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BAG2 ameliorates endoplasmic reticulum stress-induced cell apoptosis in
Mycobacterium tuberculosis-infected macrophages through selective autophagy
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ABSTRACT
BAG2 (BCL2 associated athanogene 2) is associated with cell fate determination in response to various
pathological conditions. However, the effects of BAG2 on M. tuberculosis-induced endoplasmic reticulum
(ER) stress remain elusive. Herein, we report that M. tuberculosis infection of macrophages triggered ER
stress and downregulated BAG2 expression. Overexpression of BAG2 enhanced autophagic flux and
activated macroautophagy/autophagy targeted to the ER (reticulophagy). In addition, through increas-
ingly localizing SQSTM1 to the ER in BAG2-overexpressing macrophages, we found that the autophagy
receptor protein SQSTM1/p62 (sequestosome 1) is associated with the BAG2-induced reticulophagy. Our
data also confirmed that BAG2 could render cells resistant to M. tuberculosis-induced cellular damage,
and the anti-apoptotic effects of BAG2 in M. tuberculosis-treated macrophages were partially abolished
by the autophagic flux inhibitor bafilomycin A1. Furthermore, the dissociation of BECN1 and BCL2
mediated by activation of mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) was responsible for BAG2-activated autophagy. In addition, XBP1 downstream of the ERN1/IRE1
signaling pathway was bound to the Bag2 promoter region and transcriptionally inhibited BAG2
expression. Collectively, these results indicated that BAG2 has anti-apoptotic effects on M. tuberculosis-
induced ER stress, which is dependent on the promotion of autophagic flux and the induction of
selective autophagy. We revealed a potential host defense mechanism that links BAG2 to ER stress
and autophagy during M. tuberculosis infection.

Abbreviations: ATF6: activating transcription factor 6; BECN1: beclin 1; Baf A1: bafilomycin A1; CASP3:
caspase 3; DDIT3/CHOP/GADD153: DNA damage inducible transcript 3; DAPI: 4ʹ,6-diamidino-2-pheny-
lindole; EIF2AK3/PERK: eukaryotic translation initiation factor 2 alpha kinase 3; ER: endoplasmic reticu-
lum; ERN1/IRE1: endoplasmic reticulum to nucleus signaling 1; HSPA5/GRP78/BiP: heat shock protein 5;
MAP1LC3B/LC3B: microtubule associated protein 1 light chain 3 beta; MAPK/ERK: mitogen-activated
protein kinase; SQSTM1/p62: sequestosome 1; UPR: unfolded protein response; XBP1: x-box binding
protein 1

ARTICLE HISTORY
Received 5 March 2019
Revised 9 October 2019
Accepted 28 October 2019

KEYWORDS
Apoptosis; autophagy; BCL2
associated athanogene 2;
endoplasmic reticulum
stress; M. tuberculosis;
reticulophagy

Introduction

BAG2 (BCL2 associated athanogene 2) is a member of the
BAG family. As a group of multifunctional proteins, BAG
proteins interact with numerous proteins and take part in
diverse cellular processes, including cell division, cell death
and differentiation [1]. Our previous study confirmed that
BAG2 expression is modulated in M. tuberculosis-infected
RAW264.7 cells [2] and interacts with SP110 (intracellular
pathogen resistance 1 gene) [3], conferring resistance
against M. tuberculosis [4]. We demonstrated that BAG2
also interacts with unphosphorylated STAT1, which represses
apoptosis in macrophages during M. tuberculosis infection [5].
Recent studies showed that BAG2 inhibits apoptosis by
decreasing the intracellular mature form of CTSB [6] and
promotes tumorigenesis via increased mutant TRP53 accu-
mulation [7]. These studies demonstrated that BAG2 expres-
sion correlates with cell survival. However, the effects of

BAG2 on M. tuberculosis-mediated cell fate have not been
established.

Endoplasmic reticulum (ER) stress is caused by accumula-
tion of unfolded or misfolded proteins, hypoxia, oxidative
stress, and bacterial infections. For instance, methicillin-
resistant Staphylococcus aureus infection activates an ER stress
sensor, ERN1/IRE1 (ER to nucleus signaling 1)-mediated ROS
generation, to kill bacterial pathogens [8]. Similarly, mycobac-
terial infection also induces ER stress to regulate cellular and
mycobacterial fates [9,10].

Autophagy, facilitating the degradation of damaged orga-
nelles and misfolded proteins [11,12], is recognized to play
a key role in antimicrobial defense mechanisms [13].
Importantly, autophagy can both regulate host resistance
against mycobacterial infections [14] and control cellular sur-
vival [15]. Recently, the BAG family has been shown to induce
autophagy [16,17]. However, it remains to be resolved
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whether BAG2 can modulate autophagy in macrophages in
order to regulate mycobacterial fates.

In this study, we demonstrated that BAG2 protects cells from
ER stress-induced apoptosis and induces autophagy. This autop-
hagy resolves ER stress by removing stressed ER membranes,
a process termed reticulophagy [18], thereby protecting macro-
phages from infection-induced apoptosis. BAG2 activates autop-
hagy by MAPK/ERK-mediated phosphorylation of BCL2
during M. tuberculosis infection. Additionally, XBP1 (X-box
binding protein 1), which is downstream of the ERN1 pathway,
suppresses transcriptional expression of Bag2 in infected macro-
phages. These results implied that BAG2 plays a key and con-
nective role between ER stress and autophagy in mediating
antibacterial defenses.

