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SUMMARY
Positive-strand RNA viruses replicate in close association with rearranged intracellular membranes. For hep-
atitis C virus (HCV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), these rearrange-
ments comprise endoplasmic reticulum (ER)-derived double membrane vesicles (DMVs) serving as RNA
replication sites. Cellular factors involved in DMV biogenesis are poorly defined. Here, we show that despite
structural similarity of viral DMVs with autophagosomes, conventional macroautophagy is dispensable for
HCV and SARS-CoV-2 replication. However, both viruses exploit factors involved in autophagosome forma-
tion, most notably class III phosphatidylinositol 3-kinase (PI3K). As revealed with a biosensor, PI3K is acti-
vated in cells infectedwith either virus to produce phosphatidylinositol 3-phosphate (PI3P) while kinase com-
plex inhibition or depletion profoundly reduces replication and viral DMV formation. The PI3P-binding protein
DFCP1, recruited to omegasomes in early steps of autophagosome formation, participates in replication and
DMV formation of both viruses. These results indicate that phylogenetically unrelated HCV and SARS-CoV-2
exploit similar components of the autophagy machinery to create their replication organelles.
INTRODUCTION

Positive-strand RNA viruses replicate in host cells in close asso-

ciation with altered intracellular membranes (Belov et al., 2012;

Knoops et al., 2008; Limpens et al., 2011; Romero-Brey et al.,

2012). The transformed host membranes, often referred to as

replication organelles, not only serve as viral replication plat-

forms, but they may also provide shielding of the replication ma-

chinery against host innate immune-sensing systems (Knoops

et al., 2008; Scutigliani and Kikkert, 2017). The replication organ-

elles can be grouped into two types: the invaginated vesicle/

spherule type, and the double-membrane vesicle (DMV) type

(Paul and Bartenschlager, 2013). Virus-induced DMVs, ranging

from �100 to 300 nm in diameter, depending on the virus,

possess structures resembling those of autophagosomes (re-

viewed in Blanchard and Roingeard [2015], Paul and Bartenschl-

ager [2015], and Wolff et al. [2020]).

Macroautophagy (hereafter autophagy) is an intracellular lyso-

somal degradative pathway that plays an important role in the

maintenance of cellular homeostasis through the degradation

of proteins or damaged organelles. Cellular stresses, such as

starvation or viral infection, induce autophagy by activation of

the Unc-51-like kinase 1 (ULK1) complex that in turn activates

the class III phosphatidylinositol (PI) 3-kinase (PI3K) complex
Ce
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(Figure 1A). This complex consists of several components,

including the regulatory component Beclin 1 and the catalytic

lipid kinase subunit VPS34 that converts PI into PI3-phosphate

(PI3P) (Figure 1A). PI3P recruits its effector proteins, such as

the double FYVE-containing protein 1 (DFCP1) and the WD

repeat domain phosphoinositide-interacting proteins (WIPIs) to

the isolation membrane that is derived from endoplasmic reticu-

lum (ER), mitochondria, Golgi, or other membrane sources. The

ATG5-12/16L1 complex, together with proteolytically cleaved

and phosphatidylethanolamine (PE)-conjugated LC3 (desig-

nated LC3-II), coordinate the elongation and closure of the auto-

phagosome. Finally, autophagosomes fuse with lysosomes

creating autolysosomes that degrade and recycle engulfed com-

ponents (Figure 1A) (reviewed in Lamb et al. [2013], Mizushima

et al. [2011], and Vescovo et al. [2014]).

Hepatitis C virus (HCV), a major causative agent of chronic

liver disease, including liver cirrhosis and hepatocellular carci-

noma, is a positive-strand RNA virus belonging to the Flaviviridae

family. HCV replicates its RNA genome most likely within DMVs

that are derived from the ER (Romero-Brey et al., 2012) (Fig-

ure 1B). These DMVs accumulate in the cytoplasm of infected

cells, often in close proximity to lipid droplets (Lee et al.,

2019b; Paul et al., 2013; Romero-Brey et al., 2012). Another

DMV-forming virus is severe acute respiratory syndrome
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Figure 1. Autophagy ATG5-12/16L1 complex is not required for HCV and SARS-CoV-2 replication

(A) Schematic depiction of the early steps of autophagosome formation and involved factors. When cells encounter stress, such as starvation or viral infection,

activity of the mTOR complex is inhibited, resulting in activation of the ULK1 complex and the class III-PI3K complex. The latter synthesizes PI3P, which leads to

the recruitment of proteins such as DFCP1 and WIPIs to the isolation membrane. The ATG5-12/16L1 complex and LC3-II (LC3-I conjugated to phosphatidyl-

ethanolamine) coordinate the elongation and closure of the autophagosome. Factors labeled with red letters are analyzed in this study.

(B) Tomographic slices and 3D renderings of DMVs induced in HCV- and SARS-CoV-2-infected cells. Figure modified according to Romero-Brey et al. (2012) and

Cortese et al. (2020), respectively, with permission of the publishers.

(C) CRISPR-Cas-9-based KO of ATG5 and ATG16L1 in Huh7-Lunet/T7 cells was confirmed using western blotting with ATG5 and ATG16L1 antibodies,

respectively. GAPDH was used as loading control.

(legend continued on next page)
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coronavirus 2 (SARS-CoV-2), a member of the Coronaviridae

family. By the end of July 2021, SARS-CoV-2 had caused around

205 million infections worldwide with more than 4 million deaths

as a result of coronavirus disease 2019 (COVID-19) (World

Health Organization, 2021). As in the case of HCV, DMVs

induced by SARS-CoV-2 are derived from the ER (Cortese

et al., 2020; Snijder et al., 2020) (Figure 1B). Moreover, DMV-

like structures can be induced by the sole expression of viral pol-

yprotein fragments, which comprise nonstructural protein 3-4A-

4B-5A-5B (NS3-5B) in the case of HCV and nsp3-4 in the case of

SARS-CoV and Middle Eastern respiratory syndrome (MERS)-

CoV (Oudshoorn et al., 2017; Romero-Brey et al., 2012, 2015;

Wolff et al., 2020).

The structural similarities between virally induced DMVs and

autophagosomes suggest that viruses might utilize autophagy

or components involved in the formation of autophagosomes

for the biogenesis of the viral replication organelle. In HCV, pre-

vious studies show that infection increases the PE-conjugated

LC3-II form, indicating autophagy activation (Ait-Goughoulte

et al., 2008; Dreux et al., 2009; Sir et al., 2008). In addition, it

has been reported that perturbation of the ATG5-12/16L1 com-

plex impairs HCV replication and decreases DMV number and

size (Dreux et al., 2009; Fahmy and Labonté, 2017; Guévin

et al., 2010; Tanida et al., 2009). In the case of coronaviruses,

autophagy appears to contribute to DMV formation in murine

hepatitis virus (MHV), infectious bronchitis virus (IBV), and

SARS-CoV (Cottam et al., 2011; Prentice et al., 2004a; Prentice

et al., 2004b). Results of these studies suggest that autophagy

might be important for virus-induced DMV formation in HCV

and SARS-CoV-2 (reviewed in Miller et al. [2020]). However, it

is unclear whether autophagy per se is required for DMV forma-

tion or whether distinct components of the autophagymachinery

are hijacked by these viruses to induce their replication organ-

elles. Moreover, the underlying mechanism of DMV biogenesis

remains to be determined.

To address these questions, we studied the role of different

components of the autophagy machinery for their role in HCV

and SARS-CoV-2 replication and formation of virus-induced

DMVs. We found that autophagy per se is not required for the

replication of either virus. However, pharmacological inhibition

of class III PI3K activity or knock down of VPS34 suppressed

replication and DMV formation in HCV and SARS-CoV-2 repli-

cating cells. Consistently, PI3P production was increased in cells

infected with either virus. Finally, we report that the PI3P effector

protein DFCP1 promotes viral replication and membrane alter-

ations induced by HCV and SARS-CoV-2. These data suggest

that the phylogenetically unrelated HCV and SARS-CoV-2
(D and E) Huh7-Lunet/T7 cells with ATG5 or ATG16L1 KO were subjected to st

bafilomycin A1 (BafA1) for 2 h prior to cell lysis or fixation.

(D) Effect of ATG5 or ATG16L1 KO on LC3 lipidation was determined by western

(E) Fixed cells were stained for LC3, and the number of LC3 puncta in at least 50 c

the ImageJ software package. Example confocal microscopy images are shown

(F) Effect of ATG5 and ATG16L1 KO on cell viability was determined at 24, 48, a

(G) Huh7-Lunet/T7 cells with given ATG KOs were transfected with a subgeno

luciferase activity, reflecting HCV replication, was measured. Values were norma

(H) Huh7-Lunet/T7/ACE2 cells with given ATG KOs were infected with SARS-Co

virus-specific primers after 24 h. Values were normalized to ypoxanthine-guanine

Data in (E)–(H) represent the mean ± SEM from two independent experiments. *p
exploit same components of the autophagosome formation ma-

chinery to build up their membranous replication organelles.

RESULTS

Autophagy ATG5-12/16L1 complex is not required for
efficient replication of HCV and SARS-CoV-2
To determine whether autophagy per se is required for HCV and

SARS-CoV-2 replication, we generated ATG5 and ATG16L1

knockout (KO) cell pools using CRISPR-Cas-9 technology and

Huh7-Lunet/T7 cells (Figure 1C). First, we characterized these

cells for impact on autophagy. LC3 lipidation and autophagy

flux were significantly impaired in those KO cells (Figure 1D).

LC3 puncta formation induced upon starvation treatment was

also decreased (Figures 1E and S1A). These results indicated

that starvation-induced autophagy was inhibited in KO cells

without impact on cell viability (Figure 1F). For HCV, ATG5 KO

had no effect on viral replication, while ATG16L1 reduced repli-

cation very moderately, but not to a statistically significant extent

(Figure 1G).

In the case of SARS-CoV-2, we first compared replication ki-

netics between Huh7-Lunet/T7 and A549 cells, each stably ex-

pressing ACE2 (Huh7-Lunet/T7/ACE2 and A549/ACE2, respec-

tively) (Cortese et al., 2020). As shown in Figure S1B, both cell

pools supported robust infection and replication as revealed

by production of infectious progeny viruses. Although Huh7-

derived cells were more susceptible to cell death as compared

to A549/ACE2 cells (Figure S1B), Huh7 cell numbers were com-

parable between infected control (Ctrl) KO, ATG5 KO, and

ATG16L1 KO cells (Figure S1C). By using these conditions, we

observed no significant effect of ATG5 and ATG16L1 depletion

in our Huh7-derived cells on SARS-CoV-2 replication as deter-

mined by qRT-PCR (Figure 1H). The same result was found

when we measured nucleocapsid protein by using two different

approaches (Figures S1D and S1E). These results suggest that

ATG5-12/16L1-dependent autophagy does not contribute to

the replication of these viruses.

