
OR I G I N A L A R T I C L E

Serum microRNA signatures and metabolomics have high
diagnostic value in colorectal cancer using two novel methods

Hai-Ning Liu1 | Tao-Tao Liu1 | Hao Wu1 | Yan-Jie Chen1 | Yu-Jen Tseng1 |

Can Yao1 | Shu-Qiang Weng1 | Ling Dong1 | Xi-Zhong Shen1,2

1Department of Gastroenterology,

Zhongshan Hospital of Fudan University,

Shanghai, China

2Shanghai Institute of Liver Diseases,

Zhongshan Hospital of Fudan University,

Shanghai, China

Correspondence

Xi-Zhong Shen, Zhongshan Hospital,

Shanghai, China.

Email: xizhongshen@126.com

Funding information

National Nature Science Foundation of

China (No. 81000968; No. 81101540; No.

81101637; No. 81172273; No. 81272388;

No. 81301820; No. 81472673); Doctoral

Fund of Ministry of Education of China

(20120071110058); The National Clinical

Key Special Subject of China.

Recently, many new diagnostic biomarkers have been developed for colorectal cancer.

We chose 2 methods with high diagnostic efficiency, the detection of serum micro-

RNA and metabolomics based on gas chromatography/mass spectrometry (GC/MS),

and aimed to establish appropriate models. We reviewed the diagnostic value of all

microRNA identified by previous diagnostic tests. We selected appropriate microRNA

to validate their diagnostic efficiency, and determined the optimal combination. We

included 85 patients with colorectal cancer (CRC) and 78 healthy controls (HC) and

detected the expression of the microRNA. GC/MS analysis was conducted, and we

used 3 multivariate statistical methods to establish diagnostic models. The concentra-

tions of carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9)

were detected for comparison with the novel models. Ultimately, 62 published studies

and 63 microRNA were included in this review. MiR-21, miR-29a, miR-92a, miR-125b

and miR-223 were selected to further validate their diagnostic value. The serum levels

of the 5 microRNA in CRC patients were significantly higher than those in the HC.

The combination of miR-21, miR-29a, miR-92a and miR-125b had the highest area

under the curve (AUC) at 0.952, with a sensitivity of 84.7% and a specificity of 98.7%.

The GC/MS analysis exhibited an excellent diagnostic value and the AUC reached 1.0.

With regard to traditional biomarkers, the AUC of CEA and CA19-9 were 0.808 and

0.705, respectively. The application prospects are good for microRNA and metabolo-

mics as new diagnostic methods because of their high diagnostic value compared with

traditional biomarkers.
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1 | INTRODUCTION

Colorectal cancer (CRC) has the third highest cancer morbidity rate

and the 4th highest cancer mortality rate worldwide.1 Considering

that traditional diagnostic methods, such as the fecal occult blood

test, carcinoembryonic antigen (CEA) and colonoscopy, have their

respective disadvantages, there is an urgent need for non-invasive

biomarkers with high sensitivities and specificities. Researchers have

recently developed several novel diagnostic techniques, biomarkers

and models that include, but are not limited to, epigenetic-regulation

genes, mRNA, microRNA, exosome proteins, low-molecular-weight

metabolites (metabolomics), and even the intestinal microbiota.2-6Hai-Ning Liu, Tao-Tao Liu and Hao Wu contributed equally to this study.
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We chose 2 reliable methods with established techniques and simple

procedures, the detection of serum microRNA and metabolomics

based on gas chromatography/mass spectrometry (GC/MS), to vali-

date their diagnostic value and attempt to develop appropriate mod-

els.

MicroRNA are small, non-protein-coding RNA molecules that

regulate gene expression at the post-transcriptional level.7 Over the

past decade, studies have shown that diverse microRNA have great

potential for the diagnosis of CRC. However, the diagnostic accuracy

is inconsistent among these studies. It is, thus, essential to review

the diagnostic value of each microRNA through a meta-analysis. We

performed the abovementioned work and then selected 5 microRNA

with satisfactory Youden indexes or area under the curve (AUC) val-

ues of the receiver operating curve (ROC) to establish a diagnostic

panel.

Metabolomics is defined as the quantitative measurement of

low-molecular-weight metabolites in an organism at a specified

time under specific environmental conditions.8 Among the various

metabolomics techniques, including GC/MS, nuclear magnetic reso-

nance (NMR), high-performance liquid chromatography/mass spec-

trometry (HPLC/MS) and Fourier transform infrared (FT/IR)

spectroscopy, GC/MS is a robust metabolomic tool and is widely

used in metabolite identification based on its high sensitivity, peak

resolution and reproducibility.9,10 Several studies have indicated a

high diagnostic value for CRC, and the AUC is usually more than

0.90.5,11,12 Our study further validated the diagnostic accuracy of

metabolomics and compared the most frequently used statistical

methods.

