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Abstract

Unc-51-like kinases (ULKs) are the most upstream kinases in the
initiation of autophagy, yet the molecular mechanisms underlying
their function are poorly understood. We report a new role for ULK
in the induction of autophagy. ULK-mediated phosphorylation of
the guanine nucleotide exchange factor DENND3 at serines 554
and 572 upregulates its GEF activity toward the small GTPase
Rab12. Through binding to LC3 and associating with LC3-positive
autophagosomes, active Rab12 facilitates autophagosome traffick-
ing, thus establishing a crucial role for the ULK/DENND3/Rab12
axis in starvation-induced autophagy.
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Introduction

Macroautophagy, hereafter referred to as autophagy, is an evolu-

tionarily conserved process characterized by the sequestration of

cellular structures and cytosolic proteins targeted for destruction

into double membrane vesicles called autophagosomes. After auto-

phagy is initiated, by cell starvation, for example, Atg (autophagy

related) proteins are recruited to a membrane structure called the

phagophore. As the phagophore expands and fuses upon itself, it

creates the double membrane autophagosome. The autophagosome

then fuses with lysosomes and the enclosed cellular materials are

degraded, with the subsequent release of nutrients back to the

cytosol for reuse [1].

Among the Atg proteins recruited to the phagophore are Unc-

51-like kinases (ULKs), homologues of Atg1 in yeast and the most

upstream kinases regulating the initiation of autophagy [2]. The

kinase activity of ULK is suppressed by mammalian target of

rapamycin (mTOR), a master kinase controlling cell size and growth

[3]. Under starvation, the mTOR-mediated inhibition of ULK is

released allowing ULK to initiate autophagy [4,5]. Though ULK acti-

vation is a critical and early step in autophagy initiation, only a few

downstream targets of the kinase have been identified [6–11] and

thus the mechanisms that underlie the role of ULK in autophagy

remain elusive.

Membrane trafficking events are a key aspect of the autophagy

process. Rabs, which are the largest family of small GTPase, and

which control numerous aspects of membrane trafficking, are

emerging as important regulators of autophagy [12]. For example,

through regulation of membrane trafficking, Rabs contribute to

autophagosome formation and maturation [12–14]. Interestingly, it

was also recently reported that Rab12 plays a positive role in

autophagy by inhibiting mTOR, thus contributing to autophagy

initiation [15].

Rabs switch between a membrane-associated GTP-bound active

form and a cytosolic, GDP-bound inactive form. Guanine nucleotide

exchange factors (GEFs) catalyze the dissociation of GDP from the

Rab, allowing for exchange with GTP. The GTP-bound active Rab

interacts with Rab effectors to regulate membrane trafficking [16].

Proteins bearing a differentially expressed in normal and neoplastic

cells (DENN) domain have recently emerged as the largest family of

Rab GEFs. At least 26 DENN domain-containing proteins have been

identified, most of which are uncharacterized [17–19]. In a large-

scale screen using in vitro GEF assays to match DENN domain

proteins to Rab substrates, DENN domain-containing protein 3

(DENND3) was identified as a GEF for Rab12 [20], and this was

later confirmed using cell-based GEF assays [21].

Given that Rab12 is a positive regulator of autophagy [15], we

sought to examine a role for DENND3 in this process. Here we

identify a novel signaling pathway whereby starvation-induced acti-

vation of ULK leads to phosphorylation of endogenous DENND3,

with subsequent activation of Rab12 and initiation of membrane

trafficking events required for autophagy. These data identify

DENND3 as a positive regulator of autophagy and provide a striking

example of a signaling pathway impinging on membrane trafficking

to control cell function.
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Results and Discussion

DENND3 is required for starvation-induced autophagy

Rab12 is a positive regulator of autophagy [15], and since DENND3

is a GEF for Rab12 [20,21], it is likely that DENND3 also functions

as a positive regulator of this critical cellular process. To test this

directly, we used H1299 cells with stable expression of a GFP-tagged

form of the autophagy marker LC3. Following initiation of auto-

phagy, the cytosolic form of LC3 (LC3-I) is converted to a

membrane-associated form (LC3-II) through covalent conjugation of

phosphatidylethanolamine [22]. This membrane-associated form of

LC3 associates selectively with newly formed autophagosomes [1].

When the H1299 cells were treated with control siRNA, starvation

increased the number of GFP-LC3 puncta per cell, an indication of

autophagy induction [22] (Fig 1A and B). Importantly, DENND3

knockdown with two separate siRNAs significantly attenuates this

change, indicating that DENND3 is a positive regulator of starvation-

induced autophagy (Fig 1A and B).

