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Imperfect base-pairing between microRNA (miRNA) and the
30-untranslated region of target messenger RNA (mRNA) triggers
translational repression of the target mRNA. Here, we provide
evidence that human Argonaute 2 targets cap-binding protein
(CBP)80/20-bound mRNAs and exon junction complex-bound
mRNAs and inhibits nonsense-mediated mRNA decay (NMD),
which is restricted tightly to CBP80/20-bound mRNAs. Further-
more, microarray analyses reveal that a subset of cellular
transcripts, which are expected to be targeted for NMD, is
stabilized by miRNA-mediated gene silencing. The regulation of
NMD by miRNAs will shed light on a new post-transcriptional
regulation mechanism of gene expression in mammalian cells.
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INTRODUCTION
Immediately after transcription initiation, the cap structure at the
50-end of pre-messenger RNA (pre-mRNA) is recognized by
the nuclear cap-binding protein (CBP) complex, a heterodimer
of CBP80 and CBP20 (Chang et al, 2007; Isken & Maquat, 2007).
During the export of properly spliced mRNA through the nuclear
pore complex (NPC), CBP80/20 recruits a ribosome to initiate
translation, which is referred to as ‘the pioneer (or first) round of
translation’ or ‘CBP80/20-dependent translation’ (Ishigaki et al,
2001; Chiu et al, 2004; Lejeune et al, 2004; Isken & Maquat,
2007; Kim et al, 2009). After the CBP80/20-dependent translation,
CBP80/20 is replaced by the cytoplasmic CBP, eukaryotic
translation initiation factor 4E (eIF4E). The cap-bound eIF4E
recruits the ribosomes to trigger multiple rounds of trans-
lation, which is referred to as ‘steady-state translation’ or
‘eIF4E-dependent translation’.

The CBP80/20-dependent translation occurs on mRNAs that
harbour exon junction complex (EJC), which is deposited on mRNAs
as a consequence of splicing. However, eIF4E-dependent trans-
lation occurs on EJC-free mRNAs. The CBP80/20-dependent

translation preferentially requires the newly identified middle
domain of eukaryotic initiation factor 4G (MIF4G) domain-
containing protein, CBP80/20-dependent translation initiation
factor (CTIF; Kim et al, 2009). The CTIF protein associates with
CBP80 and eIF3, which is a crucial protein complex for the
recruitment of the 40S ribosome. Analogously, eIF4E-dependent
translation requires interactions of eIF4E–eIF4GI/II–eIF3 to recruit
the 40S ribosome into mRNA. Even though CBP80 binds to CTIF
more preferentially than eIF4GI/II (Kim et al, 2009), CBP80 can
interact with eIF4GI (Ishigaki et al, 2001; Chiu et al, 2004; Lejeune
et al, 2004), suggesting that CBP80–eIF4GI/II–eIF3 interactions
might also be involved in CBP80/20-dependent translation.

The CBP80/20-dependent translation is coupled tightly to
mammalian nonsense-mediated mRNA decay (NMD; Behm-
Ansmant et al, 2007; Chang et al, 2007; Isken & Maquat, 2007;
Neu-Yilik & Kulozik, 2008; Silva & Romao, 2009). NMD is a
cellular mechanism by which aberrant mRNAs that harbour
premature termination codons (PTCs) can be discriminated
from normal mRNAs. Eventually, these faulty mRNAs will be
eliminated, thus preventing the expression of truncated proteins.
NMD is also believed to function as a post-transcriptional
regulation mechanism for gene expression, as it targets a subset
of normal cellular transcripts (Mendell et al, 2004; Wittmann
et al, 2006).

MicroRNAs (miRNAs) are small endogenous non-coding RNAs
that post-transcriptionally regulate gene expression by base-
pairing with target mRNAs (reviewed in Eulalio et al, 2008). The
mature miRNA assembles with Argonaute (Ago) family proteins,
forming the miRNA-induced silencing complex (miRISC). The
miRISC complex has been shown to inhibit gene expression
of target mRNA in various ways. In particular, several steps of
translation can be targeted for miRISC-mediated gene repression
(Eulalio et al, 2008).

