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SUMMARY

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) hijacks multiple
human proteins during infection and viral replication. To examine whether any
viral proteins employ human E3 ubiquitin ligases, we evaluated the stability of
SARS-CoV-2 proteins with inhibition of the ubiquitin proteasome pathway. Using
genetic screens to dissect themolecular machinery involved in the degradation of
candidate viral proteins, we identified human E3 ligase RNF185 as a regulator of
protein stability for the SARS-CoV-2 envelope protein. We found that RNF185
and the SARS-CoV-2 envelope co-localize to the endoplasmic reticulum (ER).
Finally, we demonstrate that the depletion of RNF185 significantly increases
SARS-CoV-2 viral titer in a cellular model. Modulation of this interaction could
provide opportunities for novel antiviral therapies.
1Department of Medical
Oncology, Dana-Farber
Cancer Institute, Boston, MA
02215, USA

2Broad Institute of MIT and
Harvard, Cambridge, MA,
USA

3Department of
Microbiology, Boston
University School of Medicine
and NEIDL, Boston
University, Boston, MA 02118,
USA

4Department of Cancer
Biology, Dana-Farber Cancer
Institute, Boston, MA 02215,
USA

5Department of Biological
Chemistry and Molecular
Pharmacology, Harvard
Medical School, Boston, MA
02115, USA

6Division of Hematology,
Department of Medicine,
Brigham and Women’s
Hospital, Harvard Medical
School, Boston, MA, USA

7Howard Hughes Medical
Institute, Boston, MA, USA

8Lead contact

*Correspondence:
benjamin_ebert@dfci.
harvard.edu (B.L.E.),
slabicki@broadinstitute.org
(M.S.)

https://doi.org/10.1016/j.isci.
2023.106601
INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is responsible for the current devastating

global pandemic. While vaccines have achieved tremendous success, morbidity and mortality from

SARS-CoV-2 continues to be a public health crisis due to evolution of new viral variants, infections in unvac-

cinated or immunocompromised individuals, and breakthrough infections in those who have been

vaccinated.

Several SARS-CoV-2 antiviral therapies are in clinical use or development, including antibody cocktails that

aim to block the receptor-binding domain of the SARS-CoV-2 spike protein1, small molecules that inhibit

the host RNA polymerase,2,3 small molecules that incorporate missense mutations into newly synthesized

viral RNA,4 and small-molecule inhibitors of the viral main protease (MPro).5 Efforts to understand the viral

cycle and map the function of each SARS-CoV-2 protein have identified potential antiviral targets.6,7

Comprehensive CRISPR-Cas9 screens have revealed several mammalian host genes critical for viral entry

and replication including the ACE2 receptor,8 HMGB1, the SWI/SNF chromatin remodeling complex,9

and the lysosomal proteins TMEM106B10 and TMEM41B.11

Some viral proteins modulate the ubiquitin-proteasome system (UPS) by redirecting E3 ubiquitin ligases to

target and degrade host proteins, augmenting viral infection.12 For example, the human papillomavirus E6

oncoprotein redirects the UBE3A ubiquitin ligase to induce degradation of the tumor suppressor p53.13

Among coronaviruses, SARS-CoV ORF-9b hijacks two ubiquitin ligases, PCBP2 and AIP4, to degrade

MAVS, TRAF3, and TRAF6, thereby impairing the host interferon response.14 It was recently reported

that SARS-CoV-2 ORF10 interacts with CUL2-ZYG11B,6 though it is not yet clear whether this interaction

is required for infection.15 Though less well studied, it is also likely that host E3 ligases regulate viral protein

stability, providing a mechanism for viral peptide quality control and clearance.

Targeted protein degradation has emerged as a powerful pharmacologic approach to alter the abundance

of proteins in cells.16,17 One potential antiviral strategy is tomodulate the interaction of a viral protein with a

host ubiquitin ligase using a small molecule to promote its removal by the UPS. We used CRISPR screens to

identify SARS-CoV-2 proteins targeted for degradation by human E3 ubiquitin ligases. Such E3 ligase–viral
iScience 26, 106601, May 19, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:benjamin_ebert@dfci.harvard.edu
mailto:benjamin_ebert@dfci.harvard.edu
mailto:slabicki@broadinstitute.org
https://doi.org/10.1016/j.isci.2023.106601
https://doi.org/10.1016/j.isci.2023.106601
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106601&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


