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MiR-25 blunts autophagy and promotes the survival of
Mycobacterium tuberculosis by regulating NPC1

Wengi Dong,"” Gaoyan Wang, ' Jiajia Feng,'? Pei Li,® Rui Wang,” Hao Lu,"? Wenjia Lu,"? Chenchen Wang,"?

Xiangru Wang,”*® Huanchun Chen,"?%> Yaozu Xiang,® and Chen Tan'.2#>8*

SUMMARY

Mycobacterium tuberculosis (Mtb) evades host clearance by inhibiting auto-
phagy. MicroRNA-25 (miR-25) expression was significantly up-regulated in the
lung tissues of mice infected with Bacillus Calmette-Guerin (BCG) and macro-
phages infected with Mtb or BCG, especially in the early stages of infection.
MiR-25 can significantly increase the survival of Mtb and BCG in macrophages.
We validated that miR-25 targets the NPC1 protein located on the lysosomal
membrane, resulting in damage to lysosomal function, thereby inhibiting auto-
phagolysosome formation and promoting the survival of Mtb and BCG. Consis-
tently, mice lacking miR-25 exhibited more resistant to BCG infection. In addition,
we found that Rv1759c induces the expression of miR-25 through NFKB inhibitor
zeta (NFKBIZ). This study demonstrates that the role of miR-25 during Mtb infec-
tion contributes to a better understanding of the pathogenesis of tuberculosis
(TB).

INTRODUCTION

Tuberculosis (TB) is an infectious disease that seriously threatens human health. In 2019, there were an esti-
mated 10 million new TB cases worldwide, and approximately 1.4 million people died from TB, including
208,000 people with HIV (Geneva: World Health Organization, 2020). Approximately one-quarter of the
population in the world is infected with M. tuberculosis (Mtb), and 10% develop active tuberculosis.
Because of the survival of Mtb in macrophages, there is still a risk of turning latent TB into active TB and
causing TB to spread when immunity is reduced (Ahmad, 2011). Intracellular survival contributes to the
pathogenicity and latency of Mtb (Cambier et al., 2014). However, the mechanism of Mtb resistance to
host clearance is still not entirely clear, and it is critical to deeply explore the survival mechanism of Mtb
in macrophages.

Autophagy is an intracellular degradation system that can effectively remove damaged organelles, mis-
folded proteins, and invading pathogenic microorganisms (Mizushima and Komatsu, 2011), and it plays
an important role in the fight against bacteria, including Mtb (Gutierrez et al., 2004; Huang and Brumell,
2014). When macroautophagy, referred to as autophagy, was activated, double-layer membrane
autophagosomes including bacteria were formed, transported to and fused with the lysosome to degrade
intracellular bacteria (Levine et al., 2011). Mtb can inhibit the process of autophagy by preventing the fusion
of autophagosomes and lysosomes to enhance the survival ability of macrophages (BoseDasgupta and Pi-
eters, 2018; Bussi and Gutierrez, 2019).

MicroRNAs (miRNAs) are a type of noncoding RNA of 18-22 nucleotides that participate in gene
posttranscriptional regulation (Bartel, 2004). MiRNAs play important roles in regulating autophagy in the
progression of Mtb infection. MiR-33 and miR-33* have been demonstrated to be up-regulated during
Mtb infection which can increase the survival of Mtb by down-regulating autophagy-related gene 5
(ATG5), autophagy-related gene 12 (ATG12), lysosome-associated membrane protein 1 (LAMP1), tran-
scription factors forkhead box protein O3 (FOXO3) and transcription factor EB (TFEB) (Quimet et al.,
2016). Similarly, miR-155 was up-regulated during Mtb infection by targeting autophagy effector auto-
phagy-related gene 3 (ATG3) to inhibit autophagy and promote the intracellular survival of Mtb (Etna
et al., 2018). Another study reported that miR-144* targets the autophagy protein DNA damage regulated
autophagy modulator 2 (DRAM2), which plays an important role in the maturation of phagosomes and
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MiR-27a has been reported in the literature to promote the survival of Mtb in murine primary peritoneal
macrophages by targeting the Ca®* transporter calcium channel voltage-dependent alpha 2/delta subunit
3 (Cacna2d3) located in the endoplasmic reticulum (ER) to inhibit the formation of autophagosomes (Liu
et al., 2018). More recently, miR-889 was found to be able to target tumor necrosis factor (TNF)-like
weak apoptosis inducer (TWEAK) to inhibit autophagy, thereby maintaining the survival of Mtb (Chen
et al., 2020). However, the mechanism by which miRNAs regulate the autophagy process and affect the
survival of Mtb has not been completely elucidated.

In this study, we found that the expression of miR-25 was increased in Mtb/Bacillus Calmette-Guerin (BCG)-
infected macrophages and BCG-infected mouse lungs. MiR-25 directly targets the lysosomal cholesterol
transporter NPC1, impairs autophagosome-lysosome fusion and promotes intracellular survival of Mtb.

RESULTS
miR-25 expression is up-regulated by BCG and Mtb infection

To evaluate the levels of miRNAs in response to BCG infection in vivo, we detected miRNAs' expression in
lung tissues of BCG-infected C57/BLé mice by using quantitative real-time PCR (gRT-PCR). The results
showed that miR-25, miR-93 and miR-106b of the miR-106b-25 cluster and miR-146 were up-regulated at
3 and 7 days post infection (3 dpi and 7 dpi) whereas other miRNAs were only up-regulated at 7 dpi. At
3 dpi, the expression of miR-25 increased to approximately 20 times, which was the highest multiple of
expression change, and the expression change of miR-146a was the slightest. At 7 dpi, the expression of
miR-146a increased approximately 12-fold, which was the highest multiple of expression change, and the
expression change of miR-106b was the slightest (Figures 1A and 1B). In addition, we examined miRNAs’
expression in THP-1 cells infected with BCG and H37Rv. The results showed that miR-25, miR-93 and miR-
106b were highly expressed during BCG and H37Rv infections. MiR-20a was only down-regulated during
BCG infection. MiR-429 and miR-146éa were only up-regulated during H37Rv infection. MiR-119a, miR-
199b and miR-320 were down-regulated regardless of BCG or H37Rv infection (Figure 1C). MiR-146a was
up-regulated significantly during Mtb infection, which was consistent with previous studies (Etna et al.,
2018; Malardo et al., 2016; Vegh et al., 2015; Kathirvel et al., 2020; Zhou et al., 2016). The above findings sug-
gest that the miR-106b-25 cluster were significantly up-regulated in BCG-infected mouse lungs and BCG/
H37Rv-infected macrophages. Because the up-regulation of miR-25 in mouse lung tissues was higher
than that of miR-93 and miR-106bat 3 dpi and the function of miR-25 in regulating Mtb infection was not re-
vealed, we chose miR-25for further study. We examined miR-25 expression in BCG-infected THP-1 cells with
different multiplicities of infections (MOls) and found that with increasing MOI, the miR-25 expression levels
gradually increased (Figure 1D). Similarly, we detected the expression of miR-25 in THP-1 cells infected with
H37Rv at different MOls. Because of the difference in virulence between H37Rv and BCG, we used lower
MOIs. The results showed that when THP-1 cells infected with H37Rv at an MOI of 1, the expression of
miR-25 increased significantly. As the MOl increased, the expression level of miR-25 gradually increased
(Figure 1F). We detected miR-25 expression in THP-1 cells infected with BCG or H37Rv at different time
points. The results showed that miR-25 increased by approximately 13, 5 and 4 times at 6, 12 and 24 h
post BCG infection (6 hpi, 12 hpi and 24 hpi), respectively (Figure 1E). Also, the results showed that miR-
25 increased by approximately 8, 13 and 5 times at 6, 12 and 24 h post H37Rv infection, respectively (Fig-
ure 1G). This demonstrated that the expression of miR-25 was significantly up-regulated in the early stages
of infection, and the high expression of miR-25 gradually weakened with the extension of the infection time,
which is similar to the result of BCG infection in vivo. These results prove that miR-25 is up-regulated during
BCG and Mtb infection and may play a role in the early stages of infection.

miR-25 promotes intracellular survival of BCG and Mtb

To explore the function of miR-25 during BCG infection, we examined the effect of miR-25 on the intracel-
lular survival of BCG in macrophages. THP-1 cells pre-transfected with miR-25 mimic or miR-25 inhibitor
were infected with BCG at an MOI of 20, cells were lysed at 6 hpi, 12 hpi and 24 hpi, and the survival of
the bacteria in the cells was detected by colony-forming unit (CFU) assay. The effect of miR-25 mimic or
inhibitor on cell viability was detected, and it was found that there were no significant differences between
miR-25 mimic or inhibitor and their respective control groups (Figure STA). The expression level of miR-25
after transient transfection was detected by gRT-PCR, and the results confirmed that the miR-25 mimic
significantly increased miR-25 expression in THP-1 cells whereas the miR-25 inhibitor significantly reduced
the miR-25 expression level (Figure S1B). CFU results showed that the miR-25 mimic significantly increased
BCG survival in THP-1 cells. At 6 hpi, 12 hpi and 24 hpi, the number of surviving bacteria in the miR-25 mimic