PI3P production is important for efficient replication of
HCV and SARS-CoV-2
Autophagosome formation is highly dependent on PI3P produc-

tion by the class III PI3K complex consisting of AMBRA (acti-

vating molecule in Beclin 1-regulated autophagy protein 1),

VPS34, VPS15, Beclin 1, and ATG14L (Matsunaga et al., 2009)

(Figure 1A). In our previous study, we showed that HCV NS5A in-

teracts with the class III PI3K complex via the receptor for acti-

vated protein C kinase 1 (RACK1) (Lee et al., 2019a). Therefore,
arvation or cultured under regular conditions and treated or not with 100 nM

blotting. Tubulin served as loading control.

ells were analyzed for each condition using the ‘‘Analyzed Particles’’ function in

in Figure S1A.

nd 72 h post-seeding by measuring ATP content using a CellTiter-Glo assay.

mic HCV reporter replicon (sgJFH1). At given time points after transfection,

lized to transfection efficiency using the 4 h post-transfection value.

V-2 at the indicated MOI. Virus replication was determined by qRT-PCR using

phosphoribosyltransferase (HPRT) RNA levels that were quantified in parallel.

< 0.05; ns, not significant. See also Figure S1.
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Figure 2. PI3P production is required for efficient HCV and SARS-CoV-2 replication

(A) Huh7-Lunet/CD81H cells were infected with the HCV reporter virus JcR2a and treated with given drugs 4 h after infection. Luciferase activity reflecting viral

RNA replication (red lines) and cell viability (ATP content; black lines) was measured at 24 h post-infection. DCV, daclatasvir.

(B) (Upper) Schematic depiction of the experimental setup. Huh7-Lunet/T7 cells were transfected twice with two different VPS34-targeting siRNAs using a 24-h

interval, prior to electroporation with a subgenomic HCV reporter replicon 48 h after the second siRNA transfection. (Lower) knockdown (KD) efficiency was

determined by western blotting. GAPDH served as loading control.

(C) Luciferase activity reflecting HCV RNA replication was measured 24, 48, and 72 h after electroporation. For each replicon RNA transfection, values were

normalized to the 4-h value reflecting transfection efficiency, and these values were normalized to those obtained with NT siRNA-transfected cells. Data in (A) and

(C) represent the mean ± SEM from three independent experiments.

(legend continued on next page)
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Table 1. Inhibition of HCV and SARS-CoV-2 replication by selected drugs

(nM)

HCV

SARS-CoV-2Infection Replicon RNA transfection

EC50 CC50 EC50 CC50 EC50 CC50

Daclatasvir <0.006 >25 <0.006 >25 – –

PI4KA-G1 23.8 >4,000 19.8 >4,000 – –

PIK-III 318.2 >4,000 309.5 >4,000 172.5 �50,000

Remdesivir – – – – 79.2 >10,000

EC50 and CC50 values were calculated using datasets reported in Figures 2A, 2D, and S2C.
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we further investigated the role of the class III PI3K complex and

PI3P production in RNA replication and replication organelle for-

mation by HCV and, given the analogous DMV structures, SARS-

CoV-2.

A previous study suggests that inhibition of PI3K activity by

wortmannin impairs HCV replication (Mohl et al., 2016). However,

wortmannin has a rather broad spectrum targeting all classes of

PI3K as well as PI4K (Balla and Balla, 2006; Balla et al., 1997;

Liu et al., 2005), with the latter being essential for HCV replication

and formation of DMVs, where high amounts of PI4P accumulate

(Reiss et al., 2011). Therefore, we employed the VPS34-specific

compound PIK-III (Dowdle et al., 2014). To exclude that PIK-III af-

fects PI4K activation by HCV and PI4P production, we expressed

the HCV NS3-5B polyprotein in Huh7-Lunet/T7 cells and deter-

mined PI4P distribution after immunostaining with a PI4P-specific

antibody. This expression systemwas used because VPS34 inhi-

bition might affect viral replication, which in turn would impair

replication organelle formation, whereas in the replication-inde-

pendent expression system this is not the case. We found that

PIK-III treatment had no effect on the elevation of PI4P inHCVpol-

yprotein-expressing cells (Figures S2A and S2B).

Having excluded an effect of PIK-III on PI4K, we investigated

the role of PI3K for HCV and SARS-CoV-2 replication. For HCV

studies, highly permissive Huh7-derived cells stably expressing

the viral receptor CD81 were infected with the HCV reporter virus

JcR2a (Poenisch et al., 2015) and treated with increasing con-

centrations of PIK-III, or the PI4K inhibitor PI4KA-G1 (Bojjireddy

et al., 2014), or the highly potent HCV NS5A inhibitor daclatasvir

(Gao et al., 2010), with the latter two drugs serving as positive

controls. In all cases, we observed profound inhibition of HCV

replication, with the VPS34 inhibitor reaching a half-maximal

effective concentration (EC50) of around 320 nM and a selectivity

index (ratio of EC50 and half-maximal cytotoxic concentration

[CC50]) >10 (Figure 2A; Table 1).
(D) A549/ACE2 cells were treated with serial dilutions of given drugs 30 min befo

infection and the percentage of inhibition was determined using N protein-specifi

point.

(E) Calu-3 cells were treated with PIK-III 2 h after infection with SARS-CoV-2 (M

analyzed using qRT-PCR to determine replication efficiency.

Data in (D) and (E) represent the mean ± SEM from two independent experiment

(F) (Upper) Schematic of the experimental setup. A549/ACE2 cells were transfect

after the second siRNA transfection. (Lower) Confirmation of KD efficiency by w

(G) Percentage of SARS-CoV-2 replication was determined using N protein-speci

three independent experiments. See also Figure S2.
To determine whether PIK-III affected HCV entry or RNA repli-

cation, we transfected Huh7-derived cells with subgenomic re-

plicons encoding for firefly luciferase, enabling us to monitor

post-entry steps. Transfected cells were treated with any of

the three drugs starting 4 h after transfection until cell harvest

20 h later. We observed a dose-dependent inhibition of HCV

replication by PIK-III with an EC50 very similar to the one deter-

mined with the infection system (�310 nM; Figure S2C; Table

1). Although this compound was �15-fold less active in sup-

pressing HCV replication as compared to the PI4K inhibitor

(Table 1), these results suggest that VPS34 activity is required

for viral RNA replication.

We corroborated these data by using small interfering RNA

(siRNA)-mediated VPS34 depletion (Figure 2B). Cells were twice

transfected with either siRNA prior to transfection of a subge-

nomic HCV reporter replicon encoding the firefly luciferase. Viral

replication was analyzed 24, 48, and 72 h after HCV RNA trans-

fection by using luciferase assay (Figure 2C), and cell viability

was determined by quantification of the ATP content (Figure S2E,

left panel). VPS34 depletion significantly reduced HCV replica-

tion, without impacting cell viability. For independent validation,

we also depleted Beclin 1, a key regulator of VPS34 activity, and

determined the impact on HCV replication. We observed a

consistent reduction of HCV replication in Beclin 1-depleted

cells (Figures S2D and S2E), corroborating the important role

of the class III PI3K complex for HCV RNA replication.

To determine the role of PI3K for SARS-CoV-2 replication, we

infected A549/ACE2 cells with SARS-CoV-2 and treated the cells

with PIK-III or the nucleoside analog remdesivir, which served as

a positive control (Figure 2D; Table 1). In the case of PIK-III, we

observed a dose-dependent reduction of viral replication with

an EC50 of �170 nM, which is at least �250-fold below the

CC50 value measured in this cell system (Table 1). We also

observed inhibition of SARS-CoV-2 replication by PIK-III using
re infection with SARS-CoV-2 (MOI of 1). Infected cells were fixed 24 h post-

c immunostaining. Cell viability (ATP content) was measured at the same time

OI of 5). Total RNA of infected cells was extracted at 6 h post-infection and

s.

ed twice with siRNAs using a 24-h interval, prior to SARS-CoV-2 infection 48 h

estern blotting. GAPDH served as loading control.

fic immunostaining at 24 h post-infection. Data represent the mean ± SEM from

Cell Reports 37, 110049, November 23, 2021 5
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Figure 3. HCV and SARS-CoV-2 increase PI3P production in infected cells

(A and B) Huh7-Lunet/T7 cells stably expressing the PI3P sensor protein GFP-DFCP1 were electroporated with genomic HCV RNA (strain Jc1). After 48 h, cells

were treated with 1 mM PIK-III for 2 h and fixed for immunofluorescence (IF).

(A) Representative confocal microscopy images showing GFP-DFCP1 and HCV NS5A. Nuclear DNA was stained with DAPI. Upper left inserts show magnifi-

cations of boxed areas in the overviews.

(B) Quantification of GFP-DFCP1 puncta.

(C and D) Huh7-Lunet/T7/ACE2 cells stably expressing GFP-DFCP1 were infected with SARS-CoV-2 (MOI of 1). After 1 h, culture medium was replaced with

DMEM containing 1 mM PIK-III for 20 h and fixed for IF.

(C) Representative confocal microscopy images showing GFP-DFCP1, SARS-CoV-2 nsp3, and nucleocapsid. Nuclear DNA was stained with DAPI. Upper left

inserts show magnifications of boxed areas in the overviews. Scale bars, 10 mm (overview images) and 2 mm (magnified images).

(legend continued on next page)
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Calu-3 cells, a commonly used human lung cancer cell line (Zhu

et al., 2010) (Figure 2E). These results suggest that PI3P produc-

tion by PI3K is required also for SARS-CoV-2 replication, consis-

tent with earlier studies (Williams et al., 2021; Yuen et al., 2021).

For corroboration of these results, we determined the impact

of VPS34 and Beclin 1 knockdown (KD) in A549/ACE2 cells on

SARS-CoV-2 replication (Figures 2F and S2D, respectively). In

both cases, KD diminished SARS-CoV-2 replication without

overt impact on cell viability (Figures 2G and S2F, respectively).

