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ABSTRACT
The E3 ubiquitin ligase NEDD4 has been intensively studied in processes involved in viral infections, such
as virus budding. However, little is known about its functions in bacterial infections. Our investigations
into the role of NEDD4 in intracellular bacterial infections demonstrate that Mycobacterium tuberculosis
and Listeria monocytogenes, but not Mycobacterium bovis BCG, replicate more efficiently in NEDD4
knockdown macrophages. In parallel, NEDD4 knockdown or knockout impaired basal macroautophagy/
autophagy, as well as infection-induced autophagy. Conversely, NEDD4 expression promoted autophagy
in an E3 catalytic activity-dependent manner, thereby restricting intracellular Listeria replication.
Mechanistic studies uncovered that endogenous NEDD4 interacted with BECN1/Beclin 1 and this
interaction increased during Listeria infection. Deficiency of NEDD4 resulted in elevated K48-linkage
ubiquitination of endogenous BECN1. Further, NEDD4 mediated K6- and K27- linkage ubiquitination of
BECN1, leading to elevated stability of BECN1 and increased autophagy. Thus, NEDD4 participates in
killing of intracellular bacterial pathogens via autophagy by sustaining the stability of BECN1.
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Introduction

Autophagy is an evolutionarily conserved process by which
cytosolic components are sequestered into double-membrane
vesicles and consequently fused with lysosomes.1 Under physi-
ological conditions autophagy plays a critical role in cellular
pathways, as diverse as growth, development and differentia-
tion, aging and cell death.1-3 Autophagy has also been described
as an innate defense mechanism against certain intracellular
bacteria, including Mycobacterium tuberculosis (Mtb) and
Listeria monocytogenes (Lm).4-6 Dysregulated autophagy has
also been implicated in pathological development, emphasizing
its critical involvement in maintaining homeostasis at the cellu-
lar and organismic level.3,7

The ULK1 and BECN1 complexes are 2 key players in the
formation of autophagosomes. The ULK1 complex, which
plays pivotal roles in autophagy initiation, consists of the ser-
ine/threonine kinase ULK1, ATG13, RB1CC1 and ATG101.8,9

ULK1 is activated by AMPK-mediated phosphorylation or loss
of MTOR-mediated phosphorylation.10-12 After activation,
ULK1 phosphorylates downstream targets to initiate auto-
phagy. One such target is the BECN1 complex, comprising
BECN1, PIK3R4/VPS15, PIK3C3/VPS34 and ATG14.13,14

Both abundances and activities of ULK1 and BECN1 are
extensively regulated by ubiquitination. TRAF6 mediates K63
ubiquitination of ULK1 through AMBRA1, which increases sta-
bility and function of ULK1.15 TRAF6 also mediates K63 ubiqui-
tination of BECN1, facilitating TLR4-triggered autophagy.15 In
contrast, the deubiquitinase TNFAIP3/A20 reduces TLR4-trig-
gered autophagy by decreasing K63 ubiquitination of BECN1.16

RNF216 also regulates K48 ubiquitination of BECN1, resulting
in proteasomal degradation of BECN1 and decreased auto-
phagy.17 Recently CUL3-KLHL20 was shown to ubiquitinate
ULK1, leading to the proteasomal degradation of ULK1.18

NEDD4 (neuronal precursor cell expressed, developmen-
tally downregulated 4) is a HECT (homologous E6-AP
carboxyl terminus) type E3 ubiquitin ligase, and is comprised
of one N-terminal C2 domain, 3 or 4 WW domains and 1 C-
terminal HECT domain.19,20 The C2 domain mediates its intra-
cellular localization by interacting with phospholipids and pro-
teins. The WW domain, named for the presence of 2 conserved
tryptophan residues, is responsible for substrate recognition by
binding to a PPxY motif. The HECT domain confers E3 cata-
lytic activity.19,20 Numerous studies have demonstrated that
NEDD4 facilitates budding of various viruses by ubiquitinating
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viral matrix proteins via PPxY motifs. These include vesicular
stomatitis virus,21 Marburg virus,22 Ebola virus,23,24 Rous sar-
coma virus,25 and human immunodeficiency virus (HIV).26

NEDD4 also ubiquitinates capsid protein VI of adenovirus in a
PPxY-dependent manner and facilitates its intracellular target-
ing and effective infection.27 Moreover, NEDD4 increases influ-
enza virus infection by decreasing the abundance of the
antiviral protein IFITM3 via ubiquitination.28 While the role of
NEDD4 in viral infections is well documented, its function in
bacterial infections remains elusive.

As intracellular pathogens, Lm and Mtb have evolved specific
strategies to subvert defenses inside host cells.29,30 The common
mechanism underlying intracellular survival shared by Lm and
Mtb is the egression into the cytosol.30 For Lm, listeriolysin O
(LLO) is essential for its rapid escape into the cytosol and for
subsequent autophagy activation.31,32 Unlike Lm, Mtb induces
phagosomal escape at later time points of infection via the ESX-
1 secretion system,33,34 which is encoded in region of difference
1 (RD1). ESX-1 is also required for sequestering Mtb within
autophagosomes.35 M. bovis BCG (BCG) lacks the RD1 region
and hence remains in the phagosomes within macrophages.34,36

The capacity of LLO to facilitate egression has been harnessed
for the generation of a recombinant BCG vaccine strain, BCG
DureC::hly (rBCG).37 Although it perturbs the phagosomal
membrane, this vaccine candidate remains in the phagosomes;
however, bacterial components including proteins, glycolipids
and double-stranded DNA are released into the cytosol, thereby
inducing autophagy and inflammasome activation.38

Here we investigated the role of NEDD4 in bacterial infec-
tions with Mtb, BCG, rBCG and Lm. We show that NEDD4
contributes to killing of intracellular Mtb, rBCG and Lm
in vitro. NEDD4 deficiency impaired basal autophagy, starva-
tion-induced autophagy, and carbonyl cyanide m-chlorophenyl
hydrazone (CCCP)-induced mitophagy, as well as autophagy
upon Mtb and rBCG infection. Reciprocally, NEDD4 expres-
sion increased autophagy in an E3 catalytic activity-dependent
manner. Moreover, we uncovered that NEDD4 interacts with
Atg8-family proteins, forms a complex with ULK1 and
BECN1, and mediates ubiquitination of BECN1 under basal
conditions as well as Lm infection. Specifically, NEDD4 knock-
down (KD) induced elevated K48-linkage ubiquitination of
endogenous BECN1. BECN1 stability was increased by
NEDD4 via K6 and K27 ubiquitination during autophagy
induction, thereby promoting autophagy activation. Collec-
tively, our data reveal a novel regulation of autophagy in which
NEDD4 increases BECN1 stability via ubiquitination and hence
promotes autophagy, thereby contributing to killing of mem-
brane-perturbing intracellular bacterial pathogens.

