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status and future perspectives
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Ovarian cancer (OC) is the eighth most common cancer in women, but the mild,

non-specific clinical presentation in early stages often prevents diagnosis until

progression to advanced-stage disease, contributing to the high mortality

associated with OC. While serum cancer antigen 125 (CA-125) has been

successfully used as a blood-borne marker and is routinely monitored in patients

with OC, CA-125 testing has limitations in sensitivity and specificity and does not

provide direct information on important molecular characteristics that can guide

treatment decisions, such as homologous recombination repair deficiency. We

comprehensively review the literature surrounding methods based on liquid

biopsies, which may provide improvements in sensitivity, specificity, and provide

valuable additional information to enable early diagnosis, monitoring of recurrence/

progression/therapeutic response, and accurate prognostication for patients with

OC, highlighting applications of this research in China.
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1 Introduction

Worldwide, ovarian cancer (OC) was the eighth most common cancer and cause of

cancer-related death in women in 2020, accounting for 1.6% of all new cancer cases and

2.1% of all cancer-related deaths (1). In China, more than 57,000 new cases of OC were

reported in 2020, with over 39,000 deaths (2). More than 75% of OC is diagnosed at an

advanced stage because early-stage ovarian tumors often present with mild, non-specific

symptoms and minimal physical findings or may be asymptomatic (3, 4). Guidelines from

the Society of Gynecologic Oncology (SGO) and the American Society of Clinical Oncology

(ASCO) recommend ultrasonography, radiographic imaging, cancer antigen 125 (CA-125)

serum level testing, and surgical biopsy (5).

Outcomes for patients with OC are strongly associated with disease stage at diagnosis.

The 5-year overall survival (OS) rates are ~80%, ~60%, ~30%, and ~20% among patients

with stage I, II, III, and IV OC, respectively (4). OC is also associated with high morbidity

and high rates of relapse and metastasis, despite good responses to primary surgery and
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chemotherapy (6, 7). Therefore, several efforts have been made to

establish tools for early diagnosis of OC. Tissue biopsy is considered

standard for the histological diagnosis of OC (8), combined with

imaging for staging. However, tumor biopsy is invasive and because

of the non-specific symptomatology of OC, patients often do not

undergo surgery before the disease has already progressed.

In contrast, testing for liquid-based biomarkers is not invasive

and can facilitate preoperative diagnosis. While clinically validated

tests have been approved as companion diagnostics for poly(ADP)

ribose polymerase (PARP) inhibitors in OC and other tumor types

in the US (9), currently, CA-125 is the only blood-borne marker

recommended for the diagnosis and management of OC, which has

been validated in numerous studies (10). Despite this, serum CA-

125 levels cannot accurately discriminate benign from malignant

ovarian lesions in premenopausal women (11), and CA-125 testing

has low sensitivity in early disease stages (12), and does not provide

detailed molecular information about the tumor. In addition,

previous randomized clinical trials have not indicated a

significant reduction in mortality from OC when screening using

CA-125 level testing (13, 14). Hence, the US Preventive Services

Task Force discourages the use of serum CA-125 levels to screen for

OC (15). However, as early detection of OC is potentially cost-

effective and may still improve survival (14, 16, 17), novel non-

invasive strategies for early detection are in development and are

urgently needed.

Broadly, liquid biopsies (LB) involve the analysis of cancer

markers released by tumors in easily accessible bodily fluids, such as

blood. These markers may include circulating tumor cells (CTCs),

circulating tumor DNA (ctDNA), cell-free DNA (cfDNA) and

exosome content such as microRNA (miRNA). CTCs have a low

concentration in peripheral blood and specialized methods for their

isolation and analysis in OC have been developed (18). In contrast,

ctDNA/cfDNA has a relatively high concentration in peripheral

blood and is detected using techniques such as digital droplet

polymerase chain reaction (PCR), quantitative PCR, and next-

generation sequencing (NGS) (18). By detection of molecular

markers released by or present in cancer cells, LB retains the

valuable insights into the molecular profile of the disease (e.g.

homologous recombination deficiency [HRD]) afforded by tissue

biopsy (19, 20), unlike CA-125 levels. The non-invasive nature of

LB means that they are associated with less risk, patient pain, and

potentially less cost, while being more easily repeatable than

standard tissue biopsy (19, 20). These characteristics of LB may

be of particular interest in China, where large regional variances and

clusters of incidence and mortality are observed (21).

Here, we comprehensively review the use of LB for the diagnosis

of OC, as well as for predicting patient outcomes, response to

treatment, and disease progression (Figure 1).

We aim to increase awareness of the clinical relevance of LB in

OC and thereby increase clinical adoption to improve early

diagnosis and treatment outcomes, and call for future research on

the identification of OC biomarkers in LB.
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2 Screening

Developing better screening strategies may increase the rates of

tumor detection at pre-symptomatic stages and improve outcomes.

Ideal screening assays should be specific, sensitive, non-invasive,

and cost-effective to enable adoption into routine clinical practice.

Most OC screening strategies using LB in pre-symptomatic

individuals are based on cancer-specific epigenetic signatures

detected in ctDNA or cfDNA isolated from blood (Table 1).

Several studies conducted in China have attempted to evaluate

the utility of LB for the detection of OC. For example, Dong et al.

(36) found that the tumor suppressor gene SLIT2 was

hypermethylated in 29 of 36 (80.6%) Chinese patients with OC,

but not in any of the 25 healthy women evaluated. In 27 of the 29

(93.1%) patients with tumor SLIT2 hypermethylation, SLIT2 was

also aberrantly methylated in ctDNA samples. In a similar study in

China, Wang et al. (26) used methylation-specific polymerase chain

reaction (MSP) to analyze aberrantly methylated genes in cfDNA

from 194 patients with OC, and found that OPCML was

hypermethylated in patients with early-stage OC but not in

healthy donors. Interestingly, serum levels of CA-125 did not

differ between patients with OC and healthy donors (26).

Aberrant methylation of RASSF2A in cfDNA was also observed in

approximately 36% of plasma samples from patients with OC, but

was not observed in patients with benign ovarian tumors or healthy

volunteers (24).

Zhang et al. (23) developed a multiplex MSP assay for the

detection of early-stage OC using serum cfDNA in China. The assay

was based on seven genes that are frequently hypermethylated in

OC: APC, CDH1, OPCML, RASSF1A, RUNX3, SFRP5, and TFPI2.

Using preoperative cfDNA samples from 87 patients with OC (stage

I, n = 41; stage II–IV, n = 46), 53 with benign ovarian tumors, and

62 healthy donors, the high specificity (90.5%) and sensitivity

(85.3%) of this assay was notably higher than the respective

values for CA-125 in this cohort (64.2% and 56.1%,

respectively) (23).

More recently, results from the US/Canada-based Circulating

Cell-free Genome Atlas study (CCGA) have been reported, which

used a methylation-based cfDNA approach combined with

machine learning to screen for multiple tumor types (27). With a

high specificity of 99.5%, the test had an overall sensitivity of 51.5%

across tumor types. Among patients with OC, the test had a

sensitivity of 80.0–94.7% in patients with stage II–IV disease and

50.0% in patients with stage I disease (27).

While these early results from methylation-based screening are

promising, further study is needed to further characterize and refine

screening methods and drive more widespread and standard

selection of genes of interest. Because of the relatively low

prevalence of OC, screening assays need to demonstrate a high

predictive value; hence, larger studies are needed to confirm that

LB-based assays exhibit high specificity (>99.7%) and sensitivity

(>75%) before adoption into routine clinical practice (49).
frontiersin.org

https://doi.org/10.3389/fonc.2023.1276085
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2023.1276085
3 Early diagnosis

3.1 ctDNA and cfDNA

Tumor-specific genetic alterations can be detected by cfDNA

and ctDNA, which are small DNA fragments released by apoptotic

or tumor cells that circulate through the bloodstream (Table 1).

In one of the first studies involving sequencing of entire genes to

detect cancer mutations in cfDNA, Forshew et al. (30) used tagged-

amplicon deep sequencing (Tam-Seq) to screen nearly 6000

genomic regions for mutations in the plasma of patients with

advanced (stage III–IV) OC. This non-invasive method allowed

the identification of cancer mutations with frequencies as low as 2%,

providing a sensitivity and specificity of 97.5%. This method also

allowed the monitoring of the evolution of tumors over time and
Frontiers in Oncology 03
identification of the source of metastatic relapse in patients with

multiple primary tumors (30).

A NGS analysis of tumor and plasma samples from 96 patients

with OC showed that tumor somatic variants in at least one of 27

cancer-related genes were present in the serum of 83.3% of

patients with stage IV OC; however, the sensitivity of this test

was lower for early-stage disease (32). Mutations in TP53 and

BRCA1 in ctDNA or cfDNA have also been shown to have

diagnostic utility in OC (31), and analysis of Chinese patients

has shown that mutation frequency in ctDNA using hybrid

capture-based genomic profiling were generally similar between

tissue biopsies and LB (50).

