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Perihilar cholangiocarcinoma (PHCCA) has a poor prognosis, mainly due to diagnosis at
an advanced stage. Cripto-1 functions as an oncogene and is highly expressed in several
human cancers, however, its clinical application in PHCCA is poorly understood. Herein,
we identified that Cripto-1 was released by PHCCA cells via exosomes in vitro and in vivo.
Furthermore, an ELISA method was developed to detect exosomal Cripto-1 in the serum
of 115 PHCCA patients, 47 cholangitis patients and 65 healthy controls, and it was found
that exosomal Cripto-1 was increased in PHCCA patients and associated with
metastasis. Compared with traditional serum tumor markers, CA19-9 and CEA,
exosomal Cripto-1 demonstrated a larger area under ROC curve for PHCCA diagnosis.
The cutoff value of exosomal Cripto-1 was 0.82, achieving a sensitivity of 79.1% and a
specificity of 87.5%. As expected, exosomal Cripto-1 levels in immunohistochemically
Cripto-1-high cases were significantly elevated compared to in Cripto-1-low cases. When
measured 1-week postoperatively, Cripto-1 levels decreased on average from 1.25(0.96-
3.26) to 0.85(0.62-1.82). Immunohistochemistry analysis showed Cripto-1 expression
was negatively correlated with E-cadherin and was an independent prognostic biomarker
for poor survival in PHCCA patients. In conclusion, exosomal Cripto-1 in sera can reflect
its expression in the tissue of PHCAA patients and has the potential be a non-invasive
biomarker for diagnosis and prognosis of PHCCA.

Keywords: exosomes, biomarker, diagnosis, prognosis, perihilar cholangiocarcinoma, Cripto-1
INTRODUCTION

Perihilar cholangiocarcinoma (PHCCA), also known as a Klatskin tumor, is a subtype of CCA,
arising at or near the confluence of the right and left hepatic duct. It accounts for more than 50% of
total CCA cases and is characterized by high surgical difficulty and poor prognosis (1–3). Even for
those patients who undergo curative intent resection, the 5-year overall survival rate is only about
30% (4). Moreover, due to a lack of clear symptoms, most PHCCA patients are diagnosed at an
advanced stage at which surgical treatment is not a viable option (5). If PHCCA could be diagnosed
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before jaundice or intrahepatic biliary dilatation on imaging,
patients might have better outcomes (6). However, until now
there are no reliable biomarkers for early diagnosis of PHCCA.

Cripto-1, also known as teratocarcinoma-derived growth
factor1 (TDGF-1), is a member of the epidermal growth factor/
Cripto-1-FRL-1-Cryptic family (7). It is isolated and cloned from
the human teratocarcinoma cDNA library of NTERA-2, and is
indispensable for early embryonic development and maintenance
of the pluripotency of embryonic stem cells (8). Recently, Cripto-1
has been reported to be an oncogene that plays an important role
in the initiation and progression of several types of human cancers
(9). Some studies have shown that Cripto-1 is involved in the
epithelial-mesenchymal transition (EMT), whereby it enhances the
invasion and metastasis of tumor cells (10, 11). Cripto-1 can also
trigger mitogen activated protein kinase and Akt signaling
pathways, to promote cell survival and migration via specific
binding to Glypican-1 (12). In addition, overexpression of Cripto-
1 enhances the proliferation of human endothelial cells. The
subsequent increase in microvessel formation levels was detected
by a directed angiogenesis assay in vivo, which confirmed the role of
Cripto-1 in regulating tumor angiogenesis (13). Simultaneously,
inhibition ofCripto-1 expression, by anti-Cripto-1 antibody (14) or
microRNA-15b (15), exhibits a potential to suppress growth of
cancer cells. Thus, Cripto-1 may represent a novel molecular target
for diagnosis and prognosis of cancers.

