SMG-8 and SMG-9, two novel subunits of
the SMG-1 complex, regulate remodeling
of the mRNA surveillance complex during
nonsense-mediated mRNA decay
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Nonsense-mediated mRNA decay (NMD) is a surveillance mechanism that detects and degrades mRNAs
containing premature translation termination codons (PTCs). SMG-1 and Upfl transiently form a surveillance
complex termed “SURF” that includes eRF1 and eRF3 on post-spliced mRNAs during recognition of PTC. If an
exon junction complex (EJC) exists downstream from the SURF complex, SMG-1 phosphorylates Upfl, the step
that is a rate-limiting for NMD. We provide evidence of an association between the SURF complex and the
ribosome in association with mRNPs, and we suggest that the SURF complex functions as a translation
termination complex during NMD. We identified SMG-8 and SMG-9 as novel subunits of the SMG-1 complex.
SMG-8 and SMG-9 suppress SMG-1 kinase activity in the isolated SMG-1 complex and are involved in NMD in
both mammals and nematodes. SMG-8 recruits SMG-1 to the mRNA surveillance complex, and inactivation of
SMG-8 induces accumulation of a ribosome:Upf1:eRF1:eRF3:EJC complex on mRNP, which physically bridges the
ribosome and EJC through eRF1, eRF3, and Upfl. These results not only reveal the regulatory mechanism of SMG-1
kinase but also reveal the sequential remodeling of the ribosome:SURF complex to the predicted DECID (DECay
InDucing) complex, a ribosome:SURF:EJC complex, as a mechanism of in vivo PTC discrimination.

[Keywords: NMD; mRNA surveillance; UPF1; SMG-1; PIKK; translation termination; mRNP remodeling]
Supplemental material is available at http://www.genesdev.org.

Received November 25, 2008; revised version accepted March 23, 2009.

Translation termination involves recognition of a stop
codon, followed by release of peptidyl-tRNA and recy-
cling of the ribosome. These processes have been impli-
cated in the recognition of premature termination codons
(PTCs) during nonsense-mediated mRNA decay (NMD),
a surveillance mechanism that ensures cellular mRNA
quality. PTCs are generated by one-fourth of all muta-
tions causing human genetic disease, and cancers often
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exhibit abnormal transcription and mRNA processing
(Holbrook et al. 2004; Jaillon et al. 2008). Thus, NMD
likely protects cells from accumulation of potentially
harmful C-terminally truncated proteins encoded by
PTC-containing mRNAs (Conti and Izaurralde 2005;
Amrani et al. 2006; Kuzmiak and Maquat 2006; Chang
et al. 2007). In some cases, truncated proteins retain at
least some of their normal function, and the selective
inhibition of NMD provides a novel strategy to rescue the
mutant phenotype of certain PTC-related mutations
(Pulak and Anderson 1993; Cali and Anderson 1998;
Usuki et al. 2004, 2006; Welch et al. 2007).

PTCs are recognized during NMD by successive re-
modeling of a “surveillance complex,” a putative substance
that discriminates PTC-containing mRNAs from normal
mRNAs and triggers degradation of PTC-containing
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mRNAs. In a current model of PTC recognition in mam-
mals, a surveillance complex termed “SURF” because it
contains SMG-1, Upfl, eRF1, and eRF3 assembles first
during translation termination. If an exon junction com-
plex (EJC) is located 50-55 or more nucleotides down-
stream from the termination codon, the SURF complex
physically associates with the downstream EJC through
Upf2 and Upf3 on post-spliced mRNPs that also contain
CBP20, a marker of the initial round of translation. A
proper association between SURF and the EJC guarantees
that the termination codon is recognized as a PTC, and
this “judgment” is followed by phosphorylation of Upfl
by its kinase SMG-1. Upfl phosphorylation is a rate-
limiting step during NMD (Yamashita et al. 2001, 2005;
Ohnishi et al. 2003; Kashima et al. 2006).

The above model predicts that PTC recognition occurs
during ribosome-mediated mRNA translation, that re-
modeling of the surveillance complex occurs during ter-
mination, and that SMG-1 kinase activity is tightly
regulated during these processes. The physical associa-
tion between SURF and the EJC has not been demon-
strated, and important aspects of the model have not been
demonstrated.

SMG-1 is a member of the family of phosphatidylino-
sitol 3-kinase-related protein kinases (PIKKs) that play
central roles in cell growth and stress response pathways.
In addition to NMD, SMG-1 has been shown to be
involved in genotoxic and oxidative stress response path-
ways (Brumbaugh et al. 2004; Gehen et al. 2008) and
TNFa-induced apoptosis (Oliveira et al. 2008) as other
members of the PIKK family, ATM (ataxia telangiectagia
mutated) and ATR (ATM- and Rad3-related) (Shiloh
2003). Although these observations raise the question as
to the similarity and difference between SMG-1 and
other PIKKs, the nature and the regulatory mechanism
of SMG-1 kinase remains poorly understood.

We report here identification of two novel NMD
regulators, SMG-8 and SMG-9. Both are tightly associated
with SMG-1 to form the SMG-1 complex, and both are
conserved among metazoa. SMG-8 and SMG-9 are novel
components of the SURF complex, which associates with
ribosomes on mRNPs during translation termination and
NMD. We demonstrate that SMG-8 and SMG-9 suppress
SMG-1 kinase activity in the isolated SMG-1 complex,
suggesting that they regulate SMG-1 during remodeling
of the surveillance complex. SMG-8 is additionally re-
quired to recruit SMG-1 to the surveillance complex
where SMG-1 kinase should be activated. These two
regulatory mechanisms can explain how SMG-1 kinase
is suppressed until SURF associates with EJC. Moreover,
depletion of SMG-8 causes the accumulation of the
ribosome:Upfl:eRF1:eRF3:EJC complex on mRNPs. This
indicated not only the abortive interaction between the
ribosome:Upfl:eRF1:eRF3 complex and EJC in the ab-
sence of the SMG-1 complex but also the importance of
the interaction between the SMG-1 complex and EJC.
Both of these two independent protein—protein interac-
tions are likely required for the formation of the pre-
viously predicted DECID complex, which connects the
PTC with the exon-exon junction to distinguish termi-
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nation codons as premature. Our results identify mech-
anisms important not only for distinguishing PTCs from
normal termination codons but also for aspects of normal
translation termination.

Results

Identification of novel components
of the SMG-1 complex

Gel filtration column chromatography indicated that
SMG-1 elutes more quickly than expected from its molec-
ular weight, suggesting that it forms a stable protein com-
plex (data not shown). We therefore immunoprecipitated
SMG-1 from HeLa TetOff cell lysates and established that
SMG-1 copurifies with at least two proteins, pp130 and
pp60. As shown in Figure 1A, when SMG-1 immunopre-
cipitates were incubated with **P y-ATP in a buffer
favorable for kinases, 32P was incorporated into the 130-
kDa (pp130) and 60-kDa (pp60) bands in addition to being
incorporated into SMG-1 itself (pp400) by autophosphor-
ylation. We obtained similar results using three indepen-
dent anti-SMG-1 antibodies (Fig. 1A; data not shown).
These results suggest that SMG-1 forms a large complex,
which we term “SMGIC” (SMG-1 complex), and that
both pp130 and pp60 are components of SMG1C. Similar
immunoprecipitation/autophosphorylation experiments
using cell lysates fractionated by anion exchange column
chromatography confirmed the tight association of these
three proteins and established that this association was
not shared with other members of the PIKK family
kinases (Supplemental Fig. 1). The sensitivities of in vitro
pp130 and pp60 phosphorylation to Mn?* ions, wortman-
nin, and caffeine suggest that phosphorylation of pp130
and pp60 is mediated by the intrinsic kinase activity of
SMG-1 (Supplemental Fig. 2).

