzymatically dissociated and subjected to Cas9-mediated gene knockout using the
Neon Transfection System (Thermo Fisher Scientific), according to the manufacturer’s instructions. The sgRNA/Cas9 complex
formed after mixing Cas9 protein (Invitrogen) with Edit-R Human Synthetic sgRNA pool for PDGFRB (SQ-003163-01-0002,
Dharmacon-Horizon Discovery) or Edit-R Synthetic sgRNA Non-targeting Control #1 (U-009501-01-001p, Dharmacon-Horizon Dis-
covery) was used for electroporation (1600 V, 10 ms, two pulses).

Western blot analyses

Western blot analyses were performed as previously described.*° Antibodies specific for the following markers were purchased from
the indicated suppliers: PAX8 (10336-1-AP, Proteintech; dilution, 1:2000), Cytokeratin 7 (M7018, Dako; 1:1000), a-SMA (ab7817,
abcam; 1:3000), Collagen | (ab138492, abcam; 1:1000), B-Actin (A5316, Sigma-Aldrich; 1:1000), HIF-1a (ab51608, abcam;
1:1000), HIF-2a (ab199, abcam; 1:1000), PDGFB (ab23914, abcam; 1:1000), Fibronectin (ab268020, abcam; 1:1000), PDGFRB
(#3169, Cell Signaling Technology; 1:1000), PDGFRB (phospho Y1021; ab16868, abcam; 1:1000), FAP-« (ab53066, abcam; 1:1000).

Immunofluorescence analysis of clinical specimens

To immunostain clinical samples of OCCC, surgical specimens were fixed in 10% formaldehyde, embedded in paraffin, and sliced
into 4-um sections. For histological examination, sections were stained with H&E. For immunofluorescence analyses, sections were
subjected to antigen retrieval with 10 mM citric acid buffer (pH 6.0), followed by blocking of endogenous peroxidase activity with
0.3% hydrogen peroxide. For co-staining with PAX8, HIF-1a, and a-SMA, slides were stained sequentially with a rabbit anti-PAX8
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antibody (1:1000; Proteintech, 10336-1-AP), biotinylated-goat anti-rabbit IgG (1:500; Vector Laboratories, BA-1000), the Vectastain
Elite ABC detection kit (Vector Laboratories, PK-6100), and Alexa Fluor 488 Tyramide Reagent (Invitrogen, B40953). For consecutive
staining with anti-HIF-1a and anti-a-SMA antibodies, slides were boiled in 10 mM citric acid buffer (pH 6.0) for >15 min to remove the
PAX8-secondary antibody complex. Slides were then stained with a rabbit anti-HIF-1a. antibody (1:100; abcam, ab51608) and a
mouse anti-«-SMA antibody (1:600; abcam, ab7817), followed by donkey anti-rabbit IgG AlexaFluor 750-conjugated (1:1000; ab-
cam, ab175728) or goat anti-mouse IgG- AlexaFluor 555-conjugated (1:1000; Invitrogen, A21424) secondary antibodies. The immu-
nostained slides were then mounted using ProLong Diamond Antifade Mountant containing DAPI (Invitrogen, P36971). The same
procedure was used for immunostaining with anti-KRT7, anti-a-SMA, and anti-PDGFRB (phospho Y1021) antibodies (Figure S7B).
Antibodies specific for the following markers were purchased from the listed suppliers: cytokeratin 7 (M7018, Dako, 1:100), a-SMA
(ab7817, abcam, 1:600), and PDGFRB (phospho Y1021) (ab16868, abcam, 1:100). Immunofluorescence images were evaluated by
Vectra Polaris (Akoya Biosciences).

Immunofluorescence analysis of in vitro-cultivated cells

Cancer cells under monoculture conditions or under co-culture conditions with CAF were plated on GFR Matrigel-coated glass-bot-
tom dishes (D11140H, Matsunami Glass Ind.), fixed with cold methanol, and permeabilized with 0.1% Triton X-(Sigma-Aldrich). After
blocking with 5% BSA, fixed cells were incubated with rabbit anti-HIF-1¢. (1:100; abcam, ab51608) and mouse anti-a-SMA (1:600;
abcam, ab7817) antibodies, followed by donkey anti-rabbit IgG AlexaFluor 750-conjugated (1:1000; abcam, ab175728) or goat anti-
mouse IgG AlexaFluor 555-conjugated (1:1000; Invitrogen, A21424). Subsequently, cells were mounted in ProLong Diamond Anti-
fade Mountant with DAPI (Invitrogen, P36971). Fluorescence images were taken under a Keyence BZ-800 Microscope (Keyence).

