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RESEARCH PAPER

TRIM27 elicits protective immunity against tuberculosis by activating 
TFEB-mediated autophagy flux
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Bingxi Lia, Yu Pangc, Lingqiang Zhangd, Cui Hua Liu a,b, and Jing Wang a

aCAS Key Laboratory of Pathogenic Microbiology and Immunology, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China; bSavaid 
Medical School, University of Chinese Academy of Sciences, Beijing, China; cBeijing Tuberculosis and Thoracic Tumor Research Institute, Beijing 
Chest Hospital, Capital Medical University, Beijing, China; dState Key Laboratory of Proteomics, National Center for Protein Sciences (Beijing), Beijing 
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ABSTRACT
Infectious diseases, such as Mycobacterium tuberculosis (Mtb)-caused tuberculosis (TB), remain 
a global threat exacerbated by increasing drug resistance. Host-directed therapy (HDT) is 
a promising strategy for infection treatment through targeting host immunity. However, the limited 
understanding of the function and regulatory mechanism of host factors involved in immune defense 
against infections has impeded HDT development. Here, we identify the ubiquitin ligase (E3) TRIM27 
(tripartite motif-containing 27) as a host protective factor against Mtb by enhancing host macro-
autophagy/autophagy flux in an E3 ligase activity-independent manner. Mechanistically, upon Mtb 
infection, nuclear-localized TRIM27 increases and functions as a transcription activator of TFEB 
(transcription factor EB). Specifically, TRIM27 binds to the TFEB promoter and the TFEB transcription 
factor CREB1 (cAMP responsive element binding protein 1), thus enhancing CREB1-TFEB promoter 
binding affinity and promoting CREB1 transcription activity toward TFEB, eventually inducing auto-
phagy-related gene expression as well as autophagy flux activation to clear the pathogen. 
Furthermore, TFEB activator 1 can rescue TRIM27 deficiency-caused decreased autophagy-related 
gene transcription and attenuated autophagy flux, and accordingly suppressed the intracellular 
survival of Mtb in cell and mouse models. Taken together, our data reveal that TRIM27 is a host 
defense factor against Mtb, and the TRIM27-CREB1-TFEB axis is a potential HDT-based TB target that 
can enhance host autophagy flux.
Abbreviations: ATG5: autophagy related 5; BMDMs: bone marrow-derived macrophages; CFU: 
colony-forming unit; ChIP-seq: chromatin immunoprecipitation followed by sequencing; CREB1: 
cAMP responsive element binding protein 1; CTSB: cathepsin B; E3: ubiquitin ligase; EMSA: electro-
phoretic mobility shift assay; HC: healthy control; HDT: host-directed therapy; LAMP: lysosomal 
associated membrane protein; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; 
MCOLN1: mucolipin TPR cation channel 1; Mtb: Mycobacterium tuberculosis; NLS: nuclear localization 
signal; PBMCs: peripheral blood mononuclear cells; PRKA/PKA: protein kinase cAMP-activated; qRT- 
PCR: quantitative real-time PCR; RFP: RET finger protein; TB: tuberculosis; TBK1: TANK binding kinase 
1; TFEB: transcription factor EB; TRIM: tripartite motif; TSS: transcription start site; ULK1: unc-51 like 
autophagy activating kinase 1.
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Introduction

Tuberculosis (TB), which is caused by Mycobacterium tuber-
culosis (Mtb), remains one of the main causes of death from 
infectious diseases, with approximately 10 million new cases 
and 1.5 million deaths each year [1]. Over the past decades, 
antibiotics targeting Mtb have greatly improved treatment 
outcomes in patients with drug-susceptible TB. However, 
the widespread emergence of drug-resistant TB cases, espe-
cially rifampicin-resistant/RR, multidrug-resistant/MDR and 
extensively drug-resistant/XDR TB cases [1], has rendered 
currently available drugs ineffective for patients with drug- 
resistant TB, further posing a huge challenge to global TB 
control [2]. Against this backdrop, World Health 

Organization (WHO) recently released its global research 
agenda for antimicrobial resistance in human health, in 
which it outlines 40 research topics on drug-resistant bacteria 
including Mtb [3], thus complementing strategies improving 
drug-resistant TB treatment are urgently needed.

Recently, much effort has been made to develop novel/ 
improved therapies by modulating host immune responses 
to TB, and host-directed therapy (HDT) strategies designed 
to enhance host protective immune responses, reduce exacer-
bated inflammation and balance immune reactivity have 
received increasing attention [4]. Unlike anti-TB drugs that 
directly target Mtb, HDTs possess the following potential 
advantages: first, HDTs can be effective against both drug
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-susceptible and drug-resistant Mtb; second, HDTs are less 
likely to induce Mtb drug resistance; third, HDTs could 
shorten the duration of antibiotic treatment by targeting 
a variety of components/pathways of the host immune system 
[5]. A number of clinical trials of HDTs for TB are generally 
fall into two categories: cytokine-based therapies for augment-
ing immunity to eradicate infection (such as IFNG/IFN-γ 
(interferon gamma) and IL2 (interleukin 2) administration) 
and strategies for ameliorating pathology to prevent perma-
nent tissue injury (such as type I interferon blockade), but 
most of the these HDT candidates have shown only limited 
promise in certain conditions or have proven to be detrimen-
tal [6]. Thus, seeking more effective HDT targets against 
infections, especially the intractable and chronic infectious 
diseases such as TB, has become a research hotspot. 
Increasing studies have indicated that triggering host innate 
immune defense mechanisms is a promising HDT strategy for 
TB treatment [4]. For example, macroautophagy/autophagy, 
an efficient innate immune response restricting Mtb intracel-
lular survival, represents an attractive target for HDT to 
combat Mtb infection [7]. Therefore, identifying critical host 
factors involved in these innate immune processes could 
provide more effective HDT targets that could complement 
current treatment protocols [8]. However, the host factors and 
their regulatory mechanisms involved in host immune defense 
against Mtb are largely unexplored.

Tripartite motif (TRIM) family proteins represent one of 
the largest classes of the Really Interesting New Gene (RING)- 
type ubiquitin ligases (E3s), which contain more than 80 
members and are divided into 11 sub-groups based on the 
variable domain present at the C terminus, including C-I to 
C-XI sub-groups and a unclassified (UC) subgroup, of which 
the C-IV subgroup is the largest one consisting of over 30 
members [9]. TRIM proteins are involved in a broad range of 
cellular processes and functions including transcriptional reg-
ulation, protein modification and homeostasis, cell prolifera-
tion, apoptosis and autophagy, in a manner dependent or 
independent on their E3 ligase activity, thereby controlling 
host immune defense against diseases, such as infectious dis-
eases [10,11]. Previous studies primarily reported regulatory 
mechanisms of TRIM proteins in host antiviral immunity 
through modulating host interferon signaling and autophagy 
pathways [12,13]. Recently, several studies have revealed the 
regulatory roles of TRIM proteins in infections caused by 
bacteria such as Mtb. For example, during Mtb infection, 
TRIM16 induces the activation of selective autophagy through 
assembling core autophagy factors and influencing MTOR 
(mechanistic target of rapamycin kinase) and TFEB activity 
[14], TRIM32 promotes both the recruitment of BECN1/ 
Beclin 1 to Mtb and the phagophore engulfment of Mtb 
[15], TRIM22 augments autophagy via the NFKB/NF-κB 
(nuclear factor kappa B)-BECN1 pathway and participates in 
autolysosomal biogenesis [16], and TRIM14 localizes to Mtb- 
containing autophagosomes to modulate bacterial survival 
[17]. Therefore, TRIM proteins are potent critical host factors 
regulating Mtb infection, identifying the TRIM protein 
involved in host anti-Mtb immunity and revealing the under-
lying molecular mechanisms will provide promising strategies 
and potential targets for HDT of TB.

In this study, by comparing the gene expression of 
TRIM C-IV sub-group, the largest one of the TRIM family, 
in peripheral blood mononuclear cells (PBMCs) from 
healthy control (HC) individuals or TB patients, we found 
that TRIM27 gene transcription is the most significantly 
reduced in TB patients as compared with that in HC 
group. Through further conducting Mtb infection experi-
ments, we demonstrated that, upon Mtb infection, the level 
of nuclear TRIM27 increases and then functions as 
a transcription activator to promote the transcription of 
TFEB (transcription factor EB). Specifically, TRIM27 not 
only binds to the promoter region of TFEB, but also inter-
acts with the TFEB transcription factor CREB1 (cAMP 
responsive element binding protein 1), thus increasing the 
affinity of CREB1 to the TFEB promoter and promoting 
PRKA/protein kinase A-catalyzed CREB1 phosphorylation 
and activation, eventually enhancing TFEB gene transcrip-
tion and the ensuing autophagy-related gene expression and 
autophagy activation to clear Mtb. Furthermore, TFEB acti-
vator 1 can rescue the decreased transcription of autopha-
gy-related genes, attenuated autophagy flux and reduced 
Mtb clearance in Trim27-deficient cell and mouse models. 
Together, our findings indicate that TRIM27 serves as 
a critical host protective factor against Mtb infection, sug-
gesting a potential HDT-based TB treatment via targeting 
TRIM27-CREB1-TFEB axis.

Results

TRIM27 is a potential host protective factor against Mtb 
infection

TRIM family proteins, especially the C-IV sub-group, have 
been reported to play important regulatory roles in host anti-
viral defenses through modulating host interferon signaling 
pathways [18], but their functions in host defense against 
pathogenic bacteria are largely unexplored. Here, we collected 
PBMCs from HC individuals or patients with TB (Table S1), 
a serious chronic bacterial infectious disease caused by Mtb, 
for gene expression analysis to investigate the TRIM protein 
involved in host anti-Mtb immunity. Interestingly, we 
observed a total of 8 TRIM transcripts (MID2/TRIM1, 
TRIM6, TRIM21, TRIM27, TRIM39, TRIM68, TRIM69 and 
TRIM75) decreased in TB patients in comparison with that in 
HC individuals, among which TRIM27 showed the most sig-
nificant reduction (Figure 1A,B; Table S2). We thus focused 
on TRIM27 to further investigate its functional roles in host 
anti-Mtb immunity. Through analyzing the expression of 
TRIM27 in different immune cell populations in PBMCs 
from HC or TB patients, we found that TRIM27 was highly 
expressed in monocytes, and the abundance of TRIM27 in 
monocytes from TB patients was significantly lower than that 
in monocytes from HC individuals (Figure 1C and S1A). 
Collectively, TRIM27 is lowly expressed in monocytes from 
TB patients.

