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Abstract

Endogenous circular RNAs (circRNAs) have been reported in various diseases. How-

ever, their role in active TB remains unknown. The study was aimed to determine

plasma circRNA expression profile to characterize potential biomarker and improve

our understanding of active TB pathogenesis. CircRNA expression profiles were

screened by circRNA microarrays in active TB plasma samples. Dysregu-

lated circRNAs were then verified by qRT-PCR. CircRNA targets were predicted

based on analysis of circRNA-miRNA-mRNA interaction. GO and KEGG pathway

analyses were used to predict the function of circRNA. ROC curve was calculated

to evaluate diagnostic value for active TB. A total of 75 circRNAs were significantly

dysregulated in active TB plasma. By further validation, hsa_circRNA_103571 exhib-

ited significant decrease in active TB patients and showed potential interaction with

active TB-related miRNAs such as miR-29a and miR-16. Bioinformatics analysis

revealed that hsa_circRNA_103571 was primarily involved in ras signalling pathway,

regulation of actin cytoskeleton, T- and B-cell receptor signalling pathway. ROC

curve analysis suggested that hsa_circRNA_103571 had significant value for active

TB diagnosis. Circulating circRNA dysregulation may play a role in active TB patho-

genesis. Hsa_circRNA_103571 may be served as a potential biomarker for active TB

diagnosis, and hsa_circRNA_103571-miRNA-mRNA interaction may provide some

novel mechanism for active TB.
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1 | INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb),

remains a major public health concern.1 Despite advances in the

effective treatment of TB in recent years, the number of annual

deaths remains almost unchanged and it is estimated that TB results

in the death of about 1.5 million individuals annually, making it the

most prevalent bacterial infection. Early diagnosis is the key step in

controlling severe disease manifestations in patients with active TB

and an essential component for preventing its transmission.2 How-

ever, this is challenging because of the limitations of current TB

diagnostic methods with respect to their specificity and sensitivity.

Due to this lack of optimal methods for the detection of TB, the def-

inition of new biomarkers that aid diagnosis early, quickly and

cheaply would be of great practical value and greatly assist in reduc-

ing the burden of TB infection.3

Circular RNAs (circRNAs), a novel class of endogenous non-cod-

ing RNAs (ncRNAs), play crucial roles in the regulation of geneZhengjun Yi, and Kunshan Gao are contributed equally to the work.
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expression by buffering their repression of mRNA targets4 or

sequestering specific miRNAs,5 which have drawn increasing interest,

especially with the discovery of their tissue-specific, cell type-speci-

fic or developmental-stage-specific expression.6 Compared with tra-

ditional linear RNA, circRNAs with covalently closed continuous

loops have more resistance to RNase degradation, which allow them

to be selectively enriched during sample processing and make them

more suitable for using as good candidate of molecular diagnostic

biomarkers than other types of RNA.7

Numerous publications have demonstrated that aberrant expres-

sion of circRNAs has been shown to occur in various human dis-

eases. Studies reported the association of hsa_circ_0002062 with

pulmonary hypertension,8 the increased expression of hsa_-

circRNA_104871 with rheumatoid arthritis diagnosis9 and HIF1a-

associated circRNA promoting the proliferation of breast cancer

cells.10 These findings indicate that circRNAs may be significant bio-

logical molecules to understand disease mechanisms and to identify

biomarkers for disease diagnosis and therapy. Recently, the involve-

ment of circRNAs in viral infection has also been explored.11,12 The

data suggest that circRNAs may play critical role in fine-tuning

immune response against microbial infection.13

However, little is known about the role of circRNAs in active TB.

So, microarray screening and bioinformatics were combined to inves-

tigate the differential expression profile of circulating circRNAs in

active TB patients in the study. Altered changes of circRNAs may

lead to the understanding of potential role of circRNAs in active TB

pathogenesis and diagnosis.

2 | MATERIALS AND METHODS

2.1 | Study participants and preparation of plasma
specimens

A total of 32 newly diagnosed active pulmonary TB patients (BC

group) were consecutively recruited from Weifang No.2 People’s

Hospital. The diagnosis of active TB was based on compatible clinical

symptoms, and at least one sputum smear or sputum culture posi-

tive. At the same time, 29 age- and gender-matched healthy controls

(CC group) were enrolled from the staff of Affiliated Hospital of

Weifang Medical University and Weifang No.2 People’s Hospital.

