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Nonsense-mediated mRNA decay (NMD) is a ubiquitous mechanism of degradation of transcripts with a
premature termination codon. NMD eliminates aberrant mRNA species derived from sources of genetic
variation such as gene mutations, alternative splicing and DNA rearrangements in immune cells. In
addition, recent data suggest that NMD is an important mechanism of global gene expression regulation.
Here, we describe new reporters to quantify NMD activity at the single cell level using fluorescent proteins of
two colors: green TagGFP2 and far-red Katushka. TagGFP2 was encoded by mRNA targeted to either the
splicing-dependent or the long 3’°UTR-dependent NMD pathway. Katushka was used as an expression level
control. Comparison of the fluorescence intensities of cells expressing these reporters and cells expressing
TagGFP2 and Katushka from corresponding control NMD-independent vectors allowed for the assessment
of NMD activity at the single cell level using fluorescence microscopy and flow cytometry. The proposed
reporter system was successfully tested in several mammalian cell lines and in transgenic Xenopus embryos.

mature termination codon (PTC)"“*. mRNAs with PTCs result from various events such as gene muta-

tions, alternative splicing, programmed DNA rearrangements in immune cells and others®. The main
function of NMD is thought to be the clearance of C-terminally truncated - potentially toxic — proteins. Further,
many normal transcripts carry stop codons that are recognized as PTCs and thus undergo NMD*>. It follows that
NMD acts not only as a housekeeping mechanism but also as an important player in the global regulation of gene
expression. Recently, it was demonstrated that NMD activity is regulated by a specific microRNA, miR-128, that
suppresses NMD by downregulating key factor(s) involved in this process®. The expression of miR-128 in
vertebrates is tissue and developmental-stage specific; miR-128 plays an important role in neurogenesis and
brain development.

NMD functions in all eukaryotes, from yeasts to mammals. However, the mechanism of PTC recognition and
target mRNA degradation varies’. According to the unified model of "faux” 3’'UTRs, NMD is triggered by an
abnormal composition of mRNA-associated proteins downstream of the terminating ribosome®®. In yeasts and
invertebrates, NMD-targeted transcripts have a long 3’UTR that is not bound to a specific set of proteins and can
recruit a key NMD-triggering factor UPF1. In addition to this basic mechanism, vertebrates developed a splicing-
dependent pathway of PTC recognition’. In most vertebrate genes, stop codons are situated in the last exon. Stop
codons >50 nucleotides upstream of the last exon-exon boundary are recognized as PTCs. This mechanism is
based on the interaction between the ribosome and the Exon Junction Complex (EJC), a multiprotein complex
that remains bound to mRNA near exon-exon junctions after splicing'’. If the last exon contains a stop codon, the
first round of translation results in the removal of all EJCs from the mRNA by the ribosome. In contrast, PTCs
prevent the ribosome from traversing all of the exon-exon junctions; thus, at least one EJC remains bound to the
mRNA. This acts as a signal for activation of the NMD machinery and degradation of the mRNA chain.

NMD typically downregulates its substrates 2-20-fold'"'>. NMD activity in a particular model can be evaluated
by classical RNA quantification methods, e.g., northern blot analysis and quantitative real-time PCR. In addition,
luciferase- or GFP-based reporter systems have been designed to assess NMD activity by luminescence or
fluorescence"*. The dual luciferase assay'*'* enables the accurate quantification of the NMD-targeted transcript
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relative to the control NMD-insensitive transcript (expressed either
from a separate’ or the same' plasmid) using two luminescence
signals. However, the luminescence-based approach cannot be used
at the single cell level. In contrast, the GFP-based reporter'® makes it
possible to assess NMD in individual cells by fluorescence micro-
scopy and flow cytometry. However, this reporter relies on only a
single readout (GFP green fluorescence), which does not allow for
correcting for inherent noise in the gene expression level derived
from factors such as uneven transfection efficiency and promoter
activity.

Here, we developed a new NMD reporter system for the quant-
itative evaluation of NMD at the single cell level by fluorescence
microscopy and flow cytometry. The system utilizes two fluorescent
proteins: one is encoded by the NMD-targeted transcript, and the
other serves as an expression level control. The efficiency of the
reporters was tested in several models, including mammalian cell
lines and transgenic Xenopus embryos.

