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Simple Summary: Cervical cancer is the fourth most common cancer in women worldwide, and
its incidence is variably distributed between developed and less-resourced countries, in which
socio-economic issues and religious beliefs often limit the widespread diffusion and the access to
screening campaigns. In the “liquid biopsy” era, the application of non-invasive and repeatable
techniques to the identification of diagnostic, prognostic, and predictive biomarkers might facilitate
the management of this disease and, hopefully, improve its outcome. The purpose of this review
is to explore the progress status of liquid biopsy in cervical cancer patients. Several methods are
described, which include the analysis of circulating tumor cells, the search for pathogenic mutations
on circulating tumor DNA, as well as the identification of circulating RNAs, focusing on their
potential clinical applications and current limitations.

Abstract: Cervical cancer (CC) is the fourth most common cancer in women worldwide, with about
90% of cancer-related deaths occurring in developing countries. The geographical influence on disease
evolution reflects differences in the prevalence of human papilloma virus (HPV) infection, which is
the main cause of CC, as well as in the access and quality of services for CC prevention and diagnosis.
At present, the most diffused screening and diagnostic tools for CC are Papanicolaou test and the
more sensitive HPV-DNA test, even if both methods require gynecological practices whose acceptance
relies on the woman’s cultural and religious background. An alternative (or complimentary) tool for
CC screening, diagnosis, and follow-up might be represented by liquid biopsy. Here, we summarize
the main methodologies developed in this context, including circulating tumor cell detection and
isolation, cell tumor DNA sequencing, coding and non-coding RNA detection, and exosomal miRNA
identification. Moreover, the pros and cons of each method are discussed, and their potential
applications in diagnosis and prognosis of CC, as well as their role in treatment monitoring, are
explored. In conclusion, it is evident that despite many advances obtained in this field, further effort
is needed to validate and standardize the proposed methodologies before any clinical use.

Keywords: cervical cancer; liquid biopsy; circulating tumor cells; circulating tumor DNA; circulating
cell-free RNA; exosomes

1. Introduction

Despite the development of effective primary and secondary prevention strategies [1],
cervical cancer (CC) is still a major public health problem for middle-aged women, espe-
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cially in countries with fewer resources. In 2018, it was the fourth most common cancer
in women worldwide, after breast, colorectal, and lung malignancies, with about 90% of
cancer-related deaths occurring in developing parts of the world [2].

Such a geographical influence on disease evolution reflects differences in the preva-
lence of human papilloma virus (HPV) infection, which is the main cause of CC, as well as
in the access and quality of services for CC prevention and diagnosis [3].

During their lifetimes, more than 80% of women and more than 90% of men are
expected to be infected with HPV, generally before the age of 45 [4]. Even if the vast
majority of these infections resolve spontaneously within a couple of years, others may
persist and lead to slow and progressive changes within the cervix that can ultimately
result in cancer development [5].

The Papanicolaou (Pap) test has been for decades the standard method for CC screen-
ing, but its relatively low sensitivity (about 50%) and reproducibility [6] have led to the
incorporation of HPV-DNA test into screening programs, which has been shown to provide
60–70% greater protection against invasive CC, compared to Pap-test alone [7].

However, several studies have shown that in low- and middle-income countries,
socioeconomic, cultural, and ethical issues adversely affect the quality of both prevention
and treatment of gynecological cancers [8]. In particular, cultural and religious beliefs
in some regions of Africa, Middle East, and Asia induce patients to underestimate the
severity of these diseases and, in some cases, preclude any diagnostic and therapeutic
approaches [8–11]. Moreover, barriers are commonly raised by the fear of social and
familial disapproval [9] towards gynecological practices. It is of note that similar issues
are often encountered within ethnic groups immigrating to Western countries, in whom
a higher incidence of gynecological malignancies is observed compared to the native
population [12,13].

These observations suggest that a “liquid biopsy” based approach may theoretically
represent a valid additional (or alternative) model for CC screening, diagnosis, and follow-
up [14], besides giving potential prognostic and predictive information.

Indeed, the considerable biotechnological advances achieved in recent years, thanks
to the advent of next-generation sequencing (NGS), digital-PCR (dPCR), and other high
throughput “omics” techniques, have led to the possibility of studying minimal amounts
of RNA or DNA from tumor cells [15,16].

Such a high analytical sensitivity has been successfully applied to the research and
identification of tumor cells within body fluids, in most cases, peripheral venous blood.

At present, the most popular liquid biopsy approaches consist of the detection and
isolation of circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs).

ctDNA represents a fraction of circulating cell-free DNA (ccfDNA), namely the cell-free
circulating nucleic acid fragments normally present in plasma and serum as a consequence
of both active release by lymphocytes and cell lysis, which is specifically attributable to the
lysis of tumor cells in the bloodstream [17]. The analysis of ctDNA can provide information
that is in some agreement with that obtained from the molecular screening of tumor tissue
biopsies, enabling the identification of somatic gene mutations, polymorphic sequence
variants, or gene fusions that are useful for diagnosis, definition of patient prognosis, and
risk of disease recurrence, or ideally, act as therapeutic targets [16,18].

CTCs are poured into the bloodstream from primary or secondary tumor sites, and
despite their very small number with a frequency of approximately 1–10 tumor cells in
106–108 white blood cells, they are potentially able to give origin to distant metastases [18].
The identification and isolation of CTCs, especially in patients with early-stage disease, are
closely related to the sensitivity and specificity of the isolation methods, usually consisting
of sophisticated procedures including preliminary enrichment and subsequent isolation
steps [16,19]. Numerous studies on breast, gastrointestinal, lung, skin, and prostate malig-
nancies have shown that a CTC count above cut-off values between 3 and 5 CTCs/7.5 mL
blood, determined by using the CellSearch platform, is associated with shorter progression-
free survival (PFS) and overall survival (OS) [16,20–22]. CTCs are also a valuable source
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of well-preserved nucleic acids, useful for downstream mutational and gene expression
analyses.

In addition to ctDNA and CTCs, the study of circulating cell-free RNA (ccfRNA)
plays a considerable role in the context of liquid biopsy, with significant diagnostic and
prognostic implications. Indeed, similarly to ctDNA, ccfRNA molecules are released into
the circulation under both physiological and pathological conditions [23]. In this context,
there is considerable interest in miRNAs, namely small non-coding RNAs that regulate gene
expression at the post-transcriptional level. miRNAs mediate intercellular communication,
and alterations in their expression profile are closely correlated with the onset and/or
progression of many types of cancers [24].

In addition to these methods, there are many others, even more innovative, that
still require clinical validation and analytical standardization. For instance, cancer cells
are known to release “extracellular vesicles” (EV) into the circulation, which carry key
elements, such as DNA, messenger RNA (mRNA), microRNA, and proteins, useful to
investigate tumor characteristics since its very earliest stages [16,19,25].

This review aims to describe the state of the art and the current knowledge of liquid
biopsy in CC, focusing on the perspectives and limitations of the main methodologies
employed, their potential diagnostic and prognostic applications, as well as their theoretical
therapeutic implications.

2. Circulating Tumor Cells (CTCs)

Collection of CTCs represents a non-invasive, real-time means to investigate tumor
heterogeneity, as well as to monitor disease evolution and response to treatment over
time. Moreover, the identification of specific molecular targets on CTCs may enable us to
recognize resistance mechanisms and test new potential therapeutic agents [16,20].

The strategies for detecting and isolating CTCs in CC generally rely on physical and
morphological properties of the cells, as well as on the identification and quantification of
HPV oncogenes and epithelial markers, by using molecular and/or immunofluorescence
procedures [26–28]. Despite the numerous attempts made by researchers in this field, CTC
identification and quantitation is still scarcely diffused in CC compared to other solid
malignancies, probably due to the lack of specific tumor markers, as well as to the low
number of CTCs detectable within peripheral blood samples. In this regard, the number of
CTCs has been shown to vary in relation to the cancer clinical stage, ongoing therapies,
and isolation methods [29].

Several groups applied nucleic acid-based methods to detect CTCs in blood (Table 1).
In particular, mRNA amplification of specific markers was considered more useful than
ctDNA detection, since mRNA is extremely labile and degradable in biological samples
and, therefore, specifically reflects the presence of circulating viable cells, compared to
ctDNA, which is more stable and can derive also from necrotic or apoptotic ones [28].

In 1997, Stenman and colleagues detected uterine cervix-derived CTCs by searching
for squamous cell carcinoma antigen (SCC-Ag) via RT-PCR [30]. On the other hand,
several authors detected HPV mRNA in the peripheral blood of metastatic CC patients [31]
whereas, in other instances, the detection of cytokeratin 19 (CK19) mRNA was used to this
purpose [32]. However, in the latter case, even if the authors detected CK19 expression
in 21.4% of CC patients, compared to its absence in healthy donors, no correlation with
clinical parameters or survival was found [32].
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Table 1. Summary of methods used to identify CTCs in CC.

Method Markers for CTC Detection N. of Patients Clinical
Significance Reference

Reverse transcriptase-polymerase
chain reaction (RT-PCR)

Squamous-cell carcinoma (SCC)
antigen mRNA 15 Prognostic [30]

RT-PCR HPV type 16 E6 mRNA 15 Prognostic [31]

Nested RT-PCR CK19 mRNA 84 None [32]

Digital-direct-RT-PCR HPV16, HPV18 mRNA 10 None [33]

Filtration through 8µm membrane
pores and in vitro culture of CTCs

Cytomorphological evaluation
and gene expression profiling 1 None [34]

Peripheral blood cell infection
with a green fluorescent protein

(GFP)-modified adenoviral vector
(OBP-1101) and subsequent
fluorescence imaging and

capture of GFP+/CD45− CTC

E6/E7 HPV gene 23 None [35]

Negative enrichment with
anti-CD45 microbeads and

fluorescence in situ hybridization
(FISH) for CEP8 probe

Hyperdiploid
CEP8+/DAPI+/CD45- 99 Prognostic [36]

CanPatrolTM technique and
anti-CD45 antibody

RNA in situ hybridization for
epithelial (EPCAM, CK8) and

mesenchymal (Vimentin, TWIST)
markers

90 Prognostic [37]

Negative enrichment with
anti-CD45 microbeads and FISH

for CEP8 probe

Hyperdiploid
CEP8+/DAPI+/CD45− 107 Prognostic [29]

CellSearch system Pan-CK+/CD45− 176 Predictive [38]

A few years later, Fehm and colleagues tried to identify disseminated tumor cells
(DTCs) in the bone marrow of patients with gynecological tumors by immunohistochemical
staining for pan-cytokeratin. The authors demonstrated that 26% of patients with CC
presented DTCs, and this finding significantly correlated with FIGO tumor stage (p < 0.05)
but not with other known prognostic factors [39]. Subsequently, they confirmed the same
data on a greater cohort of patients, finding a correlation with primary tumor size and
nodal involvement [40,41]. However, the presence of these cells in the bone marrow did
not correlate with OS nor with disease-free survival (DFS) [42].

By exploiting more sensitive molecular techniques, Pfitzner proposed the digital-
direct-RT-PCR for HPV16 and HPV18 viral transcripts as a useful method to detect and
quantify CTCs in patients with CC [33]. In particular, in 3 out of 10 patients, they found
the presence of a single CTC expressing the HPV oncogene transcript among 5 to 15 × 105

peripheral blood cells, demonstrating the high sensitivity of the method.
An anecdotal report on a single CC patient described a size-based method to enrich

and isolate CTCs, based on the sample filtration through a polycarbonate membrane with
8 µm pores. Interestingly, CTCs were cultured and then characterized for their viabil-
ity, cytomorphological properties, and gene expression for tumor- and chemoresistance-
associated genes. Moreover, also ovarian and endometrial cancer CTCs from two separate
patients were analyzed, but the gene expression analysis was not able to demonstrate any
differences among cancers [34].

