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SUMMARY

ER-phagy is a form of autophagy that is mediated by ER-phagy receptors and selectively degrades endo-
plasmic reticulum (ER). Coronaviruses have been shown to use the ER as a membrane source to establish
their double-membrane vesicles (DMVs). However, whether viruses modulate ER-phagy to drive viral DMV
formation and its underlying molecular mechanisms remains largely unknown. Here, we demonstrate that co-
ronavirus subverts ER-phagy by hijacking the ER-phagy receptors FAM134B and ATL3 into p62 conden-
sates, resulting in increased viral replication. Mechanistically, we show that viral protein ORF8 binds to
and undergoes condensation with p62. FAM134B and ATLS3 interact with homodimer of ORF8 and are aggre-
gated into ORF8/p62 liquid droplets, leading to ER-phagy inhibition. ORF8/p62 condensates disrupt ER-
phagy to facilitate viral DMV formation and activate ER stress. Together, our data highlight how coronavirus

modulates ER-phagy to drive viral replication by hijacking ER-phagy receptors.

INTRODUCTION

The endoplasmic reticulum (ER) is the largest dynamic organ-
elle that enables protein folding, secretory protein biogenesis,
and organelle communication and so on." The autophagic
degradation of the ER, a selective form of autophagy which
is termed “ER-phagy,” is a degradative process that controls
the quality and abundance of ER to maintain normal homeo-
stasis. Nutrient starvation or the unfold protein response
(UPR) induces ER-phagy.” The ER-phagy receptors connect
domains of ER sheets or tubules to the autophagosome
biogenesis machinery by binding to their partner LC3 to
mediate the recognition of the discrete foci on the ER by auto-
phagy.® Several mammalian ER membrane proteins, including
FAM134B, RTN3L, CCPG1, SEC62, TEX264, and ATL3, have
been identified as ER-phagy receptors.*'°

Viruses use the ER as a source of membranes to establish
their replication vesicular invaginations.”"'? The dengue virus
(DENV), Zika virus (ZIKV), and West Nile virus (WNV) use their
viral encoded NS3 proteases to directly cleave FAM134B at a
single site, which blocks the formation of ER-phagy and seques-
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tration of viral proteins within these structures to promote viral
replication.’® Coronaviruses arrogate intracellular membranes
to form double-membrane vesicles (DMVs) which serve as viral
replication organelles.’*'® The ER is probably the main mem-
brane donor for DMV formation and the membrane rearrange-
ments can be an invagination toward the lumen of the ER or an
extrusion of the ER membrane.'® However, relatively little is
known about the relationship between DMV formation during
SARS-CoV-2 infection and ER-phagy.

Among the accessory proteins of SARS-CoV-2, protein
encode by ORF8 have drawn particular attention. ORF8
antibodies have been identified as a major marker of acute,
convalescent, and long-term antibody response to SARS-CoV-
2 infection because of its immunodominance and specificity.'”
The SARS-CoV-2 ORF8 proteinis a 121 amino acid (aa) long pro-
tein comprising an N-terminal hydrophobic signal peptide (1-17
aa) and an ORF8 chain (18-121 aa), '® displays various biological
functions. It inhibits type | interferon signaling pathway, '® inter-
acts with MHC-1 molecules and mediates their downregulation
via autophagy, leading to an impairment of the antigen presenta-
tion system.?° ORF8 was also found to interact with many ER
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proteins®'; however, the function of SARS-CoV-2 ORF8 in the ER
remains unknown.

Phase separation, a general phenomenon in physics and chem-
istry, is a much more recent development in biology.?> Accumu-
lating evidences have revealed that many proteins possess the
phase transition properties, which regulate biochemical reac-
tions, signal transduction, and stress resistance by increasing
local protein concentration or decreasing molecular motion.?*°
Recently, several studies have examined various aspects of
the phase separation behavior of the SARS-CoV-2 N protein,
including its role in viral RNA packaging, stress granule modula-
tion, regulation of host cell innate immune pathways, and regula-
tion by kinases.”®>* However, whether other SARS-CoV-2 viral
proteins can undergo phase separation is poorly understood.

p62 was identified as the autophagic cargo receptor. It plays a
key role in mediating the formation and autophagic clearance of
intracellular protein aggregates.®®® p62 also binds to ubiquitin
(Ub)-coated viral particles, which are subsequently delivered to
the autophagic machinery.®” p62 exists in two populations: the
membrane-bound form interacts with autophagosomes and
the cytosolic pool, while the membrane-less form has been
shown to undergo phase separation, driven by polyubiquitin to
segregate the autophagic cargos.®®™*°

In this study, we showed that the SARS-CoV-2 ORF8 protein
undergoes phase separation in vitro and in vivo. It interacts
and condenses with p62. ORF8/p62 condensates hijack two
ER-phagy adaptors, FAM134B and ATL3 to impede ER-phagy,
resulting in increased viral DMV biogenesis and severe ER
stress. In addition, ORF8 homodimerization is required for ER-
phagy receptors binding and ER-phagy inhibition, but not for
the interaction and phase separation formation with p62.

RESULTS

SARS-CoV-2 ORF8 interacts with p62 to undergo
condensation

To investigate whether SARS-CoV-2 ORF8 has liquid-like prop-
erties, we first examined the distribution of ORF8. ORF8-Strep
was transiently expressed in HelLa cells, small ORF8 puncta
were observed in cultured Hela cells (Figure S1A), and these
puncta could undergo fusion and fission (Figure S1B). Fluores-
cence recovery after photo bleaching (FRAP) revealed that the
fluorescent signal was recovered after bleaching of GFP-ORF8
puncta (Figure S1C). Purified GFP and recombinant GFP-tagged
ORF8 were used for in vitro phase separation assays with or
without 10% polyethylene glycol 8000 (PEGS8000), which
increases macromolecular crowding and promotes phase sepa-
ration. We found that GFP protein remained clear in both buffer
with or without PEG8000 (Figures S1D and S1E). Interestingly,
although purified GFP-ORF8 exhibited puncta formation in
10% PEG8000 solution, it failed to undergo condensation
without PEG8000 (Figures S1D and S1E). These data suggest
that ORF8 alone cannot undergo phase separation and ORF8
forms biomolecular condensates only in PEG8000 solution.

To investigate the functions of SARS-CoV-2 ORF8 conden-
sates, we first performed an immunoprecipitation/mass spec-
trometry (IP/MS) screening with ORF8 as a bait to identify
ORF8-interacting proteins. We found that p62, the autophagic
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cargo receptor in mammalian cells, is one of the candidates for
ORF8 binding (Figure S1F). Several studies have suggested
that the membrane-less accumulated p62 bodies undergo
phase separation.®®~*? We first confirmed that p62 was a posi-
tive candidate for ORF8 through in vivo co-immunoprecipitation
(colP) and in vitro GST pull-down assays (Figures 1A and 1B).
Interestingly, we found that all ORF8 puncta were frequently
co-localized with mCherry-p62 bodies in the cytoplasm (Fig-
ure S1G). ORF8 puncta with p62 always exhibited stronger
signals and larger sizes compared with those without p62
expression (Figures 1C and 1D). Consistent with previous
study,®® we observed huge intracellular droplet formation of
exogenous p62 expression, and ORF8 co-expression did not
significantly change the size or number of p62 bodies
(Figures 1C and 1D). The number of ORF8 puncta decreased
in p62-knockout (p62 KO) cells (Figure 1E). Treatment with 1,6-
hexanediol, which can disrupt condensates, disrupted the
ORF8/p62 puncta (Figure 1F). FRAP and fusion/fission assays
revealed that GFP-ORF8/mCherry-p62 puncta undergo phase
separation (Figures 1G, 1H, and S1H). Furthermore, purified
GFP-ORF8, mCherry-p62, and poly-Ub were used for in vitro
phase separation assays in PEG8000 free buffer. We found
that GFP-ORF8, but not GFP protein was condensed into p62/
poly-Ub condensates (Figures 11 and 1J). Taken together, these
data suggest that SARS-CoV-2 ORF8 was condensed into p62
bodies.

