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ABSTRACT

Autophagosome and lysosome fusion is an important macroautophagy/autophagy process for cargo
degradation, and SNARE proteins, including STX17, SNAP29, VAMP7 and VAMPS, are key players in this
process. However, the manner in which this process is precisely regulated is poorly understood. Here, we
show that VAMP7B, a SNARE domain-disrupted isoform of R-SNARE protein VAMP7, competes with
SNARE domain functional isoform VAMP7A to bind to STX17 and inhibits autophagosome-lysosome
fusion. Moreover, we show that DIPK2A, a late endosome- and lysosome-localized protein, binds to
VAMP7B, which inhibits the interaction of VAMP7B with STX17 and enhances the binding of STX17 to
VAMP7A, thus enhancing autophagosome-lysosome fusion. Furthermore, DIPK2A participates in autop-
hagic degradation of mitochondria proteins and alleviates apoptosis. Thus, we reveal a new aspect of
autophagosome-lysosome fusion in which different isoforms of VAMP7 compete with STX17 and their
regulation by DIPK2A.
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Introduction VAMP?7 is a longin family R-SNARE protein involved in
various cellular processes such as autophagosome biosynth-
esis, cell migration, membrane repair and neurite outgrowth
[5]. Like other longin family proteins, such as YKT6 and
SEC22, VAMP7 consists of a conserved N terminal regulatory
longin domain, followed by a SNARE domain and a C term-
inal transmembrane domain [6]. Importantly, VAMP7 is
required for autophagosome-lysosome fusion as its deletion
results in accumulation of autophagosomes and blockage of
autolysosomal degradation [2]. In Drosophila, Vamp7 com-
petes with another R-SNARE protein, Ykt6, to bind to the
Syx17-Snap29 complex and is directly involved in membrane
fusion [7]. Human VAMP?7 has several isoforms produced by
alternative splicing, among which VAMP7A, that is localized
on the lysosome and late endosome, and regulates autophago-
some-lysosome fusion, is the main type [2,8]. VAMP7C,
VAMP7D and VAMP7H are missing either all or parts of
exons 1-4 and lack an intact longin domain [8]. They func-
tion similarly to VAMP7A in SNARE complexes, but with
different localization [9]. In contrast, VAMP7B, VAMP7I and

Autophagy, a constitutive process by which non-specific
substrates are degraded and recycled by macroautophagy
or, in specific organelles, by mitophagy, pexophagy and
reticulophagy, is crucial for maintaining energy homeostasis
and for cellular survival during environmental stresses [1].
During autophagy, the targeted cytoplasmic contents are
isolated inside of a double-membraned vesicle, the autop-
hagosome, which is delivered to the lysosome to form the
autolysosome, after which the targeted contents are
degraded by the lumenal contents of the lysosome. The
process of autophagosome-lysosome fusion is regulated by
SNARE protein complexes, including the STX17 (syntaxin
17), SNAP29 (synaptosome associated protein 29), VAMP7
(vesicle associated membrane protein 7) and VAMP8 com-
plexes [2,3], as well as the recently reported YKT6
(YKT6 v-SNARE homolog)-containing complexes [4].
However, the manner in which SNARE protein-mediated
fusion is regulated remains poorly understood.
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VAMP7] contain a longin domain, but they lack a SNARE
domain [8]. Specifically, VAMP7B, which originates from
exon 6 skipping and possesses a frameshifted C terminal
sequence, has a sequence totally different from that of
VAMP7A and was reported to have a widespread distribution
in the cytosol [8]. However, the function of VAMP7B has not
been characterized. The manner in which various VAMP7
isoforms cooperate to accomplish the membrane fusion func-
tion of VAMP7 remains poorly understood.

STX17 is a well-studied SNARE protein that mediates
autophagosome-lysosome fusion. Upon starvation stimula-
tion, STX17 translocates to autophagosomes, where it forms
a complex with SNAP29, VAMP8 [3] or VAMP7 [2,10].
STX17 knockdown was shown to prevent mitophagy in an
effect that was thought to be a result of defective autophago-
some-lysosome fusion [11]. STX17 was not considered to be
required for PINKI (PTEN induced kinase 1)- and PRKN
(parkin RBR E3 ubiquitin protein ligase)-mediated mitophagy
[10,12], until recent study revealed that the STX17-PGAM5
(PGAM family member 5, mitochondrial serine/threonine
protein phosphatase) axis is involved in this process [13]. In
addition, STX17 is enriched in stress-induced mitochondrial-
derived vesicles (MDVs) and regulates MDV degradation by
interacting with VAMP?7, thus mediating MDV-endolysosome
fusion [10]. Therefore, the role of STX17 in mitophagy has
not been comprehensively explored.

DIPK2A/DIA1 (divergent protein kinase domain 2A) has been
identified as being lost in cases of familial autism [14]. However,
the role of DIPK2A in cognitive disorders is not well understood
[15]. It has been reported that DIPK2A is localized to the Golgi
apparatus [16] and the ER membrane [17], suggesting that it is
involved in the secretion pathway. DIPK2A has been reported to
possess kinase activity similar to that of FAM69 family proteins,
and it has been predicted to function as an ER kinase [17,18].
DIPK2A also promotes cardiac repair and cell proliferation by
regulating the phosphoinositide 3-kinase-AKT/protein kinase
B-CDK?7 (cyclin dependent kinase 7) pathway [19] and interacting
with the IGFIR (insulin like growth factor 1 receptor) [20,21]. In
addition, DIPK2A protects cardiomyocytes from ischemia-
induced cell death by activating PRKCE (protein kinase
C epsilon) [22]. These findings suggest that DIPK2A performs
functions related to cellular protection. However, the mechanisms
through which DIPK2A is involved in regulating cellular prolif-
eration and cellular protection remain unknown. In this study, we
show that DIPK2A is localized on late endosomes and lysosomes,
where it promotes autophagosome-lysosome fusion by inhibiting
the interaction between STX17 and VAMP7B and enhancing the
interaction between STX17 and VAMP7A, thus promoting
autophagic degradation of mitochondria, resulting in inhibition
of apoptosis and promotion of cell survival.

