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ABSTRACT

Nonsense-mediated RNA decay (NMD) selectively degrades mutated and aberrantly processed transcripts that contain premature
termination codons (PTC). Cellular NMD activity is typically assessed using exogenous PTC-containing reporters. We overcame
some inherently problematic aspects of assaying endogenous targets and developed a broadly applicable strategy to reliably and
easily monitor changes in cellular NMD activity. Our new method was genetically validated for distinguishing NMD regulation
from transcriptional control and alternative splicing regulation, and unexpectedly disclosed a different sensitivity of NMD
targets to NMD inhibition. Applying this robust method for screening, we identified NMD-inhibiting stressors but also found
that NMD inactivation was not universal to cellular stresses. The high sensitivity and broad dynamic range of our method
revealed a strong correlation between NMD inhibition, endoplasmic reticulum (ER) stress, and polysome disassembly upon
thapsigargin treatment in a temporal and dose-dependent manner. We found little evidence of calcium signaling mediating
thapsigargin-induced NMD inhibition. Instead, we discovered that of the three unfolded protein response (UPR) pathways
activated by thapsigargin, mainly protein kinase RNA-like endoplasmic reticulum kinase (PERK) was required for NMD
inhibition. Finally, we showed that ER stress compounded TDP-43 depletion in the up-regulation of NMD isoforms that had
been implicated in the pathogenic mechanisms of amyotrophic lateral sclerosis and frontotemporal dementia, and that the
additive effect of ER stress was completely blocked by PERK deficiency.
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INTRODUCTION

Nonsense-mediated RNA decay (NMD) is a post-transcrip-
tional quality control mechanism that ensures the fidelity
of cellular gene expression by selectively degrading aberrant
transcripts containing a premature stop codon (PTC)
(Chang et al. 2007; Rebbapragada and Lykke-Andersen
2009; Popp and Maquat 2013; Lykke-Andersen and Jensen
2015). NMD is also an essential gene regulation mechanism
that quantitatively determines the abundance of physiologic
transcripts with NMD features (Nott et al. 2003; Rehwinkel
et al. 2005; Chan et al. 2007; Isken and Maquat 2008; Chen
2010; Wang et al. 2011; Yepiskoposyan et al. 2011; Tani et
al. 2012; Zheng and Black 2013; Lykke-Andersen et al.
2014; Peccarelli and Kebaara 2014). Most strikingly,
snoRNA host genes and some alternatively spliced NMD-
sensitive isoforms are consistently repressed by NMD in var-
ious cell types and organs (Weischenfeldt et al. 2008; Thoren
et al. 2010; Lykke-Andersen et al. 2014; Lykke-Andersen and
Jensen 2015). The coupling of alternative splicing and NMD
(AS-NMD) is widely used by splicing regulators and some
RNA binding proteins (RBP) to maintain their own homeo-

static expression (Boutz et al. 2007; Lareau et al. 2007; Ni
et al. 2007; Spellman et al. 2007; Saltzman et al. 2008). AS-
NMD is also harnessed to control the expression of non-
RBP genes during development (Zheng et al. 2012; Zheng
2016a). NMD regulation of endogenous genes is integrated
into a variety of physiological settings including the fine-tun-
ing of the unfolded protein response (UPR) (Maquat and
Gong 2009; Sakaki et al. 2012; Lou et al. 2014; Oren et al.
2014; Karam et al. 2015). Despite extensive studies on the
molecular mechanisms of target recognition and decay, less
is known about the modulation of NMD activity. Several
studies showed that NMD was inhibited as an adaptive re-
sponse to hypoxia and calcium signaling (Gardner 2008;
Nickless et al. 2014) or in the tumor microenvironment
(Wang et al. 2011).
Given the essential role of NMD in disease pathogenesis

and gene expression regulation, methods that precisely detect
changes in cellular NMD activity are of great interest and can
facilitate the analysis of NMD controls in response to extra-
cellular stimuli or during development. Traditional methods
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rely on a pair of plasmid reporters, with one containing a
PTC and the other lacking a PTC. The two contrasting re-
porters are separately delivered into the cultured cells, usually
along with a third plasmid to control cell-to-cell variation,
and the reporter transcripts are assayed individually. The
reporter pair is engineered to normalize the impact of
transcription and other regulatory mechanisms affecting
transcript abundance in order to isolate NMD regulation.
Variables inherent to a general reporter gene approach, in-
cluding the degree of overexpression, transfection methods,
the choice of the reporters and cell density, affect the robust-
ness of the assay and have to be painstakingly controlled to
enhance the signal-to-noise ratio. Cell lines stably expressing
a reporter gene can mitigate variation induced by transient
transfection, but they introduce new variables, such as inte-
gration loci and copy numbers, which unpredictably affect
reporter readout (Zheng et al. 2013; Zheng 2016b).
Exogenous reporter assays are invaluable in characterizing

molecular mechanisms of NMD. Their application has un-
fortunately been restricted to transfectable cells. There is an
urgent need for a broadly applicable method to track cellular
NMD activity where transfection of reporters is difficult, e.g.,
in primary cells, tissue organs and animals. Ideally this new
method would also be simpler, faster, and less expensive
than exogenous reporter assays.
To address these needs, we aimed to develop an assay based

on endogenous NMD targets. Assaying endogenous targets
does not have the limitations associated with exogenous re-
porters and does not require secondary validations. Hard-
to-transfect samples and postmortem tissues also become as-
sessable. Furthermore, multiple endogenous targets can be
examined in parallel to improve the robustness of the assay,
whereas the reporter approach usually deals with one exoge-
nous target at a time. The advantages of directly assaying en-
dogenous targets are summarized in Table 1.

Monitoring NMD activity through endogenous NMD tar-
gets is, however, inherently challenging. It is hard to discern
direct NMD targets. Although many genes have altered ex-
pression levels in NMD-deficient cells, some of the changes
observed upon NMD deficiency may instead result from
transcriptional regulation as an indirect consequence of
NMD inhibition. It is also unclear whether their responses
to NMD regulation depend on the cell type or cellular con-
text. All endogenous NMD targets, direct or indirect, are un-
der constant transcriptional regulation and subject to myriad
possibilities of multifactorial regulation; hence, changes in
their expression levels alone are not robust predictors of cel-
lular NMD efficiency. These endogenous NMD targets are
not suitable for unbiased screening of NMD modulators ex-
pecting high specificity and low false discovery, because tran-
scriptional modulators would constitute a great proportion
of the false positives. When a change in cellular NMD activity
is an unknown and a change in the abundance of an
NMD target is detected, researchers need a robust method
to distinguish the pertinent regulatory processes and either
confidently claim a change or avoid falsely reporting a change
in NMD activity.

