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Nonsense-mediated mRNA decay (NMD), which degrades tran-
scripts harboring a premature termination codon (PTC), depends
on the helicase up-frameshift 1 (UPF1). However, mRNAs that are
not NMD targets also bind UPF1.What governs the timing, position,
and functionofUPF1binding tomRNAs remains unclear.Weprovide
evidence that (i) multiple UPF1 molecules accumulate on the 3′-un-
translated region (3′ UTR) of PTC-containing mRNAs and to an ex-
tent that is greater per unit 3′ UTR length if the mRNA is an NMD
target; (ii) UPF1 binding begins ≥35 nt downstream of the PTC; (iii)
enhanced UPF1 binding to the 3′ UTR of PTC-containing mRNA rel-
ative to its PTC-free counterpart depends on translation; and (iv) the
presence of a 3′ UTR exon–junction complex (EJC) further enhances
UPF1 binding and/or affinity. Our data suggest that NMD involves
UPF1binding alonga 3′UTRwhether the 3′UTR contains an EJC. This
binding explains how mRNAs without a 3′ UTR EJC but with an
abnormally long 3′ UTR can be NMD targets, albeit not as efficiently
as their counterparts that contain a 3′ UTR EJC.
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In mammalian cells, mRNAs and the pre-mRNAs from which
they derive continually lose and acquire proteins in ways that

reflect past and current metabolic states and influence future
metabolic steps. For example, newly synthesized mRNAs, which
support the pioneer round of translation, are bound by the cap-
binding protein (CBP) heterodimer CBP80−CBP20 and, provided
they underwent splicing, exon–junction complexes (EJCs) (1). In
contrast, the bulk of cellular mRNAs have lost CBP80−CBP20
and EJCs, have acquired eukaryotic translation initiation factor
(eIF)4E in the place of CBP80−CBP20, and support most of
cellular translation. CBP80 and EJCs are important for nonsense-
mediated mRNA decay (NMD), which down-regulates mRNAs
that harbor either an exon-exon junction downstream of a termi-
nation codon (2, 3) and/or an abnormally long 3′UTR (3–6). Thus,
NMD targets newly synthesized mRNAs during the pioneer round
of translation, whereas eIF4E-bound mRNAs appear to be im-
mune to NMD (1, 3). This conclusion is supported by single-RNA
fluorescent in situ-hybridization measurements of premature ter-
mination codon (PTC)-containing mRNAs in intact cells after the
induction of mRNA synthesis (7).
Messenger ribonucleoprotein (mRNP) remodeling also takes

place during NMD. When translation terminates at a PTC and an
EJC is situated sufficiently downstream of the PTC so as not to be
displaced by the terminating ribosome (8, 9), a complex called
suppressor with morphogenic effect on genitalia (SMG) 1−up-
frameshift 1 (UPF1)−eukaryotic release factor (eRF) 1−eRF3
(SURF) is thought to form at the PTC and, together with the
downstreamEJC, constitutes a decay-inducing complex (DECID)
(10, 11). The transient and/or weak interaction of mRNA cap-
bound CBP80 with UPF1, which occurs on mRNAs even if they
are not NMD targets, promotes UPF1 binding to eRF1−eRF3
and, subsequently, to an EJC (12). Although SMG8 and SMG9
tightly associate with SMG1 to suppress its kinase activity (11, 13),
the EJC constituents UPF2 and UPF3 or UPF3X (also called
UPF3a or UPF3b, respectively) augment the SMG1-mediated
phosphorylation of UPF1 (10). Hyperphosphorylated UPF1 then
binds to eIF3 of a 43S preinitiation complex, positioned at the
translation initiation codon of the NMD target, to suppress fur-
ther translation initiation events (14) and promote mRNA decay
(15–18). One or a combination of SMG5, SMG6, and SMG7

recruits protein phosphatase 2A to return UPF1 to its steady-state
hypophosphorylated status (19–22).
The importance of NMD in human pathologies is underscored

by the many genetically inherited diseases (23–25) that are due to
a PTC-containing mRNA. Read-through therapies have shown
promise in generating full-length proteins without concomitantly
stabilizing PTC-bearing mRNAs (26, 27). However, a deeper
understanding of how such transcripts are recognized and selec-
tively degraded by NMD is needed considering that UPF1 has
been reported to bind to many mammalian mRNAs regardless of
PTC status (12, 28).
Here, we follow up our finding that humanUPF1 binds an order