2 iScience 25, 104279, May 20, 2022

iScience



iScience

>
[

w
o

¢? CellPress

OPEN ACCESS

Mice-3D-L ice-7D-
= 108 ung o control-1 = Mice-7D-Lung control-1
g"g o control-2 &‘E { control-2
€3 control-3 5810 i control-3
52 v infection-1 58 infection-1
%2 o infection-2 %_g 5 é ) i P od infection-2
frax] o infection-3 Lo o 8+ W] !“ die o infection-3
° IR E R R R )
1< HEE R ¥ oile g | @
o'[o S Llp *ﬁ ® o Lo
o A A S S A
2 @ 0 > P P
I.\b@ Q_,’LQ \Q.q’ _\Q}b I@Q’ Q_,'\Q’ ,'\Q'% I\Q;q %'19 Q){L
EEFLNLT e g &&
S \Y& @‘y 6\&\\ &@\\' \)’&@‘y K4 0’6\ \Y& &\)’
& & € FIFEE S
C BCG-miR-25
= o CELL 5
82 o = o H37Rv 2
53 @ 2 BCG 0B 3 E :
5e * o€
- c 5 3
o9 L] 8925
£% 5 z G2
o 3 2 =T ns
8 e © e B g wg v L s ns
ol o 2 ey o ‘2‘ B
\@2_5190 PP 5 S ,gl?oqﬂ ol Cewo ==
i . Cd - R T T T T
ST AT EFSTEFLEES CELL MOI=5 MOI=10 MOI=20
F & EE & F F S F
& o ® &
E o, DEEmIRZS F H37Rv-miR-25 G H37Rv-miR-25
—_— 8 - 20 s
Hkk T mm— §
15 — B —
S0 L,36 —1— L3 =
5 o€ ot 35
SE 10 58 58
58 5o 5210 =
o o9 _ Eo iy
32 s == e8 ns —_—- CE
[ iy ° 2 T 5
2 = e == -
oo Sty
0 T T T T 0 T T T T 0 T T T T
Oh 6h 12h 24h CELL MOI=0.5 MOI=1 MOI=5 Oh 6h 12h 24h

Figure 1. The miR-25 level is induced by Bacillus Calmette-Guérin and Mtb infection

(A and B) Quantitative real-time PCR (qRT-PCR) detection of the expression of miRNAs in the lungs of the control group or
mice (n = 3) infected with 4.4 x 10° CFU BCG via tail vein for 3 days (A) and 7 days (B).

C) gRT-PCR detection of the expression of miRNAs in THP-1 cells of the control group or cells infected with BCG or H37Rv.
D) gRT-PCR detection of the expression of miR-25 in THP-1 cells infected with BCG at the indicated MOls for 24 h.

E) gRT-PCR detection of the expression of miR-25 in THP-1 cells infected with BCG for 6, 12 and 24 h.

F) gRT-PCR detection of the expression of miR-25 in THP-1 cells infected with H37Rv at the indicated MOls for 24 h.
G) gRT-PCR detection of the expression of miR-25 in THP-1 cells infected with H37Rv for 6, 12 and 24 h. Data are pre-
sented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.005, ns, not significant.
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treatment group was approximately 1.5 times that of the control group (Figure 2A). The miR-25 inhibitor
reduced the survival of BCG at three time points. At 6 hpi, the number of intracellular bacteria in the
miR-25 inhibitor group had a downward trend compared with the control group whereas at 12 hpi and
24 hpi, the number of intracellular bacteria significantly decreased by 0.5 times (Figure 2B). In addition,
we constructed a miR-25-overexpressing THP-1 cell line (miR-25 THP-1) and a miR-25-knockdown THP-1
cell line (sh-miR-25 THP-1). MiR-25 expression levels in miR-25 THP-1 and sh-miR-25 THP-1 cells were iden-
tified by using gRT-PCR, and the results showed that miR-25 was significantly increased in miR-25 THP-1
cells but significantly decreased in sh-miR-25 THP-1 cells (Figures S1C and S1D). The same amounts of
miR-25 THP-1, WT THP-1, sh-NC THP-1 or sh-miR-25 THP-1 cells were seeded into 6-well plates, and cells
were subsequently infected with BCG for CFU analysis at different time points. The results were consistent
with previously revealed CFU analysis. The up-regulated expression of miR-25 promotes the survival of
BCG in cells (Figure STE). In contrast, the down-regulated expression of miR-25 reduced the intracellular
survival of BCG (Figure S1F). Compared with the WT THP-1 group, the intracellular survival ratio of miR-
25 THP-1 cells increased by 3 times at 6 hpi and approximately 1.5 times at 12 hpi and 24 hpi. Compared
with the sh-NC THP-1 group, the intracellular survival rate of sh-miR-25 THP-1 cells was reduced by approx-
imately 0.5 times after infection. To explore whether miR-25 plays the same role in the H37Rv infection pro-
cess, we detected the survival of the bacteria in H37Rv-infected THP-1 cells pre-transfected with miR-25
mimic or miR-25 inhibitor at an MOI of 5 at 6 hpi, 12 hpi and 24 hpi, respectively. The results showed
that miR-25 mimic promote intracellular survival of H37Rv, while miR-25 inhibitor reduce the intracellular
survival of H37Rv (Figures 2C and 2D), which was consistent with the results demonstrated during BCG
infection. We also demonstrated that H37Rv has a higher survival rate in miR-25 THP-1, and a lower survival
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Figure 2. miR-25 promotes the intracellular survival of BCG and Mtb

(A-D) THP-1 cells pre-transfected with control mimic, miR-25 mimic, control inhibitor or miR-25 inhibitor were infected
with BCG or H37Rv for a specified period of time, and then CFU detectionwas performed.

(E) WT or miR-25""~ mice were infected with BCG for 7 days, and the lungs, livers and spleens were subjected to CFU
assay, (F) lungs were treated with H&E staining, scale bar, 200 um; the WT or miR-25""~ mice were infected with PBS for
7 days, (F) H&E staining in lungs of WT or miR-25"""mice, scale bar, 200 pm. Data are presented as means + SD . *p <
0.05, **p < 0.01, ***p < 0.005, ns, not significant.

rate in sh-miR-25 THP-1 cells (Figures S1G and S1H). These results prove that miR-25 can increase the intra-
cellular survival of BCG and Mtb.

miR-25 increases susceptibility to BCG infection

To evaluate the role of miR-25 in the process of BCG infection in vivo, we generated miR-25"/" mice by us-
ing the CRISPR-Cas? genome editing method (Wang et al., 2013). We used gRT-PCR to measure the
expression of members of the miR-25-93-106b cluster, and the results showed that miR-25 expression
was significantly decreased (Figure S11) but that miR-93 and miR-106b expression did not change signifi-
cantly (Figure S1J). We infected WT mice or miR-25""" mice with BCG via tail vein injection. At 7 dpi,
CFU analysis found that miR-25""" mice had lower bacterial loads in lung, spleen and liver than WT
mice (Figure 2E). Pathological analysis showed that the lung tissues of WT mice and miR-25~"~ mice treated
with PBS at 7 dpi were normal (Figure 2F). BCG-infected WT mice had thickened alveolar walls and exuded
inflammatory cells. The miR-25~/~ mice showed slight signs of inflammation in the lungs (Figure 2F). These
results suggest that miR-25 increases the sensitivity of mice to BCG infection.

