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Abstract: The Mycobacterium tuberculosis (M. tb) genome encodes a large number of hypothetical pro-
teins, which need to investigate their role in physiology, virulence, pathogenesis, and host interaction.
To explore the role of hypothetical protein Rv0580c, we constructed the recombinant Mycobacterium
smegmatis (M. smegmatis) strain, which expressed the Rv0580c protein heterologously. We observed
that Rv0580c expressing M. smegmatis strain (Ms_Rv0580c) altered the colony morphology and in-
creased the cell wall permeability, leading to this recombinant strain becoming susceptible to acidic
stress, oxidative stress, cell wall-perturbing stress, and multiple antibiotics. The intracellular survival
of Ms_Rv0580c was reduced in THP-1 macrophages. Ms_Rv0580c up-regulated the IFN-y expression
via NF-«B and JNK signaling, and down-regulated IL-10 expression via NF-«B signaling in THP-1
macrophages as compared to control. Moreover, Ms_Rv0580c up-regulated the expression of HIF-1a
and ER stress marker genes via the NF-«kB/JNK axis and JNK/p38 axis, respectively, and boosted
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1. Introduction

This article is an open access article Tuberculosis (TB) remains a formidable global public health concern and leading

cause of death in adults, as compare to other infectious diseases [1]. The Global TB report
2020 estimated that around 10 million people became sick with TB. Among these, around
1.2 million people died from TB occurred in HIV-negative individuals (1.7 million people
died in 2000), and 208,000 people died from TB occurred in HIV-positive individuals
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(678,000 people died in 2000) [2]. Drug resistance makes this pathogen more deadly [1].
Great ambition and effective strategy are needed to produce a complete cure for this
pathogen, which is still a challenging task.

M. tb has coexisted with human hosts for thousands of years, and is the main cause
of TB [3]. Upon contact with humans, M. tb reached in lower respiratory tract, where
it phagocytosized by the macrophages [4]. Macrophages have evolved several defense
tactics to eliminate the intracellular pathogens, such as M. tb. These defense tactics include
acidic environment, generation of free radicals, restriction of essential nutrients access
to the microbes, as well as secretion of anti-microbial peptides and cytokines, which are
able to induce the protective host immune response, recruitment of other immune cells,
and activate the suicidal activities such as autophagy or apoptosis [5]. Contrarily, M. tb
evolved well-adapted counter-balance mechanisms against hostile environments and host
immune defense strategies to survive, multiply and establish the infection inside the
host [6,7]. The cell wall of M. tb is thick and made by unique moieties of lipids, glycolipids,
lipoproteins and lypoglycans [8]. The M. tb cell wall serves as a defense against the host,
by maintaining the neutral pH in macrophages [9]. The lipoprotein component of the M. tb
cell wall induces the protective immune response [10]. Modification in the composition
of the M. tb cell wall can be responsible for the considerable effect on several phenotypes,
including the alteration of colony morphology and antibiotic resistance [11], and is directly
associated with the virulence of M. tb [12]. For two decades, a large number of genomic
and transcriptomic sequences of M. th have been deposited in databases. However, about
27% of encoded proteins from the M.tb genome are yet to be explored their function,
named as hypothetical protein [13,14]. Some of these hypothetical proteins have been
characterized experimentally.

For example, Rv0079 is characterized as a DosR regulon which involves in the protein
synthesis impediment [15], and capable to binds with toll-like receptors 2 to induce the se-
cretion of cytokines [16]. The Rv3423.1 has been characterized as a histone acetyltransferase,
and showed to boost the intracellular survival and multiplication of mycobacteria [17].
Rv2037c has been characterized as a phospholipase, which plays a vital role in mycobac-
terium cell-wall alterations, infection, increase the intracellular survival of bacilli, and
induces the secretion of pro-inflammatory cytokines, such as IL-12 and TNF« [18]. Rv0177
is involved in the alteration of mycobacterium cell wall structure and regulate the cytokines
secretion, which leads to induce the apoptosis in macrophages [19]. Rv2387 is associated
with alterations in the mycobacterium cell wall and makes it more susceptible to the acidic
conditions [11]. The putative suppressor ARv3673c mutant strain grows significantly faster,
forms larger colonies, and is more sensitive to H,O, as compared to the ARv3673c mutant
strain [20]. Rv0580c was first identified and classified as cell wall/membrane protein, by
using the DLC-MS/MS approach [21].

In this study, we first time explore the possible role of hypothetical protein Rv0580c in
the physiology and host—pathogen interactions of M. tb. In the initial step toward exploring
the role of this protein, we take benefit from the lack of Rv0580c gene in the M. smegmatis
genome, a non-pathogenic strain, to construct two recombinant M. smegmatis strains. We
cloned the Rv0580c gene from the M. tb H37Rv strain and expressed in the M. smegmatis
mc?155 strain. We observed that Rv0580c could modify the colony morphology, and cell
wall, in recombinant M. smegmatis. Moreover, our results also found that Rv0580c express-
ing M. smegmatis strain could modulate the cytokines profile and hypoxia factor of the
THP-1 human macrophages, and induce unfolded protein response (UPR) and apoptosis.

2. Results
2.1. Rv0580c is Highly Conserved among Pathogenic Strains of Mycobacteria
The BLASTp search indicated that the M. tb H37Rv Rv0580c protein sequence showed

high similarity among the pathogenic strains of mycobacteria (Table S1). Genomic align-
ment of Rv0580c was predicted to encode a conserved protein. Structure-based sequence
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alignment with RNase P Protein (1TS9) analysis indicated that Rv0580c contains two
a-helices and six 3-sheets (Figure 1).
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Figure 1. Rv0580c is conserved in pathogenic mycobacteria. Highly conserved residues are represented by the red color.

The «-helix is represented by «, and the beta 3-sheet is represented by f3.

2.2. Rv0580c can be Heterologously Expressed in M. smegmatis

The Rv0580c gene was amplified from the M. tb H37Rv genome (Figure 2A) by using
specific primers (Table S2). The 492 bp length of Rv0580c gene was was detected in
Ms_Rv0580c strain. Western Blot confirmed that only the Ms_Rv0580c strain expressed
~23 kDa Rv0580c-myc protein, while it was absent in the Ms_pNIT strain (Figure 2B).

2.3. Ru0580c Modified the Colony Morphology of M. smegmatis

To understand the impact of Rv0580c on mycobacterial physiology, the Ms_pNIT
and Ms_Rv0580c strains were grown on 7H10 agar plates supplemented with 0.2% (w/v)
glucose, 0.2% (v/v) glycerol and 0.05% (v/v) tween 80. Plates were incubated at 37 °C for
4-5 days. We observed significantly larger sized colonies of Ms_Rv0580c as compared to
Ms_pNIT, confirmed by the measurement of the diameter of a single colony (Figure 2C,D).
Microscopic observation of single colony detected the dramatic changes in colony structure,
by rough and wrinkled colony surface of Ms_Rv0580c, and smooth and non-wrinkled
colony surface of Ms pNIT (Figure 2E). These observations suggested that Rv0580c modified
the colony morphology of M. smegmatis.