Exosomes are cell-secreted bilayered membrane vesicles with
a diameter of 30-120 nm (16). They originate from
multivesicular bodies(MVB)/late endosomes inside the cell and
are released into the external space upon fusion of MVBs with
the cell membrane (17). Until now, it has been well-documented
that almost all tumor cells secrete exosomes, and the presence of
exosomes has been confirmed in a wide variety of body fluids,
such as plasma/serum, urine, saliva, and bile (18). Moreover, it
has been reported that cancer cell-secreted exosomes can be
transferred to recipient cells and promote tumor progression by
enhancing immunosuppression, angiogenesis and metastatic
dissemination (19). More importantly, these extracellular
vesicles contain specific components, such as lipids, proteins,
and nucleic acids, mirroring their cellular origin (20). Thus, it is
feasible that detection of enriched and specific molecules in
cancer exosomes could serve as a liquid biopsy to aid in the
diagnosis of malignancies. For instance, CKAP4 is detected in
exosomes harvested from the serum of patients with pancreatic
cancer and reflects its expression in tumor lesions, which may
represent a biomarker for pancreatic cancer (21). However,
whether Cripto-1 can be released from cancer cells, and its
potential utility to act as a biomarker for detection of PHCCA,
remain largely unclear.

In this study, exosomal Cripto-1 was quantitatively
determined in a large number of patient serum samples by an
exosome enzyme linked immunosorbent assay (exoELISA)
method that was developed herein. The serum samples were
collected from healthy control (HC) individuals, cholangitis
patients and PHCCA patients. Furthermore, by analyzing a
cohort of PHCAA patients with matched sera and tissues
samples, we explored whether exosomal Cripto-1 in sera could
Frontiers in Oncology | www.frontiersin.org 2
be a surrogate of tissue biopsy. Finally, this study sought to assess
the significance of Cripto-1 in prognosis in a retrospective cohort
of PHCCA patients.
MATERIALS AND METHODS

Cell Culture
Human PHCAA cells, QBC-939 and FRH-0201 were purchased
from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) and maintained in Dulbecco’s Modified
Eagle medium supplemented with 10% exosome-depleted fetal
bovine serum in a humidified atmosphere containing 5% CO2.

Tumor Xenograft Models
Four-week-old BALB/c nude mice were purchased from
GemPharmatech (Nanjing, China). A total of 3×106 QBC939
cells transfected with an empty vector or the Cripto-1-OE vector,
were subcutaneously injected into the flank of nude mice (24
mice for each group). Tumor diameters were measured every 2
days, and tumor volume was calculated as follows: volume=
(length×width2)/2. After 2, 4 and 6 weeks, the mice were
sacrificed, and their blood and solid tumors were collected. All
procedures were approved by the Animal Management
Committee of Shandong University.

Patients and Samples
We obtained the approval of the local ethical committees, and all
subjects gave written informed consent to participate. Three
cohorts of subjects from Qilu Hospital of Shandong University
and Shandong Provincial Third Hospital were enrolled in this
study. In the first cohort, pre-operation serum samples were
collected from a group of 217 cases with HC (n=65), cholangitis
(n=47) and PHCCA (n=115). The PHCCA cases were newly
diagnosed and previously untreated; their tumors were
confirmed by postoperative histopathological analyses. In the
second cohort, sera and matched tissue was collected from 34
PHCCA patients. Moreover, postoperative sera were collected
from 15 of the PHCCA cases in the second cohort. The third
cohort was comprised of 105 PHCCA patients with available
formalin-fixed tumor tissues. These patients underwent radical
resection and were followed up regularly. PHCCA was staged
according to the 7th AJCC/UICC tumor-node-metastasis
(TNM) classification system.

Serum was separated by 2-step centrifugation (1,600g for 10
minutes followed by 16,000g for 10 minutes as previously
described (22). Tissues were embedded in paraffin and cut into
4mm sections. For tissue microarray (TMA) construction, core
tissues of 1.5 mm in diameter from each tumor block, as
confirmed by hematoxylin and eosin staining, were re-
embedded into the recipient TMA block as we described
previously (2).

Exosome Isolation and Identification
Exosomes were isolated from conditioned medium (CM) and
serum using ultracentrifugation. CM was collected with
August 2021 | Volume 11 | Article 730615
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centrifugation of 800g for 10 min and 2,000g for 10 min. Next,
the CM supernatant, or cell-free serum diluted with D-PBS, was
filtered through a 0.22mm filter and then ultracentrifuged at
120,000g for 70 min at 4°C. The pellets were washed with D-PBS
and purified by further ultracentrifugation at 120,000 g for
70 min at 4°C. Exosomal markers CD81, TSG101 and
Calnexin were detected by western blotting assay.

