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SUMMARY

The RNA modification N6-methyladenosine (m6A)
post-transcriptionally regulates RNA function. The
cellularmachinery that controlsm6A includesmethyl-
transferases and demethylases that add or remove
this modification, as well as m6A-binding YTHDF pro-
teins that promote the translation or degradation of
m6A-modifiedmRNA.Wedemonstrate thatm6Amod-
ulates infection by hepatitis C virus (HCV). Depletion
of m6A methyltransferases or an m6A demethylase,
respectively, increases or decreases infectious HCV
particle production. During HCV infection, YTHDF
proteins relocalize to lipid droplets, sites of viral as-
sembly, and their depletion increases infectious viral
particles. We further mapped m6A sites across the
HCV genome and determined that inactivating m6A
inoneviral genomic region increasesviral titerwithout
affecting RNA replication. Additional mapping of m6A
on the RNA genomes of other Flaviviridae, including
dengue, Zika, yellow fever, and West Nile virus, iden-
tifies conserved regionsmodified bym6A. Altogether,
this work identifies m6A as a conserved regulatory
mark across Flaviviridae genomes.

INTRODUCTION

The chemical modification of RNA is an important post-tran-

scriptional regulator of RNA. Of the many known RNA modifica-
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tions, N6-methyladenosine (m6A) is the most abundant internal

modification of eukaryotic mRNAs, contributing to RNA struc-

ture, localization, and function (Fu et al., 2014; Meyer and Jaf-

frey, 2014). m6A regulates many biological processes, including

stress responses, fertility, stem cell differentiation, circadian

rhythms, microRNA (miRNA) biogenesis, and cancer (Li and

Mason, 2014; Saletore et al., 2012; Yue et al., 2015; Zhou

et al., 2015). However, little is known about its effects on micro-

bial infection. m6A has long been known to be present in the

RNA transcripts of viruses with nuclear replication, such as influ-

enza A virus, simian virus 40, Rous sarcoma virus, avian sar-

coma virus, and adenovirus (Dimock and Stoltzfus, 1977;

Kane and Beemon, 1985; Krug et al., 1976; Lavi and Shatkin,

1975; Sommer et al., 1976). More recently, we and others

have shown that m6A serves as a positive regulator of HIV-1,

a retrovirus with a nuclear replication step (Kennedy et al.,

2016; Lichinchi et al., 2016; Tirumuru et al., 2016). However, a

role for m6A in regulating the life cycle of viruses that replicate

exclusively in the cytoplasm, such as viruses within the Flavivir-

idae family, has been unexplored. Flaviviridae, including Zika

virus (ZIKV), dengue virus (DENV), West Nile virus (WNV), yellow

fever virus (YFV), and hepatitis C virus (HCV), represent both

established and emerging pathogens. They contain a positive-

sense, single-stranded RNA genome that encodes a viral

polyprotein and use similar replication strategies. RNA-based

regulation of these viral genomes plays a fundamental role in

their infection, such as the liver-specific miRNA miR-122 for

HCV replication, RNA structural elements for HCV and DENV

replication, and 20-O methylation of the 50 cap of WNV RNA

for immune evasion and WNV replication (Bidet and Garcia-

Blanco, 2014; Hyde et al., 2014; Jopling et al., 2005; Mauger

et al., 2015; Pirakitikulr et al., 2016).
Authors. Published by Elsevier Inc.
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The cellular machinery that regulates m6A includes proteins

that act as writers, erasers, and readers of m6A. The addition

of m6A onmRNA, which occurs at the consensusmotif DRAmCH

(where D = G/A/U, R = G > A, and H = U/C/A), is mediated by a

methyltransferase complex containing the methyltransferase-

like (METTL) enzymes METTL3 and METTL14 and the cofactors

Wilms tumor 1-associated protein (WTAP) and KIAA1429 (Fu

et al., 2014; Liu et al., 2014; Meyer and Jaffrey, 2014; Schwartz

et al., 2014; Yue et al., 2015). The removal of m6A from mRNA

is catalyzed by the demethylases fat mass and obesity-associ-

ated protein (FTO) or a-ketoglutarate-dependent dioxygenase

AlkB homolog 5 (ALKBH5) (Jia et al., 2011; Zheng et al., 2013).

The cytoplasmic YTH-domain family 1 (YTHDF1), YTHDF2, and

YTHDF3 proteins bind to m6A through their C-terminal YTH

domain. Functionally, YTHDF1 promotes the translation of

m6A-modified mRNA, while YTHDF2 targets m6A-modified

mRNAs for degradation (Wang et al., 2014, 2015). The function

of YTHDF3 is still unknown. The discovery of these proteins

and the development of high-throughput m6A-mapping tech-

niques have led to many insights into the function of m6A (Dom-

inissini et al., 2012; Fu et al., 2014; Linder et al., 2015; Meyer

et al., 2012). Nonetheless, many aspects of the regulation of spe-

cific mRNAs by m6A remain unexplored.

Here, we define a role for m6A in regulating the life cycle

of HCV. We demonstrate that the m6A methyltransferases

negatively regulate the production of infectious HCV particles

and that the m6A-binding YTHDF proteins all relocalize to sites

of HCV particle production and suppress this stage of viral

infection. We map m6A across the HCV RNA genome and

show that preventing m6A at one of these regions enhances

viral titer by increasing the interaction of the HCV RNA with

the HCV Core protein. Finally, we describe viral RNA m6A-epi-

transcriptomic maps for several other Flaviviridae, including

ZIKV, DENV, WNV, and YFV. Altogether, our data reveal that

m6A regulates HCV infection and set the stage for the explora-

tion of the function of m6A within the broader Flaviviridae family

of viruses.

RESULTS

The m6A Machinery Regulates HCV Particle Production
To determine whether m6A regulates HCV infection, we

depleted the m6A methyltransferases METTL3 and METTL14

(METTL3+14) by small interfering RNA (siRNA) in Huh7 liver

hepatoma cells and infected these cells with HCV. Immunoblot

analysis of cell extracts harvested at 72 hr post-infection (hpi) re-

vealed that METTL3+14 depletion significantly increased the

abundance of the HCV NS5A protein, a marker of viral replica-

tion, relative to its level in cells treated with non-targeting control

siRNA (Figure 1A). Conversely, depletion of the m6A demethy-

lase FTO decreased HCV NS5A levels relative to the control

(Figure 1A). Furthermore, we found that the percentage of

HCV-positive cells increased after METTL3+14 depletion and

decreased after FTO depletion (Figures 1B, 1C, and S1A). This

change in HCV-positive cells occurred only after 24 hpi, suggest-

ing that viral entry was unaffected by m6A machinery depletion.

Depletion of them6Amachinery did not impair cell viability during

infection (Figure S1B). In addition, HCV infection slightly reduced

METTL3 protein levels in total cellular extracts, while METTL14
and FTO were unaffected (Figures S1C and S1D). Thus, the

m6A methyltransferases negatively regulate HCV infection, while

the m6A demethylase positively regulates HCV infection.

We next defined the stage of the HCV life cycle regulated by

the m6A machinery. Depletion of METTL3+14 significantly

increased the production of infectious virus and viral RNA in

the supernatant compared to control siRNA at 72 hpi (Figures

1D and 1E). Conversely, depletion of FTO decreased infectious

virus and HCV RNA in the supernatant (Figures 1D and 1E)

without altering the viral-specific infectivity (Figure S1E). Deple-

tion of ALKBH5 did not affect viral titer or protein levels, indi-

cating that this demethylase does not influence the HCV life

cycle (Figure S1F). We next tested whether the altered HCV titer

after m6Amachinery depletion was due to altered viral RNA repli-

cation. In these experiments, we used Huh7.5 CD81 knockout

(KO) cells, in which essential HCV entry factor CD81 (Zhang

et al., 2004) was deleted by clustered regularly interspaced short

palindromic repeats/Cas9 (CRISPR/Cas9), resulting in cells

permissive for HCV RNA replication and viral particle production

following viral RNA transfection that are unable to support sub-

sequent rounds of viral infection (Figures S1G–S1I). In these

cells, we depleted METTL3+14 or FTO by siRNA, transfected

the cells with in vitro transcribed RNA of the HCV reporter virus

JFH1-QL/GLuc2A, and measured HCV RNA replication by as-

saying for secreted Gaussia luciferase (Yamane et al., 2014).

Depletion of METTL3+14 or FTO had no effect on Gaussia lucif-

erase levels compared to control over the time course, while our

negative control RNA containing a point mutation in the viral

RNA-dependent RNA polymerase (Pol�) did not replicate (Fig-

ure 1F). These data indicate that m6A dynamics do not regulate

HCV translation or RNA replication but do regulate the produc-

tion or release of infectious viral particles.

