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SUMMARY

The primary interactions between incoming viral RNA genomes and host proteins are crucial to 

infection and immunity. Until now, the ability to study these events was lacking. We developed 

VIR-CLASP (VIRal Cross-Linking And Solid-phase Purification) to characterize the earliest 

interactions between viral RNA and cellular proteins. We investigated the infection of human cells 

using Chikungunya virus (CHIKV) and Influenza A virus and identified hundreds of direct RNA-

protein interactions. Here, we explore the biological impact of three protein classes that bind 

CHIKV RNA within minutes of infection. We find CHIKV RNA binds and hijacks the lipid-

modifying enzyme FASN for pro-viral activity. We show that CHIKV genomes are N6-

methyladenosine modified and that YTHDF1 binds and suppresses CHIKV replication. Finally, 

we find that the innate immune DNA sensor IFI16 associates with CHIKV RNA, reducing viral 
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replication and maturation. Our findings have direct applicability to the investigation of potentially 

all RNA viruses.

Graphical Abstract

eTOC Blurb:

The earliest interactions between incoming RNA viral genomes and host RNA-binding proteins 

can be crucial to viral replication. Until now, these events couldn’t be distinctly studied. Kim and 

Arcos et al. develop VIR-CLASP, demonstrate its extensibility across multiple viral families, and 

report their findings on the CHIKV and IAV interactomes.
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INTRODUCTION

Emerging viruses threaten human and livestock populations across the globe. Thus it is 

imperative to understand differences in viral tropism across species and cell types. The 

earliest interactions between host protein and RNA viral genomes during an infection can 

determine viral tropism, yet are unexplored. Before upregulation of interferons, cytokines, 

and antiviral genes, a cell must rely on mRNAs and proteins already in its cytoplasmic 

arsenal. These “intrinsic immunity” factors aid host cells in the race between viral 

replication and cellular production of new antiviral machines (Bieniasz, 2004; Sheehy et al., 

2002). The virus also benefits from hijacking host mechanisms before transcription-

dependent defenses alter the cellular environment.
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Recent technological advances uncovered host RNA-binding proteins (RBPs) that interact 

with RNA viruses, yet no current method can identify interactions between the infecting, 

primary viral genome and host proteins (Lenarcic et al., 2013; Phillips et al., 2016). We 

developed a method to capture interactions between incoming viral RNA genomes and 

cellular proteins. VIR-CLASP (VIRal Cross-Linking And Solid-phase Purification) differs 

from RNA-antisense purification masss-pectrometry (RAP-MS) (Phillips et al., 2016) and 

thiouracil crosslinking mass-spectrometry (TUX-MS) (Lenarcic et al., 2013) in two 

fundamental ways. First, VIR-CLASP captures interactions with just the pre-replicated viral 

genome. Second, VIR-CLASP employs sequence-independent purification under protein-

denaturing conditions. Here, we use VIR-CLASP to discover the initial host protein-viral 

RNA interactions between human cells and Chikungunya (CHIKV) or Influenza A (IAV). 

We selected these human pathogens to represent distinct types of RNA viruses with different 

strategies for viral replication. CHIKV is a member of the Togaviridae family of positive-

sense RNA viruses (Weaver and Lecuit, 2015). CHIKV replication occurs in the cytoplasm, 

where the genome is a template for translation (Silva and Dermody, 2017). IAV is a member 

of the Orthomyxoviridae family of negative-sense RNA viruses. Upon infection, IAV 

translocates to the nucleus before initiating transcription of its segmented genome into the 

coding positive-sense RNA (Samji, 2009).

VIR-CLASP and mass spectrometry identified of hundreds of proteins that directly bind 

CHIKV and IAV. We found both shared and distinct host protein interactions with CHIKV 

and IAV. In-depth study of the CHIKV interactome uncovered condition-dependent 

interactions, including proteins that bind to CHIKV RNA following pretreatment of cells 

with interferon or under naïve conditions. We next explored the impact of three different 

types of CHIKV interacting proteins on viral replication. Fatty Acid Synthase (FASN), an 

enzyme that generates palmitic acid, was confirmed as a non-canonical viral RBP with an 

RNA-binding region in the ketoacyl-synthase domain. We found that FASN enhanced viral 

translation independent of its enzymatic activity and led to elevated levels of CHIKV RNA. 

VIR-CLASP also revealed that the N6-methyladenosine (m6A)-binding proteins YTH-

domain 1–3 (YTHDF1–3) interact with pre-replicated CHIKV RNA. We established that 

CHIKV genomes contain m6A, an RNA modification found in eukaryotic and viral 

transcripts, which can regulate mRNA translation, stability, and localization. Overexpression 

and knockdown studies showed that YTHDF1 suppresses CHIKV replication, while 

YTHDF2 has the opposite effect. We then found that the DNA-sensor Interferon-inducible 

protein 16 (IFI16) binds to incoming CHIKV genomes. We showed that IFI16 restricts 

CHIKV replication independent of interferon-signaling or DNA-binding transcriptional 

activity (Thompson et al., 2014; Unterholzner et al., 2010). VIR-CLASP uncovered 

extensive interactions between host proteins and the incoming genomes of CHIKV and IAV, 

and we found that these RBPs impact CHIKV replication and maturation. VIR-CLASP does 

not use sequence-specific isolation of RNA; thus, we anticipate that this approach will 

facilitate study of many pathogenically relevant RNA viruses.
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RESULTS

Capturing Viral RNA-Protein Interactions

VIR-CLASP relies on infection of unlabeled host cells with 4-thiouridine (4SU)-labeled 

viral genomes (Figure 1A, Box 1). Irradiation of infected cells with 365 nm light generates 

covalent crosslinks between 4SU-labeled viral genomes and interacting host or viral proteins 

(Figure 1A, Box 2). Solid-phase capture of these complexes with SPRI beads under protein 

denaturing conditions leads to purification of total RNA but only proteins covalently 

crosslinked to the 4SU-labeled viral RNA. This purification precedes nuclease (benzonase) 

digestion and LC-MS/MS identification of the crosslinked proteins (Figure 1A, Box 3). Only 

incoming viral genomes contain 4SU, so later events of viral replication or interactions 

between mRNA and protein are not captured. Since protein recovery is sequence-

independent and achieved under high stringency, VIR-CLASP facilitates comparisons 

between time points, viral strains, and cell lines.

To demonstrate that SPRI purification of protein requires 4SU-labeled RNA and UV 

crosslinking, we performed “CLASP” on cellular RNA. We only observed efficient protein 

purification when RNA was 4SU-labeled and crosslinked (Figure S1A). Also, protein 

recovery was abolished by benzonase degradation of RNA before purification or inhibition 

of transcription with dinaciclib to block incorporation of 4SU into cellular RNA (Figures 

S1B and S1C) (Paruch et al., 2010). These results show that protein purification with 

CLASP requires UV crosslinking and intact 4SU-labeled RNA. We observed that ribosomal 

RNA (rRNA) purification with CLASP is unaltered by 4SU incorporation, suggesting 

unaltered purification of differently structured RNAs (Figure S1B).

We performed VIR-CLASP pilot experiments on viruses spanning seven families and 

representing plus- and minus-stranded RNA genomes: CHIKV (Togaviridae), EMCV 

(Encephalomyocarditis, Picornaviridae), MHV (Mouse hepatitis, Coronaviridae), ZIKV 

(Zika, Flaviviridae), RVFV (Rift Valley Fever, Phenuiviridae), IAV (subtype H3N2, 

Orthomyxoviridae), and VSV (Vesicular stomatitis, Rhabdoviridae) (Figures 1B and S1D). 

By silver-stain, we observed diverse bands indicating interactions between cellular proteins 

and 4SU-labeled viral genomes. We chose to focus on identifying the host interactome with 

the incoming CHIKV genome using LC-MS/MS. CHIKV is a reemerging alphavirus that 

causes disease in humans characterized by fever, rash, and arthralgia (Silva and Dermody, 

2017; Weaver and Lecuit, 2015). Although CHIKV has caused millions of cases of disease 

and has significant economic impact, there are no therapies to prevent or treat CHIKV 

infection.

We first examined whether free 4SU remains in the buffer containing isolated and 

concentrated CHIKV, despite the stringent purification before infection. Free 4SU could 

incorporate into RNA of unlabeled and infected cells and contribute to the crosslinked RNA-

protein complexes purified with VIR-CLASP. To test this, we treated cells with dinaciclib 

before infection (Paruch et al., 2010). Dinaciclib inhibits transcription, so if free 4SU 

incorporates into cellular RNA, this drug should decrease the protein signal observed with 

VIR-CLASP. We observed no decrease in proteins enriched with VIR-CLASP, indicating 

that cellular 4SU incorporation does not contribute to the proteins purified in our approach 
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(Figure 1C). We then confirmed that the quantity of protein purified with VIR-CLASP is 

dependent upon viral multiplicity of infection (MOI) (Figure S1E). Lastly, we performed 

VIR-CLASP on purified virus without infection into host cells. We observed interactions 

between viral glycoproteins E1, E2, and viral Capsid protein with the CHIKV genome, and 

we did not detect mammalian host RBPs in the purified viral particles by silver stain (Figure 

1D).

An integral component of the ER membrane complex, EMC4, can facilitate entry of 

flaviviruses into the host cytoplasm from endosomes (Savidis et al., 2016). CHIKV shares 

entry mechanisms with flaviviruses, so we hypothesized that CHIKV entry requires EMC4. 

