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ABSTRACT

Adenosine deaminases that act on RNA (ADARs) convert adenosine to inosine in double-stranded regions of RNA.
ADAR activity is in the nucleus in Xenopus laevis stage VI oocytes, and released into the cytoplasm at oocyte
maturation. We previously demonstrated that a cytoplasmic double-stranded RNA (dsRNA) binding factor(s), cyto-
dsRBP, protects microinjected dsRNA from the ADAR released at maturation. Here we describe experiments to
determine whether an endogenous dsRNA, the duplex formed between sense and antisense transcripts of basic
fibroblast growth factor (bFGF), is protected in a similar manner. Consistent with the presence of cyto-dsRBP, we
observed that the majority of bFGF RNA was not deaminated, before or after maturation. However, a minor fraction of
the bFGF RNA was deaminated whether the RNA was isolated from stage VI oocytes or matured oocytes. Since ADAR
activity is in the nucleus in stage VI oocytes, our results suggest that a fraction of the bFGF RNAs are hybridized in
the nucleus and are ADAR substrates. Adenosine deaminations result in A-to-G changes in cDNAs, so we quantified
the fraction of modified molecules using restriction-enzyme assays of RT-PCR products. Caveats due to recombina-
tion during RT-PCR are discussed.
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INTRODUCTION

Adenosine deaminases that act on RNA (ADARs) cat-
alyze the conversion of adenosine to inosine within
double-stranded regions of RNA+ ADAR activity has
been found in every metazoan tested and in all tissues
assayed+ Initially described as an unwinding/modifying
activity from Xenopus laevis,ADAR1 (previously called
dsRAD or DRADA) is one member of a growing family
that together are responsible for the adenosine deam-
inase activity observed in metazoan tissues (reviewed
in Bass, 1997)+

ADARs have been implicated in two very different
types of adenosine deamination in vivo: highly selec-
tive RNA editing and hypermutation+ Highly selective
RNA editing by ADARs is a process in which only one
or very few adenosines within an RNA are deaminated+
Conversely, hypermutation is a less selective process

that typically leads to deamination of ;50% of the aden-
osines in a given RNA+ Accessory factors that provide
selectivity have not been identified+ Rather, it has been
suggested that selectivity is determined by the struc-
ture and stability of the RNA substrate (Bass, 1997)+
Consistent with this hypothesis, stable, perfectly base-
paired duplexes of $50 nt show up to 50% deamina-
tion, while shorter, less stable dsRNA molecules are
deaminated much more selectively (Nishikura et al+,
1991; Polson & Bass, 1994)+

Highly selective RNA editing by ADARs has been
observed in the transcripts encoding certain glutamate
receptor subunits (Maas et al+, 1997) and the serotonin
receptor subtype, 5-HT2cR (Burns et al+, 1997)+ In these
RNAs, selective adenosine-to-inosine changes result
in amino acid changes that have important biological
consequences+ Likewise, a single specific adenosine-
to-inosine change in the antigenome of hepatitis delta
virus results in the conversion of an amber stop codon
to a tryptophan, allowing the virus to make two essen-
tial proteins from a single open reading frame (Polson
et al+, 1996)+

Hypermutation of adenosines in vivo has been impli-
cated in persistent infection of measles virus (Billeter
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et al+, 1994; Cattaneo, 1994)+ In addition, extensive
A-to-G changes have been observed in cDNAs de-
rived from vesicular stomatitis virus (O’Hara et al+, 1984),
several other negative strand RNA viruses (Murphy
et al+, 1991; Rueda et al+, 1994), and polyoma virus, a
DNA virus (Kumar & Carmichael, 1997)+ A-to-G transi-
tions are indicative of adenosine deamination because
inosine, like guanosine, prefers to base-pair with cyti-
dine+ Consequently, after reverse transcription and sec-
ond strand DNAsynthesis, an inosine in an RNAappears
as a guanosine in the cDNA+

