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ABSTRACT Type I interferon (IFN) plays an important role in Mycobacterium tuber-
culosis persistence and disease pathogenesis. M. tuberculosis has evolved a number
of mechanisms to evade host immune surveillance. However, it is unclear how the
type I IFN response is tightly regulated by the M. tuberculosis determinants. Stimula-
tor of interferon genes (STING) is an essential adaptor for type I IFN production trig-
gered by M. tuberculosis genomic DNA or cyclic dinucleotides upon infection. To in-
vestigate how the type I IFN response is regulated by M. tuberculosis determinants,
immunoprecipitation-mass spectrometry-based (IP-MS) proteomic analysis was per-
formed to screen proteins interacting with STING in the context of M. tuberculosis in-
fection. Among the many predicted candidates interacting with STING, the M. tuber-
culosis coding protein Rv0753c (MmsA) was identified. We confirmed that MmsA
binds and colocalizes with STING, and the N-terminal regions of MmsA (amino acids
[aa] 1 to 251) and STING (aa 1 TO 190) are responsible for MmsA-STING interaction.
Type I IFN production was impaired with exogenous expression of MmsA in
RAW264.7 cells. MmsA inhibited the STING-TBK1-IRF3 pathway, as evidenced by re-
duced STING levelS and subsequent IRF3 activation. Furthermore, MmsA facilitated
p62-mediated STING autophagic degradation by binding p62 with its C terminus (aa
252 to 455), which may account for the negative regulation of M. tuberculosis MmsA
in STING-mediated type I IFN production. Additionally, the M. tuberculosis mmsA
R138W mutation, detected in a hypervirulent clinical isolate, enhanced the degrada-
tion of STING, implying the important relevance of MmsA in disease outcome. To-
gether, we report a novel mechanism where M. tuberculosis MmsA serves as an an-
tagonist of type I IFN response by targeting STING with p62-mediated autophagic
degradation.

IMPORTANCE It is unclear how the type I IFN response is regulated by mycobacte-
rial determinants. Here, we characterized the previously unreported role of M. tuber-
culosis MmsA in immunological regulation of type I IFN response by targeting the
central adaptor STING in the DNA sensing pathway. We identified STING-interacting
MmsA by coimmunoprecipitation-mass spectrometry-based (IP-MS) proteomic analy-
sis and showed MmsA interacting with STING and autophagy receptor p62 via its N
terminus and C terminus, respectively. We also showed that MmsA downregulated
type I IFN by promoting p62-mediated STING degradation. Moreover, the MmsA mu-
tant R138W is potentially associated with the virulence of M. tuberculosis clinical
strains owing to the modulation of STING protein. Our results provide novel insights
into the regulatory mechanism of type I IFN response manipulated by mycobacterial
MmsA and the additional cross talk between autophagy and STING in M. tuberculosis
infection, wherein a protein from microbial pathogens induces autophagic degrada-
tion of host innate immune molecules.
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Tuberculosis, caused by Mycobacterium tuberculosis, is a fatal chronic infectious
disease. According to the latest global tuberculosis report, this disease affected 10

million individuals in 2018, and it is estimated that approximately 1.7 billion individuals
have a latent tuberculosis infection (LTBI) (1). Although the type I interferon (IFN)
response is essential for host defense against viral infections, its role in bacterial
infections remains controversial (2–4). The pathological role of type I IFN in tuberculosis
was first reported through transcriptomic analysis, and this study confirmed that type
I IFN is a key biomarker of active tuberculosis and is associated with the severity of the
disease (5). A hypervirulent clinical isolate, W4 (W/Beijing strain), significantly induces
increased IFN-� mRNA synthesis compared to that with CDC1551 (non-W/Beijing strain)
(6). Further evidence indicated that the infection of a clinically virulent M. tuberculosis
isolate associated with the induction of type I IFN results in the impairment of
protective Th1 immunity (7). There are also some reports showing that IFN treatment
during chronic viral infections increases the susceptibility to tuberculosis (2, 4, 8, 9).
However, other studies reported type I IFN also acts as a potentially protective cytokine
in tuberculosis models. In contrast to what has been reported in the immunocompe-
tent host, where type I IFN signaling may promote local accumulation of permissive
myeloid cells that contribute to the spread of infection and pulmonary inflammation,
it may play a nonredundant protective role in the absence of IFN-� signaling and is
critical for the optimal recruitment of myeloid cells in the lungs to restrict the bacterial
burdens and histopathology in M. tuberculosis infection (10). Therapeutic effects of
IFN-� have also been reported in young patients suffering from mycobacterial infec-
tions with complete or partial IFN-� receptor signaling deficiencies when administered
together with antimycobacterial chemotherapy (11, 12).

Stimulator of interferon genes (STING; also known as ERIS, MITA, or MPYS) is an
important adaptor molecule involved in innate immunity, linking cytosolic DNA sensing
and cell activation. It also senses cyclic dinucleotides by itself, leading to the induction
of type I IFN (13–15). STING plays central roles in type I IFN induction upon M.
tuberculosis infection (16–20). In 2012, Manzanillo et al. first reported that STING is an
essential component of IRF3 activation and IFN-� transcription during M. tuberculosis
infection (16). Further studies have reported that both M. tuberculosis genomic DNA
and the host mitochondrial DNA bind to the primary DNA sensor cyclic GMP-AMP
synthase (cGAS) to activate the STING-TBK1-IRF3 pathway in response to different M.
tuberculosis strains, such as Erdman and CDC1551 (17–20). Mycobacterial cyclic dinu-
cleotide c-di-AMP, a key pathogen-associated molecular pattern, also triggers STING
signaling in host cells, inducing type I IFN responses (21). Accordingly, a recombinant
BCG (BCG-disA-OE) vaccine expressing M. tuberculosis deadenylate cyclase for a high
level of STING agonist c-di-AMP enhances the protective effect against M. tuberculosis
infection (22). It has also been reported that during M. tuberculosis infection, STING is
closely related with autophagy. Watson et al. first revealed that direct activation of
STING is necessary for the formation of autophagosome targeting to M. tuberculosis
(23). Subsequent studies further provided evidence on how the essential adaptor
protein STING affects the selective autophagy pathway (17, 19).

