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Background: The clinical value of heterogeneous sub-populations of circulating tumor cells (CTCs) in 
pancreatic ductal adenocarcinoma (PDAC) remains unclear. 
Methods: Peripheral blood samples were obtained from 67 PDAC patients. CTCs were isolated by 
employing CD45 negative enrichment technique and further characterized for epithelial to mesenchymal 
transition (EMT) or human equilibrative nucleoside transporter-1 (hENT-1). The relationships between 
CTCs sub-phenotypes with clinicopathological factors or post-operative recurrence in PDAC patients were 
analyzed.
Results: EMT related CTCs could be isolated and identified from the 81% of patients (54/67), and both 
the total count (median: 5 vs. 17/mL, P<0.0001) and M-CTC percentage (median: 0.2 vs. 0.345, P=0.0244) of 
CTCs could differentiate local/regional with metastatic disease. Multivariate analysis showed that both AJCC 
stage (P=0.025) and M-CTC percentage (P=0.001) were independent prognostic indicators of recurrence 
free survival (RFS) in resected patients. Moreover, Kaplan-Meier survival analysis showed that M-CTC 
after 2 courses of chemotherapy was significantly associated with inferior RFS (49.5 weeks vs. undefined, 
P=0.0288). No significant correlation in hENT-1 expression was found between CTCs and matched tumor 
tissues, and further multivariate analysis suggested hENT-1 expression in CTCs as independent prognostic 
factor for RFS (P=0.016). Patients with low hENT-1 expression in CTCs had decreased RFS (32 weeks vs. 
undefined, P=0.0337). 
Conclusions: CTCs could be the promising diagnostic biomarkers in PDAC patients, and phenotypic 
profiling of CTCs based on EMT or hENT-1 could help establish novel prognostic biomarkers in resected 
patients undergoing adjuvant gemcitabine-based chemotherapy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is estimated 
to become the second leading cause of cancer associated 
death in the United States by 2030 (1). Due to the lack of 
appropriate screening and early detection methods, the 
majority of PDAC patients are diagnosed as advanced 
or metastatic stage (2). It is estimated that only 10–20% 
patients are suitable for tumor resection; however, the 
recurrence rate is as high as 65.6–76.7% (2,3). Such a high 
rate of recurrence should be attributed to the failure of 
systemic therapy in eradicating the post-operative residual 
micrometastatic disease (4). Nowadays, adjuvant therapy 
with either gemcitabine or 5-fluorouracil (5-FU) based 
combination regimens including FOLFIRINOX has been 
considered as the standard treatment for PDAC, however, 
no established biomarkers currently could be used to select 
the more appropriate treatment strategy for the individual 
patient to improve the prognosis (5,6).

A promising biomarker is the human equilibrative 
nucleoside transporter-1 (hENT-1), which mediates the 
entry of nucleoside analogs into cells, such as gemcitabine 
(7,8). Several clinical studies have suggested that high 
expression of hENT-1 was associated with increased 
disease-free survival (DFS) and overall survival (OS) among 
resected PDAC patients undergoing adjuvant gemcitabine-
based treatment (9,10). Nevertheless, other controversial 
results showed that patient stratification based on hENT-1  
expression was insufficient to be adopted into current 
clinical decision-making processes (11,12). It is still not 
fully understood how hENT-1 expression in resected tumor 
tissues may be correlated to the chemosensitivity of the 
residual occult micrometastases (13). Therefore, reliable 
biomarkers with high sensitivity and specificity for early 
diagnosis, risk stratification and prognostic estimation of 
PDAC are urgently needed (14,15).

Circulating tumor cells (CTCs) are disseminated 
neoplastic cells released from the primary tumor or 
metastatic foci into the circulatory system (16-18). CTCs 
enumeration in the peripheral blood has the potential 
in diagnosis and prognosis prediction in PDAC patients 
(19,20). Furthermore, epithelial to mesenchymal transition 
(EMT) plays an important role in the dissemination of such 
cancer cells (21). During EMT, CTCs lose some of their 
epithelial properties to gain characteristics of mesenchymal 
phenotype, resulting in increased mobility and invasion 
ability to facilitate metastasis (21-23). However, the actual 
distribution characteristics of EMT related CTCs in blood 
and their potential clinical significance in PDAC patients 

are still not fully elaborated. Moreover, as metastasis-driven 
precursors, CTCs should have the potential to assess individual 
micrometastases burden (24,25). Therefore, whether hENT-
1 expression in CTCs could serve as an alternative prognostic 
biomarker in patients undergoing adjuvant gemcitabine-based 
chemotherapy is of great interest (26,27). 

In this study, we aimed to analyze the correlation of 
CTCs sub-phenotypes with clinicopathological factors and 
post-operative recurrence of PDAC patients. In particular, 
we differentiated CTCs into three distinct sub-phenotypes 
(E-CTC, E/M-CTC and M-CTC) and performed semi-
quantitative analysis of hENT-1 expression in CTCs 
to determine its potential for patient stratification for 
recurrence free survival (RFS). To our knowledge, this 
is the first comprehensive study to explore the utility of 
heterogeneous sub-populations of CTCs in the diagnosis 
and prognosis of PDAC. We present the following article in 
accordance with the REMARK reporting checklist (available 
at https://hbsn.amegroups.com/article/view/10.21037/
hbsn-20-383/rc).

