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Pancreatic cancer is one of the most challenging cancers due to its high mortality rates. Considering the late diagno-
sis and the limited survival benefit with current treatment options, it becomes imperative to optimize early detection,
prognosis and prediction of treatment response. To address these challenges, significant research efforts have been
undertaken in recent years to develop liquid-biopsy-based biomarkers for pancreatic cancer. In particular, an increas-
ing number of studies point to cell-free DNA (cfDNA) methylation analysis as a promising non-invasive approach

for the discovery and validation of epigenetic biomarkers with diagnostic or prognostic potential. In this review

we provide an update on recent advancements in the field of cfDNA methylation analysis in pancreatic cancer. We
discuss the relevance of DNA methylation in the context of pancreatic cancer, recent cfDNA methylation research, its
clinical utility, and future directions for integrating cfDNA methylation analysis into routine clinical practice.
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Introduction

Pancreatic cancer is the tumor with the 3rd highest mor-
tality rate in developed countries and the tumor with the
lowest 5-year survival (9%) [1, 2]. In Europe, approxi-
mately 95,000 lives are lost each year due to this condi-
tion [3]. Over the past few years, there has been a rise in
pancreatic cancer incidence, and the age of most patients
diagnosed with this tumor ranges between 70 and 80
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years [4]. BRCAI and BRCA2 mutations are the most
common genetic alterations in familial pancreatic cancer,
in which there is an inherited susceptibility to the disease
and that accounts for approximately 10% of cases [5].
On the other hand, sporadic pancreatic cancer accounts
for the majority of cases and occurs without any known
inherited genetic predisposition, with chronic pancreati-
tis, diabetes, tobacco, obesity, H. pylori infection, and diet
as the most important risk factors [6]. Pancreatic cancer
is a difficult tumor to diagnose in the initial stages, very
aggressive, fast growing and with a poor prognosis. The
majority of patients are typically diagnosed with either
locally advanced or metastatic disease, with only a small
percentage, around 15-20%, being considered operable
at the time of diagnosis. However, results of surgery
alone are disappointing, as patients often experience
early relapse, resulting in a relatively short median sur-
vival of only 15 to 20 months [7]. For those diagnosed
with metastatic disease, the median overall survival
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from the time of diagnosis is even shorter, averaging around
4.6 months [8].

Pancreatic ductal adenocarcinoma (PDAC) is the
most common type of pancreatic cancer, accounting
for over 80% of all cases [9]. KRAS (Kirsten rat sarcoma
viral oncogene homolog) mutations play a critical role in
PDAC, being present in more than 90% of cases and con-
sidered one of the key driving factors in the development
of the disease [10]. Hence, the presence of a KRAS muta-
tion in PDAC contributes to various aspects of the dis-
ease, including enhanced cancer cell growth, alteration
of metabolic processes, evasion of the immune system,
and development of resistance to therapies [11]. Some
other genetic alterations have been identified in pancre-
atic cancer, including mutations in the tumor suppressor
genes TP53, p16/CDKN2A and SMAD4 [12].

Regarding treatment, patients with operable disease
at the time of diagnosis can be treated with a standard
therapeutic strategy that involves surgery followed by
adjuvant chemotherapy using FOLFIRINOX (fluoroura-
cil, irinotecan, leucovorin, oxaliplatin). This approach
is expected to result in a median overall survival of
54.4 months, which is significantly longer compared to
the 35 months achieved with single-agent gemcitabine
[13]. Patients diagnosed with advanced disease, includ-
ing locally advanced and metastatic PDAC, can benefit
from multiagent chemotherapy regimens such as FOL-
FIRINOX, gemcitabine/nab-paclitaxel, and nanoliposo-
mal irinotecan/fluorouracil. These treatment approaches
have shown a survival advantage of 2 to 6 months when
compared to using a single-agent gemcitabine [13].
In patients with germline BRCA1/2 mutations, the
poly(adenosine diphosphate-ribose) polymerase inhibi-
tor olaparib, has the potential to improve progression
free survival [14].

At the time of diagnosis, pancreas computed tomography
(CT) angiography along with chest and pelvis CT scans are
used to evaluate the vascular anatomy and disease stage.
To obtain a histologic diagnosis and gather material for
molecular testing, the recommended procedure is to per-
form an ultrasound-guided fine-needle core biopsy, which
is preferred over fine-needle aspiration [13]. However, the
abundance of tumor stroma in the pancreatic tissue affects
the negative predictive value of this technique due to sam-
pling error, being sometimes necessary to repeat the pro-
cedure in patients with great clinical deterioration [15, 16].
Moreover, these samples are only available at the time of
diagnosis, but not during the course of the disease to moni-
tor response to treatment. To date, the carbohydrate anti-
gen 19-9 (CA19- 9) is the only blood-based biomarker
routinely used to make clinical decisions in pancreatic can-
cer, with a relatively low sensitivity (79%) and specificity
(82%) [17]. There is a relationship between CA19-9 levels
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and survival in patients with metastatic PDAC [18, 19].
However, in clinical practice there is no consensus on the
interpretation of changes in CA19-9 levels throughout the
disease [20].

For all these reasons, the development of alternative
blood-based biomarkers for pancreatic cancer is impera-
tive. These biomarkers would aid in early-stage diagno-
sis, precise patient stratification, selection of appropriate
treatments, monitoring of treatment response, evaluating
therapy resistance, identification of minimal residual dis-
ease and risk of relapse. Liquid biopsy, which refers to the
analysis of molecular biomarkers in circulating blood com-
ponents, has emerged as a promising approach to over-
come these challenges in cancer diagnosis and monitoring
(Fig. 1). By detecting and analyzing genetic alterations in
circulating cell-free DNA (cfDNA), circulating tumor cells
(CTCs), and other biomarkers present in the blood, liquid
biopsy offers a non-invasive method for assessing tumor
characteristics and monitoring treatment response.