Recently, a single cDNA of the 4f-rnp gene from Dro-
sophila was also observed to contain extensive A-to-G
changes (Petschek et al+, 1996)+ This is the first report
of a cellular RNA that appears to be deaminated by
hypermutation, but certainly many others could exist+
In fact, a number of eukaryotic genes have an over-
lapping open reading frame (ORF) on the antisense or
noncoding DNAstrand (reviewed in Dolnick, 1997)+ Tran-
scription of opposite strands at the same genomic lo-
cus produces RNA transcripts containing an extended
region of complementary sequence+ If these RNAs hy-
bridized, they would form an ideal substrate for hyper-
mutation by ADARs+

One study suggests that a region of complementarity
between the sense and antisense transcripts from the
basic fibroblast growth factor (bFGF) gene are hyper-
mutated according to the above scenario (Kimelman &
Kirschner, 1989)+ In X. laevis the bFGF gene is tran-
scribed bidirectionally to produce a 4+2-kb sense tran-
script and a 1+35-kb antisense transcript (Kimelman
et al+, 1988; Volk et al+, 1989)+ A 900-base-pair overlap
region exists between the mature sense and antisense
transcripts, at each of their 39 ends (see Fig+ 1)+ Previ-
ously it was reported that, although the bFGF duplex
was not deaminated in stage VI oocytes, it became
deaminated after oocyte maturation, and was sub-
sequently degraded (Kimelman & Kirschner, 1989)+ This
report was consistent with our observation that ADAR
activity is located in the nucleus in stage VI oocytes,
and is released into the cytoplasm during oocyte mat-
uration,when the nuclear membrane breaks down (ger-
minal vesicle breakdown (GVBD); Saccomanno & Bass,
1994)+ That is, assuming the majority of the bFGF du-
plex is cytoplasmic, it should not be exposed to ADAR
activity until after GVBD+ However, further analysis of
ADAR activity in our laboratory identified a factor(s) in
the cytoplasm of stage VI oocytes, cytoplasmic dsRNA
binding protein (cyto-dsRBP), that specifically protects
dsRNA from ADAR activity released at oocyte matura-
tion (Saccomanno & Bass, 1994)+ Although this factor
was characterized by microinjection of an exogenous
dsRNA, the presence of cyto-dsRBP was in conflict
with the apparent deamination of endogenous bFGF
RNA (Kimelman & Kirschner, 1989) and suggested
the bFGF duplex should be protected from adenosine
deamination in the stage VI oocyte and throughout

oocyte maturation+ Discussions between the two labo-
ratories provided a possible solution to the apparent
conflicts+ In particular, although many laboratories
induce maturation in vitro by incubating oocytes with
progesterone, the protocols used by Kimelman and
Kirschner involved microinjecting a crude preparation
of maturation promoting factor (MPF) into stage VI oo-
cytes+ Experiments in our laboratory demonstrated that
the crude preparation of MPF contained a significant
concentration of ADAR activity (M+ Paul & B+ Bass,
unpubl+ data)+Possibly, the injection of exogenous ADAR
into the cytoplasm displaced the cyto-dsRBP bound to
the bFGF duplex, leading to its aberrant deamination+
Nonetheless, since ADARs require base-paired sub-
strates, the work by Kimelman and Kirschner indicates
that the bFGF sense and antisense RNAs are hybrid-
ized in the cytoplasm of stage VI oocytes+

Here we report experiments designed to directly de-
termine whether bFGF transcripts are substrates for
endogenous ADARs in stage VI oocytes or matured
oocytes+ To guard against possible artifacts, matura-
tion was induced using conventional progesterone pro-
tocols+ Consistent with the presence of cyto-dsRBP, we
observed that the majority of bFGF mRNA was not
deaminated before or after maturation+ However, using
three different assays, we showed that a small percent-
age of bFGF mRNA isolated from stage VI oocytes, as
well as that derived from matured oocytes, contained
sequence changes indicative of deamination+ Since

