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Increased serum piwi-
interacting RNAs as a novel
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for brucellosis
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Background: Piwi-interacting RNAs (piRNAs) have emerged as potential novel

indicators for various diseases; however, their diagnostic value for brucellosis

remains unclear. This study aimed to evaluate the diagnostic potential of altered

serum piRNAs in patients with brucellosis.

Methods: Illumina sequencing via synthesis (SBS) technology was used to

screen the serum piRNA profile in brucellosis patients, and markedly

dysregulated piRNAs were confirmed by quantitative real-time polymerase

chain reaction (qRT-PCR) assay in two sets from a cohort of 73 brucellosis

patients and 65 controls.

Results: Illumina SBS technology results showed that sevenpiRNAsweremarkedly

elevated in brucellosis patients compared to normal controls. The seven

upregulated piRNAs were further validated individually by qRT-PCR, of which

three piRNAs (piR-000753, piR-001312, and piR-016742) were confirmed to be

significantly and steadily increased in thepatients (> 2-fold, P<0.01). Theareaunder

the receiver operating characteristic (ROC) curve (AUCs) for the three piRNAs

ranged from 0.698 to 0.783. The AUC for the three piRNAs combination was

0.772, with a specificity of 86% and a positive predictive value of 90%, respectively.

Conclusions: The three-piRNApanel identified in this studyhaspotential as anovel

blood-based auxiliary tool for brucellosis detection.
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Introduction

Brucella is a facultative intracellular gram-negative germ that

can induce a zoonotic bacterial disease called brucellosis in

humans and animals (Zai et al., 2017). Brucellosis primarily

affects the reproductive tract, resulting in abortion and infertility

in the natural host (Ahmed et al., 2016). In addition, Brucella is

responsible for severely debilitating and disabling illnesses, such

as fever, chills, sweats, weakness, and some complications

(Rossetti et al., 2017). There are 12 Brucella species based on

their unique association with a natural host; however, only B.

melitensis, B. abortus, B. suis, and B. canis are related to human

diseases (Hull and Schumaker, 2018). It has been reported that

the number of people with brucellosis is 500,000 annually;

however, it appears that the actual number is far greater than

that (Marvi et al., 2018). Humans are infected with Brucella

mainly by direct or indirect contact with infected animals or

contaminated animal products, and the main source of infection

is livestock such as sheep, goats, buffaloes, and steers (Budak

et al., 2016; Budak et al., 2016). In China, B. melitensis accounts

for most brucellosis cases in humans, and high-prevalence areas

are mainly concentrated in Inner Mongolia, Xinjiang, Qinghai,

Ningxia, and Henan provinces (Lai et al., 2017). In epidemic

areas, brucellosis causes severe economic damage and raises

public health risks. However, this disease lacks specific clinical

manifestations and is difficult to distinguish without laboratory

examination (Andriopoulos et al., 2007). At present, major

laboratory tests include blood culture, serological testing, and

molecular detection. Blood culture is the gold standard for

laboratory confirmation; however, its sensitivity depends on

the stage of brucellosis and previous use of antibiotics. In

addition, a prolonged incubation time of up to 7 days and a

low positive rate limit its application. Serological testing mainly

involves agglutination tests and ELISA, which still have

limitations due to the high background values in endemic

areas and the cross-reactivity of smooth lipopolysaccharide

antigen with other gram-negative bacteria (Zerva et al., 2001;

Franco et al., 2007; Al Dahouk et al., 2013; Wareth et al., 2016;

Hull et al., 2018). Therefore, further exploration is urgently

required to improve the diagnosis of brucellosis.

Piwi-interacting RNAs (piRNAs), a subset of small non-

coding RNAs with a length of 23–36 nucleotides, interact with

PIWI proteins in germ and stem cells to silence transposable

elements in the genome at the transcriptional level and are

involved in the pathophysiological processes of various diseases

(Sato and Siomi, 2013; Assumpcao et al., 2015; Iliev et al., 2016;

Kamaliyan et al., 2018; Roy and Mallick, 2018; Zhang et al.,
Abbreviations: piRNA, Piwi-interacting RNA; qRT-PCR, quantitative

reverse transcription polymerase chain reaction; Illumina SBS technology,

the sequencing by synthesis (SBS) technology of Illumina; Cq, quantification

cycle; AUC, the area under the ROC curve; PPV, positive predictive value;

NPV, negative predictive value; ELISA, enzyme linked immunosorbent assay.
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2018). Specific piRNAs in circulation or other body fluids have

been considered potential biomarkers for various diseases

(Cheng et al., 2011; Iliev et al., 2016; Weng et al., 2018;

Vychytilova-Faltejskova et al., 2018; Wang et al., 2020; Ge

et al., 2020; Li et al., 2021; Jia et al., 2021). Our previous study

demonstrated a distinctive panel of piRNAs in seminal plasma

that could accurately distinguish between infertile and fertile

males and might serve as a promising molecular indicator of

male infertility (Hong et al., 2016). We suspected that patients

with Brucella infection may present clinically significant

differences in the circulating levels of piRNAs. Therefore, this

study aimed to investigate the differentially expressed piRNAs in

the sera of brucellosis patients and normal controls, and to

further explore their clinical significance.
Materials and methods

Enrollment of patients and controls

The study cohort comprised 73 brucellosis patients recruited

at the Affiliated Hospital of Inner Mongolia Medical University

or Zhungeer Qi Center for Disease Control and Prevention,

Inner Mongolia, China, from 2016 to 2017. The brucellosis

group included 48 males and 25 females, and the mean of

their age was 47.55 ± 12.88 years and 45.51 ± 9.01 years,

respectively. All patients underwent routine laboratory tests.

Blood cultures were positive in 18 (25%) patients, and the

others were diagnosed using serological tests. Sixty-four (88%)

patients had underlying acute infections, whereas the others had

chronic infections. Most of the patients (68/73, 94%) in our

study were Han Chinese. In addition, 64 patients (87.5%) were

newly recruited without any treatment, and only nine patients

(12.5%) were undergoing anti-bacterial treatment. At the same

time, we recruited 65 healthy Han Chinese matched for age and

sex as the parallel control group from a large pool of individuals

seeking routine health checkups at the Healthy Physical

Examination Center of Jinling Hospital, Nanjing, China. The

selected controls underwent routine laboratory and imaging

tests and exhibited no clinical symptoms of Brucella infection.

