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Background: Members of the cystatin family have increasingly been proven to be involved in 

several tumors, including gastric cancer (GC) and colorectal cancer (CRC). Cystatin S (CST4) 

was found to be upregulated at the gene expression level in GC cells, making it a potential novel 

biomarker for the early diagnosis of gastrointestinal cancer.

Materials and methods: Quantitative real-time polymerase chain reaction and Western 

blotting analysis were used to explore CST4 expression in gastrointestinal cancer tissues and cell 

lines. We purified CST4 recombinant protein and generated anti-CST4 monoclonal antibodies to 

develop an antibody-sandwich enzyme-linked immunosorbent assay (ELISA) analysis system 

for blood CST4 detection. The performance and clinical efficacy of the detection method were 

evaluated using a training set and validation set, respectively.

Results: According to the quantitative real-time polymerase chain reaction and Western blotting 

results, CST4-mRNA expression and protein expression were upregulated in gastrointestinal 

cancer tissues and cell lines. The ELISA detection system for CST4 showed significantly 

better sensitivities of 69.0% and 69.0% and specificities of 85.6% and 83.6% for GC and CRC, 

respectively, than other common clinical biomarkers, carcinoembryonic antigen, CA19-9, 

CA125, and CA72-4. Clinical verification experiments using GC and CRC validation sets also 

found distinguishable CST4 median concentrations (177.7 pg⋅mL−1 and 174.2 pg⋅mL−1 respec-

tively) and high positive detection rates (72.3% and 88.4% respectively), further confirming 

the specificity and sensitivity of this method.

Conclusion: We validated the overexpression of CST4 in gastrointestinal cancer tissues and 

cell lines and developed an antibody-sandwich ELISA analysis system for blood CST4 detec-

tion, which exhibited high specificity and sensitivity. Novel blood biomarkers of CST4 have 

enormous potential in terms of clinical diagnostic value in GC and CRC.

Keywords: cystatin S, ELISA, gastrointestinal cancer, biomarker

Introduction
Gastric cancer (GC) and colorectal cancer (CRC) have the second and third highest 

mortality rates among all cancers, and are an enormous threat to public health.1,2 Owing 

to the high fatality rate and metastasis risk, early detection and therapy of these tumors 

are crucial for curative surgery and survival rate of patients.3 Clinically, fecal occult 

blood tests, fecal DNA tests,4 and colonoscopy are typically used in mass screening for 

CRC, while endoscopy, imageological examination, and oncogene testing are mainly 

used to detect GC. However, these methods are invasive, inconvenient in practice, inac-

curate, or expensive.5–7 It seems that detection of circulating blood biomarkers will be a 

more appropriate method for early screening or auxiliary diagnosis of GC and CRC.

The current mainstream clinical auxiliary diagnostic markers for GC and CRC are 

carcinoembryonic antigen (CEA), CA19-9, CA125, and CA72-4; however, there is still 
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an urgent need for novel biomarkers with higher sensitivity 

and specificity. Recent research concerning cystatins has 

supported their potential role as blood tumor biomarkers. 

For example, Yoneda et al found that cystatin SN (CST1) was 

notably upregulated in terms of gene expression in colorectal 

tissues compared with normal samples, and proposed a more 

sensitive enzyme-linked immunosorbent assay (ELISA) 

uniting CST1, CEA, and CA19-9.8 The cystatin M (CST6) 

gene was found to have lower expression in breast cancer 

tissues, and it was speculated that it may participate in tumor 

cell metastasis.9 In addition, cystatin C (CST3) has been 

implicated in tumor invasion and metastasis and is highly 

correlated with mortality rate in patients with CRC.10 The 

cystatin S (CST4), CST6, and CST3 genes are significantly 

upregulated in GC cells and may be important in gastric 

tumor progression.11

As a member of the cystatin superfamily, CST4 (also 

known as salivary acidic protein 1 or cystatin-SA-III) has a 

molecular weight of about 15 kD and two special disulfide 

bonds at the C terminus.12–14 According to Akiba et al, CST4 

regulates cysteine protease activity by specifically combin-

ing with cysteine protease and it prevents hydrolysis of 

the extracellular matrix.15 Located in the cytoplasm, CST4 

has the required characteristics of a blood biomarker (low 

molecular weight, secreted in blood, etc.). We propose that 

CST4 might be a biomarker, along with other cystatins, 

especially in gastrointestinal cancer.

In this research, we first explored the expression of CST4 

in gastrointestinal cancer tissues and cells. Then, we devel-

oped an antibody-sandwich ELISA analysis system for blood 

CST4 detection and tentatively verified its clinical utility in 

gastrointestinal cancer diagnosis.

Materials and methods
ethics statement
This study was approved by the ethics committees of the 

Peking Union Medical College Hospital and Beijing Chao-

Yang Hospital. All human blood samples and gastrointestinal 

(cancer) tissues were obtained with written informed consent.

Materials
Materials and instruments
Fetal bovine serum (FBS) was purchased from Thermo Fisher 

Scientific (Waltham, MA, USA). Horseradish peroxidase 

(HRP) and 3,3′,5,5′-tetramethylbenzidine (TMB) were 

purchased from Beyotime Biotechnology (Jiangsu, People’s 

Republic of China). Endo Free Plasmid Kit was purchased 

from QIAGEN. GC cell lines MKN-45 and HGC-27, gastric 

mucosal cell lines GES-1 and RGM-1, CRC cell lines 

HCT-116 and SW480, and intestinal epithelial cell lines 

HIEC-6 and NCM-460 were purchased from BeNa Culture 

Collection (Shanghai, People’s Republic of China). Cells were 

cultured in RPMI1640 medium (Gibco-BRL, Grand Island, 

NY, USA) supplied with 10% FBS, penicillin (100 U⋅mL−1), 

and streptomycin (100 μg⋅mL−1) at 37°C in a cell incuba-

tor with 5% CO
2
. Radioimmunoprecipitation assay buffer, 

extraction buffer, and protein A/G beads were purchased from 

Beyotime Biotechnology. All other chemicals and reagents 

(which were of analytic grade) were purchased from Sino 

Pharm Chemical Reagent Co. Ltd. and used as received.

