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. The discovery of circulating tumour DNA molecules created a paradigm shift in tumour biomarkers
as predictors of recurrence. Non-invasive prenatal testing (NIPT) to detect circulating cell-free foetal
DNA in maternal plasma is increasingly recognised as a valuable substitute to perceive foetal copy
number variation (CNV). This study aimed to determine whether the copy number detection in plasma
samples using NIPT platform could be used as a prognostic biomarker in patients with gynaecological

: cancer. We conducted a prospective study using samples containing preoperative plasma from 100

: women with gynaecological cancers. Samples were randomly rearranged and blindly sequenced using

© alow-coverage whole-genome sequencing plasma DNA, NIPT platform. The NIPT pipeline identified

. copy number alterations (CNAs) were counted in plasma as a gain or loss if they exceeded 10 Mb from

. the expected diploid coverage. Progression-free survival (PFS) and overall survival (OS) were analysed

© according to the presence of CNA in plasma using Kaplan-Meier analyses. The NIPT pipeline detected
19/100 cases of all gynaecological cancers, including 6/36 ovarian cancers, 3/11 cervical cancers, and
10/53 endometrial cancers. Patients with CNA in plasma had a significantly poorer prognosis in all
stages concerning PFS and OS. Therefore, low-coverage sequencing NIPT platform could serve as a
predictive marker of patient outcome.

In recent years, cell-free DNA has been broadly studied using circulating tumour DNA (ctDNA) as a liquid
. biopsy, including the detection of minimal residue, early detection of resistance to therapy, early detection of dis-
© ease and assessment of molecular heterogeneity. Occult maternal malignancies can be detected via non-invasive
. prenatal testing (NIPT) using massively parallel sequencing (MPS) of cell-free DNA from the maternal plasma
. for prenatal screening of common foetal autosomal aneuploidies and trisomies 21, 18 and 13. In many cases, the
. cell-free DNA in the plasma of pregnant women is a mixture of placental and maternal DNA. Follow-up studies
. have demonstrated that some cell-free DNA events are discordant with the direct foetal karyotype and may detect
asymptomatic neoplasms in the mothers'. One such example involves a patient who was diagnosed with meta-
static small cell carcinoma of the vagina that was suggested to account for aneuploidies of chromosome 18 and 13
. identified using NIPT2 In other reports, cell-free DNA discordances were determined using MPS for NIPT, and
© two patients with Hodgkin’s Disease>* were identified. In a recent study, use of a clinical NIPT platform detected
. early-stage ovarian cancer®. As potential biological explanations for cell-free DNA discordance include confined
© malignancy, this suggests that genomic profiling by the NIPT platform, which is broadly used for testing foetal
. aneuploidies, may also represent a practical approach for clinical neoplasm management.
Several studies have revealed the presence of tumour-derived DNA in the plasma of cancer patients®.
Cell-free DNA released from apoptotic cells is shortened to 185-200 bp-fragments. DNA fragments are released
: into the bloodstream from dying cells during cell turnover or from apoptotic and necrotic cells’. Under normal
* physiological circumstances, apoptotic and necrotic cells are cleared by infiltrating phagocytes, and cell-free DNA
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Detected Plasma CNA range in the
FIGO | Patients | Trisomy | Trisomy | Trisomy | patientswith patients with detected CAN | Rate of patients with
Stage (n) 21 (n) 18 (n) 13 (n) plasma CNA (n) | (Median, range) plasma CAN (%)
Ovarian cancer
I-1I 21 1 0 0 1 2448 4.8%
III-1v | 15 0 1 1 5 298 (31-1767) 33.3%
Cervical cancer
I-1I 11 0 0 0 3 89 (21-1077) 27.3%
III-1IV. | N/A N/A N/A N/A N/A N/A N/A
Endometrial cancer
I-1I 41 0 0 0 5 248 (93-1492) 19.5%
II-1v | 12 0 0 1 5 102 (62-834) 41.7%

Table 1. Each gynaecological cancer type and clinical stage of total samples in this sequencing analysis which
calls copy number alteration using Genetech NIPT pipeline, n =100. Abbreviations are follow: CNA, copy
number alteration, NA, not available.

levels are relatively low. In solid tumours, cell-free DNA is also released via necrosis, autophagy, apoptosis and
other physiological events induced by micro-environmental stress and treatment pressure'’. This phenomenon
suggests that ctDNA may be more likely to originate from genomic regions with an increased euchromatic DNA
structure resulting in observed differential fragment length distribution in coverage relative to somatic cell-free
DNA. Recent improvements in the analysis of blood samples for circulating tumour cells or ctDNA has provided
rapid, cost-effective and non-invasive liquid biopsy surrogates, which provide valuable complementary infor-
mation on therapeutic targets and drug resistance mechanisms in cancer patients'!2. Tumour heterogeneity
introduces significant challenges in designing effective treatment strategies'’. CNV is amplified or deleted in
regions of the genome that are recognised as a primary source of average human genome viability and contribute
significantly to phenotype variation. One crucial feature arising from previous studies is the observation that
tumour DNA carries genomic alterations corresponding to CNA'. CNA plays a significant role in carcinogenesis
in many cancers, such as ovarian cancer'?, hepatocellular carcinoma'é, and colorectal carcinoma'’. Several studies
have verified that somatic CNVs in ctDNA match those present in the primary tumour!s.

Genome-wide detection of CNA can be characterised in ctDNA, acting as tumour biomarkers with excel-
lent sensitivity and specificity’*?. These methods require deep sequencing that significantly increases the cost
and difficulty to use in clinical practice. Chromosomal instability analysis in cell-free DNA by low-coverage
whole-genome sequencing was used for the primary diagnosis of ovarian cancer?!. In prenatal testing, sev-
eral studies have demonstrated the possibility of using whole-genome sequencing-based NIPT to detect fetal
CNV?222, Recently, several studies using MPS have also reported that personalised analysis of rearranged ends
was developed to detect unselected genetic events that span across the whole genome in cancer patients*?°. These
findings demonstrate the performance of cancer genome scanning through MPS of plasma DNA.

