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with eukaryotic initiation factor 4G suppresses
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ABSTRACT

Nonsense-mediated mRNA decay (NMD) eliminates different classes of mRNA substrates including transcripts with long 3’ UTRs.
Current models of NMD suggest that the long physical distance between the poly(A) tail and the termination codon reduces the
interaction between cytoplasmic poly(A)-binding protein (PABPC1) and the eukaryotic release factor 3a (eRF3a) during
translation termination. In the absence of PABPC1 binding, eRF3a recruits the NMD factor UPF1 to the terminating ribosome,
triggering mRNA degradation. Here, we have used the MS2 tethering system to investigate the suppression of NMD by
PABPC1. We show that tethering of PABPC1 between the termination codon and a long 3’ UTR specifically inhibits NMD-
mediated mRNA degradation. Contrary to the current model, tethered PABPC1 mutants unable to interact with eRF3a
still efficiently suppress NMD. We find that the interaction of PABPC1 with eukaryotic initiation factor 4G (elF4G), which
mediates the circularization of mRNAEs, is essential for NMD inhibition by tethered PABPC1. Furthermore, recruiting either
eRF3a or elF4G in proximity to an upstream termination codon antagonizes NMD. While tethering of an eRF3a mutant unable
to interact with PABPC1 fails to suppress NMD, tethered elF4G inhibits NMD in a PABPC1-independent manner, indicating a
sequential arrangement of NMD antagonizing factors. In conclusion, our results establish a previously unrecognized link
between translation termination, mRNA circularization, and NMD suppression, thereby suggesting a revised model for the
activation of NMD at termination codons upstream of long 3’ UTR.
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INTRODUCTION In human cells, NMD is efficiently activated when at least
one intron is located >50 nt downstream from the termina-
tion codon (Thermann et al. 1998; Zhang et al. 1998). During
splicing in the nucleus, exon—exon junctions are marked
by exon-junction complexes (EJCs), which serve as NMD-
activating signals during translation in the cytoplasm. In
addition to the aforementioned EJC-dependent NMD, an al-
ternative EJC-independent NMD pathway targets mRNAs
with a long 3" UTR (Eberle et al. 2008; Singh et al. 2008;
Yepiskoposyan et al. 2011). During eukaryotic translation
termination, the interaction of PABP (in humans PABPC1)
with the ribosome-bound eRF3 (in humans eRF3a) stimu-
lates polypeptide release and the subsequent recycling of
ribosomes (Hoshino et al. 1999; Uchida et al. 2002). How-
ever, when the interaction of PABPCI with eRF3a is reduced
by an unusually long 3’ UTR, UPF1 binds to eRF3a and acti-
vates NMD (Singh et al. 2008). Hence, tethering of PABPC1
in the proximity of a termination codon can inhibit NMD by
simulating the presence of a poly(A) tail (Amrani et al. 2004;

NMD represents a surveillance mechanism that removes
transcripts with premature translation termination codons
(PTCs) from eukaryotic cells (Chang et al. 2007; Rebbapra-
gada and Lykke-Andersen 2009; Nicholson et al. 2010).
The core NMD factors are present in all eukaryotes and their
activity prevents the synthesis of C-terminally truncated
proteins with potentially dominant negative effects (Bhuva-
nagiri et al. 2010). Furthermore, NMD directly or indirectly
regulates the expression of many physiological mRNAs,
although only some of them contain PTCs, for example, as
a result of alternative splicing or upstream open reading
frames (Yepiskoposyan et al. 2011; Tani et al. 2012). The
function of NMD as a general regulator of gene expression
explains why NMD factors are essential for normal animal
development (Hwang and Maquat 2011).
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Behm-Ansmant et al. 2007; Eberle et al. 2008; Silva et al.
2008; Singh et al. 2008).

In the case of premature translation termination, UPF1
is phosphorylated by SMG1 within its extended N- and C-
terminal regions (Kashima et al. 2006). UPF2 binds directly
to the C-terminal part of SMG1 and stimulates the phosphor-
ylation of UPF1 (Kashima et al. 2006; Clerici et al. 2013).
Phosphorylated UPF1 recruits the homologous proteins
SMG5/SMG7 and SMG6, leading to the degradation of the
target mRNA (Okada-Katsuhata et al. 2012). While the exo-
nucleolytic decay is coordinated by the SMG5-SMG7 het-
erodimer (Loh et al. 2013), the endonucleolytic cleavage of
NMD targets is mediated by the C-terminal PIN (PilT N ter-
minus) domain of SMG6 (Glavan et al. 2006; Huntzinger
et al. 2008; Eberle et al. 2009).

A large distance between the poly(A) tail and the termina-
tion codon promotes NMD. Therefore, long 3’ UTRs repre-
sent an NMD activating characteristic of endogenous NMD
targets (Eberle et al. 2008; Singh et al. 2008; Yepiskoposyan
et al. 2011). In view of the many endogenous mRNAs that
are potentially regulated by this pathway, it is important to
elucidate the molecular mechanism of NMD suppression
by PABPC1. Using the MS2 tethering system, we have inves-
tigated which molecular interactions of PABPC1 are required
to inhibit NMD of a reporter mRNA with a long 3’ UTR. We
find that tethered PABPC1 suppresses NMD induced by a
long 3’ UTR. Moreover, PABPCI1 does not require the inter-
action with eRF3a to retain its NMD suppressing activity. In
contrast, a mutant of PABPC1 unable to bind eIF4G does not
inhibit NMD. Furthermore, tethered eIF4G or eRF3a sup-
press NMD as well. Our observations suggest a tight coupl-
ing between mRNA circularization via eIF4G and NMD
suppression.

