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Abstract 

Nonsense-mediated mRNA decay (NMD) is a netw ork of pathw a y s that degrades transcripts that undergo premature translation termina- 
tion. In mammals, NMD can be divided into the e x on junction comple x (EJC)-enhanced and EJC-independent branches. Fluorescence- and 
luminescence-based reporters ha v e long been effective tools to investigate NMD, yet existing reporters largely focus on the EJC-enhanced 
pathw a y. Here, w e present a system of reporters for comparative studies of EJC-independent and EJC-enhanced NMD. This system also en- 
ables the study of NMD-associated outcomes such as premature termination codon (PTC) readthrough and truncated protein degradation. These 
reporters are compatible with fluorescence or luminescence-based readouts via transient transfection or stable integration. Using this reporter 
sy stem, w e sho w that EJC-enhanced NMD RNA le v els are reduced by 2- or 9-fold and protein le v els are reduced by 7- or 12-fold compared to 
EJC-independent NMD, depending on the reporter gene used. Additionally, the extent of readthrough induced by G418 and an NMD inhibitor 
(SMG1i), alone and in combination, varies across NMD substrates. When combined, G418 and SMG1i increase readthrough product le v els in 
an additive manner for EJC-independent reporters, while EJC-enhanced reporters show a synergistic eff ect. W e present these reporters as a 
valuable toolkit to deepen our understanding of NMD and its associated mechanisms. 

Gr aphical abstr act 

I

R  

r  

N  

a  

t  

a  

p  

p  

l  

t  

i  

t  

l  

(

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R
©
T
w

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/6/e34/7611026 by guest on 25 April 2024
ntroduction 

NA quality control mechanisms safeguard cells from aber-
ant RNAs and their likely deleterious protein products.
onsense-mediated mRNA decay (NMD) is one such mech-

nism, that targets aberrant mRNAs that undergo premature
ranslation termination for degradation. NMD substrates can
rise from genetic mutations or errors in mRNA synthesis or
rocessing; ∼11.5% of genetic diseases are associated with
remature termination codons (PTCs) ( 1 ). NMD also modu-
ates the expression of physiological transcripts, making it in-
egral to biological processes like embryonic development, the
ntegrated stress response, and tissue-specific cell differentia-
ion ( 2–5 ). The central trigger for NMD is an aberrant trans-
ation termination event, which is signaled by specific cues
 6–10 ). 
eceived: June 28, 2023. Revised: January 5, 2024. Editorial Decision: January 2
The Author(s) 2024. Published by Oxford University Press on behalf of Nuclei

his is an Open Access article distributed under the terms of the Creative Comm
hich permits unrestricted reuse, distribution, and reproduction in any medium, 
The most well-studied cue in mammals and other higher
eukaryotes is the presence of a stop codon > 50–55 nts up-
stream of the last exon-exon junction of a transcript ( 11 ). In
this case, the sustained presence of an exon junction complex
(EJC), an RBP marker of exon-exon junctions, downstream of
the terminating ribosome triggers the EJC-enhanced mode of
NMD ( 8 , 10 , 12 ). The other cue relies on the presence of a long
3 

′ UTR after the normal termination codon (NTC); lacking
EJCs, it is EJC-independent ( 13 ). One proposed mechanism
for these transcripts involves the long distance between the
stop codon and the poly(A) binding protein, which mimics a
premature translation termination environment, inducing the
EJC-independent mode of NMD ( 14 ,15 ). This is the prevalent
mode of NMD in Saccharomyces cerevisiae , where only 4%
of genes contain introns and most EJC factors are not present
4, 2024. Accepted: February 7, 2024 
c Acids Research. 
ons Attribution License (http: // creativecommons.org / licenses / by / 4.0 / ), 
provided the original work is properly cited. 

https://doi.org/10.1093/nar/gkae121
https://orcid.org/0000-0001-9039-2631


PAGE 2 OF 13 Nucleic Acids Research , 2024, Vol. 52, No. 6, e34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/52/6/e34/7611026 by guest on 25 April 2024
( 16–18 ). EJC-independent NMD also occurs in Caenorhab-
ditis elegans , Drosophila, and mammals, indicating its evolu-
tionary conservation ( 13 , 19 , 20 ). 

When a prematurely terminating ribosome is recognized,
sustained presence of the EJC or other RBPs downstream
serves to recruit the NMD machinery, culminating in the phos-
phorylation of the central NMD factor UPF1, which trig-
gers degradation of the transcript ( 21–28 ). Compared to EJC-
enhanced NMD, less is known about the EJC-independent
branch even though approximately 30% of mammalian
transcripts have UTRs longer than 1 kb and are poten-
tial substrates for this mechanism ( 29–31 ). Moreover, few
studies comparatively analyze the EJC-enhanced and EJC-
independent modes of NMD. Thus, comparative studies of
both pathways are required for a deeper and more com-
plete understanding of this essential RNA quality control
mechanism. 

NMD does not function like an on / off switch, i.e. not ev-
ery mRNA with a PTC is degraded ( 32 ). Rather, it exhibits a
range of efficiencies, which includes escape from NMD. Fac-
tors influencing NMD efficiency include the sequence con-
text, substrate-type (i.e. EJC-enhanced or EJC-independent),
or RBPs ( 13 , 30 , 33 , 34 ). For instance, EJC-enhanced substrates
are more efficient targets of NMD compared to their EJC-
independent counterparts ( 13 ,33 ). Further, EJC-independent
targets can evade NMD because specific RBPs like PTBP1 bind
to their 3 

′ UTR and prevent UPF1 binding ( 34 ). Other mech-
anisms of escape from NMD include re-initiation, where a ri-
bosome can re-initiate translation downstream of a PTC, and
readthrough, where a ribosome reads through a PTC via in-
corporation of a non-cognate amino acid ( 35–38 ). Addition-
ally, co- or post-translational protein degradation mechanisms
can also target residual NMD-associated truncated protein for
degradation, buffering the potential negative effects of NMD
escape ( 39–41 ). However, our understanding of these factors
and the mechanisms by which they influence NMD efficiency
remains incomplete. 