Methods

Genetic constructs for the NMD reporters. Vectors for the splicing-dependent
NMD reporters, pPNMD+ and pNMD—, were constructed based on the
pTurboFP635-C and pTagGFP2-N vectors (Evrogen) using standard PCR and
cloning procedures. pPNMD+ and pNMD— carried two fluorescent protein-
encoding genes, each including the CMV promoter (Pcpry 15) and transcription
terminator (two SV40 early mRNA polyadenylation signals) (Fig. 1A). The first gene
encoded the far-red fluorescent protein Katushka (TurboFP635). The second gene
encoded the green fluorescent protein TagGFP2 and a fragment of the human f-
globin gene downstream of the TagGFP2 stop codon. In pPNMD+, the B-globin gene
fragment contained exon 2, 233 nucleotides of exon 3 and the intron between them.
The fragment was amplified from HeLa genomic DNA using the primers 5'-
gtacaagcttgctgctggtggtetacee and 5'-gttcteecttageggecgegecagaatccagatgete (HindIIT
and Notl sites are underlined). In pPNMD—, the B-globin gene fragment was
shortened from the 5’ end and contained the last 35 nucleotides of exon 2, the same
part of exon 3 and the intron between them (the fragment was amplified using the
primers 5'-gtacaagcttgtgacaagctgeacgtgg and 5'-gttcteccttagegeccgegecagaatecaga-
tgctc).

For the long 3’UTR-dependent NMD reporter, the vector pSMG5-NMD+ was
created by inserting a 1364 bp fragment of the human SMG5 gene (NM_015327.2),
which contained the full-length 3’UTR from the stop codon to the polyadenylation
signal and was amplified from a human brain cDNA library using the primers 5’'-
ttaaaagctttactgacccccaggece and 5’—ttaagcggccgcgggcttggggggtttattaa, into the
HindIII and NotI sites of the vector pNMD+ in place of human B-globin gene
fragment. The control vector P TRAM1-NMD — was similarly constructed using the
1714 bp fragment of human TRAM1 gene (NM_014294.5), which contained the full-
length 3’UTR from the stop codon to the polyadenylation signal and was amplified
using the primers 5'-aattaagctttgaattataaactaattgattaatgt and 5'-
aattgcggccgegttagtttaatccagtgattcccag.

Cell culture and treatment. HEK293T and HeLa Kyoto cell lines were cultured in
DMEM (PanEco) with 10% FBS (Sigma) at 37°C in a 5% CO, atmosphere. Cells were
transiently transfected using FuGene 6 reagent (Roche) according to the
manufacturer’s protocol. Cells were analyzed by fluorescence microscopy and flow
cytometry 24-48 h after transfection.

Mouse embryonic stem (ES) cells were maintained in vitro as pluripotent stem cells
using Millipore reagents and following a standard protocol'®. Briefly, the mouse ES
cellline CTMI-2 (Millipore) was cultured in full ES cell media (DMEM with 15% FBS)
on mouse embryonic fibroblast (MEF) feeder cells inactivated by Mitomycin-C
(Sigma) in the presence of the cytokine leukemia inhibitory factor (LIF) (ESGRO
from Chemicon). The medium was changed daily, and the cells were split regularly
before reaching confluence. For transient transfections, the Lonza Nucleofector and
Amaxa Mouse ES Cell Nucleofector® Kits were used. Plasmids were purified with the
QIAGEN Plasmid Midi Kit. ES cells were split 1 day before transfection to obtain cells
in early growth phase. Then, cells were trypsinized and washed twice with PBS. For
electroporation, we used approximately 2 X 10° cells, as recommended by the pro-
tocol. After washing, the cells were spun down in Eppendorf tubes to completely
remove the PBS. Then, the cells were resuspended in 90 pl Mouse ES Cell
Nucleofector® Solution and 10 pg of plasmid DNA in 10 pl H,O was added per
sample; the cells were then transferred with the plastic pipette provided in the kit into
an Amaxa certified cuvette. A-23*/A-023** and A-30*/A-030** programs were used
for electroporation. They produced approximately the same transfection efficiency.
Immediately after electroporation, 0.5 ml of pre-warmed culture medium was added,
and the cells were placed on a fresh supporting layer of MEFs. The cells were left to
grow for 2-3 days before flow cytometry analysis. For the analysis, we used a mixture
of ES cells and inactivated MEFs. Inactivated MEFs alone served as a negative control.

