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Introduction
Autophagy is an essential cellular process for maintaining cell  
homeostasis and attenuating cell stresses through a “self-eating” 
mechanism. Many autophagy-related (ATG) proteins have been 
identified as functioning in autophagy to control physiological and 
pathological processes by breaking down misfolded or dysfunction-
al components for recycling (1, 2). Notably, growing evidence shows 
that ATG proteins could regulate immune responses through canon-
ical macroautophagy, noncanonical macroautophagy, or autopha-
gy-independent pathways (3–7). Beclin 2 (Becn2) has recently been 
identified as a homolog of Becn1 with both autophagy-dependent 
and -independent functions; it targets G protein–coupled receptors 
(GPCRs) for degradation through the endosomal-lysosomal pathway 
(8). Heterozygous Becn2-KO mice develop obesity and insulin resis-
tance due to excessive cannabinoid 1 receptor (CB1R) signaling (8). 

Furthermore, monoallelic deletion of Becn2 significantly increases 
Kaposi’s sarcoma–associated herpesvirus–induced (KSHV-induced) 
oncogenesis through elevation of KSHV GPCR signaling in ikGP-
CR+Becn2+/– mice (9). Obesity-associated chronic inflammation plays 
a leading role in the pathogenesis of type II diabetes and cancer (10, 
11). Despite the importance of autophagy and its related proteins in 
immunity and cancer development (12–14), the function and mecha-
nisms of Beclin 2 in the regulation of innate immune signaling, auto-
phagy, and cancer remain largely unknown.

Innate immune signaling pathways, including the NF-κB, 
type I IFN, and inflammasome pathways, are activated through 
innate immune receptors, such as Toll-like receptors, RIG-I–like 
receptors, DNA sensors, and NOD-like receptors (15–17). Ligation 
of these immune receptors with pathogen-associated molecular 
patterns (PAMPs) and damage-associated molecular patterns 
(DAMPs) recruits key adaptor molecules to trigger downstream 
signaling pathways for the production of inflammatory cyto-
kines (18). The regulatory functions of ATG proteins in innate 
immune signaling are crucial for the control of systemic inflam-
mation. For instance, the ULK1/2 complex and Beclin 1 protect 
the host against viral infection (19, 20), while ATG16L1 suppresses  
endotoxin-induced inflammasome activation (21). Autophagy 
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Beclin 2 deficiency increases proinflammatory cytokine pro-
duction through ERK and NF-κB signaling. We next determined 
the levels of proinflammatory cytokines in WT and Becn2-KO 
immune cells after TLR ligand stimulation. We found that Becn2- 
deficient BM-derived DCs (BMDCs) and BM-derived macrophages 
(BMDMs) produced more IL-6, but not TNF-α, than WT cells after 
LPS (a TLR4 ligand) treatment (Figure 2, A and B). LPS-primed 
DCs and macrophages from Becn2-deficient mice also produced 
more IL-1β than corresponding WT cells after adenosine triphos-
phate (ATP) treatment (Figure 2, A and B). Furthermore, Becn2- 
deficient neutrophils produced significantly more TNF-α, IL-6,  
and IL-1β than WT controls after LPS treatment (Figure 2C). Con-
sistent with the cytokine production, RNA-Seq analyses showed 
increased expressions of IL-6 and IL-1β as well as increased expres-
sion of other cytokines and chemokines in LPS-treated Becn2-KO 
BMDMs (Figure 2D). Ingenuity pathway analysis using RNA-Seq 
data further revealed that the TNF signaling, NOD-like receptor 
signaling, cytokine-cytokine receptor interaction, and chemo-
kine signaling pathways were markedly increased in Becn2-KO 
macrophages compared with WT cells (Supplemental Figure 2A). 
To determine the specificity of the innate immune response, we 
examined proinflammatory cytokine expression following stimu-
lation with poly(I:C) (a ligand of TLR3) and CpG oligonucleotides 
(a ligand of TLR9) and found that Becn2-deficient macrophages 
produced more IL-6, but not TNF-α, than WT macrophages after 
poly(I:C) treatment (Supplemental Figure 2B). However, we did 
not observe any appreciable difference in IL-6 or TNF-α production 
between Becn2-deficient and WT DCs after stimulation with CpG 
oligonucleotides (Supplemental Figure 2C). These results suggest 
that Beclin 2 deficiency negatively regulates IL-6, IL-1β, or TNF-α 
production in a cell type– and TLR ligand–specific manner. Since 
TRIF is the adapter for both TLR3/TLR4 and type I IFN signaling, 
we examined the role of Beclin 2 in the type I IFN signaling pathway 
by detecting the IFN-β production in BMDMs after vesicular sto-
matitis virus (VSV) infection or poly(dA:dT) treatment. We found 
no appreciable difference in IFN-β production between WT and 
Becn2-KO macrophages (Supplemental Figure 2D). Consistently, 
no significant change in ISRE activity was detected in poly(I:C)– or 
poly(dA:dT)–stimulated 293T cells transfected with ISRE-lucifer-
ase reporter and increasing amounts of Beclin 2 expression plas-
mids (Supplemental Figure 2E), suggesting that Beclin 2 does not 
play a critical role in type I IFN signaling.

To substantiate these findings under physiological conditions, 
we determined the sensitivity of Becn2-KO mice to LPS-induced 
septic shock. After i.p. injection of LPS at 30 mg/kg body weight, 
Becn2-KO mice exhibited significantly shortened survival and rap-
idly died, within 34 hours, while 40% of WT counterparts survived 
over 40 hours (Figure 2E). Consistently, increased serum levels of 
IL-6 and IL-1β were observed in Becn2-KO mice compared with 
WT mice after LPS treatment (Figure 2F). Notably, the serum 
levels of IL-6, but not other cytokines tested, were significantly 
elevated in Becn2-KO mice compared with those in WT mice even 
before LPS treatment (Figure 2G and Supplemental Figure 2F), 
suggesting higher spontaneous production (basal level) of IL-6 in 
Becn2-KO mice.

To understand the molecular mechanisms responsible for the 
elevated levels of proinflammatory cytokines in Becn2-deficient 

may also function as a tumor suppressor to inhibit cancer develop-
ment by regulating innate immune signaling (14).

In this study, we describe the role of Beclin 2 as a negative 
regulator in the control of the ERK1/2 and NF-κB signaling path-
ways for suppressing inflammation and tumor development. Mice 
with homozygous ablation of Becn2 developed splenomegaly and 
lymphadenopathy and enhanced phosphorylation of ERK1/2 
and NF-κB signaling in innate immune cells for proinflamma-
tory cytokine productions. Mechanistically, Beclin 2 targeted 
mitogen-activated protein kinase kinase kinase 3 (MEKK3) and 
mitogen-activated protein kinase kinase kinase 7 (TAK1) for auto-
phagic degradation through an ATG9A-dependent but ATG16L/
LC3/Beclin 1–independent pathway. Beclin 2 promoted the 
membrane fusion of TAK1/MEKK3-associated ATG9A+ vesicles  
with phagophores through its interaction with STX5/STX6. 
Importantly, Becn2-deficient mice developed spontaneous lym-
phoma at a high incidence (~13.2%) with persistent activation of 
STAT3 signaling by IL-6 and other cytokines. Our findings have 
identified an important role of Beclin 2 in the regulation of innate 
immune signaling and tumor development, thus providing a 
potential therapeutic target for the prevention and treatment of 
inflammatory diseases and cancer.