Results
DIPK2A is localized on lysosomes and late endosomes

We first produced an anti-DIPK2A polyclonal antibody by
immunizing rabbits with a peptide from the C terminus of
DIPK2A (Figure S1A). This antibody was used to detect
a band with an expected molecular weight of ~49 kDa in

lysates from HeLa cells (Figure S1A). Consistent with
a previous study [17], endogenous DIPK2A was detected in
the endomembrane fraction (Figure S1B). Subcellular fractio-
nation showed that DIPK2A was detected in the fractions
positive for lysosome marker LAMP1 and Golgi apparatus
marker GOLGA2/GM130 (golgin A2), but not in fractions
positive for early endosome marker EEA1 (Figure 1A).

To explore the localization of DIPK2A, we overexpressed
DIPK2A-mCherry in HeLa cells. DIPK2A was partially coloca-
lized with the Golgi apparatus (marked by GOLGA2) and the
ER (marked by ER-GFP) [23] (Figure S1C), in agreement with
previous studies [15,17,24]. Meanwhile, consistent with the
results of the subcellular fractionation (Figure 1A), some
DIPK2A puncta were also colocalized with late endosomes
and lysosomes, as indicated by GFP-RAB7A (RAB7A, member
RAS oncogene family) and GFP-LAMP1 (lysosomal associated
membrane protein 1), respectively, but not with GFP-RAB5A
(RAB5A, member RAS oncogene family)-labeled early endo-
somes (Figure 1B). Super-resolution microscopic technology,
structure illumination microscopy (SIM), revealed that
DIPK2A-mCherry puncta were hollow and localized to vesicu-
lar structures positive for LAMPI1 (Figure 1C). Furthermore, we
added mCherry to the C terminus of the endogenous DIPK2A
using the CRISPR-Cas9 approach [25] (Figure S1D and SIE).
Endogenous DIPK2A-mCherry was also partially colocalized
with GFP-LAMPI1 (Figure 1D). Taken together, these findings
show that DIPK2A is localized on lysosomes and late
endosomes.

DIPK2A regulates autophagy, mitophagy and
autophagosome-lysosome fusion

To explore the function of DIPK2A, we constructed DIPK2A
knockout HeLa (Figure S2A) and U20S (Figure S2B) cells
using the CRISPR-Cas9 approach and found that the protein
levels of autophagy marker SQSTM1/p62 (sequestosome 1)
and MAPILC3B/LC3-II (microtubule associated protein 1
light chain 3 beta-II) in DIPK2A knockout cells were higher
than those in wild-type cells upon treatment with Earle’s
balanced salt solution (EBSS), and autophagy inhibitor chlor-
oquine diphosphate salt (CQ) blocked this effect (Figure 2A-
C). These results suggest that DIPK2A promotes autophagy.

Interestingly, we observed that some DIPK2A puncta were
localized on or in the vicinity of mitochondria (Figure S2C),
and DIPK2A interacted with MFN2 (mitofusin 2) when they
were both overexpressed in HEK293T cells (Figure S2D and
E). Indeed, in DIPK2A knockout cells, the expression levels of
mitochondrial proteins such as TOMM?20 (translocase of
outer mitochondrial membrane 20), MT-CO2 (mitochond-
rially encoded cytochrome c oxidase II), CYCS (cytochrome
¢, somatic) and MFN2 were higher than those in wild-type
cells upon mitophagic stimulation by carbonyl cyanide
3-chlorophenylhydrazone (CCCP) under PRKN-expressing
condition (Figure 2D and E). These results suggest that
DIPK2A regulates mitophagy.

Next, we tested whether DIPK2A localization is altered in
response to starvation. We divided the cells into 3 groups
according to the localization of DIPK2A: (1) ER, apparent ER
localization as revealed by high colocalization with RTN4



Top
A ‘ Fractions B
KDa1 2 3 4 5 6 7 8 9 10 11 12 WB
40-) DIPK2A
fgg» el d B N LAMP1
200
150~ EEA1
] ~|GOLGA2
20- —
1= - LC3
% MFN2
DIPK2A-mCherr
’ -] -
D Endogenous GFP-LAMP1
DIPK2A-mCherr K
=
[se]
(=2}
N
X
w
4

AUTOPHAGY

© 79

Merge

DIPK2A-mCherry

GFP-RAB7A

GFP-LAMP1

Hela

Figure 1. DIPK2A is localized to the lysosomes and late endosomes. (A) Sucrose gradient separation analysis of DIPK2A in Hela cells by western blotting (WB). (B)
Hela cells were co-transfected with DIPK2A-mCherry (red) and GFP-RAB7A (late endosome marker, green), GFP-LAMP1 (lysosome marker, green) or GFP-RAB5A (early
endosome marker, green). The localization of the DIPK2A (red) with endosomes (green) or lysosomes (green) was analyzed by fluorescence microscopy. The boxed
areas are magnified. Colocalized puncta are marked by arrowheads. Scale bar: 10 um. (C) Hela cells were transfected with DIPK2A-mCherry (red) and immunostained
for LAMP1 (green). The localization of DIPK2A (red) and lysosomes (green) was analyzed by super-resolution fluorescence microscopy, structure illumination
microscopy (SIM). The boxed areas are magnified. Scale bar: 2 pm. (D) DIPK2A-mCherry knock-in HEK293T cells were transfected with GFP-LAMP1, and the localization
of DIPK2A (red) and LAMP1 (green) was analyzed by fluorescence microscopy. The boxed areas are magnified. Colocalized puncta are marked by arrowheads. Scale

bar: 10 pm. See also Figure S1.

