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Summary

Messenger RNAs containing premature termination
codons (PTCs) are selectively eliminated by nonsense-
mediated mRNA decay (NMD). Paradoxically, although
cytoplasmic ribosomes are the only known species
capable of PTC recognition, in mammals many PTC-
containing mRNAs are apparently eliminated prior to
release from the nucleus. To determine whether PTCs
can influence events within the nucleus proper, we
studied the immunoglobulin (Ig)-p and T cell receptor
(TCR)-B genes using fluorescent in situ hybridization
(FISH). Alleles containing PTCs, but not those con-
taining a missense mutation or a frameshift followed
by frame-correcting mutations, exhibited elevated lev-
els of pre-mRNA, which accumulated at or near the
site of transcription. Our data indicate that mRNA
reading frame can influence events at or near the site
of gene transcription.

Introduction

Nonsense-mediated mRNA decay (NMD) is a quality-
control system that selectively eliminates messenger
RNAs (mRNAs) containing premature termination co-
dons (PTCs) (Maquat, 1995). Although the detailed
mechanism of NMD has yet to be elucidated, it is known
to be a posttranscriptional process that requires open
reading frame (ORF) recognition (reviewed in Frisch-
meyer and Dietz, 1999; Hentze and Kulozik, 1999). Con-
sistent with ORF recognition being carried out by ribo-
somes, biochemical separation of the nuclear and
cytoplasmic compartments in vertebrate cells has
shown that some mRNAs are degraded by NMD in the
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cytoplasm (Lim et al., 1992; Whitfield et al., 1994; Mori-
arty et al., 1998).

Despite evidence that NMD involves the translation
machinery and can occur in the cytoplasm, most PTC+
mRNAs in metazoans are apparently eliminated prior to
their release from the nucleus (reviewed in Maquat,
1995; Li and Wilkinson, 1998; Hentze and Kulozik, 1999).
Included in this class are mRNAs encoding Ig-k light
chain (Lozano et al., 1994; Aoufouchi et al., 1996), TCR-B
(Carter et al., 1995, 1996; Li et al., 1997), dihydrofolate
reductase (Urlaub et al., 1989), adenine phosphoribosyl-
transferase (Kessler and Chasin, 1996), triose phosphate
isomerase (Cheng and Maquat, 1993; Belgrader et al.,
1994), v-src (Simpson and Stoltzfus, 1994), mouse major
urinary protein (Belgrader and Maquat, 1994), 3-globin
(Baserga and Benz, 1992), and Drosophila melanogaster
alcohol dehydrogenase (Brogna, 1999). For most of
these transcripts, the presence of a PTC decreases the
steady-state level of nuclear mRNA, but does not signifi-
cantly alter the half-life of cytoplasmic mRNA (Belgrader
et al., 1994; Carter et al., 1996).

Models put forward to explain how NMD could influ-
ence mMRNA levels in the nuclear fraction of cells include
(1) cotranslational export and (2) nuclear scanning (re-
viewed in Maquat, 1995; Li and Wilkinson, 1998; Hentze
and Kulozik, 1999). The cotranslational export model
posits that PTC recognition by the cytoplasmic transla-
tion machinery can trigger NMD before a PTC+ mRNA
has completely transitted the nuclear pore. Thus, lower
PTC+ mRNA levels are detected in the nuclear fraction
even though NMD occurs in the cytoplasm. In contrast,
the nuclear-scanning model posits that PTC recognition
occurs within the nucleus proper, prior to mRNA export.
Although this model is supported by several findings (Li
and Wilkinson, 1998), it necessitates the existence of a
nuclear frame reader, possibly nuclear ribosomes,
which is contrary to the prevailing belief that only the
cytoplasmic translation machinery is capable of de-
tecting and responding to ORFs.

Also linking NMD to nuclear events are documented
associations between NMD and pre-mRNA splicing. In
vertebrate cells, PTCs are distinguished from normal
stop codons by their position relative to the last intron.
That is, if a termination codon is located upstream of at
least one exon-exon junction, it is identified as a PTC
and the mRNA is targeted for decay (Carter et al., 1996;
Thermann et al., 1998; Zhang et al., 1998a,b; reviewed
in Li and Wilkinson, 1998; Nagy and Maquat, 1998;
Hentze and Kulozik, 1999). The mechanism by which this
occurs likely involves splicing-dependent alterations in
the proteins associated with mRNAs (Le Hir et al., 2000
and references therein). Intriguingly, some studies have
suggested that PTCs can affect the splicing process
directly, either by inhibiting splicing or regulating splice
site selection (Dietz et al., 1993; Dietz and Kendzior,
1994; Lozano et al., 1994; Aoufouchi et al., 1996; Ger-
sappe et al., 1999). However, in many cases, these ef-
fects result from the chance disruption of an exonic
splicing enhancer by the mutation that also generated
the PTC (Cooper and Mattox, 1997; Shiga et al., 1997;
Hentze and Kulozik, 1999; Liu et al., 2001).