of magnitude more efficiently to a PTC-containing mRNA than to
its PTC-free counterpart (12) with the goal of defining rules that
would predict the extent and position of UPF1 binding to mam-
malian-cell mRNAs. Although NMD requires translation, the
translational dependence of UPF1 binding to mRNA 3′ UTRs
remains controversial (28, 29). We show that UPF1 binding to
PTC-containing mRNAs increases linearly as the 3′ UTR length
increases. This increase is most efficient for NMD targets that bear
not only a PTC but also a 3′UTR EJC. In contrast, the increase in
UPF1 binding is less dramatic for PTC-containing mRNAs that
are not NMD targets. Thus, we propose that a 3′ UTR EJC
changes the affinity of UPF1 for the mRNP and/or increases the
number of bound UPF1. We provide evidence that the enhanced
UPF1 binding to the 3′UTR of anNMD target relative to its PTC-
free counterpart depends on translation and begins ≥35 nt
downstream of the PTC. UPF1 also binds to the 3′ UTRs of
mRNAs that terminate translation at or downstream of the normal
position, but to a much lesser extent and in a way that does not
reflect 3′ UTR length. Our results lend insight into mRNP struc-
ture and function.

Results
Termination-Codon Context Determines the Extent of UPF1 Binding
per Unit 3′ UTR Length.We aimed to identify which elements within
NMD targets, in addition to a PTC, are important to sustain en-
hanced UPF1 binding. Thus, we quantitated the amount of UPF1
binding to derivatives of the samemRNA that are or are not NMD
targets. In one set of experiments, the derivatives have different 3′
UTR lengths either with or without a 3′ UTR EJC so we could
determine whether UPF1 binds 3′ UTRs comparably per unit
length and whether a 3′UTREJC contributes toUPF1 binding. In
another set of experiments, the derivatives have the identical 3′
UTR but do or do not harbor a 3′ UTR EJC. The second set of
constructs controls for any variations in UPF1 binding that are due
to variations in 3′ UTR sequence, rigorously allowing us to de-
termine whether a 3′ UTR EJC contributes to UPF1 binding.
Initially, pdRLUC-Gl Norm, which produces mRNA that ter-

minates translation at position 147, and PTC-containing 7Ter,
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26Ter, 39Ter, 65Ter, 82Ter, 101Ter, 120Ter, and 131Ter variants
of pdRLUC-Gl Norm were generated [Fig. 1A, where “d” specifies
a deletion within the renilla luciferase (RLUC) reading frame
that is in frame with the β-globin (Gl) reading frame]. PTCs
7Ter, 26Ter, 39Ter, 65Ter, and 82Ter have been shown or are
expected to efficiently trigger NMD; in contrast, 101Ter, 120Ter, or
131Ter have been shown or are expected not to trigger NMD be-
cause translating ribosomes remove all EJCs (4). Additionally,
pdRLUC-Gl constructs harboring 155Ter, 163Ter, or 171Ter in cis
to a CAA Gln codon at the position of Norm Ter were generated
(Fig. 1A). Each pdRLUC-Gl test plasmid was transiently in-
troduced into human embryonic kidney (HEK)293T cells together
with the MYC-UPF1 expression vector pCMV-MYC-UPF1 (14)
or, as a control, pCMV-MYC (14), and the phCMV-MUP refer-
ence plasmid, which produces mRNA that encodes the mouse
major urinary protein (MUP). The resulting cell lysates were ana-
lyzed before or after immunoprecipitation (IP) by using anti-MYC.
In this and all subsequent experiments, we achieved compa-

rable MYC-UPF1 expression (<twofold the level of cellular
UPF1) and comparable IP efficiencies for each experimental
sample (Fig. 1B). RT-PCR revealed that before IP the level of
dRLUC-Gl mRNA that harbors 7Ter, 26Ter, 39Ter, 65Ter, or
82Ter was ∼19% (i.e., 14–28%) the level of dRLUC-Gl Norm
mRNA because each is subject to NMD, whereas the level of
dRLUC-Gl mRNA that harbors 101Ter, 120Ter, 131Ter 155
Ter, 163Ter, or 171 Ter was ∼94% (i.e., 86–107%) the level of
dRLUC-Gl Norm mRNA because each is not an NMD target
(Fig. 1C and Table S1). After IP, the mRNAs were divided into
one of three categories based on the amount of mRNA re-
covered: PTC-containing mRNAs that are NMD targets > PTC-
containing mRNAs that are not NMD targets >> mRNAs that
lack a PTC (Fig. 1 C and D). Remarkably, two key differences in
UPF1 binding to PTC-containing mRNAs that are NMD targets
compared with those that are not NMD targets derived from the