MEFs were cultured in high-glucose DMEM with 15% FBS. The transient trans-
fection of MEFs was performed as described for ES cells and using the A-23*/A-023
program for electroporation.

To test the effects of wortmannin, 14 h after transfection of HEK293T cells with the
reporter plasmid, the cells were treated with 20 pM wortmannin (Sigma). After 8 h of
incubation, the cells were subjected to flow cytometry analysis. The treatment of
transfected cells with DMSO served as the vehicle control.

For experiments with caffeine, HEK293T cells were transfected with reporter
plasmids and were then treated with 10 mM caffeine (Sigma) the next day for 24 h.
Cells were subjected to flow cytometry analysis 48 h after transfection.

RNAi experiments were performed as follows. The shControl vector was created by
cutting off a copGFP coding sequence using the Xbal and PstI sites of pGreenPuro
(System Biosciences). Short hairpin RNA (shRNA) coding sequences were inserted as
double-stranded oligonucleotides into the shControl vector between the BamHI and
EcoRlI sites, according the supplier’s recommendations. The hUPFI target sequence
was 5'-gagaatcgcctacttcact (pshUPFI plasmid)'>. HEK293T cells were co-transfected
with reporter plasmids and shUPF1 or shControl plasmids and cultured for 6 days.
Cells were re-plated regularly to avoid dense monolayer formation.

Cycloheximide (CHX) treatment was conducted as follows. HEK293T cells were
transfected with reporter plasmids. Four hours after transfection, the cells were
treated with 30 pg/ml CHX (Sigma) or DMSO as a negative control. After 6 hours of
treatment, total RNA was isolated, and cDNA was analyzed by qPCR as described
below.

To assess RNA stability, HEK293T cells were transfected with the pNMD+ and
pNMD — plasmids. Four hours after transfection, the cells were incubated for 1 h
with 5 ug/mL actinomycin D (AMD, Sigma) to suppress transcription or 5 pug/mL
AMD and 30 pg/ml CHX to suppress both transcription and translation. Cells treated
with DMSO served as controls. Then, total RNA was isolated, and cDNA was ana-
lyzed by qPCR as described below.

RNA isolation, cDNA generation, quantitative real-time PCR. Total RNA was
isolated using the TRIzol method (Gibco/Life Technologies) or RNeasy kits (Qiagen).
Three micrograms of total RNA isolated from transiently transfected cells was reverse
transcribed using the MMLV RT kit (Evrogen) with an oligo(dT),, primer, according
to the manufacturer’s protocol. The Mint-2 cDNA synthesis kit (Evrogen) was used
for total cDNA amplification.

Real-time PCR (Stratagene MX3005, gPCRmix-HS SYBR+ROX Kit, Evrogen) was
used to quantify the levels of target transcripts. The abundance of the TagGFP2- and
Katushka-encoding transcripts was measured with the primers 5'-cgccatcagcaag-
gaccg and 5'-actggtggggtcaattctttge for TagGFP2 and 5'-tgagagcggattgacaggcecat and
5'-gagtccggattgatcecccagtttget for Katushka (0.2 pM each). In each sample, the level
of TagGFP2-encoding transcript was normalized to the level of Katushka-encoding
transcript. The primers 5'-cgctaccggactccag and 5'-caagttaacaacaacaattge were used
to control for the presence of non-spliced or alternatively spliced forms of the
TagGFP2-encoding transcript.

Western blot. HEK293 cells were lysed and denatured in SDS loading buffer and
subjected to 10-20% gradient SDS-PAGE. Proteins were transferred to a
nitrocellulose membrane and probed with polyclonal anti-UPF1 rabbit (Antibody-
online) and monoclonal anti-tubulin mouse (Sigma) antibodies. Secondary anti-
rabbit and anti-mouse antibodies conjugated with horseradish peroxidase (Sigma)
were detected using a standard luminol-perborate chemiluminescent reaction.

Fluorescence microscopy. The Leica AF6000 LX imaging system with a
Photometrics CoolSNAP HQ CCD camera was used for live cell fluorescence
microscopy. Green and red fluorescent images were acquired using a X 10 objective
and standard filter sets: GFP (excitation BP470/40, emission BP525/50) and TX2
(excitation BP560/40, emission BP645/75).

