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Abstract

Background: Pseudomyxoma peritonei is a rare disease condition mainly caused by primary mucinous tumors from
the appendix and rarely from the ovary, such as when mucinous ovarian tumors arise from within a teratoma. Molecu-
lar analyses of pseudomyxoma from the appendix showed that KRAS and GNAS pathogenic variants are common
genetic features of pseudomyxoma peritonei. However, the origin of the tumors is difficult to be identified via genetic
variants alone. This study presents a case of pseudomyxoma peritonei of ovarian origin, which was diagnosed by
comprehensive genomic profiling with ploidy analysis in a series of primary, recurrent, and autopsy tumor specimens.

Case presentation: A 40-year-old woman was diagnosed with Stage IC2 mucinous ovarian tumor of borderline
malignancy with mature cystic teratoma, upon clinical pathology. Immunohistochemical analysis suggested that the
mucinous tumor was derived from the intestinal component of an ovarian teratoma. Three years later, intraperitoneal
recurrence was detected, which subsequently progressed to pseudomyxoma peritonei. Genomic analysis detected
KRAS (G12D), GNAS (R201C), and FBXW7 (R367*) variants in the primary tumor. In addition, the tumor showed ane-
uploidy with loss of heterozygosity (LOH) in all its chromosomes, which suggested that the primary ovarian tumor
was derived from germ cells. Existence of one Barr body suggested the existence of uniparental disomy of the tumors
throughout the genome, instead of a haploid genotype. All three pathogenic variants remained positive in the initial
recurrent tumor, as well as in the paired DNA from the whole blood in pseudomyxoma peritonei. The pathogenic vari-
ant of KRAS (G12D) was also identified in the autopsy specimen of the appendix by droplet digital polymerase chain
reaction.

Conclusions: This study pathologically and genetically confirmed that the primary ovarian borderline tumor was
derived from the intestinal component of an ovarian teratoma, and that the subsequent pseudomyxoma peritonei
progressed from the primary ovarian tumor. Integrative genomic analysis was useful to identify cellular origin of
tumors, as well as to precisely interpret the process of disease progression.

Keywords: Pseudomyxoma peritonei, Ovarian teratoma, Mucinous borderline tumor, Comprehensive genomic
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to identify actionable variants of genome-matched treat-
ment options; however, the findings of single nucleotide
variants, small insertions/deletions, gene fusions, tumor
content ratio, and ploidy (allele-specific, chromosomal
copy numbers) using NGS panels should be useful to pre-
cisely diagnose and interpret tumorigenesis in patients
with cancer. A tumor-normal paired, NGS-based panel,
named Todai OncoPanel (TOP) was originally developed.
TOP is composed of a twin DNA and RNA panel, which
covers 464 genes by the DNA panel for SNVs, In/Dels,
copy number variations (CNVs), and ploidy, and 463
genes by the RNA panel for gene fusions, exon skipping,
and specific gene expression [1].

Pseudomyxoma peritonei is a rare disease condition
caused by primary mucinous tumors from the appendix
or ovary [2]. Most of the pseudomyxoma peritonei are
considered to have originated from the appendix, even
if accompanied with ovarian tumor [3, 4]. If both the
ovary and appendix are involved, site of origin is usually
determined based on clinical, pathological, immunohis-
tochemical, and genetic features [5]. Molecular analyses
of appendiceal pseudomyxoma showed that KRAS and
GNAS pathogenic variants are common genetic features
of pseudomyxoma peritonei [6, 7]. However, molecular
profiling of pseudomyxoma peritonei of extra-appendi-
ceal origin has not been well described.

This study presented a case of a mucinous ovarian
tumor with borderline malignancy arising from a tera-
toma, which subsequently developed extensive peritoneal
dissemination, and eventually progressed to pseudomyx-
oma peritonei. TOP analyses were performed to identify
the cellular origin of the mucinous borderline ovarian
tumor and the subsequent pseudomyxoma peritonei to
elucidate the mechanisms of disease progression.

