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Abstract

Most extra-uterine high-grade serous carcinomas (HGSC) are thought to develop first in the distal
fallopian tube. Most models of HGSC assume origin from a relatively stable, non-invasive serous
tubal intraepithelial carcinomas (STIC). However, widespread tumor involvement in the absence
of a STIC could occur following catastrophic genomic events (CGE, such as chromothripsis

like patterns (CTLP) or polyploidy). Twenty-six HGSCs assigned to fallopian tube (n=9, Group
1) tube and/or ovary (n=9, Group 2), and primary peritoneal (n=8, Group 3) were assessed

by microarray (Oncoscan). CGEs were identified in 15/26 (57.7%); CTLP in 13/26 (50.0 %)

and polyploidy in 6/26 (23.1%). CGE was seen in 4/9 (44.4%), 9/9 (100%) and 2/8 (25%)

cases in Groups 1. 2 and 3 respectively. Overall, CGEs were seen in 9/9 (100%) cases with
grossly evident ovarian parenchymal involvement vs 6/17 (35.3%) without (p = 0.0024). Ovarian
size (measured on the long axis) correlated with CGE positivity (o= 0.016). Catastrophic
genomic events are significantly more common in HGSCs with ovarian parenchymal involvement
compared to those limited to the fallopian tube and/or extra-ovarian tissues. These associations
suggest geographically different tumor growth patterns and support the subdivision of HGSCs
according to not only stage but tumor distribution. They have implications for clinical and
pathologic presentation, trajectory of tumor evolution, and in the case of primary peritoneal
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HGSCs, potentially unique precursor to tumor transitions that could inform or influence cancer
prevention efforts.

Introduction

Since 2000, the origin of extra-uterine high-grade serous carcinomas (HGSC) has been
increasingly associated with the tubal fimbria. The morphologic spectrum of neoplastic
lesions in the distal fallopian tube includes early and advanced precursors (serous

tubal intraepithelial carcinoma or STIC), a range of HGSCs with tubal and/or ovarian
involvement, and so-called “primary peritoneal” HGSCs, which do not exhibit evidence
of an origin in the tubal mucosa or ovarian parenchyma (1-4). Cases with a documented
STIC or a similar tubal lesion suggest a model in which HGSC develops in an established
precursor [5]. Phylogenetic analyses based on single nucleotide variants (SNVs) and copy
number variants (CNVs) derived from whole exome sequencing (WES) have described

a window of ~6.5 years between development of a STIC and initiation of HGSC, after
which metastases occur rapidly, with an average window of approximately 2 years [2,3].
This model of HGSC pathogenesis thus describes the STIC-HGSC transition as a major
bottleneck in clinical progression, which appears to be eventually overcome through gradual
accumulation of SNVs and CNVs. The gradual model is similar to the Vogelstein model
for colonic carcinogenesis; however, in contrast to colon cancer, the number of mutations
specific to HGSC is low, the principal underlying one being in TP53 dysfunction [6,7].

Over 80% of symptomatic women with HGSC present with high stage disease (Stage
11-1V) and often without a visible STIC or another adjacent precursor. This prompts
consideration of an additional model of HGSC pathogenesis which could entail rapid
evolution. This process could be associated with relatively sudden and catastrophic
genomic events (CGE), including chromothripsis and polyploidy. Chromothripsis, briefly,
is conceptualized shattering, followed by subsequent and seemingly random re-assembly of
one or a few chromosome(s) [8]. Alternate terms for this phenomenon are clustered genomic
rearranements or chromothriptic like patterns (CTLPs). Polyploidy refers to acquisition of
additional sets of chromosomes, envisioned in cancer cells to occur through mechanisms
including cell-cell fusion, cytokinesis failure, or endo-replication. CTLPs were previously
considered uncommon in HGSC but have recently been reported to be detectable in up

to 60% of tumors [9]. CTLPs have also been linked to cancers associated with TP53
dysfunction [9,10]. While several different working definitions exist for CTLPs, one
identifiable finding is alternating gains and loss occurring in a single region implying the
sequelae to a sudden genomic event rather than a combination of CNVs that accumulated
gradually [8]. Thus the “catastrophic” model of HGSC could entail a rather different
molecular timeline compared to the gradual model.

