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Digital PCR-based plasma cell-free DNA mutation analysis
for early-stage pancreatic tumor diagnosis
and surveillance
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Abstract

Background Cell-free DNA (cfDNA) shed from tumors
into the circulation offers a tool for cancer detection. Here,
we evaluated the feasibility of cfDNA measurement and
utility of digital PCR (dPCR)-based assays, which reduce
subsampling error, for diagnosing pancreatic ductal ade-
nocarcinoma (PDA) and surveillance of intraductal papil-
lary mucinous neoplasm (IPMN).

Methods We collected plasma from seven institutions for
cfDNA measurements. Hot-spot mutations in KRAS and
GNAS in the cfDNA from patients with PDA (n = 96),
undergoing surveillance for IPMN (n = 112), and normal
controls (n = 76) were evaluated using pre-amplification
dPCR.

Results Upon Qubit measurement and copy number
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assessment of hemoglobin-subunit (HBB) and mitochon-
drially encoded NADH:ubiquinone oxidoreductase core
subunit 1 (MT-NDI) in plasma cfDNA, HBB offered the
best resolution between patients with PDA relative to
healthy subjects [area under the curve (AUC) 0.862],
whereas MT-ND1 revealed significant differences between
IPMN and controls (AUC 0.851). DPCR utilizing pre-
amplification cfDNA afforded accurate tumor-derived
mutant KRAS detection in plasma in resectable PDA (AUC
0.861-0.876) and improved post-resection recurrence pre-
diction [hazard ratio (HR) 3.179, 95% confidence interval
(CI) 1.025-9.859] over that for the marker CA19-9 (HR
1.464; 95% CI 0.674-3.181). Capturing KRAS and GNAS
could also provide genetic evidence in patients with IPMN-
associated PDA and undergoing pancreatic surveillance.

Conclusions Plasma cfDNA quantification by distinct
measurements is useful to predict tumor burden. Through
appropriate methods, dPCR-mediated mutation detection in
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patients with localized PDA and IPMN likely to progress to
invasive carcinoma is feasible and complements conven-
tional biomarkers.

Keywords Pancreatic cancer - Liquid biopsy - Cell-free
DNA - Digital PCR - Risk assessment

Introduction

Pancreatic ductal adenocarcinomas (PDAs) are among the
deadliest types of cancers worldwide. To improve the
prognosis of PDA, development of new biomarkers that
enable early detection represents an urgent issue. In human
PDAs, mutations in KRAS are found in over 90% of
patients [1]. Notably, both of the two morphologically
distinct types of precursor lesion, termed pancreatic
intraepithelial neoplasia and intraductal papillary mucinous

soplasm (IPMN), harbor mutant KRAS at 90-95% and
40-75% frequency, respectively [2]. Considerable efforts
have, thus, been made to detect oncogenic KRAS for early
diagnosis and surveillance in high-risk individuals [3, 4].
Similarly, GNAS, another oncogene that is specifically
mutated in IPMN [5, 6], may also be useful for screening
and early detection of related cancers [7].

Technologies for capturing cancer-associated genetic
abnormalities using body fluids have been extensively
studied [8]. In particular, measurement of cell-free DNA
(cfDNA) in plasma constitutes a promising screening tool,
however, the mutation detection rates in patients with PDA
are less than those in patients with other major types of
cancers [9], even in metastatic PDA [10, 11]. Given the low
yield of circulating plasma cfDNA specifically in patients
with non-metastatic PDA, early detection of tumor-derived
DNA by liquid biopsy remains challenging [12]. Advances
in technology may provide a solution to overcome the issue;

ne such promising approach involves molecular barcodes,
which minimize sequence-dependent bias [13], although the
associated high cost may preclude its use for routine exam-
ination. As an alternative, we developed a sensitive and low-
cost assay termed the pre-amplification protocol for digital
PCR (dPCR) to resolve subsampling error [14]. In brief, we
conduct a low-cycle-number pre-amplification step, ana-
lyzing 3-4 mL plasma in duplicate/triplicate to avoid
subsampling error, and then stop the reaction and extract
DNA from the entire pool of droplets, specifically for the
enrichment of reactions with very low abundance targets.
This pooling effectively dilutes out PCR errors arising in
single droplets. Subsequent mutation detection is performed
using very sensitive locked nucleic acid (LNA) probes,
which improves mismatch discrimination [15].

In this study, we recruited patients with PDA, primarily
at surgically resectable stages, and IPMN of various grades
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as categorized by imaging modalities [16, 17] to examine
whether the dPCR-based assay might be applied to the
diagnosis of pancreatic neoplasms at curative stages. Val-
idation of this approach will provide the foundation for the
implementation of a low-cost, rapid-turn-around screen for
diagnostics of pancreatic tumors with prognostic relevance
and patient stratification.