The indicators of all the control individuals were checked

normally and showed no evidence of disease. The control

group contained 41 males and 24 females, with an average age

of 48.00 ± 14.18 years and 42.46 ± 16.62 years, respectively.

There was no statistical difference in the distribution of age and

sex between the patient and control groups (age, P = 0.172; sex,

P = 0.743).

This study was approved by the ethics committee board of

each sample collection institution, and written informed consent

was obtained from all participants. This study complied with the

principles of the World Medical Association Declaration

of Helsinki.
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Sample preparation

Blood samples collected from each participant were

compliant with standard operating procedures as previously

described (29). All samples were collected in gel separator/

coagulant tubes and centrifuged at 1500 × g for 10 min at

room temperature. Thereafter, the supernatants were

centrifuged at 2000 × g for 10 min at 4 °C to remove debris.

The serum supernatant samples were stored at -80 °C until

further processing.
Study design

A multiphase retrospective case-control study was

conducted to identify significantly and steadily upregulated

serum piRNAs as successful blood examination indicators for

the diagnosis of brucellosis (Figure 1). In the initial screening

phase, we prepared two pools of serum samples from 29 patients

with brucellosis and 29 healthy controls. RNA was isolated from

the two pools, which was then applied to Illumina SBS

technology to identify piRNAs that showed distinct alterations

between the two groups. Thereafter, confirmation analyses were

performed using qRT-PCR in two sets to refine the altered serum

piRNAs selected from the initial screening phase: (a) training set,

in which serum samples were composed of 29 brucellosis

patients and 27 control individuals, including samples from

the screening phase, and (b) validation set, which consisted of

an additional 44 patients with Brucella infection and 38

normal controls.
Frontiers in Cellular and Infection Microbiology 03
RNA extraction and Illumina
SBS technology

RNA extraction for Illumina SBS technology and qRT-PCR

assays was performed as previously described (Zhang et al., 2010;

Yan et al., 2015). Illumina SBS technology (BGI Genomics Co.,

Shenzhen, China) was used to separately isolate RNA from two

pooled samples, as previously described (Ding et al., 2018).

Further details are shown in Supplementary Materials.
Assay precision of qRT-PCR for piRNA

Since only a few reports and no standard method focused on

body fluid piRNAs study currently, the repeatability of serum

RNA extraction, the analytical repeatability of the qRT-PCR

assay, and the assay precision of the piRNAs quantification were

conducted to evaluate the serum piRNA detection system.

Further details are shown in the Supplementary Materials.
Quantification of piRNA by
qRT-PCR analysis

In this study, qRT-PCR was performed following the

manufacturer’s instructions (Roche Light Cycler® 480 II,

Roche Diagnostics Ltd., Rotkreuz, Switzerland) to validate the

differentially expressed piRNAs between brucellosis patients and

normal controls, as described previously (Hong et al., 2016).

To control for variability in RNA extraction and purification

procedures, we added an exogenous reference gene, plant
FIGURE 1

Flow chart of the experimental design.
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miRNA MIR2911 (5′-GGCCGGGGGACGGGCUGGGA-3′), to
each serum sample at a final concentration of 106 fmol/L during

RNA isolation, as previously reported with minor modifications

(Yan et al., 2015). For the Cq values of MIR2911, no significant

difference was observed between the patient and control groups

(P > 0.05) (Supplementary Figure 1). The relative contents of

serum piRNAs were normalized to MIR2911 and calculated

using the 2−DCq method, in which DCq = Cq [target piRNA] –

Cq [MIR2911].
Statistical analysis

All statistical analyses were performed using the SPSS

software (version 23.0; IBM, NY, USA) and GraphPad Prism 6

(GraphPad Software, CA, USA). Data are presented as the

mean ± SEM for piRNAs. The nonparametric Mann–Whitney

U test was used to compare differences in variables between the

groups. We established receiver operating characteristic (ROC)

curves and calculated the areas under the ROC curve (AUC) to

evaluate the specificity and sensitivity of candidate piRNAs for

brucellosis diagnosis. The positive predictive value (PPV) and

negative predictive value (NPV) were calculated to determine

the diagnostic ability for brucellosis. Risk score analysis was

performed to assess the associations between the combination of

piRNAs and brucellosis, as previously described (Zhang et al.,

2010). Statistical significance was set at P < 0.05.
Results

Serum piRNA profile analyzed by Illumina
SBS technology

We used Illumina SBS technology to initially search for

differentially expressed serum piRNAs in patients with

brucellosis compared to normal controls. Unique sequences

with lengths of 17–44 nucleotides were first mapped to the

Brucella genome, and the unmapped sequences were then

aligned to human genomes. The mapped reads were used for
Frontiers in Cellular and Infection Microbiology 04
further analyses. These sequences were annotated using the

miRBase, tRNA, rRNA, and rfam databases. The unmapped

reads were finally mapped to piRNABank, and 25838 piRNAs,

including 708 known and 25130 novel piRNAs, were detected.

Of the 708 known piRNAs that were annotated in the NCBI

database, 646 piRNAs showed more than 2-fold change between

the patients and the controls, and 230 of them were upregulated

in the patients. Pearson’s correlation scatter plots were used to

compare the serum piRNA profiles in patients with brucellosis

relative to healthy controls, and the square of the Pearson’s

correlation coefficient (R2) value for the two groups was 0.713

(P < 0.0001) (Supplementary Figure 2). A piRNA was regarded

as markedly altered if Illumina SBS technology detected more

than 100 reads in either the patients or the controls and if the

piRNA exhibited more than a 4-fold difference in expression

level between the two groups. According to the above criteria, a

total of 86 known piRNAs were significantly differentially

expressed between the two groups, with seven upregulated

(Table 1) and 79 downregulated piRNAs in the patient group

(Supplementary Table 1).
Validity of qRT-PCR
measurement system

Subsequently, we conducted qRT-PCR assay to verify the

initial screening results obtained using Illumina SBS technology.