Results

NEDD4 contributes to efficient control of bacteria
perturbing the phagosomal membrane

To investigate the role of NEDD4 in bacterial infection, NEDD4
stable KD THP-1 and HeLa cell lines were established with len-
tivirus-delivered shRNAs (Fig. S1A-D). NEDD4 shRNA #2
(sh2) was selected for further experiments due to its robust KD
efficiency. THP-1 cells expressing scrambled shRNA or sh2

were employed for in vitro infection with different intracellular
bacteria. For Mtb infection, the intracellular bacterial load in
NEDD4 KD cells was significantly higher than in control cells
expressing scrambled shRNA at 48 h post-infection (p.i.)
(Fig. 1A). However, the intracellular growth of attenuated strain
Mtb DRD1, which lacks the ability of escaping into the cytosol,
was not significantly different in NEDD4 KD and control cells
(Fig. 1B). For both Mtb and Mtb DRD1, bacterial uptake at
4 h p.i. was not affected by NEDD4 KD (Fig. 1A and B).

To further investigate the role of NEDD4 in intracellular
mycobacterial infection, BCG and rBCG were employed. rBCG
impairs the integrity of the phagosomal membrane, leading to
increased inflammasome activation and autophagy.38 We
found that compared to BCG, rBCG replicated more efficiently
in NEDD4 KD cells (Fig. 1C and D). Lm rapidly escapes from
phagosomes into the cytosol by secreting the pore-forming
LLO.32 Accordingly, Lm wild type (WT) and LLO-deficient
mutant-Lm Dhly were employed to infect NEDD4 KD and
control THP-1 cells. Lm WT replicated significantly faster in
NEDD4 KD cells than in control cells. For Lm Dhly, there was
no significant difference in NEDD4 KD and control cells
(Fig. 1E and F). Lactate dehydrogenase (LDH) cytotoxicity
assay verified that NEDD4 KD did not affect cell death upon
Lm infection, suggesting that the increased replication in
NEDD4 KD cells is not due to cell death (Fig. S1E). Taken
together, these results demonstrate that in macrophages,
NEDD4 is required for efficient control of intracellular bacteria
perturbing the phagosomal membrane.

NEDD4 contributes to autophagy

Autophagy is an innate defense mechanism by which replication
of certain intracellular bacteria is restrained.6 We interrogated
whether NEDD4 participates in efficient control of bacterial
growth via autophagy. To this end, the levels of LC3-II, a marker
of autophagy induction, were examined by western blot in
NEDD4 stable KD HeLa and THP-1 cells. Cells were treated
with choloroquine (CQ) to block autophagy flux. We found that
LC3-II abundance was significantly lower in NEDD4 KD HeLa
and THP-1 cells with or without CQ treatment (Fig. 2A and B
and Fig. S2A and B), suggesting that autophagy was impaired in
these NEDD4 KD cells. For further validation, LC3-II abundance
was monitored in Nedd4C/C and nedd4¡/¡ mouse embryonic
fibroblasts (MEFs). LC3-II abundance in nedd4¡/¡ MEFs was
also significantly lower than in Nedd4C/C cells with or without
CQ treatment (Fig. 2C and Fig. S2C). Because SQSTM1/p62 is a
selective substrate for autophagy, protein levels of SQSTM1 were
examined by western blot to monitor autophagy activation. Lev-
els of SQSTM1 in nedd4¡/¡ cells were significantly higher than
in WT cells, further verifying compromised autophagy in
nedd4¡/¡ cells (Fig. 2D and Fig. S2D). To monitor autophago-
some formation, Nedd4C/C and nedd4¡/¡ MEFs stably express-
ing YFP-LC3B were generated. Immunofluorescence (IF)
analysis revealed that the numbers of LC3B puncta in Nedd4C/C

cells were significantly higher than in nedd4¡/¡ cells (Fig. 2E
and F). Taken together, these data indicate that NEDD4 defi-
ciency impairs basal autophagy.

To determine whether NEDD4 also functions in other types
of autophagy, Nedd4C/C and nedd4¡/¡ MEFs were treated with
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Earle’s balanced salt solution (EBSS), MTOR inhibitor Torin1
or CCCP to stimulate starvation-induced autophagy or
mitophagy. Western blots revealed significantly lower LC3-II
abundance in nedd4¡/¡ than in Nedd4C/C MEFs for all stimuli
(Fig. 2G and Fig. S2E). Furthermore, we investigated whether
autophagy upon bacterial infection was affected by NEDD4
deficiency. Indeed, LC3-II abundance in NEDD4 KD THP-1
cells upon Mtb infection was decreased compared to controls.
Moreover, Mtb DRD1 infection induced significantly lower
LC3-II abundance compared to Mtb (Fig. 2H and Fig. S2F and
H). Similarly, rBCG infection induced higher LC3-II levels
than BCG infection and LC3-II levels in NEDD4 KD cells upon
rBCG infection were lower than controls (Fig. 2I and Fig. S2G).
To evaluate whether NEDD4 is involved in xenophagy, the
colocalization of Lm with endogenous LC3 was examined in
THP-1 control and NEDD4 KD cells. Indeed, LC3 recruitment
to Lm was impaired by NEDD4 KD (Fig. S3A). Further, the

colocalization of Lm with LAMP2 in NEDD4 KD cells was also
lower than in control cells, demonstrating defective trafficking
of Lm into LAMP2-positive organelles by NEDD4 KD
(Fig. S3B). Overall, our results demonstrate a general role of
NEDD4 in autophagy.

NEDD4 involvement in autophagy depends on its ubiquitin
ligase activity

We questioned whether the enzymatic activity of NEDD4 was
involved in autophagy. To this end, HEK293T cells were trans-
fected with control plasmid, catalytically inactive mutant
(NEDD4C867A) or NEDD4WT and then LC3-II levels were evalu-
ated by western blot. We found that in cells expressing
NEDD4WT, LC3-II abundance was significantly higher than in
controls, demonstrating that NEDD4WT expression increased
autophagy. Moreover, in cells expressing NEDD4C867A, LC3-II

Figure 1. NEDD4 contributes to efficient control of intracellular bacteria perturbing the phagosomal membrane. (A-D) Colony-forming unit (CFU) assay of intracellular
growth of Mycobacterium tuberculosis (Mtb) (A), MtbDRD1 (B), M. bovis BCG (BCG) (C) and M. bovis BCGDureC::hly (rBCG) (D) in scramble (Scr) or NEDD4 knockdown (KD)
THP-1 cells at 4, 24, 48 and h post-infection (p.i.). CFU assay of Listeria monocytogenes (Lm) (E) and LmDhly (F) in scramble and NEDD4 KD THP-1 cells at 1, 2, 4 and 6 h p.
i. Data are shown as mean § SD of 3 independent experiments. P values were calculated using two-way ANOVA with Bonferroni’s multiple comparisons test.
(�) p � 0.05, (���) p � 0.001, (����) p � 0.0001.
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abundance was significantly lower compared to cells expressing
NEDD4WT, establishing that the E3 ubiquitin ligase activity of
NEDD4 was required for its biological function in autophagy
(Fig. 3A and Fig. S4A). Additionally, complementation with
NEDD4WT or NEDD4C867A in nedd4¡/¡ MEFs further demon-
strated that NEDD4WT expression induced significantly higher

