Unproductively spliced ribosomal protein
mRNAs are natural targets of mRNA
surveillance in C. elegans
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Messenger RNA surveillance, the selective and rapid degradation of mRNAs containing premature stop
codons, occurs in all eukaryotes tested. The biological role of this decay pathway, however, is not well
understood. To identify natural substrates of mRNA surveillance, we used a cDNA-based representational
difference analysis to identify mRNAs whose abundance increases in Caenorhabditis elegans smg(-) mutants,
which are deficient for mRNA surveillance. Alternatively spliced mRNAs of genes encoding ribosomal
proteins L3, L7a, L10a, and L12 are abundant natural targets of mRNA surveillance. Each of these genes
expresses two distinct mRNAs. A productively spliced mRNA, whose abundance does not change in smg(-)
mutants, encodes a normal, full-length, ribosomal protein. An unproductively spliced mRNA, whose
abundance increases dramatically in smg(-) mutants, contains premature stop codons because of incomplete
removal of an alternatively spliced intron. In transgenic animals expressing elevated quantities of RPL-12, a
greater proportion of endogenous rpl-12 transcript is spliced unproductively. Thus, RPL-12 appears to
autoregulate its own splicing, with unproductively spliced mRNAs being degraded by mRNA surveillance. We
demonstrate further that alternative splicing of rpl introns is conserved among widely diverged nematodes.
Our results suggest that one important role of mRNA surveillance is to eliminate unproductive by-products of

gene regulation.
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Eukaryotic mRNAs containing premature translation
termination codons are almost always degraded more
rapidly than their wild-type counterparts, a phenomenon
known as nonsense-mediated mRNA decay (NMD) or
mRNA surveillance (for review, see Czaplinski et al.
1999; Hilleren and Parker 1999). Cis-acting elements re-
quired for nonsense codon recognition include down-
stream exon junctions in mammalian mRNAs and se-
quences in yeast mRNAs that are found downstream of
premature stop codons but upstream of normal termina-
tion codons (for review, see Hilleren and Parker 1999).
Trans-acting factors required for mRNA surveillance
have been identified genetically in both yeast and nema-
todes. Loss-of-function mutations affecting any of three
Saccharomyces cerevisiae UPF/NMD genes (Leeds et al.
1992) or seven Caenorhabditis elegans smg genes (Pulak
and Anderson 1993; Cali et al. 1999) eliminate mRNA
surveillance, thereby causing nonsense mutant mRNAs
to have normal, rather than reduced, half-lives. The mo-
lecular mechanisms of mRNA surveillance may be simi-
lar in all eukaryotes because yeast Upflp (Leeds et al.
1992), nematode SMG-2 (Page et al. 1999), and Rentl/
HUPF1, a human protein likely involved in mRNA sur-
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veillance (Perlick et al. 1996; Sun et al. 1998), are se-
quence homologs.

Although much is known about the sequences re-
quired in cis and the proteins required in trans for
mRNA surveillance, we know relatively little about the
substrates of mRNA surveillance in normal, wild-type
organisms. Messenger RNA surveillance is not essential
for viability of yeast or nematodes, as upf and smg(-)
mutants exhibit relatively mild phenotypes. For ex-
ample, yeast upf- mutants have increased sensitivity to
an inhibitor of translation (Leeds et al. 1992), impaired
respiration (Altamura et al. 1992), and altered telomere
length (Lewis and Fleming 1995), whereas nematode
smg(-) mutants have modestly reduced brood sizes (Cali
and Anderson 1998) and mild morphogenetic defects
(Hodgkin et al. 1989). At least in yeast, such phenotypes
may be an indirect consequence of eliminating mRNA
surveillance. Transcriptional profiles of yeast demon-
strate that the steady-state levels of mRNA for >8% of
yeast genes are significantly increased or decreased in
upf~ mutants. Most of these effects, however, are indi-
rect, as all affected mRNAs that have been tested have
normal half-lives in upf” mutants (Lelivelt and Culbert-
son 1999).

One suggested role for mRNA surveillance is to act as
a proofreading system to eliminate aberrant mRNAs
arising from errors in gene expression (Pulak and Ander-
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son 1993). Such errors might include germline or so-
matic mutations, transcriptional errors, inaccurate splic-
ing, or inappropriate transport of pre-mRNAs to the
cytoplasm. Aberrant mRNAs containing premature ter-
mination codons encode polypeptides truncated at their
carboxyl termini, many of which may be deleterious. For
example, a surprisingly large number of known or sus-
pected C. elegans nonsense mutations are strongly domi-
nant when present in a smg(-) genetic background but
are recessive or only weakly dominant when in a smg(+)
background (Cali and Anderson 1998; Pulak and Ander-
son 1993). Messenger RNA surveillance may thus pro-
tect cells from deleterious polypeptide fragments by rap-
idly eliminating the mRNAs that encode them.

What are the sources of mRNAs containing premature
stop codons in normal cells? Only a handful of natural
targets of mRNA surveillance have been identified to
date. In yeast, unspliced cytoplasmic pre-mRNAs of
CYH2, RP51B, MER2, and CRY2 contain stop codons
within the retained introns and are efficiently elimi-
nated by mRNA surveillance (He et al. 1993; Li et al.
1995). Certain mRNAs that undergo leaky scanning for
translation initiation sites are also subject to mRNA sur-
veillance in yeast (Welch and Jacobson 1999). In nema-
todes, certain SR protein mRNAs contain early termina-
tion codons in alternatively spliced exons and are elimi-
nated by mRNA surveillance (Morrison et al. 1997). In
mammals, mRNA for selenium-dependent glutathione
peroxidase, in which a UGA codon encodes selenocyste-
ine, is down-regulated by mRNA surveillance under con-
ditions of dietary selenium deficiency (Moriarty et al.
1998). In cells of the mammalian immune system, gene
rearrangements of immunoglobulin and T-cell receptor g
genes often result in out-of-frame mRNAs that are
down-regulated relative to in-frame transcripts (Bau-
mann et al. 1985; Carter et al. 1995). Such effects are con-
sistent with an important proofreading role for mRNA
surveillance. The variety of such substrates of surveil-
lance suggests that many natural targets exist, but they
have not been systematically studied or characterized.

To better understand the role of mRNA surveillance in
wild-type organisms, we have undertaken a general
screen for natural targets of surveillance in C. elegans.
Our approach is based on the assumption that the abun-
dance of such mRNAs will be increased in smg(-) mu-
tants relative to smg(+) controls. We identified alterna-
tively spliced mRNAs of four ribosomal protein genes as
abundant natural targets of mRNA surveillance and have
investigated the regulatory circuitry responsible for their
production.

Results

RDA identifies messages subjected to mRNA
surveillance

We performed a representational difference analysis
(RDA; Hubank and Schatz 1994) of smg(+) and smg-2(-)
c¢DNAs to identify mRNAs whose abundance increases
in smg-2 mutants. We first prepared cDNA populations
from poly(A)" mRNA of each strain, and subsequently
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subtracted smg(+) cDNAs from smg-2(-) cDNAs (see
Materials and Methods). In principle, such methods
should identify mRNAs whose abundance is increased or
which contain novel sequences in smg-2 mutants com-
pared to wild type. Following two to three rounds of
subtraction and enrichment, we generated cDNA clones
of candidate mRNAs and characterized them by direct
sequencing. To confirm that cDNA candidate clones rep-
resented mRNAs subjected to mRNA surveillance, we
measured their levels of expression in wild-type and
smg(-) mutants by Northern blot hybridization.

