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ABSTRACT

Pancreatic ductal adenocarcinoma ranks seventh among all cancer-related causes of death and has an overall 5-year sur-
vival rate of no more than 15% across all stages. This high mortality rate is largely attributed to delayed diagnosis: due to late
clinical manifestation and early metastasis, only about 5% of pancreatic ductal adenocarcinoma cases are detected at stage I.
Another important issue is the risk of overtreatment in patients with benign or non-neoplastic pancreatic conditions that mimic
pancreatic ductal adenocarcinoma, often resulting in unnecessary and invasive surgeries. A diagnostic approach capable of
detecting pancreatic ductal adenocarcinoma with high sensitivity at early stages and distinguishing it from benign pancreatic
diseases could improve survival rates and reduce the number of unwarranted high-risk procedures. One of the most promising
technologies for early and noninvasive cancer detection is liquid biopsy. This term refers to a set of analytical methods designed
to identify tumor-specific genetic, epigenetic, and antigenic alterations by analyzing tumor-derived materials in biological fluids
such as plasma, bile, or urine. Liquid biopsy may be used not only for early detection of pancreatic ductal adenocarcinoma and
its precursors in high-risk individuals but also for differential diagnosis. This review summarizes current research evaluating
the diagnostic potential of liquid biopsy through the detection of extracellular tumor DNA and RNA, as well as circulating tumor
cells in blood, pancreatic juice, and bile in patients with pancreatic neoplasms.
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AHHOTALIMA

lpoToKOBas afeHOKapLIMHOMA NOMKENYA04YHOM Xene3bl 3aHUMaeT 7-e MecTo Mo CMEPTHOCTM CPeAM BCEX OHKONIOrMYecKux 3abo-
NeBaHuii U XapaKTepu3yeTca 00LLel NATUIETHEN BbIKMBAEMOCTbIO Ha BCex cTaamsx He bonee 15%. CTonb BbICOKas neTanbHOCTb
CBAi3aHa C NO3[JHWM BbISIBNIEHWEM AaHHOT0 HOBOOOPa30BaHUS — BBUAY OTCPOYEHHON KIMHUYECKOA MaHU(ECTaLMUN U PaHHETO
MEeTacTa3MpoBaHWA IULLb OKOJ0 5% NPOTOKOBBIX aLEHOKAPLMHOM MOLLKENYA0HHOM Xene3bl AuarHocTupytoT Ha | ctaguu. Kpome
TOro, aKTyasbHOW 0CTaéTcs NpobremMa Upe3MepHOro XUpYPryecKoro BO3LECTBUA Ha NaLMeHToB, MMEBLUMX J0bpoKayecTBeHHOe
WIIM HEOMYXOJIeBOE NMOPAXeHUe NOAKENYA0YHOW XeNesbl, MacKMpYloLLeecs nog, NpoTOKOBYI0 afileHOKapLyMHoMy. [TpuMeHeHne
AMarHoCTUYECKOro MOAX0La, CMOCOBHOTO € BbICOKOW YYBCTBUTENBHOCTbIO BbISIBNATH MPOTOKOBYIO afleHOKapLMHOMY Ha paHHeN
cTagum 1 ouddepeHUMpoBaTh €€ ¢ A0bpOKaYecTBEHHBIMM 3ab0NIEBaHUAMM NOAXENYA04YHOM Xenesbl, NO3BONUIO Obl yBeM-
UNTb BbIXMBAEMOCTb BOMbHBIX C AaHHBIM HOBOOOPA30BaHWEM U CHU3UTL KOIMYECTBO BECCMBICTEHHBIX TPABMATU3UPYHOLLIMX
onepauuii. OgHol 13 Hanbonee NEPCNEKTUBHBLIX TEXHONOMIA AN paHHEeR U HEMHBA3WBHOW AMArHOCTUKM 3M10KAYECTBEHHBIX
HoB00DPa30BaHWi SBNISETCA KMAKOCTHaA buoncus. Mof faHHBIM TEPMUHOM MOHUMAIOT KOMMIEKC aHaIMTUYECKUX NOLX0A0B,
HanpaBneHHBbIX Ha BbISIBNEHWE XapaKTePHbIX A ONYX0NW FeHETUYECKMX, IMUTEHETUHECKWX U aHTUTEHHbIX U3MEHEHMI NPY aHa-
N3e OMyXoseBbIX AEPUBATOB B OUONOTMYECKUX KUOKOCTAX OpraHM3Ma (TaKuxX Kak Mnnasma, Xenyb, Moya 1 T. 4.). JupgKocTHas
Broncus MoxeT bbITb UCMOMb30BaHa He TOJbKO ANS PaHHETO BbISBIEHUA NPOTOKOBOW afieHOKapLIMHOMBI MOJXKENYA04HHOM He-
nesbl U e€ NPeALLECTBEHHMKOB Y NaUMEHTOB, HAXOAALLMXCA B rpynnax pucKa, Ho U Ans eé auddepeHLMansHON AMarHOCTUKN.
B HacTosweM 0b630pe paccMOTpeHbl paboThl, MOCBALLEHHBIE OLEHKE [MArHOCTUYECKOrO MOTEHUMana XUAKOCTHOW Bruoncum
M0 BHEK/ETOYHOW OMyXONIEBOW 4Ee30KCMPUDOHYKIIEMHOBOW KMCTOTE W PUBOHYKIEMHOBOM KUCOTE, a TaKXKe LMPKYIUPYIOLLMX
ONYX0JIEBbIX KIETOK B KPOBM, MAaHKPEATUYECKOM COKE U KEeN4M Y NALMEHTOB € HOBOOOPa30BaHMSAMM NOMLKENYLOYHON HKene3bl.