Silver-stained proteins that copurify with SMG-1 fol-
lowing immunoprecipitation with our SMG-1-N anti-
body are shown in Figure 1B. Both ppl30 and pp60,
which comigrates with IgG signals, are evident. Peptide
mass fingerprinting analysis of these bands identified
ppl30 and pp60 as proteins FLJ23205 and FLJ12886,
respectively. Because the 75-kDa band did not copurify
with SMG-1 using other anti-SMG-1 antibodies, it is
most likely a cross-reacting protein revealed only by the
SMG-1-N antibody. FLJ23205 is a previously uncharac-
terized putative protein of 991 amino acids (Fig. 1C)
whose gene maps to human chromosome 17q22. The
predicted protein does not contain any significant protein
motifs using public databases and available motif search-
ing programs. Blast searches revealed putative orthologs
in many metazoan genomes but not in the yeast and
Arabidopsis thaliana genome. Alignment of ppl30
across species defined two highly conserved regions (Fig.
1C; Supplemental Fig. 3). Because of its conservation and
because the Caenorhabditis elegans ortholog of pp130 is
involved in nematode NMD (see below), we refer to
ppl30 as “SMG-8.” FLJ12886 is a previously uncharac-
terized putative protein of 520 amino acids (Fig. 1C)
whose gene maps to human chromosome 19q13.31. We
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term the pp60 protein “SMG-9.” The central region of
SMG-9 is a putative NTPase domain (Fig. 1C; Supple-
mental Fig. 4). Like SMG-8, SMG-9 is conserved among
metazoans but is not found in yeast and A. thaliana.
To characterize SMG-8 and SMG-9, we raised antibodies
against SMG-8 and SMG-9 (Supplemental Fig. 5) and
investigated the presence of SMG-8 and SMG-9 in
the SMGIC. Three different anti-SMG-1 antibodies spe-
cifically coimmunoprecipitated SMG-8 and SMG-9
with SMG-1 in the presence of RNase (Fig. 1D). Thus,
both SMG-8 and SMG-9 form a complex with SMG-1.
Tandem immunoprecipitation analysis further con-
firmed that SMG-8 and SMG-9 are ppl30 and pp60,
respectively. Following denaturation by 2% SDS and
dilution to 0.2% SDS of anti-SMG-1 immune complexes
that had been phosphorylated in vitro, the anti-SMG-8
antibody recovered ppl130 but not pp400 or pp60 (Fig.
1E, top panel). Parallel experiments with the anti-SMG-9
antibody recovered pp60 but not pp400 or ppl30 (Fig.
1E, lower panel). Similarly, the anti-SMG-1 antibody
recovered pp400 but not ppl30 or pp60 (Fig. 1E).
The anti-SMG-7 antibody, anti-SMG-5 antibody, anti-
Upf3a antibody, normal rabbit immunoglobulin G
(NRIgG), and normal rabbit serum (NRS) failed to recover
any signals (Fig. 1E; data not shown). To confirm the tight

NRIgG
SMG-9

PTC recognition complex during NMD

Figure 1. Identification of SMG-8 and SMG-9,
subunits of the SMG-1 complex (SMGIC). (A)
HelLa cell lysates were immunoprecipitated with
anti-SMG-1 antiserum (C or L) (Yamashita et al.
2001) or with preimmune serum (C preim. or L
preim.). In vitro kinase reactions were then per-
formed without substrates. (B) HeLa cell extracts
were subjected to immunoprecipitation with
anti-SMG-1-N antibody (Yamashita et al. 2001)
or normal rabbit IgG (NRIgG). Coprecipitated
proteins were detected by silver staining follow-
ing SDS-PAGE. The signals indicated by arrows
were analyzed by mass spectrometry. Asterisk
indicates the SMG-1-N antibody background pre-
cipitation. (C) Schematic representation of SMG-
8 and SMG-9. Gray boxes indicate conserved
regions (CR) among metazoans. (D) HeLa TetOff
cell extract was subjected to immunoprecipitation
with three different anti-SMG-1 antisera (C, L, or
N) or NRS. Immunoprecipitates were probed with
the antibodies indicated. (E) HeLa TetOff cell
extract was subjected to immunoprecipitation
with anti-SMG-1-C antiserum or NRS. In vitro
kinase reactions were performed with recovered
immunocomplexes. After the kinase reactions,
complexes were denatured in 2% SDS and then
diluted 10-fold. Denatured proteins were sub-
jected to the second immunoprecipitation with
the antibodies indicated. Phosphorylated proteins
were detected by autoradiography following SDS-
PAGE. Schematic representation of this experi-
ment is illustrated on the left. (F) HeLa TetOff
cell lysates were immunoprecipitated with anti-
SMG-9 antibody or NRIgG. Both immunoprecip-
itate (IP) and unbound fractions (Unb) were ana-
lyzed using the antibodies indicated.
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association of SMG-8 and SMG-9 with SMG-1, we
performed immunoprecipitation and immunodepletion
experiments using our anti-SMG-9 antibody. As shown in
Figure 1F, SMG-1 and SMG-8 copurified with immuno-
precipitated SMG-9. Intriguingly, under conditions that
immunoprecipitate almost all SMG-9 from cell extracts,
the majority of both SMG-1 and SMG-8 are coimmuno-
precipitated (Fig. 1F, unbound fractions). The tight asso-
ciations among the SMGIC components are also
supported by the coimmunoprecipitation of SMG-8 and
SMG-9 with Flag-SMG-1 in non-RNase-treated cytoplas-
mic fractions and in RNase-treated cytoplasmic and
nuclear fractions (Supplemental Fig. 6). This is in contrast
to Upfl and Upf2, which are not coimmunoprecipitated
in the nuclear fraction.

SMG-8 directly regulates SMG-1 kinase activity

SMG-1-mediated Upfl phosphorylation is essential for
NMD, suggesting that the kinase activity of SMG-1 is
tightly regulated during remodeling of the surveillance
complex (Yamashita et al. 2001; Ohnishi et al. 2003;
Grimson et al. 2004; Kashima et al. 2006). The tight
association of SMG-1 with SMG-8 and SMG-9 raises the
possibility that they regulate SMG-1 kinase activity. To
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evaluate this possibility, we immunopurified the SMG1C
from cells in which either SMG-8 or SMG-9 had been
depleted by RNAi and investigated which proteins cop-
urified with it and assessed the kinase activity of SMGI1C.
We used high stringency wash conditions that eliminated
detectable Upfl and SMG-7 from the immunoprecipitates
(Morita et al. 2007). SMG-1 immunoprecipitates pre-
pared from cells depleted of SMG-9 copurified with
significantly reduced quantities of both SMG-9 and
SMG-8 (Fig. 2A). On the other hand, SMG-1 immunopre-
cipitates prepared from cells depleted of SMG-8 copuri-
fied with unchanged amounts of SMG-9 (Fig. 2A). These
results indicate that SMG-9 is required for association
of SMG-1 with SMG-8. SMG-1 kinase activity using GST-
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Figure 2. SMG-8 is an inhibitor of SMG-1 kinase. (A) HeLa
TetOff cells were transfected with the siRNAs indicated. SMG-1
complexes were immunoprecipitated with anti-SMG-1-C anti-
serum and analyzed by Western blotting. (NS) Nonsilencing
siRNA; (pre-im) preimmune serum. (B) In vitro kinase assay
with SMG-1 immunoprecipitates as the kinase source and GST-
S1096 (GST fusion peptide containing Ser1096 of Upfl) as the
substrate. (C) Quantification of the phosphorylation level of
GST-S1096 in vitro. Relative values against NS-treated control
are shown. Mean values *= SD from three independent experi-
ments are shown.
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Upf1-S1096 as a substrate (Yamashita et al. 2001) was
greatly increased in SMG1Cs purified from cells depleted
of SMG-8 (Fig. 2B,C). Thus, SMG-8 plays a role as an
inhibitor of SMG-1 kinase activity in the isolated SMG-1
complex. SMG-1 kinase activity purified from cells de-
pleted of both SMG-8 and SMG-9 is reduced in com-
parison with SMG1Cs that contain SMG-9 but not SMG-
8 (Fig. 2B,C), suggesting that SMG-9 is a positive regula-
tor of SMG-1 kinase activity. However, because SMG-9
is required for the association of SMG-1 and SMG-8,
SMG-9 probably functions together with SMG-8 as an
inhibitor of SMG-1 kinase activity. We obtained sim-
ilar results using purified full-length HA-Upfl as the
SMG-1 substrate (data not shown). Additionally, we
observed that the SMG-1-mediated phosphorylation of
SMG-9 was decreased in cells depleted of SMG-8 in vitro
(Fig. 2B).

