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Abstract
Nonsense-mediated mRNA decay (NMD) is a quality-control
mechanism that selectively degrades mRNAs harboring premature
termination (nonsense) codons. If translated, these mRNAs can
produce truncated proteins with dominant-negative or deleterious
gain-of-function activities. In this review, we describe the molecular
mechanism of NMD. We first cover conserved factors known to be
involved in NMD in all eukaryotes. We then describe a unique pro-
tein complex that is deposited on mammalian mRNAs during splic-
ing, which defines a stop codon as premature. Interaction between
this exon-junction complex (EJC) and NMD factors assembled at the
upstream stop codon triggers a series of steps that ultimately lead to
mRNA decay. We discuss whether these proofreading events prefer-
entially occur during a “pioneer” round of translation in higher and
lower eukaryotes, their cellular location, and whether they can use
alternative EJC factors or act independent of the EJC.
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PTC: premature
termination
(nonsense) codon

TCR: T-cell
receptor

Ig: immunoglobulin
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INTRODUCTION

Forgive me my nonsense as I also forgive
the nonsense of those who think they talk sense.

–Robert Frost (1874–1963)

Eukaryotic gene expression comprises a se-
ries of interconnected steps, including tran-
scription, 5′ cap formation, mRNA splicing,
polyadenylation, mRNA export, translation,
and mRNA degradation. These steps are inte-
grated with one another to augment their effi-
ciency and fidelity (1, 2). To further ensure fi-
delity, many quality-control mechanisms have
evolved (3, 4). One of these mechanisms
is nonsense-mediated mRNA decay (NMD),
a pathway that targets mRNAs harboring

premature termination (nonsense) codons
(PTCs) for degradation (5–12). This pathway
is important because if PTC-containing mes-
sages were allowed to be translated they would
produce truncated proteins with potentially
deleterious gain-of-function or dominant-
negative activity.

PTCs can arise in a variety of ways.
The most obvious source is random non-
sense and frameshift mutations in the DNA
sequence that are subsequently transcribed
into mRNA. Another source of PTCs is pro-
grammed DNA rearrangements. In mam-
mals, the best-studied examples of this are
the T-cell receptor (TCR) and immunoglob-
ulin (Ig) genes, which undergo programmed
DNA rearrangements to increase their reper-
toire of antigen receptors. Two out of three
times, these rearrangements lead to the gener-
ation of frameshift mutations and consequent
downstream PTCs, which activate the NMD
response (13–15). Yet another common source
of PTCs is errors in RNA splicing, including
aberrant alternative splicing (7, 10, 16, 17).

NMD is a highly conserved pathway that
exists in all eukaryotes examined to date (16).
The core NMD machinery comprises three
trans-acting factors, called up-frameshift
(UPF) proteins, which were initially dis-
covered in Saccharomyces cerevisiae and later
identified in higher eukaryotes (18–20).
One of these proteins, UPF1, is a group I
helicase family member recruited to mRNAs
upon recognition of stop codons by the
translation apparatus (21, 22). Rapid decay
of PTC-bearing mRNAs is triggered when
UPF1 is allowed to interact with the two
other UPF proteins, UPF2 and UPF3, by a
mechanism that is still poorly understood.
In mammalian cells, UPF2 and UPF3 are
part of a large complex of proteins that is
deposited on mRNAs at exon-exon junctions
during RNA splicing in the nucleus. Other
components of this exon-junction complex
(EJC), including those in its tetramer core
(eIF4AIII, MLN51, and the Y14/MAGOH
heterodimer), also participate in NMD. In
addition, NMD requires factors that regulate
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UPF1 phosphorylation. Initially discovered
in Caenorhabditis elegans, the Suppressor
with Morphogenetic effect on Genitalia-1
(SMG-1) protein phosphorylates UPF1,
whereas SMG-5, SMG-6, and SMG-7 pro-
mote UPF1 dephosphorylation (23–26). The
requirement for all four of these SMG factors
implies that a cycle of UPF1 phosphorylation
and dephosphorylation drives NMD (27).

In this review, we discuss the biochem-
istry and underlying molecular mechanism of
NMD. We focus on NMD in mammals but
also cover NMD in lower organisms to pro-
vide context. For a more complete description
of NMD in C. elegans, Drosophila melanogaster,
S. cerevisiae, and plants, readers can refer to
many excellent reviews (5–8, 16, 17, 28–34).
We first briefly describe the conserved fac-
tors that are essential for NMD in all eukary-
otes. Next, we discuss the composition, struc-
ture, and function of the EJC and its unique
involvement in mammalian NMD. We then
describe how the assembly of NMD and
EJC factors onto mammalian PTC-bearing
mRNAs forms messenger ribonucleoproteins
(mRNPs) that elicit rapid mRNA decay. Fi-
nally, we discuss putative alternative branches
of the NMD pathway, some of which use alter-
native sets of EJC factors and others that ap-
pear to be completely independent of the EJC.

NMD FACTORS

Several proteins have been shown to be essen-
tial for NMD. The UPF1, UPF2, and UPF3
proteins comprise the core NMD machinery.
The SMG-1, SMG-5, SMG-6, and SMG-7
proteins mediate the phosphorylation and
dephosphorylation cycle of UPF1. In this
section, we describe each of these proteins,
their known biochemical functions, and their
interactions.

UPF Proteins: The Core NMD
Machinery

UPF1, a complex phosphoprotein harbor-
ing multiple domains, is recruited to mRNAs

Exon-junction
complex (EJC): a
dynamic protein
complex deposited
upstream of
exon-exon junctions
after RNA splicing;
serves as a second
signal for NMD

SMG: suppressor
with morphogenetic
effect on genitalia

Messenger
ribonucleoprotein
(mRNP): an mRNA
and its associated
proteins, many of
which regulate
mRNA transport,
translation, and
mRNA decay

RNAi: RNA
interference

when they terminate translation (21, 35, 36).
The N and C termini of UPF1 contain mul-
tiple serine residues that are of central im-
portance in NMD because they are subject
to regulation by a cycle of phosphorylation
and dephosphorylation (discussed below) (25,
27, 37–39). UPF1 also contains domains with
ATP-dependent 5′-to-3′ helicase activity and
RNA-dependent ATPase activity in both hu-
man cell lines and S. cerevisiae, but the func-
tional relevance of these biochemical activities
is not well understood (40, 41). Consistent
with its role in translation termination, hu-
man UPF1 is primarily a cytoplasmic protein.
However, it has also been shown to shuttle
in and out of the nucleus using novel nuclear
localization and export sequences (42). The
functional significance of the ability of UPF1
to shuttle between the nucleus and cytoplasm
is not known.

Both loss- and gain-of-function ap-
proaches have been used to demonstrate that
UPF1, as well as several other proteins, partic-
ipate in mammalian NMD (Table 1). Loss of
function was achieved by RNA interference
(RNAi) or expression of dominant-negative
proteins. Gain of function was achieved by
fusing these proteins to the MS2 coat or
λN protein, both of which are bacteriophage
RNA-binding proteins. NMD activity was in-
dicated when expression of such fusion pro-
teins destabilized a reporter mRNA harboring
high-affinity MS2- or λN-binding sites down-
stream of the stop codon.

