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ABSTRACT KEYWORDS

NRBF2 is a component of the class Ill phosphatidylinositol 3-kinase (PtdIns3K) complex. Our previous study has Autophagy; CCZ1-MON1A;
revealed its role in regulating ATG14-associated PtdIns3K activity for autophagosome initiation. In this study, ~ Maturation; NRBF2; PI3KC3/
we revealed an unknown mechanism by which NRBF2 modulates autophagosome maturation and APP- VPS34; RABY; trafficking
C-terminal fragment (CTF) degradation. Our data showed that NRBF2 localized at autolysosomes, and loss of

NRBF2 impaired autophagosome maturation. Mechanistically, NRBF2 colocalizes with RAB7 and is required for

generation of GTP-bound RAB7 by interacting with RAB7 GEF CCZ1-MON1A and maintaining the GEF activity.

Specifically, NRBF2 regulates CCZ1-MON1A interaction with PI3KC3/VPS34 and CCZ1-associated PI3KC3 kinase

activity, which are required for CCZ1-MON1A GEF activity. Finally, we showed that NRBF2 is involved in APP-

CTF degradation and amyloid beta peptide production by maintaining the interaction between APP and the

CCZ1-MON1A-RAB7 module to facilitate the maturation of APP-containing vesicles. Overall, our study revealed

a pivotal role of NRBF2 as a new RAB7 effector in modulating autophagosome maturation, providing insight

into the molecular mechanism of NRBF2-PtdIns3K in regulating RAB7 activity for macroautophagy/autophagy

maturation and Alzheimer disease-associated protein degradation..

Abbreviations: 3xTg AD, triple transgenic mouse for Alzheimer disease; AB, amyloid beta peptide;
AB1.40, amyloid beta peptide 1-40; ABq4, amyloid beta peptide 1-42; AD, Alzheimer disease; APP,
amyloid beta precursor protein; APP-CTFs, APP C-terminal fragments; ATG, autophagy related; ATGS5,
autophagy related 5; ATG7, autophagy related 7; ATG14, autophagy related 14; CCD, coiled-coil domain;
CCZ1, CCZ1 homolog, vacuolar protein trafficking and biogenesis associated; CHX, cycloheximide; CQ,
chloroquine; DAPI, 4',6-diamidino-2-phenylindole; dCCD, delete CCD; dMIT, delete MIT; FYCO1, FYVE and
coiled-coil domain autophagy adaptor 1; FYVE, Fab1, YGL023, Vps27, and EEA1; GAP, GTPase-activating
protein; GDP, guanine diphosphate; GEF, guanine nucleotide exchange factor; GTP, guanine tripho-
sphate; GTPase, guanosine triphosphatase; HOPS, homotypic fusion and vacuole protein sorting; ILVs,
endosomal intralumenal vesicles; KD, knockdown; KO, knockout; LAMP1, lysosomal associated mem-
brane protein 1; MAP1LC3/LC3, microtubule associated protein 1 light chain 3; MLVs, multilamellar
vesicles; MON1A, MON1 homolog A, secretory trafficking associated; NRBF2, nuclear receptor binding
factor 2; PtdIns3K, class lll phosphatidylinositol 3-kinase; PtdIns3P, phosphatidylinositol-3-phosphate;
RILP, Rab interacting lysosomal protein; SNARE, soluble N-ethylmaleimide-sensitive factor attachment
protein receptor; SQSTM1/p62, sequestosome 1; UVRAG, UV radiation resistance associated; VPS, vacuo-
lar protein sorting; WT, wild type.

Introduction aggregates, cellular organelles (e.g., mitochondria), and infec-
tious agents via lysosomes [1-5]. Autophagy involves the for-
mation of cup-shaped double-membrane structures called
phagophores, followed by extension and closure to form

Macroautophagy (henceforth to be referred to as autophagy) is
a conserved pathway that is involved in the degradation of
cytoplasmic materials including long-lived proteins, protein
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autophagosomes [1-5]. Finally, autophagosomes are delivered to
the perinuclear region along microtubules in order to fuses with
lysosome [6,7]. Upon the fusion of autophagosome with lyso-
some to form autolysosome, the sequestered contents inside the
autophagosome are degraded by lysosome hydrolases, a process
known as autophagosome maturation [1-5]. Though a variety of
ATG (autophagy-related) proteins acting at different steps for
autophagy regulation had been identified, the mechanisms of
autophagosome maturation are not fully characterized.

PIK3C3/VPS34 (phosphatidylinositol 3-kinase catalytic sub-
unit type 3), the only class III phosphatidylinositol 3-kinase
(PtdIns3K) in mammals, is a central node in autophagy process
[8]. The main product of PtdIns3K is phosphatidylinositol-
3-phosphate (PtdIns3P). The PtdIns3K complex core compo-
nents include the catalytic subunit PIK3C3, regulatory subunit
PIK3R4/VPS15, and BECN1 (beclin 1) [9]. The PtdIns3K com-
plex is involved in both autophagosome formation and auto-
phagosome maturation by binding with diverse partners to form
distinct complexes [9]. We and others have previously identified
NRBEF2 as the fifth component of PtdIns3K complex 1 and
showed that NRBF2 directly interacts with ATG14 [10-15].
Importantly, NRBF2 regulates autophagosome formation via
modulation of ATG14-linked PIK3C3 kinase activity for autop-
hagosome biogenesis [10]. Such findings are consistent with
a report by Dr. Yoshinori Ohsumi’s group that Atg38, a yeast
ortholog of NRBF2, is a component of PtdIns3K complex 1 and
is required for the initiation of autophagy [16].

Fusion of autophagosomes with late endosomes/lysosomes is
regulated by a variety of factors such as small GTPase RAB7,
tethering proteins, and soluble N-ethylmaleimide sensitive factor
attachment protein receptor (SNARE) complex [4,17-19]. RAB7
localizes on late endosomes/lysosomes and is important for both
the fusion of autophagosomes with lysosomes and the subsequent
degradation of cellular contents sequestered in the autophago-
somes. RAB7 has been shown to regulate the proper bidirectional
transport of autophagosomes through interaction with FYCOLI
[7]. RAB7 is activated by specific guanine nucleotide exchange
factors (GEFs) that drive GTP binding and is inhibited by GTPase
activating proteins (GAPs) [20-22]. Thus, GEFs play a crucial role
in regulating GTPase activity. CCZ1-MONI1A [21,23-25], HOPS
complex PLEKHM1 [26], EPG5 [27], RILP [28,29] and FYCO1 [7]
have been identified as RAB7 effectors that are important for
autophagosome-lysosome fusion. CCZ1-MONIA complex is
a RAB7 GEF which promotes the exchange of GDP-RAB7 (inac-
tive state) to GTP-RAB7 (active state). Gao et al. discovered that
membrane-bound Atg8 can recruit Ccz1-Monl to membrane to
promote Ypt7 activation in yeast [30]. Stephan Kiontke et al.
identified the domains required for catalytic activity, complex
assembly and localization of Ccz1-Monl. The crystal structure of
a catalytic Ccz1-Monl core complex bound to Ypt7 provides
mechanistic insight into its function [25].

Though PtdIns3K complex 1 and its product PtdIns3P have
been involved in regulating autophagosome formation, accumu-
lating evidence indicates that PtdIns3K complex 1 and PtdIns3P
also modulate autophagosome maturation [4,31]. For instance,
PtdIns3K complex 2 component UVRAG directly binds to
a component of the homotypic vacuole fusion and protein sort-
ing (HOPS) complex VPS16 [32] to enhance RAB7 GTPase
activity and subsequent autophagosome maturation. FYCO1
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binds to LC3, PtdIns3P and RAB7, and is involved in autopha-
gosome maturation [7]. Another PtdIns3P-binding protein
TECPRI, is also implicated in autophagosome-lysosome fusion
[33]. Although there is an increasing understanding of this
progress, how PtdIns3K coordinates with RAB7 to regulate
autophagosome maturation is largely unclear.

