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Abstract High-grade serous ovarian cancer (HGSOC) is characterized by a TP53 mutation
rate of up to 96.7% and associated with a more aggressive tumor biology. The origin of
HGSOC is thought to arise either from fallopian tube secretory cells or the ovarian
surface epithelium/inclusion cysts, the former with more evidence. Peritoneal tumor
spread is heterogeneous, either excessive in the peritoneum (with miliary appearance) or
more confined to the ovaries with only few (bigger and exophytically growing) peritoneal
implants. Using RNA sequencing and DNA digital droplet polymerase chain reaction
(PCR), we identified two different functional TP53 mutations in one HGSOC patient: one
exclusively in the ovarian tumor mass and the other exclusively in ascites tumor cells,
peritoneal tumor masses, and a lymph node metastasis. In blood, both mutations could
be detected, the one from the peritoneal tumors with much higher frequency,
presumably because of the higher tumor load. We conclude that this mutually exclusive
distribution of two different TP53 mutations in different tumor tissues indicates the
development of two independent carcinomas in the peritoneal cavity, probably one
originating from a precancerous lesion in the fallopian tube and the other from the
ovaries. In addition, in the patient’s ascites CD45 and EpCAM, double-positive cells were
found—proliferating but testing negative for the above-mentioned TP53 mutations. This
mutually exclusive distribution of two TP53 mutations is probably further evidence that
HGSOC can originate either from the fallopian tube or (more seldom) the ovaries, the
former more prone for excessive peritoneal tumor spread.

[Supplemental material is available for this article.]

INTRODUCTION

Mutation of the tumor-suppressor gene TP53 is regarded as an important driver in cancer
onset and progression (Brosh and Rotter 2009). Hence, the structure and function of com-
mon mutations have been studied extensively since the discovery of mutation of TP53
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(Lane and Crawford 1979; Linzer and Levine 1979; Brosh and Rotter 2009). TP53 is mutated
at almost every codon of the DNA binding core domain. Various TP53 mutations are asso-
ciated with different penetrance and tumor phenotypes (Olivier et al. 2009). Because of dy-
namic instability of TP53 gene mutations, advantageous mutants are clonally selected under
tumor promoting conditions (e.g., hypoxia) (Giaccia and Kastan 1998). In serous ovarian car-
cinoma (SOC), TP53mutations are very frequent and occur as an early event (Lee et al. 2007).
Particularly, in high-grade serous ovarian cancers (HGSOCs), the mutational frequency can
reach up to 96%–96.7% (Ahmed et al. 2010; The Cancer Genome Atlas Research Network
2011) and 99% if an optimized p53 immunohistochemistry is used for detection (Kobel
et al. 2016). Loss of wild-type p53 (wt) was shown to confer an aggressive phenotype asso-
ciated with more aggressive histology (Ahmed et al. 2010) and rapid metastatic dissemina-
tion in the peritoneal cavity (Feki and Irminger-Finger 2004). The origin of HGSOC has been
under debate since the discovery of “serous tubal intraepithelial carcinomas” (STICs) in
patients with hereditary ovarian cancer syndrome (Medeiros et al. 2006; Crum et al. 2007).
We recently described two different types of peritoneal tumor spread in HGSOC, one
with massive peritoneal involvement (with numerous small millet-sized implants, “miliary”)
and one with only few larger exophytically growing peritoneal tumor implants (or none at
all but with lymph node [LN] involvement) (“nonmiliary”) (Auer et al. 2015, 2016b;
Bachmayr-Heyda et al. 2016). Both types are different in biological and clinical characteris-
tics, and the miliary type is associated with an unfavorable outcome (Auer et al. 2015;
Bachmayr-Heyda et al. 2016). We further demonstrate the first evidence that miliary tumors
originate from the fallopian tubes and nonmiliary tumors from ovarian epithelia (Auer et al.
2016a). A gene signature derived from ovarian surface epithelial (OSE) and fallopian tube
secretory epithelial (FTE) cells links spread type with putative origin—miliary with tubal
and nonmiliary with ovarian origin (Auer et al. 2016a). Recently, the discussion of the exclu-
sive tubal origin of HGSOC was challenged by several publications: Klinkebiel et al. (2016)
showed by whole-genome methylation studies that some HGSOC samples are more similar
toOSE cells than to FTE cells; Coscia et al. (2016) reported that by using targeted proteomics
data, ovarian cancer cell lines can be divided into different clusters, one closer to OSE cells
and one closer to FTE cells, and that HGSOC tumor tissues follow this clustering; and Eckert
et al. (2016) showed by phylogenetic genomic profiling that STICs are not always the pre-
cancerous lesions of HGSOC but can also be secondary implants. Additionally, it was shown
that ascites-derived tumor spheroids can implant in the fallopian tube epithelium and thus
mimic STIC lesions by ex vivo assays (Eckert et al. 2016).

