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SUMMARY

Autophagy acts as a cellular surveillance mechanism to combat invading pathogens. Viruses have evolved
various strategies to block autophagy and even subvert it for their replication and release. Here, we demon-
strated that ORF3a of the COVID-19 virus SARS-CoV-2 inhibits autophagy activity by blocking fusion of au-
tophagosomes/amphisomes with lysosomes. The late endosome-localized ORF3a directly interacts with
and sequestrates the homotypic fusion and protein sorting (HOPS) component VPS39, thereby preventing
HOPS complex from interacting with the autophagosomal SNARE protein STX17. This blocks assembly of
the STX17-SNAP29-VAMP8 SNARE complex, which mediates autophagosome/amphisome fusion with
lysosomes. Expression of ORF3a also damages lysosomes and impairs their function. SARS-CoV-2 virus
infection blocks autophagy, resulting in accumulation of autophagosomes/amphisomes, and causes late en-
dosomal sequestration of VPS39. Surprisingly, ORF3a from the SARS virus SARS-CoV fails to interact with
HOPS or block autophagy. Our study reveals amechanism bywhich SARS-CoV-2 evades lysosomal destruc-
tion and provides insights for developing new strategies to treat COVID-19.

INTRODUCTION

SARS-CoV-2, the cause of the COVID-19 pandemic, is an envel-

oped, single-stranded, and positive-sense RNA b-coronavirus

(Wang et al., 2020; Wu et al., 2020; Zhou et al., 2020). Very little

is known about the mechanism by which SARS-CoV-2 disrupts

cellular functions to cause disease pathogenesis. Elucidating

how SARS-CoV-2-encoded proteins, especially the accessory

proteins not conserved in other coronaviruses, interact with

host factors is crucial for us to understand the high infectivity

and pathogenicity of this virus and also to develop potential

COVID-19 treatments.

Autophagy, a process referring to sequestration of a portion

of the cytoplasm in a double-membrane autophagosome and

its delivery to lysosomes for degradation, acts as an important

cellular mechanism to combat diverse detrimental stresses

such as starvation, energy deprivation, and pathogen invasion

(Deretic et al., 2013; Feng et al., 2014; Levine et al., 2011;

Mizushima et al., 2011). Autophagy involves the initiation and

nucleation of a crescent-shaped isolation membrane (IM),

which subsequently expands and closes into an autophago-

some (Feng et al., 2014; Lamb et al., 2013; Mizushima et al.,

2011). Upon closure, autophagosomes fuse with vesicles orig-

inated from the endolysomal compartment to form amphi-

somes before they form degradative autolysosomes (Zhao

and Zhang, 2019). A set of autophagy proteins have been iden-

tified that act at different steps of the autophagy pathway (Feng

et al., 2014; Mizushima et al., 2011; Zhao and Zhang, 2018).

Fusion of autophagosomes/amphisomes with late endo-

somes/lysosomes is mediated by the STX17-SNAP29-VAMP8

SNARE (soluble N-ethylmaleimide-sensitive factor attachment

protein receptor) complex (Itakura et al., 2012). The multisubu-

nit homotypic fusion and protein sorting (HOPS) complex,

which directly interacts with autophagosome-localized STX17,

facilitates the assembly of the SNARE complex for fusion of au-

tophagosomes with late endosomes/lysosomes (Jiang et al.,

2014; Takáts et al., 2014).

In response to viral infection, autophagy in host cells is acti-

vated by virus-encoded activators of autophagy-inducing

signaling, by cellular stresses elicited by infection, and also by
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Figure 1. Expression of ORF3a blocks autophagosome maturation

(A–E) Compared with control cells (A and C), HeLa cells expressing ORF3a-GFP contain more LC3 puncta and p62 puncta (B and D). Cells expressing GFP or

ORF3a-GFP are outlined. (E) shows quantification of the number of LC3 puncta in (A and B) and p62 puncta in (C and D) (mean ± SEM., n = 25 cells in each group).

***p < 0.001. Scale bars, 5 mm.

(F) Shows the percentage of RFP+GFP�LC3 puncta among total LC3 puncta in control and ORF3a-FLAG-expressing cells (mean ± SEM, n = 27 cells in each

group). Strv, starvation. ***p < 0.001.

(G) Immunoblotting assays showing that levels of LC3 and p62 are increased in cells expressing ORF3a-FLAG andORF3a(Q57H or G251V)-FLAG. Levels of LC3-

II/LC3-I and p62 levels are normalized by actin and set to 1.00 in control cells.

(H and I) Compared with control cells (H), cells expressing ORF3a-FLAG contain far fewer RFP+GFP�LC3 puncta (I) after 4-h starvation. Scale bars, 5 mm; in-

serts, 2 mm.

(J) Quantification of the percentage of LC3 puncta co-localizing with LAMP1-labeled lysosomes in control and ORF3a-GFP-expressing cells. Data are shown as

mean ± SEM (n = 21 cells in each group). Puncta labeled by LAMP1 with strong fluorescence intensity were counted, while those with very faint fluorescence

intensity were not counted. *p < 0.05. **p < 0.01.

(K) Quantification of the percentage of LC3 puncta co-localizing with the indicated puncta in control andORF3a-GFP-expressing cells. Data are shown asmean ±

SEM (n = 20 cells in each group). **p < 0.01.

(legend continued on next page)
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Toll-like receptor (TLR)-mediated sensing of viral constituents

(Dreux andChisari, 2010; Jackson, 2015; Viret et al., 2018). Auto-

phagy can act as a defense system by delivering viruses or viral

proteins for lysosomal degradation, by trafficking viral nucleic

acids and antigens to endolysosomal compartments for activa-

tion of innate and adaptive immune responses, and by modu-

lating virus-induced cell death (Deretic et al., 2013; Dreux and

Chisari, 2010; Levine et al., 2011). For example, Herpes simplex

virus type 1 (HSV-1) and Sindbis virus (SINV) are susceptible to

autophagy, and inhibition of autophagy leads to their increased

replication and virulence (Choi et al., 2018; Orvedahl et al.,

2007). Viruses have evolved various strategies to evade auto-

phagic destruction and even subvert the autophagic machinery

for their own benefits (Choi et al., 2018; Jackson, 2015). Posi-

tive-stranded RNA viruses such as poliovirus, rhinovirus, cox-

sackievirus B3 (CVB3), and enterovirus 68 (EVD68) utilize auto-

phagosomes and/or amphisomes to anchor viral RNA

replication machineries for replication (Choi et al., 2018; Corona

et al., 2018; Jackson et al., 2005; Kemball et al., 2010; Wong

et al., 2008). Autophagy also promotes non-lytic release of picor-

naviruses (e.g., poliovirus and CVB) and parainfluenza virus type

3 (HPIV3) (Bird et al., 2014; Ding et al., 2014; Jackson et al., 2005;

Mohamud et al., 2018). The viral proteins exploit different mech-

anisms to block the fusion of autophagosomes/amphisomes

with lysosomes to promote accumulation of autophagic vesi-

cles. The phosphoprotein (P) of HPIV3 binds to SNAP29 to inhibit

its interaction with STX17 for fusion of autophagosomes with ly-

sosomes (Ding et al., 2014). CVB3 and EVD68 inhibit fusion of

autophagosomes with lysosomes through viral proteinase 3C-

mediated cleavage of SNAP29 (Corona et al., 2018; Mohamud

et al., 2018). For coronaviruses such as MERS-CoV, murine hep-

atitis virus (MHV), and SARS-CoV, the replication and transcrip-

tion complexes (RTCs) are anchored on double-membrane ves-

icles (DMVs) (Knoops et al., 2008; Snijder et al., 2020). The viral

RNA products are localized in the DMVs and transported from

the interior to the cytosol for translation or viral assembly via a

molecular pore complex spanning the double membrane (Wolff

et al., 2020). Autophagic machinery is not required for DMV gen-

eration or virus replication in coronavirus-infected cells. The

DMVs induced by MHV are linked to the formation of EDEMo-

somes, which are ER-derived vesicles for export of short-lived

ERAD regulators to endosomes/lysosomes (Reggiori et al.,

2010). A recent study revealed that b-coronaviruses employ

late endosomes/lysosomes for egress (Ghosh et al., 2020). It re-

mains unknown how the endomembrane system is remodeled

and the autophagy pathway is modulated in SARS-CoV-2-in-

fected cells.

Here, we investigated the effect of SARS-CoV-2 proteins on

autophagy and found that ORF3a, an accessory protein specific

to human and animal isolates of the COVID-19 virus SARS-CoV-

2 and the SARS virus SARS-CoV, greatly impairs the formation

of degradative autolysosomes. ORF3a is localized on late endo-

somes and directly interacts with and sequestrates the HOPS

component VPS39, thereby preventing the interaction of the

HOPS complex with autophagosome-localized STX17. Conse-

quently, the assembly of the STX17/SNAP29/VAMP8 complex is

blocked. In SARS-CoV-2-infected cells, autophagy is blocked at

the step when acidified autolysosomes form, and VPS39 is

sequestered on late endosomes. Surprisingly, ORF3a of SARS-

CoV fails to interact with HOPS or to block autolysosome forma-

tion. Our results reveal amechanism for viral proteins to block pro-

gression of autophagosomes/amphisomes into autolysosomes.

