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Abstract

Background: The differential diagnosis of pancreatic ductal adenocarcinoma
(PDAC) from chronic pancreatitis (CP) is clinically challenging due to a lack
of minimally invasive diagnosis methods. MicroRNAs (miRNAs) derived from
small extracellular vesicles (EVs) in the blood have been reported as a promis-
ing diagnosis biomarker for various types of cancer. However, blood small EV
miRNA signatures and their diagnostic value to differentiate between PDAC and
CP remain to be determined.

Methods: In this study, 107 patients with PDAC or CP were recruited, and 90
patients were finally enrolled for a training cohort (n = 48) and test cohort
(n=42). Small RNA sequencing was used to assess the expression of blood small
EV miRNAs in these patients.

Results: The linear model from the differentially expressed blood small EV
miR-95-3p divided by miR-26b-5p showed an average sensitivity of 84.1% and
an average specificity of 96.6% to identify PDAC from CP in the training cohort
and the test cohort, respectively. When the model was combined with serum
carbohydrate antigen 19-9 (CA19-9), the average sensitivity increased to 96.5%,

Abbreviations: AUC, area under the curve; CA19-9, carbohydrate antigen 19-9; CP, chronic pancreatitis; CT, computed tomography; EM, electron

microscopy; EUS-FNA, endoscopic ultrasound-guided fine-needle aspiration biopsy; EVs, extracellular vesicles; miRNA, microRNA; NTA,
nanoparticle tracking analysis; OS, overall survival; PC, principle component; PCA, principle component analysis; PDAC, pancreatic ductal
adenocarcinoma; qRT-PCR, quantitative reverse transcription polymerase chain reaction; ROC, receiver operating characteristic; TCGA, The Cancer
Genome Atlas; WB, western blotting
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and the average specificity remained at 96.4% of both cohorts, which demon-
strated the best performance of all the published biomarkers for distinguishing
between PDAC and CP. The causal analysis performed using the Bayesian net-
work demonstrated that miR-95-3p was associated with a “consequence” of “can-
cer” and miR-26b-5p as a “cause” of “pancreatitis.” A subgroup analysis revealed
that blood small EV miR-335-5p/miR-340-5p could predict metastases in both
cohorts and was associated with an overall survival (p = 0.020).

Conclusions: This study indicated that blood small EV miR-95-3p/miR-26b-5p
and its combination with serum levels of CA19-9 could separate PDAC from CP,
and miR-335-5p/miR-340-5p was identified to associate with PDAC metastasis
and poor prognosis. These results suggested the potentiality of blood small EV
miRNAs as differential diagnosis and metastases biomarkers of PDAC.

KEYWORDS
chronic pancreatitis, differential diagnosis, pancreatic ductal adenocarcinoma, small extracel-

lular vesicles miRNAs

1 | BACKGROUND

Pancreatic ductaladenocarcinoma (PDAC) is the fourth
leading cause of cancer-related death in the United States.!
The incidence of chronic pancreatitis (CP) is between 4
and 23/100,000,% and recurrent CP may be a risk factor
for PDAC.? The differential diagnosis between PDAC and
CP is quite frequent and challenging in the early diagno-
sis of pancreatic cancer, which is a major cause of misdi-
agnosis and mistreatment.* Thus, distinguishing between
PDAC and CP is an urgent need and of clinical importance
to improve patient outcomes.

Currently, commonly used imaging examinations,
including high-resolution computed tomography (CT),
magnetic resonance imaging, and positron emission
tomography, have difficulties in distinguishing PDAC
from mass pancreatitis disease.>® Endoscopic ultrasound-
guided fine-needle aspiration biopsy (EUS-FNA) is an
important invasive method for PDAC diagnosis. However,
EUS-FNA carries the risk of infection, hemorrhage, and
tumor seeding. More importantly, it has a considerable
false-negative rate.” Carbohydrate antigen 19-9 (CA19-9)
is currently the widely used blood-based tumor marker
for the management of pancreatic cancer. CA19-9 has
been reported to distinguish between pancreatic cancer
and benign pancreatic disease with a relatively limited
sensitivity and specificity (sensitivity of 78.2% and speci-
ficity of 82.8%),%° rendering it ineffective as a differential
diagnosis biomarker. Thus, minimally invasive diagnosis
methods and effective risk stratification approaches
for the distinction between PDAC and CP need to be
developed.