Here, we report the use of fluorescent in situ hybridiza-
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tion (FISH) and ribonuclease protection (RPA) to exam-
ine the subcellular localization and processing state of
PTC— (wild-type) and PTC+ RNAs. To avoid possible
artifacts, we used only quantitative techniques that
assay RNA directly without signal amplification. We
worked with two experimental systems well-docu-
mented to undergo efficient NMD: mouse B cells ex-
pressing endogenous Ig-p. genes (Connor et al., 1993;
1994) and Hela cells transfected with mouse TCR-B
mini-gene constructs (Carter et al., 1996; Li et al., 1997).
Prior to FISH and RPA analysis, both systems were care-
fully characterized in terms of their relative transcription
rates and steady-state mMRNA levels. Remarkably, in
both systems we detected larger and brighter fluores-
cent foci in the nuclei of cells expressing a PTC+ allele
than in cells expressing the corresponding PTC— allele.
Consistent with these foci being the sites of transcrip-
tion, they were deep within the nuclear interior. RPA
revealed that these bright nuclear foci result from in-
creased accumulation of unspliced RNA from PTC+ al-
leles. This pre-mRNA accumulation was observed with
nonsense codons and frameshift-induced PTCs, but not
with a missense codon or with frameshift combinations
that restored ORF integrity. Our study therefore demon-
strates that disruption of mMRNA reading frame can have
intranuclear consequences for RNA metabolism.

Results

Transcriptionally-Matched B-Cell Lines Expressing
Wild-Type and Mutant Alleles of the Endogenous
Ig-pn Gene

A set of B-cell lines derived from the well-studied mouse
Sp6/HL hybridoma was chosen for initial FISH analysis.
The set consisted of the parental PTC— (Sp6) hybridoma,
which contains a single functionally rearranged . gene,
derivative cell lines (N89, N114, U30, and X54) harboring
PTCs in three different exons, and a control line in which
the entire . gene had been deleted (X10) (Figure 1A)
(Connor et al., 1993; 1994).

Prior to FISH analysis, we measured the relative
transcription rates and steady-state u mRNA levels in
each cell line. Nuclear run-on experiments revealed that
the p transcription rate in every PTC+ cell line was
experimentally indistinguishable from that of the PTC—
Spé6 cell line (Figures 1B and 1C). Northern blot analysis
of either total RNA (Figure 1D) or poly(A)* RNA (data not
shown) showed that the PTC+ N114, U30, and X54 cell
lines contained 18- to 60-fold less . mMRNA than the
PTC— Sp6 cell line. Thus, these PTC+ . transcripts are
efficiently eliminated by NMD. In contrast, the PTC+
N89 cell line contained only 2-fold less . mMRNA than
the Sp6 cell line, as observed previously (Buzina and
Shulman, 1999). X10 cells exhibited no significant run-
on or northern signals with . probes, consistent with
complete deletion of the . locus in this line.

Ig-p. Transcripts Harboring PTCs Accumulate

at or Near the Site of Transcription

We next examined intracellular p. RNA localization by
FISH. To do so, equal numbers of exponentially growing
PTC— Spé6 cells and cells from a single PTC+ line were
mixed and allowed to adhere to coverslips. Following
fixation, cells were hybridized under nondenaturing con-

ditions using directly-labeled, rhodamine-containing
FISH probes (red). Subsequent incubation with FITC-
coupled, anti-IgM antibody (green) allowed distinction
between the PTC— IgM+ Sp6 cells and PTC+ IgM— cells.
Having PTC— and PTC+ cells on the same coverslip
enabled us to compare FISH signals in side-by-side
cells. Thus, possible artifacts from variable hybridization
efficiencies between coverslips or even different areas
on the same coverslip were effectively eliminated. Be-
cause the rhodamine FISH signal was mostly nuclear,
while the FITC anti-IgM antibody detected IgM on the
cell surface, no interference between the green and red
signals was observed (data not shown).

Because the local concentration of a given transcript
is usually highest at its site of synthesis, FISH often
reveals the transcription site as a bright spot within the
nuclear interior (Lawrence et al., 1989; Dirks et al., 1995;
Jolly et al., 1998; Custodio et al., 1999). When hybridized
with a genomic p. probe, the majority of hybridoma cells
expressing either a PTC— or PTC+ p. allele did exhibit
a single spot of intense fluorescence (Figure 2A). DNA
labeling with Hoechst dye (blue) and 3D analysis through
multiple focal planes revealed that this locus was clearly
internal to the nucleus, consistent with it being the site
of w gene transcription. No FISH signal was observed
in Ig-pn~ X10 cells.

Surprisingly, the nuclear FISH spots were larger and
brighter on average in the four PTC+ cell lines than
in the PTC— Sp6 line. To quantify these differences,
deconvolved 3D images were projected onto a single
plane. With only the red (FISH) channel active, each cell
was judged by eye to contain a bright nuclear spot, a
dim spot, or no spot at all. Subsequently, PTC— and
PTC+ cells were identified by overlaying the green (anti-
IgM FITC) signal. This method allowed for the rapid
analysis of many cells (between 40 and 198 from ran-
domly selected fields) while avoiding any bias in the
assessment of spot intensities. Whereas 25% to 40%
of PTC+ cells had “bright spots,” fewer than 10% of
the PTC— Spé6 cells were in this category (Figure 2B).
Conversely, whereas 10% or fewer of the PTC+ cells
contained no detectable nuclear spot, approximately
25% of Sp6 cells lacked a spot. Thus, B cells expressing
PTC+ . alleles appear to accumulate higher levels of
w RNA at or near the site of transcription than do B cells
expressing a PTC— p allele. Furthermore, the degree of
intranuclear RNA accumulation is independent of PTC
position within the . gene.