Although the differential accumulation of host mitochondrial DNA may account for
the increase in STING-dependent IFN-� induction in the phylogenetic lineages of M.
tuberculosis (20), other bacterial determinants could also be involved in this regulatory
mechanism. For M. tuberculosis, Rv2837c, also known as CdnP, inhibits the cGAS-
cGAMP-STING pathway through the degradation of both bacterially derived canonical
cyclic dinucleotides (CDNs) and host-derived noncanonical CDNs to evade the immune
system (24). Another study reported that the interaction between activated apoptosis-
associated speck-like protein containing a caspase recruitment domain (ASC) and
STING impedes STING-TBK1 interaction and type I IFN induction, protecting the host
from M. tuberculosis infection. Although both studies reported negative regulation of
the STING pathway, the aforementioned findings appear contradictory, suggesting that
the modulation of STING signaling in M. tuberculosis infection is more complex.
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Therefore, further studies are required to determine how STING is tightly regulated and
affects downstream type I IFN induction and the outcome of M. tuberculosis infection.

The Rv0753c (mmsA) gene was first reported in the study of whole-genome se-
quencing of M. tuberculosis virulence strain H37Rv (25). It was predicted as a malonate-
semialdehyde dehydrogenase and methylmalonate-semialdehyde dehydrogenase and
is a secreted protein existing in the supernatant of M. tuberculosis culture filtrate (26).
A previous study reported M. tuberculosis mmsA was upregulated in 28-day and 50-day
cultures but not in 14-day cultures (27). The mmsA homologs belong to the coenzyme
A (CoA)-dependent aldehyde dehydrogenase (Aldedh) subfamily, catalyzing the NAD-
dependent oxidation of methylmalonate semialdehyde and malonate semialdehyde
into propionyl-CoA and acetyl-CoA in a wide variety of organisms, ranging from
bacteria to mammals. The MmsA from bacteria species such as Streptomyces coelicolor
is involved in valine catabolism (28). In mammals, MmsA is a mitochondrial enzyme that
participates in the distal portions of the valine and pyrimidine catabolic pathways (29).
M. tuberculosis MmsA contains 510 amino acids with an Aldedh domain for enzymatic
function according to UniProt analysis, while other functional domains of M. tubercu-
losis MmsA have not been reported yet. Although few studies report the M. tuberculosis
MmsA dehydrogenase function, some studies showed that MmsA activates dendritic
cells (DCs) and promotes the Th1 immune response during M. tuberculosis infection
(30), and the diagnostic value of MmsA for LTBI screening from active tuberculosis has
also been emphasized (31–34). However, the mechanism underlying MmsA-mediated
regulation of the host innate immune response is unclear. This study aimed to provide
novel insights into the mechanism underlying the interaction between M. tuberculosis
MmsA and host STING and the regulation of the type I IFN response. Coimmunopre-
cipitation (co-IP) and mass spectrometry were performed to identify the mycobacterial
STING-interacting proteins, revealing MmsA as a promising candidate to interact with
STING and blunt the type I IFN response via p62-mediated autophagic degradation.

RESULTS
M. tuberculosis MmsA is a binding partner of STING. STING is an essential adaptor

for the production of type I IFNs triggered by M. tuberculosis genomic DNA and cyclic
dinucleotide c-di-AMP (16–19, 21). However, the regulation of STING-mediated type I
IFN signaling during M. tuberculosis infection remains largely unknown. To identify new
factors modulating this pathway, the murine macrophage cell line RAW264.7 was
infected with the M. tuberculosis strain H37Rv, and the STING protein complex was
analyzed by co-IP and mass spectrometry. The arrows indicate the peaks of the
candidate proteins from mycobacteria (Fig. 1A) or mice (Fig. 1B) that interacted with
STING. Bioinformatics analysis indicated that some host proteins, such as SOX5, SFPQ,
and IFIT3b, were coimmunoprecipitated with STING; of these, SFPQ was previously
suggested to be a binding partner of STING (35). Notably, the co-IP and subsequent
analysis revealed that M. tuberculosis protein MmsA (Rv0753c) also had a high binding
score (see Table S1 in the supplemental material). Because we were interested in
elucidating how mycobacterial proteins modulate the type I IFN response, we focused
on MmsA. To confirm the STING-MmsA binding observed by immunoprecipitation-
mass spectrometry-based (IP-MS) in RAW264.7 cells, we further performed the co-IP of
Myc-tagged murine STING and Flag-tagged MmsA in HEK293T cells. As expected, M.
tuberculosis Flag-MmsA could bind Myc-STING (Fig. 1C). Reversible co-IP in HEK293T
cells also demonstrated the binding between STING and MmsA (Fig. 1D). Moreover,
exogenous co-IP indicated that MmsA associated not only with murine STING but also
with human STING (Fig. 1E and F). In RAW264.7 cells stably expressing Flag-MmsA,
MmsA was found to bind endogenous STING (Fig. 1G) but not the other critical innate
immune proteins, cGAS and MAVS (Fig. S1A and B). In addition, we also cotransfected
plasmids expressing MmsA homolog protein of Mycobacterium smegmatis (M. smeg-
matis MmsA) in HEK293T cells for co-IP experiments. Our finding showed that M.
tuberculosis MmsA, but not M. smegmatis-MmsA, could bind STING, suggesting the
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FIG 1 M. tuberculosis MmsA is a binding partner of STING. RAW264.7 cells were infected with H37Rv for 6 h at an MOI of 10, and then the cell lysates
were subjected to immunoprecipitation with anti-STING antibody or normal IgG. The immunoprecipitates were subjected to SDS-PAGE and identified by

(Continued on next page)
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binding specificity between STING and M. tuberculosis MmsA (Fig. S1C). Taken together,
these data indicated that M. tuberculosis MmsA and STING associate with each other.

M. tuberculosis MmsA colocalizes with STING. STING was reported to localize
predominantly in the ER (13, 36), and pathogen proteins targeting STING, such as HCV
NS4B, also localized predominantly in the endoplasmic reticulum (ER) (37). To deter-
mine the colocalization of MmsA and STING, we cotransfected Flag-MmsA and Myc-
tagged STING into HEK293T cells. Confocal microscope images showed that MmsA and
human STING (Fig. 2A), as well as murine STING (Fig. 2B), were mainly located in the
cytoplasm of transfected cells and colocalized well with each other. A nonpathogenic
species, Mycobacterium smegmatis, has been widely used as a model for mycobacterial
functional studies due to its fast growth and safety (38). Therefore, we generated the
recombinant M. smegmatis expressing M. tuberculosis MmsA (M. smegmatis::MmsA). To
examine MmsA-STING colocalization in the context of mycobacterial infection, we
infected the RAW264.7 cells with M. smegmatis::MmsA. Immunofluorescence assay
showed that the endogenous MmsA expressed by M. smegmatis::MmsA indeed colo-
calized with STING (Fig. 2C). Similar results were obtained from MmsA expressed via
infection with H37Rv in RAW264.7 cells (Fig. 2D). Moreover, we found that MmsA in M.
smegmatis::MmsA-infected RAW264.7 cells colocalized with the ER marker calnexin
(Fig. 2E). These results suggested that M. tuberculosis MmsA colocalizes with STING.

