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SUMMARY

Targeted protein degradation (TPD), as exemplified by proteolysis-targeting chimera (PROTAC) 

is an emerging drug discovery platform. PROTAC molecules, which typically contain a target 

protein ligand linked to an E3 ligase ligand, recruit a target protein to the E3 ligase to induce its 

ubiquitination and degradation. Here, we applied PROTAC approaches to develop broad-spectrum 

antivirals targeting key host factors for many viruses and virus-specific antivirals targeting unique 

viral proteins. For host-directed antivirals, we identified a small molecule degrader, FM-74–103, 

that elicits selective degradation of human GSPT1, a translation termination factor. FM-74–103 

shuts down translation initiation, inhibiting both RNA and DNA viruses. Among virus-specific 

antivirals, we developed viral RNA oligonucleotide-based bifunctional molecules (Destroyers). As 

a proof-of-principle, RNA mimics of viral promoter sequences were used as heterobifunctional 

molecules to recruit and target influenza viral polymerase for degradation. This work highlights 

the broad utility of TPD to rationally design and develop next generation antivirals.

Graphical Abstract

eTOC Blurb

In this study, Zhao, Ho, and Meng et. al. use proteolysis-targeting chimera (PROTAC) 

modalities to develop antiviral molecules. Broad spectrum antiviral activity can be achieved using 

conventional small molecule-based degraders targeting host factor GSPT1, while virus-specific 

antiviral activity can be achieved using viral RNA oligonucleotide-based Destroyers targeting viral 

polymerase.
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INTRODUCTION

Viral infections are major threats to human health and pose immense burdens to global 

healthcare systems and economies. This has been exemplified by the current coronavirus 

disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2),1 as well as by other major epidemics and pandemics 

throughout history. For example, annual epidemics caused by influenza viruses result in 

approximate 3 to 5 million cases of severe illness globally while occasional pandemics, 

such as the 1918 influenza pandemic, can affect mortality rates worldwide.2 To circumvent 

crises associated with viral infections, a continued effort for prevention and control of virus 

infections is needed. The emergence of novel viruses and the appearance of drug-resistant 

strains among known viruses also urge for the development of novel antiviral therapies.3

Targeted protein degradation (TPD) is an upcoming drug discovery strategy that utilizes 

hetero-bifunctional modalities to eliminate a protein of interest (POI) in human cells by 

hijacking intracellular proteostasis machinery, such as the ubiquitin-proteasome system 

(UPS), macroautophagic pathway, and endolysosomal pathway.4 As a classic representative 

of TPD, proteolysis-targeting chimera (PROTAC) molecules typically comprise a POI 

ligand, a linker and an E3 ligase ligand. These heterobifunctional molecules initially recruit 

the POI in proximity to the E3 ligase, subsequently promote the ubiquitylation of the 

POI, and eventually induce the degradation of the POI by the proteasome.5 Since the first 

PROTAC example was reported in 2001,6 stunning progress has been made by implementing 

this type of TPD in the field of cancer research in the last two decades.7 In the recent years, 

there has been increased interest in harnessing PROTAC technology in the development of 

antiviral therapies.8–15 However, this area of study remains underexplored. In this study, we 

investigated whether PROTAC modalities can be used to target either host proteins or viral 

proteins for degradation to further achieve host-directed or virus-specific antiviral effects.

We generated conventional small-molecule PROTAC modalities as host-directed antivirals 

and assessed their capacity to degrade key host factors controlling the replication of both 

RNA and DNA viruses in host cells. We also developed a virus-specific antiviral strategy by 

applying bifunctional molecules in which traditional small molecules were substituted with 

viral RNA mimics to attract RNA-binding viral proteins with high specificity for viral RNAs 

and evaluate their antiviral potency.

Below, we provide proof-of-principle that 1) targeted degradation of a host factor can be an 

effective antiviral approach against many divergent viruses; and 2) viral RNA mimics can be 

used to develop virus-specific antiviral therapies. We discuss the potential of both strategies 

to generate antivirals.

RESULTS

103 inhibits IAV replication

To verify if TPD is a feasible paradigm for influenza antiviral drug development, we 

first selected Nucleozin (Figure 1A) as the small-molecule ligand to make PROTAC 

molecules. Nucleozin is a potent IAV inhibitor that targets nucleoprotein (NP) and causes 
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NP aggregation.16 A library of the conjugates of Nucleozin with phthalimide analogues 

(Thalidomide/Lenalidomide/Pomalidomide), one most frequently used E3 ligase ligand, was 

designed and built. Screening of the library by using a recombinant IAV carrying a GFP 

reporter in the NS segment (NS1-GFP PR8 virus) allowed us to identify a compound, 

FM-74–103 (hereafter 103) (Figure 1A, see the synthetic details in Supplementary 

Information), that can greatly inhibit the replication of NS1-GFP PR8 virus17 in A549 cells 

without conferring observable cytotoxicity (Figure 1B, Figure S1A). We then used plaque 

assays to quantify titers of A/Puerto Rico/8/34 (H1N1) (WT PR8) virus grown in A549 cells 

treated with 103. 103 exhibited comparable inhibitory activity of Nucleozin against WT PR8 

replication in A549 cells (Figure 1C) while displaying negligible effects on cell viability 

(Figure 1C, top, Figure S1A). This is also supported by the reduced levels of NP seen in the 

infected cell lysates treated with either Nucleozin or 103 (Figure 1C, bottom). We further 

assessed the dose-responses of Nucleozin and 103 by comparing their anti-IAV potencies in 

primary human brochial/tracheal epithelial (HBTE) cells. Both compounds exerted anti-WT 

PR8 potency at similar levels in HBTE cells without affecting cell viability (Figure 1D, left, 

Figure S1A). Additionally, 103 retained anti-IAV activity against A/Netherlands/602/2009 

(H1N1), a Nucleozin-resistant IAV strain expressing NP with a tyrosine at 289 to histidine 

mutation (Y289H) isolated from human patients (Figure 1D, right, Figure S1B).16 This 

observation confirms that 103 activity is independent of, and distinct from, Nucleozin. 

Accordingly, 103 did not confer its anti-IAV effect through promoting the aggregation of NP 

as Nucleozin does (Figure S1C).

We then performed quantitative proteomic analysis of the whole cell lysates of DMSO- 

and 103-treated cells before and after infection. Our analysis indicates that the levels of all 

the IAV proteins in A549 cells were significantly decreased by treatment of 103 compared 

to DMSO for 24 hours post infection (Figure 1E, right, 1F, and Supplementary Table 1). 

Aside from IAV proteins, the host protein that exhibited the strongest downregulation was 

the translation termination factor GSPT1 (G1 to S phase transition 1) (Figure 1E, 1F, and 

Supplementary Table 1). It is noteworthy that in uninfected A549 cells, 103 also induces 

downregulation of GSPT1 within only 4 hours of treatment (Figure 1E, left). We therefore 

sought to determine if the anti-IAV effect of 103 was indeed a result of NP degradation or 

GSPT1 degradation.

103 selectively depletes human GSPT1

If the anti-IAV potency of 103 is the result of inducing NP degradation, we would expect 

that 103 can induce the degradation of “preexistent” NP, in the absence of infection. This 

was not the case. In A549 cells where NP was expressed via plasmid transfection for 24 

hours prior to 103 treatment, no degradation was observed (Figure S2A, left). Instead, 

when A549 cells were concurrently transfected with NP plasmid and treated with 103 for 

24 hours, the NP level was dramatically diminished (Figure S2A, right). This observation 

suggests that 103 suppresses the transient expression of NP in A549 cells. Additional 

evidence further indicates that this suppressive effect of 103 is not exclusive to NP. In fact, 

the expression levels of many other transfected genes from both endogenous and exogenous 

origins (regardless of their molecular weights and biochemical functions) were all reduced 
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by the treatment of 103 (Figure S2B). This result suggests that anti-IAV effect of 103 was 

not likely elicited from the direct degradation of NP.

We next asked if 103-mediated degradation of GSPT1 could contribute to the anti-IAV 

activity of 103. GSPT1 has been biochemically characterized as a factor that stringently 

regulates the translation termination in eukaryotes.18 Since host translation regulation plays 

a key role in viral replication, we reasoned that 103-induced depletion of GSPT1 in A549 

cells can impair the termination stage of the translation of IAV mRNA, resulting in the 

inhibition of IAV replication in A549 cells. To validate this hypothesis and confirm our 

initial proteomics analysis (Figure 1E and 1F), we measured the protein levels of GSPT1 

in uninfected A549 cells with and without 103 treatment. We found that 103-induced 

degradation of GSPT1 in A549 cells is time- (Figure 2A) and concentration- (Figure 

2B) dependent. The effect of 103 is also reversible, as indicated by washout experiments 

(Figure 2C). eRF1 (eukaryotic peptide chain release factor 1; encoded by ETF1),18 a 

factor that interacts with GSPT1 to govern the translation termination in eukaryotes, 

was also notably destabilized with the depletion of GSPT1 (Figure 2A–2C). 103-driven 

degradation of GSPT1 was not due to the decreased level of the GSPT1 mRNA as 

shown in RT-PCR (Figure S2C). Instead, it was strictly dependent on the abundance of 

cereblon (CRBN), as evidenced by the attenuation of 103’s effect on lowering GSPT1 

levels in cells treated with CRBN targeting small interference RNA (siRNA) (Figure 

2D). Additional factors required to complete 103-promoted GSPT1 depletion include the 

formation of the ternary complex GSPT1–103-CRBN, active neddylation, and a functional 

proteasome, as exhibited in competition assay using verified inhibitors against the different 

steps in ubiquitin-proteasome pathway (Figure 2E). Notably, 103 also induced significant 

ubiquitylation of GSPT1 in a pull-down assay (Figure 2F), suggesting that 103 acts as a 

bona fide recruiter of GSPT1 to UPS and promotes its degradation.

Although both Nucleozin and Lenalidomide (Figure 1A) moieties in 103 are required for 

the elimination of GSPT1, the contributions were apparently not equal since co-treatment 

of Nucleozin conferred a weaker competitive effect (Figure 2E). To further confirm that 

the Nucleozin moiety is essentially required for 103-dependent destruction of GSPT1, 

we purified two intermediate compounds in the synthetic route of 103, FM-123–96 and 

FM-123–142 (hereafter 96 and 142) (Figure 1A, see the synthetic details in Supplementary 

Information), in which Nucleozin moiety in 103 was removed and linker-Lenalidomide 

moiety was preserved. When A549 cells were simultaneously transfected with GFP plasmid 

and treated with 96 or 142 for 24 hours, 96 and 142 did not induce degradation of GSPT1 

and inhibit the transient expression of GFP in A549 cells (Figure 2G). This indicates that 

the moiety of Nucleozin in 103 is indispensable for 103-mediated depletion of GSPT1. 

In addition, CC-885 (hereafter 885) (Figure 1A), a small-molecule degrader of GSPT1,19 

phenocopied the effect of 103 (Figure 2G). Given that GSPT1 is a critical component 

of the translation machinery, its depletion is likely to affect cellular proteostasis. Indeed, 

as previously reported,20 GSPT1 degradation promoted by CC-885 led to induction of 

integrated stress response (ISR) and resulted in global inhibition of translation. We therefore 

asked if the anti-IAV effect of 103 was a direct consequence of impaired translation 

termination or an indirect consequence of global translation inhibition.
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We first determined whether 103-induced GSPT1 depletion induces the ISR in A549 cells. 