Multiple studies have shown that testing cfDNA or ctDNA

samples for methylation of various genes, including RASSF1A,

CALCA, EP300, APC, CDH1, OPCML, RUNX3, SFRP5,
MSP, CTCs, bisulfite
sequencing

Successful screening could reduce
mortality and increase cost-

effectiveness

ctDNA, cfDNA, CTCs,
exosomes, miRNA,
subchromosomal

abnormalities

Early diagnosis to optimise response,
early clonal and molecular profiling

and prognostication to guide
treatment decisions

Predict response to and optimise use
of NACT; identify high-risk patients
ineligible for surgery; detection of
CNAs in NACT resistance genes

ctDNA via perioperative
liquid biopsy

ctDNA, detection of HRD
and mutations conferring

platinum or PARPi
resistance

Early identification of recurrence to
enable better treatment

Molecular profiling for personalised
treatment, including longitudinal

monitoring and detection of r eversion
mutations conferring PARPi

resistance or chemoresistant clones

Response

Relapse

Surgery

Diagnosis

Screening

Detection of microscopic
markers of relapsed disease

Setting Potential advantages/utility Potential techniques

FIGURE 1

Schematic summary of liquid biopsy in ovarian cancer. CNA, copy-number alteration; CTC, circulating tumor cell; cfDNA, cell-free DNA; ctDNA,
circulating tumor DNA; HRD, homologous recombination deficiency; miRNA, microRNA; MSP, methylation-specific PCR; NACT, neoadjuvant
chemotherapy; PARPi, poly(ADP-ribose) polymerase inhibitor.
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TABLE 1 Summary of studies using liquid biopsy to diagnose OC.

Tumor
stage

n
Biopsy
source

Laboratory
method

Genetic
marker

AUC
(95%
CI)

Detection
rate, %

Specificity,
% (95% CI)

Sensitivity,
% (95% CI)

Ref.

cfDNA

Methylation

Stage III–
IV OC

30 Plasma Microarray
RASSF1A,
CALCA,
and EP300

NR NR 86.7 (66.7–96.7) 90.0 (76.7–100) (22)

Stage I–
IV OC

87 (stage I,
n = 41;

stage II–IV,
n = 46)

Serum
Methylation-
specific PCR

APC, CDH1,
OPCML,
RASSF1A,

RUNX3, SFRP5,
and TFPI2

Overall:
0.9126
(0.8643–
0.9609)
Early
stage:
0.8916
(0.8258–
0.9574)

NR 90.57 89.66 (23)

Stage I–
IV OC

47 Plasma
Methylation-
specific PCR

RASSF2A NR 51.1 NR NR (24)

Stage I–
IV OC

43 Serum
Reduced-

representation
bisulfite sequencing

COL23A1,
C2CD4D,
and WNT6

NR
57.9

(34.0–78.9)a
88.1

(77.3–94.3)a
60.0

(27.4–86.3)a
(25)

Stage I–
IV OC

194 Serum
Methylation-
specific PCR

OPCML, TFPI2,
and RUNX3

NR NR 90.14 91.87 (26)

Stage I–IV
(multiple
tumors)

4077
(OC n=65)

Plasma
cfDNA bisulfite
conversion and

sequencing with ML

Methylation
signatures
from WGBS

NR NR 99.5 (99.0–99.8)
Overall: 51.5
(49.6–53.3)
OC: 83.1

(27)

Chromosomal/structural alterations

Stage I–
IV OC

32 (16 stage
I–II, 16
stage
III–IV)

Plasma Low-coverage WGS
Subchromosomal
abnormalities

NR
Overall: 40.6
(23.7–59.4)

Early stage: 38
93.8 (79.2–99.2) 40.6 (23.7–59.4) (28)

Stage I–
IV OC

68 (57 with
ovarian

carcinomas,
11 with
benign
tumors)

Plasma Low-coverage WGS
Chromosomal
instability

Overall:
0.89

HGSOC:
0.94

NR 91 74 (29)

Other

Stage III–
IV OC

46 Serum
Tagged-amplicon
deep sequencing

NR NR NR 97.5 97.5 (30)

ctDNA

Mutations

Stage II–
III OC

21 Serum NGS TP53 and BRCA1 NR NR 100.0 73.7 (31)

Stage I–
IV OC

96 Plasma NGS
27 cancer-

related genes
NR

Stage I: 50
Stage III: 46.2
Stage IV: 83.3

NR
Stage I: 43
Stage II: 73

(32)

Methylation

Stage I–
IV OC

26 Serum
Methylation-
specific PCR

SFRP1, SOX1,
and LMX1A

NR NR 75 73 (33)

(Continued)
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TABLE 1 Continued

Tumor
stage

n
Biopsy
source

Laboratory
method

Genetic
marker

AUC
(95%
CI)

Detection
rate, %

Specificity,
% (95% CI)

Sensitivity,
% (95% CI)

Ref.

Stage I–
IV OC

33 Plasma Microarray
HIC1, PAX5,
BRCA1, PGR,
and THBS1

NR NR 61.1 85.1 (34)

Stage I–
IV OC

106 Serum
Methylation-
specific PCR

RASSF1A NR 51 NR NR (35)

Stage I–
IV OC

36 Serum
Methylation-
specific PCR

SLIT2 NR 80.6 NR NR (36)

Stage I–
IV OC

49 Plasma
Pyrosequencing-

based
CDH1 and PAX1 0.932 NR 56 91 (37)

Stage I–
IV OC

70 Serum RT-PCR
HOXA9
and HIC1

0.95 NR 100 88.9 (38)

CTCs

Stage I–
IV OC

129 Plasma
CAM-based cell
enrichment, IHC

EpCAM, CA-125,
CD44,
separase

NR
Overall: 88.6
Stage I/II: 41.2

95.1 83 (39)

Stage I–
IV OC

123 Plasma Flow cytometry NR NR 85.3 97 83 (40)

Stage I–
IV OC

109 Serum
Immunomagnetic
bead screening with
multiplex RT-PCR

EpCAM, HER2,
MUC1,

WT1, P16, PAX8
NR

Overall: 90
Stage I/II: 93

NR NR (41)

Stage I–
IV OC

30 Serum

Microfluidic
isolation and

immunofluorescent
staining

CD45, HE4, and
epithelial and
mesenchymal

markers

0.716 73.3 63.0 73.3 (42)

Stage I–
IV OC

160 Serum
Immunomagnetic
bead screening with
multiplex RT-PCR

EpCAM, MUC1,
and WT1

0.893 Stage I/II: 74.5 92.2 79.4 (43)

Stage I–
IV OC

22 Serum

Microfiltration with
morphological and
immunofluorescence

analyses

EMT markers NR 40.9 NR NR (44)

Exosomes/exosomal miRNAs

Stage I–
IV OC

78 Plasma
Nanoparticle

tracking, ELISA
NR NR 100 NR NR (45)

Stage III–
IV OC

40 Plasma

LC-MS/MS,
nanoparticle

tracking, dynamic
light scattering, TEM

LPB, FGG,
FGA, GSN

GSN:
0.8309
(0.7343–
0.9274)
FGA:
0.8459
(0.7602–
0.9317)
FGG:
0.7447
(0.6323–
0.8571)
LBP:
0.6588
(0.5381–
0.7794)

NR NR NR (46)

EOC 55 Plasma
smRNA sequencing;

RT-PCR
miR-4732-5p

AUC:
0.889

NR 85.7 82.4 (47)

(Continued)
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COL23A1, C2CD4D, WNT6, TFPI2, HOXA9, and PAX1, may help

detect early-stage OC (22, 23, 25, 26, 37, 38).

Testing for chromosomal instability in cfDNA or ctDNA may

help identify patients with early-stage ovarian tumors. In a proof-

of-concept study, Vanderstichele et al. (29) conducted low-coverage

whole-genome sequencing of plasma cfDNA from 68 patients with

an adnexal mass, 57 of whom were diagnosed with OC.

Chromosomal instability levels in cfDNA matched those in tissue

biopsies and were significantly higher in patients with OC than in

those with benign tumors or healthy individuals. Chromosomal

instability testing in cfDNA detected OC with area under the curve

(AUC) values of 0.89 in the entire cohort and 0.94 in patients with

high-grade serous OC. These AUC values were higher than those of

serum CA-125 (AUC=0.78) (29).

A prospective study involving low-coverage sequencing of

preoperative samples of circulating DNA from 32 women with OC

(16 stage I–II, 16 stage III–IV) and 32 women with benign tumors

supports the potential utility of genomic aberrations in cfDNA to detect

malignant tumors (28). Subchromosomal abnormalities in cfDNA

were present in 13 of 32 (41%) patients with OC, compared with 2

of 32 women with benign neoplasms, leading to a specificity of 93.8%

but sensitivity of 40.6%, suggesting that further refinement of these

methods is required to improve their performance.

Liang et al. investigated differentially methylated regions in OC

ctDNA from the Chinese Academy of Medical Sciences Hospital,

and developed two models: one for detection and one for

prognostication of OC (51). The detection model was superior to

CA-125-based detection (AUC, 0.987 [95% CI, 0.971−1.00] vs.

0.940 [95% CI: 0.895−0.985]), and the prognostic model for risk

stratification also outperformed CA-125 (AUC, 0.949 [95% CI: 0.85

−1.00] vs AUC, 0.659 [95% CI: 0.44−0.87]). These encouraging

improvements over CA-125-based detection and prognostication

warrant further investigation.
3.2 CTCs

CTCs are tumor cells that have entered the peripheral blood

from the original tumor. As such, CTCs may provide information

on multiple facets of OC, such as molecular classification to enable

risk stratification (52–54). However, the concentration of CTCs in

peripheral blood in early stages of OC is low, necessitating
Frontiers in Oncology 06
specialized techniques for enrichment and detection (42, 54–56).

These techn iques may inc lude immunoa ffini ty and

immunomagnetic techniques (54), dialectrophoresis and other

microfluidic techniques (44, 57), as well as others for enrichment

and detection.

Despite requirement of these specialized techniques, CTCs have

shown promise as diagnostic biomarkers for OC (Table 1), as

highlighted by multiple Chinese studies. Zhang et al. (41) used

immunomagnetic detection of epithelial antigens (EpCAM, HER2,

and MUC1) for enrichment combined with multiplex reverse

transcriptase-polymerase chain reaction (RT-PCR) to detect

CTCs in serum samples from 109 patients with OC; CTCs were

found in 98 (90%) patients.

