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Abstract

Endoplasmic reticulum (ER) stress induces the unfolded protein
response (UPR), an essential adaptive intracellular pathway that
relieves the stress. Although the UPR is an evolutionarily conserved
and beneficial pathway, its chronic activation contributes to the
pathogenesis of a wide variety of human disorders. The fidelity of
UPR activation must thus be tightly regulated to prevent inappro-
priate signaling. The nonsense-mediated RNA decay (NMD) path-
way has long been known to function in RNA quality control,
rapidly degrading aberrant mRNAs, and has been suggested to
regulate subsets of normal mRNAs. Here, we report that the NMD
pathway regulates the UPR. NMD increases the threshold for
triggering the UPR in vitro and in vivo, thereby preventing UPR
activation in response to normally innocuous levels of ER stress.
NMD also promotes the timely termination of the UPR. We demon-
strate that NMD directly targets the mRNAs encoding several UPR
components, including the highly conserved UPR sensor, IRE1a,
whose NMD-dependent degradation partly underpins this process.
Our work not only sheds light on UPR regulation, but demonstrates the
physiological relevance of NMD’s ability to regulate normal mRNAs.
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Introduction

Cells have evolved elaborate mechanisms to ensure the accuracy

with which secreted and membrane proteins are folded and

assembled [1]. In mammals, three ER transmembrane sensors—

inositol requiring enzyme 1 (IRE1), eukaryotic translation initia-

tion factor 2 alpha kinase (PERK, also known as PEK), and acti-

vating transcription factor 6 (ATF6)—serve to monitor ER lumen

protein folding needs and, if necessary, initiate a set of intracellu-

lar signaling pathways, collectively termed the ‘unfolded protein

response’ (UPR) [2]. These signaling pathways activate transcrip-

tional and translational mechanisms that reduce global protein

synthesis, increase ER protein-folding capacity, and promote the

degradation of misfolded proteins [3]. If ER homeostasis is not

achieved by these mechanisms in a timely manner, UPR triggers

programmed cell death [3–7]. Because of the important role of

UPR in regulating cell life/death decisions, it is critical that mech-

anisms are in place to prevent inappropriate UPR activation in

response to innocuous or low-level stimuli. Little is known about

how this is achieved. In this report, we demonstrate that an RNA

regulatory mechanism—nonsense-mediated RNA decay (NMD)—

serves in this capacity by raising the activation threshold of the

UPR and promoting its timely attenuation.

NMD has two broad functions. It was originally identified as an

RNA quality control pathway that degrades aberrant transcripts with

premature translation termination codons generated as a result of

mutations that cause disease [8–10]. Subsequently, it was discov-

ered that NMD also degrades a subset of normal transcripts [11].

Approximately 3–10% of mRNAs are directly or indirectly regulated

by NMD in eukaryotes spanning the phylogenetic scale [11]. While

the ‘rules’ dictating whether a normal mRNA is targeted for decay

by NMD have not been entirely elucidated, in general, RNA decay is

triggered by stop codons that are in a premature context. For

example, stop codons in middle exons typically trigger NMD by a

mechanism dependent on a set of proteins collectively called the

exon-junction complex (EJC) that is recruited just upstream of

nearly all exon–exon junctions after RNA splicing [12]. Upstream

ORFs (uORFs) can also trigger NMD, presumably as a result of

translation termination at the 30 end of the uORF [13]. Another

NMD-inducing feature in mammalian mRNAs is a long 30 untrans-
lated region (UTR) [14,15]. The mechanism of how NMD targets

mRNAs with long 30 UTRs to decay is only partially understood; it
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may involve the capacity to load the NMD factor, UPF1, on the

30 UTR and/or the physical distance between the stop codon and the

poly (A) tail [14–18].

While it is clear that NMD targets a subset of normal transcripts

for decay, the physiological significance of this regulation is not

known. This is a challenging problem, as the biological responses

influenced by NMD are only just beginning to be understood.

Furthermore, hundreds of mRNAs are regulated by NMD in all cell

contexts that have been examined, making it difficult to assign func-

tions to specific mRNAs [17,19–24]. Indeed, it is not known whether

a given biological function of NMD depends on the regulation of a

single mRNA or whole sets of mRNAs.

In this communication, we demonstrate that NMD has a critical

role in shaping the UPR. It prevents inappropriate activation of the

UPR and promotes timely termination of the UPR to protect cells

from prolonged ER stress. We identify several mRNAs encoding

UPR components that are targeted for decay by NMD and demon-

strate that the mRNA encoding the most conserved UPR sensor,

IRE1a [25], is a direct NMD target and has a role in NMD’s ability to

shape the UPR.