The N-terminal region of STING (aa 1 to 190) and MmsA (aa 1 to 251) is crucial
for their interaction. The human STING is a 379-amino-acid protein. The amino-
terminal domain (aa 1 to 152) of STING contains four transmembrane domains for the
cellular location, such as endoplasmic reticulum and mitochondrion. A central globular
domain contains a dimerization region (aa 153 to 177) and a cyclic dinucleotide binding
domain (aa 178 to 341). The C-terminal tail (aa 342 to 379) is required for downstream
signaling (39–41). To investigate the regions necessary for the MmsA and STING
interaction, we first truncated Myc-tagged STING as an N-terminal (aa 1 to 190)
truncation mutant, STINGN-Region, or C-terminal (aa 191 to 379) truncation mutant,
STINGC-Region (42, 43). Interestingly, in HEK293T cells we found that the N-terminal
region of STING, but not the C-terminal region, was critical for the interaction between
STING and MmsA (Fig. 3A). We then generated different truncation mutations of MmsA,
i.e., MmsA1– 455aa and MmsA1–251aa, based on the domain architecture of MmsA
homologs from Sinorhizobium meliloti and Bacillus subtilis. We found that both
MmsA1-455aa and MmsA1-251aa could similarly mediate the interaction of MmsA with STING
(Fig. 3B). Thus, we mapped the N-terminal region of MmsA (1 to 251 aa) as essential for the
interaction between MmsA and STING. Collectively, these results indicated that the
N-terminal protein regions of both MmsA and STING are crucial for their interaction.

Binding of MmsA to STING inhibits type I IFN production via the STING-TBK1-
IRF3 pathway. STING is a key molecule for the cytosolic DNA- and cyclic dinucleotide-
induced production of type I IFN. To detect the effect of MmsA-STING binding on type
I IFN production and signaling, we performed an IFN-� reporter assay in MmsA-
overexpressing HEK293T cells. IFN-� activation was reduced upon the exogenous
expression of MmsA in a dose-dependent manner (Fig. 4A). To further confirm the
inhibitory effect of MmsA on IFN-� induction, the transcription of IFN-� was measured
by qPCR upon mycobacterial infection. Consistent with the IFN-� reporter assay, MmsA
also downregulated type I IFN production in M. smegmatis::MmsA-infected RAW264.7
cells compared to that in the M. smegmatis::Vector-infected cells (Fig. 4B). Similar results

FIG 1 Legend (Continued)
mass spectroscopy, which showed the mass spectroscopy spectrum of the STING protein complex searched against the mycobacterial proteome (A) and
the mouse proteome (B). The arrows indicate the peaks of the candidate proteins interacting with STING as mycobacterial MmsA (A) and as murine IFIT3b,
SOX5, and SFPQ (B) in H37Rv-infected (right) cells. HEK293T cells were transfected with vector or Flag-tag MmsA and murine Myc-tag STING for 48 h. Cell
lysates were immunoprecipitated with the anti-Flag antibody (C) or anti-Myc antibody (D) and then immunoblotted with the indicated antibodies.
HEK293T cells were transfected with vector or Flag-tag MmsA and human Myc-tag STING for 48 h. Cell lysates were immunoprecipitated with the anti-Flag
antibody (E) or anti-Myc antibody (F) and then immunoblotted with the indicated antibodies. (G) The cell lysates from RAW264.7 cells stably expressing
Flag-MmsA (RAW-MmsA) and RAW-Vector were immunoprecipitated with the anti-Flag antibody and analyzed by immunoblotting with the indicated
antibodies.
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were also obtained in poly(dA:dT)-stimulated RAW264.7 cells exogenously expressing
M. tuberculosis MmsA (RAW-MmsA) and control RAW-Vector cells (Fig. S2A), demon-
strating a novel role of MmsA in inhibiting type I IFN production.

To examine which of the steps in type I IFN production are affected by MmsA, we
transfected plasmids expressing MmsA and key molecules involved in STING signaling, such
as STING, TBK1, and IRF3, together with an IFN-� luciferase reporter plasmid, into HEK293T
cells. The inhibition of IFN by MmsA was observed in STING- and TBK1-overexpressing cells.

FIG 2 M. tuberculosis MmsA colocalizes with STING. HEK293T cells were transfected with pMyc-human-STING
plasmid (A) or pMyc-murine-STING plasmid (B) along with equal amounts of pFlag-MmsA plasmid. After 36 h, the
cells were processed for confocal microscopy with anti-Flag antibody (MmsA) and anti-Myc antibody (STING).
RAW264.7 cells were infected with M. smegmatis::MmsA (C) or H37Rv (D). After 24 h, the cells were processed for
confocal microscopy with anti-STING antibody (red) and anti-MmsA antibody (green). (E) RAW264.7 cells were
infected with M. smegmatis::MmsA for 12 h. The ER marker calnexin (green) and MmsA (red) were stained in the
infected cells, and the cells were observed under confocal microscopy. Nuclei were stained with DAPI. Scale bars,
5 �m. TD, transmitted light channel.
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FIG 3 Interaction of MmsA and STING depends on the N-terminal region of both proteins. (A) Schematic
diagram of STING and its truncation mutants. pMyc-human-STING or its mutants pSTINGN-Region and
pSTINGC-Region were individually transfected into HEK293T cells along with pFlag-MmsA. Cell lysates were
immunoprecipitated with the anti-Flag antibody and then immunoblotted with the indicated antibodies. (B)
Schematic diagram of MmsA and its truncation mutants. pFlag-MmsA or its mutants, pFlag-MmsA1-251aa and
pFlag-MmsA1-451aa, were individually transfected into HEK293T cells along with pMyc-human-STING. Cell
lysates were immunoprecipitated with the anti-Myc antibody and then immunoblotted with the indicated
antibodies.
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FIG 4 Binding of MmsA to STING inhibits type I IFN production via STING-TBK1-IRF3 pathway. (A) HEK293T cells were cotransfected with the interferon reporter
plasmid IFN-�-Luc together with the plasmids expressing human STING and increasing amounts of M. tuberculosis MmsA, with a Renilla luciferase plasmid as
an internal control. Luciferase activities were determined 24 h posttransfection. (B) RAW264.7 cells were infected with M. smegmatis::vector and M.
smegmatis::MmsA for 0, 2, 4, and 6 h at an MOI of 10, and IFN-� mRNA was measured by qPCR. GAPDH was used as a loading control. (C) HEK293T cells were

(Continued on next page)
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However, the production was no longer inhibited by the overexpression of constitutively
active IRF3/5D, suggesting that MmsA suppresses the STING-mediated IFN signaling path-
way upstream of IRF3 (Fig. 4C).

