
INTRODUCTION

Tuberculosis is a globally spread infectious disease

that claims almost 2 million human lives annually.

Moreover, more than eight million new cases are report�

ed every year [1]. The causative agent of this infection –

Mycobacterium tuberculosis – can persist in an organism

in the form of latent infection, which could reactivate

upon compromised host immune status [2]. The mecha�

nisms used by M. tuberculosis to avoid the host immune

defense, to maintain its viability under stress during the

intracellular persistence, and to transit from the dormant

state into the active one are under scrutiny of modern

immunologists, bacteriologists, and molecular biologists.

After entering a human body, M. tuberculosis interacts

with the host immune cells. Notably, the host response to

the mycobacteria differs from that to other bacterial infec�

tions. Mycobacteria modulate or reprogram the process of

phagosome maturation using cell wall components and

secreted products, which is known as the phagosome mat�

uration arrest. Mycobacteria can suppress autophagy and

cell–cell signaling in macrophages, which are the first

immune cells interacting with M. tuberculosis, as well as

resist the action of toxic compounds (reactive oxygen

species, nitrogen oxide, and metals [3, 4]); that facilitate

survival of mycobacteria inside the macrophages. Thus,

M. tuberculosis uses macrophages as a main niche for the

long�term persistence in the organism [5�8].

Long co�evolution of M. tuberculosis and its hosts

provide the pathogen with a set of strategies to efficiently

fight the host immune defense. One of them is noncoding

RNAs, which form complex regulatory networks together

with their targets that allow M. tuberculosis to adjust its

metabolism at different stages of infection [9]. It has been

established that small noncoding RNAs, which are the

most numerous group of regulatory RNAs, play the most

important role in the adaptation of M. tuberculosis to a

parasitic life style [9].

Small noncoding RNAs (small RNAs, sRNAs) are

subdivided into cis�encoded and trans�encoded antisense
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RNAs [10]. cis�Encoded antisense RNAs are encoded in

the same locus with their target mRNAs; they are tran�

scribed from the opposite DNA strand to ensure their

complementary binding to the target. Mostly, cis�encod�

ed sRNAs block translation via complementary binding

to the ribosome�binding site (RBS) in the mRNA target.

trans�Encoded antisense RNAs are especially interesting

as they are encoded by individual genes and, hence, have

their own promoters and terminators. The genes for these

sRNAs are located at a considerable distance from the

genes they regulate, and their size varies from 50 to 300

nucleotides. sRNAs genes are often localized between the

protein�coding genes. sRNAs have a stable secondary

structure that prevents their rapid degradation and facili�

tates formation of loops with unpaired nucleotide bases

that form the target�binding sites (so�called seed regions).

The role of sRNAs (both cis� and trans�encoded) in bac�

terial metabolism was characterized in detail in the review

by Azhikina et al. [10]. A recently published review by

Taneja and Dutta describes the search for mycobacterial

sRNAs and their regulation [11]. Here, we describe the

regulatory role of trans�encoded sRNAs in one of the

most dangerous pathogen – M. tuberculosis.

REGULATORY MECHANISMS IMPLEMENTED

BY SMALL NONCODING RNAs

As trans�encoded small RNAs (sRNAs) are only par�

tially complementary to their targets, they can regulate

more than one target. sRNAs control the expression of

target RNAs via two different mechanisms: by direct

RNA–RNA interaction and by binding with effector pro�

teins (Hfq or ProQ) [9�12].

Such interactions could result in the termination of

mRNA translation due to the RBS blocking, which is the

most common mechanism of sRNA action [9]. The bind�

ing of sRNA with its target not only prevents ribosome

binding, but most often, initiates the cleavage of the

RNA�RNA duplex by RNases J and E. In the case of

polycistronic mRNAs, the binding of sRNA at the 5′�
region could result in the Rho�dependent termination of

translation at all mRNA sites [13].

sRNAs can also activate protein translation. In some

mRNAs, the 5′�untranslated region (UTR) forms a hair�

pin structure protecting the RBS. Interaction of the

sRNA loop with the complementary mRNA sequence

opens this hairpin, thus initiating translation [14].

