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Alternatively Spliced TCR
mRNA Induced by Disruption of
Reading Frame

Jun Wang, John I. Hamilton, Mark S. Carter,* Shulin Li,
Miles F. Wilkinson}

Nonsense codons that prematurely terminate translation generate potentially
deleterious truncated proteins. Here, we show that the T cell receptor—{3 ( TCRB)
gene, which acquires in-frame nonsense codons at high frequency during normal
lymphocyte development, gives rise to an alternatively spliced transcript [al-
ternative messenger RNA (alt-mRNA)] that skips the offending mutations that
generate such nonsense codons. This alt-mRNA is up-regulated by a transfer
RNA-dependent scanning mechanism that responds specifically to mutations
that disrupt the reading frame. The finding that translation signals regulate the
levels of alternatively spliced mRNAs generated in the nucleus may alter the
current view of how gene expression is controlled in eukaryotic cells.

Approximately 15% of all point mutations
responsible for human genetic diseases cause
alternative RNA splicing (/). Surprisingly,
mutations that generate premature termina-
tion (nonsense) codons (PTCs) sometimes
increase the levels of alternatively spliced
transcripts that skip the offending mutations,
thereby potentially saving protein function
(2-7). This putative RNA correction re-
sponse is paradoxical, because translation
and RNA splicing are thought to occur in
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Fig. 1. Up-regulation of an alter-

different cellular compartments. A solution to
this paradox has been that this response is not
specific to nonsense mutations but rather re-
sults merely from any mutation that disrupts
RNA splicing enhancers critical for exon in-
clusion (6-8). Although this is one mecha-
nism by which nonsense mutations can act,
we demonstrate here unambiguously the ex-
istence of a nonsense codon—specific up-reg-
ulatory mechanism that acts independently of
splicing enhancer disruption.

The gene we used for our studies is the
TCRB gene, because it commonly acquires
PTCs as a result of programmed rearrange-
ments during T cell development (3). Al-
though such nonproductively rearranged
TCR genes transcribe high levels of precursor
messenger RNAs (mRNAs), little or no ma-
ture mRNA accumulates as a result of the
nonsense-mediated decay (NMD) pathway
(3, 9). In our earlier transfection studies, we
used a rearranged mouse Vg | Dy, Iy, 5 Gy

mRNA) that we identified. Alt

SA, alternative splice acceptor;

. R = A Construct
natively spliced mRNA specifi- “n B MDL::;?;;
cally in response to nonsense wn Codon
codons. (A) Structure of the =< Nonsense
TCRB gene (9) and the alterna- a2 & C C Cu. C TREE
tively spliced transcript (alt- Ly L1 1 R r g2 A M}“;f]'lsn‘i

Alt SD, alternative splice donor.
The codons we mutated in the
VD), exon are indicated. (B) Ri-
bonuclease protection assay
(RPA) of total cellular RNA (5
ng) from Hela cells transiently
transfected with the constructs

shown. Construct A [pAc/IF (9)] contains a TCRB gene with a full-length
open reading frame. Constructs B through | are derivatives of construct A
with mutations in the VD] exon generated by site-specific mutagenesis (30).
The sizes of the alt- and norm-mRNA bands protected by the TCRB probe
were ~84 and ~72 nt, respectively, which are the sizes expected on the
basis of the position of the splice sites in the alt- and norm-mRNAs.
Steady-state levels of alt- and norm-mRNA were normalized against the
level of neomycin (neo) mRNA, which was expressed from the same
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TCR gene to demonstrate that this NMD
response is indistinguishable in lymphoid and
nonlymphoid cells, it occurs in the nuclear
fraction, it depends on an intron downstream
of the PTC, and it requires a translation-like
process (9-12). Here, we report the identifi-
cation and characterization of a complemen-
tary response in which transcript levels are
increased, rather than decreased, in response
to nonsense codons. In particular, we identi-
fied an induced alternatively spliced tran-
script (alt-mRNA) that skips offending muta-
tions that generate PTCs. This alt-mRNA is
generated by simultaneous use of both an
alternative splice acceptor and donor (Fig.
1A). Use of both is critical for maintaining an
open-reading frame, as use of either alterna-
tive site alone generates in-frame PTCs as a
result of frameshifts (fig. S1). The alt-mRNA
was up-regulated severalfold in response to a
PTC in the VDJ exon (Fig. 1B, left panel).
The spliced intron liberated as a result of
alternative splicing also showed increased
levels (fig. S3), indicating that nonsense
codons act by increasing the amount of alt-
mRNA that is spliced.

