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N-myc mRNA Forms an RNA-RNA Duplex with Endogenous
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Nuclear runoff transcription studies revealed nearly equivalent sense and antisense transcription across exon
1 of the N-myc locus. Antisense primary transcription initiates at multiple sites in intron 1 and gives rise to
stable polyadenylated and nonpolyadenylated transcripts. This pattern of antisense transcription, which is
directed by RNA polymerase II, is independent of gene amplification and cell type. The nonpolyadenylated
antisense transcripts have 5' ends which are complementary to the 5' ends of the N-myc sense mRNA. We
determined, by using an RNase protection technique designed to detect in vivo duplexes, that most of the
cytoplasmic nonpolyadenylated antisense RNA exists in an RNA-RNA duplex with approximately 5% of the
sense N-myc mRNA. Duplex formation appeared to occur with only a subset of the multiple forms of the N-myc
mRNA, with the precise transcriptional initiation site of the RNA playing a role in determining this selectivity.
Cloning of each strand of the RNA-RNA duplex revealed that most duplexes included both exon 1 and intron
1 sequences, suggesting that duplex formation could modulate RNA processing by preserving a population of
N-myc mRNA which retains intron 1.

Recently, our understanding of the role of antisense RNA
in procaryotic regulatory pathways has greatly expanded.
Antisense RNA has been shown to function as a regulator of
DNA replication and mRNA translation in a number of
experimental systems (18). In addition, expression of a
variety of eucaryotic genes has been modulated by injection
or transfection of antisense RNA or constructs that express
antisense RNA; the mechanisms by which this antisense
RNA alters expression of the target gene has been variously
attributed to effects on transcription, nuclear processing,
nuclear transport, translation, and mRNA stability (18, 41).

Despite the usefulness of artificial antisense constructs in
experimental regulation of gene expression, little evidence
has been accumulated to suggest a role for naturally occur-
ring antisense RNA in eucaryotic gene regulation. One of the
best-characterized examples of an intermolecular interaction
of complementary RNA sequences occurs during splicing,
when the small nuclear RNAs base pair with complementary
sequences of pre-mRNA (28). Another small RNA has been
implicated in regulation of translation of the chicken myosin
heavy-chain gene (29).

Antisense transcription of the c-myc gene, as detected by
nuclear runoff experiments, is a well-described phenome-
non. Primary antisense transcription 5' of the major promot-
ers is the most consistent finding, occurning in human HL60
or small-cell lung cancer (SCLC) cells and murine NIH 3T3
cells (5, 25, 32). Attempts to demonstrate a stable RNA
derived from primary transcription of an unrearranged allele
have been unsuccessful (32). However, studies ofrearranged
alleles in mouse plasmacytomas have revealed the presence
of stable fusion RNAs which initiate on the opposite strand
(relative to c-myc), within intron 1 of the c-myc gene (11, 20).
Primary antisense transcription of the 3' portion of murine
c-myc has also been demonstrated; this transcription may
respond to independent regulatory signals (22, 32).
We have compared and contrasted the regulation of c-
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myc, N-myc, and L-myc transcription in SCLC cell lines,
which, depending on the particular line, can express any of
these three myc genes (25). One of the differences noted was
that while c-myc and L-myc were, in part, regulated by a

block to transcriptional elongation, no such block could be
demonstrated during N-myc transcription. However, an-

other feature that distinguished between N-myc transcrip-
tion and that of the other myc genes was intense antisense
transcription over the region of exon 1 and intron 1 ofN-myc
noted in nuclear runoff experiments. It is not surprising,
however, that the transcriptional control mechanisms might
differ between these genes, which are related in their exon 2
and 3 coding regions but structurally distinct at their 5' ends.
Aside from their lack of sequence homology in exon 1 (13,
19), transcriptional initiation appears to occur differently.
Whereas transcriptional initiation occurs at one (L-myc [19])
or a few (c-myc [4, 6]) discrete sites in c-myc and L-myc
associated with a TATA consensus sequence, N-myc tran-
scriptional initiation occurs at more than 20 different sites
over a few hundred base pairs of a highly G+C-rich region of
DNA unrelated to TATA sequences (23, 38). These start
sites may be grouped into two regions separated by approx-
imately 150 nucleotides; initiation in the more 5' region is
associated with RNA processing at a more 5' splice donor
site, and initiation in the 3' region is associated with RNA
processing at a more 3' splice donor site, giving rise to
mature mRNA with different first exons (38). With these
unique features of N-myc transcription in mind, we decided
to determine whether the antisense transcription noted in the
in vitro nuclear runoff experiments reflected the presence of
antisense transcripts in vivo. Furthermore, we wanted to
provide a preliminary structural characterization of the
antisense transcripts to determine whether they interact with
sense transcripts containing complementary sequences and
ultimately to determine the functional significance of these
antisense transcripts.
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MATERIALS AND METHODS

Cell culture. SCLC cell lines were cultured as previously
described (25). Neuroblastoma lines were maintained in
RPMI 1640 medium supplemented with 10% fetal bovine
serum.

Nuclear runoff transcription. Nuclear runoff transcription
was performed exactly as previously described (25).

Plasmid construction. All plasmids used in this study were

derived from an N-myc-containing genomic bacteriophage
clone (CH N-myc 5) generated from a human placental
Charon 28A library (31). A 2.7-kilobase (kb) BglIl fragment
containing the 5'-flanking region and most of exon 1 of the
N-myc gene was subcloned into pGEM4 (Promega Biotec),
as was the adjacent 3' 3.0-kb BglII fragment containing
sequences through the middle of intron 2. A 761-base-pair
(bp) PvuII-XbaI fragment, including most of exon 1, was

excised from the 2.7-kb BgIII plasmid and cloned into
pGEM3 to generate the cRNA probes used for the experi-
ments shown in Fig. 3, 6, and 7. A 474-bp PvuII-PstI
fragment, including the 5' half of exon 1, was also subcloned
into pGEM3 to generate the cRNA probe used in Fig. 9. The
5' portion of the 3.0-kb BglII fragment, containing mostly
intron 1 sequences, was subcloned into pGEM3 by cutting
with EcoRI to release a fragment between the EcoRI site in
the pGEM4 polylinker and the EcoRI site in intron 1. This
plasmid was used to generate the sense probe in Fig. 8; the
antisense probe was generated by linearizing the parental
plasmid with XhoI. The authenticity of all new constructs
was verified by comparing restriction maps and sequence

information to previously published work (23, 39).
RNA preparation and analysis. To obtain maximally intact