Contrary to previous reports,20 we found that levels of both total eIF2α (eukaryotic initiation 

factor 2; encoded by EIF2S1) and phosphorylated eIF2α (p-eIF2α) were reduced in A549 

cells upon 103 treatment (Figure 2G). This effect was not specific to 103, as similar 

reductions were seen in 885-treated cells (Figure 2G). This decrease was dependent on 

GSPT1 degradation, as no changes in either eIF2α or p-eIF2α was observed in inactive 96- 

and 142-treated cells (Figure 2G). eIF2α is a subunit of eIF2 (translation initiation factor 

2), which catalyzes the first step of translation initiation. Unsurprisingly, downregulation 

of eIF2α reduces overall protein synthesis. This mechanism is thought to be important 

for conferring pro-survival and anti-apoptotic effects under conditions of ER stress.21 Our 

observations, that total eIF2α and p-eIF2α are downregulated upon the treatment of 103, 

suggest that both translation termination and translation initiation are impaired by GSPT1 

degradation.

103-induced degradation of GSPT1 confers anti-IAV effect

We next addressed the relationship between 103-induced GSPT1 degradation and IAV 

replication in a time-of-addition experiment. As demonstrated in a plaque assay (Figure 

3A), stronger anti-IAV activity was elicited when GSPT1 in A549 cells was degraded 

“early” by treating 103 to cells at time points (−3h to +2h) relative to infection (0h). 

Notably, the antiviral effect of 103 was tunable upon washout (Figure 3B) likely due to 

the quick recovery of GSPT1 level. Additionally, CRBN silencing in A549 cells by genetic 

interference approach greatly mitigated the antiviral potency of 103 against WT PR8 virus 

replication in A549 cells (Figure 3C), which implicates that the recruitment of CRBN is 

critically needed for 103 to confer the anti-IAV potency.

We then used chemical disruption strategy to further investigate this correlation. Since 

concurrent treatments with Lenalidomide, MLN4924, or MG-132 entirely prevented GSPT1 

from being degraded following the treatment of 103 in A549 cells (Figure 2E), we co-

treated cells with 103 and these chemical competitors to see if the co-treatment could 

debilitate the anti-IAV effect of 103. As expected, co-treatments largely compromised the 

anti-IAV potency of 103 (Figure 3D). These data indicate that CRBN involvement, NEDD8 

conjugation, and proteasomal degradation all contribute to the anti-IAV effect of 103. 

Consistently with previous reports from us and others,22–25 we observed that Lenalidomide, 

MLN4924, and MG-132 can potentially exert anti-IAV potency (Figure 3D). Moreover, the 

compound 96 and 142 had no inhibitory potential on the replication of WT PR8 virus in 

A549 cells (Figure 3E). In contrast, 885 exerted nearly the same degree of anti-IAV potency 

as 103 (Figure 3E).19

We next asked if translation termination impairment or translation initiation shutdown is the 

determinant of 103’s activity against IAV. We knocked down both GSPT1 and ETF1 by 

siRNA in A549 cells to see if the anti-IAV effect of 103 could be observed. Unexpectedly, 

simultaneous silencing of these two genes did not significantly inhibit the replication of WT 

PR8 virus in A549 cells. However, siRNA-mediated knockdown of EIF2S1 recapitulated the 

anti-IAV effect of 103 (Figure 3F), indicating that the downregulation of eIF2α, and not the 

loss of GSPT1/eRf1 complex, causes inhibition of WT PR8 virus replication in A549 cells. 
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Altogether, our data indicate that 103 exerts its anti-IAV activity by inhibiting translation 

initiation caused by selective degradation of GSPT1 in A549 cells.

103 elicits anti-IAV activity in lung organoid model

We next asked if 103 could retain anti-IAV activity in physiologically relevant models.26 

We first tested the effect of 103 on IAV replication in epithelial cells from lung organoids 

derived from human pluripotent stem cells (hPSCs). 103 treatment strongly inhibited the 

replication of NS1-GFP PR8 virus in pre-differentiated cells within 24 hours (Figure 4A, left 

and middle), whereas it did not significantly reduce cell viability in uninfected cells (Figure 

4A, middle, Figure S1A). As expected, 103’s anti-IAV effect, shown by the dramatically 

decreased level of NP in the infected cell lysates, was correlated with the degradation of 

GSPT1/eRF1 complex and the downregulation of eIF2α (Figure 4A, right). Comparable 

results were also obtained when we tested the anti-IAV potency of 103 in three-dimensional 

(3D) lung organoid cultures. As demonstrated in immunofluorescence staining, NP level in 

the WT PR8 virus-infected organoids was decreased following 103 treatment compared to 

DMSO treatment (Figure 4B). Taken together, our data suggest that 103 is able to elicit great 

anti-IAV potency even in non-transformed, physiologically, and structurally relevant human 

models.

103 has antiviral activity against SARS-CoV-2 and CMV

Given the central roles of GSPT1 and eIF2α respectively in regulating translation 

termination and translation initiation,18,27 we hypothesized that 103 could hinder the 

replication of viruses belonging to different viral families. We thus started by examining 

the GSPT1-depletion-dependent inhibitory potential of 103 on the replication of SARS-

CoV-2 in A549 cells that stably express human ACE2 (angiotensin-converting enzyme 

2), the receptor for SARS-CoV-2 infection, (A549-ACE2).28 103 restricted the replication 

of SARS-CoV-2 in A549-ACE2 cells throughout infection and displayed negligible 

cytotoxicity (Figure 5A, top, Figure S1A). The anti-SARS-CoV-2 effect of 103 was 

correlated with the degradation of GSPT1 and downregulation of eIF2α (Figure 5A, 

bottom). Nucleozin, as expected, did not exhibit any anti-SARS-CoV-2 effect (Figure 5A).

We then performed whole-cell proteomic analysis. In A549-ACE2 cell lysates treated with 

103 for 4 hours, GSPT1 was the most abundantly degraded protein (Figure 5B, top, 

and Supplementary Table 2). In A549-ACE2 cell lysates infected with SARS-CoV-2 and 

treated with 103, all the viral proteins and GSPT1 were significantly reduced (Figure 5B, 

middle and bottom, Figure S3, and Supplementary Table 2). Similar to the anti-IAV effect 

(Figure 3A), depletion of GSPT1 by 103 before infection conferred a much more potent 

anti-SARS-CoV-2 activity (Figure 5B, middle and bottom, Figure S3, and Supplementary 

Table 2). ACE2 levels in A549-ACE2 cells were unaltered by 103 (Figure 5A, Figure S3 and 

Supplementary Table 2), ruling out the possibility that the anti-SARS-CoV-2 effect of 103 

was achieved via interfering with changes in expression of the cell receptor.

Next, we evaluated whether CRBN engagement is strictly required for 103 to exert anti-

SARS-CoV-2 activity. Knocking down CRBN in A549-ACE2 cells by siRNA largely 

alleviated the degradative effect of 103 on GSPT1 and the reduction of eIF2α level 
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(Figure 5C, bottom). Therefore, the antiviral potency of 103 against SARS-CoV-2 infection 

was significantly debilitated (Figure 5C, top). These data support the notion that CRBN 

participation is essential for the anti-SARS-CoV-2 effect of 103. Moreover, as expected, 103 

exhibited significant anti-SARS-CoV-2 activity in 3D lung organoid cultures (Figure 5D).

We then assessed the antiviral activity of 103 against human cytomegalovirus (CMV). By 

utilizing AD169BADrUL131 virus, a recombinant CMV expressing GFP,29 we determined that 

103 is capable of inhibiting CMV replication in ARPE-19 cells (an immortalized human 

retinal pigment epithelial cell line) with little effect on cell viability (Figure 6A, left and 

middle, Figure S1A). Furthermore, similar level of anti-CMV potency of 103 was also 

observed in primary normal human dermal fibroblasts (NHDF) (Figure S4, left and middle, 

Figure S1A). As expected, the antiviral effect of 103 against CMV (Figure 6A and Figure 

S4, left and middle) was correlated with the loss of GSPT1/eRf1 complex in human cells 

(Figure 6A and Figure S4, right). However, differently from what we observed in A549 cells 

(Figure 2G, right), lung organoid-derived epithelial cells (Figure 4A, right), and A549-ACE2 

cells (Figure 5A, bottom), 103 induced ISR in ARPE-19 cells and NHDF by promoting the 

phosphorylation of eIF2α while maintaining the constant level of eIF2α (Figure 6A and 

Figure S4, right). For all these events, the CRBN involvement is indispensable (Figure 6B).

Altogether, by promoting the depletion of GSPT1, 103 can effectively protect human cells 

from infection by multiple divergent species of viruses.

TPD promoted by RNA mimics exhibits anti-IAV potency

Other than choosing small molecules as ligands targeting viral proteins for constructing 

PROTAC modalities, we incorporated RNA oligonucleotides into PROTAC design for 

pursuing virus-specific antivirals. We chose to use the untranslated region (UTR) of IAV 

RNAs as our initial model system. The rationale of this design is that IAV 5’ and 3’ 

UTRs function as promoters and recruit viral polymerase (vPOL) for viral RNA (vRNA) 

transcription and replication. The UTRs of each vRNA segment have been shown to be 

highly conserved within each segment and have lower evolutionary rates, relative to the 

coding sequences of the virus (Figure 7A, Figure S5A).30,31 These sequences are also 

highly conserved between genomic segments, viral strains and host organisms (Figure 7A, 

Figure S5A). Given their roles in vPOL recruitment and their high conservation levels, we 

hypothesized that these sequences can be utilized as excellent ligands for designing antiviral 

molecules.

We first designed and generated four biotinylated RNA oligonucleotides that bear the 

sequences of the first 15 bases of the NP vRNA segment of WT PR8 virus (RNA3 and 

RNA4) and their reverse complementary sequences (RNA1 and RNA2) (Figure 7B, Figure 

S5B). The first nucleotides of Biotin-RNA1 and 4 were monophosphorylated in order to 

mimic the natural substrate of vPOL.32 As verified in a pull-down assay, all 4 Biotin-RNAs 

were able to bind vPOL complex from WT PR8 virus-infected cell lysates, as quantified 

by the abundance of NP, a component of the viral ribonucleoprotein (RNP) complex. No 

Biotin-RNAs could pull down another well-characterized RNA-binding protein NS133 or 

housekeeping protein GAPDH (Figure 7C), supporting the specificity of our assay. On the 

basis of this set of data, RNA3 and 4, which correspond to genomic vRNA sequences, 
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were selected as RNA oligonucleotide-based ligands for vPOL to build heterobifunctional 

molecules. We labeled these molecules “Destroyers”. Two Destroyers, RNA3-A and RNA4-

A, were synthesized by conjugating of RNA3 and RNA4 with AHPC, a common ligand for 

E3 ligase VHL (Figure 7B, Figure S5B). 2’-O-methyl nucleobases and phosphorothioate 

backbones were used for increasing oligonucleotide stability and enhancing nuclease 

resistance in the cells.34 Structural analysis suggests that the conjugation with AHPC is 

unlikely to disrupt the binding between RNA3/RNA4 and vPOL (Figure 7D).

We next verified if Destroyers could indeed serve as a bridge between vPOL and AHPC. We 

first generated lysates from A549 cells infected with a recombinant IAV carrying a FLAG 

tag in the PB1 segment (FLAG-PB1 PR8 virus).25 The lysates were then incubated with 

and without RNA3-A/RNA4-A. We then immunoprecipitated the PB1 subunit of vPOL. 

We reasoned that if the Destroyers function as bona fide heterobifunctional molecules, we 

would then expect them to stabilize protein-protein interactions between vPOL and VHL. 

Indeed, VHL was selectively co-immunoprecipitated with PB1 in the presence of RNA3-A 

and RNA4-A (Figure 7E).

We then evaluated anti-IAV activity of Destroyers by using flow cytometry in tandem with 

NS1-GFP PR8 virus. As exhibited in Figure 7F, both RNA3-A and RNA4-A significantly 

inhibited the fluorescence intensity levels of NS1-GFP in the infected HEK293T cells, 

compared to untreated cells. This inhibition was dependent on the active proteasome (Figure 

7F). Additionally, RNA4-A displayed a much greater inhibition of NS1-GFP levels than 

RNA3-A (Figure 7F). Introduction of synthetic oligonucleotides in cells have been shown 

to potentiate inflammatory responses.35,36 To determine if this contributes to the antiviral 

activities of Destroyers, we asked if RNA3-A or RNA4-A is able to induce Type I interferon 

signaling in uninfected cells. As evaluated by RT-PCR, compared to untreated cells, 

treatment of cells with RNA4-A significantly upregulated the transcription of interferon-β, 

whereas RNA3-A did not (Figure S5C). This suggests that the stronger potency of RNA4-A 

compared to RNA3-A (Figure 7F) may be partially attributed to increased interferon levels 

in cells.

