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A hallmark of ovarian high-grade serous carcinoma (HGSC) is its early and

massive peritoneal dissemination via the peritoneal fluid. It is generally

believed that tumor cells must breach the mesothelium of peritoneal organs to

adhere to the underlying extracellular matrix (ECM) and initiate metastatic

growth. However, the molecular mechanisms underlying these processes are

only partially understood. Here, we have analyzed 52 matched samples of

spheroids and solid tumor masses (suspected primary lesions and metastases)

from 10 patients by targeted sequencing of 21 loci previously proposed as tar-

gets of HGSC driver mutations. This analysis revealed very similar patterns

of genetic alterations in all samples. One exception was FAT3 with a strong

enrichment of mutations in metastases compared with presumed primary

lesions in two cases. FAT3 is a putative tumor suppressor gene that codes for

an atypical cadherin, pointing a potential role in peritoneal dissemination in a

subgroup of HGSC patients. By contrast, transcriptome data revealed clear

and consistent differences between tumor cell spheroids from ascites and

metastatic lesions, which were mirrored by the in vitro adherence of ascites-

derived spheroids. The adhesion-induced transcriptional alterations in metas-

tases and adherent cells resembled epithelial–mesenchymal transition, but sur-

prisingly also included the upregulation of a specific subset of mesothelial

genes, such as calretinin (CALB2) and podoplanin (PDPN). Consistent with

this finding, calretinin staining was also observed in subsets of tumor cells in

HGSC metastases, particularly at the invasive tumor edges. Intriguingly, a

high expression of either CALB2 or PDPN was strongly associated with a

poor clinical outcome. siRNA-mediated CALB2 silencing triggered the

detachment of adherent HGSC cells in vitro and inhibited the adhesion of
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detached HGSC cells to collagen type I. Our data suggest that the acquisition

of a mesenchymal–mesothelial phenotype contributes to cancer cell adhesion

to the ECM of peritoneal organs and HGSC progression.

1. Introduction

Ovarian carcinoma (OC) is the deadliest of all gyneco-

logical malignancies with high-grade serous carcinoma

(HGSC) as the most common subtype. Typically,

HGSC is diagnosed at advanced stages with metastases

in the abdomen beyond the pelvis. HGSOC is charac-

terized by a very high frequency of TP53 and BRCA1/

2 mutations (approximately 97% and 40%, respec-

tively), as well as amplification and overexpression of

MYC (>50%) [1]. HGSC is thought to arise from the

fimbriated fallopian tube epithelium [2]. Serous tubal

intraepithelial carcinomas may represent potential pre-

cursor lesions, although this issue remains controver-

sial [3].

A hallmark of HGSC is its tumor microenviron-

ment, which is composed of anatomically and func-

tionally different compartments [4]. These include the

solid tumor masses invading host tissues (most notably

the omentum) and the peritoneal fluid, which often

occurs as ascites at advanced stages. This malignancy-

associated peritoneal fluid contributes to the fatal nat-

ure of HGSC by enabling peritoneal dissemination.

Tumor cells are shed at a very early stage of the dis-

ease, and can be detected in lavaged peritoneal fluid

even at a stage when the tumor is still confined to the

oviduct or ovary [5]. Due to its active role in peri-

toneal dissemination, HGSC ascites is unique com-

pared with other human cancers, where effusions are

reactive or occur as a secondary phenomenon. The

essential role of transcoelomic metastatic spread in

HGSC is further pointed by the observation that, in

contrast to most other cancers, metastases at distant

sites are confined to very late stages [5]. The most seri-

ous problem for most HGSOC patients is therefore

the dissemination and aggressive growth of metastatic

lesions within the peritoneal cavity.

Ascites-associated cancer cells occur as single cells

or multicellular spheroids, thought to be responsible

for peritoneal dissemination [6]. Besides these tumor

cells, tumor-associated macrophages and T cells are

the most common cell types in ovarian carcinoma-as-

sociated ascites [7–9]. Soluble factors and extracellular

vesicles released by these cells provide an environment

that strongly supports tumor progression, chemoresis-

tance, and immune evasion [4,10–17].

Although the vast majority of ovarian carcinomas

are highly responsive to chemotherapy, most patients

suffer from recurrence within 3 years [18]. In contrast

to the therapy resistance of relapsed tumors in other

entities, many relapsed HGSC cases are still highly

sensitive to treatment. This could be explained by the

toggling of cancer cells between states of transient

chemosensitivity and chemoresistance mediated by

changes in the tumor microenvironment. Thus, a small

number of transiently resistant tumor cells survive

first-line chemotherapy and later on, due to their high

tumorigenic potential, initiate new metastatic lesions

upon attachment to visceral organs [19,20].

The metastatic spread of ovarian cancer cells

depends on the invasion into the mesothelium covering

the peritoneal organs. The mesothelium consists of a

single layer of mesothelial cells covering a basement

membrane composed of the extracellular matrix

(ECM) proteins collagen, fibronectin, and laminin. It

has been reported that OC cells can attach directly to

mesothelial cells via b1 integrin [21–23] or CD44

[22,24,25], concomitantly with the upregulation of

genes linked to epithelial–mesenchymal transition

(EMT) and the downregulation of epithelial genes [26].

However, the relevance of these cancer–mesothelial cell

interactions in the context of OC cell invasion remains

unclear.

The mesothelium is rather believed to act as a bar-

rier and therefore as first line of defense against inva-

sion by cancer cells in the peritoneal fluid [20]. This is

supported by the observation that metastatic sites are

typically devoid of mesothelial cells [27,28]. It has been

hypothesized that OC cells attach to the ECM at pre-

existing lesions of the mesothelial cell layer, which

might occur spontaneously and/or could be triggered

by changes in cell morphology due to mesothelial cell

activation by components of the malignancy-associated

peritoneal fluid [29,30], by the induction of mesothelial

cell senescence [31], by myosin-dependent mechanical

forces exerted by tumor cells [32], or by mesothelial

cell killing by FAS ligand [33]. After passing through

gaps in the mesothelial cell layer, cells adhere to, and

disrupt, the submesothelial basement membrane to

invade into the underlying tissue [27]. Consistent with

these findings, OC cells adhere strongly to basement

membrane proteins coated onto culture dishes,
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whereas there is only weak attachment, if any, to

mesothelial cells [28].

In spite of the knowledge summarized above, HGSC

attachment as a first step to metastasis formation is

only partially understood. We have therefore under-

taken the present study to characterize spheroid cells

from ascites in comparison with tumor cells from

metastatic sites to gain new insight into the mecha-

nisms promoting HGSC cell attachment, including a

comprehensive analysis of the currently poorly defined

genetic relationship between cancer cells from ascites

and metastatic lesions.

2. Materials and Methods

2.1. Ascites and cells isolated from ovarian

cancer patients

Ascites was collected from untreated patients with

HGSC prior to surgery at Marburg University Hospi-

tal. All patients received the same standard chemother-

apy regimen (paclitaxel plus carboplatin) after surgery.

Tumor tissue was isolated by microdissection (see

below for details) of metastases from matched patients

(Table S1). The collection and analysis of human

material were approved by the ethics committee at

Philipps University (reference number 205/10). Donors

provided written consent in accordance with the Dec-

laration of Helsinki. Primary tumor cell cultures (ter-

med OCMI tumor cells) were established from ascites

tumor spheroids according to Ince et al. [34] with

modifications, as previously reported [35]. This culture

system allows for the propagation of ovarian cancer

cells over long periods of time in the absence of cul-

ture-induced crisis or new genetic alterations as com-

pared to the original tumor. In the present study, we

used OCMI cells from four different patients, referred

to as OCMI38, OCMI121, OCMI122, and OCMI137.

In some experiments, we also used the verified HGSC

cell line OVCAR8 [36] obtained from the NIGMS

Human Genetic Cell Repository of the NIH and cul-

tured in RPMI 1640 (Life Technologies, Darmstadt,

Germany) complemented with 10% FBS (Capricorn

Scientific, Ebsdorfergrund, Germany).

2.2. Flow cytometry

Calretinin expression in tumor cells was analyzed by

flow cytometry (FACSCanto II, BD Biosciences, Hei-

delberg, Germany) as described previously [8] using

the anti-calretinin (Santa Cruz Biotechnology, Heidel-

berg, Germany) and anti-mouse FITC antibody

(eBioscience/Thermo Fisher Scientific, Dreieich, Ger-

many). Results were calculated as percentage of calre-

tinin-positive cells. Apoptosis was measured using the

Annexin V FITC apoptosis detection kit (BD Bio-

sciences) according to the manufacturer’s protocol, but

using Annexin V APC antibody (BD Biosciences).

2.3. Tumor cell adhesion

Ninety-six-well plates were coated in triplicates with

5 µg�cm�2 collagen type I (from rat tail, Thermo

Fisher, Dreiech, Germany) diluted with 0.02 M acetic

acid overnight at 4 °C. Wells were washed with PBS,

blocked with 1% heat-inactivated BSA in PBS for one

hour at 37 °C, and washed again. 30 000 tumor cells

were added per well and allowed to adhere for 2 h at

37 °C. The wells were washed three times with PBS to

remove any nonadherent cells. Adherent cells were

fixed with 1% glutaraldehyde and stained with 0.1%

Crystal Violet, and the dye crystals were dissolved in

10% acetic acid as described [37]. The optical density,

which correlates with the cell number, was measured

at 595 nm.

2.4. Immunohistochemical staining of HGSC

metastases and spheroids

For immunohistochemistry, heat-induced epitope retrie-

val was performed either with citrate or with EDTA

buffer according to the manufacturer’s protocol of the

respective primary antibody. Staining was performed on

a Leica BOND-MAX. Sections were incubated for 1 h

with the following primary antibodies: mouse mono-

clonal anti-calretinin antibody (Dako M 7245, clone

DAK Calret 1; 1 : 100), mouse monoclonal anti-

EPCAM antibody (Ber-EP4; Dako M 0804, Clone Ber-

EP4; 1 : 50), and mouse monoclonal SMA antibody

(Progen Biotechnik GmbH, Clone ASM-1; 1 : 200).