RNA, cells were lysed in guanidine isothiocyanate and RNA
was centrifuged through CsCl by the method of Chirgwin et
al. (9) as detailed by Davis et al. (10). Selection of polyade-
nylated RNA was performed by the method of Aviv and
Leder (1). Northern (RNA) blots, nick translation, and
production of single-stranded DNA probes from M13 vec-

tors were done as described by Davis et al. (10).
Analytic RNase protection assays were performed as

described by Winter et al. (43), with the following excep-

tions. Radioactively labeled ([32P]UTP) cRNA probes were

made by in vitro transcription by using SP6 or T7 RNA
polymerase (Promega Biotec) as recommended by the man-

ufacturer after linearization of the above-described plasmids
at a restriction site in the polylinker (except where noted)
distal to the appropriate promoter for making sense- or

antisense-specific probes; annealing of the probe (105 cpm)
to the RNA sample was performed for 16 h at 50 to 55°C;
RNase digestion was performed with 100 ,ug of RNase A per

ml (RNase T1 was omitted because at this concentration of
RNase A it was found not to alter the digestion pattern) in
200 mM NaCl-100 mM LiCl-10 mM Tris hydrochloride (pH
7.4)-i mM EDTA for 30 min at 30°C.
The double RNase protection procedure for detecting in

vivo RNA-RNA duplexes was performed as follows. Cells
were lysed with 10 to 15 strokes of a Dounce homogenizer
(loose-fitting pestle) in 5 volumes of 10 mM Tris hydrochlo-
ride (pH 7.4)-3 mM CaCl2-2 mM MgCl2-0.5% Nonidet P-40
buffer, and the nuclei were pelleted at 500 x g for 10 min at
4°C. The supernatant containing the cytoplasmic RNA was

made 0.25 M NaCl, 200 pug of RNase A (Sigma Chemical
Co.) per ml and 40 U of RQ1 DNase (Promega Biotec) per ml
were added, and the mixture was incubated at 37°C for 30
min. The supernatant was then made 200 mM Tris hydro-
chloride (pH 7.4), 25 mM EDTA, 1% sodium dodecyl

sulfate; 0.4 mg of proteinase K per ml was added, and the
incubation was continued for an additional 30 min at 42°C.
The supernatant was then phenol-chloroform extracted, and
the RNase A-resistant double-stranded RNA (and some
small precipitable oligonucleotide digestion products) was
precipitated with an equal volume of isopropanol. After
being washed with 80% ethanol, the double-stranded RNA
was dried and then suspended in water and the concentration
was determined by the optical density at 260 nm. This RNA
was then heated to 90°C for 2 min and used in the analytical
RNase protection assay detailed above, with either sense- or
antisense-specific radiolabeled cRNA probes. Control RNA
was obtained by the same procedure, except that during the
initial incubation RNasin RNase inhibitor (1,000 U/ml;
Promega Biotec) was added instead of RNase A.
RNase III digestion was accomplished by suspending 30

Rg of RNase A-resistant RNA in buffer containing 10 mM
Tris hydrochloride (pH 7.9), 10 mM MgCl2, 1 mM I-
mercaptoethanol, 5% glycerol, 20 mM KCI, and increasing
amounts of RNase III (0.45, 0.90, and 1.8 ,g of protein);
incubation was for 30 min at 37°C. Controls consisted of
untreated RNase A-resistant RNA and resistant RNA re-
treated with 10 ,ug of RNase A. After digestion, analytic
RNase protection was performed as detailed above.
Primer extension. Specific oligonucleotide (250 ng) was 5'

end labeled by a kinase reaction (10). Approximately l05
cpm of oligonucleotide was incubated for 16 h with 50 ,ug of
total RNA in 10 RI of 0.4 M NaCl-8 mM PIPES [piperazine-
N-N'-bis(2-ethanesulfonic acid)] buffer (pH 6.7). The incu-
bation temperature was determined by calculating the melt-
ing temperature for the oligonucleotide (10) and subtracting
10°C (generally, 55 to 65°C). The annealing mixture was
diluted to 100 RI with addition of 1,000 U of Moloney murine
leukemia virus reverse transcriptase (Bethesda Research
Laboratories, Inc.) and 0.5 mM deoxynucleoside triphos-
phates with the manufacturer-supplied buffer. The extension
reaction was performed at 37°C for 60 min and terminated by
heating to 90°C for 2 min. A 10-,ug sample of RNase A
(DNase free) was added, and the incubation was continued
for 15 min at 37°C. The mixture was then made 0.5% sodium
dodecyl sulfate, 30 p,g of proteinase K was added, and the
incubation was continued for 15 min at 42°C. The primer-
extended species were then phenol-chloroform extracted,
ethanol precipitated, and electrophoresed on a 5% acryl-
amide-8 M urea sequencing gel (10).

Cloning and sequencing of RNA duplexes. Cloning of
double-stranded RNA was accomplished by using a modifi-
cation of the RACE protocol for polymerase chain reaction
(PCR) amplification of the 5' ends of cDNAs (17). An
oligonucleotide primer (5 ng) specific for either the sense or
antisense strand (for sequence details, see Fig. 10) was
annealed to 30 ,g of RNase A-resistant RNA, and cDNA
was synthesized by using the primer extension protocol
detailed above. cDNA was purified by annealing the reaction
mixture to glass powder (GENECLEAN; Bio 101), washing
it as recommended by the manufacturer, and eluting it with
TE buffer (10). The cDNA was then tailed with dATP as
described by Frohman et al. (17). One-quarter of the tailing
reaction was diluted to a 100-pu total volume and used in the
PCR reaction. The PCR reaction mixture contained a 1 puM
concentration of orientation-specific primer designed to hy-
bridize 3' of the primer used for cDNA synthesis (see Fig.
10); a 1 puM concentration of a (dT)17 primer-adapter con-
taining HindIII, SalI, and XhoI cloning sites (5'-GACTC
GAGTCGACAAGC 1-1-1-1-I I H1-1-1-1-1-1-1- -3'); 50 mM
KCI; 10 mM Tris hydrochloride (pH 8.4); 1.5 mM MgCl2;
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0.01% gelatin; and 2.5 U of Taq polymerase (Amplitaq;
Cetus Corp.). Amplification was accomplished in a program-
mable thermal reactor by using a step program (95°C, 1.5
min; 53°C, 2 min; 72°C, 2 min) for 30 cycles, with a final
extension for 10 min at 72°C. A long denaturation step was
absolutely required for efficient amplification, presumably
because of the G+C-rich nature of the sequence. Blunt ends
on the amplified DNA were assured by incubating the
phenol-choloform-extracted PCR products with T4 DNA
polymerase as described by Davis et al. (10). The amplified
sense cDNA was cut with SalI and BamHI (a site in
orientation-specific primer £; see Fig. 10) restriction endo-
nucleases and ligated into a pGEM3 vector (Promega Biotec)
cut with the same enzymes. The antisense cDNA was cut
with Sall alone (orientation-specific primer u) or Sall and
BamHI (orientation-specific primer I) and ligated into SalIl-
SmaI-cut pGEM3 or SalI-BamHI-cut pGEM3, respectively.
Colonies were screened for inserts by using a PvuII-PstI
fragment spanning the 5' portion of exon 1 (sense cDNA), a
BamHI-BglII fragment spanning the 3' portion of exon 1
(antisense cDNA derived from primer pair a-P), and a
26-base synthetic oligonucleotide (AATCTGGGTCACGG
CTGCTCCAGCTT) representing sequences in the 5' por-
tion of intron 1 (antisense cDNA derived from primer pair
,rIu). Miniprep DNA (10) was purified by using glass powder
as detailed above and sequenced by the chain termina-
tion technique by using either an SP6 or a T7 sequencing
primer (Promega Biotec). Approximately half of the clones
were sequenced manually with a Bethesda Research Labo-
ratories sequencing kit and the directions for double-
stranded templates. The other clones were sequenced by
using a Genesis 2000 automated DNA sequencer (Du Pont
Co.) with the manufacturer-supplied kit and directions for
double-stranded templates.