As described above, increased levels of LC3-II are an indicator of

autophagy [22]. We find that the level of LC3-II induced by starva-

tion is significantly decreased following DENND3 knockdown
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Figure 1. DENND3 is required for starvation-induced autophagy.

A H1299 cells stably expressing GFP-LC3 were transfected with control siRNA or two DENND3 siRNAs and were subsequently left unstarved or were starved with Earle’s
balanced salt solution (EBSS) for 2 or 4 h. Cells were then processed for cytochemical detection of GFP. The images on the right of each treatment are magnified
views of the areas indicated by the white boxes on the image to the left. The scale bars represent 20 lm.

B The number of GFP-positive autophagosomes from images as in (A) was counted from n > 400 cells for each treatment over 3 repeats. The bars represent
mean � SEM. Statistical analysis employed one-way ANOVA followed by Dunnett’s post-test. ***P < 0.001.

C Cells were transfected with control siRNA or two siRNAs targeting DENND3 and were subsequently starved with EBSS for 6 h in the presence or absence of
bafilomycin A1 (Baf. A1, 100 nM). Lysates were immunoblotted with antibodies recognizing the indicated proteins (n = 3 repeats). The levels of LC3-II and p62
normalized to GAPDH level. Statistical analysis employed one-way ANOVA followed by Dunnett’s post-test. *P < 0.05.
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(Fig 1C). The inhibition of autophagy resulting from DENND3

knockdown is not due to a block of autophagic flux as the amount

of LC3-II is still reduced by DENND3 knockdown in the presence of

bafilomycin A1 (Fig 1C), which blocks fusion of autophagosomes

with lysosomes [22]. We also monitored the levels of p62 as a

measure of autophagy status. Consistent with the LC3 data,

DENND3 knockdown significantly increases the levels of p62 seen

following cell starvation (Fig 1C). Thus, as for Rab12 [15], DENND3

is a positive regulator of autophagy. We note that DENND3 knock-

down decreases the number of GFP-LC3-positive puncta in both

starved and unstarved cells (Fig 1A and B), whereas an influence of

DENND3 knockdown on the levels of endogenous LC3-II or p62 was

only readily detectable following starvation. Thus, the influence of

DENND3 on autophagy in the absence of starvation appears rather

modest and likely requires a starvation-induced signal. It was

recently reported that DENND3 knockdown does not influence auto-

phagy in mouse embryonic fibroblasts [21]. The difference between

that study and the results reported here are not currently under-

stood. However, it is notable that in the same study [21], DENND3

overexpression induced autophagy, supporting that it does have a

positive role in this process.

Starvation induces ULK-mediated phosphorylation of DENND3 at
two unique sites

To investigate the mechanism by which DENND3 regulates

autophagy, we sought to identify DENND3-binding partners. Flag-

DENND3 was immunoprecipitated, and co-immunoprecipitating

proteins were identified by mass spectrometry. This led to the

identification of 6 of the 7 known isoforms of 14-3-3 proteins (Sup-

plementary Table S1). The mass spectrometry data were confirmed

by immunoprecipitation of Flag-DENND3 with blots for individual

14-3-3 isoforms (Supplementary Table S1) or with a pan-14-3-3 anti-

body (Fig 2A). There are two canonical 14-3-3 binding motifs: type I

(R-S-X-pS-X-P) and type II (R-X-X-X-pS-X-P) [23]. The S in the motifs

generally needs to be phosphorylated to enable 14-3-3 binding. The

amino acid sequences around S554 and S572 in DENND3 match the

14-3-3 binding motifs with the key residues conserved across verte-

brate species (Fig 2B). We thus generated Flag-DENND3 S to A

mutants for both S554 and S572. When Flag-DENND3 was immuno-

precipitated, there was no co-immunoprecipitation of endogenous

14-3-3 proteins with the S554A mutant and greatly reduced co-

immunoprecipitation with the S572A mutant when compared to

wild-type DENND3 (Fig 2A), thus confirming the importance of

these sites for 14-3-3 binding.

