L)

Check for
updates
Copyright © 2023 Tre

Authors, some
rights reserved;
exclusive licensee

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

CANCER

Genomic instability analysis in DNA from Papanicolaou
test provides proof-of-principle early diagnosis of
high-grade serous ovarian cancer
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Late diagnosis and the lack of screening methods for early detection define high-grade serous ovarian cancer
(HGSOC) as the gynecological malignancy with the highest mortality rate. In the work presented here, we in-
vestigated a retrospective and multicentric cohort of 250 archival Papanicolaou (Pap) test smears collected
during routine gynecological screening. Samples were taken at different time points (from 1 month to 13.5
years before diagnosis) from 113 presymptomatic women who were subsequently diagnosed with HGSOC
(pre-HGSOC) and from 77 healthy women. Genome instability was detected through low-pass whole-genome
sequencing of DNA derived from Pap test samples in terms of copy number profile abnormality (CPA). CPA
values of DNA extracted from Pap test samples from pre-HGSOC women were substantially higher than those
in samples from healthy women. Consistently with the longitudinal analysis of clonal pathogenic TP53 muta-
tions, this assay could detect HGSOC presence up to 9 years before diagnosis. This finding confirms the continual
shedding of tumor cells from fimbriae toward the endocervical canal, suggesting a new path for the early diag-
nosis of HGSOC. We integrated the CPA score into the EVA (early ovarian cancer) test, the sensitivity of which was
75% (95% Cl, 64.97 to 85.79), the specificity 96% (95% Cl, 88.35 to 100.00), and the accuracy 81%. This proof-of-
principle study indicates that the early diagnosis of HGSOC is feasible through the analysis of genomic alter-

ations in DNA from endocervical smeatrs.

INTRODUCTION

Ovarian cancer is the most lethal gynecologic malignancy charac-
terized by severe aggressiveness and dismal prognosis, with high-
grade serous disease (HGSOC) being the most frequent and lethal
histotype (1). More than 70% of patients diagnosed with HGSOC
die within 5 years from diagnosis, the main reason being the
delay in diagnosis because of the lack of specific symptoms in the
early phases of the disease. The 5-year overall survival rate for stage I
HGSOC is above 90%. In contrast, it is around 30% in patients with
advanced disease when the tumor has already disseminated into the
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abdominal cavity (stage III) or even lower in patients who present
with distant metastases (stage IV) (2, 3). The high lethality and the
large differences in the curability between stages make the early di-
agnosis of HGSOC potentially capable of improving survival.

Attempts over the years to develop early detection tests for
HGSOC have been disappointing, generating skepticism about
their overall feasibility. Several screening studies based on tradition-
al methods of diagnosis, such as longitudinal determination of the
plasma biomarker cancer antigen 125 (CA-125) alone or combined
with transvaginal ultrasound imaging, failed to reduce HGSOC
mortality (4, 5). The most likely explanation for this failure is that
the determination of such biomarkers is not sufficiently sensitive to
reveal the initial phases of tumor development.

An effective strategy to detect HGSOC at a very early stage would
benefit from the exploitation of recent insights into the natural
history of HGSOC and its early genomic lesions. In most cases,
HGSOC does not originate in the ovary but in the fallopian tubes
as serous tubal intraepithelial carcinoma (STIC) (6, 7). Evolutionary
analysis shows that STIC presents some tumor-specific genomic al-
terations, such as clonal tumor protein p53 gene (TP53) mutation
and aneuploidy, that are also found in both stage I (8) and metastat-
ic HGSOC (9). Furthermore, recent evidence from large-scale pan-
cancer studies suggests that, in addition to TP53 mutations, loss of
genomic material occurs early in HGSOC progression, leading to
the hypothesis that these aberrant clones can be molecularly inter-
cepted before they have fully developed their potential malignancy
(10). Thus, a crucial issue for developing tools for the early
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diagnosis of HGSOC is to select the optimal strategy to intercept
such early molecular lesions.

