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Genome-scale CRISPR-Cas9 screen
identifies host factors as potential
therapeutic targets for SARS-CoV-2 infection

Madoka Sakai,1 Yoshie Masuda,2 Yusuke Tarumoto,2 Naoyuki Aihara,3 Yugo Tsunoda,4,7,8 Michiko Iwata,1

Yumiko Kamiya,3 Ryo Komorizono,1 Takeshi Noda,4,7,8 Kosuke Yusa,2 Keizo Tomonaga,1,5,6

and Akiko Makino1,5,9,*
SUMMARY

Althoughmany host factors important for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection have been reported, the mechanisms by which the virus interacts with host cells remain elusive.
Here,we identified tripartitemotif containing (TRIM) 28, TRIM33, euchromatic histone lysinemethyltrans-
ferase (EHMT) 1, and EHMT2 as proviral factors involved in SARS-CoV-2 infection by CRISPR-Cas9
screening. Our result suggested that TRIM28 may play a role in viral particle formation and that
TRIM33, EHMT1, and EHMT2 may be involved in viral transcription and replication. UNC0642, a com-
pound that specifically inhibits the methyltransferase activity of EHMT1/2, strikingly suppressed SARS-
CoV-2 growth in cultured cells and reduced disease severity in a hamster infection model. This study sug-
gests that EHMT1/2 may be a therapeutic target for SARS-CoV-2 infection.

INTRODUCTION

Therapeutics that target proviral factors have the potential to be effective against a broad spectrum of viruses. Genome-wide screens using

CRISPR-Cas9 technology to identify host factors involved in severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replication have

been performed in several studies.1–13 The only host factor identified in every screen is angiotensin-converting enzyme 2 (ACE2), and different

genes are identified depending on conditions such as the cells used, the multiplicity of infection (MOI), and the time to sample collection.5,13

A549 cells, which are human lung epithelial type II cells, typically do not show clear cytopathic effects from SARS-CoV-2 infection. In pre-

vious studies, proviral factors were found by prolonging the sampling time1 or by using amutant virus lacking the S1/S2 sites.2 We discovered

that A549-hACE2 cells infected with purified SARS-CoV-2 caused clear cell death and applied this to our CRISPR-Cas9 screen.

In this study, we successfully identified four genes from the same family or complex as proviral factors of SARS-CoV-2. Tripartite motif con-

taining (TRIM) 28 and TRIM33 are members of the same gene family that has common domains and regulates transcriptional pathways.14

These genes exhibited distinct functional roles in the life cycle of SARS-CoV-2. Euchromatic histone lysine methyltransferase (EHMT) 1/2,

also known as G9a/GLP, forms heterodimers and catalyzes the methylation of histone or non-histone proteins.15,16 We found that depletion

of their expression suppresses viral proliferation and that a specific inhibitor of EHMT1/2 suppressed viral growth in vitro and in vivo. This study

contributes to the understanding of how SARS-CoV-2 interacts with host cells and to the development of methods to control the virus by

targeting proviral factors.
RESULTS

Identification of proviral factors for SARS-CoV-2 infection

Following the confirmation that purified SARS-CoV-2 induces distinct cell death in A549-hACE2 cells (Figure S1), a genome-wide CRISPR-Cas9

screen was conducted using cell death as an indicator. We transduced a single-guide RNA (sgRNA) library targeting 18,365 human genes with

113,526 sgRNAs, including 1,004 nontargeting control guide RNAs (gRNAs),17,18 into A549-hACE2-Cas9 cells. On day 10 post-transduction,
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Figure 1. Genome-wide CRISPR-Cas9 screening to identify host factors for SARS-CoV-2 infection

(A) Schematic diagram of the screening. ACE2- and Cas9-expressing A549 cells transduced with a lentiviral-packaged whole-genome sgRNA library were

infected with purified SARS-CoV-2. DNA was extracted from surviving cells 3 days post-infection and analyzed for gRNA.

(B) Scatterplot of the results from screening. Comparison of gRNA changes between preinfection (day 10) versus mock and preinfection (day 10) versus infected.

(C) GO terms enrichment significance.

(D) Overlap of the top 50 ranked genes among 3 CRISPR screens conducted on A549 cells.

(E) Comparison of viral titers in target gene knockout cells. The knockout cells were infected with SARS-CoV-2. After 3 days, the supernatant was harvested, and

the viral titer was evaluated by TCID50. The titer collected from control cells was used as a standard. Data are presented as the meanG the standard deviation

(SD) of three independent experiments.
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these cells were infected with purified SARS-CoV-2 UT-NCGM0219 at anMOI of 0.3. DNAwas harvested from sgRNA-transduced cells at 10 days

post-transduction and from themock or infected cells at 3 days post-infection for next-generation sequencing analysis (Figure 1A). By comparing

the number of sgRNA reads in the day 10 samplewithmock or infected cells, we found that the control gRNAwas linearly aligned, indicating that

there was no bias due to the experimental technique (Figure S2A). MAGeCK analysis identified MED12, MED23, EHMT1, EHMT2, RPL34, and

TRIM28 as target genes enriched in infected cells that showed resistance to infection-induced cell death by plotting the comparison of sgRNA

read counts between the two groups based on log fold change or statistic score (Tables S1, S2, and S3; Figure 1B). Conversely, DAXX, NF2,

DAZAP2, and TRIM33 were enriched in the mock cells (Tables S1, S2, and S3; Figure 1B). In the comparison of mock and infected cells,

MED12 and TRIM28 were positively selected in addition to ACE2, whereas NF2 was under strong negative selection (Figure S2B). Gene set

enrichment analysis revealed enrichment in six GeneOntology (GO) categories related to acidification among the positively selected population

(p < 0.05). Other categories were enriched for functions such as transcriptional regulation, autophagy, cell fate, and chromatin remodeling (Fig-

ure 1C). Six genes, ACE2, VPS35, COMMD4, CCDC22, RAB7A, and VPS29, were in the top 50 genes from the previous CRISPR-Cas9 screen for

SARS-CoV-2 proviral factors in A549 cells1,2 and were also significant in this study (Figure 1D).

