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Effects of the cross-talk
between PARP12/PARP13 and
nonsense mediated RNA decay
pathway on RNA stability and
replication of SARS-CoV-2
Nandadeva Lokugamage1, Subhadip Choudhuri1,
Kempaiah Rayavara1, Chien-Te Tseng1, Shinji Makino1

and Nisha Jain Garg1,2*

1Department of Microbiology and Immunology, University of Texas Medical Branch (UTMB),
Galveston, TX, United States, 2Institute for Human Infections and Immunity, UTMB, Galveston,
TX, United States
Background: Nonsense-mediated mRNA decay (NMD) pathway recognizes the

mRNAs of host and cytoplasmic pathogens harboring aberrant features and

targets them for degradation. Poly(ADP-ribose) polymerases (PARPs) superfamily

consists of 17 members, among which macrodomain and zinc finger PARPs

function as regulators of RNA metabolism and transcription. In this study, we

investigated whether crosstalk between NMD and PARPs regulates SARS-CoV-2

RNA stability and viral infection.

Methods: Transgenic mice (hACE2tg) expressing human angiotensin-converting

enzyme 2, and human alveolar epithelial cells (Calu-3ACE2+, A549ACE2+), in which

the expression of NMD factors and PARPs was modulated by molecular

approaches were used for various studies.

Results:We found that NMDpathway targets endogenous and exogenous aberrant

transcripts in human lung epithelial cells. Upon SARS-CoV-2 infection, the

expression of NMD factors, up-framshift 1 and 2 (UPF1/UPF2) was decreased

while PARP12 and PARP13 were significantly increased in Calu-3ACE2+ and

A549ACE2+ cells and lung tissues of hACE2tg mice. Depletion of PARP12/PARP13

using target-specific (vs. scrambled) siRNAs significantly enhanced the stability of

NMD targeted endogenous and exogenous aberrant transcripts and SARS-CoV-2

subgenomic S, E, M, andNmRNAs in A549ACE2+ cells, likewhatwas noted in siUPF1/

siUPF2-transfected lung epithelial cells. Conversely, overexpression of PARP12/

PARP13 enhanced the NMD-dependent degradation of aberrant transcripts and

SARS-CoV-2 subgenomic and genomic RNAs. Further, overexpression of PARP12/

PARP13 had a dose-dependent effect in enhancing the anti-viral NMD activity and

suppression of SARS-CoV-2 replication in infected cells.

Conclusion: We conclude that PARP12/PARP13 synergize with NMD pathway to

regulate the viral mRNA stability and replication of SARS-CoV-2.
KEYWORDS

SARS-CoV-2, poly(ADP)ribose polymerase, nonsense mediated RNA decay, antiviral
response, COVID-19
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Introduction

Coronaviruses (CoVs) belong to the family Coronaviridae

(classified as a, b, g, and d). While most human CoVs cause mild

respiratory infections, severe acute respiratory syndrome CoV

(SARS-CoV), Middle East respiratory syndrome CoV (MERS-

CoV), and SARS-CoV-2 have caused serious respiratory illness

and death. The clinical spectrum of SARS-CoV-2 exposure ranges

from asymptomatic infection to life-threatening cardiopulmonary

failure (1). Current vaccines have slowed SARS-CoV-2 spread

worldwide, yet emerging variants continue to cause significant

economic and public health burdens (2).

CoVs carry a positive-sense RNA genome (~30 kb) that is

structurally polycistronic, containing multiple open reading frames

(ORFs). Like other CoVs, SARS-CoV and SARS-CoV-2 particles are

composed of a helical nucleocapsid that contains the viral genomic

RNA and nucleocapsid (N) protein, enclosed within an envelope

composed of spike (S), envelope (E), and membrane (M) viral

proteins. Upon infection, the viral genomic RNA is released into the

cytoplasm and undergoes translation of two large polyproteins from

the two major ORFs (ORF1a/b) encoded in the 5′ two-thirds of the
genome. The polyproteins are then processed by viral proteases to

generate 15–16 nonstructural proteins, most of which are involved

in viral RNA replication (3). Additionally, several subgenomic

mRNAs that encode viral structural and accessory proteins are

synthesized in CoV-infected cells (3). Although, our knowledge of

CoV gene expression strategies has improved significantly in the

last decade, our understanding of CoV–host interactions involved

in the regulation of viral mRNA stability and viral gene expression

remains limited.

The nonsense-mediated mRNA decay (NMD) pathway is

important for maintaining host mRNA quality control. mRNAs

with aberrant features, such as a premature termination codon

(PTC), are bound by the exon junction complex and recognized by

the NMD pathway, which leads to the decay of the target mRNA.

The NMD pathway also targets PTC-free transcripts that contain

long 3′ regions with GC-rich domains. For example, the NMD

pathway targets the mRNAs of some viruses, including Semliki

Forest virus (SFV) and Potato virus X (PVX) (4, 5). Like CoVs, SFV

and PVX carry positive-sense genomic RNA and accumulate

genomic and subgenomic mRNAs—both of which contain

multiple ORFs—in infected cells. Because only the 5′ ORF in viral

mRNAs is used for translation, the genomic RNA and most of the

viral subgenomic mRNAs have a long 3′ region that is not

translated, which can make them susceptible to NMD (3). Using

the prototype b-CoV, murine hepatitis virus (MHV), we previously

reported that the NMD pathway targets MHV genomic and
Abbreviations: COVID-19, Coronavirus disease of 2019; hACE2, human

angiotensin-converting enzyme 2 receptor; NMD, nonsense-mediated mRNA

decay; NS39, NMD target construct; PARP, poly(ADP)ribose polymerase; PTC,

premature termination codon; SARS-CoV-2, Severe acute respiratory syndrome

coronavirus 2; UPF1/UPF2, up-framshift 1 or 2; UTR, untranslated region. S,

spike; E, envelope; M, membrane; N, nucleocapsid; RdRP, RNA-d-RNA

polymerase are SARS-CoV-2 proteins.
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subgenomic RNAs for degradation (6). Depletion of NMD factors

(UPF1, UPF2, SMG5, and SMG6) by siRNAs enhanced MHV RNA

stability and virus replication in mouse fibroblast cells (6). These

results provided the first evidence for a novel role of NMD in CoV

RNA decay.

The poly(ADP-ribose) polymerase (PARP) superfamily consists

of 17 members characterized by the presence of a conserved PARP

domain and the ability to catalyze ADP-ribosylation of various

target proteins, including histones, enzymes, and transcription

factors. PARP1, PARP2, and PARP3 can bind DNA, poly(ADP-

ribosyl)ate themselves and their target proteins, and function in

response to DNA damage. Macrodomain-containing PARP9,

PARP14, and PARP15, and CCCH zinc finger (ZnF)-containing

PARP7, PARP12, and PARP13 are emerging as regulators of RNA

metabolism and transcription (7). PARP13 binds to target viral

RNA (8), and it has been suggested that PARP13 may suppress the

translation of bound RNAs by interfering with initiation (9) or

activate mRNA decay by recruiting components of the 3′–5′mRNA

degradation machinery—a process distinct from, but functionally

related to, the NMD pathway. Other studies have also indicated the

antiviral activities of several PARPs (10), although whether PARPs

interact with the NMD pathway to modulate viral RNA levels has

not been elucidated.

In this study, we aimed to determine whether PARP12/PARP13

and the NMD pathway exert antiviral effects during SARS-CoV-2

infection. We hypothesized that, as RNA-binding proteins,

PARP12/PARP13 may also interact with the NMD pathway to

regulate viral RNA stability. To test this, we utilized molecular

approaches to modulate the expression of NMD factors and

PARP12/PARP13 in both in vitro and in vivo models of SARS-

CoV-2 infection. We discuss the individual and synergistic roles of

the NMD pathway and PARP12/PARP13 in controlling the RNA

stability and replication of SARS-CoV-2.
Materials and methods

Ethics statement

Animal experiments were conducted following the National

Institutes of Health guidelines for the housing and care of

laboratory animals and in accordance with protocols approved by

the Institutional Animal Care and Use Committee (#2002017A). All

experiments involving infectious virus were conducted at UTMB in

Association for Assessment and Accreditation of Laboratory

Animal Care (AAALAC)-accredited animal biosafety level 3 and

biosafety level 3 laboratories. All personnel handling infectious

material received appropriate biosafety training. All reagents used

in the study were of molecular grade with >99% purity.
Cell lines, mice, and SARS-CoV-2

African green monkey kidney epithelial Vero E6 (CRL-1586)

cells were purchased from the American Type Culture Collection

(ATCC, Manassas, VA) and cultured in Eagle’s minimal essential
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medium (MEM) supplemented with 10% fetal bovine serum (FBS;

Thermo Fisher, Waltham, MA). Human lung epithelial cells (Calu-

3, HTB-55, ATCC) were grown in MEM supplemented with 20%

FBS and subjected to clonal selection in 96-well plates. Individual

clones were analyzed for ACE2 expression (11), and the Calu-3/2B4

clone expressing high levels of ACE2 was propagated and used in

this study.