If so, loss of EMC4 should abolish any protein purified from VIR-CLASP with CHIKV. We 

performed CHIKV VIR-CLASP in cells containing either a CRISPR knockout for EMC4 or 

a CRISPR knock-in of HA-EMC4 (Barrows et al., 2019). We also tested two other methods 

to block viral entry: pretreatment of cells with bafilomycin, a vacuolar ATPase inhibitor 

(Bowman et al., 1988), or UV-irradiation of 4SU-CHIKV before infection to induce terminal 

crosslinks within virions. We observed that CHIKV-interacting proteins only enrich with 

VIR-CLASP when EMC4 is present (Figure 1E). We also observed loss of proteins when 

cells were pretreated with bafilomycin or pre-crosslinked. These results establish that 

CHIKV entry into the cytoplasm requires EMC4, that inhibition of viral entry prevents 

interaction between the viral genome and cytoplasmic proteins, and that isolation of 

interacting proteins using VIR-CLASP depends upon entry of viral genomes into the host 

cytoplasm.

We next evaluated the extent of BHK21 (Mesocricetus auratus (golden hamster)) RNA 

packaged within the viral particle, which may lead to identification of interactions with non-

viral RNAs. We performed RNA-seq with RNA from purified CHIKV viral particles and 

found that of 378.6 million reads across two replicates, over 340 million reads (>90%) 

mapped to either CHIKV or M. auratus. 98.8% of mapped reads map to the CHIKV genome 

and about 1% are from M. auratus (Table S1, Figure 1F). We validated by RT-qPCR that the 

percentage of the 18S and 28S rRNA over the CHIKV genome was less than 0.4% (Table 

S1). Thus, BHK21 RNA is not a considerable fraction of RNA found within CHIKV virions. 

We conclude that the potential for identifying interactions with non-viral RNA packaged 

within virions using VIR-CLASP is likely minimal and stochastic.

To define the period when interactions between incoming viral genomes and host proteins 

are vital we UV-irradiated 4SU-CHIKV before or during infection. Covalent crosslinks 

between viral RNA and proteins should be detrimental to production of new virions when 

the incoming RNA genomes are necessary for critical steps like translation and replication. 

There should be a time post-infection when formation of 4SU-crosslinks will not affect viral 

production, marking the period when the incoming viral transcript is no longer required. We 

crosslinked 4SU-labeled viruses before infection (−1 hour) or after infection (0.2 to 5 hours) 

in U2OS cells (Ho et al., 2015; J.-W. Lu et al., 2017; Reid et al., 2015; Y.-M. Wang et al., 

2016), under naïve or type-I interferon (IFN) stimulated conditions (Figure 2A, top panel). 

Type-I IFNs are cytokines secreted in response to innate immune activation; IFNs regulate 

transcription of IFN-stimulated genes (ISGs), including antiviral proteins. As anticipated 

from Figure 1E, crosslinking before infection decreased viral titer compared to unlabeled 
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(uncrosslinked) control virus in both naïve and IFN-stimulated cells. The initial decrease in 

titer was from ~109 to 107, so we estimate that ~99% of functional viral particles contain a 

biologically relevant amount of 4SU. The average amount of 4SU substitution in the purified 

viral particles was 2.5% (4SU over total uridine) by HPLC (data not shown). Crosslinking of 

viral particles at 2 hours post-infection (hpi) led to a 10-fold increase in titer compared to 

crosslinking at 0 or 1 hpi. This indicates that by 2 hpi viral replication has begun but is not 

independent of the primary genomes. Only when irradiation occurred at 3 hpi did viral titer 

recover to levels close to control. RT-qPCR analysis showed that CHIKV RNA rapidly 

increases between 2 and 3 hpi, confirming the start of viral transcription (Figure 2A, bottom 

panel). We concluded that for CHIKV, the window between viral entry and 3 hpi was the 

ideal range to capture interactions between pre-replicated viral RNA and host proteins.

Based on this timeline, we performed VIR-CLASP on 4SU-labeled CHIKV at 0.2, 1, and 3 

hpi, with naïve or IFN-treated cells, and performed LC-MS/MS and immunoblot analysis 

(Figure 2B). Negative controls represent cells infected with unlabeled CHIKV, crosslinked, 

and processed using VIR-CLASP (Figure 2B, lanes 5 and 9). SDS-PAGE and silver staining 

of the crosslinked proteins revealed unique protein banding patterns across the 6 conditions. 

A decrease in interacting protein recovery at 1 and 3 hpi suggests either that host proteins 

progressively bind less incoming viral RNA over time or that the incoming genomes are 

decaying. We also validated ELAVL1 (HuR), an RBP that interacts with the CHIKV 3’ UTR 

(Dickson et al., 2012), by immunoblot (Figures 1E and 2B). We failed to identify antiviral 

RBP IFIT1 by immunoblot, consistent with previous work showing that IFIT1 binds only to 

RNA viruses with a 5’ cap-0 structure (Figure 2B) (Daffis et al., 2010).

We performed VIR-CLASP with IAV to test the specificity of VIR-CLASP and to identify 

differences in host proteins that interact with pre-replicated plus- and minus-strand RNA 

viruses. We observed that IAV replication is not independent from the pre-replicated genome 

until ~ 4 hpi (Figure S2A). We chose to perform VIR-CLASP for IAV at 1 hpi in order to 

capture interactions that occur while viral replication heavily relies on the pre-replicated 

genome. IAV is known to contain m6A modifications (Courtney et al., 2017; Krug et al., 

1976), and we observed an interaction between the m6A-reader YTHDF1 and pre-replicated 

IAV by western blot (Figure S2B).

Analysis of the CHIKV and IAV Primary Interactomes

To identify proteins in the pre-replicated CHIKV and IAV interactomes we performed 

proteomics analysis on VIR-CLASP samples from 0.2, 1, and 3 hpi, and with naïve or IFN-

treated cells for CHIKV, and at 1 hpi in naïve cells for IAV. To define candidate “VIR-

CLASP RBPs” we calculated the peptide intensity ratios between +4SU and −4SU samples, 

leading to identification of ~400 significantly enriched proteins in each condition (0.01% 

FDR and fold change > 5) (Figure 2C, S2C, Table S2, and Table S3). Due to the low 

complexity of the −4SU samples, we could not calculate peptide intensity ratios for all 

proteins. For the remaining proteins, we used a semiquantitative approach based on the 

assumption that peptides with no intensity value are below the detection threshold (Garcia-

Moreno et al., 2019; Sysoev et al., 2016).
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To address the possibility that host proteins package within the virion we performed LC-

MS/MS analysis of VIR-CLASP performed on the purified CHIKV virion (Figure 1D). We 

identified CHIKV Capsid, E1, and E2 proteins with very high intensities (Table S4). We also 

compared all proteins with non-zero intensity values in one or both replicates of the virion 

LC-MS/MS to our CHIKV candidate RBPs. 40 proteins had identical peptides present in 

one or both replicates of the virion LC-MS/MS and the CHIKV candidate list in any 

condition. Many of the proteins found in both virion and VIR-CLASP are ribosomal 

proteins. We annotated the 40 proteins as found in both VIR-CLASP and the CHIKV virion 

in Table S2.

About 50% of proteins identified in VIR-CLASP for IAV were also identified for CHIKV in 

at least one condition (Figure S2D). The 193 shared proteins include known regulators of 

viral infection (STAU1 (de Lucas et al., 2010), ZC3HAV1 (Li et al., 2017), and LARP1 

(Karlas et al., 2010; Suzuki et al., 2016), and RNA helicases (DHX9, DHX15, DHX29, 

DHX30, DHX36, and DHX38). We validated unique and overlapping IAV and CHIKV 

proteins using immunoblot, confirming that FXR1 and DDX21 are specific interactors of 

pre-replicated CHIKV, WDHD1 and KDMB3 are specific interactors of pre-replicated IAV, 

and LARP1 interacts with both (Figure S2E).

We identified viral proteins in the pre-replicated interactomes of both CHIKV and IAV. For 

CHIKV, we identified the Capsid and E1 in all timepoints and conditions; we identified E2 

only at 0.2 hpi and 1 hpi (in both +IFN and −IFN). For IAV we identified Nucleoprotein 

(NP), confirming its interaction with the IAV genome (Area et al., 2004; Das et al., 2010). 

For the remainder of this report we focus on the CHIKV pre-replicated interactome due to 

the increased depth of the proteomics data.

The pre-replicated CHIKV interactome contains consistent and dynamic factors among the 

conditions tested. We found that ~255 of the candidate proteins interact with incoming 

CHIKV RNA throughout the first 3 hours of infection in both naïve and IFN-treated cells; 

~340 proteins were present only in a subset of conditions (Figure 3A) (Lex et al., 2014). We 

identified 142 proteins unique to the +IFN dataset, while 115 proteins were unique to −IFN 

(Figure 3A). The +IFN-unique proteins include known regulators of viral infection like 

SAMD9 (Liu and McFadden, 2015) and PNPT1 (Dhir et al., 2018). 23 proteins were 

specific to the most “naïve” condition (0 hpi, −IFN), including EIF4G1 and RAC1.