Fallopian tubes are anatomically connected with the uterine
cavity, and the passage of HGSOC cells from the STIC toward the
cervical canal has been cytologically and molecularly demonstrated
by many studies recently reviewed by Biskup et al. (11). Kinde et al.
(12) provided the first demonstration that tumor DNA shed from
ovarian cancer cells may be present in Papanicolaou (Pap) smear
specimens. They analyzed a panel of 12 genes and found the same
mutations in tumor tissue and liquid Pap smear specimens from the
same patients in 41% of cases. Other studies reproduced similar
findings on panels of 18 (13) or 8 genes (14), further corroborating
the evidence that DNA from ovarian cancer cells can be detected in
cervical smears. Further studies focused on TP53 mutations
common in HGSOC (15-18). By using ultrasensitive methods,
the same tumor TP53 mutations were found in endocervical
swabs in more than 60% of cases and up to 80% in the lavage of
the uterine cavity (19). TP53 mutations were found even in DNA
purified from Pap smear samples (pDNA) of patients at an early
tumor stage. Arildsen et al. (16) reported mutated TP53 in pDNA
in two patients with stage IIA HGSOC. Paracchini et al. (18) found
pathogenic TP53 mutation in pDNA purified from archival Pap test
smears taken up to 6 years before HGSOC diagnosis, a finding con-
sistent with theoretical mathematical models predicting a temporal
window of at least 5 to 6 years from the development of STIC to the
initiation of HGSOC (20).

Despite these findings, several drawbacks limit the use of TP53
aberrations as a suitable tool for the development of a diagnostic
test. The workflows require a priori knowledge of the specific
TP53 mutation known to occur in the tumor. In a screening
setting, the presence and genotype of tumors would not be
known before evaluation. In addition, recently published data
suggest that TP53 is not a suitable biomarker to intercept early
tumor samples because there is an abundant background of non-
cancer TP53 mutations in normal tissues, which may confound
cancer-specific signal detection (2I). Therefore, the aim of the
present study was to provide experimental evidence that analysis
of somatic copy number alterations (SCNAs) in the pDNA, incor-
porated into a test that we have named EVA (Early oVArian cancer)
test, can be used for the early diagnosis of HGSOC.

RESULTS

Characteristics of HGSOC cases and of healthy women
controls

A retrospective and multicentric collection of 250 archival Pap test
smears withdrawn at different time points from 113 presymptom-
atic women who were subsequently diagnosed with HGSOC (pre-
HGSOC) and from 77 healthy women (HW) collected during
routine gynecological screening were selected for this study (table
S1). The REMARK (Reporting Recommendations for Tumor
Marker Prognostic Studies) diagram for patient selection is depicted
in fig. S1. The entire collection was divided into two groups, named
in the following as groups A (n = 62) and B (n = 51), balanced for
clinical and pathological features (tables S2 and S3). Cases enrolled
in group A were used to develop the EVA test on the basis of the
analysis of genome-wide copy number instability as a biomarker
of early cancer progression (Fig. 1). Cases enrolled in group B
were used to validate, through analysis of clonal pathogenic TP53
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somatic variants, the previous findings that shedding of tumor
cells from fimbriae to the uterine cavity is a continual and
common event in cases who progress toward HGSOC (18). The
median age at diagnosis was 60 and 61 years for groups A and B,
respectively (range, 40 to 81 years for group A, and 42 to 80 for
group B). The median age of the HW who underwent the Pap
test was 43 years (range, 20 to 64 years). Because Pap test analysis
is no longer recommended in postmenopausal women, it was diffi-
cult to collect Pap test smears from HW at a similar age as the pre-
HGSOC women. Most cases were diagnosed as stage III/IV, accord-
ing to the International Federation of Gynecology and Obstetrics
(FIGO), with 87% in group A and 88% in group B. At the time of
writing, all HW were still alive with no evidence of gynecological
tumors or any other neoplastic or other gynecological inflammatory
diseases. The time from the collection of archival samples to the
time of HGSOC diagnosis ranged from 0 months to 13.6 years for
group A and from 0 months to 9.5 years for group B. Within the
entire collection of patients included in this study, 41 patients
(36%) provided more than one archival sample, including 5 patients
who provided four samples, 6 patients who provided three samples,
and 30 patients who provided two Pap test samples. Seventy-two
patients gave a single archival sample (tables S2 and S3).