Results
Splenomegaly and lymphadenopathy in Becn2-deficient mice. To 
investigate the potential role of Beclin 2 in the immune system, 
we first analyzed human BECN2 expression in multiple organs 
and different cell types and found that human BECN2 was highly  
expressed in the thymus, lung, liver, and pancreas, particularly 
in PBMCs, DCs, T cells, and B cells (Figure 1A). Similarly, mouse 
Becn2 was also highly expressed in immune cells and lymphoid 
tissues, such as neutrophils, T cells, B cells, and spleen, compared 
with nonimmune tissues (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI133283DS1). To assess the function of Beclin 2 in immune cells, 
we generated homozygous Becn2-KO mice despite the partial 
lethality of Becn2 ablation (8). Becn2 deficiency was validated by 
PCR using specific primers (Supplemental Figure 1B). We found 
that Becn2-KO mice developed splenomegaly and lymphadenop-
athy (Figure 1B). Histological examination revealed grossly dis-
organized architectures of spleens and lymph nodes in Becn2-KO  
mice, with complete loss of the marginal zone barrier (Figure 
1C). Mild architecture difference was also found in the thymus of 
Becn2-KO mice compared with WT mice (Supplemental Figure 
1C). Consistent with the splenomegaly and enlarged lymph nodes, 
we observed marked increases in the total numbers of spleno-
cytes and lymphocytes from inguinal lymph nodes, particularly  
the B220+ B cell and CD3+ T cell numbers, in Becn2-KO mice com-
pared with WT mice (Figure 1, D–F). However, we did not observe 
significant differences in the subsets of either T cells or B cells 
between WT and Becn2-KO mice by CyTOF (mass cytometry) 
analyses (Supplemental Figure 1, D and E). There was no appre-
ciable difference in macrophage/neutrophil populations in the 
spleens between WT and Becn2-KO mice (Supplemental Figure 
1F). These results suggest that loss of Beclin 2 results in spleno-
megaly and lymph node enlargement with grossly disorganized 
architectures and increased total lymphocyte populations.
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Figure 1. Splenomegaly and lymphadenopathy in Becn2-deficient mice. (A) Real-time PCR (RT-PCR) analysis of human Beclin 2 expression in different 
tissues and cells. The mRNA levels of BECN2 in different tissues or cells were normalized to the mRNA levels of the GAPDH gene. Data are plotted as 
mean ± SEM and are representative of at least 3 independent experiments. (B) Sizes of spleens (upper) and lymph nodes (LNs, lower) from Becn2-KO and 
WT mice (n = 4 per group). (C) H&E staining of spleen and lymph nodes of Becn2-KO and WT mice. Images are representative of 4 mice in each group. (D) 
Total numbers of splenocytes and lymphocytes from lymph nodes counted from 6- to 8-week-old Becn2-KO and WT mice (n = 6 mice per group). (E and F) 
Representative flow cytometry plots and quantification of 6- to 8-week-old B220+ and CD3+ cell populations in spleens (E) and lymph nodes (F) (n = 8 mice 
per group). Statistical differences between groups were calculated using Student’s unpaired t test. **P < 0.01.
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Figure 2. Ablation of Becn2 increases proinflammatory cytokine production and mouse sensitivity to LPS-induced septic shock. (A–C) Production of TNF-α, 
IL-6, and IL-1β by BMDCs (A), BMDMs (B), and peritoneal neutrophils (C) treated with LPS (100 ng/mL) alone or followed by ATP (5 mM) treatment for 1 hour. 
(D) Heatmap of the differentially expressed genes (DEGs) in Becn2-KO BMDMs compared with WT BMDMs after 3 hours of LPS (100 ng/mL) stimulation. The 
most significant differentially expressed genes in the TNF signaling, NOD-like receptor signaling, cytokine-cytokine receptor interaction, and chemokine-sig-
naling pathways between Becn2-KO BMDMs and WT BMDMs are listed on the right side. (E) Survival of 6- to 8- week-old WT and Becn2-KO mice after high-
dose LPS (i.p. 30 mg/kg) treatment (n = 5 mice per group). (F) Cytokine levels in serum samples from 6- to 8- week-old WT and Becn2-KO mice after high-dose 
LPS (i.p. 30 mg/kg) treatment (n = 6 mice per group). (G) IL-6 levels in 8- to 12-week-old mouse sera (n = 10 mice per group). Data (A–C) are plotted as mean ± 
SEM and are representative of at least 3 independent experiments (n = 2 mice each time/group). Statistical differences between groups were calculated using 
Student’s unpaired t test (A–C, F, and G) and log-rank test (E). *P < 0.05; **P < 0.01; ***P < 0.001.
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ure 3A), macrophages (Figure 3B and Supplemental Figure 3A), and 
peritoneal neutrophils (Figure 3C) compared with WT control cells 
after LPS or poly(I:C) treatment. The phosphorylation of STAT3 
was also markedly enhanced in Becn2-deficient DCs and macro-

mice, we next tested to determine whether the NF-κB and MAPK 
signaling pathways were affected by Beclin 2 deficiency. Western 
blot analysis using different immune cells revealed that the phos-
phorylation of ERK1/2 was enhanced in Becn2-deficient DCs (Fig-

Figure 3. Becn2 deficiency enhances ERK, NF-κB, and STAT3 signaling. 
(A–C) Immunoblot analysis of cell lysates from WT or Becn2-KO BMDCs 
(A), BMDMs (B), or peritoneal neutrophils (C) treated with LPS (100 ng/
mL) for the indicated time points using the indicated antibodies. Sam-
ples were run on parallel gels contemporaneously (A–C). Bottom panels: 
quantitative comparison of activation of signaling molecules between 
WT and Becn2-KO cells based on band intensity of 3 independent 
experiments. Data are plotted as mean ± SEM. Statistical differences 
between groups were calculated using Student’s unpaired t test (A–C). 
*P < 0.05; **P < 0.01.
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phages, but not in neutrophils, after LPS or poly(I:C) treatment 
(Figure 3, A–C, and Supplemental Figure 3A). Notably, a moderate 
but significant increase in IκB kinase (IKK) phosphorylation was 
observed in Becn2-deficient macrophages and neutrophils upon 
LPS stimulation (Figure 3, B and C). However, we did not observe 
any appreciable difference in ERK1/2 or STAT3 phosphorylation 
between Becn2-KO and WT DCs or macrophages upon CpG oli-
gonucleotide, Pam3CSK4, or TNF-α treatment (Supplemental 
Figure 3, B–D), consistent with the cytokine production in Supple-
mental Figure 2C. Furthermore, we tested the signaling pathways 
in BECN2-KO human monocytes (THP1) upon LPS stimulation 
and found that BECN2-KO THP1 cells generated by the CRISPR/
Cas9 system had increased ERK1/2 and IKK signaling activities 
compared with WT controls (Supplemental Figure 3E). In addition, 
the IL-1β precursor (pro–IL-1β) levels in BECN2-KO THP1 cells and 
BMDMs were both increased compared with those in WT cells 
after LPS treatment (Supplemental Figure 3, E and F).

Beclin 2 inhibits ERK1/2 signaling by targeting MEKK3 and TAK1 
for autophagic degradation. The NF-κB and p38 signaling pathways 
have been known to control proinflammatory cytokine produc-
tion (refs. 22, 23, and Figure 4A), but the role of ERK1/2 signal-
ing in IL-6 expression is not clear. For this reason, we knocked 
out Mapk3/1 (the genes encoding ERK1/2) in Becn2-deficient 
macrophages using the CRISPR/Cas9 system. Cotransduction of  
Mapk3/1-specific sgRNAs and Cas9 into Becn2-deficient mac-
rophages markedly reduced IL-6 production compared with the 
transduction of control sgRNA (Figure 4B). Consistently, the phos-
phorylation of STAT3 in Becn2-deficient macrophages transduced 
with Mapk3/1-specific sgRNA was also reduced to a level similar to 
that in WT cells (Figure 4C). These results suggest a predominant 
role of ERK signaling in IL-6 production and STAT3 signaling in 
Becn2-deficient macrophages.