To ensure the reliability of the qRT-PCR measurement system

for piRNAs, we evaluated the quantification accuracy and

repeatability of serum RNA isolation and qRT-PCR assays. For

the repeatability assay of serum RNA extraction, the Cq values of

replicate assays were very similar between the two portions

examined (R2 = 0.997), indicating that the RNA extraction

method was reproducible (Supplementary Figure 3a). The

analytical reproducibility of the qRT-PCR assay was also

excel lent (R2 = 0.995) (Supplementary Figure 3b).

Furthermore, 20 replicates of each candidate piRNA were

performed to investigate the analytical repeatability of the

qRT-PCR assay for candidate piRNAs. The mean CVs for the

qRT-PCR assays for piRNAs were 0.39%, 1.17%, and 1.02%,
TABLE 1 Markedly upregulated serum piRNAs in brucellosis patients compared to normal controls determined by Illumina SBS technology.

piRNA Accession Count(Control) Count
(Brucellosis)

Fold change
(Brucellosis/Control)

P-Value

piR-007424 DQ580112 4 113 20.66 2.48×10-22

piR-001312 DQ571813 145 3437 17.45 0

piR-002485 DQ573352 15 128 6.28 6.3×10-17

piR-016677 DQ592953 27 194 5.30 1.57×10-22

piR-016742 DQ593049 29 197 5.00 5.06×10-22

piR-000753 DQ570940 47 315 4.94 5.06×10-34

piR-020814 DQ598650 19 104 4.02 1.72×10-10
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respectively. These results indicate that the qRT-PCR assay used

in our study for measuring serum piRNA concentrations was

reliable and reproducible.
Confirmation of Illumina SBS technology
results by qRT-PCR assay

We measured the concentrations of seven markedly elevated

piRNAs (piR-007424, piR-001312, piR-002485, piR-016677,

piR-016742, piR-000753, and piR-020814) that were initially

screened in the Illumina SBS technology with a qRT-PCR assay

in the training set first. The sequences, general information in

different databases, genomic positions of these piRNAs, and

their primer and probe sequences are shown in Supplementary

Table 2, Supplementary Table 3, and Supplementary Table 4.

Among them, the concentrations of three piRNAs, piR-000753,

piR-001312, and piR-016742, were found to be higher in the

patient group than in the control group (P = 0.0001, P < 0.0001,

and P < 0.01, respectively), whereas the concentrations of piR-

007424 and piR-016677 were unchanged (Table 2). PiR-002485

and piR-020814 were undetectable by qRT-PCR. The fold-

changes of piR-000753, piR-001312, and piR-016742 ranged

from 3.1-fold to 4.9-fold (Table 2).

Subsequently, piR-000753, piR-001312, and piR-016742,

were further verified by qRT-PCR in an additional larger

cohort (validation set), including 44 brucellosis patients and 38

normal controls. Consistent with the results from the training

set, the expression levels of the three piRNAs were also

significantly increased in patients in the validation cohort

(P < 0.0001, P = 0.001, and P < 0.01, respectively) (Table 2).

Changes in the concentrations of these piRNAs were greater

than 2.8-fold (Table 2). Through the above multiphase screening

and confirmation, the levels of piR-000753, piR-001312, and
Frontiers in Cellular and Infection Microbiology 05
piR-016742 in serum from brucellosis patients were confirmed

to be steadily expressed and significantly increased compared

with normal controls (Supplementary Figure 4). Moreover, the

serum levels of the three piRNAs also showed no marked

differences among patients with different sex, age, stage of the

disease, or use of antibiotics (Supplementary Figure 5).
ROC curve and risk score analysis

To evaluate the usefulness of piR-000753, piR-001312, and

piR-016742 for distinguishing brucellosis patients from normal

controls, we conducted ROC curve analyses and obtained the

corresponding AUCs of these three piRNAs ranging from 0.743

to 0.829 in the training set, 0.682 to 0.776 in the validation set,

and 0.698 to 0.783 in the combined two sets, respectively

(Figures 2A–C, E–G, and I–K). Among the three piRNAs, piR-

000753 and piR-001312 exhibited a relatively high diagnostic

accuracy (Figure 2 and Table 3).

To further assess the diagnostic ability of the three piRNA

profiles, we constructed a signature using these three piRNAs by

risk score analysis. First, we performed a univariate logistic

regression analysis. Based on the risk score analysis, brucellosis

status was defined as the dependent variable and the risk score

was defined as the concomitant variable. The regression

coefficients of these three piRNAs ranged from 1.093 to 3.061,

and the odds ratios were larger than 1, ranging from 6.710 to

21.350 (Supplementary Table 5), suggesting that these piRNAs

are potential risk factors for brucellosis. In addition, we analyzed

the diagnostic value of the 3-piRNA panel. We calculated RSF

for brucellosis samples and control samples and ranked these

samples according to their RSF to divide them into a high-risk

group, representing the predicted brucellosis cases, and a low-

risk group, representing the predicted control individuals. The
TABLE 2 Relative concentrations of candidate piRNAs to MIR2911 in the serum samples from brucellosis and control groups determined by
individual qRT-PCR assay in the training set and the validation set a.

piRNA Control Brucellosis Fold change (Brucellosis/Control) P-Value b

Training set

Samples, n 27 29

piR-000753 71.81 ± 13.18 283.77 ± 40.09 3.95 0.0001

piR-001312 2.56 ± 0.41 12.42 ± 2.05 4.86 < 0.0001

piR-016742 2.45 ± 0.35 7.58 ± 1.29 3.09 0.0018

piR-007424 493.27 ± 75.52 845.46 ± 183.65 1.20 0.2250

piR-016677 16.89 ± 3.59 20.35 ± 3.07 1.71 0.7804

Validation set

Samples, n 38 44

piR-000753 59.88 ± 5.45 190.00 ± 26.84 3.17 < 0.0001

piR-001312 3.00 ± 0.35 10.66 ± 2.27 3.56 0.0010

piR-016742 2.36 ± 0.25 6.69 ± 1.76 2.83 0.0048
fro
apiRNA data are presented as the mean ± SEM (×10-2).
bBrucellosis vs. Control.
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frequency tables and ROC curves were then applied to assess the