14-3-3 binding predicts that S554 and S572 are phosphorylated

and we thus generated anti-phosphopeptide antibodies targeting

these sites. To test whether the antibodies are specific for the phos-

phorylated sites, Flag-DENND3 wild-type, S554A or S572A was

expressed in HEK-293T cells and lysates were blotted with anti-Flag,

anti-pS554 or anti-pS572 antibody. Anti-pS554 and anti-pS572 fail to

detect the S554A and S572A mutants, respectively, despite even

loading of the proteins as revealed by Flag blot (Supplementary

Fig S1A). Moreover, treatment of immunoprecipitated Flag-

DENND3 with calf intestinal alkaline phosphatase (CIP) eliminates

the reaction of anti-pS572 and strongly reduces reactivity of anti-

pS554 (Supplementary Fig S1B). The remaining signal with the anti-

pS554 antibody after CIP treatment suggests that there may be some

phosphorylation-independent DENND3 antibodies in the anti-pS554

sample. Finally, siRNA-mediated knockdown of DENND3 leads to a

reduced signal detected with anti-pS554 and anti-pS572 antibodies

(Supplementary Fig S1C), indicating that the antibodies detect

endogenous phosphorylated protein. Together, these data validate

that the antibodies recognize DENND3 phosphorylated at S554 and

S572 and demonstrate that these sites are at least partially phos-

phorylated at steady state.

Since DENND3 functions in starvation-induced autophagy, we

asked whether starvation regulates DENND3 phosphorylation. Cells

were left unstarved or were starved for times ranging from 10 to

120 min and then blotted with the anti-pDENND3 antibodies.

Intriguingly, starvation enhances phosphorylation of both S554 and

S572 of the endogenous DENND3 protein in HeLa cells, and

▸Figure 2. Starvation induces DENND3 phosphorylation via ULK1/2.

A Lysates from HEK-293T cells transfected with Flag-DENND3 wild-type (WT), S554A or S572A mutant were incubated with protein G beads alone or protein G beads
coupled to anti-Flag monoclonal antibody (IP-Flag). Proteins bound specifically to the beads were processed for Western blot with anti-Flag and anti-pan-14-3-3
antibodies. An aliquot of the cell lysate (starting material, SM) equal to 10% of that added to the beads was analyzed in parallel (n = 3 repeats).

B Schematic diagram of DENND3 with a N-terminal DENN domain, a C-terminal WD40 domain, and a presumably weakly structured linker region (white box). The
aligned sequences are from a region of the linker and indicate the high degree of conservation across various vertebrate species. S554 and S572 (position based on
the mouse sequence) are indicated.

C HeLa cells were left unstarved (0 min) or were starved with EBSS for the indicated time periods. Lysates were immunoblotted with antibodies recognizing the
indicated proteins.

D Relative DENND3 phosphorylation at serine 554 and serine 572 was determined from 3 experiments as in (C). Points represent mean � SEM. Statistical analysis
employed one-way ANOVA followed by Dunnett’s post-test. ***P < 0.001, *P < 0.05.

E HeLa cells were processed as in (C), followed by quantitative real-time PCR (n = 4 repeats). Bars represent mean � SEM. Statistical analysis employed one-way
ANOVA followed by Dunnett’s post-test. NS = not significant.

F Purified GST-DENND3 (538–973) was subjected to in vitro phosphorylation by purified HA-ULKs (n = 3 repeats). Note that the WT ULK1 and ULK2 run higher on SDS–
PAGE than the kinase-inactive forms, due to autophosphorylation, and a shift of the phosphorylated GST-DENND3 can also be seen on a Ponceau-stained transfer.

G HeLa cells were transfected with control siRNA or siRNA targeting ULK1 or ULK2 and were subsequently left unstarved or starved with EBSS for 10 min. Lysates were
immunoblotted with the indicated antibodies (n = 3 repeats).

H For validating the ULK2 siRNA knockdown efficiency without workable antibody, HeLa cells were transfected with HA-tagged ULK2 with or without siRNA for ULK2
and lysates were immunoblotted with the indicated antibodies (n = 3 repeats).

I, J Relative DENND3 phosphorylation at S572 (H) and S554 (I) was determined from three repeats as in (F). Bars represent mean � SEM. Statistical analysis employed
one-way ANOVA followed by Tukey’s post-test. ***P < 0.001, **P < 0.01. *P < 0.05.

K HeLa cells were processed as in (G), followed by qPCR (n = 4 repeats). Bars represent mean � SEM. Statistical analysis employed one-way ANOVA followed by
Tukey’s post-test. NS = not significant.
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phosphorylation of both sites peaks by 10 min and stays elevated

for 120 min (Fig 2C and D) and even as long as 6 h (data not

shown). Due to the lack of a pan-DENND3 antibody, we were

unable to directly determine whether starvation had any influence

on the total levels of DENND3 protein. However, quantitative real-

time PCR revealed no changes in DENND3 mRNA levels resulting

from starvation (Fig 2E). Thus, the enhanced signal detected for the

anti-pDENND3 antibodies (Fig 2C and D) upon starvation is due to

enhanced phosphorylation, indicating that DENND3 phosphoryla-

tion is a downstream event of cell starvation.

