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ABSTRACT

We have previously described an example of extensively A-to-G edited cDNA derived from adult heads of the fruitfly Drosophila
melanogaster. In that study, the source of the predicted antisense RNA pairing strand for template recognition by dADAR editase
was not identified, and the biological significance of the observed hyperediting was not known. Here, we address each of these
questions. 4f-rnp and sas-10 are closely adjacent X-linked genes located on opposite DNA strands that produce convergent
transcripts. We show that developmentally regulated antisense sas-70 readthrough mRNA arises by activation of an upstream
promoter P2 during the late embryo stage of fly development. The sas-70 readthrough transcripts pair with 4f-rnp mRNA to form
double-stranded molecules, as indicated by A-to-G editing observed in both RNA strands. It would be predicted that perfect
RNA duplexes would be targeted for modification/degradation by enzyme pathways that recognize double-stranded RNAs,
leading to decline in 4f-rnp mRNA levels, and this is what we observe. The observation using quantitative RT-PCR that sas-10
readthrough and 4f-rnp transcript levels are inversely related suggests a role for the antisense RNA in posttranscriptional
regulation of 4f-rnp gene expression during development. Potential molecular mechanisms that could lead to this result are
discussed, one of which is targeted transcript degradation via the RNAi pathway. Insofar as the dADAR editase and RNAi
pathways are known to be constitutive in this system, it is likely that control of antisense RNA transcription is the rate-limiting
factor. The results provide insight into roles of naturally occurring antisense RNAs in regulation of eukaryotic gene expression.
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INTRODUCTION the targeted sites are visualized during DNA sequencing as
“A-to-G” conversions, which is how we will refer to these
nucleotide changes here. We have previously described an
example of extensively A-to-G edited 4f-rnp cDNA derived
from adult heads of the fruitfly Drosophila melanogaster
(Petschek et al. 1996, 1997). In that study, the source of the
predicted antisense RNA pairing strand for template recog-
nition by dADAR was not identified, and the biological
significance behind the observed hyperediting was not ex-
plored. In this report, we describe results that address each
of these questions.

Two classes of ADAR-targeted substrates have been rec-
ognized: specific and promiscuous. The first example of
specific class A-to-G editing was described in pre-mRNA
transcripts encoding glutamate-gated ion channel proteins
Reprint requests to: Jack C. Vaughn, Department of Zoology, Miami in the mammalian central nervous system (Sommer et al.

RNA editing by double-stranded RNA-binding enzymes in
the ADAR (adenosine deaminases that act on RNA) family
constitutes an interesting and important example of post-
transcriptional modification that occurs throughout multi-
cellular animals, and has recently been reviewed (Emeson
and Singh 2001; Hough and Bass 2001). The reaction in-
volves deamination of targeted adenosine to inosine, which
pairs with cytidine during first-strand cDNA synthesis in a
reverse transcription reaction. In the subsequent PCR step
during a typical reverse transcription-polymerase chain re-
action (RT-PCR), cytidine pairs with guanosine, and thus
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specificity of this edit class appears to depend on a particu-
lar combination of local bulges and loops owing to mis-
matches in the duplex RNA substrate, in addition to the
nucleotide sequence itself (Aruscavage and Bass 2000). The
duplex RNA substrate for ADAR in the case of R/G (argi-
nine codon conversion to glycine codon) editing of gluR-B,
-C, and -D pre-mRNAs arises by pairing between introns
and exons, a requirement that has been shown to result in
a remarkable degree of nucleotide sequence conservation
within intron 13 of gluR-C in a comparison of human and
chicken (Aruscavage and Bass 2000). In Drosophila, specific
class A-to-G RNA editing was first reported in nervous
system calcium channel a1l cDNAs (Smith et al. 1996), and
this editing class has been well characterized in the example
of the para gene, which encodes a brain Na'-ion channel
protein (Palladino et al. 2000a,b; Reenan et al. 2000). Here,
comparison between D. melanogaster and Drosophila virilis
species, which diverged about 60 million years ago (Beverley
and Wilson 1984), revealed pairing between complemen-
tary regions of an evolutionarily conserved intron and exon
in combination with a characteristic pattern of loops and
bulges to create the site-specific structure (Hanrahan et al.
2000). The extent of sequence conservation observed in the
cited study is another clear example wherein pairing poten-
tial for subsequent ADAR recognition is maintained by se-
lective pressure.

The promiscuous class of A-to-G RNA editing, which has
also been termed hypermutation, was first detected as an
unwinding/modifying activity when duplex RNAs were mi-
croinjected into Xenopus oocytes (Bass and Weintraub
1987, 1988; Wagner et al. 1989), and typically results in
cDNAs containing from 10%-50% deaminated As (re-
viewed in Bass 1997). The first example of hypermutation to
be described in an animal RNA was seen in oocyte cDNA
clones of the bFGF transcript in Xenopus (Kimelman and
Kirschner 1989), later shown to occur in only a small frac-
tion of the transcripts (Saccomanno and Bass 1999). Here,
the bFGF gene overlaps a gene located on the opposite DNA
strand, and the two converging transcripts form a long RNA
duplex, which serves as an excellent ADAR substrate. Sev-
eral examples of hyperediting have been reported in the
3’-UTR of Caenorhabditis elegans (Morse and Bass 1999)
and human brain mRNAs (Morse et al. 2002), where long
hairpin structures serve as ADAR substrates. Recently, it has
been shown that nuclear hyperediting antagonizes duplex
RNA degradation via the cytoplasmic RNAi pathway (Scad-
den and Smith 2001). Hyperedited RNAs are retained in the
nucleus in a Xenopus oocyte model system owing to binding
by the protein p54™™ (Zhang and Carmichael 2001). The
biological significance of the hypermutation examples thus
far discovered has remained largely a matter of speculation,
often invoking some function in control of gene expression.