The chemiluminescence signal of TMB was detected 

with an iMARKT Microplate Reader (Bio-Rad, Hercules, 

CA, USA). The ultraviolet−visible light measurements were 

performed on a NanoDrop 2000 spectrometer (Thermo Fisher 

Scientific). The Bio-Rad 1575 Plate Washer was purchased 

from Bio-Rad.

Tissues and serum samples
Hundred tumor samples and 100 samples from the corre-

sponding adjacent tissue for GC and CRC, respectively, were 

collected following surgery from Peking Union Medical 

College Hospital.

Overall, two sets of blood samples were collected to 

perform CST4 detection experiments, defined as the training 

set and validation set, respectively. For the training set, 

a total of 620 serum samples were collected from Peking 

Union Medical College Hospital, from patients with GC, 

CRC, benign gastric disease, benign colorectal disease, and 

other cancers, and from healthy people (detailed informa-

tion is provided in Table S1). For the validation set, another 

588 serum samples from patients diagnosed with GC, CRC, 

gastric diseases, colorectal diseases, gastrointestinal diseases, 

and other cancers were collected, as well as samples contain-

ing interfering substance (bilirubin, heme, and so on, detailed 

in Table S2), and controls from healthy people. These serum 

samples were obtained from Beijing Chao-Yang Hospital 

(detailed information is provided in Table 1).

All blood samples from patients were collected into 

vacuum blood tubes without any additive. Serum was sepa-

rated after blood coagulation and distributed into fresh tubes. 

All the serum samples were stored at −80°C before use.

components of detection reagent
Preparation and purification of CST4 
recombinant protein
The cDNA was reversed transcribed with random primers, 

using total RNA extracted from gastric carcinoma tissues 

as the template.
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F: CCCAAGCTTGCCACCATGGCCCAGTATC 

TGAGTACC (containing the HindIII restriction enzyme 

cutting site and Kozak sequence) was designed as the for-

ward primer and R: GGATTCTTGACACCTGGATTTCAC 

(containing the BamHI restriction enzyme cutting site) was 

designed as the reverse primer to clone the CST4 sequence, 

with cDNA as the amplification template.

CST4 fragments and the pcDNA3.1 plasmid were double 

digested with HindIII and BamHI, and ligated to produce the 

recombinant plasmid CST4-pcDNA3.1, which contained a 

6× His tag sequence. The ligation product was then trans-

formed to DH5α Escherichia coli to yield abundant recom-

binant plasmids. After verification of the double digestion, 

agarose gel electrophoresis, and gene sequencing, 1 μg⋅μL−1 

CST4-pcDNA3.1 was transformed into COS-7 cells by lipo-

fectamine 2000, cultivated in DMEM containing 10% FBS 

at 37°C with 5% CO
2
 for 72 h. Cell culture medium was then 

collected and filtered through a 0.22 μm filter membrane for 

CST4 purification.

In order to collect a highly purified protein solution of 

CST4, both Ni-nitrilotriacetic acid affinity chromatography 

and anion exchange chromatography were applied using 

500 mL of cell culture filtrate (previously collected and 

filtered). The equilibration buffer (pH 7.6) for the Ni-

nitrilotriacetic acid affinity chromatography contained 

50 mM PBS, 10 mM imidazole, and 150 mM NaCl. The 

elution buffer (pH 7.6) contained 50 mM PBS, 250 mM 

imidazole, and 150 mM NaCl. Ultrafiltration devices of 

molecular weight 3 kD were used to concentrate the obtained 

protein solution using an exchange buffer (pH 7.4) containing 

20 mM PBS, 1 mM EDTA, and 10 mM NaCl. The collected 

recombinant protein eluant was purified by anion exchange 

chromatography. The equilibration buffer (pH 7.4) contained 

20 mM PBS, 1 mM EDTA, and 10 mM NaCl; the elution 

buffer (pH 7.4) contained 20 mM PBS, 1 mM EDTA, and 

250 mM NaCl. Purified protein samples were stored in a 

buffer (pH 7.4) containing 50 mM PBS, 150 mM NaCl, and 

0.02% P300 at −80°C. The purity of purified protein was 

authenticated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis.

Preparation and purification of antibodies
The experiments were performed with the approval of the 

Institutional Animal Care and Use Committee, Peking Union 

Medical College Hospital, and according to the rules of the 

Animal Welfare and “3Rs” (Replacement, Reduction, and 

Refinement) guidelines.

The purified recombinant CST4 protein (50 μg) was used 

to immunize BALB/c mice. Hybridoma cell strains secret-

ing specific monoclonal antibodies were collected, and the 

subtypes of monoclonal antibodies were authenticated with 

a mouse antibody subtype identification kit (Baiaotong, 

Luoyang, People’s Republic of China). The selected hybri-

doma cells were injected into the abdomen of BALB/c mice, 

and the ascites were extracted after 7–10 d. The antibodies 

were purified from the ascites and analyzed by SDS-PAGE 

using a 10% gel.

selection of antibodies
Monoclonal antibody titer was analyzed by ELISA. Each 

antibody was prepared at dilutions of 1:5,000, 1:10,000, 

1:20,000, 1:40,000, and 1:80,000 for reaction with CST4 

recombinant protein. One hundred microliters of goat anti-

rabbit (GAR)–HRP conjugate was added into each well to 

initiate the reaction.

For monoclonal antibody epitope analysis, an ELISA-

mediated antibody overlap experiment16 was performed. 