KnioueBble cnoBa: umpkynupytowwas onyxonesast JHK; MukpoPHK; umpkynupytowume onyxoneBble KNETKM; JKUAKOCTHas Guo-
ncusi; NpOTOKOBas afieHOKapLMHOMa NOAXKeNyA04HO JKenesbl; 0630p.
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BACKGROUND

Pancreatic cancer ranks 12th in incidence and 7th in cancer-
related mortality worldwide [1]. Pancreatic Ductal Adeno-
carcinoma (PDAC) accounts for 90% of all pancreatic malig-
nancies [1]. The relative 5-year survival rate remains below
10%—15% [1, 2], primarily due to late-stage diagnosis [1]. De-
spite advancements in diagnostic modalities—including com-
puted tomography, magnetic resonance imaging, endoscopic
ultrasound, ultrasound-guided biopsy, and serum biomarkers
(CA 19-9 and carcinoembryonic antigen)—only approximately
5% of tumors are detected at stage | [1]. Approximately 70%-
80% of PDAC cases are identified at the stage of local invasion
or distant metastasis [1].

Mass screening for PDAC is deemed ineffective due to
its low prevalence [2]. A more practical approach involves
the surveillance of individuals with predisposing conditions.
Chronic pancreatitis (CP) is one of the most significant risk
factors, increasing the likelihood of PDAC by 2.7-16-fold [2].
However, in patients with CP, elevated CA 19-9 levels and al-
tered pancreatic architecture hinder the early detection of
PDAC through serum markers or imaging techniques [3].
Although histopathological examination remains the corner-
stone of PDAC diagnosis, it presents challenges in CP pa-
tients, particularly when biopsy samples are limited and lack
features such as perineural or vascular invasion, making the
diagnosis highly dependent on the pathologist’s expertise [4].
Precursor lesions such as intraductal papillary mucinous
neoplasms (IPMNs) and pancreatic intraepithelial neoplasia
(PanIN) with high-grade dysplasia substantially increase the
risk of PDAC [5]. Notably, the 5-year survival rate for patients
with IPMN or PanIN exceeds 85%, suggesting that early de-
tection could significantly reduce PDAC mortality [6, 7]. How-
ever, due to their small size, deep anatomical location, and
absence of clinical symptoms, these lesions are rarely de-
tected by current laboratory or imaging techniques [8]. Biopsy
followed by histopathological analysis is considered the gold
standard for diagnosing pancreatic tumors [9]. Endoscopic
ultrasound-guided fine-needle aspiration (EUS-FNA) demon-
strates sensitivity and specificity of up to 93.1% and 100%, re-
spectively [8, 9]. Nonetheless, EUS-FNA faces limitations in
assessing the basement membrane, identifying non-glandu-
lar tissue architecture, and differentiating PDAC from its pre-
cursors, which often share similar morphological characte-
ristics [5, 9].

Currently, the most effective treatment for PDAC in-
volves a combination of chemotherapy and surgical resec-
tion [10]. EUS-FNA is mandatory before initiating to chemo-
therapy and is also recommended for patients with potentially
resectable tumors. Nevertheless, surgery is sometimes per-
formed without prior histological confirmation [10]. In 5%-—
10% of such cases, resections based solely on clinical and
radiological findings reveal benign or non-neoplastic pan-
creatic lesions [9, 11], for which less invasive or conserva-
tive management would have been more appropriate [12].
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Conversely, pancreatic neoplasms may present as CP or pan-
creatic pseudocysts, resulting in diagnostic delay [13]. While
histological evaluation of biopsy samples remains the most
reliable method for confirming malignancy [9, 13], the proce-
dure is invasive, painful, and carries risks such as tumor cell
dissemination and life-threatening complications [10, 11].

Thus, although histopathology remains a key diagnostic
tool for identifying PDAC and its precursors, there is a growing
need for adjunctive methods that are non- or minimally-inva-
sive and capable of accurately differentiating PDAC, prema-
lignant lesions, and benign pancreatic conditions. Increasing
attention is being directed toward the development of liquid
biopsy [19], which involves the analysis of tumor-derived ma-
terials (extracellular tumor nucleic acids, circulating tumor
cells) in body fluids. This review aims to evaluate the cha-
racteristics of liquid biopsy in diagnosing PDAC, its precursor
lesions, and benign pancreatic diseases. The present study
was conducted to analyze the diagnostic and prognostic po-
tential of various PDAC-related biomarkers in patients’ body
fluids. Literature was retrieved from eLIBRARY.RU, CyberLe-
ninka, PubMed, and Google Scholar. The review included ori-
ginal articles published between 2010 and 2024. Search terms
included xudkocmnas 6uoncus / liquid biopsy, npomokosas
adeHoKapuuHoMa nodcesydoyHol Hceneswl | pancreatic
ductal adenocarcinoma, eHexnemouras onyxonesas JHK
| cell-free DNA, sHexknemouras onyxonesas PHK / cell-free
RNA, memunuposarue | methylation, and yupkynupyrowue
onyxonessle knemku / circulating tumor cells.

MOLECULAR CHARACTERISTICS
OF PANCREATIC DUCTAL
ADENOCARCINOMA

PDAC progresses through a series of transformations involv-
ing both genetic and epigenetic regulation of tumor cells, ac-
companied by changes in their antigenic profile (Fig. 1). A pri-
mary goal in the development of liquid biopsy is to identify
specific alterations that are not only common among patients
but also indicative of tumor presence [2].

