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ABSTRACT

Nonsense-mediated mRNA decay (NMD) controls gene expression by eliminating mRNAs with premature or aberrant translation
termination. Degradation of NMD substrates is initiated by the central NMD factor UPF1, which recruits the endonuclease SMG6
and the deadenylation-promoting SMG5/7 complex. The extent to which SMG5/7 and SMG6 contribute to the degradation of
individual substrates and their regulation by UPF1 remains elusive. Here we map transcriptome-wide sites of SMG6-mediated
endocleavage via 3′′′′′ fragment capture and degradome sequencing. This reveals that endogenous transcripts can have NMD-
eliciting features at various positions, including upstream open reading frames (uORFs), premature termination codons (PTCs),
and long 3′′′′′ UTRs. We find that NMD substrates with PTCs undergo constitutive SMG6-dependent endocleavage, rather than
SMG7-dependent exonucleolytic decay. In contrast, the turnover of NMD substrates containing uORFs and long 3′′′′′ UTRs
involves both SMG6- and SMG7-dependent endo- and exonucleolytic decay, respectively. This suggests that the extent to
which SMG6 and SMG7 degrade NMD substrates is determined by the mRNA architecture.
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INTRODUCTION

Nonsense-mediated mRNA decay (NMD) is a eukaryotic
mRNA surveillance mechanism that maintains the fidelity
of gene expression by targeting aberrant transcripts. NMD
degrades transcripts containing premature termination
codons (PTCs) and thereby prevents the synthesis of C-ter-
minally truncated proteins with potentially unphysiological
or deleterious functions (Holbrook et al. 2004; Chang et al.
2007; Nicholson et al. 2010). NMD also regulates many cel-
lular mRNAs, which contain one or more NMD-activating
features, for example, long 3′ UTRs or upstream open reading
frames (uORFs). Thereby, NMD alters the expression levels
of ∼5% of the transcriptome in eukaryotes (Kervestin and
Jacobson 2012).

In mammalian cells, NMD is activated at termination
codons that are located >50 nucleotides (nt) upstream of at
least one downstream exon–exon junction that is marked

by an exon-junction complex (EJC) (Nagy and Maquat
1998; Thermann et al. 1998; Neu-Yilik et al. 2001). In addi-
tion, NMD targets mRNAs with an aberrant architecture
downstream from the termination codon, such as unusually
long 3′ UTRs (Muhlrad and Parker 1999; Amrani et al.
2004; Bühler et al. 2006; Eberle et al. 2008; Singh et al.
2008). This EJC-independent NMD is activated in response
to improper termination by the ribosome, for example,
when the interaction of the cytoplasmic poly(A)-binding
protein (PABPC1) with the eukaryotic release factors
(eRFs) is impaired (Amrani et al. 2004; Eberle et al. 2008;
Singh et al. 2008; Fatscher et al. 2014).
Activation of NMDby aberrant translation termination trig-

gers the assembly of a surveillance complex onto the mRNA,
consisting of the proteins UPF1, UPF2, and UPF3 (UPF3a
and UPF3b in humans). During the initial phases of NMD,
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the phosphoinositide 3-kinase-related kinase SMG1 phos-
phorylates the helicase UPF1 within its extendedN- and C-ter-
minal regions (Kashima et al. 2006), which function as binding
sites for SMG6 and the SMG5/7 heterodimer (Okada-
Katsuhata et al. 2012). It has been reported that SMG5,
SMG6, and SMG7 interact preferentially with phosphorylated
UPF1 via their 14-3-3-like domains (Fukuhara et al. 2005;
Okada-Katsuhata et al. 2012; Kurosaki et al. 2014). However,
a phosphorylation-independent interaction between an un-
structured region of SMG6 and UPF1 has been recently iden-
tified (Chakrabarti et al. 2014; Nicholson et al. 2014).
The degradation of NMD targets occurs via independent

pathways that either involve endonucleolytic cleavage or
deadenylation and decapping (Mühlemann and Lykke-
Andersen 2010). Deadenylation is executed by the SMG5/7
heterodimer, which directly interacts with POP2, a catalytic
subunit of the CCR4–NOT deadenylase complex (Loh et al.
2013). Furthermore, deadenylation-independent decapping
of NMD substrates is stimulated by interactions of NMD fac-
tors with decapping enzymes (Cho et al. 2009; Loh et al.
2013).
The endonucleolytic cleavage of NMD targets is mediated

by the C-terminal PIN (PilT N terminus) domain of SMG6
(Glavan et al. 2006; Huntzinger et al. 2008; Eberle et al.
2009). Endocleavage occurs in the vicinity of the termination
codon, and the 5′ and 3′ mRNA fragments are exonucleolyti-
cally degraded by the exosome and XRN1, respectively
(Gatfield and Izaurralde 2004; Huntzinger et al. 2008;
Eberle et al. 2009). Hence, 3′ decay intermediates are enriched
in cells depleted of XRN1, which enables their amplification
and mapping by high-throughput sequencing approaches
(Boehm et al. 2014; Lykke-Andersen et al. 2014; Schmidt
et al. 2015).
The existence of several degradation pathways used by

the NMD machinery raises the question how individual
NMD targets are selected for a particular degradation path-
way. It has been suggested that NMD substrates are preferen-
tially degraded via SMG6-mediated endonucleolytic cleavage
(Gatfield and Izaurralde 2004). SMG5/7-dependent deade-
nylation and decapping activity was found to be elevated
when SMG6 is inactive. However, for complete inhibition
of the NMD machinery, both degradation routes have to be
inactivated (Jonas et al. 2013; Lykke-Andersen et al. 2014;
Schmidt et al. 2015). Hence, alternative degradation path-
ways are currently considered to ensure efficient degradation
of NMD target mRNAs.
In this work, we map the sites of endocleavage and the

NMD-eliciting features of many endogenous NMD substrates
via degradome sequencing. We find that the endocleavage ef-
ficiency of NMD substrates with uORFs and long 3′ UTRs is
inversely regulated by the activity of the SMG7-dependent
exonucleolytic decay pathway. Interestingly, our results sug-
gest a differential contribution of SMG6- and SMG7-depen-
dent decay routes toward the degradation of different NMD
target classes.