We next sought to identify the starvation-activated kinase

responsible for DENND3 phosphorylation. ULK is an upstream

kinase of starvation-induced autophagy and is thus a potential

candidate for this activity. There are two isoforms of ULK in

starved (min)0 10 30 60 120
pDENND3 S554

pDENND3 S572
GAPDH

starved (min)
0 30 60 90 120

5
4
3
2
1
0

re
la

tiv
e 

D
E

N
N

D
3

ph
os

ph
or

yl
at

io
n

pDENND3 S572
pDENND3 S554

***

*

*

*

*

*

*

*

C

D

HA-U
LK

1 W
T

HA-U
LK

1

HA-U
LK

2

HA-U
LK

2 W
T

pDENND3 S554

pDENND3 S572

GST-DENND3 fragment

GST-DENND3 fragment

(anti-GST)

(ponceau)

PO4-HA-ULK2
PO4-HA-ULK1

HA-ULK2
HA-ULK1

F

kin
as

e-i
na

cti
ve

kin
as

e-i
na

cti
ve

Flag-

14-3-3

DENND3 DENND3DENND3

SM

pro
tei

n G

IP
-F

lag SM

pro
tei

n G

IP
-F

lag SM

pro
tei

n G

IP
-F

lag

DENND3

DENN WD40

S572 (mouse)

THRRMVVSMPNLQDIAMPELAPRNSSLRLTD   H. sapiens 
AHRRMVVSMPNLQDISLPELPPRNSSLRIMD   R. norvegicus 
THRRMVVSMPNLQDISLPELPPRNSSLRIMD   M. musculus 
INRRMVISMPNLQDIKLPESPTRKSSLRRIE   G. gallus 
FSKKLVISMPNLLEAKETEV-PRQWSLRRPD   X. tropicalis 
LNKRLGMSMPNLADSRCLTVPIRQMSMMSVR   D. rerio 

S554 (mouse)

A
B

31
116

116
116

45

116

67

67

67

67

E

re
la

tiv
e 

D
E

N
N

D
3

m
R

N
A 

le
ve

l 1.5

1

.5

0 0 10 30 60120
starved (min)

NS

Flag-

S554A

Flag-

S572A

Flag-

wt

starved, 10min

ULK1 siRNA
ULK2 siRNA

control siRNA
- + + +

-+ -+
- - + -
- - +-

3

2

1

0

*
**

starved, 10min

ULK1 siRNA
ULK2 siRNA

control siRNA
- + + +

-+ -+
- - + -
- - +-

re
la

tiv
e 

D
E

N
N

D
3

ph
os

ph
or

yl
at

io
n

3
2
1
0

*** ***

4

JI

HA-ULK2
ULK2 siRNA

HA-ULK2

GAPDH
+ +
- +

H
205

45

pDENND3 S554

pDENND3 S572
GAPDH

ULK1

G

starved, 10min

ULK1 siRNA
ULK2 siRNA

control siRNA
- + + +

-+ -+
- - + -
- - +-

205

116
116
45

starved, 10min

ULK1 siRNA
ULK2 siRNA

control siRNA
- + + +

-+ -+
- - + -
- - +-

re
la

tiv
e

m
R

N
A 

le
ve

l 1.5

1

.5

0

K
NS

(S
57

2)

re
la

tiv
e 

D
E

N
N

D
3

ph
os

ph
or

yl
at

io
n

(S
55

4)

D
E

N
N

D
3

Figure 2.

EMBO reports Vol 16 | No 6 | 2015 ª 2015 The Authors

EMBO reports ULK phosphorylates DENND3 inducing autophagy Jie Xu et al

712



mammals, ULK1 and ULK2, and interestingly, overexpression

of wild-type forms of either kinase, but not overexpression of

kinase-inactive mutants, significantly increases the phosphorylation

of S554 and S572 (Supplementary Fig S2A–C), while the mRNA

levels of DENND3 stay the same among these overexpression

conditions (Supplementary Fig S2D). To determine whether ULKs

phosphorylate DENND3 directly, we performed in vitro kinase

assays using HA-tagged ULK1/2 immunoprecipitated from HEK-293T

cells and purified bacterial GST-DENND3 encoding amino acids

538–973. ULK1 and ULK2 wild-type kinases phosphorylate DENND3

at both S554 and S572 when compared to the kinase-inactive

mutants (Fig 2F). Moreover, the starvation-induced phosphorylation
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Figure 3. DENND3 phosphorylation increases its GEF activity toward Rab12.