The Upf1 gene is essential for the survival
of mice. Embryos from Upf1-null mice die by
day 7.5 of gestation, and attempts at creat-
ing Upf1-null embryonic fibroblast lines failed
because the cells underwent apoptosis after a
brief growth period (43). This suggests that
NMD is essential for mammalian cell survival,
but this interpretation is clouded by the fact
that UPF1 has roles in pathways other than
NMD (44, 45). In contrast to mice, lower eu-
karyotes do not require UPF1 for survival, but
its loss does cause defects in fermentation (in
S. cerevisiae) and reproduction (in C. elegans)
(16, 18, 40, 46–51).

www.annualreviews.org • RNA Surveillance 53

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
7.

76
:5

1-
74

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 H
eb

re
w

 U
ni

ve
rs

ity
 o

f 
Je

ru
sa

le
m

 o
n 

04
/1

9/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV313-BI76-03 ARI 30 April 2007 17:31

Table 1 Nonsense-mediated decay (NMD) and exon-junction (EJC) proteins

Protein Cellular location Characteristics and Functions Referencesa,b

UPF1 Mainly cytoplasmic,
some nuclear (shuttles)

NMD; promotes translation; histone mRNA
decay; Stau1-mediated mRNA decay; ATPase;
helicase; phosphoprotein substrate for
SMG-1; recruited by eRFs to stop codons

39b, 41, 42b, 44, 45a,b, 53a,
57b, 87a, 165

UPF2 Cytoplasmic
(perinuclear) but has
nuclear localization
signals

NMD; promotes translation; EJC adapter
protein that binds both UPF1 and UPF3;
binds RNA in vitro

22b, 45a,b, 53a, 54, 56, 57b,
87a

UPF3a (UPF3) Mainly nuclear, some
cytoplasmic (shuttles)

NMD (weak); promotes translation (weak);
EJC protein with short and long isoforms that
differentially distribute into distinct
cytoplasmic protein complexes with UPF1

45a, 53a, 54, 58a, 150, 166

UPF3b (UPF3X) Mainly nuclear, some
cytoplasmic (shuttles)

NMD; promotes translation; EJC protein that
directly interacts with UPF2; may also
directly interact with Y14

39, 45b, 53a, 54, 56, 57a, 58a,
87a, 132a, 150, 166, 167a

SMG-1 Cytoplasmic NMD; phosphoinositide 3-kinase-related
kinase family member; phosphorylates UPF1

37b, 63, 168b

SMG-5 Mainly cytoplasmic,
some nuclear (shuttles)

NMD; interacts with PP2A and promotes
UPF1 dephosphorylation

25, 37, 38, 39b, 55b

SMG-6 Mainly cytoplasmic,
some nuclear (shuttles)

NMD; interacts with PP2A and promotes
UPF1 dephosphorylation

55b, 67, 169b

SMG-7 Mainly cytoplasmic,
some nuclear (shuttles)

NMD; interacts with PP2A and promotes
UPF1 dephosphorylation; when
overexpressed, it recruits UPF1 to P-bodies

55b, 66a

Y14 Nuclear and cytoplasmic
(shuttles)

NMD; promotes translation; EJC core protein
that forms a stable heterodimer with
MAGOH

57a,b, 78, 87a, 91a, 132a,b,
166, 167a

MAGOH Nuclear and cytoplasmic
(shuttles)

NMD; promotes translation; EJC core protein
that forms a stable heterodimer with Y14;
binds to TAP

57a,b, 87a, 95

eIF4AIII Nuclear and cytoplasmic
(shuttles)

NMD; RNA helicase; EJC core protein that
probably anchors the other EJC proteins to
the mRNA substrate

57a,b, 91b, 100b, 102b, 103

MLN51 (BTZ,
CASC3)

Nuclear and cytoplasmic
(shuttles)

NMD; EJC core protein that directly interacts
with eIF4AIII; binds RNA in vitro

57b, 91a,b

RNPS1 Nuclear and cytoplasmic
(shuttles)

NMD; promotes translation; splicing
coactivator; EJC factor that interacts with
PININ, SAP18, and ACINUS

57a,b, 78, 87a, 167a, 170

PYM Cytoplasmic NMD; EJC factor that directly interacts with
Y14/MAGOH; RNA-binding protein

171

UAP56 Nuclear RNA splicing; mRNA export; EJC factor that
recruits REF/ALY

172

REF/ALY Nuclear and cytoplasmic
(shuttles)

mRNA export; EJC factor that recruits
TAP/p15; interacts with UAP56 and Y14

85, 167, 173

TAP
(NXF1)/p15

Nuclear mRNA export; loosely associated with the EJC;
interacts with REF/ALY and components of
the nuclear pore complex

80, 173–175
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Table 1 (Continued )

Protein Cellular location Characteristics and Functions Referencesa,b

SRm160 Nuclear and cytoplasmic
(shuttles)

Splicing coactivator; EJC factor 62, 78

PININ Nuclear mRNA export; EJC factor that binds RNPS1 176
ACINUS Nuclear Apoptosis; EJC factor that forms a stable

heterodimer with RNPS1
170, 176

SAP18 Nuclear and cytoplasmic
(shuttles)

Function unknown; component of the
transcriptional repression SIN3-HDAC
complex; EJC factor that binds RNPS1

85, 170

aUsed gain-of-function experiments (i.e., tethering) to show involvement in NMD.
bUsed loss-of-function experiments (i.e., RNAi or expression of dominant-negative mutant) to show involvement in NMD.

Unlike UPF1, UPF3 has no known bio-
chemical activity; instead, it probably partic-
ipates in NMD in mammals (Table 1) by
virtue of its being part of the second sig-
nal for NMD: the EJC (see below). Mam-
mals possess two UPF3 genes, whereas C.
elegans, D. melanogaster, and S. cerevisiae have
only one (52–55). Human UPF3a (also called
UPF3) is on chromosome 13, and UPF3b (also
called UPF3X) is on the X chromosome. The
UPF3a and UPF3b proteins have some com-

RBD: RNA-binding
domain

mon characteristics. First, both directly inter-
act with UPF2 (described below) through a
domain in their N termini (Figure 1). Sur-
prisingly, X-ray crystallographic analysis re-
vealed that this binding is achieved using
a canonical RNA-binding domain (RBD) in
UPF3b (56). It is not known whether UPF3a
employs the same strategy to interact with
UPF2. Second, both UPF3a and UPF3b are
predominantly nuclear proteins that shuttle
to the cytoplasm (53, 54). Thus, like other

ACINUS
RNPSI

PININ

eIF4A3

MLN5I

MAGOH

YI4

UPF3
UPF2

UPF1

SAPI8

REF/ALY

SRm160

PI5

TAP
PYM

UAP56

Possible binding

EJC core

Direct binding
important for NMD

Involved in NMD

AAAAA
5'

Figure 1
A model of the exon-junction complex (EJC). Four proteins form the RNA-binding EJC core (eIF4AIII,
MAGOH, MLN51, and Y14); these interact with other EJC factors that associate more transiently with
the mRNP during its journey from the nucleus to the cytoplasm. N- and C-terminal binding domains are
shaded dark and light gray, respectively (53, 54, 60, 92, 94, 100). For additional details, refer to Table 1.
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Phosphoinositide
3-kinase-related
kinases: a protein
kinase family whose
members regulate
various cellular
events, such as DNA
repair and the cell
growth response

EJC proteins, both UPF3a and UPF3b are re-
cruited to mRNAs during nuclear RNA splic-
ing and then travel with the mature mRNAs
to the cytoplasm.