Methods

We examined the utility of plasma cfDNA quantification
and testing for mutant KRAS and GNAS in patients with
PDA (n=96) and IPMN of the pancreas (n = 112)
(Table 1) diagnosed between 2015 and 2018 at seven
participating institutions acting as regional referral centers
for pancreatic diseases (Supplementary Methods). In this
observational study, genetic data were analyzed in a blin-
ded manner, without knowledge of information regarding
clinical diagnosis or patient outcome. Cases presenting
pancreatic cyst not associated with the pancreatic ductal
system were excluded. This study was approved by the
Tokushukai Group ethical committee on human research
(#TGE00357-012) and Institutional Review Boards of
other collaborating hospitals and was conducted in accor-
dance with the Declaration of Helsinki. Written informed
consent was obtained from all patients prior to enrollment.

PDA stage was determined histologically for resected
cases (n=66) or by imaging modalities for unre-
sectable cases (n = 30) by pathologists at each institution
according to the eighth edition of the Union for Interna-
tional Cancer Control (UICC) [18]. For assessing IPMN
grade, the revised Fukuoka criteria were utilized [16].

We collected blood samples (limited to 16 mL), surgi-
cally resected primary tumors, and specimens obtained by
endoscopic ultrasound-guided fine needle biopsy for
unresected PDAs. Plasma cfDNA and tumor DNA were
analyzed as we reported previously [14, 19]. (Supplemen-
tary Methods). In brief, we conducted an 8-cycle pre-am-
plification step, analyzing 3-4 mL plasma in duplicate/
triplicate to avoid subsampling error, and then stopped the
reaction and extracted DNA from the entire pool of dro-
plets. This pooling effectively diluted out PCR errors
arising in single droplets; moreover, subsequent mutation
detection was performed using highly sensitive LNA
probes, as we previously reported [14]. For mutant KRAS
detection, we utilized two probe sets: G12D/V/C, G13D for
pool#1, and G12R/S/A, G13C for pool#2. GNAS mutations
R201C and R201H were analyzed using a single probe set.

Association significance was assessed using Fisher’s
exact test for categorical data; continuous data were com-
pared between groups using the Mann-Whitney U test.
Cut-off values were calculated using the receiver operating
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Table 1 Demographic and clinicopathological features of patients and participants

Controls (healthy IPMN PDA
volunteers) : : .
Fukuoka Worrisome High-risk Resectable Unresectable
negative features stigmata
Number of cases 76 66 37 9 66 30
Age (years) 42.0 (20-64) 71.0 (60-94) 77.5 (48-96) 68.0 (66-90) 71 (44-87) 68 (46-87)
Gender: male/female 38/38 24/42 20/17 4/5 ; 31/35 11/19
Follow-up time [days NA 382.0 374.5 351.0 - -
(IQR)] (97.0-963.0) (328.0-531.0) (315.0-707.0)
Emergence of PDA (N%) 1# 2
Serum CA 19-9 level [U/ NA 12.6 16.0 22.0 52 397.5
mL (IQR)] (8.4-23.0) (10.1-32.4) (11.3-23.3) (18.9-210.2) (73.1-1612.6)
Number of cases > 55 NA 3/62 (4.8%) 4/34 (11.8%) 2/6 (33.3%) 32/64 (50.0%) 21/28 (75.0%)

Values indicate median unless otherwise stated

IQR interquartile range, PDA pancreatic ductal adenocarcinoma, NA data not available

“The patient enrolled as IPMN and subsequently diagnosed as PDA was also categorized as resectable PDA

characteristic (ROC) curve by Youden’s index. The
Cochran—-Armitage test or Jonckheere—Terpstra test for
trend was used when analyzing categorical (tumor cellu-
larity group) or continuous (mutant allele frequency; MAF)
data, respectively. For patients with surgically resected
PDA, disease-free survival was defined as the time from
surgery to that of recurrence and emergence of new neo-
plastic lesions requiring intervention or the period of last
follow-up. We constructed Kaplan—-Meier curves and Cox
proportional-hazard regression models. Statistical or
bioinformatics analyses were performed using a two-sided,
5% significance level and 95% confidence interval (CI)
utilizing R (version 3.3.2; The R Foundation, https://www.
r-project.org/about.html) and GraphPad Prism (version 8§;
GraphPad Software, San Diego, CA).

Results
CfDNA quantification and biology

Although cancer generally exhibits higher plasma cfDNA
levels than that in healthy subjects, the yield varies con-
siderably [8]. To evaluate whether plasma cfDNA mea-
surements might be affected by tumor grade and burden,
we utilized different quantification methods. To obtain
real-world data for practical genetic testing, we collected
the plasma of patients with IPMN or resectable and unre-
sectable PDA, and control subjects from seven regional
hospitals. cfDNA was purified after shipping and quantified
using a Qubit fluorometer along with in-house PCR-based
methods.

