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Abstract: Background: MicroRNAs (miRNAs) have been identified as promising novel biomarkers for cancer diagnosis and prognosis, especially for hepatocellular carcinoma (HCC). Nowadays, the expression level of miR-21 in serum samples is a diagnostic indicator for HCC diagnosis. Thus, the quantitative determination of miRNA concentration is of significance in clinical practice. It is particularly important to establish an analytical detection method for miR-21 in patient serum. Methods: The signal readout for miR-21 was based on the mass response of a reporter peptide using an isotope dilution mass spectrometry (MS) method in this work. To be more specific, miR-21 was biotinylated before being coupled with streptavidin (SA) agarose and then hybridized with a newly synthesized DNA-peptide probe. The release and purification of the sample was based on the method including trypsin digestion, solid-phase extraction, and drying, and the detection of the reporter peptide was carried out by UHPLC/MS/MS. The miR-21 in the corresponding samples was quantified by the ratio of the chromatographic peak area of the redissolved polypeptide to that of the isotope-labeled polypeptide. Additionally, within the calibration range, the performance of the method (including precision, accuracy, linearity, and recovery) was evaluated. Results: The concentration of miR-21 was determined using the ratio of relative peak area of stable isotope-labeled internal standard and reporter peptide, yielding a linear range of 0.1∼30.0 nM (y = 0.0818x + 0.7554, R2 = 0.9586, P < 0.01). The limit of detection (LOD) for miR-21 was 10 pM. For y5, the recoveries (n = 3) were 91.36 ± 2.19%, 93.64 ± 3.55%, and 96.04 ± 2.02% for the levels of three miR-21 samples including RL, RM, and RH, respectively. Conclusions: Overall, this research provides a novel analytical approach for quantitative detection of miRNAs in clinical serum samples.
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1  Introduction

MicroRNAs (miRNAs) are a class of small single-stranded non-coding RNAs that regulate gene expression [1–3]. They are involved in various primary cellular processes such as cell proliferation, migration, and apoptosis. Besides, they are also found to be associated with the development of many cancers [4–6]. Among the miRNA associated diseases, hepatocellular carcinoma (HCC) has been reported as one of the most prevalent malignant tumors, with a poor prognosis and a high mortality rate [7–9]. Currently, several studies have indicated that abnormal miRNA expression, especially miR-21, is associated with HCC patient tissues, cells, and serum [10,11]. Thus, the level of miR-21 is directly related to and prevalent in human cancers [12–14].

The miR-21 expression level was found to be significantly higher in different types of malignant tumors, including liver cancer, lung cancer, etc. [15]. Recently, some studies have reported that miR-21 was overexpressed in the serum of HCC patients, indicating it could play an important role in tumorigenesis and could have clinical significance in treatment. As a result, miR-21 can be a latently expressed biomarker for initial HCC diagnosis. As one of the earliest miRNAs discovered in the human genome, miR-21 is a classical miRNA. A large number of literatures have confirmed that miR-21 is highly expressed in a variety of human tumors and cancer cell lines, plays an important role in carcinogenesis, and is associated with high proliferation, low apoptosis, high invasion and metastasis potential of tumor cells. It is different from other miRNAs that have inconsistent effects in various tumors. More and more studies have shown that miR-21 plays an important role in the occurrence and development of tumors, and shows great potential in the diagnosis, treatment and prognosis of tumor diseases, which has important research value. Since miR-21 is an oncogene that has been proven in various cancers, it is crucial to detect it. If the expression level of miR-21 can be detected quickly, it will play a certain role in the auxiliary diagnosis of cancer. Therefore, we chose miR-21 as the miRNA for the experiment, and also conducted preliminary experiments.