Human alveolar basal epithelial A549 cells (CCL-185, ATCC)

were transduced with the lentiviral vector pLVX-Puro-hACE2 (NR-

53522, ATCC) and subjected to clonal selection for hACE2

expression, as above. A stable clone (referred to as A549hACE2+)

was propagated in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% FBS for this study. SARS-CoV-2 (USA-

WA1/2020, ATCC) original stock was passaged in Vero E6 cells at

37 °C in 5% CO2. The virus titer at passage 3 was determined, and

virus aliquots at 1×107 50% tissue culture infectious doses

(TCID50)/mL were stored at −80 °C.

C57BL/6 x C3H transgenic mice expressing human ACE2 were

generated as previously described (12), and AC70 mice expressing

high levels of hACE2 were used in this study. The hACE2tg mice (8-

weeks old) were infected intranasally with SARS-CoV-2 (102

TCID50/mouse) in 60 mL of phosphate-buffered saline (PBS).

Control mice were treated with PBS alone. Mice were euthanized

using 2%–4% inhaled isoflurane followed by cervical dislocation.

Lung tissues were obtained at 4–5 days post-infection.
Plasmids

The NS39 (NMD target) reporter is based on a nonsense-mutated

human b-globin (NS39) transcript, which leads to a robust and highly

reproducible reduction in mRNA abundance via NMD (13, 14).

Specifically, the Renilla luciferase (rLuc) sequence coding for amino

acids 1–311 was fused with the human b-globin gene with or without a
nonsense mutation at position 39 to generate NS39 (NMD target) and

wild-type (WT, NMD non-target) reporters, respectively. The two

constructs were cloned into pCI-Neo (Promega) (13, 14), and

recombinant plasmids were provided by Dr. Andreas E. Kulozik

(University of Heidelberg) to Dr. Makino (6).

The cDNAs encoding human PARP12 and PARP13 were

cloned into the pCAGGS plasmid (4,807 bp) under the control of

a chimeric b-actin (chicken)–b-globulin (rabbit) promoter (CAG)

and the human CMV-IE enhancer. Briefly, total RNA extracted

from A549 cells was reverse transcribed using AccuScript high-

fidelity reverse transcriptase (Agilent, Santa Clara, CA) and used as

a template in PCR with high-fidelity DNA polymerase (New

Eng land B io l abs , Ip swich , MA) and ta rge t - spec ific

oligonucleotides to amplify the full-length sequences coding for

PARP12 (701 amino acids) and PARP13 (902 amino acids). The

amplicons and pCAGGS were digested with Sacl/Xhol restriction

enzymes and directionally ligated using a Gibson Assembly Cloning

Kit (New England Biolabs, Ipswich, MA).

E. coli DH5a competent cells were transformed with the

recombinant plasmids, and ampicillin-resistant bacterial clones were

confirmed for accurate cloning of the insert by sequencing
Frontiers in Virology 03
(GENEWIZ, Chelmsford, MA). Selected bacterial clones were grown

in Luria broth containing 100 mg/mL ampicillin, and recombinant

plasmids were purified by anion-exchange chromatography using a

Plasmid Midi Kit (Qiagen, Germantown, MD).
Transfection and gene expression

Low-passage, healthy A549 cells (>90% viability) were used for

all transfection studies. Opti-MEM reduced-serum medium was

used to dilute shRNAi, plasmids, and transfection reagents, and

cells were transfected in the absence of antibiotics to prevent cell

death. In general, >80% cell viability was maintained throughout

the experiments.

Briefly, ON-TARGETplus SMARTpool siRNAs designed for

specific depletion of UPF1, UPF2, PARP12, and PARP13, as well as

non-targeting control siRNA (siCtrl), were purchased from

Horizon–PerkinElmer (Waltham, MA). A549 or A549hACE2+ cells

were plated in 12-well plates (105 cells/well) in DMEM

supplemented with 10% FBS. At approximately 70% confluency,

cells were transfected in triplicate for 48 h with siRNAs (25–75 nM

each) using TransIT-siQUEST transfection reagent (MIR2114,

Mirus Bio, Madison, WI) or for 24 h with expression or reporter

plasmids (0.02–1.0 mg each) using Lipofectamine 2000 (11668-019,

Invitrogen, Waltham, MA). Depletion or overexpression of the

targets was confirmed by RT-qPCR or Western blot analysis.

In some experiments, A549hACE2+ cells (105 cells/well, 12-well

plates) were sequentially transfected in triplicate with siRNAs for

48 h and 1 mg of WT or NS39 reporter plasmids for 24 h. Cells were

then infected with SARS-CoV-2 (multiplicity of infection [MOI]:

1.0) and incubated for 24 h at 37°C. Likewise, A549hACE2+ cells (105

cells/well, 12-well plates) transfected with PARP12/PARP13

expression plasmids (1 mg each) for 24 h were infected with

SARS-CoV-2 (MOI: 1.0) for 24 h. The reporter or SARS-CoV-2

transcripts were monitored by RT-qPCR.

To monitor the synergy between PARP12/PARP13 and NMD

factors, A549hACE2+ cells were seeded in 12-well plates (1 × 105

cells/well) and transfected in triplicate with siCtrl or UPF1- and

UPF2-specific siRNAs (75 nM each) for 48 h and pCAGGS (1 mg)
or PARP12 and PARP13 expression plasmids (0.02–1.0 mg each) for
24 h. Cells were then infected with SARS-CoV-2 (MOI: 0.1) for

24 h. Cells were analyzed in duplicate for SARS-CoV-2 subgenomic

RNAs by RT-qPCR.
Plaque assay

A549hACE2+ cells were sequentially transfected in triplicate with

siCtrl or UPF1- and UPF2-specific siRNAs (75 nM each), pCAGGS

(1 mg), or PARP12 and PARP13 expression plasmids (0.02–1.0 mg
each), and then infected with SARS-CoV-2 (multiplicity of infection

[MOI]: 0.1) for 24 h (as described above). Supernatants (spent

medium) were serially diluted (10-fold dilutions, up to 10−6). Vero

E6 cell monolayers were grown to 90% confluency in 6-well plates.

Plates were inoculated in triplicate with 200 mL of diluted
frontiersin.org
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supernatants and incubated for 1 h with gentle rotation. The

inoculum was then removed, plates were washed with 1× PBS,

and monolayers were overlaid with 2 mL of MEM supplemented

with 10% FBS containing 0.8% agarose and incubated for 48 h. After

staining with 2 mL of 1× neutral red for 3–5 h, plaques were

counted on plates with fewer than 300 plaques to avoid significant

error due to overlapping.
Western blot

Cells (sample: buffer ratio, 1:10 v/v) were homogenized in RIPA

buffer (9806, Cell Signaling, Danvers, MA), centrifuged at 10,000 ×

g, and the supernatants were collected as protein lysates. Protein

lysates (5 mg) were electrophoresed on a 4%–20% Mini-PROTEAN

TGX gel (Bio-Rad, Hercules, CA) and transferred to PVDF

membranes using a Criterion Trans-Blot system (Bio-Rad).

Membranes were blocked with 50 mM Tris-Cl (pH 7.5)/150 mM

NaCl (TBS) containing 5% nonfat dry milk, washed with TBS–0.1%

Tween-20 (TBST), and incubated overnight at 4 °C with antibodies

against UPF1 (Ab133564, Abcam, Cambridge, MA), UPF2

(Ab153830, Abcam), PARP12 (Ab241967, Abcam), PARP13

(Ab154680, Abcam), or GAPDH (3683, Cell Signaling). All

primary antibodies were used at a 1:1,000 dilution in TBST

containing 1% BSA. Membranes were washed and incubated for

1 h with horseradish peroxidase (HRP)-conjugated anti-rabbit

antibody (1:10,000 dilution; SouthernBiotech, Birmingham, AL).