2.4. Ro0580c Increased the Susceptibility of M. smegmatis to Multiple Stresses and Antibiotics

Alteration in colony morphology might be because of cell wall modification, which
might influence the response of mycobacteria to the antibiotics and multiple stresses that
bacilli encounter inside the macrophages. Thus, we investigated the survival ability of
Ms_Rv0580c to the antibiotics and multiple stress conditions that imitate the intracellular
hostile environment. When both strains were incubated in low pH (pH 5) condition, the
survival rate of Ms_Rv0580c significantly declined at the 9 h time point as compared to
Ms_pNIT (Figure 3A). Both recombinant strains were treated with different concentrations
of H,O5 (0.5%, 1.0% and 2.0%), to mimic the oxidative stress. At 2% H,0O, concentration,
Ms_Rv0580c showed a significantly larger area zone of inhibition than Ms_pNIT, indicating
that Ms_Rv0580c was more sensitive to the HyO, as compared to control (Figure 3B). The
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sodium dodecyl sulfate (SDS) is a well-known anionic surfactant [22] that is used to gen-
erate cell surface stress [23]. Upon exposed with different concentrations of SDS (0.625%,
1.25% and 2.5%), Ms_Rv0580c showed a significantly larger zone of inhibition as compared
to Ms_pNIT, indicating that Ms_Rv0580c was more sensitive to the cell surface stress than
Ms_pNIT (Figure 3C). To investigate the effect of antibiotics, firstly we determined the
minimum inhibitory concentration (MIC) of amikacin, vancomycin, erythromycin and
roxithromycin for Ms_Rv0580c and Ms_pNIT (Table S3). To investigate the sensitivity of
these antibiotics, we evaluated the survival of Ms_Rv0580c and Ms_pNIT upon exposure
with 10 x MIC concentration of amikacin, vancomycin, erythromycin and roxithromycin.
Results showed that Ms_Rv0580c confirmed more sensitivity to the amikacin, vancomycin,
erythromycin and roxithromycin, as compared to Ms_pNIT (Figure 3D). These results were
further verified by the spot cultures of Ms_Rv0580c and Ms_pNIT on 7H10 plates added
with amikacin, vancomycin, erythromycin and roxithromycin, separately (Figure 3E). Col-
lectively, these results indicate that Rv0580c increase the sensitivity of M. smegmatis to the
stresses that mycobacteria face within macrophages.
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Figure 2. Heterologous expression of M. tuberculosis Rv0580c and its effect on cell surface architecture of M. smegmatis.
(A) Amplification of Rv0580c gene from M.tb H37Rv by PCR; lane 1: DL2000; lane 2: Rv0580c. (B) Myc-tagged Rv0580c
protein expression in M. smegmatis by applying mouse anti-myc antibody, demonstrated by Western blot. (C) Ms_pNIT and
Ms_Rv0580c were grown in 7H10 agar solid medium supplemented with e-caprolactam at 37 °C. Images were captured on
day 5. (D) Diameters of the colonies were measured. (E) Ms_pNIT and Ms_Rv0580c colonies were analyzed by microscope

and colony surface architectures were recorded. Data points represent the mean of three separate experiments, and error
bars are +/— SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 3. Effect of Rv0580c on multiple stresses, antibiotics and cell wall permeability in M. smegmatis. (A) The survival of
in-vitro growing of log-phase culture of Ms_pNIT and Ms_Rv0580c in low pH (pH 5) 7H9 liquid medium. The log-phase
culture of Ms_pNIT and Ms_Rv0580c were prepared as mentioned in the methods and treated with different concentrations
of (B) H,O, (C) and SDS. The zone of inhibition area was calculated after 3—4 days of incubation. (D) Invitro growths of
Ms_pNIT and Ms_Rv0580c were exposed with 10 x MIC of amikacin, vancomycin, erythromycin and roxithromycin then
10-fold serial dilution of bacteria were spotted on MB 7H9, and the bacterial number was counted after 3 days’ cultivation. (E)
Ten-fold serial diluted Ms_Rv0580c and Ms_pNIT were spotted on 7H9 media containing amikacin (5 pg/mL), vancomycin
(7.5 ug/mL), erythromycin (25 pg/mL) and roxithromycin (50 pg/mL). 7H9 medium was used as a control. All the plates
were incubated for 3 days at 37 °C, and results were observed. (F) The Ms_pNIT and Ms_Rv0580c were treated with
2 ug/mL ethidium bromide (G) and 20 uM Nile red. The relative fluorescence unit of the intracellular ethidium bromide
and Nile red were measured at 5 min intervals. Data points represent the mean of three separate experiments, and error
bars are +/— SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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2.5. Rv0580c Altered the Permeability of M. smegmatis Cell Wall

To determine whether the susceptibility to the multiple stresses and antibiotics altered
the cell wall permeability, we performed the dye influx/accumulation assay of the polar
compounds Nile red (NR) and Ethidium bromide (EtBr) [24]. We observed that the ac-
cumulation rate of EtBr was rapid and higher in Ms_Rv0580c as compared to Ms_pNIT
(Figure 3F), while no difference was observed in the rate of NR accumulation (Figure 3G).
These results suggested that Rv0580c increased the sensitivity of M. smegmatis to the
multiple stresses and antibiotics, by increasing its cell wall permeability.

2.6. Intracellular Survival of Mis_Rv0580c was Reduced

At the initial stage of host interaction, M. tb interacts with macrophages, and in-
tracellular survival of M. tb in macrophages is primarily stage of infection [25]. To in-
vestigate whether Rv0580c influences intracellular survival of mycobacterium inside
host macrophages, Ms_pNIT and Ms_Rv0580c were used to infect the THP-1 human
macrophages at a MOI of 10. The intracellular growth of bacteria in macrophages was
analyzed by tallying the CFUs at different time points post-infection. Our results showed
that the survival of Ms_Rv0580c in THP-1 cells was significantly reduced at 24 h post-
infection as compared with Ms_pNIT, while no survival differences were detected at further
time points (Figure 4A). Moreover, when we performed the in-vitro growth kinetics of
Ms_Rv0580c and Ms_pNIT, no significant difference was observed (Figure 4B). These
observations indicate that Rv0580c reduced the intracellular survival of bacilli.

2.7. Ms_Rv0580c Modulated the Cytokines Profile of Macrophages Via NF-xB and [NK Signaling

During M. tb infection, cytokine secretion is a considerable part of regulating the
inflammatory response and outcomes of infection in the host [26]. We have analyzed the
expression level of cytokines from Ms_pNIT and Ms_Rv0580c infected THP-1 macrophage
cells, at different time points. We have detected that IFN-y expression was up-regulated
(Figure 4C), while IL-10 expression was down-regulated (Figure 4D) in Ms_Rv0580c infected
THP-1 cells, as compared to Ms_pNIT infected THP-1 cells, at 6 h and 24 h post-infection.

To check whether intracellular signaling pathways were involved in the regulation
IFN-y and IL-10 in Ms_Rv0580c infected macrophages, we treated the differentiated THP-1
macrophage cells with N-tosyl-L-phenylalanine chloromethyl ketone (TPCK) (NF-«B in-
hibitor) [27], SP600125 (JNK inhibitor) [28] and SB202190 (p38 inhibitor) [29], for 1 h before
infection. Our results showed that the IFN-y expression was abolished, after treatment with
NEF-«B and JNK inhibitors in Ms_Rv0580c infected THP-1 cells, as compared to Ms_pNIT
infected THP-1 cells, at 24 h post-infection (Figure 4E). However, the IL-10 expression was
increased after treatment with only NF-«B inhibitor in Ms_Rv0580c infected THP-1 cells,
as compared to Ms_pNIT infected THP-1 cells, at 24 h post-infection (Figure 4F). Taken
together, these data suggested that Ms_Rv0580c up-regulated IFN-y via the NF-xB and
JNK signaling pathways, while down-regulating IL-10 via the NF-«B signaling pathway
in macrophages.