Briefly, any two monoclonal antibodies were added, either 

separately (saturation) or simultaneously (half of saturation), 

to react with CST4, and the amount of bound antibody was 

Table 1 Demographic and clinical features of the serum samples

Sample type Stage/subtype Number 
of samples

Male/
female 
ratio

Age 
range 
(years)

gastric cancer i 13
ii 6
iii 25
iV 5
Unknown 33

Total 82 26:15 28–89
intestinal cancer i 9

ii 30
iii 64
iV 2
Unknown 8

Total 113 68:45 26–89
Benign diseases gastric diseasea 30

intestinal diseaseb 42
gastrointestinal 
diseasec

2

Total 74 1:1 31–85
Other cancersd 64 31:33 26–76
interfering samplese 122 31:30 21–82
healthy people 133 68:65 18–90
Total 588 159:135 18–90

Notes: agastric disease includes benign gastric tumor, gastric ulcer, gastric polyps, 
gastritis, reflux esophagitis, and so on. bintestinal disease includes benign colonic 
neoplasm, colonic polyps, ulcerative colitis, duodenal ulcer bleeding, and so on. 
cgastrointestinal disease samples were collected from two patients diagnosed with 
colon benign tumor and chronic atrophic gastritis, and colon benign tumor, gastric 
polyps, and chronic atrophic gastritis, respectively. dOther cancers include breast 
cancer, lung cancer, liver cancer, ovarian cancer, and so on. einterfering samples 
include serum samples from patients diagnosed with rF positivity, ana positivity, 
hyperlipidemia, jaundice, hemolysis, acute suppurative tonsillitis, acute alcoholic 
pancreatitis, acute pancreatitis, and acute epiglottitis. The figures in bold are 
highlighted because they are the results of a total calculation for each sample type.
Abbreviations: ana, antinuclear antibody; rF, rheumatoid factor.
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quantitatively measured by ELISA detection with the initial 

addition of GAR–HRP. The A450 values were measured as 

A1, A2, and A1 + A2, respectively, and the overlap index I 

was calculated according the formula: I = 2A1 + 2/(A1 + A2). 

Two monoclonal antibodies are considered to identify the 

different antigen epitopes when I is .0.5.

The matching experiments were used to choose appropri-

ate capture and detection antibodies. The two antibodies with 

the highest positive-to-negative ratio (P/N) were chosen as 

the coating (capture) antibody and the labeling (detection) 

antibody.

The specificity tests of the capture and detection antibod-

ies against CST family proteins (CST1, CST2, CST3, CST4, 

CST5, and CST6) were conducted using an ELISA assay 

with GAR–HRP.

Western blotting and immunoprecipitation
Cells were centrifuged and washed with PBS (pH 7.5) before 

collection. All cell samples were lysed with radioimmuno-

precipitation assay lysis and extraction buffer and 1 mM 

phenylmethylsulfonyl fluoride (PMSF) on ice for 20 min. 

Lysates were centrifuged at 12,000 g and 4°C for 15 min, 

and supernatants were transferred for bicinchoninic acid 

protein assay (Beyotime). Fifty micrograms of total protein 

was loaded for 15% SDS-PAGE and then transferred onto 

a nitrocellulose filter membrane (EMD Millipore, Billerica, 

MA, USA). The membranes were blocked with 3% skimmed 

milk for 1 h and incubated with primary antibodies for 

2 h at room temperature. After washing three times with 

tris-buffered saline and polysorbate 20, the membranes were 

incubated with HRP-conjugated secondary antibodies for 1 h 

at room temperature. An enhanced chemiluminescence kit 

(Beyotime) was used for detection.

Twenty microliters of protein A/G beads were added into 

a 2 mL centrifuge tube and washed with PBS (pH 7.5), after 

which 5 μg of capture antibody 5D2F2 was added and the 

mixture incubated on a turnover mixer at room temperature 

for 30 min. Five micrograms of CST4 recombinant protein 

was then added to the bead/antibody mixture, which was 

incubated on a turnover mixer at room temperature for 2 h. 

Immunoprecipitated products were centrifuged at 500 g 

for 2 min and resuspended in 100 μL PBS before Western 

blotting analysis with detection antibody 5E4G5.

rna extraction and quantitative real-time 
polymerase chain reaction (qrT-Pcr)
Total RNA was extracted using TRIzol reagent (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s 

protocols. RNA product quality was assessed by A260/A280 

ratio, and RNA integrity was validated using an Agilent 2100 

Bioanalyzer. Briefly, for each sample, 1 μg of total RNA was 

reverse transcribed into cDNA using Moloney Murine 

Leukemia Virus Reverse Transcriptase (NEB, Omaha, NE, 

USA) with random primers according to the manufacturer’s 

standard protocols. The quantitative polymerase chain reac-

tion experiment was performed using a Light Cycler 480 

device (Hoffman-La Roche Ltd., Basel, Switzerland) with 

a specific TaqMan probe (5′-FAM-ctccagctttgtgctctgcctctg-

TAMRA-3′) and amplification primers. For each reaction, 

experiments were performed with the following 20 μL reac-

tion volume: 2 μL 10X polymerase chain reaction (PCR) mix, 

14.7 μL ddH
2
O, 0.5 μL forward and reverse primers (10 μM), 

1 μL probe (10 μM), 1 μL cDNA template, and 0.3 μL Fast-

Taq enzyme. The recombinant CST4-pcDNA3.1 plasmids 

were series diluted and used as reference templates to build 

standard curves. The CST4-mRNA copies in gastrointestinal 

tissues and corresponding adjacent tissues were calculated 

based on the cycle threshold value according to standard 

curves. Three biologic duplicates were prepared for each 

reaction, and U6 gene was chosen as the internal control.

Preparation of microplates
CST4 monoclonal antibody 5D2F2 was diluted to 2.5 μg⋅mL−1 

with coating buffer and added into microplates at 100 μL 

per well. After coating at 4°C for 16 h, 200 μL enzyme-

labeled plate stabilizing solution was added into wells and 

kept at 37°C for 1 h. Blocking solution was added and 

incubated for 1 h before vacuum drying at 30°C for 15 min. 