Next, we determined whether the ORF8-p62 interaction
was critical for the formation of ORF8/p62 condensates. Treat-
ment with 1,6-hexanediol weakened the interaction between
p62 and ORF8 (Figure S1l). A series of progressively trun-
cated ORF8 mutants were constructed and used for colP (Fig-
ure 1K, upper panel). Deletion of 18-45/84-121 aa of ORF8
(ORFg8A18-45/84-121) raqjlted in a failure to bind to p62 (Figure 1K,
bottom panel) or co-localize with p62 (Figures 1L and S1J). Trun-
cations and point mutations of p62 were also generated and we
found that the mutation of amino acids 260-264 EHGG to AAAA
(p62EHGC-AMY ragylted in a failure to bind to ORF8 (Figures S1K,
S1L, and 1M). Consistently, p62EHCC-AMA fajled to recruit ORF8
to p62 bodies in p62 KO cells (Figures 1N, S1M, and S1N). In
native SARS-CoV-2-infected cells, endogenous ORF8, tracked
by ORF8 antibody, exhibited significant colocalization with p62
bodies (Figure 10). We further found that ORF8 protein of
SARS-CoV also interacts with p62 and was condensed
into p62 bodies, but not MERS-CoV ORF8 (Figures 1P and
1Q). Taken together, these data demonstrate that the ORF8-
p62 interaction is critical for the formation of ORF8/p62
condensates.

ORFS8 inhibits the autophagic degradation of p62

p62 bodies are engulfed by autophagosomes for degradation via
the interaction of p62 with LC3.°%* Overexpression of ORF8 in-
hibited the starvation-induced autophagic degradation of p62 by
disrupting the interaction of p62 with LC3 (Figures S2A and S2B).
Starvation enhanced the protein level of ORF8 (Figure S2C), the
interaction between ORF8 and p62 (Figure S2D), and also the
number of ORF8/p62 liquid droplets (Figure S2E). These results
suggest that p62 was more stable in ORF8/p62 condensates
than expression alone. Consistent with previous study,”® we
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further found that higher levels of endogenous p62 and p62
bodies were accumulated in SARS-CoV-2-infected cells than
in mock-infected cells (Figures S2F and S2G). The kinetics of
exogenous p62 expression paralleled the increase in its conden-
sates (Figures S2H-S2K). These data suggest that SARS-CoV-2
infection enhances the protein level of p62 to promote p62/ORF8
condensation.

We have showed that the overexpression of ORF8 did not
affect p62 condensates (Figure 1D). Next, we determine whether
ORF8 affects the other functions of p62. Overexpression of
ORF8 slightly enhanced the interaction between p62 and ubiqui-
tin (Figure S2L) but had no effect on its self-interaction
(Figure S2M) and the interaction between p62 and Keap1
(Figure S2N).

Taken together, these data indicate that ORF8 inhibits
the autophagic degradation of p62 and SARS-CoV-2 infection
results in the accumulation of p62 for ORF8/p62 condensation.

ORF8/p62 condensation subverts ER-phagy

Next, we sought to determine the function of ORF8/p62 conden-
sation. ORF8 was found to interact with many ER proteins (Fig-
ure S1F).%" We first used RAMP4, a subunit of the ER translocon
complex, to track the ER. Compared with control cells, ER
morphology was significantly changed and ER puncta were
observed in ORF8/p62 co-expression cells (Figure S3A). These
data indicate that ORF8/p62 co-expression caused ER damage
which may explain why the ER lumen protein ORF8 can bind p62.
ER-phagy receptor FAM134B is one of candidate from our ORF8

Cell Reports

IP/MS result (Figure S1F). We then asked whether ORF8 could
modulate ER-phagy. We first confirmed that ORF8 directly inter-
acted with FAM134B in vivo colP (Figure 2A) and in vitro GST
pull-down assays (Figure 2B). Intriguingly, FAM134B was re-
cruited into ORF8/p62 liquid droplets, and the co-localization
of the three was observed regardless of exogenous or endoge-
nous p62 expression (Figure 2C). Notably, p62 bodies without
ORF8 co-expression failed to recruit FAM134B (Figure 2C). In or-
der to examine whether membrane protein FAM134B was
condensed into ORF8/p62 condensates as a solubilized form
or together with (ER-)membranes, we generated the internal re-
ticulon domain (RTND) deleted mutant (A84-233).** We found
that A84-233 mutant still interacted with ORF8 and was
condensed into ORF8/p62 condensates (Figures S3B and
S3C). In order to further demonstrate that FAM134B was
condensed into pre-formed p62/poly-Ub condensates by inter-
acting with ORF8 in vitro, purified GFP-FAM134B, MBP-ORFS8,
His-UBx8 and mCherry-p62 were analyzed using in vitro phase
separation assay in PEG8000 free buffer. We found that GFP-
FAM134B were only condensed into ORF8/p62/poly-Ub con-
densates, but failed to form droplets when incubated alone, or
incubated with ORF8, or incubated with p62/poly-Ub
(Figures 2D and S3D). Two ORF8 mutants, deletion of amino
acids 1-17 (ORF82'"'") or 84-121 (ORF8%84'2") failed to
interact with FAM134B and lost their ability to recruit FAM134B
to ORF8/p62 liquid droplets (Figures 2E and 2F). These data
confirm that FAM134B directly interacts with ORF8 and is
recruited to ORF8/p62 condensates.

Figure 1. SARS-CoV-2 ORF8 interacts p62 to form condensates

(A) Co-precipitation analysis of endogenous p62 with ORF8-Strep in HEK293T.

(B) Purified MBP-ORF8 was incubated with purified GST or GST-p62, and analysis of the interaction between ORF8 and p62 by in vitro GST pull-down was
performed.

(C and D) Cells were co-transfected with ORF8-Strep and mCherry-p62 for 24 h, then stained with anti-Strep antibody and imaged using confocal microscopy.
Scale bar, 10 um. The number of ORF8 puncta in each cell was counted from 50 cells of three independent experiments. Two-tailed unpaired Student’s t test,
****p < 0.0001.

(E) p62 WT and KO Vero-E6 cells were transfected with ORF8-Strep for 24 h, then cells were stained with anti-Strep and anti-p62 antibodies, and imaged using
confocal microscopy. Scale bar, 10 um. The number of ORF8 puncta in each cell was counted from 50 cells of three independent experiments. Two-tailed
unpaired Student’s t test, ***p < 0.0001.

(F) HeLa cells were co-transfected with GFP-ORF8 and mCherry-p62 for 24 h, then cells were mock treated or treated with 1,6-hexanediol for 1 min and imaged
using confocal microscopy. Scale bar, 10 um. The number of ORF8/p62 puncta in each cell was counted from 50 cells of three independent experiments. Two-
tailed unpaired Student’s t test, ***p < 0.0001.

(G) HelLa cells with exogenous expression of GFP-ORF8 and mCherry-p62 undergo liquid-like behavior; fluorescence recovery after photobleaching (FRAP)
images are shown before and at indicated time points after bleaching. Time 0 indicates the time of photobleaching. Scale bar, 10 um. Quantification of fluo-
rescence intensity recovery of GFP-ORF8 and mCherry-p62 in the bleached droplet.

(H) HelLa cells with exogenous expression of GFP-ORF8 and mCherry-p62 undergo fusion, images are shown at indicated time points after imaging.

() mCherry-p62 were purified from Escherichia coli BL21 and analyzed via Coomassie blue.

(J) In vitro phase separation assay of GFP and mCherry-p62/His6-UBx8 or GFP-ORF8 and mCherry-p62/His6-UBx8. Fluorescence images of 10 uM each protein
in phase separation assay buffer without PEG8000. Representative fluorescence images of three independent experiments are shown. Scale bar, 10 pm.

(K) GFP-ORF8 truncations were expressed as indicated with p62-FLAG. Cell lysates were subjected to immunoprecipitation with GFP antibody and analyzed
using western blotting (WB).

(L) Cells were transfected with GFP-ORF8 or mutant with mCherry-p62 for 24 h, and imaged using confocal microscopy. Scale bar, 10 um.

