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Dapper1 promotes autophagy by enhancing the 
Beclin1-Vps34-Atg14L complex formation
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Autophagy is an intracellular degradation process to clear up aggregated proteins or aged and damaged or-
ganelles. The Beclin1-Vps34-Atg14L complex is essential for autophagosome formation. However, how the com-
plex formation is regulated is unclear. Here, we show that Dapper1 (Dpr1) acts as a critical regulator of the Be-
clin1-Vps34-Atg14L complex to promote autophagy. Dpr1 ablation in the central nervous system results in motor 
coordination defect and accumulation of p62 and ubiquitinated proteins. Dpr1 increases autophagosome formation 
as indicated by elevated puncta formation of LC3, Atg14L and DFCP1 (Double FYVE-containing protein 1). Con-
versely, loss of Dpr1 impairs LC3 lipidation and causes p62/SQSTM1 accumulation. Dpr1 directly interacts with Be-
clin1 and Atg14L and enhances the Beclin1-Vps34 interaction and Vps34 activity. Together, our findings suggest that 
Dpr1 enhances the Atg14L-Beclin1-Vps34 complex formation to drive autophagy.
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Introduction

Macroautophagy, hereafter referred to as autophagy, 
is a regulated self-eating process that eliminates the cel-
lular materials, such as aggregated cytoplasmic proteins 
or aged and damaged organelles through the lysosomal 
degradation in response to starvation and other metabol-
ic stress [1-5]. Although autophagy usually occurs as a 
non-selective response to starvation and other stress, this 
process also happens under nutrient-rich condition (re-
ferred to as basal autophagy or constitutive autophagy), 
which prevents the accumulation of disease-associated 
proteins and has a particular relevance in neurodegener-

ation diseases [6-9]. More than 30 ATG genes identified 
by yeast genetic analysis are involved in the autophagy 
and its related pathway [5, 10]. Many core ATG proteins 
such as the Beclin1-Vps34-Atg14L complex, the Atg5-
Atg12-Atg16 complex and Atg8 homologs are required 
for autophagosome formation both in starvation-induced 
and basal autophagy [11].

Among the core ATG genes, Beclin1, the orthologue 
of Atg6, encodes a coiled-coil protein that binds to the 
Class III phosphatidylinositol-3-kinase Vps34, which 
generates phosphatidylinositol-3-phosphate (PtdIns(3)
P) required for autophagosome formation [12]. Three 
distinct Beclin1-Vps34 complexes have been identified 
with Beclin1, Vps34 and Vps15 as common components: 
one containing Beclin1, Vps34, Vps15 and Atg14L; one 
containing Beclin1, Vps34, Vps15 and UVRAG; and the 
other containing Beclin1, Vps34, Vps15, UVRAG and 
Rubicon [13-16]. The Atg14L complex functions in au-
tophagosome formation, the UVRAG complex functions 
in autophagosome and endosome maturation, while the 
Rubicon complex is thought to suppress autophagosome 
and endosome maturation. 
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Basal autophagy plays an essential role in mainte-
nance of tissue homeostasis. Neuron-specific knockout 
of ATG genes such as Atg5, Atg7 and FIP200 in mice, 
all essential components of mammalian autophagy, led 
to the abnormal accumulation of ubiquitinated proteins 
and neurodegeneration [6, 7, 17]. These neuron-specific 
autophagy-deficient mice were born normally but devel-
oped progressive behavioral deficiencies such as limb 
clasping, tremor and ataxic walking pattern. The patho-
logical changes, which could be observed between 6 and 
8 weeks, included mass death of Purkinje cells, increased 
apoptosis and accumulation of ubiquitinated aggregates, 
resembling the hallmark of neurodegeneration diseases. 

Dapper1/Dact1 (Dpr1), originally identified as a Di-
shevelled (Dvl)-interacting protein by yeast two-hybrid 
[18], has been shown to inhibit both Dvl-mediated ca-
nonical and non-canonical Wnt pathways by promoting 
Dvl degradation through lysosome [19, 20]. We and 
others have reported that ablation of Dpr1 in mice led to 
severe posterior malformation resulting in death on post-
natal day 1 [19, 21]. In order to examine the function of 
Dpr1 in adult mouse tissues, in this study, we generated 
the conditional Dpr1-knockout mice and found that loss 
of Dpr1 gene in the central nervous system resulted in 
the neurodegenerative disorder resembling the autopha-
gy-deficient mice. We further demonstrated a previously 
unknown function of Dpr1 acting as a positive regulator 
to promote formation of the Beclin1-Vps34-Atg14L 
complex and enhance autophagy. 

Results

Ablation of Dpr1 in the central nervous system results in 
motor coordination impairment and neuronal disorders

Ablation of the Dpr1 gene in mouse resulted in mul-
tiple urogenital defects, leading to the neonate death 
within one day after birth [19, 21]. To further address 
the physiological function of Dpr1 in adult mouse tissues, 
we generated Dpr1-conditional knockout mice (Dpr1fl/

fl) and crossed it with transgenic mice expressing Cre 
recombinase under the control of the Nestin promoter 
(Nestin-Cre) to generate Dpr1-deficient mice in the cen-
tral nervous system. Cre-mediated deletion of exon 2 and 
3 led to a frameshift mutation and thereby eliminated 
the expression of Dpr1 gene in the brain tissues (Sup-
plementary information, Figure S1A-S1B). The mice 
were viable and indistinguishable in appearance from 
their wild-type littermate. However, 3-month-old Dpr1fl/

fl;Nestin-Cre mice began to show motor coordination de-
fects in the rotarod test, and they culminated in abnormal 
limb-clasping reflexes at 12 months old (Figure 1A-1B 
and Supplementary information, Movie S1), which is of-