Results and Discussion

NMD targets transcripts encoding UPR components

Microarray analysis has shown that many mRNAs encoding proteins

involved in stress–response pathways are upregulated in cell lines

and mice depleted of NMD factors [19,23,26]. However, it has not

been clear whether this is because NMD is important for regulating

such mRNAs or because NMD factor depletion merely causes stress,

which secondarily induces these transcripts. To assess the latter

possibility that NMD perturbation triggers ER stress, we examined

whether any of the three branches of the UPR were activated when

NMD factors were depleted. We assessed this by measuring the

following: (i) XBP1 mRNA splicing, which is catalyzed by the UPR

sensor, IRE1a, and thus is specifically induced by the IRE1 branch

of the UPR [27], (ii) BIP transcriptional activation, which is primar-

ily induced by the ATF6 branch of the UPR, but also by the IRE1

branch [28,29], and (iii) CHOP transcriptional activation, which is

triggered by the PERK branch of the UPR [30]. As a positive control,

we used tunicamycin (Tm), a potent ER stress inducer that inhibits

N-linked glycosylation of nascent polypeptide chains [6]. We found

that while spliced XBP1 (XBP1s) was strongly induced by Tm, it was

not detectably induced in response to depletion of the NMD factor,

UPF3B, which is essential for a branch of the NMD pathway [19]

(Supplementary Fig S1A). We also did not detect increased levels of

XBP1s mRNA in response to depletion of both UPF3B and the

central NMD factor UPF1 (Supplementary Fig S1B). In addition,

neither BIP nor CHOPmRNAwere statistically significant upregulated

in NMD-deficient HeLa cells depleted of NMD factors (Supple-

mentary Fig S1C). Together, these data suggest that depletion of

NMD factors does not detectably induce any of the three branches

of the UPR and thus perturbation of NMD elicits little or no ER

stress, at least in the cells we tested.

Given that UPR component mRNAs are not upregulated by

NMD perturbation because of ER stress, this raised the possibility

that, instead, they are direct NMD target transcripts that are

normally degraded by NMD. To test this possibility, we used

quantitative polymerase chain reaction (qPCR) analysis to examine

the effect of NMD factor depletion on 13 transcripts encoding

UPR-related components, most of which have known NMD-

inducing features (Supplementary Table S1). We found that eight

of the 13 were significantly upregulated by in response to

depletion of UPF1 (Fig 1A). Six of these 8 mRNAs—ATF3, ATF4,

FSD1L, IRE1a, TNRC1, and TRAF2 mRNA—were also upregulated

in response to depletion of both UPF3A and UPF3B (Fig 1A),

which we simultaneously depleted because of the evidence that

these two NMD factors can act redundantly [19,31,32]. Three of

these six mRNAs were also upregulated in response to UPF3B

depletion alone (Supplementary Fig S1D). Two of these mRNAs—

ATF3 and ATF4—were previously suggested to be NMD targets,

based on other lines of evidence [33,34]. The two mRNAs signifi-

cantly upregulated by UPF1 depletion, but not in response to

UPF3A/UPF3B depletion—HERP and PERK (Fig 1A)—are

candidates to be targeted by the UPF3B-independent branch of

NMD [19,35,36]. We also identified transcripts with the converse

expression pattern; that is, significant upregulation in response to

UPF3A/UPF3B depletion but not UPF1 depletion—ATF6, BAX, and

PDRG1 mRNA in Fig 1A. This was unexpected given that UPF1 is

regarded as a central NMD factor required for all branches of the

NMD pathway [36]; however, this has not been rigorously tested.

These mRNAs may be either NMD target transcripts or regulated

by an UPF3A/UPF3B-dependent mechanism not involving NMD.

Another unexpected finding was that some mRNAs were downreg-

ulated, rather than upregulated, by UPF3A and/or UPF3B deple-

tion (Fig 1A and Supplementary Fig S1D). These effects were

usually modest. We do not know the underlying basis for the

differential responsiveness of UPR transcripts to NMD factor deple-

tion. Heterogeneous responses of NMD substrate mRNAs as a

result of depletion of different NMD factors is a common occur-

rence [19,22,35–38] and is a subject of ongoing investigations in

numerous laboratories.

Because the hallmark of NMD substrate RNAs is they are destabi-

lized by NMD, we next performed RNA half-life analysis. If mRNAs

encoding UPR components are direct NMD substrates, this predicts

that perturbation of NMD will stabilize them. We observed that all

UPR transcripts upregulated by UPF1 depletion (8 of 8) were also

stabilized by UPF1 depletion (Supplementary Fig S1E). This stabil-

ization effect was specific to UPR mRNAs that were upregulated

upon NMD factor depletion; it was not exhibited by UPR mRNAs

not upregulated by UPF1 depletion (ATF6 or PDRG1; Fig 1A) or

housekeeping transcripts we tested (GAPDH and RPL13) (Supple-

mentary Fig S1E). Transcripts upregulated in response to UPF3A

and UPF3B depletion (Fig 1A) were also stabilized by this double

depletion (Supplementary Fig S1F). HERP and UFM1 mRNA, which

were not upregulated by this treatment (Fig 1A), were not stabilized

(Supplementary Fig S1F).