In a prospective analysis of samples from 61 women with

suspected OC in China, Guo et al. (42) used size-based

microfluidic separation and immunocytochemical detection and

found that the counts of CTCs expressing HE4 and epithelial-to-

mesenchymal transition (EMT) markers without CD45 were

significantly higher in patients diagnosed with OC than in those

with benign lesions, providing 86.7% specificity in patients with

CA-125 ≥35 U/mL (42). The sensitivity of CTCs for detecting OC

was higher than that of plasma CA-125 levels (73.3% vs. 56.7%).

To further improve the diagnostic utility of CTCs in ovarian

cancer, Wang et al. (43) developed an optimized detection method

based on EpCAM, MUC1, and WT1. This method was highly

specific (92.2%) and had 79.4% sensitivity. Notably, the detection

rate of CTCs was higher than that of CA-125 for early-stage (stage I/

II) tumors (74.5% vs. 58.2%, P = 0.069).

While these findings are promising, a key challenge limiting the

clinical utility of CTC-based diagnostics in early stages of OC is the

low number of CTCs in the early stages of the disease (42, 55, 56), as

well as reported detection rates varying from 12 to 90% across

different platforms (42). In contrast, CTCs can be found in higher

numbers in the circulation of patients with advanced disease (stages

III and IV), with diagnostic sensitivity and specificity reaching

76%–83% and 55%–97%, respectively (39–41, 58, 59).
3.3 Exosomes and miRNAs

Exosomes are small (30–100 nm) vesicles released by cells that

regulate cellular communication and transfer of molecules,
TABLE 1 Continued

Tumor
stage

n
Biopsy
source

Laboratory
method

Genetic
marker

AUC
(95%
CI)

Detection
rate, %

Specificity,
% (95% CI)

Sensitivity,
% (95% CI)

Ref.

Circulating miRNAs

Stage III–
IV OC

168 Serum
Microarray analysis,

RT-PCR
miR-1246 0.89 NR 77 87 (48)
frontier
AUC, area under the receiver operating characteristic curve; CAM, cell adhesion matrix; cfDNA, cell-free DNA; CI, confidence interval; ctDNA, circulating tumor DNA; CTCs, circulating tumor
cells; ELISA, enzyme-linked immunosorbent assay; EMT, epithelial-to-mesenchymal transition;IHC, immunohistochemistry; LC-MS/MS, liquid chromatography with tandem mass
spectrometry; NGS, next-generation sequencing; NR, not reported; OC, ovarian cancer; PCR, polymerase chain reaction; RT, reverse transcriptase; smRNA, small messenger RNA; TEM,
transmission electron microscopy; WGS, whole-genome sequencing.
aWithin two years of sample collection.
sin.org

https://doi.org/10.3389/fonc.2023.1276085
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2023.1276085
including RNA, DNA, and proteins. Exosomes released by cancer

cells can be used as diagnostic markers (Table 1).

Zhang et al. found that exosomes from Chinese patients with

OC were enriched in proteins involved in tumorigenesis and

metastasis (46). Exosomal FGA and GSN levels were significantly

elevated, whereas FGG and LBP levels were significantly

downregulated in exosomes from Chinese patients with OC

compared with those from healthy donors (46), providing proof-

of-concept evidence that proteomic profiling of exosomes can be

used to diagnose OC in Chinese patients.

Emerging evidence suggests that circulating miRNAs may serve

as diagnostic markers for OC (Table 1). Todeschini et al. (48)

analyzed serum samples from 168 patients with stage III–IV OC

and 65 healthy volunteers. They found that the levels of miR-1246,

miR-595, and miR-2278 were significantly higher in serum samples

from patients with OC than those from healthy controls. Receiver

operating characteristic curve analysis revealed that among these

miRNAs, miR-1246 had the highest diagnostic utility, and had an

AUC of 0.89, sensitivity of 87%, specificity of 77%, and diagnostic

accuracy of 84%. In a similar study, Liu et al. (47) seven exosome-

derived miRNAs (miR-4732-5p, miR-877-5p, miR-574-3p, let-7a-

5p, let-7b-5p, let-7c-5p, and let-7f-5p) were up-regulated and two

down-regulated (miR-1273f and miR-342-3p) in patients with

EOC; miR-4732-5p had an AUC of 0.889, with 85.7% sensitivity

and 82.4% specificity in diagnosis of EOC. Another exploratory

study in Chinese patients found that exosomal miRNA-205

expression was significantly associated with OC, and had elevated

levels during metastasis (60), and exploratory analysis of circular

RNAs in Chinese patients found that such RNAs may have

diagnostic utility in combination with CA-125 (61). While a

range of miRNAs have been identified as potential OC

biomarkers (62), the heterogeneity of OC means that more

studies are needed to assess the diagnostic utility of circulating

and exosomal non-coding RNAs in patients with OC so that clearer

and more consistent miRNA signatures and profiles can be

developed and allow more routine early diagnosis using LB.
4 Surgery/perioperative liquid biopsy

Following diagnosis of OC, an early treatment decision is

whether initial cytoreductive surgery should be primary (upfront)

or interval (i.e. following neoadjuvant chemotherapy [NACT]).

While large randomized trials have generally not found

significant differences in survival outcomes between the two

approaches (63–66), SGO/ASCO guidelines recommend that this

decision is made according to clinical risk to avoid unnecessary

exposure to platinum-based chemotherapy (67). In this way, LB

represent a valuable tool in risk stratification by providing a non-

invasive method that enables early identification of factors before

surgery that may predict response to NACT such as platinum

resistance, prognostic factors following surgery such as microscopic

residual disease, and monitor response to treatment to guide

treatment decisions.

Mutations in post-surgical ctDNA have been associated with

inferior survival outcomes (68), detection of post-surgical ctDNA
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outperforms CA-125 monitoring as a predictor for mortality (69,

70), may be predictive of complete resection following NACT or

following surgery (70, 71), and copy number alterations inMROH1,

TMEM249, and HSF1 in ctDNA of patients with OC resistant to

NACT were significantly associated with worse OS and high

expression levels compared with patients with NACT-sensitive

disease, suggesting that specific ctDNA mutations could be useful

in LB for response monitoring and prediction (72). Larger,

prospective studies of risk stratification and biomarker

identification using perioperative LB are warranted to enable

routine clinical adoption.
5 Treatment response and
monitoring progression

5.1 Predicting and monitoring response to
PARP inhibition

PARP (poly-ADP-ribose polymerase) inhibitors prevent repair

of single-stranded breaks in DNA, generating double-stranded

breaks that cannot be accurately repaired in tumors with HRD

(73). HRD is typically caused by germline or somatic BRCA1/

BRCA2 mutations, epigenetic factors such as BRCA1/BRCA2

silencing via promoter methylation, or potentially other genetic or

genomic causes of genomic instability such as telomeric allelic

imbalance, loss of heterozygosity, or large-scale state transitions

in OC and other tumor types (74–77).

The efficacy of PARP inhibition (with or without bevacizumab)

for OC has been demonstrated in global clinical trials (78–82),

particularly as first-line maintenance therapy. Several PARP

inhibitors have been approved in China for the treatment of

newly diagnosed advanced HRD-positive, or platinum-sensitive

relapsed OC and emerging real-world evidence highlights the

importance of HRD as a biomarker to predict response to PARP

inhibition in China (83–85). Based on results from the global phase

III PRIMA trial, the PARP inhibitor niraparib was approved in

China for patients with newly diagnosed advanced HRD-positive or

HRD-negative tumors (86), though the benefit in PFS was most

pronounced among patients who had HRD-positive tumors

(median PFS for niraparib vs placebo among patients with HRD-

positive tumors, 24.5 vs 11.2 months; hazard ratio [HR], 0.52 [95%

CI, 0.40–0.68] and for patients with HRD-negative tumors 8.4 vs 5.4

months; HR, 0.65 [95% CI, 0.49–0.87]) and the higher, 300 mg,

starting dose (78, 87, 88). Multiple LB have been approved as

companion diagnostics for PARP inhibitors in various indications,

including to detect HRD in OC and prostate cancer (9). Therefore,

various studies have been conducted to assess the value of LB as a

non-invasive method to assess HRD status and predict response to

PARP inhibition (Table 2).
5.1.1 cfDNA and ctDNA
Ratajska et al. (95) used NGS to analyze ctDNA samples from

121 patients with stage I–IV OC, demonstrating that 30 of the 121

(24.8%) patients had ctDNA with pathogenic germline or somatic
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TABLE 2 Summary of studies using liquid biopsy to predict or monitor response to treatment in patients with ovarian cancer (n≥10).