ten associated with neurodegenerative diseases [22]. As 
the cerebellum plays an important role in motor control, 
we further examined whether Dpr1 ablation caused any 
pathological changes in the cerebellum. Immunofluores-
cence staining showed that the number of Purkinje cells, 
as stained by calbindin, in Dpr1fl/fl;Nestin-Cre mice was 
decreased in the cerebellum accompanied with p62 ac-
cumulation (Figure 1C and Supplementary information, 
Figure S1C). The level of GFAP, a marker for the glial 
cells, was dramatically elevated in the cerebral cortex, 
cerebellar cortex and granular cell layer of Dpr1fl/fl;Nes-
tin-Cre mice compared to the control (Figure 1D-1E), 
suggesting the presence of neuronal damage in these 
regions. To determine whether the reduced neuron num-
ber in the mutant mice was caused by cell death, we per-
formed the TUNEL assay and found that apoptotic cells 
were indeed increased in the Dpr1fl/fl;Nestin-Cre mouse 
cerebellum (Figure 1F). These results indicate that Dpr1 
ablation leads to the neuronal disorder, which resembles 
the phenotypes observed in the autophagy-defective Atg-
5fl/fl;Nestin-Cre and Atg7fl/fl;Nestin-Cre mice [6, 7].

Loss of Dpr1 impairs the basal autophagy in the central 
nervous system and liver tissues

To further confirm whether loss of Dpr1 impairs au-
tophagy in vivo, we examined the levels of ubiquitinated 
proteins and p62 in cellular inclusion body by immuno-
histology. As shown in Figure 2A, ubiquitinated proteins 
were strongly elevated in the cerebellum, cerebral cortex 
and hippocampus of Dpr1fl/fl;Nestin-Cre mice compared 
to the control. Similarly, p62 was also increased in the 
cerebellum and cerebral cortex in the 7-month-old mu-
tant mice (Figure 2B). The elevated levels of p62 and 
ubiquitinated proteins were also confirmed by immuno-
blotting in the 9-month-old mutant mice (Figure 2C). The 
ubiquitinated proteins and p62 puncta were also elevated 
and colocalized well in the Purkinje cell layer, pons and 
medulla of 12-month-old Dpr1fl/fl;Nestin-Cre mice (Figure 
2D). These results strongly suggest that Dpr1 deficiency 
impairs basal autophagy in the central nervous system.

We further examined the autophagic activity of Dpr1 
in mouse livers, where autophagy also plays a crucial 
role in liver homeostasis [8]. We observed a reduced 
LC3-II level in the primary cultured hepatocytes from 
Dpr1fl/fl;Alb-Cre mice (Figure 2E). To detect autophagy 
activity in vivo, we generated Dpr1−/−;GFP-LC3 mice 
from Dpr1+/− mice [19] and GFP-LC3 transgenic mice 
[23]. Under feeding conditions on postnatal day 1, GFP-
LC3 puncta were detected in Dpr1+/− livers, but signifi-
cantly reduced in Dpr1−/− livers (Supplementary infor-
mation, Figure S2A). In contrast to Dpr1+/+ or Dpr1+/− 
livers, Dpr1−/− livers of newborn mice showed markedly 
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increased levels of p62 and Dvl2 proteins (Figure 2F). 
Ubiquitinated proteins were also significantly elevated in 
Dpr1−/− livers (Supplementary information, Figure S2B). 
Liver-specific Dpr1 ablation also led to elevated levels of 
glycogen (Supplementary information, Figure S2C), in-
dicating liver dysfunction [24]. These results suggest that 
Dpr1 deficiency leads to decreased autophagy in liver.

Dpr1 promotes autophagy
The above data suggest that Dpr1 plays a positive 

role in autophagy. To confirm this, we analyzed the au-
tophagic activity of Dpr1−/− mouse embryonic fibroblasts 
(MEFs) from E13.5 Dpr1−/− mice. In contrast to wild-
type MEFs, LC3-II conversion, an indicator for auto-

Figure 1 Dpr1 ablation leads to motor coordination impairment and neuronal abnormalities in Dpr1fl/fl;Nestin-Cre mice. (A) 
Impaired motor coordination of 5-month-old Dpr1fl/fl;Nestin-Cre mice shown by rotarod assay. Dpr1+/+;Nestin-Cre (n = 5) and 
Dpr1fl/fl;Nestin-Cre (n = 5) mice were placed on a rod rotating at 40 rpm, and the time spent on the rod was counted. ***P < 0.001. 
Data were represented as mean ± SD. (B) Abnormal limb-clasping of a 12-month-old Dpr1fl/fl;Nestin-Cre mouse compared 
with a Dpr1+/+;Nestin-Cre mouse when lifted by the tail. (C) Decreased calbindin-positive Purkinje cells in the cerebellum of 
7-month-old Dpr1fl/fl;Nestin-Cre mice. The Purkinje cells were quantified (n = 3). Scale bars, 100 µm. **P < 0.01. Data were 
represented as mean ± SD. (D) Elevated GFAP-positive glial cells in the cerebellum of 7-month-old Dpr1fl/fl;Nestin-Cre mice. 
Right panels: enlargements. The number of GFAP-positive cells was quantified (n = 3). Scale bars, 100 µm. **P < 0.01. Data 
were represented as mean ± SD. (E) Immunofluorescence imaging of the elevated GFAP-positive glial cells in the cerebral 
cortex of 12-month-old Dpr1fl/fl;Nestin-Cre mice. The percentage of GFAP-positive cells was quantified and calculated by nor-
malizing the number of GFAP-positive cells to the number of DAPI-stained cells (n = 3). Scale bars, 200 µm. **P < 0.01. Data 
were represented as mean ± SD. (F) TUNEL staining of the cerebellum from 9-month-old Dpr1fl/fl;Nestin-Cre mice. The apop-
totic cells were quantified (n = 3). Scale bars, 100 µm. **P < 0.01. Data were represented as mean ± SD.

