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a b s t r a c t

Background and aims: Pancreatic cancer has a dismal prognosis. So far, imaging has been proven inca-
pable of establishing an early enough diagnosis. Thus, biomarkers are urgently needed for early detection
and improved survival. Our aim was to evaluate the pooled diagnostic performance of DNA alterations in
pancreatic juice.
Methods: A systematic literature search was performed in EMBASE, MEDLINE Ovid, Cochrane CENTRAL
and Web of Science for studies concerning the diagnostic performance of DNA alterations in pancreatic
juice to differentiate patients with high-grade dysplasia or pancreatic cancer from controls. Study quality
was assessed using QUADAS-2. The pooled prevalence, sensitivity, specificity and diagnostic odds ratio
were calculated.
Results: Studies mostly concerned cell-free DNA mutations (32 studies: 939 cases, 1678 controls) and
methylation patterns (14 studies: 579 cases, 467 controls). KRAS, TP53, CDKN2A, GNAS and SMAD4 mu-
tations were evaluated most. Of these, TP53 had the highest diagnostic performance with a pooled
sensitivity of 42% (95% CI: 31e54%), specificity of 98% (95%-CI: 92%e100%) and diagnostic odds ratio of 36
(95% CI: 9e133).
Of DNA methylation patterns, hypermethylation of CDKN2A, NPTX2 and ppENK were studied most.
Hypermethylation of NPTX2 performed best with a sensitivity of 39e70% and specificity of 94e100% for
distinguishing pancreatic cancer from controls.
Conclusions: This meta-analysis shows that, in pancreatic juice, the presence of distinct DNA mutations
(TP53, SMAD4 or CDKN2A) and NPTX2 hypermethylation have a high specificity (close to 100%) for the
presence of high-grade dysplasia or pancreatic cancer. However, the sensitivity of these DNA alterations
is poor to moderate, yet may increase if they are combined in a panel.
© 2022 The Authors. Published by Elsevier B.V. on behalf of IAP and EPC. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Pancreatic cancer (PC) is a leading cause of cancer-related death,
with a dismal five-year survival rate of 9% [1]. As early detection
provides the best chance for cure, surveillance is advocated in high-
risk groups. According to guidelines, both hereditary predisposed
individuals and those with a neoplastic pancreatic cyst are being
followed by imaging with endoscopic ultrasound (EUS) and/or
magnetic resonance imaging (MRI) [2,3]. Unfortunately, evenwhen
both modalities are applied concurrently, high-grade dysplasia
rology and Hepatology, Eras-
the Netherlands.
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(HGD) and early cancer are being missed [3]. Thus, novel diagnostic
methods are needed.

In the last decades, DNA analysis techniques have greatly
improved. This resulted in numerous studies investigating its po-
tential for diagnostic testing, characterization of the tumor genome,
personalized therapy and monitoring of therapeutic efficacy [4e6]
(mostly in blood). The majority of these studies evaluated the value
of gene mutations and (hyper) methylation. The latter, (epi) genetic
changes, cause malignant development through silencing of tumor
suppressor genes.

Pancreatic juice (PJ) seems a promising alternative DNA source,
as it is produced by (and in close contact with) the ductal cells from
which PC originates. Its excretion can be stimulated by intravenous
secretin infusion during EUS allowing non-invasive collection. Our
group has already shown that PJ harbors 50-250x higher concen-
trations of cell-free DNA than blood [7]. As tumor progression takes
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months to years, circulating tumor DNA (ctDNA) is likely to be
detectable from an early stage [8], creating a window of opportu-
nity for early detection. In clinical practice, PJ DNA analysis may
differentiate PC or HGD from low-grade dysplasia (LGD) or
inflammation (e.g., groove, chronic or auto-immune pancreatitis)
[9].

Multiple promising genetic and epigenetic DNA alterations have
been identified in PJ. The aim of this systematic review and meta-
analysis was to calculate the pooled diagnostic performance
(diagnostic odds ratio [DOR], sensitivity, specificity) of frequently
investigated DNA alterations in order to establish DNA alterations
that promise for future research and implementation in clinical
practice. Detection of a marker with a specificity close to 100% for
detection of HGD or PC would prompt for surgery; lower is not
acceptable as it would cause unnecessary harm to those who
appear to be benign after surgery. Also, during surveillance,
changes in PJ DNA markers over time may warrant intensified
surveillance or (in case of high specificity) prompt for surgery.

2. Materials and methods

2.1. Literature search and screening strategy

In November 2020, a systematic literature search was per-
formed for studies concerning the diagnostic performance of DNA
alterations in PJ for detection of PC or HGD. The search was
executed in EMBASE, MEDLINE Ovid, Cochrane CENTRAL and Web
of Science (core collection). The keywords were: DNA, biomarkers,
pancreatic juice, pancreatic ductal adenocarcinoma/cancer, intra-
ductal pancreatic mucinous neoplasm (IPMN). The full search string
can be found in Supplemental Materials and Methods Table 1.
Reference lists of recent reviews were assessed for any missed
studies. The review was written according to the Preferred
Reporting Items for Systematic Reviews and Meta-analysis
(PRISMA) statement. The protocol for this systematic review was
registered on PROSPERO (ID: CRD42020176792).

2.2. Study selection

Based on title and abstract, articles were considered eligible in
case of original research with PC or HGD as investigated group,
evaluation of DNA alterations in PJ, and involvement of both a case
and control group of at least ten individuals. DNA alterations were
restricted to the three most frequently evaluated, namely muta-
tions, methylation and chromosomal instability. Studies were
included if they reported sensitivity and specificity, or metrics from
which these could be derived. Articles published in another lan-
guage than English, reviews, case reports, letters-to-editor and
conference abstracts were excluded. If a research group had pub-
lished multiple articles and duplication of data could not be ruled
out, the most recent article was included. Screening was executed
by two authors (I.V. and I.L.) independently. In case of inconsis-
tency, studies were discussed until consensus was reached.

2.3. Data extraction and quality assessment

Patient characteristics, DNA alteration type, methods of PJ
collection, methods of DNA analysis and diagnostic performance
per DNA alteration were extracted. Patients with either HGD,
invasive IPMN, carcinoma in situ or PC were classified as cases.
Controls were stratified in: all controls (AC), non-pancreatic con-
trols (NP; e.g., patients with biliary stones or healthy controls),
chronic pancreatitis (CP), hereditarily predisposed high-risk in-
dividuals (HRI) and precursor lesions (PL; Mucinous Cystic
neoplasm [MCN], IPMN and pancreatic intraepithelial neoplasia
974
[PanIN]). The latter group was evaluated as one heterogeneous
group, as the type of ‘precursor lesion’ was not always defined in
studies, metrics of the IPMN-subgroup were extracted if possible.
To avoid inclusion of PC or HGD in the control group, control groups
that may harbor HGD (due to lack of information), were excluded.
Additionally, patients with other cancer types (e.g., esophageal
cancer) and individuals that did not fit in abovementioned groups
were excluded.

Study quality was assessed using the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) [10]. Risk of bias was
scored in four domains: patient selection, index tests, reference
standard, flow and timing. A total score was generated as described
in Supplemental Fig. 1, the importance of the different domains was
quantified with an in-house scoring system.