Results

BAG2 expression is reduced under M.
tuberculosis-induced ER stress and BAG2 protects
macrophages from apoptosis

To examine if ER stress is induced duringM. tuberculosis infec-
tion, we infected murine BMDMs and RAW264.7 cells
with M. tuberculosis for the indicated times. As shown in
Figure 1A and B, ER stress marker DDIT3 and HSPA5
increased during infection. Considering that the BAG family
participates in ER stress [19,20], we investigated whether BAG2
expression is associated withM. tuberculosis-induced ER stress.
We treated murine BMDMs and RAW264.7 cells
with M. tuberculosis and pharmacological ER stress inducer
(tunicamycin or thapsigargin) and found that BAG2 expression
was downregulated in a time dependent manner upon activa-
tion of unfolded protein response (UPR) in both BMDMs and
RAW264.7 cells (Figure 1A–D and Figure S1). Together, ER
stress decreased BAG2 levels during M. tuberculosis infection.

Recent studies have suggested that M. tuberculosis can
induce ER stress-mediated apoptosis [21,22]. We examined
the effects of BAG2 on ER stress-triggered apoptosis
after M. tuberculosis infection by knocking down Bag2 via
RNA interference. Bag2 knockdown reduced viability of
BMDMs and RAW264.7 cells upon infection (Figure 1E).
Consistently, BAG2 overexpression enhanced survival of
RAW264.7 and J744A.1 cells during infection (Figure 1F).

A previous report suggested that ER stress-mediated apopto-
sis influences the survival of mycobacteria within macrophages
[23]. Thus, we examinedwhether BAG2 is related to intracellular
survival of M. tuberculosis. To address this issue, we targeted
Bag2 by siRNA in BMDMs and RAW264.7 cells and
assayed M. tuberculosis H37Ra survival by plating. Knockdown
of Bag2 increased mycobacteria elimination in infected cells
(Figure 1G). Moreover, controls for possible detachment of
macrophages showed that only 5%–7% of total input cells were
detached, irrespective of treatment (Figure 1H).

BAG2 promotes autophagy and enhances autophagic flux
in macrophages during M. tuberculosis infection

Autophagy promotes cell survival in response to ER stress [24–
26]. Thus, we determined if BAG2-mediated protection of

macrophages upon infection is related to activation of autop-
hagy. First, we infected BMDMs and RAW264.7 cells
with M. tuberculosis H37Ra and examined the kinetics of
autophagosome formation by western blotting for LC3. As
shown in Figure 2A–D and Figure S2, M. tuberculosis H37Ra
induced autophagy in BMDMs and RAW264.7 cells before
24 h. To assess the role of BAG2 in M. tuberculosis H37Ra-
induced autophagy, we first evaluated autophagic flux in
BMDMs and RAW264.7 cells with interfering Bag2 expression.
Knockdown of Bag2 diminished LC3-II expression in BMDMs
and RAW264.7 cells (Figure 2B) and endogenous LC3 puncta
formation in RAW264.7 cells (Figure 2E) after treatment
withM. tuberculosis H37Ra. In contrast, BAG2 overexpression
enhanced activation of autophagy (Figure 2D and E). We also
examined whether BAG2 induced autophagosome-lysosome
fusion by staining colocalization between LC3 and lysosomes.
Confocal images showed that macrophages treated with Bag2
siRNA decreased accumulation of the LC3 and lysosomes
(stained with LysoTracker) (Figure 2F and G). These findings
indicated that BAG2-induced autophagosomes are targeted
and fuse with lysosomes. Addition of the vacuolar H+-
ATPase inhibitor bafilomycin A1 (Baf A1) lead to accumulation
of the autophagic vesicle marker LC3-II, and Bag2 siRNA
decreased this accumulation (Figure 2H). Thus, BAG2 activates
both autophagy and autophagosome-lysosome fusion
duringM. tuberculosisH37Ra infection. In addition, inhibition
of autophagy did not influence downregulation of BAG2 in
H37Ra-infected macrophages (Figure 2I).

BAG2 induces reticulophagy in macrophages
during M. tuberculosis infection

Autophagy can relieve ER stress and attenuate ER stress-
induced apoptosis, and parts of the ER can be degraded by
autophagy, a process referred to as reticulophagy [27]. To
determine whether BAG2 could activate autophagy targeted
in the ER, double-labeled immunofluorescence staining was
performed. The results showed that BAG2 enhances the colo-
calization of LC3 puncta and ER after infection, compared to
control group (Figure 3A). Furthermore, we observed autop-
hagosomes, autolysosomes and ER by transmission electron
microscopy (TEM) after Baf A1 was used to treat BAG2-
overexpressed RAW264.7 cells during infection. Compared
to control group, BAG2 overexpression showed more autop-
hagosomes and autolysosomes formation (Figure 3B).
Meanwhile, zoom up views revealed that macrophages stimu-
lated with H37Ra exhibited dilated ER, a morphology consis-
tent with ER stress, and the autophagosomes contained parts
of ER whorls in cells transfected with BAG2 plus Baf A1
(Figure 3B).