Three of the four cell lines containing a PTC+ . allele
were generated by random mutagenesis using either
X-rays (X54) or nitrosoguanidine (N89, N114) (Connor et
al., 1993). Thus, it was theoretically possible that nuclear
w BRNA accumulation in these mutagenized cell lines
resulted from defects in other genes, such as genes
required for RNA processing, rather than from the docu-
mented nonsense mutations in the n gene. However,
Northern blotting and FISH analyses for Ig J-chain RNA
revealed no significant differences in J-chain mRNA lev-
els or transcription spot intensities among any of the
cell lines (data not shown).

Elevated Levels of Unspliced Transcripts

from Ig-p Genes Harboring PTCs

To assess whether the RNA accumulating at PTC+
loci contained introns, we performed FISH with a probe
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mRNAs in total cellular RNA (5 pg). Relative
i mRNA levels were normalized to B-actin
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against the JC intron. As did the genomic probe, this
intron-specific probe hybridized with a single locus of
high intensity fluorescence in the nuclei of most cells
containing the p. gene, while no specific fluorescence
was detected in Ig-p.~ X10 cells (Figure 2C). Remarkably,
the difference in brightness of the nuclear signal in PTC—
and PTC+ cells was even more pronounced with the
intronic probe (Figure 2C) than with the genomic probe
(Figure 2A). With the intronic probe, the bright nuclear
spots in PTC+ cells were often surrounded by a cloud
of smaller satellite spots. Quantitative analysis of these
intronic FISH signals, performed as previously de-
scribed, yielded very similar results (Figure 2D) to those
observed with the genomic probe (Figure 2B).

To further substantiate the differences, we performed
amore detailed quantitative comparison of three-dimen-
sional volumes and total fluorescence intensities of nu-
clear spots in N114 and Sp6 cells. Consistent with the
results from our more qualitative approach above, cu-
mulative histograms revealed that spots in N114 cells
generally occupied larger volumes and were more in-
tense than those in Sp6 cells (Figure 3), with the total
volumes and intensities being highly correlative for both
cell types. The mean spot volume and mean spot inten-
sity were both three times higher for N114 cells than
Sp6 cells (data not shown). Thus, PTC+ . RNA does
accumulate within the nucleus and most of the accumu-
lated RNA contains the JC intron.

The above observations suggested that the intra-
nuclear RNA accumulating in PTC+ cell lines might be
unspliced. To examine this, we employed ribonuclease
protection analysis (RPA) with riboprobes complemen-
tary to the 5’ splice site region of the VL and JC introns
(see Figure 1A and Experimental Procedures) to quantify
both spliced and unspliced . RNA (Figure 4A). Consis-

tent with the Northern analysis (Figure 1D), RPA showed
that spliced .. mRNA levels were 15- to 45-fold lower in
the N114, X54, and U30 PTC+ cell lines than in the
PTC— Spé6 cell line, whereas N89 PTC+ cells showed
only a 1.5- to 1.8-fold decrease in . mMRNA. In contrast,
unspliced . RNA levels were elevated in all four PTC+
cell lines (by an average of 5-fold) compared with the
PTC— Sp6 cell line (Figure 4). Paralleling the FISH re-
sults, the degree of this pre-mRNA elevation was inde-
pendent of PTC position within the gene. Furthermore,
in all four PTC+ cell lines, similar levels of unspliced
RNA were detected with both the VL and JC intron
probes. Taken together, these results suggest that the
presence of a PTC leads to decreased pre-mRNA pro-
cessing efficiency at the Ig-. locus.

Elevated Levels of Unspliced Transcripts
from a TCR-8 Gene Harboring a PTC
To assess whether intranuclear accumulation of un-
spliced PTC+ RNA is a general phenomenon or is spe-
cific to Ig-p transcripts in B cells, we next examined
PTC— and PTC+ variants of a TCR-B gene whose tran-
scripts are strongly downregulated in response to PTCs
in both T cells and HelLa cells (Carter et al., 1995, 1996;
Li et al., 1997). For this study, we generated stably trans-
fected HelLa cell clones expressing PTC— and PTC+
versions of a TCR- minigene under control of the hu-
man B-actin promoter (Figure 5A). We analyzed five ran-
domly selected clones: 3C1 and 3C3 expressing the
PTC— version, and 7C3, 7C5, and 7C6 expressing a
PTC+ version that contains a nonsense mutation at
codon 68.

Nuclear run-on assays (Figure 5B) revealed that all
five cell clones exhibited very similar TCR- transcrip-
tion rates, ranging between 0.9 and 1.3 relative to the
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Figure 2. In Situ Visualization of . RNA in Side-By-Side Parental (Sp6) and Mutant Cells with Genomic and Intronic . Probes

(A) Parental (Sp6) and mutant Ig-p. cells hybridized with rhodamine-labeled genomic . probe (red) and stained with FITC-coupled anti-lgM
antibody (to selectively detect Sp6 cells, green) and Hoechst dye (to stain DNA, blue). Shown here are deconvolved images projected onto

a single plane. Arrows indicate fluorescent signals at transcription sites.

(B) Summary of FISH quantifications with the genomic . probe (see Results for details). Bars represent average percentages of the three
classes (no, dim, or bright spot) for each cell line. When only two experiments contributed to the average, error bars represent the range;

otherwise error bars reflect standard deviation.

(C) Same as in (A), except with a rhodamine-labeled probe against the JC intron.

(D) Summary of FISH quantifications with the JC intron probe.