A HeLa cells were left unstarved or were starved with EBSS for the indicated time. Lysates were then prepared and incubated with GST or GST-RILPL1 coupled to
glutathione-Sepharose beads. Protein specifically bound to the beads was processed for Western blot with antibody recognizing Rab12. GST and GST-RILPL1 are
indicated in the Ponceau-stained transfer. An aliquot of the lysate (starting material, SM) equal to 5% of that added to the beads was analyzed in parallel (n = 3
repeats).

B HeLa cells were treated with control siRNA or with siRNA for DENND3 or ULK1 and ULK2. Additionally, cells that were treated with DENND3 siRNA were subsequently
transfected with wild-type (WT) DENND3 or DENND3 with S554A, S572A, or S to E double mutations. The cells were subsequently starved with EBSS for 10 min, and
then, lysates were prepared and incubated with GST or GST-RILPL1 coupled to glutathione-Sepharose beads. Protein specifically bound to the beads was processed
for Western blot with antibody recognizing Rab12. GST and GST-RILPL1 are indicated in the Ponceau-stained transfer. An aliquot of the lysate (starting material, SM)
equal to 2.5% of that added to the beads was analyzed in parallel (n = 3 repeats).
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of DENND3 at both S554 and S572 is suppressed by ULK1/2 knock-

down (Fig 2G–J), while the mRNA levels of DENND3 do not change

between these treatments (Fig 2K). Thus, it appears that ULK

directly phosphorylates DENND3 although it remains formally

possible that ULK influences DENND3 indirectly through another

kinase. Since ULKs can bind their kinase substrates [11], we investi-

gated whether ULK binds to DENND3. Because we do not have anti-

bodies for immunoprecipitation of endogenous ULK or DENND3,

we were unable to test the ULK/DENND3 interaction at the endoge-

nous level. However, we found that both overexpressed HA-ULK1

and HA-ULK2 are co-immunoprecipitated with Flag-tagged DENND3

(Supplementary Fig S2E and F). WD40 repeat domains often function

as scaffolds for protein interactions, and this region of DENND3 is

involved in the interaction with ULK (Supplementary Fig S2G). In

summary, it appears likely that ULK interacts with DENND3 and

mediates its starvation-induced phosphorylation.

Starvation activates Rab12

We next used a Rab12 effector-binding assay to determine whether

the starvation-induced phosphorylation of DENND3 mediated by

ULK changes the activation status of endogenous Rab12. Rab-inter-

acting lysosomal protein-like 1 (RILPL1) was previously identified as

a Rab12 effector [24]. Consistently, GST-RILPL1 binds to Flag-Rab12

Q101L, a constitutively GTP-bound mutant, with little or no binding

to Flag-Rab12 T56N, a constitutively GDP-bound mutant (Supple-

mentary Fig S3A). GST-RILPL1 was then used in effector-binding

assay with cells starved for various times. Intriguingly, as for the

induction of DENND3 phosphorylation resulting from starvation

(Fig 2C and D), the amount of endogenous Rab12 binding to GST-

RILPL1, which reflects active Rab12 and likely the GEF activity of

DENND3, also peaks within 10 min and lasts for at least 120 min

(Fig 3A, Supplementary Fig S3B). These data support the hypothesis

that phosphorylation of DENND3 enhances its GEF activity toward

Rab12.

We next performed knockdown/rescue experiments to confirm

that phosphorylation of DENND3 contributes to the enhanced

Rab12 activity resulting from starvation. Knockdown of DENND3

suppresses starvation-induced increases in Rab12 activity (Fig 3B,

Supplementary Fig S3C). Moreover, knockdown of ULK1/2 also

suppresses starvation-induced Rab12 activation (Fig 3B, Supple-

mentary Fig S3C). The decrease in starvation-induced Rab12

activation resulting from DENND3 knockdown is rescued with wild-

type DENND3 and with a phosphomimetic mutant in which both

S554 and S572 are mutated to E. Importantly, DENND3 S554A and

S572A phosphorylation-defective mutants fail to rescue the decrease

in starvation-induced Rab12 activation resulting from DENND3

knockdown (Fig 3B). Thus, ULK-mediated phosphorylation of

DENND3 resulting from starvation causes increased activation of

Rab12.

Our work not only identifies DENND3 as a new target for ULK,

for which there are currently a limited number of substrates [7–11],

but also demonstrates that ULK phosphorylation creates 14-3-3

docking sites on a substrate. One unresolved question is the role of

14-3-3 binding in the regulation of DENND3 function. Interaction

with 14-3-3 proteins can alter protein localization or catalytic activ-

ity of a binding partner [23]. Given that phosphorylation of

DENND3, which is required for 14-3-3 binding, appears to enhance

the GEF activity of DENND3 toward Rab12, we speculate that 14-3-3

binding influences the catalytic activity of DENND3. Perhaps 14-3-3

binding functions to shield the phosphate groups from phosphatases

to facilitate the change in GEF activity. Future studies will address

these issues.