RESULTS

Global identification of endogenous 3′′′′′ fragments

To identify mRNAs cleaved by SMG6 in a transcriptome-
wide manner, we adapted a method to capture and amplify
polyadenylated RNAs with a 5′ monophosphate (Fig. 1A;
Addo-Quaye et al. 2008; German et al. 2008; Gregory et al.
2008). We generated 3′ fragment libraries with RNA isolated
from HeLa cells that were transfected with siRNA against
XRN1 or XRN1 and SMG6, respectively (Supplemental Fig.
S1A). Comparison of these two conditions allows the identi-
fication of XRN1-sensitive, SMG6-dependent cleavage prod-
ucts (Supplemental Fig. S1B). In addition, to determine the
background of 5′ monophosphate RNAs, which are not de-
graded by XRN1, the same protocol was carried out on cells
transfected with a negative control siRNA directed against
Luciferase (Luc).
High-throughput sequencing and bioinformatics analysis

was carried out for two replicate experiments, providing a
total of 14,458,242 and 11,573,210 mapped reads for
the siXRN1 and siXRN1/siSMG6 conditions, respectively
(Supplemental Fig. S1C). The lowest percentage of mapped
reads was detected in the control condition (Luc knock-
down), as in this case only a small number of 3′ fragments
is stable and can be captured by the transcriptome-wide
mapping approach. The overall number of mapped reads
corresponded to 149,346 low FDR degradation sites (see
Materials and Methods), with replicate data sets revealing
the most consistent degradation locations and normalized
frequencies for each site within conditions (Supplemental
Fig. S1D). This demonstrates the high reproducibility of the
quantitative information contained within the degradome se-
quencing data. An average read length of 27 nt (Supplemental
Fig. S1E) confirms that we specifically amplified EcoP15I-di-
gested fragments. Annotation of genomic features revealed a
strong enrichment of degradome sequencing fragments with-
in processed mRNAs (Supplemental Fig. S1F), as SMG6-de-
pendent reads preferentially map within the coding sequence
(CDS) and 5′ and 3′ UTR, but not within introns or inter-
genic regions. Interestingly, in the library fromXRN1-deplet-
ed cells alone, we observed a strong peak at the ORF—3′

UTR, but not 3′ UTR—intergenic border, demonstrating
a preference for SMG6 endocleavage at the termination
codon (Fig. 1B). In contrast, cleavage is enriched across the
whole 5′ UTR, but without any positional preference. This
could reflect cleavage in uORFs that can occur at various
positions within 5′ UTRs of different genes, or generally in-
dicate high cleavage across 5′ UTRs from other unknown
phenomena.
To separate genes that had XRN1-sensitive, SMG6-depen-

dent cleavage products associated with different features, we
used a sliding window approach to identify 100-nt segments
across the transcriptome that are most enriched in “XRN1
siRNA” reads relative to “XRN1/SMG6 siRNA” reads
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(Supplemental Table S1). To assign genes to a feature (5′

UTR, ORF, 3′ UTR), we used a strict threshold of >50 reads
in the window for the XRN1 siRNA condition and a fold-
difference of >10 between the “XRN1 siRNA” and “XRN1/
SMG6 siRNA” conditions. The overlapping feature (5′

UTR, ORF, 3′ UTR) of the window with the highest z-score
in each mRNA was then assigned to the corresponding
gene. In all identified SMG6-sensitive genes, the highest-
scoring window was found within the following features:
1079 in ORFs, 271 in 5′ UTRs, 118 in 3′ UTRs. We addition-
ally assessed how many of these identified target windows
were cleaved in proximity to an annotated termination codon

via the positional evaluation of each window’s highest peak.
This analysis determined that 19% of 3′ UTR sites were
within 50 nt of an annotated termination codon, in contrast
to 11% for ORF windows and 0% for 5′ UTR windows
(Supplemental Fig. S1G). In agreement with genome-wide
maps at the ORF-3′ UTR boundary (Fig. 1B), there was pref-
erence for max peaks to be located at or after the termination
codons (Supplemental Fig. S1H).
To further investigate the previously observed overall en-

richment of SMG6-dependent cleavage sites in the 5′ UTR
(Fig. 1B), we probed uORF-containing mRNAs for SMG6-
specific cleavage events. Analysis of all uORF-containing

FIGURE 1. Computational analysis of 3′ fragment libraries. (A) Workflow of 3′ fragment library preparation for Illumina sequencing. Poly(A)+ RNA
was used for library construction. The free 5′ phosphate of 3′ fragments allows the ligation of a 5′ RNA linker. Subsequently, RT-PCR was performed
with a linker oligo(dT) followed by second strand synthesis and EcoP15I digest to equally shorten 3′ fragment length down to 25–27 nt. Next, a 3′
dsDNA adaptor was ligated, harboring a fixed barcode and an index sequence to distinguish between knockdown conditions, followed by construct
amplification for Illumina sequencing. (B) Normalized densities of cDNA reads plotted around indicated features for each degradome-sequencing
library. The termination codon is indicated by a red cross. (C) Normalized density of cDNA reads plotted around uORF starts and uORF ends.
All uORFs with at least one read in the siXRN1 condition were evaluated. A red cross indicates the position of the uORF termination codon. See
Materials and Methods for full details.
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mRNAs showed no enrichment of reads (Fig. 1C; Fritsch et al.
2012). This could be due to the described NMD-escaping
behavior of uORFs (Stockklausner et al. 2006) or alternatively
due to technical limitations associatedwith picking up 5′ UTR
degradation products with a poly(A) enrichment method.

