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Purpose: The aim of this paper was to identify differentially expressed long non-coding RNAs
(IncRNAs) in peripheral blood mononuclear cells (PBMCs) influenced by the infection of
multidrug-resistant tuberculosis (MDR-TB).

Materials and methods: IncRNA and mRNA expression profiles in PBMCs derived from
healthy controls (HCs) and individuals with MDR-TB and drug-sensitive tuberculosis (DS-TB)
were analyzed and compared by microarray assay. Six IncRNAs were randomly selected for
validation by using real-time quantitative polymerase chain reaction (RT-qPCR). The biological
functions and signaling pathways affected by the differentially expressed mRNAs were investi-
gated by using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway-based approaches.

Results: Compared with the HC group, 1,429 IncRNAs (983 mRNAs) and 2,040 IncRNAs
(1,407 mRNAs) were identified to be deregulated in the MDR-TB group and in the DS-TB
group, respectively, and 1,511 IncRNAs and 1,047 mRNAs were identified to be differentially
expressed in both MDR-TB and DS-TB groups. Between the three groups, 22 IncRNAs and
38 mRNAs were found deregulated. Most deregulated IncRNAs were from intergenic regions
(~55% of the total), natural antisense to protein-coding loci (~32% of the total), or intronic
antisense to protein-coding loci (~5% of the total). Significantly enriched signaling pathways
regulated by the deregulated mRNAs were mainly associated with natural killer cell-mediated
cytotoxicity, antigen processing and presentation, graft-vs-host disease, the transforming growth
factor-f signaling pathway, and the Hippo signaling pathway.

Conclusion: This study is the first to report differentially expressed IncRNAs in PBMCs in
response to MDR-TB infection. It revealed that some IncRNAs might be associated with regulat-
ing host immune response to MDR-TB infection. Further elucidation of the potential of these
deregulated IncRNAs in MDR-TB and its reactivation requires further study.
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Introduction

Efforts to control tuberculosis (TB), caused by infection with Mycobacterium tuber-
culosis (Mtb), have been impaired by the emergence of multidrug-resistant strains and
HIV epidemic.! Multidrug-resistant tuberculosis (MDR-TB) is a disease caused by Mrb
strains with resistance to both isoniazid (INH) and rifampin (RIF), the two first-line
anti-TB drugs, in vitro.? In 2013, the World Health Organization reported 9 million
newly diagnosed cases of TB and 1.5 million TB-related deaths worldwide.> Moreover,
there were 480,000 newly diagnosed cases of MDR-TB and 210,000 deaths related
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to MDR-TB.* MDR-TB is estimated to comprise 3.5% of
newly diagnosed cases of TB and 20.5% of previously treated
cases of TB. In China, the rate of MDR-TB is estimated at
11.6% and 35.9% for new and previously treated cases of
TB, respectively.’ These rates are significantly higher than the
global average. Whereas 90% of patients with drug-sensitive
TB (DS-TB) were cured, only 48% of patients with MDR-TB
were reported to be successfully treated.> Hence, MDR-TB
has complicated the prevention and treatment of TB, causing
the widespread of TB.

Previous studies have suggested that complex MDR
mechanisms involve multiple genes and various mechanisms
at the tissue, cellular, and molecular levels.%” As transcrip-
tion regulating factors, noncoding RNAs have been found
to regulate protein-coding gene expression at the transcrip-
tional and post-transcriptional levels. Noncoding RNAs are
divided into two major classes based on their length: short
(<200 nucleotides) and long (>200 nucleotides). The roles
of microRNAs (miRNAs), a large group of short noncoding
RNA, have been well studied.’’ However, concerning their
functions, long noncoding RNAs (IncRNAs) are much less
well known than miRNAs, and recent evidence indicates
that IncRNAs are key players in many physiological and
pathological processes, namely cell differentiation, apoptosis,
proliferation, and cancer.'® For example, aberrantly expressed
IncRNAs in T-cells are involved in HIV and Helicobacter
pylori infection.!"!? Furthermore, IncRNAs have also been
reported to modulate the development of MDR in gastric
cancer cells' and colorectal cancer cells.'* However, there are
very few studies that assess the role of IncRNAs in MDR-TB.

In this study, expression profiles of both IncRNAs and
mRNAs in peripheral blood mononuclear cells (PBMCs)
from patients with MDR-TB, patients with DS-TB, or healthy
controls (HCs) were first detected to investigate whether
IncRNAs were involved in MDR-TB pathogenesis. Then the
relationship between deregulated IncRNAs, their adjacent
protein-coding genes, and deregulated mRNAs related to
signaling pathways was analyzed. Finally, our study proposes
potential molecules for the onset of MDR-TB and provides
a new experimental basis to understand the pathogenesis of
MDR-TB.

Materials and methods

Ethical statement

This study has been approved by the institutional eth-
ics committee of Nanjing Medical University. Written
informed consent was obtained from all participants before
the study commenced. Each recruited patient completed a

questionnaire including personal information, sociodemo-
graphic characteristics, and previous treatment history.