0

1

2

3

O
rf

3b

O
rf

6

O
rf

10

O
rf

8

O
rf

9c

E
nv

el
op

e

N
sp

7

N
sp

6

N
sp

16

N
sp

8

O
rf

7b

O
rf

9b

O
rf

7a

N
sp

2

N
sp

15

N
sp

14

N
sp

10

N
uc

le
op

ro
te

in

N
sp

5

N
sp

9

O
rf

3a

eG
F

P
S

A
R

S
 C

oV
2 

/ m
C

he
rr

y 
 [T

re
at

m
en

t /
 D

M
S

O
]

MLN7243 MG132 MLN4924 No Treatment

EGFP mCherryIRESSARS-CoV-2
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Figure 1. The stability of SARS-CoV-2 proteins in HEK293T cells

(A) Schematic overview of protein stability assay for SARS-CoV-2 proteins.

(B) Flow cytometry analysis of SARS-CoV-2 protein stability reporters after 6 h of treatment with 10 mM of MG132, 1 mMMLN7243, 1 mMMLN4924, or DMSO

(bars represent mean, n = 3). Black line represents mean eGFP/mCherry expression of non-treated cells; red line represents a 30% increase of expression.
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protein interacting pairs can serve as starting points for the identification of molecular glues that

strengthen such interactions and boost antiviral activity.

RESULTS

Identification of SARS-CoV-2 proteins degraded by the human ubiquitin-proteasome system

We first sought to identify SARS-CoV-2 proteins that are degraded by human E3 ubiquitin ligases. To

monitor the stability of SARS-CoV-2 proteins, we generated a set of fluorescent reporter constructs.

Each construct contains the sequence of a single, full-length SARS-CoV-2 protein fused in-frame with

GFP, eGFP, followed by an internal ribosome entry site and red fluorescent protein, mCherry, for signal

normalization (Figure 1A).18 Out of 28 SARS-CoV-2 proteins, we successfully generated 21 reporter cell

lines in human HEK293T cells (Table S1).

To test whether stability of the viral proteins is influenced by the UPS, we treated reporter-expressing cells

with a ubiquitin-activating enzyme inhibitor (MLN7243), a 26S proteasome inhibitor (MG132), or a neddy-

lation inhibitor (MLN4924), and monitored eGFP/mCherry expression levels of treated cells using flow cy-

tometry normalized to untreated controls (Figure 1B). Inhibitor treatment affected the levels of eGFP-

SARS-CoV-2 proteins without affecting the mCherry controls (Figure S1). If the levels of eGFP/mCherry

expression increased over 30% upon inhibitor treatment (p value <0.01), we considered the SARS-CoV-2

protein reporter to be destabilized by the human UPS. As expected, all reporters that were stabilized by

MLN7243 E1 inhibitor treatment were also stabilized by inhibition of proteasome with MG132. Treatment

with MLN4924, however, did not change the stability of any SARS-CoV-2 eGFP fusions, indicating that no

SARS-CoV-2 proteins are degraded by cullin ring E3 ligases in the cell line tested.19 By our criteria, ten out

of the twenty-one SARS-CoV-2 fusion proteins tested here are degraded by the human UPS (Figure 1B).
2 iScience 26, 106601, May 19, 2023
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Genetic screens for human E3 ligases that destabilize SARS-CoV-2 proteins

We next sought to identify the specific E3 ubiquitin ligase components responsible for destabilization of

the ten identified SARS-CoV-2 proteins. We transduced the reporter-expressing HEK293T cell line with a

single-guide RNA (sgRNA) library targeting �700 E3 ligases, E2 conjugating enzymes, and deubiquitinat-

ing enzymes (DUBs).20,21 The fluorescent reporter cell lines were sorted into four populations based on

eGFP/mCherry ratio ((Gate A) bottom 5%, (Gate B) bottom 5%–10%, (Gate C) top 5%–10%, (Gate D) top

5%)) (Figure 2A). Cells sorted into Gates A and B had reduced eGFP/mCherry expression, indicating rela-

tively enhanced degradation of the SARS-CoV-2 eGFP fusion protein, whereas cells sorted into Gates C

and D had relatively increased stability of SARS-CoV-2 eGFP fusion protein. After sorting, cell pellets

were lysed and sgRNAs were amplified and quantified by next-generation sequencing. We compared

sgRNAs read counts from the SARS-CoV-2 most stable population (Gate D) to the most unstable popula-

tion (Gate A).