RESULTS

Development of a quantitative assay for monitoring
changes in cellular NMD activity

To more effectively distinguish NMD regulation from
transcriptional control, we designed our assay based on iso-
form-centric quantitation instead of gene-centric quantita-
tion; thus, the analysis incorporated the non-NMD isoform
of the same gene, which became one major advantage of
our assay. A transcript with a stop codon >50 nt upstream
of an exon–exon junction is consistently selected by NMD

TABLE 1. Comparison between our method and traditional NMD reporter methods

Our method Exogenous NMD reporters

Endogenous targets Yes No
Exogenous targets No Yes
Target delivery None Plasmid transfection or virus infection
Generalized applications Broad Transfectable cell lines in which the reporter

promoter is active
Application in primary cells Possible Difficult
Application in tissue organs Possible Difficult
Application in animals Possible Difficult
Application in samples of low quantity Possible Difficult
Application in post mortem samples Possible Difficult
Assay throughput Parallel assessment of multiple

endogenous reporters
Typically assess one NMD reporter per sample

Secondary validation with endogenous targets Optional Necessary
Possible sources of variability in addition
to sample variation

Na The degree of reporter overexpression, the
transfection method, transfection efficiency

Signal-to-noise ratio ++ +
Overall cost $ $$
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for degradation (Lykke-Andersen et al. 2000; Maquat et al.
2010). Such an RNA structure can result from alternative
RNA splicing shifting the reading frame and creating a
PTC. Because transcriptional regulation should equally affect
the NMD and non-NMD isoforms of a given gene, the effects
of transcriptional regulation can be better separated from
those of NMD regulation. We focused on alternative iso-
forms that include or skip a small cassette exon to minimize
the sequence difference between the two isoforms. We delib-
erately excluded alternative 5′ UTR, alternative 3′ UTR, and
intron retention to avoid complications reflecting differential
translation efficiency or miRNA targeting.

In our method, we measure the individual abundance of
NMD-sensitive isoforms and that of their non-NMD coun-
terparts via quantitative real-time PCR (qPCR). The NMD
isoforms are first examined for differential expression be-
tween a treatment and a control condition. An increase in a
NMD isoformmay be due to NMD inhibition, transcription-
al activation or a change in alternative splicing favoring the
NMD isoform. These three scenarios can be distinguished
by examining the expression of the non-NMD counterparts.
Genuine NMD regulation, transcriptional activation and al-
ternative splicing regulation would lead to no change, up-reg-
ulation, and down-regulation of the NMD-insensitive
isoforms, respectively (Supplemental Fig. S1A). Similarly, a
decrease in a NMD isoform can be interpreted as a result
of enhanced cellular NMD activity if the non-NMD isoform
exhibits no change (Supplemental Fig. S1B).

One technical difficulty of our method is designing RT-
qPCR primers specific to the cassette exon-skipping isoform,
whose entire sequence is present in the inclusion isoform. To
specifically detect an inclusion isoform, we designed a primer
entirely annealing to the cassette exon (exon B in Fig. 1A).
For the exclusion isoform, junction primers annealing to
the exon-skipping junction appear to be the only possible
choices. This can be either a reverse primer (Fig. 1A) with
its 5′ portion reverse complementary to the downstream con-
stitutive exon (exon C) and its 3′ portion to the upstream
constitutive exon (exon A) or a forward primer (not shown)
with its 5′ and 3′ portions matching the upstream and down-
stream exons, respectively. The challenge is herein illustrated
with reverse primers but also applies to forward primers.
Many exon-skipping junction primers are able to amplify
the inclusion isoforms (Supplemental Fig. S2). The longer
the 3′ portion of the junction primer annealing to exon A,
the easier the primer amplifies the exon-inclusion transcripts
(Supplemental Fig. S2B). As we have observed, some exon-
skipping junction primers with 3′ portions as short as 6 nt
can still anneal to the inclusion isoform at 55°C–60°C, albeit
at a lower efficiency than the exclusion isoform. On the other
hand, a long 5′ portion and a short 3′ portion increase the
possibility of the primer annealing to the exon B–exon C
junction because of the general sequence similarity around
5′ splice sites (Supplemental Fig. S2C,D). We therefore iden-
tified NMD-associated cassette exons containing a 3′ end un-

like that of its upstream exon. We then screened exon-
skipping junction primers for one that amplified only the ex-
clusion isoform and not the inclusion isoform. All primer
pairs were tested and confirmed for their specificity, RT-
qPCR efficiency, and linear dynamic ranges (Supplemental
Table S1). Finally, two stably expressed housekeeping genes,
Gapdh and Sdha, were used as internal controls for normal-
ization by geometric averaging.
Our method is different from an alternative splicing assay

that simultaneously amplifies both isoforms in one RT-PCR,
with primers in the flanking constitutive exons, then resolves
the two isoforms by electrophoresis and derives an expression
ratio between the inclusion and exclusion isoforms. Such an
assay has been used to confirm AS-NMD targets but has not
been used on its own to monitor NMD activity, because it
cannot definitively distinguish NMD regulation from alter-
native splicing regulation. For example, the splicing assay
could not discriminate between NMD regulation and alter-
native splicing regulation of postsynaptic density protein 95
(Psd-95, Dlg4). Psd-95 is transcribed in many cells including
embryonic stem cells (Zheng 2016a). Both polypyrimidine
tract binding proteins, PTBP1 and PTBP2, inhibit exon 18
of Psd-95, leading to a frameshift of the transcripts, which
are then targeted by NMD (Zheng et al. 2012). The inclusion
of exon 18 yields the non-NMD isoform. Thus, RNAi-medi-
ated knockdown of the NMD factor Upf1 increased the exon
18-skipping NMD isoform, and PTBP1 overexpression pro-
moted exon 18 skipping (Fig. 1B). Under these two experi-
mental scenarios, the exclusion to inclusion isoform ratios
derived from the alternative splicing assay could be very sim-
ilar, and it is not possible to differentiate NMD regulation
from alternative splicing regulation.
In contrast, our method effectively discriminated NMD

regulation from alternative splicing regulation. When differ-
ential expression of the NMD isoform is detected, the expres-
sion of the non-NMD isoform is also scrutinized to
determine whether and how the two isoforms are differen-
tially regulated. In cells deprived of Upf1, the NMD isoform
but not the non-NMD isoform exhibited significant changes
(Fig. 1C). In cells overexpressing PTBP1, the non-NMD iso-
form significantly decreased and the NMD isoform increased
(Fig. 1D). Our assay also accurately reported the response of
Psd-95 to the loss of PTBPs. Both PTBP1 and PTBP2 pro-
mote the NMD isoform of Psd-95. As expected, RNAi-medi-
ated knockdown of both PTBP1 and PTBP2 significantly
decreased the level of the NMD isoform (Fig. 1E). Our assay
attributed this change to alternative splicing regulation
because of the concomitant increase in the non-NMD iso-
form (Fig. 1E).
To test whether our assay could discern transcriptional