Specimen collection and examination

From January 2015 to May 2016, TB suspects who had
cough, expectoration, or hemoptysis for more than 2 weeks
continuously were enrolled in the Nanjing Chest Hospital in
Nanjing, China. Each patient was asked to give three sputum
samples comprising one spot, one morning, and one night
sputum for laboratory examination. Then, all sputum speci-
mens were submitted to the laboratory for smear microscopy
to obtain the positive TB isolates.

Drug-susceptibility testing (DST)

DST was performed by using the proportional method with
an L/J medium. Cultures obtained on the L/J medium were
collected and then tested for phenotypic DST to INH and
RIF. The critical drug concentrations were 0.2 pg/mL for INH
and 40 pg/mL for RIF. The strain was declared resistant to
the corresponding drug when the growth rate was 1% higher
than the drug-free control. Strains resistant to INH and RIF
were defined as MDR-TB."

Collection of peripheral blood samples
Peripheral blood samples (3 mL each) were collected from
20 patients with MDR-TB, 30 patients with DS-TB, and 50
healthy donors. At the time of the analysis, all patients had
primary TB and were not undergoing anti-TB treatment.
Clinical signs of TB or latent TB infection was not found
in HCs. Note that we excluded individuals who had allergic
diseases, immune-compromised conditions, diabetes, cancer,
diabetes, or infectious diseases such as HIV, hepatitis C virus,
or hepatitis B virus. PBMCs were isolated after sample col-
lection was completed according to the measured density
gradient centrifugation using Hypaque-Ficoll (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden). The PBMC samples
were then lysed with TRIzol reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA) and incubated in a temperature-
controlled chamber at —80°C.

RNA isolation

Total RNA was extracted from purified PBMCs by using
TRIzol reagent and subsequently purified with an RNeasy
mini kit (Qiagen NV, Venlo, the Netherlands). The quantity
and purity of the isolated RNA were assessed on a NanoDrop
Spectrophotometer ND-1000 (NanoDrop Technologies,
Wilmington, DE, USA). The integrity of the RNA was deter-
mined using denaturing gel electrophoresis. Only samples
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with OD260/0D280 ratios between 1.8 and 2.1 and OD260/
0OD230 ratios >1.8 were accepted for spectrophotometer
analysis. Prior to electrophoresis analysis, samples were pre-
pared without any genomic DNA contamination, and the ratios
of 28S/18S band intensities were maintained at values >2.0.

Microarray analysis of IncRNA and

mRNA expression
Arraystar Human LncRNA Array V3.0 was used to profile
expression of IncRNAs, which was performed by KangChen
Bio-tech (Shanghai, China). The experimental procedure was
consistent with a previous study.'® Briefly, RNA samples
from PBMCs were further purified to remove rRNA and
transcribed into fluorescent cRNA as probes that hybridize
onto the Human LncRNA Array V3.0 (8660 K; Arraystar).
The IncRNAs were carefully collected from databases such
as GENCODE, UCSC KnownGene, RefSeq, and UCR.
Each transcript was represented by a specific exon or splice
junction probe that can reliably and accurately identify
individual transcripts. For hybridization and quality control,
positive probes for 28 house-keeping genes (NM_000291,
NM_000841, NM_001101, NM_001536, NM_001614,
NM_001861, NM_002046, NM_002107, NM_002539,
NM_003753, NM_005022, NM_006098, NM_021009,
NM_022551, EIF3D, PFN1, GAPDH, ODC1, COX4I1,
ACTB, ACTG1, GRM4, GNB2L1, RPS18, PRMT1, PGK1,
H3F3A, and UBC) and negative probes were printed onto
the array. The microarray analysis was performed following
the standard procedures. By using an mRNA-ONLY T™M
Eukaryotic mRNA Isolation Kit, mRNA was further purified
from total RNA after the removal of rRNA. Subsequently, by
using a random priming method, the samples were amplified
and transcribed into fluorescent cRNA along the whole length
of the transcripts without 30 biases. These labeled cRNA
samples were then purified by RNeasy MiniKit. The yield and
specific activity of the labeled cRNA (pmol Cy3/mg cRNA)
were measured by NanoDrop ND-1000. The labeled cRNA
samples were then proceeded to the next hybridization step
if the yield and specific activity exceeded 1.65 mg and 9.0
pmol Cy3/mg cRNA, respectively. After passing the quality
test, 1 mg of each labeled cRNA sample in the hybridiza-
tion solution was used for hybridization. Subsequently, the
hybridized arrays were washed, fixed, and scanned with an
Agilent DNA Microarray Scanner (Agilent Technologies,
Santa Clara, CA, USA).

The software packages Agilent Feature Extraction with
version 11.0.1.1 and GeneSpring GX v12.0 were used to ana-
lyze the array images and to perform quantile normalization,

respectively. Then data processing was conducted to analyze
data. Next, IncRNAs and mRNAs with at least three out of
six sample flags in present or marginal (all targets values)
were selected for further analysis. Differentially expressed
IncRNAs and mRNAs between two groups were identified
through fold-change filtering and Student’s #-test. A fold-
change of >2.0 and a two-tailed p-value of <0.05, corrected
using false discovery rate (FDR), were considered as the
criteria for differential expression. In addition, hierarchical
clustering was used to demonstrate the deregulated patterns
of IncRNA and mRNA expression.

Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) pathway analysis

A controlled vocabulary is provided by the GO project to
characterize gene and the attributes of gene products (http://
www.geneontology.org).'” GO categories were considered
significantly enriched if p<0.05. Involved biological path-
ways of the deregulated mRNAs were analyzed using KEGG
enrichment analysis. Note that lower p-values denote more
significantly correlated pathways.

Real-time quantitative PCR (RT-qPCR)
Using TransScript One-Step gDNA Removal and cDNA
Synthesis SuperMix (TransGen Biotech, Beijing, China) with
oligo-dT, 1 ug of the RNA samples were reversely transcribed
into cDNA primer following RNA extraction. Real-time
PCR was carried out by using TransStart Top Green qPCR
SuperMix (TransGen Biotech) on a Mastercycler ep realplex
4 (Eppendorf, Hamburg, Germany). The PCR analysis started
at an initial step at 95°C for 30 s, followed by 40 cycles of
amplification and quantification (95°C for 15 s, 60°C for 15
s, and 68°C for 20 s). The internal control was B-actin. The
272 method was used to calculate relative gene expression
levels, and melt curve analysis was performed to verify the
specificity of the primers. Table S1 lists the sequences of
the primers used.

Analysis of the relationship between
IncRNAs and adjacent protein-coding
genes

Originating from complex transcriptional loci, IncRNA
regulates gene expression through epigenetic regulation
of chromatin modification and transcriptional and post-
transcriptional processing. This study aimed to understand
the role of IncRNA in the TB infection and to examine the
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underlying mechanisms of MDR-TB and MDR-TB reac-
tivation. Therefore, we focused on analyzing deregulated
IncRNAs and their relation to adjacent protein-coding
genes. '

Statistical analysis

The amount of variation of the data is expressed as the mean
+ SD. Student’s 7-test was used to reveal the differential
expression of the IncRNAs and mRNAs in the microarray and
PCR analysis. A two-tailed p-value of <0.05 was considered
statistically significant.

Results

Characteristics of the study subjects

A total of 510 participants (460 TB-suspected patients and
50 HCs) were enrolled in this study. As depicted in Figure 1,
sputum specimens were collected from TB suspects and then
were detected using the conventional DST method. Of the
280 strains, 51.4% (144/280) were INH- and/or RIF-resistant
strains. Indeed, 19.3% (54/280) were INH monoresistant,
17.9% (50/280) of strains were RIF monoresistant, and
14.3% (40/280) were MDR-TB strains. Herein, the 30 new
phenotypic DS-TB cases and 20 new phenotypic MDR
strains that did not undergo anti-TB treatment were selected
for further studies.

According to demographic data (Table 1), the mean age
of new DS-TB and MDR-TB cases was 32.6 years (SD:
21.4, range: 20—62 years) and 40.5 years (SD: 17.9, range:
18-66 years), respectively, with ages from 20 to 66 years.
The sex ratio of DS-TB and MDR-TB patients were 1.5
(18/12) and 1.2 (11/9). No patients had a family history
of new DS-TB and MDR-TB cases. However, as shown
in Table 2, there were significant differences between the

Table | The demographic characteristics of participants selected
in this study

Characteristics HC group DS-TB MDR-TB
(n=50) (n=30) (n=20)
Race Han Han Han
Male/female 30/20 18/12 /9
Age, mean £ SD, 36.4%18.2 32.6121.4 40.5£17.9
years (18-65) (20-62) (18-66)
DST test ND Negative Positive
Drug used ND None None
New or relapse ND New New
Family history ND No No

Notes: All patients with active pulmonary TB had clinical signs and symptoms,
such as cough, fever, and fibrocavitary lung infiltrate on chest radiograph. Healthy
controls involved in the study were free of clinical symptoms of any infectious
disease. There were no significant differences in age (P>0.05, one-way ANOVA test)
or gender (P>0.05, chi-square test) between three groups.

Abbreviations: HC, healthy control; TB, tuberculosis; DS-TB, drug-sensitive TB;
MDR-TB, multidrug-resistant TB; ND, not determined; DST, drug-susceptibility
testing.

All participants

N=]510
I |
HC n=50 TB-suspected patients n=460
I
Sputum specimen
[
Smear microscopy
I
I I
Positive n=280 Negative n=180
|
L/J culture
(DST)
I [ [ |
Positive Positive Positive Negative
INH+RIF- INH+RIF- INH+RIF+ INH-RIF-
n=54 n=50 (MDR-TB) n=40 (DS-TB) n=136

Figure | Enrolment of participants in this study.

Abbreviations: HC, healthy control; TB, tuberculosis; DST, drug-susceptibility testing; L/J, Lownstein-Jenson culture; MDR-TB, multidrug-resistant tuberculosis; DS-TB,

drug-sensitive tuberculosis; INH, isoniazid; RIF, rifampin.