Methods

Subjects

This study enrolled 67 consecutive PDAC patients who 
visited Peking University First Hospital from March 
2018 to April 2019. In addition, 10 healthy donors and 
6 chronic pancreatitis patients were enrolled as controls 
(Figure 1A). The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). The study 
was approved by the Institutional Review Board at the 
Peking University First Hospital (No. 2018 keyan-15) and 
informed consent was taken from all individual participants. 

Patients or healthy individuals met the following criteria: 
had no medical history of malignancy, and were treatment-
naïve before blood collection. For 45 resected patients, 
diagnosis was confirmed by pathology, while diagnosis of 22 
unresectable PDAC was supported by biopsy of either the 
primary tumor or metastases. All participants had their first 
blood sample drawn at the time of diagnosis. In a subset 
of 18 resected patients, blood sample collection was also 
performed at the time points of pre-chemotherapy and after 
2 cycles of gemcitabine-based adjuvant chemotherapy.

The patient demographics included the age, gender, 
tumor location, CA19-9 level, TNM stage and survival 
outcome. Among patients who underwent surgical 
resection, further pathological information such as tumor 
size, differentiation grade, lymph nodes status, perineural 

https://hbsn.amegroups.com/article/view/10.21037/hbsn-20-383/rc
https://hbsn.amegroups.com/article/view/10.21037/hbsn-20-383/rc
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Figure 1 Study cohort flowchart and CTCs immunofluorescence analysis. (A) Study cohort flowchart for patients enrollment and samples 
processing. (B) Representative images for CTCs subtypes characterized with EMT related markers. (a) Top row: epithelial CTCs (E-CTC) 
with CK+/vimentin−/CD45−/DAPI− (white arrow); (b) middle row: epithelial/mesenchymal hybrid CTCs (E/M-CTC) with CK−/vimentin+/
CD45−/DAPI+ (white arrow); (c) bottom row: mesenchymal CTCs (M-CTC) with CK−/vimentin+/CD45−/DAPI+ (white arrow). (C) 
Differential expression levels of hENT-1 in CTCs and tumor tissues in PDAC patients. CTCs with different hENT-1 staining intensity 
were shown (white arrow): no staining (a), weakly positive and moderately positive (b, right and left), strongly positive (c).
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and microvascular invasion state were collected. 
Based on patient preference, 45 resected patients received 

gemcitabine-based adjuvant therapy and were followed 
routinely every 3–6 months to monitor tumor recurrence. 
Follow-up was terminated on October 30, 2019. Tumor 
recurrence was defined based on the presence of imaging 
recognizable lesions. RFS was determined as the interval 
between resection and the diagnosis of tumor recurrence 
or the end of follow-up. In particular, the treatment plan 
was independent of CTCs status in this observational 
prospective study.

CTCs isolation

Blood samples were processed and isolated via CD45 
negative enrichment method. Firstly, peripheral blood 
mononuclear cells (PBMCs) were collected by density 
gradient centrifugation using Histopaque-1077 solution 
(Sigma-Aldrich). Secondly, the PBMCs were mixed with 
microbeads (Miltenyi Biotec) conjugated to monoclonal 
anti-human CD45 antibodies. CD45+ white blood cells 
were depleted by flowing through a LS Column (Miltenyi 
Biotec) on a magnetic separation (Miltenyi Biotec). Then, 
unlabeled CD45− cells were spotted on glass slides for 
immunofluorescence staining.

Immunofluorescence analysis 

Cells were washed three times with PBS, fixed in 2% PFA 
for 40 min, and then penetrated with 0.2% triton/2% BSA 
for 45 min. Then, the cells were incubated with anti-CK-
FITC (Miltenyi Biotec), anti-vimentin-alexa fluor 647 (Cell 
Signaling), anti-CD45-PE (Miltenyi Biotec) for 1 h at room 
temperature. The slides were washed three times with PBS 
and stained with DAPI (Sigma-Aldrich) and ProLong Gold 
anti-fade mountant (Invitrogen). After staining, the slides 
were scanned by the Leica confocal microscope. CTCs 
were classified into three subtypes: (I) epithelial CTCs 
(E-CTC), CK+/vimentin−/CD45−/DAPI+, (II) epithelial/
mesenchymal hybrid CTCs (E/M-CTC), CK+/vimentin+/
CD45−/DAPI+, (III) mesenchymal CTCs (M-CTC), CK−/
vimentin+/CD45−/DAPI+ (Figure 1B). 

In addition, cells were incubated with anti-ENT-1 
primary antibody (Abcam) and anti-rabbit-alexa fluor 
647 conjugated secondary antibody (Cell Signaling) 
(hENT-1 antibody assessment provided in Appendix 1). 
The staining intensity for hENT-1 in individual CTC 
and the percentage of hENT-1 positive CTCs were 

scored based on the immunohistochemical scoring 
system (28,29). The staining intensity of hENT-1  
was divided into four levels: 0, no staining; 1, weakly 
positive; 2, moderately positive and 3, strongly positive 
(Figure 1C); the positive percentage was assigned a score 
ranging from 0 to 3: 0, ≤5% positive cells; 1, 5–25% 
positive cells; 2, 25–50% positive cells; 3, >50% positive 
cells. The final hENT-1 score for each patient was obtained 
by summing these two scores. According to the median 
score in our cohort, CTCs with hENT-1 score higher or 
lower than the median score were classified as high or low 
hENT-1 expression, respectively.