Sections were incubated with the primary antibody for

20 min, except for SMA (30 min). Specimens were

washed and incubated with postblock solution and

HRP-polymer reagent according to the manufacturer’s

protocol (ChromoPlex 1 Dual Detection Kit for BOND;

Leica). For TWIST and p53, staining was performed on

a DAKO Autostainer Plus. Sections were incubated for

one hour with mouse monoclonal anti-TWIST antibody

(1 : 200; Abcam ab175430, Berlin, Germany, Clone

10E4e6) or mouse monoclonal p53 antibody (1 : 50;

Dako M 7001, Clone DO-7). Sections were washed and

incubated with postblock solution and HRP-polymer

reagent according to the manufacturer’s protocol of

ZytoChem Plus HRP Polymer Kit (Zytomed Systems,

Bargteheide, Germany).
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2.5. RNA Isolation and qRT-PCR

RNA isolation, cDNA synthesis, and qRT-PCR analyses

were performed as described previously [38,39]. RPL27

was used for normalization. qRT-PCR was carried out

using the following primers: RPL27, AAAGCTGTCA

TCGTGAAGAAC and GCTGTCACTTTGCGGGGG-

TAG; CALB2, CGAGTTTATGGAGGCTTGGC and

AAGTTTTCCTGGACAGGCAGG; and PDPN, CAC

TCCACGGAGAAAGTGG and GAGTACCTTCCCG

ACATTTTTC. Raw data were evaluated with the Cy0

method [40].

2.6. siRNA transfection

siRNA transfection was performed using the TransIT-X2

reagent (Mirus Bio) according to the manufacturer’s pro-

tocol. Calretinin knock down was performed using

equimolar mixtures of three siRNA oligonucleotides

(Sigma-Aldrich, Taufkirchen, Germany): #1 (5’-GUCA

AAGAGUGACAACUUU-3’), #2 (5’-CGCAGAUC-

CUGCCAACCGA-3’), and #3 (5’-CCCUAAUUCUCU

UCGCUGU-3’). MISSION siRNA Universal Negative

Control #1 from Sigma-Aldrich was used as a control.

Cells were harvested 96 h after transfection.

2.7. OC panel design for targeted sequencing

Genes recurrently altered in OC were selected from pub-

lished whole-genome, whole-exome, and RNA-Seq studies

[41–45] (Table S2). Probe design was performed with

NimbleDesign (Roche, Mannheim, Germany). The panel

covers the complete coding regions of 17 genes, 3 complete

genes, and from one gene exonic and intronic regions,

which are affected by SV, and encompasses 667 kb.

2.8. Library generation and sequencing of

microdissected samples

Tumor areas were microscopically selected on HE-stained

slides, and the marked region was isolated from serial 5-

µm-thick unstained sections by microdissection to obtain

a tumor cell content (>70%) as assessed microscopically

prior to DNA extraction (except for the lymph node

metastasis of patient OC122 with an uncertain fraction of

tumor cells). The SeqCap EZ HyperCap Workflow

(Roche) was used for targeted next-generation sequencing

(NGS). The Kapa High Throughput Library Preparation

Kit (Roche) with 1 µg of sonicated gDNA with an aver-

age length between 180 and 220 bp (Covaris M220) was

used for end repair and A-tailing, adapter ligation, and

library amplification. The HyperCap Target Enrichment

Kit (Roche) was used for hybridizing the libraries,

washing, and amplification of captured libraries. MiSeq

Reagent v3 600-cycle kit and a MiSeq were used for

paired-end sequencing (2 9 150 cycles).

2.9. Analysis of NGS data

For detection of SNVs, indels, and SVs, the Enrichment

v3.0.0 (using Isaac aligner) and Variant Studio v3.0 app

of the Illumina Base Space Sequence Hub were used.

For variant calling, only unique reads as defined by indi-

vidual start and end points of fragments were used [46].

Variants causing nonsynonymous changes, with

sequencing quality score of at least 30 and at least 2

unique variant reads, were used for analysis. The ExAc

(Exome Aggregation Consortium) was used to exclude

common single nucleotide polymorphism (SNP) with

population allele frequencies> 0.1%. All variants were

inspected using the INTEGRATIVE GENOMICS VIEWER soft-

ware (Broad Institute, Cambridge, MA, USA).

2.10. RNA-Seq data

RNA-Seq data for spheroids from HGSC ascites used

for Fig. 3A and B and Tables S4–S7 have been pub-

lished previously [17,38]. Data for OCMI cells have

been deposited at EBI ArrayExpress (accession: E-

MTAB-8902). Transcriptome data for primary pleural

and peritoneal mesothelial cells in Fig. 3B have previ-

ously been reported [47].

2.11. Immunoblotting of p53 and p21

OCMI cell lines were cultured in the presence of 10 µM
Nutlin-3a (Sigma) or DMSO as solvent control. Cells were

lysed after 24 hrs of treatment and analyzed by

Immunoblotting as described [48] using the following anti-

bodies: anti-p53 (DO1, gift from B. Vojtesek,1 : 10 000),

anti-p21 (#sc-6246, Santa Cruz; 1:250), and anti-b-actin as

loading control (AC-15, #ab6276, Abcam; 1 : 2500).

2.12. Statistical analysis

Comparative data were statistically analyzed by unpaired

Student’s t-test (two-sided, equal variance). Significance

levels are indicated as ****, ***, **, and * for P < 0.0001,

P < 0.001, P < 0.01, and P < 0.05, respectively. Box plots

in Figs 3 and S3 were constructed using the Seaborn box-

plot function with Python. Associations with relapse-free

survival (logrank test), hazard ratio (HR), and median

survival times were analyzed using the Python Lifelines

KaplanMeierFitter and CoxPHFitter functions. All log-

rank test results are presented as nominal p-values. The

data in Fig. 6 were obtained from the PRECOG [49] and
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Kaplan–Meier Plotter [50] meta-analysis databases and

The Cancer Genome Atlas (TCGA) [43].

3. Results

3.1. Comparison of genetic alterations in ascites-

derived tumor cells, ovarian tumor masses, and

peritoneal metastases

In the first part of this study, we sought to investigate

whether the seeding of metastases in HGSC patients

might be accompanied by the acquisition of genetic

alterations in proposed driver genes. Toward this goal,

we studied the genetic relationship between detached

cancer cells in the peritoneal fluid and cancer cells in

tumor tissue by analyzing matched samples of tumor

cell spheroids from ascites (n = 17), presumed primary

tumors (n = 10) and metastases (n = 52) from 10

HGSC patients (details in Table S1). Using the Seq-

Cap EZ hyperCap workflow for targeted sequencing,

we analyzed 21 loci previously associated with single

nucleotide variants (SNV), small insertions/deletions

(indels), and structural variants (SV) in OC [41] [42,43]

[44,45] (Table S2). This analysis identified SNVs,

including single nucleotide insertions and deletions (in-

dels) in 8 loci, that is, ADAMTS7, BRCA1, BRCA2,

CSMD3, FAT3, NF1, RAD51C, and TP53, in at least

one patient (Fig. 1,Table S3). In addition, we found

larger deletions, duplications, translocations, and

inversions at the BRCA2, ERN1, and/or NF1 loci.

While TP53 mutations occurred in 9 of10 patients, all

other SNVs occurred with a much lower prevalence

and in different patients (1 to 3 cases out of 10). TP53

was affected by different structural alterations in dif-

ferent patients, including hot spot mutations (OC58,

OC64, OC91, OC122) and indels (OC65, OC66, OC92,

OC105, OC108).

Importantly, this analysis revealed identical genetic

alterations at each locus analyzed in tumor cell spher-

oids from ascites, ovarian tumor masses, and metas-

tases for all 10 patients (Fig. 1). There were, however,

considerable differences in the fraction of cells with

specific genetic alterations among samples from the

same patients, including differences among solid tumor

masses from different locations (Figs 1 and 2). The

most extreme genes in this respect were TP53 (1–96%)

and RAD51D (1–32%).

It is unlikely that the observed differences in variant

allele frequencies merely reflect different proportions

of host cells. First, all samples were isolated by

microdissection were obtained from tumor regions

with a low proportion of stroma and contained > 70%

tumor cells (with the exception of the lymph node

from patient OC122 with an uncertain fraction of

tumor cells). Second, immunostaining for mutant p53

showed a high heterogeneity within the same and

among different metastases from the same patient.

This is exemplified for patient OC122 with a stabilizing

C122G mutation [51]. As shown in Fig. S1, one metas-

tasis showed large areas of either positive or negative

p53 staining, presumably originating from subclones

differing in their TP53 status. As the C122G mutation

renders p53 nonfunctional [51], it is likely that a new

subclone arose by loss of the mutated allele. Third, we

repeated the microdissection of tumor samples from

the patient with the highest variability of TP53 muta-

tions alluded to above, which yielded very similar

results (not shown), attesting to the precision of the

methodology. Fourth, we often found large differences

in SNV frequencies for different loci in the same sam-

ple (Fig. 2; marked by arrows), for instance, for TP53

and FAT3 in spheroids of patient OC66 (73–83% and

25–30%) and for the ovarian lesion (75% and 1%)

and metastases 4 and 5 of patient OC84 (83–96% and

14–25%). On the basis of these observations, we con-

clude that the observed intrapatient differences in SNV

frequencies reflect the presence of genetically different

tumor cell populations within each lesion rather than

highly variable fractions of nontumor cells.

Several of the observed quantitative difference

deserve particular attention with respect to a potential

role in peritoneal dissemination, in particular FAT3,

which encodes an untypical cadherin [52,53]. Cells with

mutated FAT3 are strongly enriched in both spheroids

(variant allele frequency 25 and 41%, respectively) and

metastases (up to 41%) relative to the presumed pri-

mary lesions (1–3%) in two patients (OC66 and OC84;

Figs 1 and 2). Likewise, RAD51C/D mutations were

very low in spheroids (1–6%), and strongly enriched in

several metastases (OC38 and OC64; Fig. 1). It is

therefore possible that selection of preexisting cells

with FAT3 or RAD51 mutations played a role in peri-

toneal dissemination.