Extracellular vesicles (EVs) consist of nucleotides, pro-
teins, lipids, and other molecules that are present in nearly
all biological fluids, including the blood circulation.'%!
Circulating EVs are identified as a stable source of microR-
NAs (miRNAs) derived from their parental cells that
include cancer cells and normal cells.'>'* Recently, circu-
lating small EV-derived miRNAs have gained attention as a
promising blood-based biomarker for cancer detection.'>~"’
In pancreatic cancer, several studies have also revealed that
blood small EV miRNAs could serve as potential diagnos-
tic biomarkers.'® ! In addition, Xu et al. found that plasma
small EV miR-196a and miR-1246 levels were significantly
elevated in pancreatic cancer patients as compared to
healthy subjects.””> Moreover, Lai et al. confirmed that
some small EV miRNAs (e.g., miR-10b, miR-21, miR-30c,
miR-181a, and miR-let7a) were differentially expressed
among PDAC patients, normal controls, and patients with
CP.?® However, those studies were limited by the small
number of detected small EV miRNAs in blood, small
sample sizes, or lack of independent validation.

In this study, the miRNA profile of blood small EVs
derived from PDAC and CP patients is characterized using
small RNA sequencing, and a two-phase method (train-
ing phase and test phase) is used to discover and vali-
date the diagnostic-associated blood small EV miRNAs
for distinguishing between PDAC and CP. In addition,
a subgroup analysis regarding the association between
metastasis-associated blood small EV miRNAs and patient
outcomes after surgery is conducted. The primary objec-
tive of this study is to identify blood small EV miRNAs as a
minimally invasive method to differentiate between PDAC
and CP.



GUO ET AL. CLINICAL AND ‘TRANSLATIONAL ME% 30f15
TABLE 1 Clinical characteristics of PDAC and CP patients in the training and test cohorts
Training Test cohort
Characteristics cohort (N = 48) (N=42) p value
Age (years), average 56 +13 53+14 0.290
Gender
Male 32 26 0.638
Female 16 16
Categories
CP patients 18 15 0.861
PDAC patients 30 27
Incidence site
Pancreatic head 15 17 0.325
Pancreatic body and tail 15 10
Stage
I 6 6 0.669
I 10
II1 2 4
v 12 1
Metastasis
MO 18 16 0.955
M1 12 11
CA19-9 (U/ml) of PDAC patients, average 560.7 + 496.7 600.6 + 506.4 0.769
CEA (ng/ml) of PDAC patients, average 55+4.0 46+43 0.395

Abbreviations: CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; CP, chronic pancreatitis; PDAC, pancreatic ductal adenocarcinoma.

2 | METHODS

2.1 | Patient enrollment and sample
collection

A total of 107 patients were recruited for the training
phase and test phase from June 2017 to June 2018 (Addi-
tional file 1: Figure S1). In this study, PDAC was diagnosed
using enhanced CT and verified using EUS-FNA of pri-
mary or metastatic lesions.”* The diagnosis of CP referred
to the consensus of the American Pancreatic Association.”
Inclusion criteria were as follows: (1) Patients had to sign a
consent form for their blood specimens and clinical infor-
mation to be used in this research. (2) Patients were diag-
nosed with PDAC. (3) Patients were diagnosed with CP.
Exclusion criteria were as follows: (1) Pancreatic cancer
patients undergoing radiotherapy or chemotherapy prior
to blood collection. (2) Patients with pancreatic benign
tumors or borderline malignant tumors. (3) Patients with
pancreatic metastases (e.g., kidney cancer metastases to
pancreas). (4) Patients with pancreatic serous cystadeno-
carcinoma or mucinous cystadenocarcinoma. (5) Patients
with CP who had presented with acute pancreatitis within
the past 3 months. (6) Patients with CPs who showed
a malignant tendency within the follow-up period of 6
months. (7) Blood specimens with hemolysis levels greater

than 5. After the elimination of pathology specimens from
patients with non-PDAC and no operation or serious
hemolysis, a total of 90 patients were enrolled, 48 in a train-
ing cohort and 42 in a test cohort. In the training cohort,
six patients were in Stage I, 10 patients in Stage II, two
patients in Stage III, and 12 patients in Stage IV; in the test
cohort, there were six patients in Stage I, six patients in
Stage II, four patients in Stage III, and 11 patients in Stage
IV. The clinical characterization of these patients in the
two cohorts is shown (Table 1 and Additional file 2: Table
S1). All patients with PDAC in the training cohort and the
validation have received standard adjuvant therapy. The
overall survival (OS) was defined as the period from the
start of surgery to death. Among the PDAC patients, 46
provided complete follow-up information (Additional file
2: Table S2).