To further investigate whether low expression of TRIM27 
in monocytes affects host anti-Mtb immunity, we established 
Trim27flox/flox (Trim27fl/fl)-Lyz2/LyzMCre (trim27-/-) mice with 
TRIM27 deficiency in myeloid cell lineage (monocytes,
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Figure 1. TRIM27 is a potential host protective factor against mtb infection. (A) expression profiling of the C-IV TRIM family proteins in PBMCs from healthy control 
(HC) (n = 8) and TB patients (n = 8). (B) scatter map showing the differential expression of C-IV TRIM family genes in PBMCs from HC (n = 8) and TB (n = 8). (C) the 
expression of TRIM27 in peripheral blood immune cells of HC (n = 3) and TB (n = 3) groups as determined by fluorescence-activated cell sorting (FACS). MFI, mean 
fluorescence intensity. (D) quantitative real-time PCR (qRT-PCR) analysis of Trim27 mRNA in Trim27+/+ and trim27-/- BMDMs. Cells were infected with mtb at a MOI of 
5 for 0–12 h, and results are presented relative to those of the control gene Gapdh. (E) survival of mtb in Trim27+/+ and trim27-/- BMDMs. Cells were infected as in (D) 
for 0–24 h. Data are mean ± SEM (n = 5 replicates per group in D and n = 3 replicates per group in E). Statistical significance was determined using two-way ANOVA 
with Sidak’s multiple comparisons test for (A, C and E) and two-way ANOVA with Tukey’s post-hoc test for (D). Results are representative of three independent 
experiments.
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mature macrophages and granulocytes) to investigate the 
function and mechanism of TRIM27 in host defense against 
Mtb (Figure S1B – D). We found that the expression of 
Trim27 was significantly elevated in bone marrow-derived 
macrophages (BMDMs) collected from Trim27fl/fl mice 
(Trim27+/+ BMDMs) upon Mtb infection, followed by 
a decline after 4 h post-infection, while the expression of 
Trim27 was not detected in BMDMs of trim27-/- mice 
(Figure 1D). Then, we further investigated the specific com-
ponent of Mtb contributing to upregulated TRIM27 expres-
sion. Through digesting DNA, RNA or proteins of Mtb with 
the indicated enzymes and degrading carbohydrate residues of 
Mtb with NaIO4, and we found that Mtb lacking carbohydrate 
residues abolished its ability to promote TRIM27 transcription 
during Mtb infection (Figure S2A). Subsequently, we removed 
peptidoglycan, lipomannan and lipoarabinomannan carbohy-
drate chains from the Mtb cell-wall fractions, and identified 
that lipomannan and lipoarabinomannan are critical determi-
nants to induce TRIM27 mRNA expression (Figure S2B). 
Finally, Mtb colony-forming unit (CFU) assay showed that 
trim27-/- BMDMs exhibited much weaker effects on clearing 
Mtb than Trim27+/+ BMDMs (Figure 1E). Together, these 
results indicate that TRIM27 is a potential host protective 
factor in response to Mtb infection, and the low expression 
of TRIM27 in monocyte-derived macrophages/MDMs may 
lead to TB occurrence and progression.

Nuclear-localized TRIM27 increases to enhance TFEB 
gene transcription under Mtb infection

Next, we sought to investigate the underlying mechanism by 
which TRIM27 contributes to host anti-Mtb immunity. Our 
previous study has revealed that TRIM27 in the cytosol can 
modulate the activation of innate immune signaling pathways, 
including NFKB/NF-κB and MAPK/p38 (mitogen-activated 
protein kinase) pathways, to suppress the intracellular survival 
of mycobacteria Bacille Calmette-Guerin (BCG) [19]. In this 
study, we noticed that the TRIM27 protein levels in the 
cytoplasm and nucleus significantly increased in Mtb- 
infected BMDMs than that in uninfected controls 
(Figure 2A–C). To gain new insights into whether and how 
nuclear TRIM27 regulates host defense against Mtb, chroma-
tin immunoprecipitation followed by sequencing (ChIP-seq) 
analysis using TRIM27-specific antibody was conducted in 
HC PBMCs with or without Mtb infection. A total of 58 
TRIM27-specific ChIP-seq signals were examined in unin-
fected PBMCs, of which 37 (63.79%) were located in inter-
genic regions, 16 (27.59%) were located in intron regions and 
2 (3.45%) were located in promoter regions (Figure 2D). 
Meanwhile, a total of 4906 TRIM27-specific ChIP-seq signals 
were examined in Mtb-infected PBMCs, of which 2986 
(60.86%) were located in intergenic regions, 1753 (35.73%) 
were located in intron regions and 106 (2.16%) were located 
in promoter regions (Figure 2D). In addition, among the 
potential TRIM27-targeting sites analyzed, 56.90% protein- 
coding associated regions and 39.66% noncoding RNAs 
(ncRNAs) were identified in uninfected PBMCs, as well as 
68.02% protein-coding associated regions and 30% ncRNAs 
were identified in Mtb-infected PBMCs (Figure 2E), 

indicating that TRIM27 mainly targets protein-coding asso-
ciated regions. Then, we further analyzed the differential 
protein-coding-associated regions potentially targeted by 
TRIM27 in uninfected and Mtb-infected PBMCs. Among 
3374 such regions, 72 (2.13%) were present within 3 kb from 
the transcription start site (TSS) of known RefSeq genes 
(Table S3), of which 16 TRIM27-targeted candidates with 
fold-enrichment >10 and false discovery rate (FDR) < 0.05 
were screened out (Figure 2F).

We next performed quantitative real-time PCR (qRT-PCR) 
using PBMCs with or without Mtb infection to verify the ChIP- 
seq data, and confirmed that the transcription of several 
TRIM27-targeted candidates, including TFEB, MYDGF/ 
C19orf10 (myeloid derived growth factor) and LCE1A (late 
cornified envelope 1A), were significantly elevated in cells 
infected with Mtb (p < 0.0001), among which TFEB showed 
the most significant upregulation (Figure 3A). We then used 
Trim27+/+ and trim27-/- BMDMs to examine the transcriptional 
level of Tfeb during Mtb infection. Trim27+/+ BMDMs showed 
an increase of Tfeb transcription at 4 h post-infection, followed 
by a decline after 8 h, while this phenomenon was abolished in 
trim27-/- BMDMs (Figure 3B), confirming that TRIM27 contri-
butes to the transcription of TFEB gene during Mtb infection. 
Consistently, PBMCs from TB patients with lower TRIM27 
expression showed downregulated TFEB transcription, compar-
ing with that from HC individuals (Figure 3C), suggesting 
a positive correlation between TRIM27 expression and TFEB 
transcription in clinical. Furthermore, ChIP-qPCR assay 
demonstrated that TRIM27 was highly enriched in the promoter 
region of TFEB gene under Mtb infection (Figure 3D). To 
further confirm the direct regulatory roles of TRIM27 on TFEB 
gene transcription, we inserted the promoter region of TFEB 
into the pGL2-Basic vector to construct a reporter plasmid, and 
then performed luciferase reporter assays in HEK293T cells co- 
transfected with the reporter plasmid and plasmid encoding 
TRIM27, and the result showed that TRIM27 could significantly 
induce the transcription of TFEB gene (Figure 3E). Consistently, 
we also confirmed that TRIM27 promoted TFEB protein expres-
sion (Figure S3A). Moreover, through extracting the cytoplasmic 
and nuclear fractions of Trim27+/+ and trim27-/- BMDMs, we 
found that the TFEB abundance both in the cytoplasm and 
nucleus significantly increased in Trim27+/+ BMDMs upon 
Mtb infection compared with that in trim27-/- BMDMs, while 
the ratio of nuclear:cytoplasmic TFEB per cell remained 
unchanged both in Trim27+/+ and trim27-/- BMDMs during 
Mtb infection (Figure S3B, C). Collectively, Mtb infection 
induces the upregulation of nuclear-localized TRIM27 to pro-
mote TFEB expression.

Nuclear TRIM27 promotes TFEB-mediated activation of 
autophagy

TFEB, a member of the MiTF (microphthalmia-transcription 
factor)/TFE family of leucine zipper transcription factors, 
plays a critical regulatory role in promoting the transcription 
of a series of autophagy- and lysosomal biogenesis-related 
genes, including MAP1LC3/LC3 (microtubule associated pro-
tein 1 light chain 3), SQSTM1/p62 (sequestosome 1), CTSB 
(cathepsin B), ATG5 (autophagy related 5), MCOLN1
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Figure 2. TRIM27 nuclear localization increases upon mtb infection. (A) confocal microscopy analysis of the nuclear localization of TRIM27. Left, Representative 
confocal images of the colocalization of TRIM27 and the nucleus in HC PBMCs. Cells were uninfected or infected with Alexa FluorTM 488-labeled mtb (green) at a MOI 
of 5 for 8 h, and were then fixed and stained with the antibody against TRIM27 (red). Nuclei were stained with DAPI (blue). Scale bars: 10 µm. Right, average 
fluorescence intensity of TRIM27 in the cytoplasm and nucleus from HC PBMCs. About 50 cells were counted and analyzed for each biological replicate. 
(B) immunoblotting of total TRIM27 and TUBA1A (loading control) in Trim27+/+ and trim27-/- BMDMs. Cells were infected with mtb strains at a MOI of 5 for 
0 − 8 h. (C) immunoblotting of TRIM27, TUBA1A (loading control for the cytoplasm) and PARP (loading control for the nucleus) in the cytoplasm and the nucleus from 
Trim27+/+ BMDMs (left). Cells were infected as in (B). Middle, the relative abundance of TRIM27 in the cytoplasm and nucleus from Trim27+/+ BMDMs. Right, the ratio

AUTOPHAGY 5



(mucolipin TPR cation channel 1), LAMP1 (lysosomal asso-
ciated membrane protein 1) and LAMP2, among which 
MAP1LC3, SQSTM1 and ATG5 encode critical factors in 
autophagy initiation, whereas CTSB, MCOLN1, LAMP1 and 
LAMP2 encode critical factors in lysosomal biogenesis [20– 
22]. We thus speculated whether TRIM27 increases TFEB- 
targeted autophagy- and lysosomal biogenesis-related gene 
expression to promote immune defense against bacterial 
infection. As expected, during Mtb infection, the transcription 
of Map1lc3, Sqstm1, Ctsb, Atg5, Mcoln1, Lamp1 and Lamp2 
significantly increased in Trim27+/+ BMDMs, while the 
expression of these genes only slightly increased in trim27-/- 

BMDMs (Figure 4A–G). Consistently, the protein levels of the 
14-kDa lipidated autophagosome-bound form of MAP1LC3 
(LC3-II) [23] significantly increased in Trim27+/+ BMDMs 
than that in trim27-/- macrophages during Mtb infection, 
which difference was more significant in the presence of 
bafilomycin A1, a proton ATPase inhibitor that prevents the 
lysosomal degradation by inhibiting the acidification of lyso-
somes [24] (Figure 4H). In addition, the number of 
MAP1LC3 puncta and the colocalization of Mtb with 
MAP1LC3-positive autophagosomes significantly increased 
in Trim27+/+ BMDMs than that in trim27-/- macrophages 
upon Mtb infection (Figure S4A), suggesting that TRIM27 
induces autophagy to sequester Mtb. Meanwhile, the fluores-
cence intensity of LysoTracker, a fluorescent probe indicating 
acidified lysosomes [25], and the expression of lysosomal 
membrane protein LAMP1, as well as the percentage of Mtb- 
LysoTracker and Mtb-LAMP1 colocalization were much 
higher in Trim27+/+ BMDMs than that in trim27-/- BMDMs 
during Mtb infection (Figure S4B, C), suggesting that TRIM27 
also contributes to lysosomal biogenesis and Mtb targeting to 
lysosomes. Taken together, TRIM27 increases TFEB-targeted 
autophagy- and lysosomal biogenesis-related gene expression 
to promote the activation of autophagy for Mtb clearance.