RESULTS

Reporter-bound PABPCT1 increases long 3’
UTR-containing mRNA levels

PABPCI plays a pivotal role in gene expression because it
promotes mRNA circularization, facilitates ribosome recy-
cling, and suppresses NMD at normal termination codons
(Wells et al. 1998; Behm-Ansmant et al. 2007). To analyze
NMD suppression by PABPC1, we used a reporter construct
consisting of the triosephosphate-isomerase (TPI) open
reading frame (ORF) to which we added the 3" UTR of
SMG5. The SMG5 mRNA has been previously shown to un-
dergo NMD mediated by its long 3’ UTR (Singh et al. 2008)
and owing to the presence of the SMG5 3’ UTR, the reporter
mRNA is degraded (V Boehm, N Haberman, F Ottens, ] Ule,
and NH Gebhring, in prep.). We inserted four MS2 binding
sites downstream from the termination codon to enable
tethering of MS2-fusion proteins to a position at the begin-
ning of the 3’ UTR (TPI-4MS2-SMG5) (Fig. 1A). Upon co-
expression (i.e., tethering) of MS2V5-tagged PABPCI, the
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levels of the reporter mRNA increased by a factor of four
compared with the MS2V5-GST that served as negative con-
trol (Fig. 1B). This suggests that PABPC1 counteracts NMD
of the reporter mRNA. To confirm that the observed increase
in mRNA abundance is an NMD-specific effect and not due
to general mRNA stabilization by PABPCI1, we used two
additional TPI control reporter constructs. In one construct,
the termination codon was shifted downstream from the
MS2 binding sites by deleting the original termination codon
(TPI-Ater-4MS2-SMG5) (Fig. 1A). In the other construct,
the four MS2-binding sites were moved to a position at the
3’ end of the 3’ UTR (TPI-SMG5-4MS2) (Fig. 1A). In both
cases, tethering of PABPCI only marginally changes the levels
of the reporter mRNAs (Fig. 1C,D). To exclude possible
trans-effects of PABPC1 expression, we coexpressed either
FLAG-PABPCI1 together with the TPI-4MS2-SMGS5 reporter
(Fig. 1E), or MS2V5-PABPC1 with a TPI-SMG5 reporter
lacking MS2-binding sites (Fig. 1A,F). In both cases, we ob-
served only slight increases in mRNA levels when PABPC1
was not directly bound. In summary, our results suggest
that PABPC1 is able to antagonize NMD induced by the
long 3’ UTR of the reporter mRNA when it is tethered in
close proximity downstream from the termination codon.

