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ABSTRACT

The T-cell receptor (TCR) and immunoglobulin
(lg) genes are unique among vertebrate genes in
that they undergo programmed rearrangement,
a process that allows them to generate an
enormous array of receptors with different antigen
specificities. While crucial for immune function, this
rearrangement mechanism is highly error prone,
often generating frameshift or nonsense mutations
that render the rearranged TCR and Ig genes defec-
tive. Such frame-disrupting mutations have been
reported to increase the level of TCRp and Igp
pre-mRNA, suggesting the hypothesis that RNA pro-
cessing is blocked when frame disruption is sensed.
Using a chimeric gene that contains TCRf sequences
conferring this upregulatory response, we provide
evidence that pre-mRNA upregulation is neither
frame- nor translation-dependent; instead, several
lines of evidence suggested that it is the result of
disrupted cis elements necessary for efficient RNA
splicing. In particular, we identify the rearranging
VDJ; exon as being uniquely densely packed with
exonic-splicing enhancers (ESEs), rendering this
exon hypersensitive to mutational disruption. As
the chimeric gene that we developed for these
studies generates unusually stable nuclear pre-
mRNAs that accumulate when challenged with ESE
mutations, we suggest it can be used as a sensitive
in vivo system to identify and characterize ESEs.

INTRODUCTION

Approximately one-third of inherited genetic disorders are
caused by mutations that generate premature termination

codons (PTCs). PTCs also arise as a result of biosynthetic
errors, including frameshifts and nonsense mutations
created by faulty transcription and messenger RNA
(mRNA) splicing. Such aberrant mRNAs are recognized
and destroyed by nonsense-mediated mRNA decay
(NMD), a highly conserved quality-control mechanism
(1-3). By rapidly degrading aberrant PTC-bearing tran-
scripts, NMD reduces the translation of C-terminally
truncated proteins, some of which possess dominant-
negative or deleterious  gain-of-function activity.
Recently, it has emerged that NMD also regulates the
level of mRNAs from ~5% of wild-type genes, including
those generated by alternative splicing (1-4). Thus, NMD
is not only an RNA surveillance pathway but also a reg-
ulator of normal gene expression.

NMD requires recognition of the stop codon by the
translation machinery and a second signal downstream
that defines the stop codon as premature. Several different
cis elements and trans-acting factors have been identified
as NMD second signals in different organisms (1-3).
In mammals, a spliceable intron downstream of the stop
codon elicits NMD. This intron requirement derives from
the fact that the splicing machinery deposits a dynamic
assembly of proteins, known as the exon-junction
complex (EJC), which interacts with factors deposited
on transcripts upon translation termination and elicits
NMD (1-3).

Transcripts encoded by the T-cell receptor (TCR) and
immunoglobulin (Ig) genes are a unique class of mamma-
lian NMD substrates that acquire PTCs at an extremely
high frequency as a result of error-prone programmed
gene rearrangements that increase immune receptor diver-
sity (5-7). This frequent acquisition of PTCs may have
led to strong selection pressure to efficiently eliminate
PTC-bearing TCRP transcripts. Consistent with this
hypothesis, we previously demonstrated that PTCs
downregulate TCRp transcripts more dramatically than
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transcripts from most nonrearranging genes that have
been tested (8,9). We subsequently showed that this
robust downregulation is neither specific to T cells, nor
does it require a TCRP promoter; rather it is elicited by
TCRP sequences that promote efficient RNA splicing (10).
RNA half-life analysis indicated that the NMD response
responsible for this dramatic downregulation occurs in
highly purified nuclei that have undetectable levels of
cytosolic, endoplasmic reticulum (ER), or processing
body (P-body) markers (11). These highly purified nuclei
contained high levels of both outer nuclear membrane and
chromatin markers, suggesting that PTC-bearing TCRp
transcripts are degraded either at the outer nuclear
membrane or in the nucleoplasm (11). A recent study
provided evidence that robust downregulation of
aberrant TCRP transcripts is essential for T-cell survival.
Analysis of mice conditionally depleted of the NMD gene
Upf2 in selected cell populations demonstrated that loss of
Upf2 is only lethal for T cells that harbor nonproductively
rearranged TCRp genes harboring PTCs (12). This result
implies that NMD is required for the survival of T cells
because it dramatically downregulates the level of
truncated dominant-negative TCR[ proteins that would
otherwise be translated from the nonproductively
rearranged TCRp gene allele.

Nonsense mutations in TCRf genes have been shown
to elicit not only rapid decay of mature TCRp transcripts
but also three other responses. One response is a dramatic
shift in the ratio of mature TCRP transcripts in the
nuclear and cytoplasmic fraction of mammalian cells
(11). This nonsense codon-induced partitioning shift
(NIPS) is specifically triggered by recognition of a dis-
rupted reading frame, as missense mutations do not
elicit it and it is reversed by the translation inhibitor
cycloheximide (CHX) and a translation-blocking stem—
loop. While the underlying mechanism for NIPS has not
been clearly defined, several lines of evidence suggest
that it is the result of retention of PTC-bearing transcripts
in either the outer nuclear membrane or the nucleoplasm
of mammalian cells (11).

Another response to nonsense mutations is an increase
in the level of alternatively spliced TCRp transcripts that
skip the offending mutation and restore reading frame
(13-15). This nonsense-associated altered splicing (NAS)
response appears to be elicited by recognition of a dis-
rupted reading frame, as it is also triggered by frameshift
mutations and is reversed by compensatory frameshift
mutations, suppressor tRNAs and mutation of the start
codon or adjacent Kozak consensus sequences (14-16).
However, we recently obtained evidence that alternatively
spliced TCRP transcripts can also be upregulated by
mutations disrupting exonic splicing enhancers (ESEs) in
the VDJ exon (16). Thus, alternatively spliced TCR tran-
scripts can be upregulated in response to either reading
frame or ESE disruption. Similarly, alternatively spliced
fibrillin transcripts have been shown to be upregulated in
response to either disruption of reading frame or ESEs
(17,18). Other transcripts appear to be upregulated only
by reading frame disruption or ESE disruption, not both
(19-22).