(M) p62-FLAG mutations were expressed as indicated with ORF8-Strep. Cell lysates were subjected to immunoprecipitation with FLAG antibody and analyzed
using WB.

(N) p62 KO Vero-EB cells were transfected with p62-FLAG or mutant with ORF8-Strep for 24 h, then stained with anti-FLAG and anti-Strep antibodies and imaged
using confocal microscopy. Scale bar, 10 um.

(O) SARS-CoV-2 infected Vero-E6 cells were stained with anti-ORF8 and anti-p62 antibodies and imaged using confocal microscopy. Scale bar, 10 um.

(P) Co-precipitation analysis of p62-HA with SARS-CoV-2 ORF8-FLAG or SARS-CoV ORF8-FLAG or MERS-CoV ORF8-FLAG in HEK293T.

(Q) Cells were co-transfected with mCherry-p62 with SARS-CoV ORF8-FLAG or MERS-CoV ORF8-FLAG for 24 h, then stained with anti-FLAG antibody and
imaged using confocal microscopy. Scale bar, 10 pm.

See also Figures S1 and S2.
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Next, to determine whether ORF8/p62 condensates modulate
the ER-phagy by hijacking FAM134B under SARS-CoV-2 infec-
tion, we applied the mCherry-GFP tandem tagging strategy,
mCherry-GFP-RAMP4.%> When autolysosomes digest the ER
membrane fragments, the GFP of this tandem reporter is atten-
uated by lysosomal degradation, resulting in the loss of yellow
fluorescence, leaving only the red fluorescence of RFP. We
used prolonged amino acid starvation (12 h) with Earl’s buffered
saline solution (EBSS) to induce ER-phagy. By comparing the
level of p62 condensation between SARS-CoV-2 infection and
exogenous p62 expression, we found that exogenous p62
showed similar condensation level with endogenous p62 in
SARS-CoV-2-infected cells (Figures S2G, S2l, and S2K). We
then used this physiologically relevant ORF8 and p62 co-expres-
sion system for the further investigation. We observed that
ORF8/p62 co-expression, but not ORF8 expression alone,
inhibited starvation-induced ER-phagy (Figures 2G and 2H),
suggesting that huge droplets (ORF8 and p62 co-expression)
were required for recruiting enough FAM134B for ER-phagy inhi-
bition. Consistently, ORF82'~'7 and ORF8284-'2" fajled to inhibit
ER-phagy (Figures 2G and 2H). We further used a reporter
construct mCherry-Sec61B, an ER sheet resident protein, which
produces free mCherry visualized by western analysis when ER-
phagy was induced because of the partial digestion of Sec61B.
We first verified that starvation-induced ER-phagy produced
mCherry fragments and degraded the ER membrane protein
CLIMP-63 (Figure S3E). As expected, only ORF8/p62 co-expres-
sion decreased starvation-induced mCherry fragment produc-
tion and blocked the degradation of CLIMP-63, but not ORF8
alone, p62 alone, mutant ORF8%'~"7 or mutant ORFg*8+2
(Figures 21 and 2J). FAM134B expression revised ORF8/p62-in-
hibited ER-phagy (Figure S3F, lanes 3 and 5). Furthermore,

Cell Reports

ORF8/p62 also inhibited FAM134B overexpression-induced
ER-phagy, but not ORF8 alone, mutant ORF821-17, or mutant
ORF828+"21 (Figure 2K). Similar results were also obtained using
another reporter construct mCherry-RAMP4  (Figure S3G).
Furthermore, SARS-CoV ORF8/p62 bodies also hijacked
FAM134B and inhibited ER-phagy (Figures S3H and S3I).

Next, we used a verified construct, specifically degraded
ORF8 protein by engineered E3 ubiquitin-protein ligase sys-
tem,”® to knock down ORF8 (ORF8-KD) (Figure 2L). As
expected, in native SARS-CoV-2-infected cells, endogenous
FAM134B exhibited no colocalization with p62 bodies without
ORF8 in WT cells or ORF8/p62EHESAMA iquid droplets in p62
KO cells (Figures 2M and 2N). We further used siRNA to knock
down ORF3a in SARS-CoV-2-infected cells to ensure the auto-
phagic degradation,*® and further knock down ORF8 to subvert
the recruitment of FAM134B into condensates, and then investi-
gated the ER-phagy by examining ER membrane proteins
CLIMP63, REEP5, and RAMP4. As expected, our data showed
that SARS-CoV-2 induced autophagic degradation of
CLIMP63, REEP5, and RAMP4, and failed to inhibit ER-phagy
only under ORF3a and ORF8 double-knockdown condition (Fig-
ure 20). Taken together, these results suggest that ORF8/p62
condensates subvert ER-phagy by hijacking FAM134B through
the interaction between ORF8 and FAM134B.

We further used p62 mutants that underwent weaker or stron-
ger condensation than the WT to test their ability of ER-phagy in-
hibition.*® Compared with the WT, the p6254°3€ mutant (with a
phosphorylation defect) formed larger bodies and showed
slightly stronger ER-phagy inhibition while the deletion of PB1
domain (p62°7B", with a p62 polymerization defect) resulted in
weaker condensation and a failure to affect ER-phagy
(Figures S3J and S3K).

Figure 2. ORF8/p62 condensates subvert ER-phagy

(A) Co-precipitation analysis of GFP-FAM134B with ORF8-Strep in HEK293T.

(B) Purified MBP or MBP-ORF8 was incubated with purified GST or GST-FAM134B, and analyzed the interaction between ORF8 and FAM134B by GST pull-
down.

(C) Immunofluorescence of cells expressing FAM134B-HA or FAM134B-HA and GFP-ORF8 or FAM134B-HA, p62-FLAG and GFP-ORF8 with anti-HA and anti-
FLAG antibodies. Scale bar, 10 pm. The number of FAM134B puncta (>1 pm) in each cell was counted from 50 cells of three independent experiments. Two-tailed
unpaired Student’s t test, ***p < 0.0001.

(D) In vitro phase separation assay of GFP-FAM134B alone or GFP-FAM134B and MBP-ORF8 or GFP-FAM134B and mCherry-p62/His-UBx8 or GFP-FAM134B,
MBP-ORF8 and mCherry-p62/His-UBx8. Fluorescence images of 10 uM each protein in phase separation assay buffer without PEG8000. Representative images
of three independent experiments are shown. Scale bar, 10 um.

(E) GFP-ORF8 truncations were expressed as indicated with FAM134B-HA. Cell lysates were subjected to immunoprecipitation with GFP antibody and analyzed
using WB.

(F) HelLa cells were transfected with GFP-ORF8 truncations with FAM134B-HA for 24 h, then stained with anti-HA antibody and imaged using confocal mi-
croscopy. Scale bar, 10 um.

(G and H) U20S cells expressing mCherry-GFP-RAMP4 were transfected with p62-FLAG with or without ORF8-Strep or mutants for 24 h, then cells were starved
in EBSS for 12 h and imaged using confocal microscopy (G). Scale bar, 10 pm. The number of red puncta in each cell (H) was counted from 50 cells of three
independent experiments. Two-tailed unpaired Student’s t test, ****p < 0.0001.

(land J) U20S cells expressing mCherry-Sec61B were transfected with indicated plasmids for 24 h and then starved in EBSS for 12 h. Cell lysates were analyzed
using WB.

(K) U20S cells expressing mCherry-Sec61B were transfected with indicated plasmids for 24 h. Cell lysates were analyzed using WB.

(L) Vero-ES cells were transfected with control or ORF8-KD plasmid for 36 h and analyzed the knockdown efficiency using WB.

(M and N) Vero-E6 WT cells were transfected with control or ORF8-KD plasmid, p62 KO Vero-E6 cells were transfected with pg2="SGAAA_E| AG for 12 hand then
infected with SARS-CoV-2 for 24 h, then cells were stained with anti-FAM134B and anti-p62 or anti-FLAG antibodies and imaged using confocal microscopy.
Scale bar, 10 um. The number of colocalization between FAM134B and p62 droplets in each cell was counted from 20 cells of two independent experiments.
Two-tailed unpaired Student’s t test, ***p < 0.0001.

