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The relationship between type 2 diabetes mellitus (T2DM) and pancreatic cancer (PC) is
complex. Diabetes is a known risk factor for PC, and new-onset diabetes (NOD) could be
an early manifestation of PC that may be facilitate the early diagnosis of PC. Metformin
offers a clear benefit of inhibiting PC, whereas insulin therapy may increase the risk of PC
development. No evidence has shown that novel hypoglycemic drugs help or prevent PC.
In this review, the effects of T2DM on PC development are summarized, and novel
strategies for the prevention and treatment of T2DM and PC are discussed.

Keywords: type 2 diabetes mellitus, pancreatic cancer, hyperglycemia, insulin resistance, screening strategy,
hypoglycemic therapy
INTRODUCTION

In recent years, the incidence of pancreatic cancer (PC) in the world has increased annually. PC has
become the third leading cause of cancer-related death in the United States and the fourth in Japan
(1). Despite considerable efforts in diagnosis and treatment, the 5-year survival rate has increased to
only 10% (1). Because of nonspecific symptoms and a lack of screening recommendations, the vast
majority of patients with PC are diagnosed at a late stage, and there is no opportunity for surgical
intervention (2). According to data from Chinese Pancreatic Surgery Association, the 5-year overall
survival rate of pancreatic cancer was is only 7.2% and the incidence of pancreatic cancer is expected
to soar to the second place by 2030 in China (3). Unfortunately, early diagnosis rate of pancreatic
cancer is only 5%. The proportion of estimated new cases of pancreatic cancer in China showed
obvious regional characteristics, which is consistent with the result that the incidence and mortality
increased from low to high urbanization areas in China, and the prevalence of diabetes increased
from underdeveloped to developed region (4).

Type 2 diabetes mellitus (T2DM) is considered a risk factor for various malignant tumors, such
as hepatocellular cancer, breast cancer, ovarian cancer, endometrial cancer, and gastrointestinal
cancer. The incidence of cancer in patients with T2DM has increased by 10%, comparing the public
population (5–7). Approximately 50% of patients with PC develop T2DM or impaired glucose
tolerance at the very beginning (8). T2DM is a known risk factor for PC, and new-onset diabetes
(NOD) may be an early manifestation of PC (9–11). Therefore, T2DM, especially NOD, may be a
clue to early detection of PC and may improve the prognosis of this intractable malignant tumor.

However, the incidence of T2DM is too high to justify screening all patients with the condition
for PC: the cost-benefit ratio does not justify such widespread use of medical resources. Additional
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risk stratification is needed in patients with T2DM. In this
review, we discuss the mechanism of the relationship between
T2DM and PC, update the literature about risk factors and
biomarkers of PC in patients with T2DM, and summarize PC
prevention and treatment strategies.
MULTIPLE UNDERLYING MECHANISMS
CONNECT T2DM AND PC

The mechanisms connecting T2DM with the formation
and development of PC are multilayered and complex.
Hyperglycemia, hyperinsulinemia, insulin resistance, chronic
inflammation, and genetic factors all contribute to the association
between these conditions (12).

Hyperglycemia and PC
In T2DM, hyperglycemia is caused by long-term excessive
hepatic gluconeogenesis, decreased insulin activity, low
peripheral glucose uptake, and changes in insulin signaling (13,
14). These events can cause cancer, especially PC (5–8)
(Figure 1). In fact, patients can remain asymptomatic for
many years, with undiscovered glucose intolerance and
transient hyperglycemia. This time of prediabetes greatly
increases the likelihood of developing PC (15, 16). One
possible mechanism is the activation of the transforming
growth factor-b1 (TGF-b1) pathway by glucose, which results
in a decrease in the level of E-cadherin in pancreatic ductal cells
Frontiers in Oncology | www.frontiersin.org 26
and a significant mesenchymal phenotype that promotes tumor
growth and metastasis (17). Hyperglycemia may also increase
genetic instability and lead to KRAS mutations by activating O-
GlcN acetylation and nucleotide deficiency (17, 18). Finally, the
mTOR pathway controls protein synthesis and autophagy, and
its deregulation is associated with diabetes and PC (19–23).
Interestingly, inhibition of mTOR can reduce tumorigenesis in
KRAS-dependent PC.

The tumor-promoting effect of N-carboxymethyllysine was
found. N-carboxymethyllysine is a RAGE ligand and a major
AGE in pancreatic cancer cell lines. The researchers found that
PC was observed in eight (72.7%) of the 11 mice treated with N-
carboxymethyllysine but in only one mouse (9.1%) in the control
group (25). N-carboxymethyllysine upregulated the expression
of RAGE in a concentration- and time-dependent manner,
activated leukocyte cell adhesion molecule, and promoted the
growth of PC cells (25). Reducing AGEs may be a good way to
prevent PC.

Prospective cohort and case-control studies have shown that
hyperglycemia is associated with increased free radical formation
and may lead to the development of advanced glycosylation end
product (AGEs), which may increase inflammation (24). The use
of exogenous AGE in PC-susceptible mice can upregulate the
expression of the AGE receptor (RAGE) in pancreatic
intraepithelial neoplasia and greatly stimulate the development
of invasive PC (25).

In 2018, Rahn et al. (17) explored the role of hyperglycemia in
the malignant transformation of pancreatic ductal epithelial cell
FIGURE 1 | The mechanisms between type 2 diabetes mellitus and pancreatic cancer. AGEs, advanced glycation end products; AMPK, adenosine monophosphate
protein-activated kinase; IGF-1, insulin-like growth factor-1; LKB, liver kinase B; MAPK, mitogen-activated protein kinase; mTOR, mammalian target of rapamycin;
NF-kB, nuclear factor kappa B; PI3K, phosphatidyl inositol-3 kinase; STAT3, signal transducer and activator of transcription 3; TGF-b1, transforming growth factor-
b1; TME, tumor microenvironment; PDX1, pancreatic and duodenal homeobox-1; HNF1A, HNF1 Homeobox A; UCP2, uncoupling protein 2.
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(PDEC), the occurrence and maintenance of cancer stem cells
(CSCs), and the promotion of cancer-related epithelial-
mesenchymal transformation (EMT). Hyperglycemia did not
affect the mesenchymal phenotype of Panc-1 cells but did
increase the characteristics of CSCs. In addition, in another
study using H6c7-KRAS cells, high glucose stimulated the
expression of a TGF-b1 signal and decreased the expression of
E-cadherin, increased the expression of nestin, and increased the
number of polyclonal cells in a TGF-b1–dependent manner (26).
This study also found that decreased E-cadherin was detected in
the pancreatic duct of hyperglycemic, but not normoglycemic,
mice. These findings suggest that hyperglycemia promotes the
acquisition of PDEC mesenchymal and vascular stem cell
characteristics by activating TGF-b1 signaling, which may
explain how T2DM promotes PC (Figure 1).

In addition, hyperglycemia also produce a large number of
reactive oxygen species (ROS) (27–29) and reduce the activity of
antioxidant enzymes (30, 31) to promote mitosis and stimulate
cell proliferation. Luo et al. (28) found that the inactivation of the
JNK pathway caused by the increase in ROS levels has a pivotal
role on high glucose-induced cell proliferation. Their findings
indicated that ROS stimulates proliferation of pancreatic cancer
cells under high glucose conditions via inactivating the
JNK pathway.

Hyperinsulinemia, Insulin Resistance,
and PC
T2DM is characterized by insulin resistance (IR) with
hyperinsulinemia and high levels of insulin-like growth factor
(IGF)-1 (32–35). In patients with T2DM, IR can lead to
hyperinsulinemia through serine phosphorylation of insulin
receptor substrate proteins, thus activating protein kinase C
and the mTOR complex/S6K and so participating in the
downregulation of the insulin signal (36, 37). Insulin can
reduce the production of IGF binding proteins 1 and 2 in the
liver, both of which have high affinity for IGF-1 and IGF-2, thus
increasing the levels of free IGF-1 in circulating blood (36–39).

Most cancer cells highly express insulin and IGF-1, because
they are important members of the tyrosine kinase class of
membrane receptors and are highly homologous to tyrosine
kinase oncogenes (39–44). When insulin and IGF-1 bind to
their receptors, they can mediate signal transduction, activate
important intracellular signaling pathways—including Ras/Raf/
MAPK and PI3K/Akt/mTOR pathways—and lead to the
development of PC (45, 46).

Many studies have shown that IGF-1 has a stronger mitotic
and anti-apoptotic effect than insulin (47–49). In addition,
studies have indicated that cancer cell proliferation increases in
a dose-dependent manner with increasing concentrations of
IGF-1. Activation of the IGF-1 signal pathway leads to
increased PC cell proliferation, invasion, and angiogenesis and
to decreased apoptosis (50–53).

Inflammation and PC
Inflammation may increase the risk of PC in patients with
T2DM. In patients with T2DM, insulin resistance and
Frontiers in Oncology | www.frontiersin.org 37
hyperinsulinemia often occur, accompanied by abundant
adipocytes and a large amount of inflammatory cell infiltrating
the pancreas tissue (54–56). The high glucose and fat diet may
accelerate the inflammatory response by increasing oxidative
stress and activating transcription factors, such as nuclear factor
kappa B (NF-kB) and activator protein 1, which leads to the
development of genomic aberration and carcinogenesis (57–59).

Inflammatory cytokines , ROS, and mediators of
inflammatory pathways, such as cyclooxygenase-2 and NF-kB,
are closely related to the STAT3 pathways. STAT3 and NF-kB
signaling pathways are proven inhibitors of apoptosis and
promoters of cell cycle progression. They also downregulate
the expression of E-cadherin to induce EMT. During the
inflammatory response, immune cells may directly promote
the growth and progression of PC by releasing a large number
of cytokines and growth factors into the microenvironment.
The environment around the tumor is called as tumor
microenvironment (TME), including Carcinoma-associated
fibroblasts, endothelial cells and immune cells, which plays an
significant role in growth, invasion and metastasis of pancreatic
cancer. Inflammation change the TME and break balance of
cancer cells in growth and apoptosis (60–63) (Figure 1).

Genetics Factors Driving DM and PC
A genome-wide association study has identified the relationship
between diabetes and PC. Some pancreatic developmental genes,
such as NR5A2, PDX1, and HNF1A, have been identified as
susceptibility factors for PC in T2DM patients. Heterozygous
mutations in some of these genes, such as PDX1 and HNF1A,
also lead to different types of monogenic diabetes in young
people (types 4 and 5). Some variants in PDX1 and HNF1A
are also associated with an increased risk of T2DM (64, 65),
obesity, or hyperglycemia (66).

The antioxidant mitochondrial uncoupling protein 2 (UCP2)
controls pancreatic development and insulin secretion (67).
UCP2 is overexpressed in PC tumors compared with normal
adjacent tissues, indicating that its overexpression is a biomarker
of poor prognosis. However, other recent studies using the PC
cell line MiaPACA2 have shown that UCP2 can inhibit cancer
cell proliferation and tumorigenesis (68). This effect is mediated
by the retrograde mitochondrial signal on Warburg, which
redirects mitochondrial function to oxidative phosphorylation
rather than to glycolysis (69). Additional analysis is needed to
clarify the differences between these two studies involving UCP2.
Taken together, these data suggest a link between genes that
control DM and PC.
SCREENING STRATEGIES FOR EARLY
DIAGNOSIS OF PC IN PATIENTS
WITH T2DM

NODmay be an early sign of PC, and a sudden increase in blood
glucose in patients with previously well-controlled T2DM may
also be a sign of PC (70). However, universal screening of PC in
all elderly patients with NOD is difficult to achieve and not cost
August 2021 | Volume 11 | Article 730038
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effective. In recent years, many studies have proposed different
strategies to stratify T2DM groups and facilitate targeted
screening (71–74).

A prospective observation cohort study initiated by the
Consortium for the Study of Chronic Pancreatitis, Diabetes,
and Pancreatic Cancer proposed a new approach (define,
enrich, find) to clarify the population at high risk of PC and to
detect lesions in the high-risk groups (75). Patients older than
age 50 years were divided into high-, medium-, and low-risk
groups using the Enriched New-Onset Diabetes Score for
Pancreatic Cancer (END-PAC). This scoring model provides a
reference for early clinical screening of PC (76). Elderly patients
with weight loss [low body mass index (BMI)] and rapidly rising
blood glucose levels in a short period may be the target
population for early screening of pancreatic cancer (77). Other
indicators for screening PC in patients with T2DM include BMI;
age of T2DM onset; hepatitis B virus infection; and total
bilirubin, alanine aminotransferase, creatinine, apolipoprotein
A1, and leukocyte (WBC) levels (78). Fatigue and depression
caused by elevated interleukin-6, combined with severe weight
loss (>10%) and NOD, may represent paraneoplastic syndrome
and be early manifestations of PC (79).

In addition to contributing to risk stratification, the
development of biomarkers to distinguish PC-associated DM is
expected to be an important aspect of PC screening. Studies have
shown that the numerous molecules, described in the following
sections, may be effective biomarkers for an early diagnosis of
PC (Table 1).

Carbohydrate Antigen 19-9
The level of carbohydrate antigen 19-9 (CA19-9) secreted by
cancer cells in patients with NOD may be a reliable indicator for
predicting PC. However, CA19-9 has a high false-positive rate;
any condition that causes inflammation of the pancreas increases
the CA 19-9 level. One study has shown that the CA19-9 level is
of little significance in screening PC in NOD, because the positive
predictive value and sensitivity are zero, and the false-positive
rate is 9% (80). However, the sample size of this study was small,
so the conclusions cannot be applied to the entire population.
Other studies have shown that, in the first 2 years of NOD,
CA19-9 can be used as a cost-effective approach to detect small
PC lesions that cannot be detected on imaging (81, 82).

Soluble Receptor 2 of Tumor
Necrosis Factor-o
During the systemic inflammatory response to PC, C-reactive
protein (CRP) levels can increase. Tumor necrosis factor-a (TNF-
a) is the upstream regulator of CRP. Grote et al. (83) found that
an increase in soluble TNF receptor 2 (sTNF-R2), significantly
increases the risk of PC in patients with diabetes. In the diabetes
arm of the study, the odds ratio of PC when the sTNF-R2 doubled
was 4.76 (95% CI, 1.11–20.37); in the arm without diabetes, the
odds ratio was only 1.12 (95% CI, 0.73–1.72) (83).

Osteoprotegerin
Osteoprotegerin (OPG) is a soluble decoy receptor of TNF-
related apoptosis-inducing ligand, which belongs to the TNF
Frontiers in Oncology | www.frontiersin.org 48
receptor superfamily. Shi et al. (84) found that serum OPG was
significantly increased in patients with PC-related DM. The
sensitivity of serum OPG in identifying PC in patients with
NOD was 68%; the specificity was 73.9%; and the area under the
curve (AUC) was 73.7%.

Vanin-1
The enzyme vascular non-inflammatory molecule-1 (vanin-1) is
highly expressed at gene and protein level in many organs.
Recently, many researches have elucidated the role of vanin-1
under physiological conditions in relation to oxidative stress and
inflammation, which is important in the pancreatic
microenvironment (85). Huang et al. (86) identified vanin-1
(VNN1) as a potential biomarker for PC, using microarray
analysis of the peripheral blood in patients with PC-associated
DM compared with T2DM (84). Kang et al. (87) also explored
the functional mechanism of VNN1 in PC-associated DM and
found that overexpression of VNN1 in tumor tissues can
decrease glutathione concentration and increase ROS, thus
aggravating paraneoplastic islet dysfunction.

Circulating RNA
Recently, circulating RNAs have become research hotspots as
noninvasive biomarkers for the early detection of PC (88). PC
cells release a large amount of RNA into the bloodstream. These
RNAs can effectively resist the RNA enzyme, thus increasing the
expression level in the serum. Dai et al. (89) reported a
microRNA panel (miR-483-5p, miR-19a, miR-29a, miR-20a,
miR-24, miR-25) that distinguished PC-related DM from
T2DM with an AUC of 0.887.

Although a number of studies have reported biomarkers for
PC-related DM, most of them are case-control studies with
limited sample sizes. Future studies must verify the role of
these discussed biomarkers in distinguishing T2DM with PC
versus without PC in larger samples.
EFFECTS OF ANTIDIABETIC
THERAPY ON PC

Some antidiabetic medications may have an impact on PC
development, progression, and outcome because of their direct
effects on the key factors mediating the association between
TABLE 1 | Risk factors, early signs, and biomarkers for pancreatic cancer in
patients with type 2 diabetes mellitus.

Risk factor NOD (≤2-year duration)
Elderly onset (≥65 years)

Early sign Body weight loss
Rapid exacerbation of glycemic control

Biomarker sTNF-aR2
OPG
VNN1
IGF
Circulating RNA
Augu
NOD, new-onset diabetes; sTNF-aR2, soluble receptor 2 of tumor necrosis factor-a;
OPG, osteoprotegerin; VNN1, Vanin-1; IGF, Insulin-like growth factor.
st 2021 | Volume 11 | Article 730038
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T2DM and PC. The safety of antidiabetic medications with
regard to PC risk is discussed in the following sections.

Insulin Therapy
Insulin therapy is usually necessary to treat T2DM in the long
term. However, abundant research has shown that insulin
therapy may increase the incidence of PC (90, 91).

To explore the risk relationship between insulin therapy and
PC, Bosetti et al. (92) analyzed 15 case-control studies, which
included 8,305 patient cases and 13,987 controls. Studies indicated
that short-term insulin use (<5 years) was independently
associated with a higher risk of PC (odds ratio [OR] = 5.6, 95%
CI, 3.75–8.35), whereas long-term insulin use (≥15 years) was not
(OR = 0.95, 95% CI, 0.53–1.70). At the same time, studies also
showed that long-term oral antidiabetic use (≥15 years) in patients
with T2DM might reduce the risk of PC (OR = 0.31, 95% CI,
0.14–0.69).

In 2018, Lee et al. (93) conducted a population-based study
comparing PC risk in patients expose to antidiabetic drugs versus
no drug exposure. The study concluded that, among several kinds
of antidiabetic drugs, insulin alone was associated with an
increased risk of PC (hazard ratio [HR] = 2.86, 95% CI, 1.43–
5.74). The conclusion is similar with the research by Liu et al.
(94), a case–control study using 12 years of data from Taiwan’s
National Health Insurance Research Database. The association
between insulin use and high pancreatic cancer risk is significant.

Wang et al. (95) also found that insulin can promote the
proliferation and glucose utilization of PC cells by activating
ERK and PI3K and by increasing the expression of MMP-2.
Insulin promotes migration and invasion in PC by activating the
MMP-2 signal pathway. In addition, insulin induces
phosphorylation of ERK and PI3K/Akt, which indicates that
insulin can stimulate the Ras/Raf/MAPK and PI3K/Akt
pathways and accelerate tumorigenesis and development
(Figure 1). In summary, insulin use is associated with an
increased risk of PC, so patients with T2DM who have a high
risk of PC may not be candidates for insulin treatment. While
insulin treatment was imperative for the patients with insulin
secretion absolutely insufficient. For clinical physicians, we
should pay attention to the risk of PC during long-term
treatment with insulin and screen early PC in islet b-cell
dysfunction patients with long-term treatment with insulin.
We need more evidence for PC risk for patients with long-
term treatment with insulin in the further research.

Metformin Therapy
Metformin is the cornerstone treatment of diabetes. Retrospective
studies have shown that metformin can improve the survival of
patients with T2DM and PC. During the past 5 years, numerous
studies have suggested that metformin can reduce the risk of PC
(96–99).

In the analysis of case-control studies by Bosetti et al. (100),
long-term oral metformin use (≥15 years) reduced the risk of PC
in patients with T2DM (OR = 0.31, 95% CI, 0.14–0.69). In 2018,
Lee et al. (101) conducted a population-based study to assess the
effects of T2DM and antidiabetic drugs on PC risk. That study
identified metformin, among the antidiabetic drugs studied, as
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an independent risk factor for PC (HR = 0.86, 95% CI,
0.77–0.96). However, patients who received metformin
combined with a thiazolidinedione or with dipeptidyl
peptidase-4 inhibitors had lower risks of PC than patients
receiving metformin alone. There are several clinical trials
about metformin on PC treatment, such as metformin
combined With Chemotherapy. Although addition of
metformin does not improve outcome in patients with
advanced PC treated with gemcitabine and erlotinib, future
research should include studies of more potent biguanides, and
should focus on patients with tumors showing markers of
sensitivity to energetic stress, such as a lack of function of
AMP kinase (102).

Currently, most scholars believe that metformin can reduce
the risk of PC, because metformin can activate the liver kinase B1
(LKB1)–adenosine monophosphate protein-activated kinase
(AMPK) pathway, which can not only promote cell energy
production and inhibit liver glucose production but also inhibit
the signal pathway of cancer cell proliferation (103). As a tumor
suppressor, LKB1 can activate AMPK, which is a potent inhibitor
of mTOR complex 1, and disrupt cross-talk between insulin/
IGF-1 receptor and G protein–coupled receptors, thus regulating
protein synthesis and replication. More importantly, metformin
may play a role in the development of PC stem cells through the
mTOR pathway (23, 104–107).

In a study evaluating the effect of metformin on PC, cancer
stem cells (Alk4, nodal, activin, and Smad2) and pluripotency-
related RNA proteins (Nanog, Oct4, and Sox2) changed
significantly after metformin treatment. These changes may be
due to the inhibition of nicotinamide-adenine dinucleotide
dehydrogenase and the production of free ROS, which would
directly increase the damage to PC stem cells (108). Ma M et al.
found that metformin significantly inhibited proliferation and
viability, induced apoptosis of pancreatic cancer cells, which was
more pronounced in low-glucose than in high-glucose group,
and metformin may play protective effect by suppressing
glycolysis and inducing energy stress via up-regulation of miR-
210-5p (109).

These studies have shown that metformin can reduce the risk
of PC and activate the LKB1/AMPK pathway, thus inhibiting cell
proliferation by mTOR. Therefore, metformin is expected to
become part of the standard treatment for patients with PC.

Incretin-Based Medicines
The use of incretin-based medicines—glucagon-like peptide 1
receptor agonists (GLP1-RAs) and dipeptidyl peptidase-4
inhibitors (DPP4is)—is increasingly popular. Some studies in
animal models have been speculated that the chronic
overstimulation of GLP1 receptors in exocrine pancreatic cells
may induce pancreatitis, ultimately increasing the risk of PC
(110, 111). However, this hypothesis has not been supported by
evidence from clinical trials (112, 113).

Monami et al. (112) analyzed 113 trials, and 15 studies that
reported at least one event. Those 15 studies enrolled 14,866 and
12,849 patients in GLP1-RA and comparator groups,
respectively, and the number of reported PCs was 24 for
GLP1-RAs and was 23 for comparators (Mantel-Haenszel odds
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ratio [MH-OR] for PC with GLP1-RA treatment = 0.94, 95% CI,
0.52–1.70, P = 0.84). Similar results were obtained in a post-hoc
analysis excluding comparisons with DPP4is (MH-OR = 0.93,
95% CI, 0.51–1.69, P = 0.80).

In 2020, Nreu et al. (113) analyzed 43 randomized, controlled
trials that met the following inclusion criteria: at least 52 weeks in
duration, and comparison of a GLP1-RA versus any non–GLP1-
RA treatment in patients with T2DM and PC. They found that
GLP1-RA use showed no association with PC (MH-OR = 1.28,
95% CI, 0.87–1.89, P = 0.20) (107).

Currently, no clear evidence of risk for PC has been observed
with the use of incretin-based medications. Data about the
relationship between incretin-based medicines and PC may be
too scarce to draw any conclusion.

Sodium-Glucose Cotransporter 2
Inhibitors
Sodium-glucose cotransporter 2 (SGLT2) inhibitors represent a
novel class of oral antidiabetic drugs that help maintain glycemic
control by decreasing the reabsorption of glucose and increasing
the excretion of urinary glucose (114). In addition to substantial
cardiovascular benefits, anti-tumor benefits or the safety of
SGLT2 inhibitors have been considered by the public. Scafoglio
et al. (115) found that SGLT2 was functionally expressed in
pancreatic carcinomas and that SGLT2 inhibitors blocked
glucose uptake and reduced tumor growth and survival in a
xenograft model of PC. These findings suggest that SGLT2
inhibitors may be useful for cancer therapy.

In 2019, Tang et al. (116) undertook a study to systematically
evaluate the association between SGLT2 inhibitors and
pancreatic safety in patients with T2DM. Of the 35 trials,
involving 44,912 patients with T2DM, 40 PC events (in 18
trials and 27,806 patients) were reported during a median
follow-up of 52 weeks. SGLT2 inhibitors were not associated
with PC (OR=1.34; 95% CI, 0.71–2.54; very-low-quality
evidence) (116).
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CONCLUSION
PC is highly aggressive and lethal malignancy, and T2DM is the
most common metabolic disease. T2DM is a risk factor for PC.
Conversely, NOD may be a sign and consequence of PC.
Screening in patients with NOD combined with assessment of
risk factors and biomarkers may be an important way to improve
the early diagnosis of PC. The mechanisms that contribute to the
relationship between PC and diabetes include insulin resistance,
hyperinsulinemia, hyperglycemia, and chronic inflammation.
Metformin, insulin, GLP1-RAs, DPP4is, and SGLT2 inhibitors
are common drugs that treat T2DM. Studies have shown that
metformin can reduce the risk of PC, whereas insulin therapy is
associated with a higher risk of PC. Therefore, metformin may be
used to prevent the development of malignant lesions and is
expected to become an anticancer agent. T2DM-related studies
will likely be crucial to improve the morbidity and mortality
associated with PC.
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Background: Diagnosis of pancreatic cancer (Pca) is challenging. This study investigated the
value of plasma-derived exosome miR-19b (Exo-miR-19b) in diagnosing patients with Pca.

Methods: Plasma was collected from 62 patients with Pca, 30 patients with other
pancreatic tumor (OPT), 23 patients with chronic pancreatitis (CP), and 53 healthy
volunteers. MiR-19b levels in plasma-derived exosomes were detected.

Results: Plasma-derived Exo-miR-19b levels normalized using miR-1228 were
significantly lower in Pca patients than in patients with OPT, CP patients, and healthy
volunteers. The diagnostic values of Exo-miR-19b normalized using miR-1228 were
superior to those of serum cancer antigen 19-9 (CA19-9) in differentiating Pca patients
from healthy volunteers (area under the curve (AUC): 0.942 vs. 0.813, p = 0.0054),
potentially better than those of CA19-9 in differentiating Pca patients from CP patients
(AUC: 0.898 vs. 0.792, p = 0.0720), and equivalent to those of CA19-9 in differentiating
Pca patients from patients with OPT (AUC: 0.810 vs. 0.793, p = 0.8206). When
normalized using Caenorhabditis elegans miR-39 (cel-miR-39), Exo-miR-19b levels in
Pca patients were significantly higher than those in patients with OPT, CP patients, and
healthy volunteers. The diagnostic values of Exo-miR-19b normalized using cel-miR-39
were equivalent to those of CA19-9 in differentiating Pca patients from healthy volunteers
(AUC: 0.781 vs. 0.813, p = 0.6118) and CP patients (AUC: 0.672 vs. 0.792, p = 0.1235),
while they were inferior to those of CA19-9 in differentiating Pca patients from patients with
OPT (AUC: 0.631 vs. 0.793, p = 0.0353).
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Conclusion: Plasma-derived Exo-miR-19b is a promising diagnostic marker for Pca. The
diagnostic value of plasma-derived Exo-miR-19b normalized using miR-1228 is superior
to that of serum CA19-9 in differentiating patients with Pca from healthy volunteers.
Keywords: pancreatic cancer, liquid biopsy, exosome, miRNA, biomarker, macrophages
INTRODUCTION

Pancreatic cancer (Pca) is a lethal disease with a 5-year survival rate
of 10% and ranks as the fourth leading cause of cancer-related
deaths in the United States (1). The difficulty in diagnosis of early
stage diseases partly accounts for the poor prognosis of Pca. Several
biomarkers for diagnosing Pca have been reported; however, most
of these biomarkers have remained in the preclinical stage.
Currently, only serum cancer antigen 19-9 (CA19-9) is proposed
for the routine management of Pca. However, elevated CA19-9 is
also observed in biliary infection or obstruction as well as other
digestive cancers and inflammatory diseases and presents a
moderate diagnostic value with a sensitivity and a specificity of
79% and 82%, respectively (2). Additionally, CA19-9 is not
applicable for patients with negative expression of Lewis antigen,
which is critical for CA19-9 biosynthesis, and the National
Comprehensive Cancer Network guideline indicates that CA 19-9
is undetectable in Lewis (−) individuals (3). Notably, Luo et al. (4)
reported that 8.4% of Pca patients (N = 1482) were Lewis (−). These
results indicate that diagnosis of Pca based on CA19-9 will lead to
missed diagnosis, and therefore, a more accurate circulating
biomarker for Pca is urgently needed.

The application of liquid biopsy of circulating free DNA,
tumor cells, or exosomes for cancer diagnosis has shown promise
(5, 6), and among these markers, exosomes have been the subject
of investigation. Exosomes are small (30–200 nm) vesicular
structures that can carry pathogenic miRNAs, lncRNAs,
mRNAs, DNA fragments, and proteins (7, 8). Several blood-
derived exosome markers have been developed and show
potential diagnostic value in Pca (5, 9). Circulating miRNAs
serve as diagnostic biomarkers in multiple types of cancers,
including biliary tract cancer (10), colorectal cancer (CRC)
(11), Pca (5, 12), glioblastoma (13), prostate cancer (14), lung
cancer (15), hepatocellular carcinoma (16), and other tumors
(17). Unlike the multiple reports on circulating miRNAs, only a
few studies have reported the diagnostic values of plasma- or
serum-derived exosome miRNAs in Pca (18, 19).

Our previous study indicated that several plasma miRNAs
were deregulated in Pca patients and presented diagnostic
value12. Among the identified miRNAs, plasma miR-19b was
significantly upregulated in patients with Pca and presented
moderate diagnostic values in discriminating patients with Pca
from those with chronic pancreatitis (CP) and pancreatic
neuroendocrine tumor. Additionally, circulating exosomal
miR-19b exhibited oncogenic functions in gastric cancer, lung
adenocarcinoma, and esophageal squamous cell carcinoma
(ESCC) (20–22).

In this study, we aimed to evaluate the potential diagnostic
values of plasma-derived exosome miR-19b (Exo-miR-19b) in Pca.
215
We investigated the expression levels and diagnostic values of Exo-
miR-19b in patients with Pca, patients with CP, patients with other
pancreatic tumor (OPT), and healthy volunteers.
MATERIALS AND METHODS

Ethics Statement
This study was approved by the Medical Ethics Committee of
Qilu Hospital of Shandong University. Written informed
consent was obtained from all subjects.

Diagnostic Criteria for Pancreatic
Diseases
Pca was cytologically or pathologically diagnosed depending on
the cytological or histological examinations. OPTs were
pathologically diagnosed depending on histological
examinations of the resected specimen, including pancreatic
neuroendocrine tumor, solid pseudopapillary tumor, serous or
mucinous cystadenomas, intraductal papillary mucinous
neoplasms, and epithelial cysts. CP was diagnosed on the basis
of clinical diagnostic criteria or histological examinations.

Sample Collection and Exosome
RNA Isolation
The serum CA19-9 levels of all included subjects could be
obtained from the medical records; if not, the subjects were
excluded. Pca patients undergoing neoadjuvant therapy were
excluded. Peripheral venous blood (5 ml) was collected in sterile
ethylene diamine tetraacetic acid-treated anticoagulant tubes
before clinical intervention or surgery. The blood samples were
centrifuged at 3,000 revolutions per minute (rpm) for 10 min;
then plasmas were collected and stored at −80°C for further
isolation of exosome. Exosomes were isolated from plasma using
exoRNeasy Serum/Plasma Midi Kit (the kit can directly purify
total exosomes RNA from plasma without the intermediate
isolation of exosomes, Exiqon QIAGEN, #77044) according to
the manufacturer’s instructions as reported by the previous study
(23); then the RNA was harvested.

Quantitative Real-Time PCR for Detecting
Plasma-Derived Exo-miR-19b
Synthetic Caenorhabditis elegans miR-39 (cel-miR-39, RiboBio,
Guangzhou, China) at 30 nM was added to each exosome RNA
sample for normalization before qRT-PCR. MiRNA was
converted to cDNA using a TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems). The reverse
transcription reactions were carried out at 16°C for 30 min,
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at 42°C for 30 min, and at 85°C for 5 min and held at 4°C. cDNA
was stored at −20°C until use. A total of 20 ml of amplification
system containing 1.33 ml of cDNA, 10 ml of TaqMan 2×
Universal PCR Master Mix with no AmpErase UNG (Applied
Biosystems), 1 ml of miRNA-specific probe, and 7.67 ml of
nuclease-free water was used for analyzing the expression of
miRNA. qRT-PCR ran on a Stepone Plus real-time PCR system
(Applied Biosystems) and the reaction mixtures were incubated at
95°C for 10 min, followed by 40 cycles at 95°C for 15 s, and 60°C
for 1 min. The cycle threshold (CT) values were calculated with
SDS software (Applied Biosystems). All reactions were performed
in triplicate. The expression levels of miRNA were normalized
using the endogenous control (miR-1228) (24) or the exogenous
control (cel-miR-39). DCT was calculated by subtracting CT
values of the miRNA from CT values of the control. The
relative expression levels of miRNA were calculated with the
equation 2−DCT.

Statistical Analysis
All the statistical analyzes were performed by SPSS v.23.0 (IBM
Corp., Armonk, NY). A two-sided p < 0.05 was considered as
Frontiers in Oncology | www.frontiersin.org 316
statistical significance. Continuous data were presented as the
mean ± SD and analyzed using Student’s t-tests. Receiver
operating characteristic (ROC) curves were created; and the
area under the curve (AUC), sensitivity, and specificity were
calculated to evaluate the diagnostic values of plasma-derived
Exo-miR-19b using MedCalc Statistical Software version 19.0.4
(MedCalc Software bvba; http://www.medcalc.org). AUCs of
plasma-derived Exo-miR-19b (AUC1) and CA19-9 (AUC2)
were compared using Z tests.
RESULTS

The Expression Levels of Plasma-Derived
Exo-miR-19b in Patients With Pancreatic
Cancer and Control Groups Normalized
Using MiR-1228
Plasma samples were collected from 168 individuals, including
62 Pca patients, 30 patients with OPT, 23 CP patients, and 53
healthy volunteers. Exosomes RNA was extracted from the
A B

DC

FIGURE 1 | Expression levels and diagnostic values of plasma-derived Exo-miR-19b normalized using miR-1228. (A) Exo-miR-19b levels were detected by qRT-PCR.
(B) ROC for differentiating Pca patients from healthy volunteers. (C) ROC for differentiating Pca patients from CP patients. (D) ROC for differentiating Pca patients from
patients with OPT. AUC, area under the curve; CP, chronic pancreatitis; OPT, other pancreatic tumor; Pca, pancreatic cancer; ROC, receiver operating characteristic.
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plasma samples, and Exo-miR-19b levels were determined by
qRT-PCR.

The levels of Exo-miR-19b in patients with Pca normalized
using miR-1228 were significantly lower than the levels in
patients with OPT, patients with CP, and healthy volunteers
(p < 0.05, Figure 1A, Supplementary Material 1).

The Diagnostic Value of Plasma-Derived
Exo-miR-19b Normalized Using MiR-1228
Levels of plasma-derived Exo-miR-19b normalized using miR-
1228 displayed diagnostic value in differentiating patients with
Pca from patients with OPT (AUC = 0.810), patients with CP
(AUC = 0.898), and healthy volunteers (AUC = 0.942)
(Figures 1B–D, Supplementary Material 2).

Exo-miR-19b was superior to serum CA19-9 in
differentiating patients with Pca from healthy volunteers
(AUC: 0.942 vs. 0.813, p = 0.0054), potentially better than
CA19-9 in differentiating patients with Pca from CP (AUC:
0.898 vs. 0.792, p = 0.0720), and equivalent to CA19-9 in
differentiating patients with Pca from patients with OPT
(AUC: 0.810 vs. 0.793, p = 0.8206) (Figure 2, Supplementary
Material 3).

The Diagnostic Value of Plasma-Derived
Exo-miR-19b Normalized Using cel-miR-39
The levels of Exo-miR-19b normalized using cel-miR-39 were
significantly higher in patients with Pca than in patients with
OPT, patients with CP, and healthy volunteers (p < 0.05,
Figure 3A, Supplementary Material 1).

Levels of plasma-derived Exo-miR-19b normalized using cel-
miR-39 displayed diagnostic value in differentiating patients with
Pca from patients with OPT (AUC = 0.631), patients with CP
(AUC = 0.672), and healthy volunteers (AUC = 0.781)
(Figures 3B–D, Supplementary Material 2).

Exo-miR-19b was equivalent to CA19-9 in differentiating
patients with Pca from healthy volunteers (AUC: 0.781 vs.
0.813, p = 0.6118) and patients with CP (AUC: 0.672 vs. 0.792,
p = 0.1235), while it was inferior to CA19-9 in differentiating
Frontiers in Oncology | www.frontiersin.org 417
patients with Pca from patients with OPT (AUC: 0.631 vs. 0.793,
p = 0.0353) (Figure 4, Supplementary Material 3).
DISCUSSION

Although multiple studies are trying to find effective diagnostic
markers for Pca, early diagnosis of Pca is still difficult (25).
Several circulating exosomal miRNA biomarkers have been
reported for the diagnosis of Pca19, including miR-1226 (26),
miR-196a/1246 (27), miR-191/21/451a (28), and miR-10b/21/
30c/161a/let-7a (29). However, few studies have investigated the
diagnostic value of Exo-miR-19b (20), and no reports have been
performed in Pca. In this study, we showed that plasma-derived
Exo-miR-19b level normalized using miR-1228 was superior to
that using serum CA19-9 in differentiating patients with Pca
from healthy volunteers, potentially better than that using CA19-
9 in differentiating patients with Pca from patients with CP, and
equivalent to that using CA19-9 in differentiating patients with
Pca from patients with OPT.

The selection of an appropriate endogenous control for
normalization of circulating miRNA expression is crucial for
obtaining reliable data. Several miRNAs are commonly used as
endogenous controls for quantifying circulating miRNAs, such
as miR-16, miR-223, let-7a, and RNU6B (24, 30). However, none
of the endogenous miRNAs have been widely accepted. Our
study used endogenous miR-1228 as a control for the
quantification of plasma-derived Exo-miR-19b. MiR-1228 is
widely involved in metabolism-related signalling pathways and
organ morphology and not influenced by hemolysis (30, 31),
indicating the suitability of miR-1228 as a housekeeping miRNA.
Hu et al. (24) examined a large cohort of 544 subjects to identify
a stable endogenous control for the quantification of circulating
miRNAs in cancer patients. The authors found that miR-1228
functioned as a housekeeping gene and was stable in plasma
samples from different kinds of tumors, including hepatocellular
cancer, CRC, lung cancer, ESCC, gastric cancer, renal cancer,
prostate cancer, and breast cancer. Duran-Sanchon et al. (31)
A B C

FIGURE 2 | Comparison of the areas under the curves of CA19-9 with plasma-derived Exo-miR-19b levels normalized using miR-1228. (A) AUCs of Exo-miR-19b
and CA19-9 in discriminating patients with Pca from healthy volunteers. (B) AUCs of Exo-miR-19b and CA19-9 in discriminating patients with Pca from CP.
(C) AUCs of Exo-miR-19b and CA19-9 in discriminating patients with Pca from OPT. AUC, area under the curve; CP, chronic pancreatitis; OPT, other pancreatic
tumor; Pca, pancreatic cancer.
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A B

DC

FIGURE 3 | Expression levels and diagnostic values of plasma-derived Exo-miR-19b normalized using cel-miR-39. (A) Exo-miR-19b levels were detected by qRT-
PCR. (B) ROC for differentiating Pca patients from healthy volunteers. (C) ROC for differentiating Pca patients from CP patients. (D) ROC for differentiating Pca
patients from patients with OPT. AUC, area under the curve; CP, chronic pancreatitis; OPT, other pancreatic tumor; Pca, pancreatic cancer; ROC, Receiver
operating characteristic.
A B C

FIGURE 4 | Comparison of the areas under the curves of CA19-9 with plasma-derived Exo-miR-19b levels normalized using cel-miR-39. (A) AUCs of Exo-miR-19b
and CA19-9 in discriminating patients with Pca from healthy volunteers. (B) AUCs of Exo-miR-19b and CA19-9 in discriminating patients with Pca from CP.
(C) AUCs of Exo-miR-19b and CA19-9 in discriminating patients with Pca from OPT. AUC, area under the curve; CP, chronic pancreatitis; OPT, other pancreatic
tumor; Pca, pancreatic cancer.
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verified the housekeeping role of miR-1228 in CRC by a large
sample study; the authors showed that miR-1228 was an
adequate endogenous control for circulating miRNA analysis
in CRC and demonstrated a variability and stability superior to
that of miR-16. Danese et al. (30) reported the expression levels
and stability of miR-1228; the study found that miR-1228
displayed median PCR-derived cycle threshold values and was
sufficiently homogenous and stable in exosomes, plasma, and
tissues from CRC patients and healthy controls.

Previous studies on miR-19b functions indicated its
oncogenic role (32, 33), suggesting that plasma-derived Exo-
miR-19b would be upregulated in Pca patients compared with
controls. However, our study found conflicting results. While the
plasma-derived Exo-miR-19b level in Pca patients was
significantly lower than that in the control subjects when
normalized using miR-1228, the plasma-derived Exo-miR-19b
in Pca patients was significantly higher than that in controls
when normalized using cel-miR-39, which was consistent with
the literature (20, 21). While the mechanism and reason
underlying the differences in these results are not yet clear,
some potential explanations are possible. First, some studies
reported miR-1228 as a functional miRNA (34, 35), which
might influence its value as an internal control. The role of
miR-1228 in Pca has not been investigated, and the
housekeeping role and the value of normalization for plasma-
derived exosome miRNA need further experimental verification.
Second, the use of an exogenous control has limitations.
Exogenous controls have shown utility for quality control for
RNA extraction and PCR, but useless in quality control for
exosome extraction. However, quality control during extraction
is important for exosome studies. Because of the differences
between the expression profiles of miRNAs in plasma, serum,
and blood cells (36), quality control of exosome extraction is
necessary to eliminate the influence of blood components.
Finally, the source of plasma-derived Exo-miR-19b is unclear.
Besides Pca cells, blood cells, bone marrow mesenchymal stem
cells, endothelial cells, and other cells secrete Exo-miR-19b [4-6].
The function of miR-19b or Exo-miR-19b in Pca cells might be
not equal to that of plasma-derived Exo-miR-19b in Pca patients.
Further studies are necessary to investigate the biological
functions of plasma-derived Exo-miR-19b in Pca patients.

This study has some limitations. The control diseases are not
comprehensive; acute pancreatitis, obstructive jaundice caused by
benign diseases, and other digestive cancers are no included. CP is
diagnosed according to either the clinical criteria or histological
examinations. However, CP has a potential of malignant
transformation; diagnosis with clinical criteria might miss cases
with focal cancerization. The sample size is moderate; there is no
stratified analysis of Pca cases; influences of jaundice, and locations
and stages of the tumors on the levels of plasma-derived Exo-miR-
19b are unknown. A larger sample muticenter study is helpful to
disclose the diagnostic value of plasma-derived Exo-miR-19b.

In conclusion, we reported the diagnostic value of plasma-
derived Exo-miR-19b in Pca. Our results showed that plasma-
derived Exo-miR-19b level normalized using miR-1228 was
superior to serum CA19-9 in differentiating patients with Pca
Frontiers in Oncology | www.frontiersin.org 619
from healthy volunteers, potentially better than CA19-9 in
differentiating patients with Pca from patients with CP, and
equivalent to CA19-9 in differentiating patients with Pca from
patients with OPT.
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Background: Metastatic pancreatic cancer (mPC) is a highly lethal malignancy with
poorer survival. However, chemotherapy alone was unable to maintain long‐term survival.
This study aimed to evaluate the individualized survival benefits of pancreatectomy plus
chemotherapy (PCT) for mPC.

Methods: A total of 4546 patients with mPC from 2004 to 2015 were retrieved from the
Surveillance, Epidemiology, and End Results database. The survival curve was calculated
using the Kaplan-Meier method and differences in survival curves were tested using log-
rank tests. Cox proportional hazards regression analyses were performed to evaluate the
prognostic value of involved variables. A new nomogram was constructed to predict
overall survival based on independent prognosis factors. The performance of the
nomogram was measured by concordance index, calibration plot, and area under the
receiver operating characteristic curve.

Results: Compared to pancreatectomy or chemotherapy alone, PCT can significantly
improve the prognosis of patients with mPC. In addition, patients with well/moderately
differentiated tumors, age ≤66 years, tumor size ≤42 mm, or female patients were more
likely to benefit from PCT. Multivariate analysis showed that age at diagnosis, sex, marital
status, grade, tumor size, and treatment were independent prognostic factors. The
established nomogram has a good ability to distinguish and calibrating.

Conclusion: PCT can prolong survival in some patients with mPC. Our nomogram can
individualize predict OS of pancreatectomy combined with chemotherapy in patients with
concurrent mPC.

Keywords: metastatic pancreatic cancer, surgery, chemotherapy, prognosis analysis, nomogram
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BACKGROUND

Pancreatic cancer (PC) is a highly lethal malignancy, known as
the “king of cancers”. It was reported to cause 432,242 deaths
worldwide in 2018, ranking fourth among cancer-related deaths
(1). By 2030, it will be the second leading cause of cancer-related
deaths (2). The poor prognosis for PC is associated with a later
stage of diagnosis. It is reported that approximately 50% of
patients are newly diagnosed with metastatic pancreatic cancer
(mPC) (3). Moreover, the aggressive biological behavior of
pancreatic cancer causes most patients who receive pancreatic
cancer at an early stage to experience recurrence and metastasis
(4). Therefore, the management of mPC deserves more attention.
However, the treatment options for patients with mPC are
limited, and systemic chemotherapy with Leucovorin,
fluorouracil, irinotecan, and oxaliplatin or gemcitabine plus
Nab-paclitaxel was recommended as the first-line treatment
(5). Although significantly longer survival than gemcitabine
monotherapy, the overall survival (OS) was only improved by
a few months, and the clinical benefit was still limited (6, 7).

Surgery is the only cure for pancreatic cancer, but it is still
underused in patients with early-stage pancreatic cancer because
of concerns about its safety and complications (8). It is generally
believed that metastatic disease is a contraindication to resection,
but in the absence of effective treatment, the survival benefits
of patients with mPC undergoing surgical resection are of
concern (9–12). And with the advancement of surgical
techniques and systemic chemotherapy, the perioperative
mortality of patients with pancreatic cancer has dropped to
3%, and the 5-year survival rate has increased to about 30-40%
(13). Pancreatectomy is considered to be a safe and effective
treatment, but most patients who undergo surgery, even those
who undergo radical resection, will eventually have a recurrence
of the disease (14). Hence, the combination of chemotherapy
seems to be a new combination therapy that offers hope for the
treatment of pancreatic cancer. Highly selected patients with
mPC may benefit from pancreatectomy and chemotherapy
(15–17). But because they are small, single-center retrospective
studies, we cannot draw reliable conclusions from these studies.
Therefore, the exact role of pancreatectomy combined with
chemotherapy deserves a more systematic evaluation.

Therefore, this study evaluated the prognostic effect of
pancreatectomy combined with chemotherapy in patients with
mPC. In addition, we have also explored the prognostic factors
that affect mPC and established a nomogram to manage this type
of patient.
METHODS

Patient Population
The Surveillance Epidemiology and End Results (SEER) database
collects tumor clinicopathological information from 18
population-based cancer registries covering nearly 27.8% of the
U.S. population, gathering information on patient demographics,
primary tumor site, tumor type stage at diagnosis, the first course
of treatment, and follow-up patients’ vital status. The SEER
Frontiers in Oncology | www.frontiersin.org 222
database has limited access, and we have obtained SEER licenses
(login number: 10952-Nov2019) to access the research data.

Patients with simultaneous metastatic pancreatic cancer were
retrieved from 18 registries of the SEER Program (1975-2016),
which was submitted in November 2018, by using SEER*Stat
8.38 software (18). Patients meeting the following criteria were
included: (1) the patient was diagnosed with the International
Classification of Diseases for Oncology, Third Edition
(ICD-O-3, histology code: 8000/3: Neoplasm, malignant, 8010/
3: Carcinoma, NOS, 8070/3: Squamous cell carcinoma, NOS,
8140/3 : Adenocarc inoma, NOS, 8480/3 : Mucinous
adenocarcinoma, 8481/3: Mucin-producing adenocarcinoma,
8490/3: Signet ring cell carcinoma, 8500/3: Infiltrating duct
carcinoma, NOS, 8560/3: Adenosquamous carcinoma; and the
ICD-O-3 site code: C25.0-C25.9); (2) diagnosis was made
between 2004 and 2015, (3) had 6th American Joint Committee
on Cancer (AJCC) staging system M1 disease (4) age at
diagnosis ≥18; (5) diagnosed with positive histology or
cytology; (6) only one primary tumor; (7) with active follow-
up time. And the following patients were excluded: (1) unknown
clinical information, including T stage, N stage, race, grade,
marital status, tumor size, surgery; (2) had radiotherapy. A
detailed flow chart of patient screening is shown in Figure 1.

Covariates and Endpoint
The following variables were included in the study: gender, age at
diagnosis, race, primary site, year of diagnosis, marital status at
diagnosis, grade, tumor size, AJCC stage, radiotherapy,
chemotherapy, primary site surgery, survival months, and vital
status. For the purposes of statistical analysis, those patients
whose marital status was widowed, separated, divorced, or
single (a domestic partner, or never married) were classified as
“unmarried”. The tumor is located in “C25.3-Pancreatic Duct”,
“C25.7-Other specified parts of Pancreas”, “C25.4-Islets of
Langerhans”, “C25.9-Pancreas, NOS” were classified as
“Others”. Consequently, the primary sites were categorized as
“Head”, “Body”, “Tail”, “Others”, “Overlapping lesion”.
According to the code of surgery and chemotherapy, the
treatment is divided into four categories: patients who did not
receive pancreatectomy or chemotherapy (NPCT), patients who
received chemotherapy merely (CT), patients receiving
pancreatectomy only (PT), and patients who received
pancreatectomy and chemotherapy (PCT). Since “tumor size”
and “age at diagnosis” were quantifiable data, we converted them
into categorical variables based on the median of the overall
cohort. The endpoint event for this study is OS, which is defined
as the time from the date of initial treatment to the patient’s
death of any cause or the most recent follow-up.

Statistical Analysis
Descriptive statistics were performed for patients’ demographic
and tumor characteristics. The comparison of the categorical
variable among multiple groups were measured by Chi-square
tests or Fisher’s exact test, while continuous variable groups were
tested for Kruskal - Wallis test. The survival curve was calculated
using the Kaplan-Meier method and differences in survival
curves were tested using log-rank tests. Cox proportional
September 2021 | Volume 11 | Article 719253
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hazards models were used to evaluate variables that have
independent predictive effects on the OS. Only variables that
were significantly associated with OS in the univariate Cox
analysis were included in the multivariate Cox analysis. Hazard
ratios (HRs) and 95% confidence intervals (CIs) were also
estimated using Cox proportional hazards models. All patients
are used to form a training set to assess the prognostic role of
surgery and chemotherapy, perform cox analysis and develop
the nomogram.

Based on the results of the multivariate Cox proportional
hazards model, the nomogram with 6-, 12- 18- month survival
rates were plotted. We evaluated the performance of the
nomogram by discrimination and cal ibration (19).
Discrimination is the ability of the model to correctly
distinguish between non-events and events, and is quantified
by Harrell’s consistency index (C-index) and time-dependent
receiver operating characteristic (tROC) curve. Calibration
compares the difference between the predicted probability and
the actual survival rate and is represented by a calibration plot.
The bootstrap analyses with 1000 resample were used to calculate
C-indexes and generate calibration plots for internal validation
of the model (20). All statistical tests were performed using SPSS
Statistics 26.0 software (IBM SPSS, Inc., Chicago, IL, USA) and R
4.0.4 (http://www.r-project.org/). The statistical test was two-
sided and P <0.05 was considered statistically significant.
RESULTS

Patient Characteristic
A total of 4,546 patients were enrolled in our study. Among
them, 313 patients with “PCT”, 244 patients with “PT”, 2282
Frontiers in Oncology | www.frontiersin.org 323
patients with “CT”, 1707 patients with “NPCT”. Table 1 shows
the patients’ clinicopathological characteristics with different
therapeutic modalities. The median age was 66 years (range
58-74), with 2466 (54.2%) males and 2080 (45.8%) females.
Poorly differentiated was the most common grade for mPC
(n=2415, 53.1%), followed by moderately differentiated
(n=1649, 36.3%), well-differentiated (n=372, 8.2%) and
undifferentiated (n=110, 2.4%). Chi-square test showed
significant differences in some variables and treatment
patterns, including age at diagnosis, year of diagnosis, race,
tumor size, marital status, primary site, T stage, N stage
(P< 0.01).

Prognosis Analysis
Due to poor prognosis, the median follow-up time was 4 months
(range, 0-150 months). To investigate the prognostic role of
pancreatectomy and chemotherapy in mPC, we performed
survival analysis, and survival curves were shown in Figure 2.
The results show that pancreatectomy combined with
chemotherapy can significantly improve the prognosis of
patients with mPC compared to pancreatectomy or
chemotherapy alone (P<0.001). The median OS for patients
with mPC receiving PCT was 12 months, while 6 months for
CT, 4 months for PT, and 1 month for NPCT.

Subgroup Analysis
Although pancreatectomy combined with chemotherapy has a
significant benefit in the overall population, it is not clear
whether there is a benefit in the characteristic population, so
we conducted exploratory stratification, such as age at diagnosis,
sex, marital status, tumor size, and histological grade. We found
that pancreatectomy combined with chemotherapy can
FIGURE 1 | Flowchart of patient selection for this study.
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TABLE 1 | Clinicopathological Characteristics of mPC patients with PCT, PT, CT or with no treatment.