3.2. OCMI cells genetically resemble the parental

HGSC cells

The genetic resemblance of spheroids and metastases

validates the use of tumor cells isolated from ascites

for studying HGSC biology. We therefore asked

whether the same applies to tumor cell cultures estab-

lished from ascites-derived cells using a method

reported to maintain the genotype of OC cells [34]

(subsequently referred to as OCMI cells). To this end,

we determined SNVs in OCMI cells from HGSC
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patients. As shown in Table 1, we found the same

SNVs in spheroids from ascites and OCMI cells, that

is, in RAD51D in OCMI38 (T99A; 14% in spheroids;

49% in OCMI cells), in ADAMTS7 in OC122

(N1071S and Y1078fs; 17 and 18% in spheroids; 14

and 17% in OCMI cells), and in TP53 (R248W; 93%

in spheroids; 96% in OCMI cells). The TP53 SNV in

spheroids from patient 122 (C277G) was not detected

in OCMI122 cells, in contrast to the ADAMTS7-mu-

tated allele. Tumor cells with this genotype also appear

to be present in metastatic lesions from the same

patient, as suggested by the high variation in TP53

variant allele frequency (6–48%), but very similar

ADAMTS7 frequency (14–18%; Fig. 1; Table 1). A

similar situation seems to exist for patient OC38,

where an NF1 deletion was found in metastases with a

frequency of 10–32%, but was not detectable in

OCMI38 cells (not shown), whereas the same RAD51D

mutation was detected in all samples with the highest

frequency in cultured cells (10–32% in metastases and

spheroids; 49% in OCMI38 cells).

The C277G SNV in TP53 in OCMI122 cells is a

loss-of-function mutation [51], which might explain its

low frequency in some metastases and its loss in the

OCMI122 cell population. In contrast, the R248W

SNV found in OC137 spheroids (Table 1) is a known

hot spot driver mutation in HGSC [54], and accord-

ingly, mutated (stabilized) p53 protein was found in

OCMI137 cells as opposed to OCMI38 cells with wild-

type TP53 (Fig. S2). Based on these findings, it can be

ruled out that OCMI cells were derived from cancer-

associated fibroblasts, since the latter are not affected

by genetic alterations [55]. Furthermore, irrespective of

the TP53 status, all three OCMI cell populations

showed strong invasive properties comparable to

established HGSC lines (e.g., OVAR8; data not

shown) in an in vitro 3D matrigel model [35] using

ascites as chemoattractant. Taken together, these

Fig. 1. Patterns of genetic

alterations in tumor cell spheroids,

ovarian lesions, and metastases.

HGSC-associated genetic loci were

analyzed in samples from 10 HGSC

patients (denoted OC38 to OC122)

by targeted sequencing, which

revealed alterations in 9 loci

(ADAMTS7, BRCA1, BRCA2,

CSMD3, ERN1, FAT3, NF1,

RAD51C, and TP53). The figure

shows the variant allele frequency

(percentage) of single nucleotide

variants (SNVs, including indels)

and structural variants (SVs, i.e.,

deletions, inversions, and

translocations) in tumor cell

spheroids from ascites (Sph; blue),

lesions on ovaries or fallopian tubes

(T-Ov; green), and metastasis from

different locations (Mets; red). The

frequency of BRCA2 duplication in

OC58 was estimated as ~ 50%. All

samples contained > 70% tumor

cells except for the lymph node

from patient OC122 with an

uncertain fraction of tumor cells.

The corresponding data points for

TP53 and ADAMTS7 are marked by

downward arrows.
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findings suggest that OCMI cells established from

HGSC spheroids represent a suitable experimental

model for studying metastasis-associated processes and

were therefore used in subsequent experiments.

3.3. Induction of both mesothelial and

mesenchymal marker genes in adherent HGSC

cells

To shed light on the molecular events accompanying

adhesion of HGSC cells during peritoneal dissemina-

tion, we determined the transcriptomes of adherent

OCMI cells and tumor cell spheroids. This analysis

identified 268 genes significantly upregulated in adher-

ent cells with a minimal median fold change (FC) of

10 (Table S4), and 459 significantly downregulated

genes (FC ≥ 10; Table S5). The group of upregulated

genes encompasses a large number of mesenchymal

markers, such as collagens, laminins, matrix metallo-

proteinases (MMPs), serine peptidase inhibitors (SER-

PINs), other matrix proteins, and transcription

factors, such as ZEB1 and ZEB2 (Table S4). Consis-

tent with these observations, gene ontology (GO)

term enrichment analysis of the upregulated genes

showed that ECM remodeling, cell migration, and

adhesion were the most significant specific biological

functions (Fig. 3A). Table S6 lists the upregulated

ECM remodeling-associated genes identified by the

GO term analysis.

In contrast, the group of downregulated genes con-

tained numerous genes associated with cell motility

(e.g., genes coding for Rho GTPase-activating proteins

of the ARHGAP family), cell cycle-regulated genes,

and epithelial markers, such as EPCAM, ERBB3,

MUC16, and PAX8 (Table S5). In agreement with the

downregulation of ARHGAP genes, GO term enrich-

ment analysis of the downregulated identified ‘regula-

tion of GTPase activity’ as the strongest hit

(P < 10�5). Intriguingly, BRCA1 and BRCA2 were
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Fig. 2. Single nucleotide variations (SNVs) in TP53 and FAT3 in

tumor cells from different locations in four HGSC patients. Genetic

loci were analyzed as in Fig. 1. The bar graph shows the

percentage of SNVs in tumor cell spheroids from ascites (Sph;

blue), lesions on ovaries or fallopian tubes suspected as primary

sites (T-Ov; red), and metastasis from different locations (Mets;

dark yellow). Order of solid tumor samples from left to right is as

in Table S1 (columns E/F). For frequencies < 5% the actual

percentage is shown. Bars are aligned to allow for a direct

comparison of SNV frequencies at different loci in the same

sample. Black arrows point examples of strong differences

between loci in the same sample. 1: TP53 versus FAT3 in

spheroids (blue); 2: TP53 versus FAT3 in ovarian lesion (red); and

4: TP53 versus FAT3 in metastasis (dark yellow).

Table 1. Single nucleotide variants (SNVs) in solid tumor lesions

(ovarian masses and metastases), tumor cell spheroids from

ascites, and cultured OCMI cells from the same spheroids.

Samples from 3 patients were included (OC38, OC122, and

OC137). Solid tumor lesions were not analyzed for OC137.

Sample Locus

Amino acid

altered

SNV

frequency

OC38

Solid tumor lesions RAD51D T99A 0.10 – 0.32

Spheroids from

ascites

RAD51D T99A 0.014

Cultured cells

(OCMI38)

RAD51D T99A 0.49

OC122

Solid tumor lesions ADAMTS7 N1071S 0.08 – 0.20

ADAMTS7 Y1078fs 0.10 – 0.24

TP53 C277G 0.06 – 0.48

Spheroids from

ascites

ADAMTS7 N1071S 0.17

ADAMTS7 Y1078fs 0.18

TP53 C277G 0.80

Cultured cells (OCMI

122)

ADAMTS7 N1071S 0.14

ADAMTS7 Y1078fs 0.17

TP53 C277G 0.00

OC137

Spheroids from

ascites

TP53 R248W 0.93

Cultured cells (OCMI

137)

TP53 Mutated (p53 protein

stabilized; see Fig. S2)
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also found in the group of downregulated genes, which

may be relevant with respect to therapy.

Examples of mesenchymal and epithelial marker

genes up- or downregulated in adherent spheroid-

derived cells are shown in Fig. 3B. Surprisingly, the

upregulated genes also included several mesothelial

markers, such as calretinin (CALB2) and podoplanin

(PDPN; Table S4), which reach expression levels close

to primary mesothelial cells (Fig. 3B). This was con-

firmed by comparative qRT-PCR analysis of patient-

derived tumor cell spheroids (directly after isolation

from ascites) and attached cells outgrown from these

spheroids (7 days after plating in culture), which

showed a strong upregulation of CALB2 and PDPN

in the attached cells from all three samples analyzed

(up to 37-fold; Fig. 3C). Upon further passaging,

CALB2 and PDPN expression increased further in two

of these cases. In contrast to CALB2 and PDPN, a

large number of genes expressed highly in mesothelial

cells (TPM > 400) were expressed at much lower levels

in adherent OCMI cells (n = 113 for FC ≥ 5;

Table S7; BEST1, JSRP1, and LDLRAD2 as examples

in Fig. 3B), indicating that attachment triggers the

upregulation of a small, specific subset of mesothelial

genes rather than the conversion to a mesothelial tran-

scriptional phenotype.

3.4. Upregulation of the CALB2 gene and

calretinin protein expression in HGSC metastases

We next addressed the potential in vivo relevance of the

data reported above. To this end, we asked whether

mesenchymal and mesothelial marker genes are also

upregulated in solid tumor tissue relative to tumor cell

spheroids from ascites, making use of published RNA-

Seq datasets [41]. As shown in Fig. S3, expression of the

top 15 genes upregulated in attached OCMI cells (iden-

tified above) was also increased in tumor tissue relative

to spheroids, including CALB2 and PDPN. It is unlikely

that the higher expression of mesothelial and mesenchy-

mal genes in tumor tissue originates from host cells,

since the immune cell markers CD4, FCGR3A (CD16),

CD14, and CD163 and the mesothelial markers BEST1

and HSPG2 are expressed at similar levels in spheroids

and tumor tissue (Fig. S3).

In agreement with this notion, immunohistochemi-

cal staining of metastases from HGSC patients

showed strong calretinin staining in subsets of tumor

cells (Fig. 4A,B). Calretinin-positive cells were identi-

fied as tumor cells based on their morphology and

expression of the carcinoma cell marker EPCAM

(Fig. 4D). Calretinin-expressing tumor cells frequently

accumulated at the tumor edges (Fig. 4A), but

occurred also inside the tumor in particular in areas

of interspersed stroma (Fig. 4C). A summary of the

analysis of 124 metastases from 20 patients is shown

in Table 2.

Calretinin staining was also found in spheroids from

ascites from all but one patient (Table 2). The percent-

age of calretinin-positive spheroids was highly variable

among patients ranging from 1.9 to 23.8% (Table 2;

penultimate column). Likewise, the percentage of calre-

tinin-positive cells in calretinin-positive spheroids varied

over a range of ~ 1–80% (Table 2; last column). Fig-

ure 5A and C shows two examples of spheroids

with ~ 20% calretinin-positive cells. Both morphologi-

cal criteria and positivity for EPCAM (Fig. 5B,D)

strongly suggest that these cells are tumor cells.