Several prototype studies also evaluated the low-coverage sequencing method using MPS for the detection of
foetal CN'Vs. Recently, detection of CNA using MPS was reviewed?. The critical advantage of MPS technologies
is the reduced cost and time required to sequence a sample. This method allows for more examples to be investi-
gated than previously possible, and an increase in available information and statistical power has resulted in the
identification of many new genes thought to be involved in cancer biology. We hypothesised that CNA in plasma
derived from tumours would be detected in patients with gynaecological cancer before primary surgery and
would predict prognosis. This study aimed to determine whether the use of an NIPT platform for CNA in plasma
from patients with gynaecological cancer could serve as a predictive marker of patient outcome.

Results

Assessment of SeqFF. We enrolled 100 patients with gynaecological cancer in the study and analysed
plasma samples from those with ovarian cancer (n=36), cervical cancer (n=11) and endometrial cancer
(n=53). We detected CNA in 1/21 early-stage ovarian cancers, 5/15 advanced stage ovarian cancers, 3/11 ear-
ly-stage cervical cancer cases, 5/41 early stage endometrial cancer cases and 5/12 advanced stage endometrial
cancer cases using the NIPT platform (Table 1). The Genetech NIPT platform analysis indicated that five patients
were positive for at least one aneuploidy involving chromosomes 13, 18 and 21 (Fig. 1). Cases with trisomies
detected by NIPT could be explained by total or sizeable partial copy number gains on the test chromosomes
and chromosomes 13, 18 and 21. We found that samples from patients with advanced stages (stages III-IV) had
a higher rate of CNA detection than those with early stages (stage I-1I) (37.0% for stages III-IV patients versus
12.3% for stages I-1I; p=0.009). Moreover, the rate of CNA detection was higher in patients with advanced stage
endometrial cancer than in those with early-stage endometrial cancer (41.6% for stages III-IV versus 12.2% for
stages I-II; p=0.035). There was no difference in the CNA range in plasma among all cancer types. These obser-
vations highlight the benefit of analysing whole-genome sequencing to increase the possibility of detecting CNA
in plasma in advanced tumours.

Focal alterations in gynaecological cancer genes. Except for one carcinosarcoma case, all patients
with CNA present in ovarian cancer expressed copy number loss of either BRCAI or BRCA2. The presence of
CNA with high-grade serous carcinoma showed alterations of several genes involved in PI3K/Akt signalling.
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Figure 1. Whole genome view of copy number gains and losses in plasma samples from women positive for
trisomy 13, 18 and 21 using Genetech NIPT. Smoothed normalised coverage (in orange) is plotted along Z-score
(Y-axis) and the genomic coordinates (x-axis), sorted by chromosome number and genomic location within the
chromosomes. Case 1: diagnosed with a stage III ovarian cancer, high-grade serous carcinoma, Case 2: a stage
III ovarian cancer, high-grade serous carcinoma, Case 3: a stage I ovarian cancer, Dysgerminoma Stage I, Case
4: a stage IV corpus cancer, serous adenocarcinoma.

A patient with dysgerminoma also showed many alterations, even in stage I (Table 2, Fig. 2). In this study, only
patients with early-stage cervical cancer were included, and amplification of PIK3CA was detected in one patient
(Table 2, Fig. 2). In endometrial cancer, patients with carcinosarcoma, serous adenocarcinoma and leiomyosar-
coma showed many alterations of cancer driver genes, such as MYC and CCNEI (Table 2, Fig. 2). In all patients
with endometrioid endometrial cancer, CNA of genes related to p53-signaling was not detected. Only one patient
with endometrioid endometrial cancer had CNA of MYC, and two had CNA of ARIDIA.

Comparison of PFS and OS with or without CNA.  We examined whether preoperative CNA analyses
may be associated with disease recurrence and survival after surgical resection regarding overall survival and
progression-free survival looking at CNA positive and CNA negative in all participants and each histotype. In
all patients with stage I-IV gynaecological cancer, patients with CNA had a shorter PFS and OS compared with
those of patients without CNA (Fig. 3A and B). Kaplan-Meier analyses performed for the cases with stage I-IV
ovarian cancer showed shorter PFS and OS (Fig. 3C and D). Similar trends were seen when the cases with stage
I-IV endometrial cancer were analysed (Fig. 3E and F).

Next, we hypothesised that the detection of CNA was more likely to be associated with prognosis especially
in advanced stage tumours. In all patients with advanced-stage gynaecological cancer, patients with CNA also
had a shorter PFS and OS compared with those of patients without CNA (Fig. 4A and B). In the cases with stage
advanced-stage ovarian cancer, Kaplan-Meier analyses showed shorter PFS but didn’t find the difference of OS
(Fig. 4C,D). The same stratification revealed an association between the presence of CNA in advanced-stage
endometrial cancer patients with shorter PES and OS (Fig. 4E and F).

Discussion
The present study has revealed that an NIPT platform with low-coverage whole-genome sequencing and MPS
for detecting CNA in plasma could identify not only a surprisingly high burden neoplasm but also early stage
gynaecological cancers and predict their recurrence, particularly in advanced stages. As such, we believe these
molecular findings offer a future promise of predicting cancer recurrence in women with gynaecological cancer
after initial surgery as well as a rare opportunity to explore the processes of defining gynaecological cancer in
patients with the non-invasive prenatal diagnosis.