In this study, we show that human Ago2 is loaded onto
CBP80-bound mRNAs and eIF4E-bound mRNAs. In addition, we
observed that a subset of cellular transcripts, which are expected
to be targeted for NMD, is stabilized by miRNA-mediated gene
silencing. Accordingly, the abundance of NMD reporter mRNA,
which contains a PTC and miR-122 target sequences at the
30-untranslated region (30UTR), decreases on treatment with
20-O-methyl anti-miR-122. Our observations suggest crosstalk
between NMD and miRNA-mediated gene silencing.
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RESULTS AND DISCUSSION
Human Ago2 is loaded onto CBP80/20-bound mRNAs
On the basis of the previous report that human Ago2 silences
eIF4E-dependent translation (Eulalio et al, 2008), we reasoned that
Ago2 might also silence CBP80/20-dependent translation. We
performed immunoprecipitations to test whether human Ago2 is
loaded onto CBP80/20-bound mRNAs (Fig 1). The results showed
that endogenous Ago2 and eIF4AIII, which is a component of
EJC, co-immunopurified with endogenous CBP80 in an RNase
A-sensitive manner (Fig 1A). Furthermore, endogenous CBP80,
eIF4E and eIF4AIII co-immunopurified with lN-haemagglutinin
(HA)-Ago2 in an RNase A-sensitive manner (Fig 1B). Consistent
with our findings, an RNA-mediated interaction between Ago2
and eIF4E has been reported previously (Chu & Rana, 2006).
In addition, endogenous Ago2 was enriched in the immuno-
precipitation of either Flag–CBP20 or Flag–eIF4E from total
extracts of Cos-7 cells exposed to ultraviolet radiation, excluding
the possibility that the RNA-mediated interaction between CBP80/
20 and Ago2 occurs after cell lysis (supplementary Fig S1 online).
As expected, endogenous eIF4AIII was enriched in the immuno-
precipitation of Flag–CBP20, but not the immunoprecipitation
of Flag–eIF4E (supplementary Fig S1 online). All immuno-
precipitation results suggest that Ago2 is loaded efficiently
onto CBP80/20- and EJC-bound mRNAs, and onto eIF4E-bound
and EJC-free mRNAs, with CBP80/20 or eIF4E binding to the
cap structure of the mRNA and with Ago2 binding to the 30UTR
of the mRNA.

Loading of Ago2/miRISC onto 30UTR abolishes NMD
Efficient loading of Ago2 onto CBP80/20-bound mRNAs led
us to test whether Ago2 affects the events that occur on
CBP80/20-bound mRNAs. As mammalian NMD is restricted only
to CBP80/20-bound mRNAs, but not eIF4E-bound mRNAs
(Ishigaki et al, 2001; Chiu et al, 2004; Chang et al, 2007; Isken
& Maquat, 2007), we tested the effect of Ago2 on NMD.

Two approaches were used: (i) artificial tethering of Ago2
to 30UTR and (ii) loading of endogenous Ago2 or miRISC onto
30UTR using CXCR4 miRNA mimetic. First, HA-Ago2 was tethered
to the 30UTR of NMD reporter Gl-5BoxB Norm and Ter
mRNAs (Fig 2A) with the lN/boxB system (Kiriakidou et al,
2007). These tethering NMD reporter mRNAs were targeted
efficiently for NMD, as demonstrated by the abrogation of NMD
on downregulation of eIF4AIII, Upf1 or Y14 (supplementary
Fig S2A–D online). The tethering results revealed that tethering
of lN-HA-Ago2 inhibited NMD of Gl-5BoxB Ter mRNA by
3.6-fold (Fig 2C). Consistent with a previous report (Kiriakidou
et al, 2007), tethering of lN-HA-Ago2 repressed overall trans-
lation of Gl-5BoxB Norm mRNA to 25% compared with that
obtained from tethering of lN-HA (Fig 2E), marginally changing
the mRNA level (Fig 2C). These results suggest that silencing of
overall translation by tethered Ago2 was efficient under these
conditions. By contrast, tethering of a negative control protein
lN-HA-Ago2F2V2, in which two phenylalanines in the MC
domain were substituted by valines (Kiriakidou et al, 2007),
failed to inhibit NMD of Gl-5BoxB mRNA and did not
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Fig 1 | Human Ago2 is loaded onto CBP80/20- and eIF4E-bound mRNAs. (A) IPs of endogenous CBP80. IPs were performed using HeLa cell extracts

and either CBP80 antibody or non-specific control antibody rabbit IgG. Upper panel: samples obtained before or after IP were analysed by western

blotting by using the indicated antibodies. The four leftmost lanes, in which threefold serial dilutions of sample before IP were loaded, demonstrate

that the western blotting was semi-quantitative. Lower panel: GAPDH mRNA was analysed by sqRT–PCR to demonstrate that the RNase A digestion

was complete. The four leftmost lanes, in which twofold serial dilutions of cellular RNAs were analysed, demonstrate that the conditions used for