2.4. Statistical analysis

The pooled performance for differentiation of HGD and PC from
the different control groups (AC, NP, CP, HRI, PL) of each DNA
alteration (investigated�5 studies) was assessed by calculating the
prevalence, sensitivity, specificity and diagnostic odds ratio (DOR)
from published metrics extracted from the included studies. First,
forest plots were constructed and meta-analyses were performed
using the Midas tool in STATA (version 16.1, Stata corporation,
College station, TX, USA) resulting in a pooled sensitivity, specificity
and DOR. Second, statistical heterogeneity was measured using I2

statistics. Third, a hierarchical summary receiver operating curve
(HSROC) was generated. This model jointly analyzes the diagnostic
performance of biomarkers while accounting for heterogeneity
within and in between studies [11]. For DNA alterations that were
reported in less than five studies, outcomes were described sys-
tematically. For gene methylation, a cross table was used to calcu-
late the sensitivity and specificity per study (SPSS; Statistical
Package for the Social Sciences, version 27, SPSS Inc., Chicago, IL);
confidence intervals were presented as “exact” Clopper-Pearson
confidence intervals. The prevalence of both TP53 and KRAS mu-
tations were compared between subgroups (secretin-induces vs
not secretin-induced; MannWhitney U) and visualized by Graphad
(GraphPad Prism version 9, GraphPad Software, La Jolla, CA). A p-
value of <0,05 was considered statistically significant.

3. Results

3.1. Overview of included studies

The initial search identified 580 studies, of which 504 were
excluded based on title and abstract. After full-text review, 41
studies were included: 32 concerning DNA mutations, 14 DNA
methylations and five describing both [12e52] (Fig. 1). For each
study, distinct collection methods and DNA analysis methods were
reported. For DNA mutations, all included studies used a targeted
approach, while for DNA methylation, four studies used an unbi-
ased approach (e.g., whole genome sequencing) 14, 18, 22, 37. For
further details see Tables 1 and 2.

3.2. Quality assessment

Based on the QUADAS-2 quality assessment, the quality of the
included studies was overall acceptable, but varied between studies
(Fig. 2). Notably, earlier studies did not describe their DNA analysis
techniques as explicitly as the more recent studies. As a conse-
quence, the definition of a positive test was not always evident. For
instance, in earlier studies (before 2001) polymerase chain reaction
(PCR)-techniques were used that score the presence of a mutation
‘upon visualization of bands’ (Table 1); a metric that highly depends



Fig. 1. PRISMA flow-chart showing the selection of literature. Five articles investigated both DNA mutation and methylation.
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on interpretation. Whereas in the recent studies using next gen-
eration sequencing (NGS), thresholds of allelic frequency (or ‘NGS-
scores’) were given in the majority of studies (Table 1). Important
other quality remarks are that none of the studies reported on the
interval between the index test (PJ analysis) and reference test
(histopathological diagnosis) and the majority had not used the
same reference test for cases (PA-proven in 36 of 41 studies) and
controls (based solely on clinical and imaging characteristics in 37
of 41 studies).

3.3. DNA mutations

For DNA mutations, 2617 individuals (939 cases and 1678 con-
trols) were included from 32 studies (Table 1). Different groups
served as controls; 25 studies used CP, 20 NP, 15 PLs and three HRIs
with a hereditary predisposition for PC. KRASmutations were most
frequently investigated (25 studies). Other frequently investigated
DNAmutations were in TP53 (11 studies), CDKN2A (5 studies), GNAS
(5 studies) and SMAD4 (3 studies). Mutations in RNF43, TGFBR2,
FBXW7, ARID1A, BRAF, PIK3CA and COL12A1 were only investigated
975
in one or two studies.
The studies evaluating KRAS involved 729 cases and 1178 con-

trols. Mutated KRAS was detected in 60% of cases and 27% of con-
trols (8% of NP, 19% of CP, 52% of HRI and 48% of PL). The presence of
mutated KRAS discriminated cases from controls with a sensitivity
of 62% (95% CI 56e68%; I2 63% [95% CI 47e79%]; Fig. 3A), specificity
of 81% (95% CI 72e89%; I2 90% [95% CI 86e93%]; Fig. 3B), DOR of 7
(95% CI 4.5e11; Fig. 3C) and AUC of 0.74 (95% CI 0.70e0.77; Fig. 3D).
When comparing cases with individual control groups, KRAS mu-
tations were able to differentiate cases from NP (n ¼ 323) with a
sensitivity of 57% (95% CI; 48e65%; I2 32% [95% CI 0e65%]) and
specificity of 96% (95% CI 88e99%; I2 49% [95% CI 11e69%]; Fig. 3E),
cases from CP (n¼ 337) with a sensitivity of 60% (95% CI 51e68%; I2

65% [95% CI 50e80%]) and specificity of 87% (95% CI; 77e93%; I2

55% [95% CI 35e75%]; Fig. 3F), and cases from PL (n ¼ 220) with a
sensitivity of 61% (95% CI 51e70%; I2 0% [95% CI 0e58%]) and
specificity of 47% (95% CI 36e59%; I2 0% [95% CI 0e58%];
Fig. 3G).The most prevalent KRAS mutations were G12D (42% of
cases, 20% of controls, sensitivity 40% [95% CI 31e50%], specificity
82% [95% CI 71e89%]), G12V (29% of cases, 16% of controls,



Fig. 2. Results of quality assessment of diagnostic accuracy Studies-2 (QUADAS-2).
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sensitivity 26% [95% CI 16e39%], specificity 93% [95% CI 79e98%])
and G12R (16% of cases, 8% of controls, sensitivity 13% [95% CI
8e20%], specificity 94% [95% CI 88e97%]). 24% of cases and 14% of
controls had multiple types of KRAS mutations (Supplemental
Table S2 and Supplemental Fig. S2).

TP53was investigated in 320 cases and 445 controls. A mutation
was detected in 43% of cases and 7% of controls (0% of NP, 2% of CP,
23% of HRI and 22% of PL). TP53mutational status performed best in
discriminating cases from controls, based on the DOR (36 [95% CI
9e133; Fig. 4C] and the AUC (0.77 [95% CI 0.73e0.80; Fig. 4D]). The
sensitivity was 42% (95% CI 31e54; I2 73% [95% CI 58e89%]; Fig. 4A)
and the specificity 98% (95% CI 92e100; I2 77% [95% CI 65e90%];
976
Fig. 4B). TP53was able to differentiate cases fromNP (n¼ 133) with
a sensitivity of 43% (95% CI 26e62%; I2 68% [95% CI 48e67%]) and
specificity of 99% (95% CI 94e100%; I2 0% [95% CI 0e88%]; Fig. 4E),
cases from CP (n¼ 168) with a sensitivity of 40% (95% CI 27e55%; I2

64% [95% CI 41e86%]) and specificity of 98% (95% CI 95e99%; I2 0%
[95% CI 0e88%]; Fig. 4F), and cases from individuals with PL
(n ¼ 93) with a specificity of 79% (95%CI 0.61e0.90; I2 0% [95% CI
0e88%]) and sensitivity of 62% (95%CI 53e70%; I2 0% [95% CI
0e88%]; Fig. 4G).The most prevalent TP53 mutations were R248W
(5.1% of cases, 1.1% of controls), R248Q (3.8% of cases, 1.1% of con-
trols) and R175H (3.8% of cases and 1.1% of controls). 5.6% of cases
and 0.7% of controls had multiple TP53 mutations (Supplemental



Table 1
Overview of included patients of studies investigating DNA Mutations (n ¼ 32).