Aberrant DNA methylation patterns are frequently
observed in cancer cells, and these changes can be reflected
in the cfDNA circulating in the blood [21]. The detection
of these methylation alterations in the bloodstream holds
promise for early cancer detection, potentially leading to
improved outcomes through timely intervention. There-
fore, this review is aimed to provide an overview of recent
advancements in the field of cfDNA methylation analysis in
pancreatic cancer. We will first review those studies focus-
ing on cfDNA in pancreatic cancer. Then, we will discuss
the relevance of DNA methylation in the context of pancre-
atic cancer before summarizing recent research in cfDNA
methylation, with a particular emphasis on examining its
clinical utility. Finally, we will discuss the future directions,
clinical translation, and potential integration of cfDNA
methylation analysis into routine clinical practice.

The literature search for this review was performed in
PubMed in October 2022 with the following MeSH terms
and free text used in combination: “Pancreatic cancer”
[MeSH], “Pancreatic ductal adenocarcinoma” [MeSH],
“cfDNA methylation” [tiab], “circulating free DNA meth-
ylation” [tiab], “liquid biopsy” [MeSH], “liquid biopsy”
[tiab], and “epigenetics” Articles for which only the abstract
was available or which were not written in English were
excluded. Also, the references cited in retrieved articles
were examined to identify additional relevant studies.

Circulating cell-free DNA as blood-based
biomarker in pancreatic cancer

Those fragments of DNA that are present in the blood-
stream and not contained within cells are referred to as
circulating cell-free DNA (cfDNA). This cfDNA origi-
nates from various sources, including normal cell turn-
over, apoptotic or necrotic cells, and tumor cells [22].
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Fig. 1 Utility of blood-based liquid biopsy in diagnosis and management of pancreatic cancer. Circulating tumour cells (CTCs) and circulating
cell-free DNA (cfDNA), stand as prominent biomarkers in liquid biopsy, providing non-invasive diagnostic, prognostic and therapeutic
information. In particular, analysis of cfDNA can reveal tumor-causing genetics alterations, such as mutations, microsatellite instability (MSI),
loss-of-heterozygosity (LOH), or aberrant methylation patterns. The mutated genes most frequently detected in cfDNA from pancreatic cancer
patients are KRAS, TP53, APC, SMAD4 and FBXW?7. Among the circulating biomarkers of methylation in pancreatic cancer are BNC1, NPTX2, SFRPT,

RASSF1A and TFPI2

Tumor-specific genetic alterations, including muta-
tions, microsatellite instability (MSI), loss of heterozy-
gosity (LOH), and aberrant methylation patterns can be
detected in ¢fDNA [23]. The size of ¢fDNA varies from
40 to 200 base pairs (bp), with a peak at about 166 bp,
although the median overall fragment lengths of cfDNA
in healthy individuals have been observed to be larger in
comparison to those of cancer patients [24].

Compared to tumor biopsies, cfDNA not only pro-
vides a better description of the complete landscape of
a tumor but also offers the possibility of repeated sam-
pling and analysis, which allows longitudinal evaluation
of dynamic changes in ¢fDNA concentration, identifica-
tion of acquired resistance-conferring mutations, and
monitoring of clonal evolution [25]. Nevertheless, the
analysis of cfDNA as a blood biomarker in cancer also
has some limitations. An important aspect in the diag-
nostic and prognostic utility of cfDNA is its low concen-
tration in plasma, complicating detection and analysis. It
has been estimated that there are approximately 10-15
ng of cfDNA per milliliter of plasma and that circulating

tumor DNA represents a small fraction of cfDNA in most
early-stage cancers [26, 27]. These considerations high-
light the requirement for ultra-sensitive detection meth-
ods. The most sensitive methods are polymerase chain
reaction (PCR)-based methods, such as BEAMing single-
molecule PCR [28], TAm-Seq [29], digital PCR [30], and
droplet digital PCR [31]. Regarding pancreatic cancer,
cfDNA has received increasing attention as a promis-
ing biomarker for early detection and prognosis. Thus,
recent studies show that genetic alterations in circulating
cfDNA in pancreatic cancer are detected in more than
80% of patients with metastatic disease but only in 48% of
patients with localized tumors [32].

In pancreatic cancer, liquid biopsy studies performed
on microsatellite instability (MSI) are very scarce
or non-existent in the case of loss of heterozygosity
(LOH). Chakrabarti et al. evaluated whether determina-
tion of MSI status in circulating tumor DNA using the
Guardant360 technique predicted a robust response
to immunotherapy in patients with PDAC. Tissue-
based MSI results were concordant with plasma-based
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G360 results in 83% of patients. Furthermore, in a sin-
gle patient, MSI was identified in plasma but not in the
tumor tissue [33].