Spectrum of SCNAs in pDNA

In contrast to single nucleotide variants, SCNAs are rarely found in
normal tissues, although they are common in cancer (particularly in
HGSOC) (22). This raises the question as to whether the detection
of these genomic alterations could improve early diagnosis. To
address this question, we used a shallow whole-genome sequencing
(sWGS) approach to detect SCNA in DNA purified from tumor
samples (tDNA) and in pDNA from pre-HGSOC women from
group A (fig. S2). First, we evaluated the global SCNA traits in
tDNA. Analysis with GISTIC (Genomic Identification of Signifi-
cant Targets in Cancer) software confirmed the marked and hetero-
geneous SCNA profile of tDNA, with 3926.31/8q24.12 and 16¢21/
12g24.13 being the genomic regions most frequently affected by
gain or loss of genomic material, respectively (fig. S3, table S4).
Then, to demonstrate the presence of DNA derived from tumor
cells in Pap test smear, we investigated the presence of SCNA in
the entire group of pDNA. Most pDNA from pre-HGSOC
samples (n = 58, 89%; table S5) had detectable SCNA, involving
the loss or gain of broad chromosomal regions. We thus questioned
the possible pathological origin of such alterations by comparing
the genome instability profiles of tDNA with those observed in
matched pDNA from women with pre-HGSOC. Regions in each
sample pair were considered to be in common if their reciprocal
overlap was at least 15% of their length and with the same SCNA
call (gain or loss). Common regions of genomic alteration were
called in 75% (n = 51) of the sample pairs, whereas in the remaining
25% (n = 17), there was no overlap due to potentially insufficient
sequencing resolution, sample quality, or intratumor heterogeneity
in the mutational process (table S6). Among the overlapping
regions, we found that 20 regions shared across more than 10 pre-
HGSOC tDNA/pDNA pairs (table S7, A and B). Of these, eight
regions with copy number loss belonged to chromosomes 16p
and 22q (table S7A), and 12 regions with copy number gain were
on chromosomes 6p and 12p (table S7B). Figure 2 depicts the
copy number profiles derived from tDNA and three paired
pDNAs taken at different time points from a representative pre-
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Fig. 1. Workflow of the EVA test. The workflow of this study can be divided into three sections. (A) Sample collection: A retrospective collection of FFPE tumor samples
and matched Pap test smears from 62 patients with HGSOC was collected. Pap tests were collected at different time points before diagnosis. tDNA and pDNA were
purified for downstream genomic instability analysis. As a control, pDNA was purified from 77 Pap test smears from HW. (B) Data analysis: SWGS sequencing was
used to derive a global overview of genome instability in pDNA and tDNA. (C) EVA test: The CPA score was used to quantify the overall amount of genome affected
by instability. The analysis identified two different thresholds that distribute the CPA scores into three distinct areas: negative for genomic alterations (blue area), area of
uncertainty (gray area), and positive for genomic alterations (red area). HGSOC, high-grade serous ovarian cancer; pDNA, DNA from Pap test smears; tDNA, DNA from FFPE
tumor tissues; HW, healthy women; sWGS, shallow whole-genome sequencing; CPA, copy number profile abnormality.

HGSOC woman (ID: 1240-11; P1 = 4.3 years; P3 = 6.2 years; P4 =
7.5 years). The tDNA was characterized by a high number of
genomic aberrations across all chromosomes, whereas the pDNAs
showed a prominently flat profile, a largely euploid genome, with
few regions of DNA gain or loss. In these regions, the only loss
on chromosome 16 (locus pI11.1) was detectable in pDNAs at all
time points, and in the tDNA sample (table S6 and fig. S4),
whereas other regions with gain or loss, such as loss of chromosome
8 at P1, were private to each time point (Fig. 2). From a pathological
standpoint, the loss of genomic material on chromosome 16 has
been reported as an early genomic alteration in HGSOC (10). In
conclusion, our data revealed that the genomic profile of pDNA
from pre-HGSOC samples is characterized by both most SCNAs
that make up the genome of HGSOC and pathogenic mutations
in TP53. These abnormalities were seen in samples collected up
to 6 years before diagnosis (18).