(O) Vero-ES6 cells were transfected with ORF8-KD plasmid with or without si-ORF3a or si-Atg7 for 24 h and then infected with SARS-CoV-2 for another 24 h. Cell
lysates were analyzed using WB.

See also Figure S3.
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Next, we determined whether ORF8 affects the other functions
of FAM134B. Starvation enhanced the interaction between
ORF8 and FAM134B (Figure S3L). ORF8/p62 co-expression
weakened the interaction between FAM134B and LC3 (Fig-
ure S3M) but had no effect on FAM134B self-interaction (Fig-
ure S3N)** or FAM134B digestion (Figure S30). These data
indicate that ORF8/p62 condensates hijack FAM134B, disrupt-
ing the interaction between FAM134B and LC3, thus inhibiting
ER-phagy.

Interestingly, under starvation plus FAM134B overexpression,
ORF8/p62 still modulated ER-phagy (Figures S3F and S3G,
lanes 4 and 5), suggesting that other ER-phagy receptors may
be involved. ColP assays showed that ORF8 also interacted
with ATL3, Sec62, and CCPG1, but not RTN3 or TEX264 (Fig-
ure S3P). Surprisingly, only ATL3 was hijacked into ORF8/p62
condensates (Figure S3Q), but not Sec62, TEX264, RTN3L, or
CCPG1, even under thapsigargin-induced ER stress or starva-
tion-induced ER-phagy conditions (Figures S3R and S3S).
ORF8 mutant, deletion of amino acids 1-17 (ORF82'~"7), failed
to interact with ATL3 and lost their ability to recruit
ATL3 to ORF8/p62 condensates (Figures S3T and S3U).
Therefore, FAM134B and ATLS3 are the two critical ER-phagy re-
ceptors involved in ORF8/p62 condensate-induced ER-phagy
dysfunction.

ORF8/p62 condensates facilitate viral DMV biogenesis
by inhibiting ER-phagy

The ER has been shown to serve as the main membrane donor
for SARS-CoV-2 DMVs. %4547 Next, we determined whether
ORF8/p62 condensates could drive DMV biogenesis by inhibit-
ing ER-phagy. The interior of DMVs contains double-stranded
RNA (dsRNA),*® which was first used to track DMVs in SARS-
CoV-2-infected cells. Consistent with previous studies,’® dsRNA
showed dots in the cytosol, indicating the position and number of
the DMVs. Intriguingly, knockdown of ORF8 decreased the num-
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ber of dsRNA dots (Figure 3A). Compared with non-infected
cells, ultrastructural analysis using transmission electron micro-
scopy (TEM) revealed the appearance of DMVs in SARS-CoV-2
infected Vero-EG6 cells, some of which were associated with ER
membranes in WT cells (Figures 3B and 3C). Similar DMVs
from TEM assay were also observed in SARS-CoV-2-infected
Calu-3 cells.”® In SARS-CoV-2-infected ORF8 knockdown cells,
autophagosomes are larger than DMVs and contain ER fragmen-
tation and/or other membrane structures (Figure 3C). We further
observed a consistent reduction in DMV formation in SARS-
CoV-2-infected ORF8-depleted cells (Figure 3C, middle panel;
and 3D). In the control-infected Vero-E6 cells, ER-phagy was
rarely observed (Figures 3B and 3E). In contrast, similar to the
ER-phagy morphology in U20S and HCT116 cells,*° the accu-
mulation of numerous autophagic vacuoles containing ER frag-
ments was observed in SARS-CoV-2 infected ORF8-depleted
cells (Figure 3C, middle panel; and 3E). Consistent with TEM
result, we confirmed that knockdown of ORF8 lead to the coloc-
alization between FAM134B and LC3 under SARS-CoV-2 infec-
tion by confocal microcopy using FAM134B and LC3 antibodies,
and FAM134B bodies, which did not co-localize with LC3, were
observed in SARS-CoV-2 infected wild-type cells (Figures 3F
and 3G). These data suggest that ORF8 inhibits ER-phagy in
SARS-CoV-2-infected cells. Next, we determined whether
ORF8/p62 condensates modulate ER-phagy in SARS-CoV-2-in-
fected cells. We performed rescue experiments in p62 KO cells
by transiently expressing p62EHSE-AAA \which failed to bind to
and recruit ORF8 into p62 bodies to form ORF8/p62 conden-
sates. Compared with the WT cells, we observed frequent ER-
phagy and fewer DMVs in the p62EHGG A rascued p62 KO
cells (Figure 3C, bottom panel, and Figures 3D and 3E). Consis-
tent with TEM result, using dsRNA antibody tracked DMVs, we
found that fewer DMVs in the p62EHGGAAA_rescued p62 KO
cells than p62 wild-type-rescued p62 KO cells under SARS-
CoV-2 infection (Figures 3H and 3l). These results indicate that

Figure 3. ORF8/p62 condensates facilitate DMV formation

(A) Vero-EB cells were transfected with control or ORF8-KD plasmid for 12 h and infected with SARS-CoV-2 for 24 h. Cells were stained with dsRNA antibody (red).
Nuclear DNA was stained with DAPI (blue). Cells were imaged using confocal microscopy. Scale bar, 10 um. The number of dsRNA puncta in each cell was
counted from 50 cells of two independent experiments. Two-tailed unpaired Student’s t test, ****p < 0.0001.

(B and C) Transmission electron microscopy images of p62 WT and KO Vero-E6 cells transfected with pg2="SG-AA* yith control or ORF8-KD plasmid for 12 hand
then infected with or without SARS-CoV-2 for 24 h. The DMV structures (red pentagram), ER-DMVs interaction (blue arrowhead), autophagosomes (green
arrowhead), ER in autophagosomes (red arrowhead) are shown.

(D and E) The number of DMV (D) and ER-phagy (E) in each cell was counted from 25 cells of two independent experiments. Two-tailed unpaired Student’s t test,
***p < 0.0001.

(F) Vero-EB6 cells were transfected with control or ORF8-KD plasmid for 12 h and then infected with or without SARS-CoV-2 for 24 h, then cells were stained with
anti-FAM134B and anti-LC3 antibodies and imaged using confocal microscopy. Scale bar, 10 pm.

(G) The number of co-localizations between FAM134B and LC3 in each cell from (F) was counted from 25 cells of two independent experiments. Two-tailed
unpaired Student’s t test, ***p < 0.0001.

(H) p62 KO Vero-E6 cells transfected with WT or pg2EHCE-AAA o1 12 h and then infected with SARS-CoV-2 for 24 h. Cells were stained with dsRNA antibodly (red).
Nuclear DNA was stained with DAPI (blue). Cells were imaged using confocal microscopy. Scale bar, 10 um.

() The number of dsRNA puncta in each cell from (H) was counted from 50 cells of two independent experiments. Two-tailed unpaired Student’s t test,
****p < 0.0001.

(J) Vero-EB6 cells were transfected with sh-FAM134B or FAM134B-HA or si-Atg7 for 12 h, cells were infected with SARS-CoV-2 for 24 h, and media were collected
and analyzed using plaque assay. Error bars, mean + SD of three independent experiments. Two-tailed unpaired Student’s t test, “*p < 0.01, ***p < 0.001.

(K) p62 KO Vero-E6 cells were transfected with p62-FLAG or p62EHEC-AAM_E| AG for 12 h and infected with SARS-CoV-2 for 24 h, and media were collected and
analyzed using plagque assay. Error bars, mean + SD of three independent experiments Two-tailed unpaired Student’s t test, **p < 0.01.

(L) HelLa cells were transfected with FAM134B-HA, Nsp3/4-Myc for 24 h, then stained with anti-HA and anti-Myc, and imaged using confocal microscopy. Scale
bar, 10 um.

(M) HelLa cells were transfected with Nsp3/4-Myc for 24 h and starved for another 12 h with or without 2 h CQ treatment. Cell lysates were analyzed using WB.
See also Figure S4.
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ORF8/p62 condensates inhibit ER-phagy to facilitate SARS-
CoV-2 DMVs biogenesis.