diagnostic value of the three-piRNA panel and to determine the

optimal cut-off value. Consequently, the AUCs of this three-

piRNA panel were 0.808 (95% CI, 0.690 - 0.925) in the training

set (Figure 2D) and 0.751(95% CI, 0.645 - 0.858) in the

validation set (Figure 2H), respectively. When the two sets

were calculated together, the AUC was 0.772 (95% CI: 0.693 -

0.851) (Figure 2L). At the optimum cut-off value of 2.735, with

the value of sensitivity + specificity considered to be maximal,

the PPV and NPV of the three-piRNA panel in all samples were

90% and 67%, respectively (Supplementary Table 6). These

results suggest that the three-piRNA panel has relatively high

specificity and PPV for brucellosis detection. Moreover, we also

analyzed the diagnostic efficacy of the combinations of random

two-piRNAs to differentiate brucellosis patients from control

individuals (Supplementary Table 7); however, it did not turn

out as did the three-piRNA panel (Supplementary Table 6).
Discussion

Human brucellosis is a multi-systemic disease with

numerous clinical symptoms but lacks specific manifestations,
Frontiers in Cellular and Infection Microbiology 06
which still hinders clinicians owing to the limitations of

detection methods (Andriopoulos et al., 2007; Kose et al.,

2014). Currently, PCR technology is gradually being used for

the molecular diagnosis of brucellosis. It has been shown that

qRT-PCR techniques are more specific and sensitive than

serological tests and could serve as auxiliary tools for

brucellosis diagnosis (Sohrabi et al., 2014; Hasanjani Roushan

et al., 2016; Sanjuan-Jimenez et al., 2017). piRNAs have been

demonstrated to exhibit distinctive profiles in patients with

cancers or other diseases, such as lung, pancreatic, and

colorectal cancers, male infertility, and Alzheimer’s disease,

and are regarded as promising biomarkers for these diseases

(Muller et al., 2015; Hong et al., 2016; Reeves et al., 2017; Jun

et al., 2017; Weng et al., 2018).

In this study, we performed genome-wide serum piRNA

analysis using Illumina SBS technology and observed that the

serum piRNA signature of patients with brucellosis was distinct

from that of normal controls. For feasibility of clinical testing, we

focused on the upregulated piRNAs in the patients in this study.

We subsequently conducted qRT-PCR assays to examine the

seven upregulated piRNAs arranged in two independent sets and

found that the concentrations of piR-000753, piR-001312, and

piR-016742 were markedly increased in the sera of brucellosis
A B D

E F G

I

H

J K L

C

FIGURE 2

ROC curves analysis of the three selected piRNAs. Receiver operating characteristic (ROC) curves for the ability of three individual piRNAs and
the three-piRNA panel to distinguish brucellosis patients from controls in the training set (A-D), validation set (E-H) and the combined two sets
(I-L).
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patients as compared with that of normal controls. Of the three

piRNAs, piR-000753 and piR-001312 had larger AUCs than

piR-016742, but piR-000753 exhibited a more consistent AUC in

both the training and validation sets (Figure 2). The PPV and

NPV of piR-000753 for the diagnosis of brucellosis were also

larger than those of the other two piRNAs (Table 3). Moreover,

piR-000753 was much more enriched in the serum samples than

the other two piRNAs, as shown by their concentrations relative

to MIR2911 (Table 2). Therefore, piR-000753 may be considered

as a potential auxiliary indicator for brucellosis detection.

Additionally, we analyzed the diagnostic power of any two

piRNA combinations for predicting brucellosis. The three-

piRNA panel exhibited a larger AUC than any combination of

two piRNAs as well as single piRNAs, including piR-001312 and

piR-016742, as shown in Table 3, Supplementary Table 5, and

Supplementary Table 6, respectively, suggesting that this three-

piRNA panel had the potential to discriminate brucellosis

patients from control individuals. We also noticed that both

the three-piRNA panel and piR-000753 alone had relatively high

PPV, but low NPV for brucellosis detection. We suspect that if

these piRNAs were detected in combination with other clinical

parameters, it would be possible to improve the diagnostic

accuracy of brucellosis. Further studies are necessary to verify

this hypothesis.

The normalization of circulating piRNA levels by qRT-PCR

is a crucial issue from the beginning. To date, the lack of an

established endogenous reference gene or a stable internal

control miRNA/piRNA is a major technical issue, which is not

negligible in piRNA quantification. To normalize serum

piRNAs, we first attempted to use U6 snRNA and miR-16 as

endogenous control genes for qRT-PCR analysis; however, our

study indicated that there were statistically significant differences

in the expression levels of U6 and miR-16 between the two

groups (P = 0.0432; P = 0.003) (Supplementary Figure 6).

Therefore, U6 and miR-16 may not be suitable reference genes

for normalizing qRT-PCR expression data of piRNAs. In

contrast to tissues or cells, U6 snRNA is easily degraded in

serum samples (Peltier and Latham, 2008; Zhang et al., 2010).

Although internal miR-16 has been used to normalize serum

piRNAs (Lawrie et al., 2008), our previous and present study

showed that the expression level of miR-16 itself was altered in

certain diseases and cannot be used as a reference control for
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standardizing serum piRNAs (Chen et al., 2008; Zhang et al.,

2010). Based on our previous research methods (Yan et al., 2015;

Lu et al., 2017), we used synthetic plant miRNA (MIR2911), an

exogenous reference gene, to control for variability in the RNA

extraction and purification procedures. MIR2911 could

normalize serum piRNAs, as it has no mammalian

homologue, and its expression in serum has high repeatability

and reproducibility (SupplementaryFigure 1).

The exact reasons for the change in the circulating piRNA

expression profile in patients with brucellosis and whether it is

involved in the pathological process of brucellosis remain

unclear. There are two subtypes of piRNA. One subtype is

abundant in germ cells and appears to restrict transposable

elements. The major function of this subtype of piRNA is to

protect germline and gonadal somatic cells against harmful

expression of transposable elements and stabilize the

formation of male germ cells (Lee et al., 2011). Brucellosis

mainly affects the reproductive system, resulting in miscarriage

and infertility in natural host (Atluri et al., 2011). Therefore,

some piRNAs may be dysregulated in the reproductive tract and

are involved in reproductive diseases caused by brucellosis, thus

affecting the expression levels of piRNAs in the circulation.