The present study used the SeqFF method?® to detect CNAs in plasma, a cell-free DNA count-based approach
that was developed to enable a direct estimate of foetal DNA fraction from routine NIPT data without any addi-
tional requirements. This method is based on the findings from maternal serum with regards to fragment length
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1 77 Ovarian Carcinosarcoma | I1IB 31 19p13.3-19p13.11 gain
cancer
Ovari High- grade
varian 1p36.33- 1q24.2-1q31.1 | 5932-5q35.3 | 6p25.3-6p22.3 | 8q22.1-8q24.3
2 46 serous 111B 565 . g . g
cancer . 1p34.3 gain gain gain loss gain
carcinoma
8p23.3- 11p15.5- 12q14.3- 16p13.3- 17p13.2-
8pll.21gain | 11p13loss 12q21.32 gain | 16q24.3 loss 17q21.33 loss
19q13.2- 21q11.2- 22q11.1- Xq24-Xq28
19q13.43loss | 21q22.3loss | 22q13.33loss | gain
. High- grade
3 45 Ovarian serous 1B 771 1q31.3-1q44 1p31.1-1p21.1 2q'24.3-2q35 3q26.1-3q28 3q21.2-3q24
cancer . loss loss gain gain loss
carcinoma
5q13.2-5935.3 | 5p15.33- 6q14.1-6q24.3 | 6p25.1-6p22.3 | 8q12.3-8q23.3
loss 5p15.31 gain | loss gain gain
10923.1- 10926.2- 16q21- 17p13.3- 14q21.3-
10g26.11loss | 10q26.3 gain | 16q23.2 loss 17q21.32]oss | 14q24.3 loss
15q11.2- 16q21- 17p13.3- 18q22.2- 19q13.11-
15q26.3 loss 16q23.2 17q21.32 18q23 loss 19q13.43 loss
. High- grade
4 45 Ovarian serous 1IC 981 1(125.3-1q41 1p?:4.1-1p32.3 2p'23.2-2p16.1 4pl4-4q31.1 5q13.3-5q15
cancer . gain gain gain loss loss
carcinoma
6q25.2-6q27 | 6p25.3-6p24.3 | 7q32.3-7q35 | 7p22.2-7p21.1 | 9q21.11-
loss gain gain loss 9q22.31 loss
10q25.1- 11q22.3- 12q24.22- 12q23.3-
10g26.21oss | VIP154105S ) 110933 eain | 12q24.32 gain | 12q24.21 gain
13q21.1- l4q12- 15q21.1- 17p12- 17q21.2-
13q34 gain 14q21.1gain | 15g23 loss 17q11.2loss 17q23.3 gain
18q21.2- 19p13.3- 20q11.22-
18q22.1loss 19p13.111oss | 20q13.2 gain
Ovarian High- grade 1q22-1q32.1 | 1q42.13-1q44 | 2p25.3-2q37.3 | 3p26.3-3q29 | 7p12.3-7q32.3
5 49 X I1IB 1767 g g .
cancer adenocarcinoma gain gain loss loss gain
8p11.21- 10q22.2- 11p15.5- 12p12.1- 13q12.11-
8q24.3 gain 10g26.3 gain | 11g25loss 12q24.33 gain | 13q34 loss
14q11.2- 15q11.2- 16p13.3- 17p13.3- 18p11.32-
14q32.33loss | 15q26.3 loss 16q24.3 loss 17q25.3 loss 18q22.3 gain
20p13- 21q11.2- 22q12.3- Xp22.33-Xq28
20q13.33loss | 21q22.3loss | 22q13.33loss | loss
P - Ovarian Dysgerminoma | IA Su48 1q21.1-1g44 | 1p34.2-1p112 | 2p25.3-2q363 | 3p26.3-3q29 | 4p16.3-4q35.2
cancer gain loss gain loss loss
5q14.3-5435.1 | 4p16.3-4q35.2 | 5q14.3-535.1 | 8p23.3-8q24.3 | 9q21.11-
loss loss loss gain 9q33.2 loss
9p24.3- 10p15.3- 11p15.5- 12p13.33- 13q12.11-
9q21.11 gain 10q26.3 gain 11q25 loss 12q24.33 gain | 13q14.3 loss
14q11.2- 15q11.2- 16p13.3- 17p13.3- 18p11.32-
14q32.33 gain | 15q26.3 gain | 16q24.3 loss 17q25.3 gain | 18923 loss
19p13.3- 20p13- 21q21.3- 22q11.1-
19q13.43 gain | 20q13.33 gain | 21q22.2 gain | 22q13.33 loss
7 51 Cervix cancer | Squamouscell | g 21 3426.32-3q29
carcinoma gain
Poorly
8 48 Cervix cancer | differentiated 1B 89 16p13.3-
. 16q24.3 loss
adenocarcinoma
9 3 Cervix cancer Squa_xmous cell IB 1077 lp_l 1.2-1q44 | 3p26.3-3ql1.1 3q‘1 1.1-3q29 6p_25.3—6p1 1.2 | 6pl11.2-6q27
carcinoma gain loss gain gain loss
7p22.3-7q36.3 | 8p11.1-8q24.3 | 8p23.3-8p11.1 | 9p24.3-9q34.3 | 10p15.3-
loss gain loss gain 10q26.3 loss
Endometrial | Endometrioid 19p13.3-
10 81 cancer G3 TIIA 62 19q13.43 loss
Endometrial | Endometrioid 19p13.3-
u 77 cancer G2 Te & 19q13.43 loss
12 53 Endometrial | Endometrioid IA 93 8q.1 1.1-8q24.3
cancer Gl gain
13 69 Endometrial | Endometrioid A 97 6q25.3-6q27 19p13.3- 20q11.22-
cancer Gl gain 19q13.43loss | 20q13.13 loss
Endometrial | Endometrioid 16p13.3- 17p12-
14 05 cancer G3 me 102 16q24.3 loss 17q11.1 gain
15 62 Endometrial | Endometrioid A 248 1 p§6.33- 1q44
cancer G2 gain
Continued
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Sample CNA size
number | Age (years) | Cancer type | Histology FIGO stage (Mb) Detected CNA > 10Mb
16 61 Endometrial | Endometrioid I 248 1p36.33-1q44
cancer Gl gain
17 25 Endometrial Carcinosarcoma | IITA 821 3q26.1- ) 6q25.3-6q27 8p_12—8q24.3 9p24.3-9q34.3 | 10p15.3- )
cancer 3q26.32 gain | loss gain loss 10p11.22 gain
11p15.5- 12p13.33- 15q11.2- 16p13.3- 19p12-
11925 loss 12q24.33loss | 15q26.3 loss 16q24.3 loss 19q13.43 gain
22q11.1-
22q13.33 loss
Endometrial Serous 1p35.1-1p13.1 | 2p24.3-2p16.1 | 3q26.32- 3q26.2- 4q13.1-4q28.3
18 72 . v 834 ; . .
cancer adenocarcinoma loss gain 3q27.2 gain 3q26.31 gain | loss
5q12.3-5935.3 | 6p12.3-6q27 | 7q22.1-7q36.3 | 8q22.2- 8p22-8p12
gain loss loss 8q24.13 gain | loss
9p24.3-9p21.1 | 10p12.33- 10g21.2- 11p13- 11q14.1-
loss 10p11.221oss | 10q22.1loss 11pll.2 gain | 11q14.3 gain
13q21.2- 16q21- 17p13.3- 18q21.1- 18q11.1-
13q34 gain 16q23.1 loss 17p11.2 loss 18q23 loss 18q12.3 gain
19p13.3- 19q11- 20q13.32- | 21q11.2-
19p13210ss | 19132 gain | 20q1333 gain | 20UHL2183I0 | 51051 5 Toss
21q22.3 gain
19 75 Endometrial Leiomyosarcoma | IB 1491 1p36.12- 2p25.3-2pl4 | 3p24.3-3q25.2 | 4p14-435.2 | 4p16.3-
cancer 1q21.3 gain loss gain gain 4p15.32 loss
5p15.31- 6p25.3-6p22.3 | 6q25.2-6q27 | 7q11.21-7q35 | 7p22.3-7p12.1
5q11.2 gain loss loss loss gain
8p12-8q24.3 | 9p24.3- 10922.3- 11p15.5- 12p13.2-
gain 9q21.11 loss 10926.3 loss 11q25 loss 12p11.1loss
12p13.33- 13q13.1- 13q14.3- 14q11.2- 16q21-
12p13.31]oss | 13q14.2loss 13934 gain 14q21.1 gain | 16q23.3 loss
16p11.1- 17p13.3- Xp22.32-
16q21 loss 17q25.3 gain | Xq13.2 gain

