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Abstract. Pancreatic ductal adenocarcinoma (PDAC) is one of 
the most lethal malignancies, and early diagnosis and assess-
ment may enhance the quality of life and survival of patients. 
The prognostic value of key family 2 cystatins subunit in PDAC 
patients remains unknown. The potential molecular roles of 
family 2 cystatins and related pathways were investigated using 
bioinformatics analysis. The relationship of family 2 cystatin 
expression levels and clinical outcomes of 112 patients with 
early-stage PDAC were evaluated via univariate and combined 
survival analysis. A prognostic nomogram model was also 
constructed and gene set enrichment analysis was performed 
to investigate potential pathways in PDAC. The pathways, 
interaction networks, and Gene Ontology term analysis of 
the cystatin gene family were analyzed in the present study. 
Cystatin F (CST7) was identified as the key subunit of family 
2 cystatins in survival analysis. PDAC patients who harbored 
a higher expression level of CST7 had a lower risk in overall 
survival (adjusted HROS=0.44, 95% CI=0.25-0.77, P=0.004) 
and a longer survival time in various subgroups. The prog-
nostic nomogram indicated that the CST7 expression model 

effectively predicted the outcomes of patients with early-stage 
PDAC (predictive ability >0.75). In the gene set enrichment 
analysis, it was revealed that CST7 expression may be involved 
in immune regulation and be associated with cell adhesion. 
CST7 could be a useful biomarker for the prognostic predic-
tion of early-stage PDAC after pancreaticoduodenectomy.

Introduction

Pancreatic cancer is an aggressive disease with an extremely 
poor clinical outcome and a 5-year survival rate of <5% (1,2). 
Approximately 37,170 new cases of pancreatic cancer were 
diagnosed in 2007 and nearly 33,370 mortalities were caused 
by this disease in the US (3). More than 80% of pancreatic 
ductal adenocarcinoma (PDAC) patients (accounting for 85% 
of pancreatic cancer) are diagnosed at a stage that is already 
regional or distant metastasized (4). The 5-year survival rate for 
PDAC, improves from 2 to 23% if the disease is diagnosed at 
its localized stage compared to a distant metastatic stage (5). 
Chemotherapy is an alternative for unresectable PDAC; however, 
limited survival benefit still exists. Thence, it is extremely 
significant to unearth novel diagnostic biomarkers for PDAC, 
which can indicate the use of curative surgical treatment (6).

Cysteine proteases, expressed widely in tissues, are a 
group of intracellular proteins with protein degradation 
activity which are associated with a wide variety of biological 
processes, including inflammation, modulation of the immune 
response and facilitating the progression of malignant 
tumors (7-9). Previous clinical studies have revealed that the 
cystatin superfamily proteins inhibit the proteolytic activity of 
cysteine proteases specifically in attenuating the aggressive-
ness of various malignant tumors (10-12).

Among the three distinct subfamilies belonging to the 
cystatin superfamily, the family 1 cystatins, represented by 
cystatin A (CSTA) and B (CSTB), lack disulfite bonds as well 
as signal peptides and only function intracellularly. Family 
2 cystatin subunits are secreted proteins, all composed of 
115-120 amino acids with two interchain disulfide bonds. 
L- and H-kininogens of family 3 cystatin subunits are complex 
glycosylated cytoplasmic proteins with type-2-like cystatin 
domains and bradykinin moiety (13-15).

There are seven members in the family 2 cystatins, cystatin 
SN (CST1), SA (CST2), C (CST3), S (CST4), D (CST5), 
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E/M (CST6), and F (CST7). Family 2 cystatins are types of 
cysteine protease  inhibitors found in various human fluids 
and secretions that appear to provide protection. To date, the 
expression level of the family 2 cystatins has been reported 
to be associated with tumor biology function, progression 
and prognosis in breast, small-cell lung and colorectal 
cancer (16-19). However, the key family 2 cystatins subunit in 
PDAC patients remains unknown.

In the present study, we aimed to investigate the clinical 
implications of the family 2 cystatins in early-stage PDAC 
using bioinformatics and survival analysis. Finally, CST7 was 
identified as a key cystatin subunit. Furthermore, a prognostic 
model for patients with early-stage PDAC was constructed.