Herewe report a HGSOCpatient presentingwith twomutually exclusive TP53mutations,
one restricted solely to the ovarian tumor and the other to the peritoneal tumor masses (in-
cluding ascites tumor cells and a LN metastasis). We conclude that the patient carries two
independent tumors in the peritoneal cavity, distinguishable in their TP53 mutation signa-
tures, but indistinguishable by histology and the proliferation indices of the tumor cells. In
addition, proliferating but not TP53-mutated CD45 (a pan-leukocyte marker) and EpCAM
(marker for epithelial cells and carcinomas) double-positive cells were detected in the ascites
of this patient (Supplemental Information).

RESULTS

Clinicopathological Features of the HGSOC Patient
The patient was diagnosed at the age of 50with grade three FIGO (Fédération Internationale
de Gynécolgie et d’Obstetrique) stage IIIC HGSOC and received debulking surgery with
complete macroscopic tumor resection followed by six cycles of adjuvant chemotherapy
with carboplatin and paclitaxel together with bevacizumab (starting at the second cycle).
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Pathological assessment revealed a bilateral invasive ovarian carcinoma with excessive,
widespread invasion of cancer cells within the peritoneal cavity. According to immunohisto-
chemical (IHC) analyses, the characteristic morphology of the tumor comprised of papillary
structures—indicative of a serous papillary ovarian carcinoma (adenocarcinoma)—with lym-
phovascular involvement (L1). Although spreading extensively within the peritoneum, the tu-
mor invasion into the uterus remained small, showed subserous development, and was
restricted only to the outer wall of the uterus. The LNs under the serosa were positive.
These findings indicated a primary HGSOC, distinguishable from other carcinomas (e.g., en-
dometrial serous carcinoma) (Bartosch et al. 2011). Clinically and according to computer to-
mography (CT) imaging and cancer antigen (CA125) levels the patient was tumor-free after
primary therapy. Bevacizumab maintenance therapy was performed up to 18 cycles, and
thereafter the patient had a clinical follow-up every 3 mo in the oncology outpatient depart-
ment of the Medical University of Vienna. The first recurrence was diagnosed 21mo after the
last dose of platinum chemotherapy and treated with six cycles of carboplatin and pegylated
liposomal doxorubicin together with bevacizumab.

IHC staining of the ovarian tumor, peritoneal tumors, and the embedding of ascites cells
for various markers was performed to rule out an endometrial serous carcinoma in the peri-
toneal cavity: Wilms’ tumor protein 1 (WT-1), p53, CA125, progesterone receptor (PR), estro-
gen receptor (ER), vimentin (VIM), and pan-cytokeratin AE1/AE3. Strong expression ofWT-1,
p53, as well as very strong expression of CA125 in tumor cells among all tissues is typical for a
high-grade serous carcinoma (Fig. 1). Hormonal receptors showed different expression pat-
tern between the ovarian and the peritoneal tumors: the expression of PR in ovarian tumor
cells was heterogeneous but strong. In peritoneal tumors PR was also heterogeneously
expressed, but positive cells were only weakly stained. However, ascites tumor cells were
PR-negative. In contrast, tumor cells in ascites expressed ER. Tumor cells fromovary and peri-
toneum showed again very heterogeneous staining for ER. Furthermore, vimentin staining
was negative in ovarian, peritoneal, and ascites tumor cells, whereas the pan-cytokeratin
AE1/AE3 were positive in tumor cells of ovarian tissue and ascites but showed very diffuse
staining in peritoneal tumor cells. Positive expression of vimentin can be allocated to theme-
sothelial cells. Also, mesothelial cells and leukocytes are positively stained by pan-keratin
AE1/AE3. These expression patterns of various histological markers in tumor cells indicated
clearly the presence of a high-grade serous papillary ovarian carcinoma with strong positive
p53 expression. Retrospectively, we examined the fallopian tubes in detail and additionally
resectioned relevant blocks. Tumor formation appears to originate within ovarian cysts lined
with atypical epithelium developing into invasive carcinoma spreading on to the ovarian—
and probably the peritoneal—surface. In addition, similar tumor formations were found at
the fimbriated extremity of the right fallopian tube in continuity with the local tubal epithe-
lium, indicating the possibility of serous carcinoma originating thereof. However, histopath-
ologically it is not possible to clearly discriminate primary frommetastatic tumor tissue in the
tubal area because of close proximity and morphologic similarity.