PTC— 3C3 clone. However, Northern blotting showed
that steady-state TCR-3 mRNA levels were dramatically
lower (25- to 50-fold) in the PTC+ cell clones than in
the PTC— cell clones (Figure 5C). This magnitude of
downregulation is similar to that previously reported for
these same constructs when transiently transfected into
Hela cells (Li et al., 1997).

We next examined the subcellular distribution of TCR-3
RNA by FISH (Figure 6). In all five stably transfected
cell clones, the majority of cells exhibited a single spot

of high intensity fluorescence in the nucleus (panels
1-2 and 4-6), indicating that the transfected genes had
integrated at a single site in each clone. This was con-
firmed by performing hybridizations with a probe derived
from the expression vector alone under conditions
where only the transfected DNA could be detected (i.e.,
after RNase digestion and DNA denaturation; data not
shown). The signals arising from TCR- probes were
specific to TCR-B transcripts, as very little signal was
detected in untransfected Hela cells (panel 3) and the
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Figure 3. Quantification of Transcription Spots in Sp6 and N114
Cells

The three-dimensional volumes and total fluorescence intensities
of transcription spots in N114 and Sp6 cells from one FISH experi-
ment were measured as in Experimental Procedures. Cumulative
histograms show the percentage of cells having spots equal to or
less than a given volume (right axis) or total intensity (left axis).

FISH signals in minigene-containing cells were sensitive
to RNase treatment (data not shown). Remarkably, par-
alleling the results with the B-cell lines, HelLa cells ex-
pressing the PTC+ TCR-B construct again had generally
larger and brighter transcription spots than did the cor-
responding PTC— cells (Figure 6).

To test whether the brighter nuclear TCR-B FISH sig-
nals reflected increased pre-mRNA levels in the PTC+
cell clones, we performed RPA on total RNA from each
clone. Consistent with Northern analysis (Figure 5C),
RPA indicated that spliced TCR-3 mRNA levels were
38- to 63-fold lower in the PTC+ clones than in the

>

X10 Sp6 N114 U30 X54 N89 Y

PTC— clones (Figure 7A). Conversely, the level of un-
spliced RNA was two to five times higher in the three
PTC+ cell clones than in the two PTC— cell clones
(Figure 7B). Both VL and JC intron probes yielded almost
identical results (Figure 7B and data not shown). Thus,
the presence of the PTC correlated with increased levels
of pre-mRNA containing introns to either side of the
PTC-bearing exon. Because these findings parallel
those observed with B-cell lines expressing PTC— and
PTC+ Ig-p alleles, intranuclear accumulation of un-
spliced transcripts from PTC+ genes is apparently nei-
ther gene nor cell line specific.

Accumulation of Unspliced RNA from PTC+ Genes
Depends on the Reading Frame
Our results suggest that Ig-p. and TCR-B transcripts
harboring nonsense codons may be less efficiently pro-
cessed than transcripts encoding mRNAs with full-
length open reading frames. One well-documented
mechanism by which nonsense mutations can affect
pre-mRNA processing is by the disruption of exonic
splicing enhancers (ESEs; Maquat, 1996; Valentine,
1998; Liu et al., 2001). If disruption of an ESE is responsi-
ble for a pre-mRNA splicing effect caused by a nonsense
mutation, then a missense or silent mutation at the same
site can have similar consequences (Liu et al., 2001).
To test this possibility, we generated stably trans-
fected Hela cell lines expressing a wild-type (A) TCR-B
construct or one containing either a missense (B) or
nonsense (C) mutation at codon 120. Relative mRNA
and pre-mRNA levels were determined by RPA of total
nuclear and cytoplasmic RNA (Figure 8A). Spliced mRNA
was present in both the nuclear and cytoplasmic frac-
tions. For the PTC+ cell line, lower levels of spliced
mRNA were apparent in both compartments, consistent
with our previous studies showing that PTC+ TCR-8
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+Sp6 + Spb

Figure 4. Quantification of Spliced and Un-
spliced PTC— and PTC+ Ig-i. RNA by RNase
Protection Analysis
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(A) Example of RPA data. Total RNA (0.66 p.g,
2 ng, and 6 pg) from indicated B-cell lines
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(Figure 1A; 12 fmol, each) and mouse B-actin
(see Experimental Procedures; 10 fmol) ribo-
probes. Yeast RNA (Y; 6 j.g) served as nega-
tive control. In right-most lanes, equal
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to demonstrate that RPA probes were not
limiting. All sections are from a single gel;
the image contrast was enhanced in upper
panels allow visualization of faint unspliced
RNA signals. B-actin mRNA (double band)
was used for normalization.

(B) Summary of RNase protection analyses.
Average values relative to Sp6 from at least
four experiments are shown for spliced (left)
and unspliced (right) signals. Error bars repre-
sent standard deviations.
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Figure 5. Characterization by Nuclear Run-
On and Northern Blot Analyses of HelLa Cell
Lines Stably Transfected with TCR-$ Mini-
gene Constructs

TCR-B constructs used for Figures 5-7.
Boxes and thin and thick lines depict exons,
introns, and probes for RNase protection
assays, respectively. The PTC— minigene
ORF is indicated by gray shading. The PTC
(TAA) is located at amino acid 68.

B Nuclear run-on

mRNAs are downregulated in the nuclear fraction (Carter
et al., 1996). However, the PTC+ cell line clearly con-
tained higher levels of nuclear pre-mRNA than did either
the PTC— or missense cell line.