(reticulon 4); (2) Endo+Lyso, apparent endosome and lysosome
localization as revealed by high colocalization with LAMP1; (3)
ER+Endo+Lyso, both ER and Endo+Lyso localization (Figure
S2F). Next, changes in the ratio of cells were measured following
EBSS treatment. The proportion of cells with endosome- and
lysosome-localized DIPK2A significantly increased after starva-
tion treatment (Figure S2F and G). Next, we examined whether
DIPK2A functions in the autophagosome-lysosome fusion pro-
cess using tandem fluorescent-tagged LC3 (mRFP-GFP-LC3).
As the GFP signal is quenched under acidic conditions, auto-
lysosomes are labeled only by mRFP (GFP~ mRFP" puncta),
while yellow puncta (GFP* mRFP" puncta) indicate autophago-
somes. The percentage of GFP* mRFP" puncta reflects the
autophagosome-lysosome fusion rate [26,27]. Overexpression
of DIPK2A-BFP significantly decreased the percentage of GFP™
mRFP* puncta in HeLa cells (Figure 2F and G), as the number of
autophagosomes (GFP" mRFP" puncta) decreased upon
DIPK2A overexpression, while the number of autolysosomes
(GFP™ mRFP* puncta) increased (Figure 2H). In contrast,
DIPK2A knockout significantly increased the percentage of
GFP" mRFP" puncta and the number of autophagosomes
(Figure 2I-K). The difference in the number of autolysosomes
was not obvious under normal condition, while DIPK2A knock-
out cells contained fewer autolysosomes under EBSS treatment
(Figure 2K). These results suggest that DIPK2A promotes autop-
hagosome-lysosome fusion.

VAMP7B interacts with DIPK2A and with STX17

To achieve autophagosome-lysosome fusion, autophago-
some-localized Q-SNARE STX17 must interact with
VAMP7 or VAMPS8, which are lysosome-localized

R-SNARE proteins [3,10,28]. We next examined whether
DIPK2A, which is localized on the lysosome and late endo-
some (Figure 1B-D), interacts with VAMP7 and VAMPS
by immunoprecipitation. DIPK2A did not interact with
VAMPS when they were overexpressed in HEK293T cells
(Figure S3A and B). Interestingly, DIPK2A interacted spe-
cifically with VAMP7B, but not VAMP7A (Figure 3A and
B). Consistently, detailed mapping showed that the
C terminus (145-260 aa), but not the N terminus (1-144
aa; identical to VAMP7A), of VAMP7B interacted with
DIPK2A (Figure 3C and S3C).

VAMP7B also interacted with STX17, as were observed
for VAMP7A and VAMPS8 (Figure 3D). The C termini of
VAMP7A (125-220 aa) and VAMP7B (145-260 aa) inter-
acted with STX17, but their common N terminus (1-144
aa) did not (Figure 3E). Deletion of either the SNARE
domain (A125-185 aa) or the 185-220 aa region
(A185-220 aa) of VAMP7A weakened, but did not elimi-
nate, its interaction with STX17 (Figure 3F). Therefore, in
addition to the SNARE domain, the 185-220 aa region of
VAMP7A is also required for it to bind to STX17.
VAMP7A was reported to adopt a closed conformation
depending on the interaction between its longin domain
(7-110 aa) and the SNARE domain (125-185 aa) [29].
However, the N terminus of VAMP7A (VAMP7 1-144
aa) and the full-length form of VAMP7B did not interact
with VAMP7A (Figure S3D). In contrast, VAMP7A was
found to interact with itself through its 185-220 aa region
(Figure S3C-E).

Next, we mapped the interaction region of STX17 to
VAMP7A and VAMP7B (Figure S3F). Full-length STX17
and its C terminus (150-302 aa) bound to both VAMP7A
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Figure 2. DIPK2A promotes autophagy and mitophagy. (A-C) Wild-type (WT) or DIPK2A knockout (KO) HeLa cells were cultured in normal medium, EBSS, or EBSS plus
CQ for 2 h, harvested, and subjected to western blotting (WB) analysis. ACTB was used as a loading control (A). The relative band intensity of LC3-Il (B) and SQSTM1
(C) was compared with the loading control based on 3 independent experiments. (D and E) Wild-type (WT) or DIPK2A knockout (KO) Hela cells transfected with GFP-
PRKN were treated with DMSO or 10 uM CCCP for 24 h, harvested, and subjected to western blotting (WB) analysis. ACTB was used as a loading control (D). The
relative protein levels were compared with the loading control based on 3 independent experiments (E). (F-H) Hela cells co-transfected with mRFP-GFP-LC3 and
DIPK2A-BFP (blue) or the control vector were cultured under normal or EBSS (2 h) conditions and imaged by fluorescence microscopy (F). Scale bar: 10 um. The
percentage of GFP™ mRFP* puncta (G), and the numbers of GFP* mRFP* and GFP~ mRFP* puncta (H) were determined (n = 75 cells). (I-K) Wild-type (WT) or DIPK2A
knockout (KO) HeLa cells were transfected with mRFP-GFP-LC3, cultured under normal or EBSS (2 h) conditions, and imaged by fluorescence microscopy (1). Scale bar:
10 um. The percentage of GFP* mRFP* puncta (J), and the numbers of GFP* mRFP* and GFP~ mRFP™ puncta (K) were determined (n > 40 cells). For (G, H, J and K),
the results are expressed as mean + S.D. Statistical significance (p-value) was determined by one-way ANOVA (listed at the top). See also Figure S2.