RESULTS

Expression of ORF3a inhibits autophagy activity
We surveyed the effect of proteins encoded by SARS-CoV-2 on

autophagy by examining the formation of LC3 puncta and also

the accumulation of p62 aggregates. Phosphatidylethanolamine

(PE)-conjugated LC3 (known as LC3-II) associateswith autopha-

gosomal membranes at different stages, while unlipidated LC3

(LC3-I) is diffusely localized (Klionsky et al., 2016). p62 is an auto-

phagy substrate that accumulates into a large number of aggre-

gates in autophagy-deficient cells (Klionsky et al., 2016). Among

the 21 genes encoding SARS-CoV-2 proteins, the number of

LC3 puncta and distinct p62 aggregates was significantly

increased in HeLa cells expressing ORF3a, ORF7a, M, and

NSP6 (Figures 1A–1E, S1A–S1H, and S1M), with ORF3a having

the strongest effect. In this study, we focused mainly on SARS-

CoV-2 ORF3a, which is simply referred to ORF3a hereafter un-

less the viral origin is stated. In immunoblotting assays, expres-

sion of ORF3a caused an increase in p62 and LC3-II levels as

well as the ratio of LC3-II/LC3-I (Figure 1G), indicating that auto-

phagy is impaired by expression of ORF3a. Among 2,782 SARS-

CoV-2 strains examined, the two most common nonsynony-

mous mutations in ORF3a are Q57H (17.4% of strains) and

(L and M) Compared with control cells (L), LC3 puncta are largely separate from LAMP1-labeled lysosomes in ORF3a-GFP-expressing cells under nutrient-rich

conditions and starvation conditions (M). Scale bars, 5 mm; inserts, 2 mm.

(N and O) In ORF3a-GFP-expressing cells, a larger percentage of LC3 puncta co-localize with RAB7-labeled late endosomes (O) than in control cells (N). Scale

bars: 5 mm; inserts, 2 mm.

(P) Schematic illustration of the FPP assay. After 5 min treatment with 20 mMdigitonin, the plasmamembrane of the cell is permeabilized, while the membranes of

intracellular organelles are intact. The RFP-LC3 signals inside closed autophagosomes or autolysosomes are protected from addition of PK, while RFP-LC3

localized on isolation membranes and the outer membrane of autophagosomes is digested by PK. RFP-LC3 is shown as red dots. PK, proteinase K.

(Q and R) In FPP assays, time-lapse images show that after 6 h Bafilomycin A1 (Baf.A1) treatment, most of the RFP-LC3 puncta in permeabilized control and

ORF3a-GFP-expressing cells are resistant to PK treatment. Scale bars, 5 mm.

(S) In FPP assays, the RFP-LC3 signal disappears in Baf.A1-treated siATG2A/B cells upon PK treatment for 30 and 60 s. Scale bars: 5 mm.

(T) Quantification of the percentage of LC3 puncta that remain over time in FPP assays in control cells, ORF3a-GFP-expressing cells and ATG2A & ATG2B KD

cells. Data are shown as mean ± SEM (n = 15 cells in each group).

(U–W) EM analysis indicates that autophagosomes (arrowheads) and amphisomes (arrows) accumulate in ORF3a-GFP-expressing cells (V) but are largely absent

in control cells (U) under nutrient-rich conditions. Quantification of the number of autophagosomes and amphisomes per image in (W) is shown as mean ± SEM

(n = 66 cells in each group, one image for each cell). ***p < 0.001. Scale bars, 0.5 mm; inserts, 0.1 mm.

See also Figures S1 and S2.
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G251V (9.7% of strains) (Issa et al., 2020). Expression of these

mutants also caused accumulation of LC3-II and p62 (Figure 1G).

Autophagy activity was also impaired in other cells expressing

ORF3a such as HEK-293T cells (Figures S1I–S1M).

We further examined autophagic flux using the RFP-GFP-LC3

assay. Due to quenching of the GFP fluorescence in acidified

compartments, yellow puncta (positive for both GFP and RFP

signals) represent IMs, autophagosomes or un-acidified

amphisomes, while red-only puncta are acidified amphisomes

or autolysosomes (Kimura et al., 2007). In ORF3a-expressing

cells, yellow LC3 puncta accumulated under nutrient-rich condi-

tions (Figures S1Q and S1R). After 4 h of starvation, numerous

red-only puncta were detected in control cells, while LC3 puncta

remained yellow in ORF3a-expressing cells (Figures 1F, 1H, and

1I). Yellow LC3 puncta also accumulated in cells expressing M

(Figure S1S). Thus, expression of ORF3a or M inhibits autophagy

at a step prior to formation of acidified degradative autolyso-

somes. More red-only LC3 puncta were detected in cells ex-

pressing ORF7a or NSP6 compared with control cells (Figures

S1P, S1T, and S1U). Accumulation of LC3 and p62 puncta in

ORF7a- or NSP6-expressing cells suggests that although the au-

tophagic structures are acidified, their degradative capability is

impaired in these cells.

The fusion of autophagosomes/amphisomes with
lysosomes is blocked by ORF3a
To determine at which step the autophagy pathway is impaired,

we examined the expression of a series of markers that label

autophagic structures at different stages. Upon autophagy in-

duction, sequential targeting of the ULK1/FIP200/ATG13 Atg1

complex and the VPS34/Beclin1/ATG14L PI(3)P kinase complex

results in generation of PI(3)P-enriched subdomains of the ER,

known as omegasomes, followed by the nucleation and expan-

sion of IMs in their vicinity (Axe et al., 2008; Itakura and Mizush-

ima, 2010; Lamb et al., 2013). ATG14L is also associated with

nascent autophagosomes and binds to STX17 to promote their

fusion with late endosomes/lysosomes (Diao et al., 2015). The

PI(3)P effector WIPI2 labels the IM and also nascent autophago-

somes with a high PI(3)P level (Cebollero et al., 2012; Wu et al.,

2014). Compared with control cells, the number of puncta

labeled by ULK1-GFP was not obviously changed in ORF3a-ex-

pressing cells under nutrient-rich conditions and also after 1 h of

starvation (Figures S1V–S1X). In line with this, mTOR activity,

measured by levels of phosphorylated 4EBP-1 and S6K, was

not altered in ORF3a-expressing cells (Figure S1C1). The

number of structures positive for GFP-DFCP1, which labels

omegasomes, was slightly increased (Figure S1V). Levels of

endogenous FIP200 and ATG13 co-immunoprecipitated by

ULK1-GFP remained largely unaltered, whereas levels of endog-

enous ATG14 and Beclin1 precipitated by GFP-VPS34 were

slightly increased in ORF3a-expressing cells (Figures S1N and

S1O). The numbers of puncta formed by GFP-ATG14, WIPI2-

GFP, and Flag-STX17 were dramatically increased in cells

expressingORF3a under both nutrient-rich and starvation condi-

tions (Figures S1V, S1Y–S1B1, and S1D1–S1F1). These results

suggest that autophagic structures in ORF3a-expressing cells

are either at the end stage of IM expansion or autophago-

somes/amphisomes.

We further investigated the stage of autophagic structures in

ORF3a-expressing cells by examining their colocalization with

late endosomes/lysosomes. In control cells, LC3 puncta were

largely colocalized with anti-LAMP1-labeled late endosomes/ly-

sosomes after 4 h of starvation (Figures 1J and 1L), while in cells

expressing ORF3a, LC3 puncta were largely separate from

LAMP1-labeled structures under both nutrient-rich and starva-

tion conditions (Figures 1J, 1M, S2A, and S2B). Structures

labeled by LAMP1 are heterogeneous in nature (Cheng et al.,

2018). We found that compared with control cells, the LC3

puncta in cells expressing ORF3a were largely colocalized with

RFP-RAB7-labeled late endosomes (Figures 1K, 1N, and 1O),

and there was much less colocalization of LC3 with LAMP2A,

which mainly labels lysosomes (Figures 1K, S2C, and S2D).

These results indicate that a portion of autophagosomes in

ORF3a-expressing cells have already fusedwith late endosomes

but fail to fuse with lysosomes.

We also performed fluorescence protease protection (FPP) and

HaloTag-LC3 (HT-LC3) assays to determine whether autophagic

structures are closed. In the FPP assay, the cells were treated

with Baf.A1 for 6 h, which blocks autophagosome maturation

and/or degradation, to induce accumulation of closed autophagic

structures. The treated cells were then permeabilized with digi-

tonin and treatedwithproteinaseK (PK). LC3onunclosed isolation

membranes is digested byPK,while the LC3 signal on innermem-

branes of closed autophagic structures persists upon PK treat-

ment (Figure 1P). Upon Baf.A1 treatment, RFP-LC3 puncta re-

mained largely fluorescent upon treatment with PK in control and

ORF3a-expressing cells (Figures 1Q, 1R, and 1T), while the signal

disappeared in Atg2A/B KD cells, in which isolation membranes

cannotproceed toautophagosomes (Velikkakath et al., 2012) (Fig-

ure 1S). In the HT-LC3 assay, after permeabilization of the plasma

membrane to release cytosolic HT-LC3-I, theHT-LC3-labeled IMs

and nascent autophagosomes (with LC3 on the outer membrane)

are accessible to amembrane-impermeableHaloTag ligand (MIL),

while a membrane-permeable HaloTag ligand (MPL) labels HT-

LC3 that is located on the inner membranes of closed autophago-

somes, amphisomes, and autolysosomes (Takahashi et al., 2018)