Fluorescence- and luminescence-based reporters are pow-
erful tools that enable rapid, sensitive, and quantitative mea-
surements of protein levels, making them compatible with
high-throughput approaches like small molecule screening,
forward / reverse genetic screens, and massively parallel re-
porter assays. In 2005, Pailluson et al. published the first
fluorescence-based NMD reporter demonstrating that green
fluorescent protein (GFP) fluorescence was proportional to
RNA levels, thus enabling the study of NMD via flow cytom-
etry , spectrofluorometry , and fluorescence microscopy ( 42 ).
Boelz et al. followed with a luminescence-based NMD re-
porter where the ratio of Renilla to Firefly luciferase reflected
RNA levels and responded to small molecule mediated NMD
inhibition in a dose-dependent manner, highlighting its utility
for small molecule screening ( 43 ). Subsequent reporter sys-
tems have incorporated technical modifications such as dif-
ferent fluorescent / luminescent proteins, inducible promoters,
and recombinase-mediated stable integration ( 35 , 39 , 40 , 44–
52 ). These reporters have been used to demonstrate the vari-
ability of NMD efficiency within and between cell types
( 44 ,52 ). They have also enabled forward genetic screening,
leading to the discovery of new NMD modulators like ICE1,
components of the U2 spliceosome, the GIGYF2 •EIF4E2
complex, and AKT signaling ( 46 , 48 , 50 , 51 , 53 ). Moreover,
they have allowed for further study of PTC-associated
readthrough, and the discovery of truncated protein degra- 
dation associated with NMD ( 35 , 39 , 40 , 47 , 52 ). 

Existing fluorescence- and luminescence-based NMD re- 
porters largely focus EJC-enhanced NMD while only a small 
subset examine EJC-independent NMD ( 35 , 39 , 42–46 , 48–52 ).
There are two reporter sets that target both pathways, how- 
ever they were designed to study NMD-associated trun- 
cated protein degradation, necessitating modifications to as- 
sess other aspects of NMD ( 40 ,41 ). The predominant focus on 

only one mode of NMD makes it difficult to know whether 
discoveries from one reporter can apply to both mechanisms,
highlighting the need for a reporter system for comparative 
analysis. To address these limitations, we introduce a reporter 
system designed to maximize the number of NMD-influencing 
variables that can be tested in parallel. These reporters enable 
the comparative study of EJC-enhanced and EJC-independent 
NMD using either fluorescent or luminescent reporter genes.
These reporters are compatible with transient transfections 
or stable integrations and can also be used for high through- 
put assays, genetic screens, or massively parallel reporter as- 
says. Finally, these reporters can investigate at least two NMD- 
associated phenomena: PTC readthrough and truncated pro- 
tein degradation. We present this system of reporters as a re- 
source to the community for advancing our understanding of 
NMD and its underlying mechanisms. 

Materials and methods 

Plasmid construction 

Fluorescent reporters: RFP (TurboFP365), GFP (TagGFP2) 
with and without a GAPDH intron, and BFP (mAzurite) were 
synthesized as gene fragments (Twist Biosciences). These frag- 
ments were cloned into a Lox / LoxP backbone (obtained cour- 
tesy of the Taliaferro lab) via InFusion cloning (Takara) to 

assemble the NMD + EJC-independent and EJC-enhanced re- 
porters. The NMD – reporter was created by restriction digest- 
ing the EJC-independent backbone with EcoRI and MfeI, fill- 
ing the sticky ends with Klenow and ligating the blunt ends to- 
gether to remove the 3 

′ UTR contributed by GFP. Luminescent 
reporters: The fragment containing RFP, CMV promoter, and 

BFP sequences was removed by restriction digestion and re- 
placed with a synthesized gene fragment containing Firefly lu- 
ciferase, CMV promoter, and Renilla luciferase sequences. All 
plasmids were confirmed via whole plasmid sequencing. The 
Firefly / Renilla luciferase gene fragment was ordered as a sin- 
gle fragment from Twist Biosciences. The 5 

′ UTR synthetic in- 
tron fragment was synthesized (Twist Biosciences) and cloned 

into the AgeI restriction site in all reporter plasmids via InFu- 
sion (Takara). These plasmids are available through Addgene.

Cell culture, transfections and genomic integration 

For all experiments except the readthrough experiments,
HEK293T cells were cultured in Dulbecco’s DMEM with 

10% EqualFetal. HEK293 cells were used for the readthrough 

experiments and cultured in the same way as the HEK293T 

cells. Cells were transfected in 6-well plates at a 40% conflu- 
ency with 2500 ng of plasmid DNA using Lipofectamine 2000 

(Thermo), as per manufacturer’s instructions. 
Transfections for fluorescent and luminescent reporters 

were performed differently since fluorescent proteins have 
longer maturation rates than luciferase proteins ( 54 ). For the 
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uorescent reporters, cells were split 24 h after transfection
qually into two new 6-wells. Forty-eight hours after transfec-
ion, one set of cells were harvested for RNA and the other set
or flow cytometry. For the luminescent reporters, cells were
arvested 24 h after transfection in PBS with 60% of each well
arvested for RNA and 30% pelleted and frozen for luciferase
ssays. 

Due to the difference in protein maturation rates, SMG1i
reatment was also slightly different for each set of reporters.
luorescent reporters were treated with 0.5 μM of SMG1i in
MSO for 20 h before harvest. Luminescent reporters were

reated with 1 μM of SMG1i in DMSO for 4 h before harvest.
he negative control was DMSO without any added drug. For

he experiments with fluorescent reporters and G418, G418
as added to cells transfected with reporters 20 h before har-

est at a final concentration of 2 mg / mL. 
To genomically integrate the reporters into HEK293T cells

ontaining a Lox2272 and LoxP enclosing a blasticidin cas-
ette (courtesy Taliaferro Lab, CU Anschutz), these cells were
o-transfected with 97.5% NMD reporter and 2.5% Cre-
lasmid. Twenty-four hours after transfection, the cells were
rovided with fresh media. Puromycin selection began 48
 after transfection (puromycin concentration: 2 μg / ml).
uromycin selection lasted between 1–2 weeks, during which
he media was replaced with fresh media supplemented with
uromycin every 1–2 days. Cell lines obtained at the end were
aintained in media containing puromycin. 