Taken together, our data suggest that Destroyers can potentially act as heterobifunctional 

molecules to target vPOL for degradation and confer antiviral activity.

DISCUSSION

Due to many inherent advantages of PROTAC,5 this strategy has been primarily developed in 

the context of anticancer therapeutics in the past 20 years.7 However, substantial exploration 

of the PROTAC paradigm in seeking antiviral therapies remains marginal. In this study, we 

provide evidence that targeted protein degradation can be extensively and deeply explored 

for pursuing innovative chemical modalities against viral infections. We conducted this 

study by selecting both small molecules and RNA oligonucleotides as ligands to construct 

and identify antiviral therapeutics.
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TPD of GSPT1 as an antiviral therapeutic strategy against IAV

A whole-cell phenotypic screening led us to serendipitously identify a small-molecule 

degrader of human GSPT1, 103, that can inhibit the replication of IAV in human cells. 

Since viral replication is highly reliant on the protein synthesis machinery in the host cells, 

many factors at the stages of initiation, elongation and termination during the process of 

translation have been validated as targets for developing antiviral drugs.37 Human GSPT1 
was originally characterized as an essential gene for the G1-to-S phase transition of the 

cell cycle and was subsequently validated to encode a protein that functions as a peptide 

chain release factor, eRF3a, for regulating the termination of protein biosynthesis.18,38 It was 

found in recent studies that targeting GSPT1 for degradation led to ISR pathway activation 

and further translation initiation inhibition.39,40

103-induced GSPT1 depletion resulted in protein synthesis shutdown via downregulating 

the level of eIF2α or inducing the phosphorylation of eIF2α, depending on the cell types. 

Downregulation of eIF2α appears to be specific to and necessary for the antiviral activity 

of 103 against IAV. Overall, 103’s anti-IAV activity is attributable to both translation 

termination impairment and translation initiation inhibition.

TPD of GSPT1 as a pan-viral antiviral therapeutic

Previous reports suggest that human GSPT1 directly interacts with the viral polymerases of 

Ebola virus (EBOV) and Lassa virus (LASV).41,42 In this study, TPD of GSPT1 confers 

antiviral activity against IAV, SARS-CoV-2, and CMV. As GSPT1 has not been previously 

reported to significantly interact with the proteomes of the latter viruses,25,43,44 we surmise 

that 103 is predominantly acting as a host-directed antiviral therapeutic in the context of 

these infections. Aside from providing clear evidence-of-concept that PROTAC approach is 

feasible to be utilized in antiviral treatment, our data also support the idea that controlling 

protein expression and apical trafficking is a valuable pan-viral host-directed therapy.45,46 In 

support of this, we have also previously shown that CT8, a specific inhibitor of SEC61A1, a 

factor controlling cotranslational translocation of proteins across ER, impairs the replication 

of IAV, human immunodeficiency virus (HIV) and dengue virus (DENV) infections.25

103 has been validated to possess broad-spectrum antiviral potency. In a similar manner, 

previously reported GSPT1 degraders, such as CC-885,19 could also be repurposed for 

treating viral infections. Moreover, CC-90009, a GSPT1-selective cereblon E3 ligase 

modulating (CELMoD) agent, has entered clinic trials for treating patients with acute 

myeloid leukemia (AML),39,40 which paves a path for applying GSPT1-deletion-based 

strategies to treat viral infections. Further exploration and studies are needed to understand 

the therapeutic potential of GSPT1 degraders as pan-antivirals.

Viral RNA mimics as ligands for TPD

Compared to small molecules, RNA oligonucleotides have multiple favorable properties 

to be chosen as the ligands in designing PROTAC modalities, especially when targeting 

RNA-binding proteins with very high sequence-specific binding. For example, RNA 

oligonucleotides can maintain high affinity with vPOL while providing easy access to 

synthesis and purification. In addition, this type of ligand requires minimal design and 
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only the sequences of the target viral genomic regions. As a potential therapeutic, this is 

attractive as it confers a high level of adaptability to the molecules, allowing for the speedy 

modification of sequences if viral target sequences acquire genomic mutations.

While the effects we observed with Destroyers are modest, this proof-of-concept research 

is encouraging. Further effort will be focused on validating the direct degradation of 
vPOL by Destroyers. In addition, future improvements should take into consideration 

the optimization of the sequences of Destroyers with respect to their specificity, 

pharmacokinetic properties, and immunogenicity, which are highly dependent on sequence 

composition, length and backbone and sugar chemistry. Indeed, despite very similar 

sequence compositions, two Destroyers identified in this this study have differing ability 

to induce Type I interferon signaling, which likely contributes to the differences in their 

antiviral efficacies. This might be in part related to our use of a phosphorothioate backbone, 

which has been shown to be immunostimulatory in a sequence-specific manner.47–49 In 

theory, having an RNA-based molecule that induces antiviral responses and targets viral 

proteins for degradation could be useful, like in many instances in which viral antagonists 

elicit suppression of antiviral response. This, of course, needs always to be considered with 

respect to viral pathogenesis, and tested in vivo.

In addition to optimization of the oligonucleotide-based ligands, it would also be important 

to further optimize E3 ligases for targeting viral proteins. Many viruses have co-evolved 

mechanisms to hijack the host UPS, so it is not a given that such strategy would work for all 

E3 ligases.

The need for next-generation antivirals

The recent global pandemic has highlighted the extremely urgent need for innovative 

antiviral agents.50 To address this unprecedented challenge, in this proof-of-concept study, 

we demonstrate that PROTAC approach as an exemplary TPD strategy that has been widely 

exploited in the field of cancer research can be utilized in seeking antivirals as well. 

Identification of small-molecule degrader 103 and Destroyer RNA3-A suggests that there is 

room for developing and rationally design antivirals using the PROTAC platform.

LIMITATIONS OF STUDY

We have presented proof-of-concept that TPD can be exploited to develop both host-directed 

and virus-specific strategies against viral infections. Our data suggest that at the doses and 

short time frames we utilized, the replication of IAV, SARS-CoV-2 and CMV are sensitive 

to 103-mediated translation inhibition, while host cells are tolerant with minimal cytotoxic 

effects. However, as a host-directed strategy targeting proteostasis, further evaluation of 

the long-term pharmacokinetics and toxicity profiles of 103 in an in vivo context is still 

necessary. In this study, in vivo validation is limited by lack of effective in vivo animal 

models for validating these strategies. This is especially true for phthalimide-based PROTAC 

molecules. For instance, phthalimide derivatives are difficult to be evaluated in mice because 

of species-specific differences in murine CRBN that render it resistant to this type of 

molecules.51 Even in the humanized cereblon (CRBNI391V) mice, phthalimide analogues 

demonstrated divergent levels of effect in ameliorate dextran sodium sulfate (DSS)-mediated 
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colitis.52 Additionally, GSPT1 degraders CC-885 and CC-90009, even with minor structural 

divergences, required distinct mutations on CRBN (CRBNV380E and CRBNV380E and I391V) 

in mice.20 Validation of 103 in the case of respiratory viral infection has thus primarily been 

performed in the context of xenograft models in this study.

On the other hand, our study of Destroyers is limited by the lack of delivery 

efficiency. Although RNA-based therapies, such as antisense oligonucleotides, have lately 

revolutionized the treatment of neurodegenerative diseases, such as spinal muscular 

dystrophy, the delivery of oligonucleotides at effective concentrations to extrahepatic tissues 

in vivo, such as lung, remains a major limitation.53 Current methods of oligonucleotide 

delivery most likely have to be modified in order to assess Destroyers in vivo. Moreover, 

Destroyer RNA3-A is with limited configurations in terms of oligonucleotide sequences 

and their modifications, E3 ligase ligand choices, and linker structures. Further iterative 

refinements would, in principle, expand and improve specificity and activity of Destroyers.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for reagents may be directed to and will 

be fulfilled by Lead Contact Ivan Marazzi (imarazzi@uci.edu).

Materials Availability—All unique/stable reagents generated in this study are available 

from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability

• Proteomics data have been deposited at PRIDE and is publicly available as 

of the date of publication. Accession numbers are listed in the key resources 

table. Supplemental Items are available from Mendeley Data at http://dx.doi.org/

10.17632/6k6ng65623.1

• This paper does not report original code

• Any information required to reanalyze the data reported in this paper is available 

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell cultures—Human alveolar basal epithelial carcinoma cells (A549 and A549-ACE2), 

Human embryonic kidney cells (HEK293T), Madin-Darby canine kidney cells (MDCK), 

and monkey kidney epithelial cells (Vero E6), Primary Normal Human Dermal Fibroblasts 

(NHDF) were all cultured in DMEM supplemented with 10% FBS and 10% antibiotic-

antimycotic at 37 °C and 5% CO2. Human Bronchial/Tracheal Epithelial Cells (HBTE) were 

cultured in airway epithelial cell basal medium (ATCC PCS-300–030) supplemented with 

bronchial epithelial cell growth kit (ATCC PCS-300–040) at 37 °C and 5% CO2. Human 

retinal epithelial cells (ARPE-19) were cultured in DMEM and Ham’s F-12 Nutrient Mix at 

1:1 ratio supplemented with 10% FBS, 25 mM HEPES, and 10% antibiotic-antimycotic at 

37 °C and 5% CO2.
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hPSC derived lung organoid cultures—Lung organoids were generated from human 

pluripotent stem cells (hPSCs) and validated as previously described.26 Briefly, hPSC 

differentiation into endoderm was performed in serum-free differentiation (SFD) medium 

of IMDM/Ham’s F-12 (3:1) supplemented with the following: 1X N-2 supplement, 

0.5 x B-27™, 50 μg/mL L-ascorbic acid, 1X GlutaMAX™ Supplement, 0.45 mM 

monothioglycerol, 0.05% BSA, 10 μM Y-27632, 0.5 ng/mL human bone morphogenetic 

protein 4, 2.5 ng/mL human basic fibroblast growth factor, and 100 ng/mL human Activin 

A, in a 5% CO2/5% O2 atmosphere at 37 °C for 72–76 hours.

On Day 4, endoderm yield was determined by the expressions of C-X-C chemokine receptor 

type 4 and c-KIT by flow cytometry. Cells used in all experiments had > 90% endoderm 

yield. For induction of anterior foregut endoderm, embryonic bodies were dissociated into 

single cells using 0.05% trypsin/0.02% EDTA and plated onto fibronectin-coated, 6-well 

tissue culture plates (80,000–105,000 cells/cm2). Cells were incubated in SFD medium 

supplemented with 100 ng/mL human NOGGIN and 10 μM SB431542 for 24 hours 

followed by switching to SFD media supplemented with 10 μM SB431542 and 1 μM IWP 2 

for another 24 hours.

At the end of anterior foregut endoderm induction, cells were treated with SFD media 

supplemented with the following: 3 μM CHIR 99021, 10 ng/mL human fibroblast growth 

factor 10, 10 ng/mL human keratinocyte growth factor, 10 ng/mL human BMP4 and 

50nM all-trans retinoic acid for 48 hours, and three-dimensional clump formation was 

observed. The clumps were then suspended by gently pipetting around the wells. The 

suspended clumps were maintained in ultra-low attachment multiple-well plates submerged 

in CFKBRA medium and were fed every other day until day 20 to day 25. Lung organoids 

were either kept in low attachment plates (hereby refer as suspension culture) or embedded 

in Matrigel to induce the branching morphogenesis (hereby refer as 3D culture). On Day 

20-Day 25, lung organoids were embedded in 100% Matrigel in 24-well Transwell inserts to 

generate branching morphogenesis. Media were changed every other day. The 3D cultures 

were maintained until Day 50 for virus infection and compound treatment.