(Figure S2E). Therefore, MIL+MPL� puncta represent IMs, MIL+-

MPL+ puncta represent nascent autophagosomes, and

MIL�MPL+ puncta represent mature autophagosomes, amphi-

somes, and autolysosomes (outer membrane-associated LC3-II

is largely deconjugated in these structures). After autophagy in-

ductionbyTorin 1 treatment,moreMIL�MPL+LC3but fewerMIL+-

MPL� LC3 puncta accumulated in ORF3a-expressing cells

compared with control cells (Figures S2F–S2H). Finally, the

autophagic structures were visualized by transmission electron

microscopy (TEM) analysis. Compared with control cells,

ORF3a-expressing cells accumulated autophagosomes and also

amphisomes (Figures 1U–1W), while autolysosomes were rarely

detected. EM analysis of cells expressing WIPI2-APEX2 revealed

that in control cells, dark APEX2-derived signals were detected

in nascent autophagosomes, but not in amphisomes (Figures

S2J and S2K). In contrast, dark WIPI2-APEX2 signals were de-

tected on membranes of multiple autophagosomes/amphisomes

in ORF3a-expressing cells (Figures S2L and S2M), consistent

with the accumulation of WIPI2-GFP puncta. These results indi-

cate that expressionofORF3a results in accumulation of autopha-

gosomes/amphisomes that fail to fuse with lysosomes.
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Autophagy is inhibited in SARS-CoV-2 virus-
infected cells
We next assessed autophagy activity in cells after SARS-CoV-2

infection. HeLa cells expressing human ACE2 were infected with

SARS-CoV-2 virus and harvested at 8, 16, and 24 hpi (hpi, hours

post-inoculation). The number of LC3 puncta and p62 aggre-

gates and the protein levels of LC3-II and p62 were dramatically

increased in SARS-CoV-2-infected cells (Figures 2A–2D). A large

number ofWIPI2-GFP puncta also accumulated in virus-infected

cells (Figures 2D–2F). In cells transfected with RFP-GFP-LC3,

yellow LC3 puncta accumulated 16 h after SARS-CoV-2 infec-

tion (Figures 2G–2I). Consistent with this observation, LC3

puncta were largely separate from LAMP1-labeled late endo-

somes/lysosomes in SARS-CoV-2-infected cells (Figures S2I,

S2Q, and S2R). These results indicate that SARS-CoV-2 infec-

tion blocks the formation of acidified autolysosomes, resembling

the defects in ORF3a-expressing cells.

We next performed TEM analysis of SARS-CoV-2-infected

cells. DMVs dramatically accumulated in the infected cells (Fig-

ures S2N and S2O). The content in the DMVs was electron-lucid

and distinct from the surrounding cytoplasm. At 24 hpi, fibrous

materials, probably corresponding to viral RNAs like those found

in SARS-CoV-infected cells (Knoops et al., 2008; Snijder et al.,

2020), accumulated in the interior of DMVs. DMVs also merged

into large single-membrane vacuoles containing fibrous mate-

rials (Figure S2P). Double-membrane autophagosomes, con-

taining cytoplasmic contents, were also formed in the infected

cells (Figures 2J–2N), but their size was smaller than control cells

(Figure 2O). Amphisome-like structures also accumulated in

SARS-CoV-2-infected cells (Figures 2J–2N). Virion particles

were detected in amphisome-like structures (Figures 2K and

2M). Taken together, these results show that SARS-CoV-2 infec-

tion also inhibits the fusion of autophagosomes/amphisomes

with lysosomes.

ORF3a is localized on late endosomes/lysosomes
ORF3a is predicted to be a multi-transmembrane protein. ORF3a

protein formed a large number of intracellular punctate structures

Figure 2. SARS-CoV-2 infection blocks autophagosome maturation

(A) Immunoblotting assays showing that levels of LC3 and p62 are increased in SARS-CoV-2-infected cells. HeLa cells were transfected with human ACE2, then

infected with SARS-CoV-2 virus and harvested at 16 hpi (hpi, hours post-inoculation). Lane 2 and lane 3 show cells infected with 43 105 TCID50 (tissue culture

infectious dose 50%)/well and 2 3 106 TCID50/well, respectively. Levels of LC3-II and p62 are normalized by actin and set to 1.00 in control cells.

(B–D) Compared with control cells (B), p62 forms more punctate structures in cells infected with SARS-CoV-2 virus (1 3 105 TCID50/well) (C). (D) shows

quantification of the indicated puncta in control cells and SARS-CoV-2 virus-infected cells (13 105 TCID50/well). Data are shown as mean ± SEM (n = 18 cells in

each group). *p < 0.05; **p < 0.01. Scale bars, 5 mm.

(E and F) Compared with control cells (E), WIPI2-GFP forms more punctate structures in cells infected with SARS-CoV-2 virus (1 3 105 TCID50/well) (F). Scale

bars, 5 mm.

(G–I) Compared with control cells (H), cells infected with SARS-CoV-2 virus contain many more RFP+GFP+LC3 puncta (I). (G) shows quantification of the per-

centage of RFP+GFP�LC3 puncta among total LC3 puncta in control and SARS-CoV-2-infected cells (mean ± SEM, n = 20 cells in each group). **p < 0.01. Scale

bars, 5 mm; inserts, 2 mm.

(J–O) EM analysis indicates that many more autophagosomes (red arrowheads) and amphisomes (red arrows) accumulate in SARS-CoV-2 virus-infected cells at

8 hpi (K), 16 hpi (L), and 24 hpi (M) than control cells (J). The white arrowheads indicate virion particles. Quantification of the number of autophagosomes and

amphisomes in (N) is shown as mean ± SEM (n = 89 cells in each group, one image for each cell). (O) shows quantification of the diameter of autophagosomes as

mean ± SEM (n = 32 autophagosomes in each group). The diameter is about 251 ± 157 nm in SARS-CoV-2 virus-infected cells. *p < 0.05, ***p < 0.001. Scale bars:

0.5 mm; inserts, 0.1 mm.

See also Figure S2.
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Figure 3. ORF3a localizes to late endosomes/lysosomes and interacts with components of the HOPS complex

(A) ORF3a-GFP forms a large number of punctate structures that are largely colocalized with late endosomes labeled by RFP-RAB7 in HeLa cells. Weak ORF3a-

GFP signal is localized on the plasma membrane. Scale bars, 5 mm; inserts, 2 mm.

(B) ORF3a-GFP puncta partially co-localize with LAMP1-labeled late endosomes/lysosomes, detected by anti-LAMP1. Scale bars, 5 mm; inserts, 2 mm.

(C) 3D-SIM images showing that ORF3a-GFP colocalizes with RFP-RAB7 on vesicles. Images are maximum intensity projections of z stacks (z = 35). Scale bars,

5 mm; inserts, 1 mm.

(D) ORF3a-GFP puncta are separate from LAMP2A-labeled lysosomes, detected by anti-LAMP2A. Scale bars, 5 mm; inserts, 2 mm.

(E) Quantification of the percentage of ORF3a-GFP puncta co-localizing with vesicles labeled by the indicated marker.

(F) Endogenous VPS39, VPS41, and VPS33A are co-precipitated by ORF3a-GFP in GFP-TRAP assays. Extracts of cells expressing GFP vector and ORF3a-GFP

were precipitated by GFP-TRAP beads and immunoblotted with anti-VPS39, anti-VPS41, and anti-VPS33A. ~5% of extracts used for GFP-TRAP assays are

shown as the input.

(legend continued on next page)
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and also weakly localized on the plasma membrane (Figure 3A).

Coexpression of markers for various endolysosomal compart-

ments showed that ORF3a puncta were separate from EEA-1-

labeled early endosomes (Figure S3A), but extensively colocalized

with RAB7- and LAMP1-labeled late endosomes/lysosomes (Fig-

ures 3A, 3B, and 3E). Structured illuminationmicroscopy (SIM) re-

vealed that ORF3a-GFP overlapped or closely associated with

RFP-RAB7 on vesicular membranes (Figure 3C). ORF3a-GFP

puncta were largely separate from LAMP2A-labeled or Lyso-

Tracker Red-stained lysosomes (Figures 3D, 3E, and S3B).

ORF3a interacts with components of the HOPS complex
We determined whether ORF3a modulates autophagy by inter-

acting with autophagy proteins. ORF3a showed no interaction

with components of the ULK1 complex, VPS34, Beclin1,

ATG14, WIPI2, STX17, and VAMP8 in GFP-Trap assays (Fig-

ure S3F). The HOPS complex consists of the core subunits

VPS11, VPS16, VPS18, and VPS33A and the HOPS-specific

subunits VPS39 and VPS41. We found that endogenous

VPS39, VPS41, and VPS33A or Flag-tagged proteins were

strongly co-immunoprecipitated by ORF3a in GFP-Trap assays

(Figures 2F, S3C, and S3D). In in vitro pull-down assays,

ORF3a directly interacted with VPS39 (Figure 3G) but showed

no or very weak bindingwith other HOPS components (Figure 3H

and data not shown). ORF3a showed no interaction with VPS8

(Figure S3E), a specific component of the CORVET (class

C core vacuole/endosome tethering) complex. ORF3a also ex-

hibited weak interaction with endogenous RAB7 in coIP assays

(Figure S3D).

We next investigated the formation of the HOPS complex in

ORF3a-expressing cells. The yeast HOPS complex exhibits an

elongated seahorse-like structure with VPS39 and VPS41

located at opposite ends (Bröcker et al., 2012). VPS33 and

VPS16 form a subcomplex involved in SNARE protein binding.

VPS39 interacts with VPS11 and VPS18, which further connect

to VPS33/VPS16, while VPS41 interacts with VPS18 to link

VPS33/VPS16 (Bröcker et al., 2012; Plemel et al., 2011; War-

tosch et al., 2015). VPS39 also forms a subcomplex with

VPS41, whose function remains unknown (Balderhaar and Un-

germann, 2013). We found that in ORF3a-expressing cells,

higher levels of endogenous VPS39 or FLAG-VPS39 were co-

precipitated by GFP-VPS18 or VPS11-GFP (Figures 3I, S3G,

and S3H), while their interactions with the SNARE-binding sub-

complex VPS33A/VPS16 were reduced (Figures 3J and S3I).