Table 2. Detected copy number alterations in 6 ovarian cancer cases, 3 cervix cancer cases and 10 endometrial
cancer cases mapped to reported gains and losses in the Genetech NIPT.

differences between foetal and maternal cell-free DNA?. Here, the SeqFF method was used to detect CNA in
plasma based on the hypothesis that the fragment length of ctDNA differs from cell-free DNA. This theory is
supported by reports that utilised amplicons of varying length to identify sizeable categorical size differences
between ctDNA are associated with cancer and cell-free DNA from healthy controls**~2. In the present study,
CNA detection was used by whole-genome sequencing (WGS). CNA detection by high throughput sequencing
still faces analytical challenges due to the rampant biases and artefacts that are introduced during library prepa-
ration and sequencing. Studies are gradually producing more robust detection of CNAs, particularly in targeted
sequencing panels using hybridisation capture approaches. Targeted sequencing panels focus on individual genes
or specific regions of interest. This method supports the detection of identified variants within targeted regions
and, but it needs previous knowledge of related regions of the genome, and the variability in efficiency of ampli-
fication during library preparation leads to jagged amplicon coverage from one experiment to another. Although
several targeted sequencing methods also allow the detection of CNAs, WGS presents an additional advantage of
unbiased sequencing and cost®.

In general, increased detection rates can be achieved with a higher input cell-free DNA and higher cancer
stages*. Numerous patient cohorts have enabled the precise characterisation of CNAs that predict clinical out-
comes in high-grade serous ovarian cancer®>?. Moreover, in cell model study, CNAsdiffered between matched
highly and minimally invasive/migratory subclones of ovarian cancer®. Also, in endometrial cancer, copy num-
ber high in a tumour have shown the poorest disease-free survival”’. In other cancers, low-pass whole-genome
sequencing and evaluated CNA in cell-free DNA demonstrates progressive CNA accumulation from stage I to
IV and significant association of specific genomic loci with overall survival or metasis***°. We have shown that
CNAs, as a global measure of the level of CNA across cell-free DNA in plasma, is associated with progression-free
survival and overall survival of gynaecological cancer and moreover especially in the advanced stage of ovarian
cancer and endometrial cancer. This study further confirmed potential clinical applications of cell-free DNA
based CNAs as a promising biomarker for cancer prognosis, especially for advanced stage cancers.

Genomic alterations such as CNAs are known to harbour drivers of carcinogenesis. Several known CNA
drivers in cancers include receptor tyrosine kinases, which are targets for drug therapies*. Trastuzumab, an
antibody to ERBB2 used in breast cancer therapy, provides an excellent example of an amplified cancer gene
as a specific therapeutic target*'. Some high-level amplifications have been highlighted as predictive biomark-
ers, including CCNEI, RB1, MYC, ERBB2, PIK3CA, EVI1, AKT2, NOTCH3 and FGFRI in ovarian cancer’>%,
Frequent increases in DNA copy number at chromosomal region 8q24.3, which contains cancer-related genes
such as PTP4A3, have been reported to serve as a prognostic marker in ovarian carcinomas®. This region is also
frequently amplified in endometrial cancer**. Another study and analysis of the cancer genome atlas data sug-
gested that chromosomal gains in endometrial endometrioid adenocarcinoma were observed with relatively high
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Figure 2. Each column corresponds to one cancer patient. Rows correspond to gain or loss of CNA in the
sample. Sample histologies are shown in different colours representing ovarian tumour (yellow), cervical
tumour (orange), and endometrial tumour (green) histologies. Gain and loss of CNA are shown as red and blue
boxes, respectively.

frequencies in 1p36-p31 and 1q12-q44*. Our data reveal that three cases of endometrial endometrioid adeno-
carcinoma had amplification of 1p36-p31 and 1q12-q44 or 8q24.3. Carcinosarcoma, serous adenocarcinoma and
leiomyosarcoma cases expressed CNA in many regions.