Changes in expression of the m6A machinery have been

shown to affect cellular gene expression (Dominissini et al.,

2012; Meyer et al., 2012; Wang et al., 2014), which could indi-

rectly regulate the HCV life cycle, for example, by inducing anti-

viral interferon-stimulated genes (ISGs). While we did not find

consistent changes in ISG mRNA levels following loss of the

m6A machinery during HCV infection (48 hpi), FTO depletion

slightly increased the expression of IFITM1, which is known to

restrict HCV entry (Figure S1J) (Wilkins et al., 2013). This slight

increase occurred at both 24 and 48 hpi, although the percent-

age of HCV-positive cells following FTO depletion is the same

as control and METTL3+14 depletion at 24 hpi (Figures 1B,

S1J, and S1K). Therefore, the observed changes in infectious vi-

rus following depletion of the m6A machinery are not solely a

result of an altered antiviral response in these cells. Rather, these

data suggest that m6A acts directly on the HCV RNA genome to

regulate HCV particle production.

The m6A-Binding YTHDF Proteins Negatively Regulate
HCV Particle Production
Given that the m6A machinery regulates infectious HCV particle

production, we next tested whether the knownmediators of m6A

function, the RNA-binding YTHDF proteins, similarly regulate the

HCV life cycle. Depletion of any of the YTHDF proteins did not in-

creaseHCVNS5A protein levels at 48 hpi or HCVRNA replication

of the HCV reporter (JFH1-QL/GLuc2A) over 72 hr in Huh7.5

CD81 KO cells. However, by 72 hpi, the levels of infectious
Cell Host & Microbe 20, 654–665, November 9, 2016 655



Figure 1. The m6A Machinery Regulates Infectious HCV Particle Production

(A) Immunoblot analysis of extracts of HCV-infected Huh7 cells (72 hpi) treated with siRNAs. NS5A levels were quantified relative to tubulin (n = 3). *p% 0.05 by

unpaired Student’s t test.

(B) Percentage of HCV+ cells by immunostaining of NS5A and nuclei (DAPI) after siRNA. n = 3, withR5,000 cells counted per condition. *p% 0.05, ***p% 0.001 by

two-way ANOVA with Bonferroni correction.

(C) Representative fields of HCV-infected cells (NS5A+, green) and nuclei (DAPI, blue) at 72 hpi from (B).

(D and E) FFA of supernatants harvested fromHuh7 cells 72 hpi after siRNA treatment (D). HCV RNA in supernatants harvested fromHuh7 cells 72 hpi after siRNA

treatment as quantified by qRT-PCR (E). Data are presented as the percentage of viral titer or RNA relative to control siRNA. ***p% 0.001 by unpaired Student’s

t test. Values are the mean ± SEM of three experiments in triplicate.

(F) Gaussia luciferase assay to measure HCV luciferase reporter (JFH1-QL/GLuc2A) transfected in Huh7.5 CD81 KO cells after siRNA treatment. Pol�, lethal
mutation in HCV NS5B polymerase.

Values in (B) and (F) represent the mean ± SD (n = 3) and are representative of three independent experiments. See also Figure S1.
HCV particles and HCV RNA in the supernatant were increased

at least 2-fold compared to control (Figures 2A–2D). Depletion

of YTHDF proteins did not affect cell viability, and HCV infection

did not alter their expression (Figures S2A and S2B). Collectively,

these data suggest that the YTHDF proteins negatively regulate

infectious HCV production without affecting overall HCV RNA

replication.

We next tested whether YTHDF proteins bind to HCV RNA by

RNA immunoprecipitation (RIP). We found that FLAG-YTHDF

ribonucleoprotein (RNP) complexes enriched HCV RNA relative

to the input, demonstrating that these proteins bind to viral

RNA (Figure 2E). Thus, YTHDF protein binding to HCV RNA

may mediate regulation of HCV particle production. This led us

to examine the subcellular localization of the YTHDF proteins

during HCV infection.
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YTHDF Proteins Relocalize to Lipid Droplets during HCV
Infection
HCV particle assembly occurs around cytosolic lipid droplets in

close association with endoplasmic reticulum (ER) membranes.

HCV RNA and proteins, including NS5A and Core (the capsid

protein), as well as several host RNA-binding proteins that regu-

late HCV infection, accumulate around lipid droplets (Ariumi

et al., 2011; Chatel-Chaix et al., 2013;Miyanari et al., 2007; Pager

et al., 2013; Poenisch et al., 2015). Therefore, we analyzed the

subcellular localization of YTHDF proteins after HCV infection

in Huh7 cells by confocal microscopy. While YTHDF proteins

were distributed in the cytoplasm in uninfected cells, in HCV-in-

fected cells all three YTHDF proteins (both endogenous and

overexpressed) were enriched around lipid droplets (Figures 3

and S3A), in which they colocalized with the HCV Core protein.



Figure 2. The m6A-Binding YTHDF Proteins

Negatively Regulate Infectious HCV Particle

Production

(A) Immunoblot analysis of extracts of HCV-in-

fected Huh7 cells (48 hpi) treated with indicated

siRNAs.

(B and C) FFA of supernatants harvested from

Huh7 cells at 72 hpi after siRNA treatment (B). HCV

RNA in supernatants harvested from Huh7 cells

72 hpi after siRNA treatment was quantified by

qRT-PCR (C). Data were analyzed as the per-

centage of titer or HCV RNA relative to cells treated

with control siRNA. Values represent the mean ±

SEM of three (C) or four (B) experiments done in

triplicate.

(D) Gaussia luciferase assay to measure HCV

luciferase reporter (JFH1-QL/GLuc2A) transfected

in Huh7.5 CD81 KO cells after siRNA.

(E) Enrichment of HCV RNA following immuno-

precipitation of FLAG-tagged YTHDF from extracts

of Huh7 cells after 48 hpi. Left: captured HCV RNA

was quantified by qRT-PCR as the percentage of

input and graphed as fold enrichment relative to

vector. Right: immunoblot analysis of immuno-

precipitated extracts and input.

For (D) and (E), data are representative of three

experiments and show the mean ± SD (n = 3).

*p % 0.05, **p % 0.01, ***p % 0.001 by unpaired

Student’s t test. See also Figure S2.
We did not observe this relocalization in Huh7 cells stably ex-

pressing a subgenomic HCV replicon that lacks the HCV struc-

tural genes and cannot produce viral particles (Figure S3B)

(Wang et al., 2003), suggesting that a fully productive HCV infec-

tion is required to trigger the relocalization of the YTHDF proteins

around lipid droplets.

HCV RNA Is Modified by m6A
We and others mapped m6A on HIV-1 mRNA and showed that it

regulates viral gene expression (Kennedy et al., 2016; Lichinchi

et al., 2016; Tirumuru et al., 2016). Although m6A has not been

found in RNAs from viruses that replicate in the cytoplasm, our

findings (Figures 1, 2, and 3) led us to hypothesize that the

HCV RNA genome is modified by m6A during infection. To test

this, we used an antibody that specifically recognizes m6A to

perform methyl-RNA immunoprecipitation (MeRIP) on total

RNA harvested from HCV-infected cells, followed by qRT-PCR

to detect enriched RNAs. HCV RNA in the eluate was specifically

enriched by the anti-m6A antibody, but not immunoglobulin G

(IgG), as was known m6A-modified mRNA SON, but not an

mRNA with little m6A modification, HPRT1 (Figure 4A) (Wang

et al., 2014). Ultra-high-pressure liquid chromatography-tandem

mass spectrometry (UPLC-MS/MS) analysis of viral RNA

captured from HCV-infected Huh7 cells using specific antisense

oligonucleotides proved that HCV RNA contains m6A, with a ra-

tio of m6A/A of approximately 0.16% (Figures S4A and S4B). The
Cell Host & M
anti-m6A antibody did not enrich HCV

RNA isolated from cell supernatants to

the same degree as intracellular viral

RNA (Figure 4A). We next mapped the

sites of the HCV RNA genome modified
by m6A using MeRIP followed by sequencing (MeRIP-seq), as

previously described (Dominissini et al., 2013; Meyer et al.,

2012). We identified 19 peaks across the HCV RNA genome

common to both experimental replicates (Figures 4B and S6;

Table S1). These data present evidence that HCV, which repli-

cates exclusively in the cytoplasm, is marked by m6A during

infection.

As HCV replicates in the cytoplasm in association with intra-

cellular membranes, for its RNA to undergo m6A modification,

the m6A methyltransferases must also exist in the cytoplasm.

Our immunoblot analysis of isolated nuclear and cytoplasmic

fractions from mock or HCV-infected Huh7 cells reveals that

METTL3, METTL14, and FTO are all present in both the nucleus

and the cytoplasm, where they could interact with viral RNA

(Figures S1C and S1D). This is in concordance with reports

that have detected both METTL3 and m6A-methyltransferase

activity in cytoplasmic extracts (Chen et al., 2015; Harper

et al., 1990; Lin et al., 2016). Therefore, these data reveal that

the m6A machinery are in the cytoplasm, where they can modify

cytoplasmic HCV RNA.