Another subtype of piRNAs originates from genomic regions

in somatic cells, such as the brain, liver, and heart, and regulates

its target mRNAs, breaking the barrier of restricted expression in

germ cells (Lee et al., 2011; Rajan et al., 2014; Qiu et al., 2017).

Brucellosis is a systemic disease that affects many tissue types

and organs and causes numerous symptoms, such as fever, chills,

headache, pain, fatigue, dementia, and arthritis (DelVecchio

et al., 2002). Therefore, the change in piRNA expression levels

in circulation may be a systemic response to pathological

changes in the somatic cells of patients with brucellosis. All

pathological changes affected the expression levels of circulating

piRNAs throughout the body in both men and women. Further

studies are required to clarify this issue.

Although several studies have demonstrated that circulating

piRNAs may have great potential as novel non-invasive biomarkers

for various diseases, there are still some controversies surrounding

circulating piRNAs. One notable issue among these disputes is that

piRNAs in circulation may not be “gold standard” piRNAs, but

contaminations of longer RNAs or other non-coding RNAs debris.

Tosar et al. reported that a subset of piRNAs in a database is possibly
TABLE 3 Diagnostic efficacy of piR-000753, piR-001312, and piR-016742 to differentiate brucellosis patients from control individuals.

Training set Validation set Total

Test result
piRNA

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

piR-000753 72.4 85.2 84.0 74.2 70.5 71.1 89.7 66.0 72.6 72.3 87.0 69.0

piR-001312 75.0 74.1 75.0 71.4 63.6 71.1 66.7 60.0 64.4 75.4 70.0 64.7

piR-016742 65.5 77.8 76.0 67.7 70.5 65.8 75.0 55.2 74.0 63.1 75.5 59.5
frontie
PPV, positive predictive values; NPV, negative predictive values.
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independent of the PIWI pathway and may be fragments of non-

coding RNA (Tosar et al., 2018). Furthermore, they also

demonstrated that one serum piR-54265, which can be used to

discriminate colorectal cancer patients from healthy controls, is a

small nucleolar RNA (Tosar et al., 2021). These unexpected findings

raise the possibility that the three altered piRNAs in brucellosis in this

study may also not be canonical piRNA but other small non-coding

RNAs that were incorrectly classified as piRNAs. These need to be

further verified by bioinformatics tools or experimental verification.

Moreover, these lines of new evidence may also counsel us to pay

more attention to future research on circulating piRNAs, and

targeting piRNAs cannot be identified by simply mapping small

RNA-seq data to piRNA databases (Geles et al., 2021).

This study has some limitations. First, the serum piRNA

expression profile was only screened and individually confirmed

in brucellosis patients and healthy controls, but not in other

infection or inflammatory subjects. This may raise the question

of whether the three piRNAs were brucellosis-specific or

induced by complications of other diseases. Thus, the

expression pattern of the three piRNAs should be examined in

other bacterial infections or inflammatory subjects to verify their

specificity for brucellosis in the future. Second, the use of pooled

serum samples for initial piRNA screening might yield

inaccurate information due to individual differences; therefore,

it will introduce some false-positive results and result in

inaccurate information. This can be explained by the fact that

only three of the seven piRNAs initially selected for validation

showed consistent alterations with the RNA-seq results.

Therefore, RNA-seq results must be individually validated

using qRT-PCR. Moreover, genome-wide high-throughput

screening of individual samples should be encouraged and

recommended in similar studies.

In summary, we discovered that the circulating piRNA

expression profile in brucellosis serum samples was different

from that in normal controls, and three piRNAs (piR-000753,

piR-001312, and piR-016742) were highly upregulated in

brucellosis patients. Although more studies are required, we

demonstrated for the first time that the three-piRNA panel is a

promising molecular indicator for brucellosis.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Materials. Further

inquiries can be directed to the corresponding authors.
Ethics statement

The studies involving human participants were reviewed

and approved by ethics committee of Jinling Hospital and

Affiliated Hospital of Inner Mongolia Medical University.
Frontiers in Cellular and Infection Microbiology 08
Informed consent was obtained from all participants. The

patients/participants provided their written informed consent

to participate in this study.
Author contributions

Conceptualization: CW, CZ, CYZ, and JJW; data curation:

CPZ, CW, QF, NZ, ZZ, and MD; formal analysis: CPZ, ZZ, XC,

and FZ; funding acquisition: CW and CZ; methodology: CW,

CPZ, ZZ, and CZ; resources: JJW, CYZ, QF, and FZ;

supervision: CZ, CYZ, and JJW; roles/writing: original draft:

CPZ, CW, and CZ; writing and review and editing: JJW and

CYZ. All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by grants from National Natural

Science Foundation of China (no. 81772282 and 82072376),

Fund of State Key Laboratory of Analytical Chemistry for Life

Science (no. 5431ZZXM1907), Natural Science Foundation of

Jiangsu Provincial (BK20211132), and Fund of Jiangsu

Postdoctoral Science Foundation (2021K322C). The funder

played no role in the study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fcimb.2022.992775/full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2022.992775/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.992775/full#supplementary-material
https://doi.org/10.3389/fcimb.2022.992775
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fcimb.2022.992775
References
Ahmed, W., Zheng, K., and Liu, Z. F. (2016). Establishment of chronic infection:
Brucella’s stealth strategy. Front. Cell. infection Microbiol. 6, 30. doi: 10.3389/
fcimb.2016.00030

Al Dahouk, S., Sprague, L. D., and Neubauer, H. (2013). New developments in
the diagnostic procedures for zoonotic brucellosis in humans. Rev. Sci. Tech 32 (1),
177–188. doi: 10.20506/rst.32.1.2204

Andriopoulos, P., Tsironi, M., Deftereos, S., Aessopos, A., and Assimakopoulos,
G. (2007). Acute brucellosis: presentation, diagnosis, and treatment of 144 cases.
Int. J. Infect. Dis. 11 (1), 52–57. doi: 10.1016/j.ijid.2005.10.011

Assumpcao, C. B., Calcagno, D. Q., Araujo, T. M., Santos, S. E., Santos, A. K.,
Riggins, G. J., et al. (2015). The role of piRNA and its potential clinical implications
in cancer. Epigenomics 7 (6), 975–984. doi: 10.2217/epi.15.37

