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ABSTRACT

The fusion of autophagosomes and endosomes/lysosomes, also called autophagosome maturation,
ensures the degradation of autophagic cargoes. It is an important regulatory step of the macroauto-
phagy/autophagy process. STX17 is the key autophagosomal SNARE protein that mediates autophago-
some maturation. Here, we report that the acetylation of STX17 regulates its SNARE activity and
autophagic degradation. The histone acetyltransferase CREBBP/CBP and the deacetylase HDAC2 speci-
fically regulate the acetylation of STX17. In response to cell starvation and MTORC1 inhibition, the
inactivation of CREBBP leads to the deacetylation of STX17 at its SNARE domain. This deacetylation
promotes the interaction between STX17 and SNAP29 and the formation of the STX17-SNAP29-VAMP8
SNARE complex with no effect on the recruitment of STX17 to autophagosomal membranes.
Deacetylation of STX17 also enhances the interaction between STX17 and the tethering complex
HOPS, thereby further promoting autophagosome-lysosome fusion. Our study suggests a mechanism
by which acetylation regulates the late-stage of autophagy, and possibly other STX17-related intracel-
lular membrane fusion events.
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Introduction

Macroautophagy (hereafter called autophagy) protects the cell
homeostasis by engulfing cytoplasmic components, including
protein aggregates and unwanted/damaged organelles, into
double-membraned phagophores, which mature into autop-
hagosomes, subsequently delivering the cargo to the lyso-
somes for degradation [1,2]. The whole process of
autophagy can be generally divided into four stages: autopha-
gy initiation, autophagosome formation, autophagosome
maturation, and lysosomal degradation [3,4]. Whereas the
former two stages involve a series of kinases or kinase com-
plexes and autophagy-related proteins [5,6], which act to
sense homeostatic changes and facilitate the biogenesis of
autophagosomes, the latter two stages are regulated by a set
of membrane-associated proteins and acidic hydrolases that
mediate the membrane fusion between autophagosomes and

lysosomes and to maintain the digestive activity of lysosomes.
The sequential coordination of these stages ensures effective
autophagic degradation and continuous autophagy flux.

At present, in comparison to our understanding of autophagy
initiation and autophagosome formation, the mechanisms reg-
ulating autophagosome maturation, especially in higher eukar-
yotes, remain largely unknown. Accumulating evidence
supports a role for the homotypic fusion and vacuole protein
sorting (HOPS) complex as the tether for autophagosome-
lysosome fusion [7,8]. Also, it was recently shown that the de-
O-GlcNAcylated form of the Golgi stacking protein GORASP2/
GRASP55 (golgi reassembly stacking protein 2) can localize to
autophagosomes/lysosomes and facilitate autophagosome
maturation by interacting with autophagosomal MAP1LC3/
LC3 (microtubule associated protein 1 light chain 3)-II and
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lysosomal LAMP2 (lysosomal associated membrane protein 2)
[9]. STX17 (syntaxin 17) is the major autophagosomal soluble
N-ethylmaleimide-sensitive protein receptor (SNARE) protein
in mammals and Drosophila [10,11]. After arriving at the auto-
phagosomes, STX17 serves as the Qa SNARE, which recruits and
cooperates with the Qbc-SNARE SNAP29 (synaptosome asso-
ciated protein 29) from the cytosol. Together, they form the
SNARE complex along with the lysosomal R-SNARE VAMPS8
(vesicle associated membrane protein 8), thereby mediating the
fusion of autophagosomes with the lysosomes [10]. ATG14
(autophagy-related 14), an autophagy-specific component of
the class III phosphatidylinositol 3-kinase (PtdIns3K) complex,
which directly binds to the t-SNARE complex and primes it for
VAMPS interaction [12]. In addition, RUBCNL, a component of
the UVRAG (UV radiation resistance associated)-PtdIns3K sub-
complex, directs the PtdIns3K and the HOPS complex to auto-
phagosomes by directly interacting with STX17 [13]. In metazo-
ans, the small GTPases RAB7A and RAB2A coordinately pro-
mote autophagosome-lysosome fusion through the interaction
with the HOPS complex [14-16].

Lysine acetylation is one of the major post-translational mod-
ifications that play an important mechanistic role in the regula-
tion of multiple cellular functions. The function of histone
acetylation in gene transcription is well known. However, pro-
teomic studies have revealed that acetylation is involved in the
regulation of a great number of non-histone proteins in cell
metabolism, and acetylation also targets macromolecular com-
plexes [17,18]. As a constitutive and adaptive catabolic mechan-
ism, autophagy can be rapidly initiated by cells to cope with
stress conditions, including nutrient starvation and energy
deprivation [19,20]. Accumulating pieces of evidence have indi-
cated that under these conditions, acetylation or deacetylation of

the core proteins of the autophagy machinery is essential to their
autophagic function [21-24].

Meanwhile, the activity of the acetyltransferases or deace-
tylases for these proteins can also be directly regulated by
post-translational modifications and their interactions with
other proteins [25-27], in addition to the changes in their
coenzyme levels [28,29]. Acetylation modifications have also
been demonstrated to regulate early stages of autophagy,
including autophagy initiation and autophagosome forma-
tion, by targeting a number of autophagy-related proteins
[21-24]. Recently, protein acetylation was also reported to
be involved in autophagosome maturation [30-33]. In this
study, we show that STX17 can be modified by acetylation at
its SNARE domain, which is specifically controlled by the
histone acetyltransferase CREBBP/CBP (CREB binding pro-
tein) and the deacetylase HDAC2 (histone deacetylase 2).
During autophagy, the deacetylation of STX17, caused by
the inactivation of CREBBP, enables STX17 to interact with
SNAP29 and HOPS. This interaction promotes the formation
of the STX17-SNAP29-VAMP8 SNARE complex and the
autophagosomal recruitment of HOPS, which eventually
leads to the fusion of autophagosomes with the lysosomes.