As shown in Fig. S4, tumor cells in metastases also

strongly expressed the mesenchymal markers smooth

muscle actin (SMA/ACTA2) and nuclear TWIST,

while EPCAM expression was weaker compared with

tumor cells in spheroids (Fig. 5B,D). SMA was not

detectable in spheroids (not shown), whereas TWIST

was clearly expressed in a subset of tumor cells

(Fig. S5). These findings are consistent with our

in vitro findings (Section 3.3) and support the hypothe-

sis that metastasizing HGSC cells undergo transition

to a mesenchymal–mesothelial phenotype. However,

there appears to be considerable heterogeneity with

respect to coexpression of mesenchymal and mesothe-

lial makers, with calretinin showing the most pro-

nounced restriction.

3.5. Association of high CALB2 and PDPN

expression levels with a poor clinical outcome of

HGSC

We next addressed the potential clinical relevance or

CALB2 and PDPN expression in HGSC cells. To this

end, we evaluated the data from the PRECOG and

KM Plotter meta-analyses [49,50] and The Cancer

Genome Atlas (TCGA) dataset [43], which consistently

revealed a strong association of high CALB2 or PDPN

expression with a short relapse-free survival (RFS) and

overall survival of HGSC, while no significant link of

survival to the epithelial markers EPCAM, MUC16,

and PAX8 (included for comparison) was observed

(Fig. 6A). The Kaplan–Meier plot in Fig. 6B illus-

trates this in more detail for CALB2. We also analyzed

the association of CALB2 and PDPN expression with

the overall survival (OS) for all other entities in the

PRECOG database, which yielded clearly opposing

correlations (Fig. 6C). While high CALB2 or PDPN

expression in several other carcinomas, including

breast cancer, was associated with a poor prognosis,
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the OS of other cancers, in particular hematologic

malignancies, showed the opposite association. This

suggests that calretinin and podoplanin have different

functions in different cancer entities, which may either

be tumor-suppressive of tumor-promoting function.

3.6. Blockade of HGSC cell adhesion by

interference with calretinin expression

The results described above suggest a function for cal-

retinin in spheroid attachment and/or spreading. We

Fig. 3. Comparative analysis of the transcriptomes of tumor cell spheroids from ascites, adherent spheroid-derived cells in culture, and

tumor tissue from HGSC patients. (A) Gene ontology (GO) term enrichment analysis of genes upregulated in adherent spheroid-derived cells

versus tumor cell spheroids ex vivo (Table S4), indicating enrichment for ECM remodeling, cell migration, and adhesion (list of ECM-

associated genes in Table S6. (B) Examples of mesenchymal, mesothelial, and epithelial marker genes up- or downregulated in adherent

spheroid-derived cells. The plot includes RNA-Seq data for primary pleural and peritoneal mesothelial cells (n = 4) [47] for comparison.

Box plots show median (line), upper and lower quartiles (box), range (whiskers), and outliers (diamonds). (C) qRT-PCT analysis of CALB2 and

PDPN expression in tumor cell spheroids from ascites (ex vivo), 7 days after plating spheroids in culture (attached cells) and in cells from

these cultures after multiple passages (cell line). Data were normalized to RPL27 Cy0 values and set to 1 for ex vivo tumor cell spheroids.

Data are shown for 3 patients with 3 triplicates each (mean � standard deviation).
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therefore interrogated the role of calretinin in tumor

cell adhesion to a collagen type I matrix by a siRNA-

based loss-of-function approach. As shown in Fig. S6,

the 3 selected siRNAs directed at CALB2 showed a

strong inhibition of RNA expression with a > 90%

reduction, tested either as single siRNAs or as pooled.

Since we could not obtain an anti-calretinin antibody

suitable for immunoblotting, we assessed protein

expression by flow cytometry, which showed a clear

reduction of calretinin-positive cells in siRNA-trans-

fected cells (Fig. S7).

Treatment of OCMI cells with CALB2-siRNA

resulted in cell detachment, first evident 72 h after

siRNA transfection and clearly visible after 96 h by

increased numbers of cells displaying a rounded mor-

phology or floating in the culture medium (Fig. 7).

Flow cytometry analysis of the adherent cell popula-

tion (including rounded cells) did not show Annexin V

or propidium iodide (PI) staining at 96 h after

CALB2-siRNA transfection relative to control siRNA

(Fig. 8), indicating that the loss of calretinin expres-

sion did not induce cell death in these cells. Analysis

of the floating cells clearly identified cells at early

stages of apoptosis (Annexin V high, PI low; ~17%)

and late stages (Annexin V high, PI high; ~25%),

which was similar (or even lower) compared with con-

trol siRNA-transfected cells. Importantly, >50% of

floating cells remained unaffected after CALB2-siRNA

transfection. These results clearly suggest that detach-

ment precedes cell death.

To obtain further evidence for this conclusion, we

analyzed the ability of cells to reattach to a collagen

type I matrix. To this end, OCMI cells were trans-

fected with control siRNA or CALB2-siRNA and

seeded out on collagen type I-coated wells 96 h

post-transfection. Cell attachment was assessed by

Crystal Violet staining 2 h after seeding and showed

a clear reduction for all 3 OCMI cell lines tested

(Fig. 9), confirming a pivotal role for calretinin in

HGSC cell adhesion. To exclude that this finding

reflects a feature of the experimental system (OCMI

cells), we performed the same experiment with the

established and verified HGSC cell line OVCAR8,

which fully confirmed the data obtained with OCMI

cells (Fig. 9).

4. Discussion

4.1. Genetic alterations in HGSC metastasis and

spheroids

As it is unknown whether the ability of detached

HGSC cells to colonize serous membranes might be

linked to newly acquired genetic alterations, we per-

formed targeted sequencing of 21 loci proposed as

HGSC driver mutations in 50 samples from 10

patients, consisting of spheroids, ovarian tumor masses

suspected as primary lesions, and metastases from dif-

ferent peritoneal locations. As expected, TP53

A B

C D

Fig. 4. Immunohistochemical

staining of peritoneal HGSC

metastases. (A, B) Examples of

peritoneal metastases showing

calretinin expression, particularly on

the invasive front (black arrows in

panel A). (C–E) Higher

magnification of the section

marked in panel B stained for

calretinin (C) or the tumor cell

marker EPCAM (D). Blue

arrowheads in B and C indicate the

intact peritoneal mesothelium,

which is strongly positive for

calretinin and negative for EPCAM.

*: tumor cells; str: stroma cells.

Scale bars: 500 µm (A), 200 µm

(B), and 50 µm (C, D).
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mutations were found in 9 of 10 patients [56]. Like-

wise, ADAMTS8 was altered by SNVs in the majority

of patients (6/10; in 3 cases simultaneously at 2 differ-

ent sites), while 8 other loci were affected in a smaller

subset of patients (1–5 out of 10). Genetic alterations

were not detected in 11 out of the 21 loci analyzed.

The most important finding of this analysis is the

identification of identical genetic alterations at each

locus analyzed in all solid tumor samples (including

the presumed primary lesions) and spheroids from the

same patient in all 10 cases (Fig. 1). This suggests that

metastatic spread does not require additional alter-

ations in any of the potential 21 driver loci analyzed,

consistent with the notion that HGSC cells acquire

metastatic properties at a very early stage [5]. This is

in agreement with previous studies analyzing clonal

Table 2. Results of immunohistochemical calretinin staining of HGSC metastases and spheroids form ascites. Calretinin-negative samples

are highlighted (shaded fields). CR, calretinin; n.a., not applicable; n.d., not done.

Pat.

ID Site

CR-pos.

(n)/all

mets. (n)

Total n of cells

counted in CR-pos.

metastasis

CR-pos. cells in

metastasis [n

(%)]

Location of

CR-positive

cells

CR-pos. spheroids/

total n of spheroids

(% pos.)

CR-positive cells in CR-

pos. spheroids (total n/

positive n)

26 Pelvis

minor

1/2 n.d. (>4mm) n.a. n.a. 26/1338 (1.94%) 50/314 (15.9%)

Pelvis

minor

0/12 n.a. n.a. n.a.

Colon 1/2 4713 11 (0.23%) tumor edges

27 Omentum

majus

1/2 n.d. (>4mm) n.a. tumor edgesa 0 0

Peritoneum 5/11 6655

1375

5720

2x n.d. (>4mm)

45 (0.68%)

10 (0.73%)

4 (0.07%)

n.a.

heterogenous

tumor edges

heterogenous

heterogenous

37 Rektum 2/3 2435

n.d. (>4mm)

8 (0.33%)

n.a.

heterogenous 21/147 (14.3%) 28/1701 (1.64%)

Colon 4/5 2434

3x n.d. (>4mm)

5 (0.21%)

n.a.

central

heterogenous

44 Adnex 0/1 2434 n.a. n.a. 15/1055 (1.42%) 20/146 (13.7%)

Colon 1/7 615 6 (0.98%) heterogenous

54 Colon 0/7 n.a. n.a. n.a. 19/838 (2.27%) 36/431 (8.35%)

Colon 1/3 n.d. (>4mm) n.a. heterogenous

66 Pelvic wall 0/10 n.a. n.a. n.a. 7/245 (2.86%) and

10/>86 (11.6%)

14/326 (4.29%

67 Abdominal

wall

1/13 1462 34 (2.33%) heterogenous 16/636 (2.52%) 17/103 (5.67%)

84 Externa 3/6 1954

1180

1086

15 (0.77%)

6 (0.51%)

13 (1.20%)

tumor edges

heterogenous

heterogenous

2/42 (4.76%) 2/28 (7.14%)

91 Paracolic

gutter

1/8 410 12 (2.93%) tumor edgesa n.d. n.a.

92 Paracolic

gutter

2/5 2166

2240

58 (2.68%)

18 (0.80%)

tumor edgesa

heterogenous

n.d. n.a.