regulation as proposed, we applied actinomycin D to N2a
cells to inhibit transcription of these AS-NMD targets. We
used U6 snRNA as the internal control for qPCR. As
expected, both NMD and non-NMD isoforms of Psd-95
were suppressed, which our method correctly assigned to
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FIGURE 1. A new quantitative method, distinct from alternative splicing assays, distinguishes NMD activity from alternative splicing and transcrip-
tional regulation. (A) Schematics of the RT-qPCR method specifically detecting alternative splicing isoforms. The NMD isoform can be either the
inclusion or exclusion isoform, while the other isoform is designated as the non-NMD isoform. The inclusion isoform is detected by primer F1
and isoform-specific primer R1. The exclusion isoform is detected by F2 and isoform-specific junction primer R2. Primers F3 and R3 are commonly
used in alternative splicing assays to detect both inclusion and exclusion isoforms. (B) Conventional splicing assay to derive expression ratios of the
Psd-95 NMD isoform relative to the non-NMD isoform in N2a cells depleted of UPF1 using two independent siRNAs or N2a cells overexpressing
PTBP1. The ratios by themselves do not distinguish NMD regulation from alternative splicing regulation. Representative digital gel images are shown
in the lower panel. A one-way ANOVA test was used to determine significant ratio changes between different samples, followed by a Tukey’s multiple
comparison test.N = 3. (C) RT-qPCR analysis of the Upf1 deficient cells as in B but using different primers specific to the Psd-95 non-NMD isoform
and Psd-95 NMD (NPsd-95) isoform along with validation of the siUpf1 knockdown efficiency. (D) RT-qPCR analysis of the PTBP1-overexpressing
cells as in B but using different primers specific to the Psd-95 isoforms described in C. Western blots (right panel) of the samples transfected with GFP
and Flag-PTBP1 plasmids. Arrow: Flag-PTBP1; arrowheads: endogenous PTBP1 proteins that are down-regulated by PTBP1 overexpression. (E)
Responses of the two Psd-95 isoforms to double knockdown of PTBP1 and PTBP2 in N2a cells assayed by RT-qPCR. Right panel shows the
Western blots verifying the knockdown efficiencies. (F) RT-qPCR analysis of the two Psd-95 isoforms 4 h after 4 µg/µL actinomycin D treatment.
(C–F) A two-way ANOVA test followed by Dunnett’s multiple comparison tests was used to determine significant expression changes between sam-
ples. (∗) P < 0.05. Error bars represent mean ± SEM.
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transcriptional inhibition rather than NMD regulation (Fig.
1F). In summary, our assay precisely disclosed the distinct re-
sponses of the NMD and non-NMD isoforms of Psd-95 to
transcriptional regulation, alternative splicing regulation,
and NMD regulation.

Application of the new quantitative assay
in animal samples

One advantage of assessing endogenous NMD targets over
exogenous PTC reporters is the applicability in hard-to-
transfect cells, tissue organs, postmortem samples, and sam-
ples of low quantity (Table 1). Using alternative splicing as-
says alone to distinguish NMD regulation from alternative
splicing regulation in these kinds of samples is challenging.
For example, the molar ratio between the Psd-95 exclusion
and inclusion isoforms increased from 0.21 in control
wild-type cortices to 1.7 in conditional knockout cortices
of Upf2 (Upf2loxP/loxP; Emx1-cre), another key NMD factor,
at embryonic day 17 (Fig. 2A, left panel). This ratio decreased
to 0.11 and 0.02 in Ptbp2+/− and Ptbp2−/− cortices of the
same age, respectively (Fig. 2A, right panel). Without prior
knowledge of the sample identification, it would be impossi-
ble simply based on these numbers to attribute the observed
ratio changes to either NMD regulation or alternative splicing
regulation.

In contrast, without relying on the ratio analysis, our
method effectively discriminated between NMD and alterna-
tive splicing regulation. In the conditional Upf2loxP/loxP;
Emx1-cre cortices, our assay detected no change in the exon
18-inclusion isoform but an eightfold increase in the skip-
ping (NMD) isoform (Fig. 2B). Our method therefore as-
cribed these changes to NMD regulation. Consistent with
PTBP2 inhibiting exon 18 splicing and as shown by our assay,
the levels of the inclusion isoform in the Ptbp2−/− cortices in-
creased twofold relative to wild-type, while the exclusion iso-
form decreased significantly (Fig. 2C). Our method correctly
attributed these changes to alternative splicing regulation.
Thus, our method can be used on its own to effectively mon-
itor cellular NMD activity in hard-to-transfect cells and or-
gans as well as postmortem tissues.

To further improve the robustness and specificity of our
assay, we added other known AS-NMD targets including het-
erogeneous nuclear ribonucleoprotein L (Hnrnpl), serine/ar-
ginine-rich splicing factor 11 (Srsf11 or Sfrs11), transformer 2
beta (Tra2b), and polypyrimidine tract binding protein 2
(Ptbp2, nPTB, or brPTB). The NMD transcript isoforms of
these genes are as follows:Hnrnpl including exon 6, Srsf11 in-
cluding exon 4, Tra2b including exon 2, and Ptbp2 excluding
exon 10 (Stoilov et al. 2004; Boutz et al. 2007; Spellman et al.
2007; Saltzman et al. 2008). These are all small cassette exons
that moderately distinguish the two isoforms at the sequence
level. Monitoring different genes that are targeted by NMD
upon either exon inclusion or exon skipping was intended
to exclude false positives affecting splicing and to confirm

consistent NMD regulatory patterns. These genes were in-
cluded in the final assay also because RT-qPCR primers spe-
cific to their exclusion isoforms were successfully identified.
To allow further improvement and standardization of the
method by the community, we followed the guidelines of
the international Real-time PCR Data Markup Language
(RDML) consortium and provided detailed information
about our qPCR assays (Supplemental Table S1 and
Materials and Methods). When tested in the conditional
Upf2loxP/loxP; Emx1-cre cortices, our methods showed that
the non-NMD isoform levels of these genes barely changed.
In contrast, the NMD isoforms were up-regulated signifi-
cantly by seven- to 50-fold (Fig. 2D–G). These data con-
firmed NMD regulation of these genes and validated our
method of including these additional reporters. These
five genes encode very different proteins and have been
studied in various cell lines and tissues. They are also widely
transcribed and are not known to be transcriptionally cou-
pled, making them suitable for broadly monitoring NMD
activity.

Thapsigargin specifically enhances the endogenous
NMD targets

Because our method can be used on its own to infer NMD
regulation with high confidence, one of its applications is un-
biased screening for changes in cellular NMD activity. We
screened a small panel of widely used pharmacological inhib-
itors at various concentrations for their effects on NMD. The
expression of both the NMD and non-NMD isoforms of the
endogenous reporter genes were simultaneously measured
before and after drug treatment. When the levels of all the
NMD isoforms were altered in the same direction, the ex-
pression of the NMD and non-NMD isoforms under the
treatment and control conditions was then subjected to
ANOVA analysis to determine whether the two isoforms
were differentially regulated. We were interested in drugs
that affected the NMD isoforms across the board and mini-
mally affected the non-NMD counterparts. Many chemicals,
including protein kinase A inhibitor KT5720, Cam Kinase II
inhibitor KN-93, PKC inhibitor GF109203X, and Na+/K+-
ATPase inhibitor ouabain, did not show any effect on
NMD activity (Supplemental Figs. S3, S4). However, thapsi-
gargin had potent activity in blocking cellular NMD.
The abundance of the NMD isoform transcripts increased

as early as 1 h after thapsigargin treatment and continued to
increase gradually (Fig. 3). At 5 h, the NMD isoform levels
were enhanced by three- to 10-fold. In contrast, the non-
NMD isoform levels barely changed for Srsf11, Tra2b, and
Hnrnpl and increased slightly to around 1.8-fold for Ptbp2
and Psd-95. Although transcription and alternative splicing
regulation might have modestly contributed to the changes
in Ptbp2 and Psd-95, the dramatic increase in the levels of
the NMD isoforms for all five genes could not be attributed
solely to transcriptional stimulation or splicing changes.
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FIGURE 2. The new method distinguishes NMD activity from alternative splicing regulation in animal samples. (A) Alternative splicing assay of the
Psd-95 NMD and non-NMD isoforms in Upf2 conditional knockout cortices (left panel) and Ptbp2 null cortices (right panel). (Lower left panel)
Western blot of UPF2 in Upf2loxP/lox and Upf2loxP/loxP; Emx1-cre cortices. The Upf2 conditional knockout cortices produce truncated UPF2 proteins
(ΔUPF2). (Lower right panel) Genotyping of Ptbp2 animals. Statistics were calculated using a two-tailed unpaired Student’s t-test for the Upf2 knock-
out samples (N = 2) and a one-way ANOVA test followed by Tukey’s multiple comparison test for the Ptbp2mutant samples (Ptbp2+/+ and Ptbp2+/−,
N = 2; Ptbp2−/−, N = 4). (B,C) RT-qPCR analysis of the samples shown in A for individual expression of the Psd-95 non-NMD isoform and Psd-95
NMD (NPsd-95) isoform. (D–G) Expression levels of both NMD and non-NMD isoforms of Ptbp2, Tra2b, Hnrnpl, and Srsf11 in Upf2 knockout
cortices relative to wild type. (B–G) A two-way ANOVA test followed by Dunnett’s multiple comparison tests was used to determine significant ex-
pression changes between samples. (∗) P < 0.05; (ns) not significant. Error bars represent mean ± SEM.