Results

STX17 is deacetylated at K219 and K223 during
autophagy

To identify potential modifications by the acetylation of pro-
teins in the late-stage of autophagy, we primarily focused on
STX17 because it is an evolutionarily conserved autophagoso-
mal SNARE protein that plays a key role in mediating
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Figure 1. STX17 is deacetylated at K219 and K223 during autophagy. (A) Acetylation of STX17 in HEK293 cells with or without cell starvation or torin1 treatment.
Acetylated proteins were immunoprecipitated from cell lysates with an anti-acetyl-lysine antibody (Ace-lys), and the immunoprecipitates were analyzed by western
blot using anti-STX17. NRM: nutrient-rich medium. (B) STX17 acetylation in HEK293 cells treated with or without NAM and/or TSA. (C) STX17 acetylation in MEFs with
or without the deletion of Tsc7 or Tsc2. (D) Acetylation of HA-STX17 (WT or lysine replacement mutants) expressed in HEK293T cells. 7KR, all seven Lys residues were
replaced by Arg. (E) Acetylation of HA-STX17 (WT or lysine replacement mutants) in HEK293T cells treated with or without TSA. 2KR, Lys219, and Lys223 were

replaced by Arg.



autophagosome-lysosome fusion. Using a specific anti-acetyl-
lysine antibody, we detected the acetylation of STX17 in fed
HEK293 cells (Figure 1(A)). Interestingly, the induction of
autophagy in cells by starvation or treatment with torinl, an
inhibitor of MTORCI, led to the deacetylation of STX17
(Figure 1(A)). We then treated cells with TSA, the broad-
spectrum inhibitor of HDAC family deacetylases, and NAM,
the inhibitor of the SIRT family deacetylases, and found that
only TSA specifically promoted STX17 acetylation (Figure 1
(B) and S1A). In addition, in mouse embryonic fibroblasts
(MEFs), the deletion of Tscl or Tsc2, two upstream negative
regulators of MTORCI, significantly increased STX17 acetyla-
tion (Figure 1(C)). Therefore, these results suggest that STX17
is an acetylated protein and undergoes deacetylation during
starvation- or MTORCI inhibition-induced autophagy.

To map the acetylation sites on STX17, STX17 protein
immunopurified from TSA-treated cells was subjected to
mass spectrometry (MS). Seven lysine residues located in the
N-terminal region and SNARE domain were suggested (Figure
S1B and C). We then created single-point mutants of STX17 by
individually replacing each of the seven lysines with arginine
via site-directed mutagenesis, and checked their acetylation

AUTOPHAGY 1159

levels in transfected cells. These changes revealed that K219 and
K223, located in the SNARE domain of STX17, are the main
acetylated residues (Figure 1(D,E)). In addition, TSA treatment
increased the acetylation of K219R and K223R mutants to
a similar degree, while the K219R-K223R double mutant
(STX17-2KR) hardly responded to TSA treatment (Figure

1(E)).

STX17 is acetylated by CREBBP

To search for the acetyltransferase of STX17, we overexpressed
the most common cell metabolism-related acetyltransferases in
HEK293T cell lines, stably expressing HA-STX17. We found
that only CREBBP overexpression increased the acetylation of
STX17, and the effect was highly specific because overexpres-
sion of EP300/p300, a paralog of CREBBP, had no effect
(Figure 2(A)). In addition, treatment of these cells with the
specific EP300-CREBBP activator CTB or the inhibitor C646
correspondingly stimulated or suppressed STX17 acetylation
(Figure 2(B)). Interestingly, knockdown of CREBBP, but not
EP300, significantly reduced STX17 acetylation (Figure 2(C)).
Furthermore, re-introduction of WT CREBBP, but not the
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Figure 2. STX17 is acetylated by CREBBP. (A) Acetylation of HA-STX17 in HEK293T cells stably expressing HA-STX17 and overexpressing the indicated individual
histone acetyltransferases. The anti-acetyl-lysine antibody was used for immunoprecipitation, and the precipitates were analyzed using anti-HA. (B) HA-STX17
acetylation in HEK293T cells stably expressing HA-STX17 after treatment with the CREBBP activator CTB or the CREBBP inhibitor C646. H3: histone H3; Ace-H3 (K56):
histone H3 acetylated at K56. (C) HA-STX17 acetylation in HEK293T cells stably expressing HA-STX17 after incubation with siRNA against EP300 or CREBBP. (D)
Acetylation of endogenous STX17 in CREBBP-KO HEK293 cells transfected with or without Flag-tagged WT CREBBP or acetyltransferase-defective CREBBP mutant. The
anti-acetyl-lysine antibody was used for immunoprecipitation, and the precipitates were analyzed using anti-STX17. CREBBP-mut-Flag: acetyltransferase-defective
CREBBP mutant. (E) In vitro STX17 acetylation assay using purified GST-STX17 and Flag-tagged WT CREBBP or the acetyltransferase-defective CREBBP mutant
immunoprecipitated from HEK293T cells. Acetyl-CoA: acetyl-coenzyme A. CREBBP-mut-Flag: acetyltransferase-defective CREBBP mutant. (F) Acetylation of HA-STX17-

WT or HA-STX17-2KR in HEK293T cells with or without CREBBP-Flag transfection.
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acetyltransferase-defective CREBBP [34], into CREBBP-KO
HEK293 cells restored STX17 acetylation (Figure 2(D)).