Genetic Alterations

A hallmark of PDAC is the presence of mutations in codons
12, 13, and 61 of the KRAS gene, identified in 90%-95% of
PDACs and 30%-80% of precursor lesions [2, 7]. Other fre-
quently observed genetic alterations include mutations in CD-
KN2A, TP53, and SMAD4, found in approximately 70%—80%,
50%-70%, and 50% of patients, respectively. These mutations
are considered relatively late events in PDAC oncogenesis and
involve a wider range of mutational hotspots. Less common
mutations occur in genes such as ARID1A, RNF43, TGFBR2,
LRP1B, PREX2, GNAS, and DNMT3A, each detected in around
10% of PDAC patients [7, 14, 15]. Notably, mutations in codon
201 of GNAS are observed in 6% of PDACs but are present
in 19%-75% of IPMNs [16]. Another feature of IPMNs is the
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PDAC

Normal IPMN, Grade 1 IPMN, Grade 2 IPMN, Grade 3
I |
IPMN, low-grade IPMN, high-grade
DNA mutation
GNAS KRAS RNF43 SMAD4
CDKNZ2A TP53
DNA methylation
RASSF1AM BRG11 HOXDg1
PPENKt ADAMTS 11 ZNF7291
Muc4ar BNC11 FGF101
CDKNZ2AT CACGNA1GT EGFr
PTPRN2Y
HDAC44
EGFRY
Extracellular RNAs
miR-211 miR-200a-3p ¥ miR-186 1
miR-486-3pT miR-1185-5p ¥ miR-17-5p 1
miR-338-3p 1 miR-33a-5p¥ | IncRNA-HOTTIPT
miR-196bT miR-574-3p ¥ IncRNA-HOTAIR T
miR-145-5p T miR-663b ¥ miR-506 ¥
miR-34 ¥
IncRNA-GASS5 ¥
IncRNA-
BC008363 4
Tumor-associated antigens
MUC1 P53 MSLN4
MUC41 GLUT-14 ANXATOP
CA19-91 GPCi4
PDCD44 EpCAM1
CD24, FAPat
RASSF14
P16

Fig. 1. Major genetic, epigenetic, and antigenic alterations contributing to the oncogenesis of pancreatic ductal adenocarcinoma. IPMN,
intraductal papillary mucinous neoplasm; PDAC, pancreatic ductal adenocarcinoma.

presence of RNF43 mutations, found in 0%—10% of low-grade
lesions and 20%-75% of high-grade lesions [16].

Epigenetic Alterations

PDAC is marked by extensive changes in epigenetic regula-
tion, including aberrant gene methylation and dysregulated
expression of non-coding RNAs (ncRNAs) [17, 18]. Common-
ly hypermethylated tumor suppressor genes include HOX,
ZNF729, PRKCB, KLRG2, FGF10, and EGF. In contrast, hy-
pomethylation is frequently observed in oncogenes such as
PTPRN2, HDAC4, SERPINBS, and EGFR. Both hypo- and hyper-
methylation have been reported in NOTCH. The genes ppENK
and CDKNZA are typically hypermethylated, while MUC4 is hy-
pomethylated in both PDAC and its precursor lesions [17, 18].

The frequency of APC, WNK2, and CACNA1G hypermethylation
increases with the degree of dysplasia in PanIN [17, 18].
NcRNAs play a critical role in post-transcriptional gene
regulation. The major classes include microRNAs (miRNAs),
long non-coding RNAs (IncRNAs), and circular RNAs (circ-
RNAs), with miRNAs being the most extensively studied.
NcRNAs upregulated in PDAC include miR-21, miR-186, miR-
17-5p, miR-196b; IncRNAs HOTTIP, HOTAIR, PVTI; and circ-
RNA 0007367. Conversely, tumor-suppressive ncRNAs, such
as miR-506, miR-34, miR-142, miR-216b, miR-217; IncRNA
GAS5; and BC008363, are typically downregulated in PDAC
cells [5, 19, 20]. In precursor lesions, upregulated ncRNAs in-
clude miR-21, miR-486-3p, miR-338-3p, miR-196b [9, 20].
In high-grade IPMNs, downregulation of miR-200a-3p,
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miR-1185-5p, miR-33a-5p, miR-574-3p, miR-663b has been
reported [21].

Antigenic and Morphologic Changes in the Tumor
Tissue

Histologically, PDAC is characterized by irregular glandular
structures embedded within a dense desmoplastic stroma and,
in some cases, may display sarcomatoid features with mini-
mal stromal separation [4]. The presence of mucin, detectable
through Alcian blue or mucicarmine staining, is a key diagnos-
tic marker of mucinous cystic neoplasms of the pancreas [9].

PDAC cells demonstrate altered surface antigen expres-
sion, a feature leveraged in the identification of circulating tu-
mor cells. Antigens significantly overexpressed in PDAC com-
pared to normal pancreatic tissue include mesothelin (MSLN),
annexin A10 (ANXA10), and glypican-1 (GPC1) [22]. Addition-
ally, PDAC cells express epithelial cell adhesion molecule
(EpCAM), fibroblast activation protein alpha (FAPa), and the
products of mutant KRAS and TP53. MUC1, MUC4, MUC5, and
CA 19-9 are also commonly expressed in PanIN and IPMN le-
sions [9, 23, 24]. Reduced expression of p16 and metastin, along
with the loss of membranous and the emergence of cytoplas-
mic E-cadherin, are further characteristic of PDAC cells [4].

