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might also cause cancer. It is intriguing that the
gene for human bmyf is located on chromosome
15q14, the site of a candidate tumor suppressor
gene lost in many metastatic, but not primary,
carcinomas (25). Anoikis has been implicated
as a barrier against metastatic tumor growth
(26), raising the possibility that metastatic tu-
mors harboring 15q14 mutations might have
abnormalities in the expression or function of
Bmf.
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Role of the Nonsense-Mediated
Decay Factor hUpf3 in the
Splicing-Dependent Exon-Exon

Junction Complex
V. Narry Kim, Naoyuki Kataoka, Gideon Dreyfuss*

Nonsense-mediated messenger RNA (mRNA) decay, or NMD, is a critical pro-
cess of selective degradation of mRNAs that contain premature stop codons.
NMD depends on both pre-mRNA splicing and translation, and it requires
recognition of the position of stop codons relative to exon-exon junctions. A
key factor in NMD is hUpf3, a mostly nuclear protein that shuttles between the
nucleus and cytoplasm and interacts specifically with spliced mRNAs. We found
that hUpf3 interacts with Y14, a component of post-splicing mRNA-protein
(mRNP) complexes, and that hUpf3 is enriched in Y14-containing mRNP com-
plexes. The mRNA export factors Aly/REF and TAP are also associated with
nuclear hUpf3, indicating that hUpf3 is in mRNP complexes that are poised for
nuclear export. Like Y14 and Aly/REF, hUpf3 binds to spliced mRNAs specifically
(~20 nucleotides) upstream of exon-exon junctions. The splicing-dependent
binding of hUpf3 to mRNAs before export, as part of the complex that as-
sembles near exon-exon junctions, allows it to serve as a link between splicing

and NMD in the cytoplasm.

Eukaryotic cells have a conserved surveil-
lance mechanism that serves to ensure that
only correctly processed mRNAs will be
translated to produce proteins (/-4). An im-
portant example of this is NMD, which se-
lectively degrades mRNAs that contain pre-
mature termination codons, thus avoiding the
production of potentially deleterious COOH-
terminal-truncated proteins. For NMD, cells
must have the capacity to distinguish prema-
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ture stop codons from legitimate, wild-type
stop codons. In mammalian cells, the legiti-
mate stop codon is almost always found on
the last exon in the mRNA. If translation
terminates more than ~50 to 55 nucleotides
(nt) upstream of the last exon-exon junction,
the mRNA is subject to rapid decay. This
suggests that a mechanism must exist to de-
fine exon-exon junctions on mRNAs in the
cytoplasm. Such a mechanism would be es-
tablished by splicing in the nucleus and
would persist on the mRNA in the cyto-
plasm at least through the first round of
translation, because translation is required
to trigger NMD. Although nucleus-associ-
ated NMD has also been suggested (5-9), it
is likely that mRNA degradation takes
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place mostly in the cytoplasm (10, 11).

Recently, splicing has been shown to
alter the composition of mRNP complexes
(12-14). Several proteins have been found
to bind to mRNAs produced by splicing on
spliced mRNAs, including RNPS1 (735),
SRm160 (13, 16), DEK (I7), Aly/REF
(18), and Y14 (I4). Moreover, these pro-
teins bind at a specific position (24 or 20
nt) upstream of exon-exon junctions (/9,
20). This splicing-dependent exon-exon
junction complex is dynamic in vivo (/9).
Of the proteins identified so far, only the
binding of Y14 persists on the mRNAs in
the cytoplasm at the same position. Thus,
Y14 has the necessary attributes to serve as
the mark that indicates premature termina-
tion codons, to communicate this informa-
tion to the cytoplasm, and thereby to trigger
NMD. However, it is not known whether
Y14 has a direct role in NMD.