To understand the functions of the proteins in the pre-replicated CHIKV interactome, we 

performed GO analysis with candidate VIR-CLASP RBPs (Figures 3B–C, S2F–G and Table 

S5). Many enriched GO molecular function, biological process, and cellular component 

terms were related to RNA binding and different aspects of RNA metabolism, including 

translation initiation (GO: 0006413) (Figures 3B–C and S2F). The CHIKV interactome was 

also enriched for terms relating to viral infection and immune response (Table S5). Enriched 

KEGG pathways in the CHIKV interactome include Spliceosome (hsa03040), Ribosome 

(hsa03010), and other RNA processing pathways (Figure S2G). GO analysis of the IAV pre-

replicated interactome also revealed enrichment for molecular function terms related to RNA 

binding for biological process terms related to RNA localization and viral genome 
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replication, and for KEGG pathways related to RNA processing (Figures S3A–D and Table 

S6).

Over 50% of the CHIKV interactome proteins were interferon-stimulated genes (ISGs) 

(Figures S3E–F) (Rusinova et al., 2013). While the proportion of ISGs was consistent 

among the timepoints and conditions we tested, we were curious whether the ISGs 

represented potentially novel RBPs. About 60% of the CHIKV interactome is classified as 

an RBP by GO analysis or by previous interactome identification (Baltz et al., 2012; 

Castello et al., 2012; Gerstberger et al., 2014; R. Huang et al., 2018; Perez-Perri et al., 

2018). The remaining 40% are potentially novel RBPs (Figure S3G). We observed that the 

proportion of novel RBPs that are also ISGs tended to increase over time or in response to 

IFN (Figure 3D). Over 50% of the proteins in the IAV interactome were previously 

classified as RBPs (Figure S3H). Comparison of the PFAM domains (El-Gebali et al., 2019) 

found in the proteins identified by VIR-CLASP for CHIKV revealed that the previously 

reported RBPs were enriched in helicase, RNA-recognition motif (RRM) and other 

nucleotide-binding domains, while the novel RBPs contained Gelsolin repeat, WD40 repeat, 

and FHA domains (Figure 3E).

We further explored the CHIKV interactome proteins annotated by the GO term “translation 

initiation” (GO: 0006413) (Figure 4A and Table S5). These included translation initiation 

factors, RNA helicases, and the m6A-binding proteins YTHDF2 and YTHDF3. While m6A 

exists in other plus-strand RNA viruses like flaviviruses (Gokhale et al., 2016), whether m6A 

exists in alphavirus genomes is unknown. The identification by VIR-CLASP of a direct 

interaction of YTHDF2 and YTHDF3 with pre-replicated CHIKV (Figure 4B) suggests that 

CHIKV genomes contain m6A.

CHIKV VIR-CLASP hits include nucleic acid pattern-recognition receptors (PRRs) (Chow 

et al., 2018; Ma et al., 2018), such as DHX9, DDX21, OAS3, IFI16, XRCC6, and PRKDC 

(Figure 4C). Although CHIKV has an RNA genome, we found that pre-replicated CHIKV 

interacts with IFI16 and the DNA-PK complex (XRCC5, XRCC6, and PRKDC). RNA 

binding by the DNA-PK complex has been previously reported (Yoo and Dynan, 1998). 

IFI16 is an antiviral cytosolic-DNA sensor, yet was identified in all timepoints and 

conditions (Figure 4B). Recent research demonstrated that IFI16 restricts RNA virus 

infection by regulating transcription of type-I IFNs. Identification of IFI16 as a VIR-CLASP 

hit and putative RBP suggests a novel mechanism for its restriction of RNA viruses.

We compared our CHIKV VIR-CLASP dataset to previous screens for regulators of CHIKV 

infection (Figure 4D and Table S7) (Karlas et al., 2016; Ooi et al., 2013; Radoshitzky et al., 

2016; Schoggins et al., 2011). VIR-CLASP hits identified in at least one other screen 

include ADAR, ACLY, and FASN. FASN was also identified as a putative RBP in two other 

screens to identify novel cellular RBPs (Baltz et al., 2012; Castello et al., 2012). VIR-

CLASP expands on these results to demonstrate that FASN binds viral RNA (Figure 4B). 

The connection between FASN’s role in viral replication and its potential RNA-binding 

activity is unexplored.
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For this report, we follow up on YTHDF1–3, IFI16, and FASN to determine how their 

interactions with CHIKV affect viral replication.

YTHDFs Modulate CHIKV Viral Replication

m6A is an RNA modification found in mRNA and lncRNA (Jia et al., 2013), and within viral 

genomes from the Retro-, Orthomyxo-, and Flaviviridae families (Courtney et al., 2017; 

Gokhale et al., 2016; Krug et al., 1976; Lichinchi et al., 2016; W. Lu et al., 2018). To explore 

whether CHIKV contains m6A, we performed m6A RNA-immunoprecipitation (MeRIP) on 

RNA from purified CHIKV virions. CHIKV virion RNA immunoprecipitated with an anti-

m6A antibody, but not with an IgG control (Figure 5A). We then performed Me-RIP-RT-

qPCR with primers tiled along the CHIKV genome every ~1000 nt. We observed a 

significant enrichment within 2000 nt at the 5’ end of the genome (Figure 5B).

We then explored the function of m6A on CHIKV through over- and underexpression of 

YTHDF1–3. While YTHDF1 was not a CHIKV “candidate RBP”, we decided to study its 

effect on CHIKV replication given that we identified the other YTHDF proteins by mass-

spec, and all were identified by immunoblot (see Figure 4B). Strand-specific RT-qPCR 

distinguishes plus- and minus-strand CHIKV RNA (Figure 5C). Overexpression of 

YTHDF1 decreased both strands of CHIKV RNA; knockdown of YTHDF1 increased both 

strands at 3 and 5 hpi (data normalized within each timepoint) (Figures 5D–E and Figures 

S4A–D). The increase was highest in the minus-strand. By contrast, YTHDF2 

overexpression increased both strands at 5 hpi, while overexpression of YTHDF3 resulted in 

little change (Figures S4E–F). Knockdown of YTHDF2 had little effect on CHIKV RNA 

levels at 5 hpi, and knockdown of YTHDF3 slightly increased CHIKV RNA (Figures S4G–

H). To examine possible indirect effects of YTHDF1 knockdown we rescued YTHDF1 

levels by re-expression. Re-expression of YTHDF1 rescued plus-strand CHIKV to the level 

of control, while the effect on minus-strand CHIKV was diminished, but not entirely to 

control levels (Figure 5F). Loss of YTHDF1 led to an increase in translation based on a 

CHIKV-luciferase reporter indicating that YTHDF1 can also regulate CHIKV protein levels 

(Figure S4I).

We next tested whether the early effects of YTHDF proteins on CHIKV persist to the release 

of new virions. Knockdown of YTHDF1 and YTHDF3 increased both extracellular viral 

RNA levels and mature virions; knockdown of YTHDF2 had the opposite effect (Figure 

5G). These data show that YTHDF1 and YTHDF3 restrict CHIKV replication, while 

YTHDF2 promotes CHIKV replication.

IFI16 is an RNA-Sensor of CHIKV Infection

Interferon-inducible protein 16 (IFI16) is a DNA-binding PRR (Unterholzner et al., 2010). 

IFI16 also restricts some RNA viruses (Sendai virus, EMCV (Thompson et al., 2014)) 

through regulating type-I IFN transcription. Our VIR-CLASP data suggest that IFI16 

recognizes viral RNA. Therefore, IFI16 may restrict RNA viruses as a PRR. To rule out that 

VIR-CLASP captures interactions with both RNA and DNA, we treated lysates with DNase, 

RNase, or Benzonase before purification. Treatment with RNase or Benzonase abolished the 

recovery of interacting proteins, while DNase treatment only led to a slight decrease in 
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protein recovery compared to the control (Figure 6A). Importantly, IFI16 was present in 

DNase treated samples by immunoblot.

We confirmed interaction between IFI16 and CHIKV via RNA-immunoprecipitation (RIP) 

and RT-qPCR with Flag-IFI16. CHIKV RNA was present in the anti-Flag pull-down but not 

the IgG control, and was enriched relative to tubulin (Figure 6B). The enrichment of CHIKV 

RNA was orders of magnitude greater than of tubulin, despite similar levels of CHIKV and 

tubulin RNA in the input (Figure 6B). Overexpression of IFI16 led to a decrease in both 

strands of CHIKV RNA (Figures 6C and S5A). Knockdown of IFI16 led to an increase in 

both strands of CHIKV (Figures 6D and S5B). Rescue of IFI16 levels through combined 

siRNA knockdown and overexpression restored viral RNA levels (Figure 6E). Interestingly, 

loss of IFI16 had no effect on translation based on a CHIKV luciferase reporter (Figure 

S5C). These results expand on previous reports to show that IFI16 can bind viral RNA, and 

can restrict CHIKV replication (Thompson et al., 2014).

To test whether IFI16 restricts RNA virus replication using a mechanism distinct from 

regulating IFN transcription (Thompson et al., 2014), we pretreated cells with either 

ruxolitinib (a JAK/STAT signaling inhibitor (Quintás-Cardama et al., 2010)) or actinomycin 

D (a transcription inhibitor). Neither treatment abolished the IFI16 knockdown effect, 

indicating that IFI16 restricts CHIKV replication independent of JAK/STAT-mediated IFN 

signaling, and that IFI16 retains its activity when transcription is blocked (Figure 6F and 

S5D). Loss of IFI16 also decreased mature CHIKV virion production (Figure 6G).

