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Nonsense Codons Trigger an RNA Partitioning Shift™
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T-cell receptor-f3 (TCRf) genes naturally acquire premature
termination codons (PTCs) as a result of programmed gene
rearrangements. PTC-bearing TCR transcripts are dramati-
cally down-regulated to protect T-cells from the deleterious
effects of the truncated proteins that would otherwise be pro-
duced. Here we provide evidence that two responses collaborate
to elicit this dramatic down-regulation. One is rapid mRNA
decay triggered by the nonsense-mediated decay (NMD) RNA
surveillance pathway. We demonstrate that this occurs in highly
purified nuclei lacking detectable levels of three different cyto-
plasmic markers, but containing an outer nuclear membrane
marker, suggesting that decay occurs either in the nucleoplasm
or at the outer nuclear membrane. The second response is a
dramatic partitioning shift in the nuclear fraction-to-cytoplas-
mic fraction mRNA ratio that results in few TCRf transcripts
escaping to the cytoplasmic fraction of cells. Analysis of TCRf3
mRNA kinetics after either transcriptional repression or induc-
tion suggested that this nonsense codon-induced partitioning
shift (NIPS) response is not the result of cytoplasmic NMD but
instead reflects retention of PTC* TCRf mRNA in the nuclear
fraction of cells. We identified TCR 3 sequences crucial for NIPS
but found that NIPS is not exclusively a property of TCRf3 tran-
scripts, and we identified non-TCRf3 sequences that elicit NIPS.
RNA interference experiments indicated that NIPS depends on
the NMD factors UPF1 and eIF4AIII but not the NMD factor
UPE3B. We propose that NIPS collaborates with NMD to retain
and degrade a subset of PTC™ transcripts at the outer nuclear
membrane and/or within the nucleoplasm.

Approximately one-third of inherited genetic disorders are
caused by nonsense or frameshift mutations, both of which
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generate premature termination codons (PTCs)” (1). PTCs also
arise from biosynthetic errors, including mistakes during both
transcription and mRNA splicing (1, 2). PTC-bearing aberrant
mRNAs are typically rapidly degraded by a quality control
mechanism called nonsense-mediated mRNA decay (NMD)
(3-6). By rapidly degrading these aberrant mRNAs, NMD
reduces the translation of C-terminally truncated proteins
encoded by PTC-bearing transcripts. This is important, as
C-terminally truncated proteins often possess dominant-nega-
tive or deleterious gain-of-function activity (7, 8). The NMD
response is conserved across the phylogentic scale and requires
trans-acting factors that have been defined in Saccharomyces
cerevisiae, Drosophila melanogaster, Caenorhabditis elegans,
and mammals (3, 9, 10). Mammalian NMD requires recogni-
tion of the stop codon by the translation machinery (11-14) and
also typically requires a spliceable intron downstream of the
stop codon (15-17). The latter requirement derives from the
fact that the splicing machinery deposits a dynamic assembly of
proteins, known as the exon junction complex (EJC), which acts
as a second signal for NMD (18 -23).

Transcripts encoded by the T-cell receptor (TCR) and
immunoglobulin (Ig) genes are a unique class of NMD sub-
strates because they acquire PTCs at an extremely high fre-
quency as a result of error-prone programmed gene rearrange-
ments that increase immune receptor diversity (24). This
frequent acquisition of PTCs may have led to strong selection
pressure to efficiently eliminate PTC-bearing TCRB tran-
scripts. Consistent with this hypothesis, we previously showed
that TCRp transcripts harboring PTCs are down-regulated
more dramatically (to ~1-5% of normal levels) than are tran-
scripts from most nonrearranging genes that have been tested
(to ~10-30% of normal levels) (3, 24, 25). We have previously
shown that this robust down-regulation is neither specific to
T-cells, nor does it require a TCRB promoter; rather it is elic-
ited by TCRp sequences that promote efficient RNA splicing
(25, 26). Recent evidence from mice harboring NMD-deficient
T-cells with or without PTC-bearing TCR3 genes indicates that
the dramatic down-regulation of aberrant TCR transcripts is
essential for the survival of T-cells (27).

Here, we examined the underlying mechanism responsible
for the dramatic down-regulation of aberrant PTC-bearing