The blood specimens of all the patients were collected
in 6-ml vacutainers with anticoagulant (REF367863; Bec-
ton Dickinson, Franklin Lakes, NJ, USA) before surgical
resection. In this study, the blood specimens were collected
at different periods (training cohort, June 2017-December
2017; test cohort, February 2018-June 2018). The small
RNA sequencing and analysis were independently per-
formed in the training cohort and test cohort. After identi-
fying the potential biomarkers to separate PDAC patients
from CP patients in the training cohort, the validation was
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carried out in the test cohort (Additional file 1: Figure SI).
All of the tissue specimens were confirmed using surgi-
cal pathology. The investigational protocol was approved
by the Institutional Review Board of the Changhai Hospi-
tal of Naval Medical University (CHEC2018-039). All of the
patients from the Changhai Hospital of the Naval Medical
University were provided written consents to be signed for
their blood specimens and clinical information to be used
in this research.

2.2 | Plasma isolation

For the plasma isolation, the collected blood specimens
were centrifuged at 1600g for 10 min at 4°C, after which
the hemolysis levels were determined and recorded. The
blood specimens with hemolysis levels below 4 were used.
The collected supernatant was centrifuged again at 16,000g
for 15 min at 4°C, and then 1 ml of supernatant was trans-
ferred into a fresh 1.5-ml tube and stored at —80°C.

2.3 | Blood small EV isolation

As described in our previous report,”® the 3D Medicines
isolation reagent (3DMed, Shanghai, China) was used to
collect the blood small EVs. In brief, plasma samples that
were stored in a refrigerator at —80°C were placed in a
metal bath incubator set to 37°C for static incubation. Gen-
erally, the plasma melts after 5 min of incubation. The iso-
lated plasma specimens were centrifuged at 12,000g for
10 min at 4°C after incubation. Then, the supernatant was
transferred to a 0.45-um tube filter (Costar, Corning, NY,
USA) and centrifuged at 12,000g for 5 min at 4°C; then, the
filtrate was transferred to a 0.22-um tube filter (Costar) and
centrifuged at 12,000g for 5 min at 4°C. Next, one-quarter
volume small EV isolation reagent (3DMed) was added to
the supernatant in a fresh 1.5-ml tube. The mixture was
incubated for 30 min at 4°C and centrifuged at 4700g for
30 min at 4°C. Then, the supernatant was removed and the
pellets containing total blood small EVs were resuspended
in 0.2 ml phosphate-buffered saline.

2.4 | Characterization of blood small EVs
To analyze the characterization of the blood small
EVs, the widely used methods include western blotting
(WB), nanoparticle tracking analysis (NTA), and elec-
tron microscopy (EM). WB was performed as described
previously,”® utilizing the following primary antibod-
ies: anti-Alix antibody (1:1000, Cell Signaling Technol-
ogy, Danvers, MA, USA), anti-cluster of differentiation
63 (CD63) (1:2000, Abcam, Cambridge, UK), anti-TSG101

polyclonal antibody (1:500, Absin Bioscience Inc., Shang-
hai, China), and anti-Calnexin antibody (1:1000, Cell Sig-
naling Technology). In addition, NTA and EM were per-
formed as described previously.?®

2.5 | Small RNA isolation from blood
small EVs

The miRNAs were extracted from the blood small EVs
using the miRNeasy Serum/Plasma Kit per the manufac-
turer’s protocol (QIAGEN, Shanghai, China). The miRNA
quality, yield, and distribution were analyzed using the
Agilent 2100 Bioanalyzer with Small RNA Chips (Agilent,
Savage, MD, USA).

2.6 | Small RNA sequencing libraries
preparation

Please refer to the previous study.”® The small RNA
libraries were constructed using the NEBNext, Multiplex
Small RNA Library Prep Set for Illumina (New England
Biolabs, Ipswich, MA, USA) as per the manufacturer’s pro-
tocol. A total of 20-25 libraries were pooled into a single
sequencing lane and sequenced using the Illumina HiSeq
PE150 analyzer.

2.7 | Bioinformatic analysis
The adaptor sequences of the reads were trimmed using
an in house developed program. Then, the trimmed reads
were mapped to hgl9 by BWA 27 0.7.12-r1039. The num-
ber of reads mapped to each miRNA locus annotated in
miRBase *® v21 was calculated. To normalize the expres-
sion across specimens, a set of housekeeping miRNAs that
possessed at least one read in all of the specimens was
selected. The 75th percentile of the housekeeping genes
in each specimen was calculated as the size factor, simi-
lar to the method presented in DESeq2.”” The normalized
expression was calculated according to the following equa-
tion:

Normalized expression = number of reads mapped to
the miRNA/size factor.