Color was developed with enhanced chemiluminescence detection

reagent (GERPN2106, MilliporeSigma, Burlington, MA), and

images were acquired and analyzed using an ImageQuant

LAS4000 system (GE Healthcare).
RT-qPCR

Cells or tissues (sample: buffer ratio, 1:10 v/v) were

homogenized in TRIzol reagent (15596-018, Invitrogen). Total

RNA was isolated using the chloroform/isopropanol/ethanol

method, treated with RNase-free DNase I (AM2222, Ambion,

Austin, TX) to remove contaminating DNA, and analyzed for

quality (OD260/280>1.8) and quantity (OD2601 = 40mg/mL) using a

NanoDrop ND-1000 spectrophotometer (Thermo Fisher). RNA (1

mg) was reverse transcribed using the iScript™ cDNA synthesis kit

(1708841, Bio-Rad) and diluted to 100 mL with nuclease-free water.

Real-time qPCR was performed on an iCycler thermal cycler (Bio-

Rad) in a 20 mL reaction containing 50 ng cDNA, 10 mL iTaq

Universal SYBR Green Supermix (1725120, Bio-Rad), and 500 nM

oligonucleotide pairs (listed in Table 1).

Thermal cycling conditions were as follows: denaturation at 95°C

for 15 s, followed by annealing/amplification at 60°C for 30 s for 40

cycles. Specific product amplification was confirmed by melt curve

analysis. The PCR baseline-subtracted curve-fit model was applied

for threshold cycle (Ct) determination, and Ct values of target

mRNAs were normalized to the mean Ct values for housekeeping
Frontiers in Virology 04
GAPDHmRNA. The relative change in target gene mRNA levels was

calculated using the 2^–DDCt method.
RNA-seq analysis

Confluent Calu-3/2B4 cells in 6-well plates were infected in

triplicate with SARS-CoV-2 (MOI: 1.0) for 12, 24, and 48 h (control:

mock infection). Total RNA was extracted as described above and

analyzed for quality/quantity using a Bioanalyzer RNA 6000 Nano

assay with an Agilent 2100 Bioanalyzer system (Santa Clara, CA).

The poly(A)+ RNA, enriched from total RNA (1 mg) using oligo

(dT)-attached magnetic beads, was incubated in 19.5 mL
fragmentation buffer (Illumina, San Diego, CA) at 94°C for

8 min. A TruSeq RNA Sample Preparation Kit was used for first-

and second-strand synthesis, adapter ligation, and library

amplification, following the manufacturer’s instructions (Illumina).

Library quality was assessed on an Agilent DNA 1000 chip

using the Agilent 2100 Bioanalyzer. A TruSeq SBS Kit v3 (Illumina)

was used to perform paired-end 50-base sequencing on an Illumina

HiSeq 1000, yielding approximately 100 million read pairs

per sample.

RNA-seq reads were aligned to the human hg38 reference

genome using STAR v2.4.0j software with the FeatureCounts

function, and differential gene expression was analyzed using

Bioconductor DESeq2 v.1.20.0. The Benjamini–Hochberg

procedure was applied to calculate false discovery rate (FDR)–

adjusted p-values of ≤0.01.
Immunohistochemistry

Five-micron, paraffin-embedded lung tissue-sections were

deparaffinized in xylene, hydrated in graded alcohol, suspended in

0.01M sodium citrate buffer (pH6.0), and incubated in a boiling

water bath for 10min to unmask the antigens. Slides were washed

with 1X PBS and incubated for 10-min each with Bloxal blocking

solution and 2.5% normal horse serum to block endogenous

peroxidase activity and non-specific antibody binding. Next, slides

were incubated for 12 h with primary antibodies against SMG1

(sc135563, Santa Cruz Biotechnology, Dallas, TX), UPF1 (sc393594,

Santa Cruz), PARP12 (NBP1-56436, Novus Biologicals, Centennial,

CO), and PARP13 (ab154680, Abcam). Primary antibodies were

used at 1:50–1:200 dilutions in PBS–0.1% Tween-20. Slides were

washed, incubated for 30 min with ImmPRESS Duet Double

Staining Reagent (MP-7714) containing HRP–anti-rabbit and

AP–anti-mouse IgG antibodies, sequentially stained for 10 min

each with ImmPACT DAB EqV HRP (SK-4103) and ImmPACT

Vector Red AP (SK-5105) substrates, and mounted with

Ve c t aMoun t AQ Aqueou s Med i um (H -5 501 ) . A l l

immunohistochemistry reagents were obtained from Vector

Laboratories (Newark, CA).

Slides were imaged using an Olympus BX-15 microscope (Center

Valley, PA) equipped with a digital camera and Simple PCI software
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TABLE 1 Oligonucleotides used in this study.

Oligonucleotides Sequence (5’-3’) Amplicon (bp) Accession #

hPARP12 (full length)-F ATGGCCCAGGCCGGCGTC
2106 NM_022750.4

hPARP12 (full length)-R TCACTGTCGGCTGCTGAACAGGG

hPARP13 (full length)-F ATGGCGGACCCGGAGGTG
2709 NM_020119.4

hPARP13 (full length)-R CTAACTAATCACGCAGGCTTTGTCTTCAG

rLuc‐F TGGGCCAGATGTAAACAAATGAATG
132 M63501.1

rLuc‐R CACAACATGTCGCCATAAATAAGAAGAGG

hTINAGL1-F ATCCGATCGTGTCTCAATCC
171 KJ894535.1

hTINAGL1-R GAAGGGGTAGCAGTGGTCAG

hUPF1-F AGCCAGTTGTTGGCTGAGTT
164 NM_001297549.1

hUPF1-R AGTATTTCCACGTCCGTTGC

hUPF2-F AGCCGACCAGAGGAAAACTT
217 NM_080599.3

hUPF2-R CAGAGGTGCACAGCACAGTT

hPARP12-F GCAGTGCATCAAGCTCCATA
239 NM_022750.4

hPARP12-R CCTGTGGGACAAAAAGAGGA

hPARP13-F GCAGCACTTACCTTGCTTCC
166 NM_020119.4

hPARP13-R TCTGGTGGTCACAGCTTCAG

hIL1B-F GCTCGCCAGTGAAATGATGG
151 NM_000576

hIL1B-R GTGGTGGTCGGAGATTCGTA

hIL6-F CTTCGGTCCAGTTGCCTTCT
126 NM_010168

hIL6-R GAAGAGGTGAGTGGCTGTCT

hTNFA-F AGGACCAGCTAAGAGGGAGA
173 NM_000594

hTNFA-R CCCGGATCATGCTTTCAGTG

hGAPDH- F CACCAGGGCTGCTTTTAACTCTGGTA
130 NM_001357943.2

hGAPDH-R CCTTGACGGTGCCATGGAATTTGC

mUPF1-F AACAGAAGGCGCTAGTGGAA
170 NM_001122829.2

mUPF1-R TGCTGCGGTCATAGACAGAC

mUPF2-F GCGAATCTAAACCTGGGACA
231 XM_006497485.5

mUPF2-R TGTTTCTTCTCCGGCTCAG

mPARP12-F GAGCTGCGGCGCCGCTTGCG
293 NM_172893.3

mPARP12-R ATTCCTACAGTTCTTCCCGG

mPARP13-F GTCTGCCGTCGCAAGTACTGCCAG
310 NM_001347122.1

mPARP13-R GGTGAAGTGCTCACAGATGTGGAGTC

mGAPDH-F AACTTTGGCATTGTGGAAGG
223 NM_001411843.1

mGAPDH-R ACACATTGGGGGTAGGAACA

SARS2-leader-F GTTTATACCTTCCCAGGTAACAAACC
248 NC_045512.2

SARS2-N-R1 TTAATTGGAACGCCTTGTCC

SARS2-leader-F GTTTATACCTTCCCAGGTAACAAACC
249 NC_045512.2

SARS2-S-R1 ACCATTGGTCCCAGAGACAT

(Continued)
F
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(v.6.0, Compix, Sewickley, PA). Each tissue section (n = 3 per group, at

least two slides per tissue) was analyzed in nine microscopic fields. To

evaluate the distribution of individual antigen expression, DAB- or AP-

positive immunostained areas were scored as follows: (0) = < 10%, (1+)

= 10-25%, (2+) = 25-50%, (3+) = 50-75%, and (4+) = > 75% of the

scanned area. The intensity of staining was scored as (1) weak, (2+)

moderate, and (3+) strong. Tissue single-antigen expression analysis

was performed using a semi-quantitative combined scoring system.

