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ABSTRACT  

 

 

SARS-COV-2 VIRAL RNA BIOLOGY AND ITS IMPACT ON THE INFECTED CELL 
 

 

 The fine-tuning of the replication and transcription of RNA viruses often requires 

the interaction of viral RNAs with cellular RNA binding proteins. This project addresses 

fundamental knowledge gaps on the molecular mechanisms that underlie SARS-CoV-2 

gene expression, regulation, and viral RNA-host interactions. After infection, SARS-

CoV-2 generates a large set of sub-genomic mRNAs, each containing an identical ~70 

base ‘leader’ region in their 5’UTR (from position 14 to position 75 in RefSeq 

NC_045512) and a 229 base region at the 3’UTR (from position 29,675 to position 

29,903 in RefSeq NC_045512) generated by discontinuous transcription. The 

accumulation of a considerable amount of these leader/3’UTR regions during the 

infection represents a possible sink for cellular RNA binding proteins. We demonstrated 

that PTBP1, a cellular protein involved in the regulation of alternative splicing, binds to 

the SARS-CoV-2 leader region. SARS-CoV-2 infection critically impacted the splicing of 

several cellular pre-mRNAs that are normally regulated by PTBP1. Mechanistically, we 

suggest that SARS-CoV-2 sequesters and influences the re-localization of shuttling 

splicing factors like PTBP1 from the nucleus to the cytoplasm resulting in significant 

effects on the host cell splicing machinery leading to changes in cellular mRNA splicing 

patterns during SARS-CoV-2 infection.  

Given the current extensive interest in epigenetic methylations of both cellular 

and viral RNAs, our study also explored the role of post-transcriptional RNA 

modifications on viral mRNAs. We demonstrated that SARS-CoV-2 can usurp the 
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cellular enzyme, namely PCIF1, to place the m6Am modification at the cap proximal 

position in its mRNAs. This double methylation is usually found on all host mRNAs that 

initiate with an adenosine residue, and thus SARS-CoV-2 likely installs this modification 

on its mRNAs to avoid host immune recognition. Interestingly, we also discovered that 

capping and m6Am modification are tightly regulated throughout the infection. The 

highest levels of these 5’ end RNA modifications were observed at 12 hours post 

infection, correlating with the full establishment of viral gene expression in infected cells. 

These findings indicate that 5’ end modification of SARS-CoV-2 transcripts is not simply 

a default process but rather undergoes unanticipated regulation throughout the 

infection. 

Collectively, the data presented provide not only new insights into the complex 

interactions that SARS-CoV-2 has with the RNA biology of the cell during infection, but 

also identify attractive potential targets for developing novel anti-coronavirus drugs to 

treat future emerging coronavirus diseases.  
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INTRODUCTION 
 
 
 

The Coronaviridae family is the largest group in the Nidovirales order, which also 

includes the Arteriviridae and Roniviridae families of viruses. The Nidovirales order is 

positive-sense single-stranded RNA enveloped viruses that share a number of common 

features among its members, including the transcription of multiple 3’-nested 

subgenomic messenger RNAs (sg mRNA), a similar genomic organization with the non-

structural polyproteins encoded upstream from the structural proteins, the expression of 

the polyproteins utilizing a ribosomal frameshifting approach, and some interesting and 

unique enzymatic activities of their non-structural proteins1. The Arteriviridae and 

Roniviridae families are composed of one genus each, Arterivirus (e.g., equine arteritis 

virus) and Okavirus (e.g., gill-associated virus and yellow head virus), respectively. 

According to the ninth report of the International Committee on the Taxonomy of 

Viruses, the Coronaviridae family comprises two subfamilies: Coronavirinae and 

Torovirinae. The subfamily Coronavirinae includes four genera2: Alphacoronavirus (e.g., 

HCoV-229E), Betacoronavirus (e.g., HCoV-OC43 MERS, SARS), Gammacoronavirus 

(e.g., avian coronavirus), and Deltacoronavirus (e.g., coronavirus HKU15). Torovirus 

(e.g., equine torovirus, human torovirus, bovine torovirus) and Bafinivirus (e.g., white 

bream virus) are the two genera in the Torovirinae subfamily1. The focus of this 

dissertation will be on the betacoronaviruses – specifically SARS-CoV-2. 

 The coronavirus genome is a large 26-32 kb single-stranded, positive-sense 

RNA3,4, which means that the genomic nucleic acid can be directly read by ribosomes 

and translated into proteins in the infected cell. Coronaviruses as a group can generally 
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infect a wide variety of host species, including humans, bats, mice, dogs, cats, and 

cows5–8. The first human coronavirus was isolated in 1965 from a patient with a 

common cold9. During the last 20 years, several types of coronaviruses have emerged 

and infected humans causing pathological problems: severe acute respiratory syndrome 

coronavirus or SARS-CoV in China10, human coronavirus NL63 or HCoV-NL63 in the 

Netherlands11, human coronavirus HKU1 also referred to as HCoV-HKU1 in Hong 

Kong12, Middle East Respiratory Syndrome Coronavirus or MERS-CoV in a patient from 

Jeddah13, and severe acute respiratory syndrome coronavirus two or SARS-CoV-2 in 

China in 201914. 

SARS-CoV and MERS-CoV were likely the results of natural selection in bats 

before the zoonotic transmission to humans15. However, it is possible that instead of 

jumping directly from bats to humans, these viruses entered the human population by 

passing through one or more intermediate animal hosts7,16,17. For SARS, the principal 

intermediate animal host is thought to be civet cats18. In these intermediate hosts, the 

virus can go through several rounds of replication and acquire mutations that allow or 

enhance its zoonotic potential. However, in the case of SARS-CoV-2, it is currently 

unknown whether there are intermediate hosts19–21. There are still speculations about 

the virus’s capability to jump into humans directly from bats or to evolve first within one 

or more intermediate animal hosts before being able to infect humans. Currently, more 

than 500 coronaviruses have been identified in bats in China. However, the estimates of 

unknown bat coronavirus diversity go up to thousands, indicating that these are 

probably massively under-sampled in the bat population22. This huge diversity of bat 

coronaviruses suggests that the pandemic strain of SARS-CoV-2 will not be the last 
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zoonotic coronavirus that emerges as highly pathogenic for the human population. 

Therefore, an in-depth understanding of all aspects of coronavirus biology represents 

an important foundation to effectively combat this emerging group of viral pathogens. 

To date, SARS-CoV-2 has been hard to control from a public health perspective 

for two main reasons. First, the rapid community spread of the pathogen due to highly 

effective person-to-person viral transmission. Infected individuals spread the virus 

mainly via respiratory droplets and deposit infectious virions on the mucosal epithelial of 

the upper airway and mouth23,24. Second, the presence of asymptomatic and the 

abundance of mild cases significantly boosts the transmission in the community. The 

symptomatology of the disease caused by SARS-CoV-2, COVID-19, is highly variable 

spanning the gamut from minor cold symptoms to fever, dry cough, fatigue, loss of smell 

(anosmia), reduced sense of taste (dysgeusia), loss of appetite, among others like 

headache, sore throat, diarrhea, etc.25,26. COVID-19 symptoms can be severe; the 

elderly population can rapidly progress to hypoxia and respiratory distress leading to the 

hospitalization of the patients, requiring oxygen and ventilator support27. Severe cases 

of COVID-19 were observed in children developing a multisystem inflammatory disease 

similar to Kawasaki disease28. In some cases of COVID-19, the virus causes damage to 

endothelial cells of the blood vessel, leading to coagulopathy, strokes, potential kidney, 

and neurological problems29. Finally, long COVID with extended impacts on a variety of 

organ systems can occur in up to 10% of SARS-CoV-2 infected patients30. The ultimate 

goal of this dissertation was to gain additional insight into host cell-SARS-CoV-2 

interactions at the molecular level that may contribute to viral growth and pathogenesis. 
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General 
 

Coronavirus virions are pleomorphic particles with a helical nucleocapsid 

composed of an ~30Kb (+) RNA genome coated by nucleocapsid (N) protein wrapped 

in a lipid envelope derived from the host cell31. Three integral membrane viral proteins, 

envelope (E), membrane (M), and spike (S), decorate the lipid envelope of 

coronaviruses. The S protein is the most prominent, conferring coronaviruses its name 

because of the crown-like appearance of the virion surface under two-dimensional 

transmission electron microscopy32. In addition, the spike protein is responsible for 

engaging two cellular receptors: angiotensin-converting enzyme 2 (ACE2), which is 

highly expressed in the epithelia of the lung and small intestine33,34, and the protease 

TMPRSS2 which is responsible for the proteolytic cleavage and activation of spike 

protein leading to viral-host membrane fusion and consequently entry process35–39. The 

virus enters the cell largely by endocytosis40. The viral RNA gets into the cytoplasm and 

hijacks the cellular machinery to translate the key viral polyprotein that generates the 

replication-transcription complex (RTC). The RTC produces large amounts of mRNAs to 

translate into proteins, and double-membrane vesicles (DMVs) eventually develop 

during the infection to surround these virus production factories. SARS-CoV-2 encodes 

16 non-structural proteins (named nsps 1-16), among which are the RNA-dependent 

RNA polymerase (nsp-12), an RNA helicase (nsp13), and several other components 

necessary for virus replication41,42. Seven additional accessory proteins are also made 

whose function in viral replication or packaging remains to be conclusively 

demonstrated43,44. The assembly of new virions includes RNA coated by the 

nucleocapsid (N) protein wrapped by a lipid envelope containing the membrane (M), 
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envelope (E), and spike (S) proteins. When the virus is released, it can infect cells from 

the lower airway (type II pneumocytes) and cells from the gastrointestinal tract 

(enterocytes)45,46. 

Furthermore, after entering the cell, SARS-CoV-2 utilizes the cell’s machinery not 

only to selectively translate its RNA47 - but also likely interfaces and impacts other 

aspects of the RNA biology of the cell. These include effects on generalized host cell 

splicing48, in part by nsp16 interacting with host cell U1/U2 RNAs31, nsp14 altering 

cellular GTP levels49, and a general influence on host cell RNA-binding proteins50. 

SARS-CoV-2 infection also influences the level of m6A epigenetic marks on host cell 

RNAs51,52. The aims of my dissertation were to expand on these observations of the 

interface of SARS-CoV-2 RNA on cellular RNA biology and gain novel insights into 

these interactions and their implications for viral infections. 

 

SARS-CoV-2 genome organization, replication, and gene expression 
 

The SARS-CoV-2 genome possesses about 14 open reading frames (ORFs) that 

encode 27 proteins with diverse functional roles in virus replication and packaging3,4,53. 

The production of many individual proteins from a single mRNA is possible because 

coronaviruses evolved to express their non-coding ORFs as a polyprotein that is 

eventually cleaved later into many single proteins54. Interestingly, this protease activity 

is the target for one of the two currently approved COVID-19 therapeutics (Paxlovid or 

nirmatrelvir and ritonavir)55. The viral nsps are encoded in two overlapping ORFs, 

ORF1a, and ORF1b, which extend over about two-thirds of the viral RNA genome. The 

nsps generated by these ORFs are involved in the proteolytic processing of the 
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polyprotein, viral genome replication, and the synthesis of sub-genomic mRNAs. The 

ORF1a/1ab is translated from the 5’-end by cap-dependent translation to produce nsps 

1-11 as a polyprotein if the stop codon is recognized or nsps 1-16 as a polyprotein if the 

stop codon is bypassed by recognition of a conserved Programmed FrameShift (PFS) 

element56. Nsps 1-11 encoded in the ORF1a are involved in the blockage of the initial 

immune response, and several act as key cofactors for replication and transcription. 

The nsps encoded in the portion 1b of the ORF 1ab represent the components for the 

replication and transcription complex, e.g., the RNA-dependent RNA polymerase 

(RdRp) (nsp12), helicase (nsp13), and other enzymes/factors necessary for RNA 

modification which are vital for viral replication. Structural and accessory proteins are 

translated directly from additional subgenomic mRNAs (sg mRNAs) that are generated 

by discontinuous transcription, a unique feature of coronaviruses57. The synthesis of sg 

mRNAs starts at the 3’-end of viral genomic RNA with the viral RNA-dependent RNA 

polymerase “jumping” on the template when encountering transcription regulatory 

sequences (i.e., TRS-B) along the genomic RNA body. These “jumping” events could 

be mediated by long-distance RNA–RNA interaction due to the interaction with the TRS-

L motif located at the 5’ end (aka the leader region) of the genomic RNA. Thus, this 

polymerase jumping after transcribing the TRS-L to the TRS-B upstream of each 

structural ORF in the 3’ half of the genome results in a deletion of the viral genomic 

sequences between the leader region and the start of the downstream ORF in individual 

sg mRNA template strands. This event is important for the studies presented in this 

dissertation because this process of discontinuous transcription results in the same 

leader sequence present at the 5’ end of each and every SARS-CoV-2 mRNA. 
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Therefore, huge amounts of this ~70 bases viral leader sequence are produced during a 

SARS-CoV-2 infection. 

The mRNAs of SARS-CoV-2 have a 265 nts long 5’UTR (from position 1 to 265 

in RefSeq NC_045512), which can promote effective translation and help to protect the 

transcript from degradation by cellular RNA decay enzymes. The 5’UTR of these 

mRNAs can be further divided into the 5’ leader sequence of 72 nts, the TRS-L, ACG 

AAC, and other cis-elements that regulate translation, sgRNA synthesis, and packaging 

of viral RNAs58. In addition, the SARS-CoV-2 5’UTR has a predicted secondary 

structure comprised of five stem loops56 and a four-way junction near the ORF1a start 

codon58. On the opposite end, the viral 3’UTR is 229 nts and includes the binding site 

for the RTC for the initiation of the negative-sense RNA transcription, a conserved 

sequence 5’-GGAAGAGC-3’ of unknown function, a ~55 nt conserved pseudoknot, a 

non-essential hyper-variable region, and a 3’UTR polyadenylation signal56,59–61. The 

coronavirus genomic and subgenomic RNA structures, like most cellular mRNAs, 

contain a 5’ end methylated cap structure and a polyadenylated tail at the 3’ end. 

Once viral infection is fully established in the host cell, the replication and 

transcription processes occur inside DMVs, an intricate, interconnected double 

membrane structure derived from the endoplasmic reticulum. Thus, the virus likely 

produces and protects its RNA and gene expression from host antiviral mechanisms via 

this compartmentalization. DMVs can also help the virus efficiently concentrate the 

necessary factors to replicate and transcribe the viral genome. Since SARS-CoV-2 is a 

positive sense RNA virus, ORF 1a and 1b are directly translated from its genomic RNA 

upon uncoating. ORF 1b is at the -1 reading frame with ORF 1a; therefore, a -1 
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ribosomal frameshift is necessary for the expression of ORF 1b62. The generated 

polyproteins are cleaved into 16 nsps by a viral papain-like protease (nsp3) and a 3-

chymotrypsin-like protease (nsp5). All structural and accessory proteins are translated 

from the newly synthesized sgRNA and contain the 5’ leader sequence from the viral 5’ 

end RNA. An overview of coronaviral gene expression is presented in Figure 1. 

 

 

Figure 1. SARS-CoV-2 replication and transcription. The scheme shows the main steps of 
coronavirus entry and gene expression. First, the viral positive-sense genomic RNA (+gRNA) is 
translated into non-structural proteins (nsps) 1-16 from ORF1a and ORF1b. Then, double-
membrane vesicles (DMVs) eventually form at later times post-infection and serve as major sites for 
the replication-transcription complex (RTC) to copy the +gRNA by continuous transcription, 
generating a full-length negative-sense genomic RNA (-gRNA) intermediate. The RTC also 
generates negative-sense subgenomic RNA (-sg RNA) by discontinuous transcription and uses 
these as templates to produce positive-sense subgenomic RNAs (+sgRNAs). Finally, the +sgRNAs 
will be translated into structural and accessory proteins necessary for coating the full-length +gRNA 
and assembly of the new virions. This figure was created using BioRender.com. 
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Immune Interactions  
 

The mammalian innate immune system is designed to detect and block viral 

infections at all stages of the virus life cycle63,64. A major component of the innate 

immune system is the interferon type I (IFN type-1) pathway. IFN type-1 is part of the 

intracellular virus surveillance system, which generates and amplifies signals that 

stimulate a generalized antiviral response upon infection65,66. A major clinical 

determinant of COVID-19 severity is a delay in IFN-1 signaling. Interestingly, many 

critical genes stimulated by IFN (ISGs) are spliced; therefore, maintaining accurate and 

efficient mRNA splicing is crucial for a robust IFN response. Viruses can modify the host 

cell environment in multiple ways to try to avoid cellular antiviral responses. One of 

these mechanisms is by disrupting cellular splicing67. Thus, inhibition of mRNA splicing 

can reduce the host cells’ innate immune response to viral recognition. Furthermore, 

increased intron retention has been observed upon SARS-CoV-2 infection31. Thus, the 

interplay between SARS-CoV-2 infection and the cellular splicing machinery appears to 

be a key part of the viral molecular arms race to counter cellular defenses. Examining 

one part of this interplay, SARS-CoV-2 binding and usurping of an important cellular 

RNA binding protein involved in regulating alternative splicing, is the goal of the first half 

of this dissertation. 

 

RNA-Protein Interactions 
 

The interaction between mRNA and proteins is both extensive and of vital 

importance in the regulation of gene expression. There are almost 2,000 different 

proteins in mammalian cells that are capable of interacting with RNAs and regulating 



10 

 

aspects of the post-transcriptional control of gene expression in cells68. RNA-binding 

proteins (RBPs) can bind to single- or double-stranded RNA facilitating the formation of 

ribonucleoprotein complexes68. Dysregulated RBP expression and functions contribute 

significantly to the underlying pathology of many diseases, such as cancer, genetic 

diseases (i.e., myotonic dystrophy and familial amyotrophic lateral sclerosis), and – 

importantly for this dissertation, viral infections69–72. 