FIGURE 1. The basic fibroblast growth factor (bFGF) gene is tran-
scribed bidirectionally to produce RNA transcripts that are comple-
mentary at their 39 ends+ Sense RNA is shown 59 to 39 from left to
right, and the antisense RNA is shown in the opposite direction+
Coding regions are represented with boxes and numbered+ In the top
half of the figure the sense and antisense transcripts are aligned to
show a putative duplex region between the pre-mRNAs (shaded)+
Upon splicing, the sense and antisense mRNAs contain a 900-base-
pair region of complementarity, shown as the shaded region in the
bottom half of the figure+ Annealing sites of PCR primers are shown
as arrowheads on the sense pre-mRNA and sense mRNA+ Black
lines are introns and 39 UTRs for which the genomic sequence is
known+ Hatched lines are introns and 59 UTRs for which the genomic
sequence is not yet known; consequently these are not drawn to
scale+
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ADAR activity is located in the nucleus in stage VI
oocytes, the observation of deaminated bFGF RNA
in stage VI oocytes indicates that a least a small frac-
tion of the sense and antisense bFGF RNAs are hy-
bridized in the nucleus+ However, we surmise that the
majority of bFGF sense and antisense RNAs escape
deamination in the nucleus and reach the cytoplasm,
where they are subsequently protected from ADARs by
cyto-dsRBP+

RESULTS

The majority of the bFGF RNA population
is not deaminated before or after
oocyte maturation

To determine whether bFGF RNAs were deaminated in
stage VI oocytes or matured oocytes, we sequenced
cDNA clones derived from the 900-base-pair region of
the sense mRNA that is complementary to the anti-
sense mRNA+ cDNA sequences were compared to the
genomic sequence (Volk et al+, 1989) to identify A-to-G
changes+ We chose to monitor changes in the bFGF
sense RNA, rather than the antisense RNA, because
the antisense RNA is present at 20-fold excess over
the sense mRNA in oocytes and matured oocytes
(Kimelman et al+, 1988)+ Consequently, whereas al-
most all of the sense RNA would be predicted to be
present in a duplex and serve as an ADAR substrate,
most of the antisense mRNA would be single-stranded+
Thus, the probability of finding a deaminated sense
RNA would be much greater than the probability of
finding a deaminated antisense RNA+

Total RNA was isolated from stage VI oocytes and
matured oocytes, and cDNA was prepared using re-
verse transcriptase and random hexamers+ (Matured
oocytes were collected ;6 h after GVBD; see Materi-
als and Methods)+ Primers for subsequent amplifica-
tion by the PCR were designed to hybridize outside the
predicted overlap region (see bottom half of Fig+ 1), to
guard against the possibility that a primer binding se-
quence would be altered by a deamination event+ The
approximate regions of primer binding sites are shown
as arrowheads in Figure 1+ Since the steady-state lev-
els of mature bFGF mRNAs should be much greater
than the levels of unspliced bFGF pre-mRNAs, we de-
signed our primers based on the region of complemen-
tarity between the mature mRNAs+ However, in theory,
the bFGF sense and antisense pre-mRNA transcripts
could hybridize before splicing, to form a much longer
duplex (see top half of Fig+ 1)+ In this case, our chosen
primer binding sites would be predicted to be double-
stranded and susceptible to deamination+ Therefore,
we also chose primer binding sites that had very few
adenosines, and in addition, used degenerate primers
containing both C and T at positions of adenosines in
good context for deamination (Polson & Bass, 1994)+

PCR products were cloned, and the sequences of
cDNA clones from stage VI oocytes, as well as from
matured oocytes, were compared to the genomic se-
quence (Volk et al+, 1989)+ Although the majority of
cDNAs did not contain A-to-G transitions, 5 of 32 cDNA
clones sequenced from stage VI oocytes, and 2 of 27
cDNA clones sequenced from matured oocytes, con-
tained A-to-G transitions characteristic of deamination
by an ADAR+ The genomic sequence of the overlap
region, and the A-to-G changes observed in the five
deaminated oocyte clones (1–5) and two deaminated
matured oocyte clones (A, B) are shown in Figure 2+
Almost all of the changes in the cDNA clones were A to
G and ranged from a minimum of 10 to as many as 70
changes in a single clone+ The A-to-G transitions did
not occur at random positions, but were located ac-
cording to the 59 nearest-neighbor preferences previ-
ously reported for Xenopus ADAR1 (xADAR1; Polson
& Bass, 1994); this supported the idea that the A-to-G
changes were due to adenosine deamination by
xADAR1+ Furthermore, no A-to-G changes were ob-
served outside the predicted overlap region, consistent
with previous studies showing that a dsRNA structure
is required for deamination by xADAR1+