DIAGNOSTIC POTENTIAL OF LIQUID
BIOPSY FOR PDAC AND PRECURSOR
LESIONS

Liquid biopsy enables malignancy detection by analyzing tu-
mor-derived components in body fluids. This section outlines
various techniques used to identify and quantify these com-
ponents in patients with PDAC and individuals at high risk of
developing the disease [25-34].

Cell-Free DNA

Cell-free DNA (cfDNA) is released into circulation either
through cell death or active secretion. Under physiological
conditions, its concentration in body fluids typically does not
exceed 40 ng/mL. In malignancies, however, cfDNA levels
can rise significantly due to tumor-associated hypoxia and
the acidic microenvironment, both of which contribute to cel-
lular stress and apoptosis [25, 26]. Consequently, cfDNA has
emerged as a potential biomarker for oncologic processes.
Yet, in early-stage disease, cfDNA concentrations may remain
similar to those found in patients with benign pancreatic dis-
orders or healthy individuals [27]. Therefore, early cancer de-
tection depends on the selective identification of the tumor-
derived fraction of cfDNA, known as circulating tumor DNA
(ctDNA). This hypothesis is based on the authors’ interpreta-
tion. Due to altered genetic material and dysregulated cellular
processes in tumor cells, ctDNA fragments are, on average,
20-30 base pairs shorter than normal cfDNA, which may aid
in their distinction [27]. Unfortunately, in early-stage disease,
the proportion of ctDNA is relatively low, which limits the
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effectiveness of size-based detection methods [27]. As a re-
sult, detection strategies that target specific genetic and epi-
genetic alterations in ctDNA are considered more appropriate.

Although ctDNA can be isolated from various body flu-
ids, plasma remains the most extensively studied source.
Given the limited number of mutational hotspots and their
high prevalence among patients with PDAC, single-nucleo-
tide variants in the KRAS gene are considered the most suit-
able target for mutation-based diagnostics (Table 1). The sen-
sitivity and specificity of PDAC detection in stages IlI-IV range
from 70% to 90% [28, 29]; however, Kirchweger et al. report-
ed a sensitivity of only 64.3% [30]. In stages I-Il, the amount
of detectable ctDNA is significantly lower, reducing diagnostic
sensitivity to 30%—35%, despite the high specificity of 99.5%-
100% [31-33]. Berger et al. demonstrated that GNAS muta-
tions in plasma could identify IPMN patients with a sensitivi-
ty and specificity of 50% and 100%, respectively (p < 0.0001).
Differentiation between PDAC and IPMN based on these mu-
tations was also achieved with 50% sensitivity and 100% spe-
cificity [29]. Another key diagnostic challenge is distinguish-
ing PDAC from CP and benign pancreatic neoplasms. Wang
et al. showed that KRAS mutation analysis could distinguish
PDAC from benign tumors with 35.2% sensitivity and 88.6%
specificity [34].

Pancreatic juice, being in closer proximity to the tumor
mass than plasma, contains circulating tumor DNA (ctDNA)
at concentrations over 100 times higher [35]. Next-genera-
tion sequencing (NGS) of pancreatic juice has demonstrat-
ed nearly 100% sensitivity in detecting both PDAC and IPMN
[36, 37]. In our previous experimental study, we also assessed
the diagnostic potential of liquid biopsy using plasma and bile.
ctDNA analysis of bile achieved approximately 90% sensitivi-
ty, compared with 60% for plasma. Bile outperformed plasma
in both absolute ctDNA concentration (248.6 [6.743; 1068] co-
pies/mL vs. 3.26 [0; 19.225] copies/mL, p < 0.001) and relative
ctDNA concentration (0.045% [0; 0.413] vs. 1.74% [0.2; 11.11],
p=0.002) [38].

Methylation analysis of cfDNA also shows promise as
a diagnostic tool. Frequently investigated targets include
ADAMTS1, ADAMTSZ2, BNC1, and BMP3 (Table 2). Methylation
of individual genes enables PDAC diagnosis with a sensitivity
of 50%-80% and specificity greater than 80% [39, 40]. Com-
bined analysis of ADAMTS1 and/or BNCT methylation allows
for the detection of stage | and Il PDAC with up to 90%-95%
sensitivity [41]. Moreover, high-throughput methylation profil-
ing using broader gene panels achieves a diagnostic sensiti-
vity of 80%—90% [42]. These panel-based methylation assays
have shown over 90% sensitivity and specificity in distinguish-
ing PDAC from CP through liquid biopsy [43, 44].

In the study conducted by Majumder et al., methylation
analysis of pancreatic juice achieved a sensitivity of 70% and
a specificity of 86% for detecting stage |-l PDAC [45]. Similar-
ly, Yokoyama et al. demonstrated that methylation profiling of
MUC gene family members in pancreatic juice identified intes-
tinal-type IPMN with 100% sensitivity and 88% specificity [46].
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Table 1. Diagnostic performance of genetic alterations in circulating tumor DNA for pancreatic ductal adenocarcinoma and precursor le-

sions.