Heterogeneous nuclear ribonucleoproteins (hnRNPs) are RBPs; some members 

of this protein group can travel from the nucleus to the cytoplasm and regulate mRNA 

translation and degradation73,74. Polypyrimidine Tract Binding Protein 1 (PTBP1) is a 

member of this hnRNP family of RBPs75,76. The structure of the PTBP1 monomer has 

four RNA recognition motifs (RRMs), a nuclear export signal (NES), and a nuclear 

localization signal (NLS). Both of these nuclear import/export signals are located in the 

N terminal portion of the 529 amino acid protein, with the RRMs roughly evenly spaced 

between residues 60 to the C terminal region of the protein. Importantly, PTBP1 is 

essential in regulating pre-mRNA alternative splicing (AS) and was first discovered as a 

factor that could bind to conserved polypyrimidine tracts found near the 3′ splice site of 

introns77. PTBP1 largely functions in splicing; however, not by competing with the core 

splicing machinery at these constitutive elements, but rather functions on numerous 

intron/exon sites by interacting with splicing enhancer or suppressor elements and 

regulating exon inclusion/skipping. PTBP1 is a versatile protein that also plays a role in 

the polyadenylation78, cytoplasmic export79, and stability80 of select transcripts. 

Viral RNA carries the information for its replication, protein production, and viral 

spread; however, viruses largely rely on cellular machinery to accomplish these tasks. 
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Viral RNAs often interact with RBPs from the host cell, which can exert proviral 

functions like efficient translation (e.g., PTB strongly binds EMCV IRES)81, generate 

RNA modifications82, and/or establish RNA localization83. On the other hand, host RBPs 

could also have antiviral functions, for example promoting ‘non-self’ recognition and 

targeting viral RNAs for inhibitory actions84. Therefore, the interaction of viral RNA with 

host RBPs plays a vital role in many viral infections and could be major factors in 

determining cellular susceptibility to viral infection, viral replication efficiency, tissue 

tropism, and infection pathology85. 

Cellular RBPs likely play a role in coronavirus infections. There is evidence 

revealing that coronavirus RNA interacts with a variety of human RBPs, including 

PTBP1, other heterogeneous nuclear ribonucleoprotein family proteins (hnRNPA1 and 

Q), serine/arginine-rich splicing factor 7 (SRSF7), and transformer two alpha homolog 

(TRA2A)6,86–89. The focus of the first part of my research was to explore the impact of 

SARS-CoV-2 leader RNA interactions with PTBP1 on the RNA biology of the infected 

cell. 

 

Alternative Splicing (AS) 
 

The biogenesis of functional eukaryotic mRNA involves removing intervening 

non-coding sequences (introns) by pre-mRNA splicing. The pre-mRNA has two classes 

of cis-acting sequences that direct and regulate mRNA splicing. The first class is 

splicing signals necessary to assemble the ribonucleoprotein complex known as 

spliceosome on the pre-mRNA. These constitutive splicing elements are composed of 

the 5’ splice site (5’SS), a branch-point site, and a 3’ splice site (3’SS)90. The second 
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class of elements is splicing regulatory elements (SREs) involved in recruiting trans-

acting factors to regulate the process91. SREs are divided into four groups: exonic 

sequences that act as splicing enhancers referred to as ESEs, exonic sequences that 

act as splicing silencers or ESSs, intronic sequences that enhance splicing or ISEs, and 

intronic sequences that act as splicing silencers or ISSs. There are two main families of 

trans-acting factors that regulate alternative splicing through these elements: Ser/Arg-

rich (SR) proteins – which usually bind to splicing enhancer elements92 and 

heterogeneous nuclear ribonucleoprotein (hnRNP) proteins that usually bind to 

suppressor elements93. 

Alternative splicing can occur in diverse patterns generating different protein 

isoforms that can determine very distinct cell fates. For example, failure in proper 

splicing regulation can lead to problems such as exon skipping (which can result in 

truncated protein products), intron retention (which can cause aberrant translation of 

intronic regions and often introduce premature termination codons/activate RNA decay), 

altered levels of protein isoforms (which can alter downstream cell processes depending 

on the gene)94. 

Spliceosomes are large RNA-protein (RNPs) complexes that direct the pre-

mRNA splicing process and are comprised of five small nuclear RNAs (snRNAs) (U1, 

U2, U4, U5, and U6) and >200 protein factors (e.g., U2AF65 and U2AF35)95,96. In the 

first step of this process, the spliceosomal factors U1 and U2 associate with specific 

signals at the 5’SS and branchpoint in the pre-mRNA in an ordered fashion driven by 

ATP hydrolysis. Conformational rearrangements during this and subsequent steps 

generate the optimal conformations for efficient and accurate pre-mRNA splicing96. U1 
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snRNP binds to the 5’SS motif, and splicing factor SF1 binds to the branch-point 

sequence upstream of 3’SS—forming the E’ complex, committing the pre-mRNA region 

to the splicing pathway. Next, the U2AF65 splicing factor binds SF1 and recognizes a 

conserved polypyrimidine tract upstream of the 3’ SS generating the early (E) complex. 

The U2 snRNP then base pairs with the branch-point motif replacing SF1 and forms the 

ATP-dependent (A) complex. The A complex recruits the U4, U5, and U6 snRNPs to 

generate the pre-catalytic spliceosome or complex B. Complex B gets activated for 

enzymatic activity after a series of conformational changes by which the U1 and U4 

snRNPs are released. Ultimately, the activated spliceosome (complex B) turns into the 

C1 complex in a second conformational change. The splicing process continues with 

two transesterification reactions. In the first transesterification ‘branching step,’ the 

spliceosome attacks the phosphodiester bond at the 5’-end of the intron and generates 

a 2’-5’ bond with a bulged adenosine residue at the branch site generating an intron-

lariat and a free 5’ exon. In the second transesterification reaction, exon-exon ligation 

occurs where the 3’ hydroxyl of the 5’- exon attacks the phosphodiester bond at the 5’-

end of the 3’-exon resulting in the intron removal and exon ligation to generate a 

functional and mature protein-coding mRNA95–97. Curiously, occasionally backsplicing 

can also occur where the 5’ exon instead attacks an upstream 3’ SS – generating 

circular RNAs98. 

Clearly, coordinating the gymnastics of splice recognition is a complex process, 

particularly given the limited size and complexity of the elements that determine splice 

site choice. Strong splice sites – those with high similarity to established consensus 

sequences – can result in constitutive splicing with slight variation in exon/intron 
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inclusion or site selection99. On the other hand, it is very common for splice sites to 

diverge far from the consensus sequence, resulting in weaker splice sites that rely on 

auxiliary elements to determine splice site choice and selection100.  

Alternative splicing is a vital process in biology, expanding eukaryotic proteome 

diversity and complexity by producing multiple proteins from one pre-mRNA substrate. 

Numerous protein isoforms resulting from AS are involved in the biological evolution of 

humans101 and play a role in defining individual phenotypes in cell differentiation, aging, 

and sexual dimorphism102,103. As noted above, RBPs regulate splice site recognition in 

pre-mRNAs by binding cis-regulatory elements to enhance or suppress the recruitment 

of spliceosome subunits104. The rules for how RBPs will behave when they interact with 

splicing elements, however, can be complex as well. When hnRNPs bind exonic motifs, 

they act as splicing suppressors; inversely, when hnRNPs bind intronic motifs, they 

sometimes act as splicing enhancers105. hnRNPs bind to cis-acting exonic and intronic 

splicing silencers (ESS and ISS), preventing the recruitment of U1 and U2 to the splice 

site106,107. On the other hand, exonic and intronic splicing enhancers (ESE and ISE) are 

binding sites for serine-arginine repeat (SR) splicing activator proteins108,109. 

Dysregulation of RBPs in splicing is often associated with different pathological stages 

in the disease. The normal interactions between mRNAs and RBPs can be disrupted by 

at least three innate mechanisms in cells, 1) disruption of splicing elements, 2) toxic 

mutant mRNA transcripts, and 3) mutations in the spliceosome and splicing 

factors110,111. This dissertation will explore how viral RNAs that invade the cell can also 

disrupt the homeostasis of cellular RBP-mRNA interactions by focusing on SARS-CoV-

2 infections. 
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Viral infections can sometimes cause global changes in mRNA splicing in 

infected cells. By hijacking/disrupting cellular splicing pathways, viruses can create 

conditions in the cell that favor their replication and/or help evade antiviral responses. 

The nsp16 protein of the SARS-CoV-2 virus, for example, was shown to bind to the 

mRNA recognition domains of the U1 and U2 snRNA host splicing factors and create 

significant disruptions in the constitutive splicing process in the host mRNA31. NS5 

protein of dengue virus112, NS1 protein of influenza virus113, and Vpr protein of HIV-1114 

also interact with the cellular spliceosome complex and reduce overall mRNA splicing in 

infected cells. However, some can be more subtle in how they affect cellular splicing 

during infection. Our laboratory, for example, demonstrated that an abundant non-

coding viral RNA (sfRNA) generated by the Zika virus during infection can disrupt 

splicing accuracy only at select exons of certain genes by sequestering the alternative 

splicing factor SF3B1115. It is a key goal of this dissertation to determine if SARS-CoV-2 

can also target and affect the activity of an alternative splicing factor – in this case, 

PTBP1 – by potentially sequestering it on abundant viral RNAs. 

 

An Overview of mRNA Capping 
 

All eukaryotic mRNAs have an evolutionarily conserved structure added co-

transcriptionally to the 5’-end of the first nucleotide of the nascent RNA, known as an N7 

methylguanosine cap (m7G cap). This modification is also referred to in the literature as 

a ‘cap 0’ structure. The capping process is the first modification that nascent RNA 

transcripts undergo in a co-transcriptional manner shortly after transcription initiation by 

RNA polymerase II116,117. The process of capping requires three distinct enzymatic 
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steps: an RNA triphosphatase (TPase), a guanylyltransferase (GTase), and a guanine-

N7-methyltransferase (MTase). 

 Briefly, Cap 0 is generated by successive enzymatic reactions while RNA 

polymerase II stalls shortly after initiating transcription on a promoter: 1) the g-

phosphate of the 5’ triphosphate on a nascent pre-mRNA is removed by the RNA 

triphosphatase (TPase), generating a diphosphate 5’-end; 2) the guanylyltransferase 

(GTase) transfers a 5’-phosphoguanosine (GMP) group from GTP to the diphosphate 

5’-end generating a 5’-5’ triphosphate bond between the first RNA base and the capping 

base; and 3) the guanine-N7 methyltransferase enzyme (MTase) places a methyl group 

from S-adenosylmethionine (SAM) on the N7 amine of the guanosine. Cap 0 can be 

further modified by a m7G-specific 2’-O MTase, which catalyzes the addition of a methyl 

at the 2’-O position of the ribose group on the +1 ribonucleotide of the mRNA, 

generating a cap 1 structure118,119. Interestingly, the 2’-O methylation of the +1 

nucleotide is a signature of a ‘self-RNA’ and is used by the cellular innate immune 

machinery to differentiate self (methylated) vs. non-self (unmethylated) foreign 

RNA120,121. Cap 1 can be further modified by additional methylations, including the 

methylation at the 2’-O position of the ribose of the +2 transcribed nucleotide, forming 

cap 2 structures. 

In eukaryotes, the cap structure has numerous fundamental functions, including 

protection against 5’-3’ exonuclease degradation, recruitment of protein factors like pre-

mRNA processing factors, and nuclear export factors122. In addition – and perhaps most 

notably - the cap structure is involved in the cap-dependent initiation of mRNA 

translation via recognition by eukaryote initiation factor 4E (eIF4E)123.  
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Perhaps not surprisingly, given the ongoing molecular arms race of host-

pathogen interactions, through viral-host co-evolution, many viruses have evolved ways 

to generate 5’-capped RNAs – and to make them appear as ‘self-like’ as possible via 

additional methylations to allow efficient viral protein synthesis and avoid the host cell 

innate immune response. There are three conventional strategies by which viruses add 

a cap to their RNAs. One viral mRNA capping strategy is simply borrowing the capping 

machinery from their host cell. Due to the subcellular localization and association of 

cellular capping enzymes with the C-terminal domain of the large subunit of RNA 

polymerase II, this strategy requires a nuclear presence of the virus as well as the use 

of RNA polymerase II to generate viral transcripts. Many DNA viruses and retroviruses 

use this strategy124. Another strategy used by some RNA viruses to cap their transcripts 

is called ‘cap snatching.’ In this strategy, viruses steal the cap structure from the host 

RNA pol II transcripts to prime viral RNA synthesis. Members of the Orthomyxoviridae, 

Arenaviridae, and Bunyaviridae are great examples of this strategy125. The final strategy 

used by many viruses is to simply encode their own capping machinery, a strategy 

generally favored by RNA viruses that replicate in the cytoplasm. For example, 

flaviviruses (positive single-stranded RNA viruses) like the Dengue virus and Zika virus, 

also Paramyxoviruses (negative single-stranded RNA viruses) possess GTase and 

MTase activities in their RNA-dependent RNA polymerase (RdRp)126. Interestingly, 

SARS-CoV-2 encodes its own capping enzymes in three separate proteins -nsp13 

(TPase), nsp12 (GTase), and nsp14-nsp16 (MTase) to add a cap to its RNAs via an 

unconventional enzymatic mechanism that may be targetable by therapeutics127.  
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While mRNA capping is generally assumed to be the default process for mRNAs 

following transcription, there is evidence in the literature that capping may be a 

regulatable process. There is clear evidence, for example, that non-capped Sindbis 

virus genomic plus sense RNAs play an integral role in the efficient production of new 

virions and viral pathogenesis128,129. In addition, rotavirus RNA particles contain a 

substantial amount of uncapped RNA130. A goal of this project was to examine the 

potential regulation of mRNA capping of SARS-CoV-2 transcripts throughout infection to 

determine if the virus perhaps is potentially using its genomic and subgenomic RNAs as 

uncapped non-coding transcripts to impact cell biology as well as for translation to 

generate viral proteins. 

 

The Cellular Innate Immune Response to Viral RNAs  
 

How does the cell respond when SARS-CoV-2 RNAs enter and start to amplify in 

its cytoplasm? Usually, single-stranded RNA derived from genomic, sub-genomic, or 

replicative intermediates of SARS-CoV-2 are sensed by RIG-I-like receptors (RLRs), 

which include MDA5, RIG-I, and LGP2131. RIG-I and MDA5 are the most studied RLRs 

and are critical regulators of the IFN pathway. The presence of viral RNA induces post-

translational modifications and activation of RIG-I and MDA5, leading to translocation of 

the complex to mitochondria, where it interacts with the adaptor protein mitochondrial 

antiviral signaling (MAVS)132. This complex formation activates Tumor Necrosis Factor 

receptor-associated factor 3 or TRAF3, TANK-binding kinase1 or TBK1, and IκB kinase 

or IKK to induce phosphorylation of IRF3133. IRF3 phosphorylation facilitates nuclear 

translocation to promote the transcription of genes that encode type I and III IFNs. 
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Production and release of IFNs trigger a downstream signaling cascade through IFN 

receptors in an autocrine and paracrine manner producing hundreds of interferon-

stimulated genes (ISGs) with numerous antiviral functions134. For example, the ISG 

Ly6E prevents SARS-CoV-2 entry135, members of the IFIT family (IFIT1, IFIT3, and 

IFIT5) inhibit viral replication136, and BST2 blocks the release of new viral particles in 

cell lines that ectopically or stably express these ISGs137. Interestingly, patients with 

circulating autoantibodies against type-I IFN have reduced IFN responses after SARS-

CoV-2 infection138 and present an increased risk of severe COVID-19 and death. Fine-

tuning a type I IFN response is crucial because the over-activation and under-activation 

of IFN signaling can be harmful to the host139.  

The mechanism used by SARS-CoV-2 to evade innate immune responses is 

becoming clearer but is still not fully elucidated. Studies in patients with severe COVID-

19 showed reduced levels in the blood of IFNs type I and III140. SARS-CoV-2 infections 

reduce the IFNs production post-transcriptionally by stopping the release of mRNA from 

transcription sites, promoting transcript degradation in the nucleus141. Several proteins 

encoded by SARS-CoV-2, such as papain-like protease (PLpro), can inhibit and disrupt 

the RIG-I-like receptor and MDA-5 pathways and, consequently, IFN induction. MDA-5, 

specifically, is activated by presence of RNA viruses in the cell via the addition of ISG15 

to the receptor in a process called ISGylation142. PLpro inhibits MDA5 activation by de-

ISGylation143. In addition, other proteins, such as ORF9b, ORF3b, ORF6, N, and M, can 

inhibit the expression of IFN-b and proinflammatory cytokines by interfering with RIG-I 

and MDA5 pathways144–148. SARS-CoV-2 virus also hampers the immune response by 

attacking translation; for instance, nsp1 and nsp14 inhibit host translation by association 
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with the ribosomes, preventing gene expression from the IFN signaling pathway149,150. 

For instance, nsp1 binds directly to the 18S rRNA (within the 40S sub-unit), restricting 

host mRNA entrance and effectively blocking their translation. However, mRNA 

containing the coronavirus leader sequence can modulate nsp1 binding allowing viral 

RNA translation151. Finally, the MAVS antiviral pathway is usually activated by the 

detection of RNA viral genomes in the cytoplasm, resulting in an aggregation of MAVS 

protein152. However, SARS-CoV-2 uses N protein to obstruct the aggregation of the 

MAVS protein by viral RNA leading to blocking the induction of the IFN pathway153. The 

physical interaction between the N and MAVS proteins thus provides another layer of 

disruption affecting the activation of the innate immune response. 

 

The m6A Modification: Not Just Another RNA Modification 
 

Numerous aspects of gene expression can be regulated not only by RNA 

sequence alterations but also by RNA epigenetic modifications such as methylations154. 