® The abbreviations used are: PTC, premature termination codon; TCRB, T-cell
receptor-B; NMD, nonsense-mediated decay; EJC, exon junction complex;
NIPS, nonsense codon-induced partitioning shift; RNAi, RNA interference;
ER, endoplasmic reticulum; DOC, deoxycholate; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; CHX, cycloheximide; shRNA, short hairpin
RNA; TPI, triose-phosphate isomerase; tet, tetracycline.
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TCRp transcripts. We provide evidence that PTCs elicit two
responses that collaborate to dramatically reduce the level of
PTC-containing TCRP transcripts in the cytoplasmic fraction
of cells. The first response is rapid decay of TCRf transcripts in
the nuclear fraction of cells. This is consistent with previous
findings from several other groups who found that the intro-
duction of PTCs in mammalian transcripts often triggers their
down-regulation (at the steady-state level) in the nuclear frac-
tion of cells (28-32). Our mRNA half-life analysis provided
direct evidence that it is the result of more rapid mRNA decay.
Analysis of three cytoplasmic markers indicated that the pro-
cedure we used for nuclear isolation yielded nuclei with <1%
contamination of these particular markers. This, combined
with our finding that the isolated nuclei retained an outer
nuclear membrane marker, indicated that TCRB NMD most
likely occurs either at the outer nuclear membrane or in the
nucleus itself. The second response is a dramatic partitioning
shift in the nuclear fraction-to-cytoplasmic fraction mRNA
ratio that results in few TCRp transcripts escaping to the cyto-
plasmic fraction of cells. This nonsense codon-induced parti-
tioning shift (NIPS) appeared to not be the result of cytoplasmic
NMD, as PTCs did not elicit more rapid cytoplasmic mRNA
decay when measured by three independent approaches.
Instead, our analysis suggested that NIPS is the result of TCRS
mRNA retention in the nuclear fraction of cells. To begin to
understand the underlying mechanism for NIPS, we defined
cis-acting sequences and trans-acting factors required for it.
We also examined the generality of the NIPS response and
identified an instance when NIPS and nucleus-associated NMD
are separable. Together, our data suggested that NIPS collabo-
rates with nucleus-associated NMD to dramatically reduce the
levels of PTC-bearing transcripts in the cytoplasmic fraction of
cells. We propose that NIPS serves as a quality control mecha-
nism that reduces the translation of truncated proteins that
would otherwise cause deleterious gain-of-function or domi-
nant-negative effects in mammalian cells.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmid constructs A~ (8-290) and A" (PTC at
codon 68; 3-367) are pIF and pFS1, respectively, as described in
Carter et al. (33). Constructs A* (PTC at codon 51; 3-583), A™
(codon 51; 3-584), and A™ (codon 68; 3-368) are constructs A’,
B’, and D’, respectively in Wang et al. (34). Constructs B~
(B-901) and B™ (B-902) were generated in two steps. First, a
3.2-kb Sall/BamHI fragment containing the entire TCRf3 gene
from construct A was subcloned into the Xhol and BamHI sites
of the pREP9A B— X vector (EV-137d; obtained from Dr. Alan
Cochrane) to generate the plasmid -841. The tet promoter
amplified by PCR from B1-CMV . (EV-137a) using the primers
MDA-1009  (5'-GGTGGCGGCCGCTCTAGAACTAG-3’)
and MDA-1010 (5'-GACTCGGGGGGGGGGGGCTAGCG-
GGCGAATTGGGTACCG-3") was then inserted into the Nhel
and NotI sites of 3-841 to generate construct B~. Construct B*
(B-902) is identical to B~ except it contains a nonsense muta-
tion (UAG) at codon 51 in the VDJB exon. Constructs C~
(B-617) and C™* (B-1001) are described in Wang et al. (13).
Constructs A™ (8-1025; harbors a PTC at codon 150, which is
in the CB2.1 exon), D™ (8-780), D* (B-1026), E~ (B-1116), E*
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(B-1117), F~ (B-974), and F* (8-1038) are described in Chan et
al. (35). Constructs G~ (8-955) and G™ (8-1037) are described
in Gudikote et al. (26). The PTC™ (G-266) and PTC" (G-267)
versions of TPI are constructs O~ and O, respectively, in
Gudikote et al. (26). The PTC™~ (G-435) and PTC™" (G-436)
versions of human [-globin are a generous gift from Dr.
Kulozik, University of Heidelberg, Germany.

Cell Culture, Transfection, and RNAi—HeLa cells were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal calf serum. HeLa cells cultured to 50-70% con-
fluency in 10-cm plates were transiently transfected with plas-
mid DNA (1-2 ug) using Lipofectamine (Invitrogen) according
to the manufacturer’s instructions. To deplete UPF1 and
elF4AIIl, HeLa cells were transiently transfected with a UPFI-
or elF4AIlI-specific siRNAs, respectively (Ambion), for 48 h as
described previously (20, 23, 36). To deplete UPF3B, stable
clones expressing UPF3B shRNA were generated as described
in Chan et al. (35). UPF3B expression was further reduced in
these cell clones by transiently transfecting 1 ug of shRNA
expression plasmid (G-479) against UPF3B. A firefly luciferase-
specific siRNA (Ambion) was used as a negative control (35). To
generate stable cell lines expressing constructs A~ and A™,
HeLa cells cultured to 50% confluency in 60-mm plates were
transfected with 1 pg of plasmid using Lipofectamine (Invitro-
gen). Clones resistant to G-418 antibiotic were selected using
700 pg/ml G-418.

RNA Isolation and Analysis—HeLa cells were resuspended in
a buffer containing the detergent Nonidet P-40 (0.15 m NaCl,
0.6% Nonidet P-40, 10 mm Tris-HCI, 0.1 mm EDTA) and incu-
bated for 10 min at 4 °C. The nuclei were pelleted by centrifu-
gation at 1500 X g for 2 min, and the RNA in the supernatant
(the cytoplasmic fraction) was purified by centrifugation over a
5.7 M CsCl cushion in guanidinium isothiocyanate lysis buffer,
as described previously (37). The nuclear pellet was resus-
pended in Nonidet P-40 buffer containing 0.5% sodium deoxy-
cholate, pelleted by centrifugation at 4500 X g for 2 min, and the
RNA was purified from the nuclear pellet by centrifugation over
a 5.7 M CsCl cushion in the same manner as the cytoplasmic
fraction. RNase protection analysis was carried out on 5 ug of
RNA using either probe a (VD] exon), probe b (LB exon) (26),
probe ¢ (71 nucleotides of the 3’ end of the L exon, the entire
VDJ exon, and 60 nucleotides of the 5’ end of the C32.1 exon),
or probe d (probe j in Gudikote et al. (26)). The B-globin ribo-
probe (probe e) was prepared as described in Wang et al. (13).
Northern blotting analysis was carried out as described previ-
ously (38). Quantification of RNA levels was determined an
Instant Imager (Packard Instrumentation Co.) or using a Storm
Phosphorlmager (Applied Biosystems). Real-time PCR analysis
for analysis of UPFI, UPF3B, and elF4AIll mRNA levels was
performed as described previously (39).