PABPCT1 stabilizes mRNA by inhibition of NMD

The previous experiments analyzed the steady-state levels of
reporter mRNA. To confirm that tethered PABPC1 stabilizes
the mRNA, we next determined the decay rates of the re-
porter mRNA upon transcriptional shutoff by Actinomycin
D treatment. We observed a half-life of ~4.8 h of the TPI-
4MS2-SMGS5 reporter construct when MS2V5-GST is teth-
ered as a control (Fig. 2A). Upon PABPCI tethering to the
same reporter the mRNA is stabilized with a half-life of
~30 h (Fig. 2A). This demonstrates that MS2V5-PABPCI1
is in fact able to suppress NMD by preventing the degra-
dation of the reporter mRNA construct. Because NMD is
restricted to actively translated mRNAs (Thermann et al.
1998), we aimed to confirm that the observed effects are
not caused by decreased translation rates of the reporter
mRNAs. To this end, we used an N-terminally FLAG-tagged
TPI-4MS2-SMGS5 reporter construct, enabling us to measure
translation efficiency by Western blotting and to correlate
these effects with the mRNA levels detected by Northern
blotting. FLAG-tagged emGFP was cotransfected as a loading
control for both the mRNA as well as protein expression
levels. Tethering MS2V5-PABPC1 to the FLAG-tagged TPI
reporter mRNA led to a similar increase in FLAG-TPI pro-
tein and mRNA levels compared with the GST control (Fig.
2B, left), indicating that tethered PABPC1 does not change
overall translation rates (Fig. 2B, right). We obtained simi-
lar results using a dual luciferase reporter system (data not
shown). These results indicate that the NMD antagonizing
effect of tethered PABPCI is not caused by decreased
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FIGURE 1. Tethering PABPCI to a reporter mRNA containing a long 3’ UTR increases mRNA abundance. (A) Schematic representation of the tri-
osephosphate isomerase (TPI) reporter constructs. White boxes depict exons, introns are shown as two connecting black lines, and Northern probe
binding sites as white boxes without intron lines. Gray boxes represent MS2-binding area with MS2-stem—loops shown in black. The SMG5 3’ UTR is
depicted as a light-gray box and the length in nucleotides is shown in brackets. (B—F) Northern blot analysis of total RNA extracted from HeLa cells
transfected with plasmids expressing the indicated TPI reporter mRNA and MS2V5- or FLAG-tagged fusion proteins. A B-globin construct was
cotransfected as control. Protein expression was detected by immunoblotting with a-V5 or a-FLAG antibody. Cotransfected GFP served as a loading
control. Asterisks indicate unspecific bands (C,D). mRNA levels were normalized to MS2V5-GST (B-D,F) or pCI-FLAG (E). Bars represent the mean
values of mRNA levels£SD upon tethering MS2V5-GST or MS2V5-PABPC1 (B-D,F), or pCI-FLAG and FLAG-PABPC1 (E). Concentrations of
MS2V5-tagged protein expressing plasmids were increased from 1 pg (F, lanes 1,3,5,7) to 3 pg (F, lanes 2,4,6,8).
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FIGURE 2. PABPCI stabilizes reporter mRNA by suppressing NMD. (A) HeLa cells expressing reporter (TPI-4MS2-SMG5) and control mRNA, as
well as MS2V5-tagged GST or PABPCI, were treated with Actinomycin D (5 pg/mL final concentration) for the indicated time prior to harvesting.
Reporter mRNA levels were quantified by Northern blotting, normalized to control mRNA and GST control tethering, and plotted against time of
Actinomycin D treatment. (B) Tethering of MS2V5-GST and -PABPC1 in HeLa cells cotransfected with N-terminally FLAG-tagged TPI-4MS2-SMG5
reporter and FLAG-tagged emGFP control expressing vectors. Both reporter and control mRNA contained heterologous binding sites in the 3’ UTR
that enable the detection with the same Northern probe. Northern blot (fop) and a-FLAG Western blot (bottom) analyses are shown. The signals for
emGFP and TPI in Northern and Western blot experiments were quantified, normalized to the GST control lane, and the final ratio was calculated by
normalizing protein expression levels to the respective mRNA expression levels. (C,E) siRNA-mediated knockdown of UPF2, UPF1, and SMG6. HeLa
cells were transfected with siRNAs targeting UPF2, UPF1, SMGS6, or Luciferase (negative control). The knockdown efficiency was assessed by immu-
noblotting with UPF2, UPF1, and SMG6-specific antibodies. Tubulin served as a loading control. (D,F) Northern blot analysis of TPI-4MS2-SMG5
reporter mRNA with p-globin mRNA as control in UPF2 (D, lanes 3,4), UPF1 (D, lanes 5,6), and SMG6 (F, lanes 3,4) knockdown and control (D,F,
lanes 1,2) cells. HeLa cells were transfected with plasmids expressing MS2V5-GST and -PABPCI proteins. Protein expression was detected by immu-
noblotting with a V5 antibody. GFP served as a loading control. mRNA levels were normalized to MS2V5-GST. Bars represent the mean values of
mRNA levels £SD upon tethering MS2V5-GST and -PABPCI fusion proteins.
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translation efficiency but rather by protecting the mRNA
from degradation.

Human NMD is executed by a core machinery includ-
ing the central NMD factors UPF1 and UPF2. To confirm
that PABPC1 inhibits the canonical NMD pathway, we
used small-interfering RNAs (siRNAs) to deplete UPF1 and
UPF2 in human cell culture. Numerous studies have shown
that NMD is impaired in cells lacking either of these two
factors (Mendell et al. 2002; Gatfield et al. 2003). UPF1 and
UPF2 were reduced to ~10% of regular expression levels
by RNAI, as shown by immunoblotting (Fig. 2C). The levels
of the reporter mRNAs were increased when UPF1 or UPF2
were depleted, confirming the inhibition of NMD by the
transfected siRNAs (Fig. 2D, cf. lanes 1,3,5). Tethering of
PABPCI1 to the TPI-4MS2-SMGS5 reporter mRNA increased
reporter mRNA levels by a factor of more than four in control
cells (Fig. 2D, lane 2), in line with our previous results. In
contrast, tethering PABPCI1 to the reporter only increased
the mRNA levels by a factor of about two in both UPF2-
and UPF1-knockdown cells (Fig. 2D, lanes 4,6). Notably,
even though the change of mRNA levels by PABPC1 tether-
ing was reduced in the UPF1 and UPF2 knockdown cells,
the total levels of stabilized reporter mRNA under all three
conditions reached a similar level (Fig. 2D, cf. lanes 2,4,6).
These results indicate that PABPC1 acts as a strong suppres-
sor in the canonical NMD pathway that involves the central
NMD factors UPF1 and UPF2.

As described above, PABPCI suppresses UPF1- and UPF2-
dependent NMD. Several decay pathways act downstream
from UPFI to ensure efficient degradation of substrate
mRNAs (Nicholson and Muhlemann 2010). We speculated
that the NMD inhibiting effect of PABPC1 also impinges on
the degradation phase of NMD. To test this hypothesis, we es-
tablished the depletion of the NMD-specific endonuclease
SMG6 by RNAi. In knockdown cells, the SMG6 protein levels
were reduced to ~10% of regular expression levels (Fig. 2E).
Similar to our results in UPF1- and UPF2-depleted cells, teth-
ered PABPCI stabilized the mRNA levels by a factor of less
than two in SMG6-depleted cells (Fig. 2F, cf. lanes 2,4), while
stabilized reporter levels remained unchanged compared with
control knockdown cells. Taken together with the results
obtained so far, this shows that PABPC1 indeed inhibits
NMD by preventing the degradation of the substrate mRNA.