As a control to demonstrate that the methods of RDA
were successful, both the smg(+) and smg-2(-) strains
that we used also contained unc-54(r315), a nonsense
allele of a myosin heavy chain gene (Bejsovec and Ander-
son 1990). Previous work demonstrates that the abun-
dance of unc-54(r315) mRNA is approximately 20-fold
higher in smg(-) mutants than in smg(+) controls (Pulak
and Anderson 1993). Of 104 tested cDNA clones derived
from RDA enrichment, 17 were clones of unc-54, as de-
termined either by sequencing or hybridization (data not
shown). This demonstrated that the RDA technique
could successfully identify mRNAs whose abundance is
increased in smg(-) mutants.

Alternatively spliced mRNAs of four ribosomal protein
genes are natural targets of mRNA surveillance

Of 87 non-unc-54 cDNA clones described above, 14 rep-
resented clones of one of four ribosomal protein genes
(three clones of rpl-3, three of rpl-7a, two of rpl-10a, and
six of rpl-12) that were spliced in an unexpected manner.
In all cases, comparing the sequences of cDNA clones
obtained by RDA to those of genomic DNA (Ainscough
et al. 1998) and a database of C. elegans expressed se-
quence tags (see http://www.ddbj.nig.ac.jp) identified an
alternative splice site located within an intron of the
relevant rpl gene as shown, for example, in Figure 1.
rpl-7a, rpl-10a, and rpl-12 contain alternative 5’ splice
sites within introns 3, 1, and 2, respectively, whereas
rpl-3 contains an alternative 3’ splice site within intron
1. The sequences of all splice sites thus defined (yielding
both conventional and alternative mRNAs) conform
well to C. elegans 5’ and 3’ splice consensus sequences
(Blumenthal and Steward 1997). In each case, the con-
ventional mRNA encodes a full-length RPL protein,
whereas the alternative mRNA retains a portion of the
affected intron. The retained intron sequences vary in
size from 85 nucleotides (rpl-7a) to 125 nucleotides (rpl-
10a), and in all cases, contain in-frame translation ter-
mination codons that presumably cause the mRNAs to
be substrates of mRNA surveillance (see below). The al-
ternative mRINAs are predicted to encode truncated pro-
teins ranging in size from 25% (rpl-10a) to 72% (rpl-12)
of the corresponding full-length RPL protein.
Alternative splicing of rpl-12 is shown in Figure 1. Us-
ing rpl-12 ¢cDNA sequences as a hybridization probe for
Northern blots (lanes 1-3), a single rpl-12 mRNA is de-
tected in wild type (lane 1), whereas two mRNA species
are detected in smg-1(r861) (lane 2) and smg-2(r863) (lane
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3). Using a hybridization probe specific for the portion of
intron 2 retained by alternative splicing (lanes 4-6), only
the larger of these mRNAs is detected, and only in
smg(-) backgrounds. To ensure that the larger rpl-12
mRNA detected only in smg(-) mutants corresponds
to the alternatively spliced mRNA identified by RDA,
we analyzed by RT-PCR rpl-12 products that span intron
2. Using smg-1(r861) mRNA as template, we detected
two distinct RT-PCR products. The sequences of these
c¢DNAs confirmed that the two mRNA species detected
on Northern blots (Fig. 1) represent the conventional and
alternatively spliced mRNAs described above (data not
shown). Analogous experiments with rpl-3, rpl-7a, and
rpl-10a gave comparable results. In subsequent discus-
sions, we refer to the conventional and alternative rpl
mRNAs as resulting from productive and unproductive
splicing, respectively.

To quantify the amounts of productively and unpro-
ductively spliced rpl mRNAs, we performed Northern
blots of rpI mRNAs resolved on polyacrylamide gels
after first removing their poly(A) tails and nearby 3’ se-
quences by oligo-directed RNase H cleavage. Removing
the poly(A) tails reduces the size heterogeneity of rpl
mRNAs evident in Figure 1. We hybridized equal
amounts of total RNA from wild-type and smg-1(r861)
nematodes with a DNA oligonucleotide complementary
to an rpl exon downstream of each alternatively spliced
intron and cleaved the hybridized mRNAs with RNase
H. We resolved cleaved RNAs on polyacrylamide gels
and probed Northern blots with rpl sequences upstream
of the cleavage site. Parallel experiments were performed
for rpl-3, rpl-7a, rpl-10a, and rpl-12, using a different
cleavage-directing oligonucleotide for each. To control
for the quantity of mRNAs analyzed in each experiment,
we normalized rpl hybridization signals to those of trans-
lation elongation factor la (eft-3). Analysis of eft-3
mRNA levels relative to other loading controls (e.g., ri-
bosomal RNA) demonstrates that eft-3 is not itself af-
fected by smg mutations (data not shown). Representa-
tive Northern blots and a summary of measured mRNA
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Figure 1. rpl-12 mRNAs are alternatively
spliced. Diagram depicts rpl-12 pre-mRNA
and alternatively spliced products. Only
exons two through three are shown.
Northern blots were probed with an rpl-12
c¢DNA clone (lanes 1-3, upper panel), a 93-
nucleotide cDNA fragment from the por-
tion of rpl-12 intron 2 retained by alterna-
tive splicing (lanes 4-6, upper panel), or an
eft-3 cDNA clone (loading control; lanes
1-6, lower panels). Strains used were N2
(wild type; lanes 1,4), smg-1(r861) (lanes
2,5) and unc-54(r315) smg-2(r863) (lanes
4 5 6 3,6).

quantities are shown in Figure 2. The data for each ex-
periment represent five trials performed using three in-
dependent RNA samples from each strain.

All four rpl genes behave similarly in these analyses.
In wild-type strain N2 (Fig. 2, lanes 1,3,5,7), the steady-
state level of unproductively spliced rpl mRNA is low.
Measured quantities range from an amount that is barely
detectable (~1% of the quantity of productively spliced
mRNA,; rpl-7a, lane 1 and rpl-10a, lane 3) to an amount
that is ~20% of the quantity of productively spliced
mRNA (rpl-3, lane 7). In smg-1(r861) (lanes 2,4,6,8), the
steady-state level of unproductively spliced rp] mRNAs
is substantially elevated and often equals or exceeds that
of the productively spliced counterpart (e.g., rpl-3, lane 8
and rpl-7a, lane 2). The steady-state quantities of produc-
tively spliced rp]l mRNAs are approximately equal in N2
and smg-1(r861) (Fig. 2, table inset). We interpret these
results to indicate that, in both smg(+) and smg(-) back-
grounds, large amounts of both productively and unpro-
ductively spliced rpI mRNAs are produced. In smg(+)
strains, unproductively spliced rp]l mRNAs are unstable,
such that they represent only a small fraction of steady-
state rpl mRNA. In smg(-) strains, unproductively
spliced rpIl mRNAs are stabilized, such that they consti-
tute, on average, over half of the steady-state rp] mRNA,
ranging from 30% (rpl-10a) to 75% (rpl-3) of total rpl
mRNA.

To investigate whether C. elegans ribosomal protein
genes not identified by the above RDA protocol are al-
ternatively spliced in a manner similar to that of rpl-3,
rpl-7a, rpl-10a, and rpl-12, Northern blots of wild-type
and smg-1(r861) mRNAs were probed for nine arbitrarily
chosen ribosomal protein messages. No changes in ei-
ther the quantity or sizes of mRNAs encoded by rps-7,
rps-10, rps-13, rps-16, rpl-1, rpl-5, rpl-15, rpl-24, or rpl-32
were detected (A. Grimson and P. Anderson, unpubl.).
We conclude that alternative splicing of ribosomal pro-
tein mRNAs is not a ubiquitous phenomenon in C. el-
egans, but is specific to a subset of these mRNAs.