The STING-TBK1-IRF3 pathway is critical for type I IFN production, and activated
STING recruits the kinase TBK1 to stimulate the phosphorylation of IRF3 (44); MmsA
might also impair the activity of the STING-TBK1-IRF3 complex. To assess the effect of
MmsA on the STING-TBK1-IRF3 axis, RAW264.7 cells were transfected with increasing
amounts of plasmids expressing EGFP-MmsA, and we found that MmsA overexpression
reduced STING dimerization, which might be due to the decreased level of total STING
(Fig. 4D). Meanwhile, we also observed the reduction of STING dimerization in HEK293T
cells cotransfected with STING- and MmsA-expressing plasmids (Fig. S2B). Consistent
with this, reduced association between STING and TBK1 in MmsA-overexpressing
HEK293T cells was observed (Fig. 4E). MmsA also antagonized poly(dA:dT)-triggered
phosphorylation of TBK1 and dimerization of IRF3 in RAW263.4 cells (Fig. 4F). Taken
together, these data indicated that MmsA targets the STING-TBK1-IRF3 pathway to
repress the production of type I IFN upon DNA stimulation.

MmsA mediates autophagy-dependent degradation of STING. Interestingly, we
noticed that MmsA overexpression consistently reduced the level of STING protein l in
HEK293T cells. This effect was confirmed to occur in a dose-dependent manner
(Fig. 5A). Likewise, endogenous STING levels were decreased in M. smegmatis::MmsA-
infected RAW264.7 cells compared to those in M. smegmatis::vector-infected cells
(Fig. 5B). To exclude the possibility that the decrease in the STING protein level was due
to reduced transcription, we performed quantitative PCR (qPCR) and found that
the mRNA levels of STING had not significantly changed in MmsA-overexpressing
RAW264.7 cells (Fig. S3A), suggesting that MmsA affects STING levels at the posttrans-
lational level. To further determine the specificity of M. tuberculosis MmsA for STING
degradation, we transfected the plasmid expressing MmsA homologous protein from
nonpathogenic strain M. smegmatis-MmsA into HEK293T cells. Our result suggested
that M. tuberculosis-MmsA, but not M. smegmatis-MmsA, enhanced STING protein
degradation (Fig. S3B), indicating the specificity of M. tuberculosis-MmsA mediated
STING degradation.

It has been reported that STING undergoes ubiquitination and can be degraded via
the proteasome-dependent pathway (45–48). Therefore, we assessed whether MmsA
promoted the degradation of STING through the proteasomal pathway. However,
MG132, an inhibitor of the proteasome pathway, failed to block MmsA-mediated
degradation of STING in RAW-MmsA cells (Fig. 5C), indicating that MmsA did not
promote STING degradation through the proteasome-dependent pathway. Next, we
investigated if autophagy serves as an alternative mechanism responsible for STING
degradation. As a result, we found that MmsA-mediated STING degradation was indeed
inhibited by chloroquine (CQ), an autophagy inhibitor that blocks the fusion between
autophagosomes and lysosomes in MmsA-expressing RAW264.7 cells (Fig. 5D). Accord-
ingly, rapamycin, an autophagy inducer, significantly enhanced MmsA-mediated en-
dogenous STING degradation in RAW264.7 cells (Fig. S4A). Additional expression of
MmsA in STING-coexpressing 293T cells did not directly induce cell autophagy
(Fig. S4B), suggesting that the observed STING reduction was not due to MmsA-induced
autophagy. A previous report showed that the R138W mutation in the mmsA gene
exists in the hypervirulent clinical Beijing-like isolates and that this mutation was

FIG 4 Legend (Continued)
cotransfected with the interferon reporter plasmid IFN-�-Luc together with the plasmids expressing M. tuberculosis MmsA and STING, TBK1, or IRF3. A Renilla
luciferase plasmid was an internal control. Luciferase activities were determined 24 h posttransfection. (D) RAW264.7 cells were transfected with empty vector
or the plasmids expressing EGFP-MmsA in increasing amounts of 0.5 �g, 1.0 �g, and 2.0 �g. Forty-eight hours posttransfection, STING monomer and dimer were
analyzed by immunoblotting. (E) HEK293T cells were transfected with pMyc-human-STING and Flag-TBK1, with or without pMyc-MmsA, for 48 h. Cell lysates
were immunoprecipitated with the anti-Flag antibody and then immunoblotted with the indicated antibodies. (F) Raw264.7 cells were transfected with plasmid
pMyc-murine-STING and vector or pFlag-MmsA for 20 h and treated with poly(dA:dT) (2 �g/ml) for 8 h. Cell lysates were analyzed for IRF3 dimerization by native
PAGE. Total IRF3 expression levels and other indicated proteins were analyzed by immunoblotting. The results are shown as means � SEM. NS, not significant;
**, P � 0.01; ***, P � 0.001; ****, P � 0.0001; each by Student’s t test.
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considered likely to affect the protein function, as scored by PROVEAN (49). To
determine whether the mutation would affect STING degradation, we constructed
plasmids expressing the MmsA-R138W mutant and found that MmsA-R138W enhanced
the degradation of exogenous STING in HEK293T cells (Fig. 5E) or endogenous STING in

FIG 5 MmsA mediates autophagy-dependent degradation of STING. (A) HEK293T cells were transfected with empty vector or the plasmids expressing Flag-MmsA
in increasing amounts, along with expression plasmids for Myc-STING, for 48 h. (Left) Cell lysate was subjected to SDS-PAGE followed by immunoblotting with the
indicated antibodies. (Right) Quantification of the protein level of STING to �-tubulin is shown. (B) RAW264.7 cells were infected with M. smegmatis::vector and M.
smegmatis::MmsA for 3 and 6 h at an MOI of 10, and cell lysates were subjected to SDS-PAGE, followed by immunoblotting with the indicated antibodies. (C)
RAW-MmsA and RAW-Vector cells were treated with dimethyl sulfoxide (DMSO) or MG132 (10 �M) for 6 h and analyzed by immunoblotting with the indicated
antibodies. (D) RAW-MmsA and RAW-Vector cells were treated with PBS or CQ (50 �M) for 6 h and analyzed by immunoblotting with the indicated antibodies. (E and
F) HEK293T (E) or RAW264.7 (F) cells were transfected with empty vector or the plasmid expressing Flag-MmsA-WT or Flag-MmsA-R138W, along with Myc-STING
expression plasmid, for 48 h. Cell lysate was subjected to SDS-PAGE followed by immunoblotting with the indicated antibodies. Numbers underneath the blot represent
the fold changes of STING band intensity compared with that of the loading control, GAPDH, using Image J software.