Like EP300, CREBBP shuttles between the nucleus and
the cytoplasm, and several cytoplasmic proteins have been
shown to interact with CREBBP [35,36]. To determine
whether STX17 is a direct substrate of CREBBP, we carried
out in vitro acetylation assays by incubating purified
recombinant GST-STX17 with CREBBP-Flag immunopreci-
pitated from HEK293T cells. In the presence of acetyl-
coenzyme A, GST-STX17 was clearly acetylated by WT
CREBBP, but not by the acetyltransferase-defective
CREBBP (Figure 2(E)).

Finally, to verify that K219 and K223 sites are the targets
of CREBBP, we examined the acetylation of STX17-2KR
mutant in cells overexpressing CREBBP-Flag. As expected,
the acetylation of STX17-2KR did not respond to the over-
expression of CREBBP-Flag, while the acetylation of
STX17-WT was greatly promoted by the expression of
CREBBP (Figure 2(F)). Together, these results suggest that
CREBBP specifically mediates the acetylation of STX17 at
K219 and K223.

HDAC2 is a deacetylase of STX17

To identify the deacetylase of STX17, we were guided by our earlier
finding that TSA, but not NAM, stimulated STX17 acetylation in
cells. We screened members of the HDAC family of deacetylases,
focusing on the five, which may positively regulate autophagy
[37,38]. By expressing each of these HDACs in HEK293T cell
lines stably expressing HA-STX17, we found only HDAC2 mark-
edly deacetylated STX17 (Figure 3(A)). Accordingly, knocking
down HDAC2 enhanced STX17 acetylation (Figure 3(B)), and
the enhancement was abolished by re-expressing WT HDAC2,
but not the deacetylase-defective HDAC?2, in the knockdown cells
[39,40] (Figure 3(C) and S2A). In addition, co-
immunoprecipitation assays detected a strong association of HA-
STX17 with HDAC2 but not HDACI (Figure 3(D)). Moreover,
recombinant GST-HDAC2 purified from E. coli specifically pulled
down endogenous STX17 from cell lysates (Figure 3(E)). Finally,
we found that knockdown of HDAC?2 failed to increase the acet-
ylation of STX17-2KR as it strongly increased the acetylation of
STX17-WT (Figure 3(F)). Therefore, these results suggest that
HDAC?2 is the deacetylase of STX17 and might mediate the
deacetylation of STX17 at K219 and K223.
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Figure 3. HDAC2 is a deacetylase for STX17. (A) Acetylation of HA-STX17 in HEK293T cells stably expressing HA-STX17 and overexpressing the indicated individual
histone deacetylases. (B) HA-STX17 acetylation in HEK293T cells stably expressing HA-STX17 after incubation with siRNA against HDACT or HDAC2. (C) HEK293T cells
stably expressing HA-STX17 were transfected with Flag-tagged WT HDAC2 or deacetylase-defective HDAC2 and incubated with HDAC2 siRNA. Acetylation of HA-
STX17 was then analyzed. HDAC2-mut-Flag: deacetylase-defective HDAC2. (D) Co-precipitation of HDAC1 and HDAC2 with STX17. HA-STX17 was immunoprecipitated
from HEK293T cells transfected with HDAC1-Flag or HDAC2-Flag, and the precipitates were analyzed using anti-Flag. (E) Pull-down assay of STX17-HDAC2 binding.
Purified recombinant GST-HDACT or GST-HDAC2 was incubated with HEK293 cell lysates, and the bound STX17 was detected by western blot using anti-STX17. (F)
Acetylation of HA-STX17-WT or HA-STX17-2KR in HEK293T cells incubated with or without HDAC2 siRNA.



However, in cells under starvation or torinl treatment, the
interaction between STX17 and HDAC2 was barely changed
(Figure S2B). In addition, fluorometric HDAC2 activity
assays, with Boc-Lys (Ac)-AMC as a substrate, indicated that
the activity of the endogenous HDAC2 was not altered by cell
starvation or torinl treatment, while it was dramatically
inhibited by the TSA treatment (Figure S2C). Because it is
known that CREBBP is inactivated in starved or torinl-
treated cells due to MTORCI inactivation [27], we concluded
that the deacetylation of STX17 in these cells is mainly due to
the inhibition of CREBBP.