Tumor
subtype
and stage

n Specimen
Laboratory
method

Genetic marker Treatment
Outcome or Clinical

application
Ref.

ctDNA or cfDNA

Mutations

Stage I–IV EOC 137 Plasma
DNA

sequencing, PCR
TP53 PBC Response monitoring (89)

Relapsed
HGSOC

40 Plasma
Microfluidic
digital PCR

TP53
Chemotherapy (PBC

or not)
Response monitoring (90)

PSR HGSOC 18 Plasma NGS TP53 PARP inhibitor (rucaparib) Response monitoring (91)

Stage II–
IV HGSOC

102 Plasma ddPCR TP53 Platinum–taxane Response monitoring (92)

Stage I–
IV HGSOC

30 Plasma NGS BRCA1/BRCA2 reversion PBC and PARP inhibitor Treatment resistance (93)

Stage III–
IV HGSOC

19 Plasma NGS BRCA1/BRCA2 reversion PARP inhibitor Resistance (94)

Stage I–IV
ovarian cancer

121 Plasma NGS
Pathogenic germline or
somatic BRCA1/BRCA2

PARP inhibitor Sensitivity/response (95)

HGSOC 97 Plasma NGS BRCA1/BRCA2 reversion PARP inhibitor (rucaparib)
Primary and

acquired resistance
(96)

Stage III–
IV HGSOC

38 Serum
Tagged-amplicon
deep sequencing

Mutations in TP53,
PTEN, BRAF, KRAS,
EGFR, and PIK3CA

PBC Response monitoring (30)

Stage I–IV
ovarian clear
cell carcinoma

29 Plasma ddPCR
Mutations in KRAS

and PIK3CA
PBC Response monitoring (97)

Stage III–
IV HGSOC

14 Plasma
NGS/Ion

Torrent panel
Ion Torrent panel genes Neoadjuvant PBC Response monitoring (98)

Methylation

Stage I–IV EOC 43 Serum

Reduced
representation

bisulfite
sequencing

COL23A1, C2CD4D,
and WNT6

PBC Response monitoring (25)

Stage I–
IV HGSOC

50 Plasma
High-resolution
melting analysis

ESR1 promoter PBC Treatment resistance (99)

Platinum-
resistant BRCA-

mutated
ovarian cancer

32 Plasma
Methylation-
specific ddPCR

HOXA9 promoter PARP inhibitor (veliparib) Resistance (100)

Stage I–IV
recurrent

ovarian cancer
126 Plasma

Methylation-
specific ddPCR

HOXA9 promoter

Chemotherapy followed by
maintenance therapy with

PARP inhibitors
or bevacizumab

Resistance (101)

Other

Stage II–
IV HGSOC

12 Plasma NGS ERBB2 amplification PBC ± trastuzumab Response monitoring (102)

Stage I–IV
ovarian cancer

11 Serum RT-PCR ctDNA level
Chemotherapy or
PARP inhibitor

Increase in ctDNA levels
after the first treatment cycle
is associated with response

(103)

(Continued)
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BRCA1/BRCA2 mutations, comparable to reported germline and

somatic BRCA mutation prevalences in China (107–109) and

providing proof-of-concept evidence that BRCA1/BRCA2

mutation testing using ctDNA samples from patients with OC

could be used in the clinic to identify patients best suited for PARP

inhibition and to monitor response.

Reversion mutations in BRCA1/BRCA2 that restore protein

function have been associated with the development of resistance

to PARP inhibitors. In an NGS analysis of pretreatment ctDNA

samples from 96 patients with OC, Lin et al. (96) found that

BRCA1/BRCA2 reversion mutations in ctDNA were associated

with primary and acquired resistance to rucaparib. NGS studies

of preoperative cfDNA samples from patients with OC harboring

germline BRCA1/BRCA2 mutations showed that reversion

alterations restoring the BRCA1/BRCA2 open reading frame

(ORF) were associated with resistance to PARP inhibition in

patients with recurrent disease (93, 94), and that these reversion

mutations may be caused by the microhomology-mediated end

joining pathway (110).

Rusan et al. (100) found that the methylation levels of HOXA9

in ctDNA during treatment were associated with poor response to

PARP inhibition in patients with platinum-resistant, BRCA1/

BRCA2-mutated OC. Survival outcomes were significantly inferior

in patients with detectable HOXA9 methylation in ctDNA than in

those without HOXA9 methylation (median progression-free

survival [PFS]: 5.1 vs. 8.3 months, P < 0.0001; median OS: 9.5 vs.

19.4 months, P < 0.002) (100). Faaborg et al. reported similar

findings in a study of 126 patients (38.9% platinum sensitive and

81.7% with recurrent OC undergoing treatment with chemotherapy
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followed by maintenance therapy with PARP inhibitors or

bevacizumab (101); with the increasing use of PARP inhibition in

earlier lines of therapy, validation of these biomarkers in first line

will be increasingly important.

TP53 mutations are one of the most prevalent genetic

alterations in OC. In the Phase II ARIEL2 study of rucaparib in

platinum-sensitive relapsed OC, targeted amplicon deep sequencing

to detect low-frequency mutations in TP53 in ctDNA suggested that

reduction in the frequency of TP53 mutations in ctDNA during

treatment was associated with response to rucaparib (91).
5.2 Identifying platinum resistance and
monitoring progression

5.2.1 cfDNA and ctDNA
Evaluating genetic markers of response to chemotherapy using

LB is emerging as a promising approach for molecular profiling in

patients with OC. As LB are easy to obtain and repeatable, they may

be used for longitudinal monitoring of treatment response and

disease progression (Table 2).

To evaluate the clinical utility of cfDNA analysis to monitor

response to chemotherapy and disease progression, Arend et al. (98)

conducted NGS analysis of cfDNA samples, which provided proof-

of-concept evidence that cfDNA analysis before and after treatment

can be used to monitor disease progression and the genetic

evolution of tumors during chemotherapy.

In an analysis of pretreatment ctDNA samples from patients

with OC, Lin et al. (96) found that BRCA1/BRCA2 reversion
TABLE 2 Continued

Tumor
subtype
and stage

n Specimen
Laboratory
method

Genetic marker Treatment
Outcome or Clinical

application
Ref.

CTCs

Stage I–IV
ovarian cancer

143 Plasma
Immunomagnetic
CTC enrichment,
multiplex RT-PCR

ERCC1+ CTCs PBC Treatment resistance (104)

Stage I–IV
ovarian cancer

65 Plasma
AdnaTest Ovarian
Cancer, multiplex

RT-PCR
ERCC1+ CTCs PBC Treatment resistance (105)

Stage I–IV
ovarian cancer

54 Serum
Nanoroughened
microfluidic-

based enrichment

EpCAM+,
DAPI+, CD45–

PBC Treatment resistance (106)

Stage I–IV EOC 160 Serum

Immunomagnetic
bead screening
with multiplex

RT-PCR

MUC1+ CTCs PBC Treatment resistance (43)

Exosomes

Stage I–IV EOC 78 Plasma
Nanoparticle
tracking

analysis, ELISA
Exosomal HLA-G PBC Treatment resistance (45)
frontier
cfDNA, cell-free DNA; ctDNA, circulating tumor DNA; CTCs, circulating tumor cells; ddPCR, droplet digital PCR; ELISA, enzyme-linked immunosorbent assay; EMT, epithelial-to-
mesenchymal transition; EOC, epithelial ovarian carcinoma; HGSOC, high-grade serous ovarian cancer; IHC, immunohistochemistry; NGS, next-generation sequencing; NR, not reported; PBC,
platinum-based chemotherapy; PCR, polymerase chain reaction; RT-PCR, reverse-transcriptase PCR.
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mutations were significantly more frequent in patients with

platinum-refractory (18%; 2/11) or platinum-resistant (13%; 5/38)

disease compared with platinum-sensitive disease (2%; 1/48).

Another analysis of preoperative cfDNA samples from 30 patients

with OC harboring germline BRCA1 or BRCA2 mutations showed

that reversion alterations restoring the BRCA1/BRCA2 ORF were

associated with resistance to platinum-based chemotherapy in

patients with recurrent disease (93).

A longitudinal analysis of ctDNA samples to assess for

mutations in more than 500 cancer-related genes revealed good

concordance of genetic alterations in ctDNA and tumor samples

from 12 patients with OC (102). The study also showed that testing

for ERBB2 amplification in ctDNA from relapsed OC patients could

identify patients who may benefit from ERBB2/HER2 inhibitors,

such as trastuzumab (102).

In addition to mutations and structural aberrations in cfDNA or

ctDNA, methylation of various genes, including COL23A1,

C2CD4D, WNT6, ESR1, and HOXA9, has been shown to be

associated with resistance to chemotherapy and could be used to

predict or monitor treatment response (25, 99–101), suggesting that

LB-based molecular testing may be useful in this setting,

particularly in patients ineligible for tissue biopsy or for whom

archival tissue is not available.

5.2.2 CTCs
Data from various studies suggest that CTCs could be used as

markers of response or platinum resistance in patients with OC. For

example, the numbers of EpCAM-positive CTCs and MUC1-

positive CTCs were significantly higher in chemoresistant patients

than in patients who responded to chemotherapy (26.3% vs. 11.9%,

P < 0.05; 26.4% vs. 13.4%, P < 0.05; Table 2) (43).

The number of ERCC1-positive CTCs has also been associated

with chemotherapy resistance. CTC enrichment analyses in patients

with OC showed that the presence of ERCC1-positive CTCs at

diagnosis was a significant predictor of resistance to platinum-based

chemotherapy (104, 105). Despite the predictive role of ERCC1-

positive CTCs, ERCC1 expression levels in primary tumor tissues

and circulating ERCC1 mRNA levels did not predict resistance to

chemotherapy, suggesting a particularly important role for LB in

this setting.

Additionally, enrichment of CTCs (EpCAM-positive, DAPI-

positive, and CD45-negative) using a nanoroughened microfluidic

device showed that in 54 patients with stage I–IV OC, the number

of CTCs was significantly associated with platinum resistance (106).

5.2.3 Exosomes
Exosomes have been implicated in metastasis and treatment

resistance in patients with OC. Au Yeung et al. (111) conducted

preclinical NGS analysis of exosomes from cancer-associated

adipocytes (CAAs), cancer-associated fibroblasts (CAFs), and OC

cells. Interestingly, they found that the levels of miR21 were

significantly higher in exosomes from CAAs and CAFs than in

those from OC cells. They also found that miR-21 transfer from

CAAs and CAFs to ovarian cancer cells resulted in APAF1 silencing,
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thereby promoting chemoresistance and suppressing apoptosis

(111). These findings suggest that levels of miR21 in exosomes

may predict the risk of metastasis and chemoresistance in patients

with OC, although clinical validation is required (Table 2).