Materials and methods

Biological function of the cystatin gene family. To investigate 
the potential molecular roles and related pathways of the cystatin 
gene family, we first analyzed gene‑gene interactions using 
GeneMANIA (http://www.genemania.org/). Protein-protein 
interactions of cystatin genes were ascertained by the Search 
Tool for the Retrieval of Interacting Genes/Proteins (STRING, 
https://string-db.org/). Gene Ontology (GO) terms annotation 
and gene function enrichment analysis of cystatin genes were 
performed using the Database for Annotation, Visualization 
and Integrated Discovery (DAVID, https://david.ncifcrf.
gov/home.jsp) version 6.8.

Cystatin gene family expression in tissues. Expression of CST 
mRNA between paraneoplastic tissues and primary cancer 
tissues was performed by Metabolic gEne RApid Visualizer 
(MERAV, http://merav.wi.mit.edu/). To investigate the cystatin 
gene family expression level in various normal tissues, we 
generated a heatmap using the Genotype-Tissue Expression 
(GTEx) portal (https://www.gtexportal.org/). Co-expression 
relationships between CST genes in tumor tissues were 
assessed by the Pearson correlation coefficient. Pearson corre-
lation was performed using corrplot R package (available from 
https://github.com/taiyun/corrplot).

Cystatin gene family in survival analysis of PDAC patients. 
In the survival analysis, patients were divided into low- and 
high-level groups according to median mRNA expression 
level. We screened key cystatin isoforms that were associ-
ated with the prognosis of early-stage PDAC in The Cancer 
Genome Atlas (TCGA; https://portal.gdc.cancer.gov/). All the 
expression data for cystatin and the relevant clinical param-
eters were obtained from the University of California, Santa 
Cruz Xena browser (UCSC Xena: http://xena.ucsc.edu/). The 
inclusion criteria of patients enrolled in the present study were 
as follows: i) available survival data; ii) patients who under-
went pancreaticoduodenectomy and the histology type was 
confirmed as PDAC; iii) stage I or II PDAC according to the 
7th American Joint Committee on Cancer (AJCC); and iv) the 
tissues samples were collected by resection or biopsy prior 
to receiving chemotherapy. The number of AJCC stage III or 
IV patients was 8. To control bias, PDAC patients with AJCC 
stage III or IV and those non-PDAC histology types were 
excluded. Inclusion and exclusion criteria were implemented 
in accordance with a previous study (20). Finally, CST7 was 

selected as a key cystatin isoform in further analysis. Overall 
survival (OS) and disease-free survival (DFS) was calculated 
using SPSS version 24.0. Prognosis risk was established on 
CST7 expression level and trend direction depended on a 
regression coefficient (β) as the positive and negative correlation 
that was derived from a univariate Cox proportional hazards 
regression model. Hazard ratios (HR) and 95% confidence 
intervals (CIs) were also computing in the hazards regression 
model. Combined survival analysis was performed to identify 
the relationship between CST7 expression and clinicopatho-
logical features in the prognosis of patients with early-stage 
PDAC. Multivariate regression analysis of CST7 expression 
in PDAC patients was adjusted for prognosis-related clinical 
factors from univariate Cox proportional hazards regression 
model.

Prognostic nomogram conduction. Based on the examina-
tion and transformation of variables evaluated in a univariate 
Cox proportional hazards regression model, we formulated a 
prognostic nomogram model using the rms (21) R package. 
The prognostic performance of the nomogram was measured 
by concordance index (C-index). The C-index was calculated 
to evaluate the performance of each model in the survival 
data and was considered a measure of predictive ability (22). 
Bootstraps with the resamples of PDAC patients were applied 
to predict survival probability and to obtain a more realistic 
bias-corrected estimate of the model coefficients and the 
C-index.

Gene set enrichment analysis (GSEA) for CST7 in PDAC 
patients. Setting CST gene expression levels as popula-
tion phenotypes in GSEA (http://software.broadinstitute.
org/gsea/index.jsp), we further analyzed gene expression omics 
predictions and assessed related pathways and molecular 
mechanisms in PDAC patients. A nominal P-value <0.05 and 
false discovery rate (FDR) <0.25 of the enrichment gene sets 
in the analysis were considered statistically significant.

Statistical analysis. All statistical analyses were performed 
using SPSS version 24.0 (SPSS; IBM Corp., Armonk, NY, USA) 
and R3.4.1 (www.r-project.org). A two-sided P-value of <0.05 
was considered statistically significant. The survival curves 
and heatmap were depicted by GraphPad Prism7.01 (GraphPad 
Software, Inc., La Jolla, CA, USA). The Kaplan-Meier survival 
curves were compared by the log-rank test.