Flow cytometry. A Beckman Coulter Cytomics FC500 with a 488-nm laser was used
for live cell flow cytometry. Fluorescence was detected in the green (FL1, 510-

540 nm) and red (FL4, 660-690 nm) channels. Cells expressing either Katushka
(pTurboFP635-N vector, Evrogen) or TagGFP2 (pTagGFP2-N vector, Evrogen) were
used as controls for the crosstalk of the TagGFP2 signal into the red channel and the
Katushka signal into the green channel.

Transgenic Xenopus laevis embryos. Transgenic embryos bearing the pNMD+ and
pNMD— constructs were generated by the REMI technique, as previously
described"”. Briefly, pPNMD+ and pNMD— plasmids were linearized by Tth111I,
purified by phenol/chloroform extraction followed by ethanol precipitation, mixed
with oocyte extracts and sperm nuclei and injected into the freshly laid Xenopus laevis
eggs. Transgenic embryos were selected by inspecting them under the Leica M205
fluorescence stereomicroscope at the beginning of neurulation (stage 13).
Photographs of the selected embryos were taken by the same microscope and a Leica
DFC420C digital camera. Fluorescence intensities in embryo areas with clear but not
saturated signals were quantified using Adobe Photoshop. Background-subtracted
values were used to estimate the green-to-red ratios in each case. The difference
between the green-to-red ratios in pPNMD+ and pNMD — embryos at the same stage
(NMD—/NMD+ ratio) was used to quantify NMD activity.

The following antisense morpholino oligonucleotide (MO) complementary to the
mRNA of both pseudoallelic variants of Xenopus laevis UPF1 and the control
misUPF1 MO were from Gene Tools LLC:

UPF1 MO 5'-ctcattgtaatggccgaagagacag;

misUPF1 MO 5’-cttagtgtaatagcagaatagaaag (mismatches are underlined).
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Figure 1 | Scheme of the proposed method of NMD analysis. (a) Main elements in the reporter vectors pPNMD+ (left) and pPNMD— (right). Brown
arrows — CMV promoters. Red arrows — Katushka coding region. Green arrows — TagGFP2 coding region. Grey arrows — human B-globin (HBB) gene
fragment. (b) Schematic outline of the reporter function. The pPNMD + vector (left) carries two fluorescent proteins; one (GFP) is encoded by the NMD-
targeted transcript, and the other (RFP) serves as an expression efficiency control. The pNMD— control vector (right) encodes both RFP and GFP by
NMD-independent transcripts. Comparison of the green-to-red fluorescence ratios between pNMD+ and pNMD — samples allows for the calculation of
NMD activity. Brown arrows — promoters. Red, green and grey rectangles — coding regions for RFP, GFP and B-globin, respectively. Blue circles —
transcription terminators. Red "STOP” signs — stop codons. Red and green cylinders — translated GFP and RFP proteins.

For injections into embryos, MOs were mixed with the pNMD+ or pNMD—
plasmids and injected into dorsal blastomeres at the 8-cell stage (2-3 nl in each
blastomere; final concentrations 0.4 mM of MO and 10 ng/microliter of plasmid), as
previously described'®. Fluorescence of the tadpoles was imaged in the green and red
channels and quantified as described above.

Results

Method description. The proposed method aims to quantify NMD
machinery activity at the single cell level using fluorescent proteins of
two colors. One fluorescent protein was encoded by mRNA that is
targeted by NMD, and the other was used as a control.

For our NMD reporter, we chose the green fluorescent protein
TagGFP2 and far-red fluorescent protein Katushka'®, which provide
bright and spectrally well-distinguished from each other signals™.
The "pNMD +" vector encoding both TagGFP2 and Katushka under
the control of two identical promoters was constructed (Fig. 1). To
target the TagGFP2 transcript for splicing-dependent NMD, a frag-
ment of the B-globin gene, consisting of exons 2 and 3 with intron 2
between them, was placed downstream of the TagGFP2 stop codon.
After splicing, this mRNA carried the TagGFP2 terminal codon 230
nucleotides upstream of the -globin exon-exon junction, thereby
making it a substrate for splicing-dependent NMD. The Katushka-
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encoding transcript served as a control of the overall expression level
of the reporter.