Together, these data constitute strong evidence that 10 transcripts

encoding UPR components—ATF3, ATF4, ATF6, FSD1L, HERP,

IRE1a, PERK, PRDG1, TNRC1, and TRAF2—are NMD substrates. All

but HERP have NMD-inducing features conserved in both humans

and mice (Supplementary Tables S1 and S2). The field is still in the

process of identifying the complete set of contexts that elicit NMD,

and thus, further analysis may elucidate the molecular basis for why

HERPmRNA appears to be targeted for decay by NMD.
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We elected to study the molecular basis for how the mRNA

encoding IRE1a is targeted for decay by NMD. IRE1a is the most

highly conserved sensor protein of the three UPR branches [2]. We

noted that IRE1a mRNA has a conserved long 30 UTR (958 nt and

922 nt in human and mice, respectively; Supplementary Tables S1

and S2), a feature that, as described above, can trigger the decay of
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Figure 1. NMD targets several mRNAs encoding UPR components.

A qPCR analysis of HeLa cells stably depleted of UPF3A and UPF3B using shRNAs (as previously described [19]) or transiently depleted of UPF1 using a siRNA. A value of
1 (dotted line) indicates expression in control HeLa cells transiently transfected with a luciferase siRNA or stably transfected with a shRNA luciferase construct
(shLUC). mRNA levels were normalized against the mRNA encoding ribosomal protein L19, which is not affected by the UPR [6] (n = 3).

B Schematic representation of the Tet-off reporter, pTET2-bGlob-mini, containing the indicated sequences in the 30 UTR region; b-292 is a NMD-resistant short 30 UTR [15].
C Pulse-chase mRNA half-life analysis of the indicated Tet-off reporter mRNAs. The reporter constructs were transiently transfected in HeLa Tet-off cells depleted of

UPF1 (siUPF1) or luciferase (siLUC; control). Cells were treated with tetracycline to block transcription of the reporter promoter and samples were collected at the
indicated time points. Values were normalized as in (A) (n = 6).

D Pulse-chase mRNA half-life analysis of a Tet-off reporter mRNA harboring the full-length IRE1a 30 UTR (b-IRE1a 30UTR FL) versus the Tet-off reporter harboring the
downstream and upstream deletions of the IRE1a 30 UTR (b-IRE1a Del 1 and Del 2). Values were normalized as in (A) (n = 6).

E Pulse-chase mRNA half-life analysis performed as in (D) in HeLa cells transiently depleted of UPF1 (siUPF1) or luciferase (siLUC; control) by RNAi. Values were
normalized as in (A) (n = 3).

Data information: Statistical analysis by t-test (*P < 0.05). All error bars reflect SEM.
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an mRNA by NMD [14–18]. To assess whether this is the case for

IRE1a mRNA, we inserted its full-length 30 UTR into a b-globin mini-

gene reporter system controlled in a tetracycline (Tet)-regulated

manner (b-IRE1a 30UTR FL in Fig 1B). We transiently transfected

this reporter construct into HeLa cells and performed pulse-chase

analysis and found that NMD factor knockdown stabilized the tran-

scribed reporter mRNA, but had no effect on a control mini-gene

reporter mRNA containing a short (292 nt) b-globin 30 UTR (Fig 1C).

To test whether the length of the IRE1a 30 UTR was the determining

factor that dictated its destabilization by NMD, we made deletions

in the 30 UTR (b-IRE1a Del 1 and Del 2 in Fig 1B) and observed this

stabilized the b-IRE1a Tet-reporter mRNA (Fig 1D) and rendered it

unresponsive to depletion of UPF1 (Fig 1E). Together, these data

suggest that IRE1a mRNA is a direct NMD target as a result of its

long 30 UTR. While the underlying mechanism by which long 30

UTRs trigger NMD is not well understood, evidence suggests that

this feature decreases the probability of translation release factors

interacting with poly(A)-binding protein, thereby increasing their

probability of interacting with UPF1, an event that promotes NMD

[14–16]. We note that our results do not rule out that the IRE1a 30

UTR confers sensitivity to NMD for another reason, such as essential

cis elements in both its 50 and 30 halves.

NMD shapes the unfolded protein response

We reasoned that NMD may promote the decay of IRE1a and other

UPR factor mRNAs to prevent activation of the UPR in response to

low, non-pathogenic levels of ER stress. To test this, we treated

NMD-deficient and control HeLa cells with different concentrations

of Tm. We found that NMD-deficient cells had a dramatically lower

UPR activation threshold in response to Tm than did control cells

(Fig 2A). While NMD-deficient cells reached the same maximal

response as control cells, they did this with much lower concentra-

tion of Tm. Similar results were obtained with another UPR-

inducing drug, thapsigargin, which blocks calcium influx in the ER

[6] (Supplementary Fig S2A–C). To evaluate whether this was also

the case in vivo, we examined UPR activation in a classic UPR-

responsive tissue—liver [39]—in NMD-deficient Upf3b-null mice

[35]. Treatment of these NMD-deficient mice with different doses of

Tm by intra-peritoneal (IP) injection revealed that they had a signifi-

cantly lower UPR activation threshold than did control littermate

mice. Thus, Upf3b-null mice exhibited significantly elevated UPR

responses to the lower doses of Tm (0.1, 0.25, and 0.5 lg/g) (Fig 2B

and Supplementary Fig S2D). In contrast, Upf3b-null mice

responded normally (or almost normally) to the highest dose of Tm

(1 lg/g), consistent with NMD raising the threshold for the UPR,

but not affecting the potential to maximally respond to ER stress.