Atluri, V. L., Xavier, M. N., de Jong, M. F., den Hartigh, A. B., and Tsolis, R. M.
(2011). Interactions of the human pathogenic brucella species with their hosts.
Annu. Rev. Microbiol. 65, 523–541. doi: 10.1146/annurev-micro-090110-102905

Budak, F., Bal, S. H., Tezcan, G., Akalin, H., Goral, G., and Oral, H. B. (2016).
Altered expressions of miR-1238-3p, miR-494, miR-6069, and miR-139-3p in the
formation of chronic brucellosis. J. Immunol. Res. 2016, 4591468. doi: 10.1155/
2016/4591468

Budak, F., Bal, S. H., Tezcan, G., Guvenc, F., Akalin, E. H., Goral, G., et al. (2016).
MicroRNA expression patterns of CD8+ T cells in acute and chronic brucellosis.
PloS One 11, e0165138. doi: 10.1371/journal.pone.0165138

Chen, X., Ba, Y., Ma, L., Cai, X., Yin, Y., Wang, K., et al. (2008). Characterization
of microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and
other diseases. Cell Res. 18 (10), 997–1006. doi: 10.1038/cr.2008.282

Cheng, J., Guo, J. M., Xiao, B. X., Miao, Y., Jiang, Z., Zhou, H., et al. (2011).
piRNA, the new non-coding RNA, is aberrantly expressed in human cancer cells,
clinica chimica acta. Clin. Chim. Acta 412 (17-18), 1621–1625. doi: 10.1016/
j.cca.2011.05.015

DelVecchio, V. G., Kapatral, V., Redkar, R. J., Patra, G., Mujer, C., Los, T., et al.
(2002). The genome sequence of the facultative intracellular pathogen brucella
melitensis. Proc. Natl. Acad. Sci. United States America 99 (1), 443–448. doi:
10.1073/pnas.221575398

Ding, M., Wang, C., Lu, X., Zhang, C., Zhou, Z., Chen, X., et al. (2018).
Comparison of commercial exosome isolation kits for circulating exosomal
microRNA profiling. Anal. Bioanal Chem. 410 (16), 3805–3814. doi: 10.1007/
s00216-018-1052-4

Franco, M. P., Mulder, M., Gilman, R. H., and Smits, H. L. (2007). Human
brucellosis. Lancet. Infect. Dis 7 (12), 775–786. doi: 10.1016/S1473-3099(07)70286-4

Geles, K., Palumbo, D., Sellitto, A., Giurato, G., Cianflone, E., Marino, F., et al.
(2021). WIND (Workflow for pIRNAs aNd beyonD): a strategy for in-depth
analysis of small RNA-seq data. F1000Res 10, 1. doi : 10.12688/
f1000research.27868.3

Ge, L., Zhang, N., Li, D., Wu, Y., Wang, H., and Wang, J. (2020). Circulating
exosomal small RNAs are promising non-invasive diagnostic biomarkers for
gastric cancer. J. Cell Mol. Med. 24 (24), 14502–14513. doi: 10.1111/jcmm.16077

Hasanjani Roushan, M. R., Marashi, S. M., and Moulana, Z. (2016). Polymerase
chain reaction-based assays for the diagnosis of active and relapsed cases of human
brucellosis. Am. J. Trop. Med. hygiene 95 (6), 1272–1276. doi: 10.4269/ajtmh.16-
0344

Hong, Y., Wang, C., Fu, Z., Liang, H., Zhang, S., Lu, M., et al. (2016). Systematic
characterization of seminal plasma piRNAs as molecular biomarkers for male
infertility. Sci. Rep. 6, 24229. doi: 10.1038/srep24229

Hull, N., Miller, J., Berry, D., Laegreid, W., Smith, A., Klinghagen, C., et al.
(2018). Optimization of brucella abortus protocols for downstream molecular
applications. J. Clin. Microbiol. 56 (4), e01894–17. doi: 10.1128/JCM.01894-17

Hull, N. C., and Schumaker, B. A. (2018). Comparisons of brucellosis between
human and veterinary medicine. Infection Ecol. Epidemiol. 8 (1), 1500846. doi:
10.1080/20008686.2018.1500846

Iliev, R., Fedorko, M., Machackova, T., Mlcochova, H., Svoboda, M., Pacik, D.,
et al. (2016). Expression levels of PIWI-interacting RNA, piR-823, are deregulated
in tumor tissue, blood serum and urine of patients with renal cell carcinoma.
Anticancer Res. 36 (12), 6419–6423. doi: 10.21873/anticanres.11239

Jia, S., Zhang, Q., Wang, Y., Wang, Y., Liu, D., He, Y., et al. (2021). PIWI-
interacting RNA sequencing profiles in maternal plasma-derived exosomes reveal
novel non-invasive prenatal biomarkers for the early diagnosis of nonsyndromic
cleft lip and palate. EBioMedicine 65, 103253. doi: 10.1016/j.ebiom.2021.103253

Jun, G. R., Chung, J., Mez, J., Barber, R., Beecham, G. W., Bennett, D. A., et al.
(2017). Transethnic genome-wide scan identifies novel alzheimer’s disease loci.
Alzheimers Dement. 13 (7), 727–738. doi: 10.1016/j.jalz.2016.12.012
Frontiers in Cellular and Infection Microbiology 09
Kamaliyan, Z., Pouriamanesh, S., Soosanabadi, M., Gholami, M., and
Mirfakhraie, R. (2018). Investigation of piwi-interacting RNA pathway genes role
in idiopathic non-obstructive azoospermia. Sci. Rep. 8 (1), 142. doi: 10.1038/
s41598-017-17518-4

Kose, S., Serin Senger, S., Akkoclu, G., Kuzucu, L., Ulu, Y., Ersan, G., et al.
(2014). Clinical manifestations, complications, and treatment of brucellosis:
evaluation of 72 cases. Turk J. Med. Sci. 44 (2), 220–223. doi: 10.3906/sag-1112-34