Intriguingly, we also observed that DMVs were engulfed in au-
tophagosomes within the ER (Figure 3C). Hence, we speculated
that the ER-phagy machinery could modulate the replication of
SARS-CoV-2. To verify this hypothesis, we first examined
SARS-CoV-2 replication in Vero-E6 cells using a plaque assay.
Overexpression of FAM134B caused a reduction in SARS-
CoV-2 replication but failed to inhibit viral replication in ER-phagy
defect (Atg7 knockdown) cells but knockdown of FAM134B only
had a minor effect on viral replication (Figure 3J). Meanwhile,
compared with the control cells, viral production was lower in
the p62EHEGAMA rascued p62 KO cells (Figure 3K). Taken
together, these data suggest that ORF8/p62 condensates inhibit
ER-phagy to facilitate viral replication.

Several studies have suggested that co-expression of Nsp3
and Nsp4 is required and sufficient to induce DMVs biogen-
esis.®*? Using TEM, we transiently co-expressed Nsp3 and
Nsp4 of SARS-CoV-2 to directly visualize DMVs in p62 KO cells
with rescuing indicate p62 and/or ORF8 mutants. Consistent
with the conclusion from the native virus infection assay, p62
KO cells with rescuing the WT ORF8 and p62 increased the pro-
duction of DMVs. In contrast, p62 KO cells with rescuing
pBEHGE-AMA (13i to bind to ORFS8) plus ORF8 expression or
rescuing WT p62 plus ORF8218-4%/84121 (t3) {0 bind to p62)
expression resulted in reduction in DMV formation because of
the activation of ER-phagy (Figures S4A and S4B), suggesting
that ER-phagy inhibition caused by the recruitment of
FAM134B into ORF8/p62 condensates is required for DMV
accumulation.

A previous study indicated that DMVs originated from the
rough ER and smooth ER connectors were seen linking DMVs
to the rough ER.“° Meanwhile, we found that ER-phagy was in-
hibited during DMV formation in SARS-CoV-2-infected cells.
Thus, we sought to determine whether ER-phagy could degrade
the DMVs. For this purpose, we transiently co-expressed Nsp3
and Nsp4 of SARS-CoV-2 to examine the intracellular localiza-
tion of ER-phagy receptor and Nsp3/4 tracked DMVs. Nsp3-
Nsp4 co-expression in HelLa cells showed hollow structures,
indicating the formation of DMVs, and that these structures
appeared to co-localize with FAM134B (Figure 3L). We then
examined whether ER-phagy could degrade Nsp3-Nsp4 tracked
DMVs. Starvation-induced ER-phagy resulted in a decrease in
the protein levels of Nsp3 and Nsp4, and which was prevented
by chloroquine (CQ; which blocks autophagic degradation) (Fig-
ure 3M). Taken together, our results indicate that SARS-CoV-2
infection inhibits ER-phagy, thus increasing viral DMV formation
and viral replication.

ORF8/p62 condensates activate ER stress

Previous studies have shown that coronaviruses induce ER
stress because of the synthesis of viral proteins within the
ER.%*** ER-phagy was proposed to be the mechanism that elim-
inates ER stress and prevents apoptosis.®® Hence, we sought to
determine whether SARS-CoV-2 infection or ORF8 expression
could activate ER stress via ER-phagy inhibition. We treated
cells with cyclopiazonic acid (CPA, a reversible inhibitor of the
ER calcium pump) as the positive control for ER stress activa-
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tion'® and evaluated ER stress by analyzing the protein level of
CHOP (Figure S4C).°® ORF8 expression triggered slight ER
stress, and higher protein levels of CHOP accumulated in
ORF8-expressing cells than in control cells upon CPA treatment
(Figure S4C), indicating that ORF8 expression could activate ER
stress. In addition, we observed that co-expression of ORF8/
p62, but not ORF8/p62EHEEAMA induced more ER stress than
ORF8 expression alone (Figures S4D and S4E). Knockdown of
p62 abolished the ER stress induced by ORF8 expression (Fig-
ure S4F). Besides, expression of ORF8418-4%/84121 (fai 1o bind
to p62) failed to induce ER stress (Figure S4G). Similar results
were obtained in p62 KO cells using rescue mutants: compared
with vector, only p62 KO cells with rescuing the WT ORF8 and
p62 induced ER stress, but not p62 KO cells with rescuing
pB2EHGE-AMA (13i 1o bind to ORF8) plus ORF8 expression or
rescuing WT p62 plus ORF8218-4%/84121 (13j {0 bind to p62)
expression (Figure S4H). These data indicate that the interaction
between ORF8 and p62 is required for ER stress activation.

Next, to determine the association between ER stress and
ER-phagy, we first proved that CPA-induced ER stress was
attenuated upon starvation or FAM134B-activated ER-phagy
(Figures S4l and S4J), indicating that ER-phagy may degrade
the damaged ER to alleviate ER stress. Similarly, overexpres-
sion of FAM134B also abolished ORF8-induced ER stress
(Figure S4K), and ORF8 expression triggered more ER stress
in Atg7 knockdown cells than control cells (Figure S4L),
suggesting that ORF8 expression activates ER stress by inhib-
iting ER-phagy. Taken together, our results demonstrate that
ORF8/p62 condensates subvert ER-phagy and activates ER
stress.

ORF8 homodimerization is required for ER-phagy
inhibition

A previous study revealed the structure of SARS-CoV-2 ORF8
fragment comprising amino acids 18-121, which was crystal-
lized as a covalent dimer.%” Next, we determined whether the
homodimerization of ORF8 could be important for ORF8/p62
condensation or ER-phagy inhibition. We first confirmed the
self-binding of ORF8 using colP and GST pull-down assays
(Figures 4A and 4B). In the presence of the cross-linker disucci-
nimidyl suberate (DSS), we further confirmed that ORF8 exists
both in monomeric and dimeric states (Figure 4C). p62 expres-
sion had no effect on the self-binding of ORF8 (Figure 4D). Inter-
estingly, starvation enhanced the homodimerization of ORF8
(Figures 4E and 4F), suggesting that the homodimerization of
ORF8 could be important for ER-phagy inhibition. We then
generated several point mutants based on the structure of
ORF8 (Figure 4G).>” Surprisingly, these mutants still dimerize
(Figures 4H and 4l). The reported structure of SARS-CoV-2
ORF8 was based on the fragment containing amino acids 18-
121, not the full length of the protein. We generated several trun-
cations and analyzed their dimerization in vivo. We found that the
fragment containing amino acids 1-17 was responsible for the
self-interaction and homodimerization of ORF8 in vivo
(Figures 4J and 4K). On the basis of bioinformatics analysis,
ORF8 contained an N-terminal aggregation domain (amino acids
3-13) (Figure 4L). Deleting these amino acids (ORF82%~'3) abol-
ished the self-interaction and homodimerization of ORF8 in vivo
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(Figures 4M and 4N). Furthermore, ORF823~"3 still interacted with
p62 (Figure 40). But it failed to bind to FAM134B or ATL3
(Figures 4P and 4Q), nor hijack FAM134B or ATL3 into ORF8/
p62 liquid droplets (Figure 4R). As expected, ORF82%~'3 failed
to inhibit ER-phagy or activate ER stress (Figures 4S and 4T).
Taken together, these data confirm that ORF8 homodimerization
is essential for its interaction with and recruitment of FAM134B
and ATLS3 into condensates to subvert ER-phagy.

DISCUSSION

p62 exists in two populations: the membrane-bound form that
functions in selective autophagy, and the membrane-less ubiqui-
tinated p62 that undergoes condensates. p62 droplets wet auto-
phagosomal membranes in WT cells which ensures piecemeal or
complete droplet sequestration and droplet autophagy is impor-
tant for the prevention of p62 accumulation. However, very little
is known about the interactions between p62 droplets and ER-
phagy. In this study, we uncovered an important mechanism
that SARS-CoV-2 ORF8 protein interacted and formed conden-
sates with p62 to facilitate viral DMV formation by subverting
ER-phagy. The mechanism underlying ORF8/p62 condensate-
induced suppression of ER-phagy is very intriguing. We found
that the ER-phagy receptors, FAM134B and ATL3 were aggre-
gated into ORF8/p62 liquid droplets via interaction with homo-
dimer of ORF8 (Figure 4U).