SMG-8 and SMG-9 are involved
in the ribosome:SURF complex

Tight association of SMG-8 and SMG-9 with SMG-1
suggests that they function as part of the mRNA surveil-
lance complex. To evaluate this possibility, we employed
a mutant Upfl protein (Upf1-C126S) that loses the ability
to bind to Upf2 and, hence, the EJC in vivo (Kashima et al.
2006). Upfl-C126S freezes the surveillance complex,
resulting in accumulation of the SURF complex (Kashima
et al. 2006). HA-tagged wild-type Upfl or HA-Upf1-C126S
were expressed in HeLa TetOff cells and immunopurified
using an anti-HA affinity matrix in the presence of
RNase. As expected, Upfl1-C126S copurified with greater
amounts of SMG-8, SMG-9, and SMG-1 compared with
wild-type Upfl, and failed to copurify with Upf2 and Y14,
an EJC component (Fig. 3A). These results strongly in-
dicate that SMG-8 and SMG-9 are components of the
SURF complex.

PTCs have been assumed to be recognized by ribo-
somes during translation termination (Belgrader et al.
1993), and mRNA surveillance complex expected to
associate with ribosome but little direct evidence sup-
ports this. We therefore investigated whether ribosomal
proteins associate with the Upf1-C126S complex in the
presence of cycloheximide, which stabilizes 80S ribo-
somes on mRNAs in vitro and prevents their dissociation
during immunoprecipitation (Baliga et al. 1969). Upfl-
C126S copurified with increased amounts of ribosomal
proteins rpL7a, rpL11, rpS3, and rpS6 and with SURF
components eRF3 and SMG-1 compared with wild-type
Upfl (Fig. 3A,B). As expected, Upfl1-C126S failed to pre-
cipitate Upf2 (Fig. 3B). These results suggest a physical
association between the SURF complex and the ribo-
some. To confirm this, we investigated associations of
ribosomal proteins with the Upfl complex under the
condition of Y14 depletion, which is known to cause
accumulation of the SURF complex most likely via dis-
ruption of EJC (Kashima et al. 2006). We immunopurified
endogenous Upfl in the presence of RNase and cyclohex-
imide using the mouse monoclonal anti-Upfl antibody
5C3 (Supplemental Fig. 7). After immunoprecipitation,
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Figure 3. SMG-8 and SMG-9 are compo-
nents of the mRNA surveillance complex.
(A,B) Schematic structure of the Upfl-
C126S mutant (A, top panel). HeLa TetOff
cells were transfected with plasmids
encoding wild-type HA-Upfl (WT) or HA-
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were probed with the antibodies shown on
the Ieft. (C,D) HeLa TetOff cells were trans-
fected with siRNAs shown above the blots.
The cell extracts (input) were immunopre-
cipitated (IP) with anti-Upfl (5C3) antibody
or with normal mouse IgG (NMIgG) in the
presence of RNase and cycloheximide (C)
or in the presence of cycloheximide, and
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nuclease (MN) (D). Input (the NS siRNA-
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Upfl immune complexes were eluted with the Upfl-
peptide antigen. As expected, ribosomal proteins rpL11
and rpS6 were concentrated in the immune complexes of
Y14-depleted cell extracts (Fig. 3C). These results
strongly suggest that the SURF complex physically asso-
ciates with ribosomes. Additionally, we identified eu-
karyotic elongation factor 2 (eEF2) in immunoprecipitates
of Upfl (Supplemental Fig. 7), suggesting that eEF2 is
involved in post-translation termination (Demeshkina
et al. 2007). We therefore investigated whether eEF2
copurifies with the SURF complex. As expected, immuno-
precipitation of Upfl-C126S or Upfl from Y14-depleted
extracts copurified with larger amounts of eEF2 than
immunoprecipitation of wild-type Upfl or Upfl from
control cells (Fig. 3B,C). These results indicate that
eEF2 is also a component of the ribosome:SURF complex,
although the accumulation of eEF2 was not as significant
as that of ribosomal proteins.

We next tested whether the ribosome:SURF complex
is associated with mRNPs. We immunopurified endoge-
nous Upfl from total cell extracts of HeLa TetOff cells
that had been treated with nonsilencing (NS) or Y14-
silencing siRNAs in the presence of cycloheximide.
Immunoprecipitates were incubated for 30 min at 25°C
with or without micrococcal nuclease, after which Upfl-
containing complexes were eluted using the Upfl-peptide
antigen. As shown in Figure 3D, significant enrichments
of PABPCI, the cytoplasmic poly(A)-binding protein,
CBP20, and CBP80, nuclear cap-binding proteins, were
observed in Upfl immunoprecipitates of Y14-depleted

cell extracts. The association between Upfl and PABPCI,
CBP20, and CBP80 was significantly decreased by micro-
coccal nuclease treatment, confirming that the riboso-
me:SURF complex is formed on mRNPs (see Fig. 3E).

Depletion of SMG-8 causes a ribosome:Upf1:eRF1:
eRF3:EJC complex to accumulate on mRNPs

Our current model suggests that the ribosome:SURF
complex interacts with the EJC after recognition of
a termination codon (Fig. 8, below). To clarify the role
of SMG-8 and SMG-9 in this process, we investigated
whether SMG-8 and SMG-9 associate with the EJC. We
immunoprecipitated Y14 from RNase treated HeLa-
TetOff cell extracts and tested whether it copurifies with
SMG-8, SMG-9, and other EJC- or NMD-related proteins.
Our results demonstrate that SMG-8, SMG-9, SMG-1,
elF4A3, and Magoh, but not PABPCI or B-actin, copurify
with Y14 in the presence of RNase (Supplemental Fig. 8).
Additionally, immunoprecipitation of SMG-8 or SMG-9
expressed exogenously following transfection copurified
with endogenous EJC components (data not shown).
These results indicate that SMG-8 and SMG-9 can as-
sociate with the EJC.

Because SMG-8 and SMG-9 associate with SMG-1 in
the SURF complex and interact with the EJC (Fig. 3A;
Supplemental Fig. 8), we investigated whether SMG-8
and SMG-9 influence the association of SMG-1 with Upfl
and/or the EJC. We immunoprecipitated endogenous
SMG-1 from cell extracts that had been depleted of
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SMG-8 or SMG-9 in the presence of RNase and analyzed
the amount of copurifying Upfl. Compared with a NS
control, depletion of SMG-8 or SMG-9 slightly enhanced
the amount of copurifying Upfl (Fig. 4A). Similar results
were observed following immunoprecipitation of exoge-
nously expressed Flag-tagged SMG-1 (Supplemental Fig.
9). However, the amount of copurifying EJC components,
elF4A3 and Magoh, with SMG-1 was decreased in SMG-
8- or SMG-9-depleted cell extracts (Fig. 4B). These results
suggest that SMG-8 and SMG-9 are involved in the
association of SMG-1 with the EJC. To further evaluate
this, we investigated protein components of the Y14 im-
munoprecipitates in HeLa-TetOff cell extracts depleted
for SMG-8 or SMG-9 and in the presence of RNase. Sim-
ilar to results described above, following immunoprecip-
itation of SMG-1, immunoprecipitation of Y14 copurified
with significantly reduced quantities of SMG-1 and SMG-9
in SMG-8-depleted extracts (Fig. 4C).