The trajectory of HGSC development has important implications for prevention of this
disease, whether by opportunistic salpingectomy or follow-up after discovery of a STIC in

a salpingectomy specimen. Moreover, the gradual and rapid models mentioned above are
joined by a third scenario in which HGSC develops discrete from the ovary or fallopian tube,
termed “primary peritoneal” HGSC [11]. These varied presentations of HGSC argue for
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possibly multiple molecular pathways or events contributing to serous carcinogenesis. We
explored the concept of CGEs (chromothripsis like patterns (CTLPs) and polyploidy) in a
well-annotated cohort of HGSCs. In addition, cases from the TCGA were also examined for
comparison. Using single nucleotide polymorphism (SNP) microarrays, we enumerate the
frequency of these CGEs, comparing different clinical presentations, putative sites of origin,
and tumor distribution patterns.

Materials and Methods

Case Selection and Primary Site Assignments

This study was approved by the Institutional Review Board at Brigham and Women’s
Hospital. All cases were from a single institution (Brigham and Women’s Hospital or
BWH), with histologically confirmed diagnosis of HGSC, all of extra-uterine origin (i.e., vs.
uterine serous (papillary) carcinoma). All fallopian tubes were examined using the SEE-FIM
dissection protocol [12]. Site of tumor origin was generally assigned to the fallopian tube if
either STIC and/or endo-salpingeal involvement were documented. However, because many
tumors present with extensive involvement precluding assessment of early precursors, cases
were divided into three groups. Group 1 consisted of tumors originating in the fallopian

tube endosalpinx (with or without STIC) without involvement of ovarian parenchyma;
Group 2 originated in either the fallopian tube or ovary with the bulk of the tumor in

the tube-ovarian region. Group 3 consisted of tumors involving peritoneal tissues in the
absence of a candidate tubal or ovarian origin, with tubal or ovarian involvement limited to
adhesions, serosal surfaces and at most, microscopic involvement of the superficial ovarian
cortex [11]. The designation of Group 3 is in line with the College of American Pathologists
(CAP) protocol for “primary peritoneal” designation (version 1.4.0.0, posted March 2023).
Consequently, ovaries in Group 2 tended to contain visible mass lesions in the adnexa versus
Groups 1 and 3, in which the ovaries appeared uninvolved on gross exam with no or minimal
microscopic involvement of the cortex.

Microarray and detection of catastrophic molecular events (CGESs).

In the literature, both CTLP and polyploidy have been classified as CGEs while considered
distinctly different molecular phenomena. In this study, microarray was employed for the
detection of both. DNA was extracted from FFPE sections of tumor and analyzed by the
Affymetrix OncoScan Array, a whole genome SNP microarray with 217,611 probes. CTLP
was defined as the presence of copy state changes involving a minimum of 10 continuous
segments/copies along the length of the chromosome [13].

TCGA case analysis

Identification of CTLP in the TCGA cases was previously published; briefly the authors
had developed ShatterSeek to assess whole genome sequencing data from TCGA and
other cohorts [9]. Clinical information and additional sequencing data for the cases were
downloaded from cBioPortal.org. Re-analysis of a subset of TCGA cases included CNV
assessment using CNViz [14].
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Outcome Measures

Results

CGEs were assessed for pattern of chromosomal involvement, and correlated with age,
stage, presence of STIC and primary site assignment. For Study data, disease-specific
survival was correlated with CGE and primary site assignment.

Clinical and pathologic characteristics

Twenty-six BWH cases were examined by microarray for CTLP or polyploidy, with the data
summarized in Table 1. Representative histology is in Figure 1. Three were FIGO stage I,

9 stage Il and 14 stage I11. Nine cases were classified in Group 1 (tubal). 9 in Group 2
(Tubal and/or ovarian) and 8 in Group 3 (primary peritoneal). In cases 1-9 there was no
involvement of the ovarian cortex or only microscopic superficial involvement (one case)
and the tumors were presumed to have originated in the fallopian tube. STIC was detected
in 5 (56%). In cases 10-18, there was considerable parenchymal ovarian involvement; six
associated with involvement of the endosalpinx (cases 10,11,13,14,15,18), three with STIC.
Three cases (12,16,17) involved the ovary with no involvement of the endosalpinx or STIC
present.

The remaining 8 cases (Group 3) were classified as primary peritoneal HGSC, all but one
FIGO stage IlI. In all but one, tubal or ovarian involvement was limited to serosal surfaces.
One exhibited microscopic cortical involvement (<2 mm). One case had been previously
treated with neoadjuvant chemotherapy but with no or minimal tissue response (Case 20).
One patient had a prior history of prior hysterectomy and salpingo-oophorectomy for benign
disease (Case 21).

CGEs and pattern of chromosome involvement

By microarray, CGEs were identified in 15 of 26 (57.7%) of cases (e.g., Fig. 2A). CTLP was
detected in 13 (50.0%), defined as =10 contiguous, alternating copy number state changes,
along the length of any given chromosome, i.e., 10 “break points”. Tri- or tetra ploidy was
identified in 6/26 (23.1%) cases. Both polyploidy and CTLP were identified in four cases.