We next sought to determine how Beclin 2 negatively regulates 
ERK1/2 signaling. Because signaling cascades of MAPK pathways, 
such as the ERK1/2 signaling pathway, are known to be controlled 
via a 3-tiered process from MAP3Ks to MAP2Ks and then MAPKs 
(Figure 4A and ref. 24), we performed coimmunoprecipitation 
and Western blot analyses to identify the potential interacting 
proteins of Beclin 2. We showed that Beclin 2 strongly interacted 
with MEKK3 (Map3k3), but weakly interacted with IKKβ and TAK1 
(Map3k7) (Figure 4D). The endogenous interactions of Beclin 2 
with TAK1 and MEKK3 were also detected, but such interactions 
were not affected by LPS stimulation (Figure 4E). Furthermore, 
Beclin 2 strongly interacted with MKK1, MKK2, and MKK3, but not 
with ERK1, ERK2, ERK5, JNK, or p38 (Supplemental Figure 4A), 
suggesting that Beclin 2 regulates ERK1/2 signaling through the 
control of its upstream kinases. To further determine how Beclin 
2 regulates TAK1- and MEKK3-mediated signaling, we tested to 
determine whether Beclin 2 could target TAK1 and MEKK3 for 
degradation. We transfected 293T cells with increasing amounts 
of Beclin 2 expression vector and found that the endogenous pro-
tein levels of both TAK1 and MEKK3 were markedly reduced with 
increasing Beclin 2 expression (Figure 4F). In contrast, we did not 
observe appreciable changes in HA-tagged MKK1, MKK2, or MKK3 
protein levels with increasing Beclin 2 expression (Supplemental 
Figure 4B). Consistently, the protein levels of MEKK3 and TAK1 
were markedly increased in Becn2-deficient immune cells, such as 
DCs, macrophages, neutrophils, and T cells, compared with WT 
controls (Figure 4G), while the mRNA levels of both MEKK3 and 
TAK1 had no appreciable differences between WT and Becn2-KO 
cells (Supplemental Figure 4C). We next determined the levels of 
phosphorylated TAK1 (p-TAK1) and p-MEKK3 in immune cells to 
test the possibility that loss of Beclin 2 could induce more TAK1 or 
MEKK3 phosphorylation for enhanced ERK signaling. Although 
increased p-TAK1 levels (in Beclin 2–KO BMDMs, BMDCs, and T 
cells) and p-MEKK3 (in BMDMs) were evident in Becn2-KO cells 
compared with WT cells, the total TAK1 and MEKK3 levels were 
also increased in these cell types (Supplemental Figure 4, D and 
E). In contrast, no appreciable difference in the phosphorylation of 
TAK1 was observed between WT and KO cells in the cell types that 
express comparable TAK1 levels, including neutrophils and B cells 
(Supplemental Figure 4D), suggesting that Beclin 2 mainly regu-
lates the protein level of TAK1, but not its phosphorylation.

To further determine how Beclin 2 mediates the degradation of 
TAK1 and MEKK3, we used the autophagy inhibitors 3-methylade-
nine (3MA), bafilomycin A (BafA), chloroquine (CQ), or MRT68921 
(ULK1/2 dual kinases inhibitor) to inhibit autophagy-dependent 
degradation and a proteasome inhibitor (MG132) to inhibit the  
proteasomal degradation pathway. We found that the Beclin 2–
mediated degradation of TAK1 and MEKK3 was significantly inhib-
ited by the autophagy inhibitors, but not by MG132 (Figure 4H). 
Consistently, endogenous TAK1 and MEKK3 were also increased 
in autophagy/lysosome inhibitor–treated 293T cells at the protein 
level, but with few changes at the mRNA level (Supplemental Fig-
ure 4, F and G), suggesting that the autophagic pathway is required 
for the degradation of TAK1 and MEKK3 proteins by Beclin 2.

Beclin 2 mediates the degradation of TAK1 and MEKK3 through 
an ATG9A-dependent, but ATG16L/LC3B/Beclin 1–independent, 
autophagic pathway. Beclin 2 is involved in autophagy and inter-

Figure 4. Beclin 2 inhibits ERK1/2 signaling by targeting MEKK3 and TAK1 
for autophagic degradation. (A) Schematic illustration of proinflammatory 
gene expression controlled by key adaptors, kinases, and transcription fac-
tors involved in NF-κB and MAPK signaling. (B) IL-6 production from WT, 
Becn2-KO, and sgRNA-guided Mapk3/1-KO plus Becn2-KO macrophages 
treated with LPS (100 ng/mL) for the indicated periods. (C) Immunoblot 
analysis of p-STAT3, STAT3, and ERK1/2 in WT, Becn2-KO, and sgRNA- 
guided Mapk3/1-KO plus Becn2-KO macrophages treated with LPS (100 
ng/mL). (D) 293T cells cotransfected with the Flag–Beclin 2 plasmid alone 
or together with an HA-tagged plasmid were immunoprecipitated using 
anti-Flag beads, then immunoblotted with the indicated antibodies. (E) 
BMDMs were left untreated or treated by LPS (100 ng/mL) for 3 hours.  
Cell lysates of BMDMs were immunoprecipitated using MEKK3- or 
TAK1-specific antibodies against each protein, then immunoblotted with 
indicated antibodies. (F) Immunoblot analysis of endogenous TAK1 and 
MEKK3 in the lysates of 293T cells transfected with an increasing amount 
of pcDNA–Beclin 2 plasmid (0, 500, and 1000 ng/106 cells). (G) Immunoblot 
analysis of TAK1 and MEKK3 in cell lysates of WT and Becn2-KO T cells, B 
cells, and macrophages, neutrophils, and DCs before and after LPS (100 
ng/mL, 2 hours) treatment. Samples were run on parallel gels contempora-
neously. (H) 293T cells were transfected with HA-TAK1 or HA-MEKK3 alone 
or together with Flag–Beclin 2 plasmid, followed by treatment for 6–10 
hours with 3MA (5 mM), BafA (500 nM), CQ (10 μM), MRT68921 (1 μM), 
or MG132 (10 μM). Cell lysates were immunoblotted with the indicated 
antibodies. Data are representative of at least 3 independent experiments. 
Statistical differences between groups were calculated using 1-way ANOVA 
with Tukey’s multiple comparisons test (B). *P < 0.05; **P < 0.01.
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but rather a set of ATG proteins that are recruited to a preexisting  
double-membrane structure for autophagosome formation (3, 4, 
25). To further decipher the molecular mechanisms of Beclin 2–
mediated autophagic degradation of TAK1 and MEKK3, we first 
determined whether Beclin 2–mediated degradation could be 
blocked in ATG protein-deficient cells. We knocked out ATG16L 
and MAP1LC3B (2 genes that are essential for autophagosome 
membrane elongation in macroautophagy) in 293T cells and found 
that Beclin 2–mediated TAK1 and MEKK3 degradation could not 

acts with known binding partners of Beclin 1 in the class III PI3K 
complex, including ATG14, VPS34, and AMBRA1 (8), but how 
Beclin 2 mediates degradation of target proteins through the auto-
phagic pathway remains unknown. Macroautophagy requires 
the hierarchically ordered activities of ATG proteins recruited at 
the phagophore assembly site (PAS) to form a double-membrane 
autophagosome (1, 2). However, recent studies indicate that auto-
phagy could occur in alternative forms that do not require the 
hierarchical actions of all ATG proteins to form autophagosomes, 

Figure 5. Beclin 2 mediates degradation of TAK1 and MEKK3 through ATG16L/LC3/
Beclin 1–independent pathway. (A–C) WT 293T cells and sgRNA-guided ATG16L-KO 
(A), MAP1LC3B-KO (B), or BECN1-KO (C) 293T cell clones were transfected with HA-TAK1 
or HA-MEKK3 alone or together with Flag–Beclin 2 plasmid, followed by immuno-
blotting with the indicated antibodies. Samples shown in B were run on parallel gels 
contemporaneously. Right panels: quantitative analysis of HA-TAK1 and HA-MEKK3 
expression and degradation percentages in WT and KO cells after normalization based 
on band intensity of 3 independent experiments. Data are plotted as mean ± SEM. (D) 
Cell lysates of 293T cells were immunoprecipitated using specific antibodies against 
each protein, then immunoblotted using indicated antibodies. Statistical differences 
between EmpVec-transfected and Flag–Beclin 2–transfected cells were calculated 
using Student’s unpaired t test (A–C). Statistical differences of degradation percent-
ages between WT and KO groups were calculated using 1-way ANOVA with Dunnett’s 
multiple comparisons test (A–C). *P < 0.05; **P < 0.01; ***P < 0.001.
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between Beclin 2 and MEKK3. To further demonstrate their intra-
cellular interactions, we performed confocal microscopic analy-
sis and found that the colocalization of GFP-MEKK3 and Beclin 
2 was significantly impaired in ATG9A-KO and ULK1-KO cells 
compared with WT cells (Figure 6E). Furthermore, GFP-MEKK3 
was translocated into lysosome in Flag–Beclin 2–overexpressed 
WT cells, but such translocation was significantly compromised in 
ATG9A- or ULK1-deficient cells, as shown by Pearson’s coefficient 
analysis (Figure 6F). These data demonstrate the critical role of 
ULK1 and ATG9A in Beclin 2–mediated degradation of TAK1 and 
MEKK3 through the engagement of ATG9A as a bridge for Beclin 
2–ATG9A–MEKK3 complex formation. To confirm the ATG9A 
engagement in MEKK3 degradation in primary myeloid cells and 
to determine whether the degradation requires LPS stimulation, 
we determined the endogenous interaction between MEKK3 and 
ATG9A in BMDMs and found that MEKK3 could bind to ATG9A 
regardless of LPS stimulation (Supplemental Figure 6D). Further-
more, no appreciable change in MEKK3 levels was detected before 
or after LPS stimulation in WT, Becn1-KO, or Becn2-KO BMDMs 
(Supplemental Figure 6E), suggesting that Beclin 2–mediated 
ATG9A-dependent autophagic degradation of MEKK3 is indepen-
dent of LPS-induced TLR4 signaling.