Detection of Two Different TP53 Mutations in a HGSOC Patient
Routinely, all primary tumor tissues from our tumor tissue bank are analyzed for functional
TP53 mutations using the functional assay of separated alleles in yeast (FASAY) (Deissler
et al. 2004). Using ovarian tumor tissue, one mutation in codon 135 (c.404 G>A, C135Y)
was found (Table 1; P25; COSMIC accession no. COSP43053). Interestingly, digital droplet
polymerase chain reaction (ddPCR) on isolated peritoneal tumor cells revealed no evidence
for this mutation in these cells. As we also had RNA-sequencing data of enriched tumor cells
from a peritoneal tumor mass of this patient (Auer et al. 2015), we searched mapped reads
for a second TP53mutation. And indeed, we found reads indicative of a c.581 T>Gmutation
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Figure 1. Immunohistochemical staining of the ovarian tumor tissue, a peritoneal tumor tissue, and the em-
bedded ascites cells of the high-grade serous ovarian cancer (HGSOC) patient. Tumor cells are strongly pos-
itive for CA125,WT-1, and p53.Whereas vimentin is negative in tumor cells among all tissue types, pan-keratin
(AE1/3) is positive in ovarian tumor and aggregated tumor cells in ascites but diffuse-positive in peritoneal tu-
mor. In ovarian and peritoneal tissues, progesterone receptor (PR) and estrogen receptor (ER) expressions in
tumor cells are very diffuse and both positive and negative staining of the markers can be detected. In addi-
tion, ovarian stroma is positively stained with PR. However, aggregated tumor cells in ascites lack PR expres-
sion, whereas ER expression in these cells is positive. Images are visualized with light microscopy. Scale bar,
200 µm at 100× magnification.
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in exon 6 (L194R) (Table 1; A25; COSMIC accession no. COSP43053). Using this a priori
knowledge, Sanger sequencing of this region confirmed this mutation in ascites tumor cells
(Fig. 2B).

TP53 Mutational Frequency in SOC
According to the International Agency for Research on Cancer (IARC) TP53 database
(Petitjean et al. 2007) and the Catalogue of SomaticMutations in Cancer (COSMIC) database
(Forbes et al. 2011), 66.0% (804 of 1217) to 78.2% (552 of 706) of all analyzed SOCs
have been shown to be mutated. Both identified mutations were infrequent mutants
with mutation rates of 0.11 and 0.04, respectively (data from IARC) (Fig. 2A; Petitjean
et al. 2007).

The Structure of the p53 Mutations
Next, we analyzed the locations of the two identified TP53mutations in the three-dimensional
(3D) structure of the protein (Fig. 2D). Both described mutations are located in highly con-
served clusters of hotspot mutation regions among different cancers and belong to so-called
“buried amino acids,” known to be involved in stabilizing protein folding (Cho et al. 1994;
Walker et al. 1999). The 3D structure of the DNA binding core domain of wt p53 shows
that the two mutations are located in regions of important secondary structure domains.
The “ovarian TP53 mutation” C135Y (P25; c.404 G>A mutation in exon 5) causes the alter-
ation of a nucleophilic cysteine to an aromatic tyrosine at codon 135, which is located in the
S2′ sheet region of the loop–sheet–helix motif. The C135Y (c.404 G>A) mutation was de-
scribed as a protein destabilizing mutant (Cho et al. 1994). This mutant was also reported
to exhibit a loss of function and interferes with wt p53 if wt p53 is present, but showed
gain-of-function mutation in the absence of wt p53 (Dearth et al. 2007).

The “peritoneal TP53mutation” L194R (A25; c.581 T>G mutations in exon 6) causes the
replacement of a hydrophobic leucine with a basic arginine in the L2 loop of the protein, also
described as the protein–DNA interaction stabilizing loop. This mutant is also characterized
to cause a loss of function (Jordan et al. 2010) because of its specific location near the zinc
binding region. Structurally analyzed, both mutations are localized at protein stabilizing re-
gions of p53, which can result in disturbed protein function.

Distribution of Two Independent TP53 Mutations in HGSOC
Sequencing analysis of the HGSOC patient showed two differentially distributed mutations:
one mutation C135Y (c.404 G>A), identified by the FASAY assay in the ovarian tumor mass
(P25) and another L194R (c.581 T>G) mutation detected in a peritoneal tumor mass (A25),
initially from RNA-sequencing data and verified by Sanger sequencing in ascites tumor cells
(Fig. 2B).