Results

The pathways, interaction networks and GO term analysis 
of the cystatin gene family. Using the gene-gene interaction 
analysis in GeneMANIA, we identified that the cystatin gene 
family mainly shared protein domains with other molecules, 
such as CSTA, CSTB and FETUB (Fig. 1A). Furthermore, 
protein-protein interaction networks by STRING indicated 
that cystatin proteins may be associated with immune 
proteins, such as human lymphocyte antigen (Fig. 1B). GO 
term enrichment analysis revealed that the cystatin family 
encoded products which play roles in the extracellular region 
and contains inhibitory activity against the peptidase and 
endopeptidase of the enzyme (Fig. 1C).
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Expression of the CST gene family in tissues. The results of 
MERAV revealed that the expression of the cystatin gene 
family was different between pancreas tumor and paraneo-
plastic tissues (Fig. 2A). Expression of CST1, CST2, CST4 and 
CST6 was upregulated in pancreas tumors. The median CST7 
mRNA level was increased in tumor tissues but the difference 
was not statistically significant. From another perspective, 
CST3 and CST5 mRNA levels were downregulated in 
pancreas tumor tissues. Moreover, in the GTEx analysis of 
various normal tissues, CST3 expression was higher than that 
of other cystatin isoforms (Fig. 2B). CST7 is partly upregu-
lated in whole blood and spleen. Co-expression relationships 
between CST genes in tumor tissues, as evaluated using 
Pearson's correlation, revealed that CST4 and CST5 had a 
positive correlation (Fig. S1).

Survival analysis of the cystatin gene family in TCGA 
early‑stage PDAC patients. The relationship between clinico-
pathological features and prognosis of patients with early-stage 
PDAC in TCGA is presented in Table SI. All patients were 
divided into groups according to median values or stages of 
the clinicopathological features. In the univariate survival 
analysis, high CST7 expression was related to low-risk in the 
OS and DFS of PDAC (Fig. 3A and B and Table I). Based 

on the regression coefficient (β=-0.709) in univariate Cox 
proportional hazards regression, prognosis risk had a negative 
correlation with CST7 expression level (Fig. 3C and Table I). 
Patients diagnosed with PDAC had longer OS and DFS when 
they harbored higher CST7 expression (Fig. 3D). Adjusted 
pathologic stage T, pathologic stage N, histologic grade, radical 
resection and targeted molecular therapy in the multivariate 
survival analysis, CST2, CST3 and CST7 were associated 
with the OS of PDAC patients. Higher CST2, CST3, and CS7 
expression level have a lower risk in OS of PDAC patients 
(HR=0.46, 0.50 and 0.44, respectively; Table I). However, none 
of the cystatin gene family members were associated with DFS 
in early-stage PDAC. In this procedure, CST7 was selected as 
a key cystatin isoform.

To investigate the correlation between CTS7 expression 
and clinical features in the prognosis of PDAC patients, we 
performed a combined analysis of CST7 mRNA level with 
age, sex, tumor dimension and residual tumor status. The 
results revealed that high CST7 expression in groups with 
age ≤60 years, females, tumor dimension and radical resection 
had a favorable outcome in PDAC patients (all P<0.05; Fig. 4). 
Adjusting for number of positive lymph nodes, histologic grade, 
radiation therapy and targeted molecular therapy in multi-
variate regression analysis, groups of high CST7 expression 

Figure 1. Gene-gene, protein-protein interaction networks and Gene Ontology term analysis of the cystatin gene family. (A) Gene-to-gene interaction network 
generated by GeneMANIA. (B) Protein-to-protein interaction network analyzed using STRING. (C) Gene Ontology term analysis in DAVID. STRING, 
Search Tool for the Retrieval of Interacting Genes/Proteins; DAVID, Database for Annotation, Visualization and Integrated Discovery.
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and age ≤60 years, male/female, dimension >3 cm and radical 
resection had a lower risk in the OS of PDAC patients (all 
P<0.05; Table II). In the DFS of PDAC patients, HRs for high 
CST7 expression and age >60 years, male/female, dimension 
≤3 cm and radical resection were 0.14, 0.17/0.24, 0.23 and 0.17, 
respectively (Table II).