RESULTS

Antisense transcription, which is mediated by RNA poly-
merase H, is independent of gene amplification and cell type.
Preliminary nuclear runoff transcription assays using N-
myc-amplified SCLC cell line H249 had demonstrated exten-
sive antisense transcription 5' of the EcoRI site in intron 1,
as well as some antisense transcription between the EcoRI
site and a BamHI site in exon 2 (see Fig. 4 for a restriction
map); there was no detectable antisense transcription of
sequences corresponding to the coding region of exon 3 (25;
Fig. 1, lane A). To map the region of antisense transcription
more precisely, we moved the 5' border of our exon 2 target
from the EcoRI site to an XhoI site in exon 2 proper (Fig. 1,
lane B). When this was done, most of the antisense tran-
scription detected by our exon 2 target disappeared, indicat-
ing that most of the antisense transcripts were initiated 5' of
the XhoI site in exon 2. Densitometric analysis of lanes A
and B revealed, after normalization for differences in expo-
sure using the exon 1 sense signal and correction for uridine
content, that antisense transcription was three times greater
between the EcoRI and XhoI sites than between the XhoI
and BamHI sites. To determine whether the antisense tran-
scription was related to gene amplification, we studied
SCLC cell line H187, which expresses N-myc without gene
amplification (Fig. 1, lane C). Although the absolute amount
of primary transcription relative to actin was less in H187
(compare lanes B and C), the pattern of transcription, in
particular, the ratio of exon 1 sense to antisense transcrip-
tion, was identical, indicating that antisense transcription
occurs independently of gene amplification. To determine
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FIG. 1. Nuclear runoff transcription of the N-myc gene. Nuclear
runoff transcription was performed by using nuclei isolated from
H249, an SCLC cell line amplified for the N-myc gene (lanes A and
B); H187, an SCLC cell line which expresses N-myc without gene
amplification (lane C); and Lan5, a neuroblastoma cell line amplified
for the N-myc gene (lane D; lane E, with 2 jig of a-amanitin per ml).
All N-myc targets are strand-specific M13 clones covering the
following sequences (25; see the block diagram in Fig. 4): exon 1,
BamHI-EcoRI; exon 2 (lane A), EcoRI-BamHI; exon 2 (lanes B to
E), Xhol-BamHI; exon 3, BglII-PstI. *, No experimental sample.

whether this phenomenon was peculiar to SCLC cells, we
performed the same experiment with a classic neuroblas-
toma cell line, Lan5, which is amplified for the N-myc gene
(lane D). The results were identical to those obtained with
the SCLC lines, indicating that antisense transcription is
characteristic of the N-myc locus and independent of the cell
type. Furthermore, both sense and antisense transcriptions
are mediated by RNA polymerase II, since they were
completely inhibited by 2 [ag of a-amanitin per ml, which did
not affect polymerase I (28S)- or polymerase III (5S)-medi-
ated transcription (lane E).

Multiple N-myc transcripts detected by Northern blot anal-
ysis. Preliminary experiments in our laboratory had detected
multiple N-myc transcripts (31), in addition to the well-
characterized 3.1-kb mRNA. To characterize these tran-
scripts further, we electrophoretically separated 10 ,ug of
cytoplasmic, nuclear, polyadenylated, and nonpolyadeny-
lated RNAs from cell line H249, transferred them to nitro-
cellulose, and hybridized successive 5'-to-3' N-myc genomic
nick-translated probes to the blot (Fig. 2A). These double-
stranded probes should detect both sense and antisense
transcripts. All of the probes detected the 6.6-kb N-myc
primary transcript (39) in the nuclear and polyadenylated
samples. The PvuII-PstI probe, encompassing the 5' portion
of exon 1, detected primarily the previously described 3.1-kb
N-myc mRNA (23, 39), which was efficiently transported to
the cytoplasm; this was also the predominate mRNA de-
tected by the EcoRI-BamHI probe encompassing exon 2
sequences. The BamHI-BglII probe, encompassing the 3'
portion of exon 1, rather than detecting the 3.1-kb RNA,
detected predominantly a 4.2-kb transcript, also strongly
detected by the adjacent BglII-EcoRI probe, representing
sequences in the 5' portion of intron 1. This 4.2-kb RNA was
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FIG. 2. Northern blot analysis reveals multiple N-myc transcripts. (A) Ten-microgram samples of cytoplasmic, nuclear, polyadenylated,
and nonpolyadenylated RNAs from cell line H249 were electrophoretically resolved, transferred to nitrocellulose, and hybridized to
successive 5'-to-3' N-myc genomic double-stranded probes. The probes represent the following regions: PvuII-PstI, 5' portion of exon 1;
BamHI-BgII, 3' portion of exon 1; BglII-EcoRI, 5' portion of intron 1; EcoRI-BamHI, 3' portion of intron 1 and most of exon 2 (see Fig. 4).
(B) Five micrograms of polyadenylated RNA from cell line H249 was resolved and hybridized to antisense- or sense-specific single-stranded
probes encompassing sequences between the BamHI site in exon 1 and the EcoRl site in intron 1.

not detected by intron 2-specific probes (data not shown),
indicating that it represents a species which retains intron 1
but has intron 2 removed; the sizes of the primary transcript
(6.6 kb) and intron 2 (2.6 kb; [39]) are consistent with this
conclusion. Although much of this RNA appears to be an
intermediate in the processing of the primary transcript to its
mature form because of its predominantly nuclear localiza-
tion, some cytoplasmic 4.2-kb RNA was detected, especially
with the BglII-EcoRI probe. Also detected with the BamHI-
BglII and BgIII-EcoRI probes were 1.8- and 1.0-kb species,
which were not detected by the adjacent 5' and 3' probes.
When polyadenylated RNA was probed with a singled-
stranded probe specific for antisense transcripts between the
BamHI and EcoRI sites, the 1.8- and 1.0-kb bands were
detected (Fig. 2B), whereas the 6.6-, 4.2-, and 3.1-kb tran-
scripts were not (but they were detected by a sense-specific
probe), indicating that the smaller transcripts were polyade-
nylated antisense RNA including sequences derived from
the 3' portion of exon 1 and the 5' portion of intron 1. These
polyadenylated antisense transcripts were detected only
when relatively large amounts of polyadenylated RNA were

analyzed, indicating that they are rare. However, when
modest amounts of total or nonpolyadenylated RNA were
probed with the same sequences, a heterogeneous popula-
tion of species was reproducibly detected migrating at
around 1 kb; this is best seen in Fig. 2A in the nonpolyade-
nylated lane probed with the BglII-EcoRI fragment.
Most of the stable antisense transcripts are not polyadeny-

lated. To characterize the structure of the antisense tran-
scripts further, we used an RNase protection assay of RNA
isolated by the guanidine isothiocyanate method from cell
line H249. To interpret the data, however, it was necessary