Moreover, sRNAs can stabilize other transcripts. The

binding of sRNA to a cleavage site in the target mRNA

prevents the cleavage of the latter and increases the half�

life of the transcript [15]. Another example of transcrip�

tion activation is prevention of internal Rho�dependent

termination in long 5′�UTRs of some genes [16].

Sponge RNAs is a special functional class of sRNAs

that bind other sRNAs and regulate their activity. Sponge

RNAs were identified in enterobacteria and Bacillus sub�

tilis in the investigations of RNA–RNA interactions. The

diversity of their origin, as well as the diversity of biologi�

cal processes involving sponge RNAs, suggests that this

regulatory mechanism is widespread in bacteria. Similar

to other sRNAs, sponge RNAs can be encoded by indi�

vidual genes, 3′� or 5′�UTRs, or spacers in other genes.

Each RNA sponge has a partial complementarity to

another sRNA, which is its target. The formation of the

duplex sequesters the target sRNA and results in the

degradation of the complex. The extent of the inhibition

varies depending on the concentrations of the target

sRNA and sponge RNA, which, in turn, depend on the

level of the expression (see review [17] for detailed

description of the mechanism of action of sponge RNAs).

sRNAs with a dual function have also been found.

Such sRNAs both serve as transcription regulators, and

encode small peptides, as their genes contain open read�

ing frames. In particular, the well�known RNAIII sRNA

from Staphylococcus aureus controls expression of several

pathogenic genes by the classic mechanism, i.e., via bind�

ing to the target mRNA through the seed region in one of

its loops. In addition, RNAIII encodes a protein δ�

hemolysin, that disrupts cell membranes of the host

organism [18].

Hence, sRNAs represent a powerful regulatory reser�

voir to provide the fast adaptive response to rapidly

changing environmental conditions. Identification of

such sRNAs in M. tuberculosis and elucidation of their

functions are very important for understanding the role of

these molecules in the progression of tuberculosis infec�

tion and in the microbe interaction with the host organ�

ism.

STRATEGIES FOR IDENTIFICATION

OF sRNAs IN M. tuberculosis

To date, around 2000 noncoding regulatory RNAs

have been identified in M. tuberculosis that belong to dif�

ferent functional classes. Approximately 560 of them are

small trans�encoded RNAs. More than 20 trans�encoded

sRNAs in M. tuberculosis have been confirmed experi�

mentally by Northern blotting and/or microarray analysis,

but only eight of them have been characterized in detail.

Some of sRNAs found in M. tuberculosis have been

also identified in all members of the genus

Mycobacterium, e.g., sRNA B11 (MTS2822). Other

sRNAs, such as Mcr11 (MTS0997) and DrrS

(MTS1338), were identified only in pathogenic mycobac�

teria. Remarkably, no homologs of the chaperon proteins

Hfq and ProQ mediating sRNA interactions with the

mRNA targets, have been found in M. tuberculosis [9].

Nevertheless, it was suggested that a protein mediating

the functions of sRNAs could exist in M. tuberculosis

cells. RNA�binding proteins CspA and CspB from the
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large family of cold�shock proteins are plausible candi�

dates for this role [9, 19].

Identification of sRNAs undoubtedly attracts the

researchers’ attention. Back in 2006 the sRNAPredict2

computer program predicted56 noncoding RNAs in the

M. tuberculosis genome [20]. The search was based on

comparative analysis of sequences of the intergenic

regions in different bacterial species with consideration of

the homology and characteristic features of sRNAs.

However, the existence of sRNAs predicted using this

approach has not been confirmed experimentally. Taking

into account that only few regulatory sRNAs were discov�

ered at that time, and most of them were from Gram�neg�

ative organisms, which differ significantly from mycobac�

teria, the probability of identifying mycobacterial non�

coding sRNAs was rather low.

Another approach to identify sRNAs in M. tubercu�

losis that involved the sequencing of cDNA library of low�

molecular�weight RNAs (20�75 bases) was undertaken

several years later [21]. The identified sRNAs were con�

firmed by Northern blotting, and their genomic coordi�

nates were determined by RACE (rapid amplification of

cDNA ends). In total, five trans�encoded sRNAs were

found: B11, B55, C8, F6, and G2. The first studies aimed

to characterize the physiological significance of these

sRNAs. In particular, C8 was classified as a structural

RNA homologous to the 4.5S RNA.