KRAS gene mutation analysis 

Genomic DNA was isolated from CTCs and amplified 
using REPLI-g Single Cell Kit (QIAGEN) for analysis 
of KRAS gene mutation following the manufacturer’s 
protocol. Meanwhile, genomic DNA was extracted from 
tumor tissues using GeneRead DNA FFPE kit (QIAGEN) 
following the manufacturer’s protocol, and then used for 
KRAS gene mutation analysis by Sanger sequencing.

Immunohistochemistry analysis 

Immunohistochemistry (IHC) analyses were performed 
as previously described (28,29). Formalin-fixed, paraffin-
embedded (FFPE) tumor tissues from PDAC patients 
were deparaffinized with xylene, rehydrated with ethanol 
and boiled for 20 minutes in microwave for antigen 
retrieval in a 10-mM citrate buffer (pH 6). Then, the 
samples were blocked by 3% H2O2. After washing, the 
slides were incubated with anti-ENT-1 antibody, and 
evaluated by two experienced histopathologists who were 
blinded to treatment group and outcomes. The intensity 
of cytoplasmic and membrane staining in tumor cells was 
scored from 0 to 3 (Figure 1C). The positive percentage 
of neoplastic cells was scored as follows: 0, no positive 
neoplastic cells; 1, <50% positive cells; 2, 50–80% positive 
cells; 3, ≥81% positive cells. The score for individual patient 
was calculated by summing the scores both in the intensity 
and the positive percentage of tumor cells stained. Tumors 
with score of 0–4 were classified as low hENT-1 expression 
and tumors with score of 4–6 as high hENT-1 expression. 

Statistical analysis

All statistical analyses were performed using SPSS 

https://cdn.amegroups.cn/static/public/HBSN-20-383-supplementary.pdf
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25.0 (IBM Corp., Armonk, NY, USA) and Prism 7.0 
(Graphpad, La Jolla, CA, USA). Data were reported as 
count and percentages for categorical data, and mean ± 
standard deviation (SD) with ranges for continuous data. 
Comparisons between two groups were analyzed using 
Chi-square test or Mann-Whitney U test. The Kruskal-
Wallis test was used for assessing the differences if the data 
were not normally distributed, and the Dunn’s multiple 
comparison test was adopted for data comparison between 
any two groups. Patient characteristics associated with 
post-operative recurrence were identified by univariate and 
multivariate Cox-regression analyses. Significant variables 
in the univariate Cox-regression analysis (P<0.20) were 
selected for multivariate Cox-regression analysis with a 
backward stepwise selection (Wald). Kaplan-Meier curve 
with a log-rank test was performed for RFS analysis. 
Receiver operating characteristic curve (ROC) analysis with 
maximal Youden index values was applied to determine best 
cut-off values. Concordance between hENT-1 expression 
in CTCs and matched tumor tissues was determined 
by calculation of intra-class correlation coefficients. All 
statistical assessments were two-tailed, and P values <0.05 
were considered statistically significant.

Results

KRAS gene mutation analysis of CTCs and matched tumor 
tissues in individual patients

KRAS is the most frequently mutated gene in PDAC, 
and mutated KRAS could be found in 70–95% of PDAC 
patients (30). In order to validate PDAC origin of CTCs 
isolated and identified in our study, we performed KRAS 
mutation analysis in 5 patients that had both CTCs and 
matched FFPE tumor tissue available. The results showed 
that KRAS mutation subtype of FFPE tumor tissue was 
consistent with that of CTCs in all 5 patients analyzed, 
indicating that the CTCs were disseminated from primary 
tumors (Figure 2A). 

The correlation of EMT related CTCs with the 
development and metastasis of PDAC

EMT related CTCs were found in 54/67 (81%) PDAC 
patients, with 53/67 (79%) as E-CTC, 51/67 (76%) as E/
M-CTC, 47/67 (70%) as M-CTC, respectively. In contrast, 
only 2/10 healthy volunteers and 1/6 chronic pancreatitis 
patients had E-CTC-like cells (median: 6 vs. 0/mL,  
P<0.0001). Specially, the E-CTC-like cells in chronic 

pancreatitis patients were circulating epithelial cells (CECs), 
indicating that CTCs characterized with epithelial markers 
might have limited ability as a screening tool to identify 
PDAC patients (31). Therefore, CTCs could be a potential 
diagnostic biomarker for PDAC, especially M-CTC (CTCs 
total count: AUROC =0.808; M-CTC count: AUROC 
=0.851). 

CTCs were found in 75%, 79%, 86%, and 88% of AJCC 
stage I, II, III, and IV patients, respectively. Among these 
stage groups, median CTCs numbers were 4 [2–5], 5 [3–7], 
10 [8–15], 16 [13–20]/mL, respectively (Figure 2B). In order 
to test the ability of CTCs to differentiate patients with 
or without metastases, we found a significant difference 
in CTCs total count {median: 5 [2–7] vs. 17 [14–20]/mL, 
P<0.0001} and M-CTC percentage [median: 0.2 (0–0.38) vs. 
0.35 (0.27–0.43), P=0.0244] between the patients with local/
regional and metastatic cancer. Meanwhile, no differences 
in the median proportion of E-CTC or E/M-CTC were 
found between two groups (P=0.583, P=0.205, respectively) 
(Figure 2C,2D).