Here, we report discovery of developmentally regulated
readthrough transcripts arising from a Drosophila gene
identified as sas-10, residing on the DNA strand opposite

that of 4f-rnp. Transcripts from these two genes are con-
vergent, but do not overlap in all developmental stages.
Overlapping transcripts are shown to form double-stranded
RNAs, which are detected as early as the late embryo stage
of development, as evidenced by identification of edited
cDNA clones interpreted as having arisen due to dADAR-
catalyzed A-to-G conversions in both the 4f-rnp and sas-10
readthrough pre-mRNA strands. The observation that sas-
10 readthrough and 4f-rnp transcript levels are inversely
related, as in the bFGF example, suggests a role for antisense
RNA in posttranscriptional regulation of 4f-rnp gene ex-
pression during development. Potential molecular mecha-
nisms that could lead to this result are discussed.

RESULTS

The Drosophila CG4202 gene is a sas-10 homolog

The recently completed Drosophila genome project (re-
viewed in Celniker 2000) shows that the nearest neighbor to
the 4f-rnp gene is CG4202, and that the two genes which are
separated by an intergenic spacer of only 95-bp utilize op-
posite DNA strands for synthesis of their converging tran-
scripts. We attempted to identify CG4202 by looking for
potential homologs in other species using a BLAST search,
and discovered that this gene is a homolog to yeast and
mammalian sas-10 “something-about-silencing” (Kamaka-
ka and Rine 1998), as shown in Figure 1. In common with
its yeast homolog, fly sas-10 is predicted to code for a nuclear
protein that contains extensive poorly conserved tracts rich
in both acidic and basic amino acid residues, and a highly
conserved C-terminal basic domain that includes a classical
bipartite nuclear localization signal. A conceptual transla-
tion predicts that the encoded protein contains 428 amino
acids, of which about 40% are charged.

Quantitative RT-PCR of 4f-rnp and sas-10 gene
transcript levels during development

We previously hypothesized (Petschek et al. 1997) that ex-
tensive 4f-rnp mRNA editing, which extended throughout
the transcript, may have involved transcription of a long
(>5 kb) antisense pairing strand. Such a molecule could
conceivably have arisen via sas-10 transcriptional read-
through. To test this hypothesis, a series of nested primer
sets was utilized to detect and quantify sas-10 transcripts of
differing length throughout development. Each successive
primer set employed (Fig. 2) reached further downstream
from one located within the 3"-end of the sas-10 gene cod-
ing region (sas-LFT), the longest span extending for 251 nt
into the complement of the 4f-rnp coding region. One
primer set specific for 4f-rnp transcripts was also utilized
(Dros E-2/PX-2), in addition to a control primer set specific
for rp49 transcripts. It was found (Fig. 2A) that every sas-10
primer set utilized detected transcripts, which were charac-
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FIGURE 1. Identification of the fly CG4202 gene as a sas-10 homolog. A BLAST search of the GenBank/EMBL database showed best fit to the
yeast and mammalian sas-10 “something-about-silencing” gene. Amino acid sequence alignment shows Drosophila (D.M.) compared to human
(H.S.). Shared amino acid identities and conservative changes (+) are shown in center. Putative bipartite nuclear localization signal (NLS) is

bracketed. About 40% of the fly amino acid residues are charged.

terized by DNA sequencing. The sas-LFT/sas-3 primer set
transcripts are complementary to the 4f-rnp 3'-UTR for 182
nt, and the sas-LFT/sas-4 set could pair with 4f-rnp mRNA
for 467 nt (Fig. 3). These results show that long readthrough
transcripts partially complementary to 4f-rmp mRNA are
indeed produced, but do not reveal whether or not these
molecules extend to the full length of 4f-rnp. It is possible
that the sas-LFT/sas-3 and sas-LFT/sas-4 primer sets are
detecting a long ~6000 nt sas-10 readthrough transcript
previously observed as a faint band in Northern gels, fol-
lowing hybridization with a strand-specific riboprobe
(Hunt-Smith 1999). It is apparent that 4f-rnp and sas-10
expressions are developmentally regulated.

The results to this point are qualitative, but were quan-
tified by comparing SYBR Green I-stained cDNA band in-
tensities to the constitutively expressed rp49 reference gene
transcripts, previously shown to be present at comparable
levels throughout Drosophila development (O’Connell and
Rosbash 1984). 4f-rnp transcripts are detected at moderate
levels during embryonic stages of development, but then
decline in late stage embryos (15-21 h), to plateau at di-
minished levels until adulthood (Fig. 2C). This gene has
previously been shown to be constitutively expressed
throughout development, as also reported here, but the ear-
lier study (Hess et al. 1996) did not attempt to quantify
mRNA levels. Recently, an extensive analysis measuring
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transcript levels of 4028 wild-type Drosophila genes using
DNA microarrays (Arbeitman et al. 2002) revealed a similar
4f-rnp developmental expression profile to the one shown
here (accessible at: http://flygenome.yale.edu/Lifecycle).

Quantification of sas-10 mRNA levels using primer set
sas-LFT/sas-1 (Fig. 2B) would not distinguish between con-
ventional length transcripts terminating at the trailer, such
as polyadenylated cDNA clone 4R1#6 (Hunt-Smith 1999)
and long readthrough transcripts, but would detect both
together. This primer set produced an intensely staining
c¢DNA band, which showed a profile similar to that of 4f-
rnp, reflecting presence of sas-10 transcripts at relatively
high levels during embryonic stages of development, but
then declining in late-stage embryos to plateau at dimin-
ished levels until adulthood.

Utilization of primer sets sas-LFT/sas-2 through sas-LFT/
sas-4 enabled detection and quantification of sas-10
readthroughs to the exclusion of conventional length tran-
scripts. The two primer sets designated sas-LFT/sas-3 and
sas-LFT/sas-4 produced relatively faintly staining cDNA
bands (compare intensity scales; Fig. 2B,D) indicative of
their lower frequency compared to the conventional length
transcripts. The mRNA profile across development as ex-
emplified by primer set sas-LFT/sas-3 (Fig. 2D) is clearly
different from that seen for conventional length sas-10
mRNAs, with few transcripts detectable during early em-
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FIGURE 2. Quantitative RT-PCR of 4f-rnp and sas-10 transcript levels during development. Orientation diagram shows locations of genes and
polarities of their corresponding transcripts. Locations of nested primer sets numbered 1-4 used for PCR are at each end of the arrows. Gene leader
(L), trailer (T), and intergenic spacer (S) locations are shown. (A) Representative gels after SYBR Green I staining of cDNA bands. (B) Shorter
length sas-10 transcript levels during development, relative to rp49 reference. Numbers of repeat determinations per developmental stage are
shown in brackets and standard error bars are indicated. (C) 4f-rnp transcript levels during development, relative to rp49 reference. Labeling is
as in (B). (D) Long sas-10 readthrough transcript levels during development, relative to rp49 reference. Labeling is as in (B). Note the roughly
200-fold difference in sas-10 signal intensities between (B) and (D) and also that levels of 4f-rnp and sas-10 readthrough transcripts (C) and (D)

are inversely related at late embryo stages of development (15-21 h).

bryo stages followed by a peak at second instar in the
former.