948 submit your manuscript

Dove

Infection and Drug Resistance 2018:11


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Identifying differentially expressed IncRNAs in PBMCs

Table 2 Clinical data of participants selected in this study

MDR-TB DS-TB HC p-value®
MDR-TBvs MDR-TBvs DS-TB vs HC
DS-TB HC
Total protein (g/L) 63.1+6.56 63.9+1.63 74.9+0.49 0.87 <0.00 | #* <0.00 | ¥
Albumin (g/L) 38.3+2.02 36.9+1.05 45.9+0.38 0.65 <0.00 [ #% <0.00 |
Total cholesterol (mmol/L) 3.75+0.5 3.80+0.13 4.8240.11 0.91 0.01* <0.00 |tk
Triglyceride (mmol/L) 1.23+0.47 1.14£0.22 1.29+0.07 0.89 0.84 0.44
HDL-C (mmol/L) 1.02+1.2 0.9+0.06 1.4340.04 0.50 0.02* <0.00 |5
LDL-C(mmol/L) 2.240.4 2.04+0.09 2.73+0.08 0.60 0.07 <0.00 |
Lipoprotein (mg/L) 175.75+55 177.32457.3 164+30.6 0.99 0.92 0.84
APOAI (g/L) 1.03£0.23 0.95+0.09 1.54+0.06 0.67 0.02* <0.00 |
APOB (g/L) 0.72+1.24 0.74+0.06 0.91+0.06 0.88 0.37 0.16
CRP (mg/L) 15.7545.17 26.3+8.4 6.25+0.24 0.67 <0.00 | 0.003%*
Pre-albumin (g/L) 252.25+63.98 138.1411 272.0+6.45 0.003%* 0.47 <0.00 |5
IgG (g/L) 12.73+4.43 12.6x1.07 14.6+0.27 0.98 0.18 0.02*
IgA (g/L) 2.08+0.6 2.62+0.28 2.240.09 0.47 0.71 0.07
IgM (g/L) 0.9140.31 1.06+0.16 1.3620.15 0.72 0.40 0.20
Complement 3 (g/L) 1.05+0.19 0.95+0.05 0.92+0.01 0.51 0.02* 0.44
Complement 4 (mg/L) 0.19+0.03 0.22+0.02 0.2340.02 0.7 0.63 0.78
INR 1.240.1 0.99+0.02 0.92+0.01 0.00 | ** <0.00 | %+ 0.002%*
Fibrinogen (g/L) 2.99+0.28 3.18+0.09 2.6840.06 0.49 0.16 <0.00 |
D-dimer (ug/L) 0.2620.12 0.25+0.04 0.15+0.007 0.94 0.003* 0.005%*

Notes: All data are presented as the mean£SD. *p-value between two groups, for independent t-test. ¥p<0.05, **p<0.01, ***p<0.001.
Abbreviations: TB, tuberculosis; MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; HC, healthy control; HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; APOAI, apolipoprotein Al; APOB, apolipoprotein B; CRP, C-reactive protein; INR, international normalized ratio.

patients with MDR-TB and the HCs (p<0.05). Furthermore,
a significant difference of INR level was identified among
patients with MDR-TB and those with DS-TB (p<0.05)
(Table 2).

Differential expression of IncRNAs and
mRNAs in PBMCs

Expression profiling studies were performed on the RNA
from three independent PBMC samples in each group. Micro-
array analysis demonstrated variations in IncRNA and mRNA
expression between chips. Hierarchical cluster (Figure 2A
and B) and volcano plot (Figure 2C and D) demonstrated the
expression patterns of IncRNA and mRNA. The distributions
of IncRNA and mRNA data set profiles are visualized with
box plots (Figure 3A and C); the expression variations of
IncRNA and mRNA between groups were assessed with scat-
ter plots (Figure 3B and D). IncRNAs or mRNAs with not less
than twofold expression changes were chosen to identify the
most significant candidates. Following data normalization,
hundreds of IncRNAs among groups in Ensembl, RNAdb,
NRED, lincRNA, misc_RNA, UCSC_knowngene, H-invDB,
HOX cluster, RefSeq_NR, and UCR were detected to be
differentially expressed with FDR <0.05.

Compared with the HC group, 1,429 IncRNAs (568
upregulated) and 2,040 IncRNAs (710 upregulated) were
identified to be deregulated in the MDR-TB and DS-TB
groups, respectively, and 1,511 IncRNAs (607 upregulated)
were detected to be differentially expressed in both the
MDR-TB and the DS-TB groups (FDR <0.05). Furthermore,
Figure 4A shows that 712 IncRNAs (393 upregulated) were
identified to be differentially expressed in the MDR-TB group
compared with the DS-TB group (FDR <0.05). Note that 22
IncRNAs were found deregulated between the three groups
with fold changes >10.0 and FDR <0.05 (Table 3). Nineteen
of these IncRNAs showed a similar expression tendency in the
MDR-TB and DS-TB groups compared with the HC group.

Further data analysis showed that, compared with
the HC group, 983 mRNAs (601 upregulated) and 1,407
mRNAs (724 upregulated) were identified to be differentially
expressed in the MDR-TB group and DS-TB group, respec-
tively. Also, there were 1,047 mRNAs (610 upregulated)
identified in both the MDR-TB and DS-TB groups (FDR
<0.05). Compared with the DS-TB group, 454 mRNAs (265
upregulated) were identified to be differentially expressed in
the MDR-TB group with FDR <0.05 (Figure 4B). Thirty-
eight mRNAs were deregulated between the three groups
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Figure 2 Heat map presentation and volcano plot of the expression profile of IncRNA and mRNA. (A and B) Each column represents a sample, and each row represented
a gene. High relative expression is indicated by red color, and low relative expression is indicated by green color. HC, n=3; MDR-TB, n=3; DS-TB, n=3. (C and D) The
significantly different genes are represented. Red indicates high relative expression, and green indicates low relative expression. One-way analysis of variance test was used
for statistical analysis. INcRNA or mRNA with expression fold change >2.0 and with FDR adjusted p-value <0.05 was considered statistically significant.