Study (year
of
publication)

Cases Controls Procedure
of PJ
collection

Ampulla
Cannu-
lation
(Y/N)

Secretin
induced
>(Y/N)

Laboratory
analysis

Definition of
mutation

Investigated gene

Definition
of cases

Cases,
n

PA-
Proven (Y/
N)

Definition of
controls

Controls,
n

Majumbera

(2019)
HGD/PC 38 Y NP/benign 32/41 END N Y NR NR KRAS

Takano
(2019)

Inv. IPMN 15 Y PL (IPMN) 13 ERCP Y N NGS AF > 0.5% KRAS; TP53; GNAS

Suenaga
(2018)

HGD/PC 18 Y NP/PL
(IPMN þ PanIn)/
HRI

9/9
(7 þ 2)/
31

EUS N Y NGS NGS-score � 12d KRAS; GNAS; TP53;
SMAD4; RNF43;
CDKN2A; TGFBR2;
BRAF; PIK3CA

Yu (2017) PC 34 Y NP/PL (IPMN) 24/57 EUS N Y NGS NGS-score � 12d KRAS; GNAS; TP53;
SMAD4; RNF43;
CDKN2A; TGFBR2;
BRAF; PIK3CA

Ginestaa

(2016)
PC/inv.
IPMN

85/3 Y PL (IPMN)/CP 9/14 Surgery NR N qPCR NR KRAS

Eshleman
(2015)

PC 30 NR NP/CP/PL
(IPMN)/HRI

22/9/17/
194

EUS N Y DHRM þ pyroseq. Mutation score �3 KRAS; GNASe

Kisiela

(2015)
PC 61 Y NP/CP 19/22 EUS/EGD N Y QUART NR KRAS

Takano
(2014)

PC/inv.
IPMN

39/17 NR NP/CP/PL
(IPMN)

9/22/65 ENPD Y N NGS AF>1% KRAS; GNAS; TP53;
SMAD4

Kanda (1)
(2013)

PC 14 Y NP/CP/PL
(PMN)/HRI

20/20/
76/123

EUS N Y DHRM þ pyroseq. A fluorescence
difference of 3%

GNAS

Kanda (2)
(2013)

PC/HGD 43/8 Y NP/CP/PL
(IPMN þ PanIn)

34/24/14 EUS N Y DHRM þ pyroseq. Detection by both
DHRM and pryoseq

TP53

Azura
(2012)

PC 42 Y CP 6 Surgery NR N Nanofluidic dPCR AF>0.05% KRAS

Mizuno
(2010)

Inv. IPMN 12 Y PL (IPMN) 41 ERCP Y N PCR-PHFA NR KRAS

Kobayashi
(2008)

PC 21 NR Benign c/PL
(IPMN)

20/19 ERCP Y N PCR-PHFA PCR-
SSCP
þ seq.

Upon visualization of
peaks

KRAS; CDKN2A; TP53

Bian (2006) PC 20 Y NP/CP 8/8 Surgery/
ERCPf

Y N PCR-TGCE Upon visualization of
peaks

TP53; CDKN2A

Othsuboa

(2006)
PC 28 Subgroupb CP 20 EGD Y Y SSCP þ sequencing Upon visualization of

bands
TP53

Yan (2005) PC 48 Subgroupb NP/CP 49/49 ERCP Y N RT-PCR <98% confidence/>0;
25% red colonies

KRAS; TP53

Wang
(2004)

PC 21 Subgroupb CP 25 EGD Y Y MASA (KRAS)/PCR-
SSCP þ seq. (TP53)

NR KRASe; TP53

Constentin
(2002)

PC 18 Y CP/benignc 20/19 ERCP Y N PCR-RFLP/PCR-
CMA

Upon visualization of
bands

KRAS; CDKN2A (p16);
DPC4

Tada (2001) PC 23 Subgroupb NP/CP/PL
(IPMN)

23/13/15 ERCP NR Y PCR-ELMA Mutation score 2þ (2
e20% of the mutant)

KRAS

Ha (2001) PC 19 Subgroupb CP 25 EGD Y Y PCR-MASA Detection rate >0.01
e0.001% of total DNA

KRAS

Nakaizumi
(2001)

PC 19 Y NP/PL (cyst) 8/34 EGD Y Y PCR-PHFA NR KRAS

Futawaka
(2000)

PC/inv.
IPMN

12/4 Y NP/CP 10/10 ERCP Y N PCR-RFLP Mutant:WT ratio
>1:300

KRAS

Myung
(2000)

PC 12 Y NP/CP 8/11 EGD Y Y PCR-RFLP Upon visualization of
bands

KRAS

Okai (1999) PC 19 Subgroupb CP 11 END Y Y PCR-RFLP Upon visualization of
bands

KRAS

Tateishi
(1999)

PC 20 NR NP/CP/PL (cyst) 21/6/14 ERCP Y Y PCR-ELMA Mutation score 2þ
(sensitivity 80e98%)

KRAS

Watanabe
(1999)

PC 38 Subgroupb NP/CP 62/38 Aspirator
device

N N PCR-MASA Detection rate >0.01
e0.001% of total DNA

KRAS

Yamaguchi
(1999)

PC 26 Subgroupb CP 16 EGD Y Y PCR-SSCP Upon visualization of
bands

KRASe; TP53

Nakamura
(1999)

PC 23 Subgroupb CP/PL
(cyst þ MCN)

4/8
(3 þ 5)

ERCP Y Y PCR-PAGE Upon visualization of
bands

KRAS

Watanabe
(1998)

PC 29 Subgroupb NP/CP 11/26 END NR NR PCR-PHFA Upon visualization of
peaks (chemi-
luminescence
>11.020 RLUs)

KRAS

Kondoh
(1998)

PC/inv.
IPMN

10/5 N CP/PL (cyst) 9/3 ERCP Y N PCR-SSCP Upon visualization of
bands

KRAS

Kondo
(1997)

PC/inv.
IPMN

43/4 NR NP/CP 28/22 EGD Y Y NRI-SSCP-PCR NR KRAS

PC 19 Y CP 29 N Y PCR-SSCP KRAS

(continued on next page)
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Table 1 (continued )

Study (year
of
publication)

Cases Controls Procedure
of PJ
collection

Ampulla
Cannu-
lation
(Y/N)

Secretin
induced
>(Y/N)

Laboratory
analysis

Definition of
mutation

Investigated gene

Definition
of cases

Cases,
n

PA-
Proven (Y/
N)

Definition of
controls

Controls,
n

Iguchi
(1996)

Dreiling
tube

Mutant:WT ratio
between 1:1024 and
1:2048

Y ¼ yes; N ¼ no; PC ¼ pancreatic cancer, HGD ¼ high-grade dysplasia; AC ¼ all controls; IPMN ¼ intraductal papillary mucinous neoplasm; NP ¼ non-pancreatic (including
healthy controls and indivividuals with an extrapancreatic disease, extrapancreatic malignancies are excluded); PL ¼ precursor lesions (including benign IPMN, mucinous
cystic neoplasm, PanIn, unspecified cyst); CP¼ chronic pancreatitis; HRI¼ (hereditarily predisposed) high-risk individuals; END¼ endoscopic; EUS¼ endoscopic ultrasound;
ERCP ¼ endoscopic retrograde cholangiopancreatography; EGD ¼ esophagogastroduodenoscopy; ENPD ¼ endoscopic nasopancreatic drainage; AF ¼ allele frequency;
NGS ¼ next generation sequencing; qPCR ¼ quantitative polymerase chain reactive; DHRM ¼ digital high-resolution melt-curve; QUART ¼ quantitative real-time allele-
specific target and signal amplification; PHFA¼ preferential homoduplex formation assay; SSCP¼ single-strand conformation polymorphism; LD-PCR¼ limiting dilution PCR;
TGCE¼ temperature gradient capillary electrophoresis; RFLP¼ restriction fragment length polymorphism; CMA¼ comparativemultiplex assay; ELMA¼ enzyme-linkedmini-
sequence assay; MASA ¼ mutant allele specific amplification; PAGE ¼ polyacrylamide gel electrophoresis; WT ¼ wild type; NR ¼ not recorded.

