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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of

coronavirus disease 19 (COVID-19). SARS-CoV-2 infection suppresses host innate immu-

nity and impairs cell viability. Among the viral proteins, ORF6 exhibits potent interferon (IFN)

antagonistic activity and cellular toxicity. It also interacts with the RNA export factor RAE1,

which bridges the nuclear pore complex and nuclear export receptors, suggesting an effect

on RNA export. Using the Xenopus oocyte microinjection system, I found that ORF6

blocked the export of not only mRNA but also spliceosomal U snRNA. I further demon-

strated that ORF6 affects the interaction between RAE1 and nuclear export receptors and

inhibits the RNA binding of RAE1. These effects of ORF6 may cumulatively block the export

of several classes of RNA. I also found that ORF6 binds RNA and forms oligomers. These

findings provide insights into the suppression of innate immune responses and the reduction

in cell viability caused by SARS-CoV-2 infection, contributing to the development of antiviral

drugs targeting ORF6.

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of coro-

navirus disease 19 (COVID-19) [1–3]. COVID-19 is clinically characterized by symptoms

such as fever, dry cough, fatigue, and dyspnea. SARS-CoV-2 antagonizes interferon (IFN) pro-

duction and signaling, thereby suppressing host innate immune responses [4–9]. This IFN

antagonism has been implicated in the pathogenesis and severity of COVID-19. Among the

viral proteins, ORF6 has been shown to strongly inhibit IFN production and its downstream

signaling [4,7,9]. Additionally, the overexpression of ORF6 reduces cell viability [10]. These

findings suggest that ORF6 globally impedes cellular gene expression.

The compartmentalization of eukaryotic cells by the nuclear envelope necessitates nuclear

RNA export for gene expression [11,12]. Key steps in RNA export include the loading of

nuclear export receptors onto RNAs and the docking of the export complex to the nuclear

pore complex (NPC), which penetrates the nuclear envelope. The export receptor for bulk

mRNAs is the TAP-p15 (also called NXF1-NXT1) heterodimer [13–16], while the receptor for

spliceosomal U snRNAs and ribosomal RNAs is CRM1 [17–22]. Some mRNAs, including

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0312098 October 31, 2024 1 / 15

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Taniguchi I (2024) The SARS-CoV-2

ORF6 protein inhibits nuclear export of mRNA and

spliceosomal U snRNA. PLoS ONE 19(10):

e0312098. https://doi.org/10.1371/journal.

pone.0312098

Editor: Milad Khorasani, Neyshabur University of

Medical Sciences, ISLAMIC REPUBLIC OF IRAN

Received: June 14, 2024

Accepted: October 1, 2024

Published: October 31, 2024

Copyright: © 2024 Ichiro Taniguchi. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the manuscript and its Supporting

Information files.

Funding: This project has received funding from:

The Japan Society for the Promotion of Science

(JSPS) KAKENHI (21K06016 to I.T) The Shimizu

Foundation for Immunology and Neuroscience

Grant for 2020 (to I.T.) The Kao Research Council

for the Study of Healthcare Science (C-213005 to I.

T) The Fujiwara Memorial Foundation (to I.T.) The

LiMe Office of Director’s Research Grants Program

(to I.T.) The funders had no role in study design,

https://orcid.org/0000-0002-9364-2680
https://doi.org/10.1371/journal.pone.0312098
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0312098&domain=pdf&date_stamp=2024-10-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0312098&domain=pdf&date_stamp=2024-10-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0312098&domain=pdf&date_stamp=2024-10-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0312098&domain=pdf&date_stamp=2024-10-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0312098&domain=pdf&date_stamp=2024-10-31
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0312098&domain=pdf&date_stamp=2024-10-31
https://doi.org/10.1371/journal.pone.0312098
https://doi.org/10.1371/journal.pone.0312098
http://creativecommons.org/licenses/by/4.0/


IFNA1 and cyclin D1 mRNAs, are exported by CRM1 [23–25], although one study has

reported that IFNA1 mRNA is exported by TAP-p15 [26]. The export of tRNAs is mediated by

Exportin-t or Exportin-5 [27–31]. The RAE1-NUP98 heterodimer, evolutionarily conserved

from yeast to frogs to humans, bridges RNA export receptors and the NPC to facilitate RNA

export [32–34]. Some pathogenic viruses target the nuclear transport machinery, including

RAE1 and NUP98, which impedes host cellular gene expression and/or facilitates viral gene

expression [35]. The vesicular stomatitis virus (VSV) matrix (M) protein interacts with RAE1

and NUP98 and blocks RNA export [36–39]. A study on the SARS-CoV-2-human cell pro-

tein-protein interactome reported that ORF6 interacts with RAE1 and NUP98 in a similar

manner to the VSV M protein [40]. These findings suggest that ORF6 affects mRNA export by

targeting RAE1 and NUP98, which is supported by recent studies [6,9,40–45]. However, the

effects of ORF6 on the nuclear export of different classes of RNA have not yet been analyzed,

and the interaction among full-length purified ORF6, RAE1, and NUP98 proteins remains to

be determined.

In the present study using Xenopus oocyte microinjection experiments, ORF6 was clearly

shown to markedly suppress the nuclear export of not only mRNA but also U snRNA. In vitro
protein-protein and protein-RNA binding assays using purified recombinant proteins further

demonstrated that ORF6 disturbed the interaction between RAE1 and nuclear export recep-

tors and inhibited the RNA binding of RAE1. These effects of ORF6 may globally impede host

cell gene expression, including the expression of IFN and IFN-stimulated genes.