The characteristics of all study participants were displayed in

Table S1. Plasma samples from each subject were collected by cen-

trifugation, immediately aliquoted and stored in liquid nitrogen until

further use. Three samples randomly selected from each group were

applied for microarray analysis, and all of the samples were used for

further qRT-PCR validation. For the study, all the TB patients had no

history of radiotherapy or chemotherapy before blood collection,

and patients were excluded if they had a prior history of TB, a close

contact with active TB patient, or other diseases like other infectious

diseases, cancer or diabetes.

All procedures were reviewed and approved by the Committee

on the Ethics of Human Experiments of Weifang Medical University

before the study began, and performed in strict accordance with the

Declaration of Helsinki of the World Medical Association. Informed

consent was obtained from all subjects.

2.2 | RNA extraction

Total RNA was isolated from plasma with TRIzol reagent (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s protocol. Total

RNA concentration and quality of each sample were determined

with NanoDrop ND-1000 spectrophotometer (NanoDrop, Wilming-

ton, DE, USA). RNA integrity and DNA contamination were mea-

sured by electrophoresis on a denaturing agarose gel. Only RNA

samples with high quality were used for subsequent microarray

analysis.

2.3 | Sample labelling and microarray hybridization

Arraystar Human Circular RNA Microarray V2 (Catalog No: AS-CR-

H-V2.0, Arraystar Inc., MD, USA), which coverd 13 617 human cir-

cRNAs, was used to identify circRNAs with differential expression

between active TB samples and controls. Briefly, total RNA from

each sample was treated with RNase R (EpicentreInc., Madison, WI,

USA) to remove linear RNAs and enrich circRNAs. Then, the

enriched circRNAs were amplified and transcribed into fluorescently

labelled cRNAs utilizing random primer according to Arraystar Super

RNA Labeling protocol (Arraystar Inc., MD, USA). The labelled cRNAs

were then purified with a RNeasy Mini Kit (Qiagen, Hilden, Ger-

many). The concentration and specific activity of the labelled cRNAs

(pmol Cy3/lg cRNA) were subsequently quantified with a NanoDrop

ND-1000 spectrophotometer. Only labelled sample with the

yield > 1.65 lg and the specific activity >9 pmol Cy3/lg cRNA can

be proceeded to the next hybridization step. Then, 1 lg of each

labelled cRNA was fragmented by adding 10 9 Blocking Agent

(5 lL) and 25 9 Fragmentation Buffer (1 lL), then the mixture was

heated at 60°C for 30 minutes; finally, 2 9 Hybridization buffer

(25 lL) was added to dilute the labelled cRNA. The resulting

hybridization solution (50 lL) was dispensed into gasket slide and

then assembled to circRNA expression microarray slide. Slides were

incubated for 17 hours at 65°C in an Agilent Hybridization Oven.

After washing the slides, the arrays were scanned by an Agilent

Scanner G2505C.

2.4 | Microarray data analysis

Scanned array images were imported into Agilent Feature Extraction

software (version 11.0.1.1) for raw data extraction. Quantile normal-

ization of raw data and subsequent data processing were performed

using R software limma package. After quantile normalization of the

raw data, low intensity filtering was performed, and the circRNAs

that at least 1 out of 6 samples have flags in “P” or “M” (“All Targets

Value”) were kept for subsequent differential analysis. Differentially

expressed circRNAs between case and controls were identified

through fold change (FC) filtering and Student’s t test. A false dis-

covery rate- (FDR) adjusted P value was calculated. Specifically, only
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the circRNA that exhibited FC > 1.5 and P value < .05 was selected

as differentially expressed ones. Scatter plot was used to assess the

variation in circRNA expression, volcano plot was applied to visualize

the differential circRNAs between the two groups, and hierarchical

clustering was performed to show the distinguishable circRNA

expression pattern among the samples.