The cfDNA concentration by Qubit revealed a step-wise
increase from IPMN to resectable and unresectable PDA
relative to control levels (Fig. 1a). IPMN differed slightly
albeit significantly from the healthy control samples.
CfDNA measurements or CA19-9 did not differ among
IPMN subsets clinically categorized by Fukuoka criteria
[16], i.e., high-risk stigmata (HRS), worrisome features
(WF), and Fukuoka negative (FN), regardless of clear
difference in the neutrophil-to-lymphocyte ratio, which
comprise previously described predictive markers for the
presence of IPMN-associated invasive carcinoma (Sup-
plementary Fig. 1) [20].

The diagnostic power of cfDNA quantity was tested
using ROC analysis. The calculated ROC area under the
curve (AUC) between control and PDA samples was 0.767
(95% CI 0.697-0.837). Diagnostic accuracy was highest
using a threshold of 14.4 ng/mL plasma, providing high
specificity (91.8%). Conversely, diagnostic accuracy
between controls and IPMN, or IPMN and PDA was weak
(Fig. 1a).

PCR-based assays measuring both nuclear (HBB) and
mitochondrial (MT-NDI) DNA copy number in plasma
c¢fDNA showed a similar trend as observed for Qubit
measurement (Fig. 1b, c¢). HBB copy number strongly
correlated with Qubit quantification, whereas MT-NDI
copy number weakly associated with Qubit assay results
(Supplementary Fig. 2A). HBB copy number, therefore,
appeared to afford the best accuracy to distinguish patients
with PDA from controls (AUC 0.843), whereas MT-ND1
better resolved patients with IPMN and controls (AUC
0.877) (Fig. 1b, c). Patients with PDA and IPMN showed a
steeper slope of the regression line between HBB copy
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Fig. 1 Results of quantification and ROC curve analysis of plasma
¢fDNA in controls (n = 76), IPMN (n = 112), and PDA (n = 96).
Quantification of cfDNA concentration and ROC curve analysis of the
measurements for predicting PDA presence or absence using Qubit
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(a) and dPCR assay targeting HBB and MT-ND] (b, ¢). The box-and-
whiskers graphs show median, interquartile, and 10-90% ranges. Data
were compared between groups using the Mann-Whitney U test
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number and Qubit assay results than that of controls
(P =0.0139 and P = 0.0077, respectively), whereas those
of patients with PDA and IPMN did not significantly differ
(P =0.2263) (Supplementary Fig. 2B).

KRAS mutation analysis in PDA tissue and plasma
cfDNA

To evaluate whether an improved dPCR protocol that over-
comes subsampling errors via a pre-amplification step may
affect mutant KRAS detection in patients with pancreatic
cancer [14], we tested tumor and cfDNA from PDA cases
with metastatic disease (i.e., stage 1V) (Fig. 2a, Supple-
mentary Tables 1, 2). ROC curve analyses of the mutant
KRAS allele frequency measured via the pre-amplification
assay revealed the AUC for classifying patients with KRAS
mutant PDA and controls as 90.3% (95% CI 83.4-97.2) and
85.5% (95% CI 69.6-100) for pool#1 and pool#2, respec-
vely, a significant improvement over standard dPCR assay-
based scores (Fig. 2b). The optimal cut-off values for pool#1
and pool#2 based on the Youden’s index were 0.078% and
0.042%, respectively. The rate of KRAS mutation detection
in the plasma cfDNA was significantly lower in the PDA
cases with locally advanced or peritoneal metastasis than that
in patients with metastasis to distant organs (e.g., the liver
and lung), whereas measurements obtained using the Qubit
assay and HBB/MT-NDI copy number quantification
revealed no significant differences (Fig. 2c, Supplementary
Fig. 3). To afford better specificity in the broader cohort
including patients with earlier PDA stages, the cut-off value
was determined as 0.1% for subsequent studies for both pool
assays (pool#1: sensitivity 69.2% and specificity 97.8%;
pool#2: sensitivity 50.0% and specificity 97.8%).
We next tested the pre-amplification protocol in patients
with surgically resected PDAs. These patients exhibited
lower Qubit measurements of cfDNA levels than those
com patients with metastatic disease, whereas HBB and
MT-NDI copy numbers did not significantly differ (Sup-
plementary Fig. 4, Supplementary Table 3). The majority
of the resected PDAs comprised Stage II and III disease,
with mutant KRAS in plasma cfDNA detected in 27 of 38
cases with KRAS mutant tumors (71.1%; Fig. 3a). Pre-
amplification also captured mutant KRAS in PDA with
lower tumor burden [2 of 4 (50%) in Stage 0 and 6 of 9
(66.7%) in Stage I] (Fig. 3a, b). Positive detection of
mutant KRAS in plasma cfDNA was associated with tumor
cellularity (Cochran—Armitage trend test; P = 0.0046).
Cases were identified exhibiting high KRAS MAF (> 1%)
in later stages (II-III) but not in earlier stages (0-I);
however, no significant association was observed between
KRAS MAF and tumor stage or with pathological T-factor
or node presence (Fig. 3b, Supplementary Fig. 5). We also
examined whether tumor cellularity might affect the