to develop landmarks within the locus by mapping the
N-myc sense transcripts. Figure 3a illustrates the major
sense RNA species detected with a cRNA probe extending
from the XbaI site at the 3' border of exon 1 to a PvuII site
in the 5'-flanking region of the gene. The group of protected
fragments labeled A corresponds to major transcripts which
initiate in the 5' grouping of initiation sites (labeled I1 in Fig.
4) and splice at the 5' splice donor site (SD1). The protected
fragments labeled B in Fig. 3a represent the major tran-
scripts which initiate in the 3' group of initiation sites (12) and
splice at the 3' splice donor site (SD2) or retain intron 1. The
protected fragments labeled C represent transcripts which
initiate in I1 and either splice at SD2 or retain intron 1. These
conclusions were supported by extensive mapping of this
area with smaller overlapping cRNA probes and are consis-
tent with those previously published (23, 38), except for
detection of species C, which represents predominately the
primary transcript, and a 4.2-kb form which retains intron 1
but lacks intron 2 (Fig. 2). All of the major species detected
with the sense probe are preferentially polyadenylated, as
evidenced by the enrichment in the sample containing 5 ,ug
of poly(A)+ as opposed to that containing 30 ,ug of total
RNA. When the same RNA was probed with a cRNA probe
designed to detect antisense transcripts (Fig. 3b), multiple
protected species were seen, indicating the existence of
stable antisense RNA species. In contrast to the sense RNA,
however, most of the antisense RNA detected by this probe
was nonpolyadenylated, with the exception of a triplet at
approximately 80 bases. This triplet represents a component
of the 1.0- and 1.8-kb polyadenylated antisense transcripts
detected on a Northern blot (Fig. 2). The sizes of the
protected bands made it clear that the sense and antisense
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FIG. 3. RNase protection analysis of the 5' region of the N-myc
locus. (a) Analytic RNase protection of an 805-base sense-specific
cRNA probe (transcribed from the XbaI site at the 3' border of exon
1 to the PvuII site 5' of the gene; see Fig. 4) by 5 pLg of polyadeny-
lated RNA or 30 ixg of total RNA isolated from cell line H249. The
lettered groupings of bands represent specifically initiated and
spliced transcripts, as described in the text and diagrammed in Fig.
4. (b) Assay using the same samples ofRNA to protect an antisense-
specific probe (transcribed from the PvuII site to the XbaI site)
encompassing the same sequences. The exposure time of panel a
was approximately 1/20 that of panel b. The numbers between the
panels indicate molecular sizes in bases.

RNAs contain overlapping complementary sequence regions
which could potentially form an RNA-RNA duplex. To test
this possibility, we designed a technique which could detect
and characterize double-stranded RNA molecules present in
vivo.
N-myc mRNA forms a duplex with antisense transcripts in

vivo. We used a double RNase protection technique, illus-
trated in Fig. 5, to detect and analyze RNA-RNA duplex
molecules formed in vivo. Cytoplasmic RNA was crudely
isolated without denaturing any potential double-stranded
RNA and then subjected to high-concentration RNase A
digestion. The RNase-resistant RNA, along with some of the
small oligonucleotide products of digestion, was precipitated
with isopropanol. The resistant RNA was then denatured
and annealed to a uniformly labeled cRNA probe, and a
standard RNase protection assay was performed. Control

specimens were handled in exactly the same fashion, except
that placental RNase inhibitor was added instead of RNase
A during the initial incubation; both RNase-treated and
control specimens were treated with DNase to eliminate any
potential protection by DNA.

If RNA-RNA duplexes corresponding to specific se-
quences do exist in vivo, several predictions can be made as
to the results of the procedure. If the initial RNase digestion
is complete, then there should be equal amounts of the
complementary sense and antisense sequences after diges-
tion, no matter what the ratio was before digestion. Further-
more, the complementary sense and antisense RNAs should
be the same size, providing that all RNase A is eliminated
before denaturation of the resistant material. Finally, if the
RNA in the cytoplasmic supernatant is heat denatured
before the initial RNase step, there should be no detectable
sense or antisense species following the double RNase
protection.
RNA isolated from SCLC cell line H249 was subjected to

the double RNase protection protocol using the radioac-
tively labeled cRNA probes used for the experiment shown
in Fig. 3, corresponding to the sequences between the PvuII
and XbaI sites that bracket exon 1 (Fig. 4). The results
illustrated in Fig. 6 demonstrated that the background with
both the sense and antisense probes, when they were pro-
tected by yeast tRNA or RNA isolated from SCLC line H146
(a c-myc-expressing cell line), was negligible. Thirty micro-
grams of H249 RNA (as determined by the optical density at
260 nm) treated as a control, treated with RNase A
(RNased), or heat denatured before RNase treatment
(heated) was annealed to each probe. After analytic RNase
digestion, the control specimens demonstrated essentially
the same pattern that was noted in Fig. 3, with the exception
of some mild degradation, noted especially with the sense
probe. Note the large excess of sense RNA versus antisense
RNA in the control specimens (the probes were of equal
sizes and similar specific activities). However, after RNase
digestion of the cytoplasmic RNA, both sense and antisense
probes appeared to detect nearly equivalent amounts of
resistant material, as expected for an RNA-RNA duplex
encompassing these sequences. Furthermore, the major
species detected with both probes after RNase treatment
were the same size (within the ability to size complementary
sequences on this gel system), also expected if duplex
molecules exist. Minor bands which do not correspond
probably represent degradation during incubation with the
radioactive probe, since at this point, the RNA has been
denatured, rendering it sensitive to residual traces of the
high concentration of RNase A used in the initial digestion.
Finally, as predicted, heating the cytoplasmic RNA to 90°C
for 3 min before RNase treatment abolished all protected
species. To determine whether the duplexes were formed
after cell lysis, we added an excess of labeled cRNA probe to
our cells during lysis. After RNase digestion, there was no
protection of either the sense or the antisense probe, indi-
cating that duplexes did not form during RNA preparation
(data not shown).

Quantitatively, approximately 5% (3 to 8%) of the sense
mRNA appeared to be duplexed with complementary an-
tisense RNA, as determined by densitometry of appropri-
ately exposed autoradiograms. Interestingly, duplex forma-
tion appeared to be selective for certain sense mRNA
species (implied by a marked reduction in the number of
species after RNase treatment, with complete loss of some
of the most abundant ones). On the other hand, the antisense
species showed virtually no diminution, with the exception
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FIG. 4. Restriction map of the 5' portion of the N-myc locus. Restriction sites pertinent to this study are illustrated on a block diagram
of the N-myc locus drawn approximately to scale, except for exon 3. The regions labeled I1 and 12 represent the alternative regions of
transcriptional initiation; the points labeled SD1 and SD2 represent the alternative splice donor sites described by Stanton and Bishop (38).
The sense-specific probe used in the experiment whose results are shown in Fig. 3 and the expected protected fragments derived from the
alternate transcriptional initiation and splice sites are illustrated; the lettering corresponds to the groups of bands in Fig. 3a. Abbreviations:
Pst, PstI; Pvu, PvuII; Bam, BamHI; Xba, XbaI; Bgl, BgIII; Rl, EcoRI; Xho, XhoI.

of the triplet representing polyadenylated RNA (Fig. 3) at 80
bases. In fact, there was reproducible enrichment of an-
tisense species after RNase treatment, indicating that most
of the stable antisense RNA exists in a duplex. The quantity
of duplexed RNA, which is resistant to RNase A, should
remain relatively constant while the bulk of single-stranded
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FIG. 5. Double RNase protection protocol for detection of spe-

cific in vivo RNA-RNA duplexes. NP-40, Nonidet P40.