The interaction between BAG2 and SQSTM1 was required
for reticulophagy during M. tuberculosis infection

Since SQSTM1 could act as an autophagy receptor for the
autophagic removal of excess ER [28], we investigated the
relationship of BAG2 and SQSTM1. The co-localization and
co-IP assays of BAG2 with SQSTM1 showed that BAG2 binds
to SQSTM1 in RAW264.7 cells (Figure 4A and C), suggesting
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Figure 1. BAG2 is downregulated under M. tuberculosis-induced ER stress and decreases ER stress-induced apoptosis in murine macrophage cells. (A and B) RAW264.7
cells and BMDMs were infected with M. tuberculosis H37Rv (A) and H37Ra (B) for the indicated times. Expression levels of BAG2, HSPA5, DDIT3 and GAPDH were
determined by western blot. (C and D) RAW264.7 cells (C) and BMDMs (D) were infected with M. tuberculosis H37Rv and H37Ra for the indicated times. Expression
levels of Bag2 were tested by qPCR. (E and F) RAW264.7 cells, J744A.1 cells and BMDMs were transfected with control siRNA or Bag2 siRNA (E); control vectors or
BAG2 vectors (F) for 24 h prior to H37Ra infection. Cell apoptosis and viability was measured separately by western blot and Cell Titer-Glo assays. (G and H) RAW264.7
cells and BMDMs were transfected with control siRNA or Bag2 siRNA, and then infected with H37Ra. Bacterial viability was detected by CFU assays (G). Detached cells
found in the supernatants were counted; viability was assessed by trypan blue exclusion. The results are expressed as percentage of the cells compared to the total
number of cells in the sample (H). The data are representative of 3 independent experiments. Results represent means ± SD. *p < 0.05, relative to the uninfected
control.
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that the function in BAG2 is related to SQSTM1. Next, spe-
cific domains of SQSTM1 and BAG2 of importance for the
relationship were studied in RAW264.7 cells. SQSTM1

protein contains an N-terminal PB1 domain [29],
a C-terminal UBA domain [30] and a middle region LIR
[31]. To define the regions of SQSTM1 required for the

Figure 2. BAG2 promotes autophagy during M. tuberculosis infection. (A) RAW264.7 cells and BMDMs were transfected with control siRNA or Bag2 siRNA. BAG2
protein levels were determined by western blot. (B) RAW264.7 cells and BMDMs were transfected with control siRNA or Bag2 siRNA following H37Ra infection or not.
Upper panel: representative LC3 protein levels images of 3 independent replicates are shown. Lower panel: quantitative analysis of the LC3-II band normalized to
GAPDH is shown. (C) RAW264.7 and J744A.1 cells were transfected with empty vector or BAG2 expression vector. BAG2 protein levels were determined by western
blot. (D) RAW264.7 and J744A.1 cells were transfected with empty vector or BAG2 expression vector followed by H37Ra infection or not. Expression of LC3 was
analyzed by western blot. Lower panel: quantitative analysis of the LC3-II band normalized to GAPDH is shown. (E) RAW264.7 cells were transfected with empty
vector, BAG2 expression vector, or Bag2 siRNA and then either infected or not with H37Ra followed by anti-LC3 antibody staining. The LC3 puncta were detected by
confocal microscopy. Quantitative analysis of LC3 puncta formation (right) is shown. Scale bar: 7.5 μm. (F) RAW264.7 cells transfected with control siRNA or Bag2
siRNA were infected with H37Ra or not. The cells then were stained with LysoTracker to detect lysosomes (red) and immunolabeled with anti-LC3 antibody (green).
Representative immunofluorescence images of 3 independent replicates are shown. Scale bar: 25 μm. (G) The percentage of colocalization of LC3 puncta and
lysosomes. (H) RAW264.7 cells and BMDMs transfected with control siRNA or Bag2 siRNA were infected, with or without Baf A1 pretreatment. LC3 expression was
detected by western blot. (I) RAW264.7 cells and BMDMs were pretreated without or with Baf A1 and then uninfected or infected with H37Ra. BAG2 expression was
discerned by western blot. Results represent means ± SD (n = 3). *p < 0.05 vs. the control group. Un, untreated.
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BAG2-SQSTM1 interaction, the different truncated SQSTM1
vectors with HA-tag and BAG2-FLAG expression vectors
were co-transfected into RAW264.7 cells. Results of co-IP
assays showed that the interaction between BAG2 and
SQSTM1 is mainly dependent on PB1 and UBA domains of
SQSTM1 (Figure 4B and C). The results were corroborated
further by immune-colocalization assays (Figure 4A). On the
other hand, the regions of BAG2 required for the BAG2-
SQSTM1 interaction was examined by co-transfecting cells
with different FLAG-tagged BAG2 deletion mutant constructs
and SQSTM1-HA expression vectors followed by co-IP assays.
BAG2 contains a C-terminal BAG domain (amino acids
109–189) [32]. The fragments containing the BAG domain
interacted with SQSTM1 (Figure 4D and E). These results
showed that PB1 and UBA domains of SQSTM1 and BAG
domain of BAG2 are essential for the BAG2-SQSTM1
interaction.

To examine whether the interaction between SQSTM1
and BAG2 is involved in regulating reticulophagy,

RAW264.7 cells transiently expressing pcDNA3.1 or
pcDNA3.1-BAG2 were infected. Fluorescence images
showed that SQSTM1 localized to the ER fraction and
BAG2 overexpression increased colocalization of SQSTM1
and ER in infected RAW264.7 cells (Figure 5A). To further
investigate the effect of interaction between BAG2 and
SQSTM1 on the recruitment of SQSTM1 to ER, we trans-
fected RAW264.7 cells with pcDNA3.1-BAG2 B2 (deletion
of the BAG domain). Compared with RAW264.7 cells over-
expressing BAG2, the quantity of ER-localized SQSTM1
was decreased in cells expressing the SQSTM1 binding-
defective pcDNA3.1-BAG2 B2 (Figure 5A). Additionally,
we also observed that BAG2 overexpression did not
increase colocalization of FAU (Figure 5B), a precursor of
antimicrobial polypeptide [33] or ubiquitinated proteins
(Figure 5C) with M. tuberculosis H37Ra phagosomes in
RAW264.7 cells, suggesting that SQSTM1 are prone to
target to ER in BAG2-overexpressed macrophages during
infection. Collectively, these data indicated that BAG2 is