Deacetylation of STX17 is required for
autophagosome-lysosome fusion

To evaluate the physiological effects of STX17 acetylation, we
first checked the localization of STX17 to the autophagosomal
membranes where it displays a SNARE activity. Thus, we
created acetylation-mimetic, lysine-to-glutamine mutations
of STX17 at K219 and K223 (STX17-2KQ). Under normal
culture conditions, cellular STX17 predominantly resides on
the endoplasmic reticulum (ER) and the mitochondria [10].
Using an ER marker SEC61-GFP and a mitochondria marker
Mito-GFP, we confirmed that acetylation does not change the
intracellular distribution of STX17 (Figure S3A and B). When
expressed in torinl-treated stable GFP-LC3 cells, both STX17-
2KQ and STX17-2KR were normally recruited, like STX17-
WT, to the autophagosomal membranes, as indicated by their
colocalization with GFP-LC3 puncta (Figure S3C and D).
We, therefore, focused our study on the effect of STX17
acetylation on the maturation of autophagosomes, although
STX17 may also be involved in autophagy initiation [41]. We
generated an STX17-KO HEK293 cell line using the CRISPR-
Cas9 system (Figure 4(A)). Compared with the WT HEK293
cells, we observed in these cells a dramatic increase in the
number of LC3 puncta (Figure 4(A)), and elevated cellular
LC3-II and SQSTM1 levels (Figure 4(B) and S3E) in the pre-
sence or absence of torinl. This result suggested the accumula-
tion of immature autophagosomes and decreased autophagic
degradation. Interestingly, the transfection into the STX17-KO
cells of STX17-WT or STX17-2KR, but not STX17-2KQ, neu-
tralized the effects of STX17 knockout (Figure 4(B) and S3E).
Under torinl treatment, the colocalization of GFP-LC3 with
LAMPI1-RFP was significantly decreased in STXI17-KO cells,
and the expression of STX17-WT or STX17-2KR reversed
this change, but not STX17-2KQ (Figure 4(C) and S3F).
Under the same conditions, while most of the puncta of the re-
introduced HA-STX17-WT or HA-STX17-2KR were LAMP1-
RFP-positive, only a small portion of HA-STX17-2KQ coloca-
lized with LAMP1-RFP (Figure S3G). Meanwhile, the ratio of
GFP-LC3 puncta positive for HA-STX17-WT or the mutants
was very close to that of the WT HEK293 cells (Figure S3H).
Furthermore, we monitored the autophagosome maturation
using the Cherry-GFP-LC3 reporter. GFP fluorescence is
rapidly quenched in the acidic lysosomal environment, whereas
Cherry fluorescence remains; therefore, yellow (GFP" and
Cherry") LC3 puncta represent autophagosomes, while red
LC3 puncta (GFP™ and Cherry") indicate autolysosomes.
After torinl treatment, we observed a significant increase in
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the proportion of yellow puncta in STX17-KO cells compared
to WT HEK293 cells, and this increase was abolished by re-
expression of the STX17-WT or STX17-2KR, but not STX17-
2KQ (Figure 4(D) and S3I). Meanwhile, most yellow LC3
puncta were positive for HA-STX17 (WT, 2KR, and 2KQ)
(Figure 4(D) and S3J), but none of the red LC3 puncta were
positive for STX17. These data further supported the acetyla-
tion-independent recruitment of STX17 to the autophagosomal
membranes and confirmed the quick disassociation of STX17
from the membrane of the autolysosomes [42]. Because the
lack of STX17 does not cause significant changes in the number
and acidification of the lysosomes [7], these results strongly
suggested that STX17 acetylation has an inhibitory effect on
autophagosome maturation.

We then performed in vitro autophagosome-lysosome fusion
assays to further verify the effect of STX17 acetylation on autop-
hagosome maturation [9,43,44]. GFP-STX17 and LAMP1-RFP
were separately expressed in two groups of STX17-KO HEK293
cells. After treatment with torinl, the post-nuclear supernatants
containing GFP-STX17-positive autophagosomes were incu-
bated with the post-nuclear fraction containing LAMP1-RFP-
positive lysosomes, in the presence of ATP. We found that the
fusion activity of GFP-STX17-2KQ autophagosomes with
LAMPI1-RFP lysosomes was significantly lower than that of
GFP-STX17-WT or GFP-STX17-2KR (Figure 4(E,F). Together,
these results suggest that the deacetylation of STX17 at K219 and
K223 is required for autophagosome-lysosome fusion.

To show that HDAC2 indeed regulates autophagosome
maturation by regulating STX17 acetylation, we knocked
down HDAC2 in HEK293 cells and monitored autophagosome
maturation using Cherry-GFP-LC3 reporter. After torinl treat-
ment, compared with control siRNA-treated cells, autophago-
some maturation in HDAC2 siRNA-treated cells was
significantly inhibited, and the overexpression of STX17-WT
or STX17-2KR reversed this inhibition, but not STX17-2KQ
(Figure S4A and B). We also tested whether the downregula-
tion of CREBBP enhances autophagic degradation and whether
STX17-2KQ can potentially inhibit this effect. The deletion of
CREBBP led to the degradation of intracellular SQSTMI
(Figure S4C). Knocking down STX17 in CREBBP-KO cells
blocked SQSTMI1 degradation, which was reversed by the
expression of STX17-WT or STX17-2KR, but not STX17-2KQ
(Figure S4C).

Deacetylation of STX17 promotes the formation of the
STX17-SNAP29-VAMP8 SNARE complex

To explore the mechanism by which STX17 acetylation
inhibits autophagosome maturation, we checked the forma-
tion of the STX17-SNAP29-VAMP8 SNARE complex.
Immunoprecipitation from HEK293T cells of exogenously
expressed HA-STX17-WT resulted in the co-precipitation
of the endogenous SNAP29 and VAMPS8 (Figure 5(A)). By
comparison, more SNAP29 and VAMP8 co-precipitated
with HA-STX17-2KR, and much lower levels co-
precipitated with HA-STX17-2KQ (Figure 5(A)). In addi-
tion, when cell starvation or torinl treatment augmented
the association of SNAP29 and VAMP8 with HA-STX17-
WT, they hardly affected the strong binding of SNAP29 and
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cells. The cells were transfected with HA-STX17 (WT or mutants) with or without torin1 treatment. (C) Colocalization of LAMP1-RFP with GFP-LC3 in torin1-treated WT
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Confocal microscopy analysis of the in vitro autophagosome-lysosome fusion assay. Arrowheads indicate co-localized GFP-STX17-positive autophagosomes and
LAMP1-RFP-positive lysosomes. Scale bars: 5 pm. (F) Quantification of the data shown in (E). Data are presented as mean + SEM; n = 30. ***P < 0.001.

VAMPS8 with HA-STX17-2KR, and the feeble binding with
HA-STX17-2KQ (Figure 5(A)). We further validated these
tindings with in vitro pull-down assays using GST-STX17-
WT, STX17-2KR, and STX17-2KQ proteins purified from
E. coli. Compared with the recombinant GST-STX17-WT

and GST-STX17-2KR, which efficiently pulled down
SNAP29 and VAMPS, GST-STX17-2KQ pulled down only
low levels of SNAP29 and VAMPS8 from the cell lysates
(Figure 5(B)). These results suggest that the acetylation of
STX17 weakens its interaction with SNAP29 and VAMPS.
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***P < 0.001.