Similar mechanistic studies have shown that exosomal miR-

1246, miR-223, miR-183-5p, miR-130a, and miR-374a promote

chemoresistance in OC (112–115). Additionally, Schwich et al. (45)

showed that exosomal HLA-G levels were associated with platinum

resistance. The clinical utility of these exosomal markers in OC

requires further evaluation in clinical studies.
6 Prognostication and
monitoring progression

6.1 cfDNA and ctDNA

Detection of cfDNA or ctDNA levels as well as examination of

genetic and epigenetic characteristics are areas of great interest and

have been well studied in the context of prognostication and

monitoring of disease progression in OC (Table 3).

In analysis of pre-surgical cfDNA from patients with OC,

Kamat et al. (118) found that higher levels of cfDNA (≥22,000

IU/mL) were significantly associated with worse survival, with

multivariate analysis indicating that higher cfDNA levels were

independently associated with worse disease-specific survival.

Hou et al. (69) found that when examining pre-surgical samples,

ctDNA was more frequently detected and its levels significantly

elevated in patients who subsequently experienced disease

progression and died, with numerically higher ctDNA positivity and

levels found in patients with high-grade OC. Following surgery, the

presence of ctDNA was significantly associated with poor RFS, and all

patients with ctDNA following surgery experienced disease

progression; moreover, ctDNA-based methods detected recurrence

10 months before CT imaging (69). Similarly, Minato et al. (116)

developed a droplet digital PCR-based assay to detect tumor-specific

mutations in cfDNA in plasma, which was able to detect disease

progression in all six patients who experienced disease recurrence.

ctDNA levels were associated with increased tumor volume after

recurrence. Notably, in both of these studies, analysis of ctDNA was

able to detect disease recurrence earlier than CA-125 (69, 116).

Beyond cfDNA levels, genetic or epigenetic alterations in

cfDNA or ctDNA associated with poor outcomes in patients with

OC who receive PARP inhibitors or chemotherapy include RAB25

downregulation [associated with poor OS in patients before surgery

(119)], loss of heterozygosity at 6q and 10q [associated with poor

OS in patients before surgery (120)],HOXA9 promoter methylation

[associated with poor OS and PFS in patients who received veliparib

(100, 101)], RASSF1A promoter methylation [associated with poor

OS following chemotherapy (117)], and BRCA1/BRCA2 reversion

mutations [associated with poor PFS in patients receiving rucaparib

(96)]. Several studies have also shown that TP53 mutations in

plasma DNA were associated with shorter time to progression

and poor OS (Table 3) (89, 90, 92).
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TABLE 3 Summary of studies using liquid biopsy to predict outcomes in patients with ovarian cancer.

Tumor
subtype
and
stage

n Specimen Laboratory method
Genetic
marker

Setting Outcome prediction Ref.

ctDNA or cfDNA

Mutations

Stage I–
IV OC

10 Serum ddPCR Tumor-specific Relapsed disease
Poor OS (P = 0.0194) and PFS (P

= 0.0011)
(70)

Stage I–
IV OC

11 Plasma ddPCR Tumor-specific
After

debulking surgery
Early recurrence detection; tumor

volume following recurrence
(116)

Stage I–
IV EOC

137 Plasma DNA sequencing, PCR TP53 NR Poor OS (P = 0.02) (89)

Relapsed
HGSOC

40 Plasma Microfluidic digital PCR TP53 Chemotherapy
TTP (HR: 0.22 [95% CI, 0.07–0.67],

P = 0.008)
(90)

Stage II–
IV HGSOC

102 Plasma ddPCR TP53 PBC TTP (P = 0.038) (92)

HGSOC 97 Plasma NGS
BRCA1/
BRCA2
reversion

PARP
inhibitor (rucaparib)

Poor PFS (HR: 8.33, P < 0.0001) (96)

Methylation

Stage I–
IV HGSOC

59 Plasma
Methylation-sensitive high-
resolution melting analysis

RASSF1A
promoter

Platinum-
based chemotherapy

Poor OS (HR: 2.76 [95% CI, 1.102–
6.915], P = 0.030)

(117)

Platinum-
resistant
BRCA-
mutated
ovarian
cancer

32 Plasma Methylation-specific ddPCR
HOXA9
promoter

Treatment with
PARP

inhibitor (veliparib)

Poor OS (P < 0.002) and PFS (P
< 0.0001)

(100)

Stage I–IV
recurrent
ovarian
cancer

100 Plasma Methylation-specific ddPCR
HOXA9
promoter

Chemotherapy
followed by

maintenance therapy
with PARP
inhibitors

or bevacizumab

Poor OS (HR: 2.17 [1.18–3.98]; P
= 0.013)

(101)

Other

Stage I–
IV OC

164 Plasma RT-PCR
cfDNA ≥

22,000 IU/mL
Before surgery

Poor DFS (multivariate HR, 2.22
[1.16–4.21]; P = 0.01)

(118)

Stage I–
IV EOC

36 Serum RT-PCR
RAB25

downregulation
Before surgery

Poor OS (HR: 33.6 [95% CI, 1.8–
634.8], P = 0.02) and DFS (HR:

18.2 [95% CI, 2.0–170.0], P = 0.01)
(119)

Stage I–
IV EOC

63 Serum
PCR-based fluorescence
microsatellite analysis

LOH at 6q
and 10q

Before surgery and
after chemotherapy

OS (P = 0.030) (120)

CTCs

Stage I–
IV EOC

90
Peripheral
blood

Immunomagnetic assay
MOC-31
+ CTCs

Prior to
adjuvant

chemotherapy
No association with prognosis (121)

Stage I–
IV EOC

64
Peripheral
blood

Immunocytochemistry NR
Prior to

debulking surgery
No association with prognosis (122)

Stage I–
IV EOC

71
Peripheral
blood

Immunomagnetic
CTC enrichment

Cell adhesion
matrix

molecules and
epithelial
markers

NR
Poor disease-free survival (P

= 0.042)
(123)

(Continued)
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TABLE 3 Continued

Tumor
subtype
and
stage

n Specimen Laboratory method
Genetic
marker

Setting Outcome prediction Ref.

Stage I–
IV EOC

122
Peripheral
blood

Immunomagnetic enrichment
EpCAM,
MUC-1,
HER-2

At primary
diagnosis and/or
after platinum-

based chemotherapy

Poor OS before surgery (P =
0.0054) and after chemotherapy (P

= 0.047)
(124)

Stage I–
IV EOC

216
Peripheral
blood

CTC enrichment
EpCAM+,

cytokeratin+,
CD45−

Platinum-
based chemotherapy

Poor PFS (HR: 1.58 [95% CI, 0.99–
2.53], P = 0.0576) and OS (HR:
1.54 [95% CI, 0.93–2.54], P

= 0.0962)

(55)

Stage I–
IV EOC

129 Plasma CAM-based cell enrichment, IHC

EpCAM, CA-
125, DPP4,

CD44, seprase
and

cytokeratins

Before surgery
Poor OS (P = 0.0219) and PFS (P

= 0.0024)
(39)

Stage I–
IV EOC

143 Plasma
Immunomagnetic CTC

enrichment, multiplex RT-PCR
ERCC1+ CTCs

Platinum-
based chemotherapy

Poor OS (HR: 2.5 [95% CI, 1.1–
5.5], P = 0.026) and PFS (HR: 3.4
[95% CI, 1.4–8.3], P = 0.009)

(104)

Stage I–
IV EOC

123 Plasma iCTC flow cytometry assay
Seprase

and CD44
Before

chemotherapy
Associated with relapse during and

after treatment
(40)

Stage I-IV
ovarian
cancer

65 Plasma
AdnaTest Ovarian Cancer,

multiplex RT-PCR
ERCC1

Platinum-
based chemotherapy

Poor OS (P = 0.0008) and PFS (P
= 0.0293)

(105)

Stage I–IV
ovarian
cancer

54 Serum
Nanoroughened microfluidic-

based enrichment
EpCAM+,

DAPI+, CD45–
Platinum-

based chemotherapy
Poor PFS (HR: 1.3 [95% CI, 0.230–

7.145], P = 0.035)
(106)

Stage I–IV
ovarian
cancer

266 Plasma
Density gradient

centrifugation, immunostaining

EpCAM,
EGFR, HER2,

MUC1,
cytokeratins,

CD45

Samples collected at
diagnosis and after
first-line adjuvant

first-
line chemotherapy

Baseline CTC numbers associated
with poor OS (HR: 3.305 [95% CI,
1.386–7.880], P = 0.007) and PFS
(HR: 5.671 [95% CI, 1.560–20.618],

P = 0.008)

(125)

Stage I–
IV EOC

109 Serum
Immunomagnetic bead screening,

RT-PCR

EpCAM+
CTCs, HER2

+ CTCs

Platinum-
based chemotherapy

Association with tumor stage (P
= 0.034),

(41)

Stage III–
IV HGSOV

46 Plasma
Shallow whole-

genome sequencing

19p31.11 and
19q13.42

amplification

During platinum-
based chemotherapy

Poor PFS (HR: 3.31 [95% CI, 1.33–
9.13]; P = 0.011)

(126)

Stage I–IV
ovarian
cancer

1285 NR Different enrichment methods NR
Chemotherapy
or surgery

Poor OS (HR: 1.77 [95% CI, 1.42–
2.21], P < 0.00001) and PFS (HR:

1.53 [95% CI,1.26–1.86], P
< 0.0001)