a Study describes both DNA mutations and methylation.
b Only a subgroup was histologically proven.
c Benign pancreatic diseases, but impossible to subdivide into clear subgroups.
d NGS-score is related to the count of NGS aliquotes with a mutation.
e Mutation was not included in meta-analysis; as presence in PC cases was not described.
f PJ of patients with PC was collected during surgery, that of controls during ERCP.
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Table S2).
CDKN2A was investigated in 111 cases and 146 controls. The

prevalence of a CDKN2A mutation was 17% in the case and 13% in
the control group (9% of NP, 36% of CP, 3% of HRI and 0% of PL). The
sensitivity for differentiating cases from controls was 13% (95% CI
4e36; I2 87% [95% CI 77e97%]; Fig. 5A) and the specificity 96% (95%
CI 77e99; I2 92% [95% CI 87e97%]; Fig. 5B). Consequently, the
overall performance was poor, with a DOR of 3.4 [95% CI 0.4e29.4];
Fig. 5C) and AUC 0.61 (95% CI 0.00e1.00; data not shown). For a
specification of detected gene mutations see Supplemental
Table S2.

Studies investigating GNAS involved 116 cases and 384 controls,
of which 218 had IPMN. A GNAS mutation was detected in 22% of
cases and 26% of controls (10% of NP, 2% of CP, 8% of HRI and 55% of
PL). The sensitivity for differentiating cases from controls was 21%
(95% CI 11e38; I2 67% [95% CI 55e97%]; Fig. 5D), the specificity 76%
(95% CI 60e87; I2 80% [95% CI 62e97%]; Fig. 5E), DOR 0.86 (95% CI
0.45e1,6; Fig. 5F), and AUC 0.48 (95% CI 0.17e0.80; not shown). The
most prevalent GNAS mutations were R201C (25% of cases, 27% of
controls) and R201H (8.5% of cases, 20% of controls), 1.4% of cases
and 5.3% of controls had multiple GNAS mutations (Supplemental
Table S2).

Mutated SMAD4 was present in 17% of the 111 cases and 10% of
the 168 controls (0% of NP, 0% of CP, 3% of HRI and 0% of PL). The
sensitivity for differentiating cases from controls ranged from 3 to
22% and specificity from 97 to 100%. For a specification of detected
gene mutations see Supplemental Table S2.

As oncogenic mutations may already be detected at non-
tumorigenic stages (e.g., KRAS mutations in pancreatic cysts),
combining gene mutations in a panel may improve diagnostic
performance of mutational screening. Two studies investigated
such panels, including KRAS, GNAS, TP53, SMAD4, RNF43, CDKN2A
and TGFBR2 [15,16]. The panels showed similar high specificities
(>90%), yet higher sensitivities of 72% and 85%, as compared to each
of the mutations alone. In addition, the combined panel also
showed a high specificity in differentiating cases from controls with
IPMN (86%).

Mutated KRAS was not detected more often in secretin-
stimulated samples (from cases), as compared to samples not
collected after secretin stimulation (p ¼ 0.22; Supplemental
Fig. S3). For TP53, the prevalence of a mutation was higher in PJ
collected after secretin stimulation. No difference in prevalencewas
found when comparing cannulation with no cannulation, or NGS
978
with no NGS (data not shown).

3.4. DNA methylation

For DNAmethylation,1046 patients (579 cases and 467 controls)
were included from 14 studies (Table 2). As controls, 11 studies
included CP patients, 5 included NP patients, PLs were included in
10 studies, and one study included HRI. All studies evaluated
(promoter) CpG island methylation, a common mechanism for
silencing of genes during tumorigenesis. No single genes were
investigated in �5 studies, so no meta-analysis was performed. For
a more detailed overview of prevalence and diagnostic perfor-
mance of investigated methylated gene (promotors) for each study,
see Table 3 (cases vs AC) and Supplemental Table S3 (controls
divided in the subgroups IPMN, CP and HRI).

CDKN2A (encoding for p16) hypermethylation was investigated
most frequently (4 studies) [22,32,35,38]. In total, these studies
included 175 cases and 168 controls; CDKN2Awas hypermethylated
in 23% of cases and 11% of controls (7% of NP, 11% of CP, 5% of HRI
and 32% of IPMN). CDKN2A is able to differentiate cases from con-
trols with a sensitivity of 9e62% (3/4 studies had a very low
sensitivity: 9%, 11% and 27%) and specificity of 73e100%.

NPTX2 promotor hypermethylation was investigated in three
studies, which included 128 cases and 126 controls [21,32,37].
NPTX2 was hypermethylated in 51% of cases and 5% of controls (0%
of NP, 5% of CP, 5% of HRI and 7% of IPMN). The sensitivity for dis-
tinguishing cases from all controls was 39e70% and specificity from
94 to 100%. Although not significant (based on confidence intervals;
Table 3), NPTX2 has the highest diagnostic performance for
detecting HGD or PC.

ppENK methylation was investigated in three studies [31,32,38],
and present in 45% of the 144 cases and 8% of the 138 controls. For
controls, hypermethylation of ppENK was found in 9% of NP, 3% of
CP, 9% of HRI and 15% of IPMN. ppENK methylation status was able
to differentiate cases from controls with a sensitivity ranging from
27 to 63% and a specificity ranging from 86 to 100%.

APC [17,22] (in total, 98 cases and 39 controls), cyclin D (86 cases,
89 controls) [32,52], SARP2 (67 cases, 46 controls) [28,37] and TFPI2
(110 cases, 117 controls) [32,33] were each investigated in two
studies. APC hypermethylationwas present in 67% of cases, and 31%
of controls (14% of NP, 7% of CP, and 56% of IPMN). The sensitivities
(cases vs AC) were 47% and 71%, the specificities were 80% and 63%.
Hypermethylation of Cyclin Dwas present in 21% of cases and 1% of



Table 2
Overview of the studies investigating DNA methylation (n ¼ 14).

Author Cases Controls Procedure
PJ
collection

Ampullary orifice
cannulation (Yes/
No)

Secretin-
induced
(yes/no)

DNA-
analysis

Definition of positive test Tested genes Target and region

Definition
of cases

Nr. of
cases

PA-
Proven (Y/
N)

Type of
controls

Nr. of
controls

Majumbera

(2019)
PC/HGD 35/3 Yes NP/

benignc
32/41 END No Yes QUART Percentage methylation >10% C13orf18,

FER1L4, BMP3
CpG island
hypermethylation

Ginestaa

(2016)
PC/inv.
IPMN

85/3 Yes IPMN/
CP

7/14 Surgery NR No MS-MCA NR APC, HRH2, CDH13, SPARC, EN-1 Promoter
hypermethylation

Kisiela (2015) PC 61 Yes NP/CP 19/22 EUS/EGD No Yes qMSP NR CD1D, KCNK12, CLEC11A, NDRG4,
IKZF1, PRKCB

CpG island
hypermethylation

Kato (2013) PC 15 NR NP/
IPMN

7/8 ERCP/PTCD Yes No MethyLight
assay

PMR >4 UCHL1, RUNX3, CDKN2A, IGF2,
CACNA1G, AHRR, SFRP1, MGMT, APC,
NEUROG1

CpG island
hypermethylation

Yao (2013) PC/inv.
IPMN

31/
10

Subgroupb CP/
IPMN

23/6 EGD Yes Yes MSP PTX2:MYOD1 ratio >1.39/2.35 NPTX2 Promoter
hypermethylation

Yokoyama
(2013)