NA harvest, cDNA synthesis, RT-qPCR and RT-PCR 

NA was harvested from cells using the RNeasy Mini Kit (Qi-
gen) lysis buffer. The RNA extractions were subsequently
erformed as per manufacturer’s instructions. 5 μg of ex-
racted RNA was subjected to a DNAse digest using Turbo
NAse (Thermo), as per manufacturer’s instructions. To in-

ctivate the enzyme, EDTA was added at a final concentration
f 15 mM and samples were incubated at 75 

◦C for 10 mins.
DNA was created from 200 ng of DNase digested RNA us-
ng Superscript III First Strand Synthesis kit (Invitrogen) as per
anufacturer’s instructions. A no-RT sample was included as
 control to make sure there was no gDNA contamination. 

The cDNA was then diluted 1:4 and 2 μL were used per
 μL qPCR reaction. qPCR was performed using iTaq Uni-
ersal SYBR Green Supermix (Bio-Rad) and primers specific
or BFP and RFP or Firefly luciferase and Renilla luciferase,
epending on the reporters used. Primers were used at a final
oncentration of 0.25 μM. Their sequences were as follows: 

rimer Sequence 

FP-F A CCA CTA CCA GCA GAA CA CC 

FP-R A TGTGA TCGCGCTTCTCGTT 

FP-F AA CGGGGTGAA CTTCCCATC 

FP-R CCA TCTGGCT A TGGCCTCTC 

irefly-F CTTGCGTCGAGTTTTCCGGT 

irefly-R A TCGTGGA TT A CGTCGCCA G 

enilla-F GCCTCGTGAAA TCCCGTT AGT 

enilla-R GCA TTGGAAAAGAA TCCTGGGTC 

Reactions were set up in triplicate per sample and plated in
84-well plates. The plates were then run on the OPUS Bio-
ad qPCR machine using the 2-step Amp + melt curve pro-

ocol. The delta Ct method was used to quantify RNA levels:
RFP was normalized to BFP, and Firefly luciferase was nor-
malized to Renilla luciferase. For the transient transfections
and genomic integrations, the mean RNA levels of three dif-
ferent transfections or three technical replicates were plotted,
respectively. Error was calculated using standard error of the
mean. 

For RT-PCR, cDNA from representative samples treated
with SMG1i was diluted 1:4 and 4 μL was used in a 20
μL PCR reaction. SMG1i-treated samples were used to ensure
that any mis-spliced / cryptically spliced RNA remained stable
and detectable. PCR was performed using the CloneAmp HiFi
PCR Premix (Takara) and primers that amplified various sec-
tions of the reporter transcripts to assess cryptic splicing ( 55 ).
The corresponding plasmid DNA was used to compare rela-
tive PCR product sizes. Primers were used at a final concen-
tration of 0.25 μM. Their sequences were as follows: 

Primer Sequence 

RFP_Fluc_F1 ATGGAA CAAAA GCTGATTTCTGAA G 

RFP_R1 CCGTTGGATGGGAA GTTCA C 

RFP_F2 GGCTTC AC A TGGGAGAGGA T 

RFP_R2 TTA CTCGA GGCTGTGCCC 

GFP_F1 GGT AAGCCT A TCCCT AACCCTC 

GFP_R1 CTCCTTGAAGTCCTTGCCCT 

GFP_F2 GA CGA CGGCAA GTA CAA GA C 

GFP_R2 TT AAGCGT AA TCTGGAACA TCGT A T 

Fluc_R1 CCGA T AAA T AACGCGCCCAA 

Fluc_F2 TTGGGCGCGTT A TTT A TCGG 

Fluc_R2 TC ACGC AGGC AGTTCT A TGA 

Fluc_F3 TCA T A GAA CTGCCTGCGTGA 

Fluc_R3 GAGCCCA T A TCCTTGCCTGA 

Fluc_F4 TC AGGC AAGGA T A TGGGCTC 

Fluc_R4 CGAAGATGTTGGGGTGTTGG 

Fluc_F5 CC AAC ACCCC AAC ATCTTCG 

Fluc_R5 GAATTCA GAA CCA CCA GAA CCA 

T2A_F1 TGGTTCTGGTGGTTCTGAATTC 

T2A_R1 GTCTTGTACTTGCCGTCGTC 

Flow cytometry 

Cells were washed with 1 mL of PBS and pelleted at 400 ×g
for 5 mins. The cells were then incubated in a 1:1000 dilu-
tion Ghost Dye Red 780 viability dye in PBS for 20 mins at
4 

◦C, in the dark. The cells were pelleted at 400 ×g for 5 mins
and resuspended in 400 μL of PBS, before being analyzed by
the Agilent Novocyte Penteon flow cytometer at the CU Can-
cer Center Flow Cytometry Core. Wavelengths used were RFP
(excitation: 588, emission: 635), GFP (excitation: 483, emis-
sion: 506), BFP (excitation: 384, emission: 450), and Ghost
dye (excitation:633, emission: 780). Data were collected from
100,000 cells and RFP expression was analyzed from live cells
that were positive for BFP. 

Luciferase assays 

Luciferase assays were performed using the Dual-Luciferase
Reporter Assay System (Promega). Frozen pellets were resus-
pended in 300 μL of 1x Passive Lysis Buffer (PLB) and pas-
sively lysed on a rocker for 15 mins. Following lysis, pellets
were vortexed to make sure they were lysed thoroughly, 30
seconds per sample. A portion of each sample of lysed cells
was diluted 1:16 in 1x PLB. Twenty μL of this dilution was
pipetted into a 96-well plate, in triplicate, per sample. The
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LAR II and Stop & Glo reagents were prepared as per man-
ufacturer’s instructions, 100 μL per sample, each. Luciferase
assay was performed using the Glomax Navigator as per the
Dual Luciferase Assay Protocol. 