Because the cellular function of m6A is carried out by the

YTHDF proteins, which are bound to HCV RNA (Figure 2E),

we hypothesized that one or more of the YTHDF proteins would

bind to functionally relevant m6A sites on the HCV RNA genome.

We directly mapped these YTHDF-binding sites on the

viral genome using photoactivatable ribonucleoside-enhanced
icrobe 20, 654–665, November 9, 2016 657



Figure 3. YTHDF Proteins Relocalize to Lipid Droplets during HCV Infection

(A) Confocal micrographs of HCV-infected or uninfected Huh7 cells (48 hpi) immunostained with antibodies to YTHDF (green) and HCV Core (red) proteins. Lipid

droplets (gray) and nuclei (blue) were labeled with BODIPY and DAPI, respectively. Zoom panels are derived from the white box in the merge panels. Scale

bar, 10 mm.

(B) Enrichment of YTHDF proteins around lipid droplets was quantified using ImageJ from more than ten cells analyzed and graphed in box-and-whisker plots,

representing the minimum, first quartile, median, third quartile, and maximum. **p % 0.01, ***p % 0.001 by unpaired Student’s t test.

See also Figure S3.
crosslinking and immunoprecipitation (PAR-CLIP) in HCV-in-

fected Huh7 single-cell clones stably expressing these proteins

or GFP (Figure S4C) (Hafner et al., 2010; Kennedy et al., 2016).

We identified 42 different sites on the HCV RNA genome that

were bound by at least one YTHDF protein, not by GFP, and con-

tained the characteristic T-to-C transition that derives from

reverse transcription of cross-linked 4SU residues (Table S2).

Surprisingly, only two high-confidence YTHDF-binding sites

(bound by more than one YTHDF protein) overlapped with the

m6A peaks identified by all replicates of MeRIP-seq, and only

55% of the YTHDF-binding sites contained the DRAmCH motif

required for m6A (Table S2). Altogether, these data build a map

of m6A- and YTHDF-binding sites on the HCV RNA genome.
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m6A-Abrogating Mutations in the HCV E1 Genomic
Region Increase Viral Particle Production
To elucidate the functional relevance of a specificm6A site on the

HCV genome, we made mutations in the genome to inactivate

this modification. We identified only one region of the HCV

genome, within the viral E1 gene, that both contains m6A and

is bound by YTHDF proteins at sites with consensus DRAmCH

motifs (Tables S1 and S2). This region of the genome has been

shown to lack major RNA secondary structure (Pirakitikulr

et al., 2016) and contains a cluster of four potential m6A sites

(Figure 5A). Comparative sequence analysis of the nucleotides

in these sites revealed that the first m6A site is identical in 72

strains of genotype 2A, while the m6A motif in the latter three



Figure 4. HCV RNA Is Modified by m6A

(A) MeRIP-qRT-PCR analysis of intracellular or supernatant RNA harvested from HCV-infected Huh7.5 cells (72 hpi) and immunoprecipitated with anti-m6A or

IgG. Eluted RNA is quantified as a percentage of input. Values are the mean ± SD (n = 3). **p % 0.01, ***p % 0.001 by unpaired Student’s t test.

(B) Map of m6A-binding sites in the HCVRNA genome byMeRIP-seq (representative of two independent samples) of RNA isolated fromHCV-infected Huh7 cells.

Read coverage, normalized to the total number of reads mapping to the viral genome for each experiment, is in red for MeRIP-seq and in blue for input RNA-seq.

Red bars indicate m6A peaks identified in duplicate experiments by MeRIPPeR analysis (FDR-corrected q value < 0.05). See also Figures S4 and S6 and Tables

S1 and S2.
sites is conserved among 26 representative strains of HCV from

different genotypes (Figure S5A).We thenmutated either the A or

the C within the consensus site to a U in the four identified m6A

sites in the E1 gene to construct HCV-E1mut. These mutations

abrogate the potential for m6A modification (Kane and Beemon,

1987) without altering the encoded amino acid sequence

(Figure 5A).

To determine the role of these m6A sites in the HCV life cycle,

we electroporated wild-type (WT) and E1mut HCV RNA into

Huh7 cells and measured the production of infectious virus at

48 hpi. E1mut produced nearly 3-fold more viral titer in superna-

tant than WT, while the Pol� RNA did not produce titer (Fig-

ure 5B). E1mut also increased both intracellular and extracellular

titer, suggesting that these mutations increased viral particle

assembly (Figure S5B). To determine whether abrogation of

the E1 m6A sites affected HCV RNA replication, we then

measured replication of the WT or E1mut JFH1-QL/GLuc2A re-

porter after transfection into Huh7.5 CD81 KO cells. The E1 mu-

tations did not alter HCV RNA replication over a time course

(Figure 5C) or the levels of viral Core protein (Figure 5D). Alto-

gether, these data suggest that m6A within the E1 gene nega-

tively regulates infectious HCV particle production, similar to

our findings with depletion of the m6A methyltransferases and

YTHDF proteins.

While the YTHDF proteins bind to multiple sites on HCV RNA,

comparison ofMeRIP-seqwith the PAR-CLIP data suggests that

their binding to the HCV RNA genome is not always m6A depen-

dent (Figure 4B; Table S2). Therefore, to test whether the m6A-

abrogating mutations in E1 affect binding by YTHDF proteins

within this region, we measured FLAG-YTHDF2 binding to a re-

porter RNA containing 100 nucleotides of WT or E1mut, allowing

us to isolate the interaction of a single m6A region with a single

YTHDF protein. Mutation of the m6A sites within the E1 region

reduced binding of FLAG-YTHDF2 by 50% compared to the
WT by YTHDF2 RIP, while FLAG-YTHDF2 bound equally to

known m6A-modified mRNA SON in both conditions (Figure 5E).

Furthermore, depletion of YTHDF1 did not increase extracellular

HCV RNA produced by cells infected with E1mut HCV over cells

treated with control siRNA (Figure S5C).

The HCV Core protein binds to the HCV RNA genome during

assembly of viral particles. Core protein is known to bind to

HCV RNA around the E1 region that contains our identified

m6A sites (Shimoike et al., 1999). To test whether m6A in E1 influ-

ences Core binding to viral RNA, we immunoprecipitated Core

RNP complexes from cells electroporated with WT or E1mut

HCV RNA. We found that mutation of the m6A sites within the

E1 region increases HCV RNA binding to the Core protein by

nearly 2-fold compared to WT (Figure 5F). Altogether, these

data suggest that YTHDF proteins bind to the m6A sites within

the HCV E1 region to mediate the negative regulation of infec-

tious HCV particle production, while the Core protein binds to

viral RNA genomes lacking m6A within the E1 region for pack-

aging into nascent viral particles.

Mapping of m6A within the Viral RNA Genomes of the
Flaviviridae Family of Viruses
Because we found that the HCV RNA genome contains m6A, we

wanted to investigate the location of m6A on the RNA genomes

of other members of the Flaviviridae family. We performed

MeRIP-seq in duplicate on RNA isolated from Huh7 cells in-

fected with DENV (DENV2-NGC), YFV (17D), WNV (TX), and

ZIKV (PR2015 or DAK). Our data identified reproducible m6A

sites within all five viral genomes (Figures 6A–6E and S6; Table

S3). Some m6A sites on these viral genomes occurred within

similar genetic regions among all Flaviviridae (Figure 6F). In

particular, the NS3 and NS5 genes contained m6A peaks, remi-

niscent of the pattern on the HCV RNA genome and suggesting

a conserved role for these sites in regulating these viral life
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Figure 5. m6A-Abrogating Mutations in E1

Increase Infectious HCV Particle Production

(A) Schematic of the HCV genome with the muta-

tion scheme for altering A or C residues (red ar-

rows) to make the E1mut virus. Consensus m6A

motifs (green) and inactivating mutations (red) are

shown. Dashes represent nucleotides not shown.

Genomic indices match the HCV JFH-1 genome

(AB047639).

(B) FFA of supernatants harvested from Huh7 cells

after electroporation of WT or E1mut HCV RNA

(48 hr) and analyzed as the percentage of viral titer

relative to WT.

(C) Gaussia luciferase assay to measure levels of

the WT, E1mut, or Pol� HCV luciferase reporter

(JFH1-QL/GLuc2A) transfected in Huh7.5 CD81

KO cells.

(D) Immunoblot analysis of extracts of WT, E1mut,

or Pol� JFH1-QL/GLuc2A transfected in Huh7.5

CD81 KO cells.

(E) Enrichment ofWT or E1mut reporter RNA orSON

mRNA by immunoprecipitation of FLAG-YTHDF2

or vector from extracts of Huh7 cells. Captured

RNA was quantified by qRT-PCR and graphed as

the percentage of input. Right: immunoblot anal-

ysis of anti-FLAG immunoprecipitated extracts

and input.

(F) Enrichment of WT or E1mut HCV RNA by

immunoprecipitation of HCV Core from extracts of

Huh7 cells electroporated with the indicated viral

genomes (48 hr). Lower: immunoblot analysis of

anti-Core immunoprecipitated extracts and input.