105 Colon 5/6 6259

9137

3x n.d. (>4mm)

255 (4.07%)

51 (0.56%)

heterogenous

tumor edgesa

heterogenous

8/530 (1.51%) and 5/

21 (23.8%)

20/99 (20.2%)

108 Paracolic

gutter

1/8 351 33 (9.40%) tumor edges 3/125 (2.40%) and 0 5/112 (4.46%)

114 Abdominal

wall

4/7 449

851

15

355

170 (37.9%)

39 (4.58%)

3 (20.0%)

4 (1.13%)

tumor edges

tumor edges

tumor edges

tumor edges

39/628 (6.21%) and

38/278 (13.7%)

528/5095 (10.4%)

122 Paracolic

gutter

0/5 n.a. n.a. n.a. 8/374 (2.14%) 7/96 (7.29%)

a

Tendency toward location at tumor edges.
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evolution of OC metastasis, which also showed little

qualitative variation in mutated loci among different

lesions [57–59].
While the same genetic alterations were detectable at

each of the loci analyzed in all samples from the same

patient, the fractions of cell with specific genetic alter-

ations were clearly different for two loci. These include

FAT3 and RAD51A/C, which both showed much

higher frequencies of mutated alleles in metastases.

The FAT family consists of 4 genes (FAT1-4), which

have been linked to different cancers [52,53]. The best

studied family members are FAT1 and FAT4, which

trigger actin polymerization to promote cell migration,

inhibit cell proliferation via activation of Hippo signal-

ing, and/or maintain planar cell polarity [53,60]. Both

genes are downregulated or mutated in different can-

cers, including glioblastoma, melanoma, acute lym-

phoblastic leukemia, and breast, head, and neck,

pancreatic, colorectal, gastric, ovarian, and hepatocel-

lular carcinomas [52,53]. In Drosophila, the closely

related Fat gene has been identified as a tumor sup-

pressor gene [52,61]. Consistent with these findings, the

human FAT1 and FAT4 genes have tumor-suppressive

functions, although this may be context-dependent for

FAT1 [52,53]. Much less is known about FAT3, but

its close structural similarity to other FAT family

members and its recurrent mutation in HGSC point a

role as a tumor suppressor in HGSC. It is currently

not known whether this putative tumor-suppressive

role is related to a function in actin regulation and

cancer cell adhesion, in cell proliferation, or in another

as yet unidentified process. Other genes enriched in

several metastases are RAD51A and RAD51C.

Although the only well-known function of RAD51

proteins is linked to DNA repair, a metastasis-promot-

ing function has also been proposed for triple-negative

breast cancer [62], but the underlying mechanism

remains enigmatic. A clarification of these open ques-

tions has to await the results of future studies address-

ing the molecular functions of FAT3 and RAD51A/C

relevant to HGSC metastasis in detail.

An unresolved issue concerns the differences in vari-

ant allele frequencies, which in some cases were unex-

pectedly high among solid tumor masses from

different locations and spheroids from the same

patient. A characteristic feature of HGSC is the

unusually large number of genes than can be altered

by driver mutations, but only a small subset of these

mutations are found simultaneously. This suggests that

tumorigenesis can be supported by variable subsets of

partially exchangeable genes, resulting in a high

genetic diversity not only among different patients, but

also among different tumor sites in the same patient

with the consequence that SNV frequencies within

mixed tumor cell populations can vary strongly

between different tumor sites. We observed genetic

heterogeneity also in spheroids for several genes, as

indicated by low SNV frequencies, for instance, in

ADAMTS7, CSMD3, ERN1, FAT3, and RAD51C/D

(Fig. 1), supporting the view that tumor lesions are

composed of mixed tumor cell populations with vary-

ing frequencies of SNVs.

Fig. 5. Immunohistochemical

staining of rare tumor cell

spheroids with calretinin-expressing

cells in ascites from 2 different

HGSC patients. (A, C) Spheroids

showing focal expression of

calretinin. (B, D) EPCAM staining of

the same spheroids showing that

calretinin-expressing cells are

carcinoma cells. Scale bar: 50 µm.
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However, such a scenario cannot fully explain the

situation observed for TP53. On the one hand, genetic

alterations of TP53 are considered one of the earliest

events driving HGSC tumorigenesis [56], which is con-

sistent with our observation of TP53 SNVs in 90% of

the patients, including both hot spot and inactivating

mutations and indels. On the other hand, the TP53

variant allele frequency is generally high in spheroids

(>80%) but low in some metastases (<10% in three

patients). One possible explanation for this observation

could be the loss of variant alleles with nonessential

functions in metastasis formation, such as the

A

C

B

Fig. 6. Association of CALB2 and PDPN with short relapse-free (RFS) and overall (OS) HGSC survival. (A) z-scores for CALB2 and PDPN and

for comparison 3 epithelial markers based on data from the PRECOG and KM Plotter meta-analysis databases [49,50] and the TCGA

microarray dataset [43] (PRECOG: OS of OC,TCGA: RFS of OC; KMP: RFS of HGSC. z-score above 1 indicates a hazard ratio (HR > 1 (poor

outcome; z-score below �1 indicates a HR < 1 (favorable outcome. A z-score of 1.96 or �1.96 corresponds to a logrank p value of 0.05. (B

The Kaplan–Meier plot showing the association of CALB2 expression and a poor RFS (generated by Kaplan–Meier Plotter, 2017 version;

http://kmplot.com). (C) z-scores for CALB2 and PDPN across all cancer entities in the PRECOG database. Red: z-score above 1.96 indicating

a poor clinical outcome; blue: z-score below �1.96 indicating a favorable outcome; gray: z-score < 1.96 and >�1.96 (i.e., P < 0.05). The

arrows point to OC.
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inactivating C277G TP53 variant in patient OC122,

which appears to be absent from a large fraction of

tumor cells even within the same metastasis (Fig. S1),

possibly due to loss of the mutated nonfunctional

allele. Consistent with this finding, we have isolated

cancer cells from OC122 spheroids that lack the TP53

variant but harbor the ADAMTS7 SNV found in

solid tumor lesions (Table 1). Whether a similar sce-

nario applies to other TP53 variants remains an open

question that is beyond the scope of the present manu-

script and will therefore be the subject of subsequent

studies.

A

C

B

D

Fig. 7. Loss of HGSC cell

adherence by interference with

CALB2 expression. OCMI137 cells

were treated with control (left; ctrl)

and CALB2 (right; CR KD) siRNA

pool and observed 72 h (top) and

96 h after transfection under a

phase-contrast microscope. Cells

start to detach after 72 h under

CALB2 siRNA treatment, which is

strongly increased at 96 h.

Fig. 8. Identification of apoptotic

cells upon interference with CALB2

expression in cultured HGSC cells.

OCMI137 cells were treated with

control (ctrl) or CALB2 siRNA pool

(CR KD) for 96 h, and adherent

(top) and detached (bottom) cells

were analyzed for cell death by

flow cytometry after staining with

Annexin V and propidium iodide

(PI). Numbers indicate the

percentage of cells in each

quadrant.
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4.2. A mesenchymal phenotype with mesothelial

components in adherent HGSC cells and

metastases

Comparative profiling of spheroids from ascites and out-

growing adherent cancer cells revealed a transcriptional

switch that resembled mesenchymal–epithelial transition,
but unexpectedly also included induction of the mesothe-

lial markers calretinin (CALB2) and podoplanin

(PDPN). Several lines of evidence suggest that the

increase in calretinin and podoplanin expression is rele-

vant to peritoneal dissemination: (a) A similar pattern of

upregulated mesenchymal and mesothelial genes was

identified in metastatic lesions compared with spheroids

from ascites; (b) immunostaining revealed calretinin

staining in a subset of cancer cells in HGSC metastases

with preference for the invasive tumor front; (c) a high

expression of CALB2 or PDPN is strongly associated

with a short RFS and OS; and (d) CALB2 silencing trig-

gered the detachment of adherent HGSC cells in vitro

and inhibited the adhesion of detached HGSC cells to

collagen type I. In agreement with these findings, it has

been reported that serum calretinin is a prognostic mar-

ker for OC [63].

While the transcriptional phenotype of adherent

HGSC cancer cells also showed a clear downregulation

of epithelial marker genes, as in classical EMT, this

effect was considerably weaker in metastases compared

with spheroids. Likewise, the upregulation of mes-

enchymal genes and CALB2 and PDPN was less pro-

nounced in metastases. These findings could be

reconciled by a model, where a phenotype with high

mesenchymal, high calretinin/podoplanin, and low

epithelial markers occurs only transiently around the

time of adherence and in invasive regions of metas-

tases. Established metastases would thus represent a

mixture of cancer cells at different stages of peritoneal

colonization. This would be consistent with the previ-

ously published evidence that cancer cells in metastases

undergo mesenchymal–epithelial transition (MET) in

different entities [64], including OC [65]. Based on

these observations, we put forward the hypothesis that

the acquisition of mesothelial functions by HGSC cells

contributes to their adhesion to the exposed mesothe-

lial-basal membrane and therefore facilitate the forma-

tion of metastatic lesions.

An unresolved issue is the question at what stage

HGSC cells upregulate mesothelial genes. Based on

the available data for calretinin, two models could be

envisaged. In the first scenario, calretinin is upregu-

lated after attachment of tumor cells to peritoneal

organs. In this case, the presence of calretinin-positive

cells in spheroids would not be required for metastatic

seeding. This would also be compatible with the lack

of calretinin-positive spheroids in the ascites from one

patient, although we cannot rule out the possibility

that the number of positive spheroids was below the

detection limit. In an alternative scenario, calretinin-

positive cells preexisting in spheroids are instrumental

in metastasis formation, and calretinin expression may

not be upregulated during adhesion or subsequent

steps. This model would be consistent with our obser-

vation that CALB2 expression is OCMI cells is not

dependent on adhesion, that is, remains high in

detached cells (data not shown). We therefore favor

the second model at present, but further experimental

evidence is needed to test this hypothesis.