Study Participants (n) Body fluid Method Targets Results
Wuet al,, PDAC: 36, Plasma(0.2mL)  gPCR KRAS (G12V/D/R, Sensitivity: 72.2%,
2014 [28] Control: 24 G13S/D) Specificity: 100%
Berger et al., PDAC: 24, Plasma* ddPCR GNAS (R201C/H), IPMN vs. Control:
2016 [29] IPMN: 21, KRAS (G12V/D) Sensitivity 80.95%,

Control: 38 Specificity: 84.21%;
PDAC vs. Control:
Sensitivity 83.33%,
Specificity: 92.11%
Kirchweger PDAC: 70 Plasma (10 mL) ddPCR KRAS Sensitivity: 64.3%
etal., 2022 [30] (G12V/D/C/A/S
G13D/RIV
Q6TH/K/L
Q61R,
183A>T,
Q61H,
183A>C,
Cohenetal,, PDAC: 221, Plasma (7.5 mL) Safe-SeqS ~ KRAS G12V/D/R/A/C Sensitivity: 29.9%,
2017 [31] Control: 182 Q61H Specificity: 99.5%
Affolter et al., PDAC: 14, Plasma (5 mL), NGS 118-gene panel Sensitivity: 35.7%,
2021 [32] Control: 4 Specificity: 100%
Watanabe etal,  PC untreated: 71, Plasma (4 mL) NGS 52-gene panel Sensitivity: 56% (untreated),
2022 [33] Post-treatment: 36% (treated)
74
Wang et al.,, PDAC: 105, Plasma (2.5 mL)  ddPCR KRAS Sensitivity: 35.2%,
2022 [34] Benign pancreatic (G12V/D/R) Specificity: 88.6%
tumors: 44
Volckmar etal.,  IPMN: 12, Pancreatic juice NGS KRAS G12V/D/R, Sensitivity: 100%,
2019 [36] Pseudocysts: 3 (0.5mL) G13D/L Specificity: 100%
Q61H
GNAS R201C/H/S
Choietal., 2019  PDAC: 21, Pancreatic juice*  NGS Mutation panel KRAS sensitivity: 86%
[37] (KRAS, TP53) TP53 sensitivity: 29%
Jainetal, 2024  PDAC: 95, Plasma (5 mL), ddPCR KRAS G12A/C/D/R/S/N,  Plasma (PDAC vs control):
[38] IPMN + Benign: Bile (5 mL) 613D, Sensitivity: 61.0%,
18, Q61H(183A > C)/ Specificity: 100%
Control: 38 Q6TH (183A >T)/ Plasma (PDAC vs other
K/L/R tumors):

Sensitivity: 61.0%,
Specificity: 94.0%
Bile:

Sensitivity: 90.0%

Note (for Tables 1-4): PDAC, pancreatic ductal adenocarcinoma; PC, pancreatic cancer; CP, chronic pancreatitis; IPMN, intraductal papillary
mucinous neoplasm; ddPCR, droplet digital polymerase chain reaction; Safe-SeqS, safe-sequencing system; NGS, next-generation sequenc-

ing. *Data not provided in the publication.

Extracellular RNA

Unlike cfDNA, extracellular RNA (exRNA) is primarily re-
leased through active secretion rather than as a result of cell
death [20]. In oncologic conditions, various non-coding RNAs
(ncRNAs) are present in body fluids at concentrations that can
differ significantly—sometimes by several orders of magni-
tude—from those observed in healthy individuals, making
them promising diagnostic biomarkers [47-50].

Among the various types of exRNA, microRNAs (miRNAs)
are the most extensively studied in PDAC diagnostics, partic-
ularly miR-10b, miR-19b-3p, miR-21, miR-25-3p, and miR-
210 (Table 3). When a single miRNA is analyzed in serum, the
diagnostic sensitivity and specificity can range from 70% to
90% [47]. However, liquid biopsy studies more often focus on
miRNA panels, which may achieve sensitivity and specifici-
ty rates of up to 90%—-95% [48]. In a study by Lai et al., plas-
ma analysis of miR-10b, miR-21, miR-30c, and miR-181a

DO0I: https://doi.org/10.17816/KMJ635015



REVIEWS

Kazan Medical Journal 2025, Vol. 106, No. 2

Table 2. Diagnostic performance of cell-free DNA methylation analysis in detecting pancreatic ductal adenocarcinoma and precursor

lesions.

Study Participants (n) Body fluid Method Targets Results
Shinjo et al., PC: 47, Plasma (1 mL) ddPCR ADAMTS2, HOXAT, Sensitivity: 49.0%,
2020 [39] Control: 14 PCDH10, SEMAS5A, Specificity: 86.0%

SPSB4
Yietal, PC: 42, Plasma* gPCR ADAMTSI1, BNCT ADAMTS]:
2013 [40] Control: 26 Sensitivity: 48.0%,
Specificity: 92.0%;
BNCT:
Sensitivity: 79.0%,
Specificity: 89.0%
Eissa et al., PDAC: 39, Plasma (2 mL) gPCR Promoters of PDAC vs. Control:
2019 [41] Control: 95, ADAMTS] and Sensitivity: 97.3%,
CP:8 BNC1 Specificity: 91.6%;
PDAC vs. CP:
Sensitivity: 87.5%,
Specificity: 91.6%;
Wuetal, 2022 PDAC: 74, Plasma (5 mL), Sequencing Panel of 56 mark- PDAC vs. Control:
[42] CP: 25, ers Sensitivity: 82%,
Control: 65 Specificity: 88%;
PDAC vs. CP:
AUC 85.0%
Liggett et al., PC: 30, Plasma (0.2mL) gPCR 17-gene methyla- Sensitivity:
2010 [43] CP: 30 tion panel 91.2%,
Specificity: 90.8%
Wuetal, 2023 PDAC: 8, Plasma (2 mL) NGS 6 methylation sites ~ AUC 100%
[44] CP: 8 in PRKCB, 4 in.
KLRG2
Majumder PDAC + High- Pancreatic juice  gPCR C13orf18, FERIL4,  Group 1vs. Group 2:
et al., 2021 grade IPMN (TmL) BMP3 Sensitivity 83%,
[45] (Group 1): 38, Specificity: 86%
Benign + Control Stage I-Il PDAC vs. Group 2:
(Group 2): 73 Sensitivity 70%,
Specificity: 86%
Yokoyama PDAC: 15, Pancreatic juice*  gPCR MUCT, MUC2, MUC4  PDAC vs. Control:
etal., 2014 IPMN (intestinal Sensitivity: 87%,
[46] type): 8, Specificity: 80%;
Control: 2 IPMN vs. Control:

Sensitivity: 100%,
Specificity: 88%;

Note: (for Tables 2-4): gPCR indicates quantitative real-time PCR; AUC, area under the receiver operating characteristic curve. *Data not re-

ported in the publication.

achieved 100% sensitivity and specificity, although the sample
size was limited (29 PDAC patients and 6 healthy volunteers)
[49]. Thus, miRNAs remain the most commonly investigated
exRNAs in this context, although interest in other ncRNAs is
growing. For example, in a study by Xu et al., a circular RNA
(circRNA) panel composed of circ-0060733, circ-0006117, circ-
0064288, circ-0007895, and circ-0007367 demonstrated 84%
sensitivity and 71% specificity for PDAC detection [50].
Plasma miRNA profiling also shows promising potential
in differentiating PDAC from CP, with reported sensitivity and
specificity reaching 81.5% and 93.3%, respectively [51-53].
However, miRNA analysis of pancreatic juice (miR-16, miR-21,
and miR-25) does not appear to significantly outperform

plasma-based analysis for distinguishing PDAC from CP,
achieving sensitivity and specificity of 84.2% and 81.5%, re-
spectively [54]. In contrast, distinguishing PDAC from other
pancreatic tumors remains more challenging. For instance,
Cao et al. reported a sensitivity and specificity of only 64.8%
and 64.9%, respectively, using plasma-based miRNA analy-
sis [51].

In the context of IPMN, Permuth-Wey et al. found that
a 30-miRNA panel in plasma could detect IPMN with a sen-
sitivity and specificity of 78.6% and 62.5%, respectively [55].
Studies by Kuratomi et al. and Vicentini et al. also demonstrat-
ed that miRNA content varies between plasma or pancrea-
tic juice samples from patients with IPMN, CP, and healthy
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Table 3. Diagnostic performance of non-coding RNA analysis in the detection of pancreatic ductal adenocarcinoma and its precursor
lesions.

Study Participants (n) Body fluid Method Targets Normalization Results
Que et al., PDAC: 22, Serum (1 mL) gPCR miR-21, miR- ué miR-17-5p:
2013 [47] Benign + Amp- 17-5p, miR-155, Sensitivity: 72.7%,
ullary CA+CP + miR-196a Specificity: 92.6%;
Control: 47 miR-21:
Sensitivity:
95.5%,
Specificity: 81.5%
Zou et al., PDAC: 30, Plasma (0.2mL)  gPCR Panel: miR-34 Sensitivity: 93.3%,
2019 [48] Control: 30 let-7b-5p, Specificity: 96.0%
miR-192-5p,
miR-19a-3p,
miR-19b-3p,
miR-223-3p,
miR-25-3p
Lai et al., PDAC: 29, Plasma (0.25mL) gPCR miR-10b, miR- miR-425-5p miR-10b/21/30c/181a:
2017 [49] Control: 6 21, miR-30c, Sensitivity 100%,
miR-181a Specificity: 100%
Xu et al., PDAC: 88, Plasma (0.2mL)  gPCR Hsa_ B-Actin Sensitivity: 84.0%,
2024 [50] Control: 46 circ_0060733, Specificity: 71.0%
0006117,
0064288,
0007895,
0007367
Cao et al., PDAC: 156, Plasma (0.625 gPCR Panel 1: miR- Ué, miR-16 PDAC vs CP (Panel 1):
2016 [51] Other tumors: mL) 486-5p, 126-3p, Sensitivity: 82.7%,
85, 106b-3p; Specificity: 84.4%
CP: 57 PDAC vs. other tumors
Panel 2: miR- (Panel 2):
486-5p, 126-3p, Sensitivity: 64.8%,
106b-3p, 938, Specificity: 64.9%
26b-3p, 1285
Guo et al, PDAC: 27, Plasma (1 mL) gPCR miR-95-3p, Detected Sensitivity: 81.5%,
2021 [52] CP: 15 miR-26b-5p miRNA set Specificity: 93.3%
per sample
Vicentini et PDAC: 58, Plasma (0.4 mL)  FISH, gPCR  Panel of 800 ué *
al., 2020 [53]  IPMN: 20, miRNAs
CP: 15
Nesteruk et PDAC: 54, Pancreatic juice gPCR PJ: miR-16, 21, Mean signal Sensitivity: 84.2%,
al., 2022 [54]  Control: 118 (0.2 mL) 25; in the control  Specificity: 81.5%
Plasma (0.2 mL) Plasma: group
miR-210, CA
19-9
Permuth-Wey  IPMN: 42, Plasma (0.5 mL)  Direct Panel of 30 Housekeeping  Sensitivity: 78.6%,
etal., 2015 Control: 24 multiplex miRNAs mRNAs Specificity: 62.5%
[55] RNA ACTB, B2M,
expression GAPDH,
assay RPL19 RPLPO
Kuratomi et IPMN: 13 Pancreatic juice NGS miR-10a-5p, ncRNA levels  *
al., 2021 [56] (0.5mL) 106b-5p, 197- in the normal
3p, 664a-3p, tissue
let-7d-3p

Note: (for Table 4): FISH indicates fluorescence in situ hybridization. *Data not reported in the publication.
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Table 4. Diagnostic performance of circulating tumor cell analysis in detecting pancreatic ductal adenocarcinoma and precursor lesions.