Dried microplates with desiccant were put into aluminum 

foil bags and vacuumed. All microplates were stored at 

4°C until use.

Detection performance evaluation
linear range
Linear range represents the effective concentration range of 

CST4 that the ELISA assay can detect. Twelve series-diluted 

concentrations of CST4 protein (2,800, 2,400, 2,000, 1,600, 

1,200, 400, 200, 100, 50, 25, 12.5, and 6.25 pg⋅mL−1) were 

detected by double-hole detection. The linear range was con-

firmed when R$0.99 and the minimum of the linear range 

was higher than the limit of detection (LOD).

lOD and precision
The diluent was detected as 0 pg⋅mL−1 20 times in order to 

determine the lower LOD. We calculated the mean (M) and 
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SD of 20 detection results and used the formula M + 2SD to 

calculate the LOD.

The precision was evaluated using three different batches 

of ELISA kits when detecting two different concentration 

samples for three consecutive days. Each detection was 

repeated 10 times. According to M and SD, in-batch/batch-

to-batch and in-day/day-to-day coefficients of variation (CV) 

were calculated with the equation: CV = SD/M ×100%. The 

detection concentrations of CST4 of two samples for CV 

analysis were 1,200 and 200 pg⋅mL−1.

hook effect
The Hook effect appears when excessive antigen in a sample 

binds to limited available binding sites of antibodies, leading 

to failure to form the antibody–antigen–antibody sandwich 

and causing a measured OD value lower than the actual OD 

value. Concentrations of CST4 up to 12,800 pg⋅mL−1 were 

detected to investigate the Hook effect.

recovery rate
The recovery rate was used to assess the accuracy of the 

ELISA assay. Briefly, a high-concentration CST4 sample 

(A) was added to a low-concentration CST4 sample (B) with 

a volume ratio (A:B) #1:9; that is, 15 μL of 1,200 pg⋅mL−1 

reference A was added to 300 μL of 50 pg⋅mL−1 reference 

B. The recovery rate R was calculated with the equation, 

R = C × (V
0
 + V) − (C

0
 × V

0
)/(V × C

S
) ×100%, where V is the 

volume of sample A, V
0
 is the volume of sample B, C is the 

concentration of the mixture of A and B, C
0
 is the concentra-

tion of sample B, and C
S
 is the concentration of sample A.

experimental procedure for elisa
The detection reagents, inspected samples, and other detec-

tion materials were equilibrated at room temperature for 

30 min. The detection procedure was as follows.

Standard sample solutions were prepared as a gradient 

of six dilutions, and 100 μL of each dilution was added into 

wells to provide standard curves. Quality control protein 

solution (200 pg⋅mL−1) and serum samples were added to 

the wells simultaneously. The plate was sealed with sealing 

film and kept at 37°C for 60 min.

The reaction liquid was then removed, and the wells were 

washed three times. One hundred microliters of HRP anti-

CST4 solution was added to each well and kept at 37°C for 

60 min, after which the reaction liquid was removed and the 

wells washed three times again. One hundred microliters of 

TMB substrate solution was added to each well and kept at 

37°C for 15 min.

Finally, 100 μL terminating solution was added and the 

OD value at 450 nm was read within 30 min.

statistical methods
All experiments were repeated three times. All data are 

presented as M ± SD. Comparisons between groups were 

conducted using the Mann–Whitney, McNemar t-test, or the 

chi-square test. All statistical analyses were performed with 

SPSS 19.0 software. P,0.05 was considered to be statisti-

cally significant.

The cut-off value was chosen by a percentile method and 

the receiver-operating curve (ROC), as well as reference to 

the literature. The detection effect was evaluated according 

to the area under the ROC curve.

Results
Overexpression of csT4
To verify the overexpression of CST4, qRT-PCR analysis 

of gastrointestinal tissues and Western blotting assay of 

gastrointestinal cell lysates were conducted. The qRT-PCR 

results (Figure S1) showed a significantly higher expression 

of CST4-mRNA in gastrointestinal cancer tissues compared 

with corresponding adjacent tissues. Positive bands (shown 

in Figure S2) of CST4 protein were also detected in lysates of 

gastrointestinal cancer cell lines (MKN-45, HGC-27, HCT-

116, and SW480) in contrast to normal gastrointestinal cell 

lines (GES-1, RGM-1, HIEC-6, and NCM-460). The overex-

pression of CST4 in gastrointestinal cancer tissues and cells 

indicates its potential as a novel gastrointestinal biomarker.

composition of the reaction system
Preparation of csT4 and antibodies
The agarose gel electrophoresis of the PCR amplification 

product and HindIII and BamHI double enzyme digestion 

product showed obvious positive bands at around 450 bp 

(Figure S3), proving that the CST4-pcDNA3.1 plasmids were 

successfully constructed. In addition, the gene sequencing 

result was consistent with the putative gene sequence of 

CST4 (Table S3).

The recombinant purified protein (Figure 1) was validated 

as being the P01036 protein, based on the alignment results 

with predicted sequence from the UniProt data bank, and its 

purity was over 95%.

Five monoclonal antibodies, 5D2F2, 5E4G5, 2G7A9, 

3F4G8, and 4F1B6, were obtained. Their concentrations 

were determined by bicinchoninic acid as 5.4, 4.6, 3.7, 4.9, 

and 5.2 mg⋅mL−1, respectively.
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The titer of antibodies was determined according to the 

maximum dilution rate of P/N .2.1, P–N .0.2. The titers of 

5D2F2, 5E4G5, 2G7A9, 3F4G8, and 4F1B6 were 1:80,000, 

1:40,000, 1:20,000, 1:20,000, and 1:20,000, respectively, 

which met the demand of further analysis.

selection of paired antibodies
The types of epitopes (linear or conformation) were ana-

lyzed by Western blotting analysis (Figure S4). The results 

showed that monoclonal antibodies 5D2F2, 5E4G5, and 

2G7A9 were capable of identification of the linear epitope 

of CST4 protein.