Takakura and colleagues used an alternative method to identify CTCs by infecting nu-
cleated cells in 23 blood samples from CC patients, at different disease stages, with a green
fluorescent protein (GFP)-modified adenoviral vector, namely OBP-1101, which specifically
targets cancer cells characterized by high telomerase activity [35]. Then, the cells were
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stained with anti-CD45, anti-pan-cytokeratin, and anti-CK19 antibodies to discriminate
CTCs by residual blood components, whereas nuclei were stained by 4′,6-diamidino-2-
phenylindole (DAPI). CTCs were identified, captured by automatically manipulated glass
pipettes and tested for HPV gene to confirm their origin. CTC analysis revealed that these
cells had lost their epithelial features (since they were cytokeratin-negative), but maintained
the same HPV subtypes infecting tumor cells in the primary lesion. However, CTC count
did not correlate with disease status and the method turned out to be time consuming
and strictly dependent on viral infection ability. For these reasons, it was considered not
applicable to a large cohort of patients and was not further developed.

On the other hand, a wider study conducted on 99 patients with locally advanced CC
(FIGO IIB-IVA) who had undergone radiotherapy or chemoradiotherapy demonstrated that
the combination of SCC-Ag levels and CTC count was significantly associated with DFS
(HR 2.711, p = 0.000) [36]. Moreover, by multivariate analysis, the authors stated that CTC
number, FIGO stage, and serum SCC-Ag level were independent prognostic factors for
2-year DFS and suggested this method as a new risk model to predict disease progression.
Interestingly, CTCs were identified by a new methodology including negative enrichment
and detection of chromosome 8 (CEP8) hyperdiploid status based on immunofluorescence
in situ hybridization (NEimFISH), in the absence of CD45 as a leukocyte marker.

Based on previous reports describing the role of epithelial to mesenchymal transition
(EMT) in the migration and survival of CTCs, as part of the metastatic cascade [39–41],
Pan and colleagues analyzed the phenotype of CTCs from 90 patients with FIGO I-IIA CC,
which were further classified as “epithelial”, “mesenchymal”, or “mixed” [37]. CTCs were
enriched by CanPatrolTM technique, together with an anti-CD45 antibody, and character-
ized by branched DNA signal amplification for epithelial (EPCAM, CK8) and mesenchymal
(Vimentin, TWIST) markers. In this study and in agreement with previous findings, higher
clinical stage, the presence of lymph node metastases, lymphovascular and stromal inva-
sion correlated with a higher number of mesenchymal CTCs (p < 0.01).

More recently, another study has evaluated the prognostic significance of CTCs in
patients with CC and analyzed the relationship of this parameter with demographics and
clinical characteristics. In particular, 107 blood samples, collected after radiotherapy or
during concurrent cisplatin-based chemotherapy, were analyzed for their CTC content [29]
by applying a preliminary negative enrichment and the previously described NEimFISH
method [36]. Patients with at least one CTC had significantly shorter PFS (median PFS
39.8 months; 95% CI: 34.6–45.0 months) than CTC-negative ones (median PFS 44.8 months;
95% CI: 40.6–49.0 months; p = 0.018) over a 2-year follow-up and, based on these results,
the authors proposed the CTC count as an independent prognostic factor in CC.

For the first time, a phase III randomized clinical trial leading to the regulatory ap-
proval of bevacizumab in recurrent/metastatic CC investigated the predictive/prognostic
role of CTC count [38]. The total population enrolled in the study comprised 452 patients,
randomized to receive different taxane-containing therapies with or without bevacizumab.
CTCs were analyzed in 176 patients at baseline and at 36 days post-cycle 1 by CellSearch
using anti-epithelial cell adhesion molecule (EPCAM) microbeads. Finally, CTCs were
isolated and, subsequently, characterized by immunofluorescence microscope as anti-
cytokeratin positive/anti-CD45 negative cells. The median CTC count at baseline was
7 cells/7.5 mL blood versus 4 cells/7.5 mL post-cycle 1, regardless of treatment arm. Pa-
tients with low CTC count at baseline did not significantly benefit from bevacizumab
addition in terms of OS (15.8 versus 17.1 months) and experienced a median OS similar to
patients with high CTC count who did not receive bevacizumab (16.2 months). In a similar
fashion, the PFS of women with low CTC count was not significantly modified by beva-
cizumab addition (median PFS 7.3 versus 6.2 months; HR 0.95; 95% CI, 0.58–1.55), whereas
this outcome was significantly improved in patients with high CTC count at baseline who
received bevacizumab compared to controls (median PFS 10.8 vs. 6.9 months, HR 0.59; 95%
CI, 0.36–0.96). This effect was more pronounced in subjects receiving cisplatin-paclitaxel
chemotherapy backbone, in whom the median PFS with and without bevacizumab was
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14.6 versus 6.4 months (HR 0.26; 95% CI, 0.12–0.55), respectively. Based on these data, the
authors proposed CTC count as a predictive biomarker to guide treatment selection in
these patients [38].

Although the identification and counting of CTCs in CC is considered an interesting
topic worthy of further investigation, the literature evidence is still contradictory, to date.
First of all, the methods used to detect CTCs are quite variable and probably each of
them underestimates the real amount of CTCs in a blood sample. Furthermore, there is
no clinical homogeneity in the patient populations enrolled in the different studies, and
therefore, it is difficult to draw definitive conclusions about CTC significance in prognosis
or prediction of response to therapy, whereas there is a lack of studies investigating the
putative diagnostic meaning of CTCs in this setting. In addition, some markers used to
identify CTCs are lost during the EMT process, following extravasation and adaptation to
the microenvironment. Therefore, a consensus would be necessary to obtain more reliable
and reproducible data on the usefulness of CTCs in this setting. Moreover, the application
of deep sequencing technologies to CTCs might provide additional information on their
molecular heterogeneity and consequent potential clinical implications.

3. Circulating Cell-Free DNA (ccfDNA)

Cancers are well known to shed ctDNA into the bloodstream, although the exact
mechanisms for ctDNA release are still unclear [16,42]. Moreover, the amount of ctDNA
derived from tumor cells depends on several factors, i.e., the tumor volume or turnover
rate [43], and represents only a small fraction of the whole plasma ccfDNA [14,16]. This
highlights the need for extremely sensitive detection methods for ctDNA to be applied in
the clinical practice, but to date, little is known about the clinical implications of ctDNA
assessment in gynecologic malignancies and, more specifically, in CC [44].

Preliminary reports based on the dosage of ctDNA levels in patients with CC versus
healthy controls showed that plasma ctDNA content was significantly higher in the for-
mer and associated with International Federation of Gynecology and Obstetrics (FIGO)
tumor stage (p < 0.05), histological grade, infiltration depth, and presence of lymphatic
metastases [45,46].

Based on previous studies that extensively characterized the mutational spectrum
of CC [47], some authors applied targeted NGS panels or dPCR to ctDNA detection to
identify gene variants potentially useful for diagnosis, prognosis, or evaluation of response
to therapy (Table 2).
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Table 2. Pre-clinical and clinical studies investigating the role of circulating ctDNA in CC.

Mutated Genes/Viral DNA Method N. of CC Patients Putative Clinical
Validity References

PIK3CA dPCR 117 Prognostic [48]

ALK, RET, CSF1R, MET, EGFR, APC, ABL1,
NOTCH1, KDR, HNF1A, PDGFRA, ATM,

SMO, ERBB2, FGFR2, GNAS, TP53, PTPN11,
KRAS, CDH1, FLT3, FGFR3, MLH1, PIK3CA,
PTEN, JAK3, MPL, ERBB4, KIT, RB1, IDH1

NGS 57 Prognostic [49]

ZFHX3, KMT2C, KMT2D, NSD1, ATM,
RNF213, FAT1, CHD4, FAT4, TRRAP, EP300,

PIK3CA, PTEN, TP53, ARID1A, CTCF,
PIK3R1, FXBW7

NGS 24 Follow-up [50]

PIK3CA, TP53, FXBW7, ERBB2, PTEN,
CDKN2A, KRAS, BRAF, MYC, MET,

ARID1A, CCNE1, FCFR2, APC, CTNNB1,
NRAS, CCND1, TERT

NGS 13 Prognostic,
Predictive [44]

PIK3CA, BRAF, GNA11, FBXW7, CDH1,
ALK, STK11, VHL, PDGFRA, HNF1A, MPL,
ABL1, RET, KDR, KIT, CDFR1, ATM, EGFR,
FGFR1, FGFR2, GNAS, AKT1, KRAS, PTEN,

SRC, FLT3, SMO, HRAS, JAK3

NGS 82 Prognostic,
Follow-up [51]

PIK3CA (30.1%), MLL3, TP53, MLL2, EP300,
PTEN, FGFR3, DNMT3A, PTCH1, TERT,

AKT1, BRAF, BRCA1, ERBB2, TSC2
NGS 126 Prognostic,

predictive [42]

One of the first analyses performed by dPCR on plasma samples from Chinese women
with primary invasive CC allowed the identification of PIK3CA mutations (i.e., p.E542K and
p.E545K) in 26 out of 117 (22.2%) patients. The presence of PIK3CA alterations significantly
correlated with high pathological grade (p < 0.001) and large tumor size (p < 0.05), as well
as with decreased disease-free survival (DFS) and OS (p < 0.05 in both instances) [48],
in agreement with previous studies describing the role of PIK3CA alterations in cervical
tumorigenesis [52].

Later on, Tian and coworkers, by employing a targeted NGS analysis of 48 cancer-
relevant genes on ctDNA samples from 57 Chinese CC patients, identified a high frequency
of pathogenic mutations in KDR (35.1%), ALK (33.3%), EGFR (33.3%), and ATM (31.6%),
while PDGFRA, CSF1R, ERBB2, HNF1A, NOTCH1, TP53, APC, KRAS, and PTPN11 muta-
tions had a frequency just over 20%. In order to correlate these data with clinical outcome,
the authors used an algorithm to estimate the allele fraction deviation (AFD), obtained
by calculating for each patient the deviance between the mutant allele fraction (MAF)
found in the ctDNA and the one found in matched white blood cells. Despite the small
sample size, which limited statistical considerations, the study highlighted that AFD value
tended to decrease in CC patients after treatment (surgery, chemotherapy, radiotherapy, or
multimodal approaches) in parallel with tumor size while, when remaining steadily high,
it did correlate with disease progression and metastasis onset. In addition, in patients with
low baseline AFD, a subsequent increase was suggestive of relapse [51].

In another small study, Lee and coworkers used a customized NGS panel including
51 target genes to isolate both ctDNA and CTC-DNA from the peripheral blood of 20 gyne-
cological cancer patients (including four cases of CC) and compared the variants found in
each couple of DNA samples, describing BRCA2, ERBB2, ESR1, FGFR4, PTCH1, STK11,
and TSC2 as common overlapping mutated genes in the overall cohort [53].

Subsequently, the same research group focused on CC patients, collecting and ana-
lyzing the ctDNA from 24 Korean women one week prior to primary treatment by using
another custom NGS panel made up of 24 genes, previously described within The Cancer
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Genome Atlas program [47,50]. The authors identified alterations in 18 out of 24 genes
analyzed, among which ZFHX3, KMT2C, KMT2D, NDS1, ATM, and RNF213 were found
mutated with a frequency ranging from 27% to 83%. All subjects harbored mutational
events in at least three genes, with an average of nine variants per patient, whose longitu-
dinal monitoring was proposed by the study authors as a promising means to evaluate
treatment response over time [50].