The factors that execute the NMD re-
sponse were first identified in Saccharomyces
cerevisiae and were named Upflp, Upf2p/
Nmd2p, and Upf3p (21-23). Upf orthologs
have been found in divergent organisms (24—
29). Two closely related human Upf3 genes

REPORTS

(hUpf3a and hUpf3b) have been identified,
each of which produces several variants via
alternative splicing (28, 29). Tethering hu-
man Upf3 to the B-globin mRNA induces the
destruction of the mRNA when bound down-
stream of a termination codon (28). The Upf
proteins interact with each other; Upf2 inter-
acts with both Upfl and Upf3 (29, 30) and
with translation release factors (31, 32), sug-
gesting that a NMD trigger complex can form
at the time of translation termination. Al-
though hUpf1, hUpf2, and hUpf3 can exist
as a complex, they show different subcellular
localization patterns (28, 29). Whereas
hUpfl is distributed throughout the cyto-
plasm, hUpf2 is concentrated in the perinu-
clear area. hUpf3, by contrast, is predomi-
nantly nuclear and shuttles between the nu-
cleus and cytoplasm. This finding suggests
that hUpf3 associates first with mRNA while
in the nucleus, and that hUpf2 joins the com-
plex upon export. Later, at the time of trans-
lation termination, hUpfl binds to hUpf2,
establishing the surveillance complex that
mediates the decapping of the mRNA (26).
Notably, hUpf3 proteins are preferentially
associated with spliced mRNAs in vivo, al-

Fig. 1. The hUpf3 pro- A P B IP

teins are associated 1 IT|

with  Y14-containing Y & xS

mRNP complexes. (A) L& \QQ\’\G?\‘(\ iy
mnuncprectations [+ g |+ e
ing the nucleoplasmic aiias < v
fragction of HeLPa cells NI L

24 hours aftler transfetl:)- p— <— Aly/REF w——guseew < Aly/REF
tion of Flag-hUpf3b.

Y14 mAb 4C4g andF:wn- ; - = hnfNP cYe2
immune control anti- “ B 4— hnRNP C1/C2 mmmmmny . 5
body (SP2/0) were -

used for immunopre- )

cipitation. Coimmuno- input o-flag

precipitated  proteins ' fge  fisg: b M e '

were visualized by y..oiion nupfaa hUpf3b mock  hUpida hUpidb mock

Western blotting using ——r— ——r—

polyclonal rabbit anti- RNasa:A;: = sk™m b an A i

body to Flag, Y14 mAb — flag-hUpi3a
1F12, Aly/REF mAb W W o

11G5, and hnRNP C flag-hUpf3b
mADb 4F4; 1% of the to-

tal was loaded in the —— ——— —— - - Y14

input lane. (B) Immu-

noprecipitations  and AR ORI E e e o ~— AlyREF
Western blotting were =

carried out using 293T

cells transfected with iz P EEEBE.. “ TAP
Flag-hUpf3a; hnRNP C

mAb 4F4 was used for —— - - ~=— hnRNP A1

immunoprecipitations.
Western blotting was

done using polyclonal rabbit antibody to Flag, Y14 mAb 1F12, Aly/REF mAb 11G5, hnRNP C mAb 4F4,
and hnRNP A1 mAb 4B10; 2% of the total was loaded in the input lane. (C) Immunoprecipitations were
performed using nucleoplasmic fractions of 293T cells 24 hours after transfection of either Flag-Upf3a
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though where and when this binding occurs is
not known (28). These observations raised
the possibility that hUpf3 binds to mRNA
near exon-exon junctions and thereby partic-
ipates in communicating the necessary posi-
tional information that links the NMD re-
sponse to splicing.

Because Y14 binds preferentially to
mRNAs produced by splicing, immunopre-
cipitations with antibodies to Y14 can be
used to isolate post-splicing mRNP complex-
es (I4). Post-splicing mRNP complexes
share some components with general hetero-
geneous nuclear RNP (hnRNP) complexes
but represent a different population. We first
examined whether human Upf3 proteins are
present in Y14 complexes. To do so, we
transiently expressed hUpf3b with a Flag tag
at its NH,-terminus in HeLa cells (33). The
nucleoplasmic fraction of transfected cells
was prepared and subjected to immunopre-
cipitations followed by Western blotting (34)
(Fig. 1A). Flag-hUpf3b was coimmunopre-
cipitated with 4C4, a monoclonal antibody
(mAb) to YI14; this result indicates that
hUpf3b is associated with Y14 complexes
in vivo. A similar experiment showed that
Flag-hUpf3a is also associated with Y14
(Fig. 1B). General hnRNP complexes can
be efficiently isolated by immunoprecipita-
tion using hnRNP C protein mAb 4F4 (35).
Because hnRNP proteins bind to nascent
transcripts (36), most of the RNP complex-
es that are isolated from the nucleoplasm
by 4F4 immunoprecipitation contain pre-
mRNAs and splicing intermediates. The
hUpf3a protein is more enriched in mRNP
complexes than in hnRNP complexes (Fig.
1B). As noted previously, nRNP Al is more
abundant in general hnRNP complexes (/4).
The hUpf3a protein appears to be more en-
riched than Aly/REF in mRNP complexes,
which suggests that hUpf3a joins mRNP com-
plexes at a later stage. Similar results were
obtained with hUpf3b (37).