The interaction of PABPC1 and eRF3a is dispensable
for NMD suppression

Current models of NMD suggest that PABPC1 competes
with the NMD factor UPF1 for eRF3a binding (Singh et al.
2008). To more specifically elucidate which domains and in-
teraction regions of PABPC1 are responsible for the NMD
suppression effect observed in Figure 1, we generated six
mutants of PABPCI1 (Fig. 3A). PABPCI interacts via its C-
terminal MLLE domain with two PAM2 motifs present in
the N terminus of eRF3a (Kozlov and Gehring 2010). We de-

signed two mutants to impair this interaction: one consisting
of RNA recognition motifs (RRMs) one to four of PABPCI
(PABPC1 RRM'***) (Fig. 3A), i.e., lacking the C-terminal
domain; the second containing a mutation of the MLLE
motif to GAAR (PABPC1 MLLEM") (Fig. 3A). The tether-
ing assay shows that both PABPC1 RRM'*** and PABPCI1
MLLEM"" suppressed NMD to almost the same extent as
PABPC1 (Fig. 3B, lanes 2,3,5). We further tested two addi-
tional PABPC1 mutants abrogating PAM?2 binding, one con-
taining the MLLE mutation with additional point mutations
known to further abolish PAM2 motif binding (Kozlov
et al. 2004) (PABPC1 MLLEM"?) (Fig. 3A) and a longer ver-
sion of RRM'*** including additional C-terminal amino
acids (PABPC1 1-496) (Fig. 3A). Tethering either of these
mutants to the TPI-4MS2-SMGS5 reporter construct increas-
es the mRNA abundance of the reporter to the same degree as
PABPC1 (Fig. 3C). Notably, it was postulated that the direct
binding of PABPCI to eRF3a outcompetes the eRF3a-UPF1
interaction. However, our results suggest that this inter-
action, as well as other interactions involving the MLLE motif
of PABPCI, is not strictly necessary for tethered PABPC1 to
suppress NMD.

PABPCT1 unable to bind elF4G fails to stabilize
reporter mRNA

The RRM'*** region of PABPC1 contains RRM2, which binds
to a short N-terminal motif within e[F4G (Safaee et al. 2012).
This interaction is important for mRNA circularization and
the efficient expression of polyadenylated mRNAs (Wells
et al. 1998; Amrani et al. 2008). Guided by the molecular
structure of the PABPC1-elF4G-RNA ternary complex (Sa-
faee et al. 2012), we introduced two point mutations into
PABPCI1, which abolish binding to e[F4G (PABPC1™M!'4/
D165K) (Fig. 3A; Kahvejian et al. 2005). Strikingly, tether-
ing of PABPCIM!®!AP195K 4 the reporter no longer sup-
pressed NMD and mRNA levels remained unchanged (Fig.
3B, lane 4). A similar result was obtained with the PABPC1
MLLEM®t MIGIADISSK 1 yant that can neither interact with
eIF4G nor eRF3a (Fig. 3B, lane 6). These results indicate
that the interaction between PABPC1 and eIF4G is critical
for the inhibition of NMD by tethered PABPCI.

To show that the results we have generated so far are indeed
due to interactions or lack thereof between PABPC1 with
elF4G and eRF3a, we have performed in vitro interaction
studies. Pull-down assays of C-terminally FLAG-tagged
eRF3a with both of the PABPC1 MLLEM" and PABPCI
1-496 mutants show that they are no longer able to interact
with eRF3a, whereas the wild-type as well as the
PABPCIM!®!'/PIK mytant are still able to be pulled down
by eRF3a (Fig. 3D). The same experiment was performed
with a shortened version of FLAG-tagged elF4G (eIF4G
84-294) containing the PABPCI1 binding site. In this experi-
mental setup elF4G 84-294 was no longer able to pull-down
the PABPC1M!®MAP165K mytant (Fig. 3E). The wild-type as
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FIGURE 3. PABPCI interaction with eIF4G, but not eRF3a, is essential for NMD suppression. (A) Schematic representation of PABPC1 domains and
mutants. RNA recognition motifs (RRMs) and C-terminal region (C-ter) of PABPCI are highlighted. Point mutations and binding sites are indicated.
(B,C) HeLa cells were transfected with plasmids expressing the indicated MS2V5-tagged fusion proteins and the indicated TPI reporter mRNA.
Northern blot analysis was performed and cotransfected B-globin mRNA construct served as control. Protein expression was detected by immuno-
blotting with a V5 antibody. GFP served as a loading control. mRNA levels were normalized to MS2V5-GST. Bars represent mean values of mRNA
levels £SD upon tethering of different MS2V5-tagged fusion proteins. (D,E) Pull-down assays of in vitro interaction studies using PABPC1 mutants
and FLAG-tagged eRF3a or eIF4G 84-294. Proteins were visualized with Coomassie Brilliant Blue.

well as the PABPC1 MLLEM" and PABPC1 1-496 mutants
were still able to interact with eIF4G 84-294 (Fig. 3E).