In another study, Tian and colleagues applied a wider NGS panel (including 1517
hotspot regions in 313 cancer-related genes) to the analysis of ctDNA samples from
52 disease-free and 30 metastatic or relapsed CC patients. By using this approach, the
authors identified specific mutations in PIK3CA, BRAF, GNA11, FBXW7, and CDH1 genes
in the ctDNA isolated from the metastatic cohort, with a 25% prevalence of PIK3CA alter-
ations, while less common mutations were found in other genes (e.g., ALK, STK11, VHL,
PDGFRA, HNF1A, MPL, and ABL1). Patients with less than two metastatic sites harbored
a number of mutations significantly lower than those with ≥2 lesions (p = 0.001); moreover,
a significant correlation emerged between the presence of any of the above mentioned
mutations and shorter PFS (HR 2.57, 95% CI: 1.20–5.52, p = 0.005) and OS (HR 2.66, 95%
CI: 1.20–5.87, p = 0.007). In addition, the authors attempted to investigate whether the
identified mutations correlated with response to chemotherapy; to this purpose, a total of
23 metastatic CC patients underwent serial ctDNA analyses, and interestingly, a reduction
in the number of variants over time was significantly associated with response to treatment,
while the reverse was true for patients who experienced disease progression (OR 21.00,
95% CI: 2.07–131.90; p = 0.007) [49].

A recent work by Charo and coworkers has described the application of a 73 gene-
NGS panel to the ctDNA analysis of 105 gynecologic cancer patients enrolled in the Profile
Related Evidence Determining Individualized Cancer Therapy (PREDICT) clinical trial.
Within the CC cohort of this study (N = 13), the authors have identified PIK3CA and TP53
gene mutations in 61.5% and 38.5% of cases, respectively, followed by FBXW7, ERBB2,
and PTEN with frequencies slightly above 10%. Once mutational analyses were matched
with clinical data, the number of mutations found in the ctDNA emerged as significantly
correlated with OS (HR 1.91, p = 0.03) within the whole patient cohort. Moreover, treatment
selection according to ctDNA analysis findings has been associated with improved OS
(p = 0.007), confirming the potential applicability of such an approach to the clinical practice,
for prognostic and predictive purposes [44].

Another recent study by Zhang and coworkers has described the largest ctDNA
analysis so far, performed on over 10,000 Chinese patients and covering a broad range of
cancer types, among which were 126 cases of CC. The NGS of these samples, performed
with a panel covering 1020 genes, showed PIK3CA as the most frequently mutated gene
(about 30%) followed by MLL3, TP53, MLL2, EP300, PTEN, FGFR3, DNMT3A, PTCH1, and
TERT. Based on these results, largely overlapping those derived from CC tissue sequencing
and previously reported [47], the authors have concluded in favor of the broad application
of ctDNA within precision medicine programs [42].

Another line of research that is worth mentioning in a CC setting has focused on
circulating HPV DNA as a potential tumor marker due to the well-established role of this
virus in cervical carcinogenesis [54,55].

A noteworthy meta-analysis on this topic was performed by Gu and coworkers by
examining 10 eligible studies up to March 2019, which involved 684 CC patients overall.
This study, which compared different technologies as real-time PCR, methylation-specific
PCR, and dPCR performed on patients’ plasma or serum, highlighted an overall 0.27
sensitivity and 0.94 specificity of these methods, demonstrating that dPCR was the most
accurate in detecting HPV cDNA [55].

In a similar fashion, Cheung and coworkers [43] demonstrated this proof of concept
by applying dPCR to the detection of HPV DNA fragments in the blood samples of 138 CC
patients. Although limited by the small sample size, this study provided evidence that
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patients with a high viral load (defined as ≥20 copies per 20 µL of the reaction volume)
had increased risk of recurrence (p = 0.03) and death (p = 0.007) at 5 years [43].

Moreover, a correlation between HPV DNA methylation and CC onset was described
by Guerrero-Preston and coworkers, who tried to test whether a high-throughput panel of
methylated viral and human genes could identify women with grade 2 or higher cervical
intraepithelial neoplasia (CIN). Rather than on blood, this panel was set up on liquid-based
cervical cytology samples over a prospective cohort of 107 women and also tested on urine,
successfully discriminating cervical samples with pre-cancerous lesions from the negative
ones [56].

In conclusion, despite the few studies investigating the correlations between ctDNA
and CC, these preliminary results suggest promising perspectives of this method in the clin-
ical monitoring, prognostic, and therapeutic evaluation of CC patients, whose development
is recommended.

4. Total and Cell-Free Circulating RNA
4.1. Coding RNAs

In addition to CTCs and ctDNA, circulating RNAs have been widely investigated in
CC for diagnostic and prognostic purposes (Table 3) [57].

The first studies on this topic focused on coding RNAs, namely those RNAs that are
translated into proteins and act as “messengers” (mRNAs) of genetic information from the
cell nucleus to the cytoplasm [58].

Several mechanisms have been proposed to explain the presence of RNAs in the
bloodstream, including tumor cell necrosis, apoptosis, and active release by cancer cells [23].

With respect to mRNAs, in 1997, Pao and coworkers described the presence of tran-
scriptional products of the HPV-16 E6 transforming gene in the whole peripheral blood of
12 patients with HPV-positive metastatic CC by applying a RT-PCR based protocol [31]. A
few years later, the same authors identified both HPV-16 and HPV-18 circulating E6 mRNAs
in 18 out of 35 CC patients, describing a significant correlation between the presence of
such biomarkers and high-risk disease features, namely, a primary tumor diameter >4 cm
(p = 0.03), positive pelvic lymph nodes (p = 0.03), and distant metastases (p = 0.01) [59].

In a similar fashion, the detection of total circulating epidermal growth factor receptor
(EGFR) mRNA by RT-PCR was found to correlate with FIGO clinical stage of CC (p < 0.05);
on the other hand, tumor histological features and size, patient age, and nodal status were
not associated with EGFR mRNA detection [60].

A few years later, Zhang et al. attempted to isolate B cell-specific moloney murine
leukemia virus integration site 1 (Bmi-1) mRNA (encoding a transcriptional modulator
that participates in cell proliferation and cancer progression) in the plasma of CC patients,
as well as in women with CIN and healthy controls (N = 109, 138 and 80, respectively). By
applying a RT-PCR based approach, the authors described significantly higher circulating
levels of this mRNA in CC patients compared to those in “CIN” and “control” groups
(median values: CC = 0.129; CIN3 = 0.037; CIN2 = 0.023; CIN1 = 0.004; control = 0.003;
p < 0.001 in all instances). Moreover, a correlation between this putative biomarker and
clinical stage was proven (p < 0.001), while the optimal cut-off value was set at 0.057,
reaching a 69.7% sensitivity and a 95.9% specificity [61]. Interestingly, Kaplan–Meier
analysis further demonstrated a correlation between high circulating Bmi-1 mRNA levels
and poor DFS (p = 0.001) and OS (p = 0.015) [61].

However, due to the huge amount of ribonucleases found in the serum of cancer
patients [62], degradation of extracellular circulating mRNAs was frequently observed,
together with potential contamination by intracellular mRNAs [63]. This limited both the
reproducibility and the applicability of circulating mRNAs as cancer biomarkers, leading
to the development of further, probably more reliable, RNA-based technologies that will
be discussed in the next sections.
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4.2. Non-Coding RNAs

Non-coding RNAs are functional RNA molecules that lack the capacity of protein
coding but actively participate in the epigenetic regulation of gene expression. This
subgroup of RNAs is made up of long non-coding RNAs (lncRNA), short interfering RNAs
(siRNAs), microRNAs (miRNA), and piwi-interacting RNAs (piRNA), among others [64].

These epigenetic modulators have been shown to play key roles in cell transformation,
participating in different steps of both CIN and CC development [65]. Most observations
in the field of circulating RNAs applied to CC involve lncRNAs and miRNAs and will be
discussed here (Table 3).

Table 3. Pre-clinical and clinical studies investigating the role of circulating RNAs in CC.

Type of RNA Biomarker Name N. of CC Patients Putative Clinical Validity References

mRNA HPV-16 E6 mRNA
HPV-18 E6 mRNA 35 Prognostic [59]

mRNA EGFR mRNA 45 Prognostic [60]

mRNA Bmi-1 mRNA 109 Diagnostic
Prognostic [61]

lncRNAs HOTAIR, PVT1,
AL592284.1, XLOC_000303 300 Diagnostic [66]

lncRNA AC017078.1 XLOC_011152 24 Diagnostic [67]

lncRNA lncRNA DLX6-AS1 114 Diagnostic
Prognostic [68]

miRNA miR-218 90 Diagnostic
Prognostic [69]

miRNA miR-20a 80 Diagnostic [70]

miRNAs
miR-20a, miR-1246,

miR-2392, miR-3147,
miR-3162-5p, miR-4484

80 Prognostic [71]

miRNA miR-196a 105 Diagnostic
Prognostic [72]

miRNAs miR-21, miR-25, miR-29a,
miR-200a, miR-486-5p 213 Diagnostic [73]

miRNA miR-138 Pre-clinical study Therapeutic [74]

miRNA miR-148b Pre-clinical study Therapeutic [75]

miRNA miR-425-5p 40 Diagnostic
Prognostic [76]

miRNA miR-30e Pre-clinical study Therapeutic [77]

miRNA miR-187
60 Prognostic

[78]
Pre-clinical study Therapeutic

miRNA miR-138
168 Prognostic

[79]
Pre-clinical study Therapeutic

miRNA miR-195 Pre-clinical study Therapeutic [80]

miRNA miR-214 Pre-clinical study Therapeutic [81]

miRNA miR-486-5p Pre-clinical study Diagnostic
Therapeutic [82]

miRNAs miR-17-5p, miR-32-5p,
miR-409-3p, miR-454-3p 115 Diagnostic [83]

miRNAs + protein miR-25, -29a,
-486-5p (+ SCC Ag) 200 Diagnostic [84]

exosomal miRNAs let-7d-3p, miR-30d-5p 63 Diagnostic [85]

exosomal miRNA miR-125a-5p 44 Diagnostic
Prognostic [86]
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LncRNAs consist of more than 200 nucleotides and control tumorigenesis and metas-
tasis processes by interacting with chromatin-modifying complexes or acting as a decoy for
transcription factors and miRNAs. These molecules are easily detectable in different body
fluids, including serum and plasma [67], either in free-circulating form or enclosed into
small extracellular vesicles, such as apoptotic bodies or exosomes [87], whereas a fraction
of lncRNAs is released in body fluids conjugated with stabilizing proteins [88].

Among free-circulating lncRNAs, HOX transcript antisense intragenic RNA (HOTAIR)
has been found overexpressed in several solid malignancies, including breast, cervical,
and ovarian cancer [89,90]. Indeed, preliminary in vitro studies demonstrated a significant
upregulation of HOTAIR in CC cell lines, with its inhibition resulting in suppression of
tumor cell proliferation and migration [91]. In 2018, Sun and coworkers described a 3.5-fold
over-expression of HOTAIR in the whole blood of 300 CC patients compared with 180
healthy controls. Once this putative biomarker was combined with other three lncRNAs
(i.e., PVT1, AL592284.1, and XLOC_000303), the positive and negative predictive values of
this composite score reached 88% and 84%, respectively [66]. In another work by Iempridee
et al., two lncRNAs (i.e., AC017078.1 and XLOC_011152) were found significantly downreg-
ulated in the serum of both early stage (I/II) and advanced (III/IV) CC patients compared
to healthy controls (p < 0.0001 in both instances), suggesting the putative diagnostic role of
these biomarkers [67].