The association of hUpf3 proteins (such

Input His-GST His-Y14-GST
| |
é?v':-@ & & -e‘?@e & & \5?}\5 & &
FESS g‘v‘g‘ ¥ gv“g‘vq S

Fig. 2. The hUpf3 proteins interact with Y14 in
vitro. Myc-hnRNP A1, myc-hnRNP K, Flag-
hUpf3a, and Flag-hUpf3b proteins were trans-
lated and labeled with [33S]methionine in vitro
and used in a binding assay with 4 pg of
recombinant His-GST or His-Y14-GST; 10% of
input was loaded on the left side.
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as Flag-hUpf3a or Flag-hUpf3b produced by
transfection) with mRNP complexes was fur-
ther examined by immunoprecipitations us-

REPORTS

ing Flag mAB M2 followed by Western blot-
ting with Y14 mAb, Aly mAb, TAP mAb,
and hnRNP A1 mAb (Fig. 1C). This experi-
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Fig. 3. hUpf3b is associated preferentially with spliced mRNA in vitro. (A) Immunoprecipitations were
carried out after in vitro splicing of 32P-labeled Ad2 pre-mRNA. For inclusion of Flag-hUpf3b in the
reaction, Hela nuclear extract was added with total cell extract from 293T cells that had been
transfected with control plasmid (Flag-pcDNA3, lanes 1 to 4) or Flag-hUpf3b (lanes 5 to 8). Flag mAb
M2, Y14 mAb 4C4, and control antibody (SP2/0) were used for immunoprecipitations. (B) Western
blotting of the extracts from the cells transfected with control plasmid (mock) or Flag-hUpf3b
(Flag-hUpf3b). The Flag-hUpf3b protein was detected using polyclonal rabbit antibody to Flag.
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Fig. 4. hUpf3b is located immediately upstream of exon-exon junctions. (A) 32P-labeled Ad2
pre-mRNA was incubated under in vitro splicing conditions as in Fig. 3 and subjected to RNase H
digestion followed by immunoprecipitations and RNA analysis. Lanes 1 and 2 display the fragmen-
tation pattern of RNAs after splicing and RNase H digestion. Lanes 3 to 7 show the fragments that
were immunoprecipitated using the indicated antibodies. 293T cells had been transfected with
control plasmid (Flag-pcDNA3, lanes 1 and 3) or Flag-hUpf3b (lanes 2 and 4 to 7). Flag mAb, Y14
mAb 4C4, cap mAb H20, and control nonimmune antibody (SP2/0) were used for immunoprecipi-
tations. (B) Positions of the oligonucleotides and the RNA fragments from the spliced Ad2 mRNA
are depicted. The red box indicates the fragment bound to hUpf3b and Y14 (F2). The green box
indicates the 5'-most fragment (F1).

ment confirmed that hUpf3 proteins are
present in complexes that contain Y14. In
addition, we found that hUpf3 proteins are
coimmunoprecipitated with the mRNA ex-
port factors Aly/REF and TAP, indicating
that hUpf3 proteins are part of mRNP com-
plexes that are poised for nuclear export.
Moreover, these interactions are not abol-
ished by ribonuclease (RNase) treatment,
which suggests that the association of hUpf3
with Y14, Aly/REF, and TAP is mediated by
protein-protein interactions (Fig. 1C). In con-
trast, the coimmunoprecipitation of hnRNP
A1l with these proteins is sensitive to RNase
treatment, indicating that this interaction is
bridged by RNA.