For eight out of the ten SARS-CoV-2 protein reporters screened, the genetic screen revealed significant

enrichment for at least one E3 ligase (Figures 2B, 2C and S2). Two of the most significantly enriched ligases

in the stable population compared to the unstable population were RNF185, in the SARS-CoV-2 envelope-

eGFP screen (Figure 2B), and SYVN1, in the SARS-CoV-2 Orf8-eGFP screen (Figure S3A). The E3 ubiquitin-

protein ligase UBE3C, which scored in six screens, has been shown to influence the rate of degradation for

domains fused to eGFP,22 and was therefore excluded as a potential assay artifact.
Validation of E3 ligases that induce degradation of SARS-CoV-2 proteins

We next validated the two identified pathogen-host pairs, envelope – RNF185 and Orf8 – SYVN1, in addi-

tional cellular contexts. We tested the effect of UPS inhibitors on the stability of envelope-eGFP and Orf8-

eGFP fusions in A549 (lung epithelial) cells and K562 (acute myeloid leukemia) cells. We treated the re-

porter cell lines with a set of ubiquitin-proteasome inhibitors and monitored the levels of SARS-CoV-2

eGFP fusion. For the SARS-CoV-2 envelope protein, we observed an increase of protein stability in A549

and K562 cells upon the treatment with MLN7243 andMG132 (p.value <0.01), but not MLN4924, consistent

with the results for HEK293T cells (Figures S3B and S3C). The SARS-CoV-2 Orf8 protein was stabilized upon

MLN7243 and MG132 treatment in HEK293T and K562 cells, but not in the A549 cell line (Figure S3D), sug-

gesting that one or more factors were needed to regulate the envelope protein, and that ORF8 is differen-

tially expressed in these cell lines.

We next sought to validate the E3 ligases that scored in our genetic screens, RNF185 and SYVN1, by tar-

geting them with multiple independent sgRNAs in three cell lines. We knocked out RNF185 and SYVN1

with four sgRNAs each and compared the levels of SARS-CoV-2 envelope protein or Orf8 in the eGFP/

mCherry expression system to a non-targeting control guide by flow cytometry. CRISPR-Cas9 knockout

of RNF185 efficiently depleted RNF185 protein levels (Figure 2D), which resulted in increased expression

of SARS-CoV-2 envelope-eGFP by 2- to 3-fold in all cell lines tested (p.value <0.01) (Figure 2E), validating

the involvement of RNF185 in the stability of the envelope protein. The knockout of SYVN1 in HEK293T and

K562 cells significantly increased levels of SARS-CoV-2 Orf8-GFP (Figure S3D), but not in A549 cells.
RNF185 colocalizes with the SARS-CoV-2 envelope protein

Since RNF185 knockout consistently rescued envelope protein degradation across multiple individual

sgRNAs and three cell lines, we decided to focus on this E3 ligase. RNF185 has previously been shown

to form an endoplasmic reticulum (ER)-associated protein degradation (ERAD) complex involved in quality

control of proteins on the ER membrane.23,24 To investigate the cellular localization of the RNF185 and en-

velope proteins, HEK293T cells stably expressing the SARS-CoV-2 envelope-eGFP fusion protein cells were

transfected with a RNF185-iRFP720 fusion construct and stained with an ER dye. RNF185 and the SARS-

CoV-2 envelope protein partially co-localized with the ER marker (Figure 3A).

Prior studies have demonstrated that TMEM259 is necessary for ubiquitin ligase RNF185 function in the

context of the ERAD complex for the quality control of membrane proteins.23 To examine whether this

complex is needed for targeting the viral envelope protein, we used CRISPR-Cas9 to knock out

TMEM259 and monitored SARS-CoV-2 envelope protein levels by flow cytometry. Depletion of

TMEM259 by sgRNAs increased the stability of SARS-CoV-2 envelope protein (Figure 3B), confirming

that an ERAD complex member is involved in modulating SARS-CoV-2 envelope levels.
iScience 26, 106601, May 19, 2023 3
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Figure 2. Functional genomic screens identified RNF185 ligases for SARS-CoV-2 envelope stability

(A) Schematic of CRISPR sorting screen of the SARS-CoV-2 protein stability. Reporter cell lines were transduced with Bison CRISPR sgRNA library (713 E1, E2,

and E3 ubiquitin ligases, deubiquitinases, and control genes containing 2,852 sgRNAs), cultured for 8 days, then sorted into 4 gates based on GFP/mCherry

ratio. (Gate A: bottom 0%–5%; Gate B: bottom 5%–10%; Gate C: top 90%–95%; Gate D: top 95%–100%).