More recently, Ding and coworkers have explored the potential application in CC
of another lncRNA, namely DLX6-AS1, already known for its oncogenic role in other
solid malignancies [92–95]. The authors have evaluated, via quantitative RT-PCR, its
serum exosomal levels in 114 CC patients, as well as in 60 women with CIN and 110
healthy subjects, describing not only significantly higher concentrations of this marker
in CC patients versus CIN and controls (p < 0.001 in both instances) but also a positive
correlation with lymph node metastasis (p = 0.0071) and FIGO stage (p < 0.0001); in addition,
exosomal lncRNA DLX6-AS1 has turned out to be an independent prognostic marker for
OS (HR = 3.38, 95% CI = 1.742–6.178, p = 0.009) in multivariate analysis [68].

On the other hand, miRNAs are single-stranded RNAs made up of approximately
19–25 nucleotides, potentially acting as either oncogenic (oncomiR) or tumor suppressive
molecules and, hence, often deregulated in patients with solid malignancies, including
CC [57,96]. In particular, these RNAs are able to bind mRNAs and participate in the
post-transcriptional regulation of key genes involved in cell proliferation, invasion, and mi-
gration [96]. Similarly to lncRNAs, miRNAs can be found both in the cellular compartment
and extracellularly, bound to proteins or within extracellular vesicles [97].

A meta-analysis of miRNA profiles related to CC was performed by He et al., including
3922 primary tumor samples and 2099 controls; the analysis showed 63 differentially
expressed miRNAs (DEmiRs) between the two groups (42 up- and 21 downregulated in
CC), most of which were found to target such key oncogenic pathways as ErbB, MAP
kinase, mTOR, p53, TGFβ, and Wnt [98].

Later on, several authors focused on free-circulating miRNAs for diagnostic, prognos-
tic, or therapeutic purposes [57].

Zhao and coworkers described a significant upregulation of miR-20a in the serum of
CC patients, and especially in those with lymph node metastases, compared to healthy
controls (p = 0.004 and p = 0.000, respectively) [70].

Afterwards, multiparametric panels were developed to optimize the ability of miRNAs
to act as CC diagnostic biomarkers. Among these, a panel made up of five serum miRNAs
(i.e., miR-21, -25, -29a, -200a, and -486-5p) was identified by Jia et al. through a two-
step procedure, based on preliminary genome-wide miRNA sequencing followed by
quantitative PCR (qPCR) verification. The panel successfully distinguished CC patients
from healthy controls, reaching a higher AUC value (0.908, 95% CI: 0.868–0.948) than
those observed for any of the single miRNA-based assays (range 0.658–0.819). Moreover,
at its optimal cut-off value, the specificity and the sensitivity of the test were 88.6 and
81.0%, respectively [73]. Recently, another group has further validated three of the above
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mentioned miRNAs (i.e., miR-25, 29a, and -486-5p) in association with a serum protein
biomarker (i.e., SCC Ag), within a multi-parametric panel that is able to distinguish early-
stage CC patients from healthy controls, with a sensitivity of 80.0% and specificity of
96.7% [84].

In addition to having diagnostic potential, some cell-free circulating miRNAs were
found able to provide prognostic information in CC patients.

In consideration of its tumor suppressive activity described in other solid malignan-
cies [99,100], miR-218 was the focus of a study by Yu et al., who evaluated its expression
by qPCR in the serum of 90 CC patients compared to age-matched controls. Notably,
the authors demonstrated not only a significant downregulation of the molecule in the
former group (p < 0.001), as expected, but also an association of its expression with tumor
stage (stage I-II: 0.425 ± 0.033; stage III-IV: 0.128 ± 0.016, p < 0.001) and two-year survival
probability, although such a correlation did not reach statistical significance [69]. However,
the putative prognostic role of miR-218 was not further investigated in prospective clinical
studies.

On the other hand, miR-196a, which is known to promote tumor cell proliferation and
migration [101,102], was found over-expressed in CC cell lines and tissues [101,103]. In an
attempt to evaluate its putative clinical meaning, miR-196a was measured in the serum of
105 CC and 86 CIN patients and compared to healthy controls (N = 50). The study results
showed that patients with CC had significantly higher levels of serum miR-196a than CIN
patients and healthy subjects (p < 0.05 and p < 0.01, respectively); moreover, the expression
of miR-196a significantly correlated with primary tumor features, such as size and grading
(p < 0.05 in both instances), as well as the presence of lymph node metastases (p < 0.05)
and clinical stage (p = 0.004). Interestingly, the five-year OS rate of women with serum
miR-196a levels above the mean value was significantly worse than that of patients in the
“lower” group (39.47% versus 73.13%; p = 0.004) [72].

Other circulating miRNAs have been suggested as “predictive” of lymph node metas-
tases in early-stage CC patients [70,71,104]; among these, miR-20a, miR-1246, miR-2392,
miR-3147, miR-3162-5p, and miR-4484 appeared very promising due to their low suscepti-
bility to variations observed between tissue and serum samples [71].

More recently, a small study by Sun et al. has reported significantly higher serum
concentrations of miR-425-5p in CC patients compared to both women with benign cervical
disease and healthy controls. In particular, miR-425-5p upregulation has been found to
correlate with TNM stage (p = 0.0003) and presence of lymph node metastases (p = 0.0037),
as well as poor OS (p = 0.0571) and DFS (p = 0.0046) [76], although validation of these
data on a wider patient series is mandatory before any clinical application. Indeed, some
drawbacks still limit the wide-scale use of miRNAs in the clinical practice, including
technical and processing variability among studies, poor specificity and reproducibility, as
well as scarcity of prospective validation studies [105,106].

Several deregulated miRNAs have been proposed as putative therapeutic targets; in
this regard, miR-486-5p, namely, an activator of the PI3K/Akt pathway via PTEN, was
found by Li and coworkers to act not only as a reliable CC diagnostic biomarker (AUC
= 0.90) in agreement with previous findings [73,82,84] but also as a promising target, as
emerged from pre-clinical experiments in which the specific inhibition of miR-486-5p in
human CC HeLa cells reduced proliferation, migration, and colony formation potential
while impairing tumor formation in mice [82].

On the other hand, several authors tried to restore, through specific lentiviruses or by
using miR-mimics, the expression of tumor suppressor miRNAs found downregulated in
CC, including miR-30e [77], miR-138 [74], miR-148b [75], and others (Table 3) [78–81,107].
Interestingly, the upregulation of such epigenetic modulators was found able to inhibit
tumor cell proliferation and invasion in vitro, as well as xenograft growth in vivo, but
further investigation is still needed to light up the clinical utility of these therapeutic
approaches in humans, as well to explore the onset of potential off-target effects.
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5. Exosomal miRNAs

In addition to the huge number of circulating free RNAs described in CC patients so
far, a more recent line of research is focusing on miRNAs shuttled within exosomes, namely,
extra-cellular vesicles with a diameter of about 30–150 nm that can be easily detected in
body fluids thanks to their abundance and stability [108]; far from being mere cellular
“garbage bins”, exosomes actively participate in the crosstalk between cancer cells and
tumor microenvironment to control cell proliferation, immune-evasion, and formation of
pre-metastatic niches [57,87].

In a study by Zheng et al., exosomal miRNA sequencing was performed in plasma
samples from CC and CIN patients, as well as healthy volunteers, to identify DEmiRs as
candidate diagnostic biomarkers. Among these, miR-30d-5p and let-7d-3p were validated
in 203 plasma samples by using dPCR, presenting an AUC value of 0.922 and 0.828 in the
training and validation sets, respectively, together with positive and negative predictive
values not inferior to 0.80 [85].

In another recent work, a preliminary plasma exosomal RNA sequencing has been
performed in six CC patients and healthy controls, and 39 DEmiRs have been identified
between the two populations [86]; among these, miR-125a-5p has been selected due to
its previously described role in cancer [109,110] and further quantified in the plasma of
38 women with CC compared to 22 healthy subjects. Interestingly, not only miR-125a-
5p levels have been found significantly lower in cancer patients compared to controls
(p < 0.001), with a diagnostic sensitivity and specificity of 59.1 and 84.2%, respectively,
but a clear association has emerged between miR-125a-5p expression and clinical param-
eters, such as patient age, tumor size, and FIGO stage [86], which may deserve further
investigation in prospective studies.

6. Conclusions

From a careful analysis of the liquid biopsy approaches used in CC patients, several
interesting considerations emerge that, depending on the clinical context, could help in
choosing the most appropriate analytical method (Table 4).

As for the quantification of CTCs, the most recent results appear to be very promising
in terms of prognostic applications and evaluation of response to therapy, although the
identification methods are not standardized yet, as well as there are no data on deep molec-
ular analyses. Alternatively, the identification of somatic gene mutations and sequence
variants or gene fusions on ctDNA is to be considered a potentially valuable tool for diag-
nostic and prognostic purposes, as well as for the identification of novel therapeutic targets.
Moreover, ctDNA content has been associated with FIGO stage and metastases, and for
these reasons, several scientific societies have proposed extensive use of ctDNA analysis in
CC precision medicine programs. Also, the use of high sensitivity dPCR of HPV ctDNA to
detect high viral load in the peripheral blood has allowed to recognize patients at high risk
of relapse and death within 5 years. However, this approach does not provide information
about tumor heterogeneity, which is instead detected by molecular analyses on CTCs.

The most recent evidence in CC liquid biopsy deals with the identification of several
RNAs, namely mRNAs, lncRNAs, and miRNAs. HPV and Bmi mRNA are the most
commonly detected circulating mRNAs. Both derive from CTCs and are considered
markers related to poor DFS and OS. However, the cons in mRNA analysis are due to the
presence of ribonucleases in peripheral blood, as well as to contamination by intracellular
mRNAs, that limit the reproducibility and applicability of the method.

The combined analysis of lncRNAs or miRNAs looks more promising in this setting.
In conclusion, liquid biopsy leads to several opportunities to make early diagnoses,

monitor tumor response to treatment, and detect emerging resistance, through the appear-
ance of new genetic alterations. Moreover, liquid biopsy is a low invasive method, feasible
also in social and cultural disadvantaged contexts. However, despite the promising results
achieved to date, further large prospective clinical trials are needed to standardize and
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validate analytical methods, as well as to reach scientific consensus regarding the most
sensitive and specific biomarkers to be validated.

Table 4. Pros and Cons of liquid biopsy techniques applied to CC.