RT–PCR were semi-quantitative. (B) IP of lN-HA-Ago2. The samples were analysed by western blotting (upper panel) or sqRT–PCR (lower panel)

either before or after IP with HA antibody or non-specific control rat IgG. CBP, cap-binding protein; eIF, eukaryotic translation initiation factor;

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HA, haemagglutinin; IP, immunoprecipitation; mRNA, messenger RNA; IgG, immunoglobulin G;

sqRT–PCR, semi-quantitative reverse transcriptase PCR.
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significantly affect the abundance and overall translation of
Gl-5BoxB Norm mRNA (data not shown). The semi-quantitative
reverse transcriptase PCR (sqRT–PCR) results, shown in Fig 2C,
were confirmed further by quantitative real-time PCR (Fig 2D).

Second, CXCR4 miRNA mimetic, which base-pairs imperfectly
with CXCR4 miRNA target sites, was used to trigger the loading of
endogenous Ago2 or miRISC onto the 30UTR of NMD reporter
Gl-CXCR4 Norm and Ter mRNAs, which contain six repeats of
the CXCR4 miRNA-binding site (CXCR4–6�Bulge) at the 30UTR
(Fig 2A) and were confirmed targets for NMD (supplementary

Fig S2E,F online). The CXCR4 miRNA mimetic significantly
abrogated the NMD of Gl-CXCR4 Ter mRNA, marginally affecting
the abundance of Gl-CXCR4 Norm mRNA (Fig 2F). In addition, the
overall translational efficiency of Gl-CXCR4 Norm mRNA
decreased fourfold on treatment with CXCR4 miRNA mimetic
(Fig 2H), indicating that CXCR4 miRNA mimetic-mediated
translational repression was efficient under these conditions.
The sqRT–PCR results, shown in Fig 2F, were confirmed further
by quantitative real-time PCR (Fig 2G). These results suggest
that tethering or loading of Ago2 (or miRISC) onto the 30UTR of

A

D

F G H

ATG

ATG

ATG

ATG

ATG TAA

pCI-F

TAG

TAG

TAA

TAA

TAA

TAA

5BoxB
phRL-Gl-5BoxB Norm

phRL-Gl-5BoxB Ter

pRL-Gl-CXCR4 Norm

pRL-Gl-CXCR4 Ter

5BoxB

CXCR4–6 x Bulge

CXCR4–6 x Bulge

0

25

50

75

100

125

HSV-TK RLuc

RLuc

RLuc

RLuc

FLuc

B
pCI-λN-

HA HA-A
go

2

λN-HA-Ago2

β-Actin
HSV-TK

CMV

CMV

CMV

pRL-Gl-CXCR4

pRL-Gl-CXCR4

miRNA
mimetic

miRNA
mimetic

Control

Con
tro

l

CXCR4

CXCR4

FLuc mRNA

Gl-CXCR4
mRNA

Gl-CXCR4 mRNA/
FLuc mRNA
(% of norm)

G
l-

5B
ox

B
 m

R
N

A
/

FL
uc

 m
R

N
A

(%
 o

f n
or

m
)

G
l-

C
X

C
R

4 
m

R
N

A
/

FL
uc

 m
R

N
A

(%
 o

f n
or

m
)

R
el

at
iv

e 
R

Lu
c 

ac
tiv

ity
/

G
l-

C
X

C
R

4 
N

or
m

 m
R

N
A

Nor
m

Nor
mTe

r

HApCI-λN-

phRL-Gl-5BoxB

HA-Ago2

Te
r

0

25

50

75

100

125

0

25

50

75

100

125

E

HA

HA-A
go

2
0

25

50

75

100

125

R
el

at
iv

e 
R

Lu
c 

ac
tiv

ity
/

G
l-

5B
ox

B
 N

or
m

 m
R

N
A

pCI-λN-

10
0

33
±1

10
0 

  8
8±

1

81
±2

  7
1±

2

miRNA mimetic

Con
tro

l

Nor
m

Te
r

Nor
m

Te
r

Nor
m Te

r
Nor

m Te
r

CXCR4

C
HA HA-Ago2 pCI-λN-

phRL-Gl-5BoxB

FLuc mRNA

Gl-5BoxB mRNA

Gl-5BoxB mRNA/
FLuc mRNA
(% of norm)