phagic activity, was dramatically decreased in Dpr1−/− 
MEFs in the presence or absence of the lysosomal 
inhibitor Bafilomycin A1 (BafA1) (Figure 3A), and a 
similar result was obtained under Hank’s Balanced Salt 
Solution (HBSS)-induced starvation condition (Figure 
3B). These data suggest that autophagy flux is reduced in 
the absence of Dpr1. In accordance, LC3 puncta forma-
tion, a marker for autophagosomes [25], was attenuated 
in Dpr1−/− MEFs especially when BafA1 was used to 
block lysosome activity (Figure 3C). In Dpr1−/− MEFs, 
the impairment of LC3 lipidation was not affected by the 
Wnt signaling inhibitor XAV939 [26] (Supplementary 
information, Figure S3A), indicating that Dpr1 promotes 
autophagy independent of its role in antagonizing Wnt 
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signaling. Dpr1 knockout led to more puncta formation 
of p62 in Dpr1−/− MEFs under nutrient-rich conditions 
(Figure 3D). Consistently, in the absence of BafA1, p62 
was accumulated in Dpr1−/− MEFs (Figure 3E), whereas 
ectopically expressed Dpr1 reduced the p62 protein level 
in HEK293T cells (Figure 3F). Dpr1 had no apparent 

effect on p62 mRNA expression (Supplementary infor-
mation, Figure S3B). As p62 can serve as an indicator of 
autophagic activity [9, 25], these data suggest that Dpr1 
promotes autophagy to accelerate p62 turnover. More-
over, overexpression of Dpr1 significantly increased the 
LC3-II level (Figure 3G), and autophagosome formation 
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under nutrient-rich conditions (Figure 3H). Loss of Dpr1 
also attenuated the degradation of long-lived proteins 
under both nutrient-rich and starvation conditions (Figure 
3I). These results together demonstrate that Dpr1 pro-
motes the basal and starvation-induced autophagy. 

Dpr1 localizes to the autophagosome and stimulates its 
formation

As inhibition of mTOR activity is required for star-
vation-elicited autophagy [5, 9], we tested whether 
Dpr1-mediated autophagy occurred by inhibiting mTOR 
activity. Examination of the phosphorylated S6K level as 
an indicator of mTOR activity revealed that Dpr1 had no 
effect, but as a control, starvation abolished S6K phos-
phorylation (Supplementary information, Figure S4A-
S4B). AMPK has been reported to induce autophagy 
through directly phosphorylating ULK1 [27, 28]. To test 
whether Dpr1 could affect AMPK activity, we investi-
gated ULK1 phosphorylation at the residue Ser555 by 
AMPK and found that Dpr1 deletion did not influence 
AMPK activity in the presence or absence of its agonist 
A769662 [29] (Supplementary information, Figure S4C). 
Autophagy is initiated by the formation of phagophore 
(also called isolation membrane) that requires PtdIns(3)
P generated by the Vps34 kinase complex containing 
Beclin1, Vps34, p150 and Atg14L [14, 16, 30]. Then, 
we examined whether Dpr1 regulated the activity of 
this complex. As shown in Figure 4A, Atg14L-GFP was 
diffusely distributed in the cytoplasm of NRK (normal 
rat kidney) cells under nutrient-rich conditions. How-
ever, in the cells co-transfected with Atg14L-GFP and 
DsRed-Dpr1, the number of the Atg14L-GFP dots was 
dramatically increased, and these Atg14L-GFP-positive 
dots colocalized and moved together with DsRed-Dpr1 
in both nutrient-rich and starvation conditions (Figure 4A 
and Supplementary information, Figure S5A-S5B). Dpr1 
forms puncta in the cytoplasm [18, 20, 31, 32], perhaps 
due to its self-aggregation. To exclude the possibility that 
Atg14L puncta were caused by simple recruitment to 

Dpr1 puncta, we used the Structured Illumination Micro-
scope (SIM) to analyze the punctate structure of Atg14L 
induced by Dpr1, and found that Dpr1 was colocalized 
with Atg14L to form a ring-like or omegasome-like 
structure (Figure 4B-b1,b2) resembling starvation-in-
duced Atg14L puncta (Figure 4B-b4), which is in con-
trast to a solid Dpr1 punctate structure without internal 
space when Dpr1 was overexpressed alone (Figure 4B-
b3). Consistently, the Atg14L puncta induced by Dpr1 
were rarely colocalized with endogenous ubiquitin (Sup-
plementary information, Figure S5C), further indicating 
that Atg14L was not simply incorporated to protein ag-
gregates. We also observed that Atg14L puncta induced 
by Dpr1 were reduced in ULK1−/− cells (Figure 4C), in-
dicating that ULK1 is required for Dpr1-induced Atg14L 
puncta formation. This data is consistent with ULK1 
acting as an upstream effector of the Beclin1-Vps34-At-
g14L complex to promote autophagy [33]. Immuno-EM 
analysis also confirmed that Dpr1 was colocalized with 
Atg14L at autophagosomes (Supplementary information, 
Figure S5D). These data suggest that Dpr1 can be target-
ed to autophagosomes together with Atg14L. 

DFCP1 is an indicator of the phagophore-associated 
PtdIns(3)P-enriched membrane formation from the en-
doplasmic reticulum [34]. GFP-DFCP1 formed puncta 
upon DsRed-Dpr1 expression and was partially colocal-
ized with DsRed-Dpr1 in the cells under nutrient-rich 
conditions (Figure 4D). Similarly, Dpr1 overexpression 
induced the puncta formation of LC3 (Figure 4E). Fur-
thermore, GFP-LC3-positive dots were colocalized with 
DsRed-Dpr1 before and after starvation treatment (Sup-
plementary information, Figure S5E). Together, these 
results indicate that Dpr1 promotes autophagosome for-
mation in initiating steps.