Variable Level Overall (N = 4546) NPCT (N = 1707) CT (N = 2282) PT (N = 244) PCT (N = 313) P-value

Age at diagnosis (median [IQR]) 66.0 [58.0, 74.0] 69.0 [60.0, 78.0] 65.0 [57.0, 72.0] 67.5 [58.8, 76.0] 63.0 [56.0, 70.0] <0.001
Age at diagnosis (%) ≤66 years 2328 (51.2) 720 (42.2) 1293 (56.7) 119 (48.8) 196 (62.6) <0.001

>66 years 2218 (48.8) 987 (57.8) 989 (43.3) 125 (51.2) 117 (37.4)
Sex (%) Female 2080 (45.8) 792 (46.4) 1014 (44.4) 125 (51.2) 149 (47.6) 0.153

Male 2466 (54.2) 915 (53.6) 1268 (55.6) 119 (48.8) 164 (52.4)
Grade (%) Well 372 (8.2) 116 (6.8) 204 (8.9) 24 (9.8) 28 (8.9) <0.001

Moderately 1649 (36.3) 558 (32.7) 835 (36.6) 112 (45.9) 144 (46.0)
Poorly 2415 (53.1) 993 (58.2) 1184 (51.9) 100 (41.0) 138 (44.1)

Undifferentiated 110 (2.4) 40 (2.3) 59 (2.6) 8 (3.3) 3 (1.0)
Year of diagnosis (%) 2004-2009 1994 (43.9) 805 (47.2) 921 (40.4) 132 (54.1) 136 (43.5) <0.001

2010-2015 2552 (56.1) 902 (52.8) 1361 (59.6) 112 (45.9) 177 (56.5)
Race (%) Black 632 (13.9) 284 (16.6) 291 (12.8) 30 (12.3) 27 (8.6) <0.001

Other 362 (8.0) 134 (7.9) 177 (7.8) 19 (7.8) 32 (10.2)
White 3552 (78.1) 1289 (75.5) 1814 (79.5) 195 (79.9) 254 (81.2)

Tumor size (median [IQR]) 42.0 [31.0, 56.0] 43.0 [31.0, 58.0] 42.0 [32.0, 55.0] 40.0 [30.0, 60.0] 38.0 [28.0, 51.0] <0.001
Tumor size (%) ≤42 mm 2309 (50.8) 835 (48.9) 1148 (50.3) 129 (52.9) 197 (62.9) <0.001

>42 mm 2237 (49.2) 872 (51.1) 1134 (49.7) 115 (47.1) 116 (37.1)
Marital status at diagnosis (%) Married 2750 (60.5) 878 (51.4) 1483 (65.0) 164 (67.2) 225 (71.9)

Unmarried 1796 (39.5) 829 (48.6) 799 (35.0) 80 (32.8) 88 (28.1)
Primary Site (%) Body 770 (16.9) 275 (16.1) 448 (19.6) 16 (6.6) 31 (9.9) <0.001

Head 2003 (44.1) 751 (44.0) 954 (41.8) 135 (55.3) 163 (52.1)
Others 368 (8.1) 167 (9.8) 169 (7.4) 15 (6.1) 17 (5.4)

Overlapping 480 (10.6) 170 (10.0) 263 (11.5) 20 (8.2) 27 (8.6)
Tail 925 (20.3) 344 (20.2) 448 (19.6) 58 (23.8) 75 (24.0) <0.001

T stage (%) T1 141 (3.1) 69 (4.0) 64 (2.8) 6 (2.5) 2 (0.6)
T2 1393 (30.6) 586 (34.3) 746 (32.7) 27 (11.1) 34 (10.9)
T3 1883 (41.4) 639 (37.4) 832 (36.5) 170 (69.7) 242 (77.3)
T4 1129 (24.8) 413 (24.2) 640 (28.0) 41 (16.8) 35 (11.2)

N stage (%) N0 2527 (55.6) 1034 (60.6) 1338 (58.6) 68 (27.9) 87 (27.8) <0.001
N1 2019 (44.4) 673 (39.4) 944 (41.4) 176 (72.1) 226 (72.2)
Frontiers in Oncology | www.frontiers
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Statistically significant inter-group comparisons of the four treatments are shown in bold (P < 0.05).
FIGURE 2 | Survival curves for patients with metastatic pancreatic cancer in different treatment modalities.
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significantly prolonged OS time in patients with mPC, regardless
of age at diagnosis, sex, marital status, tumor size, and
histological grade (Figures 3 and 4).

It was further found that among patients with age ≤66 years
and tumor ≤42 mm, patients receiving PCT had a more
significant benefit, with a median OS of 13 months (95%CI:
11-15). Patients with well/moderately differentiated tumors or
females also had a greater survival benefit, with a median OS of
14 months (95%CI: 11-16). We speculate that these may be
favorable populations for surgery and chemotherapy

Construction and Validation
of a Nomogram
To further investigate the risk factors for long-term survival of
mPC, univariate and multivariate Cox regression analyses were
used to identify independent prognostic factors (Table 2).
Multivariate Cox regression results also indicated that PCT
Frontiers in Oncology | www.frontiersin.org 525
(HR = 0.250, 95% CI: 0.219-0.285, P<0.001) were a favorable
prognostic factor for mPC. In addition, age at diagnosis, tumor
size, marital status at diagnosis, sex, grade were also independent
predictive factors (P< 0.001).

Based on the independent prognostic factors derived from
multivariate Cox regression, we established a nomogram to
predict 6-month, 12-month, 18-month OS probability for mPC
(Figure 5). As shown in the nomogram, the treatment modality
contributed the most to OS, followed by grade, tumor size, and
age at diagnosis. The C index of our model was 0.717. After
bootstrapping, it still had a good discriminative ability with a C-
index of 0.716. When the tROC analysis was performed, the area
under the ROC curve at 6-, 12- and 18-month was 0.772, 0.760,
and 0.751, respectively (Figure 6A). These results all show that
our model has a good discriminative ability. At the same time,
the calibration analysis was performed. The calibration curve for
predicting 6-, 12-, 18-month OS. was shown in Figure 6B, and
A B

D

E F

C

FIGURE 3 | Kaplan-Meier survival curves for subgroup analysis of patients with metastatic pancreatic cancer with different clinical characteristics. (A): age ≤ 66
years, (B): age>66 years, (C): female, (D): male, (E): married, (F): unmarried.
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the bootstrapping calibration plots showed the good prediction
accuracy of our nomogram.
DISCUSSION

In this study, we analyzed the treatment data of 4546 patients
with mPC, revealing meaningful treatment modalities. We found
that pancreatectomy combined with chemotherapy can
significantly prolong the OS of patients with mPC compared to
surgery or chemotherapy alone. In addition, we provide a
nomogram to estimate the OS of mPC patients, which can be
used to quantify the risk factors of patients and guide
clinical treatment.

It is well known that patients with mPC are prone to pain,
weight loss, obstruction, and other discomforts, which seriously
affect their lives. Therefore, the treatment of metastatic
pancreatic cancer usually takes chemotherapy as the main
treatment to delay tumor progression and increase the survival
time, and symptomatic treatment including oral opioid
analgesics, ethanol ablation combined with celiac plexus
neurolysis by endoscopic ultrasound, nutritional support, and
endoscopic biliary and duodenal stent implantation to improve
the quality of life (21, 22). But these non-surgical palliative
treatments were not satisfactory. Surgery, as one of the main
therapies for cancer treatment, seems to offer hope for patients
with metastatic pancreatic cancer whose primary tumor is
Frontiers in Oncology | www.frontiersin.org 626
resectable. In particular, two new treatment regimens released
in 2011 and beyond not only improved overall survival rates for
pancreatic cancer but also showed good anti-tumor activity (6,
7). Therefore, some mPC patients received surgical treatment
after conversion therapy, and the other part received adjuvant
chemotherapy after surgical resection, and they may achieve
long-term survival (23).

A multi-center phase II clinical study (24) revealed the
prognostic analysis of 33 patients receiving an intravenous and
intraperitoneal infusion of paclitaxel and combined with S-1 for
the treatment of peritoneal metastasis of pancreatic cancer.
Among them, the median OS of 8 patients who underwent
conversion surgery after neoadjuvant chemotherapy was
significantly higher than that of patients without surgery (27.8
vs 14.2 months, P = 0.0062). This is the highest level of evidence
to date for the combination of surgery and chemotherapy,
revealing the possibility of long-term survival after surgery in
patients with partial loss of peritoneal metastases following
neoadjuvant chemotherapy. In addition, liver metastasis is the
most common mode of pancreatic cancer, and it usually
indicates a worse prognosis than other sites (25). Of the 535
patients with hepatic metastases from pancreatic cancer who
received neoadjuvant chemotherapy, 24 patients completed
chemotherapy with radiographic findings indicating hepatic
metastases disappeared, normal or significantly reduced cancer
antigen 19-9 expression and received pancreatic resection. The
overall group had OS and progression-free survival (PFS) of 56
A B

DC

FIGURE 4 | Kaplan-Meier survival curves for subgroup analysis of patients with metastatic pancreatic cancer with different tumor characteristics. (A) grade: well/
moderately differentiated (B) grade: Poor/Undifferentiated, (C): tumor size ≤ 42mm, (D): tumor size>42mm.
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FIGURE 5 | Prognosis nomogram predicting 6‐, 12‐, and 18‐month survival probability for patients with metastatic pancreatic cancer using six clinical characteristics.
TABLE 2 | Univariate and multivariate analysis for mPC patients.

Variable Levels Univariate Multivariate

HR (95%CI) P-value HR (95%CI) P-value

Age at diagnosis ≤66 Reference Reference
>66 1.275 (1.202-1.354) <0.001 1.218 (1.146-1.295) <0.001

Gender Female Reference Reference
Male 1.079 (1.016-1.145) 0.013 1.105 (1.039-1.176) 0.001

Race Black Reference Reference
Other 0.863 (0.756-0.985) 0.029 0.961 (0.841-1.099) 0.565
White 0.866 (0.794-0.944) 0.001 0.927 (0.848-1.013) 0.093

Material status at diagnosis Married Reference Reference
Unmarried 1.267 (1.193-1.347) <0.001 1.161 (1.089-1.237) <0.001

Tumor size ≤42 Reference Reference
>42 1.242 (1.17-1.318) <0.001 1.238 (1.164-1.317) <0.001

Location Body Reference
Head 0.936 (0.860-1.018) 0.123 –

Others 1.071 (0.944-1.216) 0.284
Overlapping 1.049 (0.934-1.177) 0.421
Tail 1.056 (0.958-1.163) 0.273

Histological grade Well differentiated Reference
Moderately differentiated 1.184 (1.054-1.33) 0.005 1.261 (1.122-1.1417) <0.001
Poorly differentiated 1.597 (1.426-1.789) <0.001 1.656 (1.477-1.4857) <0.001
Undifferentiated 1.452 (1.169-1.804) 0.001 1.372 (1.104-1.1706) 0.004

T stage T1 Reference
T2 1.213 (1.016-1.448) 0.033 1.176 (0.983-1.408) 0.076
T3 0.993 (0.834-1.183) 0.940 1.051 (0.879-1.258) 0.584
T4 1.123 (0.939-1.343) 0.203 1.094 (0.911-1.313) 0.337

N stage N0 Reference
N1 0.943 (0.889-1.001) 0.055 –

Treatment NPCT Reference
CT 0.409 (0.383-0.436) <0.001 0.418 (0.391-0.447) <0.001
PT 0.432 (0.376-0.497) <0.001 0.483 (0.419-0.557) <0.001
PCT 0.227 (0.199-0.258) <0.001 0.250 (0.219-0.285) <0.001
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and 27 months, respectively (26). Despite the lack of a control
group, this treatment pattern has improved a lot compared to the
previous reports of the mPC bad OS and PFS.

In our study, the median OS of pancreatectomy combined
with chemotherapy was 12 months. The difference in survival
between our study and other studies may be due to the difference
in inclusion and exclusion criteria in the cohort. Our study
included patients from 2004 to 2015, patients diagnosed with
stage IV pancreatic cancer before 2011 were less likely to receive
the new intensive treatment regimen. But pancreatectomy
combined with chemotherapy still appears to be a favorable
treatment. Kim (15) collected patients diagnosed with
metastatic pancreatic cancer between 2000 and 2009, 35 of
whom underwent surgical resection and matched 35 unresected
patients with similar tumor size and peritoneal metastasis. The
results showed that pancreatectomy for stage IV pancreatic duct
adenocarcinoma can significantly improve the survival rate.
Postoperative chemotherapy was statistically significant for
survival (HR=0.44; 95% CI:1.03-3.15; P = 0.003).

Although prognostic factors for survival are not equal to
predictors of treatment effectiveness, these results nevertheless
remind us that these prognostic factors may be useful in further
select ing specific subgroups that wil l benefi t from
pancreatectomy and chemotherapy. Therefore, we established a
nomogram based on independent prognostic factors to select
patients who might benefit from surgery and chemotherapy for
survival. Those with smaller tumors, younger age, and better
histological grades, women, married, undergoing surgery and
chemotherapy, seem to have long-term survival. In addition, the
subgroup analysis also showed that women, smaller tumors,
younger age, and better histological grade appeared to benefit
more from pancreatectomy and chemotherapy. These patients
are the beneficiaries of pancreatectomy and chemotherapy,
probably because they can tolerate the intense treatment and
their tumors are more sensitive to chemotherapy and easier to
remove. As for marital status, married patients may receive
spiritual and financial support from their families compared
Frontiers in Oncology | www.frontiersin.org 828
with unmarried patients (27), and thus choose more intensive
treatment and have a better prognosis. Similar to previous
studies, our study also found a survival advantage for women
over men in stage IV pancreatic cancer (28). In summary, the
model has good discriminating and calibrating capabilities to
select patients with stage IV pancreatic cancer who could
potentially benefit from pancreatectomy and chemotherapy.

This study also has certain limitations. Firstly, because our
study is a retrospective study and patients with unclear
clinicopathological information were deleted, there is a
possibility of selection bias. Secondly, there is no key
information in the SEER database including physical status,
nutritional status, details of the surgery, chemotherapy
regimens, chemotherapy course, chemotherapy and surgery
sequence, etc., and sarcopenia has recently been recognized as
a risk factor for postoperative pancreatic cancer (29). Therefore,
the inclusion of these important factors may make our model
more accurate. Finally, although our model has good
performance in internal validation, we still need to evaluate the
accuracy of the model based on external verification of
independent cohorts. Nevertheless, considering the scale of our
study and the rigorous statistical calculations, the conclusions of
the study are still credible.
CONCLUSION

In summary, this study used a large population-based SEER
database to examine the influencing factors and the efficacy of
surgery and chemotherapy in patients with mPC. We found that
surgery and chemotherapy prolonged the overall survival of
some mPC patients, and we established a nomogram to screen
out those patients who might benefit. However, it is necessary to
carefully evaluate the clinical effectiveness of pancreatectomy and
chemotherapy in mPC. And further prospective studies are
needed for verification.
A B

FIGURE 6 | Performance of the nomogram for metastatic pancreatic cancer patients (A, B). (A) ROC curves and AUC at 6, 12, and 18 months were used to
estimate discriminating power of the nomogram. the closer the area under the curve is to 1, the better the distinguishing ability is; (B) Calibration curves for predicting
6-, 12-, and 18-month OS were used to estimate the prediction accuracy of the nomogram. The x-axis indicates the predicted overall survival probability, and the
y-axis indicates the actual survival probability. The 45-degree line (gray line) indicates that the prediction agrees with actuality.
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The purpose was aimed to establish a simple computational model to predict tumor
prognosis by combining neutrophil to lymphocyte Ratio (NLR) and biomarkers of
oncological characteristics in patients undergoing vascular reconstructive radical
resection of PDAC. The enrolled patients was divided into high or low NLR group with
the cutoff value determined by the receiver operator characteristic (ROC) curve. Different
vascular anastomoses were selected according to the Chaoyang classification of PDAC.
Survival rates were calculated using the Kaplan-Meier and evaluated with the log-rank
test. Cox risk regression model was used to analyze the independent risk factors for
prognostic survival. The optimal cut-off value of NRL was correlated with the
differentiation, tumor size, TNM stage and distant metastasis of advanced PDAC. A
curative resection with vascular reconstructive of advanced PDAC according to Chaoyang
classification can obviously improve the survival benefits. Cox proportional hazards
demonstrated higher evaluated NLR, incisal margin R1 and lymphatic metastasis were
the independent risk predictor for prognosis with the HR > 2, meanwhile, age beyond 55,
TNM stage of III-IV or Tumor size > 4cm were also the obvious independent risk predictor
for prognosis with the HR ≤ 2. The advanced PADC patients marked of RS group (3 < RS
≤ 6) showed nomore than 24 months of survival time according to RSmodel based on the
six independent risk predictors. Vascular reconstruction in radical resection of advanced
PDAC improved survival, higher elevated NLR (>2.90) was a negative predictor of DFS
and OS in those patients accompanying portal system invasion.

Keywords: neutrophil-lymphocyte ratio, pancreatic ductal cell carcinoma, vascular invasion, curative resection,
real world study
September 2021 | Volume 11 | Article 682928131

https://www.frontiersin.org/articles/10.3389/fonc.2021.682928/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.682928/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.682928/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.682928/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.682928/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:dr_langren@126.com
mailto:heqiang349@sina.com
https://doi.org/10.3389/fonc.2021.682928
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.682928
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.682928&domain=pdf&date_stamp=2021-09-17


Zhou et al. NLR in Portal-Vein Invasion PDAC
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) accounts for more
than 90% (1) of all pancreatic cancer which is fifth most common
cancers around the world (2). Although pancreatectomy is
considered the only approach of curative treatment of PDAC,
which provides a chance of cure and longer survival (3), but the
prognosis is generally poor with a reported 5-year overall
survival (OS) ranged from 10 to 30% postoperative (4–6).
Once diagnosed, there are only about 10% of patients localized,
meanwhile 29% of patients spread to regional lymph nodes with
a relative 5-years low survival of 11.5%, compared with 34.3% for
localized disease (7). In addition, about 80% of patients with
PDAC experience a recurrence despite adjuvant therapy after a
radical resection (8). Therefore radical resection, including
thorough lymph node dissection, is an effective means to
improve prognosis and survival.

Some studies have asserted that about 17-32% of patients with
pancreatic cancer showed portal system including portal vein
(PV), superior mesenteric vein (SMV) and splenic vein (SV)
invasion once diagnosed (9). Among them, SMV and PV are
the most vulnerable and frequent to invasion because of the
proximity of these vessels to the uncinate process and pancreatic
head (10). These patients may have a rather lowmedian survival of
8 months compared with there were no vascular invasion (11).
Radical resection of pancreatic cancer combined with complete
vascular resection and reconstruction of the PV-SMV venous axis
in these patients is a possible approach. The feasibility and
advantages of this approach was proved, which may provide
survival results comparable to those obtained with standard
pancreatectomy without venous resection (12–14). That
approach may improve the worse survival benefit with a OS of
18.2 months when only palliative treatment was given (15).
Although vascular invasion as a prognostic factor was carried
out in several studies which mainly focus on whether there is an
association between vascular invasion and poor prognosis, the
types of vascular invasion, classification (location, depth and
circumference) and anastomotic techniques of vascular
reconstruction on the prognosis is not clear.

Except the radical excision, early diagnosis is of great
significance for the prognosis of pancreatic cancer patients.
Carbohydrate antigen 19-9 (CA19-9) which is the only
authenticated marker for clinical application, lacks the
specificity required for a differential diagnosis (16). Searching
for novel biomarkers to detect and diagnose PDAC earlier maybe
another approach to improve the poor prognosis. Literatures of
inflammatory indices and immunologic ratios, including ratios
comprised of intratumoral or circulating neutrophils, platelets,
lymphocytes, and monocyte counts, have been proposed to be
prognostic biomarkers for a wide range of malignancies (17, 18).
There has studies showed that neutrophil to lymphocyte ratio
(NLR), not platelet to lymphocyte (PLR), is predictive on survival
benefits after resection of early-stage PDAC (19, 20). The
prognostic value of lymphocyte to monocyte ratio (LMR) levels
for PDAC patients remains to be determined (19, 20). The
relationship between NLR and prognosis of advanced PDAC
after resection with vascular reconstruction remains unclear.
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Meanwhile, there exist few studies on the prediction of
inflammatory markers, biomarkers of tumor characteristics
and surgical techniques for OS and DFS in advanced
PDAC patients.

This presented paper was aimed to explore the effect of NLR,
tumor marker such as CA19-9, vascular reconstruction methods,
lymphatic metastasis and other surgical and pathologically
related factors on the long-term prognosis of PDAC with
portal system invasion. Therefore, establishing a predictive
model based on the risk factor of Cox regression analysis to
predict OS and disease-free survival (DFS) after radical resection
with vascular reconstruction of advanced PDAC is necessary
and promising.
MATERIALS AND METHODS

Patient Selection and Operative
Techniques
Patient Selection
At the present study, we enrolled 241 patients who were diagnosed
with pancreatic carcinoma from January 2011 to December 2019
and performed radical excision with strict criteria as follows. This
study was approved by the Ethical Committee of Beijing Chao-
Yang Hospital. All patients provided full written informed
consent, which was obtained in accordance with the Declaration
of Helsinki of theWorldMedical Association (Ethics approval and
consent to participate: No.2020-D.-309-2). The authors are
accountable for all aspects of the work in ensuring that
questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

Included criteria: (1) Preoperative image indicated pancreatic
malignancy. (2) Aged 20 to 85 years old. (3) En bloc resection of
tumor during operation. (4) Postoperative pathology confirmed
pancreatic ductal adenocarcinoma. (5) The mode of operation and
treatment strategy obtained the informed consent of patients and
their families.

Excluded criteria: (1) Unresectable condition or metastasis
found during surgery. (2) Surgical rule violation. (3) Pathologic
diagnosis other than conventional ductal adenocarcinoma. (4)
Postoperative follow-up data were incomplete or lost to
follow-up.

Operative Detections
Preoperative tumor evaluation was done by diagnostic imaging
methods, including abdominal ultrasonography, computed
tomography (CT) including lung and abdominal or abdominal
magnetic resonance imaging (MRI). One should take a Positron
Emission Tomography-Computed Tomography (PET-CT) or
bone scan if distant metastasis is suspected. The laboratory
measurement including liver function, tumor marker, hepatitis
index, blood routine examination and thromboxane function.

Group and Operation
The patient compliance with the study criteria was admitted into
the group. All the patients was divided into high NLR group and
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low NLR group which criteria for grouping as determined by
ROC curves for healthy people and all the patients.

At present, there existed no uniform clinical standard for the
classification of vascular invasion in pancreatic cancer. The most
commonly used clinical standard for vascular invasion is the
Loyer classification and Shibata typing (21, 22). However, all of
the above classifications have certain limitations. On the one
hand, it is impossible to assess the site and scope of tumor
invasion to portal vein system, on the other hand, it has no
guiding value for the resection and reconstruction of the invaded
portal vein system. In recent years, our center has carried out a
beneficial attempt to optimize the above vascular invasion typing
criteria in patients treated with radical surgery and proposed a
new typing system named Chaoyang classification (23). There
are four types: (I) Portal and/or superior mesenteric vein
invasions of less than 1/4 circumference. In this type of
patients, the lateral wall of the vein can be blocked without
blocking the blood flow into the liver. The affected side wall can
be partially excised and the vein can be sutured directly. After
suturing, the vein can be guaranteed to have no obvious stenosis.
(II) Portal vein and/or superior mesenteric vein were invaded to
a range greater than 1/4 circumference, or the vein was clearly
narrowed and occluded, without involving the splenic vein
junction. In this type of patients, segmental resection of the
involved vein is recommended, and end-to-end anastomosis or
allograft or artificial vascular reconstruction is selected according
to the tension of the upper and lower edges. (III) The tumor
invaded the confluence of portal vein, splenic vein and superior
mesenteric vein. In this type of patients, partial splenic vein
resection can be performed in conjunction with the confluence
part, and splenic vein reconstruction can be completed by using
foreign blood vessels with branches. (IV) The tumor invaded a
wide area, the portal vein, splenic vein and superior mesenteric
vein are involved in the upper part, and the branch of superior
mesenteric vein in the lower part is involved. In this type of
patients, arterial approach is recommended to complete tumor
dissociation and then resection of invaded vessels, for
reconstruction, it is recommended that the superior mesenteric
vein branch be shaped into an opening first, and then Allogeneic
blood vessels with branches or other substitutes should be used
to complete the reconstruction. Different methods of vascular
resection and reconstruction are adopted according to the
specific form of venous invasion. The technique of vascular
reconstruction and the type of pancreatic, biliary, and enteric
anastomoses depended on operating surgeon’s choice.

According to the Chaoyang classification, about half of the
patients included in this study are advanced PDAC with portal
system invasion, with the standard of Chaoyang classification, we
performed radical resection on the advanced pancreatic cancer,
combined with vascular resection, reconstruction or allogeneic
vascular replacement and lymph node dissection to meet the
standard of R0 resection. Therefore, on the basis of NLR
grouping, we used the operation mode, resection and
reconstruction of invasive vessels in Chaoyang classification
and the degree of tumor pathological differentiation (poorly
differentiation, poorly-moderately differentiation, moderately
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differentiation and moderately-highly differentiation group) as
subgroup criteria.

The follow up began when diagnosed and was in hospital,
with whole data and records. The overall survival (OS) and
disease-free survival (DFS) was the main index in measurement
the survival benefits.

Sample Detection and
Hematoxylin-Eosin Stain
The pancreatic and vascular specimens were obtained once the
tumor excision from the patients, and fixed with 10%
formaldehyde solution. The 10% formalin fixed tissues
embedded in paraffin, then microtome section with 5mm,
heated at 60°C on slides warmer for 30 min, undergo the steps
of dewaxing, benzene removal, hematoxylin and eosin staining,
then dehydration and fixation.

Statistical Analysis
Pathological results images were collected under optical
microscopy for 40X, 100X and 200X visual fields. All data
analysis was carried out by SPSS 22.0 software, each index was
expressed by Means ± SD. Survival rates, including OS and DFS,
were calculated using the Kaplan-Meier method and evaluated
with the log-rank test. Cox proportional model was used to
analyze the multivariate survival, and the independent risk
factors affecting the survival time. Qualitative variables were
compared using c2 tests, and quantitative variables were
compared using Wilcoxon tests (multi-group) or t test (two
groups). Statistical significance was defined as p < 0.05.
RESULTS

NLR ROC Curve and Changes in
Different Groups
According to the ROC curve, the optimal cutoff value of
preoperative NLR that had a relatively high specificity was 2.9.
The area under the ROC curves was 0.761 (P = 0.000) and 95%
confidence interval (95% CI 0.716-0.805) (Figure 1). A cutoff value
of 2.9 presented a sensitivity of 48.9% and a specificity of 95.6%.

The enrolled patients were divided into high NLR group and
low NLR group according to the cutoff value. 118 patients (49%)
identified as high NLR group had an elevated NLR (> 2.9), and
123 patients (51%) were identified as low NLR (≤ 2.9) group.
There were significant differences among NLR with different
degrees of differentiation (F = 2.826, P = 0.039), and also an
obviously differences among neutrophil (NEUT) (F = 3.396, P =
0.019) but no differences among lymphocyte with different
degrees of differentiation (F = 0.081, P = 0.462).

The Preoperative NLR in Patients With
PDAC and Its Relationship With Clinical
Pathologic Characteristics
The 241 enrolled patients who underwent radical excision
between January 2011and December 2019 consisted of 136
males and 105 females. Their mean age was 62.838 ± 10.742
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years (yrs) with male 62.394 ± 10.550 yrs and female 63.409 ±
11.010 yrs. The date of operation was the starting point of follow-
up and ended to May 2020. The longest follow-up time was 82
months, the shortest was 1 months, and the median follow-up
time was 15 months. No patients were lost or withdraw during
the study preformed.

Pathological analysis showed that all patients were PDAC
with 31/241 of low differentiation, 56/241 of moderate-low
Frontiers in Oncology | www.frontiersin.org 434
differentiation, 126/241 of moderate differentiation, 28/241 of
high-moderate or high differentiation (Figure 2). The average
size of tumors was 3.779 ± 1.644 cm and 97/241 with vascular
invaders, the pathological results of different groups are shown in
Table 1. The relationship between preoperative peripheral blood
NLR and clinical pathologic characteristics was investigated. As
listed above (Table 1), 118 patients (49%) identified as high NLR
group had an elevated NLR (> 2.9), and 123 patients (51%) were
identified as low NLR (≤ 2.9) group. An elevated preoperative
NLR level was closely correlated with the tumor size (range, >
4cm) (c2 = 7.530; P=0.006), tumor differentiation (c2 = 8.287;
P = 0.040), clinical TNM stage(range, > II b) (c2 = 12.770;
P=0.000), distant metastasis (c2 = 7.858; P = 0.005), and bilirubin
(TBIL vs.DBIL, t =-3.696 vs.-3.294, P = 0.000 vs.0.001). No
obvious correlations with age, gender, CA-199, and other index
(Table 1, P > 0.05).

Diagnosis Value of NLR in PDAC
Comparison With CA-199
Although there has lower correlation between NLR ≤ 2.90 and
CA19-9 (r = 0.2193,95%CI 0.03943~0.3854; P = 0.408), but the
NLR and CA19-9 was no correlation for all the patients (P =
0.408) and high NLR (NLR > 2.90) (P = 0.841). The diagnostic
value of NLR to PDAC was analyzed by using the statistical
diagnostic experimental method based on the currently
recognized diagnostic standard of CA19-9. There has proved
that NLR was with a sensitivity of 0.496 and a specificity of 0.515
in the diagnosis of PDAC (OR = 1.38, 95%CI of OR 0.94~2.02) as
well as with a positive predictive value of 0.576 and a positive
likelihood ratio of 1.022.
FIGURE 1 | ROC curves for NLR in patients with PDAC (NLR, neutrophil-to-
lymphocyte ratio; PDAC, pancreatic ductal adenocarcinoma).
A B

C D

FIGURE 2 | Histopathological results of PDAC with different degrees of differentiation. From (A–D) represented poorly differentiation, moderately-poorly
differentiation, moderately differentiation, highly-moderately differentiation respectively (PDAC, pancreatic ductal adenocarcinoma).
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Surgical Method and Vascular
Anastomosis in Different NLR
Group With PDAC
According to the results of preoperative imaging examination, 11
patients received palliative treatment (regarded as R1 resection),
radical pancreaticoduodenectomy was performed in 160 cases, total
pancreatectomy in 21 cases and distal pancreatectomy in 49 cases, of
which 14 patients underwent R1 resection (2 patients in low NLR
group, 1 patient in high NLR group) and the rest with R0 resection
of a rate with 94.19%. There was no difference in the total number of
lymph node dissection (19.789 ± 1.078, 19.297 ± 1.451, P = 0.785)
and lymph node metastasis rate (2.252 ± 0.288, 3.297 ± 0.542, P =
0.087) between the two groups, nevertheless, there was significant
difference in R0 resection rate (NLR ≤ 2.90 n = 2/123; NLR > 2.9 n =
12/118; c2 = 8.034, P = 0.005). There was no significant difference in
intraoperative blood loss (P = 0.699), blood transfusion (P = 0.753)
and operation time (P = 0.687) between the two groups.

Patients undergoing pancreaticoduodenectomy and total
pancreatectomy were divided into two categories based on
Frontiers in Oncology | www.frontiersin.org 535
whether portal system invasion exists. Different vascular
anastomosis and replacement methods were selected according
to Chaoyang classification, which including partially excised and
sutured directly (Figures 3A, E), end-to-end anastomosis
(Figures 3B, F) and allogeneic vascular replacement with type
I: segmental vascular replacement (Figures 3C, G), or type II:
branch vascular replacement (Figures 3D, H).

These results supported the original hypothesis that
comparing with palliative treatment, vascular resection or
reconstruction was able to significantly improve the survival
time of patients with vascular invasion (OS vs. DFS 9.909 vs.
7.727), different anastomosis or reconstruction methods could
improve the OS and DFS remarkably, (P < 0.01) (Table 2)
among which end-to-end anastomosis was the best (OS vs. DFS
30.154 vs. 27.192). As for vascular invasion, the OS and DFS of
patients with vascular wall invasion less than 1/4 circumference
diameter (Chaoyang type I) (P = 0.007) were significantly longer
than those with invasion range greater than 1/4 circumference
diameter (Chaoyang type II-IV) (P = 0.012) (Table 2).
TABLE 1 | Background data preoperative and pathological results in various NLR groups.

Index High NLR Group (n = 118) Low NLR Group (n = 123) U P

Gender 2.719 0.099a

male 71 61
female 47 62

Age 3.751 0.053a

>55 100 85
≤55 22 34

Smoking (yes, %) 58 (49%) 51 (41%) 1.437 0.231a

Diabetes (yes, %) 50 (42%) 61 (50%) 1.264 0.261a

PBD (yes, %) 14 (12%) 9 (7%) 1.443 0.230a

NEUT 6.521 ± 3.079 3.129 ± 1.319 11.193 0.000b

Lymph 1.216 ± 0.820 1.804 ± 0.718 -5.925 0.000b

ALT (ng/ml) (10-4583) (10-336) 2.437 0.120c

TBIL (3.6-552.8) (5.5-275.4) 13.664 0.000c

DBIL (2.1-505.5) (0.79-219.5) 10.852 0.001c

Alb 37.079 ± 10.633 37.118 ± 4.715 -0.037 0.970b

CA199 (ng/ml) 42.89 (1.4-7000) 48.41 (2.6-7000) 1.324 0.251c

g-GGT 6-1413 6-1957 1.055 0.305c

ALP 16-1398 47-1492 1.637 0.202c

Glu 7.308 ± 3.199 7.139 ± 2.708 0.439 0.661b

AMY 0.05-585 8-585 0.597 0.441c

Tumor site, n (%) 5.555 0.135b

uncinate process 79 (67%) 93 (76%)
neck 6 (5%) 8 (7%)
body and tail 33 (28%) 22 (18%)

Tumor size, cm 4.057 ± 1.787 3.513 ± 1.543 2.597 0.010b

>4 45 27 7.530 0.006b

≤4 73 96
Differentiation, n (%) 6.885 0.076a

poorly 21 10
poorly-moderately 31 27
moderately 54 68
moderately-highly 12 18

Vascular invasion, n (%) 45 (38%) 53 (43%) 8.874 0.096 a

LNs metastasis, n (%) 77 (65%) 81 (66%) 0.010 0.096 a

Nerve invasion, n (%) 108 (92%) 118 (96%) 0.010 0.096 a

Incisal Margin R0, n (%) 106 (90%) 121 (98%) 8.034 0.005b
September 20
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ap-value from Chi-Squared Test or Fish’s exact test; bp-value from Student’ t test; cp-value from ANOVA; NLR, Neutrophil To Lymphocyte Ratio; PBD, preoperative biliary drainage; NEUT,
neutrophil; ALT, Alanine transaminase; TBIL, total bilirubin; DBIL, direct bilirubin; Alb, albumin; CA19-9, carbohydrate antigen 199; g-GGT, g-gamma-glutamyl transpeptidase; ALP,
A Lkaline Phosphatase; AMY, amylase; LN, lymph node.
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Preoperative NLR or Clinic-Pathologic
Factors Associated With Postoperative
DFS and OS
Kaplan-Meier survival analysis suggested that the OS
(Figure 4A) and DFS (Figure 4B) of patients with NLR
greater than 2.9 were shorter (all P < 0.001). Univariate
analysis revealed that, clinical parameters of age, preoperative
biliary drainage (PBD), CA19-9, TNM stage, tumor size, tumor
differentiation, vascular anastomosis method, mode of operation,
positive rate of incisal margin, lymph node metastasis, vascular
invasion were all obvious associated both with DFS and OS
(Table 2), however, gender, preoperative TB, DB, ALT, gGGT,
ALP, Glu, amylase, history of smoking, history of diabetes and
tumor location were not significantly correlated with OS and
DFS (P > 0.05). Patients mean OS with NLR ≤ 2.90 and NLR >
2.9 was 36.574 (95% CI, 30.763-42.385) and 16.030 (95% CI,
12.149-19.912) months respectively (P < 0.001). Patients mean
DFS with NLR ≤ 2.90 and NLR > 2.9 was 34.196 (95% CI, 27.989-
40.402) and 14.116 (95% CI, 10.191-18.042) months respectively
(P < 0.001). Moreover, the Age > 55, PBD, CA-199 > 37,TNM >
II b, tumor size > 4cm, poorly differentiation, lymph node
metastasis, incisal margin R1, vascular invasion were all
associated with shorter OS and DFS (Table 2). Compared with
palliative treatment, vascular resection/replacement could
significantly improve the OS of patients, and there was
significant difference among groups (P = 0.042), however, there
was no significant difference in DFS among groups, which may
be related to the short follow-up time.

As reported in previous literature, the cutoff value of NLR was
selected as 3.0-5.0 (17, 18, 24–29) in different publications, so we
also evaluated the patients with PDAC in this study using these
Frontiers in Oncology | www.frontiersin.org 636
cutoff values. Kaplan-Meier survival analysis showed that NLR >
3.0 (Figures 4C, D), 4.0 (Figures 4E, F) and 5.0 (Figures 4G, H)
were associated with a relative shorter DFS and OS, but there are
86 (35.68%) cases with NLR > 4.0 (Figures 4E, F) and 77
(31.95%) cases with NLR > 5.0 (Figures 4G, H) in 241 patients
with PDAC.

Comparison of Pathology Differentiation
in NLR Group Between Postoperative
DFS and OS
On the basis of the above results, we performed survival analysis
on the patients in different groups of NLR with different
pathological differentiation. Kaplan-Meier survival analysis
suggested that PDAC patients of low, moderate-low, moderate,
moderate-high and high differentiation, with an elevated
NLR > 2.9 displayed a shorter OS (c2 = 8.718,15.291, 23.530,
61.760; P = 0.003, 0.000, 0.000, 0.000) and DFS (c2 = 8.992,
14.012, 20.640, 16.389; P = 0.003, 0.000, 0.000, 0.000) when
compared with NLR ≤ 2.90. Meanwhile, we performed the
survival analysis in grouped of NLR cutoff was 3,4,5 which all
shown the lower survival benefits both in OS and DFS
(P < 0.001).

Independent Predictors of DFS and OS
in the Step Forward Multivariate Cox
Proportional Hazards Model
In the presented study, the Cox proportional hazards model was
used to evaluate the association between clinic and pathologic
factors, surgical method and DFS/OS after surgical resection
(Table 3). In addition to the correlation between vascular
anastomosis method and OS, there remains six associated
FIGURE 3 | Chaoyang classification and management of venous invasion of borderline resectable pancreatic cancer. (A, E) Tumor invades superior mesenteric vein
with wedge anastomosis; (B, F) Tumor invades superior mesenteric vein with end-to-end anastomosis; (C, G) Tumor invades portal vein with segmental vascular
replacement; (D, H) Tumor invades the confluence of portal vein with branch vascular replacement.
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TABLE 2 | Univariate Analysis of risk factors for tumor recurrence and long-term survival in patients with PDAC.

Index Variables (Number) DFS (Moths)

Mean 95%CI P value (U)

>2.9 (118) 14.116 10.191-18.042 0.000
≤2.9 (123) 34.196 27.989-40.402 61.696
>55 (185) 21.087 17.058-26.105 0.039
≤55 (56) 32.156 22.300-42.013 4.257
Yes(23) 13.304 6.566-20.053 0.041
No (218) 25.104 20.622-29.547 4.179
>37 (137) 19.041 14.585-23.497 0.031
≤37 (104) 31.050 23.895-38.205 4.639
>II b (91) 12.248 9.007-15.488 0.000
≤II b (150) 30.427 24.740-36.113 24.185

ize >4 (72) 17.648 12.080-23.216 0.003
≤4 (169) 26.286 21.418-31.153 8.600

ifferentiation I (31) 13.660 7.416-119.905 0.015
II (56) 20.455 13.172-27.738
III (126) 26.658 20.918-32.397 10.552
VI (28) 23.969 14.171-33.767

r anastomosis I (11) 7.727 2.206-13.249 0.056
II (146) 24.984 19.658-30.310
III (26) 27.192 14.788-39.596 7.549
IV(58) 19.932 13.734-26.131

n Methods I (11) 7.727 2.206-13.249 0.004
II (160) 26.461 21.241-31.681
III (21) 9.122 6.601-11.643 13.563
IV (49) 25.142 15.821-34.463

argin R0 (227) 25.155 20.853-29.457 0.000
R1(14) 6.857 2.395-11.319 12.684

tic metastasis Negative (83) 36.558 28.178-44.937 0.000
Positive (158) 16.993 13.540-20.446 15.328

r invasion I (11) 7.727 2.206-13.249 0.012
II (146) 26.260 20.744-31.745 8.852
III (84) 19.644 14.494-24.794

derately, VI: moderately-highly; Vascular anastomosis I: palliative operation, II: partially excised and sutured
reaticoduodenectomy, III: total pancreatectomy, VI: distal pancreatectomy; Vascular invasion I: palliative
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Index Variables (Number) OS (Moths)

Mean 95%CI P value (U)

NLR >2.9 (118) 16.030 12.149-19.912 0.000 NLR
≤2.9 (123) 36.574 30.763-42.385 67.869

Age >55 (185) 24.247 20.038-28.456 0.032 Age
≤55 (56) 33.689 24.385-42.992 4.662

PBD Yes(23) 15.957 9.268-22.627 0.044 PBD
No (218) 27.088 22.919-31.258 4.064

CA-199 >37 (137) 21.735 17.426-26.044 0.038 CA-199
≤37 (104) 32.587 25.769-39.404 4.291

TNM >II b (91) 14.368 11.332-17.405 0.000 TNM
≤II b (150) 32.431 27.075-37.787 26.988

Tumor Size >4 (72) 19.284 13.882-24.687 0.002 Tumor
≤4 (169) 28.526 23.927-33.126 9.627

Tumor differentiation I (31) 15.782 9.902-21.663 0.012 Tumor
II (56) 21.715 14.656-28.775
III (126) 28.928 23.525-34.342 10.883
VI (28) 25.982 16.998-34.966

Vascular anastomosis I (11) 9.909 4.403-15.415 0.042 Vascula
II (146) 26.997 21.998-31.996
III (26) 30.154 17.696-42.616 8.224
IV(58) 22.212 16.444-27.979

Operation Methods I (11) 9.909 4.403-15.415 0.001 Operat
II (160) 28.484 23.566-33.402
III (21) 11.333 8.608-14.059 17.073
IV (49) 26.952 18.133-35.772

Incisal Margin R0 (227) 27.153 23.111-31.195 0.000 Incisal M
R1(14) 8.929 4.460-13.397 14.909

Lymphatic metastasis Negative (83) 37.618 29.653-45.582 0.000 Lympha
Positive (158) 19.878 16.454-23.301 14.786

Vascular invasion I (11) 9.909 4.403-15.415 0.007 Vascula
II (146) 28.543 23.386-33.700 9.966
III (84) 21.510 16.696-26.325

NLR, Neutrophil To Lymphocyte Ratio; PBD, preoperative biliary drainage; Tumor differentiation I: poorly, II: poorly-moderately, III: m
directly, III end-to-end anastomosis, VI allogeneic vascular replacement; Operation Methods I: palliative operation, II: radical pan
operation, II: Chaoyang type I, III: Beyond Chaoyang type I.
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A B

C D

E F

G H

FIGURE 4 | Kaplan-Meier curve for overall survival and disease free survival of patients with advanced PDCA by high NLR vs. low NLR for different NLR divided
standards. (A–H) represented patients with higher NLR is associated with poorer survival which was obviously in NLR > 5 (P < 0.001) (NLR, neutrophil-to-
lymphocyte ratio; PDAC, pancreatic ductal adenocarcinoma).
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factors which including high NLR, resection margin R1,
lymphatic metastasis, age > 55years, TNM stage of III-IV and
tumor size > 4cm, were analyzed for OS and DFS by applying the
step forward (condition LR) multivariate Cox proportional
hazards model. The hazard ratio (HR), 95%CI, and P values
concluded by Cox proportional hazards as listed in Table 3, high
NLR, resection margin R1 and lymphatic metastasis were the
most obviously independent risk predictor for OS and DFS with
the HR > 2, meanwhile, beyond 55 years old, at TNM stage of III-
IV or Tumor size > 4cm which were also the obvious
independent risk predictor for OS and DFS with the HR ≤
2 (Table 3).

Grouped Kaplan-Meier Analysis of DFS
and OS by Risk Scores of PDAC Patients
Based on Multivariate Cox Proportional
Hazards Model
Based on the above multivariate factor analysis results, we propose
to establish a complex prognostic score calculating model by
assigning value of multi-independent predictors (NLR, incisal
margin, lymphatic metastasis, age, TNM stage, and tumor size).
Each risk factor was allotted a score of 1 which all patients were
grouped from risk scores (RS) 0 to 6 (RS = 0 reference without no
any above factors as the control, and RS=6 reference with all of the
above factors). Kaplan-Meier analysis of OS and DFS of the seven
groups all indicated a significant survival difference (OS, c2 =
149.247, P = 0.000; DFS, c2 = 145.985, P = 0.000). There were only
5 cases in RS=0 group, and there was no difference in survival time
between RS = 1 group and RS=0 group. In addition, the survival
time of RS = 4, 5, 6 group were relatively short which were no
more than two years (Figures 5A, B). Therefore, it was re-grouped
into four groups: RS ≤ 1 (n = 46), = 2 (n = 74), = 3 (n = 55) and > 3
(n = 66). Survival analysis indicated that the survival time of RS ≤
1, = 2 were more than 5 years, nevertheless, with the increase of RS
factors, the survival time was gradually shortened (RS = 3). Once
the RS > 3, patients with PDAC accounted for 27.38% of the total
cases, meanwhile the survival time shortened rapidly, suggesting
that the worse the prognosis (Figures 5C, D).
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Moreover, we further combined RS=2 and 3 according to the
results in Figures A, B above and regrouped patients with PDAC
into four categories by their risk scores with RS=0, RS=1,
1 < RS ≤ 3, 3 < RS ≤ 6 which referred risk factors ranged from
nonexistent to multiple effects on survival. Kaplan-Meier
analysis also shown an obvious difference between different
groups for OS and DFS (OS, c2 = 74.051,P=0.000; DFS, c2 =
68.721, P=0.000), but no difference between RS=1 and RS=0 both
for OS and DFS (Figures 5A, B; P = 0.757 and P =0.771,
respectively). Therefore, we combined these two groups as a
new RS ≤ 1 group, redo survival analysis between the RS ≤ 1, 1 <
RS ≤ 3, 3 < RS ≤ 6 respectively. That demonstrated that a
distinguishable difference of OS (Figure 5C; RS ≤ 1 vs. 1 < RS ≤ 3,
P = 0.002 and 1 < RS ≤ 3 vs. 3 < RS ≤ 6, P = 0.000) and DFS
(Figure 5D; RS ≤ 1 vs. 1 < RS ≤ 3, P = 0.004 and 1 < RS ≤ 3 vs. 3 <
RS ≤ 6, P = 0.000).

Surprisingly, the proportion of patients with PDAC with 3 <
RS ≤ 6 was very high, occupying 27.38% (66/241) of total patients
(Figure 5). The DFS and OS in the 66 patients with a score of 3 <
RS ≤ 6 decreased sharply, and all these patients showed much
shorter DFS and OS.
DISCUSSION

Pancreatic ductal adenocarcinoma (PDAC) accounts for more
than 90% in pancreatic cancer, which is one of the most
aggressive and lethal malignancies (1, 4, 5). Difficulties in early
detection and diagnosis as well as R0 radical resection of PDAC
contribute to the poor prognosis and high relapse to a great
extent especially for advanced PDAC (3). Except CA19-9 as a
marker for the diagnosis of pancreatic cancer, current studies on
NLR in early pancreatic prognosis and diagnosis are deepening.
Most studies believe that NLR can predict the prognosis of early
pancreatic cancer, but there are few studies on advanced
pancreatic cancer (17–20). Therefore, the enrolled PDAC
patients of this study all met the criteria for Chaoyang
classification of pancreatic cancer established by our center. In
this presented study, evaluation of the prognostic predictive
value of portal venous system resection and reconstruction in
patients accepted radical surgical resection.

As pancreatectomy is considered the main treatment
currently, all the enrolled patients were accepted curative
excision with vascular resection and/or reconstruction
according to the Chaoyang classification. The results showed
improved survival benefits postoperative comparison with the
palliative care patients with most obvious in those who have
undergone pancreaticoduodenectomy. According to the
Chaoyang classification and the actual intraoperative situation,
the survival time of patients with the portal vein invasion was
significantly prolonged after the resection of the vascular and end
to end anastomosis. In addition to vascular invasion, lymph node
metastasis was reported in 158 patients. All lymph nodes were
biopsied intraoperatively until negative, but unfortunately, there
were still 3 patients with positive lymph node biopsies.

Previous literature (30) asserted that vascular resection and
reconstruction during the radical resection could improve the R0
TABLE 3 | Cox multivariate proportional hazards of independent predictors on
DFS and OS.

Variable HR 95% CI P Value

OS
NLR (≤2.9 vs.>2.9) 3.138 2.234-4.410 0.000
Incisal margin (R0 vs.R1) 2.417 1.314-4.444 0.005
Lymphatic metastasis (yes vs.no) 2.019 1.427-2.858 0.000
Age,years (≤55 vs.>55) 1.611 1.089-2.385 0.017
TNM stage (I-II vs.III-IV) 1.506 1.087-2.087 0.014
Tumor size,cm (≤4 vs.>4) 1.441 1.025-2.026 0.035
DFS
NLR (≤2.9 vs.>2.9) 2.970 2.121-4.158 0.000
Incisal margin (R0 vs.R1) 2.232 1.216-4.095 0.010
Lymphatic metastasis (yes vs.no) 2.072 1.463-2933 0.000
Age,years (≤55 vs.>55) 1.598 1.080-2.363 0.019
TNM stage (I-II vs.III-IV) 1.443 1.045-1.994 0.026
Tumor size,cm (≤4 vs.>4) 1.438 1.024-2.019 0.036
NLR, Neutrophil To Lymphocyte Ratio.
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resection rate and long-term survival. The R0 resection rate and
survival time in different centers were various. Among them, the
mean R0 resection rate was 71.4%, ranged from 37% in England
to 87% in Germany. Meanwhile, the mean median survival time
was 15.4 months, ranged from 14 months in America to 17
months in Japan. In this presented study, it displayed a R0
resection rate of 94.17% and a median survival time of 15
months. This results may due to the regulation of vascular
resection for different types of invasion and the application of
radical vascular replacement technique by Chaoyang
classification of pancreatic cancers. We may consider that a
radical surgery combined with vascular reconstruction has an
obvious improvement in the prognosis and R0 resection rate of
patients with advanced pancreatic cancer.

Further, single-factor survival curve analysis suggested that
surgical approach, vascular anastomosis, vascular invasion,
lymph node metastasis, and R0 resection were all related to
survival benefit of OS and DFS. We consider that radical
resection and anastomosis, including biopsy of all lymph nodes
Frontiers in Oncology | www.frontiersin.org 1040
for advanced PDAC with vascular invasion is clinically beneficial
and recommended.

NLR derived from the ratio of neutrophils to lymphocyte
which both from white blood cells with important role in
inflammatory response and tumor immunity. Neutrophils
promote angiogenesis, tumorigenesis, metastasis, and tumor cell
proliferation and survival and can also protect tumor cells from
immune mediated destruction (31–33) which may through recruit
regulatory T-cells into tumors via secretion of CCL17 (32). As we
known, the immune response of hosts to tumor is lymphocyte-
dependent. High elevated NLR patients usually with a relative
lymphocytopenia, this may lead to a worse lymphocyte-mediated
immune response to tumor, resulting in a shorter survival and the
high risk tumor relapse and metastases (34).

Based on the literature regarding NLR, the purpose was aimed
to evaluate the potential value of NLR as a prognostic indicator in
patients with PDAC undergoing vascular reconstructive, so as to
establish a simple computational model to predict tumor prognosis
by combining NLR and biomarkers of oncological characteristics.
A B

C D

FIGURE 5 | Kaplan-Meier curve for overall survival and disease free survival of patients with advanced PDCA by risk scores (RS) based on multivariate cox
proportional hazards model. (A, B) represented the survival difference from the low RS to high RS; (C, D) represented the survival difference in the re-grouped RS
groups which combined RS=0 and RS=1 as a new group (PDAC, pancreatic ductal adenocarcinoma; RS, risk scores).
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Studies have suggested that systemic inflammation is an
important factor which can affect the progression and long-
term survival of cancer patients (35). NLR is a simple parameter
easily obtained to reflect a systemic immune inflammatory
response elicited by the tumor (36). Despite research on NLR
has been reported more with different methods in different
populations, there is no general value at present. Forget et al.
have identified a normal NLR values of 1.65 range from 0.78 to
3.53 in an adult, non-geriatric, population in good health (37), so
the NLR cutoff value of 2.9 identified by ROC curve in our study
was considered credible.

Current literature is conflicting regarding the prognostic
value of NLR, with some showing a prognostic significance,
and others demonstrating no significance on survival (19, 20).
From our study, it first found that NLR was clearly related to the
pathological differentiation of PDAC, secondly, an elevated NLR
and NEUT was significantly showed in low differentiation
patients, but no changes of lymphocytes. The results presented
here suggest that NLR > 2.9 is highly associated with a worse
survival benefits for PDAC. Meanwhile, it also represents a
relative specificity value in PDAC diagnosis when carried out
diagnosis experiments comparison with CA19-9. Some studies
asserted that the diagnostic role of NLR is distinct from that of
CA19-9 because of high NLR expression was not associated with
CA19-9 levels (24). The correlation concluded in this study was
the same as the previous, but due to the existing experimental
results, We believe that NLR may also play a credible role in the
diagnosis of advanced pancreatic cancer, especially in
combination with CA19-9. However, the diagnostic value of
high NLR in patients with negative CA19-9 indicators still needs
to be verified in a large sample.