Case presentation

Clinical course 1

A 40-year-old Japanese woman underwent a right sal-
pingo-oophorectomy with partial omentectomy under
the diagnosis of multilocular ovarian tumor, accompa-
nied with mature cystic teratoma (Fig. 1a). The patient’s
medical history was uneventful, and her family history
did not suggest any hereditary cancers. The ovarian
tumor spontaneously ruptured leading to excretion of
mucinous fluid in the abdominal cavity. The pathological
diagnosis was a Stage IC2 mucinous ovarian tumor with
borderline malignancy, accompanied by a mature cystic
teratoma (pT1c2NxMO, Fig. 1b—d). Immunohistochem-
istry revealed that the ovarian tumor was positive for
CK7, CK20, and CDX2, and negative for PAX8 (Fig. 1f-h,
Additional file 1), which suggested that the mucinous
ovarian tumor was derived from the intestinal compo-
nent of an ovarian teratoma.
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Three years later, initial intraperitoneal recurrence
was observed, accompanied with elevated tumor mark-
ers (CA125 and CA19-9). The patient underwent
subsequent cytoreductive surgery, including total hys-
terectomy and resection of disseminations. Surgical find-
ings showed that peritoneal dissemination had spread
diffusely throughout the peritoneal cavity with the nor-
mal-appearing appendix (Fig. 2a). Pathological findings
revealed recurrent mucinous ovarian tumors (Fig. 2b,
d-f). One year later, a second recurrence was observed,
accompanied with elevated tumor markers and massive
ascites. The patient desired conservative management
without any chemotherapies or surgeries for 8 years, as it
was being confirmed that the component of pseudomyx-
oma could be effectively discharged through urination
via a spontaneous fistula between the peritoneum and
the bladder. However, repeated palliative paracentesis
was required for the extensive pseudomyxoma fluid from
multiple isolated intraperitoneal foci (Fig. 3).

Genetic findings of ovarian tumor and subsequent
peritoneal dissemination

In order to identify the genetic variants of each tumor,
TOP analyses of both the primary ovarian borderline
tumor and the recurrent peritoneal dissemination were
performed (Additional file 1). TOP DNA panel was also
used to evaluate a genome-wide view of the allele-spe-
cific copy number variants, as well as the distribution of
the variant allele frequencies (VAF) of each single nucle-
otide polymorphism (SNP) in the primary ovarian tumor
(with a paired normal sample). TOP DNA panel identi-
fied KRAS (G12D), GNAS (R201C), and FBXW7 (R367%)
variants in the primary tumor (Fig. 4a). The SNP geno-
types (A/A-A/B-B/B) showed a clear imbalance of the
VAF (apart from 0.5) in all the hetero (A/B) SNPs of the
primary tumor sample, although not in those of the nor-
mal cells (all the A/B VAF at approximately 0.5) (Fig. 4b,
c). The karyogram of the allele-specific copy number,
according to the SNP genotypes, showed that the num-
ber of one allele was lower than that of the opposite allele
throughout the genome (aneuploidy with LOH through-
out all the chromosomes) (Additional file 2: Fig. S1).
According to these findings, the primary ovarian tumor
was considered to be derived from the germ cells (i.e.
teratomas).

In contrast, no somatic variants with >5% variant allele
frequency (VAF) were detected in the recurrent tumor,
due to the low tumor content ratio in the pseudomyxoma
fluid. Therefore, it was difficult to evaluate the imbalance
of the SNP genotypes in the recurrent tumor (Additional
file 2: Fig. S2). However, all of the three pathogenic vari-
ants, KRAS (G12D), GNAS (R201C), and FBXW7 (R367%)
remained positive in the recurrent tumor with VAFs
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Fig. 1 Radiologic, macroscopic, and microscopic findings at the initial surgery. a Magnetic resonance imaging (MRI) findings before first surgery.
b, ¢ Macroscopic findings of right ovarian tumor at initial surgery. d Hematoxylin and eosin staining (scale bar: 250 um, x 100 magnification).
Immunohistochemical analysis of e H3K27me3 (Barr body, scale bar: 25 um, x 400 magnification), f CK7 (scale bar: 100 um, x 200 magnification), g

CDX2 (scale bar: 100 pm, x 200 magnification), and h PAX8 (scale bar: 100 um, x 200 magnification)

ranging from 1.9 to 4.3% (Fig. 4a). Therefore, pseudomyx-
oma peritonei was genetically diagnosed as a recurrence
of the mucinous borderline ovarian tumor. In addition,
these three variants were also detected in the normal-
paired DNA, from the peripheral blood sample obtained
during the second recurrence (from whole blood, not
from plasma), with allele frequency of 0.2% for KRAS