10
0

26
±0

10
0 

  8
1±

4

93
±4

  7
6±

7

Nor
m

Te
r

Nor
m

Te
r

microRNA/Ago2 regulates NMD

J. Choe et al

EMBO reports VOL 11 | NO 5 | 2010 &2010 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

scientificreport

382



PTC-containing mRNAs abrogates NMD, possibly by targeting
CBP80/20-dependent translation.

miRISC inhibits CBP80/20-dependent translation
Several steps of eIF4E-dependent translation have been shown
to be targeted for miRISC-mediated gene repression (reviewed
in Eulalio et al, 2008). To determine clearly which step of NMD
is targeted by Ago2-mediated silencing and to exclude the
possibility that inhibition of eIF4E-dependent translation mediated
by Ago2 indirectly affects the efficiency of NMD, we used
eIF4E-binding protein 1 (eIF4E-BP1; Fig 3), the overexpression of
which inhibits eIF4E-dependent translation, but not CBP80/
20-dependent translation, owing to its competition with eIF4G
for binding to eIF4E (Chiu et al, 2004). The results revealed
that overexpression of myc–eIF4E-BP1 reduced the efficiency
of overall translation to 25% (Fig 3D,E). Interestingly, the NMD of
Gl-CXCR4 mRNA caused by the loading of endogenous miRISC
onto the 30UTR was not significantly affected by overexpression
of myc–eIF4E-BP1 under these conditions (Fig 3B). Given that
(i) Ago2 or miRISC inhibits the translation of target mRNAs (Eulalio
et al, 2008), (ii) NMD is coupled tightly to CBP80/20-dependent
translation (Ishigaki et al, 2001), (iii) tethering of Ago2 or loading
of endogenous Ago2 at the 30UTR abrogates NMD (Fig 2), and
(iv) the selective inhibition of eIF4E-dependent translation by
overexpression of eIF4E-BP1 does not influence the inhibition of
NMD by loading of endogenous miRISC onto the 30UTR (Fig 3),
it is most likely that the abrogation of NMD is due to the inhibition
of CBP80/20-dependent translation by Ago2 or miRISC.

Cellular NMD substrates regulated by Ago2/miRNAs
If a certain endogenous miRNA is loaded onto the 30UTR of
cellular NMD substrates and if its abundance is sufficient
to silence NMD, the cellular NMD substrates would escape
NMD. To test this, we assessed the effect of downregulation
of the endogenous miRNA, miR-122, which represses translation of
cationic amino-acid transporter 1 (CAT-1) mRNA (Bhattacharyya
et al, 2006), on NMD in Huh-7 cells. The NMD reporter plasmids
pRL-Gl-CAT-1 Norm and Ter, which contain CAT-1 30UTR
harbouring either miR-122-binding sites (pRL-Gl-CAT-1A) or
no binding site (pRL-Gl-CAT-1C), were constructed (Fig 4A).
As expected, Gl-CAT-1C Ter mRNA was efficiently targeted
for NMD, whereas NMD of Gl-CAT-1A Ter mRNA was inhibited

by 2.7-fold (supplementary Fig S3A online) and its translation
was repressed by threefold (supplementary Fig S3B online).
Interestingly, NMD of Gl-CAT-1A mRNA increased by 2.5-fold
on downregulation of Ago2 (Fig 4C). The increase of NMD
by downregulation of Ago2 was alleviated by downregulation of
both Ago2 and Upf1 (Fig 4C). Notably, downregulation of Ago2
enhanced translation of Gl-CAT-1A Norm mRNA by 2.3-fold
(Fig 4D), indicating that translational repression by Ago2 worked
efficiently under these conditions. These results suggest that
endogenous miRNA, miR-122, silences CBP80/20-dependent
translation and hence NMD of Gl-CAT-1A Ter mRNA.