For epithelial cells derived from lung organoids, suspension cultures from Day 35 to Day 

60 were dissociated into single cells using TrypLE™ Express Enzyme. Cells were seeded at 

20,000–50,000 cells per well in 96-well plate or 100,000–200,000 cells per well in 24-well 

plate coated with fibronectin. Cells were cultured in CFKBRA medium supplemented with 

Rock inhibitor for 24 hours before viral infection and compound treatment.

METHODS DETAILS

Section I Small-molecule degrader

Synthesis of compound FM-74–103, FM-123–96 and FM-123–142: All chemical reagents 

were purchased from commercial vendors and used without further purification. Preparative 

high-performance liquid chromatography (HPLC) for purifying the compounds was 

conducted by using an Agilent Prep 1200 series with a Phenomenex Luna 75×30 mm 5 μm 

C18 column. Analytic HPLC for determining the purity of compounds was performed by 

using an Agilent 1200 Series system with a Zorbax 300SB-C18 2.1×150 mm 5 μm column. 
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Ultra performance liquid chromatography (UPLC) for determining the purity of compounds 

was performed by using a Waters Acquity I-Class UPLC system with a ACQUITY UPLC 

BEH C18 2.1×30 mm 1.7 μm column. Nuclear magnetic resonance (NMR) data were 

acquired by using a Bruker DRX-600 spectrometer (600 MHz for proton,1H NMR; 151 

MHz for carbon, 13C NMR). High-resolution mass spectra (HRMS) data were acquired by 

using Agilent G1969A API-TOF with an electrospray ionization (ESI) source.

Reagents and conditions: A) BBr3, DCM, room temperature, overnight; B) 4-Pentyn-1-ol, 

Pd(PPh3)2Cl2, CuI, DMF, NEt3, 90 °C, overnight; C) Pd/C, H2, MeOH, room temperature, 

6 hours; D) MsCl, NEt3, DCM, DMF, room temperature, 1 hour; E) Phenol, K2CO3, NaI, 

DMF, 65 °C, overnight; F) NaHCO3, NaI, DMF, 80 °C, overnight.

(4-(2-chloro-4-nitrophenyl)piperazin-1-yl)(3-(2-methoxyphenyl)-5-methylisoxazol-4-
yl)methanone (1): Compound 1 was synthesized according to the 

previously published procedure.59

(4-(2-chloro-4-nitrophenyl)piperazin-1-yl)(3-(2-hydroxyphenyl)-5-methylisoxazol-4-
yl)methanone (2): To a solution of BBr3 (2.5 mL of 1 M solution, 2.5 mmol) in DCM 

(20 mL) were added compound 1 (456 mg, 1mmol) in DCM (10 mL) slowly at −78 °C. The 

mixture was stirred at room temperature overnight. Upon completion, aqueous solution of 

NaHCO3 was added to the solution. The mixture was then extracted with DCM (30 mL×3). 

The combined organic layers were dried over Na2SO4 and then filtered. The mixture was 

purified by preparative HPLC to afford compound 2 as yellow solid (400 mg, 91% yield).

1H NMR (600 MHz, DMSO-d6) δ 10.01 (s, 1H), 8.26 (d, J = 2.7 Hz, 1H), 8.20 (dd, J = 9.0, 

2.7 Hz, 1H), 7.41 (dd, J = 7.5, 1.7 Hz, 1H), 7.32 (ddd, J = 8.9, 7.3, 1.8 Hz, 1H), 7.24 (d, J = 

9.0 Hz, 1H), 6.91 (dd, J = 9.9, 7.9 Hz, 2H), 3.70 (s, 2H), 3.48 (s, 2H), 3.21 (s, 2H), 2.96 (s, 

2H), 2.48 (s, 3H).

MS (ESI) [M + H]+ = 443.2.

3-(5-(5-hydroxypentyl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione (4, FM-123–96): A 

mixture of compound 3 (830 mg, 2.57 mmol), 4-Pentyn-1-ol (220 mg, 2.57 mmol), 

Pd(PPh3)2Cl2 (180 mg, 0.257 mmol), and CuI (100 mg, 0.514 mmol) in DMF (6 mL) 

and NEt3 (3 mL) was stirred at 90 °C overnight. Upon completion, the DMF was removed 

by preparative HPLC to afford a crude intermediate (1.1 g), which was used for the next step 

without further purification.

The crude intermediate (230 mg) was dissolved in MeOH (20 mL). To the solution was 

added Pd/C (90 mg). The mixture was stirred under H2 atmosphere at room temperature for 

6 hours. Upon completion, the Pd/C was removed by filtration and the residue was purified 

by preparative HPLC to afford compound 4 (FM-123–96) as yellow solid (210 mg, 91% 

yield).

1H NMR (600 MHz, Acetone-d6) δ 9.77 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.47 (s, 1H), 7.40 

(dd, J = 7.7, 1.4 Hz, 1H), 5.22 (dd, J = 13.4, 5.2 Hz, 1H), 4.54–4.43 (m, 2H), 3.57 (t, J = 
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6.5 Hz, 2H), 3.03 (ddd, J = 17.5, 13.7, 5.4 Hz, 1H), 2.85–2.76 (m, 3H), 2.64–2.53 (m, 1H), 

2.27–2.19 (m, 1H), 1.77–1.69 (m, 2H), 1.64–1.53 (m, 2H), 1.49–1.42 (m, 2H).

MS (ESI) [M + H]+ = 331.2.

5-(2-(2,6-dioxopiperidin-3-yl)-1-oxoisoindolin-5-yl)pentyl methanesulfonate (5): To a 

solution of compound 4 (260 mg, 0.79 mmol) in DCM (10 mL) and DMF (2 mL) was 

added MsCl (108 mg, 0.95 mmol) and NEt3 (0.16 mL, 1.18 mmol) at 0 °C. The mixture 

was stirred at room temperature for 1 hour. Upon completion, the mixture was purified by 

preparative HPLC to afford compound 5 as white solid (160 mg, 50% yield).

1H NMR (600 MHz, Methanol-d4) δ 7.75 (d, J = 7.8 Hz, 1H), 7.49 (s, 1H), 7.43 (dd, J = 7.9, 

1.4 Hz, 1H), 5.18 (dd, J = 13.3, 5.2 Hz, 1H), 4.53 (d, J = 16.9 Hz, 1H), 4.46 (d, J = 16.9 Hz, 

1H), 4.27 (t, J = 6.4 Hz, 2H), 3.09 (s, 3H), 2.95 (ddd, J = 17.6, 13.6, 5.4 Hz, 1H), 2.85–2.80 

(m, 2H), 2.82–2.76 (m, 1H), 2.52 (qd, J = 13.3, 4.5 Hz, 1H), 2.23–2.16 (m, 1H), 1.86–1.73 

(m, 4H), 1.55–1.47 (m, 2H).

MS (ESI) [M + H]+ = 409.1.

3-(1-oxo-5-(5-phenoxypentyl)isoindolin-2-yl)piperidine-2,6-dione (6, FM-123–142): A 

mixture of compound 5 (10 mg, 0.025 mmol), phenol (5 mg, 0.5 mmol), K2CO3 (11 mg, 

0.08 mmol) and NaI (7.5 mg, 0.05 mmol) in DMF (1 mL) was stirred at 65 °C overnight. 

Upon completion, the mixture was purified by preparative HPLC to afford compound 6 
(FM-123–142) as white solid (3.75 mg, 38% yield).

1H NMR (600 MHz, Acetone-d6) δ 9.77 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H), 7.49 (s, 1H), 7.42 

(d, J = 7.7 Hz, 1H), 7.33–7.27 (m, 2H), 6.96–6.91 (m, 3H), 5.22 (dd, J = 13.3, 5.2 Hz, 1H), 

4.51 (d, J = 16.5 Hz, 1H), 4.45 (d, J = 16.5 Hz, 1H), 4.03 (t, J = 6.4 Hz, 2H), 3.03 (ddd, J = 

17.3, 13.7, 5.4 Hz, 1H), 2.86–2.78 (m, 3H), 2.59 (qd, J = 13.3, 4.5 Hz, 1H), 2.27–2.20 (m, 

1H), 1.90–1.76 (m, 4H), 1.66–1.54 (m, 2H).

MS (ESI) [M + H]+ = 407.1.

3-(5-(5-(2-(4-(4-(2-chloro-4-nitrophenyl)piperazine-1-carbonyl)-5-methylisoxazol-3-
yl)phenoxy)pentyl)-1-oxoisoindolin-2-yl)piperidine-2,6-dione (7, FM-74–103): A 

mixture of compound 2 (11 mg, 0.025 mmol), compound 5 
(13.3 mg, 0.0325 mmol), NaHCO3 (8.4 mg, 0.1 mmol) and NaI (7.5 mg, 0.05 mmol) in 

DMF (1.5 mL) was stirred at 80 °C overnight. Upon completion, the mixture was purified by 

preparative HPLC to afford compound 7 (FM-74–103) as yellow solid (11.9 mg, 63% yield).

1H NMR (600 MHz, Acetone-d6) δ 9.77 (s, 1H), 8.23 (d, J = 2.6 Hz, 1H), 8.16 (dd, J = 8.9, 

2.7 Hz, 1H), 7.68 (d, J = 7.8 Hz, 1H), 7.58–7.50 (m, 2H), 7.45 (s, 1H), 7.39 (d, J = 7.7 Hz, 

1H), 7.20 (d, J = 8.3 Hz, 1H), 7.15–7.10 (m, 2H), 5.22 (dd, J = 13.4, 5.2 Hz, 1H), 4.50 (d, 

J = 16.5 Hz, 1H), 4.45 (d, J = 16.4 Hz, 1H), 4.08 (t, J = 6.7 Hz, 2H), 3.86–3.64 (m, 4H), 

3.32–3.08 (m, 4H), 3.03 (ddd, J = 17.4, 13.7, 5.4 Hz, 1H), 2.84–2.77 (m, 3H), 2.63–2.54 (m, 

1H), 2.54 (s, 3H), 2.23 (dtd, J = 12.9, 5.3, 2.4 Hz, 1H), 1.85 (p, J = 6.9 Hz, 2H), 1.75 (p, J = 

7.6 Hz, 2H), 1.48 (tt, J = 9.3, 6.4 Hz, 2H).
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13C NMR (151 MHz, Acetone-d6) δ 171.8, 170.4, 170.3, 168.3, 162.4, 158.6, 157.2, 154.5, 

147.1, 142.7, 142.5, 131.6, 130.7, 129.9, 128.3, 127.2, 126.0, 123.5, 123.2, 123.0, 120.7, 

120.3, 118.3, 112.8, 112.3, 68.5, 51.8, 50.1, 46.9, 35.6, 31.3, 31.0, 29.7, 28.2, 25.3, 23.1, 

11.0. HRMS calculated for C39H40ClN6O8 [M + H]+ 755.2591, found 755.2610.

Compound treatment: A549 cells were seeded in 6-well plates (90% confluence) one day 

before compound treatment. On the day of compound treatment, cell culture medium was 

first changed.

In the assays of validating the degradation of IAV NP, 10 mM DMSO stocks of the indicated 

compounds were added into the medium (working concentrations = 1 μM, 0.1% DMSO) 

at 0 hour or 24 hours post the DNA transfection. A549 cells were incubated with the 

compounds at 37 °C for 24 hours.

In the assays of validating the suppression of expressing the transfected genes, 10 

mM DMSO stocks of the indicated compounds were added into the medium (working 

concentrations = 1 μM, 0.1% DMSO) at 0 hour post the DNA transfection. A549 cells were 

incubated with the compounds at 37 °C for 24 hours.