In summary, our results demonstrate that PABPC1 inhib-
its NMD when tethered upstream of an NMD-activating long
3’ UTR. Furthermore, binding of eIF4G but not eRF3a
contributes to NMD suppression by tethered PABPCI.
Interestingly, our findings suggest a previously unrecognized
role of elF4G-mediated mRNA circularization and ribosome
recycling as modulators of NMD.

1584  RNA, Vol. 20, No. 10

EJC-dependent NMD is mostly unaffected
by PABPC1

So far, we have examined the suppression of NMD activated
by the SMG5 3" UTR. However, NMD of many nonsense-
containing mRNAs occurs in a splicing-dependent man-
ner and involves EJCs deposited at exon—exon junctions.
Therefore, we wanted to analyze whether PABPCI is able
to antagonize EJC-dependent NMD. To this end, we
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constructed a reporter with an intron (MINX) downstream
from the 4MS2-binding sites and upstream of the long 3’
UTR (TPI-4MS2-MINX-SMGS5) (Fig. 4A). Splicing of the
intron deposits an EJC that will activate NMD at the ter-
mination codon of the reporter mRNA. Strikingly, tethering
of PABPC1 only weakly inhibited EJC-dependent NMD
and slightly increased the MINX-containing mRNA levels
by a factor of less than two (Fig. 4B,C, lane 2). In general,
the inhibition of EJC-dependent NMD by PABPCI variants
was clearly reduced when compared with the inhibition
of EJC-independent NMD (cf. Figs. 3B and 4C). Hence,
the presence of an EJC appears to reduce the ability of
PABPCI to antagonize NMD, which explains why EJC-
dependent NMD efficiently degrades mRNAs with short 3’
UTRs.

The weak inhibition of EJC-dependent NMD observed in
Figure 4C was completely lost when we used a reporter con-
struct, in which the MINX intron was inserted between
the tethering sites and the termination codon (TPI-MINX-
4MS2-SMG5) (Fig. 4A). Neither PABPCI nor any of its
mutants were able to increase mRNA levels of this reporter
(Fig. 4B,D), which demonstrates that PABPCI cannot antag-
onize the activation of NMD in the presence of an upstream
EJC. Since an EJC in close proximity downstream from

tethered PABPCI is able to decrease the NMD suppression by
PABPCI, we conclude that PABPC1 mainly regulates the
EJC-independent NMD of mRNAs with long 3" UTRs.

Tethered eRF3a relies on interaction with PABPC1
to antagonize NMD

To gain further insight into the role of eRF3a in NMD sup-
pression, we tethered eRF3a to the TPI-4MS2-SMGS5 reporter
construct, which led to increased reporter mRNA abundance
by a factor of four, demonstrating eRF3a’s ability to suppress
NMD similar to PABPC1 (Fig. 5A, lane 2). To investigate the
importance of the interaction between eRF3a and PABPCI
in NMD suppression, we used an eRF3a mutant carrying a
point mutation (eRF3a F76A), which is essential for bind-
ing to PABPCI (Kononenko et al. 2010; Kozlov and Gehring
2010; Osawa et al. 2012). Compared with eRF3a WT, the
eRF3a F76A mutant has lost its NMD suppressing activity
(Fig. 5A, lane 3).

To ensure that the observed effects are in fact due to NMD
suppression, we determined mRNA half-life when tethering
eRF3a. Similar to PABPCI, eRF3a clearly increased mRNA
half-life, confirming that it specifically suppresses NMD
and stabilizes the reporter mRNA (Fig. 5B). Furthermore,
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ik

the specificity of the effects observed for tethered eRF3a were ~ Recruitment of elF4G increases mRNA
confirmed with both control reporter constructs described  abundance independently of interaction
in Figure 1. Tethering eRF3a to either reporter did only  with PABPC1
marginally change mRNA abundance (Fig. 5C,D).

In summary, these results demonstrate that the interaction ~ Next, we aimed to further investigate NMD suppression by
with PABPCI is essential for eRF3a to suppress NMD initiat-  eIF4G and the role of the interaction between PABPCI and
ed by a long 3’ UTR. elF4G. An N-terminally truncated version of eIF4G (eIF4G
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AN83) was used to analyze the function of e[F4G in NMD
suppression (Fig. 6A).

Similar to PABPCI, we find that e[F4G ANB83 is able to
antagonize NMD, increasing the levels of the reporter
mRNA by a factor of three (Fig. 6B, lane 2). To further elu-
cidate the role of the interaction between elF4G and PABPC1
in NMD suppression, we tethered different deletion mutants
of eIF4G to the reporter construct (Fig. 6A). A shortened ver-
sion of eIF4G ranging from amino acids 84 to 1089 (elF4G
84-1089) (Fig. 6A) was still able to fully suppress NMD,
which is indicated by an increase in mRNA reporter levels
of a factor of three (Fig. 6B, lane 4). Surprisingly, a shortened
version of elF4G carrying a mutation of the KRERK motif at
position 187-191 (elF4G 84-1089 KRERK) (Fig. 6A), which
is responsible for PABPCI binding (Wakiyama et al. 2000),
efficiently antagonized NMD (Fig. 6B, lane 5). Although
the e[F4G KRERK mutant has previously been shown to ab-
rogate binding between eIF4G and PABPC1 (Wakiyama et al.
2000), our pull-down assay indicates that the eIlF4G KRERK
mutant is still able to interact with PABPCI, albeit to a lesser
degree (Fig. 6C). Hence, the full NMD suppression activity
of tethered elF4G 84-1089 KRERK might be due to partially
retained PABPCI1-binding. However, an eIF4G deletion mu-
tant lacking the PABPC1-binding domain (elF4G 206-1089)
(Fig. 6A) had a slightly decreased NMD suppression rate, but
was still able to increase mRNA abundance by a factor of two
(Fig. 6B, lane 3). These results indicate that the interaction of
elF4G with PABPCI is favorable but not absolutely necessary
for eIF4G’s ability to suppress NMD.