RESULTS

PTCs Elicit Both Nuclear Fraction mRNA Decay and a Shift
in Nuclear-to-Cytoplasmic Fraction mRNA Ratio—We previ-
ously demonstrated that PTCs result in the down-regulation
(decrease in steady-state mRNA level) of TCRp transcripts in
the nuclear fraction of mammalian cells (15). To determine
whether this down-regulation is the result of more rapid TCRB
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FIGURE 1. PTCs elicit nuclear fraction decay and NIPS. A, schematic diagram of TCRB construct A, with or
without a PTC (=) in the VDJ exon (codon 51 or 68), driven by the B-actin promoter (black box). Probe a
(denoted by lowercase letter below the diagram) protects 72 nucleotides of mRNA. B, purity of the nuclear and
cytoplasmic fractions from Hela cells prepared as described under “Experimental Procedures,” as assessed by
Western blotting. Equal cell volumes were loaded, or portions of the cell volume, as indicated. Calnexin, RCK,
and GAPDH are cytoplasmic markers. B-Actin was used as a loading control. —D, before DOC wash; +D, after
DOC wash. C and D, RNase protection analysis of the nuclear (C) and cytoplasmic (D) fraction RNA (5 ng) from
HeLa cell lines stably expressing PTC™ and PTC™" versions of construct A. Transcription was inhibited by adding
actinomycin D (5 ug/ml), and nuclear and cytoplasmic fraction RNA was prepared at the indicated time points.
TCRB MRNA levels, measured using probe a, were normalized for loading against the level of endogenous
B-actin. PTC™ TCRB mRNA levels are relative to PTC™ TCRB mRNA levels, which are set to 100%. Graphs
represent the average of at least three independent experiments. £, RNase protection analysis of nuclear
fraction (N) and cytoplasmic fraction (C) RNA (5 ng) from Hela cells transiently transfected with construct A
harboring the nonsense mutations (A™) and missense mutations (A™) at the codons indicated, using probe a.
TCRB mRNA levels were normalized by measuring the level of human B-globin expressed from a vector
cotransfected as a control for transfection efficiency. Similar results were obtained in at least two independent

detectable in the cytoplasmic
fraction (supplemental Fig. S1B).
Third, the outer nuclear mem-
brane marker Nesprin-1 was pres-
ent in the nuclear fraction (supple-
mental Fig. S1C). Fourth, the
nuclear fraction had undetectable
levels of three cytoplasmic mark-
ers: calnexin, RCK, and glyceral-
dehyde-3-phosphate dehydrogen-
ase (GAPDH) (Fig. 1B). The ER
marker protein, calnexin, was
present in crude nuclei (before
DOC wash), but it was not detect-
able in highly purified nuclei (after
aDOC wash) (Fig. 1B, —Dand +D
nuclei, respectively). Together
with the finding that Nesprin-1 is
present in DOC-washed nuclei,
this indicates that DOC removes
most of the ER but not the outer
nuclear membrane. RCK is known
to be present at high levels in
P-bodies, which are cytoplasmic
foci in which at least a subset of
NMD is known to occur (40, 41).
Like calnexin, RCK was present in
the cytoplasmic and crude nuclei
fractions, but not in the highly
purified nuclei fraction (Fig. 1B).
The absence of detectable RCK,
calnexin, and GAPDH after the

experiments.

mRNA decay in the nuclear fraction, we examined the half-life
of PTC-containing (PTC") and PTC-lacking (PTC™) TCRfB
transcripts in the nuclear and cytoplasmic fractions of HeLa
cells. Nuclear and cytoplasmic RNA was prepared as follows.
The plasma membrane of HeLa cells was lysed by incubating
cells in a buffer containing the detergent Nonidet P-40, and the
nuclei freed by this procedure were pelleted. The cytoplasmic
RNA fraction was made by centrifugation of the resulting
supernatant over a cesium chloride cushion followed by extrac-
tion (see “Experimental Procedures” for more details). This
fraction contained most of the endoplasmic reticulum (ER) in
the cells, based on Western blot analysis with an antibody
against calnexin, an abundant ER-associated protein (supple-
mental Fig. S1B). To obtain highly purified nuclei, the nuclear
pellet was resuspended in a buffer containing Nonidet P-40 and
the more stringent detergent sodium deoxycholate (DOC). The
“washed” nuclei were gently centrifuged, and the nuclear pellet
was resuspended and centrifuged over a cesium chloride cush-
ion. This nuclear RNA fraction preparation was gauged to be
highly pure, based on four criteria. First, 45 S and 32 S rRNA
precursor transcripts were in the nuclear fraction but were
undetectable in the cytoplasmic fraction (supplemental Fig.
S1A). Second, the transcriptional regulator Sin3A, a nuclear
marker, was present in the nuclear fraction, but it was not
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DOC wash indicates that the

nuclear fraction preparation has
negligible levels of cytoplasmic contamination (less than 1%,
based on comparison of the nuclear fraction with dilutions of
the cytoplasmic fraction).

We first examined the half-lives of PTC ™ and PTC* TCRf
mRNA in nuclear and cytoplasmic fractions prepared as
described above using the transcriptional inhibitor actino-
mycin D. PTC™ and PTC* TCRp constructs (Fig. 14) were
stably transfected into HeLa cells; the cells were incubated
with actinomycin D for various lengths of time; nuclear and
cytoplasmic RNA was isolated, and the level of TCRB mRNA
was determined by ribonuclease protection analysis. This
analysis showed that, compared with their PTC™ counter-
parts, PTC™ TCRp transcripts decreased in level more rap-
idly in the nuclear fraction (Fig. 1C). In contrast, the stability
of both PTC™ and PTC™ transcripts was virtually indistin-
guishable in the cytoplasmic fraction (Fig. 1D). These results
suggested that PTCs cause TCRp transcripts to selectively
undergo NMD in the nuclear fraction. Further evidence for
nuclear-fraction decay was the finding that PTCs at two dif-
ferent positions decreased the steady-state level of TCRS
mRNA in the nuclear fraction (Fig. 1E). We conclude from
these results that PTCs cause TCRB mRNA to decay in the
nuclear fraction but not in the cytoplasmic fraction.
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FIGURE 2. Kinetic analysis of TCR transcripts. A and B, RNase protection analysis, using probe a, of nuclear
fraction (A) and cytoplasmic fraction (B) RNA (5 ug) from Hela cells transiently cotransfected with the tet
activator plasmid EV-137d/TTA and construct B (with or without a PTC at codon 51 in the VDJ exon; see
supplemental Fig. 2A for schematic). Nuclear and cytoplasmic fraction RNA was prepared at the indicated time
points. Similar results were obtained in at least four independent experiments. C, nuclear-to-cytoplasmic (N/C)
ratio at the indicated time points, using the data from A and B. Quantification was done as described in Fig. 1E.