Together, these data provided both in vitro and in vivo evidence that

NMD increases the activation threshold of the UPR.

To further test whether NMD is responsible for dampening the

UPR, we examined the temporal kinetics of the UPR in NMD-

deficient cells in response to a low dose of Tm that only minimally

triggers ER stress in normal cells. We observed that NMD-deficient

cells exhibited more rapid and increased expression of XBP1s mRNA

and stronger induction of the ATF6 downstream transcriptional

target gene, BIP, relative to control cells (Fig 2C). CHOP mRNA was

also rapidly and strongly induced in NMD-deficient cells, whereas it

was only modestly induced at early time points in control cells

(Fig 2C). These results suggested that by dampening the UPR, NMD

serves to prevent an over-exuberant response to innocuous ER

stress.

Prolonged ER stress leads to attenuation of IRE1 signaling as a

result of reduced IRE1a-mediated splicing of Xbp1 mRNA [6]. The

molecular mechanism responsible for this attenuation response is

poorly understood. Because NMD destabilizes and downregulates

IRE1a mRNA (Fig 1 and Supplementary Fig S1D–F), we hypothe-

sized that NMD has a role in this attenuation response. As a first test

of this hypothesis, we examined the effect of NMD deficiency on

HeLa cells treated with a dose of Tm (2 lg/ml) sufficient to elicit a

severe UPR at 12 h that wanes by 18 h in control cells (Fig 2D).

Like control cells, NMD-deficient cells had elevated levels of XBP1s,

BIP, and CHOP mRNA during the plateau phase (12 h), but cells

depleted of either UPF3B alone or both UPF3A and UPF3B failed to

normally downregulate these UPR mRNAs during the termination

phase (Fig 2D and Supplementary Fig S2E–G). To determine

whether NMD also promotes UPR termination in vivo, we examined

NMD-deficient Upf3b-null mice. We found that Upf3b-null mice

responded to a high dose of Tm virtually the same as control litter-

mate mice during the peak phase of the UPR (12 h post treatment),

but they had an impaired downregulatory response during the

termination phase (24 h post treatment). Upf3b-null mice exhibited

1.8-, 1.8-, and 4.6-fold depressed downregulation of Xbp1s, Bip, and

Chop mRNA, respectively, relative to littermate control mice

(Fig 2E; note that Bip and Chop mRNA levels are depicted on a log

scale because of their large induction). Together, these in vivo and

in vitro data support the notion that NMD promotes the timely

termination of the UPR, with the caveat that it is supported by

in vivo data from only a single time point.

To further test the role of NMD in the UPR, we assayed activa-

tion of the UPR sensors, IRE1a and ATF6. A low dose of Tm was

used to simulate innocuous stress. We examined phosphorylated

IRE1a protein as a measure of IRE1 branch activation [40]. Control

cells did not have detectable phosphorylated IRE1a at early time

points and only trace levels of phosphorylated IRE1a at later time

points (Fig 3A, shLUC lanes). In contrast, NMD-deficient cells

exhibited rapid and strong induction of IRE1a phosphorylation

after 2 h of treatment, which increased in level at later time points

(Fig 3A, shUPF3B lanes). As another indication of UPR’s IRE1

branch activation, NMD-deficient cells exhibited rapid and strong

induction of XBP1 splicing (Fig 3B), a reaction triggered by acti-

vated IRE1a [27]. Control cells exhibited only modest (and

delayed) XBP1 splicing (Fig 3B). The ATF6 branch of the UPR was

also strongly induced in NMD-deficient cells, as shown by (i) the

increased level of cleaved ATF6 (Fig 3C and E), a well-established

marker of ATF6 activation [41] and (ii) stronger expression of the

ATF6 downstream transcriptional target gene, BIP, than in control

cells (Fig 3D). CHOP protein was also rapidly and strongly induced

in NMD-deficient cells, not control cells (Fig 3D). Together, these

results indicate that by dampening the UPR, NMD serves to

prevent an over-exuberant activation of the response to innocuous

ER stress.

Our finding that NMD promotes UPR attenuation raised the

possibility that NMD protects cells from ER stress-induced apopto-

sis, a consequence of sustained UPR [6]. In support of this, we

observed that UPF3B depletion strongly sensitized cells to undergo

apoptosis 48 h after Tm treatment, a response that was exacerbated
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Figure 2. NMD raises the activation threshold of the UPR and promotes its attenuation.