This result suggests that the class III PI3K complex contributes

to HCV and SARS-CoV-2 replication.

HCV and SARS-CoV-2 enhance PI3P production in
infected cells
To monitor PI3P production and subcellular distribution in HCV-

and SARS-CoV-2-infected cells, we generated two GFP-tagged

DFCP1 constructs as reported earlier by Axe et al. (2008): first, a

GFP-tagged DFCP1 wild-type, which binds to PI3P via FYVE-

type zinc finger domains, and second, a DFCP1 mutant deficient

in PI3P binding (GFP-DFCP1*) (Figure S3A). Each protein was

stably expressed in Huh7-Lunet/T7 cells, and functionality of

the sensor was validated using serum-starved cells. As shown

previously, the abundance of GFP-DFCP1 puncta was pro-

foundly enhanced in starved cells, reflecting increased PI3P pro-

duction during autophagosome formation (Axe et al., 2008) (Fig-

ures S3B and S3C). No such increase was observed in starved

cells expressing GFP-DFCP1*, showing specificity of the sensor

for PI3P (Figures S3D and S3E). Of note, upon treatment of the

cells with the VPS34 inhibitor PIK-III, abundance of GFP-

DFCP1 puncta in starved cells was reduced to background

levels, consistent with impaired induction of autophagosome

formation (Figures S3B and S3C). These results validate GFP-

DFCP1 for the monitoring of PI3P production in cells.

Next, we analyzed how HCV affects PI3P production. Huh7-

Lunet/T7 cells expressing GFP-DFCP1 were transfected with a

full-length HCV genome, cultured for 48 h, and then treated

with DMSO or PIK-III for 2 h prior to cell fixation. We found that

the number of GFP-DFCP1 puncta was strongly increased in

HCV-replicating cells and diminished upon PIK-III treatment (Fig-

ures 3A and 3B).

We further investigated the role of NS5A in HCV-induced PI3P

production using the NS5A inhibitor daclatasvir, which we had

earlier shown to block DMV formation (Berger et al., 2014).

Huh7-Lunet/T7 cells stably expressing GFP-DFCP1 were trans-

fected with the HCV NS3-5B encoding expression plasmid,

treated with daclatasvir, and analyzed by confocal microscopy.

Consistent with the data obtainedwith HCV replicating cells (Fig-

ures 3A and 3B), expression of NS3-5B increased the number of

GFP-DFCP1 puncta, indicating elevated PI3P production, which

was blunted when cells were treated with daclatasvir (Figure S4).

This effect was specific because the reduction of GFP-DFCP1

abundance by daclatasvir was not observed in cells expressing

NS3-5B with NS5A containing the daclatasvir-resistance muta-

tion Y93H (Figure S4).
(D) Quantification of GFP-DFCP1 puncta.

In (B) and (D), at least 60 cells were analyzed for each condition, and GFP-DFCP1

data represent the mean ± SEM from two independent experiments. ***p < 0.00
With the aim to monitor PI3P production and subcellular distri-

bution in the context of SARS-CoV-2 replication, we infected

Huh7-Lunet/T7/ACE2 cells and cultured them in medium con-

taining DMSO or 1 mM PIK-III. After 20 h, cells were fixed and

nucleocapsid and nsp3 were detected by immunofluorescence,

along with the PI3P sensor. Very similar to HCV, abundance of

GFP-DFCP1 puncta was increased in SARS-CoV-2-infected

cells and reduced upon treatment with the VPS34 inhibitor

PIK-III (Figures 3C and 3D). The analogous result was obtained

with cells in which DMV formation was induced by expression

of hemagglutinin (HA)-nsp3-4-V5, arguing that PI3P accumula-

tion does not require viral replication as we found for HCV (Fig-

ure S5; compare with Figure S4).

In summary, these data suggest that both HCV and SARS-

CoV-2 induce PI3P production. In both cases the sole expres-

sion of proteins inducing replication organelle-like structures

(DMVs by HCV NS3-5B and SARS-CoV-2 nsp3-4) suffices to

induce PI3P accumulation.

PI3P production is important for HCV and SARS-CoV-2
expression-induced DMVs
The results described so far indicate that inhibition of VPS34

by PIK-III blocks PI3P accumulation in HCV NS3-5B and

SARS-CoV-2 nsp3-4-expressing or -infected cells, and ham-

pers viral replication, arguing that formation of DMVs, the sites

of viral RNA replication (Klein et al., 2020; Paul et al., 2013;

Romero-Brey et al., 2012; Snijder et al., 2020; Wolff et al.,

2020), requires PI3P. To put this assumption to the test, we

determined the impact of PIK-III on the formation of DMV-

like structures induced by viral protein expression. With

respect to HCV, we transfected Huh7-Lunet/T7 cells with the

NS3-5B expression construct and treated the cells with 1 mM

PIK-III (corresponding to �3-fold EC50) or DMSO 5 h after

transfection until cell harvest. Drug treatment neither affected

cell viability in transfected cells (Figure S6A) nor the expression

level of viral proteins as determined by NS5A-specific western

blotting (Figure 4A). In addition, transfection efficiency quanti-

fied by counting the number of NS5A-expressing cells (Fig-

ure 4B) and abundance of NS5A determined by fluorescence

microscopy were comparable between cells treated with

DMSO or PIK-III (Figure S6B).

Next, we analyzed the cells by transmission electron micro-

scopy (TEM) to determine the impact of PIK-III treatment on

DMV formation. For this analysis we took into account the trans-

fection efficiency (around 35%; Figure 4B) and examined 46 PIK-

III-treated cells, which on a statistical basis includes at least 16

transfected cells. We found that PIK-III treatment significantly

reduced the number of DMVs compared to DMSO-treated con-

trol cells (Figures 4C and 4D), suggesting that PI3P production is

required for HCV NS3-5B-induced DMV formation.

For SARS-CoV-2, we analyzed DMV formation in an analo-

gous manner using the HA-nsp3-4-V5 expression construct

and 1 mM PIK-III, corresponding to �10-fold EC50. Also, in this

case, drug treatment did not affect cell viability, viral protein
puncta were counted by using the ‘‘Analyzed Particles’’ function in ImageJ. All

1. See also Figures S3–S5.
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Figure 4. PI3K inhibition reduces DMV for-

mation induced by HCV NS3-5B and SARS-

CoV-2 nsp3-4 expression

(A–D) Huh7-Lunet/T7 cells were transfected

with the HCV NS3-5B expression plasmid.

Five hours after transfection 1 mM PIK-III was

added to the cells that were lysed or fixed 24 h

after transfection.

(A) Cell lysates were analyzed by western blotting.

GAPDH served as loading control. Numbers

below the NS5A gel lanes indicate relative protein

levels as determined by image analysis. Values

were normalized to the loading control; the

DMSO-treated sample was set to 1.

(B) Fixed cells were stained for NS5A, and trans-

fection efficiency was determined by counting the

number of NS5A-positive cells from five randomly

selected areas.

(C and D) Fixed cells were processed for

TEM analysis and the number of DMVs was

determined.

(C) Representative TEM images. Yellow boxed

areas in overview images are enlarged in the right

panels. Red asterisks indicate DMVs. Scale bars,

1,000 nm (overview image) and 500 nm (magnified

image).

(D) Profiles of DMV-positive cells were analyzed

using TEM images taken at 34,000 original

magnification. For systematic random sampling,

two to seven square areas of 100 mm2were placed

on a whole-cell image and the number of DMVs

was determined. Displayed analyses are based on

13 DMSO-treated cells and 46 PIK-III-treated

cells.

(E–H) Huh7-Lunet/T7 cells were transfected with

the SARS-CoV-2 HA-nsp3-4-V5 expression

plasmid, and 24 h later, 1 mM PIK-III was added to

the cells. After 48 h, cells were lysed or fixed for

further analysis.

(E) Cell lysates were evaluated by western blotting. GAPDHwas used as loading control. Numbers below the HA-nsp3 lanes were determined as described in (A).

(F) Fixed cells were stained with an HA-specific antibody and transfection efficiency was determined by counting the number of HA-nsp3-positive cells from five

randomly selected areas.

(G andH) Fixed cells were processed for TEM analysis and number of DMVswas determined. Cells were analyzed and data are displayed as described for (C) and

(D). (H) Analyses are based on 15 DMSO treated cells and 49 PIK-III treated cells.

All data represent the mean ± SEM. ***p < 0.001; ns, not significant; according to two-tailed, unpaired Student’s t test. See also Figure S6.

Article
ll

OPEN ACCESS
expression level, and transfection efficiency (Figures S6C, 4E,

4F, and S6D, respectively). Of note, PIK-III treatment significantly

reduced the number of HA-nsp3-4-V5-induced DMVs (Figures

4G and 4H), arguing that PI3P is also required for DMV formation

in the case of SARS-CoV-2.

Previous studies suggest that MHV-induced DMVs are

degraded by ER-associated degradation (ERAD) tuning,

involving vesicle trafficking to lysosomes (Mihelc et al., 2021).

To study whether the reduced DMV number observed in PIK-

III-treated cells resulted from impaired DMV formation or

increased DMV degradation, we investigated the colocalization

of HA-nsp3 with LC3 and lysosomal-associated membrane pro-

tein 1 (LAMP-1), markers for ERAD tuning and lysosomes,

respectively. We did not observe colocalization between HA-

nsp3 and LC3 or LAMP1 (Figures S6E and S6F, respectively),

arguing that PI3K inhibition interferes with DMV formation rather

than accelerating DMV degradation.
8 Cell Reports 37, 110049, November 23, 2021
The PI3P effector protein DFCP1 is required for HCV and
SARS-CoV-2 replication and DMV formation
DFCP1 is a PI3P effector protein that associates with omega-

somes, the sites fromwhich phagophores form (Figure 1A). How-

ever, the exact function of the protein remains to be determined

(Axe et al., 2008; Lamb et al., 2013). A previous study suggests

that inhibition of DFCP1 impairs HCV replication (Mohl et al.,

2016), but the underlying mechanism has not been addressed.

It is also unclear whether DFCP1 contributes to SARS-CoV-2

replication. Therefore, we investigated the role of DFCP1 in

HCV and SARS-CoV-2 replication using a KD approach. Huh7-

derived cells were transfected with two different siRNAs, and

cell lysates prepared 48 h after transfection were analyzed by

western blotting. Both siRNAs reduced DFCP1 amounts to back-

ground levels without affecting cell viability (Figures 5A and 5B).