Autophagy dysfunction is known to be involved in
a variety of diseases [34,35]. Impaired autophagy activity
increases APP and CTF levels [36]. We previously showed
that NRBF2-deficient mice demonstrate liver injury [10].
Additionally, we further identified that NRBF2 levels are
reduced in the hippocampus region of an Alzheimer disease
(AD) animal model and that NRBF2 interacts with APP
(amyloid beta precursor protein) to regulate APP-CTFs
degradation and A homeostasis in an autophagy-dependent
manner [37]. Interestingly, the reduction of NRBF2 levels is
accompanied by autophagy flux inhibition in AD mice [37]
indicating that NRBF2 may have a role in regulating auto-
phagosome-lysosome fusion. Furthermore, we recently
reported that NRBF2 expression was reduced in parahippo-
campal gyrus and hippocampus in late-onset AD postmortem
brains and nrbf2”’" mice displayed spatial memory deficits
with long-term potentiation impairment (LTP) [38]. Though
these results indicate the potential involvement of NRBF2/
Atg38 in autophagy regulation and AD, the molecular
mechanisms of NRBF2 in regulating autophagic degradation
of APP-CTF are not fully understood.

Here, we report a pivotal role of NRBF2, a key component
of PtdIns3K-Cl1, in controlling autophagosome maturation
apart from its known function of regulating autophagosome
biogenesis. Our results show that this mechanism is related to
the role of NRBF2 in regulating the GTP-form of RAB7 by
mediating CCZ1-MONI1A-PIK3C3 interaction for maintain-
ing GEF activity. More interestingly, this process is required
for APP-CTF degradation. Collectively, our study reveals the
unexpected role of NRBF2 in modulating autophagosome
maturation, providing insight into the molecular mechanism
of NRBF2-PtdIns3K in autophagy regulation and AD
association.

Results

NRBF2 is required for autophagosome maturation

Recently, we and others identified NRBF2 as a novel component of
the PIK3C3 complex, and we found that it plays a critical role in
modulating autophagosome biogenesis [10,13-15]. As the
PIK3C3 complex is critical for regulating both autophagosome
formation and autophagosome maturation, we wondered whether
NRBE?2 also plays a role in modulating autophagosome matura-
tion. To answer this question, we generated nrbf2 knockout (KO)
mouse neuroblastoma N2a cells by using the CRISPR-Cas9 system
(Figure. S1A) and found that nrbf2 KO increased both LC3-II and
SQSTMI levels (Figure 1A-C). To further confirm the role of
NRBF2 in other cell types, we detected the levels of SQSTM1
and LC3-1I in SH-SY5Y and HEK293 cells treated with NRBF2
siRNA. As shown in Figure. S1B-I, transient transfection of Nrbf2
siRNA resulted in significant reduction in the protein levels of
NRBF2 and accumulation of LC3-II and SQSTM1 levels in these
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Figure 1. NRBF2 is required for autophagosome maturation. (A-C) Generation of nrbf2”"

(G and H) SQSTM1 levels were determined by WB under starvation (EBSS) condition both

nrbf2” N2a cells. Data are quantified as mean + SEM (n = 3). NS, not significant; *P

+ SEM, n = 20. *P < 0.05, **P < 0.01, vs. the relative control. Scale bar: 2 pm.

N2a cells by CRISPR-Cas9 technique and WB analysis of LC3-Il and SQSTM1
levels in WT and nrbf2”" N2a cells. Data are quantified as mean + SEM (n = 3). NS, not significant; *P < 0.05, **P < 0.01, vs. the relative control. (D-F) WB analysis of
LC3-Il and SQSTM1 levels in WT and nrbf2”" mice brain. Data are quantified as mean + SEM (n = 3). NS, not significant; *P < 0.05, **P < 0.01, vs. the relative control.
in WT and nrbf2”" N2a cells. Data are quantified as mean = SEM (n = 3). NS,
not significant; *P < 0.05, **P < 0.01, vs. the relative control. (I and J) SQSTM1 levels were determined by WB under lysosome inhibition CQ condition both in WT and
< 0.05, **P < 0.01, vs. the relative control. (K) N2a cells were transiently
transfected with GFP-Lc3, and the colocalization of GFP-LC3 with endogenous SQSTM1 was visualized under confocal microscopy. Quantification data were presented
as the mean £ SEM, n = 20-25 cells from 3 independent experiments. Scale bar: 10 pm. (L and M) Degradation of SQSTM1 in the presence of protein synthesis
inhibitor cycloheximide (CHX) was tracked in WT and nrbf2”" N2a cells by WB. Data are quantified as mean + SEM (n = 3). *P < 0.05, **P < 0.01, vs. the relative
control. (N-Q) Autophagosome maturation in WT and nrbf2”" N2a cells was determined by the tf-LC3 probe under both basal and starvation conditions (EBSS).
Quantification data were presented as the mean + SEM, n = 20-25 cells from 3 independent experiments. NS, not significant; *P < 0.05, **P < 0.01, vs. the relative
control. Scale bar: 20 um. (R and S) Abnormally enlarged autophagosomes were observed in nrbf2”" N2a cells by EM. Quantification data were presented as the mean



cell lines. Additionally, in the brains of nrbf2”’~ mice, both LC3-II
and SQSTMI levels were significantly increased (Figure 1D-F).
SQSTML1 is a selective substrate for autophagy. Enhancing auto-
phagy flux promotes the degradation of SQSTM1 [39].

To further confirm the function of NRBF2 in regulating
autophagosome maturation, we investigated the role of
NRBF2 in modulating SQSTM1 degradation. We enhanced
autophagy flux by cell starvation (EBSS treatment). As
showed in (Figure 1G and H), EBSS enhanced the degrada-
tion of SQSTMI levels in wild type (WT) cells rather than
that in nrbf2”" N2a cells. Additionally, there was no dra-
matic increase of SQSTMI1 levels after cells were treated with
the lysosome inhibitor CQ in nrbf2”" cells, though CQ sig-
nificantly increased SQSTM1 levels in WT cell (Figure 1I
and J), indicating the degradation of SQSTM1 by lysosome
was impaired in NRBF2-depleted cells. Interestingly, almost
all SQSTM1 colocalized with LC3 puncta after KO of nrbf2
(Figure 1K), indicating that nrbf2 KO may attenuate auto-
phagy-dependent degradation of SQSTMI1. As showed in
(Figure 1L and M), the inhibition of protein synthesis with
cycloheximide (CHX) causes the degradation of SQSTMI in
WT cells. In contrast, nrbf2 KO impaired the degradation of
SQSTM1 (Figure 1L and M). The total ubiquitinated pro-
teins were examined to confirm that the concentration of
CHX is effective in chasing protein degradation
(Figure. S1J).

Tf-Lc3 plasmid (GFP-RFP-Lc3 construct) is a valuable tool for
monitoring autophagosome maturation based on the principle
that GFP is more rapidly quenched than RFP at acidic environ-
ment in lysosome. To further confirm the role of NRBF2 in
modulating autophagosome maturation, we transiently trans-
fected N2a cells with #-Lc3 plasmids and found that NRBF2
deficiency causes the accumulation of yellow autophagosomes
(Figure IN-Q). Upon induction of autophagy by starvation
(EBSS) or torin 1 treatment, there were more red-only autolyso-
somes in WT cells than that in nrbf2”" N2a cells (Figure 1N and
S1K). Compared with WT N2a cells, the number of total puncta
decreased (Figure 10) and the number of red-only puncta (Figure
1P) also decreased, the ratio of red puncta to total puncta also
decreased in nrbf2”" cells (Figure 1Q), indicating an increased
number of autophagosome not fused with the lysosome.
Furthermore, transmission electron microscope images of WT
N2a and nrbf2”" N2a cells showed that autophagosome size was
larger in nrbf2”’" N2a cells (Figure 1R and S). These data together
demonstrate that nrbf2 KO represses autophagosome maturation.

NRBF2 localizes at autolysosomes and is-required for
autolysosome maturation

Our and other’s previous reports showed that NRBF2 puncta
partially colocalize with autophagic structures [10,12]. As
NRBE2 also regulates autophagosome maturation, we asked
whether NRBF2 localizes on late endosomes/lysosomes. As
showed in (Figure 2A), endogenous NRBF2 puncta partially
colocalized with LC3- and LAMP1-positive structures in N2a
cells (Figure 2A). As shown in Figure. S2A, exogenous NRBF2
puncta partially colocalized with LC3- and LAMPI-positive
structures in RPE19 cells (Figure. S2A). More interestingly, we
found that colocalization between NRBF2 and LC3 or LAMP1
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was increased after torin 1 (Figure 2A and S1L) and HBSS
(Figure. S2A and S2B) treatment. The NRBF2 antibody has
been verified by immunofluorescence staining of WT and
nrbf2”" cells (Figure. S2C). Furthermore, the colocalization
of autophagosome marker LC3 with lysosome member pro-
tein LAMP1 was attenuated after nrbf2 KO (Figure 2B) which
further confirmed that NRBF2 has a role in regulating auto-
phagosome maturation. Autophagosome maturation includes
the autophagosome trafficking to the lysosome and autopha-
gosome fusion with lysosome/multivesicular body, forming
autolysosomes. Trafficking of autophagosomes is particularly
important in large, highly specialized cells, such as neurons,
where the autophagosome needs to be transported to the
soma for lysosomal degradation. We used an in vitro auto-
phagosome-lysosome fusion experiment to determine
whether NRBF2 affects the fusion [40]. From the results, we
can see that nrbf2 KO does not affect direct autophagosome-
lysosome fusion (Figure 2C). By a similar approach, we
showed that nrbf2 KO does not affect direct MVB-lysosome
fusion (Figure. S2D).