A qPCR analysis of HeLa cells stably depleted of the NMD factor UPF3B (shUPF3B) and treated with increasing concentrations of tunicamycin (Tm) for 4 h. HeLa cells
stably transfected with a construct expressing an shRNA against luciferase (shLUC) serves as a negative control (n = 6).

B qPCR analysis of liver from Upf3b-null (n = 3) and matched control littermate (Wt) mice (n = 3) injected IP with the indicated concentrations of Tm for 12 h.
C qPCR analysis of the stably transfected HeLa cells described in (A) treated with a low dose of Tm (0.25 lg/ml) for the times indicated (n = 6).
D qPCR analysis of the stably transfected HeLa cells described in (A) and incubated with a high dose of Tm (2 lg/ml) for the time points indicated (n = 3).
E qPCR analysis of liver from Upf3b-null (n = 3) and control littermate (Wt) mice (n = 3) injected IP with Tm (1 lg/g) for the time points indicated.

Data information: Values were normalized as in Fig 1A and statistically analyzed by t-test (*P < 0.05). All error bars reflect SEM.
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by additional depletion of UPF3A (Fig 4A). We also observed a

modest increase in apoptosis in cells stably depleted of UPF3B or

both UPF3A and UPF3B in the absence of ER stress.

We next tested whether NMD protects cells from ER stress-

induced apoptosis in vivo. We analyzed the apoptosis of liver cells

by TUNEL staining [5] and found greatly increased numbers of

apoptotic cells in NMD-deficient mice, both 48 and 96 h after Tm

treatment as compared to control mice (Fig 4B). In contrast, NMD-

deficient mice liver cells did not exhibit significantly higher apopto-

sis than control mice in the absence of Tm treatment, providing

evidence that NMD specifically protects cells from death in response

to stress.

While our study demonstrated that the UPR is shaped by NMD,

Sakaki et al provided evidence for another regulatory relationship

between the UPR and NMD [42]. In particular, they found that debil-

itating mutations in the SMG1, 4, and 6 NMD factor genes in

C. elegans triggered ER stress and the UPR, leading these investigators

to suggest that loss of NMD causes the accumulation of misfolded

proteins, which, in turn, activates the UPR. In contrast to these

results in worms, we did not observe activation of the UPR when

we depleted several different core NMD components in mammalian

cells or knocked out the NMD factor UPF3B in vivo (Fig 2 and

Supplementary Figs S1A–C and S2). While Sakaki et al showed that

depletion of the NMD factor, SMG6, elicits UPR activation in HeLa

cells, this may be because of loss of SMG6’s non-NMD functions,

such as telomere maintenance [43]. Indeed, Sakaki et al found that

knockdown of another NMD factor, SMG1, did not significantly

induce the UPR [42]. We suggest that the most parsimonious

explanation for these seemingly divergent results is that the UPR

and NMD pathways impact each other in varied ways, depending

on context and species. In mammals, NMD is crucial for shaping

the UPR so that it is not unnecessarily triggered by innocuous stim-

uli or undergoes prolonged activation, thereby avoiding toxicity. In

C. elegans, NMD (or another process dependent on SMG6) is

essential to avoid intrinsically activating the UPR response, perhaps

because of the necessity of NMD’s ability to sense genomic noise

in worms.

NMD acts, in part, through IRE1a to repress the UPR

We next investigated the underlying mechanism by which NMD

suppresses the UPR. This was challenging given that NMD regulates

hundreds of mRNAs, any combination of which could contribute to

its ability to suppress the UPR. Despite this likely complexity,

several findings suggested that one molecule, IRE1a, was a particu-

larly good candidate to be one player that acts downstream of NMD

to suppress the UPR. First, our results indicated that IRE1a mRNA is

among the UPR component transcripts most strongly upregulated by

NMD (Fig 1A). Second, NMD-deficient cells not only had increased

levels of IRE1a mRNA, but also increased IRE1a protein and IRE1a
phosphorylation (Fig 3A). Third, we showed that IRE1a mRNA is a

direct NMD target (Fig 1 and Supplementary Fig S1D–F), making it

a more likely candidate to act in an NMD-based circuit. Finally,

IRE1a mRNA levels were elevated in NMD-deficient cells in both

human cells and mice, regardless of which NMD factor was depleted

and whether ER stress was present or not (Figs 1A and 4C–E and

Supplementary Fig S3A–C), suggesting that the ability of NMD to

repress IRE1a expression is conserved and omnipresent in mammals.

To directly test whether NMD acts through IRE1a to repress the

UPR, we first performed a gain-of-function experiment. We exam-

ined whether forced expression of IRE1a mRNA to a level similar to

that in NMD-deficient cells (Supplementary Fig S3A–C) was suffi-

cient to decrease UPR activation threshold. Indeed, we found that

this modest overexpression of IRE1a increased the level of the

spliced form of its direct substrate (XBP1s mRNA) and decreased the

UPR activation threshold, as measured by both BIP and CHOP

mRNA induction (Supplementary Fig 3D).