mRNA half-life was measured to ensure that the ob-
served effects are in fact due to NMD suppression. Similar
to PABPC1 and eRF3a, but less efficiently, eIlF4G AN83 in-
creased mRNA half-life, confirming that it specifically sup-
presses NMD and stabilizes the reporter mRNA (Fig. 6D).
Notably, the low expression levels of the eIF4G constructs
may account for the less prominent stabilization effects com-
pared with tethered PABPC1 and eRF3a.

We confirmed the specificity of the effects observed for
tethered elF4G with both control reporter constructs de-
scribed in Figure 1. Tethering eIF4G to either reporter only
marginally changed mRNA abundance (Fig. 6E-G).

The results presented here indicate that suppression of
NMD by tethered eIF4G does not strictly require binding
to PABPCI, albeit this interaction might enhance the func-
tion of elF4G.

DISCUSSION

While the process and the function of NMD has been eluci-
dated in great detail and many factors and determinants that
activate NMD are known, the mechanism of NMD suppres-
sion is far less understood. In this study, we report that the
inhibition of EJC-independent NMD requires the interaction
of PABPC1 with the initiation factor eIF4G. We further show
that PABPC1 suppresses a SMG6-dependent canonical NMD

pathway involving the central NMD factors UPF1 and UPF2.
Our data suggest that the molecular processes of translation
termination and mRNA circularization impinge on the acti-
vation of NMD.

The NMD-inhibitory function of PABPs has been ob-
served in different eukaryotic organisms, such as yeast
(Amrani et al. 2004), fly (Behm-Ansmant et al. 2007), and
humans (Eberle et al. 2008; Ivanov et al. 2008; Silva et al.
2008; Singh et al. 2008). However, the NMD-specific func-
tion of PABP has proven to be difficult to study separately
from its other important functions in mRNA translation
and stabilization. Furthermore, human NMD is character-
ized by different signals for NMD activation and multiple
pathways for degradation, contrary to many other organisms
that use one main NMD mechanism (Hwang and Maquat
2011).

Human NMD occurs either in an EJC-dependent man-
ner, when a PTC is located upstream of the last intron posi-
tion, or independently of EJCs at termination codons that are
followed by long 3" UTRs (Schweingruber et al. 2013). We
used a reporter mRNA with a long 3" UTR to study the sup-
pression of NMD by PABPCI. Our results demonstrate that
tethering PABPCI in close proximity of the termination co-
don impaired NMD of the reporter mRNA. We also con-
firmed that this effect is NMD-specific and does not occur
on mRNAs with the tethering sites downstream from the 3’
UTR, without direct binding of PABPC1, or when the termi-
nation codon is moved to a position downstream from the
tethering sites. Notably, the siRNA-mediated depletion of
UPF1 or UPF2 is epistatic to NMD suppression by PABPC1,
demonstrating that PABPCI acts in the same pathway as,
but antagonistically to, UPF1 and UPF2. We also provide ev-
idence that PABPCI antagonizes the SMG6-dependent de-
gradation pathway that initiates NMD by endocleavage in
the vicinity of the termination codon. Since we have not
investigated the role of other NMD factors, it will remain
an important challenge for future studies to test whether
the suppression of NMD affects additional degradation path-
ways, such as SMG5/SMG7-dependent deadenylation or
mRNA decapping.

Although previous studies suggested that PABPC1 also an-
tagonizes EJC-dependent NMD (Ivanov et al. 2008; Singh
et al. 2008), in our experiments the NMD inhibition by
PABPCI1 is reduced in the presence of a downstream EJC.
This suggests that the NMD of the reporter mRNA without
3’ UTR introns occurs in an EJC-independent manner and
does not involve EJCs bound at noncanonical positions with-
in the long 3’ UTR (Sauliere et al. 2012; Singh et al. 2012). We
interpret the weak inhibition of EJC-dependent NMD by
PABPCI as a nonspecific effect that is comparable to the ef-
fects observed with unrelated reporter mRNAs. However, it is
conceivable that the specific composition of EJCs determines
their amenability to NMD suppression or that a subset of
EJC components are inhibited by PABPC1. Hence, it remains
to be determined whether PABPC1 is able to antagonize
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NMD activated by EJCs or other mRNA-bound proteins, or
whether its function is restricted to long 3" UTRs.