Data are representative of two (D and E) or three

(B, C, and F) experiments and presented as

the mean ± SD (n = 3). *p % 0.05, **p % 0.01,

***p% 0.001 by unpaired Student’s t test. See also

Figure S5.
cycles. Furthermore, similar to HCV, DENV and ZIKV (PR2015)

contained an m6A peak in the envelope gene. Therefore, these

data suggest a potentially conserved set of m6A-epitranscrip-

tome sites in the Flaviviridae family that could regulate viral

RNA function, virulence, and transmission.

DISCUSSION

The function of m6A in regulating host and viral infection is only

now emerging, even though nuclear-replicating viruses have

been known to contain m6A since the 1970s (Dimock and Stoltz-

fus, 1977; Kane and Beemon, 1985; Krug et al., 1976; Lavi and

Shatkin, 1975; Sommer et al., 1976). Recent studies have estab-

lished a pro-viral role for m6A during HIV-1 infection (Kennedy

et al., 2016; Lichinchi et al., 2016; Tirumuru et al., 2016). In our

study, in which we define function for m6A and its cellular ma-

chinery in regulating the positive-strand RNA genome of the

cytoplasmic virus HCV, we find that m6A negatively regulates

HCV particle production. Furthermore, we find that the posi-

tive-strand RNA genomes of other viruses within the Flaviviridae

family, including two strains of ZIKV, are modified by m6A in

conserved genomic regions. Altogether, this work reveals that
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Flaviviridae RNA genomes harbor RNA regulatory marks that

could affect their life cycles and virulence.

The known enzymes and RNA-binding proteins that regulate

m6A also regulate the life cycle of HCV. Depletion of the m6A

methyltransferases METTL3 and METTL14 increases the rate

of HCV infection by promoting infectious viral particle production

without affecting viral RNA replication. Depletion of the m6A de-

methylase FTO, but not ALKBH5, has the opposite effect (Fig-

ure 1). These effects do not appear to be caused by dysregulated

induction of host ISGs after depletion of the m6A machinery,

because changes in ISG expression were minimal (Figure S1).

Instead, we hypothesize that the m6A machinery directly modu-

lates the levels of m6A on the HCV genome to regulate its func-

tion, and this is supported by our finding that HCV RNA contains

m6A. While it is known that m6A functions on host mRNAs to

regulate their stability, translation, localization, and interactions

with RNA-binding proteins (Fu et al., 2014), we hypothesize

that the function of m6A in HCV RNA is not due to regulation of

HCV RNA stability or translation, because our studies of HCV

RNA replication using a reporter virus found no change in re-

porter levels following depletion of the m6A machinery. Rather,

our data suggest that m6A regulates infectious viral particle



Figure 6. Mapping m6A in the RNA Genomes of Flaviviridae

(A–E) Read coverage of Flaviviridae genomes of (A) DENV, (B) YFV, (C) ZIKV (DAK), (D) ZIKV (PR2015), and (E) WNV for one replicate of MeRIP-seq (red), and input

RNA-seq (blue) from matched samples. Colored bars indicate m6A peaks identified by MeRIPPeR analysis. (n = 2; FDR-corrected q value < 0.05).

(F) Alignment of replicate m6A sites in the genomes of DENV (red), YFV (blue), ZIKV (DAK) (orange), ZIKV (PR2015) (green), and WNV (brown).

See also Figure S6 and Table S3.
production through interactions of the viral RNA with host and

viral proteins.

Because the writers (METTL3+14) and an eraser (FTO) of m6A

regulated HCV particle production, it was reasonable to hypoth-

esize that the m6A-binding YTHDF reader proteins would have a

similar effect. All three YTHDF proteins bound to HCV RNA at

similar sites and their depletion increased HCV particle produc-

tion, suggesting that their effect on HCV particle production was

due to binding HCV RNA (Figure 2; Table S2). Although YTHDF1

and YTHDF2 have been found to have divergent functions on

host mRNAs, all three YTHDF proteins in our study acted simi-

larly to suppress HCV (Wang et al., 2014, 2015). Likewise, during
HIV-1 infection, all three YTHDF proteins function similarly to one

another, although they have been described to have both pro-

and anti-HIV function (Kennedy et al., 2016; Tirumuru et al.,

2016). During HCV infection, YTHDF regulatory function is likely

related to their relocalization to lipid droplets, the sites of viral as-

sembly (Figure 3). Many RNA-binding proteins relocalize to lipid

droplets in HCV-infected cells and regulate HCV particle produc-

tion (Ariumi et al., 2011; Chatel-Chaix et al., 2013; Pager et al.,

2013; Poenisch et al., 2015). Many of these proteins are known

to interact with YTHDF proteins, suggesting that these interac-

tions could regulate HCV particle production (Schwartz et al.,

2014; Wang et al., 2015). Consequently, it will be important in
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the future to identify any YTHDF protein-protein interactions en-

riched during HCV infection, which may point to a regulatory

network of RNA-binding proteins that affect infectious HCV par-

ticle production.

We found that about 50% of YTHDF protein-binding sites

identified on HCV RNA using PAR-CLIP overlapped with

MeRIP-seq m6A peaks (Figure 4). These results are similar to

previous studies examining the overlap of YTHDF1 or YTHDF2

PAR-CLIP with MeRIP-seq data, which have found about a

60% overlap (Wang et al., 2014, 2015). We hypothesize that

the non-overlapping YTHDF-binding sites in HCV RNA represent

m6A sites not detected byMeRIP-seq due to biological variation,

technical noise, or potentially sites that might be bound by

YTHDF proteins in an m6A-independent fashion. A report found

that YTHDF proteins bound to an in vitro transcribed, and

hence non-methylated, HCV RNA genome (Rı́os-Marco et al.,

2016). Therefore, future studies could reveal functions of the

YTHDF proteins that are independent of m6A during the HCV

life cycle.

To discern the function of an m6A site on HCV RNA during

infection, we abrogated m6A modification in the E1 region of

HCV by mutation. This E1mut virus produced higher viral titers

than the WT virus (Figure 5), similar to what we found with

METTL3+14 and YTHDF depletion and suggesting a conserved

regulatory mechanism between both m6A and the YTHDF pro-

teins at this site. The presence of these mutations in E1

increased HCV RNA binding to Core protein while reducing

binding to YTHDF2. This suggests that interactions of the HCV

RNA with Core are regulated by m6A such that viral genomes

lacking m6A in the E1 region are preferentially segregated for

packaging into nascent virions. Therefore, we hypothesize that

the presence or absence of m6A in E1 facilitates competition be-

tween YTHDF protein and HCVCore binding to the viral genome,

leading to the cellular retention or packaging of HCV RNA,

respectively.

Because RNA viruses can rapidly evolve under selection pres-

sure, the maintenance of m6A sites on the HCV genome sug-

gests that m6A must confer an evolutionary advantage to the

virus. In HCV, whose pathology is characterized by chronic pro-

gression during infection in the liver, a slower replication rate has

been linked to persistent infection through an evasion of immune

surveillance (Bocharov et al., 2004). Therefore, m6A may boost

viral fitness by allowing HCV to establish slow, persistent infec-

tions. Pirakitikulr et al. (2016) identified a conserved stem loop

in the E1 coding region, just downstream of our identified m6A

sites, that suppresses viral particle production without affecting

viral RNA replication. This raises the possibility that within the E1

region, multiple RNA elements, including m6A, play a role in

segregating the RNA genome between stages of the HCV life

cycle.

The function of the other m6A sites on the HCV RNA genome

remains unknown. Because many of these sites do not overlap

with YTHDF protein-binding sites, they may directly modify

HCV RNA structure or recruit alternative m6A readers, such as

HNRNPA1/B2, eIF3, or even METTL3 (Alarcón et al., 2015; Lin

et al., 2016; Meyer et al., 2015). They may also contribute to anti-

viral innate immune evasion, because the presence of m6A on

RNA has been shown to reduce its activation of toll-like receptor

3 signaling (Karikó et al., 2005). While we did not identify m6A in
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the known poly-U/UC pathogen-associated molecular patterns

in the 30 UTR of the HCV genome, we did find that YTHDF2 binds

close to this region (Table S2), so future studies can begin to

discern whether m6A plays a role in HCV innate immune evasion.

We found that four other Flaviviridae (DENV, YFV, ZIKV, and

WNV) also contained m6A within their viral genomes. Because

these viruses replicate in the cytoplasm, our data reveal that

m6A methyltransferases are functional in the cytoplasm. Similar

to the results of others, we detected the m6A machinery in cyto-

plasmic fractions (Figure S1C) (Chen et al., 2015; Harper et al.,

1990; Lin et al., 2016). Therefore, cellular mRNAs could also be

dynamically regulated by m6A modification following export

into the cytoplasm. These viruses had prominent m6A peaks in

NS5, which encodes their viral RNA-dependent RNA polymer-

ase, strongly suggesting the presence of a conserved RNA reg-

ulatory element here. Both DENV and ZIKV (PR2015) contained

m6A peaks within their envelope genes, similar to HCV, and

future studies to determine whether these m6A sites also affect

production of infectious flaviviral particles will be of interest.