Alternatively, impairment of SQSTM1 degradation may
result from lysosomal dysfunction in nrbf2-deficient cells. To
test this possibility, we examined the effects of nrbf2 KO on
the expression of lysosome enzymes, lysosomal numbers and
lysosomal pH value. We found that there are no differences in
the expression levels of lysosomal enzymes CTSB (cathepsin
B) (Figure 2D-F) and CTSD (cathepsin D) (Figure 2G-I) in
WT and nrbf2 KO conditions. NRBF2 deficiency does not
affect the expression level of LAMP1 (Figure 2] and K),
lysosome numbers (Figure 2M-0O), and lysosome pH (Figure
2L). Overall, these results demonstrated that role of NRBF2 in
regulating autophagosome maturation might be attributed to
autophagosome trafficking rather than lysosome inhibition.

MIT domain of NRBF2 is required for maturation

The N-terminal MIT domain and the C-terminal CCD
domain are two discrete motifs in NRBF2 [10,14]. We want
to know which domain of NRBEF2 is responsible for NRBF2-
mediated modulation of autophagosome-lysosome fusion.
After transfecting nrbf2”" N2a with full-length NRBF2-CFP,
NRBF2 mutants missing either the MIT domain (dMIT-CFP)
or the CCD domain (dCCD-CFP), only MIT domain (MIT-
CFP) or only CCD domain (CCD-CFP) (Figure 3A), we
detected the SQSTM1 levels by immunoblotting. Our data
showed that both full-length NRBF2-CFP and dCCD-CFP
mutant are able to rescue nrbf2 KO-mediated increase of
SQSTM1 levels in both basal and starvation conditions
(Figure 3B and C). Additionally, #f-Lc3 staining showed that
both NRBF2-CFP and dCCD-CFP could effectively promote
autophagy flux in nrbf2”" cells. Number of total puncta
increases (Figure 3E) and the number of red-only puncta
(Figure 3F) also increase. However, the MIT domain alone
is not sufficient for rescuing the impairment of autophago-
some maturation in nrbf2”" cell (Figure 3D-F). We found that
deletion of MIT domain changed the localization of NRBF2
on autophagosome. Immunofluorescence results show that
dMIT-CFP cannot colocalize with RFP-LC3 in nrbf2”” N2a
cells (Figure. S2E). Collectively, these results strongly support
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SQSTM1 levels were detected in basal (B) and starvation conditions (EBSS) (C). (D-F) NRBF2 MIT domain is required for regulating autophagosome-lysosome fusion.
nrbf2”" N2a cells were transiently transfected with CFP, Nrbf2-CFP, dMIT-CFP, dCCD-CFP, CFP-MIT or CFP-CCD in the presence of RFP-GFP-Lc3 transfection. The
autophagosome maturation was observed under confocal microscope. Quantification data were presented as the mean £SEM, n = 20-25 cells from 3 independent

experiments. *P < 0.05, **P < 0.01, vs. the relative control. Scale bar: 20 um.

the critical role of the MIT domain in regulating autophago-
some-lysosome fusion.

NRBF2 is required for RAB7 activation to promote
autophagosome maturation

To understand how NRBF2 regulates autophagosome-lysosome
fusion, we investigated whether NRBF2 modulates small GTPase
RAB?7 activity, which is critical for autophagosome maturation
[41-43]. By using GTP beads affinity-isolation assay as described

previously [44], we found that depletion of NRBF2 significantly
reduces GTP form RAB7 in N2a cells (Figure 4A and B), without
affecting total RAB7 protein level (Figure 4A). This result was also
confirmed in the brains of nrbfZ’/ " mice (Figure 4C and D). RILP
(Rab interacting lysosomal protein) selectively binds RAB7-GTP
[45,46]. We evaluated the activation state of RAB7 in the nrbfZ'/ )
cells and mouse using a GST-tagged RAB7-binding domain
(GST-R7BD) of RILP. Consistently, the GST-R7BD interaction
with RAB7 (GTP-RAB?) decreased significantly in nrbf2” cell
(Figure 4E and F) and nrbf2”" mice tissues (Figure 4G and H). We
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examined the effects of nrbf2 KO on the expression of RILP and
found that there are no differences in the expression level of RILP
in WT and nrbf2 KO conditions (Figure. S2F-I). Finally, over-
expression of NRBF2 could rescue decreased GTP-RAB7
(Figure 41 and J). The colocalization of RAB7 with LC3-positive
autophagosomes is reduced in nrbf2”" cells, and this phenotype
can be rescued by re-introducing NRBF2 in nrbf2” cells (Figure
4M). Additionally, endogenous NRBF2 puncta partially coloca-
lized with LC3- and RAB7-positive structures (Figure 4N and
S2 J), indicating NRBF2 could localize at amphisome.
Interestingly, we found that RAB7 and LC3 interaction with
NRBF2 was increased under starvation-induced conditions
(Figure. S2]). In order to confirm this result, we transfected
mCherry-NRBF2 and RAB7 to RPE19 cell and observed that
EBSS treatment increased the colocalization between NBRF2
and RAB7 (Figure. S2K). To confirm that nrbf2 KO impairs
autophagy maturation through regulating RAB7 activity, we tran-
siently transfected cells with RAB7?" (constitutively active
form), RAB7™?N (constitutively inactive form) and RAB7 WT
plasmid to the nrbf2”" cells, and we found that only RAB7<"
and RAB7 WT overexpression significantly decreased autophagy
substrate SQSTM1 levels in nrbf2”" cells, but RAB7"**N does not
affect the SQSTM1 levels (Figure 4K and L). Moreover, we iso-
lated autophagosomes from WT and nrbf2”" mice liver (Figure.
S3A and S3B) and brain (Figure. S3C and S3D) to perform the
GST-R7BD affinity-isolation assay. The results indicate that active
RAB?7 is reduced on autophagosome in nrbf2” tissues. We iso-
lated late endosomes, autophagosome and lysosome by density
gradient centrifugation from C57 mouse liver and found that
NRBF2 mainly distributed in autophagosomes fractions and also
exist in late endosomes and lysosomes fractions (Figure. S3E).
Raichu-RAB7, a RAB7 FRET sensor, comprises YPet-GL,
the RAB7-binding domain of Rabring7, super-enhanced CFP
and RAB7. RAB7 GTPase activities can be detected by this
sensor and are measured by the ratio between 525 nm and
475 nm emission [47]. In its GDP-bound inactive form, CFP
and YPet within the probe are located remotely from each
other. Upon GEF activation, GDP on the RAB7 is exchanged
for GTP to induce the association of active GTP-bound RAB7
with the RAB7-binding domain of Rabring7. This intramole-
cular binding brings CFP in close proximity to YPet and,
thereby causes FRET. Using confocal FRET imaging, we
detected changes in fluorescence in live cell. From the results,
we can see that in WT N2a cells the GDP-RAB7 can be
converted to GTP-RAB7, while nrbf2 KO impaired the GDP-
RAB7 conversion to GTP-RAB7 (Figure. S3F). We also used
the microplate reader to measure the change of FRET signals.
The result showed that NRBF2 overexpression increased
RAB7 activity (Figure 40), while nrbf2 KO decreased RAB7
activity (Figure 4P). The reliability of Raichu-RAB7 system
was confirmed by adding the positive control (overexpression
of CCZ1-MONI1A, the GEF for RAB7) and negative control
(CID1067700, inhibitor of RAB7 GTPase) (Figure. S3G and
S3H). The Raichu-RAB7-NC (the RAB7-binding domain of
Rabring7 was replaced with the RAB11-binding domain of
RAB3 LIL1/GRAB) was used to confirm that NRBF2 do not
affect the CFP/YPet ratio of Raichu-RAB7-NC (Figure. S3I
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and S3J). Collectively, these data revealed the important role
of NRBF2 in modulating RAB7 activity for autophagosome
maturation.