There have been several other reports of
genes harboring PTCs that express elevated
levels of alternatively spliced transcripts that
have skipped the PTC, as judged by semi-
quantitative reverse transcription—polymerase
chain reaction (RT-PCR) analysis (5—7). The
prevailing explanation for this phenomenon
is that nonsense mutations disrupt the func-
tion of splicing enhancers, cis elements that
bind to RNA-splicing factors that promote
exon inclusion (6-8). To test this enhancer-
disruption model, we introduced nonsense
mutations at various sites in the VDJ exon of
the TCR gene. Because splicing enhancers
occur only at specific sites, we postulated that
if the enhancer-disruption model is correct,
PTCs at most positions would fail to increase
alt-mRNA levels. We deliberately mutated
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UAG UAG UAA  UAG UAA
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plasmids as was TCRB mRNA. Band intensities were determined with a
direct radioactivity scanner (Instantimager, Packard Instrument Co., Downers
Grove, IL). A value of 1.0 was arbitrarily assigned to the level of alt-mRNA
from constructs A and E in the left and right panels, respectively. Similar
results were obtained for each construct in at least three independent
transfections. Titration experiments demonstrated that the RPA was quan-
titative under the conditions we used (fig. S2). Cell transfection, RNA
purification, and RPA were performed as described (24).
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positions distant from known splicing-en-
hancer elements, such as purine- or AC-rich
sequences (/3). We also introduced missense
and silent mutations at those same positions,
because such mutations are theoretically as
likely as nonsense mutations to disrupt splic-
ing enhancers. Contrary to the predictions of
the enhancer-disruption model, we found that
nonsense codons at all four positions tested
(codons 51, 68, 98, and 120) increased the
level of the alt-mRNA, whereas missense and
silent mutations at those positions did not
(Fig. 1B, right panel). Even a UGG missense
codon (construct G), which closely resembles
a nonsense codon (because it contains a U
followed by two purines), did not increase
alt-mRNA levels. Normally spliced (norm)
mRNA exhibited the opposite response, as it
was decreased in levels in response to all the
nonsense mutations.

If nonsense codons cause alt-mRNA up-
regulation, we further predicted that a frame-
shift that generates a downstream nonsense
codon should also up-regulate alt-mRNA. In
agreement with this prediction, we found that
a frameshift-inducing 10-nucleotide (nt) in-
sert (Fig. 2A, construct K) increased the lev-
els of alt-mRNA (Fig. 2B). To distinguish
whether the insert induced the alt-mRNA be-
cause it generates an in-frame nonsense
codon or because it interferes with a splicing
enhancer, we tested two constructs with com-
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Fig. 2. Up-regulation of alt-mRNA specifically
in response to disruption of the VD] reading
frame. (A) TCRB gene constructs [described
in (24)]. (B) RPA of total cellular RNA (5 pg)
from Hela cells transiently transfected with
the constructs shown and analyzed in the
same manner as in Fig. 1. Similar results were
obtained in at least two independent trans-
fection experiments.
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pensating downstream frameshifts so that a
PTC would not be generated by the 10-nt
insert (constructs L and M). These compen-
sating mutations prevented the up-regulation
of the alt-mRNA (Fig. 2B). Introduction of a
9-nt insert (construct N), which would disrupt
a splicing enhancer if one were present but
would not change reading frame, also did not
up-regulate the alt-mRNA (Fig. 2B). We con-
clude that the up-regulation of the alt-mRNA
is not a consequence of disruption of a splic-
ing-regulatory element, but rather is a specif-
ic regulatory response to nonsense codons.