As a second approach to measure the half-lives of PTC™* and
PTC™ TCRB mRNA in the nuclear and cytoplasmic fractions,
we used the tetracycline (tet)-regulated promoter system. We
generated PTC™ and PTC* TCRp constructs driven by the tet
promoter (supplemental Fig. S24) and transiently transfected
them, along with the tet promoter activator tTA, into HeLa
cells. To measure the rate of mRNA decay, TCRp transcription
was blocked for different lengths of time by adding tetracycline
to the medium. Analysis of nuclear and cytoplasmic fraction
RNA from these cells indicated that TCR transcripts derived
from the tet promoter exhibited rapid decay in response to a
PTC in the nuclear fraction but not in the cytoplasmic fraction
(supplemental Fig. S2, B and C). These results provided addi-
tional evidence that PTC-containing TCRB transcripts
undergo NMD in the nuclear fraction and not in the cytoplas-
mic fraction. Whether this decay occurs in the nucleoplasm, the
outer nuclear membrane, or another site copurifying with the
nucleus is addressed under the “Discussion.”

If nuclear fraction NMD was the only mechanism acting to
decrease the level of PTC" TCRf transcripts, then PTCs
should decrease TCR3 mRNA level by the same magnitude in
both the nuclear and cytoplasmic fractions. However, contrary
to this prediction, we found that PTCs decreased the level of
TCR}p transcripts by a much greater magnitude in the cytoplas-
mic fraction than in the nuclear fraction (Fig. 1E). Quantifica-
tion of the nuclear-to-cytoplasmic fraction mRNA ratio
revealed that it was dramatically higher for PTC™ transcripts
than it was for PTC™ transcripts (~12.5- and ~36-fold higher
for PTCs at codons 51 and 68, respectively). Comparison of
highly purified nuclei (generated by washing with DOC) with
the DOC wash itself indicated that this nonsense codon-in-
duced partitioning shift (NIPS) response primarily resulted
from the accumulation of PTC* TCRp transcripts in the highly
purified nuclear fraction (supplemental Fig. S2D). However, we
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10 20

30 DOC wash. To determine whether
NIPS is a nonsense codon-specific
response, we determined the nucle-
ar-to-cytoplasmic ratio for TCRf
transcripts  harboring missense
mutations at the same codons as the
nonsense mutations we tested
(codon 51 and codon 68). We found
that the nuclear-to-cytoplasmic
ratio for transcripts harboring mis-
sense mutations was comparable
with that of wild-type transcripts
(Fig. 1E).

Evidence That NIPS Is Caused by
Nuclear Retention—One explana-
tion for NIPS is that PTCs cause
retention or accumulation of TCRS
mRNA in the nuclear fraction of HeLa cells (for simplicity, we
will use the term “retention” in this paper). To test this possi-
bility, we performed “approach-to-steady-state” mRNA analy-
sis. In this approach, tet promoter-driven PTC~ and PTC™
TCRP constructs (supplemental Fig. S24) were transfected into
HeLa cells in the presence of a low dose of tetracycline (50
ng/ml) just sufficient to inhibit transcription and optimal for
rapid induction upon removal of tetracycline. Approximately
16 h later, transcription was initiated by removing tetracycline
from the medium, and the nuclear and cytoplasmic fraction
RNA were prepared at different time points. Analysis of nuclear
fraction RNA revealed that, as expected, the level of TCRf tran-
scripts increased after removal of tetracycline (Fig. 24). The
upward slopes for PTC™ and PTC™ transcripts in the nuclear
fraction were similar, consistent with previous studies showing
that introduction of a PTC does not affect the rate of TCRf3
transcription (42, 43). In contrast, the cytoplasmic fraction had
a much shallower upward slope for PTC™ transcripts than for
PTC™ transcripts, consistent with inhibited entry into the cyto-
plasmic fraction (Fig. 2B). This was supported by comparison of
the slopes in the nuclear and cytoplasmic fractions. The slope
for PTC™ transcripts was almost identical in the cytoplasmic
and nuclear fractions, indicating that PTC™ transcripts are effi-
ciently exported (Fig. 2, A and B). In contrast, PTC* TCRfB
transcripts only minimally increased in level in the cytoplasmic
fraction (over a 26-h period) after removal of tetracycline (Fig.
2B). As we found that PTC™ TCRp transcripts are not degraded
in the cytoplasmic fraction (Fig. 1D and supplemental Fig. S2C),
we believe that the simplest interpretation of these data is that
PTCs inhibit TCRB mRNA from leaving the nuclear fraction
and entering the cytoplasmic fraction.

This is depicted in an alternative manner by plotting the
nuclear-to-cytoplasmic ratio at different time points in Fig. 2C.
The nuclear-to-cytoplasmic ratio for PTC™ transcripts

Time (hours)

JOURNAL OF BIOLOGICAL CHEMISTRY 4065


http://www.jbc.org/cgi/content/full/M805193200/DC1
http://www.jbc.org/cgi/content/full/M805193200/DC1
http://www.jbc.org/cgi/content/full/M805193200/DC1
http://www.jbc.org/cgi/content/full/M805193200/DC1
http://www.jbc.org/cgi/content/full/M805193200/DC1
http://www.jbc.org/cgi/content/full/M805193200/DC1
http://www.jbc.org/cgi/content/full/M805193200/DC1

Nonsense Codons Elicit NIPS

A p-actin a significant effect on the nuclear-
E_ APTC Toa to-cytoplasmic ratio of PTC™