RNA would be digested into species inefficiently precip-
itated with isopropanol, thus accounting for the enrichment.

Further evidence that the sense and antisense RNAs
detected as described above exist as a duplex would be to
demonstrate sensitivity to double-strand-specific RNase. We
therefore subjected 30-,ug samples of purified RNase A-
resistant RNA to digestion with a purified preparation of
RNase III. Increasing amounts of RNase III caused progres-
sive loss of species detected by an antisense-specific probe
(Fig. 7, lanes B through D); equivalent results were obtained
with a sense-specific probe (data not shown). Purified RNase
A-resistant material also remained resistant upon redigestion
with RNase A (Fig. 7, lane E). In addition, purified RNase
A-resistant RNA from a c-myc-expressing cell line, H146,
also gave no protection of an N-myc-specific probe (lane F).

Detection of initiation sites for antisense transcription. To
begin to map the extent of duplex formation, we sought to
characterize the major initiation sites for antisense transcrip-
tion. We knew from the nuclear runoff studies that there was
very little antisense primary transcription 3' (sense orienta-
tion) of the XhoI site in exon 2 (Fig. 1), so we transcribed a
labeled cRNA probe from the BglII site in exon 1 to the XhoI
site in exon 2 (Fig. 4) to detect the 5' ends of the antisense
RNA. The control lane of the antisense panel in Fig. 8
illustrates the results of the RNase protection assay in which
this probe was annealed to 30 p,g of RNA isolated from line
H249. The major initiation site appears to be approximately
420 bp 3' (sense orientation) of the BglII site, in the prox-
imity of the XbaI site in intron 1, with other minor sites
between BgIII and XbaI. Longer exposures, as well as other
experiments using guanidine isothiocyanate-isolated RNA,
illustrated minor initiation sites in the vicinity of the EcoRI
site in the middle of intron 1 as well (data not shown).
To determine whether these antisense species were in a

duplex with sense transcripts in this region, we hybridized
RNase-digested RNA to this antisense probe. Most an-
tisense species are preserved after RNase digestion, indicat-
ing that they are in a duplex, with the exception of a grouping
of transcripts at approximately 220 bp. To confirm that the
duplex contained sense N-myc transcripts, we transcribed a

VOL. 10, 1990



4186 KRYSTAL ET AL.

Antisense Sense A B C D E F

634-

-. -. -r.

a) . a) a)

r. r.'
o Z a)' .Z a)
U n. I I .

< .D O. O. O..'< .D O. . a. -.
z . '. .-

N N N.. N N _
4. I I I I." I I I I .

.

4-

op

506-

396-

344-

298-

- -634

-506

- -396
- _344

- - -298

I-b-

220-

_ -220

-_ -154

W. -75

FIG. 6. Detection of in vivo RNA-RNA duplexes corresponding
to N-myc exon 1 sequences. SCLC cell line H249 was subjected to
the double RNase protection protocol diagrammed in Fig. 5. Thirty-
microgram samples of control RNA (incubated with RNase inhibitor
instead of RNase A), RNase A-treated RNA, and RNA heated to
90°C for 3 min before RNase A treatment (heated) were annealed to
the sense- and antisense-specific probes used in the experiments
whose results are shown in Fig. 3, corresponding to the sequences

between the PvuII and XbaI sites that bracket exon 1. To demon-
strate the specificity of the probes, they were also annealed to 30 p.g
of yeast tRNA and RNA isolated from a c-myc-expressing SCLC
line, H146. The probes were of equivalent sizes (sense, 805 bases;
antisense, 812 bases, including the polylinker) and similar specific
activities. Adjacent lanes on a single gel are shown. The numbers on
the right indicate molecular sizes in bases.

sense probe from the EcoRI site in intron 1 to the BgIII site
in exon 1 and annealed the same RNA to this probe. The
sense panel of Fig. 8 shows the results of the RNase
protection assay. In the RNase-treated sample of RNA,

FIG. 7. RNase III digestion of RNA-RNA duplexes. Thirty-
microgram samples of purified RNase A-resistant RNA from cell
line H249 were digested with increasing amounts of RNase III or
retreated with RNase A, annealed to the antisense-specific probe
used for Fig. 3 and 6, and subjected to analytic RNase protection.
Samples (30 pLg) oftRNA and RNase A-resistant RNA isolated from
H146, a c-myc-producing cell line, were used to define probe
specificity. The lanes contained the following samples: A, tRNA; B,
H249 RNase A-resistant RNA, untreated; C, H249 RNase A-
resistant RNA treated with 0.9 ,ug of RNase III; D, H249 RNase
A-resistant RNA treated with 1.8 ,ug of RNase III; E, H249 RNase
A-resistant RNA retreated with 10 ,ug of RNase A; F, untreated
H146 RNase A-resistant RNA. The numbers on the left indicate
molecular sizes in bases.

there was a major band at approximately 420 bp, along with
several other bands that correspond in size to the RNase
A-resistant antisense species, indicating that these species
exist in a duplex. In the control specimen, the band at
approximately 600 bp represents the full-length probe (minus
polylinker sequences), which detected a sense species which
retained intron 1. This band was completely lost after RNase
A digestion, indicating that the sequences between the major
site of antisense initiation and the EcoRI site are poorly
represented in duplex molecules.
Duplex formation is, in part, determined by the initiation

site of the sense RNA. We were curious as to why, when
sense N-myc RNA was analyzed, the complex pattern
caused by multiple initiation and splice donor sites seen in
the control RNA was simplified after RNase digestion (Fig.
6). Theoretically, any of the sense species generated from
the multiple initiation sites should have sequences comple-
mentary to those in the primary antisense transcript and,
therefore, could potentially form a duplex; the fact that this
does not happen implies some selectivity in duplex forma-
tion or stability. Knowing that in procaryotic systems the
precise structure at the 5' end of the RNA molecules
involved in duplex formation is critical to formation of that
duplex (18), we decided to investigate whether the 5' end of
the N-myc RNA was important in duplex formation. To do
this, we transcribed a cRNA probe from the PstI site in exon
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FIG. 8. Detection of the initiation sites for antisense transcrip-
tion and of RNA-RNA duplexes corresponding to intron 1 se-
quences. A 1,097-base antisense-specific probe (antisense panel)
was transcribed from the BgIII site in exon 1 to the XhoI site in exon
2 (Fig. 4). The probe was annealed to 30-pLg samples of yeast tRNA,
control RNA from line H249 (incubated with RNase inhibitor), and
RNase A-treated RNA (RNased), and analytic RNase protection
was performed. The control lane contained the multiple transcrip-
tional initiation sites for the antisense transcripts, with the major one
at approximately 420 bases 3' of the BglII site. The RNase-treated
lane contained the corresponding RNase-resistant species. The
sense panel illustrates the results of annealing the same RNA
samples to a 606-base (656 bases with the polylinker) sense-specific
probe transcribed from the EcoRI site in intron 1 to the BglII site in
exon 1. The numbers on the right indicate molecular sizes in bases.