Western blotting 

Cells were harvested in RIPA buffer supplemented with com-
plete protease inhibitor (Roche). Protein was run on Nu-
PAGE Bis–Tris precast polyacrylamide gels (Thermo Fisher
Scientific) alongside PageRuler Plus Prestained Protein Lad-
der (Thermo Fisher Scientific) and transferred to Odyssey
nitrocellulose membrane (LI-COR Biosciences). Membranes
were blocked in Intercept (PBS) Blocking Buffer (LI-COR Bio-
sciences) before overnight incubation at 4 

◦C with primary an-
tibodies diluted in Blocking Buffer containing 0.2% Tween
20. Membranes were incubated with IRDye-conjugated sec-
ondary antibodies (LI-COR Biosciences) for 1 h and fluores-
cent signal visualized using a Sapphire Biomolecular Imager
(Azure Biosystems) and Sapphire Capture software (Azure
Biosystems). When appropriate, membranes were stripped
with Restore Western Blot Stripping Buffer (Thermo Fisher
Scientific) before being re-probed. 

Reagents 

Reagent Catalog # Company name, location 

Cell Culture 
DMEM, high glucose, pyruvate 11995065 Fisher Scientific, Massachusetts, 

USA 
EqualFETAL Bovine Serum, 
Alternative to FBS 

EF-0500-A Atlas Biologicals, Colorado, USA 

TrypLE™ Express Enzyme (1X), 
phenol red 

12605010 ThermoFisher Scientific, 
Massachusetts, USA 

DPBS, no calcium, no magnesium 14190144 ThermoFisher Scientific, 
Massachusetts, USA 

Lipofectamine 2000 11668019 ThermoFisher Scientific, 
Massachusetts, USA 

Kits 
RNeasy Plus Mini Kit 74136 Qiagen, Hilden, Germany 
SuperScript™ III First-Strand 
Synthesis System 

18080051 ThermoFisher Scientific, 
Massachusetts, USA 

Dual-Luciferase Reporter 1000 
Assay System 

E1980 Promega, Wisconsin, USA 

Enzymes 
In-Fusion HD Cloning Kit 639650 Takara Bio 
Quick Ligation Kit M2200L New England Biolabs (NEB), 

Massachusetts, USA 
EcoRI-HF R3101S NEB, Massachusetts, USA 
MfeI-HF R3589S NEB, Massachusetts, USA 
AgeI R3552S NEB, Massachusetts, USA 
Klenow Fragment M0212S NEB, Massachusetts, USA 
iTaq Universal SYBR Green 
Supermix 

1725125 Bio-Rad, California, USA 

Turbo Dnase AM2239 Fisher Scientific, Massachusetts, 
USA 

Antibodies and Viability Dye 
Ghost Dye 780 13–0865-T100 Tonbo Biosciences, California, 

USA 
Anti-cMyc N / A University of Colorado Cancer 

Center Shared Technology 
Resource 

Anti-HA 3724S Cell Signaling 
Instruments 
OPUS Bio-Rad 12011319 Bio-Rad, California, USA 
Glomax Navigator GM2010 Promega, Wisconsin 
Agilent Novocyte Penteon 2010284AA Agilent, California, USA 
Cytation Multimode Imaging 
plate reader 

CYT5MFW-SN Agilent, California, USA 

Sapphire Biomolecular Imager N / A Azure Biosystem 

Drugs and Antibiotics 
Blasticidin R21001 ThermoFisher Scientific, 

Massachusetts, USA 
Puromycin 97064–280 VWR, Pennsylvania, USA 
Carbenicillin C46000-5.0 RPI, Illinois, USA 
hSMG-1 inhibitor 11j HY-124719 MedChem Express, New Jersey, 

USA 
G418 G-418–5 Goldbio, Missouri, USA 
DMSO D650-100ML Sigma Life Science, Missouri ,USA 
Biological resources 

Resource Repository Weblink / ID Reference 

Plasmids 
Fluorescent: NMD – Addgene 214065 This study 
Fluorescent: 
Readthrough Control 

Addgene 214066 This study 

Fluorescent: NMD + 
EJC-Independent 

Addgene 214063 This study 

Fluorescent: NMD + 
EJC-Enhanced 

Addgene 214064 This study 

Luminescent: NMD – Addgene 214073 This study 
Luminescent: Readthrough 
Control 

Addgene 214074 This study 

Luminescent: NMD + 
EJC-Independent 

Addgene 214071 This study 

Luminescent: NMD + 
EJC-Enhanced 

Addgene 214072 This study 

Fluorescent: NMD – with 5 ′ 
UTR intron 

Addgene 214069 This study 

Fluorescent: 
Readthrough Control with 5 ′ 
UTR intron 

Addgene 214070 This study 

Fluorescent: NMD + 
EJC-Independent with 5 ′ UTR 
intron 

Addgene 214067 This study 

Fluorescent: NMD + 
EJC-Enhanced with 5 ′ UTR 
intron 

Addgene 214068 This study 

Luminescent: NMD – with 5 ′ 
UTR intron 

Addgene 214077 This study 

Luminescent: Readthrough 
Control with 5 ′ UTR intron 

Addgene 214078 This study 

Luminescent: NMD + 
EJC-Independent with 5 ′ UTR 
intron 

Addgene 214075 This study 

Luminescent: NMD + 
EJC-Enhanced with 5 ′ UTR 
intron 

Addgene 214076 This study 

pRD_RIPE Gift from the 
Taliaferro Lab 

N / A 
Khandelia et
( 56 ) 

Cell Lines 
HEK293T ATCC https://www.atcc.org/ 

products/crl-3216 
Cat# 
CRL-3216; 
ATCC 

HEK293T LoxP Gift from the 
Taliaferro Lab 

N / A Khandelia 
et al. ( 56 ) 

HEK293 ATCC https://www.atcc.org/ 
products/crl-1573 

Cat# 
CRL-1573; 
ATCC 

Statistical analyses 

All experiments were performed with a sample size of n = 3.
For transient transfections, each replicate represents an in- 
dependent transfection. For stably integrated cells, the same 
cell line was plated in three different wells, from which RNA 

and protein were harvested. Statistical significance between 

various populations was calculated using a Student’s t -test 
using the ggpubr R package and p -values were two-sided 

(* p < 0.05, ** p < 0.005, *** p < 0.0005). 