Table 1. Variant table

ID Gene

Chromosome
position
(hg19)

HGVS
cDNA

HGVS
protein

HGVS protein
Reference

Mutation
type Type COSMIC ID

P25 TP53 17: 7578526 c.404G>A p.C135Y NP_001119584.1 Substitution Somatic COSP43053

A25 TP53 17: 7578268 c.581T>G p.L194R NP_001119584.1 Substitution Somatic COSP43053

HGVS, Human Genome Variation Society; COSMIC, Catalogue of Somatic Mutations in Cancer; http://cancer.sanger.ac.
uk/cosmic.
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Figure 2. (A) Mutational frequency in the DNA binding domain of p53 in epithelial ovarian cancers: only mis-
sense mutations in the DNA binding domain were considered and analyzed, comprising 217 mutations from
658 in total. All indels, nonsense mutations, splice variants, frameshifts, and silent mutations were excluded.
Six mutations outside the DNA binding domain were removed (International Agency for Research on
Cancer [IARC] TP53 database, Petitjean et al. 2007). (B) Sequencing of the TP53 gene of the patient. The se-
quencing revealed the presence of two different mutations. (C ) TP53mutation analyses of ovarianmasses, iso-
lated ascites cell aggregates, and four different peritoneal implants from appendix vermiformis (I), omentum
majus (II and IV), and diaphragm (III). Different ovarian tumor masses, peritoneal tumor masses, and ascites, as
well as spheroids, are indicated in Roman numerals (I–IV) and experiment repeats are denoted in Arabic nu-
merals (1–3). WGA, whole-genome amplification. (D) Three-dimensional structure of the DNA binding core
domain of wild-type p53 with highlighted ovarian C135Y-p53 (green) and peritoneal L194R-p53 mutations
(blue). The mutation at codon L194R localized in the L2 loop (labeled in blue), which supports the L3 loop, oc-
curred mainly in peritoneal tumor masses. The C135Y mutation in the S2′ β-sheet at loop–helix–sheet motif
(labeled in green) was shown to be a thermosensitive mutation. PDB ID: 4HJE (Chen et al. 2013). Structures
were created using Swiss-PdbViewer v4.1 (Guex Nicolas et al. 2012). (E) Immunofluorescence (IF) quantifica-
tion of immune and tumor cells. Expression levels of CD45-positive immune cells (red) and EpCAM-positive
tumor cells (gray) in ovarian masses (OMs), in different peritoneal masses (PMs) from appendix vermiformis
(I), omentum majus (II and IV), diaphragm (III, VII), LN (data is shown on the graph) implant in mesocolon (V),
ligamentum falciforme (VI), and Douglas pouch (VIII) and in ascites (A). Ki67 staining of tumor cells indicates
the proliferation indices of tumor cells (blue). (F ) IF staining of ovarian mass. The merged image of IF staining
shows p53 (green), CD45 (red), EpCAM (white), and Ki67 (yellow). The cell nuclei were counterstained with
DAPI. The images were visualized with fluorescence microscopy at 200× magnification. Scale bar, 50 µm.



Using ddPCR, we analyzed ratios of these two different mutations from different regions
of the ovarian tumor, from different peritoneal tumor implants and ascites tumor cells using
DNA isolated from diverse sample types (fresh frozen total tissues, ascites cells, enriched tu-
mor cells, free DNA from serum and plasma, formalin-fixed paraffin-embedded [FFPE] sec-
tions, and picked single cells). The C135Y (c.404 G>A) mutation was found exclusively in the
ovarian tumor mass, whereas the L194R (c.581 T>G) mutation was solely detected in the
peritoneal tumor masses and ascites tumor cells, which confirmed the Sanger and massively
parallel RNA-sequencing results. Bothmutations showed very highmutational frequencies in
the corresponding tissues (Fig. 3): a median of 76.2% (range, 16.0%–80.8%; interquartile
range [IQR], 15.6;N = 7) for the C135Y (c.404 G>A) mutation in the ovarian tumors and ame-
dian of 82.2% (range, 11.1%–85.1%; IQR, 24.9;N= 4) for the L194R (c.581 T>G) mutation in
the peritoneal implants and ascites (Figs. 2C, 3). Interestingly, the malignant LN from the
mesocolon showed the same mutation as the peritoneal tumor masses.

Tumor cell aggregates (spheroids, isolated from fresh ascites) mainly contained the
“peritoneal mutation” L194R (c.581 T>G), but also the “ovarian mutation” C135Y (c.404
G>A), albeit in a much lower frequency (Figs. 2C, 3) (in average 93.0% vs. 8.3%). In plasma
of the patient, both mutations L194R (c.581 T>G) and C135Y (c.404 G>A) were detected in
low levels (9.5% and 0.7%, respectively). In serum, only 0.4% of the L194R (c.581 T>G) mu-
tation was detected, but no C135Y (c.404 G>A) mutation (Figs. 2C, 3).