Prognosis model for CST7 expression in early‑stage PDAC. To 
predict the clinical outcome risk in different CST7 mRNA levels 
and clinicopathological features, we constructed a prognosis 
nomogram for OS and DFS of PDAC patients (C-index=0.799 
and 0.772, respectively). CST7 expression, histological grade, 
lymph node metastasis, resection status, therapy methods were 
associated with the OS of PDAC patients (Fig. 5A). Moreover, 
histological grade played an important role in the recurrence of 
PDAC and had a synergism with CST7 expression, lymph node 
metastasis, resection status, and tumor stages (Fig. 5B).

GSEA for CST7 in PDAC. In the GSEA, we identified that 
CST7 may be involved in immunomodulation, immune 

response, and cellular immune regulation (Fig. 6A-I). In terms 
of the biological process of PDAC patients, CST7 was associ-
ated with cell adhesion molecule CAMS and played a role in 
cell adhesion (Fig. 6J-L).

Discussion

In the present study, we analyzed the biological functions 
of family 2 cystatins using bioinformatics analysis. Gene 
expression levels of family 2 cystatins differed between 
paraneoplastic and pancreas tumor tissues. Furthermore, we 
identified CST7 as a key cystatin subunit in patients with 
early-stage PDAC in TCGA. DFS and OS of patients with 
surgically resected PDACs were significantly prolonged in the 
high-CST7 expression subgroup compared with the low-CST7 
expression subgroup. Moreover, we investigated the prognostic 
value of CST7 using combined analysis and constructed a 
prognostic model for PDAC patients after pancreatectomy. The 
result of the GSEA demonstrated that CST7 may be involved 
in immune regulation.

Figure 2. Cystatin gene family expression in (A) TCGA pancreas tissues, and (B) heatmap of expression in GTEx normal tissues. TCGA, The Cancer Genome 
Atlas; GTEx, Genotype-Tissue Expression.
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Figure 3. Survival analysis and risk evaluation of different CST7 expression levels in patients with early-stage PDAC. (A and B) Kaplan-Meier survival 
curves of OS and DFS for high- and low-CST7 expression groups. (C) OS and DFS risk in different CST7 expression levels. (D) Survival status distribution 
of PDAC patients and heatmap of CST7 gene expression for low- and high-risk groups. PDAC, pancreatic ductal adenocarcinoma; OS, overall survival; 
DFS, disease-free survival; CST7, cystatin F.

Figure 4. Combined survival analysis of CST7 expression and clinicopathological features in patients with early-stage PDAC. (A-D) Kaplan-Meier survival 
curves of OS for high and low CST7 expression combined with age, sex, tumor dimension, and residual tumor status, respectively. (E-H) Kaplan-Meier 
survival curves of DFS for high and low CST7 expression combined with age, sex, tumor dimension, and residual tumor status, respectively. CST7, cystatin F; 
PDAC, pancreatic ductal adenocarcinoma; OS, overall survival; DFS, disease-free survival.
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As the most commonly used tumor biomarker for detecting 
PDAC, the main limitations of CA 19-9 include its frequent 
elevations associated with non-malignant diseases such as 
pancreatitis and obstructive jaundice, and the inability to 
detect many early-stage tumors (23). CA 19-9 is also not 
suitable for estimating 5-10% of patients who are carriers of 
the Lewis-negative genotype and advance malignancies that 
do not express antigen (24). Thus, it is extremely important 
and necessary to screen additional key genes associated with 
PDAC that may act as diagnostic, prognostic or therapeutic 
biomarkers for improving the diagnostic ability of CA19-9.

After screening, CST7 was considered to be a key cystatin 
subunit in early‑stage PDAC. Using GSEA, we identified that 
CST7 was related to the regulation of immune cell activity. 
Previous studies demonstrated that CST7 expression may play 
roles in regulating the activation of natural killer cells, differ-
entiation of monocytes to macrophages and influenza vaccine 
responses (25-27). CST7 encodes a glycosylated cysteine 
protease inhibitor with a putative role in immune regulation 
through inhibition of a unique target in the hematopoietic 
system. It has been reported that CST7 is mainly expressed by 
immune cells (28,29) where it is often elevated when these cells 

differentiate or activate from a stationary precursor. Cystatins 
are considered to be typical emergency inhibitors, trapping 
proteases that escape from endosomes/lysosomes or cells, and 
converting them into proteolytically inactive complexes (30). 
However, the amino acids present in the N-terminal region of 
the protease-binding loop and CST7 differ from the amino 
acids of other family members, indicating that CST7 may bind 
to different protease targets. Compared with other cystatins, 
core sugars of the N-linked glycosylation sites of CST7 are 
highly structured, and conformation and interactions with the 
combined proteins indicate that unique features of CST7 may 
modulate its inhibitory properties though structural recon-
struction (31).