Materials and methods

DNA constructs

To generate MBP-FLAG-His and MBP-FLAG-RAE1-His plasmids, I initially constructed the

pGEX-6p-1-His plasmid in which the 6xHis (His) tag fragment was inserted into the XhoI-

NotI sites of pGEX-6p-1. The FLAG tag fragment was then inserted into the BamHI site of

pGEX-6p-1-His (pGEX-6p-1-FLAG-His). The GST fragment was removed by PCR from

pGEX-6p-1 and the MBP fragment was inserted into the same sites (MBP-FLAG-His). The

RAE1 fragment was cloned into the BamHI-XhoI sites of pMBP-FLAG-His (pMBP-FLA-

G-RAE1-His). To generate the FLAG-RAE1-His and FLAG-NUP98-His plasmids, the FLAG

fragment was inserted into the NcoI-BamHI sites of pET-28a (pET-FLAG), and the RAE1 and

NUP98 fragments were then cloned into the BamHI-XhoI sites of pET-FLAG (pET-FLA-

G-RAE1-His and pET-FLAG-NUP98-His). To generate the GST-T7-ORF6-His plasmid, the

T7 tag fragment was inserted into the BamHI site and the ORF6 fragment was cloned into the

BamHI-XhoI sites of pGEX-6p-1-His (pGEX-T7-ORF6-His). To generate the GST-TAPΔN-

His plasmid, the TAP fragment (amino acids 188–619) [46] was cloned into the BamHI-EcoRI

sites of pGEX-6p-1-His (pGEX-TAPΔN-His). To generate the p15 plasmid, the p15 fragment

was cloned into the NcoI-XhoI sites of pET-28a (pET-p15). To generate the FLAG-TAP plas-

mid, the FLAG tag fragment was inserted into the HindIII-BamHI sites of pcDNA3

(pcDNA3-FLAG), and the TAP fragment was cloned into the BamHI-EcoRI sites of

pcDNA3-FLAG (pcDNA3-FLAG-TAP). The sequences of the primers used in this study are

listed in S1 Table.

Cell culture

HEK293T cells were maintained under an atmosphere containing 5% CO2 in Dulbecco’s mod-

ified Eagle’s medium (Nacalai Tesque) supplemented with 10% fetal bovine serum (Equitech-

Bio, Inc.), 100 units/ml penicillin, and 100 μg/ml streptomycin (Nacalai Tesque).
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Expression and purification of recombinant proteins

Plasmids were transformed into the Escherichia coli BL21(DE3) strain and expression was ini-

tiated by the addition of 0.2 mM isopropyl β-D-1-thiogalactopyranoside when culture density

reached 0.6 (OD600). Proteins were then expressed at 20˚C overnight. Regarding

GST-T7-ORF6-His, cells were harvested and lysed in a French press in lysis buffer (20 mM

Tris-HCl, pH 8.0, 0.5 M NaCl, 1 mM 2-mercaptoethanol, 10% glycerol, 10 mM imidazole,

0.1% Nonidet P-40, and a proteinase inhibitor). The supernatant after centrifugation was

applied to Ni Sepharose beads (Cytiva). Bound beads were washed five times with Buffer-500

(20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 1 mM 2-mercaptoethanol, and 10% glycerol) contain-

ing 10 mM imidazole, and bound proteins were subsequently eluted in Buffer-500 containing

10–500 mM imidazole. The eluate was dialyzed against Buffer-500 containing 0.1 mM EDTA.

Concerning T7-ORF6-His, GST-T7-ORF6-His was treated with PreScission Protease (Cytiva;

2U/μl in Buffer-500) at 4˚C overnight. Proteins were applied to glutathione Sepharose beads to

remove the GST tag, undigested GST-T7-ORF6-His, and PreScission Protease, and the

unbound T7-ORF6-His protein was recovered. MBP-FLAG-His and MBP-FLAG-RAE1-His

were purified as GST-T7-ORF6-His. Concerning FLAG-RAE1-His and FLAG-NUP98-His,

cells were harvested and lysed in a French press in lysis buffer. The pellet after centrifugation

was resuspended in Buffer-500U (20 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 1 mM 2-mercap-

toethanol, 6 M urea, and 10 mM imidazole). The supernatant after centrifugation was applied

to Ni Sepharose beads. Beads were washed five times with Buffer-500U, and the bound protein

was subsequently eluted in Buffer-500U containing 10–500 mM imidazole. The eluate was dia-

lyzed against Buffer-500 containing 0.1 mM EDTA. The GST-TAPΔN:p15 heterodimer was

purified as GST-T7-ORF6-His, except that 100 mM NaCl was used instead of 500 mM.

MBP/GST pull-down

Purified recombinant proteins and whole cell lysates were mixed with RNase A and the indi-

cated recombinant proteins that were pre-bound to Amylose Resin or glutathione Sepharose,

equilibrated with RSB100N buffer buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 2.5 mM

MgCl2, and 0.1% Nonidet P-40), and rotated at 4˚C for 1 h. After washing the beads five times

with RSB100N buffer, the bound material was recovered and analyzed by SDS-PAGE and

western blotting.

Western blotting

Primary antibodies were used in TBS-T buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and

0.1% Tween 20) containing 5% skim milk. Incubations were generally performed at 4˚C over-

night. As secondary antibodies, HRP-labeled anti-mouse, anti-rabbit, or anti-rat antibodies

(Jackson ImmunoResearch) were used in TBS-T buffer containing 5% skim milk. Incubations

were conducted as recommended by the manufacturers. The antibodies used in this study are

listed in S2 Table.

In vitro transcription
32P-labeled RNAs were transcribed in a 10-μl volume containing 20 U T7 RNA Polymerase

(Promega), Transcription Buffer (Promega), 1 mM DTT (Promega), 12 U RNasin Plus (Pro-

mega), NTP mixture (0.5 mM ATP, CTP, and 0.1 mM UTP, GTP), 1 μg of DNA template, 1

mM m7G(50)ppp(50)G RNA Cap Structure Analog (New England Biolabs), and 2.96 TBq/

mmol [α-32P]UTP (PerkinElmer). Cap Structure Analog was not added for U6Δss snRNA or

tRNAPhe. After 60 min of incubation at 37˚C, RNA was recovered from the supernatants by
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phenol/chloroform extraction and purified using G-50 micro-columns (Cytiva). RNA was

then precipitated with ethanol and dissolved in H2O.

Xenopus oocyte microinjection

Xenopus oocyte microinjection assays were performed as previously described [47,48]. Briefly,

purified recombinant GST or GST-ORF6-His was pre-injected into the cytoplasm of Xenopus
oocytes. After incubation at 19˚C for 12 h, 32P-labeled RNAs were injected into the nucleus.

After further incubation at 19˚C for 0 or 3 h, oocytes were dissected into nuclear and cyto-

plasmic fractions with a sharp forceps. These fractions were incubated in Homomix buffer (50

mM Tris-HCl, pH 7.5, 5 mM EDTA, 1.5% SDS, 300 mM NaCl, and 1.5 mg/ml proteinase K;

Nacalai Tesque) at 50˚C for 30 min. RNA was recovered from the supernatants by phenol/

chloroform extraction and ethanol precipitation, and then analyzed by denaturing PAGE and

autoradiography.