The combinative Quick IHC score was obtained from ninemicroscopic

areas of each tissue on a single slide under 20X magnification and

calculated by multiplying the score for the immunostained area by the

score for staining intensity. Finally, an average score was calculated

from each combinative score.
Statistical analysis

Mice were randomly distributed into treatment groups (n=5).

In vitro studies were conducted with three biological replicates per

treatment. All samples were analyzed in duplicate, and each

experiment was performed twice using independent batches. Data

were analyzed using GraphPad Prism software. Each biological

sample is represented by a dot, and mean ± standard error of the

mean (SEM) values are plotted as bar graphs.

The Kolmogorov–Smirnov test was performed to assess the

normal distribution of data. Statistical significance between two

groups was calculated using Student’s unpaired t-test with or

without Welch’s correction or the nonparametric Mann–Whitney

U-test. Significance among multiple groups was assessed using one-

way ANOVA with Tukey’s post hoc test or the nonparametric

Kruskal–Wallis/Dunn’s post hoc test. Statistical significance was

accepted at p < 0.05.
Results

NMD pathway functions in human lung
epithelial cells

UPF1 and UPF2 are essential for the normal functioning of

NMD in the lungs. Western blot analysis showed that UPF1 and
Frontiers in Virology 06
UPF2 were expressed in A549 cells. In comparison, UPF3—another

NMD factor abundantly expressed in the reproductive organs of

mice (15), was not detected in A549 lung epithelial cells.

Transfection with siUPF1 and siUPF2 siRNAs at 50–75 nM (vs.

siCtrl) resulted in 85%–95% depletion of UPF1 and UPF2,

respectively (Figure 1a). No effects of the siRNAs were observed

on GAPDH (background control) levels.

To examine NMD function, UPF1- and UPF2-depleted cells

were transfected with NS39 (NMD target) or WT (NMD non-

target) reporters (Figure 1b). Both reporters express Renilla

luciferase (rLuc) in fusion with b-globin; however, NS39 carries a

nonsense mutation in b-globin that makes the RNA susceptible to

degradation by the NMD pathway (13, 14). RT-qPCR analysis

showed a 78.74%–86.47% lower accumulation of NS39 (vs. WT)

reporter RNA in nontransfected and siCtrl-transfected cells,

confirming the degradation of NS39 reporter mRNA by NMD in

human epithelial cells (Figure 1c).

When transfected with siUPF1 or siUPF2, the accumulation of

NS39 reporter RNA increased by 0.99–1.89-fold and 3.44–5.44-fold,

respectively, compared to its level in controls (Figure 1c). No

significant effects of UPF1 or UPF2 depletion were observed on

WT (non-NMD target) reporter RNA levels (Figure 1c).

Alternatively spliced mRNA for tubulointerstitial nephritis

antigen-like 1 (TINAGL1), a known endogenous NMD target

(16), also increased by 7.52–26.24-fold in UPF1- and UPF2-

depleted (vs. control) cells (Figure 1d).

These results suggest that UPF1 and UPF2 are expressed and

mediate NMD activity for degrading endogenous and exogenous

aberrant transcripts in human lung epithelial cells. Consequently,

UPF1/UPF2 depletion resulted in increased stability of NMD target

transcripts in these cells.
Expression of NMD factors (UPF1/UPF2) in
SARS-CoV-2 infection and their effects on
SARS-CoV-2 transcripts

Because SARS-CoV-2 replicates in the cytoplasm and its

genomic and subgenomic RNAs contain long 3′ regions, we

hypothesized that SARS-CoV-2 RNAs might be NMD targets and

that infection may alter the abundance of NMD factors. Indeed,
TABLE 1 Continued

Oligonucleotides Sequence (5’-3’) Amplicon (bp) Accession #

SARS2-leader-F GTTTATACCTTCCCAGGTAACAAACC
308 NC_045512.2

SARS2-E-R1 CACGAGAGTAAACGTAAAAAGAAGG

SARS2-RdRP-F AGAATAGAGCTCGCACCGTA
101 NC_045512.2

SARS2-RdRp-R CTCCTCTAGTGGCGGCTATT

SARS2-leader-F GTTTATACCTTCCCAGGTAACAAACC 286 NC_045512.2

SARS2-M-R1 CAAGACAAGCCATTGCGATA
SARS2, SARS-CoV-2; h, human; m, mouse, F, Forward; R, Reverse; rLuc, Renilla luciferase; UPF1/UPF2, Up-frameshift protein ½; PARP12/PARP13, Poly(ADP-ribose) polymerase 12/13;
GAPDH, Glyceraldehyde dehydrogenase; N, Nucleocapsid; S, Spike; E, Envelope; RdRp, RNA-dependent RNA polymerase. All synthetic oligonucleotides were custom ordered from Integrated
DNA technologies (Coralville, IA).
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mRNAs for UPF1 and UPF2 decreased by 82.41%–90.62% in lung

tissues of hACE2tg mice infected with SARS-CoV-2 compared to

mock-infected mice (Figures 2a, b). A549hACE2+ cells infected with

SARS-CoV-2 for 24 h (vs. mock-infected) also exhibited 53.26%

and 94.05% declines in mRNA levels for UPF1 and UPF2,

respectively (Figures 2c, d).
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To evaluate whether NMD targets SARS-CoV-2 RNAs,

A549hACE2+ cells were transfected with siCtrl or siUPF1/siUPF2

(75 nM each) siRNAs before infection (MOI: 1.0), and viral

subgenomic RNAs were analyzed at 24 h. Transfection with

siUPF1 and siUPF2 before SARS-CoV-2 infection led to almost

complete depletion of UPF1 and UPF2 RNA, respectively
FIGURE 1

(a–c) NMD depletion in human epithelial cells. Human alveolar epithelial A549 cells were transfected with 25–75 nM of target-specific (siUPF1,
siUPF2) or siCtrl siRNAs for 48 h. Representative western blots for UPF1 and UPF2 (control: GAPDH) are shown in panel a. Densitometry analysis of
UPF1 and UPF2 bands (relative to GAPDH) was performed, and percent depletion of UPF1 and UPF2 in cells transfected with target-specific (vs.
siCtrl) siRNAs was calculated for (b, c). (d) Schematic of NMD reporters. NS39 is an NMD target reporter consisting of an in-frame Renilla luciferase
(rLuc) and b-globin fusion construct with a nonsense mutation at codon 39 of the b-globin open reading frame, resulting in the formation of a
premature termination codon (PTC). Wild type (WT) is an NMD non-target reporter consisting of an rLuc/b-globin fusion construct with an accurate
termination codon (Ter) and expresses full-length b-globin. The Renilla sequence is shown in blue and b-globin sequences in gray. The reporter
constructs were cloned in the pCI-neo plasmid. (e) Effects of UPF1/UPF2 depletion on the exogenous NMD reporter. A549ACE2+ cells were
sequentially transfected with 75 nM of siCtrl, siUPF1, or siUPF2 siRNAs for 48 h and 1 mg of WT or NS39 reporters for 24 h. The relative RNA levels of
rLuc (normalized to Gapdh) were monitored by RT-qPCR. (f) UPF1/UPF2 depletion effects on the endogenous NMD reporter. A549ACE2+ cells
transfected with siRNAs were analyzed for alternatively spliced TINAGL1 mRNA (endogenous NMD target) by RT-qPCR. In panels e–f, each biological
sample (average of duplicate analysis) is plotted as a dot, and mean ± standard error of the mean (SEM) values derived from n = 6–8 biological
samples per group are plotted as bars. Significance for e–f was calculated by one-way ANOVA with Tukey’s or Kruskal–Wallis/Dunn’s post hoc tests;
p-values of ≤0.01 and ≤0.001 are plotted with 2 and 3 symbols, respectively (*WT vs. NS39; ^siCtrl vs. siUPF1 or siUPF2 in matched groups).
Horizontal bars show the compared groups. p-values of ≤0.01,^^ and ≤0.001,^^^ are plotted (WT vs. NS39; ^siCtrl vs. siUPF1 or siUPF2).
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(Figures 2c, d). We detected the accumulation of SARS-CoV-2 S, E,

M, and N subgenomic RNAs in nontransfected or siCtrl-transfected

A549hACE2+ cells at 24 h (Figures 2e–h).