2.5 | qRT-PCR

qRT-PCR was used to confirm circRNA expression and detect poten-

tial target miRNA of circRNA. Following RNA extraction from active

TB and control plasma, cDNA was synthesized with SuperScript

First-Strand Synthesis System according to the kit’s instructions

(Invitrogen, Carlsbad, CA,USA). Subsequently, qRT-PCR reaction was

performed on an ABI 9700 real-time PCR System. For circRNA anal-

ysis, PCR reaction was performed in a total volume of 20 lL, includ-

ing 6 lL cDNA, 10 lL 2 9 SYBR Green, 0.5 lL primer forward

(10 lmol/L) and 0.5 lL primer reverse (10 lmol/L) (if needed, their

sequences were available). The cycling programme entailed initiation

at 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 sec-

onds and 60°C for 60 seconds. b-actin was used as internal control.

For miRNA analysis, PCR reaction was performed in a total volume

of 20 lL, including 2 lL cDNA, 2.5 lL 2 9 SYBR Green, 1 lL primer

forward (10 lmol/L) and 1 lL primer reverse (10 lmol/L) (if needed,

their sequences were available). The cycling programme consisted of

95°C for 5 minutes, followed by 40 cycles of 95°C for 10 seconds,

60°C for 60 seconds and 72°C for 20 seconds. U6 was used as

internal control. All PCR reactions were conducted in triplicate. Rela-

tive expression was calculated using the 2�DDCt method. Control ref-

erence value for each circRNA and miRNA was obtained from

pooled RNA sample from 29 healthy controls.

2.6 | Annotation and function prediction for the
validated circRNAs

To further elucidate the correlations between circRNA and miRNA,

we predicted circRNA/miRNA interaction using miRNA target predic-

tion software from Arraystar, which refers to TargetScan (http://

www.targetscan.org/) and miRanda (http://www.microrna.org/). The

Arraystar software was used to search for miRNA response element

(MREs) on the qPCR differential circRNAs, which were then used to

identify putative miRNAs based on their seed sequence complemen-

tarity. MiRNA-targeted mRNAs were predicted by TargetScan and

miRanda, GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of

F IGURE 1 Scatter plots and volcano plots to identify differentially expressed circRNAs between active TB samples and controls. A, circRNA
Scatter Plot. The values spotted in the X and Y axes represent the normalized signals of samples in the two groups. The green lines represent
fold changes. The circRNAs above the upper green line and below the lower green line are those with expression fold changes >1.5 between
the two groups. B, circRNA Volcano plot. The vertical lines correspond to 1.5-fold up and down, respectively, and the horizontal line
represents a P value of .05. The red point in the plot represents the differentially expressed circRNAs with P < .05. BC: active TB group; CC,
control group
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F IGURE 2 Hierarchical cluster of differentially expressed circRNAs between active TB samples and controls. The colour scale runs from
green (low intensity), through black (medium intensity), to red (strong intensity). BC: active TB group (n = 3), including BC1, BC2 and BC10;
CC: healthy control group (n = 3), including CC6, CC7, CC8 samples
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Genes and Genomes) pathway analyses were conducted to predict

hsa_circRNA_103571 function based on analysis of its targeted

miRNA-mRNAs.

2.7 | ROC curve analysis

A receiver operating characteristic curve (ROC) was plotted; the area

under the curve (AUC), sensitivity and specificity were calculated to

assess the value of dysregulated circRNA for active TB diagnosis.

2.8 | Statistical analysis

The groups were compared to evaluate the statistical significance

using Student’s t test or Chi-square test, as appropriate. Correlation

between circRNAs and their predicted miRNA targets for individual

donor samples were evaluated. P < .05 was considered statistically

significant.

3 | RESULTS

3.1 | Identification of dysregulated circRNAs
expression profile in active TB patients

To determine the differential circRNA expression associated with TB,

three patients with active TB and three healthy controls (male/fe-

male = 2/1) were selected as the circRNA array cohort. Microarray

analyses are affected by FDR as a consequence of multiple testing.

Therefore, adjustment of P values for multiple testing has to be

done. However, FDR adjusted P values for all circRNAs are more

than .05 in the study, which means that the initial array study was

underpowered to detect significant differences and more patient

samples should be included for future studies of multiple circRNAs.