Because hUpf3 proteins were coimmu-
noprecipitated with Y14 in an RNase-resis-
tant manner, we investigated whether
hUpf3 proteins can bind to Y14. hUpf3
proteins were produced by transcription
and translation in vitro and used in binding
assays with recombinant Y14 fused to glu-
tathione S-transferase (GST) (38) (Fig. 2).
Two abundant nuclear RNA-binding pro-
teins were used as controls—hnRNP Al,
which contains two RBDs and an RGG box
(39), and hnRNP K, a KH domain—contain-
ing protein (40, 4/)—and neither showed
detectable binding. We conclude that both
hUpf3a and hUpf3b bind specifically to
Y14, although we cannot ascertain that the
binding to Y14 is direct because of the
presence of other proteins in the reticulo-
cyte lysate. It is nevertheless likely that
Y14 is involved in the binding of these
NMD factors (hUpf3) to spliced mRNAs.

To determine whether hUpf3 proteins sta-
bly interact with RNAs under splicing condi-
tions, we spliced adenovirus MLP AIVS
(Ad2) pre-mRNA (/4) in nuclear extract
(42). In a recent study, Lykke-Andersen et al.
(28) reported that antibodies to hUpf3 could
not immunoprecipitate RNA from in vitro
splicing reactions, which suggests that hUpf3
proteins may become associated with mRNA
at a late post-splicing stage, which does not
occur efficiently in vitro. To address the same
issue (and because recombinant hUpf3 could
not be efficiently produced in bacteria), we
produced Flag-hUpf3b protein by transient
transfection (Fig. 3B) and added lysates from
the transfected cells to the nuclear extract in
which the splicing reaction was carried out.
We then made use of Flag mAb M2, which is
highly efficient in immunoprecipitation. The
Flag mAb preferentially immunoprecipitated
spliced mRNA (Fig. 3A, lane 7), displaying a
similar pattern to that obtained with Y14
mAb 4C4 (lane 6). In contrast, when lysates
from mock-transfected cells (transfected with
a plasmid lacking hUpf3b cDNA) were add-
ed (Fig. 3, lanes 1 to 4), Flag mAb did not
immunoprecipitate any RNA (lane 3), indi-
cating that hUpf3b is responsible for the pre-
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cipitation of spliced mRNA in this system.
Similar results were observed for another
splicing substrate, chicken &-crystallin
(CDC) pre-mRNA (14, 37).

This system made it possible to map the
binding site of hUpf3 on mRNAs (43).
After incubation of 32P-labeled pre-mRNAs
under splicing conditions, antisense deoxy-
oligonucleotides complementary to specific
mRNA sequences were added together with
RNase H in order to cleave the mRNA in a
sequence-specific manner. We then per-
formed immunoprecipitations with Flag mAb
M2, Y14 mAb 4C4, cap mAb H20 (to define
the 5’ fragment) (44), or control nonimmune

- antibodies (SP2/0). The total RNA fragments
and those that coimmunoprecipitated with
each of these antibodies were extracted and
resolved by polyacrylamide gel electrophore-
sis. If Flag-hUpf3b preferentially binds to a
certain region, Flag mAb should immunopre-
cipitate the fragment that contains it (/9).
Cleavage of the Ad2 mRNA with two oligo-
nucleotides, A10 and A5, generates three ma-
jor fragments (Fig. 4B). The results of in vitro
splicing of the Ad2 pre-mRNA followed by
RNase H digestion and immunoprecipitation
are shown in Fig. 4A. The Flag and Y14
mAbs immunoprecipitated specifically the
small fragments designated as F2 (~ —30 to
-5 relative to the exon-exon junction) (Fig.
4A, lanes 4 and 5, respectively). In contrast,
cap mAb immunoprecipitated the 5’ frag-
ment, confirming the identification of these
fragments (Fig. 4A, lane 6). Experiments
with the CDC mRNA produced a similar
result (37), indicating that the position-spe-
cific binding of hUpf3b immediately up-
stream of the exon-exon junction is a general
phenomenon.