PC 15 NR IPMN 28 ENPD/
ERCP

NR No MSE NR MUC1, MUC2, MUC4 NR

Matsubayashi
(2006)

PC/in situ 56/8 NR NP/CP/
IPMN/
HRI

11/26/
9/43

Surgery/
ERCP

Yes No (surgery)
/Yes (ERCP)

Q-MSP >1% methylated DNA CDKN2A (p16),
Cyclin D2, TFPI2, NPTX2, ppENK, FOXE1

CpG island
hypermethylation

Jiang (2006) PC/inv.
IPMN

36/
10

Subgroupb CP/
IPMN

21/7 EGD Yes Yes Q-MSP TFPI-2:MYOD1 ratio >2.5 TFPI2 Hypermethylation of
CpG island promoter
region

Ohtsuboa

(2006)
PC 26 Subgroupb CP/

IPMN
20/15 EGD Yes Yes MSP

(supernatant)
>1 methylated band ppENK Hypermethylation of

CpG island promoter
region

Watanabe
(2006)

PC/inv.
IPMN

33/
11

Subgroupb CP/
IPMN

19/9 EGD Yes Yes Q-MSP Similar melting curve (cut-off
8*10�11) and Tm as MiaPaCa-
2

SARP2 Hypermethylation of
CpG island promoter
region

Yana (2005) PC 42 Subgroupb NP/CP 24/26 ERCP Yes No MSP Methylation Index >12% CDKN2A (P16INK4a) Hypermethylation of
CpG island promoter
region

Fukushima
(2003)

PC/inv
IPMN/in
situ

45/5/
4

Subgroupb CP 12 Surgery/
END

No Yes MSP MSP >10e20 copies of DNA ppENK, CDKN2A (P16) Hypermethylation of
CpG island promoter
region

Matsubayashi
(2003)

PC 22 Yes CP 10 Surgery Yes Yes MSP MSP >0.2 ng of DNA Cyclin D2 Hypermethylation of
CpG island promoter
region

Sato (2003) PC 23 NR CP 8 Surgery NR NR MSP NR NPTX2, SARP2, CLDN5 Hypermethylation of
CpG island promoter
region

PC ¼ pancreatic cancer, HGD ¼ high-grade dysplasia; AC ¼ all controls; IPMN ¼ intraductal papillary mucinous neoplasm; NP ¼ non-pancreatic (including healthy controls and indivividuals with an extrapancreatic disease,
extrapancreatic malignancies are excluded); PL ¼ precursor lesions (including benign IPMN, Mucinous cystic neoplasm, PanIn); CP ¼ chronic pancreatitis; HRI ¼ (hereditarily predisposed) high-risk individuals;
END ¼ endoscopic; EUS ¼ endoscopic ultrasound; ERCP ¼ endoscopic retrograde cholangiopancreatography; EGD ¼ esophagogastroduodenoscopy; ENPD ¼ endoscopic nasopancreatic drainage; PTCD ¼ percutaneous
transhepatic cholangiography drainage; QUART ¼ quantitative allele specific real time target and signal amplification; MS-MCA ¼ methylation specific-melting curve analysis; (q)MSP ¼ (quantitative) methylation-specific
polymerase chain reaction; MSE ¼ methylation-specific electrophoresis; PMR ¼ percentage methylated reference; NR ¼ not recorded.

a Study describes both DNA mutations and methylation.
b Only a subgroup was histologically proven.
c Benign group consists of CP (17), IPMN with low-grade dysplasia (2), unspecified cysts (3), fatty pancreas (4), imaging finding indeterminate for chronic pancreatitis (15).
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Fig. 3. The diagnostic performance of the presence of a KRAS mutation in PJ for the differentiation between cases with high-grade dysplasia (HGD) or pancreatic cancer (PC; n ¼ 950) and controls (n ¼ 1732). A-C. Forest plots
of the sensitivity (A); specificity (B) diagnostic odds ratio (C) for differentiation between cases and all controls. D-G Hierarchical Summary receiver operating curves (HSROCs) representing the performance of the presence of a KRAS
mutation for the differentiation between cases and all controls (AC; D); non-pancreatic (NP; n ¼ 323; E); chronic pancreatitis (CP; n ¼ 337; F); precursor lesions (PL; n ¼ 220; G). Numbers in figures DeG are linked to numbered
references in figure A. SOP ¼ summary operating point, Se ¼ sensitivity, Sp ¼ specificity; AUC ¼ area under the curve; CI ¼ confidence interval.
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Fig. 4. The diagnostic performance of the presence of a TP53 mutation for the discrimination between cases with high-grade dysplasia (HGD) or pancreatic cancer (PC;
n ¼ 320) and controls (n ¼ 445). Forest plots of the sensitivity (A); specificity (B) diagnostic odds ratio (C) for differentiation between cases and all controls (AC). D-G Hierarchical
summary receiver operating curves (HSROCs) representing the performance of the presence of a TP53 mutation for the differentiation between cases and all controls (AC; D); non-
pancreatic (NP n ¼ 133; E); chronic pancreatitis (CP n ¼ 168; F); precursor lesions (PL n ¼ 93; G). Numbers in figures DeG are linked to numbered references in figure A.
SOP ¼ summary operating point, Se ¼ sensitivity, Sp ¼ specificity; AUC ¼ area under the curve; CI ¼ confidence interval.
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controls (0% of NP, 0% of CP, 0% of HRI and 11% of IPMN). The sen-
sitivities were 14% and 41%, while the specificities were 99% and
100%. With regard to SARP2, hypermethylation was present in 69%
of cases, 20% of controls (0% of NP, 4% of CP, and 89% of IPMN).
Sensitivities for distinguishing cases from controls were 48% and
80%, specificities were 100% and 76%. Heterogeneity in specificity
was predominantly related to inclusion of IPMN in the control
group, as almost all IPMN controls harbored SARP2 hyper-
methylation. TFPI2 hypermethylation was present in 35% of cases
and 11% of controls (9% of NP, 9% of CP,12% of HRI and 25% of IPMN).

In five studies, methylation of more than one gene was inves-
tigated [14,17,20,32,37]. These panels showed a higher diagnostic
performance than the DNA methylations individually (sensitivities
ranging from 72 to 87% and specificities from 80 to 100%). Results
are summarized in Supplemental Table S3.
4. Discussion

This systematic review provides the first comprehensive over-
view of all current literature on DNA alterations in PJ. It may serve
as a guide to those who aim to set up a pipeline for PC molecular
diagnostic analysis. We show that mutations in TP53, SMAD4 and
CDKN2A, and aberrantmethylation ofNPTX2 in PJ are highly specific
(close to 100%) for the presence of PC. However, individually, the
sensitivity of these DNA alterations is poor. Based on two studies,
981
combining DNA alterations in a panel increases sensitivity.
As imaging-based surveillance programs have not shown

genuine survival benefits, biomarkers may play a pivotal role in
early detection (and decrease mortality rates). Implementation of a
biomarker in a surveillance program may serve two goals: 1. Se-
lection of individuals at increased risk that are eligible for increased
surveillance (EUS and MRI in combination with biomarker anal-
ysis), in which case a lower specificity is accepted; 2. Supporting
decision-making regarding additional diagnostic procedures and
treatment (including surgery). In the latter case, the marker should
have a specificity close to 100% to avoid unnecessary harm.