(B) CRISPR-Cas9 sorting screen for cells with altered stability of SARS-CoV-2 envelope. Guides were collapsed to gene levels (n = 2, four guides per gene,

two-sided empirical ran-sum test-statistic, horizontal dashed line indicates p value = 0.0005, vertical dashed line indicates fold change of 2, vertical dot line

indicates fold change of 1.6). Normalized read count for sgRNAs targeting RNF185 is shown.

(C) Flow cytometry analysis of degradation of SARS-CoV-2 envelope in a panel of three cell lines after 6 h of treatment with 10 mM of MG132, 1 mMMLN7243,

1 mM MLN4924, or DMSO (** p value <0.01, ns – not significant).

(D) Immunoblots of RNF185 levels after infection with sgRNF185 or sgNTC.

(E) Flow cytometry analysis of SARS-CoV-2 envelope reporter stability following single-guide knockout of RNF185 across three different cell lines (* p value

<0.05, ** p value <0.01).
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RNF185 is involved in the degradation of SARS-CoV-2 clinical variants as well as SARS-CoV

envelope proteins

Since initial isolation of SARS-CoV-2, the envelope protein has been one of the most rapidly evolving pro-

teins for subsequent variants of the virus. The most common mutations in the SARS-CoV-2 envelope pro-

tein are in the C-terminus of the protein (amino acids (aa) 55–73) and the transmembrane domain (aa 9). To

test whether RNF185 is still able to modulate envelope protein levels in these variants, we expressed them

as eGFP fusions in HEK293T cells. Depletion of RNF185 increases the levels of SARS-CoV-2 envelope for all

variants tested (Figure 4A).

SARS-CoV is closely related toSARS-CoV-2 and their envelopeproteins share a highdegree of protein sequence

homology (91% sequence identity), while the MERS envelope protein is more distinct (35% sequence identity)

(Figure 4B). Having observed RNF185-mediated degradation of the SARS-CoV-2 envelope protein, we sought

to determine whether degradation of the SARS-CoV and MERS envelope proteins is mediated by the same

E3 ligase. The SARS-CoV andMERS envelope proteins were fused to eGFP in our reporter vector and expressed

in HEK293T cells. We observed that sgRNA targeting RNF185 stabilized protein levels for both the SARS-CoV-2

and the SARS-CoV envelope proteins, albeit to a greater degree for SARS-CoV-2, indicating that RNF185 is

involved in the degradation of the envelope protein of both SARS viruses. In contrast, the MERS envelope pro-

tein stability was not affected by RNF185depletion (Figure 4C) consistent with observeddifferences between the

sequences of the envelope protein in MERS compared to that of SARS-CoV and SARS-CoV-2.

RNF185 knockout increases SARS-CoV-2 viral titer

To examine whether RNF185 is relevant to SARS-CoV-2 virus production, we examined viral titer in host

cells with RNF185 inactivation. We knocked out RNF185 in A549-ACE2 cells using CRISPR/Cas9 and in-

fected the cells with three SARS-CoV-2 strains: WA, Beta, or Delta.25 Three days following infection, viral

titers were measured by a PCR release assay. Knockout of RNF185 resulted in a�60% increase in viral titers

for all three SARS-CoV-2 strains which was statistically significant for the Beta and Delta variants (Figure 5).

DISCUSSION

In this study, we systematically examined whether SARS-CoV-2 proteins are destabilized by human E3 ubiq-

uitin ligases, and we report that RNF185 induces degradation of the SARS-CoV-2 envelope protein. We
iScience 26, 106601, May 19, 2023 5
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demonstrated that the SARS-CoV-2 envelope colocalizes with RNF185. Furthermore, depletion of

TMEM259, a member of the ERAD complex required for RNF185 function, phenocopies the effect of

RNF185 knockout. Our results demonstrate that RNF185 modulates envelope protein levels for several

SARS-CoV-2 clinical variants and for SARS-CoV, but not for MERS. Finally, in viral titer assays, depletion

of RNF185 increased viral titer, demonstrating that the role of RNF185 in regulating envelope protein levels

has biological consequences for virus production.
6 iScience 26, 106601, May 19, 2023
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RNF185 is a non-cullin E3 ubiquitin ligase that is part of the ERAD family of E3 ligases and is important for

quality control of ER-synthesized proteins, targeting misfolded or unfolded proteins for degradation to

reduce cellular stress.23 RNF185 was previously implicated in cGAS-mediated innate immune response

upon HSV-1 infection,22 suggesting that RNF185 may be more broadly involved in viral pathogenic

processes.