Although UPF3a and UPF3b contain sim-
ilar structural motifs, they differ in their abil-
ity to elicit NMD. UPF3b strongly elicits
NMD when tethered downstream of a stop
codon, whereas UPF3a has only modest ac-
tivity (53, 57, 58). Further support for this
difference is the finding that RNAi-mediated
depletion of UPF3b, but not UPF3a, re-
verses the decay of a commonly used NMD
substrate (45, 59). A crucial arginine residue
in the C terminus of UPF3b, but not in
UPF3a, is responsible for the dramatic dif-
ference in their NMD activities (58). It re-
mains for future studies to determine why two
UPF3 genes evolved in higher eukaryotes and
whether they have redundant or independent
roles.

UPF2 is an adapter molecule that brings
together UPF1 and UPF3 to elicit NMD.
Consistent with this role, UPF2 has distinct
domains that bind UPF1 and UPF3 (53,
54, 60). The UPF1-binding domains are in
both the N and C termini of human UPF2
(Figure 1); their importance is underscored
by the fact that both domains are necessary
for NMD (56, 61). The UPF3-binding do-
main has sequence identity with the MIF4G
protein-protein interaction motif that was
originally identified in the translation initi-
ation factor eIF4G (56). UPF2 accumulates
in the cytoplasm, in the so-called perinuclear
region (53, 60). However, like other EJC com-
ponents, UPF2 is probably first recruited to
mRNAs as a result of mRNA splicing in the
nucleus, an idea supported by the fact that
UPF2 contains several consensus nuclear lo-
calization sequences in its N terminus and can
be immunoprecipitated from nuclear extracts
(60, 62). Whether UPF2 is first recruited to
mRNAs in the nucleus or the perinuclear re-
gion in the cytoplasm is an important issue to
resolve because it influences models defining
the steps in the NMD pathway. Construction
of accurate models also depends on knowing

whether UPF2 binds directly to RNA or “pig-
gybacks” on another RNA-binding factor; the
former possibility is consistent with the fact
UPF2 can directly interact with RNA, at least
in vitro (56).

SMG Proteins: Mediators of the
UPF1 Phosphorylation Cycle

SMG-1, SMG-5, SMG-6, and SMG-7 con-
trol the phosphorylation status of UPF1 (27).
All four are required for NMD, as mutation
of any one of their corresponding genes com-
pletely eliminates NMD in C. elegans (49).
Likewise, knockdown or inhibition of any
one of the corresponding mammalian pro-
teins partially reverses NMD in mammalian
cells (Table 1).

SMG-1 is a kinase that phosphorylates ser-
ine and threonine residues (24, 37, 63). It is
a member of the phosphoinositide 3-kinase-
related kinase family, whose other members
function in DNA damage and growth re-
sponses as well as other events (64, 65). SMG-
1-mediated phosphorylation of UPF1 is likely
to be crucial for NMD on the basis of many
lines of evidence (27), including the fact that
a kinase-deficient version of SMG-1 acts in a
dominant-negative manner to inhibit NMD
in mammalian cells (37).

SMG-5, SMG-6, and SMG-7 are three
nonredundant proteins that promote the de-
phosphorylation of UPF1 (24, 25, 37–39).
SMG-5 and SMG-7 form a stable het-
erodimer by interacting through their N-
terminal domains, whereas SMG-6 appears
to act more independently (25, 39, 66). None
of these SMG factors are phosphatases them-
selves; instead they promote UPF1 dephos-
phorylation by other means, including re-
cruitment of protein phosphatase 2A to UPF1
(25, 38, 39, 66). Consistent with this common
goal, the SMG-5/7 heterodimer and SMG-6
have both been shown to form complexes con-
taining protein phosphatase 2A (25, 38, 39).

X-ray crystallographic analysis of SMG-
7 revealed that its N terminus has a 14-3-
3-like domain, a motif known to bind to
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phosphoserine residues (67). Thus, the 14-3-
3-like domain in SMG-7 probably binds to
phosphoserine residues in UPF1 (67). Con-
sistent with this idea, disruption of this do-
main by mutation inhibits the ability of SMG-
7 to bind to UPF1 in vitro and to recruit
UPF1 to processing bodies (P-bodies), cyto-
plasmic compartments in which mRNA de-
cay occurs (67). SMG-5 and SMG-6 also have
a phosphoserine-binding 14-3-3-like domain
on the basis of their amino-acid sequence (67),
which suggests that they too use this domain
to bind specifically to phosphorylated UPF1.

The discovery that NMD requires factors
that mediate both UPF1 phosphorylation and
dephosphorylation strongly suggests that a
cycle of UPF1 phosphorylation and dephos-
phorylation drives NMD (27). As described
below, the molecular events mediating UPF1
phosphorylation and dephosphorylation are
becoming better understood, but the specific
biochemical functions of this phosphorylation
cycle in NMD has been difficult to determine.

DETECTING ABBERANT
MESSAGES FOR DEGRADATION

A unique aspect of mammalian NMD is the
involvement of the EJC, a complex of pro-
teins deposited at exon-exon junctions during
mRNA splicing. In this section, we describe
the factors that make up the EJC and their
known functions.

NMD and the Exon-Junction
Complex

A major issue that is still only partially un-
derstood is how NMD distinguishes between
premature and normal stop codons. The pre-
vailing view is that a second signal down-
stream of the stop codon dictates whether a
stop codon is premature or not. In S. cerevisiae,
the second signal appears to be a loosely de-
fined downstream sequence element or an ab-
normally long 3′ untranslated region (UTR)
(68–70). Early studies revealed that the sec-
ond signal in mammalian cells is quite dif-

Processing body
(P-body): a
cytoplasmic focus
containing high
concentrations of
RNA decay enzymes
and factors
mediating
translational
repression

ferent from that in yeast because it is some-
how delivered by an intron downstream of
the stop codon (71–74). This discovery clar-
ified why normal stop codons do not elicit
NMD, as most are in the last exon (75). It also
explained why transcripts from mammalian
genes lacking introns are typically immune to
NMD (76, 77). However, the following para-
dox arose: How does an intron—an entity that
is removed from precursor transcripts in the
nucleus—participate in a mechanism that de-
pends on the cytoplasmic translation appara-
tus? A clue to solving this paradox was the
discovery that the downstream intron must
be spliceable to elicit NMD (73). This sug-
gested that the spliceosome leaves an imprint
with the second signal on spliced mRNA that
remains bound even when it enters the cyto-
plasm to be read by ribosomes (72, 73).

Indeed, subsequent research identified
such an imprint, the EJC (78–81). This
∼350-kDa protein complex contains at least
10 proteins that are deposited 20–24 nu-
cleotides upstream of exon-exon junctions af-
ter RNA splicing. Consistent with its role
as an imprint providing a second signal for
NMD, the EJC remains bound to mRNPs af-
ter they enter the cytoplasm. Furthermore,
the EJC contains several proteins involved
in NMD, including the well-characterized
NMD proteins UPF2 and UPF3b (80). To-
gether with several other lines of evidence (7,
81–83), a strong case can be made for the idea
that the EJC relays the previous location of in-
trons relative to the stop codon to ultimately
dictate whether or not rapid mRNA decay will
be elicited.

In addition to acting as a signal to degrade
aberrant transcripts, EJC factors have other
functions (11, 81). The EJC factors RNPS1
and SRm160 enhance the export of normal
spliced mRNAs from the nuclei of Xenopus
laevis oocytes (80, 84, 85). Several lines of ev-
idence suggest that translation in mammalian
cells is stimulated by the EJC factors UPF2,
UPF3a, UPF3b, RNPS1, Y14, and MAGOH
(86, 87). This translational enhancement ap-
pears to require efficient splicing (88). The

www.annualreviews.org • RNA Surveillance 57

A
nn

u.
 R

ev
. B

io
ch

em
. 2

00
7.