4.3. Potential function of calretinin in HGSC

metastasis

Calretinin is one of the best-established markers for the

identification of mesothelial cells, but its expression has

also been described in testicular Leydig cells, brain neu-

rons, and ovarian theca interna, hilus, and surface

epithelial cells [66,67]. However, the significance of cal-

retinin expression observed in specific areas of the ovary

is unclear. Calretinin is used for the histopathological

distinction of tumor and mesothelial cells [68,69] and for

the diagnosis of malignant mesothelioma [70]. In

ctrl CR KD ctrl CR KD ctrl CR KD ctrl CR KD
0.0

0.2

0.4

0.6

0.8

1.0

1.2

O
D

 (5
95

 n
m

) f
ol

d 
ch

an
ge

*

OCMI137 OCMI38 OCMI122 OVCAR8

**** ***

Fig. 9. Reduced adherence of HGSC cells to collagen I by

interference with CALB2 expression. OCMI cells from 3 different

patients and OVCAR8 cells were treated with control (ctrl) or

CALB2 siRNA pool (CR KD) for 96 h, detached from the culture

dish and seeded on collagen type I-coated wells. After 2 h, the

adhered cells were stained with Crystal Violet and the optical

density was measured at 595 nm. Significance was determined by

unpaired, two-tailed t-test *: P < 0.05, **: P < 0.01, ***:

P < 0.001, and ****: P < 0.0001. Data are shown for three

triplicates each (mean � standard deviation).
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combination with EPCAM, it is used for differentiating

epithelioid peritoneal mesothelioma from serous papil-

lary carcinoma of the ovary [68]. Its expression has also

been described in several other human cancer entities,

including breast and ovarian carcinoma [67,71–73
]. However, the reported frequency of calretinin-pos-

itive cases in HGSC is low (8%) and of unknown sig-

nificance [71]. In mesothelioma cells, calretinin is

essential for growth and/or survival [74], as well as

invasion [75]. Calretinin is a Ca++-binding protein that

activates the focal adhesion kinase (FAK) [75]. Its

experimental downregulation reduced viability, prolif-

eration, and invasive properties of mesothelioma cells

concomitantly with an attenuation of FAK signaling

[76]. It is therefore likely that calretinin and FAK

interact to promote mesothelioma growth and inva-

sion. Prior to the present study, a potential role for

calretinin in OC has not been addressed. Our data

identify two novel features of calretinin. First, calre-

tinin expression is upregulated in adhering HGSC

cells, and second, calretinin has an essential function

in HGSC cell adhesion, which is a prerequisite for

transcoelomic metastasis formation. We did not

observe direct effects of CALB2 silencing on cell via-

bility, although a fraction of OCMI cells died after

detaching from the culture dish. It remains to be inves-

tigated whether the reported prosurvival effect of cal-

retinin in mesothelioma cells is also related to a loss of

cell adhesion or an independent feature mediated by

the AKT pathway [74].

4.4. Potential function of podoplanin in HGSC

metastasis

Podoplanin is a mucin-like transmembrane glycopro-

tein with multiple functions in development, in the reg-

ulation, and/or in the differentiation of mammary

stem cells, immune cells, and platelets [77]. High

expression of podoplanin has been associated with dif-

ferent autoimmune diseases, inflammation, and cancer

cell invasion and metastasis [77–80]. Podoplanin inter-

acts with its ligand CLEC2, other membrane proteins,

including Galectin-8, heat-shock protein A9 and

CD44, and impinges on signaling pathways that regu-

late cell proliferation, ECM remodeling, migration,

and EMT [77]. It also interacts with intracellular pro-

teins of the ezrin/radixin/moesin family [81] to modu-

late small Rho GTPases, control contraction of the

actomyosin, and promote EMT [77,78,82]. Further-

more, podoplanin is shed from lymphatic endothelial

cells and forms a complex with the chemokine CCL21

on fibroblast-like cells, which plays a role in the devel-

opment of specialized T cells in the thymus [83]. On

cancer-associated fibroblasts, it contributes to per-

turbing immune surveillance toward cancer cells [84].

In OC, podoplanin has been reported to be highly

expressed in tumor cells at the invasive front, which

correlated with the extent of lymphatic endothelial cell

proliferation [85]. This observation parallels our obser-

vations with calretinin and is perfectly compatible with

a model where both proteins promote HGSC invasion

and metastasis by promoting cancer cell adhesion.

Podoplanin and calretinin therefore represent poten-

tially interesting targets to interfere with HGSC pro-

gression.

5. Conclusions

Transcoelomic spread triggered by cancer cells and

spheroids floating in the peritoneal fluid is the major

mechanism of HGSC metastasis. According to the pre-

vailing hypothesis, these spheroids are able to attach

to the ECM at lesions in the mesothelial cell layer as a

prerequisite to invading through the submesothelial

basement membrane. However, our knowledge of the

critical molecular events and cellular interactions is

incomplete. In the present study, we show by targeted

sequencing that out of 21 loci previously proposed as

targets of HGSC driver mutations, only FAT3 showed

a clearly increased frequency of mutations in metas-

tases in two patients. We conclude from these findings

that (i) additional mutations in most of the known

HGSC driver genes apparently are not required for the

acquisition of metastatic properties, and (ii) alterations

in FAT3 may contribute to the metastatic spread in a

subset of patients, consistent with its function as an

atypical cadherin and its known tumor-suppressive

potential. In contrast to the genetic similarities

between spheroids from ascites and metastatic lesions,

we identified clear and consistent differences by tran-

scriptomic profiling, which could be emulated by the

adherence of ascites-derived spheroids in cell culture.

Besides hallmarks of EMT, the adhesion-induced tran-

scriptome was characterized by the upregulation of the

mesothelial genes CALB2 and PDPD, coding for calre-

tinin and podoplanin, respectively. Intriguingly, high

CALB2 or PDPN expression was strongly associated

with a poor clinical outcome, and calretinin expression

was observed at the invasive tumor edges of HGSC

metastases. Furthermore, silencing of CALB2 inhibited

the adhesion of detached HGSC cells to a collagen

type I matrix. We therefore conclude that mesothelial

functions acquired by HGSC cells may be instrumental

in their adhesion to the ECM of serous membranes

lining the peritoneal organs and therefore contribute

to HGSC metastasis.

16 Molecular Oncology (2020) ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Role of calretinin in adhering ovarian cancer cells K. Ojasalu et al.



Acknowledgements

We are grateful to Traute Plaum-Allmeroth and

Achim Allmeroth for expert technical assistance. This

work was supported by grants from the German

Research Foundation (DFG) to RM (MU601-25/1)

and by the German Cancer Aid (DKH) to RM and

SR (grant no. 70113255).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

RM, SR, and AB designed the study and oversaw the

project. KH and AB contributed the targeted sequenc-

ing data. KO performed the experiments in Figs 3C,

D,7,8, and 9. CB and MN carried out the immunohis-

tochemical analyses of paraffin sections. SR estab-

lished and characterized OCMI cell cultures from

tumor cells from patients. AN and TS performed next-

generation sequencing for RNA-Seq. EP carried out

immunoblotting experiments. JMJ and UW provided

clinical samples and analyzed clinical data. FF and

RM performed bioinformatic and biostatistical analy-

ses. RM wrote the paper. All authors reviewed the

results and approved the final version of the manu-

script.

References

1 Popescu NC and Zimonjic DB (2002) Chromosome-

mediated alterations of the MYC gene in human cancer.

J Cell Mol Med 6, 151–159.
2 Perets R, Wyant GA, Muto KW, Bijron JG, Poole BB,

Chin KT, Chen JY, Ohman AW, Stepule CD, Kwak S

et al. (2013) Transformation of the fallopian tube

secretory epithelium leads to high-grade serous ovarian

cancer in Brca;Tp53;Pten models. Cancer Cell 24, 751–
765.

3 McDaniel AS, Stall JN, Hovelson DH, Cani AK, Liu

CJ, Tomlins SA and Cho KR (2015) Next-generation

sequencing of tubal intraepithelial carcinomas. JAMA

Oncol 1, 1128–1132.
4 Worzfeld T, Pogge von Strandmann E, Huber M,

Adhikary T, Wagner U, Reinartz S and M€uller R

(2017) The Unique molecular and cellular

microenvironment of ovarian cancer. Front Oncol 7, 24.

5 Lengyel E (2010) Ovarian cancer development and

metastasis. Am J Pathol 177, 1053–1064.
6 Liao J, Qian F, Tchabo N, Mhawech-Fauceglia P, Beck

A, Qian Z, Wang X, Huss WJ, Lele SB, Morrison CD

et al. (2014) Ovarian cancer spheroid cells with stem

cell-like properties contribute to tumor generation,

metastasis and chemotherapy resistance through

hypoxia-resistant metabolism. PLoS One 9, e84941.

7 Preston CC, Goode EL, Hartmann LC, Kalli KR and

Knutson KL (2011) Immunity and immune suppression

in human ovarian cancer. Immunotherapy 3, 539–556.
8 Reinartz S, Schumann T, Finkernagel F, Wortmann A,

Jansen JM, Meissner W, Krause M, Schw€orer AM,

Wagner U, M€uller-Br€usselbach S et al. (2014) Mixed-

polarization phenotype of ascites-associated

macrophages in human ovarian carcinoma: Correlation

of CD163 expression, cytokine levels and early relapse.

Int J Cancer 134, 32–42.
9 Takaishi K, Komohara Y, Tashiro H, Ohtake H,

Nakagawa T, Katabuchi H and Takeya M (2010)

Involvement of M2-polarized macrophages in the ascites

from advanced epithelial ovarian carcinoma in tumor

progression via Stat3 activation. Cancer Sci 101,

2128–2136.
10 Ahmed N and Stenvers KL (2013) Getting to know

ovarian cancer ascites: opportunities for targeted

therapy-based translational research. Front Oncol 3,

256.

11 Finkernagel F, Reinartz S, Schuldner M, Malz A,

Jansen JM, Wagner U, Worzfeld T, Graumann J, von

Strandmann EP and Muller R (2019) Dual-platform

affinity proteomics identifies links between the

recurrence of ovarian carcinoma and proteins released

into the tumor microenvironment. Theranostics 9,

6601–6617.
12 Graumann J, Finkernagel F, Reinartz S, Stief T, Brodje

D, Renz H, Jansen JM, Wagner U, Worzfeld T, Pogge

von Strandmann E et al. (2019) Multi-platform affinity

proteomics identify proteins linked to metastasis and

immune suppression in ovarian cancer plasma. Front

Oncol 9, 1150.