In this article, we focus on a fourth response to
nonsense mutations: nonsense-mediated upregulation of
pre-mRNA (NMUP). We previously reported that
NMUP has some characteristics in common with NAS.
First, NMUP appeared to be specifically triggered by
disruption of reading frame, as TCRPB pre-mRNA was
upregulated in response to nonsense but not missense
mutations (23). Second, NMUP was elicited by a
frameshift that generated downstream PTCs, but not
when a compensatory frameshift was introduced that
prevented the generation of the PTCs (23). Another
rearranging gene that we found appears to undergo
NMUP is Igp (23). Comparison of variant plasma cell
lines with different mutations in a common Igu gene
revealed that disruption of reading frame correlated with
upregulation of Igp pre-mRNA. This effect was indepen-
dent of PTC position, as the same Igp introns were
retained, regardless of the location of the nonsense or
frameshift mutations tested. However, a subsequent
study discovered that the level of PTC-Ign pre-mRNA
varies in plasma cell lines obtained from different
sources, casting into doubt whether frame-disrupting
mutations really augment Igu pre-mRNA levels (24). A
third rearranging gene that has been reported to
undergo NMUP is Igk. Somatic mutations introduced in
this gene during normal B-cell development lead to the
generation of PTCs and increased levels of Igk
pre-mRNA by a mechanism that appears to involve
inhibited RNA splicing (25,26). A final example of
NMUP was reported to occur in the parvovirus minute
virus of mice (MVM). PTC-generating mutations
introduced at various locations in this viral genome
increase the levels of precursor MVM mRNA retaining
one of the introns (19,20,27). In contrast, mutations that
did not generate PTCs failed to increase MVM precursor
mRNA. Similar to many other viruses, MVM generates
viral proteins from its partially spliced transcripts and
thus NMUP may be a means to increase the production
of such proteins.

Here, we investigated the underlying molecular basis
for NMUP. We report that the TCRP exon that
undergoes programmed rearrangements—the VDI
exon—is sufficient to trigger a strong NMUP response
in a heterologous gene. Using a chimeric gene harboring
the VDJ exon, we employed a variety of approaches to
determine whether NMUP is elicited by recognition of
disrupted reading frame, as previous studies had suggested
(19,20,23,25,27). Surprisingly, we obtained several lines
of evidence that frame disruption is not responsible for
NMUP. Instead, our results strongly suggested that the
rearranging VDJ exon is extremely rich in nonredundant
ESEs, such that most point and frameshift mutations in
the VDJ exon result in inhibited mRNA splicing and con-
sequent pre-mRNA upregulation. As the chimeric gene
that we used for our study gives rise to a relatively
stable precursor mRNAs that accumulate in the nucleus
when splicing elements are impaired, it has the potential
to be a useful general tool for elucidating cis elements
that regulate both exon inclusion and the magnitude of
mRNA splicing in vivo.



MATERIALS AND METHODS
Plasmid constructs

Plasmid constructs A, AN, A" and AN’ were
previously described (plasmids I~, IV, I°" and 1°7,
respectively) (8). Constructs B, BN, C, CN, D and DN
were also prev10usly described (plasmlds P,Q 1,1

~ and C, respectively) (10,28). Constructs AN /M*
AN4 Md AT AT ADIE AI2D1 ANS M5 AN6 M6 M
AN7/M7/M7 ANS/MS/MS AD2+

E)

and were generated by
site-directed mutagenesis of the Bluescript KS™
(Invitrogen) version of construct A (B818), using the
primers indicated in  Supplementary Table SI.
Constructs AA, AA™? and AAM? were generated by
deletion PCR of the KS™ versions of constructs A
(B818) and B™ (B819) using primers indicated in
Supplementary Table S1. The mutations were confirmed
by sequencing the region surrounding the intended
mutation. For mutations in the VDJ exon, the Sall-Clal
fragment containing the mutation were subcloned into the
Sall-Clal site of construct A to generate constructs
AN3 M3 TANG M4 TARE CATS T ADLE g AP Eor g
tions in exons 5 and 6, the Clal-BamHI fragments con-
taining the mutations were subcloned into the Clal-
BamHI site of construct A to generate constructs
ANSMS - AN6 M6 M6 nd ANS/M8ME “The constructs har-
boring deletions of IVS-C and IVS-D (AA and AAN?/M?)
were generated by a multistep process involving comple-
mentary DNA  (cDNA) synthesis [by reverse
transcription-polymerase chain reaction (RT-PCRz)] of
RNA from cells transfected with constructs A, AN? and
AM2, followed by subcloning of the Clal-BamHI region
into pGEM (Promega), and then subcloning the
Clal-BamHI fragment from pGEM into the Clal-
BamHI site of construct A.

Cell culture, transfection and RNA interference

HeLa and NIH-3T3 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and penicllin/streptomycin
(6). HeLa cells cultured to 40-60% confluency in six-well
plates were transiently transfected with reporter
plasmids (30ng) and B-globin (15ng) as a control using
lipofectamine reagent (Invitrogen) according to manufac-
turer protocols. Cells were harvested 42—48h after tran-
sient transfection. For stable selection of reporter or
UPF1 short hairpin RNA (shRNA) plasmids, HeLa cells
transfected as above were treated with G418 (700 pg/ml)
for 2 weeks. For NIH-3T3 cell transfections, cells cultured
to 70% confluence in six-well plates were transfected with
reporter plasmids (1.5-2pg) using lipofectamine 2000
reagent (Invitrogen). Eight hours post-transfection,
plates were washed with serum-free media and serum
starved for 24 h, after which the cells were provided with
serum before harvesting.

RNA interference (RNAI) against UPF1 was performed
with the small interfering RNA (siRNA) oligo 5-GAUGC
AGUUCCGCUCCAUU-3" (Ambion). Firefly luciferase-
specific sSiRNA (Ambion) as used by Chan et al. (4) was
used as a negative control (29). HeLa cells, cultured as
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above, were grown to 15% confluency in six-well plates,
and transfected with siRNA oligos (100 nM final concen-
tration) using Lipofectamine 2000 reagent (Invitrogen).
After ~20h, cells were transfected with reporter
plasmids (300ng) and B-globin (15ng) or TCRP (50 ng)
internal control plasmids using Lipofectamine reagent as
per manufacturer protocol. Cells were harvested 42-48 h
after reporter transfection.

RNA isolation and analysis

Total cellular RNA was isolated as described before (8), or
by using Trizol reagent (Invitrogen) (4). RNA isolation
from subcellular fractions was performed as in Bhalla
et al. (11). RNase protection analysis was performed as
described previously (10), using 5-10 pg RNA. Probe 1 for
RNase protection analysis was described previously
(4,9,10). Probes 2, 3 and 4 were made by PCR amplifica-
tion of sequences in construct A, using primers given in
Supplementary Table S2. All probes generated were
transcribed from PCR products subcloned into the
pGEM-T easy vector (Promega). Quantification of RNA
levels was determined using a Storm Imager (GE) and
Total Lab (Nonlinear) TL100 image quantitation
software.