LC3-II levels, confirming that the defect of autophagy in
nedd4¡/¡ MEFs can be rescued by expression of NEDD4WT but
not NEDD4C867A (Fig. 3B and Fig. S4B). Furthermore, LC3-II
abundances were evaluated in cells with different expression lev-
els of NEDD4WT or NEDD4C867A. LC3-II abundance was
induced by NEDD4WT expression in a dose-dependent manner,

Figure 2. NEDD4 contributes to autophagy. Western blot analysis of LC3 levels in NEDD4 Scr and KD HeLa cells (A), NEDD4 Scr and KD THP-1 cells (B) and Nedd4C/C or
nedd4¡/¡ MEFs (C) with or without choloroquine (CQ) treatment. (D) Western blot analysis of SQSTM1 levels in Nedd4C/C or nedd4¡/¡ MEFs with or without CQ treatment.
(E) Immunofluorescence analysis of YFP-LC3B puncta in Nedd4C/C or nedd4¡/¡ MEFs stably expressing YFP-LC3B. (F) Quantification of YFP-LC3B puncta per cell. Data are
shown as mean § SD of 3 independent experiments. A total of 50 cells per group for each experiment were quantified. P values were calculated using the Student 2-tailed
unpaired t test. (�) p �0.05. (G) Western blot analysis of LC3 levels in Nedd4C/C or nedd4¡/¡ MEFs after starvation, Torin1 or CCCP treatment with or without CQ. (H) Western
blot analysis of LC3 levels in Scr and NEDD4 KD THP-1 cells upon Mtb or Mtb DRD1 infection. (I) Western blot analysis of LC3 levels in Scr and NEDD4 KD THP-1 cells upon
BCG or rBCG infection. LC3-II:ACTB ratio was determined using ImageJ software and normalized to control. Results are representative of 3 independent experiments.
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whereas overexpression of NEDD4C867A had a marginal or no
effect on LC3-II levels (Fig. 3C and Fig. S4C). Furthermore,
complementation of NEDD4 in THP-1 KD cells induced signifi-
cantly higher autophagy under Lm infection and basal condi-
tions (Fig. 3D and Fig. S4D). Consistently, intracellular Lm
replication was restricted by NEDD4 expression (Fig. 3E). Alto-
gether, our results show that NEDD4 promotes autophagy and
that its function critically depends on its E3 catalytic activity.

NEDD4 interacts with Atg8-family proteins

NEDD4 has been shown to be part of the Atg8-family protein
interaction network.39 To interrogate whether NEDD4 interacts
with MAP1LC3B/LC3B, HA-NEDD4 and YFP-LC3B were co-
expressed in HEK293T cells and then immunoprecipitation (IP)
was performed with anti-HA agarose. Western blot revealed that
exogenous HA-NEDD4 interacted with YFP-LC3B (Fig. 4A).
Further IP with HEK293T cells expressing HA-NEDD4

Figure 3. NEDD4 involvement in autophagy depends on its ubiquitin ligase activity. Western blot analysis of LC3 levels in HEK293T cells (A) or nedd4¡/¡ MEFs (B) express-
ing empty vector, HA-NEDD4WT or HA-NEDD4C867A with or without CQ treatment. HEK293T cells or nedd4¡/¡ MEFs were transfected with empty vector, or plasmids
expressing HA-NEDD4WT or HA-NEDD4C867A and cells were treated with or without CQ for 4 h at 48 h after transfection. (C) Western blot analysis of LC3 levels in HEK293T
cells expressing different levels of HA-NEDD4WT or HA-NEDD4C867A. HEK293T cells were transfected with 0.1, 0.3, or 1.0 mg of HA-NEDD4WT or HA-NEDD4C867A and lysates
were collected after 48 h of transfection. (D) Western blot analysis of LC3 levels in THP-1 NEDD4 KD cells expressing empty vector or HA-NEDD4WT. LC3-II:ACTB ratio was
determined using ImageJ software and normalized to control. Results are representative of 3 independent experiments. (E) CFU assay of Lm in THP-1 NEDD4 KD cells
expressing empty vector or HA-NEDD4WT at 1, 2, 4 and 6 h p.i. Data are shown as mean § SD of 3 independent experiments. P values were calculated using two-way
ANOVA with Bonferroni’s multiple comparisons test. (���) p � 0.001.
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Figure 4. NEDD4 interacts with Atg8-family proteins. (A) Interaction between YFP-LC3B and HA-NEDD4. HEK293T cells were transfected with YFP-LC3B and HA-NEDD4 as
indicated. Afterwards, lysates were harvested for immunoprecipitation (IP) with anti-HA agarose followed by anti-GFP and anti-HA immunoblotting. (B) Interaction
between exogenously expressed HA-NEDD4WT and HA-NEDD4C867A with endogenous LC3 in the absence or presence of Torin1 treatment. HEK293T cells were transfected
with HA-NEDD4WT or HA-NEDD4C867A, and after 48 h cells were treated with or without 1 mM Torin1 for 2 h. Lysates were harvested for IP with anti-HA agarose. (C) Coloc-
alization of HA-NEDD4 and YFP-LC3B in HeLa cells. (D) Electron microscopy analysis of NEDD4 immunogold labeling on autophagosomes. NEDD4 was detected using a
mouse anti-NEDD4 antibody followed by protein A-gold 12 nm labeling. Arrows indicate the association of NEDD4 with autophagosomes. (E) Interactions between
NEDD4 and Atg8-family proteins. HEK293T cells were transfected with HA-NEDD4 and YFP-ATG8s as indicated. After 48 h, lysates were harvested for IP with anti-GFP aga-
rose followed by anti-HA immunoblotting. (F) The interaction of NEDD4 mutants with LC3. HEK293T cells were transfected with plasmids encoding YFP-LC3B and HA-
NEDD4 mutants as indicated. After 48 h, lysates were harvested for IP with anti-HA agarose followed by anti-GFP immunoblotting. (G) Western blot analysis of LC3 levels
in HEK293T cells expressing HA-NEDD4WT or HA-NEDD4D264-269 with or without CQ treatment. LC3-II:ACTB ratio was determined using ImageJ software and normalized to
control. Results are representative of 3 independent experiments.
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demonstrated that HA-NEDD4 interacted with endogenous LC3
(Fig. 4B). In addition, treatment with Torin1 increased the inter-
action between NEDD4 and LC3 (Fig. 4B). Immunofluorescence
confirmed colocalization of NEDD4 with YFP-LC3B (Fig. 4C).
Electron microscopy with immunogold labeling revealed that
endogenous NEDD4 was associated with double-membrane
autophagosomes (Fig. 4D). IP with HEK293T cells expressing
HA-NEDD4 and Atg8-family homologs showed that HA-
NEDD4 interacted with all Atg8-family homologs (Fig. 4E). Pull-
down assay using agarose conjugated with different Atg8-family
proteins demonstrated direct interaction of NEDD4 with all the
Atg8-family homologs (Fig. S5A). To identify the LC3-interacting
region of NEDD4, different truncation mutants were generated
and IP with anti-HA agarose was performed. The mutant
NEDD4D381–900 still interacted with LC3B. In contrast, this inter-
action was completely abrogated in cells expressing mutants
NEDD4D255–900, demonstrating that the region of 256–380
within NEDD4 was indispensable for interaction with LC3B
(Fig. 4F). Immunofluorescence also confirmed that the 255–380
region of NEDD4 was required for its colocalization with LC3B
(Fig. S5B). In silico analysis with the iLIR web server has identi-
fied a putative LC3-interacting region (264-269, ENWEII) within
the sequence 256–380 of NEDD4.40 Indeed, the interaction
between NEDD4 with LC3B was abolished by deleting the motif
of 264–269, demonstrating that this motif served as an interact-
ing domain of NEDD4 with Atg8-family proteins (Fig. 4F). To
determine whether this NEDD4 motif was required for auto-
phagy, HEK293T cells were transfected with a plasmid encoding
NEDD4WT or NEDD4D264–269, and LC3-II abundances were
monitored by western blot. In cells expressing NEDD4D264–269,
LC3-II abundance was significantly lower than in NEDD4WT,
confirming that the LC3-interacting region 264–269 of NEDD4
is critical for its function in autophagy (Fig. 4G and Fig. S5C).
In sum, NEDD4 directly interacts with Atg8-family proteins,
and this interaction contributes to its functional role in
autophagy.