It is noteworthy that genes that form families or complexes were identified as host factors associated with SARS-CoV-2 infection. To vali-

date this result, individual knockout cells were generated by transducing A549-hACE2-Cas9 cells with sgRNA. These knockout cells were then

infected with UT-NCGM02 at an MOI of 0.001, and the virus titer in the supernatant was measured 3 days later. The viral titer was found to be

reduced in cells transduced with sgRNAs targeting TRIM28, TRIM33, EHMT1, and EHMT2, but not in cells with sgRNAs targeting MED12,

MED23, NF2, and DAXX (Figure 1E). Although DAXX, NF2, and TRIM33 were enriched in mock cells in the screen, suggesting they might

be negative regulators, the results were contrary to expectations. Inhibition of TRIM33 expression suppressed viral proliferation, while

DAXX and NF2 had no effect on viral growth.
The identified proviral factors are not involved in the entry step of SARS-CoV-2

Consequently, we elected to concentrate our efforts on TRIM28, TRIM33, EHMT1, and EHMT2 as potential proviral factors. The effects of gene

knockout on cell proliferation and cytotoxicity were evaluated, and no change was observed compared to the negative control (Figure 2A).

When assessing the knockout efficiency and virus replication, it was observed that in cells with low knockout efficiency, the inhibitory effect on

virus replication was also low (Figures 2B and 2C). Previous reports have indicated that the knockdown of TRIM28 with siRNA induces ACE2

expression, thereby facilitating the entry of SARS-CoV-2.20 To ascertain whether the suppression of these four genes affects ACE2 expression

levels, we quantified ACE2 mRNA in Cas9-expressing A549 cells transduced with gRNA using quantitative reverse-transcription PCR (Fig-

ure S3). Although there was a trend toward increased ACE2 expression in cells targeted with gRNA against EHMT1, no significant changes

were observed in cells targetedwith gRNAagainst the other genes (Figure 2D). In a pseudotype assay using vesicular stomatitis virus (VSV)DG,

a decreasing trend was observed in clone 2 of EHMT2 knockout cells. However, the efficiency of SARS-CoV-2 spike-mediated infection was

not significantly reduced in cells targeted with gRNA against any of the genes (Figure 2E). Taken together, the identified genes TRIM28,

TRIM33, EHMT1, and EHMT2 do not appear to be involved in the ACE2-mediated entry process of SARS-CoV-2.
The reduced expression of the proviral factors does not result in the induction of an innate immune response

It has been reported that TRIM28 and TRIM33 negatively regulate the production of interferon b (IFNb).21–23 EHMT1 and EHMT2 are crucial for

suppressing IFNg-induced chemokine transcription.24,25 In bovine cells, the inhibition of EHMT2 has been demonstrated to enhance IFNb

transcription.26 Therefore, we examined whether the expression of IFNB1 was induced in cells with targeted gRNAs against these four genes

(sgTRIM28, sgTRIM33, sgEHMT1, and sgEHMT2 cells) (Figure 3A). Furthermore, the expression of CXCL10, an IFNg-induced protein, was

investigated in cells with knockout of EHMT1 or EHMT2. The results demonstrated that the suppression of any of these genes did not result

in an increase in IFNB1 expression and that the knockout of EHMT1 and EHMT2 did not induce the expression of CXCL10 (Figure 3B). Further-

more, the expression of interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) was evaluated, and it was found that knocking out any of

these genes did not induce their expression (Figure 3C). These findings indicate that the proviral factors identified in this study do not facilitate

the replication of SARS-CoV-2 by suppressing the innate immune response.
TRIM28 and TRIM33 are involved in the replication of SARS-CoV-2 through different mechanisms

To assess the role of the identified proviral factors in the replication of SARS-CoV-2, we infected sgTRIM28 and sgTRIM33 cells with UT-

NCGM02 and quantified the expression of viral RNA and protein in the cells and supernatants. In comparison to control cells, sgTRIM33 cells
iScience 27, 110475, August 16, 2024 3
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Figure 2. Entry steps of SARS-CoV-2 in proviral factor-knockout cells

(A) Cell growth kinetics and cytotoxicity assessment in knockout cells. Cell proliferation was evaluated daily over a period of 4 days by counting cell numbers. On

the final day, an LDH assay was performed.

(B) Titration of viral production in selected gene knockout cells for validation.

(C) Western blot analysis of selected genes. Expression levels were assessed by band intensity and normalized to a-tubulin.

(D) Quantification of ACE2 mRNA in selected gene-knockout A549-Cas9 cells. Cells were harvested 18 days post-sgRNA transduction.

(E) VSV-based pseudotype assay. VSVDG-GFP enveloped with VSV-G or SARS-CoV-2-S was used to infect knockout cells, and GFP-positive cells were counted.