76
:5

1-
74

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 H
eb

re
w

 U
ni

ve
rs

ity
 o

f 
Je

ru
sa

le
m

 o
n 

04
/1

9/
09

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV313-BI76-03 ARI 30 April 2007 17:31

EJC factors Y14/Mago and Barentz collab-
orate to localize oskar mRNA to the poste-
rior pole of D. melanogaster oocytes (89–91).
It is not known whether EJC factors direct the
cytoplasmic localization of mRNAs in mam-
malian cells.

Proteins that have been identified in the
EJC, including all those known to be in-
volved in NMD, are listed in Table 1.
Figure 1 provides a model of the EJC that
indicates the known direct interactions be-
tween EJC/NMD proteins and distinguishes
between core EJC proteins and those that are
more transiently part of the EJC.

The Exon-Junction Complex Core
Proteins

The EJC core consists of four proteins:
Y14, MAGOH, eIF4AIII, and MLN51 (also
known as BTZ or CASC3), all of which par-
ticipate in NMD. Cross-linking, coimmuno-
precipitation, mutation analysis, and RNase
H footprinting studies showed that these four
proteins form a highly stable complex on
single-stranded RNA in vitro (78, 92). The
EJC core probably serves as a platform to
which the transient EJC components attach
(Figure 1) (93, 94).

Y14 and MAGOH form a stable het-
erodimer that is deposited near exon-exon
junctions on a mature mRNA during RNA
splicing, where it remains bound after export
of the mRNA into the cytoplasm (95–98). Y14
contains an RBD that was originally postu-
lated to allow it to bind directly to RNA; how-
ever, X-ray crystallographic analysis showed
that this domain instead interacts directly with
MAGOH (97, 99). Because the Y14 RBD-
MAGOH interaction is of very high affinity
and completely masks the RNA-binding sur-
face of Y14, it is unlikely that Y14 uses its
RBD to bind RNA. Y14 also interacts directly
with the C-terminal domain of eIF4AIII (92,
100).

eIF4AIII is a DEAD-box RNA helicase
that serves as an anchor to attach the EJC
to its RNA substrate (100). In addition to its

role as a molecular anchor, eIF4AIII when
bound by ATP stabilizes the EJC core, at least
in vitro (92). Mutagenesis and X-ray crys-
tallographic data indicate that a domain in
eIF4AIII’s C terminus is responsible for its
interaction with Y14/MAGOH (92, 94). In
turn, Y14/MAGOH inhibits the ATPase ac-
tivity of eIF4AIII, stabilizing the interaction
between eIF4AIII and other EJC components
as well as the EJC’s interaction with its mRNA
substrate (92, 97, 99, 101). Like many EJC
factors, eIF4AIII accumulates at high levels
in the nucleus but also shuttles to the cy-
toplasm (100, 102). Its nuclear accumulation
distinguishes it from eIF4AI and eIF4AII, two
proteins highly related to eIF4AIII, which ac-
cumulate in the cytoplasm and function as
translation initiation factors (102, 103).

MLN51 is the mammalian ortholog of D.
melanogaster Barentz. Barentz was originally
defined as a factor that localizes oskar mRNA
to the posterior pole of the fly oocyte; later, its
mammalian ortholog was discovered to have
a role in NMD (55, 89, 91). Interestingly,
MLN51 is overexpressed in some breast can-
cer cells (104), but whether it has a causal
role in malignancy is not known. A study
using ultraviolet light cross-linking analysis
identified a conserved region in MLN51’s
N terminus that is sufficient to bind spliced
mRNA in vitro, interact with MAGOH, and
direct MLN51 to nuclear speckles in vivo (92,
105). MLN51 also binds to eIF4AIII’s N ter-
minus, which stimulates the ATPase activ-
ity of eIF4AIII and stabilizes its binding to
RNA (92). MLN51 can directly bind single-
stranded RNA in the absence of eIF4AIII,
suggesting that it may function independently
of the EJC in some situations (92).

Recruitment and Assembly
of Exon-Junction Complexes

The EJC is a dynamic structure whose pro-
tein composition changes as the mRNA with
which it associates is processed in the nu-
cleus, exported to the cytoplasm, and trans-
lated (2, 7, 106, 107). Certain EJC proteins
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are recruited to the pre-mRNA even before
splicing, including REF (108). Others, such
as the EJC core factors eIF4AIII and
Y14/MAGOH, are recruited after the first
step of splicing (107–109). Some EJC pro-
teins dissociate shortly after nuclear export,
as indicated by experiments in injected X. lae-
vis oocytes (80, 110, 111). Other EJC proteins
probably do not dissociate until the ribosome
displaces them during the first round of trans-
lation. In support of this, Y14 is stripped from
RNA after translation in HeLa cytoplasmic
extracts (96). Whether the ribosome physi-
cally knocks off the EJC or also biochemically
modifies the EJC to facilitate dissociation re-
mains unclear. Y14 phosphorylation may have
a role in the latter event because Y14 mu-
tants unable to be phosphorylated cause other
EJC factors to be retained on ribosome-bound
mRNPs (98).

ASSEMBLY OF NMD FACTORS

Three aspects of the underlying mechanism of
NMD have been under intense study: whether
there is a unique pioneer round of trans-
lation that recognizes aberrant transcripts,
how premature stop codons are distinguished
from bona fide stop codons, and the molecu-
lar choreography that ultimately triggers the
decay of aberrant PTC-bearing transcripts.
In this section, we discuss the experimen-
tal evidence that sheds light on these three
issues.

NMD May Occur During a Pioneer
Round of Translation

If a PTC-containing transcript underwent
multiple rounds of translation before being
targeted by NMD, large amounts of truncated
proteins with potentially deleterious activities
would be produced. Thus, it is advantageous
for the cell to degrade aberrant transcripts
as early as possible. To achieve this, mRNAs
must be scanned for PTCs and degraded dur-
ing the first few rounds of translation. Early
evidence for this notion was provided by the

Pioneer round of
translation: the first
round of translation,
which occurs on
CBC-bound mRNPs
and may function in
proofreading
mammalian mRNAs

CBC: cap-binding
complex

Bulk translation:
rounds of translation
after the pioneer
round that are
devoted to making
proteins;
characterized by
eIF4E-bound
mRNPs

discovery that most mammalian mRNAs are
downregulated by NMD in the nuclear frac-
tion of cells (71, 73, 112, 113). This suggested
that mRNAs are scanned either in the nucleus
or soon after entering the cytoplasm when the
mRNAs are still associated with the nucleus
(4, 17, 114).

More recent studies have provided addi-
tional evidence that NMD occurs on newly
synthesized mammalian mRNAs. These stud-
ies revolve around the discovery of the cap-
binding complex (CBC), a marker unique to
newly synthesized mRNA. The CBC is a het-
erodimer of CBP20 and CBP80 subunits that
is added to the 5′ cap of pre-mRNAs during
transcription (115–118), whereupon it pro-
motes pre-mRNA splicing (118). CBCs re-
main bound to mRNAs after they are spliced
and begin translation, indicating that CBC-
bound mature mRNAs are potential targets
for NMD (119–122). A key discovery was that
the CBC is at some point replaced by another
5′ cap-binding factor, eIF4E, a translation ini-
tiation factor responsible for supporting bulk
translation (119, 123). Thus, by comparing
the properties of CBC and eIF4E-bound mR-
NAs, it has been possible to dissect events
that occur on newly synthesized mRNAs
compared to older mRNAs undergoing bulk
translation.