Figure 3. BAG2 induces reticulophagy in macrophages during M. tuberculosis infection. (A) RAW264.7 cells were transfected with empty vector or BAG2 expression
vector, and then infected with H37Ra. Reticulophagy were determined by assessing the colocalization between LC3-positive autophagosomes (green) and ER Tracker
labeled endoplasmic reticulum (red). The percentage of colocalization of LC3 puncta and ER is shown (right). Scale bar: 25 μm. (B) RAW264.7 cells were transfected
with the control or BAG2 vector, then treated with H37Ra infection and Baf A1 pretreatment or not. Electron microscopy images showing ultrastructures of cells.
Black arrows point to autophagosomes (AP). Yellow arrows point to autolysosome (AL). Asterisks indicates ER fragments inside AP. Lower panels show enlarged
insets. N, nucleus. Data are shown as the mean ± SD of 3 independent experiments. *p < 0.05. Un, untreated.
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required for the recruitment of SQSTM1 into ER and
removed excess ER in infected macrophages.

BAG2 protects macrophages from ER stress-induced
apoptosis by promoting autophagy
during M. tuberculosis infection

To assess the role of autophagy in modulating cell death
induced by M. tuberculosis H37Ra, BMDMs and RAW264.7
cells were pre-treated respectively with Baf A1, an inhibitor of
autophagic vacuole and lysosome fusion, and 3-methylade-
nine (3-MA), a known inhibitor of autophagy, prior to infec-
tion. These treatments rendered macrophages more sensitive

to killing by H37Ra (Figure 6A–D), indicating that autophagy
contributes to the survival of H37Ra-infected cells.
Consistently, knockdown of the autophagy protein ATG5
also increased further macrophages apoptosis induced by
H37Ra (Figure 6E–G).

To determine whether apoptosis is attenuated by BAG2-
induced autophagic flux activation, BAG2 was overexpressed
with or without Baf A1 in H37Ra-infected macrophages.
Inhibition of autophagy partially abolished the protective cap-
ability of BAG2 in cell survival (Figure 6H). Simultaneously,
knockdown of Bag2 did not further increase cell apoptosis
induced by M. tuberculosis H37Ra when autophagy was inhib-
ited (Figure 6I). Taken together, these findings indicated that

Figure 4. BAG2 interacts with SQSTM1 in RAW264.7 cells. (A–C) RAW264.7 cells were co-transfected expression vectors of HA-tagged SQSTM1 fragments with BAG2-
Flag expression vectors. (A) The transfected cells were microscopically analyzed for colocalization of BAG2 and SQSTM1. Scale bar: 7.5 μm. (B) Schematic diagram
showing the domain structure of SQSTM1. (C) The cell lysates were immunoprecipitated by FLAG. Protein expression levels were assayed by western blot. (D and E)
RAW264.7 cells were co-transfected expression vectors of BAG2-FLAG fragments with SQSTM1-HA expression vectors. (D) Schematic diagram showing the BAG2
domain structure. (E) The interaction was assessed using co-IP as indicated.
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BAG2 promotes macrophage survival upon ER stress induced
by M. tuberculosis H37Ra through activation of autophagy.

BAG2 promotes BCL2-BECN1 complex disassociation
in M. tuberculosis H37Ra-infected RAW264.7 cells

Autophagy is triggered when the BECN1-BCL2 interac-
tion is disrupted [34,35]. The antiapoptotic BCL2 family
regulates BECN1-dependent autophagy [36–38]. To inves-
tigate the effect of BAG2 on the interaction between

BCL2 and BECN1, we performed co-IP of RAW264.7
cells with transiently transfected with Bag2 siRNA during
infection. Knockdown of Bag2, and the addition of the
MAPK/ERK inhibitor U0126 inhibited the disassociation
of BCL2 and BECN1 in M. tuberculosis H37Ra–infected
RAW264.7 cells (Figure 7A). Indeed, knockdown of Bag2
inhibited phosphorylation of MAPK1/3 and BCL2 during
infection (Figure 7B), indicating that BAG2 regulated
interaction between BCL2 and BECN1 through MAPK1/
3-mediated phosphorylation of BCL2. Afterward, endo-
genous BAG2 interacted with BCL2 as demonstrated via

Figure 5. SQSTM1 was required for BAG2-enhanced reticulophagy during M. tuberculosis infection. (A) RAW264.7 cells were transfected with empty vector, BAG2
expression vector or BAG2 B2 and then infected with H37Ra. Colocalization between SQSTM1 (green) and ER Tracker-labeled endoplasmic reticulum (red) was
visualized by immunofluorescence. The percentage of colocalization of SQSTM1 and ER is shown (right). Scale bar: 25 μm. (B) RAW264.7 cells were transfected with
empty vector or BAG2 expression vector, then infected with Texas Red-labeled H37Ra. Cells were fixed and stained for ubiquitin conjugates. The percentage of
colocalization of ubiquitin conjugates and H37Ra are shown (right). Scale bar: 7.5 μm. (C) RAW264.7 cells were transfected with empty vector or BAG2 expression
vector, then infected with Texas Red-labeled H37Ra. Cells were fixed and stained for FAU. The percentage of colocalization of FAU and H37Ra are shown (right). Scale
bar: 10 μm. Data represent mean ± SD from at least 3 independent experiments.
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co-IP assays in RAW264.7 cells (Figure 7C). Knockdown
of Bcl2 resulted in dissociation BAG2 and BECN1 in