Later, 34 sRNAs were found in the Mycobacterium

bovis BCG cells [22]. The authors used a combination of

two approaches: computer prediction based on the inter�

species homology and cloning of short�length cDNAs.

All identified sRNAs were confirmed by Northern blot�

ting. From 34 sRNAs, 20 were also identified in M. tuber�

culosis; three of them – F6, C8, B11 – were the same as

in the previous study [21].

Analysis of M. tuberculosis transcriptome by the RNA

sequencing technique (RNA�seq) [23] revealed the pres�

ence of 15 sRNAs; 11 of them were confirmed by Northern

blotting, including five previously discovered sRNAs [21].

Furthermore, the authors characterized in detail three

sRNAs: MTS2823, MTS1338, and MTS0997 [23].

Later, a new algorithm for predicting noncoding

RNAs was developed [24], which included analysis of

RNA�seq data and data on the conservatism of certain

genome regions produced by the method of comparative

genomics. When applied, this algorithm identified 1948

noncoding RNAs in the transcriptome of exponential

M. tuberculosis; 977 of them were trans�encoded sRNAs,

including all previously discovered sRNAs. By introduc�

ing additional criteria (minimal distance to the nearest

gene, minimal free energy of the secondary structure), the

list of candidates for the trans�encoded sRNAs was

reduced to 59. Analysis of 1373 predicted noncoding

RNAs by microarrays [25] confirmed 258 corresponding

transcripts; 22 of them were assigned to trans�encoded

sRNAs. The presence of four sRNAs (#149, #161, #224,

and #1096 according to the author’s designations) was

additionally confirmed by Northern blotting.

Another algorithm for identification of sRNAs in

M. tuberculosis, which was based on the same principle,

i.e., the presence of conserved, highly expressed

sequences in the bacterial transcriptome, was tested in

2016 [26]. The cDNA libraries in this case were con�

structed separately for different RNA fractions isolated

from the microbial cultures in the logarithmic growth

phase. The RNAz algorithm used in the experiment had

several built�in search parameters, including conser�

vatism of the nucleotide sequence among the members of

Mycobacterium genus, conserved structure, and stability.

In addition to the sRNAs identified and confirmed in the

previous studies, 192 new potential sRNAs were found;

14 of them were selected for the confirmation by

Northern blotting, and 13 of them passed this test.

Recently, 62 potential sRNAs from different func�

tional categories were identified by analysis of the

M. tuberculosis genome using saturated transposon muta�

genesis; mutations in 7 of these sRNAs was found to

cause defects in the cell growth [27]. This approach

allows the researchers to identify genes required for bac�

terial growth that was based on the frequencies of muta�

tions induced by the transposon insertion. The BS_finder

program for predicting regulatory sRNAs based on the

RNA�seq data was developed to scan the transcriptome

using the sliding window approach. This approach allows

finding small transcripts with significantly greater read

depth encoded fully or partially in the intergenic regions

and identifying their 5′ and 3′ coordinates.

Notably, all methods which were previously used for

identification of sRNAs were based on the transcriptome

analysis of bacteria cultivated under standard conditions

in rich nutrient media. Under such conditions, many

sRNAs, which could participate in the stress adaptation of

bacteria, will be missed, as they are expressed at very low

levels. Gerrick et al. used BS_finder to search for sRNAs in

the transcriptomes of bacteria exposed to various stress

factors [28]. They discovered 189 potential sRNAs; 103 of

them have not been identified previously. The authors also

reported that the expression levels of these potential

sRNAs varied depending on the cultivation conditions.

One of the sRNAs, MrsI, which was identified and con�

firmed for the first time, was examined in detail.

The idea of analysis of M. tuberculosis transcriptomes

obtained under different growth conditions was later

developed by Ami et al. [29], who analyzed RNA�seq data

from M. tuberculosis cells in the logarithmic growth phase

using the sliding window approach. The search revealed

65 intergenic regions related to potential trans�encoded

sRNAs. The list included four sRNA that had been exper�

imentally verified before: ncRv11147Ac, ncRv2395,

ncRv11534A, and MrsI. Expression of genes for potential

sRNAs was studied using analysis of DNA–protein inter�

actions by the chromatin immunoprecipitation (ChIP)
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Interaction of M. tuberculosis sRNAs with mRNA targets. Start codons are marked with black circles. a) Mcr7 binds to the RBS and the first

codons in tatC, resulting in the translation suppression; b) MrsI interacts with the bfrA 5′�UTR, resulting in the translation suppression.