Consistentwith the earlier report, DFCP1KDsignificantly reduced

HCV replication (Figure 5C). To study the effect of DFCP1 KD on
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Figure 5. DFCP1 is critically involved in HCV and SARS-CoV-2 replication

(A) DFCP1 KD in Huh7-Lunet/T7 cells was achieved by siRNA transfection (two different siRNAs) and confirmed by western blotting. GAPDH served as loading

control.

(B and C) Huh7-Lunet/T7 cells were transfected twice with siRNAs using a 24-h interval, prior to electroporation with a subgenomic HCV reporter replicon 48 h

after the second siRNA transfection.

(B) Cell viability (ATP content) was measured 24, 48, and 72 h after the last siRNA transfection.

(C) Luciferase activity reflecting HCV RNA replication was measured 24, 48, and 72 h after electroporation.

(D) DFCP1 KD in A549/ACE2 cells was evaluated by using western blotting as described for (A).

(E and F) A549/ACE2 cells were transfected with siRNAs 48 h prior to infection with SARS-CoV-2 (MOI of 1).

(E) Cell viability (ATP content) was measured 24 h after siRNA transfection.

(F) Relative SARS-CoV-2 replication was determined by N protein-specific immunostaining at 24 h post-infection and normalization of the values to those ob-

tained with NT siRNA treated cells.

All data represent the mean ± SEM from three independent experiments.

Article
ll

OPEN ACCESS
SARS-CoV-2 replication,we usedA549/ACE2 cells. Also, in these

cells, KD efficiency was high and did not affect cell viability (Fig-

ures 5D and 5E, respectively). Notably, DFCP1KD also drastically

reduced SARS-CoV-2 replication (Figure 5F).

To examine the role of DFCP1 in DMV formation, we employed

our expression-based systems to avoid confounding effects

caused by replication inhibition resulting from DFCP1 KD. For

HCV, Huh7-Lunet/T7 cells were transfected with either DFCP1

siRNA or the non-targeting control, followed by transfection

with the NS3-5B expression construct. In this case we used a

variant of this construct encoding a NS5Awith an EGFP insertion

(NS5AEGFP) that does not affect NS5A function (Figure 6B)

(Schaller et al., 2007). This variant was employed because we

analyzed the cells by correlative light and electron microscopy
(CLEM) in order to make sure that analyzed cells indeed had

been transfected. Forty-eight hours after transfection, cells

were harvested and analyzed by western blotting and CLEM.

KD with either siRNA reduced DFCP1 to below our western blot-

ting detection limit, while it did not affect expression level of

NS5AEGFP (note that the double band corresponds to basal

and hyperphosphorylated NS5A) (Figure 6A). Analysis of fixed

cells by CLEM revealed significant reduction of DMV abundance

by KD with either siRNA as compared to cells transfected with

the control siRNA (Figures 6B and 6C).

In the case of SARS-CoV-2, we conducted the analogous ex-

periments but using a monocistronic expression construct en-

coding NeonGreen followed by HA-nsp3-4-V5 (Figure 6E), with

NeonGreen allowing the identification of transfected cells and
Cell Reports 37, 110049, November 23, 2021 9
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Figure 6. DFCP1 is required for HCV NS3-5B and SARS-CoV-2 nsp3-4-induced DMV formation
(A–C) Huh7-Lunet/T7 cells were transfected twice with siRNAs in a 24-h interval, prior to transfection with the HCV NS3-5B/5AEGFPexpression plasmid 48 h after

the second siRNA transfection. Cells were lysed or fixed 24 h after transfection of the expression construct.

(A) Cell lysates were evaluated by western blotting. GAPDH was used as loading control.

(B and C) Transfected cells were first identified by GFP signal, then fixed and further processed for CLEM.

(B) Representative CLEM images. Upper panels in each column show bright-field image (left), fluorescent image (middle), and TEM cell overview (right). The

middle panel in each column shows a magnified overview of a cell section. Yellow boxes indicate areas that are shown as enlargements in the bottom panel of

each column. Red asterisks indicate DMVs. The design of the HCV expression construct is shown on the top.

(legend continued on next page)
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correlation with EM images and the HA-tag allowing the detec-

tion of processed HA-nsp3. Consistent with the replication

data, KD of DFCP1 also impaired DMV formation induced by

SARS-CoV-2 HA-nsp3-4-V5, which was not due to effects of

DFCP1 depletion on HA-nsp3-4-V5 abundance (Figures 6D–

6F). Taken together, our data suggest that DFCP1 is a critical

host factor for efficient replication of HCV and SARS-CoV-2.

The most likely contribution of DFCP1 to replication is to support

the biogenesis of DMVs, which are the predominant elements of

the replication organelles and the sites of HCV and SARS-CoV-2

RNA replication.

DISCUSSION

Here, we show that components involved in autophagosome for-

mation, but not conventional macroautophagy itself, are

required for HCV and SARS-CoV-2 replication, most likely by

contributing to the biogenesis of the replication organelles,

composed primarily of DMVs. Earlier studies suggest that the

ATG5-12/16L1 complex is required for HCV replication (Dreux

et al., 2009; Fahmy et al., 2018; Fahmy and Labonté, 2017; Gué-

vin et al., 2010; Tanida et al., 2009), which is at variance with our

results showing that KO of ATG5 and ATG16L1 does not affect

HCV replication. This inconsistency might result from the

different approaches used to inhibit ATG proteins. While earlier

studies employed siRNA KD, which might have caused insuffi-

cient depletion of ATG proteins, we used CRISPR-Cas9-based

KO cells unable to express targeted genes. Although during se-

lection for KO cells, we might have enriched for cells compen-

sating the defect, such as upregulation of ATG16L2 replacing

ATG16L1 in the complex with ATG5-12 (Ishibashi et al., 2011),

we note that two functional assays demonstrated a block of

ATG5-12/16L1-dependent autophagy in our cell pools, yet virus

replication was not significantly affected. In the case of corona-

viruses, the role of ATG5 for viral replication is discussed contro-

versially. Prentice et al. (2004a, 2004b) reported that MHV repli-

cation is strongly reduced by ATG5. In contrast, two other

groups report that ATG5 is not required for MHV and SARS-

CoV replication (Schneider et al., 2012; Zhao et al., 2007),

consistent with our data. These discrepancies might originate

from different cell lines and virus strains used in these studies,

but further studies are required to clarify these inconsistencies.

By using a biosensor, we found that PI3P levels are upregulated

in HCV- and SARS-CoV-2-infected cells. This elevation appears

to be important for viral replication, because treatment of the cells

with the class III PI3K-specific inhibitor PIK-III reduced HCV and

SARS-CoV-2 replication, consistent with previous studies em-

ploying other PI3K inhibitors (Mohl et al., 2016; Silvas et al.,
(C) Cell profiles were analyzed using TEM images taken at34,000 original magnifi

for each condition.

(D–F) Huh7-Lunet/T7 cells were consecutively transfected twice with siRNAs a

described for (A).

(D) Confirmation of DFCP1 KD and NG/HA-nsp3-4-V5 expression by western blo

(E and F) Transfected cells were identified by confocal microscopy using the NG s

data are displayed as described for (B) and (C). At least 10 NG-positive cells w

construct is shown on the top of panel (E).

Data in (C) and (F) represent mean ± SEM. **p < 0.01, ***p < 0.001.
2020; Williams et al., 2021; Yuen et al., 2021). However, VPS34

is involved in autophagy and endocytic pathways (Jaber et al.,

2016; Juhász et al., 2008), raising the question whether the PI3P

we detected resides on autophagy-related membranes directly

involved in DMV formation or on endosomal membranes involved

in cargo transport to DMV formation sites. Although the role of

PI3P in endosomal transport processes such as the delivery of

cholesterol to HCV-induced DMVs cannot be excluded (Stoeck

et al., 2017), our data suggest that PI3P produced by PI3K is

directly involved in HCV and SARS-CoV-2 replication. Consistent

with this assumption, KD or KO of ATG14L (Lee et al., 2019a) and

depletion of Beclin 1 (Figure S2) (Gassen et al., 2021), which are

both components of the PI3K complex (Figure 1A), inhibit HCV

replication. Consistently, in the case of SARS-CoV-2, we

observed reduced viral replication in Beclin 1 KD cells (Fig-

ure S2F), arguing that the class III PI3K complex, or components

thereof, is involved in HCV and SARS-CoV-2 replication.

While PI3K inhibition decreased HCV and SARS-CoV-2 repli-

cation, even at the highest non-cytotoxic concentration of PIK-

III, residual viral replication was detectable. One possible expla-

nation for this observation is the use of alternative sources for

PI3P. In addition to PI3K, PI3P can be generated by phospha-

tases such as phosphatidylinositol 4-phosphatase or 5-phos-

phatase from other phosphoinositides, thus compensating for

loss of VPS34 function. Alternatively, even at highest PIK-III con-

centrations, we still observed few GFP-DFCP1 puncta, indi-

cating that very low amounts of PI3P might suffice to promote

replication of these two viruses. In any case, we note that sup-

pression of viral replication by VPS34 inhibition has also been re-

ported for tombusviruses, including cucumber leaf spot virus,

turnip crinkle virus, and red clover necrotic mosaic virus that

create replication organelles corresponding to vesicle-like invag-

inations of intracellular membranes. In cells infected with these

viruses, VPS34 translocates to the replication compartment

through interaction with the viral replicase to facilitate replication

(Feng et al., 2019). Thus, the host cell pathways studied here

might be exploited by multiple positive-strand RNA viruses to

create their replication organelles.