We then assessed the colocalization of STX17 with
SNAP29 and VAMPS in cells. In torinl-treated cells co-
expressing RFP-STX17-WT or RFP-STX17-2KR, HA-
SNAP29 formed many punctate structures, and most of
them co-localized with RFP-STX17-WT puncta or RFP-
STX17-2KR puncta (Figure 5(C,D)). In contrast, in cells
expressing RFP-STX17-2KQ, few HA-SNAP29 puncta formed
that merge with RFP-STX17-2KQ puncta (Figure 5(C,D)).

Accordingly, in torinl-treated cells, the colocalization of HA-
VAMPS8 puncta with RFP-STX17-2KQ puncta was much
lower than their colocalization with RFP-STX17-WT or RFP-
STX17-2KR puncta (Figure 5(E,F)).

Together, these results suggest that the deacetylation of
STX17 is essential for the membrane recruitment of
SNAP29 and the subsequent formation of the STX17-
SNAP29-VAMP8 SNARE complex.
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Deacetylation of STX17 facilitates the recruitment of the
HOPS complex by STX17

In addition to its function as a SNARE protein, autophago-
somal STX17 also contributes to the recruitment of the HOPS
complex to the autophagosomal membranes, a process which
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requires its SNARE domain [7,8]. We, therefore, tested
whether acetylation of STX17 at K219 and K223 affects its
association with HOPS. When HA-STX17-WT was immuno-
precipitated from the cells, multiple components of the HOPS
complex were also co-precipitated, including endogenous
VPS11, VPS16, VPS18, VPS33A, and VPS41 (Figure 6(A)).
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Also, STX17-Flag-WT was co-precipitated by exogenously
expressed VPS39-HA from HEK293 cells (Figure 6(B)). This
result confirmed an interaction between STX17 and HOPS. In
comparison to STX17-WT, STX17-2KR co-precipitated
higher levels of these HOPS components, whereas STX17-
2KQ co-precipitated much lower levels (Figure 6(A,B)). In
addition, when cell starvation or torinl treatment increased
the association of HA-STX17-WT with the HOPS compo-
nents, the interactions between these HOPS components and
HA-STX17-2KR or HA-STX17-2KQ were not influenced
(Figure 6(A,B)). Consistent with these results, the in vitro
pull-down assays using purified WT and mutant STX17 pro-
teins demonstrated that less VPS16 and VPS33A were pulled
down by GST-STX17-2KQ than GST-STX17-WT or GST-
STX17-2KR (Figure 6(C)). This result suggests that acetyla-
tion directly influences the affinity of STX17 for HOPS. We
then examined the colocalization of HOPS with STX17 in
cells. Upon torinl treatment, the HOPS complex, indicated
by two of its components, VPS16 and VPS33A, was located in
punctate structures that showed perfect colocalization with
RFP-STX17-WT and RFP-STX17-2KR (Figure 6(D-I)).
However, in cells expressing RFP-STX17-2KQ, VPS16-HA,
and VPS33A-HA were mainly diffused in the cytoplasm,
and their localization on RFP-STX17-2KQ puncta was signif-
icantly decreased (Figure 6(D-I)).

Together, these results suggest that the deacetylation of
STX17 at K219 and K223, within the SNARE domain, is
required for the HOPS complex recruitment.

Discussion

Here, we provide evidence for a previously unrecognized
acetylation/deacetylation mechanism that regulates STX17
activity and autophagosome maturation. Our data suggest
that the deacetylation of STX17 is required for STX17 to
assemble the STX17-SNAP29-VAMP8 SNARE complex and
to recruit the HOPS complex, both essential for autophago-
some-lysosome fusion.

Our study suggests that acetylation/deacetylation is
involved in connecting autophagic signals both to the early
and the late steps of the autophagy process. By the coordinate
facilitation of the different stages of autophagy, these acetyla-
tion/deacetylation events enable cells to achieve autophagic
degradation and maintain autophagy flux to cope with the
poor conditions rapidly and efficiently. Recently, it has been
reported that STX17 can be phosphorylated by the protein
kinase TBK1 [41]. During autophagy induction, phosphory-
lated STX17 is transferred from the Golgi apparatus to the
pre-autophagosome structure to assemble the ULK1 complex
for autophagosome formation [41]. Here, we demonstrated
that the acetylation of STX17 significantly inhibits autophago-
some maturation without affecting its autophagosomal locali-
zation. Our data suggest that the deacetylation of STX17 is an
indispensable step for its function in autophagosome-
lysosome fusion after it is recruited to autophagosomal mem-
branes. The modification of residues facing the inside of the
alpha-helical bundle may result in the incomplete zippering of
the SNARE complexes and reduce SNARE-mediated mem-
brane fusion by steric hindrance [45]. However, K219 and
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K223 of STX17 are facing the outside of the alpha-helical
bundle of the STX17-SNAP29-VAMP8 complex [12]. We
propose that STX17 acetylation originally affects the interac-
tion between STX17 and SNAP29, and subsequently, the
membrane recruitment of SNAP29 and the SNARE complex
formation. This proposal is supported by previous studies
showing that the phosphorylation of SNAP25 at S187 site,
which is also facing the outside of the alpha-helical bundle of
the STX1A-SNAP25-VAMP2/Synaptobrevin 2 SNARE com-
plex, increases the binding of SNAP25 to STX1A and pro-
motes the SNARE complex formation [46,47]. Possibly,
acetylation at K219 and K223 disturbs the ionic interaction
between STX17 and SNAP29 by neutralizing the positive
charge of the lysine residues. Recently, it has been shown
that multi-subunit tethering complexes, such as HOPS, pro-
mote membrane fusion not only through mediating mem-
brane contact and stabilizing trans-SNARE complex but also
by promoting fusion pore formation during the terminal stage
of membrane fusion after the SNARE complex has formed
[48]. Although it is currently unclear whether the same
mechanism is employed in autophagosome-lysosome fusion,
our results suggest that the acetylation of STX17 affects its
interaction with both SNAP29 and HOPS, and the effect on
the STX17-SNAP29 interaction seems to be independent of
the binding of STX17 and HOPS. Considering that the
SNARE domain of STX17 is required for its binding to
SNAP29 and HOPS [8], we propose that there is
a sequential interaction between STX17 and HOPS, and
STX17 and SNAP29 during the fusion of autophagosomes
and lysosomes.