These modifications add complexity to the information in the RNA, influencing its 

structure and interaction with other molecules. These subtle structural changes can 

diversify RNA functions leading to significant changes in cellular metabolism by 

affecting RNA stability, splicing, and translational efficiency155,156. 

The most abundant mRNA modification in eukaryotes, from yeast to mammals, is 

the methylation of adenosine at position N6, generating N6-methyladenosine (m6A). At 

least 25% of mRNAs contain one m6A157,158. Even though m6A was first discovered in 

1974159,160, the field of m6A modification was reborn and began to rapidly accelerate in 

2012 due to the application of m6A-specific antibody-based immunoprecipitation161 
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coupled with high-throughput sequencing162. The early high throughput studies 

performed a decade ago indicated that m6A modifications were enriched in three places 

on a transcript - within atypically long internal exons, in proximity to stop codons, and in 

the 3’ UTR157,158. Later studies expanded this list to include other areas of the transcript 

associated with m6A modification, including intron-exon junctions163. This expansion of 

the investigations led to numerous data indicating a pivotal role of m6A in regulating 

various aspects of RNA metabolism, including RNA structure, localization, splicing, 

stability, and translation164–167. 

 Work in the field has also led to debates regarding whether or not RNA 

methylation events are truly dynamic163,168,169. All the requisite enzymatic activities 

required for dynamic RNA epigenetic modification are, however, clearly present in the 

cell. These factors are 1) ‘writers,’ m6A methyltransferases (MTases); 2) ‘erasers,’ m6A 

demethylases; and 3) ‘readers,’ m6A binding proteins that recognize and regulate the 

modification determining the cellular effects.  

Mutations in the enzymes related to m6A modification are linked to diverse 

human diseases (e.g., cancer, cardiovascular diseases, metabolic diseases, and 

neurological disorders). The methyltransferase-Like protein 3-14 (METTL3-METTL14) 

MTases complex catalyzes the methylation on the N6 position of the adenine to form 

m6A within sites in the mRNA at a specific consensus sequence motif - DRACH (D=G, 

A, or U, R=G or A, and H= U, C, or A)162,170–173. METTL3 is the catalytic subunit of the 

MTase complex, while METTL14 contains an RNA-binding domain that activates and 

enhances METTL3 activity174. Regulatory factors, like Wilms tumor one associated 

protein (WTAP), interact with and stabilize the METTL3-METTL14 complex. WTAP 
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does not possess MTase activity, but it is required for the localization of the METTL3-

METTL14 complex at nuclear regions enriched with pre-mRNA processing factors175. 

Other regulatory factors can also be found in the methylation complex. VIRMA, 

KIAA1429, and RBM15, for example, recruit the catalytic complex METTL3-METTL14-

WTAP to specific m6A methylation target sites176,177. Another example of a regulatory 

factor is ZC3H13, which in a similar fashion also guides the MTase complex to 

methylation target sites178. Recent studies identified additional MTases, such as MTTL5, 

MTTL16, and ZCCHC4, which catalyze the m6A methylation on non-coding RNAs179. 

MTTL16, for example, used to be considered a methyltransferase that solely targets 

ribosomal RNA, but now it is recognized to also modify specific snRNAs, lncRNAs, and 

mRNAs180. 

The m6A modification can be removed from the mRNA by the ‘erasers.’ Fat mass 

and obesity-associated protein (FTO) and a-ketoglutarate-dependent dioxygenase alkB 

homolog 5 (ALKBH5) proteins possess clear RNA demethylase activity. This finding 

provided the first insights into the reversible character of m6A post-transcriptional 

modification of mRNAs. FTO m6A demethylase was first described for its activity on N3-

methylthymidine of single-stranded DNA181 and N3-methyluridine of single-stranded 

RNA182. Later, Jia et al. (2011) demonstrated that FTO can remove m6A from both DNA 

and RNA in vivo, and, importantly, its inhibition leads to increased levels of total m6A of 

polyadenylated RNAs183. In humans, FTO is associated with levels of body mass and 

obesity, and it is expressed in all adult and fetal tissues, with higher expression in the 

brain181 



23 

 

The second identified m6A demethylase, ALKBH5, removes m6A from single-

stranded RNA in a sequence context dependent fashion184. ALKBH5 localizes in the 

nucleus, and its depletion causes the intranuclear reduction of polyadenylated RNA 

levels. This reduction in the levels of polyadenylated RNA indicates that ALKBH5 may 

have a role in regulating the nuclear export of mRNA184. ALKBH5 is a very important 

factor for a number of biological processes. It is involved, for example, in cardiomyocyte 

fate determination185, cancer186,187, and neuronal synaptic plasticity188. Additionally, it 

has been demonstrated that ALKBH5 has a role in the immune response during viral 

infections. After infection, the nuclear protein DEAD-box 46 (DDX46) recruits ALKBH5 

to remove m6A modifications from antiviral transcripts, sequestering them into the 

nucleus. This prevents their translation with the consequent inhibition of type I interferon 

production189. 

Deciphering the impact of the m6A modification of RNAs in diverse post-

transcriptional processes depends on nuclear and cytoplasmic ‘reader’ proteins that 

specifically recognize m6A-decorated mRNAs190. The YT521-B homology (YTH) family 

proteins were the first described m6A-readers. YTH proteins recognize m6A through an 

RNA-binding YTH domain191 and have a critical role in regulating m6A-modified mRNAs. 

The YTH family of proteins has five members in humans. The only nuclear member of 

this family is YTHDC1. This factor is involved in transcription192, mRNA splicing193, and 

mediates nuclear export165. YTHDC1 forms granular structures called YT bodies in the 

nucleus, near mRNA speckles, that interact with splicing factors like SRSF3, SAM68, 

and SC35194,195. YTHDC1 has been implicated in the regulation of mRNA splicing by 

recruiting splicing factors to favor exon inclusion and blocking splicing factors that 
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promote exon skipping196. Four other members in the YTH reader family are in the 

cytoplasm: YTHDF1, YTHDF2, YTHDF3, and YTHDC2197–200. These cytoplasmic 

readers are involved in mRNA translation and degradation. YTH-domain family 2 

(YTHDF2) was the first described m6A reader in regulating m6A RNA stability in the 

cytoplasm197 and has a significant impact on cell biology and disease201. 

In addition to m6A, there are at least 170 other modifications that can be found on 

cellular RNAs202. Work in the second half of this dissertation will focus on one of these – 

m6Am located on the cap proximal nucleotide of some eukaryotic transcripts203. This 

relatively abundant RNA modification is a double methylation of the cap 1 structure204 

on mRNAs that initiate with an adenosine residue. The first transcribed nucleotides 

adjacent to the m7G cap are usually methylated at the 2’-hydroxyl position of the ribose. 

Furthermore, if the first transcribed nucleotide is adenine (A), the 2’-O-methyladenosine 

(Am) can undergo a second methylation at the N6 position to generate N6, 2’-O-

dimethyladenosine (m6Am). This double methylation is found in ~30% of the first 

transcribed nucleotides of cellular mRNAs; therefore, m6Am is a major modification of a 

large subset of the cellular transcriptome205.  

Recently, PCIF1 was identified as the methyltransferase responsible of adding a 

methyl group on Am to generate m6Am next to the m7G cap204,206–209. Interestingly, the 

FTO demethylase can remove the N6 methylation from the m6Am moiety, reducing the 

stability of m6Am-containing mRNAs in vivo210. The potential m6Am modification of viral 

RNAs – in particular SARS-CoV-2 – is a key focus of this project. 

The m6A modification has also been identified in the transcripts of viruses, such 

as influenza virus, simian virus 40, avian sarcoma virus, and adenovirus. However, the 
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role of m6A in viral life cycle regulation is still unclear192,211–214. Recent studies have 

greatly expanded this list and showed, for example, that m6A modifications are present 

in 12 positions over ZIKV viral RNA regulating viral gene expression and influencing 

viral replication215–217. Viral infections have also been shown to affect m6A modification 

patterns of cellular RNAs218. However, the distribution, function, and regulatory 

mechanism of m6A in coronaviruses, including SARS-CoV-2, were unknown when we 

initiated this project. 

The genome of SARS-CoV-2, like other coronaviruses, mimics a eukaryotic 

mRNA with a 5’-terminal cap structure and a 3’ polyadenylated tail51,219. The cap 

structure and methylation of the adjacent ribose at the 2’-hydroxyl position to form 2’-O-

methyladenosine (Am) stabilizes the coronavirus RNA by helping the virus avoid cellular 

innate antiviral effectors like interferon-induced protein with tetratricopeptide repeat 1 

protein (IFIT1), which recognize viral mRNAs that lack this 2’-O methylation, activating a 

strong interferon response51,120,220. Whether or not the initial 5’ adenosine of coronavirus 

transcripts contains additional methylation to form m6Am is a key knowledge gap in the 

field that will be addressed in this dissertation. 

In summary, the goal of this dissertation is to address two important areas of 

virus interactions with the RNA biology of the cell in the context of SARS-CoV-2 

infections. First, we investigated whether the abundant leader RNA that is found at the 

5’ end of every positive sense viral transcript can interact with the cellular PTBP1 

splicing factor. Furthermore, we tested the hypothesis that this interaction sequesters 

PTBP1, preventing it from performing its normal function in the cell of regulating 

alternative splicing of target genes. Second, we tested the hypothesis that SARS-CoV-2 
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specifically modifies the 5’ termini of its transcripts with an m6Am modification via 

usurping cellular enzymes (since a similar enzymatic activity has not been identified in 

the viral genome). Furthermore, we assessed whether this modification is regulated 

during viral infection and investigate its functional role in efficient viral replication.  

Collectively, these studies provide new insights into the interface between SARS-

CoV-2 and the RNA biology of the infected cell, demonstrating new molecular 

mechanisms that can contribute to viral replication and pathogenesis.  
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RATIONALE 

 

 

In this project, we investigated two aspects of the molecular mechanism by which 

non-coding SARS-CoV-2 RNA sequences may impact key aspects of virus-host 

interactions. Previously our lab demonstrated that non-coding regions of flavivirus and 

alphavirus RNAs significantly affect different cellular processes like polyadenylation115, 

stability115,221–225, and splicing115,223 of RNAs by binding and usurping the functions of 

cellular RNA binding proteins. Thus, we wished to explore whether coronaviruses – 

specifically SARS-CoV-2, may also interact with the cell by binding and usurping the 

functions of cellular RNA binding proteins. We focused on the SARS-CoV-2 leader RNA 

as a likely sink for cellular RNA binding proteins, given its abundance and presence on 

every plus sense RNA made by the virus. 

Next, we wanted to explore the potential that coronaviruses mRNAs might be 

capped in a regulated fashion. The premise for this hypothesis was that another positive 

sense RNA virus family that generates a subgenomic RNA – alphaviruses – does not 

uniformally cap all of its transcripts; the relative levels of127,222 capped vs. uncapped 

alphavirus RNA affects the dynamic of virion production129. Uncapped RNAs could, for 

example, function as long non-coding RNAs during infection and have very different 

impacts on the cell from their capped and translated counterparts. Thus, we explored 

the nature and extent of 5’end capping of coronavirus RNAs during a time course of 

infection. 

Finally, the methylation of the first transcribed nucleotide adjacent to the mRNA 

cap is an important modification for effective virus infections226. Methylation at the 2’-O 

of the ribose of the 5’ proximal nucleotide is used by cells in differentiating the mRNAs 
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that are self versus non-self227. Cellular IFIT1-based surveillance120 routinely scan 

capped mRNAs for 2’-O-methylation to suggest that they are cellular rather than 

invading transcripts. The absence of 2’-O-methylation activates the cellular interferon 

response220,227,228. Coronaviruses can methylate the 2’-O position because they encode 

a 2’-O-methylase, nsp16, avoiding the cellular surveillance system120. Interestingly, 

there is another cap-proximal methylation on the mRNAs that also could have a role in 

self versus non-self-recognition. All cellular mRNAs that initiate with adenosine have 

this residue also modified with methylation at the N6 position of the adenosine. This 

methylation is performed by the nuclear PCIF1 enzyme, generating an m6Am 

moiety207,229. Interestingly, all the mRNAs of all coronaviruses initiate with an A residue 

and have the 2’-O-methyl ribose modification; however, it is unknown if they contain a 

methyl at the N6 position of the adenosine. To date, there has been not virally encoded 

m6A modifying enzyme identified that is able to perform this modification on the first 

adenosine. We hypothesize; therefore, the SARS-CoV-2 mRNAs likely contain this 

m6Am modification at its 5’ terminal adenosine base by usurping the cellular enzyme 

PCIF1 to add it. This study was the first of its kind to our knowledge to examine this 

additional 5’ end modification as well as determine its potential impact on viral mRNAs. 
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HYPOTHESES 

 

 

 Our research tested the following hypotheses: 
 
  

- The abundant and conserved 5’ UTR of SARS-CoV-2 can impact cellular RNA 

biology by binding and sequestering cellular RNA binding proteins in the 

cytoplasm, thus impairing their function in cellular RNA processes.  

 

- The ratio of uncapped to capped SARS-CoV-2 mRNA is regulated and thus may 

vary during infection to provide adjustments for optimal host-viral interactions and 

gene expression. 

 

- As part of the molecular arms race between pathogens and cells, SARS-CoV-2 

has likely uncovered a way to usurp the cellular machinery to place an m6Am 

modification at the 5’ base of its mRNAs to escape a key RNA surveillance 

pathway and establish a highly productive infection. 
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MATERIALS AND METHODS 

 

Cell lines and culture conditions  
 

HeLa, HeLa PCIF1 KO, human embryonic kidney 293T (hereon referred as 

293T) (ATCC, CLR-3216), and 293T PCIF1 KO cell lines were cultivated in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Corning, 50-003-PC) supplemented with 10% fetal 

bovine serum (FBS, Sigma, F2442), 2mM L-glutamine (Gibco, 25030-081), 100 U/mL 

penicillin and 100 mg/mL streptomycin (Cytiva, CV30010) using 75cm2 cell culture 

flasks (T-75 flask, CELLSTARR, Greiner Bio-One, 658175) coated with poly-D-lysine 

hydrobromide (Sigma-Aldrich, P6407). HeLa-PCIF KO and 293T PCIF1 KO cell lines 

were generated using the CRISPR/Cas9 system and generously provided by Dr. Eric 

Greer’s laboratory at Harvard Medical School. 

The African green monkey (Cercopithecus aethiops) kidney cell line (Vero E6, 

ATCC CRL-1586) was cultivated in DMEM, supplemented with 10% FBS, 2mM L-

glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin, using uncoated T-75 cell 

culture flasks. 

The human lung epithelial cell line Calu3 (ATCC, HTB-55) was maintained in 

DMEM, supplemented with 15% v/v non-heat inactivated FBS, 2mM non-essential 

amino acids, 2mM L-glutamine, and 25mM HEPES buffer (Sigma-Aldrich, 83264). 

All cells were maintained at 370C, 5% CO2 in a humidified atmosphere as 

monolayer cultures and split when they reached 80%-90% of confluency by washing 

twice with 1X phosphate buffered saline (PBS, Cytiva, SH30256.01) and incubating with 
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0.25% trypsin (1X) solution (Cytiva, SH30042.01) at 370C for 3-5 minutes. Cells were 

re-plated at an ~1/10 dilution for passaging. 

 

Virus sample propagation and infections 
 

Severe acute respiratory syndrome coronavirus 2, isolate Wuhan-Hu-1 (SARS-

CoV-2, accession number NC_045512) and Zika virus, PRVABC59 strain (ZIKV, 

accession number KX377337) were courteously provided by Dr. Perera at Colorado 

State University. The ZIKV stock was propagated in our BSL-2 laboratory while SARS-

CoV-2 was maintained—and all infections were performed—under BSL-3 conditions. 

 For ZIKV viral propagation, we seeded 7x106 Vero cells in a T-175 flask 

(CELLSTARR, Greiner Bio-One, 660160) 24 hours before infection. ZIKV stocks were 

thawed inside the hood, the 1X PBS and infection media (DMEM supplemented with 2% 

FBS and 25mM HEPES) also were pre-warmed at 370C using a water bath. The 

necessary volume of viral inoculum for the desired multiplicity of infection (MOI) (e.g., 

0.01 for virus propagation) was calculated using the equation:  

 

 

The calculated volume of ZIKV stock was transferred to a 15ml conical tube 

(Corning,430791) and brought up to a final working volume of 10ml using pre-warmed 

infection media. Growth media was removed and discarded from the plated Vero cells 

and cultures were washed twice with 10ml pre-warmed 1X PBS prior to adding the ZIKV 

inoculum. Cultures were incubated at 370C and 5% CO2 for 2 hours with gentle rocking 
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every 15 minutes to ensure an even spread of the viral inoculum over the Vero cells 

monolayer. After the 2 hour adsorption period, the inoculum media was removed and 

replaced with 35ml of infection media. The cells were incubated for 96 hours at 370C 

and 5% CO2. ZIKV was harvested by transferring the media to a 50ml conical tube 

(Corning, 430829) and centrifuging at 180xg relative centrifugal force (rcf) at 40C for 10 

minutes. An aliquot of 200µl was used for viral titer determination using a plaque 

titration assay. The remaining supernatant was aliquoted in 15ml tubes and stored at -

800C until further use. 