Northern blot analysis was performed as described
previously (8,30) using 10 ug RNA. Northern probes E,
C and D, were made by PCR amplification of sequences
in construct A corresponding to the locations of
each probe (given in the figures), using primers given in
Supplementary Table S3. The PCR products were
subcloned into the pGEM-T easy vector (Promega Inc.).
Northern probes A and B were generated by digesting
construct A with either Agel and BglIl (probe A) or
with Scal (probe B). Quantification of Northern RNA
levels was determined using an Instant Imager (Packard
Instruments).

RESULTS
TCRS sequences sufficient to confer NMUP

We previously identified a segment of TCR that recapit-
ulates all four of its known responses to PTCs: (i) robust
mature mRNA downregulation (8); (ii)) boundary-
independent mature mRNA downregulation (i.e., in
response to PTCs closer than 55nt from the 3’ exon—
exon junction) (28); (iii) polar mRNA downregulation
(i.e. 5 PTCs elicit stronger downregulation than do 3’
PTCs) (28); and (iv) the NIPS response (11). The TCRp
region conferring these four responses consisted of the
VDIJ exon (354nt), the 3-end of the upstream intron
(IVS-LV; 23 nt) and the 5-end of the downstream intron
(IVS-JC; 674 nt). To determine whether this TCRf region
was also sufficient to trigger NMUP, we inserted it into the
triose phosphate isomerase (TPI) gene, which was
previously shown to give rise to precursor transcripts
that do not undergo NMUP (31). We substituted this
TCRB region for the TPI region shown in Figure 1A to
generate a chimeric pre-mRNA that should be spliced into
an mRNA similar in size to that of normal TPI mRNA.



1562 Nucleic Acids Research, 2010, Vol. 38, No. 5

A

|H+li
TCR-TPI @@

w N EEHEEC T

Y b ]
o [0 L
o L e

C
Construct ANT A+ pN2
Pre-mRNA . . & 5
Mature ! . ' ’|
D E
Mature IVS-A* pre-mRNA
— 100 = 5007
s 2 700
2 45 2 600
< < s500-
['4 50 @ 400-
I [}
2 2 3001
s 25 S 200
e & 100
0 0
A AN All+ pN2 A AM A+ N2
Construct Construct

Figure 1. Nonsense and frameshift mutations upregulate pre-mRNA.
(A) Schematic diagram showing how the TCR/TPI chimeric gene con-
struct was generated from the parental TCR and TPI gene constructs.
(B) Schematic diagram of the TCR/TPI chimeric constructs used for
the transfection experlments in (C) The posmon of the nonsense and
frameshift mutations in AN, A" and AM are indicated (at codons 91
and 100 and 194, respectlvely) Stop signs indicate the position of
in-frame termination codons. (C) RNase protection analysis of total
cellular RNA (10 pug) from HeLa cells transiently transfected with the
constructs described in (B). Probe 1 (B) was used to detect both pre-
and mature mRNA. Neomycin (Neo) mRNA, an independent tran-
scription unit expressed from the TCR/TPI plasmids, serves as an
internal control for transfection efficiency. (D, E) Quantification of
mature mRNA (D) and pre-mRNA (E) levels from cells transfected
as in (C). The values were determined from three or more experiments
and normalized to Neo mRNA level. Pree-mRNA and mature mRNA
levels from construct A were arbitrarily set to 100. Error bars indicate
standard error.
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Figure 2. Pre-mRNA upregulation requires the VDJ exon. (A)
Schematic diagrams of the constructs transfected in (B) (see text for
further details of these constructs). Note that AN?, BY, CN and DV all
have the same nonsense mutation at the same position in exon 6
(indicated with a stop sign). (B) RNase protection analysis of total
cellular RNA (10 pg) harvested from HeLa cells transiently transfected
with the constructs shown. Probe 2 (A) was used to detect the
pre-mRNA; quantification was done as in Figure 1 (average of two
experiments). The values below the gel were quantified as in Figure
ID and E from two experiments. Pre-mRNA levels for each
wild-type construct were arbitrarily set to 100.

PTC-generating mutations were introduced at three dif-
ferent positions in this chimeric construct: (i) a nonsense
mutation in the VDJ exon (codon 91; construct AN (i) a
frameshift resulting from a 10-nt insertion in the VDJ
exon (generates a PTC in exon 5; construct A" ™); and
(iii) a nonsense mutation in exon 6 (codon 194; construct
AN?) (Figure 1B). These mutant constructs, as well as a
PTC-lacking control (construct A), were transiently
transfected into HeLa cells and total cellular RNA was
prepared. Given that all three mutations introduce PTCs
in the mature mRNA, we predicted that all three muta-
tions should trigger NMD. Indeed, RNase protection
analysis showed that all three mutations strongly
reduced the level of mature mRNA (Figure 1C and D).
Conversely, we predicted that if the chimeric pre-mRNA
is regulated by NMUP, it would be increased in level by
the three mutations. In agreement with this prediction,
we found that all three mutations increased the level of
the pre-mRNA (Figure 1C and E).

To examine the specificity of this upregulatory response,
we generated and tested several control constructs: (i) a
chimeric gene harboring a heterologous exon of similar
length as the VDJ exon [exon 4 (357 nt) from the Rhox5
homeobox gene (28)] (constructs B and BN in Figure 2A);
(i1) a TPI ‘minigene’ that lacked the same TPI sequences
deleted in the TCRB/TPI chimeric construct (constructs C
and C™); and (iii) a TPI full-length gene (constructs D and
D) (Figure 2A). A PTC was introduced in the penulti-
mate exon (codon 194), as this exon is common to all
these gene constructs. RNase protection analysis showed
that only the TCR/TPI chimeric construct (AN?) gave



rise to a pre-mRNA upregulated by the nonsense
mutation (Figure 2B). None of the other constructs
(BN, CN and D) generated pre-mRNAs upregulated by
the nonsense mutation (Figure 2B). These data supported
an earlier study showing that TPI pre-mRNA is not
subject to NMUP (31) and it provided evidence that this
upregulatory response is uniquely conferred by TCRf
sequences.