Sun et al. ®

November/December 2020 Volume 11 Issue 6 e03254-19 mbio.asm.org 10

https://mbio.asm.org


RAW264.7 cells (Fig. 5F). Taken together, these results demonstrated that MmsA reduces
STING protein level through autophagy-dependent degradation.

MmsA interacts with p62 to enable autophagic degradation of STING. Emerging
evidence emphasizes that p62 (encoded by SQSTM1) functions as a major autophagy
cargo receptor that delivers proteins for selective autophagosome degradation (50, 51).
Recent studies showed that p62 is essential for DNA-stimulated STING degradation (52).
To investigate whether MmsA could promote the STING-p62 autophagy degradation,
we performed co-IP assays in HEK293T cells and observed that MmsA expression
enhanced the STING-p62 interaction (Fig. 6A). Endogenous immunoprecipitation in
RAW264.7 cells also confirmed that MmsA increased the coprecipitation of STING and
p62 (Fig. 6B). As MmsA could interact with STING, we hypothesized that MmsA
functions as a bridge to facilitate p62-mediated autophagic degradation of STING. To
further verify whether p62-mediated selective autophagy is necessary for STING deg-
radation, we performed the p62 knockdown experiment using short interfering RNA
(siRNA) in RAW-MmsA and RAW-Vector cells. Compared with the scramble siRNA
control, MmsA was no longer able to promote STING degradation in the cells treated
with siRNA-p62, suggesting that the degradation of STING by MmsA was indeed
dependent on autophagy receptor protein p62 (Fig. 6C). To test this hypothesis, co-IPs
of different truncations of MmsA and p62 were performed, and full-length MmsA and
MmsA1-455aa were found to interact with p62. Notably, we found that MmsA1-251aa was
not able to bind p62, implying that the C terminus (aa 252 to 455) of MmsA is critical
for its interaction with p62 (Fig. 6D).

STING also enhanced the interaction between MmsA and p62 in HEK293T cells, sug-
gesting that the interplay between MmsA and STING improves the binding of MmsA to p62
(Fig. 6E). Together, our results suggested that MmsA acts as a bridge that links p62 and
STING to enhance p62-mediated autophagic degradation of STING.

M. tuberculosis MmsA is inversely correlated with IFN-� production during M.
tuberculosis infection. To investigate the relationship between M. tuberculosis MmsA
expression and IFN-� production during M. tuberculosis infection, we infected
RAW264.7 cells with H37Rv. The levels of MmsA and IFN-� were measured by qPCR for
the indicated time. The induction of IFN-� decreased gradually, whereas MmsA expres-
sion increased progressively during the infection course (Fig. 7A). An inverse correlation
was also detected between IFN-� production and MmsA levels in M. tuberculosis-
infected macrophages (Fig. 7B). To investigate the effect of M. tuberculosis MmsA on
mycobacterial survival, we infected the RAW-Vector or RAW-MmsA cells with H37Rv
and measured the number of bacterial CFU in the cell lysate. It was shown that the
overexpression of MmsA in RAW264.7 cells decreased H37Rv bacterial numbers
(Fig. 7C). Meanwhile, M. smegmatis with MmsA overexpression (M. smegmatis::MmsA)
also reduced the intracellular bacterial numbers (Fig. 7D) in RAW264.7 cells compared
with that of control M. smegmatis::Vector infection, which is in line with the previous
studies that type I IFN exacerbates M. tuberculosis infection (53, 54). This may be
attributed to the increased STING degradation inhibiting type I IFN responses. Addi-
tionally, we detected the MmsA mRNA levels in clinical isolates and found that they
showed differential expression compared to those in the standard virulent strain M.
tuberculosis H37Rv (Fig. 7E). Collectively, these data indicated that MmsA affects type I IFN
production by regulating the STING level during the pathogenesis of tuberculosis.

DISCUSSION

M. tuberculosis MmsA was previously speculated to be encoded by the class of aldehyde
dehydrogenase-6, which can be regulated by the stress response sigma factor SigG under
stress conditions (55, 56). This study identified that M. tuberculosis MmsA facilitates STING
autophagic degradation via protein-protein interactions and modulates the STING-
mediated IFN pathway, which appears to be a novel mechanism underlying M. tuberculosis-
host interactions regulating the STING-type I IFN pathway.

Although STING is critical for IFN-� production during M. tuberculosis infection in vitro
and in vivo (16, 17, 19–21, 57), its role in host defense against M. tuberculosis remains
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FIG 6 MmsA interacts with p62 for STING autophagy degradation. (A) HEK293T cells were transfected with Flag-STING and Myc-p62, with
or without Flag-MmsA, for 48 h. Cell lysates were immunoprecipitated with the anti-Myc antibody, followed by immunoblotting with the

(Continued on next page)
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debatable. Several studies have reported that BMDMs from STING-deficient mice enhance
better bacterial survival than BMDMs from wild-type (WT) mice (17, 19, 23). Nevertheless,
another study reported that the activated STING pathway enhances the protective immu-
nity by eliciting both the Th1 and Th17 immune responses (but not type I IFN signaling)
(58). In addition, other studies have suggested that the bacterial burden does not differ
between STING-deficient and WT mice, indicating that the cGAS/STING pathway is dispens-
able for controlling M. tuberculosis infections (17, 57). Here, we found that M. tuberculosis
MmsA can target STING for type I IFN production downregulation, which might contribute
to the pathogenesis of mycobacterial infection, in accordance with previous studies (59, 60).

As a central immune adaptor molecule linking DNA sensing and type I IFN responses,
STING is tightly regulated to maintain immune homeostasis (61, 62). Ubiquitin-dependent
STING degradation, which includes RNF5, TRIM30�, and TRIM29, has been reported (45–48).
Phosphorylation (63), dephosphorylation (64), and deSUMOylation (65) are also associated
with STING degradation. A mycobacterial phosphodiesterase called CdnP suppresses STING
activation and the type I IFN response via the hydrolysis of bacterially derived c-di-AMP and
host-derived cGAMP (24). It was shown that another regulator, ASC, a key component of
the inflammasome, inhibits type I IFN production by interacting with STING and disrupting
its association with TBK1 via the C terminus (60). It is interesting that STING and autophagy
are closely associated during M. tuberculosis infection. Evidence showed that cGAS func-
tions upstream of STING to activate autophagy during M. tuberculosis infection (19). Direct
STING activation is necessary for the formation of autophagosomes targeting M. tubercu-
losis (23). In this study, we found a new mechanism of STING regulation by MmsA, a
mycobacterial protein, which promotes p62-mediated selective degradation of STING. Our
data demonstrated that M. tuberculosis MmsA interacted with the N terminus of STING but
not the C terminus of STING. Hence, the reduction of the STING-TBK complex we observed
here might be due to the degradation of STING protein rather than competition binding of
MmsA to STING. Furthermore, MmsA blocks the STING-type I IFN response by facilitating
p62-mediated STING degradation, which provides an additional mechanism by which
autophagy-mediated degradation also reduces STING levels during M. tuberculosis infec-
tion.