2.8. Ms_Rv0580c Induced the Hypoxia Factor and ER Stress in Macrophages

IFN-y-activated macrophages synergistically increase the immunosuppressive pheno-
types and induce hypoxic condition in macrophages [30]. To explore whether Ms_Rv0580c
can induce hypoxia, we examined the expression of hypoxia-inducible factor, HIF-1¢,
after infection of macrophages with recombinant strains. We detected the up-regulation of
HIF-1x expression in Ms_Rv0580c infected THP-1 macrophages, as compared to Ms_pNIT
infected THP-1 macrophages, at 6 h and 24 h post-infection (Figure 5A).
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Figure 4. Rv0580c alters intracellular survival and expression of cytokines in M. smegmatis infected macrophages. (A) THP-1
macrophage cells were infected with Ms_pNIT and Ms_Rv0580c, as described in the materials and methods section. After
3-4 days of incubation, survival percentages were computed. (B) In-vitro growth kinetics of Ms_pNIT and Ms_Rv0580c
in 7H9 liquid medium supplemented with e-caprolactam (1%, w/v), tween 80 (0.05%, v/v) and kanamycin (100 pg/mL),
determined at 37 °C by ODyqg at 4 h interval. (C) PMA-differentiated THP-1 cells were infected with Ms_pNIT and
Ms_Rv0580c. Total RNAs were collected from THP-1 cells at 6 h and 24 h post-infection, and carried out the RT-PCR
to analyze the transcription levels of IFN-y, (D) and IL-10. The TPCK (NF-kB inhibitor), SP600125 (JNK inhibitor) and
5B202190 (p38 inhibitor) pre-treated THP-1 macrophage cells were infected with Ms_pNIT and Ms_Rv0580c. Total RNAs
were isolated at 24 h post-infection, and carried out the RT-PCR to detect the transcription levels of (E) IFN-y (F) and IL-10.
DMSO was used as a control. Data points represent the mean of three separate experiments, and error bars are +/— SEM.
*p <0.05, *p <0.01, and *** p < 0.001.
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Figure 5. Rv0580c alters the expression of HIF1-« and ER stress maker genes in M. smegmatis infected macrophages. PMA-
induced THP-1 cells were infected with Ms_pNIT and Ms_Rv0580c strains. At 6 h and 24 h post-infection, total RNAs
were isolated and carried out the RT-PCR to determine the transcriptional levels of (A) HIF1-a, (B) ATF-4, (C) CHOP and
(D) CHAC1. THP-1 cells were pre-treated with pharmacological inhibitors of NF-kB (TPCK), JNK (SP600125), and p38
(SB202190) and DMSO (vehicle control) at indicated concentrations, then infected with Ms_pNIT and Ms_Rv0580c. Total
RNAs were extracted at 24 h post-infection and transcription levels of (E) HIF1-«, (F) ATF-4, (G) CHOP, and (H) CHAC1
were determined by RT-PCR. The (-actin gene of macrophages was used as an internal control. Data points represent the
mean of three separate experiments, and error bars are +/— SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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HIF-1« is responsible for the activation of endoplasmic reticulum (ER) stress [31]. To
investigate whether Ms_Rv0580c up-regulated HIF-1c activates ER stress, we analyzed the
expression of ER stress marker genes in recombinant strains infected THP-1 macrophages.
Our results found that the expression of ER stress marker genes ATF4, CHOP, and CHAC1
were up-regulated in Ms_Rv0580c infected THP-1 macrophages as compared to Ms_pNIT
infected THP-1 macrophages, at 24 h post-infection (Figure 5B-D). Collectively, these
results suggest that Ms_Rv0580c might exert its effect via modulating the HIF-1«x activated
ER stress.

2.9. Ms_Rwv0580c Induced the Hypoxia Factor and ER Stress via NF-kB/JNK/p38 Axis

To examine whether the Ms_Rv0580c regulates the HIF-1x and ER stress marker
genes, we pre-treated the THP-1 macrophages with TPCK (NF-«B inhibitor), SP600125
(JNK inhibitor) and SB202190 (p38 inhibitor), separately, for 1 h before infection with
Ms_Rv0580c and Ms_pNIT. The results showed that after treatment with NF-kB inhibitor
and JNK inhibitor, HIF-1x expression was down-regulated in Ms_Rv0580c infected THP-1
macrophages, as compared to Ms_pNIT infected THP-1 macrophages, at 24 h post-infection,
while, after treatment with p38 inhibitor, HIF-1x expression was unaffected (Figure 5E).
Moreover, ATF4, CHOP, and CHACI1 expression were down-regulated after treatment
with JNK and p38 inhibitors in Ms_Rv0580c infected THP-1 macrophages, as compared to
Ms_pNIT infected THP-1 macrophages, at 24 h post-infection, while, after treatment with
the NF-«B inhibitor, the expression of ER stress marker genes was unaffected (Figure 5F-H).
These data implicated that the NF-«B/JNK axis participated in the Ms_Rv0580c-mediated
expression of HIF-1a, while the JNK/p38 axis was involved in Ms_Rv0580c-mediated ER
stress induction.

2.10. Ms_Rv0580c Induced Mitochondria-independent Apoptosis in Macrophages

To investigate whether Ms_Rv0580c is involved in apoptosis, we performed the
Annexin/PI double staining assay. The THP-1 macrophages were stained with Annexin
V-FITC and propidium iodide (PI) at 6 h and 24 h post-infection with Ms_Rv0580c and
Ms_pNIT. Annexin V-FITC stained the early apoptotic cells with green fluorescence, and
PI stained the necrotic cells with red fluorescence, while both stained the late apoptotic
cells. We observed that comparative fluorescence spots in Ms_Rv0580c infected THP-1
macrophages, V-FITC single positive and V-FITC/PI double positive were significantly
higher, as compared to Ms_pNIT infected THP-1 macrophages (Figure 6A,B). To explore
whether mitochondria are involved in Ms_Rv0580c-induced apoptosis, we examined the
expression level of the mitochondria marker gene Bnip3, which is involved in mitochondria-
dependent apoptosis [32]. Our results showed that there was no significant difference of the
Bnip3 expression level between Ms_Rv0580c and Ms_pNIT infected THP-1 macrophages
(Figure S1). Collectively, these data suggested that Ms_Rv0580c can induce the macrophage
apoptosis in mitochondria-independent manner.
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Figure 6. Rv0580c boosts the apoptosis in M. smegmatis infected macrophages. (A) Fluorescence micrographs of THP-1
macrophage cells, at indicated time points, of infected Ms_pNIT and Ms_Rv0580c. Macrophage monolayers were stained
with both Annexin V-FITC and propidium iodide (PI) to visualize the early and late stages of apoptosis of THP-1 cells,
respectively. The early apoptotic THP-1 cells with intact membranes are in green; later apoptotic cells that have already lost
their membrane integrity are in red. (B) The relative content of Annexin V single positive, PI single positive, and Annexin
V/PI double positive.

3. Discussion

The Ro0580c gene encodes a conserved hypothetical protein in M. tb (https:/ /mycobrowser.
epfl.ch/genes/Rv0580c), whose function is yet to explore. The orthologs of Rv0580c are
available in most genomes of the sequenced pathogenic mycobacteria, including M. bovis.
Previously, Rv0580c protein was identified through the 1-D-SDS-PAGE method, extracted from
the membrane protein fraction [33].


https://mycobrowser.epfl.ch/genes/Rv0580c
https://mycobrowser.epfl.ch/genes/Rv0580c

Pathogens 2021, 10, 143

11 of 18

In this study, we evaluated the role of Rv0580c protein in the physiology and host
interactions of mycobacteria. The mycobacterial colony morphology is a complex structure
and directly correlated with virulence and metabolic adaptation [34]. Rv0580c shifted from
smooth and non-wrinkled colony morphology to rough and wrinkled colony morphology
in M. smegmatis, indicating the structural role of this protein. Alterations in mycobacterial
cell wall are associated with susceptibility to the multiple stress responses that intracellular
bacilli encounter within host macrophages. Increased sensitivity of Ms_Rv0580c to multiple
stresses such as low pH, H,O,, SDS and antibiotics could be associated with cell wall
alteration. This evidence was further supported by the increased cell wall permeability of
Ms_Rv0580c, which increased the influx of compounds and drugs into the bacilli, leading to
increase the sensitivity of Ms_Rv0580c to the anti-microbial compounds and antibiotics [35].