The most common blood-based biomarker studies
in pancreatic cancer include the analysis of circulat-
ing mutations in cfDNA, and the mutated genes most
frequently detected are KRAS, TP53, APC, SMAD4 or
FBXW?7 [34]. The concurrence of these mutations with
those found in the tumor, strongly emphasizes the poten-
tial of cfDNA as a valuable blood-based biomarker for
pancreatic cancer. Hence, several studies have confirmed
the adverse prognosis associated with the detection of
KRAS mutations in circulating cfDNA of patients with
locally advanced or metastatic PDAC [35-37]. Apart
from its prognostic value, some studies have described
the detection of KRAS mutations in circulating cfDNA
as biomarker to monitor treatment response and iden-
tify early signs of resistance in pancreatic cancer [38, 39].
However, other authors have not been able to corrobo-
rate these findings [40]. In a recent study, the presence of
KRAS mutations in cfDNA from unresectable pancreatic
cancer patients was strongly associated with unfavorable
treatment results and suggested this molecular evalua-
tion as biomarker early tumor progression [41].

While the number of studies is currently limited, they
highlight the potential of cfDNA as a valuable source
of biomarkers for predicting the prognosis of PDAC
patients. Furthermore, alterations in cfDNA genetic pro-
files throughout treatment can serve as early indicators
of treatment response or resistance, thereby presenting
a promising avenue for utilizing the biomarker’s progres-
sion to guide treatment decisions.

Nonetheless, there is a crucial need to advance the
development of more sensitive techniques capable of
enhance detection tumor-derived circulating DNA, as
well as to augment the accuracy of prognosis prediction.
The combination of ultrasensitive techniques and the
integration of epigenetic markers, such as cfDNA meth-
ylation, offer a promising opportunity to increase the
sensitivity and specificity of cfDNA analysis in pancreatic
cancer (Fig. 1).

DNA methylation and pancreatic cancer

In recent years, the number of studies attempting to
identify methylation markers in pancreatic cancer has
increased. Moreover, unlike genetic alterations, DNA
methylation is reversible, making it highly valuable from
a therapeutic perspective. DNA methylation involves the
addition or removal of a methyl group (CHj;) at the C5
position of cytosine within CpG dinucleotides that are
predominantly found in specific genomic regions known
as CpG islands. In mammals, the establishment of DNA
methylation patterns is primarily mediated by the DNA
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methyltransferase 3 (DNMT3) family of de novo meth-
yltransferases, including DNMT3A and DNMT3B. Once
established, these patterns are subsequently maintained
by the action of DNMT1 [42-44]. In normal cells, cor-
rect DNA methylation patterns ensure proper and pre-
cise regulation of gene expression and maintaining stable
gene silencing. Consequently, it is not surprising that the
presence of aberrant methylation patterns is widely con-
sidered as an epigenetic hallmark in many types of can-
cer. Notably, both hypo- and hypermethylation events are
observed in cancer. Specifically, there is a global decrease
of methylated CpG content in gene-poor regions and
repetitive sequences. This phenomenon contributes to
genomic instability and, although less common, to the
activation of previously silenced oncogenes. Conversely,
cancer frequently displays localized hypermethylation of
gene promoters, resulting in the transcriptional silencing
of tumor suppressor genes [45, 46].

There are numerous studies conducted on primary
tissue biopsies, cell lines or xenograft models focused
on decipher disease-specific methylation patterns in
pancreatic diseases to serve as diagnostic or prognostic
tool for pancreatic tumor. In pancreatic cancer, almost
80% of cases show upregulation of DNMT1I, leading to
hypermethylation, which is considered the predomi-
nant and aberrant epigenetic alteration in pancreatic
cancer. The impact of this abnormal hypermethylation
is predominantly observed in tumor suppressor genes.
The first tumor suppressor gene described in pan-
creatic cancer as inactivated by aberrant hypermeth-
ylation in its promoter was CDKN2A/p16INK4, which
plays a crucial role in inhibiting cell cycle progression
the G1 to S phase, ensuring cell cycle arrest [47, 48].
Other studies conducted in fresh frozen tissues of pan-
creatic exocrine and intraepithelial neoplasms, human
pancreatic cancer cell lines, and xenografts, reported
hypermethylation and the consequent downregulation
in pancreatic cancer of other negative regulators of
cell progression through G1 phase, such as the cyclin-
dependent kinase inhibitor CDKN1C/p51KIP2 and
cyclin CCND2 [49, 50]. Additional tumor suppressor
genes with reduced expression due to aberrant hyper-
methylation in pancreatic tumors are preproenkephalin
(PENK, hypermethylated in 93.3% of the tumor samples
analyzed), the suppressor of cytokine-signaling 1 gene
(SOCS-1, in 57.1%), protocadherin 10 (PCDHIO, in
60.9%), iroquois homeobox 4 (IRX4, in 64%), and rep-
rimo (RPRM, in 57%), among others [51-55].

In addition to aberrant hypermethylation of tumor sup-
pressor genes in pancreatic cancer, it has been observed
that certain genes also undergo aberrant hypometh-
ylation. This hypomethylation predominantly occurs
at promoter regions of specific genes, leading to their
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overexpression, thereby contributing to cell prolifera-
tion, survival, and invasiveness in pancreatic cancer cells
[56]. One of these genes is the serine protease inhibitor
SERPINBS (Maspin), that has been reported as com-
pletely unmethylated in 87% of pancreatic cancer cell
lines (20/23), 94% of xenografts (32/34) and hypometh-
ylated in 86% of primary pancreatic adenocarcinomas
(6/7), with an inverse correlation between methylation
and mRNA expression level [57]. Indeed, in clinical sam-
ples, the presence of unmethylated SERPINBS has
demonstrated its potential as a specific biomarker for
pancreatic tumors, enabling the differentiation of pan-
creatic ductal adenocarcinoma (PDAC) from pancrea-
titis [58]. Through multi-omics analysis that combines
methylation and expression profiling data, compelling
evidence has emerged regarding the upregulation of spe-
cific genes in pancreatic cancer tissues associated with
their hypomethylation status, including sulfotransferase
family 1E member 1 (SULT1E1), insulin-like growth fac-
tor 2 mRNA-binding protein 3 (IGF2BP3) and mitogen-
activated protein 4 kinase 4 (MAP4K4) [59]. Moreover,
the altered methylation and expression profiles of these
genes have shown a significant association with overall
survival in pancreatic cancer patients, thus suggesting
their potential utility as prognostic biomarkers. Several
additional genes have shown overexpression as a result
of aberrant hypomethylation in pancreatic cancer tis-
sues, including MUC4 [60], CLDN4, LCN2, SFN, TFF2,
S100A4, MSLN, and PSCA [56].