The SARS-CoV-2 stock was propagated at CSU BSL3 facility using Dr. Perera’s 

Lab protocols. Briefly, in a standard BSL-2 laboratory, 1x107cells were plated one day 

prior to infection in T-175 flasks (CELLSTARR, Greiner Bio-One, 660160) in culture 

media for the chosen cell type. One flask serves as a mock-infected control and the 

other for infection. The flasks were maintained in a humidified incubator at 370C with 5% 

CO2. The flasks were transferred into BSL-3 room, a SARS-CoV-2 stock was thawed at 

370C, and the volume of virus needed to infect at the desired multiplicity of infection 

(MOI = 0.01) was determined as described above. The volume of virus calculated was 

raised up to 20ml with infection medium. The culture media was removed from T-175 

flasks and replaced with 20ml of fresh infection medium for mock-infected flask. The 

culture media was replaced with 20ml of infection medium containing virus the flask for 

infection. The flasks were incubated for 48–72 hours at 370C monitoring daily for 

evidence of cytopathic effect (CPE). We routinely used the mock-infected flask as a 

control for any non-specific subtle CPE that might be observed to ensure quality control 

at every step of inoculum production. The virus was harvested by collecting the cell 
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culture supernatant into two 15ml conical tubes and centirfuging at 450xg rcf for 5 

minutes at 40C to clarify supernatants and pellet cell debris. Next, the supernatants 

were combined into a single tube and gently mixed using a serological pipette to ensure 

homogeneity across aliquots of the stock. Finally, the supernatant was separated in 

aliquots of 1ml in O-ring tubes and stored at -800C. 

The concentration of viral stocks was determined by plaque titration on Vero 

cells. Briefly, 10-fold dilutions of viral stock in infection media were generated and 450µl 

of each dilution was added to a monolayer of 150,000 Vero cells/well seeded on 12-well 

plates (Greiner Bio-One, 665180) according to the scheme presented in figure 2.  

 

 

Figure 2. Plating scheme to determine viral titers. Titers were determined by plaque assay applying 
10-fold serial dilution—10-1-10-5—of viral stock on 12-wells plates seeded with Vero cells using the pattern 
shown. 

 

The plates were incubated for 2 hours for ZIKV and 1 hour for SARS-CoV-2 at 

370C and 5%CO2 to allow viral adsorption, then the media in each well was removed 

and replaced by infection media containing 2% agarose (Bio-Rad, 1613102EDU) in 1X 

PBS. The plates were incubated for 96 hours at 370C and 5%CO2. The cells were then 

fixed to the plate and virus inactivated by adding 4% v/v of formaldehyde in 1X PBS and 

incubating for 20 minutes at room temperature inside the hood. The fixative was 
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discarded, and the agarose media was removed before staining with 1ml of crystal 

violet stain (working solution 0.5% crystal violet in 20% ethanol) added to each well. The 

stained plates were incubated at room temperature for 20 minutes and the wells were 

rinsed repeatedly with tap water multiple times until washes become clear. The plaques 

were visualized by eye, counted, and the viral stock concentration was determined by 

applying the equation below:  

 

 

All SARS-CoV-2 infections were performed at the CSU Foothills campus BSL3 

facility following approved biosafety protocols. ZIKV infections were performed in a 

similar fashion under BSL2 conditions. Sub-confluent cells (e.g., Calu3, Vero, HeLa, 

and HeLa- PCIF1 KO cells) were infected at an MOI of 3 with SARS-CoV-2 virus for 48 

hours or mock infected. Viruses were incubated with the cells for one hour followed by a 

gentle wash of the monolayer with 10ml of pre-warmed 1X PBS to remove residual viral 

particles. The wash was discarded, and 10ml of fresh pre-warmed infection media was 

added to the flask. After 48 hours (or at the indicated times), media supernatant as well 

as the cells were collected in 1ml of TRIzol® Reagent (Ambion, by Life Technologies, 

15596018) and transferred into 1.5ml microfuge tubes for total RNA extraction. 

 

Protein-RNA binding predictions, crosslinking, and immunoprecipitation  
 

Mapping binding sites for RNA-binding protein PTBP1 
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Potential PTBP1 RNA binding sites on the SARS-CoV-2 leader sequence were 

predicted using the free web server RBPmap version 1.2 (http://rbpmap.technion.ac.il/). 

RBPmap uses the algorithm based on Weighted-Rank (WR) approach to map the 

protein binding sites on the RNA sequence230. Briefly, the PTBP1 RNA consensus 

binding motif and the SARS-CoV-2 leader sequence were entered as input to be 

mapped using the BLAST utility. RBPmap software calculated the match score for 

predicted PTBP1 binding motifs per each site in the leader sequence in an overlapping 

tiling fashion. Then, all the match scores bellow a significant threshold (P-value<0.005) 

were filtered out and the propensity of suboptimal motifs (default P-value<0.01) to 

cluster around the significant motif was calculated by a WR score. Finally, the sites 

falling into non-conserved regions were filtered out by the application of a conservation-

based filter. This generated a summary of the predicted binding sites in the leader RNA 

sequence for our protein of interest. 

 

SARS-CoV-2 leader RNA production and radiolabeling  
 

To assess whether the SARS-CoV-2 leader sequence can bind host RNA 

binding proteins, we designed gene-blocks to be synthesized by Integrated DNA 

Technologies (IDT). The gBlock constructs contained 75 nucleotides (nts) of the SARS-

CoV-2 5’ mRNA leader sequence with an SP6 promoter sequence at the 5’-end of the 

construct. A DNA template to generate a similarly sized control RNA was generated by 

cutting pGEM-4 plasmid at position 2629 with Nhe I-HF restriction enzyme (New 

England Biolabs, R3131S) and at position 61 with Hind III restriction enzyme (New 
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England Biolabs, R0104S) to obtain the 65 nucleotides long fragment along with the 

SP6 promoter at the 5’-end (see Table 1): 

 

Table 1: Overview of DNA templates to generate radiolabeled SARS-CoV-2 leader and control 
RNAs. The upper case bolded G represents the start site of transcription. 
 

 

 

The RNAs were generated and radiolabeled by in vitro transcription in the presence of 

[a32P]-UTP (Perking Elmer, BLU007X250UC) as previously described231. Briefly, in	

vitro transcribed RNAs were prepared using SP6 RNA polymerase (Thermo Scientific, 

EP0131) and internally labeled with [a32P] UTP. DNA templates in RNase-free water 

were incubated with 500mM cap analog (7MeGpppG), rNTP mix (500mM ATP, 500mM 

CTP, 50mM GTP, 50mM UTP), 45 mCi [a32P]-UTP (800 Ci/mmol), 20 units of 

RiboLock RNase inhibitor (Thermo Scientific, EO0381), 20 units of SP6 RNA 

polymerase (Thermo Scientific, EP0131), and transcription buffer (40mM Tris-HCl at pH 

7.6, 6mM MgCl2, 2mM spermidine, 10mM DTT) for 1 hour at 370C in a total volume of 

10 µL. The reaction was stopped by the addition of 90µL of RNase-free ddH2O and 100 

µL of phenol:cholorform:isoamyl alcohol (25:24:1). After ethanol precipitation in 2 M 

ammonium acetate, the transcripts were centrifuged, and the pellets washed with 70% 

ethanol. The pellets were resuspended in RNA loading buffer (7M urea, 25mM Tris-HCl 

at pH 7.6, 1mM EDTA at pH 8.0, 0.05% bromophenol blue, 0.05% xylene cyanol), 

denatured at 900C for 30 seconds, and loaded onto a 5% polyacrylamide denaturing gel 



37 

 

with 7 M urea. Following electrophoresis, transcripts were visualized by 

autoradiography, and the appropriate bands were excised and incubated in 400 µl of 

HSCB buffer (0.4M NaCl, 25mM Tris-HCl at pH 7.6, 0.1% SDS) with 40 µg of proteinase 

K (Sigma) at 250C overnight. Eluted RNAs were extracted with an equal volume of 

phenol:chloroform:isopropyl alcohol (25:24:1), ethanol precipitated, and centrifuged. 

The pellet was washed with 70% ethanol and resuspended in RNase-free ddH2O.  

 

Preparation of HeLa cytoplasmic extracts 
 

Aliquots of cytoplasmic HeLa cell extract were obtained as described at 

Sokoloski, et al.232. Briefly, large-scale preparations of cytoplasmic extract were 

produced from several liters of healthy and actively growing HeLa spinner cells at a 

density of approximately 1x106 cells/ml. HeLa cells were harvested by centrifugation at 

300xg rcf for 5 minutes at 40C and the pelleted cells were washed with ice-cold 1X PBS 

until a clear colorless supernatant was obtained. The cell pellet was gently resuspended 

in chilled Buffer A (10mM HEPES, pH 7.9, 1.5mM MgCl2, 10mM KCl, and 1mM DTT) for 

10 minutes for osmotic swelling. Next, the swollen cell suspension was transferred to a 

pre-chilled dounce and ten strokes were used to break the cell membrane. The cell 

lysate was transferred to a pre-chilled 50ml centrifuge tube and centrifuged at 850xg rcf 

for 10 minutes to clear the extract from intact nuclei. The cytoplasmic extract was 

removed and clarified by adding cold buffer B (300mM HEPES, pH 7.9, 30mM MgCl2, 

1.4M KCl) and centrifugating at 100,000xg rcf for one hour at 40C. Finally, the the 

cytoplasmic extract was adjusted to 10% glycerol, mixed, and separated in aliquots to 

be stored at -800C.  
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Protein-RNA crosslinking, and immunoprecipitation  
 

 Radiolabeled SARS-CoV-2 leader and pGEM-4 RNA sequences were incubated 

with HeLa cytoplasmic extracts for 10 minutes. Samples were transferred to a 

microplate placed on ice and RNA-protein complexes were covalently crosslinked using 

0.5J of UV light in a UV Stratalinker 2400 (Stratagene). The crosslinked samples were 

transferred to a 1.5ml microfuge tube and treated with RNase A (Millipore Sigma, 

10109142001), leaving only a small radioactive RNA oligomer crosslinked to proteins. 

PTBP protein-RNA complexes were then specifically immunoprecipitated by incubation 

with PTBP1 monoclonal antibody (Invitrogen, 32-4800) or a control normal mouse IgG 

polyclonal antibody (Millipore, 12-371) for 1 hour at 40C on a rotating platform. Note that 

the PTBP1 antibody was validated by immunoprecipitation and western blotting prior to 

use (Fig. 2B).  Samples were incubated with pre-washed Protein G magnetic beads 

(New England BioLabs, S1430) by rotating for 1 hour at 40C. The beads were washed 

with 500µl of LS-RIPA (Low Stringency-Radioimmunoprecipitation Assay) buffer (50mM 

Tris-Cl pH 7.5, 0.5% w/v sodium deoxycholate, 1% v/v NP-40, 0.05% w/v sodium 

dodecyl sulfate (SDS), 150mM sodium chloride, 1mM EDTA). Finally, all samples, 

including a separate fraction representing 10% of the input material, were incubated 

with 6X Laemmli SDS sample buffer (Thermo Scientific, J61337.AD) for 5 minutes at 

1000C and electrophoresed on a 10% SDS polyacrylamide gel. The position of 

crosslinked proteins on the gel was analyzed by phosphorimaging. 

 

RNA Splicing Analyses 
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RNA isolation and reverse transcription 
 

TRIzol® reagent samples collected as described above were processed by the 

addition of 200 µl of chloroform followed by vortexing and centrifugation at 16,100xg rcf 

and 40C for 10 minutes. The upper aqueous phase of each tube was transferred to 

1.5ml microfuge tubes containing 2µl of glycogen (Thermo Fisher, R0561). Isopropanol 

(500 µl) was added, mixed by inversion and the samples were centrifuged at 16,100xg 

rcf, 40C for 30 minutes. Supernatants were discarded, the pellets were washed with 

150µl of ice-cold 70% ethanol, then re-centrifuged at 16,100xg rcf, 40C for 10 minutes. 

Pellets were air-dried for ~5 minutes prior to resuspension in 160µl of RNAse-free 

water. The resuspended pellets were treated with 20µl DNase I buffer and 20µl of 

RNase free DNase I (Thermo Scientific, EN0521), and incubated at 370C for 30 

minutes. The RNA was extracted by adding 200µl of phenol:chloroform:isopropyl 

alcohol (25:24:1) and centrifugation for 15 minutes at 16,100xg rcf and 40C. The top 

aqueous layer containing RNA was transferred to a 1.5ml microfuge tube. 2µl of 

glycogen, 66µl of 10M of ammonium acetate, and 500µl of 100% ethanol were added, 

and tubes were incubated at -800C followed by centrifugation at 16,100xg rcf, 40C for 30 

minutes. The supernatants were discarded, the pellets were washed with 150µl of 70% 

ethanol, and centrifuged at 16,100xg rcf, 40C for 10 minutes. Pellets were air-dried and 

resuspended in 30µl of RNAse-free water. RNA concentrations were measured using a 

NanoDrop 2000c spectrophotometer (Thermo Scientific). 

 

Cloning and Sequencing 
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 Calu3 cells were seeded on 6-well plates at 150,000 cells per well and mock 

infected or SARS-CoV-2 infected at an MOI=3 on the next day. Cells were collected 48 

hours post infection (hpi) in TRIzol® and RNA was extracted as described above. The 

RNA was converted into cDNA by reverse transcription PCR (RT-PCR) using reverse 

transcriptase (ImProm-II; Promega, A3800) and random hexamer primers from IDT. 

After conversion, a high fidelity PCR procedure was used to amplify the cDNA using the 

exon-specific primers listed in Table 2 for each gene as well as Q5® High-Fidelity DNA 

polymerase (New England BioLabs, M0491). The amplification product was gel purified 

and cloned using an NEB® PCR cloning kit (E1202S). Next, the pMiniT plasmids, 

containing the cloned PCR products, were isolated by mini-preps (Zymo Research, ZR 

Plasmid MiniprepTM-Classic, D4016) and sent for Sanger sequencing to AZENTA 

(https://www.genewiz.com). Finally, the sequencing results were aligned using 

SnapGene 6 (https://www.snapgene.com). 

 

Table 2: Primers used for gene/exon-specific cloning 
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Cytoplasmic-nuclear separation and protein extraction  
 

Two sets of HeLa cells were plated for 12, 24, and 48 hpi collection times. One of 

the sets was mock-infected and the other set was SARS-CoV-2 infected (MOI=3). At the 

indicated collection time the cells were harvested with 0.25% trypsin (1X) solution and 

pelleted by centrifuging at 850xg rcf for 5 minutes. The pellets were washed with 1X 

PBS and 2x106 cells were transferred to a 1.5ml microfuge tube and pelleted by 

centrifugation at 850xg rcf for 3 minutes. The NE-PERTM nuclear and cytoplasmic 

extraction kit (Thermo Scientific, 78833) was used for the separation and preparation of 

cytoplasmic and nuclear fractions/extracts following the manufacturer’s protocol. Briefly, 

after cells were pelleted, the supernatants were discarded, 200µl of ice-cold cytoplasmic 

extraction reagent I (CER I) was added to each pellet, vortexed and incubated on ice for 

10 minutes. Then, 11µl of ice-cold cytoplasmic extraction reagent II (CER II) was added 

to each tube, vortexed, incubated on ice for 1 minute, and centrifuged for 5 minutes at 

16,100xg rcf. The supernatants containing the cytoplasmic extract were transferred to 

pre-chilled 1.5ml microfuge tubes and kept on ice until transfer from BSL3 facility to a 

BSL2 lab. The remaining pellets were resuspended with 100µl of ice-cold nuclear 

extraction reagent (NER), vortexed, incubated on ice for 40 minutes with vortexing 

every 10 minutes, and centrifuged for 10 minutes at 16,100xg rcf to lyse the nuclei. The 

supernatants, containing the nuclear extract, were transferred to pre-chilled 1.5ml 

microfuge tubes, and kept on ice until transfer from the BSL3 facility to BSL2. The 

extracts were either used immediately or stored at -800C until use. 
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PTBP1 knockdown 
 

To knockdown the expression of PTBP1 we used siRNAs and the jetPRIMER 

transfection reagent (Polyplus, 101000046). Briefly, the day before transfection, HeLa 

and 293T cell lines were individually plated on poly-D-lysine hydrobromide coated 6-well 

plates (Greiner Bio-One, 657165) in concentrations of 125,000 cells/ml. The following 

day 50nM of siRNA (Millipore Sigma, NM_002819) was diluted in 200µl of jetPRIMER 

buffer, and 4µl of jetPRIMER reagent was added to the mix. After 10 minutes at room 

temperature, the transfection mixture was added to the media of the plates with the 

seeded cells. The transfection step was repeated once more 24 hours later (to ensure 

efficient knockdown) and incubated for 48 hours at 370C. 

 

Protein extraction 
 

Semi-confluent cells in 6-well plates were washed with 1ml of pre-warmed 1X 

PBS, harvested by adding 500µl of 0.25% trypsin (1X) solution, and incubated at 370C 

for 3-5 minutes until cells detached from the bottom of the flask. Trypsin was inactivated 

by adding an equal volume of pre-warmed culture media and the cell clumps were 

disaggregated by gently pipetting up and down several times with a 10ml pipet. 

Samples were collected in a 15ml conical tube and centrifuged at 175xg rcf for 10 

minutes. Pelleted cells were resuspended with 1ml of 1X PBS, transferred to a 1.5ml 

microfuge tube, and centrifuged for 5 minutes at 16,100xg rcf at 40C in a 

microcentrifuge. Cell pellets were resuspended in 750µl of ice-cold LS-RIPA buffer 

supplemented with one caplet of protease inhibitor (cOmpleteTM, Mini, EDTA-free 

protease inhibitor cocktail, Roche, 11836170001) per 10ml of LS-RIPA buffer and 0.1 M 
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PMSF or phenylmethylsulfonyl fluoride (20µl per 10ml of LS-RIPA buffer). The 

suspension was sonicated on ice by applying 5 rounds of a 10 second pulse / 2 minutes 

rest, at power 6 (Fisher Scientific, Sonic Dismembrator, Model 100). After sonication, 

the samples were centrifuged at 16,100xg rcf in a microcentrifuge for 10 minutes at 40C. 