EVA test: Measuring the overall landscape of SCNA in pDNA

The data presented above suggest that the SCNA information
derived from the pDNA of women who progress to malignancy dis-
plays generalized disorder across the genome that varies among
samples and over time. We reasoned that a measure that summariz-
es the overall genomic complexity rather than the analysis of
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individual SCNA could be useful to allow discrimination of Pap
tests between HW and women who progress to HGSOC. As a
measure of the overall genomic instability, we used the copy
number profile abnormality (CPA) score as previously published
(23). The CPA provides a comprehensive quantification of unbal-
anced genomic traits: the higher the CPA value, the greater the
genomic instability. We initially focused our analysis on those
SCNA reported in the ovarian cohort of the Cancer Genome
Atlas Ovarian Cancer (TCGA-OV) collection by restricting the
analysis using a so-called “blacklist-A" as the hallmark of HGSOC
(n = 80; tables S8 and S9).

We saw that pDNA from HW had statistically different distribu-
tions of CPA (Mann-Whitney test, P < 0.0001) compared with the
CPA derived from pre-HGSOC (Fig. 3A). These distributions
enabled us to define three different intervals: (i) The first (0 <
CPA < 0.0887) included pDNA from HW (n = 20, 80%) and
pDNA from 11 pre-HGSOC (17%) with no SCNA. We arbitrarily
defined this CPA range as “negative” for genomic alterations. (ii)
The second interval (0.0887 < CPA < 0.11207) encompassed
pDNA from HW (n = 5, 20%) and patients progressing to
HGSOC (n = 10, 15%). We defined this range as an “area of uncer-
tainty” (gray zone). (iii) The third interval (CPA > 0.11207) com-
prised pre-HGSOC pDNA (n = 44, 68%), the visual inspection of
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Fig. 2. Copy number profile comparison between tDNA and pDNA at different time points before diagnosis for a representative case. For patient ID 1240-11, the
genome-wide somatic copy number alteration (SCNA) pattern was plotted for tDNA and matched Pap test smears (P1 = 4.3 years, P3 = 6.2 years, and P4 = 7.5 years before
the diagnosis). The x axis and y axis represent the loci of 23 chromosomes and corresponding copy numbers in the log, scale, respectively. Each black point represents a
single 500-kbp bin, whereas horizontal white lines indicate copy number segments covering bins of expected equal copy number. Colored points signify regions of SCNA.
Green dots refer to the gain of genomic material, whereas yellow refers to regions of losses of genomic material. Gray boxes indicate genomic regions not included in the
analysis. The different log, ratio between tDNA and pDNA is tumor fraction dependent.
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Fig. 3. Kernel density estimation (KDE) distribution and boxplots of the CPA values. Top: KDE curve distributions represent the CPA of the Pap test smear DNA
(pDNA) from HW (n = 25, light line) and from presymptomatic women who had developed HGSOC (pre-HGSOC) (n = 65, marked line) . The x axis represents the CPAvalue,
and the y axis represents the density. Colors in the background define the three different areas reported in the main text. Bottom: Boxplot reports the statistical distri-
bution of the CPA values for pre-HGSOC cases in black and for HW in gray. (A) KDE distribution according to the chromosomal regions most frequently altered in HGSOC

based on TCGA-OV: 0 < CPA < 0.0887, blue zone or negative for genomic alterations.

positive for genomic alterations. (B) KDE distribution on the whole genome: 0 < CPA

zone, as with uncertainty; CPA > 0.61, red zone or positive for genomic alterations.

which allowed clear detection of areas of aneuploidy. We defined
this interval as “positive” for genomic alterations. Under these as-
sumptions, the specificity was 100% as set by design, the sensitivity
was 67.69% [95% confidence interval (CI), 56.38 to 78.99%], and
the accuracy was 76.67%. To ensure the reproducibility of our
model, we performed a second sequencing run on a subset of
pDNA samples (n = 10) with comparable results (fig. S5).