The Drosophila sas-10 gene utilizes dual promoters

Dual promoters are fairly common for developmentally
regulated Drosophila genes, and our discovery (above) of
two sas-10 transcript classes (conventional length and long
readthrough), the latter first appearing while the former is
at its peak, led us to hypothesize that these two transcript
classes might utilize different promoters. During screening
of a 0—4 h Drosophila embryo cDNA library for the longest
sas-10 gene transcripts (J. Petschek, unpubl.), the 1389 nt
polyadenylated cDNA clone designated 4R1#6 was isolated
and sequenced (Hunt-Smith 1999). Subsequently, our

search of the Drosophila EST database revealed a somewhat
longer polyadenylated adult head ¢cDNA clone designated
GHO08670, having the same 5'-terminus as 4R1#6 but a
longer 3'-UTR, which analysis showed is complementary to
the final 149 nt of the 4f-rnp 3'-UTR. These two transcripts
differ in length by 242 nt, as shown by direct sequencing,
and it is not known if they occur in identical cells. Both
transcripts contain a potential poly(A) signal (Fig. 3). The
similarity in position of their 5'-termini suggested that these
two transcripts could have arisen from the same promoter,
which we have designated P1. Transcripts corresponding to
c¢DNA clone GH08670 would not have been detected by
primer sets sas-LFT/sas-3 or sas-LFT/sas-4, because these
downstream primers fall outside the sequence of GH08670
(Fig. 3). In preliminary Northern blot experiments utilizing
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poly(A*) RNAs isolated from different developmental
stages, sas-10 transcripts thought to represent short conven-
tional mRNAs on the basis of their estimated size were
detected in 0—4 h embryos but then diminish to very low
levels as they are replaced by transcripts corresponding to
GHO08670 (N.T. Peters and J.C. Vaughn, unpubl.), reap-
pearing in adult body RNAs (Hunt-Smith 1999).

To test the hypothesis that conventional length and long
readthrough transcripts may originate from different pro-
moters, we designed two different primer sets. One set (Alt-
LS/Alt-R) amplified a 343-bp fragment beginning just in-
side the 5'-terminus of the sas-10 cDNA clones 4R1#6 and
GHO08670, visualized as an intensely staining band after RT-
PCR using RNAs from early developmental stages (Fig. 4A).
In the other set (Alt-LL/Alt-R), the forward primer was
located 170 nt upstream of these two ¢cDNA 5’-termini.
Amplifications using this primer set produced faintly stain-
ing bands using late-embryo RNAs after RT-PCR (Fig. 4B),
interpreted to demonstrate existence of an alternative pro-
moter P2, transcribing a less abundant sas-10 transcript
class. Identities of amplified fragments were verified by se-
quencing. It is our view that the relatively faintly staining
RT-PCR bands observed (Fig. 2D) for the long sas-10
readthrough transcripts correspond to the faintly staining
band (Fig. 4B), which originates from promoter P2 (Fig. 3).
Decline in promoter P1 utilization would then be correlated

Mtu

with onset of promoter P2 activation, which could explain
how a single-copy sas-10 gene could produce different tran-
script classes (conventional length and long readthrough)
during development.

RNA editing within double-stranded 4f-rnp and
readthrough sas-10 transcripts

We previously described a single hyperedited adult head
4f-rnp transcript, designated cDNA clone H8.3, which con-
tained 263 A-to-G edits distributed randomly throughout
both coding and noncoding regions (Petschek et al. 1997).
Given the requirement of the dADAR editase for double-
stranded RNA templates, it was proposed that a separately
transcribed pairing strand of unknown origin could exist.
We have now shown that long sas-10 readthroughs extend-
ing at least as far as the complement of the 3’-terminal 467
nt in 4f-rnp transcripts (Figs. 2, 3) begin to appear in late
embryo stages. We tested the hypothesis that 4f-rnp and
long sas-10 readthrough transcripts exist in the same tissues,
a condition expected to result in double-stranded RNA
which would be a potential target for modification via
dADAR editase, by screening for A-to-G edits in 4f-rnp
transcripts during development. The plethora of edited sites
previously observed in adult head ¢cDNA clone H8.3
(Petschek et al. 1997) made it appear likely that a screen for

frequency of editing across development

could most easily be carried out using a
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restriction enzyme approach upon iso-
lated ¢cDNAs, as has been utilized suc-
cessfully by others (Saccomanno and
Bass 1999; Hanrahan et al. 2000). How-
ever, this was not the result we obtained
(Rohrbach 2001). With one exception,
not a single cDNA clone from among
the 168 examined from a variety of fly
developmental stages, including 83 from
adult heads, showed a clear evidence of
abundant sequence changes attributable
to RNA editing.