In addition, we constructed the "pNMD—" control vector, in
which the TagGFP2 transcript was not targeted for NMD. The
pNMD— vector was identical to pPNMD+ with the exception of a
shortened fragment of B-globin exon 2 (Fig. 1). Only the last 35
nucleotides of this exon remained in the pNMD— vector. This
change placed the stop codon of TagGFP2 at a distance of less than
50 nucleotides upstream of the exon-exon junction and thus made
this transcript unrecognizable by the NMD machinery.

Cells expressing pPNMD+ or pNMD— fluoresced green and red;
this fluorescence could then be quantitatively measured by standard
methods such as fluorescence microscopy and flow cytometry. The
expression of pNMD— provides a reference green/red ratio char-
acteristic for particular biological models and detection parameters.
A decrease of this ratio in cells with pPNMD+ corresponds to a
decreased level of TagGFP2 due to NMD. Therefore, the difference
between the green/red ratios in cells expressing pNMD— and
PNMD++ could be used as a direct measure of NMD activity.

NMD in cell cultures. We first tested the proposed method in
mammalian cell lines. HEK293T cells were transiently transfected
with pNMD— or pNMD + and analyzed by fluorescence microscopy
and flow cytometry. By fluorescence microscopy, the cells with
pNMD— showed bright fluorescence in both the green and the red
channels, whereas cells with pNMD+ had equally bright red
fluorescence but a greatly diminished green signal (Fig. 2). Flow
cytometry analysis revealed a diagonal distribution of cells on the
green-red bivariate plot (Fig. 3a). The diagonal for the pNMD + cells
was considerably shifted to the region corresponding to lower values
of green signal compared with the control pNMD — cells. The mean
green-to-red ratio for the pPNMD— sample was 15.3+1.2-fold higher
compared to that for the pNMD+ sample (Fig. 3b). There was no
dependence on the level of reporter expression in the measured
NMD activities (Fig. 3a). This shows that even strong CMV
promoter-driven expression of the reporter did not saturate the
cellular NMD machinery.

Simple cotransfection with two plasmids can potentially be used
rather than the transfection of the two-promoter plasmids pNMD+

Green

NMD+

NMD-

or pNMD—. In control experiments, we compared the cotransfec-
tion of HEK293T cells with two plasmids expressing TagGFP2 or
Katushka with the transfection of pPNMD —. Flow cytometry analysis
revealed a much higher variation in the green-to-red ratio in the
cotransfected cells (broader diagonal on the green-red bivariate plot)
compared with the cells transfected with pNMD— (Supplementary
Fig. 1). Thus, the placement of both fluorescent reporters on a single
plasmid led to improved results compared with co-transfection.

To assess the correctness of splicing of the NMD reporter, we
performed PCR with different primers pairs, using amplified
cDNA from the transfected cells as the template. This analysis
showed the presence of only correctly spliced products
(Supplementary Fig. 2). No detectable amounts of either unspliced
or alternatively spliced transcripts were observed.

To check the ability of our reporter system to assess NMD regu-
lation, we tested for the known effects of NMD inhibition by some
chemicals and specific RNAI. First, we applied wortmannin and caf-
feine, which were shown to block phosphorylation of the key NMD
factor UPF1'*'>*2, We observed a several-fold increase of pNMD +
green fluorescence corresponding to the expected NMD suppression,
whereas green-to-red fluorescence ratio in pNMD— samples only
slightly (<30%) decreased (Fig. 3b, Supplementary Fig. 3a,b).

Finally, the known effect of specific NMD downregulation by
RNAi was tested”’. We constructed a pshUPF1 vector encoding short
hairpin RNA (shRNA) against UPF1'*'®. To check the efficiency of
this anti-UPF1 shRNA, we analyzed endogenous UPF1 depletion at
the protein level using Western blot analysis with anti-UPF1 anti-
bodies. In this case, the analysis of transient transfections is of low
informative value because of the presence of non-transfected cells
with unaltered UPF1 levels. To solve this problem, we inserted anti-
UPF1 shRNA into a standard pGreenPuro shRNA vector with the
puromycin resistance gene and the copGFP gene as a fluorescent
marker. After transfection and puromycin selection for 7 days, we
obtained nearly 100% transfected cells displaying bright green fluor-
escence. Western blot analysis of whole cell lysates showed an
approximately ten-fold decrease in the UPF1 levels in cells with
anti-UPF1 shRNA compared with untreated control cells
(Supplementary Fig. 4). We concluded that the anti-UPF1 shRNA
ensured the effective depletion of UPF1 in our model.