To assess whether Dpr1 has a function in later steps 
when autophagosomes fuse with lysosomes, we per-
formed confocal imaging and found that there were few 
colocalizations between Dpr1 and the autolysosome/
lysosome marker LAMP1 in LAMP1-CFP stable NRK 

Figure 2 Deletion of Dpr1 impairs basal autophagy in the central nervous system and liver tissues. (A) Elevated ubiqui-
tin-positive cells in the cerebellum, the cerebral cortex and the hippocampus in 7-month-old Dpr1fl/fl;Nestin-Cre mice. Scale 
bars, 250 µm. Right panels of each group: enlargements. (B) Elevated p62-positive cells in the cerebellum and the cerebral 
cortex of 7-month-old Dpr1fl/fl;Nestin-Cre mice. Scale bars, 250 µm. Right panels of each group: enlargements. (C) Immuno-
blotting analysis of ubiquitin and p62 in the cerebral cortex of Dpr1+/+;Nestin-Cre and Dpr1fl/fl;Nestin-Cre mice. Tubulin was 
used as a loading control. The amounts of ubiquitin and p62 were quantified and normalized against tubulin. (D) Immunoflu-
orescence imaging of the elevated ubiquitin-p62-positive cells in the Purkinje cell layer, pons and medulla of 12-month-old 
Dpr1fl/fl;Nestin-Cre mice. The number of ubiquitin-p62 puncta was quantified (n = 3). Scale bars, 20 µm. *P < 0.05. Data were 
represented as mean ± SD. (E) Reduced LC3-II levels in the primary cultured hepatocytes from 4-month-old Dpr1fl/fl;Alb-Cre 
mice with or without 100 nM BafA1 for 4 h. The amount of LC3-II was quantified and normalized against tubulin. (F) Accumu-
lation of Dvl2 and p62 proteins in Dpr1−/− livers from Dpr1 conventional knockout mice on postnatal day 1. Dvl2 was used as 
a positive control. The amount of Dvl2 and p62 were quantified and normalized against tubulin.
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Figure 3 Dpr1 promotes autophagy. (A) Immunoblotting analysis of LC3 II/I in Dpr1+/+ and Dpr1−/− MEFs in the presence or 
absence of 100 nM BafA1 for 4 h. The amount of LC3-II was quantified and normalized against tubulin. (B) Immunoblotting 
analysis of LC3 II/I in Dpr1+/+ and Dpr1−/− MEFs after treated with or without HBSS-starvation medium for 4 h. The amount of 
LC3-II was quantified and normalized against tubulin. (C) Representative confocal images of endogenous LC3 distribution 
in Dpr1+/+ and Dpr1−/− MEFs in the presence or absence of 100 nM BafA1. The puncta number of LC3 was quantified (n = 
3). Scale bars, 10 µm. *P < 0.05; **P < 0.01. Data were represented as mean ± SD. (D) Representative confocal images of 
p62 distribution in Dpr1+/+ and Dpr1−/− MEFs under nutrient-rich conditions. The puncta number of p62 was quantified (n = 
3). Scale bars, 10 µm. **P < 0.01. Data were represented as mean ± SD. (E) p62 protein was accumulated in Dpr1−/− MEFs 
compared to Dpr1+/+ MEFs in the absence of 100 nM BafA1. β-actin was used as a loading control. The amount of p62 was 
quantified and normalized against β-actin. (F) Overexpression of Dpr1 decreased p62 protein level without 100 nM BafA1 
treatment in HEK293T cells. β-actin was used as a loading control. The amount of p62 was quantified and normalized against 
β-actin. (G) Elevated LC3-II formation in HEK293T cells expressing Myc-Dpr1 after treated with or without 100 nM BafA1 for 4 h. 
The amount of LC3-II was quantified and normalized against tubulin. (H) Electronic micrographs of autophagosomes or au-
tolysosomes induced by Dpr1 expression in HEK293T cells. Scale bars, 500 nm. Bottom panels: enlargements. White arrows 
indicate autophagosomes and black arrow indicates autolysosomes. The number of autophagosomes and autolysosomes 
was quantified (n = 3). **P < 0.01. Data were represented as mean ± SD. (I) Degradation of 3H-labled long-lived proteins 
in Dpr1+/+ and Dpr1−/− MEFs under nutrient-rich and starvation conditions (n = 3). The percentage of 3H-leucine release was 
measured and calculated as described in Materials and Methods. *P < 0.05; **P < 0.01. Data were represented as mean ± 
SD.

cells (Supplementary information, Figure S6A), indi-
cating that Dpr1 is not engulfed into autolysosomes or 
lysosomes. Consistently, Dpr1 was rarely colocalized 
with the p62 puncta in LAMP1-CFP stable NRK cells 
(Supplementary information, Figure S6B). Furthermore, 
Dpr1 was quite stable after up to 8 h of starvation (Sup-

plementary information, Figure S6C), and its protein lev-
el was not influenced by BafA1 treatment for 6 h, which 
effectively blocked LC3 degradation (Supplementary 
information, Figure S6D). These data suggest that Dpr1 
promotes autophagy mainly in the early steps but does 
not function in autolysosomes.
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Dpr1 interacts with the Beclin1-Vps34-Atg14L complex
Then we tested whether Dpr1 interacts with the At-

g14L-Beclin1-Vps34 complex. Co-immunoprecipita-
tion assay showed that Dpr1 associated with Beclin1 at 

Figure 4 Dpr1 localizes to the isolation membrane and promotes autophagosome formation. (A) Co-localization of DsRed-
Dpr1 with Atg14L-GFP in NRK cells. The puncta number of Atg14L was quantified (n = 3). Scale bars, 10 µm. ***P < 0.001. 
Data were represented as mean ± SD. (B) Analysis of Dpr1-induced Atg14L punctate structures by SIM. b1 and b2, the cells 
were co-transfected with Atg14L-GFP and DsRed-Dpr1; b3, the cells were transfected with DsRed-Dpr1 alone; b4, the cells 
were transfected with Atg14L-GFP alone upon 2 h starvation. Scale bars, 200 nm. (C) Immunofluorescence analysis of At-
g14L puncta induced by Dpr1 in ULK1+/+ and ULK1−/− MEFs. The cells were transfected with GFP-Dpr1 and Atg14L-mCherry 
for 36 h, and fixed for confocal image analysis. The Atg14L puncta number was quantified (n = 3). Scale bars, 10 µm. **P < 
0.01. Data were represented as mean ± SD. (D) Confocal imaging of GFP-DFCP1 stable NRK cells that were transfected 
with DsRed-Dpr1 in growth medium. The DFCP1 puncta number was quantified (n = 3). Scale bars, 10 µm. **P < 0.01. Data 
were represented as mean ± SD. (E) Confocal imaging of CFP-LC3 stable NRK cells that were transfected with GFP-Dpr1. 
The LC3 puncta number was quantified (n = 3). Scale bars, 10 µm. **P < 0.01. Data were represented as mean ± SD.