It is possible that these disappointing
results reflect a lower-than-expected fre-

sl

I

4f-rnp & : ? L
|

quency of RNA editing per molecule,
which would be difficult to detect using

«

cDNA Clone LD32008

FIGURE 3. Diagrammatic alignment of compiled genomic sequence organization and sas-10
transcription unit characteristics. Orientation diagrams at top and bottom show relative loca-
tions of genes sas-10 and 4f-rnp, separated by 95-bp intergenic spacer (S), with their corre-
sponding leader (L) and conventional trailer (T) tracts. Within poly(A) cDNA clones 4R1#6
(Hunt-Smith 1999) and GH08670 (Drosophila EST database), which both initiate transcription
at promoter P1, locations of 5'-termini relative to start codon AUG, putative poly(A) signals
(AAUAAA; AAUAUA) relative to 3'-termini, and transcript lengths relative to the start codon
(+1) are indicated. Sas-10 transcripts determined by RT-PCR as arising from promoter P2 are
labeled with the PCR primers utilized. Their numbering scheme is as for the cDNA clones, and
the extent of their final length in vivo is unknown. cDNA clone GH08670 and the shorter
RT-PCR transcript depicted overlap with the 4f-rnp trailer to varying extents, while the longer
RT-PCR transcript depicted also overlaps the final 251 nt of the 4f-rnp coding region.
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the restriction enzyme approach. This
prompted us to explore a direct se-
quencing assay for RNA editing. The
pooled results (Fig. 5A) show that A-
to-G editing occurs at random positions
throughout the 4f-rnp 3'-UTR test se-
quence in many cDNA clones, whereas
numerous other clones showing T-to-C
conversions are detected. In no case did
we observe both classes of conversion in
the same clone.
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FIGURE 4. The Drosophila sas-10 gene utilizes dual promoters. Ori-
entation diagram shows locations of gene-specific nested primer sets
(brackets) utilized for RT-PCR. In primer set #1 (primers Alt-LS/Alt-
R), upstream primer is located just inside 5’-end of cDNA clone
4R1#6, which produces transcripts that terminate at the trailer (T). In
primer set #2 (primers Alt-LL/Alt-R), upstream primer is located 170
nt further upstream. (A) Following RT-PCR, gel electrophoresis of
products, and cDNA band staining with SYBR Green I, primer set #1
gave intensely staining bands relative to rp49 (Fig. 2A) when using
early developmental stage RNA templates including 6-12 h (1a) and
12-18 h (1b). These bands derive from promoter P1, previously
known. (B) In contrast, primer set #2 gave a faintly staining band
(composition verified by sequencing) relative to rp49 when using later
developmental stage RNA templates including 15-21 h embryo (2,
short arrow). The faint band is interpreted to derive from a second,
distal promoter P2. Densely staining, rapidly migrating bands are due
to primer dimers. Sizing standard (S) used during agarose gel electro-
phoresis was plasmid pBR322 DNA cut with Alul.

The frequency of RNA editing detected (Fig. 5B) is 7.8%
of the 51 transcripts assayed in late embryo cDNAs, but this
rises to 24.4% in adult heads (45 cDNA clones) and 16.7%
in adult bodies (48 cDNA clones). Pooling the results for
editing in adults, 20.4% of the 93 cDNA clones sequenced
are edited, a 2.6-fold increase during development. These
results are comparable to those reported by Hanrahan et al.
(2000) in an assay for A-to-G editing at the Fsp site in the
fly para gene transcript, which encodes a brain Na* ion
channel protein, interpreted as consequences of the very
high dADAR levels observed in adult flies (Palladino et al.
2000Db). In para mRNAs, about 15% of the transcripts were
edited in late embryo, in contrast to about 68% in adults, a
4.5-fold increase. It is likely that greater numbers of edited
transcripts would have been detected in our study than
reported here, had we targeted more than the 162 nt of
4f-rnp 3'-UTR located between the PCR primers employed.

We suggest that the observed T-to-C conversions arise
from A-to-G edits in the bottom strand sas-10 readthrough
transcripts of a double-stranded RNA/RNA duplex. After
second-strand c¢cDNA synthesis during PCR, these sites
would then be visualized as top-strand T-to-C conversions.
This interpretation was originally suggested in another sys-
tem during study of a human measles patient, when 50% of
the uridines appeared as cytidines in ¢cDNAs synthesized
from viral matrix mRNA (Cattaneo et al. 1988). Subse-
quently, it was suggested that these hypermutations had
arisen as A-to-I conversions in the paired RNA genome
(Bass et al. 1989). Our results are interpreted to show that
4f-rnp and sas-10 readthrough transcripts coexist in the
same tissues and form double-stranded molecules in some
cells, which are then targeted for editing by the dADAR
editase. Existence of A-to-G editing represents an assay for
double-stranded RNAs in cells, and avoids the potential for
artifactual RNA duplex formation inherent in other more
direct experimental approaches, such as RNase protection
assay.

Assays for Taq polymerase fidelity determination

The RT-PCR method we have employed for detection of
RNA editing utilizes Taq DNA polymerase, considered a
low-fidelity polymerase because it lacks 3" — 5’ exonuclease
(proofreading) activity (reviewed in Gelfand and White
1990). We therefore addressed the possibility that a fraction
of the apparent edits observed in our study was due to
errors by Taq polymerase. At one extreme, Saiki et al.
(1988) reported 17 errors among 6692 nt sequenced, for a
calculated 1.7 x 10~ errors per base per PCR cycle. Utiliz-
ing different systems, comparable error rates were reported
in studies by Tindall and Kunkel (1988) and Keohavong
and Thilly (1989). Strikingly, errors observed were all at-
tributed to A-to-G changes in the latter study. In each of
these cited studies, nonoptimal PCR reaction conditions
utilizing relatively high concentrations of each dNTP and
also MgCl, were employed, conditions subsequently shown
to promote Taq polymerase infidelity (Gelfand and White
1990). In contrast, others have reported substantially lower
error rates when using 1.5 mM MgCl, and lower dNTP
concentrations during PCR, as in our study. For example,
Goodenow et al. (1989) observed no errors among 5400
nucleotides sequenced from 34 clones (81,000 total nucleo-
tides), for a calculated error rate of <1.2 x 10~°. Fucharoen
et al. (1989) detected no errors during sequencing of clones
totaling 14,990 nucleotides, for a calculated error rate of
<6.6 X 107>,

To control for possible errors due to Taq infidelity, we
performed the following two analyses (data not shown).
First, utilizing the same Taq batch number as for our edit-
ing sequencings, we sequenced each of two different ge-
nomic clones, twice, for a 1840-nt DNA tract spanning the
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FIGURE 5. RNA editing in 4f-rnp trailer region and its sas-10
readthrough complement. (A) Compilation of edit site locations
(heavy dots). The 23 edits observed are randomly distributed over 12
different sites. (B) Percent edited transcripts from different develop-
mental stages and different locations in the adult fly. Numbers of
clones sequenced are indicated for each.