(G12D) and 0.1% for GNAS (R201C) and FBXW7 (R367%)
(Fig. 4d), which suggest either the existence of circulat-
ing tumor cells or highly abundant cell free DNA from
the tumor. Because the primary ovarian tumor showed
the general LOH pattern (Fig. 4b), the presence of a Barr
body [8] was also investigated to distinguish between
haploid (with a single set of chromosomes and no Barr
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Fig. 2 Macroscopic and microscopic findings at the secondary surgery. a Intra-abdominal findings at the second surgery with peritoneal
dissemination (left) and omental dissemination (right). b Hematoxylin and eosin staining (scale bar: 250 pm, x 200 magnification).
Immunohistochemical analysis of ¢ H3K27me3 (Barr body, scale bar: 25 um, x 400 magnification), d CK7 (scale bar: 100 um, x 200 magnification), e
CDX2 (scale bar: 100 pm, x 200 magnification), and f PAX8 (scale bar: 100 pm, x 200 magnification)

body) and uniparental disomy (UPD) (i.e. one Barr body
with an inactive X chromosome from the duplication of a
single chromosome and LOH of the opposite allele). Both
the primary ovarian tumor and the subsequent perito-
neal dissemination possessed one Barr body (Figs. le, 2c),
suggesting that both tumors showed a UPD genotype,
arising from the ovarian teratoma.

Clinical course 2 and autopsy findings
Due to disease progression, the pseudomyxoma peritonei
became uncontrollable. In order to reduce dissemination,

the patient received a third surgery 12 years after the first
surgery. However, without sufficient and effective debulk-
ing, the patient expired due to colon perforation.
Informed consent for full body autopsy was taken from
her family. The mucinous tumor was spread invasively
to the intestine, colon, kidney, liver, bilateral diaphragm,
and right lung (Fig. 5a, b). The pelvic organs including
the rectum, bladder, intestine, and sigmoid colon coa-
lesced into a single lump. Perforation was detected in the
transverse colon. Microscopically, atypical mucinous epi-
thelium was detected, which was diagnosed as recurrent
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mucinous borderline ovarian tumor. Intraepithelial dis-
ease was detected in the epithelium of the appendix, with
massive invasion from the serosa of the appendix.

Assessment of KRAS (G12D) in the primary ovarian tumor,
peritoneal dissemination, and appendix

To confirm our molecular diagnosis where the ovary
was identified as the main origin of pseudomyxoma, a
detailed examination of the appendix was performed.
Pathological findings alone were inconclusive in terms of
identifying the tumor origin. Considering the low VAFs
of the pathogenic variants of the three driver genes in
the first recurrent tumor, droplet digital PCR (ddPCR) of
the identified KRAS variant was performed (Additional
file 1). ddPCR of KRAS variants (covering G12A, G12C,
G12D, G12R, G12S, G12V, and G13D) by using the pri-
mary ovarian tumor, peritoneal dissemination at the
initial recurrence, and appendix obtained from autopsy
identified that all the three tumors were positive for the
KRAS (G12D) variant with allele frequencies of 10.9—
11.0% in the ovarian tumor (presumed tumor content
ratio at 30% by hematoxylin and eosin staining), 3.0-3.5%
in the peritoneal dissemination (presumed tumor content
rate at 10%), and 2.1% in the appendiceal tumor (pre-
sumed tumor content rate at 10%), respectively (Fig. 4d).
The presence of the KRAS (G12D) variant confirmed the
metastatic nature of the tumors involving the appendix.

Discussion and conclusion

In the current study, a case of mucinous borderline
ovarian tumor arising from ovarian teratoma, which
subsequently progressed to pseudomyxoma peritonei,
was reported.

This case showed the time-dependent, phenotypic
changes in the disease condition; it progressed from
mucinous borderline ovarian tumor to multiple dis-
seminations within a few years, and finally developed
to pseudomyxoma peritonei. Epidemiologically, the
possible origins of the pseudomyxoma are mainly the
appendix and possibly extra-appendiceal locations,
most commonly the ovary [2-5, 9, 10]. Pathological
findings supported both possibilities that the subse-
quent pseudomyxoma originated from the primary
ovarian tumor and the appendiceal tumor. Genetically,
the subsequent peritoneal dissemination was diag-
nosed as recurrent ovarian borderline tumor with the
three common somatic variants (KRAS (G12D), GNAS
(R201C), and FBXW?7 (R367*)) of the primary ovarian
tumor. Although tumor content ratio of the recurrent
tumor was low, the common KRAS (G12D) variant was
confirmed by ddPCR in all the samples examined. All
these considered, the patient’s disease was character-
ized by serial progression, arising originally from the
primary ovarian borderline tumor.
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In this study, the mucinous borderline ovarian tumor
was accompanied by a mature cystic teratoma. Cases of
mucinous cystadenoma (including those with borderline
malignant potential) accompanied with mature cystic
teratoma are divided into two types: those derived from
the intestinal mucosal components of a teratoma and col-
lision tumors, or those arising independently from a ter-
atoma [11, 12]. Combination of CK7, CK20, and CDX2
immunohistochemistry is usually used for the differential