Figure 2 | Fluorescence microscopy of HEK293T cells transiently expressing pNMD+ and pNMD —. Cells were imaged under the same settings. Scale

bar: 100 pm.
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Figure 3 | Performance of the splicing-dependent NMD reporter in
HEK293T cells. (a) Flow cytometry analysis (dot plots in green and red
channels) of the cells transiently transfected with pNMD+ (left plot) or
pPNMD— (right plot). Samples were analyzed using the same flow
cytometer settings. To simplify the comparison, the area of pNMD — cells
is outlined by a gray dashed line. (b,c) NMD activity determined by
fluorescence reporter analysis (b) or quantitative PCR (c) of HEK293T
cells transiently transfected with reporter plasmids. Note the strong
inhibition of NMD by treatment of the cells with wortmannin (WM),
caffeine (Caf), anti-UPF1 shRNA (shUPF1) and cycloheximide (CHX).
(c) Assessment of the stability of NMD reporter TagGFP2-encoded
mRNA. TagGFP2 mRNA levels were measured by qPCR using HEK293T
cells transfected with pNMD — or pNMD+ that were either untreated,
treated for 1 h with actinomycin D (AMD) or treated for 1 h with both
AMD and CHX. All values were normalized to the untreated pNMD —
sample (first column). The mean data of at least 3 independent
experiments with the standard deviation are shown in all panels.

Cotransfection of each of the NMD reporter plasmids with the
pshUPF1 vector was performed'>". Six days after transfection, a strong
increase in the green-to-red ratio was detected for pNMD+ cells,

whereas the pNMD-— signal remained practically unchanged
(Fig. 3b, Supplementary Fig. 3c). Negative control shRNA (shControl
vector) practically did not affect the reporter fluorescence (Supple-
mentary Fig. 3c).

We verified the obtained NMD activity values by an independent
standard method. For this, HEK293T cell samples transfected with
pNMD— or pPNMD+ were analyzed by quantitative PCR (qPCR) in
parallel with fluorescence analysis described above. Quantity of
TagGFP2 mRNA was measured relatively to Katushka mRNA in
the same samples. Untreated cells and cells treated with caffeine or
shUPF1 were evaluated by qPCR (Fig. 3c). This analysis showed a
good correspondence between NMD activity measured by the fluor-
escence reporter and qPCR in all these samples (Fig. 3b,c). In addi-
tion, the influence of the protein synthesis inhibitor cycloheximide
(CHX) was studied. CHX is a potent NMD inhibitor, as NMD is a
translation-dependent process®. In CHX-treated cells, the strong
accumulation of NMD-targeted pNMD+ transcripts was detected
by qPCR (the fluorescent protein-based reporter cannot be used after
protein synthesis arrest) (Fig 3c).

To assess the expected low stability of the NMD-targeted
TagGFP2 transcript, we used the transcriptional inhibitor actinomy-
cin D (AMD). qPCR analysis showed that after 1 h of treatment of
the cells with this drug, TagGFP2 mRNA levels decreased by
approximately 4-fold in the pNMD+ sample, whereas the levels
remained stable in the pNMD— sample (Fig. 3d). Importantly,
cotreatment of the cells with AMD and CHX resulted in the stabil-
ization of the pPNMD+ TagGFP2 transcript, indicating that its decay
is NMD-dependent. Together, these experiments allowed us to con-
clude that the developed reporter system provides a reliable estima-
tion of NMD activity.

We then used this new method to compare the NMD machinery
activity in different cell lines (Fig. 4). In HeLa Kyoto cells, NMD
activity was found to be 14.4 * 1.3-fold, which is similar to that in
HEK293T cells. Additionally, primary cell cultures, namely mouse
embryonic stem (ES) cells and mouse embryonic fibroblasts (MEFs),
showed considerably lower NMD activities - 8.9 = 2.0- and 8.3 *
1.5-fold, respectively.

