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Purpose: Serous tubal intraepithelial carcinoma (STIC) is now
recognized as the main precursor of ovarian high-grade serous
carcinoma (HGSC). Other potential tubal lesions include p53
signatures and tubal intraepithelial lesions. We aimed to investigate
the extent and pattern of aneuploidy in these epithelial lesions and
HGSC to define the features that characterize stages of tumor
initiation and progression.

Experimental Design: We applied RealSeqS to compare genome-
wide aneuploidy patterns among the precursors, HGSC (cases, n =
85), and histologically unremarkable fallopian tube epithelium (HU-
FTE; control, n = 65). On the basis of a discovery set (n = 67), we
developed an aneuploidy-based algorithm, REAL-FAST (Repetitive
Element AneupLoidy Sequencing Fallopian Tube Aneuploidy in
STIC), to correlate the molecular data with pathology diagnoses.
We validated the result in an independent validation set (n = 83) to
determine its performance. We correlated the molecularly defined
precursor subgroups with proliferative activity and histology.

Introduction

Ovarian high-grade serous carcinoma (HGSC) is a highly aggressive
women’s cancer and the fifth most common cause of female cancer-
related death in the United States (1). Ovarian HGSC has long been
thought to arise de novo from ovaries. However, a “crisis of confidence”
for this assumption has surfaced in view of a dearth of evidence

Department of Pathology, Johns Hopkins Medical Institutions, Baltimore,
Maryland. ’Department of Oncology, the Sidney Kimmel Cancer Center, Johns
Hopkins University School of Medicine, Baltimore, Maryland. 3The Ludwig
Center, Johns Hopkins University School of Medicine, Baltimore, Maryland. *The
Sol Goldman Pancreatic Cancer Research Center, Johns Hopkins University
School of Medicine, Baltimore, Maryland. °Sidney Kimmel Comprehensive
Cancer Center, Johns Hopkins Medical Institutions, Baltimore, Maryland.
5Department of Pathology, Inova Fairfax Hospital, Falls Church, Virginia. ’School
of Medicine Inova Campus, University of Virginia, Falls Church, Virginia.
8Department of Pathology, Georgetown University Medical Center, Washington,
DC. °Department of Pathology, College of Medicine, Taipei Medical University,
Taipei, Taiwan. "°University of Miami Sylvester Comprehensive Cancer Center,
Miami, Florida. "Cascade Pathology Services, Legacy Health System, Portland,
Oregon. Department of Obstetrics and Gynecology and Basser Center for
BRCA, University of Pennsylvania, Philadelphia, Pennsylvania. *Department of
Pathology and Laboratory Medicine, Sloan-Kettering Cancer Center, New York,
New York. “Department of Pathology, Sibley Memorial Hospital, Washington,
DC. "Department of Gynecology and Obstetrics, Johns Hopkins Medical
Institutions, Baltimore, Maryland.

Y. Wang and C. Douville contributed equally as co-authors of this article.

Corresponding Authors: le-Ming Shih, Johns Hopkins Medicine, 1550 Orleans
Street, CRB2, Room 305-306, Baltimore, MD 21231. E-mail: ishih@jhmi.edu; Tian-
Li Wang, tlw@jhmi.edu; and Christopher Douville, cdouvill@jhmi.edu

Clin Cancer Res 2024;30:600-15
doi: 10.1158/1078-0432.CCR-23-0932

©2023 American Association for Cancer Research

Results: We found that nearly all p53 signatures lost the entire
Chrl17, offering a “two-hit” mechanism involving both TP53 and
BRCAI in BRCAI germline mutation carriers. Proliferatively
active STICs harbor gains of 19q12 (CCNEI), 19q13.2, 8q24
(MYC), or 8q arm, whereas proliferatively dormant STICs show
22q loss. REAL-FAST classified HU-FTE and STICs into 5
clusters and identified a STIC subgroup harboring unique
aneuploidy that is associated with increased proliferation and
discohesive growth. On the basis of a validation set, REAL-FAST
showed 95.8% sensitivity and 97.1% specificity in detecting
STIC/HGSC.

Conclusions: Morphologically similar STICs are molecularly
distinct. The REAL-FAST assay identifies a potentially “aggressive”
STIC subgroup harboring unique DNA aneuploidy that is associ-
ated with increased cellular proliferation and discohesive growth.
REAL-FAST offers a highly reproducible adjunct technique to assist
the diagnosis of STIC lesions.

showing that HGSC precursors arise from the ovary per se. However, a
wealth of clinicopathological, molecular genetic, epigenetic, transcrip-
tomic, and proteomic evidence indicates that the majority of HGSCs
originate from precursor lesions on the fallopian tube, known as serous
tubal intraepithelial carcinomas (STIC; refs. 2-5). STICs are micro-
scopic in size usually located on the surface of fallopian tube mucosa in
the fimbriated ends. The STICs are characterized by a stretch of
contiguous atypical epithelial cells showing several abnormal morpho-
logic features (2,6, 7). Another related lesion is the p53 signature, which
contains a minute segment of fallopian tube epithelium (FTE) immu-
nohistochemically showing intense p53 nuclear staining and harboring
TP53 missense mutations (8, 9). Interestingly, p53 signatures are
morphologically indistinguishable from their adjacent non-TP53-
mutated epithelium, indicating that TP53 mutations alone are insuf-
ficient for transformation, and HGSC depends on other molecular
genetic and epigenetic attributes. This new tubal paradigm of ovarian
carcinogenesis posits that HGSC develops through precursor stages
from normal-appearing FTE, p53 signature, and STIC. It serves as the
biological basis for detecting HGSC in proximity fluids obtained from
liquid Papanicolaou cervical samples and uterine lavage (4, 10, 11).
Some studies have proposed that tubal epithelial lesions may com-
prise distinct lesions showing some degree of histologic abnormalities
and p53 immunostaining, but falling short for the diagnosis of STIC.
Pathologists call them serous tubal intraepithelial lesions (STIL; ref. 12).
Except for TP53 mutations, there are few specific somatic mutations
that are consistently associated with transitions from normal-appearing
fallopian tubal epithelium to p53 signature and STIC (3, 13, 14). This
may not come as a surprise, because among human neoplastic diseases,
the proportion of the genome affected by copy-number changes
(aneuploidy) far exceeds that affected by sequence changes (15). Aneu-
ploidy refers to either gains or losses of entire chromosomes or
subchromosomal regions. It is not only a result of chromosomal
instability, but also plays a causal role in propelling tumor progression.
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Translational Relevance