Figure 3. Scheme of samples and performed analyses. Pie charts represent the relative frequencies of the cor-
responding mutation (in blue the ovarian [i.e., C135Y (c.404 G>A)] and in red the peritoneal [i.e., L194R (c.581
T>G)] mutation).
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Measuring the Proliferation Indices of Cells with Different TP53 Mutations
To assess dependence of tumor cell proliferation on the two different TP53 mutations, the
proliferation index of tumor cells was determined by IF nuclear Ki67 staining in the ovarian
(Fig. 2F), as well as the peritoneal tumor tissues and the embedded ascites cells.

The ovarian and the peritoneal tumor tissues contained a median of 60.4% (range,
8.2%–71.9%; IQR, 7.6; N= 10) tumor cells and about a median of 19.2% (range, 7.6%–

27.7%; IQR, 6.4; N = 10) immune cells (Fig. 2E). IF staining with Ki67 revealed that among
all ovarian and peritoneal tumor tissues a median of 5.5% (range, 0.2%–11.8%; IQR, 6.6;
N = 10) of tumor cells and a median of 0.19% (range, 0.004%–0.19%; IQR, 0.9; N = 10) of
immune cells were proliferating. Only the peritoneal tumor mass from the ligamentum
falciforme consisted of mostly fat cells and very few tumor cells (8.2%) with a very high
proliferation rate of 89.0%. In ascites, the majority of cells were immune cells (43.3%–

50.0%), of which 1.19%–1.48% were proliferating and 11.2%–15.6% of ascites cells were
tumor cells, of which ∼0.9% were proliferating. In addition, 6.5% of total CD45+/EpCAM+

double-positive cells (6.2%–9.2%) were proliferating (Supplemental Table S1). We found
that the proliferation indices of tumor cells varied substantially among all analyzed
tissues (median, 3.8%; range, 0.2%–11.8%; IQR, 7.1; N = 12) but did not depend on a
specific mutation, indicating that the two different p53mutations did not determine prolif-
eration rates.

DISCUSSION

Here we report a remarkable finding in a patient with HGSOC with excessive widespread tu-
mor invasion in the peritoneal cavity: mutation analyses revealed two different functional
TP53 mutations, one exclusively in the ovarian tumor mass and the other exclusively in asci-
tes tumor cells and tumor masses from the peritoneal cavity. We conclude that the mutually
exclusive signature of the two mutations indicates two independent tumor populations. The
dominant “peritoneal mutation” L194R (c.581 T>G) populated the ascites and spread within
the peritoneal cavity, compared with the “ovarian mutation” C135Y (c.404 G>A), found
nearly exclusively in the ovarian primary tumor. Some tumor aggregates (spheroids) in the
ascites also showed the “ovarian mutation,” indicating that cells from the ovarian tumor
can shed off and remain floating in the ascites (forming spheroids or as single cells).
Moreover, the LN metastasis showed the “peritoneal mutation,” indicating that the lymph
system was infiltrated by tumor cells from either ascites tumor cells or peritoneal tumor im-
plants rather than from the main primary ovarian tumor.

Hoogstraat et al. reported a DNA and RNA-sequencing study of ovarian serous adeno-
carcinoma that revealed two different independent TP53missense mutations in one patient
at distinct tumor locations, including the ovary and the peritoneum. The authors suggested
that the differently mutated tumor regions constitute two independent tumors or very early
branched subclones (Hoogstraat et al. 2014). The latter is implausible, as it is thought that
HGSOC mainly derives from premalignant lesion in the fallopian tube, with TP53 mutations
as one of the first driver mutations.

The analysis of the mutation structure revealed that both mutations showed high muta-
tional frequencies in the corresponding tissues and are localized at protein stabilizing re-
gions of p53, which can result in a disturbed protein function.

We detected less free-circulating DNA in the serum of the patient compared with
plasma. This is in concordance with the literature reporting less total free-circulating DNA
in plasma (Jackson et al. 2016), but relatively more from the tumor (i.e., mutated), compared
with serum containingmore total free-circulating DNA but relatively less from the tumor. The
higher concentration of the “peritoneal mutation” L194R (c.581 T>G) in free-circulating
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DNA in plasma and serum is probably due to the much higher tumor load from peritoneal
tumor implants and ascites tumor cells than from the ovarian tumor.

Shortcomings
Contamination with PCR products from previous TP53 mutation analyses can be nearly
completely excluded as both mutations were new in our laboratory at the time of analysis
and both mutations were analyzed several times weeks apart and analyzed by different
people. The peritoneal mutation was also analyzed from a lavage of the uterine cavity,
which was taken completely independently from surgery and analyzed by different peo-
ple including targeted DNA sequencing (Maritschnegg et al. 2015). We can also exclude
the possibility of swap of tissues or samples to explain all results, as both mutations were
each proven in tissues we collected (i) directly from the operating room, (ii) from fresh
material different people from our laboratory got from pathology on the day of surgery,
and (iii) as FFPE blocks from the pathology weeks after the surgery. Furthermore, to ensure
the assignment of both mutations to the patient, short tandem repeat analyses (STR-PCR),
which we usually use to confirm cell line identities, confirmed the identity of blood-derived
genomic DNA with the DNA of the ovarian tumor mass and from ascites cells.