(Figure 3G) and VAMP7B (Figure 3H), while the
N terminus (1-149 aa) of STX17 and deletion mutants
without the SNARE domain (A162-224 aa) did not
(Figure 3G, 3H and S3F). Thus, the SNARE domain of
STX17 is required for interaction with both VAMP7A and
VAMP7B. Normally, protein interactions via SNARE
domains could be resolvable by NSF (N-ethylmaleimide
sensitive factor, vesicle fusing ATPase) and strengthened
by N-ethylmaleimide (NEM) [30]. Interestingly, the inter-
action between STX17 and both VAMP7A and VAMP7B
were enhanced by NEM treatment (Figure S3G).

In summary, the SNARE domain of STX17 interacts with
both VAMP7A and VAMP7B, while the C terminus of
VAMP?7B interacts with both STX17 and DIPK2A (Figure 3I).

VAMP7B inhibits STX17- and VAMP7A-mediated
autophagosome-lysosome fusion

The function of VAMP7B has not been explored yet. Although
a previous report indicated cytoplasmic dispersed localization of
VAMP7B [8], we noticed that VAMP7B was clearly enriched on
autophagosomes marked by endogenous LC3 (Figure S4A).
Furthermore, VAMP7B was colocalized with STX17 on LC3-
positive autophagosomes in EBSS and bafilomycin A; (Baf. Al)
co-treated cells (Figure S4B), and proximity ligation assay (PLA)
by probing both VAMP7B and STX17 further showed that PLA-
positive puncta were localized on LC3-labeled vesicles (Figure
4A), suggesting that the interaction between STX17 and
VAMP7B occurs on autophagosomes before fusion with lyso-
somes. VAMP7B overexpression inhibited autophagosome-
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Figure 3. VAMP7B interacts with DIPK2A and STX17. (A and B) HEK293T cells transfected with the indicated vectors were immunoprecipitated (IP) by the indicated
antibodies and subjected to western blotting (WB) analysis. (C) HEK293T cells transfected with DIPK2A-HA and the indicated VAMP7B mutants were immunopre-
cipitated (IP) by anti-FLAG antibody and subjected to western blotting (WB) analysis. FL, full length; numbers indicate amino acids. (D) HEK293T cells co-transfected
with MYC-STX17 and the indicated vectors were immunoprecipitated (IP) by anti-FLAG antibody and subjected to western blotting (WB) analysis. (E and F) HEK293T
cells co-transfected with V5-STX17 and FLAG-tagged VAMP7 truncates (E) or VAMP7A deletion mutants (F) were immunoprecipitated (IP) by anti-FLAG antibody and
subjected to western blotting (WB) analysis. FL, full length; numbers indicate amino acids. (G and H) HEK293T cells co-transfected with MYC-tagged STX17 mutants

and 3x FLAG-VAMP7A (G) or 3x FLAG-VAMP7B (H) were immunoprecipitated (IP)

with anti-MYC antibody and subjected to western blotting (WB) analysis. FL, full

length; numbers indicate amino acids. (I) Diagram of the interaction among DIPK2A, STX17, VAMP7A and VAMP7B. See also Figure S3.

lysosome fusion, as shown by the increased percentage of GFP*
mRFP* puncta of LC3 (Figure S4C-E), increased number of
autophagosomes and decreased number of autolysosomes
(Figure S4F) under starvation condition. Although VAMP7A
overexpression promoted autophagosome-lysosome fusion in
VAMP7 knockout cells (Figure 4B-D and S4G), co-
overexpression of VAMP7B and VAMP7A ameliorated the
enhancement of autophagosome-lysosome fusion caused by
VAMP7A overexpression alone (Figure 4B-D and S4G), while
VAMP7B alone failed to inhibit autophagosome-lysosome
fusion in the absence of VAMP7A (Figure 4B-D and S$4G).
These data suggest that VAMP7A and VAMP7B have opposite
function in autophagosome-lysosome fusion. Importantly,
VAMP7B weakened the interaction between STX17 and
VAMP7A (Figure 4E), indicating that VAMP7B inhibited the
interaction between VAMP7A and STX17.

DIPK2A promotes autophagosome-lysosome fusion
through STX17 and VAMP7

As the C terminus of VAMP7B (145-260 aa) interacts with both
DIPK2A (Figures 3C and I) and STX17 (Figures 3E and I), we
hypothesized that DIPK2A and STX17 compete to interact with
VAMP7B. Once DIPK2A was added, DIPK2A bound to
VAMP7B, while the interaction between VAMP7B and STX17
was alleviated (Figure 5A). DIPK2A overexpression decreased
the number of PLA-positive puncta probing VAMP7B and
STX17 interaction (Figures 5B and C), while DIPK2A knockout
cells contained more PLA-positive puncta than wild-type cells
(Figure S4H and I), indicating that DIPK2A inhibits the inter-
action between VAMP7B and STX17. Considering that
VAMP7B inhibited the interaction between VAMP7A and
STX17 (Figure 4E), we wondered whether DIPK2A promotes
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the interaction between VAMP7A and STX17. Consistent with
a previous report [10], endogenous VAMP7A was immunopre-
cipitated by STX17 (Figure S4J), and this interaction was
enhanced upon DIPK2A overexpression (Figure 5D).
Therefore, DIPK2A binds to VAMP7B and inhibits the binding
of STX17 to VAMP7B, thus enhancing the interaction between
STX17 and VAMP7A.

To test whether DIPK2A promotes autophagosome-lysosome
fusion through STX17 and VAMP7, we overexpressed DIPK2A in
wild-type, STX17 knockout and VAMP? knockout cells (Figure
5E and $4K). Although DIPK2A overexpression promoted autop-
hagosome-lysosome fusion in wild-type cells, this effect was atte-
nuated in either STX17 knockout cells or VAMP7 knockout cells
(Figure 5E-G). YKT6 was recently shown also to mediate autop-
hagosome-lysosome fusion [4], while DIPK2A still promoted
autophagosome-lysosome fusion in YKT6 knockdown cells

(Figure S4L-N). These findings indicate that DIPK2A promotes
autophagosome-lysosome fusion through STX17 and VAMP?7.