In addition to the rp] mRNAs described above, we
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Figure 2. The abundance of alternatively N
spliced forms of four ribosomal protein !
mRNAs is elevated in smg(-) mutants.
Northern blots of oligonucleotide-cleaved

total RNAs were probed with an eft-3

c¢DNA clone (lower panels) and the follow-

ing ribosomal protein cDNAs (upper pan-

els): rpl-7a (lanes 1-2); rpl-10a (lanes 3-4);

rpl-12 (lanes 5-6); rpl-3 (lanes 7-8). Mea-

sured quantities of each mRNA species

are summarized in the table inset. Each

value is an average of five experiments +

standard error. For each gene, numbers in

the upper rows quantify unproductively N |
spliced mRNA, and numbers in the low-

pl-7a pl-10a mi-12
smg(+)  smg-1{) smg(+)  smg-1{-} smyg(+) smg-1(-]
- o
—
-~ - -~ -
eft-3
- - - v - -
2 3 4 5 6
mil-3
smg(+] smg-1(-} m-Ta pi-10a
smgy+l  smg-1{-) smgit  smg-1{-)
THI 001£0004 1634014 0.01+0.003 0.4120.02
—-—
[ 100:004 1031013 1001007 0.8820.03
- —
k12 -3
smg(s)  smg-1() Smgy'+) smg-1-)

er rows quantify productively spliced
mRNA. Strains used were N2 (wild type;
lanes 1,3,5,7) and smg-1(r861) (lanes
2,4,6,8).

identified as potential natural targets mRNAs encoded
by the novel genes Y41E3.16 and either F45D11.2,
F45D11.3, or F45D11.4 (three genes of essentially iden-
tical sequence), and one of two alternative mRNAs en-
coded by the homolog of human HSR1, C53H9.2 (Vernet
et al. 1994). The quantities of these mRNAs are substan-
tially elevated in a smg(-) background, as determined by
Northern blot analysis, but we have not characterized
them further. The majority of mRNAs identified by our
RDA clones were unaffected in a smg(-) background.
These false positives represented highly expressed C. el-
egans RNAs not eliminated by the RDA procedures
along with RNAs from Escherichia coli, the C. elegans
food source.

Alternatively spliced rpl introns are highly conserved
among nematodes

Alternative splicing of rpl-3, rpl-7a, rpl-10a, and rpl-12
could reflect an error-prone splicing system, or it could
be functionally significant to expression of these genes.
These introns may contain cryptic 5’ or 3’ splice sites
that are functional but not significant with regard to rpl
gene expression or ribosome biogenesis. Alternatively,
productive versus unproductive splicing might be regu-
lated to alter the quantity of full-length or, possibly,
truncated RPL proteins. To address these and other pos-
sibilities, we cloned and sequenced rpl-3, rpl-7a, rpl-10a,
and rpl-12 from related nematode species and investi-
gated whether alternative splicing of the type described
for C. elegans is evident in these species. We chose for
analysis two species, Caenorhabditis briggsae and Cae-
norhabditis remanei, that are reasonably close relatives
of C. elegans (Fitch et al. 1995; Fitch and Thomas 1997)
and two species, Diploscapter coronata and Prat-
ylenchus penetrans, that are more distant relatives (Blax-
ter et al. 1998).

C. elegans, C. briggsae, and C. remanei are morpho-
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logically similar, but 18S rDNA sequences indicate sub-
stantial molecular divergence, comparable to the diver-
gence seen among different orders within tetrapod
classes (Fitch et al. 1995). Coding sequences of these spe-
cies are highly similar, but noncoding sequences gener-
ally share little sequence similarity (Fitch and Thomas
1997). We performed a survey of 249 arbitrarily chosen
C. elegans introns (see Materials and Methods) and
found that for 239 of these, an intron is also present at
the same position within the equivalent C. briggsae
gene. Neither the sizes nor the sequences of these in-
trons, however, are well conserved. The correlation of
intron size was low (correlation coefficient = 0.57). Us-
ing a global sequence alignment algorithm (Myers and
Miller 1988), the average sequence identity for these 239
introns was 43.7%. A substantial portion of the observed
identity may be because of general base sequence com-
position (e.g., AT richness) or conserved intron elements
(e.g., splice site consensus sequences), as 110 randomly
matched (i.e., nonequivalent) C. elegans and C. briggsae
introns exhibited an average sequence identity of 36.0%.
As expected, however, coding sequences are well con-
served. We aligned 31 kb of coding sequence from 149
exons, and the average nucleotide identity was 74.7%.
Although genomic sequence of C. remanei is limited,
available data indicate that its divergence from C. el-
egans is similar to that of C. briggsae (Fitch et al. 1995;
Fitch and Thomas 1997).

Apart from their alternatively spliced introns, rpl-3,
rpl-7a, rpl-10a, and rpl-12 exhibit a typical conservation
of gene sequence. Exons are highly similar, whereas in-
trons are not. Introns that are alternatively spliced, how-
ever, are exceptional. These introns are highly con-
served, ranging from 66 % nucleotide identity (rpl-10a, C.
elegans vs. C. briggsae) to 93% nucleotide identity (rpl-
12, C. elegans vs. C. remanei). With the exception of
rpl-10a, these introns are more highly conserved be-
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tween C. elegans and C. briggsae than any of the 239
introns in the survey mentioned above. The portion of
rpl-12 intron 2 retained by alternative splicing is, in fact,
more highly conserved than the exons in which it is
located (Fig. 3). The sequences of rpl-12 intron 2 are
shown in Figure 4, and overall conservation of rpl-12 is
diagrammed in Figure 3. Alternatively spliced introns of
1pl-3, rpl-7a, and rpl-10a are similarly well conserved,
although not quite as strikingly as that of rpl-12 (Fig. 4).
The portions of these introns retained by alternative
splicing are in all cases more highly conserved than the
portions excised (Table 1).

Alternative splicing of rpl introns occurs in widely
diverged nematodes

To determine whether alternative splicing of the type
described for C. elegans occurs in C. briggsae and C.

rpl-3 intron 1
5.