There is growing evidence showing pelvic high-grade serous
carcinoma (HGSC) develops from the fallopian tube epithelium
through sequential stages of precursor lesions. A better under-
standing of these lesion species is critical in revealing the patho-
genesis of HGSC and the development of improved diagnostic
strategies. However, technical obstacles brought on by the dimin-
utive size of these lesions, have made it challenging to conduct
genome-wide molecular investigations. In this study, we applied
RealSeqs, a sensitive PCR-based assay that can detect aneuploidy in
samples containing pg of DNA, to assess the aneuploidy landscape
in 138 microdissected tubal regions and 12 HGSCs. Our results
showed that specific non-random aneuploidy patterns distinguish
different types of precursor lesions, including a potentially “aggres-
sive” STIC subtype that is associated with increased proliferation
and discohesive growth. On the basis of the aneuploidy patterns, we
developed an algorithm, Repetitive Element AneupLoidy Sequenc-
ing Fallopian Tube Aneuploidy in STIC (REAL-FAST) that pro-
mises a sensitive and specific molecular classification of heteroge-
neous STIC lesions.

Thanks to whole-exome and whole-genome sequencing, researchers
have extensively assessed aneuploidy in a variety of human cancers,
including their premalignant lesions (3, 16-21). However, these
conventional methods face a technical challenge when the target
lesions are extremely small, as in STIC and p53 signatures, which
often have only a few hundred cells. We have recently developed a
technique termed Repetitive Element AneupLoidy Sequencing Sys-
tem (RealSeqS), which uses a single-primer pair to amplify approx-
imately 350,000 amplicons of repetitive elements across the
genome (22, 23). RealSeqS is uniquely suitable for studying minimal
quantities (sub-nanogram levels) of DNA from formalin-fixed and
paraffin-embedded (FFPE) tissues.

The purpose of this study is to leverage RealSeqS to describe a
comprehensive aneuploidy landscape in a relatively large number of
precancerous lesions on fallopian tubes. The analysis of the RealSeqS
data provides a basis for answering fundamental questions pertinent to
the earliest events of HGSC development. In particular, we attempted
to address whether all STICs are molecularly similar and, if not,
whether there are aneuploidy patterns involving cancer driver genes
that allow meaningful molecular classifications. We also used the MT-
CO1 (cytochrome-c oxidase subunit 1) protein loss epithelium as a
marker for control epithelium showing potential clonal origin (24-27).
The answers are expected to help in the development of a diagnostic
tool for detection of STICs and prediction of the clinical outcome in
women with genetic predisposition.

Materials and Methods

Tissue samples and preparation

FFPE tissues were retrieved from the pathology archive at the Johns
Hopkins Medical Institution (Baltimore, MD) and the Inova Fairfax
Hospital (Fairfax, VA). This study was approved by an institutional
review board and conducted in accordance with International Ethical
Guidelines for Biomedical Research Involving Human Subjects
(CIOMS). Because we used the archived FFPE tissues collected for
prior clinical pathology diagnosis, the written informed consent was
waived because the research would not be feasible or practicable to
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carry out without the waiver and poses no more than minimal risks to
participants.

Before experiments, H&E (hematoxylin and eosin) slides and
accompanying p53 and Ki-67-immunostained slides from all available
cases were re-reviewed by at least two gynecologic pathologists (Y.-W.
Chien, I.-M. Shih, and R. Vang) who arrived at a consensus diagnosis
following the criteria previously reported (6). Proliferatively dormant
STICs (hereafter “dormant STIC”) or STIL, according to some inves-
tigators (6), were defined as STICs with Ki-67 labeling index, which is
defined as the ratio (percentage) of positive cells over total cells
counted, comparable with the background normal epithelia. Prolif-
eratively active STICs (hereafter “active STICs”) were defined as STICs
with a Ki-67-labeling index more than 10%.

We performed laser capture-microdissection to enrich for epithelial
cells of interest at 138 fallopian tube regions containing STIC lesions,
p53 signatures, MT-CO1 protein loss epithelium, and randomly
selected histologically unremarkable tubal epithelium (hereafter
“NFTE”). The tissue samples were obtained from 61 women (Sup-
plementary Table S1). Thirty-four STICs were incidental lesions (19
proliferatively active and 15 proliferatively dormant STICs), as they
were not associated with concurrent HGSCs. Among STIC lesions, 37
were used as the training set to establish the REAL-FAST (Repetitive
Element AneupLoidy Sequencing Fallopian Tube Aneuploidy in
STIC) algorithm, and the remaining 36 STICs were included in the
validation set (Supplementary Table S1). The procedures and collec-
tion of microdissected tissues were previously described (4). In addi-
tion, we included 12 HGSC specimens by manually dissecting tumor-
enriched regions. Genomic DNA from individual specimens was
extracted using the QIAmp FFPE DNA tissue kit (Qiagen, 56404).