a

b

mRNA

mRNA

technique and massive parallel DNA sequencing (ChIP�

seq) with RNAP (RNA polymerase) protein and NusA

protein (component of transcriptional complex that par�

ticipates in the transcription termination and antitermi�

nation). The data were obtained for M. tuberculosis cul�

tures under various growth conditions: logarithmic and

stationary phases, on dormancy, reactivation, and under

stress exposure (15 states totally). It was found that the

putative sRNA coding regions were significantly bound by

the transcription machinery. Differential expression was

observed for 24 sRNAs, confirmed earlier.

SMALL RNAs OF M. tuberculosis

WITH THE DEFINED MECHANISM OF ACTION

Despite numerous attempts to elucidate the func�

tional role of M. tuberculosis sRNAs, these studies

have had a very limited success for a long time. How�

ever, recent years have been marked by a series of suc�

cessful investigations. By present, eight sRNAs from

M. tuberculosis have been functionally characterized, and

target mRNAs have been identified for four of them

(figure).

Mcr7 (MTB000067). Mcr7 was initially discovered

in the analysis of cDNA libraries from M. bovis BCG and

then confirmed by Northern blotting. Later, its homo�

logue was found in M. tuberculosis [22]. Mcr7 is the first

M. tuberculosis sRNA, whose function was established

[30]. Expression of Mcr7 is regulated by the two�compo�

nent PhoPR signaling system, which is essential for the

virulence of mycobacteria and controls expression of

approximately 2% of all M. tuberculosis genes, including

the ESX�1 secretion system genes.

While being a target of the PhoP protein, Mcr7 also

modulates translation of the tatC gene by binding to its
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mRNA (figure, a), which affects the activity of the Tat

secretory complex in M. tuberculosis. The Tat complex

mediates secretion of proteins with a specific signaling

sequence that contains two arginine residues (twin�argi�

nine motif), including immunodominant Ag85 complex

[31] and beta�lactamase BlaC [32].

MrsI (MTB000142, ncRv11846). In 2018, Gerrick

et al. published the study on the search for sRNAs typical

Interaction of M. tuberculosis sRNAs with mRNA targets. Start codons are marked with black circles. c) B11 binds to the RBS in panD, result�

ing in the translation suppression; d) F6 interacts with the hrcA 5′�UTR, resulting in the opening of the hairpin covering the Shine–Dalgarno

sequence and translation initiation.

c

d

mRNA

mRNA

mRNA

mRNA
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for various stress conditions [28]. In this study, bacterial

cells were subjected to one of the stress factors such as

(i) lack of iron in the cultivation medium, (ii) oxidative

stress, (iii) membrane damage, (iv) acidic medium pH,

and (v) nutrient deficiency. The sequencing of the cDNA

libraries generated from the respective RNA samples and

selection of transcripts with the highest probabilities of

being sRNAs followed by comparison of the expression

levels of these transcripts with the expression levels in the

control samples revealed 82 sRNA candidates that exhib�

ited differential expression under at least one of the stress

conditions. Thus, the cultivation in the iron�deficient

medium slightly increased the content of ncRv11846,

whereas membrane damage strongly upregulated expres�

sion of this sRNA. The ncRv11846 sequence is conserved

among the members of Mycobacteriaceae family and

microorganisms from the closely related Nocardiaceae

family, and its homologue have previously been described

in Mycobacterium smegmatis [33]. This sRNA was selected

by the authors for detailed investigation and, as a result,

was named MrsI (mycobacterial regulatory sRNA in iron)

[28]. MrsI was predicted to have a stable secondary struc�

ture was with a putative binding site consisting of 6

nucleotides in the apical loop. Deletion of the gene coding

for this sRNA affected the viability of bacterial cells only

in the iron�deficient medium. Proteomic and transcrip�

tomic analyses of such cells revealed elevated levels of

iron�binding proteins and their transcripts. Bioinformat�

ics analysis demonstrated the possibility of interaction

between the identified transcripts and suggested MrsI seed

region. One of the MrsI targets is the bfrA mRNA encod�

ing bacterioferritin – an iron deficiency protein

(figure, b). The involvement of MrsI in the regulation of

iron metabolism was also supported by identification of

the binding site for the transcriptional factor IdeR activat�

ed in mycobacteria under the iron deficiency conditions of

[34]. Hence, the function of MrsI was found to be similar

to the function of the RyhB sRNA in Escherichia coli [35].