Concerning the pattern of chromosome involvement by CTLP in the BWH cases (N=26),
acrocentric chromosomes (chromosomes 13, 14, 15, 21, 22) were less frequently involved,
compared to metacentric (1, 3, 16, 19, and 20) and sub-metacentric (2, 4-12, 17, 18, and
X) chromosomes (Fig. 2B). Among the non-acrocentric chromosomes, chromosome 1 was
most commonly involved (9/13 cases), followed by chromosome 8 (8/13 cases). Among
the non-acrocentric chromosomes, chromosomes 9 was the least likely to be involved (1/13
case). These findings suggest CTLP involvement of different chromosomes is non-random.

The chromosomal involvement pattern by CTLP in the TCGA cohort (N=22) was somewhat
similar to that of the cases with less frequent involvement of acrocentric chromosomes.
Chromosome 8 was most frequently involved (6/22 cases), and, among the non-acrocentric
chromosomes, chromosome 9 was least frequently involved (1/22 cases). Overall, the TCGA
cases were notable for fewer CTLPs identified for each case, judging by the number of
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chromosomes identified to be involved. A median of four chromosomes were involved for
the microarray cases (range 1 to 18), compared to median of two chromosomes in the TCGA
case (range 1 to 8) (Mann-Whitney p=0.029). Copy loss of 17p13.1 was identified in 17/26
(65.4% BWH cases by microarray and 33/41 (80.5%) TCGA cases by GISTIC copy number
state. Copy loss status did not correlate with presence or absence of CTLP in either group.

Pathology-molecular correlations

Stage—Comparing by FIGO stage, CTLP was identified in 2/3 of FIGO stage I, 6/8 stage

Il and 5/15 stage 11 cases. Polyploidy was identified in 3 Stage Il and 3 Stage Il cases, 5

in Group 1. For the 18 cases with known STIC status in Groups 1&2, frequency of CTLP
did not differ with respect to STIC status (6/7 in STIC+ cases vs. 7/10 in STIC- cases, Fisher
exact test p=0.60).

Focusing on 41 TCGA cases where additional data are publicly available, 22/41 (53.7%)
TCGA cases harbored CTLP identified by sequencing. The 41 cases comprised mostly stage
I11 cases (34/41), with six stage 1V, and one stage I1A case; CTLP was not identified in

the single stage 1A case. Tubal involvement pattern, STIC status were not available for the
TCGA cases and tumors were not divided into two tumor distribution groups as in this study.

Tumor distribution pattern

In order to determine if the unique presentations (versus stage alone) of HGSC could be
influenced by molecular events, the frequency of CGEs in cases assigned to the tube (Group
1), tube and/or ovary (Group 2) and neither tube nor ovary (primary peritoneal, Group 3)
were compared. CGEs were identified in 15/26 (57.7%) overall; CTLP in 13 (50.0 %) and
polyploidy in 6/26 (23.1%). CGE was seen in 4/9 (44.4%) of Group 1, 9/9 (100%) of Group
2 and 2/8 (25%) in Group 3. Difference in CGE frequency between Groups 1 and 2 was
significant (p < 0.003, Fisher exact test). Overall, CGEs were seen in 9/9 (100%) cases

with grossly evident ovarian parenchymal involvement (Group 2) vs 6/17 (35.3%) without
(Groups 1 and 3; p=0.0024, Fisher exact test). Ovarian size (measured on the long axis)
correlated with CGE positivity (Mann Whitney p= 0.016) (Figure 3).

Disease-specific survival

Survival outcomes were limited to BWH cases and were based on relatively short-term
follow-up (0.2 months to 42 months, average 25 months) after initiation of therapy and
limited to disease specific survival (DSS). A slight and non-significant improved DSS

was observed for tumors with CGEs vs those without. Regarding tumor distribution, a
significantly poorer DSS was seen for Group 3 (primary peritoneal) versus Groups 1 and 2
(p<0.03).