Rab12 interacts with LC3

A recent proteomic analysis of the autophagy interaction network

revealed that DENND3 associates with LC3 [25]. In examining this

interaction, we made the surprising discovery that Rab12 also inter-

acts with LC3 (Fig 4A). We thus asked whether LC3 is an effector

for Rab12. Since Rabs bind to their effectors when they are in the

GTP-bound form, we performed a pull-down experiment using

Rab12 loaded with GTPcS or rendered nucleotide-free through the

addition of EDTA. Endogenous LC3 did not show a preference for

either of the forms of Rab12 (Fig 4A). In contrast, the DENN domain

of DENND3 prefers the nucleotide-free form of Rab12, a hallmark

feature of GEFs (Fig 4B). This not only validates the nucleotide

status of the Rab12 protein under the different treatment conditions,

▸Figure 4. Rab12 interacts with LC3 and facilitates autophagosome trafficking.

A Lysates prepared from HeLa cells starved with EBSS for 4 h were incubated with GST or GST-Rab12 pre-bound to glutathione-Sepharose beads. GST-Rab12 was
loaded with GTPcS and stabilized with the addition of MgCl2 or was rendered nucleotide-free by the addition of EDTA. GST was processed in the same manner.
Proteins specifically bound to the beads were processed for Western blot with antibodies against the indicated proteins. An aliquot of the cell lysate (starting
material, SM) equal to 1% of that added to the beads was analyzed in parallel (n = 3 repeats).

B Lysates from HEK-293T cells transfected with Flag-tagged DENN domain of DENND3 were incubated with GST or GST-Rab12 pre-bound to glutathione-Sepharose
beads and treated as described in (A). Proteins bound specifically to the beads were processed for Western blot with anti-Flag antibody. An aliquot of the cell lysate
(starting material, SM) equal to 10% of that added to the beads was analyzed in parallel (n = 3 repeats).

C HeLa cells transfected with Flag-Rab12 were left unstarved or were starved with EBSS for 40 min and were subsequently processed for immunocytochemistry with
antibodies recognizing Flag and LC3. The second rows of panels under each condition are a magnified view of the region labeled by the white boxes on the lower
magnification image on the top. The scale bar represents 5 lm.

D Co-localization of overexpressed Flag-Rab12 and LC3 was quantified using Imaris. Experiments were repeated 3 times, n = 61 cells. Bars represent mean � SEM.
Statistical analysis employed unpaired t-test.

E HeLa cells, transfected with control siRNA or siRNAs targeting Rab12 or DENND3, were subsequently transfected with mCherry-LC3, starved with EBSS for 1 h and
imaged live. Panels a–c (with increased brightness to highlight the puncta) show the last frames of image sequences from cells treated with control siRNA, Rab12
siRNA, and DENND3 siRNA, respectively. The scale bar represents 5 lm. Panels d–f show the same images as in a–c, respectively, overlaid with mCherry-LC3 vesicle
tracks recorded during 1 min of imaging. The color of the tracks represents the time when the tracks occurred, as indicated in the color scale bar in d, which
represents a time line from 0 to 60 s. The images shown here correspond to Supplementary Videos S2, S3 and S4.

F LC3 vesicle track length and track displacement length were quantified from over 40 cells and 9,000 tracks. The experiments were repeated 3 times. The bars
represent mean � SEM. Statistical analysis employed one-way ANOVA followed by Dunnett’s post-test. ***P < 0.001.

EMBO reports Vol 16 | No 6 | 2015 ª 2015 The Authors

EMBO reports ULK phosphorylates DENND3 inducing autophagy Jie Xu et al

714



but it also indicates that the interaction between LC3 and Rab12 is

unlikely to be mediated indirectly via DENND3. Moreover, there

was no preference of Rab12 for LC3-1 versus LC3-II (Fig 4A).

However, considering that GTP-loaded Rabs associate with

membranes and that starvation leads to enhanced levels of active

Rab12 (Fig 3, Supplementary Fig S3B), Rab12 should have a greater

opportunity to interact with membrane-associated LC3-II if it local-

izes to autophagosome membranes after it is activated by DENND3

upon starvation.

