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Introduction

Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway annotations 
are authored by expert biologists, in collaboration with Reactome editorial staff and cross-referenced to many 
bioinformatics databases. A system of evidence tracking ensures that all assertions are backed up by the primary 
literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the 
results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining 
knowledge from genomic studies, and by systems biologists building predictive models of normal and disease 
variant pathways. 
The development of Reactome is supported by grants from the US National Institutes of Health (P41 HG003751), 
University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and the European 
Molecular Biology Laboratory (EBI Industry program).
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SARS-CoV-2 Genome Replication and Transcription ↗

Stable identifier: R-HSA-9694682

Diseases: COVID-19

This COVID-19 pathway has been created by a combination of computational inference from SARS-CoV-1 data 
(https://reactome.org/documentation/inferred-events) and manual curation, as described in the summation for the 
overall SARS-CoV-2 infection pathway. Specifically, binding of the replication-transcription complex (RTC) to the 
RNA template and the polymerase activity of nsp12 (Hillen et al. 2020, Wang et al. 2020, Yin et al. 2020), helicase 
activity of nsp13 (Chen et al. 2020, Ji et al. 2020, Shu et al. 2020), capping activity of nsp16 (Viswanathan et al. 
2020), and polyadenylation of SARS-CoV-2 genomic RNA and transcripts (Kim et al. 2020, Ravindra et al. 2020) 
have been studied directly, and the remaining steps have been inferred from previous studies in SARS-CoV-1 and 
related coronaviruses. 
 
Using the genomic RNA as a template, the coronavirus replicase synthesizes full-length negative-sense antigenome, 
which in turn serves as a template for the synthesis of new genomic RNA (Masters 2006). The polymerase can also 
switch template during discontinuous transcription of the genome at specific sites called transcription-regulated 
sequences, thereby producing a 5'-nested set of negative-sense sgRNAs, which are used as templates for the 
synthesis of a 3'-nested set of positive-sense sgRNAs (Masters 2006). Although genome replication/transcription is 
mainly mediated by the viral replicase and confines in the RTC, the involvement of various additional viral and host 
factors has been implicated. For instance, coronavirus N protein is known to serve as an RNA chaperone and 
facilitate template switching (Zúñiga et al. 2007, Zúñiga et al. 2010). Importantly, the N protein of SARS-CoV-1 and 
mouse hepatitis virus (MHV-JHM) is also phosphorylated by the host glycogen synthase kinase 3 (GSK3), and 
inhibition of GSK3 was shown to inhibit viral replication in Vero E6 cells infected with SARS-CoV-1 (Wu et al. 
2009). Additionally, GSK3-mediated phosphorylation of the MHV-JHM N protein recruits an RNA-binding protein 
DEAD-box helicase 1 (DDX1), which facilitates template read-through, favoring the synthesis of genomic RNA and 
longer sgRNAs (Wu et al. 2014). Another RNA-binding protein called heterogeneous nuclear ribonucleoprotein A1 
(hnRNPA1) can also bind tightly to SARS-CoV-1 N protein and potentially regulate viral RNA synthesis (Luo et al. 
2005). Host RNA-binding proteins could also bind directly to untranslated regions (UTRs) of the coronavirus 
genome to modulate replication/transcription, such as zinc finger CCHC-type and RNA-binding motif 1 (ZCRB1) 
binding to the 5-UTR of IBV (Tan et al. 2012), mitochondrial aconitase binding to the 3' UTR of MHV (Nanda and 
Leibowitz 2001), and poly(A)-binding protein (PABP) to the poly(A) tail of bovine coronavirus (Spagnolo and 
Hogue 2000). For review, please refer to Snijder et al. 2016 and Fung and Liu 2019.
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Replication of the SARS-CoV-2 genome ↗

Location: SARS-CoV-2 Genome Replication and Transcription

Stable identifier: R-HSA-9694686

Diseases: COVID-19

This COVID-19 pathway has been created by a combination of computational inference from SARS-CoV-1 data 
(https://reactome.org/documentation/inferred-events) and manual curation, as described in the summation for the 
overall SARS-CoV-2 infection pathway. Steps of SARS-CoV-2 genome replication that have been studied directly 
include binding of the replication transcription complex (RTC) to the RNA template and the polymerase activity of 
nsp12 (Hillen et al. 2020, Wang et al. 2020, Yin et al. 2020), helicase activity of nsp13 (Chen et al. 2020, Ji et al. 
2020, Shu et al. 2020), capping activity of nsp16 (Viswanathan et al. 2020), and polyadenylation of SARS-CoV-2 
genomic RNA (Kim et al. 2020). Replication is localized in double-membrane vesicles (DMVs) that are created by 
distortion of ER membranes (Cortese et al, 2020; Snijder et al, 2020). One host factor needed for formation of these 
replication organelles is phosphatidic acid (Tabata et al, 2021). Other steps have been inferred from previous studies 
in SARS-CoV-1 and related coronaviruses. 
 