The SARS-CoV-2 envelope protein is synthesized in the ER and subsequently trafficked to theGolgi and ER-

Golgi intermediate compartment where it is involved in multiple steps of the viral life cycle: viral assembly,

budding, viral release, and inflammasome activation.26 Our results indicate that RNF185 is involved in

degradation of the envelope protein. The SARS-CoV-2 envelope protein has been suggested to be a

good target for an antiviral therapeutic that induces protein degradation as it would inhibit viral entry, repli-

cation, and assembly.27

In multiple cases, a small molecule can augment ubiquitination by a protein’s cognate E3 ligase. For

example, small-molecule-induced polymerization of the transcriptional repressor BCL6 leads to its

enhanced ubiquitination and degradation by the E3 ligase SIAH1,19 and small-molecule enhancement of

the protein-protein interaction between the transcription factor b-catenin and its endogenous E3 ligase

SCFb�TrCP28 leads to degradation of b-catenin. A small molecule that increases the affinity of the SARS-

CoV-2 envelope protein to RNF185 could be an effective antiviral treatment strategy to reduce the effective

concentration of viral structural components, lowering the barrier to ubiquitination and clearance. In addi-

tion, a small-molecule binder to the envelope protein could increase the retention time of the SARS-CoV-2

envelope protein in the ER, leading to enhanced degradation by the RNF185 E3 ubiquitin ligase. The

finding that RNF185 degrades SARS-CoV-2 envelope protein provides a rationale for seeking small mole-

cules that strengthen this interaction, thereby enhancing degradation of the SARS-CoV-2 envelope pro-

tein, resulting in antiviral activity.

Limitations of the study

A potential limitation of this study is that we only evaluated the stability of SARS-CoV-2 proteins in human

HEK293T cells, which may not fully represent the diverse range of host cells and tissues infected by the virus

in vivo. While this study identified a potential target for antiviral therapeutics, additional research is

required to explore the biochemical and structural basis for the impact of RNF185 on SARS-CoV-2 enve-

lope protein stability and the therapeutic potential of modulating the interaction between RNF185 and

the envelope protein.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal GFP Cell Signaling Technology Cat#2555S

Rabbit RNF185 Polyclonal Antibody ThermoFisher Scientific Cat#PA5-78615

Mouse beta-actin Antibody Cell Signaling #3700

Bacterial and virus strains

Stbl3 ThermoFisher Scientific Cat#C737303

SARS-CoV-2 WA (hCoV-19/USA-WA1/2020) BEI Cat#NR-52281

SARS-CoV-2 Beta (B.1.351, hCoV-19/South

Africa/KRISP-K005325/2020)

BEI Cat#NR-55282

SARS-CoV-2 Delta (B.1.617,

hCoV-19/USA/MA-NEIDL-01399/2021)

Dr. John H. Connor N/A

Chemicals, peptides, and recombinant proteins

MG132 Selleckchem Cat#S2619

TAK (MLN7243) Selleckchem Cat#S8341

Pevonedistat (MLN4924) Selleckchem Cat#S7109

TRIzol LS Ambion 10296028

Chloroform/Isoamyl Alcohol Acros Organics 327155000

Isopropanol Fisher Bioreagents BP2618-1

Ethanol Fisher Bioreagents BP2818-500

Critical commercial assays

Cell Navigator� Live Cell Endoplasmic

Reticulum (ER) Staining Kit *Blue Fluorescence*

AAT Bioquest Cat#22636

Luna Universal Probe One Step RT-qPCR Kit NEB Cat#E3006

2019-nCoV RUO Kit IDT Cat#10006713

TransIT-L-LT1 Transfection Reagent Mirus Cat # MIR 2300

Experimental models: Cell lines

Human: HEK293T-cas9 Broad Institute https://www.atcc.org/products/crl-3216

Human: K562-cas9 Broad Institute https://www.atcc.org/products/ccl-243

Human: A549-cas9 Broad Institute https://www.atcc.org/products/ccl-185

Human: A549 ATCC Cat#CCL-185

African Green Monkey Kidney: VeroE6 ATCC Cat#CRL-1586

Oligonucleotides

sgRNA sequence: RNF185_A

Forward:

CACCGCATCTTACCTGATGTAAACA

Reverse:

AAACTGTTTACATCAGGTAAGATGC

IDT N/A

sgRNA sequence: RNF185_B

Forward:

CACCGCTGAGAACTCCAGTGCAGGG

Reverse:

AAACCCCTGCACTGGAGTTCTCAGC

IDT N/A

(Continued on next page)
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sgRNA sequence: RNF185_C