This type of comparison has generated
several lines of evidence that NMD occurs
on newly synthesized CBC-bound mRNAs.
First, PTCs decrease the level of mRNAs
bound by the large CBC subunit CBP80;
in contrast, there is no further decrease in
the level of eIF4E-bound mRNA, implying
that NMD acts only on CBP80-bound mR-
NAs (119). Second, several NMD and EJC
factors, including SMG-1, UPF2, UPF3a,
UPF3b, and eIF4AIII, are present in mRNPs
containing either CBP80 or CBC20 but not
eIF4E (22, 62, 119, 121). Third, knock-
down of CBP80 by RNAi partially reverses
NMD (124). Fourth, CBP80-bound, PTC-
containing mRNA accumulates when trans-
lation is blocked (62, 119). Finally, 4E-
BP1, a translation inhibitor that specifically
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competes with eIF4E for binding to eIF4G
but does not interact with the CBC (125), has
no effect on NMD (121).

In addition to being a marker for NMD-
targeted mRNAs, the CBC functions in

NMD (Figure 2). Several lines of evidence
suggest that its large subunit, CBP80, pro-
motes NMD by recruiting UPF1 and enhanc-
ing the interaction between UPF1 and UPF2
(124). First, knockdown of CBP80 reduces the

PABP1 PABP2
PABP1 PABP2

PABP1 PABP1
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magnitude of NMD elicited in response to
UPF2 or UPF3a tethered downstream of a
stop codon but has no effect on NMD elicited
by tethered UPF1. Second, coimmunopre-
cipitation, far-Western, and pull-down as-
says demonstrated that CBP80 and UPF1 in-
teract with each other, probably in a direct
manner. Third, CBP80 enhances the bind-
ing of UPF1 to UPF2 in vitro. Conversely,
knockdown of CBP80 reduces the interaction
between UPF1 and UPF2 in vivo. Fourth,
tethering CBP80 or CBP20 downstream of
a stop codon reduces mRNA levels, consis-
tent with the CBC recruiting UPF1 to elicit
NMD.

In striking contrast to mammals, S. cere-
visiae appears to activate NMD during any
round of translation. One line of evidence
for this is that S. cerevisiae NMD is very in-
efficient, implying that multiple rounds of
translation (perhaps 200 or more) are re-
quired to degrade a significant fraction of the
PTC-bearing transcripts (126). More direct
evidence that NMD can degrade old aber-
rant yeast mRNAs comes from studies us-
ing a galactose-inducible promoter to rapidly
express Upf1p, Upf2p, or Upf3p in yeast
strains null for the corresponding Upf gene.
These studies revealed that induction of ei-
ther Upf1p, Upf2p, or Upf3p elicits decay
of preexisting PTC-bearing mRNAs, imply-
ing that NMD does not degrade only newly
synthesized PTC-bearing mRNAs (127). The
idea that yeast does not have a unique pioneer

Tethering: fusion of
a protein of interest
to a site-specific
RNA-binding
protein so that the
protein binds a
specific site in an
mRNA

round of translation devoted to NMD is fur-
ther supported by the finding that S. cerevisiae
strains lacking Cbc1p (the yeast ortholog of
mammalian CBP80) are still capable of de-
grading PTC-bearing mRNAs; these mRNAs
are bound to eIF4E (128).

It remains to be determined whether yeast
and mammals truly differ with regard to what
rounds of translation triggers NMD. It is
possible, for example, that yeast NMD is
more often triggered during early rather than
later rounds of translation. Conversely, mam-
malian NMD may occur to some extent in
later rounds. Consistent with this, the sub-
strate for mammalian NMD does not abso-
lutely require using a CBC-dependent mech-
anism because mRNAs containing internal
ribosome entry sites can be degraded by
NMD (129, 130).

Molecular Interactions that Define
Nonsense Codons

How are premature stop codons distinguished
from bona fide stop codons? Several lines of
investigation indicate that a second signal is
required to define a stop codon as being pre-
mature and thereby trigger NMD (13, 16,
17, 69). While this second signal appears to
vary in different species and possibly in dif-
ferent transcripts, a common feature is that
it must be downstream of the stop codon to
elicit NMD. The best-defined second signal
on mammalian transcripts is the EJC (see the

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2
Mammalian nonsense-mediated mRNA decay (NMD) likely occurs as a result of PTC recognition
during a unique “pioneer” round of translation. NMD is specifically triggered when up-frameshift
protein 1 (UPF1, labeled 1) is allowed to interact with UPF2 (2), which is bound to UPF3b (3b) (22).
UPF2 and UPF3b are both part of the EJC (80), which is recruited to exon-exon junctions (not shown)
during mRNA splicing (78). In an aberrant transcript (left panels), there is typically at least one EJC
deposited downstream of the premature stop codon, allowing it to interact with UPF1 recruited by CBC
and the eukaryotic release factors eRF1 and eRF3 (eRF) (22, 124). The interaction between UPF1 and
UPF2 is enhanced by CBC (124), which is bound to the 5′ cap of mRNAs undergoing the pioneer round
of translation (119). In contrast, a normal transcript (right panels) avoids NMD because all of the EJCs
(only one is shown) are upstream of the stop codon and are thus displaced by the ribosome before UPF1
is recruited (96). After surviving this proofreading step, normal transcripts exchange proteins at both
their 5′ and 3′ ends and proceed to bulk translation (119).
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eRF: eukaryotic
release factor

SURF: SMG-1-
UPF1-eRF1-eRF3
complex

NMD and the Exon-Junction Complex sec-
tion, above). Normal transcripts escape NMD
because all of the EJCs are typically deposited
upstream of the stop codon, permitting the ri-
bosome to displace them. In contrast, an aber-
rant transcript harboring a stop codon in a
premature position will typically have at least
one EJC downstream of the PTC, thereby
triggering NMD.

How does the second signal trigger NMD?
The available evidence suggests that mRNA
decay is elicited if the factors that constitute
the second signal (such as the EJC) are allowed
to interact with factors bound at stop codons.
This does not occur on normal transcripts
because the second signal factors are proba-
bly all stripped off by the ribosome. In this
section, we explore what is known about the
interaction of stop codon-bound factors with
second-signal factors in mammalian cells. It
should be borne in mind that the interaction
between these two sets of factors does not nec-
essarily cause destabilization of an inherently
stable mRNA. Rather, it is possible that this
interaction interferes with normal translation
termination and/or normal remodeling of the
mRNP that is required for its stabilization (69,
70, 131).

Translation termination is triggered by
recognition of the stop codon by the eukary-
otic release factors eRF1 and eRF3. UPF1 is
probably recruited to the scene soon there-
after, as both eRF1 and eRF3 have been
shown to interact with UPF1 (21, 35, 36). Us-
ing coimmunoprecipitation analysis, a recent

study showed that UPF1, eRF1, and eRF3
are part of a single complex that also contains
the UPF1 kinase SMG-1 (22). This SMG-1,
UPF1, eRF (SURF) complex is proposed to
assemble on ribosomes stalled at a stop codon,
with eRF1 and eRF3 recruiting unphospho-
rylated UPF1, which in turn recruits SMG-1
(Figure 3).