Discussion

The prior models of high-grade serous carcinogenesis had been informed by the discovery
of early HGSCs (STICS) in the fallopian tubes of healthy women with germline BRCA1
or BRCA2 mutations undergoing risk reducing salpingo-oophorectomy [1-4,12,15]. STICs
were considered in early models to be a necessary phase between earlier precancers
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and metastatic HGSC [5]. However, in symptomatic women with HGSC, STICs are not
appreciated in a majority of cases. In a common scenario, both the tubes and ovaries are
obscured by tumor, with the site of origin unknown, perhaps explained by rapid overgrowth
of a preexisting and established STIC by tumor. Another explanation is a precursor to cancer
continuum in the tube or ovary that proceeds rapidly, with higher growth rate, overwhelming
both organs. In another subset of patients with primary peritoneal HGSC present with intra-
peritoneal disease and normal appearing tubes and ovaries. Precursors to primary peritoneal
HGSCs are not well characterized although the possibility of an origin from unrecognized
STIC or precursor cells shed from the tubes (precursor escape) has been proposed [16].

The discovery of catastrophic genomic events (CGE) in many human cancers has provided a
potential mechanism for a sudden rather than stepwise pathway to malignancy [9].

Both complex genomic rearrangements (CTLP) and polyploidy can occur over a brief time
frame — possibly in a single cell division. Theoretically, this would shorten the timeline

to tumor development [17-19]. While the two are entirely different in molecular make-up,
polyploidy, in addition to its association with stem cells, tumor resistance and epithelial-
mesenchymal transition, has been proposed by some to increase the likelihood of subsequent
CTLP [20-22].

Focusing on CTLPs (chromothriptic-like events), evidence of this phenomenon has been
limited to about one half of HGSCs. Using a widely applied, but arguably conservative, cut-
off of 10 “breaks”, with manual reviewing of the microarray data, CTLPs were identified in
13/26 (50.0%) cases in our study. All material tested was formalin-fixed, paraffin-embedded
tissue. Frequency of CTLP was in line with previously published results, where CTLPs
were identified by DNA sequencing in HGSC (56/109 cases, 51.4%) [9]. Chromosomal
involvement by CTLPs appears non-random (Figure 2b), a finding that has been previously
reported [23]. Potential downstream impact could be dis-regulated expression/copy state of
certain genes, contributing to carcinogenesis.

In this report, CGEs, either CTLPs or polyploidy did not clearly separate early and late
stage HGSCs and did not distinguish tubal-ovarian HGSCs based on the presence or absence
of STIC. These parameters have not been shown in prior studies to segregate with stage;
moreover, the frequency of STIC in Groups 1 and 2 (8/18 or 44.4%) is nearly identical

to the frequency reported in prior studies. There was no significant association between
CGE status and mutations of potential germ-line significance (BRCAL, BRCAZ2, BRIP)
detected in some of the 20 cases analyzed by Oncopanel (data not shown). Polyploidy

has been associated with tumor giant cells previously, but we did not detect conspicuous
differences in tumor cell morphology between cases with vs without polyploidy [22]. The
methodologies we use preclude meaningful assessment with respect to the timing of the
CGEs along HGSC pathogenesis; this is best delineated experimentally, perhaps with use of
animal model systems.

The three tumor distributions of HGSC highlighted in this study - tubal/peritoneal, tubal/
ovarian and primary peritoneal provided the unique opportunity to test the hypothesis that
these different patterns of HGSC, correlate with specific molecular variables. This line of
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inquiry was prompted by the sharp contrast in tumor presentation between asymptomatic
and symptomatic women. HGSCs discovered in risk-reduction surgeries are limited to

the tube (STIC) or are locally distributed and intra-abdominal recurrences following their
discovery tend to be after several months or years. This is in marked contrast to a

common presentation seen in many symptomatic women where both tubes and ovaries

are overwhelmed by tumor (Group 2). The differences between these two presentations
could be explained by timing of discovery, and one could argue that if the early cancers

in the asymptomatic women had not been intercepted a tumor akin to those in Group 2
would emerge. However, the discovery in many symptomatic women of tubal HGSCs that
bypassed the ovary (Group 1) or HGSCs sparing both tube and ovary (Group 3) could also
be emblematic of different trajectories and spread that are not strictly a function of when the
tumor was encountered. Of note, a cohort of cases was intentionally biased to permit similar
representation of the three groups; epidemiologically, Group 3 is expected to represent the
smallest fraction of patients with HGSC.

This is the first report to show a significant correlation between catastrophic molecular
events and a defined distribution of HGSC, being tumors that have partially or completely
replaced one or more ovaries. It cannot be determined whether the absence of STIC in

many is due to a unique transition from benign to malignant epithelium. However, the strong
association between CGE and this form of presentation would explain both the seemingly
abrupt emergence of large tumors in ovaries and fallopian tubes which might overgrow the
original precursor. Interestingly, CGEs do not correlate with stage per se or the capacity

of a tumor to spread to or originate in the peritoneal cavity, which occurs in a subset of
fallopian tube cancers (Group 1) and defines primary peritoneal HGSCs (Group 3). CGEs
could be acquired over time or present early on. One study correlated indices of polyploidy
with higher stage tumors [24]. However, polyploidy in this study assessed by microarray was
not stage (FIGO Il vs I11) dependent. It is possible that the catastrophic molecular events

in CGE-positive tumors in fallopian tube and/or ovary usually occur soon after malignant
transformation and accelerate regional tumor growth, beginning most commonly in the
fimbria and spreading locally to the ovaries.