These results demonstrated that high NLR has a worse
survival for advanced PDAC after curative excision with
vascular resection and (or) reconstruction. The NLR > 2.9 was
identified as a risk factor for lower survival in patients with
PDAC. Patients with high elevated NLR (> 2.9) showed a
significantly shorter OS and DFS than those with low NLR
(≤ 2.9). With no clearly defined cutpoint of NLR, a cutoff value
ranging from 2 to 5 has been widely used to define high/low
NLR, of which 5 is the most widely used (16–18, 25–29, 38),
therefore, we chose to perform a continuous analysis from NLR
value of 3 to 5 for the OS and DFS. There showed a rather lower
survival rate and shorter time as the NLR cutoff value increases
gradually, with a survival no longer exceed 24 months of patients
with NLR=4 or 5. These results were all consistent with the above
literature reports (16–18, 25–29, 38), NLR > 3.0, 4.0 and 5.0 were
also showed a shorter OS and DFS, but there were 86 (35.68%)
cases and 77 (31.95%) cases with NLR > 4.0 and 5.0 in 241
patients with PDAC respectively comparison with 118 (48.96%)
cases and 112 (46.47%) cases with NLR > 2.9 and 3.0 in 241
patients with PDAC respectively. That may mean a higher NLR
exclude more advanced PADC patients and a cutoff value of 2.9
shows a higher sensitivity in diagnosis. Therefore, we considered
that preoperative NLR of 2.9 is worthy as an optimal index with
PDAC in this presented study, but also for other prospective
clinical trials. However, the diagnostic value of high NLR in
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patients with negative CA19-9 indicators still needs to be verified
in a large sample.

High elevated NLR and poor prognosis regarding PDAC was
studied rather clearly, but the trend of NLR changes in different
cancers and their effects on tumor immunity need to be
elucidated. Furthermore, tumor-infiltrating lymphocytes (and
specifically T cells) are responsible for mounting the antitumor
response within the microenvironment (39) which reflected a
weaker lymphocytic infiltration in tumor may with worse
prognosis (34). Notably, PDAC has proven to have a unique
and complex immune dysfunction with immunosuppressive cell
types, tumor-supportive immune cells and defective
inflammatory cells (40). Therefore, the damage mechanism
to host immunity of the changes of neutrophil and T cell
subsets and that infiltrated in tumor tissue are the next
research direction.

In addition to NLR, surgical methods and vascular
anastomosis, we also found that age (> 55), PBD, CA19-9 (>
37ng/ml), tumor size (> 4cm), TNM stage (III-IV), tumor
differentiation (poorly or poorly-moderate differentiated) were
obviously related with shorter OS and DFS by univariate survival
analysis. These are all consistent with several previous reports
that tumor size, TMN, CA19-9 were significant risk factor of
recurrence after radical resection (41–44). There are also studies
indicating that CA19-9 is an independent prognostic factor in
PDAC (44–46). Although univariate analysis in this study
showed that operation methods, vascular anastomosis, vascular
invasion, tumor differentiation, CA-199 and preoperative biliary
drainage (PBD) were preoperative prognostic predictors of poor
DFS and OS, none of these factors were identified as independent
predictors by multivariate analysis. This did not indicate that
these factors are not associated with recurrence and metastasis
and are not potential prognostic factors for advanced PDAC after
curative resection.

Taken together, vascular reconstruction in radical resection of
advanced PDAC displayed a longer survival benefits, but not an
independent risk factor. What’s more, this study showed that
high NLR (NLR > 2.90) was an independent predictor for DFS
and OS of advanced PDAC undergoing vascular reconstruction.

Based on the Cox multivariate analysis, the results
demonstrated that NLR, age, TNM stage, tumor size,
lymphatic metastasis, and resection margin were independent
prognostic factors for OS and DFS of the advanced PDAC. So, we
have established a simple computational model of risk score (RS)
with the above prognostic multiple-factor. In the RS model. In
Cox multivariate analysis, NLR was the major component in
predicting the survival and prognosis. According to the six
predictors in the RS model, advanced PADC patients marked
from 0 to 6 were grouped four RS groups (RS=0, RS=1, 1<RS ≤ 3,
3<RS ≤ 6). No matter which grouping method, the survival
difference between groups was significantly with a no more than
24 months of survival time in group 3<RS ≤ 6.

It is worth noting that due to the limitations of the
retrospective nature of this study and the small sample size of
a single center, further multi-center, larger prospective studies
are needed to verify this finding.
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CONCLUSION

Vascular reconstructive in radical resection of advanced PDAC
improve survival, a higher elevated NLR (>2.90) was a negative
predictor of DFS and OS in those patients accompanying portal
system invasion. This study suggested that NLR might be a novel
prognostic biomarker in advanced PDAC after curative resection.
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Background: To date, chemotherapy remains the only effective treatment of
unresectable pancreatic adenocarcinoma. In the past few years, the interest in
immunological anticancer therapy rises sharply. AGIG is a novel chemo-
immunotherapy regimen that combines nab-paclitaxel + gemcitabine chemotherapy
with sequential recombinant interleukin-2 (IL-2) and granulocyte-macrophage colony
stimulating factor (GM-CSF) therapy. We conducted a single-arm prospective phase II
study to determine the efficacy and safety of the first-line treatment of advanced
pancreatic cancer with AGIG regimen.

Methods: Nab-paclitaxel (125 mg/m2) and gemcitabine (1000 mg/m2) were administered
intravenously to all patients on days 1 and 8 triweekly, interleukin-2 (1000000U) and GM-
CSF (100 µg) were administered subcutaneously on days 3-5 after chemotherapy. The
primary end point was ORR by the Response Evaluation Criteria in Solid Tumors, version
1.1. Secondary end points included safety profile, progression-free survival (PFS), overall
survival (OS). Patients’ conditions along with the efficacy and safety were assessed every
two cycles.

Results: Between 11/2018 and 01/2020, sixty-four patients were enrolled. In the sixty-
four evaluable patients, the disease control rate (DCR) and overall response rate (ORR)
were 76.6% and 43.75%, respectively. The median follow-up time was 12.1 (range 7.1–
22.4) months. The median PFS was 5.7 (range 1.63–15.8) months. The median OS was
14.2 (range 2.9–22.0) months. The most common adverse event was fever (75%). The
incidence of III/IV grade neutropenia was 4.69%. In subgroup analyses, we found that
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eosinophil count in the blood elevated three times higher than baseline level predicted a
longer survival.

Conclusions: The AGIG chemo-immunotherapy regimen has presented favorable ORR,
OS, and manageable toxicities as first-line therapeutic strategy of advanced pancreatic
cancer treatment. This regimen may be a novel reliable therapeutic option for patients with
preserved performance status. The improvement of treatment efficiency may be related to
the activation of non-specific immune response.

Clinical Trial Registration: https://clinicaltrials.gov/. identifier NCT03768687.
Keywords: objective response rate, overall survival, advanced pancreatic adenocarcinoma, chemo-
immunotherapy, nab-paclitaxel, gemcitabine
INTRODUCTION

Pancreatic cancer is one of the deadliest solid malignancies in the
world. Despite decades of efforts, it remains the fourth leading
cause of cancer-related death worldwide, with a five-year survival
rate of less than 5% (1). Without treatment, the median survival
time is consistently shorter than six months (2). Since 1997,
gemcitabine had been the standard treatment for unresectable
pancreatic adenocarcinoma (3). After decades of exploration,
both FOLFIRINOX (fluorouracil, irinotecan, and oxaliplatin)
and nab-paclitaxel with gemcitabine (AG) prolong overall
survival (OS) compared with gemcitabine alone (4, 5). Till
now, chemotherapy remains the only effective treatment of
unresectable pancreatic adenocarcinoma (6).

As mentioned above, FOLFIRINOX is one of the standard
treatment strategies for patients with advanced pancreatic cancer
and has demonstrated good effectiveness in Europe and North
America (7, 8). However, grade III/IV adverse events were
commonly observed in the FOLFIRINOX treatment courses. To
our knowledge, cancer drug tolerability is different between Asian
and white populations. These differences may be related to genetic
or environmental factor. Increased chemotherapy-induced myelo-
suppression was one of the most commonly observed adverse events
in Asian patients (9, 10). Chinese patients were unendurable to
FOLFIRINOX chemotherapy sometimes. The combination of nab-
paclitaxel and gemcitabine is recommended as the first-line
treatment regimen for patients with advanced pancreatic cancer
by the National Comprehensive Cancer Network (NCCN)
guidelines. A phase I/II study evaluated the AG chemotherapy
regimen in Chinese patients with advanced pancreatic cancer (11).
The study was carried out at a dose and schedule different from the
classic MPACT study. The recommended administration schedule
was described as follows, nab-paclitaxel (125 mg/m2) along with
gemcitabine (1000 mg/m2) was administered on the first day and
the eighth day, the treatment was repeated every three weeks (12).
Although the trail did not meet its primary endpoint of identifying
the maximum tolerated dose in Chinese pancreatic cancer sufferers,
the study showed a manageable safety profile with a favorable
antitumor effect in pancreatic cancer sufferers.

With the clinical development and application of PD-1/PD-L1
immune-checkpoint blockade, the interest in the exploration of
immunological anticancer strategies rises sharply in these years.
245
Immune-based regimens are showing promise where other
approaches have failed when treating pancreatic cancer (13, 14).
Immune checkpoint inhibitors along with therapeutic vaccines
and combination immunotherapies are commonly used as
immunotherapeutic strategies. Even though the antitumor effect
and mechanism of the above-mentioned immunotherapeutic
strategies remain unclear, these researches produced abundant
data concerning the mechanisms of the efficient tumor-specific
adaptive immune response triggered by immune-modulating
agents (15).

It was reported that chemo-immunotherapy might represent
as an innovative reliable therapy option for first-line treatment of
metastatic colorectal cancer sufferers (16, 17). Interleukin-2 (IL-2)
was used to promote the proliferation of cross-primed cytotoxic T
lymphocyte clones, while granulocyte-macrophage colony
stimulating factor (GM-CSF) was required to activate the
antigen-presenting ability of the dendritic cells expressed in
human peripheral blood mononuclear cells. GM-CSF is
essential for the differentiation of dendritic cells, which are
responsible for processing and presenting tumor antigens for
the priming of antitumor cytotoxic T lymphocytes (18, 19). Some
GM-CSF-based cancer immunotherapy strategies have been
developed for in clinical practice (20). It was reported that IL-2
and GM-CSF were demonstrated as innovative and reliable
adjuvants of chemotherapy for metastatic colorectal cancer
(21, 22). These results offered the rationale to design a novel
treatment chemo-immunotherapy regimen that combines
traditional chemotherapy with IL-2 and GM-CSF.

AGIG is a novel chemo-immunotherapy regimen that
combines AG chemotherapy with sequential recombinant IL-2
and GM-CSF therapy (nab-paclitaxel, gemcitabine, IL-2 and
GM-CSF). In this study, we implemented a single-arm, single-
center prospective phase II study to determine the efficacy and
safety of the AGIG regimen as the first-line treatment of
advanced pancreatic cancer in China.
MATERIALS AND METHOD

Patients
This was a prospective study involving pancreatic sufferers
receiving AGIG Chemo-immunotherapy regimen from
October 2021 | Volume 11 | Article 693386
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November 2018 to January 2020 at the Comprehensive Cancer
Centre of Drum Tower Hospital, Clinical Cancer Institute of
Nanjing University. In all cases, a multidisciplinary team
participated in the diagnosis of pancreatic adenocarcinoma
followed by the NCCN guidelines. Patients with Eastern
Cooperative Oncology Group (ECOG) performance score
higher than 1, inadequate bone marrow, abnormal liver or
renal functions, additional other malignancies, and patients
older than eighty-five years were excluded. Patients enrolled in
the trial were prescribed AGIG regimen.

Procedures
Patients enrolled in the trial received AGIG chemo-
immunotherapy. Nab-paclitaxel (125 mg/m2) and gemcitabine
(1000 mg/m2) were administered intravenously to all patients on
the first day and the eighth day of the treatment cycle. IL-2
(10000000 U) and GM-CSF (100 µg) were administered
subcutaneously on three to five days after chemotherapy. The
treatment is repeated every three weeks. Figure 1 showed the
drug administration protocol of the AGIG regimen. We evaluate
clinical and laboratory results at baseline and repeated every time
before chemotherapy. Radiographic response evaluation was
performed every six weeks. Subjects continued their treatment
until disease progression, clinical judgment, occurrence of
unacceptable toxicity, or withdrawal of consent. Supportive
care was permitted during the treatment course. Second line
therapy after disease progression was left to the discretion of the
treating oncologist.

Assessment
All patients were evaluated every two cycles of AGIG chemo-
immunotherapy using multislice computed tomography scans
with contrast medium. Physical examination and laboratory
tests including blood routine test, biochemical index and
serum CA199 assays were performed every time before
chemotherapy. We categorize tumor response into complete
response (CR), partial response (PR), stable disease (SD), and
progressive disease (PD) according to the Response Evaluation
Criteria in Solid Tumors (version 1.1). With respect to the
safety observation of the treatment, we graded adverse events
according to the National Cancer Institute Common
Terminology Criteria for Adverse Events (version 4.0).
Overall survival (OS) was defined as the duration from the
beginning of chemotherapy to the date of death of any cause.
Progression free survival (PFS) was defined as the duration
from the beginning of chemotherapy to the date of disease
progression or death. Subjects without event were censored at
the last follow-up date (August 1st, 2020). Characteristic files
were collected at the moment of admission.

Statistical Analysis
All data were analyzed using Graphpad Prism 6 and SPSS
software (version 21.0). Survival analyses were performed using
the Kaplane-Meier method, Log-rank (Mantel-Cox) tests and
Gehan-Breslow-Wilcoxon tests. Data were presented as median
and range. A P value less than 0.05 was considered
statistical significance.
Frontiers in Oncology | www.frontiersin.org 346
RESULTS

Patient Characteristics
Between 11/2018 and 01/2020, a total of sixty-four patients were
enrolled and evaluated in our trial. Figure 2 showed the study
flowchart of this trial. Patient characteristic files at baseline are
summarized in Table 1. There were thirty-six (56.25%) males and
twenty-eight (43.75%) females. The median age was 62 (range 33 -
81) years. All subjects were ECOG PS 0–1. Fifty-nine PC sufferers
(92.19%) had elevated baseline CA199, with a median value of
1033 (range 27 - 30491) u/mL. In total, 51.56% (n = 33) of the
tumors were located in the head and neck of the pancreas. 40.63%
(n = 26) of the tumors were located in the body or tail of the
pancreas. 49 patients were histologically diagnosed as
adenocarcinoma including one case of cystadenocarcinoma and
one case of mucinous adenocarcinoma. 4 patients were
histologically diagnosed as adeno-squamous carcinoma, and none
of the patients developed undifferentiated or undifferentiated
neuroendocrine carcinoma. In addition, 11 patients’ pathological
types are still unknown due to the limited pathologic sampling
ability of endoscopic ultrasonography. Nearly half of enrolled
patients (n = 31, 48.44%) had metastases at the initial diagnosis.
The majority of the cases had liver (n = 23, 74.19%) or peritoneal
(n = 10, 32.26%) metastasis. Seven patients had undergone a
prior resection.

Treatment Completion Rates
Seventy-four subjects were assessed for eligibility initially. Six
patients were excluded because they did not meet inclusion
criteria. Four patients had abnormal baseline laboratory results
and two patients had immeasurable disease. Sixty-eight patients
were allocated to intervention. Four patients did not receive
allocated intervention, two for patient preference and two for
unknown reason. A total of sixty-four patients proceeded to
AGIG and were analyzed for toxic effects and efficacy. Forty-eight
patients were observed disease progression throughout the follow
up. Seven patients received surgical resection. Seven patients had
been receiving maintenance therapy till the last follow-up date
(August 1st, 2020). Two patients drop out the trial, 1 with
obstructive jaundice and 1 with femoral head necrosis.

Radiographic Response Evaluation
Radiographic response was measured with RECIST 1.1 every two
cycles of AGIG chemo-immunotherapy. With sixty-four patients
evaluated, two patients discontinued chemotherapy early
because of obstructive jaundice and femoral head necrosis.
Twenty-eight patients (43.75%) had PR, twenty-one patients
(32.81%) had SD, and fifteen patients (23.43%) had PD.
Table 2 summarized the detail information of best response.
For all patients (n = 64), the overall response rate (ORR) and
disease control rate (DCR) was 43.75% and 76.6% respectively.
No significant difference in treatment response rate was observed
between the two primary tumor sites.

Survival Analysis and Subgroup Analysis
At the last follow-up (1st August 2020), thirty-two patients
(50%) had died. All sixty-four patients were included for
October 2021 | Volume 11 | Article 693386

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dai et al. Chemo-Immunotherapy In Advanced Pancreatic Cancer
survival analysis. The median follow-up time was 12.1 (range
7.1–22.4) months. For all patients, the median PFS was 5.7
(range 1.63–15.8) months (Figure 3A), the median OS was
14.2 (range 2.9–22.0) months (Figure 3B), and the one-year
survival rate was 65%. We performed subgroup survival
analyses in CA199 level (Figure 4A), eosinophil count
variation (Figure 4B), NK cell count variation (Figure 4C)
and CD3+CD4/CD3+CD8+ proportion (Figure 4D). We
found that eosinophil count in the blood elevated three
times higher than baseline level predicted a longer survival
(P = 0.016) (Figure 4B).

Adverse Events
The therapy-related toxicities are summarized in Table 3.
Generally, the incidence of adverse events was 79.69% (n=51),
and fever was the most common side effect, with an incidence of
75%. For severe adverse events, thirty-eight patients (59.38%)
were observed with grade III/IV toxicities, among which 84.21%
(n = 32) was alopecia, 26.32% (n = 10) was peripheral sensory
neuropathy, 7.89% (n = 3) was neutropenia, 13.16% (n = 5) was
thrombocytopenia, 10.53% (n = 4) was anemia. Totally, three
patients (4.69%) received granulocyte-colony stimulating factor
treatment before or after chemotherapy. In addition, five patients
Frontiers in Oncology | www.frontiersin.org 447
(3.2%) were treated with thrombopoietin. No patients suffered
adverse event leading to death.
DISCUSSION

Generally, advanced pancreatic ductal adenocarcinoma is
considered an incurable presentation of PC. This trial was
carried out to investigate the efficacy and safety of the AGIG
regimen in Chinese patients with advanced PC. In the present
study, the ORR was 43.75%, with a significantly higher ORR
compared with MPACT study (22.96%, n=431) (p =0.0007) (12)
and a slightly higher ORR compared with LAPACT study
(33.64%, n=107) (23) and HALO 202 study (32.60% n=92) (3).
Other efficacy endpoints (PFS, 5.7 months; OS, 14.2 months) were
not inferior to the findings of the MPACT study (PFS, 5.5 months;
OS, 8.5 months) (12) and the study of Karasic et al. (PFS,
6.4 months; OS, 12.1 months) (24). The PFS was a little shorter
in this study than that in the study of Karasic et al. (5.7 months
vs 5.5 months). We hypothesize that these discrepancies
are attributed to differences in the radiographic response
measuring frequency, with biweekly measurement in this study
versus triweekly measurement in the study of Karasic et al. (24).
TABLE 1 | Baseline characteristics. (intention-to-treat population).

Characteristic AGIG (N = 64) No. (%)

Sex
Male 36 56.25%
Female 28 43.75%
Age, median (range),y 62 (33-81)
ECOG PS
0 19 29.70%
1 45 70.30%

CA 19-9 level at baseline
median (range), u/ml 1033 (27-30491)
<37 × ULN Normal 28 43.75%
≥37 × ULN Normal 31 48.43%
Unknown 5 7.80%

Tumor site
Head and neck 33 51.56%
Body and tail 26 40.63%
Unknown 5 7.81%

Histology
Adenocarcinoma 49 76.56%
Adeno-squamous carcinoma 4 6.25%
Unclear 11 17.19%

Stage
Resection 7 10.94%
locally advanced 26 40.63%
Metastatic 31 48.44%

Site of metastatic disease N = 31 No.(%)
Liver 23 74.19%
Lung 4 12.90%
Peritoneum 10 32.26%
Bone 2 6.45%

No. of metastatic sites
1 1 3.23%
2 5 16.13%
3 1 3.23%
>3 24 77.25%
October 2021 | Volume 11 | Article
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FIGURE 1 | Protocol of drug administration. Nab-paclitaxel (125 mg/m2) and gemcitabine (1000 mg/m2) were administered intravenously to all patients on days 1
and 8 triweekly. Interleukin-2 (10000000 U) and GM-CSF (100 µg) were administered subcutaneously on days 3-5 after chemotherapy.
FIGURE 2 | Study flowchart.
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The effectiveness of the AGIG regimen was also favorable compared
to other first-line treatment options presented by previous studies
in patients with advanced PC (25–27). Accordingly, we consider
the AGIG regimen to be not inferior to the traditional therapy
regimen in Chinese patients with advanced PC.

The toxic effects of AGIG were modest. Two patients
discontinued chemotherapy early because of obstructive
jaundice and femoral head necrosis and none of the patients
required discontinuation of AGIG because of toxicity.
Exhilaratingly, we observed an obviously decrease in incidences
of neutropenia and thrombocytopenia. Totally, only eight
Frontiers in Oncology | www.frontiersin.org 649
patients (12.5%) received granulocyte-colony stimulating factor
(3/8) or thrombopoietin (5/8) treatment before or after
chemotherapy. We attribute the results to the application of
GM-CSF. GM-CSF is an important hematopoietic growth
factor and immune modulator. It stimulates the proliferation of
macrophage, granulocyte, erythroid, eosinophil, megakaryocyte
and multipotent progenitors cells depending on its concentration
(28). It also controls eosinophil function in some cases (29, 30).
Fever was the most common adverse effect in sequential
administration period of interleukin-2 and GM-CSF. Rash
maculopapular, alopecia, fatigue, nausea, vomiting, peripheral
TABLE 2 | Response rate by treatment group.

Best Response Patients No. (%) Overall (n = 64) Patients No. (%)

Head and neck Body and tail NA

Partial response 28 (43.75) 15 (45.45) 10 (38.46) 3 (6)
Stable disease 21 (32.81) 10 (30.30) 10 (38.46) 1 (20)
Progressive disease 15 (23.43) 8 (24.24) 6 (23.08) 1 (20)
Disease control rate 49 (76.56) 25 (75.76) 20 (76.92) 4 (80)
Octo
ber 2021 | Volume 11 | Article 6
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FIGURE 3 | Survival analysis. (A) Overall survival, (B) Progression-free survival.
TABLE 3 | Summary of adverse events.

Adverse event Any grade (n = 64) Grade 3-4 (n = 64)

White blood cell decreased 25 (39.06%) 3 (4.69%)
Anemia 33 (51.56%) 4 (6.25%)
Platelet count decreased 20 (31.25%) 5 (7.81%)
Neutrophil count decreased 32 (50%) 3 (4.69%)
Diarrhea 2 (3.13%) 0 (0%)
Rash maculopapular 22 (34.38%) 5 (7.81%)
Alopecia 52 (81.25%) 32 (50%)
Fatigue 28 (43.75%) 9 (14.06%)
Fever 48 (75%) 6 (9.38%)
Nausea 42 (65.63%) 12 (18.75%)
Vomiting 23 (35.94%) 15 (23.44%)
Dysgeusia 20 (31.25%) 0 (0%)
Anorexia 32 (50%) 8 (12.5%)
Peripheral sensory neuropathy 26 (40.6%) 10 (15.6%)
Adverse event leading to death 0 (0%)
93386

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Dai et al. Chemo-Immunotherapy In Advanced Pancreatic Cancer
neuropathy, and neuropsychiatric symptoms were seen with
AGIG regimen. However, these effects did not lead to decreased
chemotherapy intensity or treatment discontinuation. These
findings suggest that lower incidence of myelosuppression in
AGIG regimen ensured full dose of drug administration and
sufficient course of treatment, which may account for a survival
benefit in the trial.

In previous researches, it was explained that the activity of
chemo-immunotherapy is mainly depends on the presence of an
efficient host’s immune response. Cytotoxic drugs were able to
induce immunogenic cell death, autophagy and antigen
remodeling. In turn, immunological danger signals may empower
an efficient tumor-specific immune response (31, 32). In subgroup
analysis, we found that eosinophil count in the blood elevated three
timeshigher thanbaseline level predicteda longer survival.But it is a
pity that we did not investigate the underlying mechanisms due to
the insufficient study design. The increase of eosinophils in cancer
patients has been known for over decades (33). To our knowledge,
tumor-infiltrating eosinophils was firstly described in human
gastric cancers in the 1980s. The infiltrating of eosinophils
suggests a good prognostic value for prolonged survival (30).
Eosinophils exert anti-tumor effects via direct and indirect
mechanisms (34). Eosinophils have been reported to infiltrate
multiple tumors, either as an integral part of the tumor
microenvironment or in response to various therapeutic
strategies. An antitumor role for eosinophils has been
demonstrated in various in vitro studies. Eosinophil recruitment,
prolonged survival and degranulation have been demonstrated in
both human andmousemodels (35). The above literatures confirm
the phenomenon we observed in this study. Lack of randomization
restricts our ability to explore the implicated mechanisms, and
further studies are needed.
Frontiers in Oncology | www.frontiersin.org 750
This study has some limitations. Lack of randomization in a
single-arm trial restricts our ability to assess the specific role of
AGIG. Insufficient sample size limits the accuracy and authenticity
of the results. The improvement of the benefit must be considered
hypothesis generating. Given the favorable safety profile and the
encouraging antitumor activity of the AGIG regimen, validation by
a larger randomized trial is necessary.

In conclusion, the AGIG regimen appears more active and
safe than the standard AG chemotherapy. To our knowledge, the
study demonstrates the antitumor efficacy of a chemo-
immunomodulatory strategy in treating advanced PC sufferers
for the first time. These results open a new research area for the
treatment of pancreatic cancer by combinatory approaches of
cytotoxic chemotherapy and immune modulators. Further
investigation is warranted.
CONCLUSION

The AGIG Chemo-immunotherapy has presented encouraging
ORR, DCR, OS, and manageable toxicities as first-line treatment
option for advanced PC sufferers. This regimen may be a reliable
option for patients with preserved performance status. The
improvement of treatment efficiency may result from the
activation of non-specific immune response.
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As a main component of the tumor microenvironment, the stroma is critical in
development, progression, and metastasis of pancreatic ductal adenocarcinoma
(PDAC). The genomic status and its relationship of neoplastic and stromal components
remain unclear in PDAC. We performed targeted sequencing for 1,021 cancer-suspected
genes on parallel microdissected stromal and neoplastic components from 50 operable
PDAC patients. Clonality analysis of mutations was conducted to reconstruct the
evolutionary trajectory, and then molecular subtypes were established. Multi-lineage
differentiation potential and mesenchymal transformation of KRAS-mutant cell line
Panc1 were evaluated using RT-PCR and immunofluorescence staining. In this study,
39 (78.0%) were genomically altered in stroma, with KRAS (71.8%), TP53 (61.5%), and
CDKN2A (23.1%) as the most commonly mutated genes. The majority of stromal
mutations (89.8%) were detected in matched neoplastic components. Patients with
KRAS/TP53-mut stroma demonstrated a higher tumor cell fraction (TCF) than did those
with wild-type (WT) stroma (p = 0.0371, p = 0.0014). In both components, mutants KRAS
and TP53 often occurred as clonal events, and the allele frequencies presented linear
correlation in the same specimen. All neoplasm-like stroma (characterized with all or initial
neoplastic clones and driver events in stroma) harbored KRAS or TP53 mutations.
Neoplasm-like and KRAS-mutant stroma was associated with shorter disease-free
survival. It is a new finding for the existence of driver gene mutations in PDAC stroma.
These data suggest that genomic features of stromal components may serve as
prognostic biomarkers in resectable PDAC and might help to guide a more precise
treatment paradigm in therapeutic options.
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BACKGROUND

Despite intense efforts over the last decade, pancreatic ductal
adenocarcinoma (PDAC) is still considered one of the most
aggressive and lethal solid tumors (1). Most patients who present
with advanced PDAC will die within a year of diagnosis. Even
with resectable PDAC, patients have a 5-year overall survival of
only 15% to 25% after radical resection and adjuvant
chemotherapy (2). Lack of effective markers for prognosis
prediction and precision treatment is also attributed to the
high morality. As the only monitoring marker permitted by
the Food and Drug Administration (FDA), carbohydrate antigen
19-9 (CA19-9) is easily affected by biliary disease and is negative
in Lewis (−) PDAC patients (3). Recent studies have proposed
some biomarkers to predict prognosis of PDAC; however, none
of them achieved satisfying results (4). In this condition, new
biomarkers are urgently needed to guide precise treatment and
predict prognosis for PDAC.

The tumor microenvironment (TME) is a complicated network
that contains blood and lymphatic vessels, immune cells, stromal
cells, and extracellular matrix (cytokines, growth factors,
chemokines, and inflammatory factors). The dynamic
communication between cancer cells and TME influences cancer
proliferation, invasion, metastasis, drug resistance, and immune
escape. Immune cells such as tumor-associated macrophages have
critical functions in tumor development through manifold growth
factor secretion and numerous immunosuppressive molecule
production (5). As a critical component of the TME, the tumor
stroma has a profound effect on many hallmarks of cancer (6).
High stromal component in PDAC was confirmed as an
independent prognostic factor through digitalized whole-mount
histopathology, as well as the impact of tumor grade and perineural
invasion (7). Therefore, exploring the characteristics of the stroma
will help in addressing the progression and metastasis of PDAC.

Epithelial–mesenchymal transition (EMT) has been proposed
as an important interactive way between tumor and stroma
during malignant progression (8). Recent studies have reported
that a mesenchymal or epithelial phenotype is not a stable
property of cancer cells and is often defined by the gain of the
mesenchymal marker vimentin and the loss of the epithelial
marker E-cadherin. EMT is a process in which epithelial cells
acquire mesenchymal features, with enhanced capacity of
invasion and metastasis in cancer. Epithelially derived cells
were observed to migrate into the stroma and transformed to
mesenchymal phenotype using lineage tracing mouse model at
early stage of PDAC (9). Based on this study, we guessed that
epithelially derived cells might affect the genomic features of
stroma via EMT. Whether genomic features of the stroma have
prognostic value for PDAC is an issue of concern.

To identify genomic mutations in stroma components and to
evaluate their prognostic value in patients with resectable PDAC,
this prospective study collected surgical tissue samples from 50
patients with PDAC. We used laser capture microdissection
(LCM) technique to separate stroma from neoplastic
components, and then we performed next-generation
sequencing (NGS) for both specimens. Clinical characteristics
and clonality analysis of mutations were conducted to explore
Frontiers in Oncology | www.frontiersin.org 254
the role of stroma in PDAC, and in vitro experiments were
performed to clarify this condition.
MATERIALS AND METHODS

Clinical Cohort
This single-center prospective study was conducted at Zhejiang
Provincial People’s Hospital. From May 2016 to November 2016, a
total of 50 patients primarily diagnosed with PDAC and received
surgery were enrolled in this study. The database was locked for
follow-up and analyses on November 2018. Patients with a
concurrent malignant neoplasm were excluded. The
histopathological status was evaluated by at least two experienced
pathologists. TNM staging was defined according to American Joint
Committee on Cancer (AJCC) TNM staging system for pancreatic
cancer (10). Radiographic assessment using the Response
Evaluation Criteria in Solid Tumors (RECIST) version 1.1 was
performed and based on standard of care clinical guidelines. We
followed the Strengthening the Reporting of Observational Studies
in Epidemiology reporting guideline statement to ensure the quality
of data reported in this study (11). This study was approved by the
ethical committee at Zhejiang Provincial People’s Hospital
(No. 2016KY129). All patients provided informed written consent
before undergoing any study-related procedures. This study was
performed in accordance with the Declaration of Helsinki.

Sample Collection
Surgical tumor tissue samples and blood lymphocytes were
collected from each patient. Tissue samples were fixed by
formalin-fixed paraffin-embedded (FFPE). H&E staining was
performed for each section according to the manufacturer’s
instructions (Beyotime, Suzhou, China) before dissection. As a
guide for stromal lesion, we performed immunohistochemistry
staining for vimentin (Cat #5741 purchased from Cell Signaling
Technology, Danvers, MA, USA) in the adjacent section. Ten to 15
sections of FFPE (thickness: 5–10 mm) were cut using a microtome
(RM2265, Leica, Germany). LCM was performed to separate the
neoplastic components, fibrotic stroma, and normal pancreatic
tissue on a Leica LMD7000 microscope as previously described
(12). The microdissection was performed by at least two senior
pathologists, and any disagreement between these pathologists was
resolved by discussion. All specimens were then stored in
phosphate-buffered saline (PBS) before subsequent processing.

DNA Extraction
Genomic DNA was extracted from neoplastic, stromal, and
normal components using a QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany). Germline DNA was extracted from blood
lymphocytes using the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). DNA quality was estimated using a Qubit
fluorometer and a Qubit dsDNA (BR) Assay Kit (Invitrogen,
Carlsbad, CA, USA). Genomic DNA from normal tissues and
germline DNA from blood lymphocytes were used as negative
control to eliminate the interference of germline variants and
contaminating cancer cells.
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Sequencing Library Constructing
Extracted DNA was sheared into 200- to 250-bp fragments via a
Covaris S2 instrument (Woburn, MA, USA). KAPA LTP Library
Preparation Kit for Illumina (KAPA Biosystems, Boston, MA,
USA) was used to prepare indexed NGS libraries. NEBNext FFPE
DNA Repair Mix (Ipswich, UK) was used for FFPE DNA repair
during library construction, and the detailed protocol can be
obtained from https://international.neb.com/protocols/2015/01/
16/protocol-for-use-with-nebnext-ffpe-dna-repair-mix-m6630-
and-other-user-supplied-library-construction-reagents.
Additional information regarding library preparation was
described by Lv et al. (13).

Targeted Capture Sequencing
Libraries were hybridized to custom-designed biotinylated
oligonucleotide probes (Integrated DNA Technologies, IA,
USA). The captured genomic regions included the most
common driver genes of solid tumors (14). We chose their
entire exome regions to construct the basic panel. Next,
genomic regions related relevant to the effects of chemotherapy,
targeted drugs, and immunotherapy per available clinical and
preclinical research were added to the panel. Finally, high-
frequently mutant regions recorded in the Catalogue of Somatic
Mutations in Cancer (COSMIC, http://cancer.sanger.ac.uk/
cosmic) and The Cancer Genome Atlas (TCGA; https://
cancergenome.nih.gov/) were involved. Overall, 1,021 genes
were involved in this panel. Sequencing was carried out using
Illumina 2 × 100-bp paired-end reads on an Illumina HiSeq 3000
instrument according to the manufacturer’s recommendations
using a TruSeq PE Cluster Generation Kit v3 and a TruSeq SBS
Kit v3 (Illumina, San Diego, CA, USA). Additional detailed
information regarding library preparation was described by Lv
et al. (13). The median sequencing depth of stromal and neoplastic
components was 941× (360× to 1,626×) and 1,045× (345× to
1728×), respectively.

Raw Data Processing
Terminal adaptor sequences and reads with more than 50% low-
quality base reads, or those with more than 50% N bases,
together with their mate pair were removed from raw reads.
Subsequently, Burrows–Wheeler Aligner (BWA; version 0.7.12-
r1039, http://bio-bwa.sourceforge.net/) tool was used to align
clean reads to the reference human genome (hg19) with default
parameters. Duplicate reads were identified and marked with
Picard’s Mark Duplicates tool (https://software.broadinstitute.
org/gatk/documentation/tooldocs/4.0.3.0/picard_sam_
markduplicates_MarkDuplicates.php). The Gene Analysis
Toolkit (GATK, https://www.broadinstitute.org/gatk/) was used
to perform local realignment and base quality recalibration.

Somatic Mutation Calling
Somatic single-nucleotide variations (SNVs) and insertions or
deletions of small fragments (indels) were called using the
MuTect2 algorithm (https://software.broadinstitute.org/gatk/
documentation/tooldocs/3.8-0/org_broadinstitute_gatk_tools_
walkers_cancer_m2_MuTect2.php). The filter criteria included
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1) variants supported by fewer than five high-quality reads
(base quality ≥30, mapping quality ≥30) were filtered;
2) variants were filtered as cross-contamination if present in
>1% samples in custom single-nucleotide polymorphism (SNP)
databases (dbsnp, https://www.ncbi.nlm.nih.gov/projects/SNP/;
1000G, https://www.1000genomes.org/; ESP6500, https://evs.gs.
washington.edu/; ExAC, http://exac.broadinstitute.org/) and
self-built SNP database; 3) synonymous mutations (also listed
in Table S1) were removed; 4) variants with allele frequency less
than 1% were removed; and 5) variants detected in matched
blood lymphocytes and normal tissue were removed. The final
candidate variants were all manually verified in the Integrative
Genomics Viewer (IGV; https://igv.org/). Remaining mutations
were considered validated somatic variants.

Determination of Driver Mutations
Two steps were performed to determine driver or passenger
mutations. First, evidential driver genes of PDAC were
determined according to Bailey et al. (15). Second,
Polymorphism Phenotyping v2 (PolyPhen-2, http://genetics.bwh.
harvard.edu/pph2/) and Sortig Intolerant From Tolerant (SIFT,
http://sift.bii.a-star.edu.sg/) were used to predict whether the
protein structural change derived by one mutation was harmful
or not. Those with PolyPhen-2 Score >0.85 or SIFT Score <0.05
were defined as harmful mutations. Generally, harmful mutations
in driver genes were defined as driver events, and the others,
including harmless mutations in driver genes and all mutations in
passenger genes, were defined as passenger events.

Clonality Analysis
PyClone algorithm was used to determine the clonal clusters
(16). The essential parameters included the variant allele
frequencies (VAFs) and copy numbers of non-synonymous
mutations in both tumor and stromal components. Copy
number was estimated by Contra algorithm (http://contra-cnv.
sourceforge.net).

Cell Culture and Reagents
Human pancreatic cancer cell line Panc1 was purchased from
American Type Culture Collection (Manassas, VA, USA), and it
was grown in DMEM culture medium (Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin, in a humidified atmosphere at 37°C
and 5% CO2.

Reverse Transcriptase PCR
Total RNA was extracted from cells using TRIzol reagent
(Invitrogen, California, USA) according to the manufacturer’s
instruction. cDNA was subsequently synthesized using
PrimeScript™ RT Master Mix kit (Takara). RT-PCR was
performed using SYBR Premix Ex Taq™ kit (Takara, Dalian,
China). The primers are listed in Table S2.

Immunofluorescence Staining
Panc1 cells were seeded on coverslips and cultured under different
glycemic conditions for 3 days. Then medium was removed, and
vimentin was stained using the rabbit anti-human vimentin
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antibody (Cat #5741) purchased from Cell Signaling Technology
(Danvers, MA, USA). Evaluation was performed using confocal
laser scanning microscope (Leica, Wetzlar, Germany).

Statistical Analysis
Descriptive statistics was performed using SPSS 22.0 (IBM,
Armonk, NY, USA). Spearman’s correlation analysis was
performed using GraphPad Prism 7 (GraphPad Software,
La Jolla, CA, USA) to assess the relevance of VAFs between
mutants KRAS and TP53, as well as the correlation between
tumor cell fraction (TCF) and maximal VAF in stromal or
neoplastic component. The parameter comparison for different
patient groups was performed using the Mann–Whitney U-test
(two groups) or one-way ANOVA test (≥3 groups) (SPSS 22.0).
The Kaplan–Meier survival analysis was used to compare disease-
free survival (DFS) between different subgroups, and Cox
regression was performed to determine the influence of multiple
factors on DFS. Both analyses were conducted by SPSS 22.0. A
two-tailed p-value <0.05 was considered statistically significant.
RESULTS

Clinical Characteristics
Clinical characteristics of patients are summarized in Table 1. All
of 50 patients were diagnosed with primary PDAC. The median
age at diagnosis was 65 years (ranged from 37 to 84 years).
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The number of male and female patients was 30 (60.0%) and 20
(40.0%), respectively. The majority of enrolled patients were
stage I/II (n = 44, 88.0%). Histologically, 25 patient specimens
(50.0%) were poorly differentiated in terms of cellular
morphology, and the others were moderately differentiated.
The maximal diameter of tumor in situ was >4 cm in seven
patients (14.0%). Regional lymph nodes were involved in 19
patients (38.0%). The adjacent nerve and vasculature were
invaded in 41 (82.0%) and 21 (42.0%) of patients, respectively.

Surgical resection was performed in all patients as the sole
treatment for 20 patients (40.0%). Thirty (60.0%) received
adjuvant chemotherapy after surgery. Eight (16.0%) patients
had ≥2 lines of chemotherapy. At the time of last follow-up, 19
patients (38.0%) experienced local (two, 10.5%) or distant
recurrences (17, 89.5%) postoperatively.

Mutant Prevalence of
Stromal Components
Cellular morphology was determined via H&E staining, and the
incisal margin of LCM was kept away from nests as much as
possible to avoid the contamination of neoplastic cells. As a
specific biomarker of stroma-derived cells, vimentin was
enriched in stromal components isolated from the adjacent
section (Figure 1A). We evaluated the mutant prevalence in
the stromal components. In total, 127 somatic mutations
(median = 3, ranged from 1 to 7) were detected in stromal
components from 39 patients (Table S1). KRAS (n = 28, 71.8%),
TABLE 1 | Correlation between clinical characteristics and genomic status of stroma.

Characteristics Any mutation (n = 50) Mutant KRAS (n = 50) Mutant TP53 (n = 50) Co-mutants KRAS and TP53
(n = 50)

Positive
(n = 39)

Negative
(n = 11)

p Positive
(n = 28)

Negative
(n = 22)

p Positive
(n = 24)

Negative
(n = 26)

p Positive
(n = 21)

Negative
(n = 29)

p

Age, years
Median 66 65 0.3325 68 62.5 0.0036* 68.5 63.5 0.0101* 69 63 0.0029*
Gender, n (%)
Male 23 (59) 7 (64) 0.9444 15 (54) 15 (68) 0.2952 13 (54) 17 (65) 0.4186 10 (48) 20 (69) 0.1283
Female 16 (41) 4 (36) 13 (46) 7 (32) 11 (46) 9 (35) 11 (52) 9 (31)
Differentiation, n (%)
Poor 19 (49) 6 (55) 0.7328 14 (50) 11 (50) 1.0000 13 (54) 12 (46) 0.5713 11 (52) 14 (48) 0.7745
Other 20 (51) 5 (45) 14 (50) 11 (50) 11 (46) 14 (54) 10 (48) 15 (52)

Clinical stage, n (%)
I 22 (56) 3 (27) 0.0878 15 (54) 10 (45) 0.5688 15 (63) 10 (38) 0.0894 12 (57) 13 (45) 0.3900
II-IV 17 (44) 8 (73) 13 (46) 12 (55) 9 (37) 16 (62) 9 (53) 16 (55)

Tumor size, n (%)
>4 cm 5 (13) 2 (18) 0.9686 4 (14) 3 (14) 0.7302 4 (17) 3 (12) 0.9091 4 (19) 3 (10) 0.6438
≤4 cm 34 (87) 9 (82) 24 (86) 19 (86) 20 (83) 23 (88) 17 (81) 26 (90)

Lymph node, n (%)
Positive 14 (36) 5 (45) 0.8219 11 (39) 8 (36) 0.8327 8 (33) 11 (42) 0.5137 7 (33) 12 (41) 0.5629
Negative 25 (64) 6 (55) 17 (61) 14 (64) 16 (67) 15 (58) 14 (67) 17 (59)

Nerve invasion, n (%)
Positive 32 (82) 9 (82) 0.6697 24 (86) 17 (77) 0.6888 21 (88) 20 (77) 0.5457 18 (86) 23 (79) 0.8346
Negative 7 (18) 2 (18) 4 (14) 5 (23) 3 (12) 6 (23) 3 (14) 6 (21)

Vascular invasion, n (%)
Positive 13 (33) 8 (73) 0.0464* 12 (43) 9 (41) 0.8898 9 (38) 12 (46) 0.5357 9 (53) 12 (41) 0.9168
Negative 26 (67) 3 (27) 16 (57) 13 (59) 15 (62) 14 (54) 12 (57) 17 (59)
Octob
er 20
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*Statistical significance.
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TP53 (n = 24, 61.5%), and CDKN2A (n = 9, 23.1%) were the most
recurrent mutant genes (Figure 1B). All of KRASmutations were
located in the hot spot codons 12 and 61, including G12C (n = 1),
G12D (n = 11), G12R (n = 2), G12V (n = 12), Q61H (n = 2), and
Q61R (n = 1) (Figure S1). Two KRAS mutations (G12R and
G12V) co-existed in P05. Twenty-one TP53 mutations (87.5%)
occurred in DNA-binding domain (Figure S1). As the top two
prevalent mutant genes, KRAS and TP53 were co-altered in 21
patients (Figure 1B).

Droplet digital PCR (ddPCR) was used to verify the credibility
of stromal mutations, and the most common mutation site
(KRAS G12D/V) from seven stromal specimens with different
VAF range was selected. As the results, all of seven mutations
were indeed repeated via ddPCR, and the VAFs estimated by
ddPCR and NGS demonstrated strong consistency (R2 = 0.9067,
p = 0.0009, Figure S2).

Correlation between clinical characteristics and genomic
alterations of the stroma was then explored. The stroma was
more likely to be genomically altered in patients without vascular
invasion than in those with vascular invasion (p = 0.0464,
Table 1). Mutants KRAS (p = 0.0036) and TP53 (p = 0.0101),
as well as co-mutants KRAS and TP53 (p = 0.0029), more likely
occurred in older patients than in younger ones, although the
distribution of age at diagnosis suggests no discrepancy between
Frontiers in Oncology | www.frontiersin.org 557
patients with and without stromal mutations (Table 1).
Nevertheless, there was no significant correlation between
other baseline characteristics and mutations in stroma (Table 1).

Mutational Overlap Between Stromal and
Matched Neoplastic Components
Next, a total of 248 mutations were detected from 50 neoplastic
specimens (median = 5, ranged from 1 to 11, Table S1).
Commonly altered genes in neoplastic components included
KRAS (n = 47, 94.0%), TP53 (n = 43, 86.0%), CDKN2A (n = 12,
24.0%), and SMAD4 (n = 9, 18.0%) (Figure S3). We validated the
mutation prevalence of both stromal and neoplastic components
using TCGA data. Altered KRAS and TP53 were the most
commonly altered genes and demonstrated concordance in
three cohorts, with less prevalence in the stroma than in the
other two cohorts (71.2% and 61.5% in stroma, 94.0% and 86.0%
in tumor, and 90.7% and 69.3% in TCGA) (Figure 1C).

Stromal mutations were further verified in matched neoplastic
components. Overall, 114 mutations co-existed in both
components. Thirteen stromal mutations were absent in matched
neoplastic components, while 134 mutations were exclusive to the
neoplastic components (Figures 1D, S3). Critical driver gene
analysis and function prediction showed 71 candidate driver
events (62.3%, 71/114) that occurred in nine genes, including
A B

DC

FIGURE 1 | Analysis of mutation detection in stromal components. (A) Representative schematic diagram showing the three components of PDAC: the neoplastic,
stroma, and normal pancreatic components. Vimentin was enriched in stromal components. (B) Mutational prevalence of stromal components. Top 15 genes
mutated in over two stroma specimens are shown. In total, 127 somatic mutations were detected in stromal components from 39 patients. KRAS (71.8%), TP53
(61.5%), and CDKN2A (23.1%) were the most recurrent mutant genes. Top bars indicate the number of mutations. Left-hand bars represent the frequency of each
gene. Hot plot shows the detailed mutations detected in each patient. (C) Comparison of mutant frequencies of top 15 genes in stroma, tumor, and public TCGA
database. Altered KRAS and TP53 were the most commonly altered genes and demonstrated concordance in three cohorts. (D) Common mutations in stromal
and matched neoplastic components; 89.8% mutations in stroma also co-existed in matched neoplastic components. Thirteen stromal mutations were absent in
matched neoplastic components, while 134 mutations were exclusive to the neoplastic components. PDAC, pancreatic ductal adenocarcinoma; TCGA, The Cancer
Genome Atlas.
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KRAS, TP53, CDKN2A, ARID1A, GNAS, KDM6A, RNF43,
SMAD4, and TGFBR2 (Figure S4). All mutations of KRAS and
TP53 in stroma were also identified in matched neoplasm, except
one KRAS mutation in P05, which harbored two different KRAS
mutations in the stroma (Figure S3). Furthermore, KRAS
mutations identified in the neoplastic components were absent in
matched stroma for 19 patients (38.0%). The same TP53mutations
were identified in matched neoplastic components of only 19
patients (38.0%) (Figure S3). For 13 stroma-specific mutations,
there were only two driver events (15.4%, KRAS G12V for P05,
SMAD4W302* for P43, Table S1), while 57 driver events (42.5%)
were underlined in 134 neoplasm-specific mutations. We further
performed pathway enrichment analysis for stroma-specific and
neoplasm-specific mutations using Kyoto Encyclopedia of Genes
and Genomes (KEGG) resource. As a result, a more intimate
connection with tumorigenesis and development was highlighted
for neoplasm-specific mutations compared with stroma-specific
mutations (Figure S5). Those co-existed mutations in both
components indicated that cancer cells affected the genomic
features of stroma via EMT. On the other hand, those non-
tumor-related mutations in stromal components demonstrated
that genomic variants indeed occurred in TME, which might be
attributed to clonal evolution.

Clonality Analysis of Mutations
The TCF could impact the analysis of clonality. The correlation
between TCF estimated by microimaging and the mutational
status of the neoplasm and stroma were evaluated (Figure 2A).
The TCF in patients with mutant stroma was significantly higher
than in those with normal stroma (p = 0.0019, Figure 2B).
However, the VAFs in neither stroma (Figure S6A) nor
neoplasm (Figure S6B) were correlated with the TCF. Patients
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with KRAS/TP53-mut stroma also demonstrated a higher TCF
than did those with wild-type stroma (p = 0.0371, p = 0.0014,
Figures 2C, D). Nevertheless, no discrepancy was seen for patients
with or without KRAS/TP53-mut neoplasm (Figure S7), possibly
due to the extremely high detection rate of KRAS and TP53
mutation in neoplastic components.

To eliminate the frequency bias between neoplastic and
stromal mutations, we normalized the VAFs of each mutation
(absolute VAF/maximum VAF in the same specimen) in paired
stromal and neoplastic components. Mutations with ≥50.0%
normalized VAFs were more likely to be clonal events and
occurred early during development of stroma or neoplasm
than those with <50.0% normalized VAFs. For 114 mutations
common in both components, 99 mutations (86.8%) were clonal
events in stroma, among which 96 (84.2%) presented ≥50.0%
normalized VAFs in both neoplasm and stroma (Figure 3A).
However, for 134 neoplasm-specific mutations, only 72 (53.7%)
were clonal in neoplastic components (Figure 3A), significantly
lower than the proportion of common mutations (c2 p < 0.0001).

In neoplastic and stromal components, 95.8% (46/48) and
89.7% (26/29) of KRAS mutations were clonal, respectively
(Figure 3A). For mutant TP53, 97.7% (42/43) in neoplasm and
87.5% (21/24) in stroma were clonal variants (Figure 3A). The
VAFs of KRAS and TP53mutations in the same stroma presented
statistically significant consistency (Spearman’s r2 = 0.7481, p <
0.0001, Figure 3B), indicating that mutants KRAS and TP53
might have co-occurred around the same early period.
Moreover, stroma with co-occurred KRAS and TP53 tended to
harbor more mutations in stroma than the others (p < 0.0001)
(Figure 3C). Similarly in neoplastic components, KRAS and TP53
often co-altered and showed significant consistency (Spearman’s
r2 = 0.6841, p < 0.0001, Figure 3D). More mutations were detected
A

B DC

FIGURE 2 | Correlation between the tumor cell fraction (TCF) and genomic status. (A) Overview of the TCF, stroma/neoplastic VAF, and KRAS/TP53 status for each
patient. (B–D) Comparison of the TCF from patients with mutant or normal stroma (B), with or without KRAS mutation (C), and with or without TP53 mutation (D).
VAF, variant allele frequency.
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in neoplasm with co-mutations than those without co-mutations
(p = 0.0272, Figure 3E). Altogether, these results indicated that the
neoplasm and adjacent stroma were likely to share the similar
clonal trunk events, especially for mutants KRAS and TP53,
during the early tumorigenesis.

Subsequently, PyClone strategy was utilized to reconstruct the
evolutionary trajectory for neoplastic components. Ultimately,
four subtypes were clarified for patients according to the genetic
and driver imprinting derived from neoplasm upon stroma. The
first type (A) included 12 patients characterized by the overall
genomic and evolutional concordance, indicating that all
neoplastic clones and driver events could be identified in stroma
(Figures 4A, S8A). The second type (B) included 20 patients, and
all stroma harbored the neoplastic initial clones and driver events
but lacked some of subsequent clones (Figures 4B, S8B). The
third type (C) involving five patients demonstrated total absence
of neoplastic mutations in stroma (Figures 4C, S8C). The fourth
type (D) included only two patients. For the first patient, the initial
clone was absent, but a driver mutation (RNF43 K568Sfs*132)
involved in a latter clone was identified in stroma (Figure 4D). For
the second patient, the initial neoplastic clone indeed expressed in
stroma, but no driver mutation was identified (Figure S8D). Of
note, patients with mutants KRAS and TP53 in stroma were either
type A or B. There was no significant discrepancy of TCF among
the four different subtypes (Figure S9). Overall, type A/B was
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defined as neoplasm-like stroma based on the similar genetic
performance and evolutional entanglements between neoplastic
and stromal components.