Autophagy undergoes phagophore formation, autophago-
some formation, autophagosome-lysosome fusion and even-
tual cargo degradation, and the whole dynamic process is 
defined as autophagy flux [26]. To further explore the reg-
ulatory role of TRIM27 in modulating autophagy flux, we 
took advantage of the tandem mCherry-GFP-MAP1LC3 con-
struct, which is detected as red puncta in autolysosomes and 
as yellow puncta in immature autophagosomes, for confocal 
microscopy experiments. Expectedly, the number of the total 
MAP1LC3 puncta per cell that represents the intensity of 
autophagosome formation was significantly higher, while the 
ratio of yellow:total puncta per cell that represents the ratio of 
immature autophagosomes was markedly lower, in Trim27+/+ 

BMDMs than that in trim27-/- BMDMs with or without Mtb 
infection (Figure 4I). Thus, TRIM27 enhances autophagy flux 
during Mtb infection. Since unobstructed autophagy flux 

contributes to the clearance of intracellular pathogens, we 
speculated that TRIM27 promotes Mtb clearance by enhan-
cing autophagy flux. Through knocking out the core autopha-
gy gene Atg5 in Trim27+/+ and trim27-/- macrophages to block 
autophagy (Figure S4D), we found that the promoting effect 
of TRIM27 on clearing Mtb was largely abolished (Figure 
S4E), indicating that TRIM27 enhances ATG5-dependent 
autophagy flux to achieve pathogen clearance during Mtb 
infection.

To further verify whether TRIM27 enhances autophagy 
flux depending on TFEB, we treated Trim27+/+ and trim27-/- 

BMDMs with TFEB activator 1, which could activate TFEB by 
directly binding to TFEB and promoting its entry into the 
nucleus, without affecting TFEB transcription [27]. As 
expected, TFEB activator 1 rescued the decreased transcrip-
tion of autophagy-related genes, including Map1lc3, Sqstm1, 
Ctsb, Atg5, Mcoln1, Lamp1 and Lamp2 (Figure S5A – G), 
without affecting the transcription of Trim27 and Tfeb 
(Figure S5H, I). Consistently, TFEB activator 1 enhanced 
TRIM27 deficiency-caused attenuated autophagy flux (Figure 
S5J, K), and accordingly suppressed the intracellular survival 
of Mtb (Figure S5L). Additionally, previous studies have 
reported that TRIM27 restrains starvation-induced autophagy 
through impacting the ULK1 (unc-51 like autophagy activat-
ing kinase 1) complex or promoting mitophagy by recruiting 
active TBK1 (TANK binding kinase 1) to the mitochondria 
[28,29], we thus further determined whether TRIM27 mod-
ulates host autophagy during Mtb infection via these two 
mechanisms. Through examining the protein stability of 
ULK1 and the activation of its substrate ATG13 in 
Trim27+/+ and trim27-/- BMDMs, we found that the protein 
levels of ULK1 and phosphorylated ATG13 (active ATG13) 
were similar between Trim27+/+ and trim27-/- BMDMs during 
Mtb infection (Figure S5M). Moreover, we purified the mito-
chondria from Trim27+/+ and trim27-/- BMDMs to examine 
the abundance of phosphorylated TBK1 (active TBK1) being 
recruited to the mitochondria during Mtb infection, and the 
result showed that Mtb infection can increase the abundance 
of phosphorylated TBK1 on the mitochondria, while this 
effect was not modulated by TRIM27 (Figure S5N). Taken 
together, these data indicate that TRIM27 enhances autopha-
gy flux during Mtb infection in a manner depending on 
TFEB, rather than impacting the ULK1 complex or promoting 
the recruitment of active TBK1 to the mitochondria. Next, we 
further examined whether TRIM27 promotes TFEB transcrip-
tion to induce autophagy flux in the nucleus. Through analyz-
ing the amino acid sequence of TRIM27 using cNLS Mapper 
[30,31], we found an importin α-dependent nuclear localiza-
tion signal (NLS) in TRIM27, which is located at the amino 
acid 152–164 (Figure 5A). Then, we constructed the NLS- 
deleted TRIM27 (TRIM27ΔNLS) and confirmed that

of nuclear:cytoplasmic TRIM27. Densitometry of triplicate samples was performed for quantification. The relative abundance of TRIM27 in the cytoplasm and nucleus 
was calculated as the ratios of TRIM27:TUBA1A and the ratios of TRIM27:PARP, respectively. (D) genomic distribution of potential TRIM27-binding regions in HC 
PBMCs. Cells were infected as in (B). (E) biotype distribution of potential TRIM27-binding regions in HC PBMCs. Cells were infected as in (B). (F) the total 16 candidate 
protein-coding genes (fold-enrichment >10 and FDR < 0.05) whose promoter region is regulated by TRIM27 in mtb-infected PBMCs. Data are mean ± SEM (n = 5 
replicates per group in A and n = 3 replicates per group in C). Statistical significance was determined using two-way ANOVA with Tukey’s post-hoc test for (A), two- 
way ANOVA with Sidak’s multiple comparisons test for (C, middle) and unpaired two-sided Student’s t-test for (C, right). Results are representative of three 
independent experiments.
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Figure 3. Nuclear TRIM27 promotes TFEB gene transcription. (A) qRT-PCR analysis of the potential genes targeted by TRIM27. The mRNA levels of potential TRIM27- 
targeted genes were determined in HC PBMCs infected with mtb at a MOI of 5 for 0 or 8 h. The copy numbers of mRNA were calculated based on the GAPDH 
standard curve. TEX30: testis expressed 30; NCR1: natural cytotoxicity triggering receptor 1; ACOT11: acyl-CoA thioesterase 11; ECSCR: endothelial cell surface 
expressed chemotaxis and apoptosis regulator; ZNF561: zinc finger protein 561; SLC25A16: solute carrier family 25 member 16; DBNL: drebrin like; EIF4G3: eukaryotic 
translation initiation factor 4 gamma 3; DPF2: double PHD fingers 2. (B) qRT-PCR analysis of tfeb mRNA in Trim27+/+ and trim27-/-BMDMs. Cells were infected with mtb 
at a MOI of 5 for 0–12 h, and results are presented relative to those of the control gene Gapdh. (C) qRT-PCR analysis of TRIM27 mRNA (left) and TFEB mRNA (right) in 
PBMCs from HC (n = 5) and TB (n = 5) individuals. Results are presented relative to those of the control gene GAPDH. (D) ChIP-qPCR assay for TRIM27 enrichment in 
the promoters of potential target gene TFEB. ChIP assay was conducted using anti-TRIM27 rabbit antibody followed by qRT-PCR in PBMCs uninfected or infected with 
mtb for 8 h. Enrichment was calculated relative to normal rabbit IgG control. (E) luciferase reporter assay of the transcriptional regulation activity of TRIM27 on its 
potential target gene TFEB in HEK293T cells. TFEB promoter-pGL2-basic vector was co-transfected into HEK293T cells with 1 μg of empty vector or vectors encoding 
full-length TRIM27. Resultant luciferase activities were expressed as relative luciferase activities normalized to the pRL-TK activity. Data are mean ± SEM (n = 3 
replicates per group in A and E, n = 4 replicates per group in B and D). Statistical significance was determined using two-way ANOVA with Sidak’s multiple 
comparisons test for (A), two-way ANOVA with Tukey’s post-hoc test for (B and D) and unpaired two-sided Student’s t-test for (C and E). Results are representative of 
three independent experiments.
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Figure 4. Nuclear TRIM27 promotes TFEB-mediated activation of autophagy. (A−G) qRT-PCR analysis of Map1lc3 mRNA (A), Sqstm1 mRNA (B), ctsb mRNA (C), Atg5 
mRNA (D), Mcoln1 mRNA (E), Lamp1 mRNA (F) and Lamp2 mRNA (G) in Trim27+/+ and trim27-/- BMDMs. Cells were infected with mtb at a MOI of 5 for 0 or 8 h, and 
results are presented relative to those of the control gene Gapdh. (H) immunoblotting of MAP1LC3, TRIM27 and ACTB (loading control) in Trim27+/+ and trim27-/- 

BMDMs. Cells were infected with mtb at a MOI of 5 for 0 − 8 h in the presence of DMSO or bafilomycin A1 (baf A1), and were then lysed and analyzed by
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TRIM27ΔNLS lost its ability to enter host cell nucleus upon 
Mtb infection (Figure 5B,C). Accordingly, TRIM27ΔNLS lar-
gely lost its function of enhancing autophagy flux during Mtb 
infection, as compared with wild-type TRIM27 (Figure 5D). 
Altogether, these results indicate that TRIM27 enhances 
TFEB-activated autophagy flux to accelerate Mtb clearance, 
depending on its nuclear localization.