Furthermore, ROC analysis showed that a value of  
11 CTCs/mL blood or 0.235 in M-CTC percentage 
were the optimum cut-off for metastatic status in patients 
with PDAC, with the sensitivity of 0.929 and 0.857, and 
the specificity of 0.887 and 0.566 (P<0.0001, P=0.027, 
respectively), and both of the values had better performance 
than CA19-9 level to distinguish metastases (Figure 2E).

The correlation between CTCs enumeration or M-CTC 
percentage with clinicopathological features

As shown in Table 1, the presence of CTCs was positively 
correlated with AJCC TNM stage (P<0.001) and distant 
metastasis (P<0.001), while patients with distant metastases 
had higher M-CTC percentage (P=0.025). The other 
clinicopathological features showed no significant 
relationship with CTCs total count or individual M-CTC 
ratio. Moreover, in patients who underwent curative 
resection (n=45), clinicopathological parameters were not 
significantly correlated with CTCs total count or individual 
M-CTC percentage.

The correlation of EMT related CTCs with the prognosis 
of PDAC

The best cut-off value of CTCs total count and subgroup 
percentage for evaluating prognostic significance were 
explored by ROC analysis. A cut-off of 3/mL in CTCs total 
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count (AUROC =0.660, sensitivity =85.7% and specificity 
=37.5%) and 23.5% in M-CTC percentage (AUROC 
=0.759, sensitivity =71.4% and specificity =75.0%) at baseline 
demonstrated the maximal AUROC in predicting recurrence.

Univariate analysis of RFS in resected patients (n=45) 
revealed that AJCC TNM stage (P=0.034), microvascular 
invasion (P=0.005), and M-CTC percentage (P=0.001) 
in peripheral blood were prognostic indicators. Further 
multivariate analysis revealed that both AJCC stage 
(P=0.025) and M-CTC percentage (P=0.001) were 
independent prognostic indicators for PDAC who 
underwent curative resection (Table 2).

Kaplan-Meier survival analysis showed that patients 
presented with advanced AJCC stage (33 vs. 58 weeks, 
HR=2.665, 95% CI: 1.123–6.325, log-rank test P=0.0267) 
or higher M-CTC ratio (29 weeks vs. undefined, HR=5.085, 
95% CI: 2.047–12.63, log-rank test P=0.0001) had 
decreased RFS compared with other patients.

Dynamic changes in EMT related CTCs total count and 
subtype count during treatment 

Furthermore, we examined dynamic changes of CTCs total 
count or M-CTC count before surgery, pre-chemotherapy 
and after 2 courses of adjuvant therapy. The blood samples 
of 18 patients who received gemcitabine-based adjuvant 
therapy were collected, and we found significant difference 
in CTCs total count between the time points of pre-surgery 
and post-chemo {median: 4 [1–6] vs. 2 [1–3]/mL, P=0.0230}, 
but no significant difference in CTCs total count between 
pre-surgery and Pre-chemo, or between Pre-chemo and 
post-chemo (P=0.1117, P=0.9999, respectively) (Figure 3A).

For M-CTC count, there was no difference between 
three groups (all P=0.9999) (Figure 3B). Kaplan-Meier 
survival analysis showed that M-CTC after 2 courses of 
chemotherapy was significantly associated with the shorter 
RFS (49.5 weeks vs. undefined, HR =7.484, 95% CI: 1.462–

Figure 2 Evaluation of EMT related CTCs as diagnostic markers of PDAC. (A) KRAS gene mutation analysis. Sanger sequencing data for 
KRAS codon 12 mutations in CTCs and matched tumor tissues from 2 PDAC patients were presented. Patient #1 had a G12D mutation 
and patient #2 had no mutation. (B) CTCs enumeration correlated with AJCC stage in PDAC (P<0.0001). (C,D) CTCs total count (P<0.0001) 
and M-CTC ratio (P=0.024) in peripheral blood correlated with PDAC metastatic status. (E) ROC analysis of CTCs total count and M-CTC 
percentage in discriminating local/regional from metastatic disease. (CTCs count combined with M-CTC percentage: AUROC =0.897, 
95% CI: 0.774–1.000, P<0.0001; CTCs total count: AUROC =0.894, 95% CI: 0.771–1.000, P<0.0001; M-CTC percentage: AUROC 
=0.693, 95% CI: 0.553–0.832, P=0.027).
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Table 1 Correlation between CTCs enumeration or M-CTC percentage with clinicopathological features in PDAC patients

Characteristics n CTCs total count P value M-CTC% P value

All patients 67 6 [3–14] 0.25 (0–0.40)

Gender 0.673 0.874

Male 33 6 [2–11] 0.25 (0–0.40)

Female 34 6 [3–15] 0.23 (0–0.38)

Age (years) 0.113 0.678

>65 31 7 [3–15] 0.25 (0.13–0.38)

≤65 36 6 [0–11] 0.23 (0–0.40)

CA19-9 level (U/mL) 0.768 0.205

>37 51 6 [3–11] 0.25 (0.13–0.40)

≤37 16 6 [0–15] 0.07 (0–0.37)

Tumor location 0.053 0.201

Proximal 32 5 [3–7] 0.21 (0–0.33)

Distal 35 7 [5–16] 0.32 (0.06–0.42)