presence of a 3′ UTR EJC. First, the change in mRNA recovery
after anti-MYC IP (i.e., MYC-UPF1 binding) per unit 3′ UTR
length was greater for PTC-containing mRNAs that are NMD
targets compared with those that are not (Fig. 1D): PTC-con-
taining mRNAs that are NMD targets had a slope of ∼3.6 (r2 =
0.85 ± 0.12 based on three independent experiments), whereas
PTC-containing mRNAs that are not NMD targets had a slope
of ∼2.4 (r2 = 0.97 ± 0.01). Second, the presence of a 3′ UTR
EJC, which typified NMD targets, significantly augmented the
level of mRNA recovery on top of the amount of recovery that
was attributable to UPF1 binding per unit 3′ UTR length (Fig.
1D; see also below). mRNA recovery was least efficient for
mRNAs that terminated at or downstream of the normal ter-
mination codon, and the amount of mRNA recovered did not
significantly correlate with 3′ UTR length.
In controls for IP specificity, dRLUC-Gl mRNA Norm failed

to coimmunoprecipitate with MYC alone (Fig. 1C). Further-
more, the results of lysate-mixing experiments demonstrated that
the co-IP of MYC-UPF1 and dRLUC-Gl mRNA is the conse-
quence of a bona fide cellular interaction (Fig. S1A). UPF1
binding to the 3′ UTRs of PTC-containing mRNAs whether the
mRNA is an NMD target is specific and, data indicate, depends
on translation. As one piece of evidence (see below for others),
UPF1 binding to dRLUC-Gl Norm pre-mRNA was only weakly
apparent (∼40-fold less than to dRLUC-Gl Norm mRNA) and
did not vary depending on the position of the termination codon
(Fig. S1B). As additional evidence, when ribosome elongation
was inhibited by using puromycin, the co-IP of PTC-containing
mRNAs that are and are not NMD targets with MYC-UPF1 was
reduced (Fig. S1 C–E).
Importantly, when normalized to 3′ UTR length, the largest

difference in UPF1 binding to PTC-containing mRNAs that are
NMD targets compared with those that are not appears to be
attributable the 3′ UTR EJC (Fig. 1 C and D). HEK293T cells

Fig. 1. Efficiency of UPF1binding tomRNAs depends
on 3′ UTR length and a 3′ UTR EJC. (A) Structure of
dRLUC-Gl mRNA showing positions of the normal
termination codon (Norm Ter), PTCs within the
β-globin (Gl) translational reading frame (white
boxes), or termination codons within the Gl 3′ UTR.
The distance of each Ter relative to the poly(A) tail is
shown in nucleotides below the corresponding dou-
ble arrowheaded horizontal line. Black boxes repre-
sent UTRs, the gray box specifies 69-nt of the (d)RLUC
coding region, (A)n denotes the poly(A) tail, and the
two black ovals represent EJCs. (B) HEK293T cells (8 ×
107) were transiently transfected with the specified
pdRLUC-Gl test plasmid (1 μg), the phCMV-MUP ref-
erence plasmid (0.5 μg), and pCMV-MYC-UPF1 (1 μg)
or, as a control, pCMV-MYC (1 μg). Cell lysates were
immunoprecipitated by using anti(α)-MYC and ana-
lyzed before (–) or after (+) IP by Western blotting
(WB). (C) RT-PCR of samples from B, where before or
after IP the level of dRLUC-Gl mRNA was normalized
to the level of MUP mRNA, and the normalized level
of dRLUC-Gl Norm mRNA was defined as 100%. The
normalized level after IPwas then calculated as a ratio
of the normalized level before IP, where the ratio for
dRLUC-Gl Norm mRNA was defined as 100%. (D) Plot
of the amount of UPF1 binding to each dRLUC-Gl
mRNA from C relative to 3′ UTR length. The bracket
shows the change in amount (Δ) of dRLUC-Gl 39Ter
mRNA that coimmunoprecipitated with UPF1 that is
attributable to its 3′ UTR EJC(s). (E) Diagrams of Gl
Norm or Ter mRNAs with or without (Δ) intron 2. (F)
Transfections, IPs and analyses were as in B and C,
except the specified pcDNA-Gl plasmid was used in
place of a pdRLUC-Gl plasmid. Quantitations derive
from at least three independently performed experi-
ments and represent the mean ± SDs.
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expressing Gl 39Ter mRNA coimmunoprecipitated with ∼2.4-fold
more UPF1 than did Gl 39Ter mRNA produced from the same
gene that (i) lacks intron 2 (Δint2), (ii) has the identical 3′ UTR
length, and (iii) is targeted for NMD, albeit inefficiently, because
of its abnormally long 3′ UTR (Fig. 1 E and F). This ∼2.4-fold
increase is comparable to the ∼2.1-fold increase in the co-IP of
UPF1 with dRLUC-Gl 39Ter mRNA that appears to be due to
a 3′ UTR EJC (Fig. 1D; see bracket, which shows the differential
between the solid-red line and dotted-blue line for dRLUC-Gl
39Ter mRNA). As expected given the positive role of the 3′-most
intron in RNA 3′-end formation (30), the absence of intron 2 in
either Gl Norm or Gl Ter mRNA decreased the level of mRNA
before IP (Fig. 1F). Also as expected, the amount of UPF1 binding
to Gl Norm or Gl Norm (Δint2) mRNA (when normalized to the
level of mRNA before IP) was comparable (Fig. 1F).