To further dissect the molecular mechanisms by which Beclin 
2 mediates MEKK3 degradation through ATG9A+ vesicles, we rea-
soned that Beclin 2 might promote the membrane fusion of ATG9A 
vesicles with phagophore to form autophagosome. Indeed, ectopic 
expression of Beclin 2 in 293T cells increased the vesicle fusion with 
phagophores for autophagosome formation, as shown in the trans-
mission electron microscopy (TEM) images (Supplemental Figure 7, 
A and B). Therefore, we next sought to determine the potential inter-
action between Beclin 2 and a series of RAB GTPases and SNARE 
proteins for their involvement in membrane fusion (30–32). Coim-
munoprecipitation and Western blot analyses showed that Beclin 
2 could interact with RAB7A, RAB8A, RAB32, VAMP8, syntaxin 
5 (STX5), STX6, STX7, and STX8 (Supplemental Figure 7C). We 
next generated KO cells of each Beclin 2–interacting partner using  
CRISPR/Cas9 technology and tested to determine whether specific 
gene KO would partially or completely block the MEKK3 degrada-
tion. We found that ablation of either STX5 or STX6 could partially  
block the Beclin 2–mediated MEKK3 degradation (Figure 7A), while 
KO of other genes had little or no effect (Supplemental Figure 7D). 
Importantly, Beclin 2–mediated MEKK3 degradation could be 
completely blocked in STX5:STX6-DKO cells (Figure 7A). To fur-
ther investigate the physiological role of STX5 and STX6 in Beclin 
2–mediated MEKK3 degradation, we first demonstrated the endog-
enous interactions of Beclin 2 with STX5 and STX6 (Figure 7B). 
Next, we examined the translocation of MEKK3 in WT and STX-
5:STX6-DKO cells using TEM analysis (by APEX2-enabled staining) 
and found that MEKK3 could be associated with single-membrane 
vesicles or transported to autophagosomes (double-membrane 
structures) in WT cells. In contrast, MEKK3 was barely detected 
in autophagosomes in STX5:STX6-DKO cells, but accumulated 
with single-membrane vesicles (Figure 7C). In line with the TEM 
observation, we performed membrane fractionation to enrich auto-
phagosomes and immune-isolated Flag-tagged ATG9A+ vesicles, 
respectively, from cells of different genotypes. We found signifi-
cant amounts of MEKK3 in ATG9A vesicles among all genotypes 

be blocked in the cells deficient in either ATG16L or LC3B (Figure 
5, A and B). Ablation of BECN1 (a gene essential for nucleation in 
macroautophagy) also failed to block the degradation of TAK1 and 
MEKK3 (Figure 5C). Quantitative analysis of TAK1 and MEKK3 
protein levels and degradation efficiency in WT and KO cells also 
indicated that Beclin 2–mediated TAK1 and MEKK3 degradation 
were not compromised in ATG16L/MAP1LC3B/BECN1-deficient 
cells compared with WT cells (Figure 5, A–C), suggesting that 
ATG16L, LC3B, and Beclin 1 are not essentially required for Beclin 
2–mediated degradation of TAK1 and MEKK3.

We next sought to determine the key autophagic proteins 
that are essential for Beclin 2–mediated degradation of TAK1 
and MEKK3. Coimmunoprecipitation of Beclin 2 and its poten-
tial binding partners involved in autophagy machinery revealed 
that Beclin 2 interacted with WIPI1, WIPI2, ATG9A, and ULK1 
(Supplemental Figure 5, A and B). We also confirmed the endog-
enous interactions of Beclin 2 with ULK1, ATG9A, and WIPI1, 
but not with WIPI2 (Figure 5D). We next generated ATG9A-KO,  
ULK1-KO, and WIPI1/2-KO cells using CRISPR/Cas9 technology  
and found that ATG9A ablation completely abolished Beclin 2–
mediated TAK1 and MEKK3 degradation, while KO of ULK1 par-
tially blocked degradation (Figure 6, A and B). However, WIPI1 
or WIPI2 deficiency had little or no effect on Beclin 2–mediated  
MEKK3 degradation (Supplemental Figure 5C). We further com-
pared the endogenous protein levels of MEKK3 and TAK1 in dif-
ferent ATG-KO cells as well as in ATG9A:ATG16L–double-KO 
(ATG9A:ATG16L-DKO) cells. Although the protein levels of 
MEKK3 and TAK1 in MAP1LC3B-KO, ATG16L1-KO, and BECN1-
KO cells were slightly increased (Supplemental Figure 5D), much 
higher levels of MEKK3 and TAK1 were observed in ATG9A-
KO and ULK1-KO cells. Furthermore, these 2 protein levels in 
ATG9A:ATG16L-DKO cells were similar to those in ATG9A single- 
KO cells, but much higher than those in ATG16L single-KO cells 
(Supplemental Figure 5D). These data further demonstrate that 
ATG9A and ULK1, but not ATG16L/LC3/Beclin 1, play a domi-
nant role in the degradation of MEKK3 and TAK1.

Beclin 2 promotes the fusion of MEKK3-associated ATG9A+ vesi-
cles with phagophores by interacting with STX5 and STX6 for MEKK3 
degradation. ATG9A is the only transmembrane ATG protein, 
and the ATG9A-associated vesicle is essential for the membrane 
assembling in autophagosome formation (26–29). The recruit-
ment of ATG9A vesicle to phagophores requires the activation of 
the ULK1 complex, including ULK1 and ATG13 (26–28). Indeed, 
we showed that Beclin 2–mediated MEKK3 degradation was 
markedly impaired in ATG13 shRNA-knockdown (shRNA-KD) 
cells compared with WT cells (Supplemental Figure 6A). However,  
further experiments showed that ATG9A interacted with ULK1 
and MEKK3, but not with ATG13 or FIP200 (Supplemental Figure 
6B). To further understand the role of ATG9A and ULK1 in Beclin 
2–mediated MEKK3 degradation, we tested to determine whether  
ATG9A and ULK1 were required for the interaction between 
Beclin 2 and MEKK3. Coimmunoprecipitation and immunoblot 
analysis revealed that Beclin 2 almost completely lost the ability 
to interact with MEKK3 in ATG9A-KO and ULK1-KO cells (Figure 
6, C and D). Beclin 2 also failed to be recruited to ATG9A+ ves-
icles in ULK1-KO cells (Supplemental Figure 6C). These results 
suggest that ATG9A-ULK1 is the key to bridging the interaction 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd
https://www.jci.org/articles/view/133283#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 5 8 jci.org   Volume 130   Number 10   October 2020

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 5 9jci.org   Volume 130   Number 10   October 2020

and B220+ and CD3+ lymphocytes as well as the serum cytokine 
production in Map3k3ΔM/ΔM:Becn2-KO mice under the untreated 
(basal) and LPS-induced conditions were either partially or com-
pletely restored to levels comparable to those of WT mice (Figure 
8, C–E). These results were further supported by a marked reduc-
tion of IL-6 in macrophages isolated from Map3k3ΔM/ΔM:Becn2-KO 
and Map3k7ΔM/ΔM:Becn2-KO mice compared with Becn2-KO cells 
(Figure 8F). Consistently with cytokine production, ablation of 
Map3k3 or Map3k7 in Becn2-KO macrophages markedly reduced 
the phosphorylation of ERK1/2 and IKKα/β to levels similar to 
or even lower than those in WT macrophages (Figure 8G). These 
results suggest that myeloid-specific TAK1 and MEKK3 are critical 
in mediating IL-6 production, but that MEKK3 plays a predomi-
nant role in the development of splenomegaly and lymphadenop-
athy in Becn2-KO mice.