It is generally accepted that the significance of miRNAs as biomarkers is based on the quantification in patient samples. Therefore, accurate detection of miRNA expression is crucial. Common methods for quantitative miRNA detection can be classified into two groups: indirect methods (i.e., quantitative reverse transcription PCR (qRT-PCR) [16–19], gene chip methods, and high-throughput sequencing technology (RNA-seq) [20] and direct methods (i.e., electrochemistry [21], capillary electrophoresis [22–24], and laser desorption ionization time-of-flight mass spectrometry (LDI-TOF-MS)). However, these conventional methods often have issues for being insensitive, leading to qualitative results to a limited extent [25–27]. To solve the problem, various signal amplification methodologies have been developed as indirect methods for miRNA quantification to obtain high sensitivity. In contrast, the readout amplification is normally not required for direct miRNA quantification. Mass spectrometry (MS) has shown great potential in miRNA analysis [28]. However, the method for directly miRNAs is sometimes not sensitive enough, and the quantitative results might be inaccurate. As a result, a novel and sensitive approach for direct quantification of miRNAs is urgently required.

Considering all the above-mentioned factors, we have developed a sensitive miRNA-detecting assay based on an isotope dilution MS approach. MS is considered as one of the most powerful measurement techniques, with great specificity and sensitivity [29]. It is also a widely used method for accurately quantifying compounds. As a result, it has the potential to be an effective method for miRNAs quantification. In this study, miR-21 was biotinylated and coupled with streptavidin agarose into complex. Then, the complexes were captured using synthetic peptide complementary DNA probes. Furthermore, the complexes were analyzed using MS after trypsin digestion. The readout (y) was obtained as the ratio of two chromatographic peak areas between the redissolved polypeptide and the isotope-labeled polypeptide. The horizontal vibrable (x) was the different concentrations of the working solution of the corresponding miR-21 standard. Thus, the methodological evaluation could be conducted by linear fitting and the quantitative level of miR-21 in serum could be determined to estimate the analyte concentration in samples [30].

2  Materials and Methods

2.1 Reagents and Materials

MiR-21 single-stranded RNA was synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The DNA peptide probe (5′-TCAACATCAGTCTGATAAGCTA-3′-PEG2-GDRALFVPEPNR) was synthesized by Taihe Biotechnology Co., Ltd. (Hangzhou, China) in this work. The peptide (ALFVPEPNR) and the isotope-labeled peptide (A[13C615N]LFVPEPNR) for MS detection were synthesized by Qiangyao Biological Technology Co., Ltd. (Shanghai, China). The streptavidin agarose was purchased from Life Technologies Co., Ltd. (USA). offered RNase-free BSA was got from Ambion Co., Ltd. (USA). PierceTM RNA 3′ end Biotinylation Kit was purchased from Thermo Fisher Scientific Inc. (USA). The sequence modified trypsin was bought from Promega Company (USA).

Furthermore, NH4HCO3 and formic acid (FA) was purchased from Fluke Company (USA). Methanol and pure acetonitrile were got from J.T. Baker Company (USA). Dithiothreitol (DTT), iodoacetamide (IAM), phosphate buffer saline (PBS), and urea were achieved from Sigma-Aldrich Company (USA). Ultra-pure water used in this study were provided by the Milli-Q ultra-pure water system (Merck Millipore, Germany). AB Sciex 5500 Triple Quadrupole Mass Spectrometer (Applied Biosystems Co., Ltd., USA) equipped with an electrospray ionization was used for detection. In addition, Nexera X2 Ultra-High Performance Liquid Chromatograph (Shimadzu, Japan) was used for sample purification. Sep-pak C18 cartridges (60 mg, 3 mL) solid-phase extraction column and SymmetryShieldTMRP18 chromatographic column (2.1 mm × 150 mm, 3.5 μm) were bought from Waters Company (USA). The ABN2ZA nitrogen generator was purchased from PEAK Company (USA). The N2 Evaporation System NV-15G nitrogen blowing instrument was bought from Agela Technologies (Germany). G560E vortex mixer was offered by Scientific Industries Company (USA). The AllegraTM 64R desktop high-speed refrigerated centrifuge was bought from BECKMAN COULTER (USA). CSB-10BT Ultrasonic cleaner was purchased from Aipu Instrument Co., Ltd. (Hangzhou, China). DKB-501S Thermostatic water bath was bought from Jinghong Experimental Equipment Co., Ltd. (Shanghai, China). The hybridizer instrument was purchased from Woxin Instrument Manufacturing Co., Ltd. (Wuxi, China).