The expression of Rv0580c reduced the intracellular survival of M. smegmatis within
THP-1 macrophages, while the in-vitro growth kinetics of M. smegmatis was unaffected by
Rv0580c. The acidic environment and oxidative burst might be responsible for the reduced
intracellular survival of Ms_Rv0580c inside macrophages [5]. Moreover, the fate of M. tb
inside macrophages is directly associated with early host immune defense [36]. Interest-
ingly, we found that Ms_Rv0580c up-regulated the IFN-y expression and down-regulated
the IL-10 expression in the macrophages, which activated the host immune defense [37].
The IFN-y expression during early infection of M. tuberculosis [38] might be leads to sup-
press the intracellular survival of Ms_Rv0580c in macrophages [39]. NF-«B regulates the
array of inflammatory cytokines gene expression, including IFN-y and IL-10 [40]. We
found that Ms_Rv0580c up-regulated IFN-y expression via NF-kB and JNK signaling and
down-regulated IL-10 expression via the NF-kB signaling pathway in macrophages.

The M. tb-infected IFN-y-activated macrophages increase the level of HIF-1« protein,
to limits the pathogen [30]. HIF-1«x is regulated via NF-«kB to fight the infection [41].
JNK activation also regulates the expression of HIF-1« in hypoxic HeLa cells and fully-
differentiated hypoxic neurons [42]. We found that Ms_Rv0580c up-regulated the HIF-1«
expression in macrophages via the NF-«B/JNK axis, indicating the role of Rv0580c in the
host defense against infection.

Mycobacterial infection can disrupt the ER to prompt ER stress [43], which can be
induced by HIF-1« via activation of the ATF4, CHOP, and CHACI1 genes [31]. IFN-y is the
main inducer of ER stress [44,45]. The JNK/p38 signaling pathway is involved in ER stress
and activates the ER stress responses [46]. We detected that Ms_Rv0580c up-regulated the
expression of the ER stress marker genes ATF4, CHOP, and CHAC1 via JNK/p38 signaling
pathway, indicating the possible role Rv0580c in inducing ER stress in macrophages. Sei-
mon et al. suggested that CHOP is also associated with ER stress-influenced apoptosis in
the macrophages [47]. IFN-y-induced apoptosis leads to the elimination of the intracellu-
lar bacterial pathogen, including M. tb [48,49]. Interestingly, we found that Ms_Rv0580c
boosted macrophage apoptosis, might be correlated with the ER stress, leads to eliminate
the intracellular bacilli from macrophages by inducing the host immune defense. Further-
more, Bnip3 protein is a target for the HIF-1x, which incites the permeability of inner and
outer membranes of mitochondria, to activate mitochondrial-dependent cell death [31,50].
Ms_Rv0580c infected macrophages unchanged the expression of the Bnip3 gene, suggesting
that Rv0580c-induced the mitochondria-independent apoptosis in macrophages.

4. Materials and Methods
4.1. Bioinformatics Analysis

The nucleotide sequence and protein sequence of Rv0580c were downloaded from the
M. tb H37Rv database (https:/ /mycobrowser.epfl.ch/genes/Rv0580c). M. tb Rv0580c ho-
mologs, among different mycobacteria, were analyzed using the National Center for Biotech-
nology Information (NCBI) website (http:/ /blast.ncbi.nlm.nih.gov). The sequence align-
ment of Rv0580c was performed using ClustalX with known proteins. The 3-dimensional
model of Rv0580c was produced from the Protein Data Bank (PDB). To draw and display
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the structure-based sequence alignment, Espript 3 (http://espript.ibcp.fr/ESPript/cgi-bin/
ESPript.cgi) was used.

4.2. Bacterial Strains and Growth Conditions

M. smegmatis mc?155 strains were grown in Middlebrook (MB) 7H9 medium supple-
mented with 0.05 % tween 80 and 0.2 % glycerinum or MB 7H10 plates supplemented
with 0.5 % glycerinum. Luria—Bertani (LB) medium was used to culture E. coli strains.
Antibiotics were added at the following concentrations: ampicillin, 100 pg/mL; kanamycin,
50 pg/mL for E. coli, and 20 ug/mL for M. smegmatis mc?155. All cultures were incubated
at 37 °C.

4.3. Detect Expression of Rv0580c in Recombinant M. smegmatis

The recombinant M. smegmatis mc?155 strain harboring myc-tagged Rv0580c (Ms_Rv0580c)
and vector pNIT (Ms_pNIT) were cultured in MB 7H9 broth medium supplemented with
100 pg/mL kanamycin. At the ODgg value of 0.8, the recombinant strains were subjected to
e-caprolactam (inducer) for protein expression. Recombinant M. smegmatis cells fractionation
was carried out essentially as described earlier [51], with minor modifications. In general, the
recombinant strains Ms_pNIT and Ms_Rv0580c were harvested after 16 h inducer induction
using centrifugation at a speed of 3000 x g for 10 min. The bacterial pellets were collected and
washed by 1 x phosphate-buffered saline (PBS) three times. Samples were sonicated, then
subjected to SDS-PAGE and detected by Western blotting with the mouse anti-myc antibody
(TIANGEN, China).

4.4. In-vitro Growth Assay

To examine the growth kinetics of recombinant M. smegmatis strains, Ms_Rv0580c and
Ms_pNIT strains were cultured triplicate in 50 mL 7H9 broth liquid medium supplemented
with 0.05% (v/v) tween 80, without added antibiotics. The starting growths of both strains
were equalized at ODgq 0.05 and cultured at 37 °C with continuous shaking. When the
ODgqg reached 0.8, then added the inducer and monitored the ODgq at 4 h of interval. The
growth curves were plotted between ODg(y and time intervals by using graph plotting
software, GraphPad Prism 9.

4.5. Colony Morphology Assay

For colony morphology analysis, the recombinant strains Ms_Rv0580c and Ms_pNIT
were cultured, when ODggg = 1 reached, then collected, washed, and re-suspended the
culture in sterile 7H10 broth containing 2 % (v/v) inducer and incubated at 37 °C. Images
of colonies were captured after 5 days. Colonies size and surface wrinkles were recorded,
and diameters of the colonies were measured.

4.6. In-vitro Stress Assay

To analyze the impact of acidic stress on bacterial strains Ms_pNIT and Ms_Rv0580c,
the pH gradient was generated by adding hydrochloric acid (HCI) into 7H9 liquid medium
and sterilized by passing this medium through 2 um filter. The bacterial strains were
treated with low pH (pH 5) at 0, 3, 6, and 9 h time points. Then, bacterial cells were
collected, ten-fold diluted and spotted on 7H9 solid media plates supplemented with
kanamycin, at each time point. The survival percentages of bacteria were calculated after
3 days of incubation.

The effects of HyO, and SDS on bacterial strains Ms_pNIT and Ms_Rv0580c were
analyzed by disc diffusion assay. At mid exponential-phase, bacteria were collected,
washed and mixed with 0.7% water agar and dappled on the 7H9 agar plates. After that,
different concentrations (0.5%, 1.0%, and 2.0%) of 10 ul H,O, were added on a 5.5 mm-
diameter Whatman filter disc on the bacterial lawn, separately. Area of zone of inhibition
was calculated after 3 days of incubation. Similarly, different concentrations (2.5%, 1.25%,
and 0.625%) of 10 pl SDS were added on the 5.5 mm-diameter of Whatman filter disc on
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the bacterial lawn, separately, and calculated the area of zone of inhibition after 3 days
of incubation.

4.7. Antibiotics Sensitivity Assays

To analyze the sensitivity of antibiotics, e-caprolactam induced Ms_pNIT and Ms_Rv0580c
strains were cultured and exposed with four antibiotics (amikacin, vancomycin, erythromycin
and roxithromycin) in this study.

