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ABSTRACT

MARCH2 (membrane-associated RING-CH protein 2), an E3 ubiquitin ligase, is mainly associated with the
vesicle trafficking. In the present study, for the first time, we demonstrated that MARCH2 negatively
regulates autophagy. Our data indicated that overexpression of MARCH2 impaired autophagy, as
evidenced by attenuated levels of LC3B-Il and impaired degradation of endogenous and exogenous
autophagic substrates. By contrast, loss of MARCH2 expression had the opposite effects. In vivo
experiments demonstrate that MARCH2 knockout mediated autophagy results in an inhibition of
tumorigenicity. Further investigation revealed that the induction of autophagy by MARCH2 deficiency was
mediated through the PIK3CA-AKT-MTOR signaling pathway. Additionally, we found that MARCH2
interacts with CFTR (cystic fibrosis transmembrane conductance regulator), promotes the ubiquitination
and degradation of CFTR, and inhibits CFTR-mediated autophagy in tumor cells. The functional PDZ
domain of MARCH?2 is required for the association with CFTR. Thus, our study identified a novel negative
regulator of autophagy and suggested that the physical and functional connection between the MARCH2
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and CFTR in different conditions will be elucidated in the further experiments.

Introduction

Autophagy is a major cellular degradation pathway in which
cytosolic long-lived proteins and organelles are captured into
autophagosomes and delivered to lysosomes, where the seques-
tered cargo is degraded and recycled." Autophagy exists at a
low level in basal physiological conditions, but is induced to a
high level upon starvation or other stress conditions.” Its high
capacity means that autophagy plays a key role in preserving
homeostasis and protein quality control.

Upon conventional autophagy activation, MTORCI dissoci-
ates from the ULK1 complex, leading to ULK1 dephosphoryla-
tion and activation. ULK1 then phosphorylates AMBRAI,
releasing it and the PIK3C3-BECN1 complex from the cyto-
skeleton, enabling the PIK3C3-BECN1 complex to relocate
into the ER (endoplasmic reticulum), which marks the initia-
tion of an autophagosome. Next, ATG9 is recruited to carry lip-
ids for membrane elongation, which serves as a platform for
recruiting effectors to the phagophore. Two ubiquitin-like con-
jugation systems mediate phagophore shaping, expansion and
sealing. First, assisted by El-like enzyme ATG7 and E2-like
enzyme ATG10, ATG12 conjugates with ATGS5, and together
with ATGI16L1, forms the ATG12-ATG5-ATG16L1 complex.
Second, LC3 (microtubule-associated protein 1 light chain 3) is
cleaved by ATG4 to produce LC3-I, which links to PE to

produce lipidated and phagophore/autophagosome-localized
LC3-11.> LC3-11 is ever present during the formation and matu-
ration of autophagosomes; therefore, LC3-II is considered as a
marker of autophagy.*®

MARCH2 (membrane associated ring-CH-type finger 2) is a
member of the MARCH family, which includes at least 9 mem-
bers currently. MARCH?2 is characterized by a RING-CH finger
(N terminus), 2 transmembrane spans (middle) and a PDZ
domain binding motif (C terminus).” The RING-CH finger is a
C4HC3-type double Zn>"-binding domain, which has E3 ubiq-
uitin ligase activity. MARCH2 was identified for the first time
as a member of a novel transmembrane ubiquitin ligase family
probably associated with viral immune evasion proteins.'’ It
interacts with STX6 (syntaxin 6) and participates in the trans-
portation between the trans-Golgi network (TGN) and early
endosomes or recycling endosomes. It mainly functions in vesi-
cle trafficking."" As an E3 ubiquitin ligase, MARCH2 can
ubquitinate several substrates, such as DLG1,"> ADRB2/
B2AR" and CFTR.' To date, the role of MARCH2 in autoph-
agy remains unclear.

In the present study, for the first time, we reported a correla-
tion between MARCH?2 and autophagy. A series of experiments
proved that MARCH2 is a negative regulator of autophagy.
The potential molecular mechanism of MARCH2-mediated
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autophagy might promote the ubiquitination and degradation
of CFTR. Simultaneously, PIK3CA-AKT-MTOR signaling is
also associated with the autophagy regulation triggered by
MARCH2.

Results

MARCH?2 overexpression impairs autophagosome
formation

We previously established a screening platform for novel human
autophagy-related genes, based on an automated fluorescence
microscopy system,”> and have identified several genes linked
to cell autophagy, including TM9SFI,"> EMC6,'® TMEM208,"”
PHF23'"® and MARCH2. Here, we analyzed the effects of
MARCH? on autophagy regulation systematically.

We first detected the expression and intracellular distribution of
MARCH?2 during the autophagic process. Data obtained from
western blotting showed that the expression of MARCH2 was
downregulated in HeLa cells treated with EBSS or rapamycin in
time-dependent manner (Fig. S1A). Similar results were observed
in glucose-starved cells (Fig. S1B, lane 1 to 4), which indicates that
MARCH?2 was degraded in the process of autophagy. Therefore,
E64d plus pepstatin A (inhibitors of autophagic substrate degrada-
tion) were used to further confirm whether MARCH2 was
degraded via autophagy. As shown in Figure S1B (lane 5 to 8),
treatment of E64d plus pepstatin A could increase the levels of
MARCH2 in glucose-starved HeLa cells. We also found that
MG132 (a proteasome inhibitor) reduced the degradation of
MARCH2 protein in glucose-starved HeLa cells (Fig. S1B, lane 9 to
12). These results indicated that the degradation of MARCH2 was
due to both autophagy and the proteasome. Consistent with this
observation, immunofluorescence and confocal microscopy obser-
vations indicated that the fluorescence signals of MARCH2 in
plasma and cytoplasm were downregulated in HeLa cells treated
with EBSS (Fig. S1C), indicating that the intracellular distribution
of MARCH2 should be affected by autophagy-inducing conditions.

Next we analyzed the phenotype of autophagy. In
MARCH?2-overexpressing HeLa cells, the steady-state levels of
endogenous LC3B-II protein decreased compared with the vec-
tor control (Fig. 1A and B, lane 2 vs. lane 1). This decrease in
LC3B-II potentially resulted from a decrease in autophagosome
formation or an increase of autophagosome degradation.® To
distinguish these 2 possibilities, bafilomycin A, (BafA,) was
used. BafA; prevents the fusion between autophagosomes and
lysosomes by inhibiting the vacuolar-type H*-translocating
ATPase. As shown in Figure 1A and B, lane 4 vs. lane 3, com-
pared with empty vector-transfected cells, the LC3B-II accumu-
lation in MARCH2-overexpressing cells was still weaker in the
presence of BafA,. This indicated that decreased LC3B lipida-
tion (as it is correlated to LC3B-II levels) driven by MARCH?2
overexpression, resulted from decreased autophagosome for-
mation. Furthermore, MARCH2 overexpression attenuated
LC3B lipidation in rapamycin-treated HeLa cells, with or with-
out BafA; (Fig. 1A and B, lane 6 vs. lane 5, lane 8 vs. lane 7),
which suggested that MARCH2 overexpression ablated auto-
phagosome formation both in normal and stress conditions.
Similar results were acquired in U20S cells (Fig. 1A and B, lane
9 to lane 16). Consistent with the results of western blotting, we
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monitored GFP-LC3B puncta per cell in stably transfected
GFP-LC3B HeLa cells. Compared with the control group,
MARCH2 overexpression reduced the GFP-LC3B puncta dis-
tribution in the presence or absence of BafA; (Fig. 1C and D).
At the same time, MARCH2 overexpression also reduced
RAPA-induced GFP-LC3B dots in HeLa cells (Fig. 1C and D).
The distribution of endogenous LC3B dots was similar to that
of GFP-LC3B in MARCH2-overexpressing HeLa cells
(Fig. S1D and E). Additionally, MARCH?2 overexpression also
attenuated EBSS-induced LC3B lipidation (data not shown).

Transmission electron microscopy (TEM) analysis was per-
formed to examine the ultrastructure of autophagic structures in
MARCH2-overexpressing HeLa cells treated with BafA;. The
results revealed that MARCH2 overexpression resulted in
decreased autophagosome- or autolysosome-like structures, com-
pared with the vector-transfected cells (Fig. 1E and F). Taken
together, these results demonstrated that MARCH?2 overexpression
impairs the synthesis of autophagosomes.

During autophagy, the GFP-LC3B protein is delivered to lyso-
somes, in which the GFP moiety is cleaved and remains relatively sta-
ble, while LC3B is rapidly degraded. Thus, the level of free GFP
corresponds to the autophagic flux.® In stably transfected GFP-
LC3B HeLa cells, a weaker free GFP band was observed in
MARCH2-overexpressing cells than in control cells (Fig. 1G and H).
This treatment also resulted in an increase in the endogenous
autophagy substrate SQSTM1*'® (Fig. 1G and H, upper panel).
Simultaneously, MARCH2 overexpression upregulated exoge-
nously expressed polyQ80 aggregates (Fig. 1I), indicating that
MARCH?2 impairs the clearance of autophagic substrates.