Origin of HGSOC?
In a series of publications we recently introduced two modes of peritoneal tumor spread in
HGSOC,miliary and nonmiliary, with numerous biological, immunological, and outcome dif-
ferences between them (Auer et al. 2015, 2016b; Bachmayr-Heyda et al. 2016). We have fur-
ther evidence that miliary tumors arise from the fallopian tubes and nonmiliary from the
ovaries (Auer et al. 2016a): comparative transcriptome analysis links these two distinct met-
astatic phenotypes, miliary and nonmiliary, with putative origin of HGSOC tubes and the
ovaries. Further evidence for (rare) cases of HGSOCof ovarian origin comes frommethylome
studies (Klinkebiel et al. 2016), targeted proteomics (Coscia et al. 2016), and phylogenetic
genomics (Eckert et al. 2016). Even secondary tumor implants in the fallopian epithelium
can mimic STICs (Eckert et al. 2016). But there is also evidence by identical TP53 mutations
for clonal relations of STICs and pelvic tumor masses, at least in pelvic carcinosarcomas
with HGSOC involvement (Ardighieri et al. 2016). McDaniel et al. described two cases of
BRCA1/2mutated HGSOC patients with concordant STIC and ovarian tumor mass TP53mu-
tations (McDaniel et al. 2015). Nevertheless, we believe the finding in this patient (i.e., two
mutually exclusive distributed functional TP53 mutations) is further evidence that HGSOC
can originate from tissues outside the ovaries (from the fallopian tubes or the peritoneum)
but also from the ovaries (indistinguishable from histopathologic presentation) and that
the former aremore prone for peritoneal tumor spread (therefore probably presenting differ-
ently clinically). Both characteristics, tumor spread and putative origin, are also correlated to
different outcomes (Auer et al. 2015, 2016a,b; Bachmayr-Heyda et al. 2016; Coscia et al.
2016) and therefore should be consideredmore intensely in HGSOC treatment and targeted
therapy research.

METHODS

Patient Sample Collection
During the primary surgery, tumor masses from ovaries and several peritoneal tumor masses
(from the omentum majus, appendix vermiformis, ligamentum falciforme, Douglas pouch,
diaphragm, and a LN implant in the mesocolon), as well as ascites containing tumor cells,
were obtained and processed further for analysis.
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Preparation of Ovarian and Peritoneal Tissues
Ovarian and peritoneal tissues, obtained during surgery, were immediately stored in buff-
ered growth medium (Dulbecco’s modified Eagle’s medium [DMEM] [Life Technologies]
+ 10 mM HEPES, pH 7.2 [Sigma-Aldrich]). Tissues were cut into small pieces and digested
by Liberase DH (0.26 U/ml) in DMEM (10 mM HEPES, pH 7.2) for 60 min at 37°C gently stir-
ring. The reaction was stopped by adding 10 µl of fetal calf serum. The cell suspension was
filtered through a filter with 40-µm mesh size and rinsed with DMEM supplemented with 4
mM ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich). The cells were centrifuged at
120g for 10 min and the pellet was washed twice in phosphate-buffered saline (PBS) (total
tissue). The cells were resuspended in 1 ml DMEM and either cryostored in liquid nitrogen
(addition of 5% dimethylsulfoxide [DMSO] [Sigma-Aldrich] to growth medium) or prepared
immediately for cell enrichment as described below (Table 2).

Preparation of Ascites Cells
Cell aggregates (here referred to as spheroids) and single cells from the ascites were
separated using 30-µm (the retentate contained spheroids) and 20-µm filters (the flow
through contained single cells) (BD). The filters (Partec CellTrics) were washed once with
1× phosphate-buffered saline (PBS). The spheroids were collected from the 30-µm filter
by inverting the filter and washing the membrane with 5 ml prewarmed DMEM. Single cells
were collected in DMEM (Life Technologies) containing 0.4 mM EDTA (Sigma-Aldrich). After

Table 2. Sample preparation overview

Sample names Origin Preparations and methods

Total ovarian tumor mass Right ovary Original tissue

Ovarian tumor mass I (1–3) Right ovary Total EpCAM-enriched cells

Ovarian tumor mass II (1–2) Right ovary, random 1 Microdissected from FFPE

Ovarian tumor mass III (1–2) Right ovary, random 2 Microdissected from FFPE

Total ascites cells (1–2) Peritoneum Total cell content of ascites

Ascites tumor cells Peritoneum Total EpCAM-enriched cells

Tumor cell aggregates (ascites) (1–2) Peritoneum Spheroids microdissected from FFPE