4f-rnp and sas-10 genes obtained from our lab stock of D.
melanogaster strain Oregon R. We then sequenced two cor-
responding genomic clones, twice, for this DNA tract ob-
tained from a population of this species living near Oxford,
OH. All molecules were completely sequenced on both
strands, and enzyme errors were attributed to base changes
detected at a site in one clone of a population but not in the
other clone, relative to the published Celera fly genome
sequence (Celniker 2000). Aside from two changes due to
polymorphisms (identical changes at the same site in both
clones of the Oxford, OH population), we detected a total
of only one change among the 7360 nucleotides sequenced,
which could have arisen from Taq error, for a calculated
error rate of <1.0 X 107>, comparable to the cited results
obtained by others using similar reaction conditions. Fi-
nally, we prepared and sequenced 50 randomly picked ge-
nomic DNA clones following PCR of the identical tract
utilized in our editing sequencings, using a different enzyme
batch number. Within the 8100 nt sequenced, we detected
one change attributed to Taq error, an error rate slightly
lower than that observed in our first analysis.

In contrast to the relatively low Taq error rates deter-
mined in the two control experiments, the numbers of base
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changes observed during our editing sequencings were
higher by about fourfold (late embryo) to 11-fold (adult
heads). We conclude that base changes attributed to RNA
editing in our study are not due to errors by the Taq poly-
merase procedure utilized. As previously mentioned, the
increase in frequency of base changes attributed to editing
during development in our study parallels that reported by
others (Hanrahan et al. 2000), lending support to our con-
clusion.

DISCUSSION

Important roles for naturally occurring antisense RNAs in
regulatory processes involving transcription and DNA rep-
lication among prokaryotes are well established (reviewed
in Inouye 1988). In both prokaryotes and eukaryotes,
“sense” mRNA three-base codons pair with three-base “an-
tisense” anticodons in tRNAs to direct amino acids into
proper sequence during the translation process on ribo-
somes. Among eukaryotes, the role of antisense RNAs dur-
ing spliceosomal excision of introns has been extensively
studied (reviewed in Adams et al. 1996). Eukaryotic cells
contain a large and complex population of small RNAs that
are primarily found associated with the nucleolus, referred
to as snoRNAs. These RNAs are complementary to specific
sites on pre-rRNAs, where their associations guide specific
2'-O-methylation and pseudouridine modifications in
rRNAs (reviewed in Filipowicz and Pogacic 2002).
Naturally occurring antisense RNAs in eukaryotes, and
their potential role in posttranscriptional regulation of gene
expression, have been reviewed (Dolnick 1997; Knee and
Murphy 1997; Eddy 1999; Brantl 2002). In C. elegans, the 22
nt-long Lin-4 antisense RNA has been shown to regulate
developmental timing of larval molts by binding to the
3'-UTRs of target mRNAs encoded by the lin-14 and lin-28
genes (Lee et al. 1993; Moss et al. 1997). The mammalian
Xist RNA, which coats and is required for inactivation of the
X-chromosome (reviewed in Panning and Jaenisch 1998)
may be regulated by the antisense RNA transcript Tsix (Lee
et al. 1999). The studies most relevant to ours are those in
which 3’-UTRs are required for the regulation of mRNA
stability (reviewed in Lipman 1997). A well-characterized
example is seen in the vertebrate basic fibroblast growth
factor-2 (bFGF) RNAs. Here, exon III and the 3'-UTR of
bFGF transcripts overlap and pair with the 3’ end, including
exons IIT and IV, of a converging antisense mRNA termed
bFGEF-AS, coded on the opposite DNA strand and originally
described in Xenopus oocytes (Kimelman and Kirschner
1989). It has been shown that bFGF-AS encodes a 217
amino acid protein in Xenopus (Volk et al. 1989) and a
larger protein in rat (Li et al. 1996). In Xenopus unfertilized
oocytes, the antisense transcript is present in 20-fold excess
over the sense transcript, and the two mRNAs pair over
about 900 nt in the cytoplasm, where they are largely pro-
tected from modification by ADAR reaching the cytoplasm
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after germinal vesicle breakdown due to the presence of a
cytosolic protein factor, cyto-dsRBP (Saccomanno and Bass
1999). During oocyte maturation, a small fraction of bFGF
mRNAs undergo extensive A-to-G RNA editing as detected
in a restriction enzyme-based assay, although assay by direct
sequencing as in the present study may have detected larger
numbers of less extensively edited RNAs. Onset of editing is
accompanied by bEGF mRNA degradation beginning at oo-
cyte maturation and completely by 4 h into development,
whereas bFGF-AS mRNA persists into the early cleavage
stages (Kimelman et al. 1988). RNA/RNA pairing thus ap-
pears to play a role in vertebrate bFGF mRNA stability,
possibly owing to nucleotide modifications derived from
ADAR activity, as in Xenopus. Inversely proportional
amounts of bFGF sense and antisense transcripts have also
been observed in several adult organs of chicken (Zuniga et
al. 1993). Further, it has been reported that in the develop-
ing rat brain abundance of sense and antisense bFGF tran-
scripts are inversely related, suggesting a role for the anti-
sense transcript in posttranscriptional regulation of bFGF
expression in this tissue (Knee et al. 1997), although it is not
yet known whether or not RNA editing of transcripts ac-
companies these effects in that system.

Comparisons of human and Xenopus bFGF-AS exons III
and IV, which are complementary to the bFGF 3'-UTR,
have shown that their nucleotide sequences are 73% iden-
tical (Murphy and Knee 1994). More impressively, BLAST
sequence alignment shows that the rat bFGF-AS exons III
and IV (Knee et al. 1997) are 98% identical over a length of
301 nt with the human homolog (Murphy and Knee 1994),
species that diverged about 100 million years ago. It has
been reported that rat bFGF-AS is complementary to 464
nucleotides located in two widely separated regions of the
human 6.7-kb bFGF 3’-UTR: a 60-bp region including the
most distal poly(A™) signal motif of bFGF mRNA and 404-
bp lying just downstream of the proximal bEGF poly(A™)
site (Knee et al. 1997). This observation prompted the sug-
gestion that physical interaction between the two mRNAs
could play a role in the regulation of bFGF mRNA poly-
adenylation site usage. Interestingly, differential poly(A)
signal usage is also observed between different sas-10 tran-
scripts in our study (Fig. 3).