2.8 | Measurement of blood small EV
miRNA expression using quantitative
reverse transcription polymerase chain
reaction

According to the manufacturer’s instructions, we quanti-
fied the relative expression levels of small EV miR-95-3p
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and miR-26b-5p using TagMan™ Advanced miRNA cDNA
Synthesis Kit (Applied Biosystems, Foster City, CA, USA)
in the clinical blood specimens of PDAC and CP patients.
All the primers of miR-95-3p and miR-26b-5p were
obtained from Applied Biosystems. Data were analyzed
using the 2~ AACt method.

2.9 | Statistical analysis

For principal component analysis (PCA), the normalized
expression of each miRNA was scaled to avoid the bias
of highly expressed miRNAs. For each miRNA, the maxi-
mum normalized expression was identified, and the value
was divided by the maximum to be scaled. PCA was per-
formed on the scaled data by prcomp function in R 3.3.3.
Then, specimens were classified into PDAC and pancreati-
tis groups, and the log2 fold change was calculated as the
mean of the normalized count of both groups. Linear mod-
elsin R package limma v3.36.2 were used to analyze the dif-
ferentially expressed miRNAs. False discovery rate < 0.05
and log2 fold change > 1 were set as the cutoff, and the nor-
malized count of each miRNA was used as a predictor to
separate PDAC and pancreatitis specimens. To test the per-
formance of miRNAs, the area under the curve (AUC) was
calculated using R package pROC v1.12.1. To investigate
which miRNAs affect the metastasis of PDAC, the differ-
entially expressed analysis of the miRNAs was performed
on the carcinoma specimens. p < 0.05 was set as the
cutoff, and the AUC was calculated from the normalized
count.

To assess the sensitivity and specificity of the blood small
EV miRNA model, a pathological diagnosis is regarded as
the gold standard. In the PDAC and CP differential diagno-
sis: Sensitivity = True Positive/(True Positive + False Neg-
ative); Specificity = True Negative/(True Negative + False
Positive).

To establish the Bayesian network, the normalized
expression of each miRNA was discretized according to
the median of the miRNA. The values larger than or equal
to the median were classified as high, or were otherwise
classified as low. Then, the Bayesian network was trained
with the discretized values by the “bn.fit” function in
the R package bnlearn v4.2 using the “tabu” algorithm.
The experimental validated targets of the miRNAs were
searched, and pathway enrichment was performed using
mirPath 3° v3. The differences in clinical characteristics,
including age, gender, CA19-9 level, and carcinoembryonic
antigen level of patients in the training and test cohorts,
were assessed by the Student’s ¢ test. The chi-square test
was used to analyze differences among the other clini-
cal characteristics between the two cohorts. The Kaplan-
Meier plot of The Cancer Genome Atlas (TCGA) data was

CLINICAL AND TRANSLATIONAL MEDICINE

performed using the OncoLnc.*! p < 0.05 was considered
statistically significant.

3 | RESULTS
3.1 | Characterization of the blood
small EVs

In this study, a total of 90 subjects with PDAC or CP
were enrolled into the training cohort (n = 48) and test
cohort (n = 42). The representative imaging features
and pathological information of the patients are shown
in Figure 1. After collecting the plasma from the blood
specimens of the patients, the small EVs were successfully
isolated. Following the guideline from the International
Society for Extracellular Vesicles, WB, NTA, and EM were
conducted to characterize the blood small EVs. According
to the Minimal Information for Studies of Extracellular
Vesicles 2018,32 three small EV protein markers, including
Alix, TSG101, CD63, and negative marker Calnexin were
evaluated in the four representative blood small EV spec-
imens using WB. As expected, the common markers Alix,
TSG101, and CD63 were present in all representative blood
small EV specimens, but not Calnexin (WB; Figure 2A).
The size distribution of the blood small EVs was assessed
using the NTA analysis and displayed a peak around
~100 nm (NTA; Figure 2B). In addition, EM analysis of
the representative specimen showed that blood small EVs
isolated in this study were oval or bowl-shaped (EM; Fig-
ure 2C). This result was consistent with past observations
of the exosomal morphologies.**

3.2 | Profiles of blood small EV miRNAs
were distinct among patients with CP and
PDAC

To explore the potential dominant factors that influenced
the blood small EV miRNA expression profile among the
patients with CP or PDAC, PCA was performed on the
normalized expression of all the specimens in the train-
ing cohort (Figure 3A). In the two-dimensional space con-
structed by principal component 1 (PC1) and PC2, the two
major principal components accounted for the largest vari-
ation among the blood small EV miRNA profiles. The
PDAC patients were generally allocated to the bottom left
corner region with a clear boundary of separation from
the CP patients, which were distributed on the upper right
region (Figure 3A). Similar distributions of PCA were also
observed in all specimens of the test cohort (Figure 3B).
The PCA revealed the huge dissimilarity in the blood small
EV miRNA profiles between the CP and PDAC patients,
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FIGURE 1

| metastasis PDAC

Representative imaging features and pathological information of patients with CP, nonmetastasis PDAC, and metastasis