The plus strand RNA genome of the human SARS coronavirus 1 (SARS-CoV-1) is replicated by the viral 
replication-transcription complex (RTC) composed of nonstructural proteins nsp3-nsp16, encoded by open reading 
frames ORF1a and ORF1b. Two RTC proteins, nsp8 and nsp12, possess 5'-3' RNA-dependent RNA polymerase 
activity. nsp12 is the main RNA polymerase, while nsp8 is thought to act as an RNA primase. nsp14 acts as a 3'-5' 
exonuclease, increasing the fidelity of the RTC. nsp14 also has the RNA capping activity and, in concert with nsp16, 
it caps viral plus strand and minus strand genomic and subgenomic RNAs, which confers stability to viral RNAs by 
enabling them to escape interferon-mediated innate immune responses of the host. nsp13 is an RNA helicase which 
is thought to melt secondary structures in the genomic RNA during replication and transcription. The plus strand 
genomic RNA is first used to synthesize the minus strand genomic RNA complement, which is subsequently used as 
a template for synthesis of plus strand viral RNA genomes that are packaged into mature virions. For review, please 
refer to Yang and Leibowitz 2015, Snijder et al. 2016, Fung and Liu 2019.
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Transcription of SARS-CoV-2 sgRNAs ↗

Location: SARS-CoV-2 Genome Replication and Transcription

Stable identifier: R-HSA-9694786

Diseases: COVID-19

This COVID‑19 pathway has been created by a combination of computational inference from SARS-
CoV-1 data (https://reactome.org/documentation/inferred-events) and manual curation, as 
described in the summation for the overall SARS-CoV-2 infection pathway. Steps of SARS‑CoV‑2 
transcription that have been studied directly include binding of the replication‑transcription 
complex (RTC) to the RNA template and the polymerase activity of nsp12 (Hillen et al. 2020, Wang et 
al. 2020, Yin et al. 2020), helicase activity of nsp13 (Chen et al. 2020, Ji et al. 2020, Shu et al. 2020), 
capping activity of nsp16 (Viswanathan et al. 2020), and polyadenylation of SARS‑CoV‑2 transcripts 
(Kim et al. 2020, Ravindra et al. 2020). Remaining steps have been inferred from previous studies in 
SARS‑CoV‑1 and related coronaviruses. 
 
SARS-CoV-1 encodes eight subgenomic RNAs, mRNA2 to mRNA9. mRNA1 corresponds to the genomic RNA. 
The 5' and 3' ends of subgenomic RNAs are identical, in accordance with the template switch model of coronavirus 
RNA transcription (Snijder et al. 2003, Thiel et al. 2003, Yount et al. 2003). Genomic positive strand RNA is first 
transcribed into negative sense (minus strand) subgenomic mRNAs by template switching. Negative sense mRNAs 
subsequently serve as templates for the synthesis of positive strand subgenomic mRNAs. As shown in murine 
hepatitis virus (MHV), which is closely related to SARS-CoV-1, negative-sense viral RNAs are present in much 
smaller amounts than positive-sense RNAs (Irigoyen et al. 2016). Of the eight subgenomic mRNAs of SARS-CoV-1, 
mRNA2 encodes the S protein, mRNA3 is bicistronic and encodes proteins 3a and 3b, mRNA4 encodes the E 
protein, mRNA5 encodes the M protein, mRNA6 encodes protein 6, and bicistronic mRNA7, mRNA8 and mRNA9 
encode proteins 7a and 7b (mRNA7), 8a and 8b (mRNA8), and 9a and N (mRNA9), respectively (Snijder et al. 
2003, Thiel et al. 2003, Yount et al. 2003). The template switch model of coronavirus involves discontinuous 
transcription of subgenomic RNA, with the leader body joining occurring during the synthesis of minus strand 
RNAs. Each subgenomic RNA contains a leader transcription regulatory sequence (leader TRS) that is identical to 
the leader of the genome, appended via polymerase “jumping” during negative strand synthesis to the body 
transcription regulatory sequence (body TRS), a short, AU-rich motif of about 10 nucleotides found upstream of 
each ORF that is destined to become 5' proximal in one of the subgenomic mRNAs. The 3' and 5'UTRs may interact 
through RNA–RNA and/or RNA–protein plus protein–protein interactions to promote circularization of the 
coronavirus genome, placing the elongating minus strand in a favorable topology for leader-body joining. The host 
protein PABP was found to bind to the coronavirus 3' poly(A) tail and to interact with the host protein eIF-4G, a 
component of the three-subunit complex that binds to mRNA cap structures, which may promote the circularization 
of the coronavirus genome. Two viral proteins that bind to the coronavirus 5'UTR, the N protein and nsp1, may play 
a role in template switching. The poly(A) tail is necessary for the initiation of minus-strand RNA synthesis at the 3' 
end of genomic RNA. Elongation of nascent minus strand RNA continues until the first functional body TRS motif 
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is encountered. A fixed proportion of replication-transcription complexes (RTCs) will either disregard the TRS motif 
and continue to elongate the nascent strand or stop synthesis of the nascent minus strand and relocate to the leader 
TRS, extending the minus strand by copying the 5' end of the genome. The completed minus-strand RNAs then serve 
as templates for positive strand mRNA synthesis (reviewed by Sawicki et al. 2007, Yang and Leibowitz 2015).
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