KRAS Mutation Promotes Mesenchymal
Transformation of Epithelial Cancer Cell
Epithelial cancer cell were observed to migrate into the stroma and
transformed to mesenchymal phenotype via EMT in a PanIN
mouse model carried KRASmutation (9). Based on this study and
aforementioned findings, multi-lineage differentiation potential
and mesenchymal transformation of KRAS-mutant cell line Panc1
were evaluated to validate this result. After 3 days of cell culture in
DMEM with 5 and 25 µM of dextrose, five regulator markers of
cell pluripotency involving OCT4, BMI1, NANOG, SOX2, and
CD24 were detected by RT-PCR. These five markers exhibited
significant increase in the 25 µM group compared with the 5 µM
group (Figure 5A). Furthermore, the expression of E-cadherin
was significantly decreased while b-catenin was significantly
increased in a high-nutrient environment, indicating the
progress of EMT and cell migration (Figure 5A). Subsequently,
immunofluorescent staining revealed an enhanced expression of
vimentin in the 25 µM dextrose group but absent in the 5 µM
dextrose group (Figure 5B). Those findings indicated that a
fraction of tumor cells harbor multi-lineage differentiation
potential and that KRAS mutation might facilitate this process.
A

B

D E

C

FIGURE 3 | Clonality and mutation burden analysis of KRAS in stromal and neoplastic components. (A) Variant allele frequencies (VAFs) of each mutation were
normalized with maximum VAF in the same specimen to assess the clonality. Mutations with ≥50% normalized VAFs were more likely to be clonal events; 86.8% of
common mutations were clonal events in stroma. (B, D) The VAFs of KRAS and TP53 mutations showed statistically significant consistency in the stromal
(Spearman’s r2 = 0.7481, p < 0.0001) and neoplastic (Spearman’s r2 = 0.6841, p < 0.0001) components, indicating that mutants KRAS and TP53 might have
co-occurred around the same early period. (C, E) Samples with co-mutants KRAS and TP53 tended to harbor more mutations than the other mutant subtype
samples, in both stromal (p < 0.0001) and neoplastic (p = 0.0272) components.
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Genomic Status of Stroma Associated
With the Postoperative Survival of
Pancreatic Ductal Adenocarcinoma
The association between DFS and genomic status of stroma, as
well as multiple clinicopathologic risk factors of PDAC, was
Frontiers in Oncology | www.frontiersin.org 860
analyzed for 32 patients who were followed up over 1 year after
surgical operation. The Kaplan–Meier analysis showed that 32
patients with neoplasm-like stroma had a markedly reduced DFS
time (median = 3.9 months) than had the other patients (median
DFS unreached, hazard ratio = 3.079, 95% CI 1.126 to 7.215,
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FIGURE 4 | Four types of patients demonstrating different evolutionary trajectories involving both stroma and neoplastic components. P49 (A), P05 (B), P18 (C) and
P02 (D) presented four different subtypes of evolutionary trajectory. The black dots indicate clones shared by matched stroma and neoplasm. The red dots represent
clones private to neoplastic components. The black characters indicate mutations shared by matched stromal and neoplastic components. The emergence and
progression pattern of each clone are hypothesized according to the fraction of clonal population inferred from the average VAF of mutations involved in the same
clone. VAF, variant allele frequency.
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FIGURE 5 | KRAS-mutant tumor cells might transform into stem-like cells. Panc1 cells were cultured for 3 days in the presence of 5 or 25 µM of dextrose. (A) The
expression level of OCT4, BMI1, NANOG, SOX2, CD24, E-cadherin, b-catenin, and vimentin was detected by RT-PCR. Data are presented as mean ± SEM of three
independent experiments. (B) Vimentin expression was analyzed by immunofluorescent staining (blue, nucleus; green, vimentin). Original magnification ×600.
*p < 0.05, **p < 0.005, ***p < 0.0005.
October 2021 | Volume 11 | Article 771247

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Jiang et al. Genomic Landscape in Neoplasm-Like Stroma
p = 0.0193, Figure 6A). We further evaluated whether stromal
KRAS mutations were associated with postoperative survival. As
the results, patients with KRAS-mutant stroma had a
significantly poorer DFS time (median = 3.9 months) than
those with KRAS-wild-type stroma (median DFS unreached,
hazard ratio = 3.304, 95% CI 1.247 to 8.751, p = 0.0162,
Figure 6B), which was also confirmed by multivariate analysis
(hazard ratio = 2.962, 95% CI 1.174 to 7.471, p = 0.021, Table 2).
Patients with TP53-mutant stroma also showed poorer DFS time
(median = 3.8 months) than those with TP53-wild-type stroma
(median DFS unreached, hazard ratio = 3.143, 95% CI 1.112 to
8.880, p = 0.0307). However, although exhibiting a certain trend
in univariate analysis, all clinicopathologic risk factors of PDAC,
including clinical stage, tumor size, histological differentiation,
lymph node involvement, nerve, and vasculature invasion,
showed no significant association with DFS in univariate and
multivariate analyses (Figure S10, Table 2).
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DISCUSSION

The tumor stroma has important roles in cancer development,
progression, and metastasis (17). Although previous studies
demonstrated the complex biophysical and transcriptional
properties of stroma for patients with PDAC (18, 19), little
evidence supports the clinical relevance of stroma genomic
characteristics at present. In this study, we hypothesized that
genomic mutations existed in stroma and might contribute to the
clinical outcome of resectable PDAC. We identified 127 somatic
mutations in stromal components separated by LCM methods
and found KRAS mutations were highly prevalent and widely
clonal in stroma. Subtyping based on genomic features,
neoplasm-like, and KRAS-mutant stroma was associated with
poor DFS.

As its first objective, our study initially reported the genomic
alterations in the stroma and defined four subtypes according to
A B

FIGURE 6 | Kaplan–Meier curves for disease-free survival (DFS) according to genomic status of stroma. (A) DFS analysis in 32 patients followed up over 1 year after
surgical operation. Patients with neoplasm-like stroma had markedly short DFS (median = 3.9 months) than those without neoplasm-like stroma (median DFS
unreached, hazard ratio = 3.079, 95% CI 1.126 to 7.215, p = 0.0193). (B) Patients with KRAS-mutant stroma also showed poor DFS (median = 3.9 months) than
those with KRAS-wild-type stroma (median DFS unreached, hazard ratio = 3.304, 95% CI 1.247 to 8.751, p = 0.0162).
TABLE 2 | Univariate and multivariate Cox analyses for risk factors of relapse.

Variables Univariate analysis Multivariate analysis

HR (95% CI) p HR (95% CI) p

Clinical stage, II/IV vs. I 0.73 (0.30–1.80) 0.492 – –

Tumor size, >4 vs. ≤4 cm 0.53 (0.13–2.16) 0.378 – –

Differentiation, poor vs. other 2.00 (0.80–4.87) 0.142 – –

Lymph node metastasis, Positive vs. negative 2.05 (0.75–5.62) 0.164 – –

Nerve invasion, positive vs. negative 2.43 (0.89–6.65) 0.085 – –

Vascular invasion, positive vs. negative 1.93 (0.76–4.92) 0.169 – –

Adjuvant chemotherapy, positive vs. negative 0.90 (0.36–2.28) 0.831 – –

KRAS status in stroma, Mutant type vs. wild type 3.30 (1.25–8.75) 0.016* 2.96 (1.17–7.47) 0.021*,a
O
ctober 2021 | Volume 11 | Article
*Statistical significance.
aMultivariate analysis was performed using method Forward: LR.
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the genetic and driver imprinting derived from neoplasm upon
stroma for patients with PDAC. In view of the substantial
mutations shared by tumor and stroma and the clonal
relationship of two components, the stromal cells with shared
mutations derived from the common progenitor with neoplastic
cells, supporting that tumor cells affected the genomic features of
stroma via EMT. Interestingly, stromal and neoplastic cells also
experienced divergent evolution because of the emerged private
genetic variants in both components. Rhim et al. reported that
tagged epithelial cells invaded stroma prior to tumor formation
and transformed to mesenchymal phenotype at early stage of
PDAC, which is consistent with our results (9). Although the
cellular morphology persists as “normal stromal cells,” the
genetically and functionally neoplasm-like variants indicate
the real status of stroma and distinguish different subtypes of
PDAC for prognostic prediction. Activated stroma could
promote the acquisition of more genetic and epigenetic
changes in tumor cells and induce cancer development (20,
21). On the other side, autonomously genomic changes in the
stroma were also suggested to induce tumorigenesis (22).

As a critical driver gene in early tumorigenesis (23), KRAS
mutations were detected in stromal components from 28 PDAC
(71.8%) cases, and 89.7% of these mutations were clonal events.
Rhim et al. also reported that epithelial cancer cells can
transform to mesenchymal phenotype and invade stroma in a
PanIN mouse model that carried KRAS mutation (9). Based on
these results, KRAS-mutant tumor cells might have more
aggressive behavior on tumor progression and then affect the
stroma genomic features via EMT; thus, we conducted some
experiments to validate this condition in vitro. Results showed
that KRAS-mutant tumor cells harbored higher multi-lineage
differentiation potential and promote tumorigenesis via
EMT, which was consistent with the above hypothesis.
However, further mechanism needs to be explored by future
fundamental researches, which can help in clarifying the
underlying mechanisms and thus improving the therapeutic
strategies for PDAC patients.

The outcome for resectable PDAC remains dismal despite
improvements in surgical and oncological management strategies.
In many cases, patients with similar clinicopathologic
characteristics benefit variably in surgery outcome. Also, there
is a lack of clear clinicopathologic evidence to guide clinicians to
determine the therapeutic options before and after resection.
Nowadays, resectability of PDAC has traditionally been assessed
with geometric descriptions of the tumor–vessel interface (24).
Despite recent therapeutic improvements, postoperative
prognosis of PDAC remains very poor (25). Many
clinicopathologic and serologic markers have been tested, but
none is highly prognostic for PDAC patients (26). The genetic
involvement between tumor and stroma seems associated with
PDAC prognosis. In this study, we found that patients with
KRAS-mutant stroma had a considerable risk of postoperative
recurrence, and their survival was evidently worse than that of the
other patients. If our results can be corroborated in a much larger
prospective study, then analysis of driver mutation in PDAC
stroma might help to guide a more precise treatment paradigm in
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adjuvant therapeutic options. For patients with neoplasm-like
stroma, cutting off the crosstalk between neoplasm and stroma
before conventional agents might improve their poor
performance with PDAC. Furthermore, 94% patients harbor
KRAS mutation in neoplasm, and prognosis of PDAC due to
the extremely high mutant frequency failed to be predicted.
Therefore, this stroma biomarker had evident advantage over
conventional and tumor biomarkers, such as a more precise and
accurate distinction of tumor prognosis.

Considering the complex immune environment in the
stroma, another possible reason for worse prognosis is that
such cancer-associated driver mutations in stroma may act to
attenuate immune responses (27). Actually, it has been reported
that mutations in the KRAS will activate the MAP kinase
pathway and thus decrease the transcription of major
histocompatibility complex class I molecules as well as the
expression of other genes encoding molecules that are essential
for peptide loading (28). In this case, cells harboring driver
mutations might escape from immune response and act as the
“bridgehead” to invade adjacent tissue and metastasize. These
alterations might reduce inflammation in tumors and the killing
of tumor cells by decreasing the density of T-cell ligands on
tumor cells. The stiff extracellular matrix in stroma has a role as
the bridge mediating the interactions between neoplasm and
stroma, as well as the protector of tumor cells away from
immune clearance and pharmacological effects (29). Therefore,
several pro-fibrotic growth factors, such as TGF-b, PDGF, EGFR,
and IGF-1, can be recruited as potential therapeutic targets to
abolish such interactions and protections. Followed by these
novel efforts, conventional chemoradiotherapy might achieve a
much better effect for PDAC patients. Based on this finding, it
may be useful to investigate the immune status of stroma for
better understanding the prognostic effect of stromal KRAS
mutations, which is in our plan.

Some limitations of this study persist. First, the follow-up
time was short for some patients, and it still did not reach the
median of overall survival, so the data were not efficiently utilized
yet. Second, the limited morbidity of PDAC and the attribute of
single-center study resulted in the relatively small sample size. To
solve these problems, we have planned a multi-center study
based on available results. Overall DFS and postoperative DFS
are the primary and second endpoints, respectively. In order to
further verify the results, we drew in this study. Third, to
establish clinical utility of detecting mutations in stroma, the
techniques applied here would also require improvement to
satisfy feasibility for routine use. However, despite these
limitations, this study can clearly indicate the genetic
interaction between neoplastic and stromal components due to
the normalized experimental and analytical procedures.

In this study, we performed parallel genotyping of stromal
and neoplastic components and evaluated the prognostic ability
of stromal markers for PDAC patients. We clarified the
hereditary and evolutional connection between neoplasm and
stroma, explored a novel prognostic marker based on stromal
genomic status, and validated that KRAS-mutant stroma cells
might derive from tumor cells with multi-lineage differentiation
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potential and promote tumorigenesis via EMT. Although it is
currently complex and beyond routine clinical use to obtain
stroma by LCM technique, we hope these efforts will be helpful to
improve clinical management for PDAC patients in the
near future.

In conclusion, a considerable proportion of PDAC stroma
exhibit cancer-associated driver mutations, and four molecular
subtypes were clarified according to the evolutional connection
between neoplasm and stroma. Stromal KRAS mutations may
serve as prognostic biomarkers in resectable PDAC and might
help to guide a more precise treatment paradigm in
therapeutic options.
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Pancreatic cancer (PC) is a highly malignant disease characterized by insidious onset, rapid
progress, and poor therapeutic effects. The molecular mechanisms associated with PC
initiation and progression are largely insufficient, hampering the exploitation of novel
diagnostic biomarkers and development of efficient therapeutic strategies. Emerging
evidence recently reveals that noncoding RNAs (ncRNAs), including long ncRNAs
(lncRNAs) and microRNAs (miRNAs), extensively participate in PC pathogenesis.
Specifically, lncRNAs can function as competing endogenous RNAs (ceRNAs),
competitively sequestering miRNAs, therefore modulating the expression levels of their
downstream target genes. Such complex lncRNA/miRNA/mRNA networks, namely,
ceRNA networks, play crucial roles in the biological processes of PC by regulating cell
growth and survival, epithelial–mesenchymal transition and metastasis, cancer stem cell
maintenance, metabolism, autophagy, chemoresistance, and angiogenesis. In this
review, the emerging knowledge on the lncRNA-associated ceRNA networks
involved in PC initiation and progression will be summarized, and the potentials of the
competitive crosstalk as diagnostic, prognostic, and therapeutic targets will be
comprehensively discussed.

Keywords: pancreatic cancer, long noncoding RNA, microRNA, competing endogenous RNA, network
INTRODUCTION

Pancreatic cancer (PC) is a highly aggressive malignancy with a dismal prognosis and limited
treatment options worldwide (1). According to cancer statistics, it is the fourth leading cause of
cancer-related deaths in the USA, with an overall 5-year survival rate of 8% and a median survival
time of 6 months (2). Patients are often asymptomatic, and approximately 80%–85% of PC patients
have unresectable or metastatic lesions at the time of initial diagnosis. Surgical resection remains the
exclusive potential curative treatment. Owing to the aggressive nature of this neoplasm, early
postoperative recurrence and occult metastasis also reduce the efficacy of surgical treatment, and only
approximately 20% of patients treated with postoperative adjuvant chemotherapy can survive for 5
years (3). Systemic chemotherapy is indispensable in the treatment of advanced or metastatic PC.
Despite many attempts to optimize the chemotherapeutic regimens for PC in clinical studies, such as
FOLFIRINOX (fluorouracil, leucovorin, oxaliplatin, and irinotecan), gemcitabine/Nab-paclitaxel,
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gemcitabine/erlotinib, gemcitabine/capecitabine, and
capecitabine/oxaliplatin (XELOX), the increase in the overall
survival rate is still poor. By contrast, there is little evidence to
support the efficacy of radiotherapy in the treatment of PC (4).
Thus, there is an urgent need for a better understanding of the
molecular mechanisms of PC to improve patient prognosis.

Although several genes and pathways have been found to be
involved in the occurrence and progression of PC, the underlying
mechanisms remain unclear. According to previous studies, the
mutations of the driver genes in the sentinel cell are the primary
cause of tumor initiation (5, 6). These genetic alterations in the
oncogene Kirsten RAt Sarcoma virus (KRAS) and tumor
suppressor genes such as tumor protein 53 (TP53), cyclin-
dependent kinase inhibitor 2A (CDKN2A), and Smad4 together
lead to the occurrence of PC (7). KRASmutations, which occur in
more than 90% of PCs, are one of the most frequent oncogene
changes associated with PC development (8, 9). Subsequently, at
the later stage compared with the KRASmutation, the inactivation
of TP53, CDKN2A, and Smad4 plays a key role in the pathogenesis
and invasion of PC (10). Accumulating studies have revealed that
the disorders of various signaling pathways mediate changes in the
tumor stromal cells, and this process is closely associated with the
occurrence and progression of PC (11, 12). Mutations in KRAS
and epidermal growth factor receptor (EGFR) can activate
different signaling pathways including renin-angiotensin system/
rapidly accelerated fibrosarcoma/Mitogen-activated protein kinase
kinase/extracellular-signalregulated protein kinase (Ras/Raf/MEK/
ERK) and phosphatidylinositol-3-kinase (PI3K)/Akt (13, 14). In
recent studies, targeting and regulating the key signaling molecules
in these pathways have become a hot research topic for improving
PC therapy (13). In addition, during the progression of PC, there
are dysregulations of important signaling pathways such as EGFR/
mitogen-activated protein kinase (MAPK), tumor necrosis factor-
related apoptosis-inducing ligand/ tumor necrosis factor receptor
associated factor 2 (TRAIL/TRAF2), and Ikappa B kinase/nuclear
factor-k-gene binding (IKK/NF-kB), and in these signaling
pathways, not only the apoptosis-inhibiting related proteins but
also the expression of many other molecules including B-cell
lymphoma-2 (Bcl-2), baculoviral IAP repeat containing 5/
(BIRC5), inhibitor of apoptosis protein 3 (IAP3), and cellular
inhibitor of apoptosis protein (cIAP) has changed (15). At present,
the research on PC-related pathways has become more attractive.

According to previous reports, most RNAs do not encode
proteins (16). These noncoding RNAs (ncRNAs) can be divided
into long noncoding RNAs (lncRNAs), circular RNAs (circRNAs),
microRNA (miRNA), enhancer ncRNAs, etc., and are closely
related to a variety of malignant tumors including PC (17, 18).
With the support of innovative technologies such as high-
throughput RNA sequencing, a large number of ncRNAs have
been discovered and clearly classified (19). The ncRNAs play
important roles in a variety of biological processes and have
regulatory function in the process of transcription and
posttranscriptional gene expression (20). The dysregulation of
ncRNAs affects many cellular processes including signal
transduction, posttranscriptional modifications, and chromatin
remodeling, which is closely related to the occurrence and
Frontiers in Oncology | www.frontiersin.org 266
development of various cancers (21, 22). In addition to acting as
tumor suppressors or oncogenic driver genes in a variety of
malignant tumors, ncRNAs also regulate various molecules in the
signaling pathways to exert effects (23, 24). The aberrant expression
of ncRNAs participates in the regulation of drug resistance, cell
invasion, metastasis, and other processes, which ultimately affects
the development of PC (25–27). There are also interactions between
different RNAs, and studying the interactions of RNAs may be
helpful for the further understanding of PC pathogenesis (28, 29).
In recent years, studies have reported the correlation between the
aberrant expression levels of different ncRNAs in PC, including the
interaction between mRNA and ncRNAs, basing on the competing
endogenous RNAs (ceRNA) hypothesis (29, 30).
THE ceRNA HYPOTHESIS IN CANCERS

MiRNAs are short endogenous RNAs with a length of
approximately 21–23 nt (31). The binding sites of miRNAs are
called miRNA recognition elements (MREs), which are most
commonly found in the 3′-untranslated regions (3′-UTRs) of
RNA transcripts such as mRNA (32). In the traditional concept,
miRNAs, as the regulatorymolecules of the gene expression, bind to
the MREs on the mRNAs and then guide the Argonaute protein to
the target mRNA, leading tomRNA degradation or gene expression
inhibition (33, 34). However, with the further in-depth research on
RNA interaction, Franco-Zorrilla et al. (35) have discovered that
ncRNAs could relieve the inhibitory effect of miR-399 on its target
RNA in plants. Furthermore, Ebert et al. (36) found the similar
molecular effects in the animal experiments. Studies indicate that
miRNAs are regulated by other ncRNAs bearing MRE sequences in
the process of regulating mRNA gene expression (37, 38). Different
ncRNAsmay possess the sameMRE sequence, so multiple ncRNAs
may competitively bind to the same miRNA (39). Initially, the
phenomenon that ncRNAs compete with mRNAs to bind miRNAs
through MREs is called “RNA sponge” (40). In 2011, Salmena et al.
(41) formally proposed the ceRNA hypothesis, calling such
ncRNAs that competitively bind miRNAs as ceRNAs.

It has been reported that miRNAs could be regulated by
various RNA molecules such as lncRNA, circRNAs, and
pseudogenes (37). There are over 500 miRNA genes in the
human genome, and more than half of mRNA genes may carry
MREs (42–44). Multiple miRNAs can regulate a single RNA with
various MREs, while multiple RNAsmay contain the same specific
MRE (34). The different types of these RNA interactions together
constitute ncRNA–miRNA–mRNA ceRNA regulatory networks.
Current research indicates that the concentration of ceRNAs and
miRNAs affects the competition efficiency of the ceRNA–miRNA
network (45). In addition, RNA-binding proteins (RBPs), RNA 3′-
UTRs, and the subcellular localization of ceRNAs all affect the
activity of ceRNAs (36, 45). According to statistics, the potential
targets of miRNAs account for more than 60% among the genes
that encode human proteins (41, 46). Therefore, changes in the
influencing factors of ceRNAs can lead to the imbalance of
the ceRNA networks, which may further contribute to the
occurrence or development of diseases, including cancer (47).
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After the ceRNA hypothesis was put forward, more and more
studies, supported by bioinformatics and other technologies, have
confirmed the existence of ncRNA–miRNA–mRNA regulatory
networks in cancer (29, 47). Researchers have discovered dense
MREs in most cancer-related coding genes and lncRNAs in the
human genome (32). In cancer cells, these aberrantly expressed
lncRNAs interact and further affect the expression of miRNAs
through the ceRNA network, which ultimately regulate related
cancer genes (32). The lncRNA highly upregulated in liver cancer
(HULC) was found to inhibit miR-372 as a ceRNA in liver cancer,
thereby increasing the expression of cAMP-dependent protein
kinase catalytic subunit beta (PRKACB) (48). In non-small cell
lung cancer, LINC81507 acts as the sponge of miR-199b-5p and
exerts effects through the Caveolin1/signal transducer and activator
of transcription-3 (CAV1/STAT3) signaling pathway (49). In
addition, the ceRNA network formed by lncRNA–miRNA–
mRNA plays an important role in various cancers including PC.
The lncRNA/miRNA/mRNA ceRNA networks in PC are shown in
Supplementary Table 1.
LncRNA-MEDIATED CeRNA IN
PANCREATIC CANCER PATHOGENESIS
AND DEVELOPMENT

Recently, mounting evidence indicates that the identified
lncRNAs could exert their oncogenic roles by acting as
ceRNAs to regulate target gene expression (20, 50–53), thereby
modulating cell proliferation (54), apoptosis (55), cell cycle (56),
invasion and metastasis (57), epithelial–mesenchymal transition
(EMT) (58), metabolism (59), autophagy (60), angiogenesis (61),
stemness (62), as well as chemoresistance (63), thus involving in
PC pathogenesis and progression (64–67). In this section, we will
elucidate the functions of some lncRNA-mediated ceRNA
regulatory networks in PC. Also, we highlight the ceRNA
regulatory networks consisting of an lncRNA/miRNA/mRNA
axis. We summarize the identified lncRNA/miRNA/mRNA
networks in several hallmarks of PC in Figure 1.
LncRNAS AS ceRNAS REGULATING CELL
GROWTH AND SURVIVAL

Cell growth and survival are complicated processes (68, 69) that
are tightly regulated by tumor suppressor genes, oncogenes,
along with other controlling mechanisms and associated with
the hallmarks of sustaining proliferative signaling, evading
growth suppression, enabling replicative immortality, and
resisting cell death (65, 68, 70). Recent studies have uncovered
the regulatory role of lncRNAs in cell growth and survival
through multiple mechanisms in PC (20, 53, 65–67, 71). Apart
from the oncogenic role of lncRNAs, growth and survival are also
regulated by several lncRNA-mediated ceRNA networks in PC
(67, 71). In this section, we will discuss some ceRNA networks
and their role in PC cell growth and survival.
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THAP9-AS1/miR-484/YAP

LncRNA THAP domain containing 9 antisense RNA 1 (THAP9-
AS1), which is an antisense transcript of THAP9 and locates at
chromosome 4q21.22, has been reported to act a key role in the
tumorigenesis of gastric cancer (72) and esophageal squamous cell
carcinoma (73, 74). A recent study by Li et al. (54) demonstrated
that THAP9-AS1 promoted the cell growth of PC through the
THAP9-AS1/miR-484/yes-associated protein (YAP) ceRNA
pathway. Clinical evidence showed that THAP9-AS1 was
overexpressed in PC tissues and significantly associated with poor
prognosis of patients. THAP9-AS1 promoted PC cell growth both
in vitro and in vivo. Ectopic THAP9-AS1 expression bound to miR-
484 directly, and such competitive binding decreased the abundance
of miR-484 and relieved its repression of the downstream target,
YAP, an important downstream nuclear effector of the Hippo
signaling pathway. Inversely, YAP overexpression or knockdown
diminished the effects of THAP9-AS1 modulated in PC cells.
Moreover, THAP9-AS1 bound to YAP protein and inhibited the
phosphorylation-mediated inactivation of YAP by large tumor
suppressor kinase 1 (LATS1). Reciprocally, YAP bound to
THAP9-AS1 promoter via transcriptional enhanced associate
domain 1 (TEAD1) and promoted THAP9-AS1 transcription to
form a positive feedback regulatory loop in PC cells. Importantly,
THAP9-AS1 level positively correlated with YAP expression in PC
tissues. Thus, THAP9-AS1/miR-484/YAP axis might serve as a
potential biomarker and therapeutic target for PC treatment.
MIR31HG/miR-193B

LncRNA miR-31 host gene (MIR31HG) is a recently identified
2,166-nt lncRNA and regulated by methylation of the promoter
region in transcription level (75, 76). Accumulating studies have
revealed that MIR31HG plays oncogenic or tumor-suppressive
roles in cancer initiation and progression (75), and its
overexpression can serve as a prognosis predictor for several
malignancies, including oral cancer (77), hepatocellular
carcinoma (78), and head and neck squamous cell carcinoma
(79). Yang et al. (55) demonstrated that MIR31HG was markedly
upregulated in PC tissues and cell lines. Knockdown of
MIR31HG significantly suppressed PC cell growth, promoted
apoptosis, and induced cell cycle G1/S arrest, whereas enhanced
expression of MIR31HG exerted the opposite effects.
Mechanistically, MIR31HG acted as an endogenous sponge by
competing for miR-193b and regulated miR-193b targets, such as
cyclin D1 (CCND1), myeloid cell leukemia sequence 1 (Mcl-1),
ecto-5'-nucleotidase (NT5E), KRAS, u-plasminogen activator
(uPA), and E-twenty six transcription factor 1(ETS1).
Meanwhile, inhibition of miR-193b expression significantly
upregulated the MIR31HG level, while overexpression of miR-
193b suppressed MIR31HG’s expression and function in PC
cells. As a result, these results demonstrated that MIR31HG
functioned as an oncogene to promote tumor progression, and
MIR31HG/miR-193b axis served as a potential therapeutic target
for PC (55).
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LINC01111/miR-3924/DUSP1

LncRNALINC01111 is a novel long intergenic ncRNA and located
at chromosome 8q21.13 (80, 81). Pan et al. (81) found that
LINC01111 expression was significantly downregulated in PC
tissues and plasma and was positively associated with lymph node
metastasis and tumor stage. Lower expression of LINC01111 was
correlated with poor prognosis in PC patients. LINC01111
overexpression significantly inhibited cell proliferation and
induced cell cycle G1/S arrest in vitro, as well as tumorigenesis
in vivo. Conversely, LINC01111 knockdown enhanced cell
proliferation and promoted cell cycle G1/S transition in vitro, as
well as tumorigenesis in vivo. Meanwhile, the results also
demonstrated that LINC01111 functioned as a molecular sponge
for miR-3924 to upregulate dual-specificity protein phosphatase 1
(DUSP1) protein levels and then downregulate stress-activated
Frontiers in Oncology | www.frontiersin.org 468
protein kinase (SAPK) phosphorylation and the translocation of
p-SAPK from the cytoplasm to the nucleus. Thus, the loss of
LINC01111 in PC activated the SAPK/c-Jun N-terminal kinase
(JNK) signaling pathway, resulting in the promotion of tumor
growth. Moreover, LINC01111 also facilitated an important role in
PC cell invasion and metastasis. Collectively, this study indicated
that LINC01111/miR-3924/DUSP1axiswas a potential therapeutic
target for treating PC (81).
LINC00976/miR-137/OTUD7B

LncRNA LINC00976, a novel long intergenic ncRNA, has been
recently identified as an oncogenic lncRNA to promote the cell
growth of PC through the LINC00976/miR-137/ovarian-tumour
FIGURE 1 | The lncRNA mediated ceRNA mechanism and the identified lncRNA/miRNA/mRNA networks in several hallmarks of PC. lncRNA, long noncoding RNA;
ceRNA, competitive endogenous RNA; miRNA, microRNA; mRNA: mRNA, messenger RNA; PC, pancreatic cancer; EMT, epithelial-mesenchymal transition.
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family deubiquitinases domain-containing protein 7B
(OTUD7B) (Cezanne) ceRNA pathway (82). The data showed
that LINC00976 expression was overexpressed in PC tissues and
cell lines and was positively associated with poorer survival in
patients with PC. Function studies revealed that LINC00976
knockdown significantly suppressed cell proliferation, migration,
and invasion in vivo and in vitro, whereas its overexpression
reversed these effects. Furthermore, bioinformatics analysis,
luciferase assays, and rescue experiments revealed that
LINC00976/miR137/OTUD7B established a ceRNA network to
modulate PC cell proliferation and tumor growth. Ultimately,
OTUD7B mediated EGFR and MAPK signaling pathway, which
suggested that LINC00976/miR-137/OTUD7B/EGFR axis might
act as a potential biomarker and therapeutic target for PC (82).
MALAT1/miR-217/KRAS

LncRNA metastasis-associated lung adenocarcinoma transcript 1
(MALAT1), which is an evolutionarily highly conserved lncRNA
and localized on chromosome 11q13, has been shown to be
involved in the pathogenesis of multiple cancers by acting as an
oncogene to promote cell growth, evade apoptosis, regulate cell
cycle, maintain stemness, and enhance invasion and metastasis
(83–85). Moreover, it is significantly overexpressed in many
cancer types and may be related to tumor prognosis, indicating
its potential use as a biomarker of cancers (83, 85). MALAT-1
played an important role in the carcinogenesis of PC by acting as a
ceRNA. Liu et al. (86) demonstrated that MALAT1 functioned as a
molecular sponge for miR-217 to upregulate the expression
of KRAS for promoting tumor growth in PC. Knocking down
MALAT1 reduced pancreatic tumor cell growth and proliferation
both in vitro and in vivo. AndMALAT1 knockdown also inhibited
cell cycle progression and impaired tumor cell migration and
invasion. However, MALAT1 knockdown attenuated the protein
expression of KRAS not directly through inhibition of cellular
miR-217 expression but decreased the miR-217 nucleus/
cytoplasm ratio, which suggested that MALAT1 inhibited the
translocation of miR-217 from the nucleus to the cytoplasm.
Thus, MALAT1 acted as a tumor promoter at least in part by
binding miR-217 and sequestering the molecule in the nucleus,
thereby promoting oncogenic KRAS expression in PC (86). In
contrast to the previous study by Liu et al., another study
confirmed that the MALAT1 suppressed miR-200c-3p function
via upregulating zinc finger E-box-binding homeobox 1 (ZEB1)
expression to induce the capability of PC cell migration and
invasion (87). Therefore, it can be proposed that MALAT1
could be a potential therapeutic target in PC.
HOTAIR/miR-613/notch3

LncRNA HOX transcript antisense RNA (HOTAIR), which is a
well-characterized oncogenic lncRNA and dysregulated in
variety of cancers, localizes in the HOXC locus of chromosome
12q13.13 that flanks between HOXC11 and HOXC12 loci (88–90).
Frontiers in Oncology | www.frontiersin.org 569
Notably, a growing body of evidence suggests that HOTAIR
constitutes a critical contributor to various known or unknown
mechanisms in the pathogenesis and progression of multiple
cancers and is also an important negative prognostic factor for
cancer patients, including PC (71, 88–90). Cai et al. (91)
demonstrated that HOTAIR could act as a ceRNA via regulating
miR-613/notch3 axis to promote cell growth and survival in PC.
They revealed that HOTAIR was found to be upregulated in both
PC tissues and cell lines, and HOTAIR was inversely correlated
with miR-613 level in PC tissues. Knockdown of HOTAIR in PC
cells suppressed the expression levels of miR-613 and tumor
growth, suggesting that the oncogenic role of HOTAIR might be
correlated with miR-613. Further investigation confirmed that
HOTAIR suppressed miR-613 expression via sponging miR-613
in the PC cells. Thus, the HOTAIR/miR-613/notch3 axis might be
a promising therapeutic target for PC (91). Meanwhile, Deng et al.
(92) reported that HOTAIR spongedmiR-34a to promote PC stem
cell-like properties through activation of the JAK2/STAT3
pathway. Silencing of HOTAIR could inhibit the Wnt/b-catenin
signaling pathway to alleviate EMT in PC (93).
XIST/miR-140, miR-124/iASPP

LncRNA X inactivation-specific transcript (XIST) is derived
from XIST gene and is important for inactivation of X
chromosome in the development of female mammals (94). It is
reported that XIST is dysregulated in a variety of cancers
and exerts its either tumor-suppressive or oncogenic role in
tumorigenesis and progression of cancers, such as hepatocellular
carcinoma, lung cancer, gastric cancer, and osteosarcoma (95–
97). Recent studies indicated that XIST was overexpressed in PC
and involved in regulating the cell proliferation, apoptosis,
migration, and invasion (98). Liang et al. (56) demonstrated
that XIST was specifically upregulated in PC tissues and related
to the advanced TNM stage and larger tumor dimension.
Patients with high XIST expression correlated to poorer
survival compared with that low expression. Knockdown of
XIST could induce PC cell cycle arrest at G0/G1 phase by
regulating cell cycle arrest-related CDK1 and P21, and p53-
independent apoptosis-related factor iASPP, which significantly
leads to suppression of the cell viability and proliferation in vivo
and in vitro. Mechanistically, XIST functioned as a ceRNA for
interacting with miR-140 and miR-124 to upregulate the
inhibitor for the apoptosis-stimulating protein of p53 (iASPP)
express ion. Meanwhile , iASPP could suppress p73
transcriptional activity to decrease the inhibitory effect of p73
on XIST expression without changing p73 protein levels.
Moreover, XIST was inversely correlated with miR-140, miR-
124, and p21, respectively, and positively correlated with iASPP
and CDK1. Thus, these data all indicated that XIST played a key
role in regulating PC cell proliferation and cell cycle and might
provide a potential therapeutic strategy for PC (56). In addition,
it has been proven that XIST/miR-133a/EGFR (99), XIST/miR-
34a-5p (98), and XIST/miR-137/Notch1 (100) ceRNA axes also
played important roles in PC cell growth and survival regulation,
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while XIST/miR-429/ZEB1 (101) and XIST/miR-141-3p/TGF-
b2 (102) ceRNA axes contributed to PC cell migration
and invasion.
LncRNAs AS ceRNAs AFFECTING
EPITHELIAL–MESENCHYMAL
TRANSITION AND METASTASIS

EMT is a complex and developmental process in which polarized
epithelial cells lose their characteristics instead of acquire
mesenchymal properties with the capacity of migration and
metastasis, playing a critical role in the progression of cancers
(65, 68, 103–105). It has been shown that epithelial cells in this
process that are induced by the transcriptional factors Snail,
Twist, Slug, ZEB1, and ZEB2, would result in loss of E-cadherin
expression and acquisition of mesenchymal markers, such as N-
cadherin or vimentin (106–108). Recent studies have indicated
that lncRNAs regulate PC EMT and metastasis (20, 53, 109, 110),
and therefore, the mechanism underlying the role of lncRNAs
should be addressed, knowing that some lncRNAs may serve as
ceRNA for PC EMT and metastasis.
NORAD/miR-125A-3p/RhoA

LncRNA noncoding RNA activated by DNA damage (NORAD,
also known as LINC00657) is a highly conserved, ubiquitously
expressed cytoplasmic lncRNA and locates on chromosome
20q11.23, which is required for maintaining chromosomal
stability and proper mitotic divisions in human cells (111,
112). Recent evidence indicates that NORAD is dysregulated in
various human cancers and acts as an important regulator by
interacting with different types of mechanisms to promote tumor
progression, such as cell proliferation, invasion, metastasis, and
apoptosis (113, 114). Chen et al. (58) revealed that NORAD
could enhance the hypoxia-induced EMT to promote PC cell
metastasis by acting as a ceRNA. Notably, they firstly revealed
that NORAD expression was highly increased in PC tissues by
using human microarray datasets GSE15471 and GSE16515 for
analyzing its expression profile, and NORAD expression
was significantly upregulated after hypoxic stimulation for
48 h. Knockdown of NORAD impaired PC cell migration and
invasion in vitro and decreased the metastatic and disseminated
ability in an orthotopic mouse metastatic model. Western
blotting also showed that knockdown of NORAD significantly
suppressed the expression levels of the mesenchymal cell
markers N-cadherin, vimentin, and ZEB1 but increased the
expression levels of the epithelial cell marker E-cadherin.
Furthermore, they demonstrated that NORAD utilized its
oncogenic role by directly binding to miR-125a-3p and
inhibiting its expression in PC cells, thus leading to
upregulation of RhoA expression. Meanwhile, treating with ras
homolog gene family (RhoA) pathway specific inhibitor CCG-
1423 could impede the flow of EMT and invasive behaviors
induced by NORAD. Additionally, patients with higher NORAD
Frontiers in Oncology | www.frontiersin.org 670
expression had shorter overall survival and recurrence-free
survival rates. Thus, NORAD/miR-125a-3p/RhoA axis might
be a potential novel therapeutic target for the treatment of PC
(115). Moreover, Bi et al. (116) also found that lncRNA
LINC00657 (NORAD) enhanced PC cell proliferation,
migration, and invasion but restricted the apoptosis by acting
as a ceRNA on miR-433 to increase protein activated kinase 4
(PAK4) expression.
SOX2OT/miR-200/Sox2

LncRNA SOX2 overlapping transcript (SOX2OT), which is a
highly expressed lncRNA in embryonic stem cells and maps to
human the chromosome 3q26.3 locus, plays critical roles in
embryogenesis, cell differentiation, and pluripotency
maintenance (117). SOX2OT harbors SOX2 gene transcription
in its intronic region and produces at least eight transcript
variants to exploit its effect on various diseases, including
cancer (117, 118). Recent studies have demonstrated that
SOX2OT is overexpressed in many cancers and involved in
tumor development and progression by acting as an oncogene
to promote cell proliferation, invasion, migration, and growth
and suppress cell apoptosis (118). Zhang et al. (119)
demonstrated that SOX2OT was overexpressed in PC tissues
and significantly correlated with TNM staging, acting as a
potential prognosis marker for patient outcome. They found
that the tumor suppressor YY1 bound to the promoter of
SOX2OT and inhibited tumor growth in vivo and in vitro by
suppressing SOX2OT and SOX2 expression in PC. Furthermore,
they observed that SOX2OT could promote PC cell EMT by
acting as a ceRNA (120). They found that plasma exosomal
SOX2OT expression was high and correlated with TNM stage
and overall survival rate of PC patients. Further research showed
that SOX2OT or exosomal SOX2OT promoted PC cells
metastasis and regulated EMT properties by increasing the
expression levels of the mesenchymal cell markers N-cadherin
and vimentin but suppressing the expression levels of the
epithelial cell marker E-cadherin. Mechanistically, SOX2OT
competitively bound to the miR-200 family to increase the
expression of Sox2, thus promoting invasion and metastasis of
PC in vitro and in vivo. Besides, they also found that SOX2OT/
miR-200/Sox2 ceRNA axis could enhance stem cell-like
properties of PC (120). Thus, SOX2OT/miR-200/Sox2 played
important roles in tumor progression and might be a useful
marker for PC prognosis.
LINC00462/miR-665/TGFBR1, TGFBR2

LncRNA LINC00462, which contains two exons with
approximately 962 nucleotides in length and is located on
chromosome 13 according to NONCODE 4.0, is found to
promote tumor proliferation, migration, and invasion by
regulating the AKT signaling pathway in multiple cancers,
including hepatocellular carcinoma and renal cell carcinoma
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(121, 122). Zhou et al. (123) demonstrated that LINC00462
promoted PC invasiveness through the miR-665/TGFBR1-
TGFBR2/SMAD2/3 pathway. They found that the expression
level of LINC00462 was significantly higher in tumor tissues and
was correlated with large tumor size, poor tumor differentiation,
TNM stage, and distant metastasis in PC patients. In vitro,
LINC00462 promoted PC cell migration and invasion but
inhibited cell adhesion. In vivo, LINC00462 enhanced PC cell
metastasis to lung, liver, and spleen in a mouse xenograft model.
LINC00462 also regulated PC cell EMT properties by increasing
the expression of intracellular adhesion molecule (ICAM)-1,
vimentin, Twist1, matrix metalloproteinase (MMP)2, and
MMP9 but decreasing the expression of E-cadherin. Further
study showed that LINC00462 acted as a ceRNA to promote the
malignant phenotype of PC by sponging miR-665, thus
upregulating the expression levels of transforming growth
factor beta 1 (TGFBR1) and TGFBR2. Ectopic expression of
miR-665 could reverse LINC00462 overexpression-mediated cell
migration, invasion, and EMT in PC. In contrast, knockdown
expression of miR-665 observed the opposite effects. While
LINC00462-mediated cell malignant behavior promotion in
PC was also rescued by loss of expression of TGFBR1 and
TGFBR2. Furthermore, LINC00462 activated the SMAD2/
SMAD3 signaling pathway by increasing the expression levels
of p-SMAD2/3 and the nuclear distribution of SMAD2/3, which
led to upregulating collagen 1, collagen 3, and fibronectin.
Meanwhile, LINC00462 played important roles on cell
proliferation and tumorigenesis in PC. Taken together,
LINC00462/miR-665/TGFBR1/2 regulatory network might be
a potential novel therapeutic target for the treatment of PC (123).
HULC/miR-133b

LncRNA is highly upregulated in liver cancer (HULC), which is
originally identified as the most overexpressed lncRNA in
hepatocellular carcinoma, and is located on chromosome 6p24.3
with approximately 500 nucleotides in length and contains two
exons (124, 125). Increasing evidence demonstrates that HULC is
also dysregulated in other types of cancer and plays essential roles
in tumor initiation and progress by promoting different
tumorigenic phenotypes, such as cell survival, proliferation,
and invasion in vitro , as well as tumor growth and
angiogenesis in vivo (124, 125). Peng et al. (126) found that
HULC was overexpressed in PC tissues and associated with
tumor size, lymph node metastasis, and vascular invasion. And
multivariate analysis showed that HULC expression was an
independent prognostic indicator for overall survival and time
to recurrence of patients with PC. Knockdown of HULC
significantly decreased PC cell ability of proliferation and
induced cell cycle arrest at G1/S phase in vitro. Zheng et al.
(127) further revealed that HULC promoted the proliferation
and invasion of PC cells but inhibited apoptosis by being
involved in the Wnt/b-catenin signaling pathway. Similarly,
HULC downregulated the expression of miR-15a, then
activated the PI3K/AKT pathway to enhance PC cell ability of
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migration and invasion (128). Meanwhile, exosomal HULC
could function as ceRNA for contributing to PC cell invasion
and migration by regulating EMT (129). Exosomal HULC
expression was significantly increased in PC patients’ serum
compared to healthy individuals or intraductal papillary
mucinous neoplasm patients. Further study showed that
knockdown of HULC suppressed PC cell invasion and
migration and inhibited the EMT by downregulating N-
cadherin, vimentin, and Snail but upregulating E-cadherin in
vitro and in vivo. Meanwhile, exosomal HULC derived from PC
cells also promoted cancer cell invasion and migration by
inducing EMT. Mechanistically, HULC interacted with miR-
133b to alter PC cell invasion and migration, as well as EMT
(129). Moreover, HULC and miR-622 via transfer by
extracellular vesicle regulated PC cell invasion and migration
(130). Thus, extracellular vesicle-encapsulated HULC could be a
potential circulating biomarker and therapeutic target for PC.
H19/miR-194/PFTK1

LncRNA H19, which is firstly described as a fetal transcript in
mice in 1984, is located on chromosome 11p15.5 and expressed
exclusively from the maternal allele (131, 132). Recent studies
indicate that H19 is dysregulated in various cancer types and
serves as oncogene or tumor suppressor to affect the
development and progression of cancer through various
mechanisms. For example, H19 enhances invasion and
metastasis in bladder cancer, glioma, breast cancer, non-small
cell lung cancer, and gastric cancer but suppresses the
aggressiveness of hepatocellular carcinoma and prostate cancer
(131, 133). Further study demonstrated that H19 acted as a
ceRNA to enhance invasion and metastasis by regulating Wnt/b-
catenin signaling pathway in PC (134). Sun et al. (134) found that
H19 was overexpressed and correlated with distant metastasis,
advanced TNM stages, and poor survival in patients with PC.
Multivariate analysis revealed that high H19 expression was an
independent indicator of poor prognosis. H19 knockdown
suppressed PC cell migration and invasion in vitro .
Subsequently, they demonstrated that H19 promoted PC cell
invasion and migration at least partially by increasing [cyclin-
dependent kinase 14 (CDK14)] expression through antagonizing
miR-194. H19 knockdown significantly reduced the expression
of PFTK1, while miR-194 inhibition significantly increased the
expression of PFTK1; the suppressive effect of H19 knockdown
was partially attenuated by miR-194 inhibition and PFTK1
overexpression. Moreover, H19/miR-194 modulated Wnt/b-
catenin signaling by upregulating p-LRP6, Snail but
downregulating p-b-catenin to promote PC cell invasion and
migration. The expression level of H19 and PFTK1 was positively
correlated with each other, while miR-194 was negatively
correlated with H19 and PFTK1 in tissue samples. Collectively,
the H19/miR-194/PFTK1 ceRNA axis might be a potential novel
therapeutic target for PC (134). In addition, the H19/let-7/
HMGA2/EMT signaling axis also played important roles on
PC metastasis and EMT (135). And H19 could maintain PC
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cell EMT process and stemness by deriving miR-675-3p
that directly targeted SOCS5 then activating the STAT3
pathway (136).
TUG1/miR-382/EZH2

LncRNA taurine upregulated gene 1 (TUG1), which is originally
identified in the genomic screen of taurine-treated mouse retinal
cells, is a nucleotide lncRNA sequence localized to chromosome
22q12.2 (137, 138). Recent studies have been indicated that TUG1
is dysregulated in numerous human cancers and acts as an
unfavorable predictor of survival for patients with cancer, such
as renal cell carcinoma, ovarian cancer, bladder urothelial
carcinoma, oral squamous cell carcinoma, esophageal squamous
cell carcinoma, hepatocellular carcinoma, and intrahepatic
cholangiocarcinoma (137, 138). Zhao et al. (139) revealed that
TUG1 was essential for the migration and EMT in PC by serving
as a ceRNA. They firstly demonstrated that TUG1 was
overexpressed in tumor tissues and correlated with large tumor
size, poor tumor differentiation, TNM stage, vascular infiltration,
distant metastasis, and overall survival of patients with PC, which
indicated that upregulated TUG1 might contribute to
the development of PC. Then, knockdown of TUG1 decreased
the PC cell migration capacity and the formation of
EMT by upregulating E-cadherin, b-catenin but downregulating
N-cadherin, vimentin in vitro. In contrast, overexpression of
TUG1 showed opposite effects. Further study confirmed that
TUG1 exerted inhibitory effects on miR-382 expression through
functioning as a ceRNA and therefore directly sponging miR-382
in PC. Overexpression of miR-382 could reverse the TUG1 effects
on the promotion of PC cell migration and EMT formation.
Additionally, TUG1 could positively regulate the expression of
EZH2, a target of miR-382, by decreasing miR-382. Knockdown of
EZH2 abolished PC cell migration and EMT formation, which was
caused by TUG1 overexpression. Moreover, the expression level of
TUG1 was negatively correlated with miR-382 and positively
correlated with EZH2 in PC tissues. Collectively, these data
indicated that TUG1/miR-382/EZH2 ceRNA regulatory
signaling pathway enhanced PC cell migration capacity and
EMT formation and might be a potential novel therapeutic
target for PC (139). Otherwise, TUG1/miR-29c axis was also
critical for promoting the growth and migratory ability of PC
cells in vitro and in vivo (140). Inhibition of TUG1/miR-299-3p
ceRNA axis suppressed PC cell malignant progression via
deactivation of the Notch1 pathway (141).
LncRNAs AS CeRNAs RELATED TO
CANCER STEM CELL MAINTENANCE

Cancer stem cells (CSCs) are a functional subpopulation of cells
that exhibit high proliferation, self-renewal, and high
tumorigenic, invasive, and metastatic capability, as well as
chemoresistance, and their abundance is positively associated
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with the degree of PC malignancy (69, 142, 143). Studies have
revealed that the cell surface proteins CD44, CD24, CD133,
chemokine C-X-C-motif receptor 4 (CXCR4), aldehyde
dehydrogenase 1 family, member A1 (ALDH1), Epithelial cell
adhesion molecule (EPCAM), adenosine triphosphate binding
box transporter G2 (ABCG2), and cellular-mesenchymal
epithelial transition factor (c-MET) are identified as PC stem
cell markers (69, 143, 144). Several lines of evidence have shown
that oncogenic lncRNAs help sustain cancer stem cell traits by
acting as ceRNAs in the initiation and progression of PC (20, 53,
145). Thus, the lncRNA-mediated ceRNA network may serve as
a potential biomarker and therapeutic target for PC.
ROR/let-7 FAMILY

LncRNA regulator of reprogramming (ROR), which is highly
expressed in induced pluripotent stem cells (iPSCs) and
embryonic stem cells (ESCs), is located at 18q21.31 and can be
regulated by pluripotency transcription factors, such as Sox2, Oct4,
and Nanog (146, 147). It has been identified that ROR is an
important regulator of reprogramming differentiated cells to iPSCs
and maintenance of ESCs, which indicates that ROR plays critical
roles in tumorigenesis and progression of human cancer (146, 147).
Accumulating evidence has demonstrated that ROR is upregulated
in multiple types of cancer and associated with tumor metastasis,
EMT program, drug resistance, and stem cell-like characteristic
promotion by various regulatory mechanisms in ovarian, lung,
breast cancer, hepatocellular cancer, gastric cancer, and so on (146,
147). Meanwhile, recent studies also reveal that ROR acts as a
ceRNA by sponging miR-145 (148), miR-205 (149), and miR-34a
(151) to regulate gene transcription. Zhan et al. (150) demonstrated
that ROR was overexpressed in PC tissues and enhanced PC cell
metastasis, EMT promotion, and tumor growth by activation of
ZEB1 pathway. Similarity, another study showed that ROR could
modulate the expression of polypyrimidine tract-binding protein 1/
pyruvate kinase isozymes M2 (PTBP1/PKM2) through sponging
miR-124 to induce PC cell autophagy, which led to gemcitabine
resistance for PC (152). Moreover, Fu et al. (153) revealed that ROR
functioned as a ceRNA to promote stem cell-like phenotype in PC.
They firstly found ROR was significantly upregulated and
positively correlated with poor prognosis in patients with PC.
Knockdown of the expression of ROR impaired cell proliferation,
migration, and invasion ability, suppressed the EMT process, and
induced cell cycle G1/S arrest in PC. Further study displayed that
ROR was overexpressed in PC stem-like cells and promoted PC
stem-like cell sphere formation capability in vitro and
tumorigenicity in vivo by regulating the expression of Sox2 and
Nanog. Mechanistically, ROR exerted its oncogenic effects by
sponging several tumor suppressor miRNAs such as let-7 family
(let-7i-5p, let-7b-5p, let-7e-5p, let-7e-3p, let-7b-3p, and let-7c-3p),
miR-93-5p, miR-145-3p, miR-320a, and miR-320b to maintain the
cancer stem cell properties of PC. Collectively, ROR was a potential
therapeutic target for PC. In addition, Gao et al. (151) showed that
ROR/miR-145/Nanog ceRNA axis also contributed to modulate
PC cell stem-like properties.
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AFAP1-AS1/miR-384/ACVR1