miR-25 regulates autophagy pathway during BCG and Mtb infection

Previous studies have shown that the intracellular survival of Mtb is closely related to autophagy. It was
demonstrated that enhancing the level of cell autophagy is beneficial to the elimination of intracellular
Mtb (Alvarez-Jiménez et al., 2018; Pahari et al., 2020). To explore whether miR-25 affects the intracellular
survival of BCG through the autophagy pathway, THP-1 cells pre-transfected with miR-25 mimic or inhibitor
were infected with BCG and then treated with the autophagy inhibitor Bafilomycin AT (BAF-A1) (Yoshimori
et al.,, 1991). The CFU analysis results at 24 hpi showed that there was no significant difference in BCG
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intracellular survival between the different treatment groups (Figure S2A). These results suggest that
miR-25 affects the intracellular survival of BCG through the autophagy pathway. To further explore the
relationship between the function of miR-25 and autophagy, we detected the autophagy marker protein
microtubule-associated protein 1 light chain 3 (MAP1 LC3/LC3) (Tanida et al., 2008). The conversion of cyto-
plasmic LC3-Ito LC3-Il located in the inner and outer autophagosome membranes indicates the formation
of autophagosomes (Slobodkin and Elazar, 2013). The western blot results showed that the amount of LC3-
Il'in the cell increased when miR-25 was overexpressed (Figures 3A and S2B) whereas the accumulation of
LC3-llin the cell decreased when miR-25 was silenced (Figure 3B and S2C). These results showed that when
miR-25 increases, the number of intracellular autophagosomes increases, and the intracellular survival of
BCG increases. P62 is an autophagy substrate that can be used to detect autophagic flux (Pankiv et al.,
2007; Mizushima et al., 2010), and the western blot results showed that the miR-25 mimic lead to increased
accumulation of P62 (Figure 3A). The miR-25 inhibitor reduced the amount of P62 compared with the inhib-
itor control group only at 12 hpi and 24 hpi, which may be because the effect of the miR-25 inhibitor was not
as strong as that of the miR-25 mimic (Figure 3B). The same function was verified during H37Rv infection: the
miR-25 mimic increased the accumulation of LC3-Il whereas the miR-25 inhibitor had the opposite effect
(Figures 3C and 3D). The above results indicate that miR-25 affects the survival of BCG and Mtb through
the autophagy pathway and may prevent the fusion stage of autophagosomes and lysosomes. Further-
more, we used immunofluorescence (IF) to detect the co-localization of the autophagosome marked
with LC3 protein and the lysosome marked with LAMP1 protein and measured the Pearson correlation co-
efficient (PCC). PCC is a standard statistical analysis that can measure the strength of the linear relationship
between two variables. In 1992, Mendes used PCC to improve the analysis of fluorescence co-localization.
The basic principle is that the physical relationship between molecules is represented by a statistical rela-
tionship(Barlow et al., 2010). The value of the PCC ranges from —1 to 1, which is closer to 1, indicating a
stronger co-localization relationship (Dunn et al., 2011). We found that co-localization decreased after
miR-25 mimic treatment, and co-localization increased after miR-25 inhibitor treatment (Figures 2E and
2@G). The results of the co-localization in the cell line were similar to the above results. The co-localization
of autophagosomes and lysosomes was reduced in miR-25 THP-1 cells compared with WT THP-1 cells,
whereas increased in sh-miR-25 THP-1 cells compared with sh-NC THP-1 cells (Figures S2D and S2F).
The same function was verified during H37Rv infection: the miR-25 mimic decreased the co-localization
of LC3-labeled autophagosomes and LAMP1-labeled lysosomes whereas the miR-25 inhibitor had the
opposite effect (Figures 3F and 3H). During H37Rv infection, the co-localization of autophagosomes and
lysosomes in miR-25 THP-1 cells was less than that of WT THP-1 cells whereas the co-localization in sh-
miR-25 THP-1 cells was more than that of sh-NC THP-1 cell (Figures S2E and S2G). The mCherry red fluo-
rescence protein-green fluorescence protein-LC3B (mRFP-GFP-LC3B) reporter system, a red and green
double fluorescence reporter system, is often used to detect autophagic flux. Because the GFP label is sen-
sitive to pH and RFP is not, red fluorescence indicates the fusion of autophagosomes and lysosomes, yellow
fluorescence indicates the co-localization of red fluorescent protein and green fluorescent protein, indi-
cating that autophagic flux was interrupted (Kimura et al., 2007). MRFP-GFP-LC3B THP-1 cells were pre-
transfected with miR-25 mimic or inhibitor and infected with BCG to observe the co-localization of red
and green protein. The results reveal that the miR-25 mimic prevents the conversion of autophagosomes
to autophagolysosomes with more yellow fluorescent signal (Figure S3A). PCC measurements also showed
that the co-localization of red and green fluorescent proteins increased (Figure S3C). While the miR-25 in-
hibitor increases the fusion of autophagosomes and lysosomes, resulting in almost complete quenching of
the green fluorescent signal (Figure S3A), PCC measurement also showed that the co-localization of red
and green fluorescent proteins was significantly reduced (Figure S3C). The similar results were verified dur-
ing H37Rv infection: the miR-25 mimic prevents the conversion of autophagosomes to autophagolyso-
somes, which present more yellow fluorescent and higher value of PCC whereas the miR-25 inhibitor
had the opposite effect (Figures S3B and S3D). It was suggested that the miR-25 mimic blocked the fusion
of autophagosomes and lysosomes whereas the miR-25 inhibitor promoted autophagic flux. All the results
suggested that miR-25 affects the intracellular survival of BCG and Mtb through the autophagy pathway.

miR-25 directly targets NPC1

We predicted the target genes of miR-25 by online softwares (TargetScane, miRDB, miRanda) and crossed
target genes with autophagy pathway-related genes. The results indicated that NPC1, one of the cholesterol
transport proteins in lysosomes, is a potential target gene of miR-25. We analyzed the binding positions of the
NPC1-3'UTR (Figure 4A) and detected whether miR-25 directly binds to the 3'UTR of NPC1. We constructed
plasmid pmirGLO-NPC1-WT-UTR containing NPC1 3'UTR, transfected pmirGLO-NPC1-WT-UTR and miR-25
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Figure 3. miR-25 reguletes autophagy pathway during BCG and Mtb infection

(A-F) THP-1 cells pre-transfected with control mimic, miR-25 mimic, control inhibitor, miR-25 inhibitor NPC1 siRNA, or
NFKBIZ siRNA were infected with BCG or H37Rv for a specified period of time, western blotting of the lysate was per-
formed to detect the amount of LC3 and P62 (A, B, C and D), indirect immunofluorescence (IF) analysis of the co-local-

ization of autophagosomes (LC3, green) and lysosomes (LAMP-1, red) bar, 10 uM (E and F).
(G and H) Pearson correlation coefficients (PCCs) of images of internalized Alexa Fluor 488-LC3 and Alexa Fluor

594-LAMP1 in THP-1 cells. Data are presented as means £ SD. *p < 0.05, **p < 0.01, ***p < 0.005, ns, not significant.

mimic or control mimic into HEK293T cells and detected luciferase activity. The results showed that the relative
luciferase was significantly decreased under the influence of the miR-25 mimic (Figure 4B). PmirGLO-NPC1-
MUT-UTR contains four nucleotide mutations in the NPC1 3'UTR (from CAAU to ACCG), which are thought
to be the binding sites for miR-25. PmirGLO-NPC1-MUT-UTR was constructed to confirm the binding sites
of miR-25 and NPC1. PmirGLO-NPC1-MUT-UTR was co-transfected with miR-25 mimic or control mimic
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Figure 4. miR-25 directly targets NPC1

(A) Predicted binding sites of miR-25 and NPC1 3'UTR.

(B) Luciferase activity of HEK293T cells transfected with either PmirGLO-NPC1-WT-UTR or PmirGLO-NPC1-MUT-UTR plus
control mimic and miR-25 mimic.

(C) THP-1 cells pretreated with control mimic, miR-25 mimic, control inhibitor or miR-25 inhibitor were infected with
Bacillus Calmette-Guérin for a specified period of time, and gRT-PCR detection of NPC1 levels was performed,

(D and E) western blotting of the lysate was performed to detect the amount of NPC1. (F and G) THP-1 cells pre-trans-
fected with control siRNA or NPC1 siRNA were infected with BCG or H37Rv for a specified period of time, and then CFU
detection was performed, indirect immunofluorescence (IF) analysis of the co-localization of autophagosomes (LC3,
green) and lysosomes (LAMP-1, red) bar, 10 uM (H).

(I) Pearson correlation coefficients (PCCs) of images of internalized Alexa Fluor 488-LC3 and Alexa Fluor 594-LAMP1 in
THP-1 cells. Data are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.005, ns, not significant.

into HEK293T cells to measure the relative luciferase activity. The results showed that miR-25 did not influence
the relative luciferase activity and indicated that miR-25 directly binds to the 3'UTR of NPC1 (Figure 4B).

To detect the effect of miR-25 on NPC1 expression levels during BCG infection, THP-1 cells pre-transfected
with miR-25 mimic or miR-25 inhibitor were infected with BCG. The gRT-PCR results and western blot re-
sults showed that when miR-25 was overexpressed, NPC1 was significantly down-regulated at the transcrip-
tional and protein levels (Figures 4C and 4D), and when THP-1 cells were transfected with miR-25 inhibitor,
NPC1 was up-regulated (Figures 4C and 4E). NPC1 expression levels were also detected in miR-25 THP-1
and sh-miR-25 THP-1 cells infected with BCG, indicating the same trend. The expression level of NPC1 in
miR-25 THP-1 cells was down-regulated at both mRNA and protein levels compared with WT THP-1 cells
(Figures S4A and S4C). The opposite result was verified in sh-miR-25 THP-1 cells compared with sh-NC
THP-1 cells (Figures S4B and $4D). The expression of NPC1 in the lung tissue of miR-25~/~ mice was signif-
icantly increased compared to the expression of NPC1 in WT mice during BCG infection (Figure S4E). This
evidence suggests that miR-25 regulates NPC1 expression by directly binding to the 3’'UTR of NPC1 during
BCG infection. Subsequently, we used western blotting to detect the expression level of NPC1 during
THP-1 cells, and the results showed that NPC1 was down-regulated in THP-1 cells infected with BCG, which
gradually decreased with increasing MOI (Figure S4F). NPC1 expression was also found in the lungs of mice
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infected with BCG through the tail vein and was reduced compared to NPC1 expression in mice infected
with PBS (Figure S4G). These results demonstrate that miR-25 regulates NPC1 expression during BCG
infection.