Transfection

Plasmids were transfected into 70% confluent HEK293T cells in a six-well plate using Lipofec-

tamine 3000 Reagent (Thermo Fisher Scientific), in accordance with the manufacturer’s proto-

col. After 48 h, the cells were washed twice with phosphate-buffered saline (PBS; 137 mM

NaCl, 2.68 mM KCl, 8.1 mM Na2HPO4, 1.47 mM KH2PO4) and lysed in RSB100N buffer.

RNA immunoprecipitation

Recombinant FLAG-RAE1-His protein was pre-bound to Protein A-Sepharose beads via an

anti-FLAG antibody. 32P-labeled RNAs were mixed with the beads in the absence or presence

of purified recombinant T7-ORF6-His protein, and rotated at 20˚C for 15 min. After washing

the beads five times with RSB100N buffer, the bound material was incubated in Homomix

buffer at 50˚C for 30 min. RNA was recovered from the supernatants by phenol/chloroform

extraction and ethanol precipitation, and then analyzed by denaturing PAGE and

autoradiography.

Electrophoresis mobility shift assay

A 32P-labeled RNA probe was mixed with purified recombinant T7-ORF6-His in a 10-μl vol-

ume containing 14 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.7 mM 2-mercaptoethanol, 1.6

mM MgCl2, 0.07 mM EDTA, 7% glycerol, and 200 mM sucrose on ice. The mixture was frac-

tionated on a 4% or 6% native polyacrylamide gel in 0.5× TBE at 8.5 V/cm and analyzed by

autoradiography. Data were analyzed using GraphPad Prism.

Statistical analysis

Statistical significance was determined using Student’s t-test. Data are presented as the

means ± S.D. P-values were calculated by two-tailed paired test.

Results

ORF6 directly interacts with RAE1 in vitro
To confirm the direct interaction among ORF6, RAE1, and NUP98, I initially performed in
vitro protein-protein binding assays using purified full-length recombinant proteins

(Fig 1A). MBP-RAE1, but not MBP alone, pulled down ORF6 and NUP98 in the presence

of RNase A (Fig 1B and 1C). GST-ORF6, but not GST alone, reciprocally pulled down
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RAE1 in the presence of RNase A (Fig 1D). The interaction between ORF6 and NUP98, if

any, appeared to be weak (Fig 1D). These results clearly demonstrate that ORF6 directly

interacts with RAE1.

Fig 1. Interaction among full-length ORF6, RAE1, and NUP98 proteins in vitro. (A) Coomassie Brilliant Blue (CBB) staining of purified recombinant

proteins. (B) A protein mixture containing T7-ORF6-His (ORF6) (1 μg) and RNase A (5 μg) was mixed with MBP-FLAG-His (MBP) or

MBP-FLAG-RAE1-His (MBP-RAE1) (1 μg each) that was pre-bound to Amylose Resin. The pulled-down proteins were analyzed by SDS-PAGE and western

blotting (WB). (C) A protein mixture containing FLAG-NUP98-His (NUP98) (60 ng) and RNase A (5 μg) was mixed with MBP-FLAG-His (MBP) or

MBP-FLAG-RAE1-His (MBP-RAE1) (1 μg each) that was pre-bound to Amylose Resin. Pulled-down proteins were analyzed by SDS-PAGE and western

blotting. (D) A protein mixture containing FLAG-RAE1-His (RAE1) (20 ng), FLAG-NUP98-His (NUP98) (60 ng), and RNase A (5 μg) was mixed with GST or

GST-T7-ORF6-His (GST-ORF6) (1 μg each) that was pre-bound to glutathione sepharose. Pulled down proteins were analyzed by SDS-PAGE and WB.

https://doi.org/10.1371/journal.pone.0312098.g001
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ORF6 inhibits the nuclear export of RNAs in Xenopus oocytes

The direct interaction of ORF6 with RAE1 suggested that ORF6 adversely affected the nuclear

export of RNA. To obtain direct evidence of this, I utilized the well-established Xenopus oocyte

microinjection system to assess the blockade of RNA export by ORF6 (Fig 2A). In this system,

Fig 2. Effects of ORF6 on RNA export in Xenopus oocytes. (A) and (B) Purified recombinant GST or GST-T7-ORF6-His (GST-ORF6) (50 fmol/oocyte) was

injected into the cytoplasm of Xenopus oocytes. After 12 h of incubation, a mixture of in vitro-transcribed 32P-labeled RNAs containing DHFR mRNA, pre-ftz

mRNA, U1ΔSm snRNA, U6Δss snRNA, and tRNAPhe was injected into the nucleus. U6Δss snRNA and tRNAPhe were uncapped, and the other RNAs were

m7G-capped. RNA was extracted from nuclear (N) and cytoplasmic (C) fractions immediately (0 h; A, lanes 1 and 2) or at 3 h (3 h; A, lanes 3–6) after the

injection, and then analyzed by 8% denaturing PAGE and autoradiography. Bands corresponding to the spliced product (spliced-ftz mRNA) and the lariat

intron (intron) are indicated. It is likely that the cytoplasmic pre-ftz mRNA band was the result of leakage from tiny holes made by injection needles, rather

than export factors. (C) Quantification of the export efficiency of DHFR mRNA, spliced-ftz mRNA, U1ΔSm, and tRNAPhe from three independent

experiments performed as in (B) is shown. Values are means (SD).

https://doi.org/10.1371/journal.pone.0312098.g002

PLOS ONE The SARS-CoV-2 ORF6 protein inhibits RNA export

PLOS ONE | https://doi.org/10.1371/journal.pone.0312098 October 31, 2024 6 / 15

https://doi.org/10.1371/journal.pone.0312098.g002
https://doi.org/10.1371/journal.pone.0312098


RNA export is separated from other steps of gene expression, and its kinetics is evaluated,

making it possible to clearly demonstrate ORF6’s effects on the export of different classes of