So we presented P value without adjustment in the study. A total of

75 differentially expressed circRNAs were identified based on

FC > 1.5 (Figure 1A) and P < .05 (Figure 1B), and among them, 47

F IGURE 3 qRT-PCR analysis of circRNAs and miRNAs A, Validation of selected dysregulated circRNAs. Expression levels of
hsa_circRNA_091692, hsa_circRNA_102296 and hsa_circRNA_029965 were higher, while hsa_circRNA_103571 was lower in active TB
(n = 32) compared with controls (n = 29). b-actin was used as internal control. B, Detection of potential target miRNAs of
hsa_circRNA_103571. Plasma hsa-miR-16 and hsa-miR-29a were increased in active TB (n = 32) compared with controls (n = 29). C,
hsa_circRNA_103571 expression was negatively correlated with level of hsa-miR-29a (r = �.63, P < .05) and hsa-miR-16 (r = �.65, P < .05) in
the patient group, respectively. U6 was used as internal control. The data were analysed using the 2�DDCt method and presented as relative
expression levels from three independent experiments. Student’s t test was used for statistical analysis. *P < .05 vs controls
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circRNAs were up-regulated and 28 were down-regulated in active

TB patients, respectively. A hierarchical cluster was created to group

the dysregulated circRNAs among the samples (Figure 2). Among

these circRNAs, hsa_circRNA_051239 and hsa_circRNA_406841

were the top increased and the most decreased ones, respectively.

When the filter criteria were set as FC > 2 and P < .05, 16 circRNAs

were significantly elevated and only one was obviously reduced in

active TB group compared with healthy controls (Table S2). The

complete microarray data in this study have been deposited in the

Gene Expression Omnibus (GEO) database (the accession num-

ber GSE106953, [NCBI tracking system #18737293]).

3.2 | Validation the differential expressed circRNAs

To further assess the microarray expression data, we selected 6 dys-

regulated circRNAs, including 4 up-regulated (091692, 102296,

029965, 100823) and 2 down-regulated circRNAs (103571, 406755)

for validation based on the following criteria: raw intensity >100,

exonic-related circRNAs, FC > 1.5 and P < .05. A total of 32 active

TB patients and 29 healthy controls were enrolled as a validation

cohort. qRT-PCR method was used to confirm the differential

expression levels from participant’s plasma samples. Consistent with

the microarray data, hsa_circRNA_091692, hsa_circRNA_102296,

hsa_circRNA_029965 and hsa_circRNA_103571 were significantly

dysregulated between cases and controls, while the expression of

hsa_circRNA_406755 did not display any remarkable difference

between the two groups (Figure 3A). The expression level of hsa_-

circRNA_100823 was not detectable in plasma sample from healthy

controls.

3.3 | Annotation and function prediction for
hsa_circRNA_103571

Recent evidences have demonstrated that some circRNAs can per-

form the function of “miRNA sponge” by efficiently binding and

inhibiting miRNA transcription, which would further influence down-

stream mRNA expression and finally involved in various diseases.14

In the study, to investigate the potential interactions between cir-

cRNAs and its possible targeted miRNAs, we searched for MREs tar-

geted by qRT-PCR validated differentially expressed circRNAs. As

present in Table 1, dominant MREs were targeted by the dysregu-

lated circRNAs. Some of these miRNAs have been reported to be

associated with active TB, such as miR-29a and miR-16, which were

up-regulated during active TB infection. It was worth noting that

these miRNAs above mentioned were targeted by hsa_-

circRNA_103571, which was decreased in active TB group vs

healthy controls in our study. We further strengthened the assump-

tion by qRT-PCR. As shown in Figure 3B, compared with controls,

potential targets miR-29a and miR-16 of hsa_circRNA_103571 were

increased in plasma in active TB group. Correlation analysis showed

that, of 32 active TB patients, expression level of hsa_-

circRNA_10357` was negatively correlated with expression of miR-

29a (r = �.63, P < .05) and miR-16 (r = �.65, P < .05), respectively

(Figure 3C). In contrast, healthy controls showed no correlation

between expression of hsa_circRNA_103571 and miR-29a as well as

miR-16 (Data not shown). This indicated that hsa_circRNA_103571

might play important role in active TB pathogenesis through regula-

tion of miRNA expression. The possible interaction information

between hsa_circRNA_103571 and its matched 5 miRNAs was further

annotated in detail based on sequence-pairing prediction (Figure 4).