C. elegans TTTTTCRACT-—-AT-TTOSTITITIGIAT T CHGTGT - TA-TGGTGCG
C. bviggsae CTIGETTASTTTGATTT - CRGATT TCATCTTCATTAT GIGTATE IGETGTATAT IEGTGCT
CRGAT-—-ATTTTCATET - -~ —TTTATGETGTAT - - TGGEIGCT

— 3
C. elegans TITITSGIGTCATTIGSTGETITTCETEATTACARGTCTGTATT TGCAGTOGOSTTITCTAR

C. bviggsae GECCTARAC-TC--TIARTGETTCOSTGATTOCARGTCIGTATT TGCAGTOGOSTITCTGA.
C. nemmraney  GEOCC TAC-TCATTCARTGET TCCSTEAT T OCARGTCTGTAT T TGCASTOSCGTTTCTGA

CT TATT

C. efegans CICSETTECCTICCGCTGTACTTATGTACATGAT GETAARCEARC TGAGTGECTARRGCS
C. bviggsae ATCEGTTECCTTCCECTGIACT AATGTC TATGARGERTARD
C. remanei ATCGGTTGCCTTCCECTGTSCTTATGTR

TARSGOG

c.
C. briggsae TCOCTGTROGCT!
C.

rpl-10a intron 1

5.
C. elegans cmﬁ':rm GTGRAR T T - FTCAAAGOCTRACGGACDCOC
C. B c CTACGRCCTGTCT TRG GARCARTISIT-—-CTGACGEACTCTT
c.r i« SCTACGAL TRCR CGEGACTACT TCTAGOCTGACGEACCTOD
. ROCC TCTTAARATTTTT! S ATT-ATTGCCGCTT-TGRALTE
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Figure 3. The alternatively spliced rpl-12 intron is well con-
served within the Caenorhabditis genus. Diagram of rpl-12
pre-mRNA splicing and comparisons of nucleotide identity,
with identical residues depicted in black and non-identical
residues in white. Nucleotide identity between C. elegans and
C. briggsae is shown for all exons (E1-E4) and introns (I11-13);
nucleotide identity between C. elegans and C. remanei is
shown for exon 2 and introns 1 and 2.

remanei, we analyzed rpl-3, rpl-7a, rpl-10a, and rpl-12
mRNAs in these species by RT-PCR using primers
that flank the conserved introns of each gene. For all
four genes of both species, we identified two classes
of cDNA comparable in size and abundance to those
of C. elegans wild type (data not shown). Invariably,
the smaller cDNAs were substantially more abundant
than the larger cDNAs. We cloned and sequenced these
c¢DNAs and established that they represent productively
and unproductively spliced forms of rpl mRNAs equiva-
lent to those of C. elegans. For rpl-3, rpl-7a, and rpl-12,
the unproductively spliced mRNAs arise through the use
of alternative splice sites equivalent in position to those
of C. elegans (Fig. 4). The alternative 5’ splice site of
rpl-10a in C. briggsae and C. remanei differs slightly
from the site we identified in C. elegans (Fig. 4), but a C.
elegans alternative 5’ splice site comparable to that of C.
briggsae and C. remanei is, in fact, occasionally utilized,

rpl-Fa intron 3
5—
C. CCGETT CTAR™TTTTTATC CATGTACTATARGCARG-OCTTGRGCTTT
C. C CTARGTTCTTATC ARGCARA-CCTTIGTGTTIT
C. remanei COGETTGETA ' ARGCARALCCTAGTGTTT
5o

FITIGACTITROGCTGTITATGEITT

C. briggsae GCACTGRCGCATCCACTCTGERAL TTGATT TGGTEETTAR
C. mmaned GCARCTGROGCATCCACTCTGAC TITTTCTACICIC-—CASTTATARAR
PR—
C. CCh TTC-TETITICASCTR
C. bviggsae GGRGCT-TRACTATIGTITTTT-CAGCTR
c. RCAT TTTHETCTTTCCAGCTR
rpl-12 intron 2
L
C. elegans AOGGTACGCATTIAATSCETTGEETCGEGAGTCEATAT GCTCTCATCCCCTEETC-TCT
C.hnggsaa AEOGETACGCATTTCATGC T IGEETCGEGAGTCGATAT-GCTCTCATOCOCTGETC-TCT

C. remanei AOGETACGCATTTCATGCETTGEGETCGEGAGTCEGATAT -GCTCTCATCCOCTGETC - TCT
P. penefrans mTGETATGRATATCATGCRGRGEETAGTGEGCCIGTIETAGCOCTCATOCCCCAGTCETCT

. m ACCCAGEGTCTTARALCTTTAGEE TAGGCTATTTAR AGCOSCTC-TGAATTTARGTCACSE
C. remmamel  AOCCAACGTCTTAAATCT CIGCGEA-AGECTT ITTACAGCOEC TATAGCTTTATAATSTS

55—
C. elegans AGCTGGTATAATCTARCCA- —ATCGTGICATTITEEAT TIATT-TCTATTETIC-TATTTT

CACTEETATG-— - CGATATCT - DOGTGR T TG TTGEOCGTACTATTAGTARATCTCTICATT
C. resmamed  TATTGETATGAT TTAATCACTACCATACTGTTTA-ACCAATT - TTACTCATICATTTITT

PR U

C. elegans CCAGACT
C.hr?msae

C. remamei TTAGACT

5

TTGATTTTTOCT

GO TTGATTTTTOCT
\ penetrans GeTARGAGRT CoCAGATITC GRATART SOTRARATTRARATCTACTCTACTGARCRANTE

PR

c.
C. GCTOG
(o8
P.

- ATCAATCTAGTTTARCGTT TTGCACGTT ICCA~TTICAGTGR
C. briggsae ITATCATCTGAGTTTAR-GT-ATGCACGTTOCCE-TTTCAGTGR

CATCACCTTRGTTAAR—GT-TTGCACGTTACCA-TTTCAGTGR
P. penetrans AATAACATGE---CAGCAG-ACARATACAATARTTTTANGTGR

Figure 4. Nucleotide alignments of nematode rpl-3, rpl-7a, rpl-10a, and rpl-12 alternatively spliced introns. Conserved residues are
boxed in gray, non-conserved residues in white. Normal and alternative splice sites (GT/AG), as determined by cDNA sequence
analysis, are shown in bold and indicated by 5’ or 3’ arrows. Nucleotides encoding the first in-frame termination codons in unpro-
ductively spliced mRNAs are boxed in black. Species are C. elegans, C. briggsae, C. remanei, and P. penetrans.
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Table 1. Conservation of alternatively spliced introns

Portion retained by
alternative
splicing
(% identity)

Portion excised by
alternative
splicing
(% identity)

C. briggsae vs.

C. elegans
rpl-3 88% 70%
rpl-7a 88% 50%
rpl-10a 71% 46%
rpl-12 97 % 85%
C. remanei vs.
C. elegans
pl-3 88% 71%
rpl-7a 85% 57%
1pl-10a 75% 57%
mpl-12 97 % 88%
P. penetrans vs.
C. elegans
rpl-12 54% 32%

as demonstrated by C. elegans EST clones yk174al and
yk527d7 (accession nos. C09644 and AV188689).

We examined the conservation of rpl-12 intron se-
quences and investigated possible alternative splicing in
more distantly related nematode species. Using a degen-
erate PCR strategy, we cloned the relevant portion of
rpl-12 from the soil nematode Diploscapter coronata and
the more distantly related plant pathogenic nematode
Pratylenchus penetrans (Blaxter et al. 1998). rpl-12 of P.
penetrans contains an intron identical in size and posi-
tion, and somewhat similar in sequence (44% identity),
to intron 2 of C. elegans (Table 1). RT-PCR analysis
similar to that described above demonstrates that the P.
penetrans intron is alternatively spliced as in C. elegans
(Fig. 4). rpl-12 of D. coronata contains an intron at the
same position as C. elegans intron 2, but its size (367
nucleotides) and sequence are unlike the C. elegans in-
tron. Analysis of D. coronata rpl-12 splicing via RT-PCR
identified productively spliced rpl-12 mRNAs but failed
to identify any unproductively or alternatively spliced
mRNAs.

We conclude from these analyses that alternative
splicing of rpl-12 likely arose in a species ancestral to the
five species analyzed and that alternative splicing of the
type described for C. elegans intron 2 was lost in D.
coronata. We have not investigated, however, whether
D. coronata contains additional rpl-12 genes in its ge-
nome or whether other introns of D. coronata rpl-12 are
alternatively spliced.