PTCs are distinguished from normal termination
codons by the presence of a ‘second signal’ downstream
(‘Introduction’ section). In mammalian cells, this second
signal is typically a downstream intron. Following intron
splicing from the pre-mRNA, the resulting exon—exon
junction recruits a set of NMD-promoting molecules
that are collectively called the ‘EJC’ (1-3). This EJC inter-
acts with factors recruited at the site of premature termi-
nation, leading to rapid mRNA decay (1-3). Most normal
mRNAs are exempt from this regulation, as normal ter-
mination codons are typically in the final exon and so all
EJCs are stripped from the mRNA by translating
ribosomes prior to stop codon recognition. To test
whether NMUP also depends on exon—exon junctions,
we deleted the introns surrounding the final exon in the
chimeric construct (Supplementary Figure S1A). As a
control, we first examined whether NMD was abolished
by the removal of these introns. We found that indeed this
prevented the ability of the nonsense mutation in TPI
exon 6 to trigger NMD (Supplementary Figure S1B), con-
sistent with past studies examining intron deletions in the
parental TCR and TPI genes (32,33). To determine
whether NMUP also depends on exon—exon junctions,
we examined the effect of intron removal on the level of
IVS-A and -B-containing pre-mRNA. We found that
intron removal abolished the ability of the nonsense
mutation to upregulate pre-mRNA harboring either
IVS-A or -B (Supplementary Figure S1C and D). As
another control, we examined the effect of a missense
mutation and found that it did not elicit either NMD or
NMUP (Supplementary Figure SIB-D), nor did it
significantly affect mRNA splicing rate, as judged by
pre-mRNA/mRNA ratio (Supplementary Figure SI1E).
We conclude that, similar to NMD, the NMUP
response depends on the presence of introns.

The NMUP substrate is a stable, partially spliced
nuclear RNA

To characterize the pre-mRNA upregulated by nonsense
and frameshift mutations, we first used northern blot
analysis in conjunction with probes that specifically
recognized introns IVS-A, -B, -C or -D in the chimeric
construct (Figure 3A). Analysis of cells transfected with
the wild-type chimeric construct revealed transcripts
migrating at sizes expected for the unspliced
pre-mRNA and several partially spliced mRNAs
(Figure 3B). In addition, we detected small RNAs with
sizes consistent with that of the spliced introns them-
selves (Figure 3B). The introduction of nonsense and
frameshift mutations (Figures 1B and 3A) leads to an
increase in the level of partially spliced transcripts that
contained IVS-A and/or -B, but not IVS-C or -D
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(Supplementary Figure S2). This demonstrated that ‘the
NMUP substrate’ is a partially spliced pre-mRNA that
harbors IVS-A, IVS-B or both. The most plausible expla-
nation for the accumulation of these partially spliced
pre-mRNA species in response to nonsense and
frameshift mutations is that these mutations inhibited
IVS-A and -B splicing.

To determine whether the upregulated TCR/TPI
pre-mRNA is confined to the nucleus (where it is
synthesized) or is exported to the cytoplasm, we
analyzed nuclear and cytoplasmic RNA. Northern blot
analysis showed that the partially spliced pre-mRNA
species upregulated by nonsense and frameshift mutations
was exclusively in the nucleus (the band labeled ‘P’
in Figure 3C). Likewise, a low-abundance transcript that
migrated at a size (~4.1kb) consistent with its being the
unspliced precursor (labeled ‘U’) was also nuclear (band
‘U’ in Figure 3C). Only the partially spliced pre-mRNAs,
not the unspliced pre-mRNA, were increased in level in
response to the nonsense and frameshift mutations in the
nucleus (Figure 3C), consistent with our results obtained
with total cellular RNA (Figure 3B). In contrast, the RNA
species predicted by size to be the TCR/TPI mature
mRNA (~1.6kb) was primarily in the cytoplasm (the
band labeled ‘M’ in Figure 3C), indicating that upon com-
pletion of splicing, the mature mRNA 1is efficiently
exported to the cytoplasm. The mature mRNA was
shorter in the cytoplasm than in the nucleus (Figure 3C),
probably because of shortening of the poly(A) tail in the
cytoplasm.

Together, our results indicated that TCR/TPI precursor
transcripts rapidly splice IVS-C and -D and then they
accumulate as partially spliced nuclear pre-mRNAs that
slowly splice the remaining two introns: IVS-A and -B.
This predicts that partially spliced pre-mRNAs harboring
IVS-A and/or -B have a long half-life. Indeed, we found
that pre-mRNA harboring either IVS-A or -B had a
half-life of ~90min., as judged wusing -ecither the
transcriptional inhibitor actinomycin D (Supplementary
Figure S3A) or a c-fos promoter-driven inducible system
(Supplementary Figure S3B). In contrast, pre-mRNA har-
boring IVS-D had a shorter half-life of ~30min
(Supplementary Figure S3C). Actin and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) pre-mRNAs had
half-lives of <10min (Supplementary Figure S3E). We
conclude that IVS-A and -B are inefficiently spliced
introns that are retained in nuclear pre-mRNA for
remarkably long periods of time in vivo.

Frame-disrupting mutations upregulate the partially
spliced pre-mRNA

The finding that three independent PTC-generating muta-
tions upregulated the TCR/TPI pre-mRNA (Figure 1C)
suggested the possibility that the signal responsible for this
upregulation is disruption of reading frame. Indeed, our
previous analysis of a limited number of nonsense,
missense and frameshift mutations provided evidence
that TCRP pre-mRNA is upregulated specifically in
response to frame disruption (23). However, an alternative
explanation for mutations increasing the level of the TCR/
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Figure 3. The upregulated pre-mRNAs are partially spliced. (A) Schematic diagram of construct A, indicating the position of the intron probes used
for the northern blot analysis in (B) and (C). (B) Northern blot analysis of total cellular RNA (10 pg) isolated from HeLa cells stably transfected with
construct A. The schematics indicate the introns present in the pre-mRNAs in each band, based on band migration and their hybridization with the
different probes. The bands corresponding to spliced IVS-A, -B, -C and -D migrated at a position consistent with their expected sizes (~0.5, ~0.8,
~0.25 and ~0.1 nt, respectively). The A denotes 28S rRNA that cross-hybridized with all probes and was present in nontransfected HeLa cells (data
not shown); it is a broad band that co-migrated with the high-molecular-weight TCR/TPI pre-mRNAs. The § denotes ~1.8-2.0-kb transcripts that
hybridized with all the intron probes; their size is consistent with them being 3’ cleavage intermediates that have either IVS-A and -B at their 5
terminus (as a result of 5’ splice-site cleavage but not 3" splice-site cleavage). IVS-C and -D are present in a fraction of these § transcripts presumably
because these small introns are sometimes retained. The asterisk indicates a transcript whose size and hybridization characteristics suggest it is a
partially spliced TCR/TPI pre-mRNA lacking the B-actin intron, which is upstream of IVS-A (data not shown). (C) Northern blot analysis of nuclear
and cytoplasmic fraction RNA from HeLa cells stably transfected with the constructs shown and hybridized with probe E. U, unspliced pre-mRNA;

P, partially spliced pre-mRNA; M, mature mRNA. The blots shown in (B) and (C) are representative of two or more independent blots.