The acetyltransferases CREBBP and EP300 are functional
paralogues that acetylate histones, as well as non-histone
proteins, and play roles in the regulation of an array of
cellular processes. Accumulating pieces of evidence have indi-
cated the functional differences between CREBBP and EP300
due to their differential associations with other proteins and
substrate selectivity [49,50]. Recently, we have shown that
MTORC1 can phosphorylate and activate EP300 and
CREBBP [27]. During cell starvation- and torinl treatment-
induced autophagy, both EP300 and CREBBP are inactivated
due to MTORCI inhibition. Interestingly, compared to
EP300, which acetylates LC3, the inactivation of CREBBP
exerts relatively little effect on LC3 acetylation and autopha-
gosome formation [27]. In this study, we have demonstrated
that STX17 is a selective substrate of CREBBP but not EP300,
and CREBBP-mediated STX17 acetylation plays an important
role in the regulation of autophagosome maturation. Our
data, therefore, suggest that EP300 and CREBBP, controlled
by MTORC]I, coordinately regulate the autophagy process by
spatiotemporally targeting the early and late stages of auto-
phagy in response to cell metabolic stress.

HDAC2 promotes autophagy flux in the skeletal muscle by
mediating the induction of autophagic gene expression and
autophagosome formation [51]. However, the inhibitory effect
of HDAC2 on autophagy through deacetylation of the central
transcription factor TFEB was reported recently [52]. The
function of HDAC2 in autophagy regulation remains rather
controversial. Here, we show that STX17 is a selective sub-
strate of HDAC2, but not its close homolog HDACI, by
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demonstrating that STX17 strongly associates with HDAC2
and is directly deacetylated by it. Nevertheless, it is notable
that the association of STX17 with HDAC2 and the deacetyla-
tion activity of HDAC2 remain unchanged under cell starva-
tion and torinl treatment. HDAC2 likely has different actions
in different cell types and responses to different stress cues.

STX17 is a well-conserved SNARE protein in different
species and is involved in multiple intracellular membrane
fusion processes, such as the fusion of mitochondrial-
derived vesicles to late endosomes/lysosomes [53], and the
fusion of ER-derived vesicles with lysosomes [54]. Therefore,
we speculate that the acetylation of STX17 at K219 and K223
within the SNARE domain may play a role in the regulation
of these events.

Materials and methods
Antibodies

Antibodies were from the following companies, anti-EP300
(sc-585, 1:1000), anti-SNAP29 (sc-390602, 1:1000), anti-
VAMPS  (sc-166820, 1:1000), anti-HDACI (sc-81598,
1:1000), anti-VPS11 (sc-515094, 1:1000), and anti-VPS41
(sc-377046, 1:1000) for western blot were from Santa Cruz
Biotechnology; anti-STX17 (HPA001204, 1:300), anti-LC3
(L7543, 1:1000), and anti-ACTB (A5316, 1:5000) were from
Sigma-Aldrich; anti-CREBBP (7389, 1:1000), anti-histone
H3 (9715, 1:1000), anti-acetyl-histone H3 (Lys56) (4243,
1:1000), and anti-acetyl-lysine (9441, 1:1000) were from
Cell Signaling Technology; anti-HDAC2 (12922-3-AP,
1:1000), anti-VPS16 (17776-1-AP, 1:1000), anti-VPS18
(10901-1-AP, 1:1000), anti-VPS33A (16896-1-AP, 1:1000),
and anti-SQSTM1 (18420-1-AP, 1:1000) were from
Proteintech; anti-HA (M180-3, 1:5000) and anti-Flag
(PM020, 1:5000) were from MBL; and anti-LC3 (CAC-CTB-
LC3-2-IC, 1:100) for immunostaining was from Cosmo Bio.
The secondary donkey anti-mouse IRDye680 (926-32222)
and anti-rabbit IRDye800CW (926-32213) antibodies for
western blot were from LI-COR Biosciences. Glutathione-
sepharose 4B beads were from GE Healthcare Life Sciences.
Protein G agarose (sc-2002) and protein A agarose (sc-2001)
were from Santa Cruz Biotechnology. Anti-HA affinity beads
(B23302) and anti-Flag affinity beads (B23101) were from
Biotool.

Reagents and treatment

The chemicals were used as follows unless indicated other-
wise: torinl (Selleck, S2827; 500 nM) was added to the med-
ium for 3 h. Trichostatin A (Selleck, S1054; 400 nM) were
added to the culture medium for 16 h. Nicotinamide (Sigma-
Aldrich, 72340; 5 mM) was added to the medium for 8 h. CTB
(Sigma-Aldrich, C6499; 50 uM) was added to the medium for
6 h. C646 (Selleck, S7152; 10 uM) were added to the medium
for 4 h. Starvation medium (1% BSA [Sigma-Aldrich, A1933],
140 mM NaCl [Sangon Biotech, A610476], 1 mM CaCl,
[Sangon Biotech, A501330], 1 mM MgCl, [Sangon Biotech,
B601193], 5 mM glucose [Sangon Biotech, A600219], 20 mM
HEPES [Beyotime, ST092], pH 7.4) was added for 2 h.