Method Advantages Disadvantages Clinical Applications

Circulating tumor cells
(CTCs)

• Visualization of intact
cells for morphologically
and immunophenotypi-
cal characterization

• Opportunity for DNA
and RNA molecular char-
acterization

• Opportunity for func-
tional in vitro/in vivo as-
says

• Poor efficiency of isola-
tion from blood

• Low amount of de-
tectable CTCs

• Markers used to identify
CTCs are often lost dur-
ing the EMT process

• Heterogeneity of the CTC
populations

• CTC count is significantly asso-
ciated with FIGO tumor stage
[39–41]

• CTC count has prognostic
meaning and is significantly as-
sociated with DFS [36]

• CTC count may guide treat-
ment selection [29,38]

Circulating tumor DNA
(ctDNA)

• Easy and well estab-
lished isolation proce-
dure

• Higher sensitivity
• Suitable to identify

tumor molecular alter-
ations

• Difficulty in discriminat-
ing ctDNA from normal
cfDNA

• Extremely low levels of
ctDNA

• Rapidly degraded in
plasma, with short
half-life

• Not suitable for func-
tional assays

• Specific pathogenic mutations
are related to shorter PFS [57],
decreased DFS, and OS [52]

• ctDNA analysis may provide
information on disease pro-
gression and metastasis onset
[54]

• Mutational analysis may en-
able evaluation of treatment re-
sponse over time [46,56]

Circulating Coding
RNAs

• Early detection of cancer
and disease monitoring

• High variability between
isolation techniques

• Lack of standardized pro-
tocols

• RNA instability
• Potential contamination

by intracellular mRNAs

• Prognostic markers for lymph
node and distant metastases
[63]

• Correlation with FIGO clinical
stage [64]

• Correlation with DFS and OS
[61]

Circulating Non-coding
RNAs

• Potentially detectable
in multiple body fluids
(plasma, serum, urine,
saliva)

• Stable in blood (com-
pared with other nucleic
acids)

• High variability between
isolation techniques

• Lack of standardized pro-
tocols

• In some cases microRNA
profiles have been in-
consistent from study to
study

• Diagnostic biomarkers
[65,70,76,81,85–87,90,94,97,98]

• Prognostic markers for OS
[81,90,94,97]

• Prognostic markers for lymph
node metastases [85,95–97]

• Putative therapeutic targets
[98,100–106]

Exosomal miRNAs

• Inherent stability (protect
from degradation)

• High sensitivity
• High serum concentra-

tion

• High variability between
isolation techniques

• Lack of standardized pro-
tocols

• Diagnostic biomarkers
[108–110]

Author Contributions: Conceptualization: S.D.; data curation. P.C., R.P., D.L., and S.D.; writing—
original draft preparation: P.C., R.P., D.L., E.C., G.C., E.S., and S.D.; writing—review and editing:
E.C., G.C., C.P., and S.D.; supervision: C.P., S.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2021, 13, 3968 15 of 19

References
1. Lowy, D.R.; Solomon, D.; Hildesheim, A.; Schiller, J.T.; Schiffman, M. Human papillomavirus infection and the primary and

secondary prevention of cervical cancer. Cancer 2008, 113, 1980–1993. [CrossRef]
2. Arbyn, M.; Weiderpass, E.; Bruni, L.; de Sanjose, S.; Saraiya, M.; Ferlay, J.; Bray, F. Estimates of incidence and mortality of cervical

cancer in 2018: A worldwide analysis. Lancet Glob. Health 2020, 8, e191–e203. [CrossRef]
3. Marth, C.; Landoni, F.; Mahner, S.; McCormack, M.; Gonzalez-Martin, A.; Colombo, N.; Committee, E.G. Cervical cancer: ESMO

Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2017, 28, iv72–iv83. [CrossRef]
4. Chesson, H.W.; Dunne, E.F.; Hariri, S.; Markowitz, L.E. The estimated lifetime probability of acquiring human papillomavirus in

the United States. Sex. Transm. Dis. 2014, 41, 660–664. [CrossRef] [PubMed]
5. Gates, A.; Pillay, J.; Reynolds, D.; Stirling, R.; Traversy, G.; Korownyk, C.; Moore, A.; Theriault, G.; Thombs, B.D.; Little, J.;

et al. Screening for the prevention and early detection of cervical cancer: Protocol for systematic reviews to inform Canadian
recommendations. Syst. Rev. 2021, 10, 2. [CrossRef]

6. Liang, L.A.; Einzmann, T.; Franzen, A.; Schwarzer, K.; Schauberger, G.; Schriefer, D.; Radde, K.; Zeissig, S.R.; Ikenberg, H.;
Meijer, C.; et al. Cervical Cancer Screening: Comparison of Conventional Pap Smear Test, Liquid-Based Cytology, and Human
Papillomavirus Testing as Stand-alone or Cotesting Strategies. Cancer Epidemiol. Biomarkers Prev. 2021, 30, 474–484. [CrossRef]
[PubMed]

7. Ronco, G.; Dillner, J.; Elfstrom, K.M.; Tunesi, S.; Snijders, P.J.; Arbyn, M.; Kitchener, H.; Segnan, N.; Gilham, C.; Giorgi-Rossi,
P.; et al. Efficacy of HPV-based screening for prevention of invasive cervical cancer: Follow-up of four European randomised
controlled trials. Lancet 2014, 383, 524–532. [CrossRef]

8. Aniebue UU, O.T. Ethical, Socioeconomic, and Cultural Considerations in Gynecologic Cancer Care in Developing Countries". nt.
J. Palliat. Care 2014, 2014, 6. [CrossRef]

9. Isa Modibbo, F.; Dareng, E.; Bamisaye, P.; Jedy-Agba, E.; Adewole, A.; Oyeneyin, L.; Olaniyan, O.; Adebamowo, C. Qualitative
study of barriers to cervical cancer screening among Nigerian women. BMJ Open 2016, 6, e008533. [CrossRef] [PubMed]

10. Bayrami, R.; Taghipour, A.; Ebrahimipour, H. Personal and socio-cultural barriers to cervical cancer screening in Iran, patient and
provider perceptions: A qualitative study. Asian Pac. J. Cancer Prev. 2015, 16, 3729–3734. [CrossRef]

11. Devarapalli, P.; Labani, S.; Nagarjuna, N.; Panchal, P.; Asthana, S. Barriers affecting uptake of cervical cancer screening in low and
middle income countries: A systematic review. Indian J. Cancer 2018, 55, 318–326. [CrossRef] [PubMed]

12. Vahabi, M.; Lofters, A. Muslim immigrant women’s views on cervical cancer screening and HPV self-sampling in Ontario,
Canada. BMC Public Health 2016, 16, 868. [CrossRef] [PubMed]

13. Palmirotta, R.; Silvestris, E.; D’Oronzo, S.; Cardascia, A.; Silvestris, F. Ovarian cancer: Novel molecular aspects for clinical
assessment. Crit. Rev. Oncol. Hematol. 2017, 117, 12–29. [CrossRef]

14. Liu, K.; Tong, H.; Li, T.; Chen, Y.; Mao, X. Potential value of circulating tumor DNA in gynecological tumors. Am. J. Transl. Res.
2020, 12, 3225–3233. [PubMed]

15. Palmirotta, R.; Lovero, D.; Silvestris, E.; Felici, C.; Quaresmini, D.; Cafforio, P.; Silvestris, F. Next-generation Sequencing (NGS)
Analysis on Single Circulating Tumor Cells (CTCs) with No Need of Whole-genome Amplification (WGA). Cancer Genom. Proteom.
2017, 14, 173–179. [CrossRef] [PubMed]

16. Palmirotta, R.; Lovero, D.; Cafforio, P.; Felici, C.; Mannavola, F.; Pelle, E.; Quaresmini, D.; Tucci, M.; Silvestris, F. Liquid biopsy of
cancer: A multimodal diagnostic tool in clinical oncology. Ther. Adv. Med. Oncol. 2018, 10, 1758835918794630. [CrossRef]

17. Leon, S.A.; Shapiro, B.; Sklaroff, D.M.; Yaros, M.J. Free DNA in the serum of cancer patients and the effect of therapy. Cancer Res.
1977, 37, 646–650.

18. Neumann, M.H.D.; Bender, S.; Krahn, T.; Schlange, T. ctDNA and CTCs in Liquid Biopsy—Current Status and Where We Need to
Progress. Comput. Struct. Biotechnol. J. 2018, 16, 190–195. [CrossRef]

19. Tellez-Gabriel, M.; Knutsen, E.; Perander, M. Current Status of Circulating Tumor Cells, Circulating Tumor DNA, and Exosomes
in Breast Cancer Liquid Biopsies. Int. J. Mol. Sci. 2020, 21, 9457. [CrossRef]

20. Vasseur, A.; Kiavue, N.; Bidard, F.C.; Pierga, J.Y.; Cabel, L. Clinical utility of circulating tumor cells: An update. Mol. Oncol. 2021,
15, 1647–1666. [CrossRef]

21. Hench, I.B.; Hench, J.; Tolnay, M. Liquid Biopsy in Clinical Management of Breast, Lung, and Colorectal Cancer. Front. Med. 2018,
5, 9. [CrossRef]

22. Tucci, M.; D’Oronzo, S.; Mannavola, F.; Felici, C.; Lovero, D.; Cafforio, P.; Palmirotta, R.; Silvestris, F. Dual-procedural separation
of CTCs in cutaneous melanoma provides useful information for both molecular diagnosis and prognosis. Ther. Adv. Med. Oncol.
2020, 12, 1758835920905415. [CrossRef]

23. Cheung, K.W.E.; Choi, S.R.; Lee, L.T.C.; Lee, N.L.E.; Tsang, H.F.; Cheng, Y.T.; Cho, W.C.S.; Wong, E.Y.L.; Wong, S.C.C. The
potential of circulating cell free RNA as a biomarker in cancer. Expert Rev. Mol. Diagn. 2019, 19, 579–590. [CrossRef]

24. Larson, M.H.; Pan, W.; Kim, H.J.; Mauntz, R.E.; Stuart, S.M.; Pimentel, M.; Zhou, Y.; Knudsgaard, P.; Demas, V.; Aravanis, A.M.;
et al. A comprehensive characterization of the cell-free transcriptome reveals tissue- and subtype-specific biomarkers for cancer
detection. Nat. Commun. 2021, 12, 2357. [CrossRef] [PubMed]

25. Pezzicoli, G.; Tucci, M.; Lovero, D.; Silvestris, F.; Porta, C.; Mannavola, F. Large Extracellular Vesicles-A New Frontier of Liquid
Biopsy in Oncology. Int. J. Mol. Sci. 2020, 21, 6543. [CrossRef]

http://doi.org/10.1002/cncr.23704
http://doi.org/10.1016/S2214-109X(19)30482-6
http://doi.org/10.1093/annonc/mdx220
http://doi.org/10.1097/OLQ.0000000000000193
http://www.ncbi.nlm.nih.gov/pubmed/25299412
http://doi.org/10.1186/s13643-020-01538-9
http://doi.org/10.1158/1055-9965.EPI-20-1003
http://www.ncbi.nlm.nih.gov/pubmed/33187968
http://doi.org/10.1016/S0140-6736(13)62218-7
http://doi.org/10.1155/2014/141627
http://doi.org/10.1136/bmjopen-2015-008533
http://www.ncbi.nlm.nih.gov/pubmed/26754174
http://doi.org/10.7314/APJCP.2015.16.9.3729
http://doi.org/10.4103/ijc.IJC_253_18
http://www.ncbi.nlm.nih.gov/pubmed/30829264
http://doi.org/10.1186/s12889-016-3564-1
http://www.ncbi.nlm.nih.gov/pubmed/27557928
http://doi.org/10.1016/j.critrevonc.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/32774696
http://doi.org/10.21873/cgp.20029
http://www.ncbi.nlm.nih.gov/pubmed/28446532
http://doi.org/10.1177/1758835918794630
http://doi.org/10.1016/j.csbj.2018.05.002
http://doi.org/10.3390/ijms21249457
http://doi.org/10.1002/1878-0261.12869
http://doi.org/10.3389/fmed.2018.00009
http://doi.org/10.1177/1758835920905415
http://doi.org/10.1080/14737159.2019.1633307
http://doi.org/10.1038/s41467-021-22444-1
http://www.ncbi.nlm.nih.gov/pubmed/33883548
http://doi.org/10.3390/ijms21186543


Cancers 2021, 13, 3968 16 of 19

26. Weismann, P.; Weismanova, E.; Masak, L.; Mlada, K.; Keder, D.; Ferancikova, Z.; Vizvaryova, M.; Konecny, M.; Zavodna, K.;
Kausitz, J.; et al. The detection of circulating tumor cells expressing E6/E7 HR-HPV oncogenes in peripheral blood in cervical
cancer patients after radical hysterectomy. Neoplasma 2009, 56, 230–238. [CrossRef] [PubMed]

27. Obermayr, E.; Sanchez-Cabo, F.; Tea, M.K.; Singer, C.F.; Krainer, M.; Fischer, M.B.; Sehouli, J.; Reinthaller, A.; Horvat, R.; Heinze,
G.; et al. Assessment of a six gene panel for the molecular detection of circulating tumor cells in the blood of female cancer
patients. BMC Cancer 2010, 10, 666. [CrossRef] [PubMed]