FASN Interacts with CHIKV and is Proviral

FASN catalyzes fatty acid formation from acetyl-CoA and malonyl-CoA (Beld et al., 2014). 

FASN is critical for cellular function and can also regulate viral replication (Heaton et al., 

2010; Kulkarni et al., 2017; Sharma-Walia et al., 2010; Yang et al., 2008). A recent siRNA 

screen found that FASN enzymatic activity promotes CHIKV replication (Karlas et al., 

2016). Our VIR-CLASP data establish that FASN interacts with viral RNA. To determine 

whether FASN binds cellular RNA as well as viral RNA, we performed CLASP and an 

abbreviated PAR-CLIP (Hafner et al., 2010). The results of both approaches support the 

model that FASN is a cellular RBP (Figures 7A–B and Figure S6A), corroborating screens 

that identified FASN as a candidate RBP (Baltz et al., 2012; Castello et al., 2012). A 

proteome-wide approach to discover RNA-binding domains identified peptides in the FASN 

N and C termini as putative RNA-binding regions (He et al., 2016). To determine which 

domains are necessary for RNA binding, we generated constructs from the N or C termini of 

FASN. CLASP revealed that the ketoacyl synthase (KS) domain and a construct containing 

the dehydratase (DH) domain were each sufficient for RNA binding (Figures 7C and S6B). 

Owing to our observation of weak and inconsistent interaction between the C-terminus of 

FASN and RNA (Figures 7C and S6B), we conclude that the C-terminus is likely not the 

main RNA-binding region of FASN.

We then examined whether FASN could regulate viral replication. Knockdown of FASN 

decreased intracellular levels of both CHIKV strands (Figures 7D and S6C), and re-

expression of FASN rescued viral RNA levels (Figure 7E). The effect of FASN knockdown 

persisted through the viral lifecycle, resulting in reduction of mature virions (Figure 7F). We 
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also found that CHIKV replication decreased upon treatment with cerulenin to inhibit FASN 

enzymatic function(Omura, 1976) (Figure S6D). Knockdown of FASN significantly 

decreased luciferase activity indicating that FASN also affects translation (Figure 7G and 

S6E). Importantly, our luciferase results show that the translation effect was not 

recapitulated by treatment with cerulenin until 3 hpi (Figure 7H). To further explore the non-

enzymatic role of FASN in CHIKV translation, we tested whether luciferase activity could 

be rescued by a catalytically-dead mutant (FASNmut) (Joshi et al., 1998). Overexpression of 

FASNmut was sufficient to rescue CHIKV translation in both knockdown and cerulenin 

treated conditions (Figure 7I and S6F). At 2 hpi (before replication of viral RNA (Figure 

2A)), wild-type and FASNmut did not show a difference in ability to rescue viral translation 

(Figure 7I). Strikingly, we found that although FASNmut could partially rescue the 

knockdown of endogenous FASN at 3 hpi (Figure 7I, right panel), its ability to do so was 

less than wild-type FASN -- corroborating our results in Fig 7H, which shows FASN 

catalytic requirements mostly at later stages. Thus FASN can enhance translation levels at an 

earlier stage and independent of its enzymatic activity.

DISCUSSION

While PRRs and traditional antiviral proteins are important in innate immunity, proteins not 

considered traditional pro- or antiviral factors also contribute to the outcome of viral 

infection. “Intrinsic immunity” (Sheehy et al., 2002) factors aid normal cellular function but 

are co-opted for other processes during infection. An RNA virus can be a substrate for host 

RBPs, thus providing a mechanism for hijacking host RNA metabolism. RBPs can also aid 

cellular defense, as they can bind viral RNA before upregulation of traditional antiviral 

proteins. The earliest timepoints of infection are likely when these roles of RBPs are critical. 

Thus, VIR-CLASP aims to identify intrinsic and innate immune RBPs that drive initial 

cellular responses to infection and viral replication.

FASN represents an ideal target for co-option by viruses because it is required for cellular 

survival. A previous siRNA screen to identify regulators of CHIKV replication examined 

FASN enzymatic activity (Karlas et al., 2016). VIR-CLASP expands on these observations 

to show that FASN interacts with CHIKV RNA; whether interaction inhibits or promotes 

FASN enzymatic function is unknown. Our data indicate that FASN regulates both viral 

RNA and protein levels. Regulation of viral RNA levels by FASN is dependent on its 

enzymatic activity, while its effect on viral translation can occur independently. We favor a 

model in which CHIKV RNA hijacks FASN to localize its enzymatic activity to sites of viral 

replication, where elevated concentrations of palmitic acid would benefit viral packaging 

(Heaton et al., 2010) and replication (Zhang et al., 2019). It is unknown if this RNA-binding 

localization scheme contributes to cellular FASN function, or if other post-translational 

modification enzymes use RNA-binding to localize to sites of protein synthesis.

m6A RNA modification is necessary for cellular survival (Geula et al., 2015). Whether cells 

use m6A to mark viruses, or whether RNA viruses adopt m6A to promote their replication 

appears virus- and cell-type specific (Courtney et al., 2017; Gokhale et al., 2016; Lichinchi 

et al., 2016). Recent screens identified more m6A-binding proteins, and proteins repelled by 

m6A (Edupuganti et al., 2017; H. Huang et al., 2018). Thus, the global role of m6A involves 
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combinatorial or competing activities of a growing list of m6A-sensitive RBPs. The reports 

identifying novel m6A-RBPs investigated steady-state conditions. As many ISGs are also 

RBPs, there are likely unidentified m6A-sensitive RBPs relevant to innate immunity.

YTHDF1 has a distinct effect on early and late CHIKV replication compared to YTHDF2–3, 

even though they bind the same RNA modification. YTHDF1 has a more persistent 

interaction with CHIKV than YTHDF2–3 by immunoblot, which may explain its antiviral 

potency (see Figure 4C). These observations are consistent with the cellular roles of 

YTHDF1–3, which also differ: YTHDF1 promotes translation of mRNAs (X. Wang et al., 

2015), while YTHDF2 destabilizes mRNA (X. Wang et al., 2014). Whether YTHDF1–3 

have similar functions on viral RNAs remains unclear. m6A modifications are present on 

mRNA and viral RNA, so our observations with CHIKV may be an indirect consequence of 

YTHDF1–3 acting on mRNA.

Previous efforts to identify novel RBPs used steady-state conditions (Baltz et al., 2012; 

Castello et al., 2012). VIR-CLASP uses biologically relevant conditions to identify RBPs 

that may be inactive unless stimulated. One example is that VIR-CLASP identified a novel 

RNA-binding function of an innate immune PRR. While IFI16 is known to recognize 

pathogen-associated DNA, our results demonstrate that it can also bind cellular RNA and 

viral RNA. It is unclear how IFI16 distinguishes between viral and host nucleic acids and 

whether its functions are distinct when binding foreign DNA versus foreign RNA.

The primary CHIKV interactome contains ~600 distinct proteins across 6 conditions, and 

the primary IAV interactome at 1 hpi contains ~300 proteins. They include known pro- and 

antiviral proteins and host proteins involved in cellular homeostasis. Though the high viral 

inoculum (Kummer et al., 2014; Trinh et al., 2013) used in VIR-CLASP may raise false-

positives, all validation experiments used MOI 10 or less. We cannot rule out the possibility 

that for some viruses, cellular RNA can be packaged stochastically with viral RNA. 

However, for IAV (Noda et al., 2018) and CHIKV (Kim et al., 2011), little cellular RNA is 

packaged (IAV: < 3% (Noda et al., 2018), CHIKV: < 1.3% (Kim et al., 2011)) (Table S6). 

For CHIKV, our data also indicate that few cellular RBPs exist in the viral particle (< 140 

proteins with an intensity value > 0 in one or both biological replicates); only 40 RBPs in 

one or both replicates of the virion mass-spec had identical peptides found by VIR-CLASP 

post-infection (Figure 1D, Tables S2 and S4). For viruses that are known to package 

significant amounts of cellular RNA, use of VIR-CLASP may need additional optimization.

Few treatments or vaccines exist for emerging RNA viruses, in part due to their high 

mutation rates (Steinhauer and Holland, 1987). The identification of RBPs from VIR-

CLASP can provide insights into RNA biology, improve our understanding of post-

transcriptional gene regulation in host and pathogen, and lead to identification of new targets 

for therapeutic intervention.

STAR METHODS

RESOURCE AVAILABILITY

Lead Contact—Manuel Ascano (manuel.ascano@vanderbilt.edu)

Kim et al. Page 12

Mol Cell. Author manuscript; available in PMC 2021 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials Availability—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the Lead Contact, Manuel Ascano 

(manuel.ascano@vanderbilt.edu). All plasmids and stable cell lines generated in this study 

are available without restrictions from the Lead Contact and/or through Addgene.

Data and Code Availability—The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium (Deutsch et al., 2017) via the PRIDE (Perez-

Riverol et al., 2019) partner repository with the dataset identifier PXD015863. The RNA-

Seq data have been deposited to National Center for Biotechnology Information via 

Sequence Read Archive (SRA); BioProject ID: PRJNA558784. All code used for proteomic 

analysis and figure generation is accessible at https://github.com/Ascano-Lab.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture—All cell lines except Huh-7 (male) were obtained from ATCC. 