Data are presented as the meanG SD of three independent experiments. Statistical analysis was performed using Dunnett’s multiple comparison test. n.s., not

significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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exhibited a reduction in the expression of viral RNA and protein in both cell lysates and supernatants. In contrast, the expression of viral RNA

and protein was elevated in sgTRIM28-induced cells (Figures 4A and 4B). Subsequently, we introduced plasmids expressing TRIM28 or

TRIM33 into A549-hACE2 cells, infected themwith the virus at anMOI of 1.0 the following day, and quantified the viral RNA and protein within

the cells 3 days later. In contrast to expectations, overexpression of TRIM28 resulted in increased levels of viral RNA and protein, while over-

expression of TRIM33 led to decreased levels of both (Figures 4C and 4D). These results indicate that alterations in the expression levels of

TRIM28 and TRIM33 influence fluctuations in viral transcription and/or replication.

The SARS-CoV-2 spike (S) protein was identified within the endoplasmic reticulum-Golgi intermediate compartment (ERGIC), which is the

site of viral assembly.27–30 Given the potential involvement of proviral factors in viral assembly, we conducted a confocal laser microscopy

analysis to examine the localization of the S protein in knockout cells. In control cells, the S protein was observed to accumulate in the

ERGIC, in accordance with previous reports (Figure 4E). However, in sgTRIM28 cells, the S protein was observed to be distributed throughout

the cell (Figure 4E). Cells with other gene knockouts exhibited localization of the S protein that was similar to that observed in control cells.

Furthermore, electron microscopy analysis revealed that no viral particle was detected in sgTRIM28 cells (Figure 4F). These findings indicate

that TRIM28may be involved in the formation of virus particles, while TRIM33may be implicated in the transcription and/or replication process

within the cell.
EHMT1/2 inhibitor suppresses the proliferation of SARS-CoV-2 in vitro

EHMT1 and EHMT2 (also referred to as GLP and G9a) form heterodimers in cells and methylate histone H3 as well as nonhistone pro-

teins.15,16,31–33 We quantified viral RNA and protein in the cell lysate and supernatant of SARS-CoV-2-infected cells and found that both viral

RNA and protein expression were downregulated in sgEHMT2 cells, while no differences were observed in sgEHMT1 cells compared to con-

trol cells (Figures 5A and 5B).

UNC0642 is a methyltransferase inhibitor with high selectivity for EHMT1/2 and low cytotoxicity (Figure S4A).34,35 Using A549-hACE2

cells, we evaluated the inhibitory effect of UNC0642 on H3K9 demethylation (H3K9me2) and observed significant inhibition at concentra-

tions of 2 and 10 mM (Figure 5C). To evaluate whether the enzymatic activity of EHMT1/2 is involved in the proliferation of SARS-CoV-2, we

treated the cells with the inhibitor 1 h before virus inoculation (pre-treatment), during the 1-h virus absorption (co-treatment), and after

virus inoculation (post-treatment) and evaluated the virus titer in the supernatant. The results showed that remdesivir, which inhibits viral

RNA-dependent RNA polymerase,36,37 suppressed virus proliferation only after inoculation (Figure S4B), whereas UNC0642 consistently

and dose dependently suppressed SARS-CoV-2 proliferation under all conditions (Figure 5D). Specifically, when we treated with 10 mM

UNC0642 after virus infection, virus proliferation was suppressed by approximately 106 (Figure 5D), a concentration consistent with the

demonstrated inhibitory effect on H3K9me2. Post-treatment with UNC0642 also suppressed viral RNA and protein expression in cells

in a dose-dependent manner (Figures 5E and 5F). UNC0642 has been demonstrated to target both EHMT1 and EHMT2.34 When sgEHMT1

or sgEHMT2 cells were treated with 10 mM UNC0642 following virus infection, a stronger tendency to suppress virus proliferation was

observed (Figure S4C). These results demonstrate that EHMT1/2, through its enzymatic activity, is involved in the transcription and/or repli-

cation of SARS-CoV-2 in the cell.
EHMT1/2 inhibitor reduces SARS-CoV-2 growth and disease severity in infected animals

To assess whether UNC0642 also suppresses the growth of SARS-CoV-2 in vivo, we inoculated four 4-week-old male Syrian hamsters with

the virus and administered the inhibitor intraperitoneally at a dose of 5mg/kg once daily (Figure 6A). On day 4 post-inoculation, the lungs of

the animals were examined for virus titration and pathological analysis. The UNC0642-treated group experienced weight loss due to viral

infection, similar to the DMSO-treated group but showed greater recovery after 4 days of infection than the DMSO-treated group (Fig-

ure 6B). Viral growth in the lungs was suppressed in the UNC0642-treated group compared to the DMSO-treated group (Figure 6C). Similar

to the observations in sgEHMT1 and sgEHMT2 cells, treatment with UNC0642 did not alter the expression of ACE2 and TMPRSS2, nor did it

increase the expression of TNF-a and IL-6 (Figures 6D and 6E). These findings suggest that EHMT1/2 may not be involved in the cellular

entry process of SARS-CoV-2 or the induction of innate immunity in vivo. Using a semiquantitative pathological scoring system38,39 to eval-

uate the infected animals, the cumulative score was significantly lower in the UNC0642-treated group than in the DMSO-treated group