Knockdown of MARCH2 increases the complete
autophagic flux

To determine the physiological effect of MARCH2 on the regula-
tion of autophagy, experiments were conducted in MARCH2-
depleted cells. Using RT-PCR and western blotting, an effective
siRNA against MARCH2 (siMARCH?2) was identified (Fig. S2A).
Data from repeated experiments showed that depletion of
MARCH?2 greatly elevated the levels of endogenous LC3B-II
(Fig. 2A and B, lane 2 vs. lane 1), compared with siControl-trans-
fected cells. BafA, treatment caused a further increase in LC3B
conversion in MARCH2-silenced cells (Fig. 2A and B, lane 4 vs.
lane 3), which indicated that MARCH2 deficiency increased the
formation of autophagosomes. Additionally, MARCH2 silencing
promoted RAPA-induced lipidation of LC3B, with or without
BafA, (Fig. 2A and B, lane 6 vs. lane 5, lane 8 vs. lane 7). These
data indicated that knockdown of MARCH2 facilitated autophago-
some synthesis in normal or stress conditions. Similar results were
obtained in U20S cells (Fig. 2A and B, lane 9 to lane 16). In line
with these results, MARCH2 knockdown remarkably elevated
GFP-LC3B dots per cell compared with the siControl group, with
or without BafA, (Fig. S2B and C). Furthermore, TEM observation
suggested that MARCH2 knockdown cells treated with BafA, dis-
played more autophagosome- or autolysosome-like structures
than in siControl-transfected cells (Fig. 2C and D). To further
prove the function of MARCH?2, a MARCH2 knockout cell line
was established by CRISPR-Cas9-mediated genome editing***" in
HCT166 cells. As expected, CRISPR-Cas9-mediated knockout
(KO) of MARCH?2 led to an absence of MARCH?2 protein
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Figure 1. MARCH2 overexpression impairs autophagosome formation. (A) HeLa and U20S cells were transfected with empty vector (Vector) or the MARCH2-MYC
(MARCH2) plasmid for 24 h, and treated with BafA; (10 nM) and/or rapamycin (RAPA, 5 M) for the last 6 h. The levels of LC3B-Il were measured by western blotting. (B)
Quantification of LC3B-Il levels relative to ACTB in cells treated as in (A). Average value in vector-transfected cells without BafA; was normalized as 1. Data are means +
SD of results from 3 experiments. (C) Representative confocal microscopy images of GFP-LC3B distribution obtained from Hela cells transfected with the indicated plas-
mids and treated as in (A). Scale bar: 25 pm. (D) Quantification of GFP-LC3B puncta per cell treated as in (C). Data are means =+ SD of at least 50 cells scored. (E) HeLa cells
were transfected with vector or the MARCH2-MYC plasmid for 24 h, and treated with BafA1 (10 nM) for the last 2 h. Cells were then harvested for the TEM analysis. Scale
bar: 25 um. (F) Quantification of autophagic structures per cell treated as in (E). Data are means =+ SD of at least 20 cells scored. (G) Hela cells stably expressing GFP-
LC3B were transfected with vector or the MARCH2-MYC plasmid for 24 h. Levels of SQSTM1 and free GFP were analyzed by western blotting. (H) Quantification of
amounts of free GFP or SQSTM1 protein relative to ACTB in cells treated as in (G). The average value in Vector-transfected cells was normalized as 1. Data are means +
SD of results from 3 experiments. (I) Hela cells were cotransfected with polyQ80-luciferase (or polyQ19-luciferase) and vector or the MARCH2-MYC plasmids for 24 h.
PolyQ80 luciferase:polyQ19 luciferase ratios were analyzed using the Dual Luciferase Reporter System. The average value in vector-transfected cells was normalized as 1.
Data are means = SD of results from 3 experiments. *, P < 0.05; **, P < 0.01.

(Fig. 2E, lane 2 vs. lane 1). Simultaneously, knockout of MARCH2  WIPI2 is recruited to early autophagosomal structures along

in HCT116 cells also resulted in an accumulation of LC3B-II in
the presence or absence of BafA,; (Fig. 2E and F, lane 2 vs. lane 1,
lane 5 vs. lane 4; Fig. S2D to G). These results are concordant with
those of siMARCH?2 treatment.

In addition to the LC3B expression, autophagosomes had
been identified by SQSTM1, ubiquitin, WIPI2,*** ATG16L1**
and STX17 (syntaxin 17).°>”® When autophagy is activated,

with ATG16L1 and ULK1 and is required for the formation of
LC3-positive autophagosomes.”> STX17 localizes to the outer
membrane of completed autophagosomes but not to the phago-
phore.” Tt targets to autophagosomes for fusion with endo-
somes/lysosomes.”® Further studies suggested that knockdown
of MARCH? indeed increased the colocalization of GFP-LC3B
together with SQSTM1, ubiquitin, WIPI2, ATG16L1 or STX17,
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Figure 2. Loss of MARCH?Z increases complete autophagic flux. (A) HeLa and U20S cells transfected with siControl or siMARCH2 for 48 h and treated with BafA1 (10 nM)
and/or RAPA (5 M) for the last 6 h. The levels of LC3B-Il were detected by western blot. (B) Quantification of amounts of LC3B-II relative to ACTB in cells treated as in
(A). Average value in siControl-transfected cells without BafA; was normalized as 1. Data are means =+ SD of results from 3 experiments. (C) TEM analysis of Hela cells
transfected with siControl or siMARCH2 for 48 h, and treated with BafA1 (10 nM) for the last 6 h. Scale bar: 1 «m. (D) Quantification of autophagic structures per cell
treated as in (E). Data are means =+ SD of at least 20 cells scored. (E) Western blotting analysis of endogenous LC3B-Il levels in control HCT116 cells, MARCH2 KO HCT116
cells alone or MARCH2 KO HCT116 cells transfected with the MARCH2 plasmid for 24 h, then treated with or without BafA;(10 nM) for the last 6 h. (F) Quantification of
endogenous LC3B-II levels relative to ACTB in cells treated as in (C). The average value in control cells without BafA; was normalized as 1. Data are means + SD of results
from 3 experiments. (G and I) Colocalization of GFP-LC3B with LAMP1-cherry or LysoTracker Red obtained from stable GFP-LC3B Hela cells transfected with siControl or
SiMARCH?2 for 48 h, and then observed by confocal microscopy. Scale bar: 25 um. (H and J) Quantification of number of GFP-LC3B puncta colocalized with LAMP1-cherry
or LysoTracker Red per cell. Data are means + SD of at least 50 cells scored. (K) Representative confocal microscopy images of mTagRFP-mWasabi-LC3B distribution in
Hela cells cotransfected with mTagRFP-mWasabi-LC3B and siControl or siMARCH2, and cultured for 48 h. Scale bar: 25 pm. (L) Quantification of number of RFP-positive
and GFP-negative LC3B-labeled autolysosomes per cell treated as in (K). Data are means =+ SD of at least 50 cells scored. (M) HeLa cells stably expressing GFP-LC3B were
transfected with siControl or siMARCH2 for 48 h. Levels of SQSTM1 and free GFP were analyzed by western blotting. (N) HeLa cells were cotransfected with polyQ80-lucif-
erase (or polyQ19-luciferase) and the indicated siRNAs for 48 h. PolyQ80-luciferase: polyQ19-luciferase ratios were analyzed using the Dual Luciferase Reporter System.
The average value in siControl-transfected cells was normalized as 1. Data are means % SD of results from 3 experiments. *, P < 0.05, **; P < 0.01; ***, P < 0.001.
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respectively (Figure S3A to L). Collectively, these results indi-
cated that MARCH?2 deficiency promoted autophagosome
formation.

Next, the specific effects of MARCH2 depletion were
assessed in a recovery experiment. As shown in Figure 2E
and F, increased LC3B conversion in MARCH2 KO
HCT116 cells was significantly decreased after transfection
with the MARCH2 plasmid, with or without BafA, (Fig. 2E
and F, lane 3 vs. lane 2, lane 6 vs lane 5), implying the spe-
cific effects of MARCH2 ablation- modulated autophagy.
Consistent with these observations, the LC3B puncta in
MARCH2-knockout cells plus the MARCH2 overexpression
were reduced compared with MARCH2 KO alone (Fig. S2H
and I). Overall, our results suggested that MARCH2 nega-
tively regulates cell autophagy.

We then monitored whether MARCH?2 deficiency increased
autophagic flux. In view of the fact that MARCH?2 localized to
lysosomes,” we first analyzed the effects of MARCH2 on lyso-
somal function. Western blotting revealed that MARCH2
silencing did not influence the maturation of CTSB or CTSD
(Fig. S4A), which indicated that MARCH?2 deficiency failed to
affect lysosomal activity. We further detected the maturation of
autophagosomes and substrate degradation in MARCH2-
silenced cells. Autophagosome maturation involves a series of
fusions with late endosomes and lysosomes. Confocal micros-
copy proved that the number of GFP-LC3B puncta colocalized
with LAMP1-Cherry was significantly increased in siMARCH2-
transfected cells compared with that in the siControl group
(Fig. 2G and H). Simultaneously, the same treatment caused
more GFP-LC3B puncta to fuse with LysoTracker Red-labeled
lysosomes (Fig. 2I and J). Furthermore, the mTagRFP-mWa-
sabi-LC3B reporter was also used to evaluate the maturation of
autophagosomes in MARCH2 knockdown cells.”” The data
showed that the conversion of mTagRFP-positive and mWa-
sabi-negative LC3B puncta (which have no mWasabi signal, or
much weaker relative to mTagRFP) was markedly increased in
MARCH2-depleted cells compared with siControl-transfected
cells (Fig. 2K and L). Results from flow cytometry showed that
the percentage of mTagRFP™8" mWasabi™™" cells was signifi-
cantly increased in cells transfected with siMARCH2, compared
with control cells (Fig. S4B and C). Consistent with these
results, in stably transfected GFP-LC3B HelLa cells, stronger
free GFP and weaker SQSTMI1 bands were observed in
MARCH2-silenced cells than in control cells (Fig. 2M). This
treatment also resulted in a reduction in polyQ80 aggregates
(Fig. 2N), indicating that MARCH?2 silencing enhanced auto-
phagic substrate clearance. Collectively, these data supported
the view that MARCH2 deficiency promoted autophagosome
entry into lysosomes and degradation.