The amount of Upfl that copurifies with immunopre-
cipitated Y14 or SMG-1 increased in SMG-8-depleted cell
extracts (Fig. 4A,C), although the association between
SMG-1 and EJC decreased in the SMG-8 depleted condi-
tion (Fig. 4B,C). These results suggest that at least two
Upfl-complexes exist in the absence of SMG-8: one con-
taining SMG-1 and SMG-9, and another containing the

1096 GENES & DEVELOPMENT

EJC but not SMG-1 and SMG-9. This suggests that a
complex between the ribosome, Upfl, and the EJC forms
in the absence of the SMGI1C. To test this possibility, we
investigated whether ribosomal proteins, eRF1, eRF3,
and Upf2 copurify with Y14 from SMG-8-depleted cell
extracts. Intriguingly, the ribosome:SURF components
rpL11, rpS16, eRF1, eRF3, and Upf2 were enriched in
Y14 immunoprecipitates (Fig. 4C). These results provide
the first evidence for a physical interaction between
the ribosome and the EJC, probably through Upfl. To
further confirm this, we investigated the Upfl immuno-
precipitates in extracts of HeLa-TetOff cells treated with
siRNAs targeting SMG-1, SMG-8, SMG-9, or NS siRNAs
in the presence of RNase. Consistent with the results
described above, increased amounts of ribosomal pro-
teins rpL7a and rpS6 and EJC components Upf2 and
Upf3b copurified with Upfl in RNase-treated extracts
depleted of SMG-8 or SMG-1 (Fig. 4D). We next investi-
gated whether the ribosome:Upfl:eRF1:eRF3:EJC com-
plex forms on mRNPs. We immunopurified endogenous
Upfl from extracts of HeLa TetOff cells depleted of Upfl
or SMG-8 and incubated the immunoprecipitates for 30
min at 25°C with or without micrococcal nuclease. We
then eluted Upfl with the Upfl-peptide antigen, and deter-
mined whether the mRNP markers PABPC1 and CBP80



copurified with Upfl in an RNA-dependent manner. As
shown in Figure 4E, increased amounts of PABPCI and
CBP80 copurify with the Upfl complex in SMG-8-depleted
cell extracts, but only in extracts not treated with micro-
coccal nuclease. These results indicate that depletion of
SMG-8 causes accumulation of a ribosome:Upfl:eRF1:
eRF3:EJC complex on mRNPs. Our model is depicted in
Figure 4F.

SMG-9 siRNA treatment did not significantly alter the
coprecipitation of analyzed proteins in the Y14 or Upfl
immunoprecipitates (Fig. 4C,D), except for decreasing
association of SMG-1 and SMG-8 in the Y14 immuno-
precipitates (Fig. 4B,C).

SMG-8 is required for phosphorylation of Upf1
by SMG-1 in vivo

Although SMG-8 suppresses SMG-1 kinase activity in
isolated SMG-1 complex (Fig. 2), accumulation of a
ribosome:Upf1l:eRF1:eRF3:EJC:mRNP complex that does
not contain SMG-1 in SMG-8-depleted cell extracts
suggests that SMG-8 additionally functions to recruit
the SMGIC to ribosomes stalled at PTCs. We demon-
strated previously that Upfl phosphorylation occurs on
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Figure 5. SMG-8 is required for SMG-1-mediated Upfl phos-
phorylation in vivo. (A) HeLa TetOff cell lysates transfected
with the siRNAs shown above the blots were analyzed by
Western blotting with the antibody probes indicated. Anti-P-
Upfl antibody recognizes phosphorylated Ser1078 and Ser1096
residues of Upfl. (B) HeLa TetOff cells were treated with the
siRNA indicated above the blot and subsequently transfected
with plasmid expressing CBP-SMG-8r harboring a silent muta-
tion in the siRNA targeting site. Cell lysates were analyzed by
Western blotting with the antibodies indicated and the relative
values of phospho-Upfl, normalized to Upfl signals, were
plotted. (A,B, right panels) Mean values = SD from three in-
dependent experiments are shown.

PTC recognition complex during NMD

post-spliced mRNAs (Kashima et al. 2006). SMG-8 de-
pletion, therefore, should reduce Upfl phosphorylation in
vivo. To test this, we inhibited expression of SMG-8 or
SMG-9 in HeLa TetOff cells using siRNAs and evaluated
phospho-Upfl levels. As expected, SMG-8 knockdown
reduced the amount of phospho-Upfl (Fig. 5A). Similar
results were obtained using a different siRNA targeted
to SMG-8 (Supplemental Fig. 10). Coexpression of an
siRNA-resistant SMG-8 restored phospho-Upfl levels
(Fig. 5B). In contrast, depletion of SMG-9 caused an
increase in the amount of phospho-Upfl (Fig. 5A).

SMG-8 and SMG-9 are required for mammalian NMD

As described above, SMG-8 knockdown caused defects
in remodeling of the mRNA surveillance complex and
reduced Upfl phosphorylation in vivo. SMG-9 knock-
down caused increased accumulation of phosho-Upfl. If
these remodeling steps and the cycles of Upfl phosphor-
ylation are important for NMD, SMG-8 or SMG-9 knock-
down should inhibit NMD. To test this hypothesis, we
silenced expression of SMG-8 and SMG-9 and measured
the half lives of PTC-containing B-globin reporter
mRNAs (Fig. 6A). We transfected HeLa TetOff cells with
either a wild-type or a PTC-containing p-globin reporter
along with the indicated siRNAs. Cells were treated with
doxycycline to repress reporter gene transcription and
the half-lives of B-globin reporter mRNAs were mea-
sured. Depletion of SMG-1, SMG-8, or SMG-9 stabilized
PTC-containing B-globin mRNAs (Fig. 6B) but had no
effect on the half-life of wild-type mRNAs (Fig. 6C). NS
control siRNAs had no effect on either transcript. The
half-lives (t,/,) of PTC-mRNAs were estimated to be 140
+ 8.9 min for the NS control, 195.6 + 6.9 min following
SMG-8 depletion, 199.5 = 7.4 min following SMG-9
depletion, and >240 min following SMG-1 depletion.
The half-lives of PTC-containing B-globin mRNAs are
statistically significant compared with the control in the
SMG-8 depletion (P = 0.0135) and SMG-9 depletion (P =
0.0005), respectively. To further confirm the require-
ments of SMG-8 and SMG-9 for NMD in mammals, we
assessed the accumulation of endogenous GAS5 mRNA,
a natural target of NMD (Ideue et al. 2007), in SMG-8,
SMG-9, or SMG-8/SMG-9 double knockdown cytoplas-
mic cell extracts. As shown in Figure 6D, the accumula-
tion of GAS5 mRNA was observed by SMG-1 (3.8-fold),
SMG-8 (2.9-fold), SMG-9 (2.6-fold), or SMG-8/SMG-9
(threefold) knockdown. All tested proteins were effi-
ciently depleted after siRNA transfection (data not
shown).

To exclude the possibility that the suppression of Upfl
phosphorylation and of NMD by SMG-8 knockdown is
due to inhibition of translation (Carter et al. 1995), we
established a luciferase-based reporter assay to analyze
NMD (Supplemental Fig. 11). Knockdown of SMG-8,
Upfl, or SMG-6 increased NMD-sensitive luciferase
activity, which requires translation (Fig. 6E). No signif-
icant effects were observed on the NMD-insensitive
luciferase activity (Fig. 6F). All tested proteins were
efficiently depleted after siRNA transfection (data not
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Figure 6. SMG-8 and SMG-9 are required for NMD in mammalian cells. (A) Schematic structure of the B-globin gene (BGG) wild-type
(WT)/PTC reporter plasmid used for the half-life assay. The ORF is represented by boxes and introns and UTRs are represented by lines.
(B-D) HeLa TetOff cells were transfected with the siRNAs indicated and simultaneously transfected with Tet-inducible BGG PTC (B) or
with BGG wild-type (C) reporter plasmid. After the addition of doxycycline to repress the transcription of reporter plasmids, total RNAs
prepared at the times indicated were analyzed by Northern blotting using B-globin or GAPDH c¢DNA probes. The quantities of BGG
mRNA, normalized to GADPH signals, were plotted (T1/2: half-life). (B,C) Mean values + SD from three independent experiments are
shown. (D) Forty-eight hours after siRNA transfection, cytoplasmic RNAs were prepared and analyzed by Northern blotting using
GAS5 or GAPDH cDNA probes. (E,F) HeLa TetOff cells were transfected with the siRNAs together with plasmids expressing firefly
luciferase based NMD reporter (E) or control reporter (F) and renilla luciferase plasmids and subjected to luciferase assay. Relative firefly
luciferase activities, which were normalized by renilla luciferase activities, are shown graphically. Mean values = SD from three
independent experiments are shown. (G) HeLa TetOff cells transfected with the plasmids indicated above. Thirty-three hours after
transfection, cells were lysed and analyzed by Western blotting with the indicated antibodies. Mean values = SD from three
independent experiments are shown.

shown). These results indicate that the inhibition of Upf1l Upfl phosphorylation. The over expression of the
phosphorylation and NMD in SMG-8-depleted cells was elF2a-S51D mutant, which suppresses translation initia-
not caused by translation suppression. tion and NMD (Chiu et al. 2004), clearly inhibited

Although inhibition of translation initiation has Upfl phosphorylation, whereas wild-type elF2a over-
been expected to suppress Upfl phosphorylation, direct expression did not, supporting the above notion
evidence was lacking. To evaluate this, we examined (Fig. 6G). These results also indicate that NMD in-
the effect of the inhibition of translation initiation on hibition by SMG-9 depletion was not caused by the

1098 GENES & DEVELOPMENT



suppression of translation initiation, since SMG-9 de-
pletion leads to the up-regulation of Upfl phosphoryla-
tion (Fig. 5A).