Immunohistochemistry (IHC)

The following antibodies were used for IHC: anti-p53 mouse mAb,
anti-Ki-67 antibody, anti-mitochondrial cytochrome-c oxidase sub-
unit 1 (MT-CO1) antibody, and anti-IGFBP2 antibody. Their sources
and dilutions are listed in Supplementary Table S2. Antigen retrieval
and THC followed previous methods (28, 29). The staining patterns in
HGSCs, STICs, and p53 signatures, MT-CO1 loss epithelium, as well as
NFTE were recorded. We interpreted the p53-staining pattern as the
missense mutation pattern when intense and diffuse nuclear immu-
noreactivity was detected in epithelial cells, null mutations when no
staining signal was detectable, and wild-type pattern when weak and
focal staining was recorded. The percentage of Ki-67-positive nuclei
was determined among lesions from as many available cells and
controls from at least 200 epithelial cells. Eight precursor lesions were
known to harbor TP53 mutations in this study: seven with missense
mutations and one with a null mutation (3, 4). All the missense
mutation lesions exhibited intense p53 staining, confirming the
robustness of using immunoreactivity as a mutation surrogate. The
formula H-score = X (intensity score) x (% of lesion cells at a given
intensity level) x 100 was used to semi-quantitatively evaluate immu-
noreactivity in epithelial cells. Intensity was scored as 0, 1, 2, or 3 by two
pathologists (Y.-W. Chien and I.-M. Shih).

Cell lines and colony formation assay

Two cell lines, including a human fallopian tube cell line, FT282
(established by the author, Ronny Drapkin, available in ATCC, CRL-
3499, RRID:CVCL_A4AX; refs. 30, 31), and a high-grade serous
ovarian cancer cell line, SKOV3 (ATCC, HTB-77, RRID:CVCL_0532),
were used in this study. Both cell lines were obtained in 2015 and the
authenticities were confirmed using short tandem repeat at the
beginning of this study. The cells were cultured in RPMI-1640 (Gibco,
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11875093) supplemented with 10% heat-inactivated FBS (Sigma,
F4135), and 1% penicillin/streptomycin (Gibco 15140122). All cell
lines were tested for Mycoplasma contamination using the universal
mycoplasma detection kit (ATCC, 30-1012K) every two months
during the study. The passage numbers for FT282 and SKOV3 from
thawing were estimated to be 55 and 80, respectively. Lentiviruses
containing 4 different shRNAs against MT-CO1 as well as vector
control were obtained from OriGene. After treating the cells with
lentivirus and polybrene (8 ug/mL) for 72 hours, cells were seeded at a
density of 500 cells/well into 12-well plates. Cells from different groups
were used for western blot analysis to determine knockdown efficiency.
After 14-21 days, colonies were fixed with 100% ethanol, stained with
0.5% crystal violet, and quantified using Image] software (RRID:
SCR_003070).

Western blot analysis

Cell lysis buffer (Cell Signaling Technology, 9803S) supplemented
with protease inhibitor (Roche) and PhosSTOP (Roche) was used for
protein extraction. The protein was electrophoresed in 4%-15%
polyacrylamide Mini-PROTEAN TGXTM Precast Protein Gels
(Bio-Rad, 4561086), and then transferred to a polyvinylidene difluor-
ide membrane (Bio-Rad). After blocking with 5% BSA in TBST for an
hour at room temperature, the membrane was incubated with primary
antibodies against MT-COL1 at 4°C overnight, followed by a 1-hour
incubation with horseradish peroxidase-labeled secondary antibodies.
The blot was then developed using ClarityTM Western ECL Blotting
Substrate (Bio-Rad, 1705061). The antibodies used for blotting are
listed in Supplementary Table S2.

RealSeqS conditions

The method of RealSeqS has been detailed in a previous report (22).
A single-primer pair (Forward: cgacgtaaaacgacggccagtNNNNNNNN-
NNNNNNNNGGTGAAACCCCGTCTCTACA; Reverse: cacacag-
gaaacagctatgaccatgCCTCCTAAGTAGCTGGGACTACAG) was used
to amplify approximately 350,000 genomic loci. PCR was performed in
25 UL reactions containing 7.25 PUL of water, 0.125 UL of each primer
with concentration of 100 umol/L, 12.5 uL of NEBNext Ultra II Q5
Master Mix (New England Biolabs cat # M0544S), and 5 uL of DNA.
We used a total of 2.5 ng of DNA for all samples. The cycling
conditions were: one cycle of 98°C for 120 s, then 15 cycles of 98°C
for10s,57°Cfor 120 s, and 72°C for 120 s. Each sample was assessed in
eight independent reactions, and the amount of DNA per reaction
varied from 0.1 to 0.25 ng. A second round of PCR was then performed
to add dual indexes (barcodes) to each PCR product before sequencing.
The second round of PCR was performed in 25 pL reactions containing
7.25 uL of water, 0.125 pL of each primer, 12.5 uL of NEBNext Ultra II
Q5 Master Mix (New England Biolabs cat # M0544S), and 5 UL of DNA
containing 5% of the PCR product from the first round. The cycling
conditions were: one cycle of 98°C for 120 s, then 15 cycles of 98°C for
10 s, 65°C for 15 s, and 72°C for 120 s. Amplified products from the
second round were purified with AMPure XP beads (Beckman cat #
a63880), as per the manufacturer’s instructions, before sequencing and
exclusion of fragment sizes <100 bps. As noted above, each sample was
amplified in eight independent PCRs in the first round. Each of the
eight independent PCRs was then re-amplified using index primers in
the second PCR round. The sequencing reads from the 8 replicates
were summed for the bioinformatic analysis but could also be assessed
individually for quality control purposes.

All oligonucleotides were purchased from IDT, Inc. Sequencing was
performed on an Illumina HiSeq 4000 using single end reads of 150 bps
length. During the first round of PCR, degenerate bases at the 5" end of

602 Clin Cancer Res; 30(3) February 1, 2024

one of the primers were used as molecular barcodes (unique identifiers,
UID) to uniquely label each DNA template molecule. This ensured
that each DNA template molecule was counted only once. In all
instances in this study, the term “reads” refers to UID reads.
Depending on the experiment, each read was sequenced on average
1.2 times. The average number of uniquely aligned reads was 8.7
million (interquartile range, 4.7-12.5 million). Any sample with fewer
than one million reads was excluded (22, 23). Sequencing depth was
the only quality control metric determining if a specific sample should
be excluded.