Results and Discussion 

Design of the NMD reporter system for comparative 

EJC-independent and EJC-enhanced studies 

To enable robust comparative studies of NMD mechanisms,
we developed two versions of NMD reporters: fluorescence- 
based reporters to facilitate genetic screens for NMD mod- 
ulators, and luminescence-based reporters for applications 
that require more sensitivity to capture variation in NMD.
Used in parallel, these reporters also allow the study of 
transcript-dependent variability in NMD efficiency and as- 
sociated phenomena such as PTC-readthrough and truncated 

protein degradation. 

https://www.atcc.org/products/crl-3216
https://www.atcc.org/products/crl-1573
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Figure 1. The EJC-independent and EJC-enhanced reporter system design. ( A ) Top: The NMD + : EJC-independent, NMD + : EJC-enhanced, and NMD –

reporter designs, as well as the theoretical mRNAs and proteins that the plasmid reporters can produce. Bottom: The theoretical RNA and protein levels 
expected from the reporters for NMD and its associated phenomena. ( B ) Experimental workflow for these reporters as well as possible assays to 
measure RNA and protein le v els. R1 and R2 are either BFP and RFP (respectively), or Renilla and Firefly luciferase (respectively) depending on 
fluorescent or luminescent readouts. R3 is alw a y s GFP. 
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Each NMD reporter version contains an EJC-independent
nd an EJC-enhanced NMD positive (NMD + ) reporter, as
ell as an NMD negative (NMD –) control (Figure 1 A). The
MD + fluorescent reporters consist of a red fluorescent pro-

ein (RFP) (Figure 1 A, R2), followed by a GFP open read-
ng frame (Figure 1 A, R3), where a stop codon after RFP
erves as the PTC. The 3 

′ UTR formed by the intron-less
FP or the intron-containing GFP targets the transcripts to

he EJC-independent or EJC-enhanced modes of NMD, re-
pectively. For the NMD + luminescent reporters, RFP is re-
laced by Firefly luciferase (Figure 1 A, R2). Finally, the ri-
osomal skipping signal T2A ensures independent produc-
ion of the R2 and R3 proteins. Note that R3 has no start
odon, which prevents reinitiation of R3 translation. The
MD – reporter contains all the elements of the NMD + re-
orters except the T2A signal and the GFP long 3 

′ UTR, thus,
he stop after RFP becomes a normal stop and the transcript
s not a target for NMD (Figure 1 A). Expression of each of
hese reporters is driven by a bi-directional CMV promoter,
hich also drives expression of a transfection control (Figure
 A, R1; blue fluorescent protein (BFP) or Renilla luciferase,
espectively, for the fluorescence- and luminescence-based
eporters). 

While compatible with transient transfections, these re-
orters are also flanked by Lox2272 and LoxP sites, to en-
ble recombinase-mediated stable integration into cells with
he corresponding Lox sites. Further, the R2 and R3 pro-
teins have epitope tags on their N- and / or C-terminal ends
to monitor their translation products. R2 has a N-terminal
Myc tag; a C-terminal 3xFLAG tag is positioned after the stop
codon of R2 to detect stop codon readthrough; R3 has an
N-terminal V5 tag and a C-terminal HA tag. These epitope
tags were designed to facilitate sensitive characterization as
well as affinity isolation of the various protein products from
the NMD reporters to further investigate NMD-associated
outcomes ( Supplementary Figure S1 A; example western blot
in Supplementary Figure S1 B). In addition to these features,
the reporters also have convenient restriction sites that en-
able straightforward modification of any portion of the re-
porter cassette ( Supplementary Figure S1 A). As cryptic splic-
ing can alter conclusions from such reporters, the NMD + EJC-
enhanced R2 transcripts (RFP and Firefly luciferase) were
tested for cryptic splicing via qPCR. No cryptic splicing was
observed ( Supplementary Figure S1 C) ( 55 ,57 ). 

Each reporter produces two transcripts: the transfection
control R1 and the NMD + / – reporter transcript comprising
R2 and R3. The transcripts theoretically produce three sepa-
rate proteins depending on whether they support stop codon
readthrough and the extent to which they undergo NMD
or NMD-associated protein degradation (middle, Figure 1 A).
For all reporters, R1 RNA and protein levels would remain
consistent. If targeted by NMD, the R2 RNA and protein lev-
els for NMD + reporters would be less than the NMD – con-
trol, with the EJC-enhanced reporters undergoing stronger

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
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Figure 2. The EJC-independent and EJC-enhanced reporter system enables quantitative investigation of variable NMD efficiency. RNA levels for 
fluorescent reporters ( A ) and luminescent reporters ( B ) as measured by RT-qPCR. Protein levels for fluorescent reporters ( C ) measured by flow 

cytometry and plotted as a bar graph using the median RFP intensities. Protein levels for luminescent reporters ( D ) as measured by luciferase assays. FF 
refers to Firefly luciferase. Transfections were performed 3 times and the mean values of RNA and protein levels were plotted in the bar graphs. Dots 
o v erlaid on each bar indicate the individual data points for that sample. Error bars reflect the standard error of the mean. Student’s t -tests were 
conducted to determine statistical significance (* p < 0.05, ** p < 0.005, *** p < 0.0005). 
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reduction compared to the EJC-independent reporters. If there
was readthrough, then RNA and protein levels of R2 would
be comparable to transcripts undergoing NMD but R3 pro-
tein expression would also be detected. If there was NMD-
associated truncated protein degradation, then the RNA lev-
els of R2 would be comparable to those of the NMD sce-
nario but the protein levels of R2 for the NMD + reporters
would see a stronger reduction compared to the RNA lev-
els (bottom, Figure 1 A). Upon transfection or stable integra-
tion of these reporters into cells, RNA levels could be mea-
sured via RT-qPCR and protein levels by western blotting,
fluorescence microscopy, flow cytometry, and luciferase assays
(Figure 1 B). 