MARCH2 knockdown-mediated autophagy acts upstream
of ULK1 and the PIK3C3-BECN1 complex

We next determined at which step the autophagosome forma-
tion is increased in the MARCH2 knockdown cells. At this
point, several key ATG molecules, including ATG7, ATGS5,
ATGI6L1, PIK3C3, BECNI and ULKI were silenced in
MARCH2 knockdown cells and the effects were analyzed.
Western blotting showed that ATG7 knockdown reversed the

accumulation of LC3B-II induced by siMARCH2, with or
without BafA, treatment (Fig. 3A and B, lane 4 vs. lane 2, lane
8 vs. lane 6). Likewise, knockdown of ATG5 or ATG16L1 also
blocked the LC3B conversion induced by siMARCH2
(Fig. 3C-F, lane 4 vs. lane 2, lane 8 vs. lane 6). These data
implied that the activity of ATG7, ATG5 and ATGI16L1 was
required for MARCH?2 silencing-induced autophagy.

3-methyladenine (3-MA), a PIK3C3 inhibitor, was used to
indicate whether MARCH2 acts upstream or downstream of
the class III phosphatidylinositol 3-kinase complex. As shown
in Figure S5A and B, lane 6 vs. lane 4, 3-MA decreased the
accumulation of LC3B-II induced by siMARCH2. Other
PIK3C3 inhibitors, such as wortmannin (WM) and LY294002,
also reversed the LC3B lipidation induced by siMARCH?2
(Fig. S5A, lane 8 vs. lane 4, lane 10 vs. lane 4). We then per-
formed the experiments in BECNI or PIK3C3/VPS34-silenced
cells. As showed in Figure 3G to J, BECN1I or PIK3C3 deficiency
blocked the increases of LC3B-II induced by siMARCH?2 treat-
ment (Fig. 3G-J, lane 4 vs. lane 2, lane 8 vs. lane 6). Similarly,
ULK1 silencing also prevented the LC3B lipidation induced by
siMARCH?2 treatment (Fig. 3K and L, lane 4 vs. lane 2, lane
8 vs. lane 6). These data revealed that MARCH2 knockdown
promotes autophagosome formation through the classic auto-
phagic pathway, and that MARCH2 might act upstream of
ULK1 and the PIK3C3-BECN1 complex.

PIK3CA-AKT-MTOR signaling is involved with MARCH2-
ablation-triggered autophagy

Next, we investigated the signaling involved in the autophagy-
stimulative effect in MARCH2-silenced cells. MTOR (mechanistic
target of rapamycin [serine/threonine kinase]) is a key regulator in
autophagy induction in response to diverse stimuli, including
nutrient deprivation and stress. Its activity is inversely correlated
with autophagy induction. Thus, we assessed whether the auto-
phagy effect in MARCH2 knockdown cells is a result of aberrant
MTOR signaling. Experiments showed that the phosphorylation
levels of MTOR at Ser2448 (activation site) and RPS6KB1 (a sub-
strate. of MTOR) were decreased in siMARCH2-treated cells
(Fig. 4A). A similar downregulation in phosphorylated RPS6 and
EIF4EBPI, other downstream effectors of the MTOR, was also
observed in siMARCH2-depleted cells (Fig. 4A). These results sup-
ported the hypothesis that a decrease of MTOR activity contrib-
utes to the siMARCH2-induced autophagy.

Activation of PIK3CA results in phosphorylation of phos-
phatidylinositol (PtdIns)-4, 5-bisphosphate (PtdIns[4,5]P,) to
form PtdIns(3,4,5)P;. Subsequently, PtdIns(3,4,5)P; recruits
downstream effector proteins, such as the serine/threonine
kinase AKT. Once activated, AKT-mediated phosphorylation
of TSC2 inhibits the TSC1-TSC2 complex function, and thus
activates MTOR signaling.>***’ Therefore, further experiments
were performed to determine the influence of MARCH?2 dele-
tion on the PIK3CA-AKT pathway. As shown in Figure 4A,
there was a significant decrease in the phosphorylation of
PIK3R1/p85, indicating the inhibition of PIK3R1 activity. Thus
the catalytic activity of PIK3CA was decreased. Simultaneously,
the downregulated phosphorylation of AKT was observed
in the siMARCH2-treated cells (Fig. 4A). Importantly, we
observed that the basal phosphorylation levels of TSC2 were
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Figure 3. MARCH2 silencing-mediated autophagy is associated with ULK1 and the BECN1-PIK3C3 complex. (A, C, E, G, |, K) Hela cells were transfected with the indicated
siRNAs for 48 h and then treated with or without BafA1 (10 nM) for the last 6 h. The levels of endogenous LC3B-II were detected by western blotting. (B, D, F, H, J, L) Quan-
tification of amounts of LC3B-Il relative to ACTB in cells treated as in (A, C, E, G, |, K). Average value in siControl-transfected cells without BafA; treatment was normalized
as 1. Data are means = SD of results from 3 experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

increased (Fig. 4A). Taken together, these results suggested that
ablation of MARCH?2 leads to inactivation of the PIK3CA-AKT
axis, which could result in activation of TSC2 and the subse-
quent inactivation of MTOR signals.

Additionally, other signaling pathways were also measured. As
shown in Figure 4B and C, MARCH?2 ablation had no significant
influence on the phosphorylation of MAPKS8/INK1-MAPK9/
JNK2-MAPK109/JNK3, MAPK1/ERK2-MAPK3/ERK1, MAPK/
p38 and PRKAA1/2 (AMPK «1 and «2). Conversely, phosphory-
lation of RPS6KB1 kinase was increased in MARCH2-overexpress-
ing cells (Fig. 4D), which indicated that MARCH2 overexpression
promoted MTOR signaling.

The following experiments were used to further demonstrate
whether inhibition of MTOR signaling is a necessary for
MARCH2-regulated autophagy. A constitutively active form of
RHEB*", which stimulates the phosphorylation of RPS6KBI
and EIF4EBP1 through activation of MTOR signaling, was

transfected into HeLa cells to recover MTOR activity. As shown in
Figure 4E and F, the phosphorylation level of RPS6KB1 was upre-
gulated in RHEBY**" overexpressing cells, indicating that the activ-
ity of MTOR was restored in MARCH2 knockdown cells.
Simultaneously, overexpression of RHEB®*" eliminated the
SQSTM1 degradation and LC3B lipidation induced by siMARCH2
(Fig. 4E, lane 4 vs. lane 2). The increased free GFP in siMARCH2-
treated GFP-LC3B HelLa cells was also reversed (Fig. 4G and H,
lane 4 vs. lane 2). Conversely, overexpression of an inactive form
of RHEBP® failed to reverse the activity of MTOR and the level
of autophagy (Fig. 4E-H, lane 6 vs. lane 2).

The impact of MTOR regulation on MARCH2 activity has been
examined under autophagy-inducing conditions. Rapamycin
(RAPA), a conventional inducer of autophagy by inhibiting
MTOR activity was used in our studies. In normal condition, the
phosphorylation levels of RPS6KB1 were decreased in siMARCH2-
treated cells (Fig. 4A, lane 2 vs. lane 1; Fig. S6A and B, lane 2 vs.
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Figure 4. PIK3CA-AKT-MTOR signaling is involved with MARCH2-ablation-triggered autophagy. (A) Western blotting analysis of total and phosphorylation levels of
PIK3R1/p85 (Tyr458), AKT (Ser473), TSC2 (Thr1462), MTOR (Ser2448), RPS6KB1 (Thr389), RPS6 (Ser235/236) and EIF4EBP1 (Thr37/6) in 293T cells transfected with siControl
or siMARCH2 for 48 h. (B and C) Western blotting analysis of total and phosphorylation levels of MAPK8/9/10 (Thr183/Tyr185), MAPK1/3 (Thr202/Tyr204), MAPK/p38
(Thr180/Tyr182) and PRKAA1/2 (Thr172) in 293T cells transfected with siControl or siMARCH2 for 48 h. (D) Western blotting analysis of total and phosphorylation levels of
RPS6KB1 (Thr389) in 293T cells transfected with Vector or MARCH2 plasmid for 24 h. (E) Hela cells were first treated with siControl or siMARCH2 for 24 h, then transfected
with vectors expressing constitutively active (Q64L) or inactive (D60K) RHEB mutants for 24 h. Cell extracts were analyzed by western blotting as indicated. (F) Quantifica-
tion of amounts of LC3B-II relative to ACTB in cells treated as in (E). Average value in siControl-transfected alone cells was normalized as 1. Data are means =+ SD of results
from 3 experiments. (G) Stable GFP-LC3B-Hela cells were first treated with siControl or siMARCH2 for 24 h, then transfected with vectors expressing constitutively active
(Q64L) or inactive (D60K) RHEB mutants for 24 h. Cell extracts were analyzed by western blotting as indicated. (H) Quantification of amounts of free GFP relative to ACTB
in cells treated as in (G). Average value in siControl-transfected alone cells was normalized as 1. Data are means =+ SD of results from 3 experiments. *, P < 0.05; ns, not

significant.

lane 1) and increased in MARCH2-overexpressed cells (Fig. 4D,
lane 2 vs. lane 1; Fig. S6A and B, lane 4 vs. lane 3). After rapamycin
treatment, the levels of phosphorylated (p)-RPS6KB1 was further
decreased or disappeared in MARCH?2 knockdown cells, but the
LC3B-II accumulation was further enhanced in such condition
(Fig. S6A and B, lane 6 vs. lane 2). Simultanously, rapamycin could
attenuate the increased p-RPS6KB1 and partially restore LC3B lipi-
dation in MARCH2-overexpressed cells (Fig. S6A and B, lane 8 vs.
lane 4). In other words, MARCH overexpression could resist the
reduction of p-RPS6KB and the increase of LC3B lipidation in

rapamycin-treated cells (Fig. S6A and B, lane 8 vs. lane 7), and
MARCH?2 knockdown accelerate this phenotype (Fig. S6A and B,
lane 6 vs. lane5), supporting that MTOR signaling is involved with
MARCH?2-regulated autophagy under control and autophagy-
inducing condition.