Minimal inhibitory concentration (MIC). The MIC values were determined by 2-fold
serial dilution of antibiotics in 7H9 liquid medium as previously delineated [23]. After
3 days of incubation at 37 °C, lowest concentration of antibiotics, at which the bacterial
growth was inhibited, considered as MIC.

Bactericidal capability test. The e-caprolactam induced bacterial strains were treated
with 10xMIC of antibiotics, respectively. At 3 h, 6 h and 9 h post-treatment, bacterial cells
were mottled on the 7H9 solid agar plates. After 3 days of incubation, bacterial numbers
were counted and the survival percentage determined.

Spot tests. The culture of e-caprolactam induced bacterial strains were grown up to
ODgqp 0.8. After that, 10x serial diluted the cultured bacteria and spotted on the 7H9
agar plates supplemented with antibiotics amikacin (5 pg/mL), vancomycin (7.5 pug/mL),
erythromycin (25 pg/mL), and roxithromycin (50 ng/mL), separately. The bacteria were
spotted on the 7H9 agar plate, considered as a control.

4.8. Cell Wall Permeability Assay

The e-caprolactam-induced Ms_pNIT and Ms_Rv0580c strains were washed with
1x PBST buffer (1x PBS with 0.05% tween 80) and adjusted the ODg 0.8. Subsequently,
the bacterial cells (200 pul) were incubated with EtBr (2 pg/mL) (Sigma) or NR (20 uM)
(Sigma) in a 96-well black fluoroplate. Immediately, the accumulation of EtBr or NR was
measured at 544 nm (excitation) and 590 nm (emission) wavelengths by using the Synergy
H1 Hybrid Microplate Reader, followed by 5 min intervals up to 55 min. For each well,
all data were normalized to time zero reading. Experiments were reiterated triplet and
obtained the similar results.

4.9. Intracellular Survival Assay

The THP-1 human monocyte cells were seeded and maintained in RPMI 1640 medium
added fetal bovine serum (FBS) (10%; v/v), penicillin (100 U/mL), streptomycin (100 U/mL)
and L-glutamine (2 mM) (Invitrogen) at 37 °C in atmosphere containing 5% CO,. In addi-
tion, 1 x 10° THP-1 cells were seeded in 12-well and 24-well tissue culture plates. The dif-
ferentiation of THP-1 monocyte cell to macrophages were induced by the supplementation
of Phorbol 12-myristate 13-acetate (PMA) (100 ng/mL) (Sigma) for 48 h before infection.

The e-caprolactam-induced Ms_pNIT and Ms_Rv0580c strains were grown for 16 h.
After that, bacterial cells were washed 3 times with 1 xPBS, then infected to the differen-
tiated THP-1 macrophage cells, at MOI=10 (ratio between bacterial cells-to-THP-1 cells).
After 4 h, the infected macrophage cells were washed three times by applying sterile
1x PBS to eliminate the extracellular bacilli, and added the fresh medium supplemented
with hygromycin (100 pg/mL) and IVN (Sigma) (250 nM). At 6, 24, 48 and 72 h of post-
infection, the infected macrophage cells were washed by 1x PBS and lysed by treated with
SDS (0.05%; w/v). The cell lysates diluted serially 10-fold and mottled on the appropriate
antibiotics supplemented 7H9 solid media. After 3 days of incubation, numbers of bacteria
were counted to compute the intracellular survival of recombinant bacteria in macrophages.

4.10. RNA Preparation and Real-time PCR (RT-PCR)

The PMA-differentiated THP-1 cells were infected with recombinant bacterial strains
at MOI=10. At different time points of post-infection, total RNAs were isolated, as per the
manufacturer’s protocol (TTANGEN, China). cDNA preparation was performed as per the
manufacturer’s guidance (TIANGEN, China). RT-PCR amplification was performed by
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using Bio-Rad IQ5 with identical PCR condition: 5 min at 95 °C and 40 cycles for 30 s at
95 °C, 30 s at 60 °C, and 30 s at 72 °C. The relative expressions of mRNA of genes were
calculated using respective primers (Table S2). The 3-actin applied as internal control.

4.11. Cell Signaling Assay

All pharmacological inhibitors were obtained from Sigma, dissolved in Dimethyl
sulfoxide (DMSO) (Sigma), and used at the following concentrations: 10 uM p38 signaling
inhibitor SB202190 [29], 25 uM JNK signaling inhibitor SP600125 [28], and 30 uM NF-xB
signaling inhibitor TPCK [27]. 0.1% (v/v) DMSO was added to the cultures as vehicle
control. After 24 h post-infection, total RNAs were isolated and converted into cDNA, then
carried out the RT-PCR to detect the mRNA level of cytokines by using specific primers
(Table S2).

4.12. Apoptosis Assay

The THP-1 macrophage cells (2 x 10° cells/ well) were infected with recombinant
strains Ms_Rv0580c and Ms_pNIT, at MOI of 10. After 24 h post-infection, THP-1 cells were
rinsed with 1xPBS three times, and Annexin V binding buffer (400 ul) was supplemented
to the wells. After that, Annexin V-FITC (5 pl) and PI (10 pl) (Beibo, Shanghai, China) were
added to the wells and incubated for 10 min in dark, at room temperature. The stained
cells were examined and calculated, respectively, by employing fluorescence microscopy.
The untreated cells were used as a negative control.

4.13. Statistical Analysis

All experiments were reiterated three times. The D’ Agostino-Pearson normality test
has been applied to normalize the data, and significant differences (p-value) between exper-
imental group and control group were determined by unpaired Student’s t-test. Data points
represent the mean of three separate experiments, and error bars are +/— SEM. p-values less
than 0.05 were considered as significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. Graphpad
Prism 9 software was used for all statistical analysis and graphical representations.

5. Conclusions

The Rv0580c protein is conserved in the pathogenic mycobacterium strains. The
expression of the Rv0580c gene in M. smegmatis modified the colony architecture, and
increased the sensitivity of M. smegmatis to the multiple stresses and antibiotics, by in-
creasing the cell wall permeability. The intracellular survival of Ms_Rv0580c was reduced,
which might be due to oxidative burst in macrophages. Ms_Rv0580c was up-regulated
the IFN-y via NF-«B/JNK signaling, and down-regulated the IL-10 via NF-«B signaling
in the macrophages. Moreover, Ms_Rv0580c up-regulated the expression of HIF-1« via
the NF-kB/JNK axis and the expression of ER stress marker genes via JNK/p38 axis in
macrophages, as well as boosted the macrophages apoptosis, independent to the mito-
chondria (Figure 7). Our finding proposed that Rv0580c protein might be a considerable
candidate having good potential for the development of a powerful vaccine against my-
cobacterium infection.
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Figure 7. Schematic summary of Rv0580c expressing M. smegmatis interaction with macrophages. Rv0580c expressing
M. smegmatis internalize by the host macrophage cell, where it activates the NF-«B and p38/JNK signaling pathways. NF-«B
signaling activates the transcription of IFN-y and HIF1-«. The p38/JNK signaling activates the ER stress marker genes
possibly activate the ER stress, which leads to a boost in the apoptosis and kills the intracellular bacilli. TPCK (NF-kB
inhibitor); SP600125 (JNK inhibitor); SB202190 (p38 inhibitor).
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S2: Used primers in this study, Table S3: MIC values of antibiotics.

Author Contributions: M.K.A. designed the experiments, conducted data analysis, and wrote the
manuscript. M.K.A. performed all experiments with L.N. and M.A. contributing to in-vitro multiple
stress assays. M.A.A.-k.-k., and U.A.E.M. performed the statistical analysis. K.A. performed the
bioinformatics analysis. N.S.A.E., A.A. and ].X. (Jungi Xu) edited the manuscript. ].X. (Jianping Xie)
reviewed the manuscript and supervised the research. All authors read and approved the manuscript.