In the assays of validating the time- and concentration-dependent degradation of GSPT1, 10 

mM DMSO stocks of the indicated compounds were added into the medium to achieve the 

indicated working concentrations. A549 cells were incubated with the compounds at 37 °C 

for the indicated periods of time.

In the assays of validating the reversible degradation of GSPT1, 10 mM DMSO stock of 103 

was added into the medium (working concentrations = 0.1 μM, 0.1% DMSO). A549 cells 

were incubated with 103 at 37 °C for 24 hours. The medium containing 103 was removed 

and fresh medium was added back. A549 cells were cultured in the fresh medium at 37 °C 

for the indicated periods of time.

In competition assays, 10 mM DMSO stocks of the indicated competitor compounds were 

added into the medium (working concentrations = 10 μM, 0.1% DMSO). A549 cells were 

incubated with the competitor compounds at 37 °C for 1 hours. 10 mM DMSO stock of 103 

was then added into the medium (working concentrations = 1 μM, 0.1% DMSO). A549 cells 

were incubated with the indicated competitor compounds and 103 at 37 °C for 6 hours.

In RT-PCR assays, 10 mM DMSO stock of 103 was added into the medium (working 

concentrations = 1 μM, 0.1% DMSO). A549 cells were incubated with 103 at 37 °C for the 

indicated periods of time.

After compound treatment was completed, fluorescence images were recorded by EVOS 

Cell Imaging Systems; cell pellets were collected for processing Western Blots and RT-PCR.

Transfection: For DNA transfection, A549 cells were seeded in 6-well plates (70% 

confluence) one day before transfection. On the day of transfection, cell culture medium was 

changed and cells were transfected with the indicated DNA plasmids (500 ng/well) using 

Lipofectamine 3000 Transfection Reagent according to the manufacturer’s instructions.
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For siRNA transfection, A549 cells, A549-ACE2 cells, or ARPE-19 cells were seeded in 

6-well plates (50% confluence) one day before transfection. On the day of transfection, 

cell culture medium was changed and cells were transfected with 20 μM stocks of the 

indicated siRNA pools (working concentrations = 100 nM) using Lipofectamine RNAiMAX 

Transfection Reagent according to the manufacturer’s instructions.

Infection

IAV infection of A549 cells and HBTE cells: A549 cells were seeded in 6-well plates 

(90% confluence) one day before infection. On the day of infection, cell culture medium 

was removed. A549 cells were washed by PBS and incubated with NS1-GFP PR8 virus or 

WT PR8 virus diluted in opti-MEM (MOI = 1) (200 μL/well) at 37 °C for 1 hour to allow 

virus to adsorb. Plates were agitated every 10 minutes during the infection to ensure even 

distribution of inoculum. No compound is present during the viral adsorption step. After 

virus adsorption step, infection inoculum was removed. A549 cells were washed by PBS 

and fresh medium was added back. Addition of fresh medium constitutes the time point of 

0 hour post infection. 10 mM DMSO stocks of the indicated compounds were then added 

into the medium at the indicated time points before or post infection (relative to 0 hour post 

infection) to achieve the indicated concentrations. A549 cells were then incubated with the 

compounds at 37 °C for 24 hours.

48-hour siRNA-transfected A549 cells were infected by WT PR8 virus and treated with 103 

following the same procedures.

HBTE cells were infected by WT PR8 virus or A/Netherlands/602/2009 (H1N1) virus and 

treated with 103 following the same procedures.

24 hours post infection, fluorescence images were recorded by EVOS Cell Imaging Systems 

and the images were analyzed by ImageJ software; cell culture supernatants were saved for 

processing plaque assays and cell pellets were collected for processing Western Blots.

IAV infection of lung organoid cells: The cells dissociated from lung organoid were seeded 

in 24-well plates (90% confluence) one day before infection. On the day of infection, 

cell culture medium was changed and 10 mM DMSO stocks of the indicated compounds 

were added into the medium (working concentrations = 1 μM, 0.1% DMSO). Cells were 

incubated with the indicated compounds at 37 °C for 3 hours and the medium containing 

the compounds was removed. Cells were then washed by PBS and incubated with NS1-

GFP PR8 virus diluted in CFKBRA medium (MOI = 1) (200 μL/well) at 37 °C for 1 

hour. Plates were agitated every 10 minutes during the infection. After virus adsorption, 

infection inoculum was removed and fresh medium containing the indicated compounds 

(working concentrations = 1 μM, 0.1% DMSO) was added back. Cells were then incubated 

with the compounds at 37 °C for 24 hours. 24 hours post infection, fluorescence images 

were recorded by EVOS Cell Imaging Systems and the images were analyzed by ImageJ 

software; cell pellets were collected for processing Western Blots.

IAV infection of lung organoids: Lung organoids were generated and cultured in 24-well 

Transwell inserts. On the day of infection, medium in both upper and lower chambers of the 
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Transwell inserts were replaced with medium containing the indicated compounds (working 

concentrations = 1 μM, 0.1% DMSO). Organoids were incubated with the compounds at 

37 °C for 3 hours and the insert medium containing the compounds was removed for viral 

adsorption. Organoids were then incubated with WT PR8 virus diluted in CFKBRA medium 

(MOI = 1) (200 μL/well) at 37°C for 1 hour. Agitation of plates was not required. After virus 

adsorption, infection inoculum was removed and fresh medium containing the compounds 

(working concentrations = 1 μM, 0.1% DMSO) was added back. Organoids were then 

incubated with the compounds at 37 °C for 24 hours. 24 hours post infection, organoids 

were collected for processing immunofluorescent staining.

SARS-CoV-2 infection of A549-ACE2 cells: A549-ACE2 cells were seeded in 12-well 

plates (90% confluence) one day before infection. On the day of infection, cell culture 

medium was changed and the stock of SARS-CoV-2 was then added into the medium (MOI 

= 1). Addition of SARS-CoV-2 to A549-ACE2 cells constitutes the time point of 0 hour 

post infection. 10 mM DMSO stocks of the indicated compounds were then added into the 

medium (working concentrations = 1 μM, 0.1% DMSO) at the indicated time points before 

or post infection (relative to 0 hour post infection). A549-ACE2 cells were then incubated 

with SARS-CoV-2 and the compounds at 37 °C for 24 hours.

48-hour siRNA-transfected A549-ACE2 cells were infected by SARS-CoV-2 and treated 

with 103 following the same procedures.

Lung organoids were infected by SARS-CoV-2 and treated with 103 following the same 

procedures.

24 hours post infection, cell culture supernatants were saved for processing plaque assays 

and cell pellets were collected for processing Western Blots; organoids were collected for 

processing immunofluorescent staining.

All experiments were performed in a Biosafety Level-3 Facility.

CMV infection of ARPE-19 cells and NHDF cells: ARPE-19 cells or NHDF cells were 

seeded in 48-well plates (90% confluence) one day before infection. On the day of infection, 

cell culture medium was changed and 10 mM DMSO stocks of the indicated compounds 

were added into the medium (working concentrations = 1 μM, 0.1% DMSO). Cells were 

incubated with the compounds at 37 °C for 3 hours and the medium containing the 

compounds was removed for viral adsorption. Cells were then washed by PBS and incubated 

with AD169BADrUL131 virus diluted in opti-MEM (MOI = 1) (200 μL/well) at 37 °C for 2 

hours. Plates were agitated every 20 minutes during the infection. After virus adsorption, 

infection inoculum was removed and fresh medium containing the compounds (working 

concentrations = 1 μM, 0.1% DMSO) was added back. Cells were then incubated with the 

compounds at 37 °C for 24 hours.

The 48-hour siRNA-transfected ARPE-19 cells were infected by AD169BADrUL131 virus and 

treated with 103 following the same procedures.
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24 hours post infection, fluorescence images were recorded by EVOS Cell Imaging Systems 

and the images were analyzed by ImageJ software; cell pellets were collected for processing 

Western Blots.

Plaque assay: To quantify the titers of WT PR8 virus in the saved A549 or HBTE cell 

culture supernatants or A/Netherlands/602/2009 (H1N1) virus in the saved HBTE cell 

culture supernatants, MDCK cells were seeded in 6-well plates (100% confluence) one 

day before infection. On the day of infection, cell culture medium was removed. MDCK 

cells were washed by PBS and incubated with 10-fold serially diluted virus solutions in 

opti-MEM at 37 °C for 1 hour. Plates were agitated every 10 minutes during the infection. 

After virus adsorption, infection inoculum was removed MDCK cells were washed by PBS 

and overlaid with agar/medium mixture (DMEM supplemented with 3.7% NaHCO3, 0.8% 

agar, 25 mM HEPES, 1 mM sodium pyruvate, 1×penicillin-streptomycin-glutamine, 1× 

glutamine, and 1 μg/mL TPCK-treated trypsin, pH = 7.0). Plates were incubated at 37 °C for 

72 hours. MDCK cells were fixed by 1% formaldehyde and stained by crystal violet solution 

at room temperature for 1 hour, respectively. Plaques were counted and plaque-forming units 

(PFU/mL) were calculated.

To quantify the titers of SASR-CoV-2 in the saved A549-ACE2 cell culture supernatants, 

plaque assays were processed according to the previous protocol.54 Briefly, Vero E6 cells in 

12-well plates (100% confluence) were infected by serially diluted virus solution at 37 °C 

for 1 hour, washed by PBS, and overlaid with agar/medium mixture (MEM supplemented 

with 2% FBS, 0.7% agar, 0.2% BSA, 0.12% NaHCO3, 10 mM HEPES, and 4 mM L-

glutamine). Plates were incubated at 37 °C for 72 hours. Vero E6 cells were fixed by 10% 

formalin at room temperature for 24 hours, blotted by anti-SARS-CoV-2 NP and anti-mouse 

IgG (HRP) at room temperature for 1 hour, respectively. Plaques were finally developed by 

using the TrueBlue Peroxidase Substrate. Plaques were counted and plaque-forming units 

(PFU/mL) were calculated.

All experiments were performed in a Biosafety Level-3 Facility.

Western Blot: The collected cell pellets/organoids were boiled in 2x Laemmli sample 

buffer. The crude cell lysates were separated by SDS-PAGE and proteins were transferred 

from gels to PVDF membranes. The membranes were incubated in 5% w/v milk in 0.1% 

Tween-20/PBS at room temperature for 2 hours, incubated with the indicated primary 

antibodies diluted in 0.1% Tween-20/PBS at 4 °C overnight, and incubated with the 

indicated secondary antibodies (HRP) diluted in 0.1% Tween-20/PBS at room temperature 

for 2 hours. The membranes were washed by 0.1% Tween-20/PBS after each incubation. 

Clarity Western ECL Substrate was applied to the membranes and signal bands were 

exposed to the X-ray films.

RT-PCR

Total RNAs were extracted from the collected cell pellets by using TRIzol Reagent and 

converted to cDNA by using High-Capacity cDNA Reverse Transcription Kit. RT-PCR was 

processed by using iQ SYBR Green Supermix.
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Cell viability assay—Cells in 96-well plates (90% confluence) were treated with the 

indicated compounds at the indicated working concentrations at 37 °C for 24 hours. ATP 

levels in the cells were quantified by using CellTiter-Glo Luminescent Cell Viability Assay 

according to the manufacturer’s instructions. Metabolic activities in the cells were measured 

by MTT Assay Kit according to the manufacturer’s instructions.

Ubiquitination assays—A549 cells in 6-well plates (90% confluence) were transfected 

with pCMV6-Entry-FLAG-GSPT1 and pRK5-HA-Ub-WT for 24 hours following the 

transfection procedures as described above. A549 cells were incubated with DMSO or 1 

μM 103 (0.1% DMSO) at 37 °C for 8 hours. Cell pellets were then washed by PBS and 

suspended in 1 mL lysis buffer (150 mM NaCl, 50 mM TrisHCl pH =7.5, 1 mM EDTA, 

0.5% NP40, 1X protease and phosphatase inhibitor) in 5 mL tubes. 50 μL 5M NaCl were 

added into the tubes and cells were lysed by rotating the tubes at 4 °C for 30 minutes. 1 

mL H2O were added into the tubes. The tubes were rotated at 4 °C for 10 minutes and 

centrifuged at 15,000 rpm for 10 minutes. The supernatants of the cell lysates were then 

collected for the pull-down assay.