Previous studies demonstrated that HCV and coronavirus

infection increases the abundance of LC3-II in infected cells,

although it has not been confirmed whether autophagy flux

was enhanced or reduced (Cottam et al., 2011; Dreux et al.,

2009; Prentice et al., 2004b; Sir et al., 2008; Su et al., 2011; Ta-

guwa et al., 2011). PI3P production and LC3 lipidation are linked

to conventional (macro)autophagy, because PI3P production

precedes the recruitment of autophagy-related proteins and au-

tophagosome formation. We confirm elevated PI3P production

in HCV- and SARS-CoV-2-infected cells and demonstrate
cation as described for Figure 4D. At least 10 GFP-positive cells were counted

nd the SARS-CoV-2 NeonGreen (NG)-HA-nsp3-4-V5 expression plasmid as

tting. GAPDH was used as loading control.

ignal, fixed, and further processed for CLEM analysis. Cells were analyzed and

ere analyzed for each condition. The design of the SARS-CoV-2 expression
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upregulation of PI3P as determined with the PI3P sensor. Sensi-

tivity of this probe for PI3Pwas validated by the lack of its recruit-

ment when using a PI3P non-binding DFCP1 mutant, arguing

against the possibility that the probe was recruited by the

DFCP1 moiety independent from PI3P. With respect to HCV,

our results are supported by a previous study showing that the

PI3K inhibitor 3-methyladenine (3-MA) or VPS34 KD reduces

the abundance of LC3-II in HCV-infected cells and HCV replica-

tion, respectively (Su et al., 2011). In contrast, two other studies

report that inhibition of PI3P production neither affects HCV-

induced LC3 lipidation nor DFCP1 puncta formation (Mohl

et al., 2016; Sir et al., 2012). One possible explanation for these

discrepancies might be the use of different 3-MA treatment du-

rations, ranging from 3 to 40 h between the different studies.

Another explanation could be the different assay used to deter-

mine HCV replication.

In the case of coronaviruses, lipidation or redistribution of LC3

has been described for cells infectedwith transmissible gastroen-

teritis virusand infectiousbronchitis virus (Cottametal., 2011;Guo

et al., 2016). In contrast, Reggiori et al. (2010) reported an associ-

ationbetweenMHV-inducedDMVsandnon-lipidatedLC3and the

importance of non-lipidated LC3 for replication and DMV forma-

tion. Since the presence of LC3-I is a marker for ERAD vesicles

(Calı̀ et al., 2008a, 2008b), this study suggests that the ERAD

pathway, rather than autophagy, is hijacked by MHV for DMV for-

mation. Notably, we did not observe colocalization between nsp3

and LC3 (Figure S6E), indicating that different strategies might be

used by different coronaviruses for DMV formation.

While we provide evidence that the class III PI3K is required for

HCV- and SARS-CoV-2-induced DMV formation, the turnover of

these structures remains unclear. As shown in a recent publica-

tion, DMVs induced by MHV are subjected to lysosomal degra-

dation late in infection when the ER becomes the main budding

compartment for new virions (Mihelc et al., 2021). At least in the

expression-based systems, we neither observed enhanced

degradation of HA-nsp3 upon PI3K inhibition (Figures 4E and

S6D) nor colocalization with LAMP1 (Figure S6F), arguing

against DMV degradation. Further studies are required to dissect

DMV turnover in the case of SARS-CoV-2.

We have recently shown that NS5A, in cooperation with

RACK1, facilitates the formation of the class III PI3K complex

(Lee et al., 2019a). Here, we further investigated how NS5A af-

fects PI3P production and, thus, DMV formation. Inhibition of

NS5A by daclatasvir strongly reduced NS3-5B-induced GFP-

DFCP1 puncta formation. This effect was specific as PI3P levels

were unaffected by daclatasvir in cells expressing a drug-resis-

tant replicase, indicating that NS5A is involved in HCV-induced

PI3P production, consistent with our earlier report showing

that daclatasvir blocks HCV-induced DMV formation.

DFCP1 is a PI3P effector protein that, upon starvation, associ-

ates with omegasomes (Axe et al., 2008; Nanao et al., 2015).

However, the exact function of this protein in autophagy remains

unclear. Recent evidence suggests that DFCP1 contributes to

the growth of lipid droplets and the interaction between lipid

droplets and the ER (Gao et al., 2019; Li et al., 2019). In the pre-

sent study, we show that DFCP1 positively regulates HCV and

SARS-CoV-2 replication, possibly by promoting formation of

DMVs, the replication sites of these viruses. We previously
12 Cell Reports 37, 110049, November 23, 2021
observed DMV-decorated ER wrapping around lipid droplets in

HCV-infected cells (Lee et al., 2019b), arguing that DFCP1 might

affect DMV formation through regulating the contact between ER

and lipid droplets, at least in HCV. Although it is unclear whether

the same applies to SARS-CoV-2, we note that lipid droplets

have been observed in close proximity of virus particles, and it

has been proposed that lipid droplets might serve as an assem-

bly platform (Dias et al., 2020). However, we did not observe

such proximity of lipid droplets and SARS-CoV-2 particles or

DMVs by using various high-resolution imaging techniques (Cor-

tese et al., 2020), although recent reports suggest that inhibition

of lipid droplet formation interfereswith the SARS-CoV-2 replica-

tion cycle (Dias et al., 2020; Williams et al., 2021). Further studies

are required to clarify whether lipid droplets contribute to some

specific steps of the SARS-CoV-2 life cycle or aremore generally

required as lipid or energy source.

In conclusion, we show that although ATG5-12/16L1-depen-

dent autophagy is dispensable for HCV and SARS-CoV-2 repli-

cation, components of the autophagosome biogenesis machin-

ery such as elements of the PI3K complex and DFCP1 are

critically involved in viral replication, most likely by contributing

to the formation of DMVs, the viral sites of RNA replication. These

results underscore how evolutionarily distinct viruses hijack

cellular pathways and factors in a convergent manner. Identifica-

tion of commonly used host cell factors might pave the way for

host-targeting broad-spectrum antivirals that are urgently

needed for better preparedness against future pandemics.

Limitations of study
Our study is based on the use of cell lines that, although widely

used to study HCV and SARS-CoV-2 replication, do not neces-

sarily reflect the in vivo situation. While Huh7 cells employed to

characterize HCV-induced DMV formation reflect the tropism

of this virus, for technical reasons and to enable direct compar-

ison, for SARS-CoV-2-induced DMVswe used the same cell line,

which does not correspond to the primary tropism of this virus,

even thoughmany studies have used this cell line to characterize

the SARS-CoV-2 replication cycle. Another limitation might be

our focus on the KO of ATG5 and ATG16L1 to study the possible

dependency of HCV and SARS-CoV-2 replication on macroau-

tophagy. However, at least ATG5 is not required for macroau-

tophagy, raising the possibility that alternative autophagy path-

ways might still contribute to the replication of these viruses.

Finally, although the sole expression of nsp3-4 of SARS-CoV-2

suffices to induce DMVs, we cannot exclude the contribution

of other viral proteins to this process. Further studies are needed

to verify these possibilities.
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Guévin, C., Manna, D., Bélanger, C., Konan, K.V., Mak, P., and Labonté, P.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Atg5 (D5F5U) Rabbit Cell Signaling Technology Cat#12994

Atg16L1 (D6D5) Rabbit Cell Signaling Technology Cat#8089

Anti-LC3 pAb (Polyclonal Antibody) MBL International Cat#PM036

Purified Anti-PtdIns(4)P (PI4P) IgM Echelon Biosciences Cat#Z-P004

PI3 Kinase Class III antibody (VPS34) Cell Signaling Technology Cat#3811

Beclin-1 Antibody Cell Signaling Technology Cat#3738

SARS-CoV-2 N protein Sino Biological Cat#40143-MM05

Anti-SARS Nsp3 antibody Abcam Cat#ab181620

mouse monoclonal anti-NS5A (9E10) Gift from C. M. Rice N/A

Monoclonal Anti-HA antibody Sigma Aldrich Cat#H3663

ZFYVE1 (DFCP1) polyclonal antibody Thermo Fisher Scientific Cat#PA5-96710

GAPDH (D16H11) XP� Rabbit mAb Cell Signaling Technology Cat#5174S

goat polyclonal anti-mouse HRP Sigma Aldrich Cat#A0168

goat polyclonal anti-rabbit HRP Sigma Aldrich Cat#SAB3700852

Alexa Fluor� 488, donkey anti rabbit Thermo Fisher Scientific Cat#A21206

Alexa Fluor� 488, donkey anti mouse Thermo Fisher Scientific Cat#A21202

Alexa Fluor� 568, donkey anti mouse Thermo Fisher Scientific Cat#AA10037

Alexa Fluor� 488, Goat anti mouse IgM Thermo Fisher Scientific Cat#A21042

DAPI (4’,6-Diamidino-2- Phenylindole,

Dihydrochloride)

Thermo Fisher Scientific Cat#D1306

Chemicals, peptides, and recombinant proteins

Daclatasvir MedChemExpress Cat#HY-10466

Bafilomycin A1 Sigma Aldrich Cat#B1793

PI4KA-G1 Gift from V. Lohmann (Bojjireddy et al.,

2014)

N/A

PIK-III Cayman Chemical Cat#17002

Remdesivir MedChemExpress Cat#HY-104077

EBSS Sigma Aldrich Cat#E2888

Critical commercial assays

CellTiter-Glo� Luminescent Cell Viability

Assay

Promega Cat#G7571

TransIT�-LT1 Transfection Reagent Mirus Biology Cat#MIR2306

Lipofectamine� RNAiMAX Reagent Thermo Fisher Scientific Cat#13778

Gateway LR Clonase II Enzyme mix Thermo Fisher Scientific Cat#11791100

In-Fusion� HD Cloning Kit Clontech Laboratories Cat#639650

NucleoSpin RNA extraction kit Machery-Nagel Cat#740955

High-Capacity cDNA Reverse Transcription

Kit

Thermo Fisher Scientific Cat#4368814

iTaq Universal SYBR green supermix BioRad Cat#1725121

Experimental models: Cell lines

HEK293T Graham et al., 1977 N/A

Huh7.5 Blight et al., 2002 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Huh7-Lunet/T7 Backes et al., 2010 N/A