MrsI suppresses translation of iron�binding proteins (but

not affecting cell survival), thus establishing a more eco�

nomical regime of iron utilization in the cells.

B11 (ncRv13660c, MTS2822, 6C). B11 was identi�

fied in 2009 by Arnvig et al. during the screening of

cDNA libraries obtained for a low�molecular�weight

RNA fraction from M. tuberculosis [21]. The secondary

structure of B11 includes two hairpins, each containing 6

consequent cytosine residues in the loop. This sRNA is

highly conserved among bacteria of the Mycobacterium

genus, and its homologues have been found in the bacte�

ria of the Streptomyces and Corynebacterium genera.

Expression of B11 is induced by the oxidative stress and

low medium pH [21]. Overexpression of B11 causes the

death of M. tuberculosis cells and suppresses the growth of

M. smegmatis cells [21].

B11 has a stable secondary structure with three

loops. Two of these loops contain seed regions comprised

of 6 or 7 consecutive cytosines. The complementary

guanidine sequences were found in the 5′ leader

sequences of many mycobacterial genes. It was shown

that the presence of both loops and the conservation of

the cytosine sequences in B11 are critical for its function

[36]. The transcriptome analysis revealed that B11 mod�

ulates (predominantly, reduces) expression of a signifi�

cant number of genes, and putative B11�binding sites

were detected in the mRNAs of 47 genes. Fifteen poten�

tial targets (including panD, dnaB, espE, espF, eccA1,

PE35, MTB84, and mycP1 genes) were identified among

these 47 candidates, for which interaction with B11 was

experimentally confirmed. In all the cases, upregulation

of the B11 expression in M. smegmatis resulted in the

inhibition of translation of the corresponding mRNA tar�

get. Suppression of the dnaB gene encoding replicative

DNA helicase was found to be essential for the formation

of the characteristic B11 overexpression phenotype.

Interestingly enough, B11 interacts directly with the

mRNA target (figure, c), as confirmed by the gel elec�

trophoresis mobility shift assay (EMSA) and transposon

mutagenesis [36].

Investigations of the B11 functions were continued

in Mycobacterium kansasi cells [37]. The authors gener�

ated a strain with mutation in the 5′�region of the sRNA

gene, which resulted in complete suppression of its

expression but did not affect expression of the neighbor�

ing genes. The M. kansasii strain lacking B11 demon�

strated growth defects on solid nutrient media. The

mutant mycobacteria did not form biofilms, although

their planktonic growth was the same as in the wild�type

strain. Despite the fact that no molecular targets were

identified in this study, such physiological characteriza�

tion expanded the spectrum of the regulatory functions

of B11.

F6 (ncRv10243, MTS194, MTB000051). F6 was

discovered by sequencing of the low�molecular�weight

fraction of M. tuberculosis cDNA libraries [21] and con�

firmed by Northern blotting. It was found in the patho�

genic representatives of the Mycobacterium genus and in

M. smegmatis. The attempts to characterize its physiolog�

ical role revealed the upregulation of the F6 expression

under conditions of oxidative stress, hypoxia, low medi�

um pH, and macrophage infection, but the strongest

upregulation was observed upon the nutrient deficiency

[21, 38]. It was found that overexpression of F6 sup�

pressed the growth of M. tuberculosis cells [21]; however,

neither overexpression, nor deletion of the F6 gene

affected the growth of M. smegmatis cells [21]. The dele�

tion of F6 prevented transition of M. tuberculosis from the

dormant state in the Wayne hypoxia model [38]. Analysis

of the transcription profile of M. tuberculosis strain defi�

cient by F6 under conditions of nutrient deficiency

revealed the upregulated expression of four genes: Rv0440

(groEL2), Rv3418c (groES), Rv0990c, and Rv0991c. All

these genes are in the same regulon under control of the
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HrcA (Rv2374c) transcriptional repressor, which is acti�

vated during the heat shock. The hairpin in the 5′�region

of the hrcA mRNA prevents translation of this template,

as it partially covers the Shine�Dalgarno sequence. The

complementary sequence contains the binding site for

F6, so that its interaction with F6 results in the hairpin

opening, making the RBS accessible for the translation

initiation (figure, d). Activation of the HrcA repressor

decreases production of the GroEL/S chaperones in the

cell.