The inhibition of NMD of Gl-CAT-1A mRNA by endogenous
miR-122 was confirmed more directly by using 20-O-methyl
antisense oligonucleotides. Treatment with 20-O-methyl anti-
miR-122, but not with the non-specific 20-O-methyl control oligo-
nucleotide, triggered the NMD of Gl-CAT-1A mRNA by 3.1-fold
(Fig 4E). Under the same conditions, translation of Gl-CAT-1A
Norm mRNAs, but not of Gl-CAT-1C Norm, was increased by
2.3-fold on treatment with 20-O-methyl anti-miR-122 (Fig 4F),
suggesting that silencing of overall translation by miR-122 works
efficiently under these conditions. These results suggest that
endogenous miR-122-containing miRISC loaded onto the 30UTR
abrogates NMD of Gl-CAT-1A mRNA.

Next, we performed microarray analysis using HeLa cell
transcripts to search for miRNA-targeted cellular NMD substrates.
We observed 54 transcripts (0.23% of the probe sets on the
microarray) that were downregulated by at least 1.8-fold on Ago2
downregulation (supplementary Table S1A online). Only nine
transcripts were upregulated on Ago2 downregulation (supple-
mentary Table S1B online). Among the downregulated transcripts,
the abundance of nine transcripts was restored by Ago2 or Upf1
downregulation (supplementary Table S1A online). Intriguingly,
eight of those transcripts (except HIST1H2BD ) contained up-
stream open reading frame, which is one of the NMD-inducing
features (Mendell et al, 2004). The levels of these transcripts were
confirmed further by using sqRT–PCR (data not shown). These
results suggest that a subset of cellular NMD substrates escape
NMD in an Ago2- or miRNA-dependent manner.

Here, we provide evidence that Ago2 or miRISC targets
CBP80/20-bound mRNAs, consequently inhibiting NMD. Ago2
or miRISC might target a specific factor involved in CBP80/
20-dependent translation but not eIF4E-dependent translation. The

Fig 2 | Artificial tethering of human Ago2 at the 30UTR or loading of endogenous miRISC onto 30UTR abrogates nonsense-mediated mRNA decay.

(A) Schematic representations of the NMD reporter constructs. (B–E) Cos-7 cells were transiently transfected with (i) 1mg of either pCI-lN-HA or

pCI-lN-HA-Ago2, (ii) 0.1mg of either phRL-Gl-5BoxB Norm or Ter, and (iii) 0.1 mg of pCI-F. (B) Western blotting of lN-HA-Ago2 using HA antibody.

(C) sqRT–PCR of Gl-5BoxB mRNAs and FLuc mRNAs. The levels of Gl-5BoxB mRNAs were normalized to the levels of FLuc mRNAs. The normalized

level of Gl-5BoxB Norm mRNA in the presence of lN-HA was set to 100% (upper numbers). Alternatively, the normalized levels of Gl-5BoxB Norm

mRNA in the presence of each effector were set to 100% (lower numbers). (D) Quantitative real-time PCR of Gl-5BoxB mRNAs and FLuc mRNAs. The

levels of Gl-5BoxB mRNAs were normalized to the levels of FLuc mRNAs. The normalized level of Gl-5BoxB Norm mRNA in the presence of lN-HA

was set to 100%. (E) Translational efficiency of Gl-5BoxB Norm mRNAs. The relative RLuc activity (RLuc activity/FLuc activity) was normalized to the

relative amount of Gl-5BoxB Norm mRNA (Gl-5BoxB Norm mRNA/FLuc mRNA). The normalized translation efficiency of Gl-5BoxB Norm mRNA in

the presence of lN-HA was set to 100%. (F–H) HeLa cells (2� 106) were transiently co-transfected with (i) miRNA-targeted NMD reporter plasmid,

either pRL-Gl-CXCR4 Norm or Ter, (ii) the pCI-F, and (iii) either CXCR4 miRNA mimetic or non-specific control siRNA. (F,G) The abundance of

Gl-CXCR4 Norm or Ter mRNAs and (H) translational efficiency of Gl-CXCR4 Norm mRNAs were analysed by (F) sqRT–PCR, (G) quantitative real-time