Western Blotting
Cellular and exosomal lysates were prepared using RIPA buffer
(Life Technologies) and quantified using a Pierce™ BCA Protein
Assay Kit (Thermo Scientific). Proteins were separated by SDS-
PAGE and transferred to PVDF membranes (Millipore). After
blocking in 5% skimmed milk for 30 min, the membrane was
incubated with primary antibodies overnight at 4°C. The
following primary antibodies were used: CD81 (Abcam,
ab79559, 1:1000 dilution), TSG101 (Abcam, ab83, 1:1000
dilution), Calnexin(Abcam,ab133615, 1:1000 dilution) and
Cripto1 (Abcam, ab108391, 1:1000 dilution). Afterwards, an
HRP-conjugated secondary antibody (Beyotime, Shanghai,
China) was added at 1:5000 before incubation for 1h at room
temperature. Chemiluminescence signal was detected using
enhanced ECL Reagent (Vazyme, Nanjing, China) on the
FluorChem E Chemiluminescent System (Cell Biosciences,
Santa Clara, CA, USA).

ELISA Detection of Exosomal Cripto-1
The levels of exosomal Cripto-1 were detected using a Human
Cripto-1 DuoSet ELISA kit (R&D) with some methodological
alterations. In brief, 96 well-plates were coated with 100 ml of
anti-CD81antibody (Abcam, ab79559, 1:250 dilution) per well,
instead of the Capture Antibody in the kit, before incubation
overnight at room temperature. After blocking plates with 300
ml/well Reagent Diluent for at least 1 h, 100 ml exosomes were
added and incubated for 2 h at room temperature. Subsequently,
we added 100 ml of the Detection Antibody before incubation for
2h, 100ml Streptavidin-HRP for 20 min, and then 100 ml
Substrate Solution for 20 min. After blocking with 50 ml Stop
Solution, the optical density (OD) of each well was determine
immediately at 450 nm on an ELISA plate reader (Thermo
Scientific, United States).

Carbohydrate Antigen 19-9 (CA19-9) and
Carcinoembryonic Antigen (CEA) Assays
Serum CEA and CA19-9 levels were detected using an
electrochemiluminescence method on the Cobas E601
Analyzer (Roche Diagnostics GmbH, Germany); the upper
limits were defined as 5 ng/ml and 37 U/ml according to the
manufacturer’s directions.

Immunohistochemistry (IHC)
Slides were immersed in 3% hydrogen peroxide to inactivate
endogenous peroxidase and incubated in EDTA buffer (pH = 9.0)
for antigen retrieval. After blocking by 1% bovine serum albumin,
sections were incubated with primary antibodies overnight at 4°C.
Subsequently, the slides were incubated in secondary antibody
prior to 3,3’-diaminobenzidine solution (Zsbio, Beijing, China),
Frontiers in Oncology | www.frontiersin.org 3
which enable visualization. The following primary antibodies
were used: Cripto-1 Antibody (R&D, MAB2772, 1:100
dilution), Ki-67 (CST, #9027, 1:400 dilution), E-Cadherin (CST,
#3195, 1:400 dilution). The IHC results were evaluated using the
Quant Center software and calculated by a histochemistry score
(H-score) system (23). The formula for the H-score was: H-
score=(percentage of cells of weak intensity×1)+(percentage of
cells of moderate intensity×2)+percentage of cells of
strong intensity×3).

Statistical Analysis
A Kruskal-Wallis test was employed for global comparison of
Cripto-1, CEA or CA19-9 level among multiple groups, and
further post hoc multiple comparisons were examined using a
Mann–Whitney U test. A chi-square test was used for
comparison of categorical variables. Logistic regression
modelling was performed to combine biomarkers and
generated predicted probability value. The correlation between
Cripto-1 and E-cadherin expression was assessed by spearman
correlation analysis. Survival curves were generated using the
Kaplan-Meier method, and compared by a log-rank test. A Cox
regression model was applied for identifying the independent
prognostic factors. All above statistical analyses were performed
by SPSS software, 22.0 and figures were prepared using
GraphPad Prism, 9.1. The area under the curve (AUC) was
calculated on the receiver operating characteristic (ROC) curve
and compared using MedCalc 9.3.9.0. The cutoff point was
determined based on the Youden index (sensitivity+specificity-
1). Statistical significance was defined as two-sided P<0.05.
RESULTS

Cripto-1 Is Secreted With Exosomes
From PHCCA Cells
We isolated exosomes from the CM of two sets of PHCAA cells,
QBC-939 and FRH-0201. Exosomes purified from PHCAA cells
showed enrichment of exosomal markers, CD81 and TSG101,
compared to total cell lysis, and had no Calnexin expression, an
endoplasmic reticulum marker known to be absent in exosomes
and present in cells lysis (Figure 1A). Western blotting analysis
also showed Cripto-1 was expressed both in PHCAA cells and
their exosomes (Figure 1A).