sensitivity for capturing tumor cell-derived cfDNA.
Patients with PDA exhibiting > 10% KRAS MAF, sug-
gestive of tumor cellularity beyond 20%, exhibited sig-
nificantly higher frequency of positive mutation calls over
0.1% in plasma cfDNA than that in patients with a lower
tumor MAF (Cochran—Armitage trend test; P = 0.0046;
Fig. 3b). KRAS MAF was not associated with CA19-9
levels prior to surgical resection (Fig. 3c). KRAS mutations
were detected in 16 (64%) of 25 patients with CA19-9-low
(below 55 U/mL) [21] resectable PDA, comparable to the
sensitivity in CA19-9-high cases (18/27; 66.7%) (Fig. 3c).
We next evaluated whether KRAS mutation allele fre-
quency might serve as a prognostic factor for recurrence
following surgical resection. Although we found no sig-
nificant difference between presence (KRAS MAF > 0.1%)
and absence of mutant KRAS calls in plasma cfDNA
(Supplementary Fig. 6A), patients with an MAF > 0.45%
exhibited significantly shorter disease-free survival than
those with lower MAF (HR 3.179, 95% CI 1.025-9.859;
P = 0.0452) (Fig. 3d). Similar trends were observed in
overall survival, albeit at no significance (Supplementary
Fig. 6B). Disease-free survival did not significantly differ
between patients with high- and low-CA19-9 prior to sur-
gical resection (HR 1.464, 95% CI 0.674-3.181;
P =0.3362). Notably, albeit at lower significance, pro-
longed disease-free survival was observed following sur-
gical resection in patients with HBB-low PDA relative to
that in the HBB-high subset (HR 1.989, 95% CI
0.8553—4.627; P = 0.0512), whereas MT-ND1 levels indi-
cated the opposite trend (HR 0.4034, 95% CI
0.1458-1.116; P = 0.2010) (Supplementary Fig. 6B).

KRAS and GNAS mutation quantification in IPMN

We then sought to confirm the utility of cfDNA genotyping
in the subset of patients with IPMN potentially carrying an
enhanced risk to develop cancer. Tumor tissue genotyping
using representative invasive compartment specimens
among the 21 patients with IPMN-related PDA revealed
that 81% (17/21) and 48% (10/21) exhibited KRAS and
GNAS mutation positivity, respectively (Fig. 4a, Supple-
mentary Table 3, Supplementary Fig. 7). Concordance of
the genomic findings from the index tumor and plasma
cfDNA was 81.3% (over 0.1% in 13 of 16) and 55.5%
(over 0.05% in 5 of 9) for the respective genes. In com-
parison, the modified dPCR assay captured KRAS and
GNAS mutations in 11.1% (2/18) and 41.1% (7/17) of
plasma cfDNA from these patients lacking mutations in the
primary PDAs. Alternatively, most KRAS (5/6) and GNAS
(2/2) mutations present in the concurrent co-existing tumor
(e.g., non-invasive concurrent lesions) but not in the
invasive foci (index tumor) were detected in the plasma
cfDNA using the pre-amplification protocol.
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Fig. 2 Comparison between standard and modified dPCR protocols
for detecting mutant KRAS in plasma cfDNA. a Results of the dPCR
assay with and without pre-amplification (Pre-Amp) for 20 patients
with unresectable PDA, in whom KRAS mutations were evaluated

sing fine-needle aspirates. Asterisk indicates samples with no result
owing to the limited yield of plasma cfDNA for specific measure-
ments. b ROC curve analysis of KRAS MAF accuracy for predicting

Mutation detection assays were then performed to test
plasma cfDNA samples in the 112 IPMN follow-up
cases. Owing to the lack of tumor DNA data in these
cases, the results are shown as the positive call from
either probe pool#1 or #2. Assembled data of the driver
mutations in plasma cfDNA among the four populations,
i.e., controls, IPMN, resected, and unresectable PDA,
supported the trend hypothesis whereby the mutation call
may increase step-wise for each category during tumor
progression (Table 2). A significant fraction of the
patients in the FN, WF, and HRS subsets exhib-
ited > 0.1% positivity for mutant KRAS (P < 0.0001 vs.
controls); however, KRAS MAF in plasma cfDNA from
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the presence of mutation-containing resectable PDA (n = 17) relative
to that in controls (n = 50) using the modified dPCR method.
¢ Differences in KRAS MAF in plasma cfDNA between PDA cases
with locally advanced or peritoneal metastasis (n = 7) and those with
metastasis to distant organs (n = 18). Supplementary Tables 1 and 2
show the results of KRAS MAF for each sample