28. Kiss, I.; Kolostova, K.; Pawlak, I.; Bobek, V. Circulating tumor cells in gynaecological malignancies. J. BUON 2020, 25, 40–50.
29. Du, K.; Huang, Q.; Bu, J.; Zhou, J.; Huang, Z.; Li, J. Circulating Tumor Cells Counting Act as a Potential Prognostic Factor in

Cervical Cancer. Technol. Cancer Res. Treat. 2020, 19, 1533033820957005. [CrossRef]
30. Stenman, J.; Lintula, S.; Hotakainen, K.; Vartiainen, J.; Lehvaslaiho, H.; Stenman, U.H. Detection of squamous-cell carcinoma

antigen-expressing tumour cells in blood by reverse transcriptase-polymerase chain reaction in cancer of the uterine cervix. Int. J.
Cancer 1997, 74, 75–80. [CrossRef]

31. Pao, C.C.; Hor, J.J.; Yang, F.P.; Lin, C.Y.; Tseng, C.J. Detection of human papillomavirus mRNA and cervical cancer cells in
peripheral blood of cervical cancer patients with metastasis. J. Clin. Oncol. 1997, 15, 1008–1012. [CrossRef]

32. Yuan, C.C.; Wang, P.H.; Ng, H.T.; Li, Y.F.; Huang, T.S.; Chen, C.Y.; Tsai, L.C.; Shyong, W.Y. Detecting cytokeratin 19 mRNA in
the peripheral blood cells of cervical cancer patients and its clinical-pathological correlation. Gynecol. Oncol. 2002, 85, 148–153.
[CrossRef] [PubMed]

33. Pfitzner, C.; Schroder, I.; Scheungraber, C.; Dogan, A.; Runnebaum, I.B.; Durst, M.; Hafner, N. Digital-Direct-RT-PCR: A sensitive
and specific method for quantification of CTC in patients with cervical carcinoma. Sci. Rep. 2014, 4, 3970. [CrossRef] [PubMed]

34. Kolostova, K.; Spicka, J.; Matkowski, R.; Bobek, V. Isolation, primary culture, morphological and molecular characterization of
circulating tumor cells in gynecological cancers. Am. J. Transl. Res. 2015, 7, 1203–1213.

35. Takakura, M.; Matsumoto, T.; Nakamura, M.; Mizumoto, Y.; Myojyo, S.; Yamazaki, R.; Iwadare, J.; Bono, Y.; Orisaka, S.;
Obata, T.; et al. Detection of circulating tumor cells in cervical cancer using a conditionally replicative adenovirus targeting
telomerase-positive cells. Cancer Sci. 2018, 109, 231–240. [CrossRef]

36. Wen, Y.F.; Cheng, T.T.; Chen, X.L.; Huang, W.J.; Peng, H.H.; Zhou, T.C.; Lin, X.D.; Zeng, L.S. Elevated circulating tumor cells and
squamous cell carcinoma antigen levels predict poor survival for patients with locally advanced cervical cancer treated with
radiotherapy. PLoS ONE 2018, 13, e0204334. [CrossRef]

37. Pan, L.; Yan, G.; Chen, W.; Sun, L.; Wang, J.; Yang, J. Distribution of circulating tumor cell phenotype in early cervical cancer.
Cancer Manag. Res. 2019, 11, 5531–5536. [CrossRef] [PubMed]

38. Tewari, K.S.; Sill, M.W.; Monk, B.J.; Penson, R.T.; Moore, D.H.; Lankes, H.A.; Ramondetta, L.M.; Landrum, L.M.; Randall, L.M.;
Oaknin, A.; et al. Circulating Tumor Cells In Advanced Cervical Cancer: NRG Oncology-Gynecologic Oncology Group Study 240
(NCT 00803062). Mol. Cancer Ther. 2020, 19, 240. [CrossRef]

39. Han, D.; Chen, K.; Che, J.; Hang, J.; Li, H. Detection of Epithelial-Mesenchymal Transition Status of Circulating Tumor Cells in
Patients with Esophageal Squamous Carcinoma. Biomed. Res. Int. 2018, 2018, 7610154. [CrossRef] [PubMed]

40. Zeng, Y.E.; Yao, X.H.; Yan, Z.P.; Liu, J.X.; Liu, X.H. Potential signaling pathway involved in sphingosine-1-phosphate-induced
epithelial-mesenchymal transition in cancer. Oncol. Lett. 2016, 12, 379–382. [CrossRef]

41. Qi, L.N.; Xiang, B.D.; Wu, F.X.; Ye, J.Z.; Zhong, J.H.; Wang, Y.Y.; Chen, Y.Y.; Chen, Z.S.; Ma, L.; Chen, J.; et al. Circulating Tumor
Cells Undergoing EMT Provide a Metric for Diagnosis and Prognosis of Patients with Hepatocellular Carcinoma. Cancer Res.
2018, 78, 4731–4744. [CrossRef]

42. Zhang, Y.; Yao, Y.; Xu, Y.; Li, L.; Gong, Y.; Zhang, K.; Zhang, M.; Guan, Y.; Chang, L.; Xia, X.; et al. Pan-cancer circulating tumor
DNA detection in over 10,000 Chinese patients. Nat. Commun. 2021, 12, 11. [CrossRef]

43. Cheung, T.H.; Yim, S.F.; Yu, M.Y.; Worley, M.J., Jr.; Fiascone, S.J.; Chiu, R.W.K.; Lo, K.W.K.; Siu, N.S.S.; Wong, M.C.S.; Yeung,
A.C.M.; et al. Liquid biopsy of HPV DNA in cervical cancer. J. Clin. Virol. 2019, 114, 32–36. [CrossRef]

44. Charo, L.M.; Eskander, R.N.; Okamura, R.; Patel, S.P.; Nikanjam, M.; Lanman, R.B.; Piccioni, D.E.; Kato, S.; McHale, M.T.;
Kurzrock, R. Clinical implications of plasma circulating tumor DNA in gynecologic cancer patients. Mol. Oncol. 2021, 15, 67–79.
[CrossRef] [PubMed]

45. Liao, L.C.; Meng, Y.X.; Xian, A.L. Relationship between circulating tumor DNA in plasma and clinicopathology, effiacy and
prognosis of cervical cancer. J. N. Sichuan Med. 2019, 34, 411–414.

46. Kim, S.H.; Wu, M.; Stylianou, A.; Ghafoor, S.; Lakhman, Y.; Park, K.J., Jr.; Leitao, M.M.; Sonoda, Y.; Gardner, G.J.; Broach, V.;
et al. Circulating cell-free DNA in patients with newly diagnosed and recurrent cervical cancer. Gynecol. Oncol. 2020, 159, 33–34.
[CrossRef]

47. Helen, F.G.C.C.; The Cancer Genome Atlas Research Network; Albert Einstein College of Medicine; Analytical Biological Services;
Barretos Cancer Hospital; Baylor College of Medicine; Beckman Research Institute of City of Hope; Buck Institute for Research on
Aging; Canada’s Michael Smith Genome Sciences Centre; Harvard Medical School; et al. Integrated genomic and molecular
characterization of cervical cancer. Nature 2017, 543, 378–384. [CrossRef]

48. Chung, T.K.H.; Cheung, T.H.; Yim, S.F.; Yu, M.Y.; Chiu, R.W.K.; Lo, K.W.K.; Lee, I.P.C.; Wong, R.R.Y.; Lau, K.K.M.; Wang, V.W.;
et al. Liquid biopsy of PIK3CA mutations in cervical cancer in Hong Kong Chinese women. Gynecol. Oncol. 2017, 146, 334–339.
[CrossRef]

http://doi.org/10.4149/neo_2009_03_230
http://www.ncbi.nlm.nih.gov/pubmed/19309226
http://doi.org/10.1186/1471-2407-10-666
http://www.ncbi.nlm.nih.gov/pubmed/21129172
http://doi.org/10.1177/1533033820957005
http://doi.org/10.1002/(SICI)1097-0215(19970220)74:1&lt;75::AID-IJC13&gt;3.0.CO;2-H
http://doi.org/10.1200/JCO.1997.15.3.1008
http://doi.org/10.1006/gyno.2002.6587
http://www.ncbi.nlm.nih.gov/pubmed/11925135
http://doi.org/10.1038/srep03970
http://www.ncbi.nlm.nih.gov/pubmed/24496006
http://doi.org/10.1111/cas.13449
http://doi.org/10.1371/journal.pone.0204334
http://doi.org/10.2147/CMAR.S198391
http://www.ncbi.nlm.nih.gov/pubmed/31354357
http://doi.org/10.1158/1535-7163.MCT-20-0276
http://doi.org/10.1155/2018/7610154
http://www.ncbi.nlm.nih.gov/pubmed/30046606
http://doi.org/10.3892/ol.2016.4661
http://doi.org/10.1158/0008-5472.CAN-17-2459
http://doi.org/10.1038/s41467-020-20162-8
http://doi.org/10.1016/j.jcv.2019.03.005
http://doi.org/10.1002/1878-0261.12791
http://www.ncbi.nlm.nih.gov/pubmed/32881280
http://doi.org/10.1016/j.ygyno.2020.06.070
http://doi.org/10.1038/nature21386
http://doi.org/10.1016/j.ygyno.2017.05.038


Cancers 2021, 13, 3968 17 of 19

49. Tian, J.; Geng, Y.; Lv, D.; Li, P.; Cordova, M.; Liao, Y.; Tian, X.; Zhang, X.; Zhang, Q.; Zou, K.; et al. Using plasma cell-free DNA to
monitor the chemoradiotherapy course of cervical cancer. Int. J. Cancer 2019, 145, 2547–2557. [CrossRef]

50. Lee, S.Y.; Chae, D.K.; Lee, S.H.; Lim, Y.; An, J.; Chae, C.H.; Kim, B.C.; Bhak, J.; Bolser, D.; Cho, D.H. Efficient mutation screening
for cervical cancers from circulating tumor DNA in blood. BMC Cancer 2020, 20, 694. [CrossRef]

51. Tian, X.; Ge, D.; Zhang, F.; Zhang, B.; Bai, W.; Xu, X.; Li, Z.; Cao, Y.; Li, P.; Zou, K.; et al. Dynamic analysis of circulating tumor
DNA to predict prognosis and monitor therapeutic response in metastatic relapsed cervical cancer. Int. J. Cancer 2021, 148,
921–931. [CrossRef] [PubMed]

52. Ma, Y.Y.; Wei, S.J.; Lin, Y.C.; Lung, J.C.; Chang, T.C.; Whang-Peng, J.; Liu, J.M.; Yang, D.M.; Yang, W.K.; Shen, C.Y. PIK3CA as an
oncogene in cervical cancer. Oncogene 2000, 19, 2739–2744. [CrossRef] [PubMed]

53. Lee, S.Y.; Chae, D.K.; An, J.; Yoo, S.; Jung, S.; Chae, C.H.; Bhak, J.; Kim, B.C.; Cho, D.H. Combinatory Analysis of Cell-free and
Circulating Tumor Cell DNAs Provides More Variants for Cancer Treatment. Anticancer. Res. 2019, 39, 6595–6602. [CrossRef]

54. Carow, K.; Golitz, M.; Wolf, M.; Hafner, N.; Jansen, L.; Hoyer, H.; Schwarz, E.; Runnebaum, I.B.; Durst, M. Viral-Cellular DNA
Junctions as Molecular Markers for Assessing Intra-Tumor Heterogeneity in Cervical Cancer and for the Detection of Circulating
Tumor DNA. Int. J. Mol. Sci. 2017, 18, 2032. [CrossRef] [PubMed]