endogenous protein level (Figure 5A), and Flag-Dpr1 
pulled down endogenous Vps34, Beclin1 and Atg14L 
(Figure 5B). The interaction between Dpr1 and Atg14L 
was also confirmed when they were overexpressed in 
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HEK293T cells (Figure 5C). The interactions of Dpr1 
with Beclin1 and Atg14L were direct as shown by the 
yeast-two hybrid assay (Supplementary information, 
Figure S7A), while Dpr1 did not directly interact with 
Vps34 and UVRAG. Dvl2 was used as a positive control 
for Dpr1 interaction [18]. Domain mapping revealed that 
the N-terminus of Dpr1 interacted with Beclin1 and At-
g14L (Figure 5D and Supplementary information, Figure 
S7B), which is distinct from the C-terminus of Dpr1 to 
bind Dvl2 [18, 20]. On the other hand, Dpr1 interacted 
with  Beclin1 and Atg14L through the residues 144-272 
fragment of Beclin1 (Figure 5E) and the residues 71-180 
fragment of Atg14L (Figure 5F), respectively, both of 
which included coiled-coil domains [14].

Dpr1 promotes the assembly of the Atg14L-Beclin1-Vps34 
complex and enhances Vps34 kinase activity

To address the effect of Dpr1 on Atg14L-Beclin1-Vps34 

complex, we examined the endogenous Beclin1-Vps34 
interaction in both wild-type and Dpr1−/− cells and 
found that Dpr1 deficiency reduced the interaction in 
the presence or absence of MG132 or starvation (Fig-
ure 6A and Supplementary information, Figure S8A). 
Moreover, overexpression of Dpr1 enhanced the inter-
action for endogenous as well as exogenously expressed 
proteins (Figure 6B and Supplementary information, 
Figure S8B), further indicating that Dpr1 can promote 
the Beclin1-Vps34 interaction. Consistent with the data 
obtained from Dpr1−/− MEFs, the Beclin1-Vps34 interac-
tion was also decreased in the brain tissues of Dpr1fl/fl;Nes-
tin-Cre mice (Figure 6C). 

As Beclin1 and Vps34 have been reported to exist in 
three different populations: the Atg14L-Beclin1-Vp34 
complex that facilitates the autophagy process, and the 
UVRAG-Beclin1-Vps34 complex that is involved in 
both autophagy and endocytic trafficking, and the Rubi-

Figure 5 Dpr1 interacts with the Beclin1-Vps34-Atg14L complex. (A) Interaction between endogenous Dpr1 and Beclin1 in 
HEK293T cells. IB, immunoblotting; IP, immunoprecipitation; WCL, whole-cell lysates. (B) Interaction between exogenously 
expressed Flag-Dpr1 and endogenous Beclin1, Atg14L or Vps34 in HEK293T cells. (C) The association of Atg14L and Dpr1. 
After co-transfection with Flag-Atg14L and Myc-Dpr1 as indicated, HEK293T cells were harvested for anti-Flag immunopre-
cipitation followed by anti-Myc immunoblotting. Total protein expression was confirmed by immunoblotting with WCL. (D) 
Dpr1 interacts with Beclin1 via its N-terminus. HEK293T cells were transfected with Flag-Beclin1 and Myc-Dpr1 variants as 
indicated. After 48 h, the cells were harvested for immunoprecipitation analysis. (E) Dpr1 interacts with the coiled-coil domain 
(aa 142-272) of Beclin1. HEK293T cells were transfected with the constructs as indicated and harvested for immunoblotting 
analysis. (F) Dpr1 interacts with the coiled-coil domain (aa 71-180) of Atg14L. The indicated plasmids were transfected into 
HEK293T cells and after 36 h the cells were harvested for immunoblotting assay. 
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con-UVRAG-Beclin1-Vps34 complex that inhibits au-
tophagy maturation [13-16], we examined whether Dpr1 
affected all the three kinds of Beclin1-Vps34 complexes. 
Interestingly, overexpression of Dpr1 increased the At-
g14L-Vps34 interaction (Figure 6D), had no effect on the 

Figure 6 Dpr1 enhances the Atg14L-Beclin1-Vps34 complex formation and Vps34 kinase activity. (A) Reduced Be-
clin1-Vps34 interaction in Dpr1−/− MEFs in the presence or absence of 1 µM MG132 for 4 h. The immunoprecipitated Vps34 
was quantified and normalized against the amount of Vps34 in WCL (whole-cell lysates). (B) Ectopic expression of Dpr1 
enhanced the Beclin1-Vps34 interaction in HEK293T cells. The immunoprecipitated endogenous Vps34 was quantified and 
normalized against the amount of Vps34 in WCL. (C) Reduced Beclin1-Vps34 and Beclin1-Atg14L interactions in the cerebral 
cortex of 9-month-old Dpr1fl/fl;Nestin-Cre mice. The immunoprecipitated endogenous Vps34 and Atg14L were quantified and 
normalized against the amount of Vps34 and Atg14L in WCL. (D-F) Ectopic expression of Dpr1 enhanced the Atg14L-Vps34 
interaction (D), had no effect on the UVRAG-Vps34 interaction (E), while reduced the Rubicon-Vps34 interaction (F) in 
HEK293T cells. The cells were transfected with the indicated plasmids and harvested for immunoprecipitation assay after 36 h. 
(G) Increased Rubicon-Beclin1 interaction in Dpr1−/− MEFs. The immunoprecipitated Rubicon was quantified and normalized 
against the amount of Rubicon in WCL. (H) The supernatants of Dpr1+/+ and Dpr1−/− MEF lysates were subjected to gel filtra-
tion analysis and immunoblotting as described in Materials and Methods. (I) Vps34 activity was measured by analyzing Pt-
dIns(3)P production by the ELISA assay described in Materials and Methods (n = 3). The PI(3)P fold change was calculated 
based on the concentration of PI(3)P and normalized against GFP control group. **P < 0.01. Data were represented as mean 
± SD.