(Figures 6F and 6G). In particular, the scores for vessels and regeneration were lower in the UNC0642-treated group (Figure S5). These re-

sults demonstrate that the selective inhibitor of EHMT1/2, UNC0642, also suppresses the growth of SARS-CoV-2 and reduces the severity of

infection in vivo.
iScience 27, 110475, August 16, 2024 5



A B

C

Figure 3. SARS-CoV-2 and innate immune response in proviral factor-knockout cells

(A–C) Quantification of IFNb (A), CXCL10 (B), IL-6, and TNF-a (C) mRNA in TRIM28, TRIM33, EHMT1, or EHMT2 knockout cells at 24 h post-infection. Poly(I:C) (high

molecular weight) was transfected as a positive control in control cells, and cells were harvested 24 h post-infection. For TNF-a, human reference cDNA (30 ng

equiv. total RNA) was used as a positive control for qPCR detection. Data are presented as themeanG SDof three independent experiments. N.D., not detected.
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DISCUSSION

WeusedCRISPR-Cas9-mediated genome-wide screening to identify TRIM23, TRIM33, and EHMT1/2 as proviral factors of SARS-CoV-2. Using

purified virus, we were able to perform a genetic screen using clear death of A549 cells as an indicator. This allowed us to shorten the time

between inoculation and cell collection and led to the identification of previously unreported proviral factors. On the other hand, the set of

proviral factors identified in this study included numerous genes involved in the acidification discovered in previous A549 screens,1,2 as well as
6 iScience 27, 110475, August 16, 2024
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Figure 4. TRIM28 and TRIM33 as proviral factors for SARS-CoV-2 infection

(A) qPCR analysis of viral RNA.

(B)Western blot analysis of the viral nucleoprotein (N). The expression of the viral protein was evaluated by the band intensity of N, normalized to that of GAPDH.

Cell lysates and culture supernatants were harvested 3 days post-infection.

(C) qPCR analysis of viral RNA in A549-hACE2 cells overexpressing TRIM28 or TRIM33.

(D) Western blot analysis of the viral N. The expression of the viral protein was evaluated by the band intensity of N, normalized to that of GAPDH. Cells were

infected at an MOI of 1.0 the day after transfection with expression plasmids and harvested 3 days later.

(E) Subcellular localization of the S protein in infected cells. Cells were inoculated at an MOI of 2.0 and fixed the following day. Cells were stained with anti-S

antibody and anti-ERGIC53. Bar, 10 mm.

(F) Electronmicroscopic analysis of virus particle formation in infected cells. Bar, 5.0 mm.Data are presented as themeanG SDof three independent experiments.

Statistical analysis was performed using the Dunnett test. *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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five common factors associatedwithACE2 (Figures 1C and 1D). This screening also extractedDAXXdecreased in the infected cells (Figure 1B),

which has been reported as a restriction factor.12 However, when we transduced sgRNA into A549-hACE2-Cas9 cells and assessed virus repli-

cation, we did not observe any promotion of virus replication (Figure 1E). This may be due to differences in knockout efficiency or cell types

used (Figure 2C).

TRIM28 and TRIM33 are E3 ubiquitin ligases involved in the transcriptional regulation of various cellular responses, including innate im-

munity.21–23,40 However, in A549-hACE2-Cas9 cells in which TRIM28 or TRIM33 was knocked out, we did not observe an increase in the

mRNA expression levels of IFNB1, IL-6, and TNF-a (Figures 3A and 3C). These results suggest that TRIM28 and TRIM33 do not promote

SARS-CoV-2 proliferation by suppressing the antiviral response but are involved in the viral growth cycle. Previous reports indicated that

TRIM28 knockdown upregulated ACE2,20 but our results showed no statistically significant change in ACE2 expression with TRIM28 knockout

(Figure 2D). The discrepancies between these previous studies and our resultsmay be due towhether the suppression of TRIM expressionwas

transient or stable. Indeed, transient overexpression of TRIM28 and TRIM33 using plasmids yielded results contrary to expectations

(Figures 4C and 4D), suggesting that cellular responses to changes in TRIM expression may differ significantly between transient and

long-term effects. Rather than directly affecting viral proliferation, it is possible that transcriptionally regulated factors or post-transcriptional

modifications mediated by these TRIMs may influence SARS-CoV-2 proliferation. Several SARS-CoV-2 proteins have been reported to be

ubiquitinated,41–45 but further analysis is needed to determinewhether TRIM28 and TRIM33 are involved in the ubiquitination of viral proteins.

EHMT1/2 catalyzes themethylation of histones and nonhistone proteins, and the substrates of the enzymes that contribute to SARS-CoV-2

replication may be either host or viral proteins or both. There are reports that EHMT2 is involved in numerous gene pathways that promote

translation, many of which are also involved in SARS-CoV-2 replication.46,47 Moreover, ORF8 of SARS-CoV-2 mimics histones through the

ARKS motif and disrupts epigenetic control in infected cells.48 Inhibitors that block viral replication, whether applied before or after infection

(Figure 5D), suggest that EHMT1/2 is involved in SARS-CoV-2 replication in a complex manner.

The development of host-targeted antiviral drugs has been limited in the past due to concerns about potential side effects. However, there

is an increasing need for diverse strategies to treat viral infections. In this study, UNC0642, which selectively inhibits the enzymatic activity of

EHMT1/2, significantly suppressed SARS-CoV-2 replication in vitro and demonstrated the ability to limit, although not completely inhibit, viral

replication and disease severity in vivo (Figure 6). The modest effects observed in vivomay be attributed to intraperitoneal administration of

the drug and suboptimal pulmonary concentration due to its distribution throughout the body. Despite these challenges, we believe that our

findings provide valuable insights for the future development of antiviral drugs. In particular, they highlight the potential for structurally

improved EHMT1/2 inhibitors. This study advances the development of antiviral methods targeting proviral factors and suggests a promising

direction for therapeutic intervention.