Increased incidence of metastatic lymphoma development in 
Becn2-KO mice. Based on our findings that Becn2-KO mice pro-
duce large amounts of proinflammatory cytokines such as IL-6, 
we reasoned that these KO mice may have a higher risk of devel-
oping cancer. Indeed, we observed tumor development in homo-
zygous Becn2-KO mice at the age of approximately 20 to 32 weeks 
(Figure 9A). Among 38 Becn2-KO mice (from 6 to 36 weeks old), 5 
(13.2%) developed spontaneous tumors compared with no tumor 
development in WT mice, as expected. To determine whether 
myeloid-specific ablation of Map3k3 could also rescue the spon-
taneous tumor development in Becn2-KO mice, we checked 18 
Becn2-KO:Map3k3ΔM/ΔM mice at matched ages and found that none 
of these mice developed tumors (Figure 9A). These results suggest 
that excess MEKK3-mediated signaling in Becn2-KO mice plays 
a critical role in spontaneous tumor development. The tumors 
found in Becn2-KO mice were near the neck and collarbone region 
(Figure 9B) and had different pathological architectures. The sizes 
of the livers, inguinal lymph nodes, and spleens from tumor-bear-
ing Becn2-KO mice were dramatically increased compared with 
those from WT mice (Figure 9C). Based on the H&E staining of 
tissues from tumor-bearing Becn2-KO mice, we also detected lung 
metastases in mice harboring tumor no. 1 and tumor no. 2 and liver 
metastases in the mouse harboring tumor no. 1 (Figure 9D). We 
further performed immunostaining on primary tumors and met-
astatic tissues to determine the tumor types in Becn2-KO mice. 
Immunohistochemical staining of CD3, B220, and Ki67 showed 
that the primary tumor and lung metastases from mouse no. 1 
could be characterized as T cell lymphoma (Figure 10A), while the 
staining of tumor no. 2 showed a mixed population of T cells and B 
cells (Figure 10B). To further define the lymphoma type of tumor 
no. 2, we used confocal microscopy to identify the colocalization 
of Ki67 with either CD3 or B220 and identified it as B cell lym-
phoma based on the colocalization of Ki67 and B220 (Figure 10C). 
Among 5 lymphomas developed in Becn2-KO mice, one was T cell 
lymphoma and 4 were B cell lymphomas. These results suggest 
that Beclin 2 deficiency promotes lymphoma development with 
metastasis in the lung and liver.

Enhanced STAT3 activation and cytokine/chemokine expression 
in lymphomas of Becn2-KO mice. Since the loss of Beclin 2 leads 
to increased MEKK3 protein levels and ERK signaling for IL-6 
production, we reasoned that the elevated IL-6 production and 
persistent STAT3 activation in T and B lymphocytes in Becn2-KO  

(Figure 7D). Moreover, the increased amounts of MEKK3 could be 
detected in ATG9A+ vesicle fractions from BECN2-KO, STX5-KO, 
and STX6-KO cells compared with WT counterparts, in which much 
less MEKK3 was detected (Figure 7D). However, the enrichment of 
MEKK3 in autophagosomes could only be detected in WT cells, but 
not in BECN2-KO, STX5-KO, or STX6-KO cells, suggesting that the 
translocation of MEKK3 from ATG9A+ vesicles to autophagosomes 
is markedly blocked in these KO cells (Figure 7D). Consistently, the 
translocation of MEKK3 into the lysosomes was also diminished in 
STX5:STX6-DKO 293T cells even with Beclin 2 overexpression (Fig-
ure 7E). Taken together, these results suggest that the interaction 
between Beclin 2 and STX5/STX6 promotes the membrane fusion 
of ATG9A+ vesicles with phagophores to form autophagosomes for 
MEKK3 degradation (Supplemental Figure 7E).

Ablation of Map3k3 rescues phenotypes observed in Becn2-KO 
mice. To further explore the physiological function of Beclin 2–
mediated MEKK3 and TAK1 degradation, we determined whether  
specific ablation of MEKK3 or TAK1 could rescue the pheno-
types observed in Becn2-deficient mice. We crossed Becn2-KO 
mice with myeloid-specific TAK1-deleted (Map3k7ΔM/ΔM) mice or 
myeloid-specific MEKK3-deleted (Map3k3ΔM/ΔM) mice and found 
that myeloid-specific ablation of MEKK3 (Map3k3ΔM/ΔM:Becn2-KO) 
completely rescued the phenotypes (splenomegaly and lymphade-
nopathy) observed in Becn2-deficient mice (Figure 8A), whereas 
TAK1 deficiency (Map3k7ΔM/ΔM:Becn2-KO) only partially rescued 
the phenotypes. Consistently, histological examination revealed 
that Map3k3ΔM/ΔM:Becn2-KO mice restored the disorganized 
spleen architectures observed in Becn2-deficient mice to a level  
similar to that of WT mice, while Map3k7ΔM/ΔM:Becn2-KO mice 
only partially restored the germinal center and nodular architec-
ture (Figure 8B). Furthermore, the total numbers of splenocytes 

Figure 6. Beclin 2 mediates the degradation of TAK1 and MEKK3 through 
an ATG9A- and ULK-dependent autophagic pathway. (A and B) WT 293T 
cells, sgRNA-guided ATG9A-KO 293T cells (A), and sgRNA-guided ULK1-
KO 293T cells (B) were transfected with HA-TAK1 or HA-MEKK3 alone or 
together with Flag–Beclin 2 plasmid, followed by immunoblotting with the 
indicated antibodies. Blots were run contemporaneously with the same 
protein samples (A). Bottom panels: quantitative analysis of HA-TAK1 and 
HA-MEKK3 expression and degradation percentages in WT and KO cells 
after normalization based on band intensity of 3 independent experi-
ments. (C and D) WT and ATG9A-KO (C) or ULK1-KO (D) 293T cells were 
transfected with the HA–Beclin 2 plasmid alone or together with Flag- 
MEKK3. Cell lysates were immunoprecipitated using anti-Flag beads, 
followed by immunoblotting with the indicated antibodies. Data are 
representative of 3 independent experiments. (E) Confocal images of WT, 
ATG9A-KO, and ULK1-KO 293T cells cotransfected with GFP-MEKK3 and 
Flag–Beclin 2, then stained with anti-Flag antibody, followed by Alexa Fluor 
633–conjugated secondary antibody staining. Hoechst 33342 was applied 
for nucleus staining. Scale bars: 10 μm. (F) Confocal images of WT, ATG9A-
KO, and ULK1-KO 293T cells transfected with GFP-MEKK3, then stained 
with lysotracker and Hoechst 33342. Scale bars: 10 μm. Original magnifica-
tion, ×1000 (merge); ×2500 (magnified). Data are plotted as mean ± SEM. 
Pearson’s correlation coefficient for colocalization shown in E and F was 
used with Image J Coloc 2 (at least 30 cells were analyzed per condition)\. 
Statistical differences between EmpVec-transfected and Flag–Beclin 2–
transfected cells were calculated using Student’s unpaired t test (A and B). 
Statistical differences between WT and KO groups were calculated using 
Student’s unpaired t test (A) or 1-way ANOVA with Dunnett’s multiple 
comparison tests (B, E, and F). *P < 0.05; **P < 0.01; ***P < 0.001.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10
https://www.jci.org/articles/view/133283#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 6 0 jci.org   Volume 130   Number 10   October 2020