Construct C StmitH__VDJ_ »{ Ca - —[Ca—{Cat] transcripts.
o For the stem-loop translation-
B 70- c 90~ inhibition experiments, we in-
i 804 troduced a stem-loop previously
B 70- shown to inhibit translation (13)
i) 2% into the 5'-untranslated region of
E . g 45{;: PTC™ and PTC* TCR} constructs
3 ] (Fig. 3A). These two constructs,
2 20- along with control constructs lack-
104 10- ing the stem-loop, were transiently
0- B 0- transfected into Hela cells, and
CHX - v - x Rlam Loop - = . = cytoplasmic and nuclear fraction

PTC- PTC+ PTC- PTC+

FIGURE 3. Evidence that NIPS depends on translation. A, schematic diagram of TCRf3 constructs containing
a stem-loop 42 nucleotides upstream of the start AUG (with or without a PTC (=) at codon 68 in the VDJ exon).
B, RNase protection analysis, using probe a, of nuclear fraction (N) and cytoplasmic fraction (C) RNA (5 ng) from
Hela cells transiently transfected with 1 ug of construct A (with or without a PTC at codon 68 in the VDJ exon)
and treated with CHX (100 wg/ml) 6 h before harvesting. C, RNase protection analysis of nuclear fraction (N) and
cytoplasmic fraction (C) RNA (5 ng) from Hela cells transiently transfected with 1 pg of construct A or C (with
or without a PTC at codon 68 in the VDJ exon), using probe a. The data in Band C were quantified as described
in Fig. 1E. Similar results were obtained in at least three independent experiments.

decreased over time, consistent with rapid export of these tran-
scripts and their accumulation in the cytoplasm. In contrast,
the nuclear-to-cytoplasmic ratio for PTC™ transcripts
increased over time, indicative of their accumulation in the
nuclear fraction. Collectively, these data suggest that PTCs
cause the retention or accumulation of TCRf transcripts in the
nucleus-associated fraction of cells. As with nucleus-associated
NMD, this retention may occur either in the nucleoplasm or at
the outer nuclear membrane (see the “Discussion”). An appar-
ent contradiction with the notion that PTC™ transcripts accu-
mulate in the nuclear fraction is that PTC* and PTC™ tran-
scripts exhibited similar upward slopes in the nuclear fraction
after transcriptional induction (Fig. 24). We suggest two non-
mutually exclusive explanations for this. First, the rate of TCRf3
transcription may greatly exceed that of TCRB mRNA export,
thereby masking an accumulation of PTC™ TCRp transcripts
in the nuclear fraction. Second, our half-life analysis (described
above) indicated that the retained PTC" TCRp transcripts are
also rapidly degraded in the nuclear fraction, which would be
expected to lead to little net change in the nuclear level of newly
synthesized TCR} transcripts.

NIPS Depends on Translation—Because we found that NIPS
is triggered specifically by nonsense mutations, this predicts
that it depends on translation. To test this, we used two inde-
pendent approaches to inhibit translation: 1) treatment with
the protein synthesis inhibitor cycloheximide (CHX) (33), and
2) insertion of a translation-inhibiting stem-loop upstream of
the AUG start codon (Fig. 34). In the first approach, HeLa cells
were transiently transfected with PTC~ and PTC™ TCRf con-
structs and incubated with or without CHX. Nuclear and cyto-
plasmic fraction RNA was harvested and analyzed by ribonu-
clease protection analysis. This analysis showed that CHX
treatment reduced the nuclear-to-cytoplasmic ratio of PTC™
transcripts to a value similar to that for PTC™ transcripts, indi-
cating that CHX reversed the NIPS response (Fig. 3B). Specific-
ity was demonstrated by the observation that CHX did not have
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RNA was harvested and analyzed
by ribonuclease protection analysis.
This analysis demonstrated that the
NIPS response of PTC™ transcripts
was decreased by the stem-loop
(Fig. 3C). Specificity was demon-
strated by the finding that the stem-
loop did not significantly affect the
nuclear-to-cytoplasmic ratio of PTC™ transcripts. Although
the reversal of NIPS by PTCs was incomplete (the nuclear-to-
cytoplasmic ratio of stem-loop PTC™ transcripts was not as low
as that for PTC™ transcripts), this was expected given that the
stem-loop is known to not completely inhibit translation (11,
44). Together, the stem-loop and CHX experiments provide
strong evidence that NIPS depends on translation.

NIPS Depends on NMD Factors—W'e next examined whether
NIPS depends on NMD factors. We first determined the role of
UPF1, an NMD factor that several groups, including our own,
have shown is crucial for TCRB NMD (35, 45, 46). Using an
siRNA previously shown to specifically knock down UPF1 (35,
36), we depleted the level of UPFI RNA (supplemental Fig. S3A)
and found that this selectively decreased the nuclear-to-cyto-
plasmic ratio of PTC™ transcripts, not PTC™ transcripts (Fig. 4,
A and B). Although depletion of UPF1 strongly decreased NIPS
of PTC™ transcripts (by ~5-fold), it was not as low as that for
PTC™ transcripts (Fig. 4, A and B) consistent with the fact that
TCRB NMD is only partially reversed by the degree of UPF1
depletion achieved by RNAi (Fig. 44) (35, 36).