Abbreviations: HC, healthy control; TB, tuberculosis; MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; FDR, false discovery rate; IncRNA,
long non-coding RNA.
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Abbreviations: IncRNA, long non-coding RNA; HC, healthy control; MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis.

with fold changes >10.0 and FDR <0.05 (Table 4). Thirty-six
of these mRNAs presented a similar expression tendency in
both the MDR-TB and DS-TB groups compared with the
HC group. Collectively, these results indicate that molecular
events in PBMCs such as IncRNAs and mRNAs were altered
in patients with MDR-TB and DS-TB.

Validation of microarray results by
RT-qPCR

Six IncRNAs in all samples were randomly selected for the
RT-gPCR analysis to validate the microarray results. Results
show that, compared with the HC group, four IncRNAs
presented similar expression tendencies in the MDR-TB
and DS-TB groups. LOC0101929497, LINC01496, and
CTC-518B2.10 were downregulated while BRE-AS1 was
upregulated in the MDR-TB and DS-TB groups. Compared
with the DS-TB group, BRE-AS1 was increased while
LOC0101929497, LINC01496, and CTC-518B2.10 were
decreased in the MDR-TB group (Table 3; Figure 5A).
The results of the RT-qPCR analysis are consistent with
the microarray data, indicating that these four IncRNAs
might be related to TB infection. Intriguingly, it was further

discovered that, compared with DS-TB, CTD-2331D11.3
and AC079779.5 were increased in the MDR-TB group
(Table 3; Figure 5B), implying that these two IncRNAs might
be involved in the pathogenesis of MDR in TB infection.

Subgroup analysis of differentially
expressed IncRNAs and their adjacent
mRNA pairs

An increasing amount of evidence indicates that IncRNAs are
key players in regulating gene expression.'” The relationship
between the differentially expressed IncRNAs and their adja-
cent protein-coding genes was analyzed to reveal the potential
roles of IncRNAs in the pathogenesis of MDR-TB. Most dif-
ferentially expressed IncRNAs were from intergenic regions
(~55% of the total), natural antisense to protein-coding loci
(~32% of the total), or intronic antisense to protein-coding
loci (~5% of the total). The rest were from exon sense-
overlapping IncRNAs and bidirectional IncRNAs. Five hun-
dred and eighty-one out of the 712 differentially expressed
IncRNAs between the MDR-TB and DS-TB groups were
orientated in or around a known protein-coding region (ie, not
intergenic). Ten of the 22 differentially expressed IncRNAs
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Abbreviations: IncRNA, long non-coding RNA; HC, healthy control; MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis.

between the three groups were oriented in or around a known
protein-coding region (Table 5).

GO and KEGG pathway analysis of
deregulated mRNAs

GO analysis provides insight into the potential functions
of the MDR-TB-induced host genes in the PBMCs. Based
on the biological processes of the GO classification, dif-
ferentially expressed mRNAs from the microarray analysis
were classified into different functional categories. The

GO analysis results show that, compared with the DS-TB
group, the upregulated mRNAs in the MDR-TB group
were mainly involved in organ morphogenesis, T-cell dif-
ferentiation, regulation of muscle organ development, and
negative T-cell selection. The downregulated mRNAs, on
the other hand, were mainly involved in immune response,
response to a virus or type I interferon, cellular response
to type I interferon, type I interferon signaling pathways,
and regulation of viral genome replication (Figure 6A
and B). KEGG pathway analysis was utilized to examine
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Table 3 Differentially expressed LncRNAs between the three groups

Sequence name Gene symbol Fold change
DS-TB vs HC MDR-TB vs HC MDR-TB vs DS-TB

NR_111969 ccr4Li 43.8 30.8 ND
NR_028308 BRE-ASI 31.3 12.1 ND
ENST00000587099 RP[1-38408.1 30.5 14.4 ND
NR_I'10119 LOCI01927811 229 15.9 ND
NR_026934 LOCI52225 18.5 15.7 ND
ENST00000602277 RP6-99M 1.3 17.3 14.8 ND
ENST00000609281 RPI1-22N19.2 15 14 ND
ENST00000606729 RPI1-63L7.5 12.8 15.4 ND
ENST00000505572 CTD-233IDI1.3 ND 13.8 14.5
ENST000004 16685 AC079779.5 ND 13.3 12.3
NR_131907 ABALON —-196.5 -10.6 ND
NR_121599 PTPRD-AS| —69.5 -11.6 ND
NR_110654 LINCO1496 —64.4 -29.2 ND
NR_110545 LINCO1423 —48.5 -223 ND
ENST00000581648 RPI1-178F10.3 —43.2 -33.1 ND
ENST000004 14633 SRGAP3-AS| -37.4 —-l6.2 ND
NR_120614 SLCI6AI12-ASI -37.1 -15.7 ND
ENST00000601280 CTC-518B2.10 -34.3 -10.3 ND
NR_120580 LOCI01929497 —22.6 -7 ND
ENST00000552378 RPI1-316Al16.1 -132 -10.2 ND
ENST00000520360 HOXAI I-AS -124 —40.7 ND
ENST00000548900 RPI1-1143G9.4 ND ND —28.7