Mcr11 (MTS0997, MTB000063). Mcr11 was first

identified in 2010 in the transcriptome of the logarithmic�

phase culture of M. bovis BCG cells by RNA�seq and

confirmed by Northern blotting [22]. The gene for Mcr11

is also present in M. tuberculosis, and its expression was

confirmed experimentally. No Mcr11 homologues were

found in non�pathogenic mycobacteria.

It was established that the level of Mcr11 expression

increased upon transition to the stationary growth phase

(both in M. tuberculosis and M. bovis cells). The expres�

sion of Mcr11 was noticeably upregulated in the mouse

infection model [23, 39] and in dormant M. tuberculosis

cells [40]. Analysis of the expression profiles revealed

that Mcr11 transcription increased under nutrient defi�

ciency and decreased at low pH; it also depended on the

level of cAMP in the cells [41]. Overexpression of Mcr11

resulted in the inhibition of M. tuberculosis growth [40].

It was shown that the Mcr11 transcription was regulated

by the AbmR (ATP�binding Mcr11 regulator) protein

encoded by the gene adjacent to the Mcr11 gene [42].

The promoter regions of the AbmR and Mcr11 genes

partially overlap. AbmR exhibits the autoinhibiting activ�

ity by specifically binding to its promoter region in the

presence of ATP. In the AbmR�deficient strain, the con�

tent of Mcr11 did not change with transition between the

growth phases. It is likely that the Mcr11 expression

depends on the intracellular ATP concentration and is

regulated by the ATP�binding transcription factor AbmR

[42]. The binding of Mcr11 with the mRNAs for the lipB

(lipoate protein ligase B required for lipoate synthesis),

Rv3282 (protein presumably participating in the forma�

tion of division septum), and fadA3 (β�ketoacyl coen�

zyme A thiolase) genes was predicted using the target�

searching program TargetRNA [43]. Taking into consid�

eration that association of these genes with lipid metab�

olism had been demonstrated previously, the researchers

examined the growth of M. tuberculosis and M. bovis BCG

cells with deleted Mcr11 gene in the fatty acid�deficient

cultivation medium. It was found that the growth of the

mutant strains in the medium without exogenous sources

of oleate was disrupted. Furthermore, expression of the

predicted target genes in the mutant strains was increased

in comparison with the control wild�type strain. It was

concluded that Mcr11 controls expression of three oper�

ons: (i) dlaT�Rv2216�lipB, (ii) accD5�accE5�Rv3282,

and (iii) fadA3, but also could have other targets involved

in the regulation of lipid metabolism in mycobacte�

ria [44].

MTS1338 (DrrS, MTB000077). Similar to Mcr11,

MTS1338, which was identified in the M. tuberculosis

transcriptome by RNA�seq, is present only in the patho�

genic species belonging to Mycobacterium tuberculosis

complex [23]. Expression of MTS1338 increases with the

transition to the stationary growth phase [23]. MTS1338

is regulated by the genes from the DosR regulon, the

expression of which is upregulated upon transition to the

stationary phase and under stress conditions. MTS1338

has a stable secondary structure; its half�life is 6 h [44].

Significant accumulation of MTS1338 was observed dur�

ing infection (e.g., in mouse models and during infection

of the macrophage cell line) [23, 39, 45]. The concentra�

tion of MTS1338 increased in response to the activation

of macrophages by γ�interferon via activation of the

macrophage NO synthase [45]. The content of MTS1338

in dormant M. tuberculosis cells almost reached the level

of 16S rRNA [40]. MTS1338 overexpression resulted in

the inhibition of growth of mycobacterial cell [23, 40].

Moreover, the strains overexpressing MTS1338 were

characterized with a higher resistance to unfavorable fac�

tors; in particular, the resistance of such bacteria to the

medium acidification increases noticeably [45, 46].