As a complementary approach to examine whether the ability of

NMD to degrade IRE1a mRNA has a role in NMD’s ability to

suppress the UPR, we performed a rescue experiment. We first did

titration studies to define a dose of siRNA against IRE1a that

prevented the upregulation of IRE1a that normally occurs in

response to NMD perturbation. This defined a dose of IRE1a siRNA

that was effective in blocking NMD-deficient cells from expressing

elevated levels of both IRE1a and XBP1s, a key direct product of

IRE1a action (Fig 4F). To elucidate whether blocking IRE1a upregu-

lation impacted the UPR, we examined the UPR effectors BIP and

CHOP. We found that preventing IRE1a upregulation in NMD-

deficient cells significantly suppressed BIP and CHOP induction in

response to Tm (Fig 4F). This provided direct evidence that one

mechanism by which NMD suppresses the UPR is by degrading

IRE1a mRNA.

As another approach to address whether NMD acts through

IRE1a to repress the UPR, we used a covalent inhibitor of

IRE1a, STF-083010, which forms a selective Schiff’s base with a

catalytic lysine in the RNase active site of IRE1a, thereby block-

ing its function [44]. We identified a dose of STF-083010 that

largely prevented the upregulation of XBP1s mRNA that normally

occurs in response to ER stress specifically in NMD-deficient

cells. This significantly reduced ER stress-induced UPR activation,

as judged by both BIP and CHOP expression (Fig 4G). Indeed,

BIP mRNA levels were similar in STF-083010-treated NMD-defi-

cient cells as in control cells, suggesting that the ability of NMD

to degrade IRE1a mRNA is a major mechanism by which it

suppresses BIP gene activation. CHOP mRNA levels, while

suppressed by STF-083010, did not reach control levels, consis-

tent with the fact that CHOP is induced by PERK while BIP is

induced by both the IRE1a and ATF6 branches of the UPR [28–

30]. While these results indicate that NMD acts through its abil-

ity to degrade IRE1a mRNA to suppress the UPR, we found that

NMD does not use this mechanism to suppress apoptosis. Thus,

suppressing the upregulation of IRE1a mRNA that normally

occurs in response to NMD perturbation did not significantly

prevent the increased apoptosis caused by this perturbation

(Supplementary Fig S3E).

The finding that IRE1a mRNA destabilization by NMD plays a

role in shaping the UPR is important given that the physiological

significance of NMD’s ability to degrade normal mRNAs has not

been clear since genome-wide approaches first revealed that

NMD engendered this function [20,21,23]. Several studies have

shown that loss or depletion of NMD factors causes developmen-

tal defects in organisms spanning the phylogenetic scale, which

has led to the suggestion that NMD regulates normal tran-

scripts to drive or modulate specific development processes and

homeostatic mechanisms [13,45–47]. However, little is known

regarding the specific transcripts NMD acts on to control such
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processes. Here, we showed using both gain- and loss-of-function

approaches that a specific normal mRNA—IRE1a mRNA—is

degraded by NMD to shape the UPR. This discovery strongly

supports a recently advanced model that posits that IRE1a has a

critical threshold concentration, which when reached, leads to

UPR activation [40].

The UPR suppresses NMD to allow a strong ER stress response

While the ability of NMD to suppress the UPR provides the bene-

fit of preventing UPR activation in response to innocuous ER

stress, this attribute would be predicted to prevent an optimal

UPR activation in response to bona fide ER stress. To avoid this,
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Figure 3. NMD suppresses UPR activation in response to endoplasmic reticulum stress.

A Western blot analysis of total IRE1a (top) and phospho-IRE1a (bottom) in HeLa cells stably depleted of the NMD factor UPF3B (shUPF3B) treated with
a low dose of Tm (0.25 lg/ml) for the times indicated. HeLa cells stably transfected with a luciferase shRNA construct (shLUC) serve as a negative control.
Phospho-IRE1a was detected by a mobility shift assay, as described [60]. HSP-90 is the loading control, and the positive control is HEK293T cells treated with
Tm (5 lg/ml) for 6 h.