TPI pre-mRNA is that these mutations inhibit pre-mRNA
splicing by virtue of their ability to disrupt ESEs. While
we are not aware of studies showing that nonsense muta-
tions increase pre-mRNA levels as a result of splicing inhi-
bition, several studies have demonstrated that nonsense
mutations disrupting ESEs crucial for normal splicing
can trigger the use of alternative splice sites (‘Discussion’
section).

As a first step to distinguish whether the TCR/TPI
pre-mRNA is upregulated as a result of reading-frame
or ESE disruption, we introduced nonsense and frameshift
mutations at several positions in the VDJ exon (Figure
4A). If NMUP is induced by reading-frame disruption,
this predicts that all these mutations would elicit pre-
mRNA upregulation. Alternatively, if NMUP is induced
by ESE disruption, this predicts that only a subset of the

mutations would elicit pre-mRNA upregulation, as past
studies have shown that ESEs are only at specific sites in
exons (‘Discussion’ section). We found that each of the
nonsense and frameshift mutations decreased the level of
mature mRNA, demonstrating that NMD was triggered
(Figure 4B; compare constructs AN, AN AN and AP
with construct A). Each of the mutations also upregulated
the pre-mRNA, indicating that NMUP was also elicited
(Figure 4C and D). Together with the data described
earlier showing that nonsense and frameshift mutations
at other positions also increased pre-mRNA Ievel (Figure
1), this leads to the conclusion that all PTC-generating
mutations (four of four nonsense mutations and two of
two frameshift mutations) triggered upregulation of the
pre-mRNA. These data supported the notion that
NMUP is elicited by disruption of reading frame.
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Frame-independent NMUP

While the data described above supported the
frame-disruption model, they did not rule out the
ESE-disruption model. In other words, it remained
possible that that the VDJ exon is particularly rich in
ESEs and, thus, all six of the nonsense and frameshift
mutations that we introduced in this exon disrupted
ESEs. To test this possibility, we introduced three
missense mutations in the VDJ exon (Figure 5A). The
premise behind testing missense mutations is that they
have the potential to disrupt ESEs but, by definition,
they cannot disrupt reading frame. Analysis of these
three missense mutations demonstrated that two of them
u}])vr'egulated the pre-mRNA (Figure 5A—C; constructs
AM' and AM?%). This result clearly indicated that
upregulation of the pre-mRNA does not result only
from reading-frame disruption.

The two missense mutations that increased the level of
pre-mRNA also modestly decreased the level of mature
mRNA (Figure 5D), suggesting that they inhibited RNA
splicing [note that the decrease was much less than that
triggered by nonsense mutations at the same sites
(Figure 4B), as expected since the latter, but not the
former, trigger NMD]. To quantify the extent of inhibited
spicing, we calculated the pre-mRNA/mature mRNA
ratio (10). The ratios from each construct were
compared against that of the wild-type construct (con-
struct A), which was assigned a value of 1. Values >1
indicate a splicing defect. We found that the
missense-containing constructs AM' and AM* had ratios
of 6.1 and 6.7, respectively, indicating that splicing was

strongly inhibited by these missense mutations
(Figure 5E). In contrast, the missense construct AM? had
a pre-mRNA /mature-mRNA ratio of 0.9, suggesting that
the mutation at this location did not significantly affect
splicing efficiency and hence did not disrupt an ESE.
These data clearly indicated that at least some mutations
in the VDJ exon upregulate the chimeric pre-mRNA by a
reading frame-independent mechanism.

To further test whether frame disruption is responsible
for eliciting NMUP, we introduced both frame-correcting
and -neutral mutations. For the former, we introduced
the following frameshifts into the TCR/TCPI construct:
(i) a l-nt insert (+ 1; construct A™"), (ii) a 1-nt deletion
(—=1; construct AP'*)or (iii) both the +1 and —1
frameshifts (+ 1/—1; construct APy (Figure 6A). As a
first test of these mutations, we examined their ability to
elicit NMD. The + 1 and —1 frameshifts both create PTCs
and thus would be predicted to trigger NMD, while the
+1/—1 double frameshift has restored reading frame and
hence lacks a PTC and should not trigger NMD. Indeed,
we found that both the +1 and —1 frameshifts
downregulated the mature mRNA, while the +1/—1
double frameshift did not (compare constructs A" and
AP with AP! in Figure 6B and C).

We next examined the ability of these frameshifts to
trigger NMUP. If reading-frame disruption is responsible
for triggering NMUP, both the +1 and —1 frameshifts
should upregulate the pre-mRNA, while the +1/—1
double frameshift should not. We found that all three
frameshifts upregulated the pre-mRNA, including
the double frameshift restoring reading frame
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(constructs A", AP'" and A™P! in Figure 6B and D).
The +1/—1 construct had a verP/ high pre-mRNA/
mature-mRNA ratio (construct AP in Figure 6E), indic-
ative of strongly inhibited splicing. This did not support
the reading frame-disruption model and instead supported
the ESE-disruption model. It also provided more evidence
that the VDJ exon is extremely rich in ESEs, as the
location of the +1 and —1 frameshifts that we introduced
were different than that of the mutations described above
that upregulated the pre-mRNA (Figures 1 and 4).

As another test of reading-frame dependence, we
introduced a 3-nt insert into the VDJ exon. This +3
(‘frame-neutral’) insert maintains the reading frame and
thus, as expected, it did not trigger NMD (mature mRNA
from construct A” in Figure 6B and C). In marked
contrast, it strongly upregulated the pre-mRNA
(Figure 6B and D), leading to a greatly elevated
pre-mRNA /mature-mRNA ratio (Figure 6E). Thus, as
with the data from the frame-restoring mutant, the data
from the frame-neutral mutant supported the
ESE-disruption model.

NMUP is independent of protein synthesis and UPF1

While the results described above clearly demonstrated
that pre-mRNA can be upregulated by mutations that
do not disrupt reading frame, they did not rule out that
pre-mRNA can also be upregulated by a mechanism
that detects frame disruption. Indeed, our finding that
eight of eight frame-disrupting mutations elicited
pre-mRNA upregulation (Figures 1, 4 and 6) provided
correlative support for the notion that frame disruption
is a signal that elicits NMUP. Given that the only sensor
known to detect reading frame is the translation appara-
tus, this predicts that a frame-dependent NMUP mecha-
nism should require translation. In support of this, other
frame-dependent mechanisms, including NMD and
frame-dependent NAS, have been shown to require
translation (6,9,14,15,32,33).