The supernatant was transferred to a new 1.5ml microcentrifuge tube and the total 

protein concentration was determined by a bicinchoninic acid (BCA) assay (PierceTM 

BCA protein Assay Kit, Thermo ScientificTM, 23225) following the manufacturer’s 

instructions. Briefly, 200µl of BCA mix was added to each tube containing 10 µl of total 

protein (or a standard) and the tubes were incubated at 600C for 5 minutes. A standard 

curve and total protein concentrations were determined by loading 2µl of each sample in 

a NanoDrop 2000c spectrophotometer (Thermo Scientific) and comparing the values 

obtained in the test samples to the values obtained for known protein standards.   

 

Western blots 
 

In a typical experiment, a sample volume containing 20µg of total protein per lane 

was mixed with an equal volume of 2X Laemmli sample buffer (Bio-Rad, 161-0737) and 

denatured at 1000C for 5 minutes. Samples were loaded on a 10% polyacrylamide gel 

along with a molecular weight marker (Thermo Scientific, PageRuler prestained protein 

ladder, 26616). Proteins that were separated by SDS-PAGE were then transferred to 

nitrocellulose membranes (Immobilon®-P transfer membrane, IPVH00010) using a 

Trans-Blot SD Semi-Dry Transfer cell apparatus (Bio-Rad). Membranes were blocked 

with 5% low-fat milk in 1X TBST (10mM Tris-Cl pH 8.0, 150mM NaCl, 1% Tween-20) by 

incubation with rotation for 1 hour at room temperature. The blocking solution was 
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replaced with a dilution of the indicated primary antibody (see Table 3) in 1X TBST and 

incubated overnight at 40C with rotation. Membranes were washed three times with 1X 

TBST and incubated with the appropriate secondary HRP-conjugated antibody for 1 

hour at room temperature. SuperSignalTM West Pico PLUS chemiluminescent substrate 

(Thermo Scientific, 34580) was used for visualization with Azure Sapphire biomolecular 

imager (azure biosystems) and Sapphire Azure biosystems software. 

 

Table 3: Antibodies used in this study 

 

 

Plaque assay 
 

Vero cells were seeded at 1.5x105 cells per well in 12-well plates (Greiner Bio-

One, 665180), using DMEM supplemented with 10% FBS, 100 U/mL penicillin and 100 

mg/mL streptomycin. Cultures were incubated at 370C in a humidified atmosphere with 

5% CO2 for 24 hours before infection. Serially diluted virus was allowed to adsorption 

onto confluent cell monolayers (ZIKV for 2 hours; SARS-CoV-2 for 1 hour). Following 
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adsorption, media was aspirated, and the infected monolayers were covered with an 

overlay media containing agarose at 0.5% final concentration to prevent uncontrolled 

viral spreading due to mechanical or convectional flow of the liquid media during viral 

propagation. Plates were incubated for 96 hours (ZIKV) or 48 hours (SARS-CoV-2) and 

followed our standard plaque assay protocol outlined above using crystal violet, For 

SARS-CoV-2 infected plates, all steps were performed in BSL3 setup.  

 

Fragmentation and double pulldown for m6A assays 
 

Fragmentation 

Using small tubes designed to be used in polymerase chain reaction, known as 

PCR tubes, 18µl of 1µg/µl RNA per reaction were mixed with 2µl of 10X RNA 

fragmentation buffer (NEBNext Magnesium RNA fragmentation kit, NEB, E6150S) and 

incubated for 3 minutes at 940C. The tubes were placed on ice, 2µl of stop solution were 

added and then the tubes were placed at -800C. After fragmentation, the tubes were 

centrifugated and the RNA was ethanol precipitated and resuspended in 18µl of RNAse-

free water. Samples were stored at -800C until use. 

Pull-down 1: RNA cap-pulldown 
 

Five µg of fragmented RNA was mixed with 230µl LS-RIPA buffer, 3µl RiboLock, 

and 5µg of anti-cap (anti-m7G) antibody (MBL, Medical & Biological Laboratories) or 

anti-normal mouse IgG (Millipore) antibody. The mixture was incubated for 2 hours at 

40C with rotation. Twenty-five µl of protein G magnetic beads were pre-washed with 

250µl LS-RIPA buffer (supplemented with protease inhibitor), separated using a 

magnetic stand, resuspended with 25µl of supplemented LS-RIPA buffer, and added to 
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the sample tubes. The mix, sample-antibody-magnetic beads was incubated for 1 hour 

at 40C, with rotation. Protein G beads were separated with a magnetic stand and the 

supernatants were collected. The magnetic beads were washed 3 times with 600µl LS-

RIPA buffer and once with 600µl of 1X PBST (1X PBS, %0.1 Tween®20 detergent). The 

magnetic beads were then resuspended in 100µl of TEDS (10mM Tris-Cl, 1mM EDTA, 

%1 Sodium cholate, %0.1 NP-40) buffer containing 1mM DTT and incubated for 45 

minutes at 700C to release the captured RNA from the beads. After incubation, 300µl of 

TRIzol® and 80µl chloroform were added, samples were vortexed, and centrifuged at 

16,100xg rcf, 40C for 15 minutes in a microcentrifuge. The aqueous upper layer was 

transferred to 1.5ml centrifuge tube containing 1.5µl glycogen and 350µl isopropanol 

and pelleted in a microcentrifuge at 16,100xg rcf for 30 minutes at 40C. The pelleted 

RNA fragments were rinsed with 150µl of 70% ethanol and centrifuged at 16,100xg rcf, 

40C for 15 minutes in a microcentrifuge. Supernatants were discarded and the pellets 

were air dried and resuspended in 10µl of water. One µl was used for reverse 

transcription and ddPCR to quantify SARS-CoV2 capped fragments recovered. 

 

Pull-down 2: Capped-RNA: m6A-pulldown  
 

To proceed with the second pulldown, the previously resuspended cap antibody 

immunoprecipitated pellets were mixed with 230µl of supplemented LS-RIPA buffer, 3µl 

of RiboLock, and 2µg of anti-m6A antibody (Millipore) followed by 2 hours incubation 

with rotation at 40C. Protein G magnetic beads were washed and added to the reaction 

as described above for the first pulldown. The protein G beads were separated from the 

mixture with a magnetic stand, supernatants were collected, and the beads were 
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washed 3 times with 600µl LS-RIPA buffer. The beads were resuspended in 100µl of 

TEDS with 1mM DTT, incubated for 45 minutes at 700C, and then transferred to 1.5ml 

microfuge tubes containing 300µl of TRIzol®. To isolate the RNA, 80µl of chloroform 

were added, vortexed and centrifuged at 16,100xg rcf, 40C for 15 minutes in a 

microcentrifuge. The upper layers were transferred to 1.5ml microfuge tubes containing 

2µl glycogen, 99µl of 10M ammonium acetate, and 750µl of 100% ethanol. The samples 

were incubated for 5 minutes at -800C and centrifuged at 16,100xg rcf 40C for 30 

minutes. The supernatants were discarded, and the pellets were washed with 150µl of 

70% ethanol. After centrifugation at 16,100xg rcf for 5 minutes, the supernatants were 

discarded, and the pellets were air-dried. Finally, the pellets were resuspended in 5µl 

TE (10mM Tris-Cl, 1mM EDTA, pH 8.0) buffer, we used these RNAs to perform reverse 

transcription and ddPCR. 

 

Semi-quantitative PCR 
 

All reactions were assembled by mixing the reaction components (see table 4) in 

a tube on ice.  

 

 

 

 

 

 

 

 

 



48 

 

Table 4: Semi-quantitative PCR components  

 

 

Mix the components by tapping the tubes and give a quick spin to collect all the 

liquid to the bottom of the tubes. Transfer the PCR tubes to the thermocycler and 

procede to run the PCR protocol as follow: 

 

Table 5: semi-quantitative PCR cycling conditions.  
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Agarose gels 
 

Some PCR products were evaluated by agarose gel electrophoresis in a semi-

quantitative fashion. The DNA samples were prepared by mixing 25µl of each PCR 

product with 5µl of 6X TriTrack DNA loading dye (Thermo Scientific, R1161) and loaded 

onto 1% agarose gels in 1X TAE buffer (40mMTris-acetate, 1mM EDTA) to resolve the 

samples. GeneRuler 1kb Plus DNA ladder (Thermo Scientific, SM1333) was used as a 

size marker. Gels were imaged using Gel DocTM EZ Imager (Bio-Rad) and Image Lab 

software. 

 

Digital droplet PCR (ddPCR) analyses 
 

All kit components were warmed to room temperature, homogenized by 

vortexing, and clarified by a quick spin in a microcentrifuge. We used 1µl and 4µl from 

the first and second pulldown (as described above in the cap/m6A pulldown strategy) 

respectively. The reaction mixes were prepared according to Table 6. For droplet 

generation, 20µl of each reaction mix were loaded per well of a DG8TM cartridge for the 

QX200TM/QX100TM droplet generator (Bio-Rad, 1864008) followed by the addition of 

70µl of QX200 droplet generation oil for EvaGreen® (Bio-Rad, 1864005 or 006) into the 

wells.  Cartridges were placed into the automated droplet generator. After droplet 

generation, plates containing ddPCR droplets were removed, sealed using the PX1 

PRC plate sealer, and subjected to thermal cycling following the conditions showed in 

Table 7. The QX200 droplet reader was used to read the droplets.  
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Table 6: Digital Droplet PCR Components  

 

 

 

 

 

Table 7: Digital Droplet PCR cycling conditions 
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RESULTS 

 

SARS-CoV-2 leader RNA can interact with the cellular alternative RNA splicing 

factor PTBP1 

 
Polypyrimidine tract-binding protein 1 (PTBP1) is an important splicing factor that 

is expressed in most human cell types233. While previous studies showed that the leader 

RNA, a ~75 base region at the 5’ end, from various betacoronaviruses can interact with 

PTBP188, it is unknown if SARS-CoV-2 leader RNA is able to interact with the cellular 

splicing factor. We hypothesize that in addition to perhaps using PTBP1 to directly 

promote viral replication, the binding and sequestration of the factor by abundant SARS-

CoV-2 RNAs (or other betacoronavirus RNAs) could also interfere with the normal 

function of the PTBP1 protein in splicing. This could represent a novel molecular 

mechanism that contributes to pathogenesis. Therefore, we decided to explore whether 

the abundant SARS-CoV-2 leader RNA could indeed interact with the cellular PTBP1 

protein. 

Using the RBPmap web server we bioinformatically investigated whether the 

PTBP1 RNA consensus binding motif, CUCUCU, was present in the leader RNA of 

SARS-CoV-2. As shown in Figure 3A, SARS-CoV-2 leader RNA possesses two motifs 

with five-out-of-six matches to the consensus PTBP1 binding sequence. To definitively 

demonstrate that PTBP1 could indeed bind to these motifs, we first validated a PTBP1 

antibody for immunoprecipitation assays. As shown in Figure 3B, anti-PTBP1 antibody 

(a-PTBP1) effectively and specifically immunoprecipitated PTBP1 from HeLa total cell 

extracts compared to a control IgG antibody. Finally, we performed a UV crosslinking 
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assay combined with a-PTBP1 immunoprecipitation to directly demonstrate a specific 

interaction between the SARS-CoV-2 leader RNA and PTBP1 protein. We incubated 

radiolabeled leader RNA and a similarly sized control RNA derived from the pGEM4 

polylinker with HeLa cytoplasmic extracts followed by irradiation with UV light to 

covalently cross-linked closely associated proteins to the RNA. Following RNAse A 

treatment to leave only small radioactive RNA oligomers attached to cross-linked 

proteins, we analyzed the samples on a 10% SDS polyacrylamide gel before or after 

immunoprecipitation using a-PTBP1 or control IgG antibodies. As seen in Figure 3C, 

while the control RNA failed to cross-link to PTBP1, the SARS-CoV-2 leader RNA 

specifically cross-linked to a ~55-57 kD band that was immunoprecipitated with anti-

PTBP1 antibodies. Therefore, we conclude that the SARS-CoV-2 leader RNA is indeed 

capable of interacting with the cellular PTBP1 protein. These findings suggest that 

SARS-CoV-2 infection in general might have a large impact on PTBP1-regulated RNA 

splicing and possibly other PTBP1-regulated processes in infected cells. 

Alternative splicing is a process during gene expression that allows for the 

selection of different combinations of splice sites within a pre-mRNA producing multiple 

protein isoforms from a single gene234. PTBP1 has been shown to regulate the 

alternative splicing of many mRNAs235–237. In this study, we focused on the analysis of 

the alternative splicing of four PTBP1-regulated genes during SARS-CoV-2 infection 

due their possible contributions to the biology of infection.  
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Figure 3. The SARS-CoV-2 leader RNA can interact with the cellular PTBP1 protein. Panel A: The 
RBPmap software program (http://rbpmap.technion.ac.il/) indicates that the SARS-CoV-2 leader RNA 
contains two near-consensus CUCUCU PTBP1 binding motifs. Panel B: total cellular protein extracts from 

HeLa cells were incubated with anti-IgG antibody (a-IgG) or anti-PTBP1 antibody (a-PTBP1). Western 

blot shows the detection of PTBP1 in cellular extracts after specific PTBP1 immunoprecipitation using a-
PTBP1 in the immunoprecipitated (IP) fraction/lanes, while the IP fraction/lanes from unspecific 

immunoprecipitation using a-IgG did not show PTBP1 presence.SN lanes indicate the supernatant of the 
immunoprecipitation reactions and the numbers on the left indicate the molecular weight (MW) of marker 
proteins in kD. Panel C: A control RNA derived from the pGEM4 polylinker (Control RNA lanes) and the 
SARS-CoV-2 RNA (CoV-2 RNA lanes) were incubated with HeLa cytoplasmic extract, and bound proteins 
were cross-linked to the RNAs using UV light. RNA-protein complexes were treated with RNAse A to 
leave a short cross-linked radiolabeled RNA oligomer. Then, the samples were electrophoresed on a 10% 
SDS gel either before (X-linked lanes) or after immunoprecipitation using control IgG antibodies (IgG-IP 
lanes) or PTBP1-specific antibodies (PTBP1-IP lanes). The green arrow indicates the ~55-57kD PTBP1 
cross-linked protein. Molecular weight markers (in kD) are labeled for the MW lane on the left. 

 
 

 

PTBP1-regulated gene FMNL2 is mis-spliced during SARS-CoV-2 infection 
 

FMNL2 (Formin Like 2) protein is required for the regulation of actin filament 

dynamics, the organization of the cytoskeleton, and the regulation of cell 

morphology238,239. Recently, it was demonstrated that SARS-CoV-2 infection causes 

alterations in the actin cytoskeleton leading to changes in cellular shape and the 

formation of longer protrusions in cells240–242. The modification of the host cell’s actin 
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cytoskeleton is a conserved mechanism observed in coronavirus and other virus 

infections, suggesting its importance for infection efficiency240,243,244. Importantly for this 

project, alternative splicing of the FMNL2 mRNA has been shown to be regulated by 

PTBP1245. 

To determine if the FMNL2 mRNA demonstrates dysregulated splicing during 

SARS-CoV-2 infection, we generated PCR primers pairs to span a region of the FMNL2 

pre-mRNA (exons 21-27) whose splicing is regulated by PTBP1. This portion of the 

mRNA obtained from uninfected or SARS-CoV-2-infected Calu3 cells was amplified 

using RT-PCR. As shown in Figure 4A, we detected slight alterations in the migration 

pattern of the ~720bp PCR product of the FMNL2 targeted region as well as the 

appearance of a large ~1,500bp product, which were consistent with possible 

alternative splicing. To investigate whether there was indeed dysregulated alternative 

splicing in this region during SARS-CoV-2 infection, we sequenced RT-PCR products 

from two independent uninfected or 6 independent SARS-CoV-2 infected Calu3 

cultures. As seen in Figure 4B, we identified retention of a portion of the intron between 

exons 26 and 27 in all FMNL2 mRNAs from infected cells, which was never observed in 

uninfected samples. Curiously, the observed band of ~1500 bp in RT-PCR amplified 

products from infected cells in Figure 4A does not represent an alternative spliced 

product but rather represents the non-specific amplification of a portion of the SARS-

CoV-2 S (Spike) gene. Why this region of the viral RNA was consistently amplified in 

our experiments is unclear as there is no significant homology noted to our FMNL2 

primers. In summary, our results indicate that infection with SARS-CoV-2 affects cellular 
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splicing by causing the activation of cryptic intronic splice sites, resulting in partial intron 

retention in the PTBP1-regulated FMNL2 mRNA.  

 
 

Figure 4. SARS-CoV-2 infection dysregulates the splicing of the PTBP1-regulated FMNL2 
pre-mRNA. Panel A. Calu3 cells were mock-infected (Uninf. lanes) or infected for 48 hrs with 
SARS-CoV-2 (Inf. lanes). Total RNA was obtained and analyzed by RT-PCR using primers 
specific for exons 21 and 27. The green arrows indicate the mis-spliced band of interest (lower 
arrow) or a non-specifically amplified piece of SARS-CoV-2 viral RNA (upper arrow). Molecular 
weight markers (MW lane) are shown on the left. Panel B. The ~750bp PCR product amplified 
from uninfected or infected cells was extracted from agarose gels and analyzed by Sanger 
sequencing. Results diagram the consistent retention of a partial intron segment between exons 
26 and 27in SARS-CoV-2-infected cells. 

 
 
 

TPM1, another PTBP1-regulated gene, is also mis-spliced during SARS-CoV-2 

infection 
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To determine whether the dysregulation of the PTBP1 regulated FMNL2 mRNA 

was an isolated event, we extended our observation of SARS-CoV-2-induced mis-

splicing to another PTBP1-regulated cellular mRNA: TPM1 (Tropomyosin1). TPM1 

encodes an actin-binding protein that plays a role regulating the contractile system of 

striated and smooth muscles and the cytoskeleton coordination of non-muscle cells246. 