NRBF2 interacts and colocalizes with CCZ1-MON1A

To understand how NRBF2 regulates the RAB7 GTPase activ-
ity, we determined the interaction of NRBF2 with CCZ1-
MONI1A, a well-characterized guanine nucleotide exchange
factor (GEF) for RAB7 [24]. As showed in (Figure 5A), tran-
siently expressed Flag-NRBF2 was co-immunoprecipitated with
GFP-CCZ1 and GFP-MONI1A. Interestingly, we further
demonstrated that endogenous NRBF2 interacts with endogen-
ous CCZ1 and MONI1A, and endogenous CCZ1 is also co-
immunoprecipitated with endogenous NRBF2 (Figure 5B-D).
Additionally, immunostaining results showed that transiently
expressed HA-NRBF2 colocalizes with GFP-CCZ1 or GFP-
MONI1A in HelLa cells (Figure 5E and F). These results strongly
support the conclusion that NRBF2 interacts with CCZI1-
MONI1A. To further confirm the direct interaction of NRBF2
with CCZ1-MONI1A, we performed affinity-isolation assays
using recombinant glutathione S-transferase (GST)-NRBF2 or
GST immobilized on agarose beads, with recombinant
MONI1A and CCZ1 protein. Our results showed that GST-
NRBEF2 can pull down recombinant MON1A (Figure 5G) but
not CCZ1 (data not shown), indicating that NRBF2 may
directly interact with MON1A. We further found that endo-
genous CCZ1 is effectively co-immunoprecipitated with
NRBF2-GFP or NRBF2 mutant without CCD domain (Figure
5H). Similarly, transiently expressed Flag-MONI1A in nrbf2”
cells was co-immunoprecipitated with NRBF2-GFP or NRBF2
mutant without CCD domain, but not NRBF2 mutant without
MIT domain (Figure 5I), indicating that NRBF2 MIT domain
is essential for its interaction with CCZ1-MON1A complex and
for modulating RAB7 activity. More interestingly, we found
that CCZ1-MONI1A interaction with NRBF2 was increased in
a starvation-induced autophagy condition (Figure 5J-L). This
result showed that NRBF2 could promote the maturation of
autophagy by regulating the activity of RAB7 during autophagy
induction. Overall, these results indicate that NRBF2 interacts
with CCZ1-MONI1A, and this interaction is important for
regulating RAB7 activation, especially in the autophagy-
inducing condition.

NRBF2 is required for CCZ1-MON1A GEF activity

We performed in vitro GEF activity assay using purified
RAB7, CCZ1, MON1A and NRBF2 proteins. For this assay,
RAB?7 was preloaded with the fluorescent GDP analog mant-
GDP. GEF-mediated displacement of mant-GDP from RAB7
results in a strong loss of fluorescence as a result of the
changes in the microenvironment of the mant group, indica-
tive of GEF activity [21]. It is somewhat surprising that adding
NRBF2 did not increase the CCZ1-MONIA GEF activity
(Figure 6A). Margarita Cabrera and her colleagues found
that the GEF activity of the CCZ1-MONIA for RAB7 is
strongly stimulated on the membranes and is promoted by
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Figure 5. NRBF2 interacts and colocalizes with CCZ1-MON1A. (A) NRBF2 interacts with CCZ1 or MON1A. After N2a cells transiently transfected with Flag or Flag-Nrbf2
with GFP-Ccz1 or GFP-Mon1a, followed by immunoprecipitated (IP) with anti-Flag antibody; eluates were resolved by SDS-PAGE and analyzed by immunoblotting
with the corresponding antibodies. (B and C€) Endogenous NRBF2 interacts with endogenous CCZ1 and MON1A in N2a cells as reflected by immunoprecipitation. (D)
Endogenous CCZ1 interacts with endogenous NRBF2 and MON1A in N2a cells as reflected by immunoprecipitation. (E and F) Colocalization of NRBF2 with CCZ1 or
MON1A. After Hela cells transiently co-expressed NRBF2-HA with GFP-MON1A or GFP-CCZ1, the colocalization was visualized and representative images are shown.
Scale bar: 7.5 pm. (G) Recombinant GST-NRBF2 protein directly binding with recombinant MON1A as reflected by GST affinity-isolation assay. (H) Endogenous CCZ1
interacts with NRBF2-CFP and dCCD-CFP. After N2a cells transiently expressed CFP, NRBF2-CFP or NRNF2-CFP mutant either missing CCD or MIT domain plasmids in
nrbf2”" N2a cells, followed by immunoprecipitated (IP) with anti-CCZ1 antibody; eluates were resolved by SDS-PAGE and analyzed by immunoblotting with the
corresponding antibodies. (I) Flag-MON1A interacts with NRBF2-CFP and dCCD-CFP in nrbf2”” N2a cells as reflected by immunoprecipitation. Irrelevant blots were
removed. (J-L) The interaction between NRBF2 and CCZ1/RAB7 under normal and starvation conditions is determined by IP with an anti-NRBF2 antibody. Data are
quantified as mean = SEM (n = 3). *P < 0.05, **P < 0.01, vs. the relative control.

phosphatidylinositol-3-phosphate (PtdIns3P), which also sup-
ports membrane association of GEF complex [24]. We con-
firmed this result by GEF assay on multilamellar vesicles
(MLVs) mimicked by PtdIns3P or PI (Figure 6B). To investi-
gate whether NRBF2 promotes GEF activity via other partici-
pators, we purified CCZ1-MONI1A complex from WT and
nrbf2”’” mouse brain by immunoprecipitation under non-

denaturing conditions and performed the in vitro GEF activity
assay. Notably, the GEF activity of CCZ1-MONI1A purified
from nrbf2” mice was decreased obviously compared with
that purified from the WT mice (Figure 6C). To quantify the
protein amount, we used different amounts of purified recom-
binant CCZ1 protein as quantitative standard and estimated
the amount of CCZ1-MONI1A complex (around 4 ng in each
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mant-GDP from RAB7 was determined by measuring the decrease in fluorescence signal that accompanies the release of mant-GDP in the presence of a large excess
of GTP. Nucleotide release reactions were initiated by the addition of GTP (1 mM final concentration) in the reaction buffer containing CCZ1 (500 pmol) and MON1A
(500 pmol), with or without adding NRBF2 (500 pmol). Samples are excited at 360 nm, and the emission was monitored at 440 nm. (B) GEF activity of CCZ1-MON1A
toward RAB7 is increased in the presence of PtdIns3P (PtdIns3P concentration is 20 pmol). (C) GEF activity of the CCZ1-MON1A purified from nrbf2”" mice was
decreased obviously compared with that from WT group. Immunopurified CCZ1-MON1A protein by CCZ1 antibody from WT or nrbf2”" mice were used to perform the
GEF assay. (D) GEF activity of the CCZ1-MON1A purified from nrbf2”~ and SAR405-treated cells were decreased compared with that purified from WT or untreated
group. Immunopurified CCZ1-MON1A protein by CCZ1 antibody from WT or nrbf2” cells were used to perform the GEF assay. (E) NRBF2 dCCD domain is important
for reqgulating CCZ1-MONTA GEF activity. nrbf2”" N2a cells were transiently transfected with CFP, Nrbf2-CFP, dMIT-CFP or dCCD-CFP, Immunopurified CCZ1-MON1A
protein by CCZ1 antibody were used to perform the GEF assay. (F) NRBF2-associated GEF activity was increased in a starvation-induced autophagy condition. (G)
Schematic model for NRBF2 regulating CCZ1-MON1A GEF activity.

reaction) in the assay (Figure. S3K and S3L). Similarly, we
purified CCZ1-MONI1A complex from N2a cells, nrbfZ'/' N2a
cells and N2a cells treated with SAR405, and the result
showed that nrbf2 KO or PIK3C3 inhibitor could decrease
CCZI1-MONI1A GEF activity significantly (Figure 6D).
After nrbf2’" N2a cells were transfected with full-length
NRBF2-CFP, NRBF2 mutants missing either the MIT domain
(dMIT-CFP) or the CCD domain (dCCD-CFP), we detected