The EJC-independent and EJC-enhanced reporter 
system enables quantitative in vestig ation of 
variable NMD efficiency 

To determine whether the reporters were targeted by NMD,
we transiently transfected them into HEK293T cells and
treated with the SMG1 kinase inhibitor (SMG1i) to inhibit
NMD ( 58 ). Reporter RNA levels were measured by RT-
qPCR, with RFP levels normalized to BFP and Firefly lev-
els normalized to Renilla. As expected, the EJC-independent
NMD + reporter RNA levels showed a statistically significant
decrease compared to the NMD – RNA levels (fluorescent: ∼9-
fold, luminescent: ∼6-fold; Figure 2 A-B). The EJC-enhanced
NMD + reporters also followed the same trend with RNA lev-
els lower than NMD – levels (fluorescent: ∼18-fold decrease,
luminescent: ∼55-fold decrease; Figure 2 A and B). The de-
crease in RNA levels of EJC-enhanced reporters was stronger
by ∼2-fold (fluorescent) or ∼9-fold (luminescent) compared 

to EJC-independent NMD + substrates (Figure 2 A and B). In- 
hibition with SMG1i increased EJC-independent NMD + re- 
porter RNA levels (fluorescent: ∼2-fold, luminescent: ∼2- 
fold), as well as EJC-enhanced levels (fluorescent: ∼5-fold, lu- 
minescent: ∼15-fold). As expected, SMG1i treatment did not 
affect NMD – RNA levels (Figure 2 A and B). Taken together,
these data show that the EJC-independent and EJC-enhanced 

reporter transcripts are targeted by NMD. 
Reporter protein levels were measured via flow cytometry 

or luciferase assays. For the fluorescent reporters, live cells 
were gated, and from these only BFP-positive cells were an- 
alyzed for RFP expression (gating strategy Supplementary 
Figure S2 A–D). The mean of the median intensities of RFP 

was then normalized to BFP. For the luminescent reporters,
Firefly luminescence was normalized to Renilla. The EJC- 
independent reporter protein levels decreased compared to 

NMD – levels (fluorescent: ∼7, luminescent: ∼1.4-fold; Fig- 
ure 2 C, D). The EJC-enhanced reporters followed the same 
pattern with a much stronger decrease (fluorescent: ∼81-fold,
luminescent: ∼10-fold; Figure 2 C, D). The extent of reduc- 
tion of the EJC-enhanced reporters was stronger by ∼12-fold 

(fluorescent) or ∼7-fold (luminescent) compared to the respec- 
tive EJC-independent reporters (Figure 2 C, D). SMG1i treat- 
ment increased EJC-independent NMD + reporter protein lev- 
els (fluorescent: ∼3-fold, luminescent: ∼1.2-fold), as well as 
EJC-enhanced levels (fluorescent: ∼27-fold, luminescent: ∼5- 
fold). SMG1i treatment did not affect NMD – protein levels 
(Figure 2 C, D). Overall, protein levels largely reflected RNA 

levels, suggesting that the reporters are faithful proxies of 
NMD activity in the cell. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
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The RNA and protein level data confirmed that our re-
orters were targeted for degradation by NMD. NMD af-
ected the fluorescence- and luminescence-based reporters to
ifferent degrees and this difference was influenced by the
ode of NMD that acted on the reporter. Previous research
as suggested that protein levels from NMD substrates are
ypically reduced more strongly than RNA levels, suggest-
ng that protein degradation mechanisms work in conjunc-
ion with NMD to eliminate truncated protein ( 39 ,40 ). In
his study, this pattern only applied to the EJC-enhanced flu-
rescent reporter. With this reporter, RNA levels decreased
y ∼18-fold and protein levels decreased by ∼81-fold com-
ared to respective NMD – levels. Further, SMG1i treatment
ncreased the RNA and protein to levels comparable to that of
he EJC-independent fluorescent reporter when treated with
MG1i. Taken together, these data suggest that mechanisms
hat may alter the protein output from an NMD target are
ikely influenced by the precise mode of NMD and / or the
ype of protein substrate. Such mechanisms may include dif-
erential export rates of the transcripts, altered translation ef-
ciency, as well as co- and post-translational protein degra-
ation. Further, despite all reporter RNA and protein levels
ncreasing upon SMG1i treatment, none of the NMD + re-
orters reached NMD – levels except for the luminescent EJC-

ndependent reporter, which is closest to NMD – levels. This
ould be due to the different sequence and structure of the
MD – reporter, which lacks the T2A sequence and R3 and

hus, has a short 3 

′ UTR, potentially altering stability, export
inetics, or translation efficiency. 
One aspect to note here is that these NMD – and EJC-

ndependent reporters do not contain an intron anywhere
n the transcript. Given that splicing is known to influence
NA export and translation, we generated another set of re-
orters where a synthetic intron was inserted in the 5 

′ UTR
pstream of R2. These reporters behaved almost identically
o the original set of reporters, with the EJC-enhanced re-
orters showing the greatest NMD sensitivity followed by
JC-independent and the controls remained insensitive to
MD ( Supplementary Figure S3 A, B). Hence, either of our

eporter sets can be utilized to study NMD activity depend-
ng on the investigation. Altogether, these reporters enabled
uantitative comparisons between the EJC-independent and
JC-enhanced modes of NMD. 