There are several limitations of this study. First, plasma sequencing data was not compared to the tumour
DNA and this made it difficult to confirm the tumour origins of the CNA. Second, we only used commercially
based techniques for our calculations and did not evaluate the association between the amount of cell-free DNA
and size distribution. The principle that tumour DNA is detectable in plasma using NIPT sequencing platforms
has been previously reported!=>. Third, the sample numbers were too small to perform analyses stratified by histo-
logical subtypes within the tumour site groups, which could be confounding the survival analysis. Further studies
preferably using prospective CNA samples are required for clinical validation of the method and confirmation
of the origin of the CNA. The costs and feasibility of sequencing and CNA analysis are continually decreasing.
However, the costs are still high to use the genomic data in a clinic. Our data showed the commercial method for
non-invasive CNA analysis could apply for using publicly available genomic data to provide the information of
the recurrence of cancer in gynaecological cancer patients before surgery.

In summary, we have demonstrated that CNA in patients with gynaecological cancer detected using a com-
mercially based NIPT platform could predict recurrence after initial surgery, particularly in advanced stages.
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Figure 3. All stages of gynaecological cancer (A,B), ovarian cancer (C,D) and endometrial cancer (E,F).
Red curves are for CNAs positive patients while black curves are for CNAs negative patients. P-values were
calculated by log-rank tests for the differences in PFS and OS between CNAs positive and negative groups.

The ability of the NIPT platform to identify CNA in plasma has numerous potential clinical applications and
provides the opportunity to detect potentially aggressive cancers in pregnant women. As sequencing techniques
develop and become more affordable, non-invasive and longitudinal surveillance may become a valuable tool
available to clinical oncologists. We focused on the application of CNA in plasma and believed that this method
has a broader scope for genetic diagnoses, such as the analysis of ctDNA to detect cancer and predict prognosis,
although its clinical utility must be further studied. The software could be used to perform one or more steps in
the processes and, regardless of aetiology, detection of ctDNA augmented for cell-free DNA fragment lengths may
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Figure 4. Advanced stages of gynaecological cancer (A,B), ovarian cancer (C,D) and endometrial cancer (E,F).
Red curves are for CNAs positive patients while black curves are for CNAs negative patients. P-values were
calculated by log-rank tests for the differences in PFS and OSl between CNAs positive and negative groups.

lead to non-invasive diagnosis of malignancy, improved detection of tumour recurrence, and better monitoring
of response to therapy.

Methods

Patient cohort and sample collection.  We performed a case-control study of patients with gynaecologi-
cal cancer recruited from Showa University Hospital. All clinical investigations were conducted according to the
principles expressed in the Declaration of Helsinki. The study was approved by the ethical committee of the Show
University Hospital (approval no. 229). Written informed consent about this study was obtained from all patients
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v ¥
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Figure 5. A flowchart illustrating the progress of subjects through the prospective study. 16 participants in
the patients without CNAs were excluded because they were diagnosed with not cancer. CNA, copy number
alterations in cell-free DNA.

before undergoing surgery at our institution. We enrolled 116 participants including 100 gynaecological cancer
patients between January 2016 and June 2017 (Fig. 5). Blood samples were collected taken within a week before
surgery. Final diagnoses of gynaecological cancer were analysed using histopathology. The staging was performed
at baseline for all patients using computed tomography scan. After surgery, patients were treated with adjuvant
hormone therapy, radiotherapy or chemotherapy as per the standard local practice.

Blood processing and DNA extraction. A sample of 10 mL of whole blood was collected in Cell-Free
DNA BCT tubes (BCT tubes; Streck, Omaha, NE), centrifuged at 1600 x g for 15 min at 25°C, and the plasma
fraction was collected and centrifuged for a second time at 2500 x g for 10 min at 25°C. After the second spin, the
plasma was transferred into barcoded tubes and immediately stored at <70 °C until DNA was extracted. Cell-free
DNA was extracted from 4 mL of patient plasma using the QIAamp Circulating Nucleic Acid Kit (Qiagen,
Gaithersburg, MD, USA).

Library preparation, quality control and sequencing. A volume of 40 mL of extracted cell-free DNA
was used to prepare libraries using the NEBNext Ultra DNA Library Prep Kit for Illumina (New England Biolabs,
Inc.; Ipswich, MA, USA), using custom index adapters modified to create 96 unique molecular barcodes with
a minimum of three base edit distance*®. Automated library preparation was performed on the Zephyr liquid
handler (Perkin Elmer; Waltham, MA) using 96 unique index barcodes, enabling up to 96 sample multiplexing.
Libraries were quantified on the LabChip GX (Perkin Elmer; Waltham, MA). All libraries were normalised to
1.6nM, multiplexed and sequenced on HiSeq. 2500 with 27 sequencing cycles of the cell-free DNA insert and an
additional eight sequencing cycles for the index barcodes.

Sequencing analysis. Sequencing reads were aligned to the human reference genome (hgl19) using Bowtie
2%7. Reads mapped to each chromosome were aggregated using nonoverlapping 50 kbp-genomic segments.
Regions were excluded from analysis based upon high variance, low capability, or a high percentage of repetitive
elements as described by Jensen et al.8. Sequencing reads corresponding to the remaining 50 kbp-genomic seg-
ments were adjusted for sequencing biases as described in detail by Zhao et al.*’. Briefly, sequence reads were first
processed with a LOESS-based, sample-specific adjustment, and a principal component analysis-based smooth-
ing was utilised to remove higher order artefacts with a population-based correction.