The selective degradation of ER fragments containing viral
proteins via ER-phagy is a reasonable coping strategy to limit
viral replication, limit viral access to resources from the ER and
prevent viral amplification. ER-phagy is also thought to dissolve
ER fragments that are severely stressed by infection, thereby
rescuing cells from death.®°° Viruses, such as DENVs and
ZIKVs, have developed a strategy to antagonize ER-phagy and
impede the formation of ER- and viral protein-containing auto-
phagosomes, thereby creating a favorable environment for their
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replication.®’ Knockdown of RTN3 or ATL3 significantly reduced
the replication of DENVs, ZIKVs, and WNVs.5?%® DENVs and
ZIKVs were also found to exploit host BPIFB3 to inhibit
FAM134B-dependent ER-phagy.®* Although we showed here
that knockdown of FAM134B had minor effect on the replication
of SARS-CoV-2, we further found that overexpression of
FAM134B resulted in a reduction in the replication of SARS-
CoV-2, and knockdown of Atg7 completely cut off the effect of
FAM134B overexpression on viral production. Our results indi-
cate that overexpression of FAM134B inhibits viral replication
through ER-phagy activation.

Recent studies have shown that viral DMVs appeared at the
early stage of SARS-CoV-2 infection, becoming detectable at
6 h after infection.*® SARS-CoV-2 exploits class IIl phosphatidy-
linositol 3-kinase (PI3K) and the lipid phosphatidic acid (PA) by
acylglycerolphosphate acyltransferase (AGPAT) 1 and 2 in the
ER for DMVs biogenesis.®"®> Our results showed that DMVs
co-localize with FAM134B, ER-phagy can degrade Nsp3/4-
tracked DMVs; and ORF8/p62 condensates inhibit the ER-
phagic degradation of DMVs. Consistently, similar conclusions
were obtained from native SARS-CoV-2 infection experiments,
suggesting that ER-phagy was inhibited at the early stage of viral
infection to facilitate DMV formation. In addition, we showed that
ORF8/p62 inhibits ER-phagy by hijacking FAM134B and ATL3
into the condensates. In biology, condensation usually refers
to a reversible biophysical process. ER-phagy was proposed
to eliminate ER stress and prevents cellular apoptosis.®®
Although we observed that ORF8/p62 inhibited ER-phagy during
DMVs biogenesis, it will be of interest to determine whether in the
very late stage of viral infected tissues, FAM134B and ATL3
could be released from ORF8/p62 condensates to mediate
ER-phagy, clearing damaged ER fragments and alleviating
severe ER stress, thereby preventing cell death.

ER morphology was significantly changed, and ER puncta
were observed and ER stress was induced in ORF8/p62

Figure 4. ORF8 homo-dimerization is important for ER-phagy inhibition

(A) Co-precipitation analysis of GFP-ORF8 with ORF8-Strep in HEK293T.

(B) Purified MBP-ORF8 was incubated with purified GST or GST-ORF8, and analysis of the self-interaction by GST pull-down.
(C) Analysis of the homo-dimerization of ORF8 by cross-linking with DSS. Cells were transfected with ORF8-FLAG for 24 h and treated with DSS as indicated for

30 min. Cell lysates were analyzed using WB.

(D) Analysis of the self-interaction of ORF8 with p62 overexpression by colP assay.
(E) Analysis of the self-interaction of ORF8 under starvation treatment by colP assay.
(F) Analysis of the homo-dimerization of ORF8 by cross-linking with DSS under starvation treatment. Cells stable expressing ORF8-FLAG were starved for 12 h.

Cell lysates were analyzed using WB.
(G) Schematic illustration of ORF8 point mutations.

H and I) Cross-linking with DSS assay (H) and colP (l) analyzed ORF8 homo-dimerization. Cells were transfected with indicated plasmids for 24 h.
J) Interaction between Strep-tagged WT ORF8 and mutants with GFP-ORF8-HA observed in a colP assay.
K) Analysis of the homodimerization of ORF8 deletion mutants by cross-linking with DSS and analyzed using WB.

M and N) Analysis of the homodimerization of ORF8 deletion mutants by colP (M) and DSS assay (N).
O) Interaction between GFP-ORF8 and mutants with p62-FLAG observed in a colP assay.
P and Q) Interaction between GFP-ORF8 and mutants with FAM134B-HA (P) or ATL3-HA (Q) observed in a colP assay.

(
(
(
(L) Prediction of ORF8 aggregation domain.
(
(
(

(R) Analysis of the colocalization of GFP-ORF8 and deletion mutant with FAM134B-HA or ATL3-HA with anti-HA or anti-FLAG antibodies using confocal mi-
croscopy. Scale bar, 10 um. The number of colocalization of ORF8/p62 bodies with FAM134B or ATL3 in each cell was counted from 25 cells of three independent
experiments. Two-tailed unpaired Student’s t test, ***p < 0.0001.

(S) U20S cells expressing mCherry-Sec61B were transfected with indicated plasmids for 24 h and then starved in EBSS for 12 h. Lysates were analyzed
using WB.

(T) HEK293T cells were transfected with indicated plasmids for 24 h. Lysates were analyzed using WB.

(U) Proposed model for the role of ORF8/p62 condensates in viral replication through ER-phagy inhibition.
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co-expression cells. These results indicate that ORF8/p62 co-
expression may lead to ER damage, which partly explain why
the ER lumen protein ORF8 can bind p62: ORF8 may be released
from damaged ER lumen to cytoplasm. The structure of SARS-
CoV-2 ORF8 containing amino acids 18-121 was crystallized
as a disulfide-linked homodimer via X-ray crystallography.®’
However, in our in vivo colP and DSS cross-linking assays, we
were surprised to find that point mutants, based on the structure
of ORF8, were still able to homo-dimerize. In contrast, our data
suggest that the N-terminal amino acids 3-13 of ORF8 is respon-
sible for its self-interaction and homodimerization. We specu-
lated that this unexpected and apparent contradiction might
be due to the different experimental systems used in the in vivo
and in vitro assays. Further structural analyses of the full-length
ORF8 and the different point mutants should be performed to
elucidate and confirm the details of the mechanisms by which
ORF8 homo-dimerizes. Nonetheless, the reported structure of
SARS-CoV-2 ORF8 and our in vivo results provide important in-
sights into the homo-dimerization of ORF8, which is critical for its
interactions with ER-phagy receptors FAM134B or ATL3 and
ER-phagy inhibition.

In summary, our study proposes an interesting and important
model in which viral protein forms condensates with p62 to
disrupt ER-phagy for viral DMV formation and viral replication.
Moreover, our data also suggest that the development of thera-
peutics that could inhibit the ability of viral protein condensates
and homodimerization could be an efficient approach to sup-
press viral replication.

Limitations of the study

This study has several limitations. Although we could distinguish
between DMVs and autophagosomes by diameter and
comparing our TEM images with the reported results, we failed
to obtain the immune-EM by using LC3 antibody to track auto-
phagosomes and dsRNA antibody to track DMVs. Furthermore,
although we have showed that endogenous FAM134B can be re-
cruited into p62 condensates and exhibited no colocalization
with p62 bodies without ORF8 in SARS-CoV-2-infected cells,
for obtaining most conclusions that ORF8/p62 condensates
inhibit ER-phagy in this study, we relied on overexpression
system rather than wild-type viruses. Further experiments,
such as those involving the use of the real recombinant virus
(ORFgA18-4%/84-121y * ghould be performed to confirm that
SARS-CoV-2 infection induces formation of ORF8/p62 conden-
sates, which sequester FAM134B, inhibit ER-phagy, and
promote DMV formation.
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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, Binbin Ding
(dingbinbin@hust.edu.cn).