The levels of RPL-12 expression autoregulate
productive versus unproductive rpl-12 splicing

The conservation of alternatively spliced rpl introns
suggests that the sequences of these introns are under
strong selective pressure. We investigated two possible
explanations for such conservation. First, we searched
for small RNAs encoded within the alternatively splic-
ed rpl-7a, rpl-10a, and rpl-12 introns. Small nucleolar
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RNAs, for example, are frequently encoded within in-
trons of host ribosomal protein genes (Maxwell and
Fournier 1995), and selection for such expressed se-
quences might, in principle, underlie rpl intron conser-
vation. Using both hybridization and RT-PCR-based
methods, which successfully detected control RNAs,
we repeatedly failed to detect small RNAs emanating
from the alternatively spliced rpl introns. C. elegans
control RNAs included snoRNA Ul5 (accession no.
775112) and the small, noncoding RNA encoded by lin-4
(Lee et al. 1993). We detected in the course of these ex-
periments two previously uncharacterized small RNAs
encoded within rpl-7a intron 2, which is not the alter-
natively spliced rpl-7a intron. rpl-7a intron 2 is 296 nt
long and hybridizes to two small RNAs, a major species
of approximately 250 nucleotides and a minor species of
approximately 150 nucleotides. This intron is not simi-
lar to known small RNAs but does contain a 215-nt re-
gion that is 88% identical in C. briggsae. We have not
investigated the function of these rpl-7a small RNAs,
but our ability to identify them indicates that our meth-
ods of detection were robust. We therefore considered
alternative explanations for sequence conservation of al-
ternatively spliced rpl introns.

We investigated whether rpl alternative splicing is a
mechanism to regulate the abundance of productively
spliced rpI mRNAs. Specifically, we tested whether el-
evating the level of RPL-12 protein expression influences
the balance of productive versus unproductive rpl-12
splicing. Feedback regulation by RPL-12 on rpl-12 splic-
ing would provide an appealing mechanism to regulate
productive rpl-12 mRNA and, hence, protein levels. For
example, free nuclear RPL-12 (unassembled into ribo-
somes) might inhibit productive splicing or activate un-
productive splicing and, thereby, posttranscriptionally
regulate its own expression.

Plasmid TR#429, diagrammed in Figure 5A, is de-
signed to express elevated quantities of RPL-12, whose
amino acid sequence is identical to wild type. Features of
this transgene (designated eft-3::rpl-12) are: (1) RPL-12 is
expressed under control of a promoter cloned from the C.
elegans translation elongation factor 1-a (eft-3) gene.
When fused to GFP, we found that an eft-3 promoter
yielded high levels of expression throughout the soma.
As with many C. elegans transgenes, eft-3:: GFP was ex-
pressed weakly or not at all in the germline (data not
shown). (2) rpl-12 intron 2 has been removed from the
transgene to avoid any potential complications caused
by alternative splicing of the transgene message. (3) The
rpl-12 3" UTR has been replaced with that of unc-54,
which causes transgene mRNA to be larger than endog-
enous rpl-12 mRNA and allows the mRNAs to be dis-
tinguished on Northern blots.

We coinjected smg-1(r861) with eft-3::rpl-12 and
marker plasmids containing one or both of rol-6 (su1006)
(Kramer et al. 1990) and eft-3:: GFP (a GFP gene driven by
the eft-3 promoter), yielding extrachromosomal arrays
rEx125, rEx133, rEx134, and rEx135. We also generated a
control array, rEx132, marked with both rol-6 (su1006)
and eft-3:: GFP but lacking an rpl-12 transgene.
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Figure 5. Alternative splicing of rpl-12
message responds to RPL-12 protein lev-
els. (A) Diagram of rpl-12 transgene (see
text for description of elements). (B)
Northern blots of oligonucleotide-cleaved
total RNA probed with an rpl-12 ¢cDNA
clone (upper panels) and an eft-3 cDNA
clone (lower panels). The oligonucleotide
‘ used for cleavage is complementary to rpl-
12 3'UTR sequences, and thus does not
affect the transgene mRNA. All transgenic
strains (lanes 2-5) are derived from smg-
1(r861) (lane 1). Four independent extra-
chromosomal array transformants are
shown in lanes 2-5. (C) Quantitation of
rpl-12 mRNAs exemplified in panel B. The
quantity of transgene mRNA (black bars)
and total endogenous mRNA (white bars)
were normalized to eft-3 loading controls.
Numerical values were scaled such that
the total endogenous mRNA from the pa-
rental strain (lane 1) averages 1.0. Gray
bars represent the ratio of unproductively
to productively spliced endogenous rpl-12
mRNA. Open circles indicate individual
data points (lanes 2-5), and error bars in-

1 | total endogenous rpi-12
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Northern blots of transgenic and parental strains are
shown in Figure 5B. The steady-state quantity of eft-
3::rpl-12 mRNA in strains carrying rEx125, rEx134, and
rEx135 is comparable to, or somewhat higher than, that
of endogenous, productively spliced rpl-12 mRNA (lanes
3-5). A strain carrying rEx133 (lane 2) expresses lower
amounts of eft-3::rpl-12 mRNA. We assume, but have
not directly demonstrated, that strains expressing el-
evated levels of rpl-12 mRNA (derived from both eft-
3::1pl-12 and endogenous rpl-12) express elevated levels
of RPL-12. We analyzed productive versus unproductive
splicing of endogenous rpl-12 in such strains, using one
(rEx135), two (rEx133 and rEx134), or three (rEx125) in-
dependent RNA samples for analysis (Fig. 5C). All
strains in Figure 5 contain smg-1(r861). Thus, both pro-
ductively and unproductively spliced rpl-12 mRNAs are
expected to have normal stability.

In strains that overexpress RPL-12 (Fig. 5B, lanes 2-5),
alternative splicing of endogenous rpl-12 mRNA is al-
tered such that a greater proportion is spliced unproduc-
tively. In smg-1(r861) (lane 1) and in a control strain
carrying rEx132, which does not contain an rpl-12 trans-
gene (data not shown), ~44% of endogenous rpl-12
mRNA is spliced unproductively (n = 7). In strains car-
rying rEx125, rEx134, or rEx135 (lanes 3-5), ~64% of en-
dogenous rpl-12 mRNA is spliced unproductively (n = 7).

4 5

dicate + standard error (lane 1; 6 indepen-
dent trials).

This represents a shift in splicing of ~20% of rpl-12 pre-
mRNA from the productive to the unproductive mode.
The total quantity of endogenous rpl-12 mRNA is un-
changed in array-containing strains (Fig. 5C, white bars).
Only the ratio of productive and unproductive splicing is
altered (Fig. 5C, gray bars). Strains that express the high-
est levels of eft-3::rpl-12 mRNA (e.g., rEx135, lane 5)
accumulate the highest proportion of unproductively
spliced endogenous rpl-12 mRNA. As the eft-3 promoter
does not yield germline expression of transgenes (see
above), the data in Figure 5 likely underestimate the
magnitude of RPL-12 effects on productive versus unpro-
ductive splicing. We conclude from these experiments
that the level of RPL-12 expression regulates (either di-
rectly or indirectly) productive versus unproductive
splicing of rpl-12 pre-mRNA. As discussed below, such
feedback regulation might fine-tune the quantity of pro-
ductive rpl-12 mRNA and, hence, RPL-12 itself.