MARCH?2 associates with CFTR via the PDZ domain

Previous studies indicated that CFTR functions as a chloride
channel and controls the regulation of other transport



pathways.””*! Defective CFTR induces aggresome formation
and lung inflammation in cystic fibrosis through reactive oxy-
gen species (ROS)-TG2-BECN1-mediated autophagy inhibi-
tion.”>** CFTR is a substrate of MARCH2. Based on these
observations, the hypothesis was proposed that MARCH?2 regu-
lates autophagy via CFTR. To further confirm the correlation of
MARCH?2, CFTR and autophagy, a series of plasmids of encod-
ing MARCH2 and CFTR were constructed and tested (Fig. 5A)

HA-MARCH?2 and other indicated plasmids were cotrans-
fected into 293T cells. Twenty-four h later, the cell lysates were
subjected to immunoprecipitation (IP). Immunoblotting
showed that MARCH2 coprecipitated with wild-type CFTR
(CFTRYY) (Fig. 5B), while MARCH?2 failed to coprecipitate
with CFTR™% (Fig. 5B). Further assay uncovered that the loss
of the RING domain of MARCH?2 did not prevent the interac-
tion between MARCH2 and CFTRW? (Fig. 5C), whereas loss of
the PDZ domain of MARCH2 ablated binding to CFTR™"
(Fig. 5D). Reciprocally, HA-MARCH?2 was detected in the
CFTRY" immunoprecipitates (Fig. 5E), but not in those of
CFTRPP? (Fig. 5F), which indicated that the PDZ domain is
required for the interaction between CFTR and MARCH2.

The interaction between CFTR and MARCH2 could also be
observed by an affinity isolation approach. As shown in
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Figure 5G-I, the GST-MARCH2 fusion protein or GST-
MARCH2M™NA could precipitate CFTR™” from cell lysates, but
GST-MARCH2"®%* was inactive. These results suggested that
MARCH?2 binds to CFTR in a PDZ domain-dependent manner.

To assess whether MARCH2 is directly associated with
CFTR, we introduced the RTS wheat germ continuous
exchange cell-free (CECF) translation system. Recombinant
GST, GST-MARCH2 or GST-MARCH?2 mutants were mixed
with CFTR protein obtained from wheat-germ lysate and per-
formed an affinity isolation assay. Results showed that
MARCH2 is directly associated with CFTR via PDZ domain
(Fig. S7C). These data were consistent with those shown in
Figure 5G-1.

Cheng et al.”” report the ubiquitination and degradation of
CFTR by MARCH2 through its association with adaptor pro-
teins GOPC/CAL and STX6. We further investigated whether
the interaction of CFTR and MARCH?2 depends on GOPC and
STX6. The effective siRNAs of GOPC and STX6 were screened
(Fig. S7A and B). The results from GST affinity isolation assay
showed that knockdown of GOPC or STX6 had no significant
influence on the association of MARCH2 and CFTIR
(Fig. S7D). Furthermore, knockdown of GOPC or STX6 had no
obvious impact on the accumulation of LC3B-II induced by
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Figure 5. MARCH?2 associates with CFTR via the PDZ domain. (A) Truncation mutants including MARCH2®N®A, MARCH2PP?2, CFTRPP?A and CFTR™%®2 were constructed. (B)
293T cells were cotransfected with HA-MARCH2 and FLAG-CFTRT or FLAG-CFTR™%2 for 24 h. Total cell extracts were subjected to IP using either an anti-HA or a isotype
control IgG. HA and FLAG were detected in the immunoprecipitates by western blotting. (C and D) 293T cells were cotransfected with FLAG-CFTR"T and HA-MARCH2"NGA
or HA-MARCH2P?* for 24 h. Total cell extracts were subjected to IP using either an anti-HA or a control IgG. HA and FLAG were detected in the immunoprecipitates by
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CFTR and GST were detected in the washed beads by western blotting.
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siMARCH2 (Fig. S7E), indicating that MARCH2-regulated
autophagy at least in part, involved with the activity of CFTR,
little relationship with GOPC and STX6.

CFTR positively regulates cell autophagy in tumor cells

Accumulating evidence suggests that CFTR plays a key role in
the progression and metastasis of cancer. CFTR may be
a tumor suppressor or promoter, according to the type of
tumor.>*® At present, the relationship between CFTR and
autophagy in tumor cells remains unclear. So we next investi-
gated whether CFTR regulates conventional autophagy in
tumor cells. Repeated experiments showed that the levels of
CFTR were downregulated in rapamycin-treated HeLa cells,
and the decreased CFTR could be recovered using E64d plus
pepstatin A or MGI132, indicating that CFTR degradation
involves both proteasome and autophagy pathways (Fig. S8A).
In CFTR-overexpressing HeLa cells, the levels of endogenous
LC3B-II were enhanced, with or without BafA, compared with
the vector control (Fig. 6A and B, lane 2 vs. lane 1, lane 4 vs.
lane 3). CFTR also significantly increased RAPA-induced LC3B
lipidation (Fig. 6A, lane 6 vs. lane 5, lane 8 vs. lane 7). Similar
results were obtained in A549 cells (Fig. S9A and B). CFTR"*%*
overexpression had no obvious influence on cell autophagy
(Fig. S8B). The results hinted that CFTR promoted autophago-
some formation both in normal and stress states in HeLa and
A549 cells.

Experiments were then performed in CFTR knockdown
cells. An effective siRNA against CFTR (siCFTR-3) was vali-
dated at the mRNA and protein levels by RT-PCR and western
blotting, respectively (Fig. S8C and D). Compared with the
sicontrol, siCFTR-3 reduced the level of endogenous LC3B-II in
HelLa cells, with or without BafA, (Fig. 6C and D, lane 2 vs.
lane 1, lane 4 vs. lane 3). Decreased ATG12-ATG5 was also
observed in siCFTR-treated cells (Fig. 6C, lane 2 vs. lane 1, lane
4 vs. lane 3). Additionally, knockdown of CFTR significantly
attenuated RAPA-induced LC3B conversion, with or without
BafA, (Fig. 6E and F, lane 4 vs. lane 3, lane 6 vs. lane 5). Similar
results were observed in A549 cells (Fig. S9C and D). In accor-
dance with the results of western blotting, CFTR ablation
reduced the number of GFP-LC3B puncta per cell in the pres-
ence or absence of BafA; (Fig. 6G and H). The RAPA-induced
GFP-LC3B dots were also reduced under such conditions
(Fig. 6G and H). Taken together, the results suggested that
CFTR deficiency impaired the autophagosome formation,
under normal and stress conditions.

We then investigated the autophagic flux. As shown in
Figure 61 and J, a weaker free GFP band was observed in
CFTR-silenced GFP-LC3B HelLa cells than control cells (Fig. 6I,
lane 2 vs. lane 1). The degradation of exogenous polyQ80
aggregates was blocked in CFTR knockdown cells (Fig. 6K). By
contrast, CFTR overexpression promoted polyQ80 clearance,
revealing that CFTR knockdown impairs autophagic substrate
clearance. The specific effects of CFTR deficiency were assessed
using a rescue experiment. As shown in Figure 6L and M,
the siCFTR-induced decreased LC3B conversion was upregu-
lated in cells transfected with the CFTR plasmid (Fig. 6L, lane
3 vs. lane 2), but not by expression of CETR™4(Fig. 6L, lane
4 vs. lane 2). Collectively, knockdown of CFIR attenuated

autophagosome synthesis and impaired the clearance of auto-
phagic substrates, while CFTR™“ overexpression had no
obvious influence on cell autophagy.