Figure 7. Beclin 2 binds to STX5/6 to promote the fusion of ATG9A vesicles with phagophores for MEKK3 degradation. (A) WT, sgRNA-guided STX5-
KO, STX6-KO, or STX5:STX6-DKO 293T cells were transfected with HA-MEKK3 alone or together with Flag–Beclin 2 plasmid, followed by immunoblotting 
with the indicated antibodies. The blots were run contemporaneously with the same protein samples. Right panel: quantitative analysis of HA-MEKK3 
expression and degradation percentage. (B) Cell lysates of 293T cells were immunoprecipitated using anti-STX5 or anti-STX6 antibody, respectively, and 
then immunoblotted with the indicated antibodies. WCL, whole cell lysates (C) Representative TEM images of WT and STX5:STX6 DKO 293T cells coover-
expressing Flag–Beclin 2 and MEKK3-APEX2 processed in parallel under identical conditions. Black arrows indicate MEKK3-associated vesicles; white 
arrowheads indicate MEKK3-containing autophagosome. (D) WT, STX5-KO, and STX6-KO cells were cotransfected with Flag-ATG9A and HA–Beclin 2, while 
BECN2 KO 293T cells were transfected with Flag-ATG9A alone. Half of the cells were left untreated for immunoisolation of Flag-ATG9A+ vesicles; the other 
half were pretreated by CQ (10 μM, 4 hours) to inhibit the fusion of autophagosomes with lysosomes for the enrichment of autophagosomes. Cells were 
resuspended in specific fractionation buffers for isolation of Flag-ATG9A+ vesicles or autophagosome enrichment, respectively, followed by immunoblot-
ting with indicated antibodies. (E) Confocal images of WT and STX5:STX6-DKO 293T cells transfected with GFP-MEKK3 and Flag–Beclin 2, then stained 
with lysotracker. Scale bars: 10 μm. Pearson’s correlation coefficient for colocalization was used with Image J Coloc 2. Graph represents mean ± SEM (at 
least 30 cells were analyzed per condition). Data are representative of 3 independent experiments. Statistical differences between EmpVec-transfected 
and Flag–Beclin 2–transfected cells were calculated using Student’s unpaired t test (A). Statistical differences of degradation percentages between WT 
and KO groups were calculated using 1-way ANOVA with Dunnett’s multiple comparison test (A). Statistical analyses of colocalization between groups 
were calculated using Student’s unpaired t test (E). *P < 0.05; **P < 0.01; ***P < 0.001.
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antibody treatment also significantly rescued the splenomegaly  
observed in Becn2-deficient mice (Figure 13B). The levels of 
p-STAT3 in Becn2-KO splenocytes were restored to levels similar 
to those of WT cells (Figure 13C). Consistently, the total numbers 
of splenocytes and B220+ and CD3+ lymphocytes were signifi-
cantly reduced compared with those in control antibody–treated 
Becn2-KO mice (Figure 13D). These results suggest that elevated 
IL-6 production is closely associated with persistent STAT3 acti-
vation and the development of splenomegaly and spontaneous 
lymphoma in Becn2-KO mice. Kaplan-Meier plot analysis using 
human cancer databases revealed that Beclin 2 expression levels 
were associated with overall survival rates for patients with can-
cer. In particular, for patients with bladder carcinoma and thyroid 
carcinoma, the higher levels of Beclin 2 expression were signifi-
cantly associated with prolonged overall survival compared with 
that of patients with low Beclin 2 expression (P < 0.001) (Sup-
plemental Figure 9E). Furthermore, higher expression levels of 
Beclin 2 were also associated with extended overall survival for 
ovarian cancer patients (P < 0.05) (Supplemental Figure 9E), but 
to a lesser extent. These data further suggest that Beclin 2 may 
have a tumor-suppressive function through innate immune regu-
lation, STAT3 signaling, and chemokine expression.

Discussion
In this study, we showed that homozygous deletion of Becn2 led 
to splenomegaly, lymphadenopathy, and enhanced inflammatory 
responses. Elevated IL-6 production was evident in Becn2-defi-
cient macrophages, DCs, and neutrophils upon stimulation, while 
TNF-α levels were increased in Becn2-deficient neutrophils, but 
not in other immune cells tested. IL-1β was also highly produced 
by Becn2-deficient immune cells compared with WT control cells 
due to elevated expression of pro–IL-1β after LPS treatment. In 
contrast, enhanced IL-1β production, but not elevated pro–IL-1β 
levels, was found in heterozygous Becn1-KO macrophages com-
pared with WT macrophages (37). Consistent with these findings, 
Becn2-deficient mice were more sensitive to LPS-induced septic 
shock, suggesting that Beclin 2 functions as a negative regulator of 
the innate immune signaling pathways to control the expression of 
proinflammatory cytokines, such as IL-6 and IL-1β.

Although NF-κB signaling is known to drive TNF-α and IL-6 
expression (22, 23), Becn2-deficient DCs showed increased IL-6 
production, despite comparable IKKα/β activity between WT and 
Becn2-KO cells after LPS treatment. Further experiments showed 
that the ablation of ERK1/2 (Mapk3/1) by the CRISPR/Cas9 system 
in Becn2-deficient cells restored IL-6 production to a level similar 
to that in WT cells, suggesting that elevated ERK1/2 signaling is 
responsible for the increase in IL-6 production. Our results are 
consistent with the previous finding that ERK1/2 signaling antag-
onists inhibited IL-6 production (38). Interestingly, we found that 
ERK signaling only yielded differences between WT and Becn2-KO 
cells after LPS and poly I:C stimulation, but not CpG or Pam3C-
SK4 stimulation. TRIF is the adapter for TLR3/TLR4 signaling 
and type I IFN signaling; however, no appreciable difference in 
type I IFN signaling was found between WT and Becn2-KO cells, 
suggesting that Beclin 2 negatively regulates ERK signaling mainly  
through targeting the downstream kinases, such as MEKK3, but 
not through the TRIF signaling molecule. The downstream sig-

mice might play a critical role in tumorigenesis, as previously 
suggested (11, 33, 34). Therefore, we first determined whether 
IL-6 directly affected T or B cells for the promotion of lymphoma  
development in Becn2-KO mice. We checked the NF-κB and 
MAPK signaling in splenic T cells and B cells from Becn2-deficient 
mice that were potentially affected by elevated basal IL-6 and 
found that both ERK1/2 and STAT3 signaling were persistently  
activated in Becn2-deficient T cells and B cells (Supplemental 
Figure 8, A and B). Furthermore, RNA-Seq analysis showed that 
many genes involved in immune responses to infectious diseases,  
transcriptional misregulation in cancer, NOD-like receptor and 
cytokine-cytokine receptor signaling, and MAPK signaling were 
dysregulated in Becn2-KO T cells and B cells compared with WT 
control cells (Supplemental Figure 8, C–F). Next, we examined 
STAT3 and ERK status by immunofluorescence staining in tumors 
or normal lymph nodes and found dramatic increases in both 
p-STAT3 and p-ERK levels in lymphomas from Becn2-KO mice 
compared with lymph nodes from WT mice (Figure 11, A and 
B). Immunoblot analysis further demonstrated increased STAT3 
phosphorylation in Becn2-KO lymphomas and lymph nodes com-
pared with WT control samples (Figure 11C). Notably, MEKK3 
and TAK1 expression in lymphomas and lymph nodes from Becn2-
KO mice were consistently increased (Supplemental Figure 9A). 
These results suggest that STAT3 signaling is constitutively acti-
vated in Becn2-deficient lymphocytes by elevated IL-6 production 
to promote lymphoma development.