13 Kipps E, Tan DS and Kaye SB (2013) Meeting the

challenge of ascites in ovarian cancer: new avenues for

therapy and research. Nat Rev Cancer 13, 273–282.
14 Kulbe H, Chakravarty P, Leinster DA, Charles KA,

Kwong J, Thompson RG, Coward JI, Schioppa T,

Robinson SC, Gallagher WM et al. (2012) A dynamic

inflammatory cytokine network in the human ovarian

cancer microenvironment. Cancer Res 72, 66–75.
15 Peng P, Yan Y and Keng S (2011) Exosomes in the

ascites of ovarian cancer patients: origin and effects on

anti-tumor immunity. Oncol Rep 25, 749–762.
16 Vaughan S, Coward JI, Bast RC Jr, Berchuck A, Berek

JS, Brenton JD, Coukos G, Crum CC, Drapkin R,

Etemadmoghadam D et al. (2011) Rethinking ovarian

cancer: recommendations for improving outcomes. Nat

Rev Cancer 11, 719–725.
17 Worzfeld T, Finkernagel F, Reinartz S, Konzer A,

Adhikary T, Nist A, Stiewe T, Wagner U, Looso M,

17Molecular Oncology (2020) ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

K. Ojasalu et al. Role of calretinin in adhering ovarian cancer cells



Graumann J et al. (2018) Proteotranscriptomics reveal

signaling networks in the ovarian cancer

microenvironment. Mol Cell Proteomics 17, 270–289.
18 Pogge von Strandmann E, Reinartz S, Wager U and

M€uller R (2017) Tumor-host cell interactions in ovarian

cancer: pathways to therapy failure. Trends Cancer 3,

137–148.
19 Correa RJ, Peart T, Valdes YR, DiMattia GE and

Shepherd TG (2012) Modulation of AKT activity is

associated with reversible dormancy in ascites-derived

epithelial ovarian cancer spheroids. Carcinogenesis 33,

49–58.
20 Sodek KL, Murphy KJ, Brown TJ and Ringuette MJ

(2012) Cell-cell and cell-matrix dynamics in

intraperitoneal cancer metastasis. Cancer Metastasis

Rev 31, 397–414.
21 Burleson KM, Casey RC, Skubitz KM, Pambuccian

SE, Oegema TR Jr and Skubitz AP (2004) Ovarian

carcinoma ascites spheroids adhere to extracellular

matrix components and mesothelial cell monolayers.

Gynecol Oncol 93, 170–181.
22 Lessan K, Aguiar DJ, Oegema T, Siebenson L and

Skubitz AP (1999) CD44 and beta1 integrin mediate

ovarian carcinoma cell adhesion to peritoneal

mesothelial cells. Am J Pathol 154, 1525–1537.
23 Strobel T and Cannistra SA (1999) Beta1-integrins partly

mediate binding of ovarian cancer cells to peritoneal

mesothelium in vitro. Gynecol Oncol 73, 362–367.
24 Cannistra SA, Kansas GS, Niloff J, DeFranzo B, Kim

Y and Ottensmeier C (1993) Binding of ovarian cancer

cells to peritoneal mesothelium in vitro is partly

mediated by CD44H. Cancer Res 53, 3830–3838.
25 Strobel T, Swanson L and Cannistra SA (1997) In vivo

inhibition of CD44 limits intra-abdominal spread of a

human ovarian cancer xenograft in nude mice: a novel

role for CD44 in the process of peritoneal implantation.

Cancer Res 57, 1228–1232.
26 Sawada K, Mitra AK, Radjabi AR, Bhaskar V, Kistner

EO, Tretiakova M, Jagadeeswaran S, Montag A,

Becker A, Kenny HA et al. (2008) Loss of E-cadherin

promotes ovarian cancer metastasis via alpha 5-integrin,

which is a therapeutic target. Cancer Res 68, 2329–
2339.

27 Birbeck MS and Wheatley DN (1965) An electron

microscopic study of the invasion of ascites tumor cells

into the abdominal wall. Cancer Res 25, 490–497.
28 Niedbala MJ, Crickard K and Bernacki RJ (1985)

Interactions of human ovarian tumor cells with human

mesothelial cells grown on extracellular matrix. An

in vitro model system for studying tumor cell adhesion

and invasion. Exp Cell Res 160, 499–513.
29 Kenny HA, Chiang CY, White EA, Schryver EM,

Habis M, Romero IL, Ladanyi A, Penicka CV, George

J, Matlin K et al. (2014) Mesothelial cells promote

early ovarian cancer metastasis through fibronectin

secretion. J Clin Invest 124, 4614–4628.
30 Mutsaers SE, Birnie K, Lansley S, Herrick SE, Lim CB

and Prele CM (2015) Mesothelial cells in tissue repair

and fibrosis. Front Pharmacol 6, 113.

31 Mikula-Pietrasik J, Uruski P, Sosinska P, Maksin K,

Piotrowska-Kempisty H, Kucinska M, Murias M,

Szubert S, Wozniak A, Szpurek D et al. (2016)

Senescent peritoneal mesothelium creates a niche for

ovarian cancer metastases. Cell Death Dis 7, e2565.

32 Iwanicki MP, Davidowitz RA, Ng MR, Besser A,

Muranen T, Merritt M, Danuser G, Ince TA and

Brugge JS (2011) Ovarian cancer spheroids use myosin-

generated force to clear the mesothelium. Cancer Discov

1, 144–157.
33 Heath RM, Jayne DG, O’Leary R, Morrison EE and

Guillou PJ (2004) Tumour-induced apoptosis in human

mesothelial cells: a mechanism of peritoneal invasion by

Fas Ligand/Fas interaction. Br J Cancer 90, 1437–1442.
34 Ince TA, Sousa AD, Jones MA, Harrell JC, Agoston

ES, Krohn M, Selfors LM, Liu W, Chen K, Yong M

et al. (2015) Characterization of twenty-five ovarian

tumour cell lines that phenocopy primary tumours. Nat

Commun 6, 7419.

35 Reinartz S, Lieber S, Pesek J, Brandt DT, Asafova A,

Finkernagel F, Watzer B, Nockher WA, Nist A, Stiewe

T et al. (2019) Cell-type-selective pathways and clinical

associations of lysophosphatidic acid biosynthesis and

signaling in the ovarian cancer microenvironment. Mol

Oncol 23, 185–201.
36 Haley J, Tomar S, Pulliam N, Xiong S, Perkins SM,

Karpf AR, Mitra S, Nephew KP and Mitra AK (2016)

Functional characterization of a panel of high-grade

serous ovarian cancer cell lines as representative

experimental models of the disease. Oncotarget 7,

32810–32820.
37 Reinartz S, Failer S, Schuell T and Wagner U (2012)

CA125 (MUC16) gene silencing suppresses growth

properties of ovarian and breast cancer cells. Eur J

Cancer 48, 1558–1569.
38 Reinartz S, Finkernagel F, Adhikary T, Rohnalter V,

Schumann T, Schober Y, Nockher WA, Nist A, Stiewe

T, Jansen JM et al. (2016) A transcriptome-based

global map of signaling pathways in the ovarian cancer

microenvironment associated with clinical outcome.

Genome Biol 17, 108.

39 Rohnalter V, Roth K, Finkernagel F, Adhikary T,

Obert J, Dorzweiler K, Bensberg M, M€uller-

Br€usselbach S and M€uller R (2015) A multi-stage

process including transient polyploidization and EMT

precedes the emergence of chemoresistent ovarian

carcinoma cells with a dedifferentiated and pro-

inflammatory secretory phenotype. Oncotarget 6,

40005–40025.

18 Molecular Oncology (2020) ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Role of calretinin in adhering ovarian cancer cells K. Ojasalu et al.



40 Guescini M, Sisti D, Rocchi MB, Stocchi L and Stocchi

V (2008) A new real-time PCR method to overcome

significant quantitative inaccuracy due to slight

amplification inhibition. BMC Bioinformatics 9, 326.

41 Patch AM, Christie EL, Etemadmoghadam D, Garsed

DW, George J, Fereday S, Nones K, Cowin P, Alsop

K, Bailey PJ et al. (2015) Whole-genome

characterization of chemoresistant ovarian cancer.

Nature 521, 489–494.
42 Castellarin M, Milne K, Zeng T, Tse K, Mayo M,

Zhao Y, Webb JR, Watson PH, Nelson BH and Holt

RA (2013) Clonal evolution of high-grade serous

ovarian carcinoma from primary to recurrent disease. J

Pathol 229, 515–524.
43 The Cancer Genome Atlas Research Network (2011)

Integrated genomic analyses of ovarian carcinoma.

Nature 474, 609–615.
44 Pennington KP and Swisher EM (2012) Hereditary

ovarian cancer: beyond the usual suspects. Gynecol

Oncol 124, 347–353.
45 Salzman J, Marinelli RJ, Wang PL, Green AE, Nielsen

JS, Nelson BH, Drescher CW and Brown PO (2011)

ESRRA-C11orf20 is a recurrent gene fusion in serous

ovarian carcinoma. PLoS Biol 9, e1001156.

46 Raczy C, Petrovski R, Saunders CT, Chorny I,

Kruglyak S, Margulies EH, Chuang HY, Kallberg M,

Kumar SA, Liao A et al. (2013) Isaac: ultra-fast whole-

genome secondary analysis on Illumina sequencing

platforms. Bioinformatics 29, 2041–2043.
47 Dragon J, Thompson J, MacPherson M and Shukla A

(2015) differential susceptibility of human pleural and

peritoneal mesothelial cells to asbestos exposure. J Cell

Biochem 116, 1540–1552.
48 Timofeev O, Klimovich B, Schneikert J, Wanzel M,

Pavlakis E, Noll J, Mutlu S, Elmshauser S, Nist A,

Mernberger M et al. (2019) Residual apoptotic activity

of a tumorigenic p53 mutant improves cancer therapy

responses. EMBO J 38, e102096.

49 Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng

W, Kim D, Nair VS, Xu Y, Khuong A, Hoang CD

et al. (2015) The prognostic landscape of genes and

infiltrating immune cells across human cancers. Nat

Med 21, 938–945.
50 Gyorffy B, Lanczky A and Szallasi Z (2012)

Implementing an online tool for genome-wide

validation of survival-associated biomarkers in ovarian-

cancer using microarray data from 1287 patients.

Endocr Relat Cancer 19, 197–208.
51 Akamatsu S, Wyatt AW, Lin D, Lysakowski S, Zhang F,

Kim S, Tse C, Wang K, Mo F, Haegert A et al. (2015) The

placental gene PEG10 promotes progression of

neuroendocrine prostate cancer. Cell Rep 12, 922–936.
52 Katoh M (2012) Function and cancer genomics of FAT

family genes (review). Int J Oncol 41, 1913–1918.