RNA. To achieve this, a mixture of 32P-labeled RNAs containing intronless DHFR mRNA, an

intron-containing ftz mRNA precursor (pre-ftz mRNA), U1ΔSm snRNA, U6Δss snRNA, and

tRNAPhe was microinjected into the nuclei of Xenopus oocytes that were pre-injected with

purified recombinant GST. U1ΔSm snRNA is exported from the nucleus but, unlike wild-type

U1 snRNA, is not re-imported to the nucleus due to the mutation of the Sm site [49]. U6Δss

snRNA is neither imported nor exported from the nucleus, as the single-stranded region is

crucial for U6 snRNA import [50]. Immediately thereafter, all RNAs localized in the nucleus

(Fig 2B, lanes 1 and 2). After 3 h of incubation, pre-ftz mRNA was efficiently spliced, and a

proportion of spliced-ftz mRNA was exported to the cytoplasm, while the excised intron

remained in the nucleus (Fig 2B, lanes 3 and 4). Intronless DHFR mRNA, U1ΔSm snRNA,

and tRNAPhe were also partially or completely exported, whereas U6Δss snRNA control

remained in the nucleus (Fig 2B, lanes 3 and 4).

To investigate whether ORF6 blocks RNA export, purified recombinant GST-ORF6 was

injected into the cytoplasm prior to the nuclear injection of RNAs. The pre-injection of ORF6

strongly inhibited the export of DHFR mRNA, spliced-ftz mRNA, and U1ΔSm snRNA

(Fig 2B, lanes 5 and 6, and 2C for quantification). These results clearly indicated that ORF6

blocked TAP-dependent mRNA and CRM1-dependent U snRNA export. The inhibition of

tRNA export was negligible, likely due to tRNA being completely exported during the 3 h of

incubation. An analysis of nuclear export 30 min after the RNA injection revealed a more

prominent inhibition of tRNA export (S1 Fig). The splicing reaction of pre-ftz mRNA was not

inhibited.

ORF6 affects the interaction of RAE1 with RNA export receptors in vitro
The RAE1-NUP98 heterodimer is involved in RNA export by bridging NPC and RNA export

receptors [32–34]. To elucidate the mechanisms by which ORF6 inhibits RNA export, I exam-

ined its effects on the interactions of RAE1 with the mRNA export receptor TAP-p15. A pull-

down assay was conducted using purified MBP-RAE1 and human embryonic kidney (HEK)

293T cell lysates. TAP was successfully pulled down by MBP-RAE1, but not by MBP alone

(Fig 3A, lanes 2 and 3), indicating that TAP interacted with RAE1 in the presence of cell

lysates. Notably, the interaction between RAE1 and TAP was inhibited by the addition of

ORF6 (Fig 3A, lane 6). These results suggest that ORF6 disrupts the interaction between the

RAE1-NUP98 heterodimer and RNA export receptors.

To further investigate the role of ORF6, I performed a GST pull-down experiment using

purified recombinant proteins, including TAP, p15, RAE1, NUP98, and ORF6, in the absence

of cell lysates. The N-terminal deletion mutant was utilized in this experiment, as it exhibits a

higher degree of purity than the full-length protein [46]. GST-TAPΔN:p15, but not GST alone,

successfully pulled down RAE1 and NUP98 (Fig 3B, lanes 4 and 5), suggesting that TAP-p15

and RAE1-NUP98 form a tetrameric complex. The interaction of TAP-p15 with RAE1, but

not with NUP98, was inhibited in a dose-dependent manner by the addition of ORF6 (Fig 3B,

lanes 6–8, and quantification graphs), indicating that ORF6 inhibits the interaction between

RAE1 and TAP-p15.

ORF6 inhibits the RNA binding of RAE1 in vitro
Given that a previous study reported that the RNA-binding activity of RAE1 contributes to

RNA export [51], I investigated the effects of ORF6 on the RNA binding of RAE1. Although

studies using electrophoresis mobility shift assays reported that the ORF6-derived peptide
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Fig 3. Effects of ORF6 on protein interactions of RAE1 in vitro. (A) pcDNA3-FLAG-TAP was transfected into HEK293T cells.

Whole-cell lysates containing T7-ORF6-His (0, 1, 3, and 10 μg; -, x1, x3, and x10, respectively) and RNase A (25 μg) were mixed with

MBP-FLAG-His (MBP) or MBP-FLAG-RAE1-His (MBP-RAE1) (2 μg each) that was pre-bound to Amylose Resin. Pulled-down

proteins were analyzed by SDS-PAGE and WB. (B) A protein mixture containing FLAG-RAE1-His (RAE1) (1 μg),

FLAG-NUP98-His (NUP98) (0.5 μg), T7-ORF6-His (ORF6) (0, 2.5, 7.5, and 25 μg; -, x1, x3, and x10, respectively), and RNase A

(50 μg) was mixed with GST (2.5 μg) or the GST-TAPΔN:p15 complex (2.5 μg TAPΔN) that was pre-bound to glutathione Sepharose.
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inhibits the RNA binding of RAE1-NUP98 fragments [44,45], I could not detect the shifted

band using full-length proteins. Therefore, I performed an RNA immunoprecipitation assay.

A mixture of 32P-labeled RNAs containing intronless ftz mRNA, U1ΔSm snRNA, and tRNAPhe

was incubated with purified recombinant FLAG-RAE1. All RNAs were successfully immuno-

precipitated with an anti-FLAG antibody, indicating that RAE1 bound to the RNAs (Fig 4A,

lane 3). However, when purified recombinant ORF6 was added, RNAs were not precipitated

(Fig 4A, lane 4, and 4B for quantification), suggesting that ORF6 inhibits the RNA binding of

RAE1.

I performed an ultraviolet (UV) cross-linking assay to confirm the inhibitory effect of

ORF6 on the RNA binding of RAE1. In this assay, purified recombinant RAE1 protein was

incubated with 32P-labeled RNA and then irradiated with UV light. If RAE1 binds to RNA, it

is cross-linked to the RNA and labeled with 32P. After incubation with RNase A to digest the

RNA moiety, the sample was separated by SDS-PAGE and detected by autoradiography.

Although a clear band corresponding to RAE1 was not detected, a band corresponding to

approximately 10 kDa was observed (S2 Fig), suggesting that ORF6 exhibited RNA-binding

activity.