To gain further insights into the functions of hsa_-

circRNA_103571, we conducted the GO and KEGG analyses of its

matched 5 miRNAs-targeted mRNAs. GO analysis revealed that

hsa_circRNA_103571 exhibited strong relationship with the biologi-

cal process of autophagy, fatty acid biosynthetic process, regulation

of actin cytoskeleton organization and so on (Table 2). Among the

identified KEGG pathways, ras signalling pathway, ubiquitin-

mediated proteolysis and regulation of actin cytoskeleton were top

3, and others included wnt signalling pathway, T-cell receptor sig-

nalling pathway, MAPK signalling pathway, B-cell receptor signalling

pathway and so on (Table S3).

3.4 | Receiver operating characteristic analysis

To assess the potential value of confirmed hsa_circRNA_103571 for

active TB diagnosis, we further performed ROC curve analysis. From

this analysis, we found that ROC curve of hsa_circRNA_103571

showed a significant distinguishing efficiency with an AUC value of

0.838 (95% CI: 0.734-0.941, P < .001) (Figure 5), which indicated

that hsa_circRNA_103571 could separate patients with active TB

from healthy controls.

4 | DISCUSSION

To date, only a few studies have reported circRNAs associated with

TB infection. One study has shown that circRNA expression is chan-

ged in peripheral blood mononuclear cells from active TB patients

TABLE 1 The differentially expressed circRNAs and miRNA response elements

CircRNA MRE1 MRE2 MRE3 MRE4 MRE5

hsa_circRNA_091692 hsa-miR-4529-5p hsa-miR-876-3p hsa-miR-4480 hsa-miR-6764-3p hsa-miR-4685-5p

hsa_circRNA_102296 hsa-miR-578 hsa-miR-429 hsa-miR-449a hsa-miR-449b-5p hsa-miR-34c-5p

hsa_circRNA_029965 hsa-miR-4778-3p hsa-miR-5002-5p hsa-miR-329-5p hsa-miR-4652-3p hsa-miR-6781-3p

hsa_circRNA_103571 hsa-miR-29b-2-5p hsa-miR-29a-5p hsa-miR-518c-5p hsa-miR-214-3p hsa-miR-16-5p

MRE, miRNA response element.
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and hsa_circ_0005836 may be served as a novel potential biomar-

ker for TB diagnosis.15 Another study has demonstrated that cir-

cRNAs are involved in macrophage response to Mtb infection.16

These findings suggest that circRNAs are worth studying for better

understanding of the pathogenesis of active TB. Circulating

biomarkers are more acceptable than tissue biomarkers and have

greater value in clinical applications. However, until now, no publi-

cation has reported general signatures of circulating circRNAs

related to active pulmonary TB. Considering the biological rele-

vance of circRNAs to TB infection and recent studies of circRNAs

in plasma, we hypothesized that cicrulating circRNAs are potentially

novel biomarkers for the diagnosis and evaluation of active pul-

monary TB infection.

In the study, we characterized the profile of differentially

expressed circulating circRNAs in active TB patients vs healthy con-

trols, and we found that the number of up-regulated circRNAs was

more than that of down-regulated ones. Noticeably, when filter cri-

teria were set as FC > 2 and P < .05, 17 circRNAs were identified

with differential expression between samples from subjects with or

without active TB, of which only one was significantly reduced in

active TB group. This indicated that circulating circRNAs showed a

tendency to be increased upon TB infection.