1 to the PvuII site 5' of the gene (Fig. 4) to display the most
5' major sense initiation sites in detail. Figure 9a illustrates
the results obtained by annealing control RNA and RNase-
resistant RNA from H249 to this probe in an RNase protec-
tion assay. Only three of the several species presumably
representing independent initiation sites were present in the
duplex molecules: the major most 5' doublet and a species
representing a minor initiation site approximately 140 bp
from the PstI site (arrows). To confirm that these species
actually corresponded to initiation sites, we used an oligo-
nucleotide primer whose 5' border is the PstI site to perform
a primer extension of H249 RNA prepared by the guanidine
isothiocyanate method. Our results (Fig. 9b) show that these
species in fact represent independent initiation sites, dem-
onstrating that duplex formation is, at least in part, depen-
dent on the precise site of sense RNA initiation. These
initiation sites correspond well to those previously mapped
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FIG. 9. Analysis of the 5' end of the sense strand of the RNA
duplex. A 474-base sense-specific probe designed to display the 5'
transcriptional initiation sites was transcribed from the PstI site
within exon 1 to the PvuII site 5' of exon 1 (Fig. 4). Panel a
demonstrates the results of annealing this probe to control RNA and
RNase-treated RNA from line H249. The initiation sites preferred in
duplexes are seen in the RNase-treated (RNased) lane. Primer
extension (b) confirmed these as initiation sites. The oligonucleotide
primer used, whose 5' end is the PstI site, was CTGCAGGGGATC
CGGAGGCGATTCTG.

(23, 38). It is noteworthy that the distance between an
initiation site included in a duplex and one that is completely
RNase sensitive was as little as 17 bases (the distance
between the doublet and the grouping of tightly spaced
bands immediately below it).

Cloning of RNase A-resistant RNA duplexes. Both to con-
firm our analysis of the initiation sites for antisense tran-
scription and to define precisely the extents of the RNA-
RNA duplexes, we used PCR-mediated amplification of
cDNA (17) to clone each strand of the sense-antisense
duplex. Sequences within duplexes, as determined by the
RNase protection experiments described above were used to
synthesize oligonucleotide primers specific for hybridization
to the sense and antisense RNAs. These primers were used
to generate overlapping orientation-specific cDNA from
each RNA strand within the RNase A-resistant duplex. The
3' end of the cDNA was tailed with dATP, both to tag the 5'
end of the RNA strands and to facilitate PCR amplification
and cloning. The cDNA was amplified by PCR with an
oligo(dT) primer-adapter for hybridization to the dA tail, and
an orientation-specific primer located 3' to the primer which
was used to generate the cDNA (to enhance stringency).
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GCTTTCCTCT CCTTTCTCCC TCCCCCTTGT CTGCGCCACA GCCCCCTTCT CTCCCCGCCC 60
2 1

CCCGGGTGTG TCAGATTTTT CAGTTAATAA TATCCCCCGA GCTTCAAAGC GCAGGCTGTG 120

ACAGTCATCT GTCTGGACGC GCTGGGTGGA TGCGGGGGGC TCCTGGGAAC TGTGTTGGAG 180
____--------->a 1
CCGAGCAAGC GCTAGCCAGG CGCAAGCGCG CACAGACTGT AGCCATCCGA GGACACCCCC 240

e<------------------------

GCCCCCCCGG CCCACCCGGA GACACCCGCG CAGAATCGCC TCCGGATCCC CTGCAGTCGG 300___------->B
CGGGAGIGTAA GGAGCAGGGC TTGCAAACCG CCCGGCGCCC AGGGAAGCGA CGAGCGCCGG 360

GGCAAGGCAA GCCCTGGACG GGATTGCGAC GTGCGCACCG GGCGCCCTAA TATGCCCGGG 420
.___________------->1

GGACTGTTTC TGCTTCCGAA ACAAAACCAT CTCTGGGTTT TCCCAGAAAA GCCAGTTCCA 480
6<.------------------------------

GCCCCGAAGG CATCCTGGCT AGAGGAGACC CGCCCTAATC CTTTTGCAGC CCTTACCGGG 540

1 3
GGGAGTAATG GCTTCTGCGA AAAGAAATTC CCTCGGCTCT AGAAGATCTG TCTGTGTTTG 600
.______-_------ >0 11

AGCTGTCGGA GAGCCGIGTGC GTCCCCACCC CAGGCTGGGG TTCTTCTCCA AAGGGTGCCC 660
1 1

CTGGAGGAAG AAGAGGGGGG GATTAGGCAG GGCGAGGCCG CCGCGGTCGC AATCTGGGTC 720
1 1 1

ACGGCTGCTC CAGCTTGGAG GAGAGGCGGC TCTCCCGGCG ACCTCCTCGC GCGCGGCGCC 780
2

CCTGCCATTC CCGGGAACAG GGGCTCAGCC TCTCCCTCCC TGGAAGAGGA CGTTGTCGTG 840
1 *11

GTTTGGAAGA GCAGGGGTGG GCTTAGAGCT TCCAATTAAG CTATTGGCAG GAGTATCCCT 900
1 1

GCAGCGGGTG AATGCCGAGG GGCGTTTGCC CAAATTTGGG GAGGGGAAGG ATTTGTGGAT 960
*1 1 1

ATGGGTGTCT GTTGTTGGTC TCTGTCTAGA GAAAGGCTTT TTTTTATTTG CAAAGTTTTC 1020
1 1

TAAATCCCCT GCTATCATTT GCACTCCTGA GGTTGCATTT TTACAAAGGG GGTAGAAGGT 1080
1 1

ACTCCAAATA CCATTCCCGG TAGCTGGGTC GGAGAGCCTG GGGCTTCCCC TGAGCAGCCG 1140
1 1

GCCCCACACC GCTGCGAGTG CGGTTGTCTG CGTGCTCGTG AGAGCTAGAA TTCTGCAGCC 1200
1 1 *1 11 1

AGGAACAGCC CCCTCCCCCA GGCAGTGCCT TGTGTGAATG AAATGGCAGT TTCCAAAGTT 1260
1 1 1 1

GCGGACGCCT CGCCACCACC CCCTGCATCT GCATGCCCCC TCCCACCCCC TGTCGTAGAC 1320

AGCTTGTACA CAAAAGGAGG GCGGGAGGGA GGGAGCGAGA GGCACAACTT CCTCCACCTT 1380

FIG. 10. Cloning of RNase A-resistant RNA duplexes. The
results of the cloning experiments detailed in the text are displayed
superimposed on the genomic sense sequence of N-myc (39), from
the 5' flank to the middle of intron 1. For additional frames of
reference, the 5' sense transcriptional initiation sites described by
Stanton and Bishop (38) are indicated by dots above the appropriate
bases, and the alternative splice donors determined by the same
workers are indicated by the symbol t within the sequence. The
sense transcriptional initiation sites preferentially included in RNA
duplexes (illustrated in Fig. 9) are indicated by underlined dots. The
locations of the orientation-specific primers used for amplification
are indicated by the arrows above the sequence (5' - - + 3'). The
nested primers used for amplification of the sense strand are primers
8 and e (the actual sequence is the complement of that illustrated).
The two primer pairs used for amplification of the antisense strand
are a-1, and ur-c, respectively. The 5'-most bases of the RNA
represented in the cDNA clones are indicated by numbers above the
bases; the numbers indicate the numbers of independent clones that
map to those bases. Numbers 5' of base 300 represent clones
derived from the sense strand of the duplex; numbers 3' of base 300
represent clones derived from the antisense strand, and therefore,
the actual 5' base would be the complement of the one illustrated.