NPC1 inhibits intracellular survival of BCG and Mtb

To explore the effect of NPC1 on intracellular survival in BCG-infected macrophages, we designed a spe-
cific siRNA for NPC1 and demonstrated its effect by detecting NPC1 expression in THP-1 cells transfected
with NPC1 siRNA by using gRT-PCR and western blot. The results showed that NPC1 siRNA can signifi-
cantly reduce the expression of NPC1 (Figures S5A and S5C). There was no significant difference between
the effects of NPC1 siRNA and NC siRNA on THP-1 cell viability (Figure STA). THP-1 cells were transfected
with NPC1 siRNA or NC siRNA and infected with BCG, and intracellular survival at different time points post
BCG infection was detected. The results showed that the intracellular survival of the NPC1 siRNA transfec-
tion group was significantly increased by nearly 2 times compared with that of the control group at 6 hpi. At
12 hpi and 24 hpi, the intracellular survival increased by approximately 1.5 times (Figure 4F). In addition, we
constructed the NPC1 knockdown cell line sh-NPC1 THP-1 and examined the expression of NPC1 at the
transcriptional and protein levels. The results showed that NPC1 was significantly down-regulated in sh-
NPC1 THP-1 cells (Figures S5B and S5D). After BCG infection, the intracellular survival in sh-NPC1 THP-1
or sh-NC THP-1 cells was detected at different time points. The results showed that the survival of BCG
in sh-NPC1 THP-1 cells was about 2.5-fold, 1.5-fold and 1.5-fold higher than that of the control group at
6 hpi and 12 hpi, 24 hpi, respectively (Figure S5E). These results suggested that silencing NPC1 increased
the viability of BCG in macrophages. Our previous data proved that miR-25 affects the intracellular survival
of BCG by blocking the fusion of autophagosomes with lysosomes. To investigate whether NPC1 affects
BCG intracellular survival through the autophagy pathway, we detected autophagosome and lysosome
co-localization through confocal and PCC assay, and the results showed that when NPC1 was knocked
down, autophagosome and lysosome co-localization was decreased (Figures 4H, 41, S5G, and S5H).
MRFP-GFP-LC3B THP-1 cells were transfected with NPC1 siRNA and infected with BCG which can increase
the co-localization of red and green fluorescent (Figures S5H and S5I). The same result was verified in the
H37Rv infection process. Silencing NPC1 reduced the fusion of autophagosomes and lysosomes and
increased H37Rv intracellular survival (Figure 4G and S5F). In addition, we used IF to detect the co-locali-
zation of autophagosomes and lysosomes in THP-1 cells transfected with NPC1 siRNA and sh-NPC1 THP-1
cells infected with H37Rv. The results showed that NPC1 silencing reduced the co-localization of autopha-
gosomes and lysosomes compared with the control cells (Figures 3F, 3H, S2E, and S2G). The co-localization
of red and green fluorescent in MRFP-GFP-LC3B THP-1 cells were transfected with NPC1 siRNA and in-
fected with H37Rv was similarly with that of BCG infection (Figures S3B and S3D). These results show
that NPC1 can inhibit the intracellular survival of BCG and Mtb through the autophagy pathway by affecting
the fusion of autophagosomes and lysosomes.

miR-25 regulates BCG and Mtb infection via NPC1

To determine whether miR-25 regulates the intracellular survival of BCG by targeting NPC1, THP-1 cells
pre-transfected with NPC1 siRNA plus miR-25 mimic or miR-25 inhibitor were infected with BCG at an
MOI of 20, and cells were lysed at 6 hpi, 12 hpi and 24 hpi. The expression level of NPC1 after transient
transfection was detected by gRT-PCR and western blot. The results showed that under the effect of
NPC1 siRNA, miR-25 mimic or miR-25 inhibitor did not change the expression of NPC1 (Figures S6A,
S6B, and S6C). CFU results showed that miR-25 mimic or miR-25 inhibitor had no significant influence on
BCG survival in THP-1 cells at different time points when transfected with NPC1 siRNA (Figures 5A and
5B). The western blot results showed that the amount of LC3Il showed the same trend as the CFU results.
In the presence of NPC1 siRNA, the effect of miR-25 mimic increasing LC3Il or miR-25 inhibitor reducing
LC3Il was weakened (Figures 5E and 5F). We detected autophagic flux in co-transfected THP-1 cells in-
fected with BCG. The confocal microscopy results showed that NPC1 siRNA blocked the effect of the
miR-25 mimic or miR-25 inhibitor on the fusion of autophagosomes and lysosomes (Figure 5l). PCC analysis
showed that miR-25 did not reduce the co-localization of autophagosomes and lysosomes, and the miR-25
inhibitor did not increase the fusion of autophagosomes and lysosomes (Figure 5K). Almost the same
amount of yellow fluorescent signal was present in MRFP-GFP-LC3B THP-1 cells transfected with NPC1
siRNA plus miR-25 mimic or control mimic (Figure S6D). PCC measurements also showed that the co-local-
ization of red and green fluorescent proteins was not significantly increased (Figure S6F). Confocal and PCC
analysis showed that miR-25 inhibitor did not promote autophagy flux compared with the control group.
The same results were also proved during H37Rv infection. When THP-1 cells were co-transfected with
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Figure 5. NPC1 inhibits intracellular survival of BCG and Mtb

(A=J) THP-1 cells pretreated with control siRNA or NPC1 siRNA were infected with BCG or H37Rv for a specified period of
time, and then CFU detection (A-D) was performed, western blotting of the lysate was performed to detect the amount of
LC3 (E-H), IF analysis of the co-localization of autophagosomes (LC3, green) and lysosomes (LAMP-1, red) bar, 10 pM
(I and J).

(K'and L) PCCs of images of internalized Alexa Fluor 488-LC3 and Alexa Fluor 594-LAMP1 in THP-1 cells. Data are pre-
sented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.005, ns, not significant.
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Figure 6. Rv1759c induces the expression of miR-25 through NFKBIZ

(A-C) (A) gRT-PCR detection of the expression of miR-25 in THP-1 cells infected with H37Rv, H37RvAphoP , H37RvA0818,,
H37RvA3220c, H37RvA3143 or H37RvA1759c an MOl of 5. The H37Rv and H37RvA1759c were used to infect THP-1 cells at
an MO of 5 according to the abovementioned infection method, and then CFU detection was performed at 0 hpi, 4 hpi
and 24 hpi (B and C).

(D) Relative expression levels of NFKBIZ from RNA-seq data.

(E) gRT-PCR detection of the fold changes of NFKBIZ relative to the CELL group. (F) gRT-PCR detection of the expression
of miR-25 in THP-1 cells pre-transfected with NC siRNA or NFKBIZ siRNA and infected with H37Rv.

(G) THP-1 cells pre-transfected with NC siRNA or NFKBIZ siRNA were infected with H37Rv for a specified period of time, and
then CFU detection was performed. Data are presented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.005, ns, not significant.

NPC1 siRNA plus miR-25 mimic or inhibitor, the intracellular survival, accumulation of LC3Il and the fusion
of autophagosomes and lysosomes did not change (Figures 5C, 5D, 5G, 5H, 5J, and 5L). MRFP-GFP-LC3B
THP-1 cells were co-transfected with NPC1 siRNA plus miR-25 mimic or inhibitor had almost the same
amount of yellow fluorescent signal (Figures S6E and S6G). These results indicate that miR-25 inhibits auto-
phagy by targeting NPC1 to promote the intracellular survival of BCG and Mtb.