the WF and HRS groups was not higher than that of FN
(Fig. 4b, Supplementary Table 4). Patient sample GNAS
MAF values were also arranged with control values as a
reference without a cut-off line, owing to the limited
number of surgically resected GNAS mutant tumors. The
values did not significantly differ among the IPMNs,
regardless of the imaging-based tumor grade (Fig. 4c). A
subset of patients with normal CA19-9 were character-
ized by high KRAS and GNAS MAF in plasma cfDNA,
even in the absence of malignant features in imaging
findings, and level increases were associated with the
emergence of concomitant PDA or IPMN progression
(Supplementary Figs. 8 and 9).
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Fig. 4 Summary of plasma cfDNA mutation profiles in patients with
IPMN. a Hot-spot mutation detection accuracy in KRAS and GNAS
between tumor specimens and plasma cfDNA in IPMN-related
pancreatic cancer. Boxes represent cases with positive KRAS or GNAS
mutation calls. Mutation call levels are shown according to the MAF;
0.05-0.1% (striped) and over 0.1% (solid). Asterisks and pound signs
indicate cases with no available data and dPCR assay results with pre-

Discussion

Validation of the dPCR-based assay for patients with PDA
and IPMN of various grades as categorized by imaging
modalities [16, 17] supports its potential as a feasible, cost-
effective, and sensitive tool for genetics-based diagnostics
of pancreatic tumors with prognostic relevance and for
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amplification of the codon 61 mutation, respectively. b, ¢ Modified
dPCR assay results for three categories: HRS, WF, and FN, with
regard to malignant IPMN prediction. The numbers of cases listed
represent those for which data were successfully obtained. Dotted
lines indicate the positive KRAS mutation call cut-off as determined
in Fig. 2b. Data were compared between groups using the Mann-—
Whitney U test

surveillance. CfDNA can provide information regarding
several aspects of cancer including genetics, tumor burden,
and progression [4]; however, the low yield, even in
patients with advanced stage disease, presents formidable
challenges for its clinical utilization. Here we demonstrated
the utility of plasma cfDNA measurement and genotyping
of driver mutations in pancreatic neoplasms. Fluorescence-
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Table 2 Results of mutation detection in tumor and plasma cfDNA of patients and participants

Healthy volunteers IPMN n = 112 Resectable PDA Unresectable PDA P value®
n="76 n =66 n =30
KRAS mutation in PDA
G12D/G12V/G12R/other/WT/ - - 23/13/20/2/8 8/5/3/1/3/10 -
NA
GNAS mutation in PDA
R201C/R201H/WT/NA - ok 5/4152/5 1/1/16/12 -
%MAF in plasma cfDNA (IQR)*
KRAS pool#l 0.057 (0.0368-0.0685)  0.128 0.146 0.114 (0.0614-4.4101) < 0.0001
(0.0851-0.3442) (0.0844-0.3861)
KRAS pool#2 0.029 (0.0208-0.0440)  0.087 0.090 0.256 (0.1140-1.5842) < 0.0001
(0.0484-0.2101) (0.0470-0.2733)
GNAS R201C + R201H 0.054 (0.0410-0.0880)  0.091 0.1597 15.56 (7.8089-23.319) 0.0051

(0.0453-0.1962)

(0.0493-0.2772)

IQR interquartile range, MAF mutant allele frequency, NA data not available

“Data shown only for histologically proven resectable and unresectable PDAs, where tumor genotyping results were available

"Tonckheere-Terpstra test

combined with PCR-based cfDNA quantification may
provide a tool to predict the likelihood of having tumors.
Additionally, through use of an improved dPCR protocol
that overcomes subsampling errors via a robust noise
reduction effect termed pre-amplification [14], we con-
firmed more accurate detection of the hallmark mutations
of  pancreatic  tumorigenesis in  patients  with
resectable PDA along with a subset of individuals with
IPMN potentially carrying an increased risk to develop
invasive tumors.

We found that nuclear (e.g., HBB) and mitochondrial
DNA (mtDNA; e.g., MT-NDI) copy numbers mutually
associated with disease progression. Fluorescence assay-
based cfDNA measurements closely correlated with
nuclear DNA copy number but not mtDNA, indicating that
_irculating mtDNA levels may constitute an independent
factor. Increased cfDNA levels were observed even in
patients with IPMN, suggesting that the process of cfDNA
release via apoptosis, necrosis, and secretion may not
reflect a specific event in malignant tumors. Moreover,
clinical IPMN grades did not reveal step-wise cfDNA
increase, suggesting cfDNA as independent from imaging
for predicting tumor burden and grade. Quantification of
the nuclear and mitochondrial-derived cfDNA may, how-
ever, be beneficial toward predicting survival in patients
with resectable pancreatic cancer, whereas this value
appears to be lost for the later stages of the disease.