SMG-8 is required for efficient NMD in C. elegans

Putative orthologs of SMG-8 and SMG-9 are evident in
the genomes of all sequenced metazoa. The C. elegans
genes KO04B12.3 (smg-8) and Y54E2A.2 (smg-9) are 16.3%
and 14.2% identical to SMG-8 and SMG-9, respectively
(Supplemental Figs. 3, 4). We inhibited expression of C.
elegans smg-8 and smg-9 by RNAi and investigated in
two ways whether the resulting animals exhibited NMD
defects. First, we tested smg-8(RNAi) and smg-9(RNAi)
animals for phenotypic suppression of unc-54(r293). Unc-
54(r293) is an allele of a muscle myosin heavy chain gene
whose mutant mRNA is a substrate of NMD (Hodgkin
et al. 1989; Pulak and Anderson 1993). Mutations af-
fecting any of the known smg genes phenotypically
suppress the paralysis of unc-54(r293) by eliminating
NMD. We performed smg-8(RNAi) and smg-9(RNAi) in
both unc-54(r293) single mutants and in unc-54(r293)
smg-1(cc546ts) double mutants. Smg-1(cc546ts) is a
temperature-sensitive allele that is NMD-defective at
25°C but NMD-competent at 20°C or below (S. Getz, S.
Zu, and A. Fire, pers. comm.). We observe that smg-
1(cc546ts) mutants grown at permissive temperature
(20°C or below) are a sensitized genetic background in
which weak NMD defects can be detected that are not
evident in smg-1(+) strains, presumably because activity
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Figure 7. SMG-8 is required for efficient NMD in C. elegans.
(A) Alternative splicing of C. elegans rpl-12 pre-mRNAs. Rpl-
12(PTC) mRNA contains a PTC and is a substrate of NMD. Rpl-
12(+) does not contain a PTC and is not an NMD substrate. (B)
Smg-8(RNAi) weakly inhibits C. elegans NMD. Unc-54(r293)
smg-1(cc546ts) animals were fed bacteria expressing the in-
dicated dsRNAs (lanes 2-4) or no dsRNA (lane 1). RNAs were
prepared from these strains, converted to cDNA, and amplified
with primers that flank the alternatively spliced rpl-12 intron.
The positions of rpl-12(PTC) and rpl-12(+) PCR products follow-
ing gel electrophoresis are indicated. Lane 5 is RT-PCR analysis
of the deletion allele smg-2(r908) without RNAI treatment.

PTC recognition complex during NMD

of SMG-1 is compromised or partially inactivated by
cc546ts. Smg-8(RNAi) weakly but consistently sup-
pressed the motility defects of unc-54(r293) smg-
1(cc546ts) at both 15°C and 20°C compared with empty
vector negative controls. Suppression was weaker than
that observed with a smg-2(RNAi) positive control, but
the improved motility of unc-54(r293) smg-1(cc546ts);
smg-8(RNAi) when compared with unc-54(r293) smg-
1(cc546ts) is unambiguous. We observed little or no
suppression by smg-8(RNAi) in smg-1(+) genetic back-
grounds, and suppression by smg-9(RNAi) was not
detected in either strain at either temperature.

To confirm that smg-8(RNAi) animals are partially
defective for NMD, we performed RT-PCR of rpl-12
mRNA prepared from the animals described above.
Rpl-12 pre-mRNA is alternatively spliced to yield two
mature mRNAs, one of which contains a PTC (see Fig.
7A; Mitrovich and Anderson 2000). Unproductively
spliced rpl-12 mRNAs [“rpl-12(PTC)” in Fig. 7A] are
substrates of NMD, while productively spliced mRNAs
[“rpl-12(+)” in Fig. 7A] are not. The abundance of
1pl-12(PTC) PCR products relative to rpl-12(+) products
is a measure of NMD efficiency (Mitrovich and Anderson
2000). Smg-8(RNAi) reproducibly stabilized a small frac-
tion of rpl-12(PTC) mRNA in unc-54(r293) smg-
1(cc546ts) animals (Fig. 7, cf. lanes 2 and 1). The NMD
defect of smg-8(RNAI) is weaker that observed in a smg-
2(RNAIi) control (lane 3) and in a smg-2 deletion mutant
without RNAI (lane 5). The measured PTC/+ ratios were
0.00 for empty vector, 0.12 for smg-8(RNAi), 0.53 for
smg-2(RNAi), 0.79 for smg-2 deletion mutant, respec-
tively. We did not reliably detect stabilization of rpl-
12(PTC) mRNA in smg-9(RNAi) animals (lane 4). We
conclude from these two tests that C. elegans smg-
8(RNAi) animals are weakly defective for NMD.

Discussion

SMG-8 and SMG-9 are components of the SMG-1
complex (SMG1C)

Several lines of evidence indicate that SMG-8 and SMG-9
associate tightly with SMG-1 as a complex in vivo. First,
immunoprecipitated SMG-1 copurifies with pp130 and
pp60 phosphoproteins (Fig. 1A,E; Supplemental Figs. 1, 2),
and in vitro phosphorylated pp130 and pp60 are immu-
noprecipitated by our anti-SMG-8 and -SMG-9 antibod-
ies, respectively (Fig. 1E). Second, ppl30 (SMG-8) and
pp60 (SMG-9) associate with SMG-1 during anion ex-
change column chromatography (Supplemental Fig. 1).
SMGI1C migrates in different chromatographic fractions
from other members of PIKKs including ATM, ATR,
DNA-PKcs, and mTOR in this condition. This suggests
that the SMGIC indigently forms with other PIKKs.
Third, SMG-9 immunodepletion demonstrates that the
majority of both SMG-1 and SMG-8 form a complex with
SMG-9 (Fig. 1F). Fourth, SMG-8 and SMG-9 bind to SMG-1
in both cytoplasmic and nuclear fractions, unlike Upfl
and Upf2 (Supplemental Fig. 6). The significant reduction
of SMG-1:SMG-8 binding by depletion of SMG-9 suggests
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that SMG-9 enhances formation of the SMGIC (Figs. 2A,
4A). Consistent with this, we reconstituted a SMG-
1:SMG-8:SMG-9 ternary complex following overexpres-
sion of the proteins only when all three were coexpressed
(data not shown). Although we have not yet demon-
strated in vivo phosphorylation of SMG-8 and SMG-9,
both proteins are phosphorylated by SMG-1 in vitro (Fig.
1, 2; Supplemental Figs. 1, 2). This implies an additional
regulatory mechanism of NMD involving the SMG-1
catalytic activity. We additionally observed phosphoryla-
tion of SMG-8 and SMG-9 in SMG-1 immunoprecipitates
from cell extracts of mouse embryonic fibroblasts TetOff
cells, rat 3Y1 cells, and swine placenta (data not shown).
Thus, SMG-8 and SMG-9 phosphorylations are conserved
among mammals.