Implication of SMG6-specific cleavage events
for different classes of endogenous NMD targets

Endogenous NMD targets can be classified by one or more
NMD activating features, such as long 3′ UTRs, upstream
open reading frames (uORFs), PTCs resulting from alterna-
tive or aberrant splicing events, or the presence of a
selenocysteine codon (UGA). For each of these classes,
we identified representative targets during our transcrip-
tome-wide analysis of decay intermediates. The results
from high-throughput target mapping also allowed us to ob-
tain endocleavage patterns at single-nucleotide resolution.
Previous studies have defined preferential sites of endocleav-
age at and downstream from termination codons (Eberle
et al. 2009; Boehm et al. 2014). For selected transcripts, we
find SMG6-dependent 3′ fragments mapping to positions
at and downstream from termination codons located up-
stream of long 3′ UTRs (Fig. 2A), selenocysteine codons
(Fig. 2C), or out-of-frame stop codons (Fig. 2D). Although
we were not able to detect endocleavage at uORFs on a tran-
scriptome-wide scale (Fig. 1C), individual examples of SMG6
activity around uORF stop codons could readily be detected
(Fig. 2B). Hence, we reproduced the previously described
pattern of SMG6-mediated cleavage of mRNAs in the vicinity
of the NMD-activating termination codon for endogenous
NMD substrates (Lykke-Andersen et al. 2014; Schmidt et al.
2015). Interestingly, some targets (C11orf31 and TMEM222)
showed an additional enrichment of mapped reads upstream
of the stop codon, but the relevance of this site remains to
be determined (Fig. 2C,D). In order to validate that these
mRNAs are bona fideNMD targets, we used a semiquantitative
PCR-based approach to visualize 3′ decay intermediates. This
PCR approach confirmed SMG6-dependent endocleavage of
PDRG1, MED10, and SURF6 (long 3′ UTR, Fig. 2A), BAG1
and IFRD1 (uORF, Fig. 2B), and C11orf31 (selenocysteine co-
don, Fig. 2C) in the close proximity of the termination codon.
The analysis of RPL10A and TMEM222 revealed SMG6-
dependent 3′ fragments in an annotated, intronic region
(RPL10A) or in an alternative exon with an in-frame stop co-
don (TMEM222), respectively (Fig. 2D). Endonucleolytic de-
cay of all analyzed mRNAs was strictly UPF1-dependent,
confirming that endocleavage occurred during NMD.

Endocleavage efficiency of several NMD targets
is regulated by SMG7 levels

To study the regulation of NMD substrates, we constructed
triosephosphate isomerase (TPI) reporters with 3′ UTRs of
two endogenous targets, PDRG1 and SURF6, downstream

from the TPI stop codon (Supplemental Fig. S2A). Other re-
porter constructs containing the shortened SMG5 3′ UTR,
the UPF3b 3′ UTR, and the GFP coding sequence were char-
acterized before and shown to elicit SMG6-dependent endo-
cleavage (Boehm et al. 2014). We confirmed, in addition for
the PDRG1 and SURF6 3′ UTR-containing reporters, that
they undergo SMG6- and UPF1-mediated degradation and
endocleavage (Supplemental Fig. S2B).
Two pathways are involved in the degradation of NMD

targets, SMG5/7-dependent deadenylation and decapping
(Loh et al. 2013), as well as endonucleolytic degradation via
SMG6 (Glavan et al. 2006; Huntzinger et al. 2008; Eberle
et al. 2009). Recent high-throughput analyses showed an in-
crease in decappedmRNAs upon XRN1 and SMG6 co-deple-
tion, which was attributed to enhanced deadenylation-
mediated by SMG7 (Lykke-Andersen et al. 2014; Schmidt
et al. 2015). Therefore, we aimed to investigate if SMG7 ex-
pression levels influence the efficiency of SMG6-dependent
endocleavage. In XRN1 and SMG7 co-depleted cells express-
ing a TPI-SURF6 reporter construct we readily detected 3′

fragments, which were reduced when siRNA-resistant
SMG7 was expressed (Fig. 3A). It is conceivable that 3′ decay
intermediates are stabilized due to decreased deadenylation
activity upon SMG7 knockdown. To this end, we co-depleted
XRN1 and CNOT1, a crucial scaffolding component of the
CCR4–NOT deadenylase complex. We detected comparable
3′ fragment levels in XRN1 and XRN1/CNOT1 depletion
conditions, indicating that the 3′ fragments are not directly
degraded via deadenylation. Furthermore, monitoring 3′

fragment stability after transcriptional shut-off of stable cell
lines expressing the TPI-SURF6 reporter showed that the
block of deadenylase activity (XRN1/CNOT1 knockdown)
did not alter the degradation rate of 3′ decay intermediates
(Supplemental Fig. S2C,D). The influence of SMG7 on 3′

fragment levels was also observed using TPI constructs with
a SMG5, UPF3b, or GFP 3′ UTR, which behaved similarly
to the TPI-SURF6 construct (cf. Fig. 3A and Supplemental
Fig. S2E). The inverse correlation of 3′ fragments with
SMG7 expression levels was also detected by semiquantitative
PCR for many of the endogenous NMD substrates However,
the 3′ fragments of both targets with PTCs, incorporated due
to alternative splicing (TMEM222 and RPL10A), were not af-
fected by SMG7 levels (Fig. 3B). Additionally, we performed
the PCR assay with cDNA that was generated by a poly(A)-in-
dependent method (Supplemental Fig. S2F). This showed
that the observed effect on 3′ fragment abundance indeed re-
sults from differential SMG7 expression levels and not from
enhanced or impaired deadenylation of the 3′ endocleavage
products. Taken together, these observations indicate a
differential mode of degradation of target mRNAs, depend-
ing on their NMD-inducing features. While PTC-containing
RNAs mainly undergo efficient endocleavage, the decay of
transcripts with uORFs, selenocystein codons, and long 3′