As one means to assess whether NMUP depends on
translation, we determined whether the protein synthesis
inhibitor CHX reversed the upregulation of pre-mRNA in
response to the nonsense mutations. As a positive control,
we examined the effect of CHX on NMD, as we have
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previously shown that CHX is a potent NMD inhibitor
(6,32). As expected, CHX increased the level of mature
mRNA harboring either of two independent nonsense
mutations in the TCR/TPI construct (AN' and A™N? in
Figure 7A and B), indicating that CHX reversed NMD.
In contrast, CHX had no significant effect on the level of
pre-mRNA harboring these same two nonsense mutations
(Figure 7C). This result provided evidence that the NMUP
response elicited by these nonsense mutations does not
require protein synthesis.

As a second approach to assess whether NMUP
depends on translation, we determined whether suppres-
sor tRNAs reversed the upregulation of the pre-mRNA.
Suppressor tRNAs recognize specific stop codons, but
rather than terminating translation, they cause the incor-
poration of an amino acid, and thus they suppress events
triggered by translation termination, including TCRp
NMD and NAS (15,34). To examine the effect of sup-
pressor tRNAs on NMUP, we co-transfected suppressor
tRNA expression constructs with TCR/TPI constructs
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harboring either a UAA or UGA premature stog codon
or no premature stop codon (constructs AN', AN and A,
respectively, in Supplementary Figure S4A). As a positive
control, we examined the effect of the suppressor tRNAs
on NMD. We found that the UAA-specific suppressor
tRNA inhibited NMD elicited by the UAA stop codon
(construct AN' in Supplementary Figure S4B). In
contrast, the UAG- and UGA-specific suppressor
tRNAs did not significantly affect NMD elicited by the
UAA stop codon (Supplementary Figure S4B). Likewise,
the NMD response of a construct with a UGA stop

codon was specifically affected by the UGA-specific sup-
pressor tRNA, but not the other suppressor tRNAs (con-
struct AN?; Supplementary Figure S4B). In contrast to
the reversal of NMD, the NMUP response was not
reversed by the suppressor tRNAs (Supplementary
Figure S4C and D). In fact, two of the suppressor
tRNAs appeared to further increase the level of
pre-mRNA harboring IVS-B (Supplementary Figure
S4D). These data provided more evidence that NMUP
is not a response clicited by PTC recognition during
translation.



Finally, we examined whether NMUP depends on the
RNA helicase UPF1. While not directly involved in frame
recognition, UPF1 is recruited by release factors to the site
of translation termination and is found at higher levels in
NMD target mRNAs than other mRNAs and hence
UPF1 is likely to be involved in premature translation
termination (1-3). Indeed, UPF1 has been shown to be
essential for both NMD and frame-dependent NAS
(13,15,16). To determine the role of UPF1 in NMUP,
we depleted UPF1 using RNAIi. Using the UPF1-specific
siRNA described in Mendell et al. (13), we were able to
achieve over 80% UPF1 protein depletion (data not
shown). This depletion of UPF1 was sufficient to reverse
NMD, as shown by the upregulation of mature mRNA
harboring nonsense mutations (Figure 7D). In contrast,
we found that UPF1 depletion had no significant effect
on the level of pre-mRNA harboring a nonsense
mutation at either of two different positions, regardless
of whether total cellar RNA (Figure 7E and F) or
nuclear RNA (data not shown) was examined. We
conclude that the upregulation of pre-mRNA in
response to the two nonsense mutations that we tested
does not depend on either UPF1 or translation. This
strongly suggests that NMUP is not elicited as a result
of frame disruption, at least not for the two nonsense
mutations that we examined. Instead, our results are
most simply explained by these nonsense mutations dis-
rupting ESEs, which leads to splicing inhibition and hence
the accumulation of partially spliced pre-mRNA.

NMUP is selectively elicited in response to mutations
in the VDJ exon

The finding that almost all the mutations (11 of 12) that
we introduced into the VDJ exon, regardless of position,
elicited upregulation of pre-mRNA harboring IVS-A and
-B (Figures 1, 4, 5 and 6), suggested that the VDJ exon is
remarkably ESE rich. To determine whether this is a
property unique to the VDJ exon, we examined the
effect of mutations in other exons. We first examined
exon 5, as it is directly adjacent to an intron affected by
VDJ mutations: IVS-B. We introduced a nonsense
mutation in exon 5 (construct AN in Figure 8A) and
found that while it strongly elicited NMD (Figure 8B),
but it did not significantly affect the level of pre-mRNA
(Figure 8C and D). A missense mutation at the same
position in exon 5 (construct AM> in Figure 8A) also did
not have a significant effect on pre-mRNA level
(Figure 8C and D), nor did it significantly increase
pre-mRNA/mRNA ratio (Figure 8F), indicating that it
did not impair RNA splicing.

Next, we examined the effect of mutations in exon 6.
The introduction of nonsense mutations at various loca-
tions of exon 6 (AN, ANS, AN7 and A™® in Figure 8A)
elicited NMD (Figure 8B), but only one of these nonsense
mutations upregulated IVS-A+ or -B+ pre-mRNA
(Figure 8C and D). The only nonsense mutation that trig-
gered IVS-A + or -B+ pre-mRNA upregulation was A7,
which is one of the three originals mutations in construct
A that we tested (Figures 1 and 2). We also tested seven
missense mutations in exon 6 (Figure 8A) and found that
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none of these significantly upregulated the IVS-A+ or
-B+ pre-mRNAs (Figure 8C and D). Thus, only one of
the 11 point mutations we introduced in exon 6 elicited
a significant increase in the level of IVS-A+ or -B+
pre-mRNA. This clearly distinguished exon 6 from the
VDJ exon and it suggested that exon 6 has few
nonredundant ESEs. To determine the effect of exon 6
mutations on an intron directly adjacent to exon 6, we
examined the levels of pre-mRNA harboring IVS-D.
RNase protection analysis showed that three of the muta-
tions modestly upregulated IVS-D + pre-mRNA, whereas
the other mutations had no significant effect (Figure 5E).
As most of the exon-6 mutations had no effect, and those
that did had only a modest effect, this confirmed that exon
6 is not ESE rich.