Notes: Data as fold change. Positive value indicates upregulation and negative value indicates downregulation. One-way ANOVA test was used for statistical analysis.
LncRNA with expression fold change >2 and with FDR adjusted p-value <0.05 was considered statistically significant. Here we show the expression fold change >10.
Abbreviations: MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; HC, healthy control; ND, not determined; IncRNAs, long non-coding RNA;

ANOVA, analysis of variance; FDR, false discovery rate.

the biological pathways involved with the differentially
expressed mRNAs. The results show that, compared with
the DS-TB group, the upregulated mRNAs in the MDR-TB
group mainly participated in hematopoietic cell lineage,
transforming growth factor-f3 (TGF-) signaling pathway,
Hippo signaling pathway, and primary immunodeficiency.
The downregulated mRNAs, in contrast, were mainly
involved in natural killer cell mediated cytotoxicity, anti-
gen processing, presentation, and graft-versus-host disease
(Figure 6C and D).

Discussion
This study employed microarray analysis and in-depth data
profiling to detect that a large number of IncRNAs and
mRNAs were differentially expressed in PBMCs derived
from patients with MDR-TB, patients with DS-TB, and
HCs. Subsequent RT-qPCR results of the six randomly
selected IncRNAs validated the microarray data, thus
demonstrating high credibility for the microarray analysis
of IncRNAs.

Patients with MDR-TB are likely infected with strains
resistant to INH and RIF. The highest rates of MDR-TB are

in Eastern Europe and central Asia, where MDR strains are
nearly as common as pan-susceptible strains.?® According to
clinical data analysis, liver dysfunction (decreased albumin),
complement system activation (increased C3), and coagu-
lation disorder (increased INR, fibrinogen) are present in
patients with MDR-TB and patients with DS-TB (Table 2).
In addition, significant differences in pre-albumin and INR
levels existed between patients with MDR-TB and patients
with DS-TB (p<0.05).

More IncRNAs and mRNAs were deregulated in the
MDR-TB group than in the DS-TB group. Compared with
the DS-TB group, 712 IncRNAs (393 upregulated) and 454
mRNAs (265 upregulated) were detected to be differentially
expressed in the MDR-TB group (Figure 4). This finding
suggests that transcriptional activity is more increased in
MDR-TB than in DS-TB.

Moreover, 22 IncRNAs were differentially expressed
between the three groups. Nineteen IncRNAs showed
similar expression tendencies in both the MDR-TB and
DS-TB groups compared with the HC group. This finding
suggests that both MDR-TB and DS-TB might possess
similar regulatory mechanisms. An increasing amount of
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Table 4 Differentially expressed mRNAs between the three groups

Sequence name Gene symbol Fold change
DS-TB vs HC MDR-TB vs HC MDR-TB vs DS-TB

NM_000575 ILIA 500.4 121.5 ND
NM_002343 LTF 14.6 94.6 ND
NM_002988 ccLi8 59.7 44.9 ND
NM_002983 cc3 527 373 ND
ENST00000394484 ccL3Ls 51.1 36.2 ND
NM_021006 ca3Ll 46.5 35.6 ND
NM_007115 TNFAIPS 442 353 ND
NM_000594 TNF 20.7 235 ND
NM_005306 FFAR2 29.0 23.1 ND
NM_000576 ILIB 37.0 229 ND
NM_000891 KCNJ2 344 21.6 ND
NM_000600 IL6 180.0 20.2 ND
NM_000518 HBB 16.7 19.9 ND
NM_000558 HBAI 16.8 19.8 ND
NM_153606 FAM71A 24.0 19.3 ND
NM_012244 SLC7A8 ND 18.9 1.2
NM_207007 ccL4Ll 24.6 17.7 ND
NM_177551 HCAR2 11.0 16.5 ND
NM_000963 PTGS2 20.5 16.4 ND
NM_001291468 ccL4L2 23.0 15.9 ND
NM_000510 FSHB ND 15.3 292
NM_020370 GPR84 12.5 14.4 ND
NM_002984 cCL4 18.9 14.2 ND
NM_006018 HCAR3 14.2 14.1 ND
NM_002089 CXClL2 25.8 138 ND
NM_000184 HBG2 10.9 13.6 ND
NM_001511 CXCLI 24.0 13.4 ND
NM_001432 EREG 17.4 12.9 ND
NM_004591 CCL20 47.1 12.0 ND
NM_004233 CD83 25.2 1.1 ND
NM_194277 FRMD7 304 10.7 ND
NM_174932 BPIFC -208.3 -12.2 ND
NM_003979 GPRC5A —43.5 —-135 ND
uc002wsw.2 AX747171 375 —43.4 ND
NM_014714 IFT140 -28.4 -13.4 ND
ENSTO00000171214 RDH8 -24.7 -14.8 ND
NM_031271 TEXI5 -24.1 -12.6 ND
NM_003811 TNFSF9 —-10.4 -10.6 ND