Given the marked disease heterogeneity, we finally considered
whether a priori selection of regions from TCGA-OV had intro-
duced bias into the analysis that could hamper its future use as a
biomarker for early disease detection. Thus, we repeated the
entire set of analyses using a genome-wide rather than region-spe-
cific approach, excluding from the analysis only those genomic
regions defined as constitutive SCNA, that is, those SCNA frequent-
ly occurring in the healthy population, “blacklist-B." The CPA dis-
tribution showed three different intervals: (i) 0 < CPA < 0.52372,
(ii) 0.52372 < CPA < 0.61 (gray zone), and (iii) CPA > 0.61, in a
similar fashion as our previous results with TCGA-OV (Fig. 3B
and table S10). In this setting, the specificity, sensitivity, and accu-
racy were 96.00% (95% CI, 88.35 to 100.00), 75.38% (95% CI, 64.97
to 85.79), and 81.11%, respectively. Although CPA values increased
approximately 10-fold as the calculation expanded to a larger
genomic interval, the CPA distribution in HW and pre-HGSOC
samples mirrored those described in the initial analysis (Fig. 3A).
This finding demonstrates the feasibility of identifying regions of
aneuploidy in pDNA despite highly variable SCNA profiles in the
genome of HGSOC. This scenario may potentially allow the use of
the EVA test for early disease detection.
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0.0887 < CPA < 0.11207, gray zone, as with uncertainty; CPA > 0.11207, red zone or
< 0.52372, blue zone or negative for genomic alterations. 0.52372 < CPA < 0.61 gray

Longitudinal analysis of CPA to track genomic instability
evolution

Last, to systematically examine the evolution of genome complexity
in the clinical history of each patient, the CPA values measured in
pre-HGSOC pDNAs were plotted according to the time of archival
Pap test collection. Figure 4 depicts for each woman with pre-
HGSOC the evolution of CPA values (measured according to the
genome-wide approach), across a wide range of times, ranging
from very short (up to the time of diagnosis, t = 0) to 11 years
before tumor onset. This shows a relatively broad period of chromo-
somal instability, indicating a variable timing of gain or loss of
genomic material across different patients and from different Pap
test samples taken from the same patient. Overall, we observed
the following characterization of pre-HGSOC pDNA samples:
75.4% (49 of 65) showed the presence of an aneuploid genome
(dark pink circles), 15.4% (10 of 65) showed the presence of a
diploid genome (blue circles), and 9.2% (6 of 65) were “"uncertain”
(gray circles). The presence of an aneuploid genome can be detected
by the CPA analysis up to 9 years before diagnosis (CPA values of
1.46 and 1.09 for samples 1240-2 and 1240-18, respectively; table
$10). Focusing on the CPA values retrieved from samples collected
between 2 and 5 years before diagnosis, we observed that 71% (15 of
21) were characterized by an aneuploid genome (dark pink circles),
14% (3 of 21) were classified as uncertain (gray circles), and 14% (3
of 21) had a diploid genome (blue circles). Comparable results were
obtained using CPA values derived from a targeted selection from
TCGA-OV (fig. S6). Consistently with the results obtained by the
CPA analysis, we have obtained further longitudinal evidence that
TP53 pathogenic variants can be detected in endocervical swabs up
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Fig. 4. CPA distribution in longitudinal Pap test smears calculated on the whole genome. pDNA samples are represented with circles and colored according to their
CPA value: blue (negative), gray (uncertain), or dark pink (positive). Samples are ordered along the x axis representing the time (years) before diagnosis (time = 0 on
the right).
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to 9 years before the diagnosis (cohort B; fig. S7 and tables S11
and S12).