In addition, in recent years, 5-hydroxymethylcytosine
(5hmC), an oxidized form of 5mC whose biological func-
tion is still unclear, has attracted great interest as a poten-
tial biomarker for cancer diagnosis and survival. Several
studies have reported that 5hmC levels are substantially
reduced in human cancers [61-63], and specifically, pan-
creatic cancer has been described as leading to disease-
specific changes in the cell-free hydroxymethylome [64].

In summary, epigenetic alterations play a pivotal role
in the initiation and progression of pancreatic cancer.
Therefore, the comprehensive analysis of the aberrant
epigenetic modifications arising in pancreatic cancer can
have significant implications in molecular diagnosis and
treatment monitoring.

Analysis of cfDNA methylation studies
in pancreatic cancer
The exploration of methylated biomarkers in plasma
for pancreatic cancer is still in its early stages, and the
number of studies conducted to date for this purpose is
limited.

Analysis of cfDNA methylation patterns in pancreatic
cancer has been approached both at the whole genome
level and by identifying and describing individual genes
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or small gene panels. Regarding the whole genome
sequencing approach, multiple studies describing sig-
natures have been published [65-67].

In this review, the main interest has been to explore
the utility of individual genes or small panels of genes
as potential biomarkers with future clinical application
(Table 1). One of the first studies addressing the iden-
tification of methylated markers for pancreatic can-
cer in plasma dates from 2007. Jiao et al. examined by
methylation specific PCR (MSP) the methylation status
of ppENK and pl6 genes in plasma samples from 83
patients with untreated pancreatic cancer [48]. Hyper-
methylation of ppENK and pl16 promoters was found
in 29.3% and 24.6% of patients, respectively. Moreover,
in 9 of 83 patients paired pancreatic tumor tissue sec-
tions were available, and hypermethylation of the p16
and ppENK genes was found in 60% and 80%, respec-
tively, of plasma samples from patients whose tumors
harbored the same methylation. Authors concluded
that plasma DNA may have value as a surrogate for
tumor tissues in the detection of epigenetic alterations
in pancreatic cancer. However, the obtained sensitivity
was too low for a potential diagnostic marker, probably
due to the low number of paired plasma/tumor sam-
ples that were analyzed. Furthermore, it is important to
note that this study lacks data on control groups con-
sisting of both healthy individuals and patients with
benign pancreatic diseases.

Shortly thereafter another pioneering study was pub-
lished showing that pancreatic cancer detection could
be conducted by using methylation profiling of circulat-
ing cfDNA in plasma [68]. Melnikov et al. analyzed the
methylation profiles in 30 patients with PDAC and 30
age-matched healthy volunteers. Introducing a novel
technique at that time, called MethDet56, the study uti-
lized a microarray test panel comprising 56 frequently
methylated genes. This innovative approach aimed to
measure the methylation level of target sequences by
digesting them with a methylation-sensitive endonucle-
ase and subsequently amplifying the undigested frag-
ments using PCR. A set of five genes (CCND2, PLAU,
SOCS1, THBS, and VHL) was discovered to be hypo-
methylated in plasma from PDAC patients when com-
pared with healthy controls. This hypomethylation
pattern exhibited a sensitivity of 76% and a specificity
of 59%. The authors categorized this set of genes as a
composite biomarker, establishing its consistent predic-
tive value for the detection of pancreatic cancer using
plasma-based methods. Moreover, they argue that the
unmethylated status of a promoter is more informative in
terms of tumor detection. Nevertheless, it is important to
note that these findings have not been validated by sub-
sequent studies, and the use of hypomethylated specific
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genes in plasma cfDNA as biomarkers for PDAC remains
a topic of debate.

The same research group used their developed Meth-
Det56 methodology to compare the methylation of
plasma cfDNA in 30 PDAC patients, 30 chronic pan-
creatitis patients and 30 healthy control individuals, each
group with similar age, sex, and ethnic distribution [69].
In an effort to identify specific methylation profiles in
plasma, researchers selected the promoters of 8 informa-
tive genes (BRCA1, CCND2, CDKNIC, MLHI, proxi-
mal and distal PGR promoter regions, SYK, and VHL)
to distinguish between chronic pancreatitis and healthy
controls (78% sensitivity and 81.7% specificity). Moreo-
ver, they identified fourteen gene promoters (CCND2,
CDKNIC, CDKN2B, DAPKI, promoter A of ESRI,
MGMT, MLHI1, MUC2, MYODI, PGKl, the proximal
region of the PGR promoter, RARB, RB1, and SYK) as dif-
ferentially methylated when comparing chronic pancrea-
titis with PDAC (90.8% sensitivity and 91.2% specificity).
Nine of the fourteen gene promoters were specific to
chronic pancreatitis, and five were included in both clas-
sifiers’ groups. In this shared group of five genes, it was
observed that those hypermethylated genes in chronic
pancreatitis were hypomethylated in PDAC.