Rv1759c induces the expression of miR-25 through NFKBIZ

To explore the mechanism by which Mtb up-regulates the expression of miR-25, we used mutant strains of
different genes to infect THP-1 macrophages and detected the expression of miR-25. The results showed
that the expression of miR-25 was weakened when Rv1759¢c was deleted (Figure 6A). THP-1 cells were in-
fected with H37Rv or H37RvA1759¢ and lysed at 4 hpi. The results of CFU assay showed that the number
of intracellular bacteria of the two strains were almost the same (Figure 6B). We infected THP-1 with
H37RvA175%9¢ and H37Rv and performed CFU analysis at 24 hpi. The results showed that H37RvA1759¢
showed less survival than H37Rv (Figure 6C). Rv1759c is a member of the polymorphic GC-rich sequence
(PE_PGRS) subfamily of proline-glutamic acid/proline-proline-glutamic acid (PE/PPE) family proteins.
PE_PGRS proteins play important roles in the pathogenesis and immune escape of Mtb (Xie et al,
2021). It has been proved that the survival rate of Mycobacterium marine in granulomas was reduced after
deletion of the PE_PGRS homologous gene (Ramakrishnan et al., 2000). Previous literature proved that
PE_PGRS47 could inhibit the autophagy of macrophages and increase Mtb intracellular survival (Saini
et al., 2016). Another study proved that PE_PGRS62 can reduce the maturation of phagosomes and the
expression of IL-1B (Huang et al., 2012). To reveal the mechanism by which Rv1759c affects miR-25, we
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extracted RNA from H37Rv-infected and H37RvA1759c-infected THP-1 cells at an MOI of 1 at 24 hpi for
sequencing. Samples were defined as the H37Rv infection group, H37RvA1759¢ infection group and
CELL group. We found NFKB inhibitor zeta (NFKBIZ) regulatory factor of NFkB family, a gene down-regu-
lated in H37Rv vs H37RvA175%9c and up-regulated in CELL vs H37Rv. We used gRT-PCR to detect the
expression of NFKBIZ in 9 samples to confirm the authenticity of the sequencing data. The results demon-
strate that the change trends of mRNA expression in the H37Rv infection group and H37RvA1759c¢ infection
group compared to the CELL group are consistent with the sequencing results (Figures 6D and 6E). Previ-
ous studies have shown that NFKBIZ can complete the regulation of downstream factors through the NFkB
signaling pathway (Slowikowski et al., 2020; Hérber et al., 2016; Tartey et al., 2014). The expression of
NFKBIZ was up-regulated in the H37Rv infection group relative to the CELL group, but there was no differ-
ence between the H37RvA175%c infection group and the CELL group. The regulation of miR-25 expression
by the NFkB signaling pathway has also been reported in the relevant literature (Zeng et al., 2021). These
results suggest that the unchanged expression of miR-25 during H37RvA175%¢ infection may be caused
by the unchanged expression of NFKBIZ, which affects the normal function of NFkB. We detected the
expression level of miR-25 after transfected with NFKBIZ siRNA, and the results showed that silencing
NFKBIZ significantly reduced the expression of miR-25 during H37Rv infection (Figure 6F). In addition,
we proved that silencing NFKBIZ can reduce the viability of H37Rv in THP-1 cells (Figure 6G), which is
the same as the effect of miR-25 inhibitor on the survival of H37Rv in macrophages. The confocal micro-
scopy results showed that NFKBIZ siRNA increased the co-localization of LC3-labeled autophagosomes
and LAMP1-labeled lysosomes during H37Rv infection (Figures 3F and 3H). The fusion of autophagosomes
and lysosomes was increased in MRFP-GFP-LC3B THP-1 cells transfected with the NFKBIZ siRNA during
H37Rv infection, resulting in almost complete quenching of the green fluorescent signal (Figure S3B),
PCC measurement also showed that the co-localization of red and green fluorescent proteins was signif-
icantly reduced (Figure S3D). These results show that Rv1759¢ regulate NFkB through NFKBIZ to affect
the expression of miR-25.

DISCUSSION

Mtb is a successful intracellular pathogen that can evade the elimination of host autophagy and establish
infection. Accumulating evidence suggests that during Mtb infection, miRNAs can regulate intracellular
survival through the autophagy pathway, but the mechanism by which miRNAs affect survival has not
been completely clarified. To explore whether there are more miRNAs that affect Mtb intracellular survival,
we detected the expression of miRNAs in lung tissues of 3-d and 7-d mice infected with BCG, and THP-1
cells infected with BCG or H37Rv. Some previous studies on miRNAs are consistent with our results. MiR-
146ain the lung tissues of mice infected with Mtb (Malardo et al., 2016), and Mtb-infected primary dendritic
cells (DCs) was up-regulated (Etna et al., 2018), which is consistent with our conclusions. Previous research
conclusions clarified that miR-146a can reduce the production of nitric oxide (NO) in macrophages by tar-
geting tumor necrosis factor (TNF) receptor-associated factor 6 (TRAFé) (Li et al., 2016b), reducing host de-
fense against intracellular BCG. A previous study showed that miR-106b was up-regulated in Mtb-infected
human peripheral blood mononuclear macrophages, consistent with our results. MiR-106b targets
cathepsin S (CtsS) and increases the survival of Mtb in macrophages, probably by preventing antigen pre-
sentation or phagolysosome acidification (Pires et al., 2017). The mechanism of up-regulation of miR-20a in
mouse lung tissues has also been demonstrated. MiR-20a in BCG-infected murine macrophages was up-
regulated and inhibited autophagy by targeting autophagy-related proteins autophagy-related gene 7
(ATG7) and autophagy-related protein 16-1 (ATG16L1) to increase intracellular survival (Guo et al., 2016).
Some miRNAs were only differentially expressed in clinical tuberculosis patients, but the mechanism in
the course of Mtb infection is still unclear. The results of previous research are not completely consistent
with ours. MiR-199a was down-regulated in the peripheral blood of patients with tuberculous meningitis
(TBM) compared with healthy people (Pan et al., 2019). Our results showed that miR-199a was only up-regu-
lated in the lung tissues of mice infected with BCG, with an expression trend opposite to previous studies.
Our results showed that miR-199b and miR-320b are up-regulated in mouse lung tissues but down-regu-
lated in THP-1 cells infected with H37Rv. Previous studies have shown that miR-19%9b is up-regulated in
the peripheral blood macrophages of patients with active TB (Zhang et al., 2019) and the serum of patients
with multidrug-resistant tuberculosis (MDR-TB) (Wang et al., 2016) compared with healthy individuals, and
miR-320b is up-regulated in the serum of patients with TB (Zhang et al., 2013). Studies have shown that miR-
429 is down-regulated in exosomes in the pleural effusion of TB patients (Wang et al., 2017). Our results
showed that miR-429 was up-regulated in BCG-infected mouse lung tissue and H37Rv-infected THP-1 cells.
These results indicate that the immune responses of different hosts to different strains are not exactly the
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same, and the expression of miRNAs in different types of samples are not exactly the same. We found that
miR-186 was up-regulated in mouse lung tissue, while miR-25 was significantly up-regulated in different
samples. We chose miR-25 for the next functional study to reveal its regulatory mechanism.

MiR-25 and miR-146a showed significant up-regulation in the lung tissues of infected BCG mice at 3 dpi or
7 dpi, but there were significant differences in the fold change between miR-146a and miR-25. MiR-25 had
the highest fold up-regulation at 3 dpi, and miR-146a had the highest fold up-regulation at 7 dpi. MiR-146a
is up-regulated in the early and late stages of BCG infection and may play a greater role in the late stages of
infection. The expression of miR-25 was the highest at 6 hpi in the BCG in vitro infection experiment and
12 hpi in the H37Rv in vitro infection experiment. CFU analysis results showed that miR-25 mimic had the
strongest effect at 6 hpi, and the miR-25 inhibitor had the weakest effect at 6 hpi. The same trend was
also shown in the analysis of CFU of cell lines. These results suggest that miR-25 plays a role in the early
stages of BCG infection and that there may be more miRNAs that play roles in the early stages of Mtb infec-
tion, which may require more attention.