PDAC. Representative imaging results of the patients were performed using enhanced CT. Hematoxylin and eosin staining results of tumor
tissue specimens derived from patients are shown. Magnification is X200. Scale bar, 200 um
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FIGURE 2 The characterization of the blood small extracellular vesicles. (A) The expression levels of the small EV common protein

markers TSG101, Alix, CD63, and negative marker Calnexin in the small EVs of four representative specimens were assessed using western
blotting. (B) Nanoparticle tracking analysis result from a representative small EV specimen is shown. (C) The blood small EVs image from a
representative specimen was taken using an electron microscopic analysis. The representative small EV morphologies are highlighted with

the red boxes

showing the plausibility of identifying small EV miRNA
markers to distinguish between the two patient types.

In addition, blood specimens from 12 healthy partic-
ipants were collected in addition to the test cohort. To
explore the discrimination capability, healthy participants
were merged with the PDAC and CP specimens from the
test cohort. The PCA result showed that the healthy con-
trols could be separated from the PDAC and CP specimens
(Additional file 1: Figure S2).

The profiles of blood small EV miRNAs detected using
small RNA sequencing in the training cohort and test
cohort are shown in two heatmaps (Additional file 1: Fig-
ure S3).

3.3 | Ratio of miR-95-3p and miR-26b-5p
from the blood small EVs was identified to
distinguish PDAC from CP

To identify potentially differential diagnostic biomarkers
between patients with PDAC and CP, the prediction
accuracy of each blood small EV miRNA was performed
using the normalized expression with several filter
conditions (miRNA expressed in all specimens; mean
value of miRNA normalized expression > = 50; log2 fold
change > 1; p < 0.05), and was measured using the AUC
of the receiver operating characteristic (ROC) curve. The
results of the top 15 candidate blood small EV miRNAs
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sorted by the AUC are shown for the training cohort (Addi-
tional file 2: Table S3), where miR-95-3p had the highest
AUC at 0.908 (Figure 4A). Because the small EV miRNA
in blood may be derived from various origins, using the
same normalization size factor for all of the miRNAs
might not properly normalize each individual miRNA.
Similar to the normalization concept of quantitative
polymerase chain reaction (QPCR), a pair of miRNAs can
be selected in which one miRNA is considered the target
gene and the other is considered the reference gene. The

quotient calculated by dividing the target gene expression
by the reference gene expression can be considered a joint
marker. We selected highly and differentially expressed
miRNAs (mean expression > 50 between PDAC and CP;
Additional file 2: Table S4), and calculated the prediction
AUC of miR-95-3p divided by all of the possible pairs of
these selected miRNAs in the training cohort (Additional
file 2: Table S5). Among all of the pairs of the candidate
EV miRNAs, we discovered that miR-95-3p/miR-26b-5p
had the highest AUC of 0.946 in the training cohort
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TABLE 2 Performance of the blood small EV miR-95-3p/miR-26b-5p in the training cohort and test cohort
Predicted Sensitivity Specificity
PDAC Predicted CP (%) (%)
Training cohort
PDAC (30) 26 4 86.7 100
CP (18) 0 18
Test cohort
PDAC (27) 22 5 81.5 93.3
CP (15) 1 14

Abbreviations: CP, chronic pancreatitis; PDAC, pancreatic ductal adenocarcinoma.

(Figure 4B). Below a cutoff of 0.06, the sensitivity to distin-
guish PDAC from CP patients was 86.7% and the specificity
was 100.0% for the training cohort (Table 2). To validate the
model performance, an independent cohort was tested.
In the test cohort, the AUC for the miR-95-3p/miR-26b-5p
was up to 0.875 (Additional file 1: Figure S4). Under the
same cutoff of the quotient of the two miRNAs (miR-
95-3p/miR-26b-5p), the sensitivity to distinguish PDAC
from CP patients was 81.5% and the specificity was 93.3%
(Figure 4C and Table 2). The prediction power in the test
cohort was similar to that in the training cohort. In sum-
mary, the blood small EV miR-95-3p/miR-26b-5p showed
an average sensitivity of 84.1% and an average specificity of
96.6% to identify PDAC from CP in the training cohort and
the test cohort. Moreover, to validate the result of blood
small EV miRNA miR-95-3p/miR-26b-5p experimentally,
we used qRT-PCR assay to confirm the effect of blood
small EV miR-95-3p/miR-26b-5p on 24 PDAC and CP
patients. The results of qRT-PCR detection showed that
the quotient of blood small EV miR-95-3p/miR-26b-5p
could distinguish PDAC from CP patients (Additional file
1: Figure S5), which was similar to that results obtained
using the HiSeq instrument and subsequent analysis
(Figure 4C).