CCZI1-MONIA GEF activity. Our data showed that both
full-length NRBF2-CFP and dCCD-CFP mutant, but not
dMIT-CFP mutant, are able to rescue nrbf2 KO-mediated
CCZ1-MONI1A GEF activity decrease (Figure 6E), indicating
that MIT domain is essential for promoting CCZ1-MONI1A
GEF activity. More interestingly, we tested NRBF2-associated
GEF activity during autophagy induction and found that
NRBF2-associated GEF activity was increased in a starvation-
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induced autophagy condition (Figure 6F). Overall, these NRBF2 is required for CCZ1-MON1A-associated PIK3C3
results indicate that NRBF2 is required for CCZ1-MONI1A kinase activity and complex formation
GEF activity to promote RAB7 activation, especially under

. ; . As the PtdIns3K complex has been reported to regulate RAB7
autophagy inducing condition.

activation and produce PtdIns3P, we firstly examined the



physical interaction of PIK3C3, a core component of the
PtdIns3K complex, with CCZ1-MONI1A [21,23-25]. By using
the immunoprecipitation assay, we found that endogenous
CCZ1 is co-immunoprecipitated with endogenous PIK3C3 in
mouse brains, as well as in N2a cells (Figure 7A and B). As
expected, NRBF2 also interacted with RAB7 and MONIA
(Figure 7C). Interestingly, the interaction of CCZ1 with
PIK3C3 and RAB7 was impaired in nrbf2”" mouse brains
(Figure 7C-E). The impaired CCZ1-MONIA interaction with
PIK3C3 can be further supported by the reduced colocalization
of CCZ1-MONI1A with PtdIns3P probe GFP-FYVE by immu-
nostaining (Figure 7F and G). The GEF activity of the CCZ1-
MONIA is strongly stimulated on the membranes, especially in
the presence of PtdIns3P. It is likely that PtdIns3P facilitates the
RAB7-GEF interaction by optimally positioning the GEF com-
plex relative to the RAB7. We showed that nrbf2 KO reduced
colocalization of RAB7 with GFP-2XFYVE (PtdIns3P probe)
(Figure. S4A), indicating that NRBF2 may serve as a “bridge”
to connect the PtdIns3K complex and CCZ1-MONI1A for sub-
sequent RAB7 activation.

Because PIK3C3 is mainly responsible for producing
PtdIns3P, and nrbf2 KO affects the interaction of CCZ1 with
PIK3C3, we wondered whether CCZ1-associated PIK3C3 kinase
activity is reduced in nrbf2”" cells. We used PtdIns3P ELISA kit
to test CCZ1-linked PIK3C3 kinase activity. From the result, we
can see CCZl-linked PIK3C3 kinase activity was markedly
decreased in nrbf2”" mice and nrbf2”" cells (Figure 7H and I).
Overexpression of NRBF2 could rescue decreased CCZ1-linked
PIK3C3 kinase activity in nrbf2” cells (Figure 7J). Finally, over-
expression of NRBF2 could rescue impaired interaction of CCZ1
with PIK3C3 and RAB7 in nrbf2”" cells (Figure 7K).

NRBF2 regulates APP-CTF degradation by recruiting
CCZ1-MON1A-RAB7 module to APP-containing vesicles

Our previous study confirmed that NRBF2 expression levels are
reduced in the hippocampus of 5XFAD mice and that NRBF2
interacts with APP in vivo [37]. NRBF2 overexpression promotes
degradation of APP-CTF and AP in N2S cells via lysosomal
pathway [37]. To further confirm the finding, we overexpressed
or depleted nrbf2 in primary cortical neurons isolated from
3xTg AD transgenic mice. We found that overexpression of
GFP-NRBF2 but not GFP decreases APP-CTFs and Ap levels
(Figure 8A-F), while depletion of NRBF2 increases APP-CTFs
and AP levels (Figure 8G-M). We also showed that NRBF2
colocalizes with the BACE (beta-secretase) cleaved APP-CTF
(CTFP) in autophagosomes, and CQ treatment led to CTFp
accumulation in autophagosomes (Figure 8N).

Similar to WT N2a cells, depletion of nrbf2 significantly
reduced GTP-form RAB7 in a Swedish mutant APP overexpres-
sion N2a cells (N2S) (Figure 80 and P). To demonstrate whether
RAB?7 inactivation is involved in APP-CTFs and A accumula-
tion in nrbf2” N2S cells, we overexpressed WT, as well as the
constantly inactive (T22N) and active (Q67L) forms of RAB7 in
nrbf2” N2S cells and observed dramatic reduction of APP-CTFs
and AB in WT and RAB7"" overexpression group, but not in
the RAB7"**Y overexpression group (Figure 9A-F). Next, we
treated RAB72®"" overexpression cells with bafilomycin A, to
inhibit lysosomal degradation and found that the RAB7Y°"
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overexpression-mediated reduction of APP-CTFs was attenu-
ated by bafilomycin A, (Figure. S4B-E)

Our previous research found that nrbf2 KO resulted in
the accumulation of APP and APP-CTFs in RAB5-positive
early endosomes and impaired the distribution of APP and
APP-CTFs to the LC3- and LAMPI-positive autophago-
some/lysosomes. Therefore, the accumulation of APP, APP-
CTFs in nrbf2”” N2s cells deposited in the form of vesicles,
we called APP-containing vesicles [37]. Interestingly, we
found that APP interacts and colocalizes with CCZ1 and
MONIA in N2S cells (Figure 9G-J), and that APP-
associated GEF activity was significantly reduced in
nrbf2"" N2S cells (Figure 9K). Finally, we showed that the
interaction between APP and CCZ1 or RAB7 was signifi-
cantly reduced in nrbf2”’" N2s cells (Figure 9L-N), indicat-
ing that NRBF2 plays a specific role in regulating APP
degradation by recruiting CCZ1-MONI1A-RAB7 to APP-
containing vesicles. The data reveal a previously unknown
role for NRBF2 in regulating CCZ1-MONI1A GEF activity
on APP containing vesicles to activate RAB7 for lysosome
degradation.

Discussion

The data presented in this study reveals a previously unchar-
acterized role of NRBF2, a component of the PtdIns3K
complex, in regulating autophagy-lysosome fusion.
Mechanistic studies indicate that NRBF2 is required for
autophagosome trafficking toward the lysosome via regulat-
ing RAB7 activity by interacting with GEF CCZ1-MONIA
and facilitating GEF activity. Interestingly, this mechanism is
associated with APP-CTFs degradation and AP production.
Loss of NRBF2 impaired the interaction between APP and
CCZ1-MONI1A to reduce APP-associated GFE activity
required for APP-containing vesicle fusion with lysosome.
Collectively, our results indicate that NRBF2 is important for
regulating autophagosome-lysosome fusion and APP-CTF
degradation, providing insight into the function of NRBF2-
PtdIns3K complex in autophagy regulation as well as in the
pathogenesis of AD.

We and others have recently identified NRBF2 as a novel
component of PtdIns3K complex [10-12,16]. Though we and
others found that NRBF?2 is a positive regulator of autophago-
some biogenesis, which is consistent with the function of
Atg38, the yeast homolog of NRBF2 [16], there was also
a controversial report [12]. Nevertheless, previous results
have indicated that NRBF2 plays a major role in regulating
autophagosome biogenesis. Here, our results showed that
Nrbf2 depletion increases both LC3-II and SQSTM1 levels in
neuronal cells and mouse brains. Tf-LC3 staining, and LC3,
LAMP1 colocalization, all support the conclusion that nrbf2
KO impairs autophagosome maturation. Initially, ATG14-
containing PtdIns3K complex is believed to specifically reg-
ulate autophagosome biogenesis, while UVRAG-associated
PtdIns3K complex 2 controls autophagosome-lysosome
fusion. Our findings about NRBF2, together with recent find-
ings that ATG14 regulates autophagosome-lysosome fusion
[10,48], reveal the diverse and complex involvement of the
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Figure 8. NRBF2 regulates APP-CTF degradation via CCZ1-MON1A-mediated RAB7 activation. (A-D) NRBF2 overexpression reduces APP-CTFs and intracellular AB;_4,
AB1.4; levels in primary neuron culture. Primary cortical neurons isolated from 3xTg AD mouse were transfected with Recombinant lentivirus packed GFP-NRBF2 or
GFP, the expression of NRBF2, FL-APP, APP-CTFs were examined by immunoblotting. Data are quantified as mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001
vs. the relative control. (E and F) ELISA results demonstrated that NRBF2 overexpression significantly reduced intracellular AB. Data are quantified as mean + SEM
(n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the relative control. (G-K) Silencing Nrbf2 increased APP-CTFs and intracellular AB. Primary cortical neurons were
transfected with lentiviral Nrbf2 shRNA or nontargeting shRNA. After knocking down (KD) Nrbf2, the level of FL-APP, APP-CTFs were detected by immunoblotting.
Data are quantified as mean = SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the relative control. (L and M) ELISA results demonstrated that Nrbf2 KD
significantly increased intracellular AB level. Data are quantified as mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the relative control. (N) N2a cells were
transfected with mCerulean-Nrbf2, RFP-Lc3 and CTFB-His under basal or CQ-treated conditions. CTFB-His was stained with anti-His antibody and the colocalization of
mCerulean-NRBF2, RFP-LC3 and CTFB-His were visualized under confocal microscope. Scale bar: 7.5 pm. (O and P) GTP-RAB7 in N2 S and nrbf2” N2 S cells were
determined by GTP-beads affinity-isolation assay, we used empty agarose beads as equivalent control. The empty agarose beads cannot pull down RAB7. The “empty
agarose” indicated affinity isolation with empty agarose beads, and the “pull-down” indicated affinity isolation with GTP-beads. Data are quantified as mean + SEM
(n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the relative control.