To investigate whether miR-25 affects BCG intracellular survival through the autophagy pathway, we
blocked autophagy using the V-ATPase-specific inhibitor BAF-A1 and found that the effect of miR-25
on BCG intracellular survival was abolished (Mauvezin and Neufeld, 2015). The initiation of autophagy,
the formation of autophagosomes and the fusion of autophagosomes and lysosomes are the three steps
by which autophagy completes the elimination of intracellular pathogens. Previous studies have shown
that Mtb can inhibit the clearance of the host by interfering with different stages of autophagy (Garg
et al., 2020; Romagnoli et al., 2012; Etna et al., 2018; Guo et al., 2016). We found that when miR-25
was overexpressed, the amount of LC3-Il increased, indicating that the number of autophagosomes in
macrophages increased, but the elimination of intracellular bacteria was reduced. Confocal experiments
showed that overexpression of miR-25 reduced the co-localization of autophagosomes and lysosomes
and blocked the fusion of autophagosomes and lysosomes in dual fluorescence detection. When miR-
25 was inhibited, the opposite results were presented. These results suggest that miR-25 blocks autopha-
gic flux by reducing the formation of autophagolysosomes. We used bioinformatics prediction and
experimental verification to prove that miR-25 regulates the target gene NPC1 related to autophagy.
Niemann-Picktype C1 (NPC1) is one of the cholesterol transport proteins in lysosomes, and NPC1 and
Niemann-Picktype C2 (NPC2) cooperate to complete the transport of cholesterol in lysosomes. Soluble
NPC2 accepts cholesterol from low-density lipoprotein (LDL) and carries it to the N-terminal domain of
the membrane protein NPC1, and cholesterol is inserted into the lysosomal membrane by NPC1 to
achieve cholesterol transport within the lysosome(Kwon et al., 2009). The loss of function caused by
either NPC1 or NPC2 mutations can result in Niemann-Pick disease type C (NPDtype C). Studies have
found that autophagy in fibroblasts of patients with NPD-type C is impaired, and in NPC1 mutant or
deleted cell lines, autophagolysosome formation is reduced and autophagic flux is blocked (Sarkar
et al., 2013). Stimulating autophagy can alleviate the accumulation of cholesterol in cells and can be
used as a potential NPD-type C treatment (Sarkar et al., 2014). Previous studies have shown that muta-
tions or deletions of NPC1 impairs lysosomal function, and functional lysosomes are critical to ensure
complete autophagy. We examined NPC1 function during Mtb infection and found that under NPC1
silencing in vitro, autophagic flux was blocked during BCG or H37Rv infection and that the intracellular
survival rate was increased. In both siRNA-transfected THP-1 cells and sh-NPC1 THP-1 cells, survival rate
was higher at 6 hpi than at 24 hpi, supporting the conclusion that miR-25 is an early miRNA during Mtb
infection. This result is not only consistent with the function of miR-25 but also consistent with previous
studies showing that the mutation or absence of NPC1 disrupts the function of lysosomes and impairs
autophagy (Sarkar et al., 2013). NPD-type C disease is a lysosomal storage disease (LSD) caused by lyso-
somal cholesterol accumulation because of NPC1 mutation. Abnormalities in lysosomes in LSD damage
the autophagy pathway by affecting the degradation of autophagy substrates in the cell and leading to
the accumulation of autophagosomes and substrates (Myerowitz et al., 2021; Ballabio and Bonifacino,
2020; Settembre et al., 2008; Seranova et al., 2017; Lieberman et al., 2012). The normal function of lyso-
somes is the key for the host to complete the elimination of intracellular Mtb through the autophagy
pathway. A previous study found that NPC1 is down-regulated in BCG infection, which is consistent
with our finding (Lee et al., 2010). NPD-type C disease caused by NPC1 mutation is a neurodegenerative
disease. The mouse model with NPC1 mutation will show mild cerebellar ataxia and other neurological
symptoms from 6 weeks of age and continue to worsen (Colombo et al., 2021; Meneses-Salas et al., 2021;
Kurokawa et al., 2021). Therefore, we performed NPC1-related functional verification in vitro.
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Rv1759c¢ is a member of the PE/PPE protein family. The literature proves that the family proteins PPE10,
PPE&0, PPE27, PPE44 and PE13 can regulate the NFkB signaling pathway and change the expression of
its downstream target genes, including host cytokines or change the strain intracellular survival (Asaad
etal., 2021; Gong et al., 2019; Su et al., 2018; Yang et al., 2017; Yu et al., 2017; Li et al., 2016a). We demon-
strated that the deletion of Rv175%9c can reduce the survival of Mtb in macrophages. By analyzing RNA-seq
data, we found that the expression of the atypical inhibitor of kB (IkB) regulatory factor (NFKBIZ) was
unchanged in H37RvA1759c-infected cells, whereas it was up-regulated in H37Rv-infected cells. It was re-
ported that NFKBIZ can interact with NFkB protein to promote or inhibit the transcription of NFkB target
genes (Grondona et al., 2018; Niida et al., 2012; Kohda et al., 2016). During H37RvA1759¢ infection, the
expression of NFkB target genes including cytokines and chemokines, such as IL-6 and IL10, is lower
than that of H37Rv infection. These results suggest that NFKBIZ positively regulates the NFkB signaling
pathway during Mtb infection. Previous studies showed that miR-25 is regulated by the NFkB signaling
pathway. We suppose that miR-25 was regulated by NFKBIZ and affects the intracellular survival of Mtb.
We demonstrated that the silencing of NFKBIZ leads to the down-regulation of miR-25 expression and
the increase of intracellular survival of Mtb. These results indicate that the effect of Rv1759¢ on Mtb intra-
cellular survival regulate the expression of miR-25 through NFKBIZ.

Overall, our study demonstrate that Rv1759c regulates miR-25 expression to down-regulate NPC1 in the
early stages of infection through NFKBIZ, thereby blocking the fusion of autophagosomes and lysosomes,
revealing the strategy by which Mtb inhibits host autophagy. These findings provide candidate molecules
for the development of TB therapeutics.

Limitations of the study

In the present study, we demonstrate that miR-25 targets NPC1 and enhances BCG and H37Rv survival
by impairing autophagic flux. A limitation of this study is that, although we indicated the effect of miR-25
on NPC1 protein expression, we did not simultaneously examine the expression of another cholesterol
transporter protein NPC2, and the lysosomal membrane protein LAMP1. This study focused on the
fusion of autophagosomes and lysosomes, and did not explore the effect of miR-25 on autophagy
initiation and autophagic membrane elongation. To better characterize the link to autophagy, more
autophagy markers such as Beclin-1, Atg5, pé2 in western blot and immunofluorescence assay should
be tested.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

mouse anti-B-actin
rabbit anti-LC3
rabbit anti-NPC1

Cell Signaling Technology
Cell Signaling Technology
Abcam

Cat#3700; RRID: AB_2242334
Cat#3868; RRID: AB_2137707
Cat#ab134113; RRID:AB_2734695

rat anti-LAMP1 Abcam Cat#ab25245; RRID:AB_449893
HRP goat anti-rabbit IgG Abclone AS014
HRP goat anti-mouse IgG Abclone AS003
Alexa Fluor 594-labeled goat anti-rat IgG Antgene ANTO35
Alexa Fluor 488-labeled goat anti-rabbit IgG Antgene ANTO24
Bacterial and virus strains

M. tuberculosis H37Rv ATCC ATCC 27294
BCG Tokyo strain ATCC ATCC 35737
M. tuberculosis H37RvAphoP This paper N/A

M. tuberculosis H37RvA0818 This paper N/A

M. tuberculosis H37RvA3220c This paper N/A

M. tuberculosis H37RvA3143 This paper N/A

M. tuberculosis H37RvA1759c This paper N/A
Chemicals, peptides, and recombinant proteins

7H11 agar media Difco 212203
7H9 agar media Difco 271310
Baf-A1 Selleck S1413
DAPI Beyotime C1005
OADC Difco 212352
Glycerol Sigma Aldrich G5516
Tween 80 Sigma Aldrich P8074
RPMI-1640 Gibco 31800022
DMEM Gibco 12800017
HiPerFect Transfection Reagent Qiagen 301705
PMA Sigma Aldrich 79346
TRIzol Life Technologies 15596026
Lipofectamine™ 2000 Transfection Reagent Invitrogen 11668019
RIPA lysis buffer Beyotime P0O013B
Critical commercial assays

RNeasy minikit Qiagen 217004
miRcute Plus miRNA First-Strand cDNA Synthesis Kit Tiangen KR21
miRNA using miRcute Plus miRNA gPCR Detection Kit (SYBR Green)  Tiangen FP411
HiScript Il Q Select RT SuperMix for gPCR(+gDNA wiper) Vazyme R233
AceQ gPCR SYBR Green Master Mix Vazyme Q111
Dual-Luciferase® Reporter (DLR™) Assay System PROMOGA E1910

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Raw and analyzed data This paper GSE184660
Experimental models: Cell lines

THP-1 ATCC TIB-202

293T ATCC CRL-3216

Experimental models: Organisms/strains
MiR-25—/— mice BIOCYTOGEN N/A
C57BL/6 mice Charles River Labs N/A

Oligonucleotides

MiR-25 mimic GenePharma B02003
CAUUGCACUUGUCUCGGUCUCUGA

control mimic GenePharma B04002
UUCUCCGAACGUGUCACGUTT

miR-25 inhibitor GenePharma B03001
UCAGACCGAGACAAGUGCAAUG

inhibitor control GenePharma B04001
CAGUACUUUUGUGUAGUACAA

NPC1 siRNA GenePharma A01001
GAGGUACAAUUGCGAAUAUTT

NFKBIZ siRNA GenePharma A01001
GCCCGAUUCGUUGUCUGAUTT

control siRNA GenePharma B04002
UUCUCCGAACGUGUCACGUTT

Primers for gPCR see Table S1 This paper N/A

Recombinant DNA

pmirGLO PROMOGA E1330

psPAX2 Addgene 12260

pMD2.G Addgene 12259

pLVX-shRNA1 HedgehogBio HH-shRNA-044

PLVX-puro HedgehogBio HH-LV-048

Software and algorithms

TargetScan http://www.targetscan.org/ N/A

miRDB http://www.mirdb.org/miRDB/ N/A

miRanda http://www.microrna.org/microrna’/home.do  N/A

GraphPad Prism 8 https://www.scienceplus.com/nl/ N/A
prism-commercieel.html

Image Lab Software https://www.bio-rad.com/fr-fr/product/ N/A
image-lab-software?lD=KRE6P5E8Z

ZEN https://www.zeiss.com/microscopy/int/ N/A
products/microscope-software/zen-lite.html

ucsc http://genome.ucsc.edu/ N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should contact to Prof. Chen Tan (tanchen@mail.hzau.
edu.cn).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

® The transcriptional profiling data are available at the GEO database (GEO: GSE184660). We summarized
the differential genes information into an excel table named as Table S2 and uploaded as supplementary
data.

® This paper does not report original code.