To observe whether Cripto-1 was released with exosomes in
vivo, we subcutaneously injected QBC-939 cells into nude mice
to establish a PHCCA mouse model. After 2 weeks, 4 weeks and
6 weeks post-injection the mice were bled, and tumors were
harvested. As shown in Figure 1B, the concentration of serum
exosomal Cripto-1 was gradually increased in mice xenografted
QBC-939 cells (treated group), but not detected in normal mice
(control group). Levels of exosomal Cripto-1 at 4 weeks and 6
weeks in the treated group were significantly higher than those in
the control group and at 0 weeks in the treated group. IHC
analysis showed the xenograft tumors had high Cripto-1 and ki-
67 expression (Figure 1C), confirming exosomal Cripto-1 come
from injected QBC-939 cells.
August 2021 | Volume 11 | Article 730615
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Evaluation of exoELISA Method for
Exosomal Cripto-1 Detection
An exoELISA method was developed for detection of exosomal
Cripto-1 in serum as shown in Figure 2A. Repeat measurements
of 3 serum samples, from the same batch or different batches,
resulted in an average intra-assay coefficient of variation (CV)
and inter-assay CV of 4.27% and 5.52% (Figure 2B). Then, the
serum samples were evaluated following repeated freezing and
thawing, with different lengths of room temperature incubation;
the results of this experiment showed no significant changes to
the levels of exosomal Cripto-1 (Figures 2C, D).

Levels of Exosomal Cripto-1 Were
Increased in PHCCA Patients’ Sera
By analyzing a large number of serum samples, measuring levels of
exosomal Cripto-1 in serum showed a significant difference among
HC, cholangitis and PHCCA groups (Table 1). Moreover, Cripto-1
levels were independent of age and sex (Table 1). Further pairwise
comparison demonstrated exosomal Cripto-1 was significantly
Frontiers in Oncology | www.frontiersin.org 4
increased in the sera of the PHCCA group compared with the
HC and cholangitis groups (both at P<0.001), whilst there was no
significant difference between the HC and cholangitis groups
(Figure 3A). In PHCCA patients, the levels of exosomal Cripto-1
increased as the TMN stage increased (Figure 3B). Further analysis
showed exosomal Cripto-1 levels were significantly elevated in
patients with lymph nodes metastasis (Figure 3C) or distant
metastasis (Figure 3D), but not an advanced T stage (Figure 3E).
Meanwhile, there were no significant differences observed when
PHCCA cases were stratified by differentiation (Figure 3F), tumor
size (Figure 3G) and neural invasion (Figure 3H). Cripto-1 showed
no obvious association with age and sex (Table S1). Correlations
between levels of exosomal Cripto-1 and clinicopathological
characteristics are shown in Table S1.

Diagnosis Performance of Serum
Exosomal Cripto-1 for PHCCA Patients
ROC curve analyses realized that exosomal Cripto-1 was robust
in discerning PHCCA patients (n=115) from cholangitis (n=47)
A