SURF is probably a transient complex
formed after translation termination because
evidence suggests it rapidly forms a larger
complex that also contains the EJC compo-
nents UPF3b, eIF4AIII, and Y14/MAGOH
(22). The interaction between UPF1 in the
SURF complex and UPF2 in the EJC acts
as a molecular bridge that brings together
these two complexes (Figure 3). As evidence
for this, SURF and EJC interactions are dis-
rupted by RNAi-mediated depletion of UPF2
or mutation of UPF2’s UPF3b-binding site.
This interaction is probably further enhanced
by SMG-1, which uses two independent do-
mains to bind UPF1 and UPF2 simultane-
ously. Evidence for a precursor-product re-
lationship between the SURF complex and
the putative SURF/EJC “super” complex is
that the former accumulates when the EJC
components Y14 or UPF2 are depleted by
RNAi or when interactions between UPF1 in
the SURF complex and UPF2 in the EJC are
blocked by mutations (22).

The formation of the SURF/EJC com-
plex probably activates SMG-1 to phospho-
rylate UPF1. As evidence, UPF1 phosphory-
lation is reduced by mutations that disrupt the

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 3
Early molecular events preparing an mRNA to be degraded by nonsense-mediated mRNA decay
(NMD). Translation of an mRNA during the pioneer round of translation (step 1; also see Figure 2)
leads to recognition of the stop codon by the eukaryotic release factors eRF1 and eRF3, which recruit the
NMD factor UPF1 (labeled 1; step 2) (22, 124). UPF1, in turn, recruits the protein kinase SMG-1 (S1),
which together with the eRFs forms a transient complex called SURF (step 3) (22). In an aberrant mRNA
like the one shown, the SURF complex interacts with an EJC downstream (step 4). This interaction may
be an obligate requirement for SMG-1 to phosphorylate UPF1 (step 5), which then probably triggers
subsequent steps that ultimately degrade the mRNA (see Figure 4) and recycles release factors and the
40S and 60S ribosomal subunits (step 6). Abbreviations: CBC, cap-binding complex; EJC, exon-junction
complex; S1, protein kinase SMG-1; SMG-1, suppressor with morphogenetic effect on genitalia-1;
SURF complex, the SMG-1, UPF1, eRF complex; UPF1 (labeled 1), UPF2 (labeled 2), UPF3b (labeled
3b), up-frameshift proteins.
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interaction between UPF1 and UPF2 or be-
tween UPF2 and UPF3b (22). Furthermore,
RNAi-mediated depletion of EJC factors in
mammalian cells also reduces UPF1 phospho-

rylation (22). Similarly, null mutations of the
C. elegans SMG-3 (UPF2) and SMG-4 (UPF3)
genes reduce SMG-2 (UPF1) phosphoryla-
tion (24, 49).
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Polysomes:
multiple ribosomes
translating a single
mRNA

Exoribonucleases:
enzymes that
degrade RNA from
the exposed ends;
some degrade
5′-to-3′ and others
3′-to-5′

Although these studies have begun to re-
veal the molecular mechanisms responsible
for UPF1 phosphorylation, the function of
UPF1 phosphorylation in NMD remains a
mystery. One attractive possibility is that
UPF1 must be phosphorylated to attract new
molecules, such as SMG-7, that ultimately
bring about the rapid destruction of the
mRNA (see the next section). UPF1 phos-
phorylation may also drive the dissociation of
eRF1 and eRF3 from the mRNP to allow for
their recycling (Figure 2). In support of this,
expression of a kinase-deficient SMG-1 mu-
tant increases the level of eRF3 coimmuno-
precipitated with UPF1 (22).

Several lines of evidence support the
SURF/EJC model described above (22), but
contradictory data also exist. One issue con-
cerns the key role played by UPF2 in me-
diating an interaction between the SURF
and the EJC. This is apparently at odds
with the fact that UPF3b lacking its UPF2-
interaction domain is still capable of elicit-
ing NMD when tethered downstream of a
stop codon (132). Although UPF2 indepen-
dence could be attributed to the artificial na-
ture of the λN/MS2 tethering system, knock-
down of endogenous UPF2 by RNAi also
has no effect on some NMD substrates (57).
This suggests that NMD can be UPF2 in-
dependent, and in these cases, some alterna-
tive molecule links the SURF complex with
the EJC. Similarly, RNAi-mediated knock-
down experiments suggest that a UPF3b-
independent branch of the NMD pathway
exists (see the Alternative Branches of the
NMD Pathway section, below) (59), which
would require a substitute factor to link UPF2
and Y14 (Figure 3). Another unresolved is-
sue concerns the finding that most phos-
phorylated UPF1 is found in the polysome
fraction (133). The SURF/EJC model pre-
dicts that this would not be the case because
the vast majority of polysomes would be ex-
pected to contain normal mRNAs that do
not form SURF/EJC complexes and would
thus have UPF1 in a nonphosphorylated
state.

UPF1 Dephosphorylation, P-Body
Recruitment, and mRNA Decay

Once UPF1 is phosphorylated, it recruits
factors that mediate its dephosphorylation
(Figure 4). Among these factors is SMG-7,
which together with SMG-5 forms a het-
erodimer that directly binds phosphorylated
UPF1 (39, 67). SMG-7 has been proposed
to be the terminal effector in NMD, as teth-
ering SMG-7 to any site in an mRNA (us-
ing the λN/BoxB system) rapidly destabilizes
the mRNA (66). Tethering SMG-7’s C ter-
minus alone is sufficient to mediate mRNA
decay. In contrast, all other NMD factors
that have been tested destabilize mRNAs only
when tethered downstream of the stop codon.
Tethered SMG-5, although not able to elicit
RNA decay when only endogenous SMG-7 is
present, is able to trigger NMD when SMG-
7 is overexpressed (66). In contrast, SMG-6
does not cooperate with SMG-7 but may have
a role just upstream of SMG-5/SMG-7 (66).

The ribonucleases that carry out the actual
destruction of most PTC-bearing mRNAs
are the same as those that degrade most nor-
mal mRNAs. Both the decapping-dependent
5′-to-3′ exoribonuclease pathway and the
exosome-mediated 3′-to-5′exoribonuclease
pathway rapidly degrade mammalian mRNAs
harboring PTCs (134–136). Similarly, S.
cerevisiae uses both pathways, although the
prominent one appears to be the 5′-to-3′

exoribonuclease pathway (137–139). In con-
trast, D. melanogaster uses a unique pathway
involving endonucleolytic cleavage near the
site of the PTC (140). Mammalian β-globin
transcripts harboring PTCs are also degraded
by an endonuclease-initiated mechanism in
erythroleukemia cells (141, 142).

A controversial issue has been where
the decay of PTC-bearing mRNAs occurs.
Many mammalian mRNAs are downreg-
ulated by PTCs in the nuclear fraction
(71, 73, 112, 113). This is surprising,
given that translation has only been clearly
demonstrated to occur in the cytoplasm. To
date, it has not been resolved whether this
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Figure 4
Late molecular events in nonsense-mediated mRNA decay (NMD) that ultimately degrade the mRNA.
The phosphorylation of UPF1 recruits the SMG-5/SMG-7 heterodimers (labeled S5 and S7,
respectively) and the phosphatase PP2A (steps 1 and 2) (39). It is uncertain whether PP2A is initially
associated with SMG-5/SMG-7 (as shown) or recruited at a later stage. Unknown events (perhaps
P-body recruitment) trigger PP2A to dephosphorylate UPF1 (step 3) (39), which is likely to lead to the
dissociation of PP2A and SMG-5/SMG-7 from the mRNP (step 4). Also unknown is what specific event
leads to loss of the mRNA 5′ cap by decapping enzymes (Dcp, step 3). Decapping may be triggered by
the recruitment of SMG-7, which is sufficient to elicit mRNA decay when artificially tethered to an
mRNA (see text and Reference 66). Alternatively, decapping may be triggered as a result of UPF1
dephosphorylation. Regardless, once decapping occurs, the mRNA body is susceptible to rapid decay by
5′-to-3′ exonucleases (Xrn, step 4) (135). Abbreviations: CBC, cap-binding complex; EJC, exon-junction
complex; S1, protein kinase SMG-1; UPF1 (labeled 1), UPF2 (labeled 2), UPF3b (labeled 3b),
up-frameshift proteins.

