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Autophagy-related genes affect drug resistance  
of mycobacteria by regulating autophagy
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Abstract: Objective: To investigate the effect of autophagy-related gene (ATG) on the drug resistance of mycobac-
teria by regulating autophagy. Methods: In the present study, primary macrophages were selected as objects of 
study. The cell lines with ATG13 and ATG6 interference and stable overexpression were constructed with Crisp/Case 
technique and verified by fluorescence quantitative polymerase chain reaction (PCR) and western blotting, and the 
qualified cells were used for subsequent experiments. Then the above different mutant and wild-type cells were 
cultured in Dulbecco’s Modified Eagle medium (DMEM) containing fetal bovine serum for 5 h, and Mycobacterium 
tuberculosis H37Rv was added, followed by co-culture for 4 h. The cells were treated and co-cultured with isoniazid 
(INH, 0.05 mg/L), rifampicin (RFP, 0.4 mg/L) and ethambutol (EMB, 25 mg/L) for 3 d. Then the cells were sampled 
and stained with monodansylcadaverine (MDC), and autophagy was observed. Finally, an appropriate number of 
cells were taken and cultured in the modified L-G medium, and the bacteria were counted. Results: The results of 
fluorescence quantitative PCR and western blotting revealed that the messenger ribonucleic acid (mRNA) transcrip-
tion levels and protein expression levels of ATG13 and ATG6 in cells significantly declined after using Crisp/Case. 
The MDC staining showed that ATG13 and ATG6 interference could significantly reduce the number of autophago-
somes in cells, while ATG13 and ATG6 overexpression could significantly increase the number of autophagosomes 
in cells. Compared with wild-type cells, the number of mycobacteria was obviously increased in mycobacterium-
infected cells with ATG13 and ATG6 interference after they were treated with INH, RFP and EMB, displaying a signifi-
cant difference (P<0.05), while the number of mycobacteria was obviously decreased in mycobacterium-infected 
cells with ATG13 and ATG6 overexpression after they were treated with INH, RFP and EMB, also a significant differ-
ence (P<0.05). Conclusion: ATG and other autophagy-related genes can affect the drug resistance of mycobacteria 
through regulating autophagy.
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Introduction

Autophagy is an important means for the body’s 
cells to resist the adverse external environ-
ment, which has become an important research 
field in apoptosis [1]. Autophagy refers to the 
process of degrading intracellular damaged or- 
ganelles or foreign bodies using autophagoso- 
mes, lysosomes, and other autophagy-related 
organelles in the body under the control of au- 
tophagy-related genes (ATG) [2-4]. During this 
process, the formation of autophagosomes pl- 
ays an important role in autophagy. In recent 
years, studies have found that [5-7] ATG plays a 
crucial regulatory role in the process of autoph-
agy. It has also been found that ATG plays an 
important role in the initiation of autophagy 
and the fusion of autophagosomes with lyso-

somes. For example, ATG13 can be activated by 
adenosine monophosphate (AMP) kinase to 
promote autophagy, and ATG6 can accelerate 
the degradation of foreign bodies through pro-
moting fusion of autophagosomes with lyso-
somes [8]. In recent years, with environmental 
deterioration in China, especially haze and ot- 
her heavy weather in the northern region, the 
morbidity rate of tuberculosis has been increas-
ing year by year [9]. Mycobacteria cause tuber-
culosis, and the drug resistance of mycobacte-
ria has increased gradually due to the long-term 
abuse of antibiotics. Autophagy is an important 
way for cells to autonomously remove extracel-
lular foreign bodies. Therefore, it is of signifi-
cance to explore the correlation between au- 
tophagy and drug resistance of mycobacteria, 
so as to provide a theoretical and experimental 
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basis for subsequent scientific research and 
clinical studies.

General data

Cell lines and bacterial strain source

The primary macrophages used in the present 
study were preserved by our laboratory, and 
Mycobacterium tuberculosis was obtained fr- 
om the National Institute for the Control of 
Pharmaceutical and Biological Products.