Analytical methods and genome-wide detection of abnormalities. A multivariate model was
derived to predict the tumour fraction from the regional autosome read depth coverage from single-end sequenc-
ing to calculate tumour DNA fraction. The amount of CNV can also be used to estimate the tumour DNA frac-
tion, and bins located on chromosomes 13, 18, 21, X and Y are excluded from this method. To determine the
association between the response and predictor variables, i.e. the model coefficients, various statistical modelling
methods can be employed. Detailed bioinformatics analysis of the previously sequenced DNA sample was per-
formed, and mapped sections of the human genome were analysed using circular binary segmentation (CBS) to
identify CNA. The measured Z-scores form part of an enhanced version of Chromosomal Aberration DEcision
Tree (CADET) previously described in detail by Zhao et al.**. CADET incorporates z-statistics for a CBS-detected
CNA to assess the statistical significance and a log odds ratio to provide a measure of the likelihood of an event
being real, based on an observed fraction of DNA across the genome®. To further improve the specificity of CNA
detection, bootstrap analysis was performed as an additional measure of the confidence of the candidate CNA.
The within-sample read count was compared with a standard population and quantified by bootstrap confidence
level (BCL). To assess within-sample variability, bootstrap resampling (described below) was applied to every
candidate CNA®. For each identified segment within the CNA, the median shift of segment fraction from the
average level across the chromosome was calculated. This median change was then corrected to create a read
count baseline for bootstrapping. Next, a bootstrapped segment of the same segment length as the candidate CNA
was randomly sampled with replacement from the baseline read counts. The median shift was then applied to this
bootstrapped fragment and calculated as follows:
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Y read counts within segent

Segment fraction =
Y read counts across the autosome

This process was repeated 1000 times to generate a bootstrap distribution of segment fractions for an affected
population. The median chromosome fraction was calculated specific to each flow cell while the median absolute
deviation was a constant value derived from a static median absolute deviation. A threshold was then calculated
as the segment fraction that was at least 3.95 median absolute deviations away from the median segment frac-
tion of the reference distribution. Lastly, the BCL was calculated as the proportion of bootstrap segments whose
fractions had absolute z-statistics above the significance threshold*®. A chromosome was classified as having an
amplification or a deletion if:

|Zcgs| > 3.95, LORcs > 0, BCL > 0.99, and |Zey| < a|Zeyyl

The comparison |Z-gs| < &|Zqyg| was used to distinguish a whole chromosome event from a subchromo-
somal event and denoted a type 1 error for misclassification of abnormalities as aneuploidy. Simulations showed
that a=0.8 resulted in a misclassification of foetal abnormalities at close to 0%°%; therefore, this value was used in
the present study. Using this scale, we counted identified CNA as gains or losses if they exceeded 10 Mb from the
expected diploid coverage. These parameters were only used for visual interpretation of the data and were not
intended to identify cancer signatures.

Statistical analysis. Various methods were used to determine significance. Differences in means of unpaired
samples were tested using Mann-Whitney U test (such as for comparisons involving the SeqFF value in plasma
among the cancer population). We compared progression-free survival (PFS) and overall survival (OS) between
patients with CNA present in plasma using the log-rank test for univariate analyses and the Cox proportional
hazards for multivariate analyses. Computer analyses were performed using Prism 7 (Graphic Pad Software Inc.).
Statistical significance was defined as p < 0.05.

References

1. Bianchi, D. W. et al. Noninvasive prenatal testing and incidental detection of occult maternal malignancies. JAMA: the journal of the
American Medical Association 314, 162-169 (2015).

2. Osborne, C. M. et al. Discordant noninvasive prenatal testing results in a patient subsequently diagnosed with metastatic disease.
Prenatal diagnosis 33, 609-611 (2013).

3. Vandenberghe, P. et al. Non-invasive detection of genomic imbalances in Hodgkin/Reed-Sternberg cells in early and advanced stage
Hodgkin's lymphoma by sequencing of circulating cell-free DNA: a technical proof-of-principle study. Lancet Haematol 2, e55-65,
https://doi.org/10.1016/S2352-3026(14)00039-8 (2015).

4. Hohaus, S. Genomic imbalances in circulating DNA in Hodgkin’s lymphoma. Lancet Haematol 2, e48-49, https://doi.org/10.1016/
$2352-3026(14)00042-8 (2015).

5. Cohen, P. A. et al. Abnormal plasma DNA profiles in early ovarian cancer using a non-invasive prenatal testing platform:
implications for cancer screening. BMC medicine 14, 126 (2016).

6. Blair, B. G., Bardelli, A. & Park, B. H. Somatic alterations as the basis for resistance to targeted therapies. The Journal of pathology
232,244-254 (2014).

7. Schwarzenbach, H., Hoon, D. S. & Pantel, K. Cell-free nucleic acids as biomarkers in cancer patients. Nature Reviews Cancer 11,
426-437 (2011).

8. McDermott, U, Downing, J. R. & Stratton, M. R. Genomics and the continuum of cancer care. New England Journal of Medicine 364,
340-350 (2011).

9. Stroun, M., Lyautey, J., Lederrey, C., Olson-Sand, A. & Anker, P. About the possible origin and mechanism of circulating DNA:
Apoptosis and active DNA release. Clinica chimica acta 313, 139-142 (2001).

10. Delgado, P. O. et al. Characterization of cell-free circulating DNA in plasma in patients with prostate cancer. Tumor Biology 34,
983-986 (2013).

11. Heitzer, E. et al. Complex tumor genomes inferred from single circulating tumor cells by array-CGH and next-generation
sequencing. Cancer research 73, 2965-2975 (2013).

12. Dawson, S.-J. et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. New England Journal of Medicine 368,
1199-1209 (2013).

13. Garcia-Murillas, I. et al. Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer. Science translational
medicine 7, 302ra133-302ral33 (2015).

14. Marzese, D. M., Hirose, H. & Hoon, D. S. Diagnostic and prognostic value of circulating tumor-related DNA in cancer patients.
Expert review of molecular diagnostics 13, 827-844 (2013).

15. Despierre, E. et al. Somatic copy number alterations predict response to platinum therapy in epithelial ovarian cancer. Gynecol Oncol
135, 415-422, https://doi.org/10.1016/}.ygyno.2014.09.014 (2014).

16. Xu, H. et al. Non-invasive Analysis of Genomic Copy Number Variation in Patients with Hepatocellular Carcinoma by Next
Generation DNA Sequencing. ] Cancer 6, 247-253, https://doi.org/10.7150/jca.10747 (2015).

17. Horpaopan, S. et al. Genome-wide CNV analysis in 221 unrelated patients and targeted high-throughput sequencing reveal novel
causative candidate genes for colorectal adenomatous polyposis. International journal of cancer. Journal international du cancer 136,
E578-589, https://doi.org/10.1002/ijc.29215 (2015).