We next compared gene expression profiles among WT 
lymph nodes, Becn2-KO lymph nodes, and Becn2-deficient lym-
phomas using RNA-Seq analysis. We found that many genes 
involved in inflammation, cell proliferation, and tumor metastasis 
were upregulated in Becn2-KO lymph nodes and/or lymphomas 
compared with WT lymph nodes (Figure 11D). In particular, the 
cytokine-cytokine receptor interaction, transcriptional dysreg-
ulation in cancer, cell adhesion, and cell lineage pathways were 
significantly altered in Becn2-KO lymphomas compared with 
either Becn2-KO or WT lymph nodes (Figure 11E). Furthermore, 
the upregulation of essential tumorigenic proinflammatory cyto-
kines, chemokines, and oncogenes as well as the downregulation 
of cell-cell adhesion molecules were confirmed by real-time PCR 
(Figure 12A and Supplemental Figure 9B) and immunohistochem-
ical staining (Figure 12B). In particular, Cxcr4, IL-21, Ccl3, and 
Bcl-7a were robustly expressed in tumor tissues (Figure 12, A and 
B). There was no appreciable difference in Bcl-2, p–Bcl-2, Bcl-xl, or 
Mcl-1 expression between WT and KO lymph nodes (Supplemen-
tal Figure 9, C and D), although these proteins have been reported 
to bind to Beclin 1 and have been implicated in promoting tumor-
igenesis in patients with low Beclin 1 expression (8, 35, 36). These 
results suggest that the persistent activation of STAT3 signaling as 
well as the upregulation of Cxcr4, Ccl3, IL-21, and Bcl-7a expres-
sion may promote lymphoma development in Becn2-deficient 
mice. To further determine the role of IL-6 in spontaneous lym-
phoma development in Becn2-KO mice, we used IL-6 neutralizing 
antibody to treat the mice for 4 consecutive weeks and found that 
the levels of these upregulated key genes that were identified in 
Becn2-KO lymphoma samples were significantly reduced to levels 
similar to those of WT counterparts, including Bcl7a, Il-21, Pdcd1, 
Cxcr4, Tnfsf8, and Ccl3 (Figure 13A). Moreover, IL-6 neutralizing 
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Figure 8. Ablation of Map3k3 
rescues the phenotypes observed 
in Becn2-KO mice. (A) Spleens and 
lymph nodes of 6- to 8-week-old 
WT, Becn2-KO, Map3k3ΔM/ΔM: 
Becn2-KO, and Map3k7ΔM/ΔM:-
Becn2-KO mice. (B) H&E staining 
of spleens from WT, Becn2-KO, 
Map3k3ΔM/ΔM:Becn2-KO, and 
Map3k7ΔM/ΔM:Becn2-KO mice. 
Scale bars: 1 mm. Representative 
images (A and B) are shown for 
each group (n = 5 mice per group). 
(C) Total numbers of splenocytes 
and flow cytometry–based quan-
tification of B220+ and CD3+ cell 
populations in spleens counted 
from 6- to 8-week-old Becn2-
KO and WT mice (n = 5 mice per 
group). (D) Basal IL-6 levels in 
8- to 12-week-old mouse sera (n 
= 8 mice per group). (E) Cytokine 
levels in serum samples from 
6- to 8- week-old WT, Becn2-KO, 
and Becn2-KO:Map3k3 ΔM/ΔM mice 
after high-dose LPS (i.p. 30 mg/
kg) treatment (n = 5 mice per 
group). (F) IL-6 production by WT, 
Becn2-KO, Map3k3 ΔM/ΔM:Becn2-KO, 
and Map3k7ΔM/ΔM:Becn2-KO 
macrophages treated with LPS 
(100 ng/mL) for 0, 2, 4, or 6 hours 
(mean ± SEM). (G) Immunoblot 
analysis of macrophages from WT, 
Becn2-KO, Map3k3ΔM/ΔM:Becn2-KO, 
and Map3k7ΔM/ΔM:Becn2-KO mice 
treated with LPS (100 ng/mL) for 
the indicated periods. Data (F and 
G) are representative of 3 inde-
pendent experiments. Statistical 
differences between groups were 
calculated using 1-way ANOVA 
with Dunnett’s multiple compar-
isons test (C–F). *P < 0.05; **P < 
0.01; ***P < 0.001.
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redundantly or differently for executing this degradation remained 
unclear. For example, MEKK3 degradation is partially blocked in 
ULK1-KO cells, but whether this is due to the ULK2 compensa-
tion for the function of ULK1 remains unknown. The LC3/GAB-
ARAP family proteins share a high sequence similarity (40), yet 
could act differently in autophagosome biogenesis. Deficiency in 
the LC3 subfamily leads to the generation of smaller autophago-
somes, whereas deficiency of the GABARAP subfamily leads to 
the biogenesis of larger autophagosomes (41). Further studies are 
warranted to determine whether and how other LC3/GABARAP 
family proteins are involved in the biogenesis of autophagosomes 
to compensate for the loss of LC3B during autophagic degradation 
of MEKK3. Although LPS has been reported as inducing auto phagy 
through TRIF-dependent TLR4 signaling (42), our results show 
that neither the interaction between ATG9A and MEKK3 nor the 
MEKK3 protein level was affected by LPS stimulation, suggesting 
that LPS-induced TLR signaling may not be required in the Beclin 
2–mediated autophagic degradation of MEKK3.

SNARE or RAB GTPase family proteins have been reported 
as playing a critical role in membrane fusion in autophagy (25, 
30). STX5 and STX6 are 2 target-SNAP receptors (t-SNAREs) 
serving for specific vesicle docking and fusion. STX5 and STX6 
have been reported as driving the fusion of autophagosomes 
with lysosomes and regulating the fusion between endosomes 
and autophagosomes, respectively (43, 44). Our data show that 

naling of TLRs and their crossregulation with MAPK (JNK, ERK, 
p38) pathways are not fully understood (23, 24); our data suggest 
that the activation of MEKK3 is differentially regulated by TLR2-, 
TLR3-, TLR4-, and TLR9-ligand stimulation. Our finding is sup-
ported by a previous report showing that MEKK3 interacts with 
TRAF6 for signaling transduction in response to IL-1 and LPS, but 
not to CpG, for IL-6 cytokine production (39). Therefore, loss of 
Beclin 2 results in elevated MEKK3 levels, which may potentially 
enhance ERK signaling for IL-6 production.

To further understand the mechanisms by which Beclin 2 
deficiency increases ERK1/2 and IKKα/β signaling, we provide 
compelling evidence that Beclin 2 targets TAK1 and MEKK3 for 
autophagic degradation independently of ATG16-LC3 conjugation 
machinery and Beclin 1. In contrast, ablation of ULK1 or ATG9A 
could significantly block MEKK3 degradation. Beclin 2–mediated 
TAK1 and MEKK3 degradation requires ULK1-initiated interac-
tion between Beclin 2 and TAK1/MEKK3 that is ridged by ATG9A- 
vesicles. We further demonstrated that the ULK1 complex (ULK1 
and ATG13) was required for Beclin 2–mediated transportation of 
TAK1/MEKK3-associated ATG9A vesicles to autophagosomes/
lysosomes for degradation, which is supported by the previous 
finding that ULK1 and ATG13 were required for the recruitment 
of ATG9A vesicles to PAS for autophagosome formation (26–29). 
During the ATG16L/LC3B/Beclin 1–independent degradation pro-
cess of MEKK3, whether other autophagy protein could function 

Figure 9. Loss of Beclin 2 increases the incidence of spontaneous lymphoma development. (A) Tumor incidence of WT, Becn2-KO, and Becn2-KO: 
Map3k3 ΔM/ΔM mice at 6 to 36 weeks of age (n = 45 in WT group, 38 in Becn2-KO group, and 18 in Becn2-KO:Map3k3 ΔM/ΔM group). (B) Photographs and 
H&E staining of 2 different tumors from Becn2-KO mice. Red arrows indicate tumors. (C) Photographs of tumors, lymph nodes, spleens, and livers from 
WT and Becn2-KO mice. (D) H&E staining of lungs and livers from 2 Becn2-KO mice with lymphomas presented in B. Arrows indicate metastatic tumor 
nodules in the lung and metastatic tumor cells in the liver. The log-rank test was used for calculating statistical differences in A. *P < 0.05.
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ated ATG9A vesicles with phagophores for MEKK3 degradation; 
loss of STX5/6 blocks Beclin 2–mediated MEKK3 degradation 
due to the failure of this fusion.

Consistent with these in vitro observations, deletion of 
Map3k3 completely rescued the proinflammatory phenotypes 
(such as splenomegaly and lymphadenopathy) observed in Becn2- 
deficient mice, while ablation of Map3k7 partially rescued these 
phenotypes. The critical role of MEKK3 in NF-κB activation has 
been reported through direct phosphorylation of IKKα/β upon 
induction with TNF-α (45). However, we previously showed that 
ablation of Map3k7 (TAK1) in myeloid lineage enhanced the NF-κB 
and p38 MAP kinase activation in neutrophils and induced spleno-
megaly and lymphadenopathy in mice, while specific deletion of 
Map3k3 (MEKK3) partially reduced the splenomegaly observed in 
Map3k7ΔM/ΔM mice (15). Therefore, the findings that myeloid-specific  
ablation of Map3k3, but not Map3k7, rescued the phenotypes in 
Becn2-KO mice were consistent with our previous study (15). Collec-
tively, we demonstrated that MEKK3 played a dominant role in the 