(127)

Stage I–
IV EOC

160 Serum
Immunomagnetic bead screening
combined with multiplex RT-PCR

EpCAM,
MUC1,
and WT1

Platinum-
based chemotherapy

Poor OS (HR: 1.900 [95% CI, 1.020
−3.540]; P = 0.043)

(43)

Exosomes

Stage I–
IV EOC

78 Plasma
Nanoparticle tracking

analysis, ELISA
Exosomal
HLA-G

Platinum-
based chemotherapy

Poor PFS (HR: 1.8 [95% CI, 1.1–
3.6]; P = 0.029)

(45)

Stage III–
IV EOC

40 Plasma

Liquid chromatography-tandem
mass spectrometry, nanoparticle
tracking analysis, dynamic light

scattering, transmission
electron microscopy

LPB, FGG,
FGA, GSN

NR Poor OS and PFS (46)

(Continued)
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6.2 CTCs and exosomes

The clinical significance of CTCs in OC is controversial

(Table 3). Early studies showed no association between CTCs and

survival outcomes (121, 122). However, Fan et al. defined invasive

CTCs as those expressing CAM molecules and epithelial markers;

the presence of these invasive CTCs in 71 patients with suspected

OC was significantly associated with poor DFS (123), but had no

significant impact on OS. In contrast, a similar study involving the

detection of CTCs before surgery and after chemotherapy in 122

patients found that the presence of CTCs (based on EpCAM, MUC-

1, and HER-2 expression) was associated with poor OS, but not DFS

or PFS (124). Further research is needed to clarify the role of CTCs

and the impact of specific molecular markers on outcomes in OC.

ERCC1 has also been proposed to predict poor outcomes

among patients with OC; in 143 patients the presence of ERCC1-

positive CTCs at diagnosis was a significant predictor of poor OS

(HR, 2.5 [95% CI, 1.1–5.5]) and PFS (HR, 3.4 [95% CI, 1.4–8.3])

(104), with similar findings in another subsequent study (105).

In another study of patients with newly diagnosed OC, CTCs

were detected in 98 of 109 (90%) patients (41). In this cohort, the

number of CTCs was significantly associated with tumor stage

(P = 0.034), and the expression of EpCAM and HER2 in CTCs was

associated with chemoresistance (P=0.003 and P=0.035,

respectively). The number of EpCAM-positive CTCs was

significantly associated with poor OS (P=0.041).

Lee et al. (106) developed a nanoroughened microfluidic device that

facilitates the enrichment of CTCs as EpCAM-positive, DAPI-positive,

and CD45-negative circulating cells, and found that the number of CTCs

was associated with worse PFS and platinum resistance.

Another study in patients with stage I–IV EOC showed that the

presence of MUC1-positive CTCs was associated with poor OS;

however, similar to previous reports, PFS was unaffected (43). A

meta-analysis of data from two clinical trials and 13 retrospective

studies involving 1285 patients found that the presence of CTCs was

significantly associated with poor OS (HR: 1.77 [95% CI, 1.42–2.21],
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P <0.00001) and PFS (HR: 1.53 [95% CI, 1.26–1.86], P <0.0001)

(127). A significant role of CTCs was observed across different

clinical settings, including pre-treatment patients and patients

undergoing debulking surgery. Notably, the predictive role of

CTCs seemed to vary depending on the CTC enrichment method,

which might explain the contradictory findings regarding the

significance of CTCs in patients with OC.

Schwich et al. (45) found that exosomal HLA-G levels were

significantly higher in patients with OC than in healthy donors.

Although the total number of exosomes was not associated with

outcomes, increased levels of exosomal HLA-G were associated

with aggressive tumor features and poor outcomes, including

residual tumor burden, high numbers of CTCs, and poor PFS.
6.3 Circulating miRNAs

Circulating miRNAs may be associated with outcomes in

patients with OC (Table 3). Zuberi et al. (128) analyzed the

expression levels of miR-200a, miR-200b, and miR-200c in the

serum of patients with stage I–IV EOC, and found that the

expression of miR-200a and miR-200c appeared to be associated

with advanced disease stage and presence of metastasis. Similarly,

Halvorsen et al. (129) assessed the levels of miR-1274B, miR-200b,

and miR-141 in the serum of patients with OC and found that low

levels of these miRNAs were associated with improved OS.
7 Conclusions

Accumulating evidence supports the diagnostic, predictive, and

prognostic utility of multiple markers present in LB for OC,

suggesting that LB potentially offers non-invasive, easily repeatable,

accurate tools that may allow for early detection of OC and improve

response prediction and early molecular profiling. Longer-term

prospective studies, including cost-effectiveness analyses, are needed
TABLE 3 Continued

Tumor
subtype
and
stage

n Specimen Laboratory method
Genetic
marker

Setting Outcome prediction Ref.

Circulating miRNAs

Stage I–
IV EOC

70 Serum RT-PCR
miR-200a,
miR-200b,
miR-200c

NR

Expression levels of miR-200a and
miR-200c were associated with

disease progression (P = 0.04 and P
< 0.001)

(128)

Stage I–
IV EOC

207 Serum
TaqMan Low-Density Arrays,

RT-PCR

miR-1274B,
miR-200b,
miR-141

Before treatment
with bevacizumab
plus chemotherapy

Low levels of miRNAs are
associated with improved OS

mir 1274B: HR = 0.846 (95% CI,
0.70–1.02); P = 0.085

miR 200b: HR = 0.798 (95% CI,
0.68–0.94); P = 0.006

miR-141: HR = 0.914 (95% CI, 0
0.81–1.03); P = 0.153

(129)
frontier
cfDNA, cell-free DNA; CI, confidence interval; ctDNA, circulating tumor DNA; CTCs, circulating tumor cells; ddPCR, droplet digital PCR; EMT, epithelial-to-mesenchymal transition; EOC,
epithelial ovarian carcinoma; HGSOC, high-grade serous ovarian cancer; HR, hazard ratio; IHC, immunohistochemistry; NGS, next-generation sequencing; NR, not reported; LOH, loss of
heterozygosity; OS, overall survival; PCR, polymerase chain reaction; PFS, progression-free survival; RT-PCR, reverse-transcriptase PCR; TTP, time to progression.
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to assess the impact on patient outcomes. Such tools may be

particularly useful among patients ineligible for surgery, who

represent a notable proportion of patients with OC. However,

widespread clinical implementation still faces many challenges. A

key challenge is assay sensitivity and specificity for analysis of minute

amounts of tumor-derived material. The accuracy of current

diagnostic tests still needs to be improved. Another main challenge

for current LB assays is the need for specialized equipment and

technical expertise, which leads to long turnover time and high cost,

making these assays inappropriate for routine clinical applications.

The improvements to standardized and automated processing and

analysis methods will help streamline workflow, ensure reliability and

reproducibility, and reduce turnover time and cost. Moreover, many

previous studies were limited by their sample sizes and designs,

making their results difficult to interpret or reproduce. Longer-term

prospective studies with appropriate designs, including cost-

effectiveness analyses, are needed to assess the impact of LB on the

outcomes of patients with OC. It is also noteworthy that most data

exploring the clinical utility of LB for OC have focused on ctDNA and

cfDNA; further research in larger, prospective studies regarding the

clinical utility of other markers within LB for OC, such as exosomes,

circulating non-coding RNAs, or to identify other markers is needed

to further refine LB for clinical adoption.
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Olaparib plus bevacizumab first-line maintenance in ovarian cancer: final overall
survival results from the PAOLA-1/ENGOT-ov25 trial. Ann Oncol (2023) 34(8):681–
92. doi: 10.1016/j.annonc.2023.05.005

83. Kamel D, et al. PARP inhibitor drugs in the treatment of breast, ovarian, prostate
and pancreatic cancers: an update of clinical trials. Curr Drug Targets (2018) 19(1):21–
37. doi: 10.2174/1389450118666170711151518

84. Ni J, GuoW, Zhao Q, Cheng X, Xu X, Zhou R, et al. Homologous recombination
deficiency associated with response to poly (ADP-ribose) polymerase inhibitors in
ovarian cancer patients: the first real-world evidence from China. Front Oncol (2021)
11:746571. doi: 10.3389/fonc.2021.746571
Frontiers in Oncology 16
85. Yabing Cao HC, Huang Y, Hu H. Real-world clinical outcomes of olaparib
therapy in Chinese patients with advanced serous ovarian cancer treated in Macau.
Cancer Reports (2019) 2(5). doi: 10.1002/cnr2.1180

86. Zai Lab Announces NMPA Approval of ZEJULA® (Niraparib) for First-Line
Maintenance Treatment of Ovarian Cancer in CHINA. (2020). Available at: https://ir.
zailaboratory.com/zh-hant/node/8371/pdf.

87. Gonzalez Martin AJ, Pothuri B, Vergote IB, Graybill W, Mirza MR, Mccormick
C, et al. PRIMA/ENGOT-OV26/GOG-3012 study: Updated long-term PFS and safety,
in ESMO. Ann Oncol (2022) 33(Supplement 7):S789. doi: 10.1016/j.annonc.
2022.07.658

88. EPAR—Assessment Report—Variation (Zejula-H-C-003943-II-0019—EMA/
531223/2020). (2022). Available at: https://www.ema.europa.eu/documents/variation-
report/zejula-h-c-003943-ii-0019-epar-assessment-report-variation_en.pdf.