We next examined the role of eIF4AIII, a core component of
the EJC necessary for maximal TCRB NMD (23, 35, 47, 48). We
efficiently knocked down eIF4AIII using a previously described
siRNA (23, 35, 47, 48) (supplemental Fig. S3B) and found that
this modestly, but significantly, decreased the nuclear-to-cyto-
plasmic ratio for PTC™ transcripts (Fig. 4, C and D), indicating
that NIPS at least partially depends on eIF4AIIL The effect was
specific, as depletion of eIF4AIII reduced the nuclear-to-cyto-
plasmic ratio of transcripts harboring PTCs at two independent
positions, but it did not significantly affect the nuclear-to-cyto-
plasmic ratio of the PTC™ transcript (data not shown). The
modest decrease in the nuclear-to-cytoplasmic ratio of the
PTC™ transcripts could be due to either a partial elF4AIIl
requirement or insufficient e[F4AIIl depletion to observe a
strong dependence. We suspect the former, as the level of
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NIPS Cis Elements—We previ-
ously showed that the robust down-
regulation of TCRP transcripts in
response to PTCs requires a region
encompassing the VD] exon and its
flanking intronic sequences (25, 26).
However, in these past studies, we
only measured the level of TCRf
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FIGURE 4. Depletion of UPF1 and elF4Alll, but not UPF3B, inhibits NIPS. A, C, and E, RNase protection
analysis of nuclear fraction (N) and cytoplasmic fraction (C) RNA (5 ng) from Hela cells transfected with the
indicated short interfering RNAs (siRNA) or shRNAs and construct A (with or without a PTC at codon 68 in the
VDJ exon). Quantification was performed as in Fig. 1E. The data in E are representative of at least two inde-
pendent experiments. Band D, quantification of data obtained from experiments performed as described in A

and G, respectively, from at least three independent experiments.

elF4AIII protein was strongly reduced (by 90%, data not shown)
in response to siRNA treatment.

Finally, we examined whether NIPS requires the EJC factor
UPE3B (Upf3x). Although required for the down-regulation of
some NMD substrates, we recently reported that strong deple-
tion of this EJC factor has no effect on either PTC* TCRp
transcripts or a subset of endogenous human NMD substrates,
suggesting that a subset of PTC-bearing transcripts are
degraded by an alternative UPF3B-independent branch of the
NMD pathway (35). To test the role of UPF3B in NIPS, we used
a “super RNAi” approach in which UPF3B levels were depleted
by stably transfecting a UPF3B shRNA construct into HelLa
cells, selecting a cell clone with depleted UPF3B levels, and then
transiently transfecting the UPF3B shRNA construct into this
cell clone to further reduce the level of UPF3B (35). This
approach allowed us to reduce the UPF3B mRNA level to ~20%
of normal (supplemental Fig. S3C). This depletion of UPF3B
did not significantly change the nuclear-to-cytoplasmic ratio of
transcripts harboring PTCs in two different exons (Fig. 4E, and
data not shown). It also did not significantly inhibit TCRf
NMD, in agreement with our previous report (35). We con-
clude that neither the decay of PTC" TCR transcripts nor
their NIPS response is affected by UPF3B depletion, suggesting
that PTCs affect the fate of TCR@ transcripts by mechanisms
independent of this EJC-associated factor.
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transcripts in total cellular mRNA.
Thus we did not determine the cel-
lular compartment in which this
TCRp regulatory region acts to con-
fer robust down-regulation. Our
fractionation studies herein estab-
lished that TCRf transcripts do not
undergo NMD in the cytoplasmic
fraction and are only modestly

decreased in level in the nuclear
fraction (Fig. 1E), suggesting the
hypothesis that the TCRf regula-
tory region acts by conferring
nuclear fraction retention (the NIPS
response). To test this hypothesis,
we transiently transfected HeLa
cells with constructs lacking the
VDJ exon and its flanking intronic
sequences (Fig. 54, construct D) and
examined whether this abolished
the NIPS response. Ribonuclease
protection analysis revealed that the
nuclear-to-cytoplasmic ratio of
PTC™ transcripts derived from this
construct was dramatically less than
the parental construct and was similar to that of PTC™ coun-
terparts (Fig. 5, B and E, construct D). These results indicated
that the cis element(s) responsible for NIPS reside within the
VDJ exon and its flanking intronic sequences.

To determine whether the intronic sequences flanking the
VDJ exon are required for NIPS, we replaced TCRB IVS1 and
IVS2 with heterologous introns (Fig. 54, construct E). Transient
transfection followed by ribonuclease protection analysis
revealed that transcripts derived from these “intron substitu-
tion” constructs maintained the ability to undergo NIPS (Fig.
5C). These data indicated that the intronic sequences in the
TCRBregulatory region are not required for the NIPS response.

To assess whether the VD] exon is essential for NIPS, we
substituted the VD] exon with exon 2 from the triose-phos-
phate isomerase (TPI) gene (Fig. 54, construct F). We hypoth-
esized that TPI exon 2 would confer the ability to undergo
NIPS, as we previously showed that this exon drives the robust
down-regulation of PTC* transcripts as well as does the VD]
exon (26). Transient transfection and analysis of the resulting
chimeric transcripts by ribonuclease protection assay indicated
that transcripts containing TPI exon 2 exhibited a strong NIPS
response (Fig. 5, D and E, construct F). To examine the specific-
ity of the response, we replaced the VD] exon with TPI exon 4
(Fig. 5A, construct G). We previously showed that this exon
does not confer the ability to undergo robust down-regulation

PTC- PTC+
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FIGURE 5. TCRB and TPI sequences that trigger NIPS. A, schematic diagram of TCRB constructs with or without a PTC (*) at codon 150 in the C32.1 exon.
Construct E hasintron 1 (rlVS1) and intron 2 (rlVS2) from rabbit 8-globin (indicated in boldface); constructs F and G have TPl exons 2 and 4, respectively, in place
of the VDJ exon. Probe b (denoted by lowercase letter below the diagram) protects 73 nucleotides of mRNA. Probe c is described under “Experimental
Procedures.” B-D, RNase protection analysis using probe b (Band D) or probe c (C) of nuclear fraction (N) and cytoplasmic fraction (C) RNA (5 ug) from Hela cells
transiently transfected with the constructs shown. E, quantification of the nuclear-to-cytoplasmic (N/C) ratio of the transcripts derived from the constructs
shown. Quantification was done as described in Fig. 1E. Similar results were obtained in at least three independent experiments.