The long antisense RNA deriving from sas-10 read-
through transcription described in our study is similar to,
yet distinct from, the bEGF system. In our example, sas-10
also codes for a protein, and the formation of double-
stranded RNAs is accompanied by A-to-G RNA editing. As
in the bFGF example, the paired sense and antisense RNAs
are present in very different relative abundance, although in
our case it is the 4f-rnp sense strand population which
declines in abundance and then persists into later develop-
ment. Long sas-10 antisense readthrough transcription is
developmentally regulated, this transcript class not appear-
ing until the late embryo stage of development, potentially
owing to activation of upstream promoter P2. In common

with the bFGF system, we find that long sas-10 antisense
readthrough and 4f-rnp transcript levels are inversely re-
lated, rising levels of the antisense transcript at late embryo
stage being accompanied by decline in 4f-rnp levels. This
observation suggests a role for antisense RNA in posttran-
scriptional regulation of 4f-rnp gene expression during de-
velopment. Synchrony of 4f-rnp editing onset and the in-
ferred subsequent partial degradation of these transcripts,
which both occur in the late embryo stage of development,
are not explainable by a sudden increase in dADAR editase
activity, which has been shown to be at relatively low levels
until about the pupal stage, when it dramatically increases
(Hanrahan et al. 2000; Ma et al. 2002). Rather, onset of
4f-rnp editing during development appears to be triggered
by the availability of dADAR substrate in the form of RNA/
RNA duplexes, owing to the developmentally regulated ac-
tivation of the sas-10 upstream P2 promoter, and subse-
quent long sas-10 readthrough transcription. The reason for
the dramatic difference in extent of 4f-rnp editing in adult
head cDNA clone H8.3 (Petschek et al. 1997) and the results
in this study are not known. Clone H8.3 contained an un-
spliced intron IV owing to an edit AG—GG at the 3'-splice
junction, and although polyadenylated, may have never ex-
ited the nucleus. If so, its retention there may have permit-
ted additional editing to occur.

The molecular mechanism behind antisense regulation of
4f-rnp gene expression is currently under investigation in
our laboratory. It is possible that multiple A-to-I nucleotide
conversions, which we have shown increase in frequency
beginning at late embryo stage of development at a time
when 4f-rnp mRNA levels begin to decline, leads to reten-
tion of edited transcripts in the nucleus. This result has been
reported for polyoma viral early-strand mRNAs in mam-
malian cells (Kumar and Carmichael 1997), and in a Xeno-
pus model system (Zhang and Carmichael 2001), and
shown to be dependent on an evolutionarily conserved
nuclear protein that has a homolog in Drosophila. No dif-
ference in signal intensity was observed between adult wild-
type and dADAR null mutant 4f-rnp mRNA levels in a
recent cDNA microarray analysis (E. Ma, pers. comm.), but
such an analysis of cDNAs across embryonic development
might be revealing. Formation of mRNA/mRNA duplexes
may interfere with binding of nuclear protein factors re-
quired for splicing of introns, or assembly of the exon junc-
tion complex required for mRNAs to exit the nucleus (Rei-
chert et al. 2002). There are reportedly ribonucleases spe-
cific for degradation of inosine-containing RNAs (Scadden
and Smith 1997). If RNA/RNA duplexes do enter the cyto-
plasm, they may be unable to bind to ribosomes, and are
subsequently degraded. Even short perfect RNA/RNA du-
plexes are an excellent substrate for recognition by the
RNAi pathway in eukaryotic cells (reviewed in Carthew
2001; Brantl 2002), shown to be especially active in the
Drosophila embryo cytoplasm (Tuschi et al. 1999; Zamore et
al. 2000). However, modification of perfect RNA duplexes
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leading to base-pair mismatches by nuclear dADAR, shown
to be present at high levels in Drosophila neural tissue (Pal-
ladino et al. 2000a), would be predicted to diminish the
subsequent potential effects of cytoplasmic RNAi (Bass
2000; Scadden and Smith 2001). It has been reported that
the Drosophila testis-expressed Suppressor-of-Stellate gene
on the Y-chromosome, arising by paralogous tandem rep-
etition, transcribes from both DNA strands. This results in
antisense RNA which posttranscriptionally silences Stellate
gene expression from the X-chromosome via an RNAi-like
pathway, ensuring male fertility by a novel negative feed-
back pathway (Aravin et al. 2001). Gene expression control
involving interaction between oppositely oriented mRNAs,
as in our study, may turn out to be common. In a prelimi-
nary search of transcripts arising from merely the final
5 % 10° bp at the distal tip of the Drosophila X-chromosome
utilizing FlyBase (http://flybase.bio.indiana.edu), we identi-
fied over 30 different examples that are comparable to what
we have observed for the 4f-rnp/sas-10 interaction.

Discovery of naturally occurring antisense RNA that is
coupled to 4f-rnp and sas-10 RNA editing in Drosophila, a
species for which a considerable database exists including a
completely sequenced genome, and one that is amenable to
powerful molecular genetic experimental approaches,
should enable rapid progress in determining mechanisms
controlling antisense regulation of gene expression and the
role of RNA editing in this process.

MATERIALS AND METHODS

Fly stocks and their propagation

The lab stock of Drosophila melanogaster used in these studies was
wild-type strain Oregon R, obtained from the Miami University
stocks but originally derived from the National Drosophila Stock
Center. Specimens from a D. melanogaster population were also
trapped in the vicinity of Oxford, OH. Flies were cultured on
standard media consisting of cornmeal, dark corn syrup, Brewer’s
yeast, propionic acid, agar, and mold inhibitor. For collection of
fly developmental stages to be used for RNA isolations, short plas-
tic chimneys were fitted to 60 mm-diameter Petri dishes contain-
ing either standard media or a recipe especially useful for encour-
agement of egg laying consisting of dextrose, sucrose, apple juice,
propionic acid, phosphoric acid, and agar (H. Keshishian, pers.
comm. via J. Fernandes). Adult flies (mixed sexes and ages) and fly
developmental stages used for DNA and RNA isolations were
stored at —70°C until use.