Thus, our initial sequencing experiments indicated
that the majority of the steady-state population of bFGF
mRNA in stage VI oocytes did not contain A-to-G tran-
sitions, suggesting the molecules had not been deam-
inated by ADAR+ Further, the bFGF mRNA sampled
after maturation was also largely unmodified, even
though ADAR is released into the cytoplasm at GVBD+
This result was consistent with the idea that cytoplas-
mic bFGF duplex RNA was protected from deamina-
tion by cyto-dsRBP+ In the bFGF mRNA analyzed before
and after maturation, we did observe a small fraction of
molecules with A-to-G transitions that appear to be de-
rived from deamination by ADAR+ Since ADAR activity
is located in the nucleus in stage VI oocytes, the ob-
servation of deaminated molecules at this stage sug-
gested that at least a fraction of the bFGF sense and
antisense RNA hybridized in the nucleus and served
as ADAR substrates+ Although deaminated molecules
were also observed in samples derived from matured
oocytes, the total number of cDNAs sequenced was
not large enough to determine the significance of the
small differences in the number of deaminated mol-
ecules observed in oocytes versus matured oocytes+

Restriction-enzyme analyses of cDNA
populations verify that only a minor fraction
of the bFGF RNA population is deaminated

We wanted to determine more accurately the percent-
age of bFGF RNA molecules that were deaminated in
the steady-state RNA populations from stage VI oo-
cytes and matured oocytes+ To this end, we examined
large numbers of individual cDNA clones, as well as
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mixed populations of cDNAs, using a restriction-enzyme
assay+ After reverse transcription and the PCR, an ino-
sine within an RNA appears as a guanosine in the
corresponding cDNA+ Thus, deamination events can
be monitored using restriction sites that are not present

in the wild-type bFGF sequence, but are created by
specific A-to-G changes+

We chose three restriction enzymes, ApaI, DraIII,
and StuI, that together identified four of the seven de-
aminated cDNA clones derived from both the oocyte

FIGURE 2. cDNAs derived from the bFGF sense RNA within the region of complementarity contain numerous adenosine-
to-guanosine changes+ The genomic sequence of the complementary region (top line;Genbank accession number X16627)
is compared to the sequence of cDNA clones derived from the bFGF sense mRNA isolated from stage VI oocytes (1–5),
and matured oocytes (A and B)+ Only the nucleotides which differ in the cDNA clones are shown below the genomic
sequence+ Nucleotides that lie outside of the 900-base-pair complementary region (defined by the region of complemen-
tarity between the mature RNAs) are written in lowercase; within this lowercase sequence underlined nucleotides show the
primer binding sites for the first and second rounds of PCR+ Adenosine-to-guanosine changes were not observed outside
the overlap region+ Underlined regions of uppercase sequence denote positions of new restriction sites that are created
when adenosines in bold are changed to guanosine+
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and matured oocyte RNA populations (Fig+ 2)+ BpmI
was also included based on its ability to identify deam-
inated cDNA clones sequenced during additional ex-
periments not reported here+Together, the four restriction
enzymes detect 69% of the total modified cDNA clones
observed by sequencing+ The underlined regions in the
overlap sequence (uppercase) shown in Figure 2 de-
note the positions of the restriction sites+Adenosines in
bold within the underlined regions (Fig+ 2) show posi-
tions where deamination generates a new restriction
site+