Forward:

CACCGGGAGACCAGACCTAACAGAC

Reverse:

AAACGTCTGTTAGGTCTGGTCTCCC

IDT N/A

sgRNA sequence: RNF185_D

Forward:

CACCGGTGGCCACACAGGCTGATGA

Reverse:

AAACTCATCAGCCTGTGTGGCCACC

IDT N/A

sgRNA sequence: SYVN1_A

Forward:

CACCGCCTCCAGAGTGAGAACCCCT

Reverse:

AAACAGGGGTTCTCACTCTGAGGC

IDT N/A

sgRNA sequence: SYVN1_B

Forward:

CACCGCTTGACTCACAAAGTCCACA

Reverse:

AAACTGTGGACTTTGTGAGTCAAGC

IDT N/A

sgRNA sequence: SYVN1_C

Forward:

CACCGGTATGGAAAATGTGGTTGCA

Reverse:

AAACTGCAACCACATTTTCCATACC

IDT N/A

sgRNA sequence: TMEM259_A

Forward:

CACCGACACGCAGGATGCCCTCACG

Reverse:

AAACCGTGAGGGCATCCTGCGTGTC

IDT N/A

sgRNA sequence: TMEM259_B

Forward:

CACCGCAAGCCGCCGAGTAGCACAG

Reverse:

AAACCTGTGCTACTCGGCGGCTTGC

IDT N/A

Recombinant DNA

Cilantro 2 Addgene Plasmid #74450

Bison sgRNA library Addgene Cat# 169942

lentiCas9-Blast Addgene Cat# 52962

lentiGuide-Puro Addgene Cat# 52963

Software and algorithms

FlowJo�10 BD Biosciences N/A

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

R https://www.r-project.org/ https://www.r-project.org/

R Studio https://www.rstudio.com/

products/rstudio/download/

https://www.rstudio.com/

products/rstudio/download/
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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, Mikołaj Słabicki (slabicki@broadinstitute.org).
Material availability

Plasmids and all unique reagents generated in this study are available from the lead contact with a

completed material transfer agreement.

Data and code availability

d Additional Supplemental Items are available from Mendeley Data at https://data.mendeley.com/

datasets/h6rn55h86x/1.

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.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T-Cas9 and Vero E6 cells were cultured in DMEM (Gibco) and A549-Cas9, K562-Cas9 cells were

grown in RPMI (Gibco), both supplemented with 10% fetal bovine serum (FBS) (Invitrogen), glutamine (In-

vitrogen), and penicillin-streptomycin (Invitrogen) at 37�C and 5% CO2.
Generation of stability constructs

SARS-CoV-2 proteins (Table S1) were synthesized and cloned by Twist Bioscience into ‘Cilantro2’ vector

(Addgene 74450, PGK target–eGFP–IRES–mCherry, puromycin resistance).
Lentivirus production

In a 96-well plate format, 11,000 HEK293T cells were seeded per well in 100 mL medium. The next day, 0.1 mL

of TransIT-LT1 (Mirus, MIR2305) was added to 5 mL of OPTI-MEM (Invitrogen), incubated for 5 min at room

temperature and combined with a mixture containing 28.9 ng of the SARS-CoV-2 - eGFP fusion protein sta-

bility plasmid, 166.7 ng psPAX2 and 16.7 ng pVSV-G in 3.3 mL OPTI-MEM. The solution was incubated for

30 min at room temperature and 10 mL was added to HEK293T cells in a dropwise manner. The lentivirus

containing medium was collected two days after transfection and stored at – 80 �C.
Lentiviral transduction

Cells were transduced by spin infection. 30,000 cells per well in 100 mL of culture mediumwas transferred to

a well of a 96-well plate. 20% (v/v) of virus was added, which typically results in infection of 10–20% of cells

(MOI 0.1–0.23). The plates were centrifuged for 2 h (2,200 rpm, 37�C). Two days post infection, cells were

selected with puromycin at a concentration of 2 mg/mL.
SARS-CoV-2 stability assay

A total of 1.2 3 105 HEK293T-Cas9 cells stably expressing a SARS-CoV-2 stability construct were seeded in

96-well plate. 24 h post seeding, cells were either untreated, treated with 1 mM E1 inhibitor (MLN7243),

treated with 10 mM 26S proteasome inhibitor treated (MG132), or treated with 1 mM neddylation inhibitor