To confirm the RNA-binding activity of ORF6, an electrophoresis mobility shift assay was

performed (Fig 4C–4E). As expected, ORF6 exhibited RNA-binding activity, with slower

migrating complexes detected in a dose-dependent manner. This suggests that ORF6 proteins

may interact with one other on a single RNA molecule. To investigate whether ORF6 proteins

interacted with each other, a GST pull-down assay was conducted. GST-ORF6, but not GST

alone, successfully pulled down T7-ORF6 in the presence of RNase A (Fig 4F). These results

indicate that ORF6 can form oligomers.

Discussion

The present results clearly demonstrated that ORF6 inhibited both TAP-dependent and

CRM1-dependent RNA export pathways in Xenopus oocytes (Fig 2). Regarding the underlying

molecular mechanisms, I showed that ORF6 inhibited the interaction between RAE1 and

TAP-p15 (Fig 3) and diminished the RNA binding of RAE1 (Fig 4) [44,45]. Furthermore, I

found that ORF6 proteins exhibited RNA-binding and dimer formation activities (Fig 4) [52].

This study revealed the inhibitory effects of ORF6 on RNA export, which appear to promote

virus-specific gene expression while blocking cellular gene expression, including that of genes

involved in cell viability and innate immunity [4,7,9,10].

A model for the role of the SARS-CoV-2 ORF6 protein in the reduction of cell viability and

suppression of host innate immunity is shown in S3 Fig. ORF6 directly interacts with RAE1,

thereby inhibiting the interactions between RAE1 and nuclear export receptors and diminish-

ing the RNA binding of RAE1. ORF6 also suppresses the cellular localization of both RAE1

and NUP98 [43]. These non-mutually exclusive, multilayered effects of ORF6 have the poten-

tial to cumulatively inhibit the nuclear export of various classes of RNA and block global cellu-

lar gene expression, including that of IFN and IFN-stimulated genes. Therefore, SARS-CoV-2

reduces cell viability and suppresses host innate immunity.

Some pathogenic viruses often impede various steps of cellular gene expression, including

transcription, splicing, RNA export, and translation, thereby facilitating viral gene expression

[35,53,54]. Because SARS-CoV-2 replicates in the cytoplasm, viral gene expression is essen-

tially unaffected by the inhibition of transcription, splicing, and RNA export. Therefore, the

Pulled-down proteins were analyzed by SDS-PAGE and WB. Quantification of the relative pull-down efficiency from three

independent experiments is shown. The efficiency of the buffer is set to 1. Values are means (SD).

https://doi.org/10.1371/journal.pone.0312098.g003
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Fig 4. Effects of ORF6 on the RNA binding of RAE1 in vitro. (A) A mixture of in vitro-transcribed 32P-labeled RNAs

containing intronless ftz mRNA, U1ΔSm snRNA, and tRNAPhe was incubated with or without purified

FLAG-RAE1-His (FLAG-RAE1) (2 μg) that was pre-bound to Protein A Sepharose via an anti-FLAG antibody in the

absence or presence of T7-ORF6-His (T7-ORF6) (4 μg). Co-immunoprecipitated RNAs were analyzed by 8%

denaturing PAGE and autoradiography. (B) Quantification of the relative pull-down efficiency from three
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complete suppression of RNA export is an effective strategy for SARS-CoV-2. The develop-

ment of agents that target the inhibition of RNA nuclear export by viruses presents an impor-

tant challenge to restore host gene expression mechanisms and induce innate immune

responses.

The Xenopus oocyte microinjection system, which separates RNA export from transcrip-

tion, clearly and quantitatively demonstrated that ORF6 strongly inhibited not only the TAP-

dependent export pathway but also the CRM1-dependent pathway. These results suggest that

ORF6 inhibited the CRM1-dependent export of IFNA1 and cyclin D1 mRNAs, as well as bulk

mRNA and U snRNA [23–25]. CRM1 also exports transcription factors and cell cycle regula-

tors [55]. Previous studies have demonstrated that ORF6 inhibited the nuclear localization of

STAT1 and IRF5 proteins [4,6–9]. Although the transport of some RNAs and proteins was

affected, ORF6 weakly inhibited Xpo-t- and Xpo-5-dependent tRNA export. Further studies

are warranted to clarify whether RAE1 engages in specific transport pathways. Examining

ORF6 should provide more detailed insights into nucleocytoplasmic transport.
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S1 Table. Primers used in this study.

(XLSX)

S2 Table. Antibodies used in this study.

(XLSX)

S1 Fig. Effects of ORF6 on RNA export in Xenopus oocytes. (A) Purified recombinant GST

or GST-ORF6-His (50 fmol/oocyte) was pre-injected into the cytoplasm of Xenopus oocytes.

After a 12-hour incubation, a mixture of in vitro-transcribed 32P-labeled RNAs containing

DHFR mRNA, pre-ftz mRNA, U6Dss snRNA, and tRNAPhe was injected into the nucleus.

RNA was immediately extracted from nuclear (N) and cytoplasmic (C) fractions (T = 0) or 30

min after the injection, and then analyzed by 8% denaturing PAGE and autoradiography.

Bands corresponding to the spliced product (spliced-ftz mRNA) and the lariat intron (intron)

are indicated. (B) Quantification of the export of tRNAPhe. Values are the means (SD) (n = 3).

(PDF)

S2 Fig. RNA binding of ORF6 in vitro. 32P-labeled U1 snRNA was incubated with T7-ORF6-

His (1 μg) at 30˚C for 20 min. After the incubation, the sample was irradiated with UV light

(200 mJ/cm2), and treated with RNase A. The sample was immunoprecipitated using an anti-

body against the T7 tag or the Myc tag. The immunoprecipitated protein was analyzed by

SDS-PAGE and autoradiography.

(PDF)

S3 Fig. A model of the mechanism by which the SARS-CoV-2 ORF6 protein inhibits RNA

export. See the Discussion section for details.

(PDF)

independent experiments performed as in (A) is shown. Values are means (SD). (C) 32P-labeled RNA was incubated in

the absence or presence of T7-ORF6-His (ORF6) (0.1, 0.3, 1 and 3 μM) on ice. The sample was analyzed by native

PAGE and autoradiography. (D) Quantification from three independent experiments performed as in (C) is shown.

Values are means (SD). (E) The equilibrium dissociation constant (KD) was calculated from the quantification in (D).