Biomarkers determined in PJ are expected to bemore (pancreas-
)specific, as this fluid constitutes a wash-out of the pancreatic
ductal system and has been in close contact with the ductal cells
fromwhich PDAC originates. As compared to either PJ collection by
pancreatic duct cannulation via ERP (endoscopic retrograde pan-
creatography) or tissue sampling with fine-needle aspiration (FNA)
or biopsy (FNB), secretin-stimulated PJ collection from the
duodenal lumen is less invasive. Additionally, in contrast to needle
biopsy, PJ collection does not rely on a visible mass and PJ poten-
tially contains information on the complete range of tumor clones
[7,53]. In individuals who undergo regular EUS-procedures as part
of a surveillance program, the additional patient burden of PJ
collection is relatively low. Conversely, challenges are that currently
PJ can only be reliably collected during endoscopy and quick snap



Fig. 5. The diagnostic performance of the presence of a CDKN2A (A-C; G) and GNAS (D-F; H) mutation for the differentiation between cases with high-grade dysplasia (HGD)
or pancreatic cancer (PC) and all controls. A-F. For CDKN2A (111 cases, 168 controls) and GNAS (116 cases, 384 controls); forest plots of the sensitivity (A; D); specificity (B; E)
diagnostic odds ratio (C; F). CI ¼ confidence interval.
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freezing of PJ samples is required (expectedly in 10 min) to prevent
PJ enzymes to digest different components that may serve as bio-
markers [7].

TP53 is a tumor suppressor gene that is activated by cellular
stressors, leading to inhibition of cell cycle progression, promotion
of senescence or apoptotic cell death. Both loss-of-function and
gain-of-function mutations have been described in a wide variety
of cancers. Of the DNA alterations investigated in this study, TP53
mutation reached the highest overall performance (DOR 36). Large
NGS studies have shown the prevalence of mutated TP53 in PC
tissue to range from 70% to 79% in PC cases [54e57], and in blood
from 17% to 55% [57,58]. Our review shows a lower prevalence in PJ
(43%) than in tissue. Caution should be takenwhile interpreting the
results, as the prevalence of a TP53 mutation was high in HRI (23%)
and PL (22%) and low in NP (0%) and CP (2%). This may implicate
that TP53mutations are already present in (early) precursor lesions
(as previously shown by NOE et al., [2021]), but would contrast the
findings of Hosoda et al., [2017], who reported a low prevalence of
TP53 mutations in HGD [59,60]. Another explanation could be that
HRI/PL groups in these studies already harbored HGD/PC (as his-
tology was not obtained in 90% of studies) [59]. Ideally, while
challenging, this (and other) PJ marker(s) should be investigated in
individuals without a visible lesion on imaging to investigate this,
to push boundaries of early detection and evaluate the role of even
earlier intervention on both surgery- and cancer-related morbidity
and mortality. At last, as shown in Supplemental Table S2, there is
no locus on the TP53 gene that is specific for PC and generation of a
test targeting specific TP53 loci would not be feasible.

KRAS encodes the GTPase K-RAS, which regulates proliferation,
differentiation, cell survival and migration via the RAS/MAPK
signaling pathway [61]. It is one of the most prevalent cancer
mutations and was also the most frequently mutated gene in PJ of
PC patients (60% of cases). This percentage is lower than that found
in tissue (88e93% of samples [54e56,62]), which suggests that not
982
all mutations are captured when analyzing PJ with the current
techniques or just one clone is being drained into PJ. Nevertheless,
KRAS mutation analysis in PJ seems more valuable than that in
serum or cyst fluid, in which they were observed in 47% and 41% of
samples, respectively [63,64]. Direct comparisons of biomaterials
(including PC tissue) are needed to evaluate if KRAS mutation
analysis in PJ is indeed superior. The specificity of KRAS in PJ (PC vs
controls) was considerably lower than that of TP53, SMAD4 and
CDKN2A. This may be explained by the assumption that KRAS is a
driver of malignant progression, and thus present from the begin-
ning of this process [65]. For this reason, KRAS differentiates better
between PC and NP (sensitivity 57%; specificity 96%), than between
PC and PL (sensitivity 61%; specificity 47%; Fig. 3E, G). This poor
performance inhibits KRAS role as an independent diagnostic
marker. However, adding KRAS G12D to a panel may improve the
diagnostic accuracy (Supplemental Fig. S2). Our findings are
consistent with earlier meta-analyses on KRAS performance in PJ;
Parker et al. (2011) [66] showed a similar pooled sensitivity and
specificity, while Yang et al. (2014) [67] showed a higher specificity
(87%), as compared to our findings.

SMAD4 is a tumor suppressor gene that inhibits oncogenesis via
the TGF-b signaling pathway [68]. Based on previous literature
[54e56], a SMAD4 mutation is present in 22e29% of PC tissue
samples. In the current systematic review, a mutation was found in
17% of PJ samples from cases and 10% controls (0% of controls when
excluding the HRIs), resulting in high specificity. This was expected,
based on previous data showing that SMAD4 predominantly occurs
in invasive disease [59,60]. Based on Suenaga et al. (2018),
Combining SMAD4with TP53may further enhance accuracy, with a
sensitivity of 61% (substantially higher than TP53 alone in this
systematic review), specificity of 96% and AUC of 0.8215.

GNAS encodes the stimulatory Ga-subunit of heterotrimeric G-
proteins and stimulates tumor growth via cAMP-PKA signaling and
cooperates with KRAS to develop IPMN [69e71]. The prevalence of



Table 3
Diagnostic performance of investigated hypermethylated genes in included studies. Specificities �80% and sensitivities �70% were marked bold. If metrics were available,
both cases and controls were included as one group (for diagnostic performances of subgroups, see Supplemental Table S3). ForMayumber et al. (2019) was not included in this
table, as the metrics of the individual genes were not available.

Methylated
gene

Reference Cases (n) Sensitivity, % (95% CI) Controls(n) Specificity, % (95% CI)

AHRR Kato (2013) PC (15) 13 (1.7e40) NP (7) þ PL (8) 88 (64e99)
APC Ginesta (2016) PC (83) 71 (61e80) CP (14) þ PL (10) 63 (41e81)

Kato (2013) PC (15) 47 (21e73) NP (7) þ PL (8) 80 (52e96)
CACNA1G Kato (2013) PC (15) 13 (1.7e40) NP (7) þ PL (8) 88.2 (64e99)
CD1D Kisiel (2015)a PC (61) 84 (72e91)b/

79 (67e87)c
CP (22)/
NP (19)

90 (NR)

CDH13 Ginesta 2016 PC (77) 57 (46e67) CP (14) þ PL (9) 78 (56e93)
CDKN2A Kato (2013) PC (15) 27 (8e55) NP (7) þ PL (8) 73 (45e92)

Matsubayashi (2006) PC (56)/in situ (8) 9 (3.5e19) CP (26) þ HRI (43) þ NP (11) þ PL (9) 89 (80e94)
Yan (2005) PC (42) 62 (46e76) CP (26) þ NP (24) 90 (78e97)
Fukushima (2003) PC (45)/inv. IPMN (5)/in situ (4) 11 (4e23) CP (12) þ PL (2) 100 (77e100)

CLDN5 Sato (2003) PC (22) 45 (24e68) CP (8) 100 (63e100)
CLEC11A Kisiel (2015)a PC (61) 53 (40e65)b/

67 (55e78)c
CP (22)/
NP (19)

90 (NR)

Cyclin D Matsubayashi (2006) PC (56)/in situ (8) 14 (6.6e25) CP (26) þ HRI (43) þ NP (11) þ PL (9) 99 (94e100)
Matsubayashi (2003) PC (22) 41 (21e64) CP (12) 100 (83e100)