Transcriptome analysis of the MTS1338�overexpressing

strain cultivated under normal conditions revealed the

expression profile typical for the cells grown under

hypoxic conditions, indicating a decrease in the transla�

tion activity [45]. Taken together, the results of the con�

ducted studies confirm the role of MTS1338 in the path�

ogenicity of M. tuberculosis and its adaptation to the con�

ditions inside the infected organism.

MTS2823 (MTB000078). This sRNA was first

described in 2011 [23]. The concentration of MTS2823

in the stationary�phase culture of mycobacterial cells

and during chronic infection in mice was found to be

high, almost reaching the levels of ribosomal RNAs. The

high expression levels of MTS2823 were also observed in

the dormant state [40] and under the action of stress fac�

tors in vitro [29]. Expression of many genes encoding the

central metabolism enzymes in M. tuberculosis was sig�

nificantly decreased during MTS2823 overexpres�

sion [23].

MTS2823 is highly conserved among bacteria of the

Mycobacterium genus; it was also found in other represen�

tatives of actinobacteria. The predicted secondary struc�

ture of MTS2823 is a double�stranded hairpin with a knot

in the middle and two small loops at the ends. This struc�

ture imitates DNA during transcription and can bind

RNA polymerase. The 6S sRNA from E. coli has the same

structure and acts as a transcription inhibitor. MTS2823

is a functional analogue of 6S, although they have certain

differences. The mechanism of MTS2823 action was

investigated in M. smegmatis, which has its homologue

Ms1 [47]. Ms1 binds to RNA polymerase (RNAP) prior
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to the binding of the latter to the sigma factors. The more

RNAP is in the complex with MS1, the lower is the total

transcription level in the cell. The MS1–RNAP complex

is unstable and dissociates easily; hence, the efficiency of

the enzyme sequestration and, consequently, of the tran�

scription inhibition depends directly of the Ms1 concen�

tration. Ms1 is degraded efficiently by polynucleotide

phosphorylase (PNPase) during the exponential growth

phase. During the stationary phase, the concentration of

PNPase decreases, leading to the Ms1 accumulation and,

consequently, more efficient RNAP sequestration and

suppression of the total transcription. It was also found

that Ms1 upregulates expression of the β� and β′�subunits

of RNAP. Deletion of Ms1 caused a decrease of RNAP

concentration, resulting in no dramatic upregulation of

the transcription activity in the mutant. The concentra�

tion of RNAP in the wild�type M. smegmatis cells in the

stationary phase remained high, but the activity of the

enzyme was reduced. This allows fast transition of bacte�

rial cells to the active transcription state under favorable

conditions [47].

ncRv12659 (MTS2048). ncRv12659 was found in

the M. tuberculosis transcriptome in 2011 by RNA�seq

[23]. It was demonstrated that this sRNA is accumulated

in the mouse infection model and during starvation [48].

Overexpression of ncRv12659 resulted in the reduced

growth of bacterial cells and changes in the transcription

of ~50 genes. Deletion of ncRv12659 did not reduce the

survival of M. tuberculosis under normal or stress condi�

tions, as well as during infection of the macrophage cell

line [49]. No targets of this sRNA have been identified

so far.

The ncRv12659 gene is encoded in the PhiRv2

prophage, which is found in only some M. tuberculosis

isolates. The ncRv12659 gene is located on the opposite

strand from the gene for Rv2660, which has been consid�

ered for some time as an immunogenic protein potential�

ly important for vaccine development [50]. However, fol�

lowing detailed examination of the transcription profile

by RNA�seq with consideration of the strand specificity

and bacteria in different physiological states, it was con�

cluded that the Rv2660 mRNA was absent in M. tubercu�

losis cells, which most likely indicated that the Rv2660

protein did not exist [48].

FEATURES OF HOST–PATHOGEN

INTERACTION CARRIED OUT BY sRNAs

Recent studies have indicated the importance of bac�

terial RNAs in pathogenesis. For many pathogenic bacte�

ria, the mechanisms involving noncoding regulatory

RNAs in the manifestation of virulent properties have

been investigated in detail (see recent review [51]). In

particular, it was demonstrated that the ssrS sRNA acti�

vates expression of many secretory virulence factors in

bacteria of the Legionella genus, and deletion of this gene

results in a significant virulence attenuation. The sRNA

IhtA was found to facilitate the regulation of the

Chlamydia trachomatis cell cycle and transition of this

microorganism from the vegetative form to the infectious

one.