Low plasma cfDNA yield impedes early cancer diag-
nosis using standard techniques including via highly sen-
sitive dPCR-based assays [10, 14]. However, a simple and
low-cost “pre-amplification” modification significantly

improved sensitivity (Fig. 2), allowing KRAS mutation
detection accuracy in resectable PDA approaching that of
conventional clinical tests [22, 23]. Compared to the
CA19-9 score (< 55 U/mL in 33 of 86 PDA cases; 38.3%),
plasma mutant KRAS status was captured in 22 patients
(66.7%) by dPCR with pre-amplification. Given the limi-
tations of early detection and the presence of a Lewis-
negative genotype (lacking CA19-9) in approximately
6.9% of cases [24], the use of an alternative biomarker such
as KRAS in plasma cfDNA is essential for accurately
diagnosing PDAs.

The high Stage 0-1 tumor cfDNA detection sensitivity
may derive from relatively rich tumor cellularity in IPMN-
associated cancer, indicative of low invasiveness. As PDA
exhibits low tumor cellularity with cancer-associated
fibroblasts (desmoplastic reactions), dPCR-based genotyp-
ing for driver genes using plasma cfDNA may not recog-
nize small solid PDAs with abundant desmoplasia.
Furthermore, the primary PDA and plasma cfDNA muta-
tion profiles were occasionally discordant in patients with
resected IPMN. Plasma-limited mutations partly derived
from co-existing [IPMN and pancreatic intraepithelial neo-
plasia in the normal-appearing pancreas. Therefore, plasma
cfDNA genotyping can uncover rare variants not detected
from the index tumor [25]. More detailed histological and
genetic assessment of “background” lesions in the appar-
ently normal pancreas, which are independent and distant
from the clinically noticeable “index” invasive lesion, may
provide better concordance of the mutation profile between
plasma cfDNA and tumor DNA. The diagnostic accuracy
of liquid biopsy using plasma in early-stage PDA remains
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challenging [10, 26]; thus, alternative biospecimens con-
taining higher amounts of tumor-derived nucleic acid
obtained from lesion-adjacent regions, such as pancreatic
and duodenal juice, may facilitate more precise tumor
genotyping [27].

This study was limited owing to lack of follow-up for
patients with IPMN. A significant fraction of these patients,
even those with no Fukuoka factors (74.2%; 49/66),
exhibited levels above the cut-off for KRAS MAF (> 0.1%)
in plasma cfDNA as determined by the results from
patients with pancreatic cancer and healthy volunteers.
Prospective assessment of this subset may support the
refinement of the current guideline for IPMN that assigns
high priority to the morphological evaluation of imaging
findings. Because IPMN comprises multicentric/syn-
chronous lesions rather than a single locoregional disease,
quantitatively and qualitatively evaluating KRAS and
GNAS mutations and tumor suppressor genes may allow

stter whole pancreas surveillance in these patients [4].
The more frequent capture of mutant KRAS than GNAS in
plasma cfDNA (Fig. 4b, c) despite the absence of a
definitive GNAS MAF cut-off is supported by our previous
demonstration that IPMN precursors more frequently show
mutant KRAS in the normal-appearing pancreas [19].
Moreover, in the current study, the variant types captured
by the KRAS and GNAS probe pools were not specified
owing to the limited plasma cfDNA yield. However, given
the significant recent improvement of reagents for dPCR
allowing multiplex analysis, it is technically possible to
determine the variants of multiple genes in a single target
enrichment using dPCR (e.g., KRAS plus TP53 and
SMAD4) [28]. Such an approach will take full advantage of
the benefits of pre-amplification. Finally, we primarily
utilized a classic cfDNA blood collection method; our
findings should thus be confirmed using high-quality bio-
material without a freeze—thaw step [29].

Defining risk stratification methodology for early pan-
creatic cancer detection is of considerable clinical concern
[2]. Here, we demonstrated that a combination of different
cfDNA measurements provides a detailed profile in
patients with pancreatic neoplasms. The modified dPCR
assay to reduce subsampling error can detect driver muta-
tions at earlier stages and may complement imaging and
standard tumor markers. Such screening of tumor sup-
pressors involved in pancreatic tumorigenesis may enhance
protocol accuracy; moreover, our data may promote reform
of the current algorithm for IPMN surveillance, which
mainly depends upon imaging studies, and provide an
additional cost-effective clinical test to assess tumor bur-
den and metastatic potential.
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Supplementary Methods