Levels of RPL-12 expression do not influence splicing
of rpl-3, rpl-7a, and rpl-10a

The strong conservation of alternatively spliced rpl-3,
rpl-7a, and rpl-10a introns suggests that expression of
these genes will be regulated posttranscriptionally in a
manner similar to that of rpl-12. Such regulation might
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occur by each RPL protein autoregulating its own splic-
ing or, alternatively, all four genes might respond to a
common regulatory signal. We therefore tested whether
alternative splicing of rpl-3, rpl-7a, and rpl-10a is influ-
enced by overexpression of RPL-12. In experiments
analogous to those described above, we analyzed produc-
tive versus unproductive splicing of rpl-3, rpl-7a, and rpl-
10a in strains that overexpress RPL-12. In contrast to our
observations with rpl-12 mRNAs, we detected no signifi-
cant change in the ratios of productively and unproduc-
tively spliced rpl-3, rpl-7a, and rpl-10a mRNAs (Fig. 6).
We conclude that the level of RPL-12 expression does
not regulate productive versus unproductive splicing of
rpl-8, rpl-7a, or rpl-10a.

Discussion

To better understand the role of mRNA surveillance in
wild-type organisms, we have undertaken a screen for
naturally occurring targets of this mRNA decay system.
We used a cDNA-based representational difference
analysis or RDA (Hubank and Schatz 1994) to identify C.
elegans mRNAs whose abundance increases in smg(-)
mutants, reasoning that such mRNAs should include
natural targets of mRNA surveillance. We identified in
such experiments alternatively spliced forms of four ri-
bosomal protein mRNAs (rpl-3, rpl-7a, rpl-10a, and rpl-
12). For each gene, alternative splicing of a key intron
yields two distinct mRNAs. One message, resulting
from productive splicing, encodes the expected full-
length RPL protein. A second message, resulting from
unproductive splicing, is exceptional in that a portion of
the key intron is retained in the mature mRNA. Such
messages contain in-frame stop codons and are conse-
quently degraded by mRNA surveillance. Unproduc-
tively spliced rp]l mRNAs are barely detectable in smg(+)

[ ]smg-1(r861)
smg-1(r861); eft-3::rpl-12

2.0 —

1.0 —

n=6

rpl-7a rpl-10a rpl-12

n=6

unproductive / productive mRNA

rpl-3

Figure 6. Overexpression of RPL-12 does not influence alter-
native splicing of rpl-3, rpl-7a, and rpl-10a. Bars indicate the
ratios of unproductively to productively spliced mRNA for each
rpl gene; error bars indicate = standard error. The ratios of al-
ternatively spliced products were determined for the parental
strain [smg-1(r861); white bars| and for four independent trans-
genic arrays that over-express RPL-12 (rEx125, rEx133, rEx134,
and rEx135 considered as a group; gray bars). The number of
independent trials is indicated within each bar.
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animals, but their abundance often equals or exceeds
that of their productively spliced counterparts in smg(-)
mutants (Fig. 2). We interpret these results to indicate
that wild-type strains express large amounts of produc-
tively and unproductively spliced rpl mRNAs but that
unproductively spliced mRNAs are rapidly degraded by
mRNA surveillance.

We believe for two reasons that smg(-) mutations af-
fect the stability of unproductively spliced rp] mRNAs,
rather than directly affecting rpl splicing. First, the struc-
ture of unproductively spliced rp] mRNAs predicts
strongly that they should be substrates of mRNA sur-
veillance (Hilleren and Parker 1999). Second, the quan-
tity of productively spliced rpl mRNA is unchanged in
smg(-) mutants, whereas the quantity of unproductively
spliced rpl mRNA increases dramatically. Thus, the to-
tal quantity of rp]l mRNA increases as much as threefold
(rpl-3) in smg(-) mutants. If smg mutations directly af-
fected splicing (e.g., by influencing splice site choice),
the ratio of spliced products might be altered in smg(-)
mutants, but the total quantity of rpl mRNA should be
unchanged. Our results, therefore, are most consistent
with interpretations in which smg(-) mutations affect
the stability of, not the formation of, unproductively
spliced rp]l mRNAs.

Messenger RNA surveillance was initially suggested
to be a proofreading system whereby the effects of erro-
neous gene expression are alleviated through the pre-
emptive elimination of aberrant messages (Pulak and
Anderson 1993). Unproductively spliced rpl mRNAs are,
indeed, aberrant, but the conservation of both intron se-
quences and alternative splicing in other nematodes in-
dicates that such mRNAs are unlikely to be mistakes of
an error-prone splicing apparatus. What then is the func-
tion of alternative rpl splicing? One possibility is that
alternatively spliced rp] mRNAs encode truncated RPL
proteins that have an undiscovered role in translation.
This model, however, seems insufficient to explain the
striking conservation of alternatively spliced introns.
The entirety of these introns (not just translated por-
tions) is well conserved. Translation of unproductively
spliced rpl-10a and rpl-7a mRNA terminates one and
five codons, respectively, downstream of the exon/intron
junction. Most of the retained intron sequences are
therefore noncoding, yet they are highly conserved. Even
the excised portions of rpl-3 and rpl-12 introns are well
conserved, although such sequences are not present in
mature mRNA. Taken together, these observations sug-
gest that, even if truncated RPL proteins are functionally
significant, there are likely to be additional evolutionary
constraints on these introns.

We believe a more likely function for alternative splic-
ing of rpl mRNAs is regulation of rpl gene expression.
Our studies indicate that a sensor of RPL-12 expression,
perhaps the level of RPL-12 itself, affects rpl-12 splicing
by either negatively regulating productive splicing or
positively regulating unproductive splicing. Such nega-
tive feedback would provide a mechanism to control the
levels of free RPL-12 (Fig. 7).

How might such autoregulation be accomplished?
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RPL-12 binds rRNA as part of the 60S ribosomal subunit
(Uchiumi and Kominami 1997). Perhaps RPL-12 also
binds its own pre-mRNA in or near intron 2 and, in doing
so, modulates rpl-12 splicing. Ribosomal subunits are
assembled within nuclei, and RPL proteins transported
to the nucleus are, in principle, available to modulate
splicing. Perhaps the quantity of free RPL-12 (unas-
sembled into ribosomal subunits) regulates directly its
own pre-mRNA splicing. Under conditions of RPL-12
excess or deficit, splicing would be directed toward the
unproductive or productive modes, respectively (Fig. 7).
The striking sequence conservation of alternatively
spliced rpl introns may indicate that the alternatively
spliced introns fold into specific structures to be bound
by RPL-12 or other relevant regulatory proteins. Second-
ary structures for the alternatively spliced Caenorhabdi-
tis rpl-12 introns, predicted by m-fold (Mathews et al.
1999), share similarities with the rRNA binding site of
RPL-12. The P. penetrans intron, however, is not pre-
dicted to form a similar structure, and it remains to be
seen whether the predicted Caenorhabditis structures
are of functional relevance.