MARCH2 promotes the ubquitination and degradation of
CFTR, and inhibits CFTR-BECN1 signaling

Because MARCH?2 is an E3-ubiquitin ligase of CFTR, we inves-
tigated whether MARCH?2 negatively regulates autophagy by
promoting the ubquitination and degradation of CFTR. We
first analyzed the effect of MARCH2 on the stability of CFTR.
As shown in Figure 7A and B, lane 2 vs. lane 1, MARCH2 over-
expression reduced the levels of endogenous CFTR, while
MARCH?2 deficiency had no obvious influence on CFTR levels
(Fig. 7A, lane 4 vs. lane 3). Further investigation showed that
MARCH2MNG4 overexpression prevented CFTR degradation
(Fig. 7C and D, lane 3 vs. lane 1), while MARCH2"P?2 gverex-
pression failed to affect the degradation of CFTR (Fig. 7C, lane
4 vs. lane 1), indicating that the RING domain is required for
MARCH2-mediated degradation of CFTR. We then tested the
influence of MARCH2 on the half-life of CFTR. A chase assay
using the translation inhibitor cycloheximide (CHX, 100
pg/ml) revealed that overexpression of MARCH2 sped up the
degradation of CFTR in a time-dependent manner (Fig. 7E and
F), while MARCH?2 silencing delayed the degradation of CFTR
(Fig. S10A, lane 13 to 16), implying that the half-life of CFTR is
shorter in MARCH2-overexpressing HeLa cells. Similar find-
ings were acquired by immunofluorescence analysis. As shown
in Fig. S10B, overexpression of MARCH?2 accelerated the fluo-
rescence quenching of CFTR both in cytoplasm and plasma
membrane, while MARCH?2 silencing delayed this phenotype.
These results suggested that MARCH2 may regulate the insta-
bility of the CFTR protein.

Protein ubiquitination is associated with the destabilization
and degradation of proteins. Thus, the ubiquitination levels of
CFTR were measured after cotransfection with the indicated
plasmids in HeLa cells. Immunoprecipitation and western blot-
ting showed that CFTR ubiquitination levels were elevated with
increased expression of MARCH?2 (Fig. 7G), while MARCH2
silencing had no obvious effect on CFTR ubiquitination levels
(Fig. 7G). Our data suggested that MARCH2 mediated the
ubquitination and degradation of CFTR.

We further investigated the significance of the interaction
between MARCH2 and CFTR. As shown in Figure 8A and B,
MARCH? silencing increased the accumulation of LC3B-II,
with or without of BafA;. By contrast, CFTR deficiency signifi-
cantly decreased LC3B-II accumulation in MARCH2-silenced
HeLa cells, with or without BafA, (Fig. 8A and B, lane 4 vs.
lane 2, lane 8 vs. lane 6). Similar results were found in A549
cells (Fig. S9E and F). Confocal microscopy data revealed that
the increased GFP-LC3B puncta induced by siMARCH?2 were
inhibited after treatment with siCFTR (Fig. 8C and D). In
siMARCH2-treated GFP-LC3B HeLa cells, increased free GFP
was observed compared with siControl-treated cells (Fig. 8E
and F, lane 2 vs. lane 1). However, cotransfection of siMARCH2
and siCFTR reduced the accumulation of free GFP compared
with siMARCH? alone (Fig. 8E, lane 4 vs. lane 2), which indi-
cated that autophagic flux was impaired by CFTR inhibition.
Collectively, these data indicated that knockdown of CFTR
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Figure 6. CFTR positively regulates cell autophagy. (A) HeLa cells were transfected with vector or CFTR"™-encoding plasmid for 24 h, and treated with or without BafA,
(10 nM) and/or rapamycin (5 uM) for the last 6 h. The levels of LC3B-Il were detected by western blotting. (B) Quantification of LC3B-Il levels relative to ACTB in cells
treated as in (A). Average value in vector-transfected cells without BafA; or rapamycin treatment was normalized as 1. Data are means =+ SD of results from 3 experiments.
(C) Western blotting analysis of endogenous LC3B-Il and ATG12-ATG5 levels in Hela cells transfected with siControl or siCFTR for 48 h and treated with or without BafA,
(10 nM) for the last 6 h. (D) Quantification of amounts of LC3B-II relative to ACTB in cells treated as in (C). Average value in siControl-transfected cells without BafA, treat-
ment was normalized as 1. Data are means =+ SD of results from 3 experiments. (E) Western blotting analysis of endogenous LC3B-II levels in HeLa cells transfected with
siControl or siCFTR for 48 h, and treated with or without BafA; (10 nM) and/or rapamycin (5 «M) for the last 6 h. (F) Quantification of amounts of LC3B-Il relative to ACTB
in cells treated as in (E). Average value in siControl-transfected cells without BafA; or rapamycin treatment was normalized as 1. Data are means =+ SD of results from 3
experiments. (G) The treatment of GFP-LC3B-stably transfected Hela cells was as same as in (A), the distribution GFP-LC3B was observed by confocal microscopy. Scale
bar: 25 um. (H) Quantification of GFP-LC3B puncta per cell treated as in (G). Data are means £ SD of at least 50 cells scored. (I) HeLa cells stably expressing GFP-LC3B
were cotransfected with siControl or siCFTR for 48 h. Levels of free GFP were analyzed by western blotting. (J) Quantification of amounts of free GFP protein relative to
ACTB in cells treated as in (I). The average value in siControl-transfected cells was normalized as 1. Data are means =+ SD of results from 3 experiments. (K) Hela cells
were cotransfected with polyQ80-luciferase (or polyQ19-luciferase) and the indicated siRNAs for 48 h or the indicated plasmid for 24 h. PolyQ80-luciferase: polyQ19-lucif-
erase ratios were analyzed using the Dual Luciferase Reporter System. The average value in siControl-transfected or vector-transfected cells was normalized as 1. Data are
means + SD of results from 3 experiments. (L) Hela cells were transfected with siControl or siCFTR alone, and together with the CFTR"T- or CFTR™%*-encoding plasmids
for 48 h, and then treated with BafA; (10 nM) for the last 6 h. The levels of LC3B-Il were tested by western blotting. (M) Quantification of LC3B-II levels relative to ACTB in

cells treated as in (L). Average value in vector-transfected cells without BafA; treatment was normalized as 1. Data are means =+ SD of results from 3 experiments. *, P <
0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.

attenuated the autpophagy induced by siMARCH2. On the 7 vs.lane 6), while siMARCH2 augmented the accumulation of
other hand, MARCH2 overexpression blocked the lipidation of ~LC3B-II caused by CFTR in U20S cells with or without BafA,
LC3B induced by CFTR (Fig. 8G and H, lane 3 vs. lane 2, lane  treatment (Fig. 8G, lane 4 vs. lane 2, lane 8 vs. lane 6). These
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Figure 7. MARCH2 promotes ubquitination and degradation of CFTR. (A and C) Hela cells were transfected with siControl, siMARCH2, Vector, MARCH, MARCH2-
RINGA or MARCH2PP#A plasmids for 48 h, respectively. The levels of endogenous CFTR were examined by western blotting. (B and D) Quantification of CFTR lev-
els relative to ACTB in cells treated as in (A and C). Average value in vector- or siControl-transfected cells was normalized as 1. Data are means £+ SD of
results from 3 experiments. *, P< 0.05; **, P < 0.01; ns, not significant. (E) Hela cells were transfected with vector or MARCH2 plasmid for 24 h, and treated
with cycloheximide (CHX, 10 nM) for the indicated time, respectively. The levels of endogenous CFTR were measured by western blotting. (F) Quantification of
CFTR levels relative to ACTB in cells treated as in (E). (G) 293T cells were cotransfected with the indicated plasmids for 24 h or siRNA against MARCH2 for
48 h. The cells lysates were then immunoprecipitated with an anti-CFTR antibody and probed with an anti-FLAG antibody.

results suggested that CFTR-mediated autophagy signaling is
inactivated by MARCH2 overexpression and promoted by
MARCH?2 silencing. Taken together, our results implied that
the MARCH?2 and CFTR are mutually antagonistic in the regu-
lation of cellular autophagy.

It was reported that CFTR inactivation induces BECN1
downregulation and defective autophagy through the ROS-
TG2-BECNI1 pathway.’>** Therefore, we next investigated the
effects of MARCH2 on CFTR signaling. As shown in Figure 81
and], the levels of BECN1 protein were elevated in MARCH2-
depleted cells (Fig. 8I, lane 2 vs. lane 1), but decreased in
siCFTR-treated cells (Fig. 81, lane 3 vs. lane 1). Simultaneously,
cotransfection of siMARCH2 and siCFTR attenuated BECN1
expression compared with siMARCH?2 alone (Fig. 81, lane 4 vs.
lane 2). On the other hand, a strong BECN1 band was observed
in CFTR overexpressing cells (Fig. 81, lane 6 vs. lane 5). When
cells were cotransfected with MARCH2 and CFTR plasmids,
the expression of BECN1 was downregulated (Fig. 81, lane 7 vs.
lane 6), while MARCH2 knockdown had the opposite effect
(Fig. 81, lane 8 vs. lane 6). Linked with the results from Fig. 3G,
which demonstrated that BECNI silencing inhibited the
autophagy induced by siMARCH2, these data suggested that
MARCH?2 negatively regulates autophagy, at least partly via
CFTR-BECNI signaling.

Knockout of MARCH2 inhibits xenograft tumor growth

The xenograft tumor model was performed using BALB/c nude
mice to provide functional evidence on the role of MARCH2 in
autophagy. Control (wild-type) HCT116 cells and MARCH?2
KO HCT116 cells were subcutaneously injected in the right

axilla of BALB/c nude mice. At 20 d after inoculation, mice
were sacrificed and the tumor of each mouse was separated and
photographed. As shown in Fig. S11A, the tumor size of the
MARCH?2 KO group was smaller than that in control group,
indicating that knockout of MARCH2 in HCT116 cells results
in an inhibition of tumorigenicity. Data from immunoblotting
suggested that the decreased levels of SQSTM1 were observed
in tumor tissues of mice inoculated with MARCH2 KO
HCT116 cells, compared with those of control group
(Fig. S11B), indicating the occurrence of autophagy. These data
suggested that MARCH2-depletion mediated autophagy could
exert antitumor activities in vivo on HCT116 cells.