In the present study, GO term annotations revealed that 
the cystatin family plays roles in the extracellular region and 
demonstrates inhibitory activity against biologically active 
proteins. A recent study demonstrated that CST7 regulated 
intracellular, but not extracellular, protease activity by 
targeting cathepsin C (32). CST7 plays an important role in 
activation of various serine protease zymogens in secretory 
granules of tumor-related immune cells, such as cytotoxic 
T lymphocytes, mast cells, NK cells, and neutrophils (33-35). 

Figure 5. Nomogram model analysis of CST7 expression level for (A) OS and (B) DFS in patients with early-stage PDAC. CST7, cystatin F; OS, overall 
survival; DFS, disease-free survival; PDAC, pancreatic ductal adenocarcinoma.
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Figure 6. GSEA of CST7 expression in patients with early-stage PDAC. (A-J) GSEA report for high CST7 expression using high- vs. low-risk group.
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Although destruction of the CST7 dimer is enough to produce 
an endopeptidase inhibitor such as cathepsin L, a proteolytic 
cleavage event is applied for converting inactive CST7 into 
an active cathepsin C inhibitor. Cathepsin C is essential for 
the activation of cytokines, such as TNF-α and IL-1β. CST7 
was revealed specifically to bind and inhibit cathepsin C in 
immune cells via regulation of split anergy (32,36).

Moreover, expression of CST7 has been observed in 
various human cancer cell lines established from malig-
nant tumors. As the only family 2 cystatin able to enter 
endosomal/lysosomal vesicles and to regulate directly the 
activity of intracellular cysteine cathepsins, CST7 is highly 
upregulated in promonocytic U937 and promyeloblast HL-60 
cells (26). Pierre and Mellman (37) reported that the apparent 
distribution of smaller vesicles/particles in U937 cells 
indicates that CST7 is partially localized to organelles that 
resemble fusion lysosomes/endosomes, wherein antigen and 
constant chain processing occurs in antigen-presenting cells. 
Immunocytochemical staining of CST7 in human promono-
cyte U937 cells displays a vesicular pattern (38).

Furthermore, recent studies have revealed that CST7 
expression level was associated with tumor progression 
and served as an independent factor for liver metastasis in 
colorectal cancer patients (39,40). The prognosis of the patients 

with a higher expression of CST7 was significantly worse than 
those with a lower expression. However, our results indicated 
that high CST7 expression level may be a protective factor 
for patients with early-stage PDAC. Using the Human Protein 
Atlas project (HPA; https://www.proteinatlas.org/), an online 
visualization website for detecting the relationship between 
the protein level and clinical outcomes based on TCGA data, 
we determined that the protein level of CST7 was not asso-
ciated with the prognosis of PDAC patients but would be a 
potential prognostic marker in renal cancer, endometrial, head 
and neck, breast and cervical cancer. We speculate that this 
gene has tissue differences in tumor prognosis and prognosis 
evaluation. CST7 may serve as a tumor suppressor gene in 
PDAC patients, and high CST7 expression promotes autoim-
mune cell monitoring. For our prognostic model constructed 
using a nomogram, CST7 harbored a high predictive effect on 
the clinical outcomes of PDAC and could assist clinicians to 
judge disease outcomes and treatment. Considering the lack 
of independent data and some missing clinical data which are 
limitations of the present study, an additional large verification 
cohort to validate the results is necessary.

In conclusion, the results of the present study indicated that 
CST7 could be a useful biomarker for the prognostic predic-
tion of early-stage PDAC.

Figure 6. Continued. GSEA of CST7 expression in patients with early-stage PDAC. (I-J) GSEA report for high CST7 expression using high- vs. low-risk 
group. (K) GSEA report for low CST7 expression using high- vs. low-risk group. (L) GSEA report for high CST7 expression using low- vs. high-risk group. 
GSEA, gene set enrichment analysis; CST7, cystatin F; PDAC, pancreatic ductal adenocarcinoma.
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