While the genomic RNA structures for DENV, YFV, ZIKV, and

WNV have not yet been determined, these viral genomes contain

specific RNA regulatory structures, especially within their UTRs.

We found that two of the mosquito-transmitted viruses, DENV

and YFV, have m6A within their 30 UTRs (Figure 6F). In DENV,

the 30 UTR has two stem loops that regulate mosquito to human

transmission (Villordo et al., 2015). Therefore, it is possible that

m6A patterns and functionality in the mosquito-transmitted flavi-

viral genomes could contribute to vector-borne transmission.

Finally, we observed clear differences in m6A patterns between

the Dakar and the Puerto Rican isolates of ZIKV, which represent

the African and the Asian lineages, respectively (Haddow et al.,

2012). Because these lineages have differences in human dis-

ease, with increased pathogenicity ascribed to the Asian lineage

of ZIKV (Weaver et al., 2016), the differences in regulation of

these viruses by m6A could contribute to these varied infection

outcomes.

In summary, we present global m6A profiling of RNA viruses

within the Flaviviridae family. In addition, we provide evidence

that an exclusively cytoplasmic RNA ismodified bym6A. Further-

more, we present a role of this modification in regulating HCV

RNA function at the level of infectious viral particle production.

This work sets the stage to broadly study the role of m6A in Fla-

viviridae infection, transmission, and pathogenesis. This work

also has the potential to uncover regulatory strategies to inhibit

replication by these established and emerging viral pathogens.
EXPERIMENTAL PROCEDURES

Cell Lines

Human hepatoma Huh7, Huh7.5, and Huh7.5 CD81 KO cells were grown in

DMEM (Mediatech) supplemented with 10% fetal bovine serum (HyClone),

2 5 mM HEPES, and 13 non-essential amino acids (complete [c]DMEM;

Thermo Fisher Scientific). HCV-K2040 (1B) replicon cells (Wang et al., 2003)

were cultured in cDMEM containing 0.2 mg/mL geneticin (Thermo Fisher Sci-

entific). The identity of the Huh7 and Huh7.5 cell lines was verified using the

Promega GenePrint STR kit (DNA Analysis Facility, Duke University), and cells

were verified asmycoplasma free by the LookOut Mycoplasma PCR detection

kit (Sigma). Huh7.5 CD81 KO cells were generated by CRISPR, as described

before, with details given in the Supplemental Experimental Procedures (Hop-

craft et al., 2016; Hopcraft and Evans, 2015).



Viral Infections and Generation of Viral Stocks

HCV

Infectious stocks of a cell culture-adapted strain of genotype 2A JFH1 HCV

were generated and titrated by focus-forming assay (FFA), as described

(Aligeti et al., 2015). HCV infections were performed at an MOI of 0.3 for

72 hr unless noted.

WNV

Working stocks ofWNV isolate TX 2002-HC (WNV-TX) were generated in BHK-

21 cells and titered as described (Suthar et al., 2010). WNV infections (MOI 5)

were performed in Huh7 cells for 48 hr.

DENV and YFV

Preparation and titering of DENV2-NGC and YFV-17D stocks has been

described (Le Sommer et al., 2012; Sessions et al., 2009). DENV and YFV in-

fections (MOI 2) were performed for 24 hr in Huh7 cells.

ZIKV

ZIKV_PR2015 (PRVABC59) stocks were prepared and titered as described

(Quicke et al., 2016). ZIKV_DAK (Zika virus/A.africanus-tc/SEN/1984/41525-

DAK) stocks were generated and titered by FFA in Vero cells (Le Sommer

et al., 2012). ZIKV infections (MOI 2) were performed in Huh7 cells for 24 hr.

FFA for HCV Titer

Supernatants were collected and filtered through 0.45 mMsyringe filters. Serial

dilutions of supernatants were used to infect naive Huh7.5 cells in triplicate

wells of a 48-well plate. At either 48 or 72 hpi, cells were fixed, permeabilized,

and immunostained with HCV NS5A antibody (1:500; gift of Charles Rice,

Rockefeller University). Following binding of horseradish peroxidase (HRP)-

conjugated secondary antibody (1:500; Jackson ImmunoResearch), infected

foci were visualized with the VIP Peroxidase Substrate Kit (Vector Labora-

tories) and counted at 403 magnification. Titer (in focus-forming units per

milliliter) was calculated as described (Gastaminza et al., 2006). To measure

intracellular HCV titer, cells pellets were washed in PBS, resuspended in

serum-free media, and subjected to five rounds of freezing and thawing in a

dry ice and ethanol bath. Lysate was cleared by centrifugation, and FFA was

performed as described earlier.

MeRIP-Seq

Poly(A)+ RNA purified from at least 75 mg total RNA (Poly(A) Purist Mag kit;

Thermo Fisher Scientific) extracted from HCV-, DENV-, YFV-, WNV-, ZIKV

(DAK)-, and ZIKV (PR2015)-infected samples was fragmented using the Am-

bion RNA fragmentation reagent and purified by ethanol precipitation. Frag-

mented RNA was heated to 75�C for 5 min, placed on ice for 3 min, and

then incubated with anti-m6A antibody (5 mg; Synaptic Systems, #202111)

conjugated to Protein G Dynabeads (50 mL; Thermo Fisher Scientific) in MeRIP

buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 0.1% NP-40)

overnight at 4�C. Beads were then washed 53 with MeRIP buffer, and bound

RNA was eluted in MeRIP buffer containing 6.7 mM m6A sodium salt (Sigma).

Eluted RNA was purified with the Quick-RNA miniprep kit (Zymo Research)

and concentrated by ethanol precipitation. Sequencing libraries were pre-

pared from this RNA, as well as input RNA, using the TruSeq RNA sequencing

(RNA-seq) kit (Illumina). Libraries were sequenced to 1 3 50 base-pair reads

on the Illumina HiSeq2500 at theWeill Cornell Medicine Epigenomics Core Fa-

cility. Reads were aligned to combined human (hg19) and viral genomes using

Spliced Transcripts Alignment to a Reference (STAR), with a mapping quality

threshold of 20. Despite the poly(A) enrichment, a significant number of reads

mapped to the viral genomes. We identified peaks using MeRIPPeR (https://

sourceforge.net/projects/meripper/), which defines peaks in m6A immunopre-

cipitation (IP) over input control read counts using Fisher’s exact test, with a

minimum peak size of 100 bases. The false discovery rate (FDR) was set

to <0.05 using a Benjamini-Hochberg correction. Intersections between the

peaks called by two replicates provided the final set of peak calls. MeRIP-

qRT-PCR followed this protocol, except that total RNA was not fragmented.

Eluted RNA was reverse transcribed into cDNA and subjected to qRT-PCR.

Statistical Analysis

Student’s unpaired t test and two-way ANOVA (with Bonferroni correction)

were used for statistical analysis of the data using GraphPad Prism software.

Graphed values are presented as mean ± SD (n = 3 or as indicated); *p% 0.05,

**p % 0.01, and ***p % 0.001.
Additional experimental procedures can be found in the Supplemental

Experimental Procedures.
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Figure S1. Related to Figures 1 and 4. (A) Quantification of the percent of HCV-infected Huh7 cells at the 
indicated time points as determined by immunofluorescence staining of HCV NS5A protein of Huh7 cells following 