To analyze large numbers of individual cDNA clones
for A-to-G changes, bFGF cDNA inserts within the
plasmids of individual bacterial colonies from a single
transformation were amplified using the PCR+ Each
PCR product was then incubated with a mixture of
ApaI, DraIII, StuI, and BpmI, and the digestion prod-
ucts were separated by electrophoresis on a 1% aga-
rose gel+ Figure 3B shows a representative analysis
of 15 cDNA clones+ In this experiment, two clones
(Fig+ 3B, lanes 11 and 12) show the faster migrating
bands that indicate cleavage by a restriction enzyme
due to a deamination event+ As tabulated in Fig-
ure 3A, we analyzed a total of 205 individual clones
derived from the bFGF mRNA of stage VI oocytes,
and 183 individual clones derived from bFGF mRNA
from matured oocytes+ Three percent of the cDNA
clones analyzed from each of the stage VI oocyte
and matured oocyte mRNA populations contained an
A-to-G change at one of the restriction sites, suggest-
ing they originated from a deaminated RNA mol-
ecule+ Note that control reactions were performed in
each experiment to confirm that the restriction en-
zymes were active during the incubation (data not
shown; see Materials and Methods)+

For analyses of mixed cDNA populations, total RNA
from stage VI oocytes and matured oocytes was re-
verse transcribed and PCR amplified as described
above, except the PCR product was labeled in the final
cycle of the PCR, and assayed without cloning+ After
labeling, the PCR product was gel purified and then
incubated with the restriction enzymes+ Independent
experiments from the same RNA sample are shown in
Figure 4+ In the experiment shown in Figure 4A, 4+5%
of the cDNA molecules in the PCR population from
stage VI oocytes (Fig+ 4A, lane 2) and 9% of the cDNA
molecules in the PCR population from matured oo-
cytes (Fig+ 4A, lane 4) were digested+ In the experiment
shown in Figure 4B, 20% of the cDNA molecules in the
PCR population from stage VI oocytes (Fig+ 4B, lane 2)
and 33% of the cDNA molecules in the PCR population
from matured oocytes (Fig+ 4B, lane 4) were digested+

Experiments similar to those shown in Figure 4 were
repeated multiple times and the large amount of vari-
ability was found to be an intrinsic characteristic of the
experiments+ We attributed the large deviation be-
tween experiments to inconstant amounts of recombi-

nation during reverse transcription and the PCR (detailed
further in the Discussion section)+ To compensate for
this variability, we performed multiple analyses and cal-
culated mean values+ In all, duplicate reverse transcrip-
tion reactions were performed for each of three separate
stage VI oocyte RNA samples and three separate ma-
tured oocyte RNA samples+ For each of the reverse
transcription reactions, duplicate PCR reactions were
performed+ The mean values calculated from a total of
12 PCR reactions of oocyte RNA indicate that 10 6 5%
of the bFGF mRNA is deaminated in VI oocytes; the
mean value calculated from 12 PCR reactions of the
matured oocyte sample indicate that 166 10% of bFGF
mRNA is deaminated after maturation+Of course, these

FIGURE 3. Restriction-enzyme assays of single cDNA clones+ In-
serts from individual cDNA clones were PCR amplified and incu-
bated with ApaI, DraIII, StuI, and BpmI simultaneously+ A: The data
are tabulated for oocytes (stage VI) and matured oocytes according
to the total number of cDNA clones analyzed, the number of cDNA
clones digested, and the percentage of cDNA clones digested in the
entire assayed population+ B: PCR product from 15 different cDNA
clones was incubated with ApaI, DraIII, StuI, and BpmI simulta-
neously and subsequently electrophoresed on a 1% agarose gel+
Lanes 11 and 12 are PCR product from two different cDNA clones
that were digested with at least one of the restriction enzymes and
consequently show bands that electrophorese with a faster mobility+
The PCR product of the cDNA clones in lanes 11 and 12 was di-
gested into multiple bands, indicating that an A-to-G change was
present at more than one site+ Experiments performed to optimize
the assay showed that PCR products derived from unedited cDNAs
were never digested, and those derived from defined mixtures of
unedited and edited sequences accurately reflected the composition
of the sample+ These experiments demonstrated that cleavage sites
were not fortuitously created by PCR error+ Further, the sizes of
bands observed in digested samples correlated with cleavage at the
restriction sites predicted to be created by A-to-G transitions (under-
lined sequences in Fig+ 1)+
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numbers could be slightly higher if some deaminated
molecules were not detected with the restriction en-
zymes used in our assay+