Main reagents

Dulbecco’s modified Eagle medium (DMEM) 
and fetal bovine serum were purchased from 
Roche, 0.25% trypsin and EDTA reagents from 
Invitrogen, the lentiviral vector system from 
TAKARA, Crisp/Case9 kit from ABM, and the 
relevant recognition sites were predicted and 
designed by the online website (https://chop-
chop.rc.fas.harvard.edu/index.php). Isoniazide 
(INH), rifampicin (RFP), ethambutol (EMB), mo- 
nodansylcadaverine (MDC) and modified L-G 
medium were bought from Sangon, and the 
ribonucleic acid (RNA) extraction kit, fluores-
cence quantitative polymerase chain reaction 
(PCR) and total protein extraction kit from TA- 
KARA (Dalian, China).

Construction of cell lines with ATG13 and ATG6 
overexpression: The cell lines with ATG13 and 
ATG6 overexpression were constructed in ac- 

cordance with the procedure in the article of 
Wallis et al [10]. The ATG13 and ATG6 primers 
were synthesized by Sangon, and the primer 
sequences are shown in Table 1.

Construction of mutants with ATG13 and ATG6 
interference: In the present study, the cell lines 
with ATG13 and ATG6 interference were con-
structed using Crisp/Case9 technique. First, 
the different targets in ATG13 and ATG6 were 
selected from the Crisp/Case9 online design 
website (https://chopchop.rc.fas.harvard.edu/
index.php) and cleaved. The sgRNA sequences 
are shown in Table 2 and 2 groups of recogni-
tion sites were selected per gene according to 
the instructions (ABM Crisp/Case9 kit, article 
No.: GMCA-001).

Fluorescence quantitative PCR

RNA extraction: RNA was extracted according 
to the instructions of the AXYGEN kit, as fol-
lows: (1) 0.1 g cryopreserved tissue specimens 
were taken from liquid nitrogen, dissolved on 
ice, added to 0.45 mL RNA Plus and ground 
into pieces in a pre-cooled mortar. Then the 
specimens were transferred into a 1.5 mL EP 
tube, added to 0.45 mL RNA Plus, washed and 
transferred into a centrifuge tube. (2) 200 μL 
chloroform was added into the centrifuge tube, 
shaken vigorously for 15 s and placed on ice for 
15 min, followed by (3) centrifugation at 12000 
rpm and 4°C for 15 min. (4) The supernatant 
was transferred into the RNase-free EP tube, 
added to an equal amount of isopropanol, mi- 
xed evenly, and placed on ice for 10 min, fol-
lowed by (5) centrifugation at 12000 rpm and 
4°C for 10 min. (6) The supernatant was dis-
carded, and 750 μL 75% ethanol was added 
and mixed evenly, followed by centrifugation at 
12000 rpm and 4°C for 10 min. (7) The super-
natant was discarded, and the residual ethanol 
was removed as much as possible. (8) An ap- 
propriate amount of RNase-free water was ad- 
ded, and the mass of RNA extracted was deter-
mined, while the remaining RNA was used for 
reverse transcription [11].

Fluorescence quantitative PCR

In the present study, the fluorescence quantita-
tive PCR kit was purchased from TAKARA, and 
the experiment was performed using the three-
step method in accordance with the modified 
instructions [12]. The primers used are shown 
in Table 3.

Table 1. ATG13 and ATG6 primers
Primer Primer sequence
ATG13-F TGCTGATGCTGATCGTAGCTAG
ATG13-R GCTGATCGTAGCTAGCAGCTG
ATG6-F GGCTGATCGAATCGTAGCTACGC
ATG6-R TAGCTAGCTAACGTCGACTGACTC

Table 2. ATG13 and ATG6 recognition target 
sequences
Name Sequence
ATG13-1-F TGCTGATCGTACGTACGCGTACG
ATG13-1-R CGTAGCTGTAGCTAGCTACGATCA
ATG13-2-F AGTAGCTAGCTAGGATCGATACAC
ATG13-2-R CGATGCTAGCTGCTAGCTAGATGC
ATG6-1-F GGTAGCTAGGATCGATACGTACGTAC
ATG6-1-R CGTAGCTAGTTAGCTAGCTAGTAGC
ATG6-2-F GTCGTAGCTGATTAGCTAGCTAGCT
ATG6-2-R CGTAGCTAGCTGCTCGTAGCTAGC
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Western blotting

In the present study, the total protein was ex- 
tracted from the specimens using the protein 
extraction kit (TAKARA) according to the instruc-
tions [12]. Then the antibody was diluted at 
1:5000 according to the instructions provided 
by TAKARA, and western blotting was perfor- 
med in accordance with the Molecular Cloning 
Manual [13].