(26), and thus we hypothesized it also would not confer NIPS.
Indeed, we found that, unlike TPI exon 2-containing tran-
scripts, exon 4-containing transcripts did not exhibit NIPS (Fig.
5,Dand E, construct G). TP1 exons 2 and 4 have greatly different
densities of exonic splicing enhancers, which may be responsi-
ble for their difference in activity. Collectively, our results indi-
cated that a region containing the VD] exon and adjacent intron
sequences is required for the NIPS response of PTC™ TCRf3
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transcripts, but that neither the VD] exon nor the adjacent
introns is absolutely essential for this response.

Generality of NIPS—To test the generality of the NIPS
response, we examined two mammalian transcripts that have
been well studied for their NMD responses: 3-globin and TPI
(16, 29, 32,49 -51). Both of these transcripts have been shown
to be down-regulated by PTCs in the nuclear fraction of cells
(29, 32). Analysis of the nuclear and cytoplasmic fraction
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dramatic increase in the nuclear-to-
cytoplasmic mRNA ratio (Fig. 1E).
Only nonsense mutations, not mis-
sense mutations, triggered this
127 NIPS response (Fig. 1E). This NIPS
response was not the result of a
measurable increase of mRNA de-
cayin the cytoplasm (Fig. 1, Cand D;
supplemental Fig. S2, B and Q).
Instead, NIPS appears to be the
result of retention in the nuclear
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fraction, based on our “approach-
to-steady-state” analysis, which
showed that the presence of a PTC
caused newly synthesized TCRf
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in the nuclear fraction (Fig. 2, A-C).
Although the dramatic increase
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FIGURE 6. Generality of NIPS. A, schematic diagram of TPl and human -globin constructs with or without a
PTC. B and C, RNase protection analysis of nuclear (N) and cytoplasmic (C) fraction RNA prepared from Hela
cells transiently transfected with either TPI (B) or B-globin (C) constructs with or without a PTC. Human $-globin
(B) or TCRB construct A (C) were cotransfected as normalizing controls for transfection efficiency (the values
below the gels indicate values from the gels shown). The histograms indicate the average values from at least

three independent experiments, quantified as in Fig. 1E.

RNA from HeLa cells transfected with PTC* and PTC™ ver-
sions of B-globin and TPI constructs (Fig. 64) showed that
B-globin transcripts underwent the NIPS response, but TPI
transcripts did not (Fig. 6, B and C). The ability of B-globin,
but not TPI transcripts, to undergo NIPS explains why PTCs
down-regulate B-globin mRNA much more strongly (to
~5% of the normal level, Fig. 6C) than TPI mRNA (to ~50%
of the normal level, Fig. 6B) in the cytoplasm. Collectively,
these data suggest that NIPS acts on a specific subset of
transcripts to confer reduced mRNA levels in the cytoplasm.

DISCUSSION

In this study, we show by mRNA half-life analysis that PTCs
cause TCRp transcripts to undergo rapid decay in a nucleus-
associated fraction containing <1% cytoplasmic contamina-
tion (Fig. 1, B-D). To our knowledge, the only other transcript
experimentally demonstrated by RNA half-life analysis to
undergo more rapid decay in the nuclear fraction in response to
a PTC is TPI (29). However, it is likely that nuclear-fraction
NMD is a general phenomenon, as several other mammalian
transcripts harboring PTCs have been shown to exhibit
reduced steady-state levels in the nuclear fraction (28 -32). We
provide evidence that in addition to nuclear-fraction decay,
PTCs trigger a novel response not previously reported, i.e. a
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ited by perturbations in translation,
and it depended on the NMD fac-
tors UPF1 and eIF4AIII (Figs. 3 and
4). These data, along with our find-
ing that NIPS was elicited specifi-
cally by nonsense, not missense,
mutations (Fig. 1E),led us to conclude that NIPS is a translation-
dependent event that may serve as an RNA surveillance mech-
anism to recognize deleterious translation signals. Although
the NIPS response depended on UPF1 and eIF4AIII, we found it
was not perturbed by knockdown of the NMD factor UPF3B
(Fig. 4). This insensitivity to UPF3B depletion agrees with our
recent discovery that the down-regulation of PTC™ TCRp tran-
scripts is not affected by depletion of UPF3B (35). It remains for
future experiments to determine whether UPF3B independ-
ence is an intrinsic feature of the NIPS response. We recently
identified two classes of NMD substrates; one class was up-reg-
ulated by UPF3B depletion, but the other class was not (35).
Analysis of the nuclear-to-cytoplasmic ratio of these two
classes of transcripts will begin to address whether UPF3B inde-
pendence is a general feature of NIPS.

Our mapping experiments suggested that NIPS is conferred
by cis elements in the VD] exon (Fig. 5). This is intriguing, as
this exon is uniquely generated by programmed rearrange-
ments (24). However, despite the role of the VD] exon in
increasing nuclear-to-cytoplasmic ratio, TCR transcripts are
not alone in having this property. First, we found that 3-globin
transcripts also undergo the NIPS response (Fig. 6). Second, we
identified an exon from another gene that was also able to con-
fer the NIPS response (Fig. 5, D and E). It remains for future
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FIGURE 7. Models. Model 1, retention and decay of PTC* transcripts occurs at
the outer nuclear membrane. Nuclear membrane-associated cytoplasmic
ribosomes read transcripts after they emerge from the nuclear pore. Tran-
scripts deemed normal during this pioneer round of translation are released
into the cytoplasm for bulk translation. Model 2, stop codon recognition,
retention, and decay of PTC™ transcripts occur in the nucleoplasm.

studies to determine the underlying mechanism responsible for
NIPS. We previously showed that one parameter that increases
the magnitude of PTC" mRNA down-regulation is efficient
splicing (26), suggesting the possibility that efficient splicing
might also trigger the NIPS response. Although an attractive
hypothesis, our analysis of a series of mutant TCRf constructs
possessing different splicing efficiencies does not support this
hypothesis.® It also remains for future studies to understand
why PTCs elicit NIPS in some transcripts but not in others.
Because the NIPS response leads to dramatically reduced con-
centrations of the mRNA in the cytoplasmic fraction, one pos-
sibility is that NIPS is a property of transcripts that, like TCR,
are under strong selection pressure to undergo robust down-
regulation, e.g. those that commonly acquire PTCs and/or those
that, if translated, give rise to truncated proteins with highly
deleterious effects.