Materials availability
Plasmids and cell lines generated in this study will be available upon request with a completed Materials Transfer Agreement.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request.
This paper does not report original code.
Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures

HEK293T, HelLa, U20S, Vero-E6, and p62 KO Vero-EB6 cells were cultured in Dulbecco’s modified Eagle’s medium (11995065, Gibco)
supplemented with 10% fetal bovine serum (12303C, Sigma-Aldrich) and 1% penicillin-streptomycin (15140163, Gibco) at 37°C with
5% CO,. CRISPR-Cas9 was used to generate p62 KO Vero cell line. For starvation treatment, cells were washed twice with phos-
phate-buffered saline (SH30256.01, Hyclone) and cultured in Earle’s balanced salt solution (E2888, Sigma-Aldrich) for 12 h. To induce
ER stress, CPA (GC10268, GLPBIO) and thapsigargin (12758, Cell Signaling Technology) were used to treat cells for 12h or 6h,
respectively. For chloroquine treatment, cells were incubated with 100 uM chloroquine (HY-17589A, MedChemExpress) for different
times. For 1,6-hexanediol treatment, cells were washed with PBS for twice and incubated with 3% 1,6- hexanediol (H810887,
Macklin) for 1 min, and then fixed in 4% PFA for immunofluorescence or lysed in TAP lysis buffer for subsequent immunoblotting.
All cells were tested for mycoplasma negative.

METHOD DETAILS

Plasmids construction

Flag-p62 and deleted mutants were gifts from Wei Liu (Zhejiang University), pEGFP-C3-p62 and its point mutants, mCherry-p62,
MBP-mCherry-p62, His6-UBx8 were gifts from Li Yu (Tsinghua University). ORF8-KD (namely pCDNAS3.1-scFv-ORF8-VIF) was a
gift from Hui Zhang (Sun Yat-Sen University). pLVX-EF1a-ORF8-Strep was a gift from Nevan J. Krogan Lab (UCSF). GFP-
FAM134B, mCherry-GFP-FAM134B and pCDNA5-RTN3L-Flag were gifts from Qiming Sun (Zhejiang University). mCherry-
Sec61B was obtained from Addgene (#172445). pCDNA4-ORF8-Flag, pCDNA4-p62-Flag were generated by respectively cloning
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SARS-CoV-2 ORF8 coding sequence or human p62 into pPCDNA4-Flag vector. pPCDNA4-EGFP-ORF8 and pCDNA4-EGFP-ORF8-HA
were generated by inserting ORF8 ORF into pCDNA4 vector. pPCDNA4-FAM134B-HA, pCDNA4-ATL3-HA, pCDNA4-SEC62-HA,
pCDNA4-TEX264-HA pCDNA4-Keap1-HA were generated by cloning respective ORF into pCDNA4-HA vector. pCDNA4-
mCherry-RAMP4-HA was cloned into pCDNA4-mCherry-HA vector and GFP was inserted into N-terminal of RAMP4 to get
pCDNA4-mCherry-GFP-RAMP4-HA. MBP-ORF8 was a gift from Yan Li (Huazhong University of Science and Technology). GST-
p62, GST-ORF8, GST-GFP-FAM134B were generated by respectively cloning human p62, ORF8 or GFP-FAM134B into pGEX-2T
vector. GST-GFP-ORF8 was generated by inserting GFP coding sequence into C-terminal of GST according to GST-ORF8. All
mutant constructs in this study were generated by PCR-mediated site-directed mutagenesis on the basis of their respective wide
type constructs. All constructs were confirmed by DNA sequencing.

Antibodies and reagents

Mouse monoclonal anti-Flag (F1804), mouse anti-HA (H9658) and mouse anti-f-actin (A5441) were obtained from Sigma-Aldrich.
Mouse anti-p62 (H00008878-M01) was obtained from Abnova. Mouse anti-Myc (2276), mouse anti-CHOP (2895) and rabbit anti-
Atg7 (8558) were obtained from Cell Signaling Technology. Mouse anti-LC3 (M152-3) was obtained from MBL. Mouse anti-GFP
(AE012), anti-mCherry (AE002), anti-GST (AE001), anti-MBP (AE016), anti-His (AE003), rabbit anti-Flag (AE092), rabbit anti-SARS-
CoV-2 ORF3a (A20234), rabbit anti-SARS-CoV-2 ORF8 (A20235) were obtained from ABclonal. Mouse anti-Strep-tag-II
(ab184224) was obtained from Abcam. Mouse anti-dsRNA (J2, 10010200) was obtained from Scicons. Rabbit anti-HA (51064-2-
AP), anti-RAMP4 (17807-1-AP), anti-FAM134B (21537-1-AP), anti-CLIMP63 (16686-1-AP) and anti-REEP5 (14643-1-AP) were
obtained from Proteintech. Anti-SARS-CoV-2 Nucleocapsid (N) (40143-MMO05) was obtained from Sino Biological Inc. For immuno-
blotting, HRP-conjugated goat anti-mouse IgG (H+L) (AS003, Abclonal), HRP-conjugated goat anti-rabbit IgG (H+L) (AS014, Abclo-
nal), HRP-conjugated goat anti-mouse IgG heavy chain (AS064, Abclonal) and HRP-conjugated AffiniPure goat anti-mouse IgG light
chain (AS062, Abclonal) were used as secondary antibodies. For immunostaining, Alexa Fluor 488-conjugated goat anti-mouse IgG
(H+L) (A32723), goat anti-rabbit IgG (H+L) (A32731), Alexa Fluor 568-conjugated goat anti-mouse IgG (H+L) (A-11031), goat anti-
Rabbit 19G (H+L) (A-11036), Alexa Fluor 647-conjugated goat anti-mouse IgG (H+L) (A-21236), goat anti-rabbit IgG (H+L)
(A-21244) were purchased from Thermo Fisher Scientific. Anti-HA magnetic beads (B26202) were obtained from Bimake. Anti-
Flag M2 Affinity Gel (A2220) was obtained from Sigma-Aldrich. Streptactin beads 4FF was purchased from Smart Lifesciences.

RNA interference
siRNA oligonucleotides were obtained from GenePharma. siRNA sequences targeting specified genes are following: Atg7#1,
GCCAACAUCCCUGGAUACAAG; Atg7#2, CUGUGAACUUCUCUGACGU p62, GCATTGAAGTTGATATCGAT; ORF3a, GAGAAT
CTTCACAATTGGAACTGTA. siRNAs were transfected into cells by using reagent according to the manufacturer’s instructions. Cells
were harvested 36 h after transfection.

shRNA sequences targeting FAM134B: GAGGTATCCTGGACTGATAAT. The FAM134B annealed oligonucleotides were inserted
into pLKO vector. The plasmid was transfected together with lentiviral package plasmids (phelper, VSV-G and TAT) into HEK293T
cells to produce recombinant lentivirus. Then FAM134B KD Vero-E6 cells were obtained by lentivirus infection, 2 ng/mL puromycin
selection and western blot verification.

Generation of stable cell line

The ORF8 coding sequence was cloned into plenti-puro-Flag vector. HelLa cells were infected with lentivirus collected from HEK293T
cells transfected with lentiviral package plasmids (phelper, VSV-G and TAT) and plenti-ORF8-Flag. After 24 h, the stable transform-
ants were cultured and selected in fresh DMEM containing 1 ug/mL puromycin.

Establishment of p62 knockdown Vero E6 cells

To generate p62 KO Vero-E6 cell line, p62 sgRNA targeting sequence (GTGCGCCTGGAAGCCGC) was inserted into pLKO-cas9
vector. HEK293T cells were transfected with pLKO-cas9-p62 sgRNA and lentiviral package plasmids (phelper, VSV-G and TAT). Af-
ter 2 days, the supernatant was collected and used to infect Vero E6 cells. Twenty-four hours later, the medium was replaced with
fresh medium containing with 2 ug/mL puromycin. Following 3 days screening, cells were seeded in 96 well plate and cultured. After
two weeks, single clones were selected and seeded in 6 well plate. p62 KO cells were confirmed by WB and sequencing.