DISCUSSION

This article examines the relationship between
frame-disrupting mutations and RNA splicing. Several
groups have proposed that frame-disrupting mutations
perturb or otherwise alter RNA splicing by triggering
RNA surveillance mechanisms that scrutinize reading
frame (13-16,18-20,22,25,27,35). Consistent with such
a mechanism, we previously reported that TCRp
pre-mRNA level is selectively increased by mutations
that disrupt reading frame (23). Here, we investigated
the underlying mechanism for this NMUP response
using a chimeric pre-mRNA that undergoes robust
upregulation in response to nonsense and frameshift
mutations in a TCRp exon that naturally acquires such
mutations during T-cell development. Surprisingly, we
obtained several lines of evidence that the upregulatory
response is not the result of recognition of disrupted
reading frame. First, not only frame-disrupting mutations
(nonsense and frameshift) but also missense mutations
elicited pre-mRNA upregulation (Figure 5B and C). By
contrast, these missense mutations did not elicit NMD, a
reading frame-dependent event (Figure 5D). Second, res-
toration of reading frame of a frameshift mutant by intro-
duction of a second frameshift did not restore normal
levels of pre-mRNA (Figure 6B and D). Third, a suppres-
sor tRNA specific for an introduced nonsense mutation
did not dampen the pre-mRNA upregulatory response
(Supplementary Figure S4). Fourth, inhibition of protein
synthesis also did not dampen the pre-mRNA
upregulatory response (Figure 7C). Finally, depletion of
UPF1, a factor recruited upon translation termination and
an essential NMD factor (1-3), also did not reverse the
pre-mRNA upregulatory response (Figure 7E). As a
control, we examined the effect of these perturbations on
NMD. We found that NMD was inhibited or abolished by
depletion of UPF1, protein synthesis inhibition, addition
of a suppressor tRNA or restoration of reading frame
(Figures 6C, 7B and 7Dj; Supplementary Figure S4).
Together, these results distinguish NMUP from
NMD and strongly suggest that nonsense and frameshift
mutations can elicit pre-mRNA upregulation by a mech-
anism not involving recognition of a disrupted reading
frame.
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If it is not disrupted reading frame, then what is respon-
sible for pre-mRNA upregulation in response to nonsense
and frameshift mutations in the VDJ exon? We suggest the
simplest explanation is that such mutations disrupt ESEs,
leading to inhibited RNA splicing and accumulation of
pre-mRNA. In support of this, ESEs have been shown
to be crucial for the normal splicing of a wide variety of

pre-mRNAs (36,37). However, to our knowledge, all ESE
mutations that have been described elicit alternative
splicing; e.g. they trigger exon skipping or a switch to
alternative splice sites. We know of no study that found
ESE mutations cause an accumulation of pre-mRNA, as
in our study. What is responsible for this unique response?
We suggest that ESE disruption causes pre-mRNA
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accumulation if three criteria are met: (i) the pre-mRNA
has sequences that allow it to avoid rapid mRNA decay by
nuclear RNA surveillance mechanisms that normally
would degrade inefficiently processed mRNAs; (ii) the
pre-mRNA avoids export from the nucleus; and (iii) the
pre-mRNA’s architecture does not favor alternative
splicing events. With regard to the first and second
criteria, we found that the chimeric pre-mRNA is
extremely long-lived compared to most pre-mRNAs
(Supplementary Figure S3) and remains in the nucleus
(Figure 3C). With regard to the third criterion, the
chimeric transcripts may be less susceptible to alternative
splicing than wild-type TCRp transcripts because the
alternative splice acceptor that we previously identified
upstream of the VDJ exon (14) has been mutated in the
TCR/TPI chimeric construct. While the alternative splice
donor that we previously defined in the 5-end of the VDJ
exon (14) is retained in the TCR/TPI construct, we found
that mutations in the VDJ exon do not increase its usage
(data not shown).

The ability of mutations distributed through much of
the VDJ exon to trigger pre-mRNA upregulation strongly
suggests that the VDJ exon is remarkably rich in ESEs.
Indeed, we found that 11 of 12 mutations in this exon
elicited pre-mRNA upregulation (Figure 9). As described
above, many of these mutations did not disrupt reading
frame (e.g. missense mutations, frame-restoration muta-
tions and a frame-neutral 3-nt insertion), demonstrating
that frame disruption is not responsible for pre-mRNA
upregulation, at least in these cases. Other evidence that
inhibited splicing is responsible for pre-mRNA
upregulation was our finding that the pre-mRNA/
mature mRNA ratio was dramatically increased by the
missense and frame-restoration mutations that we
introduced (Figures 5E and 6E). We cannot rule out
that some of mutations do not disrupt classical ESEs,
but instead perturb secondary structure crucial for effi-
cient RNA splicing. However, we think this is probably
not the mechanism of action of most of the mutations that

we introduced, as most of them are point mutations that
are unlikely to significantly disrupt secondary structure.

How frequent are ESEs in exons in other genes? A large
number of ESEs—most of which are ~6nt in length—
have been computationally defined and empirically
tested by several different laboratories (38—40). While
sequences conforming to these computationally defined
ESE consensus sequences have been found in some verte-
brate exons, their frequency in most exons is not known.
This stems from the fact that an empirical analysis has
only been conducted on a limited number of exons and
most studies have not examined the frequency of ESEs in
a systematic way to accurately determine ESE frequency.
Instead, many ESE-rich exons have been discovered by
virtue of their association with genetic diseases; e.g.
HPRT exon 8 and TAU exon 10 undergo skipping as a
result of naturally occurring mutations at various sites in
these exons (41,42). An unbiased approach to determine
ESE frequency was conducted by Chasin and Chen (43),
who used mutagenesis followed by drug selection to
identify cell mutants that skip DHFR exon 2. They were
only able to recover one mutant with a mutation in this
exon; all other mutations were in the splice sites and/or
branch sites of the adjacent introns, suggesting that
DHFR exon 2 is largely devoid of ESEs. In contrast, an
unbiased analysis of CFTR exon 12 indicated that it is
ESE rich. About one-quarter of the synonymous codon
mutations introduced into this exon elicit exon 12 skipping
in transfected cells (44).

Most pre-mRNAs are rapidly degraded if they are not
efficiently spliced (45-47). Several factors, identified in
Saccharomyces cerevisiae, have been found to mediate
this decay, including the endonuclease Rntlp, the
nuclear exosome component Rrp6p, the nuclear Lsm
complex and factors involved in transcription termination
(46,48-50). Whether mammals have homologous proteins
that mediate nuclear mRNA decay is poorly understood.
In the future, it will be crucial to define the mammalian
factors that mediate pre-mRNA decay and to elucidate
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how the chimeric pre-mRNA that we have defined in this
paper largely avoids their action.

The retention of the partially spliced chimeric
pre-mRNA in the nucleus is consistent with past studies
showing that mRNAs harboring processing defects are
retained in the nucleus. The factors that mediate nuclear
RNA retention, similar to those that mediate nuclear
RNA decay, have been defined primarily in S. cerevisiae.
One retention factor is the perinuclear localized,
myosin-like protein, Mlplp (51). Other retention factors
have been identified that act within the nucleoplasm; in
some cases, they appear to elicit retention by promoting
the interaction of pre-mRNA with spliceosomal compo-
nents (48,52,53). Identification of the equivalent mamma-
lian retention complexes would permit analysis of whether
they mediate nuclear retention of the partially spliced
chimeric pre-mRNA described in this article. We
previously reported that TCRfB and Igp pre-mRNAs
upregulated by nonsense and frameshift mutations accu-
mulate at or near the site of transcription (23).