It has been reported that increased type I IFNs seem to be deleterious for M.
tuberculosis survival in the mouse infection model, in association with reduced Th1
immunity (6). Using comparative genomic analysis, the MmsA R138W mutation was
found to be one of nine variants exclusively existing in hypervirulence Beijing-like
strains such as H37Rv and Beijing classic strains (49). Our results showed that the MmsA
R138W substitution induces more degradation of STING, which may weaken STING-
mediated type I IFN responses. Given that MmsA is suggested to induce the maturation
of DC and Th1 polarization via mitogen-activated protein kinase and NF-�B activation
(30) and might represent the dormant state of mycobacteria, because it is induced
remarkably in the dormancy model of M. tuberculosis infection (66, 67), we believe that
the alteration of MmsA R138W in Beijing-like strains would inhibit Th1 response,
favoring the persistence of the bacterium during infection. However, further studies are
needed to investigate whether the reduced Th1 immunity is relevant to the inhibition
of type I IFN by MmsA and explore the effect of MmsA regarding the outcome of M.
tuberculosis infection in vivo.

In summary, our results show that M. tuberculosis MmsA negatively regulates type I
IFN responses by facilitating the p62-mediated degradation (Fig. 8). Our results provide
novel insights into a new mechanism wherein type I IFN is tightly regulated by the

FIG 6 Legend (Continued)
indicated antibodies. (B) Cell lysates of RAW-MmsA and RAW-Vector were immunoprecipitated with the anti-p62 antibody and analyzed by
immunoblotting with the indicated antibodies. (C) RAW-MmsA and RAW-Vector cells were transfected with siRNA-control and siRNA-p62 for
48 h and analyzed by immunoblotting with the indicated antibodies. (D) HEK293T cells were transfected with pFlag-MmsA or its mutants
along with pMyc-p62 for 48 h. Cell lysates were immunoprecipitated with the anti-Flag antibody and then immunoblotted with the indicated
antibodies. (E) HEK293T cells were transfected with pMyc-p62, pFlag-MmsA, and pMyc-human-STING or Myc-Vector for 48 h. Cell lysates were
immunoprecipitated with the anti-Flag antibody and then immunoblotted with the indicated antibodies.

STING Interacting Protein Mycobacterial Rv0753c ®

November/December 2020 Volume 11 Issue 6 e03254-19 mbio.asm.org 13

https://mbio.asm.org


mycobacterial MmsA during M. tuberculosis infection. Thus, these results potentially
further our understanding of the effect of different virulent strains on tuberculosis
pathogenesis.

MATERIALS AND METHODS
Cell and bacterial culture. HEK293T and RAW264.7 cells were maintained in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (HyClone), 1% penicillin-
streptomycin solution. Both cell lines were cultured in humidified air containing 5% CO2 at 37°C.

FIG 7 M. tuberculosis MmsA is inversely correlated with IFN-� production during M. tuberculosis infection. (A) RAW264.7 cells infected with
H37Rv at an MOI of 10 for the indicated times. The mRNA levels of IFN-� and MmsA were measured by qPCR using GAPDH and sigA as
internal reference controls, respectively. (B) The correlation between IFN-� and MmsA during M. tuberculosis infection was assessed with
the Pearson test. (C) RAW-MmsA and RAW-Vector cells were infected with H37Rv at an MOI of 10. After 6 h, cells were washed with PBS
three times, changed to medium containing 200 �g/ml amikacin, and then further cultured for 0, 2, and 4 days and lysed with 1 ml 0.1%
Triton X-100. Lysates were spread on 7H11 plates to detect the bacterial number. (D) RAW264.7 cells were infected with M. smegmatis::
MmsA or M. smegmatis::Vector at an MOI of 20. After 12, 24, and 48 h of infection, the macrophages were washed and lysed. Lysates were
plated to detect the bacterial number. (E) The mRNA level of MmsA from the H37Rv strain and clinical isolates from tuberculosis patients
(n � 12) was measured by qPCR using sigA as an internal reference control. Data are displayed as the means � SEM from three
independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001; each by Student’s t test.
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M. tuberculosis H37Rv and M. smegmatis mc2155 were grown in Middlebrook 7H9 broth medium (BD
Biosciences) supplemented with 0.05% Tween 80, 0.5% glycerol, and 10% albumin-dextrose-catalase (BD
Biosciences) at 37°C. The recombinant M. smegmatis expressing M. tuberculosis MmsA (M. smegmatis::
MmsA) was generated by electroporating pMV261-MmsA into M. smegmatis mc2155. The successfully
recombinant M. smegmatis was selected using kanamycin and was further confirmed by Western
blotting. The control M. smegmatis::Vector was generated by electroporating pMV261 vector plasmid into
M. smegmatis mc2155. M. smegmatis::MmsA and M. smegmatis::Vector were grown in Luria-Bertani
medium supplemented with 0.05% Tween 80 and kanamycin. All mycobacteria were counted based on
CFU in Middlebrook 7H11 broth medium (BD Biosciences) supplemented with 0.5% glycerol and 10%
oleic acid-albumin-dextrose-catalase (BD Biosciences) at 37°C.

Mass spectroscopy. RAW264.7 cells were left uninfected or were infected with the M. tuberculosis
virulent strain H37Rv for 6 h at a multiplicity of infection (MOI) of 10. The cells were washed with
phosphate-buffered saline (PBS) and lysed with immunoprecipitation lysis buffer containing 100 �M
phenylmethylsulfonyl fluoride (PMSF; Beyotime). The cell lysates were subjected to immunoprecipitation
with 50 �l protein A-agarose and anti-STING (1:50) antibody (Ab) or normal rabbit IgG (1 �g/ml). The
candidate proteins interacting with STING were identified by mass spectroscopy (Applied Protein
Technology).