STX17 interacts with DIPK2A to facilitate VAMP7B
binding to DIPK2A

To explore how DIPK2A regulates STX17-VAMP7 binding, we
next tested whether DIPK2A interacts with STX17 by immu-
noprecipitation assay. 3x FLAG-STX17 and DIPK2A-HA inter-
acted with each other when they were overexpressed in
HEK293T cells (Figure 6A and B). Endogenous STX17 was
also immunoprecipitated with the anti-DIPK2A antibody
(Figure 6C). The C terminus of STX17 (150-302 aa), but not
the N terminus (1-149 aa), interacted with DIPK2A (Figure
6D). Furthermore, STX17 deletion mutants lacking the 224-302
aa region (A224-302 aa) did not interact with DIPK2A, while
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STX17 without the SNARE domain (A162-224 aa) interacted
with DIPK2A (Figure 6E). Detailed mapping showed that only
STX17 mutants without either of the two transmembrane
domains (A229-255 aa or A251-275 aa) failed to interact with
DIPK2A (Figure 6F), suggesting that the two transmembrane
domains of STX17 are indispensable for its interaction with
DIPK2A. Considering that STX17 interacts with both
VAMP7B and DIPK2A, yet it does so through different
domains (Figure 3I), we surmised that the interaction between
STX17 and DIPK2A reduces the distance between DIPK2A and
VAMP?7B, thus facilitating the binding of VAMP7B to DIPK2A.
Indeed, STX17 overexpression increased the interaction
between DIPK2A and VAMP7B, while overexpression of
STX17 mutants (A229-255 aa or A251-275 aa) which did not
interact with DIPK2A, did not (Figure 6G).

DIPK2A inhibits apoptosis and enhances cell survival

Consistent with a previous study [19], DIPK2A overex-
pression increased the cell survival rate with (Figure 7A)

or without (Figure S5A) camptothecin (cpt) treatment, as
revealed by MTT assay, indicating the involvement of
DIPK2A in cell proliferation. As DIPK2A promoted
autophagy (Figure 2A-C) and mitophagy (Figure 2D-E),
and autophagy and mitophagy play important roles in cell
fate determination by influencing apoptosis [31], we
assessed the role of DIPK2A in apoptosis. We overex-
pressed DIPK2A in HeLa cells, after which the cells were
treated with apoptosis-inducing drugs, including thapsi-
gargin (TG), H,O,, staurosporine (STS), or cpt. The apop-
tosis level was determined by western blotting analysis of
the cleavage of CASP3 (caspase 3) and PARP1 (poly[ADP-
ribose] polymerase 1). DIPK2A overexpression inhibited
apoptosis induced by all of the selected drugs (Figure 7B),
indicating that DIPK2A is a potential negative regulator of
apoptosis. However, under normal conditions, the cell
survival rate of DIPK2A knockout cells was not different
from that of wild-type cells, as revealed by MTT assay
(Figure S5B). DIPK2A knockout cells showed enhanced
sensitivity to the pro-apoptotic effect of cpt treatment
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Figure 6. STX17 interacts with DIPK2A via two transmembrane domains. (A and B) HEK293T cells co-transfected with 3x FLAG-STX17 and DIPK2A-HA were
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and had a decreased survival rate (Figure 7C). Upon
treatment with TG, H,0,, STS, or cpt, DIPK2A knockout
cells had a higher apoptosis level than that of wild-type
cells, as shown by the cleavage of CASP3 and PARPI
(Figure 7D). Moreover, re-introduction of DIPK2A into
DIPK2A knockout U20S cells rescued the increase in
apoptosis level (Figure 7E), suggesting that DIPK2A
plays a role in regulating apoptosis. Collectively, DIPK2A
functions as a negative regulator of apoptosis to promote
cell survival.

The apoptosis-inhibition function of DIPK2A is mediated
through STX17-VAMP7

To investigate the relationship between the apoptosis
inhibition function of DIPK2A and its autophagy- and
mitophagy-promoting ability, we first assessed alterations
in the protein levels of mitochondrial proteins during
apoptosis. First, consistent with previous studies, the
expression levels of mitochondrial proteins such as MT-
CO2, CYCS [32] and MFN2 [33,34] increased with time
during apoptosis (Figure S5C). DIPK2A overexpression in
HeLa cells reduced the levels of these mitochondrial pro-
teins under both normal condition and cpt treatment
(Figure 8A), whereas the protein levels of MFN2 and

TOMM20 in DIPK2A knockout cells were higher than
those in wild-type cells upon cpt treatment (Figure 8B),
suggesting that DIPK2A negatively regulates the protein
levels of mitochondrial proteins during apoptosis.

Next, we investigated whether the apoptosis inhibition
function of DIPK2A depends on its autophagy- and mito-
phagy-promoting ability. Although DIPK2A inhibited
apoptosis induced by cpt, TG and STS, inhibition of
autophagy by CQ blocked this effect (Figure 8C), while
the enhanced apoptosis level in DIPK2A knockout cells
was reversed by autophagy induction by rapamycin
(Figure 8D). These data suggest that DIPK2A inhibits
apoptosis by promoting autophagy.