The pipeline used to process the raw sequencing data is available at
https://zenodo.org/record/3656943#.YaZZCdDMKUKk. Briefly, the
bioinformatic pipeline has a custom de-multiplexing step that requires
exact matching of both indices. For each read, the pipeline removes the
unique molecular barcode (the first 16 bases) and forward primer (the
next 19 bases). The pipeline then searches for the reverse primer.
Because we expected many amplicons to have non-perfect primer
matching, we only searched for a small section of the reverse primer
(AGTC, CCCA, TACT, or ACTT) during primer stripping. The
remaining bases are aligned to the human reference genome assembly
GRC37. An average of 51.1% of the total reads is uniquely aligned in
this fashion. We are theoretically able to amplify up to 745,184
repetitive elements but typically only observe approximately
350,000 repetitive elements. A full list of the repetitive elements is
included in our previous report (22). The bioinformatic pipeline
generates a file with the observed counts at each locus. The following
Python2 (RRID:SCR_008394) dependencies are required for the
bioinformatics pipeline: argparse, json, logging, multiprocessing, and
re. We used the following versions when processing the raw data:
Python 2.7.14, argparse 1.1, json 2.0.9, logging (0.5.1.2), multipro-
cessing (0.70al), and re (2.2.1).

Detection of chromosome alterations and the REAL-FAST
algorithm

Chromosomal alterations are identified when a sample’s normal-
ized read counts within a genomic region are significantly different
from what would be expected in a euploid sample. Each sample is
compared with a reference panel consisting of 30 euploid samples of
genomic DNA from individuals without cancer. These samples were
epithelium cells collected and purified from voided urine from young
individuals (<25 years of age) and not included in the study. RealSeqS
was performed on those 30 samples before the evaluation of exper-
imental samples in our study. Each experimental sample was matched
to a smaller subset (n = 7) of the larger reference panel (n = 30) that
were most similar with respect to the amplicon distributions generated
by RealSeqS based on a Euclidean distance. The statistical significance
for the 39 non-acrocentric chromosome arms was then calculated
using the equation below.

Observedchr — Mchr panel

Loy =
O'chr panel

An arm was called aneuploid if | Z,,|>5, gained if Z,, > 5, and lost if
Z e < —5. In addition to generating arm-level statistical significances,
the circular binary algorithm (CBS) as distributed in the DNAcopy
library (v1.58) within the R (v3.6.1) programming language was
applied to 50-kb non-overlapping genomic intervals for each exper-
imental sample (32). The CBS algorithm identifies sub-chromosomal
focal alterations. A focal amplification for 19q12, 19q13.2, or 8q24 was
called if CBS produced a sub-chromosomal segment surrounding the
region of interest and had a log, ratio >0.25. Next, on the basis of the
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data obtained from the discovery set, we built the REAL-FAST
algorithm to molecularly classify STIC, p53 signature, and NFTE into
different clusters or paths.

Statistical analysis

The data were shown as the mean with one standard error. Unless
otherwise noted, the statistical significance of the difference between
two groups was assessed using an unpaired, two-tailed Student ¢ test or
Fisher’s exact test. Differences were considered significant for the
P value of <0.05. Figures were prepared using the Prism software.

Data availability
The data generated in this study can be requested upon approval
(European Genome-Phenome Archive, EGAD50000000013).

Results

Normal-appearing FTE harbors low-level aneuploidy

We performed RealSeqS on a total of 150 DNA samples, including
138 samples from fallopian tubes and 12 HGSCs. Figure 1A depicted
the flow of the study design. H&E-stained and p53-immunostained
slides were used to guide the LCM (Fig. 1B). Table 1 summarizes age,
race, pathologic finding, status of germline mutation, concurrent
cancer, and clinical follow-up in all patients. Supplementary
Table SI lists the numbers of cases and patients. In this study, we
use the term, histologically unremarkable FTE (HU-FTE), to indicate
normal-appearing epithelium from fallopian tubes. HU-FTE included
randomly selected HU-FTE (called “NFTE”), “p53 signature” defined
by intense nuclear p53 antibody immunoreactivity, a pattern indic-
ative of missense TP53 mutations (33), and the “MT-CO1 protein loss
region” defined by complete absence or greatly reduced MT-CO1
immunoreactivity in a discrete epithelial stretch (Supplementary
Fig. S1A). The epithelial cells in both p53 signature and MT-COI
protein loss regions were morphologically indistinguishable to adja-
cent NFTE on the basis of H&E staining.

TP53 mutations have long served as a molecular genetic marker for
analyzing clonal relationships in cancer research (8, 27, 34, 35). MT-
CO1 is a mitochondrial DNA encoding cytochrome C oxidase-1 that is
constitutively expressed in all normal cells. Loss of its expression due to
inactivating heteroplasmic mutations in mitochondria has also been
used as a convenient marker for lineage tracing in normal
tissue (24-27). All the NFTE samples showed either an absence or
a low level of aneuploidy (Fig. 1C). Although they were histologically
unremarkable, the epithelium in all 26 (100%) p53 signatures showed
deletion involving entire chrl7 (22 cases) or chrl7 p/q-arm (three
cases) that was not detected in either NFTE or in any of 20 MT-CO1
loss regions (P < 0.01; Table 2).

Amongall MT-CO1 loss regions, one showed a focal break in 500 kb
region in chr17p. p53 IHC was performed on the original slide that was
stained with MT-CO1 antibody, which confirmed that this stretch was
not a p53 signature (Supplementary Fig. S1B). Because deficiency in
DNA damage repair has been reported as a mechanism contributing to
chromosome instability (36-38), we also compared the degree of
aneuploidy between MT-COI loss epithelial stretches derived from
women with and without germline BRCA1/2 mutation(s). The results
showed that BRCA germline mutations were not associated with
higher aneuploidy at arm level in NFTE (data not shown).