NEDD4 forms a complex with ULK1 and BECN1

Next, we investigated whether NEDD4 interacts with ULK1 or
BECN1. To this end, HA-NEDD4 and MYC-ULK1 were co-
expressed in HEK293T cells and IP was performed with anti-
HA agarose hereafter. Western blot revealed that HA-NEDD4
interacted with MYC-ULK1 and this interaction increased after
Torin1 treatment, demonstrating that autophagy activation
induced the interaction between HA-NEDD4 and MYC-ULK1
(Fig. 5A). IP with cells expressing the kinase-inactive mutant
MYC-ULK1K46I or the phosphorylation-deficient mutant
MYC-ULK1S4A demonstrated that HA-NEDD4 also interacted
with MYC-ULK1K46I or MYC-ULK1S4A. Hence, interactions
between NEDD4 and ULK1 were independent of kinase activ-
ity or phosphorylation of ULK1 (Fig. S6A).

To determine whether NEDD4 interacted with BECN1, HA-
NEDD4 and MYC-BECN1 were co-expressed in HEK293T cells
and IP was performed with anti-HA agarose. HA-NEDD4 inter-
acted with MYC-BECN1 and this interaction was increased by
Torin1 treatment, proving the elevated interaction between
NEDD4 and BECN1 during autophagy (Fig. 5B). IP confirmed
increased interactions between HA-NEDD4 and endogenous

BECN1 during autophagy (Fig. 5C). However, the serine 15 phos-
phorylation of BECN1 was not affected by its interaction with
NEDD4 (Fig. S6B). To investigate whether endogenous NEDD4
interacts with BECN1, IP was performed in THP-1 control and
NEDD4 KD cells. We found that endogenous BECN1 indeed
interacted with NEDD4 and the interaction was induced by Lm
as well as Torin1 stimulation; however, this interaction was
impaired byNEDD4 KD (Fig. 5D and Fig. S6C). The substrates of
NEDD4 have common L/PPxY motifs, which are recognized by
its WW domains.19,20 By sequence alignment, we identified the
LPxYmotif in BECN1 (corresponding to amino acids 347–350 of
mouse BECN1), which is evolutionarily conserved from yeast to
human (Fig. S6D). IP with cells expressing BECN1D347–350 dem-
onstrated loss of interaction with NEDD4 by deletion of this
motif, proving that the LPxY motif of BECN1 is critical for its
interaction with NEDD4 (Fig. 5E). Moreover, to investigate the
functional role of this motif in autophagy, HEK293T cells were
transfected with BECN1WT or BECN1D347–350, and LC3-II abun-
dance was examined by western blot. LC3-II abundance was
impaired by deletion of the LPxY motif of BECN1, confirming
that this NEDD4-interacting motif of BECN1 is required for
autophagy (Fig. 5F and Fig. S6E). To further investigate whether
HA-NEDD4 forms a complex with ULK1 and BECN1, MYC-
BECN1 and HA-NEDD4 were co-expressed in HEK293T cells
and IP was performed thereafter. Both endogenous ULK1 and
HA-NEDD4 were co-precipitated with MYC-BECN1. Thus,
NEDD4 forms a complex with ULK1 and BECN1 (Fig. 5G).

NEDD4 mediates ubiquitination of BECN1

Because NEDD4 is an E3 ubiquitin ligase, we investigated
whether it mediates ubiquitination of BECN1. MYC-BECN1
was co-expressed together with NEDD4WT or NEDD4C867A in
HEK293T cells and IP was performed with anti-MYC agarose.
Western blot using anti-ubiquitin antibody FK2 demonstrated
that ubiquitination of BECN1 was enhanced in cells expressing
NEDD4WT but not in cells expressing NEDD4C867A, suggesting
that NEDD4 mediated ubiquitination of BECN1 (Fig. 6A).
Consistent with the increased interaction of NEDD4 with
BECN1 upon Torin1 treatment, the ubiquitination of BECN1
by NEDD4 was also increased by Torin1 (Fig. 6B). Moreover,
the ubiquitination of BECN1D347–350 was diminished compared
with BECN1WT, confirming that the interaction motif of
BECN1 is critical for its ubiquitination mediated by NEDD4
(Fig. 6C). To characterize the ubiquitination type of BECN1 in
more detail, MYC-BECN1 was co-expressed with various
FLAG-ubiquitin mutants in HEK293T cells and IP was per-
formed. Western blot using anti-FLAG antibody revealed that
BECN1 was mainly K6- and K27-type ubiquitinated (Fig. 6D).
To further investigate the ubiquitination pattern of endogenous
BECN1, IP was performed with anti-BECN1 antibody using
THP-1 control and NEDD4 KD cells upon Lm infection.
Western blot revealed higher K48 linkage ubiquitination of
BECN1 in NEDD4 KD cells than in controls without or with
Lm infection. However, there was no distinct difference of
K63-linkage ubiquitination of BECN1 in control and NEDD4
KD cells (Fig. 6E). In sum, these data emphasize that NEDD4
mediates ubiquitination of BECN1 and that this ubiquitination
increases during autophagy.
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NEDD4 sustains BECN1 stability and autophagy

We next hypothesized that BECN1 stability was affected by
NEDD4. Indeed, BECN1 protein abundance in nedd4¡/¡ MEFs
was lower than in Nedd4C/C cells (Fig. 7A). Consistently,
NEDD4 KD in HeLa cells reduced protein levels of BECN1

(Fig. 7B), which could be rescued by proteasome inhibitor
MG132 treatment in nedd4¡/¡ MEFs (Fig. 7C). To determine
the stability of BECN1, Nedd4C/C and nedd4¡/¡ MEFs were
treated with the translation inhibitor cyclohexamide (CHX) at
different time points. Western blot against BECN1 demon-
strated that the abundance of BECN1 in nedd4¡/¡ MEFs at 4, 6,