Plasmid constructs

HA-STX17, STX17-Flag, GFP-STX17, and RFP-STX17 plas-
mid were made by cloning human STX17 cDNA into
a PXF4H, pcDNA5-FRT-TO-3xFLAG (Invitrogen, V6010-
20), pEGFP-C1 (Clontech, PT3028-5), and pDsRed2-Cl1
(Clontech, PT3603-5) vector separately. PXF4H vector was
a gift from Xinhua Feng (Life Sciences Institute Zhejiang
University, Hangzhou, China). GST-STX17 plasmid was
made by cloning human STX17 DNA fragments into
a pGEX-5X-1 vector (GE Healthcare, 27-4584-01). Site-
directed mutagenesis was performed using QuikChange II
XL (Stratagene, 210522) according to the manufacturer’s
instructions. pEP-STX17-KO and pEP-CREBBP-KO were
made by cloning the target DNA sequence of human STX17
(CATGAAGAGCATATCAATGC) and human CREBBP
(TCGACAATGCGGGAGCGAGC) into a pEP-KO Z1779
vector, respectively. pEP-KO Z1779 vector was provided by
Zongping Xia (The First Affiliated Hospital of Zhengzhou
University, Zhengzhou, China). CREBBP-Flag was provided
by Qunying Lei (Fudan University School of Basic Medical
Sciences, Shanghai, China). HA-SNAP29, HA-VAMPS,
VPS16-HA, VPS33A-HA, VPS39-HA were gifts from
Qiming Sun (Zhejiang University School of Medicine,
Hangzhou, China).

Cell culture and transfection

HEK293 (ATCC, CRL-1573), HEK293T (ATCC, CRL-3216),
HeLa cells (ATCC, CCL-2), and MEFs were cultured in
Dulbecco Modified Eagle Medium (Gibco, 11965092) supple-
mented with 10% fetal bovine serum (Gibco, 10091148) in
a 37°C incubator with a humidified, 5% CO, atmosphere.
WT, tsc1”” and tsc2”’~ MEFs were gifts from Han-Ming
Shen (National University of Singapore Yong Loo Lin
School of Medicine, Singapore). HEK293 cells stably expres-
sing GFP-LC3 were generated as described previously [21].
HEK293T cell lines stably expressing HA-STX17 were gener-
ated by transient transfection and selected with G418 (Sigma-
Aldrich, A1720). STX17-KO and CREBBP-KO HEK293 cells
were created by transient transfection of pEP-STX17-KO and
pEP-CREBBP-KO plasmid, respectively, followed by selection
with puromycin (Selleck, S7417). Lipofectamine 2000
(Invitrogen, 11668019) was used for plasmid transient trans-
fection according to the manufacturer’s instructions. Cells
were analyzed 16-24 h after transfection.

For RNA interference, siRNA duplexes were transfected for
48 h, as specified by the manufacturer. The following siRNA
duplexes (GenePharma) were used: EP300 siRNA: CUA
GAGACACCUUGUAGUATT; CREBBP siRNA: AAUCC
ACAGUACCGAGAAAUGTT; HDACI siRNA: CGUUCUUAA
CUUUGAACCAUA; HDAC2 siRNA: CAGUCUCACCAAUUU
CAGAAA; non-targeting siRNA: UUCUCCGAACGUGUCA
CGUTT.

Confocal microscopy

Cells were fixed in 4% formaldehyde [Sangon Biotech,
A501912] for 10 min at room temperature. After washing



twice with PBS [Sangon Biotech, E607008], cells were incu-
bated in PBS containing 10% fetal calf serum (Sigma-Aldrich,
F0685) to block nonspecific sites of antibody adsorption. The
cells were then incubated with the appropriate primary anti-
bodies and secondary antibodies in PBS containing 0.1%
saponin (Sigma-Aldrich, $7900) and 10% fetal calf serum as
indicated. Confocal images were captured in multitracking
mode on a Meta laser-scanning confocal microscope 880
(Carl Zeiss) with a 63x Plan Apochromat 1.4 NA objective
(Carl Zeiss) and analyzed with the LSM 880 software (Carl
Zeiss).

Western blot and immunoprecipitation

For western blot, cells were harvested and lysed in RIPA
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl [Sangon
Biotech, A610476], 1% TritonX-100 [Sangon Biotech,
A600198], 1% sodium deoxycholate [Sangon Biotech,
A600150], 0.1% SDS [Sangon Biotech, A100227], 1 mM
EDTA [Sangon Biotech, B540625]) supplemented with com-
plete protease inhibitor cocktail (Roche, 4693159001).
Proteins were resolved on SDS polyacrylamide gels and then
transferred to a polyvinylidene difluoride membrane
(Millipore, ISEQ00010). After blocking with 3% (w/v) bovine
serum albumin, the membrane was stained with the corre-
sponding primary antibodies. After incubation with the cor-
responding secondary antibodies, specific bands were
analyzed using an Odyssey infrared imaging system (LI-
COR Biosciences).

For immunoprecipitation, cells were lysed in NP-40 lysis
buffer (50 mM Tris-HCl, 1% NP-40 [Sangon Biotech,
A100109], 150 mM NaCl [Sangon Biotech, A610476], 1 mM
MgCl, [Sangon Biotech, B601193], 10% glycerol [Sangon
Biotech, A600232], 1 mM EGTA [Sangon Biotech,
A600077], pH 7.4) supplemented with complete protease
inhibitor cocktail (Roche, 4693159001). Then the cell lysate
was mixed with antibodies at 4°C overnight followed by the
addition of protein A (Santa Cruz Biotechnology, sc-2001) or
G sepharose beads (Santa Cruz Biotechnology, sc-2002), incu-
bation was continued for 2 h, and then immunocomplexes
were washed four times using lysis buffer, resolved by SDS-
PAGE, and analyzed by western blot.