AUTOPHAGY 1125

A Ag > B c D
FSHVhpa £ T20 51.0
FL-APP [ = == == | 109 27- o5 T8
RFP-RAB7 < So6 x
* (D 10 *k ) U.
RAB7 *k (D. 504
CTFB , L|_L 0.5 hk I[_")OZ *okok
CTFa . < 00.0 " 0.0
GAPDH _37 S AN \& & é\
N2s nrbf2* N2s  nrof2" N2s  nrbf2" N_st
E F G H
g2.5 x| wh g2.0 LELLLE Input IgG IP kpa Input IgG IP ykpg
L 220 $15 CCZi[w=  wmm|55 APP[we= w100
S 8 - -l
< q, 10 < 21.0 APP| ¥ % ™ 100 CCz1 55
s 905 505 I Input IP
& 0.0 X0.0 Flag-MON1A - + - +
RAB7°67L¢ 'bf; RAB706™ - -+ Flag + - + - kDa
s nrbf2" - a "™
N2s nrbf2 app[ s 50 #8100
Flag-MON1A - w55
K
DAP1  Flag-CCZ1 GFP-APP  Merge 15 - Btg;gj
. , — b
J - WT

o o
w o

DAP1 Flag-MON1A GFP-APP  Merge

Relative fluorescence(%)
o

0 10203040506070
. time (min)
B B
L o ttttttt
Input IgG IP:APP «Da oz PtdIns3P
APP[ e o [ s e ] 100
CCZ1| v v s o -— |55
RAB7[IE D D BB || s w25
N2s nrbf2” N2s nrbf2” (‘ Lysosome
N
M L n_ _ - .
&1.5 0_20 A
<1.0 <15 i
Bos|| [ N1
é ' 888 Autophagosome
0.0 N2s nrbf2" N2s nrbf2”

Figure 9. NRBF2 regulates APP-CTF degradation via CCZ1-MON1A-mediated RAB7 activation. (A-D) Overexpression of WT, RAB7%¢”" and RAB7™*" in nrbf2”~ N2S cells
and measurement of FL-APP and APP-CTFs by WB. Data are quantified as mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. the relative control. (E and F)
ELISA results demonstrated that active RAB7 overexpression significantly reduced intracellular AB. Data are quantified as mean + SEM (n = 3). *P < 0.05, **P < 0.01,
***P < 0.001 vs. the relative control. (G) Endogenous APP interacts with CCZ1-MON1A. N2S cells were lysed and immunoprecipitated (IP) with APP antibody; eluates
were resolved by SDS-PAGE and analyzed by immunoblotting with the CCZ1 antibodies. (H) CCZ1 interacts with APP in N2S cells. N2S cells were lysed and
immunoprecipitated (IP) with CCZ1 antibody; eluates were resolved by SDS-PAGE and analyzed by immunoblotting with the APP antibodies. (I) Flag-MON1A interacts
with APP in N2S cells. FLAG-MON1TA were transfected into N2S, then N2S cells were lysed and immunoprecipitated (IP) with Flag antibody; eluates were resolved by
SDS-PAGE and analyzed by immunoblotting with the APP antibodies. (J) FLAG-CCZ1 and FLAG-MONTA were transfected into N2a cells together with GFP-APP, the
colocalization of Flag-CCZ1 or GFP-APP and Flag-MON1A or GFP-APP were visualized under confocal microscope. Scale bar: 5 pm. (K) APP-associated GEF activity was
significantly reduced in nrbf2”" N25S cells. (L-N) Interaction between APP and CCZ1 or RAB7 was determined by IP in WT and nrbf2”" N25 cells. nrbf2 KO impaired
interaction between CCZ1 and APP, RAB7. (0) Schematic model for the NRBF2 function in regulating autophagosome maturation. NRBF2 may serve as an enhancer
for PtdIins3K complex | and MON1A-CCZ1 complex association to activate the GEF activity and subsequent RAB7 activation on the autophagosome, so as to promote
the autophagosome maturation.

PtdIns3K complex in autophagy regulation, expanding our ATG14, UVRAG and NRBF2, coordinates with each other
knowledge of PtdIns3K in autophagy regulation. Future stu- for regulating autophagosome biogenesis and autophago-
dies for determining how the PtdIns3 K complex, such as some-lysosome fusion are required.
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NRBF2 is a component of PtdIns3K complex and directly
interacts with ATGI14. Our previous results indicated that
NRBEF2 controls autophagosome biogenesis via regulating
ATGl14-containing PIK3C3 lipid kinase activity [10].
Interestingly, we showed that the NRBF2 MIT domain is impor-
tant for regulating both autophagosome biogenesis and the
autophagosome maturation. However, how the NRBF2 MIT
domain regulates both autophagosome biogenesis and autopha-
gosome maturation is not well understood currently.

Small GTPase RAB7 plays a key role in regulating autopha-
gosome-lysosome fusion [41-43]. Several proteins, such as
UVRAG, EPG5, HOPS and FYCOI, have been reported to
regulate autophagosome-lysosome fusion via modulating
RAB?7 activity [49]. Here, we found that NRBF2 regulates autop-
hagosome-lysosome fusion via modulating RAB7 activity.
Mechanistically, NRBF2 interacts with RAB7 GEF CCZ1-
MONI1A and is required for GEF activity to activate RAB7.
Interestingly, reconstitution experiment showed that NRBF2
does not directly affect GEF activity. It is well-known that both
PtdIns3K and RAB?7 play important roles in regulating autopha-
gosome maturation [1-3,8]. However, how PtdIns3K and RAB7
coordinate with each other to regulate autophagosome-lysosome
fusion is still largely unclear. The fact that PtdIns3K is mainly
responsible for the production of PtdIns3P and previous find-
ings suggesting that CCZ1-MONI1A binds with PtdIns3P for
RAB7 activation, indicate that there may be a connection
between PtdIns3K and RAB7 activation. Here, we showed that
CCZ1 interacts with PIK3C3, and nrbf2 KO attenuates the
interaction of CCZ1 with PIK3C3, implying that NRBF2 serves
as a “bridge” for linking PtdIns3K with the CCZ1-MONI1A-
RAB7 module. In accordance with this notion, we found that
loss of NRBF2 inhibited CCZ1-associated PIK3C3 kinase activ-
ity and reduced the colocalization of CCZ1-MONIA with
PtdIns3P. In contrast, the in vitro reconstitution experiment
showed that addition of PtdIns3P greatly enhanced CCZ1-
MONI1A GEF activity. Thus, we propose that NRBF2 is required
for CCZ1-MONI1A interaction with PtdIns3K so that CCZ1-
MONI1A can efficiently bind to and be activated by the PtdIns3P
generated by PtdIns3K for RAB7 activation and subsequent
autophagosome maturation. Overall, our results provide impor-
tant information for understanding how PtdIns3K coordinates
with RAB7 for autophagy regulation. However, this point does
not exclude other mechanisms by which CCZ1-MONIA are
recruited to the autophagosome, for example, via interacting
with LC3 [30].

PIK3C3 component UVRAG also regulates autophago-
some-lysosome fusion via competing with RUBCN to interact
with the HOPS complex for RAB7 activation [32]. Though
both NRBF2 and UVRAG modulate RAB7 activity, these two
molecules use different mechanisms. Interestingly, another
PtdIns3K component ATGI14 promotes autophagosome-
lysosome fusion via another unique mechanism involving
SNARE proteins [48]. These results suggest that PtdIns3K
controls autophagosome-lysosome fusion via different and
multiple mechanisms. However, how cells dynamically regu-
late this process by using different components of PtdIns3K
complex needs to be further explored.