Although these results demonstrated that a missense
mutation at TCR-B codon 120 did not replicate the pre-
mRNA accumulation effect of a nonsense mutation at
the same position, it remained possible that the G — A
change generating the missense codon was less disrup-
tive of an ESE than the G — T change generating the
nonsense codon. To examine this possibility, we next
tested the effects of insertion mutations. Introduction
of a 10 nt insert into the VDJ exon generated a PTC in
the following exon (codon 148; Figure 8B, construct D).
As had all previous mutations that created PTCs, this
construct expressed both a lower level of spliced TCR-$
mRNA and an elevated level of unspliced TCR-38 RNA
relative to the PTC— construct (construct A; Figure 8).
In contrast, introduction of a 9 nt (in-frame) insert at the
same position (construct E) yielded spliced and un-
spliced RNA levels that were indistinguishable from con-
struct A. Because both 9 nt and 10 nt insertions would
be expected to disrupt any ESE at the insertion site
equally, this result suggested that pre-mRNA accumula-
tion was a consequence of reading frame alteration
rather than ESE disruption. If so, it should be possible
to suppress the effect of the 10 nt insertion by restoring
the reading frame to the normal ORF prior to codon 148
(the PTC position in construct D). To test this, we deleted
one nucleotide in either the VDJ or CB2.1 exon of con-
struct D (generating constructs F and G, respectively).
Remarkably, both of these 1 nt deletions completely
reversed the upregulation of pre-mRNA. Therefore, we
conclude that accumulation of pre-mRNA from PTC+
TCR-B genes is not a consequence of ESE disruption,
but rather is caused by premature termination of the
open reading frame.

C Northern analysis
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(B) Nuclear run-on assay. Newly synthesized
[*2P]-labeled transcripts from PTC— (3C1 and
3C3) and PTC+ (7C3, 7C5, and 7C6) cell lines
were hybridized to denatured, nicked plasmid
DNAs specific to human B-actin exon 2, the
TCR-B sequence of the minigene, and the
empty pBS-SK+ vector. The pBS-SK+ vec-
| tor controlled for nonspecific background hy-
bridization and B-actin was used to normalize
TCR-B signals. Numbers represent average
relative transcription rates from two experi-
ments.

(C) Northern blot analysis of 5 j.g total RNA
from indicated cell lines. The B-actin signal
was used for normalization of TCR-f mRNA
signals.
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Discussion

In this report, we demonstrate that mMRNA reading frame
disruption can lead to increases in precursor RNA levels
at their sites of transcription. Our study thus unambigu-
ously demonstrates that lack of an intact open reading
frame can have intranuclear consequences for RNA me-
tabolism. Intriguingly, this effect is independent of PTC
position within the transcript, and the introns that remain
included can be a long distance upstream of either the
PTC or the mutation that induced it. These findings have
important implications for the subcellular compartmen-
talization of gene expression.

One mechanism by which some nonsense mutations
lead to alterations in splicing is by chance disruption of
ESEs (reviewed in Maquat, 1996; Valentine, 1998; Liu et
al., 2001). By destroying the binding site for an individual
splicing factor, such mutations directly interfere with
the process of exon definition and can thereby cause
skipping of the affected exon or retention of an adjacent
intron. Although this is clearly a mechanism by which
nonsense codons act on some transcripts, we demon-
strated by several criteria that the elevation of TCR-B
pre-mRNA levels by PTCs is not due to ESE disruption
(Figures 7 and 8). We believe it also unlikely that ESE
disruption accounts for PTC+ pre-mRNA accumulation
at the Ig-p. locus. The mutations that generated those
PTCs (two point mutations and a single and a double
base-pair deletion) were located in three different exons
(see Figure 1A), yet all four PTC+ alleles exhibited similar
increases in unspliced p. RNA levels independent of
which intron (VL or JC) was examined (Figure 4). That
all four mutations would disrupt ESEs acting to such
similar extents on two different introns seems extremely
unlikely. Furthermore, neither the X54 nor U30 mutation
is in an exon that flanks the VL or JC intron. Because the
effectiveness of splicing enhancers is highly distance
dependent (Tian and Maniatis, 1994; Graveley et al.,
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Figure 6. Visualization by FISH of TCR-B RNA in HeLa Cell Lines Stably Transfected with PTC+ and PTC— TCR-$ Minigenes

Each cell line was fixed and hybridized to tetramethyl-rhodamine-labeled nick-translated probes (red) specific to the TCR-3 portion of the
minigene, and DNA stained with Hoechst dye (blue). Images were taken throughout all focal planes containing cellular material (z > 25, Az =
0.2 p), deconvolved, and projected onto a single plane (shown here). Fluorescent signals at the transcription sites are marked by arrows. All
panels are from a single experiment and have identical fluorescence intensity scaling to allow for direct comparison.