The quantity of individual ribosomal proteins is
tightly regulated, ensuring an appropriate stoichiometry
for ribosome assembly. In prokaryotes, such regulation
occurs through both transcriptional and translational
mechanisms (for review, see Nomura et al. 1984). In eu-
karyotes, additional control mechanisms have been de-
scribed. For example, two yeast ribosomal proteins,
rpL30 and rpS14B (encoded by RPL30 [RPL32] and
RPS14B [CRY2]), autoregulate their expression by inhib-
iting their own splicing. Such inhibition decreases the
quantity of mature, productive mRNA and increases the
quantity of pre-mRNA (Vilardell and Warner 1994; Li et
al. 1995). Unspliced RPS14B pre-mRNAs are cytoplas-
mic and subjected to mRNA surveillance, as their quan-
tity is elevated in upfI™ mutants (Li et al. 1995). Inter-
estingly, two additional natural targets of yeast mRNA
surveillance are pre-mRNAs of the ribosomal protein
genes RPL28 [CYH?] and RPS17B [RP51B] (He et al.
1993). Perhaps RPL28 and RPS17B are regulated in a
manner similar to RPL30 and RPS14B.

Expression of ribosomal protein genes is regulated
broadly by transcription, but the posttranscriptional
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Figure 7. Model for RPL-12 feedback regu-
lation. Productively spliced mRNA en-
codes for RPL-12. When present in excess,
RPL-12 either positively or negatively regu-
lates splicing of its own pre-mRNA, as
shown. This reduces the level of produc-
tively spliced mRNA and increases the
level of unproductively spliced mRNA.
The unproductively spliced mRNA is sub-
sequently eliminated by mRNA surveil-
lance.

mechanisms described in yeast and nematodes may fine-
tune ribosomal protein gene expression. In yeast, the de-
cision to splice or not to splice certain ribosomal protein
pre-mRNAs is regulated. In C. elegans, the decision to
splice productively or unproductively is regulated. In
both cases, however, unproductive and unneeded rpl
mRNAs are degraded by mRNA surveillance. Surveil-
lance contributes to the process only indirectly and after
the important regulatory decisions have been made.
However, if unproductively spliced mRNAs are merely
by-products of gene regulation, why are they degraded?
Many mRNAs that contain nonsense mutations encode
disruptive polypeptide fragments (Cali and Anderson
1998; Pulak and Anderson 1993). Messenger RNA sur-
veillance lessens the deleterious consequences of such
mRNAs by ensuring their rapid degradation. Were it
not for mRNA surveillance, unproductively spliced rpl
mRNAs would be among the most abundant mRNAs in
a cell. Perhaps some or all of the morphogenetic pheno-
types of smg(-) mutants are caused by the accumulated
effects of translating these and other unproductively
spliced mRNAs.

Messenger RNAs encoding SRp20 and SRp30b, two C.
elegans serine/arginine-rich (SR) proteins, are alterna-
tively spliced (Morrison et al. 1997) in a manner remi-
niscent of rp] mRNAs. For both SRp20 and SRp30b, an
alternatively spliced exon contains an upstream stop
codon, and these mRNAs are selectively destabilized
in a smg-dependent manner (Morrison et al. 1997). As SR
proteins are splicing regulatory factors (Tacke and
Manley 1999), perhaps this is another example of C. el-
egans autoregulation mediated via unproductive splicing
coupled with mRNA surveillance. The murine homolog
of SRp20 is alternatively spliced in a similar manner, and
alternative splicing is, in fact, responsive to SRp20 pro-
tein levels (Jumaa and Nielsen 1997).

How common are unproductively spliced mRNAs like
those described here? The method of representational
difference analysis is naturally biased toward identifying
abundant transcripts. Such bias may have contributed to
our identifying ribosomal protein mRNAs in preference
to less abundant transcripts, like the SR protein mRNAs
mentioned above. Regulatory mechanisms that yield un-
productively spliced mRNAs may be more common

GENES & DEVELOPMENT 2181



Mitrovich and Anderson

than has been appreciated. Identifying such mRNAs may
require the use of organisms deficient for mRNA surveil-
lance, as the unproductively spliced mRNAs will be un-
stable in wild-type backgrounds.

Previous discussions of the in vivo role of mRNA sur-
veillance focused on the elimination of aberrant mRNAs
arising through somatic mutation or errors in gene ex-
pression. The natural targets that we have found, how-
ever, are alternative transcripts that arise not through
errors but through feedback regulation of splicing. Other
natural targets, discussed above (He et al. 1993; Li et al.
1995; Morrison et al. 1997), may reflect similar regula-
tory processes. An important unanswered question is
how significant are the errors of gene expression, as origi-
nally proposed for surveillance, compared to the un-
needed byproducts of regulated mRNA processing? Un-
productively spliced rpl mRNAs appear to be the rem-
nants of posttranscriptional regulation, and we suggest
that an important function of mRNA surveillance is to
rid the cell of such remnant RNAs.

Materials and methods

Nematode strains

C. elegans nematodes were raised at 20°C as described by Lewis
and Fleming (1995). Strains used were N2 (wild type), TR374
[unc-54(r315)], TR1331 [smg-1(r861)], and TR1533 [unc-54(r315)
smg-2(r863)]. Transgenic strains generated were TR2401 [smg-
1(1861); rEx125], TR2402 (smg-1(r861); rEx132], TR2403 [smg-
1(r861); rEx133], TR2404 [smg-1(r861); rEx134], and TR2405
[smg-1(r861); tEx135].

C. briggsae (strain AF16) and C. remanei (strain SB146) DNAs
and mRNAs were gifts from E. Haag, A. Puoti, and D. Rudel
(HHMI/UW, Madison, Wisconsin). Wild isolates of D. coronata
and P. penetrans were gifts from A. MacGuidwin (UW, Madi-
son, Wisconsin).

RNA preparation and cDNA synthesis

C. elegans RNA for RDA and Northern analysis was prepared
from worms grown in liquid culture (Lewis and Fleming 1995).
For RDA, 2.5 volumes sonication buffer (2% SDS, 50 mm Tris,
10 mm EDTA at pH 8.0) and 2.5 volumes phenol/chloroform
(1:1) were added to frozen worm pellets. Immediate sonication
of pellets, RNA extraction, and poly(A) selection were carried
out as described by Klein and Meyer (1993). For Northern analy-
sis, frozen worm pellets were ground by mortar and pestle in
liquid Nitrogen, then RNA was extracted using Trizol, follow-
ing manufacturer’s recommendations, including an optional
centrifugation step to remove insoluble material prior to phase
separation (GIBCO BRL). Poly(A) selection was performed using
the PolyATtract mRNA Isolation System (Promega).
Nematodes for rpl-12 overexpression analysis were grown on
plates as described by Lewis and Fleming (1995). The proportion
of transgenic worms was increased by manually removing
worms that had lost marker expression during population
growth. Worms were washed from plates in M9 buffer (3 g/l
KH,PO,, 6 g/l Na,HPO,, 0.5 g/l NaCl, 1 mm MgSO,) and con-
centrated by centrifugation (5 min at 1000g). Worm pellets and
remaining buffer were diluted in four volumes Trizol, frozen at
-80°C, heated to 65°C for 90 sec, vortexed briefly, then incu-
bated at room temperature for 15 min. Insoluble material was
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removed by centrifugation (5 min at 15,800g, 4°C), and RNA
was extracted from aqueous phase following manufacturer’s
recommendations (GIBCO BRL).

RNAs from D. coronata and P. penetrans were also isolated
from plate-grown worms using Trizol reagent. P. penetrans
nematodes required sonication in Trizol before RNA isolation.

First-strand cDNA was prepared from total RNA (D. coronata
and P. penetrans) or poly(A)* RNA (C. briggsae, C. elegans, and
C. remanei) using (dN), or (dT);, oligonucleotides and the
Ready-To-Go You-Prime First-Strand ¢cDNA synthesis kit ac-
cording to manufacturer’s recommendations (Pharmacia). Sec-
ond-strand ¢cDNA was synthesized as described by Gubler
(1987).