Picked double-positive cells (1–2) Peritoneum Picked EpCAM+/CD45+ cells

Peritoneal tumor mass (1–2) Random tissue implant Total EpCAM-enriched cells

Peritoneal tumor mass I Omentum majus Microdissected from FFPE, IF

Peritoneal tumor mass II Appendix vermiformis Microdissected from FFPE, IF

Peritoneal tumor mass III Diaphragma Microdissected from FFPE, IF

Peritoneal tumor mass IV Random tissue Microdissected from FFPE, IF

Peritoneal tumor mass V LN in mesocolon Microdissected from FFPE, IF

Peritoneal tumor mass VI Ligamentum falciforme Microdissected from FFPE, IF

Peritoneal tumor mass VII Diaphragma Microdissected from FFPE, IF

Peritoneal tumor mass VIII Douglas pouch Microdissected from FFPE, IF

Plasma Blood Total free-circulating nucleic acid

Serum Blood Total free-circulating nucleic acid

All patient materials were provided directly from the operating room or from the pathology. The processed ovarian tumor
masses, peritoneal tumor masses, and ascites preparations (biological replicates) are indicated in roman numerals (I–VIII)
and repeated experiments (technical replicates) are labeled with Arabic numerals in brackets. Preparation methods reveal
various strategies used in quantification of cells or validation of mutational analysis.
FFPE, formalin-fixed, paraffin-embedded; IF, immunofluorescence.
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centrifugation at 400g for 10min, both spheroids and single cell pellets werewashed twice in
PBS and resuspended in cell-free ascites supernatant containing 5% DMSO (Sigma-Aldrich)
for freezing.

Preparation of FFPE Tissue Slides
FFPE tissue blocks from ovarian (right ovary) and peritoneal tumor masses as well as ascites
cell blocks from agarose were prepared according to the standard procedure. Prepared tis-
sue sections of 4 µmwere first deparaffinized for 60min at 58°C, with subsequent incubation
in Xylol, 2× for 5 min. For rehydration, the tissue sections were incubated in descending al-
cohol concentrations as follows: 2 × 100% each 3 min, 1 × 96% for 1 min, 1 × 80% for 1 min,
and 1 × 70% for 1 min.

FFPE Tissue Sections for Microdissection
FFPE tissue sections for microdissection were prepared onmembrane slides tomicro-dissect
areas with predominantly tumor cells with the mmi CellCut laser system (MMI).

Isolation of DNA from Total Tissue Pellet, FFPE Tissue Sections, and EpCAM-Enriched
Tumor Cells from Ascites
Genomic DNA from the total tissue pellets, FFPE tissue sections (including ovarian tumor
mass and four different peritoneal implants) and with magnetic beads enriched CD45+ or
EpCAM+ cells from ascites were isolated using QIAamp QIAGEN FFPE DNA kit protocol
from FFPE tissue sections (QIAGEN). 2 × 12 µl DNA was eluted in ATE buffer at RT.
ddPCR was performed with obtained DNA (Hindson et al. 2011).

DNA Extraction from Plasma and Serum
Plasma and serumwere centrifuged at 4600g for 15 min at 4°C. DNA extraction from plasma
and serum was performed according to QIAamp circulating nucleic acid protocol for 1 ml
serum and 4 ml plasma (QIAGEN). Of note, 40 ng/µl of amplified DNA was analyzed by
ddPCR (Bio-Rad) as described.

Immunohistochemical
IHC staining of the ovarian tumor, peritoneal tumors and the embedded ascites cells was
conducted according to the standard protocol for following markers: WT-1, p53, CA125,
PR, ER, vimentin, and pan-cytokeratin AE1/AE3.