EN-1 Ginesta 2016 PC (78) 37 (27e48) CP (14) þ PL (10) 75 (53e90)
FOXE1 Matsubayashi (2006) PC (56)/in situ (8) 44 (31e57) CP (26) þ HRI (43) þ NP (11) þ PL (9) 99 (94e100)
HRH2 Ginesta 2016 PC (82) 65 (54e74) CP (14) þ PL (10) 54 (33e74)
IGF2 Kato (2013) PC (15) 6.7 (0.2e32) NP (7) þ PL (8) 80 (52e96)
IKZF1 Kisiel (2015)a PC (61) 54 (42e66)b/

62 (50e73)c
CP (22)/
NP (19)

90 (NR)

KCNK12 Kisiel (2015)a PC (61) 46 (34e58)b/
79 (67e87)c

CP (22)/
NP (19)

90 (NR)

NDRG4 Kisiel (2015)a PC (61) 67 (55e78)b/
72 (60e82)c

CP (22)/
NP (19)

90 (NR)

MGMT Kato (2013) PC (15) 33 (12e62) NP (7) þ PL (8) 53 (27e79)
NEUROG1 Kato (2013) PC (15) 40 (16e68) NP (7) þ PL (8) 87 (60e98)
NPTX2 Yao (2013) PC (31)/inv. IPMN (10) 59 (42e74) CP (23) þ PL (6) 94 (79e99)

Matsubayashi (2006) PC (56)/in situ (8) 39 (27e52) CP (26) þ HRI (43) þ NP (11) þ PL (9) 96 (89e99)
Sato (2003) PC (23) 70 (47e87) CP (8) 100 (63e100)

ppENK Matsubayashi (2006) PC (56)/in situ (8) 27 (16e39) CP (26) þ HRI (43) þ NP (11) þ PL (9) 93 (86e97)
Othsubo (2006) PC (26) 46 (27e67) CP (20) þ PL (15) 86 (70e95)
Fukushima (2003) PC (45)/inv. IPMN (5)/in situ (4) 63 (49e76) CP (12) þ PL (2) 100 (77e100)

PRKCB Kisiel (2015)a PC (61) 38 (27e50)b/
67 (55e78)c

CP (22)/
NP (19)

90 (NR)

RUNX3 Kato (2013) PC (15) 53 (27e79) NP (7) þ PL (8) 93 (68e100)
SARP2 Watanabe (2006) PC (33)/inv. IPMN (11) 80 (65e90) CP (19) þ NP (10) þ PL (9) 76 (60e89)

Sato (2003) PC (23) 48 (27e69) CP (8) 100 (63e100)
SFRP1 Kato (2013) PC (15) 53 (27e79) NP (7) þ PL (8) 73 (27e79)
SPARC Ginesta 2016 PC (72) 49 (37e60) CP (13) þ PL (9) 68 (45e86)
TFPI2 Matsubayashi (2006) PC (56)/in situ (8) 25 (15e37) CP (26) þ HRI (43) þ NP (11) þ PL (9) 89 (80e94)

Jiang (2006) PC (36)/inv. IPMN (10) 50 (35e65) CP (21) þ PL (7) 93 (77e99)
UCHL1 Kato (2013) PC (15) 67 (38e88) NP (7) þ PL (8) 100 (78e100)

IPMN ¼ intraductal papillary mucinous neoplasm; PL ¼ precursor lesions (including benign IPMN; Mucinous cystic neoplasm, PanIn); HRI ¼ (hereditarily predisposed) high-
risk individuals; NR ¼ not reported.

a Specificity was set on 90% by Kisiel (2015) et al. and metrics to calculate sensitivity of the total cohort were not available.
b Pancreatic cancer (PC) vs chronic pancreatitis (CP).
c PC vs no pancreatic disease (NP).
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a GNAS mutations in cases was lower than that in (IPMN) controls.
However, as only 8.5% of cases and 20% of controls harbored a GNAS
R201H mutation (as compared to 25% and 27% for R201C, respec-
tively), the absence of a R201H mutation may be more specific for
PC, than the presence/absence of an unspecified GNAS mutation.
Kawabata et al. (2022) [72] performed CRIPSPR/Cas9-mediated
GNAS R201H silencing in IPMN-associated (PC) cells and showed
that oncogenic GNAS induced mucin production via MUC2 and
MUC5AC, which may be the reason of increase of the size of cystic
lesions. Interestingly, in line with our results, they showed that a
GNAS mutation limits tumor aggressiveness and, thus, a GNAS
mutation may be protective against PC development.

CDKN2A is a tumor suppressor gene that encodes two proteins;
p16 which regulates cell cycle arrest at G1, and p14arf which sta-
bilizes p53 which in turn regulates cell cycle progression. The
current systematic review shows CDKN2A mutations in PJ of 17% of
983
cases. This is comparable to PC tissue samples, where the preva-
lence of CDKN2A mutations was reported to be 18e27% [54e56].
The specificity for distinguishing cases from controls was high, yet
the DOR was low (as expectedly due to the low prevalence).
Remarkably, a CDKN2A mutation was present in a high percentage
(36%) of included patients with CP, which makes this marker un-
reliable for the differentiation between CP and PC, yet low patient
numbers preclude drawing definitive conclusions. No relation was
found between mutations on distinct loci of the gene and the
presence of PC (Supplemental Table S2). Hypermethylation of the
promotor of the CDKN2A gene was present in 23% of investigated
cases in PJ and 29e31% of cases in blood [72,73]. In the current
systematic review, the sensitivity for detecting PC was low. How-
ever, as the specificity (73e100%) is high, it may be valuable as part
of a biomarker panel.

NPTX2 is a tumor suppressor gene, the expression of which is
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downregulated through hypermethylation. In the three studies
included in this systematic review, NPTX2 hypermethylation was
present in 51% of PJ samples from cases. This prevalence is lower
than described for plasma (79e84%), tissue (100%) and cytology
(73e81%) [74e78], but head-to-head comparisons are needed. As
for KRAS and TP53, the use of NPTX2 hypermethylation as diagnostic
test for PC may potentially be hampered by its occurrence in early
malignant development (PanIn1) [79]. However, this is not seen in
the current systematic review; 1 of 15 patients with IPMN harbored
NPTX2 hypermethylation (there is no data on NPTX2 hyper-
methylation in PJ from patients with PanIN).

A limitation of this systematic review is the heterogeneity (I2) of
the diagnostic performances. Comparison the presence of DNA al-
terations in cases with HGD and PC with those in control subgroups
(NP, CP, HRI, PL) showed that this may be the result of heteroge-
neous controls groups (as less heterogeneity was found in subgroup
analysis), each harboring a different risk of having HGD or PC.
Additionally, as expected, DNA alterations in PJ were less potent in
differentiating PC fromPL than fromNP or CP. The control group ‘PL’
should be interpreted with caution as it consists of different lesions
(PanIn, IPMN, MCA, unspecified pancreatic cyst), which were
generally not proven by histology. Although we aimed for exclusion
of individuals for whom it was unclear if they harbored HGD/PC,
PA-unproven precursor lesions may harbor (microscopic) HGD/PC.
Furthermore, studies that included HRI as controls showed a lower
diagnostic performance (especially specificity). This might be
caused by the presence of germlinemutations (e.g., CDKN2A, BRCA1,
BRCA2) in this group, rendering these individuals more prone to
accumulation of additional mutations.