BHK-21 cells (male), Vero cells (female), A549 cells (male) and HEK-293T cells (female) 

were maintained in DMEM (Gibco) supplemented to contain 10% fetal bovine serum (FBS 

from Peak Serum) and 2 mM L-Glutamine (Gibco). U2OS cells (female) were cultured in 

McCoy’s 5A medium (Gibco) with 10% FBS and 2 mM L-Glutamine. CRISPR knock-in 

cell line Huh-7 HA-EMC4 (clon: DU12C3) and knockout cell line Huh-7 EMC4 KO (clon: 

DU13A1) were generated as previously described (Barrows et al., 2019). Cells were treated 

with the following reagents: Dinaciclib (HY-10492) was from MedChemExpress; 

Actinomycin D (A9415) and Cerulenin (219557) were from Sigma; Ruxolitinib Phosphate 

(sc-396768) was from Santa Cruz Biotech.

Viruses—CHIKV strain 181/25 was provided by Terence S. Dermody (University of 

Pittsburgh School of Medicine). CHIKV was propagated in BHK-21 cells with or without 

1mM 4-thiouridine (4SU). Virus stocks were purified by ultracentrifugation of clarified 

supernatants through a 20% sucrose cushion in TNE buffer (50 mM Tris-HCl [pH 7.2], 0.1 

M NaCl, and 1 mM EDTA) at ~125,000 × g for 4 hr in a Beckman SW32Ti rotor. To remove 

remaining free 4SU, virus pellets were washed three times with TNE buffer, and then re-

suspended in virus dilution buffer (DMEM medium containing 10 mM HEPES [Gibco] 

supplemented to contain 1% FBS), aliquoted, and stored at −70°C. Virus titers were 

determined by plaque assay using Vero cells.

Encephalomyocarditis virus (EMCV; VR-129B) and zika virus (ZIKV; strain: PRVABC59; 

VR-1843) were obtained from ATCC, murine hepatitis virus (MHV; strain: MHV-A59) was 

provided by Mark R. Denison (Vanderbilt University Medical Center), influenza A virus 

(IAV; strain: California/7/2004 (H3N2)), vesicular stomatitis virus (VSV; strain: Indiana) 

and rift valley fever virus (RVFV; strain: MP-12) were provided by Thomas G. Voss and 

James E. Crowe (Vanderbilt Vaccine Center). EMCV, ZIKV, VSV and RVFV were 

propagated in Vero cells; MHV was propagated in DBT-9 cells; IAV was propagated with 

TPCK trypsin (2 μg/ml, Pierce) in MDCK cells. 4SU was added during propagation, and the 

viruses were purified as with CHIKV.
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METHOD DETAILS

VIR-CLASP—For VIR-CLASP, cells were infected with 1000 MOI of non-labeled or 4SU-

labeled virus for 1 hr at 4°C and uninfected virus was washed away with cold PBS. The 

infected cells were incubated for the indicated times at 37°C, prior to 365 nm ultraviolet 

irradiation. For pretreatment with interferon, IFN was added to the media 16 hr before viral 

infection.

For CLASP, 100 μM 4SU with or without IFN (500 U/mL) was added to the cells and 

incubated for 16-hr before irradiation. One 15-cm plate was used for each CLASP 

experiment.

UV365 nm crosslinking: To irradiate with UV365nm, the growth medium was removed and 

cells were washed with PBS. Cells were irradiated on ice with 365 nm UV light (0.6 J/cm2 × 

2 times) in a Stratalinker 2400 (Stratagene). Cells were scraped off in 2.5 ml PBS per plate.

CLASP: Cells were lysed in denaturation buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 

2.5% SDS, 0.66% NP-40), incubated for 10-min at 95 °C and subsequently slowly cooled to 

25°C. Crosslinked RNA-protein complexes were purified by Solid-Phase Reversible 

Immobilization (SPRI) (Hawkins et al., 1994) beads (GE Healthcare, cat# 65152105050250) 

under denaturing SPRI buffer (30 mM Tris-HCl, pH 6.8, 6% glycerol, 1.5% SDS, 0.4% 

NP-40, 1 M NaCl, 8% PEG-8000). To each sample, 0.66× (e.g. 660 μl of beads for 1ml of 

sample) of SPRI beads (1mg/ml SPRI beads in 10 mM Tris-HCl, pH 8.0, 1 M NaCl, 18% 

PEG-8000, 1 mM EDTA and 0.055% Tween 20) were added, and samples were incubated at 

room temperature for 10 minutes. The SPRI beads and complexes were washed 5 times with 

denaturing SPRI buffer. The crosslinked RNA-protein complexes were eluted for 5min at 37 

°C in denaturation buffer (lysis buffer). To reduce non-specific binding on the beads, SPRI 

purification was repeated.

Benzonase digestion of RNA from crosslinked RNA-protein complexes: An equal 

volume of 4x Benzonase buffer (80 mM Tris-HCl, pH 7.5, 600 mM NaCl, 20 mM MgCl2, 4 

mM DTT, 40% Glycerol) and 2x volume of water were added to eluted samples, followed 

by the addition of Benzonase (EMD Millipore, cat# 70746–4) to a final concentration of 50 

U/ml, and incubation for 2 hr at 37°C. Proteins were precipitated by methanol and 

chloroform and then re-suspended in 2x NuPAGE LDS Sample Buffer (Thermo Fisher 

Scientific, cat# NP0007) with 50 mM DTT.

Proteinase K digestion of protein from crosslinked RNA-protein complexes: To measure 

the efficiency of total RNA purification, with 10% of eluted samples from CLASP, 0.1mg/ml 

proteinase K (3115879001, Sigma) was treated in proteinase K buffer (50 mM Tris-HCl, pH 

7.5, 6.25 mM EDTA-NaOH, pH 8.0, 75 mM NaCl and 1% SDS) for 2 hr at 55°C. RNA was 

purified using TRIzol™ LS Reagent (Ambion). The RNA was resolved on agarose gel, 

visualized (ChemiDoc™ MP), and analyzed using ImageJ.
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Viral titer with UV365nm crosslinking

Plaque assay with UV365nm crosslinking for CHIKV: Plaque assay with UV365nm 

crosslinking was performed on U2OS cells. U2OS cells were plated 1 day before. IFN was 

added to the media 16 hr before viral infection. CHIKV was serially diluted in DMEM 

medium with 1% FBS and 10mM HEPES and absorbed to U2OS cells for 1 hr at 4 °C. After 

plates were washed with PBS, infected cells were incubated in cell growth medium at 37 °C 

until UV365 nm crosslinking. At the indicated time point, the growth medium was removed 

and cells were washed with PBS. Cells were irradiated on ice with 365 nm UV light (0.6 

J/cm2 × 2 times) in a Stratalinker 2400 (Stratagene). Then, cells were overlaid with DMEM 

with 0.6% SeaPlaque™ Agarose (Lonza, cat# 50100) containing 5% FBS and incubated for 

72 hr. Cells were then fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. 

The resulting plaques were counted.

TCID50 assay of UV365nm cross-linked IAV: A549 cells were infected with 1000 PFU of 

IAV for 1 hr at 37 °C in DMEM medium with 10 mM HEPES, TPCK trypsin (0.5 μg/ml) 

and 0.125% BSA (sigma, cat# A8412). After plates were washed with PBS, infected cells 

were incubated in DMEM medium with 10 mM HEPES, TPCK trypsin (0.5 μg/ml) and 

0.125% BSA at 37 °C until UV365 nm crosslinking. At the indicated time point, the growth 

medium was collected and cells were washed with PBS. Cells were irradiated on ice with 

365 nm UV light (0.6 J/cm2 × 2 times) in a Stratalinker 2400 (Stratagene). Then, the 

collected medium was returned into the culture dish of infected cells. At 8 hr post infection, 

the growth medium was collected and performed TCID50 assay on MDCK cells.

Mass Spectrometric Analysis—Gel lanes were cut and diced into 1mm3 cubes. Proteins 

were treated for 30 minutes with 45 mM DTT, and available Cys residues were 

carbamidomethylated with 100mM iodoacetamide for 45 minutes. Gel pieces were further 

destained with 50% MeCN in 25mM ammonium bicarbonate, and proteins were digested 

with trypsin (10ng/uL) in 25mM ammonium bicarbonate overnight at 37°C. Peptides were 

extracted by gel dehydration with 60% MeCN, 0.1% TFA, the extracts were dried by speed 

vac centrifugation, and reconstituted in 0.1% formic acid. Peptides were analyzed by LC-

coupled tandem mass spectrometry (LC-MS/MS). An analytical column was packed with 

22cm of C18 reverse phase material (Jupiter, 3 μm beads, 300Å, Phenomenox) directly into 

a laser-pulled emitter tip. Peptides were loaded on the capillary reverse phase analytical 

column (360 μm O.D. × 100 μm I.D.) using a Dionex Ultimate 3000 nanoLC and 

autosampler. The mobile phase solvents consisted of 0.1% formic acid, 99.9% water (solvent 