18. Gevensleben, H. et al. Noninvasive detection of HER2 amplification with plasma DNA digital PCR. Clinical cancer research: an
official journal of the American Association for Cancer Research 19, 3276-3284, https://doi.org/10.1158/1078-0432.CCR-12-3768
(2013).

19. McBride, D. J. et al. Use of cancer-specific genomic rearrangements to quantify disease burden in plasma from patients with solid
tumors. Genes, Chromosomes and Cancer 49, 1062-1069 (2010).

20. Shaw, J. A. et al. Genomic analysis of circulating cell-free DNA infers breast cancer dormancy. Genome research 22, 220-231 (2012).

21. Vanderstichele, A. et al. Chromosomal instability in cell-free DNA as a highly specific biomarker for detection of ovarian cancer in
women with adnexal masses. Clinical Cancer Research (2016).

22. Peters, D. et al. Noninvasive prenatal diagnosis of a fetal microdeletion syndrome. The New England journal of medicine 365,
1847-1848, https://doi.org/10.1056/NEJMc1106975 (2011).

SCIENTIFICREPORTS | (2018) 8:11205| DOI:10.1038/s41598-018-29381-y 10


http://dx.doi.org/10.1016/S2352-3026(14)00039-8
http://dx.doi.org/10.1016/S2352-3026(14)00042-8
http://dx.doi.org/10.1016/S2352-3026(14)00042-8
http://dx.doi.org/10.1016/j.ygyno.2014.09.014
http://dx.doi.org/10.7150/jca.10747
http://dx.doi.org/10.1002/ijc.29215
http://dx.doi.org/10.1158/1078-0432.CCR-12-3768
http://dx.doi.org/10.1056/NEJMc1106975

www.nature.com/scientificreports/

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.

41.
. Lee, J. Y. et al. Tumor evolution and intratumor heterogeneity of an epithelial ovarian cancer investigated using next-generation

43.

44.
45.
46.
47.
48.
49.

50.

Srinivasan, A., Bianchi, D. W, Huang, H., Sehnert, A. J. & Rava, R. P. Noninvasive detection of fetal subchromosome abnormalities
via deep sequencing of maternal plasma. Am ] Hum Genet 92, 167-176, https://doi.org/10.1016/j.ajhg.2012.12.006 (2013).

Leary, R. J. et al. Detection of chromosomal alterations in the circulation of cancer patients with whole-genome sequencing. Science
translational medicine 4, 162ra154-162ral 54, https://doi.org/10.1126/scitranslmed.3004742 (2012).

Chan, K. A. et al. Cancer genome scanning in plasma: detection of tumor-associated copy number aberrations, single-nucleotide
variants, and tumoral heterogeneity by massively parallel sequencing. Clinical chemistry 59, 211-224 (2013).

Teer, J. K. An improved understanding of cancer genomics through massively parallel sequencing. Transl Cancer Res 3, 243-259,
https://doi.org/10.3978/j.issn.2218-676X.2014.05.05 (2014).

Cancer Genome Atlas Research, N. et al. Integrated genomic characterization of endometrial carcinoma. Nature 497, 67-73,
doi:10.1038/nature12113 (2013).

Kim, S. K. et al. Determination of fetal DNA fraction from the plasma of pregnant women using sequence read counts. Prenatal
diagnosis 35, 810-815, https://doi.org/10.1002/pd.4615 (2015).

Lo, Y. M. et al. Maternal plasma DNA sequencing reveals the genome-wide genetic and mutational profile of the fetus. Sci Transl Med
2, 61ra91, https://doi.org/10.1126/scitranslmed.3001720 (2010).

Mouliere, E. et al. High fragmentation characterizes tumour-derived circulating DNA. PLoS One 6, €23418, https://doi.org/10.1371/
journal.pone.0023418 (2011).

Thierry, A. R. et al. Origin and quantification of circulating DNA in mice with human colorectal cancer xenografts. Nucleic acids
research 38, 6159-6175, https://doi.org/10.1093/nar/gkq421 (2010).

Jahr, S. et al. DNA fragments in the blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic and
necrotic cells. Cancer Res 61, 1659-1665 (2001).

Muir, P. et al. The real cost of sequencing: scaling computation to keep pace with data generation. Genome Biol 17, 53, https://doi.
org/10.1186/513059-016-0917-0 (2016).

Krishnamurthy, N., Spencer, E., Torkamani, A. & Nicholson, L. Liquid Biopsies for Cancer: Coming to a Patient near You. J Clin Med
6, https://doi.org/10.3390/jcm6010003 (2017).

Wang, Z. C. et al. Profiles of genomic instability in high-grade serous ovarian cancer predict treatment outcome. Clin Cancer Res 18,
5806-5815, https://doi.org/10.1158/1078-0432.CCR-12-0857 (2012).

Engler, D. A. et al. Genome wide DNA copy number analysis of serous type ovarian carcinomas identifies genetic markers predictive
of clinical outcome. PLoS One 7, €30996, https://doi.org/10.1371/journal.pone.0030996 (2012).

Li, L., Bai, H., Yang, J., Cao, D. & Shen, K. Genome-wide DNA copy number analysis in clonally expanded human ovarian cancer
cells with distinct invasive/migratory capacities. Oncotarget 8, 15136-15148, https://doi.org/10.18632/oncotarget.14767 (2017).

Li, J. et al. Cell-free DNA copy number variations in plasma from colorectal cancer patients. Mol Oncol 11, 1099-1111, https://doi.
org/10.1002/1878-0261.12077 (2017).

Prensner, J. R., Rubin, M. A., Wei, J. T. & Chinnaiyan, A. M. Beyond PSA: the next generation of prostate cancer biomarkers. Sci
Transl Med 4, 127rv123, https://doi.org/10.1126/scitranslmed.3003180 (2012).

Deng, N. et al. A comprehensive survey of genomic alterations in gastric cancer reveals systematic patterns of molecular exclusivity
and co-occurrence among distinct therapeutic targets. Gut 61, 673-684, https://doi.org/10.1136/gutjn]-2011-301839 (2012).
Verma, S. et al. Optimizing the management of HER2-positive early breast cancer: the clinical reality. Curr Oncol 17, 20-33 (2010).

sequencing. BMC cancer 15, 85, https://doi.org/10.1186/5s12885-015-1077-4 (2015).