treatment with the indicated siRNAs. Values are presented as mean ± SD (n=3), with ≥5000 cells counted per 
condition. *p≤0.05, ***p≤0.001 by two-way ANOVA with Bonferroni correction. (B) Viability of HCV-infected 
Huh7 cells treated with indicated siRNAs as measured at 72 hpi by Cell-Titer GLO assay. Data are presented as 
mean ± SD (n=3). (C) Immunoblot analysis of isolated nuclear (Nuc) and cytoplasmic (Cyto) biochemical fractions, 
as well as whole cell lysate (WCL), from extracts of mock- (-) or HCV- infected (+) Huh7 cells. (Lamin B – nuclear 
marker; Tubulin – cytoplasmic marker). (D) Quantification of protein levels in WCL (relative to Tubulin), or 
isolated nuclear (relative to Lamin B) and cytoplasmic (relative to Tubulin) fractions from extracts of mock- (-) or 
HCV-infected (+) Huh7 cells. Data are presented as the mean ± SEM of three independent experiments. (E) Specific 
infectivity of HCV particles produced by Huh7 cells treated with the indicated siRNAs. Specific infectivity was 
calculated as a ratio of HCV titer over HCV RNA isolated from the supernatant, measured at 72 hpi. Data are 
presented as the mean ± SEM of three independent experiments. (F) Focus forming assay of supernatants harvested 
from Huh7 cells at 72 hpi after treatment with the indicated siRNAs. Data are presented as the mean ± SEM of three 
independent experiments. (Right panel) Representative immunoblot analysis of extracts of HCV-infected Huh7 cells 
treated with the indicated siRNAs. (G) Parental Huh7.5 cells or Huh7.5 CD81 KO cells were stained with negative 
isotype control or CD81-specific antibodies and analyzed by fluorescence associated cell sorting. (H) Cells in (G) 
were infected with Gaussia luciferase expressing HCV Jc1 virus (orange bars) or vesicular stomatitis virus 
glycoprotein bearing lentiviral particles (VSVGpp) (purple bars) at an MOI of 0.05. Luciferase values are expressed 
as relative luciferase units (RLU). Data are presented as mean ± SEM of two independent experiments, each 
performed in triplicate (I) Naïve Huh7.5 cells were infected with supernatants from the HCV infections of the 
infections shown in panel (H). (J) RT-qPCR analysis of the indicated interferon stimulated genes relative to the 
housekeeping gene RPL30 from RNA extracted from Huh7 cells treated with the indicated siRNAs at 48 hours post 
HCV-infection. (K) RT-qPCR analysis of IFITM1 expression relative to RPL30 from RNA extracted from Huh7 
cells treated with the indicated siRNAs at 24 hpi. Data in (J) and (K) are presented as mean ± SEM of two 
independent experiments performed in triplicate. *p≤0.05, ***p≤0.001 by unpaired Student’s t-test. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S2. Related to Figure 2. (A) Viability of HCV-infected Huh7 cells treated with indicated siRNAs as 
measured at 72 hours post HCV-infection by Cell-Titer GLO assay. Data are presented as mean ± SD (n=3). (B) 
Immunoblot analysis of YTHDF protein expression in mock- and HCV infected Huh7 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



Figure S3. Related to Figure 3. (A) Confocal micrographs of mock- or HCV-infected Huh7 cells expressing the 
indicated FLAG-tagged YTHDF proteins, immunostained with anti-FLAG (green) and anti-HCV core (red). Lipid 
droplets (grey) and nuclei (blue) were labeled with BODIPY and DAPI, respectively. (B) Huh7 cells stably 
replicating an HCV subgenomic replicon (Genotype 1B, K2040), and expressing the indicated FLAG-tagged 
YTHDF proteins and stained as in (A). Single cell images are representative of >30 cells analyzed. Scale bar, 10 
µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. Related to Figure 4 and Table S2. (A) The ratio of m6A/A by UPLC-MS/MS in HCV RNA purified 
from HCV-infected Huh7 cells by using biotinylated antisense oligonucleotides. Rep. 1 and Rep. 2 indicate two 
independent experiments. (B) RT-qPCR analysis of purified HCV RNA used in (A) demonstrating the specificity of 
the antisense oligonucleotide pulldown to HCV RNA but not the control RNA HPRT1. (C) Immunoblot of Huh7 
cell lines stably expressing FLAG-tagged YTHDF proteins or FLAG-GFP used for PAR-CLIP analysis.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure S5. Related to Figure 5. (A) An analysis of single nucleotide polymorphism (SNP) rates per base showed 
DRACH sequences found in the JFH1 genome and in the consensus between 26 genomes (obtained: 
https://euhcvdb.ibcp.fr/euHCVdb/jsp/nomen_tab1.jsp) representing all HCV genotypes ("Consensus DRACH") had 
lower polymorphism scores than DRACH sites found in the JFH1 reference strain but not the consensus ("JHF1 
DRACH"). The A residue was particularly low scoring (p=3.00x10-11) in a t-test between Consensus DRACH and 
JHF1 DRACH, suggestive of conserved methylation. Scores for the R, C, and H residues were also significantly 
lower (p=3.95x10-5, 2.84x10-5, and 0.02, respectively). The set of four DRACH motif sites proximal to the E1 m6A 
peak we identified from MeRIP-seq data ("E1 m6A peak sites") showed generally lower scores than the JFH1 
DRACH, although only the R and H positions were statistically significant (p=0.02 and p=0.04). A control set of all 
other DRACH motifs found in the E1 region of the reference strain ("Other E1 DRACH") showed no significant 
differences in SNP rates with the JFH1 DRACH. We calculated polymorphism scores after a multiple sequence 
alignment using MUSCLE, where the score per position = -100*sum(p*log(p)), and p = frequency of each A, C, G, 
or T as described by ViPR (http://www.viprbrc.org). "Consensus" indicates that each position in the alignment 
contains a base consistent with the motif in > 50% of sequences. Statistical significance was determined by 
Student’s t-test. (B) Focus-forming assay of extracellular and intracellular virus harvested from Huh7 cells after 
electroporation of WT or E1mut HCV RNA (48h). Data are analyzed as the percent of viral titer relative to WT, and 
are presented as the mean ± SEM from at least four independent experiments. (C) Viral RNA in the supernatant 
harvested from Huh7 cells after treatment with the indicated siRNAs and infection with WT or E1mut HCV, as 
measured by RT-qPCR. Data are presented as the mean ± SD, and are representative of two experiments done in 
triplicate. *p≤0.05, **≤0.01, p***p≤0.001 by unpaired Student’s t-test relative to siCTRL-WT sample.  

 

 

 

 

 

 

 



 



Figure S6. Related to Figure 4 and Figure 6. Maps from duplicate MeRIP-seq experiments used to identify m6A 
sites on the genomes of the Flaviviridae members (A) HCV (B) DENV, (C) YFV, (D) ZIKV (DAK), (E) ZIKV 
(PR2015), and (F) WNV. MeRIP-seq coverage is plotted in red, and input RNA-seq coverage in blue. Colored bars 
indicate m6A peaks identified in two independent experiments by MeRIPPeR analysis. (FDR-corrected q-value 
<0.05). “Rep. A” maps are identical to those displayed in Figures 4 and 6, and are shown here for comparison 
between replicates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Feature m6A Peak (nt) 

5’UTR 275-340 

Core 341-400 

E1 1050-1275 

E2 

1700-1825 

2300-2425 

2550-2587 

p7 2588-2725 

NS2 3250-3430 

NS3 

 

3431-3475 

3850-4025 

4325-4425 

4675-4800 

5200-5225 

NS4A 5425-5475 

NS4B 5825-5925 

NS5A 6450-6600 

NS5B 

7200-7375 

7975-8100 

8750-8800 

 

Table S1. Related to Figure 4. m6A sites on the HCV RNA genome as determined by MeRIP-seq. Peaks called 
by intersecting MeRIPPeR analyses of two independent experiments. Numbering corresponds to the JFH-1 strain of 
HCV (GenBank accession: AB047639). Nineteen peaks were identified. 

 

 

 

 

 

 

 



Feature YTHDF1 YTHDF2 YTHDF3 DRAmCH motif? 
5’UTR 171-199 163-199  Yes 

Core 590-627 590-627 602-627 Yes 
 746-769   

E1 1262-1283 1267-1290  Yes 

E2 

 1821-1838   
1994-2020 1998-2014  Yes 

  2045-2089 Yes 
2181-2211 2181-2211 2181-2211 Yes 

 2305-2322  Yes 
 2336-2356   
  2454-2473  

p7  2600-2618   
2728-2761  2719-2742  

NS2 3349-3366   Yes 

NS3 

  3640-3646  
  3745-3762  

3922-3937    
 4675-4712  Yes 
 4741-4765  Yes 
 4818-4851  Yes 

NS4A 
5391-5410    

  5433-5476  
NS4B  5753-5792   

NS5A 

 6321-6349  Yes 
6362-6384 6362-6384   

 6450-6467   
6791-6815 6774-6815 6803-6827  

 6842-6865  Yes 
 6909-6944   
 6968-7008   

7542-7573 7540-7573  Yes 

NS5B 

  7764-7807 Yes 
 7870-7897  Yes 
 8157-8183  Yes 

8429-8464 8443-8464  Yes 
 8688-8717 8696-8716 Yes 

8826-8852  8828-8852 Yes 
  8866-8908 Yes 

8913-8944   Yes 
9266-9289  9266-9304 Yes 

  9317-9334  
 9376-9407   

 

Table S2. Related to Figure 4. YTHDF protein binding sites as determined by PAR-CLIP. Peaks called by 
PARalyzer that map to the same region are displayed in the same row. Numbering corresponds to JFH1 strain of 
HCV (GenBank accession: AB047639). The presence of DRAmCH motifs within YTHDF protein binding sites is 
indicated.  