2 | MATERIALS AND METHODS

2.1 | Study design

First, we reviewed the diagnostic value of each microRNA men-

tioned in previous studies. We retrieved reports from PubMed,

Embase and the Chinese Biomedical Literature Database (CBM) up

to 1 May 2017. The search strategy was “(miRNA OR microRNA OR

miR) AND (“Colorectal Neoplasms” [Mesh] OR “colorectal cancer”)

AND (blood OR serum OR plasma OR circulating).” Articles in the

reference lists were searched manually for additional publications.

No language limitations were imposed.

Second, according to the results of the systematic review, we

chose the microRNA with high AUC values and Youden indexes to

establish a diagnostic model. We detected the serum microRNA

levels from 85 patients with CRC and 78 healthy controls (HC) utiliz-

ing quantitative RT-PCR (qRT-PCR).

Next, we selected 25 patients and 30 HC from the cohort

mentioned above using a completely random method and used

GC/MS to profile the metabolomic signatures. Finally, the diagnos-

tic efficiencies were compared among the new models and the

traditional tumor biomarkers CEA and carbohydrate antigen 19-9

(CA19-9). The flow-process diagram for the literature is presented

in Figure S1.

2.2 | Inclusion and exclusion criteria of the
literature

For inclusion in the systematic review, the following criteria had to

be met: (i) studies regarding microRNA comparing CRC patients

with HC; (ii) blood specimens; and (iii) quantitative real-time PCR

techniques. Exclusion criteria were as follows: (i) failure to provide

sufficient diagnostic information; (ii) duplicate data reported by

identical authorities; and (iii) animal or cell studies, letters and

reviews.

2.3 | Data extraction

Two reviewers independently extracted the following data from all

the included articles: (i) basic characteristics of the studies, including

the first author, year of publication, country of origin, ethnicity, sam-

ple size, mean age, male ratio, type of specimens (serum or plasma),

target microRNA and reference control; and (ii) diagnostic informa-

tion of the microRNA, including variation trend of the expression,

sensitivity, specificity and AUC.

2.4 | Patients and specimens

In this study, we included 85 patients with CRC and 78 HC who

were treated in Zhongshan Hospital, Fudan University between

February 2015 and September 2015. The preoperative and postop-

erative serum specimens from an extra 15 patients were collected.

CRC patients’ diagnosis was confirmed by pathological biopsy.

Patients were excluded if they had other malignant tumors or had

undergone a surgical operation, radiotherapy or chemotherapy.

Healthy individuals were identified by clinical manifestations, histo-

ries of disease and results of blood tests. The serum samples were

centrifuged in microfuge tubes for 10 minutes at 820 g and 4°C to

remove residual cell debris, and the supernatants were immediately

stored at �80°C until use. The concentrations of serum CEA and

CA19-9 were measured using an electro-chemiluminescence

immunoassay.

The protocol was approved by the Ethics Committee of Zhong-

shan Hospital of Fudan University, Shanghai. Written informed con-

sent was obtained from all participants.

2.5 | RNA extraction and reverse transcription

A total of 200 lL of the serum samples was spiked with 2 lL of

25 fmol synthetic cel-miR-39 (Tiangen, Beijing, China) as the external

reference. Total RNA from the serum samples was isolated simulta-

neously using the miRcute microRNA Isolation Kit from Tiangen fol-

lowing the manufacturer’s instructions.13 To determine the

concentrations and purities, the optical density of the extracted total

RNA was assessed at 260 and 280 nm on a NanoDrop spectropho-

tometer (NanoDrop, Wilmington, DE, USA).

The extracted microRNA was polyadenylated by poly (A) poly-

merase in a 20-lL volume, and 6 lL of the poly (A) reaction solution
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was reverse-transcribed to cDNA in another 20 lL using miRcute

microRNA The First-strand cDNA Synthesis Kit from Tiangen was

used according to the manufacturer’s instructions. Reverse transcrip-

tion was performed in triplicate to remove outliers.

2.6 | Quantitative real-time PCR

To amplify the cDNA, the PCR reaction was performed with the

miRcute microRNA qPCR Detection Kit from Tiangen using the ABI

PRISM 7500 Sequence Detection System (Applied Biosystems, Fos-

ter City, CA, USA). Each qPCR reaction solution, in a 20-lL volume,

contained diluted cDNA, 29 miRcute microRNA premix (with SYBR

and ROX), the manufacturer-provided universal reverse primer, and a

microRNA-specific forward primer from Tiangen. The real-time PCR

cycling conditions included a preliminary activation step at 94°C for

2 minutes followed by 45 amplification cycles, each set as denatura-

tion at 94°C for 20 seconds, annealing at 60°C for 34 seconds, and

extension at 72°C for 30 seconds. At the end of the real-time PCR,

a melting curve analysis was generated to ensure the specificity of

the expected PCR product.