UVRAG-Vps34 interaction (Figure 6E), while reduced 
the Rubicon-Vps34 interaction (Figure 6F). Consistently, 
the Rubicon-Beclin1 interaction was increased in Dpr1−/− 
MEFs (Figure 6G). Furthermore, Dpr1 could be co-im-
munoprecipitated with UVRAG but not with Rubicon 
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(Supplementary information, Figure S8C), and overex-
pression of Dpr1 decreased the UVRAG-Rubicon inter-
action (Supplementary information, Figure S8D). These 
data are in agreement with the positive role of Dpr1 in 
autophagy regulation. In addition, Vps34, Beclin1 and 
Atg14L tended to form a larger complex in Dpr1+/+ MEFs 
compared to those in Dpr1−/− cells as shown by gel-fil-
tration analysis (Figure 6H). Consistently, Beclin1 and 
Vps34 were shifted into lower molecular size fractions in 
Dpr1-deficient newborn liver (Supplementary informa-
tion, Figure S8E). Dpr1 also increased the Vps34 lipid 
kinase activity in conversion of PtdIns to PtdIns(3)P 
analyzed by ELISA assay or thin-layer chromatography 
(Figure 6I and Supplementary information, Figure S8F). 
These data together demonstrate that Dpr1 enhances the 
Atg14L-Beclin1-Vps34 complex formation and Vps34 
kinase activity.

Discussion

Accumulating evidence reveals that autophagy plays 
a crucial role in tissue homeostasis and various diseases 
such as neurodegeneration and tumors [35]. However, 
the molecular mechanism for the initiation of autophagy 
is still not very clear. In this study, we have provided 
compelling evidence that Dpr1 plays a crucial role in 
driving autophagy. Promotion of autophagy by Dpr1 
seems not through suppressing the activity of mTOR and 
AMPK, but by enhancing the formation of the autopha-
gy-initiation Beclin1-Vps34-Atg14L complex and thus 
increasing Vps34 activity. It is possible that Dpr1 can 
serve as a scaffold protein to stabilize this complex or 
help recruitment of the complex components.

Vps34 and its product PtdIns(3)P play critical roles in 
membrane trafficking [36, 37]. Three distinct subpopula-
tions of the Beclin1-Vps34 complex have been reported. 
The Atg14L-containing Beclin1-Vps34 complex has 
been thought to function in autophagy initiation [14, 16, 
38], the UVRAG-Beclin1-Vps34 complex acts in endo-
some maturation and the Golgi-ER retrograde transfer, 
whereas the Rubicon-UVRAG-Beclin1-Vps34 complex 
suppresses endosome maturation [14, 16, 39]. However, 
it is unknown how the Atg14L-Beclin1-Vps34 complex 
formation and thereby Vps34 activity are regulated. In 
this study, we found that Dpr1 could promote autophagy 
by enhancing the assembly of the Atg14L-Beclin1-Vps34 
complex through direct interaction with Atg14L and 
Beclin1. In accordance, reduced Beclin1-Vps34 and 
Beclin1-Atg14L interactions were observed in neu-
ron-specific Dpr1-knockout brain tissues. The promoting 
effect of Dpr1 on the Atg14L-Beclin1-Vps34 complex 
assembly seems to be specific as Dpr1 does not influ-

ence the UVRAG-Vps34 interaction but reduces the 
Rubicon-Vps34 interaction. Interestingly, we found that 
Dpr1 could reduce the Rubicon-UVRAG interaction. 
As the recruitment of Rubicon to the Beclin1-Vps34 
complex is dependent on UVRAG [14, 16], it is reason-
able that Dpr1 reduces the Rubicon-Vps34 interaction 
through decreasing the Rubicon-UVRAG interaction. 
At this moment, it is unclear why Dpr1 has no effect on 
the UVRAG-Beclin1 interaction although it associates 
with UVRAG. Nonetheless, these data strongly suggest 
that Dpr1 is a novel and specific positive regulator for 
the Atg14L-Beclin1-Vps34 complex in the autophagy 
initiating stage. Consistent with this, Dpr1 was resistant 
to autophagic degradation and rarely colocalized with the 
autolysosome/lysosome marker LAMP1. As Dpr1 is an 
important regulator of the basic machinery Atg14L-Be-
clin1-Vps34 complex and stimulates Vps34 activity, it is 
reasonable that Dpr1 not only promotes basal autophagy 
but also enhances starvation-induced autophagy. Loss of 
another Beclin1-associated protein Ambra1 has also been 
shown to disrupt the Beclin1-Vps34 interaction required 
for both basal and starvation-induced autophagy [40]. 

Consistent with the important function of Dpr1 in 
autophagy, we found that ablation of Dpr1 in the central 
nervous system resulted in the accumulation of ubiquiti-
nated proteins and development of neurodegenerative 
diseases, which resembles the phenotypes of the neu-
ron-specific ATG-knockout mice [6, 7, 17]. The mice 
with ablation of Atg5 or Atg7 in the central nervous 
system exhibited motor and behavioral defects within 
3 weeks after birth, and the pathological changes were 
observed between 6 and 8 weeks including accumula-
tion of ubiquitinated proteins and loss of Purkinje cells, 
elevation of apoptosis and the neuronal damage marker 
GFAP. All of these phenotypes were observed in Dpr1fl/

fl;Nestin-Cre mice, but at much delayed time points. 
Dpr1fl/fl;Nestin-Cre mice showed abnormal motor coor-
dination after 12 weeks and other pathological changes 
after 7 months. This delay indicates that Dpr1 is not an 
essential component of the autophagy process, but acts as 
an important regulator. On the basis of our in vivo and in 
vitro data, we conclude that Dpr1 functions as a positive 
regulator to promote Atg14L-Beclin1-Vps34 complex 
formation and thus enhances autophagic activity. 