ER stress inhibits NMD

www.rnajournal.org 383



Rather, the changes were consistent with attenuation of the
decay pathway specific to these isoforms, i.e., NMD.

The new method reveals a strong correlation between
ER stress, polysome disassembly, and NMD inhibition
in a thapsigargin dose-dependent manner

Thapsigargin is a noncompetitive inhibitor of the sarco/en-
doplasmic reticulum Ca2+ ATPase. Thapsigargin treatment
increases intracellular Ca2+ concentration, which stimu-
lates various Ca2+ dependent signaling pathways. In fact,
Nickless et al. (2014) recently reported that intracellular cal-
cium inhibited NMD after administration of thapsigargin.
Thapsigargin also induces ER stress. Some cellular stresses
including hypoxia inhibit NMD via phosphorylation of eu-
karyotic initiation factor 2α (eIF2α) (Gardner 2008; Wang
et al. 2011), although the exact mechanism underlying NMD
inhibition by eIF2α phosphorylation remains to be deter-

mined (Karam et al. 2015). The diverging
mechanisms reported by these studies
were both based on the exogenous
NMD reporter approach and gene-cen-
tric validation. We therefore investigated
which of the proposed mechanisms our
independent new method would sup-
port. We first tested whether some core
NMD factors were affected at 5 h after
thapsigargin treatment and found no
changes in their expression (Supplemen-
tal Fig. 5). A previous study reported a
1.5- to 2.5-fold increase in Upf1 mRNA
in HeLa cells 4 d after chronic depletion
of various NMD factors (Yepiskoposyan
et al. 2011). The apparent contrast may
be due to the difference in the time scale
of the treatment.
We examined whether an increase in

intracellular Ca2+ was sufficient to inhibit
NMD. We applied a wide dose range of
ouabain, a cardiac glycoside also used
by Nickless et al. (2014) and measured
the abundance of both NMD and non-
NMD isoforms at various time-points.
However, no clear changes in cellular
NMD efficiency were observed (Supple-
mental Fig. S4). Even at concentrations
as high as 200 or 400 µM that clearly
stimulated the immediate early genes
c-fos and Pip92, the NMD isoforms
were not substantially enhanced (Supple-
mental Fig. S4). To further test whether
increased intracellular Ca2+ was suffi-
cient to inhibit NMD, we treated the cells
with ionomycin, a Ca2+ ionophore, as
another method of raising the cytoplas-

mic Ca2+ concentration. Cells were responsive to ionomycin,
with increased expression of the immediately early genes c-
Jun and Pip92 (Supplemental Fig. S6A). However, ionomycin
treatment in a range of 1 to 100 µM did not specifically alter
the levels of the NMD isoforms (Supplemental Fig. S6B).
Ionomycin had no effect on Ptbp2 expression but equally re-
pressed both NMD and non-NMD isoforms of Psd-95, sug-
gesting that ionomycin inhibited Psd-95 transcription. Taken
together, the results of ouabain and ionomycin treatment
suggested that enhanced cytosolic Ca2+ signaling was not suf-
ficient to inhibit NMD in N2a cells.
We investigated another consequence of thapsigargin

treatment, ER stress, for its possible association with NMD
inhibition. We first examined cellular stress levels by measur-
ing the splicing activity of X-box binding protein 1 (Xbp1),
because thapsigargin-induced NMD inhibition occurred as
early as 1 h post-treatment and Xbp1 splicing responds rap-
idly to ER stress. As a part of the unfolded protein response

FIGURE 3. Thapsigargin specifically enhances the endogenous NMD targets. (A–E) Temporal
expression of NMD isoforms (red lines) and non-NMD isoforms (blue lines) of Srsf11, Ptbp2,
Tra2b,Hnrnpl, and Psd-95 upon 0.2 µM thapsigargin treatment. Expression levels are normalized
to DMSO-treated samples. A two-way ANOVA test was used to determine significant difference
of expression between the two isoforms. (#) P < 0.05. Dunnett’s multiple comparison tests were
used to determine significant expression changes of individual isoforms over time relative to
DMSO treatment. (∗) P < 0.05. N = 3. Error bars represent mean ± SEM.
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(UPR) triggered by ER stress, the serine/threonine protein ki-
nase/endoribonuclease inositol-requiring enzyme 1 (IRE1α)
oligomerizes and activates its ribonuclease activity through
trans-autophosphorylation (Samali et al. 2010; Rubio et al.
2011; Hetz 2012; van Schadewijk et al. 2012). Activated

IRE1α excises a 26-nt intron of Xbp1 mRNA, resulting in a
shorter isoform (Xbp1s) that encodes a potent transcriptional
activator for the expression of chaperones. RT-PCR with
primers flanking the 26-nt intron detected Xbp1 splicing at
1 h after thapsigargin treatment (Fig. 4A). The intron

FIGURE 4. Dose-dependent correlation between ER stress, polysome disassembly, and NMD inhibition upon thapsigargin treatment. (A) Time
course analysis of Xbp1 splicing upon application of 0.2 µM thapsigargin in N2a cells. N = 3. (B) Thapsigargin dose-dependent Xbp1 splicing in
N2a cells at 5 h after treatment. N = 3. (C) Thapsigargin dose-dependent expression of the NMD (red lines) and non-NMD (blue lines) isoforms
of Srsf11, Ptbp2, Tra2b,Hnrnpl, and Psd-95 in N2a cells at 5 h after treatment. A two-way ANOVA test was used to determine the significant difference
between the two isoforms. (#) P < 0.05. Dunnett’s multiple comparison tests were used to determine significant expression changes of individual iso-
forms after thapsigargin treatment in comparison to DMSO treatment. (∗) P < 0.05.N = 3. Error bars represent mean ± SEM. (D) Polysome fraction-
ation graphs of N2a cells at 5 h after treatment with DMSO, 0.01 µM, 0.02 µM, 0.05 µM, 0.1 µM, and 0.2 µM thapsigargin (TG). 40S, 60S, 80S, disome
(black arrow) and polysome are labeled accordingly. In each graph, a red line is drawn from the disome peak to the peak of the eight-ribosome fraction.
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excision was continuously enhanced thereafter, mirroring
the kinetics of NMD inhibition. IRE1α was reported to be
targeted by NMD (Oren et al. 2014; Karam et al. 2015),
and we also observed that thapsigargin enhanced Ire1α
expression (Supplemental Fig. S7A). However, Ire1α expres-
sion remained unchanged at 1 h when Xbp1s was first detect-
ed, suggesting that the initial Xbp1 splicing was due to
oligomerization-induced activation of IRE1α protein.
Subsequent Ire1α inductionmay potentiate Xbp1 intron exci-
sion. In summary, NMD inhibition and Xbp1 intron excision
happened almost simultaneously in the early phase of thap-
sigargin treatment.