Study Participants (n) Body fluid Method Targets Results
Freed et al., PDAC: 68, Blood (2 mL) FCM CD45- Sensitivity: 97.6%,
2023 [24] Control: 11 DAPI+ Specificity: 100%

CK (++/+/=)/NIM (+/-)
EpCAM+/FAPa+
Liu et al., PDAC: 95, Blood (2 mL) FISH, IFA CD45—- Sensitivity: 75.8%,
2017 [57] Control: 48 DAPI+ Specificity: 68.7%
CEP8>2
Ankeny et al. PDAC: 72, Blood (4 mL) IFA CD45- Sensitivity: 75.0%,
2016 [58] Control: 28 DAPI+ Specificity: 96.4%
CK+/CEA+
Dotan et al,, PC: 50 Blood (7.5 mL) FISH CD45- Sensitivity: 48%
2016 [59] DAPI+
CK+
MUC-1
Kuvendjiska et IPMN: 27, Blood (6 mL) IFA EpCAM+ Sensitivity: 37%,
al., 2023 [60] Control: 5 L1CAM+ Specificity: 100%
VIM+
PDX1+
Buscail et al., PDAC: 22, Blood (7.5 mL) IFA CD45- PDAC vs. IPMN: Sensitivity 30%,
2019 [61] IPMN: 8, DAPI+ Specificity 100%;
Control: 20 CK+ PDAC vs. Control: Sensitivity 50%,
EpCAM+ Specificity: 90%
Buscail et al., PDAC: 22, Blood (7.5 mL) IFA GPC1 Sensitivity: 50%,
2019 [61] Control: 20 Specificity: 90%
Kitagawa etal,  PDAC: 9, Pancreatic juice*  Cytologic — Sensitivity: 77.8%,
2023 [62] Control: 13 analysis Specificity: 100%
Tag-Adeen et IPMN: 29 Pancreatic juice*  Cytologic — Sensitivity: 60%,
al., 2018 [63] analysis Specificity: 79%
Miyamoto etal.,  Malignant Pancreatic juice*  Cytologic — Sensitivity: 40.0%,
2020 [64] IPMN: 15, analysis Specificity: 100%
Benign IPMN:
23

Note: IFA, immunofluorescence assay; FCM, flow cytometry. *Data not reported in the publication.

individuals, although specific diagnostic accuracy metrics
were not reported [53, 56].

Circulating Tumor Cells

Circulating tumor cells (CTCs) constitute a heterogeneous
population of viable and apoptotic cells shed from prima-
ry or metastatic tumor sites. As CTCs retain both phenotypic
and genotypic characteristics of the tumor, their detection in
plasma represents a promising diagnostic strategy for PDAC
[24, 57-61].

While most liquid biopsy studies in PDAC have concen-
trated on ctDNA and exRNA, several investigations into CTCs
have produced clinically relevant findings. Common detection
methods include fluorescence in situ hybridization (FISH), im-
munofluorescence, and cytologic evaluation. CTCs are typi-
cally identified based on their phenotype: CD45, DAPI+, CK+,
and EpCAM+ (Table 4). Detection of CTC in peripheral blood

DOl https://doiorg/10

allows for PDAC diagnosis with a sensitivity ranging from 50%
to 90% and a specificity approaching 100% [24, 57-59]. De-
tection rates increase with disease progression, from 60% in
stages |-Il to 97% in stage IV [57, 58]. In a study by Kuvendiis-
ka et al., detection of IPMN using blood-based L1CAM+, VIM+,
and PDX1+ markers yielded a sensitivity of 37% and a speci-
ficity of 100% [60]. Buscail et al. assessed the diagnostic uti-
lity of CTC analysis in differentiating PDAC from IPMN; how-
ever, the sensitivity did not exceed 30% [61].

The sensitivity of liquid biopsy for detecting PDAC
through CTC analysis in pancreatic juice is 77.8% [62]. In
a study by Tag-Adeen et al., cytological evaluation of pan-
creatic secretions for IPMN diagnosis demonstrated a sen-
sitivity and specificity of up to 60% and 79%, respectively
[63]. In another study by Miyamoto et al., differentiation be-
tween low- and high-grade IPMN was achieved with a sen-
sitivity of 40% [64].
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DISCUSSION

Histopathological evaluation of biopsy material remains the
gold standard for PDAC diagnosis, allowing for the detection
of even small lesions with high sensitivity and specificity [13].
However, diagnostic accuracy is highly dependent on the pa-
thologist’s expertise and the adequacy of the sample obtained
[4, 9]. Liquid biopsy may serve as a complementary diagnostic
approach. This technology has demonstrated high diagnostic
performance (with sensitivity and specificity reaching up to
90%—95%) for advanced PDAC (stages IlI-IV), based on the
analysis of extracellular nucleic acids and CTCs in various
body fluids (Tables 1-4). Nonetheless, considerable limita-
tions remain in its application for early-stage PDAC, precursor
lesions such as IPMN, and in differentiating these conditions
from CP or other pancreatic neoplasms.