Limitations of the study

This study has several limitations. First, the CRISPR-Cas9 screen was limited to the A549-hACE2 cell line, and results may vary with other cell

lines or tissues. Additionally, differences in knockout efficiency and cell types could affect the assessment of viral replication, which may in-

fluence data interpretation. Moreover, transient and long-term effects of TRIM28 and TRIM33 expression yielded different cellular responses,

suggesting the need for further studies on this aspect. The EHMT1/2 inhibitor, UNC0642, demonstrated significant suppression of viral

replication in vitro but had limited efficacy in vivo. This may be due to the challenges in achieving optimal pulmonary concentration through

intraperitoneal administration. Furthermore, the mechanisms by which the identified proviral factors (TRIM28, TRIM33, EHMT1, and EHMT2)

facilitate SARS-CoV-2 replication remain largely unclear. It is not yet known whether these factors directly modify viral proteins or indirectly

promote viral replication through other cellular pathways. Finally, it is uncertain whether the proviral factors identified in this study have similar

effects on other viruses, and further research is required to establish their broader applicability. Despite these limitations, our findings provide

valuable insights for future antiviral drug development, highlighting the potential of targeting proviral factors.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
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Figure 5. EHMT1 and EHMT2 as proviral factors for SARS-CoV-2 infection

(A) qPCR analysis of viral RNA.

(B)Western blot analysis of the viral N. The expression of the viral protein was evaluated by the band intensity of N, normalized to that of GAPDH. Cell lysates and

culture supernatants were harvested 3 days post-infection.

(C) Western blot analysis of the inhibitory effect of UNC0642 on histone methylation. A549-hACE2 cells were treated with UNC0642 and harvested the following

day. DMSO was used as a negative control.

(D) Inhibitory effect of the EHMT1/2-specific inhibitor UNC0642 on SARS-CoV-2 infection. Viral titers were measured 3 days post-inoculation at an MOI of 0.001.

Treatments included pre-treatment (1 h before inoculation), co-treatment during (1 h absorption), and post-treatment (after inoculation).

(E) qPCR analysis of viral RNA in cells treated post-infection with UNC0642.

(F)Western blot analysis of viral N protein in UNC0642-treated cells. The expression of viral protein was evaluated by the band intensity of N, normalized to that of

GAPDH.Data are presented as themeanG SDof three independent experiments. Statistical analysis was performed usingDunnett’s multiple comparison test. *,

p < 0.05; **, p < 0.01; ****, p < 0.0001.
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Figure 6. EHMT1/2 inhibitor reduces SARS-CoV-2 growth and disease severity in infected animals

(A) Timeline of virus challenge and inhibitor administration.

(B) Body weight change of hamsters (n = 4).

(C) Viral load in the lungs of hamsters 4 days post-infection (n = 4).

(D) qPCR analysis of ACE2 and TMPRSS2 mRNA in the lungs of hamsters 4 days post-infection (n = 4).

(E) qPCR analysis of TNF-a and IL-6 mRNA in the lungs of hamsters 4 days post-infection (n = 4).

(F) Representative histopathological images of the lungs of hamsters.

(G) Violin plot of the cumulative inflammation score. Data are presented as the meanG SD of four individuals. Statistical analysis was performed using Dunnett’s

multiple comparison test for body weight changes (B) and an unpaired t test for viral load and mRNA analyses (C–E). n.s., not significant; *, p < 0.05.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TRIM28 antibody Santa Cruz Biotechnology Catalog # sc-515790

anti-TRIM33 antibody Abcam Catalog # ab47062; RRID:AB_956365

anti-EHMT1 antibody Cell Signaling Technology Catalog # 35005S; RRID:AB_2799068

anti-EHMT2 antibody Abcam Catalog # ab185050; RRID: AB_2792982

anti-VPS35 antibody Santa Cruz Biotechnology Catalog # sc-374372; RRID: AB_10988942

anti-SARS-CoV-2 N antibody Abcam Catalog # 33717; RRID: AB_2941972

anti-tubulin antibody Merck Catalog # T5168

anti-H3 antibody Cell Signaling Technology Catalog # 4499

anti-H3K9me2 antibody Cell Signaling Technology Catalog # 4658; RRID:AB_10544405

anti-SARS-CoV-2 S antibody Abcam Catalog # ab272504; RRID: AB_2847845

anti-ERGIC53 antibody Santa Cruz Biotechnology Catalog # sc-365158; RRID: AB_10709004

anti-HCoV-229E nucleoprotein antibody Sino Biological, Beijing Catalog # 40640-T62

Peroxidase AffiniPure� Donkey

Anti-Mouse IgG (H + L)

Jackson Immuno Research Catalog # 715-035-150; RRID: AB_2340770

Peroxidase AffiniPure� Donkey

Anti-Rabbit IgG (H + L)

Jackson Immuno Research Catalog # 711-035-152; RRID: AB_10015282

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor� 555

Thermo Fisher Scientific Catalog # A-11034; RRID: AB_2576217

Goat anti-Rabbit IgG (H + L) Highly

Cross-Adsorbed Secondary Antibody,

Alexa Fluor� 488

Thermo Fisher Scientific Catalog # A-21422; RRID: AB_2535844

Bacterial and virus strains

SARS-CoV-2/UT-NCGM02/Human/2020/

Tokyo (EPI_ISL_418809)