AJCC stage 0.001 0.258

I 16 4 [1–6] 0.23 (0–0.38)

II 28 5 [3–7] 0.21 (0–0.40)

III 7 10 [7–15] 0.20 (0.13–0.21)

IV 16 16 [12–20] 0.35 (0.26–0.41)

Distant metastasis 0.001 0.025

Positive 14 17 [14–20] 0.35 (0.26–0.44)

Negative 53 5 [2–7] 0.20 (0–0.38)

Resected patients 45 5 [2–7] 0.20 (0–0.40)

Gender 0.819 0.332

Male 23 5 [1–7] 0.17 (0–0.38)

Female 22 5 [3–6] 0.27 (0–0.41)

Age (years) 0.094 0.182

>65 21 5 [3–8] 0.29 (0–0.42)

≤65 24 4 [0–6] 0.16 (0–0.33)

Tumor location 0.643 0.795

Proximal 26 4 [3–6] 0.24 (0–0.33)

Distal 19 5 [0–7] 0.17 (0–0.42)

Differentiation 0.783 0.542

Poor 16 4 [2–8] 0.16 (0–0.33)

Well/moderate 29 5 [3–6] 0.22 (0–0.40)

Table 1 (continued)
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38.31, log-rank test P=0.0288). These data suggested a 
potential association between M-CTC and chemoresistance, 
and patients with higher numbers of M-CTC had inferior 
RFS after surgical resection (Figure 3C).

hENT-1 expression in CTCs and tumor tissues and the 

correlation with clinicopathological parameters

Peripheral blood samples were collected from 45 patients 

Table 1 (continued)

Characteristics n CTCs total count P value M-CTC% P value

Tumor size (mm) 0.176 0.288

>40 16 6 [4–8] 0.33 (0–0.42)

≤40 29 4 [2–6] 0.20 (0–0.33)

Lymph nodes status 0.783 0.542

Positive 16 4 [2–8] 0.16 (0–0.33)

Negative 29 5 [3–6] 0.22 (0–0.40)

Perineural invasion 0.566 0.251

Positive 42 5 [2–6] 0.20 (0–0.38)

Negative 3 6 [3–5] 0.50 (0.25–0.52)

Microvascular invasion 0.147 0.218

Positive 16 6 [3–9] 0.31 (0.06–0.39)

Negative 29 4 [0–6] 0.17 (0–0.40)

CTCs, circulating tumor cells; CA19-9, carbohydrate antigen 19-9; AJCC, American Joint Committee on Cancer.

Table 2 Univariate and multivariate analyses of prognostic factors for RFS in PDAC patients

Characteristics
Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Gender (male vs. female) 1.009 0.425–2.394 0.984

Age (>65 vs. ≤65 years) 1.665 0.687–4.033 0.259

CA19-9 level (>37 vs. ≤37 U/mL) 1.410 0.473–4.206 0.538

Tumor location (proximal vs. distal) 1.083 0.457–2.567 0.857

Differentiation (poor vs. well/moderate) 1.666 0.676–4.108 0.267

Tumor size (>40 vs. ≤40 mm) 1.986 0.840–4.693 0.118 1.934 0.768–4.870 0.162

Lymph nodes status (positive vs. negative) 1.666 0.676–4.108 0.267

AJCC stage (IIB–III vs. I–IIA) 2.673 1.078–6.631 0.034 3.749 1.185–11.862 0.025

Perineural invasion (positive vs. negative) 0.575 0.133–2.486 0.459

Microvascular invasion (positive vs. negative) 3.478 1.451–8.336 0.005 1.619 0.577–4.542 0.360

CTCs total count (>3 vs. ≤3/mL) 2.047 0.788–5.314 0.141 0.503 0.141–1.801 0.291

M-CTC percentage (>23.5% vs. ≤23.5%) 5.997 2.151–16.725 0.001 9.745 2.486–38.193 0.001

CTCs, circulating tumor cells; M-CTC, CTCs with mesenchymal phenotype; CA19-9, carbohydrate antigen 19-9; AJCC, American Joint 
Committee on Cancer.
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who underwent curative resection, and CTCs were detected 
in 39/45 (87%) samples. hENT-1 staining of CTCs showed 
a median staining score of 4.0 in all samples, 17 patients 
had a relatively low expression level (<4.0) while 22 had a 
high expression of hENT-1 (≥4.0). Then we analyzed the 
correlation of hENT-1 expression with clinicopathological 
parameters of patients, found that hENT-1 expression in 
CTCs was only associated with microvascular invasion 
(P=0.008) (Table 3). Particularly, the median of M-CTC 
ratio was 0.33 (0.11–0.40) in patients with lower hENT-1  
expression (n=17), and was 0.24 (0–0.38) in higher hENT-1  
expression cohort (n=22), although there was no significantly 
difference (P=0.510).