Finally, we examined whether the apoptosis inhibition ability
of DIPK2A depends on STX17 and VAMP7. DIPK2A overex-
pression did not inhibit apoptosis in STX17 knockdown cells,
and this effect was rescued by re-introduction of STX17 (Figure
8E). Similarly, the inhibitory effect of DIPK2A on apoptosis was
attenuated in either STXI7 knockout cells (Figure 8F and G) or
VAMP7 knockout cells (Figures 8H and I). Considering that
DIPK2A regulates autophagy by sequestering VAMP7B from
STX17 (Figure 5A), then VAMP?7B itself should enhance apop-
tosis. Indeed, VAMP7B overexpression promoted apoptosis
under apoptosis-inducing conditions (Figure 8]). Taken together,
these results suggest that the apoptosis inhibition function of
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subjected to western blotting (WB) analysis. GAPDH was used as a loading control. (E) Wild-type (WT

) or DIPK2A knockout (KO) U20S cells were transfected with the

indicated vectors and treated with 500 ng/mL TG, 2 mM H,0,, 10 nM STS or 1 uM cpt for 24 h. Cell lysates were subjected to western blotting (WB) analysis. GAPDH

was used as a loading control.

DIPK2A is mediated through STX17-VAMP7 and by sequester-
ing VAMP7B from inhibitory interaction with STX17.

Discussion

In this study, we show that the SNARE-domain-deleted
VAMP7 isoform, VAMP7B, inhibits autophagosome-
lysosome fusion by competing with the functional isoform,
VAMP7A, for the SNARE domain of STX17 (Figure 8K). We
also show that a new late endosome- and lysosome-localized
regulator, DIPK2A, binds to VAMP7B, inhibiting the interac-
tion between VAMP7B and STX17, while enhancing the
interaction between VAMP7A and STX17, thus promoting
autophagosome-lysosome fusion (Figure 8K). Thus, DIPK2A
regulates apoptosis via autophagic degradation of

mitochondria by sequestering VAMP7B from inhibitory
interaction with STX17.

Q-SNARE STX17 and R-SNARE VAMP7 (VAMP7A) have
been reported to regulate autophagosome and lysosome
fusion [2]. VAMP7 has several isoforms, and VAMP7A is
a late endosome- and lysosome-localized isoform with
a functional SNARE domain [2]. VAMP7B is another isoform
with no SNARE domain [8]. The mRNA transcript encoding
VAMP?7B is expressed in various cells [8]. Although we were
unable to detect endogenous VAMP7B due to the lack of an
available antibody, we showed that exogenously expressed
VAMP7B was localized on the autophagosome (Figure S4A).
In our study, both VAMP7A and VAMP7B were found to
bind to the same domain of STX17. Thus, VAMP7B inhibits
the interaction between STX17 and VAMP7A by competition,
while the binding of VAMP7B to STX17 leads to
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autophagosome-lysosome fusion failure because VAMP7B
lacks a SNARE domain. Accordingly, VAMP7B overexpres-
sion inhibited autophagosome-lysosome fusion (Figure S4C-
F) by disturbing the binding of VAMP7A to STX17, which
formed a valid combination for SNARE fusion (Figure 4E).
The spatiotemporal regulation of VAMP7A activity by
VAMP7B may prevent inappropriate binding of VAMP7A
to STX17, finely tuning the STX17- and VAMP7A-mediated
membrane fusion specificity during autophagosome-lysosome

fusion [5]. On the other hand, both VAMP7A and VAMP7B
share the same longin domain in the N terminus [8]. It seems
that VAMP7B has a similar function as the longin domain
alone, as the longin domain was reported to inhibit the func-
tion of VAMP7A [35-37]. It is predicted by resonance assign-
ments that the longin domain binds to the SNARE domain to
auto-inhibit the SNARE function of VAMP7A [29]. However,
consistent with a previous report [38], interaction between the
longin domain and SNARE domain of VAMP7A was not



detected in our co-immunoprecipitation assays (Figure S3D),
which also did not detect interaction between VAMP7B and
VAMP7A (Figure S3D). Thus, the detailed mechanisms
underlying the auto-inhibition of VAMP7A by the longin
domain require further exploration. Besides, considering that
NEM treatment enhanced the interaction of STX17 and
VAMP7B despite of a lack of SNARE domain in VAMP7B
(Figure S3G), it is possible that the association between them
is indirect and mediated by another NSF resolvable SNARE
interaction. Therefore, the exact interaction mode between
STX17 and VAMP7B also merits further study.

Our data show that DIPK2A inhibits the interaction
between VAMP7B and STX17. VAMP7B binds to both
STX17 and DIPK2A via its C terminal domain, and its bind-
ing to STX17 is inhibited in the presence of DIPK2A (Figure
5A). On the other hand, DIPK2A and VAMP7B bind to
separate domains of STX17, and the interaction between
STX17 and DIPK2A may facilitate the delivery of VAMP7B
to DIPK2A by shortening the distance between these proteins
(Figure 8K). DIPK2A then binds to the C terminus of
VAMP7B, and once VAMP7B is detached from STX17,
VAMP7A binds to the SNARE domain of STX17, which is
previously occupied by VAMP7B (Figure 8K). In this sense,
DIPK2A enhances the interaction of STX17 with VAMP7A
and promotes autophagosome-lysosome fusion (Figure 8K).
As DIPK2A binds to the transmembrane domain of STX17, it
is reasonable to suggest that other regulatory factors probably
exist to facilitate this process (Figure 8K).

DIPK2A has been identified as being related with familial
autism [14]. Autism spectrum disorders (ASDs) are common
neurodevelopmental disorders involving impaired social com-
munication ability, restrictive interests and repetitive patterns of
behavior [39]. Impaired autophagy and dysfunctional mitochon-
drial clearance in dendritic spines have been observed in patients
with ASDs [40,41]. Mutations in several autism risk genes, such
as TSC1/2 [42], FMRI (fragile X mental retardation 1) [43] and
WDFY3 (WD repeat and FYVE domain-containing 3) [44] have
been reported to reduce synapse turnover by disrupting autop-
hagy or mitophagy [45], whereas MTOR hyperactivity, which
impairs autophagy, leads to increased spine density, develop-
mental spine pruning deficits and ASD-like social behavior
[41,46]. Given the role of DIPK2A in autophagosome-
lysosome fusion and cell protection, a thorough understanding
of its molecular mechanism will refine our comprehension of
autism pathogenesis and provide novel drug targets.