2.2 Patients and Sera Samples Collection

The collection of serum for this investigation was approved by the Ethics Committee of Nantong University’s Affiliated Hospital. In addition, all individuals provided written informed consent before the study. Forty HCC patients and forty healthy volunteers were selected to participate in the study. The HCC patients, including 25 males and 15 females, were in an age range of 41∼64 years old, with a mean of 49.5 ± 6.8 years (median age 54 years). The diagnosis of each HCC patient was independently confirmed by hyphological study. The ages of the healthy volunteer ranged from 50 to 55 years (median age was 52 years), including 28 males and 12 females. Each subject’s peripheral blood was collected in the morning, and the blood samples were centrifuged and stored at −80°C.

2.3 Biotinylation of miRNA and Hybridization

The biotinylation kit and miRNA (extracted RNA) were taken out of the freezer and kept on ice. After all the kit’s components (except 30% PEG) were dissolved, 5 μL of miRNA (extracted RNA) was transferred into a microEP tube, followed by performing the labeling reaction. The final components were reacted at 16°C for 2 h and then ligated overnight to obtain a high ligation efficiency. After that, 100 μL of streptavidin agarose magnetic beads were reacted with 10 μL (10 mg/mL) BSA. Then, 20 μL of the biotinylated RNA was reacted with 20 μL streptavidin agarose magnetic beads and shaken at 37°C for 2 h. The obtained product was added with 100 μL DNA peptide probe (0.01 μM) and 25 μL buffer for hybridization at 65°C for 16 h. Finally, the product was washed and centrifuged several times with PBS to remove the unbound probe as much as possible.

2.4 Enzymolysis

To obtain the enzymatic hydrolysates, the product was redissolved in 950 μL diethyl pyrocarbonate (DEPC) treated water. Then 50 μL isotope-labeled peptide (0.1 mg/L) was added, followed by enzymatic hydrolysis via the addition of 10 μL trypsin (0.04 μg/μL) and incubation at 37°C for 4 h. The as-prepared enzymatic hydrolysates contained 5′-TCAACATCAGTCTGATAAGCTA-3′-PEG2-GDR and ALFVPEPNR, as well as isotope-labeled peptides that were hydrolyzed into GDR and A[13C615N]LFVPEPNR.

2.5 Solid-Phase Extraction and Blow Drying

The Sep-pak C18 column was activated with 3 mL methanol and then balanced with 3 mL ultrapure water. The column was then washed with 2 mL ultra-pure water after the injection of enzymatic hydrolysate. Finally, ALFVPEPNR and A[13C615N]LFVPEPNR peptides were extracted with 1 mL methanol containing 0.2% FA and then dried with nitrogen gas.

2.6 UHPLC/MS/MS Analysis

The reporter peptide was detected using liquid chromatography-tandem mass spectrometry (LC-MS/MS) and ultra-high performance liquid-phase chromatography (UHPLC). The mobile phase was made up of 0.1% FA aqueous solution (A), and 0.1% FA in acetonitrile (B). The injection volume was 10 μL with a 0.2 mL/min flow rate. The positive ion multiple reaction monitoring (MRM) mode was selected to access the signal strength of ALFVPEPNR and A[13C615N]LFVPEPNR. The ions employed in the quantitative study had a mass range of 521.9 to 612.3 m/z (ALFVPEPNR) and 525.5 to 612.3 m/z (A[13C615N]LFVPEPNR). CE were 20 eV (ALFVPEPNR) and 22 eV (A[13C615N]LFVPEPNR), and DP was 100 V.

2.7 Method Validation

To validate the developed method, the precision, linear range, stability, accuracy, sensitivity, and recovery were all evaluated in this study.

2.8 Statistical Analysis

The statistical analysis was conducted using SPSS statistics software version 20.0 (SPSS Inc., Chicago, USA). The statistical significance was calculated using the t-test and variance analysis. The figures were plotted by GraphPad Prism 5.0 software (GraphPad Software Inc., USA), and P < 0.05 was considered statistically significant.