SMG-8 negatively regulates SMG-1 kinase activity
in the isolated SMG-1 complex and is also required for
the recruitment of SMG-1 to the surveillance complex

Previous studies have established the critical importance
of the phosphorylation of Upfl by SMG-1, leading to the
prediction that SMG-1 kinase activity must be sup-
pressed until SURF associates with EJC. We provided
biochemical evidence that SMG-8 suppresses the kinase
activity of SMG-1 in the isolated SMG-1 complex (Fig. 2).
Importantly, SMG-8 has an additional role in recruitment
of SMG-1 to the EJC, an essential step for activation of
SMG-1 kinase (Fig. 4B,C). Consistently, SMG-8 were
present in most SMGI1Cs, including the SURF complex
(Figs. 1F, 3A). Thus, SMG-8 clearly has dual activity,
suppression of the kinase activity and the recruitment
of the SMGIC to the EJC. This dual regulatory role of
SMG-8 on the kinase activity of SMG-1 can explain the
mechanism how SMG-1 kinase is suppressed until SURF
associates with EJC on post-spliced mRNAs. A require-
ment for SMG-8 to recruit SMG-1 to the EJC insures that
catalytically inactive SMG-1 is delivered to the surveil-
lance complex. Upfl phosphorylation then occurs only
after EJC recognition and after remodeling of the mRNP
complex. Consistent with this, SMG-8 is required for
Upfl phosphorylation in vivo (Fig. 5; Supplemental Fig.
10). Accumulation of a Upfl:SMG-1 complex in the
absence of SMG-8 suggests that the Upf1:SMGI1C com-
plex forms before the SURF complex formation (Fig. 4A;
Supplemental Fig. 9). Thus, SMG-8 likely recruits the
Upfl:SMGI1C complex to a ribosome stalled at PTCs (see
Fig. 8).

While Upfl can be an efficient substrate of PIKKs,
namely SMG-1, ATM, ATR, and DNA-PKcs, in various
situations, SMG-1 is likely the only PIKK involved in the
phosphorylation of Upfl during NMD (Yamashita et al.
2001; Brumbaugh et al. 2004; Azzalin and Lingner 2006;
Muller et al. 2007). The presence of SMG-1 specific bind-
ing partner, SMG-8, may guarantee the proper substrate-
kinase association between the SMGI1C and Upfl, and
correct recruitment of Upfl:SMGI1C to the mRNA sur-
veillance complex. The direct binding of Upf2 to the
C-terminal half of SMG-1 (Kashima et al. 2006) might
activate SMG-1 to phosphorylate Upfl in the mRNA
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Figure 8. A model for the process from nonsense termination
to mRNA decay. SMG1C, the SMG-1:SMG-8:SMG-9 complex,
binds Upfl before SURF formation. Then, the SMG1C:Upfl
complex interacts with eRF to form SURF, which associates
with the ribosome and eEF2 on mRNPs containing the
CBP20:CBP80 complex and PABPCI after or during recognition
of translation termination codons. SMG-8 is likely to mediate
the recruitment of SMG-1 to the ribosome:SURF complex and
to suppress SMG-1 kinase activity until the ribosome:SURF
complex locates the EJC. SMG-9 is required for the efficient
association between SMG-1 and SMG-8. The ribosome:SURF
complex is most likely the translation termination complex
operating during NMD, and looks for a downstream EJC to form
the DECID (the ribosome:SURF:EJC complex). DECID forma-
tion likely induces SMG-1-dependent Upfl phosphorylation,
which leads to the recruitment of phospho-Upfl-specific bind-
ing proteins, such as SMG-5 and SMG-7 and the dissociation of
the ribosome and eRF from Upfl to advance mRNA decay.
(AUG) Start codon; (Ter) termination codon; (PTC) premature
termination codon; (EJC) exon junction complex; (eRF) eRF1:
eRF3 complex; (S8) SMG-8; (S9) SMG-9; (P) phosphate group;
(SURF) SMG-1:Upfl:eRF1:eRF3 complex; (DECID) decay-inducing
complex.

mRNA decay

surveillance complex, since other PIKK member kinases
are also activated by the modification or binding of
activator proteins to their PIKK regulatory domain
(Mordes et al. 2008).

In contrast to depletion of SMG-8, depletion of SMG-9
showed no significant changes of proteins associated with
Y14 and Upfl (Fig. 4C,D). These results suggest that
SMG-9 depletion does not cause the SURF or the riboso-
me:Upfl:eRF1:eRF3:EJC complex to accumulate (see be-
low). This implies that SMG-8 can recruit the Upf1:SMG-1
complex to ribosomes stalled at PTCs in the absence of
SMG-9, even though SMG-9 is involved in SMG-1:SMG-8
interactions (Figs. 2A, 4A). Depletion of SMG-9 causes
increased accumulation of phosphorylated Upfl, suggest-
ing a specific role of SMG-9 in regulation of the Upfl



phosphorylation cycle (Fig. 5A). The reduced interac-
tion between SMG-1 and the EJC in SMG-9-depleted
cells suggests the possibility that SMG-9 depletion
affects recruitment and/or activation of the Upfl de-
phosphorylation components. Specific association of
SMG-7 with the N-terminal region of SMG-1 supports
this possibility (Kashima et al. 2006; Morita et al. 2007).
Further analysis is needed to clarify the role of SMG-9 in
cycles of Upfl phosphorylation and dephosphorylation
in vivo.

The PTC recognition complex during NMD

We showed that the SURF complex associates with
ribosomes on mRNPs prior to phosphorylation of Upfl,
which is a critical step in NMD. Several lines of evidence
support this conclusion. First, immunoprecipitated Upf1-
C1268S, which is a poorly phosphorylated mutant of Upfl
that accumulates the SURF complex (Fig. 3B; Kashima
et al. 2006), copurifies with increased amounts of ribo-
somal proteins rpL11, rpL7a, 1pS3, and rpS6 compared
with the immunoprecipitation of wild-type Upfl in the
presence of cycloheximide (Fig. 3B). Second, the Upfl
complex isolated from Y14-depleted cell extracts, which
are also conditions that accumulate the SURF complex
(Kashima et al. 2006), contains increased amounts of
ribosomal proteins (Fig. 3C). Third, immunoprecipitation
of Upfl from Y14-depleted cell extracts copurify with
significantly increased amounts of PABPC1, CBP20, and
CBPS80, but only in the absence of Micrococcal nuclease
treatment (Fig. 3D). These results all indicate an im-
portant association between the SURF:ribosome and
mRNPs. Because the SURF complex associates with both
60S and 40S ribosomal subunit proteins (Fig. 3B,C), and
because the 60S ribosome is released from mRNA to-
gether with (Pisarev et al. 2007) or after (Demeshkina
et al. 2007) dissociation of release factors from mRNAs,
the ribosome associated with the SURF complex is most
likely the 80S ribosome, which presumably is stalled at
PTCs together with release factors (Fig. 3E).

In addition to defining a ribosome:SURF complex on
mRNPs, we found the existence of the physical interac-
tion between PTC-stalled ribosome and exon junction via
protein—protein interactions. The following observations
strongly support this idea. First, Y14 immunoprecipitated
from SMG-8-depleted cell extracts copurifies with in-
creased amounts of the ribosome:SURF complex compo-
nents Upfl, eRF1, eRF3, and 60S and 40S ribosomal
proteins (Fig. 4C). Second, SMG-8 or SMG-1 depletion
causes an enhancement of the association between Upfl
and EJC components, 60S and 40S ribosomal proteins in
the presence of RNase (Fig. 4D). Importantly, the riboso-
me:Upfl:eRF1:eRF3:EJC complex observed following
SMG-8 depletion appeared on mRNPs, which we dem-
onstrated by the RNase-sensitive association of Upfl
with PABPC1 and CBP80 (Fig. 4E). The presence of both
60S and 40S ribosomal proteins and release factors in the
ribosome:Upfl:eRF1:eRF3:EJC:mRNP complex suggests
that intact 80S ribosomes are stalled at PTCs (Fig. 4F).
Taken together with the essential role of the SMG-1
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kinase activity for dissociation of eRF3 from Upfl
(Kashima et al. 2006), these results suggest that the
ribosome and release factors are not able to dissociate
from the Upfl:EJC complex without Upfl phosphoryla-
tion. Thus, SMG-8-mediated SMG1C recruitment to the
EJC is required for subsequent Upfl phosphorylation by
SMG-1 and these processes are essential to proceed the
remodeling of mRNA surveillance complex. It is worth
noting that both SMG-1 (Kashima et al. 2006) and Upfl
(Fig. 4C,D) can bind to EJC without each other and both
can bind directly to Upf2 (Kashima et al. 2006; Chamieh
et al. 2008), although our results indicate the SMG-8-
dependent recruitment of the Upfl:SMGI1C complex to
the EJC (Fig. 4A; Supplemental Fig. 9). From these results,
we propose that two independent protein—protein inter-
actions, Upfl:EJC and SMGI1C:EJC, are required for the
formation of the ribosome:SURF:EJC complex, DECID,
and the discrimination of termination codons as pre-
mature (our model is depicted in Fig. 8). Further analysis
is required to clarify our model, such as in vitro re-
constitution, since immunoprecipitation analysis could
not exclude the association and/or dissociation of protein
complex during cell lysis.