Some years later, the MethDet56 method was applied
to investigate whether PDAC and colorectal cancer
(CRC) share methylation markers in plasma cfDNA
[70]. A seven gene panel (MDRI, SRBC, VHL, MUC2,
RBI, SYK and GPC3) was identified as the best circulat-
ing methylation signature that differentiated either CRC
or PDAC from healthy controls. Furthermore, in a more
restrictive analysis of this panel, the authors concluded
that GPC3 was the only gene for effectively differentiate
between PDAC and healthy controls, whereas VHL and
SRBC were informative genes for both PDAC and CRC.

Park J.W. et al., published two studies in 2012 using
MSP technique in plasma for the diagnosis of pancre-
atic cancer. The first was a pilot study (16 patients with
pancreatic cancer, 13 patients with chronic pancreati-
tis and 29 healthy controls) that used a panel of 6 can-
didate genes chosen based on the results previously
obtained in primary pancreatic cancers and normal
pancreatic ductal epithelia by Sato et al., 2003 [71, 91].
Promoters from UCHLI, NPTX2, SARP2, ppENK, p16
and RASSFIA genes were found differentially methyl-
ated between PDAC patients and healthy controls,
but only p16 promoter was differentially methylated
between PDAC patients and those with chronic pan-
creatitis, a known risk factor for pancreatic cancer.
Following these results and previous ones obtained
from pancreatic cancer cytology samples [92], these
authors focused on methylation status of NPTX2 in a
larger plasma cohort of 104 PDAC patients, 60 chronic
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pancreatitis patients, and 5 patients with benign bil-
iary tract stone disease [72]. NPTX2 methylation was
significantly higher in the PDAC group (84% of PDAC
patients versus 33% and 0% in the chronic pancreatitis
and the benign gallstone disease groups respectively;
p=0.016), with a sensitivity and specificity of 80% and
76%, respectively, and was positively correlated with
worsening tumor stages.

Singh and collaborators analyzed in 2020 three of the
six biomarkers examined in 2012 by Park et al. (UCHLI,
PENK, and NPTX2 gene promoters), adding the SPARC
gene to the study [80]. Gene Methylation Indices (MI)
were calculated from absolute copy numbers obtained
by quantitative MSP (QMSP) in cfDNA from 61 PDAC
patients, 22 chronic pancreatitis patients, and 21 healthy
subjects. The four genes exhibited a significantly higher
MI in PDAC than in healthy controls, being SPARC MI
able to differentiate early stage PDAC from chronic pan-
creatitis. Moreover, a higher UCHL1 MI correlated with
an advanced stage of the disease; and a higher MI for the
SPARC and NPTX2 genes was associated with poor sur-
vival in PDAC.

In 2013, Kawasaki et al. studied by using MSP tech-
nique the methylation frequency of cell cycle-related
genes (APC, DCC, pl16, p14, and RASSFIA ) in cfDNA
from patients with different types of cancer, including 47
PDAC patients [73]. The highest methylation frequencies
were 34 and 23.4% for RASSFIA and APC respectively,
followed by p16 and pi4. However, it should be noted
that the study lacked healthy control groups and that the
percentage of methylation of RASSFIA was similar or
even higher in other types of cancer such as hepatocel-
lular carcinoma.

Also in 2013, Yi et al. analyzed by MSP the methylation
status of 8 candidate genes selected after cancer-specific
methylation filtering of 1,427 unique genes obtained in 4
pancreatic cancer cell lines through transcriptome micro-
array [74]. BNC1 and ADAMTS1 promoter genes showed
the highest methylation frequency in primary PDAC
tumor samples (91% and 67%, respectively; n=123)
and in premalignant pancreatic intraepithelial neopla-
sia (PanIN) samples (70% and 25%, respectively; n=20).
These biomarkers were then validated in serum samples
(42 PDAC patients and 26 healthy individuals) employing
the Methylation On Beads (MOB) method, a nanotech-
nology that allows capture, retention, and bisulfite treat-
ment of minimal amounts of DNA. Sensitivity reached
79% for BNCI and 48% for ADAMTS1, which increased
to 90% for both genes in stage I PDAC samples. Specific-
ity was 89% for BNCI and 92% for ADAMTS1. Combin-
ing both genes, the sensitivity to detect very early stages
of pancreatic cancer was improved (81%), but not the
specificity (85%).
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This promising panel of biomarkers was validated by
qMSP method nine years later by the same group [78] in
an independent cohort of 39 PDAC patients, 95 match-
ing age controls and 8 patients with chronic pancreati-
tis. Methylation of ADAMTSI and BNC1 were detected
in 87.2% and 65.1% of PDAC cases versus 4.2% and 6.3%
of non-cancer individuals, respectively. The two-gene
combination (ADAMTSI and/or BNCI) improved indi-
vidual results reaching methylation levels of 97.4% in
patients and 8.4% in controls. However, this combined
panel also showed methylation in 87.5% of chronic pan-
creatitis individuals, failing to differentiate PDAC and
chronic pancreatitis. According to stage, cfDNA methyla-
tion of ADAMTS1 /| BNCI combined panel was found in
in 100% of patients with stage I, 88.9% of stage IIA, and
100% of stages IIB, III and IV pancreatic cancers, with-
out any improvement when CA19-9 values were incor-
porated into the analysis. With these results, authors
highlight ADAMTS1 and BNC1 as robust markers for the
early detection of pancreatic cancer in c¢fDNA during the
initial stages of the disease, offering the opportunity of
curative tumor resection.