RAW264.7 cells (Figure 7D), implicating that the interac-
tion between BAG2 and BECN1 relies on BCL2. These

Figure 6. BAG2 inhibits H37Ra-induced apoptosis in macrophages. (A–D) RAW264.7 cells and BMDMs were pre-treated with bafilomycin A1 (Baf A1) (100 nM) (A and
B) or 3-methyladenine (3-MA) (10 μM) (C and D) for 2 h, and then were uninfected or infected with H37Ra. Cell apoptosis and viability was measured separately by
western blot (A and C) and Cell Titer-Glo assays (B and D). (E) RAW264.7 cells and BMDMs were transfected with control siRNA or Atg5 siRNA. ATG5 expression was
detected using western blot. (F and G) RAW264.7 cells and BMDMs were transfected with control siRNA or Atg5 siRNA and then infected without or with H37Ra. Cell
apoptosis and viability was tested respectively using western blot (F) and Cell Titer-Glo assays (G). (H and I) RAW264.7 and J744A.1 cells transfected with empty
vector or BAG2 expression vector (H), or RAW264.7 cells and BMDMs transfected with control siRNA or Bag2 siRNA (I) were infected, with or without Baf A1 pre-
treatment. Cell viability was determined using Cell Titer-Glo assays. Results represent means ± SD (n = 3). *p < 0.05 vs. the control group.
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results demonstrated that BAG2 disrupts the association
between BECN1 and BCL2 to trigger autophagy
in M. tuberculosis H37Ra-infected RAW264.7 cells.

XBP1 is required for downregulation of BAG2 expression
during M. tuberculosis H37Ra-induced ER stress

To identify the UPR signaling pathway responsible for
inhibition of BAG2 expression in macrophages under
H37Ra-induced ER stress, we interfere with the
expression of 3 ER sensors, ATF6, EIF2AK3 or ERN1 in
BMDMs and RAW264.7 cells (Figure 8A) [39]. As shown
in Figure 8B, knockdown of Ern1 recovered BAG2 expres-
sion and increased autophagy flux in H37Ra-infected
BMDMs and RAW264.7 cells. Thus, the ERN1 branch of
the UPR is responsible for downregulation of BAG2 dur-
ing infection.

XBP1 is downstream of ERN1 in the UPR pathway
[40,41]. Thus, we investigated whether XBP1 contributes
to BAG2 downregulation in infected BMDMs and
RAW264.7 cells via knockdown of Xbp1 (Figure 8C).
Silence of the XBP1 protein restored BAG2 expression,
and rescued BAG2 decrease-mediated autophagy inhibi-
tion in infected macrophages (Figure 8D and E).

To investigate the promoter region of Bag2 in response to
H37Ra-induced ER stress, a series of progressively truncated
luciferase reporter constructs (pGL4.10-BAG2-) (positions

−1892 to +19) were transiently transfected into RAW264.7
and J744A.1 cells. We found that deletion of the region between
−321 and +19 resulted in a substantial decrease in promoter
activity, and H37Ra no longer inhibited transcriptional activity
of Bag2 (Figure 8F and G). The minimal promoter that was
responsive to ER stress was the region between −586 and +19
(Figure 8F and G). Therefore, the region between −586 and
−321 is essential for the H37Ra-mediated change in Bag2
transcription in macrophages.

To determine if transcription factor XBP1 binds to the Bag2
promoter, we performed chromatin immunoprecipitation
(ChIP) assays in RAW264.7 and J744A.1 cells during infection.
The Bag2 upstream region was tested by 9 different pairs of
primers, which divided the Bag2 promoter region into 9 frag-
ments. An XBP1-specific binding site was identified at frag-
ment 8 (Figure 8H). Consistent with the luciferase reporter
assay results, the binding site was located in the −586 to −321
region of the promoter. Collectively, these studies demon-
strated that XBP1 binds to the Bag2 promoter and transcrip-
tionally inhibits BAG2 expression during M. tuberculosis
H37Ra-induced ER stress.

Discussion

In this study, we demonstrated that BAG2 contributes to survi-
val of murine macrophages undergoing ER stress induced
by M. tuberculosis through activating selective autophagy.