Nucleus-associated mRNA retention and rapid decay are
paradoxical, as they are only known to be triggered by a signal (a
nonsense codon) read outside of the nucleus. We suggest two
solutions as follows: (i) stop codon recognition, mRNA reten-
tion, and rapid mRNA decay are triggered by cytoplasmic ribo-
somes associated with the outer nuclear membrane, or (ii) stop
codons are read by nuclear ribosomes or a novel codon scanner
in the nucleus, which results in their retention and decay there
(Fig. 7). In the first model, ribosomes associated with the outer
nuclear membrane proofread transcripts. If a PTC is recog-
nized in this “pioneer round” of translation, the mRNA is
retained and rapidly degraded at that site (Fig. 7, model I). An
attractive possibility is that such nuclear membrane-associated
ribosomes proofread mRNAs soon after they emerge from the
nuclear pore. After this pioneer round of translation, mRNAs
deemed as lacking PTCs would be released to undergo bulk
translation in other regions of the cytoplasm. The notion that

8 A.D. Bhalla, J. P. Gudikote, and M. F. Wilkinson, unpublished observations.
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the site of mRNA retention and rapid mRNA decay occurs at
the outer nuclear envelope is consistent with our finding that
our nuclear purification procedure generated nuclei that retain
the outer nuclear membrane (supplemental Fig. S1C). Also
consistent with this model is the finding that S. cerevisiae tran-
scripts harboring PTCs are bound to polysomes (52, 53). Addi-
tional support for this model comes from the fact that outer
nuclear membrane-associated ribosomes are in the cytoplas-
mic milieu, where translation is known to occur. Although
we consider the outer nuclear membrane the most likely site
of retention and rapid mRNA decay, it is possible that these
events occur in another highly specialized portion of the
cytoplasm that cofractionates with the nucleus. For example,
these events could occur in a subset of the ER that remains
bound to the nucleus after our purification procedure. We
think this is unlikely, as our purification procedure gener-
ated nuclei containing undetectable levels of the ER marker
calnexin (Fig. 1B). Another site where retention and mRNA
decay might occur is in P-bodies associated with the nucleus.
This is an attractive idea, as P-bodies are cytoplasmic foci
harboring high concentrations of mRNA decay factors that
have been shown to be a major site of NMD (40, 41). How-
ever, our nuclear fraction preparations had an undetectable
amount of the P-body marker RCK (less than 1% of the cyto-
plasmic level, Fig. 1B), indicating that either P-bodies are not
involved or that a subset of P-bodies lacking the RCK marker
is where these events occur.

The second model posits that there is a ribosome or ribo-
some-like entity that “proofreads” mRNAs in the nucleus
proper. Once this nuclear scanner identifies a PTC-containing
mRNA, the aberrant mRNA is held in the nucleus and
degraded. Consistent with this model, mutations that generate
PTCs elicit a frame-dependent up-regulation of precursor and
alternatively spliced TCRB mRNAs in the nucleus and the
nuclear fraction, respectively, of human cell lines (43, 45,
54-56). Further support for this model comes from a study
showing that TCRP transcripts trapped in the nucleus as a
result of incubation with nuclear-export blockers are not per-
turbed in their ability to be down-regulated in response to PTCs
(57). The nucleus has at least some of the factors required for
translation, including charged tRNAs and some translation
factors (58, 59). There is also evidence that a small but sig-
nificant fraction of translation occurs in nuclei in D. mela-
nogaster (60), Dictyostelium discoideum (61), and human cell
lines (62). However, there is also considerable evidence
against the notion that translation occurs in the nucleus (63),
including the inability of highly purified nuclei to engage in
translation (64) and the fact that some translation factors are
present at extremely low concentrations in the nucleus (65).
Furthermore, there has been evidence that nonsense and
frameshift mutations do not elicit nuclear effects as a result
of disruption of reading frame, but rather because of disrup-
tion of exonic splicing enhancers (66, 67).

To begin to distinguish between these models, it will be nec-
essary to determine the precise cellular location of nucleus-
associated mRNA retention and NMD. Imaging techniques will
probably be required to resolve this. Although several labora-
tories have developed imaging techniques to localize specific
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transcripts (68), no laboratory has been able to identify the loca-
tion of NMD in mammalian cells. New, more advanced tech-
niques will probably be needed to address this, as the current
imaging technology cannot detect most processed mRNAs
after they have left the site of transcription. Regardless of the
location of nucleus-associated retention and NMD, it will be
interesting in the future to determine whether the retention of
PTC-bearing transcripts in this location makes these tran-
scripts more susceptible to decay in that compartment. An
alternative possibility is that NIPS is a fail-safe mechanism that
serves to retain most of the PTC™ transcripts that escape decay.

If indeed PTC™ transcripts are selectively retained in the
nuclear fraction of cells, this complicates the interpretation of
studies in which only steady-state mRNA levels are examined.
For example, if the amount of transcript retained in the nuclear
fraction equals the amount that is degraded, retention will mask
nuclear fraction NMD. Also, because nuclear fraction retention
greatly reduces the steady-state level of PTC™ transcripts in the
cytoplasmic fraction, its effects can be misinterpreted as cyto-
plasmic NMD. In summary, our study demonstrates that non-
sense codons reduce the cytoplasmic levels of PTC-containing
TCRB mRNA by eliciting two responses, nuclear fraction NMD
and NIPS. We propose that these two responses collaborate to
almost completely block the entry of aberrant mRNAs into the
translating pool of mRNAs in the cytoplasm. Future studies will
be required to determine why only a subset of transcripts exhib-
its the NIPS response and the precise mechanism responsible
for it.
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