Figure 5. NEDD4 forms a complex with ULK1 and BECN1. (A) Interaction between MYC-ULK1 mutants with HA-NEDD4, with or without Torin1 treatment. HEK293T cells
were transfected with plasmids encoding HA-NEDD4 and MYC-ULK1 as indicated. After 48 h, cells were treated with or without 1 mM Torin1 for 2 h. Lysates were har-
vested for IP with anti-HA agarose followed by anti-MYC immunoblotting. (B) Interaction between MYC-BECN1 and HA-NEDD4 in HEK293T cells with or without Torin1
treatment. HEK293T cells were transfected with MYC-BECN1 and HA-NEDD4WT or HA-NEDD4C867A as indicated. After 48 h, cells were treated with or without 1 mM Torin1
for 2 h. Lysates were harvested for IP with anti-HA agarose and followed by anti-MYC immunoblotting. (C) Interaction between exogenously expressed HA-NEDD4 with
endogenous BECN1 with or without Torin1 treatment. HEK293T cells were transfected with HA-NEDD4 as indicated. After 48 h, cells were treated with or without 1 mM
Torin1 for 2 h. Lysates were harvested for IP with anti-HA agarose. (D) Interaction between endogenous BECN1 and NEDD4 with or without Lm infection. THP-1 NEDD4
Scr and KD cells were infected with or without Lm at MOI D 10 for 2 h and cell lysates were collected for IP with isotype control or anti-BECN1 antibody. (E) Interaction
between HA-NEDD4 and MYC-BECN1WT or MYC-BECN1D347-350. HEK293T cells were transfected with plasmids encoding HA-NEDD4 and MYC-BECN1WT or MYC-BECN1D347–350

as indicated. After 48 h, lysates were harvested for IP with anti-HA agarose and followed by anti-MYC immunoblotting. (F) Western blot analysis of LC3 levels in HEK293T cells
expressing empty vector, MYC-BECN1WT or MYC-BECN1D347–350. HEK293T cells were transfected with the same amount of empty vector, or plasmids encoding MYC-BECN1WT

or MYC-BECN1D347–350 and lysates were collected after 48 h of transfection. (G) NEDD4 forms a complex with ULK1 and BECN1. HEK293T cells were co-transfected with
plasmids encoding MYC-BECN1 and HA-NEDD4WT or HA-NEDD4C867A as indicated. After 48 h, lysates were harvested and subjected to IP with anti-MYC agarose followed by
anti-ULK1 immunoblotting.
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and 8 h post-CHX treatment significantly declined compared to
Nedd4C/C MEFs, establishing that BECN1 stability was compro-
mised by NEDD4 deficiency (Fig. 7D). Because the interaction
between NEDD4 and BECN1 was increased during autophagy
activation, we hypothesized that BECN1 stability was sustained
by NEDD4 during autophagy. In support of this notion, western
blot against BECN1 revealed significantly diminished levels of
BECN1 in nedd4¡/¡ MEFs at 6 and 8 h post-Torin1 treatment
as compared to Nedd4C/C MEFs. Thus, NEDD4 enhanced
BECN1 stability during basal autophagy (Fig. 7E).

Furthermore, to investigate whether BECN1 stability is
increased by NEDD4 during Lm infection, THP-1 control and
NEDD4 KD cells were infected with Lm for different time

periods and BECN1 abundance was examined by western
blot. Indeed, BECN1 abundance was significantly higher in
control cells than in NEDD4 KD cells at 2 h of infection, con-
firming that NEDD4 also enhanced BECN1 stability during
Lm infection (Fig. 7F). To investigate the effect of NEDD4 on
autophagy induction, Nedd4C/C and nedd4¡/¡ MEFs were
treated with Torin1, and LC3-II abundance was evaluated.
Compared with nedd4¡/¡ MEFs, Nedd4C/C MEFs displayed
more profoundly elevated LC3-II levels during the entire
period of Torin1 treatment, suggesting that NEDD4 enhances
autophagy activation (Fig. 7G). Thus, by sustaining BECN1
stability during autophagy activation, NEDD4 enhances the
amplitude of autophagy.

Figure 6. NEDD4 mediates ubiquitination of BECN1. (A) MYC-BECN1 ubiquitination in HEK293T cells. HEK293T cells were transfected with plasmids encoding MYC-BECN1
and HA-NEDD4WT or HA-NEDD4C867A as indicated. After 48 h, lysates were harvested for IP with anti-MYC agarose followed by immunoblotting with endogenous ubiquitin
antibody FK2 (Enzo Life Sciences, BML-PW8810). (B) MYC-BECN1 ubiquitination mediated by NEDD4 in HEK293T cells with or without Torin1 treatment. HEK293T cells
were co-transfected with plasmids encoding MYC-BECN1, FLAG-UB and HA-NEDD4WT or HA-NEDD4C867A as indicated. After 48 h, cells were treated with or without 1 mM
Torin1 for 2 h. Lysates were harvested for IP with anti-MYC agarose followed by anti-FLAG immunoblotting. (C) MYC-BECN1WT and MYC-BECN1D347–350 ubiquitination is
mediated by NEDD4 in HEK293T cells. HEK293T cells were co-transfected with plasmids encoding FLAG-UB, HA-NEDD4 and MYC-BECN1WT and MYC-BECN1D347–350 as indi-
cated. After 48 h, lysates were harvested for IP with anti-MYC agarose followed by anti-FLAG immunoblotting. (D) Ubiquitination type of BECN1 mediated by NEDD4.
HEK293T cells were co-transfected with MYC-BECN1, HA-NEDD4 and FLAG-ubiquitin variants as indicated. After 48 h, lysates were harvested and IP with anti-MYC agarose
was followed by anti-FLAG immunoblotting. (E) Ubiquitination pattern of endogenous BECN1 in THP-1 NEDD4 Scr and KD cells with or without Lm infection. THP-1 control
cells and NEDD4 KD cells were infected with or without Lm at MOI D 10 for 2 h and cell lysates were collected for IP with isotype control or anti-BECN1 antibody. The
amount of BECN1 in IP samples of THP-1 control and NEDD4 KD cells was adjusted to the same level and afterwards samples were blotted with specific anti-K48 or anti-
K63 linkage ubiquitin antibodies.
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Figure 7. NEDD4 sustains BECN1 stability and autophagy. (A) Western blot analysis of BECN1 levels in Nedd4C/C or nedd4¡/¡ MEFs. Right panel, quantification of BECN1
levels in Nedd4C/C or nedd4¡/¡ MEFs. (B) Western blot analysis of BECN1 levels in NEDD4 Scr and KD HeLa cells. Right panel, quantification of BECN1 levels in NEDD4 Scr
and KD HeLa cells. Relative levels were calculated against ACTB as a loading control and separately normalized to the level of control cells. Data are shown as mean § SD
of 3 independent experiments. P values were calculated using the Student 2-tailed unpaired t test. (�) p �0.05, (��) p �0.01. (C) Western blot analysis of BECN1 levels in
Nedd4C/C or nedd4¡/¡ MEFs with or without MG132 treatment. (D) Western blot analysis of BECN1 stability with cycloheximide (CHX) treatment in Nedd4C/C or
nedd4¡/¡ MEFs. Nedd4C/C or nedd4¡/¡ MEFs were treated with 50 mg/ml CHX for 0, 2, 4, 6, and 8 h and lysates were collected for SDS-PAGE. Lower panel, quantification
of BECN1 levels presented in the upper panel. Relative levels were calculated against ACTB as a loading control and separately normalized to Nedd4C/C or nedd4¡/¡