We calculated the relative expression of the microRNA using the

equation log10 (2�DCt ) with cel-miR-39. The DCT was obtained by

subtracting the cycle threshold (CT) values of the cel-miR-39 from

the CT values of the microRNA of interest.13

2.7 | Specimen processing for metabolomics

For the GC/MS analysis, 200 lL of the serum samples were trans-

ferred into glass centrifuge tubes. Each sample was mixed with

200 lL of 2-chloro-phenylalanine (0.3 g/L) as an internal standard

and 600 lL of methanol. The mixture was vortexed for 30 seconds

and incubated for 10 minutes at �20°C. The samples were subse-

quently centrifuged for 15 minutes at 12 0009 g and 4°C. Next,

800 lL of the supernatant was collected separately from each sam-

ple into an ampoule bottle and evaporated to dryness under a

stream of nitrogen gas at 50°C for approximately 30 minutes. Subse-

quently, 200 lL of a methoxyamine pyridine solution (15 g/L) was

added into the ampoule bottle. The mixture was vortexed for 2 min-

utes and incubated for 60 minutes at 37°C. Then, 200 lL of bis-(tri-

methylsilyl)-trifluoroacetamide (BSTFA) plus 1% trimethylchlorosilane

(TMCS) was added, and the mixture was vortexed for 2 minutes and

incubated for 30 minutes at 100°C. The methanol, 2-chloro-phenyla-

lanine, methoxyamine and pyridine were purchased from Aladdin

(Shanghai, China). BSTFA with 1% TMCS was purchased from

Sigma-Aldrich (St. Louis, MO, USA). Each reaction sample was per-

formed in duplicate.

2.8 | Gas chromatography/mass spectrometry
analysis

The GC/MS analysis was performed on an Agilent 6980 GC system

equipped with a fused-silica capillary column (internal diameter:

30 m 9 0.25 mm) with a 0.25-lm HP-5MS stationary phase

(Agilent, Shanghai, China). We used the same operational methods

as in our previous studies.14

2.9 | Statistical analyses

The statistical analyses were performed using Stata 12.0 (StataCorp

LP, College Station, TX, USA), R software 3.3.3 (R Foundation for

Statistical Computing, Vienna, Austria) and SIMCA-P 13.0 (Umetrics

AB, Umea, Vasterbotten, Sweden). The level of significance was set

at P < .05.

Meta-analysis methods were used to assess the accuracy of the

individual microRNA to diagnose CRC using the sensitivity, speci-

ficity, Youden index and AUC of the summary receiver operator

characteristic (SROC). Deeks’ funnel plot was used to evaluate the

publication bias of the included studies; P < .05 indicates a signifi-

cant publication bias.

A power analysis was used to calculate the sample size of the

cases and controls in the microRNA validation phase. A Wilcoxon-

Mann-Whitney test was used for the comparison between the

patients and the HC, including the expression of the microRNA and

the concentrations of CEA and CA19-9. The Kruskal-Wallis test was

used to compare the expression of microRNA among different TNM

stages. The preoperative and postoperative specimens were com-

pared using a pair t test. The diagnostic value of the microRNA was

determined by assessing the sensitivity, specificity, Youden index

and the AUC of the ROC. A logistic regression was used to establish

an appropriate diagnostic model.

The metabolomic data were assessed by feature extraction, pre-

processed with “XCMS” package in R software and then normalized

and edited into a 2-D data matrix, including the retention time (RT),

mass-to-charge ratio (MZ), observations (samples) and peak intensity.

A multivariate data analysis, including the principal component analy-

sis (PCA), partial least squares-discriminate analysis (PLS-DA) and

orthogonal partial least squares-discriminant analysis (OPLS-DA), was

performed via SIMCA-P. When more than 1 component was

extracted, a logistic regression was used to investigate the better

diagnostic model by combinations of the various components. Signif-

icantly different metabolites were screened via the variable impor-

tance in the projection value of the OPLS-DA model (>1) and the P-

value of Student’s t test (<.001). The metabolites were identified

based on the National Institute of Standards and Technology (NIST)

mass spectra library through RT and MZ.14

3 | RESULTS

3.1 | Study selection and literature characteristics

A total of 867 records from the database search were initially identi-

fied, of which 315 were from PubMed, 366 were from Embase and

186 were from CBM. After removing 196 duplicates, 600 irrelevant

studies and 9 articles that failed to provide enough diagnostic infor-

mation, 62 published studies were finally included in this systematic

review (Table S1). A total of 9936 CRC patients and 7935 healthy
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TABLE 1 Characteristics of the microRNA mentioned in the literature