The interactions of VPS41 with VPS18, VPS33A with VPS16, or

VPS41 with VPS39 remained largely unchanged by ORF3a

expression (Figures S3G, S3J, and S3K). Therefore, the forma-

tion of the VPS39-containing functional HOPS complex appears

to be affected by ORF3a expression.

ORF3a causes accumulation of VPS39 on late
endosomes/lysosomes
We next examined whether late endosome/lysosome-local-

ized ORF3a affects the localization of HOPS components. In

control cells, VPS39 and the core subunits VPS11, VPS16,

and VPS18 were mainly localized in the cytoplasm and only

a very few distinct puncta were detected (Figures 3M, 3O,

3Q, and S4A) (Garg et al., 2011; Kim et al., 2001; Peralta

et al., 2010). In cells expressing ORF3a-FLAG, VPS39-GFP

formed many more punctate structures, whose size was not

uniform (Figures 3N, S4C, and S4D). The relatively large

VPS39-GFP punctate structures colocalized with ORF3a (Fig-

ures 3N and S4C). There were also small VPS39-GFP struc-

tures with very weak ORF3a signal (Figure 3N). Even in cells

with a very low ORF3a-FLAG level, VPS39-GFP still formed

many small punctate structures (Figure S4D). VPS39-GFP

puncta in ORF3a-expressing cells partially colocalized or

closely associated with RAB7- and LAMP1-labeled late endo-

somes/lysosomes (Figures 3K, 3O, 3P, S4E, and S4F).

Expression of ORF3a also dramatically increased the number

of VPS11-GFP- and VPS16-GFP-labeled punctate structures

that were colocalized or closely associated with ORF3a (Fig-

ures 3Q, 3R, S4A, and S4B). VPS41-GFP formed a large num-

ber of puncta that partially colocalized with RAB7-labeled late

endosomes/lysosomes (Figure S4G) (Garg et al., 2011; Miao

et al., 2020). In ORF3a-expressing cells, there were slightly

more VPS41-GFP puncta, and they colocalized with RAB7

(Figure S4H). These results indicate that ORF3a recruits

VPS39 and, to a lesser extent, other core components of

HOPS to late endosomes/lysosomes.

In SARS-CoV-2-infected cells, VPS39-GFP also accumulated

into a large number of punctate structures (Figures 3T and S4J).

As in ORF3a-expressing cells, VPS39-GFP puncta were partially

colocalized or closely associated with RAB7- and LAMP1-

(G and H) Human full-length VPS39 (G), but not VPS33A (H), is pulled down by GST-ORF3a in an in vitro GST-pull-down assay. Proteins used for pull-down are

shown in the bottom panel.

(I) Levels of FLAG-tagged VPS39 precipitated by GFP-VPS18 are higher in ORF3a-FLAG-expressing cells than control cells in GFP-TRAP assays. Quantification

of FLAG-VPS39 level (normalized by GFP-VPS18 level) is also shown.

(J) In GFP-TRAP assays, levels of VPS39 precipitated by VPS16-GFP are lower in ORF3a-FLAG-expressing cells than control cells. Quantification of FLAG-

VPS39 level (normalized by VPS16-GFP level) is also shown.

(K) Quantification of the percentage of VPS39-GFP puncta co-localizing with vesicles labeled by the indicated marker in ORF3a-FLAG-expressing cells.

(L) Quantification of the percentage of VPS39-GFP puncta co-localizing with vesicles labeled by the indicated marker in SARS-CoV-2 virus-infected cells.

(M and N) In control cells (M), VPS39-GFP mainly localizes to the cytoplasm and forms very few punctate structures, while in cells expressing ORF3a-FLAG (N),

VPS39-GFP forms a larger number of puncta that co-localize with ORF3a-FLAG. There are also some VPS39-GFP puncta showing very weak or no detectable

ORF3a signal. Scale bars: 5 mm; inserts, 2 mm.

(O and P) VPS39-GFP is largely diffuse in control cells (O). VPS39-GFP forms punctate structures that partially co-localize or closely associate with RAB7-labeled

late endosomes in cells expressing ORF3a-FLAG (P). Scale bars, 5 mm; inserts, 2 mm.

(Q and R) VPS11-GFP is largely diffuse in control cells (Q), while in ORF3a-expressing cells, VPS11-GFP forms some punctate structures that co-localize with

ORF3a-FLAG (R). Scale bars: 5 mm; inserts, 2 mm.

(S and T) In SARS-CoV-2 virus-infected cells, VPS39-GFP forms a large number of punctate structures that partially co-localize or closely associate with RAB7-

labeled late endosomes (T). VPS39-GFP is diffuse in control cells (S). Scale bars, 5 mm; inserts, 2 mm.

See also Figures S3 and S4.
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labeled late endosomes/lysosomes (Figures 3L, 3S, 3T, S4I,

and S4J).

ORF3a inhibits the interaction of HOPS with
autophagosomal STX17
The HOPS complex promotes fusion of autophagosomes/am-

phisomes with late endosomes/lysosomes (Jiang et al., 2014;

Takáts et al., 2014). In control cells after 4 h of starvation, LC3

puncta were colocalized with VPS41-labeled punctate struc-

tures (Figure 4A). The colocalization of LC3 puncta with

VPS41-GFP-labeled puncta was greatly reduced in ORF3a-ex-

pressing cells (Figures 4B, 4E, S5A, and S5B). VPS39-GFP

puncta were also largely separate from LC3 puncta in ORF3a-

expressing cells (Figures 4C, 4D, S5C, and S5D).

The HOPS complex directly interacts with autophagosome-

localized STX17 to promote autophagosome maturation (Jiang

et al., 2014; Takáts et al., 2014). We found that in GFP-Trap as-

says, levels of VPS41 and VPS39 co-precipitated by GFP-STX17

were dramatically reduced in ORF3a-expressing cells (Figures

4F, 4H, S5E, and S5F). Thus, the interaction of the HOPS com-

plex with STX17 is disrupted by ORF3a.

ORF3a inhibits the formation of STX17-SNAP29-VAMP8
SNARE complex
The HOPS complex promotes the assembly of the STX17-

SNAP29-VAMP8 SNARE complex for the fusion of autophago-

somes/amphisomes with late endosomes/lysosomes. Expres-

sion of ORF3a did not affect levels of endogenous STX17,

Figure 4. ORF3a inhibits the formation of the STX17-SNAP29-VAMP8 complex

(A and B) Compared with control cells (A), a smaller percentage of VPS41-GFP-labeled punctate structures co-localize with LC3 puncta in ORF3a-FLAG-ex-

pressing cells (B) after 4-h starvation. Scale bars: 5 mm; inserts, 2 mm.

(C and D) LC3-labeled puncta are separate from VPS39-GFP-labeled punctate structures in ORF3a-FLAG-expressing cells (D) after 4-h starvation. VPS39-GFP is

diffuse in control cells (C). Scale bars: 5 mm; inserts, 2 mm.

(E) Quantification of the percentage of LC3-labeled puncta co-localizing with VPS41-GFP-labeled punctate structures is shown as mean ± SEM (n = 20 cells in

each group). *p < 0.05. **p < 0.01.

(F) In GFP-TRAP assays, levels of endogenous VPS41 precipitated by GFP-STX17 are lower in ORF3a-FLAG-expressing cells than control cells. ‘‘*’’ indicates the

band corresponding to VPS41. Quantification of VPS41 level (normalized by GFP-STX17 level) is also shown.

(G) In GFP-TRAP assays, levels of endogenous SNAP29 and VAMP8 precipitated by GFP-STX17 are much lower in ORF3a-FLAG-expressing cells than control

cells. Quantification of SNAP29 and VAMP8 levels (normalized by GFP-STX17 level) is also shown.

(H) Quantification of the fold change of the indicated proteins in control cells andORF3a-expressing cells is shown asmean ± SEMResults are representative of at

least three experiments. **p < 0.01.

(I) In GFP-TRAP assays, levels of endogenous SNAP29 precipitated by STX6-GFP show no obvious change in ORF3a-FLAG-expressing cells compared with

control cells. Quantification of SNAP29 level (normalized by GFP-STX6 level) is also shown.

(J) Quantification of the fold change of SNAP29 precipitated by STX6 in control cells and ORF3a-expressing cells is shown as mean ± SEM Results are

representative of at least three experiments. ns: no significant difference.

See also Figure S5.
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SNAP29, and VAMP8 (Figure S5G). Levels of endogenous

SNAP29 and VAMP8 precipitated by GFP-STX17 were dramat-

ically reduced in ORF3a-expressing cells (Figures 4G and 4H),

indicating that the formation of the STX17-SNAP29-VAMP8

complex is greatly impaired by ORF3a. VPS39 and VPS41

failed to interact with the autophagosome-localized R-SNARE

YKT6 in GFP-trap assays (Figure S5H). The assembly of

YKT6-SNAP29-STX7 SNARE complex, which acts non-redun-

dantly with the STX17-SNAP29-VAMP8 complex for autopha-

gosome maturation (Matsui et al., 2018), was not affected in

ORF3a-expressing cells (Figures S5I and S5J). SNAP29 also in-

teracts with the Golgi-localized STX6 (Wong et al., 1999). The

interaction of SNAP29 with STX6 was not affected in ORF3a-

expressing cells (Figures 4I and 4J). Homotypic and heterotypic

fusions of late endosomes and lysosomes are mediated by the

Q-SNAREs (STX7, STX8, and VTI1b) and the R-SNARE VAMP8

or VAMP7 (Jahn and Scheller, 2006). HOPS interacts with STX7

(Kim et al., 2001). We found that in ORF3a-expressing cells,

levels of endogenous VAMP8 co-precipitated by STX7-GFP

were increased (Figures S5K and S5L). Therefore, ORF3a

show distinct effects on assembly of different SNARE

complexes.