In 2021, seeking to improve the diagnostic poten-
tial, the same research group added LRFN5 and PXDN
genes to the ADAMTS1/BNCI combined methylation
panel [85]. Methylation levels were measured in 106
FFPE tissue samples (44 PDAC (stage I-IV), 15 PanIN,
24 intraductal papillary mucinous neoplasms, 15 chronic
pancreatitis and 8 non-cancerous controls) using MSP
and in 32 plasma samples (22 PDAC (stage I-IV) and 10
healthy controls) using MOB followed by qMSP.

The addition of LREN5/PXDN to the biomarker panel
improved the diagnostic accuracy for the detection of
premalignant and early-stage cancers, obtaining an
AUC of 0.94. Moreover, the sensitivity and specificity
obtained in plasma for this 4-gene panel was 100% and
90%, respectively. Of note is the diversity of the popula-
tion included in the study, which enhances the broad
applicability of the findings. However, the plasma sample
size was notably smaller than that of tumor tissue. The
authors argue that the methylation frequency of their
4-gene panel in cfDNA was comparable, although lower,
than in tissue, perhaps due to existing tumor heterogene-
ity, suggesting that these biomarker genes are critical for
tumor clones capable of hematogenous spread.

Henriksen’s group adopted a distinct approach, focus-
ing on the development of predictive models based on
cfDNA methylation for use in the diagnosis, survival
prediction and prognosis of pancreatic cancer [75-77].
In 2016, Henriksen et al., evaluated a panel of 28 genes
selected based on the findings in previous literature, using
an optimized bisulfite treatment protocol and two rounds
of MSP and qMSP (outer and inner methylation-specific
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primers and probes) [75]. Cohort were composed of 95
PDAC patients and 3 control groups: (1) 97 chronic pan-
creatitis patients, (2) 59 acute pancreatitis patients and
(3) 27 benign pancreatic conditions patients. Based on
multivariable logistic regression analysis, they established
a prediction model (age>65 years) including 8 genes
(APC, BMP3, BNC1, MESTv2, RASSFIA, SFRPI1, SFRP2,
and TFPI2) able to successfully differentiate malign from
benign conditions with a sensitivity of 76% and a specific-
ity of 83%. The authors highlight the independence of this
prediction model with the cancer stage, concluding that
it could potentially be used as an early blood-based diag-
nostic tool for pancreatic cancer.

Subsequently, employing the same panel of 28 genes,
the same cohort of PDAC patients and the same experi-
mental approaches, these authors only found highly
significant differences in the mean number of hyper-
methylated genes at stage IV, but not at stages I, II or
111, suggesting an accumulation of hypermethylated pro-
moter regions during cancer development and progres-
sion [76]. They developed prognostic prediction models
that were able to distinguish stage IV PDAC patients
from those without distant metastasis (stage I, II and III),
and patients with potentially resectable PDAC (stage I
and II) from those with non-resectable PDAC (stage III
and IV).

Also in 2017, this research group leveraged this cohort
to establish the correlation between the survival of PDAC
patients and hypermethylated genes in plasma-derived
cfDNA [77]. They found a significantly lower survival
in patients with more than 10 hypermethylated genes
in cfDNA, which varied according to pancreatic cancer
staging. The final prediction model of survival, developed
by multivariable Cox regression analysis, comprised five
genes (BNCI, GSTP1, SFRP1, SFRP2, and TFPI2) in con-
junction with an ASA (American Society of Anesthesi-
ologists) physical status score of three, indicating those
patients with severe systemic disease. Methylation of all
these genes was related with a poor prognosis, except for
SFRP2, whose methylation was associated with longer
survival. It is necessary to emphasize that in the three
described studies by Henriksen and colleagues [75-77]
hypermethylation was analyzed as a qualitative binary
variable, which leads to a loss of quantitative information.

In 2021, an external validation of their previously pub-
lished diagnostic prediction model (BMP3, RASSFIA,
BNC1, MESTv2, TFPI2, APC, SFRPI and SFRP2) for
PDAC [75] was performed by these researchers, also
examining the additional effect of CA 19-9 serum
on the predictive performance of the diagnostic test
[86]. Results from MSP of the initial 28-gene panel on
cfDNA samples from 346 PDAC (stage I-IV) and 25
chronic pancreatitis patients showed a higher number of
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hypermethylated genes in PDAC patients compared to
chronic pancreatitis patients (8.11 vs. 5.60). Moreover, an
AUC of 0.77 was achieved in validation of the diagnos-
tic prediction model, slightly less than in the first study
from 2016 (0.86). The authors argue for this difference
by explaining that the primary study was based on train-
ing data, which likely produced an overestimation of test
performance due to overfitting. Combining this test with
serum CA19-9 values, an AUC of 0.85 (0.93 in the pri-
mary study) was achieved, allowing the authors to point
out that the joint use of both markers could serve as a
clinically useful diagnostic tool for PDAC. It is important
to consider that, in addition to the low number of control
individuals included in this validation analysis, cases and
controls were not matched for age or smoking, both of
which are important factors that can affect methylation
status.

The BNCI1 and SEPT9 genes, previously described as
potential circulating biomarkers in pancreatic cancer
[74, 76] were re-analyzed in 2019 by Xiao-Bin Li et al.
[79]. Significant differences were found in the circulating
methylation levels of both genes by qMSP in 57 PDAC
patients, 14 patients with PanIN lesions, 44 with benign
conditions and 53 healthy controls, with higher levels in
the group of patients with tumors. The sensitivity and
specificity of these markers used in conjunction with
CA19-9 for the diagnosis of pancreatic cancer was 86%
and 81.1%, respectively. However, it is necessary to point
out that these markers may be methylated in around one
third of benign pancreatic diseases, and in other cancers,
such as colorectal cancer, lung cancer and hepatocellular
carcinoma [93-95].