Discussion

In the present study, for the first time, we proposed that
MARCH?2 is involved in the regulation of autophagy. Our data
showed that MARCH2 overexpression inhibited basal or
stress-induced autophagy, whereas knockdowm or knockout of
MARCH?2 in tumor cells displayed higher levels of autophagy
than that control cells. In vivo experiments demonstrate that
MARCH2 knockout mediated autophagy could exert antitumor
activities.

Autophagy is a multistage process. Many key ATG mole-
cules and important complexes, such as the ULK1 complex, the
PIK3C3-BECNI1 complex, the ATG12-ATG5-ATG16L1 com-
plex and LC3B (a mammalian ortholog of yeast Atg8) is
involved in this process."”* To determine at which step auto-
phagy is influenced by MARCH2, several essential ATG genes
were silenced and used to determine the effects on MARCH2-
mediated autophagy. The results revealed that the deficiencies



AUTOPHAGY 1625

+ siControl siMARCHZ2
:;f;nct:_?zl - 3 x S . Es.mﬁca i siControl ~ sIMARCHZ  SiCFTR  +siCFTR
si * - - >y
SICFTR = = + + - - + + ® _ |E3sCFTR o i
BafAi - - - - + + 4+ kDa QDo sMARCHE: g
= SICFTR z
LC3B- [ 18 5 5
Lcag-i | * “m”. 16 ‘S‘ 6 o
MARCH? [ e e = |27 g 4
o
CFTR | - — P 185 o 2 .,‘JE
3 S
ACTB 43 z m
)
1 2 3 4 5 B8 7T 8 Control BafA1
D E F G
siControl + - - - DCsiControl Vector + - " i + - SR
L siControl SIMARCH2 - + - + o ESIMARCH2 CFTRY - + + + - + + =+
o : si SIMARCHZ = = = * = = - %
3‘§ -fyggﬁ?m GFP-LCIE | g s | 44 ﬁ +siCFTR BafAy - - - -+ o+ 4+ o
e Al B LC3B-I —— e S iy | " T
g% Free GFP |« S & - | 26 ‘g Le3B-l -— e — e |
g‘g?u CFTR |=——— — |165 E o= 1 = 1 [P ——— -|165
2
En [FY=To{Tl ) [—— 27 2 MARCH2 [ . s . e 27
m i ACTB 43 E ACTB 43
Fentrol s 1 2 3 4 1 2 3 4 5 6 7 B8
H | J .
siControl [ Vector
siControl + = = - = = = = Wl sIMARCH2 [ CFTR™! .
SIMARCH2 - + - + - - - 4 EQSICFTR  EAMARCH2+CFTRW
i Vect ki siIMARCH2 siMARCHZ
3 B ':'cﬁ%;{v. e s . A e S -5 AL E+CFTRW'
g MARCH2 'S Vector - S I Z
= SIMARCHZ CRIREL ™ o & e e R @
5 10 - MARCH2 - = =- = = = + ~- kDa g
3 2 BECN1 52 €
E 2
8 5 Fodd PAARCHD [—— . . o — | 27 %
& *
£ CFTR | = — ] 165 2
xS o
& ACTB 43 3
Control BafA 1 2 3 4 5 6 7 B

Figure 8. MARCH2 and CFTR are mutually antagonistic in the regulation of autophagy. (A) Western blotting analysis of endogenous LC3B-II levels in Hela cells
transfected with the indicated siRNAs for 48 h, and then treated with or without BafA; (10 nM) for the last 6 h. (B) Quantification of LC3B-II levels relative to
ACTB in cells treated as in (A). Average value in siControl-transfected cells without BafA; treatment was normalized as 1. Data are means + SD of results from
3 experiments. (C) Representative confocal microscopy images of GFP-LC3B distribution in stably transfected GFP-LC3B Hela cells treated as in (A). Scale bar:
25 um. (D) Quantification of GFP- LC3B puncta per cell treated with reagents as indicated in (C). Data are means + SD of at least 50 cells scored. (E) Western
blotting analysis of free GFP levels in stably transfected GFP-LC3B Hela cells also transfected with the indicated siRNA for 48 h. (F) Quantification of free GFP
levels relative to ACTB in cells treated as in (E). Average value in siControl-transfected cells was normalized as 1. Data are means =+ SD of results from 3 experi-
ments. (G) Western blotting analysis of endogenous LC3B-Il levels in Hela cells transfected with the indicated plasmids or siRNAs for 48 h, and then treated
with or without BafA; (10 nM) for the last 6 h. (H) Quantification of LC3B-Il levels relative to ACTB in cells treated as in (G). Average value in siControl-trans-
fected cells without BafA; treatment was normalized as 1. Data are means & SD of results from 3 experiments. (I) Western blotting analysis of BECN1 levels in
293T cells transfected with the indicated plasmids or siRNAs for 48 h. (J) Quantification of BECN1 levels relative to ACTB in cells treated as in (I). Average value
in vector- or siControl-transfected cells was normalized as 1. Data are means £ SD of results from 3 experiments. *,P < 0.05; **, P < 0.01; ™", P < 0.001.

of ATG7, ATG5, ATGI6L1, BECNI, PIK3C3 and ULKI attenu-
ated the level of autophagy induced by MARCH2 depletion,
which demonstrated that MARCH2 might act on the upstream
portion of the autophagic pathway.

The MTOR signaling pathway plays a critical role in the reg-
ulation of autophagy. Here, we found that the phosphorylation
levels of MTOR, RPS6KB1, EIF4EBP1 and RPS6 were
decreased in MARCH2-silenced cells. Consistent with this find-
ing, the kinase activity of PIK3CA and AKT (upstream of
MTOR) also decreased in MARCH2-depleted cells (Fig. 4A),
which was accompanied by an increase in p-TSC2 levels.
Therefore, the PIK3CA-AKT signal negatively regulates
TSC1/2, and inactivates MTOR, which consequently induces
autophagy. Importantly, when cells were transfected with
RHEB*, a constitutive active form of RHEB that activates
the protein kinase activity of MTOR and stimulates the phos-
phorylation of RP6KB1 and EIF4EBP1, MARCH?2 deficiency-
induced autophagy was prevented. However, RHEB?®*", the

inactive form of RHEB had no such effects. We also detected
other signaling, such as PRKAA1/2 and MAPK (Fig. 4B and
C). However, there were no obvious changes in these signals in
MARCH2-silenced cells. Our studies proved that MARCH2
regulates autophagy through the PIK3CA-AKT-MTOR
pathway.

MARCH2 exerts its biological activities through its interact-
ing partner. MARCH?2 interacts with STX6 (syntaxin 6) as a
regulator of trafficking between the TGN and early or recycling
endosomes.'' The interaction between MARCH2 and DLGI
resulted in DLG1 ubiquitination, suggesting that MARCH2
might be a molecular bridge linking endocytic tumor suppres-
sor molecules (e.g. syntaxins) to the polarity-deciding scaffold
protein DLG1.'> MARCH?2 functions as an E3 ubiquitin ligase,
promoting endocytosis and lysosomal degradation of carvedi-
lol-bound ADRB2/82AR, mediating the beneficial effects
in treating heart failure patients with carvedilol.'> CFTR (cystic
fibrosis transmembrane conductance regulator) is also a
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specific substrate of MARCH2. By connecting with the
GOPC-STX6-CFTR complex, MARCH?2 advances the ubiquiti-
nation and degradation of CFTR."* In our study, using CO-IP
and GST affinity isolation assays, the interaction between
MARCH2 and CFTR was also demonstrated. MARCH?2 inter-
acts with CFTR via the PDZ domain to regulate autophagy.
Importantly, this interaction is independent on the GOPC and
STX6 in our experimental system. Furthermore, knockdown of
GOPC or STX6 had no obvious influence on cell autophagy
induced by MARCH2 knockdown.

Data from our experiments indicated that overexpression of
MARCH2 impaired autophagosome formation induced by
CFTR, while MARCH2 knockdown enhanced this effect. Fur-
thermore, we found that MARCH2 overexpression increased
ubiquitination and degradation of CFTR in a RING-dependent
manner, illustrating that MARCH2 negatively regulates
autophagy by destabilizing CFTR. Conversely, depletion of
CFTR attenuated MARCH2 knockdown-induced autophagy,
implying that the interaction between MARCH2 and CFTR
was mutually antagonistic in the regulation of cellular
autophagy.

CFTR is a plasma membrane cAMP-regulated Cl™ channel
that is responsible for transepithelial salt and fluid transport.*!
Loss-of-function mutations in the CFTR gene can cause the
lethal recessive genetic disorder, cystic fibrosis (CF).*' The
majority of CF patients have the F508 deletion mutation
(CFTR"%%)*2 This mutant causes autophagy deficiency, lead-
ing to the accumulation of protein aggregates, lung inflamma-
tion and, ultimately, CF. In Cftr"™”* transgenic homozygous
mice, defective autophagy can be restored by BECN1 overex-
pression,” indicating that BECN1 plays an important role in
CFTR-mediated autophagy.

Accumulating evidence indicates that the intracellular levels
of ROS are increased in CF, resulting from defective CFTR
function, which leads to the upregulation of TG2 protein levels
and sustained TG2 activation. The persistently high TG2 pro-
tein levels might lead to crosslinking, increased ubiquitination
and functional sequestration of its substrates, such as BECN1.
This would impair autophagosome formation and drive defec-
tive autophagy. In our studies, knockdown CFTR or MARCH2
overexpression promoted the production of ROS (data not
shown) and decreased the level of BECN1 (Fig. 8I and J).
BECNI is essential for MARCH2 depletion-induced autophagy;
therefore, we deduced that MARCH2 negatively regulates
autophagy by inactivating CFTR, stimulating TG2 activity and
promoting degradation of BECN1 by upregulating ROS levels.
On this point, further research is needed in the future.