Immunoprecipitation and western blot

HEK293T cells were harvested and lysed with TAP lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA,
Protease cocktail) for 30 min on ice. After centrifugation at 13000 rpm for 20 min at 4°C, the supernatants were collected and sub-
jected to immunoprecipitation. For Flag and HA tag immunoprecipitation, tag affinity gel beads or magnetic beads were added in
supernatants and incubated together overnight at 4°C. Beads with precipitated immunocomplexes were washed three times with
TAP lysis buffer and boiled at 100°C for 10 min and subsequently analyzed by WB. Protein concentration was determined with
BCA protein assay kit (23225; Thermo Fisher) according to manufacturer’s instructions. Equal amounts of protein were loaded
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and separated by appropriate concentration SDS-PAGE and electrophoretically transferred onto nitrocellulose membrane. After
blocking with 5% nonfat milk in PBST for 1 h, membrane was incubated with the primary antibodies, followed by HRP-conjugated
secondary antibodies.

IP/MS

HEK293T cells were transfected with ORF8-Flag for 36 hr and harvested and lysed with TAP lysis buffer (20 mM Tris-HCI, pH 7.5,
150 mM NaCl, 0.5% NP-40, 1 mM EDTA, Protease cocktail) for 30 min on ice. The supernatants were collected via centrifugation
at 10,000 rpm for 30 min at 4°C and coimmunoprecipitated with Flag beads. The immunoprecipitated fractions were separated
via 12% SDS polyacrylamide gel electrophoresis (PAGE) and analyzed via mass spectrometry using 30 min LC-MSMS (Shanghai
Sangon Biotech Co., Ltd.).

Protein expression and purification

Escherichia coli strain BL21 (DE3) was transformed with plasmids (GST-GFP, MBP-mCherry-p62, GST-p62, GST-GFP-FAM134B,
MBP-ORF8, GST-GFP-ORF8, His-UBx8) and Rosseta was selected to express the plasmid GST-GFP-FAM134B. Cells were cultured
overnight in LB at 37°C. Then the overnight cultured bacteria were subcultured in fresh LB medium. When the optical density at
600 nm (ODggp) reached 0.6-0.8, protein expression was induced with 0.5mM IPTG at 16°C for 16h. Cells pellet were suspended
in lysis buffer (50mM Tris-HCI pH7.5, 150mM NaCl, 0.1%NP-40, 1mM DTT) and sonicated (15 cycles of 10 seconds on, 10 seconds
off) on ice. After centrifugation at 12,0009 for 20 mins at 4°C, the supernatants were incubated with corresponding agarose beads
overnight at 4°C. The beads were washed with lysis buffer for three times and eluted with glutathione (GST-tag) or maltose (MBP-tag)
or imidazole (His-tag) in 50mM Tris (pH 8.0). The elutes were further purified by chromatography. Protein expression and size were
confirmed by SDS-PAGE and protein concentration was measured by Nanodrop.

GST pull-down assay

Escherichia coli strain BL21 (DE3) was selected to express recombinant protein. After the OD value reached 0.6-0.8, E. coli cells
transformed with different plasmids were induced with 0.5mM IPTG at 16°C for 16h. Cell pellets were collected, lysed in lysis buffer
(50mM Tris-HCI pH7.5, 150mM NaCl, 0.1%NP-40, 1mM DTT), and sonication on ice (15 cycles of 10 seconds on, 10 seconds off).
The lysate was cleared by centrifugation at 12,0009 for 20 mins at 4°C, and the supernatants were added to agarose beads to incu-
bate overnight at 4°C. Then the beads were collected and resuspended in 50 puL SDS loading buffer, boiled at 100°C for 10min, and
subjected to SDS-PAGE.

In vitro phase separation

For ORF8 in vitro phase separation assay, 10 uM recombinant proteins GST-GFP or GST-GFP-ORF8 were added in PEG8000 free
buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mg/mL BSA) or added in PEG8000 buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl,
1 mg/mL BSA, 10% PEGB8000); for ORF8/p62 in vitro phase separation assay, 10 uM recombinant proteins GST-GFP with MBP-
mCherry-p62/His-UBx8 or GST-GFP-ORF8 with MBP-mCherry-p62/His-UBx8 were added in phase separation buffer (20 mM
Tris-HCI pH 7.5, 150 mM NaCl, 1 mg/mL BSA); for FAM134B in vitro phase separation assay, 10 M recombinant proteins GST-
GFP-FAM134B or GST-GFP-FAM134B with MBP-ORF8 or GST-GFP-FAM134B with MBP-mCherry-p62/His-UBx8 or GST-GFP-
FAM134B with MBP-ORF8, MBP-mCherry-p62/His-UBx8 were added in phase separation buffer 20 mM Tris-HCI pH 7.5,
150 mM NaCl, 1 mg/mL BSA). After a reaction for 30 min at room temperature, 10 L solution was loaded onto a chamber consist
of a glass slide attached by two parallel strips of double-sided tape and coverslips, then observed and imaged by Zeiss LSM 780.

FRAP

Cells were transfected with indicated plasmids by using Lipofectamine 2000 (11668019, Thermo Fisher Scientific) according to the
manufacturer’s instructions. Fluorescence recovery after photo bleaching (FRAP) assays were performed on an Olympus FV3000
confocal microscope with cell culture system. After 12 h, ORF8/p62 bodies were bleached for 10 s at intensity of 90% at 488 nm
or 561 nm laser. Fluorescence recovery was recorded within a period of time. The focal plane was monitored and addressed by
the Z drift compensator system. Images were acquired using a 60x/1.4 oil objective with Z series and time-series. Time Lapses
was performed with 60s interval for 120 cycles. Mean fluorescence intensity was quantified by Image J and the values were normal-
ized to background.

Fusion and fission

Hela cells were seeded on confocal dishes and transfected with indicated plasmids. After 12 h, cells were imaged and captured by
Olympus FV3000 Confocal Microscope with cell culture system. The focal plane was monitored and addressed by the Z drift
compensator system. Images were acquired using a 60x/1.4 oil objective with Z series and time-series. Time Lapses was performed
with 10 s interval for 100 cycles. Acquired images were processed with software FV31S-DT to analyze the fusion and fission events of
ORF8/p62 puncta.
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SARS-CoV-2 virus infection

All work with live SARS-CoV-2 virus were performed inside biosafety cabinets in the biosafety level 3 facility at Hubei Provincial Cen-
ter for Disease Control and Prevention. Vero-E6 cells seeded in 6-well plates were infected with SARS-CoV-2 WBP at a MOI of 0.05
PFU/cell for 1 h at 37°C with 5% CO,, then infection medium was removed and replaced with fresh DMEM medium with 2% FBS.

Plaque assay

SARS-CoV-2-containing culture medium was serially 10-fold diluted. Vero-E6 cells in 6-well plates were grown to 60 to 70% conflu-
ency and infected with 100 pL of the dilutions. Plates were Incubated for 2 h at 37°C with 5% CO,, and then washed with PBS, the
infection medium was replaced with methylcellulose, and plates were incubated at 37°C with 5% CO, for another 3 to 4 days until
visible viral plagues were detected. Plates were stained with 0.5% crystal violet for 4 h at room temperature and washed; then the
plaques were counted and the viral titers were calculated.

Immunofluorescence analysis

Cells were seeded on coverslips within 12-well plates and transfected with indicated plasmids or treated with various stimuli as
indicated. Twenty-four hours later, cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature,
followed by permeabilized with 0.1% Triton X-100 for 10 min. After washing with PBS for three times, cells were blocked with 1% BSA
for 30 min. Specific primary antibodies were diluted and incubated with cells overnight at 4°C. Then cells were washed with PBS for
three times, followed by incubation with Alexa Fluor-conjugated goat anti-mouse IgG or goat anti-rabbit IgG secondary antibodies for
1 h atroom temperature. Cells were then washed with PBS for three times and preserved with anti-quenching reagent and imaged by
Zeiss LSM 780.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 software was used for statistical analysis. Statistical tests and sample sizes are indicated in the figure legends. Ap
value of <0.05 was considered statistically significant and a p value of >0.05 was considered statistically non-significant (ns).
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