An antibody overlap test was performed to analyze the 

epitopes of antibodies. Each epitope respectively recog-

nized by the 5D2F2, 5E4G5, 2G7A9, 3F4G8, and 4F1B6 

monoclonal antibodies was confirmed. The results (Figure S4) 

showed that the overlap index of 5D2F2 and 5E4G5 was 0.86, 

which meant that 5D2F2 and 5E4G5 could identify differ-

ent surface sites of CST4. The other overlap indices were 

all lower than 0.5, indicating probable overlap between the 

epitopes recognized by the antibodies. The Western blotting 

results showed that 5D2F2, 5E4G5, and 2G7A9 could iden-

tify linear surface sites, having titer type of both ELISA and 

Western blotting. Based on these results, 5D2F2 and 5E4G5 

were selected for further analysis.

Matching experiments were used to choose appropriate 

capture and detection antibodies. As shown in Table S4, in 

terms of coated/detected antibodies, the negative ODs of 

5D2F2/5E4G5 and 5E4G5/5D2F2 were both ,0.1 and the 

P/N values were 22.26 and 17.74, respectively. Therefore, 

according to the standard, 5D2F2 was selected as the capture 

antibody and 5E4G5 as the detection antibody.

Specificity testing of the capture and detection antibod-

ies (Table 2) showed that a basic weak signal was detected 

against CST1, CST2, CST3, CST5, and CST6 even at 

an extremely high protein concentration of 5 μg⋅mL−1. 

Conversely, a low concentration of CST4 (200 pg⋅mL−1) 

gave a positive signal, with an A450 value of 0.29. Notably, 

the specificities of 5D2F2 and 5E4G5 as antibodies against 

CST4 were verified, excluding cross-reactivity with other 

CST family members.

To verify that the antibodies (5D2F2 and 5E4G5) recog-

nize the native forms, as detected by ELISA, CST4 recom-

binant protein was first immunoprecipitated by 5D2F2 and 

then band-detected by 5E4G5 for Western blotting assay. 

The Western blotting results (Figure S5) show positive 

bands for CST4 and for the heavy and light chains of the 

antibody. This implies that the capture antibody of 5D2F2 

is capable of recognizing CST4 in its natural conformation 

as it exists in extracorporeal blood. To maximize the sensi-

tivity of ELISA detection, citrate-buffered saline (0.05 M, 

pH 9.6) was selected as the coating buffer. We also found 

that P/N reached its maximum reading of 24.83 at a coating 

concentration of 100 ng⋅mL−1 of enzyme-labeled antibody 

(N,0.1); at the same time, the sensitivity reached a plateau 

when the coating antibody concentration approached 

2.5 μg⋅mL−1. Hence, 100 ng⋅mL−1 of enzyme-labeled antibody 

and 2.5 μg⋅mL−1 of coating antibody were selected for our 

detection system.

Performance analysis of detection system
The overall detection parameters of the CST4-ELISA sys-

tem are shown in Table 3. The OD values for detection of 

different concentrations of CST4 (Figure S6A) showed that 

the linear range was below 2,000 pg⋅mL−1. There were neg-

ligibly small changes at concentrations of 6.25–25 pg⋅mL−1, 

which could not be separated from the background (less 

than M + 2SD; data shown in Table S5). The correlation 

coefficient was R.0.990, with an efficient concentration 

range of 50–1,600 pg⋅mL−1. The standard curve is shown 

Figure 1 sDs-Page of recombinant csT4 protein.
Abbreviations: csT4, cystatin s; sDs-Page, sodium dodecyl sulfate polyacrylamide 
gel electrophoresis.

Table 2 Specificity test of 5D2F2 and 5E4G5 against CST family 
proteins by elisa assay

Concentration 
(μg⋅mL−1)

OD (450 nm)

CST1 CST2 CST3 CST5 CST6 CST4 
(200 pg⋅mL−1)

1.25 0.097 0.065 0.055 0.087 0.059 0.293
2.5 0.087 0.065 0.051 0.112 0.061 0.29
5 0.086 0.053 0.049 0.143 0.074 0.291

Abbreviations: csT, cystatin; csT1, cystatin sn; csT3, cystatin c; csT4, cystatin s; 
csT6, cystatin M; elisa, enzyme-linked immunosorbent assay; OD, optical density.
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in Figure 2. Thus, the linear range was determined to be 

50–1,600 pg⋅mL−1.

We calculated the M + 2SD of blank samples as the 

LOD. Consistent with the industry standard, the LOD was 

confirmed as 40 pg⋅mL−1.

The Hook effect was also investigated; the curve in 

Figure S6B shows the results below the upper limit of the 

microplate reader, that is, up to 6,400 pg⋅mL−1, in which the 

Hook effect was not observed.

The precision was evaluated using the detection results 

with CST concentrations of 1,200 and 200 pg⋅mL−1, for 

which the in-batch/batch-to-batch and in-day/day-to-day 

CV were 3.69% and 4.43% (data not shown), respectively, 

which reach the industry standard.

The accuracy was determined by recovery experiments; 

15 μL of 1,200 pg⋅mL−1 reference A was added to 300 μL of 

50 pg⋅mL−1 reference B. As shown in Table S6, the recovery 

rates for three experiments using three different batch 

samples were 98.64%, 103.90%, and 104.33%, respectively. 

Consistent with the industry standard, the recovery rate was 

determined in the range of 80%–120%. For interference 

experiments, CST4 samples with three different concentra-

tions were detected after adding different kinds of interfering 

substance (detailed types and concentrations of substances 

are given in Table S2). All the results showed ,10% devia-

tion, which meant that the interfering substance did not 

affect detection.