MicroRNA Expression

CRC
sample
size

Control
sample
size

Sensitivity
(%)

Specificity
(%) AUC

Number
of included
articles

miR-139-3p Downregulated 117 90 96.6 97.8 0.994 1

miR-23a-3p Upregulated 273 132 86.2 77.3 0.890 2

miR-139-5p Upregulated 90 85 70.6 87.0 0.890 2

miR-320a Downregulated 111 130 92.8 73.1 0.886 1

miR-135 Upregulated 60 50 76.7 88.0 0.875 1

miR-338-5p Upregulated 70 32 81.4 75.0 0.871 1

miR-223 Upregulated 313 281 81.4 77.9 0.870 2

miR-767-3p Upregulated 40 18 63.9 100.0 0.869 1

miR-877* Upregulated 40 18 80.6 83.3 0.858 1

miR-372 Upregulated 165 30 81.9 73.3 0.854 1

miR-193-3p Upregulated 70 32 100.0 56.2 0.852 1

miR-128 Downregulated 57 20 88.0 65.3 0.850 1

miR-923 Downregulated 14 40 85.7 67.5 0.850 1

miR-19a-3p Upregulated 160 160 78.0 84.4 0.849 1

miR-129-3p Upregulated 40 18 72.2 88.9 0.843 1

miR-422a Downregulated 160 160 85.5 75.7 0.843 1

miR-23b Downregulated 96 48 84.4 77.1 0.842 1

miR-21 Upregulated &

Downregulated

1251 899 76.5 78.1 0.840 16

miR-31 Upregulated 120 80 79.4 75.9 0.840 2

miR-92 (92a, 92a-3p, 92a-1) Upregulated and

downregulated

1105 825 71.4 81.1 0.840 12

miR-24 Downregulated 111 130 78.4 83.9 0.839 1

miR-16 Upregulated 50 27 71.7 86.0 0.835 1

miR-423-5p Downregulated 111 130 91.9 70.8 0.833 1

miR-18a Upregulated and

downregulated

158 230 44.2 88.3 0.830 2

miR-1290 Upregulated 211 57 70.1 91.2 0.830 1

miR-183 Upregulated 118 61 73.7 88.5 0.829 1

miR-210 Upregulated 268 102 74.6 73.5 0.821 1

miR-19a+ miR-19b Upregulated 82 53 78.6 77.4 0.820 1

miR-29a Upregulated and

downregulated

439 330 68.5 80.8 0.820 5

miR-194 Downregulated 115 115 71.3 79.1 0.820 2

miR-142-5p Upregulated 203 100 68.1 88.1 0.815 1

miR-196b Upregulated 103 100 87.4 63.0 0.814 1

miR-17-3p Upregulated 240 190 68.4 79.2 0.810 3

miR-125b Upregulated 136 52 62.2 91.3 0.890 1

miR-145 Downregulated 158 195 72.1 78.0 0.800 3

miR-34a Upregulated 14 20 93.2 55.3 0.796 1

miR-146a Downregulated 100 65 76.9 65.6 0.791 1

miR-760 Downregulated 90 58 80.0 72.4 0.788 1

miR-155 Upregulated 146 60 58.2 95.0 0.776 1

miR-221 Upregulated 174 117 80.2 55.8 0.770 2

miR-29b Downregulated 255 455 67.1 73.1 0.750 2

(Continues)
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controls were included. The characteristics of the 62 studies are pre-

sented in Table S2.

3.2 | Diagnostic value of microRNA in the literature

There were 63 microRNA mentioned in the included articles, of

which 45 were studied in a single article. We conducted the meta-

analyses to represent the diagnostic accuracy of the other 18 micro-

RNA. The details regarding these microRNA are presented in

Table 1.

3.3 | Publication bias

Publication bias was evaluated using Deeks’ funnel plot (Figure S2),

and the Deeks’ test returned a P-value of .34, which revealed no sig-

nificant publication bias in this analysis.

3.4 | Study population

The clinical and pathological features of the patients and HC are dis-

played in Table 2. Age was significantly different between the CRC

patients and the HC. Thus, we conducted a covariance analysis. The

expression of the microRNA and the scores of the components of

the metabolomics performed were the dependent variables. The

covariates were age and group, including patients or HC. We found

that age was unrelated to the expression of the microRNA and the

scores of the components (P < .05).