As noted above for FMNL2, cytoskeletal rearrangements may play a key role in many 

viral infections. Furthermore, altered TPM1 expression/splicing may be important 

because myocardial and vascular injuries related to SARS-CoV-2 infections are the 

principal cause of acute cardiac injury associated with COVID-1930. To analyze the 

splicing pattern of a PTBP1-regulated region of the TPM1 pre-mRNA in infected and 

uninfected Calu3 cells by RT-PCR, we generated TPM1-specific forward and reverse 

PCR primers spanning exons 2-8. As shown in Figure 5A, we observed that there was a 

slight increase in size of the ~670 bp PCR product using total RNA from SARS-CoV-2 

infected cells as compared to the product amplified from uninfected cells, as well as the 

appearance of a novel, infection-specific ~1,500 bp product. PCR products were cloned 

and sequenced to provide a detailed analysis of SARS-CoV-2-induced dysregulated 

splicing in this region. As diagrammed in Figure 5B, infecting cells with SARS-CoV-2 (8 

independent samples) resulted in the reproducible loss of exon 6 in the TPM1 mRNA 

and the inclusion of a portion of the intron between exons 6 and 7 due to the activation 

of cryptic splice sites never seen with total RNA from uninfected cells (4 independent 

samples shown). This novel inserted region represents exon 6b which is occasionally 

observed in the alternative splicing of the TPM1 pre-mRNA in other tissues 

(https://omim.org/entry/191010).  We also observed non-specific amplification by the 



57 

 

primers of another ~1,500 base portion of the SARS-CoV-2 genomic RNA like what we 

observed with FMNL2 in Figure 4. This time, however, the unexplainable amplified 

product was from the N (nucleocapsid) gene (and once again no sequence similarity to 

the primers used was noted). These data, along with the similar observation we made 

with the FMNL2 primers noted in Figure 4A, suggest some promiscuity of regions of the 

coronaviral genome for nucleic acid interactions and possibly recombination. However, 

most importantly, we conclude from our data that infection with SARS-CoV-2 affects 

exon skipping and intron inclusion in the PTBP1-regulated portions of the TPM1 pre-

mRNA. 

 
 
 

Figure 5. SARS-CoV-2 infection dysregulates the splicing of the PTBP1-regulated TPM1 
pre-mRNA. Panel A. Calu3 cells were mock-infected (Uninf. Lanes) or infected for 48 hrs with 
SARS-CoV-2 (Inf. Lanes). Total RNA was obtained and analyzed by RT-PCR using primers 
specific for exons 2 and 8. The green arrows indicate the mis-spliced band of interest (lower 
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arrow) or a non-specifically amplified piece of SARS-CoV-2 viral RNA (upper arrow). Molecular 
weight markers (MW lane) are shown on the left. Panel B. The ~750bp PCR product amplified 
from uninfected or infected cells was extracted from the agarose gel and analyzed by Sanger 
sequencing. Results diagram the retention of a partial intron segment between exons 6 and 7 and 
the exclusion of exon 6 in infected cells. 

 
 

ACTN4 and TEAD3 PTBP1-regulated gene, shown altered splicing patterns during 

SARS-CoV-2 infection 

 

To further generalize the effect of SARS-CoV-2 infection on the splicing of 

PTBP1-regulated pre-mRNAs, we analyzed the splicing patterns of PTBP1-regulated 

the cellular ACTN4 and TEAD3 mRNAs. The protein encoded by ACTN4, alpha-actinin-

4, is a member of the spectrin superfamily247, it is expressed in non-muscle cells, and is 

involved in cellular motility and adhesion248,249. On the other hand, the transcriptional 

enhanced associated domain (TEAD) conforms a family of transcription factors 

(TEAD1-4) expressed in most human tissues250 regulating transcription.  

Following the same approach that we used to analyze splicing of the FMNL2 and 

TPM1 mRNAs, we generated sets of PCR primers specific for PTBP1 regulated regions 

of the ACTN4 (exons 17-20) and TEAD3 (exons 2-9) pre mRNAs and analyzed overall 

splicing patterns in infected and uninfected Calu3 cells by RT-PCR. As seen in Figure 

6A, we observed the appearance of a larger band as well as a low amount of a shorter 

PCR product in total RNA from SARS-CoV-2 infected cells as compared to uninfected 

cells for ACTN4. Interestingly, we observed at least four novel bands in the PCR 

products of total RNA from SARS-CoV-2 infected cells compared to uninfected cells for 

the TEAD3 mRNA (Figure 6B). From these data, we conclude that infection with SARS-

CoV-2 likely also affects the splicing pattern of these PTBP1-regulated pre-mRNAs. 
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Figure 6. SARS-CoV-2 infection dysregulates the splicing patterns of PTBP1-regulated pre-
mRNAs ACTN4 and TEAD3. Panel A. Calu3 cells were mock-infected (Uninf. Lanes) or infected 
for 48 hrs with SARS-CoV-2 (Inf. Lanes). Total RNA was obtained and analyzed by RT-PCR 
using primers specific for exons 17 and 20 of the ACTN4 pre-mRNA. The green arrow indicates a 
potentially mis-spliced band of interest. Molecular weight markers (MW lane) are shown on the 
left. Panel B. Calu3 cells were mock-infected (Uninf. Lanes) or infected for 48 hrs with SARS-
CoV-2 (Inf. Lanes). Total RNA was obtained and analyzed by RT-PCR using primers specific for 
exons 2 and 9 of the TEAD3 mRNA. The green arrows indicate potentially mis-spliced bands of 
interest. Molecular weight markers (MW lane) are shown on the left. 

 

PTBP1 is retained in the cytoplasm of SARS-CoV-2 infected cells preventing its 

normal function 

 

While PTBP1 functions mainly in regulating alternative splicing, the protein has 

also been implicated in multiple aspects of RNA metabolism in both the nucleus and in 

the cytoplasm of eukaryotic cells75. Consistent with this, PTBP1 is known to shuttle 

along with mRNAs out of the nucleus to the cytoplasm –and then be imported back into 
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the nuclear compartment79. Based on our in vitro observations reported using 

biochemical reconstitution assays and virally infected cells (Figures 3-6 above), we 

hypothesize that the abundant SARS-CoV-2 RNA leader region likely binds PTBP1 in 

the cytoplasm and may prohibit its return to the nucleus, consequently resulting in the 

observed dysregulation of the splicing of PTBP1-regulated pre-mRNAs seen in Figures 

4-6. Thus, we hypothesize that we may observe an accumulation of PTBP1 in the 

cytoplasm of infected cells due to the influence of the PTBP1-SARS-CoV-2 leader 

interaction. To directly address our hypothesis, we extracted cytoplasmic and nuclear 

fractions from mock-infected or SARS-CoV-2 infected HeLa cells at 12, 24, and 48 

hours post infection (hpi), followed by the detection of PTBP1 presence using our 

validated anti-PTBP1 antibody. As seen in Figure 7A and B, we detected a progressive 

redistribution of PTBP1 from the nucleus to the cytoplasm over the time course of 

infection. Notably, the relative levels of PTBP1 in the nucleus and cytoplasm did not 

vary during the time course in uninfected cells. Therefore, we conclude that PTBP1 

progressively redistributes from the nucleus to the cytoplasm in SARS-CoV-2 infected 

cells, and that this redistribution is consistent with its interaction with the SARS-CoV-2 

leader RNA. This redistribution of PTBP1 from the nucleus to the cytoplasm was 

observed decades ago with other betacoronavirus infections88, suggesting that it may 

be conserved aspect of coronavirus-host interactions. 
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Figure 7. PTBP1 becomes increasingly cytoplasmic during SARS-CoV-2 infection. Panel A. HeLa 
cells were infected with SARS-CoV-2 and cytoplasmic and nuclear fractions were obtained at the 
indicated time points post infection. The presence of PTBP1 in the fractions were analyzed by western 
blotting. We observed an increment of PTBP1 in the cytoplasmic fraction through the infection, the 

collection time are indicated to the left, b-Tubulin and A/C Lamin as cytoplasmic and nuclear markers 
respectively. Panel B: quantification of western blot from panel A, compared to the presence of PTBP1 in 
the cytoplasm and nucleus of uninfected cells.  

 
 

Knocking down PTBP1 and SARS-CoV-2 infection both influence the expression 

of TPM1 in a similar fashion 

 

Our results on the interaction of PTBP1 with the SARS-CoV-2 leader RNA 

(Figure 3C) and the mis-splicing of PTBP1-regulated genes observed in Figures 4-6 are 

consistent with our hypothesis that PTBP1 is sequestered in infected cells and 

prevented from carrying out its normal function. Therefore, we wished to obtain 

additional data to suggest that PTBP1 function is disrupted in SARS-CoV-2 infected 

cells. To address this, we used small interfering RNAs (siRNAs) to knockdown PTBP1 

expression (Figure 8A) and analyzed the impact of low functional levels of PTBP1 on 
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the cell. Curiously, TPM1 was expressed at very low levels in uninfected HeLa or 293T 

cells as seen by semi-quantitative RT-PCR assays (Figure 8B). However, when PTBP1 

expression was knocked down using siRNA, the expression of TPM1 in both cell lines 

was activated (Figure 8B). Interestingly, as seen in Figure 9, TPM1 expression was also 

activated when HeLa or 293T cells were infected with SARS-CoV-2. TPM1 expression 

was also dramatically increased by SARS-CoV-2 infection of Calu3 cells which naturally 

produce higher baseline levels of the mRNA in uninfected cells. Therefore, we conclude 

that SARS-CoV-2 infection mimics PTBP1 knockdown by inducing the expression of 

TPM1 in three independent cell lines. These data provide additional evidence indicating 

PTBP1 activity is likely impaired during SARS-CoV-2 infection.  
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Figure 8. PTBP1 knockdown in HeLa and 293T cells influences TPM1 gene expression. 
Panel A. The gel on the left is a western blot using anti-PTBP1 antibodies on total protein 
obtained from wild type (Control lane) or PTBP1 siRNA knock down (PTBP1 kD lane) cells; the 
quantification of this gel is shown on the right. Panel B. HeLa or 293T cells were transfected with 
the indicated amount of siRNA to knock down PTBP1 expression. Total RNA was obtained and 
analyzed by RT-PCR using TPM1-specific primers that amplified exons 2-9. RT-PCR products 
were analyzed on a 1% agarose gel. Molecular weight (MW) markers are shown on the on the 
left. GAPDH levels were determined by RT-PCR as a control for equivalent levels of starting RNA 
and are shown in the lanes below the main gel.  
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Figure 9. SARS-CoV-2 infection influences TPM1 gene expression in HeLa, 293T, and 
Calu3 cells, mimicking the results obtained when PTBP1 expression is knocked down. The 
expression of TPM1 was evaluated in HeLa, 293T, or Calu3 cells following mock infection (Uninf. 
lane) or infection with SARS-CoV-2 at MOI 3 (Inf. lane) for 48 hours. Total RNA was obtained and 
analyzed by RT-PCR using TPM1-specific primers that amplified exons 2-9. RT-PCR products 
were analyzed on a 1% agarose gel. Molecular weight (MW) markers are shown in the lane on 
the left. GAPDH levels were determined by RT-PCR as a control for equivalent levels of starting 
RNA and are shown in the lanes below the main gel. 

 
 

SARS-CoV-2 uses the cellular PCIF1 to methylate the 5’ terminal fragments of its 

RNA  

 

Cellular mRNAs present different nucleotide modifications that regulate their fate 

in the cell251. Two common nucleotide modifications in mRNAs are an internal N6-

methyladenosine (m6A)252 and an N6,2’-O-dimethyladenosine (m6Am) found at the cap 

proximal first encoded nucleotide174. All cellular mRNAs that have adenosine as first 

encoded nucleotide contain an N6 methylation mediated by PCIF1 (Phosphorylated 

CTD Interacting Factor 1)229. SARS-CoV-2 mRNAs also begin with an adenosine at the 

first position3, but no RNA virus to date appears to encode an identifiable m6A modifying 

enzyme25. Interestingly, methylations at the first nucleotide can play a major role in 
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differentiating ‘self’ versus ‘non-self’ mRNAs in the host cell 253 192. We hypothesize; 

therefore, that SARS-CoV-2 may have uncovered a way to usurp the cellular machinery 

to incorporate the N6 methylation portion of the m6Am modification in the 5’ terminal 

region of its mRNAs to make them look as ‘self’ as possible to establish a highly 

productive infection. The goal of our study is to lay a foundation for gaining novel 

insights into a growing area of viral RNA epigenetics and identify a potential avenue for 

broad anti-coronaviral therapeutic intervention at a very early step in virus gene 

expression/host interaction via disruption of viral m6Am formation.  

 

m6A modifications are present in SARS-CoV-2 transcripts 
 

 Our first goal was to determine if m6A modifications occurred at all on SARS-

CoV-2 RNAs. We infected African green monkey kidney cells (Vero) with SARS-CoV-2 

virus and obtained total RNA over a time course of the infection. RNAs containing an 

m6A modification were immunoprecipitated using an anti-m6A antibody254–256. As seen in 

Figure 10, SARS-CoV-2 mRNAs clearly contain m6A modified adenosines as viral RNAs 

were precipitated using the anti-m6A antibody but not by control IgG antisera. Therefore, 

we conclude that SARS-CoV-2 RNAs can be added to the growing list of viral 

transcripts that are m6A modified during infections208. 
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Figure 10. Adenosines of SARS-CoV-2 transcripts are methylated at the N6 position (m6A). 
Vero cells were infected with SARS-CoV-2 at MOI 5. Total RNA was obtained at 6, 12, 24, and 48 
hours post infection (hpi), and immunoprecipitated with anti-m6A or anti-IgG antibodies as 
indicated at the top of the gel. The immunoprecipitation products were analyzed by RT-PCR 
using SARS-CoV-2 specific primers that amplified the viral 5’ leader sequence. Results after 
electrophoresis of the RT-PCR products on a 1% agarose gel are shown with molecular weight 
(MW) markers loaded on the left. NTC lanes indicate PCR reactions performed with a ‘No 
Template Control’ and the Uninf. lane refers to reactions run using total RNA from uninfected 
Vero cells.  

 
 

An m6A modification is present in the cap-proximal region of SARS-CoV-2 

transcripts 

 

Knowing that (1) the SARS-CoV-2 transcripts present m6A modification and (2) 

that we can effectively detect it, our next step was to determine if the viral RNAs contain 

an m6A modification on the cap proximal adenosine. To achieve this goal, we opted to 

use an RNA fragmentation, dual-immunoprecipitation approach that is outlined in Figure 

11. Total RNA was obtained at different times post infection from SARS-CoV-2 infected 

Vero cells and fragmented to ~200 base pieces using the NEBNext magnesium RNA 

fragmentation module. Next, two successive rounds of immunoprecipitation were 

performed to first isolate 5’ capped terminal RNA fragments using the anti-m7G cap 

antibody and then to specifically isolate m6A modified capped 5’ RNA fragments using a 
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monoclonal anti-m6A antibody. Finally, RT-PCR was used to detect RNA fragments 

containing the 5’ SARS-CoV-2 leader sequence. As seen in Figure 12A, capped SARS-

CoV-2 viral RNA fragments were specifically isolated using anti-m7G antibodies as 

compared to the use of control IgG antibodies. As seen Figure 12B, m6A-containing 

SARS-CoV-2 RNA fragments were specifically isolated from the pool of capped RNA 

fragments, indicating that the m6A modification is indeed present on the 5’ terminal 

fragments of SARS-CoV-2. Finally, as shown in Figure 13, we assessed the level of 

m6A-containing capped terminal SARS-CoV-2 RNA fragments over the time course of 

infection using either semi-quantitative RT-PCR (Figure 13A) or quantitative digital 

droplet RT-PCR (Figure 13B). Collectively, these data clearly demonstrate that 5’ 

terminal capped RNA fragments from SARS-CoV-2 RNAs do contain an m6A 

modification, consistent with our hypothesis that the 5’ terminal A residue of SARS-CoV-

2 transcripts contains the m6Am modification. 
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Figure 11. Workflow for a cap/m6A double pulldown using fragmented RNA. First, we 
infected Vero cells with SARS-CoV-2 for the times indicated. Next, we obtained total RNA from 
the cells using TRIzol® and fragmented them using the NEBNext magnesium RNA fragmentation 
module to obtain RNA fragments of ~200 bases. Next, we performed consecutive 
immunoprecipitations of the fragmented RNAs using anti-m7G antibodies to isolate 5’ capped 
RNA fragments and then with anti-m6A antibodies to ultimately obtain ~200 base RNA fragments 
that were both capped and m6A modified. Finally, the products of this double pulldown were 
analyzed by RT-PCR using SARS-CoV-2 specific primers that amplified the viral 5’ leader 
sequence. 
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Figure 12. Capped 5’ terminal fragments of SARS-CoV-2 RNAs contain an m6A 
modification. Panel A: Fragmented RNA obtained as described above (Input lane) was 
immunoprecipitated using anti-m7G antibody (cap lane) or anti-IgG antibody (IgG lane) and 
analyzed by RT-PCR using primers specific for the 5’ leader region of SARS-CoV-2 RNAs. Panel 
B: anti-m7G antibody precipitated fragmented RNA prepared as described in the left panel was 
immunoprecipitated using anti-m6A antibody (m6A lane) or a control anti-IgG antibody (IgG lane) 
to isolate capped RNA fragments that also contain an m6A modification. Immunoprecipitated 
products were analyzed by RT-PCR using primers specific for the 5’ leader region of SARS-CoV-
2 RNA and products were analyzed on a 1% agarose gel. Molecular weight markers (MW lanes) 
on shown in the left lane of each gel.  
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Figure 13. SARS-CoV-2 RNAs contain an m6A modification in cap-proximal fragments. Vero 
cells were infected with SARS-CoV-2 for the indicated time. Total RNA was collected, fragmented 
and consecutively immunoprecipitated with a control IgG antibody (anti-IgG lanes) or anti-m7G 
antibodies and anti-m6A antibodies (anti-m6A lanes) as described in Figure 3 to isolate capped and 
m6A modified RNA fragments. Products were analyzed by RT-PCR using primers specific for the 
5’ leader region of SARS-CoV-2 and analyzed by electrophoresis on a 1% agarose gel (Panel A) 
or by digital-droplet PCR (panel B). NTC represent reactions using a no-template control and 
Uninf. lanes indicate PCR reactions run using total RNA from uninfected Vero cells. Molecular 
weight markers (MW lane) are shown at the left in panel A. The magenta bar in Panel B 
represents an arbitrary threshold that was set so that any droplet above this line would be 
considered positive. 