CFTR™% is closely related with CF disease. This mutant is
a temperature-sensitive allele that is unable to fold correctly at
physiological temperature. It is recognized by the ER quality
control system and degraded by the proteasome. It is not trans-
mitted from ER to Golgi apparatus and plasma membrane.*"**
In our study, MARCH2 is not associated with CFTR™%, and
CFTR¥** had no obvious effect on autophagy in tumor cell
lines. This result is different from previous studies in CF airway
epithelial cells,”>*>** which might be explained by the different
cell lines and culture conditions used.

Accumulating evidence suggests that CFTR plays a key role
in the progression and metastasis of cancer. Genetic variations

in CFTR may be associated with increased or decreased risk for
developing cancers,***® suggesting that CFTR is a tumor sup-
pressor or promoter, according to the type of tumor. The high
level of CFTR expression is associated with tumor malignancy,
progression in ovarian cancer and cervical cancer.”>* In non-
small-cell lung cancer and breast cancer, CFTR is significantly
downregulated and low expression of CFTR is significantly cor-
related with progression and metastasis of cancers.””*® Sun
et al.” report that disrupted interaction between CFTR and
AF-6/afadin aggravates malignant phenotypes of colon cancer.
In prostate cancer, CFTR suppresses tumor progression
through MIR193B targeting PLAU (plasminogen activator,
urokinase). As far as we known, the relationship between
CFTR and autophagy in tumor cells remains unclear. Our stud-
ies demonstrate that CFTR plays a positive role in regulating
conventional autophagy in tumor cells. It was known that
autophagy has both pro- and antitumor effects in tumor biol-
ogy. The relationship among CFTR, autophagy and tumors is
worthy of further investigation.

In summary, our study revealed a novel role for MARCH2
as a negative regulator of cell autophagy. This effect involves
the inhibition of PIK3CA-AKT-MTOR and CFTR signal path-
ways. Further study is required to clarify the correlation among
MARCH, CFTR and CF or tumor in patients. Similarly, the
physical and functional connection between the MARCH2 and
CFTR in different conditions will be also elucidated in the fur-
ther experiments.

Materials and methods
Antibodies and reagents

Polyclonal antibodies were as follows: MARCH2 (Abcam,
AB76397), anti-LC3B (Sigma-Aldrich, L7543), CFTR (Santa Cruz
Biotechnology, sc-8909), anti-ACTB/B-actin (Tianjin Sungene,
KM9001), anti-GST (Tianjin Sungene, KMB8005), anti-FLAG
(Tianjin Sungene, KM8002L), anti-HA (Tianjin Sungene,
KM8004), anti-GFP (Tianjin Sungene, KM8009L), anti-CTSB/
cathepsin B (Abcam, AB33538), anti-CTSD/cathepsin D (Abcam,
AB6313), anti-ATG16L1 (MBL, PM040), Anti-BECN1/beclinl
(MBL, PD017). The following antibodies were purchased from
Cell Signaling Technology: anti-SQSTM1/p62 (5114), anti-ubiqui-
tin (3936), anti-ATG5 (12994S), anti-MTOR (2983S), anti-phos-
pho-MTOR (Ser2448; 2971S), anti-RPS6KB1 (2708S), anti-
phospho-RPS6KB1 (Thr389; 9234S), anti-RPS6 (2217S), anti-
phospho-RPS6  (Ser235/236; 4858S), anti-PIK3R1/p85 (4292),
anti-phospho-PIK3R1/p85 (Tyr458; 4228S), anti-AKT (9272S),
anti-phospho-AKT (Ser473; 4060S), anti-phospho-EIF4EBP1
(Thr37/46; 2855S), anti-phospho-TSC2 (Thr1462; 3617S), anti-
MAPK1/p42-MAPK3/p44 (4695S), anti-phospho-MAPK1/p42-
MAPK3/p44  (Thr202/Tyr204; 4370S), anti-MAPK9/JNK2
(9258S), anti-phospho-MAPKS8/]NK1-MAPK9/JNK2-MAPK10/
JNK3 (SAPK/INK Thr183/Tyr185; 9255S), anti-MAPKI1I-
MAPK12-MAPK14 (8690S), anti-phospho-MAPK/p38 (Thr180/
Tyr182; 4511S), anti-PRKAA1/2 (AMPK, a1 and &:2; 25328), anti-
phospho-PRKAA1/2 (Thrl72; 2535S). Secondary antibodies
included DyLight 800/DyLight 680-conjugated IgG against mouse
(Rockland, 610-145-002/610-144-002) or rabbit (Rockland, 611-
145-002/611-144-002) and FITC/RBITC-conjugated IgG against



mouse (Bioss Inc., bs-0296GFITC/bs-0296G-RBITC) or rabbit
(Bioss Inc., bs-0295G-FITC/bs-0295G-RBITC). Other reagents
used in this study were: Dual-Luciferase ® Reporter (DLR™) Assay
System (Promega, E1910), bafilomycin A; (BafA;; Sigma-Aldrich,
B1793), DQ-BSA (Life Technologies, D12051), 3-methyladenine
(Sigma-Aldrich, M9281), wortmannin (Sigma-Aldrich, W1628),
LY294002 (Cayman Chemical, 70920), E64d (ENZO Life Sciences,
ALX-260-007-M005), pepstatin A (Sigma-Aldrich, P5318-5MG),
cycloheximide (Calbiochem, 239763), MG132 (Sigma-Aldrich,
C2211), Hoechst 33342 (Sigma-Aldrich, 14533), LysoTracker Red
(Life Technologies, L7528), Rapamycin (Sigma-Aldrich, R117) and
RIPA Lysis Buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
NP-40; Beyotime, P0013D).

Plasmid construction and siRNA

The MARCH2 cDNA was amplified from HeLa cells by PCR
using the forward primer (5'-CCGGAATTCATGACGACGG
GTGACTGC-3') and reverse primer (5-CGCGGATCCCG-
TACTGGTGTCTCCTCTGCCA-3'). The insert was released
by EcoR I and Hind III then subcloned into the EcoRI site of
pcDNA.3.1/myc-His(—)B (Life Technologies, V85520) to con-
struct the pcDB-MARCH2 plasmid, abbreviated as MARCH?2
in this study. Based on this plasmid, we constructed the follow-
ing plasmids in succession: MARCH2-MYC, HA-MARCH2,
HA-MARCH2"™%%,  HA-MARCH2""**, GST-MARCH2,
GST- MARCH2®™S4 and GST- MARCH2P** (Fig. 5A).
pcDNA3-wtCFTR and pcDNA3-CFTR™4 plasmids were
kindly provided by Dr. Chunying Li (Wayne State University
School of Medicine, USA). Based on the pcDNA3-wt-CFTR
plasmid, we constructed the pcDNA3-CFTRPP#* construct
(Fig. 5A). All constructs were confirmed by DNA sequencing.
The mTagRFP-mWasabi-LC3B plasmid was kindly provided
by Jian Lin (Peking University, Beijing, China). The polyQ80-
luciferase and polyQ19-luciferase plasmids were kindly pro-
vided by Conrad C. Weihl (Washington University School of
Medicine, USA). The GFP-LC3B plasmid and was kindly pro-
vided by Zhenyu Yue (Mount Sinai School of Medicine, New
York, USA). GFP-WIPI2 plasmid was gift from Dr. Tassula
Proikas-Cezanne (Eberhard Karls University Tuebingen, Ger-
many), GFP-ATG16L1 plasmid was gift from Dr. Noboru Miz-
ushima (The University of Tokyo, Japan), GFP-STX17 plasmid
was provided by Dr. Hong Zhang (Chinese Academy of Scien-
ces, China). MYC-RHEB®®*! and MYC-RHEBP®*X were pro-
vided by Weiguo Zhu (Peking University Health Science
Center, Beijing, China). The siRNAs against the indicated genes
used in this study were listed in Table 1.