1998), it would be surprising that disruption of an en-
hancer in the fourth exon would have almost identical
effects on the splicing of both the first and second in-
trons. Although there are documented splicing en-
hancers in the Ig-p. C4 and M2 exons (Watakabe et
al., 1993; Mayeda et al., 1999), those enhancers are
significantly downstream of all the PTCs examined in
our study. Thus, the simplest interpretation of the data
is that the accumulation of PTC + Ig-w pre-mRNA results
from the same enigmatic reading frame-dependent
mechanism that acts on TCR-8 transcripts.
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Is the elevation of pre-mRNA in response to reading
frame disruption a general property of transcripts from
all genes? To our knowledge, the only other case in
which the accumulation of pre-mRNA in response to
PTCs has been clearly documented by a quantitative
method (RPA) is for transcripts from the minute virus of
mice (MVM) (Gersappe et al., 1999; Gersappe and Pintel,
1999). Although RT-PCR is only semiquantitative, and
has been specifically shown to artifactually report
changes in RNA levels in response to some nonsense
codons (Valentine and Heflich, 1997), a PTC-induced

Figure 7. Quantification of Spliced and Un-
spliced PTC— and PTC+ TCR-3 RNA by
RNase Protection Analysis

(A) 10 pg total cellular RNA isolated from
PTC—- (3C1 and 3C3) and PTC+ (7C3, 7C5,
and 7C6) HelLa cell lines was hybridized with
a VL probe (25 fmoles) and a human B-actin
probe (25 fmoles). The indicated levels of pre-
mRNA (containing the VL intron) were deter-
mined by normalizing against B-actin mRNA
and correcting for relative TCR-3 transcrip-
tion rates (see Figure 5B).

p-actin mRNA [l TF T N :) ‘D Hil

% 0 %

> 7

(t

A
S S

A A (B) Summary of relative TCR-3 pre-mRNA lev-
els determined by RNase protection analyses
using probes TCR- VL intron (white) and JC
intron (gray) probes (Figure 5A).
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. Figure 8. Only Nonsense Codons Induce
A fraction: nuclear cytoplasmic Higher Levels of Unspliced TCR-g RNA
construct A B C A B C (A) RPA of nuclear and cytoplasmic RNA (5
aa 120 construct - ) isolated from HelLa cell lines obtained by
A (wild type) "?ﬁg&'ﬁ” . . . . - . stable transfection with constructs A, B, and
; C. RNA samples were hybridized with VL and
B (missense)

C (nonsense) TCR

pre-mRNA

rel. amt.

rel. amt. 1.0 11 2.7 <0.1<0.1<0.1

mRNA ..-..

100 89 5.1

neomycin (internal control) probes (25 fmol,
each). Indicated levels of pre-mRNA (con-
taining the VL intron) were determined by nor-
malizing against neomycin mRNA. Average
values from three independent assays are
shown for each cell line.

(B) RPA of total cellular RNA (5 pn.g) isolated
from Hela cells transiently transfected with
the constructs shown. Probes, hybridization
conditions, and result quantification were as
in (A).

108 101 1.0

construct: A
PTC: -
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increase in levels of unspliced Ig-« transcripts has been
documented in B lymphocytes by this method (Lozano
et al., 1994; Aoufouchi et al., 1996). It should be noted
that the Ig-p, TCR-B, and Ig-k genes all commonly ac-
quire PTCs as a consequence of programmed re-
arrangement during lymphocyte development (Li and
Wilkinson, 1998). To date, RT-PCR studies examining
transcripts from various nonrearranging genes, includ-
ing triosephosphate isomerase, B-globin, adenine phos-
phoribosyltransferase, and androgen-receptor, have not
detected increases in pre-mRNA levels in response to
PTCs (Maquat, 1995, and references therein). In the fu-
ture, it will be important to use more quantitative meth-
ods to assess whether pre-mRNA upregulation is an
effect specific to certain rearranging and viral genes, or
whether it is instead a more general response.

Given the prevailing view that translation is limited to
the cytoplasm, our finding that premature reading frame
termination can influence cotranscriptional events oc-
curring deep in the nuclear interior is paradoxical. We
offer two models that may explain this enigma. One
model posits that there is a mechanism by which PTC
recognition on the cytoplasmic side of the nuclear enve-
lope (by the cytoplasmic translation machinery) feeds
back to induce pre-mRNA accumulation at PTC+ gene
loci in the nucleus. A rate-limiting event, such as PTC
recognition, at the nuclear periphery could thereby back
up PTC+ mRNAs to their sites of transcription, thus
delaying processing and/or release of newly synthe-
sized RNAs. Alternatively, the signal could be a classical
feedback loop that specifically directs alterations in pre-
mRNA processing efficiency at PTC+ loci. Regardless
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of the nature of the signal, such cytoplasmic PTC recog-
nition requires the existence of some physical connec-
tion between the nuclear pores and the gene locus;
otherwise, it is difficult to envision how the signal could
specifically affect PTC+ and not PTC— loci within the
same cell, as has been shown for TCR-f transcripts in
T lymphocytes (Carter et al., 1995). One possibility is that
mRNAs travel from the transcription site to the nuclear
periphery along defined tracks (Lawrence et al., 1989;
Meier and Blobel, 1992; Murti et al., 1993). However, the
existence of such tracks is controversial, and several
more recent studies favor instead a purely diffusional
intranuclear mRNA transport mechanism (Politz and
Pederson, 2000). In our study, we were unable to detect
either PTC+ RNA accumulation at the nuclear periphery
or RNA localization along any track-like structures (Fig-
ures 2 and 6).