To further evaluate the association between ER stress and
NMD inhibition, we titrated the doses of thapsigargin and re-
examined NMD activity and ER stress levels. Cells were treat-
ed with thapsigargin at concentrations of 0.002, 0.005, 0.01,
0.02, 0.05, 0.1, and 0.2 µM and harvested at 5 h post-treat-
ment for analysis. Xbp1 intron excision and Ire1α induction
occurred at 0.01 µM and intensified with increasing concen-
tration (Fig. 4B; Supplemental Fig. S7B). NMD inhibition,
collectively and consistently demonstrated by the expression
of Srsf11, Ptbp2, Tra2b,Hnrnpl, and Psd-95, was observed at a
concentration as low as 0.02 µM and escalated in a dose-
dependent manner (Fig. 4C). Xbp1s splicing and NMD
repression exhibited the same kinetics, and both plateaued
at 0.1 µM and above (Fig. 4B,C). Concentrations above
0.2 µM did not further increase NMD inhibition (data not
shown). This analysis indicated that Xbp1 intron excision
had a higher sensitivity than NMD inhibition to low concen-
trations of thapsigargin treatment. Nevertheless, these data
support a strong positive correlation between ER stress and
NMD inhibition.

In addition to altering gene expression via the IRE1-Xbp1s
signaling pathway to retain homeostasis, ER stress also reduc-
es global protein synthesis (Harding et al. 1999; Ron 2002;
Wek et al. 2006). The dose of thapsigargin inhibiting NMD
was as low as 20 nM, whereas in the literature thapsigargin
has been widely used at 1 µM to induce ER stress. To assess
whether the NMD-inhibiting thapsigargin doses also re-
pressed translation, we performed ribosome fractionation us-
ing sucrose density-gradient centrifugation and examined
polysome integrity as an indicator of translational activity.
Control cells treated with DMSO showed a typical polysome
profile consisting of peaks of individual ribosome subunits
(40S and 60S), monosomes (80S), and polysomes (2, 3, 4,
5, and ≥6 ribosomes). Under the culture conditions used,
the heights of the polysome peaks steadily increased with
the number of ribosomes (Fig. 4D). Thapsigargin effectively
reduced the heights of the polysome peaks. The heavier poly-
somes (≥4 ribosomes) were affected the most and further
collapsed with increasing doses of thapsigargin. Polysome
disintegration was also accompanied by increasing optical
density values of 80S. To quantify the dose effect of thapsigar-
gin, we drew a line from the peak of the disome to the peak of
the polysome consisting of roughly eight ribosomes based on

relative elution time. We measured the angle of this line rel-
ative to a horizontal line through the disome peak and used
the angle as an indicator of polysome integrity. This angle
was 30 for DMSO-treated cells and decreased to 0, −18,
−20, −30, and −40 in response to increasing thapsigargin
concentrations of 0.01, 0.02, 0.05, 0.1, and 0.2 µM, respec-
tively. Interestingly, 0.01 µM thapsigargin induced noticeable
disintegration of heavy polysomes but little NMD repression.
These data showed that polysome disassembly was positively
associated with and also appeared to lead NMD inhibition.
Since NMD is translation dependent, the isoforms respon-

sive to NMD inhibition were presumably undergoing transla-
tion. Without isoform-specific antibodies and proven assays
to detect the protein isoforms translated from these five
NMD transcripts, we examined their mRNA abundance on
the polysome fractions. We note that association with poly-
somes is not a proof but a proxy of active translation. Using
RT-qPCR, we quantified the expression levels of the NMD
isoforms relative to Sdha, a relatively abundant housekeeping
gene. As shown in Supplemental Figure S8, both the NMD
and non-NMD isoforms were readily detectable on the poly-
some fractions of DMSO-treated N2a cells. The relative Ct
values (ΔCt) for the NMD isoforms of Psd-95, Ptbp2,
Hnrnpl, Tra2b, and Srsf11 were 0.44, 0.94, 2.94, 1.19, and
3.27, respectively, while those of the non-NMD counterparts
were 0.42,−1.30,−0.78,−2.12, and−2.17, respectively. These
data suggested that their RNA copy numbers were roughly
within one order of magnitude from that of Sdha. We also ex-
amined their abundance in the polysome fractions ofN2a cells
at 5 h after treatment of 0.2 µM thapsigargin. The ΔCt values
were still within (−3.3, 3.8), suggesting that their representa-
tion on the polysome was still within one order of magnitude
from that of Sdha. It should be noted that the collapsing poly-
somes yielded lower amounts of RNA, and the ΔCt values
became less indicative of translational activity. In summary,
these data supported that the NMD isoforms were undergo-
ing translation at the onset of thapsigargin treatment and
could therefore readily respond to NMD inhibition.

Thapsigargin inhibits NMD by activating
the PERK pathway

Since the degree of NMD inhibition was strongly correlated
with the extent of ER stress measured by Xbp1 splicing and
polysome disassembly, we next checked which signaling
pathway directly led to NMD inhibition. ER stress stimulates
three branches of the unfolded protein response (UPR): the
IRE1, activating transcription factor 6α (ATF6α), and protein
kinase RNA-like endoplasmic reticulum kinase (PERK)
pathways (Yoshida et al. 1998, 2001; Harding et al. 1999;
Calfon et al. 2002; Hetz 2012; Han et al. 2013). These three
stress sensors bind to chaperone protein BIP and are quies-
cent under non-stress conditions. Under ER stress, misfolded
proteins sequester BIP from continually interacting with
these three proteins. Upon release from BIP binding, PERK
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is activated via autophosphorylation, similar to IRE1α.
ATF6α is activated by intramembrane proteolysis and trans-
locates into the nucleus to induce the transcription of chap-
erones, such as Bip. To test which pathway mediates NMD
activity, we knocked down the stress sensors by RNAi for
48 h before thapsigargin treatment and examined whether
the thapsigargin-inhibited NMD activity could be restored.
We found that depletion of only PERK completely pre-

vented thapsigargin from repressing NMD. Two independent
siRNAs reduced the endogenous Perk transcripts to around
20% (Fig. 5A). PERK knockdown did not significantly affect
the steady-state levels of either the NMD or non-NMD
isoforms of Psd-95, Ptbp2, and Tra2b (Fig. 5B–D).
Thapsigargin application in control siRNA-pretreated cells
induced only the NMD isoforms of these genes along with
Xbp1s as previously demonstrated (Fig. 5B–E) and also inter-
estingly increased Perk transcript levels (Fig. 5A). In siPerk-
pretreated cells, none of the NMD isoforms were stimulated
by thapsigargin (Fig. 5B–D).
Depletion of Ire1α or Atf6 alone was not sufficient to fully