Immunohistochemical staining

Clinical tumor samples and mouse xenograft tumors were fixed in neutral formalin and embedded in paraffin. Immunohistochemical
staining was performed as previously described.*° Briefly, sections were used for H&E staining or immunostaining with primary anti-
FAP-o,(ab53066, abcam, 1:100), anti-HIF-10.(ab51608, abcam, 1:100) or anti-a-SMA (ab7817, abcam, 1:500) antibodies, followed by
staining with biotinylated secondary antibodies (Vector Laboratories) and incubation with The Vector stain ABC kit (PK6100, Vector
Laboratories) and 3,3'-diaminobenzidine (D12384, Sigma). For evaluation of HIF-1a staining, positive cells in four representative
areas were counted using Hybrid Cell Count software (Keyence).

Multi-color immunostaining by Vectra Polaris

For multi-colored immunofluorescence, formalin fixed paraffin-embedded sections (4-um) were stained on a BondRX automated
stainer (Leica) with Opal 6-Plex Detection kit (Akoya Biosciences, NEL871001KT) according to the manufacturers’ instructions. After
deparaffinization, slides were subjected to epitope retrieval with Epitope Retrieval solution 2 (Leica Biosystems, AR9640), incubation
with primary and secondary antibodies (Opal polymer HRP mouse plus rabbit, Akoya Biosciences, NEL871001KT), and tyramide
signal amplification with Opal fluorophores (Table S4). Primary and secondary antibodies were removed during sequential epitope
retrieval steps. Subsequently, slides were counterstained with spectral DAPI and mounted with ProLong Glass Antifade Mountant
(Invitrogen, P36984). Whole slide scanning was performed on a Vectra Polaris multispectral imaging system.

86 cases of OCCC were classified according to the percent of cancer cells expressing HIF-1o and CAFs expressing FAP-a.. Areas
to be analyzed were selected based upon extensive presence of both PAX8-positive cancer cells and a-SMA-positive CAFs, and =3
areas were chosen to calculate the average value of fraction of HIF-1a-positive cells in PAX8 positive cancer cells and FAP-a-positive
cells in a-SMA-positive CAFs. Samples with high level (>10%) or low level (<10%) of HIF-1a-positive fraction of cancer cells were
categorized as HIF-1¢ high or HIF-1a low, respectively. Samples with high level (>80%) or low level (<80%) of FAP-a-positive fraction
of CAFs were categorized as FAP-a high or FAP-a low, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Processing of snRNA-seq data

The gene count matrices were analyzed by Seurat software v3.2.2 running on R v3.6.0. The following cells were removed from the
dataset: cells with >1% mitochondrial gene counts; cells with >6,000 unique featureCounts; and cells with <400 unique feature-
Counts. The gene-barcode matrix of the filtered cells was normalized using ‘LogNormalize’. The top 2,000 variable genes were
then identified using the ‘vst’ method in the Seurat FindVariableFeatures function. All cells from ten OCCC samples were integrated
using the FindintegrationAnchors and the IntegrateData functions of Seurat. After filtering of cells and data integration, a total of
62,673 cells were subjected to scaling using the Seurat ScaleData function. Subsequently, the scaled data were analyzed by PCA
using the Seurat RunPCA function, with npcs = 30 parameters. UMAP plots were generated by the Seurat RunUMAP function,
with dims = 1:30.

Annotation of cell populations in OCCC

To stratify cell populations using the integrated snRNA-seq data, low-resolution clustering was performed using the FindClusters
function, with a resolution of 0.2. To annotate the five classified cell populations, specific marker genes were used to identify cell
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populations corresponding to epithelial cell and non-tumor cell populations (Figure S1C). Annotation of these cell populations was
confirmed by examining expression of various marker genes (Figure S1D).%%%3

Copy number inference from sequencing data

InferCNV (https://github.com/broadinstitute/inferCNV) was used to analyze large-scale chromosome copy number alterations based
on the single-cell sequencing data. The InferCNV pattern in each chromosome was examined in epithelial cells, using non-tumor cells
(CAFs and endothelial cells) as a reference.

Enrichment analysis

To perform ssGSEA of cancer subpopulations, measurement of the signature scores for HALLMARK gene sets®* expressed by each
cancer subpopulation was based upon ssGSEA of the single-nucleus RNA-seq data. ssGSEA was performed using escape (v1.8.0,
http://www.bioconductor.org/packages/release/bioc/vignettes/escape/inst/doc/vignette.html) running on R v4.2.1. To perform GO
enrichment analyses, differentially expressed genes (DEGs) were selected using the FindAllMarkers function in Seurat. Subse-
quently, clusterProfiler®® (v4.2.2) used the DEGs in each subpopulation to identify the top 10 most significant GO terms in biological
processes (BP) categories.