DISCUSSION

In the present study, we demonstrated that the early detection of
HGSOC is potentially achievable through SCNA analysis of DNA
extracted from archival Pap test smears of pre-HGSOC women.
The analysis of cell swabs for the early detection of HGSOC has
been investigated in the past because the procedure involved is non-
invasive and well tolerated. Furthermore, cervical cell swabs offer
the potential for population-wide screening. They can be easily in-
corporated into routine gynecological examinations, rendering
them accessible to many women. This accessibility could lead to in-
creased early detection rates and ultimately improve survival rates
for ovarian cancer.

In the work described here, we focused on two early molecular
events occurring during HGSOC development: TP53 mutations
and genomic instability. The results presented here are consistent
with recent evidence from large-scale pan-cancer studies suggesting
that in many cancer types, genomic alterations are present before
the disease is detectable and may possibly contribute to disease de-
velopment (10).

Prior analysis of the TP53 mutations present in the tumor of each
patient made it possible to verify that the same mutations found in
the tumors were present in the pDNA taken from the same patients
before HGSOC diagnosis. Earlier work in our laboratory showed
that specific tumor TP53 mutations were detectable in ~70% of
cases up to 6 years before the diagnosis by applying the very sensi-
tive droplet digital polymerase chain reaction (ddPCR) approach
(18). We confirmed these findings in a larger multicentric collection
of patients, including samples taken 9 years before diagnosis. Two
main limitations hamper the suitability of analyzing TP53 muta-
tions for the early detection of HGSOC. First, this approach requires
prior knowledge of the TP53 mutations present in the tumor.
Second, low-frequency somatic pathogenic mutations of TP53 are
unlikely to be a suitable diagnostic biomarker because they are
often detectable in normal tissues under physiological conditions
as abnormal hematopoiesis or physiological somatic mosaicism,
and they increase with age (15, 21, 24). Thus, the determination
of TP53 mutations would not discriminate the presence of a
tumor with sufficient specificity.

For these reasons, in the current study, we chose to focus on
genomic instability instead of low-frequency somatic TP53 muta-
tions. Patterns of genomic instability have been previously suggest-
ed to be present in the early stages of HGSOC development (8, 10).
Taking advantage of the fact that, in most cases, HGSOC develops
initially in the fallopian tubes, shedding of tumor cells in this locus
is eminently plausible, which renders their detection in the cervical
swabs feasible. The presence of detectable tumor material in the
cervix is conceivable in the early stages of neoplasia when a few
layers of cancer cells are present in the fallopian tube. The detection
of tumor DNA within the DNA from endocervical swabs supports
this hypothesis. An essential element for the robust quantification
of genomic instability is the appropriate method of its
measurement.

Consistent with the literature, our findings highlight that a
simple model of cancer progression is difficult to establish for
HGSOC. With the exception of pathogenic mutations in the TP53

Paracchini et al., Sci. Transl. Med. 15, eadi2556 (2023) 6 December 2023

gene, the evolutionary path of individual tumors is highly variable,
with loss of genomic material on chromosomes 17¢, 16g, and 22q or
gain on chromosomes 3p26 and 8324 as the most frequent events,
although they are not common to all cases. For this reason, the EVA
test has been developed exploiting the CPA score, which reflects the
overall amount of SCNA present in the tumor genome rather than
in single genomic regions. The CPA score offers a number of advan-
tages. First, it has been used successfully in a setting with a low pres-
ence of tumor DNA (circulating tumor DNA) in patients with lung
carcinoma (23). Second, it obviates the requirement of an inordi-
nate amount of fine-tuning when tumor DNA is present at low con-
centrations; the measurement is based on z-scores that allow a
precise detection of instability, assuming the presence of a suitable
control reference. Third, the use of a single measurement bypasses
the issue of low resolution when tumor DNA is scarce, causing
problems in identifying the precise regions where SCNA occurs
(25). Fourth, CPA analysis allows the global measurement of
genomic instability without prior knowledge of the precise
genomic alterations that characterize the tumor genome, thus
making the “agnostic” analysis of tumor DNA feasible. Last, CPA
is derived from a low-pass whole-genome approach, which is now
afastand cheap sequencing protocol that can be easily implemented
in a clinical analytical laboratory.