ORF3a affects late endosomal/lysosomal biogenesis
and induces lysosomal damage
We noticed that the number of late endosomes/lysosomes

labeled by RAB7, LAMP1, and LysoTracker, but not EEA1-

labeled early endosomes, was higher in ORF3a-expressing cells

(Figures 5A–5G). Compared with control cells, the fluorescence

intensities of puncta labeled by anti-LAMP1 and LysoTracker

were weaker in ORF3a-expressing cells, especially at vesicles

with a strong ORF3a-GFP signal (Figures 3B and S3B). VPS39

KD, but not VPS41KD, partially reversed the weak LAMP1-stain-

ing signals in ORF3a-expressing cells (Figures S6A–S6F). The

morphology and distribution of the ER and the Golgi apparatus

were not altered (Figures S6G–S6J).

We next investigated whether endocytic trafficking is affected

by ORF3a. Dextran-labeled puncta colocalized with LAMP1-

labeled late endosomes/lysosomes 2 h after addition in control

and also in ORF3a-GFP-expressing cells (Figures 5H–5J). This

suggests that the trafficking of dextran-containing endocytic

vesicles to late endosomes/lysosomes was not affected by

ORF3a. Compared with control cells, levels of mature cathepsin

B and cathepsin D and the number of Magic Red Cathepsin B-

stained puncta were similar in ORF3a-GFP-expressing cells

Figure 5. ORF3a impairs lysosomal function

(A–G) More punctate structures labeled by RFP-RAB7 (B), anti-LAMP1 antibody (D), and LysoTracker (F) are detected in ORF3a-GFP-expressing cells than in

control cells (A, C, and E). Cells expressing indicated protein aremarked bywhite dotted lines. Quantification of the number of the indicated punctate structures in

GFP control and ORF3a-GFP-expressing cells is shown in (G) as mean ± SEM (n =18 cells in each group). LysoT: LysoTracker. ns: no significant difference; *p <

0.05. Scale bars: 5 mm.

(H–J) Similar to control cells (I), endocytosed dextran is largely colocalized with LAMP1-labeled punctate structures in ORF3a-GFP-expressing cells (J).

Quantification of the percentage of LAMP1+ dextran puncta among total dextran puncta is shown in (H) as mean ± SEM (n = 20 cells in each group). ns: no

significant difference. Scale bars, 5 mm; inserts, 2 mm.

(K–M) Compared with control cells (K), far fewer DQ-BSA-labeled puncta are detected in ORF3a-GFP-expressing cells (L). Cells expressing GFP or ORF3a-GFP

are outlined. Quantification of the number of DQ-BSA-labeled punctate structures in GFP control and ORF3a-GFP-expressing cells is shown in (M) as mean ±

SEM (n = 25 cells in each group). ***p < 0.001. Scale bars, 5 mm.

(N–P) Galectin 3 is diffusely localized in control cells (N) but forms a few punctate structures in ORF3a-FLAG-expressing cells (O). Quantification data of the

number of galectin-3-labeled puncta in (P) are shown as mean ± SEM (n = 25 cells in each group). ***p < 0.001. Scale bars, 5 mm.

See also Figure S6.

ll
Article

Developmental Cell 56, 427–442, February 22, 2021 435



Figure 6. Enhanced autophagosome-lysosome fusion by depletion ofOGT partially rescues the autophagy defect in ORF3a-expressing cells

(A–C) Immunostaining with anti-LC3 antibody shows that the accumulation of LC3 puncta in ORF3a-GFP-expressing cells (A) is suppressed by simultaneous

depletion ofOGT (B). Cells expressingGFP andORF3a-GFP are outlined. NC, negative control. Numbers of LC3 puncta are quantified and shown asmean ± SEM

in (C) (n = 25 cells in each group). NC, negative control. *p < 0.05. Scale bars, 5 mm.

(D) Immunoblots of LC3 and p62 show that the increased levels of LC3-II and p62 are inhibited by siOGT in ORF3a-expressing cells. Levels of LC3-II and p62

(normalized by actin levels) are quantified.

(E–G) RFP-GFP-LC3 assays show that the percentage of RFP+GFP�LC3 puncta after 4-h starvation is increased in siOGT-treated ORF3a-expressing cells (G)

comparedwith control siRNA-treatedORF3a-expressing cells (F). Quantification data (n = 27 cells in each group) are shown asmean ± SEM in (E). *p < 0.05. Scale

bars, 5 mm; inserts, 2 mm.

(H) In GFP-TRAP assays, levels of endogenous SNAP29 and VAMP8 precipitated by GFP-STX17 are increased in siOGT-treated ORF3a-expressing cells

compared with control siRNA-treated ORF3a-expressing cells. Quantification of SNAP29 and VAMP8 levels (normalized by GFP-STX17 levels) is shown.

(I) Immunoblotting assays showing that levels of p62 are slightly increased, while levels of LC3-II show no obvious change, in SARS-CoV ORF3a-FLAG-ex-

pressing cells compared with control cells. Levels of LC3-II and p62 levels are normalized by actin.

(J) In GFP-TRAP assays, endogenous VPS39 was precipitated by SARS-CoV-2 ORF3a-GFP, but not by SARS-CoV ORF3a-GFP.

(K and L) Compared with control cells (K), expression of SARS-CoV ORF3a-GFP does not evidently increase the number of LC3 puncta (L). Scale bars: 5 mm.

(legend continued on next page)
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(Figures S6K–S6O). Degradation of EGFR, triggered by addition

of EGF, was also not evidently affected in ORF3a-GFP-express-

ing cells compared with control cells (Figure S6P). DQ-BSA,

which is a bovine serum albumin derivative conjugated to a

self-quenched fluorophore, is endocytosed and fluoresces after

cleavage by lysosomal proteases (Humphries and Payne, 2012).

We found that the number of fluorescent DQ-BSA puncta was

much lower in ORF3a-GFP expressing cells than control cells

(Figures 5K–5M). Galectin 3, which specifically labels damaged

endosomes and lysosomes (Aits et al., 2015), was diffusely local-

ized in control cells, but formed a few puncta in ORF3a-express-

ing cells (Figures 5N–5P). These results indicate that ORF3a

weakly impairs lysosomal function and induces lysosomal dam-

age. TFEB, the master factor regulating autophagy and lyso-

some biogenesis, undergoes cytoplasmic-to-nuclear transport

in response to various cell stressors and lysosomal damage (Na-

kamura et al., 2020; Raben and Puertollano, 2016). The nuclear

localization of TFEB (transcription factor EB) was significantly

elevated in ORF3a-expressing cells (Figures S6Q–S6U). Howev-

er, in ORF3a-expressing cells, only a few genes involved in lyso-

somal biogenesis such as CTSD (cathepsin D) and

CTSA (cathepsin A) showed upregulation, while themRNA levels

of the majority of genes involved in autophagy and lysosomal

biogenesis remained unchanged (Figure S6V). Protein levels of

LAMP1, LAMP2A, STX17, SNAP29, and VAMP8 showed no

obvious changed in ORF3a-expressing cells (Figures S5G

and S6W).

The defect in autophagosome maturation in ORF3a-
expressing cells is rescued by OGT knockdown
SNAP29 is post-translationally modified by O-linked b-N-acetyl-

glucosamine (O-GlcNAc) transferase (OGT) (Guo et al., 2014).O-

GlcNAcylated SNAP29 attenuates the formation of SNAP29-

containing trans-SNARE complexes (Guo et al., 2014). In

mammalian cells, OGT knockdown or expressing an O-GlcNA-

cylation-defective SNAP29 mutant promotes the formation of

the STX17-SNAP29-VAMP8 complex (Guo et al., 2014). We

found that the number of LC3 puncta was reduced in ORF3a-ex-

pressing cells with simultaneous depletion of OGT (Figures 6A–

6C). Immunoblotting assays showed that levels of LC3-II and

p62 were also reduced in ORF3a-expressing cells with depletion

of OGT or expression of O-GlcNAcylation-defective mutant

SNAP29 (Figures 6D and S7A). The RFP-GFP-LC3 assay also

showed that the ratio of red-only puncta was increased in

ORF3a-expressing cells with simultaneous depletion ofOGT un-

der both nutrient-rich and nutrient-depletion conditions (Figures

6E–6G, S7B, and S7C). Consistent with this, the formation of the

STX17-SNAP29-VAMP8 complexwas dramatically increased by

OGT KD in ORF3a-expressing cells (Figure 6H). Therefore, the

autophagy defect caused by ORF3a is ameliorated by enhanced

formation of the trans-SNARE complex for autophagosome

maturation.