Figure 7. BAG2 promotes disassociation of the BCL2-BECN1 complex in M. tuberculosis H37Ra-infected RAW264.7 cells. (A and B) RAW264.7 cells were transfected
with control or Bag2 siRNA and then either infected or not with H37Ra as well as either pre-treated with or without U0126 (10 μM) for 2 h. The cell lysates were
immunoprecipitated by BCL2 or BECN1(A). Protein expression levels were assayed by western blot (A and B). (C) RAW264.7 cells were uninfected or infected with
H37Ra. The cell lysates were immunoprecipitated by BAG2. Immune complexes were analyzed by western blot. (D) RAW264.7 cells were transfected with control
siRNA, Bcl2 siRNA, or Becn1 siRNA. Cell lysates were assayed via co-IP, and protein levels were determined by immunoblotting. All results are representative of 3
independent experiments.
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Figure 8. XBP1 is responsible for transcriptional inhibition of Bag2 during M. tuberculosis H37Ra-induced ER stress. (A) RAW264.7 cells and BMDMs were transfected
with control siRNA, Atf6 siRNA, Eif2ak3 siRNA, or Ern1 siRNA. ATF6, EIF2AK3 and ERN1 protein levels were detected by western blot. (B) RAW264.7 cells and BMDMs
transfected with control siRNA, Atf6 siRNA, Eif2ak3 siRNA or Ern1 siRNA remained uninfected or were infected by H37Ra, and then BAG2 and LC3 protein levels were
detected by western blot. (C) RAW264.7 cells and BMDMs were transfected with control siRNA or Xbp1 siRNA. The expression levels of Xbp1 mRNA were detected by
RT-PCR. (D and E) RAW264.7 cells and BMDMs were transfected with control siRNA or Xbp1 siRNA and then infected with H37Ra. (D) Western blot was performed to
test BAG2 and LC3 levels. (E) Quantitative data of LC3-II was shown. (F and G) Before infection with H37Ra, Bag2 promoters of different lengths were transfected into
RAW264.7 (F) and J744A.1 cells (G) for 48 h. The relative luciferase activity was calculated as fold change relative to the empty pGL4.10 vector. (H) ChIP assays were
performed in infected RAW264.7 and J744A.1 cells using antibodies directed against XBP1 or IgG control. After immunoprecipitation, DNA was amplified by qPCR
using specific primers for the Bag2 promoter region. Data are shown relative to qPCR using input DNA before immunoprecipitation. Data are mean ± SD of 3
separate experiments, *p < 0.05.
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During M. tuberculosis-induced ER stress, expression of endo-
genous BAG2 was reduced, and cells were relatively sensitive to
apoptosis. Similarly, overexpression of BAG2 promoted autop-
hagy activation and rendered macrophages relatively resistant
to M. tuberculosis-induced apoptosis. Conversely, knockdown
of Bag2 limited autophagy in response to M. tuberculosis and
increased cell apoptosis. Moreover, we showed that the effect of
BAG2 on autophagy was through phosphorylation of BCL2,
which was modulated by MAPK/ERK, and blocked the interac-
tion between BECN1 and BCL2. Additionally, M. tuberculosis-
mediated BAG2 downregulation was caused by a transcriptional
inhibition of the ERN1-XBP1 axis of the UPR.

Our research and previous studies [42] showed
thatM. tuberculosis infection induces the ER stress-signaling path-
way. This was confirmed by UPR markers [43,44], particularly,
HSPA5 and DDIT3 expression increased during mycobacterial
infection. ER stress as a result of misfolded protein accumulation
can lead to cell apoptosis [45,46] and is simultaneously a pathway
to induce autophagy [47,48]. We observed that autophagy inhibi-
tion led to enhance M. tuberculosis-induced apoptosis, indicating
mild autophagy could protect cells from such apoptosis. In this
study, BAG2 promoted autophagy, thereby decreasing cell death,
whereas inhibition of autophagy abolished BAG2-mediated cyto-
protection during M. tuberculosis infection. These results eluci-
dated the relationship of autophagy and apoptosis and the role of
BAG2 inM. tuberculosis-induced ER stress.

Our results demonstrated that BAG2 promotes autophagy,
and we explored the mechanism by which this phenomenon
occurs. Recently, it was reported that the interaction between
anti-apoptotic protein BCL2 and the autophagy protein BECN1
plays a critical role in apoptotic and autophagic machineries
[49,50]. Therefore, we investigated the effect of BAG2 on the
dissociation of BECN1 from BCL2, and we found that BAG2
limits BECN1-BCL2 complex formation by phosphorylating
BCL2 during M. tuberculosis infection. BCL2 participates in
the regulation of cell death and survival during apoptosis and
autophagy [51,52]. Phosphorylation of BCL2, by kinases of the
JNK or MEK signaling pathways, contributes to anti-apoptotic
activity [53] and autophagic activation [54,55]. Our results indi-
cated that BAG2 is involved in regulating BCL2 phosphorylation
through the MAPK/ERK pathway, because inhibition of BAG2
suppressed the activation of MAPK1/ERK2-MAPK3/ERK1 and
BCL2 during mycobacterial infection.

Reticulophagy has been recognized as an effective and targeted
way to remove damaged ER and ensure cell survival under live
Gram-positive bacteria caused-ER stress [10]. Several proteins
have also been reported as signaling molecules, including
RETREG1/FAM134B [48], CCPG1 [56] and SEC62 [57]. In our
study, double-labeled immunofluorescence and transmission elec-
tron microscopy analysis suggested that BAG2 increased the loca-
lization of LC3 and autophagosome in the ER (reticulophagy)
duringM. tuberculosis infection. In contrast to RETREG1, BAG2
does not have a LIR motif and reticulon domain that can be
associated with the ER membrane. Its function on the reticulo-
phagy is likely a secondary effect. Of note, SQSTM1 could recruit
LC3-II-positive autophagosomes to the ubiquitin-SQSTM1-
decorated ER to initiate reticulophagy [28] and SQSTM1 also
interacted with BAG2. The finding that there was increased LC3
and SQSTM1 in ER after BAG2 overexpression

during M. tuberculosis infection might support this notion,
which BAG2 promoted reticulophagy by recruitment of
SQSTM1 in ER. Meanwhile, the results that BAG2 decreased
colocalization of ubiquitinated proteins or FAU
and M. tuberculosis phagosomes also further indicated that
BAG2 could render SQSTM1 relatively prone to locate in ER,
thereby decreasing delivery of specific ribosomal and bulk ubiqui-
tinated cytosolic proteins to mycobacterial phagosomes by
SQSTM1 [33]. However, themoleculesmechanism of this recruit-
ment process remains to be determined.