The use of a numerical measure implies the selection of accept-
able thresholds to maximize the number of true positives and min-
imize or eliminate, if possible, the number of false positives. To this
aim, we defined two CPA thresholds that include a “gray zone" in
which the presence of genomic alterations is considered uncertain.
Furthermore, we adopted a conservative approach to ensure high
confidence in calling a sample positive for genomic alterations at
the cost of registering more false negatives. We marked all pre-
HGSOC pDNA samples in the gray zone as false negatives, although
at least some of them were probably true negatives. By applying this
stringent approach, we achieved a sensitivity of 75% and a specific-
ity of 96%. We surmise that this sensitivity is satisfactory, consider-
ing that the archival Pap test collection was not originally meant to
be used for DNA analysis, which implies that the sampling proce-
dure and storage conditions were probably suboptimal for the aims
of this study. A fraction of false negatives might be inevitable con-
sidering that, according to some recent pathological reports, prob-
ably not all HGSOC:s derive from the fallopian tube (26). We proffer
the contention that the EVA test may well be suitable for the early
detection of HGSOC. It might possibly also be applied to the early
detection of the fraction of endometrial cancers characterized by
genomic instability (27). Exploration of this possibility requires spe-
cific studies.

We are aware that our study has the following limitations: (i) It is
retrospective with a limited sample size; (ii) samples were not col-
lected at standardized time points, limiting the possibility to evalu-
ate the EVA test performance over time; and (iii) there is a
difference in median age between pre-HGSOC and HW. It is
known that SCNA accumulate with age (28, 29). In the work pre-
sented here, we have minimized the impact of these genomic vari-
ations by removing the constitutive copy number variations from
our assay. Nevertheless, we consider the data sufficiently convincing
to warrant prospective clinical investigations aimed at verifying
whether the longitudinal analysis of CPA in Pap test smears
renders the prediction of HGSOC possible.
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The EVA test based on sSWGS is cheap and easily integratable in
already ongoing mass screening programs for the early detection of
cervical cancer. The incidence of ovarian cancer in the general pop-
ulation is very low, around 20 cases per 100,000 women. To dem-
onstrate that the test benefits the survival of patients with HGSOC, a
prospective study has to involve necessarily a very large population
of women and a long follow-up time with longitudinal sampling.
The specificity of the EVA test at 96% means that there might be
4000 false-positive cases in every 100,000 women tested. However,
the relative simplicity and cost-effectiveness of the procedure render
serial analyses from the same patient, such as every 6 months or
every year, highly feasible. This would reduce the number of false
positives, probably 160 cases after the second sampling and 6.4 after
the third. It might be propitious to apply the test initially to women
with germline mutations in BRCA genes who have a high probabil-
ity of presenting with HGSOC. Now, a large fraction of these
women opt to undergo prophylactic surgery consisting of salpin-
gectomy with or without ovariectomy (30). This patient group
might provide an opportunity to verify whether the analysis of
CPA in Pap test swabs conducted before the operation can predict
the presence of a STIC or in situ HGSOC in the fallopian tube.

In conclusion, our study provides the basis for a new approach to
the early detection of HGSOC based on the assessment of genomic
instability patterns of DNA extracted from cervical smears. Because
the low survival of patients with HGSOC is usually related to the
delay in diagnosis, we believe that the application of the approach
proposed here may have a marked impact on mortality from this
neoplasm.

MATERIALS AND METHODS

Study design

A multicentric, retrospective cohort of 113 patients with a diagnosis
of HGSOC, who underwent primary surgical treatment from 2008
to 2021, was selected from eight independent Italian hospitals (fig.
S1 and tables S2 and S3). Being a proof-of-principle retrospective
study, no proper sample size was calculated, but study sample was
chosen on convenience basis taking all samples available. All pa-
tients enrolled had at least one Pap test smear performed during cer-
vical cancer screening before the diagnosis (range, 0 months to 13.6
years) (table S1). The Pap test samples were collected between 2003
and 2021 and were cytologically negative for dysplasia or any other
malignant neoplasms. For 112 of 113 enrolled patients, a formalin-
fixed paraffin-embedded (FFPE) primary tumor biopsy was also
available. To fulfill the minimum sample size (n = 40) requested
by WisecondorX for the construction of the panel of normals
(PoN) (see "Bioinformatics analysis” section, Materials and
Methods, and the Supplementary Materials), 77 Pap test smears col-
lected between 2015 and 2022 during routine gynecological screen-
ing from women with no evidence of gynecological tumors or any
other neoplastic or gynecological inflammatory disease were used as
a control set.