Current models of NMD suggest that a translation termi-
nation event in the proximity of the poly(A) tail prevents
the interaction of UPF1 with eRF3a and therefore inhibits
NMD, whereas translation termination upstream of a long
3’ UTR enables the association of UPF1 with eRF3a and
activates NMD. In contrast to this model, we find that teth-
ered PABPC1 does not require the interaction with eRF3a,
but needs to bind to eIF4G to suppress NMD. Similar to
PABPCI, tethered eIF4G also inhibits NMD. Additionally,
mutants of elF4G lacking the binding region for PABPCI
either by deletion or point mutation are still able to suppress
NMD. These results suggest that binding of PABPC1 to
elF4G is at least partially dispensable for NMD suppression
by eIF4G. We suggest that tethering of eI[F4G downstream
from the termination codon establishes a link of the site of
translation termination to the 5 end of the mRNA and facil-
itates ribosome recycling in a PABPC1-independent manner.
Surprisingly, we also observe a strong suppression of NMD
by tethered eRF3a. This result was unexpected in light of
our PABPCI results, which demonstrate that eRF3a is
dispensable for NMD suppression by PABPC1. However,
we hypothesize that tethering of eRF3a enhances ribosome
recycling at the termination codon by the recruitment of
PABPC1, which explains the inhibition of NMD by eRF3a.
This hypothesis is supported by our observation that a mu-
tant of eRF3a (F76A), which is unable to interact with
PABPCI, is no longer able to inhibit NMD in the tethering
assay. Of note, additional binding partners of PABPC1 known
to compete with the interaction of eIF4G and eRF3a may be
involved in the regulation of NMD suppression, but were not
studied here. Furthermore, PABPC4 and eRF3b may confer
tissue-specific NMD suppression comparable to their homo-
logs PABPC1 and eRF3a, respectively (Chauvin et al. 2005;
Burgess et al. 2011). In summary, we have started to map
NMD-suppressing domains of e[F4G and eRF3a, but a pre-
cise identification of critical interactions will be required to
delineate the network of proteins that contribute to NMD
suppression.

The interaction of PABPC1 with eIF4G is thought to facil-
itate circularization of mRNAs, support ribosome recycling,
and initiate translation (Wells et al. 1998; Kahvejian et al.
2005; Amrani et al. 2008). These processes, albeit being
important for general translation, have not been previously
linked to NMD. Hence, we suggest a revised model of
NMD to include our findings (Fig. 7). According to this
model, closed loop formation of the mRNA via PABPCI-
eIF4G is important not only for translation initiation and
ribosome recycling, but also for the suppression of NMD
(Fig. 7A,C). We suggest that the interaction of PABPC1
with eRF3a establishes a branch connection from the site of
translation termination to the 5" end of the mRNA through
the eIF4G-PABPCI1 binding (Jackson et al. 2010). While
the interaction of PABPC1 with eIF4G stimulates the removal
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FIGURE 7. Model for a link between elF4G-mediated ribosome recy-
cling and NMD inhibition. (A) Normal translation termination and ri-
bosome recycling of a short 3’ UTR-containing mRNA is enabled by
PABPCI interacting with both eRF3a and eIF4G, thereby preventing
NMD. (B) Aberrant translation termination of long 3 UTR-containing
mRNAs activates NMD. The interaction of PABPCI with eRF3a is de-
creased due to a large physical distance, preventing efficient ribosome
recycling by elF4G. Consequently, UPF1 is postulated to interact with
eRF3a and elicit NMD. (C) Tethered PABPCI1 inhibits NMD of a
long 3’ UTR-containing substrate by bringing eIF4G in close proximity
to the terminating ribosome. This proximity promotes a proper trans-
lation termination event and facilitates ribosome recycling, thereby
antagonizing NMD activation.

of ribosomes from the site of termination, the inability to
remove a ribosome after termination serves as an NMD acti-
vating signal and enables the recruitment of the NMD ma-
chinery to the position of the termination codon (Fig. 7B).
This is in line with previous reports implicating that PTCs
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differ from normal termination codons most likely in the rate
of ribosome dissociation subsequent to peptide hydrolysis
(Kervestin and Jacobson 2012). We propose that the inability
to recycle ribosomes is a stochastic event that can occur dur-
ing every round of translation termination and no difference
whatsoever is expected between different modes of transla-
tion initiation (Durand and Lykke-Andersen 2013; Rufener
and Muhlemann 2013). While it is conceivable that many ab-
errant mRNAs are efficiently recognized during the first ter-
mination event, the correct position of the termination
codon will be monitored during every translation cycle and
serves to eliminate mRNAs that once escaped decay. Hence,
the continuous recycling of ribosomes via mRNA circulariza-
tion at the termination codon may represent a main mecha-
nism to prevent the degradation of mRNAs with short 3’
UTRs. The precise molecular signal that recruits the surveil-
lance complex to the site of termination still remains to be
determined. UPF1 likely represents the factor that directly in-
terprets the signals of terminating ribosomes, either via a di-
rect interaction with the ribosome (Min et al. 2013) or by
communicating with the eukaryotic release factors (Ivanov
et al. 2008; Singh et al. 2008). However, it is unclear how
phosphorylation of UPFI is activated in the absence of a
downstream EJC (Kashima et al. 2006). While our work
complements the current model of NMD with an important
role of the eRF3a-PABPC1-elF4G interaction, the molecular
function of many additional factors involved in NMD, such
as components of the EJC, still needs to be integrated.