53 Morris LG, Ramaswami D and Chan TA (2013) The

FAT epidemic: a gene family frequently mutated across

multiple human cancer types. Cell Cycle 12, 1011–1012.
54 Baugh EH, Ke H, Levine AJ, Bonneau RA and Chan

CS (2018) Why are there hotspot mutations in the TP53

gene in human cancers? Cell Death Differ 25, 154–160.
55 Qiu W, Hu M, Sridhar A, Opeskin K, Fox S, Shipitsin

M, Trivett M, Thompson ER, Ramakrishna M,

Gorringe KL et al. (2008) No evidence of clonal

somatic genetic alterations in cancer-associated

fibroblasts from human breast and ovarian carcinomas.

Nat Genet 40, 650–655.
56 Zhang Y, Cao L, Nguyen D and Lu H (2016) TP53

mutations in epithelial ovarian cancer. Transl Cancer

Res 5, 650–663.
57 Lee JY, Yoon JK, Kim B, Kim S, Kim MA, Lim H,

Bang D and Song YS (2015) Tumor evolution and

intratumor heterogeneity of an epithelial ovarian cancer

investigated using next-generation sequencing. BMC

Cancer 15, 85.

58 Roberts CM, Cardenas C and Tedja R (2019) The role

of intra-tumoral heterogeneity and its clinical relevance

in epithelial ovarian cancer recurrence and metastasis.

Cancers Basel, 11.

59 Schwarz RF, Ng CK, Cooke SL, Newman S, Temple J,

Piskorz AM, Gale D, Sayal K, Murtaza M, Baldwin PJ

et al. (2015) Spatial and temporal heterogeneity in high-

grade serous ovarian cancer: a phylogenetic analysis.

PLoS Med 12, e1001789.

60 Horne-Badovinac S (2017) Fat-like cadherins in cell

migration-leading from both the front and the back.

Curr Opin Cell Biol 48, 26–32.
61 Bryant PJ, Huettner B, Held LI Jr, Ryerse J and

Szidonya J (1988) Mutations at the fat locus interfere

with cell proliferation control and epithelial

morphogenesis in Drosophila. Dev Biol 129, 541–554.
62 Wiegmans AP, Al-Ejeh F, Chee N, Yap PY, Gorski JJ,

Da Silva L, Bolderson E, Chenevix-Trench G,

Anderson R, Simpson PT et al. (2014) Rad51 supports

triple negative breast cancer metastasis. Oncotarget 5,

3261–3272.
63 Link T, Passek S, Wimberger P, Frank K, Vassileva YD,

Kramer M and Kuhlmann JD (2019) Serum calretinin as

an independent predictor for platinum resistance and

prognosis in ovarian cancer. Int J Cancer.

64 Bae KM, Parker NN, Dai Y, Vieweg J and Siemann

DW (2011) E-cadherin plasticity in prostate cancer stem

cell invasion. Am J Cancer Res 1, 71–84.
65 Imai T, Horiuchi A, Shiozawa T, Osada R, Kikuchi N,

Ohira S, Oka K and Konishi I (2004) Elevated

expression of E-cadherin and alpha-, beta-, and

gamma-catenins in metastatic lesions compared with

primary epithelial ovarian carcinomas. Hum Pathol 35,

1469–1476.

19Molecular Oncology (2020) ª 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

K. Ojasalu et al. Role of calretinin in adhering ovarian cancer cells



66 Cao QJ, Jones JG and Li M (2001) Expression of

calretinin in human ovary, testis, and ovarian sex

cord-stromal tumors. Int J Gynecol Pathol 20,

346–352.
67 Lugli A, Forster Y, Haas P, Nocito A, Bucher C, Bissig

H, Mirlacher M, Storz M, Mihatsch MJ and Sauter G

(2003) Calretinin expression in human normal and

neoplastic tissues: a tissue microarray analysis on 5233

tissue samples. Hum Pathol 34, 994–1000.
68 Comin CE, Saieva C and Messerini L (2007) h-

caldesmon, calretinin, estrogen receptor, and Ber-EP4: a

useful combination of immunohistochemical markers

for differentiating epithelioid peritoneal mesothelioma

from serous papillary carcinoma of the ovary. Am J

Surg Pathol 31, 1139–1148.
69 Okamoto S, Ito K, Sasano H, Moriya T, Niikura H,

Terada Y, Sato S, Okamura K and Yaegashi N (2005)

Ber-EP4 and anti-calretinin antibodies: a useful

combination for differential diagnosis of various

histological types of ovarian cancer cells and

mesothelial cells. Tohoku J Exp Med 206, 31–40.
70 Li D, Wang B, Long H and Wen F (2015) Diagnostic

accuracy of calretinin for malignant mesothelioma in

serous effusions: a meta-analysis. Sci Rep 5, 9507.

71 Cathro HP and Stoler MH (2005) The utility of

calretinin, inhibin, and WT1 immunohistochemical

staining in the differential diagnosis of ovarian tumors.

Hum Pathol 36, 195–201.
72 Powell G, Roche H and RocheWR (2011) Expression of

calretinin by breast carcinoma and the potential for

misdiagnosis of mesothelioma.Histopathology 59,

950–956.
73 Taliano RJ, Lu S, Singh K, Mangray S, Tavares R, Noble

L, Resnick MB and Yakirevich E (2013) Calretinin

expression in high-grade invasive ductal carcinoma

of the breast is associated with basal-like subtype

and unfavorable prognosis.Hum Pathol 44,

2743–2750.
74 Blum W and Schwaller B (2013) Calretinin is essential

for mesothelioma cell growth/survival in vitro: a

potential new target for malignant mesothelioma

therapy? Int J Cancer 133, 2077–2088.
75 Worthm€uller J, Blum W, Pecze L, Salicio V and

Schwaller B (2018) Calretinin promotes invasiveness

and EMT in malignant mesothelioma cells involving the

activation of the FAK signaling pathway. Oncotarget 9,

36256–36272.
76 Worthm€uller J, Salicio V, Oberson A, BlumW and

Schwaller B. (2019) Modulation of calretinin expression in

human mesothelioma cells reveals the implication of the

FAK and Wnt signaling pathways in conferring

chemoresistance towards cisplatin. Int J Mol Sci 20, 5391

77 Quintanilla M, Montero-Montero L, Renart J and

Martin-Villar E. (2019) Podoplanin in inflammation

and cancer. Int J Mol Sci 20, 707

78 Astarita JL, Acton SE and Turley SJ (2012)

Podoplanin: emerging functions in development, the

immune system, and cancer. Front Immunol 3, 283.

79 Krishnan H, Rayes J, Miyashita T, Ishii G, Retzbach

EP, Sheehan SA, Takemoto A, Chang YW, Yoneda K,

Asai J et al. (2018) Podoplanin: An emerging cancer

biomarker and therapeutic target. Cancer Sci 109,

1292–1299.
80 Martin-Villar E, Borda-d’Agua B, Carrasco-Ramirez P,

Renart J, Parsons M, Quintanilla M and Jones GE

(2015) Podoplanin mediates ECM degradation by

squamous carcinoma cells through control of

invadopodia stability. Oncogene 34, 4531–4544.
81 Clucas J and Valderrama F (2014) ERM proteins in

cancer progression. J Cell Sci 127, 267–275.
82 Renart J, Carrasco-Ramirez P, Fernandez-Munoz B,

Martin-Villar E, Montero L, Yurrita MM and

Quintanilla M (2015) New insights into the role of

podoplanin in epithelial-mesenchymal transition. Int

Rev Cell Mol Biol 317, 185–239.
83 Fuertbauer E, Zaujec J, Uhrin P, Raab I, Weber M,

Schachner H, Bauer M, Schutz GJ, Binder BR, Sixt M

et al. (2013) Thymic medullar conduits-associated

podoplanin promotes natural regulatory T cells.

Immunol Lett 154, 31–41.
84 Tejchman A, Lamerant-Fayel N, Jacquinet JC,

Bielawska-Pohl A, Mleczko-Sanecka K, Grillon C,

Chouaib S, Ugorski M and Kieda C (2017) Tumor

hypoxia modulates podoplanin/CCL21 interactions in

CCR7+ NK cell recruitment and CCR7+ tumor cell

mobilization. Oncotarget 8, 31876–31887.
85 Cobec IM, Sas I, Pirtea L, Cimpean AM, Moatar AE,

Ceausu RA and Raica M (2016) Podoplanin as key

player of tumor progression and lymph vessel

proliferation in ovarian cancer. Anticancer Res 36,

5265–5272.

Supporting information

Additional supporting information may be found

online in the Supporting Information section at the end

of the article.
Fig S1. Immunostaining of p53 in two metastases from

the same patient with a stabilizing C277G mutation.

Fig S2. Immunoblot analysis of p53 protein and its

target p21 in OCMI cells.

Fig S3. Expression of attachment-regulated genes in

paired samples of cell spheroids from HGSC ascites

and solid tumor tissue.

Fig S4. Immunohistochemical staining of the metasta-

sis in Fig. 3A for EPCAM, calretinin, smooth muscle

actin (SMA) and TWIST.

Fig S5. Immunohistochemical staining of tumor cell

spheroids from HGSC ascites for the mesenchymal

marker TWIST.
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Fig S6. Downregulation of CALB2 mRNA levels by

siRNA-mediated interference.

Fig S7. Flow-cytometry-based analysis of calretinin

protein expression.

Table S1. Patients and tumor samples for targeted

sequencing.

Table S2. Genes analyzed for genetic alterations by

targeted sequencing.

Table S3. Genetic alterations identified in patient sam-

ples.

Table S4. Genes upregulated in adherent ascites-

derived OCMI cells versus spheroids from ascites

(FC > 10).

Table S5. Genes downregulated in adherent ascites-

derived OCMI cells versus spheroids from ascites

(FC > 50).

Table S6. Panther gene list of ECM-associated genes

upregulated in adherent OCMI cells.

Table S7. Genes highly expressed in mesothelial cells

(TPM>250) versus adherent OCMI cells (FC ≥ 5).
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