89. Swisher EM, Wollan M, Mahtani SM, Willner JB, Garcia R, Goff BA, et al.
Tumor-specific p53 sequences in blood and peritoneal fluid of women with epithelial
ovarian cancer. Am J Obstet Gynecol (2005) 193(3 Pt 1):662–7. doi: 10.1016/
j.ajog.2005.01.054

90. Parkinson CA, Gale D, Piskorz AM, Biggs H, Hodgkin C, Addley H, et al.
Exploratory analysis of TP53 mutations in circulating tumour DNA as biomarkers of
treatment response for patients with relapsed high-grade serous ovarian carcinoma: A
retrospective study. PloS Med (2016) 13(12):e1002198. doi: 10.1371/journal.
pmed.1002198

91. Piskorz A, Lin KK, Morris JA, Mann E, Oza AM, Coleman RL, et al. Feasibility of
monitoring response to the PARP inhibitor rucaparib with targeted deep sequencing of
circulating tumor DNA (ctDNA) in women with high-grade serous carcinoma on the
ARIEL2 trial. J Clin Oncol (2016) 34(15_suppl):5549–9. doi: 10.1200/JCO.2016.34.15_
suppl.5549

92. Kim YM, Lee SW, Lee YJ, Lee HY, Lee JE, Choi EK. Prospective study of the
efficacy and utility of TP53 mutations in circulating tumor DNA as a non-invasive
biomarker of treatment response monitoring in patients with high-grade serous
ovarian carcinoma. J Gynecol Oncol (2019) 30(3):e32. doi: 10.1016/j.ygyno.2019.01.008

93. Christie EL, Fereday S, Doig K, Pattnaik S, Dawson SJ, Bowtell DDL. Reversion
of BRCA1/2 germline mutations detected in circulating tumor DNA from patients with
high-grade serous ovarian cancer. J Clin Oncol (2017) 35(12):1274–80. doi:
10.1200/JCO.2016.70.4627

94. Weigelt B, Comino-Mendez I, Bruijn I, Tian L, Meisel JL, Garcia-Murillas I, et al.
Diverse BRCA1 and BRCA2 reversion mutations in circulating cell-free DNA of
therapy-resistant breast or ovarian cancer. Clin Cancer Res (2017) 23(21):6708–20.
doi: 10.1158/1078-0432.CCR-17-0544

95. Ratajska M, Koczkowska M, ZukM, Gorczynski A, Kuzniacka A, StukanM, et al.
Detection of BRCA1/2 mutations in circulating tumor DNA from patients with ovarian
cancer. Oncotarget (2017) 8(60):101325–32. doi: 10.18632/oncotarget.20722

96. Lin KK, Harrell MI, Oza AM, Oaknin A, Ray-Coquard I, Tinker AV, et al. BRCA
reversion mutations in circulating tumor DNA predict primary and acquired resistance
to the PARP inhibitor rucaparib in high-grade ovarian carcinoma. Cancer Discovery
(2019) 9(2):210–9. doi: 10.1158/2159-8290.CD-18-0715

97. Morikawa A, Hayashi T, Shimizu N, Kobayashi M, Taniue K, Takahashi A, et al.
PIK3CA and KRAS mutations in cell free circulating DNA are useful markers for
monitoring ovarian clear cell carcinoma. Oncotarget (2018) 9(20):15266–74. doi:
10.18632/oncotarget.24555

98. Arend RC, Londono AI, Montgomery AM, Smith HJ, Dobbin ZC, Katre AA,
et al. Molecular response to neoadjuvant chemotherapy in high-grade serous ovarian
carcinoma. Mol Cancer Res (2018) 16(5):813–24. doi: 10.1158/1541-7786.MCR-
17-0594

99. Giannopoulou L, Mastoraki S, Buderath P, Strati A, Pavlakis K, Kasimir-Bauer S,
et al. ESR1 methylation in primary tumors and paired circulating tumor DNA of
patients with high-grade serous ovarian cancer. Gynecol Oncol (2018) 150(2):355–60.
doi: 10.1016/j.ygyno.2018.05.026

100. Rusan M, et al. Circulating HOXA9-methylated tumour DNA: A novel
biomarker of response to poly (ADP-ribose) polymerase inhibition in BRCA-
mutated epithelial ovarian cancer. Eur J Cancer (2020) 125:121–9. doi: 10.1016/
j.ejca.2019.11.012

101. Faaborg L, Andersen RF, Waldstrom M, Henriksen JR, Adimi P, Jakobsen A,
et al. Prognostic impact of circulating methylated homeobox A9 DNA in patients
undergoing treatment for recurrent ovarian cancer. Cancers (Basel) (2022) 14(7):1766.
doi: 10.3390/cancers14071766

102. Oikkonen J, Zhang K, Salminen L, Schulman I, Lavikka K, Andersson N, et al.
Prospective longitudinal ctDNA workflow reveals clinically actionable alterations in
ovarian cancer. JCO Precis Oncol (2019) 3. doi: 10.1200/PO.18.00343

103. Alves MC, Fonseca FLA, Yamada A, Barros L, Lopes A, Silva L, et al. Increased
circulating tumor DNA as a noninvasive biomarker of early treatment response in
patients with metastatic ovarian carcinoma: A pilot study. Tumour Biol (2020) 42
(5):1010428320919198. doi: 10.1177/1010428320919198

104. Kuhlmann JD, Wimberger P, Bankfalvi A, Keller T, Scholer S, Aktas B, et al.
ERCC1-positive circulating tumor cells in the blood of ovarian cancer patients as a
predictive biomarker for platinum resistance. Clin Chem (2014) 60(10):1282–9. doi:
10.1373/clinchem.2014.224808
frontiersin.org

https://doi.org/10.1016/S0140-6736(14)62223-6
https://doi.org/10.1016/j.ejca.2020.02.020
https://doi.org/10.1136/ijgc-2020-001640
https://doi.org/10.1200/JCO.2016.68.6907
https://doi.org/10.1016/j.bj.2022.09.004
https://doi.org/10.1016/j.bj.2022.09.004
https://doi.org/10.1016/j.ygyno.2022.09.004
https://doi.org/10.1371/journal.pone.0145754
https://doi.org/10.1200/JCO.2021.39.15_suppl.5548
https://doi.org/10.1200/JCO.2021.39.15_suppl.5548
https://doi.org/10.3389/fgene.2022.938985
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2013006875
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2013006875
https://doi.org/10.1093/annonc/mdw142
https://doi.org/10.1158/1078-0432.CCR-15-2477
https://doi.org/10.1038/s41598-020-59671-3
https://doi.org/10.1200/PO.22.00085
https://doi.org/10.1056/NEJMoa1910962
https://doi.org/10.1056/NEJMoa1909707
https://doi.org/10.1056/NEJMoa1911361
https://doi.org/10.1177/17588359221126149
https://doi.org/10.1016/j.annonc.2023.05.005
https://doi.org/10.2174/1389450118666170711151518
https://doi.org/10.3389/fonc.2021.746571
https://doi.org/10.1002/cnr2.1180
https://ir.zailaboratory.com/zh-hant/node/8371/pdf
https://ir.zailaboratory.com/zh-hant/node/8371/pdf
https://doi.org/10.1016/j.annonc.2022.07.658
https://doi.org/10.1016/j.annonc.2022.07.658
https://www.ema.europa.eu/documents/variation-report/zejula-h-c-003943-ii-0019-epar-assessment-report-variation_en.pdf
https://www.ema.europa.eu/documents/variation-report/zejula-h-c-003943-ii-0019-epar-assessment-report-variation_en.pdf
https://doi.org/10.1016/j.ajog.2005.01.054
https://doi.org/10.1016/j.ajog.2005.01.054
https://doi.org/10.1371/journal.pmed.1002198
https://doi.org/10.1371/journal.pmed.1002198
https://doi.org/10.1200/JCO.2016.34.15_suppl.5549
https://doi.org/10.1200/JCO.2016.34.15_suppl.5549
https://doi.org/10.1016/j.ygyno.2019.01.008
https://doi.org/10.1200/JCO.2016.70.4627
https://doi.org/10.1158/1078-0432.CCR-17-0544
https://doi.org/10.18632/oncotarget.20722
https://doi.org/10.1158/2159-8290.CD-18-0715
https://doi.org/10.18632/oncotarget.24555
https://doi.org/10.1158/1541-7786.MCR-17-0594
https://doi.org/10.1158/1541-7786.MCR-17-0594
https://doi.org/10.1016/j.ygyno.2018.05.026
https://doi.org/10.1016/j.ejca.2019.11.012
https://doi.org/10.1016/j.ejca.2019.11.012
https://doi.org/10.3390/cancers14071766
https://doi.org/10.1200/PO.18.00343
https://doi.org/10.1177/1010428320919198
https://doi.org/10.1373/clinchem.2014.224808
https://doi.org/10.3389/fonc.2023.1276085
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2023.1276085
105. Chebouti I, Kuhlmann JD, Buderath P, Weber S, Wimberger P, Bokeloh Y, et al.
ERCC1-expressing circulating tumor cells as a potential diagnostic tool for monitoring
response to platinum-based chemotherapy and for predicting post-therapeutic
outcome of ovarian cancer. Oncotarget (2017) 8(15):24303–13. doi: 10.18632/
oncotarget.13286

106. Lee M, Kim EJ, Cho Y, Kim S, Chung HH, Park NH, et al. Predictive value of
circulating tumor cells (CTCs) captured by microfluidic device in patients with
epithelial ovarian cancer. Gynecol Oncol (2017) 145(2):361–5. doi: 10.1016/
j.ygyno.2017.02.042

107. You Y, Li L, Lu J, Wu H, Wang J, Gao J, et al. Germline and Somatic BRCA1/2
Mutations in 172 chinese women with epithelial ovarian cancer. Front Oncol (2020)
10:295. doi: 10.3389/fonc.2020.00295