rescue thapsigargin-induced inhibition of NMD activity.
Both Ire1α and Atf6α were up-regulated by thapsigargin
(Supplemental Figs S7A, S9A). RNAi treatment efficiently
reduced thapsigargin-increased Ire1α and Atf6α (Supplemen-
tal Figs S7C, S9A). Depletion of Ire1α dampened thapsigar-
gin-enhanced NMD isoforms by about twofold but did not
revert their levels to those of pre-thapsigargin treatment
(Supplemental Fig. S7D–F). Reduction of Atf6α did not alter
the effect of thapsigargin on the NMD isoforms (Supplemen-
tal Fig. S9B–E). These experiments were corroborated by the
Perk knockdown cells, in which thapsigargin continued to ac-
tivate IREα and ATF6α but no longer inhibited NMD. Xbp1s
levels, which are indicative of IRE1α activity, were still six- to
eightfold higher in the thapsigargin-treated siPerk cells than
in DMSO-treated cells (Fig. 5E). Similarly, Bip transcript lev-
els, which are widely used as a reporter of ATF6α activity,
were unchanged by control siRNA, Perk siRNAs or DMSO
treatment and remained high after thapsigargin treatment re-
gardless of siPerk application (Fig. 5F). Therefore, activation
of IRE1α and ATF6α by thapsigargin was not sufficient to in-
hibit NMD.
Because RNAi-mediated depletion could not resolve

whether it was the physical scaffold or enzymatic activity of
PERK that was essential for NMD inhibition, we tested a
small molecule inhibitor that inhibits only the enzymatic
activity of PERK. GSK2606414 is a potent selective PERK in-
hibitor (Axten et al. 2012), and we applied it along with thap-
sigargin treatment. Application of GSK2606414, similar to
siPerk alone, did not affect NMD activity in DMSO-treated
cells. In thapsigargin-treated cells, however, GSK2606414 ef-
fectively reversed the up-regulation of the NMD isoforms in a
dose-dependent manner (Fig. 5G–I). GSK2606414 phe-
nocopied Perk siRNA treatment in attenuating thapsigar-
gin-induced Xbp1s but to a level still well above that in
DMSO-treated cells (Fig. 5J). Like RNAi depletion of Perk,

GSK2606414 did not down-regulate Bip transcripts (Fig.
5K). These data further show that of the three UPR branches
only PERK activity was required for thapsigargin to inhibit
NMD.
PERK activation phosphorylates eIF2α at serine 51, leading

to attenuation of protein synthesis (Harding et al. 1999; Wek
et al. 2006). To test whether eIF2α was part of the signaling
cascade, we performed quantitative immunoblots on total
eIF2α and phosphor-eIF2α (Ser51) in cells treated with thap-
sigargin and PERK inhibitor GSK2606414. As expected,
DMSO did not alter the level of phosphorylation. We ob-
served an increase in phosphor-eIF2α at 1.5 h after thapsigar-
gin treatment, which was completely diminished by
GSK2606414 (Fig. 5L,M). Meanwhile, total eIF2α levels re-
mained constant across all conditions. These data supported
the notion that thapsigargin inhibits NMD via PERK activa-
tion and subsequent attenuation of global protein translation
(Fig. 5N).

NMD inhibition is not ubiquitous under various
cellular stresses

We then investigated whether NMD inhibition was ubiqui-
tous under various cellular stresses. We did not observe
changes in NMD isoform levels in cells subjected to high
temperatures (up to 45°C for 2 h) or serum deprivation (as
low as 0% fetal bovine serum for up to 24 h). However,
NMD inhibition was observed after culturing N2a cells in
L-glutamine-free media (Supplemental Fig. S10). The
NMD isoform levels of Psd-95, Ptbp2, and Tra2b were not
apparently altered within the first 6 h of switching to L-glu-
tamine-free media, possibly due to residual cellular gluta-
mine sustaining cell metabolism. These NMD isoforms
were clearly up-regulated at 12 h and further enhanced at
15 h. These data show that induced NMD inhibition was
not limited to stress caused by thapsigargin but also not ubiq-
uitous under all cellular stresses.

ER stress enhances TDP-43-controlled NMD
isoforms through PERK

Given the critical roles of NMD in physiology and pathogen-
esis, modulation of NMD activity may impact NMD-associ-
ated events. To show the relevance of NMD inhibition by ER
stress, we turned to recent discoveries implicating NMD reg-
ulation in the pathogenic mechanisms of amyotrophic lateral
sclerosis (ALS) and frontotemporal dementia (FTD)
(Barmada et al. 2015; Ling et al. 2015). RNA binding protein
TDP-43 is commonly found in the cytoplasmic inclusion
bodies of ALS and FTD, and its genetic mutations are linked
to familial ALS and FTD (Arai et al. 2006; Neumann et al.
2006; Guo et al. 2011; Polymenidou et al. 2012; Ling et al.
2013). Increased cryptic splicing in TDP-43-deficient cells
has been proposed as one of the pathogenic mechanisms
(Ling et al. 2015). Many of these cryptic isoforms are
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FIGURE 5. PERK is necessary for thapsigargin-induced NMD inhibition. Expression levels of Perk (A); the NMD (red) and non-NMD (blue) iso-
forms of Psd-95 (B), Ptbp2 (C), and Tra2b (D); Xbp1s (E); and Bip (F) after siPerk knockdown and thapsigargin treatment. Control siRNA and two
different siRNAs targeting Perk were transfected into N2a cells for 48 h before thapsigargin application. Note that the thapsigargin effect on the NMD
isoforms was completely blocked by siPerk transfection (B–D). Expression levels of the NMD (red) and non-NMD (blue) isoforms of Psd-95 (G),
Ptbp2 (H), and Tra2b (I) as well as Xbp1s (J) and Bip (K) in N2a cells treated with DMSO, thapsigargin, or thapsigargin plus PERK inhibitor
GSK2606414 at various concentrations. A concentration of 0.1 µM GSK2606414 or above was sufficient to revert the effect of thapsigargin on the
NMD isoforms (G–I). (L) Western blots of phosphorylated eIF2α (P-eIF2α) and total eIF2α in cells treated with DMSO, DMEM, 0.2 µM thapsigargin
(TG), and 0.3 µMGSK2606414 (GSK) plus TG. (M) Quantification of L using the intensity ratio of P-eIF2α over total eIF2α.N = 2. (N) Schematics of
the proposed mechanism of thapsigargin and other stressors leading to NMD inhibition. A one-way ANOVA test was used for A, E, F, J, and K. A two-
way ANOVA test followed by Dunnett’s multiple comparison tests was used for B, C,D,G,H, and I. (∗) P < 0.05; (ns) not significant.N = 3. Error bars
represent mean ± SEM.
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presumably subject to NMD regulation. We therefore rea-
soned that ER stress might aggravate TDP-43 deficiency in
the up-regulation of these NMD isoforms.
To investigate the possible compounding effect of ER stress

on TDP-43-mediated NMD isoforms, we examined the
expression of TDP-43-repressed cryptic exons with and
without thapsigargin treatment. We designed specific PCR
primers flanking the previously reported cryptic exons of
A230046K03Rik, Mib1, and Usp15 and measured the ratios
of the NMD isoforms to the normal isoforms. The splicing
of cryptic exons was not detected in cells treated with control
siRNA or DMSO but was drastically boosted by RNAi-medi-
ated depletion of Tdp-43 (Fig. 6). Subsequent thapsigargin
treatment further increased the level of the NMD isoforms
in TDP-43-deficient cells but had no effect in the mock-
transfected or control siRNA-transfected cells.
To test whether the thapsigargin activity was due to PERK-

mediated NMD inhibition, we knocked down Perk prior to
the drug treatment. As shown by two independent Perk
siRNAs, loss of PERK did not cause cryptic splicing on its
own nor interfere with the activity of TDP-43 in DMSO-
treated cells (Fig. 6). However, PERK knockdown completely
eliminated thapsigargin’s additive effects to TDP-43 deple-
tion, resulting in similar isoform ratios between the DMSO
and thapsigargin treatments. These results confirmed that
ER stress exacerbated the up-regulation of cryptically spliced
NMD isoforms through PERK activation in TDP-43-defi-
cient cells.