We thus tested for association of Rab12 with autophagosome

membranes. HeLa cells transfected with Flag-Rab12 were processed

for immunofluorescence with or without starvation. Flag-Rab12

partially co-localizes with endogenous LC3 at the perinuclear region

(Fig 4C and D). In fact, LC3 staining becomes more prominent in

the perinuclear region in the Flag-Rab12-transfected cells, providing

additional evidence to support the interaction between Rab12 and

LC3. We quantified the extent of co-localization of Flag-Rab12 and

LC3 with and without starvation and found that the co-localization
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was independent of starvation (Fig 4D). Consistent with a previous

report [26], the perinuclear pool of Rab12 corresponds to Rab11- and

transferrin receptor-positive recycling endosomes (Supplementary

Fig S4). Interestingly, upon starvation, a portion of Flag-Rab12 redis-

tributes to LC3-positive puncta away from the perinuclear region,

likely corresponding to LC3-positive autophagosomes (indicated by

the arrows in Fig 4D). Thus, Rab12 and LC3 co-localize at recycling

endosomes, a source of autophagosome membranes [27] and poten-

tially also in autophagosomes.

DENND3 and Rab12 mediate autophagosome trafficking

Finally, we wondered whether Rab12 was involved in trafficking

of autophagosomes. We thus performed live cell imaging using

spinning disk confocal microscopy in starved HeLa cells transfected

with GFP-Rab12 and mCherry-LC3. These studies reveal that a

portion of GFP-Rab12 puncta co-traffic with mCherry-LC3, suggest-

ing a role of Rab12 in autophagosome trafficking (Supplementary

Video S1). To test this more directly, we performed Rab12 and

DENND3 knockdown in HeLa cells expressing mCherry-LC3. Live

cell imaging reveals that the track length and track displacement

length of LC3-labeled autophagosomes are decreased in both Rab12

and DENND3 knockdown cells compared to control (Fig 4E and F,

Supplementary Videos S2, S3 and S4). This indicates that Rab12 is

involved in the transport of autophagosomes and, moreover, that

activation of Rab12 by DENND3 is likely also necessary for this

process.

Rab12 has been reported to induce autophagy indirectly by

promoting trafficking of the proton-coupled amino acid transporter 4

(PAT4) from recycling endosomes to lysosomes leading to PAT4

downregulation at steady state, such that Rab12 activation leads to

decreased amino acid transport, inhibition of mTOR, and activation

of autophagy [15]. However, recycling endosomes are a key site

where ATG16L1- and mATG9-containing autophagic membranes

coalesce [27] and membrane from recycling endosomes is deliv-

ered to and incorporates into forming autophagosomes following

cell starvation [28]. These results are consistent with a more

direct role for Rab12 in autophagy. Our data suggest a model in

which ULK, activated by starvation, phosphorylates DENND3 to

upregulate DENND3 GEF activity and to activate Rab12, with the

activated GTPase on the membranes of the recycling endosome

subsequently integrated into autophagosomes. From there, Rab12

plays a role in facilitating autophagosome trafficking. It is possible

that the interaction between Rab12 and LC3 aids in the incorpora-

tion of either protein into the forming autophagosomes and that

Rab12 and DENND3 ablation suppresses the formation of auto-

phagosome due to accumulation of autophagosomes with less

mobility.

Rab12 has been reported to be involved in transferrin receptor

trafficking from recycling endosomes to lysosomes [26] and in retro-

grade trafficking of Shiga toxin [29]. Given that transferrin receptor

can be localized to ULK-positive autophagosomes under amino acid

starvation [28] and that Shiga toxin can induce autophagy and local-

ize to autophagosomes [30], our data suggest the role of Rab12 in

autophagosome trafficking accounts for the phenomena of the

involvement of Rab12 in transferrin receptor and Shiga toxin trans-

port. Considering the motor proteins are prominent among Rab

effectors [31], Rab12 facilitates autophagosome trafficking likely

through interacting with certain motor protein. The following work

searching for the motor protein may shed light on the mechanism

underlying autophagosome trafficking.

It has been reported that the phosphorylation of some ULK

substrates has relevance for starvation-induced autophagy, such as

Beclin-1 and Atg9 [9,10]. However, few studies have provided

detailed information regarding the exact mechanism linking ULK

activation to autophagy initiation. The interface between signal

transduction and membrane trafficking is an important and emerg-

ing area in cell biology. By uncovering the role of Rab12 and

DENND3 in autophagy, our study presents a novel pathway from

starvation-induced ULK signaling through DENND3 to Rab12-

mediated membrane trafficking required for autophagy, providing a

vital new understanding of ULK function in autophagy.