 

 



 

Feature 

m6A-peaks (nt) 

DENV YFV ZIKV (DAK) ZIKV (PR2015) WNV 

E 1975-2125   1300-1500  

NS1    3050-3300  

NS3 4650-4800 4850-4875 4850-4900 6350-6450 4775-5025 

5825-5929 5825-5975   5100-5200 

6200-6300 6225-6350   5775-6000 

NS4B   7625-7666   

NS5 7650-7800 7675-7950 7667-7675 8900-9475 7875-7950 

8325-8450 8575-8750 7750-8000  8400-8525 

8550-8700 8875-9100 8675-8725  8850-8975 

8875-8975 9200-9400 8850-9275  10100-10175 

9075-9375 9975-10150 10125-10175   

10200-10272 10225-10354    

3’UTR 10273-10300 10355-10550    

 

Table S3. Related to Figure 6. m6A sites on the RNA genomes of the indicated virus as determined by MeRIP-
seq. Peaks were called by intersecting MeRIPPeR analyses of two independent experiments. Numbering 
corresponds to the DENV2-NGC (Genbank: KM204118.1), YFV-17D (Genbank: NC_002031.1), ZIKV (DAK) 
(Genbank: KU955591.1), ZIKV (PR2015) (Genbank: KU501215.1), and WNV-TX (Genbank: DQ176637.1) 
genomes. 

 

 

 

 

 

 

 

 

 

 



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Plasmids. These plasmids have been described previously: pJFH1-QL/GLuc2A (Yamane et al., 2014), psJFH1-
p7+NS5B, which contains cell culture adaptive mutations in p7 (C766Y) and NS5B (R2676K) (Aligeti et al., 2015), 
and pLEX-FLAG-YTHDF1, 2, 3 (Kennedy et al., 2016). The following plasmids were constructed in this study: 
pEF-Tak-Flag-YTHDF1, 2, 3; psJFH1-p7+NS5B-E1mut, pJFH1-QL/GLuc2A-E1mut, psJFH1-p7+NS5B-GNN; 
psiCHECK2-HCV WT or HCV E1mut; and pSgCD81_1 and pSgCD81_2. All DNA sequences were verified by 
sequencing. FLAG-tagged YTHDF constructs were generated by cloning PCR amplified products (YTHDF1, MGC 
cloneID-BC050284; YTHDF2, MGC cloneID-BC002559; YTHDF3, MGC cloneID-BC052970) into the pEF-Tak 
expression vector using NotI and PmeI (Saito et al., 2007). psJFH1-p7+NS5B-E1mut (with nucleotide mutations 
A1285T, C1303T, C1315T, and C1378T) was generated by inserting a synthesized gBlock with the desired 
mutations (nt972-1749, Integrated DNA Technologies) into a pCR-TOPO holding vector containing the JFH1 
sequence (nt97-4333), and mutant AgeI-KpnI digested fragment was then subcloned into psJFH1-p7+NS5B. A 
similar strategy using AgeI and KpnI was used to clone the pJFH1-QL/GLuc2A-E1mut reporter plasmid. psJFH1-
p7+NS5B-GNN was generated by site-directed mutagenesis to insert the lethal NS5B D318N and D319N mutations 
in a pCR-TOPO holding vector containing the psJFH1-p7+NS5B region between nt8155 and the spectinomycin 
resistance gene, and the HindIII-XbaI fragment subcloned into psJFH1-p7+NS5B. psiCHECK2-HCV WT or HCV 
E1mut was generated by amplifying nt1233-1439 of JFH1 by PCR then subcloning into the XhoI-NotI sites of the 
psiCHECK22 vector (Promega). All nucleotide and amino acid positions refer to the JFH1 genome (GenBank 
accession number: AB047639).  

 For CRISPR-mediated gene knockout, we generated two expression plasmids encoding U6 promoter driven 
human CD81-specific guide RNAs (gRNAs) (Mali et al., 2013). Two rounds of overlapping PCR were performed 
by amplifying a gRNA encoding plasmid (provided by George Church, Harvard University; Addgene plasmid # 
41819): in the first round, PCR products were generated encompassing the U6 promoter through the 5′ end of the 
gRNA (consisting of the specific target sequence) with the ME-O-1122 oligonucleotide (5′-
CGGGCCCCCCCTCGAGTGTACAAAAAAGCAGGCT) and a CD81 target sequence specific reverse 
oligonucleotide (see list below). A second PCR product was generated encompassing a region from the CD81 target 
sequence through the end of the gRNA coding sequence with a forward direction CLDN1 target sequence specific 
oligonucleotide (ME-O-1138; 5’-GCTTCATTCTCGCCTTCCGTTTTAGAGCTAGAAATA). These products were 
then reamplified with only the outer oligonucleotides, ME-O-1122 and -1123, to produce single PCR products 
flanked by XhoI and EcoRI sites at the 5′ and 3′ ends, respectively, and cloned into pBlueScript. Two separate 
CD81-specific gRNA plasmids were created with the following forward and reverse oligonucleotide combination: 
ME-O-1252/1251; 5’-GGGCTGCTACGGGGCCATC CGGTGTTTCGTCCTTTCC / 5’-
GATGGCCCCGTAGCAGCCC GTTTTAGAGCTAGAAATA, and ME-O-1254/1253; 5’-
TCTCGTGGAAGGTCTTCAC CGGTGTTTCGTCCTTTCC / 5’-CACCTGTACACGTAGGGCC 
GTGAAGACCTTCCACGAGA GTTTTAGAGCTAGAAATA, which target nucleotides 467-485 and 672-690 of 
the CD81 human cDNA (Genbank accession number: NM_004356), respectively. The sequences of oligonucleotide 
primers and plasmids used are available upon request.   

In vitro transcription of HCV RNA and electroporation. Plasmid DNA encoding the described HCV constructs 
was linearized using XbaI. Linearized DNA treated with proteinase K (Thermo-Fisher) and Mung bean nuclease 
(NEB) was purified by phenol-chloroform extraction and was used as a template for in vitro transcription with a 
MEGAscript T7 Transcription Kit (Thermo-Fisher). Following DNase treatment, RNA was purified by phenol-
chloroform extraction and run on a denaturing gel to ensure integrity. For electroporation, 5µg of in vitro transcribed 
viral RNA was electroporated into 4x106 Huh7.5 cells at 250V and 950µF with a Gene Pulser Xcell system (Bio-
Rad). 

Luciferase assays for HCV Replication. Huh7.5 CD81 KO cells cultured in 12-well plates were transfected with 
specific siRNAs. At 24 hours after siRNA treatment, 1µg of in vitro transcribed JFH1-QL/GLuc2A reporter HCV 
RNA was transfected into cells using the TransIT-mRNA transfection kit (Mirus Bio), according to the 
manufacturer’s instructions. Gaussia luciferase activity in supernatant harvested at 4, 24, 48 and 72 hours post-
transfection was measured using the BioLux Gaussia Luciferase assay kit (NEB).  

 



Quantification of RNA by RT-qPCR. RNA was reversed transcribed using the iScript cDNA synthesis kit (Bio-
Rad) as per manufacturer’s instructions, and synthesized cDNA was diluted 1:5 in water. RT-PCR was performed in 
triplicate with the Power SYBR Green PCR master mix (Thermo-Fisher) using the Applied Biosystems Step One 
Plus RT-PCR system. The sequences of primers used for RT-qPCR are:   

Primer Name Primer Sequence 

HCV 5’UTR S-AGAGCCATAGTGGTCTGCGG 
AS-CTTTCGCAACCCAACGCTAC 

HCV E1 S-ATCTACCCTGGCACCATCAC 
AS-AGTAGGCCAAGCCGAACAT 

SON S-TGACAGATTTGGATAAGGCTCA 
AS-GCTCCTCCTGACTTTTTAGCAA 

HPRT1 S-TGACACTGGCAAAACAATGCA 
AS-GGTCCTTTTCACCAGCAAGCT 

 
To measure extracellular HCV RNA, viral RNA from filtered cell supernatants was extracted using a 

QIAamp viral RNA kit (Qiagen), as recommended by the manufacturer. HCV RNA copy number was measured in 
triplicate by RT-qPCR using the TaqMan Fast Virus 1-Step Mix (Qiagen) with an HCV-specific probe targeting the 
5' untranslated region of HCV (Assay ID: Pa03453408_s1). The copy number of HCV was calculated by 
comparison to a standard curve of a full-length in vitro transcribed HCV RNA, as described (Aligeti et al., 2015).  

Immunofluorescence analysis and confocal microscopy. Cells were fixed in 4% paraformaldehyde in PBS, 
permeabilized with 0.2% Triton X-100 in PBS, and blocked with 3% BSA in PBS. Slides were stained with 
antibodies against YTHDF1 (Proteintech, 1:100), YTHDF2 (Proteintech, 1:100), YTHDF3 (Sigma, 1:100), or 
FLAG (Sigma; 1:1000), and HCV core protein (Thermo-Fisher; 1:500), washed 3x with PBS, and stained with 
conjugated AlexaFluor secondary antibodies (Life Technologies), BODIPY 493/503 (Invitrogen; 1:150) along with 
DAPI (1:200, Life Technologies), and mounted with ProLong Gold (Invitrogen). Imaging was performed on a Zeiss 
710 laser scanning confocal microscope, or a Leica SP5 inverted confocal microscope using a 63x/1.25 oil objective 
using 405, 488, 561 and 633 laser lines at a 4x optical zoom with pinholes set to 1 AU for each channel (Light 
Microscopy Core Facility, Duke University). Gain and offset settings were optimized and final images were taken 
with line averaging of 4. All images were processed with NIH Fiji/ImageJ (Schindelin et al., 2012). 