The University of Tokyo N/A

Chemicals, peptides, and recombinant proteins

UNC0642 MedChemExpress Catalog # HY-13980

DAPI (40,6-diamidino-2-phenylindole,

dihydrochloride)

Thermo Fisher Scientific Catalog #D1306

Dimethyl Sulfoxide, Nuclease and

Protease tested

Nacalai Tesque Catalog # 08904-14

Dulbecco’s modified Eagle’s medium (DMEM),

high glucose

Thermo Fisher Scientific Catalog # 11965118

Fetal calf serum (FCS) Thermo Fisher Scientific Catalog # 10270106

Penicillin-Streptomycin Mixed Solution Nacalai Tesque Catalog # 09367-34

Puromycin(solution) INVIVOGEN Catalog # ant-pr-1

Critical commercial assays

Primer/Probe N2 NIHON GENE RESEARCH

LABORATORIES, INC

N/A

LDH cytotoxicity assay kit Nacalai Tesque Catalog # 18250-35

Experimental models: Cell lines

Human: A549 ATCC Catalog # CCL-185

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

African green monkey: VeroE6/TMPRSS2 National Institutes of Biomedical

Innovation, Health and Nutrition,

Osaka, Japan

Catalog # JCRB1819

293T/17 ATCC Catalog # CRL-11268

Experimental models: Organisms/strains

Syrian hamsters: Slc:Syrian Japan SLC Inc N/A

Oligonucleotides

sgRNA targeting sequence for target genes,

see Table S4

This paper N/A

Primers used for RT-qPCR, see Table S5 This paper N/A

Recombinant DNA

pKLV2-EF1a-Cas9Bsd-W Addgene Catalog # 68343

pKLV2-U6gRNA5(BbsI)-PGKpuro2ABFP-W Addgene Catalog # 67974

The Human CRISPR Library v.3 Addgene Catalog # 67989

pcDNA3 Thermo Fisher Scientific Catalog # A-150228

Software and algorithms

MAGeCK v0.5.9.5 Li et al.56 https://anaconda.org/bioconda/mageck

ImageJ Open source N/A

Prism 10 software GraphPad N/A

Other

96-well cell culture plates Corning Catalog # 3596

12-well cell culture plates Corning Catalog # 3513

Fusion Solo instrument Vilber-Lourmat N/A

CFX96 Bio-Rad N/A

Ti-E inverted microscope with a C1 confocal

laser scanning system

Nikon N/A

Eclipse TE-2000-U inverted microscope Nikon N/A

HT-7700 instrument Hitachi 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, Akiko Makino

(makino@infront.kyoto-u.ac.jp).

Materials availability statement

Newly generated materials are available from the corresponding author upon reasonable request.

Data and code availability

The datasets generated during this study are provided in the supplementary tables. This study does not report any original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells

A549 (CCL-185), VeroE6/TMPRSS2 (JCRB1819), and 293T (CRL-11268) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

(Thermo Fisher Scientific, Waltham,MA, USA) containing 10% fetal calf serum (FCS) (Thermo Fisher Scientific) and 1% penicillin‒streptomycin

(Nacalai Tesque, Kyoto, Japan). The cells were incubated at 37�C with 5% CO2.
16 iScience 27, 110475, August 16, 2024
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Plasmids and compound

Cas9 and gRNA plasmids were purchased from Addgene (Watertown, MA, USA) (Cas9 vector, 68343; gRNA vector, 67974). These CRISPR-

related lentiviruses, including the human v3 library, were produced by cotransfection of 293T cells with the transfer vectors psPAX2 and

pMD2.G using Lipofectamine LTX (Thermo Fisher Scientific, Waltham,MA, USA). hACE2 cDNAwas inserted between the XhoI and XbaI sites

of CSII-CMV-RfA. Lentiviral vectors were rescued through the transfection of these plasmids with pCAG-HIVgp, pCMV-VSVG, and pCMV-Rev

into 293T cells using TranIT-293 (TaKaRa, Shiga, Japan) or the ViraPower Lentiviral Expression System (Thermo Fisher Scientific). TRIM28,

TRIM33, and EGFP cDNA was inserted between the EcoRV and NotI sites of pcDNA3 (Thermo Fisher Scientific). UNC0642 (MCE, HY-

13980) was dissolved in DMSO to 10 mM and stored at �80�C. The working solution was diluted in DMSO to 1 mM and stored at �30�C.

METHOD DETAILS

Virus preparation

SARS-CoV-2/UT-NCGM02/Human/2020/Tokyowas propagated in VeroE6/TMPRSS2 cells. For CRISPR‒Cas9 screening, SARS-CoV-2was pu-
rified through ultracentrifugation with 20% sucrose at 27,000 rpm for 2 h at 4�C. The pellets were suspended in NTE buffer (100 mM NaCl,

10 mM Tris-HCl [pH 8.0], 1 mM EDTA) and centrifuged at 3,000 rpm for 10 min at 4�C. The supernatants were stored at �80�C until used

for screening. All experiments using SARS-CoV-2 were performed in a biosafety level 3 containment laboratory at Kyoto University, which

is approved for use by the Ministry of Agriculture Forestry and Fisheries, Japan.