Our study of mRNP remodeling associated with NMD
provides insights into conserved mechanisms of both
premature and normal translation termination in vivo.
The involvement of eRF1 and eRF3 in both types of
termination implies the fundamental importance of the
eRF1:eRF3 complex. The presence of ¢EF2 in the riboso-
me:SURF complex (Fig. 3B,C) might also suggest mech-
anistic similarity of both types of termination, because
eEF2 is proposed to be involved in normal termination
(Demeshkina et al. 2007). Since the accumulation of
eEF2, eRF1l, and eRF3 is not significant as that of
ribosomal proteins (Fig. 3B,C), the association among
Upfl and them might have an additional role for Upfl-
dependent post-transcriptional regulation (Kaygun and
Marzluff 2005; Kim et al. 2005).

Although premature and normal translation termina-
tion are similar, clear differences exist between the two
types of termination events. For example, we did not
detect PABPCI, a component of the normal translation
termination complex (Uchida et al. 2002), in either the
ribosome:SURF complex or the DECID complex in the
presence of RNase, even though it accumulates in these
mRNP complexs (Figs. 3D, 4E). We also did not detect the
CBP20:CBP80 complex in the ribosome:SURF complex or
the DECID complex after micrococcal nuclease treat-
ment (Figs. 3D, 4E), in contrast to previous observations
(Hosoda et al. 2005). These results suggest that funda-
mental differences exist between premature and normal
translation termination. The premature translation ter-
mination complex, namely, the ribosome:SURF complex
and the DECID complex, does not appear to communi-
cate with the 5’ cap or the poly(A) tail, whereas the
normal translation termination complex communicates
with both of these elements via protein—protein interac-
tions to improve both efficient translation termination
(Cosson et al. 2002; Ivanov et al. 2008) and translation
initiation (Uchida et al. 2002).
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SMG-8 and SMG-9 are involved in NMD

The following observations indicate that SMG-8 and
SMG-9 are involved in NMD. First, depletion of either
SMG-8 or SMG-9 in mammalian cells led to inhibition of
NMD (Fig. 6). Second, treatment of a sensitized C.
elegans strain with smg-8 dsRNA produced a weak Smg
phenotype as judged both by phenotypic suppression of
unc-54(r293) and by increased abundance of rpl-12(PTC)
mRNA (Fig. 7). The evolutionary conservation of SMG-8
and SMG-9 among all eukaryotes that have SMG-1 in
their genome implies that the conserved PTC recognition
complex exists in a similar manner to that we describe for
the mammalian DECID complex, even though neither
Drosophila melanogaster nor C. elegans requires splicing
and the EJC for NMD (Pulak and Anderson 1993; Gatfield
et al. 2003; Longman et al. 2007). Consistent with this
view, SMG-2, the C. elegans ortholog of Upfl, strongly
marks PTC-containing mRNAs both in wild-type and in
a smg-1 deletion mutant (Johns et al. 2007). Marking of C.
elegans mRNAs by SMG-2 depends on SMG-3 and SMG-4
(Upf2 and Upf3 orthologs) (Johns et al. 2007), which
further supports existence of the evolutionarily con-
served PTC recognition complex described in this study.

In conclusion, we identified two novel subunits of the
SMG-1 complex, SMG-8 and SMG-9, that act as regula-
tors of NMD. We identified a complex involving the
ribosome, Upfl, SMG-1, eRF1, eRF3, and the EJC that
bridges the ribosome and the EJC on mRNPs, and this
complex formation is regulated by SMG-8. The complex
we describe is the first direct demonstration of a physical
interaction between the ribosome and the exon-exon
junction via protein—protein interactions. Together with
identification of the ribosome:SURF complex on mRNPs,
further analyses of the sequential remodeling of the
surveillance complex by the inactivation of NMD factors
will clarify the details of the events from translation
termination to mRNA decay in vivo. Finally, we revealed
the biochemical nature of the SMG1C with two regula-
tory subunits, SMG-8 and SMG-9. In addition to NMD,
SMG-1 is involved in genome surveillance, telomere
maintenance, the suppression of TNFa-induced apoptosis
and hyperoxia-induced p53 activation (Brumbaugh et al.
2004; Chen et al. 2006; Azzalin et al. 2007; Gehen et al.
2008; Oliveira et al. 2008). Further analysis of the roles of
the SMGI1C will accelerate the understanding of the
mechanism underlying the responses of cells against
various stresses.

Materials and methods

Plasmids and antibodies and siRNAs

The expression vector for CBP-SMG-8r (2-991), SR-strep-HA-
elF2a wild type and SR-strep-HA-eIF2a-S51A were constructed
in the mammalian expression vector PNTAP (Stratagene) or pSR-
strep-HA, following standard procedures. CBP-SMG-8r was mu-
tated at nucleotides 198 and 201 of coding sequence for siRNA
SMG-8#1 resistance by site-directed mutagenesis. Flag-SMG-1,
HA-Upf1 wild type, HA-Upf1-C126S, pTRE-BGG wild type, and
PTRE-BGG PTC reporter plasmids were constructed as described
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previously (Yamashita et al. 2001; Ohnishi et al. 2003; Kashima
et al. 2006).

Anti-SMG-1-IP, which used in Figure 4B, anti-SMG-8, and
anti-SMG-9 antibodies were generated against recombinant
human SMG-1 (amino acids 1827-1926), SMG-8 (amino acids
563-771), or SMG-9 (amino acids 21-75) proteins fused to GST.
Affinity purification of the antibodies was performed following
standard procedures. Mouse monoclonal antibodies raised
against Upfl (5C3) and phospho (P)-Upfl (8E6, 7D5, 7H1, 9C2,
and 2C9) were generated with a standard method using KLH
conjugated peptide antigens: EEDEEDTYYTKDLPIHAC for
Upfl or LSQPELS[-P]JQDSYLG for P-Upfl (Supplemental Figs.
7, 12). Antibodies to SMG-1, Upfl, Upf2, Upf3a, Upf3b, SMG-7,
and eIF4A3 (clone 3F1) have been described previously (Yamashita
et al. 2001; Ohnishi et al. 2003; Kashima et al. 2006). Anti-
bodies to Magoh (Abcam), Y14 (Sigma), eI[F4A3 (ProteinTech),
eRF1 (Abcam), eRF3 (Abcam), rpL11 (Invitrogen), rpL7a (Cell
Signaling Technology), rpS6 (Cell Signaling Technology), rpS16
(Abcam), rpS3 (Cell Signaling Technology), eEF2 (Cell Signaling
Technology), PABPC1 (Abcam), CBP20 (Abgent), CBP80 (Protein-
Tech), B-actin (Sigma), and GAPDH (Abcam) were used. The anti-
tag antibodies (HA, Flag) were obtained commercially. The
following target sequences were used: SMG-8#1, siGENOME
duplex D-016480-02 (Dharmacon); SMG-8#2, siGENOME du-
plex D-016480-03 (Dharmacon); SMG-9#1, siGENOME duplex
D-020561-01 (Dharmacon); SMG-9#2, siGENOME duplex D-
020561-04 (Dharmacon); SMG-1, AAGTGTATGTGCGCCAAA
GTA,; Upfl, AAGATGCAGTTCCGCTCCATT, Y14, FAACGCT
CTGTTGAAGGCTGGA, AATTCGCAGAATATGGGGAAA;
SMG-6, AAGCCAGTGATACAGCGAATT; NS, AATTCTCCG
AACGTGTCACGT.