Beclin 2 could interact with STX5 and STX6, both of which are 
required for Beclin 2–mediated MEKK3-associated ATG9A vesi-
cle fusion to phagophores for autophagic degradation. Although a 
previous report showed that cells deficient in STX5 have compro-
mised cathepsin B activity (44), we did not detect any significant 
changes in lysosomal degradation or cathepsin B activity among 
WT, STX5-KO, or STX6-KO cells (data not shown). Overall, we 
show 3 lines of evidence to support the molecular mechanisms 
of Beclin 2–mediated MEKK3 degradation through an ATG9-de-
pendent, but ATG16L/LC3/Beclin 1–independent, autophagic 
pathway (Supplemental Figure 7E): (a) both Beclin 2 and ATG9A 
interact with MEKK3 and ULK1, but not with other ULK1 com-
plex subunits (ATG13, FIP200, or ATG101); ULK1 KO or ATG13 
KD markedly, but not completely, blocks MEKK3 degradation; (b) 
the interaction between Beclin 2 and MEKK3 requires ULK com-
plex initiation and ATG9A engagement; ATG9A KO completely 
blocks Beclin 2–mediated MEKK3 degradation; and (c) Beclin 2 
interacts with STX5/6 to promote the fusion of MEKK3-associ-

Figure 10. Lymphoma-bearing Becn2-KO mice could develop metastatic nodules in the lung and liver. (A and B) Immunohistochemical staining of CD3, 
B220, or Ki67 in lymphoma and lung samples from tumors no. 1 (A) and no. 2 (B). (C) Representative confocal images of lymphoma and lung tissue from 
tumor no. 2 stained with antibodies against CD3, B220, and Ki67 followed by FITC- and Alexa Fluor 555–conjugated secondary antibodies. Scale bars: 250 μm.
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of Becn2 leads to defective autophagy, obesity, and insulin resis-
tance (8). However, it is unclear whether the ablation of Becn2 
results in tumor development. Our study provides compelling 
evidence that homozygous KO of Becn2 increases the incidence 
of spontaneous B and T cell lymphomas, which is consistent with 

control of ERK1/2 signaling, proinflammatory cytokine production, 
splenomegaly, and lymphadenopathy in Becn2-KO mice.

Heterozygous deletion of Becn1 in mice increases the inci-
dence of spontaneous tumors (35, 46), suggesting that Becn1 is a 
haploinsufficient tumor suppressor gene. Heterozygous deletion 

Figure 11. STAT3 activation and cytokine/chemokine expression in Becn2-KO lymphoma. (A) Confocal images of Becn2-KO lymphomas, lymphoma- 
derived lung metastases, and WT lymph nodes stained with antibodies against B220 and p-STAT3 followed by FITC- or Alexa Fluor 555–conjugated 
secondary antibodies. Scale bars: 250 μm. (B) Confocal images of Becn2-KO lymphomas and WT lymph nodes stained with antibodies against B220 and 
p-ERK1/2, followed by labeling with FITC- or Alexa Fluor 555–conjugated secondary antibodies. Scale bars: 250 μm. (C) Immunoblot analysis of p-STAT3 
and STAT3 expression in lymph nodes or lymphomas from WT and Becn2-KO mice. (D) Heatmap of the DEGs in Becn2-KO lymphoma samples compared 
with WT or Becn2-KO lymph nodes. The most significant DEGs involved in STAT3 signaling, cytokine-cytokine receptor interaction, chemokine signaling 
pathways, and cell-cell adhesion are listed on the right side. (E) Significantly enriched KEGG pathways in Becn2-KO lymphomas compared with WT or 
Becn2-KO lymph nodes.
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signaling and tumor development in Becn2-deficient mice. Ele-
vated STAT3 and ERK1/2 signaling pathways have been reported  
as playing important roles in initiating a premetastatic tumor 
niche and promoting tumor development and metastasis (11, 24, 
33, 47). Our RNA-Seq analysis further supports the notion that 
the lymphoma development in Becn2-deficient mice is associated  
with persistent activation of STAT3 signaling and increased 
expression of protumorigenic cytokines, chemokines, and onco-
genes. In contrast, cell-cell junction and adhesion molecules 
are downregulated in Becn2-deficient mice, thereby facilitating 

the hyperproliferation of T and B cells in peripheral lymphoid tis-
sues, the elevated proinflammatory cytokines, and the enhanced 
ERK and STAT3 signaling in Becn2-deficient mice. Beclin 1 has 
been shown to interact with antiapoptotic Bcl-2 family members 
via its BH3 domain and restrain tumorigenesis through Mcl-1 
destabilization (36). In contrast, we show that loss of Beclin 2 
neither increased the expression of Bcl-2 or Mcl-1 nor increased 
the phosphorylation of Bcl-2. Instead, the persistent activation 
of STAT3 in immune cells and tumor tissues, in concert with the 
elevated IL-6 production, plays a critical role in inflammatory 

Figure 12. Protumorigenic cytokine, chemokine, and oncogene expression in Becn2-KO lymphoma. (A) Real-time PCR analysis for mRNA levels of 
the indicated genes in WT lymph nodes, Becn2-KO lymph nodes, and Becn2-KO lymphomas (4 biological replicates for each group) compared with the 
fragments per kilobase of transcript per million mapped reads (FPKM) value of each gene from RNA-Seq analysis. Whisker boxes represent median (center 
line), and upper and lower lines represent lowest to highest value. (B) Immunohistochemical staining of lymphomas and lung metastases using antibodies 
against Cxcr4, IL-21, Bcl-7a, and Ccl3. Scale bars: 100 μm. Statistical differences between groups were calculated using 1-way ANOVA with Tukey’s multiple 
comparison test (A). *P < 0.05; **P < 0.01; ***P < 0.001.
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of Beclin 2 in innate immune signaling and tumor development, 
thus providing potential therapeutic targets for the prevention 
and treatment of cancer.

Methods
All RNA-Seq data that support the findings of this study were deposited 
in the NCBI’s Gene Expression Omnibus database (GEO GSE111539).

Statistics. Statistical analyses were performed using GraphPad 
Prism, version 6.0, and Excel, with a minimum of 3 biological inde-
pendent samples for significance. A log-rank test was used for mouse 
survival or tumor incidence analysis. A 1-way ANOVA or unpaired 
2-tailed Student’s t test was applied for other comparisons. P values of 
less than 0.05 were considered statistically significant.

Study approval. Animal experiments in this study were approved 
and carried out following the protocol (AUP-0115-0005 and 

tumor invasion and metastasis. By using IL-6 neutralizing anti-
body to treat Becn2-KO mice, the levels of the upregulated key 
genes identified in Becn2-KO lymphoma, the levels of p-STAT3, 
and the total numbers of splenocytes and lymphocytes were all 
markedly reduced compared with those in Becn2-KO mice treated  
with a control antibody, suggesting the important role of IL-6 
production in the promotion of lymphoma development in Becn2-
KO mice. Based on these findings, we propose a working model  
to illustrate how Beclin 2 controls the stability of MEKK3 and 
TAK1 through an ATG9-dependent, but ATG16L/LC3/Beclin 1–
independent, autophagic pathway, thus regulating ERK and IKK 
signaling–mediated IL-6 production, which in turn activates the 
STAT3 signaling pathway. The activation of ERK and IL-6–STAT3 
signaling further promotes tumor development and metastasis 
in Becn2-KO mice. Our results have identified an important role 

Figure 13. IL-6 neutralizing antibody treatment rescues phenotypes observed in Becn2-KO mice. (A) Real-time PCR analysis for mRNA levels of the 
indicated genes in lymph nodes from WT or Becn2-KO mice receiving control or IL-6 neutralizing antibody treatment (n = 5, i.p., 200 μg/mouse, every 
other day for 4 consecutive weeks). (B) Spleens of WT and Becn2-KO mice receiving control or IL-6 neutralizing antibody treatment (n = 5). (C) Immunoblot 
analysis of p-STAT3 in splenocytes from indicated groups. Representative images of 3 independent Western blots. (D) Total numbers of splenocytes and 
flow cytometry-based quantification of B220+ and CD3+ cell populations in spleens counted from mice of indicated groups (n = 5). Statistical differences 
between groups were calculated using 1-way ANOVA with Tukey’s multiple comparison test (A and D). *P < 0.05; **P < 0.01; ***P < 0.001.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 3 6 8 jci.org   Volume 130   Number 10   October 2020

analyzed the RNA-Seq data. BL provided Becn2-deficient mice. MZ, 
CX, and RFW wrote the paper. RFW supervised the entire study.
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