(F) A protein mixture containing T7-ORF6-His (ORF6) (1 μg) and RNase A (5 μg) was pulled down by GST or

GST-T7-ORF6-His (GST-ORF6) (1 μg each). Pulled-down proteins were separated by SDS-PAGE and detected by

WB. Quantification of the pull-down efficiency of T7-ORF6-His from three independent experiments is shown. Values

are means (SD).

https://doi.org/10.1371/journal.pone.0312098.g004
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22. Schäfer T, Strauss D, Petfalski E, Tollervey D, Hurt E. The path from nucleolar 90S to cytoplasmic 40S

pre-ribosomes. EMBO J. 2003 Mar; 22(6):1370–80. https://doi.org/10.1093/emboj/cdg121 PMID:

12628929

23. Kimura T, Hashimoto I, Nagase T, Fujisawa JI. CRM1-dependent, but not ARE-mediated, nuclear

export of IFN-alpha1 mRNA. J Cell Sci. 2004 May; 117(Pt 11):2259–70. https://doi.org/10.1242/jcs.

01076 PMID: 15126627

24. Culjkovic B, Topisirovic I, Skrabanek L, Ruiz-Gutierrez M, Borden KLB. eIF4E promotes nuclear export

of cyclin D1 mRNAs via an element in the 3’UTR. J Cell Biol. 2005 Apr; 169(2):245–56. https://doi.org/

10.1083/jcb.200501019 PMID: 15837800

25. Kimura T, Hashimoto I, Nishizawa M, Ito S, Yamada H. Novel cis-active structures in the coding region

mediate CRM1-dependent nuclear export of IFN-α 1 mRNA. Med Mol Morphol. 2010 Sep; 43(3):145–57.

26. Lei H, Dias AP, Reed R. Export and stability of naturally intronless mRNAs require specific coding

region sequences and the TREX mRNA export complex. PNAS. 2011 Nov 1; 108(44):17985–90.

https://doi.org/10.1073/pnas.1113076108 PMID: 22010220

27. Bohnsack MT, Regener K, Schwappach B, Saffrich R, Paraskeva E, Hartmann E, et al. Exp5 exports

eEF1A via tRNA from nuclei and synergizes with other transport pathways to confine translation to the

cytoplasm. EMBO J. 2002 Nov; 21(22):6205–15. https://doi.org/10.1093/emboj/cdf613 PMID:

12426392

28. Calado A, Treichel N, Müller EC, Otto A, Kutay U. Exportin-5-mediated nuclear export of eukaryotic

elongation factor 1A and tRNA. EMBO J. 2002 Nov; 21(22):6216–24. https://doi.org/10.1093/emboj/

cdf620 PMID: 12426393

PLOS ONE The SARS-CoV-2 ORF6 protein inhibits RNA export

PLOS ONE | https://doi.org/10.1371/journal.pone.0312098 October 31, 2024 13 / 15

https://doi.org/10.1016/j.celrep.2021.108916
https://doi.org/10.1016/j.celrep.2021.108916
http://www.ncbi.nlm.nih.gov/pubmed/33765414
https://doi.org/10.1186/s13578-021-00568-7
http://www.ncbi.nlm.nih.gov/pubmed/33766124
https://doi.org/10.3390/genes6010124
http://www.ncbi.nlm.nih.gov/pubmed/25802992
https://doi.org/10.1038/nrm2255
http://www.ncbi.nlm.nih.gov/pubmed/17786152
https://doi.org/10.1016/s1097-2765%2800%2980065-9
http://www.ncbi.nlm.nih.gov/pubmed/9660949
https://doi.org/10.1093/emboj/18.9.2593
https://doi.org/10.1093/emboj/18.9.2593
http://www.ncbi.nlm.nih.gov/pubmed/10228171
https://doi.org/10.1128/MCB.18.11.6826
http://www.ncbi.nlm.nih.gov/pubmed/9774696
https://doi.org/10.1093/emboj/16.11.3256
http://www.ncbi.nlm.nih.gov/pubmed/9214641
https://doi.org/10.1128/MCB.21.10.3405-3415.2001
https://doi.org/10.1128/MCB.21.10.3405-3415.2001
http://www.ncbi.nlm.nih.gov/pubmed/11313466
https://doi.org/10.1083/jcb.151.5.1057
https://doi.org/10.1083/jcb.151.5.1057
http://www.ncbi.nlm.nih.gov/pubmed/11086007
https://doi.org/10.1016/s0092-8674%2800%2980371-2
http://www.ncbi.nlm.nih.gov/pubmed/9323133
https://doi.org/10.1534/genetics.106.062117
http://www.ncbi.nlm.nih.gov/pubmed/16888326
https://doi.org/10.1128/MCB.23.6.2083-2095.2003
http://www.ncbi.nlm.nih.gov/pubmed/12612080
https://doi.org/10.1093/emboj/cdg121
http://www.ncbi.nlm.nih.gov/pubmed/12628929
https://doi.org/10.1242/jcs.01076
https://doi.org/10.1242/jcs.01076
http://www.ncbi.nlm.nih.gov/pubmed/15126627
https://doi.org/10.1083/jcb.200501019
https://doi.org/10.1083/jcb.200501019
http://www.ncbi.nlm.nih.gov/pubmed/15837800
https://doi.org/10.1073/pnas.1113076108
http://www.ncbi.nlm.nih.gov/pubmed/22010220
https://doi.org/10.1093/emboj/cdf613
http://www.ncbi.nlm.nih.gov/pubmed/12426392
https://doi.org/10.1093/emboj/cdf620
https://doi.org/10.1093/emboj/cdf620
http://www.ncbi.nlm.nih.gov/pubmed/12426393
https://doi.org/10.1371/journal.pone.0312098


29. Arts GJ, Kuersten S, Romby P, Ehresmann B, Mattaj IW. The role of exportin-t in selective nuclear

export of mature tRNAs. EMBO J. 1998 Dec; 17(24):7430–41. https://doi.org/10.1093/emboj/17.24.