LncRNA actin filament-associated protein 1 antisense RNA 1
(AFAP1-AS1), which is transcribed from the AFAP1 gene in the
antisense direction, is mapped to the 4p16.1 region of human
chromosome with 6,810 bp in length (154, 155). AFAP1-AS1
contains several overlapping and complementary regions among
the exons of AFAP1-AS1 and can affect the expression of
AFAP1. Accumulated studies have shown that AFAP1-AS1 is
aberrantly expressed and exerts a carcinogenic role in numerous
types of tumors, including breast cancer, liver cancer, gastric
cancer, non-small cell lung cancer, and colorectal cancer (154,
155). In PC, AFAP1-AS1 had also been reported to be aberrantly
expressed and was able to function as a regulator of
tumorigenesis by regulating cell proliferation, apoptosis,
migration, invasion, stemness, and so on (156, 157). Wu et al.
(62) revealed that AFAP1-AS1 functioned as a ceRNA to regulate
the cancer stem cell properties of PC. They first found that
AFAP1-AS1 was overexpressed in PC tissues and side population
(SP) cells. While SP cells were rich with cancer stem cell markers
Oct4, ABCG2, Nestin, CK19, and CD133, which indicated that
AFAP1-AS1 was involved in maintaining stemness. Knockdown
of AFAP1-AS1 exerted suppressive effects on PC cell sphere
formation and clone formation, while overexpression of AFAP1-
AS1 group showed the opposite trend. Moreover, AFAP1-AS1
positively regulated the expression of CSC markers Oct4,
ABCG2, Nestin, CK19, and CD133 by gain or loss strategies in
PC cells. Furthermore, their research identified that AFAP1-AS1
modulated PC cell stemness by upregulating activin receptor
type-1 (ACVR1) through competitively binding to miR-384 (62).
MiR-384 decreased PC cell ability of sphere formation and clone
formation and inhibited the expression of Oct4, ABCG2, Nestin,
CK19, and CD133. In contrast, ACVR1 enhanced PC cell
stemness by increasing cell sphere formation and clone
formation and upregulating of Oct4, ABCG2, Nestin, CK19,
and CD133. Their study data also found that AFAP1-AS1-
promoted PC cell tumorigenesis and stemness could be
reversed by miR-384 in vivo. Therefore, these results suggested
that AFAP1-AS1/miR-384/ACVR1 pathway might do duty for a
potential therapeutic target for PC patients (62).
UCA1/miR-590-3p/KRAS

LncRNA urothelial cancer-associated 1 (UCA1), a member of
the human endogenous retrovirus H family and firstly identified
in bladder transitional cell carcinoma, is 1,442 bp in length and
located on chromosome 19p13.12 with three exons and two
introns (158–160). According to the tissue expression profiling,
UCA1 is ubiquitously expressed at post-fertilization primary
phase and not expressed in most normal tissues of adults.
Further studies have shown that UCA1 is highly expressed and
exerts oncogenic activity in numerous cancers, such as gastric
cancer, colorectal cancer, liver cancer, breast cancer, cervical
cancer, and prostate cancer (158–160). Several studies also
indicate that highly expressed UCA1 is related to poor
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clinicopathological features and may serve as a prognostic
marker for cancer patients (161). Meanwhile, an increasing
number of studies showed that UCA1 played important roles
in tumorigenesis of PC. Chen et al. (162) firstly demonstrated
that UCA1 was significantly upregulated in PC and correlated
with tumor size, depth of invasion, CA19-9 level, and tumor
stage. UCA1 suppressed the expression of P27 to effectively
inhibit PC cell proliferative activities, induce apoptotic rate,
and cause cell cycle arrest. Zhang et al. (163) revealed that
UCA1 promoted cell migration and invasion of PC cells
through the Hippo signaling pathway via interacting with
YAP. Moreover, recent studies have shown that UCA1
promoted progress and development of PC by serving as a
ceRNA. Zhang et al. (164) elucidated that UCA1 enhanced PC
cell growth, migration, and invasion ability by sponging miR-
135a. And a study by Zhou et al. (165) reported that UCA1 could
bind miR-96 to modulate the expression of forkhead box protein
O3 (FOXO3) that promoted proliferation and metastasis while
reduced apoptosis of PC cells. Additionally, Gong et al. (166)
discovered that the regulatory network of UCA1/miR-107/
ITGA2 regulated the migration and invasion of PC cells
through focal adhesion pathway. Besides, Liu et al. (167)
found that UCA1/miR-590-3p/KRAS axis was critical for
stemness maintenance of PC. They revealed that UCA1 was
overexpressed in PC and might be a negative prognostic factor
for patients’ overall survival. Knockdown of UCA1 decreased
sphere formation capability of PC cells, as well as the expression
of the stemness markers CD133, OCT4, NANOG, and SOX2. In
contrast, overexpression of UCA1 resulted in the opposite effects.
Mechanistically, UCA1 exerted its oncogenic role by enhancing
the expression and activity of KRAS. UCA1 firstly could function
as a molecular sponge by directly binding to miR-590-3p, which
led to upregulating KRAS expression. Then, UCA1 promoted
phospho-KRAS protein expression through interaction with
hnRNPA2B1 to modulate oncogenic KRAS activity, which was
subsequently necessary for tumorigenic activity in PC. Notably,
KRAS also significantly promoted UCA1 expression, thus
forming a positive feedback loop. Thus, these findings
suggested that UCA1/miR-590-3p/KRAS regulatory network
might be a target for new PC therapies (167). Meanwhile, Guo
et al. (168) demonstrated that UCA1, which is derived from
hypoxic PC exosomes, could promote angiogenesis and tumor
growth through the miR-96-5p/AMOTL2/ERK1/2 ceRNA axis
in vitro and in vivo.
LncRNAs AS CeRNAs CONTROLLING
METABOLISM

Metabolism reprogramming has been regarded as a hallmark of
cancer (169, 170). As a primary feature in carcinogenesis,
metabolic reprogramming contributes to tumor cell
proliferation, EMT, metastasis, immune escape, and resistance
to chemotherapy (171–173). Meanwhile, reprogramming of
cancer metabolism is composed of dysregulation of glucose
and glutamine metabolism, alterations of lipid synthesis,
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rewiring of mitochondrial function, etc. (171–173). Numerous
genes have been shown to participate in the regulation of
metabolic pathways, thus aberrant expression of these genes
can be involved in the pathogenesis of PC (103, 170, 172, 174).
The recent studies have revealed a significant attention toward
the role of lncRNAs in the regulation of different aspects of
cancer metabolism (20, 53, 175, 176). Here, we review lncRNAs
as ceRNAs to modulate the processes of cancer metabolism
in PC.
LINC00261/miR-222-3p/HIPK2

LncRNA LINC00261, firstly identified in hepatocellular
carcinoma cells 9 years ago, is located on the 20th
chromosome from site 22,560,552 to 22,578,642 (177).
An increasing number of studies have indicated that
LINC00261 is widely lowly expressed in a variety of cancers
and acts as a tumor suppressor contributing to modulating
cell proliferation, apoptosis, invasiveness, migration,
chemoresistance, angiogenesis, and tumorigenesis via multiple
molecular mechanisms (177). LINC00261 also plays vital roles in
suppression of PC progression by acting as a ceRNA. Zhai
et al. (59) demonstrated that overexpression of LINC00261
suppressed PC cell glycolysis in vitro and in vivo. They further
confirmed that LINC00261 inhibited cell glucose metabolism by
binding to miR-222-3p to induce homeodomain interacting
protein kinase 2 (HIPK2) overexpression and then inactivated
HIPK2-mediated ERK/c-Myc pathway, as well as c-Myc
target genes [glucose transporter member 1 (GLUT1),
hexokinase-2 (HK2), and L-lactate dehydrogenase A chain
(LDHA)]. Functionally, miR-222-3p reversed the LINC00261
overexpression-induced decrease in cell glycolysis, similar to
HIPK2 and miR-222-3p. Thus, these results revealed that
LINC00261 suppressed glycolysis of PC via regulating miR-
222-3p/HIPK2 ceRNA axis. Moreover, Zhai et al. (59) also
found that LINC00261 could reduce c-Myc expression by
sequestering Insulin-like growth factor 2 mRNA-binding
protein 1 (IGF2BP1) to induce glycolysis suppression. In
addition, Liu et al. (178) indicated that LINC00261 repressed
c-Myc transcription by physically interacting and binding with
the bromo domain of p300/cap binding protein (CBP),
preventing the recruitment of p300/CBP to the promoter
region of c-Myc. Furthermore, LINC00261 might interact with
miR-23a-3p (179) or regulate the miR-552-5p/FOXO3 axis (180)
to suppress the development of PC.
FEZF1-AS1/miR-107/ZNF312B

LncRNA FEZ finger zinc 1 antisense 1 (FEZF1-AS1), transcribed
from the opposite strand of its cognate coding gene zinc finger
protein 312B (ZNF312B), is a conserved RNA that is located on
chromosome 7q31.32 with a length of 2,653 bp (181, 182).
Recent research indicates that FEZF1-AS1 is significantly
overexpressed and closely related to patient poor prognosis in
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a variety of malignancies, including nasopharyngeal carcinoma,
hepatocellular carcinoma, cervical cancer, colorectal cancer,
multiple myeloma, breast cancer, osteosarcoma, lung cancer,
gastric cancer, and PC (181, 182). Li et al. (183) and Ye et al.
(184) initially identified that FEZF1-AS1 was upregulated in PC
tissues through lncRNA expression profile microarray analysis.
Subsequently, they confirmed that FEZF1-AS1 and its sense-
cognate ZNF312B were markedly expressed in PC tissues by
using quantitative real-time PCR (qRT-PCR) and in situ
hybridization (ISH) (184). FEZF1-AS1 and ZNF312B
expression was positively related to advanced American Joint
Committee on Cancer (AJCC) stages, nerve invasion, and
patients’ poor survival. And a nomogram, which incorporated
the AJCC classification with significant prognostic factors neural
invasion, ZNF312B expression, and FEZF1-AS1 expression,
illustrated that FEZF1-AS1 and ZNF312B expression had
important impacts on patient prognosis. Mechanistically,
FEZF1-AS1 could act as an endogenous sponge by
sequestering miR-107 and thus abolishing the miRNA-induced
repressing effect on the ZNF312B expression. Functional
experiments also confirmed that the FEZF1-AS1/miR-107/
ZNF312B ceRNA axis played a key role in promoting PC cell
proliferation, regulating cell cycle, enhancing migration and
invasion, and inhibiting apoptosis. More importantly,
the FEZF1-AS1/miR-107/ZNF312B pathway contributed to
Warburg effect maintenance by promoting glycolytic process,
glucose uptake, and lactate production, which met the demands
for continuous energy and nutrients to support PC cell
tumorigenesis and progression (184). Therefore, the ceRNA-
mediated metabolic features of PC provided attractive
therapeutic opportunities for treatments. Meanwhile, Ou et al.
(185) demonstrated that FEZF1-AS1 could promote PC cell
proliferation and invasion through miR-142/HIF-1a axis under
hypoxic conditions and exert its oncogenic effect on PC cells
through miR-133a/EGFR axis under normoxic conditions.
SNHG16/miR-195/SREBP2

LncRNA Small Nucleolar RNA Host Gene 16 (SNHG16),
initially identified as an oncogene in neuroblastoma, is located
on chromosome 17q25.1 and contains two splicing variants
(186). Recent studies have shown that SNHG16 is upregulated
in a variety of human cancers and significantly correlated with
advanced pathological stage, lymph node metastasis, and poor
prognosis in cancer patients (186, 187). Meanwhile, increasing
evidence has suggested that SNHG16 functions as a tumor-
promoting lncRNA that is involved in the regulation of
numerous biological processes, including cell cycle,
proliferation, apoptosis, migration, and invasion through a
variety of potential mechanisms (186, 187). Yu et al. (188)
found that SNHG16 accelerated the development of PC and
promoted lipogenesis via directly regulating miR-195/SREBP2
axis. Knockdown of SNHG16 or Sterol regulatory element
binding protein-2 (SREBP2) suppressed PC cell proliferation,
migration, and invasion, as well as the lipogenesis that was
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measured by decreasing the expression of fatty acid synthase
(FASN), acetyl-CoA carboxylase 1 (ACACA), and stearoyl-CoA
desaturase 1 (SCD1). While overexpression of miR-195 showed
the same effect in PC cells. They further confirmed that SNHG16
directly sponged miR-195 from SREBP2 to modulate their
expression. Meanwhile, miR-195 inhibitor upregulated the
expression of SREBP2 and reversed the effects of shSNHG16
on progression and lipogenesis of PC. Thus, these results showed
that SNHG16 promoted lipogenesis of PC via regulating miR-
195/SREBP2 ceRNA axis. The lncRNA SNHG16/miR-195/
SREBP2 axis might be developed as therapeutic targets for
treating PC (188). Furthermore, Xu et al. (189) found that
SNHG16 contributed to PC cell proliferation, migration, and
invasion via the miR-302b-3p/SLC2A4 ceRNA axis.
LncRNAs AS CeRNAs INDUCING
AUTOPHAGY

Autophagy is a highly conserved process in response to
environmental stresses for ensuring cellular homeostasis
through the removal of proteins or dysfunctional organelles
(190–192). Existing studies indicate that autophagy plays a
dynamic role in cancer initiation, progression, as well as drug
resistance, by regulating interactions between the tumor and
tumor microenvironment (190–193). There is increasing
evidence that a large number of lncRNAs are obviously
involved in PC autophagy (20, 53, 191, 194, 195).
Identification of the mechanisms by which autophagy is
activated in PC will help clarify PC pathogenesis (196). A
number of research articles suggested that lncRNAs induce or
suppress autophagy through ubiquitin-like modifier-activating
enzyme (ATGs), and their signaling pathways may suppress or
promote carcinogenesis of PC (192, 194, 195). Here, we describe
the recently characterized lncRNAs that function as ceRNAs
through inducing or inhibiting autophagy in PC.
PVT1/miR-20a-5p/ULK1

LncRNA plasmacytoma variant translocation 1 (PVT1), which
originated from an intergenic region on chromosome 8, is an
important oncogenic lncRNA highly expressed in human
malignancies and correlated with patients’ poor prognosis
(197, 198). Compared to the majority of lncRNAs, the
carcinogenic effect of PVT1 has been confirmed in various
tumors. Numerous studies have revealed that PVT1 displays a
crucial role to facilitate cancer progression by promoting growth
and proliferation, enhancing migration and invasion,
suppressing apoptosis, regulating metabolism, maintaining
stemness, as well as inducing chemotherapy resistance (197–
199). However, current research implies that the mechanisms
underlying the carcinogenic role of PVT1 are rather complex. It
has been proven that PVT1 can exert its varied oncogenic roles
through overexpression and modulation of miRNA expression,
protein interactions, targeting of regulatory genes, formation of
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fusion genes, functioning as a ceRNA, and interactions with
myelocytomatosis oncogene (MYC), among many others
molecular mechanisms (199, 200). Certainly, identifying the
carcinogenic role and molecular mechanism of PVT1 has
important implications for therapeutically targeting cancer.
Huang et al. (60) demonstrated that PVT1 promoted the
development of PC through the PVT1/miR-20a-5p/unc-51-like
autophagy-activating kinase 1 (ULK1)/autophagy ceRNA
pathway. They found that PVT1 was dramatically upregulated
and positively associated with ULK1 protein expression in PC
tissues and cells. And overexpression of PVT1 enhanced PC cells
autophagy in vitro and in vivo, whereas knockdown of PVT1
showed the opposite trend. Meanwhile, PVT1 overexpression
could promote cell proliferation and colony formation, suppress
apoptosis, and increase S phase cells in PC cells; however, the
attenuated effects were observed when treated with autophagy
inhibitor 3-methyladenine. On the contrary, PVT1 knockdown
with treatment of autophagy inducer rapamycin in PC cells
would restore proliferation and colony formation, inhibit
apoptosis, as well as ascend cell cycle S phase. These data
suggested that PVT1 could induce cytoprotective autophagy in
PC. Further studies revealed that PVT1 induced autophagy by
upregulating ULK1 protein expression. Mechanistically, PVT1
modulated ULK1 expression by sponging miR-20a-5p.
Moreover, the expression of PVT1 in high-grade (III + IV) PC
tissues was higher than that in low-grade (I + II) tissues. And the
overall survival time of patients with high PVT1 expression was
significantly shorter than that of patients with low PVT1
expression. Thus, the study demonstrated that PVT1 acted as a
sponge to regulate miR-20a-5p and subsequently affected ULK1
expression for inducing autophagy and promoting development
of PC (60). Additionally, PVT1 could upregulate the expression
of both Pygo2 and ATG14 and thus regulated Wnt/b-catenin
signaling and autophagic activity to overcome gemcitabine
resistance through sponging miR-619-5p in PC (201). And the
ceRNA axes PVT1/miR-448/SERBP1 (202), PVT1/miR-519d-
3p/HIF-1a (203), and PVT1/miR-143/HIF-1a (204) might also
be potential biomarkers and therapeutic targets for PC.
LINC01207/miR-143-5p/AGR2

LncRNA LINC01207, located in the 4q32 genomic locus with
three exons and two introns, has been reported to be upregulated
in multiple types of cancer and associated with the prognosis of
patients with poor survival (205–209). Recent studies have
demonstrated that LINC01207 performs as an oncogenic
lncRNA to promote cell growth, migration, invasion, and
enhance apoptosis, as well as maintain stemness via ceRNA
regulatory mechanism. Liu et al. (210) revealed that silencing
of LINC01207 suppressed anterior gradient 2 (AGR2)
expressions to facilitate autophagy and apoptosis of PC cells by
sponging miR-143-5p. They first confirmed that LINC01207 and
AGR2 were highly expressed, while miR-143-5p was poorly
expressed in PC tissues when compared to the adjacent tissues.
Further studies showed that LINC01207 could directly bind to
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miR-143-5p, and AGR2 was a target gene of miR-143-5p. And
knockdown of LINC01207 could decrease the expression of AGR2
by upregulating miR-143-5p, which indicated that LINC01207
functioned as a ceRNA to upregulate AGR2 expression by
sponging miR-143-5p. Moreover, LINC01207 knockdown and
miR-143-5p overexpression could inhibit PC cell proliferation,
promote apoptosis, and induce autophagy by upregulating the
expression of LC3II and beclin-1, while decreasing P62, AGR2,
and the ratio of Bcl-2/Bax expression. Thus, LINC01207 silencing
inhibited PC progression by inhibiting the mR-143-5p/AGR2 axis,
providing a potential target for PC treatment (210).
ANRIL/miR-181a/HMGB1

LncRNA antisense noncoding RNA in the INK4 locus (ANRIL),
initially identified in a kindred of familial melanoma-neural
system tumor with a germ-line deletion of the entire CDKN2A/B
locus in 2007, is located at the 9p21 region with 3.9 kb length
and also named CDKN2B antisense RNA 1 (CDKN2B-AS) (211,
212). It has been proven that ANRIL is implicated in several
malignant tumors, and high expression of ANRIL is associated
with aggressive clinicopathologic features, such as high histological
grade tumor size, advanced tumor–node–metastasis stage, andpoor
overall survival with the disease (211–213). Additionally, ANRIL
participates in tumorigenesis by promoting cell proliferation,
migration, invasion, and EMT but inhibiting cell apoptosis
through a number of mechanisms (213, 214). Recent studies also
show thatANRIL can act as anoncogenic ceRNA to facilitate tumor
progression via miRNA regulation, including mechanisms
involving let-7a (215) and miR-125a (216) in nasopharyngeal
carcinoma, miR-99a (217) and miR-449a (218) in gastric cancer,
miR-34a (219) in glioma, miR-122-5p (220), miR-191 (221), miR-
144 (222), andmiR-199a-5p (223) inhepatocellular carcinoma,miR-
186 (224) in cervical cancer, let-7a in prostate cancer (225) and
colorectal cancer (226), miR-125a-5p (227) in endometrial
carcinoma, and miR-199a (228) in breast cancer. In PC, previous
research demonstrated that ANRIL was overexpressed in cancer
precursors known as intraductal papillary mucinous neoplasms
(IPMNs) (229), and ANRIL could promote PC cell migration and
invasion through modulation of EMT by activating ATM–E2F1
signaling pathway in vivo and in vitro (230). Whereas Wang et al.
(231) have recently revealed that ANRIL aggravated PC cell
gemcitabine chemoresistance by targeting inhibition of miR-181a
and activating high-mobility group box-1 (HMGB1)-induced
autophagy. They first demonstrated that ANRIL and HMGB1 were
obviously higher in PC tissues and cell lines, while miR-181a was
significantly lower in both PC tissues and cell lines. And knockdown
ofANRILcould inhibitPCcell proliferation, invasion, andmigration,
as well as the expression of cell adhesion-related proteins. However,
downregulation of miR-181a would reverse the inhibitory role of
ANRIL knockdown on PC cell, which suggested that the oncogenic
role of ANRIL on PC cells might be mediated by miR-181a.
Meanwhile, ANRIL knockdown or miR-181a overexpression
promoted the expression of LC3 II and Beclin1, while miR-181a
inhibition could reverse the inhibition of autophagy by ANRIL
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knockdown, which indicated that ANRIL-modulated autophagy
was mediated by miR-181a. Further studies revealed that miR-181a
targeted HMGB1 to suppress PC cell proliferation, invasion, and
migration, as well as stimulate autophagy. Mechanistically, ANRIL
functioned as a ceRNA to regulate the expression of HMGB1 by
inhibiting the activity of miR-181a in PC cells. And ANRIL could
enhance PC cells to gemcitabine resistance via miR-181a/HMGB1
pathway, which provided new insights and potential targets for the
therapy of PC. Moreover, the ANRIL/miR-181a axis also played
important roles in laryngeal squamous cell carcinoma, colon cancer,
and gastric cancer (232–234).
LncRNAs AS CeRNAs FACILITATING
CHEMORESISTANCE

Chemotherapy resistance causes PC recurrence and failed
clinical outcome (235). Cancers can exhibit either intrinsic or
acquired chemoresistance to prevent the success of drug
treatment (27, 236). It is clear that many factors and signaling
pathways are involved in chemoresistance of PC, such as drug
transport, metabolism, tumor microenvironment, EMT, DNA
damage repair, mutation of drug targets, autophagy, epigenetics.
and cancer stem cells (27, 237, 238). However, the molecular
mechanisms of chemoresistance remain poorly understood, and
the exploration of such mechanisms will help improve the
current treatment of PC (238, 239). Since studies have
indicated that lncRNAs play critical roles in initiation and
progression of PC (20, 27, 53, 237, 240), it is increasingly
speculated that the function and mechanism of lncRNA-
mediated ceRNA network for chemoresistance regulation.
GSTM3TV2/let-7/LAT2, OLR1

LncRNA Homo sapiens glutathione S-transferase mu 3,
transcript variant 2 and noncoding RNA (GSTM3TV2), a
novel long intergenic ncRNA encoded from chromosome
1p13.3, has been recently identified as an oncogenic lncRNA to
promote gemcitabine resistance through GSTM3TV2/let-7/L-
type amino acid transporter 2 (LAT2), oxidized low-density
lipoprotein receptor 1 (OLR1) ceRNA pathway in PC (63). The
data showed that GSTM3TV2 expression was upregulated in PC
tissues and gemcitabine-resistant cell lines and was positively
associated with poorer survival in patients with PC. Function
studies demonstrated that overexpression of GSTM3TV2
significantly decreased gemcitabine-induced cytotoxicity in vivo
and in vitro, whereas its knockdown reversed these effects in PC.
Furthermore, bioinformatics analysis, luciferase assays, and RNA
immunoprecipitation assay revealed that GSTM3TV2 was
physically associated with let-7 and functioned as ceRNA for
let-7 to promote gemcitabine resistance. And let-7 directly
targeted LAT2 and OLR1 and suppressed their expressions.
LAT2, a transporter of neutral amino acids, activates
mechanistic target of rapamycin (mTOR) kinase, thereby
inhibiting apoptotic cell death in PC (241). OLR1 is also
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known to increase HMGA2 transcription by upregulating c-Myc
to promote the metastasis in PC (242). LAT2 and OLR1 were
upregulated in gemcitabine-resistant cells, and that inhibiting
their expression enhanced the chemosensitivity of PC
cells to gemcitabine. Meanwhile, GSTM3TV2-mediated
chemoresistance could be depressed by knocking down LAT2
and OLR1. Thus, GSTM3TV2 could upregulate the expression of
LAT2, OLR1 through competitively sponging let-7 to enhance
gemcitabine resistance of PC, which suggested that GSTM3TV2/
let-7/LAT2, OLR1 axis might act as a potential biomarker and
therapeutic target for PC (63).
DYNC2H1-4/miR-145

Linc-DYNC2H1-4, an intergenic ncRNA about 281 nt in length,
has been originally discovered in human liver (237, 243). A recent
study performed byGao et al. (243) demonstrated thatDYNC2H1-
4 acted as a sponge of miR-145 to upregulate the expression of its
targets, MMP3, Oct4, Lin28, Nanog, Sox2, and ZEB1, thereby
promoting EMT progression and CSC formation, which led to
chemoresistance inPCcells. Theyfirst found thatDYNC2H1-4was
upregulated in PC tissues and BxPC-3 gemcitabine-resistant cell
line with acquired gemcitabine resistance. Ectopic expression of
DYNC2H1-4 promoted migration and invasion as well as
pacreatosphere-forming ability in gemcitabine-sensitive PC cells.
Knockdown of DYNC2H1-4 suppressed the acquisition of EMT
phenotypes and CSC properties in gemcitabine-resistant cells.
Mechanistically, DYNC2H1-4 competed with miR-145 to
upregulate its targets’ expression. MiR-145 was established as a
tumor suppressor, targeting embryonic transcription factors
including Lin28, Nanog, Sox2, and Oct4, and also inhibiting the
EMT key regulator, ZEB1 expression. Overexpression of
DYNC2H1-4 in parental BxPC-3 cells significantly elevated the
Lin28,Nanog, Sox2,Oct4, andZEB1expressions,while knockdown
of DYNC2H1-4 in BxPC-3 gemcitabine-resistant cells showed the
opposite effects. Furthermore, upregulation of these miR-145
targets by DYNC2H1-4 was reverted by miR-145 overexpression.
In addition, they also found that MMP3, a nearby gene of
DYNC2H1-4, was expressed differentially in accordance with
DYNC2H1-4 levels in gemcitabine-sensitive and -resistant cell
lines. MiR-145 directly targeted MMP3. Overexpression of miR-
145 decreasedMMP3 expression in gemcitabine-resistant cell lines,
and MMP3 upregulation induced by DYNC2H1-4 was
downregulated by miR-145, which indicated that DYNC2H1-4/
miR-145/MMP3 ceRNA axis was one of the mechanisms by which
DYNC2H1-4 was involved in regulating chemoresistance of
PC (243).
GAS5/miR-221/SOCS3

LncRNA growth arrest-specific transcript 5 (GAS5), which is
located on chromosome 1q25 and originally found to accumulate
in growth-arrested cells, acts as a decoy hormone response element
for the glucocorticoid receptor (GR) (244, 245). It has been shown
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that GAS5 is downregulated and exerted a tumor-suppressive role
in diverse cancers, including gastric cancer, non-small cell lung
cancer, ovarian cancer, cervical cancer, gliomas, bladder cancer,
renal cell carcinoma, and hepatocellular carcinoma (245, 246). The
decreased expression of GAS5 has been correlated with poor
tumor differentiation, metastasis to the lymph nodes, advanced
pathological stages, adverse overall survival, resistance to
chemotherapy, and so on (245, 246). Meanwhile, GAS5 interacts
with the pathology of variety cancers by inhibiting cell proliferation,
suppressing invasion and metastasis, stimulating apoptosis, as well
as the induction of cell cycle arrest (237, 244). Recently, it has been
reported that GAS5 is also involved in the therapy resistance of
cancer by modulating the expression of various gene targets (237,
244). Previous studies have shown that GAS5 was involved in
chemoresistance of PC by serving as a ceRNA formiRNA. Liu et al.
(247) demonstrated that GAS5 functioned as a competing
endogenous RNA for miR-221 to suppress gemcitabine resistance
in PC by regulating the miR-221/SOCS3 pathway. They showed
that the expression levels of GAS5 and suppressor of cytokine
signalling-3 (SOCS3) were downregulated in both PC tissues and
cell lines; however, the expression of miR-221 was increased.
Upregulation of GAS5 promoted SOCS3 expression and
suppressed cell growth, metastasis, and gemcitabine resistance by
inhibiting the EMT and tumor stem cell accumulation both in vivo
and in vitro. Mechanistically, GAS5 directly targeted and
suppressed miR-221 expression and enhanced SOCS3 expression.
Moreover, SOCS3 could reverse the development of miR-221-
mediated EMT and stem cell-like phenotype by inhibiting cell
proliferation, migration, and chemotherapy resistance. Thus,
these results suggested that GAS5/miR-221/SOCS3 ceRNA axis
might be a potential therapeutic strategy in PC (247). In addition,
GAS5 could negatively regulate miR-181c-5p expression to
antagonize gemcitabine and 5-fluorouracil (5-FU) resistance of
PC through inactivation of the Hippo signaling (248).
LncRNAs AS CeRNAs MODULATING
ANGIOGENESIS

Studies have shown that angiogenesis is of great importance in
activating the proliferation, invasion, and metastasis of cancer
cells, thus playing a crucial role in the initiation and development
of solid tumors, including PC (68, 249–252). Many molecular
pathways or angiogenic molecules are directly related to
angiogenesis, such as VEGF, fibroblast growth factor (FGF),
MMP-9, or the platelet-derived growth factor family. Similarly,
accumulating studies have also reported that lncRNAs are
associated with angiogenesis of cancers (20, 53, 253). In this
section, we discuss the latest reports about lncRNAs as ceRNAs
involved in angiogenesis of PC.
CRNDE/miR-451a/CDKN2D

LncRNA Colorectal neoplasia differentially expressed (CRNDE),
originally identified to be specifically associated with colorectal
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cancer, is located on chromosome 16 and is also highly
expressed in other cancers, such as lung cancer, hepatocellular
carcinoma, gastric cancer, breast cancer, and glioma (254–
256). Meanwhile, increasing evidence suggests that CRNDE
can function as a crucial tumor promoter to facilitate the
progression of carcinogenesis in various cancers. It has been
shown that overexpression of CRNDE promotes cell growth
and proliferation, enhances migration and invasion, and
modulates metabolism while suppressing apoptosis through
multiple molecular regulatory networks (254–256). Zhu et al.
(257) found that CRNDE promoted the progression and
angiogenesis of PC via miR-451a/CDKN2D axis. They found
that CRNDE was significantly upregulated in PC tissues as well
as PC cell lines. And CRNDE overexpression enhanced the
progression and angiogenesis of PC cells in vitro and in vivo.
Further studies showed that CRNDE exerted its oncogenic role
by sponging miR-451a to upregulate cyclin-dependent kinase
inhibitor 2D (CDKN2D) expression. Furthermore, Pearson
analysis showed that the expression of CRNDE and miR-451a
was negatively correlated, and the expression of miR-451a and
CDKN2D was also negatively correlated, while the expression of
CRNDE and CDKN2D was positively correlated in PC tissues.
Overexpression of miR-451a or CDKN2D knockdown
significantly reversed CRNDE-mediated PC cell proliferation,
migration, and angiogenesis. Consequently, the above data
demonstrated that CRNDE/miR-451a/CDKN2D ceRNA axis
might become a potential therapeutic target for PC treatment
(257). In addition, Wang et al. (258) reported that CRNDE
sponged miR-384 to promote PC cell proliferation and
metastasis through upregulating insulin receptor substrate
1 (IRS1).
LINC00511/miR-29b-3p/VEGFA

LncRNA LINC00511 is transcribed from chromosome 17q24.3
region and upregulated in different malignancies, such as
glioma, ovarian cancer, breast cancer, cervical cancer, lung
cancer, hepatocellular carcinoma, gastric cancer, and renal cell
cancer (259). It has been proven that aberrantly upregulated
LINC00511 in malignant tumors is strongly associated with
tumor size, clinical stage, lymph node metastasis, and
unsatisfactory prognosis. Meanwhile, growing evidence reveals
that LINC00511 can accelerate tumor progression by inhibiting
malignant cell apoptosis and promoting tumor cell proliferation,
migration, invasion, metastasis, chemotherapy resistance,
and so on (259). Moreover, recent studies also displayed that
LINC00511 played crucial roles in multiple malignant processes
of carcinogenesis by serving as a ceRNA. For example, Lu et al.
(260) revealed that LINC00511 acted as a ceRNA, which
contributed to breast cancer tumorigenesis and stemness by
inducing the miR-185-3p/E2F1/Nanog axis, whereas the
LINC00511/miR-150/MMP13 ceRNA axis also promoted
breast cancer proliferation, migration, and invasion (261). At
the same time, LINC00511 facilitated lung squamous cell
carcinoma progression via sequestering miR-150-5p and
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activating TADA1 by ceRNA mechanism (262). Additionally,
LINC00511 could enhance glioblastoma tumorigenesis and EMT
via LINC00511/miR-524-5p/YB1/ZEB1 positive feedback loop
(263). In PC, Zhao et al. (264) demonstrated that LINC00511
functioned as a ceRNA to mediate the expression of VEGFA
through competition for miR-29b-3p, hence serving as a tumor
promoter for proliferation, migration, and angiogenesis. They
found that LINC00511 was upregulated in PC samples compared
with adjacent non-tumoral samples and significantly associated
with lymph node metastasis, early recurrence, and poor patient
survival. Knockdown of linc00511 impaired tumor proliferation
in vivo and in vitro, concomitant with induction of cell apoptosis.
Further studies showed that knockdown of linc00511 blocked
PC cell migration, invasion, and angiogenesis in vitro.
Mechanistically, LINC00511 promoted PC progression through
sponging miR-29b-3p to upregulate VEGFA expression. VEGFA
knockdown decreased the effect of LINC00511-mediated cell
proliferation, invasion, and angiogenesis. In summary,
LINC00511/miR-29b-3p/VEGFA axis played a critical role in the
tumorigenesis and angiogenesis of PC. Simultaneously, Wang et al.
(265) found that miR-29c-3p/LINC00511 may be utilized to
indicate prognosis of PC based on ceRNA hypothesis through
bioinformatics analysis.
LncRNAs AS CeRNA IN PANCREATIC
CANCER DIAGNOSIS, PROGNOSIS,
AND THERAPY

Diagnosis of diseases by detecting the differential expression of
circulating RNA in plasma or serum has become a new
technology in the field of noninvasive diagnostic applications
(266). Recent studies have found that miRNA can be detected in
human peripheral blood despite the large amount of endogenous
ribonuclease in blood of cancer patients (267). In addition, a
variety of plasma or serum lncRNAs have been characterized as
potential tumor markers in human fluids. Ren et al. (268) found
that in plasma of patients with prostate cancer, MALAT1 was
significantly overexpressed and could significantly discriminate
cancer patients from healthy controls. Plasma AA174084 levels
were associated with invasion and lymphatic metastasis of gastric
cancer and were found to drop markedly on day 15 after the
patients received surgery (269). As reported, the aberrant
expressions of other lncRNAs have potential to serve as
diagnostic or prognostic biomarkers for the human colon,
breast, liver, and lung malignancies (270–273). In this section,
we discuss some ceRNA networks involved in the diagnosis,
prognosis, and therapy of PC.
UCA1/miR-96-5p/AMOTL2, ERK1, ERK2

LncRNA UCA1 was found to be highly expressed in exosomes
derived from hypoxic PC cells and could be transferred to human
umbilical vein endothelial cells through the exosomes (168).
Further detections revealed the elevated expression levels of
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UCA1 in exosomes derived from serum of PC patients compared
with healthy controls, which was associated with poor survival of
PC patients. In addition, UCA1 could promote tumor growth
and angiogenesis through the UCA1/miR-96-5p/AMOTL2,
ERK1, ERK2 axis.
PVT1/miR-20b/CCND1

By searching The Cancer Genome Atlas (TCGA) and Genotype-
Tissue Expression (GTEx) databases and performing functional
enrichment analysis, Zu et al. (274) recognized that pathways in
cancer was greatly associated with tumor formation and
progression. To identify a meaningful ceRNA network, the
stepwise prediction and validation from mRNA to lncRNA
were applied according to the ceRNA rules. A total of 11 hub
genes, four key miRNAs, and two key lncRNAs were found to be
key factors in the ceRNA network, and the PVT1/miR-20b/
CCND1 axis was identified as a promising pathway-related
ceRNA axis in the progression of PC, which could be
considered as encouraging a prognostic biomarker and
therapeutic target for PC.
LncRISK-7

Zhou et al. (275) performed a genome-wide analysis to investigate
potential lncRNA-mediated ceRNA interplay based on “ceRNA
hypothesis” and uncovered seven novel lncRNAs as functional
ceRNAs contributing to PC. Next, based on the expression data
and the support vector machine (SVM) algorithm, a seven-
lncRNA signature (termed LncRisk-7, including SH3BP5-AS1,
STARD4-AS1, ARNTL2-AS1, AC002550.5, RP11-206L10.5,
AC016738.4, and RP5-901A4.1) was developed as a novel
diagnostic tool, which could significantly improve the early
diagnosis of PC. The LncRisk-7 showed promising efficiency in
distinguishing PC samples from non-malignant pancreas samples
in the training cohort, and its high performance was further
confirmed in two independent validation cohorts. Results of the
functional experiments demonstrated that the seven lncRNA
biomarkers were involved in the regulation of cell cycle, cell
death, and cell adhesion of PC cells, mechanistically acting as
ceRNAs. Results of this work improved our understanding of the
lncRNA-mediated ceRNA regulatory mechanisms in the
pathogenesis of PC and provided the LncRisk-7 as potential
diagnostic biomarkers.
A ceRNA MODULE COMPRISING
OF 29 GENES

Using the paired genome-wide expression profiles of lncRNA,
miRNA, mRNA, and relationships between them, Zhao et al.
(276) constructed a PC-specific hallmark gene-related ceRNA
network (HceNet). The characteristics of HceNet was analyzed
based on “ceRNA hypothesis,” and a ceRNA module comprising
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of 12 lncRNAs, 2 miRNAs, and 15 mRNAs was identified as
potential prognostic biomarkers associated with the overall
survival of PC patients. The prognostic value of ceRNA
module biomarkers was further validated to be statistically
significant in all the training, the validation, and the entire
cohorts. This study provided potential prognostic biomarkers
for PC and provided novel insight into the ceRNA-related
regulatory mechanism in PC progression.
A THREE-LncRNA SIGNATURE

To identify the specific lncRNAs and further analyze their
function relating to PC, Shi et al. (277) constructed a global
triple network based on the ceRNA theory and RNA-seq data
from The Cancer Genome Atlas. Six lncRNAs in the lncRNA–
miRNA–mRNA co-expression network were significantly
associated with overall survival of PC patients, and a three-
lncRNA (LINC00460, C9orf139, and MIR600HG) signature
succeeded to predict survival of patients with PC. Protein–
protein interaction network data uncovered the association of
five genes with the overall survival of PC patients. The findings of
this study deepened our understanding in the function of an
lncRNA-associated ceRNA network involved in PC pathogenesis
and identified the potential prognostic roles of the three-lncRNA
signature in PC.
NAMPTP1/HCG11-hsa-miR-26b-5p-
COL12A SUBNETWORK

By analyzing the expression and survival data of the aberrantly
expressed genes in PC according to the systematic mRNA–
miRNA–lncRNA/pseudogene network, Jing et al. (278)
elucidated the new NAMPTP1/HCG11-hsa-miR-26b-5p-
COL12A subnetwork in PC progression. Further validation
indicated that the subnetwork might be a candidate diagnostic
biomarker or potential therapeutic target for PC.
AN lncRNA–miRNA–mRNA CO-
EXPRESSION NETWORK

To identify new prognostic markers and develop a multi-
mRNAs-based classifier for survival prediction in patients with
PC, Weng et al. (29) established an lncRNA–miRNA–mRNA
co-expression network that consisted of 66 genes (60 lncRNAs,
3 miRNAs, and 3 mRNAs) relating to the prognosis of PC
patients. In addition, a 14-mRNAs-based classifier was
constructed based on a training dataset consisting of 178 PC
patients. The area under the receiver operating characteristic
(AUC) curves in the training dataset for prediction of 1-, 3-, and
5-year OS were 0.719, 0.806, and 0.794, respectively. In the
independent validation dataset, the AUC of classifier was
0.604, 0.639, and 0.607, respectively, which showed the good
prediction function of the network. The network was associated
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with PC pathogenesis and might be used as a reference for future
molecular biology research.
CONCLUSIONS

The ceRNA interplay is a universal posttranscriptional
regulation involving miRNAs and various coding and
noncoding RNAs through the functional interactions among
them. Comprehensive investigations and understanding into the
ceRNA network will greatly increase our knowledge in the
underlying molecular mechanisms of cancer pathogenesis. As
discussed in this review, the lncRNAs harboring the MREs can
specifically sequester miRNAs and function as molecular decoys
or sponges, competitively inhibiting the translation and function
of their downstream target genes. The lncRNA–miRNA–mRNA
ceRNA networks play important regulatory functions in PC
progression, including almost all crucial biological processes.
As important members of the ceRNA networks, lncRNAs are
widely involved in the occurrence of PC, which suggests that
plasma lncRNA can to be used as a novel and effective diagnostic
biomarker. At the same time, lncRNAs have been found to be
involved in the development of the advanced stages of PC,
indicating the great potential of these lncRNAs as prognostic
biomarkers. More importantly, overexpression or knockdown of
related members in the ceRNA networks that are closely
associated with the development of PC can significantly inhibit
the malignant biological behavior of PC, which suggests them as
candidate therapeutic targets for PC.

In recent decades, more and more studies have focused on in-
depth explanations of the molecular mechanisms behind the
malignant biological behavior of PC. However, the diagnosis and
Frontiers in Oncology | www.frontiersin.org 1680
treatment measures related to PC are still limited, and the
prognosis of PC has not been significantly improved. At
present, the research and understanding of the novel lncRNA-
related ceRNA networks are still in the early stage, and the exact
mechanisms of their involvement in cancer progression remain
largely unknown, which requires in-depth exploration in the
molecular mechanisms to provide new advances in the treatment
of PC.
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GLOSSARY

AFAP1-AS1 Actin filament-associated protein 1 antisense RNA 1
AGR2 Anterior gradient 2
ANRIL Antisense noncoding RNA in the INK4 locus
CDKN2D Cyclin-dependent kinase inhibitor 2D
ceRNAs Competing endogenous RNAs
CRNDE Colorectal neoplasia differentially expressed
CSC Cancer stem cells
DUSP1 Dual-specificity protein phosphatase 1
EMT Epithelial–mesenchymal transition
EZH2 Enhancer of zeste homolog 2
FEZF1-AS1 FEZ finger zinc 1 antisense 1
GAS5 Growth arrest−specific transcript 5
GSTM3TV2 Homo sapiens glutathione S-transferase mu 3, transcript variant 2

and noncoding RNA
HIF1A Hypoxia-Inducible Factor 1A
HIPK2 Homeodomain-interacting protein kinase 2
HMGB1 High-mobility group box-1
HOTAIR HOX transcript antisense RNA
HULC Highly upregulated in liver cancer
iASPP Inhibitor for the apoptosis-stimulating protein of p53
LAT2 L-type amino acid transporter 2
LncRNAs Long noncoding RNAs
MALAT1 Metastasis-associated lung adenocarcinoma transcript 1
MAPK Mitogen-activated protein kinase
MIR31HG MiR-31 host gene
miRNA MicroRNAs
MREs MiRNA recognition elements
NORAD noncoding RNA activated by DNA damage
OLR1 Oxidized low-density lipoprotein receptor 1
OTUD7B Cezanne
PC Pancreatic cancer
PRC2 Polycomb repressive complex 2
PVT1 Plasmacytoma variant translocation 1
ROR Regulator of reprogramming
SNHG16 Small Nucleolar RNA Host Gene 16
SOCS3 Suppressor of cytokine signaling-3
SOX2OT SOX2 overlapping transcript
SREBP2 Sterol regulatory element-binding protein-2
TGFBR1 Transforming growth factor beta 1
TGFBR2 Transforming growth factor beta 2
THAP9-AS1 THAP9 antisense RNA 1
TUG1 Taurine upregulated gene 1
UCA1 Urothelial cancer-associated 1
ULK1 Unc-51-like autophagy-activating kinase 1
XIST X inactivation-specific transcript
YAP Yes-associated protein
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Background: Much importance is attached to the clinical application value of circulating
tumor cells (CTCs), meanwhile tumor-proximal CTCs detection has interested researchers
for its unique advantage. This research mainly discusses the correlation of portal venous
(PoV) CTCs counts in different epithelial-mesenchymal transition status with
clinicopathologic parameters and postoperative prognosis in resectable pancreatic
ductal adenocarcinoma patients (PDAC).

Methods: PDAC patients (n=60) who received radical resection were enrolled in this
research. PoV samples from all patients and peripheral venous (PV) samples from 32
patients among them were collected to verify spatial heterogeneity of CTCs distribution,
and explore their correlation with clinicopathologic parameters and clinical prognosis.

Results: CTCs detectable rate and each phenotype count of PoV were higher than those
of PV. Patients with recurrence had higher PV and PoV epithelial CTCs (E-CTCs) counts
than recurrence-free patients (P<0.05). Some unfavourable clinicopathologic parameters
were closely related to higher PoV CTCs counts. Multivariate regression analysis
demonstrated that PoV mesenchymal CTC (M-CTC)s≥1/5 ml was an independent risk
factor for metastasis free survival (MFS) (P=0.003) and overall survival (OS) (P=0.043).

Conclusions: Our research demonstrated that portal venous was a preferable vessel for
CTC test, and patients with PoV M-CTC≥1/5 ml had shorter MFS and OS time in
resectable PDAC patients. PoV CTC phenotype detection has the potential to be a reliable
and accurate tool to identify resectable PDAC patients with high tendency of
postoperative metastasis for better stratified management.

Keywords: circulating tumor cell, pancreatic ductal adenocarcinoma, portal venous, prognosis, epithelial-
mesenchymal transition
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) remains one of
the most aggressive malignancies with high metastatic
tendency to distant organs (1), and it has been projected to
be the second most lethal tumor by 2030 (2). A retrospective
study pointed that nearly half of 957 PDAC patients had
suffered tumor recurrence or metastasis within 1 year after
surgery, including liver metastasis (33.8%) and lung
metastasis (8.5%), though they had already received radical
surgery (3). Cancer management strategy would benefit a lot
from the accurate prognostic indicator in order to better
stratify patients (4, 5). While the prognosis of PDAC is
highly unpredictable, mainly due to the absence of precise
and timely prognosis indicators (6).

Increasing evidence demonstrated that utilizing the
circulating tumor cells (CTCs) count to early assess the
postoperative prognosis can be considered as an efficient
method in some solid tumors (5, 7–9). To date, research
involving CTCs detection has mainly focused on peripheral
blood samples with low detectable rates and detectable
enumeration (7, 9). It is worth noting that researchers have
utilized tumor-proximal liquid biopsy to overcome the
mentioned limitations with the enhancement of detectable
rates and the enumeration of CTCs (7, 9–11). In this research,
we collected portal venous blood and peripheral venous blood for
CTCs phenotypes detection to verify the value of tumor-
proximal liquid biopsy.

Epithelial-mesenchymal transition (EMT) and its
intermediate states have already been acknowledged as crucial
drivers of tumor progression, though there is still far from a
consensus on the significance of each EMT phenotype for
prognosis (12, 13). Recently, exploring the correlation between
CTCs in different EMT statuses and prognosis has attracted
increasing attention (14–16). In this study, Canpatrol CTC
detection technology was used to enrich and identify CTCs in
different EMT statuses and then routinely classified them into
three typical subgroups according to the expression of
fluorescence signals: entirely epithelial-CTCs(E-CTCs), entirely
mesenchymal-CTCs (M-CTCs), and hybrid phenotype CTCs
(H-CTCs). Furthermore, we classified the H-CTC into E>M,
E≈M, and E<M subtypes. The main aim of this study is to
identify the correlation between the portal venous CTCs
subtypes count with clinicopathological parameters and
prognosis to verify the clinical application value of tumor-
proximal liquid biopsy in resectable PDAC patients.
Abbreviations: AJCC, American Joint Committee on Cancer; AUC, Area under
the curve; CA 19-9, Cancer antigen 19-9; CK8/18/19, cytokeratin8/18/19; CTC,
Circulating tumor cell; DAPI, 4′,6-diamidino-2-phenylindole; E-CTC, Epithelial
CTC; EDTA, Ethylenediaminetetraacetic acid; EMT, Epithelial-mesenchymal
transition; EpCAM, Epithelial cell adhesion molecule; H-CTC, Hybrid CTC;
HR, hazard ratio; IQR, Interquartile Range; ISET, Isolation by Size of Epithelial
Tumor Cells, M-CTC, Mesenchymal CTC; MFS, metastasis free survival; OS,
Overall survival; PDAC, Pancreatic ductal adenocarcinoma; PoV, Portal venous;
PV, peripheral PV; RFS, Recurrence free survival; ROC, Receiver operating
characteristic; SD, Standard deviation; T-CTC,Total CTC.
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PATIENTS AND METHODS

Patients
This research was carried out at the Department of Hepatobiliary
and Pancreatic Surgery, People’s Hospital of Zhengzhou
University (Zhengzhou, China). From August 2018 to
September 2020, 60 PDAC patients receiving radical surgery
were enrolled. The inclusion criteria were as follows: (a) radical
resection confirmed by postoperative pathology; (b) PoV blood
samples collecting was prior to specimen separation
intraoperation; (c) definite pathological diagnosis of PDAC.
The exclusion criteria were as follows: (a) previously treated
with anticancer therapy before surgery, including radiotherapy,
immunotherapy and chemotherapy; (b) patients with incomplete
clinicopathological data; (c) patients with distant metastasis or
others primary tumor. Ultimately, sixty patients met the
inclusion criteria and were enrolled in this study. This study is
consistent with the guidelines of the Declaration of Helsinki and
approved by ethics committee of Henan Province People’s
hospital. Informed consent was obtained from each participant.

Portal Venous and Peripheral Venous
Blood Samples
Portal venous (PoV) blood sample (5ml) collection was performed
prior to specimen separation during surgery (Figure 1A).
Peripheral blood (PV) samples (5ml) were obtained from the
cubital vein before surgery (Figure 1B). Then, these blood samples
were placed in ethylenediaminetetraacetic acid (EDTA)
vacutainers for the CTC phenotype detection.

CTCs Enrichment and Identification
The Canpatrol™ CTCs detection platform (Sur Exam, Guangzhou,
China) had been introduced by previous reports (5, 17, 18). Firstly,
CTCs were isolated by a filtration system containing a membrane
with 8-mm diameter pores (Sur Exam, Guangzhou, China). The
nuclei were stained by4',6-diamidino-2-phenylindole (DAPI).
RNA-in situ hybridization technology was used to identify the
CTC phenotypes targeting different mRNA sequences that encode
epithelial biomarkers (EpCAM, CK8/18/19), mesenchymal
biomarkers (Vimentin and Twist), and the leukocyte biomarker
CD45. CTCs phenotypes were analyzed with a fluorescent
microscope, the epithelial CTCs (E-CTCs) were stained with red
fluorescence, mesenchymal CTCs (M-CTCs) were stained with
green fluorescence and hybrid CTCs (H-CTCs) were stained with
both red and green fluorescence. Besides, leukocytes were stained
with white fluorescence (Figure 1C).

Clinical and Pathologic Characteristic
Clinicopathological data from 60 PDAC patients were collected,
including age, sex, hepatitis, diabetes, preoperative serum CA19-
9 level and postoperative serum CA19-9 level (referring to the
first postoperative review result), tumor location (head and neck
vs body and tail), degree of tumor differentiation (medium and
poorly differentiated vs well differentiated), TNM stage (referring
AJCC cancer staging manual, 8th edition) (19), nerve invasion,
tumor size, surgical method, PoV and PV CTCs subtype counts.
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Follow Up
The postoperative follow-up mainly focuses on the disease
progression, including recurrence, metastasis, death until to
January 2021. According to the guidelines of PCCA, patients
are recommended to undergo a comprehensive examination for
status assessment every 3 months in the first year, every 3 to 6
months during the second to third years, and then every 6
months (20). The length of the recurrence free survival (RFS)/
metastasis free survival (MFS)/overall survival (OS) was
measured from the date of surgery until the date of recurrence/
metastasis/death occurring.

Postoperative tumor progression was stratified into two
mutually exclusive categories: local recurrence and distant
metastasis and they were judged mainly by imaging
examination. If a patient had diagnosed with both local
recurrence and distant metastasis at a follow-up, then he was
classified into the metastasis group for metastatic lesions can
represent a more lethal progression.

Statistical Analysis
SPSS 21.0 and GraphPad Prism 8.0 software were used for data
analysis. E-CTCs, M-CTCs, H-CTCs and T-CTC counts were
used to investigate the prognosis assessment value and the
correlation with clinicopathological parameters. Receiver
operating characteristic curve (ROC) was used to determine
the cut-off value of each CTCs subtype counts on different
clinical outcomes. Then, we divided these patients with
different CTC subtype count into different groups.

Continuous variables are presented as the median with inter-
quartile range (IQR). CTCs count differences were compared by the
nonparametric Mann–Whitney U test and/or the Kruskal-Wallis
test. The Kaplan–Meier method with the log-rank test was used to
assess the differences between the different groups. Univariate and
multivariate factor analyses of prognosis-related factors were
conducted using a Cox regression model to identify independent
predictors. P<0.05 means statistically significant.
Frontiers in Oncology | www.frontiersin.org 391
RESULTS

Patients Characteristics
Sixty patients were enrolled in this study, including 34 men and
26 women with a median age of 56.5 (range: 30–83 years old).
The number of patients in I stage, II stage, and III stage of TNM
stage were 16, 35, 9 respectively. In addition, PV blood samples
were collected from 32 patients among them. Although it was an
invasive operation to obtain portal venous blood, we had not
observed immediate or delayed complications from portal vein
draws including hematoma formation or gastrointestinal
bleeding. With a median follow‐up duration of 15 months
(range: 3–29 months), 11 (18.3%) patients experienced local
recurrence, and metastasis occurred in 30.0% (18/60),
including 9 liver only metastases, 4 lung only metastases, 3
cases of multiple sites metastases, beside 3 patients had been
diagnosed with both recurrence and metastatic. By the last
follow-up, 17 patients had died due to tumor progression.
Spatial Heterogeneity of CTCs Distribution
Thirty-two patients were implemented both PoV and PV CTCs
phenotype tests, and we found that the T-CTC detectable rate in
PV was 87.5% (Figure 2A), while the PoV T-CTC detectable
positive ratio was high to 96.9% (Figure 2B). Paired comparison of
CTCs phenotype counts in different vessels of 32 patients, we
found the count of T-CTC and three kinds of subtypes of CTC in
PoV were all significantly higher than in PV (Figure 2C) (P<0.05).