3.5 | Expression of microRNA

MiR-21, miR-29a, miR-92a, miR-125b and miR-223 were selected

because of their high AUC values or Youden indexes in previous stud-

ies. The results of the qRT-PCR indicated that the serum levels of the

5 microRNA in the CRC patients were significantly higher than those

in the HC (Wilcoxon-Mann-Whitney test, P < .001) (Table S3 and Fig-

ure 1). The subgroup analyses showed that there were no significant

differences in the expression of the 5 microRNA among different

TNM stages (Kruskal-Wallis test, P > .05) (Figure S3A).

3.6 | Diagnostic models established using
microRNA

We calculated the cut-off value, sensitivity, specificity, Youden index

and AUC of each microRNA and their combinations to find the

TABLE 1 (Continued)

MicroRNA Expression

CRC
sample
size

Control
sample
size

Sensitivity
(%)

Specificity
(%) AUC

Number
of included
articles

miR-103 Upregulated 156 104 60.3 76.9 0.750 2

miR-200c Upregulated 78 86 64.1 73.3 0.749 1

miR-506 Upregulated 56 70 60.7 76.8 0.747 1

miR-601 Downregulated 90 58 69.2 72.4 0.747 1

miR-4316 Upregulated 56 70 75.0 76.8 0.744 1

miR-96 Upregulated 187 47 65.4 73.3 0.740 1

miR-141 Upregulated 60 60 90.2 58.2 0.720 1

miR-142-3p Downregulated 61 24 64.3 74.9 0.710 1

miR-27a-3p Upregulated 203 100 71.9 65.8 0.697 1

miR-106a Upregulated 150 126 68.7 55.8 0.680 2

miR-26a-5p Downregulated 61 24 61.0 74.8 0.670 1

miR-376c-3p Upregulated 203 100 92.5 30.3 0.654 1

miR-150 Downregulated 85 120 61.6 89.9 0.650 3

miR-199a-3p Upregulated 84 32 47.6 75.0 0.644 1

miR-20a Upregulated and

Downregulated

180 223 49.4 71.3 0.640 2

miR-133a Downregulated 80 144 59.6 63.9 0.633 1

miR-720 Upregulated 84 32 58.3 56.3 0.630 1

miR-143 Downregulated 80 144 54.3 73.5 0.622 1

miR-106b Downregulated 80 144 19.2 94.0 0.565 1

miR-342-3p Upregulated 80 144 4.6 100.0 0.564 1

miR-532-5p Downregulated 80 144 44.4 68.7 0.555 1

miR-181b Downregulated 80 144 39.1 73.5 0.507 1

The upregulated or downregulated expression trend in the colorectal cancer (CRC) patients vs the healthy control (HC) group. The data on the sensitiv-

ity, specificity and area under the curve (AUC) were obtained through the meta-analysis when the number of included articles was more than one.
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optimal diagnostic model (Table 3). The combination of miR-21, miR-

29a, miR-92a and miR-125b had the highest AUC value at 0.952,

with a sensitivity of 84.7% and a specificity of 98.7%. The cut-off

value of the model was 4.936, according to the formula miR-

21 9 1.169 + miR-29a 9 0.946 + miR-92a 9 (�1.897) + miR-

125b 9 0.886. Through the formula, the AUC values of Stage 1-4

were 0.982, 0.943, 0.944 and 0.997, respectively (Figure S3B-E). As

Figure S4A shows, the values for microRNA of CRC patients

calculated using the formula were significantly decreased after sur-

gery (paired t test, P < .001) and were close to those of HC (Stu-

dent’s t test, P = .237).

3.7 | Discrepant metabolites and total ion
chromatogram

In total, 1118 features were extracted in this experiment. The signifi-

cantly different metabolites are shown in Table S4. RT was stable

with no drift in any of the peaks of the total ion chromatograms

(TIC), which indicated that the results were reliable.

3.8 | Diagnostic models established using
metabolomics

In the PCA model, we extracted 8 principal components whose

eigenvalue was equal to or more than 1.0. We calculated the diag-

nostic accuracy when fitting into 1-8 principal components. As

shown, the AUC was higher as the number of the principal compo-

nents fitted into the model increased. The AUC value for all 8 princi-

pal components reached 1.0.

Two components were extracted in the PLS-DA model, and the

AUC of 0.988 was higher than the AUC of the PCA model with the

same number of components. Only 1 factor was extracted in the

OPLS-DA model, and the AUC value reached 1.0.

Further diagnostic information from the 3 statistical methods is

shown in Table 4, Figure 2 and Figure S3F-H. The signatures of

postoperative patients were between those of preoperative patients

and HC (Figure S4B-D).