Lai, S., Zhou, H., Xiong, W., Gilbert, M., Huang, Z., Yu, J., et al. (2017). Changing
epidemiology of human brucellosis, China, 1955-2014. Emerg. Infect. Dis 23(2):
184–194. doi: 10.3201/eid2302.151710

Lawrie, C. H., Gal, S., Dunlop, H. M., Pushkaran, B., Liggins, A. P., Pulford, K.,
et al. (2008). Detection of elevated levels of tumour-associated microRNAs in
serum of patients with diffuse large b-cell lymphoma. Br. J. haematol 141 (5), 672–
675. doi: 10.1111/j.1365-2141.2008.07077.x

Lee, E. J., Banerjee, S., Zhou, H., Jammalamadaka, A., Arcila, M., Manjunath, B.
S., et al. (2011). Identification of piRNAs in the central nervous system. Rna 17 (6),
1090–1099. doi: 10.1261/rna.2565011

Li, J., Wang, N., Zhang, F., Jin, S., Dong, Y., Dong, X., et al. (2021). PIWI-
interacting RNAs are aberrantly expressed and may serve as novel biomarkers for
diagnosis of lung adenocarcinoma. Thorac. Cancer 12 (18), 2468–2477. doi:
10.1111/1759-7714.14094

Lu, P., Wang, F., Wu, J., Wang, C., Yan, J., Li, Z. L., et al. (2017). Elevated serum
miR-7, miR-9, miR-122, and miR-141 are noninvasive biomarkers of acute
pancreatitis. Dis. Markers 2017, 7293459. doi: 10.1155/2017/7293459

Marvi, A., Asadi-Aliabadi, M., Darabi, M., Abedi, G., Siamian, H., and Rostami-
Maskopaee, F. (2018). Trend analysis and affecting components of human
brucellosis incidence during 2006 to 2016. Med. Arch. 72 (1), 17–21. doi:
10.5455/medarh.2018.72.17-21

Muller, S., Raulefs, S., Bruns, P., Afonso-Grunz, F., Plotner, A., Thermann, R.,
et al. (2015). Next-generation sequencing reveals novel differentially regulated
mRNAs, lncRNAs, miRNAs, sdRNAs and a piRNA in pancreatic cancer. Mol.
Cancer 14, 94. doi: 10.1186/s12943-015-0358-5

Peltier, H. J., and Latham, G. J. (2008). Normalization of microRNA expression
levels in quantitative RT-PCR assays: identification of suitable reference RNA
targets in normal and cancerous human solid tissues. Rna 14 (5), 844–852. doi:
10.1261/rna.939908

Qiu, W., Guo, X., Lin, X., Yang, Q., Zhang, W., Zhang, Y., et al. (2017).
Transcriptome-wide piRNA profiling in human brains of alzheimer’s disease.
Neurobiol. Aging 57, 170–177. doi: 10.1016/j.neurobiolaging.2017.05.020

Rajan, K. S., Velmurugan, G., Pandi, G., and Ramasamy, S. (2014). miRNA and
piRNA mediated akt pathway in heart: antisense expands to survive. Int. J.
Biochem. Cell Biol. 55, 153–156. doi: 10.1016/j.biocel.2014.09.001

Reeves, M. E., Firek, M., Jliedi, A., and Amaar, Y. G. (2017). Identification and
characterization of RASSF1C piRNA target genes in lung cancer cells. Oncotarget 8
(21), 34268–34282. doi: 10.18632/oncotarget.15965

Rossetti, C. A., Arenas-Gamboa, A. M., and Maurizio, E. (2017). Caprine
brucellosis: A historically neglected disease with significant impact on public
health. PloS Negl. Trop. Dis. 11 (8), e0005692. doi: 10.1371/journal.pntd.0005692

Roy, J., and Mallick, B. (2018). Investigating piwi-interacting RNA regulome in
human neuroblastoma. Genes Chromosomes Cancer 57 (7), 339–349. doi: 10.1002/
gcc.22535

Sanjuan-Jimenez, R., Colmenero, J. D., and Morata, P. (2017). Lessons learned
with molecular methods targeting the BCSP-31 membrane protein for diagnosis of
human brucellosis. Clin Chim Acta 469, 1–9. doi: 10.1016/j.cca.2017.03.014

Sato, K., and Siomi, M. C. (2013). Piwi-interacting RNAs: biological functions
and biogenesis. Essays Biochem. 54, 39–52. doi: 10.1042/bse0540039

Sohrabi, M., Mohabati Mobarez, A., Khoramabadi, N., Hosseini Doust, R., and
Behmanesh, M. (2014). Efficient diagnosis and treatment follow-up of human
brucellosis by a novel quantitative TaqMan real-time PCR assay: a human clinical
survey. J. Clin. Microbiol. 52 (12), 4239–4243. doi: 10.1128/JCM.01819-14

Tosar, J. P., Garcia-Silva, M. R., and Cayota, A. (2021). Circulating SNORD57
rather than piR-54265 is a promising biomarker for colorectal cancer: common
pitfalls in the study of somatic piRNAs in cancer. RNA 27 (4), 403–410. doi:
10.1261/rna.078444.120

Tosar, J. P., Rovira, C., and Cayota, A. (2018). Non-coding RNA fragments
account for the majority of annotated piRNAs expressed in somatic non-gonadal
tissues. Commun. Biol. 1, 2. doi: 10.1038/s42003-017-0001-7

Vychytilova-Faltejskova, P., Stitkovcova, K., Radova, L., Sachlova, M., Kosarova,
Z., Slaba, K., et al. (2018). Circulating PIWI-interacting RNAs piR-5937 and piR-
frontiersin.org