Among all patients enrolled, 39 patients had a matched 
tumor tissue to compare hENT-1 staining scores in CTCs 
and tumor tissues. Statistical analysis showed no correlation 
in hENT-1 expression status between CTCs and tumor 
tissues (Figure 4A).

hENT-1 expression in CTCs and tumor tissues for 
prognostic predication

Finally, we analyzed prognostic significance of hENT-1 
expression in CTCs and tumor tissues. In 39 patients with 
CTCs hENT-1 score available, univariate analysis of RFS 
revealed that patients with higher TNM stage (P=0.040), 
positive microvascular invasion (P=0.022) and lower hENT-
1 expression in CTCs (P=0.041) had decreased RFS. 
Multivariate analysis showed that only hENT-1 expression 
level in CTCs was the independent prognostic factor in 

resected patients undergoing adjuvant gemcitabine-based 
chemotherapy (P=0.016) (Table 4). Log-rank test showed 
that patients with low expression level in CTCs had 
decreased RFS (32 weeks vs. undefined, HR=2.526, 95% 
CI: 1.02–6.252, log-rank test P=0.0337) (Figure 4B).

Discussion

As CTCs play a key role in tumor progression, a better 
understanding of CTCs has great promise to develop novel 
diagnostic or prognostic biomarkers for PDAC (32,33). In 
an attempt to establish an efficient and reliable blood test 
for the diagnosis and survival estimation of PDAC patients, 
we used CD45 negative enrichment method coupled with 
4-channel immunofluorescence staining for phenotypic 
profiling of CTCs based on EMT or hENT-1. We found 
that CTCs had heterogeneous phenotypic alterations, 
and M-CTC rather than CTCs total count had better 
clinical relevance in either making diagnosis or predicting 
prognosis. Furthermore, lower hENT-1 expression in 
CTCs was significantly associated with decreased RFS in 
resected PDAC patients undergoing adjuvant gemcitabine-
based chemotherapy. 

Previous studies have suggested that EMT contributes 
to the dissemination of cancer cells at pre-cancerous stage 
and is crucial for the invasion and metastasis of PDAC  
(21-23,34). However, the role of CTCs with EMT features 
in PDAC development and metastasis remains unclear. 
In this study, we found that EMT related CTCs could 
be isolated in the majority of PDAC patients (54/67, 

Figure 3 Dynamic changes in CTCs total count and subtype count during treatment. (A) Significant difference in CTCs total count 
between the time points of pre-surgery and post-chemo {median: 4 [1–6] vs. 2[1–3]/mL, P=0.0230}. (B) No significant difference in M-CTC 
count during chemotherapy (all P=0.9999). (C) Kaplan-Meier survival curves showing different RFS in resected PDAC patients with M-CTC 
≥1/mL or not at the time of post-chemo (49.5 weeks vs. undefined, HR =7.484, 95% CI: 1.462–38.31, log-rank test P=0.0288).
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81%), indicating that CTCs may be released even in the 
early stage of PDAC and could be used as a biomarker 
of early detection. Moreover, the so called circulating 
epithelial cells (CECs) could be found in the benign and 
premalignant pancreatic diseases due to inflammatory 
response (31,35). As a result, malignant CECs isolated via 
epithelial markers-dependent CTCs detection systems 
might have limited ability in differentiating a variety of 
suspicious malignant lesions with PDAC in clinical practice, 
while CTCs with mesenchymal properties (M-CTC) have 
a good performance. In addition, both the total count of 
EMT related CTCs and M-CTC ratio had the ability in 
differentiating local/regional disease with metastatic disease, 
implying that EMT related CTCs were significantly 
correlated with metastatic burden in PDAC patients.

Furthermore, multivariate analysis confirmed that M-CTC 
percentage was an independent prognostic indicator of RFS 
in resected PDAC patients. Collectively, our results support 
the key role of EMT in metastatic potential, and indicate 
that M-CTC might be better than other sub-populations 
to predict the risk of disease progression (36,37). Some 
groups insisted that epithelial-type CTCs with a restricted 
mesenchymal transition had the strongest metastases 
formation ability compared with E-CTC or M-CTC, and 
M-CTC was the subline more resistant to chemotherapy 
based on animal models (38-40). These results seem to 
contradict our findings, however, PDAC patients enrolled 
in our study all received radical surgery followed by 
gemcitabine-based adjuvant therapy. Patients with a higher 
M-CTC ratio were more likely to be resistant to current 
chemotherapy and had a relatively inferior RFS, suggesting 
that M-CTC analysis might have more clinical impact. 

Since peripheral blood samples could be conveniently 
and frequently collected, the identification of CTCs during 
treatment process may provide additional information 
on the responses to current chemotherapy (17,18,26,27). 
Indeed, post-operative monitoring of CTCs changes 
could provide an earlier predictor of distant recurrence in 
hepatocellular carcinoma compared to conventional imaging 
strategies, because the potential micrometastases may lead 
to the release of CTCs into the circulation (36). Therefore, 
in this study we monitored dynamic changes of CTCs in 
18 PDAC patients at the time points of pre-surgery, pre-
chemotherapy and 2 courses after chemotherapy. We found 
that CTCs total count showed significant decrease, while 

Table 3 Correlation between hENT-1 expression in CTCs with 
clinicopathological features in PDAC patients

Characteristics
CTCs (n=39)

P value
Low High

Gender 0.855

Male 8 11

Female 9 11

Age (years) 0.267

>65 10 9

≤65 7 13

Tumor location 0.987

Proximal 10 13

Distal 7 9

CA19-9 level (U/mL) 0.731

>37 14 19

≤37 3 3

Differentiation 0.102

Poor 9 6

Well/moderate 8 16

Tumor size (mm) 0.759

>40 7 8

≤40 10 14

Lymph nodes status 0.102

Positive 9 6

Negative 8 16

AJCC stage 0.855

IIB−III 8 11

I−IIA 9 11

Perineural invasion 0.709

Positive 16 20

Negative 1 2

Microvascular invasion 0.008

Positive 11 5

Negative 6 17

CTCs, circulating tumor cells; hENT-1, human equilibrative 
nucleoside transporter-1; CA19-9, carbohydrate antigen 19-9; 
AJCC, American Joint Committee on Cancer.
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patients with M-CTC after 2 courses of chemotherapy 
had the shorter RFS, consistent with previous reports that 
CTCs with mesenchymal phenotypes were associated with 
chemotherapy resistance and poor prognosis (36,37,39,41).