Importantly, 12.1–14.4-fold, 16.4–22.1-fold, 14.4–15.8-fold, and

14.2–15.8-fold further increases in S, E, M, and N subgenomic RNAs,

respectively, were observed in UPF1/UPF2-depleted (vs. control) cells
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infected with SARS-CoV-2 (Figures 2e–h). A similar pattern of

increase in genomic RNA for RdRP was also noted in UPF1/UPF2-

depleted (vs. siCtrl) cells infected with SARS-CoV-2 (Figure 2i).

Together, these results show that NMD effectors are suppressed

in lung epithelial cells and mouse lung tissue during SARS-CoV-2

infection. Our findings using UPF1/UPF2-depleted human lung
FIGURE 2

(a–d) SARS-CoV-2 suppresses UPF1/UPF2 expression. For in vivo studies (a, b), hACE2tg mice were intranasally challenged with 102 TCID50 of SARS-
CoV-2, euthanized at 4–5 days post-infection, and lung tissues were harvested. For in vitro studies (c, d), A549ACE2+ cells were transfected with
siCtrl, siUPF1, or siUPF2 siRNAs (75 nM each) and infected with SARS-CoV-2 (MOI: 1.0) for 24 h. Samples were analyzed in duplicate by RT-qPCR for
mRNA levels of UPF1 and UPF2, and data were normalized to Gapdh. Controls: mock infected. Individual data points (average of duplicate values
from each sample) and mean ± SEM values (n = 6–8 samples per group) are shown. (e–i) Effects of UPF1/UPF2 depletion on SARS-CoV-2 RNA.
A549ACE2+ cells were nontransfected or transfected with siCtrl or siUPF1/siUPF2 siRNAs (75 nM each) for 48 h, and infected with SARS-CoV-2 (MOI:
1.0) for 24 h. RT-qPCR analysis of SARS-CoV-2 subgenomic RNAs (S, E, M, N) was performed using a common leader sequence and target-specific
primers, and genomic RNA was amplified using RdRP-specific primers; relative levels of SARS-CoV-2 transcripts (normalized to Gapdh) were
calculated. Individual data points from each biological sample (average of duplicate observations) and mean ± SEM values (n = 6–8 biological
samples/group) are plotted. Student’s unpaired t-test with Mann–Whitney U-test (a, b) and one-way ANOVA with Tukey’s or Kruskal–Wallis/Dunn’s
post hoc tests (c–i) were applied to calculate significance; p-values of ≤0.05, ≤0.01, and ≤0.001 are annotated with 1, 2, and 3 symbols, respectively
(*control vs. infected; ^infected vs. siUPF1 and/or siUPF2-treated/infected). Horizontal bars show the compared groups. p-values of ≤0.05*,^, ≤0.01,
^^, and ≤0.001,^^^ are plotted (control vs. infected; ^infected vs. siUPF1-treated/infected or siUPF2-treated/infected).
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epithelial cells demonstrate that SARS-CoV-2 subgenomic and

genomic RNAs are targeted for degradation by the NMD pathway.
Expression and effects of PARP12/PARP13
in SARS-CoV-2 infection

PARP12 and PARP13 are known to bind viral RNA and

suggested to suppress viral replication by interfering with

translation initiation (9) or by activating mRNA decay via the 3’-

5’ mRNA degradation machinery (17). PARP13/TRIM25 complex

also binds RNA to regulate gene expression, including genes

involved in priming anti-viral immunity (18). In this study, we

focused on understanding how NMD-PARPs interactions may

occur in the context of SARS-CoV-2 infection.

We first determined whether PARP expression levels changed

in response to SARS-CoV-2 infection. To do this, we extracted

PARP-related data from global gene expression profiling of Calu3/

2B4hACE2+ lung epithelial cells infected with SARS-CoV-2 (MOI:

1.0) for 12, 24, and 48 h. Of the 16 PARPs identified in the RNA-seq

dataset, expression levels for PARP1–3 were slightly decreased,

while those for PARP4–8, PARP11, PARP15, and PARP16 were

slightly increased during 24–48 h post-infection (Figure 3a). The

relative mRNA levels encoding PARP9–10 and PARP12–14

increased by 0.51–2.85-fold in SARS-CoV-2-infected cells at 24–

48 h (Figure 3a). Furthermore, mRNAs encoding PARP12 and

PARP13 were increased by 2.27–3.0-fold in the lungs of SARS-

CoV-2-infected (vs. mock-infected) hACE2tg mice (Figures 3b, c).

Immunohistochemical staining provided additional evidence of

changes in PARPs (and NMD effectors) in response to SARS-CoV-2

infection. PARP12 and PARP13 levels increased by 106.45%–

127.27%, whereas NMD effectors SMG1 and UPF1 decreased by

35.95%–52.0% in lung tissues of SARS-CoV-2-infected (vs. mock-

infected) mice (Figures 3d–o).

To determine whether PARP12/PARP13 exert antiviral effects,

A549hACE2+ cells were transfected with siPARP12 and siPARP13

siRNAs and subsequently infected with SARS-CoV-2. Western blot

analysis showed that siPARP12 and siPARP13 at 50–75 nM (vs.

siCtrl) resulted in 50%–84% and 95%–99% depletion of PARP12

and PARP13, respectively (Figures 4a–c). No effects of PARP12 or

PARP13 depletion were observed on GAPDH levels.

RT-qPCR analysis of A549hACE2+ cells transfected with

siPARP12/siPARP13 (75 nM each) or siCtrl siRNA followed by

SARS-CoV-2 infection (MOI: 1.0) was conducted to evaluate the

effects of PARP12/PARP13 on viral RNA. The siCtrl transfection

did not affect the amounts of S, E, M, and N subgenomic RNAs after

SARS-CoV-2 infection for 24 h (Figures 4e–h), whereas 6.5–7.8-

fold, 6.1–8.2-fold, 5.8–6.5-fold, and 6.8–7.6-fold increases in S, E,

M, and N subgenomic RNA levels, respectively, were observed in

PARP12/PARP13-depleted (vs. control) cells infected with SARS-

CoV-2 (Figures 4e–h). A similar increase in RdRP-encoding

genomic RNA was also observed in PARP12/PARP13-depleted

(vs. siCtrl) cells infected with SARS-CoV-2 (Figure 4h).

Moreover, a significant increase in the expression of

proinflammatory cytokines (IL1b, IL6, and TNFa) was observed in
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SARS-CoV-2-infected (vs. mock-infected) cells (Figures 4i–k). A

further >2-fold increase in IL1b and TNFa gene expression was

observed in UPF1/UPF2-depleted (vs. control) cells but not in

PARP12/PARP13-depleted (vs. control) cells infected with SARS-

CoV-2.To further verify the effects of PARP12/PARP13 on SARS-

CoV-2, A549hACE2+ cells were transfected with 1 mg of expression

plasmids (pCAGGS.PARP12 and/or pCAGGS.PARP13) prior to

SARS-CoV-2 infection (MOI: 1.0). RT-qPCR analysis showed a

587–663-fold increase in PARP12 and PARP13 expression levels in

cells transfected with recombinant (vs. empty pCAGGS) plasmids

(Figures 5a, b). Upon infection with SARS-CoV-2 (MOI: 1.0) for 24 h,

PARP12/PARP13-overexpressing A549hACE2+ cells exhibited 55.8%–

85.1%, 69.5%–86.3%, 87.5%–95.3%, and 66.6%–84.2% declines in

subgenomic RNAs encoding S, E, M, and N, respectively, compared

to nontransfected or pCAGGS-transfected cells infected with SARS-

CoV-2 (Figures 5c–f). A similar decline in RdRP-encoding genomic

RNA was observed in PARP12/PARP13-overexpressing (vs. control)

cells infected with SARS-CoV-2 (Figure 5g). SARS-CoV-2 transcripts

were not detectable in mock-infected cells.

Together, the results presented in Figures 3, 4, 5 suggest that (a)

PARP12 and PARP13 were markedly increased in lung epithelial

cells and lung tissue of hACE2tg mice in response to SARS-CoV-2

infection; (b) our findings provide additional evidence for the

inhibitory effects of SARS-CoV-2 on NMD effectors in mice; and

(c) a significant increase in viral transcripts upon PARP12/PARP13

depletion, and an extensive decline in SARS-CoV-2 transcripts

upon PARP12/PARP13 overexpression, suggest that PARP12 and

PARP13 constitute part of the host defense mechanism against viral

infection. Moreover, an increase in antiviral immune response

following depletion of UPF1/UPF2—but not PARP12/PARP13—

further supports the conclusion that downregulation of UPF1/UPF2

and upregulation of PARP12/PARP13 by SARS-CoV-2 occur as

part of a host defense mechanism to regulate the antiviral state.
PARP12/PARP13 enhance NMD-mediated
degradation of SARS-CoV-2 RNA and
control viral replication

Considering that PARP12/PARP13 bind viral RNA as well as

exonucleases of the NMD pathway (17), and based on our findings

in the above figures (Figures 3-5), we aimed to test whether

PARP12/PARP13 promote the degradation of SARS-CoV-2 RNA

in the cytosol via the NMD pathway.