Enhanced UPF1 Binding to PTC-Containing Gl mRNA Compared with Its
PTC-Free Counterpart Depends on Translation. Translation initiation
and elongation inhibitors are known to block NMD, but UPF1
binding to mRNA 3′ UTRs has been reported to occur in-
dependently of ongoing translation (28). To further investigate the
influence of translation onUPF1 binding, we compared HeLa cells
that stably express either IRE-Gl Ter mRNA or IRE-Gl Norm
mRNA, each of which contains in its 5′ UTR the iron-responsive
element (IRE) from the 5′ UTR of ferritin heavy-chain mRNA
(Fig. 2A) (9, 31). Cells were cultured for 1 d inDulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) after which the iron-chelator deferoxamine mesylate (Df)
was added to repress IRE-Gl mRNA translation. After 24 h, cells
were washed and subsequently cultured in freshDMEMcontaining
10% serum and either Df or hemin, which is a porphyrin that
supplies iron and thereby promotes IRE-Gl mRNA translation,
for 0, 1, 3, 6, 8, 12, or 24 h before lysis. Upon the addition of
fresh medium, the promoter that drives IRE-Gl gene expression

provided a burst in pre-mRNA synthesis that returned to steady
state by 8 h (Fig. S2 A and B). Protein and RNA in cell lysates
before or after IP using either anti-UPF1 or, as a control for non-
specific IP, normal rabbit serum (NRS) were analyzed by Western
blotting and RT-PCR, respectively.
As expected, ferritin, which provides a measure of IRE function,

was essentially undetectable in cells exposed for 24 h to Df (Fig. 2B
and Fig. S2C) but was abundant in cells exposed for 24 h to hemin
(Fig. 2B and Fig. S2D). Also as expected, RT-PCR of RNA before
IP revealed that hemin (and the resulting translation) promoted
IRE-Gl NMD so that the level of IRE-Gl Ter mRNA was reduced
to ∼23% the level of IRE-Gl Norm mRNA, whereas Df inhibited
IRE-Gl NMD (and translation) so that the level of IRE-Gl Ter
mRNA was ∼80% the level of IRE-Gl Norm mRNA (Fig. 2B).
Consistent with an induction of IRE-Gl Norm gene expression

when cells were transferred to fresh DMEM supplemented with
10% serum at 0 h followed by a return to steady state by 8 h, the
level of IRE-Gl Norm mRNA increased during the first 6 h after
serum addition and did not decrease thereafter regardless of its
translational status (Fig. 2C and Fig. S2E), which undoubtedly
reflects the >24-h half-life of β-Gl mRNA in nonerythroid cells
(32). Although the level of IRE-Gl Ter mRNA likewise in-
creased during the first 6 h after the addition of fresh medium
regardless of the presence of Df or hemin, a sharp drop was
observed after the 6-h time point in the presence of hemin but
not in the presence of Df (Fig. 2D and Fig. S2F). In support of
this drop being attributable to NMD, the drop coincided with the
translational activation of ferritin mRNA (Fig. S2D) and, thus,
the translational activation of IRE-Gl mRNA. Furthermore, the
drop coincided with the accumulation of a reported 3′-degra-
dation product of Gl Ter mRNA (18) that was evident by using
cells in which the 5′-to-3′ exonuclease XRN1 was down-regu-
lated (Fig. S2 G–I): Down-regulating XRN1 in mammalian cells
has been shown to result in the accumulation of a SMG6