UTRs is regulated by both SMG6-mediated endocleavage
and SMG7-induced deadenylation/decapping.
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FIGURE 2. Functional analysis of potential endogenous NMD targets identified during high-throughput sequencing. (A–D) A PCR-based approach
was used to quantify 3′ fragment levels upon knockdown of NMD effectors. HeLa cells were transiently transfected with the indicated siRNAs and
poly(A)+ RNA was extracted. 3′ Decay intermediates were ligated to an RNA linker, followed by reverse transcription with an oligo(dT) primer
and gene-specific PCR. Overall transcript levels were determined with primer pairs located downstream from the estimated endocleavage site (second
panel each, indicated as “gene int.”). PCR with TATA-Box binding protein (TBP) primers was used for cDNA level determination. For each class of
NMD targets (A, B,C,D, respectively), the same set of cDNAwas used and therefore the same TBP profiles are shown for each target type. Degradome-
sequencing reads were plotted against their position on the indicated mRNAs. Endocleavage events within the selected targets were visualized in an
enlarged view spanning 150 nt (±75 nt). The position of the second nucleotide of the respective stop codon is set as zero. Mapped reads per nucleotide
were plotted against the mRNA length for each knockdown condition (Luciferase [Luc, black], XRN1 [orange], XRN1/SMG6 [blue]). (A) PDRG1,
SURF6, and MED10 transcripts with a long 3′ UTR. (B) IFRD1 and BAG1 transcripts with an uORF. (C) C11orf31, encoding for Selenoprotein H,
containing a selenocysteine (Sec) codon. (D) TMEM222, incorporation of an alternative exon (indicated in purple), harboring a PTC as well as
RPL10A, a transcript gaining a PTC probably due to alternative splice site usage within the third intron.
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Endonucleolytic cleavage is not saturated by increasing
levels of NMD substrates

Our results suggest substantial differences in the requirement
of NMD factors and the mechanism of degradation for
different endogenous and transfected NMD substrates. Two
redundant degradation pathways may act as a fail-safe mech-
anism to ensure efficient degradation of target mRNAs even if
the integrity of one of the pathways is compromised. We
speculate that such a fail-safe mechanism may be relevant
for cells that produce large amounts of NMD substrates,
and increasing levels of NMD substrates may activate the
alternative SMG7-dependent NMD pathway. To this end,
we transfected variable amounts of plasmids expressing
long 3′ UTR- or PTC-containingmRNAs (Fig. 4A,B).We ob-
served no change of endocleavage efficiency with increasing
amounts of NMD substrates, suggesting that the NMD ma-
chinery and specifically SMG6 is able to cope with large
quantities of target mRNA.
We also investigated whether increasing amounts of PTC-

containing reporter mRNA, which is cleaved efficiently, can
influence the degradation of constant amounts of long 3′

UTR mRNA, which is on average a less efficient SMG6
substrate (Boehm et al. 2014). However, we observed neither
an increase in reporter levels nor a decrease in 3′ fragments

generated from the TPI-SMG5 reporter when the levels of
TPI-PTC160 reporter were increased (Fig. 4C). Interestingly,
overexpression of SMG6 WT increased endocleavage effi-
ciency when TPI-SMG5, but not TPI-PTC160, was used as
reporter mRNA (Fig. 4). This observation further indicates
a differential contribution of SMG6- and SMG7-dependent
decay routes toward the degradation of different NMD target
classes.

SMG7-mediated regulation of endocleavage depends
on functional UPF1 binding

To better understand the interplay between SMG6 and
SMG7, we performed overexpression studies using different
SMG7 constructs (Fig. 5A). Specifically, we asked whether
SMG7 regulates endocleavage via its interaction with UPF1
or by a UPF1-independent mechanism. To this end, we
compared the effects of full-length wild-type SMG7, full-
length SMG7 with a mutation in the 14-3-3-like domain
(14-3-3Mut; unable to interact with UPF1), and a C-terminal-
ly truncated SMG7 variant (1-497) (Fukuhara et al. 2005).
SMG7 (1-497) consists only of the 14-3-3-like and helical
domain and therefore lacks the region required for interac-
tion with the deadenylase POP2 (Loh et al. 2013). The

FIGURE 3. Endocleavage of endogenous targets is regulated SMG7-dependently. (A) Northern blots of RNA samples extracted fromHeLa cells trans-
fected with the indicated siRNAs, plasmids, and reporter constructs using β-globin as control mRNA. Endocleavage products (3′ fragments) are in-
dicated. A representativeWestern blot is shown at the bottom, using tubulin as loading control. Mean values of reporter and 3′ fragment signal ± SD (n
= 3) were quantified and normalized to the Luc control knockdown. (B) Detection of endogenous 3′ fragments for different classes of NMD targets
([1] long 3′ UTR, [2] uORF, [3] selenocysteine codon, [4] alternative splicing) dependent on SMG7 expression levels. HeLa cells were transiently
transfected with the indicated siRNAs and plasmids. The same PCR-based approach as shown in Figure 2 was applied. The cDNA was transcribed
from total RNAwith an oligo(dT) primer, and TBP served to determine overall cDNA levels. For each class ([1]–[4]), the same set of cDNAwas used.
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overexpression of wild-type SMG7 (SMG7 WT) or 1-497 re-
sulted in reduced 3′ fragment generation from TPI-SMG5,
whereas overexpression of SMG7 14-3-3Mut did not alter
endocleavage activity (Fig. 5B). Notably, elevated reporter
mRNA levels were observed for SMG7 1-497, which is not
able to activate substrate deadenylation (compare lanes 1
and 4). These results suggest that some NMD substrates
may be degraded either by the SMG6- or SMG7-dependent
pathways, and the cellular availability of SMG6 and SMG7
therefore determines which decay mechanism prevails.
Interestingly, we did not detect reduced endocleavage of a
PTC reporter mRNA (TPI-PTC160) (Fig. 5C) when SMG7
was overexpressed, indicating that SMG7 does not influence
SMG6-mediated endocleavage of this substrate (Fig. 5D).