To further examine the specificity of the
up-regulatory response, we evaluated the ef-
fect of PTCs at positions that cannot be elim-
inated by the alternative splicing event that
generates the alt-mRNA. We found that non-
sense mutations in the Cg, ; and Cg, 5 exons
decreased, rather than increased, alt-mRNA
levels unless the cells were incubated with
the protein synthesis/NMD inhibitor cyclo-
heximide, strongly suggesting that these tran-
scripts are subject to NMD (fig. S4). This
result, together with the results obtained with
nonsense mutations and frameshifts at other
sites (Figs. 1B and 2B), indicates that the
up-regulatory response is highly specific, as
it is only triggered by PTCs and frameshifts
at sites skipped in the alt-mRNA (i.e., most of
the VDJ exon).

We found that this alt-mRNA up-regula-
tory response required a mechanism with the
characteristics of translation. First, it depend-
ed on a start AUG to define the reading
frame, because disruption of both initiator
AUGs prevented alt-mRNA up-regulation
(Fig. 3A). Second, a scanning mechanism
appeared to be necessary for the response,
because a translation-blocking stem loop (/4,
15) introduced into the 5'-leader exon pre-
vented alt-mRNA up-regulation (Fig. 3B).
Third, it was a transfer RNA (tRNA)-depen-
dent mechanism, because it was inhibited by
specific suppressor tRNAs (fig. S5).

How can translation affect the amount
of alt-mRNA generated? If the cytoplasmic
translation apparatus was responsible, this
would necessitate the existence of a signal-
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ing mechanism that travels between the
cytoplasm and the nucleus to somehow di-
rect increased alt-mRNA splicing. If in-
stead nonsense codon recognition occurred
in the nucleus, this would be a more direct
mechanism to influence alt-mRNA genera-
tion. The notion of codon recognition oc-
curring in the nucleus is controversial, but
nevertheless, increasingly data support it,
including the localization of charged
tRNAs and translation factors in the nucle-
us, the observation that NMD can occur in
the nuclear fraction of mammalian cells,
and the ability of nonsense codons to in-
crease the levels of unspliced mRNA in the
nucleus at or near the site of transcription
(3, 4, 16-24). Direct support for nuclear
translation comes from a recent study sug-
gesting that about 10% of amino acid in-
corporation in permeabilized mammalian
cells occurs in the nucleus coupled with
transcription (25).

If nuclear translation is responsible for
triggering alt-mRNA up-regulation, how is
this achieved? To begin to address this, we
assessed whether a nonsense codon only rec-
ognizable after normal splicing (a PTC split
by an intron) was capable of triggering alt-
mRNA up-regulation. We found that this
PTC strongly up-regulated the alt-mRNA
(Fig. 4), which has important implications for
models explaining the effect, because the
normal splicing event that generates this PTC
precludes alternative splicing. Thus, if a cis
mechanism is responsible for alt-mRNA up-
regulation, this would necessitate that the
normally spliced intron be “reverse spliced”
after PTC recognition to restore the pre-
mRNA and allow subsequent alternative
splicing. Alternatively, the normally spliced
intron would require being looped out (but
not spliced) to permit PTC recognition fol-
lowed by alternative splicing. Because nei-
ther scanning across looped-out introns or
reverse splicing are known to occur and both
suffer from mechanistic implausibility, we
believe that neither of these in cis mecha-
nisms are likely. Instead, we suggest that an
in trans (feedback) mechanism, in which the

B

o} Construct
- Stem loop
+ Nonsense

Silent

TCR-} mEE : ]
Alt ™ : ;
TCR-B _
Norm i 2
Alt-mRNA 56 08 1.0251.7 1.6

Norm-mRNA 1.2 29 3114 27 31

A
+

F
+
+

I+ 1 ™
+1 10
(I T
| +4+ =
+ 1 +0
1+ =

P, Q, and R contain a stem-loop (AG —61 kcal/mol) identical to that previously shown to impede
translation (74) at a site 42 nt upstream of the initiator AUG in constructs D, E, and A, respectively.
Similar results were obtained in at least two independent transfection experiments.
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decay of normally spliced PTC-bearing
mRNA triggers the increase in alt-mRNA, is
more plausible. This could be achieved in
many ways; one possibility is that there is
massive decay of the normally spliced TCR
mRNA at the site of transcription (as a result
of PTC recognition there), which consequent-
ly alters the concentration of splicing factors
and the rate of splicing reactions specifically
in that local milieu of the nucleus. Splicing
factor levels could either increase or de-
crease, depending on whether they are pre-
maturely released from degraded PTC-bear-
ing transcripts or are instead degraded along
with the TCR transcripts harboring nonsense
codons.