Pull-down assay was processed according to the manufacturer’s instructions of Anti-FLAG 

M2 Magnetic Beads. Briefly, the pre-washed Anti-FLAG M2 Magnetic Beads were 

incubated with the supernatants of the cell lysates by gently shaking at 4 °C overnight. 

The beads were then washed by washing buffer I (150 mM NaCl, 50 mM TrisHCl pH =7.5, 

1 mM EDTA) and washing buffer II (150 mM NaCl, 50 mM TrisHCl pH =7.5, 1 mM EDTA, 

0.05% NP40). The beads were boiled in 2x Laemmli sample buffer. The eluted samples were 

collected for processing Western Blots.

Proteomic assay and quantitative analysis—A549 cells or A549-ACE2 cells in 

6-well plates were infected by WT PR8 virus or SARS-CoV-2 (MOI = 1) and treated with 

DMSO or 1 μM 103 (0.1% DMSO) following the infection procedures as described above. 

Cell pellets were collected, washed by PBS, suspended in the lysis buffer (8M urea, 150 mM 

NaCl, 50 mM NH4HCO3, 1× protease and phosphatase inhibitor), and incubated on ice for 

30 minutes.

Lysates were sonicated and protein concentrations were quantified by Micro BCA™ 

Protein Assay Kit. 50 μg of protein for each sample were treated with 4mM Tris-(2-

carboxyethyl)phosphine (TCEP) to reduce disulfide linkages for 30 minutes in the dark 

at room temperature. 10 mM Iodoacetamide (IAA) was added to alkylate free cysteines 

and lysates were incubated in the dark at room temperature for 30 minutes. IAA was 

quenched with 10 mM dithiothreitol (DTT) and samples were incubated in the dark at room 

temperature for 30 minutes. Samples were then diluted with 5 sample volumes of 100 mM 

ammonium bicarbonate to reduce the concentration of urea to < 2 M to where trypsin is 

active. Lysates were next digested with Trypsin Gold at a 1:100 (enzyme: protein) ratio and 

lysates were rotated for 16 hours at room temperature. Trypsin activity was quenched by 

adding 10% v/v trifluoroacetic acid (TFA) to a final concentration of 0.1% TFA. Samples 

were then desalted on a C18 column as per the manufacturer’s instructions. Samples were 

eluted from these columns with 200 μL 40% ACN/0.1% TFA. Samples were dried by 

vacuum centrifugation.
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All samples were analyzed on an Orbitrap Eclipse mass spectrometry system 

(Thermo Fisher Scientific) equipped with an Easy nLC 1200 ultra-high pressure 

liquid chromatography system (Thermo Fisher Scientific) interfaced via a Nanospray 

Flex nanoelectrospray source. Immediately prior to analysis, lyophilized samples were 

resuspended in 0.1% formic acid. Samples were injected on a C18 reverse phase column 

(30 cm × 75 μm (ID)) packed with ReprosilPur 1.9 μm particles). Mobile phase A consisted 

of 0.1% FA, and mobile phase B consisted of 0.1% FA/80% ACN. Peptides were separated 

by an organic gradient from 5% to 35% mobile phase B over 120 minutes followed by an 

increase to 100% B over 10 minutes at a flow rate of 300 nL/minute. Analytical columns 

were equilibrated with 3 μL of mobile phase A. To build a spectral library, replicate samples 

were pooled by infection and treatment conditions and analyzed by a data-dependent 

acquisition (DDA) method. DDA data was collected by acquiring a full scan over a m/z 

range of 375–1025 in the Orbitrap at 120,000 resolution resolving power (@200 m/z) with 

a normalized AGC target of 100%, an RF lens setting of 30%, and an instrument-controlled 

ion injection time. Dynamic exclusion was set to 30 seconds, with a 10-ppm exclusion width 

setting. Peptides with charge states 2–6 were selected for MS/MS interrogation using higher 

energy collisional dissociation (HCD) with a normalized HCD collision energy of 28%, 

with three seconds of MS/MS scans per cycle. All individual samples were analyzed by a 

data-independent acquisition (DIA) method. DIA was performed on all individual samples. 

An MS scan was performed at 60,000 resolution (@200m/z) over a scan range of 390–1010 

m/z, an instrument controlled AGC target, an RF lens setting of 30%, and an instrument 

controlled maximum injection time, followed by DIA scans using 8 m/z isolation windows 

over 400–1000 m/z at a normalized HCD collision energy of 28%.

Spectral Libraries were built with Spectronaut factory settings from DDA pools and from 

DDA runs from a previous SARS-CoV-2 study.60 Individual samples run with DIA methods 

were then analyzed against the before mentioned library with Spectronaut as previously 

described.61 False discovery rates were estimated using a decoy database strategy.62 All data 

were filtered to achieve a false discovery rate of 0.01 for peptide-spectrum matches, peptide 

identifications, and protein identifications. Search parameters included a fixed modification 

for carbamidomethyl cysteine and variable modifications for N-terminal protein acetylation 

and methionine oxidation. All other search parameters were defaults for the respective 

algorithms. Analysis of protein expression was conducted utilizing the MSstats statistical 

package in R. Output data from Spectronaut was annotated based on the human reference 

(SwissProt human reviewed sequences downloaded on 10/10/2019, SARS-CoV-2 (WA1 

strain) sequences, and Influenza A virus (PR8 strain) sequences). Technical and biological 

replicates were integrated to estimate log2fold-changes, p-values, and adjusted p-values. All 

data were normalized by equalizing median intensities, the summary method was Tukey’s 

median polish, and the maximum quantile for deciding censored missing values was 0.999. 

Significantly dysregulated proteins were defined as those which had a fold change value > 2 

or < −2, with an adjusted p-value of < 0.05.

Immunofluorescent staining

A549 cells: A549 cells in 6-well plates (90% confluence) were transfected with pDZ-IAV 

NP for 24 hours following the transfection procedures as described above. A549 cells were 
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incubated with the indicated compounds (working concentrations = 1 μM, 0.1% DMSO) at 

37 °C for 8 hours. A549 cells were then washed by PBS, fixed by 4% paraformaldehyde at 

room temperature for 15 minutes, and immunoblotted by anti-H1N1 NP at 4 °C overnight 

and anti-rabbit IgG (Alexa Fluor™ Plus 488) at room temperature for 1 hour. A549 cells 

were washed by PBS after each step of fixation and immunoblotting. DAPI counterstaining 

was then performed by incubating A549 cells with DAPI in PBS (3 μg/mL) in the dark at 

room temperature for 15 minutes. A549 cells were finally washed by PBS. Fluorescence 

images were recorded by EVOS Cell Imaging Systems.

Lung organoids: Lung organoids were infected by WT PR8 virus or SARS-CoV-2 and 

treated with the indicated compounds following the infection procedures as described above. 

Lung organoids were fixed in 4% paraformaldehyde in PBS at room temperature for 30 

minutes.

For WT PR8 infected organoids, permeabilization and blocking was performed by 

incubating whole organoids in permeabilization/blocking buffer (5% FBS and 1% 

TritonX-100 in PBS) with agitation at room temperature for 2 hours. Organoids were 

washed by immunofluorescence (IF) buffer (0.1% w/v BSA, 0.2% v/v Triton X-100, and 

0.1% v/v Tween-20 in PBS). Thereafter, primary antibody staining and secondary antibody 

staining were processed by incubating organoids in IF buffer containing anti-H1N1 NP 

(0.5 μg/mL) and anti-rabbit IgG (Alexa Fluor™ Plus 488) (0.5 μg/mL) with agitation at 

4 °C overnight, respectively. Organoids were washed by cold IF buffer after each step of 

staining. DAPI counterstaining was then performed by incubating organoids in IF buffer 

containing DAPI (3 μg/mL) with agitation in the dark at room temperature for 15 minutes. 

Organoids were finally washed by water and PBS, respectively. To optically clear the 

organoids, organoids were incubated in 50% and 100% methanol with agitation in the dark 

at room temperature for 1 hour, respectively. Methanol was then removed. Organoids were 

suspended in Vectashield PLUS Antifade Mounting Medium and transferred to μ-Slide 8 

wellhigh IbiTreat chamber slides. Stained organoids were then imaged on the Leica SP5 DMI 

confocal microscope. Images were processed using FIJI.56

For SARS-CoV-2 infected organoids, fixed organoids were washed by PBS. Organoids were 

then immersed in 10% sucrose solution overnight, in 20% sucrose solution overnight, in 

30% sucrose solution overnight, and finally in a 1:1 mix of 30% sucrose:OCT solution 

overnight. Organoids were then embedded in OCT compound and sectioned with a cryostat 

(Leica) at 7 μm thickness. For immunostaining, sectioned slides were equilibrated to 

room temperature for 2 hours. Slides were washed in 1x Tris-Buffered Saline for 30min, 

then permeabilized and blocked using the TrueBlack IF Background Suppressor System 

(Permeabilizing) (Biotium) following the manufacturer’s instructions. Slides were stained by 

anti-SARS-CoV-2 NP (1:250 dilution) and anti-mouse IgG (Alexa Fluor™ Plus 488) (1:500 

dilution) at 4°C overnight, counterstained with DAPI in the dark at room temperature for 15 

minutes, and finally mounted. Samples were imaged on the Leica SP5 confocal microscope, 

and images were processed with FIJI.
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Section II RNA destroyers

Synthesis of RNA oligonucleotides: Four biotinylated RNA oligonucleotides (Biotin-RNA 

1–4) were directly purchased from Integrated DNA Technologies. RNA oligonucleotides 

were synthesized by using standard RNA bases, modified by phosphorylation (code: /

5Phos/), and conjugated with biotin (code: /5Biosg/and /3Bio/). Destroyer RNA3-A and 

RNA4-A were customized by Horizon Discovery. RNA oligonucleotides were synthesized 

by using phosphorothioated 2’-O-methyl RNA bases and conjugated with (S, R, S)-AHPC-

PEG6 (BP-25703, BroadPharm) through 5-LC-N-U (code: 5-LC-N-U). The synthesized 

RNA3-A and RNA4-A were then purified by HPLC.

IAV UTR analysis: Sequences for UTR analysis of IAV were downloaded from the NCBI 

Influenza Virus Sequence Database and Access and Download date was June 20, 2022.63 A 

custom R script was used for analysis. Briefly, full length sequences that had were deemed 

complete (“c” in column 11 in influenza_na.dat metadata table) were used. As preliminary 

scans of sequences revealed that many sequences in this first filter bore truncated 3’ and 

5’ UTRs, a further secondary filter was applied. Unique, full length mRNA sequences that 

started with “AGC” and end with “ACT” nucleotides, were used for downstream analysis. 

UTR sequences were then demarcated using ORFik Bioconductor package (Release 1.16.0) 

and then aligned using the DECIPHER Bioconductor package (release 2.24.0).64,65 To avoid 

potential biases due to sampling and sequencing errors, only unique UTR sequences that did 

not vary from the median UTR length by more than 5% were used for multiple sequence 

alignment (MSA). MSA outputs were then visualized using ggseqlogo.66 For host and strain 

breakdown, unique UTR sequences were mapped back to their originating mRNA sequence, 

and a summary of all associated hosts and strains visualized with pie charts.

Pull-down assay

vPOL co-immunoprecipitation assay: A549 cells in 6-well plates (90% confluence) were 

infected by WT PR8 virus (MOI = 3) following the infection procedures as described above. 