The UPF1 C-terminal extension is required
for endocleavage of long 3′′′′′ UTR targets

We next focused on UPF1, which represents a central key
molecule of the NMD machinery and serves as a binding

platform for different decay factors. The kinase SMG1
phosphorylates UPF1 at SQ and TQ motifs in the unstruc-
tured N- and C-terminal regions in order to recruit SMG5,
SMG6, and SMG7 (Yamashita et al. 2001; Chakrabarti
et al. 2014; Kurosaki et al. 2014). Previously, T28 in the
UPF1 N terminus was identified as the binding site for
SMG6, whereas the phosphorylated UPF1 C terminus
mediates the interaction with the SMG5/7 heterodimer
(Okada-Katsuhata et al. 2012). As revealed by SMG7 over-
expression, the interaction of overexpressed SMG7 with
UPF1 reduced endocleavage of long 3′ UTR targets (Fig.
5B). We therefore studied the role of the SMG7 binding
sites (C-terminal extension of UPF1) during endocleavage
by analyzing truncated UPF1 proteins in complementation
assays (Fig. 6A). Both, deletion of the complete C terminus
(N-A2) as well as the very C-terminal cluster of SQ/TQ
motifs (N-1030), which retains the helicase regulating SQ
region of UPF1 (Fiorini et al. 2013), increased TPI-PTC160
reporter mRNA levels in complementation assays (Fig. 6B).
Although the endocleavage efficiency was reduced due to

FIGURE 4. Robustness of the NMD system activated via different decay-inducing features. (A–C) Northern blots of RNA samples extracted from
HeLa cells transfected with the indicated siRNAs, plasmids, and reporter constructs. Cotransfected β-globin (A,C) or LacZ-H4 (B) served as control
mRNA. Endocleavage products (3′ fragments) are indicated. To eliminate effects caused by altered transfection efficiency or availability of the general
gene expression machinery, decreasing amounts of TPI-WT-0H ([A,B] 3, 2, and 0 µg; [C] 4, 2, and 0 µg) were cotransfected with increasing amounts
of reporter ([A,B] 1, 2, and 4 µg; [C] constant 3 µg) or competition vector ([C] 0, 2, and 4 µg). The 0H constructs lack the Northern blot probe binding
sites and are not detected by the 3′ probe. Mean values of reporter and 3′ fragment signal ± SD (n = 3) were quantified and normalized to the control.
The ratio of 3′ fragment to reporter mRNA levels is indicated below the bars. A representative Western blot is shown at the bottom, using tubulin as
loading control (C).
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the accumulation of reporter mRNA, the total amount of 3′

fragments changed only moderately, indicating that endo-
cleavage is maintained in spite of decreased NMD activity.
In contrast, deletions of the C terminus strongly reduced
endocleavage of TPI-SMG5 mRNA, suggesting that the trun-
cated UPF1 proteins are inactive on NMD substrates with
long 3′ UTRs (Fig. 6C). This finding is in accordance with
the results of the SMG7 overexpression assay (Fig. 5) and
thereby further strengthens the view that the combined activ-
ity of SMG6 and SMG7 is implicated in the degradation of

non-PTCNMD targets and that the mode of degradation de-
pends on the mRNA architecture and the availability of
SMG6 and SMG7.

DISCUSSION

NMD of many substrate mRNAs is initiated by endonucleo-
lytic cleavage, and SMG6 represents an important NMD fac-
tor in human cells. In this work, we obtained insights into the

FIGURE 5. SMG7 abundance influences endocleavage efficiency for long 3′ UTR targets. (A) Domain structure of SMG7, showing the N-terminal
14-3-3-like domain (interacts with UPF1) and α-helical extensions as well as the C-terminal PC region (interacts with POP2). (B) Northern blot of
RNA samples extracted from HeLa cells transfected with the indicated siRNAs and reporter constructs. Cotransfected β-globin served as control
mRNA. Endocleavage products (3′ fragments) are indicated. Mean values of reporter and 3′ fragment signal ± SD (n = 3) were quantified and nor-
malized to the XRN1 control knockdown. A representative Western blot is shown at the bottom, using tubulin as loading control. (C) Schematic rep-
resentation of the transfected triosephosphate isomerase (TPI) reporter with a PTC at amino acid position 160. Exons are depicted as white
(untranslated) or black (translated) boxes, introns as two connecting black lines, and the Northern probe binding sites as light gray boxes. Vector
derived 5′ UTR intron and SV40 poly(A) signal (pA) are shown. (D) Northern blot of RNA samples extracted from HeLa cells transfected with
the indicated siRNAs, plasmids, and reporter constructs using LacZ-4H as control mRNA. Endocleavage products (3′ fragments) are indicated.
Mean values of reporter and 3′ fragment signal ± SD (n = 3) were quantified and normalized to the XRN1 control knockdown. A representative
Western blot is shown at the bottom, using tubulin as loading control.
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molecular mechanism of endonucleolytic cleavage by SMG6
and its regulation in the context of NMD. Furthermore, we
identified endogenous NMD targets on a transcriptome-
wide scale and mapped sites of SMG6 endocleavage at nucle-
otide resolution. This analysis confirmed that endocleavage
of NMD substrates occurs mainly at and downstream from
termination codons. In fact, our unbiased approach enabled
us to identify termination codons that are recognized as ab-
errant and to discriminate between NMD targets with
uORFs, long 3′ UTRs, selenocysteine codons, and those pro-
duced by alternative splicing. Interestingly, the “degradative”
NMD of some transcripts is dominated by rapid endocleav-
age, while “regulatory” NMD of other mRNAs uses endo-
and exonucleolytic decay pathways. Hence, the identification