7430 PMID: 9857198

30. Arts GJ, Fornerod M, Mattaj IW. Identification of a nuclear export receptor for tRNA. Curr Biol. 1998

Mar; 8(6):305–14. https://doi.org/10.1016/s0960-9822(98)70130-7 PMID: 9512417

31. Kutay U, Lipowsky G, Izaurralde E, Bischoff FR, Schwarzmaier P, Hartmann E, et al. Identification of a

tRNA-specific nuclear export receptor. Mol Cell. 1998 Feb; 1(3):359–69. https://doi.org/10.1016/s1097-

2765(00)80036-2 PMID: 9660920

32. Hoelz A, Debler EW, Blobel G. The structure of the nuclear pore complex. Annu Rev Biochem. 2011;

80:613–43. https://doi.org/10.1146/annurev-biochem-060109-151030 PMID: 21495847

33. Pritchard CE, Fornerod M, Kasper LH, van Deursen JM. RAE1 is a shuttling mRNA export factor that

binds to a GLEBS-like NUP98 motif at the nuclear pore complex through multiple domains. J Cell Biol.

1999 Apr; 145(2):237–54. https://doi.org/10.1083/jcb.145.2.237 PMID: 10209021

34. Powers MA, Forbes DJ, Dahlberg JE, Lund E. The vertebrate GLFG nucleoporin, Nup98, is an essential

component of multiple RNA export pathways. J Cell Biol. 1997 Jan; 136(2):241–50. https://doi.org/10.

1083/jcb.136.2.241 PMID: 9015297

35. Fontoura BM, Faria PA, Nussenzveig DR. Viral interactions with the nuclear transport machinery: dis-

covering and disrupting pathways. IUBMB Life. 2005 Feb; 57(2):65–72. https://doi.org/10.1080/

15216540500078608 PMID: 16036565

36. von Kobbe C null, van Deursen JM null, Rodrigues JP, Sitterlin D, Bachi A, Wu X, et al. Vesicular stoma-

titis virus matrix protein inhibits host cell gene expression by targeting the nucleoporin Nup98. Mol Cell.

2000 Nov; 6(5):1243–52. https://doi.org/10.1016/s1097-2765(00)00120-9 PMID: 11106761

37. Faria PA, Chakraborty P, Levay A, Barber GN, Ezelle HJ, Enninga J, et al. VSV disrupts the Rae1/

mrnp41 mRNA nuclear export pathway. Mol Cell. 2005 Jan; 17(1):93–102. https://doi.org/10.1016/j.

molcel.2004.11.023 PMID: 15629720

38. Her LS, Lund E, Dahlberg JE. Inhibition of Ran guanosine triphosphatase-dependent nuclear transport

by the matrix protein of vesicular stomatitis virus. Science. 1997 Jun; 276(5320):1845–8. https://doi.org/

10.1126/science.276.5320.1845 PMID: 9188527

39. Enninga J, Levy DE, Blobel G, Fontoura BMA. Role of nucleoporin induction in releasing an mRNA

nuclear export block. Science. 2002 Feb; 295(5559):1523–5. https://doi.org/10.1126/science.1067861

PMID: 11809937

40. Gordon DE, Jang GM, Bouhaddou M, Xu J, Obernier K, White KM, et al. A SARS-CoV-2 protein interac-

tion map reveals targets for drug repurposing. Nature. 2020 Jul; 583(7816):459–68. https://doi.org/10.

1038/s41586-020-2286-9 PMID: 32353859

41. Addetia A, Lieberman NAP, Phung Q, Hsiang TY, Xie H, Roychoudhury P, et al. SARS-CoV-2 ORF6

Disrupts Bidirectional Nucleocytoplasmic Transport through Interactions with Rae1 and Nup98. mBio.

2021 Apr 13; 12(2):e00065–21. https://doi.org/10.1128/mBio.00065-21 PMID: 33849972

42. Hall R, Guedán A, Yap MW, Young GR, Harvey R, Stoye JP, et al. SARS-CoV-2 ORF6 disrupts innate

immune signalling by inhibiting cellular mRNA export. PLoS Pathog. 2022 Aug; 18(8):e1010349. https://

doi.org/10.1371/journal.ppat.1010349 PMID: 36007063

43. Kato K, Ikliptikawati DK, Kobayashi A, Kondo H, Lim K, Hazawa M, et al. Overexpression of SARS-

CoV-2 protein ORF6 dislocates RAE1 and NUP98 from the nuclear pore complex. Biochem Biophys

Res Commun. 2021 Jan 15; 536:59–66. https://doi.org/10.1016/j.bbrc.2020.11.115 PMID: 33360543

44. Li T, Wen Y, Guo H, Yang T, Yang H, Ji X. Molecular Mechanism of SARS-CoVs Orf6 Targeting the

Rae1-Nup98 Complex to Compete With mRNA Nuclear Export. Front Mol Biosci. 2021; 8:813248.

https://doi.org/10.3389/fmolb.2021.813248 PMID: 35096974

45. Gao X, Tian H, Zhu K, Li Q, Hao W, Wang L, et al. Structural basis for Sarbecovirus ORF6 mediated

blockage of nucleocytoplasmic transport. Nat Commun. 2022 Aug; 13(1):4782. https://doi.org/10.1038/

s41467-022-32489-5 PMID: 35970938

46. Katahira J, Inoue H, Hurt E, Yoneda Y. Adaptor Aly and co-adaptor Thoc5 function in the Tap-p15-medi-

ated nuclear export of HSP70 mRNA. EMBO J. 2009 Mar; 28(5):556–67. https://doi.org/10.1038/

emboj.2009.5 PMID: 19165146

47. Jarmolowski A, Boelens WC, Izaurralde E, Mattaj IW. Nuclear export of different classes of RNA is

mediated by specific factors. J Cell Biol. 1994 Mar; 124(5):627–35. https://doi.org/10.1083/jcb.124.5.