Determining the normal reference range
We gathered 100 GC and 100 CRC samples, plus 60 gastric 

and 60 colorectal benign disease samples, 50 samples of 

other cancers, and 250 healthy samples as control. Accord-

ing to the ROC (Figure 3), the areas under the ROC of 

GC and CRC were 0.841 (0.797–0.588, 95%) and 0.836 

(0.791–0.880, 95%), respectively. At a CST4 concentra-

tion of 101 pg⋅mL−1, the correct diagnosis index, defined as 

sensitivity – (1 – specificity), reached its maximum. Thus, for 

GC and CRC, the cut-off values were chosen as 101.07 and 

101.59 pg⋅mL−1, the sensitivities were 69.0% and 69.0%, and 

the specificities were 85.6% and 83.6%, respectively.

Clinical verification of antibody-sandwich 
elisa analysis system of csT4
In order to evaluate the clinical detection efficacy of the 

established antibody-sandwich ELISA analysis system for 

CST4, another 588 serum samples (Table 1) were used. The 

concentration ranges of CST4 among all group samples are 

presented in Figure 4; the median, quartile 1, and quartile 2 

values for gastric and colorectal tumors were significantly 

higher than those of all other groups (P,0.001). This indi-

cates that CST4 is specifically secreted in serum samples of 

GC and CRC, which are thus highly distinguishable from 

samples of gastric or colorectal diseases, other tumors, 

samples containing common interfering blood substance, 

and healthy tissue, exhibiting specificity to an industry 

standard.

The accuracy of CST4 detection was analyzed with 

statistical methods; the results are shown in Table 4. The 

sensitivity of CST4 detection was 72.3% in GC and 88.4% in 

CRC. The corresponding specificities for GC and CRC were 

80.9% and 81.8%, respectively. The negative control samples 

included benign disease, other cancers, interference samples, 

and healthy samples, which represent most kinds of negative 

samples. The negative coincidence rate (the ratio of detected 

negative sample numbers divided by total negative sample 

numbers) of healthy control samples reached 85.7%.

For the sake of comparison with ordinary clinical bio-

markers, we collected results for CEA, CA19-9, CA125, 

and CA72-4, which are commonly detected in hospital tests. 

Table 3 Detection performance parameters of the csT4-elisa 
system

Detection performance Parameters

linear range 50–1,600 pg⋅ml−1

hook effect 6,400 pg⋅ml−1a

lOD 40 pg⋅ml−1

Precision (batch-to-batch cV) 3.69%
Precision (day-to-day cV) 4.43%
recovery rate 80%–120%

Note: acomplete saturation of the signal was not seen till 6,400 pg⋅ml−1.
Abbreviations: CST4, cystatin S; CV, coefficient of variation; ELISA, enzyme-linked 
immunosorbent assay; lOD, limit of detection.

Figure 2 csT4 linear regressions of OD and concentration in the linear range.
Abbreviations: csT4, cystatin s; OD, optical density.
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The statistical analysis results (Figure 5) demonstrated that 

the positive detection rate (the ratio of detected positive 

sample numbers divided by total positive sample numbers) 

of CST4 (84.09% for GC and 87.03% for CRC) was nota-

bly higher than that of the other four common biomarkers 

(31.1% for GC and 37.07% for CRC at most), showing great 

superiority in sensitivity (P,0.001).

Discussion
In this work, we have discovered a promising novel human 

blood-secreted protein, CST4, which is specifically highly 

expressed in gastrointestinal cancer tissues and cell lines 

(Figures S1 and S2). Therefore, the idea of establishing an 

ELISA detection method of blood CST4 from gastrointestinal 

cancer patients for cancer diagnosis emerged. We generated 

specific monoclonal antibodies (5D2F2 and 5E4G5) for 

CST4 and developed an antibody-sandwich ELISA analysis 

system for CST4. After use on a preliminary training set 

of 320 total samples and interference samples, this CST4 

detection system showed a series of outstanding performance 

parameters: linear range of 50–1,600 pg⋅mL−1 and LOD of 

40 pg⋅mL−1, as well as sensitivities of 69.0% and 69.0% and 

specificities of 85.6% and 83.6%, respectively, for GC and 

CRC, which meet the industry standards.

To check the specificity and sensitivity of this detection 

system, we used another 588 of the serum samples (the 

validation set) to detect CST4 in blood samples. The posi-

tive detection rate of CST4 for GC and CRC (84.09% and 

87.03%, respectively) indicated significant advantages over 

other four traditional biomarkers, CEA, CA19-9, CA125, 

and CA72-4 (31.1% and 37.07% at most), showing great 

superiority of this CST4 detection system in sensitivity.

Current gastrointestinal clinical markers, including 

CEA, CA19-9, CA125, and CA72-4, suffer from some 

deficiencies. CA19-9 has been applied as a typical gastroin-

testinal marker, yet it shows elevated concentrations in both 

cancerous and benign lesion samples, indicating that it lacks 

tissue specificity.17–19 CA72-4 is an epithelioma-sensitive 

Figure 3 rOc of clinical serum samples of gc and crc.
Abbreviations: crc, colorectal cancer; gc, gastric cancer; rOc, receiver-operating curve.