of two partially redundant degradation
pathways is an important aspect of this
work. We note that our method would
in principle allow the detection of tran-
scripts that are targeted for degradation
due to transcription or splicing errors.
However, this biologically important
class of NMD substrates, which escapes
quality control during production or
processing, is currently not recorded
because of the low abundance of indi-
vidual transcripts. Hence, it will be
important to further improve the meth-
odology to identify the whole spectrum
of SMG6 substrates in human cells.
We observe that some of the endo-

cleavage sites we identify here overlap
with previously reported sites (Schmidt
et al. 2015). In contrast, there seems to
be little overlap with another study, in
which HEK 293 cells were used (Lykke-
Andersen et al. 2014). Although this
variation could be due to a different
sequencing technique that was used, it
may also indicate that certain NMD sub-
strates are cell-type specific and others
ubiquitous. A comparison of NMD sub-
strates of different cells and/or organisms
will be required to identify a core set of
NMD targets.
Recently, an increased decapping of

NMD substrates was reported when
SMG6, but not UPF1, was depleted
(Lykke-Andersen et al. 2014; Schmidt
et al. 2015). This suggested that
mRNAs, which are normally degraded
by SMG6, can be targeted by an alterna-
tive decay pathway involving SMG5/7-
mediated deadenylation and decapping.
This observation is consistent with re-
ports that NMD is strongly inhibited by

the combined depletion of SMG6 with either SMG5 or
SMG7 (Jonas et al. 2013). This raises the question how indi-
vidual NMD substrates are assigned to different degradation
pathways, i.e., what determines whether an mRNA is degrad-
ed preferentially by endocleavage or deadenylation and
decapping. To address this question, we altered the
expression levels of SMG7 by overexpression or depletion
in cultured cells. We chose SMG7, because it interacts directly
with phosphorylated UPF1, and several SNPs have been
found to be associated with differences in the expression
of SMG7 (Nguyen et al. 2014). Hence, SMG7 may show
highly diverse expression levels in different individuals.
Interestingly, the efficiency of endocleavage of a substrate
mRNA with a long 3′ UTR inversely correlated with the

FIGURE 6. Deletions of C-terminal UPF1 phosphorylation sites impair NMD differently. (A)
UPF1 protein architecture is depicted schematically. All structural and functional domains are in-
dicated; the presence of potential phosphorylation sites (SQ/TQ) are shown in red and blue, re-
spectively. (B,C) Northern blots of RNA samples extracted from HeLa cells transfected with the
indicated siRNAs and reporter constructs. Cotransfected LacZ-H4 (B) or β-globin (C) served as
control mRNA. Endocleavage products (3′ fragments) are indicated. Mean values of reporter and
3′ fragment signal ± SD (n = 3) were quantified and normalized to the XRN1 control knockdown.
Representative Western blots are shown at the bottom, using tubulin as loading control.
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expression levels of SMG7. This suggests that the degradation
of these NMD substrates uses both endo- and exonucleolytic
decay and their contribution depends on the levels of SMG6
and SMG7, respectively. Therefore, the complete lack of a
SMG7 gene in the Drosophila melanogaster genome may ex-
plain why endocleavage of NMD targets has been originally
identified in cultured cells from D. melanogaster (Gatfield
and Izaurralde 2004).
Moreover, we find that different classes of endogenous

NMD substrates show different levels of partitioning between
SMG6- and SMG7-dependent decay. Transcripts containing
uORFs, long 3′ UTRs, or selenocysteine codons undergo
more efficient endocleavage when SMG7 levels are low, while
endocleavage efficiency of PTC-containing transcripts is
not affected by SMG7 abundance. This suggests a previously
unrecognized complexity of NMD and indicates that endog-
enous targets are either rapidly degraded by the SMG6-
mediated endonucleolytic degradation, or slowly degraded
(“down-regulated”) by the weaker activity of SMG6, and
the slower SMG7-dependent decay (Fig. 7). The difference
between these degradative and regulatory effects of NMD is
consistent with the different likelihood of NMD targets to

encode functional proteins. PTCs are
most often caused by mutations or aber-
rant splicing in the ORF that can produce
aberrant proteins. SnoRNA host tran-
scripts are also rapidly degraded by
the SMG6-mediated endocleavage, and
their mature mRNAs that result from
splicing-coupled snoRNA production
do not encode functional proteins
(Lykke-Andersen et al. 2014). In con-
trast, mRNAs with uORFs or long 3′

UTRs are most often canonical transcript
isoforms that encode functional proteins.
It is thus appropriate that functional
mRNAs are not efficiently degraded by
the SMG6-mediated endocleavage, and
are instead more amenable to the slower
degradation by SMG7. Although we
clearly observe differences between the
mRNA targets of “degradative” and “reg-
ulatory” NMD pathways, the molecular
characteristics of the two classes have
not been explicitly determined and
need to be investigated in the future.
However, we speculate that NMD caused
by defective ribosome recycling may be a
common feature of regulated substrates
(Fatscher et al. 2014; Joncourt et al.
2014).