Fig. 2. Enhanced UPF1 binding to PTC-containing Gl
mRNAcomparedwith its PTC-free counterpartdepends
on translation. (A) Diagram of IRE-Gl Ter mRNA, where
the 5′ cap, 35-nt iron-responsive element of ferritin
heavy-chain mRNA, initiation codon, PTC, normal ter-
mination codon, and poly(A) tail are represented, re-
spectively, bym7G, IRE,AUG,39Ter,NormTer, and (A)n.
Horizontal lines represent the β-globin (Gl) 5′ UTR or
3′ UTR; boxes represent coding regions. (B) HeLa cells
(1 × 107) stably expressing either IRE-Gl NormmRNA or
IRE-Gl Ter mRNA were cultured in 100 μM deferox-
amine mesylate (Df) and subsequently in 100 μM of ei-
ther Df, which inhibits IRE-Gl and ferritin mRNA
translation, or hemin (H), which promotes IRE-Gl and
ferritin mRNA translation, for 24 h. Western blotting
and RT-PCR were performed before (−) or after anti
(α)-UPF1 IP or, to control for nonspecific IP, normal
rabbit serum (NRS). For samples before IP, the level of
IRE-Gl mRNA was normalized to the level of SMG7
mRNA, and the normalized level of IRE-Gl NormmRNA
in the presence of Df was defined as 100%. (C) Plot of
RT-PCRdataof IRE-GlNormmRNAobtainedat0, 1,3, 6,
8, 12, and 24 h after the addition of eitherDf or hemin.
The level of IRE-Gl NormmRNAwas normalized to the
level of SMG7mRNA and defined as 1 at time 0. (D) As
in C except cells expressing IRE-Gl Ter mRNA were an-
alyzed. (E)As inC,except cellswereanalyzedafter anti-
UPF1 IP, and the level of immunoprecipitated IRE-Gl
Norm mRNA was normalized to the level of
immunoprecipitated SMG7 mRNA. (F) As in D, except
cells were analyzed after anti-UPF1 IP, and the level of
immunoprecipitated IRE-Gl Ter mRNAwas normalized
to the level of immunoprecipitated SMG7 mRNA.
Quantitations derive from three independently per-
formed experiments and represent the mean ± SDs.
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endonuclease-generated 3′-cleavage product of PTC-containing
mRNA (16–18).
IP using anti-UPF1 demonstrated that the level of UPF1 binding

to IRE-GlNormmRNAwas just above background throughout the
time course regardless of IRE-Gl Norm mRNA translational sta-
tus (Fig. 2E and Fig. S2J). This level was ∼10–20-fold higher for
IRE-Gl Ter mRNA (Fig. 2 E and F) possibly because IRE-Gl Ter
mRNAcontains a larger 3′UTR,which allows formore nonspecific
UPF1 binding (28). Nevertheless, UPF1 binding to IRE-Gl Ter
mRNA in the presence of translation peaked at 6–8 h at a level that
was ∼26-fold above the level of UPF1 binding to IRE-Gl Norm
mRNA (Fig. 2F and Fig. S2K).
We conclude that enhanced binding of UPF1 to PTC-con-

taining mRNA precedes mRNA decay (Fig. 2D and Fig. S2G–I),
indicating that bound UPF1 is poised to contribute to the decay
process. This enhanced binding at 6–8 h of hemin treatment
requires translation as was evident by its absence when IRE-Gl
Ter mRNA was not translated (Fig. 2F and Fig. S2K).

eRF3 Function Influences UPF1 Binding to PTC-Containing mRNA. To
begin to define when the process of translation-enhanced UPF1
binding to anNMD target occurs, it made sense to focus on the last
step of translation given that translation termination defines the 3′
UTR.We focused on the requirement for eRF3 because it interacts
directly with UPF1 during translation termination (6, 33, 34). To
this end, HEK293T cells were transiently transfected with pcDNA-
HIS-eRF3(WT) or pcDNA-HIS-eRF3(KAKA), which produce
respectively histidine(HIS)-tagged wild-type (WT) eRF3 or HIS-
tagged eRF3 harboring L69K, N72A, A73K, and F76A (KAKA)
(6) or, as a control, pcDNA-HIS-LACZ, which produces mRNA
that encodesHIS-taggedE. coli β-galactosidase mRNA. HIS-eRF3
(KAKA) fails to bind not only UPF1, thereby failing to support
SURF complex formation, but also the largely cytoplasmic poly(A)-
binding protein PABPC1 (6). Western blotting before IP or after
IP in the presence of RNase A, which degraded cellular RNA,
demonstrated that HIS-eRF3(WT) and HIS-eRF3(KAKA) were
expressed at a comparable level that was only ∼1.3-fold above the
level of endogenous eRF3 (Fig. 3A). As expected, the co-IP ofHIS-
eRF3(KAKA) with UPF1 and, as a consequence, CBP80 was only
∼15% that of HIS-eRF3(WT), consistent with SURF-complex
formation on CBP80-bound mRNA during the process of trans-
lation termination (Fig. 3A). The finding that the co-IP of HIS-
eRF3(WT) with UPF1 was RNase A sensitive (Fig. 3A) although
UPF1 binding directly to eRF3 (6, 33, 34) indicates that most of
UPF1 binding is not to eRF3 but, presumably, to 3′ UTRs and
their EJCs. We do not think that UPF1 binding is mediated by
eRF3 binding to poly(A)-bound PABPC1 because data indicate
a complex of UPF1−eRF3−PABPC1 cannot be detected by using
purified proteins (6).
The transfections with pcDNA-HIS-eRF3(WT) or pcDNA-