Materials and Methods

Antibodies and reagents

Rabbit polyclonal antibodies against Rab12 and ULK1 were from

Proteintech and Santa Cruz, respectively. Rabbit polyclonal

antibodies recognizing LC3 were from Cell Signaling and Medical

and Biological Laboratories. Mouse monoclonal pan-14-3-3 and

GAPDH antibodies were from Santa Cruz. Mouse monoclonal Flag

antibody was from Sigma. Rat monoclonal antibody against HA

was from Roche. The rabbit polyclonal antibodies against pS554

or pS572 of DENND3 were custom made under contract with

Phosphosolutions. H1299 cells stably expressing GFP-LC3 were a

gift from Dr. Gordon Shore, McGill University. Production of

various constructs is described in Supplementary Materials and

Methods.

Plasmid overexpression and siRNA-mediated knockdown

Constructs and siRNAs were expressed in cell lines using jetPRIME

(Polyplus transfection) or Lipofectamine RNAiMAX (Life Technolo-

gies), according to the manufacturer’s instructions. AllStars

Negative Control siRNA (Qiagen) served as non-targeting negative

control siRNA. siRNA sequences used are described in

Supplementary Materials and Methods.

Immunoprecipitation and pull-down assays

For immunoprecipitation assays, cells were collected in HEPES lysis

buffer (20 mM HEPES, pH 7.4, 10 mM sodium fluoride, 0.5 mM

sodium orthovanadate, 60 nM okadaic acid, 100 mM sodium chlo-

ride, 1% Triton X-100, 0.5 lg/ml aprotinin, 0.5 lg/ml leupeptin,

0.83 mM benzamidine, and 0.23 mM phenylmethylsulfonyl fluo-

ride). Following 10 min at 4°C, lysates were spun at 20,000 g for

15 min. The supernatant was incubated for ~3 h at 4°C with

antibodies coupled to protein A/G-Sepharose. Beads were subse-

quently washed three times with HEPES lysis buffer and analyzed

by SDS–PAGE. Samples were then processed for Western blot, or

bands co-immunoprecipitating with Flag-DENND3, revealed by

Coomassie staining, were analyzed by mass spectrometry. For

pull-down assays, lysates prepared as described above were incu-

bated for ~3 h at 4°C with GST or GST fusion proteins coupled to
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glutathione-Sepharose. The samples were washed and prepared for

Western blot as described above.

In vitro kinase assay

HEK-293T cells were transfected with HA-ULK1, wild-type (WT) or

a kinase-inactive mutant, or HA-ULK2, wild-type (WT) or a kinase-

inactive mutant. Lysates were prepared, and HA-tagged ULK

proteins were immunoprecipitated from the lysates with anti-HA

antibody coupled to protein G-Sepharose beads. The purified

proteins on beads were washed in kinase buffer (25 mM Tris–HCl,

pH 7.5, 0.1 mM sodium orthovanadate, 10 mM magnesium chlo-

ride, 5 mM b-glycerophosphate, 2 mM dithiothreitol) and added to

Eppendorf tubes containing purified GST fusion protein from E. coli

in kinase buffer encoding a fragment of DENND3 from residue 538

to 973 after supplementing ATP (final 200 lM). The samples were

incubated at 37°C for 30 min with vigorous shaking and

subsequently processed for SDS–PAGE.

Effector-binding assay

Cells were collected in Tris lysis buffer (pH 7.4, 50 mM Tris, 10 mM

sodium fluoride, 0.5 mM sodium orthovanadate, 60 nM okadaic

acid, 100 mM sodium chloride, 3.3 mM magnesium chloride, 0.1%

SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 5% glycerol,

0.5 lg/ml aprotinin, 0.5 lg/ml leupeptin, 0.83 mM benzamidine,

and 0.23 mM phenylmethylsulfonyl fluoride). Following 10 min at

4°C, lysates were spun at 20,000 g for 15 min. Samples from differ-

ent treatments were equalized to the same protein concentration

after Bradford assay, then incubated with GST or GST-RILPL1

coupled to glutathione-Sepharose for ~3 h at 4°C. After three

washes, samples were analyzed by Western blot.

Quantitative real-time PCR

Quantitative real-time PCR was performed through qPCR service

from Institute for Research in Immunology and Cancer (IRIC),

Montreal. DENND3 oligos: forward: tcatgggagcatcacctactc, reverse:

gagctggaggctctgcac; ACTB control oligos: forward: attggcaat-

gagcggttc, reverse: tgaaggtagtttcgtggatgc; GAPDH control oligos:

forward: agccacatcgctcagacac, reverse: gcccaatacgaccaaatcc.

Statistical evaluation

Values, expressed as mean � SEM, were obtained from not less

than three independent experiments. Statistical analysis of the

results was carried out by t-test or one-way analysis of variance,

followed by Dunnett’s or Tukey’s multiple comparison test when

appropriate. P < 0.05 was considered significant.

Supplementary information for this article is available online:

http://embor.embopress.org
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