B RT–PCR analysis of XBP1 splicing under the same conditions as in (A) (representative of three independent experiments).
C Western blot analysis of total ATF6 (top) and its cleavage product (ATF6-373) in cells under the same conditions as in (A).
D Western blot analysis of CHOP and BIP in cells under the same conditions as in (A).
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Data information: Data in (A, C and D) are representative of two independent experiments.
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an optimal system would be one that suppresses NMD in

response to strong ER stress so that IRE1a mRNA and other

NMD-targeted UPR component mRNAs can be stabilized, allowing

for strong UPR activation (Fig 4H and I). One potential means by

which ER stress could achieve this is by downregulating NMD

factors. Our analysis of 12 NMD factor mRNAs showed that they

were either not affected or only modestly affected by Tm treat-

ment of HeLa cells (Supplementary Fig S4A). The NMD factor

mRNA exhibiting the strongest decrease in expression (~60%

decrease) was that encoding the core EJC factor eIF4AIII. The

mRNAs encoding UPF2, UPF3B, and SMG1 were also modestly

downregulated by Tm. While these downregulatory responses

could have a role in downregulating NMD, it should be noted

that this would only be the case if the degree of downregulation

of a given NMD factor is sufficient to reach a rate-limiting level

of that factor. Our previous overexpression analysis of eight
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Figure 4. NMD acts through IRE1a to shape the UPR.

A FACS analysis indicating the percentage of apoptotic (annexin-V positive/PI negative) HeLa cells in response to Tm (2 lg/ml) treatment for 48 h. HeLa cells were
stably depleted of UPF3B (shUPF3B) or both UPF3A and UPF3B (shUPF3AB). HeLa cells stably transfected with a luciferase shRNA construct (shLUC) serve as a
negative control. The values shown are the average (mean � SEM) from three experiments relative to control (shLUC). The percentage of apoptotic cells in non-Tm-
treated shLUC, shUPF3B, and shUPF3AB cells was 1.0, 1.8, and 2.1%, respectively (n = 3).

B Quantification of apoptotic (TUNEL-positive) cells in liver tissue sections. Shown is the average number of TUNEL-positive cells in a field surrounding a hepatic portal
area in Upf3b-null (n = 3) and control littermate (Wt) mice (n = 3) injected IP with Tm (1 lg/g) for the times indicated. Scoring was performed without knowledge of
genotype.

C qPCR analysis of HeLa cells (described in A) treated with a single low dose of tunicamycin (0.25 lg/ml) for the time points indicated (n = 3).
D qPCR analysis of liver from Upf3b-null (n = 6) and control littermate (Wt) mice (n = 6).
E qPCR analysis of the liver of Upf3b-null (n = 3) and control littermate mice (n = 3) injected IP with Tm (1 lg/g) for the times indicated.
F qPCR analysis of the stably transfected HeLa cells described in (A) and transiently transfected with an IRE1a siRNA (siIRE1) or a control siRNA (siControl) and

incubated with Tm (0.25 lg/ml) for 10 h (n = 3).
G qPCR analysis of the stably transfected HeLa cells described in (A) that were incubated with IRE inhibitor STF-083010 (60 lM) and Tm (0.25 lg/ml) for 10 h

(n = 3).
H Model depicting the activity of the UPR and NMD pathways during the initiation (Init.), plateau (Plat.), and termination (Term.) phases of the UPR pathway.
I Model depicting the NMD-UPR circuit defined by our data that amplifies the signal-to-noise ratio of endoplasmic reticulum stress responses.

Data information: Statistical analysis by t-test (*P < 0.05). In (C–G), values were normalized as in Fig 1A. All error bars reflect SEM.
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NMD factors showed that the endogenous level of only SMG1

was rate limiting for NMD in HeLa cells [35].

A mechanism that has been reported to suppress NMD in

response to ER stress is eukaryotic initiation factor 2-a (eIF2a)
phosphorylation. A wide variety of cellular stresses, not only ER

stress, but also amino acid deprivation, oxygen deprivation, infec-

tion, reactive oxygen species, and double-stranded RNA, all are

known to trigger the phosphorylation of eIF2a [33,48–50]. We

confirmed that ER stress inhibits NMD activity in human and mice

cells (Supplementary Fig S4B). We also found that NMD repression

is abrogated by forced expression of the phosphatase GADD34

(Supplementary Fig S4B), which is known to dephosphorylate

eIF2a [30,51], or by mutation of the eIF2a phosphorylation site

(Supplementary Fig S4C). While the mechanism by which eIF2a
phosphorylation inhibits NMD is not known, an obvious possibil-

ity is that it acts by inhibiting translation [52]. This follows from

the fact that eIF2a phosphorylation is a potent inhibitor of transla-

tion [53] and NMD absolutely depends on translation [54].

However, some evidence suggests that eIF2a phosphorylation

inhibits NMD independently of translation inhibition [48,50], and

thus, the underlying mechanism remains to be determined.

Conclusions and future directions

Here, we report that the highly conserved RNA degradation

pathway, NMD, is crucial for avoiding inappropriate and prolonged

inactivation of the UPR. We identify several mRNAs encoding UPR

components that are targeted for decay by NMD and demonstrate

that the mRNA encoding the most conserved sensor of the UPR,

IRE1a, plays a crucial role in the ability of NMD to regulate the UPR.