SARS-CoV ORF3a fails to interact with the HOPS
complex or affect autophagy
ORF3a of SARS-CoV-2 shows ~72% identity and 85% similarity

with ORF3a of SARS-CoV (Figure S7M). Consistent with previ-

ous reports (Castaño-Rodriguez et al., 2018; Lu et al., 2006),

we found that SARS-CoV ORF3a was localized on the plasma

membrane and also on a few punctate structures that were

largely separate fromRAB7- and LAMP1-labeled structures (Fig-

ures S7D and S7E). Interestingly, we found that expression of

SARS-CoV ORF3a failed to cause accumulation of LC3 and

WIPI2 puncta (Figures 6K–6O). In immunoblotting assays, the

LC3-II level was not elevated and levels of p62 were only slightly

increased by expression of SARS-CoV ORF3a (Figure 6I). The

GFP-RFP-LC3 assays showed that a large number of red-only

puncta were formed after 4 h of starvation in cells expressing

SARS-CoV ORF3a (Figures S7F–S7H). SARS-CoV ORF3a failed

to interact with VPS39 in GFP-Trap assays (Figure 6J). The for-

mation of the STX17-SNAP29-VAMP8 complex remained un-

changed in SARS-CoV ORF3a-expressing cells (Figure S7I).

The DQ-BSA staining assay revealed that lysosomal function

was not impaired in SARS-CoV ORF3a-expressing cells (Figures

S7J–S7L). SARS-CoV ORF3a has been shown to interact with

TRAF3 (Siu et al., 2019). Similar to SARS-CoV ORF3a, SARS-

CoV-2 ORF3a also interacted with TRAF3 in a GFP-Trap assay

(Figure S7N). TRAF3 KD failed to rescue the autophagy defect

in cells expressing SARS-CoV-2 ORF3a (Figures S7O–S7Q).

Taken together, these results suggest that expression of the

SARS-CoV ORF3a, unlike its counterpart in SARS-CoV-2,

causes no autophagy defect.

DISCUSSION

SARS-CoV-2 ORF3a inhibits fusion of autophagosomes/
amphisomes with lysosomes via sequestration of HOPS
complex components
Here, we showed that expression of SARS-CoV-2 ORF3a

inhibits HOPS-facilitated assembly of the STX17-SNAP29-

VAMP8 complex, which is required for fusion of autophago-

somes/amphisomes with lysosomes. HOPS bridges, stabilizes,

and proofreads SNAREs to promote membrane fusion. Target-

ing of HOPS components to late endosomes/lysosomes is dy-

namic. Mammalian VPS41 is recruited to lysosomes via binding

to the Arf-like GTPase Arl8b (Garg et al., 2011). VPS39 and core

subunits of the HOPS complex are primarily localized in the

cytosol, and their targeting to lysosomes is promoted by

(M and N) Numbers of WIPI2-GFP punctate structures are similar in control cells (M) and SARS-CoV ORF3a-FLAG-expressing cells (N) under nutrient-rich

conditions. Scale bars: 5 mm.

(O) Quantification of the numbers of indicated puncta is shown as mean ± SEM (n = 20 cells in each group) ns: no significant difference.

(P) Amodel showing howORF3a of SARS-CoV-2 disrupts the HOPS-mediated assembly of the SNARE complex to impair autophagosomematuration. In control

cells, the HOPS complex is recruited to autophagosomes by interacting with STX17, which further facilitates the assembly of the STX17-SNAP29-VAMP8

complex for fusion of autophagosomes/amphisomeswith late endosomes/lysosomes. In SARS-CoV-2 ORF3a-expressing cells, the HOPS components (such as

VPS39, VPS11, and VPS18) are sequestrated on late endosomes/lysosomes by ORF3a, thus, preventing the interaction of HOPS with autophagosomal STX17.

11, VPS11; 16, VPS16; 18, VPA18; 33A, VPS33A; 39, VPS39; 41, VPS41. In control cells, activated RAB7 may be involved in the interaction of HOPS with late

endosomes/lysosomes.

See also Figure S7.

ll
Article

Developmental Cell 56, 427–442, February 22, 2021 437



coexpression of Arl8b and VPS41 (Garg et al., 2011). Targeting of

the HOPS complex to autophagosomes/amphisomes is medi-

ated by its interaction with STX17 (Jiang et al., 2014; Takáts

et al., 2014). SARS-CoV-2 ORF3a is localized on RAB7-labeled

late endosomes and also, to a lesser extent, on LysoTracker-

stained lysosomes. VPS39 and other subunits of HOPS interact

with ORF3a and are sequestrated on late endosomes and also

on some unidentified structures with weak or no detectable

ORF3a signal. VPS39 and VPS11 have also been identified as

SARS-CoV-2 ORF3a interactors in a mass spectrometry-based

study (Gordon et al., 2020). In ORF3a-expressing cells, the inter-

action of VPS39 with VPS11 and VPS18 is enhanced, while its

interaction with the VPS16-VPS33A module is attenuated.

ORF3a is unlikely to directly block the interaction between

VPS39 and the VPS16-33A module, as they are connected via

VPS11 and VPS18 (Bröcker et al., 2012). The interactions of

VPS11 with multiple components of the HOPS complex,

including VPS39, VPS41, VPS16, and VPS18 (Plemel et al.,

2011), and also the interaction between VPS41 and VPS39,

may prevent the recruitment of VPS16-VPS33A in a stoichio-

metric manner to assemble functional HOPS complex in

ORF3a-expressing cells. Targeting of VPS39 to late endosomes

through its direct interaction with ORF3a may impose spatial re-

strictions on VPS39 and its interacting HOPS components that

prevent them from assembling into a functional complex.

Sequestration of HOPS components on late endosomes further

impairs the targeting of functional HOPS complex to autophago-

somes and lysosomes. Consistent with this, the interaction of

HOPS with STX17 is greatly inhibited by ORF3a expression. As

a consequence, the assembly of the STX17-SNAP29-VAMP8

complex is reduced. Enhanced recruitment of the HOPS com-

plex to late endosomes/lysosomes by the elevated PI(4)P level

on these compartments in SUSR2-depleted cells increases the

interaction of VPS39 with STX17 and enhances assembly of

the STX17-SNAP29-VAMP8 complex for autophagosome/am-

phisome fusion with lysosomes (Miao et al., 2020). Formation

of amphisomes in ORF3a-expressing cells may be mediated

by other SNARE complexes such as the YKT6-SNAP29-STX7

complex (Matsui et al., 2018). Enhanced assembly of the

STX17-SNAP29-VAMP8 complex by reduced O-GlcNAcylation

of SNAP29 partially rescues the autophagy defect in ORF3a-ex-

pressing cells, which further argues that the STX17-SNAP29-

VAMP8 complex is essential for fusion of autophagosomes/am-

phisomes with lysosomes.

Our results indicate that SARS-CoV-2 ORF3a sequestrates

VPS39 on late endosomes to prevent the assembly of the

SNARE complex mediating fusion of autophagosomes/amphi-

somes with lysosomes (Figure 6P). Inhibiting the assembly of

the STX17-SNAP29-VAMP8 complex appears to be a widely

employed mechanism by viruses to accumulate autophago-

somes/amphisomes for their own benefits. Proteinase 3C of

CVB3 and EVD68 mediates cleavage of SNAP29 (Corona

et al., 2018; Mohamud et al., 2018), while the HPIV3 P protein

binds to SNAP29 to inhibit its interaction with STX17 (Ding

et al., 2014). The amount of STX17 is reduced in HCV-replicating

cells, preventing the formation of autolysosomes (Ren

et al., 2016).

SARS-CoV-2-infected cells also accumulate autophago-

somes/amphisomes. The autophagosome size in SARS-CoV-

2-infected cells is smaller than in starved cells. NSP6 of various

coronaviruses such as IBV, MHV, and SARS-CoV has been

shown to limit autophagosome expansion, resulting in the gener-

ation of small-sized autophagosomes (Cottam et al., 2011,

2014). SARS-CoV-2-infected cells also show sequestration of

VPS39 on late endosomes. The ORF3a protein level has been

shown to be high in SARS-CoV-infected cells (Tan et al., 2006).

We showed that the viral factors M and ORF7a also affect auto-

phagy. The combinatorial effects caused by different viral factors

block the progression of autophagic flux and remodel the endo-

membrane system for the benefits of virus replication and

egress. The exact role of autophagy in SARS-CoV-2 replication

and egress has yet to be determined.

The role of autophagosomes/amphisomes and DMVs in
virus replication and release
The DMVs formed in cells infected by positive-stranded RNA vi-

ruses such as poliovirus, CVB3 and EVD68 exhibit hallmarks of

autophagosomes despite being smaller (approximately 200 to

400 nm in diameter) than regular autophagosomes (Choi et al.,

2018; Corona et al., 2018; Jackson et al., 2005; Kemball et al.,

2010; Suhy et al., 2000; Wong et al., 2008; Wong and Sanyal,

2020). They contain cytosolic contents and are labeled by lipi-

dated LC3. They are able to fuse with late endosomes, but

further fusion with lysosomes is blocked (Corona et al., 2018;

Jackson et al., 2005; Kemball et al., 2010; Mohamud et al.,

2018; Wong et al., 2008). DMVs are also involved in non-lytic

extracellular release of virus particles (Bird et al., 2014; Jackson

et al., 2005; Mohamud et al., 2018). Thus, these viruses subvert

modified autophagosomes and/or amphisomes for replication

and extracellular release.