https://doi.org/10.3389/fcimb.2016.00030
https://doi.org/10.3389/fcimb.2016.00030
https://doi.org/10.20506/rst.32.1.2204
https://doi.org/10.1016/j.ijid.2005.10.011
https://doi.org/10.2217/epi.15.37
https://doi.org/10.1146/annurev-micro-090110-102905
https://doi.org/10.1155/2016/4591468
https://doi.org/10.1155/2016/4591468
https://doi.org/10.1371/journal.pone.0165138
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1016/j.cca.2011.05.015
https://doi.org/10.1016/j.cca.2011.05.015
https://doi.org/10.1073/pnas.221575398
https://doi.org/10.1007/s00216-018-1052-4
https://doi.org/10.1007/s00216-018-1052-4
https://doi.org/10.1016/S1473-3099(07)70286-4
https://doi.org/10.12688/f1000research.27868.3
https://doi.org/10.12688/f1000research.27868.3
https://doi.org/10.1111/jcmm.16077
https://doi.org/10.4269/ajtmh.16-0344
https://doi.org/10.4269/ajtmh.16-0344
https://doi.org/10.1038/srep24229
https://doi.org/10.1128/JCM.01894-17
https://doi.org/10.1080/20008686.2018.1500846
https://doi.org/10.21873/anticanres.11239
https://doi.org/10.1016/j.ebiom.2021.103253
https://doi.org/10.1016/j.jalz.2016.12.012
https://doi.org/10.1038/s41598-017-17518-4
https://doi.org/10.1038/s41598-017-17518-4
https://doi.org/10.3906/sag-1112-34
https://doi.org/10.3201/eid2302.151710
https://doi.org/10.1111/j.1365-2141.2008.07077.x
https://doi.org/10.1261/rna.2565011
https://doi.org/10.1111/1759-7714.14094
https://doi.org/10.1155/2017/7293459
https://doi.org/10.5455/medarh.2018.72.17-21
https://doi.org/10.1186/s12943-015-0358-5
https://doi.org/10.1261/rna.939908
https://doi.org/10.1016/j.neurobiolaging.2017.05.020
https://doi.org/10.1016/j.biocel.2014.09.001
https://doi.org/10.18632/oncotarget.15965
https://doi.org/10.1371/journal.pntd.0005692
https://doi.org/10.1002/gcc.22535
https://doi.org/10.1002/gcc.22535
https://doi.org/10.1016/j.cca.2017.03.014
https://doi.org/10.1042/bse0540039
https://doi.org/10.1128/JCM.01819-14
https://doi.org/10.1261/rna.078444.120
https://doi.org/10.1038/s42003-017-0001-7
https://doi.org/10.3389/fcimb.2022.992775
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Wang et al. 10.3389/fcimb.2022.992775
28876 are promising diagnostic biomarkers of colon cancer. Cancer Epidemiol.
Biomarkers Prev. 27 (9), 1019–1028. doi: 10.1158/1055-9965.EPI-18-0318

Wang, Z., Yang, H., Ma, D., Mu, Y., Tan, X., Hao, Q., et al. (2020). Serum PIWI-
interacting RNAs piR-020619 and piR-020450 are promising novel biomarkers for
early detection of colorectal cancer. Cancer Epidemiol. Biomarkers Prev. 29 (5),
990–998. doi: 10.1158/1055-9965.EPI-19-1148

Wareth, G., Eravci, M., Weise, C., Roesler, U., Melzer, F., Sprague, L. D., et al.
(2016). Comprehensive identification of immunodominant proteins of brucella
abortus and brucella melitensis using antibodies in the sera from naturally infected
hosts. Int. J. Mol. Sci. 17 (5), 659. doi: 10.3390/ijms17050659

Weng, W., Liu, N., Toiyama, Y., Kusunoki, M., Nagasaka, T., Fujiwara, T.,
et al. (2018). Novel evidence for a PIWI-interacting RNA (piRNA) as an
oncogenic mediator of disease progression, and a potential prognostic
biomarker in colorectal cancer. Mol. Cancer 17 (1), 16. doi: 10.1186/s12943-
018-0767-3
Frontiers in Cellular and Infection Microbiology 10
Yan, Y., Shi, Y., Wang, C., Guo, P., Wang, J., Zhang, C. Y., et al. (2015). Influence
of a high-altitude hypoxic environment on human plasma microRNA profiles. Sci.
Rep. 5, 15156. doi: 10.1038/srep15156

Zai, X., Yang, Q., Liu, K., Li, R., Qian, M., Zhao, T., et al. (2017). A
comprehensive proteogenomic study of the human brucella vaccine strain 104
m. BMC Genomics 18 (1), 402. doi: 10.1186/s12864-017-3800-9

Zerva, L., Bourantas, K., Mitka, S., Kansouzidou, A., and Legakis, N. J. (2001).
Serum is the preferred clinical specimen for diagnosis of human brucellosis by
PCR. J. Clin. Microbiol. 39 (4), 1661–1664. doi: 10.1128/JCM.39.4.1661-1664.2001

Zhang, C., Wang, C., Chen, X., Yang, C., Li, K., Wang, J., et al. (2010). Expression
profile of microRNAs in serum: a fingerprint for esophageal squamous cell
carcinoma. Clin. Chem. 56 (12), 1871–1879. doi: 10.1373/clinchem.2010.147553

Zhang, S. J., Yao, J., Shen, B. Z., Li, G. B., Kong, S. S., Bi, D. D., et al. (2018). Role
of piwi-interacting RNA-651 in the carcinogenesis of non-small cell lung cancer.
Oncol. Lett. 15 (1), 940–946. doi: 10.3892/ol.2017.7406
frontiersin.org

https://doi.org/10.1158/1055-9965.EPI-18-0318
https://doi.org/10.1158/1055-9965.EPI-19-1148
https://doi.org/10.3390/ijms17050659
https://doi.org/10.1186/s12943-018-0767-3
https://doi.org/10.1186/s12943-018-0767-3
https://doi.org/10.1038/srep15156
https://doi.org/10.1186/s12864-017-3800-9
https://doi.org/10.1128/JCM.39.4.1661-1664.2001
https://doi.org/10.1373/clinchem.2010.147553
https://doi.org/10.3892/ol.2017.7406
https://doi.org/10.3389/fcimb.2022.992775
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Increased serum piwi-interacting RNAs as a novel potential diagnostic tool for brucellosis
	Introduction
	Materials and methods
	Enrollment of patients and controls
	Sample preparation
	Study design
	RNA extraction and Illumina SBS technology
	Assay precision of qRT-PCR for piRNA
	Quantification of piRNA by qRT-PCR analysis
	Statistical analysis

	Results
	Serum piRNA profile analyzed by Illumina SBS technology
	Validity of qRT-PCR measurement system
	Confirmation of Illumina SBS technology results by qRT-PCR assay
	ROC curve and risk score analysis

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