We first examined the effects of PARP12/PARP13 on NMD

reporters. A549hACE2+ cells were transfected with siCtrl, siPARP12,

or siPARP13 siRNAs for 48 h and then transfected with NS39 and

WT reporters, which encode an rLuc ORF in-frame fused with b-
globin. Because of a nonsense mutation in b-globin, NS39

transcripts are susceptible to the NMD pathway. RT-qPCR

analysis showed 88.93%–90.01% lower accumulation of NS39

reporter RNA than WT reporter RNA in nontransfected and

siCtrl-transfected cells (Figure 6a). The amount of NS39 reporter

RNA increased by 3.08–3.98-fold and 1.52–2.09-fold, respectively,

in PARP12- and PARP13-depleted (vs. control) A549hACE2+ cells
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FIGURE 3

(a–c) Expression of poly(ADP-ribose) polymerases in response to SARS-CoV-2 infection. For in vitro studies (a), human lung epithelial Calu-3/2B4
cells (ACE2+ clone) were infected in triplicate with SARS-CoV-2 (MOI: 1.0) for 12, 24, and 48 h and subjected to RNA-seq analysis. Averages of log2
fold changes in mRNAs for PARP1–PARP16 in infected (vs. mock-infected) cells after normalizing to housekeeping controls are shown (red:
upregulation; green: downregulation). Significance was calculated by Student’s unpaired t-test with Mann–Whitney U-test; bolded values show
significance (p ≤ 0.01) between control vs. infected samples. For in vivo studies (b, c), hACE2tg mice were intranasally challenged with 102TCID50

SARS-CoV-2 (controls: mock infected) for 4–5 days. RT-qPCR for PARP12- and PARP13-encoding mRNAs (normalized to Gapdh) in lung tissues was
performed. Individual data points from each mouse (average of duplicate observations) and mean ± SEM values (n=6–10 mice/group) are plotted.
(d–o) Immunohistochemistry for PARPs and NMD factors in lungs of mice infected with SARS-CoV-2. The hACE2tg mice were intranasally
challenged with 102TCID50 SARS-CoV-2 (controls: mock infected) for 4–5 days. Paraffin-embedded 5-mm lung tissue sections were subjected to
dual immunohistochemistry. Representative images identifying the expression of PARP12 (d–g) and PARP13 (h–k) (brown) and NMD factors SMG1
(d,e, h, i) and UPF1 (f, g, j, k) (magenta) are shown (scale bar: 20 mm), and quick IHC scores for each antigen are plotted in l–o. Data points for each
tissue section (average of scanning in 9 microscopic fields) and mean ± SEM values (n ≥ 6 mice/group, 3 tissue sections/mouse) are shown.
Significance comparing control and infected groups was calculated by Student’s unpaired t-test with Mann–Whitney U-test. In all bar graphs, p-
values are plotted as *p≤0.05, **p≤0.01, ***p≤0.001. Horizontal bars show the compared groups. In bar graphs, p-values are plotted as p≤0.05*,
p≤0.01, p≤0.001*. Horizontal bars show the compared groups.
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(Figure 6a). No significant effects of PARP12 or PARP13 depletion

were noted on WT reporter RNA levels.

Alternatively spliced mRNA for TINAGL1 (an endogenous

NMD target) also increased by 3.37–9.76-fold and 2.62–7.92-fold,
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respectively, in PARP12- and PARP13-depleted (vs. control) cells

(Figure 6b). These results suggest that PARP12 and PARP13 signal

NMD-mediated degradation of endogenous and exogenous

aberrant transcripts in human lung epithelial cells.
FIGURE 4

(a–c) PARP12/PARP13 depletion. A549ACE2+ cells were transfected with 25-75nM of control (siCtrl) or target-specific (siPARP12, siPARP13) siRNAs for
48 h. Representative western blots for PARP12 and PARP13 (control: GAPDH) are shown in (a). Densitometry analysis of PARP12 and PARP13 bands
(relative to GAPDH) was performed, and percent depletion of PARP12 and PARP13 in cells transfected with target-specific (vs. siCtrl) siRNAs was
calculated for (b, c). (d–k) Effects of PARP12/PARP13 depletion on SARS-CoV-2 RNA stability and cytokine response. A549ACE2+ cells were not
transfected or were transfected with siRNAs (75nM each) for 48h, and mock infected or infected with SARS-CoV-2 (MOI: 1.0) for 24 h. RT-qPCR was
performed to examine the levels of SARS-CoV-2 subgenomic RNAs (S, E, M, N) and genomic RdRP RNA (d–h), and host cytokine gene expression
(IL1b, IL6, and TNFa (i–k). Data were normalized to Gapdh. Individual data points from each biological sample (average of duplicate observations)
and mean ± SEM values (n=6–8 biological samples/group) are plotted. Significance was calculated by one-way ANOVA with Tukey’s or Kruskal–
Wallis/Dunn’s post hoc tests; p-values of ≤0.05, ≤0.01, and ≤0.001 are annotated with 1, 2, and 3 symbols, respectively (*control vs. infected;
^infected vs. siPARP12 and/or siPARP13-treated/infected). Horizontal bars show the compared groups. p-values of ≤0.05*,^, ≤0.01,^^, and ≤0.001,
^^^ are plotted (control vs. infected; ^infected vs. siPARP12-treated/infected or siPARP13-treated/infected).
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To further evaluate PARP12/PARP13 synergy with NMD in

modulating SARS-CoV-2 RNA stability, A549hACE2+ cells were

sequentially transfected with siUPF1/UPF2 siRNAs (75 nM each)

and PARP12/PARP13 expression plasmids (0.02–1.0 mg each) and

then infected with SARS-CoV-2 (MOI: 0.1) for 24 h. Cells

transfected with siCtrl and pCAGGS served as negative controls,

while cells depleted of UPF1/UPF2 or overexpressing PARP12/

PARP13 served as positive controls. No SARS-CoV-2 RNA was
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detected in cells transfected with siCtrl, UPF1/UPF2 siRNAs, or

empty or PARP12/13 expression plasmids prior to infection.

After SARS-CoV-2 infection, cells transfected with siUPF1/

siUPF2 (vs. siCtrl or pCAGGS) exhibited a 68.50%–338.54%

increase in subgenomic RNAs encoding S and N viral proteins

(Figures 6c, d). Overexpression of PARP12/PARP13 with UPF1/

UPF2 depletion had a dose-dependent effect: transfection of 0.02 mg,
0.2 mg, and 1.0 mg of each PARP12 and PARP13 expression plasmid
FIGURE 5

PARP12/PARP13 overexpression decreases SARS-CoV-2 RNA levels. A549ACE2+ cells were transfected with pCAGGS, pCAGGS-PARP12 and/or
pCAGGS-PARP13 expression plasmids (1mg each) for 48h, mock infected or infected with SARS-CoV-2 (MOI: 1.0) for 24 h, and analyzed by RT-
qPCR. (a, b) PARP12 and PARP13 transcript levels. (c–f) SARS-CoV-2 subgenomic RNAs (S, E, M, N) were amplified with a common leader sequence
and target-specific primers, and genomic RNA was amplified using RdRp-specific primers. Target-specific Ct values were normalized to Gapdh Ct

values, and relative RNA levels were calculated. Individual data-points from each biological sample (average of duplicate observations) and mean ±
SEM values (n=5–8 biological samples per group) are plotted. Significance was calculated by Student’s unpaired t-test with Mann-Whitney U-test
(a, b) and one-way ANOVA with Tukey’s or Kruskal-Wallis/Dunn’s post-hoc tests (c–h), and p-values of ≤0.05, ≤0.01, and ≤0.001 are shown with 1,
2, and 3 symbols, respectively (*control vs. infected; ^infected vs. siPARP12 and/or siPARP13-treated/infected). Horizontal bars show the compared
groups. p-values of ≤0.05*,^, ≤0.01,^^, and ≤0.001,^^^ are plotted (control vs. infected; ^infected vs. siPARP12-treated/infected or siPARP13-
treated/infected).
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FIGURE 6