Figure 4 The respective concentrations of csT4 in serum samples of gc, crc, gB, cB, cs, is, and hs.
Note: The quantitative statistical analysis was confined to results within the limit of detection (Mann–Whitney test, P,0.001).
Abbreviations: cBD, colorectal benign diseases; crc, colorectal cancer; cs, other cancers; csT4, cystatin s; gBD, gastric benign diseases; gc, gastric cancer; hs, healthy 
samples; is, interference samples.
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Table 4 The detection accuracy of csT4 in clinical serum samples

Types Number of samples Accuracy (95% CIa)

Positive Negative Totality

gc 60 23 83 72.3% (61.4%–81.6%)
crc 99 13 112 88.4% (81.0%–93.7%)
negative 
control of gc

67 284 351 80.9% (76.4%–84.9%)

negative 
control of crc

66 297 363 81.8% (77.5%–85.7%)

healthy control 19 114 133 85.7% (78.6%–91.2%)

Note: aci values were calculated according to Wilson’s score ci.
Abbreviations: crc, colorectal cancer; csT4, cystatin s; gc, gastric cancer.

glycoprotein biomarker that can indicate canceration in 

all digestive system tumors and ovarian cancer with good 

specificity and sensitivity, but it failed to effectively predict 

prognosis in advanced gastric carcinoma.20–22 Both CA72-4 

and CA19-9 showed poor positive detection rates and sen-

sitivity of only 40%–50% in gastrointestinal carcinomas.23,24 

CEA also lacks specificity in GC and CRC, with a positive 

single detection rate of 48%–60.2%.25,26 CSTs have long 

been known to balance the enzyme activity of cathepsin to 

prevent cell matrix hydrolysis; however, in recent years, they 

have been found to be highly expressed in cancer tissues 

and to have important roles in cancer growth, angiogenesis, 

infiltration, metastasis, and so on. Abnormal expression of 

CSTs, including CST1, CST3, and CST6, has already been 

shown to be related to cancers.8–11 Keppler proposed that 

some CSTs share certain characteristics, such as being single-

domain, cytoplasmic, and cell-secreted proteins, which may 

enable them to play an important part in the promotion or 

suppression of tumor growth, invasion, and metastasis.27 

Figure 5 The positive coincidence rate contrast between csT4 and other biomarkers (cea, ca19-9, ca125, ca72-4) which were detected in the same samples of gc 
and crc.
Note: The cut-off values of csT4 detection for gc and crc tumors were set as 101 pg⋅ml−1 with reference to the preceding rOc data (Mcnemar test, P,0.001).
Abbreviations: cea, carcinoembryonic antigen; crc, colorectal cancer; csT4, cystatin s; gc, gastric cancer; rOc, receiver-operating curve.

We have provided preliminary verification of the higher 

sensitivity of CST4 in gastrointestinal carcinoma tissues and 

cell lines; however, the exact molecular mechanism of CST4 

in tumorigenesis remains unrevealed. We will next explore 

the underlying reasons for the role of CST4 as an excellent 

blood biomarker.

In addition to the above results, the detection differences 

between CST4 and other biomarkers in the early stages 

(stage I and II) of GC and CRC are depicted in Table 5. 

Similar huge advantages in early diagnosis (positive detection 

rate) of GC and CRC were also observed (78.9% and 79.5% 

respectively versus 18.2% and 38.9% respectively at most). 

Moreover, in the training set, high positive detection rates of 

60.5% (23/38) and 67.7% (42/62) of CST4 for stage I and II 

GC and CRC, respectively, were observed (data not shown). 

This may indicate great potential for clinical applications in 

early mass screening, which is crucial for effective treatment 

and survival of patients with GC and CRC. To date, insuf-

ficient serum samples (44–54) have been used to determine 

whether there are significant differences in clinical detec-

tion between traditional blood biomarkers (CEA, CA19-9, 

CA125, and CA72-4) and CST4. Clinical tests for CST4 

should be conducted on a larger cohort of clinical samples 

(along with comparative studies of CEA, CA19-9, and so 

on) to verify its diagnostic significance in gastrointestinal 

cancers in the near future.

Conclusion
We have identified the overexpression of CST4 in gas-

trointestinal cancer tissues and cell lines as a novel tumor 
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Table 5 Positive detection rate of biomarkers for gastric and 
colorectal cancers in stages i and ii

Cancer types Positive detection rate

CST4 CEA CA19-9 CA125 CA72-4

gastric cancer 78.9% 10.0% 18.2% 9.1% 0%
15/19 1/10 2/11 1/11 0/11

colorectal cancer 79.5% 38.9% 11.1% 5.6% 18.8%
31/39 7/18 2/18 1/18 3/16

Note: Values are shown as detection number/total number.
Abbreviations: cea, carcinoembryonic antigen; csT4, cystatin s.

biomarker candidate, and developed an antibody-sandwich 

ELISA analysis system for detection of CST4 in clinical 

blood samples. This CST4 detection system showed sen-

sitivities of 69.0% and 69.0% and specificities of 85.6% 

and 83.6% for GC and CRC, respectively, which were 

significantly higher than those of other common clinical 

biomarkers. Clinical experiments with a validation set also 

showed a distinguishable CST4 median concentration and 

high positive detection rate, further confirming the specificity 

and sensitivity of this method. The novel blood biomarker 

CST4 has enormous potential clinical diagnostic value in 

GC and CRC. In future work, further serum samples from 

many more sources will be collected to verify the clinical 

utility of this biomarker.
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Supplementary materials

Figure S1 The expression of csT4-mrna in gastrointestinal cancer tissues 
(n=200) and corresponding adjacent tissues (n=200).
Abbreviations: crc, colorectal cancer; csT4, cystatin s; gc, gastric cancer.

β

Figure S2 The protein expression of csT4 in lysates of gastric cancer cell lines 
MKn-45 and hgc-27, normal gastric mucosal cell lines ges-1 and rgM-1, 
colorectal cancer cell lines hcT-116 and sW480, and intestinal epithelial cell lines 
hiec-6 and ncM-460 by Western blotting.
Abbreviation: csT4, cystatin s.

Figure S3 PCR-amplified bands of CST4 (left) and Hindiii/Bamhi-digested 
recombinant plasmid (right).
Abbreviations: csT4, cystatin s; Mkr, marker; Pcr, polymerase chain reaction.

Figure S5 Western blotting of immunoprecipitates (recombinant csT4 [1] and blank 
control PBs [2] reacted with capture antibody 5D2F2) by detection antibody 5e4g5.
Abbreviation: csT4, cystatin s.