In 2020, Shinjo and colleagues pointed to ADAMTS?2,
HOXA1, PCDH10, SEMAS5A and SPSB4 as the most
highly/frequently methylated genes in pancreatic cancer
tissues with KRAS mutations after performing an Illu-
mina Infinium genome-wide DNA methylation analy-
sis, achieving a sensitivity of 98%. Subsequent validation
of the methylation status of these five marker genes in
serum samples (47 PDAC patients and 14 normal con-
trols) was carried out using a novel and sensitive method
consisting of the enrichment of the coupled methyl-
CpG binding protein with a digital PCR method (MBD-
ddPCR) [81]. Although no significant differences were
observed between cancer patients and controls, 49% of
PDAC patients had at least one gene methylated, lead-
ing to a 49% sensitivity and an 86% specificity. The com-
bination of the cfDNA methylation status and the KRAS
mutation improved the diagnostic performance, reaching
a sensitivity of 68% and a specificity of 86%. A question
that remains unanswered is how cfDNA methylation pat-
terns would compare if a group of patients with benign
pancreatic disease were included in the study.
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Still in 2020, Li and colleagues identified 143 hyper-
methylated differentially methylated regions (DMRs)
derived from 70 genes in cfDNA from 4 PDAC patients
and 2 healthy controls using MeDIP-seq technology,
that combines immunoprecipitation with anti-5-methyl-
cytosine antibodies and DNA sequencing [82]. The 143
candidate DMRs were further analyzed using genomic
data repositories (TCGA and GEO) by the Least Abso-
lute Shrinkage and Selection Operator (LASSO) method,
being able to select eight markers (TRIM73, FAMI150A,
EPB4113, SIX3, MIR663, MAPT, LOC100128977 and
LOCI100130148) that significantly distinguished PDAC
patients from healthy individuals with a sensitivity of
97.1% and a specificity of 98.0%. Finally, the results of
the Kaplan-Meier survival analysis concluded that these
eight markers may serve as potential biomarkers for early
diagnosis of pancreatic cancer, but not for prognosis.

Manoochehri and collaborators described in 2020 SST
gene hypermethylation and downregulation of SST gene
across various tumor types, including pancreatic cancer,
performing as a pan-cancer molecular biomarker [83].
Combining selected DMRs from a genome-wide DNA
methylation analysis performed on different tissue sam-
ples with available expression profiling data from previ-
ous studies results in SST being the only candidate gene
involved in cell proliferation, invasion, migration, cell
death and apoptosis, as well as in gastrointestinal func-
tion. Verification and validation of hypermethylation and
downregulation of the SST gene in PDAC tissue samples,
via bisulfite restriction, pyrosequencing, qPCR, and anal-
ysis of data available in the TCGA and GEO repositories,
proved that SST hypermethylation and expression have
prognostic value and are associated with the survival
rate of PDAC patients. Moreover, in agree with Henrik-
sen et al. [75], results from digital droplet PCR (ddPCR)
methylation analysis of SST allele in 30 plasma samples
from PDAC patients and 18 healthy controls revealed a
high diagnostic sensitivity (93%) and specificity (89%).
Despite these outcomes, SST methylation cannot be used
as specific marker for pancreatic cancer, and SST hyper-
methylation most likely has the potential as a blood-
based pan-cancer biomarker for a wide range of tumors
for initial stratification into high and low risk groups.

Feng Cao et al. carried out in 2020 both 5-hydroxy-
methylcytosine (5hmC) sequencing and cfMeDIP-seq
to develop a robust and non-invasive approach using
5-methylcytosine (5mC) and 5hmC markers from cfDNA
for the detection of PDAC [84]. By comparing the distri-
butions of the 5mC and 5hmC peaks, they selected a set
of 24 and 27 5mC and 5hmC profiles, respectively, that
distinguish with a high precision between PDAC and
healthy groups, in both a training and a validation set.
Furthermore, the integrated prediction model combining
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5hmC and 5mC features demonstrated higher predic-
tion sensitivity, particularly in early-stage PDAC samples
(87.5% sensitivity in the integrated, 75% and 62.5% in the
5mC and 5hmC models, respectively), supporting the
possibility of applying the combined circulating cell-free
5mC and 5hmC biomarkers for a more accurate cancer
diagnosis.

Majumder et al. set out to conduct in 2021 a plasma
performance assay for 13 methylated DNA markers
previously identified by them via RRBS (Reduced Rep-
resentation Bisulfite Sequencing) libraries in tissues
from patients with PDAC [87, 96]. Plasma samples from
two independent cohorts of PDAC cases at all stages
(170) and cancer-free control subjects (170) were ana-
lyzed using the TELQAS assay (Target Enrichment with
Long probe Quantitative Amplified Signal) for GRIN2D,
CD1D, CLEC11A, AK055957, ZNF781, PRKCB, FER1L4,
HOXA1, RYR2, LRRC4, GHO05]042948, SHISA9 and
NTRK3. The proposed panel allowed detection in 79%,
82%, 94% and 99% of the cases of stages I, II, III and IV
respectively, and reached specificity and sensitivity values
of up to 94% and 82% when the markers were combined
with CA19-9. This work represents the largest study
reporting results of a diagnostic methylation biomarker
panel in PDAC patients. However, a cohort of patients
with chronic pancreatitis should have been included to
reinforce the potential of the described panel.