After removing all of the metastatic PDAC specimens,
the blood EV miRNAs miR-95-3p and miR-26b-5p found
in this study were identified to be also capable of identify-
ing nonmetastatic PDAC patients from CP patients in the
training cohort and the test cohort (Additional file 1: Fig-
ure S6).

Since CA19-9 has been reported as a blood-based tumor
marker for the management of pancreatic cancer, we cal-
culated the AUC of CA19-9 for distinguishing between
PDAC and CP patients in this study. The AUC of CA19-
9 in the training cohort was 0.783 (Additional file 1: Fig-
ure S7), which was lower than the AUC of blood small EV
miRNA miR-95-3p/miR-26b-5p (AUC = 0.948). The AUC
of CA19-9 in the test cohort was 0.796 (Additional file 1:
Figure S7), which was also lower than the AUC of blood
small EV miRNA miR-95-3p/miR-26b-5p (AUC = 0.875).

To improve the prediction power of the blood small
EV miR-95-3p/miR-26b-5p, the prediction model was com-
bined with the serum CA19-9. The model is as follows:

_ J Benign, x <0.06 and y < 300
Fey)= {Tumor, else

(x = miR-95-3p/miR-26b-5p; y = CA19-9).

In addition, the combination of the blood small EV miR-
95-3p/miR-26b-5p and the serum CA-19-9 had superior per-
formance compared with each model alone. When a spec-
imen had either a serum level of CA19-9 > 300 U/ml or
a quotient of miR-95-3p/miR-26b-5p > 0.06 to be PDAC,
the average sensitivity increased to 96.5% in both cohorts.
In addition, the average specificity remained at 96.4% (Fig-
ure 5A, B and Table 3), which was a similar level when uti-
lizing just the miR-95-3p/miR-26b-5p model alone.

3.4 | MiR-95-3pand miR-26b-5p were
biologically associated with pancreatic
cancer and pancreatitis processing

To further study the association of miR-95-3p and miR-
26b-5p with pancreatic cancer and pancreatitis, a path-
way enrichment analysis was performed on the experi-
mental validated or predicted targets (Additional file 2:
Table S6). However, their predicted or validated targets
were enriched in lysine degradation, nucleotide excision
repair, and other processes (Additional file 1: Figure S8),
which did not clearly demonstrate their biological associa-
tion with pancreatic cancer and pancreatitis. The Bayesian
network is based on the probability of events and mod-
els, the causes and consequences of phenomena, and could
potentially illustrate the connections between miRNA and
cancer. In addition to discretized miRNA levels, three more
factors were manually inserted to describe the specimen
pathology, namely, “cancer” (for patients with PDAC),
“pancreatitis” (for patients with pancreatitis), and “metas-
tasis” (for patients with metastatic PDAC). The entire
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TABLE 3 Performance of the blood small EV miR-95-3p/miR-26b-5p combined with serum levels of CA19-9 in the training cohort and
test cohort
Predicted Sensitivity Specificity
PDAC Predicted CP (%) (%)
Training cohort
PPDAC (30) 29 1 96.7 100
CP (18) 0 18
Test cohort
PPDAC (27) 26 1 96.3 92.8
CP (14)* 1 13

2Because 14 out of 15 patients had the expression data of both blood small EV miRNAs and serum CA19-9 levels in the validation cohort, they were included.
Abbreviations: CP, chronic pancreatitis; PDAC, pancreatic ductal adenocarcinoma.

Bayesian network comprised 337 nodes and 713 edges (Fig-
ure 6A). From the whole network, a subnetwork, includ-
ing the “cancer” node, and the causes and consequences
of the “cancer” nodes were extracted (Figure 6B). Inter-
estingly, we discovered that miR-95-3p was one of the
“consequences” of cancer, and miR-26b-5p was one of the
“causes” of pancreatitis (Figure 6B). Moreover, miR-26b-5p
and miR-95-3p had the opposite trend of dysregulation in
PDAC and CP patients (Figure 6C, D). The Bayesian net-
work constructed using the blood small EV miRNA lev-
els revealed the biological association of miR-95-3p and
miR-26b-5p with pancreatic cancer and pancreatitis, fur-
ther confirming the validity of the prediction model of
the blood small EV miR-95-3p and miR-26b-5p to identify
PDAC from CP patients.