A previous report suggested that overt micrometastases 
may have existed at initial diagnosis (13). Michor et al. 

showed that the risk of micrometastases formation was 
approximately 28%, 73% and 94%, with the tumor 
diameters of 1, 2 and 3 cm at the time of diagnosis, 
respectively (42). Furthermore, the development of 
chemoresistance to gemcitabine severely limits the 
effectiveness of current adjuvant therapy to eradicate 

Figure 4 Evaluation of CTCs as prognostic markers in resected PDAC patients undergoing adjuvant gemcitabine-based chemotherapy. 
(A) Scatter plots for hENT-1 staining score in CTCs and matched tumor tissues. Regression lines (R2=0.00402, P=0.7013) showed 
no significant correlation between hENT-1 expression in CTCs and matched tumor tissues. (B) hENT-1 expression level in CTCs as 
prognostic marker in resected PDAC patients undergoing adjuvant gemcitabine-based chemotherapy. Kaplan-Meier survival curves showing 
different RFS in PDAC patients with low and high hENT-1 expression level (32 weeks vs. undefined, HR =2.526, 95% CI: 1.02–6.252, log-
rank test P=0.0337).
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Table 4 Prognostic factors of resected PDAC patients undergoing adjuvant gemcitabine-based chemotherapy

Characteristics
Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Gender (male vs. female) 1.160 0.469–2.868 0.748

Age (>65 vs. ≤65 years) 1.403 0.568–3.467 0.463

Tumor location (proximal vs. distal) 1.340 0.556–3.228 0.515

CA19-9 level (>37 vs. ≤37 U/mL) 1.024 0.298–3.511 0.970

Differentiation (poor vs. well/moderate) 1.264 0.495–3.224 0.624

Tumor size (>40 vs. ≤40 mm) 2.020 0.837–4.875 0.118 1.491 0.586–3.790 0.402

Lymph nodes status (positive vs. negative) 1.264 0.495–3.224 0.624

AJCC stage (IIB–III vs. I–IIA) 2.626 1.044–6.603 0.040 2.590 0.881–7.616 0.084

Perineural invasion (positive vs. negative) 0.683 0.157–2.966 0.611

Microvascular invasion (positive vs. negative) 2.855 1.166–6.988 0.022 1.284 0.448–3.682 0.642

hENT-1 in tissues (low vs. high) 2.095 0.864–5.079 0.102 2.509 0.876–7.184 0.087

hENT-1 in CTCs (low vs. high) 2.549 1.038–6.261 0.041 3.900 1.285–11.834 0.016

CTCs, circulating tumor cells; hENT-1, human equilibrative nucleoside transporter-1; CA19-9, carbohydrate antigen 19-9; AJCC, American 
Joint Committee on Cancer.
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micrometastases, leading to such a high rate of recurrence (4). 
hENT-1 is a nucleoside transporter protein that plays an 
important role in transporting cytotoxic chemotherapies 
such as gemcitabine into tumor cells (7,8). Recently, hENT-
1 has been reported as a promising predictive biomarker of 
the treatment outcome of chemotherapy in various cancers 
(43-45), including PDAC (9,10,28,29,46). However, there 
is still no consensus on whether hENT-1 expression in 
resected tumor specimens correlates to the chemosensitivity 
of the occult micrometastases (13). Since CTCs are 
proposed as the indicator of residual micrometastases 
(24,25), whether hENT-1 expression in CTCs could serve 
as an alternative biomarker to select patients who can truly 
benefit from gemcitabine treatment to prolong RFS is of 
great interest.

In this study, our results showed that hENT-1 expression 
in CTCs may be a promising biomarker in identifying 
resected PDAC patients with gemcitabine-based adjuvant 
chemotherapy at higher risk for tumor recurrence. Patients 
who had lower circulating hENT-1 level had decreased RFS. 
Furthermore, multivariate analyses confirmed hENT-1  
expression in CTCs as the independent prognostic factor. 
These findings support the possibility that CTCs may play 
a crucial role in distant metastasis and the elimination of 
CTCs with high hENT-1 expression by gemcitabine-based 
therapies may help control micrometastases and improve 
patient outcome. While previous studies mainly focused 
on PD-L1 in CTCs of malignant solid tumors (47,48), 
our study was the first to investigate hENT-1 expression 
in CTCs and its potential clinical significance in resected 
patients. Since there are still no effective approaches for 
risk stratification and neoadjuvant therapies selection 
among resectable PDAC patients, these results suggest a 
potential method for pre-operative stratification of patients 
at high risk of metastasis who may profit from aggressive 
systemic therapies other than upfront resection, as patients 
with a higher M-CTC ratio may be more likely to develop 
early recurrence and are inadvisable to receive current 
gemcitabine-based regimens due to potential low hENT-1 
expression in CTCs.