 

Capping and m6A modification of 5’ terminal fragments are regulated during 

SARS-CoV-2 infections 

 

If capping and m6A modification are playing a key role throughout a SARS-CoV-2 

infection, these RNA processing events may be regulated to allow the virus maximum 

flexibility in adapting to the changing environment inside of the infected cell. Therefore, 

we reasoned that if we could demonstrate regulated m6A modification of 5’ capped 

terminal fragments throughout a time course of SARS-CoV-2 infection, this would 

provide added insight into the importance of this modification to the biology of the virus-

host interaction. To assess the regulation of 5’ terminal capped fragment RNA m6A 
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methylation on viral RNAs, we performed a time course of SARS-CoV-2 infection in 

Vero cells and isolated total RNA. As seen in Figure 14A, 5’ leader-containing RNA 

increased as expected throughout 48 hours post infection. Interestingly, as seen in 

Figure 14B, the percentage of that leader RNA that was 5’ capped varied throughout the 

infection. While nearly all the viral RNAs were capped at 12 hpi, the percentage of viral 

RNAs that were capped at other times post infection was significantly reduced. At 6 hpi 

as well as later times post infection (24 and 48 hpi), the percentage of viral RNAs that 

were capped hovered around 50%. Thus, we conclude that capping is a regulated 

process on SARS-CoV-2 viral RNAs during infection, with maximal efficiency around 12 

hpi when the virus is establishing itself in the cell and beginning to usurp cellular 

processes. At other times post infection, the virus may choose not to cap a portion of its 

RNA transcripts so that they won’t be targeted to the ribosome and get translated, 

allowing them perhaps to participate as non-coding RNAs and influence other aspects 

of virus/cell biology. Thus, regulated viral RNA capping may increase the versatility and 

functions of SARS-CoV-2 RNAs throughout infection. 
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Figure 14. The relative amount of capping of SARS-CoV-2 mRNAs is regulated during 
infection. Panel A: Vero cells were infected with SARS-CoV-2, total RNA was obtained at the 
indicated time points, fragmented as discussed above in Figure 9, and the absolute amount of 
leader RNA per µg of starting total RNA was calculated by digital droplet RT-PCR using primers 
specific for the SARS-CoV-2 5’ leader RNA. Panel B: Vero cells were infected with SARS-CoV-2, 
total RNA was obtained at the time points indicated and fragmented/immunoprecipitated with anti-
m7G antibodies. The amount of capped leader RNA relative to the amount of total leader RNA per 
ug of starting material was calculated by digital droplet RT-PCR using primers specific for the 
SARS-CoV-2 5’ leader RNA. Results are shown as the mean ± S.D. determined from three 
independent infections. Significance was determined using two-way ANOVA analysis with * = 
p<0.05 and ** = p<0.005. 

 
 

 Next, we determined if the relative amount of capped 5’ terminal viral RNA 

fragments that was modified with m6A was also regulated. As seen in Figure 15, m6A 

modification, like capping efficiency of SARS-CoV-2, also peaked at 12 hpi. At other 

times post infection, the relative amount of m6A modification on these capped fragments 

was reduced 5-fold or more from this peak at 12 hpi. Therefore, m6A modification of the 

5’ region of SARS-CoV-2 RNAs is also regulated and corresponds with the production 

of high levels of translatable transcripts during infection. Collectively, these data suggest 

that 5’ end modification of SARS-CoV-2 transcripts undergoes dynamic 
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regulation/coordination during infection, indicating that it may play a very important role 

in the interplay between the virus and the host cell. 

 

 

 

Figure 15. The amount of m6A on capped 5’ terminal fragments of SARS-COV-2 mRNAs is 
regulated during infection. Vero cells were infected with SARS-CoV-2 for the indicated times 
and total RNA was isolated, fragmented and subjected to consecutive immunoprecipitations using 
anti-m7G and anti-m6A antibodies as described in Figure 9. SARS-CoV-2 leader RNAs that 
contained both modifications were determined by digital droplet RT-PCR using primers specific 
for the SARS-CoV-2 5’ leader RNA region. Results are shown as the mean ± S.D. determined 
from three independent infections with the mean of the 12 hpi time point set to 1.0. Significance 
was determined using a two-way ANOVA analysis with **= p<0.005 and ***=p<0.0005.  

 

 

PCIF1 knockout reduces m6A levels on SARS-CoV-2 mRNAs 
 

PCIF1 is the cellular enzyme involved in N6 methylation at the first adenosine 

residue proximal to the m7G cap to generate the m6Am moiety25, 229. Since there appears 

to be no viral proteins capable of performing this RNA modification, we hypothesize that 

SARS-CoV-2 usurps this cellular enzyme to provide an m6A modification on the 5’ 

terminal adenosine on its mRNAs. Consistent with this hypothesis, the Whelan 
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laboratory recently demonstrated that PCIF1 can modify the 5’ terminal adenosine 

residue of several negative sense RNA viruses204,229,257. To test this hypothesis, we 

assessed the level of m6A in 5’ terminal viral RNA fragments in SARS-CoV-2 infected 

wild type and PCIF1-KO HeLa cells. As seen in representative data in Figure 16, the 

level of methylation at position N6 of the adenosine on the 5’ terminal fragment of 

SARS-CoV-2 transcripts substantially decreased to about 10% of its normal level in 

absence of PCIF1 in HeLa cells. We conclude, therefore, that m6A modification at 5’ 

terminal capped viral RNA fragments depends on the presence of the cellular 

methyltransferase, PCIF1.  

 

 
 

 Figure 16. The absence of PCIF1 substantially decreases the level of m6A modification of 
the 5’ terminal fragments of SARS-CoV-2 RNAs. HeLa-WT and HeLa-PCIF1 KO cells were 
infected with SARS-CoV-2 at MOI 3 for the indicated time and total RNA was isolated, 
fragmented and subjected to consecutive immunoprecipitations using anti-m7G and anti-m6A 
antibodies as described in Figure 9. The levels of SARS-CoV-2 leader RNAs that contained both 
modifications were determined by digital droplet RT-PCR using primers specific for the SARS-
CoV-2 5’ leader RNA region.  
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The cellular enzyme responsible for the m6A modification of 5’ terminal 

adenosines influences the efficiency of SARS-CoV-2 and other plus sense RNA 

virus infections  

 

To begin to assess whether PCIF1 can impact positive sense RNA virus 

infections, we infected wild type or PCIF1 knockout 293T cells with Zika virus and 

assessed the production of extracellular virus at different times post infection. We opted 

to use Zika virus (ZIKV) instead of SARS-CoV-2 in these initial studies due to logistical 

issues associated with BSL3 utilization for SARS-CoV-2 studies. As seen in the 

representative data in Figure 17, in this initial experiment we observed a dramatic 

reduction in infectious virus produced at each time point in PCIF1 knockout cells 

compared to wild type 293T cells. Therefore, we conclude from these preliminary data 

that PCIF1 appears to have a large impact on a plus-stranded RNA virus (ZIKV) in a 

similar fashion as it does on negative sense RNA viruses28 when assayed in a cell line 

with a competent interferon response. We are currently planning to assess the effect of 

the PCIF1 KO on SARS-CoV-2 infections. 
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Figure 17. Zika virus production is reduced in the absence of the cellular enzyme that 
generates m6A at the 5’ end of transcripts that initiate with a terminal adenosine. Wild type 
293T cells (WT) or a CRISPR-generated PCIF1-knock out line (PCIF1-KO) of 293T cells were 
infected with Zika virus (ZIKV) for the indicated times. Extracellular virus was isolated and titered. 
Results shown are preliminary data from one experiment. 
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DISCUSSION 

 

In the first part of this study, we demonstrate that the alternative splicing of four 

PTBP1-regulated genes is altered in SARS-CoV-2 infected cells, most likely because of 

the interaction between the PTBP1 protein and the SARS-CoV-2 leader RNA. Our 

findings using a subcellular fraction of mock and viral infected cells suggest a model 

where the alteration of cellular splicing is associated with the sequestration of PTBP1 in 

the cytoplasm by viral RNAs (Figure 18). Consistent with this model, SARS-CoV-2 

infected cells give a gene expression phenotype of target genes similar to a PTBP1 

knockdown, further suggesting an impairment of PTBP1 function during viral infection.  

 

 

Figure 18. Mechanistic working model of how SARS-CoV-2 leader RNA can sequester host 
splicing factor PTBP in the cytoplasm and alter the normal splicing of host cell pre-mRNA.  
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In the second half of this dissertation, we demonstrated that SARS-CoV-2 usurps 

a specific cellular m6A ‘writer’ to decorate its mRNA with post-transcriptional 

modifications. Importantly, our data indicate the first encoded nucleotide in viral mRNAs, 

the 5’ proximal adenosine, is likely methylated at both the N6 position of the purine base 

as well as the 2’-O position of the ribose moiety, generating m6Am. Knockdown studies 

indicated that SARS-CoV-2 usurps the cellular PCIF1 enzyme to generate m6Am on viral 

RNAs. Curiously, both the 5’ capping and m6Am modifications on SARS-CoV-2 mRNAs 

are regulated during the infection course – with ~ 50% of transcripts getting cap at most 

times post infection and a burst of modification occurring at 12 hpi. While we could not 

perform the experiment for technical reasons with SARS-CoV-2, PCIF1 knockdown did 

result in a dramatic decrease on viral yields for another positive sense RNA virus 

(whose mRNAs also have adenosine as the first transcribed residue) – Zika virus. 

Collectively, the two studies reported in this dissertation identified novel mechanism by 

which SARS-CoV-2 interferes with host cell processes, potentially contributing to viral 

pathology.  

 

Are there perhaps additional cellular RNA binding proteins whose interaction with 

SARS-CoV-2 RNAs may influence the RNA biology of the cell? 

 

This study focused exclusively on the interaction of the cellular PTBP1 protein 

with the SARS-CoV-2 leader RNA region due to previous studies that demonstrated the 

interaction of PTBP1 with RNAs from other coronaviruses that indicated that the cellular 

protein binding to this region of viral transcripts87. To begin to answer this question, we 

performed a motif enrichment analysis using the SARS-CoV-2 RNA leader sequence 
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using the RNA binding protein database (RBPDB). This analysis revealed an interesting 

subset of cellular RBPs might interact with the SARS-CoV-2 leader RNA (Figure 19). 

Intriguingly, many of these candidate factors, like the PTBP1 protein addressed in this 

study, were also involved in the regulation of alternative splicing – four of which are 

highlighted below. RNA binding motif protein, X-linked (RBMX, Uni 

Prot ID P38159, or hnRNP-G) is involved in the regulation of alternative splicing of 

several pre-mRNAs. Zinc finger Ran-binding domain-containing protein 2 (ZRANB2, 

UniProt ID O95218) interferes with the constitutive 5’ splice site selection. Splicing 

factor arginine/serine-rich 13A (SFRS13A, UniProt ID O75494) is involved in repressing 

the splicing of pre-mRNAs. Finally, KH domain containing, RNA binding, signal 

transduction associated 3 (KHDRBS3, UniProt ID O75525) influences splicie site 

selection and exon inclusion.  
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Figure 19. Candidate cellular RNA binding proteins that interact with the 5’ proximal region of SARS-
CoV-2 mRNAs as identified by RBPDB analysis. 

 

Proteins involved in other aspects of post-transcriptional gene regulation were also 

identified in this search as potential interactors with the SARS-CoV-2 leader RNA. The 

most notable of these are PABPC1, Pum2 and ELAVL1, cellular RNA binding proteins 

that are known to be involved in mRNA stability, translation and metabolism.  

The presence of these binding sites for additional cellular RNA binding proteins 

in the leader sequence of SARS-CoV-2 may indicate additional mechanisms for the 

interplay and interference of the virus with additional splicing substrates and other 

aspects of post-transcriptional gene regulation. Leader RNA interactions with these 

additional factors can be readily tested by pulldown experiments using factor-specific 

antibodies and extracts from virus infectied cells. Functional assays like those described 

Score Relative Score RBP Name Start End Matching sequence UniProt ID Function

1 10.3039 100% ZRANB2 22 27 AGGUAA O95218
Splice factor required for alternative splicing of TRA2B/SFRS10 transcripts. May interfere 

with constitutive 5'-splice site selection.

2 7.2294 100% Pum2 52 55 UGUA Q80U58
Sequence-specific RNA-binding protein that acts as a post-transcriptional repressor by 

binding the 3'-UTR of mRNA targets. 

3 7.1545 84% PABPC1 27 33 ACAAACC P11940

Binds the poly(A) tail of mRNA, including that of its own transcript, and regulates processes 

of mRNA metabolism such as pre-mRNA splicing and mRNA stability (PubMed:11051545, 

PubMed:17212783, PubMed:25480299).

4 6.8772 75% Psi 36 46 CCAACUUUCGA FBgn0014870
Drosophila: P-element somatic inhibitor (Psi) encodes a protein that has dual roles in RNA 

processing and transcriptional regulation. It is required for activating Myc transcription. 

5 5.3788 63% PTBP1 55 69 AGAUCUGUUCUCUAA P26599

Plays a role in pre-mRNA splicing and in the regulation of alternative splicing events. 

Activates exon skipping of its own pre-mRNA during muscle cell differentiation. Binds to the 

polypyrimidine tract of introns. May promote RNA looping when bound to two separate 

polypyrimidine tracts in the same pre-mRNA. May promote the binding of U2 snRNP to pre-

mRNA. Cooperates with RAVER1 to modulate switching between mutually exclusive exons 

during maturation of the TPM1 pre-mRNA. Represses the splicing of MAPT/Tau exon 10 

(PubMed:15009664).

6 5.2683 100% RBMX 20 23 CCAG P38159

RNA-binding protein that plays several role in the regulation of pre- and post-transcriptional 

processes. Implicated in tissue-specific regulation of gene transcription and alternative 

splicing of several pre-mRNAs.

3 5.1459 61% PABPC1 31 37 ACCAACC P11940

Binds the poly(A) tail of mRNA, including that of its own transcript, and regulates processes 

of mRNA metabolism such as pre-mRNA splicing and mRNA stability (PubMed:11051545, 

PubMed:17212783, PubMed:25480299).

7 4.4036 100% ELAVL1 8 11 GUUU Q15717
RNA-binding protein that binds to the 3'-UTR region of mRNAs and increases their stability 

(PubMed:14517288, PubMed:18285462, PubMed:31358969).

8 4.2938 84% SFRS13A 4 10 AAAGGUU O75494
Splicing factor that in its dephosphorylated form acts as a general repressor of pre-mRNA 

splicing (PubMed:11684676, PubMed:12419250, PubMed:14765198).

9 4.2845 67% QKI 34 43 AACCAACUUU Q96PU8 RNA-binding protein that plays a central role in myelinization (PubMed:16641098).

10 4.0940 88% KHDRBS3 65 70 UCUAAA

O75525
RNA-binding protein that plays a role in the regulation of alternative splicing and influences 

mRNA splice site selection and exon inclusion. 
10 4.0924 87% KHDRBS3 1 6 AUUAAA

10 3.3665 72% KHDRBS3 23 28 GGUAAC

7 2.7829 63% ELAVL1 1 4 AUUA
Q15717

RNA-binding protein that binds to the 3'-UTR region of mRNAs and increases their stability 

(PubMed:14517288, PubMed:18285462, PubMed:31358969).
7 2.7224 61% ELAVL1 40 43 CUUU
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above to impact the effect of viral infection on protein function, in conjunction with gene 

knockout or knockdown approach would provide insight into the biological relevance of 

these protein-leader RNA interactions.  

In summary, the impact of viral RNAs binding and sequestering cellular RNA 

binding protein on the RNA biology of the cell remains an understudied area that we feel 

is vital to explore to understand a clearer picture of virus-host interactions at the 

molecular level. These protein-RNA interactions could assist with efficient viral 

replication, and/or they can contribute to cytopathology and overall pathogenesis. Given 

the large impact of post-transcriptional gene regulation on cellular gene expression and 

responses to environmental stresses and stimulations, understanding the impact of 

dysregulated RNA binding protein functions in infected cells remains an important area 

for future investigations. 

 

A plethora of ways that SARS-CoV-2 may dysregulate cellular RNA splicing 
 

While leader RNA interactions with PTBP1 is an attractive mechanism that 

SARS-CoV-2 uses to dysregulate aspects of RNA splicing in infected cells, it is 

important to point out that it is not the only one. Some viral nonstructural proteins have 

recently been shown to interact with other aspects of the RNA splicing machinery. 

nsp1631, for example, interacts with and sequesters the core splicesome snRNPs U1 

and U2 and data indicate that nsp16 can interfere with normal splicing in the cell31. 

Thus, a reduction overall splicing efficiency is occurring during SARS-CoV-2 infection – 

in addition to the targeted dysregulation of PTBP1 alternative splicing established in this 

dissertation. Clearly SARS-CoV-2 has evolved multiple ways to limit splicing efficacy in 
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the infected cell – consistent with the idea that debilitating this post-transcriptional gene 

expression target is an important aspect of virus host interactions.   

 

Leader RNA structure, as well as its primary sequence, may provide a binding 

platform for proteins 

 

 While the RNA protein interaction analysis provided above relies on primary 

sequence information, it is also possibly important to point out that the SARS-CoV-2 

leader RNA also contains secondary structures that may play a key role in its biology. 