F IGURE 4 Detailed annotation of hsa_circRNA_103571 and its matched miRNAs interactions. The 2D structure displays the MRE
sequence, the target miRNA seed type (7mer-m8, 8mer, imperfect) and the pairing of target miRNA nucleotides 13-16. The precise base
positions are shown in the alignments in the upper left and right corners. The “local AU” displays the 30 nucleotides upstream and
downstream of the seed sequence. Black bars stand for G/C and low accessibility. Red bars stand for A/U and high accessibility of the seed.
The height of the bar represents the extent of accessibility. The position column displays the most likely relative MRE position on the
linearized circRNA sequence
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Functions of circRNAs remain largely unclear. CircRNAs may be

generated from exonic or intronic sequence and function as modi-

fiers of parental gene expression.17,18 In the current study, we

sequenced four circRNAs of interest following a microarray screening.

Among them, hsa_circ_091692, hsa_circ_102296 and hsa_circ_029965

were up-regulated in active TB plasma. Hsa_circ_091692 is encoded

by the CD99L2 (CD99-Like 2) gene, the protein product expressed on

leucocytes and play an important role in various acute and chronic

inflammatory diseases.19 Hsa_circ_102296 aligns with ANKRD12

(Ankyrin repeat domain 12), which encodes a 224 kD nuclear protein

associated with colorectal cancer.20 Hsa_circ_029965 is derived from

PDS5B, and its encoded protein is related to chromosome segrega-

tion.21 On the other hand, hsa_circ_103571 was down-regulated in

active TB plasma. Hsa_circ_103571 aligns with the gene LRCH3,

which encodes a protein that may be involved in resistance to bacte-

rial infection.22 However, roles of these circRNA-related protein-cod-

ing genes in active TB are largely unknown.

In addition to action as modifiers of parental gene expression,

other intriguing possibility is that circRNAs might regulate miRNA

function as miRNA sponges. Evidences are arising that circRNAs

associate with related miRNAs and the circRNA-miRNA-mRNA axes

are involved in many disease pathways. For example, it has been

reported that hsa_circ_0010729 can regulate vascular endothelial cell

proliferation and apoptosis via targeting miR-186/HIF-1a axis.23 So,

we assumed the same mechanism for the dysregulated circRNA reg-

ulation in the development of active TB. We were interested in

hsa_circ_103571, which was decreased and had good diagnostic

accuracy for active TB in our study. Bioinformatics result showed

that it was matched with hsa-miR-29a and hsa-miR-16, which have

been reported to be up-regulated in active TB.24,25 Moreover, we

found that hsa-miR-29a was also matched with hsa_-

circRNA_104674, which was down-regulated in our study. Other

miRNA, such as has-miR-33, which were matched with down-regu-

lated hsa_circRNA_100237 in our study, has also been reported to

be increased in Mtb infection.26 These findings suggested that speci-

fic circRNAs, such as hsa_circ_103571, might be involved in TB

pathogenesis by binding and inhibiting related miRNA transcription.

The differential expressed hsa_circ_103571 found in active TB has

not been reported in the other diseases ever since, which indicates

the specificity and efficiency of this circRNA as a molecular biomarker.

By bioinformatics analysis of circRNA-miRNA-mRNA interaction, we

predicted the function of hsa_circ_103571 in active TB. Results from

GO process and KEGG pathway could help to enrich and identify

important mRNAs. In the top dysregulated GO processes of differen-

tially expressed mRNAs, the biological process of autophagy, fatty acid

biosynthetic process and regulation of actin cytoskeleton organization

were identified. As autophagy plays an important role in the develop-

ment of active TB,27 it is possible to speculate that mRNAs might be

jointly involved in this process, and the predicted mRNAs in circRNA-

miRNA-mRNA network might be related to hsa_circ_103571 function.

KEGG enrichment analysis also points to the effective signalling path-

ways, such as regulation of actin cytoskeleton, which has been

reported to be a key mediator of mycobacterium infection.28

In summary, our study provided a profile of circulating circRNAs

in active TB and healthy controls. The alteration of circulating cir-

cRNAs expression indicated that these dysregulated circRNAs might

be involved in the onset and development of active TB. Specific cir-

cRNAs may regulated TB-related miRNAs, and thus might play a role

in the pathogenesis of active TB and might represent novel biomark-

ers for this disease. However, available datasets are limited and these

circRNAs signatures should be further confirmed in future studies.