Nuclear TRIM27 functions as a transcription activator to 
enhance TFEB gene transcription during Mtb infection

To further investigate how TRIM27 promotes the transcrip-
tion of TFEB, we amplified the promoter region (−1000 bp to 
TSS) of TFEB and then performed the electrophoretic mobi-
lity shift assay (EMSA), a rapid and sensitive method detect-
ing protein-nucleic acid interactions [32], to examine 
whether TRIM27 directly binds to the promoter region of 
TFEB gene. The result showed that the region ranging from  
− 200 bp upstream to the TSS in TFEB was bound by 
TRIM27 directly (Figure 6A). We then analyzed the DNA- 
binding domain of TRIM27 using PredictProtein database 
(https://predictprotein.org/), and a total of two regions 
including amino acids 28–35 and 460–471 were identified 
in TRIM27 (Figure 6B). By deleting two potential DNA- 
binding domains of TRIM27 separately, we confirmed that 
the TRIM27 truncation with amino acids 460–471 deletion 
(TRIM27Δ460–471), but not the TRIM27 truncation with 
amino acids 28–35 deletion (TRIM27Δ28–35), largely lost 
its ability to bind to TFEB promoter (Figure 6B). 
Consistently, ChIP-qPCR assay confirmed that TRIM27 
was highly enriched in the region ranging from − 200 bp 
upstream to the TSS in TFEB promoter (Figure 6C). 
Accordingly, TRIM27-mediated transcription of TFEB was 
largely abolished by the deletion of the − 200 bp to the TSS of 
the TFEB promoter or by the deletion of amino acids 460– 
471 of TRIM27 (Figure 6D). Thus, TRIM27 acts as 
a potential transcription activator of TFEB to promote 
TFEB expression, depending on the interaction of the −  
200 bp to the TSS promoter region of TFEB with the amino 
acids 460–471 of TRIM27. Given that CREB1 is the reported 
key transcription factor of TFEB [33], we further investigated 
whether TRIM27-mediated transcription of TFEB is depen-
dent on CREB1. Through inhibiting CREB1-mediated gene 
transcription with Creb1 shRNA or CREB1 inhibitor com-
pound 3i (IC50 = 0.081 ± 0.04 μM) [34] (Figure S6A), we 
found that the transcription of TRIM27 was not affected, 
while the promoting effect of TRIM27 on TFEB transcrip-
tion was largely abolished in CREB1-knockdown macro-
phages (Figure 6E,F and S6B, C). These results suggest that 
CREB1 is required for TRIM27-mediated transcription of 
TFEB. Previous studies have reported that nuclear TRIM27 
usually directly interacts with transcription factors to 

regulate the gene transcription [35,36]. We thus detected 
whether TRIM27 directly interacts with CREB1 to induce 
gene transcription of TFEB. Co-immunoprecipitation and 
pull-down assays showed that TRIM27 directly interacted 
with CREB1 through its RET finger protein (RFP) domain 
(Figure 6G and S6D). We then performed luciferase reporter 
assays in HEK293T cells using pGL2-Basic reporter vector 
with the promoter region of TFEB gene inserted. Cells were 
co-transfected with the reporter plasmid and plasmid encod-
ing wild-type TRIM27, E3 ligase activity-dead mutant of 
TRIM27 (TRIM27C16,31A) [37,38], RING-B-box domain of 
TRIM27 (TRIM27 RB), Coiled-coil domain of TRIM27 
(TRIM27 CC), RFP domain of TRIM27 (TRIM27 RFP), 
TRIM27Δ28–35 or TRIM27Δ460–471 (Figure S6E). The 
result showed that TRIM27, TRIM27C16,31A, TRIM27 RFP 
and TRIM27Δ28–35, but not TRIM27 RB, TRIM27 CC or 
TRIM27Δ460–471, significantly induced the transcription of 
TFEB gene (Figure 6H). Collectively, TRIM27 interacts with 
CREB1 to promote TFEB gene transcription depending on 
its DNA-binding region (amino acids 460–471) and CREB1- 
interacting domain (RFP domain), which regulatory func-
tion is independent of the E3 ligase activity of TRIM27.

In order to further explore the detailed molecular 
mechanisms underlying TRIM27 binding to TFEB promo-
ter and CREB1 to promote TFEB gene transcription, we 
performed a DNA-binding affinity assay to examine the 
effect of TRIM27 on CREB1 binding to the TFEB promoter. 
We found that TRIM27, but not TRIM27Δ460–471 or 
TRIM27ΔRFP, significantly enhanced the affinity of 
CREB1 to bind to TFEB promoter (Figure 6I), suggesting 
that TRIM27 serves as an adaptor to promote the interac-
tion between CREB1 and TFEB promoter region. Since the 
phosphorylation of CREB1 at Ser133 site (p-CREB1 S133) 
catalyzed by PRKA is required for CREB-mediated tran-
scriptional activation in response to a variety of stimuli 
[39], we thus further investigated the contribution of 
TRIM27 to PRKA-catalyzed CREB1 phosphorylation. As 
expected, an obvious phosphorylation of CREB1 was 
detected in Trim27+/+ BMDMs, rather than in trim27-/- 

BMDMs, during Mtb infection (Figure 6J). Moreover, the 
level of p-CREB1(S133) increased in a dose-dependent 
manner in the presence of TRIM27 (Figure 6K). We next 
sought to explore the mechanism by which TRIM27 pro-
motes PRKA-mediated phosphorylation of CREB1. 
Confocal microscopy experiment and cell fractionation ana-
lysis showed that TRIM27 did not affect the nuclear trans-
location of CREB1 and PRKA upon Mtb infection (Figure 
S7 A – C). In vitro PRKA kinase activity assay further 
showed that TRIM27 had no effect on the kinase activity 
of PRKA (Figure S7D). Meanwhile, even though TRIM27 
did not interact directly with PRKA (Figure S7E), the inter-
action between PRKA and CREB1 was significantly

immunoblotting (left). Right, the ratios of MAP1LC3-II:ACTB densitometry of quintuplicate samples was performed for quantification. (I) confocal microscopy analysis 
of autophagy in Trim27+/+ and trim27-/- BMDMs. Left, Representative confocal images of fixed Trim27+/+ and trim27-/- BMDMs. Cells were infected with mcherry-GFP- 
MAP1LC3-lentivirus for 24 h, and were then infected with Alexa FluorTM 405-labeled mtb (blue) for 8 h. Uninfected cells were prepared as the negative control. Scale 
bars: 10 μm. Middle and right, the numbers of total MAP1LC3 puncta (middle) and the ratio of yellow:total MAP1LC3 puncta (right) from 50 cells for each biological 
replicate. Data are mean ± SEM (n = 3 replicates per group in A−G and I, n = 5 replicates per group in H). Statistical significance was determined using two-way 
ANOVA with Tukey’s post-hoc test for (A−I). Results are representative of three independent experiments.

AUTOPHAGY 9

https://predictprotein.org/


p <
p <

p <

p =

p =

p <

p <

p <

p =

p <

p <

p =

p =

p =

Figure 5. TRIM27 promotes autophagy activation depending on its nuclear localization. (A) schematic diagram representing the distribution region of nuclear 
localization signals (NLS) in TRIM27. The NLS were predicted with the cNLS mapper website. (B) confocal microscopy analysis of the nuclear localization of TRIM27 or 
TRIM27ΔNLS. Left, Representative confocal images of the colocalization of TRIM27 or TRIM27ΔNLS with the nucleus. RAW264.7 cells were transfected with vector 
encoding MYC-tagged TRIM27 or MYC-tagged TRIM27ΔNLS. After 24 h, transfected RAW264.7 cells were uninfected or infected with Alexa FluorTM 488-labeled mtb 
(green) at a MOI of 5 for 8 h, and were then fixed and stained with the antibody against MYC-tag (red). Nuclei were stained with DAPI (blue). Scale bars: 5 µm. Right, 
average fluorescence intensity of TRIM27 or TRIM27ΔNLS in the cytoplasm and nucleus. About 50 cells were counted and analyzed for each biological replicate. 
(C) immunoblotting of TRIM27, TUBA1A (loading control for the cytoplasm) and PARP (loading control for the nucleus) in the cytoplasm and nucleus in TRIM27- or 
TRIM27ΔNLS-complementing trim27-/- BMDMs. Left, cells were transfected with MYC-TRIM27 or MYC-TRIM27ΔNLS for 24 h, and were then uninfected or infected with 
mtb for 8 h, followed by immunoblotting analysis. *: nonspecific bands. Right, the relative abundance of TRIM27 or TRIM27ΔNLS in the cytoplasm and nucleus. 
Densitometry of quintuplicate samples was performed for quantification. The relative abundance of TRIM27 or TRIM27ΔNLS in the cytoplasm and nucleus was 
calculated as the ratios of TRIM27:TUBA1A or TRIM27ΔNLS:TUBA1A and the ratios of TRIM27:PARP or TRIM27ΔNLS:PARP, respectively. (D) immunoblotting of 
MAP1LC3, TRIM27 and ACTB (loading control) in TRIM27- or TRIM27ΔNLS-complementing trim27-/- BMDMs. Cells were infected as in (C), followed by immunoblotting 
analysis (left). *: nonspecific bands. Right, the ratios of MAP1LC3-II:ACTB. Densitometry of triplicate samples was performed for quantification. Data are mean ± SEM 
(n = 5 replicates per group in B −D). Statistical significance was determined using two-way ANOVA with Tukey’s post-hoc test for (B −D). Results are representative of 
three independent experiments.

10 D. ZHAO ET AL.



p = 

p 

p < 

p < 

p = 

Trim27+/+ trim27-/-

Trim27+/+ trim27-/-

T
rim

27

Creb1

p p 

T
fe

b

p 

p = 

p = 

p 

p 

p 

TFEB p 

Creb1

p 

p 

p = 

p 

Figure 6. Nuclear TRIM27 functions as a transcription activator to enhance TFEB gene transcription during mtb infection. (A) electrophoretic mobility shift assay 
(EMSA) analysis of interactions between his-tagged TRIM27 and nine promoter fragments of TFEB. The promoter fragments of TFEB (10 nM) were amplified and 
incubated with 10 μg of purified his-TRIM27. (B) EMSA analysis of interactions of his-tagged TRIM27 and its truncations with TFEB promoter fragment (−400 bp to the 
TSS) as in (A). (C) ChIP-qPCR analysis for the binding site of TRIM27 in the promoter of TFEB gene. ChIP assay was conducted using anti-TRIM27 rabbit antibody 
followed by qRT-PCR with specific primers for TFEB promoter fragments in PBMCs. Enrichment was calculated relative to the normal rabbit IgG control. (D) luciferase
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enhanced in the presence of TRIM27 during Mtb infection 
(Figure 6L). Consistently, RFP domain-deleted TRIM27 
truncation (TRIM27ΔRFP) caused a reduced phosphoryla-
tion level of CREB1 as compared to wild-type TRIM27 
(Figure S7F). Collectively, TRIM27 interacts with CREB1 
to promote the interaction of CREB1 with PRKA, thus 
enhancing the phosphorylation of CREB1 by PRKA. 
Altogether, TRIM27 functions as a transcription activator 
to enhance TFEB gene transcription through multiple 
effects. Specifically, TRIM27 not only interacts with both 
CREB1 and TFEB promoter to increase the binding affinity 
of CREB1 to the TFEB promoter, but also promotes PRKA- 
catalyzed CREB1 phosphorylation and activation, thereby 
leading to enhanced TFEB gene transcription.