When ER stress is induced, cells trigger the UPR causing the
activation of the ERN1, ATF6 and EIF2AK3 pathways [58]. We
observed that Ern1 knockdown recovered BAG2 expression
during M. tuberculosis infection, suggesting that ERN1 path-
way is responsible for downregulation of BAG2. Upon activa-
tion, ERN1 initiates an unconventional splicing of Xbp1
mRNA, producing a functional isoform that encodes the tran-
scription factor [59,60]. We identified XBP1 as the transcrip-
tion factor, which was responsible forM. tuberculosis-mediated
transcriptional downregulation of Bag2. This was confirmed in
macrophages by knockdown of Xbp1, which blocked the inhi-
bition ofM. tuberculosis in expression of BAG2, and ChIP data
also demonstrated that XBP1 bound to the Bag2 promoter.

Studies with RNA interference confirmed that knockdown
of Ern1/Xbp1 triggered autophagy. Compared to our results,
different studies exhibited that ER stress activates autophagy
through UPR stress sensors in vitro [61–63]. However, of the
known XBP1 deficiency can also trigger EIF2AK3-dependent
autophagy as a feedback loop in an attempt to provide cellular
protection [64,65], and in our study, ER stress did not activate
autophagy at late stage during infection. Moreover, our results
also showed that knockdown of Xbp1 contribute to autop-
hagy-mediated cytoprotection by restoring BAG2 expression
during M. tuberculosis-induced ER stress, suggesting that pro-
longed or excessive ER stress could utilize XBP1 to inhibit
BAG2-induced autophagy, thereby exacerbating cell apoptosis
at the late stage of infection.

In summary, our data provided sufficient evidence that
BAG2 inhibits ER stress-induced apoptosis
upon M. tuberculosis infection through activation of autop-
hagy, which was mediated by disassociation of BCL2 from
BECN1 as a result of MAPK/ERK-mediated phosphorylation
of BCL2. BAG2 contributes to reticulophagy by recruitment
of SQSTM1. Moreover, we showed that XBP1 of the ERN1
pathway is a novel transcriptional suppressor of Bag2 and
alleviates autophagy of macrophages. Therefore, BAG2
appears to be a part of the host defense mechanism
in M. tuberculosis-infected macrophages by acting as
a critical role of a signaling pathway of ERN1-XBP1-BAG2-
MAPK1/3-BECN1-autophagy. Our results contribute to
further understanding of the regulatory mechanisms of intra-
cellular homeostasis in defending bacterial infection.

Materials and methods

Animal experiments

Female C57BL/6 mice (6–8 weeks old) were purchased from
the Laboratory Animal Center of the Fourth Military Medical
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University (Xi’an, Shaanxi, China). All animal experiments
were performed according to the Guidelines for the Care
and Use of Animals of Northwest A&F University
(Yangling, China).

Cell and bacterial cultures

Mouse bone marrow-derived macrophages (BMDMs) were iso-
lated from C57BL/6 mice and maintained in RPMI1640 media
(Gibco, 31800–022) supplemented with 10% fetal bovine serum
(Gibco, 10099–141), 100 IU/mL penicillin and 100 μg/mL strep-
tomycin (Beyotime, ST488), and 50 ng/mL M-CSF/macrophage
colony-stimulating factor (R&D Systems, 416-ML-010). The
murine macrophage cell lines RAW264.7 (ATCC, TIB71) and
J774A.1 (ATCC, TIB67) were cultured in RPMI1640 media
containing 10% fetal bovine serum. All cells were incubated in
a 37°C humidified incubator with 5% CO2. M. tuberculosis
H37Rv (kindly provided by Zhigang Song, Shanghai Public
Health Clinical Center, China) and H37Ra (ATCC 25177) strains
were cultured in Middlebrook 7H9 broth medium (Sigma-
Aldrich, M0178) or 7H10 agar plates (Sigma-Aldrich, M0428)
supplemented with 10% OADC (Sigma-Aldrich, M0678).

Infection and colony forming unit (CFU) assays

Cells were infected with M. tuberculosis at a multiplicity of
infection of 1:10 for 4–6 h. Then, the cells were washed 3
times with PBS (Gibco, 10010–023) to remove extracellular
bacteria. The infected cells were cultured for 24 h. Thereafter,
intracellular bacteria were harvested and plated on 7H10 agar
plates supplemented with 10% OADC. After 3–4 weeks of
culture, values were expressed as CFU:well.

Transient transfections and chemical treatment

All plasmid and siRNA (GenePharma, Shanghai, China) trans-
fections were performed using Lipofectamine 3000 (Invitrogen,
L3000-015) according to the manufacturer’s protocol.

Various chemical reagents were used to pre-treat macro-
phages: (a) bafilomycin A1 (Baf A1, 100 nM; Selleck, S1413)
and 3-methyladenine (3-MA, 10 μM; Sigma-Aldrich,
M9281) to inhibit autophagy; (b) U0126 (10 μM; Sigma-
Aldrich, 19–147) to inhibit the MAPK/ERK pathway. All
the above treatments were applied 2 h before bacterial
stimulation and maintained until the end of the experi-
ments. Tunicamycin (TM, 10 μg/mL; Sigma-Aldrich,
T7765) and thapsigargin (TG, 0.5 μM; Sigma-Aldrich,
T9033) were used to induce ER stress.