The Dpr family members are only found in the verte-
brates, but not in the invertebrates such as Drosophila. 
Human Dpr1 shares a high homology with Xenopus Dpr1 
(55% identical at amino acids) and mouse Dpr1 (75% 
identical). As both human Dpr1 and mouse Dpr1 have 
the same function in promoting autophagy, it is likely 
that this function is conserved for all the Dpr1, but this 
hypothesis needs future verification. 
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Materials and Methods

Mice
Conventional Dpr1-knockout mice were described previously 

[19]. Dpr1fl/fl mice were generated with replacement of both the ex-
ons 2 and 3 in the Model Animal Research Center of Nanjing Uni-
versity. Then the mice were mated with Nestin-Cre and Alb-Cre 
mice (the Jackson laboratory) to generate neuron- and liver-specif-
ic knockout of Dpr1. GFP-LC3 transgenic mice were purchased 
from RIKEN BioResource Center. All mice were experimented in 
compliance with the Tsinghua University Institutional Animal Care 
and Use Committee guidelines. The oligos for genotyping were 
as follows: forward primer (5′-GCAGGTTAGGCGTCTTTATG-
GCT-3′), and reverse primer (5′-GCATCGCATTGTCTGAGTAG-
GTG-3′). Dpr1fl/fl allele shows a 302 bp band. 

Cell culture, transfection and starvation
HEK293T, NRK-GFP-DFCP1, NRK-LAMP1-CFP and NRK-

CFP-LC3 stable cells were cultured in DMEM containing 10% 
fetal bovine serum (FBS; Hyclone) supplemented with 4 mM 
L-glutamine in 5% CO2 at 37 °C, and transfected by Vigofect 
(Vigorous Biotechnology, Beijing) according to the manufacturer’s 
recommendations. Primary MEFs were generated from 13.5-day 
embryos

 

and maintained in DMEM supplemented with 10% FBS. 
ULK1+/+ and ULK1−/− MEFs were kindly gifted by Dr Jun-Lin 
Guan. All the experiments were performed with cells in normal 
growth medium (nutrient-rich condition) unless specifically indi-
cated. For starvation, cells were washed three times with PBS and 
cultured in Hanks’ balanced salt solution (HBSS, Invitrogen) for 
the indicated times.

Plasmids, antibodies and reagents
Human Dpr1 cDNA was cloned into pEGFP-C3 to generate 

GFP-Dpr1. Human Vps34 cDNA was cloned into the KpnI-XbaI 
sites of the pcDNA3.1(+)-HA or pCS2(+)-Flag vector. The 
Flag-Beclin1 was a gift from Dr Honggang Wang. The p62-GFP 
was a gift from Dr Terje Johansen. Dvl2 was cloned into the Bam-
HI site of pDsRed-N1. Atg14L was cloned from Atg14L-GFP into 
EcoRI-SalI sites of pmCherry-N1. Dpr1 shRNAs were purchased 
from Open Biosystems. MG132 was from Calbiochem and pre-
pared as 100 mg/ml in DMSO. BafA1, rapamycin, and XAV939 
were obtained from Sigma. A769662 was from Abcam. Antibodies 
include: mouse anti-Calbindin (Sigma), rabbit anti-GFAP (Bioss, 
Beijing), mouse anti-ubiquitin (FK2 MBL), mouse anti-Beclin1 
(BD Biosciences), rabbit anti-Beclin1 (MBL), rabbit anti-Vps34 
(Cell Signaling), rabbit anti-Atg14L (MBL), mouse anti-Flag M2 
(Sigma), rabbit anti-Dvl2 (Cell Signaling), mouse anti-tubulin 
and anti-GFP (Santa Cruz Biotech), mouse anti-p62 and rabbit an-
ti-LC3 (MBL).

Quantitative real-time PCR
Total RNA was prepared using TRIzol (Invitrogen) and cDNA 

was synthesized from 1 µg of RNA with Revertra Ace (Toyo-
bo). Quantitative-RT-PCR was performed with the Eva Green 
detection by a LC480 Quantitative PCR system (Roche). The 
primers were as follows: human Dpr1 (5′-CATCCGGCAAG-
GTAC-3′ and 5′-AGGCACCAAGTGTGG-3′), mouse Dact1 
(5′-ACATCTTGCTGCTGCGAAGGC-3′ and 5′-CGGCTGTCT-
GTCTCCAGGTGC-3′). 

Gel filtration analysis
MEFs were homogenized in 1.2 ml of ice-cold homogeniza-

tion buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Triton 
X-100, 1 mM PMSF, complete protease inhibitor cocktail (Roche) 
and phosphatase inhibitors). Liver tissues were extracted and ho-
mogenized using the homogenization buffer, and sonicated for 2 
min on ice. The samples were subjected to centrifugation at 14 000 
rpm for 30 min at 4 °C. The resulting supernatants were applied to 
gel filtration on a Superose 6 10/300 GL column using fast protein 
liquid chromatography (GE Healthcare) and eluted at a flow rate 
of 0.5 ml/min. The fractions were precipitated with trichloroacetic 
acid (TCA) and examined by immunoblotting.