Nucleic acid isolations

Genomic DNAs were isolated from large numbers of adult flies
using the procedure described by Jowett (1986), with modifica-
tions. Total cell RNA isolations were carried out as previously
described (Koller et al. 1987), using a phenol-based procedure that
included treatment with RNase-free DNase I. RNA quality was
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verified by electrophoresis in 1% agarose gels (Ausubel et al. 1994—
1997), using integrity of the rRNA bands as the criterion.

Quantitative RT-PCR of 4f-rnp and sas-10 transcripts
during development

Conventional PCR amplifications were run in 25-100 pL reaction
volumes containing 10 mM Tris-HCI (pH 8.3), 50 mM KClI, 1.5
mM MgCl,, 0.05% (v/v) NP-40, 200 uM each dNTP, 1 pM each
primer, 0.5-1.0 uL ¢cDNA or 0.25-1.0 pg genomic DNA, and 0.5—
2.0 pL Taq polymerase (Promega). DNA fragment amplifications
employed the following thermocycler parameters: one cycle of
2-min denaturation at 97°C, followed by 30 cycles of 30 sec de-
naturation at 95°C, 1 min annealing at optimized temperature
determined by a preliminary gradient block run, and 1 min ex-
tension at 72°C.

Reverse transcription (RT) of total cell RNAs (Kawasaki 1990)
isolated from fly developmental stages was carried out in 60 pL
reaction volumes containing 3 ug RNA template, using random
hexamer primers and 400 U M-MLV enzyme (Promega) per re-
action tube. Products were stored at —70°C until used for poly-
merase chain reaction (PCR). PCR (Mullis and Faloona 1987) was
carried out using sas-10 gene strand-specific primer sets designed
to detect not only conventional length transcripts (primer set sas-
LFT/sas-1), but also readthrough transcripts extending down-
stream into the intergenic spacer (primer set sas-LFT/sas-2), into
the complement of the 4f-rnp gene 3'-UTR (primer set sas-LFT/
sas-3) and into about 200 nt of the complement of the 4f-rnp gene
3’-coding region (primer set sas-LFT/sas-4). 4f-rnp transcription
was followed using primer set Dros E-2/PX-2, which amplified a
fragment of about 400 bp.

We patterned the quantitative RT-PCR procedure utilized on
that described by Horikoshi and Sakakibara (2000), but with many
significant and important modifications. We utilized SYBR Green
I (Molecular Probes) DNA band staining, where DNA bands are
laser-excited, gels scanned in the Molecular Dynamics Storm 860
phosphorimager using the blue fluorescence mode, and band in-
tensities directly imported into the computer for quantification
using version 5.2 of the ImageQuant software program. The range
over which intensity is linearly proportional to DNA amount was
estimated utilizing serial dilutions of plasmid pBR322 cut with
Alul, and scoring each of the four largest DNA bands individually
(910, 657 doublet, 521 and 403 bp). Electrophoresis was in 1.5%
Separide (Life Technologies)/1% agarose composite gels or 2%
agarose gels and poststaining in a 1:10,000 dilution of stock SYBR
Green I in TAE buffer at pH 7.9 (40 mM Tris-HCl, 5 mM sodium
acetate, 1 mM disodium EDTA) for 20 min, with continuous
gentle rocking. The linear intensity range was found to be between
about 1 and 200 ng, although the limits of lower and upper lin-
earity were not further explored. The PCR cycle numbers that were
in the linear range were then determined for each primer set
utilized, by programming the thermocycler to stop every two
cycles so that a reaction tube could be removed. The midrange for
each primer set was utilized in subsequent work. Finally, differing
cDNA template quantities were run for each primer set, to assure
that band intensities were proportional to quantities of cDNA
template. Expression levels for genes in this study were compared
to that of the constitutively expressed rp49 ribosomal protein ref-
erence gene (O’Connell and Rosbash 1984). Results were ex-
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pressed as quantity of PCR product within the linear amplification
range using the equation (Horikoshi and Sakakibara 2000):

(Intensity/cDNA volume) of target transcript

(Intensity/cDNA volume) of reference transcript

DNA fragment isolation, cloning, and
sequence analysis

The following applies to treatment of PCR samples intended for
subsequent cloning and sequencing. After PCR, reaction products
were resolved in low-melting Sea Plaque (FMC) agarose gels, fol-
lowed by band excision, agar-ACE (Promega) digestion and etha-
nol precipitation of DNAs. Gel-isolated fragments were cloned
into either the pCRII plasmid vector (Invitrogen) or the pGem-T
Easy vector (Promega) and transformed into competent DH5aF’
Escherichia coli cells. Following selection of white colonies from
ampicillin-drugged, XGAL-treated LB plates, recombinant plas-
mid DNAs were recovered from cell aliquots as described (Davis et
al. 1980). Successful clones were recognized after fly DNA frag-
ment insert excision with EcoRI and agarose gel electrophoresis.
The resulting DNA was directly utilized for input into an ABI 3100
automated DNA sequencer (PE Applied Biosystems), using the
primers that had been employed for PCR and also additional
internal primers, if appropriate. Automated sequencer output
analysis was achieved using the EditView program, followed by
manual inspection of the data. Sequence alignments were done
with reference to the published D. melanogaster 4f-rnp gene
(Petschek et al. 1997) and also the Drosophila total genome se-
quence (Celniker 2000) available via GenBank, using the Genetics
Computer Group, University of Wisconsin, software package pro-
gram Gap. Sequence homology searches were done using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST) and the Drosophila ex-
pressed sequence tags (EST) database (http://www.fruitfly.org/
EST/0ldEST.html).