A) and 0.1% formic acid, 99.9% acetonitrile (solvent B). Peptides were gradient-eluted at a 

flow rate of 350 nL/min, using a 120-minute gradient. The gradient consisted of the 

following: 1–98 min, 2–40% B; 98–108 min, 40–95% B; 108–110 min, 95% B; 110–111 

min, 95–2% B; 111–120 min (column re-equilibration), 2% B. A Q Exactive Plus mass 

spectrometer (Thermo Scientific), equipped with a nanoelectrospray ionization source, was 

used to mass analyze the eluting peptides using a data-dependent method. The instrument 

method consisted of MS1 using an MS AGC target value of 3e6, followed by up to 15 

MS/MS scans of the most abundant ions detected in the preceding MS scan. The MS2 AGC 

target was set to 1e5, dynamic exclusion was set to 20s, HCD collision energy was set to 28 

nce, and peptide match and isotope exclusion were enabled.
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Bioinformatics analysis of Mass Spectrometry data—Raw data files from the LC-

MS/MS instrument were processed and searched using MaxQuant (v1.5.0.35) (Cox and 

Mann, 2008) to generate peak lists and identify peptide-spectrum matches. Searches were 

performed using a Uniprot/Swissprot database for Homo sapiens with only reviewed 

proteins included (downloaded on Feb. 28th, 2018), with added sequences for Benzonase 

nuclease (Uniprot #P13717), and for CHIKV proteins (Capsid, E1, E2, E3, 6k, nsP1, nsP2, 

nsP3, nsP4) from strain 181/25 (TSI-GSD-218), and IAV proteins (H9XN78, 79, 80, 81, 83, 

84, 85). For the purified CHIKV viral particles, the database used was the Uniprot reference 

proteome for Mesocricetus auratus (UP000189706- downloaded July 26th, 2019, with one 

protein sequence per gene) with sequences added for CHIKV proteins (Capsid, E1, E2, E3, 

6k, nsP1, nsP2, nsP3, nsP4) from strain 181/25 (TSI-GSD-218). The search parameters for 

Andromeda were: full tryptic specificity, two missed cleavages allowed, carbamidomethyl 

(C) fixed modification, and acetylation (N terminal) variable modification. Match between 

runs was selected, and LFQ normalization was performed in separate parameter groups 

(+IFN and +4SU, −IFN and +4SU, +IFN and −4SU, and −IFN and −4SU). All other settings 

used were default, resulting in a protein FDR of < 1% for each dataset. To define the set of 

pre-replicated CHIKV interacting proteins, we computed peptide intensity ratios between 

+4SU and −4SU samples for proteins with at least two distinct peptides (Garcia-Moreno et 

al., 2019; Sysoev et al., 2016). The average log2-intensity ratio for each protein was then 

tested to be different from 0 using the moderated t-test implemented in the R/bioconductor 

package limma (Smyth, 2004). P-values were then corrected for multiple testing using the 

Benjamini-Hochberg method. Proteins with an adjusted p-value < 0.01 and a fold change 

greater than five were classified as “VIR-CLASP RBPs”.

Due to the low complexity of the −4SU samples, peptide intensity ratios could not be 

calculated for all proteins. For proteins with intensity values of zero in the −4SU samples, 

we performed a semiquantitative method that makes the assumption that peptides with no 

intensity values are below the detection threshold (Garcia-Moreno et al., 2019; Sysoev et al., 

2016). This approach determines the number of replicates for +4SU and −4SU samples in 

which a peptide has an intensity value. For CHIKV, this leads to a matrix of 12 different 

groups, for peptides that were detected in 0, 1, 2, or 3 +4SU samples and 0, 1, or 2 −4SU 

samples. For IAV, the matrix contains 9 different groups, representing the 2 replicates 

performed for +4SU and −4SU each. The FDRs were estimated as described (Sysoev et al., 

2016), as the ratios resulting from the division of the transposed matrix. A protein is 

determined to be a “candidate VIR-CLASP RBP” if it comprises peptides found in cells 

with an FDR < 0.01.

Correlations between replicates were performed using Pearson correlation and the 

“pairwise.complete.obs” option in the base R cor function to allow for missing values. 

Mapping of GO biological process, molecular function, and cellular component, and KEGG 

pathways was performed using the R/bioconductor packages clusterProfiler (Yu et al., 2012) 

and DOSE (Yu et al., 2015). The background used was all human genes, and statistical 

significance was determined using the Fisher’s exact test and Benjamini-Hochberg method 

to correct for multiple testing. Analysis of enriched PFAM domains was performed using the 

DAVID Bioinformatics Resource (D. W. Huang et al., 2009a; 2009b) using the Fisher’s 
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exact test and Bonferroni correction for multiple testing. Visualization of overlaps between 

datasets was performed in R using the UpSetR package (Conway et al., 2017) for UpSet 

diagrams, and the VennDiagram package for 2-way Venn diagrams. All other data 

visualizations were made using the R package ggplot2 (Wickham, 2016). All code for the R 

analysis can be found at https://github.com/Ascano-Lab.

Virion RNA Sequencing and Alignment—CHIKV was purified by ultracentrifugation 

through a 20% sucrose cushion in TNE buffer as described in method section of viruses. 

CHIKV was re-suspended in TNE buffer and further purified twice by discontinuous sucrose 

gradient (30%–60%) in TNE buffer at ~125,000 × g for 3 hr in a Beckman SW32Ti rotor, 

and concentrated by 30% sucrose cushion. Trizol reagent (Ambion) was added to the virus 

pellets and viral RNA was extracted. Total RNA was converted into cDNA and sequenced 

using NEBNext DNA Library Prep Kit for Illumina on the Illumina NovaSeq6000 platform 

using PE150 at the Vanderbilt Technologies for Advanced Genomics (VUMC VANTAGE). 

Fastq files were pre-processed with trim-galore with the default settings (http://

www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove any adapter 

contamination and then aligned to the Chikungunya virus strain genome (TSI-GSD-218, 

GenBank: L27661.3) and Mesocricetrus auratus (GCA_000349665.1) using STAR (“STAR: 

ultrafast universal RNA-seq aligner.,” 2013) with the default settings. Reference annotation 

file (GTF) does not exist file for Chikungunya virus strain 181/25 (TSI-GSD-218).

Antibodies and immunoblotting—The antibody to YTHDF1 (anti-YTHDF1; 17479–1-

AP) was from Proteintech; anti-FASN(3180), anti-GM130 (12480) and KDM3B (3100) 

were from Cell Signaling; anti-YTHDH2 (ab170118), anti-YTHDH3 (ab103328), anti-

ELAVL1 (ab200342) and anti-TUBA4A (ab7291) were from abcam; anti-IFI16 (sc-8023) 

and LARP1 (sc-515873 were from Santa Cruz Biotechnology; anti-Flag (F1804) was from 

Sigma-Aldrich; anti-HA (901502) and WDHD1 (630302) were from BioLegend; anti-FXR1 

(MAB2160) was from Millipore.

Samples were separated by SDS-PAGE. After electrophoresis, proteins were semi-dry 

transferred (Bio-Rad) to nitrocellulose membranes (Hybond-ECL, GE Life Science). Protein 

membranes were taken through a standard immunoblot protocol followed by enhanced 

chemiluminescent detection (Luminata Forte ECL, Millipore) using a chemiluminescence 

imaging system (ChemiDoc MP, Bio-Rad).

Methylated RNA immunoprecipitation (MeRIP)—CHIKV was purified by 

ultracentrifugation through a 20% sucrose cushion in TNE buffer as described in method 

section of viruses. CHIKV was re-suspended in TNE buffer and further purified twice by 

discontinuous sucrose gradient (30%−60%) in TNE buffer at ~125,000 × g for 3 hr in a 

Beckman SW32Ti rotor, and concentrated by 30% sucrose cushion. Trizol reagent (Ambion) 

was added to the virus pellets and viral RNA was extracted. The RNA was fragmented by 

RNaseT1 treatment (0.8 U/μl) for 15 min at 22°C. The fragmented RNA was 

dephosphorylated with CIP and radiolabeled with T4 PNK and [γ−32P]-ATP. The RNA was 

incubated with m6A antibody (202 003, Synaptic systems) for 2 hr at 4 °C and pulled down 

by magnetic protein A beads (Invitrogen). The RNA was eluted in Trizol and separated by 

12% UREA gel and analyzed by phosphorimaging.
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N6-methyladenosine (m6A) mapping—CHIKV was purified and immunoprecipitated 

with the m6A antibody described above, with the following changes: the purified CHIKV 

RNA was treated with RNaseT1 (0.1 U/ μl) for 5 min at 4°C. The fragmented RNA was then 

extracted with phenol:chloroform and immunoprecipitated with the m6A antibody. The 

RNA was eluted in Trizol, reverse transcribed using SuperScript III (ThermoFisher) with 

random hex primers, and quantified by RT-qPCR (see Methods section RT-qPCR analysis) 

using primers tiled across the CHIKV genome in 1000 nt segments (Supplementary Table 

8). Target Ct values were normalized to Input Ct values. Relative enrichment of CHIKV 

regions in the m6A IP over the IgG IP was then calculated using the ΔΔCt method (2ΔΔCt).