HIS-eRF3(KAKA) were repeated to include a mixture of either
(i) pmCMV-Gl Norm, pmCMV-GPx1 Ter (where GPx1 denotes
glutathione peroxidase 1), and phCMV-MUP or (ii) pmCMV-Gl
Ter, pmCMV-GPx1 Norm, and phCMV-MUP, and IPs were
performed by using anti-UPF1 or, as a control, NRS. The co-IP of
HIS-eRF3(KAKA) with UPF1 was undetectable (Fig. 3B). Using
samples that were not treated with RNase A, HIS-eRF3(KAKA)
not only decreased the efficiency of Gl Ter or GPx1 Ter NMD
∼1.8-fold or ∼1.4-fold, respectively, but also decreased the extent
of UPF1 binding to Gl Ter mRNA or GPx1 Ter mRNA ∼1.4-fold
and ∼1.8-fold, respectively (Fig. 3C andD). Although the changes
observed by expressing eRF3(KAKA) were modest, most likely

Fig. 3. Evidence that eRF3 influences UPF1 binding to PTC-containing
mRNA. (A) HEK293T cells (8 × 107) were transiently transfected with 9 μg of
pcDNA-HIS-eRF3(WT), pcDNA-HIS-eRF3(KAKA) or, as a control, pcDNA-HIS-
LACZ. Cells were analyzed by Western blotting before (−) or after IP in
the absence or presence of RNase A by using anti(α)-HIS. (B) HEK293T cells
(8 × 107) were transiently transfected with (i) pmCMV-Gl Norm (1 μg),
pmCMVGPx1 Ter (1 μg), and phCMV-MUP (0.5 μg) or pmCMV-Gl Ter (1 μg),

pmCMVGPx1 Norm (1 μg), and phCMV-MUP (0.5 μg) and (ii) 9 μg of pcDNA-
HIS-eRF3(WT), pcDNA-HIS-eRF3(KAKA), or pcDNA-HIS-LACZ. IPs were per-
formed in the presence of RNase A by using anti-UPF1 or, to control for
nonspecific IP, normal rabbit serum (NRS). (C and D) RT-PCR analyses es-
sentially as in Fig. 1. Quantitations derive from three independently per-
formed experiments and represent the mean ± SDs.
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due to the presence of a comparable level of cellular eRF3, data
obtained suggest that UPF1 binding to eRF3 during recognition of
a PTC (i.e., during translation termination) enhances UPF1
binding to substrate mRNAs and to 3′ UTR EJCs. Thus, these
findings, like our previous findings (Fig. 2), indicate that ongoing
translation is required for the enhanced binding of UPF1 the 3′
UTRs of PTC-containing mRNAs compared with their PTC-
free counterparts.

UPF1 Binding to 3′ UTRs Begins ≥35-Nt Downstream of a PTC. With
the finding that translation termination is central to the mechanism
by whichUPF1 discriminates betweenmRNAs that are and are not
NMD targets, we next asked at what position(s) UPF1 binds to its
substrate mRNAs. HeLa cells that stably express IRE-Gl Ter
mRNAwere cultured as described above for the 8-h exposure toDf
or hemin. Lysates from cells cultured in the presence of hemin were
subsequently immunoprecipitated by using anti-UPF1 or, as a
control, NRS. After extensive washing, UPF1-bound RNAs were
incubated with RNase H in the absence or presence of one of four
antisense DNA oligonucleotides (Fig. 4A) while the RNAs were
associated with antibody−protein A agarose beads. By so doing,
cleavage products (CPs) that do not associate with UPF1 can be