Interestingly, models of coronavirus leader regions have indicated that the first 70 bases 

from the 5’ end contains two stem loop structures that appear to be conserved structural 

elements throughout the betacoronaviruses258. Stem loop 1 in SARS-CoV-2, for 

example, is located from positon 7-33 and represents a hairpin with a 4 base loop with a 

bulge around its midpoint. Stem loop 2 is located from positions 45 to 59 – and 

structural probing data is consistent with the 5 base loop of that structure participating in 

a pseudoknot with sequences upstream58. There are four additional stem loop 

structures from there to the start codon of the nsp1 gene – including an upstream open 

reading frame along with a large 145 nucleotide branched loop that includes that key 

AUG codon. Collectively these structural elements can serve as binding platforms for a 

variety of additional cellular factors that remain to be identified in future studies. 

Furthermore, these interactions may be highly functionally relevant to coronavirus 

biology. The 5’ UTR, for example, plays a key role in translation regulation and the 

escape of virus-specific transcripts from nsp1-mediated shut off259. Thus, the work in 

this dissertation not only provides a foundation for leader RNA-host protein interactions 
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but may also represent the tip of the iceberg in RBP communication with this important 

regulatory region of viral transcripts. 

 

The potential impact of SARS-CoV-2 induced dysregulation of PTBP1 alternative 

splicing targets 

 

Formin-Like 2 (FMNL2) transcription is highly regulated since the gene can 

produce 4 different mRNAs and several alternative spliced variants. FMNL2 

(https://omim.org/entry/616285) is involved in morphogenesis, cytokinesis and cell 

polarity260; however, the role and impact of alternative splice versions of the gene have 

not been studied yet. Among the spliced variants that have been characterized, one 

reported splice variant retains an intron with a stop codon, thus likely representing a 

non-coding transcript. Interestingly, in our study the intron retention observed in SARS-

CoV-2 infected cells was at a different location, between exons 26 and 27. There are 

two splice variants of FMNL2 that have been described in the literature that differ in the 

inclusion or exclusion of exon 26, thus this is a hot spot for alternative splicing decisions 

in this gene261. We can speculate that perhaps SARS-CoV-2 infection and PTBP1 

sequestration causing difficulties in making clear splice site choice decisions in the area 

of exon 26, resulting in the partial intron retention that we observed. 

Looking at the potential biological role of the FMNL2 splice variant that we 

observe in SARS-CoV-2 infected cells, it is clear that the intron retention described in 

Fig. 4 will alter the normal function of the protein. FMNL2 protein contains 6 domains: 

GTPase binding domain (GBD), FH3, FH1 and FH2 (formin homology domains), a WH2 
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domain (WASP homology 2) and a Diaphonous Autoinhibitory Domain (DAD) followed 

by a polybasic region important for the autoinhibition regulation. These domains are 

important to regulate the dynamics of actin filaments. In normal conditions, the protein is 

inhibited by folding into a structure that blocks these key binding domains from their 

potential targets. This autoinhibition results from an intramolecular interaction between 

the DAD domain and the GBD domain of FMNL2 protein. Strikingly, the retained intron 

reported in our study falls within this autoregulatory region, disrupting the reading frame 

of the C-terminal region. This piece of intron retained between exons 26 and 27 

separates the DAD domain and the polybasic region containing a critical Serine residue 

(Ser1072) important for FMNL2 activation262. This frameshift also introduced a stop 

codon, producing a truncated version of the protein. The characterization of a L136P 

mutation has been reported in the FMNL2 gene of a patient with chronic inflammatory 

bowel disease 263. This mutation, like the alternative splicing dysregulation caused by 

SARS-CoV-2 infection, blocks the autoregulatory domain of FMNL2 leading to a gain of 

function change in FMNL2, leading to the protein malfunction/misregulation. It will be 

curious in future experiments to examine FMNL2 protein function in SARS-CoV-2 

infected cells and assess their contribution to cytopathology. 

 TPM1 is a complicated gene containing several isoforms and a complex (and 

sometimes conflicting) nomenclature in the literature264. The gene structure contains 15 

exons, five of which - exons 3, 4, 5, 7, and 8 – are constitutively included in the mature 

mRNA. Thus, different TPM1 isoforms are present by alternative splicing of exons 1a, 

1b, 2a, 2b, 6a, 6b, 9a, 9b, 9c, and 9d (https://omim.org/entry/191010). We based our 

assessment of TPM1 splicing in Fig. 5 using the reference form of TPM1 (Transcript: 
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ENST00000358278.7 TPM1-206) expressed at the cytoskeleton in non-muscle cells. 

The PCR primers used for our analysis amplified this reference transcript from exon 2b 

through exon 9d - the version of TPM1 that we observed in uninfected Calu3 cells used 

in our experiments. Interestingly, as seen in Fig. 5 cDNA amplified from SARS-CoV-2 

infected cells showed the replacement of TPM1 transcripts carriying exon 6a with mis-

spliced transcript that lacked exon 6a with what we originally identified as a portion of a 

retained intron. Retrospective analysis of the sequences with updated TPM1 gene maps 

now demonstrate that the retained intron was actually exon 6b (with 100% homology). 

Therefore, SARS-CoV-2 infection / PTBP1 sequestration causes an altered splicing 

product of TPM1 that was not expressed in uninfected cells. This exon swapping can 

readily alter TPM1 protein function – which can be assessed in future studies. 

 

Why would PTBP1 sequestration by SARS-CoV-2 RNAs lead to cryptic intron or 

exon inclusion and exon skipping? 

 

Alternative splicing of both FMNL2 and TPM1 is regulated by the same splicing 

factor, PTBP1. Consequently, any alteration in functional PTBP1 levels – as we 

hypothesize is the case in SARS-CoV-2 infected cells - might be reflected in the splicing 

products of these genes (Figs. 4 and 5). In the case of TPM1 mutually exclusive exon 

6a (E6a) and exon 6b (E6b), previous studies (Llorian et al.2010; Bielli et al.2018) in 

cancer cells showed that high levels of PTBP1 favor the inclusion of exon 6a in the 

TPM1 gene. Conversely, E6b is included in the transcript when PTBP1 levels are 

reduced in knockdown experiments. Along the same lines, FMNL2 mRNAs showed 
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increased frequency of the intron retention after PTBP1/nPTBP1 double knockdowns245. 

Our analysis of the sequences surrounding both E6a and E6b in TPM1265,266 indicated 

that E6a has a PTBP1/MBNL binding site next to the U2 snRNP site upstream of the 

exon while E6b has an ESE and is flanked by two PTBP1 binding sites in the intronic 

region surrounding the exon. We hypothesize that at normal levels of PTBP1, E6a 

would not be blocked by PTBP1 due to the the recruitment of splicing factors at an ISE 

that will promote exon definition and splicing at the 3’SS and 5’SS of the exon. At the 

same time, PTBP1 binding sites surrounding E6b will block the recruitment of splicing 

factors leading to the exclusion of this exon due to the lack of an ISE downstream the 

exon. A reduction of PTBP1 levels, as seen in SARS-CoV-2 infection, may cause a 

reduction in the competition for the binding sites in the 3’SS and 5’SS of E6b leading to 

the successful inclusion of this portion in the final spliced transcript. MBNL, on the other 

hand, would outcompete PTBP1 for the binding site upstream E6a and block U2 snRNP 

recruitment. At the same time, recruitment of the spliceosome on E6b will also block the 

ISE of E6a, inhibiting the promotion of exon definition on E6a. Consequently, lower 

levels of PTBP1 will lead to E6b inclusion and E6a exclusion, as we observe in Fig.5. 

This provides a rational mechanistic explanation for our data and further directly 

implicates PTBP1 sequestration as the underlying mechanism for the dysregulated 

splicing that we observe in SARS-CoV-2 infected cells. 

 

Why might SARS-CoV-2 RNA amplify ‘non-specifically’ with two different sets of 
PCR primers?  
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Interestingly, PCR amplification with either FMNL2 or TPM1 mRNA-specific 

primers of SARS-CoV-2 infected samples collected from different cell lines showed 

additional bands of higher molecular weights with no alignment with the human 

genome. However, the sequences aligned perfectly to regions of SARS-CoV-2 RNA. 

Sequences amplified with FMNL2 primers aligned with a specific region of the virus 

located in the 5’ end of the Spike gene. Meanwhile, TPM1 primers amplified a different 

region of the virus; located in the coding region of the Nucleocapsid gene. Interestingly, 

the amplified regions were always the same regardless of the infected cell line (Calu3, 

Vero, or 293T) with the exception of HeLa that never produced the 1500 base pair 

bands. Careful re-analysis of the primers in silico did not give any indication of full or 

partial homology with any region of the viral genome. Additionally, when we tested the 

primers against pieces of SARS-CoV-2 genome cloned in plasmids, the same PCR 

products were generated from the S gene with the FMNL2 primers and the N gene with 

the TPM1 primers. Unfortunately, we have no clear explanation for these amplifications 

- but do note that they appear to be non-random in nature. This could reflect the natural 

propensity of coronavirus sequences to be ‘slippery’ in nature and recombine267. 

 

Sequestration of shuttling RBPs in the cytoplasm during SARS-CoV-2 infections 

 

PTBP1 is not only a key regulator of alternative splicing, but also shuttles mRNAs 

from the nucleus to the cytoplasm79. In addition, PTBP1 has been implicated in every 

step of mRNA metabolism. Therefore, PTBP1 is often exported with mRNAs into the 

cytoplasm of the cell. Our in vitro experiments support the hypothesis that the abundant 

SARS-CoV-2 RNA leader sequences on viral cytoplasmic transcripts capture PTBP1, 
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forcing the protein to remain in the cytoplasm changing the overall balance between 

nuclear and cytoplasmic PTBP1 (Fig. 7). Our results here agreed with previous 

evidence on the redistribution of PTBP1 with other betacoronavirus infections88; thus, 

indicating that PTBP1 cytoplasmic retention is a conserved feature of the interaction 

coronaviruses with host cells.  

 

Biological relevance of cap proximal modifications: m6A 
 

The cap structure protects the mRNA from 5’-3’ exonucleolytic degradation, 

increasing the transcript’s stability, promoting translation. In addition, Cap1 structures 

help identify self from aberrant or foreign RNA via the innate immune system226. Internal 

RNA modifications, like N6-methylation of adenosines (m6A), help influence mRNA 

localization, splicing, and translation268. Particularly interesting to us is the m6A 

modification present at the cap-proximal of mRNAs, referred to as m6Am. SARS-CoV-2 

replicates in the cytoplasm of the host cell and its genome contains adenosine as the 

first transcribed nucleotide, and presumably this nucleotide should be modified as m6Am 

to mimic the host mRNA.  

The dynamics we observed when we pulled down cap-proximal fragments using anti-

cap antibodies from SARS-CoV-2 infected cells was very interesting. Samples analyzed 

at 6, 12, 24 and 48 hpi showed that while the infection increased exponentially; the 

capping of the viral genomic RNA did not follow the same trend. Surprisingly, our results 

showed that only about 50% of the viral RNA was capped; except for the 12 hpi that 

showed 90% or more of the viral RNAs were capped. This unexpected result leads us to 

conclude that the capping event on viral RNAs in SARS-CoV-2 infections is higly 
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regulated. Curiously, the biological consequences of maintaining this 50% capping rate 

at other times post infection are unclear. One possible explanation for regulated capping 

in SARS-CoV-2 infections is to maximize translationally competent viral mRNAs at a 

time of infection when they are most needed to take control of the cell. Before and after 

such a wave, the virus might use its transcripts to moonlight as long noncoding RNAs 

(lncRNAs) to perform yet to be determined functions in the infected cells. The role of 

cellular and viral lncRNAs during infection is an understudied area. The results 

described above indicate that it may be a very productive area to pursue that could 

open up novel aspects of viral-host interactions at the RNA level.  

 

SARS-CoV-2 is not the only virus that has been described to date that makes a 

considerable amount of uncapped mRNAs during infection 

 

During the early stages of infection, alphaviruses, positive-sense RNA viruses like 

Sindbis virus (SINV), produce a subpopulation of uncapped genomic RNA128,269. The 

subpopulation of uncapped genomic RNAs of SINV have shorter half-lives than SINV-

capped genomic RNAs and appear to mainly generate non-infectious particles as one 

might expect. However, alphaviral uncapped genomic RNA production are still important 

to establish and maintain the infection269. Two mechanisms have been proposed. First, 

viral RNA populations containing subpopulations of uncapped RNA interface with the 

type I IFN response for the benefit of viral infection. Second, leaving a percentage of its 

RNA uncapped may also lead to its degradation by cellular “RNA quality control” 

circulating in the cytoplasm, which may overload the RNA turnover machinery due to 

the high levels of RNA degradation. Interestingly, the production of uncapped viral 
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RNAs increased the severity of the disease270. The presence of noncapped viral 

particles correlated with activating a type I IFN response, indicating that the activation of 

the immune response is important for viral dissemination within the host. Finally, one 

cannot of course rule out the possibility that the function of uncapped viral RNAs is to 

regulate the host cell environment to enhance viral infection in other fashions. 

 

Use of an RNA fragmentation approach to delimit cap proximal m6A modifications 

 

 The m6A modification is an abundant RNA methylation found in cellular as well 

as viral RNAs and plays a variety of roles in mRNA metabolism. Since it was already 

described that m6A is present through the body of viral RNAs we opted instead in this 

study to analyze the specific and rather unique RNA methylation that occurs at the cap 

proximal nucleotide. To do this, we used an RNA fragmentation approach that to our 

knowledge has not been reported to date. To approach this, we produced fragments of 

about 200 nucleotides long using a non-enzymatic buffer. By fragmenting the RNA to 

this size and using leader RNA-specific primers, we ensure that the fragments that we 

are analyzing contain only the first 200 nts of the virus. If the m6A modification exists in 

this region it will be pulled down using the anti-m6A antibody and we assume that this 

represents a cap-proximal modification due to (1) the relative paucity of m6A 

modifications in the 5’ UTR of mRNAs and, most importantly, (2) the level of 

modification of this fragment was greatly reduced by PCIF1 knock out (Fig. 16). 

Therefore, we feel confident that our assay is detecting m6Am. Further confirmation of 
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this could be performed by mass spectrometry analysis of viral RNAs or thin layer 

chromatography208. 

 

Why would viruses regulate m6A on the cap proximal nucleotide? 
 

Viral life cycles are often coordinated by precise mechanisms that act on their 

RNA. The m6A modification works on the virus likely contributes to both viral gene 

expression/replication as well as a means to avoid or interface with the innate immune 

response in the infected cell host. Internal m6A modifications is a feature that SARS-

CoV-2 shares with many other viruses, including as HIV and ZIKV51. Cellular Pattern 

Recognition Receptors (PRRs), like TLRs and RIG-I-like receptors, can bind and 

recognize as ‘non-self’ viral RNA271, triggering signaling that induces an IFN antiviral 

response. In vitro studies performed by adding m6A to transcribed RNAs prevents PRR 

recognition272,273, indicating that viruses could use this strategy to avoid the innate 

immune responses. Another modification on the cap of viral RNA, 2′-O methylation120, is 

well-established to help viruses (e.g., WNV and VSV) to avoid the detection by IFIT1, 

which inhibits the translation of viral RNAs lacking this 2’-O methylation227,228. To date, 

there is no evidence that viruses can encode their methyltransferase to add m6A to the 

cap proximal nucleotide. Our study provides evidence that SARS-CoV-2 usurps the host 

methyltransferase PCIF1 to decorate their 5’ cap proximal base to likely avoid the 

detection by host PRRs like has been recently established for negative-sense RNA 

viruses (e.g., VSV)257.  
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How cellular mRNAs obtain their (m6Am) modification?	
 

One of more the abundant mRNA modifications is N6,2’-O-dimethyladenosine 

(m6Am). Eukaryotic mRNAs have a 7-methylguanosine cap (m7G) at the 5’end linked to 

the mRNA body by a 5’-5’ triphosphate bond. If the first nucleotide after the m7G cap is 

an adenosine, it can be sequentially methylated on the ribose sugar (Am) and then on 

the at its N6 position (m6Am). The Phosphorylated CTD Interacting Factor 1 (PCIF1) 

catalizes the addition of m6A methylation only on 2’-O-methylated adenines (Am) located 

at 5’ ends of mRNAs to generate m6Am, but not internal m6A methylation229. If a 

transcript that initiates with an adenosine lacks this modification, a reduction in cap-

dependent translation is observed compared to transcripts with the double methylation 

m6Am, suggesting that the presence of this modification is important for gene regulation. 
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CONCLUSIONS 

 

 Through the experiments presented herein, we have demonstrated several 

important findings. First, PTBP1, a regulator of cellular mRNA alternative splicing, binds 

to the SARS-CoV-2 viral RNA leader sequence. This interaction impacts the splicing of 

several genes regulated by PTBP1. We suggest a mechanism by which SARS-CoV-2 

sequesters PTBP1 in the cytoplasm preventing PTBP1 re-localization to the nucleus, 

thus affecting cellular mRNA splicing patterns during SARS-CoV-2 infection. Secondly, 

we provide evidence that SARS-CoV-2 can usurp the cellular enzyme, PCIF1, to place 

a methyl group on the first adenosine of viral mRNAs to generate a m6Am moiety. This 

double methylation may help the viral mRNA avoid host innate immune recognition. 

Furthermore, we demonstrated that SARS-CoV-2 RNA capping and m6Am modifications 

are significantly regulated throughout infection, with maximum efficiency at 12 hpi 

consistent with the establishment of viral gene expression in infected cells. Collectively, 

our findings provide new insights on the complexity of the interactions established 

between SARS-CoV-2 and the RNA biology of the cell during the infection. From a 

broader perspective, the data presented here identify novel avenues for the 

development of anti-coronavirus drugs to treat current and potential emerging 

coronavirus diseases.  
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