Transfection with plasmids and siRNAs

HeLa TetOff cells (Clontech) were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum, 100 U/mL penicillin, and 100 pg/mL streptomycin.
Plasmid transfections were performed in six-well plates, 10-cm
dishes, or 15-cm dishes using Polyfect (Qiagen), Lipofectamin
2000 (Invitrogen), or Lipofectamine LTX (Invitrogen) according to
the manufacturer’s recommendations. For the immunoprecipi-
tation of HA- or Flag-tagged proteins, transfected cells were
harvested 36 h after transfection. siRNA transfections were
performed in 12-well plates or in 15-cm dishes using RNAifect
(Qiagen) or Hiperfect (Qiagen) according to the manufacturer’s
protocol, and cells were harvested 48-72 h later.

Immunoprecipitation and Western blot analysis

HeLa TetOff cells were transfected using Lipofectamin 2000
(Invitrogen), Lipofectamine LTX (Invitrogen), Polyfect (Qiagen),
RNAifect (Qiagen), or Hiperfect (Qiagen), and lysed in T-buffer
(20 mM HEPES-NaOH at pH 7.5, 50 mM NaCl, 0.05% Tween 20,
2.5 mM MgCl, 0.5 mM DTT, 100 nM okadaic acid [Calbio-
chem], protease inhibitor cocktail [Roche], phosphatase inhibitor
cocktail [Roche], 100 pg/mL cycloheximide [Sigma], 100 pg/mL
RNaseA [Qiagen]) or in NP40-buffer (50 mM Tris-HCl at pH 7.4,
150 mM NaCl, 0.4% NP40, 2 mM MgCl,, 1 mM DTT, 100 nM
okadaic acid [Calbiochem], protease inhibitor cocktail [Roche],
phosphatase inhibitor cocktail [Roche], 100 pg/mL cyclohexi-
mide [Sigma], 100 pg/mL RNaseA [Qiagen]). The soluble frac-
tions were subjected to preclear and then incubated with
antibodies preadsorbed on 30 pL of protein G or protein A
Sepharose (GE Biotech) for 2 h at 4°C with rotation. To im-
munoprecipitate HA-Upfl, 25 pL of anti-HA affinity matrix
(Roche) was used. After washing with RNase(—) lysis buffer,



the immunocomplexes were boiled in SDS sample buffer, and
then analyzed by Western blotting. In experiments where anti-
HA affinity matrix or Upfl-monoclonal antibody was used,
proteins recovered on the matrix were eluted by incubation for
15 min at 37°C with RNase(—) lysis buffer containing 1 mg/mL
HA-peptide or 1 mg/mL Upfl peptide, boiled with SDS sample
buffer, and analyzed by Western blotting. For micrococcal
nuclease treatment, the immunoprecipitates were washed with
1X micrococcal nuclease buffer (Takara) and incubated with
3000 U/mL micrococcal nuclease (Takara) in 300 wL of 1X
micrococcal nuclease buffer containing phosphatase inhibitor
cocktail (Sigma), protease inhibitor cocktail (Roche), RNasin
(Promega), and 100 pg/mL cycloheximide for 30 min at 25°C
and immunocomplexes were then washed with RNase(—) wash
buffer. All proteins in Western blot experiments were detected
with the ECL Western blot detection kit (GE Biotech) or Lumi
Light (Roche), and quantified with a LuminoImager, LAS-3000,
and Science Lab 2001 Image Gauge software (Fuji Photo Film).
All experiments were performed at least three times, and typical
results are shown.

In vitro kinase assay

Cells were lysed in F-buffer (20 mM Tris-HCI at pH 7.5, 0.25 M
sucrose, 1.2 mM EGTA, 20 mM B-mercaptoethanol, 1% Triton
X-100, 0.5% Nonidet P-40, 150 mM NacCl, phosphatase inhib-
itors, protease inhibitors). Endogenous SMG-1 was immunopre-
cipitated using anti-SMG-1-C antiserum (Yamashita et al. 2001).
Immunoprecipitates were washed with F-buffer containing 0.25
M LiCl and 1 X kinase reaction buffer (10 mM HEPES-KOH at pH
7.5, 50 mM NaCl, 10% [w/v] glycerol, 10 mM MnCl,, 50 mM
B-glycerophosphate, 1 mM DTT, 100 nM okadaic acid, protease
inhibitor cocktail [Sigma]). Kinase reactions were carried out in
50 pL of 1X kinase reaction buffer containing 50 pM ATP and 5
wCi [y-32P] ATP for 20 min at 30°C or the indicated times with or
without the indicated substrates. After separation by SDS-PAGE,
phosphoproteins were visualized by autoradiography. The extent
of phosphorylation of the proteins was evaluated using an
imaging analyzer (BAS2500, FujiFilm).

NMD analysis in mammalian cells

NMD analysis was performed in essentially the same manner as
described elsewhere (Yamashita et al. 2001; Ohnishi et al. 2003,
except that HeLa TetOff cells (1.8 X 10°) were transfected with
siRNAs, which are indicated in Figure 6, B and C, in combination
with 1.5 pg of pTRE-BGG wild type or PTC. Briefly, 60 h after
transfection, doxycycline was added at time zero to inhibit de
novo transcription, and total RN As isolated at the indicated time
points were analyzed by Northern blotting using B-globin or
GAPDH (control) cDNA probes. The quantities of BGG mRNA,
normalized to GADPH signals, are graphed in Figure 6, B and C.
Values in Figure 6, B, E, and F, represent the mean * SD for
three to four independent experiments. The half-lives of PTC-
containing B-globin from NS, SMG-8 (#1 and #2) or SMG-9 (#1
and #2) siRNA-treated extracts were calculated from three (NS)
or six (SMG-8 and SMG-9) independent experiment. Mean
values = SE were shown in the Results section. The two-tailed
Student’s t-test (Microsoft Excel 2003) was used to analyze the
differences between the pairs of groups. Values were regarded
significant at P < 0.05. Data in Figure 6C is the average of two
independent experiments. For the GAS5 mRNA accumulation
assay, HeLa TetOff cells were transiently transfected with
siRNAs indicated in Figure 6D. After 48 h of culture, cells were
harvested and cytoplasmic RNAs were isolated. Northern blot-
ting was performed using full length GAS5 or GAPDH c¢cDNA
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probes. The quantities of GAS5 mRNA, normalized to GAPDH
mRNA signals, are written in the Results section. Two indepen-
dent experiments were performed, and the typical result is
shown in Figure 6D. The luciferase-based NMD assay system
is described in the Supplemental Material.

RNAI, motility analysis, and RT-PCR in C. elegans

For RNAI, the HT115(DE3) strain transfected with target plas-
mids or negative control (vehicle L4440 or pBlueScriptll) was
cultured in LB medium containing 25 pg/mL carbenicillin
(Sigma) and 12.5 pg/mL tetracycline (Sigma) overnight. Eighty
microliters of liquid culture were spread on NGM agar contain-
ing 1 mM IPTG (Sigma) and 25 wg/mL carbenicillin and in-
cubated overnight at 30°C to induce T7 RNA polymerase and
allow dsRNA synthesis. unc-54(r293), RNAi high-sensitive and
smg-1 temperature-sensitive strain (genotype unc-54[r293]/smg-
1[cc546ts]/rrf-3[pk1426]), and unc-54(r293) strain (genotype unc-
54[r293]) were used as test C. elegans and maintained with E. coli
strain OP50 grown on NGM agar as standard method. L4 larvae—
young adult worms were transferred on HT115(DE3) lawn and
incubated for 24 h at 15°C. Mortality recovery phenotypes were
observed for 24 h.

For RT-PCR, total RNA was extracted from mixed-stage
animals using TRIzol (Invitrogen). First-strand synthesis was
performed using random hexamers and SuperScript III RT
(Invitrogen). Rpl-12 mRNA was amplified using primers on
either side of the alternatively spliced intron (Johns et al. 2007).
Products were separated on 1.5% ecthidium bromide-stained
agarose gels.
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