Huh7-Lunet/CD81 high (H) Koutsoudakis et al., 2006 N/A

A549/ACE2 Klein et al., 2020 N/A

Calu-3 Cortese et al., 2020 N/A

Oligonucleotides

A full list of oligos is provided in Table S1 N/A N/A

Recombinant DNA

GFP-DFCP1/pMRX-puro Hamasaki et al., 2013 N/A

pWPI_GFP-DFCP1 This paper N/A

pWPI_GFP-DFCP1* This paper N/A

pWPI_ACE2 Klein et al., 2020 N/A

lentiCRISPR v2_Puro_Ctrl Addgene N/A

lentiCRISPR v2_Puro_ATG5 This paper N/A

lentiCRISPR v2_Puro_ATG16L1 This paper N/A

pCMV-dR8.91 Stoeck et al., 2017 N/A

pMD2.G Stoeck et al., 2017 N/A

pFK_Jc1 Pietschmann et al., 2006 N/A

pFK_JcR2a Reiss et al., 2011 N/A

pFK_i389LucNS3-30_JFH_dg (Wakita et al., 2005) N/A

pFK_Con1ET (Lohmann et al., 2003) N/A

pTM_NS3-5B_JFH/NS5AEGFP Schaller et al., 2007 N/A

pTM_NS3-5B_JFH Backes et al., 2010 N/A

pTM_NS3-5B_NS5A Y93H Berger et al., 2014 N/A

SARS2_HA-3-4-V5 Tabata et al., 2021 N/A

piRO_Z-NG Goellner et al., 2020 N/A

SARS2_NG-HA-3-4-V5 Tabata et al., 2021 N/A

Software and algorithms

FIJI N/A https://imagej.nih.gov/ij/

GraphPad Prism 5.0 LaJolla, CA, USA N/A

CellProfiler Broad Institute, USA https://cellprofiler.org

CellProfiler Analyst Broad Institute, USA N/A
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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, Ralf Bar-

tenschlager (ralf.bartenschlager@med.uni-heidelberg.de).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agree-

ment that can be retrieved via the following link: https://www.klinikum.uni-heidelberg.de/zentrum-fuer-infektiologie/molecular-

virology/requests-for-reagents

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines and culture conditions
HEK293T (Graham et al., 1977), Huh7.5 (Blight et al., 2002), Huh7-Lunet/T7 (Backes et al., 2010), Huh7-Lunet/CD81 high (H) (Kout-

soudakis et al., 2006) and A549/ACE2 cells (Klein et al., 2020) were maintained in Dulbecco’s modified Eagle medium (DMEM,

Thermo Fisher Scientific), supplemented with 2mML-glutamine, nonessential amino acids, 100 U/ml of penicillin, 100 mg/ml of strep-

tomycin, and 10% fetal calf serum (DMEM cplt). Huh7-Lunet/T7 cells stably expressing the bacteriophage T7 RNA polymerase were

cultured in the presence of 5 mg/ml zeocin, while Huh7-Lunet SGR, Huh7-Lunet/CD81H, and A549/ACE2 cells were maintained in

DMEMcplt containing 250 mg/ml G418. Starvation treatment was achieved by culturing cells in Earle’s Balanced Salts (EBSS, Sigma)

for 2 h.

Virus stock production
For HCV production, in vitro transcripts of full-length HCV constructs Jc1 or JcR2a (Pietschmann et al., 2006; Poenisch et al., 2015)

were transfected into Huh7.5 cells by electroporation as described below. Virus was harvested at 48 or 72 h post-transfection, filtered

through a 0.45 mm-pore size filter and stored at �70�C until use. Tissue culture infectious dose 50 (TCID50) was determined as pre-

viously described (Kärber, 1931; Spearman, 1908). Unless stated otherwise, cells were infected with HCV using a MOI of 0.1.

The SARS-CoV-2 isolate Bavpat1/2020 was kindly provided by Prof. Christian Drosten (Charité Berlin, Germany) through the Eu-

ropean Virology Archive at passage 2. Working virus stocks were generated by passaging the virus two times in VeroE6 cells. Virus

titers were measured using plaque assay performed as previously described (Cortese et al., 2020).

METHOD DETAILS

Antibodies and immunofluorescence reagents
All antibodies and immunofluorescence reagents used in this study are listed in Key Resources Table.

DNA plasmid constructs
To generate the lentiviral construct pWPI_GFP-DFCP1, the GFP-DFCP1 sequence was first inserted into the pENTR1A vector using

plasmid GFP-DFCP1/pMRX-puro (Hamasaki et al., 2013) as template and primers specified in Key Resources Table. Thereafter, the

GFP-DFCP1 sequence was inserted into the pWPI vector using the LR recombinase of the Gateway system (Thermo Fisher Scien-

tific) according to the instructions of the manufacturer. The construct encoding the inactive PI3P sensor (pWPI_GFP-DFCP1*) was

generated by PCR-based mutagenesis using pWPI_GFP-DFCP1 as template and primers specified in Key Resources Table. The

amplicon was inserted into pWPI_GFP-DFCP1 using the InFusion system as recommended by the manufacturer (Clontech

Laboratories).

The SARS CoV-2 HA-nsp3-4-V5 expression construct (Tabata et al., 2021) was generated by inserting a synthetic DNA fragment

(provided by Biocat, Heidelberg) into the pcDNA3.1 vector. In this construct, codon-optimized SARS-CoV-2 nsp3-4 is tagged with

HA and V5 at the N- and C terminus, respectively, and transcribed under control of the T7 RNA polymerase promoter. This T7 based

system allows cytoplasmic transcription, thus avoiding possible splicing of the mRNA in the case of nuclear transcription as would

happen e.g., in commonly used CMV promoter based expression constructs. The SARS2_NG-HA-3-4-V5 expression construct

(Tabata et al., 2021) was obtained by using the expression vector piRO_Z-NG (Goellner et al., 2020) and replacing the Zika virus

sequence by the HA-nsp3-4-V5 SARS-CoV2 coding region using the InFusion system (Clontech Laboratories) and primers listed

in Key Resources Table. Other plasmids used in this study are listed in Key Resources Table.

Plasmid DNA transfection
For plasmid transfection, 1x105 /ml target cells were seeded in 6- or 24-well plates or glass-bottom culture dishes containing gridded

coverslips (MatTek Corporation). After overnight culture, pTM_NS3-5B_JFH, pTM_NS3-5B_JFH/NS5AEGFP, SARS2_HA-3-4-V5, or

SARS2_NG-HA-3-4-V5 plasmids were transfected using the TransIT-LT1 Transfection Reagent (Mirus Bio) according to the manu-

facturer’s protocol. Cells were harvested at time points specified in the result section for further analyses.

Lentivirus production and establishment of stable cell lines
Cells stably expressingGFP-DFCP1 andGFP-DFCP1* as well as Huh7-Lunet/T7/ACE2 cells were obtained by lentiviral transduction.

Lentiviral vectors pWPI_GFP-DFCP1 or pWPI_GFP-DFCP1* were transfected into HEK293T cells along with packaging (pCMV-

dR8.91) and envelope (pMD2.G) plasmids using polyethylenimine as reported earlier (Klages et al., 2000; Stoeck et al., 2017). Super-

natants were harvested at 48 h and 72 h post-transfection, filtered and used to transduce target cells. Two days after transduction,

cells were cultured in medium containing 10 mg/ml Blasticidin (Sigma). To generate ATG5 and ATG16L1 KO cells, annealed oligonu-

cleotides were inserted into a lentiCRIPSRv2 plasmid (Addgene), in which single guide (sg) RNAs are transcribed under control of an

U6 promoter. sgRNA sequences targeting ATG5 and ATG16L1 are 50-AACTTGTTTCACGCTATATC-30 and 50-GCTGCAGAGA

CAGGCGTTCG-30, respectively. Huh7-Lunet/T7 cells were infected with lentiviruses generated as described above and subjected

to selection using DMEM cplt containing 3 mg/ml puromycin (Sigma Aldrich) for 1 week prior to use. For ectopic ACE2 expression,
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Huh7-Lunet/T7 cells with ATG5 or ATG16L1 KO, or with GFP-DFCP1 ormutant expression, were additionally transducedwith a lenti-

virus encoding full length human ACE2 followed by selection with G418 (Thermo Fisher Scientific).

HCV replication assay
HCV replicons or genomes encoding firefly or Renilla luciferase, respectively, were transfected into Huh7-derived cells and viral repli-

cation was measured by luciferase assay as reported earlier (Reiss et al., 2011; Stoeck et al., 2017). In brief, cells were lysed in lucif-

erase lysis buffer (25 mM glycylglycin, 15 mM MgSO4, 4 mM EGTA, 1% Triton X-100, 10% glycerol, pH 7.8) and frozen at �20�C.
Luminescence wasmeasured after adding the respective substrate (coelenterazine for Renilla luciferase and luciferin, glycyl-glycine,

ATP and dithiothreitol for firefly luciferase) by using a Mithras LB940 plate luminometer (Berthold Technologies).

SARS-CoV-2-replication assay (immunostaining)
To determine SARS-CoV-2 replication, an immunostaining detecting the nucleocapsid (N) protein was used as reported recently

(Steuten et al., 2021). In brief, cells were seeded at a density of 1.5 3 104 cells per well of a flat bottom 96-well plate (Corning).

On the next day, SARS-CoV-2 (MOI = 1.0) was added to the compound containing medium. At 16 or 24 h post-infection, plates

were fixed with 10% formaldehyde and inactivated by incubation of the culture plates in 6% formaldehyde for 30 min. Cells were

washed with PBS prior to permeabilization with 0.2% Triton X-100 in PBS for 15 min. After blocking of the cells with 2% skim

milk, dissolved in PBS containing 0.02% Tween 20, N protein-specific antibody was added for 1 h. Cells were washed with PBS prior

to addition of the secondary antibody conjugated with horseradish peroxidase. After 1 h at 37�C, cells were washed and the signal

was developed using TMB substrate. Reaction was quenched by addition of 0.5 M H2SO4 and absorbance was measured at 450 nm

using a Tecan XFluor4 reader (Wiesbaden, Germany).

qRT-PCR-based SARS-CoV-2-replication assay
Total RNA was extracted from SARS-CoV-2-infected cells using NucleoSpin RNA extraction kit (Machery-Nagel) following manufac-

turer’s protocol. Reverse transcription (RT) reaction for cDNA synthesis was performed using the high capacity cDNA RT kit

(ThermoScientific). Each cDNA was diluted 1:5 in nuclease free H2O and qPCR was performed using iTaq Universal SYBR green

mastermix (Bio-Rad). Primers for qPCR were designed using Primer3 for SARS-CoV-2-ORF1 (Forward 50- GAGAGCC

TTGTCCCTGGTTT-30, Reverse 50-AGTCTCCAAAGCCACGTACG-30) and HPRT (Forward 50-CCTGGCGTCGTGATTAGTG-30,
Reverse 50-ACACCCTTTCCAAATCCTCAG-30). Relative abundance for SARS-CoV-2 Orf1 mRNA was corrected for PCR efficiency

and normalized to HPRT transcript level.

Image-based SARS-CoV-2-replication assay
Huh7-Lunet-derived cells expressing humanACE2were seeded into 96-well imaging plates (Greiner) and infectedwith SARS-CoV-2.