3.5 | Blood small EV miR-335-5p
combined with miR-340-5p was identified
as a potential metastasis prognostic
biomarker

Among the 57 PDAC patients, there were 18 patients with
nonmetastasis and 12 patients with metastasis in the train-
ing cohort, and 16 patients with nonmetastasis and 11
patients with metastasis in the test cohort (Table 1). A sub-
group analysis on the potential metastatic biomarkers from
blood small EV miRNAs was then conducted.

Similar to the study of differential diagnosis biomark-
ers between PDAC and CP patients, the metastatic pre-
diction of each miRNA was performed using the nor-
malized expression with several filter conditions (miRNA
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expressed in all specimens; mean value of miRNA nor-
malized expression > 50; p < 0.05), and was also mea-
sured using AUC of the ROC curve. Additionally, due to
the close association between the metastasis and the prog-
nosis in pancreatic cancer,** the selected candidate blood
small EV miRNAs were demanded to be significantly cor-
related with survival. The results showed that among all of
the candidate blood small EV miRNAs for differentiating
between metastatic and nonmetastatic PDAC patients in
the training cohort (Additional file 2: Table S7), miR-335-
5p had the highest AUC of 0.745 (Figure 7A). Tumor tis-
sue miRNA expressions of pancreatic cancer from TCGA
revealed that miR-335-5p was significantly related to sur-
vival in pancreatic cancer (p = 0.033, Additional file 1: Fig-
ure S9). Moreover, we calculated the prediction AUC of
miR-335-5p divided by all of the miRNAs in the training

cohort (Additional file 2: Table S8). Among top five paired
candidate miRNAs sorted by AUC, we found that only
candidate partner miR-340-5p was significantly related to
survival of pancreatic cancer in TCGA (p = 0.031, Addi-
tional file 1: Figure S10 and Additional file 2: Table S9).
Therefore, we selected miR-335-5p/miR-340-5p with the
AUC of 0.798 as the diagnostic biomarker for distinguish-
ing between metastasis PDAC and nonmetastasis PDAC
in the training cohort (Figure 7B). In the test cohort, the
AUC of miR-335-5p/miR-340-5p for differential diagnosis
between metastatic and nonmetastatic PDAC patients was
up to 0.801 (Additional file 1: Figure S11). The quotient
of miR-335-5p and miR-340-5p provided an accurate pre-
diction and stable levels in the two cohorts (Figure 7C).
In both cohorts, 46 patients had received surgery, and
their OS after surgery could be evaluated (Additional file
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2: Table S2). Patients with values above 0.15 of miR-335-
5p/miR-340-5p had a worse OS (median OS, 205 days) than
those with values below 0.15 (median OS, 413 days), with a
log-rank p value equal to 0.020 (Figure 7D). These prelimi-
nary results revealed that blood small EV miR-335-5p/miR-
340-5p may be utilized as a potential metastasis prognostic
PDAC biomarker.

4 | DISCUSSION

This was the first report on the use of small RNA sequenc-
ing to identify the blood small EV-derived miRNAs to
distinguish PDAC from CP in clinical patients. The pre-

vious studies primarily focused on well-studied miRNAs
on microarrays and real-time PCR platforms.*>=® The
first small RNA sequencing to detect exosomal miRNA
reported by Ko et al. was from mice pancreatic cancer
models.*” In this study, small RNA sequencing and clinical
blood specimens from pathologically confirmed patients
were used to identify blood small EV miR-95-3p/miR-26b-
5p as a novel diagnostic biomarker to separate PDAC from
CP patients.

In the present study, the sensitivity and specificity of
blood small EV miR-95-3p/miR-26b-5p to differentiate
PDAC from CP patients was as high as 86.7% and 100% for
the training cohort, and 81.5% and 93.3% for the test cohort,
respectively. This result demonstrated a better effect
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compared with other methods applied for differential diag-
nostics of pancreatic cancer, such as serum CA19-9 (sen-
sitivity = 79.0%, specificity = 82.0%),® plasma miRNAs
(sensitivity = 64.5-93.2%, specificity = 61.1-72.2%),***! and
ENS-FNA (sensitivity = 53.0-73.9%, specificity = 73.7-
100%).> When blood small EV miR-95-3p/miR-26b-5p was
combined with serum levels of CA19-9, the average sen-
sitivity was further enhanced to 96.5% in both cohorts,
while the specificity was maintained at similar levels as the
specificity of miR-95-3p/miR-26b-5p alone, which had bet-
ter performance compared with previous studies.**? The
clinical effects of the blood small EV miR-95-3p/miR-26b-
5p combined with the CA19-9 serum levels to differenti-
ate PDAC from CP patients still require a larger number of
clinical specimens to validate these results.