3.9 | Diagnostic value of traditional tumor
biomarkers

The CEA concentration was significantly different between CRC

patients and HC (Wilcoxon-Mann-Whitney test, P < .001). The med-

ian concentrations in the patients and HC were 2.8 (range, 0.3 to

>1000) and 1.3 (range, 0.3-4.2) lg/L, respectively. The AUC of CEA

was 0.808 (95% confidence interval [CI], 0.743-0.874; sensitiv-

ity = 69.4%, specificity = 78.2%) when the cut-off value was

1.95 lg/L. When the cut-off value was set at 5 lg/L, which is the

upper bound of 95% of healthy people, the sensitivity was 28.2%,

and the specificity was 100%.

The CA19-9 concentration was significantly different between

CRC patients and HC (Wilcoxon-Mann-Whitney test, P = .004). The

median concentrations in the patients and HC were 11.1 (range, 0.7-

4545) and 7.3 (range, 0.6-26.8) U/mL, respectively. The AUC of

CA19-9 was 0.705 (95% CI, 0.625-0.784; sensitivity = 65.9%, speci-

ficity = 67.1%) when the cut-off value was 8.55 U/mL. When the

cut-off value was set at 37 U/mlL which is the upper bound of 95%

of healthy people, the sensitivity was 15.5%, and the specificity was

100%.

The ROC curves of the new models and the traditional tumor

biomarkers are shown in Figure 3.

TABLE 2 Clinical characteristics of the study population

Variable
Patients
(n = 85)

Control subjects
(n = 78) P-value

Age (years) 59.5 � 11.3 34.8 � 7.3 <.001

Gender

Male 51 48 .841

Female 34 30

Tumor size 4.49 � 1.90

<5 cm 50

≥5 cm 35

Lymphatic invasion

Yes 38

No 47

TNM stage

1 12

2 31

3 37

4 5

Histological grade

2 30

3 55

TNM, tumor-node-metastasis.
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F IGURE 1 Expression of the 5 microRNA in the colorectal cancer
patients and healthy controls. The expression levels of the 5
microRNA in the 2 groups were all significantly different (Wilcoxon-
Mann-Whitney test, P < .001). The lines within the boxes represent
the median values, and the edges of the boxes demonstrate the
interquartile ranges
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4 | DISCUSSION

Researchers continue to explore novel blood biomarkers. Blood

biomarkers of CRC can be divided into the following categories:

DNA; RNA; and proteins and low-molecular-weight metabolites.

DNA biomarkers include tumor-associated genes with point muta-

tion and methylated genes. K-ras, tumor protein p53 (TP53) and

acid-polyamine-organocation (APC), as tumor-associated genes, are

not satisfactory diagnostic biomarkers because different individuals

have diverse point mutations in these genes. Methylated genes, such

as transmembrane protein with EGF like and 2 follistatin like

domains 2 (TMEFF2), nerve growth factor receptor (NGFR) and septin

9 (SEPT9), have sensitivities ranging from 48% to 72% and

specificities ranging from 69% to 93%,15 which are no better than

for traditional biomarkers, such as CEA. RNA biomarkers include

mRNA and microRNA. Instability in the environment and low speci-

ficities restrict the application of mRNA.3 Protein biomarkers include

the traditional CEA, carbohydrate antigens, autoantibodies and cell

factors, among others.16 Traditional biomarkers are applied widely

and can be detected directly. However, their low diagnostic efficien-

cies are a disadvantage. As proteomics develops, a growing number

of new protein biomarkers will be found. The concentrations of low-

molecular-weight metabolites are influenced by the internal environ-

ment and the metabolic status, and, thus, individual differences are

obvious and unacceptable. As a result, a single metabolite is seldom

used as a diagnostic biomarker. To overcome these diverse

TABLE 3 Diagnostic value of the 5 single microRNA and their combinations

MicroRNA
Sensitivity
(%)

Specificity
(%) AUC (95% CI)