MDC staining

(1) First, the washing buffer in the kit was dilut-
ed using sterilized ultrapure water. (2) The cells 
were collected by centrifugation at 1000 g, and 
then the operation in (1) was repeated 3 times. 
(3) An appropriate amount of washing buffer 
was added and the number of cells was adjust-
ed to 106/mL. (4) 100 μL of the above cells 
were added into a new EP tube, added with 
MDC dye, and mixed evenly. (5) The cells were 
incubated in a dark place for 30 min. (6) The 
cells were collected by centrifugation at 1000 g 
and washed with washing buffer for 3 times, 
and the supernatant was discarded. (7) The 
cells were resuspended in collection buffer, 
and 4 μL cells were taken onto a glass slide. (8) 
Finally, the cells were observed under a fluores-
cence microscope (excitation wavelength: 355 
nm, resistance filter wavelength: 512 nm), pho-
tographed and counted [14].

Cell counting

An appropriate number of cells cultured were 
taken, ground, and resuspended in PBS (pH 
7.4), followed by gradient dilution. Then they 
were smeared uniformly onto a plate and the 
colonies were counted [15].

Data processing

All experimental results were statistically pro-
cessed using the SPSS 20.0 software. Data 
were expressed as (χ±s), and one-way analysis 
of variance was adopted for the multi-sample 
comparison of means, t test for the comparison 

of means between two groups, and q test for 
the intergroup pairwise comparison. P<0.05 
was considered significant.

Results

mRNA expression levels of ATG13 and ATG6 in 
cells with overexpression and interference de-
tected by fluorescence quantitative PCR

To investigate the correlation between autoph-
agy and drug resistance of mycobacteria, the 
cell lines with ATG13 and ATG6 interference 
and overexpression were constructed with Cr- 
isp/Case technique and verified by fluores-
cence quantitative PCR. As shown in Figure 1, 
the mRNA expression levels of ATG13 and ATG6 
significantly declined in cell lines with interfer-
ence compared with those in wild-type cell 
lines, showing significant differences compared 
with the control group (P<0.05). At the same 
time, the mRNA expression levels of ATG13 and 
ATG6 were significantly increased in cell lines 
with overexpression compared with those in 
wild-type cell lines, also showing significant dif-
ferences compared with the control group 
(P<0.05). The above results indicated that the 
cell lines with ATG13 and ATG6 interference 
and overexpression were constructed succe- 
ssfully.

Protein expression levels of ATG13 and ATG6 
in cells with overexpression and interference 
detected by western blotting 

The differences in the protein expression levels 
of ATG13 and ATG6 in cells with ATG13 and 
ATG6 overexpression and interference were 
detected. As shown in Figure 2, the protein 
expression levels of ATG13 and ATG6 in cells 
with ATG13 and ATG6 interference significantly 
declined compared with those in control cell 
lines, displaying significant differences com-
pared with control group (P<0.05). At the same 
time, the protein expression levels of ATG13 
and ATG6 in cells with ATG13 and ATG6 overex-
pression were significantly increased compared 
with those in control cell lines, also displaying 
significant differences compared with the con-
trol group (P<0.05).

Autophagosomes in cells with ATG13 interfer-
ence and overexpression observed by MDC 
staining

To explore the correlation between ATG13 and 
autophagy, the autophagosomes in cells with 

Table 3. Fluorescence quantitative PCR primers
Primer Primer sequence
ATG13F-F ATCGGCTAGCTAGCTACGATA
ATG13F-R TAGGCGGCATGCGAGGCTACGC
ATG6F-F CGGGCTAGAGGACTAGCTAGCATCG
ATG6F-R ATGGGCTAGCGAGCATCAGTAGCAT
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3, the autophagy obviously 
declined in cell lines with 
ATG13 interference comp- 
ared with that in control gr- 
oup, (P<0.05). At the same 
time, the autophagy was 
obviously higher in cell lines 
with ATG13 overexpression 
than that in control group 
(P<0.05). The above results 
suggest that the overex-
pression of ATG13 can sig-
nificantly increase the aut- 
ophagy.