MEFs with 0 h CHX treatment. (E) Western blot analysis of BECN1 levels with Torin1 treatment in Nedd4C/C or nedd4¡/¡ MEFs. Nedd4C/C or nedd4¡/¡ MEFs were treated
with 1 mM Torin1 for 0, 2, 4, 6, and 8 h and lysates were collected for SDS-PAGE. Lower panel, quantification of BECN1 levels presented in the upper panel. The relative
levels were calculated against ACTB as a loading control and separately normalized to Nedd4C/C or nedd4¡/¡ MEFs with 0 h Torin1 treatment. (F) Western blot analysis of
BECN1 stability in THP-1 Scr and NEDD4 sh2 KD cells upon Lm infection. THP-1 control and NEDD4 KD cells were infected with Lm at MOI D 10 for 0, 1, 2 h and lysates
were collected for SDS-PAGE. Lower panel, quantification of BECN1 levels presented in the upper panel. Relative levels were calculated against ACTB as a loading control
and separately normalized to THP-1 Scr or THP-1 NEDD4 KD cells without Lm infection. For (D-F), data are shown as mean § SEM of 3 independent experiments. P values
were calculated using two-way ANOVA with Bonferroni’s multiple comparisons test. (�) p �0.05, (��) p �0.01, (���) p �0.001. (G) Western blot analysis of LC3 levels with
Torin1 treatment in Nedd4C/C or nedd4¡/¡ MEFs. Nedd4C/C or nedd4¡/¡ MEFs were treated with 1 mM Torin1 for 0, 2, 4, 6, and 8 h and lysates were collected for
SDS-PAGE. LC3-II:ACTB ratio was determined using ImageJ software and normalized to Nedd4C/C without Torin1 treatment. Results are representative of 3 independent
experiments. Data are shown as mean § SEM of 3 independent experiments. P values were calculated using one-way ANOVA with Bonferroni’s multiple comparisons
test. (��) p � 0.01, (���) p � 0.001.
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Discussion

Here, we demonstrate a critical role of NEDD4 in the control of
intracellular bacteria that perturb the phagosomal membrane to
differing degrees and by distinct mechanisms. Lm has been
defined as paragon “cytosolic pathogen” because it rapidly per-
forates the phagosomal membranes in an LLO-dependent man-
ner.32 Mtb also translocates into the cytosol by means of the
ESX-1 secretion system, albeit at later time points postinfec-
tion.33,34,41 In contrast to Mtb, the vaccine strain BCG and the
Mtb DRD1 mutant, which both lack the RD1 region, fail to
egress into the cytosol.34,36 The vaccine candidate rBCG takes
advantage of LLO, thereby perturbing the phagosomal mem-
brane without escaping into the cytosol.37,42 In our experi-
ments, Mtb, rBCG and Lm replicated faster in NEDD4 KD
macrophages compared to controls, suggesting that NEDD4
functions via a conserved mechanism by which it efficiently
controls not only cytosolic bacteria, but also bacteria in
impaired phagosomes. The expression of LLO and RD1 gene
products is necessary for autophagy induction during Lm and
Mtb infection, respectively.31,35 Consistent with these reports,
our data reveal an important role for NEDD4 in autophagy
induction upon Mtb and rBCG infection. There are some dis-
crepancies in the literature concerning the role of autophagy in
intracellular replication of Lm. Py et al. showed that Lm repli-
cates more efficiently in atg5¡/¡ MEFs.5 However, another
study demonstrated that Lm replicates normally in atg5¡/¡

bone marrow-derived macrophages.31 A major difference
between our study and others is that we employed THP-1
human macrophage-like cells. We found increased growth of
intracellular Lm in ATG5 KD THP-1 cells (Fig. S6F), confirm-
ing the restrictive role of autophagy on intracellular replication
of Lm in THP-1 cells. In sum, we conclude that NEDD4 is
important for the efficient control via autophagy of intracellular
bacteria that impair the integrity of phagosomal membranes.

The vaccine strain rBCG, termedVPM1002, is rapidly advanc-
ing through the clinical pipeline. It has successfully completed
phase I and phase IIa safety and immunogenicity trials
(NCT01479972, NCT01113281, and NCT00749034) and is cur-
rently undergoing a phase II safety and immunogenicity trial in
HIV-exposed newborns (NCT02391415).43,44 In preclinical stud-
ies, this vaccine induces improved protection accompanied by
better safety as compared to parental BCG.42,45 In addition to
enhanced cross-presentation following apoptosis,46,47 autophagy
facilitates antigen presentation to T cells by delivering cytosolic
antigens to products of the major histocompatibility complex
(MHC).48 Therefore, it is tempting to speculate that NEDD4 con-
tributes to the improved efficacy and safety of rBCG over BCG. In
addition, NEDD4 can also be harnessed for host-directed therapy
against multidrug-resistant tuberculosis (MDR-TB).49

Although our study focused on bacterial infections, it also
sheds light on the role of NEDD4 in general autophagy induced
by various stimuli. A previous report has demonstrated that
NEDD4 expression increases basal macroautophagy.50 Consistent
with this finding, we demonstrated that not only basal autophagy,
but also starvation-induced autophagy and CCCP-induced
mitophagy were all compromised by nedd4KO, suggesting a gen-
eral role of NEDD4 in autophagy induction. Moreover, upon
Mtb and rBCG infection, autophagy was impaired by NEDD4

KD in terms of LC3-II abundance. NEDD4 also contributes to
Lm targeting into phagophores and subsequently lysosomes,
demonstrating its role in xenophagy. For xenophagy, cytosolic
bacteria are initially coated by polyubiquitin and then recognized
by autophagic receptors for delivery into phagophores.51 It is still
controversial whether the polyubiquitin coat is composed of ubiq-
uitinated host proteins or of ubiquitinated bacterial compo-
nents.51,52 Considering the different location of cytosolic bacteria
and bacteria perforating the phagosomal membrane but remain-
ing in the phagosomes, it is possible that both mechanisms are
involved in xenophagy. E3 ubiquitin ligases participating in this
process are incompletely characterized. LRSAM1, an E3 ubiquitin
ligase, has been found to contribute to autophagy by mediating
direct ubiquitination of Salmonella Typhimurium.53 Various
studies have demonstrated thatNEDD4 ubiquitinates viralmatrix
proteins.21-26 Future investigations will determine whether
NEDD4 contributes to xenophagy by ubiquitinating membrane
perturbing bacteria.