At 24 h post infection, cells were fixed with paraformaldehyde followed by inactivation with 6% formaldehyde for 30 min. After inac-

tivation, cells were immunostained using antibodies specific for SARS-CoV-2 nucleocapsid (N) protein, and imaging was performed

with a Zeiss Cell Discoverer 7 microscope, followed by image analysis as described earlier (Pahmeier et al., 2021). In short, nuclei

were segmented using the CellProfiler Analyst software package. The segmented nuclear mask was expanded by 5 pixels to obtain

cytoplasmic region and N intensity was measured in this area. Next, a semi-supervised machine learning classification of cells into

N-positive or -negative classes was performed using CellProfiler Analyst. Percentage infected cells and total number of cells

analyzed (minimum 5,000 cells per sample) for ATG5 or ATG16L1 knockout cells was calculated by normalization to their respective

values obtained with control KO cells.

Cell viability assays
Cytotoxicity was measured by using two different assays as specified in the results section. First, we used the CellTiter-Glo Lumi-

nescent Assay kit (Promega), quantifying intracellular ATP content, according to the manufacturer’s instructions. In brief, cells

were lysed by adding an amount of CellTiter-Glo Reagent equal to the cell culture medium volume. After gentle mixing and

10 min incubation at room temperature, luminescence was measured using a Mithras LB940 plate luminometer (Berthold Technol-

ogies). Second, cell cytotoxicity was measured by WST-1 assay (Roche). Cells were seeded into 96 well-plates in triplicates and

cultured for duration indicated in the result section. Culture medium was removed and cells were incubated in 100 ml/well of

WST-reagent at 37�C for 30 min. Cell viability was analyzed by measuring absorbance at 450 nm using a Tecan XFluor4 reader

(Wiesbaden, Germany).

Plaque assay
Plaque assay was performed as described previously (Klein et al., 2020). In short, VeroE6 cells were seeded in duplicate prior to

inoculation with serial 10-fold dilutions of SARS-CoV-2 containing supernatants obtained from the time-course of infection of

Huh7-Lunet/ACE2 and A549/ACE2 cells. After 1 h at 37�C, inoculum was replaced by serum-free MEM (GIBCO, Life Technologies),

supplemented with 0.8% carboxymethylcellulose (Sigma-Aldrich). Cells were fixed three days post infection with formaldehyde for

30 min. Plates were plunged in 6% formaldehyde for inactivation and transported outside the BSL3 area. After washing the plates
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with water, the wells were stained with 1% crystal violet prepared in 10% ethanol for 30 min. After rinsing the plates with water, the

number of plaques was counted and virus titers were calculated.

siRNA-based knockdown (KD)
For siRNA transfection, Huh7-Lunet/T7 cells were seeded at a density of 1x106 cells per 6-cm diameter dish or 5x105 cells per well of

a 6-well plate. Cells were transfected twice with 50 pmole or 25 pmole siRNAs, respectively, at 24-h intervals using the Lipofectamine

RNAiMAX Reagent (Thermo Fisher Scientific) according to the instructions of the manufacturer. For reverse transfection, 3 pmole

siRNA were mixed with 0.25 ml RNAiMAX Reagent and spotted into a well of a 96-well plate. Target A549/ACE2 cells were seeded

at a density of 2x104 cells per well of a 96-well plate and 48-72 h after transfection, cells were further processed as described in the

results section.

Preparation of in vitro transcripts and RNA transfection by electroporation
RNA transcripts were generated from linearized plasmid DNAs by in vitro transcription using 80 mM HEPES (pH 7.5), 12 mMMgCl2,

2 mM spermidine, 40 mM dithiothreitol, 3.125 mM of each nucleotide, 1 U/ml RNasin (Promega), 0.6 U/ml T7 RNA polymerase and

10 mg DNA template. Reaction mixture was incubated at 37�C for 2 h in a total volume of 100 ml. Another 0.3 U/ml T7 RNA polymerase

was added after 2 h incubation and reaction was continued for another 2 h. Reaction was stopped by adding 2 U of RNase-free

DNase (Promega) per mg DNA and 1 h incubation at 37�C. RNA was purified with acidic phenol-chloroform, precipitated with isopro-

panol, and dissolved in RNase-free water.

For RNA transfection, target cells were prepared by trypsinization and resuspended in Cytomix (van den Hoff et al., 1992) supple-

mented with 5 mM glutathione and 2 mM ATP at a concentration of 107 cells/ml. For electroporation, 5 mg (subgenomic) or 10 mg

(genomic) transcripts were mixed with 400 ml cell suspension, cells were transferred into a 0.4-cm cuvette (Bio-Rad) and subjected

to an electrical pulse of 975 mF and 270 V in a Gene Pulser system (Bio-Rad).

Immunofluorescence analysis
Immunofluorescence (IF) was conducted as previously described (Zayas et al., 2016). In brief, cells were fixed with 4% paraformal-

dehyde (PFA) at room temperature for 30 min, or, in the case of SARS-CoV-2 infection, with paraformaldehyde followed by inacti-

vation with 6% formaldehyde for 30 min. Fixed cells were permeabilized in 0.5% Triton X-100/PBS and blocked with 10% FCS/

PBS for 10 min and 1 h respectively. Cells were incubated with primary antibodies (see Key Resources Table for detail) and Alexa

Fluor-conjugated secondary antibodies (Thermo Fisher Scientific) (diluted 1:1,000 in PBS with 10% FCS) for 1 h each. DAPI

(1:500 diluted) was added to the secondary antibody solution for staining of nuclear DNA. IF images were generated with a Leica

TCS SP8 (Leica Microsystems) and analyzed using the ImageJ software package. GFP-DFCP1 or LC3 puncta were counted using

custom-ImageJ pipeline containing the ‘‘Analyzed Particles’’ function.

Western blot analysis
Cell lysates were mixed with 2x sample buffer (120 mM Tris-HCl [pH 6.8], 60 mM SDS, 100 mM DTT, 1.75% glycerol, 0.1% bromo-

phenol blue) and incubated for 15 min at 95�C. Proteins were separated by electrophoresis into SDS - 10% polyacrylamide gels and

transferred to a PVDF membrane. Membranes were blocked with PBST supplemented with 5% skim milk. Primary antibodies (see

Key Resources Table for detail) were diluted in PBST containing 0.5% skimmilk and membranes were incubated with the antibodies

overnight at 4�C. After several washings, membranes were incubated for 1 h at room temperature with the corresponding secondary

antibody. Signals were detected using the Western lightning plus-ECL reagent (PerkinElmer) and an Intas ChemoCam Imager 3.2

(Intas).

Transmission electron microscopy (TEM) and image analysis
Sample preparation was performed as described previously (Paul et al., 2011; Stoeck et al., 2017). Briefly, 24 h after transfection cells

were washed with PBS, fixed for 30 min with CaCo buffer (2.5% glutaraldehyde and 2% sucrose in 50 mM sodium cacodylate, pH

7.4), supplemented with 50 mM KCl, 2.6 mMMgCl2 and 2.6 mM CaCl2, post-fixed with 2% OsO4 and then treated with 0.5% uranyl

acetate. Cells were dehydrated and embedded into Epon resin. After polymerization of the embedded samples, 70 nm thick slices

were generated using a microtome. Images were obtained with a JEOL JEM1400 (JEOL) microscope and processed using the Im-

ageJ software package. DMV number and size were quantified by manually mapping the DMVs using ImageJ.

Correlative light electron microscopy (CLEM)
CLEMwas conducted as reported earlier (Cortese et al., 2020). In brief, cells were seeded onto dishes containing gridded coverslips

(MatTek Corporation). Twenty-four h after transfection with plasmids pTM_NS3-5B_JFH/NS5AEGFP or SARS2_NG-HA-3-4-V5, sam-

ples were first analyzed using a confocal microscope (Nikon) with a 10x objective lens to locate GFP-NS5A- or NeonGreen-positive

cells, and the differential interference contrast (DIC) signal of these cells were acquired for correlation to electronmicroscopy images.

Cells were then fixed and processed for TEM as described above. GFP-positive cells were located in electron microscopy using the

grid coordinates and DIC signals, and their images were acquired and analyzed as described above for TEM.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using the Graphpad Prism software package (V5.03). All statistical details of experiments can

be found in the figure legends. Significance values were calculated by applying 1-way ANOVA, unless stated otherwise in the figure

legends. Statistical significances are depicted by asterisks in the figures as follows: (*) for p < 0.05, (**) for p < 0.01, and (***) for p <

0.001.
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 13 

Figure S1. Functional validation of AGT5 and ATG16L1 KO and replication of 14 

SARS-CoV-2 in different cell lines including KO cell pools. Related to Figure 1. 15 

(A) Huh7-Lunet/T7 cells with ATG5 or ATG16L1 KO were subjected to starvation or 16 

cultured under regular conditions and treated or not with 100 nM Bafilomycin A1 17 

(BafA1) for 2 h prior to fixation. Fixed cells were stained for LC3. Upper-left inserts 18 

show magnifications of white boxed areas in each image. Scale bar for overview 19 



  

 

image, 10 µm; for magnified image, 2 µm. Quantification of a larger set of images is 20 

given in Figure 1E. (B) Replication kinetics of SARS-CoV-2 in Huh7-Lunet/T7/ACE2 21 

and A549/ACE2 cells after infection at different MOIs. Titers of infectious virus were 22 

determined by plaque assay and cell numbers were analyzed by DAPI staining 23 

followed by CellProfiler image analysis. Data represent mean ± SEM from two 24 

independent experiments. (C-E) Huh7-Lunet/T7/ACE2 cells with given ATG KOs or 25 

control KO cells were infected with SARS-CoV-2 at indicated MOI. (C) Total cell 26 

numbers (minimum 5,000 cells per sample) were analyzed by DAPI staining 27 

followed by CellProfiler image analysis at 24 h post-infection. Values were 28 

normalized to those of infected control KO cells (set to 100% as indicated with the 29 

dotted horizontal line). Data represent mean ± SEM from two independent 30 

experiments. (D) Cells were infected as in panel (C) at MOI = 1. After 24 h, virus 31 

replication was determined by measuring the amount of SARS-CoV-2 nucleocapsid 32 

protein using immunostaining. Data represent mean ± SEM from three independent 33 

experiments. (E) Cells were infected with SARS-CoV-2 at MOIs specified on the 34 

bottom and fixed 16 h later. Virus replication was determined using nucleocapsid 35 

protein (N) staining and the percentage of N-positive cells was determined using the 36 

CellProfiler image analysis software package. Percentage infection for ATG5 or 37 