Autophagosomes in cells 
with ATG6 interference and 
overexpression observed 
by MDC staining

To explore the correlation 
between ATG6 and autoph-
agy, the autophagosomes 
in cells with ATG6 interf- 
erence and overexpression 
were observed by MDC st- 
aining. As shown in Figure 
4, the autophagy obviously 
declined in cell lines with 
ATG6 interference compa- 
red with that in control gr- 
oup (P<0.05). At the same 
time, the autophagy was 
obviously higher in cell lines 
with ATG6 overexpression 
than that in control group 
(P<0.05). The above resul- 
ts, consistent with those in 
ATG13, suggest that the 
overexpression of ATG6 can 
significantly increase auto- 
phagy.

Survival number of my-
cobacteria in cells with 
ATG13 interference and 
overexpression after differ-
ent drug treatments

To explore the correlation 
between ATG13 and drug 
resistance of mycobacteria, 
the survival number of my- 

ATG13 interference and overexpression were 
observed by MDC staining. As shown in Figure 

cobacteria in cells with ATG13 interference and 
overexpression after different drug treatment 

Figure 1. mRNA expression levels of ATG13 and ATG6 in cells with overexpres-
sion and interference.

Figure 2. Protein expression levels of ATG13 and ATG6 in cells with ATG13 and 
ATG6 interference and overexpression.
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was detected. It can be seen from Figure 5 that 
the number of mycobacteria in cell extract of 
cell lines with ATG13 interference after differ-
ent drug treatments was increased compared 
with that in the control group (P<0.05). At the 
same time, the number of mycobacteria in the 
extract of cell lines with ATG13 overexpression 
after different drug treatments was decreased 
compared with that in the control group (P< 
0.05), indicating that the overexpression of 
ATG13 can significantly reduce the drug resis-
tance of mycobacteria.

Survival number of mycobacteria in cells with 
ATG6 interference and overexpression after 
different drug treatment

ATG6, an important gene that induces the fu- 
sion of autophagosomes with lysosomes, has 
an important correlation with autophagy. To 
explore the correlation between ATG6 and drug 
resistance of mycobacteria, the survival num-
ber of mycobacteria in cells with ATG6 interfer-
ence and overexpression after different drug 
treatments was detected. It can be seen from 
Figure 6 that the number of mycobacteria in 

the extract of cell lines with ATG6 interference 
after different drug treatments was increased 
compared with that in control group (P<0.05). 
At the same time, the number of mycobacteria 
in the extract of cell lines with ATG6 overexpres-
sion after different drug treatments was de- 
creased compared with that in control group, 
(P<0.05), indicating that overexpression of 
ATG6 can significantly reduce the drug resis-
tance of mycobacteria.

Discussion

Acid-fast Mycobacterium tuberculosis, as the 
main pathogen of tuberculosis, plays an impor-
tant role in the pathogenesis of tuberculosis. 
Studies have found that macrophages serve as 
host cells for Mycobacterium tuberculosis in 
animals, and the normal function of macro-
phages, important immune cells that remove 
exogenous foreign bodies in the body, is signifi-
cant in animals. The mycobacteria invading 
macrophages can inhibit the ATP-dependent 
proton pump in the phagosome membrane sur-
face vesicles in macrophages to inhibit the 
acidification of phagosomes, thereby suppress-

Figure 3. Autophagosomes in cells with ATG13 interference and overexpression, MDC staining.