METHOD DETAILS

Antibodies and reagents

Mouse anti-B-actin (Cell Signaling Technology, 3700), rabbit anti-LC3 (Cell Signaling Technology, 3868),
rabbit anti-NPC1 (Abcam, ab134113), rat anti-LAMP1 (Abcam, ab25245) antibody, HRP goat anti-rabbit
19G (H+L) (Abclone, AS014), HRP goat anti-mouse 1gG (H+L) (Abclone, AS003), Alexa Fluor 594-labeled
goat anti-rat IgG (H + L) (Antgene, ANTO35) and Alexa Fluor 488-labeled goat anti-rabbit IgG (H + L) (Ant-
gene, ANT024) antibodies were used. Bafilomycin A1 (Baf-A1; Selleck, S1413), DAPI (Beyotime, C1005).

Cell culture and bacterial strains

The Mtb reference strain H37Rv (ATCC 27294) and BCG Tokyo strain (ATCC 35737) were cultured in Middle-
brook 7H9 medium (Becton Dickinson, Difco, 271310) supplemented with 10% oleic acid, albumin, dextrose
(OADC) (Becton Dickinson, Difco, 212352), 0.5% (v/v) glycerol (Sigma Aldrich, G5516), and 0.05% (v/v) Tween
80 (Sigma Aldrich, P8074). We recombined the homologous allelic substitute (AES) containing Sac B (sucrose
counterselection gene) and Hyg (hygromycin resistance) tags on the temperature-sensitive vector (ts). At
30°C, the synthesis of phage was induced. The collected high-titer phage was used to infect H37Rv, and the
gene-deleted strain was obtained by homologous recombination (Bardarov et al., 2002; Jain et al., 2014).
The phage expressing the dissociation enzyme Tnp R was used for the subsequent elimination of the sac
B-hyg tag. H37RvAphoP, H37RvA0818, H37RvA3220c, H37RvA3143 or H37RvA1759¢c were obtained according
to the above method. Bacteria that grew to the logarithmic period were collected, re-suspended in RPMI-1640
medium supplemented with 10% fetal bovine serum and stored at —80°C. After a series of dilutions, bacteria
were plated on solid Middle Brook 7H11 medium (Becton Dickinson, Difco, 212203) supplemented with 10%
OADC and 0.5% (v/v) glycerol. The colony forming assay was used to count the number of viable bacteria (Li
et al., 2017). THP-1 human monocyte macrophages were grown in RPMI-1640 medium supplemented with
10% fetal bovine serum, and HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS, which were both cultured at 37°C with 5% CO,.

To knock down miR-25, the shRNA sequence targeting miR-25 was cloned into the pLVX-shRNA1 vector to
generate the plasmid pLVX-sh-miR-25. To knock down NPC1, the shRNA sequence targeting NPC1 was cloned
into the pLVX-shRNA1 vector to generate the plasmid pLVX-sh-NPC1. The negative control shRNA sequence
was cloned into the PLVX-shRNAT1 vector to generate the plasmid pLVX-sh-NC. A fragment containing miR-25
from the THP-1 genome was amplified by using primers (miR-25-F. CGGAATTCCACATCTT
CTTTCTCCACCAC, miR-25-R: CGGGATCCGGACACGTTCTCTCTGC) and cloned into the pLVX-Puro vector
using EcoR1 and Bamh1 to generate PLVX-puro-miR-25. Then, HEK293T cells were transfected with psPAX2,
pMD2.G and plLVX-sh-miR-25/pLVX-sh-NPC1/pLVX-sh-NC/pLVX-Puro-miR-25 to produce lentivirus. THP-1
cells were infected with lentivirus and cultured in the presence of 1 pg/mL puromycin (InvivoGen, ant-pr-1)
for 7 days. Sh-miR-25 THP-1, sh-NPC1 THP-1 and miR-25 THP-1 cells were identified by RT-PCR.

HEK293T cells were transfected with psPAX2, pMD2.G and pLVX-Puro-RFP-GFP-hLC3B to product lenti-
virus. THP-1 cells were infected with lentivirus and cultured in the presence of 1 ng/mL puromycin for
7 days. MRFP-GFP-LC3B THP-1 cells were detected by fluorescence microscopy.

The target sequence for sh-miR-25 is TCAGACCGAGACAAGTGCAATG.

The target sequence for sh-NPC1 is CTCCCATCGATAGCAATAT.

The target sequence for sh-NC is GCTTCGCGCCGTAGTCTTA.
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Macrophage transfection

THP-1 cells (1.5%10°) were seeded in each well of 6-well plates and differentiated with PMA. Then, 50 nM
miR-25 mimic, control mimic, miR-25 inhibitor, inhibitor control, NPC1 siRNA or control siRNA was trans-
fected into cells by using HiPerFect Transfection Reagent (Qiagen, 301705) according to the reagent in-
structions. Cells were transfected 48 h before collection or further experiments.

MiR-25 mimic (5-CAUUGCACUUGUCUCGGUCUCUGA-3'), control mimic (5-UUCUCCGAACGUGUCAC
GUTT-3), miR-25 inhibitor (5-UCAGACCGAGACAAGUGCAAUG-3'), inhibitor control (5-CAGUACU
UUUGUGUAGUACAA-3'), NPC1 siRNA (5-GAGGUACAAUUGCGAAUAUTT-3'), NFKBIZ siRNA (5'-GCC
CGAUUCGUUGUCUGAUTT-3) and control siRNA (5-UUCUCCGAACGUGUCACGUTT-3') were pur-
chased from GenePharma.

Macrophage infection

THP-1 cells were differentiated with 100 ng/mL phorbol myristate acetate (PMA) for 48 h and incubated with
1640 medium for another 8 h. Cells were infected with a series of multiplicities of infection (MOls). At 4 h
post infection (4 hpi), cells were washed three times with phosphate-buffered saline (PBS) and incubated
at 37°C with fresh medium. Cells were collected with TRIzol reagent (Life Technologies, 15596026) at 0,
6, 12, and 24 h post infection (0 hpi, 6 hpi, 12 hpi and 24 hpi).

Intracellular survival of bacteria

THP-1 cells were activated, transfected and infected with bacteria. At 6 hpi, 12 hpi and 24 hpi, THP-1 cells
were lysed with 0.025% Triton X-100 after washing with PBS. The intracellular bacteria were continuously
diluted in PBS, and the appropriate dilution was selected for plating and counting. Alternatively, after
4 h of infection, the cells were incubated with fresh medium supplemented with 20 nM bafilomycin A1,
and the intracellular survival of bacteria was detected by CFU assay. The experiment had three biological
replicates and three technical replicates.

RNA-seq library preparation

The H37Rv strain and H37RvA175%¢ strain were used to infect THP-1 cells at an MOI of 1 according to the
above mentioned infection method, and samples were collected at 24 hpi, defined as the H37Rv infection
group, H37RvA1759¢ infection group and CELL group. Each group of samples had three multiple replicates.
Total RNA of the three groups was isolated by using an RNeasy minikit (Qiagen, 217004) and interrupted to
fragments approximately 300 bp in length by using ion interruption. After synthesizing the first strand
cDNA and the second strand cDNA, PCR amplification was used to enrich the library fragments, and then
the library was subjected to quality inspection by the Agilent 2100 Bioanalyzer. Next-generation sequencing
technology (next-generation sequencing, NGS), based on the lllumina HiSeq sequencing platform, was used
to perform paired-end (PE) sequencing on these libraries. We defined the genes whose differential expression
met |log2FoldChange| > 1 and whose P-value < 0.05 as differentially expressed genes (DEGs). Library con-
struction and sequencing were completed by Shanghai Personalbio Technology Company.

RNA Isolation and Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from cells and tissues using an RNeasy minikit (Qiagen, 217004). The tailing method for
rapid batch detection of miRNA expression, reverse transcription of miRNA using miRcute Plus miRNA First-
Strand cDNA Synthesis Kit (Tiangen, KR21), quantitative analysis of miRNA using miRcute Plus miRNA gPCR
Detection Kit (SYBR Green) (Tiangen, FP411). (miR-146a-F:5'-TTGAGAACTGAATTCCATGGGTT-3,miR-20a-
F:5-TAAAGTGCTTATAGTGCAGGTAG-3',miR-25-F:5-CATTGCACTTGTCTCGGTCTGA-3', miR-186-F:5'-CA
AAGAATTCTCCTTTTGGGCT-3',miR-199a-F:5-CCCAGTATTCAGACTACCTGTTC-3',miR-199b-F:5'-CCCA
GTGTTTAGACTACCTGTTC-3',miR-320b-F:5-AAAAGCTGGGTTGAGAGGGCGA-3',miR-429-F:5'-GTAATA
CTGTCTGGTAAAACCGT-3'). For more accurate determinate miR-25miR-93 and miR-106b expression,
reverse transcription by using HiScript Il Q Select RT SuperMix for gPCR(+gDNA wiper) (Vazyme, R233)
with reverse transcription primer(GenePharma, F02001), total RNA was reverse-transcribed to cDNA by us-
ing HiScript Il Q Select RT SuperMix for gPCR(+gDNA wiper) (Vazyme, R233) with Oligo dT, the quantitative
of target genes by using AceQ gPCR SYBR Green Master Mix (Vazyme, Q111). The real-time PCR was con-
ducted on a Bio-Rad CFX RT-PCR machine, the B-actin is the reference mRNA for NPC1, U6 small nuclear
RNA (Ué) is the reference miRNA of miRNA in cells and tissues. The gene expression changes were
calculated by the 2788Ct method. (B-actin-F:5-TTGGCTTGACTCAGGATT-3,B-actin-R:5-CTGTAACAA
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CGCATCTCATAT-3 ,NPC1-F:5-TACCAGACATCAGGCTACTTAACA-3' ,NPC1-R:5'-CGATTCCGTAATGC
TTCCGATT-3',NFKBIZ-F:5-CAAGGTGTGAACATAGAAC-3' ,NFKBIZ-R:5-TCCATCAGACAACGAATC-3,
U6-F:5'-CTCGCTTCGGCAGCACA-3,U6-R:5-AACGCTTCACGAATTTGCGT-3") We summarized the
primer sequences used to conduct gene expression analysis using gPCR into an excel table named as
Table S1 and uploaded as supplementary data.