“nuclear-associated NMD” actually occurs
in the nucleus or instead occurs in a portion
of the cytoplasm that cofractionates with the
nucleus. The former possibility is supported

by the evidence that a fraction of translation
occurs in the nucleus (114, 143), whereas
the latter is indirectly supported by evidence
against nuclear translation (144, 145). It is also
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possible that certain mammalian transcripts
are targeted for decay in the nucleus and
that others are degraded in the cytoplasm, an
idea consistent with the fact that mammalian
NMD substrates can be sorted into two
categories: those degraded in the cytoplasm
and those degraded in the nuclear fraction (4,
17, 114).

One likely cytoplasmic site for mammalian
NMD is the P-body, a dynamic cytoplasmic
compartment that harbors high concentra-
tions of RNA decay factors, including decap-
ping enzymes and 5′-to-3′ exonucleases (146).
Several lines of evidence indicate that the
P-body is a major site of NMD in S. cere-
visiae (147, 148). NMD might also occur in
mammalian P-bodies because overexpressed
SMG-7 concentrates in cytoplasmic foci with
the characteristics of P-bodies (66). The C ter-
minus of SMG-7 is likely to be responsible
both for its P-body localization and for elic-
iting mRNA decay when tethered (66). Fur-
ther support for the idea that SMG-7 partici-
pates in NMD in P-bodies is the finding that
overexpressed SMG-7 recruits UPF1 into P-
bodies. UPF1’s P-body localization is only
achieved with full-length SMG-7, not with
its C-terminal region alone (66), consistent
with the fact that SMG-7’s N-terminal region
houses its UPF1-binding domain (67). These
results lead to a model in which SMG-7 is a
key molecule that links upstream and down-
stream events in NMD by using its N ter-
minus to interact with phosphorylated UPF1
and its C terminus to bring about the degra-
dation of the mRNA. Selective destruction
of PTC-bearing mRNAs is achieved because
only such mRNAs form the SURF/EJC com-
plexes essential to generate phosphorylated
UPF1 (Figure 3), the binding surface that re-
cruits SMG-7 (Figure 4).

A caveat with the interpretation of these
experiments is that it is not known whether
endogenous SMG-7 is localized in P-bodies
because its expression is so low that its sub-
cellular expression has not yet been deter-
mined (39, 149). Also, it is important to bear
in mind that SMG-7 traffics to other loca-

tions, including the nucleus, so its activities
are probably not restricted to the P-body (39,
66). In conclusion, although the penultimate
(SMG-7 activation and UPF1 dephosphory-
lation) and terminal (mRNA decay) phases of
NMD are becoming better understood, the
cellular locations of these two NMD phases
and how they are interconnected remain to
be clearly defined.

ALTERNATIVE BRANCHES
OF THE NMD PATHWAY

Early genetic and biochemical studies sug-
gested the existence of only a single linear
NMD pathway; however, more recent exper-
iments suggest the existence of three distinct
branches of the NMD pathway in mam-
mals. The first branch is apparently inde-
pendent of UPF2, as it retains normal func-
tions when UPF2 is depleted by RNAi (57).
This UPF2-independent branch requires the
EJC factor UPF3b and the EJC core proteins.
In contrast, the second branch is apparently
independent of the EJC core proteins and
instead depends on the RNA-binding EJC
proteins RNPS1 and UPF2 (57). The third
branch is not affected by the combined de-
pletion of UPF3b and UPF3a and thus ap-
pears to be independent of these EJC factors
(59).

Evidence for the existence of the UPF2-
dependent and UPF2-independent branches
came from a combination of loss- and gain-
of-function approaches involving RNAi and
the tethering assay described in the UPF Pro-
teins: The Core NMD Machinery section,
above. The primary evidence for the UPF2-
independent pathway was the discovery that
NMD elicited by tethered EJC core proteins
or UPF3b is not affected by RNAi-mediated
depletion of UPF2 (57). This was consistent
with the finding that tethered UPF3b lacking
its UPF2-interaction domain is still capable of
eliciting NMD (132). It is also consistent with
the finding that the related protein UPF3a is
in a high-molecular-weight complex that lacks
UPF2 (39, 150).
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The UPF2-dependent pathway was sup-
ported by the finding that tethered RNPS1
requires its UPF2-interaction domain to elicit
NMD (57). Furthermore, RNPS1-induced
NMD is abrogated by depletion of UPF2.
In contrast, RNPS1-induced NMD is not af-
fected by knockdown of the EJC core compo-
nents eIF4AIII and MLN51, suggesting that
this branch is independent of the EJC core.
RNPS1 and UPF2 may make do without the
EJC core by binding to the mRNA substrate
on their own. RNPS1 is an RNA-binding pro-
tein with a canonical RRM domain, and UPF2
binds RNA in vitro using a novel domain
(56, 151).

The primary evidence for the UPF3-
independent pathway was the discovery that
RNAi-mediated depletion of UPF3a, UPF3b,
or both has no effect on the downregulation
of TCR-β transcripts in response to PTCs
(59). In contrast, depletion of UPF3b reverses
PTC-mediated downregulation of standard
NMD substrates, including β-globin mRNA.
Because TCR-β NMD is known to require
both UPF2 (42, 129) and EJC core pro-
teins (91, 100, 152), this suggests that TCR-β
transcripts are not degraded by the UPF2-
dependent or UPF2-independent pathways
described above but instead by a unique third
branch of the NMD pathway. TCR-β NMD
is also unique in many other respects: It is an
unusually robust response (153), it requires ef-
ficient splicing (88), it is elicited in a unique
polar manner (5′ PTCs elicit much stronger
downregulation than do 3′ PTCs), and it does
not abide by the –55 boundary rule dictated
by the classical EJC (73, 154).

All three pathways downregulate some
naturally occurring transcripts. RNAi deple-
tion studies identified unique subsets of hu-
man transcripts with NMD features regulated
by the UPF2-dependent pathway (downregu-
lated by UPF2 and RNPS1 but not MLN51),
the UPF2-independent pathway (downreg-
ulated by MLN51 but not UPF2), and the
UPF3-independent pathway (not downregu-
lated by UPF3b). Transcripts in all three path-
ways are downregulated by UPF1, suggest-

RSV: Rous sarcoma
virus

ing that although several different combina-
tions of EJC proteins are employed as “input
branches” for NMD, these are all funneled to-
gether into a common UPF1-dependent trib-
utary that elicits mRNA decay.

NOVEL NMD SECOND SIGNALS

The EJC is not universally required for
NMD. Yeast lack most EJC components (155)
and are thus incapable of depositing a classi-
cal EJC on spliced mRNAs. Flies have all the
major EJC components, but RNAi-mediated
depletion of these EJC components has no ef-
fect on NMD in D. melanogaster cell lines, and
NMD occurs efficiently even when no exon-
exon junction is downstream of the PTC (55,
156). Thus, the EJC appears to have evolved
for other purposes before it was co-opted for
use in NMD in mammals (11, 81).