Sample Collection, Storage, and Processing
Patients and healthy volunteers were enrolled in seven participating institutions:
Sapporo Higashi Tokushukai Hospital, Shonan Kamakura General Hospital, Teine-
Keijinkai Hospital, Shibetsu City Hospital, Chiba Tokushukai Hospital, Hokkaido
University Hospital, and Asahikawa Medical University Hospital. All participants were
Japanese. Healthy volunteers were defined as individuals who showed no evidence of
tumors during annual medical checkups (e.g., chest X-ray and abdominal ultrasound for
all volunteers and gastrointestinal endoscopy for individuals older than 40 years of age).
We collected blood samples (limited to 16 mL) at the time of diagnosis and prior to
any surgical procedures and neoadjuvant chemotherapy using 8-mL tubes containing
EDTA-2K (SPM-L1008EMS; Sekisui Medical, Co., Ltd., Tokyo, Japan), and gentle 7
inversion. CA19-9 values and neutrophil-to-lymphbcyte ratio measurements were
evaluated per routine examination. In particular, blood was obtained from patients with
severe jaundice and cholangitis following biliary stenting. The cell-free plasma was
prepared using two centrifugation steps within 1 h after blood drawing: 1,100 x g for 10
min at_ 20—25°C, then 18,000 x g for 10 min at 4°C, and stored at -80°C until shipped
using dry ice. Cell-Free DNA BCT (Streck, La Vista, NE) was also utilized after
September 2016, with which the blood samples could be shipped at room temperature
within seven days after collection without the requirement of rapid processing and losing
a portion of the cfDNA (Supplementary Figure 10). All samples were processed at the

Molecular Genetics Laboratory in Sapporo Higashi Tokushukai Hospital. CIDNA was



isolated from the plasma using a QlAamp Circulating Nucleic Acids Kit (Qiagen,
Valencia, CA), eluted in 100 pL volume, and immediately quantified using a Qubit
dsDNA HS Assay Kit with a Qubit2.0 fluorometer (Thermo Fisher Scientific, Boston,
MA). Different cfDNA concentratioh between the EDTA tube and Streck BCT was
adjusted according to the regression equation based on the measurements
(Supplementary Figure 10). CfDNA quantification was also performed by measuring the
copy number of nuclear (i.e., hemoglobin B-subunit gene; HBB) and mitochondrial DNA
(mitochondrially encoded NADH:ubiquinone oxidoreductase core subunit 1 gene; MT-
ND1) using digital polymerase chain reaction (dPCR). All assay primers and probes are
listed in Supplementary Table 5.

Representative formalin-fixed paraffin-embedded (FFPE) blocks of the surgically
resected primary tumor were selected for each case to include the viable invasive
compartment with high tumor cell content, and genomic DNA was then purified from the
corresponding unstained slides using a GeneRead DNA FFPE Kit (Qiagen, Hilden,
Germany). For unresected PDAs, FFPE specimens obtained by endoscopic ultrasound-
guided finé needle biopsy were employed. For some genomic DNA samples isolated
from the FFPE sections, targeted amplicon sequencing using the lon AmpliSeq Custom
Next-Generation Sequencing DNA Panels was also employed as described

previously.[1]

Mutation Detection by dPCR
Mutant KRAS variants (codons 12/13 and 61) and GNAS variants (codon 201) were

analyzed using a QX200 Droplet Digital PCR System (Bio-Rad, Hercules, CA) either



using standard or modified protocols as previously described.[2] Briefly, custom locked
nucleic acid-based probes and primers were designed for eight hot-spot mutations in
KRAS codons 12 (G12D, G12V, G12R, G12C, G12A, and G12S) and 13 (G13D and
G13C) (Integrated DNA Technology (IDT), Inc., Coralville, 1A). Two sets of probes for
four KRAS variants (pool #1 for G12D, G12V, G12C, and G13D; pool #2 for G12A,
G12R, G128, and G13C) labeled with 6-fluorescein amidite (FAM) in combination with
the probe for the wild-type KRAS labeled with hexachloro-fluorescein (HEX) were
utilized for the assay as previously described (Supplementary Table 6A).[1] A ddPCR
KRAS Q61 Screening Kit (Bio-Rad) was utilized for KRAS codon 61 mutations. To
capture the GNAS R201C/H mutations, an additional primer/probe set was constructed.
The sequences are presented in Supplementary Table 6A. The reaction mixture was
prepared as described in Supplementary Table 6B. Purified genomic DNA was
. partitioned into approximately 22,000 droplets per sample by mixing with 70 pL Droplet
Generation Oil in a QX200 droplet generator (Bio-Rad). Droplets were then subjected to
thermal cycling, as described in Supplementary Table 6C. Samples were transferred to
a QX200 droplet reader (Bio-Rad) for fluorescence measurement. Droplets were scored
as positive or negative based on their fluorescence intensity, which was determined by
the gating threshold defined using nuclease free water as the negative control. We
confirmed the positive detection using gBlocks Gene Fragments (approximately 180 bp;
IDT). Finally, absolute copy number input in the reaction and the ratio of the mutated
fragment were calculated using QuantaSoft (ver 1.7; Bio-Rad) software based on the
Poisson distribution. Plasma cfDNA samples were scored as positive for mutation when