b-coronaviruses, such as MERS-CoV, MHV, and SARS-CoV,

and the g-coronavirus IBV also induce formation of DMVs

(approximately 200 to 400 nm in diameter) for anchoring the viral

RTCs (Choi et al., 2018; Hartenian et al., 2020; Knoops et al.,

2008; Maier et al., 2013; Snijder et al., 2020; Wong and Sanyal,

2020). We found that SARS-CoV-2 infection also induces the for-

mation of DMVs in host cells. In cells infected with MHV, SARS-

CoV or IBV, autophagy is required neither for the formation of

DMVs, nor for viral replication (Zhao et al., 2007). MHV exploits

the pathway of EDEMosome formation to generate DMVs (Re-

ggiori et al., 2010). For the release of b-coronaviruses from

host cells, new viral particles are assembled in the ER and/or ER-

GIC and subsequently use a lysosomal exocytic pathway for

release (Ghosh et al., 2020; Knoops et al., 2008; Snijder et al.,

2020). In SARS-CoV-2-infected cells, LAMP1-labeled lyso-

somes are filled with viruses during the egress stage (Ghosh

et al., 2020). SARS-CoV-2 virions have also been detected in

double-membrane structures and smooth-walled secretory ves-

icles in infected nasal and bronchial human airway epithelial cells

(Pizzorno et al., 2020) and in autophagic or endomembrane com-

partments in lung pneumocytes and kidney endothelial/epithelial

cells of COVID-19 patients (Bradley et al., 2020). We also de-

tected virions in amphisomal/endosomal structures at the early

stage of infection, which is consistent with the notion that

SARS-CoV-2 exploits endocytosis as an entry route in addition

to direct fusion with the plasma membrane (Hartenian et al.,

2020; Hoffmann et al., 2020; Shang et al., 2020). Autophagy

may be differentially modulated at different stages of SARS-
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CoV-2 infection. At the early stage of infection, activation of the

whole autophagy pathway elicits innate and adaptive immune

responses. In contrast, at late stages, viral proteins, which

have been abundantly translated, inhibit autophagy by reducing

the autophagosome size (e.g., NSP6) and blocking autophago-

some maturation (e.g., ORF3a) to prevent fusion of virus-con-

taining amphisomal/endosomal compartments (e.g., derived

from the TGN or other virion-enclosing structures) with degrada-

tive lysosomes.

ORF3a in SARS-CoV-2 and SARS-CoV infection
Expression of ORF3a impairs lysosomal function and also in-

duces lysosomal damage. The fluorescence intensity of struc-

tures stained by anti-LAMP1 and LysoTracker is weaker and

the number of DQ-BSA-stained puncta is lower in ORF3a-ex-

pressing cells than in control cells. Galectin-3-labeled structures

are also formed. The level and activity of cathepsin B and degra-

dation of EGFR appears to be largely normal in ORF3a-express-

ing cells. This could be because soluble hydrolases and lyso-

somal membrane proteins are sorted to lysosomes via different

routes (Braulke and Bonifacino, 2009), and they are differentially

affected by ORF3a. HOPS is involved in the maturation of early

endosomes and in homotypic and heterotypic fusion of late en-

dosomes and lysosomes and thus is essential for the delivery of

endocytic cargo and other materials to lysosomes (Pols et al.,

2013a; Solinger and Spang, 2013; Wartosch et al., 2015). The

perturbation of lysosomes in ORF3a-expressing cells may result

from sequestration of HOPS components on late endosomes,

which impairs retrograde transport of transmembrane proteins

such as acid-hydrolase receptors from endosomes to the TGN

(Bonifacino and Rojas, 2006), and reduces the targeting of

HOPS to lysosomes for their fusion with incoming vesicles.

Sequestration of VPS41 by VPS39 on late endosomes could

also impair its HOPS-independent function in delivering lyso-

some-associated membrane proteins such as LAMP1 to the ly-

sosomes (Pols et al., 2013b). The impaired lysosomal function

caused by ORF3a could facilitate lysosome-mediated extracel-

lular release of SARS-CoV-2 from infected cells (Ghosh et al.,

2020). Expression of ORF3a causes a slight expansion of the

population of late endosomes and lysosomes. Although nuclear

levels of TFEB are increased, upregulation of the majority of

genes involved in lysosomal biogenesis is not detected.

SARS-CoVORF3a is involved in viral pathogenesis. Expression

ofSARS-CoVORF3a inducescell death (Chanetal., 2009; Freundt

et al., 2010; Yue et al., 2018), elicits ER stress (Minakshi et al.,

2009), activates NF-kB and the NLRP3 inflammasome (Siu et al.,

2019), andcontributes to the releaseof the virus from infectedcells

(Castaño-Rodriguez et al., 2018; Lu et al., 2006). SARS-CoV

ORF3a is localized on the plasma membrane, TGN, and also on

some perinuclear punctate structures (Freundt et al., 2010; Lu

et al., 2006; Yue et al., 2018). The few SARS-CoV ORF3a puncta

are distinct from late endosomes/lysosomes (Castaño-Rodriguez

etal., 2018; Luetal., 2006).Somestudies, however, reported thata

small portion of SARS-CoV ORF3a puncta are colocalized with

LAMP1 and expression of SARS-CoV ORF3a elicits lysosomal

damage and dysfunction (Freundt et al., 2010; Yue et al., 2018).

The different localization could be because the examined ORF3a

is derived from different virus strains and/or expressed at a

different level. We showed here that SARS-CoV ORF3a does not

bind to HOPS or block autophagy activity. The unique function of

SARS-CoV-2 ORF3a may contribute to the distinct infectivity

and pathogenicity of SARS-CoV-2. Our findings imply that disrup-

tion of interactions between ORF3a and HOPS may represent a

potential therapeutic strategy for COVID-19 treatment.
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DQ-Red BSA Thermo Fisher Scientific Cat# D12051
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Critical Commercial Assays
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hong

Zhang (hongzhang@ibp.ac.cn).

Materials availability
Plasmids and other reagents generated in this study will be available upon request from the Lead Contact with a completedMaterials

Transfer Agreement.

Data and code availability
This study did not generate unique datasets or codes.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T and HeLa cells obtained from ATCC were cultured in DMEM (SH30022.01B, Hyclone) with 10% FBS (FBS; SH30084.03,

Hyclone) supplementedwith 50 mg/ml penicillin-streptomycin at 37 �Cand 5%CO2. None of these cell lines are listed asmisidentified

or cross-contaminated in the International Cell Line Authentication Committee (ICLAC) database, and all were free of mycoplasma

contamination. For serum starvation, cells were washed 3 times with PBS and incubated with DMEM without amino acids

(SH4007.01, Hyclone) for the indicated time. To induce autophagy, cells were treated with 1 mM Torin 1 (Cell Signaling Technology,

14379) for 1 h. To inhibit autophagy activity, cells were incubated with 200 nM Bafilomycin A1 (Millipore, 19-148) for 4-6 h.

METHOD DETAILS

Plasmids
The following plasmids were kind gifts: GalT-YFP fromDr.Wei Liu (Zhejiang University School ofMedicine, Hangzhou); FLAG-VPS39,

FLAG-VPS41 andMYC-VPS33A fromDr. Chonglin Yang (Yunnan University, Kunming). Other plasmids were constructed as follows.

Genes encoding SARS-CoV-2 proteins, including ORF3a, ORF7a, ORF7b, ORF8, ORF9a, ORF14, NSP3, NSP4, NSP5, NSP6, NSP7,

NSP8, NSP9, NSP10, NSP13, NSP14, NSP15, E, M, S and N, and SARS-CoV ORF3a were cloned into pcDNA6B-FLAG vector.

ORF3a-GFPwas cloned usingORF3a-FLAG as a template into pEGFP-N1 vector between the XhoI and HindIII sites. cDNA encoding

human ACE2 was cloned into pcDNA6B-FLAG vector. cDNAs encoding humanWIPI2, VPS41, VPS11, VPS16, VPS39, ULK1, STX6,

STX7 and CNXwere cloned into pEGFP-N1 vector. cDNAs encoding VPS33A, VPS18, FIP200, DFCP1, RAB5, RAB7, LC3, YKT6 and

STX17 were cloned into pEGFP-C1 vector. cDNAs encoding LC3 and RAB7 were cloned into RFP-N1 vector. STX17 and STX7

cDNAs were cloned into pFlag-CMV4 vector.

Transfection and siRNA in cell lines
Cells were transfected with the indicated plasmids with Lipofectamine 2000 (Life Technologies, 12566014) for 24 h according to the

manufacturer’s instructions. Transfection of control or mRNA-specific siRNAs was carried out using Lipofectamine RNAi MAX (Life

Technologies, 13778-150) for 72 h according to the manufacturer’s instructions.

Double-stranded siRNAswere purchased fromGenePharma (Suzhou, China) and JTSBIO (Wuhan, China). The sequences were as

follows:

NC, 5’-UUCUCCGAACGUGUCACGUTT-3’;

human OGT siRNA#1, 5’-GCAGUUCGCUUGUAUCGUATT-3’;

human OGT siRNA#2, 5’-GAUUAAGCCUGUUGAAGUCTT-3’;

human VPS39 siRNA #1, 5’-GGUAAAGAAGCUGAAUGACUCUGAU-3’;

human VPS39 siRNA #2, 5’-CAUUGCAGUGUUGCCUCGAUAUGUU-3;

human VPS41 siRNA#1, 5’-GAGAAUGAAUGUAGAGAUUTT-3’;

human VPS41 siRNA#2, 5’-GGGAUUUGCCAAGUCGAUATT-3’;

human VPS41 siRNA#3, 5’-GGAGAAUGAAUGUAGAGAUTT-3’;

human TRAF3 siRNA, 5’-GAAGGUUUCCUUGUUGCAGAAUGAA-3’.