3  Results

3.1 Selection of Reporter and Substrate Peptides

As designed, peptide with the sequence ALFVPEPNR was selected as a reporter peptide. In mass spectrometric analysis, the ALFVPEPNR peptide with the double-charged ion should have high detection efficiency. In addition, this peptide sequence has yet to be discovered in any protein, which will improve the specificity of the method. As a result, the UHPLC/MS/MS chromatogram and product ion spectrum were obtained. The internal standard was the homologous stable isotope-labeled peptide A[13C615N]LFVPEPNR. Moreover, the response to the ion of this peptide product and the corresponding MRM transition were also contented. The MRM transitions from 521.9 to 612.3 m/z were used for ALFVPEPNR (Fig. 1A), while the MRM transitions from 525.5 to 612.3 m/z for the internal standard (Fig. 1B). The ALFVPEPNR peptide and the isotope-labeled peptide (A[13C615N]LFVPEPNR) both had retention times of 5.06 min (Fig. 1C).
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Figure 1: The UHPLC/MS/MS chromatograms and product ion spectra. (A) Product ion spectrum of ALFVPEPNR, the MRM transitions of m/z 521.9–612.3 for ALFVPEPNR. (B) Product ion spectrum of A[13C615N]LFVPEPNR, the MRM transitions of m/z 525.5–612.3 for internal standard. (C) UHPLC/MS/MS chromatograms of ALFVPEPNR peptide and the corresponding isotope-labeled internal standard peptide (A[13C615N]LFVPEPNR)

The GDRALFVPEPNR (substrate peptide) and the corresponding GDRA[13C615N]LFVPEPNR (isotope-labeled internal standard) were formed by combining a three-amino acid peptide (GDR) that contains arginine residues at its carboxyl terminus with the reporter peptide (ALFVPEPNR). The digestibility of the designed peptides was calculated by the response ratio before/after digestion and the response ratio before/after standard digestion of the isotope-labeled report peptides, respectively. As a result, the estimated digestion ratio was 99.9% (Fig. 2).
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Figure 2: The digestibility study of peptides. (A) UHPLC/MS/MS chromatograms of GDRALFVPEPNR before and after the tryptic digestion. (B) UHPLC/MS/MS chromatograms of GDRA[13C615N]LFVPEPNR before and after the tryptic digestion

3.2 Characterization of DNA-Peptide Probe

As the miR-21 complementary sequence was designed as 5′-TCAACATCAGTCTGATAAGCTA-3′, thus the DNA peptide probe sequence was 5′-TCAACATCAGTCTGATAAGCTA-3′-PEG2-GDRALFVPEPNR. Trypsin can specifically hydrolyze the carboxy-terminated peptide bonds of arginine or lysine residues, converting the carboxyl terminus of CO-OH to CO-NH2, resulting in a ∼1 Da shift in molecular mass. Finally, the quantitative detection was performed according to the peak area of the transition from 520.9 to 611.5 m/z (Fig. 3).
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Figure 3: UHPLC/MS/MS chromatograms of ALFVPEPNR after the tryptic digestion from DNA-peptide probe

3.3 Sample Loading Efficiency on Beads

The most common technique in hybridization involves immobilizing nucleotide molecules onto a solid substrate. Biotin-streptavidin interaction is one of the most commonly used methods for biomolecule immobilization. In this study, miR-21 was biotinylated and then incubated with streptavidin agarose. Previous research has indicated that 25 μL of biotin can reach the maximum loading capacity of the agarose beads [31], which matches our data in this study (Fig. 4).
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Figure 4: The intensity decreasing of free biotin plotted as a function of the volume of added biotin, which was due to its binding with streptavidin agarose beads. To evaluate the maximum loading capacity of agarose beads for biotinylated miRNAs, for 3 samples, increased amounts of biotin (5, 10, 15, 20, 25, 30, 35 and 40 μL; 100 μM) were reacted with 20 μL of streptavidin agarose (4∼6 mg/mL of streptavidin) and the result indicated that 25 μL of biotin reached saturation