627 PMID: 7509815

48. Taniguchi I, McCloskey A, Ohno M. Analysis of RNA transport in Xenopus oocytes and mammalian

cells. Methods Cell Biol. 2014; 122:395–413. https://doi.org/10.1016/B978-0-12-417160-2.00018-7

PMID: 24857740

PLOS ONE The SARS-CoV-2 ORF6 protein inhibits RNA export

PLOS ONE | https://doi.org/10.1371/journal.pone.0312098 October 31, 2024 14 / 15

https://doi.org/10.1093/emboj/17.24.7430
https://doi.org/10.1093/emboj/17.24.7430
http://www.ncbi.nlm.nih.gov/pubmed/9857198
https://doi.org/10.1016/s0960-9822%2898%2970130-7
http://www.ncbi.nlm.nih.gov/pubmed/9512417
https://doi.org/10.1016/s1097-2765%2800%2980036-2
https://doi.org/10.1016/s1097-2765%2800%2980036-2
http://www.ncbi.nlm.nih.gov/pubmed/9660920
https://doi.org/10.1146/annurev-biochem-060109-151030
http://www.ncbi.nlm.nih.gov/pubmed/21495847
https://doi.org/10.1083/jcb.145.2.237
http://www.ncbi.nlm.nih.gov/pubmed/10209021
https://doi.org/10.1083/jcb.136.2.241
https://doi.org/10.1083/jcb.136.2.241
http://www.ncbi.nlm.nih.gov/pubmed/9015297
https://doi.org/10.1080/15216540500078608
https://doi.org/10.1080/15216540500078608
http://www.ncbi.nlm.nih.gov/pubmed/16036565
https://doi.org/10.1016/s1097-2765%2800%2900120-9
http://www.ncbi.nlm.nih.gov/pubmed/11106761
https://doi.org/10.1016/j.molcel.2004.11.023
https://doi.org/10.1016/j.molcel.2004.11.023
http://www.ncbi.nlm.nih.gov/pubmed/15629720
https://doi.org/10.1126/science.276.5320.1845
https://doi.org/10.1126/science.276.5320.1845
http://www.ncbi.nlm.nih.gov/pubmed/9188527
https://doi.org/10.1126/science.1067861
http://www.ncbi.nlm.nih.gov/pubmed/11809937
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41586-020-2286-9
http://www.ncbi.nlm.nih.gov/pubmed/32353859
https://doi.org/10.1128/mBio.00065-21
http://www.ncbi.nlm.nih.gov/pubmed/33849972
https://doi.org/10.1371/journal.ppat.1010349
https://doi.org/10.1371/journal.ppat.1010349
http://www.ncbi.nlm.nih.gov/pubmed/36007063
https://doi.org/10.1016/j.bbrc.2020.11.115
http://www.ncbi.nlm.nih.gov/pubmed/33360543
https://doi.org/10.3389/fmolb.2021.813248
http://www.ncbi.nlm.nih.gov/pubmed/35096974
https://doi.org/10.1038/s41467-022-32489-5
https://doi.org/10.1038/s41467-022-32489-5
http://www.ncbi.nlm.nih.gov/pubmed/35970938
https://doi.org/10.1038/emboj.2009.5
https://doi.org/10.1038/emboj.2009.5
http://www.ncbi.nlm.nih.gov/pubmed/19165146
https://doi.org/10.1083/jcb.124.5.627
https://doi.org/10.1083/jcb.124.5.627
http://www.ncbi.nlm.nih.gov/pubmed/7509815
https://doi.org/10.1016/B978-0-12-417160-2.00018-7
http://www.ncbi.nlm.nih.gov/pubmed/24857740
https://doi.org/10.1371/journal.pone.0312098


49. Hamm J, Mattaj IW. Monomethylated cap structures facilitate RNA export from the nucleus. Cell. 1990

Oct; 63(1):109–18. https://doi.org/10.1016/0092-8674(90)90292-m PMID: 2208274

50. Hamm J, Mattaj IW. An abundant U6 snRNP found in germ cells and embryos of Xenopus laevis.

EMBO J. 1989 Dec; 8(13):4179–87. https://doi.org/10.1002/j.1460-2075.1989.tb08603.x PMID:

2531660

51. Quan B, Seo HS, Blobel G, Ren Y. Vesiculoviral matrix (M) protein occupies nucleic acid binding site at

nucleoporin pair (Rae1 • Nup98). Proc Natl Acad Sci U S A. 2014 Jun; 111(25):9127–32.

52. Nishide G, Lim K, Tamura M, Kobayashi A, Zhao Q, Hazawa M, et al. Nanoscopic Elucidation of Spon-

taneous Self-Assembly of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Open

Reading Frame 6 (ORF6) Protein. J Phys Chem Lett. 2023 Sep; 14(38):8385–96. https://doi.org/10.

1021/acs.jpclett.3c01440 PMID: 37707320

53. Banerjee AK, Blanco MR, Bruce EA, Honson DD, Chen LM, Chow A, et al. SARS-CoV-2 Disrupts Splic-

ing, Translation, and Protein Trafficking to Suppress Host Defenses. Cell. 2020 Nov 25; 183(5):1325–

1339.e21. https://doi.org/10.1016/j.cell.2020.10.004 PMID: 33080218

54. Finkel Y, Gluck A, Nachshon A, Winkler R, Fisher T, Rozman B, et al. SARS-CoV-2 uses a multi-

pronged strategy to impede host protein synthesis. Nature. 2021 Jun; 594(7862):240–5. https://doi.org/

10.1038/s41586-021-03610-3 PMID: 33979833

55. Kırlı K, Karaca S, Dehne HJ, Samwer M, Pan KT, Lenz C, et al. A deep proteomics perspective on

CRM1-mediated nuclear export and nucleocytoplasmic partitioning. Elife. 2015 Dec; 4:e11466. https://

doi.org/10.7554/eLife.11466 PMID: 26673895

PLOS ONE The SARS-CoV-2 ORF6 protein inhibits RNA export

PLOS ONE | https://doi.org/10.1371/journal.pone.0312098 October 31, 2024 15 / 15

https://doi.org/10.1016/0092-8674%2890%2990292-m
http://www.ncbi.nlm.nih.gov/pubmed/2208274
https://doi.org/10.1002/j.1460-2075.1989.tb08603.x
http://www.ncbi.nlm.nih.gov/pubmed/2531660
https://doi.org/10.1021/acs.jpclett.3c01440
https://doi.org/10.1021/acs.jpclett.3c01440
http://www.ncbi.nlm.nih.gov/pubmed/37707320
https://doi.org/10.1016/j.cell.2020.10.004
http://www.ncbi.nlm.nih.gov/pubmed/33080218
https://doi.org/10.1038/s41586-021-03610-3
https://doi.org/10.1038/s41586-021-03610-3
http://www.ncbi.nlm.nih.gov/pubmed/33979833
https://doi.org/10.7554/eLife.11466
https://doi.org/10.7554/eLife.11466
http://www.ncbi.nlm.nih.gov/pubmed/26673895
https://doi.org/10.1371/journal.pone.0312098