The existence of two partially redun-
dant degradation pathways might be
required when cells need to cope with in-
creased amounts of NMD targets. This

could occur when other quality control systems are impaired
or when cells are exposed to highly mutagenic conditions.
However, our experimental data (Fig. 4) demonstrate that
SMG6 catalyzes endocleavage of overexpressed NMD sub-
strates as efficiently as small amounts thereof. Hence, we sug-
gest that alternative degradation mechanisms have not been
implemented to process an excess of NMD substrates, but
to regulate NMD in a transcript-specific manner (Fig. 7).
Inherent features of the transcript, such as mRNA architec-
ture, determine whether the NMDmachinery executes a deg-
radative or down-regulating function. While NMD has been
originally considered as a mechanism to degrade faulty
mRNAs, our results underline its growing importance as a
master regulator of gene expression (Nicholson et al. 2010;
Karam et al. 2013; Lykke-Andersen and Jensen 2015).

MATERIALS AND METHODS

Plasmids and cell culture

Plasmid constructs β-globin, LacZ-4H, pCI-Flag, pCI-mVenus,
WT, and PTC-containing TPI and expression vectors for UPF1

FIGURE 7. Model of degradative and regulatory branches of NMD. Depending on the mRNA
architecture, NMD substrates are either regulated (long 3′ UTR and uORF targets; encoding
for mostly functional protein) or degraded (PTC targets; encoding for aberrant proteins).
During degradative NMD, the robust elimination of PTC-containing mRNAs is mainly achieved
by endonucleolytic decay via SMG6, which is supported by exonucleolytic degradation induced
by SMG5/7. Alternatively, the combined activity of SMG5/7 and SMG6 (exo- and endonucleolytic
degradation) during the decay of long 3′ UTR- and uORF-containing targets allows for regulated
degradation (“down-regulation”). For further details, see Discussion.
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and SMG6 were described previously (Gehring et al. 2009; Boehm
et al. 2014). SMG7 was cloned from HeLa cDNA and mutated to
confer siRNA insensitivity (targeting sequence 5′-CGATTTGGAA
TACGCTTTA-3′ replaced by 5′-TGACCTTGAGTATGCCCTG-3′).
Point or deletion mutants of UPF1 and SMG7 were generated by
site-directed mutagenesis, cloned in the designated vector, and
verified by sequencing. Standard protocols were used to generate
the stable HeLa Flp-In T-REx TPI-SURF6 cell line (HeLa Flp-In
T-REx initially established by Elena Dobrikova and Matthias
Gromeier, Duke University Medical Center). Expression of stable
cell lines was induced with 1 µg/mL doxycycline for 24 h. All cell
lines were cultured in DMEM (Gibco) supplemented with 9% fetal
bovine serum (FBS; Gibco) and 1× Pen Strep (Gibco), and the cells
were incubated at 37°C, 5% CO2, and 90% humidity.

siRNA transfections

HeLa Tet-Off cells (5 × 105) (Clontech) were grown overnight in
6 cm plates and transiently transfected with 200 pmol siRNA for
single or 400 pmol total siRNA for double knockdowns using
Lipofectamine RNAiMAX (Life Technologies). Twenty-four hours
post-transfection, the cells were split 1:2 in 10 cm plates, and the
day after were transfected again with 600 pmol (single knockdown)
or 1200 pmol (double knockdown) siRNA. For triple knockdown,
400 pmol of the single siRNAs were used (1200 pmol in total).
For library preparation and verification, 1 × 106 HeLa cells were cul-
tured overnight in 10 cm dishes and transiently transfected with 600
pmol total siRNA following the protocol for RNAiMAX (Life
Technologies). Twenty-four hours after transfection, cells were split
1:8 in 10 cm dishes. Twenty-four hours later, cells again were trans-
fected with 600 pmol (300 pmol each for double knockdowns)
siRNA and incubated for 48 h. Stable cell lines were reverse trans-
fected using 2.5 µL Lipofectamine RNAiMAX and 60 pmol siRNA
per 2 × 105 HeLa cells. The following siRNA target sequences were
used for luciferase, 5′-CGTACGCGGAATACTTCGA-3′; for XRN1,
5′-AGATGAACTTACCGTAGAA-3′; for SMG6, 5′-GGGTCACA
GTGCTGAAGTA-3′; for UPF1, 5′-GATGCAGTTCCGCTCCA
TT-3′; for CNOT1, 5′-GGAACUUGUUUGAAGAAUA-3′; and for
SMG7, 5′-CGATTTGGAATACGCTTTA-3′.

Plasmid transfections

HeLa cells were split to six-well plates the day after siRNA transfec-
tion and transfected by calcium phosphate precipitation with 0.5 µg
of a mVenus expression plasmid, 2 µg control plasmid (LacZ-4H),
and 1.5 µg plasmid encoding for TPI-PTC160 reporter mRNA.
For long 3′ UTR reporters, 3 µg reporter and 0.75 µg control plasmid
(β-globin) were transfected. For rescue assays, 1 µg of Flag-tagged
expression plasmid was included in the transfection mix.

RNA extraction and Northern blotting

Total RNA was extracted with peqGOLD TriFast (Peqlab), resolved
on a 1% agarose and 0.4M formaldehyde gel using a tricine–trietha-
nolamine buffer system and analyzed by Northern blotting. pSP65-
globin plasmid was linearized with BamHI and used as template for
in vitro transcribed [α-32P]-GTP body-labeled RNA probes, which
were used for the detection of all reporter and control RNA. 7SL en-

dogenous RNA was detected using a 5′-32P-labeled oligonucleotide
(5′-TGCTCCGTTTCCGACCTGGGCCGGTTCACCCCTCCTT-3′).
Signals were scanned using a Typhoon FLA 7000 (GE Healthcare).
For time-course assays, the stable HeLa Flp-In T-REx cells were treat-
ed with 5 µg/mL actinomycin D for the indicated time prior to
harvesting.