ATG16L1 KO cells was calculated by normalization of values to those obtained with 38 

control KO cells. Normalized data from 3 biologically independent experiments are 39 

plotted. Data represent mean ± SEM from two independent experiments.  40 
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Figure S2 42 

 43 

 44 



  

 

Figure S2. Evaluation of knockdown of the PI3K core components VPS34 and 45 

Beclin1 and impairment of HCV and SARS-CoV-2 replication upon Beclin1 46 

depletion. Related to Figure 2. 47 

(A-B) Pharmacological inhibition of PI3K does not affect PI4P levels. Huh7-Lunet/T7 48 

cells were transfected with the HCV NS3-5B expression construct and on the next 49 

day treated with DMSO or 1 µM PIK-III for 2 h. Fixed cells were stained with PI4P- 50 

and NS5A-specific antibodies. (A) Upper-left inserts show magnifications of white 51 

boxed areas in each image. Scale bar for overview image, 10 µm; for magnified 52 

image, 2 µm. (B) Quantification of PI4P puncta. At least 80 cells were analyzed in 53 

each sample by using the “Analyzed Particles” function in ImageJ. Data represent 54 

mean ± SEM from two independent experiments. ***p<0.001; ns, non-significant. (C) 55 

Huh7-Lunet/T7 cells were transfected with a subgenomic HCV reporter replicon. 56 

After 4 h, cells were treated with different concentrations of drugs given on the top of 57 

each panel. Luciferase activity reflecting HCV replication efficiency and cell viability 58 

were measured at 24 h post-transfection. DCV, Daclatasvir. (D) Beclin 1 depletion by 59 

KD in Huh7-Lunet/T7 and A549/ACE2 cells was determined by western blotting. 60 

GAPDH served as loading control. (E) Left panel: Effect of VPS34 (corresponding to 61 

Figure 2C) and Beclin 1 KD on viability of Huh7-Lunet/T7 cells as determined by 62 

Celltiter Glo assay (measuring ATP content) 24, 48, and 72 h after the last siRNA 63 

transfection. Right panel: Luciferase activity reflecting HCV RNA replication was 64 

measured 24, 48, and 72 h post HCV replicon RNA transfection. (F) Left panel: 65 

Effect of VPS34 (corresponding to Figure 2G) and Beclin 1 KD on viability of 66 

A549/ACE2 cells (measuring ATP content) was determined 24 h after the last siRNA 67 

transfection. Right panel: Percentage of SARS-CoV-2 replication was determined by 68 

N-protein specific immune-staining 24 h post-infection. Data in (C), (E), and (F) 69 

represent the mean ± SEM from three independent experiments.  70 

  71 



  

 

Figure S3 72 

 73 

 74 

 75 

 76 

 77 



  

 

Figure S3. Generation and validation of the intracellular PI3P sensor 78 

GFP-DFCP1. Related to Figure 3. 79 

(A) Schematic depiction of the GFP-DFCP1 and GFP-DFCP1* (mutant) probes. The 80 

latter contains the two given amino acid substitutions disrupting PI3P binding (Axe et 81 

al., 2008). (B, C) Huh7-Lunet/T7 cell pools stably expressing GFP-DFCP1 were 82 

subjected to starvation or cultured under normal conditions (control) and treated or 83 

not with 1 µM PIK-III for 2 h. (B) Representative confocal microscopy images 84 

showing the subcellular distribution of GFP-DFCP1. Upper-left inserts show 85 

magnifications of white boxed areas. (C) Quantification of GFP-DFCP1 puncta. At 86 

least 80 cells were analyzed for each condition. (D, E) Huh7-Lunet/T7 cells stably 87 

expressing the sensor mutant GFP-DFCP1* were treated and analyzed as 88 

described for (B) and (C). Scale bar for overview image, 10 µm; for magnified image, 89 

2 µm. All data represent mean ± SEM from three independent experiments. 90 

***p<0.001. 91 
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Figure S4 93 



  

 

Figure S4. NS5A is required for HCV NS3-5B induced increase of PI3P. Related 94 

to Figure 3. 95 

Huh7-Lunet/T7 cells stably expressing GFP-DFCP1 were transfected with the HCV 96 

NS3-5B expression plasmid encoding either NS5A wildtype (WT) or NS5A Y93H, a 97 

mutation conferring high-level resistance to the NS5A inhibitor Daclatasvir (DCV). 98 

After 5 h, cells were treated with 1 nM DCV and cells were fixed 24 h after 99 

transfection. (A) Representative confocal microscopy images showing the 100 

subcellular distribution of GFP-DFCP1 and NS5A. Upper-left inserts show 101 

magnifications of white boxed areas. (B) Quantification of GFP-DFCP1 puncta. At 102 

least 50 cells were analyzed for each condition. Scale bar for overview image, 10 103 

µm; for magnified image, 2 µm. Data represent mean ± SEM from two independent 104 

experiments. ***p<0.001; ns, no significant. 105 
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Figure S5 107 

 108 

 109 

 110 

Figure S5. SARS-CoV-2 nsp3-4 expression increases intracellular PI3P levels. 111 

Related to Figure 3. 112 

Huh7-Lunet/T7 cells stably expressing GFP-DFCP1 were transfected with the 113 

SARS-CoV-2 HA-nsp3-4-V5 expression construct to induce the formation of DMVs. 114 

After 24 h, cells were treated with 1 µM PIK-III for 2 h prior to fixation. (A) 115 

Representative confocal microscopy images showing the subcellular distribution of 116 

GFP-DFCP1 and SARS-CoV-2 HA-nsp3. Upper-left inserts show magnifications of 117 

white boxed areas. (B) Quantification of GFP-DFCP1 puncta. At least 60 cells were 118 

analyzed for each condition. Scale bars for overview images, 10 µm; for magnified 119 

images, 2 µm. Data represent mean ± SEM from two independent experiments. 120 

***p<0.001. 121 
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Figure S6 127 

 128 
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Figure S6. No evidence for enhanced degradation of HCV NS3-5B and 130 

SARS-CoV-2 nsp3-4 upon pharmacological inhibition of PI3K. Related to Figure 131 

4. 132 

(A-B) Huh7-Lunet/T7 cells were transfected with the HCV NS3-5B expression 133 

plasmid. After 5 h, 1 µM PIK-III was added to the cells that were lysed or fixed 24 h 134 

after transfection to measure cell viability or NS5A, respectively. (A) Cell viability was 135 

determined using WST-1 assay. Data represent mean ± SEM from two independent 136 

experiments. (B) Fixed cells were stained for NS5A and nuclear DNA was stained 137 

with DAPI. NS5A signal intensity from 5 randomly selected areas was quantified by 138 

using ImageJ. Scale bar, 30 µm. (C-F) Huh7-Lunet/T7 cells were transfected with 139 

the SARS-CoV-2 HA-nsp3-4-V5 expression plasmid and 24 h later, 1 µM PIK-III was 140 

added to the cells. After 48 h, cells were lysed or fixed for further analysis. (C) Cell 141 

viability was determined by using WST-1 assay. (D) Fixed cells were stained for 142 

HA-nsp3 by using a HA-specific antibody and signal intensity from 5 randomly 143 

selected areas was quantified using ImageJ. Scale bar, 30 µm. Data in (A-D) 144 

represent mean ± SEM. In (B) and (D), ns, not significant, according to two tailed, 145 

unpaired Student’s t-test. (E, F) Fixed cells were stained for (E) HA-nsp3 and LC3, or 146 

(F) HA-nsp3 and LAMP1. The boxed area in the overview panel in the right indicates 147 

the magnified region that is displayed in the other panels. Scale bars in the overview 148 

and enlarged section represent 10 µm and 2 µm, respectively. The degrees of 149 

colocalization between HA-nsp3 and LC3, or LAMP1 and LC3, were quantified by 150 

determining Pearson’s correlation coefficients. Analyses are based on at least 20 151 

cells per condition. Data in (E) and (F) represent mean ± SEM from two independent 152 

experiments. ns, not significant, according to two tailed, unpaired Student’s t-test.  153 
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Table S1. Oligonucleotides. Related to STAR METHODS. 155 

 156 

Oligonucleotide name: Sequence Source Identifier 

siRNA: NT Control Life Technologies  4390846 

siRNA: VPS34 #1:  

GCUUAGACCUGUCGGAUGATT 
Life Technologies  s10519 

siRNA: VPS34 #2: 

GCAUGGAGAUGAUUUACGUTT 
Life Technologies  s10518 

siRNA: Beclin 1 #1: 

CAGUUACAGAUGGAGCUUAATT 
Life Technologies  s16537 

siRNA: Beclin 1 #2: 

CAGAUACUCUUUUAGACCATT 
Life Technologies  s16539 

siRNA: DFCP1 #1:  

GGAUGGGUCUCGCAAAAUATT 
Life Technologies  s28712 

siRNA: DFCP1 #2: 

GGAUGUAAGAAAAGCAUGATT 
Life Technologies  s28713 

PCR primer: GFP-DFCP1_BamHI_F:  

AAAAGGATCCGCCACCATGGTGAGCAA

GGGCGAG 

Merck, Darmstadt, Germany N/A 

PCR primer: GFP-DFCP1_NotI_R: 

AAAAGCGGCCGCTTAAAGGTCACCGGG

CTTTTTATTG 

Merck, Darmstadt, Germany N/A 

PCR primer: DFCP1_FYVE*1_F: 

AGTCGGTGTCCGAGCTTAGCCTTGGAC

CCACCAAGG 

Merck, Darmstadt, Germany N/A 

PCR primer: DFCP1_FYVE*1_R: 

CCTGGCTTCGTAGCTGTTGTCACAGAC 
Merck, Darmstadt, Germany N/A 

PCR primer: DFCP1_FYVE*2_F: 

TGACAACAGCTACGAAGCCAGGAACG 
Merck, Darmstadt, Germany N/A 

PCR primer: DFCP1_FYVE*2_R: 

TGCGGCCGCTTAAAGGTCACCGGGCTT

TTTATTGCTGTTG 

Merck, Darmstadt, Germany N/A 

PCR primer: piRO_SARS2_F: 

CACCTGATAATCTAGATAAGCACCAATC

TTAGTGTTG 

Merck, Darmstadt, Germany N/A 

PCR primer: piRO_SARS2_R: 

TGGCACGCGTGAATTCGGGCCCGGGAT

TTTCCT 

Merck, Darmstadt, Germany N/A 
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