The percentage of deaminated bFGF molecules de-
termined in the analysis of a large number of individ-
ual cDNA clones (e+g+, oocytes, 3%) differed somewhat
from that determined in the mixed cDNA analyses
(e+g+, oocytes, 10%)+ However, we note that the for-
mer value was derived from an analysis of a single
PCR reaction, whereas the latter value was averaged
from multiple PCR reactions+ Because of variable
amounts of recombination between different PCR re-
actions (see Discussion), we consider the value ob-
tained in the mixed cDNA analyses to be the more
accurate number+ We surmise that if the single cDNA
analysis were repeated for multiple PCR reactions,
the average fraction of deaminated molecules would
be close to the average determined from the mixed
cDNA analyses+

The data obtained from analyzing individual cDNA
clones and mixed cDNA populations with restriction en-
zymes confirms our sequencing results: the majority of
bFGF mRNA molecules were not deaminated before or
after maturation+ Further, as in the previous sequence

analysis, a small percentage of deaminated bFGF mol-
ecules were observed in stage VI oocytes as well as
matured oocytes+Within the sensitivity limits of our ex-
periments, we observed no significant difference in the
fraction of deaminated molecules observed before or
after maturation+ Thus, in contrast to previous reports
(Kimelman & Kirschner, 1989), our data indicate that
deaminated molecules are not degraded even 6 h after
maturation+

DISCUSSION

Using three different assays we observed that the ma-
jority of bFGF mature mRNA was not deaminated in
Xenopus stage VI oocytes+We also found that the bFGF
mRNA population isolated after oocyte maturation re-
mained predominantly unmodified, despite its expo-
sure to the ADAR released into the cytoplasm following
GVBD+ The latter observation agrees with our earlier
report that predicted that the factor cyto-dsRBP would
protect cytoplasmically located dsRNA from deamina-
tion (Saccomanno & Bass, 1994)+With all three assays
we detected A-to-G transitions in a small fraction of the
bFGF mRNA,whether the RNA was isolated from stage

FIGURE 4. Restriction-enzyme assays of mixed cDNA populations+ A PhosphorImager image of restriction digests elec-
trophoresed on a 1% agarose gel is shown+ A and B are two independent experiments+ bFGF RNA was amplified by
RT-PCR using RNA isolated from either oocytes (lanes 1 and 2) or from matured oocytes (lanes 3 and 4)+ The 900-base-pair
PCR products, corresponding to the sense strand of the overlap region, were incubated in the absence (2) or presence (1)
of restriction enzymes (DraIII, ApaI, StuI, and BpmI)+ The percent product digested was obtained by subtracting a back-
ground value obtained in the absence of restriction enzymes (2)+ Background values ranged from 0+6% to a maximum of
1+4%+ The percent digestion was determined with a Molecular Dynamics PhosphorImager using ImageQuaNT software+
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VI oocytes or matured oocytes; this suggested that at
least a small fraction of the bFGF mRNA from both
stages was deaminated by ADAR+

Since ADAR activity is located in the nucleus in
stage VI oocytes, our observation of a low level of
deaminated bFGF mRNA at this stage indicates that
a fraction of the bFGF sense and antisense RNAs
are hybridized in the nucleus and acted on by ADARs+
As shown at the top of Figure 1, the bFGF pre-
mRNA transcripts can form a much longer duplex prior
to splicing that might serve as an ADAR substrate in
the nucleus+ However, we did not find any A-to-G
changes in the sequence outside the region of com-
plementarity between the mature RNAs, suggesting
adenosine deamination occurred on the mature, spliced
mRNA, rather than the pre-mRNA (see Fig+ 2 leg-
end)+ Of course, further analysis will be required to
prove this definitively+