Funding: National Natural Science Foundation of China: 81871182, 81371851, 81071316, 81271882 and
81301394, Open Fund of Shanghai Key Laboratory of Tuberculosis: 2017-001, Fundamental Research
Funds for the Central Universities: XDJK2016E093, XDJK2012D011, XDJK2012D007, XDJK2013D003,
Chongqing Municipal Committee of Education for postgraduate innovation program: CYS16073, Key
scientific and technological research projects in Henan province: 202102210379, Zhoukou Normal
University super scientific project: ZKNUC2018019.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


https://www.mdpi.com/2076-0817/10/2/143/s1
https://www.mdpi.com/2076-0817/10/2/143/s1

Pathogens 2021, 10, 143 16 of 18

Acknowledgments: This study was supported by the National Natural Science Foundation of China
(Grant No. 81871182, 81371851, 81071316, 81271882 and 81301394), the Open Fund of Shanghai Key
Laboratory of Tuberculosis (2017-001), the Fundamental Research Funds for Central Universities
(Grant no. XDJK2016E093, XDJK2012D011, XDJK2012D007, XDJK2013D003), the Chongqing Mu-
nicipal Committee of Education for Innovation Program for Postgraduates (Grant no. CYS16073),
the Key Scientific and Technological Research Projects in Henan Province (Grant No. 202102210379),
Zhoukou Normal University Super Scientific Project (Grant No. ZKNUC2018019).

Conflicts of Interest: All authors declare no competing interests.

References

1. Furin, J.; Cox, H.; Pai, M. Tuberculosis. Lancet 2019, 393, 1642-1656. [CrossRef]

2. World Health Organization. Global Tuberculosis Report 2020; WHO: Geneva, Switzerland, 2020.

3. Comas, L.; Coscolla, M.; Luo, T.; Borrell, S.; Holt, K.E.; Kato-Maeda, M.; Parkhill, J.; Malla, B.; Berg, S.; Thwaites, G.; et al.
Out-of-Africa migration and Neolithic coexpansion of Mycobacterium tuberculosis with modern humans. Nat. Genet. 2013,
45,1176-1182. [CrossRef] [PubMed]

4. Bussi, C.; Gutierrez, M.G. Mycobacterium tuberculosis infection of host cells in space and time. FEMS Microbiol. Rev. 2019,
43,341-361. [CrossRef] [PubMed]

5. Upadhyay, S.; Mittal, E.; Philips, J.A. Tuberculosis and the art of macrophage manipulation. Pathog. Dis. 2018, 76, fty037.
[CrossRef]

6.  Weiss, G.; Schaible, U.E. Macrophage defense mechanisms against intracellular bacteria. Immunol. Rev. 2015, 264, 182-203.
[CrossRef]

7. Zhai, W; Wu, F; Zhang, Y; Fu, Y,; Liu, Z. The Immune Escape Mechanisms of Mycobacterium Tuberculosis. Int. . Mol. Sci. 2019,
20, 340. [CrossRef]

8.  Layre, E. Trafficking of Mycobacterium tuberculosis Envelope Components and Release Within Extracellular Vesicles: Host-
Pathogen Interactions Beyond the Wall. Front. Immunol. 2020, 11, 1230. [CrossRef]

9.  Chen, Z; Wang, T; Liu, Z.; Zhang, G.; Wang, ].; Feng, S.; Liang, J. Inhibition of Autophagy by MiR-30A Induced by Mycobacteria
tuberculosis as a Possible Mechanism of Immune Escape in Human Macrophages. Jpn. |. Infect. Dis. 2015, 68, 420-424. [CrossRef]

10. Ly, X,;Ma, C-Y,; Yan, Z.-F; Deng, R.; Ai, X.-F,; Su, T.; Xiang, X.; Li, W. The Mycobacterium tuberculosis protein Rv2387 is involved
in cell wall remodeling and susceptibility to acidic conditions. Biochem. Biophys. Res. Commun. 2018, 503, 625-630. [CrossRef]

11. Cruz, A,; Fraga, A.G.; Fountain, J.J.; Rangel-Moreno, ].; Torrado, E.; Saraiva, M.; Pereira, D.M.R.; Randall, T.D.; Pedrosa, J.;
Cooper, A.M; et al. Pathological role of interleukin 17 in mice subjected to repeated BCG vaccination after infection with
Mycobacterium tuberculosis. J. Exp. Med. 2010, 207, 1609-1616. [CrossRef]

12.  Pieters, J. Mycobacterium tuberculosis and the macrophage: Maintaining a balance. Cell Host Microbe 2008, 3, 399-407. [CrossRef]
[PubMed]

13.  Uddin, R.; Siddiqui, Q.N.; Sufian, M.; Azam, S.S.; Wadood, A. Proteome-wide subtractive approach to prioritize a hypothetical
protein of XDR-Mycobacterium tuberculosis as potential drug target. Genes Genom. 2019, 41, 1281-1292. [CrossRef]

14. Yang, Z.; Zeng, X.; Tsui, S.K.-W. Investigating function roles of hypothetical proteins encoded by the Mycobacterium tuberculosis
H37Rv genome. BMC Genom. 2019, 20, 394. [CrossRef] [PubMed]

15. Kumar, A.; Majid, M.; Kunisch, R.; Rani, P.S.; Qureshi, .A.; Lewin, A.; Hasnain, S.E.; Ahmed, N. Mycobacterium tuberculosis
DosR regulon gene Rv0079 encodes a putative, ‘dormancy associated translation inhibitor (DATIN)’. PLoS ONE 2012, 7, e38709.
[CrossRef] [PubMed]

16. Kumar, A.; Lewin, A; Rani, P.S.; Qureshi, I.A.; Devi, S.; Majid, M.; Kamal, E.; Marek, S.; Hasnain, S.E.; Ahmed, N. Dormancy As-
sociated Translation Inhibitor (DATIN/Rv0079) of Mycobacterium tuberculosis interacts with TLR2 and induces proinflammatory
cytokine expression. Cytokine 2013, 64, 258-264. [CrossRef]

17.  Jose, L.; Ramachandran, R.; Bhagavat, R.; Gomez, R.L.; Chandran, A.; Raghunandanan, S.; Omkumar, R.V,; Chandra, N.;
Mundayoor, S.; Kumar, R.A. Hypothetical protein Rv3423.1 of Mycobacterium tuberculosis is a histone acetyltransferase. Febs |.
2016, 283, 265-281. [CrossRef]

18. Kumari, B.; Saini, V.; Kaur, J.; Kaur, . Rv2037c, a stress induced conserved hypothetical protein of Mycobacterium tuberculosis, is
a phospholipase: Role in cell wall modulation and intracellular survival. Int. . Biol. Macromol. 2020, 153, 817-835. [CrossRef]

19. Yan,S.; Zhen, J.; Li, Y,; Zhang, C.; Stojkoska, A.; Lambert, N.; Li, Q.; Li, P; Xie, ]. Mce-associated protein Rv0177 alters the cell wall
structure of Mycobacterium smegmatis and promotes macrophage apoptosis via regulating the cytokines. Int. Immunopharmacol.
2019, 66, 205-214. [CrossRef]

20. Small, J.L.; Park, SW.; Kana, B.D.; Ioerger, T.R.; Sacchettini, ]J.C.; Ehrt, S. Perturbation of cytochrome ¢ maturation reveals
adaptability of the respiratory chain in Mycobacterium tuberculosis. mBio 2013, 4, e00475. [CrossRef]

21. Mawuenyega, K.G.; Forst, C.V.; Dobos, K.M.; Belisle, ].T.; Chen, J.; Bradbury, E.M.; Bradbury, A.R.; Chen, X. Mycobacterium
tuberculosis functional network analysis by global subcellular protein profiling. Mol. Biol. Cell 2005, 16, 396—404. [CrossRef]