The fact that lower eukaryotes execute
NMD without the EJC raises the possibility
that higher eukaryotes may also, under some
circumstances, engage in NMD independent
of the EJC. In support of this, some tran-
scripts have been identified that are degraded
by NMD in mammalian cells even when
the PTC is not followed by an exon-exon
junction. Human β-hexosaminidase, mouse
Ig-μ, Rous sarcoma virus (RSV), and hy-
brid mouse/human β-globin are all examples
of transcripts that do not require an intron
downstream of the PTC to be degraded by
NMD (157–160).

Mapping experiments have begun to assign
the transcript regions responsible for these ap-
parent examples of EJC-independent NMD.
Deletion analysis in β-globin revealed a re-
gion in the second exon that is likely to be
responsible for promoting NMD (157). The
location of this NMD-promoting region rel-
ative to the PTC makes it reminiscent of
S. cerevisiae downstream sequence elements
that elicit NMD (155), but there is no obvi-
ous sequence identity between the β-globin
region and the yeast downstream sequence
element consensus sequence (157). A curi-
ous aspect of the regulation is that only the
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hybrid mouse/human version of β-globin,
and not normal human β-globin, displays
intron-independent NMD (161). In contrast
to β-globin, RSV and Ig-μ transcripts have
NMD-regulatory regions that map to the
3′ UTR. The RSV 3′ UTR houses a puta-
tive NMD-inhibitory cis element that stabi-
lizes RSV transcripts when introduced down-
stream of the PTC (162). Nonmutant RSV
transcripts also depend on this 3′ UTR ele-
ment for stability (162). It remains for future
studies to identify a minimal cis element in
the RSV 3′ UTR and the trans-acting factors
recruited to it. Ig-μ transcripts appear to re-
quire a minimal 3′ UTR length, rather than
a particular 3′ UTR sequence, to elicit EJC-
independent NMD. A deletion that reduced
the distance between the PTC and the poly(A)
tail abolished Ig-μ NMD, whereas insertion
of a stuffer downstream of the normal Ig-μ
stop codon triggered NMD (160). The no-
tion that the execution of NMD is decided
by the distance between the stop codon and
the poly(A) tail is an attractive one, especially
given that evidence suggests this may be the

case in yeast (163, 164). However, a simple in-
verse relationship between 3′ UTR length and
NMD induction is clearly not the case because
mammalian transcripts with long 3′ UTRs are
not necessarily targeted by NMD (161).

Although the above examples suggest the
existence of an alternative non-EJC second
signal for NMD, it is important to note that
there is no direct evidence for EJC indepen-
dence other than a study in which Ig-μ NMD
was shown to be unaffected by knockdown of
the EJC component eIF4AIII (160). It is pos-
sible, for example, that the deletion of the β-
globin intron downstream of the PTC gen-
erated a cryptic intron or splice site that is
capable of recruiting the EJC. It is also pos-
sible that EJCs can be deposited on exons
in a splicing-independent manner. In sum-
mary, even though progress has been made
in the identification of regulatory regions re-
quired for intron-independent NMD, the ex-
periments to date have not definitively deter-
mined whether it is truly EJC independent,
and they have not yet yielded a simple or a
universal mechanism.

SUMMARY POINTS

1. NMD is an evolutionarily conserved RNA surveillance pathway that targets mRNAs
harboring PTCs for decay.

2. The UPF1, UPF2, and UPF3 proteins are core factors participating in NMD. UPF1
is an RNA helicase that is recruited to mRNAs upon translation termination and
undergoes a cycle of phosphorylation and dephosphorylation.

3. In mammalian cells, UPF2 and UPF3 are part of the EJC, a large dynamic protein
complex deposited just upstream of exon-exon junctions during RNA splicing. Many
EJC components, including UPF2 and UPF3, remain bound to the mRNA after its
export to the cytoplasm, where they function as a second signal to elicit NMD when
the mRNA is proofread during translation.

4. The EJC contains four core proteins that form a stable tetramer that binds to mRNA.
All EJC core proteins are involved in NMD.

5. Mammalian NMD appears to occur as a result of PTC recognition during an early
(pioneer) round of translation. The substrate for this proofreading round of translation
has a different mRNP composition than subsequent (bulk) rounds of translation that
generate large amounts of protein.
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6. Upon translation termination, release factors recruit UPF1 and the UPF1 kinase
SMG-1 to form the SURF complex. SURF is a transient complex that rapidly interacts
with the EJC through the EJC component UPF2. This SURF-EJC interaction defines
the stop codon as premature and probably promotes the phosphorylation of UPF1, a
likely key step in NMD.

7. Once phosphorylated, UPF1 attracts the phosphoserine-binding domain proteins
SMG-5, SMG-6, and SMG-7. These three proteins are each essential for NMD;
together, they promote the dephosphorylation of UPF1. SMG-7 is thought to be the
terminal effector of NMD because it accumulates in P-bodies (cytoplasmic sites of
mRNA decay) and is unique among NMD proteins in that it elicits rapid decay when
tethered to any position within an mRNA.

8. Recent studies suggest that rather than being a single linear pathway, mammalian
NMD has several branches, some of which may use alternative EJCs and others that
may operate independent of EJCs.

FUTURE ISSUES

1. How does UPF1 function in NMD? Although UPF1 has been shown to have ATP-
dependent helicase and RNA-dependent ATPase activities, their role in NMD is not
clear. UPF1 undergoes a cycle of phosphorylation and dephosphorylation, but the
functional role of this cycle is still poorly understood.

2. What is the molecular switch responsible for activating the kinase activity of SMG-1?
Its substrate, UPF1, is phosphorylated when the SMG-1-containing SURF complex
interacts with the EJC, but the molecular choreography responsible for SMG-1 acti-
vation is not known.

3. Is the P-body a major site of NMD in mammalian cells?

4. How does SMG-7 trigger mRNA decay? Is its ability to promote UPF1 dephospho-
rylation integral to its function in NMD? Does it directly or indirectly recruit RNA
decay-associated factors, including decapping enzymes? Does it direct mRNAs into
P-bodies?

5. What is the role of SMG-6 in NMD? It interacts with the PP2A phosphatase and
phosphorylated UPF1 and is essential for NMD in C. elegans, but its precise functional
role in NMD remains obscure.

6. What role do EJCs have in NMD? Are they obligate signals for some branches of the
NMD pathway? Or are they merely NMD amplifiers? This is a difficult question to
address for technical reasons because RNAi-mediated knockdown of EJC components
is never complete. In addition, it may not be feasible to completely knock out EJC
components, as this is probably lethal to mammalian cells.

7. Conversely, do EJC-independent branches of NMD exist in mammals? If so, do they
use molecules and molecular steps orthologous to those used by EJC-independent
NMD mechanisms in lower eukaryotes? This is an intriguing possibility because it
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suggests that the EJC-independent signal drives the primordial NMD mechanism
and that the EJC was co-opted later in evolution for use in NMD.

8. How do the putative alternative branches of the NMD pathway function? For ex-
ample, how do the UPF2- and UPF3-independent branches operate, given that both
UPF2 and UPF3 are integral components of the SURF/EJC-containing “super com-
plex” thought to be essential to elicit NMD? How does the UPF2/RNPS1-dependent
pathway operate in the absence of some or all of the core EJC components?
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