Figure 4. Autophagosomes in cells with ATG6 interference and overexpression, MDC staining.
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culosis in macrophages has 
important significance in 
keeping the normal func-
tion of the body [16]. In 
recent years, with the sig-
nificant increase in the drug 
resistance of mycobacteria, 
the effects of many antibi-
otics on mycobacteria have 
declined in different degr- 
ees [17, 18]. Therefore, it 
has important theoretical 
and practical significance 
to explore new mechanisms 
for the resistance to myco-
bacteria. As an important 
means for cells to maintain 
the normal physiologic me- 
tabolism, autophagy can 
not only remove the dam-
aged organelles and mis-
coded proteins in cells [19], 
but also plays an important 
role in scavenging the pa- 
thogens in the body and 
keeping the normal physio-
logic functions of cells [20]. 
In the present study, the 
cell lines with ATG13 and 
ATG6 interference and ov- 
erexpression were constr- 
ucted with Crisp/Case tec- 
hnique and verified at mR- 
NA and protein levels. The 
results showed that after 
ATG13/6 interference, the 
autophagy was significantly 
reduced, and the fusion of 
phagosomes with lysosom- 
es was weakened. After the 
above cells with ATG13/6 
interference were infected 
with mycobacteria and tr- 
eated with INH (0.05 mg/L), 
RFP (0.4 mg/L) and EMB 
(25 mg/L), they were count-
ed. It was found that the 
ATG13/6 interference cou- 
ld significantly improve the 

ing the fusion of phagosomes with lysosomes, 
ultimately producing drug resistance of myco-
bacteria. Therefore, exploring how to improve 
the body’s resistance to Mycobacterium tuber-
culosis and remove the Mycobacterium tuber-

drug resistance of mycobacteria, indicating 
that the decline in the expression levels of 
autophagy-related genes ATG13/6 in macro-
phages can attenuate the autophagy of macro-
phages to reduce its ability to scavenge myco-

Figure 5. Surviving number of mycobacteria in cells with ATG13 interference 
and overexpression after different drug treatments.

Figure 6. Surviving number of mycobacteria in cells with ATG6 interference and 
overexpression after different drug treatments.
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bacteria, ultimately increasing the drug resis-
tance of mycobacteria. Also, after the cells with 
ATG13/6 overexpression were infected with 
mycobacteria and treated with INH (0.05 mg/L), 
RFP (0.4 mg/L) and EMB (25 mg/L), they were 
counted. It was found that the ATG13/6 overex-
pression could obviously reduce the drug resis-
tance of mycobacteria, suggesting that the up-
regulation of the expression levels of autopha-
gy-related genes ATG13/6 in macrophages can 
promote autophagy of macrophages to enha- 
nce its ability to scavenge mycobacteria, ulti-
mately reducing the drug resistance of myco- 
bacteria. 

Conclusion

In conclusion, the autophagy-related genes, su- 
ch as ATG13/6, can degrade the mycobacteria 
invading cells through increasing the formation 
of autophagosomes and promoting fusion of 
autophagosomes with lysosomes, thereby re- 
ducing the drug resistance of mycobacteria. 
However, the signaling pathway through which 
the autophagy-related genes act on mycobac-
teria remains unclear, and the mechanism of 
action of different ATGs in mycobacteria, name-
ly how they identify the mycobacteria, is also 
unclear. These are important directions in fu- 
ture research.

Acknowledgements

This research project sponsored by Sichuan 
Provincial Commission of Health and Family 
Planning (No. 17PJ404).

Disclosure of conflict of interest

None.

Address correspondence to: Gao Chen, Department 
of Infection, Deyang People’s Hospital, No. 173, 
Section 1, North Taishan Road, Deyang 618000, 
Sichuan, China. Tel: +86-838-2418886; Fax: +86-
838-2418886; E-mail: gaochen306@163.com

References

[1] O’Garra A, Redford PS, McNab FW, Bloom CI, 
Wilkinson RJ, Berry MP. The immune response 
in tuberculosis. Annu Rev Immunol 2013; 31: 
475-527.

[2] Cooper AM, Mayer-Barber KD, Sher A. Role of 
innate cytokines in mycobacterial infection. 
Mucosal Immunol 2011; 4: 252-260.

[3] O’Shea JJ, Plenge R. JAK and STAT signaling 
molecules in immunoregulation and immune-
mediated disease. Immunity 2012; 36: 542-
550.

[4] Redford PS, Murray PJ, O’Garra A. The role of 
IL-10 in immune regulation during M. tubercu-
losis infection. Mucosal Immunol 2011; 4: 
261-270.

[5] Pang X, Samten B, Cao G, Wang X, Tvinnereim 
AR, Chen XL, Howard ST. MprAB regulates the 
espA operon in Mycobacterium tuberculosis 
and modulates ESX-1 function and host cyto-
kine response. J Bacteriol 2013; 195: 66-75.