Antibody

5D2F2
5E4G5
2G7A9
3F4G8
4F1B6

1 2 3 4 5

Lane 1: 5D2F2
Lane 2: 5E4G5
Lane 3: 2G7A9
Lane 4: 3F4G8
Lane 5: 4F1B6

5D2F2

–

5E4G5

0.86
–

2G7A9

0.43
0.29
–

3F4G8

0.28
0.37
0.28
–

4F1B6

0.35
0.48
0.42
0.39
–

Figure S4 index of antibody overlap test result (left) and epitope type analysis by 
Western blotting (right).
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Figure S6 evaluation of linear range (A) and hook effect (B). 
Abbreviation: OD, optical density.

Table S1 Demographic and clinical features of the serum samples for training set

Cancer/disease Clinical stage Number of patients

gastric cancer i 7
ii 31
iii 57
iV 3
Unclear 2
Total 100

colorectal cancer i 7
ii 55
iii 34
iV 2
Unclear 2
Total 100

Benign diseases gastric diseasea 60
colorectal diseaseb 60

Other cancersc 50
healthy people 250

Total 620

Notes: aGastric benign disease includes gastritis, gastrohelcoma, gastroesophageal reflux, gastric polyps, and so on. bcolorectal benign disease includes rectal polyp, colonitis, 
duodenal ulcer, colon colostomy, and so on. cOther cancers include breast cancer, esophageal cancer, ovarian cancer, liver cancer, cervical cancer, endometrial cancer, and 
lung cancer. The figures in bold are highlighted because they are the results of a total calculation for each sample type.

Table S2 Types and critical values of interference samples

Endogenous interference Concentration Cancer biomarker Concentration

Bilirubin 342 μM cea 15 ng⋅ml−1

heme 2 g⋅l−1 ca199 111 U⋅ml−1

hemoglobin 2 g⋅l−1 ca125 105 U⋅ml−1

Triglyceride 37 mM ca724 18 U⋅ml−1

cholesterol 13 mM

Homologous protein Concentration Hormone protein Concentration
cystatin c 2.7 mg⋅ml−1 corticotropin 0.2 ng⋅ml−1

cysteine 0.24 μM gastrin 0.7 ng⋅ml−1

homocysteine 30 μM

Abbreviation: cea, carcinoembryonic antigen.
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Table S3 sequencing result of recombinant plasmid of csT4-pcDna3.1

Names Putative sequence Sequencing result Alignment

csT4-
pcDna3.1

caTgccaTggTTaTggcccggccTcTgTgTacccTg 
cTacTccTgaTggcTacccTggcTggggcTcTggc 
cTcgagcTccaaggaggagaaTaggaTaaTcccag 
gTggcaTcTaTgaTgcagaccTcaaTgaTgagTggg 
TacagcgTgcccTTcacTTcgccaTcagcgagTaca 
acaaggccaccgaagaTgagTacTacagacgcccg 
cTgcaggTgcTgcgagccagggagcagaccTTTgg 
gggggTgaaTTacTTcTTcgacgTagaggTgggcc 
gcaccaTaTgTaccaagTcccagcccaacTTggaca 
ccTgTgccTTccaTgaacagccagaacTgcagaaga 
aacagTTgTgcTcTTTcgagaTcTacgaagTTcccT 
gggaggacagaaTgTcccTggTgaaTTccaggTgT 
caagaagccggaTcccaccaTcaTcaTcaTcaTTag

Fit

amino acid 
sequence 
of OrF

sssKeenriiPggiYDaDlnDeWVQralhFaiseYnKaT 
eDeYYrrPlQVlrareQTFggVnYFFDVeVgrTicTKsQ 
PnlDTcaFheQPelQKKQlcsFeiYeVPWeDrMslVnsr 
cQeagshhhhhh

MarPlcTllllMaTlagalasssKeenriiPggiY 
DaDlnDeWVQralhFaiseYnKaTeDeYYrrPl 
QVlrareQTFggVnYFFDVeVgrTicTKsQPnl 
DTcaFheQPelQKKQlcsFeiYeVPWeDrMslV 
nsrcQeagshhhhhh

Fit

Note: First 20 amino acid represents the signal peptide sequence.
Abbreviation: csT4, cystatin s.

Table S4 sensitivity of csT4 detection by different paired antibodies

Coated 
antibody

Detection 
antibody

Average OD of 
negative sample (N)

Average OD of 
positive sample (P)

P/N

5D2F2 5e4g5 0.071 1.570 22.26
5e4g5 5D2F2 0.066 1.171 17.74

Abbreviations: csT4, cystatin s; OD, optical density.

Table S5 Detection results of blank sample

Times OD (450 nm) Times OD (450 nm) Times OD (450 nm) Times OD (450 nm)

1 0.056 6 0.058 11 0.054 16 0.06

2 0.043 7 0.061 12 0.056 17 0.058

3 0.058 8 0.054 13 0.043 18 0.044

4 0.042 9 0.065 14 0.068 19 0.055

5 0.057 10 0.057 15 0.061 20 0.065

Mean (M) 0.056 sD 0.008 M + 2sD 0.071

Abbreviation: OD, optical density.
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Table S6 recovery rate of the csT4-elisa system

Times V (μL) V0 (μL) C0 (pg⋅mL−1) Cs (pg⋅mL−1) C (pg⋅mL−1) Recovery (%) Average (%)

1 15 300 50 1,200 107.57 104.91 104.33
2 15 300 50 1,200 103.75 98.23
3 15 300 50 1,200 110.38 109.83

Notes: V is the volume of sample a, V0 is the volume of sample B, cs is the concentration of sample a, c0 is the concentration of sample B, c is the concentration of the 
mixture of sample a and B.
Abbreviations: csT4, cystatin s; elisa, enzyme-linked immunosorbent assay.
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