The low abundance of biomarker in early-stage disease
likely contributes to the reduced sensitivity of detection. For
instance, plasma cfDNA concentrations often does not ex-
ceed 30 ng/mL, whereas pancreatic juice may contain up to
2600 ng/mL [35]. Several studies suggest that pancreatic se-
cretions provide superior sensitivity for detecting early PDAC
and for differentiating it from CP and IPMN (Tables 1-4). How-
ever, the collection of pancreatic juice via endoscopic retro-
grade cholangiopancreatography is expensive, labor-inten-
sive, and highly invasive [36, 37]. The procedure also carries
risks of cholangitis, pancreatitis, and bleeding, limiting its
routine clinical use [65]. In our previous study, bile—also lo-
cated in close proximity to tumor tissue—was found to con-
tain higher ctDNA concentrations than plasma [38]. Routine
sampling of bile is feasible in approximately 40% of patients
with tumors in the pancreatic head, where hiliary obstruction
necessitates drainage. However, bile analysis is unsuitable for
early detection, as obstruction typically manifests in advanced
stages of disease. Additionally, it is unlikely to be useful for
diagnosing tumors located in the pancreatic body or tail.

The performance of liquid biopsy also depends on the
volume of the substrate and the analytical technique used.
In the referenced studies, nucleic acids were extracted from
0.2-10 mL of plasma and 0.2-1 mL of pancreatic juice
(Tables 1-4), and variability in DNA extraction kits may have
influenced the results [66]. Real-time PCR (qPCR) is less sen-
sitive at low DNA concentrations and more prone to interfer-
ence by PCR inhibitors when compared with droplet digital
PCR (ddPCR) or NGS, especially for detecting single mutations
in plasma [67, 68]. However, in the analysis of biomarker pan-
els or pancreatic secretions, gPCR generally performed com-
parably to ddPCR and NGS (Tables 1-4).

Bisulfite conversion, commonly used in DNA methyla-
tion analysis, can degrade between 50%-90% of nucleic ac-
ids, limiting sensitivity to around 50% [39, 40, 691. Gene pa-
nel-based epigenetic profiling may enhance sensitivity to 82%
[42]. The use of methylation-sensitive restriction enzymes—
which are highly specific for target sequences—can preserve
DNA and raise sensitivity to 91% [43, 70]. However, not all
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clinically relevant methylation sites are located within regions
suitable for the current available restriction enzymes [71].

CTCs are typically identified via cytologic analysis, a me-
thod that is operator-dependent and may account for the ob-
served variability in sensitivity (30%—-80%, Table 4). Freed
et al. employed flow cytometry to achieve an exceptionally
high sensitivity of 97.6%, although staging data for the pa-
tients were not reported [24]. Other studies report that cy-
tologic detection of CTCs yields greater than 90% sensitivity
in stage IV PDAC [58], yet data remain insufficient for early-
stage disease.

Finally, the accuracy of liquid biopsy is influenced by both
the number and diversity of biomarkers analyzed. Panel-
based approaches generally outperform single-target tests
(Tables 1-3). For instance, the combined analysis of ctD-
NA/miRNA and CA 19-9 enhances the detection of early-
stage PDAC, with sensitivity reaching 70%-80% and speci-
ficity up to 95% [28, 50]. However, several potentially valuable
biomarkers were not evaluated in the reviewed studies, such
as ctDNA mutations in CDKNZ2A, TP53, and SMAD4 (which are
present in 30%—70% of PDAC cases) and GNAS mutations
(common in IPMN) [16]. Additionally, markers like MUCT,
MUC2, and MUC4 were not considered for CTC identification.

While this review primarily focused on the diagnostic role
of liquid biopsy, its applications extend beyond diagnosis. For
example, liquid biopsy may assist in prognostication. Patients
with MUC1-positive CTCs exhibit significantly lower medi-
an survival rates (2.7 months [95% Cl, 0.1-7.6]) compared to
those with MUC1-negative CTCs (9.6 months [95% CI, 3.9-
12.8]; p = 0.044) or no detectable CTCs (8.8 months [95% Cl,
6.0-10.9]; p = 0.014) [59]. Certain genetic alterations, such as
KRAS G12V and G12D mutations, are linked to poor progno-
sis and can be identified through liquid biopsy in unresectable
tumors [34]. The combination of miR-335-5p and miR-340-5p
has been proposed as a marker for metastatic potential [52].
In a study by Ankeny et al., patients with >3 CTCs per 4 mL
of blood were 6.39-fold more likely to experience metasta-
sis at initial assessment compared to those with lower CTC
counts [58]. Moreover, ctDNA and miRNA levels generally de-
crease following effective surgery or chemotherapy, providing
a means for monitoring treatment response [30, 49].

CONCLUSION

Liquid biopsy for pancreatic diseases offers a promising tool
for the diagnosis, prognosis, and therapeutic monitoring of
PDAC. Despite its current limitations in detecting early-stage
PDAC and IPMN, as well as in differentiating these conditions
from benign pancreatic diseases, liquid biopsy shows sub-
stantial potential for clinical application. However, it is not
yet capable of replacing conventional diagnostic methods,
particularly histopathologic evaluation. For the technology to
progress, standardized protocols and larger randomized tri-
als are essential, including evaluations of its clinical and eco-
nomic impact on healthcare systems.
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