diagnosis of an original tumor and a collision tumor. CK7
is usually positive in collision tumors from ovarian epi-
thelia, and strong CK20 staining and partial or negative
CK7 staining usually indicates that tumors arise from the
intestinal component of teratoma [13]. In this study, the
tumor was strongly positive for CK7 and CK20, suggest-
ing that immunohistochemistry alone was not sufficient
to conclude the mechanism of tumorigenesis. Therefore,
genetic findings of the haploid pattern (UPD genotype)
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Fig. 5 Autopsy findings. a Macroscopic findings of appendix (left) and lungs (right). b Hematoxylin and eosin staining of lung (left, scale bar:
250 um, x 100 magnification) and bladder (right) with CK7 immunohistochemistry of bladder tumor (scale bar: 100 um, x 200 magnification)

in the primary mucinous borderline ovarian tumor were
integral in diagnosing the germ cell origin (derived from
intestinal component of teratoma) of this tumor. This is
the first report that identified the origin of the pseudo-
myxoma peritonei from the component of mucinous
borderline ovarian tumor, accompanied with teratoma,
based on genetic analysis. In this case, GNAS and KRAS
pathogenic variants were detected in the primary muci-
nous ovarian tumor. Both of gene variants were fre-
quently detected in the lower intestinal borderline
tumors. These results suggested that the genetic profile
may be similar by coincidence, despite the true origins of
the tumor under investigation.

There are several limitations in this study. First, the
tumors involving the appendix were evaluated using the
autopsy specimens, which made it difficult to pathologi-
cally discern true origin. The possibility that the appen-
diceal tumor itself was a primary teratoma with UPD and
KRAS (G12D) variant should be considered, although
the intraoperative findings were negative in the primary
and secondary surgeries. Second, the SNP genotyp-
ing of A/A-A/B-B/B ratios was difficult in the recurrent
tumor due to the low tumor content ratio. Third, VAF

of the peritoneal dissemination in the TOP analysis was
very low, which might overlook the key driver muta-
tions. Lastly, the quality of DNA from FFPE specimens
in the pseudomyxoma peritonei may have been low, due
to long-term storage and low tumor content ratio during
the long course of diseases.

Nevertheless, the comprehensive genomic profiling
by TOP was useful to identify the origin of the tumors,
especially by using the allele-specific copy number ‘kar-
yogram’ to determine ploidy (Fig. 4b). Recently, exten-
sive copy number variations gathered much attention to
predict drug sensitivity, including LOH score (by Foun-
dationOne CDx comprehensive genomic profiling) and
genomic instability score (by Myriad myChoice CDx)
for prediction of sensitivity to PARP inhibitors [14—16].
In addition, tumor aneuploidy correlates with markers of
immune evasion and with reduced response to immuno-
therapy [17]. Therefore, the genome-wide evaluation of
CNVs is anticipated to further enhance precision medi-
cine for both diagnostic and therapeutic purposes.

In conclusion, this study presented a case of muci-
nous borderline ovarian tumor arising from the
intestinal component of an ovarian teratoma, which
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progressed to pseudomyxoma peritonei. This study
pathologically and genetically confirmed two points: (i)
the primary ovarian borderline tumor was derived from
the intestinal component of an ovarian teratoma with
UPD genotype; and (ii) the pseudomyxoma peritonei
was subsequent to serial disease progression from the
primary ovarian tumor. Comprehensive genomic analy-
sis is useful to identify the cellular origin of tumors as
well as to precisely determine the stepwise process of
disease progression.

Abbreviations
CNVs: Copy number variations; ddPCR: Droplet digital PCR; LOH: Loss of het-
erozygosity; NGS: Next-generation sequencing; UPD: Uniparental disomy.
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