PCR and (H) dual luciferase assay, respectively. 30UTR, 30-untranslated region; Ago2, Argonaute 2; HA, haemagglutinin; miRISC, microRNA-induced

silencing complex; mRNA, messenger RNA; NMD, nonsense-mediated mRNA decay; siRNA, small interfering RNA; sqRT–PCR, semi-quantitative

reverse transcriptase PCR.
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observations obtained using overexpressed eIF4E-BP1 (Fig 3) suggest
that eIF4G and other translation initiation factors recruited after
eIF4G could be excluded as Ago2 or miRISC targets. However, the

plausible candidates include CTIF and CBP80/20, which are
preferentially involved in CBP80/20-dependent translation (Kim
et al, 2009). These questions should be addressed in future studies.
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Fig 3 | Overexpression of eIF4E-BP1 has no significant effect on abrogation of nonsense-mediated mRNA decay by loading of endogenous miRISC onto

the 30UTR. (A–E) Cos-7 cells were transiently transfected with (i) 4mg of either pCMV-myc or pCMV-myc–eIF4E-BP1, (ii) 0.1mg of either pRL-Gl-

CXCR4 Norm or Ter, (iii) 0.1mg of pCI-F, and (iv) 100 nM of either CXCR4 miRNA mimetic or non-specific control miRNA mimetic. (A) Western

blotting of myc–eIF4E-BP1. (B) sqRT–PCR of Gl-CXCR4 mRNAs and FLuc mRNAs. The levels of Gl-CXCR4 mRNAs were normalized to the levels of

FLuc mRNAs. The normalized level of Gl-CXCR4 Norm mRNA obtained from cells transfected with pCMV-myc was set to 100% (upper numbers).

Alternatively, the normalized level of each Gl-CXCR4 Norm mRNA was set to 100% (lower numbers). (C) sqRT–PCR of FLuc mRNAs and endogenous

SMG7 mRNAs. The normalized level of FLuc mRNA (FLuc mRNA/endogenous SMG7 mRNA) obtained from cells transfected with pCMV-myc was set

to 100%. (D) Translational efficiency of Gl-CXCR4 Norm mRNAs. The RLuc activity was normalized to the relative amount of Gl-CXCR4 Norm mRNA.

The normalized translation efficiency of Gl-CXCR4 Norm mRNA obtained from cells transfected with pCMV-myc and pRL-CXCR4 Norm was set to

100%. (E) Translational efficiency of FLuc mRNAs. FLuc activity was normalized to the relative amount of FLuc mRNA. 30UTR, 30 untranslated region;

BP1, binding protein 1; miRISC, microRNA-induced silencing complex; mRNA, messenger RNA; NMD, nonsense-mediated mRNA decay; sqRT–PCR,

semi-quantitative reverse transcriptase PCR.
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METHODS
Plasmid construction. Details are provided in the supplementary
information online.
Cell culture and transfection. HeLa, Cos-7 and Huh-7 cells were
grown in Dulbecco’s modified Eagle’s medium (Lonza, Walkers-
ville, MD, USA) containing 10% fetal bovine serum (Lonza). Cells
were transiently transfected with the indicated plasmids and
100 nM in vitro-synthesized small interfering RNA (Invitrogen,
Carlsbad, CA, USA) by using Lipofectamine 2000 (Invitrogen) and

Oligofectamine (Invitrogen), respectively, as described previously
(Cho et al, 2009; Kim et al, 2009). The CXCR4 miRNA mimetic
and non-specific control miRNA sequences were 50-r(GUUU
UCACUCCAGCUAACA)d(TT)-30 and 50-r(ACAAUCCUGAUCAG
AAACC)d(TT)-30, respectively, in which underlined sequences
indicate a bulge generated by imperfect base-pairing between
miRNA and target 30UTR. At 2 days after transfection, cells were
collected and total proteins and RNAs were purified as described
previously (Cho et al, 2009; Kim et al, 2009).
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Fig 4 | Gl-CAT-1A Ter mRNA escapes nonsense-mediated decay in a manner that depends on Ago2 and miR-122. (A) Schematic representations

of miR-122-targeted NMD reporter constructs. (B–D) Huh-7 cells were transiently transfected with 100 nM siRNA as indicated and, 2 days later,

retransfected with 0.05 mg of pRL-Gl-CAT-1A harbouring Norm or Ter, and 0.05 mg of reference plasmid pCI-F. (B) Western blotting to demonstrate

the specific downregulation by the indicated siRNAs. (C) sqRT–PCR of Gl-CAT-1A mRNAs and Gl-CAT-1C mRNAs. (D) Translational efficiencies of

Gl-CAT-1A Norm mRNAs. (E, F) Huh-7 cells were transiently co-transfected with pRL-Gl-CAT-1 Norm or Ter, pCI-F, and either 20-O-methyl anti-miR-