Immunofluorescence
Multicolor IF staining of FFPE tissue sections from patient materials were first deparaffinized
and rehydrated as described above. Heat-induced epitope retrieval was performed by heat-
ing up the slides in EDTA pH 8.0 (1:50 EDTA in distilled water) using a microwave (850 W for
2.5 min, followed by 160 W for 13 min). After cooling down the buffer slowly to room tem-
perature (RT), slides were washed two times in PBS for 3 min each. The slides were blocked
with Ultra V Block (Thermo Fisher Scientific) for 7 min. After rinsing, the slides were treated
with primary antibodies (diluted in DAKO antibody diluent with background reducing com-
ponents) in appropriate concentrations for 45–60 min at RT in a humidity chamber. IF stain-
ing with the following primary antibodies was performed on FFPE tissue sections: anti-CD45
(dilution 1:1000, source rat, isotype IgG2b, clone orb96558, Biorbyt), anti-CD45 (dilution
1:1500, source rabbit, isotype IgG, clone E19-G, DB Biotech), anti-EpCAM (dilution 1:300,
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source mouse, isotype IgG1, clone VU1D9, Cell Signaling) and anti-EpCAM (dilution 1:300,
source rabbit, isotype IgG, clone E144, Abcam), anti-CD16 (dilution 1:50, sourcemouse, iso-
type IgG2a, clone 2H7, Thermo Scientific), anti-CD14 (dilution 1:250, source rabbit, isotype
IgG, clone EPR3653, Novus Biologicals), anti-p53 (dilution 1:125, source mouse, isotype
IgG2a, clone DO-1, Merck Millipore), anti-pan-cytokeratin (Ck) 8, 18, 19 (dilution 1:200,
source mouse, isotype IgG1, clone A45-B/B3, AS Diagnostics), anti-CD44 (dilution
1:1000, source mouse, isotype IgG2a, clone 156–3C11, Cell Signaling) and anti-Ki67 (dilu-
tion 1:400, source rabbit, isotype IgG1, clone MIB-1, Dako).

After 3× washing in PBS supplemented with 0.1% Tween (PBS-T) for 3 min, the slides
were incubated with secondary antibodies for 30–60 min, prepared in 6% bovine serum al-
bumin in PBS. For detection of both panels, the following fluorescence-labeled goat second-
ary antibodies were used at a 1:1000 dilution: Alexa Fluor 555 anti-rat, Alexa Fluor 647 anti-
mouse IgG1, Alexa Fluor 488 anti-mouse IgG2a, and Alexa Fluor 750 anti-rabbit (Life
Technologies). For negative controls, FLEX Ready-to-Use Mouse Negative Control contain-
ing a cocktail of mouse IgG1, IgG2a, IgG2b, IgG3, and IgM (DAKO Autostainer/Autostainer
Plus) was used. The slides were washed again in PBS three times and the nuclei were coun-
terstained with DAPI for 5 min. The tissue sections were mounted with Fluoromount-G
(Southern Biotech). The positively stained cell components were scanned with TissueFAXS
fluorescence microscopy (TissueGnostics) and laser scanning microscopy (Zeiss, LSM-700)
(Fig. 2F).

Quantification of cells was performed using the automated cell analyzing software
CellProfiler v.2.1.1 (Carpenter et al. 2006). The CellProfiler analysis pipeline is available in
the Supplemental Material.

TP53 Mutation Detection and Conformational Sequencing
Total RNA from fresh frozen tissue of the patient was analyzed for functional TP53mutations
according to the FASAY assay (Deissler et al. 2004). TP53 mutations were confirmed by
Sanger sequencing according to a standard sequencing protocol described elsewhere
(Sliutz et al. 1997).

Digital Droplet PCR
Genomic DNA prepared with different sample-dependent methods was used for ddPCR
analysis. A 20 µl reaction mix was prepared: 20 ng genomic DNA, 2× ddPCR Supermix
(Bio-Rad), 40× duplexed p53/codon153 or p53/codon194 TaqMan system. The following
primer and probe sets were used (Applied Biosystems, Life Technologies): c.581 T>G,
L194R (23 bp FW: CACTGATTGCTCTTAGGTCTGGC; 22 bp RV: GTCATCCAAATA
CTCCACACGC; 15 bp: FAM-CTCAGCATCGTATCC-MGB; 15 bp: VIC-CTCAGCATCTTAT
CC-MGB) and c.404 G>A, C135Y (27 bp FW: AACTCTGTCTCCTTCCTCTTCCTACAG;
19 bp RV: CTGCACAGGGCAGGTCTTG; 21 bp: FAM-TCAACAAGATGTTTTACCAA
C-MGB; 19 bp: VIC-AACAAGATGTTTTGCCAAC-MGB).

The PCR was performed with 10 min initial denaturation at 95°C followed by 40 cycles
consisting of denaturation for 30 sec at 94°C, annealing and extension for 60 sec at 60°C,
and a final 10 min inactivation step at 98°C by means of thermal cycler (Eppendorf). PCR
products were quantified with theQX100Droplet Digital PCR system (Bio-Rad). Positive con-
trols with known mutations were used in order to evaluate reliability of mutation quantifica-
tion using Quantasoft (Bio-Rad).

The TP53 mutation analysis depends on a two color fluorescence detection of FAM and
VIC fluorescence channels. After thresholds were set using the positive control samples, con-
centrations of mutated and wt alleles were calculated.
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ADDITIONAL INFORMATION

Data Deposition and Access
The mutations are accessible from the COSMIC database (http://cancer.sanger.ac.uk/
cosmic) under accession no. COSP43053.
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