Finally, we uncovered a novel regulation by NEDD4 during
autophagy involving complex formation with ULK1 and BECN1.
In addition, NEDD4 directly interacted with Atg8-family pro-
teins, and deletion of the LC3-interacting region of NEDD4 low-
ered autophagy. Thus, we hypothesize that NEDD4 was recruited
to phagophores by means of Atg8-family proteins and, once on
phagophores, ubiquitinated BECN1. In contrast to a previous
report,54 we found that NEDD4 modulated novel K6- and K27-
type ubiquitination of BECN1. Moreover, we demonstrated that
K48 linkage ubiquitination of BECN1 was increased by NEDD4
KD during basal autophagy or Lm-induced autophagy. We also
revealed that NEDD4 stabilized BECN1 during autophagy.
Therefore, our study provides compelling evidence that NEDD4
enhances autophagy by increasing BECN1 stability via novel
types of ubiquitination. Hence the E3 ubiquitin ligase NEDD4
represents an important player in autophagy regulation at the
post-translational level. Several other E3 ubiquitin ligases have
been reported to positively or negatively regulate ULK1 and
BECN1 by K63- or K48-type ubiquitination during induction of
autophagy.15-18 It is thus reasonable to postulate that the
NEDD4-mediated ubiquitination of BECN1 decreases its protea-
somal degradation via K48 ubiquitination. The detailed mecha-
nisms by which E3 ubiquitin ligases are coordinated during
autophagy remain to be elucidated.

Overall, a novel role of NEDD4 in control of intracellular
bacterial infections by autophagy has been revealed and
insights into the maintenance of autophagy by specific ubiquiti-
nation of key autophagic machineries have been provided. By
employing distinct membrane-perturbing microbes, our study
not only unraveled critical host defense mechanisms against
the deadliest pathogen on earth,55 but also deepened our under-
standing of the mechanisms underlying better protective and
safety profiles of the clinically advanced rBCG vaccine candi-
date against TB-VPM1002.

Material and methods

Cell culture

The human monocytic cell line THP-1 was obtained from the
American Type Culture Collection (ATCC, TIB-202) and
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maintained in RPMI 1640 (Gibco, 31870) with 10% (v:v) heat-
inactivated fetal bovine serum (Sigma-Aldrich, F0804), 1 mM
sodium pyruvate (Gibco, 11360070), 2 mM L-glutamine
(Gibco, 25030081), 10 mM HEPES buffer (Gibco, 15630080),
pH 7.2-7.5, 50 mM 2-mercaptoethanol (Gibco, 31350010). To
differentiate THP-1 into macrophage-like cells, THP-1 cells
were stimulated with 50 ng/ml phorbol 12-myristate 13-acetate
(Sigma-Aldrich, P8139) for 24 h and then incubated with fresh
medium for another 48 h. HeLa cells (ATCC, CCL-2) and
HEK293T cells (ATCC, CRL-11268) were maintained in com-
plete Dulbecco’s modified Eagle’s medium (DMEM) 4.5 g/l glu-
cose (Gibco, 10938) with 10% (v:v) heat-inactivated fetal bovine
serum, 1 mM sodium pyruvate, 2 mM L-glutamine. Nedd4C/C

and nedd4¡/¡ immortalized MEFs were generated and main-
tained as previously described.56 All cells were incubated at
37�C, 5% CO2 in a humidified incubator.

Bacteria culture and CFU (colony-forming unit) assay

Mtb H37Rv, Mtb DRD1,57 M. bovis BCG and M. bovis
BCG DureC::hly were grown in 7H9 medium (Sigma-
Aldrich, M0178) containing 0.05% Tween-80 (Sigma-
Aldrich, P8074) to OD600 less than 0.6. Single bacteria were
prepared by passing through syringes. Then cells were
infected with bacteria at a multiplicity of infection (MOI) of
10. After bacteria had been added, cells were centrifuged at
311 £ g for 5 min and then incubated for 2 h. Afterwards,
cells were washed with phosphate-buffered saline (PBS;
Gibco, 14190144) to remove extracellular bacteria and
incubated for another 4, 24, 48, and 72 h. At each time
point, cells were lysed with sterile water, serially diluted with
PBS supplemented with 0.05% Tween-80 and then plated on
7H11 agar plates (Sigma-Aldrich, M0428).

Lm EGD WT and Lm EGD Dhly were kindly provided by
Dr. Marc Lecuit (Institute of Pasteur, France). Cells were grown
in brain heart infusion (BHI; Sigma-Aldrich, 53286) medium
overnight to stationary phase and then subcultured 1:10 in BHI
medium for 2 h at 37�C. Bacteria were washed 3 times in
DMEM medium. Cells were infected with bacteria at MOI of 5.
After addition of bacteria, cells were centrifuged at 311 £ g for
5 min and incubated at 37�C for 1 h. After washing 3 times
with warm PBS, infected cells were placed in growth medium
supplemented with 50 mg/ml gentamicin (Sigma-Aldrich,
G1264) for 1 h and 20 mg/ml for another 1, 3, or 5 h. At each
time point, cells were lysed with sterile water, serially diluted
with PBS and then plated on BHI agar plates.

Plasmids, antibodies and reagents

HA-NEDD4WT (Addgene, 27002), and HA-NEDD4C867A

(Addgene, 26999) were gifts from Dr. Joan Massague.58

MYC-ULK1WT (Addgene, 27629), MYC-ULK1K46I (Addgene,
27630), and MYC-ULK1S4A (Addgene, 27631) were gifts from
Dr. Reuben Shaw.59 FLAG-ubiquitin WT and related mutants
(K6WT, K11WT K27WT, K29WT, K33WT, K48WT,
K63WT and KallR) were provided by the MRC Protein Phos-
phorylation and Ubiquitylation Unit, UK. YFP-Atg8-family

proteins encoding plasmids were a kind gift from Dr. Felix
Randow (MRC Laboratory of Molecular Biology, UK). MYC-
BECN1 plasmid (Biocat GmbH, MR207162-OR), MG132
(Merck Chemicals GmbH, 474791), Torin1 (Tocris Biosci-
ence, 4247), cyclohexamide (Sigma-Aldrich, C1988) and chol-
oroquine (Sigma-Aldrich, C6628) were purchased as
indicated. Antibodies used in this study include: anti-ACTB
(Sigma-Aldrich, A2228), anti-LC3 (MBL International,
PM036), anti-human NEDD4 (Cell Signaling Technology,
3607), anti-mouse NEDD4 (BD Biosciences, 611481), anti-
K48 ubiquitin (Merck Millipore, 05–1037), anti-K63 ubiquitin
(Enzo Life Sciences, HWA4C4), anti-ubiquitin (FK2) (Enzo
Life Sciences, BML-PW8810), rabbit anti-BECN1 (Cell Sig-
naling Technology, 3495), mouse anti-BECN1 (Cell Signaling
Technology, 4122), anti-ULK1 (Cell Signaling Technology,
8054), anti-LC3B (Sigma-Aldrich, L7543), anti-LAMP2
(Santa Cruz Biotechnology, SC-18822).