22. Cao, C.; Cao, Z,; Yu, P; Zhao, Y. Genome-wide identification for genes involved in sodium dodecyl sulfate toxicity in Saccha-

romyces cerevisiae. BMC Microbiol. 2020, 20, 1-11. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(19)30308-3
http://doi.org/10.1038/ng.2744
http://www.ncbi.nlm.nih.gov/pubmed/23995134
http://doi.org/10.1093/femsre/fuz006
http://www.ncbi.nlm.nih.gov/pubmed/30916769
http://doi.org/10.1093/femspd/fty037
http://doi.org/10.1111/imr.12266
http://doi.org/10.3390/ijms20020340
http://doi.org/10.3389/fimmu.2020.01230
http://doi.org/10.7883/yoken.JJID.2014.466
http://doi.org/10.1016/j.bbrc.2018.06.052
http://doi.org/10.1084/jem.20100265
http://doi.org/10.1016/j.chom.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18541216
http://doi.org/10.1007/s13258-019-00857-z
http://doi.org/10.1186/s12864-019-5746-6
http://www.ncbi.nlm.nih.gov/pubmed/31113361
http://doi.org/10.1371/journal.pone.0038709
http://www.ncbi.nlm.nih.gov/pubmed/22719925
http://doi.org/10.1016/j.cyto.2013.06.310
http://doi.org/10.1111/febs.13566
http://doi.org/10.1016/j.ijbiomac.2020.03.037
http://doi.org/10.1016/j.intimp.2018.11.013
http://doi.org/10.1128/mBio.00475-13
http://doi.org/10.1091/mbc.e04-04-0329
http://doi.org/10.1186/s12866-020-1721-2
http://www.ncbi.nlm.nih.gov/pubmed/32066383

Pathogens 2021, 10, 143 17 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

Deng, W.; Zeng, ].; Xiang, X.; Li, P; Xie, J. PE11 (Rv1169c) selectively alters fatty acid components of Mycobacterium smegmatis
and host cell interleukin-6 level accompanied with cell death. Front. Microbiol. 2015, 6, 613. [CrossRef] [PubMed]
Campodoénico, V.L.; Rifat, D.; Chuang, Y.-M.; Ioerger, T.R.; Karakousis, P.C. Altered Mycobacterium tuberculosis Cell Wall
Metabolism and Physiology Associated With RpoB Mutation H526D. Front. Microbiol. 2018, 9, 494. [CrossRef] [PubMed]

Li, Z.; Liu, H.; Li, H.; Dang, G.; Cui, Z.; Song, N.; Wang, Q.; Liu, S.; Chen, L. PE17 protein from Mycobacterium tuberculosis
enhances Mycobacterium smegmatis survival in macrophages and pathogenicity in mice. Microb. Pathog. 2019, 126, 63-73.
[CrossRef] [PubMed]

Chaurasiya, S.K. Tuberculosis: Smart manipulation of a lethal host. Microbiol. Immunol. 2018, 62, 361-379. [CrossRef]

Ha, K.-H.; Byun, M.-S.; Choi, |.; Jeong, J.; Lee, K.-J.; Jue, D.-M. N-Tosyl-l-phenylalanine Chloromethyl Ketone Inhibits NF-«B
Activation by Blocking Specific Cysteine Residues of IkB Kinase 3 and p65/RelA. Biochemistry 2009, 48, 7271-7278. [CrossRef]
Bennett, B.L.; Sasaki, D.T.; Murray, B.W.; O’Leary, E.C.; Sakata, S.T.; Xu, W.; Leisten, J.C.; Motiwala, A.; Pierce, S.; Satoh, Y.; et al.
SP600125, an anthrapyrazolone inhibitor of Jun N-terminal kinase. Proc. Natl. Acad. Sci. USA 2001, 98, 13681-13686. [CrossRef]
Muniyappa, H.; Das, K.C. Activation of c-Jun N-terminal kinase (JNK) by widely used specific p38 MAPK inhibitors SB202190
and SB203580: A MLK-3-MKK?7-dependent mechanism. Cell Signal 2008, 20, 675-683. [CrossRef]

Braverman, J.; Sogi, K.M.; Benjamin, D.; Nomura, D.K,; Stanley, S.A. HIF-1« Is an Essential Mediator of IFN-y-Dependent
Immunity to Mycobacterium tuberculosis. J. Immunol. 2016, 197, 1287-1297. [CrossRef]

Delbrel, E.; Soumare, A.; Naguez, A.; Label, R.; Bernard, O.; Bruhat, A.; Fafournoux, P; Tremblais, G.; Marchant, D.; Gille, T.;
et al. HIF-1alpha triggers ER stress and CHOP-mediated apoptosis in alveolar epithelial cells, a key event in pulmonary fibrosis.
Sci. Rep. 2018, 8, 17939. [CrossRef] [PubMed]

Chen, B.-C.; Weng, Y.-].; Shibu, M.A.; Han, C.-K.; Chen, Y.-S.; Shen, C.-Y,; Lin, Y.-M.; Padma, V.V,; Liang, H.-Y.; Huang, C.Y.
Estrogen and/or Estrogen Receptor « Inhibits BNIP3-Induced Apoptosis and Autophagy in H9¢2 Cardiomyoblast Cells. Int. |.
Mol. Sci. 2018, 19, 1298. [CrossRef] [PubMed]

Mattow, J.; Siejak, F.; Hagens, K.; Schmidt, F.; Koehler, C.; Treumann, A.; Schaible, U.E.; Kaufmann, S. An improved strategy
for selective and efficient enrichment of integral plasma membrane proteins of mycobacteria. Proteomics 2007, 7, 1687-1701.
[CrossRef] [PubMed]

Ali, K; Zhen, G.; Nzungize, L.; Stojkoska, A.; Duan, X.; Li, C.; Duan, W.; Xu, J.; Xie, ]. Mycobacterium tuberculosis PE31 (Rv3477)
Attenuates Host Cell Apoptosis and Promotes Recombinant M. smegmatis Intracellular Survival via Up-regulating GTPase
Guanylate Binding Protein-1. Front. Cell. Infect. Microbiol. 2020, 10, 40. [CrossRef] [PubMed]

Lambert, P.A. Cellular impermeability and uptake of biocides and antibiotics in Gram-positive bacteria and mycobacteria. J. Appl.
Microbiol. 2002, 92, 465-54S. [CrossRef]

Etna, M.P;; Giacomini, E.; Severa, M.; Coccia, E.M. Pro- and anti-inflammatory cytokines in tuberculosis: A two-edged sword in
TB pathogenesis. Semin. Immunol. 2014, 26, 543-551. [CrossRef]

Yanagawa, Y.; Iwabuchi, K.; Onoé, K. Co-operative action of interleukin-10 and interferon-gamma to regulate dendritic cell
functions. Immunology 2009, 127, 345-353. [CrossRef]

Desvignes, L.; Wolf, A.].; Ernst, ].D. Dynamic roles of type I and type II IFNs in early infection with Mycobacterium tuberculosis.
J. Immunol. 2012, 188, 6205-6215. [CrossRef]

Olleros, M.L.; Vesin, D.; Martinez-Soria, E.; Allenbach, C.; Tacchini-Cottier, F.; Pache, J.-C.; Marchal, G.; Rahman, J.; Fernandez, C.;
Izui, S.; et al. Interleukin-12p40 overexpression promotes interleukin-12p70 and interleukin-23 formation but does not affect
bacille Calmette-Guerin and Mycobacterium tuberculosis clearance. Immunology 2007, 122, 350-361. [CrossRef]