C

B

FIGURE 1 | Cripto-1 is secreted with exosomes from PHCCA cells. (A) Western blotting analysis of the exosomal markers (CD81, TSG101 and Calnexin) and
Cripto-1 in PHCCA cells and exosomes isolated from CM of cells. (B) ELISA analysis of exosomal Cripto-1 purified from serum in BALB/c athymic nude mice
(control) or mice subcutaneously injected with QBC-939 cells (treated). The levels of exosomal Cripto-1 at 4 week and 6 week in treated group were significantly
higher than those in control group and at 0 week in treated group. **P < 0.01(student’s t-test). Data are presented as mean ± standard deviation. (C) Xenograft
tumor and the corresponding immunohistochemistry of Cripto-1 and Ki-67 at 4 week and 6 week in treated group. Scale bars, 50mm.
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and HC subjects (n=65), with an AUC of 0.87 4 (Figure 4A).
When the Youden index reached a maximum from the ROC
curve, the corresponding cutoff value of exosomal Cripto-1 for
diagnosing PHCCA was 0.82, achieving a sensitivity of 79.1%
and a specificity of 87.5%. Moreover, it was highly capable in
discerning different TNM stage of PHCCA patients from
cholangitis and HC subjects (Figure S1). In contrast, exosomal
Cripto-1 levels could not distinguish cholangitis cases from
healthy controls (Figure S2). And, exosomal Cripto-1 had
limited differential diagnosis value for PHCCA with or without
lymph nodes metastasis (Figure S3).
Frontiers in Oncology | www.frontiersin.org 5
To better understand the diagnostic performance of exosomal
Cripto-1 for PHCCA, the levels of traditional serum tumor
markers, CA19-9 and CEA, were assessed in all subjects. As
shown in Table 1, there were significant differences between the
HC, cholangitis and PHCCA groups. Further, CA19-9 in the
PHCCA group was increased compared to the cholangitis and
HC groups (both at P< 0.001), while CEA was only significantly
higher than patients in the cholangitis group (P< 0.01) (Figure S4).
The AUC values of CA19-9, CEA and the combined CA19-9 and
CEA for PHCCA diagnosis were 0.773 (Figure 4B) and 0.596
(Figure 4C) and 0.773 (Figure 4D), much lower than that of
A C

B D

FIGURE 2 | Evaluation of exoELISA method for exosomal Cripto-1 detection. (A) Schematic representation of the established exoELISA set for exosomal Cripto-1
detection; (B) Coefficient of variation for the exoELISA; (C) Serum samples under re-peated freezing and thawing; (D) Serum samples incubating at room
temperature for different time.
TABLE 1 | Characteristics and levels of biomarker of subjects.

Healthy control Cholangitis PHCCA

Cases 65 47 115
Gender(Male/Female) 40/25 31/16 73/42
Age(y) a 59.4 ± 14.5 57.6 ± 14.9 61.3 ± 9.7
CEA (ng/ml) bc 2.78 (1.64-3.80) 2.63 (1.09-3.40) 3.12 (1.65-4.60)
CA19-9 (U/ml) bc 22.1 (13.3-31.0) 17.7 (7.98-23.3) 103 (22.1-441)
Cripto-1(pg/10mg) bc 0.44 (0.32-0.73) 0.34 (0.27-0.62) 1.03 (0.85-3.89)
August 2021 | Volume 11
aData are presented as mean ± standard deviation.
bData are presented as median (interquartile range).
cDate are compared using Kruskal-Wallis test, P < 0.001.
| Article 730615

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


Hu et al. Cripto-1 as Biomarker for PHCCA
exosomal Cripto-1. When the combined exosomal Cripto-1,
CA19-9 and CEA levels were used, the AUC was 0.888
(Figure 4E), not significantly enhanced compared to exosomal
Cripto-1 alone. Since exosomal Cripto-1 had no significant
association with CA19-9 and CEA, and no significant difference
was observed between CA19-9 or CEA positive and negative
groups (Figure S5), its diagnosis performance was assessed for
CA19-9 or CEA negative individuals. As shown in Figure 4F, the
exosomal Cripto-1 also had a high diagnostic capacity in subjects
where diagnosis was missed in clinics. The diagnostic performance
characteristics of exosomal Cripto-1, CA19-9 and CEA for
PHCCA, such as sensitivity, specificity, positive likelihood ratio
and negative likelihood ratio, are shown in Table 2.

Levels of Exosomal Cripto-1 in Sera
of PHCAA Patients Reflects Their
Expression in Tissues
To explore the relationship between Cripto-1 in the exosomes of
sera and tissues, 34 pairs of tumor tissues and sera were collected
from PHCCA patients who underwent radical resection. Western
blot analysis showed Cripto-1 was increased in PHCCA tissues
compared to the corresponding normal bile duct tissues
(Figure 5A). Then, the expression of Cripto-1 in 34 PHCCA
tissue samples was detected by immunohistochemical staining
and classified into low and high Cripto-1 expression groups,
according to median of H-score (Figure 5B). The corresponding
sera detected by exoEILSA showed that exosomal Cripto-1 levels
Frontiers in Oncology | www.frontiersin.org 6
in immunohistochemically Cripto-1-high cases, were significantly
higher than in Cripto-1-low cases (Figure 5C). Among the
aforementioned cases, 15 further cases were detected 1-week
post surgery. The quantitative assay showed that after surgery,
the median levels of exosomal Cripto-1 decreased from 1.25
(0.96-3.26) to 0.85(0.62-1.82) (Figure 5D).