55. Gu, Y.; Wan, C.; Qiu, J.; Cui, Y.; Jiang, T.; Zhuang, Z. Circulating HPV cDNA in the blood as a reliable biomarker for cervical
cancer: A meta-analysis. PLoS ONE 2020, 15, e0224001. [CrossRef] [PubMed]

56. Guerrero-Preston, R.; Valle, B.L.; Jedlicka, A.; Turaga, N.; Folawiyo, O.; Pirini, F.; Lawson, F.; Vergura, A.; Noordhuis, M.; Dziedzic,
A.; et al. Molecular Triage of Premalignant Lesions in Liquid-Based Cervical Cytology and Circulating Cell-Free DNA from Urine,
Using a Panel of Methylated Human Papilloma Virus and Host Genes. Cancer Prev. Res. 2016, 9, 915–924. [CrossRef] [PubMed]

57. Berti, F.C.B.; Salviano-Silva, A.; Beckert, H.C.; de Oliveira, K.B.; Cipolla, G.A.; Malheiros, D. From squamous intraepithelial
lesions to cervical cancer: Circulating microRNAs as potential biomarkers in cervical carcinogenesis. Biochim. Biophys. Acta Rev.
Cancer 2019, 1872, 188306. [CrossRef] [PubMed]

58. Jansen, R.P. mRNA localization: Message on the move. Nat. Rev. Mol. Cell. Biol. 2001, 2, 247–256. [CrossRef]
59. Tseng, C.J.; Pao, C.C.; Lin, J.D.; Soong, Y.K.; Hong, J.H.; Hsueh, S. Detection of human papillomavirus types 16 and 18 mRNA

in peripheral blood of advanced cervical cancer patients and its association with prognosis. J. Clin. Oncol. 1999, 17, 1391–1396.
[CrossRef]

60. Mitsuhashi, A.; Tanaka, N.; Suzuka, K.; Matsui, H.; Seki, K.; Sekiya, S. Detection of epidermal growth factor receptor mRNA in
peripheral blood of cervical cancer patients. Gynecol. Oncol. 2003, 89, 480–485. [CrossRef]

61. Zhang, X.; Wang, C.; Wang, L.; Du, L.; Wang, S.; Zheng, G.; Li, W.; Zhuang, X.; Zhang, X.; Dong, Z. Detection of circulating Bmi-1
mRNA in plasma and its potential diagnostic and prognostic value for uterine cervical cancer. Int. J. Cancer 2012, 131, 165–172.
[CrossRef]

62. Reddi, K.K.; Holland, J.F. Elevated serum ribonuclease in patients with pancreatic cancer. Proc. Natl. Acad. Sci. USA 1976, 73,
2308–2310. [CrossRef]

63. Rapisuwon, S.; Vietsch, E.E.; Wellstein, A. Circulating biomarkers to monitor cancer progression and treatment. Comput. Struct.
Biotechnol. J. 2016, 14, 211–222. [CrossRef] [PubMed]

64. Esteller, M. Non-coding RNAs in human disease. Nat. Rev. Genet. 2011, 12, 861–874. [CrossRef] [PubMed]
65. Tornesello, M.L.; Faraonio, R.; Buonaguro, L.; Annunziata, C.; Starita, N.; Cerasuolo, A.; Pezzuto, F.; Tornesello, A.L.; Buonaguro,

F.M. The Role of microRNAs, Long Non-coding RNAs, and Circular RNAs in Cervical Cancer. Front. Oncol. 2020, 10, 150.
[CrossRef] [PubMed]

66. Sun, W.; Wang, L.; Zhao, D.; Wang, P.; Li, Y.; Wang, S. Four Circulating Long Non-Coding RNAs Act as Biomarkers for Predicting
Cervical Cancer. Gynecol. Obstet. Invest. 2018, 83, 533–539. [CrossRef]

67. Iempridee, T.; Wiwithaphon, S.; Piboonprai, K.; Pratedrat, P.; Khumkhrong, P.; Japrung, D.; Temisak, S.; Laiwejpithaya, S.;
Chaopotong, P.; Dharakul, T. Identification of reference genes for circulating long noncoding RNA analysis in serum of cervical
cancer patients. FEBS Open Bio 2018, 8, 1844–1854. [CrossRef]

68. Ding, X.Z.; Zhang, S.Q.; Deng, X.L.; Qiang, J.H. Serum Exosomal lncRNA DLX6-AS1 Is a Promising Biomarker for Prognosis
Prediction of Cervical Cancer. Technol. Cancer Res. Treat. 2021, 20, 1533033821990060. [CrossRef]

69. Yu, J.; Wang, Y.; Dong, R.; Huang, X.; Ding, S.; Qiu, H. Circulating microRNA-218 was reduced in cervical cancer and correlated
with tumor invasion. J. Cancer Res. Clin. Oncol. 2012, 138, 671–674. [CrossRef] [PubMed]

70. Zhao, S.; Yao, D.; Chen, J.; Ding, N. Circulating miRNA-20a and miRNA-203 for screening lymph node metastasis in early stage
cervical cancer. Genet. Test. Mol. Biomarkers 2013, 17, 631–636. [CrossRef]

71. Chen, J.; Yao, D.; Li, Y.; Chen, H.; He, C.; Ding, N.; Lu, Y.; Ou, T.; Zhao, S.; Li, L.; et al. Serum microRNA expression levels can
predict lymph node metastasis in patients with early-stage cervical squamous cell carcinoma. Int. J. Mol. Med. 2013, 32, 557–567.
[CrossRef] [PubMed]

72. Liu, P.; Xin, F.; Ma, C.F. Clinical significance of serum miR-196a in cervical intraepithelial neoplasia and cervical cancer. Genet.
Mol. Res. 2015, 14, 17995–18002. [CrossRef]

73. Jia, W.; Wu, Y.; Zhang, Q.; Gao, G.E.; Zhang, C.; Xiang, Y. Expression profile of circulating microRNAs as a promising fingerprint
for cervical cancer diagnosis and monitoring. Mol. Clin. Oncol. 2015, 3, 851–858. [CrossRef] [PubMed]

74. Zhou, N.; Fei, D.; Zong, S.; Zhang, M.; Yue, Y. MicroRNA-138 inhibits proliferation, migration and invasion through targeting
hTERT in cervical cancer. Oncol. Lett. 2016, 12, 3633–3639. [CrossRef] [PubMed]

http://doi.org/10.1002/ijc.32295
http://doi.org/10.1186/s12885-020-07161-0
http://doi.org/10.1002/ijc.33362
http://www.ncbi.nlm.nih.gov/pubmed/33113150
http://doi.org/10.1038/sj.onc.1203597
http://www.ncbi.nlm.nih.gov/pubmed/10851074
http://doi.org/10.21873/anticanres.13875
http://doi.org/10.3390/ijms18102032
http://www.ncbi.nlm.nih.gov/pubmed/28937589
http://doi.org/10.1371/journal.pone.0224001
http://www.ncbi.nlm.nih.gov/pubmed/32027658
http://doi.org/10.1158/1940-6207.CAPR-16-0138
http://www.ncbi.nlm.nih.gov/pubmed/27671338
http://doi.org/10.1016/j.bbcan.2019.08.001
http://www.ncbi.nlm.nih.gov/pubmed/31398380
http://doi.org/10.1038/35067016
http://doi.org/10.1200/JCO.1999.17.5.1391
http://doi.org/10.1016/S0090-8258(03)00150-1
http://doi.org/10.1002/ijc.26360
http://doi.org/10.1073/pnas.73.7.2308
http://doi.org/10.1016/j.csbj.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27358717
http://doi.org/10.1038/nrg3074
http://www.ncbi.nlm.nih.gov/pubmed/22094949
http://doi.org/10.3389/fonc.2020.00150
http://www.ncbi.nlm.nih.gov/pubmed/32154165
http://doi.org/10.1159/000487595
http://doi.org/10.1002/2211-5463.12523
http://doi.org/10.1177/1533033821990060
http://doi.org/10.1007/s00432-012-1147-9
http://www.ncbi.nlm.nih.gov/pubmed/22237456
http://doi.org/10.1089/gtmb.2013.0085
http://doi.org/10.3892/ijmm.2013.1424
http://www.ncbi.nlm.nih.gov/pubmed/23799609
http://doi.org/10.4238/2015.December.22.25
http://doi.org/10.3892/mco.2015.560
http://www.ncbi.nlm.nih.gov/pubmed/26171195
http://doi.org/10.3892/ol.2016.5038
http://www.ncbi.nlm.nih.gov/pubmed/27900047


Cancers 2021, 13, 3968 18 of 19

75. Mou, Z.; Xu, X.; Dong, M.; Xu, J. MicroRNA-148b Acts as a Tumor Suppressor in Cervical Cancer by Inducing G1/S-Phase Cell
Cycle Arrest and Apoptosis in a Caspase-3-Dependent Manner. Med. Sci. Monit. 2016, 22, 2809–2815. [CrossRef]

76. Sun, L.; Jiang, R.; Li, J.; Wang, B.; Ma, C.; Lv, Y.; Mu, N. MicoRNA-425-5p is a potential prognostic biomarker for cervical cancer.
Ann. Clin. Biochem. 2017, 54, 127–133. [CrossRef] [PubMed]

77. Wu, H.; Chen, J.; Li, D.; Liu, X.; Li, L.; Wang, K. MicroRNA-30e Functions as a Tumor Suppressor in Cervical Carcinoma Cells
through Targeting GALNT7. Transl. Oncol. 2017, 10, 876–885. [CrossRef]

78. Liang, H.; Luo, R.; Chen, X.; Zhao, Y.; Tan, A. miR-187 inhibits the growth of cervical cancer cells by targeting FGF9. Oncol. Rep.
2017, 38, 1977–1984. [CrossRef]

79. Li, H.; Sheng, Y.; Zhang, Y.; Gao, N.; Deng, X.; Sheng, X. MicroRNA-138 is a potential biomarker and tumor suppressor in human
cervical carcinoma by reversely correlated with TCF3 gene. Gynecol. Oncol. 2017, 145, 569–576. [CrossRef] [PubMed]

80. Song, R.; Cong, L.; Ni, G.; Chen, M.; Sun, H.; Sun, Y.; Chen, M. MicroRNA-195 inhibits the behavior of cervical cancer tumors by
directly targeting HDGF. Oncol. Lett. 2017, 14, 767–775. [CrossRef]

81. Wang, J.M.; Ju, B.H.; Pan, C.J.; Gu, Y.; Li, M.Q.; Sun, L.; Xu, Y.Y.; Yin, L.R. MiR-214 inhibits cell migration, invasion and promotes
the drug sensitivity in human cervical cancer by targeting FOXM1. Am. J. Transl. Res. 2017, 9, 3541–3557. [PubMed]

82. Li, C.; Zheng, X.; Li, W.; Bai, F.; Lyu, J.; Meng, Q.H. Serum miR-486-5p as a diagnostic marker in cervical cancer: With investigation
of potential mechanisms. BMC Cancer 2018, 18, 61. [CrossRef]

83. Shukla, V.; Varghese, V.K.; Kabekkodu, S.P.; Mallya, S.; Chakrabarty, S.; Jayaram, P.; Pandey, D.; Banerjee, S.; Sharan, K.;
Satyamoorthy, K. Enumeration of deregulated miRNAs in liquid and tissue biopsies of cervical cancer. Gynecol. Oncol. 2019, 155,
135–143. [CrossRef]

84. Du, S.; Zhao, Y.; Lv, C.; Wei, M.; Gao, Z.; Meng, X. Applying Serum Proteins and MicroRNA as Novel Biomarkers for Early-Stage
Cervical Cancer Detection. Sci. Rep. 2020, 10, 9033. [CrossRef] [PubMed]