Generation of knockout cells using the CRISPR‒Cas9 system

A549-hACE2-Cas9 or A549-Cas9 cells were transduced with sgRNA targeting 10 or 4 genes using lentiviral vectors. The sequences of the

sgRNAs used are shown in Table S4. The transduced cells were subjected to puromycin selection (1 or 2 mg/mL) (INVIVOGEN) at 72 h after

transduction. The knockout efficacy of target genes was assessed by Western blotting 18 days after the introduction of gRNA.

Genome-scale CRISPR‒Cas9 screen

The Human CRISPR Library v.3, which targets 18,365 genes with 113,526 sgRNAs, including 1,004 nontargeting control sgRNAs (Addgene,

67989),18 was used in this study. A total of 3.3 3 107 A549-hACE2-Cas9 cells were transduced with the lentiviral-packaged whole-genome

sgRNA library to achieve 30% transduction efficiency (1003 library coverage). The cells were subjected to puromycin selection (1 mg/mL)

(Thermo Fisher Scientific) at 72 h after transduction. At 10 days after transduction, 3.53 107 cells were inoculated with purified SARS-CoV-

2/UT-NCGM02/Human/2020/Tokyo at a multiplicity of infection (MOI) of 0.3. At 3 days post-infection, cells were harvested and subjected

to DNA extraction.

DNA extraction, gRNA PCR amplification, Illumina sequencing and gRNA counting

Genomic DNAwas extracted from cell pellets using the Blood &Cell Culture DNAMaxi Kit (Qiagen, Hilden, Germany) according to theman-

ufacturer’s instructions. PCR amplification, sgRNA sequencing (19-bp single-end sequencing with custom primers) and gRNA counting were

performed.17 The DNB-SEQ platform was used for sgRNA sequencing.

CRISPR‒Cas9 screen data analysis

To identify hit genes, statistical analysis was performed usingMAGeCK v0.5.9.556 by comparing the infected population vs. day 10 population

(preinfection), themock-infected population vs. day 10 population, and the infected and themock-infected populations. GOenrichment anal-

ysis was performed by using Database for Annotation, Visualization and Integrated Discovery.

Virus titration

The SARS-CoV-2 titer was determined by the median tissue culture infectious dose (TCID50) of VeroE6/TMPRSS2. The infectious unit of

HCoV-229E was titrated as follows: HuH-7 cells seeded in 96-well plates were inoculated with a serial 10-fold dilution of the virus and incu-

bated for one day. Antigen-positive cells were detected by indirect immunofluorescence assay (IFA) using an anti-HCoV-229E nucleoprotein

antibody (Sino Biological, Beijing, China).

Western blotting

Cell lysates were prepared in SDS sample buffer, separated by SDS‒PAGE using e-PAGEL (ATTO Corporation, Tokyo, Japan), and trans-

ferred to polyvinylidene difluoride membranes from a Trans-Blot Turbo PVDF Transfer Pack (Bio-Rad, Richmond, USA). The membranes

were blocked with 5% skim milk (Wako Pure Chemical Industries) in TBS-T (Tris-buffered saline, 0.1% Tween 20) and incubated with anti-

TRIM28 antibody (1:3,000) (sc-515790, Santa Cruz Biotechnology, Dallas, TX, USA), anti-TRIM33 antibody (1:1,000) (ab47062, Abcam, Cam-

bridge, UK), anti-EHMT1 antibody (1:500) (35005S, Cell Signaling Technology, Danvers, MA, USA), anti-EHMT2 antibody (1:1,000)

(ab185050, Abcam), anti-VPS35 antibody (1:1,000) (sc-374372, Santa Cruz Biotechnology), anti-SARS-CoV-2 N antibody (1:1.000) (#33717,

CST), anti-tubulin antibody (1:2,000) (T5168, Merck, Darmstadt, Germany), anti-H3 antibody (1:2,000) (#4499, CST), or anti-H3K9me2

(1:1,000) (#4658, CST) diluted with Can Get Signal Immunoreaction Enhancer Solution 1 (Toyobo, Osaka, Japan) at 4�C overnight. After
iScience 27, 110475, August 16, 2024 17



ll
OPEN ACCESS

iScience
Article
washing with TBS-T, the membranes were incubated with a 50,000-fold-diluted HRP-labelled anti-mouse or rabbit IgG antibody (Merck) at

room temperature for 2 h or more. After washing with TBS-T, Clarity Western ECL Substrate (Bio-Rad) was used for detection by chemilumi-

nescence reaction. Bands were detected and photographed by a Fusion Solo instrument (Vilber-Lourmat, Marne-la-Vallée Cedex, France).

Band intensities were analyzed using ImageJ.57
RT‒qPCR

The virus RNA in the cell or culture supernatant was extracted with nucleospin RNA plus (TaKaRa) and quantified by RT‒qPCR using Primer/

Probe N2 (NIHONGENE RESEARCH LABORATORIES, INC. Miyagi, Japan) and One Step PrimeScript III RT‒qPCRMix (TaKaRa) with CFX96

(Bio-Rad, Hercules, CA, U.S.A.) for theNgene. RNAwas extracted from sgTRIM28, sgTRIM33, sgEHMT1, and sgEHMT2 cells using nucleospin