at least three mutant droplets/reaction were detected by ddPCR, and mutant allele



frequency was calculated. The primary tumor DNA isolated from the viable area in
FFPE blocks was determined as mutation positive when the allele frequency was >
2.5%. For IPMN-related PDA, additional non-invasive compartments such as co-existing
IPMN and PanlINs in the normal appearing pancreas from resected specimens were
also analyzed.
In the modified assay termed “pre-amplification,” the reactions were prepared in
a total volume of 22 puL containing 9.3 plL of purified cfDNA (equivalent to cfDNA from
186 pL plasma) to amplify the KRAS Exon 2 and GNAS Exon 8 target allele using the
primer set same as dPCR detection. Eight pre-amplification cycles followed by a
second-run dPCR were sufficient to obtain approximately 5,000—10,000 amplified
copies/ng cfDNA, allowing an increase in the sensitivity of mutation detection and the
signal-to-noise ratio.[2] We performed multiple rounds of pre-amplification (typically 3—4
times) to avoid missing detectable mutations in the low-yield of the patient's plasma
'cfDNA. The reaction mixtures were then diluted with TE buffer (oH 8.0), vigorously
mixed with equal volumes of chloroform (FUJIFILM Wako Pure Chemical Corporation,
Oéaka, Japan) by vortexing and pipetting, and centrifuged; the aqueous phase was
separated, and the amplified DNA was then purified using a DNA Clean & Concentrator-
5 kit (Zymo Research Corporation, Orange, CA). DNA was finally eluted using 12 pL of
elution buffer, and we utilized 4 uL of the refined products for subsequent second-run
dPCR to detect mutations (duplicates or triplicates). For the KRAS mutation in codon
61, pre-amplification was performed using a primer set unique to Exon 3, and the

detection was employed by the ddPCR™ KRAS Q61 Screening Kit (Bio-Rad) (see



Supplementary Figure 7 for further details). The average of bositive mutation calls was

calculated based on the analysis.
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Supplementary Figure 6

Overall survival (%)
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A. Kaplan-Meier analysis of the relationship of KRAS MAF (top panel), HBB- (middle
panel), and MT-ND-1 copy numbers (bottom panel) with disease-free survival. The cut-
off values were determined based on the results shown in Fig 2 (KRAS MAF) and Fig

1B, C (HBB and MT-ND1, respectively).

B. Kaplan—Meier analysis of the relationship of KRAS MAF (top panel) and CA19-9 levels

(bottom panel) with overall survival.
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Supplementary Figure 7

Plasma cfDNA from case 18 with IPMN-associated PDA harboring the KRAS Q61 mutation
(Table S2) was subjected dPCR assay with and without pre-amplification. The assay was
performed in duplicate by ddPCR using the ddPCR™ KRAS Q61 Screening Kit (Bio-Rad).
Upper and middle panels indicate fluorescence intensities for wild-type (HEX; green dots)
and mutant KRAS (FAM; blue dots); the MAF is shown in the lower panel.



MRCP . CT Surgery

Clinical
diagnosis
300
i)
£ 200 1
2
1
2 100
<C
(&)
O -

|

b

IPMN; Fukuoka-negative

O KRAS pool#t1
® CA19-9

AN
s

}

Concomitant PDA

Recurrence

3 6 9

Months after diagnosis

Supplementary Figure 8
Magnetic resonance cholangiopancreatography (MRCP) demonstrated a small cystic
lesion (arrowhead, upper left) in the head of the pancreas at the time of diagnosis
(patient #005-045). Six months later, computed tomography (CT) showed a solid tumor
beside the cyst (arrow, upper middle), which was classified as a well-differentiated
adenocarcinoma (upper, right; scale bars, 500 um). Time course of CA19-9 level and

KRAS mutation allele frequency (MAF) in plasma cfDNA are shown in the lower panel.
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Supplementary Figure 9

Magnetic resonance cholangiopancreatography (MRCP) demonstrated a large cystic
lesion with mural nodules and significant dilatation of the main pancreatic duct in the
head of the pancreas, suggestive of high-risk stigmata, at the time of diagnosis (patient
#005-036; upper left). Six months later, enlargement of the cyst with outline irregularity
was observed, suggesting duodenal leakage (upper right). Time course of CA19-9 level
and KRAS mutation allele frequency (MAF) in plasma cfDNA are shown in the lower
panel. The patients missed the chance for surgical resection of the tumor owing to
sudden death from a cause unrelated to IPMN.
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Supplementary Figure 10

Relationship between cfDNA concentration from plasma collected with tubes
containing EDTA-2K and STRECK BCT. Linear regression based on 50 samples from
both healthy volunteers and patients is shown.
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