Notes: Data as fold change. Positive value indicates upregulation and negative value indicates downregulation. One-way ANOVA test was used for statistical analysis. nRNA
with expression fold change >2 and with FDR adjusted p-value <0.05 was considered statistically significant. Here we show the expression fold change >10.
Abbreviations: MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; HC, healthy control; ND, not determined; IncRNAs, long non-coding RNA;

ANOVA, analysis of variance; FDR, false discovery rate.

new evidence demonstrates that many IncRNAs are asso-
ciated with MDR of therapy failure in some cancers and
infectious diseases. Recent data showed that plasmacytoma
variant translocation 1 (PVT-1), an IncRNA, was highly
expressed in gastric cancer tissues of cisplatin-resistant
patients and cisplatin-resistant cells. Overexpression of
PVT-1 in gastric carcinoma promotes the development
of MDR, suggesting an efficacious target for reversing
MDR in gastric cancer therapy.'* These data suggest
that colorectal cancer-associated IncRNA is a crucial

oncogenic regulator that is involved in CRC tumorigen-
esis and progression.!* Other data have suggested that the
cisplatin-resistance ability of human endometrial cancer
cells could be regulated by IncRNAs (specifically HOTAIR)
through the regulation of autophagy by affecting Beclin-1,
MDR, and P-gp expression.?' Our results show that CTD-
2331D11.3 and AC079779.5 IncRNAs were upregulated in
the MDR-TB group compared with the DS-TB and the HC
groups (Figure 5B), suggesting that CTD-2331D11.3 and
AC079779.5 may be important players in the pathogenesis
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Figure 5 Confirmation of IncRNA expression by RT-qPCR. After the data were normalized to GAPDH expression, mean *+ SD and average expression value for each
IncRNA were presented for statistics. One-way ANOVA test for the three groups or Student’s t-test for two groups was used for statistical analysis. (A) Four IncRNAs were
differentially expressed between the three groups. (B) Two IncRNAs were differentially expressed between MDR-TB and DS-TB groups. *Significant difference between
healthy controls (n=50) and the MDR-TB group (n=20) and between healthy controls and the DS-TB group (n=30). *Significant difference between the MDR-TB and DS-TB
groups. A p-value of <0.05 was regarded as statistically significant. Standard deviations were presented as error bars in graphs. Each reaction with technical triplicates was
run three times.

Abbreviations: IncRNA, long non-coding RNA; HC, healthy control; MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; ANOVA, analysis of

variance; RT-qPCR, real-time quantitative polymerase chain reaction.

of MDR-TB. Despite much progress, the functions of
CTD-2331D11.3 and AC079779.5 are still not well defined
and understood. Only a few IncRNAs have been found
to be associated with MDR in various diseases, but their
potential functions of most deregulated IncRNAs like
LOC0101929497, LINC01496, CTC-518B2.10, and BRE-
ASI are still largely unknown.

GO analysis and KEGG pathway analysis can provide
insights into the potential functions of the differentially
expressed mRNAs and improve our understanding of the
mechanisms of MDR-TB. In this study, most of the enriched
upregulated and downregulated GO terms and pathway
terms in the MDR-TB group and the DS-TB group dif-
fered, suggesting that virulent MDR-TB strains can evade

immune system defenses via the regulation of particular
pathways. For example, in our data, the TGF-P signaling
and Hippo signaling pathways were activated in PBMCs
derived from patients with MDR-TB (Figure 6C). Previous
studies have indicated that TGF-f could play a prominent
role in macrophage deactivation and the suppression of
T-cell responses to Mtb.?> Furthermore, excessive TGF-f3
activity is a feature of active pulmonary TB? and human
mononuclear phagocytes infected or exposed to MTB or its
components in vitro. In addition, a recent study has demon-
strated that inhibiting the TGF-3 pathway was critical for
the persistence of Mtb.** Intriguingly, the Hippo signaling
pathway, which regulates autoimmunity via modulating
the expression of Mtb-induced chemokines CXCL1 and
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Table 5 Analysis of the differentially expressed IncRNAs and adjacent protein-coding genes

Sequence name Gene symbol Source RNA Chrom Relationship Associated_ Associated_
length gene_acc gene_name

NR_I11969 CCLA4LI RefSeq 725 chrl7 Exon sense-overlapping ~ NM_207007 CCL4LI

NR_028308 BRE-AS| RefSeq 1,667 chr2 Natural antisense NM_199191 BRE

ENST00000587099 RP11-38408.1 GENCODE 1,412 chr2 Intergenic

NR_I10120 LoCl01927811 RefSeq 831 chr7 Natural antisense NM_002214 ITGB8

NR_026934 LOCI152225 RefSeq 2,051 chr3 Intergenic

ENST00000602277 RP6-99M 1.3 GENCODE 528 chrX Intergenic

ENST0000060928 RPI1-22N19.2 GENCODE 847 chr7 Natural antisense ENST00000424768  NAMPT