Furthermore, PJ collectionmethods, DNA analyses and statistical
analyses varied between studies and may have caused heteroge-
neity. In the past, PJ was collected more often by direct cannulation
of the ampullary orifice. Nowadays, secretin infusion enables non-
invasive collection from the duodenal lumen during EUS [7]. For
instance, studies that performed PJ collection after secretin stim-
ulation show a higher prevalence of mutated TP53 than studies that
did not. This is similar to results published by Doyle et al. (2012)
[80] on proteins, which show a one-to two-fold higher concentra-
tion of proteins in PJ collected by pancreatic duct cannulation as
compared to collection from the duodenal lumen (after secretin
stimulation). In addition, the PJ collection methods varied, which
may have influenced results [7]. With regard to the DNA analysis,
the choice of material, the concentration of input DNA or the
selected thresholds can differ. We recommend to interpret the
described data as relative and not absolute values.

In conclusion, TP53, SMAD4, and CDKN2A mutations and NPTX2
methylation provide the highest specificity, yet are associated with
a low sensitivity. Likely, combining these markers in panels will
improve their diagnostic accuracy. Further prospective studies are
needed to directly compare these (panels of) DNA alterations in PJ
of PC patients and well-defined control groups. Additionally, lon-
gitudinal studies are required prior to implementation in a sur-
veillance program to evaluate if changes over time (detection of
new mutations or higher concentrations) may inform about cancer
development in individuals undergoing surveillance and their
diagnostic value in patients with sub-centimeter cancer.
5. Synopsis

In pancreatic juice, the presence of distinct DNA mutations
(TP53, SMAD4 or CDKN2A) andNPTX2 hypermethylation have a high
specificity (close to 100%) for the presence of pancreatic cancer.
However, the sensitivity of these DNA alterations is poor to
moderate.
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6. HuGENet

HuGENet guideline have been followed while generating this
systematic review and meta-analysis.
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[63] Faias S, Pereira L, Â Luís, et al. KRAS in cyst fluid obtained by endoscopic
ultrasound-fine-needle aspiration in pancreatic cystic lesions: a systematic
review and meta-analysis. Pancreas 2019;48:749e58.

[64] Zhuang R, Li S, Li Q, et al. The prognostic value of KRAS mutation by cell-free
DNA in cancer patients: a systematic review and meta-analysis. PLoS One
2017;12:e0182562.

[65] Mas L, Lupinacci RM, Cros J, et al. Intraductal papillary mucinous carcinoma
versus conventional pancreatic ductal adenocarcinoma: a comprehensive
review of clinical-pathological features, outcomes, and molecular insights. Int
J Mol Sci 2021:22.

[66] Parker LA, Lumbreras B, Lopez T, et al. How useful is it clinically to analyse the
K-ras mutational status for the diagnosis of exocrine pancreatic cancer? A
systematic review and meta-analysis. Eur J Clin Invest 2011;41:793e805.

[67] Yang J, Li J, Zhu R, et al. K-ras mutational status in cytohistological tissue as a
molecular marker for the diagnosis of pancreatic cancer: a systematic review
and meta-analysis. Dis Markers 2014;2014:573783.
986
[68] Ahmed S, Bradshaw AD, Gera S, et al. The TGF-b/smad4 signaling pathway in
pancreatic carcinogenesis and its clinical significance. J Clin Med 2017;6.

[69] Patra KC, Kato Y, Mizukami Y, et al. Mutant GNAS drives pancreatic
tumourigenesis by inducing PKA-mediated SIK suppression and reprogram-
ming lipid metabolism. Nat Cell Biol 2018;20:811e22.

[70] O'Hayre M, V�azquez-Prado J, Kufareva I, et al. The emerging mutational
landscape of G proteins and G-protein-coupled receptors in cancer. Nat Rev
Cancer 2013;13:412e24.

[71] Wu J, Matthaei H, Maitra A, et al. Recurrent GNAS mutations define an un-
expected pathway for pancreatic cyst development. Sci Transl Med 2011;3.
92ra66.

[72] Jiao L, Zhu J, Hassan MM, et al. K-ras mutation and p16 and preproenkephalin
promoter hypermethylation in plasma DNA of pancreatic cancer patients: in
relation to cigarette smoking. Pancreas 2007;34:55e62.

[73] Park JW, Baek IH, Kim YT. Preliminary study analyzing the methylated genes
in the plasma of patients with pancreatic cancer. Scand J Surg 2012;101:
38e44.

[74] Park JK, Ryu JK, Yoon WJ, et al. The role of quantitative NPTX2 hyper-
methylation as a novel serum diagnostic marker in pancreatic cancer.
Pancreas 2012;41:95e101.

[75] Singh N, Rashid S, Rashid S, et al. Clinical significance of promoter methylation
status of tumor suppressor genes in circulating DNA of pancreatic cancer
patients. J Cancer Res Clin Oncol 2020;146:897e907.

[76] Zhang L, Gao J, Li Z, et al. Neuronal pentraxin II (NPTX2) is frequently down-
regulated by promoter hypermethylation in pancreatic cancers. Dig Dis Sci
2012;57:2608e14.

[77] Parsi MA, Li A, Li CP, et al. DNA methylation alterations in endoscopic retro-
grade cholangiopancreatography brush samples of patients with suspected
pancreaticobiliary disease. Clin Gastroenterol Hepatol 2008;6:1270e8.

[78] Park JK, Ryu JK, Lee KH, et al. Quantitative analysis of NPTX2 hyper-
methylation is a promising molecular diagnostic marker for pancreatic cancer.
Pancreas 2007;35:e9e15.

[79] Sato N, Fukushima N, Hruban RH, et al. CpG island methylation profile of
pancreatic intraepithelial neoplasia. Mod Pathol 2008;21:238e44.

[80] Doyle CJ, Yancey K, Pitt HA, et al. The proteome of normal pancreatic juice.
Pancreas 2012;41:186e94.

http://refhub.elsevier.com/S1424-3903(22)00455-0/sref55
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref55
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref55
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref56
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref56
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref56
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref57
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref57
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref58
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref58
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref58
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref58
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref59
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref59
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref60
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref60
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref60
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref60
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref61
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref61
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref61
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref62
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref62
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref62
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref63
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref63
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref63
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref63
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref63
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref64
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref64
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref64
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref65
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref65
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref65
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref65
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref66
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref66
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref66
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref66
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref67
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref67
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref67
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref68
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref68
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref69
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref69
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref69
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref69
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref70
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref70
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref70
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref70
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref70
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref71
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref71
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref71
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref72
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref72
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref72
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref72
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref73
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref73
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref73
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref73
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref74
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref74
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref74
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref74
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref75
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref75
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref75
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref75
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref76
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref76
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref76
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref76
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref77
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref77
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref77
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref77
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref78
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref78
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref78
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref78
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref79
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref79
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref79
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref80
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref80
http://refhub.elsevier.com/S1424-3903(22)00455-0/sref80

	Systematic review and meta-analysis: Diagnostic performance of DNA alterations in pancreatic juice for the detection of pan ...
	1. Introduction
	2. Materials and methods
	2.1. Literature search and screening strategy
	2.2. Study selection
	2.3. Data extraction and quality assessment
	2.4. Statistical analysis

	3. Results
	3.1. Overview of included studies
	3.2. Quality assessment
	3.3. DNA mutations
	3.4. DNA methylation

	4. Discussion
	5. Synopsis
	6. HuGENet
	Grant support
	Author contributions
	Declaration of competing interest
	Abbreviations
	Appendix A. Supplementary data
	References