Assays for 4f-rnp transcript RNA editing using
restriction enzyme digestions

Given the abundance of edited sites in adult head ¢cDNA clone
H8.3 (Petschek et al. 1997), it appeared likely that a screen for
frequency of editing across development could most easily be ac-
complished using a restriction enzyme approach, as has been uti-
lized by others (Saccomanno and Bass 1999; Hanrahan et al.
2000). We selected enzymes known to have recognition sites
within 4f-rnp, and each containing both an A and a G within the
recognition site. It was predicted that such sites could be destroyed
by an A-to-G edit, or created by such an edit, in either case
revealing a clone with altered sequence as revealed by band mo-
bility change during gel electrophoresis. Variant clones were then
sequenced to reveal the nature of the alteration. We examined
c¢DNA clones from different developmental stages that had been
PCR-amplified in two different screens. In the first screen, the
amplified DNA fragment extended from top strand primer #15 to
bottom strand primer #24, containing a 1350 nt fragment. En-
zymes used in this screen, which was utilized for 85 largely pre-
adult developmental stages, were: Alul, Hsp92-1I, Pvull, Sau3A-I,
and Tagl. In the second screen, the amplified DNA fragment also
originated at primer #15 and extended for about 350 nt to the

bottom strand primer #16. Enzymes used in this screen, which was
utilized for 83 adult head cDNA clones, were: Alul, Rsal, Pstl, and
Tagl.

Direct sequencing assay for RNA editing in 4f-rnp
and sas-10 transcripts

If 4f-rnp and sas-10 gene readthrough transcripts do coexist in the
same cells, these RNAs would be expected to pair and in the
presence of dADAR, A-to-G conversions would be expected to
arise on both RNA strands. We generated cDNA clones via RT-
PCR from late embryo (12-21 h development) total cell RNA (51
clones), adult head total cell RNA (45 clones), and adult body total
cell RNA (48 clones). Each clone was sequenced on both strands,
utilizing primer set 4F-TR-L/4F-TR-R, expected to produce 199-
bp fragments (162 bp between primers) derived from the 4f-rnp
gene 3'-UTR and its sas-10 readthrough complement. The results
were scored for numbers of A-to-G conversions arising due to
edits on the 4f-rnp RNA strand and also numbers of T-to-C con-
versions arising originally due to A-to-G edits on the paired sas-10
RNA bottom strand. To control for possible errors in interpreta-
tion of results due to Taq enzyme infidelity, we performed two
extensive genomic DNA sequencing analyses, described in Results.

Primers utilized

Primers for RT-PCR analysis of two alternative sas-10 gene pro-
moters:

Alt-LS fwd (5 end of clone 4R1#6 cDNA): 5’ -[ GTTGTGTTTGAT
TTAATTTAGT]-3’

Alt-LL fwd (5" of primer #Alt-LS): 5'-[ATCTTGCTTTGCATC
CTG]-3’

Alt-R rev (3’ of sas-10 start codon): 5'-[ACGTGCTCCGTTTGC
TG]-3'

Primers for quantitative RT-PCR analysis of sas-10 and 4f-rnp
transcripts during development:

Sas-LFT fwd (5" of sas-10 stop codon): 5'-[ GCTCCGATGATGAT
GATAATGAT]-3’

Sas-1 rev (within sas-10 trailer): 5'-[GATCTTGGCGGATTTAT
TGGAT]- 3'

Sas-2 rev (within sas-10/4f-rnp spacer): 5'-[ CATATGACAGCTAG
TTGACTAAT]-3’

Sas-3 rev (within 4f-rnp trailer): 5'-[AGCGGCCATGGTTTAGT
TTGT]- 3’

Sas-4 rev (within 4f-rnp coding region): 5'-[ CCATCAAGCGCG
AGGCTAAT]-3’

Dros E-2 fwd (5" of 4f-rnp intron IV): 5'-[ATG(A/G)GC(A/G)GC
AGGTCGCC(A/G)]-3’

PX-2 rev (5" of 4f-rnp intron V): 5-[AGATCGAGGGCCTGGC
AG]-3'

RP49-L fwd (5" of rp49 gene intron): 5'-[ CCAAGGACTTCATCC
GCCACC]-3’

RP49-R rev (3" of rp49 gene intron): 5'-[GCGGGTGCGCTTGTT
CGATCC]-3'

Primers for restriction enzyme-based RT-PCR 4f-rnp edited tran-
script assay:
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15 fwd (5" of 4f-rnp intron IV): 5'-[ TGCCGCCTTCAATCATGC]- 3’
24 rev (described below)
16 rev (5" of 4f-rnp intron V): 5'-[CAATGGACTCGTAGGTGC]-3’

Primers for RT-PCR analysis of RNA editing in overlapping 4f-rnp
and sas-10 gene transcripts:

4F-TR-L fwd (at 4f-rnp gene trailer 5" end): 5'-[ CAAATGCCGGC
GGCTGA]-3'

4F-TR-R rev (at 4f-rnp gene trailer 3’ end): 5'-[CTTGGTTCATCA
AGAAACCA]-3'

Primers for Taq fidelity determination around 4f-rnp/sas-10 junc-
tion:

Int-4 fwd (just 5" of 4f-rnp intron IV): 5'-[CCGTGAGATTTGG
CGCJ-3'

Int-8 rev (just 3" of 4f-rnp intron VIII): 5'-[ GGTGGGTTTGAA
ATGGC]-3'

19 fwd (3’ of 4f-rnp intron V): 5'-[ACAAACGAATCGTGAGCC]-3’

18 rev (3’ of 4f-rnp intron V): 5'-[ACGTAGCTCCACCAGATG]-3’

21-A fwd (just 5" of 4f-rnp intron VII): 5'-[ CGCCTGGTGCACA
(A/G)GCT]-3'

PLY-AR rev (5’ of sas-10 stop codon ): 5'-[ATCAAGGCCGGCGT
CACJ-3’

29 fwd (3" of 4f-rnp stop codon): 5'-[CGGCCATGGTTTAGTT
TGI-3'

24 rev (3" of 4f-rnp stop codon): 5'-[CAAACTAAACCATGGC
CGJ-3’
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NOTE ADDED IN PROOF

We have previously regarded Drosophila 4f-rnp as a novel
gene, insofar as no homolog had been identified in other
organisms using BLAST database searches. Following trans-
mission of this manuscript to the printer, it was brought to
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our attention by Jane Petschek that two recent reports have
now identified 4f-rnp homologs (Bell et al. 2002; Rader
and Guthrie 2002). The human homolog p110/SART3 and
Saccharomyces cerevisiae Prp24 function as snRNP recycling
factors which are shown to play a direct role in assembly of
U4 and U6 snRNPs into the di-snRNP required for subse-
quent pre-mRNA splicing. Homologs thus far identified
include representatives from vertebrates, invertebrates,
plants, and fungi.
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