enomically integrated NMD reporters show less 

ell-to-cell variability in NMD activity than 

ransiently expressed reporters 

s transient transfection is known to impact NMD efficiency,
table integration of reporters is often preferred ( 52 ,59 ). Sta-
le integration has other advantages such as making the re-
orter system amenable to genetic screens and massively par-
llel reporter assays. To test whether the expression patterns
f our NMD reporters remained consistent with stable in-
egration, we used the high-efficiency and low-background
ecombinant-mediated cassette exchange (HILO-RMCE) ap-
roach described by Khandelia et al., to yield HEK293T cell
ines that stably expressed a single copy of our fluorescent re-
orters (Figure 3 A) ( 56 ). 
The RNA and protein level patterns in stable cells were

argely consistent with the results obtained by transient trans-
ection. The EJC-independent and EJC-enhanced reporters
howed a decrease in RNA levels ( ∼11- versus ∼41-fold) com-
pared to NMD – control (Figure 3 B). This decrease in EJC-
independent RNA was comparable to that observed by tran-
sient transfection, but the decrease in EJC-enhanced RNA was
more pronounced. SMG1i treatment resulted in an increase
in RNA levels for the EJC-independent and EJC-enhanced re-
porters ( ∼4 versus ∼7-fold), which were similar in magnitude
to those seen during transient transfection (Figure 3 B). Pro-
tein levels followed the same pattern as RNA levels with a
∼5- and ∼60-fold reduction for EJC-independent and EJC-
enhanced reporters, respectively. Upon SMG1 inhibition, pro-
tein levels increased by ∼2- versus ∼14-fold for the EJC-
independent versus EJC-enhanced reporters (Figure 3 C). As
expected, SMG1i treatment did not increase stably integrated
NMD – RNA or protein levels (Figures 3 B, C). 

The reduction in EJC-independent protein levels and their
increase upon SMG1 inhibition were similar between tran-
sient transfection and stable integration. In contrast, the de-
crease in protein levels and the increase upon SMG1 inhibi-
tion for the EJC-enhanced reporter were less pronounced in
stable integration compared to transient transfection. Never-
theless, the overall trend remained consistent, as did the en-
hanced reduction of protein levels compared to RNA levels
for the EJC-enhanced reporter. Interestingly, comparing the
histograms for stable integration and transient transfection re-
vealed that NMD in a cell population is less variable for sta-
ble integration compared to transient transfection, indicating
that stable integration of reporters is a more reliable method
for determining NMD activity (Figure 3 D). 

EJC-independent and EJC-enhanced reporters 

respond differentially when treated with 

readthrough-inducing drugs 

Readthrough at a PTC can allow a transcript to escape NMD
and prevent loss of function of the gene containing a nonsense
mutation ( 29 ,60 ). Hence, understanding the mechanisms un-
derlying readthrough is essential to developing therapies for
NMD-associated diseases ( 60 ). To determine whether our re-
porter system could be used to study readthrough, we first de-
signed a readthrough control. This control reporter was iden-
tical to the EJC-independent NMD+ reporter, except that the
PTC was replaced with a Tyr codon (TAC) (Figure 4 A, top).
Thus, RFP and GFP were both part of the transcript open
reading frame but independently expressed due to the T2A sig-
nal, and GFP protein expression from this transcript could be
used as a positive control for readthrough. The readthrough
control and the NMD + reporters were transiently transfected
into HEK293 cells and treated with DMSO, the readthrough-
inducing drug G418, NMD inhibitor SMG1i, or a combina-
tion of SMG1i and G418 ( 61 ). HEK293 cells were utilized
for this set of experiments instead of HEK293T cells since the
latter are resistant to G418. BFP , RFP , and GFP levels were
measured via flow cytometry. Readthrough was measured by
the percentage of cells that were GFP positive, henceforth re-
ferred to as GFP-positive cells (Figure 4 A, B, bottom, black
arrows), as well as by the fluorescence intensities of GFP from
the BFP positive cell population, referred to as GFP protein
levels (Figure 4 C). 

GFP-positive cells did not vary for the readthrough control
across all conditions, indicating that our control was work-
ing as expected ( Supplementary Figure S4 A, B). There was a
basal level of readthrough for both NMD + reporters when
treated with DMSO. This level significantly increased when

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
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Figure 3. Genomically integrated NMD reporters show less cell-to-cell variability in NMD activity than transiently expressed reporters. ( A ) Schematic of 
stable integration using the HILO-RMCE method described by Khandelia et al. , figure adapted from Khandelia et al. ( 56 ). ( B ) RNA levels for stably 
integrated fluorescent reporters as measured by RT-qPCR. ( C ) Protein levels for stably integrated fluorescent reporters measured by flow cytometry and 
plotted as a bar graph using the median RFP intensities. Data obtained from three technical replicates of stably integrated cell lines and the mean values 
of RNA and protein le v els w ere plotted in bar graphs. Dots o v erlaid on each bar indicate the individual data points f or that sample. Error bars reflect the 
standard error of the mean. Student’s t -tests were conducted to determine statistical significance (* p < 0.05, ** p < 0.005, *** p < 0.0005). ( D ) Flow 

cytometry histograms showing the RFP distribution of BFP+ cells for NMD + : EJC-independent, NMD + : EJC-enhanced, and NMD – reporters, when 
transiently transfected or stably integrated. The three shades of gray (DMSO treatment) or red (SMG1i treatment) represent different replicates. 
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treated with the readthrough-inducing drug G418 for the EJC-
independent reporter but not for the EJC-enhanced reporter
(Figure 4 B and Supplementary Figure S4 A, B). Upon SMG1i
treatment, the percentage of GFP positive cells increased to
the same extent as G418 treatment, relative to DMSO for the
EJC-independent reporters; there was also a mild but signif-
icant increase for the EJC-enhanced reporters. When G418
and SMG1i were combined, there was an additive increase
in GFP-positive cells for the EJC-independent reporter and
a synergistic increase for the EJC-enhanced reporter (Figure
4 B and Supplementary Figure S4 A, B). Notably, these data
show that the EJC-independent and EJC-enhanced reporters
respond differently to the G418, SMG1i, and combined drug
treatments. 