108. Bu H, Chen J, Li Q, Hou J, Wei Y, Yang X, et al. BRCA mutation frequency and
clinical features of ovarian cancer patients: A report from a Chinese study group. J
Obstet Gynaecol Res (2019) 45(11):2267–74. doi: 10.1111/jog.14090

109. Shi T, Wang P, Xie C, Yin S, Shi D, Wei C, et al. BRCA1 and BRCA2 mutations
in ovarian cancer patients from China: ethnic-related mutations in BRCA1 associated
with an increased risk of ovarian cancer. Int J Cancer (2017) 140(9):2051–9. doi:
10.1002/ijc.30633

110. Lukashchuk N, Armenia J, Tobalina L, Carr TH, Milenkova T, Liu YL, et al.
BRCA reversion mutations mediated by microhomology-mediated end joining
(MMEJ) as a mechanism of resistance to PARP inhibitors in ovarian and breast
cancer., in ASCO. J Clin Oncol (2022) 40(16_suppl):5559. doi: 10.1200/
JCO.2022.40.16_suppl.5559

111. Au Yeung CL, Co NN, Tsuruga T, Yeung TL, Kwan SY, Leung CS, et al.
Exosomal transfer of stroma-derived miR21 confers paclitaxel resistance in ovarian
cancer cells through targeting APAF1. Nat Commun (2016) 7:11150. doi: 10.1038/
ncomms11150

112. Kanlikilicer P, Bayraktar R, Denizli M, Rashed MH, Ivan C, Aslan B, et al.
Exosomal miRNA confers chemo resistance via targeting Cav1/p-gp/M2-type
macrophage axis in ovarian cancer. EBioMedicine (2018) 38:100–12. doi: 10.1016/
j.ebiom.2018.11.004

113. Zhu X, Shen H, Yin X, Yang M, Wei H, Chen Q, et al. Macrophages derived
exosomes deliver miR-223 to epithelial ovarian cancer cells to elicit a chemoresistant
phenotype. J Exp Clin Cancer Res (2019) 38(1):81. doi: 10.1186/s13046-019-1095-1

114. Feng Y, Hang W, Sang Z, Li S, Xu W, Miao Y, et al. Identification of exosomal
and nonexosomal microRNAs associated with the drug resistance of ovarian cancer.
Mol Med Rep (2019) 19(5):3376–92. doi: 10.3892/mmr.2019.10008

115. Li N, Yang L, Wang H, Yi T, Jia X, Chen C, et al. MiR-130a and miR-374a
function as novel regulators of cisplatin resistance in human ovarian cancer A2780
cells. PloS One (2015) 10(6):e0128886. doi: 10.1371/journal.pone.0128886

116. Minato T, Ito S, Li B, Fujimori H, Mochizuki M, Yamaguchi K, et al. Liquid
biopsy with droplet digital PCR targeted to specific mutations in plasma cell-free tumor
DNA can detect ovarian cancer recurrence earlier than CA125. Gynecol Oncol Rep
(2021) 38:100847. doi: 10.1016/j.gore.2021.100847
Frontiers in Oncology 17
117. Giannopoulou L, Chebouti I, Pavlakis K, Kasimir-Bauer S, Lianidou ES.
RASSF1A promoter methylation in high-grade serous ovarian cancer: A direct
comparison study in primary tumors, adjacent morphologically tumor cell-free
tissues and paired circulating tumor DNA. Oncotarget (2017) 8(13):21429–43. doi:
10.18632/oncotarget.15249

118. Kamat AA, Baldwin M, Urbauer D, Dang D, Han LY, Godwin A, et al. Plasma
cell-free DNA in ovarian cancer: an independent prognostic biomarker. Cancer (2010)
116(8):1918–25. doi: 10.1002/cncr.24997

119. No JH, Kim K, Park KH, Kim YB. Cell-free DNA level as a prognostic
biomarker for epithelial ovarian cancer. Anticancer Res (2012) 32(8):3467–71.

120. Kuhlmann JD, Schwarzenbach H, Wimberger P, Poetsch M, Kimmig R,
Kasimir-Bauer S. LOH at 6q and 10q in fractionated circulating DNA of ovarian
cancer patients is predictive for tumor cell spread and overall survival. BMC Cancer
(2012) 12:325. doi: 10.1186/1471-2407-12-325

121. Marth C, Kisic J, Kaern J, Trope C, Fodstad O. Circulating tumor cells in the
peripheral blood and bone marrow of patients with ovarian carcinoma do not predict
prognosis. Cancer (2002) 94(3):707–12. doi: 10.1002/cncr.10250

122. Judson PL, Geller MA, Bliss RL, Boente MP, Downs LS Jr, Argenta PA, et al.
Preoperative detection of peripherally circulating cancer cells and its prognostic significance
in ovarian cancer. Gynecol Oncol (2003) 91(2):389–94. doi: 10.1016/j.ygyno.2003.08.004

123. Fan T, Zhao Q, Chen JJ, ChenWT, Pearl ML. Clinical significance of circulating
tumor cells detected by an invasion assay in peripheral blood of patients with ovarian
cancer. Gynecol Oncol (2009) 112(1):185–91. doi: 10.1016/j.ygyno.2008.09.021

124. Aktas B, Kasimir-Bauer S, Heubner M, Kimmig R, Wimberger P. Molecular
profiling and prognostic relevance of circulating tumor cells in the blood of ovarian
cancer patients at primary diagnosis and after platinum-based chemotherapy. Int J
Gynecol Cancer (2011) 21(5):822–30. doi: 10.1097/IGC.0b013e318216cb91

125. Obermayr E, Bednarz-Knoll N, Orsetti B, Weier HU, Lambrechts S, Castillo-
Tong DC, et al. Circulating tumor cells: potential markers of minimal residual disease
in ovarian cancer? a study of the OVCAD consortium. Oncotarget (2017) 8
(63):106415–28. doi: 10.18632/oncotarget.22468

126. Paracchini L, Beltrame L, Grassi T, Inglesi A, Fruscio R, Landoni F, et al.
Genome-wide copy-number alterations in circulating tumor DNA as a novel
biomarker for patients with high-grade serous ovarian cancer. Clin Cancer Res
(2021) 27(9):2549–59. doi: 10.1158/1078-0432.CCR-20-3345

127. Huang C, Lin X, He J, Liu N. Enrichment and detection method for the
prognostic value of circulating tumor cells in ovarian cancer: A meta-analysis. Gynecol
Oncol (2021) 161(2):613–20. doi: 10.1016/j.ygyno.2021.02.024

128. Zuberi M, Mir R, Das J, Ahmad I, Javid J, Yadav P, et al. Expression of serum
miR-200a, miR-200b, and miR-200c as candidate biomarkers in epithelial ovarian
cancer and their association with clinicopathological features. Clin Transl Oncol (2015)
17(10):779–87. doi: 10.1007/s12094-015-1303-1

129. Halvorsen AR, Kristensen G, Embleton A, Adusei C, Barretina-Ginesta MP, Beale
P, et al. Evaluation of prognostic and predictive significance of circulating microRNAs in
ovarian cancer patients. Dis Markers (2017) 2017:3098542. doi: 10.1155/2017/3098542
frontiersin.org

https://doi.org/10.18632/oncotarget.13286
https://doi.org/10.18632/oncotarget.13286
https://doi.org/10.1016/j.ygyno.2017.02.042
https://doi.org/10.1016/j.ygyno.2017.02.042
https://doi.org/10.3389/fonc.2020.00295
https://doi.org/10.1111/jog.14090
https://doi.org/10.1002/ijc.30633
https://doi.org/10.1200/JCO.2022.40.16_suppl.5559
https://doi.org/10.1200/JCO.2022.40.16_suppl.5559
https://doi.org/10.1038/ncomms11150
https://doi.org/10.1038/ncomms11150
https://doi.org/10.1016/j.ebiom.2018.11.004
https://doi.org/10.1016/j.ebiom.2018.11.004
https://doi.org/10.1186/s13046-019-1095-1
https://doi.org/10.3892/mmr.2019.10008
https://doi.org/10.1371/journal.pone.0128886
https://doi.org/10.1016/j.gore.2021.100847
https://doi.org/10.18632/oncotarget.15249
https://doi.org/10.1002/cncr.24997
https://doi.org/10.1186/1471-2407-12-325
https://doi.org/10.1002/cncr.10250
https://doi.org/10.1016/j.ygyno.2003.08.004
https://doi.org/10.1016/j.ygyno.2008.09.021
https://doi.org/10.1097/IGC.0b013e318216cb91
https://doi.org/10.18632/oncotarget.22468
https://doi.org/10.1158/1078-0432.CCR-20-3345
https://doi.org/10.1016/j.ygyno.2021.02.024
https://doi.org/10.1007/s12094-015-1303-1
https://doi.org/10.1155/2017/3098542
https://doi.org/10.3389/fonc.2023.1276085
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Liquid biopsy in ovarian cancer in China and the world: current status and future perspectives
	1 Introduction
	2 Screening
	3 Early diagnosis
	3.1 ctDNA and cfDNA
	3.2 CTCs
	3.3 Exosomes and miRNAs

	4 Surgery/perioperative liquid biopsy
	5 Treatment response and monitoring progression
	5.1 Predicting and monitoring response to PARP inhibition
	5.1.1 cfDNA and ctDNA

	5.2 Identifying platinum resistance and monitoring progression
	5.2.1 cfDNA and ctDNA
	5.2.2 CTCs
	5.2.3 Exosomes


	6 Prognostication and monitoring progression
	6.1 cfDNA and ctDNA
	6.2 CTCs and exosomes
	6.3 Circulating miRNAs

	7 Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