Protein purification

GST-STX17 (WT, 2KR and 2KQ), GST-HDACI and GST-
HDAC2 were expressed in Escherichia coli BL21 (Tsingke,
TSV-A09). Bacteria by induction with 0.1 mM IPTG
(Sangon Biotech, A600168-0025) for 16 h at 18°C to induce
protein expression. The recombinant proteins were purified
using glutathione-sepharose 4B beads (GE Healthcare Life
Sciences,17-0756-01), eluted with glutathione (Beyotime,
S0073) at 4°C for 4 h to release the proteins.

In vitro pull-down assay

For pull-down assays, purified GST-STX17 (WT, 2KR, and
2KQ), GST-HDACI and GST-HDAC?2 proteins were incubated
with whole-cell extract overnight at 4°C, GST agarose beads (GE
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Healthcare Life Sciences,17-0756-01) were then added to the
mixture, followed by further incubation for 2 h at 4°C.
Immunocomplexes were washed and used for western blot.

In vitro acetylation assay

GST-STX17-WT protein (10 ug) was incubated with CREBBP-
Flag or CREBBP-mut-Flag immunoprecipitated from cell lysates,
in the presence of acetyl-coenzyme A (4 pg; Sigma-Aldrich,
10101893001) and HAT assay buffer (250 mM Tris-HCI, pH 8.0,
50% glycerol [Sangon Biotech, A600232], 0.5 mM EDTA [Sangon
Biotech, B540625], 5 mM dithiothreitol [Sangon Biotech,
A620058]) in a total volume of 50 pl. The samples were then
incubated at 37°C by gently shaking for 4 h. Then the reaction
was stopped by the addition of SDS sample buffer, and the mixture
was boiled for 5 min. The reaction products were separated by
SDS-PAGE and immunoblotted with anti-acetyl-lysine.

Fluorometric HDAC2 activity assay

HDAC2 activity was measured using an HDAC Activity
Fluorometric Assay Kit (BioVision Technologies, K330-100)
with the HeLa nuclear extract provided by the kit as the
positive control. Endogenous HDAC2 was immunoprecipi-
tated from HEK293 cells treated as indicated. The immuno-
precipitated proteins were incubated with fluorogenic HDAC
substrate Boc-Lys (Ac)-AMC and HDAC assay buffer in
a total volume of 100 ul at 37°C for 2 h by gently shaking
according to the manufacturer’s instructions. The reaction
was stopped by adding Lysine Developer with further incuba-
tion at 37°C for 30 min. The endogenous activity of HDAC2
was assessed by measuring the fluorescent emission at 450 nm
following excitation at 360 nm.

HPLC-MS/MS

HEK293T cells were transfected with HA-STX17 and then
treated with TSA. Immunoprecipitation was performed 24 h
after transfection with anti-HA affinity beads (Biotool,
B23302). The agarose beads were washed using Tris-HCI
(100 mM, pH 8.5), and then dissolved with urea (Sangon
Biotech, A610148; 8 M)/dithiothreitol (Sangon Biotech,
A620058; 10 mM) buffer. The mixture was sonicated for
30 min at room temperature, and then treated with IAA
(Sangon Biotech, A600723; 10 mM) sequentially and trypsin
(Sangon Biotech, A003736) to alkylate the resulting thiol group
and digest the proteins overnight at 37°C. The digested pep-
tides were desalted and loaded on a capillary reverse-phase C18
column packed in-house (15 c¢cm in length, 100 pm ID x
360 um OD, 3 um particle size, 100 A pore diameter) con-
nected to an Easy LC 1000 system. The samples were analyzed
with a 180 min HPLC gradient from 0% to 100% buffer
B (buffer A: 0.1% formic acid in water; buffer B: 0.1% formic
acid in acetonitrile) at 300 nL/min. The eluted peptides were
ionized and directly introduced into a Q-Exactive or Fusion
mass spectrometer (Thermo Fisher Scientific) using a nano-
spray source. Survey full-scan MS spectra (m/z 300-1800) were
acquired in the Orbitrap analyzer with resolution r = 70,000
at m/z 400.
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In vitro autophagosome-lysosome fusion assay

GFP-STX17 (WT, 2KR, and 2KQ) and LAMPI1-RFP were
overexpressed separately in two groups of STX17-KO
HEK293 cells with torinl treatment. Cells are cracked 24 h
after transfection using 1 ml disposable syringes in homoge-
nization buffer (250 mM sucrose [Sangon Biotech, A502792],
20 mM HEPES-KOH, pH 7.4) followed by centrifugation at
1,200 g for 10 min and postnuclear supernatant (PNS) are
prepared. The PNS from GFP-STX17 expressing cells contain-
ing GFP-STX17-positive autophagosomes was mixed with the
PNS from LAMPI1-RFP expressing cells containing LAMP1-
RFP-positive lysosomes in the presence of the ATP-
regeneration system (10 mM creatine phosphate [Sangon
Biotech, A610821], 1 mM ATP [Selleck, S1985], 20 ug/ml
creatine kinase [BioVision Technologies, P1301-1]). The sam-
ples were then incubated at 37°C by gently shaking for 2 h.
After incubation, all the samples were centrifuged by centri-
fugation at 100,000 g for 15 min and immobilized on glass
coverslips for confocal microscopy analysis.

Statistical analysis

Statistical analyses were conducted with two-tailed Student’s
t-test, *P < 0.05 was considered to be statistically significant.
All the statistical data are presented as mean + SEM.
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