Vps34 kinase assay
Flag-tagged Vps34 exogenously expressed in HEK293T cells 

was immunoprecipitated and subjected to Vps34 kinase activ-
ity assay as described [16]. Vps34 activity was also measured 
with the Class III PI3K ELISA Kit (Echelon, Lot# KE120612). 
Flag-Vps34, HA-Beclin1 and HA-Vps15 were transfected into 
HEK293T cells with or without GFP-Dpr1 or GFP-Atg14L plas-
mid. Vps34 was immunoprecipitated using anti-Flag M2 antibody 
and used for ELISA assay following the instruction provided by 
the manufacturer. Briefly, 20 µl kinase reaction buffer (10 mM 
Tris, pH 8, 100 mM NaCl, 1 mM EDTA and 10 mM MnCl2), 4 µl 
of 500 µM PI (phosphatidylinositol) substrate and 1 µl of 1.25 mM 
ATP were added into the beads immunoprecipitated with Vps34 
and incubated at 37 °C for 1 h. Then the reaction mixture was 
quenched with 5 µl of 100 mM EDTA, diluted with 130 µl H2O 
and 40 µl PI(3)P Detection Buffer (provided by the Kit, K-3004). 
Finally the quenched reaction mixture and PI(3)P detector protein 
(provided by the Kit) were added together to the PI(3)P-coated 
microplate for competitive binding to the PI(3)P detector protein. 
The amount of PI(3)P detector protein bound to the plate was de-
termined through colorimetric detection of absorbance at 450 nm. 
The concentration of PI(3)P in the reaction mixture was calculated 
as reversed to the amount of PI(3)P detector protein bound to the 
plate. 

Yeast two-hybrid analysis
The yeast two-hybrid procedure has been described previously 

[41]. Dpr1 variants were cloned into the cloning site of pGBKT7 
vector (Clontech). Full-length Atg14L, Beclin1, Vps34, UVRAG 
and Dvl2 were cloned into pGADT7. Yeast AH109 were individu-
ally transformed with the indicated plasmids and spotted onto the 
histidine-adenine-leucine-tryptophan-deficient synthetic medium 
plates by serial dilution. The transformed cells were grown at 
30 °C for 3-4 days and the pictures were taken by a digital camera 
(Nikon). 

Immunofluorescence microscopy, immunoblotting and im-
munoprecipitation

Immunofluorescence analysis, immunoblotting and immuno-
precipitation were performed as previously described [20, 42]. 
Tubulin served as a loading control for immunoblotting. For live 
cell imaging, the cells transfected with the indicated plasmids were 
cultured in growth medium for 24 h, and then directly monitored 
for the indicated times by a spin-disk microscope (REVOLUTION 
xD, ANDOR). The number of Atg14L-GFP, Atg14L-mCherry, 
GFP-DFCP1, CFP-LC3 and LAMP1-CFP puncta were measured 
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by Image-ProPlus software. These measurements were done on 
randomly selected fields of view.

Immunoelectron microscopy analysis
NRK cells were transfected with Flag-Dpr1 and GFP-Atg14L 

for 36 h, and first fixed with 2% paraformaldehyde and 0.6% glu-
taraldehyde in PBS (pH 7.4) at 37 °C for 1 h, and then with 0.2% 
osmic acid for another 45 min. The cells were dehydrated in a 
graded ethanol series and embedded in acrylic resin (LR White). 
70-nm ultrathin sections were mounted in 2% BSA/PBS and 0.2% 
gelatin/PBS for 2 h, then incubated with a mixture of anti-Flag 
M2 antibody (1:50) and anti-GFP antibody (1:50) in 2% BSA/
PBS overnight at 4 °C, washed three times in 0.2% BSA/PBS and 
then labeled with 6 nm goat anti-mouse immunogold particles and 
12 nm goat anti-rabbit immunogold particles in 2% BSA/PBS for 
2 h. Grids were finally washed three times in PBS and three times 
in distilled water, stained and dried at room temperature. The sec-
tions were visualized with a 120 kV electron microscope (H-7650B, 
Hitachi) at 80 kV and images were captured using an AMT V600 
digital camera (Advanced Microwave Technologies). 

SIM analysis
Cells transfected with the indicated plasmids were fixed with 

4% paraformaldehyde, permeated with 0.2% Triton X-100, and 
incubated with primary antibodies and then second antibodies. 
Images were captured and processed with a Nikon’s Structured 
Illumination Microscope (N-SIM). 

Long-lived protein degradation assay
The experiment was performed following the protocol de-

scribed by Mizushima et al. [43]. Briefly, the cells were incubated 
with 3H-labeled leucine for 48 h, and then refreshed with cold leu-
cine medium for another 12 h to release short-lived proteins. After 
the chase period, the cells were changed into DMEM or HBSS 
containing 2 mM leucine. After another 6-h incubation, the medi-
um was collected and the TCA-soluble fraction was analyzed by 
scintillation counting. Total cell radioactivity was measured after 
lysis with 0.1 M NaOH. 3H-labled leucine release was calculated 
as a percentage of the radioactivity in TCA-soluble fraction to the 
total cell radioactivity. 

Immunohistochemistry
Dpr1+/+;Nestin-Cre and Dpr1fl/fl;Nestin-Cre mice were fixed 

by cardiac perfusion with 0.1 M phosphate buffer containing 4% 
paraformaldehyde. Then, the tissues were dissected and fixed in 
4% paraformaldehyde at 4 °C overnight, dehydrated, embedded in 
Optimal Cutting Temperature compound (lot 4583) (SAKURA), 
sectioned at 10 µm by freezing microtome as previously described 
[19]. For immunohistochemical staining, primary antibodies were 
incubated at 4 °C overnight and secondary antibodies were incu-
bated for 1 h at room temperature, followed by diaminobenzidine 
staining (Zsbio, Beijing, China). For PAS (Periodic Acid-Schiff) 
staining, glycogen was detected by PAS assay using PAS Kit (Sig-
ma). All the sections were examined under an Olympus light mi-
croscope with a digital camera. For immunofluorescence staining, 
primary antibodies were incubated at 4 °C overnight and second-
ary antibodies were incubated for 2 h at room temperature. All the 
pictures were captured by a LSM710 microscope (Zeiss).

Statistical analysis
For immunofluorescence, quantification was derived from at 

least 20 cells in each of the three independent experiments. For 
immunohistochemistry, quantification was derived from at least 
three sections in each of the three independent experiments. n rep-
resents the number of independent experiments used for statistical 
analysis. Statistical analyses were performed using a two-tailed 
unpaired t-test. P < 0.05 was considered statistically significant.
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