24 hours post infection, cell pellets were collected, washed by PBS, and suspended in 1 

mL lysis buffer (150 mM NaCl, 50 mM TrisHCl pH =7.5, 1 mM EDTA, 0.5% NP40, 1× 

protease and phosphatase inhibitor) in 5 mL tubes. 50 μL 5M NaCl were added into the 

tubes and cells were lysed by rotating the tubes at 4 °C for 30 minutes. 1 mL H2O were 

added into the tubes. The tubes were rotated at 4 °C for 10 minutes and centrifuged at 

15,000 rpm for 10 minutes. The supernatants of the cell lysates were then collected for the 

pull-down assay.

Pull-down assay was processed according to the manufacturer’s instructions of Magnetic 

RNA-Protein Pull-Down Kit. Briefly, the pre-washed and RNase-inactivated streptavidin 

magnetic beads were coated with Biotin-RNAs in RNA capture buffer (20mM Tris pH 

7.5, 1M NaCl, 1mM EDTA) by shaking the beads at 1,000 rpm at 23 °C for 30 minutes. 

RNA-coated beads were washed by washing buffer (20 mM Tris pH 7.5) and incubated with 

the supernatants of the cell lysates in protein-RNA binding buffer (20 mM Tris pH 7.5, 50 

mM NaCl, 2 mM MgCl2, 0.1% Tween-20, 0.15% glycerol, 0.5U/uL RNase Inhibitor) by 

shaking the beads at 1,000 rpm at 4 °C for 1 hour. The beads were then washed by washing 
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buffer (20mM Tris pH 7.5, 10mM NaCl, 0.1% Tween-20). The beads were boiled in 2x 

Laemmli sample buffer. The eluted samples were collected for processing Western Blots.

VHL co-immunoprecipitation assay: A549 cells in 6-well plates (90% confluence) were 

infected by FLAG-PB1 PR8 virus (MOI = 3) following the infection procedures as described 

above. A549 cells were lysed following the same procedures as described in vPOL co-

immunoprecipitation assay. The supernatants of the cell lysates were then collected for the 

pull-down assay.

Pull-down assay was processed according to the manufacturer’s instructions of Anti-FLAG 

M2 Magnetic Beads. Briefly, the pre-washed Anti-FLAG M2 Magnetic Beads were 

incubated with the supernatants of the cell lysates with or without 1 μM RNA3-A or 

RNA4-A by gently shaking at 4 °C overnight. The beads were then washed by washing 

buffer I (150 mM NaCl, 50 mM TrisHCl pH =7.5, 1 mM EDTA) and washing buffer II (150 

mM NaCl, 50 mM TrisHCl pH =7.5, 1 mM EDTA, 0.05% NP40). The beads were boiled in 

2x Laemmli sample buffer. The eluted samples were collected for processing Western Blots.

RT-PCR

HEK293 cells in 6-well plates (90% confluence) were transfected with 1 μM RNA3-A or 

RNA4-A for 24 hours following the transfection procedures as described above. Total RNAs 

were extracted from the cell pellets by using TRIzol Reagent and converted to cDNA by 

using High-Capacity cDNA Reverse Transcription Kit. RT-PCR was processed by using iQ 

SYBR Green Supermix.

Flow cytometry—HEK293T cells were seeded in 48-well plates (40% confluence). Wells 

were coated with 0.5% Gelatin in water at room temperature for 30 minutes prior to plating 

cells. On the day of flow cytometry, cell culture medium was removed. HEK293T cells 

were washed by opti-MEM and incubated with NS1-GFP PR8 virus diluted in opti-MEM 

(MOI = 1) at 37 °C for 1 hour. HEK293T cells were then transfected with 100 μM 

stocks of the indicated Destroyers (working concentrations = 1 μM) using Lipofectamine 

RNAiMAX Transfection Reagent according to the manufacturer’s instructions. Where 

indicated, HEK293T cells were also treated with DMSO or 100 nM MG132. 20 hours post 

infection, cell culture supernatants were collected. HEK293T cell pellets were treated with 

0.05% Trypsin-EDTA for at room temperature 3 minutes to achieve single cell suspensions. 

Trypsinization reactions were stopped by the addition of washing buffer (4% FBS in PBS). 

HEK293T cells were washed by washing buffer and then passed through 40 μm filters to get 

single cell suspensions. Flow cytometry experiments were performed on the BD Canto II. 

Analysis was performed with FCS Express 7 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Calculations were performed using Graphpad Prism 9. Graphic data in this study are 

presented as Mean ± SD, n = 2–4. Statistical tests used and significance calculations were 

performed and shown in each figure legend. Proteomic assays were analyzed as indicated in 

the method details above.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• FM-74–103 inhibits IAV, SARS-CoV-2 and CMV infections through GSPT1 

degradation.

• GSPT1 degradation is antiviral as it is a crucial host factor for many viruses.

• Destroyers are viral RNA mimics that target viral proteins for degradation.

• Targeting viral polymerase with destroyers is a virus-specific antiviral 

strategy.
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Figures 1. 103 inhibits IAV replication.
A. Structures of the indicated compounds and their cartoon illustrations.

B. (Top) Fluorescence images (scale bars = 400 μm): A549 cells infected by NS1-GFP 

PR8 virus (MOI = 1) and treated with 1 μM of the indicated compounds for 24 hours post 

infection. (Bottom) GFP intensities in top panel (green bars and right axis). Mean ± sd, n 

= 3; CellTiter-Glo luminescence assays: ATP levels in A549 cells treated with 1 μM of the 

indicated compounds for 24 hours (blue bars and left axis). Mean ± sd, n = 3.

C. (Top) Plaque assays: viral titers in supernatants of A549 cells infected by WT PR8 virus 

(MOI = 1) and treated with 1 μM of the indicated compounds for 24 hours post infection 

(purple bars and right axis). Mean ± sd, n = 2; CellTiter-Glo luminescence assays: ATP 

levels in A549 cells treated with 1 μM of the indicated compounds for 24 hours (blue bars 

and left axis). Mean ± sd, n = 3. (Bottom) Western blots: A549 cells from the experiments 

described in top panel.
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D. Plaque assays: viral titers in supernatants of HBTE cells infected by A/Puerto Rico/8/34 

(H1N1) virus (WT PR8 virus) (MOI=1) (Left) or A/Netherlands/602/2009 (H1N1) virus 

(MOI=1) (Right) and treated with the indicated concentrations of Nucleozin (black bars) or 

103 (grey bars) for 24 hours post infection. IC50 are indicated. Mean ± sd, n = 3.

E. Proteomics assay: (Left) Volcano plot of proteomics data from uninfected A549 cells 

treated with DMSO or 1 μM 103 for 4 hours (No infection, 4h). (Right) Volcano plot of 

proteomics data from A549 cells infected by WT PR8 virus (MOI = 1) and treated with 

DMSO or 1 μM 103 for 24 hours post infection (WT PR8 virus, 24hpi). GSPT1/eRF1 and 

IAV proteins are highlighted in blue and red, respectively. n = 3.

F. Proteomics assay: absolute abundance of the indicated proteins from experiments 

described in Figure 1E. Mean ± sd, n = 3.

All p-values were calculated by Student’s T test. p-value: * < 0.05, ** < 0.01, *** < 0.001, 

and **** < 0.0001.

D: DMSO, Nuc: Nucleozin, Len: Lenalidomide, NA: Not available.

See also Figure S1.
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Figures 2. 103 selectively depletes human GSPT1.
A. Western blots: A549 cells treated with DMSO or 0.1 μM 103 for the indicated periods of 

time.

B. Western blots: A549 cells treated with the indicated compounds at the indicated 

concentrations for 24 hours.

C. Western blots: A549 cells treated with DMSO or 0.1 μM 103 for 24 hours (−). The 

medium containing the compounds was then removed and cells were cultured in fresh 

medium for the indicated periods of time (washout).

D. Western blots: A549 cells transfected with 100 nM non-targeting siRNA (siNT) or siRNA 

against CRBN (siCRBN) for 48 hours, followed by treatment with DMSO or 1 μM 103 for 8 

hours.

E. Western blots: A549 cells treated with 10 μM of the indicated competitor compounds for 

1 hour, followed by co-treatment with 1 μM 103 for 6 hours. ★: overdeveloped region as 

defined by the dashed box.
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F. Western blots: A549 cells were co-transfected with HA-Ub and FLAG-GSPT1 plasmids 

for 24 hours, followed by treatment with DMSO or 1 μM 103 for 8 hours. FLAG-GSPT1 

with HA-Ub modification was pulled down from cell lysates.

G. Fluorescence images (scale bars = 400 μm) (Left) and western blots (Right): A549 cells 

were simultaneously transfected with FLAG-GFP plasmid and treated with DMSO or 1 μM 

of the indicated compounds for 24 hours. Cartoon illustrations are indicated, see also Figure 

1A.

D: DMSO, Nuc: Nucleozin, Len: Lenalidomide, MLN: MLN4924, MG: MG-132.

See also Figure S2.
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Figures 3. 103-induced degradation of GSPT1 confers anti-IAV effect.
A. Plaque assays: viral titers in supernatants of A549 cells infected by WT PR8 virus (MOI 

= 1) and treated with DMSO or 1 μM 103 for 24 hours post infection. 103 was added into 

the medium at the indicated time points before or after infection. Mean ± sd, n = 2.

B. Plaque assays: A549 cells were treated with DMSO or 0.1 μM 103 for 24 hours. The 

medium containing the compounds were then removed and cells were infected by WT PR8 

virus (MOI = 1) and re-treated with DMSO or 1 μM 103 for 24 hours post infection (−) or 

without re-treatment of the compounds (washout (24h)). Mean ± sd, n = 2.

C. Plaque assays: A549 cells were transfected with 100 nM siNT or siCRBN for 48 hours, 

followed by being infected by WT PR8 virus (MOI = 1) and treated with DMSO or 1 μM 

103 for 3 hours before infection and 24 hours post infection. Mean ± sd, n = 2.

D. Plaque assays: viral titers in supernatants of A549 cells infected by WT PR8 virus 

(MOI = 1) and treated with DMSO or 1 μM 103 for 3 hours before infection and 24 hours 
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post infection. Where indicated, A549 cells were concurrently treated with 10 μM of the 

indicated competitor compounds. Mean ± sd, n = 2.

E. Plaque assays: viral titers in supernatants of A549 cells infected by WT PR8 virus (MOI 

= 1) and treated with DMSO or 1 μM of the indicated compounds for 3 hours before 

infection and 24 hours post infection. Cartoon illustrations are indicated, see also Figure 1A. 

Mean ± sd, n = 2.

F. Plaque assays (Left) and Western blots (Right): A549 cells were transfected with 100 

nM siNT, siRNAs against GSPT1 (siGSPT1), ETF1 (siETF1), or EIF2S1 (siEIF2S1) for 72 

hours, followed by being infected by WT PR8 virus (MOI = 1) for 24 hours post infection. 

Mean ± sd, n = 2.

All p-values are calculated by Student’s T-test. P-value: ns (not significant) > 0.05, * < 0.05, 

** < 0.01, and *** < 0.001.

D: DMSO, Nuc: Nucleozin, Len: Lenalidomide, MLN: MLN4924, MG: MG-132.
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Figures 4. 103 elicits anti-IAV activity in lung organoid model.
A. (Left) Fluorescence images (scale bars = 400 μm): lung organoid-derived epithelial 

cells infected by NS1-GFP PR8 virus (MOI=1) and treated with DMSO or 1 μM of the 

indicated compounds for 3 hours before infection and 24 hours post infection. (Middle) 

GFP intensities of images in left panel (green bars and right axis). Mean ± sd, n = 3; 

CellTiter-Glo luminescence assays: ATP levels in lung organoid cells treated with 1 μM 

of the indicated compounds for 24 hours (blue bars and left axis). Mean ± sd, n = 3. All 

p-values are calculated by Student’s T-test. P-value: *** < 0.001. (Right) Western blots: lung 

organoid cells from the experiments described in left and middle panels. ←: nonspecific 

bands.