CREB1 is essential for TRIM27 to enhance TFEB-mediated 
autophagy flux

To further determine whether CREB1 is required for 
TRIM27-mediated autophagy flux activation, we first 
examined the expression of autophagy-related genes in 
Trim27+/+ and trim27-/- cells with or without Creb1 
shRNA or CREB1 inhibitor compound 3i treatment dur-
ing Mtb infection. As shown in Figure 7A–G and Figure 
S8A – G, TRIM27 remarkably increased the transcription 
of autophagy-related genes, including Map1lc3, Sqstm1, 
Ctsb, Atg5, Mcoln1, Lamp1 and Lamp2, upon Mtb infec-
tion, which phenomenon was largely abolished in CREB1- 
deficient macrophages. These results imply that the pro-
moting effect of TRIM27 on autophagy-related gene 
expression is dependent on CREB1. Accordingly, 
Trim27+/+ BMDMs treated with compound 3i showed 
a significant decrease of the number of total MAP1LC3 
puncta and an increase of the ratio of yellow:total puncta 
(Figure 7H), which indicate the attenuated autophagy 
induction and blocked autophagy flux, respectively. 
Consistently, the number of LAMP1 puncta that repre-
sents lysosomes also decreased both in Trim27+/+ and 
trim27-/- BMDMs treated with compound 3i (Figure 
S8H). Finally, knockdown or inhibiting the activity of 
CREB1 enhanced the intracellular survival of Mtb both 
in Trim27+/+ and trim27-/- cells (Figure 7I and S8I). 
Collectively, these results suggest that TRIM27 promotes 
TFEB-mediated autophagy activation depending on 
CREB1, thus suppressing pathogen intracellular survival.

TRIM27 promotes TFEB-mediated autophagy flux to 
enhance host anti-mtb immunity in vivo

To determine the role of TRIM27-mediated TFEB gene tran-
scription and autophagy activation in host anti-Mtb immunity 
in vivo, we challenged trim27fl/fl and trim27-/-Lyz2 mice by aerosol 
exposure with Mtb H37Rv strain to determine the bacterial loads 
and tissue pathology in the lungs or livers of the infected mice. 
Our data showed that Mtb infection could induce the transcrip-
tion of Trim27 in the lungs of Trim27fl/fl mice (Figure 8A). 
Consistently, the transcription of Tfeb was markedly induced 
in the lungs of Trim27fl/fl mice from 7 days post-infection, as 
compared with that in trim27Lyz2 mice (Figure 8B). Based on the 
rationale that TRIM27 enhances autophagy flux to inhibit Mtb 
intracellular survival by promoting TFEB gene transcription, we 
then treated Trim27fl/fl and trim27Lyz2 mice with TFEB activator 
1. Expectedly, TFEB activator 1 rescued the decreased expression 
of autophagy-related genes (including Map1lc3 and Atg5) in 
macrophage cells from lungs of trim27Lyz2 mice (Figure 8C,D 
and S9), as well as the reduced pathogen clearance in lungs and 
spleens of trim27Lyz2 mice (Figure 8E,F). Consistently, TFEB 
activator 1 attenuated TRIM27 deficiency-mediated increase of 
cellular infiltrations and Mtb burden in lungs of Mtb-infected 
trim27Lyz2 mice (Figure 8G–I). Thus, these results indicate that 
TRIM27 promotes TFEB gene transcription and the ensuing 
autophagy activation to enhance host anti-Mtb immunity 
in vivo, and TFEB activator 1 is a potentially attractive drug 
for alleviating the reduced ability of host defending against Mtb 
infection caused by TRIM27 deficiency.

In summary, our study demonstrates that TRIM27 nuclear 
localization increases upon Mtb infection in an NLS motif- 
dependent manner, followed by interacting with CREB1 and 
the TFEB promoter to increase the affinity of CREB1 to the 
TFEB promoter as well as promoting PRKA-catalyzed CREB1 
phosphorylation and activation, thereby enhancing TFEB 
gene transcription, eventually leading to increased autophagy- 
related gene expression and autophagy activation to control 
Mtb intracellular survival (Figure 9). Thus, inducing TFEB 
gene transcription to enhance autophagy flux may serve as an 
effective strategy for the prevention and treatment of infec-
tious diseases, such as TB, caused by TRIM27 deficiency.

Discussion

Until now, one of the leading causes of morbidity and mor-
tality globally is infectious diseases, which are exacerbated by

reporter assay of the transcriptional regulation activity of TRIM27 or its truncations on the potential target gene TFEB or TFEB Δ-200bp~TSS in HEK293T cells. TFEB 
promoter- or TFEB Δ-200bp~TSS-pGL2-basic vector was co-transfected into HEK293T cells with 1 μg of empty vector or vectors encoding full-length TRIM27 or its 
truncations. Resultant luciferase activities were expressed as relative luciferase activities normalized to the pRL-TK activity. (E and F) qRT-PCR analysis of Trim27 mRNA 
(E) and tfeb mRNA (F) in Trim27+/+ and trim27-/- cells stably expressing nontargeting control shRNA (shNC) or Creb1-targeting shRNA (shCreb1). Cells were infected 
with mtb at a MOI of 5 for 0 or 8 h, and results are presented relative to those of the control gene Gapdh. (G) immunoprecipitation (IP) of CREB1 by MYC-tagged 
TRIM27 or its truncations in RAW264.7 cells. Cells were transfected with empty vector or vector encoding MYC-TRIM27 for 16 h and were then infected with mtb at 
a MOI of 5 for additional 8 h. Cells were lysed and immunoprecipitated with the antibody against MYC. (H) luciferase reporter assay of the transcriptional regulation 
activity of TRIM27 and its truncations on the potential target gene TFEB in HEK293T cells as in (D). (I) DNA-binding affinity of CREB1 in the presence of MYC-tagged 
TRIM27 or its truncations. (J) immunoblotting of p-CREB1, total CREB1 and GAPDH (loading control) in Trim27+/+ and trim27-/-BMDMs. Cells were infected with mtb 
strains at a MOI of 5 for 0 − 8 h. (K) immunoblotting of TRIM27-mediated phosphorylation of CREB1 in vitro in the absence or presence of TRIM27. (L) IP of PRKA by 
CREB1 in Trim27+/+ and trim27-/- BMDMs. Cells were infected as in (J), and were then lysed and immunoprecipitated with the antibody against CREB1. Data are mean  
± SEM (n = 3 replicates per group in C−F, H and I). Statistical significance was determined using two-way ANOVA with Sidak’s multiple comparisons test for (C), two- 
way ANOVA with Tukey’s post-hoc test for (D−F) and one-way ANOVA with Tukey’s post-hoc test for (H and I). Results are representative of three independent 
experiments.
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Figure 7. CREB1 is essential for TRIM27 to enhance TFEB-mediated autophagy flux. (A−G) qRT-PCR analysis of Map1lc3 mRNA (A), Sqstm1 mRNA (B), ctsb mRNA (C), 
Atg5 mRNA (D), Mcoln1 mRNA (E), Lamp1 mRNA (F) and Lamp2 mRNA (G) in Trim27+/+ and trim27-/- cells stably expressing shNC or shCreb1. Cells were infected with 
mtb at a MOI of 5 for 0 or 8 h, and results are presented relative to those of the control gene Gapdh. (H) confocal microscopy analysis of autophagy in Trim27+/+ and 
trim27-/- BMDMs with or without compound 3i treatment. Upper, Representative confocal image of fixed Trim27+/+ and trim27-/- BMDMs. Cells were infected with
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the widespread emergence of drug-resistant pathogens that 
challenge the healthcare infrastructure globally with economic 
consequences [40]. The host and pathogen have coexisted for 
eons and both of them have evolved diverse mechanisms to 
either adapt to or antagonize each other, and the interactions 
between them determine the outcomes of the infection. 
Understanding these evolutionary interactions and their 
impact on pathogen clearance or host pathology will provide 
insights into rational development of new therapeutics that 
favor enhancing a host protective response. It is well known 
that hosts have developed several strategies to recognize and 
restrict pathogen infection. Upon viral infection, a range of 
host factors, including many TRIM proteins, have been found 
to play critical roles in antagonizing viral invasion and repli-
cation [41], which provides key targets for the development of 
new host-directed antiviral infection therapies. Recently, sev-
eral TRIM proteins (including TRIM14, TRIM16, TRIM22 
and TRIM32) have been reported to be involved in host 
defense against bacteria such as Mtb [14–17], indicating that 
TRIM proteins are potential targets for HDT against bacterial 
infections. We previously found that TRIM27 regulates the 
activation of host innate immune signaling pathways to limit 
the infection of M. bovis BCG and M. smegmatis [19]. Here, 
we further revealed TRIM27 as a previously unrecognized 
host protective factor against Mtb. Specifically, upon Mtb 
infection, TRIM27 enters host cell nucleus, where it binds to 
TFEB gene promoter and interacts with the transcription 
factor CREB1, thus increasing the affinity of CREB1 to 
TFEB gene promoter and promoting PRKA-catalyzed 
CREB1 phosphorylation and activation, thereby enhancing 
TFEB transcription as well as autophagy flux to eliminate 
pathogens.

Autophagy is an emerging anti-infection innate immune 
mechanism that is usually induced upon infection, and it 
allows the prompt degradation of invading pathogens within 
lysosomes. In the past 20 years, the identification of the main 
components of the autophagy core machinery, named ATG 
(autophagy related) proteins, has revealed key aspects 
involved in the formation of autophagosomes [42]. More 
recently, considerable efforts have been devoted to further 
elucidating the detailed regulatory mechanisms involved in 
this process, and the autophagy flux that leads to eventual 
cargo degradation has been found to be frequently modulated 
during pathogenic infections. Several recent studies have 
demonstrated that TRIM proteins are important modulators 
of virus-induced autophagy. For example, TRIM5/TRIM5α 
was recently shown to act as a viral cargo receptor inducing 
autophagic degradation of viral components [43]. Also, 
TRIM23 facilitates TBK1 activation to phosphorylate 
SQSTM1, ultimately enhancing cargo recognition and indu-
cing autophagic degradation of viral components [44]. 
However, regarding bacterial infection, previous studies on 

the role of TRIM proteins in autophagy mainly focused on 
the autophagy induction step [14–16], while the whole picture 
of the autophagy flux regulation by the TRIM proteins 
remains largely unclear. Here, we demonstrate that TRIM27 
acts as a critical host factor promoting autophagy flux during 
Mtb infection, TRIM27 not only promotes autophagy induc-
tion to sequester pathogens in autophagosomes, but also 
enhances the autophagy flux to achieve eventual pathogen 
clearance. It is worth mentioning that a few studies have 
demonstrated the regulatory functions of TRIM27 on host 
autophagy under non-infection conditions. For example, one 
previous study reported that TRIM27 inhibits starvation- 
induced autophagy through impacting the ULK1 complex in 
a manner dependent on its E3 ubiquitin ligase activity [28], 
and another study showed that TRIM27 facilitates starvation- 
induced mitophagy through recruiting active TBK1 to the 
mitochondria in a manner dependent on its coiled-coil region 
[29]. Thus, TRIM27 plays pleiotropic roles in autophagy reg-
ulation depending on its specific domains or activities under 
different circumstances. Taken together, previous observa-
tions together with our findings indicate that TRIM27 regu-
lates autophagy pathways in a disease-dependent manner, 
thus exerting disease-specific immune regulatory functions.