MT-COI mutations were reported as potentially neutral passenger
mutations, appearing not to confer known positive or negative pro-
liferative fitness in normal cells (39). To validate this finding in the
context of this study, we performed MT-COI gene knockdown using
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lentivirus carrying shRNAs targeting MT-CO1 on the FT282 fallopian
tube epithelial cell line and on the SKOV3 ovarian cancer cell line. In
both FT282 and SKOV3 cell lines, MT-CO1 knockdown did not affect
colony formation ability compared with vector control (Supplemen-
tary Fig. S1C and S1D). Western blot analysis confirmed the knock-
down efficiency (Supplementary Fig. SIE).

STICs are characterized by pronounced and non-random
aneuploidy patterns

We used the criteria previously reported for morphological classi-
fication of STICs. In short, STIC cells lack cilia and have a various
degree of nuclear enlargement, hyperchromasia, increased nuclear-to-
cytoplasmic ratios, loss of polarity, prominent nucleoli, apoptotic
bodies, and mitotic figures (6, 7). On the basis of analyzing aneuploidy
in 73 STICs, we observed that STICs had a significantly higher
incidence of chromosomal arm gain or loss than HU-FTE, including
p53 signatures and MT-CO1 loss regions. After classifying STICs into
proliferatively active and proliferatively dormant groups, we found
proliferatively active STICs had a higher aneuploidy level than dor-
mant STICs (P < 0.05; Fig. 1C) whereas dormant STICs exhibited
higher amount of gain or loss of chromosomal arms than p53
signatures (P = 0.04) and NFTE (P < 0.01). We also analyzed 12
HGSC samples and found their aneuploidy level indistinguishable
from active STICs (P = 0.71; Fig. 1C; Supplementary Fig. S2).

We next sought to identify chromosome changes most likely
accompanying the tumor progression. We selected the most com-
monly occurring DNA copy-number changes in each lesion subtype.
We found that chr17 deletion (whole p/q arm or focal) was a universal
event in all 98 lesions, including STIC and p53 signatures studied
(Supplementary Table S3). Thus, chrl17 harboring TP53 appears to be
the first chromosome where DNA copy-number changes occur in
HGSC initiation.

Table 2 lists the chromosomal regions showing DNA copy-number
gain or loss in STICs. As compared with p53 signatures, we observed
that 16 (84.20%) of 19 proliferatively dormant STICs contained
additional chromosomal abnormalities, mainly chr22q loss. We also
found that 46 (85.2%) of 54 proliferatively active STICs, as compared
with dormant STICs, harbored specific gains in chr19q harboring the
driver gene CCNEI, or in chr8q arm harboring the driver genes,
including MYC and RECQL4; Fig. 1D-H; Table 2). A notable finding
from the RealSeqS data was that amplification in CCNEI and
MYC/RECQL4 appeared to be mutually exclusive (P < 0.01). Overall,
of the 54 active STICs, 17 harbored 19q12 amplification only, 10
harbored 8q24 amplification only, and only 4 showed alterations in
both regions (Supplementary Table S4).

Next, we assessed whether the regions showing DNA copy-number
gain or loss in STICs were also present in HGSC (40). Table 2 lists those
common regions that contain several known cancer-driver genes. On
the basis of the total number of break points in all chromosomes, we
detected significantly more break points in proliferatively active STICs
and HGSCs than in dormant STICs, p53 signatures, and normal control
fallopian tube samples (Fig. 1I). Taken together, the results suggest that
progression from HGSC precursor lesions to overt HGSC is associated
with a non-random increase in chromosomal abnormalities.

An aneuploidy-based molecular classification identifies
different precursor lesions

Pathology diagnosis of STICs can be challenging because of the
subjective nature of recognizing these lesions despite the morpholog-
ical criteria that has been proposed (6). It is not surprising that even
when adjunct immunostaining is applied, the reproducibility of STIC

Clin Cancer Res; 30(3) February 1, 2024

603

20z Arenigad |0 uo Jasn Aysiaaiun supdoH suyor Aq pd-009/2299075/009/€/0€/4pd-8o1e/saLeouRoUI0/B10 S[eUINOLIORE)/:dBY WO} papEOjUMO(



Wang et al.

A

-
5 e M ," ;:»
| Discovery set || Validation set | N |
* 30 HU-FTE * 35HU-FTE i :
.« 9NFTE .« 11NFTE 2 Ki-67
7 MTCO1* .+ 13MTCO1*
14 P53 sig +  11P53sig
e 15dSTIC e 4dSTIC .
* 22STIC e 32STIC —— i
* OHGSC * 12 HGSC SN
Reviewed by 3 experienced pathologists p53 ¥ Ki-67
generate validate p53 signature
"\t_y oy,
- e Ry
REAL-FAST algorithm 2B R
NS % s,
On the basis of the most commonly occurring P R ) < I'l',} S >,
aneuploidy patterns in RealseqS data ol KR ! p53 - %, Ki-67 7 T 0N
*MT-CO1 loss regions
NFTE p53 signature
E
© )
°
s
S ~
3
Q
=
© -
s
] o
o
5
z T
o~ N : .- ~ . .
h T T T \ T T T T
1p 22 1p 22q
F Dormant STIC G Active STIC H Active STIC
o o0 - o0 - 19q12
v L
~ ~ ~d T \
Vg, 19q13.2
-~ - A SRR — R ~
o | o | EaRd ol
o 1 8q24 71
N o~ ) o~
r r r | T T T \ . r .
22q 8q 19q

1,000

Total number of breaks
o
(=]
o

Figure 1.