The enrichment index of YTHDF proteins measures the enrichment of YTHDF staining in the area 
proximal to lipid droplets, relative to that in the area distal to lipid droplets. This was calculated by using NIH 
Fiji/ImageJ to measure the mean brightness of YTHDF proteins in an area of 0.4µM around lipid droplets, as 
identified by BODIPY staining. Then, the YTHDF mean brightness in an area around the lipid droplets expanded by 
a further 0.4µM (between 0.4µM and 0.8µM) was subtracted from the first value.  

Immunoblotting. Cells were lysed in a modified RIPA buffer (10mM Tris [pH 7.5], 150mM NaCl, 0.5% sodium 
deoxycholate, and 1% Triton X-100) supplemented with protease inhibitor cocktail (Sigma) and phosphatase 
inhibitor cocktail II (Millipore), and post-nuclear lysates were harvested by centrifugation. Quantified protein 
(between 5-15µg) was resolved by SDS/PAGE, transferred to nitrocellulose membranes in a 25 mM Tris-192 mM 
glycine-0.01% SDS buffer and blocked in StartingBlock (Thermo-Fisher) buffer. After washing with PBS-T buffer, 
membranes were incubated with species-specific horseradish peroxidase-conjugated antibodies (Jackson 
ImmunoResearch, 1:5000) followed by treatment of the membrane with ECL+ (GE Healthcare) and imaging on X-
ray film. The following antibodies were used for immunoblot: anti-METTL3 (Novus Biologicals, 1:5000), anti-
METTL14 (Sigma, 1:5000), anti-FTO (Abcam, 1:1000), anti-YTHDF1 (Abcam, 1:1000), anti-YTHDF2 (Santa Cruz 
Biotechnology, 1:500), anti-YTHDF3 (Sigma, 1:1000), anti-ALKBH5 (Sigma, 1:1000), anti-FLAG M2 (Sigma, 
1:5000), anti-tubulin (Sigma, 1:5000), anti-HCV NS5A (gift of Charles Rice, 1:1000), and anti-HCV Core (Thermo-
Fisher, 1:500). 

RNA-immunoprecipitation. Cell extracts were harvested in polysome lysis buffer (100mM KCl, 5mM MgCl2, 
10mM HEPES (pH 7.0), 0.5% Nonidet P-40 (NP-40)) supplemented with protease inhibitor cocktail (Sigma) and 
RNaseIN ribonuclease inhibitor (Promega), and lysates were cleared by centrifugation. RNP complexes were 
immunoprecipitated with anti-FLAG antibody conjugated to magnetic beads (Sigma) overnight at 4°C with head-
over-tail rotation, and then washed five times in ice-cold NT2 buffer (50mM Tris-HCl (pH 7.4), 150mM NaCl, 
1mM MgCl2, 0.05% NP-40). Protein for immunoblotting was eluted from ten percent of beads by boiling in 2X 
Laemmli sample buffer (Bio-Rad). RNA was extracted from ninety percent of beads using TRIzol reagent (Thermo-



Fisher). Equal volumes of eluted RNA were used for cDNA synthesis, quantified by RT-qPCR and normalized to 
RNA levels in input samples. For HCV Core RIP, a similar procedure was employed except that RNP complexes 
were purified with Protein G Dynabeads conjugated to anti-Core.   
 For immunoprecipitation of reporter RNAs by FLAG-YTHDF2, Huh7 cells were co-transfected with WT 
or E1mut psiCHECK2 plasmids along with plasmid expressing FLAG-YTHDF2 or vector control for 48 hours and 
RNA-immunoprecipitation was performed on extracts as described above.   

siRNA and siRNA transfections. siRNAs directed against METTL3 (SI04317096), METTL14 (SI00459942), FTO 
(SI04177530), ALKBH5 (SI04138869), YTHDF1 (SI00764715), YTHDF2 (SI04174534), YTHDF3 (SI04205761), 
or non-targeting AllStars negative control siRNA (1027280) were purchased from Qiagen. All siRNA transfections 
were performed using the Lipofectamine RNAiMAX transfection reagent (Thermo-Fisher) according to 
manufacturer’s instructions.  
 
Generation of Huh7.5 CD81 KO cells by CRISPR. Huh7.5 cells were transiently transfected with expression 
plasmids encoding a human codon optimized Cas9 protein from Streptococcus pyogenes (provided by G. Church, 
Harvard, Addgene plasmid # 41815) (Mali et al., 2013) and a pooled mixture of the CD81 gRNA expression 
plasmids (pSgCD81_1 and pSgCD81_2). Transfected cells were passaged for one to two weeks to allow the 
turnover of previously translated target protein. Cells were then FACS sorted for loss of CD81 following staining 
with the anti-CD81 antibody (mAb JS81, BD Pharmingen) and a goat anti-human Alexa-647 antibody (Thermo-
Fisher). Knockout efficiency prior to sorting was between 7-8%. CD81 negative cells were then FACS sorted 
following staining with the same antibodies, and single cell clones were derived by dilution cloning in 96-well 
plates. Individual clones were expanded and assayed for CD81 expression by FACS staining, and their capacity to 
support HCV infection by limited dilution assay based on NS5A staining, as previously described (Meuleman et al., 
2012). We chose Huh7.5 CD81 KO clone 5 as a representative single cell clone for further experiments. These cells, 
like all CD81 KO cells examined, lacked CD81 expression (Fig. S1G) and could neither be infected with (Fig. S1H) 
or subsequently produce infectious HCV (Fig. S1I). 
 
PAR-CLIP. FLAG-YTHDF or FLAG-GFP Huh7 cells lines were generated using pLEX-based lentiviral vectors as 
described (Kennedy et al., 2016), followed by clonal isolation. 6x107 cells from each cell line were seeded and the 
next day infected with HCV (MOI 0.2). 3 hpi, cells were pulsed with 100µM 4SU in fresh media. 48 hpi, cells were 
cross-linked (UV 365nm), harvested and PAR-CLIP was performed as described (Hafner et al., 2010; Kennedy et 
al., 2016). PAR-CLIP libraries were sequenced on a HiSeq 2000, base calling was performed with CASAVA, and 
data was then processed with the fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Reads with a length greater 
than 15 bp were used for downstream bioinformatic analysis. All alignments were performed with Bowtie 
(Langmead et al., 2009). Reads were initially aligned to the human genome build hg19 allowing up to 1 mismatch, 
and unaligned reads were then aligned to the HCV genotype 2A JFH1 cell culture-adapted viral genome (Aligeti et 
al., 2015) allowing 2 mismatches. These reads were then analyzed with PARalyzer (Corcoran et al., 2011) with a 
minimum cluster read depth of 3; the set of FLAG-GFP clusters (background) were then subtracted from the FLAG-
YTHDF clusters with in house Perl scripts to yield the final dataset. 
 
Viral RNA purification and LC-MS. 100µg total RNA from HCV-infected Huh7 cells was mixed with 200pmol 
each of five 5’-biotinylated oligonucleotides which were antisense to HCV RNA (Integrated DNA Technologies) in 
a total volume of 120µl, heated to 90°C for 5 minutes, and allowed to cool to room temperature. Oligonucleotide 
sequences are : 5’ – GGTGCACGGTCTACGAGACCTCCC, 5’ – CACGGACCTTTCACAGCTAGCCGT, 5’ – 
GGGATCTCACCCTCCCGCCCGAGG, 5’ – TAACGATGTCTATGATGACCTC, 5’ – 
CAGAAGGATGACAATGACCTTC). Streptavidin MyOne C1 beads (100µl; Thermo-Fisher) were washed as 
recommended by the manufacturer, resuspended in 120µl 2X B&W buffer (10mM Tris-HCV, 1mM EDTA, 2M 
NaCl), and added to RNA/oligo annealing solution. After head-over-tail rotation at room temperature for 1 hr, beads 
were washed five times with 1X B&W buffer, bound viral RNA was eluted with 100mM DTT, and cleaned on 
Qiagen RNeasy mini columns using the manufacturer’s protocol. Viral RNA enrichment was confirmed by RT-
qPCR. Nucleosides were generated from 200ng purified RNA as previously described (Dominissini et al., 2016). 
Briefly, digestion was performed with nuclease P1 (Sigma, 2U) in buffer containing 25mM NaCl and 2.5mM ZnCl2 
for 2h at 37⁰C, followed by incubation with Antarctic Phosphatase (NEB, 5U) for an additional 2h at 37⁰C. 
Nucleosides were separated and quantified using UPLC-MS/MS as previously described [Basanta-Sanchez et al.], 
except acetic acid was used in place of formic acid (Basanta-Sanchez et al., 2016). 
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