We found that the introns directly adjacent to the VDJ
exon splice very slowly. The half-life of pre-mRNA har-
boring IVS-A or -B was ~90min, indicating that these
introns typically require an hour or more to splice in
vivo (Supplementary Figure S3A—B). This is much longer
than typical introns; previous studies have shown that
mammalian introns splice in ~1-10 min (54-56) consistent
with what we observed for B-actin and GAPDH introns
(Supplementary Figure S3C). It is possible that IVS-A and
-B splice slowly simply because they are artificial introns
containing both TCRP and TPI sequences (Figure 1A).
We believe this is unlikely, as normal TCRJ introns also
splice inefficiently. We previously showed that partially
spliced TCRp transcripts accumulate to extremely high
levels—easily detectable by northern blot analysis—in
T-cell lines and normal thymocytes (30,57). Among the
partially spliced TCRB mRNAs that accumulate in T
cells are 3’ splicing intermediates, which are indicative of
a slow second step of splicing, as they result from &
splice-site cleavage (the first step of splicing) in the
absence of 3’ splice-site cleavage (the second step of
splicing) (30). IVS-A and -B in the TCR/TPI pre-mRNA
may also undergo a slow second step of splicing, as we
identified IVS-A- and -B-containing pre-mRNAs that
migrated at a size consistent with being 3’ splicing inter-
mediates (Figure 3B and Supplementary Figure S2).

Why is the VDJ exon ESE rich? One possibility is that a
dense array of nonredundant ESEs is required for efficient
inclusion of the large VDJ exon in mature mRNA. The
length of the Vg 1Jp> 3Cpo exon used in our study is 354 nt,
which is at the upper limit for vertebrate exons (58).
Further selection pressure for the VDJ exon being ESE
rich may come from the fact that the downstream TCRJ
exon (either the Cpy; or Cpy, exon, depending on the
programmed rearrangement event) is also over 300nt in
length. The presence of two adjacent very large exons is
likely to be an unfavorable configuration for splicing,
given that splicing events are typically coupled (58).
Another nonmutually exclusive explanation for why the
VDJ exon is ESE rich is that the high density of ESEs
promotes TCR pre-mRNA retention in the nucleus, a

crucial property given that TCRP pre-mRNA is highly
susceptible to premature export to the cytoplasm by
virtue of its slow splicing rate. Support for this possibility
is a recent report demonstrating that ESEs mediate reten-
tion of pre-mRNAs in the nucleus, probably through the
ability of ESEs to bind to nuclear-restricted SR proteins
(59). Finally, we suggest that ESE richness could be a
consequence of the unique way that VDJ exons are
generated. Unlike most exons, which have a fixed
sequence, VDJ exons are generated by programmed
rearrangements that juxtapose V, D and J elements
during lymphocyte development (5,7). While this diversity
is crucial for generating a large reservoir of receptors that
interact with foreign antigens, we suggest it necessitates
selection for multiple strong ESEs to permit efficient
VDIJ exon inclusion in the face of adverse splicing cis
elements (e.g. exonic splicing silencers) that will sometimes
be created at the junctions of V, D and J elements.

While our paper provides several lines of evidence that
ESE disruption triggers an increase in the steady-state
level of pre-mRNA, this does not rule out that nonsense
and frameshift mutations may, in some instances, elicit
pre-mRNA upregulation as a result of reading frame dis-
ruption. Muhlemann et al. (23) provided evidence for
frame-dependent pre-mRNA accumulation using two dif-
ferent immune-system genes that undergo rearrangement:
endogenously expressed Igu transcripts in mouse plasma
cells and TCR transcripts derived from TCR transgenes
stably transfected in HeLa cells. Frame-disrupting muta-
tions elicited TCR and Igp pre-mRNA upregulation even
when the mutations were quite distant from the introns
present in the pre-mRNA that accumulates. This is
unlikely to be caused by ESE disruption, as the effective-
ness of splicing enhancers tends to decrease as their
distance from a given intron increases (60). In further
support of this, we found that a nonsense mutation in
exon 6 of the chimeric TCRP/TPI transcript (AN?)
elicited strong upregulation of pre-mRNA retaining
introns far upstream of exon 6 (IVS-A and -B) but not
an immediately adjacent intron (IVS-D) (Figures 1, 2
and 8). A missense mutation at the same codon (AM?)
did not elicit this response (Figure §). While this
suggests the existence of a frame-dependent mechanism,
we found that nonsense mutations at other positions in
exon 6 did not significantly upregulate pre-mRNA
retaining the upstream introns (Figure 8). It remains
for future investigations to determine whether such
divergent effects reflect the existence of frame-dependent
and -independent mechanisms that compete and/or mask
each other.

How could disruption of reading frame elicit
upregulation of pre-mRNA? Models to explain this can
be divided into two basic types (61,62). One model posits
that it is triggered by recognition of a PTC by the
cytoplasmic translation apparatus, which elicits a signal
that travels to the nucleus and inhibits RNA splicing in
a transcript-specific manner. The other model posits that
frame-dependent NMUP is triggered by a nuclear RNA
surveillance pathway that detects frame disruption. The
cytoplasmic recognition model has the advantage that
stop codon recognition occurs by a well-established



mechanism in the cytoplasm (translation), whereas the
nuclear recognition model necessarily involves a contro-
versial frame-reading nuclear scanning mechanism that
has not been proven (61,62). A disadvantage of the
cytoplasmic recognition model is that it requires an
unprecedented signal transduction mechanism initiated
in the cytoplasm that leads to transcript-specific splicing
inhibition in the nucleus, whereas the nuclear recognition
model posits that stop codon recognition and splicing
inhibition both occur in the same compartment—the
nucleus—thereby simplifying the mechanism by which it
would occur.

We suggest that the chimeric gene that we described in
this report has several unique characteristics that make it a
useful model system to identify and characterize splicing
elements. In part, this stems from its ability to give rise to
a partially spliced pre-mRNA that remains stable in the
nucleus for long time periods, despite being spliced very
slowly. As the pre-mRNA is extremely stable, its accumu-
lation (and its level relative to mature mRNA) allows
accurate quantification of splicing rate. By introducing
test sequences of interest into this chimeric gene, cis
elements and trams-acting factors can be identified that
promote exon inclusion and control RNA splicing effi-
ciency in vivo.
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