Transcriptional and epigenetic events play important roles 
in autophagy flux regulation upon stress stimuli [45], and 
various transcription regulators have been shown to regulate 
the expression of autophagy-related genes, including TFEB 
[21,46], a member of the MiTF/TFE family of leucine zipper 
transcription factors, plays as a critical regulator to promote 
autophagy flux. Under the static state, TFEB is phosphory-
lated by growth-factors/nutrients regulated kinases and is 
sequestered in the cytosol; upon stress stimulations, such as 
nutrient starvation, TFEB is dephosphorylated and translo-
cated to nucleus to induce the expression of a variety of 
autophagy/lysosome-related genes [47–52]. Here, our data 
indicate that TRIM27 represents a newly identified protective 
factor against Mtb infection through directly binding to TFEB 
promoter and acts as a transcription activator to enhance 
TFEB gene transcription, thereby enhancing autophagy flux 
for pathogen clearance. Consistently, through analyzing clin-
ical peripheral blood and lung tissues, we found that TB 
patients exhibit lower expression of TRIM27 as compared to 
healthy controls, suggesting that the defective expression of 
TRIM27 May predict TB development and progression. Thus, 
our findings suggest that TRIM27 is a potential biomarker 
that may serve as an indicator of TB status. In addition, for 
individuals with TRIM27 deficiency, enhancing TFEB tran-
scription via targeting TRIM27-CREB1-TFEB axis or improv-
ing TFEB activity using compounds (such as TFEB 
activator 1) are potential effective HDTs for TB prevention
and treatment.

mCherry-GFP-MAP1LC3-lentivirus for 24 h, and were then infected with Alexa FluorTM 405-labeled mtb (blue) at a MOI of 5 for 8 h with or without compound 3i 
treatment. Uninfected cells were prepared as the control. Scale bars: 10 μm. Bottom, the numbers of total MAP1LC3 puncta (left) and the ratio of yellow:total 
MAP1LC3 puncta (right) from 50 cells for each biological replicate. (I) survival of mtb in Trim27+/+ and trim27-/- cells stably expressing shNC or shCreb1. Data are 
mean ± SEM (n = 3 replicates per group in A−I). Statistical significance was determined using two-way ANOVA with Tukey’s post-hoc test for (A−I). Results are 
representative of three independent experiments.
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Figure 8. TRIM27 promotes TFEB-mediated autophagy flux to enhance host anti-mtb immunity in vivo. (A and B) qRT-PCR analysis of Trim27 mRNA (A) and Tfeb 
mRNA (B) in the lungs of Trim27fl/fl and trim27Lyz2 mice infected with mtb at the indicated time points. (C and D) the MFI of MAP1LC3 (C) and ATG5 (D) in lung 
macrophages. The Trim27fl/fl and trim27Lyz2 mice were infected with mtb and treated with oil or TFEB activator 1 for 7 days, and the lungs were harvested for 
analyzation by FACS. (E and F) bacterial loads of mtb in the lungs (E) and spleens (F) of Trim27fl/fl and trim27Lyz2 mice. Mice were infected and treated as in (C). (G)
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Materials and methods

Ethics

All animal studies were approved by the Biomedical Research 
Ethics Committee of Institute of Microbiology, Chinese 
Academy of Sciences (SQIMCAS2015004). HC and TB donors 
were recruited from Beijing Chest Hospital, and the study was 
approved by the Ethics Committee of Beijing Chest Hospital, 
Capital Medical University (2018KY41). Informed consent was 
obtained from all individual participants included in the study.

Donors

TB patients were diagnosed with significant symptoms of TB 
and a positive result of T-SPOT.TB test (a commercially 

available IFNG release assay) [53,54], and were further con-
firmed by Mtb culture of respiratory specimens. The indivi-
dual without a known history of exposure to Mtb was 
included as HC subjects based on a negative result of 
T-SPOT.TB test [53,55]. All participants aged ≥16 years old, 
and had no significant other medical histories such as human 
immunodeficiency virus (HIV) infection, cancers and dia-
betes. All participants were recruited from Beijing Chest 
Hospital. Information on HC and TB donors were provided 
in Table S1.

Mice

Lyz2/LyzM-Cre mice were from the Jackson Laboratory, 
Trim27flox/flox (Trim27fl/fl) mice were generated by 

H&E and acid-fast staining of lung sections of Trim27fl/fl and trim27Lyz2 mice. Mice were infected and treated as in (C). (H and I) quantitation of inflammatory areas (H) 
and average mtb counts (I) in lung sections of Trim27fl/fl and trim27Lyz2 mice. Mice were infected and treated as in (C). Data are mean ± SEM (n = 3 replicates per 
group in A−D, n = 5 replicates per group in E, F and H, n = 10 replicates per group in I). Statistical significance was determined using two-way ANOVA with Tukey’s 
post-hoc test for (A−F, H and I). Results are representative of one experiment with two independent biological replicates.

Figure 9. The schematic model showing that nuclear TRIM27 enhances TFEB transcription to promote autophagy flux and Mtb clearance. Briefly, during Mtb 
infection, nuclear TRIM27 increases and interacts with TFEB promoter and CREB1, followed by enhancing CREB1-TFEB promoter binding affinity and promoting 
phosphorylation of CREB1 at Ser133 catalyzed by PRKA, thus promoting TFEB gene transcription and the ensuing autophagy-related gene expression and autophagy 
activation to accelerate the clearance of pathogenic bacteria.
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Biocytogen (Beijing, China) using the CRISPR-Cas9 system. 
Both Lyz2-Cre mice and Trim27fl/fl mice were in C57BL/6 
genetic background. Trim27fl/fl mice were first crossed with 
Lyz2-Cre mice. The F1 trim27flox/+-Lyz2-Cre mice then 
crossed with Trim27fl/fl mice to generate Trim27flox/flox-Lyz2- 
Cre (trim27-/-) mice that lacked Trim27 in myeloid cell line-
age. All mice were housed and bred in a specific pathogen- 
free (SPF) facility on the basis of standard humane animal 
husbandry protocols, which were approved by the animal care 
and use committee of the Institute of Microbiology (Chinese 
Academy of Sciences). All experimental protocols were per-
formed in accordance with the instructional guidelines of the 
China Council on Animal Care, and were approved by the 
Biomedical Research Ethics Committee of the Institute of 
Microbiology, Chinese Academy of Sciences, and the Beijing 
Chest Hospital, Capital Medical University 
(SQIMCAS2015004).

Bacterial strains and plasmids

E. coli DH5α and BL21 were grown in flasks using lysogeny broth 
medium at 37°C with antibiotic selection for genetic manipula-
tions or protein expression. Mtb H37Rv strain (ATCC 27,294) was 
grown in Middlebrook 7H9 (BD Biosciences 271,310) broth sup-
plemented with 10% oleic acid-albumin-dextrose-catalase 
(OADC; Hopebio, HB6271a) and 0.05% Tween-80 (Sigma- 
Aldrich, 9005-65-6), or on Middlebrook 7H10 (BD Bioscience 
262,710) agar supplemented with 10% OADC. For protein expres-
sion in mammalian cells, TRIM27 and its mutants were cloned 
into pcDNA6A (with MYC-tag) (Invitrogen, V22120) or pEGFP- 
N1 (with GFP-tag) vector (Clontech, 6085–1), CREB1 was cloned 
into p3×Flag-CMV14 (with Flag-tag) vector (Sigma-Aldrich, 
E7908). Bacterial expression plasmids were constructed by cloning 
the cDNA of TRIM27 or CREB1 into pET30a (with His6-tag) 
vector (Novagen 69,909). All the plasmids were sequenced at the 
Beijing Genomics Institute (BGI) for verification. All of the strains, 
plasmids and primers used in this study were detailed in Table S2.

Antibodies and reagents

All antibodies were used according to the manufacturer’s 
instructions. The following commercial antibodies used in this 
study were as follows: anti-TRIM27 (Immuno-Biological 
Laboratories 18,791; 1:500 for immunoblots, 1:100 for immuno-
fluorescence, 1:50 for chromatin immunoprecipitation), anti- 
Flag (Cell Signaling Technology 14,793; 1:1,000 for immuno-
blots), anti-MAP1LC3 (MBL Beijing Biotech Co., Ltd., M16–3; 
1:3,000 for immunoblots), anti-LAMP1 (Abcam, ab24170; 1:200 
for immunofluorescence), anti-GAPDH (Santa Cruz 
Biotechnology, sc -25,778; 1:4,000 for immunoblots), anti- 
CREB1 (Cell Signaling Technology, 9197; 1:1,000 for immuno-
blots, 1:250 for immunoprecipitation), anti-p-CREB1 (Abcam, 
ab32096; 1:4,000 for immunoblots), anti-PRKA/PKA (Cell 
Signaling Technology, 4782, 1:1,000 for immunoblots), anti- 
ATG5 (Cell Signaling Technology, 2630; 1:1,000 for immuno-
blots), anti-MYC (Cell Signaling Technology, 2276; 1:1,000 for 
immunoblots, 1:100 for immunofluorescence), anti-ACTB 

(Sigma-Aldrich, A2228; 1:1,000 for immunoblots), anti-His 
(Cell Signaling Technology 12,698; 1:1,000 for immunoblots), 
anti-TUBA4A/TUBA1A/α-Tubulin (Sigma-Aldrich, T6199; 
1:4,000 for immunoblots), anti-PARP (Cell Signaling 
Technology, 9542; 1:1,000 for immunoblots), anti-TFEB 
(ABclonal Technology, A7311; 1:1,000 for immunoblots), anti- 
ULK1 (ABclonal Technology, A8529; 1:1,000 for immunoblots), 
anti-TOMM20 (ABclonal Technology, A19403; 1:1,000 for 
immunoblots), anti-TBK1 (Cell Signaling Technology, 3504; 
1:1,000 for immunoblots), anti-p-TBK1 (Cell Signaling 
Technology, 5483; 1:1,000 for immunoblots), anti-p-ATG13 
(Ser318) (Novus Biologicals, NBP2-19127SS; 1:1,000 for immu-
noblots), HRP-labeled goat anti-rabbit IgG (ZSGB Biotech, ZB- 
2306; 1:10,000 for immunoblots), HRP-labeled goat anti-mouse 
IgG (ZSGB Biotech, ZB-2305; 1:10,000 for immunoblots), anti- 
human CD3-PE/Cyanine7 (Biolegend 317,333; 1:200 for flow 
cytometry), anti-human CD4-FITC (Biolegend 300,506; 1:200 
for flow cytometry), anti-human CD8-PerCP (Biolegend 
980,916; 1:200 for flow cytometry), anti-human CD19-Brilliant 
Violet 421 (Biolegend 302,234; 1:200 for flow cytometry), anti- 
human NCAM1/CD56-Alexa Fluor700 (Biolegend 318,316; 
1:200 for flow cytometry), anti-human PTPRC/CD45-PE 
(Biolegend 147,711; 1:200 for flow cytometry), anti-human 
CD14-Brilliant Violet 785 (Biolegend 301,840; 1:200 for flow 
cytometry), anti-mouse ITGAM/CD11b-Brilliant Violet 605 
(Biolegend 101,237; 1:200 for flow cytometry), anti-mouse 
ADGRE1/F4/80-PerCP (Biolegend 123,125, 1:200 for flow cyto-
metry). For antibody labeling, ReadiLink™ Rapid iFluor™ 594, 
488 and 647 Antibody Labeling Kits were purchased from AAT 
Bioquest (1230, 1255 and 1235, respectively). Molecular probes 
Alexa FluorTM 488 (Invitrogen, A20000) and Alexa FluorTM 405 
(Invitrogen, A30000) were used for bacteria staining [56]. 
PRKACA/cAMP-dependent Protein Kinase catalytic subunit 
was purchased from New England Biolabs (P6000). 
LysoTracker was purchased from Invitrogen (L7528).