ENST00000606729 RPI1-63L7.5 GENCODE 504 chré Bidirectional NM_006813 PNRCI

ENST00000505572 CTD-233IDI11.3 GENCODE 483 chr5 Intergenic

ENST00000416685  AC079779.5 GENCODE 590 chr2 Intergenic

NR_131907 ABALON RefSeq 1,903 chr20 Natural antisense NM_ 138578 BCL2LI

NR_121599 PTPRD-AS| RefSeq 1,334 chr9 Intronic antisense NM_002839 PTPRD

NR_110654 LINCO1496 RefSeq 543 chrX Intergenic

NR_ 110545 LINCO1423 RefSeq 621 chr2l Intergenic

ENST00000581648 RPI1-178F10.3 GENCODE 543 chri8 Intergenic

ENST000004 14633 SRGAP3-AS| GENCODE 428 chr3 Natural antisense NM_014850 SRGAP3

NR_120614 SLCI6A12-ASI RefSeq 562 chrlO Natural antisense ENST00000341233  SLCI6AI2

ENST00000601280 CTC-518B2.10 GENCODE 443 chrl9 Intergenic

NR_120580 LOCI01929497 RefSeq 509 chrll Intergenic

ENST00000552378 RPI1-316Al16.1 GENCODE 769 chri2 Intergenic

ENST00000479766 HOXAI I-AS GENCODE 822 chr7 Intergenic

ENST00000548900 RPI1-1143G9.4 GENCODE 599 chri2 Natural antisense NM_000239 Lyz

Notes: RefSeq, transcripts collected from RefSeq database; GENCODE: the GENCODE project (http://www.gencodegenes.org/); relationship: the relationship of IncRNA
and its nearby coding gene; exon sense-overlapping, the IncRNA exon is overlapping a coding transcript exon on the same genomic strand; natural antisense, the IncRNA is
transcribed from the antisense strand and overlapping with a coding transcript; intergenic, there are no overlapping or bidirectional coding transcripts nearby the IncRNA;
bidirectional, the IncRNA is oriented head to head to a coding transcript within 1,000 bp; intronic antisense, the IncRNA is overlapping the intron of a coding transcript on

the antisense strand.

Abbreviations: MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; HC, healthy control; IncRNAs, long non-coding RNA.

CXCL2,” was enriched in upregulated mRNAs in the
MDR-TB group. Therefore, the outcome of immune cells
(such as macrophages) infected with MDR-TB depends on
the balance between the host defense of immune cells and
bacterial immune subversion mechanisms.

In summary, this study describes differentially expressed
IncRNAs and mRNAs and related signaling pathways
between patients with MDR-TB, patients with DS-TB, and
HCs. Our new findings shed light on our knowledge of MDR-
TB pathogenesis. To the best of our knowledge, this is the
first study to address IncRNA expression profiles in MDR-
TB PBMCs. However, the primary limitation was the small
number of MDR-TB/DS-TB patients, which may not reflect
the real pathogenesis of the result in this study. Moreover,
whether the results were universal phenomena in TB or some
specific phenomena in certain conditions remains unclear and
should be explored in the future. The conclusions, entirely
based on the changes in IncRNAs levels and bioinformatics

analysis, still need experimental identification and validation.
Further studies focusing on the function of IncRNAs involved
in MDR-TB may lead to new theories for MDR-TB patho-
genesis. New and potential therapeutic targets in MDR-TB
may also be developed in future.
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Figure 6 GO and KEGG pathway analysis of differentially expressed mRNAs. The most significant GO terms for upregulated genes (A) and downregulated genes (B) in the
MDR-TB group compared with the DS-TB group. The GO terms were filtered in accordance with p<0.05 and FDR <0.05. The top 10 significantly enriched GO terms are
shown. The most significant pathways for upregulated genes (C) and downregulated genes (D) in the MDR-TB group compared with the DS-TB group.

Abbreviations: MDR-TB, multidrug-resistant tuberculosis; DS-TB, drug-sensitive tuberculosis; ANOVA, analysis of variance; GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; FDR, false discovery rate.
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Supplementary material

Table S| Primers used for qPCR

LncRNA Forward primer Reverse primer

BRE-ASI 5-GGCCAGGGTTTAGTGAAAGC-3’ 5-CCCTGTGAGGTAGGCACATT-3¥
LINCO1496 5-TTGGAAAGCCTGTTCTGCTT-3 5-AGCTGGATCTGGAGGAGGAT-3
LOCI101929497 5-TCCTCCCAAGATGCAGATTC-3 5-AAGCAGGAGAATCGCTTGAA-3
CTC-518B2.10 5’-TGAGGCACACAGAAGGTGAG-3’ 5’-GGTCAATGGAGAAGCAGCAT-3’
CTD-2331DI 1.3 5-TGCCTAGCACTAATACCAGTTCA-3 5’-CACACAGTCCCTGATTGCTT-3’

AC079779.5 5’-ACTGCCCTTCAGCAAGTCAC-¥ 5’-GAACGTCCCTACACCGATTC-3
B-Actin 5’-CACGAAACTACCTTCAACTCC-3 5-CATACTCCTGCTTGCTGATC-3

Abbreviation: qPCR, quantitative polymerase chain reaction.
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