A significantly lower frequency of CGE was observed in tumors that did not involve the
ovarian parenchyma and were classified as primary peritoneal HGSC. For this study the
classification of primary peritoneal HGSC was based on the absence of a STIC or any tubal
or ovarian parenchymal involvement (7 cases) or if ovarian involvement was present, it was
no greater than 2mm (one case). Greatest dimension on the long ovarian axis ranged from
2.1to0 3.6 cm. Interestingly, the primary peritoneal HGSC group had a lower mean age
(56.6 year) than those in Groups 1 and 2 (67.3 year). However, this finding is of uncertain
significance and is not consistent with observations in the literature [25].

It is important to emphasize that the separation of cases that could be classified as tubal in
origin (Group 1) from primary peritoneal (Group 3) is somewhat arbitrary. Theoretically, the
cases classified as primary peritoneal HGSC should not be associated with a STIC [26,27]
following examination of the fimbria using the SEE-FIM protocol. However, the tube in
Case 9 (Group 2) contained a small STIC and if this were overlooked a diagnosis of primary
peritoneal HGSC (Group 3) would have been made. Conversely, if the STIL detected in
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Case 25 (Group 3) had been upgraded to a STIC, the case would have been segregated
with Group 1. In either case the fallopian tube would be the likely origin of the cells that
ultimately manifested as HGSC in the peritoneal cavity in those cases [16].

Whatever the source, some of the cases in Group 1 and most in Group 3 imply that tumors
that manifest in the fallopian tubes and/or peritoneal cavity alone are less likely to harbor
CGEs, distinguishing them from tumors involving ovarian parenchyma. Interestingly, other
parameters have shown primary peritoneal HGSCs to be a unique group of HGSC, with
lower frequencies of receptor expression (ER, PR, Ki67) and lower frequencies of loss of
heterozygosity have been reported previously in primary peritoneal HGSC [28,29]. In this
study the primary peritoneal group was also distinguished by a significantly worse disease-
specific survival (p =0.03) relative to the other two groups, a feature noted previously [30].

Whether catastrophic molecular events will uncover opportunities to improve outcome is yet
to be proven and determining any impact on prognosis must await the study of larger case
series. At this point we would not recommend routine assessment of CGE status in clinical
practice. However, attention to these tumor distribution patterns for ongoing study should
be considered giving that tumors in these groups differ both in frequency of CGE (Group
2) and in disease-specific survival (Group 3). Moreover, they would be easily recognized
in the Synoptic report with minor changes in criteria for classification. Study of the tumor
groups described could focus on the early events that influence tumor spread patterns. In
addition, isolating the primary peritoneal subgroup, particularly those that do not arise via
catastrophic molecular events, could provide insights into variables that lead to HGSCs
following opportunistic or prophylactic salpingectomy [31,32].
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Figure 1.
Representative histologic images from cases (see Table 1). A) 0.3cm HGSC in the fallopian

tube with STIC and without evidence of chromothripsis (Case 2); B) Small 0.6 cm Stage

IA carcinoma of the fallopian tube with STIC and chromothripsis (Case 4); C) Primary
peritoneal HGSC without evidence of chromothripsis (Case 23); D) Large ovarian tumor
mass with numerous chromosomes exhibiting chromothriptic events (Case 16). E) STIC
associated with a p53 signature, coexisting with extensive peritoneal carcinomatosis (Case
9). Serous tubal intraepithelial lesion (STIL) with a low proliferative index associated with a
primary peritoneal HGSC (Case 25). Both the STIL and the peritoneal tumor were null for
p53 staining by immunohistochemistry.
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Figure 2.
A) OncoScan output for case 13, with chromothripsis detected in chromosomes 1-8, 10-12,

14-19, and X. B) Comparison of different chromosome types involved by chromothripsis in
the BWH cohort. C) Chromothripsis and polyploidy detected by microarray in Group 1 and
Group 2 cases.
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Figure 3.

Graphic distribution of largest ovarian size (measured along the longest axis) between CGE
positive and negative HGSCs (Mann-Whitney p = 0.016).
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