Materials and methods
Reagents and antibodies

Reagents used in this study were as follows: camptothecin
(cpt; Selleck, S1288), rapamycin (Selleck, S1039), bafilomycin
A, (Baf. Al; Selleck, S1413), N-ethylmaleimide (NEM; Selleck,
$3692), staurosporine (STS; Selleck, S1421), Earle’s balanced
salt solution (EBSS; Sigma-Aldrich, E7510), carbonyl cyanide
3-chlorophenylhydrazone (CCCP; Sigma-Aldrich, C2759),
chloroquine diphosphate salt (CQ; Sigma-Aldrich, C6628)
and thapsigargin (TG; Sigma-Aldrich, T9033).
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The primary antibodies used in this study were as follows:
anti-ACTB (actin beta; Abclonal, AC026; 1:100,000), anti-
cleaved CASP3 (Cell Signaling Technology, 9664; 1:300), anti-
CYCS (BD, 556,433; 1:10,000), anti-FLAG (Sigma-Aldrich,
F1804; 1:2000; Proteintech, 20,543-1-AP; 1:100), anti-
GAPDH (CWBIO, 0100A; 1:5000), anti-GFP (produced in-
house, 1:10,000) [47], anti-HA (Sigma-Aldrich, H9658;
1:10,000), anti-LAMP1 (Developmental Studies Hybridoma
Ban [DSBH], H4A3; 1:100 for immunofluorescence and
1:1000 for western blotting), anti-LC3 (MBL, M186-3;
1:10,000; MBL, M152-3; 1:100 for immunofluorescence), anti-
MT-CO2 (Proteintech, 55,070-1-AP; 1:5000), anti-MFN2
(Proteintech, 12,186-1-AP; 1:1000), anti-PARP1 (Cell
Signaling Technology, 9542; 1:1000), anti-SQSTM1 (MBL,
PMO045; 1:10,000), anti-REEP1 (Proteintech, 17,988; 1:3000),
anti-REEP5  (Proteintech, 14,643; 1:1000), anti-RTN4
(Proteintech, 10,740; 1:50 for immunofluorescence), anti-
STX17 (MBL, M212-3; 1:1000; Sigma-Aldrich, HPA001204;
1:2000; Proteintech, 17,815-1-AP; 10 uL for immunoprecipi-
tation), anti-TOMM20 (Abcam, ab56783; 1:5000), anti-
VAMP7  (Abcam, ab36195; 1:1000; Santa  Cruz
Biotechnology, sc-166,394; 1:20-1:100), and anti-TUBA4A
(Sigma-Aldrich, T6199; 1:5000). Secondary antibodies for
western blotting were Peroxidase-AffiniPure Goat Anti-
Rabbit IgG (H + L) (Jackson ImmunoResearch, 111-035-
003; 1:5000), Peroxidase-AffiniPure Goat anti-Mouse IgG
(H + L) (Jackson ImmunoResearch, 115-035-003; 1:5000),
and IPKine™ HRP, Goat Anti-Mouse IgG HCS (Abbkine,
a25112; 1:5000). Secondary antibodies for immunofluores-
cence were Goat anti-Rabbit IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor 488 (Invitrogen,
A-11,034; 1:200), Alexa Fluor 568 (Invitrogen, A-11,031;
1:200) and Alexa Fluor 647 (Invitrogen, A-21,245; 1:200).
The antibody for DIPK2A was raised against the C terminal
peptide (ELREYLAQLSNNVR) of human DIPK2A in rabbits
as previously reported [24].

Cell culture and transfection

HeLa, HEK293T and U20S cells were cultured in DMEM
(GIBCO, 12,100-046) supplemented with 10% FBS
(CellMax, SA212.02) at 37°C with 5% CO,. For cell transfec-
tion, PEI (Polysciences, Inc., 23,966) was used.

Vector construction

The sequences encoding human DIPK2A, MEFN2,
VAMP7A, VAMP7B and STX17 were amplified from
HEK293T cell ¢cDNA and cloned into the pcDNA3.1
(Invitrogen, V79020), p3x FLAG-CMV-7.1 (Sigma-Aldrich,
E7533), pEGFP-N3 (Clontech, 6080-1) or pmCherry-N1
(Clontech, 632,523) vector. The ER marker ER-GFP was
cloned into the pcDNA3.1 vector with the signal peptide
of CALU (calumenin) at the N terminus and the ‘KDEL’ ER
retrieval signal at the C terminus of GFP [23].
Mitochondrial marker Mito-BFP was obtained by ligating
BFP with the C terminus mitochondria localization
sequence of human COXS8A (cytochrome c oxidase subunit
8A) [48], followed by cloning into the pcDNA3.1 vector.
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Truncation mutants for STX17 and VAMP7 were con-
structed by overlap PCR. The shRNA sequence for STX17
[3] was obtained from Invitrogen and cloned into the
pLKO.1 vector (Addgene, 10,878; deposited by David
Root) after annealing.