ACKNOWLEDGEMENTS

The present study was supported by the Natural Science Foundation

of Shandong Province of China (No. ZR2016HM09), and the

TABLE 2 The significantly enriched biological processes of GO
term

GO-BP term Gene count P value

Autophagy 20 3.0E-3

Small GTPase mediated

signal transduction

47 5.7E-3

Multicellular organism development 88 6.3E-3

Transmembrane receptor protein

tyrosine kinase signalling pathway

21 1.9E-2

Regulation of phosphatidylinositol

3-kinase signalling

18 1.9E-2

Cell-cell signalling 45 2.4E-2

Fatty acid biosynthetic process 13 3.0E-2

Protein glycosylation 23 3.0E-2

Regulation of actin

cytoskeleton organization

12 3.4E-2

Vesicle fusion 14 3.5E-2

Chemotaxis 24 3.8E-2

Protein ubiquitination 59 4.0E-2

Transcription, DNA-templated 278 4.1E-2

BP, biological processes.

F IGURE 5 The receiver operating characteristic curve of
differentially expressed hsa_circRNA_103571 in distinguishing active
TB. AUC, area under the curve

YI ET AL. | 4083



National Natural Science Foundation of China (No. 81470001). The

funding agencies had no role in the study design, data collection,

analysis, decision to publish or preparation of the manuscript. The

authors thank the staff from Department of Laboratory Medicine of

Weifang Medical University, China, and also thank the researchers

for their technical support in Shanghai KangChen Bio-tech.

CONFLICTS OF INTEREST

The authors confirm that there are no conflict of interests.

ORCID

Yurong Fu http://orcid.org/0000-0001-9350-2453

REFERENCES

1. Mahmud HA, Seo H, Kim S, et al. Thymoquinone (TQ) inhibits the

replication of intracellular Mycobacterium tuberculosis in macrophages

and modulates nitric oxide production. BMC Complement Altern Med.

2017;17:279.

2. Babafemi EO, Cherian BP, Banting L, Mills GA, Ngianga K 2nd. Effec-

tiveness of real-time polymerase chain reaction assay for the detec-

tion of Mycobacterium tuberculosis in pathological samples: a

systematic review and meta-analysis. Syst Rev. 2017;6:215.

3. Oommen S, Banaji N. Laboratory diagnosis of tuberculosis: Advances

in technology and drug susceptibility testing. Indian J Med Microbiol.

2017;35:323-331.

4. Ashwal-Fluss R, Meyer M, Pamudurti NR, et al. CircRNA biogenesis

competes with premRNA splicing. Mol Cell. 2014;56:55-66.

5. Zheng Q, Bao C, Guo W, et al. Circular RNA profiling reveals an

abundant circHIPK3 that regulates cell growth by sponging multiple

miRNAs. Nat Commun. 2016;7:11215.

6. Rong D, Sun H, Li Z, et al. An emerging function of circRNA-miR-

NAs-mRNA axis in human diseases. Oncotarget. 2017;8:73271-

73281.

7. Han YN, Xia SQ, Zhang YY, Zheng JH, Li W. Circular RNAs: a novel

type of biomarker and genetic tools in cancer. Oncotarget.

2017;8:64551-64563.

8. Miao R, Wang Y, Wan J, et al. Microarray expression profile of circu-

lar RNAs in chronic thromboembolic pulmonary hypertension. Medi-

cine (Baltimore). 2017;96:e7354.

9. Ouyang Q, Wu J, Jiang Z, et al. Microarray expression profile of cir-

cular RNAs in peripheral blood mononuclear cells from rheumatoid

arthritis patients. Cell Physiol Biochem. 2017;42:651-659.

10. Liang G, Liu Z, Tan L, Su AN, Jiang WG, Gong C. HIF1a-associated

circDENND4C promotes proliferation of breast cancer cells in

hypoxic environment. Anticancer Res. 2017;37:4337-4343.

11. Li X, Liu CX, Xue W, et al. Coordinated circRNA biogenesis and

function with NF90/NF110 in viral infection. Mol Cell. 2017;67:214-

227.

12. Chen YG, Kim MV, Chen X, et al. Sensing self and foreign circular

RNAs by intron identity. Mol Cell. 2017;67:228-238.