Expression and Prognostic Significance
of Cripto-1 in PHCCA Tissues
Anti-Cripto-1 was used for immunohistochemical staining, in a
retrospective cohort of 105 cases with PHCCAwho had underwent
radical resection. By evaluating the H-scores, the patients were
divided into subgroups with low or high expression of Cripto-1
(Figure 6A). Data from Table S2 showed Cripto-1 expression
significantly associated with lymph nodes metastasis, whilst there
was no relationship with other clinicopathological factors, such as
gender, age, differentiation, tumor size, T stage and neural invasion.
As patients with high exosomal Cripto-1 expression in tissues or
serum tended to have metastasis and EMT was a critical event
involved in tumormetastasis (10, 11), the expression of E-cadherin,
a known EMT marker, was assessed (Figure 6B). As shown in
Figure 6C, the Cripto-1 expression negatively correlated with E-
cadherin expression and patients with high Cripto-1 expression
lowly expressed E-cadherin.

To investigate the prognostic properties of PHCCA, univariate
analysis was performed using a Kaplan–Meier survival curve. As
shown in Figure 6D, patients with high Cripto-1 expression had
A C DB

E G HF

FIGURE 3 | Levels of exosomal Cripto-1 in PHCCA patient sera. (A) Levels of exosomal Cripto-1 were compared in sera among healthy control (HC) individuals,
cholangitis patients and PHCCA patients. Comparison analysis of exosomal Cripto-1 between different TNM stage (B), lymph nodes metastasis (C), distant
metastasis (D), T stage (E), differentiation (F), tumor size (G), neural invasion (H) in PHCCA patients. *P < 0.05, **P < 0.01, ***P < 0.001(Mann–Whitney U test). Data
represents the median (interquartile range).
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significantly lower survival rates than patients with low Cripto-1
expression. Moreover, patients with high Cripto-1 and low E-
cadherin expression had the lowest probability of survival
(Figure 6E). However, there were no significant survival differences
between patients with low and high E-cadherin expression (Figure
S6). In addition, patients with advanced T stage or positive lymph
nodes metastasis had poor overall survival (Figure S7). Cripto-1
expression, along with the clinicopathological factors, was subjected
to Cox model for multivariate analysis; except for T stage, Cripto-1
was identified as an independent prognostic biomarker (Table 3).
DISCUSSION

In the current study, it was first reported that Cripto-1 was released
via exosomes by PHCCA cells. Next, an exoELISA method was
Frontiers in Oncology | www.frontiersin.org 7
developed and 3 cohorts were used to evaluate the clinical
application value of Cripto-1. The study has achieved several new
results. Firstly, exosomalCripto-1were increased in sera ofPHCCA
patients and associated with metastasis. Compared with traditional
serum tumor markers, CA19-9 and CEA, exosomal Cripto-1
demonstrated as a more appropriate marker for PHCCA
diagnosis. Secondly, it was found that exosomal Cripto-1 levels in
sera reflect the expression in the tissues of PHCAA patients.
Thirdly, it has been demonstrated in a prospective cohort analysis
that Cripto-1 might be an independent factor for identifying poor
prognosis in patients with PHCAA. Together, these findings verify
that exosomal Cripto-1 is a potential biomarker for the diagnosis
and prognosis of PHCCA.

In recent years, exosomes have emerged as an important
liquid biopsy tool for a variety of malignant tumors (24). With
the development of mass spectrometry and other detection
A CB

D FE

FIGURE 4 | Diagnostic significance analysis of exosomal Cripto-1 and traditional serum markers. ROC curves analysis for the detection of PHCCA using exosomal
Cripto-1 (A), CA19-9 (B), CEA (C), combined CA19-9 and CEA (D), and combined exosomal Cripto-1, CA19-9 and CEA (E) in all subjects. (F) ROC curves analysis
for the detection of PHCCA using exosomal Cripto-1 in both CA19-9 and CEA negative individuals.
TABLE 2 | The diagnosis performance of Cripto-1, CA19-9 and CEA for PHCCA.