To further investigate the correlation between the PoV and PV
CTC counts, we performed a linear regression analysis and found
that the counts of T-CTCs, H-CTCs, E-CTCs per 5ml of PoV were
significantly correlated with the count of PV (R2 = 0.349, P < 0.001;
R2 = 0.335, P < 0.001; R2 = 0.135, P = 0.039; respectively)
(Supplementary Figures 1A–C), while no significant association
was observed in the count of M-CTCs per 5 mL of PoV and PV
sample (R2 < 0.001, P = 0.973) (Supplementary Figure 1D).
A

B

C

FIGURE 1 | Representative images of PoV, PV blood samples collection and typical multifluorescence signals of CTCs and leukocytes. (A) Collecting the portal
venous blood sample. (B) Peripheral vessel blood sample was obtained by puncturing the cubital vein. (C) Based on mRNA sequence staining technology, the nuclei
were stained with DAPI (blue), the epithelial markers (EpCAM and CK8/18/19) are indicated by red dots, the mesenchymal markers (Vimentin and Twist) are
indicated by green dots, and the hybrid CTCs contain epithelial markers and mesenchymal markers are indicated by red and green dots. Leukocyte marker (CD45) is
indicated by white dots. Scale bar = 5mm.
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PV CTCs Phenotype and Their
Prognostic Significance
During the follow-up (median months=15, range 3 to 29), five
patients (15.6%) suffered recurrence, eleven patients (34.5%)
presented with tumor metastasis, and eleven patients (34.5%)
died from tumor-related causes. The median counts of T-
CTCs, E-CTCs, H-CTCs and M-CTCs were 2, 0.5, 1, and
0, respectively.
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To evaluate the prognostic value of the PV CTC phenotype
count in PDAC, we compared the count differences of T-CTC
and CTCs subtype among patients with different outcomes
including recurrence, metastasis, death. We had not noticed a
correlation between PV CTCs subtype counts with survival and
metastasis events (Figures 3B, C). However, we found that
recurrent patients had higher E-CTC counts than recurrence-
free patients (P<0.05) (Figure 3A). ROC curve analysis exhibited
A CB

FIGURE 2 | The CTCs count paired comparison in PV and PoV samples (n=32). The detectable rate of T-CTCs in the PV sample (A) was lower than that of the PoV
sample (B) (87.5% vs 96.9%). (C) Each CTCs phenotype (T-CTC, E-CTC, H-CTC, M-CTC) count of the PoV sample were higher than those of the PV sample.
A B

D E

C

FIGURE 3 | Comparison of different CTC phenotype counts of peripheral blood samples between the PDAC patients (n=32) with different postoperative prognosis,
including recurrence or recurrence-free (A), metastasis or metastasis-free (B), and death or survival (C), through the Mann–Whitney U test, the results demonstrated
that the recurrence patients (n=5) had significantly higher E-CTC counts than the recurrence-free patients (n=27) (P < 0.05). (D) ROC curves for PV E-CTC (cut-off =
2 CTCs/5 ml, AUC = 0.800 95% CI 0.621–0.920; P = 0.032) regarding on recurrence. (E) Kaplan-Meier RFS stratified with respect to the E-CTC cut-off value of 2/5
ml for PDAC patients, the curve showed patients with PV E-CTC ≥ 2/5ml had a significantly shorter RFS than patients with PV E-CTC < 2/5ml (P = 0.0002).
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that E-CTC≥2/5 ml means a higher risk of tumor recurrence
(P=0.02) (Figure 3D), and Kaplan–Meier curve analysis shown
that patients with high PV E-CTC (E-CTC ≥ 2/5 ml) counts had
significantly shorter RFS than patients with low E-CTC counts
(P=0.002) (Figure 3E).
PV CTCs Count and Prognosis in Patients
Received Adjuvant Chemotherapy
Peripheral blood CTCs of 18 unresectable advanced PDAC
patients were also collected before and after the first cycle
Frontiers in Oncology | www.frontiersin.org 593
chemotherapy and chemotherapy mainly adopts gemcitabine -
based monotherapy or combination regimens. Comparing the
PV CTCs subtype count difference in resectable and unresectable
PDAC patients before chemotherapy, we noticed that
unresectable patients had significantly higher H-CTCs than
resectable patients (P=0.035) (Supplementary Figure 2A).
Besides, Kaplan-Meier analysis shown that there was no
significantly difference on overall survival in patients with
increased or non-increased T-CTCs/E-CTCs/H-CTCs/M-CTCs
(Supplementary Figures 2B–E) (P=0.915, P=0.149, P=0.505,
P=0.164, respectively).
TABLE 1 | Correlation between PoV CTC phenotype count and baseline characteristics.

Variables n T-CTC P E-CTC P H-CTC P M-CTC P
Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Gender 0.487 0.142 0.742 0.061
Male 34 7.5 (4.75-13.25) 2 (1-4.25) 4 (1.75-8) 0 (0-1.25)
Female 26 7 (3-13.25) 2 (0.75-3) 4.5 (2-9.5) 0 (0-0)

Age (years) 0.470 0.234 0.829 0.452
≤65 38 7 (4-14) 2 (1-3.25) 4 (2-8.5) 0 (0-1)
>65 22 7.5 (2-13) 1.5 (0-4.25) 5 (1.75-8.25) 0 (0-1)

Diabetes 0.336 0.343 0.099 0.942
No 46 7 (3.75-13) 2 (1-5) 4 (1-7.5) 0 (0-1)
Yes 14 9.5 (4.75-15) 2 (1-3) 7 (3-13) 0 (0-1.25)

Hepatitis 0.959 0.925 0.795 0.902
No 51 7 (4-13) 2 (1-4) 5 (2-8) 0 (0-1)
Yes 9 7 (3.5-13.5) 2 (1-3.5) 3 (2.5-9) 0 (0-2)

Pre-op CA19-9 (u/ml) 0.087 0.853 0.038 0.335
≤37 23 6 (3-10) 2 (1-4) 3 (1-6) 0 (0-1)
>37 37 8 (5-14) 2 (1-3.5) 6 (3-9.5) 0 (0-1.5)

Post-op CA19-9 (u/ml) 0.013* 0.030* 0.012* 0.339
≤37 40 6.5 (3-11) 2 (0.25-3) 3 (1-7) 0 (0-1)
>37 20 11.5 (6.25-18.75) 3 (1.25-5.75) 7 (3.25-15.25) 0 (0-0.75)

T stage 0.061 0.006* 0.514 0.367
T1-T2 30 6.5 (3-10.5) 2 (0-2) 4 (2-7) 0 (0-1)
T3 30 10 (4.75-17.25) 3 (1-5) 5.5 (1-11.5) 0 (0-2)

Tumor location 0.242 0.099 0.859 0.349
Head、neck 29 9 (4-16) 3 (1-4.5) 5 (1-10.5) 0 (0-1.5)
Body、tail 31 7 (3-13) 2 (1-3) 4 (2-8) 0 (0-0)

Lymph node invasion 0.141 0.810 0.207 0.014*
N0 30 6.5 (3-11.5) 2 (0.75-3.25) 3.5 (1.75-7.25) 0 (0-0)
N1-N2 30 8.5 (4-14.75) 2 (1-4) 5.5 (2.75-10) 0 (0-2.25)

TNM stage 8th AJCC 0.852 0.858 0.795 0.710
IA-IIB 51 7 (4-13) 2 (1-3) 4 (2-8) 0 (0-1)
III 9 8 (3-21) 2 (0.5-4.5) 3 (1-15) 0 (0-1.5)

Nerve invasion 0.064 0.128 0.240 0.225
No 34 7 (3-10) 2 (0-3) 4 (2-7) 0 (0-1)
Yes 26 11 (4.75-17.25) 2.5 (1-4.25) 6.5 (1.75-13) 0 (0-2)

Differentiation 0.125 0.201 0.375 0.028*
High 36 7 (3-11.5) 2 (1-3) 3.5 (2-7) 0 (0-0)
Middle and low 24 10.5 (4.5-14) 2.5 (1-5) 5 (2.25-10.75) 0.5 (0-2)

Recurrence 0.025* 0.021* 0.067 0.309
No 49 7 (4-11.5) 2 (1-3) 4 (2-7) 0 (0-1)
Yes 11 17 (6-23) 5 (1-7) 11 (3-18) 0 (0-0)

Metastasis 0.068 0.075 0.616 <0.001*
No 42 7 (3-11) 2 (1-3) 4 (2-8) 0 (0-0)
Yes 18 12 (5.5-15) 3 (2-4.25) 5 (1.5-10) 2 (0.75-3)

Death 0.278 0.070 0.439 <0.001*
No 43 7 (3-13) 2 (1-3) 4 (2-9) 0 (0-0)
Yes 17 12 (5-13.5) 3 (1.5-5) 4 (0.5-7.5) 1 (0-3)
Oc
tober 2021 |
 Volume 11 | Article
Pre-op, preoperative; post-op, postoperative.
Bold values indicate that the results were statistically significant.
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PoV CTCs Count With Clinicopathologic
Parameters and Prognosis
We obtained PoV blood samples for CTC phenotype test from
60 patients. Fifty-eight patients (96.7%) had detectable T-CTC in
the PoV, and the median counts of T-CTCs, E-CTCs, H-CTCs
and M-CTCs were 7, 2, 4, and 0, respectively. During the follow-
up (median months=15, IQR 10.25 to 18), eleven patients
(18.3%) presented with disease recurrence, eighteen patients
(30%) presented with tumor metastasis, and seventeen patients
(28.3%) died due to tumor-related causes.

The correlations between the clinicopathologic variables and
the PoV CTC phenotype count of the 60 PDAC patients are
listed in Table 1. The Mann-Whitney U test was used to compare
the correlation between CTCs subtype counts and the
Frontiers in Oncology | www.frontiersin.org 694
clinicopathologic variables and outcomes. In this research, we
noticed a correlation of the T-CTC count with an abnormal
postoperative CA19-9 level and tumor recurrence; a correlation
of the E-CTC count with a postoperative abnormal CA19-9 level,
T stage and tumor recurrence; a correlation of the H-CTC count
with a postoperative abnormal CA19-9; a correlation of the M-
CTC count with lymph node invasion, tumor differentiation
degree and tumor metastasis (P<0.05) (Table 1).

Based on the correlation between the clinical outcome
and the CTC phenotype counts, ROC curves were used to
determine the cut-off value of the CTC phenotype counts
Figures 4A–D. The sensitivity, specificity and cut-off value are
depicted in Table 2. According to tumor recurrence or
recurrence-free, the cut-off values of the T-CTC and E-CTC
A B

C D

FIGURE 4 | The ROC curve for (A) PoV T-CTCs, (B) PoV E-CTCs on recurrence prediction, (C) PoV M-CTCs for metastasis prediction and (D) PoV M-CTCs for
death prediction. The result of sensitivity, specificity and cut-off value of each ROC curve are depicted in Table 2.
TABLE 2 | ROC curves of PoV CTCs phenotype counts on postoperative progression.

Clinical outcome CTC phenotype Cut-off value Sensitivity Specificity AUC P value

Recurrence T-CTC 14 63.6 87.8 0.717 0.035*
Recurrence E-CTC 5 54.55 87.76 0.721 0.032*
Metastasis M-CTC 1 77.78 85.71 0.842 <0.001*
Death M-CTC 1 70.60 81.40 0.778 <0.001*
October 2021 |
 Volume 11 | Article
Bold values indicate that the results were statistically significant.
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counts were 14/5 ml and 5/5 ml, respectively. The cut-off value of
M-CTC to describe postoperative metastasis was 1/5 ml, and M-
CTC≥1/5 ml was also an unfavourable factor of OS (Figure 5).

Based on the cut-off value, PoV CTC subtype counts were
divided into high or low groups. Then, Kaplan–Meier analysis was
used to compare the prognostic differences among the CTC counts
in different groups. The Kaplan–Meier curves showed that PoV T-
CTC≥14/5 ml predicts a shorter RFS (P<0.05), PoV E-CTC≥5/5
ml also predicts a shorter RFS (P<0.05), while PoV M-CTC≥1/5
ml predicts a shorter MFS (P<0.05), and a shorter OS (P<0.05)

PoV H-CTC Count to Predict the
Postoperative Prognosis
A scholar had also adapted the Canpatrol™ CTC platform, then
divided the CTCs into five phenotype with different plastic and
reversible phenotypes (21), referring this division criteria, the H-
CTCs were further classified into three subtypes as epithelial
predominant (E>M), intermediate (E≈M), or mesenchymal
predominant (E<M) according to the signal numbers of
epithelial or mesenchymal biomarker (Figure 6A). H-CTCs are
the main component of CTCs in both PV and PoV; interestingly,
E ≈ M is also the most abundant subtype of H-CTCs
(Figure 6B). We noticed a correlation between PoV E>M H-
Frontiers in Oncology | www.frontiersin.org 795
CTCs with postoperative recurrence, besides we had not found
correlations between the other CTCs phenotypes with
postoperative metastasis and survival (Figures 6C–E). The
ROC curve results showed that the cut-off value of E> M H-
CTC counts for recurrence assessment was 3/5 ml (Figure 6F).
The Kaplan–Meier curves demonstrated that E>M H-CTC≥3/5
ml means a shorter RFS (Figure 6G).

Univariate and Multivariate Regression
Analysis of Postoperative Prognosis
To identify the influence of baseline characteristics and
particular PoV CTC phenotype count on the resectable PDAC
postoperative prognosis. We noticed that postoperative CA19-
9>37 U/ml, high T stage, PoV E>M H-CTC≥3/5 ml, PoV T-
CTC≥14/5 ml, and PoV E-CTC≥5/5 ml were significantly
associated with RFS (all P<0.05), while lymph node invasion
and PoV M-CTC≥1/5 ml were significantly associated with MFS
(all P<0.05) by univariate Cox regression. However, M-CTC≥1/5
ml and lymph node invasion were both associated with
significantly shorter OS (all P<0.05) (Table 3). Next, the
multivariable analysis revealed that postoperative CA19-9>37
U/ml was a significant independent predictor of RFS (95CI
1.237–40.908; P=0.028); lymph node invasion (95%CI 1.286–
A B

C D

FIGURE 5 | Kaplan-Meier curves for PDAC patients with different prognosis in high/low CTC subtype count group for (A) T-CTC, for patients with high T-CTCs (≥ 14/5
ml) vs low T-CTC (<14/5 ml) and the mean RFS was 26.44 months (95%CI 24.07-28.83) vs 16.51 (95%CI 10.17 - 22.85). (B) E-CTC, for patients with high E-CTCs (≥ 5/
5 ml) vs low E-CTC (<5/5 ml) and the mean RFS was 25.84 month (95%CI 23.268- 28.416) vs 18.51 (95%CI 12.106 - 24.927). (C) M-CTC, for patients with high M-
CTCs (≥ 1/5 ml) vs low M-CTC (<1/5 ml) and the mean MFS was 14.19 month (95%CI 10.77 - 17.61) vs 23.78 (95%CI 19.207 - 28.368). (D) M-CTC, for patients with
high M-CTCs (≥ 1/5 ml) vs low M-CTC (<1/5 ml) and the mean OS was 17.28 months (95% CI 13.91 to 20.65) vs 22.87 months (95% CI 19.51 - 26.22).
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19.546; P=0.020) and PoV M-CTC≥1/5 ml (95%CI 1.893–
24.396; P=0.003) were significantly associated with shorter
MFS; and PoV M-CTC≥ 1/5 ml (95%CI 1.03–9.27; P=0.043)
was significantly associated with shorter OS (Table 4).
DISCUSSION

In this study, 88.2% (15/17) of PDAC patients died due to
postoperative metastasis with a median follow-up duration of 15
months. Tumormetastasis is an extremely aggressive characteristic
Frontiers in Oncology | www.frontiersin.org 896
of tumors and is the mainly cause of tumor related death of more
than 90% of patients with malignant tumors (22). The most
common metastasis organ of PDAC patients is the liver due to its
unique anatomical features and microenvironment (1, 4, 7).
Identifying patients with high tendency of postoperative
metastasis or recurrence is of the utmost importance, and it could
contribute to the development of novel treatment model and
management strategies for PDAC patients (6, 7).

In EMT (epithelial–mesenchymal transition) process, tumor
cells acquire some properties of mesenchymal cells which promote
tumor cell migrate and invade (16, 23). However, whether EMT
A B

C D
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FIGURE 6 | Typical multi-fluorescence signals of hybrid CTCs subtypes and correlation with prognosis. (A) Epithelial predominant (E > M) hybrid CTC, intermediate (E≈M)
hybrid CTC, or mesenchymal predominant (E<M) hybrid CTC. (B) Each H-CTC subtype count in patients (n=60). Comparison of PoV H-CTC subtype counts with prognosis,
recurrence (C), metastasis (D), and death (E), the result demonstrated that recurrence patients had significantly higher E > M H-CTC counts than recurrence-free patients
(P<0.05). (F) ROC curve was used to determine that the cut-off value of E > M H-CTC count was 3/5 ml (AUC = 0.760, sensitivity = 72.7%, specificity =75.5%, P=0.004).
(G) Kaplan–Meier analysis showed that patients with E>M H-CTC ≥ 3/5ml had significantly shorter RFS than patients with E>M H-CTC<3/5ml (P < 0.001).
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proceeds through intermediate states and, if so, how many
intermediate steps exist in this transition, how plastic and
reversible these intermediate states are, and what the implications
of these different EMT status are for clinical applications (24). EMT
and its different intermediate status have recently been noticed as
crucial drivers of tumor progression and metastasis (16, 24, 25). In
light of recent research demonstrated that the CTC count could be
used as a prognostic biomarker, and a higher CTCs count may
predict anunfavourableprognosis inmalignantpatients (26–30). In
this research, we used the Canpatrol™ CTC filtration platform to
detect CTCs in different EMT statuses intend to explore their
prognostic assessment value. The results of the PV CTC and PoV
CTC subtype counts confirmed a correlation between high PV E-
CTC, PoV E-CTC, and PoV E>M H-CTC counts with
postoperative recurrence, but they were not significant
independent risk factors of recurrence, while high M-CTC counts
were significant independent risk factors for postoperative
metastasis and death.

EMT is rather a binary process, and epithelial CTCs gradually
lose polarity and intercellular adhesion, but gain increased
Frontiers in Oncology | www.frontiersin.org 997
migratory and invasive properties in this process (5, 30). CTCs
have been reviewed as the seeds of tumor metastasis, and
previous reports had noted that mesenchymal CTCs with an
elongated shape were closely related to the tumor metastasis
cascade (24, 31). Although we are far from reaching a consensus
on the detailed mechanisms, some researchers have already
demonstrated that M-CTCs play an essential role in tumor
progression, especially the distant metastasis process (5, 30, 32,
33). In this research, we also noticed a correlation between PoV
E>M H-CTC, PoV E-CTCs counts with RFS. The proliferation
capability of E-CTCs and early hybrid CTCs may lead to tumor
relapse may be due to their unique self-seeding effect (34).

The count of each PoV CTC subtype varied in patients with
different clinicopathological factors. In our study, PoV M-CTCs
counts were linked to lymph node invasion and tumor
differentiation degree. Besides, PoV T-CTCs were closely related
to the postoperative CA19-9 level, the E-CTCs count were closely
related to the postoperative CA19-9 level and high T stage,
meanwhile the H-CTC count was also related to the
postoperative CA19-9 level. The above results demonstrated that
TABLE 3 | Univariate Cox regression analysis for postoperative progression.

Variables Recurrence Univariate Analysis Metastasis Univariate Analysis Death Univariate Analysis

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Gender: Male vs Female 1.347 (0.410-4.425) 0.623 0.779 (0.300-2.020) 0.607 0.533 (0.187-1.525) 0.241
Age (years): ≤65 vs >65 1.380 (0.419-4.549) 0.596 0.520 (0.171-1.586) 0.251 0.937 (0.326-2.689) 0.903
Diabetes: no vs yes 0.726 (0.153-3.442) 0.687 1.488 (0.547-4.048) 0.436 1.482 (0.533-4.115) 0.451
Hepatitis: no vs yes 1.978 (0.419-9.351) 0.389 1.135 (0.257-5.017) 0.867 2.762 (0.737-10.357) 0.132
Pre-op CA19-9 (u/ml): ≤37 vs>37 1.294 (0.377-4.439) 0.682 2.203 (0.722-6.728) 0.165 1.329 (0.461-3.827) 0.540
Post-op CA19-9 (u/ml):≤37 vs>37 9.432 (2.026-43.916) 0.004* 0.423 (0.122-1.464) 0.175 0.540 (0.173-1.688) 0.396
T stage: T1-T2 vs T3 5.675 (1.222-26.355) 0.027* 1.824 (.699-4.755) 0.219 1.464 (0.548-3.906) 0.447
Tumor location Head、neck vs Body、tail 1.081 (0.304-3.842) 0.904 0.439 (0.170-1.138) 0.090 0.615 (0.236-1.603) 0.320
Total laparoscopic: no vs yes 2.128 (0.564-8.037) 0.265 0.555 (0.216-1.423) 0.220 1.039 (0.390-2.771) 0.939
Lymph node invasion: N0 vs N1-N2 1.146 (0.347-3.785) 0.823 6.355 (1.829-22.086) 0.004* 3.455 (1.112-10.733) 0.032*
TNM stage: IA-IIB vs III 1.706 (0.362-8.049) 0.500 1.624 (0.528-4.998) 0.398 1.687 (0.537-5.295) 0.371
Nerve invasion: no vs yes 2.628 (0.731-9.446) 0.139 2.035 (0.769-5.380) 0.152 1.920 (0.706-5.225) 0.202
Differentiation: High vs Middle and low 2.940 (0.849-10.185) 0.089 3.253 (1.216-8.704) 0.019* 2.070 (0.757-5.661) 0.156
PoV E>M H-CTC (per 5mL): <3 vs ≥ 3 6.867 (1.802-26.161) 0.005* 1.318 (0.492-3.528) 0.583 0.935 (0.327-2.671) 0.900
PoV T-CTC (per 5mL): <14 vs ≥14 8.075 (2.308-28.248) 0.001* 1.698 (0.596-4.837) 0.321 1.016 (0.325-3.183) 0.978
PoV E-CTC (per 5mL): <5 vs ≥ 5 4.989 (1.490-16.707) 0.009* 1.253 (.410-3.828) 0.693 1.138 (0.385-3.365) 0.815
PoV M-CTC (per 5mL): <1 vs ≥ 1 0.485 (0.103-2.274) 0.358 7.704 (2.527-23.492) <0.001* 3.963 (1.371-11.455) 0.011*
October 20
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Variables which had a P value < 0.05 in univariable analysis was included in the multivariable analysis.
Bold values indicate that the results were statistically significant.
TABLE 4 | Multivariate Cox regression analysis for postoperative progression.

Variables Recurrence multivariate analysis Metastasis multivariate analysis Death multivariate analysis

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Post-op CA19-9 (u/ml):≤ 37 vs>37 7.11 (1.23-40.90) 0.028* NA. NA.
T stage: T1-T2 vs T3 4.37 (0.75-25.55) 0.10 NA. NA.
Lymph node invasion: N0 vs N1-N2 NA. 5.01 (1.28-19.54) 0.020* 2.531 (0.78-8.18) 0.12
Differentiation: High vs Middle and low NA. 0.67 (0.20-2.27) 0.52 NA.
PoV E>M H-CTC (per 5ml): <3 vs ≥ 3 1.22 (0.11-13.08) 0.870 NA. NA.
PoV T-CTC (per 5ml): <14 vs ≥ 14 3.84 (0.48-30.28) 0.202 NA. NA.
PoV E-CTC (per 5ml): <5 vs ≥ 5 0.58 (0.094-3.64) 0.56 NA. NA.
PoV M-CTC (per 5ml): <1 vs ≥ 1 NA. 6.795 (1.89-24.39) 0.003* 3.100 (1.03-9.27) 0.043*
NA, no application.
Bold values indicate that the results were statistically significant.
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CTCs with different statuses might not be a separate indicator of
tumor progression and they also had a closely association with the
common clinical and pathological characteristics.

A previous study had reported that surgical operation could
cause the increasing of PoVCTC count (35) andwe total agree with
this opinion, so we collected PoV sample prior to specimen
separation during surgery. Paired analysis of the CTCs counts and
detectable rate in the PV and PoVblood sample, we noticed that the
CTCsdetectable rate andCTCs count inPoVwereboth significantly
higher than in PV and it is consistent with several previous reports
that demonstrated the spatial heterogeneity ofCTCs distribution (4,
7, 9). Besides, we also noticed a correlation between the PoV andPV
CTCs counts in the count of T-CTC, H-CTC andM-CTC, and this
phenomenon indirect the peculiar property of M-CTC.

Detecting CTCs in peripheral blood of PDAC was still
challenging due to hepatic filtration and technical limitations
which may limit its clinical application value (7, 36). Notably,
abundant previous research had demonstrated that tumor-
proximal liquid biopsy can enhance the diagnostic and prognosis
assessment performanceofCTCs invessels closer to the tumor (4, 7,
9, 37). Portal veins are the main veins that drain blood from the
pancreas to other organs, which may be related to the high
frequency of liver metastasis from pancreatic cancer (38). portal
venous as themaindrain tubeof pancreaswith abundantCTCsand
the promising clinical application value of portal venous CTCs test
had been demonstrated by previous studies (4, 7, 9, 37). Recently,
ultrasound-guided (9) and endoscopic ultrasound-guided (39, 40)
fine-needle aspiration have gradually been used to obtain portal
venous blood in advanced PDAC patients. However, portal vein
puncture is an invasive approach with the possibility of bleeding、
infection、thrombotic、tumor cell spread. besides it is also a
challenge to recognize and obtain portal venous blood during
surgery, especially in the vision of laparoscopic which may extend
the operation duration.

Several reports had demonstrated that peripheral CTCs could
be used to assess prognosis and the effect of chemotherapy in
cancer patients (41–44). In addition, monitoring the dynamically
change of peripheral CTC to assess the adjuvant therapy and
neoadjuvant therapy effect could help to timely identify
ineffective treatment and avoid unnecessary costs (45). In this
research, we monitored the peripheral blood CTCs of 18
unresectable advanced PDAC patients before and after the first
cycle chemotherapy, but we had not noticed the significantly
difference on the overall survival time in patients with increased
or non-increased CTCs regardless of the subtype which may
related to the low counts of PV CTC and small research cohorts.

Some limitations exist in this research, including the small
cohort size, short follow-up time, and single centre research. In
addition, other unpredictable factors may also influence the final
results. In this study, we used Canpatrol™ technology to divide
the EMT procedure into five stages, but the detailed procedure
and property differences had not reached a consensus. Moreover,
we should recognize that different detection methods for CTCs
may lead to inconsistent results.

In conclusion, we have identified the spatial heterogeneity of
the CTC distribution, and portal veins may be a better vessel for
Frontiers in Oncology | www.frontiersin.org 1098
CTC phenotype testing to assess the PDAC prognosis than
peripheral vessels. In addition, high PoV M-CTC counts are
significant independent risk factors for postoperative metastasis
and survival. Therefore, the PoV CTC phenotype test with the
potential to be developed into an accurate and reliable biomarker
to guide treatment decisions and patient stratified management.
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Background: Pancreatic ductal adenocarcinoma (PDAC) is a type of malignant tumor
with a five-year survival rate of less than 10%. Gemcitabine (GEM) is the most commonly
used drug for PDAC chemotherapy. However, a vast majority of patients with PDAC
develop resistance after GEM treatment.

Methods: We screened for GEM resistance genes through bioinformatics analysis. We
used immunohistochemistry to analyze 3-oxoacid CoA-transferase 1 (OXCT1) expression
in PDAC tissues. The survival data were analyzed using the Kaplan–Meier curve. The
expression levels of the genes related to OXCT1 and the NF-kB signaling pathway were
quantified using real−time quantitative PCR and western blot analyses. We performed
flow cytometry to detect the apoptosis rate. Colony formation assay was performed to
measure the cell proliferation levels. The cytotoxicity assays of cells were conducted using
RTCA. The downstream pathway of OXCT1 was identified via the Gene Set Enrichment
Analysis. Tumor growth response to GEM in vivo was also determined in mouse models.

Results: Bioinformatics analysis revealed that OXCT1 is the key gene leading to GEM
resistance. Patients with high OXCT1 expression exhibited short relapse-free survival
under GEM treatment. OXCT1 overexpression in PDAC cell lines exerted inhibitory effect
on apoptosis after GEM treatment. However, the down-regulation of OXCT1 showed the
opposite effect. Blocking the NF-kB signaling pathway also reduced GEM resistance of
PDAC cells. Tumor growth inhibition induced by GEM in vivo reduced after OXCT1
overexpression. Moreover, the effect of OXCT1 on GEM refractoriness in PDAC cell lines
was reversed through using an NF-kB inhibitor.

Conclusion: OXCT1 promoted GEM resistance in PDAC via the NF-kB signaling
pathway both in vivo and in vitro. Our results suggest that OXCT1 could be used as a
potential therapeutic target for patients with PDAC.

Keywords: Pancreatic ductal adenocarcinoma, OXCT1, gemcitabine, chemoresistance, NF-kB
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the most common
type of pancreatic cancer. It is a highly malignant tumor with
poor prognosis and a five-year survival rate of only 10% (1). It is
projected to be the second leading cause of cancer-related deaths
in the western world by 2030 (2–5). In recent years, the incidence
of pancreatic cancer has been increasing, whereas the progress in
its treatment has been rather slow. In 2014, 46,420 patients were
newly diagnosed with pancreatic cancer, and 39,590 patients died
from pancreatic cancer in the United States. In China, the
mortalities attributed to pancreatic cancer ranks fifth among all
cancer mortalities. Surgical operation is the most effective
treatment for pancreatic cancer, and radical resection has been
shown to considerably improve the survival rate of patients (6).
However, only 10–15% of patients with PDAC have a chance to
receive radical surgery clinically because most patients with
PDAC are already at an advanced stage during diagnosis given
that the early symptoms of pancreatic cancer are not noticeable
(7–10). Therefore, at present, chemotherapy is an important
means for the treatment of advanced PDAC (11). However,
considerable drug resistance against gemcitabine (GEM), which
is used as the first-line treatment for PDAC (12), develops after a
certain period of its use. This gives rise to great challenges for
PDAC treatment.

GEM is a deoxycytidine analog with multiple modes of action
inside cells (13). It has been used as a classic chemotherapy agent
for nearly 20 years (14). During this period, GEM has become the
standard first-line treatment for advanced PDAC. The poor
efficacy of GEM in the treatment of PDAC may be due to the
difficulty of drug penetration into the dense and vascularized
stroma of tumors (15). Many different cellular pathways,
transcription factors, and nucleotide metabolic enzymes have
been found to be associated with GEM resistance and sensitivity
(16–19). Although GEM is used relatively widely and commonly,
the mechanisms associated with GEM resistance remain unclear.
Elucidating the relevant mechanisms of GEM resistance in
PDAC is necessary to ultimately improve the survival rate of
patients with PDAC.

In response to stress, stimuli, and malnutrition, cancer cells
dysregulate some metabolic pathways and activate certain
signaling pathways (20–22). These changes may cause
metabolic disorders, eventually leading to cell damage and
even death. Cells resist these adverse conditions through a
series of compensatory mechanisms to escape from apoptosis
and death. In 2016, Huang et al. confirmed that when the energy
supply of cancer cells is insufficient, ketone metabolism is
significantly enhanced to maintain the cellular needs (23). 3-
Oxoacid CoA-transferase 1 (OXCT1) is a key rate-limiting
enzyme in ketone body metabolism. The product of OXCT1 is
converted into acetyl-CoA, which finally participates in the
tricarboxylic acid cycle for oxidation and ATP production (24).

In this study, we first screened out the relevant target gene
OXCT1 through bioinformatic analysis to explore the drug
resistance mechanism of PDAC against GEM. Based on this
analysis, we found that OXCT1 was highly expressed in tumor
tissues and that its expression level was significantly negatively
Frontiers in Oncology | www.frontiersin.org 2102
correlated with relapse-free survival (RFS). Through
experimental validation, we found that OXCT1 could enhance
GEM resistance in PDAC. Next, we identified that the NF-kB
signaling pathway was a potential downstream pathway of
OXCT1 and tested our hypothesis by inhibiting NF-kB
signaling pathway. Our study provides new theoretical and
experimental support for GEM tolerance in PDAC and identify
a new potential therapeutic target.
MATERIAL AND METHODS

Patients and Samples in Public Database
The gene expression profiles of GSE12945 and GSE80617 were
downloaded from the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/). The mRNA
profiles of pancreatic tumors and adjacent normal tissues were
generated via high-throughput sequencing based on GPL11154
Illumina HiSeq2000 (Homo sapiens). Twenty samples were
obtained from 20 patients, among which the samples were
paired consisting of tumor/normal specimens from the same
patients. The gene expression profiles of tumor specimens were
compared with those of normal specimens to identify the
differentially expressed genes (DEGs). The Venn diagram of
the DEGs was generated using three datasets. From these three
datasets, 18 common co-expressed genes were identified. OXCT1
was selected for further analysis among all the identified DEGs.

Identification of Differentially
Expressed mRNAs
Log fold change (FC) and P value were used to filter the
differentially expressed mRNAs among the three datasets. We
selected the DEGs in accordance with the P value threshold and
absolute value of FC. P<0.05 was considered to indicate
statistically significant difference.

Mice, Cell Culture, and Reagents
Female nude BALB/c mice, 6–8 weeks old, were obtained from
SiPeiFu, Beijing, China. BxPC-3, MIA PaCa-2, AsPC-1, CFPAC-1,
PANC-1, Pan02, SW1990, HPDE6C7, and 293T cell lines were
used in this study. These cell lines were obtained from the
American Type Culture Collection. We used DMEM or RPMI-
1640 (Gibco) medium supplemented with 10% fetal bovine serum
(Gibco) to culture the cells in a humidified 5% CO2 atmosphere at
37°C. GEM was purchased from Lily France, Fegersheim, France.
Antibodies against NF-kB P65 (cat. no. 8242S), NF-kB p-P65
(ser536) (cat. no. 3033S), Caspase-3 (cat. no. 9662S), Cleaved
Caspase-3 (cat. no. 9661S), g-H2AX (cat. no. 9718S), IKKb (cat.
no. 9936T), p-IKKb (cat. no. 9936T), Ikb-a (cat. no. 9936T), p-
Ikb-a (cat. no. 9936T), and GAPDH (cat. no. 51332S) were
purchased from Cell Signaling Technology, USA. Antibody
against Histone H3 (cat. no. RM2005) was purchased from
Beijing Ray Antibody Biotech, Beijing, China. Antibody against
OXCT1 (cat. no. NBP1-82462) was purchased from Novus
Biologicals, USA. Annexin V-APC and propidium iodide (PI)
were purchased from BioLegend, San Diego, USA.
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Stable Cell Lines
ShRNAs in the PLKO-Puro lentiviral vector against OXCT1
were purchased from Sangon Biotech, Shanghai, China. The
coding sequence of OXCT1 was inserted into the pLV-Bsd
lentiviral vector. The main plasmid and helper plasmid were
packaged into the virus using 293T cells as the host. The target
cell lines were then infected using the resulting virus.

Real−Time Quantitative PCR
RNAiso Plus (TaKaRa, Kusatsu, Japan) was used to extract the
total RNA of cells. In accordance with the kit’s instructions
(Biomake, Houston, USA), total RNA was subjected to reverse
transcription to obtain cDNA. Then, we used 2× SYBR Green
qPCR Master Mix (Biomake, Houston, USA) to quantify the
target genes. The primer sequences of GAPDH and OXCT1 are
as follows:

GAPDH: forward primer: 5ʹ-TGCACCACCAACTGCTTAGC-3ʹ,
reverse primer: 5ʹ- GGCATGGACTGTGGTCATGAG-3ʹ;
OXCT1: forward primer: 5ʹ-GAGAGGAACTTCCCCGCGAT-3ʹ,
reverse primer: 5ʹ-TCCACATAGCCCAAAACCACC-3ʹ.
Immunohistochemistry
Tumor specimens were fixed in 10% formalin and subsequently
embedded in paraffin. Tumor sections were prepared, blocked
with 5% BSA for 2 h, and incubated overnight with the primary
antibody. They were subsequently incubated for 30 min with the
appropriate secondary antibody. Then, the DAB developer was
added for further development. Finally, the slides were
counterstained with hematoxylin and eosin, and examined
under a light microscope (Olympus, Japan).

Western Blot Analysis
The cells were washed twice with PBS and lysed in RIPA buffer
with a proteinase inhibitor cocktail to extract total protein.
Nuclear and cytoplasmic components were separated using
nuclear and cytoplasmic extraction reagents (Thermo Fisher
Scientific, Waltham, USA) according to the manufacturer’s
protocol. A total of 20 mg of protein samples was separated on
10% polyacrylamide SDS gels and transferred to polyvinylidene
difluoride membranes. The target proteins were detected using
western blot analysis.

Colony Formation Assay
1000 cells were seeded into six-well plates and cultured at 37°C
overnight. Then, 50 nM GEM (Supplementary Figure 1) was
added into the wells. After 12 days, the cells were fixed with 4%
paraformaldehyde and then stained with 0.1% crystal violet.
Finally, the colonies were counted using a light microscope
(Olympus, Japan).

Apoptosis Assay
The cells were seeded into six-well plates and cultured for 24 h.
Then, 50 nM GEM or/and 20 mM BAY 11-7082 were added to
the culture for 72 h. Thereafter, the cells were harvested and
resuspended using binding buffer. Subsequently, the cells were
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supplemented with Annexin V-APC and PI. The mixture was
incubated at room temperature for 15 min. Finally, the
percentage of apoptotic cells was detected using FACSCanto II
(BD, USA). All data were analyzed with FlowJo V.10.0.

Real-Time Cell Analysis
The cell cytotoxicity assay of PDAC cells was performed using an
xCELLigence Real-Time Cell Analyzer-Multiple Plate system
(Roche Applied Science). This platform was used to measure
the viable adhesive target cells in real-time. The cells were
resuspended and plated into each well at 37°C with 5% CO2.
When the normalized cell index reached 1 (about 24 h after
plating), the cells were treated with the corresponding agents.
The normalized cell index was automatically recorded every 15
min until the end of 72 h (i.e. 48 h after treatment), after which,
the final statistical data was recorded. Cell index data for each
group were represented as the mean value from three
independent wells.

CCK-8 Assay
For the CCK-8 assay, PDAC cells were plated at the density of
3000 cells/well in the 96-wells plates. After 12 h of culturing, the
cells were treated with the gradient concentration of GEM (0.1, 1,
10, 100, 1000, and 10000 nM). Then, the cells treated with GEM
were incubated at 37°C in an incubator supplied with 5% CO2 for
48 h. Finally, the cell viability was determined using the CCK-8
assay (Biomake, 10mL/well). The cytotoxic activities of PDAC
cells were measured under the 450 nm using an immunosorbent
instrument (BioTek Synergy H1).

GSEA
The data of 161 PDAC samples were downloaded from the
TCGA database and divided into two groups based on OXCT1
expression level. Pancreatic cancer tissues were subjected to
GSEA on the basis of the mRNA expression level of OXCT1
using KEGG gene sets. Then, we selected significantly
differentially enriched pathways in accordance with the P value
threshold and ES. Finally, the absolute value of P < 0.05 was
considered to represent a statistically significant difference.

In Vivo Tumorigenesis Assay
PDAC cell line MIA PaCa-2 (pLV-vector and pLV-OXCT1) was
subcutaneously injected into the BALB/c nude mice. Ten days
later, the mice were intraperitoneally injected with saline, GEM
(50 mg/kg/week), or a combination of GEM (50 mg/kg/week)
and BAY 11-7082 (5 mg/kg/3 days). Tumor sizes were examined
every 2 days. The mice were sacrificed after 34 days. All
procedures were approved by the Institutional Animal Care
and Use Committee of Tianjin Medical University Cancer
Institute and Hospital.

Statistical Analysis
GraphPad Prism 8.0.1 was used for statistical analysis. Each
experiment was conducted in triplicate and conducted three or
more times. Data were presented as mean from all experiments (±
standard error). The Kaplan−Meier method and log-rank test
were applied to determine the difference in the survival of patients
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with PDAC. Single-factor analysis of variance (one-way ANOVA)
was used to compare multiple groups. Two-tailed independent-
sample Student’s t/tʹ tests was used to compare the two groups.
P value < 0.05 was considered to be statistically significant.
RESULTS

OXCT1 Was Screened as the Key Gene
Associated With GEM Resistance in PDAC
First, the data on GEM-resistant and -sensitive PDAC groups in
the TCGA public database were subjected to differential gene
Frontiers in Oncology | www.frontiersin.org 4104
analysis, and the results were represented using a volcano plot
(Figure 1A). A total of 2955 up-regulated and 471 down-
regulated genes with a significant P value and FC were
identified. Up-regulated genes were marked with red plots, and
down-regulated genes with blue plots. The top 100 DEGs
between GEM-resistant and -sensitive PDAC groups were
presented as a heatmap based on log FC and P values
(Figure 1B). Then, we analyzed multiple datasets containing
information on patients with PDAC and differential sensitivity to
GEM in TCGA, paired PDAC tumor and normal tissues, and cell
lines resistant to GEM in GEO. Finally, 18 critical genes were
identified as shown using the Venn diagram in Figure 1C.
A B

C

D

FIGURE 1 | Identification of OXCT1 through DEG analysis. (A) Volcano plot depicting the DEGs between GEM-resistant and -sensitive PDAC groups in the TCGA public
database. (B) Heatmap showing the expression of the top DEGs. (C) Venn diagram in which OXCT1 was identified as one of the core intersections of DEGs in the GEO and
TCGA datasets. (D) Boxplot showing the basic mRNA expression of OXCT1 in tumor and normal tissues in the combined TCGA and GTEx datasets. **P < 0.05.
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These genes included OXCT1, RAB3B, ST6GALNAC5,
GRAMD1B, PHACTR3, ITGA1, PDCD1LG2, PALLD, RFTN1,
PLXNC1, DPYSL3, CALD1, EMB, RAB23, MYLK, MAP1A,
PKIA, and TDO2 (Figure 1C). Moreover, OXCT1 was
identified as a valuable and critical gene on the basis of the
combined summary rank of P values and log FC. Next, we
selected all PDAC samples in the TCGA database and normal
tissues in the GTEx database as the validated datasets for further
validating differential mRNA levels between tumor and normal
tissues. The mRNA expression of OXCT1 in tumor tissues was
found to be significantly higher than that in normal
tissues (Figure 1D).

OXCT1 Was Highly Expressed in PDAC
We performed western blot analysis to verify the expression level
of OXCT1 in PDAC and transformed epithelial cell lines,
Frontiers in Oncology | www.frontiersin.org 5105
primary tumor tissues, and paired adjacent normal pancreatic
tissues. The protein level of OXCT1 in the other six pancreatic
cancer cell lines, except for the BxPC-3 cell line, was found to be
higher than that in 293T and HPDE6C7 cell lines (Figure 2A).
Despite interindividual variations, we found that the expression
of OXCT1 was significantly higher in cancer tissues than in para-
cancerous tissues (Figure 2B).

OXCT1 Was Inversely Associated
With RFS in Patients With PDAC
Subjected to GEM Treatment
OXCT1 immunohistochemical staining was conducted on the
surgical tissue samples of 195 patients with PDAC. The tissue
samples were divided into two groups (low and high) based on
their H-score (Figure 2C). Besides, we divided the patients into
GEM-untreated and -treated groups based on the treatment
A B
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E

FIGURE 2 | High OXCT1 expression in patients with PDAC treated with GEM predicted poor RFS. (A) Basal expression levels of OXCT1 in seven classical
pancreatic cancer cell lines, a human pancreatic ductal epithelial cell line (HPDE6C7), and 293T cell line were analyzed through western blot analysis. OXCT1/
GAPDH protein expression level is depicted in the histogram. (B) Western blot analysis of OXCT1 levels in eight paired PDAC tumorous and adjacent normal
pancreatic tissues (T, tumor tissues; N, normal tissues). The corresponding statistics are presented in the line chart. (C) Immunohistochemical analysis of OXCT1
protein expression in PDAC specimens. (D) Association between tumor OXCT1 expression levels and RFS in 102 patients with PDAC who were not treated with
GEM (P = 0.5041 based on log-rank test). (E) Association between specimen OXCT1 expression levels and RFS in 93 patients with PDAC who were treated with
GEM (P = 0.0311 based on log-rank test). **P < 0.01.
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modality. To determine the pathologic significance of OXCT1
expression regarding PDAC progression in GEM-treated group,
we evaluated the correlation between OXCT1 expression and
established PDAC prognostic factors (Table 1). We found that
OXCT1 expression was positively correlated with lymph node
metastasis and vessel invasion in PDAC specimens (Table 1).
According to Kaplan–Meier analysis, the RFS of the two groups
exhibited significant differences among 93 patients treated with
GEM, whereas no significant difference was observed among 102
patients who were not treated with GEM (Figures 2D, E). In the
GEM-treated group, the patients whose tumors expressed high
level of OXCT1 exhibited a significantly shorter RFS than those
whose tumors expressed no or low level of OXCT1 (median RFS:
495 days versus 579 days, P=0.0311). To elucidate the role of
OXCT1 in PDAC progression, we also performed univariate and
multivariate analyses of clinical follow-up data for our cohort of
Frontiers in Oncology | www.frontiersin.org 6106
PDAC patients (Table 2). Consistently, OXCT1 expression was
found to be negatively correlated with RFS in both analyses, that
is, overexpressed OXCT1 predicted shorter RFS, supporting that
OXCT1 could be used as a molecular marker to predict the
survival prognosis of PDAC.

Changes in OXCT1 Expression
Level Affected GEM Resistance
Capability of PDAC
We first constructed stable cell lines to detect GEM resistance
capability of PDAC cells on the basis of the basic expression level
of OXCT1. We transfected pLV-OXCT1 lentivirus into BxPC-3
and MIA PaCa-2 cell lines to increase OXCT1 expression and
constructed sequence-specific shRNA target OXCT1 to silence
the expression of OXCT1 in the MIA PaCa-2 and SW1990 cell
lines. The expression levels of OXCT1 protein and mRNA in the
pLV-OXCT1 group were significantly higher than those in the
pLV-vector group. Correspondingly, the expression levels of
OXCT1 protein and mRNA in the shRNA-OXCT1 group were
significantly lower than those in the scramble group (Figures 3A,
B). Antiapoptosis is one of the main mechanisms of GEM
resistance. First, to investigate a suitable GEM concentration
for the following experiments, we observed the GEM cytotoxic
effect in 3 PDAC cell lines, including BxPC-3, MIA PaCa-2,
SW1990 cells (Supplementary Figure 1). Based on the 3 PDAC
cells’ IC50 value, we confirmed that 50 nM was the most suitable
concentration for cell lines treatment. Next, we assessed the
cytotoxic potential of GEM (50 nM) using real-time cell index
(xCELLigence) measurements. In contrast to OXCT1 silencing,
OXCT1 overexpression could significantly improve the
capability of PDAC to tolerate GEM cytotoxicity (Figure 3C).
Additionally, under GEM treatment (50 nM), OXCT1-
overexpressing cells formed more colonies than OXCT1-
silenced cells (Figure 3D). Moreover, apoptosis flow cytometry
assays suggested that the upregulation of OXCT1 decreased the
apoptosis rate of PDAC cells induced by GEM (50 nM).
However, the downregulation of OXCT1 showed the opposite
effect (Figure 3E). Overall, our data suggested that OXCT1 could
significantly improve the resistance of PDAC cells to GEM.

Further, we confirmed the effect of OXCT1-induced
chemoresistance of GEM. Cleaved‐caspase3 and g-H2AX were
TABLE 1 | Correlation of OXCT1 expression to clinicopathologic features in PDAC.

Parameters OXCT1(n) c2 P

Low High

Age, years 0.571 0.450
<60 24 25
≥60 25 19

Gender 0.610 0.435
Male 24 18
Female 25 26

Histologic grade 2.444 0.118
G1,G2 28 18
G3 21 26

Tumor size 2.521 0.112
T1 27 17
T2 22 27

LN metastasis 3.915 0.048a

N0 29 17
N1 20 27

Vessel invasion 5.631 0.018a

M0 31 17
M1 18 27
Statistical data on OXCT1 expression in relation to clinicohistopathologic features for
surgical PDAC specimens. P values were calculated using the c2 test.
LN, lymph node.
aStatistically significant (P < 0.05).
TABLE 2 | Univariate and multivariate analysis of clinicopathologic factors for RFS.

Characteristics Univariate Cox Multivariate Cox

Hazard ratio 95% CI P Hazard ratio 95% CI P

Age (<60 vs. ≥60) 0.785 (0.491, 1.254) 0.311
Gender (Male vs. Female) 0.979 (0.608, 1.575) 0.929
Tumor size (T1 vs. T2) 1.491 (0.926, 2.401) 0.100
Histologic grade (G1,2 vs. G3) 1.662 (1.034, 2.670) 0.036a 1.653 (1.028, 2.659) 0.038a

LN metastasis (N0 vs. N1) 1.435 (0.895, 2.300) 0.133
Vessel invasion (No vs. Yes) 1.081 (0.674, 1.734) 0.746
OXCT1(Low vs. High) 1.711 (1.043, 2.807) 0.034a 1.703 (1.035, 2.802) 0.036a
November 202
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Univariate analysis: log rank; multivariate Cox proportional hazards analysis.
LN, lymph node.
aStatistically significant (P < 0.05).
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FIGURE 3 | Effect of OXCT1 on GEM resistance in PDAC cells. (A) Western blot analysis of proteins extracted from the two OXCT1-overexpressing stable cell lines
(BxPC-3 and MIA PaCa-2) and two OXCT1-knockdown cell lines (MIA PaCa-2 and SW1990). (B) Real−time quantitative PCR analysis of OXCT1 expression levels in
PDAC stable cell line included in (A). (C) OXCT1-overexpressing stable cell lines (BxPC-3 and MIA PaCa-2) and OXCT1-knockdown cell lines (MIA PaCa-2 and
SW1990) were treated with either 50 nM GEM or saline before conducting the cytotoxicity assay. Real-time cell index measurements (xCELLigence) of the live target
cells cultured with GEM or saline are shown in (C). The corresponding 72 h normalized cell index is shown as the histogram. (D) Representative images and
quantification using the colony formation assay of the indicated cell lines that were treated for 72 h with GEM or saline. (E) Flow cytometry was performed to
measure the apoptosis rates of the indicated cell lines treated with 50 nM GEM or saline for 72 h The corresponding statistics are presented in the histogram.
(F) Detection of cleaved-caspas3 and g-H2AX in OXCT1 overexpression and knockdown MIA PaCa-2 cell lines. The data are expressed as mean ± SEM from three
independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA). NS, not significant.
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tested using western blot analysis (Figure 3F). Compared with
the control group, cleaved-caspase3 expression was found to be
increased in the sh-OXCT1 group, and decreased in the pLV-
OXCT1 group when treated with 50 nM GEM. Similarly, g-
H2AX expression exhibited the same trend. These results reflect
that OXCT1 overexpression increases the PDAC cells’ refractory
capability to DNA damaging effect induced by GEM and OXCT1
knockdown enhances the PDAC cells ’ sensitivity to
this chemotherapy.

OXCT1 Induced GEM Resistance Through
NF-kB Signaling Pathway
We validated the phenotype of OXCT1 through the above
experiments. GSEA was conducted on the basis of PDAC
samples in the TCGA database to identify the concrete
downstream mechanism of OXCT1’s phenotypic effect. We
found that the NF-kB signaling pathway was remarkably
positively correlated with OXCT1 expression with a statistically
significant P value and fold change (P<0.05, FDR<0.25) in
accordance with the mRNA expression of OXCT1 (Figure 4A).
To determine the key role of the NF-kB signaling pathway in the
OXCT1-induced chemoresistance, we tested the expression of
IKKb, Ikb-a, and P65 and their phosphorylation levels in the
NF-kB signaling pathway. As is shown in the western blot analysis
(Figure 4B and Supplementary Figure 3), upregulation of
OXCT1 led to an increase in the phosphorylation levels of
IKKb, Ikb-a, and P65. Conversely, the knockdown of OXCT1
decreased the levels of phosphorylation of IKKb, Ikb-a, and P65.
The above results indicate that OXCT1 promotes the activation of
the NF-kB signaling pathway. Besides, in this study, NF-kB
activation was caused by OXCT1 upregulation, and not by GEM
action. We also examined the nuclear localization of P65 protein
by subjecting fractionated proteins from PDAC cell lines with or
without OXCT1 overexpression to western blot analysis to validate
GSEA results. The levels of the activated nuclear-form p-P65 were
significantly higher in pLV-OXCT1 cells than in pLV-vector cells
(Figure 4C). BAY 11-7082, an inhibitor of the NF-kB signaling
pathway, was used to explore the effects of NF-kB inhibition in the
OXCT1-mediated GEM refractoriness. First, we utilized BAY 11-
7082 individually to treat BxPC-3 andMIA PaCa-2 cell lines. After
48 h of treatment, we did not observe any difference between the
vector and OXCT1-overexpression groups (Supplementary
Figure 4). Next, as shown in Figures 4D–F, we conducted real-
time cell cytotoxicity, colony, and apoptosis assays with GEM and/
or BAY 11-7082 to further validate whether OXCT1 induced
chemotherapy resistance in PDAC is via the NF-kB signaling
pathway. Remarkably, the effect induced by OXCT1 could be
mostly abrogated by BAY 11-7082, indicating that the induction of
GEM resistance by OXCT1 was dependent on the NF-kB
signaling pathway.