Cell viability assays

Cell viability was determined using the luminescent cell viability
assay kit (Promega, G7571), according to the manufacturer’s pro-
tocol. Briefly, cells were seeded in each well of a 96-well plate for
24 h at 37°C and performed the desired treatment afterward. Then,
cells were incubated with the CellTiter-Glo® Reagent at room

temperature. Luminescent signal of each sample was detected
using a microplate reader (PerkinElmer, Cetus, Norwalk).

Chromatin immunoprecipitation (ChIP) analysis

Macrophages were prepared for chromatin immunoprecipita-
tion (ChIP) assays using the ChIP assay kit (Cell Signaling
Technology, 9005) according to the manufacturer’s protocol.
XBP1 primary antibodies (Santa Cruz Biotechnology, sc-8015)
or IgG (Beyotime, A7028) were used. Purified DNA was used
as qPCR template to detect the presence of the Bag2 promo-
ter. The primers used to detect DNA fragments are shown in
Table S1.

Promoter reporter construct and dual-luciferase reporter
assays

The Bag2 promoter sequence was analyzed using Ensembl
and NCBI. Six progressive truncated fragments containing
from −1892 to +19 relative to the transcription initiation site
were cloned into the luciferase reporter vector pGL4.10
(Promega, E665A). Primer sequences for promoter reporter
plasmid construction are listed in Table S2. Macrophages
were co-transfected with luciferase constructs and the pRL-
TK vector (Promega, E2241). The cells were harvested
36–48 h after transfection and were detected using the dual-
luciferase reporter assay system (Promega, E1910).

Co-immunoprecipitation (co-IP) assay

Cells were lysed using IP lysis buffer (Thermo Scientific,
87787) with protease inhibitors (Gibco, A32955) on ice.
Whole cell lysates were incubated with 2 μg primary antibody
and rotated overnight at 4°C. Then, 20 μL Protein A/G plus
agarose (Thermo Scientific, 20423) were added to pull down
immune complexes for 2 h at 4°C on an orbital shaker. Beads
were washed 3 times with ice-cold wash buffer and then
eluted by boiling in loading buffer. Complexes were detected
via western blot.

Immunofluorescence and confocal microscopy

After the relevant treatment, cells on coverslips were washed
with PBS, fixed with 4% paraformaldehyde in PBS for 15 min,
permeabilized, and blocked with 10% BSA (Beyotime, ST023)
for 2 h at room temperature. Cells were incubated with
primary antibody overnight at 4°C and, then, with
a fluorescently labeled secondary antibody for 2 h at room
temperature. In some experiments, RAW264.7 cells were
loaded with LysoTracker and ER Tracker (Invitrogen,
E34250), or DAPI (Sigma-Aldrich, D9542) for the indicated
time periods, and then washed 3 times with PBS before fixa-
tion for immunostaining. After mounting, the stained cells
were visualized with a confocal microscope (Leica
Microsystems GmbH, Wetzlar, Germany). To quantitate
autophagy and colocalization, we analyzed the cells using
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Image-Pro Plus analysis software. Each condition was assayed
in triplicate, and at least 100 cells per well were counted.

Reverse transcription PCR and quantitative PCR (qPCR)

Total RNA was isolated using the Trizol reagent (Invitrogen,
93289) according to the manufacturer’s instructions. RNA was
reverse transcribed using a PrimeScript RT Reagent Kit (TaKaRa,
RR037A). qPCR was carried out using the ABI StepOnePlus PCR
system (Applied Biosystems, Foster City, CA, USA) using the TB
Green Premix Ex Taq II (TaKaRa, RR82LR) with specific primers
(Table S1). The 2−ΔΔCt method was used to determine the relative
changes in gene expression normalized to Gapdh.

Western blotting

Proteins were isolated using RIPA buffer (Pierce, Rockford,
IL, USA), according to the manufacturer’s instructions.
Protein extracts were separated by SDS-PAGE and then trans-
ferred to PVDF membranes (Millipore, ISEQ00010) and incu-
bated with appropriate antibodies. Anti-BAG2 (ab80596),
anti-FAU (ab81442) and anti-BECN1 (ab62557) were from
Abcam. Anti-HA-tag (3724), anti-Cleaved CASP3 (9661),
anti-SQSTM1 (23214), anti-DDIT3 (5554), anti-HSPA5
(3177), anti-ATG5 (12994), anti-BCL2 (3498), anti-p-BCL2
(2827), anti-MAPK3/1 (ERK1/2; 4695), anti-p-MAPK3/1
(p-ERK1/2; 4370) and anti-ATF6 (65880) were purchased
from Cell Signaling Technology. Anti-LC3B (BL8918) and
anti-FLAG (F1804) were from Sigma-Aldrich. Anti-mono
and polyubiquitin conjugates (FK2; BML-PW8810-0100) was
from Biomol. Anti-ERN1 (sc-390960) and anti-EIF2AK3 (sc-
377400) were from Santa Cruz Biotechnology. Anti-GAPDH
(HC301) was from TransGen Biotech Co. Secondary antibo-
dies (A0208 and A0216) were purchased from Beyotime.
Proteins were visualized using the SuperSignal West Pico
Substrate (Thermo Fisher Scientific, 34578), and, then, blots
were imaged using the ChemiDoc XRS system (Bio-Rad,
Hercules, CA, USA).

Statistical analysis

Statistical analysis was performed using Graphpad Prism.
Data are presented as mean ± SD. p < 0.05 indicated statistical
significance.
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