Cell culture and transfection

HEK293T cells (American Type Culture Collection, CRL- 
3216), the human monocytic cell line U937 cells (American 
Type Culture Collection, CRL-1593.2) and RAW264.7 cells 
(American Type Culture Collection, TIB-71) were used in 
this study. HEK293T and RAW264.7 cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, 
C11995500BT) with 10% fetal bovine serum (FBS; Gibco 
16,000–044). U937 cells were maintained in RPMI 1640 med-
ium (Gibco, C11875500BT) with 10% FBS. Cells were cul-
tured at 37°C in a humidified 5% CO2 incubator. In all related 
experiments, U937 cells were differentiated into adherent 
macrophage-like cells using 10 ng/mL Phorbol 12-myristate 
13-acetate (PMA; Sigma-Aldrich, P1585), and transient trans-
fection assays were performed using Lipofectamine 2000 
(Invitrogen 11,668,019) according to the manufacturers’ 
instructions.
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Generation of knockout and knockdown cell lines

We generated Trim27−/− RAW264.7 cells using the CRISPR- 
Cas9 gene-editing system. The CRISPR-Gold was used to 
design the sgRNA sequences targeting the Trim27 gene 
(Table S2). The sgRNA was cloned into pSpCas9(BB)-2A- 
GFP (Addgene 48,138; deposited by the Feng Zhang lab) as 
previously described [56]. The atg5+/+ and atg5−/− RAW264.7 
cells were transfected by recombinant pSpCas9(BB)-2A-GFP 
for 24 h. Single cell with green fluorescence was sorted with 
BD FACSAria III cell sorter (BD Biosciences) and was then 
identified by immunoblotting with anti-TRIM27 antibody. 
We designed the Creb1-specific shRNA sequences to silence 
expression of Creb1 in Trim27+/+ and trim27−/− RAW264.7 
cells by BLOCK-iT™ RNAi Designer (Table S2). HEK293T 
cells were transfected with a mixture of pSIH1-H1-copGFP 
lentiviral vector (System Biosciences, SI501A–1) inserted with 
Creb1 shRNA and packaging plasmids. After 48 h post- 
infection, viral supernatants were collected and filtered using 
a 0.45 μm syringe filter. Trim27+/+ and trim27−/− RAW264.7 
cells were infected with Creb1 shRNA lentiviral particles for 
24 h and were then identified by immunoblotting with anti- 
CREB1 antibody.

Isolation and differentiation of human monocyte-derived 
macrophages

PBMCs were isolated from venous blood from HC, LTBI or 
TB donors using Ficoll density gradient separation medium 
(DAKAWE 7,111,011) according to the manufacturer’s 
instruction, and were then cultured in RPMI 1640 with 10% 
FBS for 7 days. Recombinant human macrophage colony- 
stimulating factor (CSF1/M-CSF; Invitrogen, PHC9504) was 
added on days 0, 2 and 4 to allow the differentiation of 
monocytes into macrophages.

Isolation of mouse bone marrow-derived macrophages

BMDMs were derived as described previously [56]. Briefly, 
bone marrow was irrigated from the tibia and femur of 8–12- 
week-old mice under sterile conditions. After lysis of red 
blood cells from bone marrow, the remaining cells were 
cultured in DMEM supplemented with 10% FBS, and 1% 
penicillin-streptomycin solution (Hyclone, SV30010). For dif-
ferentiation into macrophages, the cells were cultured in 
DMEM with 10% FBS for 7 days. Recombinant murine 
CSF1/M-CSF (Dogesce, 315–02) was added on days 0, 2 
and 4.

qRT-PCR analysis

Total RNA was extracted with FastPure Cell/Tissue Total 
RNA Isolation Kit (Vazyme, RC101–01). The total RNA was 
reverse-transcribed into cDNA using the Hieff First Strand 
cDNA Synthesis Super Mix (YEASEN, 11123ES60) and per-
formed to qRT-PCR analysis with qPCR SYBR Green Master 
Mix (Low Rox Plus; YEASEN, 11202ES60) on ABI 7500 
system (Applied Biosystems) as previously described [57]. 
Quantitative expression of the targeted gene was normalized 

to GAPDH and data were analyzed by the 2−ΔΔCT method. 
Each experiment was performed in triplicates and repeated at 
least three times.

Flow cytometry

PBMCs from healthy volunteers or TB patients were blocked 
with anti-CD16/32 antibody for 30 min on ice. For frequency 
analyses of each immune cell subset, PBMCs were then 
stained with the indicated surface markers of monocytes, 
T cells, B cells and natural killer (NK) cells for 20 min at 
room temperature. For frequency analyses of macrophages 
in lungs from mice, the peripheral lung tissue was cut into 
small pieces with scissors, transferred into tubes and pro-
cessed in digestion buffer (1 mg/mL of collagenase 
D [YEASEN, 40510ES76] and 0.1 mg/mL DNase 
I [YEASEN, 10608ES25] in Hanks’ balanced salt solution 
[Beyotime Biotechnology, C0218]). Homogenized lungs were 
passed through 40-μm nylon mesh (JETBIOFIL, CSS013040) 
to obtain a single-cell suspension. Red blood cells were lysed 
using BD Pharm Lyse (BD Biosciences 555,899). The remain-
ing cells were then stained with the indicated surface markers. 
Flow cytometric analysis was performed on a flow cytometer 
(Fortessa, BD Biosciences) and data were analyzed using 
FlowJo vx0.7 software.

Flow cytometry gating strategies were as follows: monocyte 
gating: FSC, SSC, PTPRC+, CD14+; CD4+ T cell gating: FSC, 
SSC, PTPRC+, CD3+, CD4+; CD8+ T cell gating: FSC, SSC, 
PTPRC+, CD3+, CD8+; B cell gating: FSC, SSC, PTPRC+, 
CD19+; NK cell gating: FSC, SSC, PTPRC+, CD3+, 
NCAM1+; macrophage gating: FSC, SSC, PTPRC+, ITGAM+, 
ADGRE1+; MAP1LC3+ macrophages: FSC, SSC, PTPRC/ 
CD45+, ITGAM+, ADGRE1+, MAP1LC3+; ATG5+ macro-
phages: FSC, SSC, PTPRC+, ITGAM+, ADGRE1+, ATG5+.

Infection of macrophages

For BMDMs infection, Mtb in Middle brook 7H9 medium with 
0.05% Tween-80 and 10% OADC enrichment were grown to 
an OD600 of approximately 0.6. The bacterial pellet was then 
resuspended in DMEM medium with 0.05% Tween-80. The 
differentiated BMDMs were pretreated with 1 µM TFEB acti-
vator 1 (MedChemExpress, HY-135825) or 1 µM compound 3i 
(Selleck, 666–15) for 4 h and were then infected with Mtb at 
a multiplicity of infection (MOI) of 5. After 2 h, the media were 
discarded. Cells were washed for three times with 1 × PBS 
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM 
KH2PO4, pH 7.4) to exclude noninternalized bacteria, and 
were then incubated with the fresh DMEM medium for addi-
tional 10 h.

Colony-forming unit (CFU) and immunoblotting analysis

For bacterial CFU counting, cells were washed with 1 × PBS 
for three times and lysed in 7H9 broth containing 0.05% SDS 
for 10 min. Several sets of serially gradient dilution of the 
lysates were prepared in 7H9 broth and then cultivated on 
7H10 agar plates. The colonies were counted after 3–4 weeks. 
For immunoblotting analysis, cells were lysed in the Cell Lysis
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Buffer for Western and IP (Beyotime Biotechnology, P0013). 
Proteins were separated by SDS-PAGE and transferred to 
polyvinylidene difluoride membranes (Millipore, 
IPVH00010). After incubation with primary and secondary 
antibodies, protein bands were detected using an Immobilon 
Western Chemiluminescent HRP Substrate (Millipore, 
WBKLS0500) and exposed to X-ray film. For quantifications, 
densitometry was performed using ImageJ 1.50e to evaluate 
the intensity of the immunoblotting band signals.

Separation of nuclear and cytoplasmic fractions

After Mtb infection, cells were washed and harvested in cold 
PBS. The cytoplasmic and nuclear fractions were then pre-
pared with a Nuclear and Cytoplasmic Protein Extraction Kit 
(Beyotime Biotechnology, P0028) according to the manufac-
turer’s instructions. Protein concentrations were determined 
by BCA Protein Assay Kit (Beyotime Biotechnology, P0011), 
and were then subjected to immunoblotting.

Immunofluorescence confocal microscopy

The bacteria were washed with Hanks’ Balanced Salt Solution 
(Beyotime Biotechnology, C0218) containing 0.05% Tween-80 
and resuspended in the buffer with adequate dye (Alexa 
FluorTM 488 or Alexa FluorTM 405) incubating for 30 min at 
37°C. Then, the bacteria were washed and resuspended with 
DMEM medium containing 0.05% Tween-80. Cells were 
transfected with the indicated vectors or infected with the 
stained Mtb. Afterward, cells were washed with 1 × PBS for 
three times and fixed with 4% paraformaldehyde for 10 min, 
permeabilized with 0.5% Triton X-100 (Solarbio, T8200) in 
1 × PBS for 10 min, blocked with 1% BSA (Biotopped, 
A6020A) in PBS for 1 h, stained with the indicated primary 
and secondary antibodies and labeled with DAPI. Then, con-
focal images were taken with Leica SP8 confocal system and 
processed with the Leica Application Suite Las 
X (v2.0.1.14392) program. For the image quantifications, 
approximately 50 cells were analyzed with Imaris 9.6 
(Bitplane AG) for each biological replicate, and the data 
were shown as the mean ± SEM of three independent 
experiments.