Kim, S. W. et al. Analysis of chromosomal changes in serous ovarian carcinoma using high-resolution array comparative genomic
hybridization: Potential predictive markers of chemoresistant disease. Genes Chromosomes Cancer 46, 1-9, https://doi.org/10.1002/
gcc.20384 (2007).

Sonoda, G. et al. Detection of DNA gains and losses in primary endometrial carcinomas by comparative genomic hybridization.
Genes Chromosomes Cancer 18, 115-125 (1997).

Suga, Y. et al. Molecular analysis of isolated tumor glands from endometrial endometrioid adenocarcinomas. Pathol Int 65, 240-249,
https://doi.org/10.1111/pin.12274 (2015).

Faircloth, B. C. & Glenn, T. C. Not all sequence tags are created equal: designing and validating sequence identification tags robust
to indels. PLoS One 7, e42543, https://doi.org/10.1371/journal.pone.0042543 (2012).

Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and memory-efficient alignment of short DNA sequences to the
human genome. Genome Biol 10, R25, https://doi.org/10.1186/gb-2009-10-3-125 (2009).

Jensen, T. . et al. High-throughput massively parallel sequencing for fetal aneuploidy detection from maternal plasma. PLoS One 8,
e57381, https://doi.org/10.1371/journal.pone.0057381 (2013).

Zhao, C. et al. Detection of fetal subchromosomal abnormalities by sequencing circulating cell-free DNA from maternal plasma.
Clinical chemistry 61, 608-616, https://doi.org/10.1373/clinchem.2014.233312 (2015).

Lefkowitz, R. B. et al. Clinical validation of a noninvasive prenatal test for genomewide detection of fetal copy number variants.
American journal of obstetrics and gynecology 215, 227 221-227 €216, https://doi.org/10.1016/j.2j0g.2016.02.030 (2016).

Acknowledgements

The authors would like to thank the patients for their participation in the study and members of the Department
of Obstetrics and Gynecology at Showa Medical University School for their assistance in sample collection.
This work was supported by JSPS KAKENHI (grant numbers: JP15K15612, JP16K20211 and JP17K16311). The
authors would like to thank Enago (www.enago.jp) for the English language review.

Author Contributions

M.N. and A.K. conceived and designed the experiments. M.N. directed the recruitment of subjects and sample
collection. M.N. and A K. performed most experimental research. Y.H. collaborated in DNA sequencing. M.N.,
A.K.,, and R.Y. wrote the manuscript. C.I., S.M., and A.S. supported and helped to write the manuscript. All
authors read and approved the final submission of this paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29381-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS | (2018) 8:11205| DOI:10.1038/s41598-018-29381-y 11


http://dx.doi.org/10.1016/j.ajhg.2012.12.006
http://dx.doi.org/10.1126/scitranslmed.3004742
http://dx.doi.org/10.3978/j.issn.2218-676X.2014.05.05
http://dx.doi.org/10.1002/pd.4615
http://dx.doi.org/10.1126/scitranslmed.3001720
http://dx.doi.org/10.1371/journal.pone.0023418
http://dx.doi.org/10.1371/journal.pone.0023418
http://dx.doi.org/10.1093/nar/gkq421
http://dx.doi.org/10.1186/s13059-016-0917-0
http://dx.doi.org/10.1186/s13059-016-0917-0
http://dx.doi.org/10.3390/jcm6010003
http://dx.doi.org/10.1158/1078-0432.CCR-12-0857
http://dx.doi.org/10.1371/journal.pone.0030996
http://dx.doi.org/10.18632/oncotarget.14767
http://dx.doi.org/10.1002/1878-0261.12077
http://dx.doi.org/10.1002/1878-0261.12077
http://dx.doi.org/10.1126/scitranslmed.3003180
http://dx.doi.org/10.1136/gutjnl-2011-301839
http://dx.doi.org/10.1186/s12885-015-1077-4
http://dx.doi.org/10.1002/gcc.20384
http://dx.doi.org/10.1002/gcc.20384
http://dx.doi.org/10.1111/pin.12274
http://dx.doi.org/10.1371/journal.pone.0042543
http://dx.doi.org/10.1186/gb-2009-10-3-r25
http://dx.doi.org/10.1371/journal.pone.0057381
http://dx.doi.org/10.1373/clinchem.2014.233312
http://dx.doi.org/10.1016/j.ajog.2016.02.030
http://www.enago.jp
http://dx.doi.org/10.1038/s41598-018-29381-y

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:11205| DOI:10.1038/s41598-018-29381-y 12


http://creativecommons.org/licenses/by/4.0/

	Massively parallel sequencing of cell-free DNA in plasma for detecting gynaecological tumour-associated copy number alterat ...
	Results

	Assessment of SeqFF. 
	Focal alterations in gynaecological cancer genes. 
	Comparison of PFS and OS with or without CNA. 

	Discussion

	Methods

	Patient cohort and sample collection. 
	Blood processing and DNA extraction. 
	Library preparation, quality control and sequencing. 
	Sequencing analysis. 
	Analytical methods and genome-wide detection of abnormalities. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Whole genome view of copy number gains and losses in plasma samples from women positive for trisomy 13, 18 and 21 using Genetech NIPT.
	Figure 2 Each column corresponds to one cancer patient.
	Figure 3 All stages of gynaecological cancer (A,B), ovarian cancer (C,D) and endometrial cancer (E,F).
	Figure 4 Advanced stages of gynaecological cancer (A,B), ovarian cancer (C,D) and endometrial cancer (E,F).
	Figure 5 A flowchart illustrating the progress of subjects through the prospective study.
	Table 1 Each gynaecological cancer type and clinical stage of total samples in this sequencing analysis which calls copy number alteration using Genetech NIPT pipeline, n = 100.
	Table 2 Detected copy number alterations in 6 ovarian cancer cases, 3 cervix cancer cases and 10 endometrial cancer cases mapped to reported gains and losses in the Genetech NIPT.