3.4 Hybridization Efficiency

A complementary DNA peptide probe was used to hybridize the immobilized miR-21. Theoretically, if there are too many DNA-peptides, then all target miR-21 can hybridized with the peptides. However, in practice, the efficiency of hybridization is also related to the incubation time and hybridization temperature. Therefore, we optimized the two parameters, resulting in the best processing time of 16 h and the best reaction temperature of 60°C (Fig. 5).
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Figure 5: Hybridization temperature and time were optimized for 3 samples. (A) The best reaction temperature was 60°C. (B) The best processing time was 16 h

3.5 Development and Validation of a UHPLC/MS/MS-based Quasi-Targeted Proteomics Assay for miR-21 Quantification

3.5.1 Linear Regression Equation and Linear Range

To obtain the linear range, the final concentrations of calibration standards were set as 0.1, 0.5, 1.0, 2.5, 5.0, 10.0, 15.0, 20.0, 25.0, and 30 nmol/L. 50 μL internal standard (1 μg/L) was added to each sample. The calibration curve was established on the basis of the reporter peptide’s relative peak area ratio (y). The stable isotope-labeled internal standard was plotted against miR-21 concentrations (x). The linear regression was then applied to obtain the serum miR-21 concentration. A linear range of 0.1 to 30.0 nM was obtained for y5 (y = 0.0818x + 0.7554, R2 = 0.9586, P < 0.01) (Fig. 6).
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Figure 6: Representative calibration curve (0.1∼30 nM) for the miR-21 standards. The relative peak area ratio of the reporter peptide and the stable isotope-labeled internal standard with the same sequence was plotted against concentration

3.5.2 Sensitivity

Given the linear regression equation, the limit of detection (LOD) for miR-21 was calculated to be 1.2 pM. A coefficient of variation (CV) of less than 20% must be used to determine the minimum concentration of miR-21, which may then be used as a limit of quantification (LOQ) [32]. The 0.1 nM miR-21 samples were diluted 10, 20, and 30 folds in 100 μL of internal standard (1 μL) and analyzed by UHPLC/MS/MS, respectively. The CV of miR-21 (n = 10) was 11.4% at 30 pM, 18.6% at 20 pM, and 23.2% at 10 pM for y5. Therefore, LOQ for miR-21 was determined as 10 pM.

3.5.3 Recovery Rates

The concentration of miR-21 in the serum sample was 10.3 nmol/L, and different molar masses of miR-21 were added to determine the recovery of the RNA detected by the UHPLC/MS/MS. Their theoretical concentrations were calculated to be 21.6, 36.7, and 42.1 nmol/L, respectively. The concentrations of actual miR-21 were then measured. The recoveries (n = 3) for the three miR-21 levels such as RL, RM, and RH were 91.36 ± 2.19%, 93.64 ± 3.55% and 96.04 ± 2.02% for y5 (Table 1).
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3.5.4 Precision

The accuracy of the developed method was assessed by evaluating the responses of three miR-21 samples at different concentrations in three consecutive days. Intraday and interday precision values were expressed as CVs (Table 2).
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3.5.5 Evaluation of the Clinical Value of miR-21

We analyzed the serum samples of 35 HCC patients and 35 healthy controls. As a result, the quantified miR-21 level in healthy controls was 0.66 nM (range: 0.52∼0.83 nM), and the level of miR-21 in HCC patients’ serum was 1.60 nM (range: 1.34∼1.88 nM) (Fig. 7). These results revealed the significantly increase of miR-21 level in the serum of HCC patients, suggesting that miR-21 can be used as a potential biomarker for HCC.
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Figure 7: Comparison of the quantified miR-21 concentrations in serum for healthy group (N = 35) and HCC patient group (N = 35). ***P < 0.001

4  Discussion

The mass determination based on the conversion of miRNA signals into reporter peptides is the most commonly used proteomic assay using MS [33,34]. Therefore, in this study, the first step was to quantify the DNA peptide probe [35,36]. In such experiments, proteolytic enzymes such as trypsin are often used to cleave the substrate peptides, where the substrate peptides must have trypsin cleavage sites. It is worth noting that the enzyme digestion requires certain conditions, including temperature, and time, etc. So, the digestion efficiency is the key issue to be considered [37].