Cut-off
value

Youden
index

miR-21 0.835 1.000 0.918 (0.874, 0.963) 5.239 0.835

miR-29 0.694 0.949 0.878 (0.826, 0.93) 5.020 0.643

miR-92 0.788 0.718 0.817 (0.752, 0.882) 3.914 0.506

miR-125 0.953 0.654 0.864 (0.808, 0.921) 2.158 0.607

miR-223 0.753 0.949 0.858 (0.796, 0.919) 4.383 0.702

miR-21 + miR-29 0.835 1.000 0.918 (0.873, 0.963) 7.734 0.835

miR-21 + miR-92 0.835 1.000 0.922 (0.88, 0.965) 5.745 0.835

miR-21 + miR-125* 0.835 1.000 0.931 (0.891, 0.971) 7.376 0.835

miR-21 + miR-223 0.835 1.000 0.918 (0.874, 0.963) 6.450 0.835

miR-29 + miR-92 0.729 0.936 0.876 (0.824, 0.928) 7.341 0.665

miR-29 + miR-125* 0.835 0.795 0.899 (0.853, 0.945) 6.832 0.630

miR-29 + miR-223 0.765 0.936 0.885 (0.831, 0.939) 8.849 0.701

miR-92 + miR-125 0.835 0.769 0.872 (0.82, 0.924) 5.187 0.604

miR-92 + miR-223 0.800 0.885 0.859 (0.798, 0.92) 7.901 0.685

miR-125 + miR-223* 0.788 0.910 0.890 (0.84, 0.939) 7.445 0.698

miR-21 + miR-29 + miR-92* 0.835 1.000 0.934 (0.896, 0.973) 5.782 0.835

miR-21 + miR-29 + miR-125 0.835 1.000 0.931 (0.89, 0.971) 7.577 0.835

miR-21 + miR-29 + miR-223 0.835 1.000 0.926 (0.885, 0.967) 6.989 0.835

miR-21 + miR-92 + miR-125* 0.847 1.000 0.945 (0.912, 0.978) 4.542 0.847

miR-21 + miR-92 + miR-223 0.835 1.000 0.920 (0.877, 0.964) 6.055 0.835

miR-21 + miR-125 + miR-223 0.835 1.000 0.942 (0.907, 0.976) 5.955 0.835

miR-29 + miR-92 + miR-125 0.718 0.936 0.901 (0.857, 0.945) 7.149 0.654

miR-29 + miR-92 + miR-223* 0.729 0.974 0.894 (0.844, 0.943) 8.567 0.703

miR-29 + miR-125 + miR-223 0.741 0.949 0.900 (0.853, 0.947) 8.671 0.690

miR-92 + miR-125 + miR-223 0.753 0.936 0.892 (0.843, 0.94) 7.423 0.689

miR-21 + miR-29 + miR-92 + miR-125* 0.847 0.987 0.952 (0.922, 0.982) 4.936 0.834

miR-21 + miR-29 + miR-92 + miR-223 0.835 1.000 0.935 (0.898, 0.973) 5.554 0.835

miR-21 + miR-29 + miR-125 + miR-223 0.835 1.000 0.943 (0.909, 0.976) 6.158 0.835

miR-21 + miR-92 + miR-125 + miR-223 0.847 1.000 0.947 (0.915, 0.979) 4.345 0.847

miR-29 + miR-92 + miR-125 + miR-223* 0.753 0.936 0.910 (0.867, 0.953) 7.908 0.689

miR-21 + miR-29 + miR-92 + miR-125 + miR-223 0.847 0.987 0.953 (0.924, 0.982) 4.519 0.834

AUC, area under the curve.

*P-value of each microRNA in the combination was <.05 in the logistic regression.
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disadvantages, we chose the detection of serum microRNA and a

GC/MS analysis to develop appropriate models.

Thousands of microRNA have been discovered, and some of

these microRNA have remarkable diagnostic value in CRC. Many

previous studies screened for microRNA with significantly different

expressions using a microRNA microarray in a small sample size and

then validated the results by qRT-PCR in a larger sample size. Thus,

numerous systematic reviews and meta-analyses have described the

TABLE 4 Diagnostic value of the gas chromatography/mass spectrometry analysis with multivariate statistical analysis methods

Statistical
method

Number of
components

Sensitivity
(%)

Specificity
(%) AUC (95% CI)

Youden
index

Cumulative
variance

PCA 8 100.0 100.0 1.000 (1.000, 1.000) 1.000 0.816

7 96.0 96.7 0.995 (0.983, 1.000) 0.927 0.795

6 100.0 90.0 0.987 (0.966, 1.000) 0.900 0.763

5 96.0 93.3 0.987 (0.966, 1.000) 0.893 0.754

4 96.0 93.3 0.987 (0.966, 1.000) 0.893 0.726

3 96.0 93.3 0.984 (0.960, 1.000) 0.893 0.682

2 96.0 93.3 0.981 (0.954, 1.000) 0.893 0.634

1 96.0 83.3 0.929 (0.854, 1.000) 0.793 0.418

PLS-DA 2 96.0 96.7 0.988 (0.968, 1.000) 0.927 0.708

1 92.0 96.7 0.963 (0.906, 1.000) 0.887 0.643

OPLS-DA 1 100.0 100.0 1.000 (1.000, 1.000) 1.000 0.788

AUC, area under the curve; OPLS-DA, orthogonal partial least squares discriminant analysis; PCA, principal component analysis; PLS-DA, partial least