Figure 10 illustrates the locations of the orientation-specific
primers, as well as the results of the cloning and sequencing
of the amplified cDNA, superimposed upon the sense N-myc
sequence from the 5' flank to the middle of intron 1. All
clones were sequenced 250 to 300 bp in from the 5' end of the
RNA marked by the poly(dA-dT) tail of the cDNA clone.
Representative clones were sequenced completely in both
orientations. Because of the well-characterized sense tran-
scriptional initiation sites detailed by other workers (23, 38)
and our ability to correlate our RNase protection and primer
extension results with those sites, we sequenced only four
representative clones derived from the sense strand of the
duplex. The 5' ends of three of those clones (Fig. 10, bases
89 and 93) lie within 5 bp of the doublet of initiation sites
shown to be preferentially included in the RNA duplexes
(Fig. 9).

Thirty-four clones derived from the antisense strand of the

RNase A-resistant duplex were sequenced. Because of the
possibility that our ability to identify true 5' ends may have
been limited by lack of complete extension by the reverse
transcriptase, we used two sets of primers to generate the
amplified cDNA, with the primer extension primers (primers
a and 7r) located 245 bases apart. The sequencing results
demonstrated clusters of antisense-strand 5' ends scattered
over the 5' 700 bases of intron 1. Clones derived from both
sets of primers were intermixed, with the exception of the
clones overlapping or adjacent to amplification primer cr,
which would have been excluded because of the screening
procedures used to select clones generated with that primer.
A cluster of clones between bases 953 and 979 corresponds
to the region of the major protected band detected by RNase
protection in the experiment described in Fig. 8 (antisense
lanes, approximately 400 bp). We should note that the
cloning procedure used did not give a quantitative represen-
tation of the existence of the various 5' ends in vivo, since
the distribution of the clones obtained was biased by the
placement of primers and especially by the screening proce-
dures used to select those clones. This bias is reflected by
the number of clones analyzed beyond base 1000, which
were selected for sequencing in an effort to define the 5'
borders of antisense molecules included in the longest du-
plexes. As stated above, longer exposure of RNase protec-
tion experiments like those in Fig. 8 do demonstrate rare
antisense species with 5' ends in this area. Another correla-
tion can be made with the clustering of 5' ends between
bases 832 and 879 and the grouping of bands just below the
298-bp marker in Fig. 8.
The 5' ends of the antisense molecules cloned in the

experiment described above could either be the result of
transcriptional initiation at that site or the result of RNase A
cleavage of a longer, partially duplexed molecule. We be-
lieve that many of the 5' ends identified represent true
transcriptional initiation sites because, as illustrated in Fig. 6
and 8, the qualitative distribution of antisense species did not
change significantly after RNase treatment (also suggesting
that most stable antisense molecules exist in a duplex).
Furthermore, of the 34 clones analyzed, 27 began with a
purine, most ofwhich were adenosine residues, which would
be expected from the pattern of eucaryotic transcriptional
initiation. However, to address this question directly, we
derived antisense-specific cDNA clones from total cellular
RNA (isolated with guanidine isothiocyanate) by the proce-
dure detailed above. We sequenced three representative
clones, whose 5' ends are denoted by numbers preceded by
asterisks in Fig. 10. The clone that mapped to nucleotide 968
is consistent with the major transcriptional initiation site
identified in Fig. 8 (antisense control lane, approximately 400
bp); the clone that mapped to nucleotide 868 corresponds to
the minor initiation sites seen just below the 298-bp marker.
The clone that mapped to nucleotide 1219 corresponds to a
minor initiation site seen on long exposures of RNase
protection experiments, such as that shown in Fig. 8. Nota-
bly, these 5' ends fall into clusters identified by analyzing
clones derived from RNase A-resistant RNA. Finally, we
should comment on the fidelity of the sequences obtained.
The only deviation from previously published sequences
were occasional base changes, without a particular pattern
and inconsistent between overlapping clones, suggesting
polymerase errors during the amplification process.

DISCUSSION
Existence of stable antisense RNA derived from the N-myc

locus. We have demonstrated that antisense transcription
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results in the formation of two populations of stable an-
tisense transcripts derived from the N-myc locus. The poly-
adenylated population is extremely rare (<1% of the amount
of polyadenylated sense RNA) and on Northern blotting
migrates as 1.0- and 1.8-kb species which appear to be
composed of multiple exons whose coding capacity is not
known. The nonpolyadenylated antisense RNA is more
abundant (approximately 5% of the total sense RNA) but
heterogeneous in size, with a broad distribution just under 1
kb on Northern blotting. Transcription of these antisense
RNAs initiates at multiple sites predominately within intron
1, as shown by RNase protection and cDNA cloning, which
correlates well with the results of our nuclear runoff in vitro
transcription assays. The major site of transcriptional initi-
ation lies in an A+T-rich region near the XbaI site (coordi-
nate 985 in Fig. 10) in the middle of intron 1. There is no
TATA box associated with this or any of the other minor 5'
or 3' initiation sites. The only recognizable potential regula-
tory sequences related to the major initiation site are three
putative octamer (36) motifs (7 of 8 bp matches, each with
the hexanucleotide core Tl-TGCA preserved) within 60 to 70
bases of the start sites.
The pattern of antisense transcriptional initiation, with

multiple start sites scattered over a few hundred bases, is
strikingly similar to that of sense initiation. The N-myc gene
falls into the category of polymerase 1I-transcribed genes
which lack a TATA box, have multiple potential binding
sites for transcription factor SP1 (14), and initiate transcrip-
tion at multiple sites scattered over relatively large regions
(see reference 37 for a discussion of eucaryotic transcrip-
tional initiation). In fact, not only are there four putative
SPl-binding sites in the region of the sense transcription
initiation sites, but there is also one within intron 1 and there
are five within exon 2. It therefore seems plausible that the
entire region functions as a bidirectional promoter of tran-
scription in the sense and antisense orientations. A fact in
favor of this hypothesis is that transcription in both orienta-
tions appears to be coordinately regulated. For example,
despite widely varying rates of transcription among different
cell lines, the ratio of sense to antisense transcription across
exon 1 remains constant (Fig. 1). Furthermore, upon differ-
entiation of neuroblastoma cells with retinoic acid, which
decreases N-myc expression (40), the levels of stable sense
and antisense RNAs fall in parallel (G. W. Krystal, unpub-
lished data).
There is some precedence in higher eucaryotes for bidi-

rectional promoters that give rise to opposite-strand tran-
scripts. For instance, the mouse al(IV) and a2(IV) collagen
genes are arranged in a head-to-head fashion separated by
130 nucleotides and regulated by a common bidirectional
promoter and shared enhancer (7). Another example of a
bidirectional promoter occurs in the mammalian dhfr locus,
which, like N-myc and the type IV collagen genes, lacks a
TATA box and has multiple consensus SPl-binding sites in a
highly G+C-rich region. The locus gives rise to small
poly(A)- (15, 27) and multiexon poly(A)+ opposite-strand
transcripts (27, 30), some of which intriguingly contain
sequences complementary to sense dhfr transcripts derived
from a minor upstream promoter.
RNA-RNA duplexes exist in vivo between specific N-myc