Chromatin immunoprecipitation

ChIP experiments were carried out as described previously 
[58]. Briefly, cells were seeded in 100-mm dishes at 1 × 107 

cells/dish then cross-linked with 1% formaldehyde for 10 min 
at room temperature, and quenched for 5 min with 0.125 M 
glycine. Afterward, cells were collected and lysed in 1% SDS 
lysis buffer supplemented with protease inhibitors cocktail 
(YEASEN, 20104ES03), sonicated with a 1:8-inch probe (5 
s on:10 s off, 30 cycles, 25% of maxi power) by sonicator 
(Branson 550) to obtain genomic DNA fragments with an 
average size of 150–500 bp. ChIP was performed using anti- 
TRIM27 antibody (1:50) following the protocol provided by 
Millipore ChIP Assay kit (Millipore, 17–409) according to the 
manufacturer’s introduction.

ChIP-seq analysis

The sequencing and generation of short DNA reads of immu-
noprecipitated samples were carried out with Illumina HiSeq™ 
2500 at RIBOBIO Co. Ltd (Guangzhou, China). Binding sites 
were identified using MACS1.4 with a chromatin input library 
as the control data set. MACS assigns every candidate peak an 
enrichment p value, and those below a user-defined threshold 
p value (default 10−5) are reported as the final peaks. The ratio 
between the ChIP-seq tag count and λlocal is reported as the 
fold enrichment.

Luciferase reporter assay

HEK293T cells seeded at 2.5 × 104 cells per well in a 12-well 
plate were cultured overnight. And then HEK293T cells were 
co-transfected with 1 μg pGL3-basic-TFEB promoter (−1000 
bp to + 49 bp from the TSS) vector or mock vector and 1 μg 
vector encoding MYC-TRIM27, MYC-TRIM27C16,31A, MYC- 
TRIM27 RB, MYC-TRIM27 CC, MYC-TRIM27 RFP, 
TRIM27Δ28–35 or TRIM27Δ460–471. pRL-TK (100 ng) was 
used as an internal control. After 24 h, the cells were harvested 
and analyzed using the dual luciferase reporter assay kit 
(Promega, E1910).

Digestion of Mtb subcellular fractions

Proteins, DNA, RNA and glycans from logarithmic Mtb 
were digested as follows: For digestion of Mtb surface 
proteins, the bacilli were incubated with 100 μg/mL protei-
nase K (YEASEN, 10401ES80) at 37°C for 30 min, and then 
protease inhibitor cocktail (YEASEN, 20124ES03) was used 
to terminate the reaction [56]. For digestion of Mtb intra-
cellular proteins, DNA or RNA, the bacterial pellets were 
washed twice and resuspended in 50 mM Tris-HCl buffer 
(pH 7.5). Cells were then sonicated by Ultrasonic 
Homogenizer with an operating cycle of 3 s on and 7 s off 
at 200 W for 15 min on ice. The ultrasonic lysates were 
incubated with 100 μg/mL proteinase K at 37°C for 15 min 
to remove intracellular proteins, and then protease inhibi-
tor cocktail was used to terminate the reaction. DNA and 
RNA in the ultrasonic lysate were respectively digested with 
20 U/mL DNase I (YEASEN, 10608ES25) containing 5 mM 
MgCl2 and 100 μg/mL RNase A (Beyotime Biotechnology, 
ST576). These reactions were respectively terminated using 
2.5 mM EDTA at 65°C and using 2 U/μL RNase Inhibitor 
(Beyotime Biotechnology, R0102) containing 1 mM DTT. 
For digestion of glycans, the bacterial cell wall was treated 
with 40 mM NaIO4 (Adamas 013,474,148) to degrade sac-
charides, with 0.5 KU/mL mutanolysin (Sigma-Aldrich, 
SAE0092) to digest peptidoglycan, or with 60 U/mL α- 
mannosidase (Sigma-Aldrich, M7257) to transform lipo-
mannan and lipoarabinomannan into mannoglycolipids 
for 24 h at 37°C. The digestion processes were terminated 
by denaturing the enzymes at 100°C for 5 min [59,60]. All 
digestive products were incubated with cells to detect
TRIM27 transcription levels.
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DNA-binding affinity assay

TFEB promoter region (−400 bp to the TSS) was amplified by 
PCR and annealed according to the manufacturer’s instruc-
tions (Beyotime Biotechnology, GS008). Flag-tagged CREB1 
(10 μg) was incubated with 10 nM DNA oligos (TFEB promo-
ter region) in the binding buffer (Beyotime Biotechnology, 
GS009) in the presence or absence of MYC-tagged TRIM27 or 
its truncations for 20 min at room temperature. The reaction 
mixtures were then incubated with Anti-FLAG® M2 Magnetic 
Beads (Millipore, M8823) at 4°C, followed by washing with 
PBS buffer for three times. The immunoprecipitated samples 
were analyzed by qRT-PCR (forward primer: 5’- cctgcaccc-
tactcctgaag-3’, reverse primer: 5’-agttttctttctcctctcag-3’).

Electrophoretic mobility shift assays (EMSA)

TFEB promoter regions were amplified by PCR and biotiny-
lated using the Biotin 3′ End Labeling Kit (Beyotime 
Biotechnology, GS008) and annealed according to the manu-
facturer’s instructions. His-tagged TRIM27 (10 μg) or its trun-
cations (10 μg) was incubated with 10 nM biotin-labeled DNA 
oligos in the binding buffer (Beyotime Biotechnology, GS009) 
for 20 min at room temperature. The reaction mixtures were 
resolved on 1 mm-thick 15% non-denaturing polyacrylamide 
gels and transferred to HybondTM-N + membranes 
(Beyotime Biotechnology, FFN13). The DNA oligomers were 
UV crosslinked to the membrane and the labeled probes were 
detected by the LightShift Chemiluminescent EMSA Kit 
(Beyotime Biotechnology, GS009).

Immunoprecipitation

For BMDMs, cells were infected with Mtb for 0–8 h and were 
lysed in the RIPA lysis buffer (Beyotime Biotechnology, 
P0013D) for 10 min at 4°C. Cell lysates were then incubated 
with the antibody against CREB1 (1:250) and protein A/G 
agarose (Santa Cruz Biotechnology, sc-2003) at 4°C, followed 
by washing with the RIPA lysis buffer. For HEK293T cells, 
cells were transfected with pcDNA6A empty vector or vector 
encoding MYC-tagged TRIM27 using Lipofectamine 2000. 
After 24 h, transfected HEK293T cells were lysed in the 
RIPA lysis buffer for 10 min at 4°C. Cell lysates were then 
incubated with the antibody against MYC-tag and protein A/ 
G agarose at 4°C, followed by washing with the RIPA lysis 
buffer. The immunoprecipitated samples were analyzed by 
immunoblotting with the indicated antibodies.

In vivo and in vitro phosphorylation assay

For in vivo phosphorylation assay, Trim27+/+ and trim27-/- 

BMDMs were infected with Mtb for 0–8 h and were then 
lysed in the RIPA lysis buffer for 10 min at 4°C. The cell 
lysates were normalized to a similar protein concentration 
and were subjected to immunoblotting with the antibody 
against p-CREB1 and total CREB1. For in vitro phosphoryla-
tion assay in Figure 6K, His-tagged CREB1 recombinant pro-
tein was expressed and batch purified from E. coli BL21 (DE3) 
using Ni-NTA beads (QIAGEN 30,230), and MYC-tagged 

TRIM27 was obtained from HEK293T cells transfected with 
plasmid encoding MYC-TRIM27 using anti-MYC beads. 
About 5 μg of purified His-tagged CREB1 protein and 
20,000 units PRKA were incubated at 30°C for 5 min in the 
presence or absence of 0–11.2 μg of MYC-tagged TRIM27 in 
kinase assay buffer containing 2 mM MnCl2, 25 mM Tris-HCl, 
pH 7.5, 1 mM DTT and 100 μM ATP (Sigma-Aldrich, 20–306; 
pH 7.2). The reactions were stopped by adding 5 × SDS sam-
ple buffer and were then subjected to immunoblotting. For 
in vitro phosphorylation assay in Figure S7E and F, His- 
tagged TRIM27 and TRIM27ΔRFP recombinant proteins 
were expressed and batch purified from E. coli BL21 (DE3) 
using Ni-NTA beads. Flag-tagged CREB1 was obtained by 
immunoprecipitation from cell lysates transfected with vector 
encoding Flag-CREB1 using anti-Flag M2 beads. About 5 μg 
of purified Flag-tagged CREB1 protein and 20,000 units 
PRKA were incubated at 30°C for 5 min in the presence or 
absence of 11.2 μg of His-tagged TRIM27 (or 5.6 μg of His- 
tagged TRIM27ΔRFP) in kinase assay buffer containing 2 mM 
MnCl2, 25 mM Tris-HCl, pH 7.5, 1 mM DTT and 100 μM 
ATP (Sigma-Aldrich, 20–306; pH 7.2). The reactions were 
stopped by adding 5 × SDS sample buffer, and the mixture 
was boiled for 10 min and subjected to immunoblotting.

Mouse model

Age-matched SPF male mice (approximately 6–8 weeks) were 
maintained under barrier conditions in a BSL-3 biohazard 
animal room. All the mice were housed under SPF conditions 
(12 h light/dark cycle, 50% relative humidity, between 25 and 
27°C) with free access to food and tap water. For Mtb infection, 
mice were challenged by aerosol exposure with Mtb H37Rv 
using an inhalation device (Glas-Col, EK-IES) calibrated to 
deliver 100 CFUs of Mtb. Then, mice were orally fed with 
TFEB activator 1 (200 µg in 100 µL of corn oil) or corn oil 
(100 µL) (Solarbio, IC9000) daily for 20 days. At the indicated 
time points of infection, tissues (including lungs, livers and 
spleens) were harvested and sonicated in PBS for qRT-PCR, 
flow cytometry and CFU counting analyses, or were fixed in 
10% formalin and embedded in paraffin for hematoxylin and 
eosin staining and Ziehl-Neelsen acid-fast staining. The tissue 
slices were collected by Leica CS2 and analyzed by SlideViewer 
(v2.5.0.143918), ImageScope (v12.3.3.7014) and ImageJ (v1.8.0) 
software. The sample size was based on empirical data from 
pilot experiments. No additional randomization or blinding 
was used to allocate experimental groups.

Statistical analysis

For in vitro study, investigators were not blinded to the 
sample identities during data collection since the readouts 
were quantitative and not prone to the subjective judgment 
of investigators. For in vivo study, mice experiments and 
statistical analysis were performed by independent researchers 
in a blinded manner. The quantified data with statistical 
analysis were performed using GraphPad Prism (v8.0) soft-
ware. Unpaired two-sided Student’s t-test, one-way ANOVA 
or two-way ANOVA analysis followed by multiple
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comparisons was used for statistical analyses. Statistical sig-
nificance and p value were mentioned in the figure legends 
and were indicated in the figures, respectively. At least three 
biological replicates were included. The data are presented as 
mean ± SEM, and additional details about the statistical tests 
and numbers of samples are indicated in the corresponding 
figure legends.
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