squares-discriminate analysis.
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F IGURE 2 Score plots of the gas chromatography/mass spectrometry (GC/MS) analysis in the colorectal cancer (CRC) patients and healthy
controls (HC). ○ represents the CRC group. ▲ represents the HC group. A, The scatter plot of the principal component analysis (PCA) with 2
principal components. The line within the plot represents the optimal cut-off line. B, The 3-D scatter plot of the PCA with 3 principal
components. C, The scatter plot of partial least squares-discriminate analysis (PLS-DA) with 2 components. The line within the plot represents
the optimal cut-off line. D, The strip chart of the orthogonal partial least squares discriminant analysis (OPLS-DA) with the only component
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diagnostic efficiencies of microRNA.4,17-25 Most of these studies

reviewed only 1 microRNA, while others reviewed all microRNA and

conducted meta-analyses including all of the diagnostic tests. How-

ever, it does not seem appropriate to include all microRNA because

the diagnostic value of each microRNA is different. Therefore, we

conducted meta-analyses on each microRNA individually.

To establish an optimal panel of the combination of microRNA in

the validation phase, we selected 5 microRNA with high AUC values

and Youden indexes that were included in as many articles as possi-

ble. These 5 microRNA were validated in a large-scale population

and are more reliable than those chosen from microarrays in small

sample sizes. Indeed, our experimental results suggested that the

combination of miR-21, miR-29a, miR-92a and miR-125b had a high

diagnostic value with an AUC value of more than 0.9. The system-

atic review by Carter JV et al24 provided other combinations of

microRNA with high AUC values. Subgroup analyses of TNM stages

showed that microRNA had excellent diagnostic efficiency for early

stage colorectal cancer (Figure S3B-C). It is worth noting that it is

appropriate to include 4-6 microRNA in a model; including additional

microRNA prolongs the assay time and expends more reagents with

little increase in the AUC.

MicroRNA as diagnostic biomarkers have advantages and disad-

vantages. Different from mRNA, microRNA are stable at room tem-

perature. The expression of serum microRNA is stable even after

repeated freeze-thawing.26 Compared with a colonoscopy and a

biopsy, a serum test is non-invasive. However, nucleic acids cannot

be detected directly; they must first be extracted, and, as a result,

nucleic acid detection cannot be automated currently. Each sample

detection for 4 microRNA costs approximately US$23 in China,

while the detection of CEA and CA19-9 costs US$4.6 and US$8.0

dollars, respectively. In addition, due to the choice of internal/

external references, the dosage of reagents and an operating process

that is not yet standardized, the cut-off value cannot be unified.

Therefore, the standardization of protocols and methodologies is

necessary to achieve clinical application.

Serum microRNA increase in various malignant tumors.27 In addi-

tion, some researchers propose that the specificity is not as high as

reported by most diagnostic tests. However, it is better that diagnos-

tic models of microRNA be used to indicate whether a patient may

be suffering from a malignant tumor. A position diagnosis can be

completed through typical clinical manifestations, digital rectal exam-

ination and colonoscopy.

As expected, our study validated the excellent diagnostic effi-

ciency of metabolomics. Metabolomics, as a high-throughput tech-

nique, detects the contents of thousands of types of low-molecular-

weight metabolites. Compared with the standard detection methods

of each metabolite, GC/MS may have a lower accuracy. Neverthe-

less, the GC/MS analysis reflects the signature of whole body meta-

bolism and can provide more information to establish diagnostic

models. In this study, we utilized all detected metabolites, not only

the significantly different metabolites, to expand the applications.

The results shown in Table 4 imply that a model with OPLS-DA

has the highest AUC, and a model with PLS-DA ranks second before

one using PCA when including the same number of components

because PLS-DA and OPLS-DA are supervisory analysis methods,

while PCA is non-supervisory. Based on PLS, OPLS separates the

orthogonal variables unrelated to the Y matrix by an orthogonal sig-

nal correction.28,29 The models established by these 3 statistical

methods are still stable when the variables are numerous and the

observations are sparse. Although the diagnostic efficiency of PCA

was worse than that of PLD-DA and OPLS-DA when including the

same number of components, the PCA extracted more principal

components to increase the AUC.

The advantages of GC/MS are not only its high diagnostic value.

Our preliminary experiment indicated that different malignant tumors

could be divided by metabolomics because it appears that the meta-

bolic spectra are distinct in different malignant tumors. The US$72.5

testing fee of each sample is an affordable price in China. However,

the pretreatment process is not standardized, including the choice of

the internal standard and derivatization reagents, the operating order

and the time of each step.

In conclusion, there is no doubt that the diagnostic efficiencies

of the new models are higher than those of the traditional biomark-

ers CEA and CA19-9. The application of the ROC curve also

increases the Youden index compared with the traditional diagnosis

method, whose cut-off value is determined as the upper bound of

95% of healthy people. We suggest that a GC/MS analysis and a

combination of microRNA allow for a diagnosis of CRC.
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