Representative H&E (hematoxylin and eosin) and IHC and aneuploidy profile of the lesions studied. A, Flow chart of the study design. B, Representative images of
H&E, p53, and Ki-67 IHC of proliferatively active STIC (top), proliferatively dormant STIC (middle), and p53 signature (bottom). C, Scatter plot of the number of
aneuploid arms in different lesions. Red circles represent the 20 MT-CO1 loss regions analyzed in the study. D, Representative image of RealSeqS data of randomly
selected histologically unremarkable fallopian tube epithelium (NFTE) derived from one patient. Each dot represents one repetitive element sequenced. The y-axis
indicates log, value of ratio between observed and expected counts. Mean relative copy-number changes at different loci are shown as red lines. E, Representative
RealSeqS data of a p53 signature. The arrow indicates loss of both chr17 p-arm and g-arm. F, Representative RealSeqS data showing additional chr22q loss in dormant
STIC compared with p53 signature. G and H, Representative RealSeqS data showing additional chr8g24, chr19qg12, and chr19g13.2 gain in active STIC compared with
dormant STIC. I, Scatter plot showing total number of chromosomal break points across different sample types analyzed. Note: C and | were prepared using the Prism
software.
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Table 2. Prevalence of commonly HGSC-associated altered chromosomal regions in the precursor lesions.

MT-CO1

Involved genomic loci Gene Gain/loss NFTE loss region p53 signature Dormant STIC Active STIC HGSC
15¢21.1 CDHI1 Loss 0% 0% 28% 1% 52% 25%
16g24.3 FANCA Loss 0% 0% 0% 5% 48% 58%
9p21.3 CDKN2A Loss 10% 0% 8% 37% 52% 67%
17 whole chromosome TP53, BRCAT, NF1 Loss 0% 0% 88% 95% 65% 50%
(17p full-arm only) TP53 Loss 0% 0% 8% 0% 20% 25%
(17q full-arm only) BRCAI, NF1 Loss 0% 0% 4% 0% 7% 0%
229 arm L 0ss 0% 0% 8% 84% 78% 83%
19q12 CCNET Gain 0% 0% 0% 5% 39% 42%
19q.13.2 Gain 0% 0% 0% 5% 28% 33%
8q24 MYC, RECQL4 Gain 5% 0% 0% 0% 26% 50%
8q arm Gain 0% 0% 4% 26% 48% 42%
3q26.2 MECOM Gain 0% 0% 8% 0% 44% 75%
1Mq13.5 RSF-1 Gain 0% 0% 0% 0% 22% 25%
19p13.2 NACC1 Gain 0% 0% 4% 16% 41% 58%

lesions is, at best, only modest (41, 42). Therefore, we intended to
establish an algorithm to distinguish among STIC lesions on the basis
of aneuploidy patterns, and to identify molecular subgroups of STICs
with unique biological features. Among the 73 STICs studied, we
selected the first 37 (in an order of acquisition) as a training set and the
remaining 36 as a validation set (Fig. 1A; Supplementary Table S1). We
generated an algorithm called “REAL-FAST” (RealSeqS-based algo-
rithm for fallopian tube aneuploidy pattern in STIC). REAL-FAST
applies a binary decision tree (yes or no) that separates samples into
two categories according to their unique aneuploidy patterns. In each
category, the algorithm uses another decision tree to further separate
cases according to their aneuploidy pattern, and so on. REAL-FAST
provides an unsupervised classification system agnostic of pathology
diagnoses.

REAL-FAST identified five distinct “Paths” (or groups), from Path 1
to Path 5. We have outlined the different Paths and their major
characteristic chromosomal changes in Fig. 2A. First, we correlated
different Paths with their pathology features and proliferative activity.
Our results showed that Path-2, Path-3, and Path-4 corresponded to
histologically diagnosed STICs, Path-5 to p53 signatures, and Path-1 to
NFTE and MT-COl loss regions. The majority of proliferatively active
STICs belonged to Path-2 and Path-3, whereas the dormant STICs to
Path-4 (Fig. 2A). Among different Paths, the highest Ki-67-labeling
index was detected in Path-2 followed by Path-3 and Path-4, whereas
Ki-67-labeling index in Path-5 and Path-1 was similar to the back-
ground level in HU-FTE (Fig. 2B). We also performed immunostain-
ing against IGFBP2, a marker known to be expressed in proliferative
STICs (29), on lesions belonging to different Paths. The results showed
Path-2 has the significantly higher IGFBP2 expression level compared
with Path-3 and Path-4 (P < 0.01; Fig. 2C).

Alongside proliferative activity, we found that 22 (88%) of 25 Path-2
STICs were characterized by discohesive growth of STICs, in which
individual or small clusters of STIC cells were loosely attached or
detached from the lesion surface (Fig. 2D). In contrast, none of Path-4
STICs showed similar morphological features. STICs from Path-2
alone or from Path-2/Path-3 were more frequently to show discohesive
growth than were Path-4 STICs (P < 0.01). Differences between Path-2
and Path-3/Path-4 and between Path-3 and Path-4 were significant as
well. However, there were no significant differences between Path-2
and Path-3 STICs (Supplementary Table S5). Figure 2E summarized
major aneuploidy patterns in different precancer lesions in fallopian

AACRJournals.org

tubes. In this training set, the concordance between the molecular and
pathologic classification of STICs (both active and dormant) was
95.5% (63 out of 67 regions; Table 3).