Two other well-established examples of
nonsense codon—associated altered splicing
(4) are the up-regulation of exon-skipped
transcripts from the fibrillin gene (5, 26) and
a splicing enhancer—debilitated version of
minute virus of mice (MVM) (/9). In both
cases, frameshifting experiments showed that
recognition of in-frame stop codons was re-
sponsible for increased levels of alternatively
spliced transcript, just as we showed here for
TCRP. However, only nonsense mutations at
a single codon position adjacent to exonic
splicing enhancers in fibrillin and MVM have
been shown to trigger this event (5, 19, 27).
In contrast, we found that TCRB alt-mRNA
was up-regulated in response to nonsense
mutations and frameshifts at many different
positions in the VDJ exon by a mechanism
apparently independent of splicing enhanc-
ers. The discovery that classic translation sig-
nals (nonsense codons) act through a transla-
tion-like pathway to up-regulate alternatively
spliced mRNA in the nuclear fraction of cells
suggests that a novel mode of regulating gene
expression exists in eukaryotic cells. It is
important to follow up on initial indications
that this regulatory response reduces the se-
verity of some genetic diseases by generating

ATG

TGA
s B 8 i —Ehim
A

Construct A S
Neo -

TCR-B
Alt =

TCR-B

Norm ~
Alt-mRNA 1.0 12
Norm-mRNA 30 03

Fig. 4. Alt-mRNA up-regulation is triggered by
nonsense codon recognition after normal splic-
ing. RPA of total cellular RNA (5 p.g) from Hela
cells transiently transfected with construct S
[PAC/NS1 (9)] and analyzed in the same man-
ner as in Fig. 1. Previous analysis (70) showed
that the normally spliced mRNA from construct
S contains the TAG nonsense codon. Similar
results were obtained in at least two indepen-
dent transfection experiments.
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alternative proteins that retain at least partial
function (5-7, 28).

Note added in proof: Recent further evi-
dence for a relationship between nonsense
codons and RNA splicing is the finding that
mutation of the stop codon between natural
and latent 5 splice sites can induce alterna-
tively spliced transcripts derived from the
latent site (29).
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Reversion of B Cell
Commitment upon Loss of Pax5

Expression

Ingvild Mikkola,*{ Barry Heavey,* Markus Horcher,
Meinrad Busslinger}

The transcription factor Pax5 is essential for initiating B cell lineage commit-
ment, but its role in maintaining commitment is unknown. Using conditional
Pax5 inactivation in committed pro-B cells, we demonstrate that Pax5 is re-
quired not only to initiate its B lymphoid transcription program, but also to
maintain it in early B cell development. As a consequence of Pax5 inactivation,
previously committed pro-B cells regained the capacity to differentiate into
macrophages in vitro and to reconstitute T cell development in vivo in RAG2™/~
mice. Hence, Pax5 expression is continuously required to maintain B cell lineage
commitment, because its loss converts committed pro-B cells into hemato-
poietic progenitors with multilineage potential.

The hematopoietic stem cell gives rise to all
lymphoid lineages by differentiating through
the intermediary stage of the common lym-
phoid progenitor (/). Entry of this progenitor
into the B cell pathway depends on the tran-
scription factors E2A, EBF, and Pax5 (BSAP),
which control two separate transcriptional pro-
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grams (2). The regulators E2A and EBF coor-
dinately activate the expression of B cell-spe-
cific genes (3) and are essential for the gener-
ation of the earliest B cell progenitors (pro-B
cells) (4, 5). However, mere activation of the B
lymphoid expression program is not sufficient
for commitment to the B cell lineage, because
Pax5-deficient pro-B cells still retain the broad
developmental potential of early hematopoietic
progenitors (6, 7) despite normal expression of
E2A and EBF (8). Instead, Pax5 restricts the
multilineage potential of early progenitors to
the B cell pathway by repressing lineage-inap-
propriate genes and further activating B cell-
specific genes (6, 7).
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