Interestingly, the present study showed that hENT-1  
expression in CTCs showed remarkable discrepancies 
with its expression in the matched tumor tissues. In our 
study, the differential expression levels of hENT-1 between 
them might be related to EMT. It is noted that EMT may 
suppress cancer cell proliferation and downregulate drug 
transporter ENT-1 in pancreatic cancer (49). With EMT 
program, CTCs disseminated from the primary tumor 

may have distinct biological characteristics (50). Another 
possible explanation may be the tumor heterogeneity. 
Previous studies on the discordance in biomarker expression 
between primary tumor and CTCs suggested the existence 
of heterogeneous tumor sub-clones that are often not 
represented in pathological examination (51,52). This 
could partly explain why hENT-1 expression in CTCs has 
a better performance in predicting survival outcome than 
that in tissues in our study. CTCs exhibit the properties 
of not only the primary tumor but also the metastatic 
lesions, and could provide more information on therapeutic  
responses (16,17,26,27).

Our study has some potential limitations. A major 
limitation is limited sample size in a single institution 
cohort. Furthermore, this study focused on the analysis 
of the blood obtained from patients at early stage, and 
prognostic significance of CTCs in advanced or metastatic 
PDAC patients should be further analyzed.

Conclusions

In conclusion, this study suggested that the evaluation 
of heterogeneous phenotypic profiling of CTCs is 
instrumental in monitoring the progression and metastasis 
of PDAC, and CTCs could be used as potential diagnosis 
and prognosis biomarkers for PDAC patients.
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Supplementary

hENT-1 antibody assessment

Cell lines

Human pancreatic tumor cell lines PANC-1, AsPC-1,  
BxPC-3, CFPAC-1 were obtained from the ATCC 
(Manassas, VA, USA) and cultured according to the 
guidelines. All cell lines were authenticated using a short 
tandem repeat (STR) DNA test.

Western blot analysis

The cells were lysed in RIPA buffer [25 mM Tris–HCl (pH 
7.5), 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 
and 0.1% SDS] supplemented with protease inhibitor 
cocktail (Roche Applied Science, Germany). The protein 
concentration was measured using the BCA Protein Assay 
(Thermo Fisher Scientific, Waltham, MA, USA). Total 
cell lysates (30 μg) were separated on 10% SDS-PAGE 
and transferred to a polyvinylidene difluoride membrane 
(Millipore). The membranes were incubated with the 
following antibodies: anti-ENT-1 (Abcam), anti-β-actin 
(Cell Signaling). Following washing, the membranes were 
developed with anti-mouse or rabbit horseradish peroxidase 
conjugated secondary antibodies (Cell Signaling), and 
analyzed with ImageQuant LAS4000 system (Fujifilm, 
Tokyo, Japan).

Quantitative real-time reverse transcriptase-polymerase 
chain reaction (RT-qPCR)

Total RNA was extracted with TRIzol reagent (Life 
Technologies), and complementary DNA was synthesized 
with the SuperScript™III First-Strand Synthesis 
System (Life Technologies). PCR assay was performed 
in tr ipl icate using a SYBR Premix Dimer Eraser 

(Perfect Real Time) kit (Takara Bio, Shiga, Japan) on 
a CFX96 Touch™ Real-Time PCR Detection System 
(Bio-Rad). RPLP0 gene was used as an endogenous 
control. The primers were as follows: hENT-1: forward 
5 ' -GTAGCCTCGGCATTTGCTTG-3' ,  rever se 
5'-CCTCTGAAGGCACCTGGTT-3'; RPLP0: forward 
5 '-CAGATTGGCTACCCAACTGTT-3' ,  reverse 
5'-GGGAAGGTGTAATCCGTCTCC-3'. 

Immunofluorescence 

The cells grown on glass coverslips were washed using 
phosphate-buffered saline (PBS) and fixed in 4% 
paraformaldehyde for 20 min at room temperature. Then, 
the cells were blocked with 2% bovine serum albumin 
(BSA) for 30 min. Next, the cells were incubated with anti-
ENT-1 antibody overnight at 4 ℃, washed three times, and 
incubated with Alexa flour 488-conjugated goat anti-rabbit 
IgG for 1 h at room temperature. Finally, the cells were 
examined using a fluorescence microscope (Nikon, Japan).

Results

RT-qPCR and Western blot analysis of hENT-1 expression 
in four different pancreatic cancer cell lines PANC-1, 
AsPC-1, BxPC-3, CFPAC-1 showed differential hENT-
1 expression levels among cell lines, and PANC-1  
cells had significantly higher hENT-1 expression level, 
while other cells had lower level (Figure S1A,S1B). 
Immunofluorescence identification of two different cell lines 
was in accordance with the results from Western blotting 
and RT-qPCR. Therefore, the anti-ENT-1 antibody was 
suitable for immunofluorescence assay and could be used to 
assess hENT-1 expression level (Figure S1C).
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Figure S1 hENT-1 antibody assessment. (A) Western blot analysis of hENT-1 protein expression in four pancreatic cancer cell lines. (B) 
RT-qPCR of hENT-1 mRNA expression in four pancreatic cancer cell lines. (C) Immunofluorescence identification of two different cell 
lines PANC-1 and BxPC-3.
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