Plasmids and stable cell line—The Flag-HA-tag lentiviral inducible expression vector 

pLenti CMVtight Blast Flag-HA-DEST was constructed by insertion of Flag-HA-tag from 

pFRT_TO_DEST Flag-HA (#26361, Addgene) into the plasmid pLenti CMVtight Blast 

DEST (w762–1) (#26434, Addgene). The genes YTHDF1 (NM_017798.3), YTHDF2 
(NM_001172828.1), YTHDF3 (NM_152758.4), FASN (BC_063242.1) and IFI16 
(BC_017059.1) were amplified by PCR from the plasmid HsCD00378781 for YTHDF1, 

HsCD00376823 for YTHDF2 and HsCD00376805 for YTHDF3 (the DNA Resource Core 

at Harvard Medical School), 6172538 for FASN and 3914632 for IFI16 (Mammalian Gene 

Collection (MGC) at Dharmacon) with gene-specific primers containing an attB sequence. 

To generate a catalytic mutatnt of FASN (FASNmut; S581A), two-step overlap-extension 

PCR was used. Using the Gateway cloning system (Invitrogen), the amplified genes were 

cloned into pLenti CMVtight Blast Flag-HA-DEST vector.

For producing lentivirus, the plasmids were transfected with packaging vectors psPAX2 

(12260, Addgene) and pMD2.G (12259, Addgene) by Lipofectamine 2000 (Invitrogen) in 

HEK-293T cells. To generate inducible expression cell lines, first a stable tetracycline 

transactivator (rtTA) expressing U2OS cell line was created by transducing a lentivirus from 

the plasmid rtTA-N144 (66810, Addgene). Then the cDNA expressing lentiviruses were 

transduced into rtTA expressing U2OS cells and drug selected.

siRNA knockdown—siRNAs used in this study are listed in Supplementary Table 8. 

siRNAs were transfected at a final concentration of 20 nM using Lipofectamine® 

RNAiMAX (Invitrogen) according to the manufacturer’s instructions. Cells were incubated 

at 37 °C and 5% CO2 for 72-h before infection with indicated MOI. For rescue experiments, 

FASN expressing plasmid was transfected by Lipofectamine 3000 (Invitrogen) or stable cell 

lines of Flag-HA tagged YTHDF1 or IFI16 were used.

RT–qPCR analysis—RNA was collected from infected cells using Trizol (Ambion). The 

RNA concentration was determined using a NanoDrop 2000 (ThermoFisher). Equal amounts 

of total RNA were reverse-transcribed using SuperScript III (ThermoFisher) with random 

hex primers or CHIKV strand-specific primers (Plaskon et al., 2009). Real-time PCR 

reactions were done with FastSYBR Green Plus Master Mix (Applied Biosystems) or 

TaqMan® Fast Advanced Master Mix (Applied Biosystems) using a StepOnePlus qPCR 

machine (Applied Biosystems). Oligonucleotides used in this study are listed in 

Supplementary Table 8. Target Ct values were normalized to TUBA1A Ct values and used to 

calculate ΔCt. Relative mRNA expression of target genes was then calculated using the 
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ΔΔCt method (2ΔΔCt) except cellular RNA expression in CHIKV virion was calculated 

using the ΔCt method. To generate a standard curve, a plasmid containing a cDNA copy of 

the CHIKV strain 181/25 (pSinRep5–181/25ic, #60078, Addgene) was used.

PAR-CLIP—An abbreviated PAR-CLIP protocol was used to determine the extent of 

crosslinkable RNA that would associate with RBPs of interest; no RNA isolation, cDNA 

library preparation, and sequencing was performed for this study. Briefly, U2OS cells stably 

expressing Flag-HA-tagged FASN were labeled with 100 μM 4SU for 16hr, UV365nm 

irradiated, and lysed with NP-40 lysis buffer. Unlabeled cells were used as control. 

Immunoprecipitation was carried out with Dyna-protein G beads conjugated to the Flag M2 

antibody, and then samples were digested with RNase T1. Bound RNPs were 

dephosphorylated with CIP and radiolabeled with T4 PNK and [γ−32P]-ATP. The 

crosslinked RNP complexes were resolved on a NuPAGE 4–12% Bis-Tris Protein Gel 

(Invitrogen), transferred to nitrocellulose membranes, and analyzed by phosphorimaging and 

immunoblotting.

Crosslinking RNA immunoprecipitation—For immunoprecipitation of Flag-tagged 

proteins, U2OS cells overexpressing Flag-HA-tagged IFI16 were infected with 4SU-labeled 

CHIKV for 1hr at 4°C and uninfected virus was washed away with cold PBS. The infected 

cells were incubated for 15 minutes at 37 °C, and then crosslinked with UV365 nm. Cells 

were lysed in RIPA buffer (50 mM Tris-HCl (pH 7.5), 150 mM KCl, 1.0% TritonX-100, 

0.5% sodium deoxycholate, 0.1% SDS, 0.5 mM DTT, 200 U/ml SUPERase In and protease 

inhibitor cocktail). The lysate were diluted 10 fold in binding buffer (50 mM Tris-HCl (pH 

7.5), 150 mM KCl, 1.0% TritonX-100, 0.5 mM DTT, 200 U/ml SUPERase In and protease 

inhibitor cocktail) and then were bound for 1 hr at 4 °C to Dyna-protein G beads with Flag 

M2 antibody or control IgG. After samples were washed with high salt washing buffer 

(Binding buffer with 0.05% TritonX-100 and 500mM KCl), the bound Flag-tagged proteins 

were eluted by incubation of the bound beads for 30 min with 150 ng/μl of 3xFlag peptides 

in the binding buffer. RNA and protein from the immunoprecipitated samples and from the 

cell lysates (input) were analyzed by RT-qPCR or immunoblot.

Luciferase reporter assay—The nsP3 fusion nanoLuc reporter CHIKV (CHIKV-nLuc) 

was created as described previously, except that the plasmid containing a cDNA copy of the 

CHIKV strain 181/25 (pSinRep5–181/25ic) was used (Sun et al., 2014). U2OS cells were 

infected with 10 MOI of CHIKV-nLuc. After 1 h of incubation at 4°C, cells were washed 

with PBS, and appropriate medium was replaced before cells were incubated. At indicated 

time points post infection, infected cells were washed with PBS, and cell lysates were 

harvested with 1× passive lysis buffer for luciferase activity assays using a Nano-Glo 

luciferase assay or Nano-Glo Dual-Luciferase Reporter assay as recommended by the 

manufacturer (Promega). The luciferase activity was normalized to protein concentration. 

For dual luciferase assay, firefly luciferase activity was normalized to its mRNA levels, then 

the ratio of the nano luciferase activity to the firefly luciferase activity (Nluc/Fluc) was 

calculated.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Using the GraphPad PRISM 8 software, a two-tailed Student’s t-test and one-way ANOVA 

(Tukey) were used for statistical analysis of all data presented except mass-spectrometry and 

bioinformatics analysis. Numbers of biological replicates of assays (n) are provided and 

defined within the corresponding figures or figure legends. Error bars shown in the Figures 

represent means ± SD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• VIR-CLASP identifies host protein interactions with incoming RNA viral 

genomes

• VIR-CLASP can reveal the early interactomes of seven different viral families

• The CHIKV genome binds to distinct proteins under different conditions and 

times

• (Non)canonical RBPs like FASN, IFI16 and YTHDF1 uniquely regulate 

CHIKV replication
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Figure 1. VIR-CLASP Isolates Host Proteins Directly interacting with Incoming RNA Viral 
Genomes
(A) Box 1, Labeling of RNA viruses. Box 2, Irradiation of infected cells with 365nm light. 

Box 3, Solid-phase purification of RNP complexes. 4SU: 4-thiouridine; xL: crosslink; ER: 

endoplasmic reticulum.

(B) SDS-PAGE and silver stain of proteins purified from host cells (U2OS for CHIKV, 

A549 for EMCV, IAV, VSV and RVFV, DBT-9 for MHV and Huh-7 for ZIKV) infected with 

unlabeled or 4SU-labeled viruses using VIR-CLASP. Viruses: CHIKV, Chikungunya; 

EMCV, Encephalomyocarditis; MHV, Mouse Hepatitis; ZIKV, Zika; IAV:, Influenza A; 

VSV, Vesicular Stomatitis. (*) indicates Benzonase protein band.

(C) SDS-PAGE and silver stain (top) or immunoblot (bottom) of VIR-CLASP on HA-EMC4 

CRISPR knock-in (+) or knockout (−) Huh-7 cells infected with unlabeled or 4SU-labeled 

CHIKV. B: 200 nM bafilomycin for 1 hr; xL: virus was crosslinked with UV365nm before 
infection.
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(D) SDS-PAGE and silver stain of VIR-CLASP performed on lysates from unlabeled or 

4SU-labeled, isolated CHIKV virion. E1/E2, E1 and E2 viral glycoproteins. C, viral capsid 

protein.

(E) SDS-PAGE and silver stain of VIR-CLASP on lysates from U2OS cells infected with 

unlabeled or 4SU-labeled CHIKV. Cells were pretreated with dinaciclib for 4 hr. Data 

represent two biologically independent repeats in C–E.

(F) Table showing mapped RNA-sequencing reads from VIR-CLASP using purified CHIKV 

virions. Reads were mapped to CHIKV strain 181/25 and Mesocricetus auratus genomes.

See also Figure S1, Table S1 and S4.
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Figure 2. VIR-CLASP Profiling of the CHIKV Pre-replicated Interactome
(A) Top, Plaque assay for CHIKV titer from infection with crosslinking (UV365nm) at 

indicated time point on U2OS cells. Bottom, RT-qPCR analysis of viral RNA in U2OS cells 

during CHIKV infection. Cells were treated with or without IFN (500U/ml) for 16 hr prior 

to infection. n = 2, error bars, mean ±SD.