Interestingly, under certain conditions, we observed strong NMD
activity heterogeneity among cells in the same dish. Specifically,
overgrown HEK293T cells contained a distinct cell population with
several-fold decreased NMD activities (Fig. 4d,e).

Analysis of splicing-independent NMD. The proposed strategy of
dual-color NMD analysis can potentially be applied to splicing-
independent PTC recognition mechanisms, which are active in all
eukaryotes. To test this possibility, we created a fluorescence
reporter for long 3’UTR-targeted NMD. We used 3’UTRs from the
human SMG5 and TRAM1 genes, which are known NMD-sensitive
and NMD-insensitive long 3'UTRs, respectively”**. SMG5 and
TRAMI1 3’UTRs were substituted for the B-globin gene fragment in
the pNMD+ vector to construct pSMG5-NMD+ and pTRAMI-
NMD— vectors, respectively (Fig. 5a). These two vectors repre-
sented a fluorescence reporter for the NMD pathway, in which
definition of the PTC relies on the identification of a long 3'UTR.
To test the new reporter, HeLa and HEK293T cells were transi-
ently transfected with pSMG5-NMD+ or pTRAM1-NMD— and
analyzed by flow cytometry (Fig. 5b,c) in the same way as described
above for the pPNMD+/— reporter. The mean green-to-red ratio for
the pTRAM1-NMD— sample was 6.3 = 0.5 and 4.5 * 0.3-fold
higher compared with that for pSMG5-NMD+ sample in HeLa
and HEK293T cells, respectively (Fig. 5d). To assess whether this
difference was due to NMD, we tested for the downregulation of
NMD by treating the cells with caffeine and anti-UPF1 shRNA. As
expected, the treatment of HEK293T cells with caffeine led to an
approximately two-fold increase in the green-to-red ratio in the
pSMG5-NMD+ sample (Fig. 5d). Cotransfection with pshUPF1
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(a—d) Flow cytometry analysis of the cells transiently transfected with
pNMD+ (left plots) or pNMD— (right plots). Corresponding pairs of
cell samples were analyzed using the same flow cytometer settings. The
area of the corresponding NMD— cells is outlined by a gray dashed line
on each NMD+ plot. (a) HeLa cells. (b) MEF cells. (c) ES cells.

(d) Overgrown HEK293T cells. Note the clear heterogeneity of the
NMD activity in these cells. Green and blue dashed lines show the cell
populations R1 and R2 with different NMD activities. (e) NMD activity
determined by the fluorescence reporter analysis in the designated cell
lines. The mean data and standard deviation of at least 3 independent
experiments are shown.

resulted in a strongly decreased difference between cells transfected
with pPSMG5-NMD+ and pTRAM1-NMD— (2.5 = 0.2-fold; Fig. 5d
and Supplementary Fig. 5). The negative control shRNA did not
alter the reporter fluorescence. qPCR analysis of HEK293T cells
transfected with pSMG5-NMD+ and pTRAMI-NMD— showed
4.7 * 0.8-fold higher TagGFP2 transcript levels in the latter sample,
as well as the expected decrease in this difference following CHX
treatment (Fig. 5e).

We concluded that in HEK293T and HeLa cells, the activity of
SMGS5 3’UTR-triggered NMD is 2-3-fold lower compared with that
of B-globin splicing-dependent NMD (see Figures 3 and 4 for the
pNMD+/— reporter).

NMD in Xenopus embryos. As the splicing-dependent NMD
reporter provides a much higher dynamic range (compared with
the long 3’'UTR-dependent NMD reporter), it is more suitable for
use in complex in vivo models. We examined the pNMD+/—
reporter in transgenic Xenopus laevis embryos. Surprisingly, a
rather high level of green fluorescence was observed at the
beginning of neurulation in transgenic embryos bearing pNMD+
(Fig. 6a). The TagGFP2 signal was only approximately 4-fold lower
compared with that in the control pPNMD— embryos (the green
signal was normalized to the Katushka red signal in each embryo)
(Fig. 6b). However, as development proceeded, a progressive
decrease of TagGFP2 fluorescence occurred in embryos containing
pNMD+ (Fig. 6). We concluded that the NMD machinery activity is
low in early Xenopus embryos and then gradually increases during
development, reaching an activity of approximately 20-fold of about
20 fold by stage 45 (Fig. 6b).