The PtdIns3K complex has been implicated in the pathogenesis
of a variety of diseases, including AD. For instance, brain tissues

from AD patients and AD mouse models are selectively deficient in
PtdIns3P, the product of PtdIns3K [50]. BECN1, the major com-
ponent of the PtdIns3K complex, is decreased in brain tissues
from AD patients, and its deficiency leads to amyloid plaque
formation in AD mice models [51-53]. We recently showed that
NRBF2 expression is decreased in the brains of AD mice, and
NRBEF2 is required for the degradation of APP-C terminal frag-
ments (APP-CTFs) for AP homeostasis in an autophagy-
dependent manner [37]. However, the detailed mechanism is not
fully understood. In this study, we showed that APP interacts with
CCZ1-MONI1A, and that NRBF?2 is required for this interaction as
well as for APP-associated CCZ1-MON1A GEF activity. The accu-
mulation of APP-CTFs in nrbf2”" N2S cells can be alleviated by
over-expressing active and WT RAB7 but not inactive RAB7. The
data reveal a previously unknown role of NRBF2 in regulating
CCZ1-MONIA GEF activity on APP-containing vesicles to acti-
vate RAB7 for lysosome fusion. Disruption of this process may lead
to the accumulation of APP-CTFs and Ap.

Opverall, our finding of NRBF2 in regulating autophago-
some maturation and APP processing significantly expands
current knowledge of PtdIns3K in regulating autophagy
and AD development. Given the importance of autophagy
and the PtdIns3K complex in a variety of human disease,
this study will provide critical information for the evaluation
of targeting NRBF2-PtdIns3K as a therapeutic strategy for the
treatment of autophagy-related diseases such as AD.

Materials and methods
Reagents

Antibody information: for western blot and IP, anti-ACTB/f-
actin (sc-47,778), anti-CCZ1 antibody (sc-514,290), anti-CTSB
/cathepsin B (sc-365,558) and normal mouse IgG (sc-2025) were
purchased from Santa Cruz Biotechnology; anti-Flag antibody
(14,794), anti-GFP (2956), anti-GST antibody (2622), anti-
NRBF2 (8633), anti-His (12,698), anti-ubiquitin (P4D1) anti-
body (3936), anti-RAB7 antibody (9367), anti-rabbit IgG
(7074), anti-Mouse IgG (7076) and normal rabbit IgG (2729)
were purchased from Cell Signaling Technology. Anti-LC3B
(NB100-2220) antibody, anti-LAMP1 antibody (6E2; NBP2-
25,155), anti-MONI1A (NBP1-52,007) were purchased from
Novus Biologicals; anti-NRBF2 antibody (A301-851A) was pur-
chased from Bethyl Laboratories; anti-hPIK3C3/VPS34 antibody
(Z-R016 and Z-R015) was purchased from Echelon Bioscience;
anti-SQSTM1/p62 (P0067) was purchased from Sigma-Aldrich.
For immunofluorescence, Alexa Fluor® 488 goat anti-rabbit
/mouse IgG (A-11,008, A-11,001), Alexa Fluor® 555 goat anti-
rabbit/mouse IgG (A-21,429, A-21,424) and Alexa Fluor® 647
goat anti-rabbit/mouse IgG (A-21,244, A-21,235) were pur-
chased from Thermo Fisher Scientific. For ELISA, anti-AfB1-16
monoclonal antibody (6E10, 803,001) and anti-beta amyloid
polyclonal antibody (CT695, 51-2700) were purchased from
Thermo Fisher; anti-beta-amyloid 1-42 antibody (AB5078P)
was purchased from Millipore; anti-beta-amyloid 1-40 antibody
(0060-100/bA4(40)-5C3) was purchased from Nanotools.
DMEM (11,965-126), LysoTracker red DND-99 (L7528), dyna-
beads® protein G for immunoprecipitation (10003D), fetal
bovine serum (10,270-106), opti-MEM (31,985-070), G418



(10,131-035), lipofectamine™ 3000 Transfection Reagent
(L3000008), mant-GDP (M12414) and GTP (18,332,015) were
purchased from Thermo Fisher Scientific. GST-NRBF2 protein
(BC001345), 6XHis-MON1A (BC047022), and 6XHis-CCZ1
(BC132749) were obtained from Proteintech. Recombinant
RAB7 protein was purchased from Abcam (abl103507).
Chloroquine (C6628) was purchased from Sigma-Aldrich

Cell culture

Mouse neuroblastoma N2a cells (ATCC, CCL-131) and HelLa
(ATCC, CCL-2) cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM). All the mediums were supplemented
with 10% FBS, penicillin and streptomycin (Thermo Fisher
Scientific, 15,140,163). N2S maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Thermo Fisher Scientific, 11,965-126)
10% FBS, penicillin and streptomycin and 200 ug/mL G418. For
starvation, after cells washed with phosphate-buffered saline
(PBS; Thermo Fisher Scientific, 70,011,044) twice; EBSS/HBSS
medium (Earle’s Balanced Salt Solution/Hanks balanced salt
solution; Thermo Fisher SCIENTIFIC, 24,010,043, 14,025,092)
was added, and incubated for 4 h. Cells were incubated at 37°C
in a humid 5% C0,:95% air environment.

Stable cell lines construction

nrbf2”” N2a cells were established by using the lentivirus-
mediated CRISPR/Cas9 system. Briefly, the nrbf2 sgRNA/Cas9
plasmid, psPAX2 (Addgene, 12,260; deposited by Didier Trono)
and pCMV-VSV-G (Addgene, 8454; deposited by Bob
Weinberg) were co-transfected into HEK293T cells for 72 h to
generate virus particles. Virus-containing medium was collected
and filtered through a 0.45 um filter (Pall, KA2DBLP6 G),
followed by infected to N2a cell. After selection by puromycin
and isolation of single-cell clones, KO of nrbf2 in the expanded
colonies was confirmed by immunoblotting. nrbf2”’" N2S cells
were used as described previously [37].

Cell transfection

Cells were transfected with plasmids using Lipofectamine®
3000 Transfection Reagent (L300008) from ThermoFisher
according to the manufacturer’s instructions. 24-72 h after
transfection, cell was used for analyzes.

Mice feeding

nrbf2”” mice and 3xTG AD mice were housed in individually
ventilated cages on standardized rodent bedding. The room
temperature was kept at approximately 22°C and the relative
humidity between 40 and 70%. Mice were housed under constant
light-cycle (12 h light/dark). All experiments were carried out in
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the Committee on the
Ethics of Animal Experiments of the University of Macau.
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Primary cortical neuronal culture

Cortical neurons were obtained from 3xTg AD mice. On
embryonic day 15, cerebral cortices were dissected and digested
with trypsin. Single neuron suspension was generated by pipet-
ting and filtering through 40-um nylon strainer (Sigma,
CLS431750). The neurons were cultured in neurobasal medium
(Gibco, Carlsbad, CA, USA) supplemented with B27, 1%
L-glutamine (Thermo Fisher Scientific, 25,030,081), and 1% peni-
cillin/streptomycin. The medium was changed every other day.

Cell imaging

Cells were cultured on coverslips using 24-well plates followed
by transient transfection with indicated plasmids for 24-72 h.
Cells were fixed in 4% formaldehyde for 10 min at room
temperature and permeabilized in 0.2% Triton X-100 (used
APP and CCZ1/MONIA colocalization staining permeabi-
lized) (Sigma, T8787) or and 50 pg/ml digitonin (used in
permeabilization for all immunostaining experiments except
APP and CCZI1/MONI1A colocalization staining; Sigma,
D141). Cells were blocked with 3% BSA (Sigma, B2046) to
prevent antibodies from adsorbing to nonspecific sites, fol-
lowed by staining with appropriate primary antibodies over-
night at 4°C. Staining with fluorescent secondary antibodies
(Alexa Fluor® 488, Alexa Fluor® 555 or Alexa Fluor® 647
secondary antibodies) for 2 h at room temperature. Cell
images were acquired using a DeltaVision Deconvolution
microscope (GE Healthcare) or confocal microscope.