FIG 8 Proposed model illustrating how M. tuberculosis MmsA inhibits type I IFN responses. In M. tuberculosis-infected macrophages, M. tuberculosis releases
the genomic DNA, cyclic dinucleotide, and many secreted proteins, including MmsA, into the cytosol. Mycobacterial genomic DNA, cyclic dinucleotide c-di-AMP,
or host mitochondrial DNA may trigger the DNA sensor cGAS to activate the STING-TBK1-IRF3 pathway to induce IFN-� production. In this process, M.
tuberculosis MmsA may act as a bridge linking p62 and STING to facilitate the p62-mediated selective autophagic degradation of STING, leading to the reduction
of STING protein level and the subsequent phosphorylation of TBK1 and IRF3, which eventually blunts type I IFN responses. CTD, C-terminal domain; DD,
dimerization domain; NTD, N-terminal domain.
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Plasmids and siRNA transfection. The human STING cDNA from GENECHEM, Ltd., murine STING
cDNA from RAW264.7 cells, as well as the truncated human STING, aa 1 to 190, and STING, aa 191 to 379,
were cloned into pMSCV-puro-Myc vector and named pMyc-human-STING, pMyc-murine-STING,
pSTINGN-Region, and pSTINGC-Region. Human p62 cDNA from THP-1 cells was also cloned into pMSCV-puro-
Myc vector and named pMyc-p62. The coding sequences of M. tuberculosis MmsA and its truncated
mutants (aa 1 to 251 and 1 to 455) were amplified from H37Rv genomic DNA and cloned into
pFlag-CMV2 vector to get the pFlag-MmsA, pFlag-MmsA1-251aa, and pFlag-MmsA1-455aa plasmids. Flag-
MmsA was also cloned into the retroviral expression vector pMSCV-EGFP to get pMSCV-EGFP-Flag-MmsA
for the generation of retrovirus expressing Flag-MmsA. M. tuberculosis MmsA was also cloned into
pMV261 and pEGFP-C1 vectors to get the plasmids pMV261-MmsA and pEGFP-MmsA. MmsA was also
cloned into pMSCV-puro-Myc vector and named pMyc-MmsA. M. smegmatis MmsA was amplified using
M. smegmatis genomic DNA and cloned into pFlag-CMV2 vector to generate pFlag-M. smegmatis MmsA.
These plasmids were constructed using the ClonExpress II one-step cloning kit (C112-01; Vazyme) or
standard molecular biology techniques. The pFlag-MmsA-R138W plasmid expressing M. tuberculosis
MmsA-R138W mutant was generated by the site-directed mutagenesis method using Phanta Max
super-fidelity DNA polymerase (P515-01; Vazyme). Plasmids expressing Flag-STING, Flag-TBK1, Flag-IRF3,
and Flag-MAVS were gifts from Fangfang Zhou (Soochow University). The primers used for clones and
subclones are provided in Table S2 in the supplemental material. For plasmid transfection, Lipofectamine
3000 (Life Technologies) and Longtrans (UCallM) were used according to the manufacturers’ manuals.

For knockdown experiments, the siRNAs targeting to human p62 coding sequence were designed
and synthesized by RiboBio. A total of 2 � 105 RAW264.7 cells/well were seeded in 12-well plates and
then transfected with p62 siRNA (50 nM) or control siRNA using Lipofectamine RNAiMAX (Life Technol-
ogies).

Generation of RAW-MmsA and RAW-Vector cells. HEK293T cells were seeded in 60-mm dishes and
transfected with 2 �g of packing plasmid pCL-Ampho (a kind gift from Hui Zheng, Soochow University)
and 4 �g of pMSCV-EGFP-Flag-MmsA using Lipofectamine 3000. The virus-containing medium was
harvested 48 and 72 h posttransfection, centrifuged at 4°C, 3,000 rpm, for 30 min, and filtered through a
0.45-�m filter (MILLEX GP). RAW264.7 cells were infected with the above-described retrovirus in the
presence of Polybrene (10 �g/ml; Sigma), and the culture plates were centrifuged at 2,500 rpm for 30 min
at 30°C for high efficiency of infection. The cells were further cultured in fresh medium for 72 to �96 h,
and the GFP� cells were sorted by a FACSAria III cell sorter (BD Biosciences). High purity of GFP� cells
was obtained by two or three rounds of sorting and termed Raw-MmsA cells. Similarly, RAW264.7 cells
transduced with MSCV-EGFP retrovirus were termed RAW-Vector as a control.

Chemical reagents and antibodies. Poly(deoxyadenylic-thymidylic) acid [poly(dA:dT)] (P0883) was
from Sigma. MG132 (S2619), chloroquine (CQ) (C6628), and rapamycin (A606203) were from Selleck,
Sigma, and Sangon Biotech, respectively.

The following antibodies were used for immunoblotting. Anti-STING (13647), anti-TBK1/NAK (3013),
anti-phospho-TBK1/NAK (Ser172) (5483), anti-IRF3 (4302), anti-�-tubulin (2128), anti-His-tag (12698), and
anti-Myc-tag (2276) were from Cell Signaling Technologies. Anti-Flag (F1804), anti-Myc (C3956), anti-
phospho-IRF3 (pSer385) (SAB4503926), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(G9545) were from Sigma. Anti-DDDDK-tag (PM020) and anti-p62/SQSTM1 (PM045) were from MBL.
Anti-calnexin (10427-2-AP) was from Proteintech. Horseradish peroxidase (HRP)-conjugated anti-rabbit
IgG (4030-05) or anti-mouse (1034-05) IgG was from SouthernBiotech. Mouse polyclonal antibody against
MmsA antiserum was raised against recombinant M. tuberculosis MmsA expressed by Escherichia coli.

Anti-STING (13647; Cell Signaling Technology), normal rabbit IgG (sc2027; Santa Cruz Biotechnology),
protein A-agarose (11-134-515-001; Roche), cell lysis buffer for Western blotting and IP (P0013; Beyotime),
EZview red anti-c-Myc affinity gel (E6654; Sigma), and EZview red anti-Flag M2 affinity gel (F2426; Sigma)
were used for immunoprecipitation.

The following antibodies were used for immunofluorescence: anti-Flag (F1804; Sigma), anti-Myc
(C3956; Sigma), anti-STING (ab92605; Abcam), DyLight 549-goat anti-mouse IgG (A23310; Abbkine),
DyLight 488-goat anti-rabbit IgG (072-03-15-06; KPL), DyLight 488-goat anti-mouse IgG (072-03-18-06;
KPL), and DyLight 549-goat anti-rabbit IgG (A23320; Abbkine).