B. Immunofluorescence images (scale bars = 100 μm and 25 μm): 3D lung organoids 

infected by WT PR8 virus (MOI = 1) and treated with DMSO or 1 μM of the indicated 
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compounds for 3 hours before infection and 24 hours post infection. Yellow solid boxes: 

regions of interest (ROI) on overlaying images.

D: DMSO, Nuc: Nucleozin, Len: Lenalidomide.
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Figures 5. 103 has antiviral activity against SARS-CoV-2.
A. (Top) plaque assays: viral titers in supernatants of A549-ACE2 cells infected by SARS-

CoV-2 (MOI = 1) and treated with DMSO or 1 μM of the indicated compounds for 3 hours 

before infection and 24 hours post infection (purple bars and right axis). Mean ± sd, n = 

2; CellTiter-Glo luminescence assays: ATP levels in A549-ACE2 cells treated with 1 μM of 

the indicated compounds for 24 hours (blue bars and left axis). Mean ± sd, n = 3. (Bottom). 

Western blots: A549-ACE2 cells from the experiments described in top panel.

B. Proteomics assay: (Top) Volcano plot of proteomics data from uninfected A549-ACE2 

cells treated with DMSO or 1 μM 103 for 4 hours (No infection, 4h); (Middle) Volcano 

plot of proteomics data from A549-ACE2 cells infected by SARS-CoV-2 (MOI = 1) and 

treated with DMSO or 1 μM 103 for 3 hours before infection and 24 hours post infection 

(SARS-CoV-2, 3hbi+24hpi); (Bottom) Volcano plot of proteomics data from A549-ACE2 

cells infected by SARS-CoV-2 (MOI = 1) and treated with DMSO or 1 μM 103 for 24 
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hours post infection (SARS-CoV-2, 24hpi). GSPT1/eRF1 and SARS-CoV-2 proteins are 

highlighted in blue and purple, respectively. n = 3.

C. (Top) Plaque assays: A549-ACE2 cells were transfected with 100 nM siNT or siCRBN 

for 48 hours, followed by being infected by SARS-CoV-2 (MOI = 1) and treated with 

DMSO or 1 μM 103 for 3 hours before infection and 24 hours post infection. Mean ± sd, n = 

2. (Bottom) Western blots: A549-ACE2 cells from the experiments described in top panel.

D. Immunofluorescence images (scale bars = 100 μm): 3D lung organoids infected by 

SARS-CoV-2 (MOI = 1) and treated with DMSO or 1 μM 103 for 3 hours before infection 

and 24 hours post infection.

All p-values were calculated by Student’s T test. P-value: ns (not significant) > 0.05, ** < 

0.01.

D: DMSO, Nuc: Nucleozin, Len: Lenalidomide.

See also Figure S3.
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Figures 6. 103 has antiviral activity against CMV.
A. (Left) Fluorescence images (scale bars = 400 μm): ARPE-19 cells infected by 

AD169BADrUL131 virus (MOI = 1) and treated with DMSO or 1 μM of the indicated 

compounds for 3 hours before infection and 24 hours post infection. (Middle) GFP 

intensities of images in left panel (green bars and right axis). Mean ± sd, n = 3; CellTiter-

Glo luminescence assays: ATP levels in ARPE-19 cells treated with 1 μM of the indicated 

compounds for 24 hours (blue bars and left axis). Mean ± sd, n = 3. (Right) Western blots: 

ARPE-19 cells from the experiments described in left and middle panels.

B. (Left) Fluorescence images (scale bars = 400 μm): ARPE-19 cells were transfected with 

100 nM siNT or siCRBN for 48 hours, followed by being infected by AD169BADrUL131 

virus (MOI = 1) and treated with DMSO or 1 μM 103 for 3 hours before infection and 24 

hours post infection. (Middle) GFP intensities of images in left panel (green bars and right 

axis). Mean ± sd, n = 3; CellTiter-Glo luminescence assays: ATP levels in ARPE-19 cells 

treated with 1 μM of the indicated compounds for 24 hours (blue bars and left axis). Mean ± 

sd, n = 3. (Right) Western blots: ARPE-19 cells from the experiments described in left and 

middle panels.

All p-values were calculated by Student’s T test. P-value: ns (not significant) > 0.05, *** < 

0.001, and **** < 0.0001.

D: DMSO, Nuc: Nucleozin, Len: Lenalidomide.

See also Figure S4.
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Figures 7. TPD promoted by RNA mimics exhibits anti-IAV activity.a
A. Conserved terminal sequences of IAV segments 1 through 3. Publicly available and 

unique full-length UTR sequences of the indicated viral segments (vRNA) were aligned. 

Total number of sequences, the breakdown of contributing strains (H1N1, H1N2, H3N2, 

H5N1, and others) and host species (Avian, Human, Swine and others) are indicated in the 

pie charts.

B. Sequences and modifications of Biotin-RNAs and Destroyers. *: phosphorothioate 

backbones; m: 2’O-methyl modifications; Phos: phosphorylation.
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C. Western blots: A549 cells were infected by WT PR8 virus (MOI = 1) for 24 hours. 

IAV NP was pulled down by 1 μM of the indicated Biotin-RNA oligonucleotides from cell 

lysates.

D. Visualization of RNA3-A in orange (Left) and RNA4-A in purple (Right) on top of 

the crystal structure of vPOL and vRNAs (5’ vRNA in purple; 3’ vRNA in orange) (PDB 

4WSB) using Pymol. The original vRNA oligonucleotide sequences used in PDB 4WSB 

were retained for this analysis. Black dashed boxes: AHPC; Yellow dashed lines: polar 

contacts.

E. Western blots: A549 cells were infected by FLAG-PB1 PR8 virus (MOI = 1) for 24 

hours. IAV PB1 and VHL were pull down by 1 μM RNA3-A or RNA4-A from cell lysates.

F. Flow cytometry: HEK293T cells were infected by NS1-GFP PR8 virus (MOI = 1) and 

transfected with 1 μM RNA3-A or RNA4-A for 24 hours post infection in the presence or 

absence of 100 nM MG132. Mean ± sd, n = 3–4. All p-values were calculated by one-way 

ANOVA followed by Sidak multiple comparisons test. p-value: ns (not significant) > 0.1234, 

* < 0.0332, **** p < 0.0001. UT: untreated.

See also Figure S5.
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Scheme 1. 
Synthetic route of compound FM-123–96, FM-123–142 and FM-74–103
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-GSPTI Cell Signaling Technology Cat: 14980 RRID: AB_2798677

anti-eRF1 Cell Signaling Technology Cat: 13916 RRID: AB_2798344

anti-eIF2a Cell Signaling Technology Cat: 9722 RRID: AB_2230924

anti-p-eIF2a (Ser51) Cell Signaling Technology Cat: 9721 RRID: AB_330951

anti-CRBN Cell Signaling Technology Cat: 71810 RRID: AB_2799810

Anti-VHL Cell Signaling Technology Cat: 68547 RRID: AB_2716279

anti-ACE2 Abcam Cat: ab108209 RRID: AB_10862654

anti-GAPDH Cell Signaling Technology Cat: 5174 RRID: AB_10622025

anti-H1N1 NP GenScript Cat: A01506 RRID: AB_1968881

anti-SARS-CoV-2 NP Center for Therapeutic Antibody
Development at Mount Sinai Clone 1C7C7

Anti-CMV IE1/2 Abcam Cat: ab53495 RRID: AB_882995

anti-FLAG M2 Sigma-Aldrich Cat: A8592 RRID: AB_439702

Anti-HA Cell Signaling Technology Cat: 3724 RRID: AB_1549585

anti-rabbit IgG (HRP) Sigma-Aldrich Cat: GENA9340 RRID: AB_772191

anti-mouse IgG (HRP) Sigma-Aldrich Cat: GENA9310 RRID: AB_772193

anti-rabbit IgG (Alexa Fluor™ Plus 488) ThermoFisher Cat: A-11008 RRID: AB_143165

anti-mouse IgG (Alexa Fluor™ Plus 488) ThermoFisher Cat: A-11001 AB_2534069

Bacterial and virus strains

NS1-GFP PR8 virus Manicassamy et al.17 N/A

WT PR8 virus Manicassamy et al.17 N/A

FLAG-PB1 virus Heaton et al.25 N/A

SARS-related coronavirus 2 (SARS-CoV-2), isolate USA-
WA1/2020 BEI Resources NR-52281

AD169BADrUL131 virus Parsons et al.29 N/A

Chemicals, peptides, and recombinant proteins

Nucleozin Sigma-Aldrich N2790

MG-132 Sigma-Aldrich M7449

Lenalidomide MedChemExpress HY-A0003

MLN4924 MedChemExpress HY-70062

CC-885 MedChemExpress HY-101488

Lipofectamine 3000 Transfection Reagent ThermoFisher L3000001

Lipofectamine RNAiMAX Transfection Reagent ThermoFisher 13778030

TRIzol Reagent ThermoFisher 15596018

Protease and Phosphatase Inhibitor ThermoFisher 78444

RNase Inhibitor ThermoFisher AM2682

Critical commercial assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

CellTiter-Glo Cell Viability Assay Promega G7572

MTT Assay Kit Abcam ab211091

Western ECL Substrate Bio-Rad Laboratories 1705061

iQ SYBR Green Supermix Bio-Rad Laboratories 1708882

TrueBlue Peroxidase Substrate SeraCare 5510–0030

Anti-FLAG® M2 Magnetic Beads Sigma-Aldrich M8823

cDNA Reverse Transcription Kit ThermoFisher 4368813

Magnetic RNA-Protein Pull-Down Kit ThermoFisher 20164

Micro BCA™ Protein Assay Kit ThermoFisher 23235

Deposited data

Proteomics Data (Figure 1E, 1F, Supplementary Table S1) This study PRIDE: PXD042352

Proteomics Data (Figure 5B and S3, Supplementary Table S2) This study PRIDE: PXD042352

PDB 4WSB Pflug et al.32 N/A

Experimental models: cell lines

A549 ATCC Cat: CCL-185 RRID: CVCL_0023

HBTE ATCC PCS-300–010

ARPE-19 ATCC Cat: CRL-2302 RRID: CVCL_0145

MDCK ATCC Cat: CCL-34 RRID: CVCL_0422

Vero E6 ATCC Cat: CRL-1586 RRID: CVCL_0574

HEK293T ATCC Cat: CRL-3216 RRID: CVCL_0063

A549-ACE2 Ho et al.54 N/A

NHDF Parsons et al.29 N/A

Oligonucleotides

Non-targeting Control siRNA Pool Horizon Discovery D-001810–10

Human CRBN siRNA Pool Horizon Discovery L-021086–00

Human GSPT1 siRNA Pool Horizon Discovery L-019644–00

Human ETF1 siRNA Pool Horizon Discovery L-019840–00

Human EIF2S1 siRNA Pool Horizon Discovery L-015389–01

Biotin-RNA1–4 This study N/A

RNA3-A and RNA4-A This study N/A

RT-PCR primers This study Supplementary Table 3

Recombinant DNA

pDZ-H1N1 NP This study N/A

pcDNA3.1(+)-FLAG-GFP This study N/A

pcDNA3.1(+)-FLAG-PSD95 This study N/A

pcDNA3.1(+)-FLAG-NCBP20 This study N/A

pcDNA3.1(+)-FLAG-DXO This study N/A

pcDNA3.1(+)-FLAG-H1N1 NS1 This study N/A

pRK5-HA-Ub-WT Addgene 17608; RRID:Addgene_17608
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REAGENT or RESOURCE SOURCE IDENTIFIER

pCMV6-Entry-FLAG-GSPT 1 OriGene RC229318

Software and algorithms

Graphpad Prism 9 Graphpad https://www.graphpad.com/

ImageJ Schneider et al.55 https://imagej.net

FIJI Schindelin et al.56 https://imagej.net

MSstats Choi et al.57 N/A

PyMOL version 2.1 Schrödinger.58 N/A
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