Samples used for this study were collected in accordance with the
institutional review boards and with all current national and Euro-
pean laws and regulations (ordinance of the Ministry of Health 17
December 2004, Gazzetta Ufficiale n. 43, 22 February 2005), includ-
ing the Good Clinical Practice (GCP) Rules (legislative decree 24
June 2003 n. 211). The study was performed following the principles
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of the Declaration of Helsinki, and written informed consent was
obtained from each participant.

DNA extraction library preparation and sequencing

tDNA and pDNA were extracted and purified from both FFPE
tumor samples and Pap test smears using Maxwell RCS DNA
FFPE kit (Promega). DNA concentrations were determined by
Qubit high-sensitivity DNA assay (Thermo Fisher Scientific), and
DNA quality was assessed by Tape Station 4200 System (Agilent
Technologies) (table S13). Ten nanograms up to 150 ng of purified
tDNA or pDNA was used to construct WGS libraries according to
standard protocols (KAPA Hyper Plus kit, Roche) and barcoded on
NextSeq550 (Illumina) to achieve at least 10 million reads per
sample (sSWGS, median coverage 0.5x); targeted next-generation se-
quencing libraries to analyze TP53 mutational landscape were pre-
pared and sequenced at 2500x coverage on NextSeq550 according
to the manufacturer’s protocol (SeqCap EZ HyperCap Workflow,
Roche) as previously reported (8, 13). Details are reported in the
Supplementary Materials.

Bioinformatics analysis

The entire workflow used for sWGS analysis is summarized in fig.
S2 and detailed in the Supplementary Materials. Specifically, raw
reads were preprocessed by trimming with fastp software (31) and
then aligned to the reference genome (hg38 build) with BWA (32),
and duplicate reads were removed. WisecondorX (33) was used to
call aberrant regions in pDNA and tDNA samples compared with a
reference PoN. Raw aligned reads were divided into 500-kbp (kilo—
base pair) bins, quality-filtered, and segmented with circular binary
segmentation (34). Then, z-scores were calculated for each segment,
and segments were called aberrant if their absolute value was greater
than 5 (tDNA) or 3 (pDNA). The value of the CPA for each sample
was calculated as described by Raman et al. (33).

The procedures used to select the PoN (fig. S8), the calculation of
overlap between pDNA and tDNA, and the stability analysis of CPA
are detailed in the Supplementary Materials. In particular, for the
definition of the CPA threshold, a set of samples from HW (n =
77) was divided into two groups consisting of 52 (68%) and 25
(32%) samples, respectively. The first was used as PoN, and the
latter was used as validation set. The analysis was done either in-
cluding or excluding predefined genomic regions as detailed in
the Supplementary Materials. The software was run with custom-
ized pipelines built with Nextflow (35) and with the tools provided
by the nf-core framework (36). Code is provided at 10.5281/zenodo.
10013056.

Statistical analysis

Comparisons were done with the Mann-Whitney test as imple-
mented in the SciPy Python package. To calculate specificity, sensi-
tivity, and accuracy, samples (n = 25 from HW, and n = 65 from pre-
HGSOC) were considered positive when above the CPA threshold;
otherwise, they were considered negative. Sensitivity, specificity,
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and accuracy were calculated as follows:

Sensitivit True positive
ensitivity =
" True positive + False negative

True negative

Specificity =
peciicity True negative + False positive

True positive 4 True negative

Accuracy =
Y Total number of cases

Receiver operating characteristic (ROC) curves were calculated
with the roc_curve method implemented in the scikit-learn
Python package. Confidence intervals (CIs) were calculated follow-
ing binomial distribution.
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