Performance of REAL-FAST in an independent cohort

To determine the performance of REAL-FAST, we analyzed the
second (validation) cohort that was independent and non-overlapping
with those in the training set. The validation cohort included 71
regions of FTE: 25 HU-FTE (including p53 signature, MT-CO1 loss
regions, and NFTE), 36 STICs, and 12 HGSCs from 33 women with
or without concurrent HGSC (Fig. 1A; Supplementary Table S1).
Overall, the sensitivity and specificity of REAL-FAST in predicting
histologically defined STICs and HGSCs were 95.8% and 97.14%,
respectively. Both molecular and corresponding pathology diagnoses
of individual samples were presented in Table 4. Moreover, all 12
HGSCs were molecular classified as either Path-2 (7 cases) or Path-3
(5 cases). On the basis of the REAL-FAST analysis, we did not discern
any unique aneuploidy pattern between all STICs and HGSC, and
between incidental active STIC and HGSC. We also compared the
distribution of incidental active STIC with the lesions associated with
HGSC according to different aneuploidy groups. Because Path-2 and
Path-3 lesions had copy-number gains in two HGSC-related genes,
CCNEI and MYC, respectively, we combined them then compared
with the rest of the Paths (Path-1, -4, -5). We found that lesions with
HGSC were more frequent in Path-2/Path-3 than the incidental cases
(P = 0.017). There was no statistical significance by comparing
incidental lesions and lesions with HGSC using other groupings
(Figs. 1C and 2; Supplementary Fig. S2 and Supplementary
Table S6). For the discrepant cases, only one (FTE-156) out of the
35 HU-FTE were classified as Path-4, the dormant STIC group. Two
pathology-diagnosed STICs among 36 STICs, FTE-157 and FTE-104,
were molecularly classified as a p53 signature. Representative histology
images of the lesions with discrepant pathology diagnosis and molec-
ular classification are shown in Supplementary Fig. S3. The RealSeqS
data for each lesion subtype at each decision point are summarized in
Supplementary Table S3.

Discussion

Intercepting ovarian cancer by surgical removal of fallopian tubes
prophylactically has offered the current best approach to prevent
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Aneuploidy-based algorithm for the diagnosis of NFTE, precursor lesions, and HGSC. A, REAL-FAST algorithm classifies various types of FTE into five different Paths
or groups on a basis of aneuploidy found in different chromosomal arms. The individual specimens (filled circles) are colored according to their pathology diagnoses.
The cancer-associated genes with copy-number changes at each decision point are indicated and bolds represent the most relevant genes to HGSC. *, incidental STIC;
dSTIC, proliferatively dormant STIC. B, The proliferative activity (Ki-67-labeling index) among different molecular groups. C, IGFBP2 expression levels among
different molecular groups. D, Representative photomicrographs (H&E) from four different STICs showing either discohesive or cohesive growth. E, Schematic
summary of major aneuploidy patterns in different precancer lesions in fallopian tubes. Figure adopted from Shih and colleagues (2). lllustration by Lydia Gregg 2021
JHU AMM. Note: B and C were prepared using the Prism software.

ovarian cancer, especially in women with genetic predisposition in  incidental HGSCs and STICs that challenge the clinical decision if
developing the disease. There are at least two major questions facing  those apparently ovarian cancer—free women need chemotherapy,
those high-risk women after their fallopian tubes are surgically excised. ~ close imaging-based surveillance, and/or staging biopsy. Second,
First, a notable number of those salpingectomy specimens contain  pathology diagnosis of STICs can be difficult and non-reproducible
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among pathologists because of their minuscule sizes on the fallopian
tube mucosa. In this study, we describe biological heterogeneity among
STICs and elucidate the dependence of the origination of ovarian
HGSC on a specific aneuploidy landscape. Furthermore, we develop
the REAL-FAST offering a molecular assay to assist the STIC diag-
nosis. There are several biological and clinical implications.

Our data show that morphologically similar STICs are molecularly
and biologically distinct. Proliferation activity in STICs is positively
associated with the degree of aneuploidy, specifically in certain chro-
mosomal arms or loci. Amplification of several cancer drivers, includ-
ing CCNEI, MYC, REQL4, NACCI, and RSF-1, occurred in prolifera-
tively active STICs but not in dormant STICs or NFTEs, including p53
signatures, suggesting that copy-number gain in these genes may play a
role in tumor initiation. On the other hand, the degree of aneuploidy
and its pattern in active STICs are indistinguishable from those of
HGSC, suggesting that proliferatively active STICs are likely the
immediate precursor of HGSC but that additional molecular changes
other than copy-number alterations are required for progression from
STIC to HGSC.

We detected aneuploidy in several HU-FTE regions, especially those
with TP53 mutations, that is, p53 signatures. The p53 signatures shared
the same chrl7 arm loss with STICs, but this is the only abnormality
detected in contrast with pronounced aneuploidy involving multiple
chromosomal regions in STICs and HGSCs. Alongside TP53, several
tumor suppressors, including BRCAI, NFI, and HOXB, are also
located in chr17 (chr17q21, chr17q21.32, and chr17q11.2, respective-
ly). Because 22 of 25 p53 signatures studied manifested loss of one
entire chromosome 17, and all p53 signatures reported harbor TP53
missense mutations (8, 43, 44), it appears that epithelial cells within
p53 signatures may have an increased risk for developing into STICs.
Specifically, these normal-appearing fallopian tube epithelial cells
harbor the two hits on TP53, including a missense mutation in one
allele and a deletion in the other. In non-BRCA1 women, the p53
signature epithelium may, theoretically, be equivalent to the NFTE
from a germline BRCAI-inactivating mutation because in either
scenario, one intact BRCAI remains, the other being inactivated or
deleted. In contrast, in BRCAI carriers, the p53 signature epithelium
presumably has two hits in TP53 and in BRCAI due to their somatic
mutations in one chromosome and concurrent deletion of the other.

Thus, we propose that p53 signatures are genetically predisposed to
neoplastic transformation in fallopian tubes with BRCAI deleterious
germline mutations. This finding, together with the fact that TP53
mutation is the earliest and essential event for HGSC development
known so far, offers a possible explanation for why BRCA1I germline
mutations, as compared with BRCA2 (located in chrl3) germline
mutations, are associated with higher risk and earlier onset of HGSC.
Our results are consistent with a prior study reporting that 85.71% of
BRCA1I-associated HGSC have loss of heterozygosity of the entire
chromosome 17 (45). Mathematical modeling and epidemiological
studies suggest a prolonged period (several decades) for a p53 signature
to progress to a STIC (3, 14, 46), but from that point onward, it only
takes another 6-7 years for a STIC to progress to an invasive HGSC.
Therefore, once the STIC lesions achieve the higher level of chromo-
somal instability, tumor progression accelerates in some of the STICs.