An alternate explanation for how mRNA reading frame
can affect cotranscriptional events is that eukaryotic
cells can detect ORFs (and hence PTCs) within the nu-
cleus proper. This task could be carried out by intra-
nuclear ribosomes, or by an as yet unknown nuclear
species with frame-reading capacity (Urlaub et al.,
1989). Although numerous studies from the 1960’s and
1970’s were consistent with the possibility of intra-
nuclear translation (for review, see Goild, 1978), the evi-
dence was ambiguous (for review, see Allen, 1978). More
recently, the possibility of nuclear translation has been
rekindled by the finding that charged tRNAs and transla-
tion initiation factors are found in the nucleus (Etchison
and Etchison, 1987; Lund and Dahlberg, 1998; Dostie
et al., 2000). If translation does occur inside the nucleus,
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where would it occur? One possibility is the nucleolus,
as that is where ribosomal subunits are assembled (Ped-
erson and Politz, 2000). However, because most polyA+
RNA is excluded from the nucleolus, it seems unlikely
that mRNAs normally traffic through this structure to be
scanned for PTCs. A second possibility, more consistent
with our data, is that ORF recognition occurs near the
site of transcription. In support of this notion, the transla-
tion initiation factors elF4E and elF4G have both been
localized to nuclear speckles (Etchison and Etchison,
1987; Dostie et al., 2000), and some lines of evidence
suggest that translation may be coupled with transcrip-
tion in the nuclei of the slime mold Dictyostelium dis-
coideum (Mangiarotti, 1999) and mammalian tissue-cul-
ture cells (Iborra et al., 2001).

Why does disruption of mRNA reading frame lead to
accumulation of unspliced Ig and TCR RNA near the
site of transcription? One demonstrated consequence
of splice and polyadenylation site mutations is accumu-
lation of nascent RNAs near their site of synthesis (Cus-
todio et al., 1999; Johnson et al., 2000). Thus, efficient
RNA processing is apparently required for rapid release
of nascent transcripts from the transcription site. Yet,
because no complete ORF is physically established until
all the introns have been excised, it is difficult to imagine
a mechanism by which ORF recognition could directly
affect the earlier process of pre-mRNA splicing. In fact,
our finding that PTCs can increase the levels of un-
spliced RNA harboring introns upstream of the PTC ar-
gues strongly against direct splicing inhibition in cis
being the explanation for PTC+ pre-mRNA accumula-
tion. Rather, PTCs may instead act in trans to increase
precursor mRNA levels. For example, if premature termi-
nation of translation causes PTC+ mRNAs to accumu-
late near the transcription site, this could result in local
sequestration of factors required for either pre-mRNA
splicing or pre-mRNA degradation. Consistent with this
idea, a specific pathway for nuclear pre-mRNA degrada-
tion was recently found to exist in yeast, and inhibition
of that pathway leads to pre-mRNA accumulation (Bous-
quet-Antonelli et al., 2000).

Is the accumulation of pre-mRNA in response to PTCs
triggered by the NMD RNA surveillance pathway? Al-
though this is an appealing idea, it remains to be tested
directly. In support of this idea, we found that all in-frame
nonsense codons that triggered the NMD response also
caused pre-mRNA induction, whereas missense and
out-of-frame nonsense codons failed to trigger either
response. However, against this simple notion is the
finding the PTC in the N89 Ig-.. cell line only weakly
triggered NMD but strongly upregulated pre-mRNA (Fig-
ure 4). Furthermore, PTCs appear to inhibit MVM RNA
splicing without triggering any detectable NMD re-
sponse (Gersappe et al., 1999; Gersappe and Pintel,
1999). The ability of reading frame disruptions to induce
pre-mRNA accumulation deep inside the nucleus is an
intriguing phenomenon that challenges our current view
of how gene expression events are compartmentalized.
Future studies will be directed toward determining
where nonsense codons in TCR and Ig transcripts are
recognized within the cell, and whether this recognition
event results in a block in RNA splicing, impaired release
from transcriptional complexes, increased pre-mRNA
stability, or a combination of these events.

Experimental Procedures

Cell Lines and Plasmids

Mouse Ig-p. hybridoma cell lines (Connor et al., 1993; Connor et
al., 1994) were kindly provided by Dr. Marc Shulman (University
of Toronto). TCR-B minigenes used in Figures 5-7 correspond to
constructs A (3-333; PTC—) and C (3-337; PTC+) described by (Li
et al., 1997), respectively. For Figure 8, constructs A (3-290) and D
(B-291) are pAC/IF and pAc/FS2, respectively, from (Carter et al.,
1996). All other constructs were generated by PCR-mediated site-
directed mutagenesis of either A or D.

Probes for run-on, Northern and FISH analyses of Ig-p. and TCR-3
transcripts were derived from pRSp6 (Ochi et al., 1983a) and plas-
mids containing mouse VB8.1 (Carter et al., 1996), respectively.
Probes for Northern blotting and RPA of endogenous human B-actin
transcripts were derived from plasmid pAC1 (rat B-actin cDNA; gift
from Dr. Susan Birren, Brandeis University) and plasmid G-98 (hu-
man B-actin cDNA), respectively. Probes for Ig-k and mouse B-actin
were derived from pRTk1 (Ochi et al., 1983b) and pp-actin (P GEM2
containing the mouse B-actin cDNA, a gift from Naomi Rosenberg,
Tufts Univ. Medical School), respectively. For nuclear run-on assays,
antisense ssDNA and riboprobes were generated from fragments
of the . (from pRSp6) and « (from pRTk1) genes inserted into pGEM
7zf (Promega).

Stable and Transient Transfections

Hela cells were transiently and stably transfected with TCR-8 gene
constructs using lipofectamine (Gibco-BRL). For transient transfec-
tions, 0.3-1.0 ng plasmid was used to transfect ~80% confluent
Hela cells in 60 mm diameter plates overnight; cells were incubated
one day further in new media prior to RNA harvesting. Stable trans-
fections were performed identically, except that cells were ~10%
confluent in 6-well plates and were incubated with 0.5 mg/ml G418
from the day after transfection until fully viable (selected) cell lines
were obtained.