Generation of knockout cells and knock-in cells

To generate DIPK2A, STX17 and VAMP?7 knockout cell lines,
two target oligos (5'-GGCGGGCGGTATGTGGCGCC-3" and
5'-GCTTCAGCGAGCGGGACAGG-3' for DIPK2A, 5'-GATA
GTAATCCCAACAGACC-3' and 5-TCTTGAACCAGCTA
TCCAGA-3' for STX17, 5-AACAGCAAAAAGAATCGCCA
-3" and 5-CTATCCTTGCCAAACATGCT-3' for VAMP?)
ligated into the gRNA vectors were transfected into HeLa or
U20S cells with a plasmid expressing the Cas9 protein [49]. To
generate DIPK2A-mCherry knock-in cell lines, one target oligo
(5'-TGAAGTTCACAGGAATAAAC-3') ligated into the gRNA
vector, a plasmid expressing the Cas9 protein and an arm
sequence (mCherry flanked by 1 kb homologous sequence of
DIPK2A genome) constructed into the pcDNA3.1 vector were
co-transfected into HEK293T cells. Twenty-four h after transfec-
tion, the cells were monocloned by flow cytometry (BeckMan
Coulter, MoFlo XDP) and seeded into 96-well plates. Successful
knockout clones were confirmed by western blotting and
sequencing analysis.

Sucrose gradient separation

For sucrose gradient separation, cells were homogenized in
solution buffer (20 mM HEPES, 1 mM EDTA, 250 mM
sucrose [amresco, M1117], pH 7.4; protease inhibitor cocktail
[bimake.com, B14001] was added before use) on ice with
a homogenizer and centrifuged at low speed (1000 x g,
10 min) to remove unbroken cells. The supernatant was
adjusted to 25% sucrose and placed on top of a preformed
sucrose gradient consisting of 0.96 mL 45% sucrose, 2.08 mL
35% sucrose and 1.56 mL 25% sucrose. The sample was
centrifuged at 150,000 x g for 3 h at 4°C. Twelve fractions
were collected from the top of the gradient and subjected to
western blotting analysis.

Western blotting and immunoprecipitation

Western blotting assays were performed as previously
described [23]. In brief, protein samples were transferred to
PVDF membranes (Millipore, IPVH00010) after SDS-PAGE
separation. The membranes were successively incubated with
primary and HRP-conjugated secondary antibodies. Protein
bands were detected by a chemiluminescence reagent with
either a film exposure machine (Kodak) or Tanon 5200 che-
miluminescence imager. Band intensities were analyzed by
Image] software (NIH).

For the immunoprecipitation assays, HEK293T cells were
transfected and lysed in immunoprecipitation buffer (25 mM
HEPES, 150 mM KAc, 2 mM Mg[Ac],, 0.5% Triton X-100
[amresco, 0694-1L]; protease inhibitor cocktail was added
before use) on ice. The cell lysates were incubated with the

appropriate antibodies overnight, followed by combination
with Protein A Sepharose beads (GE Healthcare Life
Sciences, 17-5280-02). The immunoprecipitates were sub-
jected to western blotting analysis.

Fluorescence microscopy

For the fluorescence assays, cells were plated on acid-
washed glass coverslips in advance. Twenty-four h after
transfection, cells were fixed in 4% PFA (dissolved in PBS
[137 mM NaCl, 2.7 mM KCI, 1.4 mM KH,PO,, 10 mM Na,
HPO,]) at 37°C for 15 min followed by permeabilization in
0.15% Triton X-100 (in PBS) and washing with PBS. After
blocking in 3% BSA (in PBS), the samples were incubated
with the indicated primary antibodies, after which they
were incubated with Alexa Fluor-conjugated secondary
antibodies. Superfluous antibodies were washed away
using PBS. The samples were sealed with nail polish and
observed under an LSM-710 NLO (Zeiss) confocal fluores-
cent microscope equipped with a 100x/1.42 numerical aper-
ture (NA) objective lens. The images were analyzed by ZEN
2009 software (Zeiss). 3D-SIM was performed at room
temperature with an N-SIM system (Nikon) equipped
with a 100x/1.49 NA objective lens (Nikon). The images
were reconstructed and analyzed with NIS-Elements AR
software (Nikon) and Image] (NIH).

Tandem mRFP-GFP-LC3 assay

HeLa cells were transfected with mRFP-GFP-LC3 or co-
transfected with the indicated plasmids for 24 h. Next,
cells were fixed with 4% PFA (dissolved in PBS) at 37°C
for 15 min, sealed with nail polish and observed under an
LSM-710 NLO (Zeiss) confocal fluorescent microscope
equipped with a 100x/1.42 numerical aperture (NA) objec-
tive lens. Cells were randomly selected, and the numbers of
GFP puncta and mRFP puncta were counted manually in
a two-blinded manner. The percentage of GFP* mRFP"
puncta, number of GFP* mRFP" puncta and number of
GFP™ mRFP" puncta were calculated based on the numbers
of GFP puncta and mRFP puncta. The statistical signifi-
cance (p-value) was analyzed with one-way ANOVA or
two-way ANOVA using Graphpad.

Proximity ligation assay (PLA)

For analyzing the interaction between VAMP7B and STX17,
cells were transfected with the corresponding plasmids. PLA
assay  (Sigma-Aldrich, DUO9008, DUO092002 and
DUQO92004) was performed according to the manufacturer’s
instructions by simultaneously probing tagged VAMP7B and
STX17. Images were captured by N-SIM system (Nikon)
equipped with a 100x/1.49 NA objective lens, confocal micro-
scope (Zeiss, LSM-710 NLO) equipped with a 100x/1.4 NA
objective lens, or fluorescence microscope (Olympus, TH4-
200) equipped with a 60x/1.42 NA objective lens.



MTT assay

MTT assays were performed with the CellTiter 96 AQueous
One Solution Cell Proliferation Assay Kit (Promega, G3581)
as previously reported [50]. In brief, cells were seeded in 96-
well plates, transfected and treated as indicated. At each time
point, the relative viability of the cells was determined by
measuring the optical density at an absorbance wavelength
of 492 nm. Each experiment was repeated six times.

Statistical analysis

The results are shown as mean * S.D. The statistical signifi-
cance of the results was analyzed using unpaired two-tailed
Student’s t-tests, one-way ANOVA or two-way ANOVA. The
p-values are shown in the figures. ns, not significant.
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