Targeting NF-kB Signaling Pathway
Reversed OXCT1-Induced PDAC
Resistance to GEM in the Mouse Model
Given that OXCT1 plays an important role in PDAC resistance
to GEM via the NF-kB signaling pathway, NF-kB targeted
therapy may contribute to the effect of chemotherapy on
Frontiers in Oncology | www.frontiersin.org 8108
PDAC with high OXCT1 expression. Therefore, subcutaneous
mouse xenograft models were used to assess whether the NF-kB
signaling pathway inhibitor could enhance the chemotherapy
effect upon OXCT1 overexpression. MIA PaCa-2-vector cells
and MIA PaCa2-OXCT1 cells were injected into nude mice. BAY
11-7082 was used to block NF-kB pathway in tumor cells. The
mice were treated with saline, GEM, or a combination of GEM
and BAY 11-7082 to compare the efficacy of GEM with or
without targeted NF-kB therapy in MIA PaCa2-vector and
MIA PaCa-2-OXCT1 tumors. Compared with that under GEM
monotherapy, tumor growth in MIA PaCa-2-OXCT1 tumors
was significantly inhibited under GEM + BAY 11-7082 therapy.
However, no significant difference was observed in the GEM +
BAY 11-7082 group (Figures 5A, B). Furthermore, tumor weight
demonstrated the same effect (Figure 5C). Our data suggest that
targeting the NF-kB signaling pathway might be a potential
treatment strategy for inhibiting OXCT1-induced PDAC
resistance to GEM. Moreover, NF-kB targeted therapy, as a
complement to GEM chemotherapy, might offer an alternate
option for treating PDAC with high OXCT1 levels.
DISCUSSION

GEM has been used as the front-line treatment option for PDAC
for nearly 24 years (25) despite its extremely limited effects on the
survival of patients. The new first-line treatment options
including GEM+nab-paclitaxel and FOLFIRINOX (5-FU,
leucovorin, irinotecan, and oxaliplatin) have been established
during the last few years (13, 16, 26, 27). However, the side effects
of FOLFIRINOX limit their effectiveness (28, 29). Therefore,
GEM remains an important chemotherapeutic agent in PDAC
therapy. PDAC is the most malignant tumor with limited
therapeutic options for patients who often present resistance to
GEM (15, 30). Therefore, finding an efficient therapeutic target to
inhibit GEM resistance remains a great challenge, but it is
essential to improve the survival of patients. Elucidating the
molecular mechanisms underlying the chemoresistance to GEM
is extremely valuable.

In this study, we used public databases to analyze PDAC
chemoresistance, and then, selected the screened intersection
gene OXCT1 as the target for inhibiting PDAC resistance to
GEM. Ketolysis is an avenue for cells to obtain energy when
hungry or stressed (31). OXCT1 is a key enzyme in ketone body
metabolism that catalyzes the first and rate-determining step of
ketolysis (12, 24, 32–34). It promotes ketone metabolism, thereby
increasing ATP production.

PDAC tumor tissue fibrosis is a serious complication, and the
tumor microenvironment of PDAC is characterized by the lack
of oxygen and blood supply, which further promotes
malnutrition (19, 35–37). Therefore, in PDAC, the metabolic
model may change to a certain extent, and ketolysis is enhanced
(35, 38, 39). In 2016, De Huang et al. found that OXCT1 is
activated in liver cancer cells and facilitates ketone body
utilization as an energy source for cell survival and growth
under malnutrition (23). Their findings provided a new
method for treating patients with HCC through regulating
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OXCT1, a key enzyme of ketolysis. Recently, Ozsvari et al.
demonstrated that a ketone shuttle is present in tumors (40).
They found that some cancer-associated fibroblasts can produce
ketone bodies, which are then taken up and utilized by the
surrounding tumor cells. These evidences (41–45) prove that
Frontiers in Oncology | www.frontiersin.org 9109
OXCT1 can help drive tumor progression and metastasis, and
also confirm the reliability of our screening results.

In our study, we first evaluated the association between OXCT1
expression and RFS in patients with PDAC who were treated with
GEM and found a significant negative correlation between high
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FIGURE 4 | OXCT1 promoted GEM resistance through the NF-kB signaling pathway. (A) The TCGA dataset was subjected to GSEA on the basis of OXCT1
expression. (B) The expression levels of p-IKKb, p-Ikb-a, and p-P65 in MIA PaCa-2 cell lines with OXCT1 overexpression and knockdown were detected using
western blot analysis. (C) Western blot analysis of the fractionated BxPC-3 and MIA PaCa-2 cells stably transfected with the empty vector or OXCT1. (D–F) BxPC-3
and MIA PaCa-2 cell lines with or without OXCT1 overexpression were treated with GEM or the combination of GEM and BAY 11-7082. Cell cytotoxicity was
analyzed using RTCA (D). Cell cloning capability was analyzed using the colony formation assay (E). Apoptosis was detected via flow cytometry (F). The data are
expressed as mean ± SEM from three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA). NS, not significant.
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OXCT1 expression and the patients’ RFS (Figure 2E).
Subsequently, the validation was performed at the cell-line level
via the overexpression and knockdown of OXCT1 in PDAC cell
lines (BxPC-3, MIA PaCa-2, and SW1990). We found that GEM-
treated cell lines significantly outperformed the cell line in the
control group in terms of antiapoptotic effect following OXCT1
overexpression (Figures 3C–F and Supplementary Figures 2A–
C). Conversely, the antiapoptotic capability of cell lines were
significantly reduced after OXCT1 knockdown under the same
treatment conditions. OXCT1 was identified as a bona fide
metabolic oncogene, which promotes the occurrence and
development of tumors in 2012 (44, 46). Our conclusion is
consistent with theirs. Next, we questioned how OXCT1 caused
GEM chemoresistance in PDAC cells.

Through GSEA, we discovered that the NF-kB signaling
pathway was significantly positively correlated with OXCT1
expression. Therefore, we postulated that the NF-kB signaling
pathway might be downstream of OXCT1 (Figure 4A). NF-kB is a
transcription factor that is regulated by many stimuli, including
chemotherapeutic drugs, hypoxia, and malnutrition, and some
cytokines have recently emerged as popular targets for cancer
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research (47). In BxPC-3 and MIA PaCa-2 cell lines, the activated
nuclear form p-P65 was found to be significantly elevated when
OXCT1 was overexpressed (Figure 4C). Previous research
revealed that when NF-kB is activated, it translocates into the
nucleus where it binds to the cognate sequences in the promoter
region of multiple genes that encode factors in tumor promotion
and proliferation, cytokines, antiapoptotic proteins, and genes
related to chemoresistance (48–50). The results of our study
demonstrated that the resistance to GEM induced by OXCT1
overexpression was significantly inhibited upon blocking the NF-
kB signaling pathway using an inhibitor (Figures 4D–F).
Additionally, we reached the same conclusion through in vivo
validation through conducting a tumor formation assay in nude
mice. The above evidence suggested that OXCT1 promotes PDAC
resistance to GEM via the NF-kB signaling pathway.

Upon validation using cell lines and mouse model (Figure 5)
experiments, we confirmed that OXCT1 significantly promotes
the resistance of PDAC cells to the cytotoxic effect of GEM via
the NF-kB signaling pathway (Figure 6). Our results indicate
that OXCT1 is a potential chemoresistance target and a crucial
biomarker for assessing the prognosis and determining the
A

B
C

FIGURE 5 | NF-kB inhibitor reversed OXCT1-induced PDAC resistance to GEM in mouse models. (A–C) The indicated tumor cells were subcutaneously
transplanted into the nude mouse model to develop tumors (n=6 for each group). Ten days later, the mice were treated with saline, GEM, or the combination of GEM
and BAY 11-7082. Tumor volumes were measured every 3 days using the calipers. Then, the mice were sacrificed, and tumors were excised. The representative
images of the tumors are depicted (A). Repeated measure two-way ANOVA (time × tumor volume) analysis was performed to compare the tumor growth curve
among the six groups (B). Tumor weights at the end of the experiment are also shown and were analyzed (C). Data are presented as mean ± SD; *P < 0.05;
**P < 0.01; ****P < 0.0001. NS, not significant.
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optimal chemotherapy strategies for patients with PDAC.
Through our study, we identified OXCT1 as a new research
target, thereby providing a useful reference for PDAC
precision therapy.
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Supplementary Figure 1 | Determination of gemcitabine IC50 in the in vitro
study. CCK-8 (cell counting kit-8) was used to analysis IC50 of BxPC-3, MIA PaCa-
2 and SW1990 cell lines. The data are expressed as mean ± SEM from three
independent experiments.

Supplementary Figure 2 | OXCT1-knockdown BxPC-3 stable cell line and
OXCT1-overexpressing SW1990 stable cell line construction and functional
verification. (A) Western blot analysis of proteins extracted from OXCT1-knockdown
cell line (BxPC-3) and OXCT1-overexpressing cell line (SW1990). (B) Representative
images and quantification using the colony formation assay of the indicated cell lines
that were treated for 72 h with 50 nM GEM or saline. (C) Flow cytometry was
performed tomeasure the apoptosis rates of the indicated cell lines treatedwith 50 nM
GEM or saline for 72 h. The corresponding statistics are presented in the histogram.
The data are expressed as mean ± SEM from three independent experiments. *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA).

Supplementary Figure 3 | Effect of OXCT1 on NF-kB signaling pathway.
Western blot analysis was used to detect the expression levels of p-IKKb, p-Ikb-a
and p-P65 in OXCT1-overexpressing and OXCT1-knockdown MIA PaCa-2 cell
lines treated with 50 nM gemcitabine.

Supplementary Figure 4 | Effect of NF-kB signaling pathway inhibitor BAY 11-
7082 on cell lines apoptosis. (A) Flow cytometry was performed to measure the
apoptosis rates of OXCT1-overexpressing cell lines (BxPC-3 and MIA PaCa-2)
treated with 50 nM GEM or saline for 72 h. The corresponding statistics are
presented in the histogram. (B) Flow cytometry was performed to measure the
apoptosis rates of OXCT1-knockdown cell lines (SW1990 and MIA PaCa-2) treated
with 50 nMGEM or saline for 72 h. The corresponding statistics are presented in the
histogram. The data are expressed as the means ± SEM from three independent
experiments. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (one-way ANOVA).
FIGURE 6 | Detailed mechanism of gemcitabine resistance in PDAC induced
by OXCT1. Schematic diagram shows that OXCT1 can significantly enhance
the resistance to gemcitabine by activating the NF-kB signaling pathway in
PDAC cells, thereby inhibit cell apoptosis, and finally promote the occurrence
and progression of PDAC.
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Background: Pancreatic neuroendocrine tumors (PNETs) grade is very important for
treatment strategy of PNETs. The present study aimed to find the quantitative radiomic
features for predicting grades of PNETs in MR images.

Materials and Methods: Totally 48 patients but 51 lesions with a pathological tumor
grade were subdivided into low grade (G1) group and intermediate grade (G2) group. The
ROI was manually segmented slice by slice in 3D-T1 weighted sequence with and without
enhancement. Statistical differences of radiomic features between G1 and G2 groups
were analyzed using the independent sample t-test. Logistic regression analysis was
conducted to find better predictors in distinguishing G1 and G2 groups. Finally, receiver
operating characteristic (ROC) was constructed to assess diagnostic performance of
each model.

Results: No significant difference between G1 and G2 groups (P > 0.05) in non-enhanced
3D-T1 images was found. Significant differences in the arterial phase analysis between the
G1 and the G2 groups appeared as follows: the maximum intensity feature (P = 0.021);
the range feature (P = 0.039). Multiple logistic regression analysis based on univariable
model showed the maximum intensity feature (P=0.023, OR = 0.621, 95% CI: 0.433–
0.858) was an independent predictor of G1 compared with G2 group, and the area under
the curve (AUC) was 0.695.

Conclusions: The maximum intensity feature of radiomic features in MR images can help
to predict PNETs grade risk.
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INTRODUCTION

Pancreatic neuroendocrine tumors (PNETs), as the second most
common epithelial neoplasm of the pancreas (1, 2), have
increased significantly over the last decade (3). Based on
histological differentiation (including mitoses and Ki-67
proliferation index), the WHO 2017 classification (4) has
separated well-differentiated PNETs into three groups: low
grade (G1), intermediate grade (G2), and high grade (G3).
PNETs often cause severe morbidity due to excessive secretion
of hormones (such as serotonin) and/or overall tumor mass, but
in the clinic, lack of specific biomarkers inhibits early diagnosis
(5). It was reported (6) that the PNETs grading was useful for
therapeutic decisions and had a great impact on survival for
PNETs (7). According to the different grades risk of PNETs,
surgical resection or medical therapies should be performed for
different patients (2). As the biological behavior of PNETs is
relatively variable, pretreatment predictive aggressiveness of
individual tumors is therefore very important in determining
an efficient treatment strategy for patients to minimize harm
from possible over- or undertreatment, especially for those with
more advanced disease that cannot be resected (8).

MR imaging methods may help define the more appropriate
treatment strategy for PNETs in a non-invasive way (2). In fact,
previous studies have identified several traditional MR imaging
features that could be potentially valuable for discrimination of
tumor grades in PNETs (9–14), such as tumor sizes (15),
irregular margins, and enhancement pattern (9, 16, 17);
moreover, some authors reported that diffusion weighted
imaging (DWI) in MR imaging might have the capability of
roughly distinguishing high-grade PNETs from G1 tumors (16,
18–25).

However, now, except for these traditional MR features,
especially in DWI that suggested the discrimination of tumor
grades in PNETs, there are still no generally accepted
quantitative guidelines to predict the PNETs grading. Radiomic
analysis, as a more systematic approach, may provide more
quantitative information regarding the discrimination of
different biological behavior of PNETs (26), as it is able to
identify voxel-level changes within PNETs. Several studies had
focused on predictors of PNETs grades based on radiomic
analysis just only in CT imaging (27, 28). There were few
studies that focused on MR imaging based on radiomic
analysis. Thus, our study presents the hypothesis that there
may be some radiomic features in MR that can help to predict
grades of PNETs. The present study aims to find the quantitative
radiomic features for predicting grades of PNETs in MR images
with pathological diagnoses using radiomic analysis.
MATERIALS AND METHODS

MRI Examinations
All the MR examinations were performed using a 1.5T GE MRI
scanner (SignaExcite HD, GE Healthcare, Milwaukee, WI, USA)
equipped with eight channel phased-array coils, and the
Frontiers in Oncology | www.frontiersin.org 2115
scanning parameters were as follows: T2-weighted MR images
with respiratory-triggered fat-saturated fast spin-echo sequences
for identifying the lesion’s location [TR/TE =7,500/86 ms; slice
thickness = 7 mm; space gap = 1 mm; field of view (FOV) =
40×34 cm; matrix = 128 × 128 or 320×160]. An axial breath-hold
T1-weighted 3D fat suppressed spoiled gradient-echo (GRE)
sequence (liver acquisition with volume acceleration, LAVA)
before contrast agent injection was used for dynamic contrast-
enhanced imaging (TR/TE = 6.2/3.1 ms; flipangle = 12; FOV =
315×360; matrix = 256×256; section thickness = 4 mm). Contrast
images were acquired during the arterial (20 s delay), portal
venous (60 s delay), and equilibrium phases (180 s delay), and
the contrast agent was applied with a bolus injection of 0.1
mmol/kg body weight of gadopentetate dimeglumine
(Magnevist, Bayer Schering, Berlin, Germany).

Delineation of ROI
The ROI in the present study was manually delineated and
segmented on the MR images. The lesions were manually
delineated and segmented slice by slice on the non-enhanced
and the enhancement T1 images for ROIs of the
radiomic analysis.

Finally, the seed ROIs were checked in each lesion of each
patient by another radiologist to ensure that the ROI in each
patient satisfied the lesion boundary definition.

Computerized Radiomic Analysis Based
on the ROI
The radiomic analysis was performed using the 3D slicer
software (Version 4.6.2; Surgical Planning Laboratory, Brigham
and Women’s Hospital, Harvard Medical School, Boston, MA,
USA) (http://www.slicer.org) (29). Then, the radiomic features
were calculated and extracted automatically using the module
called “Heterogeneity CAD”. The radiomic features (a total of 44
features, shown in Table S1 of the Supplementary Materials)
were divided into three categories, including the following (1):
first-order and distribution statistics (2), shape and morphology
metrics (3), the gray-level co-occurrence matrix (GLCM).

The overall procedure of this analytical scheme was
performed by two radiologists (with 9 and 6 years’ experience
in abdominal MR imaging, respectively). Finally, we computed
the means of each of the MR radiomic feature values measured
by the two independent observers. The interobserver agreement
regarding the radiomic features of the ROIs was calculated using
the interclass correlation coefficient analysis (ICC) using the
SPSS software.

Radiomic Statistical Analysis
All statistical analyses were conducted with the Statistical
Package for the Social Sciences version 19.0 (IBM Corp. IBM
SPSS Statistics for Windows). Interobserver agreement was
assessed using the interclass correlation coefficient analysis
(ICC). ICC value of ≤0.4 indicated poor agreement; 0.41–0.6,
moderate agreement; 0.61–0.80, substantial agreement; 0.81–
1.00, excellent agreement. Continuous variables were expressed
as mean ± SD, and statistical differences between G1 group and
G2 group were analyzed using the independent sample t-test for
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differences in the radiomic features. The data was corrected by
Bonferroni’s approach (P < 0.05) with two-sided to control for
the type 1 errors.

Logistic regression analysis was conducted to find better
predictors in distinguishing G1 group and G2 group. Features
with p value of <0.05 in univariable model were entered into the
multiple logistic regression analysis. The stepwise model
selection using forward.LR (likelihood ratio test) methods was
used to select the final predictive model. Receiver operating
characteristic (ROC) curves for each model were constructed.
The area under the curve (AUC) and its 95% confidence interval
estimated using DeLong’s method were calculated to evaluate the
performances of the regressive models. A p value of <0.05 was
considered a significant difference.
RESULTS

Patients Population
The study was approved by the Medical Research Ethics
Committee and the Institutional Review Board. The patients in
our study underwent preoperative upper abdominal MRI at our
institution between January 2011 and January 2018. The
inclusion criteria for the PNETs patients in our study were as
follows: (1) patients with a surgery and pathological diagnosis of
pancreas tumor, and graded by the European Neuroendocrine
Tumor Society (ENETS), WHO 2017, based on mitotic count
and Ki-67 index; (2) diagnostic MRI scans before surgery; (3)
MRI images with a slice thickness of 5 mm or less.

Ultimately, there were 48 patients with 51 lesions (mean age,
50.4 years; age range, 16–74 years) who enrolled in our study.
Frontiers in Oncology | www.frontiersin.org 3116
Based on systems of grading for PNETs, in our study, the lesions
were subdivided into low grade (G1) group and intermediate
grade (G2) group. Twenty-six of the patients (51.0%) had G1
lesions, and 25 (49.0%) had G2 lesions. The patients’ basic
clinical characteristics and the MRI features of the PNETs are
shown in Table 1.

The interobserver agreement regarding the radiomic features
of the PNETs ROI was generally acceptable (the value ranged
from 0.717 to 0.986).

Significant Radiomic Features Differences
of Tumor Grades
In the comparison of the radiomic analyses in non-enhanced T1
images, there was no significant difference between G1 group and
G2 group (P > 0.05). However, significant differences only in the
arterial phase analysis of enhanced images between the G1 group
and the G2 group appeared in the radiomic features as follows:
maximum intensity (P = 0.021, ICC = 0.807); range (P = 0.039,
ICC = 0.908) (Table 2).

Logistic Regression Analysis and
ROC Analysis for the Prediction of
Tumor Grades
We used the maximum intensity feature and the range feature
above as input variables for multiple logistic regression analysis.
Logistic regression analysis revealed that the maximum intensity
feature (P = 0.023, OR = 0.621, 95% CI: 0.433–0.858) was an
independent predictor of G1 group compared with G2 groups
(Table 3). The area under the curve (AUC) was 0.695 (95% CI:
0.543–0.846; P = 0.017) with a sensitivity and specificity of 50.0
and 92.0%, respectively (Figure 1).
TABLE 1 | The basic clinical characteristics of patients and the MRI features with WHO tumor grade of pancreatic neuroendocrine tumors. .

Features Tumor grade

G1 (n = 26) G2 (n = 25)

Female 18 (69.2%) 15 (60.0%)
Male 8 (30.8%) 10 (40.0%)
Age (years)
Mean 53.34 49.1
Range 16–67 26–74
Standard deviation 11.8 11.7
Tumor location
Pancreas head 8 (30.8%) 6 (24.0%)
Pancreas body 12 (46.2%) 12 (48.0%)
Pancreas tail 6 (23.0%) 7 (28.0%)
Tumor sizes (cm)
Mean ± SD 3.4 ± 2.1 3.6 ± 2.5
Range 1.0–10.3 1.0–10.5
Lesions (<2 cm) 9 6
Tumor pattern
Pancreatic duct dilatation 7 6
Chronic atrophic pancreatitis 3 5
Vascular involvement 6 12
Fibrosis on the surrounding pancreatic parenchyma 0 2
Ki-67 index (%) <2 3–10
Lymphadenopathy 0 4
Synchronous liver metastases 3 3
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DISCUSSION

PNETs grades were significant for tumor treatment. The present
study used MR imaging to predict the grades based on radiomic
analysis, and it showed that the maximum intensity feature in the
arterial phase T1 weight images of MR could be an independent
predictor of G1lesions compared with G2 lesions of PNETs.

Radiomic analysis has been suggested a useful tool for the
quantitative assessment of tumor heterogeneity (30, 31). The
heterogeneity within tumors is associated with histopathologic
grade and prognosis of tumors, which can reflect the intrinsic
biologic aggressiveness of tumors (32–34). Several previous (35)
studies have shown that the assessment of tumor heterogeneity had
an important value for diagnosis, grading, prognosis, and treatment
monitoring. MR imaging of tumor may provide a non-invasive
assessment of tumor heterogeneity and may represent a valuable
non-invasive tool in predicting the grading of PNETs and help for
aggressiveness and prognosis of PNETs.

There have been several studies that investigated the CT
radiomic characteristics, which can predict the grades of
PNETs (27, 28). It was shown that the sphericity feature of
radiomic variables on arterial 2D analysis of CT could be
significant predictors between grade 2/3 and grade 1 (28). And
also, the entropy feature of radiomic features in CT images was
found as an independent predictor of PNETs grade (27).

However, there were few studies focused on radiomic analysis in
MR images, although MR scanning can provide more sensitivity for
structural investigation and higher soft tissue contrast resolution
that makes it superior to CT in detecting PNETs, especially small
tumors. Several studies (36, 37) about MR data applied to PNETs
focused on ADC map, and it was found that the entropy and the
kutosis features of histogram analysis, which was a part of radiomic
analysis in ADC images ofMR, could predict the G1 compared with
the G2 of PNETs (36). Besides the most studies about MR features
in ADC map associated with PNETs grades, radiomic analysis of
PNETs in T1 weight images of MR were scarce, which could
provide some more different information of MR images than
ADC map. In a recent study it suggested that MRI radiomic score
showed a significant association with the grades of PNETs (38), and
another study showed the developed radiomics model using non-
contrast MRI could help differentiate G1 and G2/3 tumors (39);
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both of that suggested radiomicMRImay be used as a valuable non-
invasive tool for differential PNET grading.

In our study, we found that the maximum intensity feature of
radiomic features was an independent predictor of G1 lesions
compared with G2 lesions in the arterial phase T1 weight images of
MR, although statistical significance was not found in the non-
enhanced T1 images of MR. The results in our study showed G1
PNETs had significant differences on themaximum intensity feature
of radiomic features after enhancement compared with higher grade
tumors. It also coordinated with the previous report, which
demonstrated that G1 PNETs were enhanced more prominently
than higher-grade tumors in MR imaging (1). The lower-grade
PNETs showed significantly increased tumor blood flow than
higher-grade lesions (40). In the present study, the maximum
intensity feature means the value of the voxels in the image ROI
with thegreatest value,which is thought to reflect tissueheterogeneity
quantitativelyby images.Themaximumintensity featureof radiomic
featuresmay reflect the differences of blood flowwithin the tumor by
different values in the image, and also reflect the tumorheterogeneity.

The results of our study may contribute to the development of
predictingmodels that combinequantitativeandqualitative radiomic
features of imaging and traditional MR image feature predictors.

In the last couple of decades, the introduction and development of
the endoscopic ultrasonography (EUS) opened a new era of diagnosis
and treatment of PNETs, which had become a very useful imaging
modality to evaluate pancreatic lesions. Contrast-enhanced EUS is
helpful in categorizing small hypervascular PNETs (41), and studies
showed that EUS was superior for the detection of PNETs lesions
smaller than 2 cm (42–47). Its sensitivity was equal to MRI for the
detectionofPNETs.OtherbefitsofEUS include thedetectionof lymph
node involvement and vascular invasion. In the last few years, as the
development of properly designed needles for EUS-guided fine-needle
biopsy (EUS-FNB), the EUS-FNB was more important in the
evaluation of suspected PNETs, especially in small (with a diameter
smaller than 2 cm), non-functioning PNETs (45–47), which showed
stronger and more accurate correlation for Ki-67 values with surgical
specimens. MRI may not provide more accurate cytological
information inside the tumor than EUS-FNB; however, it is a non-
invasive technology compared with EUS-FNB, which can
quantitatively assess tumor heterogeneity. Also, each imaging
method is not perfect andneeds to be combined in future applications.
TABLE 3 | Logistic regression analysis of the radiomic features between grade G1 and G2 group of PNETs.

Feature Regression coefficients P value OR 95% CI

Maximum intensity −0.103 0.023 0.621 0.433~0.858
Nov
ember 2021 | Volume 11 | A
PNETs, pancreatic neuroendocrine tumors.
TABLE 2 | Significant differences in the radiomic features between PNETs G1 group and PNETs G2 group.

Texture features G1 group (n=26) G2 group (n=25) P value*

Maximum intensity 1,868.73 ± 489.34 1,595.80 ± 298.50 0.021
Range 1,284.88 ± 577.693 997.68 ± 358.45 0.039
rticl
Data are mean ± standard deviation
*Independent sample t test.
PNETs, pancreatic neuroendocrine tumors.
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Our study had several limitations. First, as it was of retrospective
design and PNETs are rare tumors. The patients in our study
included only 48 patients with 51 lesions with G1or G2 PNETs.
Second, in our study, tumor segmentation was manually performed
and which may be influenced by some manual errors, as well as
affecting the radiomic analysis results. So robust automatic boundary
extraction method should be further developed for accurate ROI
lesions. Nevertheless, additional long-term studies are needed to
validate the results in larger population and in other sequences of
MR images.
CONCLUSIONS

In conclusion, radiomic analysis of MR is helpful for the
prediction of PNETs grade. The maximum intensity feature
can help to identify the G1 PNETs from G2 PNETs on the
arterial phase images of MR, which may be also applied to early
recurrence or progression after surgical resection of PNETs in
the further study.
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Eicosanoids are bioactive lipids derived from arachidonic acid, which have emerged as
key regulators of a wide variety of pathophysiological processes in recent times and are
implicated as mediators of gastrointestinal cancer. In this study, we investigated the
systemic levels of lipoxygenase (LOX)-derived lipoxin A4 and B4, together with resolvin D1
and D2 in patients with pancreatic adenocarcinoma (n = 68), as well as in healthy
individuals (n = 32). Systemic concentrations of the aforementioned immunoresolvents
were measured using an enzyme-linked immunosorbent assay (ELISA). In this study, we
observed that compared with concentrations in healthy individuals, the peripheral
concentrations of the aforementioned eicosanoids were significantly elevated (2- to 10-
fold) in patients with pancreatic cancer (in all cases p<0.00001). No significant association
was observed between eicosanoid levels and the TNM clinical staging. Furthermore, we
observed no significant differences in concentrations of the analyzed bioactive lipids
between patients diagnosed with early-stage (TNM stage I-II) and more advanced disease
(TNM stage III-IV). Receiver operating characteristic (ROC) curve analysis of each
aforementioned immunoresolvent showed area under the curve values ranging
between 0.79 and 1.00. Sensitivity, specificity, as well as positive and negative
predictive values of the eicosanoids involved in the detection/differentiation of
pancreatic adenocarcinoma ranged between 56.8% and 100%. In summary, our
research is the first study that provides clinical evidence to support a systemic
imbalance in LOX-derived lipoxins and resolvins as the mechanism underlying the
pathogenesis of pancreatic adenocarcinoma. This phenomenon occurs regardless of
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the clinical TNM stage of the disease. Furthermore, our study is the first to preliminarily
highlight the role of peripheral levels of immunoresolvents, particularly resolvin D1, as
potential novel biomarkers of pancreatic cancer in humans.
Keywords: immunoresolvents, lipoxygenase, lipoxin, pancreatic cancer, resolvin
INTRODUCTION

Pancreatic adenocarcinoma is an extremely aggressive and
invariably fatal malignancy in humans. Approximately 60,000
individuals are diagnosed with this malignancy that is known to
cause 50,000 deaths annually in the United States. Multiple risk
factors including age, certain genetic syndromes, smoking, diabetes,
alcohol abuse, and obesity are implicated as etiopathogenetic
contributors to pancreatic adenocarcinoma, and several
molecular pathways associated with pancreatic cancer have been
identified (1, 2). However, the exact mechanisms underlying this
disease remain unclear. Therefore, prevention, early detection, and
prompt treatment are clinically challenging.

Bioactive lipids derived from arachidonic acid (AA), referred to
as eicosanoids are implicated as key factors in carcinogenesis, in
recent times. These AA derivatives represent a large family of
substances that affect multiorgan function, including
gastrointestinal physiology and regulate several pathophysiological
processes in the body, such as vascular flow, angiogenesis, cellular
proliferation, inflammation, and metabolism (3–6). From the
biochemical viewpoint, AA-derived eicosanoids are produced via
the CYP450, cyclo-oxygenase (COX), or lipoxygenase (LOX)
enzymatic pathways (7, 8). Among the various eicosanoids
generated via the aforementioned enzymatic pathways, bioactive
lipids such as leukotrienes, hydroxyeicosatetraenoic acids, lipoxins,
and resolvins have gained much attention as significant
contributors to malignancies. This effect is mainly associated with
their actions on immune cell function and modulation of both
initiation (leukotrienes) and resolution (lipoxins, resolvins) of
inflammatory processes (9–12). Although acute inflammation is
usually a physiological response that protects the body from
temporary microbial infections or injurious stimuli, uncontrolled
chronic inflammation predisposes to carcinogenesis via DNA
injury, epigenetic dysregulation, genomic instability, and/or
changes in intracellular signaling. LOX-derived lipoxins and
resolvins participate in resolution of inflammation; several
experimental studies have shown their benefits in suppression of
chronic inflammation-induced tumorigenesis (13, 14). These results
support the potential application of these immunoresolvents as
promising preventive or anti-cancer agents (15–18); however,
limited information is available regarding their role in the
development of pancreatic adenocarcinoma in humans.

In this study, we preliminarily investigated the systemic
concentrations of lipoxins (A4 and B4) and resolvins (D1 and
D2) in patients with pancreatic cancer and compared these values
with those observed in healthy individuals. Moreover, we
investigated the association between clinical TNM staging of
pancreatic adenocarcinoma and immunoresolvents’ levels in
patients with cancer. We additionally investigated whether
2122
systemic concentrations of lipoxins and resolvins show any
significant diagnostic value for detection/differentiation of
pancreatic cancer.
MATERIAL AND METHODS

Study Participants and Clinical Protocols
We recruited 100 individuals in this study. All participants were
evaluated (in an outpatient or inpatient setting) at our
Department and were confirmed to be stable with good general
health. Exclusion criteria were as follows: an active infectious/
inflammatory disease, a history of any malignancy, administration
of medications that could potentially interfere with AAmetabolism
(such as COX inhibitors), a history of blood transfusions within 6
months prior to study enrollment, active supplementation of lipid
derivatives (omega-3 fatty acids), and/or refusal to participate in
the study.

Among the 100 patients recruited for the study, 68 were
diagnosed with pancreatic adenocarcinoma and were categorized
into the “cancer” group. Similar to previous studies performed by
our group (19–21), diagnosis of pancreatic cancer was based on
evaluation of biopsy specimens obtained via endoscopic
ultrasound, paracentesis (in patients with neoplastic ascites), or
liver biopsy (in patients with metastatic disease). All patients
underwent laboratory tests and imaging (abdominal/chest
computed tomography and/or abdominal ultrasonography),
and these results were subsequently used for TNM staging of
the cancer. In this study, stage I and II pancreatic adenocarcinoma
was diagnosed in 5 and 17 patients, respectively. Advanced-stage
disease (stage III) occurred in 11 patients and metastatic disease
(stage IV) in 35 patients. All patients had a recent diagnosis of
pancreatic cancer at the time of study inclusion; therefore, no
patient received any chemotherapy or any cytotoxic therapy
within a year preceding the diagnosis, and no active acute
infection or disease was observed in any patient.

The control group in our study included 32 volunteers in an
overall good state of health.

Blood Sample Collection and Systemic
Immunoresolvent Level Measurements
Peripheral blood samples (8–10 mL) were obtained from all
individuals enrolled in this study. The samples were immediately
processed based on standard laboratory protocols; plasma was
separated, frozen, and stored at –80°C until further tests were
performed. The systemic concentrations of analyzed
immunoresolvents (lipoxin A4 and B4 and resolvin D1 and
D2) were measured using commercially available, high-
sensitivity enzyme-linked immunosorbent assay kits (Wuhan
January 2022 | Volume 11 | Article 757073
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EIAab Science Co, Ltd., China and Cayman Chemicals, MI, USA)
based on the manufacturers’ instructions.

Statistical Analysis
Similarly to our previous studies (22, 23) all of the received
results were subjected to a comprehensive analysis with use of
statistical software. Specifically, normality of distribution of the
variables was tested using the Shapiro–Wilk test. Continuous
variables that were abnormally distributed were subjected to log
transformation. Subsequently, if normality of the distribution
was obtained then Student’s t-test was used to compare mean
values of examined parameters between appropriate groups.
Otherwise a Mann–Whitney U-test for non-parametric
variables was used. In order to calculate the correlations
between parametric and non-parametric variables we used
Pearson’s or Spearman’s correlation rank tests (respectively).
In addition, a multivariate regression analyses were performed
with use of a stepwise selection method. In order to exclude
eventual presence of any residual confounding we entered
individually the variables that initially were excluded from the
constructed model. Finally, we constructed the receiver operating
characteristics (ROC) curves and calculated the area under curve
(AUC) values for all tested immunoresolvents as eventual
diagnostic substances for pancreatic cancer in humans. All of
these statistical analyses were performed with use of the SPSS
software and p<0.05 values were considered as significant.
RESULTS

Baseline Characteristics of Study
Participants
Table 1 summarizes baseline characteristics of the study
participants. No statistically significant differences were observed
in age and sex distribution, body mass index (BMI), smoking and
alcohol consumption habits, and medication history. However,
Frontiers in Oncology | www.frontiersin.org 3123
statistical analysis showed significantly higher levels of
carbohydrate antigen 19-9 (CA19.9 - pancreatic cancer marker)
in patients with pancreatic adenocarcinoma than in healthy
controls. Similarly, C-reactive protein levels were significantly
higher in the cancer group (Table 1).

Peripheral Concentrations of
Immunoresolvents in Patients With
Pancreatic Cancer vs. Healthy Volunteers
Figure 1 shows the mean values of systemic levels of
immunoresolvents. We observed that peripheral levels of
lipoxin A4 and B4 were significantly higher in patients with
pancreatic adenocarcinoma than in healthy individuals (in both
cases p<0.00001). Similar findings were observed with regard to
resolvin D1 and D2 concentrations. Specifically, the mean
peripheral levels of resolvin D1 and D2 were significantly
higher (in both cases p<0.00001) in the cancer group than in
the control group (Figure 1).

Clinical Association Between Systemic
Levels of Immunoresolvents and TNM
Staging of Pancreatic Cancer
We investigated the association, if any, between significant
changes in systemic levels of immunoresolvents and the clinical
staging of pancreatic adenocarcinoma. Correlation analysis
showed no significant association between the TNM stage and
lipoxin A4 (r=0.08), lipoxin B4 (r=0.13), resolvin D1 (r=0.03),
and resolvin D2 (r=0.01) levels (p>0.28 in all cases). Multivariate
regression analysis showed similar results (Table 2). Additionally,
we subcategorized patients from the “cancer” group into two
separate subgroups (TNM I–II and TNM III–IV) based on the
clinical TNM staging and performed an intergroup comparison
of the mean peripheral concentrations of lipoxins and resolvins.
Analysis showed no significant differences in mean systemic
immunoresolvent levels between patients diagnosed with TNM
TABLE 1 | General characteristics of analyzed patients and healthy individuals enrolled in the study [data presented as means ± SD or median (interquartile range)].

Parameters Control Cancer

Age (years) 61 ± 7 63 ± 11
Gender (M-men/W-women) 14-M/18-W 29-M/39-W
BMI (kg/m2) 26.1 ± 4.3 24.0 ± 4.9
Smoking (Y-yes/N-no) 5-Y/27-N 8-Y/60-N
Alcohol (drinks/week)# 3.3 ± 1.9 3.4 ± 1.6
Medications (Y-yes/N-no): 25-Y/7-N 55-Y/13-N
Hypertension 25 55
Diabetes 0 0
Lipid lowering (statins) 8 14
Other 1 1

RBC (x1012 cells/L) 4.75 ± 0.55 4.31 ± 0.63
Hb (g/dL) 14 ± 1.7 13 ± 1.8
Platelets count (x109 cells/L) 228 ± 60 268 ± 121
WBC count (x109 cells/L) 6.15 ± 1.7 8.6 ± 3.3
CRP (mg/L) 3.0 ± 1.7 27.6 [4.8; 73.1]*
CA19.9 (U/mL) 11.0 ± 5.6 470 [87; 1700]*
January 2022 | Volume 11
BMI, body mass index; RBC, red blood cells; Hb, hemoglobin.
WBC, white blood cells; CRP, C-reactive protein; *P<0.01 (vs “control” group).
#a drink was defined as a single consumption of about 8 grams of pure ethanol (equal to for example a glass of wine or a single measure of spirits).
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stage I–II pancreatic cancer and those with more advanced
disease (stage III or IV) (p at least >0.21 in all cases) (Figure 2).

Immunoresolvents as Potential Markers
of Pancreatic Adenocarcinoma
In view of the significant differences in the mean concentrations of
all immunoresolvents between healthy individuals and patients
with pancreatic adenocarcinoma, we performed preliminary
analysis to determine whether systemic levels of these
substances are of diagnostic value for the detection and/or
differentiation of pancreatic cancer in humans. Therefore, we
Frontiers in Oncology | www.frontiersin.org 4124
constructed ROC curves for each eicosanoid and calculated the
AUC values. Preliminary analysis revealed that systemic levels of
all immunoresolvents investigated in this study showed strong
diagnostic potential as promising biomarkers of pancreatic
adenocarcinoma. AUC values ranged between 0.79 and 1.00
(Figure 3). Based on these results, we attempted to determine
potential diagnostic cut-off values for levels of the aforementioned
immunoresolvents and preliminarily characterized their estimated
sensitivity, specificity, and positive and negative predictive values
(Table 3). We observed that resolvin D1 concentrations showed
the most promising results with regard to diagnostic potential (up
TABLE 2 | Results of statistical analysis of associations between systemic concentrations of examined immunoresolvents and clinical staging of pancreatic cancer in
patients (modelling using multivariate regression analysis).

Dependent variable Independent variable b P of the variable R2 P of the model

TNM Staging* Lipoxin A4 0.08 0.51 0.01 0.51
Lipoxin B4 0.13 0.28 0.02 0.28
Resolvin D1 0.03 0.81 0.001 0.81
Resolvin D2 0.001 0.99 0.001 0.99
Januar
y 2022 | Volume 11
b – standardized coefficient in the regression equation; p – level of significance.
*Variable was created by assigning 1, 2, 3 or 4 value to appropriate TNM stage that was present in patients with pancreatic cancer.
FIGURE 1 | Mean values of the systemic levels of examined immunoresolvents in patients with pancreatic cancer and control individuals together with their statistical
comparison (values presented as means ± standard deviation in pg/mL). *p < 0.00001 (vs “control” group).
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to 100%). Other newly proposed biomarkers showed
approximately 75%–94.1% sensitivity, 65.6%–87.5% specificity,
and 82.5%–94.1% and 56.8%–87.5% positive and negative
predictive values, respectively.
DISCUSSION

LOX-derived lipoxins and resolvins represent a family of
substances that play a major role in successful resolution of
inflammation. Therefore, they are also expected to be
significant mediators of carcinogenesis, because uncontrolled
chronic inflammation is known to be associated with the
development of solid malignancies (24–27). However,
limited data are available regarding the significance of
immunoresolvents in the development of pancreatic
adenocarcinoma; few clinical studies have discussed these
bioactive lipids in patients with this malignancy. In this
study, we investigated a broad panel of immunoresolvents in
patients with pancreatic cancer and attempted to determine
the clinical associations and diagnostic value, if any, of
these substances.
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We observed that patients with pancreatic adenocarcinoma
showed significantly elevated levels of immunoresolvents, such
as lipoxins and resolvins. Our results are consistent with those
reported by previous studies, which show significant genetic
expression of LOX enzymes in the ductal cells of pancreatic
adenocarcinoma and in resected tissue specimens (28–30).
Previous studies have reported that only sporadic LOX
expression was detected in pancreatic ductal cells in normal
human pancreas. In our study, compared with levels in healthy
individuals, we observed an approximate 2-fold mean increase in
systemic lipoxin levels and specifically a 10-fold or higher
increase in systemic resolvin D1 levels in patients with
pancreatic cancer. Interestingly, such significant elevations in
lipoxin and resolvin levels were observed regardless of the
clinical staging of the pancreatic cancer based on the
international TNM classification. The mean (elevated)
immunoresolvent levels were similar between patients with
both early- and advanced (metastatic)-stage disease.
Unfortunately, currently, the exact etiology of elevated
immunoresolvent levels and the exact molecular consequences
of this phenomenon in patients with pancreatic cancer remain
unclear. Several experimental studies that have investigated this
FIGURE 2 | Mean systemic levels of examined immunoresolvents in subgroups of pancreatic cancer patients divided according to the TNM staging and healthy
individuals together with their statistical comparison (values presented as means ± standard deviation in pg/mL). *p < 0.003 (vs “control” group).
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subject at the molecular level show that immunoresolvents may
inhibit pancreatic cancer progression and dissemination.
Specifically, research has shown that immunoresolvents may
inhibit differentiation of pancreatic stellate cells into cancer-
induced fibroblast-like myofibroblasts and “re-program” the
tumor stroma, reverse mesenchymal phenotypes of pancreatic
cancer cells, and attenuate their invasion and metastasis via
inhibition of (i) autocrine transforming growth factor b1
signaling, (ii) reactive oxygen species production and, (iii)
activity of the extracellular signal regulated kinases that
downregulate matrix metalloproteinases (31–33). Based on the
findings of these studies, the extent of the spontaneous
eicosanoid response in patients with pancreatic cancer remains
unclear, and the reason for the lack of a sustained increase in
systemic generation of lipoxins and resolvins in advanced-stage
Frontiers in Oncology | www.frontiersin.org 6126
pancreatic malignancy remains unexplained. Considering the
conclusions drawn from all aforementioned molecular studies, it
is reasonable to infer that significantly elevated lipoxin and
resolvin levels most likely represent a natural response to
pancreatic carcinogenesis in humans, to inhibit uncontrolled
inflammation that is a hallmark of pancreatic cancer and
additionally accelerates the progression of malignancy.
However, further molecular and translational studies are
warranted to accurately characterize this phenomenon,
particularly focused on the exact mechanisms underlying this
process and to verify whether modulation (particularly
intensification) of the eicosanoid response could not offer
clinical benefit in patients with pancreatic cancer.

In view of the significant differences in peripheral levels of
lipoxins and resolvins observed in this study, we preliminarily
TABLE 3 | Diagnostic value of examined immunoresolvents to discriminate presence of pancreatic adenocarcinoma in our patients.

Parameter Lipoxin A4 Lipoxin B4 Resolvin D1 Resolvin D2

Suggested cut-off value ≥ 893.5 [pg/mL] ≥ 56.4 [pg/mL] ≥ 74.5 [pg/mL] ≥ 39.5 [pg/mL]
Sensitivity [%] 91.2 94.1 100.0 76.5
Specificity [%] 75.0 87.5 100.0 65.6
Positive predictive value [%] 88.5 94.1 100.0 82.5
Negative predictive value [%] 80.0 87.5 100.0 56.8
January 2022 | Volume 11 |
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FIGURE 3 | Receiver operating characteristics (ROC) curves for examined immunoresolvents as potential (bio)markers of pancreatic cancer. Calculated sensitivity (y-
axis) is plotted against 1-specificity formula (x-axis) for examined immunoresolvents: (A) lipoxin A4 (LPxA4), (B) lipoxin B4 (LPxB4), (C) resolvin D1 (RsvD1) and (D)
resolvin D2 (RsvD2) as potential indicators of pancreatic cancer. AUC, area under ROC curve; p, level of significance.
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investigated the diagnostic potential of these eicosanoids as
biomarkers of pancreatic adenocarcinoma in humans. ROC
curve analysis showed significantly high clinical diagnostic
potential of the aforementioned immunoresolvents, particularly
of resolvin D1. Therefore, our results support the hypotheses
presented by previous studies, which suggest that genetic
expression of LOX and/or LOX-derived eicosanoids may be
significantly associated with carcinogenesis in addition to being
promising biomarkers of various types of solid malignancies
(34, 35). We emphasize that our results are preliminary
considering the small sample size of our study; further large-
scale clinical studies are warranted to validate and characterize the
diagnostic potential of the aforementioned immunoresolvents in
patients with pancreatic cancer.

In summary, our study highlights the significant alterations in
the systemic balance of immunoresolvents, such as lipoxins and
resolvins in patients with pancreatic adenocarcinoma and that
this finding is unaffected by the clinical TNM stage of the disease.
Furthermore, our study is the first to preliminarily measure
peripheral levels of lipoxins and resolvins, (particularly resolvin
D1), which may potentially serve as novel biomarkers of
pancreatic adenocarcinoma in humans.
Frontiers in Oncology | www.frontiersin.org 7127
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Purpose: This study aims to determine the diagnostic performance of whole-body FDG
PET/CT plus delayed abdomen PET/MR imaging in the pretherapeutic assessment of
pancreatic cancer in comparison with that of contrast-enhanced (CE)-CT/MR imaging.

Materials andMethods: Forty patients with pancreatic cancer underwent nonenhanced
whole-body FDG PET/CT, delayed abdomen PET/MR imaging, and CE-CT/MR imaging.
Two nuclear medicine physicians independently reviewed these images and discussed to
reach a consensus, determining tumor resectability according to a 5-point scale, N stage
(N0 or N positive), andM stage (M0 or M1). With use of clinical-surgical-pathologic findings
as the reference standard, diagnostic performances of the two imaging sets were
compared by using the McNemar test.

Results: The diagnostic performance of FDG PET/CT plus delayed PET/MR imaging was
not significantly different from that of CE-CT/MR imaging in the assessment of tumor
resectability [area under the receiver operating characteristic curve: 0.927 vs. 0.925 (p =
0.975)], N stage (accuracy: 80% (16 of 20 patients) vs. 55% (11 of 20 patients), p = 0.125),
and M stage (accuracy: 100% (40 of 40 patients) vs. 93% (37 of 40 patients), p = 0.250).
Moreover, 14 of 40 patients had liver metastases. The number of liver metastases
detected by CE-CT/MR imaging, PET/CT, and PET/MR imaging were 33, 18, and 61,
respectively. Compared with CE-CT/MR imaging, PET/MR imaging resulted in additional
findings of more liver metastases in 9/14 patients, of which 3 patients were upstaged.
Compared with PET/CT, PET/MR imaging resulted in additional findings of more liver
metastases in 12/14 patients, of which 6 patients were upstaged.

Conclusions: Although FDG PET/CT plus delayed PET/MR imaging showed a diagnostic
performance similar to that of CE-CT/MR imaging in the pretherapeutic assessment of the
resectability and staging of pancreatic tumors, it still has potential as the more efficient and
reasonable work-up approach for the additional value of metastatic information provided
by delayed PET/MR imaging.
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INTRODUCTION

Pancreatic cancer remains a highly lethal malignancy, with a 5-
year survival rate of less than 10%, and is the seventh most
common cause of cancer death in both men and women
worldwide (1–3). The only potential curative treatment for
pancreatic cancer is radical surgical resection (4). However, at
the time of initial staging work-up, approximately 80%–85% of
patients present with either unresectable or metastatic disease
owing to lack of early and specific symptoms when the cancer is
still localized, and high metastasis rate (1, 3, 4). Given this,
imaging examinations are destined to play an irreplaceable
role in early diagnosis and accurate staging, which are crucial
for choosing appropriate therapy strategy and preventing
unnecessary surgery (5, 6).

Various anatomical imaging modalities including contrast-
enhanced computed tomography (CE-CT), magnetic resonance
(MR) imaging, and endoscopic ultrasonography are routinely
used in the initial staging work-up of pancreatic cancer (5, 7),
with CE-CT considered the most commonly used and best
validated imaging modality (3, 7). In addition to anatomical
imaging examinations, another modality that has shown
potential is fluorine 18 fluorodeoxyglucose (FDG) positron
emission tomography (PET)/CT, which is sensitive for initial
TNM staging (8), evaluation of treatment response (9), detection
of recurrence (10), and prediction of treatment efficacy and
clinical outcome and has been reported to improve the
detection of occult metastases, ultimately sparing these patients
from unnecessary surgery (11–13). Recently, PET/MR, as an
emerging imaging technology, provides both multiparametric
functional imaging, including diffusion-weighted imaging
(DWI), and metabolic information from PET, with many
potential advantages over PET/CT, including inherently
lower radiation exposure, higher soft-tissue contrast, and
multiparametric imaging capabilities (5, 7, 14–19).

Coincidentally, due to the different advantages of each
imaging modality, multiple imaging modalities are being
increasingly used in patients with pancreatic cancer, and this
multistep examination process probably leads to delayed surgical
treatment for resectable diseases (20, 21). Hence, developing the
more efficient and reasonable work-up approach is of great
clinical significance for patients with pancreatic cancer. Indeed,
a previous study has demonstrated a similar diagnostic
performance between FDG PET/MR and PET/CT plus CE-CT
in the preoperative evaluation of the resectability and staging of
pancreatic tumors (7). To our knowledge, however, the
comparison of diagnostic performance between nonenhanced
whole-body FDG PET/CT plus delayed abdomen PET/MR
and CE-CT/MR for tumor staging and resectability of
pancreatic tumors has not been reported. Thus, the purpose
of this study was to compare the diagnostic performance of
nonenhanced whole-body FDG PET/CT plus delayed abdomen
PET/MR in evaluating tumor staging and resectability of
pancreatic cancer with that of the conventional CE-CT/MR,
which would be useful for simplifying the multistep process
and even choosing the more efficient and reasonable work-
up flow.
Frontiers in Oncology | www.frontiersin.org 2130
MATERIALS AND METHODS

Patients
This study was performed under a single-center prospective
imaging protocol and was approved by the Medical Ethics
Committee of Peking University Cancer Hospital (ethical
approval No. 2018KT110-GZ01). All patients provided signed
informed consent before the examinations.

From December 2019 to April 2021, 67 consecutive patients
(33 men and 34 women; mean age ± standard deviation, 60.5
years ± 10.9) with histologically confirmed or suspected
pancreatic cancer were prospectively and consecutively
enrolled in this study. These candidates took a whole-body
nonenhanced FDG PET/CT scan first, followed by a delayed
abdomen PET/MR scan with a 120–180-min interval. The key
eligibility criteria were as follows: (a) confirmatory evidence with
either histology or metastases at follow-up imaging; (b) patients
have undergone chest CT, abdomen, and pelvis CE-CT/MR, and
the interval time between PET and CT/MR was less than 30 days;
and (c) no contraindication to PET/MR imaging. Additionally,
patients with any of the following conditions were excluded:
(a) age <18 or >80 years old and (b) insufficient follow-up to
confirm the reference standard.

Image Acquisition
18F-FDG PET/CT
Imaging was performed using a PET/CT scanner (Biograph64,
SIEMENS, Erlangen, Germany) operated in 3D Flow Motion
(bed entry speed 1 mm/s) from the apex of the skull to the mid-
thigh, with a PET axial field of view of 21.6 cm. The PET images
were reconstructed by the TrueX + TOF method offered by the
vendor. Low-dose CT scans were acquired in CARE Dose4D
mode (120 kV, 3.0 mm slice thickness). The patients were
instructed to fast for at least 6 h before 18F-FDG injection. In
all cases, the serum glucose concentration met our institutional
requirement (≤140 mg/dl). The injected activity was 3.7 MBq/kg,
and the time from injection to scan was 60 min.

18F-FDG PET/MR Imaging
18F-FDG PET/MR imaging was performed on an integrated 3.0
T time-of-flight PET/MR scanner (uPMR790, UIH, Shanghai,
China). The scan started at 120 min (range: 120–180 min) after
FDG-administration. Each patient underwent the same protocol
as described in the following. Body array coil was placed around
the individual and covered the entire liver and pancreas.
Respiratory gating was used in MR acquisition whenever
possible. PET reconstruction was conducted using a 3D-OSEM
(Ordered Subsets Expectation-Maximization) algorithm applied
on a 256 × 256 matrix. A four-compartment-model attenuation
map (m-map) automatically generated based on a water-fat-
imaging MR sequence was used for PET attenuation
correction. The PET images were smoothed by a Gaussian
filter with 3 mm full width at half maximum (FWHM). The
MR sequences were performed simultaneously with PET
acquisition, including T1-weighted imaging (T1WI), T2-
weighted imaging (T2WI), fat-suppressed T2WI, and DWI.
The mean scan time for PET/MR was 20 ± 6 min.
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Image Interpretation
All images were reviewed using our local picture archiving and
communication system (PACS). To avoid bias, two experienced
nuclear medicine physicians independently analyzed the
nonenhanced whole-body FDG PET/CT, delayed abdomen
PET/MR images, and CE-CT/MR images, and the results were
discussed to reach a consensus (Figure 1).

Assessment of Tumor Resectability
The reviewers determined the resectability of pancreatic tumors
on the basis of tumor location, tumor–vascular contact, adjacent
organ invasion, and metastatic disease based on a 5-point scale,
as follows: 5, definitely resectable; 4, probably resectable; 3,
equivocal; 2, probably unresectable; and 1, definitely
unresectable (7). Unresectable disease was further specified as
locally advanced disease (i.e., pancreatic cancer without distant
metastasis but with unresectable vascular invasion) or pancreatic
cancer with distant metastasis (22, 23).