From these experiments, we conclude that
hUpf3 is a bona fide component of the nu-
clear mRNP complex that is produced by
splicing, and that hUpf3 binds specifically
upstream of exon-exon junctions. Moreover,
hUpf3 interacts with Y14 via protein-protein
interaction and thus participates with Y14 in
the formation of the complex that assembles
—20 nt relative to exon-exon junctions. This
splicing-dependent exon-exon junction com-
plex appears to be multifunctional (Fig. 5).
One of its functions is to facilitate the export
of spliced mRNAs by recruiting proteins,
such as Aly/REF and TAP, that can promote
mRNA export (/8, 45). Another likely func-
tion of this complex is in NMD. Our find-
ings here suggest that the recruitment of
hUpf3 to mRNA is dependent on splicing
and occurs in the nucleus where most of
hUpf3 is found. Together with other pro-
teins that assemble on the spliced mRNA in
the same position, including Y14 and Aly/
REF, hUpf3 likely travels with the mRNA
to the cytoplasm. Indeed, Upf3p has been
detected on polysomes (46), and it can
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form a complex with the cytoplasmic pro-
tein hUpf1 (28). Our results provide strong
evidence that hUpf3 proteins are part of the
imprint or mark that delivers the positional
information of the excised introns from the
nucleus to the cytoplasm. Thus, the splic-
ing-dependent position-specific binding of
hUpf3 to mRNAs likely provides the long-
sought link between splicing and the NMD
pathway.

It can be envisioned that once the

mRNA engages the protein synthesis ma-
chinery, the leading translating ribosome
(or an associated activity) displaces the
Y14-hUpf3 complexes from the mRNA.
For a normal wild-type mRNA, all the Y14-
hUpf3 complexes may be displaced from
the mRNA during the first round of trans-
lation because the legitimate stop codon is
usually found on the last exon. However, if
a nonsense mutation occurs more than 50 to
55 nt upstream of the last exon-exon junc-
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Fig. 5. A model depicting our view of the role of the exon-exon junction complex in providing a
functional link among pre-mRNA splicing, nuclear export, and NMD of mRNA. The exon-exon
junction complex comprises proteins that bind mRNAs that are produced by splicing in the nucleus.
Several of the components of the complex remain associated with newly exported mRNAs (in the
same position, 20 nt 5’ to exon-exon junctions) in the cytoplasm. The pre-mRNAs are also with
hnRNP proteins, which are omitted here for simplicity. See text for details. Abbreviations: PTC,
premature termination codon/nonsense codon; NPC, nuclear pore complex; RF, translation release

factor.

1835



tion, the ribosomes will dissociate from the
mRNA before they reach the legitimate
termination codon, and thus they will fail to
remove the remaining Y14-hUpf3 com-
plex. This remaining complex, because it
likely contains hUpf3, could recruit hUpf2
and hUpf'1, probably together with compo-
nents of the termination complex (eRF1
and eRF3), and trigger degradation of this
mRNA. There may be additional functions
for the exon-exon junction in the cyto-
plasm, such as influencing the efficiency of
translation [which for some mRNAs de-
pends on the splicing pattern of the mRNA
(47)] and the localization of mRNAs. Deter-
mining the complete composition and func-
tions of individual components of this com-
plex will shed further light on post-splicing
gene regulation.
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Communication of the Position

of Exon-Exon Junctions to the

mRNA Surveillance Machinery
by the Protein RNPS1

Jens Lykke-Andersen,” Mei-Di Shu, Joan A. Steitzf

In mammalian cells, splice junctions play a dual role in mRNA quality control:
They mediate selective nuclear export of mature mRNA and they serve as a
mark for mRNA surveillance, which subjects aberrant mRNAs with premature
termination codons to nonsense-mediated decay (NMD). Here, we demonstrate
that the protein RNPS1, a component of the postsplicing complex that is
deposited 5’ to exon-exon junctions, interacts with the evolutionarily con-
served human Upf complex, a central component of NMD. Significantly, RNPS1
triggers NMD when tethered to the 3’ untranslated region of B-globin mRNA,
demonstrating its role as a subunit of the postsplicing complex directly involved

in mRNA surveillance.

The maturation of mRNA in eukaryotes
involves nuclear processing before cyto-
plasmic translation. The quality of the

mRNA is assessed at different stages. For
example, export of mRNA requires suc-
cessful pre-mRNA splicing, and mRNAs
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