Quantification of transcription factor activity

The activity of major transcription factors in each cell was inferred by VIPER (Virtual Inference of Protein-activity by Enriched Regulon
analysis) v1.30.0 running on R v4.2.1. Transcription factor-target interactions classified as confidence level A (DoRothEA v1.6.0%°)
were used exclusively to calculate VIPER scores. VIPER scores were visualized in violin plots and heatmaps. Transcription factor-
target interactions of the Cancer #2 cluster (shown in Figure S2D) were depicted by the igraph package in R.

Prognosis analysis

The top 20 DEGs that were selected using the FindAlIMarkers function of Seurat were defined as signature genes for each cancer
subpopulation. Surgical specimens of thirty advanced stage OCCC (Stages II-IV) were subjected to bulk RNA-seq analyses, and
the patients were classified into two groups based upon average expression of the signature genes. Kaplan—Meier analysis was per-
formed using the ‘Survival’ package in R to evaluate the prognostic value of cancer cell clusters. p values for overall survival and pro-
gression-free survival were evaluated using a stratified log rank test.

Ligand-receptor interaction analysis

Ligand-receptor interaction analysis based on snRNA-seq data was performed by NicheNet.“" Ligands and receptors were selected
from the DEGs of each cell population using the FindAlIMarkers function in Seurat. The selected ligands form the Cancer #2 subpop-
ulation were used to identify paired receptors from the DEGs of non-tumor cells based on the NicheNet ligand-receptor network. The
Seurat AverageExpression function was used to visualize average expression of the ligands and receptors of each population in
the heatmap. Subsequently, the interaction potential between the selected ligand-receptor pairs was estimated using NicheNet
weighted integrated networks.

t24

Spatial transcriptomics data processing

The Visium spot-gene expression matrices and spatial information of spatial transcriptomics data were imported into Seurat v3.2.0
for downstream analysis. The Sctransform function of Seurat was used to normalize the UMI count in each spot.”® The object was
run through PCA using the Seurat RunPCA function, with npcs = 20 parameters, and UMAP plots were generated by the
Seurat RunUMAP function, with dims = 1:20. Clustering of the Visium spots was performed using the FindClusters function with res-
olution = 20.

Integration of snRNA-seq and spatial transcriptomics data

An anchor-based integration method in Seurat v3.2.0' was used to integrate snRNA-seq and Visium data. Transfer anchors were
detected using the Seurat FindTransferAnchors function, setting the combined snRNA-seq datasets as a reference and one of the
Visium datasets as a query. Following integration, the cluster labels of shnRNA-seq datasets were transferred to the spatial dataset
using the Seurat TransferData function, thereby providing a prediction score for each snRNA-seq cluster per spot.

Processing of scRNA-seq data

The gene count matrices were imported to Seurat software v3.2.2 running on R v3.6.0. The following cells were removed from the
dataset: cells with >10% mitochondrial gene counts; cells with >6,000 unique featureCounts; and cells with <200 unique feature-
Counts. The filtered gene-barcode matrix was normalized using ‘LogNormalize’ in Seurat. Subsequently, the top 2,000 variable
genes were then identified using the ‘vst’ method in the Seurat FindVariableFeatures function. Data obtained from co-cultured
and monocultured cells were merged using the Seurat merge function. After filtering and merging, a total of 8,208 cells were pro-
cessed for the following analysis: The merged object was scaled via the Seurat ScaleData function and run through PCA using
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the Seurat RunPCA function, with npcs = 30. UMAP plots were generated by the Seurat RunUMAP function, with dims = 1:30.
ssGSEA and VIPER analyses were performed as described above.

Image analysis of multiplexed immunofluorescence

QuPath*® (version 0.2.1) was used to measure immunofluorescence intensity in tumor and non-tumor cells. After loading whole im-
ages, cells were segmented using StarDist,””°® and the fluorescence intensity of each cell was measured. Subsequently, cancer
cells and CAFs were identified based on expression of PAX8 and «-SMA, respectively. An identical threshold intensity for immuno-
fluorescence signals was applied for all samples. The centroid distances between a-SMA (+) cells and PAX8 (+)/HIF-1a (+) cells were
estimated using the “Detect centroid distance 2D” command. After annotation of each cell, data were exported into CytoMAP>°
(version 1.4.21) for nearest neighbor analysis.

Statistical analyses of multi-color immunostaining data

Kaplan—-Meier analysis was performed by ‘Survival’ package in R to evaluate the prognostic value of HIF-1a-expressing cancer cell
and FAP-a-expressing CAFs. p-values of overall survival and progression free survival were evaluated by performing a stratified log
rank test. Univariate and multivariate survival analysis was carried out using the Cox proportional hazards regression model. The
average distance from FAP-a-positive cell to nearest HIF-1a -positive/negative cell was calculated as described above.
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