Additionally, the biological relationship between miR-
95-3p and miR-26b-5p and cancer was also investigated.
Previous studies have reported that miR-95-3p can promote
tumorigenesis of hepatocellular carcinoma and the devel-
opment of prostatic cancer “>** and the downregulation of
miR-95-3p inhibits proliferation, in addition to promoting
the apoptosis of glioma cells.** In addition, miR-26b-5p has
been reported to suppress the proliferation and promote
apoptosis in multiple myeloma cells*> and regulate prolif-
eration, angiogenesis, apoptosis, invasion, and metastasis
in hepatocellular carcinoma.*®*” Additionally, miR-26b-5p
was found to be a tumor suppressor in papillary thyroid
cancer*® and bladder cancer.*>° However, the function-
ality of miR-95-3p and miR-26b-5p in pancreatic cancer
has not been reported. To further understand the biolog-
ical association of miR-95-3p and miR-26b-5p with pan-
creatic cancer and pancreatitis, the Bayesian network was
used to reveal the biological connections of blood small
EV miRNAs with cancer and pancreatitis, which revealed
that miR-26b-5p was the upstream miRNA of “pancreati-
tis” and miR-95-3p was the downstream miRNA of “can-
cer.” This biological association analysis further confirmed
the combination of the blood small EV, miR-95-3p and
miR-26b-5p, as a potential biomarker to distinguish PDAC
from CP.

At present, metastatic pancreas cancers are mainly
evaluated through medical imaging. However, these exam-
inations have limited ability to detect small metastatic
lesions.” Some studies have reported that micrometastases
in PDAC, which are difficult to detect using medical imag-
ing or even surgery, can cause tumor recurrence within
a few months after surgery.’>>* Therefore, the diagnostic
biomarkers to accurately distinguish metastatic from
nonmetastatic PDAC are essential. A subgroup analysis
identified for the first time that the blood small EV miR-
335-5p/miR-340-5p could separate metastasis PDACs from
nonmetastasis PDACs. Previous studies have reported
that the downregulation of miR-335-5p can promote the

migration and invasion of neuroblastoma.” In addition,
the upregulation of miR-340-5p can inhibit colorectal can-
cer cell proliferation, migration, and invasion.> Moreover,
tumor tissue miRNA expressions of pancreatic cancer from
the TCGA revealed that both miR-335-5p and miR-340-5p
were significantly related to survival of pancreatic cancer
(Additional file 1: Figures S9 and S10). These functional
studies and survival analyses supported the potential
validity of the blood small EV miR-335-5p/miR-340-5p to
distinguish metastasis from nonmetastasis PDAC.

In this study, a blood small EV miRNA model was estab-
lished and validated for assisting physicians to differentiate
PDAC from CP. Participants who could not be diagnosed
and were identified as PDAC or CP detected using imaging
detection were further stratified according to the results of
the blood small EV miRNA model in the clinic. CP patients
predicted using this model to have low risk may be able to
just undergo the typical follow-up. However, patients pre-
dicted by this model to be high risk for PDAC should be
further evaluated by a physician to make further decisions.

This study had several limitations. First, biological func-
tions and downstream genes of the blood small EV miRNA
biomarkers were unclear in pancreatic cancer and need to
be explored in the next research step. Second, although
the blood small EV miRNAs show promise as a liquid
biopsy that is minimally invasive, convenient, and capable
of repeatable sampling, the blood small EV miRNAs were
detected using small RNA sequencing in this study, which
takes about 6 days and costs nearly 350 USD for a single
sample and is not readily applicable in clinical in vitro diag-
nostic detections. Thus, other applicable methods for the
detection of blood small EV miRNAs, such as Q-PCR and
chips, need to be tested. Third, although it was discovered
and preliminarily validated that the blood small EV miR-
NAs could be used as differential diagnosis and metasta-
sis biomarkers for PDAC, a prospective study with a large
number of clinical samples, including an external cohort,
is still required to confirm the clinical effects of the blood
small EV miRNAs.

5 | CONCLUSION

In summary, this study reported the profiles of blood small
EV miRNAs in the patients with PDAC or CP. Moreover, it
was found that the blood small EV miR-95-3p/miR-26b-5p
and its combination with serum CAI19-9 levels could
distinguish between PDAC and CP. Further biological
associations of miR-95-3p and miR-26b-5p with pancreatic
cancer and pancreatitis confirmed the validity of the pre-
diction model. In addition, subgroup analysis revealed that
the blood small EV miR-335-5p/miR-340-5p was identified
to associate with PDAC metastasis and poor prognosis.
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The results demonstrated that blood small EV miRNAs
can be utilized as a new promising biomarker to assist
with the differential diagnosis and metastasis prognosis
of PDAC.
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