[6] Behar SM, Martin CJ, Booty MG, Nishimura T, 
Zhao X, Gan HX, Divangahi M, Remold HG. 
Apoptosis is an innate defense function of 
macrophages against Mycobacterium tubercu-
losis. Mucosal Immunol 2011; 4: 279-287.

[7] Singh V, Jamwal S, Jain R, Verma P, Gokhale R, 
Rao KV. Mycobacterium tuberculosis-driven 
targeted recalibration of macrophage lipid ho-
meostasis promotes the foamy phenotype. Cell 
Host Microbe 2012; 12: 669-681.

[8] Odermatt NT, Sala C, Benjak A, Cole ST. Ess- 
ential nucleoid associated protein mIHF (Rv- 
1388) controls virulence and housekeeping 
genes in mycobacterium tuberculosis. Sci Rep 
2018; 8: 14214.

[9] Chen Z, Hu Y, Cumming BM, Lu P, Feng L, Deng 
J, Steyn AJ, Chen S. Mycobacterial WhiB6 dif-
ferentially regulates ESX-1 and the Dos regu-
lon to modulate granuloma formation and viru-
lence in zebrafish. Cell Rep 2016; 16: 2512-
2524.

[10] Wallis RS, Hafner R. Advancing host-directed 
therapy for tuberculosis. Nat Rev Immunol 
2015; 15: 255-263.

[11] Clark RI, Woodcock KJ, Geissmann F, Trouillet 
C, Dionne MS. Multiple TGF-β superfamily sig-
nals modulate the adult Drosophila immune 
response. Curr Biol 2011; 21: 1672-1677.

[12] Ganesan S, Aggarwal K, Paquette N, Silverman 
N. NF-kappaB/Rel proteins and the humoral 
immune responses of Drosophila melanogas-
ter. Curr Top Microbiol Immunol 2011; 349: 
25-60.

[13] Oldefest M, Nowinski J, Hung CW, Neelsen D, 
Trad A, Tholey A, Grötzinger J, Lorenzen I. Up- 
d3--an ancestor of the four-helix bundle cyto-
kines. Biochem Biophys Res Commun 2013; 
436: 66-72.

[14] Ohol YM, Goetz DH, Chan K, Shiloh MU, Craik 
CS, Cox JS. Mycobacterium tuberculosis MycP1 
protease plays a dual role in regulation of ESX-
1 secretion and virulence. Cell Host Microbe 
2010; 7: 210-220.

[15] Cortes T, Schubert OT, Rose G, Arnvig KB, 
Comas I, Aebersold R, Young DB. Genome-
wide mapping of transcriptional start sites de-



ATG affects drug resistance of mycobacteria

2008 Int J Clin Exp Pathol 2019;12(6):2001-2008

fines an extensive leaderless transcriptome in 
mycobacterium tuberculosis. Cell Rep 2013; 
5: 1121-1131.

[16] Zhou F, Rasmussen A, Lee S, Agaisse H. The 
UPD3 cytokine couples environmental chal-
lenge and intestinal stem cell division through 
modulation of JAK/STAT signaling in the stem 
cell microenvironment. Dev Biol 2013; 373: 
383-393.

[17] Bailey AP, Koster G, Guillermier C, Hirst EM, 
MacRae JI, Lechene CP, Postle AD, Gould AP. 
Antioxidant role for lipid droplets in a stem cell 
niche of Drosophila. Cell 2015; 163: 340-353.

[18] Odermatt NT, Sala C, Benjak A, Kolly GS, Vocat 
A, Lupien A, Cole ST. Rv3852 (H-NS) of myco-
bacterium tuberculosis is not involved in nu-
cleoid compaction and virulence regulation. J 
Bacteriol 2017; 199.

[19] Osman D, Buchon N, Chakrabarti S, Huang YT, 
Su WC, Poidevin M, Tsai YC, Lemaitre B. Au- 
tocrine and paracrine unpaired signaling regu-
late intestinal stem cell maintenance and divi-
sion. J Cell Sci 2012; 125: 5944-5949.

[20] Martinez AN, Mehra S, Kaushal D. Role of in-
terleukin 6 in innate immunity to Mycobac- 
terium tuberculosis infection. J Infect Dis 
2013; 207: 1253-1261.