PARP12/PARP13-NMD regulation of SARS-CoV-2 RNA decay. (a, b) PARP12/PARP13 depletion enhances the stability of NMD target reporters.
A549hACE2+ cells were transfected with siCtrl, siPARP12, or siPARP13 siRNAs (75nM each) for 48h and WT (NMD non-target) or NS39 (NMD target)
reporter (1µg each) for 24h. Cells were analyzed by RT-qPCR for (a) rLuc encoded by WT and NS39 reporters and (b) TINAGL1 (endogenous NMD
target) levels. Each biological sample (average of duplicate analysis) is plotted as a dot, and mean ± SEM values derived from n=6–8 biological
samples per group are plotted as bars. Significance was calculated by one-way ANOVA with Tukey’s or Kruskal–Wallis/Dunn’s post hoc tests; p-
values of 0.05, ≤0.01, and ≤0.001 are plotted with 1, 2, and 3 symbols, respectively (*WT vs. NS39; ^siCtrl vs. siPARP12 or siPARP13 in NS39-
transfected groups). Horizontal bars show the compared groups. (c, d) Effects of PARP12/PARP13 and UPF1/UPF2 on SARS-CoV-2 transcripts.
A549ACE2+ cells were transfected with siCtrl or siUPF1 and siUPF2 siRNAs (75nM each) for 48h, and 0.02, 0.2, or 1.0-µg of PAPR12 and PARP13
encoding pCAGGS plasmids (control: 1mg pCAGGS) for 24h. Cells were then infected with SARS-CoV-2 (MOI: 0.1) for 24h, and analyzed by RT-qPCR
for S and N subgenomic RNAs using leader sequence and target-specific reverse primers. For panels a–d, target-specific Ct values were normalized
to Gapdh Ct values, and relative RNA levels of the targets were calculated. Individual data points from each biological sample (average of duplicate
observations) and mean ± SEM values (n = 6–8 biological samples per group) are plotted. (e) PARP12/PARP13 and UPF1/UPF2 regulation of SARS-
CoV-2 replication. A549ACE2+ cells were sequentially transfected with siCtrl or siUPF1 and siUPF2 siRNAs (75nM each, 48h) and PAPR12- and
PARP13-encoding pCAGGS plasmids (0.02-1.0-µg each, 24h) and then infected with SARS-CoV-2 (MOI: 0.1, 24h). Culture supernatants (10-fold
dilutions up to 10-6) were analyzed in triplicate by plaque assay, as described in Methods. Significance for c–e was calculated by one-way ANOVA
with Tukey’s or Kruskal–Wallis/Dunn’s post hoc tests; p-values are plotted as *p≤0.05, **p≤0.01, ***p≤0.001. Horizontal bars show the compared
groups. For (a, b) p-values of ≤0.05*,^, ≤0.01,^^, and ≤0.001,^^^ are plotted (WT vs. NS39; ^siCtrl vs. siPARP12 or siPARP13 in NS39-transfected
groups). For (c–e), p-values are plotted as ≤0.05*, ≤0.01, ≤0.001* and horizontal bars show the compared groups.
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suppressed the accumulation of subgenomic S RNA by 16.52%,

65.91%, and 83.22%, respectively, and of N RNA by 62.32%, 80.64%,

and 92.98%, respectively, compared to cells transfected with siUPF1/

siUPF2 alone (Figures 6c, d). SARS-CoV-2 transcripts were also

decreased by 89.80%–93.02% in infected cells transfected with

PARP12/PARP13 expression plasmids alone (vs. siCtrl/pCAGGS),

consistent with the results shown in Figure 5.

These findings suggest that PARP12 and PARP13 synergize

with the NMD pathway to enhance the degradation of aberrant host

transcripts and SARS-CoV-2 RNAs in human lung epithelial cells.

To confirm that PARP12/PARP13 crosstalk with NMD to

regulate SARS-CoV-2 replication, A549hACE2+ cells transfected

with siUPF1/UPF2 siRNAs (75 nM each) and PARP12/PARP13

expression plasmids (0.02–1.0 mg each) were infected with SARS-

CoV-2 (MOI: 0.1) for 24 h. Supernatants were titrated by plaque

assay to evaluate the effects of UPF1/UPF2 and PARP12/PARP13

on viral replication. These data showed a 163% increase in

infectious SARS-CoV-2 titers when supernatants from UPF1/

UPF2-depleted (vs. siCtrl/pCAGGS-transfected) cells were used.

Overexpression of PARP12/PARP13 with UPF1/UPF2

depletion had a dose-dependent effect such that 0.02 mg each of

PARP12 and PARP13 expression plasmids had a nonsignificant

effect on siUPF1/siUPF2-dependent viral replication, whereas co-

transfection of 0.2 mg (each) and 1 mg (each) of PARP12 and

PARP13 expression plasmids suppressed the siUPF1/siUPF2-

dependent increase in viral replication by 60.68% and 93.84%,

respectively. These results suggest that PARP12/PARP13 crosstalk

with UPF1/UPF2 to regulate NMD activity and control SARS-CoV-

2 replication.
Discussion

NMD is a translation-dependent process that targets truncated

transcripts through a set of highly conserved factors from yeast to

humans (19). Briefly, NMD-associated effectors—including Ser/Thr

protein kinase (SMG1), RNA helicase and ATPase (UPF1), and

Regulator of Nonsense Transcripts 2 (UPF2)—recognize truncated

open reading frames on the exon junction complex. Subsequent

phosphorylation of UPF1 triggers the recruitment and/or signaling

of (a) SMG6 endonucleolytic activity; (b) SMG5/SMG7 and SMG5/

proline-rich nuclear receptor coactivator 2 (PNRC2)-mediated 5′
decapping and 3′ deadenylation, respectively, of cleaved mRNA

products; and (c) exosome- and 5′–3′ exoribonuclease (XRN1)-

mediated exonucleolytic decay of mRNA fragments (19, 20). Recent

system-wide studies have found that NMD participates in the

surveillance and degradation of positive-sense RNA viruses that

undergo RNA synthesis and viral assembly in the host cytoplasm,

and that these viruses have evolved mechanisms to disrupt antiviral

NMD activity (21, 22). For example, knockdown of NMD factors

(UPF1, SMG5, or SMG7) increased RNA synthesis and replication

of SFV and Sindbis alphaviruses in HeLa cells (4). Viral proteins of

Zika virus (ZIKV), West Nile virus, and hepatitis C virus have been

suggested to degrade UPF1 (23, 24). The 3’ untranslated regions

(UTR) of Rous sarcoma virus and Turnip crinkle virus (25, 26), as
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well as two proteins of human T-cell lymphotropic virus (27, 28),

were implicated in protecting viral mRNA from NMD machinery

through unknown mechanisms.

Our team previously demonstrated that MHV RNA, a

mammalian coronavirus, is an NMD target, and depletion of

NMD factors (UPF1, UPF2, SMG5, or SMG6) facilitated more

efficient MHV replication in cultured cells (6). The observations

from this study provide further evidence that NMD exerts an

inhibitory effect on SARS-CoV-2. This is supported by the

findings that SARS-CoV-2 infection suppressed the expression of

UPF1, UPF2, and SMG1 in lung epithelial cells and lung tissues of

infected mice. Additionally, UPF1/UPF2 depletion enhanced the

abundance of subgenomic mRNAs for structural proteins (S, E, M,

N) and the genomic RNA of SARS-CoV-2, thereby facilitating more

efficient replication of the virus in human lung epithelial cells.

How coronaviruses regulate the NMD pathway is not yet fully

understood. We previously found that the nucleocapsid (N) protein

of MHV suppresses the NMD pathway (6) and others have reported

that the SARS-CoV-2 N protein interacts with NMD factors (29).

Recently, the SARS-CoV-2 N protein was shown to directly bind

UPF2 and inhibit the helicase activity of UPF1, thereby disrupting

the formation of the UPF1/UPF2 complex and inhibiting the NMD

pathway (30, 31). These studies provide insight into viral N protein

interactions with UPF1/UPF2 and highlight the need for further

research to delineate how SARS-CoV-2 inhibits the NMD pathway

and how NMD targets viral RNA.