Dual luciferase report assay

The reporter plasmid pmirGLO-NPC1-WT-UTR was obtained by amplifying the NPC1-3'UTR using PCR
with ¢cDNA and inserting it into the pmirGLO vector. The reporter plasmid pmirGLO-NPC1-UTR-MUT
was obtained by inserting a point-mutated NPC1-3UTR amplicon by using fixed-point mutation PCR
into the pmirGLO vector. When the fusion degree of HEK293T cells in a 24-well plate was approximately
80%, 200 ng of reporter plasmid pmirGLO-NPC1-UTR/pmirGLO-NPC1-UTR-MUT and miR-25 mimic/con-
trol mimic at a final concentration of 100 nm were transfected into cells by using Lip2000. At 24 h posttrans-
fection, the Dual-Luciferase® Reporter (DLR™) Assay System (PROMOGA, E1910) was used to detect the
activity of firefly luciferase and Renilla luciferase and calculate the ratio of the firefly luciferase value to
the Renilla luciferase value.

(NPC1-UTR-F: 5-CGAGCTCCCCTCTCGCAGGGCATG-3/,
NPC1-UTR-R: 5-CCGCTCGAGTAGAATCTCTTCCATTTAGCTT-3,

MUT-NPC1-F: 5-AAAGAGCTTTATTAATGACCGAAATTAACTTTGTACACATTTTTATAT-3, MUT-NPC1-
R: 5-ATATAAAAATGTGTACAAAGTTAATTTCGGTCATTAATAAAGCTCTTT-3').

Western blot

The cells were lysed with RIPA lysis buffer (Beyotime, PO013B) and incubated for 10 min on ice. The samples
were centrifuged at 12,000 rpm for 10minat 4°C. The sample supernatant was added to 5x SDS Loding
Buffer to a final concentration of 1x and boiled at 100°C for 10 min. Proteins were separated by SDS-poly-
acrylamide gel electrophoresis (12%, w/v), and the target proteins were transferred to nitrocellulose mem-
branes (Millipore, ISEQ00010). The membranes were blocked with 5% BSA diluted in TBST for 2hat room
temperature and incubated with primary antibodies at 4°C overnight. Membranes were washed with TBST
and then incubated with secondary antibodies at room temperature for 1 h. Membranes were washed with
TBST, and protein levels were quantified by the Gel imaging system (Bio-Rad, USA). B-actin was used as
loading control. Mouse antif-actin and rabbit antiLC3 were diluted 1:1000 in blocking solution, and rabbit
antiNPC1, HRP goat anti-rabbit IgG and HRP goat anti-mouse IgG were diluted 1:5000 in blocking solution.

Immunofluorescence

THP-1 cells (2% 10°) were seeded into a glass-bottomed dish, differenced, transfected and infected accord-
ing to the above experimental method. Macrophages were fixed with 4% paraformaldehyde at room tem-
perature for 30 min, treated with 1% Triton X-100 diluted in PBS at room temperature for 20 min, and
blocked with 5% BSA diluted in PBS at room temperature for 2 h. The cells were incubated with primary
antibodies overnight at 4°C, incubated with secondary antibodies at room temperature in the dark for
1 h and incubated with DAPI for 10minat room temperature. A confocal microscope (Carl Zeiss LSM 880
Confocol Microscope) was used to measure the co-localization of LC3 with LAMP1. Rabbit antiLC3, rat anti-
LAMP1, Alexa Fluor 594-labeled goat anti-rat IgG (H + L) and Alexa Fluor 488-labeled goat anti-rabbit IgG
(H + L) (Antgene, ANT024).

A total of 2% 10°> mRFP-GFP-LC3B THP-1 cells were seeded into a glass-bottomed dish, differenced, trans-
fected and infected according to the above experimental method. Confocal microscopy was used to mea-
sure red fluorescence and green fluorescence.

Bioinformatics analysis

Target gene prediction was conducted using the software TargetScan (v7.2, http://www.targetscan.org/),
miRDB  (http://www.mirdb.org/miRDB/) and miRanda (http://www.microrna.org/microrna/home.do).
NPC1 3UTR sequence was from UCSC (http://genome.ucsc.edu/).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

We commissioned BIOCYTOGEN to customize miR-25-deficient mice and obtained F1-positive heterozy-
gous mice(C57BL/6 background). F1-generation mice were bred in the Experimental Animal Center of
Huazhong Agricultural University to obtain miR-25~'~ homozygous mice. Mice that were genotyped and
tested for miR-25 expression were used for subsequent experiments. C57BL/6 mice were purchased
from Charles River Labs (Beijing, China). The experimental infection research was carried out according
to the Guidelines for the Supervision and Use of Experimental Animals in Hubei Province, and the exper-
imental protocol was approved by the Scientific Ethics Committee of Huazhong Agricultural University
(Permit Number: HZAUMO-2019-056).

Six-to eight-week-old female C57BL/6 WT mice were purchased from Charles River Labs. WT mice with
similar body weights were reared on the same diet for 3 to 5 days to adapt to the environment. WT
mice were divided into a control group (n = 6) and an infection group (n = 6). Mice were infected with
4.4%10° BCG or the same volume of PBS via tail vein injection. At 3- and 7-days post infection (3 dpi
and 7 dpi), the mice were euthanized, and lung tissue was collected to detect miRNA expression.

Six- to eight-week-old female C57BL/6 WT mice were purchased from Charles River Labs. Six- to eight-
week-old female C57BL/6 miR-25~'"mice were generated in the Experimental Animal Center of Huazhong
Agricultural University. WT mice and miR-25""" mice with similar body weights were reared on the same
diet for 3 to 5 days to adapt to the environment. WT mice (n = 6) and miR-25""" mice (n = 6) were infected
with 4.4x10° BCG via tail vein injection. At 7 dpi, the mice were euthanized, and lung tissue was collected to
detect bacterial counts. The lung homogenateson was serially diluted in PBS, and the appropriate dilution
was selected for plating and counting. The lungs were fixed with 4% paraformaldehyde solution and then in
paraffin. The paraffin-embedded lung tissue was sliced at a thickness of 2-3 mm and then stained with he-
matoxylin and eosin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experiments were performed 3 times, data are presented as the means with SD. Statistical analyses were
conducted by unpaired Student’s t-test (comparisons of miRNA expression levels between uninfected and
infected with BCG mice; comparisons of BCG or H37Rv survival between miR-25 mimic, miR-25 inhibitor,
NPC1 siRNA, NFKBIZ siRNA treatment group and their control group; comparisons of BCG survival be-
tween WT mice and miR-25""" mice; comparisons of PCC values between miR-25 mimic, miR-25 inhibitor,
NPC1 siRNA during BCG infection, miR-25 inhibitor during H37Rv infection and their control group; com-
parisons of NPC1 expression levels between miR-25 mimic, miR-25 inhibitor and their control group;
comparisons of relative luciferase activity between miR-25 mimic, miR-25 inhibitor and their control group;
comparisons of strains survival between H37Rv and H37RvA1759¢c), one-way ANOVA with the
Tukey correction for multiple comparisons (comparisons of miR-25 expression levels among different
time point infection of BCG and H37Rv; comparisons of NFKBIZ expression levels among CELL, H37Rv
and H37RvA1759¢ infection) or one-way ANOVA with the Dunnet correction for multiple comparisons
(comparisons of miRNA expression levels among CELL, BCG and H37Rv infection; comparisons of miR-
25 expression levels among different MOl infection of BCG and H37Rv; comparisons of PCC values among
control mimic, miR-25 mimic, NPC1 siRNA and NFKBIZ siRNA during H37Rv infection; comparisons of miR-
25 expression levels among CELL and H37Rv strains with different genes deleted; comparisons of miR-25
expression levels among CELL, H37Rv infection transfected with NC siRNA and H37Rv infection transfected
with NFKBIZ siRNA) using GraphPad Prism software 8.0.*p < 0.05, **p < 0.01, ***p < 0.005, ns, not
significant.
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