MS has become a practical method for quantifying biomolecules in recent years due to its high sensitivity and specificity [38]. Proteomics detection with UHPLC/MS/MS is one of the most extensively used MS methods which is based on the principle of targeted analysis [39]. This method is mainly based on converting proteins to peptides for quantitative detection. Peptides can be detected using selective reaction monitoring (SRM) or multiple reaction monitoring (MRM). The peptide used in this study is a substituted peptide as well as a substitute analyte, which is prepared by proteolytic enzymes of the target protein. In our study, the concept of the substitute analyte is also used for reference. To quantitatively determine the miR-21 in solution, we established a direct analytical method in which miR-21 signals were transformed into reporter peptides and the reporter peptides were quantified using MS. For validation, we optimized the binding, coupling, hybridization, and other parameters for miR-21 measurement. Furthermore, we used this method to measure miR-21 levels in the serum of healthy volunteers and HCC patients.

In this experiment, a designed DNA-peptide probe was used to convert the miR-21 signal into a reporter peptide. The quantification of the reporter peptide was assessed to reflect the quantity of miR-21 in serum. Thus, a direct and sensitive quantitative detection method for miRNA level measurement in biological samples was developed. Besides, all the experiments were conducted in a nuclease-free environment to prevent miRNA degradation [40,41]. Studies have developed and validated a sensitive quantitative miRNA analysis method for combining DNA-Peptide dendrimer probe and LC-MS/MS. To quantify the target miRNA, all miRNA samples were predefined as biotinylated and then immobilized on streptavidin-agarose beads [42].

To evaluate the performance of the method for miR-21 quantification, results obtained by UHPLC/MS/MS were compared with qRT-PCR analysis. We should compare our established UHPLC-MS/MS method with qRT-PCR analysis. However, miR-21 quantification by qRT-PCR analysis has not been carried out in our hospital, and will not carry out soon. We can carry out further research in the later stage by the comparison experiment between methods.

5  Conclusion

To quantify miR-21 in serum samples, A quasi-targeted proteomics method based on UHPLC/MS/MS was developed in this study. This method has the capability to analyze miR-21 expression level in biological samples directly and quantitatively without the need for miRNA pretreatment, allowing for direct miRNA quantification. The results showed the concentration of miR-21 was calculated using reporter peptide relative peak area ratio and the stable isotope-labeled internal standard, resulting in a linear range of 0.1∼30.0 nM (y = 0.0818x + 0.7554, R2 = 0.9586, P < 0.01). To conclude, a method for direct quantitative measurement of miR-21 in serum samples has been developed. The developed analytical method is significant to biomarker study as well as clinical treatments. However, further exploration is needed to improve the performance of the method.
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Table 1: Recoveries of miR-21 in human serum

Sample miR-21 miR-21 Theoretical Experimental Recovery
concentration added concentration concentration (%)
(nmol/L) (pM) (nmol/L) (nmol/L)

RL-1 10.3 0.1 21.6 19.9 91.36+2.19

RL-2 20.1

RL-3 19.2

RM-1 0.5 36.7 35.7 93.64 £3.55

RM-2 34.3

RM-3 33.1

RH-1 1 42.1 40.1 96.04 +£2.02

RH-2 41.4

RH-3 39.8
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Table 2: Intraday and interday precision

Sample 1 Day 1 Day 2 Day 3
3.1 3.3 3.4
Concentration 3.4 3.1 3.1
3.2 3.4 3.2
Average 3.23 3.27 3.23
SD 0.153 0.153 0.153
Intra-day CV (%) 4.72 4.68 4.72
Inter-day CV (%) 4.11
Sample 2 Day 1 Day 2 Day 3
15.2 15.1 15.0
Concentration 15.3 15.6 15.6
15.6 15.4 15.7
Average 15.37 15.37 15.43
SD 0.208 0.252 0.379
Intra-day CV (%) 1.35 1.64 2.45
Inter-day CV (%) 1.64
Sample 3 Day 1 Day 2 Day 3
26.7 26.3 26.4
Concentration 26.5 26.8 26.7
26.8 26.1 26.7
Average 26.67 26.40 26.60
SD 0.153 0.361 0.173
Intra-day CV (%) 0.57 1.37 0.65

Inter-day CV (%) 0.92
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