distinguished from those that do. Although this approach will not
demonstrate that longer 3′ UTRs associate more efficiently with
UPF1 as was shown in Fig. 1, it has two important advantages over
cleaving before IP: it obviates RNA decay that could occur after
cleavage during the IP, and all UPF1-bound samples will manifest
the same IP efficiency. IRE-Gl Ter mRNA 5′-CPs consisted of 185,
241, 320, or 434 nt and contained, respectively, 0, 35, 114, or 228 nt
of 3′ UTR (where 3′ UTR nt 1 is defined as the nt immediately
downstream of Ter) (Fig. 4B). The corresponding 3′-CPs consisted
of 439, 383, 303, or 190 nt, all of which derive from the 3′ UTR
except for the Oligo 1 3′-CP, which contains 5 nt of coding region
plus Ter (Fig. 4B). Notably, the 434-nt 5′-CP and the 439-, 383-, and
303-nt 3′-CPs contain the 3′ UTR EJC.
As expected, before IP Df (but not hemin) blocked the pro-

duction of ferritin (Fig. 4C) and increased the level of IRE-Gl Ter
mRNA before RNase H-mediated cleavage, i.e., inhibited NMD
(Fig. 4D). Cleavage was complete as indicated by the nearly
complete loss of full-length IRE-Gl Ter mRNA (Fig. 4D). Also as
expected, relative to Df, hemin enhanced (by ∼5.8-fold) the
amount of uncleaved IRE-Gl Ter mRNA that coimmunoprecipi-
tated with UPF1 (Fig. 4D).
The efficiencies with which the four 3′-CPs coimmunoprecipi-

tated with UPF1 in samples exposed to hemin were comparable to
the efficiency with which UPF1 coimmunoprecipitated with
uncleaved IRE-Gl Ter mRNA, suggesting that all 3′-CPs were
bound by at least one UPF1 molecule (Fig. 4D). UPF1 binding to
5′-CPs containing either 0 or 35 nt of 3′ UTR was only ∼14% the
level of binding to uncleaved IRE-Gl Ter mRNA, and UPF1
binding to 5′-CPs containing 114 or 228 nt of 3′UTR increased to,
respectively, ∼59% or ∼101% (Fig. 4D). We conclude that UPF1
was absent from the 5′UTR coding region (oligo 1 data) and first
35 nt of the 3′UTR (oligo 2 data) of translationally active IRE-Gl
Ter mRNA, suggesting that UPF1 was occluded from the 5′-most
3′ UTR sequences by the terminating ribosome. UPF1 binding
becomes apparent between 35 and 114 nt downstream of the
termination codon (oligo 3 data) and is further enriched to exist
comparably on both 5′- and 3′-CPs containing, respectively, 228
and 190 nt of 3′ UTR (oligo 4 data), indicating that at least one
UPF1 molecule exists on both CPs, the latter of which consists
exclusively of sequences downstream of the 3′-most EJC. Thus,
we suggest that more than one UPF1 is associated with the 3′
UTR of an NMD target: UPF1 appears to be binding the full-
length of the 3′ UTR after the first 35 nt.

Discussion
Based in the findings that (i) longer 3′UTRs were bound by higher
levels of UPF1 (Figs. 1 and 2) and (ii) the same level of Gl mRNP
was recovered by using anti-UPF1 when assaying intact Gl mRNP
or either half of Gl mRNP that was cleaved midway into the 3′
UTR (Fig. 4), we suggest thatmultipleUPF1molecules bind to the
3′ UTR of PTC-containing mRNAs. UPF1 binding was observed
both upstream and downstream of the 3′UTR EJC (Fig. 4D). We
also suggest that binding is directly to the mRNA 3′ UTR: Al-
though the domains of eRF3 that interact with UPF1 and with
PABPC1 appear to be distinct (34, 35), raising the possibility that
some UPF1 binding could derive from the interaction between
eRF3 and poly(A)-bound PABPC1, experiments performed by
using purified proteins in vitro failed to show that the interaction
between UPF1 and eRF3 coexists with the interaction between
eRF3 and PABPC1 (6).
UPF1 binding is to an extent that is greater per unit 3′ UTR

length if the mRNA is an NMD target, and the presence of a 3′
UTR EJC further enhances UPF1 binding and/or affinity (Fig.
1). The 3′ UTRs of mRNAs that terminate translation at or
downstream of their normal termination codon bind the least
amount of UPF1 in a way that does not significantly correlate
with 3′ UTR length (Fig. 1).
Results described here indicate that UPF1 binds to newly syn-

thesized PTC-containing mRNAs whether the mRNAs are NMD
targets. UPF1 binds to the 3′ UTRs of PTC-containing mRNAs at