13. Ng WL, Marinov GK, Liau ES, Lam YL, Lim YY, Ea CK. Inducible Ras-

GEF1B circular RNA is a positive regulator of ICAM-1 in the TLR4/

LPS pathway. RNA Biol. 2016;13:861-871.

14. Han D, Li J, Wang H, et al. Circular RNA circMTO1 acts as

the sponge of microRNA-9 to suppress hepatocellular carcinoma

progression. Hepatology. 2017;66:1151-1164.

15. Zhuang ZG, Zhang JA, Luo HL, et al. The circular RNA of peripheral

blood mononuclear cells: hsa_circ_0005836 as a new diagnostic bio-

marker and therapeutic target of active pulmonary tuberculosis. Mol

Immunol. 2017;90:264-272.

16. Huang Z, Su R, Deng Z, et al. Identification of differentially

expressed circular RNAs in human monocyte derived macrophages

response to Mycobacterium tuberculosis infection. Sci Rep.

2017;7:13673.

17. Panda AC, De S, Grammatikakis I, et al. High-purity circular RNA iso-

lation method (RPAD) reveals vast collection of intronic circRNAs.

Nucleic Acids Res. 2017;45:e116.

18. Lyu D, Huang S. The emerging role and clinical implication of

human exonic circular RNA. RNA Biol. 2017;14:1000-1006.

19. Rutledge NS, Weber EW, Winger R, Tourtellotte WG, Park SH, Mul-

ler WA. CD99-like 2 (CD99L2)-deficient mice are defective in the

acute inflammatory response. Exp Mol Pathol. 2015;99:455-459.

20. Bai R, Li D, Shi Z, Fang X, Ge W, Zheng S. Clinical significance of

Ankyrin repeat domain 12 expression in colorectal cancer. J Exp Clin

Cancer Res. 2013;32:35.

21. Ouyang Z, Zheng G, Tomchick DR, Luo X, Yu H. Structural basis and

IP6 requirement for Pds5-dependent cohesin dynamics. Mol Cell.

2016;62:248-259.

22. Jacobsen M, Kracht SS, Esteso G, et al. Refined candidate region

specified by haplotype sharing for Escherichia coli F4ab/F4ac suscep-

tibility alleles in pigs. Anim Genet. 2010;41:21-25.

23. Dang RY, Liu FL, Li Y. Circular RNA hsa_circ_0010729 regulates vas-

cular endothelial cell proliferation and apoptosis by targeting the

miR-186/HIF-1a axis. Biochem Biophys Res Commun. 2017;490:104-

110.

24. Fu Y, Yi Z, Wu X, Li J, Xu F. Circulating microRNAs in patients with

active pulmonary tuberculosis. J Clin Microbiol. 2011;49:4246-4251.

25. Wagh V, Urhekar A, Modi D. Levels of microRNA miR-16 and miR-

155 are altered in serum of patients with tuberculosis and associate

with responses to therapy. Tuberculosis. 2017;102:24-30.

26. Ouimet M, Koster S, Sakowski E, et al. Mycobacterium tuberculo-

sis induces the miR-33 locus to reprogram autophagy and host lipid

metabolism. Nat Immunol. 2016;17:677-686.

27. Franco LH, Nair VR, Scharn CR, et al. The ubiquitin ligase Smurf1

functions in selective autophagy of Mycobacterium tuberculosis and

anti-tuberculous host defense. Cell Host Microbe. 2017;22:421-423.

28. Wang J, Yao Y, Wu J, et al. The mechanism of cytoskeleton protein

b-actin and cofilin-1 of macrophages infected by Mycobacterium

avium. Am J Transl Res. 2016;8:1055-1063.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Yi Z, Gao K, Li R, Fu Y. Dysregulated

circRNAs in plasma from active tuberculosis patients. J Cell

Mol Med. 2018;22:4076–4084. https://doi.org/10.1111/

jcmm.13684

4084 | YI ET AL.

http://orcid.org/0000-0001-9350-2453
http://orcid.org/0000-0001-9350-2453
http://orcid.org/0000-0001-9350-2453
https://doi.org/10.1111/jcmm.13684
https://doi.org/10.1111/jcmm.13684