(MLN4924). 6 h post treatment, cells were detached using Trypsin (Gibco) and analyzed by flow cytometry

on the BD LSRFortessa. Mean eGFP/mCherry signal was calculated using FlowJo and subsequently

normalized to the DMSO treated sample of each reporter. All degradation assays in HEK293T were per-

formed in triplicate, in A549 in four replicates, and in K562 in six replicates. Geometric means of eGFP

and mCherry fluorescent signals for live and mCherry-positive cells were exported using flow cytometry

analysis software (FlowJo, BD Biosciences). Ratios of eGFP to mCherry were normalized to the average

of DMSO-treated controls.
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BISON SARS-CoV-2 reporter screen in HEK293T cells

The BISON CRISPR library targets 713 E1, E2, and E3 ubiquitin ligases, deubiquitinates, and control genes,

contains 2,852 sgRNAs, and was cloned into the pXPR003 vector as previously described.20 The virus for the

library was produced in a T-175 flask format, as described above in ‘lentivirus production’ with the following

adjustments: 1.8 3 107 HEK293T cells in 25 mL complete DMEM medium, 244 mL TransIT-LT1, 5 mL OPTI-

MEM, 32 mg of library, 40 mg psPAX2 and 4 mg pVSV-G in 1 mL OPTI-MEM. Ten per cent (v/v) of BISON

CRISPR library was added (MOI �0.5–0.7) to a 6-well plate of 2.2 3 106 HEK293T-Cas9 cells in 2 mL of

cell culture medium per well, repeated for each stability construct. Cells were spin infected (2200 rpm,

2 h at 37�C) and selected with 2 mg/mL puromycin 24 h post transduction. On the eighth day, cells were

sorted on a Sony MA900 Multi-Application Cell Sorter using fluorescence-activated cell sorting (FACS).

Four populations were collected (top 5%, top 5–10%, bottom 5–10% and bottom 5%) based on the

eGFP/mCherry ratio. For each condition, at least 100 3 106 cells were subjected to sorting. Sorted popu-

lations were collected by centrifugation (5000 rpm, 5 min) and their cell pellets were flash-frozen in dry ice.

Sorted cell pellets were resuspended in 100 mL direct lysis buffer (1 mM CaCl2, 3 mM MgCl2, 1 mM EDTA,

1% Triton X-100, Tris pH 7.5) with freshly supplemented 0.2 mg/mL proteinase K. Lysates were incubated at

65�C for 15 min then 95�C for 10 min. A 25 mL volume of this mix was used for library amplifications in each

sorted sample in a 50 mL reaction volume 0.04U Titanium Taq (Takara Bio 639210), 0.53 Titanium Taq

buffer, 800 mM dNTP mix, 200 nM P5-SBS3 forward primer, 200 nM SBS12-pXPR003 reverse primer),

94�C for 5 min, 15 cycles of [94�C for 30 s, 58�C for 15 s, 72�C for 30 s], 72�C for 2 min. Two microlitres of

the first PCR reaction was used as the template for 15 cycles of the second PCR, in which Illumina adapters

and barcodes were added (0.04U Titanium Taq (Takara Bio 639210), 13 Titanium Taq buffer, 800 mM dNTP

mix, 200 nM SBS3-Stagger-pXPR003 forward primer, 200 nM P7-barcode-SBS12 reverse primer). An equal

amount of all samples was pooled and subjected to preparative agarose electrophoresis followed by gel

purification (Qiagen). Eluted DNA was further purified by NaOAc and isopropanol precipitation. Amplified

sgRNAs were quantified using the Illumina NextSeq platform.
Data analysis of CRISPR-Cas9 knockout screens

Our data analysis pipeline consisted of the following steps: (1) Normalize each sample to the total number

of reads. (2) For each guide, calculate the ratio of reads in the stable versus unstable sorted gate and

rank the sgRNAs. (3) Sum the ranks for each guide across all replicates. (4) Determine the gene rank as

themedian rank of the four guides targeting it. (5) Calculate p values by simulating a distribution with guide

RNAs that have randomly assigned ranks over 100 iterations. The R scripts for these steps were previously

published.20
Generation of CRISPR-Cas9 knock-out cells

sgRNAs targeting genes of interest were cloned into the sgRNA.EFS.tBFP vector using BsmBI digestion as

previously described.20 Stability reporter cell lines were transduced in a 96-well plate as described above.