Representational difference analysis

Representational difference analysis (RDA) was performed by
subtracting unc-54(r315) driver cDNAs against unc-54(r315)
smg-2(r863) tester cDNAs, essentially as described for DNA
analysis by Lisitsyn and Wigler (1995), and modified for cDNA
analysis, essentially as described by Hubank and Schatz (1994).
Tester:driver ratios used were 1:40, 1:400, and 1:8000 for first,
second, and third round subtractions, respectively.

The rpl-12 alternative transcript was identified from second-
round products using Dpnll-digested representations and the Bgl
primers (at stock concentrations of 62 pmole/ul) described by
Lisitsyn and Wigler (1995). The rpl-3 and rpl-7a alternative tran-
scripts were identified from second-round products and the rpl-
10a alternative transcript from third round products, using
Taq*T-digested representations. For these latter representa-
tions, primer pair set one was replaced with 5'-GCACTCTC-
CAGCCTCTCACCGCAT-3" and 5-CGATGCGGTGA-3’, set
two with 5'-CCGACGTGCACTATCCATGAACAT-3’ and 5'-
CGATGTTCATG-3’, and set three with 5'-GGCAACTGTGC-
TATCCGAGGGAAT-3' and 5'-CGATTCCCTCG-3'.

Northern analysis

RNAs were separated for Northern analysis on 1.4% agarose/
6.6% formaldehyde gels and transferred to Zeta-Probe nylon
membranes (Bio-Rad) as described by Rosen and Villa-Komaroff
(1990). Oligonucleotide-cleaved RNAs were separated on 4.5%
polyacrylamide/8M urea gels and transferred to GeneScreen Plus
nylon membranes (NEN) as described by Rasmussen and Cul-
bertson (1996).

Radiolabeled DNA probes were generated by amplifying
plasmid sequences for 25 cycles under standard PCR conditions,
but using 5 um each dCTP, dGTP, and dTTP, and 0.2 um
[a-32P]dATP (6,000 Ci/mmole). Probes were hybridized to
Northern blots as described by Church and Gilbert (1984). Sig-
nals were detected using a STORM 860 Phosphorlmager and
quantified using ImageQuant software v5.0 (Molecular Dynam-
ics).

RNA cleavage

RNAs were cleaved using a modification of the procedure de-
scribed by Shibahara et al. (1987). The amount of total RNA to
be analyzed by Northern (2.5-5 pg) was added to a 9-ul reaction
containing 1.1x RNase H buffer (USB) and 10 pmole oligo-
nucleotide specific to the RNA to be cleaved (see below). The
reaction was incubated at 65°C for 2 min, then slow-cooled over
1 hr to 30°C. 0.1 units Ribonuclease H (USB) in a 1ul volume
was added, and the reaction was incubated at 30°C for 30 min.
The reaction was stopped by adding an equal volume of form-
amide loading buffer (Sambrook et al. 1989).



Oligonucleotides used for cleavage were: 5'-GCCACTTCT-
TGGCGTACTTG-3' for rpl-3, 5'-CGGCACGAGCACGGAG-
AC-3’ for rpl-7a, 5'-CTTCAAGTCATCGGCGCTC-3' for rpl-
10a, and 5'-GGAACAACAAAAACAAGTGACAG-3' for rpl-12.

DNA cloning

Sequence identity within rpl coding sequences was high enough
among the Caenorhabditis species to allow PCR cloning of C.
briggsae and C. remanei rpl DNA sequences using oligonucleo-
tides designed for C. elegans. Alternative cDNAs from the C.
briggsae and C. remanei rpl genes were PCR amplified using
coding sequence oligonucleotides flanking the alternatively
spliced introns.

rpl-12 DNA from D. coronata and P. penetrans was amplified
using nested degenerate oligonucleotides. The initial primer
pair was 5'-CATGCCNCCNAARTTYGAYCC-3' and 5’-GCC-
NGGDATYTCDATYTCNCC-3'; the nested primer pair was
5'-CGGNGANGAYATHGCNAARGC-3' and 5'-CTCDATD-
ATRTCRTGNGGRTG-3'. To amplify putative alternative
¢DNA products, forward primers were designed with sequences
early in the relevant introns and reverse primers were designed
with downstream coding sequences.

Plasmids TR#428 and TR#429 were constructed for expres-
sion of GFP and rpl-12, respectively, in transformed nematodes.
Both plasmids contain a pBluescript II KS(+) backbone (Strata-
gene) and approximately 600 nucleotides of eft-3 upstream se-
quence to drive transgene expression. TR#428 contains the GFP
coding sequence, including artificial introns, and the unc-54
3'UTR and CPS cloned from plasmid pPD93.48 (A. Fire, S. Xu,
J. Ahnn, and G. Seydoux, pers. comm.). TR#429 contains an
rpl-12 DNA/cDNA fusion generated by replacing an internal
DNA fragment spanning the second intron with the comparable
cDNA fragment from productively spliced mRNA. TR#429 also
contains the unc-54 3'UTR and CPS.

Nematode transformation

Nematodes were transformed by microinjection using standard
procedures (Mello and Fire 1995). Pvull-digested N2 DNA (100
ng/ul) was used as carrier to increase complexity of resulting
extra-chromosomal arrays (S. Xu, W. Kelly, and A. Fire, un-
publ.). All injection mixes also contained Smal-digested plas-
mid pRF4 (Kramer et al. 1990) at 4 ng/ul (rEx132) or 2 ng/ul (all
other arrays: not expressed from rEx134). To generate arrays
rEx132, rEx133, rEx134, and rEx135, Scal-digested plasmid
TR#428 (GFP) was included at 4 ng/ul, and for arrays rEx125,
rEx133, rEx134, and rEx135, Smal-digested plasmid TR#429
(rpl-12) was included at 1 ng/ul.

Sequence analysis

Caenorhabditis and Pratylenchus rpl intron sequences were
aligned using the CLUSTAL V algorithm (Higgins and Sharp
1989), then adjusted manually.

For the general survey of C. elegans and C. briggsae sequence
conservation, we analyzed C. briggsae fosmids for which
synteny with C. elegans had been established (see http://
genome.wustl.edu). Corresponding coding and intron sequences
from the two species were identified using the web-based In-
tronerator (Kent and Zahler 2000). Sequence conservation for
individual introns and exons was established by performing
simple optimal global alignments (Myers and Miller 1988) using
the Web-based ALIGN program from the Institut de Génétique
Humaine (see http://www2.igh.cnrs.fr).

Accession numbers for C. elegans sequences: rpl-3 (Z66495

mRNA surveillance and ribosome biogenesis

and Z49936, gene F13B10.2), rpl-7a (AC006729, coordinates
12440-13828), zpl-10a (AC024851, coordinates 15471-16342),
and rpl-12 (Z82274, gene JC8.3). C. briggsae sequences: rpl-3
(AF247847), rpl-7a (AF247849), 1pl-10a (AF247848), and rpl-12
(AF246691). C. remanei sequences: rpl-3 (AF247852), rpl-7a
(AF247853), rpl-10a (AF247854], and rpl-12 (AF247851). P. pen-
etrans sequence: rpl-12 (AF247850). The nomenclature for rpl-
7a and rpl-10a follows the convention for ribosomal proteins in
higher eukaryotes and refers to genes that are not homologous
with rpl-7 and rpl-10 (encoded in C. elegans by F53G12.10 and
F10B5.1, respectively).
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