122 oligonucleotide or non-specific 20-O-methyl control oligonucleotide. (E) The abundance of Gl-CAT-1 Norm or Ter mRNAs and (F) the translational

efficiency of Gl-CAT-1 Norm mRNAs were analysed by (E) quantitative real-time RT–PCR and (F) dual luciferase assay, respectively. P-values are

indicated above the bar. CAT-1, cationic amino-acid transporter 1; mRNA, messenger RNA; NMD, nonsense-mediated messenger RNA decay;

RT–PCR, reverse trascriptase–PCR; siRNA, small interfering RNA.
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sqRT–PCR and quantitative real-time PCR. sqRT–PCR and
quantitative real-time PCR were performed as described
previously (Cho et al, 2009; Kim et al, 2009).

Quantitative real-time PCR analyses using the LightCycler
system (Roche Diagnostics, Mannheim, Germany) were perfor-
med with single-stranded complementary DNA and gene-specific
oligonucleotides by using the Lightcycler 480 SYBR Green I
Master Mix (Roche Diagnostics GmbH, Mannheim, Germany).
The mRNA expression levels are the means of three independent
experiments. Melting curves of PCR products were assessed for
quality control.

Gene-specific oligonucleotides used in the study are as follows:
50-CACTGGGCAGGTGTCCACTC-30 (sense) and 50-GTTCTGGA
TCATAAACTTTC-30 (antisense) for the amplification of Gl-5BoxB,
Gl-CXCR4 and Gl-CAT-1 mRNAs; 50-CCAAAGGAGACCATCT
GACC-30 (sense) and 50-CCTCATCTCGGCTTTCC-30 (antisense)
for SMG7 mRNA; 50-TGGCAAATTCCATGGCACC-30 (sense) and
50-AGAGATGATGACCCTTTTG-30 (antisense) for GAPDH mRNA;
and 50-CACTGGGCAGGTGTCCACTC-30 (sense) and 50-CTCTTC
ATAGCCTTATGCAG-30 (antisense) for FLuc mRNA transcribed
from pCI-F.
Immunoprecipitation and western blotting. Immunoprecipitation
was performed as described previously (Cho et al, 2009; Kim et al,
2009). Cell extracts or immunopurified proteins were electro-
phoresed in sodium dodecyl sulphate–polyacrylamide (6–12%)
and transferred to HyBond ECL nitrocellulose (Amersham, Little
Chalfont, UK). The following antibodies were used: anti-Flag
(Sigma, St Louis, MO, USA), anti-HA (Roche, Nutley, NJ, USA),
anti-myc (Calbiochem, Darmstadt, Germany), anti-eIF4E (BD
biosciences, San Jose, CA, USA), anti-eIF4AIII (a gift from
R. Reed), anti-Upf1 (a gift from L.E. Maquat), anti-Ago2 (Upstate,
Billerica, MA, USA), anti-glyceraldehyde 3-phosphate dehydro-
genase (Calbiochem) and anti-b-actin (Sigma). Antibody against
human CBP80 was raised in rabbits using the synthetic peptide
GKELYEKKDAEMDRC (Ab Frontier, Seoul, Korea).
Microarray analysis. Total RNA was extracted from cells by using
TRIzol Reagent (Invitrogen) and purified by using RNeasy columns
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. Microarray analysis was carried out by Macrogen (Seoul,
Korea). In brief, biotin-labelled complementary RNAs were
generated by using the Illumina RNA amplification kit (Ambion)
according to the manufacturer’s instructions. The labelled comple-
mentary RNA samples were hybridized to each human-8 expression
bead array (24,000 human gene chips) according to the manufac-
turer’s instructions (Illumina, San Diego, CA, USA). The array
signal was detected by using Amersham fluorolink streptavidin–Cy3
(GE Healthcare Bio-Sciences, Little Chalfont, UK) as described in
the bead array manual. Hybridized chips were scanned in an
Illumina bead array Reader confocal scanner (Illumina), and the
scanned images were analysed with Illumina BeadStudio v3.1.3
(Gene Expression Module v3.3.8). Transcripts that were com-
monly downregulated or upregulated, by at least 1.8-fold, in two
independent microarray analyses were considered differentially
expressed. The microarray data were deposited in the National
Center for Biotechnology Information Gene Expression Omnibus
web-based data repository (series ID: GSE16170).

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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