Our results support REAL-FAST as a highly reproducible molecular
diagnostic tool. The aneuploidy-based algorithm classifies STICs into
three groups (Path-2, Path-3, and Path-4). Path-2 STICs harbor chr19q
amplification, and Path-3 STICs harbor chr8q amplification. Path-4
STICs harbor chr22q loss but no chr19q or 8q amplification. STICs in
Path-2 exhibit higher proliferative activity than Path-3 and Path-4.
Path-2 STICs also overexpress IGFBP2, a marker associated with

AACRJournals.org
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tumor cell proliferation and invasion (29). By careful examination of
the STICs, we show that Path-2 and Path-3 STICs are characterized by
loosely cohesive growth with frequent detached individual or clusters
of STIC cells on the lesion surface that can readily disseminate.
Therefore, Path-2 and Path-3 STICs, as compared with Path-4, are
considered “aggressive” and potentially associated with recurrent
HGSC.

Path-2 STICs have several additional chromosomal arm changes
that can also be found in the TCGA ovarian cancer dataset (40) and in
our digital karyotyping data using affinity-purified HGSC cells (47),
notably, amplification in loci harboring CCNE1. CCNEI copy-number
gain/amplification is found in 22% of STICs using dual color FISH (48),
and intense cyclin E nuclear staining is found in 77% of STICs (28, 49).
Copy-number gains, including NACCI and Rsf-1, are also detected in
HGSC (50-52). Overexpression of Rsf-I has been reported in
STICs (28). Of interest is the fact that Rsf-1 protein was shown to
co-immunoprecipitate with cyclin E1 (53), and the Rsf-1/cyclin E1
interaction is required for cyclin El-mediated tumor-promoting
phenotypes. Co-upregulation of both gene products was also reported
in HGSCs (53). In contrast, Path-3 STICs have a different aneuploidy
pattern with chr8q amplification harboring MYC, REQL4, SOX17,
MAPK15, FOXH]1, SHARPIN, and HSF1. Path-4 STICs have a char-
acteristic chr22q loss (Fig. 2). It is possible that the level of aneuploidy
or specific chromosomal arm gain or loss accounts for the proliferation
and discohesive histological characteristics of STIC lesions. The above
results provide the first molecular evidence in supporting the view that
STICs are biologically and genetically heterogeneous (2).

From the translational perspective, REAL-FAST may provide a
molecular diagnostic tool to detect STICs or occult carcinoma in
fallopian tubes. The current standard-of-care in detecting STICs and
microscopic cancers is solely based on examining surgically removed
fallopian tubes. Because the lesions are grossly inconspicuous, fallo-
pian tube tissues are randomly sectioned and a limited portion is sent
for microscopic evaluation. We estimated that less than 0.5% of
fallopian tissues are eventually examined by a pathologist in practice,
leaving most tissue in paraffin blocks that are archived or discarded.
Theoretically, those unexamined fallopian tube tissues may potentially
contain STIC lesions and minuscule HGSC, creating a substantial false
negativity in routine practice. This concern was validated in our
previous study in which we were able to detect new STICs after
flipping the tissue block and cutting additional sections (54). Thus,
the current clinical practice precludes the exquisite sensitivity in
determining STICs and incidental HGSC in at-risk women, who
before now had to deal with uncertainty and ambiguity even though
their tubes were removed and the pathology diagnosis was negative.
REAL-FAST warrants further evaluation to determine its clinical
utility in comprehensive diagnosis of STICs and occult carcinomas
using the “tubal-brushing” technique and the Falloposcope to sample
the lesions (55, 56).

The REAL-FAST assay can be helpful to potentially stratify STICs
into different clinically relevant groups. At least three recent studies
have analyzed the incidence of pelvic or peritoneal HGSC after
incidental STIC diagnosis on the fallopian tubes. All found a time-
dependent increase in HGSC incidence after removal of fallopian tubes
following diagnosis of incidental STICs. The risk of developing
peritoneal carcinomatosis is 10% and 28% at the 5- and 10-year
follow-up, respectively (57-59). Therefore, from a clinical standpoint,
STICs are not a monolithic group of lesions in that some progress to
HGSC and some do not. Future studies are required to correlate HGSC
risk with the STICs from Path-2, Path-3, and Path-4. This risk
stratification should have significant implications, as women with
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high-risk STICs may potentially benefit from further clinical man-
agement such as consideration of clinical staging to detect occult
cancer, frequent surveillance using imaging modalities and serum CA-
125, and liquid biopsy to detect tumor-released DNA, miRNA, and
methylated DNA markers (60, 61).

The findings reported here show that aneuploidy occurs early in
morphologically normal epithelium, and its level increases in a non-
random fashion involving specific chromosomal arm gain and loss
from p53 signatures to proliferatively active STICs. Whole chr17 loss
potentially offers a mechanism to simultaneous inactivation of TP53
and BRCA1, the two most relevant tumor suppressors in initiation of
HGSC (62, 63). This study identifies distinct molecular groups of
STICs that are associated with increased proliferation and detached
growth of the lesions. Finally, the REAL-FAST promises a molecular
test for diagnosing HGSC precursor lesions ex vivo and in vivo. It
should be noted that this pilot study contains higher proportion of
cases with germline BRCA1/2 mutation(s) compared with its actual
prevalence in the population. Further studies, including more cases
with both wild-type and germline-mutated BRCA1/2, would be need-
ed to optimize the REAL-FAST algorithm and make it generalizable.
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