The human genome encodes 17 PARPs, categorized into four

subfamilies based on the presence or absence of structural motifs

beyond the PARP domain. Signature motifs other than the PARP

domain have not been identified in unclassified PARPs (PARP4,

PARP6, PARP8, PARP10, PARP11, and PARP16). PARP1–3 bind

DNA and play roles in DNA damage control (32). PARP9, PARP14,

and PARP15 contain macrodomains that enable interaction with

ADP-ribosylated proteins and have been shown to signal the

transcription of interferon-stimulated genes and modulate the

innate immune response (33, 34). PARP5a/b contain protein-

binding ankyrin repeats and were initially identified as regulators

of telomere elongation (35). Finally, PARP7, PARP12, and PARP13

contain one or more CCCH ZnF motifs for RNA binding and

regulate RNA metabolism and translation (36). Overall, due to their

distinct functional domains and enzymatic activities, PARPs have

been implicated in diverse biological processes in health and disease

and have also been attributed antiviral roles (10). For instance,

PARP13 was found to inhibit retrovirus replication (37), and

PARP12 and PARP13 have been shown to restrict replication of a

broad range of cytoplasmic viral species (38–41). Published reports

(42) and our data demonstrate that SARS-CoV-2 induces the

expression of PARP9–10 and PARP12–14 in infected lung

epithelial cells and lung tissues of infected mice. RNA-seq

analyses of human bronchial cells, bronchoalveolar lavage fluid,

and lung biopsies from ferrets, adenovirus–hACE2-expressing

mice, and COVID-19 patients also revealed significant increases

in PARP9, PARP12, and PARP14 across all tissues, and PARP13

specifically in lung tissues of SARS-CoV-2-infected hosts (43, 44).

Furthermore, our data show that PARP12 and PARP13 restrict the
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accumulation of viral transcripts and the replication of SARS-CoV-

2 in infected cells. An in silico drug screening study suggested that a

specific PARP1 inhibitor, CVL218, may also offer therapeutic

efficacy against SARS-CoV-2 (45), although neither published

literature nor transcriptomic studies, nor our results, have shown

PARP1 activation by SARS-CoV-2 infection in vitro or in vivo.

Further studies employing chemical and genetic modulation of

PARP1 are needed to verify its role in SARS-CoV-2 infection.

Overall, our findings provide strong evidence for the role of

PARP12/PARP13 in inhibiting SARS-CoV-2 replication and

support the development of PARP12/PARP13 agonists as

potential broad-range antivirals.

Despite several studies, a unifying mechanism by which PARPs

regulate the replication of RNA viruses has not yet been proposed.

Initially, PARP13 was suggested to enhance retinoic acid-inducible

gene I and interferon regulatory factor 3 signaling (46) or to degrade

interferon mRNAs (8), thereby shaping anti-viral innate immunity.

Subsequently, PARP13 was found to bind the 3′ UTR of MHV, the

5′ UTRs of human immunodeficiency virus, and the middle of the

polycistronic transcript of Ebola virus (39, 47, 48). The specific viral

motifs recognized by PARP13 were not identified in these studies,

although it was suggested that CpG motifs in viral genomes are key

to PARP13 binding (49) and its antiviral effects.

Our study shows that SARS-CoV-2, which harbors a CpG-

suppressive genome (50) is also susceptible to PARP13-mediated

decay. Others have documented that full-length PARP13 is more

potent in inhibiting human immunodeficiency virus and influenza A

virus than its short ZAP13 isoform, which lacks the C-terminal PARP

domain (51, 52). Indeed, PARP13 binding to viral RNA has been

shown to facilitate the recruitment of poly(A)-specific ribonuclease,

RNA exosome enzymes, and decapping enzymes or RNA helicases (48,

53, 54) all of which are downstream effectors of the NMD pathway.

However, confirmatory evidence for the role of full-length or short-

length PARP13 in regulating NMD activity in the presence or absence

of viral infection has not yet been provided in the published literature.

Our results demonstrate that PARP13 expression correlates

directly with NMD activity: depletion of PARP13 enhanced the

stability of both endogenous and exogenous NMD target mRNAs,

whereas PARP13 overexpression had a dose-dependent effect on the

degradation of NMD target mRNAs and SARS-CoV-2 transcripts.

Moreover, PARP13 overexpression enhanced the NMD-mediated

control of SARS-CoV-2 replication in a dose-dependent manner.

Based on published studies and our findings, we propose that

PARP13 binding to cytoplasmic viral RNAs facilitates the

recruitment and activation of the RNA decay machinery, leading to

the degradation of viral RNAs and inhibition of viral replication.

Unlike PARP13, PARP12 contains a catalytically active PARP

domain capable of mono-ADP-ribosylating target proteins. The

observation of increased PARP12 expression in cells that cleared

Venezuelan equine encephalitis virus (VEEV) replication compared to

those with persistent VEEV infection led to several studies showing that

PARP12 restricted the replication of encephalomyocarditis virus,

vesicular stomatitis virus, and Sindbis virus, among others, in various

cell types (40, 55). It was hypothesized that the PARP12 ZnF motif
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might be essential for inhibition of viral replication. Indeed, PARP12 has

been shown to translocate from the Golgi bodies to stress granules under

stress stimuli, including infection with RNA viruses, and this

translocation activity was abrogated upon mutation of the ZnF

domains (56). Whether the PARP12 ZnF motifs bind viral RNA in

stress granules, and whether such binding is required for viral RNA

degradation, has not yet been established. Other studies have shown that

PARP12 inhibits ZIKV replication via ADP-ribosylation and

proteasomal degradation of the viral NS1 and NS3 proteins; this

activity did not require the ZnF domains (57). Our findings provide

initial evidence that PARP12, like PARP13, influences NMDactivity and

enhances the degradation of NMD-targeted aberrant transcripts and

SARS-CoV-2 RNAs. Thus, PARP12 overexpression restricted SARS-

CoV-2 replication in infected lung epithelial cells. Further studies will be

needed to delineate the specific roles of the PARP12 ZnF and PARP

domains in shaping the antiviral activity of NMD factors.

Our findings of increased antiviral immune response following

UPF1/UPF2 depletion allow us to propose that UPF1/UPF2 and

PARP12/PARP13 may also influence host defense mechanisms to

establish an antiviral state. Indeed, PARP12/PARP13 bind

exonucleases of the NMD pathway (17), and PARP13 (along with

TRIM25) binds RNA to regulate gene expression, including genes

that initiate antiviral immunity (18). Several other PARPs

upregulated in response to SARS-CoV-2 and model coronavirus

infections also exert antiviral activity (10). SARS-CoV-2 was shown

to dysregulate the PARP antiviral response by disturbing NAD

biosynthetic pathways that provide substrates for PARP activation.

This disruption could be rescued by pharmacological activation of

NAD synthesis (58), indicating that noncanonical PARP activities

are limited by NAD availability and that pharmacological

interventions enhancing NAD levels should be considered to

improve innate immunity against coronaviruses.

PARP12 and PARP13 themselves function as interferon-

stimulated genes. PARP12, in particular, acts as a strong inhibitor

of ZIKV replication through ADP-ribosylation of NS1 and NS3,

triggering their proteasome-mediated degradation and reducing

their availability for viral replication (57). We thus postulate that

while inhibition of the NMD pathway favors SARS-CoV-2 RNA

stability and viral replication, a decline in UPF1 and UPF2—

together with upregulation of PARP12/PARP13—may benefit the

host by promoting a balanced antiviral immune response.

In summary, this study investigated the role of the NMD

pathway and PARP12/PARP13 in SARS-CoV-2 infection. We

demonstrate that (a) UPF1/UPF2-mediated NMD degrades

endogenous and exogenous aberrant transcripts in human lung

epithelial cells; (b) NMD activity targets SARS-CoV-2 RNA for

degradation; and (c) SARS-CoV-2 suppresses the expression of

NMD effectors in lung epithelial cells and lung tissue of mice,

thereby facilitating viral replication. We also found that (d)

PARP12/PARP13 were increased in lung epithelial cells and lung

tissue of SARS-CoV-2-infected mice, and (e) PARP12/PARP13 had

antiviral effects, as indicated by a direct correlation between

PARP12/PARP13 expression and inhibition of RNA stability and

replication of SARS-CoV-2 in lung epithelial cells. Furthermore, (f)
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PARP12/PARP13 augmented NMD activity in degrading

endogenous and exogenous aberrant transcripts as well as SARS-

CoV-2 RNA in human lung epithelial cells. These results support

the proposition that PARP12/PARP13 agonists may serve as

adjuvants to enhance the efficacy of antiviral therapies in

controlling SARS-CoV-2 infection and COVID-19 pathogenesis.
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