Determination of N Stage
The maximum standardized uptake value (SUVmax) of the
lymph nodes was calculated in the same lesion on both FDG
PET/CT and delayed PET/MR images. Regions of interest were
drawn around foci with increased uptake in the transaxial slices,
and an original SUVmax was automatically obtained. To ensure
SUVmax relatively comparable, the original SUVmax was
normalized by the following formula (24):

Normalized SUVmax = Original SUVmax =SUVbkgd

SUVbkgd refers to average SUV of the descending aorta.
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Positive lymph nodes were determined on the basis of their
size and quantitative assessment of PET images. If the largest
regional lymph node was at least 8 mm in its shortest diameter
(7) or the uptake greater than the blood pool (normalized
SUVmax >1) at quantitative assessment of early or delayed
PET scans (25), the patient would be considered node positive,
but otherwise as negative.

Determination of M Stage
At PET/MR imaging, the lesions were rated as metastases when
at least two of the three following criteria were met: (a) abnormal
signal intensity on T2WI, (b) diffusion restriction on DWI with b
values of 800 s/mm2, and (c) positivity on PET scans at visual
assessment. At PET/CT imaging, the lesions were defined as
metastases when PET had positive uptake foci with abnormal
density on CT. At CE-CT/MR imaging, the lesions were
determined as metastases when they had abnormal density/
signal intensity with abnormal enhancement.

Reference Standard
The reference standard for tumor resectability was based on
surgical records, pathological findings, and imaging-based
decisions. In patients who underwent surgery, tumor
resectability was assessed in light of surgical records and
pathologic reports, as follows: R0 resection (complete tumor
resection with a negative resection margin) was defined as
resectable and R1 resection (uncomplete tumor resection with
a microscopically positive resection margin) and R2 resection
(uncomplete tumor resection with a macroscopically positive
resection margin) as no resection of the pancreatic mass due to
FIGURE 1 | The flow chart of the study.
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unresectability confirmed during surgery, and presence of
pathologically confirmed distant metastasis were defined as
unresectable (7). Additionally, if a patient had distant
metastases and/or locally unresectable tumor at preoperative
imaging and did not undergo surgery based on a
multidisciplinary conference, the patient was also considered
unresectable (7). For N staging, the reference standard was
determined by the pathologic findings in patients who
underwent regional lymph node dissection (7). For M staging,
the reference standard of M0 was determined with
histopathologic findings or follow-up images, whereas that of
M1 was determined with histopathologic results or imaging-
based decisions made by means of a multidisciplinary
conference (7).

Statistical Analysis
Diagnostic performances for per-patient resectability, N staging,
and M staging were evaluated in patients by using standards of
reference. Tumor resectability was evaluated with empirical
receiver operating characteristic curve analysis based on a 5-
point confidence scale. The area under the receiver operating
characteristic curve (AUC) was regarded as an indicator of
diagnostic performance, and areas under the receiver operating
characteristic curve values of PET/CT plus delayed PET/MR
imaging and CE-CT/MR imaging were compared by using the z-
test. Furthermore, the examinations given scores of 4 or 5
(probably or definitely resectable) were defined as resectable.
For tumor resectability, N stage and M stage, sensitivity,
specificity, and accuracy were compared between PET/CT plus
delayed PET/MR imaging and CE-CT/MR imaging by using the
McNemar test. Moreover, for per-lesion analysis, the numbers of
liver metastases detected by PET/CT plus PET/MR imaging were
compared with only PET/CT or CE-CT/MR imaging. All
statistical analyses were performed using MedCalc, version
20.0.4 (MedCalc Software, Mariakerke, Belgium). Two-tailed
p < 0.05 was considered to indicate a significant difference.
RESULTS

Patient Characteristics
On the basis of the inclusion and exclusion criteria, 40 patients
(23 men and 17 women; mean age ± standard deviation, 58.9
years ± 9.1) were enrolled finally, of which 24 patients underwent
CE-CT scan, and the remaining 16 patients underwent CE-MR
scan. Among the 40 patients, the tumor resectability was
confirmed in 32 patients (resectable, n = 17; unresectable, n =
15) based on surgery and distant metastases. Tumor resectability
could not be confirmed in 8 patients, which were lost to follow-
up. N stage was confirmed with histopathologic findings in 20
patients who underwent surgical resection for pancreatic cancer
(node negative, n = 7; node positive, n = 13), and M stage was
confirmed in 40 patients (M0, n = 23; M1, n = 17) by means of
histopathologic reports (M0, n = 19; M1, n = 5) or imaging-based
diagnosis (M0, n = 4; M1, n = 12). The M1 stage results include
14 patients with hepatic metastases confirmed with surgery
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(n = 1), biopsy (n = 3) and imaging-based diagnosis (n = 10),
5 patients with peritoneal seeding metastases found with biopsy
(n = 1) and imaging-based diagnosis (n = 4), and three patients
with an imaging-based diagnosis of pulmonary metastases. None
of them underwent neoadjuvant chemo/chemoradiotherapy
before these imaging examinations. The remaining basic
characteristics, like tumor size, tumor location, and tumor
SUVmax, are presented in Table 1.

Assessment of Tumor Resectability
and N and M Staging
Tumor Resectability (n = 32)
For the evaluation of per-patient tumor resectability, there were
no significant differences in the AUC between PET/CT plus
delayed PET/MR imaging and CE-CT/MR imaging [0.927 vs.
0.925 (p = 0.975)] (Table 2). When scores of 4 and 5 (i.e.,
probably or definitely resectable) were categorized as indicating
an imaging diagnosis of tumor resectability, PET/CT plus
delayed PET/MR imaging and CE-CT/MR imaging showed the
same accuracies of 88% (28 of 32 patients) versus 88% (28 of 32
patients), without a significant difference (p = 1.000) (Table 2;
Figure 2). Moreover, PET/CT plus delayed PET/MR imaging
showed the same sensitivity and specificity as CE-CT/MR
imaging (82% (14 of 17 patients) vs. 82% (14 of 17 patients),
and 93% (14 of 15 patients) vs. 93% (14 of 15 patients),
respectively), although there were no statistically significant
differences (Table 2).

N Staging (n = 20)
For N staging, diagnostic accuracies were not significantly
different between the two image sets (80% (16 of 20 patients)
with PET/CT plus delayed PET/MR imaging vs. 55% (11 of 20
patients) with CE-CT/MR imaging (p = 0.125) (Table 3). In the
depiction of any regional lymph node metastasis per patient,
PET/CT plus delayed PET/MR imaging showed higher
sensitivity [92% (12 of 13 patients) vs. 46% (6 of 13 patients)],
with a statistically significant difference (p = 0.031) and lower
specificity [57% (4 of 7 patients) vs. 71% (5 of 7 patients)] than
CE-CT/MR imaging, without a statistically significant difference
(p = 1.000) (Table 3).

M Staging (n = 40)
For M staging, PET/CT plus delayed PET/MR imaging and CE-
CT/MR imaging demonstrated sensitivities of 100% (17 of 17
patients) and 82% (14 of 17 patients), without a statistically
significant difference (p = 0.250) (Table 3). Both imaging sets
showed high specificity [100% (23 of 23 patients)] for M staging.
In addition, diagnostic accuracies were not significantly different
between the two image sets (100% (40 of 40 patients) with PET/
CT plus delayed PET/MR imaging vs. 93% (37 of 40 patients)
with CE-CT/MR imaging (p = 0.250) (Table 3).

Additional Value of PET/MR in Patients
With Liver Metastases (n = 14)
Of the 40 patients, 14 patients had liver metastases (see Table 4;
Figures 3, 4). For the lesion-based analysis, the number of liver
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metastases detected by CE-CT/MR imaging, PET/CT and PET/
MR imaging were 33, 18, and 61, respectively. For the patient-
based analysis, compared with CE-CT/MR imaging, PET/MR
imaging resulted in additional findings of more metastases in 9/
14 patients. Specifically, 3/14 patients with liver metastases were
upstaged. Compared with PET/CT, PET/MR imaging resulted in
additional findings of more metastases in 12/14 patients, of
which 6 patients were upstaged.
DISCUSSION
In this prospective study, we demonstrated that nonenhanced
whole-body FDG PET/CT plus delayed abdomen PET/MR
imaging showed similar diagnostic performance without a
statistically significant difference in the assessment of the
tumor resectability and M stage of pancreatic tumors
compared with the widely used CE-CT/MR imaging. Excitedly,
based on the combination of size and normalized SUVmax of
lymph nodes, PET/CT plus delayed PET/MR imaging showed
higher sensitivity than CE-CT/MR imaging, with a statistically
significant difference. What is more, the number of total liver
metastases detected by delayed PET/MR imaging was nearly
Frontiers in Oncology | www.frontiersin.org 5133
twice of that of CE-CT/MR imaging. Although this study is only
exploratory, with a small number of patients, to our knowledge,
the findings are the first to suggest that the combination of
nonenhanced whole-body FDG PET/CT and delayed abdomen
PET/MR imaging may be a more reasonable examining
approach for the preoperative evaluation of pancreatic cancer,
hopefully substituting for the widely used CE-CT and leading to
improvement in creating a more efficient work-up flow. Indeed,
Raman et al. (26) have reported that the accuracy of
multidetector CT in excluding distant metastatic disease in
patients with pancreatic cancer significantly depreciates over
time because the tumor can metastasize during the interval
between multidetector CT and surgery. Therefore, FDG PET/
CT plus delayed PET/MR imaging may play a valuable role in
simplifying the work-up flow and shortening the work-up period
of pancreatic tumors, avoiding conversion from resectable status
to unresectable status due to the rapidly progressive
characteristic of pancreatic tumors.

Patients with pancreatic cancer could benefit from upfront
pancreatic resection when achieving a curative resection with
negative margins; thus, precise preoperative assessment of tumor
resectability is vital (27). Pancreatic cancer resectability is
determined primarily by the degree of tumor–vascular contact
and distant metastasis (22, 23). In our study, no significant
differences of evaluating tumor resectability were observed
between PET/CT plus delayed PET/MR imaging and CE-CT/
MR imaging. For the evaluation of the presence and/or extent of
vascular involvement, CE-CT, with its superior spatial resolution
and ability to perform multiplanar and 3D reconstructions to
depict vascular involvement, has been regarded as the best
method to determine surgical resectability (3, 28). However, in
our study, based on the blood flowing void effect at 4 mm-slice
T2WI, nonenhanced PET/MR imaging and CE-CT/MR imaging
had equivalent diagnostic performance in terms of vascular
invasion. Considering that most of our patients with resectable
or borderline resectable pancreatic tumors, our study
performance may actually have been overestimated.
Admittedly, for the evaluation of distant metastasis, PET/MR
imaging combines the excellent soft-tissue contrast of MR
imaging with the high sensitivity of PET, enabling the
depiction of subtle metastatic lesions, which can directly
upstage patients from potentially resectable status to metastatic
unresectable status. Thus, we considered that nonenhanced PET/
CT plus delayed PET/MR imaging has potential as a substitute
for CE-CT/MR imaging in assessment of resectability, certainly,
which still remains a large sample of research.
TABLE 1 | Basic information of the 40 patients with pancreatic cancer.

Characteristic Value

Age (years) 58.9 ± 9.1 (40–75)
Gender (M/F) 23/17
Tumor number (n) 40
Maximum lesion diameter in axial section (cm) 3.5 + 2.2 (0.9–13.7)
Location
Head 20 (50)
Neck 3 (7.5)
Body 10 (25)
Tail 7 (17.5)
Tumor SUVmax
PET/CT 6.2 ± 2.6 (0.9–12.2)
PET/MR 4.9 ± 2.3 (0.9–9.3)
Tumor resectability (n) 32
Resectable 17 (53.1)
Unresectable 15 (46.9)
N stage (n) 20
Positive 13 (65)
Negative 7 (35)
M stage (n) 40
M0 23 (57.5)
M1 17 (42.5)
The data presented are means ± standard deviation (range) or number (percentage) of
patients.
TABLE 2 | Diagnostic performance of PET/CT plus delayed PET/MR imaging and CE-CT/MR imaging in the assessment of tumor resectability.

Modality Aa
z Sensitivity (%)b Specificity (%)b Accuracy (%)b

PET/CT plus PET/MR 0.927 (0.778, 0.989) 82 (14/17) 93 (14/15) 88 (28/32)
CE-CT/MR 0.925 (0.775, 0.988) 82 (14/17) 93 (14/15) 88 (28/32)
p-value 0.975 NA 1.000 1.000
January 2022 | Volume 11
NA, not assessable; Az, area under the receiver operating characteristic curve.
aData were calculated with the z-test. Numbers in parentheses are 95% CIs.
bCalculated with the McNemar’s test. Numbers in parentheses are numbers of patients.
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Accurate assessment of lymph node metastases in patients
with pancreatic cancer plays an important role in the prediction
of a patient’s prognosis (29). In our study, which used imaging
criteria of size (shortest diameter >8 mm) and PET positivity
(normalized SUVmax >1) for N staging, PET/CT plus delayed
PET/MR imaging showed higher sensitivities than common CE-
CT/MR imaging with a statistically significant difference. The
result suggests that PET/CT plus delayed PET/MR imaging,
which provides both anatomic and metabolic information, can
be useful in the detection and characterization of metastatic
lymph nodes. However, our preliminary study failed to
demonstrate a significant difference between PET/CT plus
delayed PET/MR imaging and CE-CT/MR imaging in the
specificity and accuracy. This can be attributed to the
limitation of size-based assessment that reactive lymph nodes
can be enlarged and small lymph nodes can have
micrometastases (30). In addition, PET also had limited
performance in the detection of lymph node metastases
because PET positivity can also be found in the inflammatory
and anthracosilicostic nodes (31). Notably, we are the first to
select the either parameter of normalized SUVmax from PET/CT
or delayed PET/MR imaging to evaluate lymph node metastases,
with a good result in the higher sensitivities. Thus, PET/CT
Frontiers in Oncology | www.frontiersin.org 6134
plus delayed PET/MR imaging has potential as a valuable tool
for N staging and future studies with a larger population
are warranted.

As for M staging, most commonly, metastatic disease from
pancreatic cancer is observed in the liver (32). Thus, liver
metastases in patients with pancreatic cancer should raise
suspicion of M1 disease and then, the change from M0 to M1
can directly result in a change from resectability to
unresectability. In our study, although diagnostic performance
did not significantly differ between PET/CT plus delayed PET/
MR imaging and CE-CT/MR imaging in our study, the number
of liver metastases detected by delayed PET/MR imaging was
nearly twice that of CE-CT/MR imaging and three times that of
PET/CT. Although PET/CT was considered as an ideal imaging
modality to detect distant metastases that may be missed using
other modalities, the study by Fröhlich et al. (33) indicated that
PET/CT has high sensitivity (97%) in detecting metastases larger
than 1 cm in diameter, sensitivity falls to 43% for smaller lesions,
which may be the reason for the less liver metastases detected by
PET/CT than PET/MR imaging and CE-CT/MR imaging.
However, in the light of the fact that noncontrast MR imaging
has far superior soft tissue discrimination compared with
noncontrast CT and has also been found to be superior to CT
FIGURE 2 | Images of pancreatic ductal adenocarcinoma in 52-year-old woman with vascular invasion. (A) MIP from PET/CT showing increased uptake in
pancreas. (B) T2WI, (C) Delayed PET image, (D) Corresponding PET/MR imaging fusion image and (E) Arterial phase CT image show the mass in the body of
pancreas encasing superior mesenteric artery (arrows).
TABLE 3 | Diagnostic performance of PET/CT plus delayed PET/MR imaging and CE-CT/MR imaging in the assessment of N and M stages.

Modality N staging (%) M staging (%)

Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy

PET/CT plus PET/MR 92 (12/13) 57 (4/7) 80 (16/20) 100 (17/17) 100 (23/23) 100 (40/40)
CE-CT/MR 46 (6/13) 71 (5/7) 55 (11/20) 82 (14/17) 100 (23/23) 93 (37/40)
p-value 0.031 1.000 0.125 0.250 NA 0.250
January
 2022 | Volume 11 | Ar
NA, not assessable.
p-values were calculated by using the McNemar’s test. Data in parentheses are numbers of patients used to calculate percentages.
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in the detection of liver metastases with a sensitivity of 90%–93%
(34), we believed that PET/MR imaging can make up for the
disadvantage of PET/CT. Notably, the PET imaging performance
of delayed PET/MR is also better than that of PET/CT, which is
different from the previous results that the PET imaging
performance of PET/MR imaging would be similar to that of
PET/CT (7, 35, 36). This may be the foremost reason for that
delayed PET/MR imaging had the largest number of liver
metastases of the three imaging systems. Our result
demonstrated delayed PET/MR imaging has a potential as the
most valuable imaging modality for the detection of liver
metastases on the basis of the good performance of both
delayed PET and MR imaging, especially for the delayed PET
imaging performance, which can be conducive to accurate
M staging.
Frontiers in Oncology | www.frontiersin.org 7135
This study had several limitations. First, the number of patients
in this prospective study is relatively small, so these first results
have to be considered preliminary and need further confirmation.
Second, we could not match the imaging-based diagnosis of
vascular involvement and/or lymph node status with the
corresponding pathological results, so we assessed the
resectability and staging of pancreatic tumors on a patient-by-
patient basis rather than on a lesion-by-lesion basis. Third, given
that the imaging features of pancreatic tumor reported by
numerous studies, we did not evaluate the size, conspicuity and
PET-related parameters of pancreatic tumor, and did not compare
PET-related parameters at PET/CT and delayed PET/MR imaging.

In conclusion, nonenhanced whole-body FDG PET/CT plus
delayed abdomen PET/MR imaging showed comparable
diagnostic performance with CE-CT/MR imaging in the
FIGURE 3 | Liver metastasis detected on PET/MRI but not on PET/CT. (A) MIP from PET/CT showing increased uptake in pancreas. (B) Nonenhanced CT image,
(C) Early PET image and (D) PET/CT fusion image show no hypoattenuating or hypermetabolic lesion in liver. (E) DW image (b = 800 sec/mm2) shows a nodule with
restricted diffusion (arrow). (F) Delayed PET image shows a hypermetabolic lesion in liver. (G) Corresponding PET/MR imaging fusion image shows the nodule with
both hyperintense and hypermetabolism. This patient was diagnosed as having stage M1 disease on PET/MR imaging but stage M0 disease on PET/CT.
TABLE 4 | Diagnostic performance of PET/CT plus delayed PET/MR imaging and CE-CT/MR imaging in the detection of liver metastases.

Patients CE-CT/MR PET/CT PET/MR CE-CT/MR vs PET/MR PET/CT vs PET/MR

M
stage

Number M
stage

Number M
stage

Number Additional finding in PET/
MR

Staging
change

Additional finding in PET/
MR

Staging
change

1 1 3 1 3 1 3 None None None None
2 1 6 1 3 1 12 More metastases None More metastases None
3 1 2 0 0 1 2 None None More metastases Up
4 1 5 1 1 1 5 None None More metastases None
5 1 1 0 0 1 2 More metastases None More metastases Up
6 1 1 0 0 1 3 More metastases None More metastases Up
7 1 4 1 2 1 5 More metastases None More metastases None
8 0 0 0 0 1 6 More metastases Up More metastases Up
9 0 0 0 0 1 2 More metastases Up More metastases Up
10 1 4 1 2 1 6 More metastases None More metastases None
11 1 1 0 0 1 1 None None More metastases Up
12 1 2 1 1 1 3 More metastases None More metastases None
13 0 0 1 2 1 7 More metastases Up More metastases None
14 1 4 1 4 1 4 None None None None
Sum 11 33 8 18 13 61 9 3 12 6
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evaluation of the resectability and staging of pancreatic cancers;
furthermore, it provided additional value of detecting liver
metastases, which still has potential as the more efficient and
reasonable work-up approach.
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Background: While the elderly population account for an indispensable proportion in
pancreatic ductal adenocarcinoma (PDAC), these patients are underrepresented in clinical
trials. Whether surgery offered the same benefit for elderly patients as that for younger
cohort and which factors affected long-term outcome of elderly population remained
unclear.

Aims: This study aims to evaluate long-term prognosis of elderly PDAC patients (≥70
years old) after surgery and to investigate potential prognostic factors.

Methods: This retrospective study included PDAC patients receiving radical resection
from January 2012 to July 2019 in Zhongshan Hospital Fudan University. Patients were
divided into young (<70) and old groups (≥70). Propensity score matching (PSM) was
conducted to eliminate the confounding factors. We investigated potential prognostic
factors via Cox proportional hazards model and Kaplan–Meier estimator. Nomogram
model and forest plot were constructed to illustrate the prognostic value of age.

Results: A total of 552 PDAC patients who received radical resection were included in this
research. Elderly patients showed poorer nutritional status and were less likely to received
adjuvant treatment. After matching, although age [hazard ratio (HR)=1.025, 95%CI 0.997–
1.054; p=0.083] was not statistically significant in the multivariate cox regression analysis,
further survival analysis showed that patients in the old group had poorer overall survival
(OS) when compared with young group (p=0.039). Furthermore, reception of adjuvant
chemotherapy (HR=0.411, 95%CI 0.201-0.837; p=0.014) was the only independent
prognostic factor among elderly patients and could significantly improve OS. Subgroup
analysis indicated that age had better prognostic value in PDAC patients with good
preoperative nutritional status and relative low tumor burden. Finally, a prognostic
prediction model contained age, reception of adjuvant chemotherapy, American Joint
Committee on Cancer (AJCC) 8th T and N stage was constructed and presented in
nomogram, whose Harrell’s concordance index was 0.7478 (95%CI, 0.6960–0.7996).
The calibration curves at 1 and 3 years indicated an optimal conformity between actual
and nomogram-predicted survival probability in the PDAC patient who received surgery.

Conclusion: The elderly PDAC patients were associated with worse OS survival after
radical resection, and the noticeable negative effect of age was observed among PDAC
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patients with better preoperative nutritional status and less aggressive tumor biology.
Adjuvant chemotherapy was essential to improve survival outcome of elderly PDAC
patients following radical resection.
Keywords: pancreatic ductal adenocarcinoma, the elderly patients, radical resection, adjuvant chemotherapy, prognosis
INTRODUCTION

Pancreatic adenocarcinoma (PDAC) is one of the most malignant
solid tumors with poor prognosis. PDAC is strongly age
dependent, and increasing population longevity and aging will
contribute to the global burden of pancreatic cancer (1). A
research derived from the Global Burden of Disease Study
showed that incidence rate at ages older than 70 years was three
to four times higher than those at ages 50–69 years in 2017, and
20.2% of these were attributable to population aging (2). By 2030,
approximately 70% of PDAC will be diagnosed in older adults (3).
While the elderly population accounted for an indispensable
proportion on PDAC, the older cancer patients were
underrepresented in clinical trials (4). A research demonstrated
that patients aged 70 years or older accounted for the most of the
under-representation among those noted in registration trials for
all cancer treatment (5). A research involving of 10,505 PDAC
patients based on Surveillance, Epidemiology, and End Results
(SEER) database showed that over half of older patients (≥65) with
potentially treatable pancreatic cancer did not receive any
treatment at all. Only 11% of older patients with locoregional
pancreatic cancer received multimodality therapy (6). Thus, the
treatment strategies concluded from younger patients may not be
implied into the very elderly patients completely. The optimal
therapeutic strategy for the elderly patients with PDAC remained
to be determined.

Currently, surgery was still the only treatment that could offer a
chance to cure pancreatic cancer (7). However, it was uncertain
whether surgery will benefit the elderly patients. Some researchers
suggested that the prognosis in the elderly was poorer than in the
younger patients (8, 9), while others hold the opposed points of
view (10–12). What seems clear, though, is that the incidence of
postoperative complications is much higher in the elderly patients
(13–16). This could be one of the factors that influence the
decisions of therapeutic strategies for the elderly patients. As a
result, more clinical studies focused on the elderly should be
performed to determine the optimal therapeutic strategy.

In the present research, we evaluated the postoperative long-
term prognosis of the elderly patients (≥70) with PDAC by
comparing with the younger patients. Moreover, we analyzed the
prognostic factors for long-term survival in order to explore the
optimal therapeutic strategies for the elderly patients.
MATERIALS AND METHODS

Patients and Study Design
The research included PDAC patients receiving radical resection
in Zhongshan Hospital Fudan University from January 2012 to
2139
July 2019. The inclusion criteria are as follows: (1) with definite
pathological diagnosis of pancreatic adenocarcinoma; (2) with
definite American Joint Committee on Cancer (AJCC) 8th TNM
stage; (3) with complete preoperative blood samples test and all
the tests were performed 1 week before surgery; (4) with
sufficient follow-up time at least 24 months. The total cohort
was divided into two groups included the young group (<70
years) and the old group (≥70 years), according to the age of
patients. Overall survival (OS) was calculated from the date of
surgery to the date of death or last follow-up. Patients were
generally seen in follow-up 4–6 weeks following discharge and
every 3–6 months thereafter for physical examination, laboratory
test, and imaging to assess for postoperative recovery and cancer
recurrence. Besides, telephone interviews every 3 months were
performed to supplement follow-up information. Median follow-
up time was 40 months. The study outcomes were overall
survival (OS) from time of surgery. All the medical
information and time of survival were obtained from medical
records and telephone interviews.

Clinicopathological Data
Patients’ demographic characteristics, pathological results, and
blood sample results were extracted from electric medical
records. Among the patients who received adjuvant
chemotherapy and radiotherapy, only one patient accepted
neoadjuvant chemotherapy. The adjuvant chemotherapy
regimens were prescribed based on the latest clinical practice
guidelines and the clinical evaluation of doctors. The most
common chemotherapy regimens were combination regimens,
including AS (albumin-bound paclitaxel + S-1), AG (albumin-
bound paclitaxel + gemcitabine), GS (gemcitabine + S-1), and
FOLFIRINOX. The patients with severe side effects or with
negative intentions for chemotherapy mostly received single
drug such as gemcitabine or S-1. Second-line treatment mainly
depends on the clinical evaluation of doctors. The information of
tumor location, AJCC 8th TNM stage, tumor differentiation,
microvascular invasion, fatty invasion, and perineural invasion
were defined by the pathological results. None of the study
population was diagnosed with metastatic tumor. A
carbohydrate antigen 19-9 (CA 19-9) cutpoint of 35 U/ml was
used to dichotomize patients with normal and elevated values
based on a research performed by Aldakkak and colleagues.
Elevated CA 19-9 were then further stratified into low (36–200),
moderate (201–1,000), and high (>1,000) groups (17). The
American Society of Anesthesiologists Physical Status (ASA
PS) classification system was performed by the anesthetists
before surgery. The ASA classification system contains
categories 1–5 and represents increasing levels of patient
impairment (18).
March 2022 | Volume 12 | Article 789351

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. Prognosis of Elderly Pancreatic Cancer
Statistical Analysis
Data analyses were performed by R project 3.5.3 for Windows and
IBM SPSS Statistics 22.0 version. Normality and homogeneity of
variance were tested by Shapiro–Wilk test and Levene’s test.
Categorical variables were reported as frequencies and
percentages. Continuous variables conforming to normal
distribution were presented by means and standard error; others
were described as medians and interquartile range. The baseline
characteristics between different groups were compared using
Fisher’s precision probability test for categorical variables, using
Wilcoxon rank sum test for continuous variables, respectively.
Propensity score matching was performed with “MatchIt”
packages using R project. A 1:1 ratio propensity score matching
study group was created using the nearest neighbor matching
method with a 0.6 caliper. Survival curves were drawn with the
method of Kaplan–Meier, and log-rank test was used to compare
the overall survival of different groups. Cox proportional hazards
model was used to estimate the hazard ratio of death. The significant
statistical variables (p<0.1) in univariate Cox regression analysis
were incorporated into the multivariate analysis to identify the
independent prognostic factors for survival. Forest plot was
performed to show the outcome of subgroup analysis. Forest plot
was performed by “forestplot” packages using R project. The
survival nomogram was developed starting from Cox model,
which allowed to obtain survival probability estimates. The
endpoints in building the nomogram model were 1- and 3-year
survival. Harrell’s concordance index (C-index) was used in the
nomogram to evaluate the model performance for predicting
outcomes. The nomogram was subjected to 1,000 bootstrap
resamples for internal validation of the cohort. Then, calibration
curves were used to verify the accuracy between predicted and
actual 1- and 3-year survival. All the significance tests in this paper
were two-sided tests.
RESULTS

Baseline Characteristics of the Total
Cohort
A total of 552 patients diagnosed with PDAC who accepted
radical surgery were incorporated in the total cohort. The
patients aged 70 years or older were defined as the elderly in
this study. The patients’ clinicopathological characteristics are
listed in Table 1. There were 411 patients younger than 70 years
old (young group) and 141 patients aged 70 years or older (old
group). In the total cohort, the old group was less likely to receive
adjuvant chemotherapy and radiotherapy and presented with
earlier N stage. Besides, the prealbumin, albumin, white cell
count, lymphocyte count, and AFP in the old group were
significantly lower than that of the young group. Other factors
did not differ significantly between two groups.

The univariate and multivariate Cox regression analysis
demonstrated that age was not an independent prognostic
factor [hazard ratio (HR)=1.005; 95% confidential index (CI),
0.993–1.018; p=0.416, Supplementary Table S1]. Further
survival analyses showed no survival difference between two
Frontiers in Oncology | www.frontiersin.org 3140
groups among all PDAC patients [old vs. young, median OS
(mOS), 29.2 vs. 28.5 months, p=0.82, Supplementary
Figure S1].

Propensity Score Matching and
Survival Analysis
In order to balance confounding factors that might affect survival
outcome, propensity score matching (PSM) was performed by a
1:1 ratio. The potentially adjusting variables were based on the
results of Cox regression analysis, which included AJCC 8th T
stage (p=0.062), N stage (p=0.05), adjuvant chemotherapy
(p<0.001), and CA50 (p=0.034). A total of 95 patients younger
than 70 years old were matched with 95 patients older than 70
years old in the total cohort. The baseline characteristics between
the two groups after PSM are listed in Table 2. All adjusting
variables were comparable after PSM.

Cox proportional hazards models were constructed to
investigate potential prognostic factors in matching cohort
(Table 3). Univariate Cox regression analysis indicated that
age, reception of chemotherapy, AJCC 8th T and N stage,
peripancreatic fat invasion, perineural invasion, CA 19-9 level,
albumin, and CA50 were independent prognostic factors. These
factors were then incorporated into multivariate Cox regression
analysis. As shown in Table 3, the reception of chemotherapy
(HR=0.291; 95%CI, 0.173–0.287; p<0.001) and AJCC 8th T stage
(T4, HR=3.706; 95%CI, 1.373–10.002; p=0.01) were independent
prognostic factors, although age (HR=1.025; 95%CI, 0.997–
1.054; p=0.083) was not statistically significant in the
multivariate Cox regression analysis. Further survival analysis
showed that patients in the old group had poorer OS when
compared with the young group (old vs. young, mOS, 27.5 vs.
NA months, p=0.039, Figure 1A).

The 1-year survival rate was 87% in the young group and 79%
in the old group. The 3-year survival rate was 59% in the young
group and 44% in the old group.

We further investigated potential prognostic factors in patients
aged 70 and over using Cox regression analysis. As shown in
Table 3, reception of chemotherapy (HR=0.411; 95%CI, 0.201–
0.837; p=0.014) was the only independent prognostic factor in
elderly PDAC patients who received surgery. The survival analysis
further confirmed that adjuvant chemotherapy significantly
improved OS among elderly PDAC patients (no adjuvant
chemotherapy vs. receiving adjuvant chemotherapy, mOS, 14.8 vs.
33.8 months, p=0.00062, Figure 1B).

Prognostic Nomogram Development
and Validation
A prognostic nomogram model was constructed according to the
results of multivariate Cox regression analysis (Figure 2A). The
prediction model incorporated independent prognostic factors in
the Cox analysis including age, reception of chemotherapy, and
AJCC 8th T and N stage. Each factor could get a point based on
their grade from the points scale. The 1- and 3-year survival
probability could be predicted according to the total points. The
Harrell’s concordance index of this model was 0.7478 (95%CI,
0.6960–0.7996). Then, the nomogrammodel was subjected to 1,000
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TABLE 1 | Baseline characteristics of the study population (n=552).

Total Age<70 (n=411) Age≥70 (141) p-value

Age
Median (IQR) 64.00 (58.00–70.00) 61.00 (56.00–65.00) 73.00 (72.00–76.00) < 0.001
Sex
Male 326 (59%) 243 (59%) 83 (59%) 1
Female 226 (41%) 168 (41%) 58 (41%)
Tumor location
Head 296 (54%) 227 (55%) 69 (49%) 0.27
Body and tail 243 (44%) 173 (42%) 70 (50%)
Total pancreas 13 (2%) 11 (3%) 2 (1%)
CA19-9 level
<35 147 (27%) 113 (27%) 34 (24%) 0.7
35-200 195 (35%) 145 (35%) 50 (35%)
>200 210 (38%) 153 (37%) 57 (40%)
Adjuvant chemotherapy
No 112 (21%) 69 (17%) 43 (32%) <0.001
Yes 427 (79%) 334 (83%) 93 (68%)
Adjuvant radiotherapy
No 424 (77%) 306 (75%) 118 (86%) 0.009
Yes 124 (23%) 104 (25%) 20 (14%)
AJCC 8th T stage
T1 113 (21%) 84 (20%) 29 (21%) 0.37
T2 306 (56%) 223 (54%) 83 (59%)
T3 84 (15%) 69 (17%) 15 (11%)
T4 20 (4%) 16 (4%) 4 (3%)
Tis 27 (5%) 18 (4%) 9 (6%)
AJCC 8th N stage
N0 317 (58%) 223 (55%) 94 (67%) 0.036
N1 193 (35%) 152 (37%) 41 (29%)
N2 39 (7%) 33 (8%) 6 (4%)
Tumor differentiation
Well-diff 34 (6%) 23 (6%) 11 (8%) 0.06
Moderately-diff 216 (40%) 150 (37%) 66 (47%)
Poorly-diff 294 (54%) 231 (57%) 63 (45%)
MVI
No 457 (83%) 335 (82%) 122 (87%) 0.2
Yes 95 (17%) 76 (18%) 19 (13%)
FI
No 131 (24%) 93 (23%) 38 (27%) 0.3
Yes 421 (76%) 318 (77%) 103 (73%)
NI
No 112 (20%) 88 (21%) 24 (17%) 0.28
Yes 440 (80%) 323 (79%) 117 (83%)
Preglucose
Median (IQR) 5.80 (5.10–6.90) 5.80 (5.10–6.80) 5.70 (5.10–7.20) 0.89
Albumin
Median (IQR) 40.00 (38.00–43.00) 41.00 (39.00–43.00) 40.00 (38.00–42.00) <0.001
Prealbumin
Median (IQR) 0.23 (0.18–0.26) 0.23 (0.19–0.27) 0.21 (0.18–0.25) 0.012
Hemoglobin
Median (IQR) 128.00 (118.50–139.00) 128.00 (120.00–139.00) 126.00 (116.00–136.00) 0.086
WBC
Median (IQR) 5.34 (4.54–6.39) 5.42 (4.62–6.48) 5.20 (4.46–6.10) 0.034
Neutrophil count
Median (IQR) 3.20 (2.40–3.90) 3.20 (2.50–3.90) 3.00 (2.40–3.90) 0.36
Lymphocyte count
Median (IQR) 1.50 (1.20–1.90) 1.50 (1.30–1.90) 1.40 (1.10–1.70) 0.003
Monocyte count
Median (IQR) 0.42 (0.34–0.53) 0.42 (0.34–0.52) 0.43 (0.37–0.54) 0.28
ASA
Grade 1 71 (14.95%) 56 (15.77%) 15 (12.50%) 0.39
Grade 2 391 (82.32%) 291 (81.97%) 100 (83.33%)
Grade 3 13 (2.74%) 8 (2.25%) 5 (4.17%)
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TABLE 1 | Continued

Total Age<70 (n=411) Age≥70 (141) p-value

AFP
Median (IQR) 2.60 (1.90–3.60) 2.70 (2.00–3.70) 2.40 (1.60–3.30) 0.015
CEA
Median (IQR) 3.00 (1.80–4.80) 2.90 (1.75–4.70) 3.30 (2.20–5.20) 0.12
CA242
Median (IQR) 22.95 (8.88–70.48) 23.30 (8.60–62.70) 22.20(9.65–121.50) 0.49
CA50
Median (IQR) 68.80 (20.30–180.00) 66.10 (17.45–180.00) 83.80 (29.30–180.00) 0.12
CA125
Median (IQR) 14.25 (9.40–23.73) 14.50 (9.50–24.00) 13.50 (9.00–22.70) 0.36
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IQR, interquartile range; CA, carbohydrate antigen; AJCC, American Joint Committee on Cancer; Tis, tumor in situ; MVI, microvascular invasion; FI, peripancreatic fat invasion; NI, neural
invasion; WBC, white blood cell; ASA, American Society of Anesthesiologists; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen.
The bold values indicates statistically significance.
TABLE 2 | Baseline characteristics of the study population after PSM (n=190).

Total Age<70 (n=95) Age≥70 (n=95) p-value

Age
Median (IQR) 69.50 (62.25–73.00) 62.00 (57.50–66.50) 73.00 (72.00–76.00) <0.001
Sex
Male 113 (59%) 54 (57%) 59 (62%) 0.55
Female 77 (41%) 41 (43%) 36 (38%)
Tumor location
Head 87 (46%) 44 (46%) 43 (45%) 0.93
Body and tail 98 (52%) 48 (51%) 50 (53%)
Total pancreas 5 (3%) 3 (3%) 2 (2%)
CA19-9
<35 41 (22%) 20 (21%) 21 (22%) 0.83
35–200 70 (37%) 37 (39%) 33 (35%)
>200 79 (42%) 38 (40%) 41 (43%)
Adjuvant chemotherapy
No 57 (30%) 25 (26%) 32 (34%) 0.34
Yes 133 (70%) 70 (74%) 63 (66%)
Adjuvant radiotherapy
No 153 (81%) 71 (75%) 82 (86%) 0.066
Yes 37 (19%) 24 (25%) 13 (14%)
AJCC 8th T stage
T1 41 (22%) 22 (23%) 19 (20%) 0.85
T2 107 (56%) 50 (53%) 57 (60%)
T3 20 (11%) 11 (12%) 9 (9%)
T4 8 (4%) 5 (5%) 3 (3%)
Tis 14 (7%) 7 (7%) 7 (7%)
AJCC 8th N stage
N0 124 (65%) 62 (65%) 62 (65%) 0.76
N1 60 (32%) 31 (33%) 29 (31%)
N2 6 (3%) 2 (2%) 4 (4%)
Tumor differentiation
Well-diff 15 (8%) 7 (8%) 8 (9%) 0.88
Moderately diff 86 (46%) 41 (45%) 45 (48%)
Poorly diff 84 (45%) 43 (47%) 41 (44%)
MVI
No 159 (84%) 80 (84%) 79 (83%) 1
Yes 31 (16%) 15 (16%) 16 (17%)
FI
No 49 (26%) 26 (27%) 23 (24%) 0.74
Yes 141 (74%) 69 (73%) 72 (76%)
NI
No 39 (21%) 22 (23%) 17 (18%) 0.47
Yes 151 (79%) 73 (77%) 78 (82%)
Preglucose
Median (IQR) 5.80 (5.00–6.80) 5.80 (5.00–6.50) 5.80 (5.00–7.10) 0.82
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bootstrap resamples for internal validation of the cohort. The
calibration curves at 1 and 3 years indicated an optimal
conformity between actual and nomogram-predicted survival
probability in the PDAC patient received surgery (Figures 2B, C).

Subgroup Analysis of the Cohort
After PSM
Further subgroup analyses were conducted to explore whether age
remained as a prognostic factor in a certain subgroup. Forest plot
(Figure 3) showed that the elderly may have poorer prognosis in
male (HR=2.333; 95%CI, 1.315–4.136; p=0.00376) patients whose
tumor was located at the pancreatic body/tail (HR=2.053; 95%CI,
1.087–3.881; p=0.0267), with N0 stage (HR=1.821; 95%CI, 1.032–
3.214; p=0.0385), without perineural invasion (HR=4.702; 95%CI,
1.267–17.46; p=0.0207), albumin higher than 35 g/L (HR=1.604;
95%CI, 1.035–2.485; p=0.0346), hemoglobin higher than 120 g/L
(HR=1.788; 95%CI, 1.018–3.141; p=0.0431), white blood cell
count between 4 and 10×109/L (HR=1.644; 95%CI, 1.012–2.671;
p=0.0445), AFP lower than 20 ng/ml (HR=1.584; 95%CI, 1.024–
2.450; p=0.0386), CA125 lower than 35 ng/ml (HR=1.701; 95%CI,
1.013–2.855; p=0.0445), CA19-9 lower than 200 U/ml (HR=1.923;
95%CI, 1.036–3.571; p=0.0383), and those patients who did not
receive radiotherapy (HR=1.683; 95%CI, 1.019–2.780; p=0.0421).
The survival curves between the young and the old group were
compared using log-rank method and indicated the prognostic
effect of age in these subgroups (Figure 4).
Frontiers in Oncology | www.frontiersin.org 6143
DISCUSSION

In the present research, we investigated the prognostic value of age
in PDAC patients following radical resection. A total of 552 PDAC
patients who received radical resection were included in this
research. The elderly showed poorer preoperative nutritional
status but earlier N stage and were less likely to receive adjuvant
treatment. PSM was then conducted to eliminate the selected bias.
After matching, although age (HR=1.025; 95%CI, 0.997–1.054;
p=0.083) was not statistically significant in the multivariate Cox
regression analysis, further survival analysis showed that patients
in the old group had poorer OS when compared with the young
group (old vs. young, mOS, 27.5 vs. NA months, p=0.039,
Figure 1A). Furthermore, we found that reception of adjuvant
chemotherapy was the only protective factor in the elderly
patients. Subgroup analysis indicated that age had better
prognostic value in resected PDAC patients with good
preoperative nutritional status and relative low tumor burden.

At present, there is controversy about whether age affected the
prognosis of PDAC patients following radical resection. Several
studies suggested that age was not an independent prognostic
factor, and there were no significant differences in OS between
younger and older patients (19–21). On the other hand, some
researchers hold the opposed points that the very elderly patients
had poorer prognosis after surgery. A research retrospectively
included 148,080 periampullary cancer patients, and they
TABLE 2 | Continued

Total Age<70 (n=95) Age≥70 (n=95) p-value

Albumin
Median (IQR) 40.00 (38.00–42.00) 41.00 (39.00–43.00) 40.00 (37.00–42.00) <0.001
Prealbumin
Median (IQR) 0.22 (0.19–0.25) 0.23 (0.20–0.26) 0.21 (0.18–0.24) 0.006
Hb
Median (IQR) 126.50 (116.00–138.00) 126.00(116.00–139.00) 128.00(115.25–136.75) 0.86
WBC
Median (IQR) 5.34 (4.48–6.29) 5.52 (4.53–6.42) 5.21 (4.46–6.11) 0.24
Neutrophil count
Median (IQR) 3.20 (2.50–3.90) 3.25 (2.62–3.80) 3.05 (2.42–3.98) 0.66
Lymphocyte count
Median (IQR) 1.50 (1.20–1.80) 1.50 (1.30–1.90) 1.40 (1.10–1.70) 0.14
Monocyte count
Median (IQR) 0.43 (0.35–0.54) 0.43 (0.34–0.54) 0.44 (0.37–0.55) 0.26
ASA
Grade 1 29 (16%) 16 (18%) 13 (14%) 0.79
Grade 2 143 (80%) 70 (79%) 73 (81%)
Grade 3 7 (4%) 3 (3%) 4 (4%)
AFP
Median (IQR) 2.40 (1.67–3.40) 2.60 (1.80–3.48) 2.35 (1.50–3.18) 0.15
CEA
Median (IQR) 3.10 (1.90–4.80) 3.00 (1.70–4.70) 3.30 (2.20–5.52) 0.17
CA242
Median (IQR) 30.00 (11.65–120.90) 33.80 (14.00–86.15) 26.70 (10.30–141.40) 0.58
CA50
Median (IQR) 84.75 (30.45–180.00) 88.50 (33.25–180.00) 75.20 (29.30–180.00) 0.79
CA125
Median (IQR) 13.70 (8.95–22.55) 12.80 (8.50–20.50) 14.25 (9.38–24.15) 0.21
March 2022 | Volume 12 | Article
IQR, interquartile range; CA, carbohydrate antigen; AJCC, American Joint Committee on Cancer; Tis, tumor in situ; MVI, microvascular invasion; FI, peripancreatic fat invasion; NI, neural
invasion; WBC, white blood cell; ASA, American Society of Anesthesiologists; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen.
The bold values indicates statistically significance.
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demonstrated that age was a factor attenuating the survival of patients
with resected periampullary cancers (p<0.001). Besides, their research
indicated that octogenarian patients who received radical resection
showed superior long-term survival than those who did not undergo
surgical treatment (22). Another research that incorporated 1,271
patients who received pancreaticoduodenectomy showed that
patients older than 70 years had significantly shorter long-term
survival (3-year survival, 0% vs. 29%, p<0.0001) (23). A
retrospective multicenter analysis demonstrated that the prognosis
of octogenarians was poorer than that of younger patients for both
resectable and borderline resectable tumors (median survival time,
16.6 vs. 23.2 months, p=0.006) (24). However, the baseline
characteristics between the very elderly and younger patients were
Frontiers in Oncology | www.frontiersin.org 7144
unbalanced in most studies. Baseline imbalance in factors that are
strongly related to outcome measures could cause bias in effect
estimate. Thus, in our research, Cox proportional hazard model
was constructed to investigate potential prognostic factors, and PSM
was conducted to balance baseline characteristics that related to
survival outcome. After matching, although age was not an
independent prognostic factor in the multivariate Cox regression
analysis, further survival analysis showed that patients in the old
group had poorer OS when compared with the young group. While
previous researchers hold the view that worse survival outcome in the
elderly owed to low proportion of receiving adjuvant chemotherapy
and poor preoperative nutritional status, we believed the survival
disadvantage may be attribute to biological aging, which could lead to
TABLE 3 | Univariate and multivariate Cox regression analysis of the cohort after PSM.

Total cohort

Univariate Multivariate

HR p-value HR p-value

Age (ref=age<70) 1.043(1.017–1.069) 0.001 1.025(0.997–1.054) 0.083
Gender (ref=male) 0.834(0.539–1.290) 0.414
Tumor location (ref=pancreatic head) 0.415
pancreatic body/tail 0.752(0.490–1.155) 0.194
total pancreas 0.724(0.175–2.987) 0.655
AJCC 8th T stage (ref=T1) 0.007 0.011
T2 1.777(0.969–3.259) 0.063 1.425(0.753–2.697) 0.277
T3 2.459(1.117–5.412) 0.025 1.706(0.743–3.920) 0.208
T4 3.534(1.339–9.326) 0.011 3.706(1.373–10.002) 0.01
Tis 0.157(0.020–1.199) 0.074 0.088(0.010–0.801) 0.031
AJCC 8th N stage (ref=N0) 0.039 0.182
N1 1.489(0.946–2.343) 0.086 1.292(0.799–2.091) 0.296
N2 2.793(1.105–7.061) 0.03 2.309(0.877–6.081) 0.09
Differentiation (ref=moderately diff) 0.107
Poorly diff 10.831(1.482–79.135) 0.019
Moderately diff 12.021(1.653–87.409) 0.014
Un-diff 0.977
MVI (ref=no MVI) 1.214(0.682–2.161) 0.51
FI (ref=no FI) 2.239(1.259–3.980) 0.006 1.164(0.619–2.191) 0.637
NI (ref=no NI) 2.193(1.186–4.056) 0.012 0.865(0.433–1.728) 0.682
Adjuvant chemotherapy (ref=no-chemo) 0.456(0.294–0.705) <0.001 0.291(0.173–0.487) <0.001
Adjuvant radiotherapy (ref=no-radio) 1.286(0.776–2.129) 0.329
CA19-9 level (ref=CA19-9<35) 0.044 0.683
CA19-9 35-200 1.416(0.738–2.716) 0.295 1.414(0.642–3.114) 0.39
CA19-9>200 2.078(1.117–3.867) 0.021 1.652(0.454–6.012) 0.447
Preglucose (continuous) 1.016(0.914–1.129) 0.768
Albumin (continuous) 0.945(0.892–1.001) 0.056 1.013(0.950–1.080) 0.703
Prealbumin (continuous) 0.064(0.001–3.060) 0.163
Hemoglobin (continuous) 0.996(0.983–1.009) 0.524
WBC (continuous) 0.894(0.773–1.035) 0.135
Lymphocyte count (continuous) 0.759(0.513–1.123) 0.167
Neutrophil count (continuous) 0.894(0.744–1.075) 0.234
Monocyte count (continuous) 1.249(0.318–4.905) 0.75
ASA (ref=grade1) 0.512
Grade 2 0.811(0.461–1.428) 0.468
Grade 3 0.443(0.101–1.941) 0.28
AFP (continuous) 0.886(0.756–1.038) 0.133
CEA (continuous) 1.009(0.992–1.026) 0.294
CA242 (continuous) 1.004(0.999–1.008) 0.095
CA50 (continuous) 1.004(1.001–1.007) 0.016 1.001(0.994–1.008) 0.772
CA125 (continuous) 1.003(0.997–1.008) 0.322
March 2022 | Volume 12 | Article
HR, hazard ratio; ref, reference; CA, carbohydrate antigen; AJCC, American Joint Committee on Cancer; Tis, tumor in situ; MVI, microvascular invasion; FI, peripancreatic fat invasion; NI,
neural invasion; WBC, white blood cell; ASA, American Society of Anesthesiologists; AFP, alpha-fetoprotein; CEA, carcinoembryonic antigen.
The bold values indicates statistically significance.
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FIGURE 1 | Overall survival Kaplan–Meier survival curves of the cohort. (A) Overall survival curves stratified by age in the total cohort after propensity score ma
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FIGURE 2 | Nomogram and calibration plot for prediction of 1- and 3-year survival. (A) Prognostic nomogram for predicting survival probabilities of PDAC patie
age, reception of adjuvant chemotherapy, and AJCC 8th T and N stage. The 1- and 3-year survival probability could be predicted according to the total points,
factor’s points from the points scale. (B, C) Calibration plot of the prognostic nomogram for 1- and 3-year survival, respectively. The nomogram was subjected
the cohort, and the accuracy of this model could be demonstrated by comparing the actual and predicted probabilities of overall survival.
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vulnerability to cancer and increase risk of cancer death (25).
However, additional studies will be needed to investigate the
prognostic effect of biological age in oncology research. Besides, a
nomogram was constructed as an objective instrument, which could
assess the probability of 1- and 3-year survival for PDAC patients
after radical surgery. The nomogram model contained four
independent prognostic factors including age, reception of adjuvant
chemotherapy, and AJCC 8th T and N stage. We first incorporated
age into the nomogrammodel to predict prognosis of resected PDAC
patients. The internal validation with the method of bootstrap was
performed and showed an optimal conformity between actual and
nomogram-predicted survival probability in the PDAC patient who
received surgery.

Interestingly, subgroup analyses demonstrated that age
remained its prognostic effect in PDAC patients with good
nutritional status (normal albumin and hemoglobin) and relative
low tumor burden (pancreatic body/tail cancer, N0 stage, without
NI, normal AFP, CA125 and CA19-9, and without radiotherapy).
These results were not surprising given the fact that among patients
with low hemoglobin, albumin, white blood cell count, lymph node
metastases, and elevated preoperative tumor marker, the aggressive
cancer (26, 27) and poor nutritional status (28–32) would
predominantly worsen the survival outcome, whereas the
prognostic effect of aging was not apparent.
Frontiers in Oncology | www.frontiersin.org 10147
Our study also showed lower proportion of receiving adjuvant
treatment in the elderly group (elderly vs. young, 68% vs. 83%).
Meanwhile, adjuvant chemotherapy was the only independent
prognostic factor among the elderly (HR=0.411; 95%CI, 0.201–
0.837) and significantly improved OS of the elderly patients
(mOS, no adjuvant chemotherapy vs. reception of adjuvant
chemotherapy, 14.8 vs. 33.8 months). These were consistent
with previous published studies. Nagrial et al. demonstrated
that older patients (aged ≥70) were less likely to receive
adjuvant chemotherapy (51.5% vs. 29.8%; p<0.0001). Older
patients who did not receive adjuvant therapy was associated
with worse OS (mOS, no adjuvant chemotherapy vs. reception of
adjuvant chemotherapy, 13.1 vs. 21.8 months), and adjuvant
chemotherapy is the only actionable variable associated with
improved survival in older patients (33). The reason of less
reception of adjuvant chemotherapy in the elderly patients could
be attributed to the worse performance status (34), increased
incidence of comorbidities (35), the perception of a less life
expectancy, and the longer recovery time following surgery (36).

There were some limitations in our research. First, the study was
a retrospective and single-center investigation. Our results require
more prospective and multicenter studies for validation. Second,
some clinical data such as specific chemotherapy regimens and
postoperative complications were not included in this study.
FIGURE 3 | Forest plot of overall survival hazard ratios (HRs) of major subgroups in the cohort after propensity score matching.
March 2022 | Volume 12 | Article 789351
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Postoperative complications were an important factor that could
affect the decision on subsequent therapies. Taking different
chemotherapy regimens could have discrepant prognosis. Then,
the follow-up period was not long enough, and the median follow-
up time was 40 months. As a result, the survival curves only showed
36-month survival time. Finally, there was only internal validation
of the nomogram model. We did not perform external validation
because of the low proportion of patients older than 70 years.

Taken together, our research indicated that elderly PDAC
patients were associated with worse OS survival after radical
resection, and the noticeable negative effect of aging was
observed among PDAC patients with better preoperative
nutritional status and less aggressive tumor biology. Adjuvant
chemotherapy is essential to improve survival outcome of elderly
PDAC patients after surgery.
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