Within the sensitivity limits of our experiments, the
percentage of deaminated bFGF RNA molecules ob-
served before and after oocyte maturation was similar+
We speculate that the small percentage of deaminated
bFGF RNA molecules detected after oocyte maturation
were deaminated in the oocyte nucleus and persisted
after maturation+However, previous studies indicate that
a significant population of the bFGF sense and anti-
sense mRNAs are hybridized in the oocyte cytoplasm
(Kimelman & Kirschner, 1989)+ Therefore, we cannot
rule out the possibility that a low level of cytoplasmi-
cally located bFGF duplex molecules escape protec-
tion from cyto-dsRBP and are deaminated by ADAR
released at oocyte maturation+

In previous studies hypermutated bFGF RNA tran-
scripts were not observed in the RNA isolated from
stage IV or stage VI oocytes, or mixed oocyte popula-
tions from total ovary (Kimelman & Kirschner, 1989)+
However, our current data indicate that the percentage
of deaminated bFGF transcripts in the RNA population
from stage VI oocytes is low, and suggest that analysis
of many cDNA clones would be required to identify
those which are deaminated+ We believe that we iden-
tified deaminated cDNA clones derived from the stage
VI oocyte RNA because we analyzed large populations
of cDNA molecules utilizing three different methods+

Can RT-PCR be used to quantify amounts
of deaminated molecules?

The amount of deaminated bFGF mRNA determined
by restriction digest analyses of large numbers of in-
dividual cDNA clones differed slightly from that deter-
mined with mixed cDNA populations, and the latter
was quite variable from experiment to experiment+ We
attribute the variability in our data to the variable
amounts of recombination which can occur during the
reverse transcription reaction (Luo & Taylor, 1990; Ou-
hammouch & Brody, 1992) and the PCR (Saiki et al+,

1988; Meyerhans et al+, 1990; Odelberg et al+, 1995)+
Interestingly, evidence of recombination can be ob-
served in our sequence analysis (Fig+ 2)+ In all but
one of the cDNA clones (clone 4 from the oocyte
population), A-to-G changes were clustered in the 59
or 39 half of the sequence, as if a fully modified mol-
ecule had recombined with an unmodified molecule+

Recombination during reverse transcription and the
PCR will artificially combine parts of two different se-
quences into a single cDNA molecule+ Deaminated re-
gions of a single RNAcan be represented in many cDNA
molecules, depending on the position and frequency of
the crossover events in each successive cycle of the
PCR+ The amount of recombination generated during a
single PCR cycle, presumably by template switching, can
vary 3- to 10-fold (Odelberg et al+, 1995), consistent with
the variability observed in our experiments+Because our
method of simultaneously digesting with a mixture of re-
striction enzymes detects all of the cDNAmolecules that
obtain a new restriction site, the percentage of deami-
nated cDNA molecules will vary, and increase with the
frequency of recombination+ However, the frequency of
any single site should not change+Therefore, a more ac-
curate estimate of the percentage of deaminated mol-
ecules might be determined by including in each assay
only a single restriction enzyme+Of course, this method
has its problems as well, and the values determined from
single-enzyme digests might be lower than the actual
number, since a given adenosine may not be deami-
nated in every hypermutated molecule+

To explore the possible use of single-enzyme di-
gests, additional experiments were performed using
two enzymes separately (DraIII and StuI) to analyze
mixed cDNA populations derived from oocyte RNA (data
not shown)+ Two independent reverse transcription re-
actions were performed for an oocyte total RNA pop-
ulation, followed by either duplicate or triplicate PCR
experiments+ The mean value calculated from five PCR
reactions of the oocyte cDNAs was 14% according to
the StuI digestion (standard deviation 6 3%), and the
mean value according to the DraIII digestion was 10%
(standard deviation 6 3%); thus, using single enzymes
we observed an average of 12% deamination+ The stan-
dard deviation of single-enzyme digests was lower than
that of the multiple enzyme digests, suggesting that the
former method is less influenced by recombination+