DISCUSSION

In this study, we devised a new method to precisely monitor
changes in cellular NMD activity through individual quanti-
tative measurement of a panel of endogenous NMD isoforms
and their corresponding non-NMD isoforms. Because the
method can be used on its own to assess changes in cellular
NMD activity with high specificity and sensitivity, it can facil-
itate analysis of NMD controls by cellular pathways in re-
sponse to stimuli or during development and is particularly
suitable for unbiased screening of NMD modulators. The
assay was designed to distinguish NMD regulation from
transcriptional regulation and alternative splicing control,
which also affect the steady-state levels of NMD substrates.
Furthermore, we included five different NMD isoforms to
enhance the robustness of this new method. These five iso-
forms responded consistently to the changes in NMD activ-
ity, albeit to varying degrees, indicating that fewer may
suffice. Using this new method as an independent assay to
traditional PTC reporters and gene-centric quantitation, we
demonstrated that thapsigargin-induced NMD inhibition
occurred via PERK activation rather than Ca2+ signaling.
We further showed that NMD inhibition was not universal
under all cellular stresses.
Our new method is both sensitive and quantitative thanks

to the high sensitivity and broad dynamic range of RT-qPCR.

This is essential for determining the efficiency and dynamics
of NMD activity regulated by cellular pathways or during de-
velopment, for analyzing the kinetics of drug response and
for dissecting the underlying molecular mechanisms. While
the repressive effect of thapsigargin on NMD started to pla-
teau at a concentration of 0.2 µM and above, NMD inhibition
was already detected at treatment levels as low as 0.02 µM. At
this low concentration, the NMD isoform up-regulation was
only ∼20% of the maximal up-regulation but was neverthe-
less consistently detected by ourmethod (Fig. 4). Similarly, in
the time course experiment, 20%–30% of full inhibition
(typically achieved at 5 h post-treatment) was readily detect-
able at 1 h post-treatment (Fig. 3).
Our method indicated that different NMD targets have

varying sensitivity to NMD inactivation. For example, the
NMD isoform of Hnrnpl was up-regulated by about 60-fold
in the conditional Upf2 knockout cortices, whereas the Psd-
95 NMD isoform increased by about eightfold (Fig. 2B,F).
Surprisingly, the ranking of these tested genes regarding their
sensitivity to NMD inhibition was relatively preserved be-
tween the Upf2 knockout and thapsigargin experiments,
with Hnrnpl and Tra2b exhibiting much higher sensitivity
and Psd-95 and Srsf11 displaying lower sensitivity. The vary-
ing sensitivity of these NMD targets does not appear to be
associated with the 3′ UTR length or the length between
the PTC and the downstream exon–exon junction (Supple-
mental Table S2). For example, the 3′ UTR of the Hnrnpl
and Psd-95 NMD isoforms are similar in length and both
are much shorter than others.
Among the three UPR branches, only the PERK signaling

pathway but not IRE1α or ATF6α was required for thapsigar-
gin-induced NMD inhibition. Our results demonstrated the
necessity of PERK activation as well as a strong correlation
between polysome disassembly and NMD inhibition. The
findings are therefore consistent with previous reports and
support the hypothesis that NMD inhibition is specific to
PERK-eIF2α-translation repression signaling (Chiu et al.
2004; Gardner 2008, 2010; Hu et al. 2010; Wang et al. 2011).
Our studies did not detect a role of intracellular Ca2+ sig-

naling in NMD inhibition. Downstream from thapsigargin
treatment, PERK inhibition via a specific drug inhibitor or
siRNA depletion did not reverse the increase in cytosolic
Ca2+ but did completely restore NMD activity. Furthermore,
other chemicals increasing intracellular Ca2+ failed to atten-
uate NMD. Therefore, increased intracellular Ca2+ was not
enough to inhibit NMD in our system, contradicting a recent
study reporting calcium’s sufficient role (Nickless et al.
2014). One possible explanation is the type of cells used for
the analysis. We used mouse N2a cells, whereas Nickless
et al. used human osteosarcoma cells (U2OS). Additionally,
Nickless et al. used exogenous fluorescent mini-gene report-
ers to measure NMD activity, whereas we used endogenous
NMD reporters.
With the new method, we also found that glutamine

deprivation inhibited NMD, while heat shock or serum
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FIGURE 6. Thapsigargin enhances TDP-43-repressed NMD isoforms through PERK. The expression levels of Tdp-43 (A) and Perk (B) in N2a cells
transfected with control siRNA, siTdp43, and/or siPerk and subsequently treated with DMSO or 0.2 µM thapsigargin. These cells were also assayed for
the expression of the normal and NMD isoforms of A230046K03Rik (C),Mib1 (D), and Ups15 (E). Representative digital gels are shown in the lower
panels. Arrows point to the NMD and normal isoforms. The ratio of the NMD isoform relative to the normal isoform was quantified for each gene
under each experimental condition (upper panels). In siTdp43 cells, thapsigargin further increased the ratios. In siTdp43 and siPerk double-knock-
down cells, thapsigargin had no effect on the ratios compared to DMSO. (ns) P≥ 0.05; (∗) P < 0.05 (two-way ANOVA followed by Dunnett’s multiple
comparison tests). All error bars represent mean ± SEM. N = 3.

Li et al.

390 RNA, Vol. 23, No. 3



withdrawal did not. This result was consistent with a previous
study reporting NMD attenuation upon deprivation of
all amino acids (Mendell et al. 2004). Although the mecha-
nism of NMD inhibition by amino acid starvation remains
unclear, it is probably due to translation interference.
Amino acid starvation activates general control nonderepres-
sible 2 (GCN2), which can phosphorylate eIF2α (Dever et al.
1992) to slow down translation (Pain 1994).
Our studies showed an adverse effect of ER stress on TDP-

43 proteinopathy enhancing TDP-43-repressed NMD sub-
strates. ER stress-stimulating episodes could thus restrain
TDP-43 defective cells from clearing up these unwanted tran-
scripts in a timely manner and could even possibly accelerate
progressive loss of neurons in ALS and FTD patients. We also
showed that PERK inhibition completely blocked the unde-
sirable effect of ER stress, providing a possible target of ther-
apeutics to ameliorate the ill influence of ER stress on TDP-
43 deficiency.
As a proof-of-principle analysis, our study demonstrated

the utility of a new quantitative method for accurately mon-
itoring changes in cellular NMD activities. The high sensitiv-
ity and broad dynamic range of our method allow for the
detection of continual changes in NMD activity during devel-
opment or in response to environmental changes. This
presents a new avenue for exploring endogenous NMDmod-
ulation and subsequent applications in the study of genetic
diseases. Our method can also be applied to monitor PERK
activity and translation inhibition, which are tightly linked
to NMD inhibition. Our method, however, cannot distin-
guish translation repression andNMD inhibition. In the pres-
ent analysis, we only tested a small panel of widely used
small molecule inhibitors to demonstrate the potential of
our assay for unbiased screening. With the aid of cataloged
libraries, high-throughput robotic liquid handling systems
and next-generation sequencing, our new method can be
adapted to screen larger libraries.