transcripts and antisense transcripts derived from the N-myc
locus. By using a double RNase protection technique, we
have demonstrated the existence of RNase A-resistant tran-
scripts corresponding to sense and antisense sequences
derived from the 5' portion of the N-myc gene. We believe
that the RNase resistance does not arise from self-protection

by the individual transcripts, because if that were the case,
one would expect the large excess of sense transcripts to be
reflected in the amount of RNase-resistant material; instead,
we invariably detected equivalent amounts of resistant sense
and antisense RNAs. Furthermore, when excess radioac-
tively labeled probes were added to lysates, no protection
was seen, effectively ruling out both self-protection by these
sequences and in vitro duplex formation as explanations of
our results. We do not believe the protection results from the
formation of RNA-DNA hybrids, since we routinely treat
our cytoplasmic supernatants with DNase and treatment
with RNase H before analytic RNase protection does not
alter the results (data not shown). Although protein factors
may play a role in formation (or preventing formation) of
the RNase-resistant duplexes, they cannot account for
the RNase resistance because purified RNA (after proteinase
K digestion and phenol-chloroform extraction) remained
RNase A resistant. Furthermore, the purified RNase A-
resistant RNA was sensitive to a double-strand-specific
RNase, RNase III. The correspondence in length of the
RNase A-resistant sense and antisense RNAs, along with the
RNase III sensitivity, strongly suggests that the only expla-
nation for the RNase A resistance is formation of an RNA-
RNA duplex between complementary sense and antisense
transcripts. Brief heat denaturation before RNase digestion,
which resulted in complete loss of signal with either sense-
or antisense-specific probes, supports this conclusion. Fi-
nally, by using a strategy designed to clone each strand of
the RNA duplex from RNase A-resistant RNA indepen-
dently in an orientation-specific manner, we demonstrated
overlapping sense- and antisense-specific clones. We believe
that the evidence described above conclusively demon-
strates the existence of an RNA-RNA duplex between sense
and antisense transcripts derived from the N-myc locus.
Mixing experiments demonstrated that the RNA-RNA du-
plexes were not formed after the cells were lysed.
There is some precedence for the existence ofRNA-RNA

duplexes in eucaryotic cells. Approximately 2 to 5% of the
heterogeneous nuclear RNA isolated by traditional methods
is RNase resistant (8); these RNA-RNA duplexes can be
visualized by electron microscopy (16). Rot analysis sug-
gested that most of the duplex molecules were intramolecu-
lar duplexes or intermolecular duplexes between reiterated
sequences, although the gross nature of the analysis did not
exclude the possibility that single-copy sequences made
some contribution to the total RNase-resistant material.
Besides the demonstration of double-stranded heteroge-
neous nuclear RNA, other evidence which addresses the
presence of RNA duplexes is the number of enzymatic
activities which have been described that unwind exoge-
nously supplied double-stranded RNA. In addition to the
activities associated with splicing (24, 35) and translation
(26, 33), a nuclear activity exists in Xenopus embryos and
several mammalian cell lines which not only unwinds long,
perfect RNA duplexes (2, 34, 42) but inhibits their reforma-
tion through the conversion of adenosine to inosine residues
(3). Recently, Kimelman and Kirschner have demonstrated
that an antisense transcript containing complementary se-
quences to exon 3 of basic fibroblast growth factor (bFGF)
exists in Xenopus oocytes (21). Those workers also demon-
strated that following germinal vesicle breakdown, when the
cytoplasmic RNA would be exposed to nuclear double-
stranded RNA unwindase, bFGF mRNA undergoes exten-
sive conversion of its adenosine residues to inosine in exon
3, which results in A-to-G conversions after cDNA cloning.
This appears to be indirect evidence for the existence of an
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RNA-RNA duplex between bFGF and its overlapping an-
tisense RNA. Interestingly, this covalent modification of
bFGF RNA appears to be temporally related to rapid deg-
radation of bFGF mRNA, suggesting a role for the RNA
duplex in the regulation of mRNA stability. The RNA-RNA
duplexes that cover the 5' portion of the N-myc gene seem to
be a potential substrate for the double-stranded RNA unwin-
dase enzyme. We did not detect any A-to-G conversions in
sequencing our cDNA clones, but we would not expect to
find any, since they were derived from RNase-resistant
RNA, and following activity of the RNA unwindase enzyme,
double-stranded RNA becomes sensitive to RNase A (3).
Duplex formation is, in part, determined by the transcrip-

tional initiation site. After RNase treatment, we noted differ-
ential resistance among the multiple forms of N-myc sense
RNA, suggesting that not all forms engaged in duplex
formation with complementary antisense RNA equally (Fig.
6). Mapping of the 5' ends of the sense RNA within duplexes
and comparing them with transcriptional initiation sites
authenticated by primer extension (Fig. 9) resulted in the
conclusion that duplex formation is, in part, determined by
the structure of the 5' end, with as little as 17 bases
separating the 5' ends of RNase-resistant and RNase-sensi-
tive RNAs. These findings were confirmed by cloning the 5'
ends of the sense strand of the RNA duplex (Fig. 10). The
reason for the preference for specific 5' ends within duplexes
is not clear.

Potential functions of N-myc RNA-RNA duplexes. Our data
suggest that the level of translatable N-myc mRNA is not
regulated by the amount of antisense RNA available to form
a duplex because the transcriptional rate and the steady-
state levels of sense and antisense transcripts have always
been proportionately linked under all of the physiologic
circumstances we have explored. Our data do, however,
suggest a potential function for the RNA duplexes simply on
a structural basis. Virtually all of the duplexes cloned extend
across both exon 1 splice donor sites, potentially protecting
them from the splicing enzyme complex (Fig. 10). Konarska
et al., on the basis of in vitro data, have already speculated
that intermolecular RNA duplexes may regulate splicing in
such a fashion (24). Duplex formation, therefore, may play a
role in regulating the splicing patterns of the specific N-myc
RNAs capable of forming a duplex. We have identified a
4.2-kb polyadenylated cytoplasmic RNA corresponding to
an N-myc RNA that retains intron 1 with intron 2 spliced
out. The significance of this mRNA is not clear, but it is
worth noting that a large proportion of L-myc mRNAs retain
intron 1 (19), which is required to generate an alternative
form of the L-myc protein (12).
We can speculate on other potential functions of the RNA

duplexes. Duplex formation may play a role in regulating
mRNA stability, as demonstrated for Xenopus bFGF. The
duplexes, which extend across the exon 1-intron 1 interface,
may also play a role in abrogating a block to transcriptional
elongation, which is present in this region during c-myc and
L-myc transcription, but not during N-myc transcription
(Fig. 1; [25]). Finally, if the N-myc duplexes are a substrate
for double-stranded nuclear RNA unwindase, it is possible
that the coding potential of the specific RNAs involved could
be altered through the adenosine-to-inosine conversions.

In summary, we have demonstrated the existence of stable
antisense transcripts from the N-myc locus which exist in an
RNA-RNA duplex with specific sense transcripts. Duplexes
between sense and antisense bFGF transcripts have also
been indirectly demonstrated, and so it is possible that these
structures play an important role in regulating the processing

and stability of eucaryotic mRNA. By using the techniques
we have described to isolate and characterize these RNA
duplexes, it is possible to design experiments to determine
their functional significance in the regulation of these and
other genes.
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