It was found that the sRNAs RyhB and SgrS found in

a number of bacteria and investigated in detail in model

organisms, are important pathogenicity factors that facil�

itate survival of bacterial cells during infection. It is

known that SgrS regulates the transport of sugars into the

cell and is important for normal bacterial growth at ele�

vated extracellular glucose concentration [52]. Although

its functions are similar in different enterobacteria

(E. coli, Salmonella, Yersinia pestis, Klebsiella pneumoni�

ae, and others), SgrS from Salmonella enterica belongs to

the chromosomal cluster of pathogenicity genes and sup�

presses expression of secreted SopD protein, which is one

of the essential virulence factors in Salmonella during

mouse infection [53]. RyhB downregulates expression of

iron�binding proteins, thus facilitating efficient storage of

iron in bacteria in the iron�deficient environment.

Association of RyhB with virulence was confirmed for

Pseudomonas aeruginosa, S. enterica, E. coli EHEC,

Shigella flexneri, Shigella sonnei, Shigella dysenteriae, and

Yersinia pseudotuberculosis [51].

It is interesting that the so�called RNA thermome�

ters – temperature�sensitive riboswitches – were found in

such infectious agents as Y. pestis, P. aeruginosa, Vibrio

cholera, and Listeria monocytogenes. After bacteria enter

the host organism and the environment temperature

increases to 37°C, these RNA thermometers initiate

expression of virulence�associated genes.

sRNAs can be secreted into the cytoplasm of

immune cells after phagocytosis of bacteria. Similar to

microRNAs, they can be processed in the cytoplasm and

affect metabolic processes in host cells. This idea was

first proposed in 2014 and experimentally confirmed for

mycobacteria [54], however, no targets for the sRNAs

were identified. In 2016, Westermann et al. described

secretion of the Salmonella sRNAs into the intracellular

medium and their processing (similar to microRNAs) in

detail [55]. At present, the interaction between the

secreted bacterial transcripts and host genomes is one of

the widely discussed issues. It has been found that bacte�

rial RNAs stimulate the innate immunity of host cells by

interacting with the Toll�like receptors (TLRs) [56].

microRNA�like sRNAs from bacteria could be secreted

into the environment via microvesicles, which could be

then transported into eukaryotic cells, causing changes

in the cytokine expression profile [57]. M. tuberculosis

RNA is one of the key factors of host–pathogen inter�

actions. After phagocytosis, bacteria secrete RNA, which

is recognized by receptors expressed on the inner side

of the phagosome membrane (TLR8, TLR7, and

TLR3) [58].



SMALL NONCODING RNA IN PATHOGENESIS S117

BIOCHEMISTRY  (Moscow)   Vol.  86   Suppl.  1   2021

CONCLUSIONS

Small noncoding RNAs of bacteria are one of the

levels of global regulation of interaction of microbial cells

with the environment. sRNAs of pathogenic bacteria are

especially important for rapid adaptation of these

microorganisms to a changing environment and follow�

ing synchronization of various metabolic reactions during

host–pathogen interaction.

sRNAs were found to play a crucial role in the stress

response; they can also directly regulate expression of vir�

ulence factors under certain conditions or, more often,

adjust metabolic pathways in order to facilitate the sur�

vival of bacterial cells in the infected organism.

Elucidation of these processes could help in the

development of more efficient approaches to the diag�

nostics, therapy, and prevention of dangerous infections

with the participation of regulatory sRNAs. Recently,

gene of the sRNA npcTB_6715 was suggested for diag�

nostics of tuberculosis by multiplex PCR. This highly

conserved gene is present only in the Mycobacterium

tuberculosis complex, which provides almost 100%

specificity and a high sensitivity of the assay [59].

Moreover, it is known that the sRNA expression profile

could change under the antibiotic therapy [60]. In par�

ticular, the growth of M. tuberculosis cells in the presence

of isoniazid resulted in differential expression of not only

protein�encoding genes, but also of sRNAs, including

B55, G2, MTS1338, MTS0997, F6, etc. [61]. All these

make small regulatory RNAs of M. tuberculosis and path�

ogenic organisms in general a crucial element of adaptive

response of bacteria to changes in environmental condi�

tions.
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