We suggest that the NMD-UPR circuit we have uncovered is likely to

impact many biological processes. For example, the finding that

NMD is downregulated during brain and neural development [22,37]

raises the possibility that this allows the UPR to be activated under

low (physiologic) levels of ER stress that occur during neuron differ-

entiation to accommodate fluctuations in the demand for protein

synthesis and secretion [2]. The ability of NMD to suppress the UPR

also has potential biomedical impact, as chronic ER stress occurs in

many diseases, including cancer, diabetes, pro-inflammatory

disorders, and diseases associated with neural degeneration [55].

Given that we showed that NMD promotes cell survival

under UPR-inducing conditions, interventions that modulate

the magnitude of NMD could reduce the severity of such

diseases by increasing cell survival. Further therapeutic

options stem from the fact that NMD is a branched pathway

[19,31,38]. Thus, drugs that target a specific NMD branch

have the potential to greatly increase specificity and decrease

side effects. In this regard, we demonstrated herein that the

UPF3B-dependent branch of NMD is specifically involved in

regulating the UPR since we found that loss or depletion of

UPF3B was sufficient to disrupt the normal activation thres-

hold, magnitude, and attenuation of the UPR both in vitro

and in vivo. This discovery, coupled with the fact that mutations

in the UPF3B gene cause intellectual disability in humans and

are associated with autism and schizophrenia [56,57], raises the

possibility that the cognitive and psychiatric pathologies that

occur in these UPF3B patients result from aberrant UPR activa-

tion. Because we showed that NMD greatly raises the threshold

for triggering the UPR in response to ER stress-inducing agents

(Fig 2 and Supplementary Fig S2), these NMD-deficient individ-

uals may suffer from far worse symptoms if they encounter ER

stress. Indeed, we showed that NMD-deficient (Upf3b-null) mice

had elevated liver apoptosis in response to external ER stress

(Fig 4A and B). We note that loss of UPF3B only ablates a

branch of the NMD pathway [19] and thus complete loss of

NMD is likely to cause more severe UPR-related defects. In

summary, our discovery that NMD serves as a post-transcriptional

pathway that shapes the UPR provides a foundation for developing

strategies for treating the many diseases characterized by chronic

ER stress.

Materials and Methods

Animals and cell culture

Cell culture and transfections were performed as previously

described [31]. Unless otherwise noted, cells were harvested 2 days

after transfection. The siRNAs targeting UPF1 and Luciferase were

obtained from Ambion (Carlsbad, CA, USA). The siRNAs targeting

IRE1 and a scramble sequence were obtained from Thermo Scien-

tific Dharmacon (Lafayette, CO, USA). Luminometry was performed

as previously described [58]. Apoptosis was determined by FACS

analysis of cells stained with annexin-V FITC/propidium iodide as

previously described [5]. Tunicamycin and thapsigargin were

obtained from Sigma (Saint Louis, MO, USA). All experiments with

mice were performed in accordance with National Institutes of

Health guidelines for care and use of animals. The Upf3b-null mice

[35] and control littermate mice were given a single intraperitoneal

injection of tunicamycin in 150 mM dextrose, as previously

described [5,39]. At various times thereafter, the mice were killed

by CO2 narcosis, followed by cervical dislocation. Livers were

removed and RNA was isolated for analysis, as described below. To

detect liver apoptosis, the sections were stained with the DeadEnd

fluorometric TUNEL system (Promega, Madison, WI, USA), follow-

ing the recommendations of the manufacturer.

RNA analysis

Total cellular RNA was extracted from cells using TRIzol

Reagent (Sigma), and cDNA was generated using the iScript

cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). [c32P]-end-
labeled RT–PCR analysis was done as previously described [59].

qPCR analysis was performed using the relative quantification

method (DDCT) in a ABI Step-One thermal cycler system (ABI).

Endogenous mRNA half-life analysis and pulse-chase mRNA half-

life analysis of the Tet-off reporter was done as previously

described [35].

Protein analysis

Western blot analyses, including cell and tissue preparation, were

done as previously described [6]. The following antibodies and dilu-

tions were used for immunoblotting: anti-ATF6 at 1:1,000

(#ab122897; Abcam, Cambridge, MA, USA); anti-GRP78/BiP at

1:1,000 (#GTX113340; GeneTex, Irvine, CA, USA); anti-CHOP at
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1:1,000 [#GTX112827 (N1C3); GeneTex]; anti-GAPDH at 1:5,000

[#sc-25778 (FL-335); Santa Cruz Biotechnologies, Dallas, TX, USA];

and anti-HSP90 at 1:5,000 (#GTX101448; GeneTex). In addition to

conventional gels, Phos-tag gels were run that differed in that: (i)

the 5% SDS–PAGE gel contained 25 lM Phos-tag and 50 lM MnCl2
(Sigma); (ii) the gel was run at 100 V for 3 h, soaked in 1 mM

EDTA for 10 min, and then transferred onto a PVDF membrane.

Phos-tagTM Acrylamide AAL-107 was purchased from Wako (NARD

Institute).

Oligonucleotides sequences

The primers used in this experiment are provided in Supplementary

Table S3.

Supplementary information for this article is available online:

http://embor.embopress.org
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