Cell culture, transfections and treatments

HeLa, U20S, A549, HCT116 and 293T cell lines were cultured
in DMEM (Invitrogen, 12800-017) supplemented with 10%
fetal bovine serum and maintained at 37°C in a humidified
chamber with 5% CO,. The stably transfected GFP-LC3B HeLa
cell line was a gift from Li Yu (Tsinghua University Beijing,
China). Cells were transfected with plasmids using MegaTran
1.0 Transfection Reagent (OriGene, TT200004), according to
the manufacturer’s instruction, while siRNA transfection was
performed using Lipofectamine 2000 reagent (Life
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Table 1. The sequence of siRNAs used in this study.

siRNAs sequence

MARCH?2 siRNA 5’-GUGCUACCUUGCUUGAGAATT-3

CFTR siRNA-1 5’-GCAGAUGACAUUCUCGACAUCUCUATT-3
CFTR siRNA-2 5'-CCGGCUCAUCCAGAUGGCCUACGAATT-3
CFTR siRNA-3 5’-CCGGCUCAUCCAGAUGGCCUACGAATT-3
GOPC siRNA-1 5’-CCAAGCGGACAUCACUUAUTT-3'

GOPC siRNA-2 5’-GCUGACUCUGGUACCAUUATT-3/

GOPC siRNA-3 5’-CCUGCUCAUGAUAAGCUUUTT-3’

STX6 siRNA-1 5’-GUGCAGGCAUUAGCUGAAATT-3'

STX6 siRNA-2 5’-CACUGGAACAACAGAUAAATT-3’

STX6 siRNA-3 5’-GAAGAUUUCUCUCACGAAUTT-3’

ATG7 siRNA 5'-CAGUGGAUCUAAAUCUCAAACUGAU-3/
ATG5 siRNA 5’-GCAACUCUGGAUGGGAUUG-3

ATG16L1 siRNA 5’-CCCGUGAUGACUUGCUAAA-3

BECNT siRNA 5’-GCUGCCGUUAUACUGUUCU-3'

PIK3C3 siRNA 5’-GUGUGAUGAUAAGGAAUAU-3'

ULKT siRNA 5’-UGGUCAUGGAGUAUUGUAATT-3

Control siRNA 5’-UUCUCCGAACGUGUCACGU-3'

Technologies, 11668-019). Cell autophagy was induced using
the MTOR inhibitor rapamycin (RAPA, 5 uM). Inhibition of
autophagy was achieved by treating cells with 10 nM of BafA,,
which blocks the fusion of autophagosomes and lysosomes, or
with 10 mM of 3-MA, 10 uM of wortmannin, or 10 uM of
LY294002 (blockers of the early stage of autophagy).

Poly Q degradation assay

Cells were cotransfected with polyQ80-luciferase or control
polyQ19-luciferase and the indicated plasmids using MegaTran
1.0 Transfection Reagent, according to the manufacturer’s
protocol. After treatment at the desired time, cell lysates pre-
pared from polyQ80-luciferase or polyQ19-luciferase trans-
fected cells were dispensed in triplicate into a 96-well assay
plate (COSTAR, Corning Inc., 3925) containing 100 mL of
Luciferase Assay Buffer II (containing the luciferase assay sub-
strate) from the DLRTM Assay System, according to the manu-
facturer’s protocol. The assay plate was mixed by pipetting 2 or
3 times, and the stabilized luminescent signal was measured
by a Veritas Microplate Luminometer (Turner Biosystems,
Sunnyvale, CA, USA). Data were expressed as the ratio of
polyQ80-luciferase: polyQ19-luciferase luminescence signal
values in each group, as described previously.”” All samples
were assayed in triplicate, and the results were shown from 3
independent experiments.

Knockout of the MARCH2 gene by CRISPR-Cas9-mediated
genome editing

MARCH2 knockout cell line by CRISPR-Cas9-mediated
genome editing was established in HCT116 cells. Target
sequences for CRISPR interference were designed by Shanghai
Biomodel Organism Science & Technology Development Co.,
Ltd (China). The target sequences for human MARCH?2 are
TCCAAGGTCGTGGAGGCTACGGG (Exon 2). The MAR-
CH2 DNA was amplified by PCR using the forward primer (5'-
AGA TGG TGC AAA CTG AGG CT-3') and reverse primer
(5-AAC TAG CCA GGT GTG GTG AC-3'). Sequence analysis
revealed that the mutation (TCGTGG—> C) resulted in frame-
shifts with premature termination by introducing stop codon,
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removal of translation initiation codon and deletion of func-
tional domain such as RING domain and PDZ domain of
MARCH2.

Immunofluorescence, fluorescence, and confocal
microscopy

Cells were cultured in confocal dishes and treated as indicated,
fixed with 4% paraformaldehyde and permeabilized with 0.2%
Triton X-100 (Beyotime, ST795). The dishes were then incu-
bated with fetal bovine serum overnight and exposed to pri-
mary antibodies for 1 h at 4°C. After washing 3 times with
phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, 2 mM KH,PO,, pH 7.4; Solarbio, P1010),
the dishes were covered with FITC/RBITC-conjugated second-
ary antibody solution. Nuclei were stained with Hoechst 33342.
Morphological alterations in the cells were observed and docu-
mented using an Olympus FluoViewTM FV1000 Confocal
Microscope (Olympus, Melville, NY, USA). The number of
GFP-LC3B or endogenous LC3B puncta per cell was assessed
in 50 cells, and statistical data were obtained from 3 indepen-
dent experiments.

Transmission electron microscopy

Treated HeLa cells were initially fixed in 0.1 M sodium phos-
phate buffer containing 3% glutaraldehyde (pH 7.4) and then
fixed in 0.1 M sodium phosphate buffer containing 1% OsO,
(pH 7.2) for 2 h at 4°C. The cells were dehydrated in a graded
series of ethanol. Cells were embedded in Ultracut (LEICA
ULTRACUT R, Bensheim, Germany) and sliced into 60-nm
sections. Ultrathin sections were stained with uranyl acetate
and lead citrate, and observed under a JEM-1230 transmission
electron microscope (JEOL-USA, Inc., Peabody, MA, USA).

Flow cytometry

HeLa cells were cotransfected with a plasmid expressing
mTagRFP-mWasabi-LC3 and Control siRNA or MARCH2
siRNA, at a ratio of 1:3 for 48 h, then cultured in EBSS for 4 h.
The cells were then harvested and resuspended in ice-cold PBS.
mTagRFP and mWasabi fluorescent signals were analyzed on a
FACS Calibur flow cytometer (Becton Dickinson, USA). The
percentage of mTagRFP"" mWasabi'" cells was assessed
from 3 independent experiments.

Immunoprecipitation and western blot analysis

For the IP analysis, treated cells were collected and disrupted in IP
lysis buffer (300 mM NaCl, 50 mM Tris, pH 8.0, 0.4% NP-40
[Beyotime, ST366], 10 mM MgCl,, 2.5 mM CaCl,) containing
protease inhibitors (Roche Diagnostics, 04693116001). Total cell
extracts (1 mg per sample) were mixed with precleared protein G
Sepharose™ Fast Flow (GE Healthcare, 17-0618-01) and appro-
priate antibodies, followed by incubation for 4 h at 4°C. The beads
were collected by centrifugation, washed 5 times using washing
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.4% NP-40, and
5 mM MgCl,), resuspended in 2 x SDS loading buffer and then
subjected to western blotting as described previously.'® The

protein bands were visualized using DyLight 800/DyLight 680-
conjugated secondary antibodies, and the infrared fluorescence

image was obtained using an Odyssey infrared imaging system
(LI-CORBiosciences, Lincoln, NE, USA).

GST dffinity isolation assay

Recombinant GST, GST-MARCH2 or GST-MARCH2 mutants
were expressed in Escherichia coli strain BL21 (DE3) and puri-
fied. Equal amounts of these proteins immobilized on glutathi-
one-Sepharose TM 4B (GE Healthcare, 17-0756-01) were
incubated with whole cell lysates extracted from transfected
293T cells or Flag-CFTR protein obtained from wheat germ
lysate (RTS™100 wheat germ CECF kit; biotechrabbit GmbH,
2402100) at 4°C for 4 h. The beads were then washed and
resuspended in 2 x SDS loading buffer and analyzed by
western blot."

Tumorigenicity in nude mice

A nude mouse xenograft model was established using 6- to
8-wk-old female BALB/c nude mice (Experimental Animal
Center, Peking University Health Sciences Center, Beijing,
China). Mice were housed and maintained in a pathogen-free
facility, and all experimental procedures and protocols were
approved by the Institutional Authority for Laboratory Animal
Care of Peking University. Control (wild-type) HCT116 cells
or MARCH2 KO HCT116 cells were subcutaneously injected in
the right axilla of BALB/c nude mice in a total volume of
100 el (4x10° cells). At 20 d after inoculation, the mice were
killed; and the tumor of each mouse was separated and photo-
graphed. One part of tumor tissues was homogenized and pro-
tein was extracted for immunoblotting with anti-SQSTMI,
anti-LC3 or anti-ACTB.

Statistical analysis

Data are presented as the mean & SD. Differences between
groups were analyzed using the Student ¢ test for continuous
variables. Statistical significance in this study was set at P <
0.05. All analyses were performed using GraphPad Prism 5.
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3-MA 3-methyladenine

AKT v-akt murine thymoma viral oncogene
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ATG autophagy-related

BafA, bafilomycin A,

BECN1 Beclin 1 autophagy related

CTSB cathepsin B

CTSD cathepsin D

CF cystic fibrosis

CFTR cystic fibrosis transmembrane conduc-
tance regulator

CHX cycloheximide

EBSS Earle’s balanced salt solution

EIF4EBP1 eukaryotic translation initiation factor 4E

binding protein 1



GOPC/CAL golgi-associated PDZ and coiled-coil
motif containing

1P immunoprecipitation

KO knockout

MAPILC3B/LC3B  microtubule-associated protein 1 light
chain 3 g8

MAPK mitogen-activated protein kinases

MARCH2 membrane associated ring-CH-type finger 2

MTOR mechanistic target of rapamycin (serine/
threonine kinase)

PDZ PSD-95/Discs large/Z0O-1 homologous

PIK3C3 phosphatidylinositol ~ 3-kinase catalytic
subunit type 3

PIK3CA phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit «

PIK3R1 phosphoinositide-3-kinase regulatory
subunit 1

PRKAA protein kinase AMP-activated catalytic
subunit o

RAPA rapamycin

RPS6 ribosomal protein S6

RPS6KB1 ribosomal protein S6 kinase B1

SQSTM1 sequestosome 1

STX6 syntaxin 6

TEM transmission electron microscopy
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