Immunoblotting and immunoprecipitation

Cell proteins were extracted using ice-cold RIPA buffer (Cell
Signaling Technology, 9806) with complete protease inhibitor
mixture (Roche Applied Science, 04693124001). Proteins were
resolved by gel electrophoresis in 10-15% SDS-polyacrylamide
gels and subsequently transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad, 1,704,156). Following blocking
with TBS-T (Tris-buffered saline with 0.1% Tween-20 [Sigma,
P1379]) buffer containing 5% (w:v) nonfat milk powder (Bio-
Rad, 1,706,404) the blots were probed with the corresponding
primary antibodies and secondary antibody. Blots were visua-
lized using the Pierce ECL kit (Pierce, 32,106). We used Image]
to get quantitative results from our western blot bands. It is
essential to ensure that the bands are not in the saturation
range and the background correction method selected actually
makes sense. The specific method is executed according to the
description of Image] (National Institutes of Health).

For immunoprecipitation, cells lysates or animal brains
were lysed in Nonidet P-40 (NP-40) cell lysis buffer (25 mM
Tris, pH 7.6, 100 mM NaCl, 0.5% NP40 [Sigma, 74,385],
1 mM EDTA (Sigma, E9884), 10% glycerol [Affymetrix/
USB - J16374] with protease inhibitors). Then immunopreci-
pitation was performed using the indicated antibodies.
Generally, 5 pug of antibody was added to 500-1000 ug of
cell lysate and incubated at 4°C overnight. After addition of
protein A/G-agarose beads (Thermo Fisher Scientific,
10003D), incubation was continued for 2 h, and then immu-
nocomplexes were washed five times using lysis buffer,
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resolved by SDS-PAGE, and analyzed by immune blot. The
clean-blot IP detection kit (Thermofisher, 21,232) was used to
avoid the interference of IP primary antibody. The Clean-Blot
IP Reagent and Kit eliminate detection-interference from both
heavy-chain (approx. 50 kDa) and light-chain (25 kDa) IgG-
fragments of antibodies used for the initial immunoprecipita-
tion assay.

Subcellular fractionation and in vitro fusion assay

Subcellular fractionation was undertaken as described [40].
Briefly, livers of mice were dissected and finely minced. Liver
tissue was rinsed with cold PBS and resuspended in 7-8 ml
homogenization solution (10 mM HEPES (Thermofisher,
15,630,080), 250 mM sucrose (Sigma, S8501), 1 mM EDTA,
pH 7.4, protease inhibitor cocktail). Lysates were centrifuged at
1,000 g for 10 min at 4°C then removed the floating fat, and the
supernatant was saved. Resuspended the pellet, gently homoge-
nized for another 3-4 strokes followed by centrifugation.
Supernatants were combined and centrifuged at 20,000 g at 4°
C for 20 min. Supernatants were saved as the cytosolic fraction.
The pellet was resuspended in 2.25 mL homogenization solution
and mixed with 3.75 mL 80% (w:v) Histodenz TM (Sigma
Aldrich, D2158) stock solution (80% Histodenz TM, 1 mM
EDTA, 10 mM HEPES, pH 7.4). A discontinuous Histodenz
TM gradient (26%, 24%, 20%, 15%) with protease inhibitor
was carefully layered on top of the lysates, followed by centrifu-
ging at 25,000 g at 4°C for 4 h. Autophagosome fraction and
lysosome fraction at the interfaces of gradients were collected by
syringe. Diluted the fraction to 0.01 ug/pl protein in fusion buffer
(10 mM HEPES pH 7.0, 10 mM KCl, 1.5 mM MgCI2, 1 mM
DTT, 250 mM sucrose, and a protease inhibitor cocktail).
Autophagosome were labeled by an anti-LC3 antibody and CY3-
conjugated secondary antibody, while lysosome was labeled by
an anti-LAMP1 antibody and Alexa488-conjugated secondary
antibody. Autophagosome fusion with lysosome was performed
in an energy-regenerating system (3 mM ATP, 2 mM GTP,
2 mM CaCl,, 8 mM phosphocreatine [Sigma, P1937], 0.16 mg/
ml creatine phosphokinase [Sigma, C7886], and a protease inhi-
bitor cocktail) at 37°C for 40 min. The reaction was stopped by
8% paraformaldehyde on ice for 15 min. Images were acquired
using a DeltaVision Deconvolution microscope (GE Healthcare)
or confocal microscope.

GTP-agarose dffinity isolation for RAB7 activity assays

For RAB7 activity assay, we measured the amount of GTP
form of RAB7 present using GTP agarose beads (Sigma,
G9768) following a published protocol described previously,
with minor modification [44]. Briefly, cells or animal brains
were collected and lysed in a buffer containing 50 mM Tris-
HCI pH7.5, 250 mM NacCl, 5 mM MgCl,, 0.5% Triton X-100,
and protease inhibitors. Equal amounts of protein lysates were
incubated with GTP-agarose beads overnight at 4°C. The
GTP-agarose beads were then washed with cell lysis buffer
and boiled in SDS-loading buffer before SDS-PAGE for
immunoblotting. The amount of RAB7 bound to GTP was
measured by blotting with a RAB7-specific antibody and

appropriate secondary antibody. Total RAB7 was measured
by immunoblotting and detected by a RAB7 antibody.

GST-R7BD dffinity isolation

Purification of GST-R7BD (GST-RILP) from bacterial [54].
GST-R7BD was transformed into Escherichia coli strain BL21
(Takara, 9126). The 300 ml 2XYT culture was incubated for
additional 12 h at 30°C, Spin down the bacterial at 5000 g at
4°C for 10 min, washed with cold PBS, resuspended in 8 ml of
cold lysis buffer (50 mM Tris HCI PH7.5, 1 mm EGTA, 1%
TritonX 100, 0.27 M sucrose, 0.1% beta-ME (Sigma, M6250)
1:4000 DNAase I (Thermofisher, EN0521) with protease inhi-
bitors). Protein was purified by 500 ul of glutathione-
sepharose 4B beads (GE Healthcare GE17-0756-01).
Mammalian cells lysed in the lysis (pull down) buffer
(20 mM HEPES, 100 mM NaCl, 5 mM MgCI2, 1% Triton
X-100, protease inhibitors). Each affinity isolation was per-
formed in 1 ml with 500 ug of cell lysate and 100 ul of beads
pre-equilibrated in affinity-isolation buffer. Beads were rocked
overnight at 4°C, washed twice with cold affinity-isolation
buffer, and bound proteins were eluted by adding 1x sample
buffer incubating at 95°C for 8 min. The amount of RAB7
bound to GTP was measured by blotting with a RAB7 specific
antibody and appropriate secondary antibody.

In vitro affinity-isolation assay

Purified proteins were used to detect interactions of NRBF2
with CCZ1-MONIA proteins. GST or GST-tagged NRBF2
protein (2 ug; Proteintech, Ag21403) was incubated with
GST beads in 500 pl PBS buffer containing 0.5% NP-40 for
2 h min at 4°C. Next, His-CCZ1 or His-MON1A recombinant
proteins were added; then, the supernatants were removed,
and the bound proteins were boiled in 1x SDS sample loading
buffer, then separated by SDS-PAGE and finally visualized by
immunoblotting.

ELISA assay of AB1_40 and Aﬁ1_42

The cells, culture medium and brain tissue homogenates,
which were lysed in lysis buffer. One day before the experi-
ment, coat the ELISA plates (Nunc) with the 6E10 antibody
and incubated overnight at 4°C. Wash plates with PBST
(0.05% Tween 20) and block with Block Ace (4 times diluted
from the stock in PBS) for 2 h at room temperature. Wash
plates with PBST for two times. Dispense conditioned media
(sample) or standard samples and incubate at 37°C for 2 h.
Discard the samples and wash plates with PBST three times.
Added secondary antibody incubated for 2 h at 37°C. Wash
the plates thoroughly for 4 times with PBST. Dilute strepta-
vidin-conjugated horseradish peroxidase to 1:4000 in assay
diluant and dispense 100 pl/well. Incubate for 1 h at 37°C.
Wash plates for 4 times with PBST and removed all traces of
liquid. Dilute buffer A and B in 1:1 ratio and add 100 ul/well
and incubate for 30 min in the dark. Stop the reaction by
addition of 2 M H, SO, (Millipore, 100,731) (100 pl/well) for



15-30 min or after seeing the desired signal. Read the absor-
bance values at 450 nm.

Statistical analysis

Each experiment was performed at least 3 times, and the
results are presented as mean + SD. One-way analysis of
variance (ANOVA) was followed by the Student-Newman-
Keuls test using the Sigma Plot 11.0 software package.
A probability value of P < 0.05 was considered to be statisti-
cally significant.
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