Electron microscopy

Nedd4C/C and nedd4¡/¡ MEFs were fixed with 2% parafor-
maldehyde (Electron Microscopy Sciences, 15714) plus 0.05%
glutaraldehyde (Sigma-Aldrich, G5882) for 15 min at 37�C.
The cell pellet was embedded in 10% bovine gelatin (Sigma-
Aldrich, G1890), cut into small cubes and infiltrated with
2.3 M sucrose overnight. Samples were frozen in liquid nitro-
gen and 100-nm Tokuyasu sections were cut with a RMC
MTX & CRX cryo-ultramicrotome (RMC Boeckeler, USA).60

Sections were transferred on pioloform (Plano GmbH,
R1275)-carbon-coated TEM grids (Science Services,
G200HEX-G3). 5% cold-water fish skin gelatin (Sigma-
Aldrich, G7765) and 0.5% bovine serum albumin (BSA;
Sigma-Aldrich, A2058) in PBS was used for blocking of non-
specific binding and dilution of antibody and goat-anti-mouse
IgG-gold (Jackson ImmunoResearch, 115-205-068). Mouse
antibody against NEDD4 (BD Biosciences, 611481) was used
at 1:10 dilution overnight. 12 nm goat-anti-mouse IgG-gold
was used at 1:40 for 30 min. Sections were embedded in 2%
methyl cellulose with 0.2% uranyl acetate (Electron Micros-
copy Sciences, 22400) and analyzed with a TEM Zeiss
LEO906 (Zeiss, Germany). Images were recorded digitally
with a Morada camera (Olympus Soft Imaging Solutions, Ger-
many) and iTEM software.

Lentivirus-based shRNA knockdown

pLK0.1 shRNA vectors against human NEDD4 were purchased
from Sigma-Aldrich. The targeting sequences against human
NEDD4 are: 50CCGGCGGTTGGAGAATGTAGCAATACTCG
AGTATTGCTACATTCTCCAACCGTTTTTG-30 (sh1) and 50-
CCGGTACGTGAGAGTGACGTTATATCTCGAGATATAAC
GTCACTCTCACGTATTTTTG-30 (sh2). Lentivirus production
was performed according to the manufacturer’s instructions.
After transduction, THP-1 or HeLa cells were selected with
5 mg/ml puromycin (Sigma-Aldrich, P8833) to obtain stable KD
cell lines.
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Complementary expression of shRNA-resistant HA-NEDD4
in THP-1 NEDD4 KD cells

To express HA-NEDD4WT in stable THP-1 NEDD4 KD cells,
silent mutations (TATGTTAGGGTAACA) were introduced
into the target region of NEDD4 sh2 (TACGTGAGAGT-
GACG) by using a Q5 mutagenesis kit (New England Biolabs,
E0554S). The mutated plasmid was subcloned into a Gateway
entry vector pENTR 4 (ThermoFisher Scientific, A10465) and
afterwards transferred into a lentiviral expression vector
pLenti6/V5-DEST (ThermoFisher Scientific, V49610). THP-1
NEDD4 sh2 cells were transduced with virus containing HA-
NEDD4 for 48 h and selected with 10 mg/ml blasticidin (Inviv-
ogen, ant-bl-05) for stable clones.

Immunofluorescence

Cells were fixed with 4% (v:v) paraformaldehyde in PBS, pH
7.4 for 10 min at room temperature (RT). After washing
twice with PBS, cells were incubated with 50 mM glycine in
PBS, pH 7.4 for 10 min and afterwards incubated with
0.05% saponin (Sigma-Aldrich, 47036), 1% BSA in PBS for
10 min. Primary and secondary antibodies were diluted in
PBS at the indicated dilutions and incubated for 1 h at RT.
DAPI (Sigma-Aldrich, D9542) was used for nuclear stain-
ing. Cells were mounted with DAKO mounting medium
(Dako Cytomation, S3023).

Immunoprecipitation

HEK293T cells were transfected with the indicated plasmids
and incubated for 48 h. Cells of one 10-cm dish were lysed with
500 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.5% NP-40 (Sigma-Aldrich, 74385) supplemented with prote-
ase inhibitors (Roche, 05892791001) on ice for 20 min. Lysates
were centrifuged at 16,000 £ g at 4�C for 10 min and superna-
tants were mixed with anti-HA (Sigma-Aldrich, A2095),
anti-MYC (Sigma-Aldrich, A7470) or anti-FLAG agarose
(Sigma-Aldrich, A2220) overnight at 4�C. For endogenous pro-
tein IP, supernatants were mixed with the indicated antibodies
and protein G Dynabeads (Life Technologies, 10003D) over-
night at 4�C. Afterwards, agaroses were washed twice with PBS
and boiled with sample buffer for SDS-PAGE.

Ubiquitination assay

For analysis of the ubiquitination of overexpressed BECN1,
HEK293T cells were transfected with MYC-BECN1, FLAG-
ubiquitin wild type, or HA-ubiquitin mutants and HA-
NEDD4. The cell extracts were immunoprecipitated with anti-
MYC agarose and analyzed by immunoblotting with anti-
FLAG antibody.

SDS-PAGE and western blot

Cells were lysed in RIPA buffer supplemented with protease
inhibitor cocktail and PhosSTOP (Roche, 4906837001) on ice
for 10 min. After centrifugation at 16,000 £ g for 10 min,

supernatants were heated with SDS sample buffer at 95�C for
10 min. Proteins were separated on 4–15% SDS-PAGE gels
(Bio-Rad, 4561086) and transferred onto nitrocellulose mem-
branes. The membranes were incubated with primary antibod-
ies at 4�C overnight and secondary antibodies at RT for 1 h,
respectively. All antibodies were diluted in PBS supplemented
with 0.1% Tween-20 (Sigma-Aldrich, P1379) and 5% BSA.
Membranes were developed with ECL detection Kit (Thermo-
Fisher Scientific, 34094), exposed with ChemiDoc (Bio-Rad
Laboratories, Germany) and evaluated using ImageJ software.
The antibody against ACTB/b-actin was used as the loading
control.

Statistical analysis

Statistical analysis was performed with GraphPad Prism v6.04
(GraphPad software Inc., USA). P-values were calculated using
Student t test, one-way or 2-way ANOVA (Bonferroni’s multi-
ple comparisons test) and 95% confidence interval.

Abbreviations

BCG Mycobacterium bovis bacille Calmette-Gu�erin
(BCG)

BHI brain heart infusion
BSA bovine serum albumin
CCCP carbonyl cyanide m-chlorophenyl hydrazone
CFU colony-forming unit
CHX cyclohexamide
CQ chloroquine
EBSS Earle’s balanced salt solution
FCS fetal calf serum
HECT homologous E6-AP carboxyl terminus
HIV human immunodeficiency virus
IF immunofluorescence
IP immunoprecipitation
KD knockdown
KO knockout
LDH lactate dehydrogenase
LLO listeriolysin O
Lm Listeria monocytogenes
MDR-TB multi-drug resistant tuberculosis
MEFs mouse embryonic fibroblasts
MHC major histocompatibility complex
MOI multiplicity of infection
Mtb Mycobacterium tuberculosis
NEDD4 neuronal precursor cell expressed, developmentally

down-regulated 4
PBS phosphate-buffered saline
p.i. post-infection
rBCG Mycobacterium bovis BCG DureC::hly
RT room temperature
WT wild type
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