MATERIALS AND METHODS

Cell cultures and treatments

Neuro-2a (N2a) cells were maintained in N2a complete media con-
sisting of L-glutamine-free Dulbecco’s modified Eagle’s medium
(DMEM), 10% FBS and 1× GlutaMAX at 37°C. For the application
of actinomycin D (Sigma, cat. no. A1410), thapsigargin (VWR, cat.
no. 89161-410), KT5720 (Tocris Bioscience, cat. no. 1288100U),
KN-93 (Fisher Scientific, cat. no. NC0362431), GF109203X
(R&D, cat. no. A00061), ionomycin (Fisher Scientific, cat. no.
AG-CN2-0416-M001), and ouabain octahydrate (Fisher Scientific,
cat. no. 80055-364), 750,000 cells were plated on 35 mm BioLite
TC plates and incubated with 2 mL of N2a complete media over-
night before treatment with the drugs at the indicated concentra-
tions. The cells were collected at 5 h post-treatment unless
otherwise specified. The PERK inhibitor GSK2606414 (Thermo
Fisher, cat. no. 501016108) was dissolved in DMSO and stored at
−20°C. N2a cells were incubated with GSK2606414 for 1 h before

thapsigargin treatment. For L-glutamine deprivation, 750,000 N2a
cells were plated overnight and switched to L-glutamine-free
DMEM with 10% FBS. SiRNA knockdown experiments were con-
ducted using Lipofectamine RNAiMax and Silencer Select siRNAs
(siTdp-43, cat. no. s106688 and s106686; siPerk, cat. no. s201280
and s65405; siPtbp1, cat. no. s72335 and s72336; siPtbp2, cat. no.
s80148 and s80149; siUpf1, cat. no. s72879 and s72878; siIre1
cat. no. s95859; siAtf6, cat. no. s105470) according to the manufac-
turer’s instructions. Silencer Negative Control siRNA (AM4615)
was used as the siRNA control. Lipofectamine 2000 (Life Technol-
ogies) was used to transfect the Flag-Ptbp1 plasmid and control
GFP plasmid into N2a cells. Cells were incubated for 48 h for opti-
mal knockdown efficiency or overexpression before downstream
treatments.

Animals

Conditional Upf2−/− (that is, Upf2loxP/loxP; Emx1-cre) mice were
generated by first breeding Upf2loxP/loxP mice to Emx1-cre mice
and subsequently breeding Upf2loxP/+; Emx1-cre mice to Upf2loxP/loxP

mice (Zheng et al. 2012). Ptbp2−/− mice were generated by breeding
Ptbp2+/− mice to Ptbp2+/− mice (Li et al. 2014). All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee at UCR.

RNA extraction, cDNA synthesis, and RT-qPCR

TRIzol (Life Technologies, cat. no. 15596-018) was directly added
to the cells or mouse brain tissues to extract total RNA following
the TRIzol reagent standard protocol. Isolated RNA was treated
with 4 units of Turbo DNase (Ambion) at 37°C for 35 min to
degrade all remaining genomic DNA. After the DNase treatment,
RNA was purified using phenol-chloroform (pH 4.5, VWR cat.
no. 97064-744). RNA concentrations were measured using a
Nanodrop 2000c (Thermo Fisher). Onemicrogram of freshly isolat-
ed DNA-free RNA was converted to cDNA using 1 µL random
hexamers (30 µM) and 200 units of Promega M-MLV reverse tran-
scriptase (cat. no. M1705) following the Promega protocol in a 20
µL reaction. For all qPCR primers, quality control was performed
for their specificity, sensitivity, melting curves, and standard curves
(Supplemental Table S1). RT-qPCR experiments were conducted
using a QuantStudio 6 Real-Time PCR instrument with 2× Power
SYBR Green PCR master mix (Life Tech) following the Life Tech
protocol. Each 10 µL reaction contained 0.3 µL cDNA, 5 µL 2×
Power SYBR Green PCR master mix, 0.3 nM forward primer, and
0.3 nM reverse primer. The QuantStudio 6 RT-qPCR run program
was as follows: 50°C for 2 min; 95°C for 15 sec and 60°C for 1 min,
with the 95°C and 60°C steps repeated for 40 cycles; and a melting
curve test from 60°C to 95°C at a 0.05°C/sec measuring rate.
QuantStudio Real-Time PCR software was used for the analysis.
All RT-qPCR reactions were conducted with three technical repli-
cates along with a no template control (NTC, not amplified).
Outliers were excluded when the coefficient of variation of Ct for
the three technical replicates was larger than 0.3. Relative expression
(fold changes) was calculated using the ΔΔCt method. For the splic-
ing assays of the NMD exons, PCR was performed using New
England Biolab Taq DNA polymerase (cat. no. M0267E). All statis-
tical analysis was performed using GraphPad Prism 6.
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Protein extraction, immunoblotting, and quantitative
image analysis

Cells in six-well plates were washed twice with 1mL cold 1× PBS and
harvested with freshly prepared RIPA buffer. The BCA assay
(Thermo Scientific) was performed to determine protein concentra-
tions before loading equal amounts of thematerials onto SDS-PAGE
gels (4% stacking and 12% resolving) for Western blotting. For pri-
mary antibodies, we used antibodies to PTBP1-NT (1:3000),
PTBP2-IS2 (1:1000), P-eIF2 (1:333, Thermo Fisher), eIF2 (1:1000,
Thermo Fisher), and GAPDH (1:1500, Ambion). Specific Western
blot bands were quantified using ImageQuant TL and normalized
with GAPDH to derive the relative protein levels.

Quantitative analysis of cryptic exon splicing

We optimized the PCR cycle numbers for Psd-95 (28 cycles),
A230046K03Rik (29 cycles),Mib1 (29 cycles), andUsp15 (29 cycles).
Quantitative gel electrophoresis of PCR amplicons was conducted.
Splicing of the exons was determined using the following formula.
All statistical analysis was performed using GraphPad Prism 6.

Psd95 splicing ratio = NMD exon skipping isoform

non - NMD exon inclusion isoform

Cryptic splicing ratio = isoform including the cryptic exon

isoform skipping the cryptic exon

Polysome fractionation

For polysome fractionation, 1.5 × 107 N2a cells in 20 mL N2a com-
plete media were plated on 150 mm petri dishes overnight and treat-
ed with varying concentrations of thapsigargin the next day.
Cycloheximide (Fisher Scientific, cat. no. 50490338) was added at
a concentration of 100 µg/mL, and the cells were incubated for
10 min at 37°C before lysate collection. The cells were washed twice
with 10 mL cold 1× PBS containing 100 µg/mL cycloheximide then
collected in 4 mL of the same cold PBS solution. The cells were lysed
with 0.5 mL lysis buffer (20 mM Tris pH 7.5, 100 mM KCl, 5 mM
MgCl2, 2 mMDTT, 100 µg/mL cycloheximide, 1% Triton X-100, 50
µ/mL RNaseout, and 1× EDTA-free protease inhibitor cocktail).
Roughly 400 µL (6000 optical units) of lysate was loaded onto pre-
made sucrose gradients (60% to 15%) and balanced (within 0.5 mg)
before ultracentrifugation at 4°C and 237,000g (50,000 rpm for a
SW55 Ti rotor) for 1.5 h. Products were carefully removed from
the ultracentrifuge and fractionated with the apparatus consisting
of the gradient fractionator (Brandel SYN-202), the ISCO absor-
bance detector (ISCO # UA-6), and the fraction collector (R1
Fraction Collector) at 2.0 sensitivity and 150 cm/h chart speed to re-
cord absorbance data and collect fractionations.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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