Fig. 4. UPF1 binding to Gl Ter 3′ UTRs begins ≥35-nt downstream of the PTC.
(A) Essentially as in Fig. 2A, except that only IRE-Gl Ter mRNA is shown, the
scissors indicate a site of oligonucleotide DNA (oligo)-directed RNase H cleav-
age, and the numbers to the right of the scissors specify the number of 3′ UTR
nucleotides in the resulting 5′- and 3′-cleavage products (CPs). (B) Table of the
number of total nt/3′UTR nt in the 5′-CPs and 3′-CPs that result from the RNase
H-mediated cleavage of IRE-Gl Ter mRNA as directed by the denoted DNA
oligo. (C) HeLa cells stably expressing IRE-Gl Ter mRNAwere cultured as in Fig.
2, except exposure to either Df or hemin (H) was for 8 h. Western blotting was
performed before (−) or after anti(α)-UPF1 IP or, to control for nonspecific IP,
NRS using samples that were not incubated with oligonucleotide. (D) RT-PCR
using samples analyzed in C and also samples that were subjected to RNase H
cleavage that was directed by the specified oligonucleotide. For samples that
were cleaved in the presence of hemin, the level of each CP was normalized to
the level of SMG7 mRNA, and resulting values were then normalized to the
level of uncleaved IRE-Gl Ter mRNA in the presence of hemin, which was de-
fined as 100%. Quantitations derive from two to three independently per-
formed experiments and represent the mean ± SDs.

Kurosaki and Maquat PNAS | February 26, 2013 | vol. 110 | no. 9 | 3361

BI
O
CH

EM
IS
TR

Y



the PTC as part of the SURF complex via its interaction with eRF3,
which is promoted by the interaction of UPF1 with CBP80 (12).
UPF1 then loads onto the 3′ UTRs of mRNAs beginning ≥35 nt
downstream of the PTC (Fig. 4), which undoubtedly reflects space
occupied on the 3′ UTR by the terminating ribosome. The recent
report that a hairpin inserted downstream of a termination codon
accumulates UPF1 (29) supports the idea that UPF1 translocates
along the 3′ UTR. Data indicate that translocation occurs after
translation termination at a PTC (Fig. 3). Should there exist a 3′
UTR EJC that is not removed by the terminating ribosome, then
the number and/or affinity of bound UPF1 increases (Fig. 1). It is
this increase that distinguishes a PTC-containing mRNA that is an
NMD target from one that is not. We find that UPF1 binding is
indistinguishable whether there is one or two 3′UTREJCs (Fig. 1),
most likely indicating that the so-called DECID complex (10)
involves the 3′ UTR EJC that resides closest to the PTC. UPF1
binding to EJC-bound UPF2 increases UPF1 ATPase and helicase
activities (36) to augment UPF1 movement along the mRNA 3′
UTR in a 5′-to-3′ direction (29), the concomitant removal of mRNP
proteins from the mRNA, and mRNA decay (18).
From studies of Saccharomyces cerevisiae, it has been reported

that the efficiency of termination-complex formation and/or
translation termination varies depending on whether cells ex-
press UPF1 (37). Possibly, every termination event during the
pioneer round of translation has the potential to involve UPF1.
However, the degree of UPF1 loading onto a 3′ UTR and, thus,
whether NMD occurs is dictated by the stability of UPF1 binding

to eRF1−eRF3 at a termination codon. Loading can be further
augmented by the presence of a 3′ UTR EJC.

Materials and Methods
Cell Transfections and Lysis. HeLa or HEK 293T cells were propagated in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% (vol/vol)
FBS and, when specified, transiently transfected with plasmid DNA by using
Lipofectamine 2000 (Invitrogen). Where indicated, HEK293T cells were cul-
tured with 100 μg/mL puromycin (Invitrogen) for 6 h before lysis. In ex-
periments using hemin or deferoxamine mesylate (Df), HeLa cells stably
expressing either IRE-Gl Norm or IRE-Gl Ter (9) were split 1:6 and grown to
a confluency of 60%, at which time Df was added to 100 μM. After an addi-
tional 24 h, cells were washed three times with phosphate-buffered saline
(PBS) and subsequently cultured in DMEM plus 10% FBS containing either Df
or hemin for the designated time before lysis. In all experiments, total-cell
lysates were prepared by using hypotonic gentle lysis buffer (10mMTris at pH
7.4, 10 mM NaCl, 10 mM EDTA, and 0.5% (wt/wt) Triton X-100) (38) with
protease inhibitormixture (Roche). Proteinwas analyzed after the addition of
NaCl to 150 mM, and RNAwas extracted and purified by using TRIzol reagent
(Invitrogen).

Plasmids, Immunoprecipitations, siRNA-Mediated Down-Regulation, Western
Blotting, RT-PCR, and RT-qPCR. See SI Materials and Methods.
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