GFP protein levels increased for the readthrough control
upon treatment with G418 but not SMG1i. GFP protein lev-
els increased to the same extent as with only G418 treatment
upon combined drug treatment ( Supplementary Figure S4 C).
Once again, a basal level of GFP protein was detected for both
NMD + reporters when treated with DMSO (Figure 4 C and 

Supplementary Figure S4 C). These levels increased to similar 
levels when treated with G418 for both the EJC-independent 
and EJC-enhanced reporters. SMG1i treatment also increased 

GFP protein levels for both NMD + reporters to similar lev- 
els. The increase was mild but significant and did not reach 

the GFP protein levels of reporters treated with G418. The 
combined treatment of G418 and SMG1i still induced a di- 
verging response, with the EJC-independent reporter show- 
ing an additive increase and the EJC-enhanced reporter show- 
ing a synergistic increase in GFP protein (Figure 4 C and 

Supplementary Figure S4 C). Taken together, these data sug- 
gest that the NMD + reporters are responsive to G418 and 

thus, can be used to study readthrough. However, the data 
cannot distinguish between direct translational readthrough 

or an increase in readthrough due to stabilization of the 
mRNA since these two processes are intricately linked. Never- 
theless, given the differential responses of the NMD + reporters 
to the drug treatments, these data highlight the importance 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae121#supplementary-data
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Figure 4. EJC-independent and EJC-enhanced reporters respond differentially when treated with readthrough inducing drugs. ( A ) Top: schematic of 
NMD + and readthrough control. R1 is BFP, R2 is RFP, and R3 is GFP. B ottom: R epresentativ e flo w diagrams f or each reporter. T he black arro w is pointing 
to the quadrant of interest which shows the percentage of cells that are GFP positive. ( B ) Percentage of GFP positive cells for NMD positive reporters 
when treated with DMSO, G418, SMG1i, and SMG1i + G418. ( C ) GFP protein le v els normaliz ed to BFP f or each of the reporters when treated with 
DMSO G418, SMG1i, and SMG1i + G418. ( D ) RFP protein le v els normaliz ed to BFP f or each of the reporters when treated with DMSO, G418, SMG1i, 
and SMG1i + G418. Transfections were performed 3 times and the mean values plotted in the bar graphs. Dots overlaid on each bar indicate the 
individual data points for that sample. Error bars reflect the standard error of the mean. Student’s t -tests were conducted to determine statistical 
significance (* p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.00005). 
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f comparative studies between EJC-independent and EJC-
nhanced NMD. 

PTC readthrough is known to stabilize NMD targets, so
e next looked at the RFP levels of each reporter construct

cross all treatments (Figure 4 D) ( 35 ). The RFP protein lev-
ls of the readthrough control increased in all conditions
hat used G418, similar to the GFP protein levels for the
ame reporter. For the NMD + reporters, G418 treatment
aused a small but significant increase in levels of RFP, sug-
esting that both reporters are being stabilized. As expected,
MG1i treatment increased RFP levels of both NMD + re-
porters. The combined drug treatment increased RFP to the
same level as the cells with only SMG1i treatment for both
reporters, thus, no additive or synergistic increase in RFP
was observed corresponding to the level of readthrough. It
is possible that the use of the TAG or TGA stop codons
with G418 and SMG1i would lead to differing observations
than the ones reported in this study, such as more potent
readthrough, since these stop codons have lower fidelity com-
pared to TAA ( 62–65 ). The extent of readthrough, however,
may still differ between EJC-independent and EJC-enhanced
NMD. 
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Figure 5. The NMD reporter landscape. A summary of existing NMD reporter systems, their ability to test various aspects of NMD and their 
experimental compatibilities. Each reporter system includes the NMD + reporter and its NMD – control. Fluorescent or luminescent reporter genes are 
represented by colored boxes (CBG: Click Beetle Green luciferase, CBR: Click Beetle Red luciferase), gray boxes represent exons of known NMD 

targets, and black carets indicate their introns. Various promoter elements driving reporter gene expression are shown as gray boxes with arrows, and 
orange lines denote PTCs. Testable aspects of NMD includes to the two branches of NMD and the NMD associated mechanisms PTC readthrough and 
truncated protein degradation. Experimental compatibilities co v er stable recombinase-mediated genomic integration, massively parallel reporter assays, 
and inducibility if the reporter has an inducible promoter. Filled gray circles indicate fulfillment of a criterion, while empty gray circles indicate conditional 
fulfillment. The Sato and Singer reporters are conditional for readthrough because GFP protein levels cannot distinguish between readthrough and 
truncated protein expression. The Baker and Hogg reporters are only suitable for massively parallel screening if they can be stably integrated. The 
reporters introduced in this study are highlighted with a red box. 
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onclusion 

n this study, we introduce a reporter system that facilitates
he investigation of multiple sources of variability on NMD,
ncluding substrate-type, and mode of expression in cells. We
resent 16 different reporter plasmids that include both fluo-
escent and luminescent versions of EJC-enhanced and EJC-
ndependent NMD reporters as well as two different con-
rols for each version of reporters, all of them provided with
nd without an intron in the 5 

′ UTR. Notably, our system
ntegrates these sources of variability into a unified frame-
ork, enabling comprehensive analysis within a single ex-
erimental setup. It also has the potential to identify and
etect variability in NMD-associated phenomena like PTC
eadthrough and truncated protein degradation. Furthermore,
t is compatible with high throughput assays such as ge-
etic screens and massively parallel reporter assays. Conse-
uently, it has the potential to advance our understanding
f multiple aspects of NMD biology and regulation. These
eporters are available to the scientific community through
ddgene. 
Existing fluorescence- and luminescence-based reporters

Figure 5 ) have enabled important discoveries pertaining to
he NMD pathway including novel modulators of NMD, the
ariability of NMD efficiency within and between cell types,
nd the study of NMD-associated phenomena such as PTC
eadthrough and truncated protein degradation. The reporters
eveloped in this study fulfill an important need to test our
urrent understanding of NMD comparatively between the
wo modes of NMD to yield insights into the nuances of NMD
nd factors that might affect the two pathways differentially.
o allow the NMD community to take advantage of the en-
ire reporter system landscape available, we have compiled a
able delineating the features of different reporters (including
he ones developed in this study) and the types of investiga-
ions for which they are suitable (Figure 5 ). 

ata availability 

he data underlying this article are available in the article and
n its online Supplementary material . 

upplementary data 

upplementary Data are available at NAR Online. 
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