RNA plus (TaKaRa), and RT‒qPCR was performed using SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific) and Luna Universal

qPCR Master Mix (New England Biolabs, New England Biolabs, Ipswich, MA, USA) and CFX96 (Bio-Rad) to quantify the mRNA levels. As a

positive control for the detection of TNFa, qPCR human reference cDNA, oligo(dT)-primed (TaKaRa) was used. The sequences of the primer

sets are listed in Table S5. RNAwas extracted from infected hamsters using the RNeasy kit (QIAGEN, Hilden, Germany). Viral RNA andmRNA

levels were detected as described above. Before qPCR, cDNAwas preamplified using SsoAdvanced PreAmp Supermix (Bio-Rad). Lungs from

9-month-old male Slc:Syrian hamsters were used as a positive control.
Indirect immunofluorescence assay

Cells were fixed with 4% paraformaldehyde (Nacalai Tesque) at room temperature and treated with PBS containing 0.5% Triton X-100 and 2%

FCS for 15 min, followed by incubation with anti-SARS-CoV-2 S antibody (1:1,000) (ab272504, Abcam) and anti-ERGIC53 antibody (1:20) (sc-

365158, Santa Cruz Biotechnology) for 1 h. After washing, the cells were reacted with a 1000-fold diluted Alexa Fluor mouse 555- or rabbit

488-conjugated secondary antibody (Thermo Fisher Scientific) and 300 nM DAPI (Thermo Fisher Scientific) for 1 h. After washing with PBS,

Immunostained cells were observed using a Ti-E inverted microscope with a C1 confocal laser scanning system (Nikon, Tokyo, Japan).
Cell growth kinetics

A total of 5.0 x 104/well of sgTRIM28, sgTRIM33, sgEHMT1, and sgEHMT2-trasnduced A549-hACE-Cas9 cells were seeded in a 12 well plate.

Starting the next day after cell seeding, the number of cells was counted daily for 3 days.
Cytotoxicity LDH assay

A total of 4.03 102 sgTRIM28, sgTRIM33, sgEHMT1, and sgEHMT2-transduced A549-hACE2-Cas9 cells per well were seeded into a 96-well

plate. Three days after seeding, cytotoxicity was assessed bymeasuring the absorbance at 490 nm using an LDH cytotoxicity assay kit (Nacalai

Tesque).
Entry assay using VSV vector pseudotyped with SARS-CoV-2-S

293T cells were transfected with pCMV-VSV-G (Addgene) expressing VSV-G or pEF4/HisA (Thermo) expressing codon-optimized SARS-CoV-

2 spike with a 19 amino acid deletion at the C-terminus using TransIT-293. Twenty-four hours later, G-complemented VSVDG-GFP58,59 was

inoculated at an MOI of 0.5. The supernatant was collected 24 h after inoculation, and debris was removed by centrifugation and stored

at �80�. The efficiency of cell entry mediated by each envelope protein was calculated by counting the number of GFP-expressing cells

with an Eclipse TE-2000-U inverted microscope (Nikon) after inoculating the generated pseudotyped virus into target cells.
The overexpression of TRIM28 and TRIM33

A total of 2.03 105 A549-Cas9-hACE2 cells per well were seeded in a 12-well plate. The next day, 1 mg of GFP, TRIM28, or TRIM33 expression

plasmidswere introducedusing Lipofectamine LTX. The followingday, the cells were infected at anMOI of 1.0, and harvested three days later.

Viral RNA and viral proteins were evaluated by RT-qPCR and Western blotting, respectively.
Electron microscopic analysis

A549-hACE2-Cas9 cells infected with SARS-CoV-2 were fixed with 2.5% glutaraldehyde (TAAB Laboratories Equipment Ltd) and postfixed

with 1% osmium tetroxide (TAAB Laboratories Equipment Ltd) at 4�C. After en bloc staining with 1% uranyl acetate, the cells were dehydrated

with a series of ethanol gradients, followed by propylene oxide, and embedded in Epon 812 resin (TAAB Laboratories Equipment Ltd). The

ultrathin sections were stained with 2% uranyl acetate and lead citrate and observed using a Hitachi HT-7700 instrument at 80 kV.
Evaluation of the inhibitory effect of UNC0642 on H3K9me2

A total of 1.0 3 105 A549-hACE2 cells per well were seeded in a 24-well plate. The following day, UNC0642 was added at concentrations of

0.08, 0.4, 2, and 10 mM. After 24 h, cells were harvested and the expression levels of EHMT1/2, histone H3, and H3K9me2 were assessed by

Western blotting.
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Animal experiments

SARS-CoV-2 was intranasally inoculated into four 4-week-old male Syrian hamsters (Japan SLC Inc, Shizuoka, Japan) at a dose of 102 TCID50

per animal using amixture of 3 anaesthetics. For mock infection, DMEMwith 2% FCSwas used. UNC0642 at a dose of 5mg/kg or 0.1%DMSO

was administered intraperitoneally once daily starting from one day after infection. Body weight was measured daily from the day of virus

inoculation. Four days after infection, the animals were euthanized, and the lungs were removed for virus titer measurement and pathological

analysis. The animal experiments were approved by the Animal Experiment Committee at Kyoto University (#A22-8).
Pathologic assessment

Lungs collected from animals 4 days postinfection were fixed in 10% neutral buffered formalin (Wako), embedded in paraffin (Thermo),

sectioned, and stained with haematoxylin (Merck) and eosin (Wako). Pathological features in airways, interstitium, vessels, alveolar spaces,

oedema, and alveolar epithelial regeneration were scored as previously reported,37,38 with a score of 0 (no lesions), 1 (mild), 2 (moderate),

and 3 (severe).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance values were calculated using GraphPad Prism 10 software. The statistical tests used for the data are indicated in the

figure legends.
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