Successful guide integration was confirmed by expression of BFP protein by flow cytometry using the BD

LSRFortessa.
Immunoblots

Whole cell protein lysates were mixed with Laemmli (SDS-sample) buffer (reducing, 6X) (Boston BioProducts)

and resolved on a polyacrylamide gel along with GFP pulldown lysates described above. The gel was trans-

ferred to a membrane and immunoblotted for GFP and HA as previously described.21
Transient transfection

5 mg of iRFP720 tagged RNF185 plasmid was combined with 500 mL of OptiMEM. 15 mL of Mirus TransIT1 is

added to the plasmid OptiMEM mix and incubated at room temperature for 30 min. This transfection mix

was added to 1.6 3 106 cells in a 6-well plate. Fluorescence signal is observed 48 h post transfection using

fluorescence microscopy.
Fluorescence microscopy

HEK293T cells expressing SARS-CoV-2 Envelope – eGFP were plated into a 96-well plate at 10,000 cells/

well and transiently transfected with RNF185-iRFP720 construct as described above. Two days following

transfection, cells were stained with Cell Navigator Live Cell Endoplasmic Reticulum (ER) working solution
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(blue fluorescence) for 30 min at 37�C. Cells were imaged on a confocal microscope with SARS-CoV-2 En-

velope in the GFP channel, RNF185 in the far-red channel, and the ER in the DAPI channel.
Virus cultivation

Three strains of SARS-CoV-2 were used in this study: SARS-CoV-2 WA (2019-nCoV/USA-WA1/2020),

B.1.351, designated variant Beta (hCoV-19/South Africa/KRISP-K005325/2020), and B.1.617, designated

variant Delta (hCoV-19/USA/MA-NEIDL-01399/2021). WA and Beta were obtained from BEI, and Delta

was obtained from Dr. John H. Connor at the NEIDL, Boston University. The viruses were grown by

passaging twice on VeroE6 cells (African green monkey kidney cells, known to be naturally permissive to

viral growth). VeroE6 cells were infected with an MOI of <0.01 and incubated for around 3 days, when cy-

topathology was noted. Samples of each stock were sequenced and showed no evidence of contaminants.

Each stock was aliquoted into small tubes and stored at �80�C until needed. All live virus work was per-

formed in the BSL4 laboratory at the NEIDL, Boston University.
Effect of RNF185 KO on SARS-CoV-2 replication

The evening before the experiment, 7.5 3 104 non-targeting (NT) and RNF185 KO in A549-ACE2 cell line

were plated into wells of a 24 well plate in DMEM with 10% fetal bovine serum. Cells were challenged with

SARS-CoV-2WA, Beta, or Delta at an MOI of 0.1 in duplicate. The cells were placed at 37�C for 1 h, then the

initial inoculum was removed, cells were washed with PBS, and fresh medium was added to the cells. After

3 days, 250 mL of the supernatant was harvested and inactivated in 750 mL of TRIzol LS to be removed from

containment. Virus RNA was then extracted. In a fume hood, 200 mL of chloroform/isoamyl alcohol was

added to each sample. Tubes were mixed, incubated at room temperature for 5 min, and spun at 11,600

xg for 15 min at 4�C. The aqueous phases were transferred to fresh tubes containing 500 mL isopropanol.

Samples were incubated for 10 min, then centrifuged as before. The isopropanol was decanted, and RNA

pellets were washed in 1 mL of cold 75% ethanol. Samples were centrifuged again at 10,000 xg for 5 min at

4�C. The ethanol was removed, RNA pellets were air dried, and then resuspended in 50 mL nuclease-free

water. For PCR analysis, the Luna Universal Probe One Step RT-qPCR Kit was used. Each reaction consisted

of the following: 10 mL 2X reaction mix (from kit), 1 mL enzyme (from kit), 1 mL primer/probe mix (see below),

1 mL sample, and 7 mL nuclease-free water (from kit). The PCRwas performed with the following parameters:

55�C/10min >95�C/1 min > [95�C/10 s > 60�C/30 s]/40 cycles. The primer and probe sets were from

2019-nCoV RUOKit and nCoV_N2 forward and reverse primers. The primer sequences were forward primer

2019-nCoV_N2-F 50-GACCCCAAAATCAGCGAAAT-30, reverse primer 2019-nCoV_N2-R 50-TCTGGTTACT

GCCAGTTGAATCTG-30, and probe 2019-nCoV_N2-P 50-FAM-ACC CCG CAT TAC GTT TGG TGG ACC-

BHQ1-3’. A standard curve was generated from a series of dilutions with known concentrations of genome

copies and was used to equate Cq values to the concentration of genome equivalents in the supernatant.

Each sample was run in duplicate and averaged for the analysis.
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