Index AUC 95% CI Sensitivity Specificity +LR -LR

Cripto-1 0.874 0.824-0.914 79.1 87.5 6.33 0.24
CA199 0.773 0.713-0.826 65.2 87.5 5.22 0.40
CEA 0.596 0.529-0.660 33.0 85.7 2.31 0.78
CA199+CEA 0.773 0.713-0.825 66.1 86.6 4.93 0.39
Cripto-1+CA199+CEA 0.888 0.840-0.926 82.6 78.6 3.86 0.22
August 2021 | Vo
lume 11 | Article 73
AUC, Area under curve; CI, Confidence interval; +LR, Positive likelihood ratio; -LR, Negative likelihood ratio.
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technologies, the protein composition of exosomes has been
constantly identified; some of these are already used as tumor
biomarkers due to their stability and specificity (20, 25).
Amongst them, Glycosyl-Phosphatidyl-Inositol (GPI) anchored
proteins (GPI-APs) are attractive as a source of exosomal
candidates (26). This is because GPI-APs are preferentially
embedded into lipid rafts through their GPI anchor and the
lipid raft microdomains are believed to be involved in exosome
biogenesis (27, 28). For example, Glypican-1 has been found in
pancreatic carcinoma cell derived exosomes and can serve as a
potential non-invasive diagnostic biomarker to facilitate the early
detection of pancreatic cancer (29). CD24, located in lipid rafts
through its GPI anchor, is demonstrated to be found in high
levels in exosomes isolated from ovarian cancer cells, compared
to other tumor biomarkers such as CA-125, EGFR and MUC18
(30). Since Cripto-1 has been reported as a cell surface GPI-
linked glycoprotein (31), this study tested whether it can be
found in exosomes. Cripto-1 was found in exosomes from the
culture medium of PHCCA cell lines and the peripheral blood of
mice implanted PHCCA cells. Thus, exosomal Cripto-1 might
provide a noninvasive biomarker for the detection of PHCCA.
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In previous studies, Cripto-1 has been detected at the mRNA
or protein levels in tissues of several human solid cancers.
Furthermore, Cripto-1 protein levels are also increased in
serum/plasma obtained from patients with glioblastoma (32),
renal cell carcinoma (33), colon cancer and breast cancer (34). In
the present study, Cripto-1 levels were quantitatively determined
in the exosomes of serum samples and showed increased levels in
PHCCA patients compared to cholangitis patients and healthy
controls. Moreover, the results are reliable, with batch
differentiation, repeated freeze thawing and different lengths of
incubation proving to have no significant effect on the result. To
better assess the application of exosomal Cripto-1 as a potential
diagnosis marker, the study compared its ability to detect
PHCCA with current diagnostic tools CA19-9 and CEA, the
traditional serum tumor markers routinely used in clinic. As
shown in this data, exosomal Cripto-1 demonstrated improved
sensitivity and specificity, associated with a markedly larger
AUC, in distinguishing PHCCA from cholangitis patients and
healthy controls. Furthermore, exosomal Cripto-1 also had a
high diagnostic capacity in CA19-9 and CEA negative
individuals. However, combined detection of Cripto-1, CA19-9
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FIGURE 5 | Levels of exosomal Cripto-1 in sera of PHCAA patients reflects their expression in tissues. (A) Western blotting analysis of Cripto-1 expression in PHCCA
tissues and adjacent normal tissues. (B) Immunohistochemistry analysis of Cripto-1 expression in PHCCA tissues. PHCCA patients were classified into low and high
Cripto-1 expression groups according to median of histochemistry score (H-score). Scale bars, 50mm (C) exoELISA was performed to compare the levels of exosomal
Cripto-1 in sera between PHCAA patients with low and high Cripto-1 expression in tissues. *P < 0.05 (Mann–Whitney U test). Data represents the median (interquartile
range). (D) Preoperative and perioperative levels of exosomal Cripto-1 in sera were compared in PHCAA patients. *P < 0.05 (Wilcoxon matched-pairs signed rank test).
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and CEA did not enhance diagnostic performance compared to
Cripto-1 alone. Another interesting finding of the current study
is that exosomal Cripto-1 levels increased as the PHCCA TNM
stage progressed. However, this phenomenon was not observed
in CA19-9 or CEA. Thus, it can be concluded that exosomal
Cripto-1 may detect PHCCA patients at an earlier stage.