Data represent two biologically independent repeats in A.

(B) SDS-PAGE and silver stain (top), agarose gel (middle), or immunoblot (bottom) of 

proteins purified from U2OS cells infected with unlabeled or 4SU-labeled CHIKV using 

VIR-CLASP. IFN: treatment with recombinant interferon-β for 16 hr prior to infection. 

rRNA band intensity was measured by ImageJ. Data represent three biologically 

independent repeats in B.

(C) Top, representative scatterplots showing log2-intensity ratios of quantifiable proteins in 

4SU versus no4SU samples of three biological replicates of VIR-CLASP for CHIKV 
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(pairwise comparisons). Red dots represent significantly enriched proteins among all 3 

replicates. Bottom, summary heatmaps showing the Pearson correlation coefficients for all 

conditions.

See also Figure S2, Table S2–S3.

Kim et al. Page 30

Mol Cell. Author manuscript; available in PMC 2021 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Functional Analysis of the CHIKV Pre-replicated Interactome
(A) UpSet diagram depicting the overlapping proteins identified in 6 conditions of VIR-

CLASP with CHIKV. The bar chart above indicates the count of proteins that are shared in 

the conditions indicated by the highlighted and connected dots below. The horizontal bar 

chart on the left indicates the total number of proteins identified in each condition. Shading 

indicates proteins unique to either (−) or (+) IFN.

(B,C) Dot plots showing top enriched GO biological process (B) and molecular function (C) 

terms in the pre-replicated CHIKV interactome. Enrichment is based on all human proteins. 

GO terms were collapsed based on semantic similarity using the clusterProfiler R/

Bioconductor package (Yu et al., 2012); the most significant terms across the 6 conditions 

are shown (p-values adjusted for multiple testing with Benjamini-Hochberg). Color shows p-

values; size of dots is Gene Ratio (percentage of VIR-CLASP candidates in the given GO 

term). Only significant results (p < 0.01) are plotted.
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(D) Previously reported RBPs that are Type-1 ISGs in the CHIKV candidate interactome. 

RBP annotations were compiled from Gene Ontology and previous interactome-capture 

efforts. ISG annotation was derived from the Interferome (Rusinova et al., 2013).

(E) Dot plot showing enriched PFAM (El-Gebali et al., 2019) domains in either reported or 

novel RBPs. Enrichment is based on all human proteins. P-values were calculated using 

Fisher’s exact test and Bonferonni correction. Color shows p-values, size of dots is count of 

VIR-CLASP candidates containing the given domain.

See also Figure S3, Table S5–S7.
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Figure 4. CHIKV VIR-CLASP Identifies Translation Initiation Factors, Nucleic Acid Sensors, 
and Metabolic Enzymes
(A) Table showing pre-replicated CHIKV interactome proteins identified in the GO term 

“translation initiation” (GO: 0006413).

(B) Immunoblot validation of proteomics results from VIR-CLASP with CHIKV. Data 

represent two biologically independent samples in B.

(C) Table showing nucleic acid sensors identified in VIR-CLASP for CHIKV. PRR 

annotations were compiled from recent published reviews (Chow et al., 2018; Ma et al., 

2018).

(D) Table showing pre-replicated CHIKV interactome proteins identified in previous 

screens.

See also Figure S3, Table S5–S7.
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Figure 5. YTHDF1 Restricts (−) Strand Replication of CHIKV
(A) Phosphorimage of meRIP prepared from fragmented and 32P-labeled CHIKV virion 

RNA. RNA was isolated from CHIKV virions purified twice by discontinuous sucrose 

gradient (30%–60%), and concentrated by sucrose cushion (30%). Data represent two 

biologically independent replicates in A.

(B) MeRIP-qRT-PCR using primers per 1000 nucleotides (nt) of CHIKV genome showing 

enrichment of viral RNA in m6A IP over IgG IP. RNA was extracted from purified CHIKV 

virions as in A. n = 3, error bars, mean ±SD.

(C) Schematic depicting the RNA species present during CHIKV replication.

(D) Strand-specific RT-qPCR showing viral RNA levels in U2OS cells stably expressing 

Flag-HA-YTHDF1 or parental U2OS. Data were normalized to parental U2OS, MOI 1 

within each timepoint. MOI, multiplicity of infection, hpi, hours post infection. n = 4, error 

bars, mean ±SD.
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(E) siRNA knockdown of YTHDF1 or control followed by strand-specific RT-qPCR. 

CHIKV infection was performed 72 hr after siRNA transfection. MOI, multiplicity of 

infection, hpi, hours post infection. n = 4, error bars, mean ± SD.

(F) Rescue of viral RNA replication effect by re-expression of YTHDF1. n = 9, error bars, 

mean ± SD.

(G) Left, CHIKV RNA in supernatants from U2OS cells 24 hpi at MOI=10−4 after siRNA 

treatment, quantified by RT-qPCR. Right, CHIKV titer measured by plaque assay in Vero 

cells. MOI, multiplicity of infection, hpi, hours post infection. n = 3, error bars, mean ± SD.

See also Figure S4
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Figure 6. IFI16 Directly Binds to the Incoming CHIKV Genome and Restricts Replication
(A) Silver stain (top), agarose gel (middle), or immunoblot (bottom) of CLASP performed 

on lysates treated with RNase (R), DNase (D) or Benzonase (B). Lysates are from U2OS 

cells stably expressing Flag-HA-IFI16, cultured in the presence or absence of 100 μM 4SU. 

Data represent two biologically independent repeats in A.

(B) Left, RIP-RT-qPCR showing enrichment of CHIKV RNA (Top) or TUBA1A mRNA 

(Bottom) of Flag IP over IgG IP on lysates from U2OS cells expressing Flag-HA-IFI16. 

Right, Relative enrichment of CHIKV RNA over TUBA1A mRNA from Flag IP (Top) or 

input (Bottom). IPs were performed with lysates from U2OS cells infected with 4SU-labeled 

CHIKV and crosslinked with UV365nm. n = 3, error bars, mean ± SD.

(C, D) Strand-specific RT-qPCR showing viral RNA levels in U2OS cells stably expressing 

IFI16 or parental U2OS at 8 hpi (C), or in cells treated with siRNA for IFI16 or control at 3 

hpi or 8 hpi (D). MOI, multiplicity of infection. n = 4, error bars, mean ± SD.
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(E) Rescue of viral RNA replication effect by re-expression of IFI16. n = 3, error bars, mean 

± SD.

(F) Strand-specific RT-qPCR showing viral RNA levels in U2OS cells stably expressing 

IFI16 or parental U2OS (8 hpi). Cells were pretreated with 5 nM actinomycin D or 5 μM 

ruxolitinib for 1 hr. n = 3, error bars, mean ± SD.

(G) Top, CHIKV RNA in supernatants harvested from U2OS cells 24 hpi at MOI=10−4 after 

72 hr siRNA treatment, quantified by RT-qPCR. Bottom, CHIKV titer in the supernatants 

measured by plaque assay in Vero cells. n = 3, error bars, mean ± SD.

See also Figure S5.
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Figure 7. FASN is an RBP that Plays a Proviral Role in CHIKV Replication and Release
(A) SDS-PAGE and silver stain (top), agarose gel (middle) or immunoblot (bottom) of 

CLASP performed on lysates from U2OS cells cultured in the presence or absence of 100 

μM 4SU, and with or without IFN treatment.

(B) Phosphorimage (top) or immunoblot (bottom) of PAR-CLIP performed on lysates from 

U2OS cells overexpressing Flag-HA-FASN and cultured in the presence or absence of 100 

μM 4SU.

(C) Top, Immunoblot of CLASP performed on lysates from HEK293T cells transiently 

expressing truncated FASN. Cells were cultured in the presence or absence of 100 μM 4SU. 

Bottom, Schematic of the protein domains of FASN and its truncated versions. Data 

represent two biologically independent repeats in A–C.
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(D) Strand-specific RT-qPCR of viral RNA levels in U2OS cells treated with siRNA for 

FASN or control. CHIKV infection was performed 72 hr after siRNA transfection. MOI, 

multiplicity of infection. n = 4, error bars, mean ± SD.

(E) Rescue of viral RNA replication effect by re-expression of FASN. n = 3, error bars, 

mean ± SD. *p < 0.05.

(F) Top, CHIKV RNA in supernatants harvested from U2OS cells 24 hpi at an MOI of 10−4 

after 72 hr siRNA treatment, quantified by RT-qPCR. Bottom, CHIKV titer in the 

supernatants as measured by plaque assay in Vero cells. n = 3, error bars, mean ± SD.

(G) Luciferase assay of lysates from cells treated with siRNA for FASN or control. Cells 

were infected with CHIKV-nLuc at MOI = 10. n = 4, error bars, mean ± SD.

(H) Luciferase assay of cell lysates from cerulenin treated or untreated cells. Cells were 

infected with CHIKV-nLuc at MOI of 10. Cells were pretreated with 10 μM cerulenin for 2 

hr. n = 8, error bars, mean ± SD.

(I) Rescue of viral translation by re-expression of wild-type (FASN) or catalytically-dead 

mutant (FASNmut) on (G) experimental conditions. n = 4, error bars, mean ± SD.

See also Figure S6
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