MATERIALS AND METHODS

Plasmids constructs

Plasmid constructs p-globin, WT300+e3, pCI-FLAG, pCI-MS2V5,
pCI-mVenus, pCI-TPI, and expression vectors for PABPCI and
eIF4G were described previously (Gehring et al. 2005, 2009; Hunds-
doerfer et al. 2005; Ivanov et al. 2008; Steckelberg et al. 2012). The
modification of pCI-TPI with four copies of binding sites for the
heterologous probe used in Northern blot analysis, as well as the in-
sertion of the SMG5 3’ UTR and 4MS2 binding sites in the 3" UTR
of TPI were described elsewhere (V Boehm, N Haberman, F Ottens,
J Ule, and NH Gehring, in prep.). Using the same cassette cloning
strategy, the MINX splicing cassette was introduced in the vectors
(TPI-4MS2-MINX-SMG5, TPI-MINX-4MS2-SMG5). Deletion
and point mutants of PABPCI, eRF3a and eIlF4G were generated
by PCR, cloned in the designated expression vector, and verified
by sequencing.

siRNA transfections

HeLa cells were grown in 6-cm plates and transiently transfected
with 300 pmol siRNA using Lipofectamine RNAIMAX (Life Tech-
nologies). At 24 h post-transfection the cells were transferred to
10-cm plates and 1 d later transfected again with 600 pmol siRNA.
The following siRNA target sequences were used for Luciferase 5'-
AACGTACGCGGAATACTTCGA-3', for SMG6 5'-AAGGGTCAC

1590 RNA, Vol. 20, No. 10

AGTGCTGAAGTA-3, for UPF1 5-AAGATGCAGTTCCGCTCC
ATT-3’, and for UPF2 5'-CACGTTGTGGATGGAGTGTTA-3'".

Plasmid transfections

HeLa cells were grown in 6-well plates or transferred 1 d after siRNA
transfection to 6-well plates and transfected by calcium phosphate
precipitation with 0.3 ug of a mVenus expression plasmid, 0.5 pg
control plasmid (B-globin or WT300+e3), and 2 pg plasmid encod-
ing for reporter mRNA. For tethering or overexpression of tagged-
protein, 0.8 ug of the FLAG- or MS2V5 expression plasmid was in-
cluded in the transfection mix. For mRNA half-life experiments,
cells were incubated with medium supplemented with 5 ug/mL
Actinomycin D for 3 or 6 h prior to harvesting.

RNA extraction and Northern blotting

Total RNA was extracted with Isol-RNA Lysis Reagent (5SPRIME)
and analyzed by Northern blotting as described (Gehring et al.
2009). Signals were quantified using a Typhoon Trio (GE
Healthcare).

Immunoblot analysis

SDS-PAGE and immunoblot analysis was performed using protein
samples derived from Isol-RNA Lysis Reagent extractions. The
antibodies against tubulin (T6074) and FLAG (F7425) were from
Sigma, the antibody against V5 (18870) was from QED Bioscience,
the antibodies against GFP (ab290) and SMG6 (ab87539) were from
Abcam, and the antibodies against UPF1 and UPF2 were kindly pro-
vided by Jens Lykke-Andersen.

Expression and purification of recombinant proteins

Strep-tagged PABPCI1 wild type and mutants, GST-tagged PABPC1
1-496 and N-terminally GST-, C-terminally FLAG-tagged eRF3a
and elFAG constructs were expressed in E. coli Rosetta 2. Cells
were grown to exponential phase in LB medium (ODgg = 0.6-0.8)
and expression was induced with 0.2 mM IPTG overnight at 20°
C. Strep-tagged proteins were purified via affinity chromatography
using StrepTactin Superflow Plus columns (Qiagen). GST-tagged
proteins were purified via affinity chromatography using GSTrap
columns (GE Healthcare) followed by size exclusion chromatogra-
phy using a Superdex 200 10/300 GL column (GE Healthcare). Cell
lysis was performed in 40 mM Tris (pH 7.8), 250 mM NaCl with
protease inhibitors (Protease inhibitor cocktail [Sigma], and 1 mM
PMSF). All constructs were stored in 40 mM Tris (pH 7.8) and
150 mM NaCl.

In vitro pull-down analysis

Three hundred picomoles of FLAG-tagged proteins (eIF4G 84-294
or eRF3a) were incubated with 250 pmol PABPC1 constructs in a
final volume of 400 pL binding buffer (25 mM HEPES at pH 7.8;
150 mM NaCl; 2 mM MgCl,; 0.1% NP-40; 0.01% Triton X-100)
in the presence of magnetic beads coupled to anti-FLAG antibodies
(M2 magnetic beads; Sigma). After incubation for 2 h at 4°C, beads
were washed twice with 500 uL wash buffer (25 mM HEPES at pH
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7.8; 300 mM NaCl; 2 mM MgCl,; 0.1% NP-40; 0.2% Triton X-100)
and coprecipitated proteins were eluted with 1x SDS loading buffer.
10% of the protein mix was used as input control, all samples were
separated on 12% SDS—polyacrylamide gels and stained with
Coomassie Brilliant Blue.
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