SARS-CoV-2 virus amplification, titration and infection
All work with live SARS-CoV-2 virus was performed inside biosafety cabinets in the biosafety level 3 facility at the Institute of Micro-

biology, Chinese Academy of Sciences. Vero E6 cells were used to propagate the SARS-CoV-2 virus (hCoV-19/China/CAS-B001/

2020, GISAID No. EPI_ISL_514256-7). The cytopathic efficiency (CPE) assay was performed to determine the virus titer. One day

before virus infection, HeLa cells were plated in 24-well format and 6-well format with a concentration of 0.5~1.03105 per well
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and 2~4.03105 per well, respectively. 16~20 hours later, HeLa cells were transfected with human ACE2 and the indicated plasmids

with Lipofectamine 2000 according to the manufacturer’s instructions. Then cells in the 6-well format were infected with 23106

TCID50/ml (tissue culture infectious dose 50%) or 43105 TCID50/ml virus per well for 1 hour, and cells in the 24-well format were

infected with 53105 TCID50/ml or 13105 TCID50/ml. After infection for 1 hour, cells were washed 3 times with PBS and then incu-

bated in DMEM medium plus 10% FBS for 8 h, 16 h or 24 h at 37�C in 5% CO2 incubators. Samples for the electron microscopy

analysis were fixed with 2.5% glutaraldehyde and 4% PFA in PBS for 2 h at room temperature. This was followed by normal proced-

ures for electron microscopy analysis. Samples for immunostaining assays were fixed with 4% PFA for 2 h at room temperature, and

then subjected to normal procedures for immunostaining analysis.

Immunostaining assays
Cells were cultured on coverslips for immunostaining. After washing 3 times with PBS (140 mMNaCl, 2.7 mM KCl, 10 mMNa2HPO4,

1.8 mM KH2PO4), cells were fixed with 4% PFA for 15 min at room temperature, and then permeabilized in cold digitonin (Sigma,

D141) for 10 min at 4 �C. After blocking with 5% goat serum for 60 min at room temperature, cells were incubated with primary an-

tibodies (diluted in 5%goat serum) overnight at 4 �C. Then cells were washed 3 timeswith PBS and stainedwith fluorescently-labeled

secondary antibodies for 60 min at room temperature. Lysosomes were stained with LysoTracker� Deep Red (1:1000, L12492,

Thermo Fisher Scientific) for 30min at 37 �C and 5%CO2. Coverslips weremounted onmicroscope slides with DAPI in 50%glycerol.

Images were acquired with a confocal microscope (LSM 880 Meta plus Zeiss Axiovert zoom, Zeiss) with a 633/1.40 oil-immersion

objective lens (Plan-Apochromatlan, Zeiss) and a camera (Axiocam HRm, Zeiss).

Co-immunoprecipitation assays
HeLa cells andHEK293T cells were transfectedwith the indicated plasmids. Cells were harvested 24 h after transfection and lysed on

ice for 30 min in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail).

After centrifugation at 13,000 rpm for 15 min at 4 �C, supernatants were collected and immunoprecipitated by GFP-Trap agarose

beads (gta-20, ChromoTek) for 1 h at 4 �C. The bound proteins were eluted with 2xSDS sample buffer and analyzed by

immunoblotting.

Immunoblotting assays
For immunoblotting assays, cells were washed 3 times with cold PBS then lysed on ice for 30 min in lysis buffer supplemented with

protease inhibitor cocktail. After centrifuging for 15min at 4 �Cat 13,000 rpm, the supernatants were elutedwith 5xSDS sample buffer

and subjected to SDS-PAGE. The signals were detected using corresponding primary and secondary antibodies.

Protein expression and purification
The full-length human VPS39 gene was PCR-amplified from a human cDNA library and subcloned into the in-house-modified version

of pET-32a (Novagen) vector to generate N-terminal MBP-His6-tag-fused recombinant protein, and the SARS-CoV-2 ORF3a gene

was inserted into the pGEX-4T-1 vector. Recombinant proteins were expressed in Escherichia coli BL21-CodonPlus (DE3) in LBme-

dium at 18 �C, and purified using Ni-NTA agarose beads (for MBP-hVPS39, Qiagen) and glutathione Sepharose 4B beads (for GST-

ORF3a, GE Healthcare). The eluates were subjected to gel filtration (Superdex-200, GE Healthcare) with a column buffer containing

20mMTris pH 7.5, 300mMNaCl, 1mMDithiothreitol (DTT). For purification of GST-ORF3a, 0.2mMn-Dodecyl-beta-D-Maltopyrano-

side (DDM) was additionally added into the final column buffer. All purified proteins were assessed on SDS-PAGE gels.

GST pulldown assay
For capture of purified MBP-hVPS39, 20 mg of GST-ORF3a was incubated with 20 mL glutathione Sepharose beads (GE Healthcare)

in 500 ml pulldown buffer, containing 20mM Tris pH 7.5, 200mMNaCl, 0.1%NP-40, and 1mMDTT for 0.5 to 1 h at 4 �C. GST protein

was used as a control. The beads were washed 3 times with the pulldown buffer and then incubated with 30 mg of MBP-hVPS39A at

4 �C for ~2 h. The reactions were washed 6 times, and the bound proteins were eluted and detected by Western blotting using anti-

MBP antibody.

Electron microscopy analysis
For electron microscopy analysis, cells were first transfected with GFP control and ORF3-GFP, then GFP-expressing cells were ob-

tained by fluorescence activated cell sorting (FACS) 24 h later. The cells were then fixed with 2.5% glutaraldehyde in PBS for 2 h at

room temperature, followed by post-fixation with 1% OsO4 and 1% potassium ferrocyanide for another 45 min. After washing with

ddH2O, cells were treated with thiocarbohydrazide (TCH) solution for 30 min at room temperature. Then cells were washed in ddH2O

and placed in 1%OsO4 for 45 min at room temperature. After washing with ddH2O, cells were further treated with a graded series of

ethanol solutions for dehydration, then embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate.

Images were examined under a 120 kV electron microscope (H-7650B, Hitachi) at 100 kV at room temperature with an AMT CCD

camera (XR-41) using DigitalMicrograph software.

For DAB staining, cells were transfected with a construct expressing a WIPI2-APEX2 fusion protein. Monolayer cells were fixed

with 2.5% glutaraldehyde in PBS overnight at 4�C and rinsed 531 min in PBS on ice. Then cells were treated with 20 mM

glycine solution for 5 min and rinsed 531 min in PBS. Cells were treated with a freshly diluted solution of 0.5 mg/ml (1.4 mM)
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DAB tetrahydrochloride for 10 min, then rinsed 531 min with chilled buffer. Cells were post-fixed in 1%OsO4 for 10 min on ice. Cells

were rinsed 531 min in chilled distilled water, and then placed in chilled 2% aqueous uranyl acetate for 30 min. After washing with

ddH2O, cells were further dehydrated with a graded series of ethanol solutions and embedded in epoxy resin.

Fluorescence protease protection (FPP)
Cells were plated on glass bottom dishes (801001, NEST) and transfected with the indicated plasmids for 24 h. After washing with

KHM buffer (100 mM potassium acetate, 20 mM HEPES, 2 mMMgCl2, pH 7.4), cells were incubated with 20 mM digitonin for 5 min.

Then cells were treated with 50 mg/ml proteinase K (P2308, Sigma) and real-time images were immediately recorded by a confocal

microscope (LSM 880 Meta plus Zeiss Axiovert zoom, Zeiss).

HaloTag-LC3 assays
HaloTag-LC3 assays were performed as previously described (Takahashi et al., 2018). Briefly, cells were transfected with HaloTag-

LC3 for 24 h and treated with 20 mM digitonin in KHM buffer at 37 �C for 2 min. Then cells were incubated with membrane-imperme-

able ligand (MIL) HaloTag� Alexa Fluor� 488 ligand (G1001, Promega) at 37 �C for 15 min. Cells were fixed in 4% PFA for 20 min at

room temperature, washed 3 times with PBS, and stained with membrane-permeable ligand (MPL) HaloTag� TMR ligand (G8251,

Promega) for 30 min at room temperature. Coverslips were mounted on microscope slides with DAPI in 50% glycerol and examined

by a confocal microscope (LSM 880 Meta plus Zeiss Axiovert zoom, Zeiss).

Phagocytosis of dextran-Texas Red
Cells were grown on glass coverslips and incubated with dextran-Texas Red (ThermoFisher Scientific, Invitrogen, D2338) for 2 h in

culture medium containing 10% FBS. Cells were washed with culture medium and cultured for 30 min before fixation with 4% PFA.

The colocalization of dextran and LAMP1 was then analyzed by immunostaining.

Quantitative RT-PCR
Total RNA was extracted from cells transfected with the indicated siRNAs using TRIzol (15596018, ThermoFisher Scientific). cDNAs

were synthesized with a RevertAid First Strand cDNA Synthesis Kit (K1622, ThermoFisher Scientific). Quantitative RT-PCR was car-

ried out on a QuantStudio 7 Flex PCR System (Applied Biosystems, CA) with UltraSYBR Mixture (CW2602M, CWBIO). Data were

normalized to the Actin level. Results are representative of at least three experiments. The primers are listed in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

For immunoblotting and co-IP assays, at least 3 independent repeats were performed for each experiment and the density of immu-

noblot bandswas quantified using Image J software (NIH Image). For immunostaining, the cells or imageswere randomly selected for

analysis. Graph plots and P-values were generated using GraphPad Prism 5 software. Statistical comparisons were made using the

two-tailed unpaired Student’s t-test and the results are shown as mean ± S.E.M. ns: no significant difference, p>0.05; *: p<0.05;

**: p<0.01; ***: p<0.001. Statistical parameters including the definitions, exact values of n, what n represents, and statistical signif-

icance are reported in the Figures and corresponding Figure Legends.
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