Nuclear Run-On Analysis

Isolation of nuclei was as described by Panning and Smiley (1993).
Per run-on sample, 0.5-1.0 X 107 nuclei were labeled with «**P-UTP
as described by Smibert and Smiley (1990). Subsequently, total RNA
was isolated and 0.1-2.0 X 107 cpm used for hybridization of a
nylon filter on which 5-10 g of linearized, denatured plasmid DNA
(Figures 1B and 5B), 2-4 p.g of single stranded DNA probe, or 1 g of
riboprobe (Figure 1C) had been immobilized per slot. Hybridization
conditions were typically 40 hr at 55°C in 50% formamide, 5xSSC,
0.1% SDS, 1 mM EDTA, 10 mM Tris (pH 7.5), 100 pg/ml E. coli tRNA,
and 100 pg/ml salmon sperm DNA. Subsequently, filter strips were
washed extensively in 2xSSC at 68°C and incubated with 50 pg/ml
RNase A for 30 min at 37°C. Signals were visualized and quantified
by Phosphorimager scanning (Molecular Dynamics).

Northern Analysis

Total cellular RNA (5 j.g) was separated in a 1% agarose/formalde-
hyde gel, transferred to a nylon membrane, and probed with 2P-
labeled, random-primed DNA fragments. Ig-pn. and mouse B-actin
mRNAs were probed with the 4.6 kb Xbal fragment of pBCL-1 (Lan-
dolfi et al., 1986) and the 2 kb Pstl fragment of pp-actin, respectively.
A PCR product encompassing only the VDJ region of pp332 and a
PCR product containing exons 2 and 3 of rat 3-actin allowed for
specific detection of TCR- minigene mRNA and endogenous hu-
man B-actin mRNA, respectively. Blots were visualized and quanti-
fied by Phosphorlmager scanning.

FISH

B cell hybridomas were grown in suspension in DMEM medium
(Gibco BRL) supplemented with 12% bovine newborn calf serum
(Gibco BRL), 100 U/mL penicillin, 100 U/mL streptomycin, and 10
wMp-mercaptoethanol, harvested by centrifugation, and allowed to
settle on poly-L-lysine-coated coverslips. HelLa cells were directly
grown on coverslips in DMEM medium supplemented with 10% fetal
bovine serum, 0.3 mg/ml L-glutamine, 100 U/mL penicillin, and 100
U/mL streptomycin. Media for transfected HeLa cells also contained
400 pg/mL Geneticin (G418 sulfate). For both cell types, conditions



Molecular Cell

for fixation, permeabilization, hybridization, and posthybridization
washes were as described (Custodio et al., 1999). The probe used
in Figure 6 was p3322 nick-translated in the presence of rhodamine-
coupled dUTP (Molecular Probes) under conditions yielding an aver-
age fragment length of 200 to 300 nt. The genomic (Figure 2A) and
intronic (Figure 2C) probes for Ig-p. were generated similarly from
pRSp6 and the 3.4 kb Xbal fragment of pRSp6, respectively. Typi-
cally 4 to 8 ng/pl probe was used per coverslip. Hybridoma cells
were subsequently immunolabeled with FITC-conjugated goat anti-
mouse IgM antibody (Jackson Laboratories); DNA was stained in
all cells with Hoechst dye (bis-benzimide; Sigma). Images were ac-
quired in multiple focal planes (Az = 0.2-0.4 um, 40-60 planes),
deconvolved, and subsequently projected in two dimensions (as
shown in Figures 2A, 2C, and 6), using a DeltaVision microscopy
system and accompanying software. Quantification of Ig-p. fluores-
cence signals (Figures 2B and 2D) is described in Results. For the
detailed quantification of N114 and Sp6 spots (Figure 3), four fields
of cells from a single FISH experiment using the intronic probe
were analyzed by drawing three dimensional polygons around each
visible transcription spot using the DeltaVision™ software. The total
intensity of each transcription spot was then determined by sum-
ming all pixel intensities within the polygon volume.

RNase Protection Assays

Riboprobes schematized in Figures 1A and 5A spanned 62-140 nt
of the indicated intron, plus 60-90 nt of the adjacent exon. A probe
complementary to the last 70 nt of exon 4 and first 70 nt of exon 5 in
mouse B-actin mRNA was generated using PCR primers generously
provided by Nicolas Charlet-Berguerand (CNRS, France). The ribo-
probe for detecting human B-actin mRNA was complementary to
nt 135-169 in exon 3 (Accession # X00351). Neomycin transcripts,
which contained SV-40 3’ UTR sequences, were detected with a
probe complementary to the last 46 nt of the SV-40 small t intron,
plus 200 nt of the downstream SV40 exon. All riboprobes were
transcribed using a 1:5 or 1:7 ratio of «-*?P-labeled to unlabeled
UTP, gel-purified and used for RPA as previously described (Dumas
et al., 1996; Lindsey and Wilkinson, 1996). Gels were visualized and
quantified with either a Molecular Dynamics Phosphorimager or a
Packard Instant Imager. Titration experiments revealed that 12 fmol
of each Ig-p. probe, 10 fmol of B-actin probe, 25 fmol of TCR-B
probe, and 25 fmol of Neomycin probe (the amounts used in all
experiments) yielded linear responses with up to 9-10 pg of total
cellular RNA (data not shown).
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