Our previous study has reported that several long noncoding
RNAs in exosomes of serum are associated their expression in
tumor tissues (35). To better understand whether circulating
exosomal Cripto-1 is represented in tissue biopsies, Cripto-1
expression was further examined in the tissues of PHCAA
patients. Data from this study showed that Cripto-1 levels were
increased in PHCCA tissues compared with the corresponding
normal bile duct tissues. Exosomal Cripto-1 levels were
especially elevated in immunohistochemically Cripto-1-high
cases. These results infer that exosomal Cripto-1 levels in
patient sera can reflect expression in tissues of PHCCA
patients. Moreover, levels of exosomal Cripto-1 were decreased
after surgery, which is conducive to monitoring disease
status. Due to the limited follow-up time of collected serum,
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the prognostic value of Cripto-1 was analyzed using a previously
established tissue microarray. It was found that patients with
high expression of Cripto-1 had poor survival, which was an
independent prognostic biomarker. This phenomenon is similar
to some studies on other cancers, such as non-small cell lung
cancer (36), hepatocellular carcinoma (37) and esophageal
squamous cell carcinoma (38).

In the present study, it was demonstrated that Cripto-1
expression in both serum and tissues significantly associated
with metastasis. Several studies have showed Cripto-1 plays an
important role during developmental EMT. For example, the
over-expression of Cripto-1 down-regulates E-cadherin whilst
up regulating b-catenin in prostate cancer cells, thus inducing
EMT through activation of the Wnt/b-catenin signaling pathway
(39). In clear cell renal cell carcinoma, Cripto-1 promoted EMT
properties, including the down-regulation of E-cadherin and the
up-regulation of Vimentin, N-cadherin, ZEB-1, and Snail (33).
EMT has been reported to increase the motility and invasiveness
of cholangiocarcinoma cells (40–42). Functional loss of E-
cadherin has been considered a hallmark of EMT (43) and this
A
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FIGURE 6 | Expression and prognostic significance of Cripto-1 in PHCCA tissues. (A, B) Immunohistochemistry analysis of Cripto-1 and E-cadherin expression in
PHCCA tissues. PHCCA were classified into low and high Cripto-1/E-cadherin expression groups according to median of H-score. Scale bars, 50mm (C) Correlation
analyses between Cripto-1 and E-cadherin expression in PHCCA tissues. (D) Kaplan–Meier curve for overall survival in PHCCA patients stratified according to
Cripto-1 expression. (E) Kaplan–Meier curve for overall survival in PHCCA patients stratified according to Cripto-1 expression and E-cadherin expression.
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study showed that Cripto-1 expression negatively correlated with
E-cadherin expression in PHCCA tissues; this suggests that
Cripto-1 may also play a role as an EMT inducer to promote
PHCCA cell migration and invasion. Additionally, it has also
been shown that the combination of Cripto-1 and E-cadherin
improved the power of the survival prediction.

Although the findings of this study are promising, some
limitations need to be addressed. Firstly, it was found that there
were increased exosomal Cripto-1 levels in some healthy
individuals or cholangitis patients. The cause of this is not clear
and whether these subjects develop tumors remains to be seen.
Secondly, the prognostic value of exosomal Cripto-1 levels in the
sera of PHCCApatients needs to be further studied, although it has
been shown to correlate with tissue biopsies in this study. Thirdly,
since currently there are not enough follow up serum samples for
analysis, further ongoing perspective studies are necessary to
address whether exosomal Cripto-1 can identify patients with
reoccurring tumors. This is of particular importance for PHCCA
patients because of the high recurrence rate (44).

In conclusion, this study developed a convenient and sensitive
assay to detect exosomal Cripto-1 and for the first time
demonstrated exosomal Cripto-1 as a potential noninvasive
maker for PHCCA diagnosis and monitoring. Moreover, Cripto-
1 shows promise as an independent predictor of poor prognosis for
PHCCA patients. Since Cripto-1 has many advantages over
conventional cancer markers, further multi-center prospective
studies are needed to confirm whether exosomal Cripto-1 can be
incorporated into routine clinical practice.
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