Western blotting and immunoprecipitation. Cells were lysed on ice for 30 min using lysis buffer
containing 100 �M PMSF and PhoStop phosphatase inhibitor (Roche). Equal amounts of protein from
every sample were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) mem-
branes (Millipore). The membrane was blocked with PBS containing 0.1% Tween 20 and 5% skim milk for
at least 60 min at room temperature (RT). These membranes were further incubated with the appropriate
primary antibodies and HRP-conjugated secondary antibodies. The membranes were detected by Super
Signal West Pico chemiluminescent substrate (Thermo Fisher Scientific), and the chemical luminesce was
visualized using an Amersham Imager 600 (AI600; GE Healthcare). The intensity of the bands was
quantified by ImageJ software.

For native polyacrylamide gel electrophoresis, cells were lysed in nondenatured lysis buffer (R0030;
Solarbio) containing 100 �M PMSF. In brief, the 7.5% native PAGE gels were prerun with 25 mM Tris and
192 mM glycine, pH 8.4, containing 1% deoxycholate in a cathode chamber for 30 min at 70 V on ice.
Samples in native loading buffer (P1017; Solarbio) were separated at 70 V for 180 min on ice and then
transferred to PVDF membranes for immunoblotting.

For immunoprecipitation in HEK293T cells, 2 � 106 cells were plated onto a 60-mm dish and
transfected with the indicated plasmids. Forty-eight hours posttransfection, the cells were washed three
times with 1 ml cold 1� PBS and lysed with 1 ml cell lysis buffer (Beyotime) containing 1% Triton X-100
and 100 �M PMSF for Western blotting and immunoprecipitation. The cell lysates then were incubated
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with 20 �l EZview red anti-Myc/Flag affinity gel for 4°C with overnight shaking. The Sepharose beads
were eluted with 2� protein loading buffer after five washings with lysis buffer and boiled for 10 min
before immunoblot analysis. For the semiendogenous co-IP, the lysates of RAW-Vector and RAW-MmsA
were incubated with anti-Flag antibody and analyzed by immunoblot analysis with anti-STING antibody.

Confocal microscopy. To determine MmsA and STING colocalization, HEK293T cells were grown on
live cell imaging culture dishes (Livefocus) and transfected with pFlag-MmsA and pMyc-murine/human-
STING. The cells were washed with PBS 36 h posttransfection, fixed with ice-cold 4% paraformaldehyde,
and permeabilized with 0.1% Triton X-100 PBS. The cells were then blocked with PBS containing 3%
bovine serum albumin (BSA; Sigma) and incubated with anti-Flag mouse Ab and anti-Myc rabbit Ab at
4°C overnight. After washing with PBS, cells were incubated with DyLight 549-goat anti-mouse IgG and
DyLight 488-goat anti-rabbit IgG (human STING) or DyLight 488-goat anti-mouse IgG and DyLight
549-goat anti-rabbit IgG (murine STING) for 1 h at RT, and the cellular DNA was stained by 4=,6-diamidino-
2-phenylindole (DAPI) (Sigma) for 10 min at RT. To examine the colocalization of STING and MmsA in the
context of mycobacterial infection, RAW264.7 cells were infected with M. smegmatis::MmsA or H37Rv at
an MOI of 10. At 24 h postinfection, the cells were fixed and processed for the staining of anti-MmsA
mouse Ab and anti-STING rabbit Ab. For subcellular localization, RAW264.7 cells were infected with M.
smegmatis::MmsA for 12 h. The cells were processed as described above and immunostained with
anti-calnexin rabbit antibody and anti-MmsA mouse antibody. After washing, the cells were stained with
DyLight 488/549-goat anti-mouse IgG and DyLight 549/488-goat anti-rabbit IgG secondary antibodies.
Colocalization images were captured using a laser scanning confocal microscope (Nikon A1).

Luciferase reporter assay. HEK293T cells were seeded into 12-well plates at a density of 3 � 105

cells/well. The cells/well were then transfected with 500 ng the indicated plasmids, 200 ng IFN-�-Luc
plasmid, and 40 ng Renilla luciferase vector as an internal control. The cell lysates were assayed for
luciferase activities 24 h posttransfection using the Dual-Luciferase reporter assay system (E1910; Pro-
mega) according to the manufacturer’s instructions. The luminance was detected by a microplate reader
(BioTek Synergy4; PerkinElmer).

Quantitative PCR. Total RNA was isolated using RNAiso plus (9109; TaKaRa) according to the
manufacturer’s instructions and subjected to reverse transcription with a PrimeScript RT reagent kit
(RR037A; TaKaRa). RNA from M. tuberculosis clinical isolates was extracted via ultrasonication for 10 min
(on/off time, 5 s/5 s) before adding RNAiso plus. All gene transcripts were quantified by real-time PCR
with PowerUP SYBR green master mix (A25742; Applied Biosystems) using an ABI Q6 instrument (Applied
Biosystems). GAPDH was used as a reference in RAW64.7 cells, and SigA was used as an internal control
for the normalization in M. tuberculosis. The primers were used for qPCR as shown in Table S3.

Intracellular survival detection. For the detection of bacteria survival within macrophage, RAW-
Vector and RAW-MmsA cells seeded in 6-well plates (1 � 105/well) were infected with H37Rv at an
MOI of 10. The infected cells were changed into DMEM containing 200 �g/ml amikacin and 1% antibiotic/
antimycotic solution (Gibco) to kill extracellular bacteria. The infected cells were lysed with 1 ml sterile
water containing 0.05% Triton X-100 0, 2, and 4 days postinfection. For CFU assay, 50-�l lysates were
added to Middlebrook 7H10 agar plates and cultured for 3 weeks at 37°C.

RAW264.7 cells were infected with M. smegmatis::MmsA or M. smegmatis::Vector at an MOI of 20. The
cells were washed and lysed 12, 24, and 48 h postinfection as described above. For CFU assay, 50-�l
lysates were added to Luria-Bertani plates supplemented with kanamycin and cultured for 5 days at 37°C.

Clinical M. tuberculosis strains from tuberculosis patients. The RNA samples of clinical M.
tuberculosis strains were obtained from the Department of Respiratory Medicine at the affiliated Hospital
of Zun Yi Medical University, China. The diagnosis of active tuberculosis was based on positive
Ziehl-Neelsen stain and Lowenstein-Jensen culture.

Statistical analysis. All data are shown as the means � standard errors of the means (SEM) and were
evaluated with a two-tailed, unpaired Student’s t test using GraphPad Prism software 5.0. P values of
�0.05 (*), �0.01 (**), and �0.001 (***) were considered significant. Correlations were performed using the
Pearson test.
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