Based on a proof-of-concept study, Miller et al. tar-
geted ZNF154 methylation as a suitable biomarker for
blood screening of multiple cancers, including pancre-
atic cancer [88]. They analyzed ZNF154 methylation at
a specific CG position with Illumina 450 K methylation
TCGA data derived from PDAC and cancer-free donors
tissue samples. Additionally, they collected mutation data
from these same samples using cBioPortal. ZNF4 was
found to be hypermethylated in 86.7% of PDAC sam-
ples versus 95.3% mutated in the common set of PDAC
cancer genes (90.7% in KRAS and 4.6% in TP53, SMAD4
or CDKN2A). Next, they examined the methylation sta-
tus of 14 ZNF154 CpQG sites (including the Illumina CG
position) in plasma samples by combining MOB and
a PCR-based high resolution DNA melting approach
(DREAMing). Considering that the study cohort was
small (8 stages I-II, 17 stages III-IV and 20 normal con-
trols), a sensitivity of 94.1% and a specificity of 80% were
obtained for late-stage pancreas (AUC=0.85), reaching
values of 100% and 80% respectively for early-stage pan-
creas (AUC=0.87). Furthermore, they observed: (I) no
detectable KRAS mutant cfDNA in early-stage samples;
(II) statistically significant higher median KRAS mutant
allele frequencies in late-stage PDAC cases compared
with controls; and (III) an AUC of 0.67. Authors con-
clude that ZNF154 shows promising potential as a liquid
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biopsy-based laboratory testing for cancer screening.
propose future validations using a larger set of plasma
samples encompassing different cancer types and stages,
and suggest considering the inclusion of this marker in a
clinical trial.

Finally, the use of cfDNA methylation for monitor-
ing disease progression and response to treatment is an
important aspect that has been rarely addressed in pan-
creatic cancer. In this regard, Vrba and colleagues tested
the ability of a novel ten-genes DNA methylation sig-
nature to evaluate tumor response by analizing pairs of
blood samples taken before and 4 weeks after treatment
from 9 metastatic PDAC patients using quantitative MSP.
Although the cohort and monitoring time were limited,
their results showed a statistically significant decrease in
the biomarker signal in all treated patients [89].

In a recent study by our group, NPTX2 methylation
levels was analyzed in plasma from 44 metastatic PDAC
patients using ddPCR to evaluate its utility for progno-
sis and monitoring disease progression. Significantly, we
demonstrated that the circulating NPTX2 methylation
levels not only serve as a valuable prognostic biomarker
but also offer a practical tool for monitoring metastatic
PDAC patients [90]. Thus, correlations were observed
between changes in NPTX2 methylation levels and dis-
ease progression as well as response to therapy, surpass-
ing CA19-9 in predicting disease evolution in mPDAC
patients. Moreover, in many cases, an elevation in circu-
lating NPTX2 methylation levels preceded the detection
of disease progression by CT imaging [90].

Challenges and conclusions

Circulating methylated DNA hold promise as nonin-
vasive biomarker for pancreatic cancer detection and
management. In this review, we have updated research
progress on DNA methylation in liquid biopsies as diag-
nostic or prognostic tools for PDAC.

A persistent and pressing challenge within the field of
liquid biopsy, especially when dealing with cfDNA, lies in
the imperative need for standardization and clinical vali-
dation of techniques. This is essential to enable the tran-
sition from fundamental research to the ambit of clinical
trials and ultimately advance the field. Both the methodo-
logical procedures and the specific targets for analysis are
yet to be fully standardized. Thus, to achieve harmoniza-
tion across laboratories and establish one or more genes
as clinically applicable cfDNA-based epigenetic biomark-
ers for pancreatic cancer, it its crucial to validate them in
substantial cohorts of patients and healthy individuals.
Furthermore, unification of identification and detection
techniques is neccesary to facilitate result comparison
between studies, thereby also also ensuring the clinical
feasability of the developed methods.
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Fig. 2 Graphical landscape of current clinical trials using cfDNA methylation in cancer and goals of clinical intervention in cfDNA
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2023, using the following search terms: [condition or disease: “‘cancer"]; [other terms: “cfDNA methylation”]; [study status: “recruiting and completed”]

On the other hand, it must be emphasized that epige-
netic alterations detected by using a single biomarker are
not able to capture the complex biology of the disease.
In this sense, the combination of multiple biomarkers
can undoubtedly boost the predictive power and allow
early diagnosis, prediction of prognosis and treatment
response.

Currently, there are 47 clinical trials investigating the
diagnostic and prognostic utility of cfDNA methylation
markers in cancer (https://clinicaltrials.gov/ct2/home).
Interestingly, nine of them are focused on the validation
of methylation blood-circulating biomarkers in pan-
creatic cancer, and early diagnosis of the disease is the
main aim in the majority (70%) of these studies (Fig. 2),
although no specific information on which genes are ana-
lyzed is provided.

In conclusion, the incorporation of circulating cell-
free DNA methylation in clinical and precision medi-
cine for pancreatic cancer is a promising reality on the
horizon. For this, it is essential to join efforts to cor-
roborate its efficacy and utility with more well-designed

studies that incorporate more sensitive or innovative
techniques, as well as an increased number of clinical
trials on a large-scale population scale. Finally, collabo-
rative research and shared resources can also pave the
way for the incorporation of this innovative approach
in clinical practice.
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