To confirm that the effect observed with the pPNMD+ plasmid was
indeed caused by NMD, we tested whether this effect could be sup-
pressed in embryos with downregulated UPF1. We took advantage of
the use of antisense morpholino oligonucleotides (MOs), a well-
established approach to block the translation of target mRNAs**’.
To this end, embryos were co-injected with the pNMD+ plasmid
and a specific antisense MO against UPF1 mRNA. As a result, a
~2.6-fold reduction of NMD activity was observed in tadpoles
developed from these embryos compared with embryos co-injected
with the pNMD+ plasmid and the control misUPF1 MO
(Supplementary Fig. 6). This effect was comparable to the documen-
ted 3-4-fold up-regulation of an NMD-targeted gene in zebrafish
injected with a translation-blocking antisense MO against UPF1
mRNA?.

Discussion

NMD plays an important role not only in clearing aberrant tran-
scripts from cells but also in regulating many normal transcripts.
Recent studies demonstrated that the NMD machinery itself is regu-
lated by different mechanisms, including specific microRNAs, hyp-
oxic conditions and other cellular stresses®*. Thus, NMD appears to
act as a mechanism of global gene expression regulation in basic
biological processes such as embryonic development, cell differenti-
ation, carcinogenesis and stress survival®**~**. This emerging concept
of the regulatory importance of NMD calls for the development of
new methods for the non-invasive, quantitative monitoring of NMD
in various models.

The method detailed here represents a logical extension of pre-
vious optical NMD reporters”®'>. The bioluminescence reporters
utilized two independent luciferases for the quantitative ratiometric
readout of NMD activity, but were inapplicable at the single cell
level**. The single color GFP fluorescence reporter allowed for
the analysis of single cells but lacked an internal expression control**.
We added a second fluorescent protein, which resulted in the cre-
ation of a reporter with a quantitative ratiometric assessment of
NMD activity at the single cell level. This is especially important
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of at least 3 independent experiments are shown.

for complex models with potentially heterogeneous spatio-temporal
NMD activity patterns.

We tested the proposed method in mammalian cells and found
lines with high (HEK293T and HeLa cells) and low (MEFs and

mouse ES cells) NMD activities. Generally, this agrees well with
the previously reported considerable difference in NMD activity in
different cell lines*. Moreover, dual-color analysis revealed that cells
could display strong heterogeneity even in the same dish. Because
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this was observed in overgrown cells, we proposed that decrease of
NMD activity can result from cellular stress in areas with high cell
densities®***°. Some potential explanations for this heterogeneity
that are unrelated to NMD could be considered. For example, one
could suppose that translation activity is reduced in areas of dense
cell growth; if the fluorescent proteins used possess different stabi-
lities, this could change the fluorescence ratio. However, no such
heterogeneity was detected in the control overgrown pNMD— cells
expressing the same green and red fluorescent proteins (see Fig. 4d,
right plot). Thus, we concluded that the observed heterogeneity of
the reporter signal is indeed due to suppressed NMD in some cells. It
should be noted that such cell heterogeneity cannot be detected either
by classical methods of RNA isolation and quantification or by
luminescence'>' or single-color GFP fluorescence' reporters.

In Xenopus embryos, we observed a strong increase in NMD activ-
ity from stages 14 to 45. Importantly, due to the non-invasiveness of
fluorescence detection, NMD dynamics were tracked in individual
embryos as they developed. Our results are somewhat contradictory
with recent data on the appearance of the NMD-suppressing miR-128
in Xenopus embryos after stage 23, from which a decrease in the NMD
activity during development would be expected®. Mechanisms other
than miR-128 could possibly contribute to NMD suppression at early
developmental stages. Further detailed investigations, which are
beyond the scope of the present work, are required to clarify this issue.

The proposed NMD reporter could potentially be modified for
particular experimental goals. For example, specific promoters could
be used rather than the ubiquitously active CMV promoter to assess
NMD in target cell populations within multicellular organisms.
Additionally, different NMD pathways could be addressed. We suc-
cessfully constructed and tested a variant of our NMD reporter sens-
itive to a long 3'UTR. As this mechanism of PTC recognition is
common to all eukaryotes, it could likely be applied in a wide variety
of biological models. Furthermore, genes other than B-globin that
target distinct routes of the NMD pathway***” could be used, thus
providing branch-specific NMD reporters.
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