Adegoke, E.; Xue, W.; Machebe, N.; Adeniran, S.; Hao, W.; Chen, W.; Han, Z.; Zhang, G.; Zheng, P. Sodium Selenite inhibits
mitophagy, downregulation and mislocalization of blood-testis barrier proteins of bovine Sertoli cell exposed to microcystin-
leucine arginine (MC-LR) via TLR4/NF-kB and mitochondrial signaling pathways blockage. Ecotoxicol. Environ. Saf. 2018,
166, 165-175. [CrossRef]

D’Ignazio, L.; Bandarra, D.; Rocha, S. NF-kappaB and HIF crosstalk in immune responses. FEBS ]. 2016, 283, 413-424. [CrossRef]
Antoniou, X.; Sclip, A.; Ploia, C.; Colombo, A.; Moroy, G.; Borsello, T. JNK contributes to Hif-1lalpha regulation in hypoxic
neurons. Molecules 2009, 15, 114-127. [CrossRef] [PubMed]

Cui, Y.; Zhao, D.; Barrow, P.A.; Zhou, X. The endoplasmic reticulum stress response: A link with tuberculosis? Tuberculosis 2016,
97, 52-56. [CrossRef] [PubMed]

Gade, P; Ramachandran, G.; Maachani, U.B.; Rizzo, M.A.; Okada, T.; Prywes, R.; Cross, A.S.; Mori, K.; Kalvakolanu, D.V.
An IFN-y-stimulated ATF6-C/EBP-B-signaling pathway critical for the expression of Death Associated Protein Kinase 1 and
induction of autophagy. Proc. Natl. Acad. Sci. USA 2012, 109, 10316-10321. [CrossRef] [PubMed]

Coursey, T.G.; Henriksson, ].T.; Barbosa, F.L.; Paiva, C.D.S.; Pflugfelder, S.C. Interferon-y-Induced Unfolded Protein Response in
Conjunctival Goblet Cells as a Cause of Mucin Deficiency in Sjogren Syndrome. Am. ]. Pathol. 2016, 186, 1547-1558. [CrossRef]
Darling, N.J.; Cook, S.J. The role of MAPK signalling pathways in the response to endoplasmic reticulum stress. Biochim. Et
Biophys. Acta Mol. Cell Res. 2014, 1843, 2150-2163. [CrossRef]

Seimon, T.; Kim, M.-].; Blumenthal, A.; Koo, J.; Ehrt, S.; Wainwright, H.; Bekker, L.-G.; Kaplan, G.; Nathan, C.; Tabas, L; et al.
Induction of ER stress in macrophages of tuberculosis granulomas. PLoS ONE 2010, 5, e12772. [CrossRef]

Behar, S.M.; Martin, C.J.; Booty, M.G.; Nishimura, T.; Zhao, X.; Gan, H.-X.; Divangahi, M.; Remold, H.G. Apoptosis is an innate
defense function of macrophages against Mycobacterium tuberculosis. Mucosal Immunol. 2011, 4, 279-287. [CrossRef]


http://doi.org/10.3389/fmicb.2015.00613
http://www.ncbi.nlm.nih.gov/pubmed/26157429
http://doi.org/10.3389/fmicb.2018.00494
http://www.ncbi.nlm.nih.gov/pubmed/29616007
http://doi.org/10.1016/j.micpath.2018.10.030
http://www.ncbi.nlm.nih.gov/pubmed/30366126
http://doi.org/10.1111/1348-0421.12593
http://doi.org/10.1021/bi900660f
http://doi.org/10.1073/pnas.251194298
http://doi.org/10.1016/j.cellsig.2007.12.003
http://doi.org/10.4049/jimmunol.1600266
http://doi.org/10.1038/s41598-018-36063-2
http://www.ncbi.nlm.nih.gov/pubmed/30560874
http://doi.org/10.3390/ijms19051298
http://www.ncbi.nlm.nih.gov/pubmed/29701696
http://doi.org/10.1002/pmic.200600928
http://www.ncbi.nlm.nih.gov/pubmed/17436267
http://doi.org/10.3389/fcimb.2020.00040
http://www.ncbi.nlm.nih.gov/pubmed/32117813
http://doi.org/10.1046/j.1365-2672.92.5s1.7.x
http://doi.org/10.1016/j.smim.2014.09.011
http://doi.org/10.1111/j.1365-2567.2008.02986.x
http://doi.org/10.4049/jimmunol.1200255
http://doi.org/10.1111/j.1365-2567.2007.02646.x
http://doi.org/10.1016/j.ecoenv.2018.09.073
http://doi.org/10.1111/febs.13578
http://doi.org/10.3390/molecules15010114
http://www.ncbi.nlm.nih.gov/pubmed/20110876
http://doi.org/10.1016/j.tube.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26980496
http://doi.org/10.1073/pnas.1119273109
http://www.ncbi.nlm.nih.gov/pubmed/22699507
http://doi.org/10.1016/j.ajpath.2016.02.004
http://doi.org/10.1016/j.bbamcr.2014.01.009
http://doi.org/10.1371/journal.pone.0012772
http://doi.org/10.1038/mi.2011.3

Pathogens 2021, 10, 143 18 of 18

49. Dellacasagrande, J.; Ghigo, E.; Raoult, D.; Capo, C.; Mege, ].-L. IFN-y-Induced Apoptosis and Microbicidal Activity in Monocytes
Harboring the Intracellular Bacterium Coxiella burnetii Require Membrane TNF and Homotypic Cell Adherence. |. Immunol.
2002, 169, 6309-6315. [CrossRef]

50. Ney, P.A. Mitochondrial autophagy: Origins, significance, and role of BNIP3 and NIX. Biochim. Et Biophys. Acta Mol. Cell Res.
2015, 1853, 2775-2783. [CrossRef]

51. Yu, Z,; Zhang, C.; Zhou, M,; Li, Q.; Li, H,; Duan, W,; Li, X,; Feng, Y.; Xie, ]. Mycobacterium tuberculosis PPE44 (Rv2770c) is
involved in response to multiple stresses and promotes the macrophage expression of IL-12 p40 and IL-6 via the p38, ERK, and
NF-kappaB signaling axis. Int. Immunopharmacol. 2017, 50, 319-329. [CrossRef]


http://doi.org/10.4049/jimmunol.169.11.6309
http://doi.org/10.1016/j.bbamcr.2015.02.022
http://doi.org/10.1016/j.intimp.2017.06.028

	Introduction 
	Results 
	Rv0580c is Highly Conserved among Pathogenic Strains of Mycobacteria 
	Rv0580c can be Heterologously Expressed in M. smegmatis 
	Rv0580c Modified the Colony Morphology of M. smegmatis 
	Rv0580c Increased the Susceptibility of M. smegmatis to Multiple Stresses and Antibiotics 
	Rv0580c Altered the Permeability of M. smegmatis Cell Wall 
	Intracellular Survival of Ms_Rv0580c was Reduced 
	Ms_Rv0580c Modulated the Cytokines Profile of Macrophages Via NF-B and JNK Signaling 
	Ms_Rv0580c Induced the Hypoxia Factor and ER Stress in Macrophages 
	Ms_Rv0580c Induced the Hypoxia Factor and ER Stress via NF-kB/JNK/p38 Axis 
	Ms_Rv0580c Induced Mitochondria-independent Apoptosis in Macrophages 

	Discussion 
	Materials and Methods 
	Bioinformatics Analysis 
	Bacterial Strains and Growth Conditions 
	Detect Expression of Rv0580c in Recombinant M. smegmatis 
	In-vitro Growth Assay 
	Colony Morphology Assay 
	In-vitro Stress Assay 
	Antibiotics Sensitivity Assays 
	Cell Wall Permeability Assay 
	Intracellular Survival Assay 
	RNA Preparation and Real-time PCR (RT-PCR) 
	Cell Signaling Assay 
	Apoptosis Assay 
	Statistical Analysis 

	Conclusions 
	References