Immunoblot analysis and antibodies

SDS-polyacrylamide gel electrophoresis and immunoblot analysis
was performed using protein samples derived from TriFast extrac-
tions. The antibodies against tubulin (T6074) and Flag (F7425)
were from Sigma-Aldrich, the antibody against SMG6 (ab87539)
was from Abcam, the antibodies against XRN1 (A300-443A) and
SMG7 (A302-170A) were from Bethyl, and the antibody against
UPF1 was kindly provided by Jens Lykke-Andersen.

3′′′′′ Fragment library preparation

siRNA-treated cells were used for poly(A)+ RNA isolation, utilizing
the magnetic mRNA Isolation Kit (New England Biolabs). Two
hundred picomoles of 5′ RNA linker, containing a recognition site
for EcoP15I (5′ linker_EcoP15I), was ligated to 3 µg poly(A)+

RNA using T4 RNA Ligase I. After DNase I digest and RNA purifi-
cation (RNA Clean & Concentrator Kit, Zymo Research), RT-PCR
was performed using a linker oligo(dT)18V (Harigaya and Parker
2012). The cDNA was PCR amplified for nine cycles, digested
with EcoP15I overnight, which cleaves 25–27 nt downstream from
the recognition site, then gel-purified and ligated to a 3′ dsDNA
adaptor. After column purification of the ligation reaction, the ligat-
ed material was PCR-amplified for subsequent Illumina sequencing,
using P3 and P5 primers and Accuprime Taq Polymerase (Life
Technologies). For oligonucleotide sequences see Supplemental
Table S2.

Library processing

Single-end sequencing reads had their barcodes and adapter
trimmed with fastx_clipper from the fastx_toolkit (v. 0.0.13) before
being mapped to the human genome (hg19) using TopHat (v.
2.0.11) and known splice junctions from ENSEMBL annotated
transcripts using the following settings: -g 1 –p 8 –library-type fr-
secondstrand. Sorted bam files were converted to bed files with
the bedtools bamtobed command (v. 2.16.2), before single-nucleo-
tide resolution cleavage sites were determined using awk (v. 3.1.5)
and sed (v. 4.1.5). Specifically, based on the protocols design, the
site of cleavage was considered the nucleotide that was antisense
to the nucleotide immediately following the 3′ end of the read.
For evaluation of replicate consistency, we initially applied a peak-
finding algorithm that identified clusters of degradation sites with
significant enrichment of degradation events relative to the local
environment (König et al. 2010; Zarnack et al. 2013). We used all
replicates from all conditions for this analysis, and a flank size of
15 nt on either side to define significant clusters with FDR <5%.
This yielded a total of 299,442 degradation sites. We then evaluated
the number of degradation events mapping to each degradation
site for each replicate in order to compare how individual libraries
contributed to each defined degradation cluster.
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RNA maps

Maps were created through intersection of single-nucleotide resolu-
tion cleavage files with indicated features using the bedtools
intersect command. Features were determined based on their
positioning in annotation files used for library mapping with the
exception of uORFs (see below). Counts at individual loci were nor-
malized to the corresponding libraries total read count. Similarly, for
each junction type, counts were divided by the maximum value
across all libraries to allow for the comparison across different
features. Maps were then created from normalized values around
indicated features using R (v. 3.1.1). Enrichment analysis of the dif-
ferent features of the transcriptome was performed using the Homer
annotatePeaks.pl command (Heinz et al. 2010), utilizing the same
annotation file as that used for mapping.
Separation into 5′ UTR, 3′ UTR, and ORF categories was achieved

by first applying a 100-nt sliding window across the transcriptome in
order to identify windows most enriched between the siRNA XRN1
and siXRN1/SMG6 conditions. To then assign genes to a given fea-
ture, we applied a strict threshold of >50 reads in the window for the
XRN1 siRNA condition, a fold-difference of >10 between the XRN1
siRNA and XRN1/SMG6 siRNA conditions, and, using a ranked list
of z-scores, we took the first occurrence of each gene and assigned
it to the feature in which that window overlapped. Thereby windows
were assigned based on their dominant overlap with genomic
features. In cases where windows overlapped features equally, the hi-
erarchical order for assignment is “ncRNA; ORF; 3′ UTR; 5′ UTR;
intron; telomere; intergenic.” To then determine proximity of cleav-
age sites to annotated stop codons, we intersected the coordinates of
all annotated stop codons with 50-nt windows surrounding the
highest peak in each SMG6-sensitive window. The highest peak
was used under the assumption that it represented the dominant
cleavage site within the indicated window.
Coordinates of experimentally verified uORFs were taken from

ribosome footprinting experiments (Fritsch et al. 2012). This in-
cluded 2107 unique uORF start and end coordinate pairs, although
starts and ends could be shared between different uORFs for the
same gene. Using these sites, we determined 50-nt windows sur-
rounding all unique uORF end coordinates and intersected these
with single-nucleotide resolution cleavage files.We removed all win-
dows that had zero counts in the XRN1-sensitive condition prior to
drawing maps.

PCR-based analysis of potential NMD targets

Two hundred picomoles of a 5′ RNA linker (5′ RNA linker_VB2)
were ligated to 3 µg of poly(A)+ RNA or 10 µg of total RNA,
respectively. Reverse transcription was performed using an oligo
(dT)20VNN primer or random hexamers. To functionally analyze
NMD targets identified from the high-throughput sequencing
data, PCRwas carried out using a primer directed against the 5′ link-
er (VB2_linker_se) and a target-specific antisense primer. Total
amounts of target RNAwere determined using a gene-specific sense
primer located downstream from the estimated endocleavage site.
For all targets, PCR fragments were verified via Sanger sequencing.
All used oligonucleotides are listed in Supplemental Table S2.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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