85. Zheng, M.; Hou, L.; Ma, Y.; Zhou, L.; Wang, F.; Cheng, B.; Wang, W.; Lu, B.; Liu, P.; Lu, W.; et al. Exosomal let-7d-3p and
miR-30d-5p as diagnostic biomarkers for non-invasive screening of cervical cancer and its precursors. Mol. Cancer 2019, 18, 76.
[CrossRef] [PubMed]

86. Lv, A.; Tu, Z.; Huang, Y.; Lu, W.; Xie, B. Circulating exosomal miR-125a-5p as a novel biomarker for cervical cancer. Oncol. Lett.
2021, 21, 54. [CrossRef] [PubMed]

87. Mannavola, F.; D’Oronzo, S.; Cives, M.; Stucci, L.S.; Ranieri, G.; Silvestris, F.; Tucci, M. Extracellular Vesicles and Epigenetic
Modifications Are Hallmarks of Melanoma Progression. Int. J. Mol. Sci. 2019, 21, 52. [CrossRef]

88. Barwal, T.S.; Sharma, U.; Vasquez, K.M.; Prakash, H.; Jain, A. A panel of circulating long non-coding RNAs as liquid biopsy
biomarkers for breast and cervical cancers. Biochimie 2020, 176, 62–70. [CrossRef]

89. Tang, Q.; Hann, S.S. HOTAIR: An Oncogenic Long Non-Coding RNA in Human Cancer. Cell. Physiol. Biochem. 2018, 47, 893–913.
[CrossRef]

90. Cai, B.; Song, X.Q.; Cai, J.P.; Zhang, S. HOTAIR: A cancer-related long non-coding RNA. Neoplasma 2014, 61, 379–391. [CrossRef]
91. Zhang, Y.; Cheng, X.; Liang, H.; Jin, Z. Long non-coding RNA HOTAIR and STAT3 synergistically regulate the cervical cancer cell

migration and invasion. Chem. Biol. Interact. 2018, 286, 106–110. [CrossRef]
92. Guo, J.; Chen, Z.; Jiang, H.; Yu, Z.; Peng, J.; Xie, J.; Li, Z.; Wu, W.; Cheng, Z.; Xiao, K. The lncRNA DLX6-AS1 promoted cell

proliferation, invasion, migration and epithelial-to-mesenchymal transition in bladder cancer via modulating Wnt/beta-catenin
signaling pathway. Cancer Cell Int. 2019, 19, 312. [CrossRef] [PubMed]

93. Zhao, P.; Guan, H.; Dai, Z.; Ma, Y.; Zhao, Y.; Liu, D. Long noncoding RNA DLX6-AS1 promotes breast cancer progression via
miR-505-3p/RUNX2 axis. Eur. J. Pharmacol. 2019, 865, 172778. [CrossRef] [PubMed]

94. Wang, M.; Li, Y.; Yang, Y.; Liu, X.; Zang, M.; Li, Y.; Yang, K.; Yang, W.; Zhang, S. Long noncoding RNA DLX6AS1 is associated
with malignant progression and promotes proliferation and invasion in esophageal squamous cell carcinoma. Mol. Med. Rep.
2019, 19, 1942–1950. [CrossRef]

95. Sun, W.; Zhang, L.; Yan, R.; Yang, Y.; Meng, X. LncRNA DLX6-AS1 promotes the proliferation, invasion, and migration of
non-small cell lung cancer cells by targeting the miR-27b-3p/GSPT1 axis. OncoTargets Ther. 2019, 12, 3945–3954. [CrossRef]

96. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef] [PubMed]
97. Mori, M.A.; Ludwig, R.G.; Garcia-Martin, R.; Brandao, B.B.; Kahn, C.R. Extracellular miRNAs: From Biomarkers to Mediators of

Physiology and Disease. Cell Metab. 2019, 30, 656–673. [CrossRef]
98. He, Y.; Lin, J.; Ding, Y.; Liu, G.; Luo, Y.; Huang, M.; Xu, C.; Kim, T.K.; Etheridge, A.; Lin, M.; et al. A systematic study on

dysregulated microRNAs in cervical cancer development. Int. J. Cancer 2016, 138, 1312–1327. [CrossRef] [PubMed]
99. Uesugi, A.; Kozaki, K.; Tsuruta, T.; Furuta, M.; Morita, K.; Imoto, I.; Omura, K.; Inazawa, J. The tumor suppressive microRNA

miR-218 targets the mTOR component Rictor and inhibits AKT phosphorylation in oral cancer. Cancer Res. 2011, 71, 5765–5778.
[CrossRef]

100. Tie, J.; Pan, Y.; Zhao, L.; Wu, K.; Liu, J.; Sun, S.; Guo, X.; Wang, B.; Gang, Y.; Zhang, Y.; et al. MiR-218 inhibits invasion and
metastasis of gastric cancer by targeting the Robo1 receptor. PLoS Genet. 2010, 6, e1000879. [CrossRef] [PubMed]

101. Zhang, J.; Zheng, F.; Yu, G.; Yin, Y.; Lu, Q. miR-196a targets netrin 4 and regulates cell proliferation and migration of cervical
cancer cells. Biochem. Biophys. Res. Commun. 2013, 440, 582–588. [CrossRef] [PubMed]

102. Hou, T.; Ou, J.; Zhao, X.; Huang, X.; Huang, Y.; Zhang, Y. MicroRNA-196a promotes cervical cancer proliferation through the
regulation of FOXO1 and p27Kip1. Br. J. Cancer 2014, 110, 1260–1268. [CrossRef]

http://doi.org/10.12659/MSM.896862
http://doi.org/10.1177/0004563216649377
http://www.ncbi.nlm.nih.gov/pubmed/27166306
http://doi.org/10.1016/j.tranon.2017.08.006
http://doi.org/10.3892/or.2017.5916
http://doi.org/10.1016/j.ygyno.2017.01.018
http://www.ncbi.nlm.nih.gov/pubmed/28385388
http://doi.org/10.3892/ol.2017.6210
http://www.ncbi.nlm.nih.gov/pubmed/28861147
http://doi.org/10.1186/s12885-017-3753-z
http://doi.org/10.1016/j.ygyno.2019.08.012
http://doi.org/10.1038/s41598-020-65850-z
http://www.ncbi.nlm.nih.gov/pubmed/32493989
http://doi.org/10.1186/s12943-019-0999-x
http://www.ncbi.nlm.nih.gov/pubmed/30940131
http://doi.org/10.3892/ol.2020.12316
http://www.ncbi.nlm.nih.gov/pubmed/33281965
http://doi.org/10.3390/ijms21010052
http://doi.org/10.1016/j.biochi.2020.06.012
http://doi.org/10.1159/000490131
http://doi.org/10.4149/neo_2014_075
http://doi.org/10.1016/j.cbi.2018.03.010
http://doi.org/10.1186/s12935-019-1010-z
http://www.ncbi.nlm.nih.gov/pubmed/31787849
http://doi.org/10.1016/j.ejphar.2019.172778
http://www.ncbi.nlm.nih.gov/pubmed/31705901
http://doi.org/10.3892/mmr.2018.9786
http://doi.org/10.2147/OTT.S196865
http://doi.org/10.1038/sigtrans.2015.4
http://www.ncbi.nlm.nih.gov/pubmed/29263891
http://doi.org/10.1016/j.cmet.2019.07.011
http://doi.org/10.1002/ijc.29618
http://www.ncbi.nlm.nih.gov/pubmed/26032913
http://doi.org/10.1158/0008-5472.CAN-11-0368
http://doi.org/10.1371/journal.pgen.1000879
http://www.ncbi.nlm.nih.gov/pubmed/20300657
http://doi.org/10.1016/j.bbrc.2013.09.142
http://www.ncbi.nlm.nih.gov/pubmed/24120501
http://doi.org/10.1038/bjc.2013.829


Cancers 2021, 13, 3968 19 of 19

103. Villegas-Ruiz, V.; Juarez-Mendez, S.; Perez-Gonzalez, O.A.; Arreola, H.; Paniagua-Garcia, L.; Parra-Melquiadez, M.; Peralta-
Rodriguez, R.; Lopez-Romero, R.; Monroy-Garcia, A.; Mantilla-Morales, A.; et al. Heterogeneity of microRNAs expression in
cervical cancer cells: Over-expression of miR-196a. Int. J. Clin. Exp. Pathol. 2014, 7, 1389–1401.

104. Sharma, S.; Mandal, P.; Sadhukhan, T.; Roy Chowdhury, R.; Ranjan Mondal, N.; Chakravarty, B.; Chatterjee, T.; Roy, S.; Sengupta,
S. Bridging Links between Long Noncoding RNA HOTAIR and HPV Oncoprotein E7 in Cervical Cancer Pathogenesis. Sci. Rep.
2015, 5, 11724. [CrossRef]

105. Condrat, C.E.; Thompson, D.C.; Barbu, M.G.; Bugnar, O.L.; Boboc, A.; Cretoiu, D.; Suciu, N.; Cretoiu, S.M.; Voinea, S.C. miRNAs
as Biomarkers in Disease: Latest Findings Regarding Their Role in Diagnosis and Prognosis. Cells 2020, 9, 276. [CrossRef]
[PubMed]

106. Wang, H.; Peng, R.; Wang, J.; Qin, Z.; Xue, L. Circulating microRNAs as potential cancer biomarkers: The advantage and
disadvantage. Clin. Epigenetics 2018, 10, 59. [CrossRef]

107. Hasanzadeh, M.; Movahedi, M.; Rejali, M.; Maleki, F.; Moetamani-Ahmadi, M.; Seifi, S.; Hosseini, Z.; Khazaei, M.; Amerizadeh,
F.; Ferns, G.A.; et al. The potential prognostic and therapeutic application of tissue and circulating microRNAs in cervical cancer.
J. Cell. Physiol. 2019, 234, 1289–1294. [CrossRef]

108. Rashed, M.H.; Bayraktar, E.; Helal, G.K.; Abd-Ellah, M.F.; Amero, P.; Chavez-Reyes, A.; Rodriguez-Aguayo, C. Exosomes: From
Garbage Bins to Promising Therapeutic Targets. Int. J. Mol. Sci. 2017, 18, 538. [CrossRef] [PubMed]

109. Iorio, M.V.; Ferracin, M.; Liu, C.G.; Veronese, A.; Spizzo, R.; Sabbioni, S.; Magri, E.; Pedriali, M.; Fabbri, M.; Campiglio, M.; et al.
MicroRNA gene expression deregulation in human breast cancer. Cancer Res. 2005, 65, 7065–7070. [CrossRef]

110. Jiang, L.; Huang, Q.; Chang, J.; Wang, E.; Qiu, X. MicroRNA HSA-miR-125a-5p induces apoptosis by activating p53 in lung cancer
cells. Exp. Lung Res. 2011, 37, 387–398. [CrossRef]

http://doi.org/10.1038/srep11724
http://doi.org/10.3390/cells9020276
http://www.ncbi.nlm.nih.gov/pubmed/31979244
http://doi.org/10.1186/s13148-018-0492-1
http://doi.org/10.1002/jcp.27160
http://doi.org/10.3390/ijms18030538
http://www.ncbi.nlm.nih.gov/pubmed/28257101
http://doi.org/10.1158/0008-5472.CAN-05-1783
http://doi.org/10.3109/01902148.2010.492068

	Introduction 
	Circulating Tumor Cells (CTCs) 
	Circulating Cell-Free DNA (ccfDNA) 
	Total and Cell-Free Circulating RNA 
	Coding RNAs 
	Non-Coding RNAs 

	Exosomal miRNAs 
	Conclusions 
	References