The data from multiple-enzyme digests on the mixed
cDNA were variable, yet the mean value was similar to
that determined using two different restriction enzymes
singly; this suggests that errors due to recombination
averaged out over the large number of PCR reactions
we analyzed+ Restriction-enzyme analyses of mixed
cDNA populations with single (12%) or multiple en-
zymes (10%) suggest the percentage of deaminated
molecules in the bFGF RNA from oocytes is ;11%+We
observed a similar percentage of deaminated bFGF
RNA molecules after oocyte maturation+
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Our current study demonstrates that caution should
be exercised when utilizing RT-PCR and cloning to an-
alyze deaminated or heterogeneous RNA populations+
It is postulated that recombination during the PCR oc-
curs only at high DNA concentrations, like that which
exists in the last few cycles of the PCR (Meyerhans
et al+, 1990)+ We used a PCR scheme to produce high
concentrations of cDNA so as to be able to detect a
very small percentage of potentially deaminated mol-
ecules+ Unfortunately, by such a scheme we likely en-
couraged recombination+ Nevertheless, the occurrence
of recombination during RT-PCR does not alter our
conclusion that the majority of the bFGF mRNA was
not deaminated before or after oocyte maturation+

The significance of the identification
of deaminated bFGF mRNA

As mentioned (see Introduction), two types of deami-
nation, hypermutation and selective, have been ob-
served among ADAR substrates+The cellular substrates
discovered so far are largely of the selective type, and
only a single hypermutated cellular RNA, the Drosoph-
ila 4f-rnp transcript, has been reported+ Our studies
indicate that bFGF mRNA provides a second example
of a cellular RNA that is hypermutated by an ADAR+ By
analyzing RNA populations we determined that the de-
aminated bFGF mRNA molecules comprise a minor
population of the steady-state bFGF mRNA+ The re-
sults of our analyses emphasize that the identification
of a single hypermutated cDNA does not mean that all
RNAs of a given sequence are ADAR substrates+ Since
only a single cDNA has been analyzed in the case of
4f-rnp (Petschek et al+, 1996), analyses of populations
of 4f-rnp cDNAs would be informative+

Our studies say nothing about the function of the
inosines within bFGF mRNAs+ It has been hypothesized
that inosine could mark an RNAfor degradation and pre-
vious reports correlated the deamination of bFGF mRNA
during oocyte maturation with its subsequent degrada-
tion (Kimelman & Kirschner, 1989)+ In our studies the
fraction of deaminated molecules observed before and
after oocyte maturation was almost identical, suggest-
ing that inosine-containing molecules are stable and per-
sist after maturation+ Still other studies in our laboratory
involving the microinjection of synthetic dsRNA indicate
that hypermutation does not lead to degradation during
oocyte maturation (data not shown)+Regardless, the re-
cent discovery of a mammalian ribonuclease (I-RNase)
that is specific for inosine-containing single-stranded
RNA (Scadden & Smith, 1997) suggests that degrada-
tion mechanisms are still worthy of further consideration+
This is particularly true since the bFGF antisense tran-
script has also been implicated in regulating the stabil-
ity of the sense RNA in other organisms, including rat,
chicken, and human (reviewed in Knee & Murphy, 1997)+

Although we observed that only a minor fraction of
bFGF mRNA was deaminated, it remains possible that
the deamination of this minor fraction causes a signif-
icant alteration of bFGF expression+ Inosine is trans-
lated as guanosine (Basilio et al+, 1962), and thus, the
multiple deamination events we observed within bFGF
mRNAs would be predicted to drastically alter the amino
acid sequence of the encoded protein+ In cells infected
with polyoma virus, complementary viral transcripts are
deaminated, and the resulting hypermutated viral RNAs
are retained in the nucleus (Kumar & Carmichael, 1997)+
Hypermutated cellular RNAs such as bFGF might also
be retained in the nucleus, thus reducing the level of
transcript available for translation+ Further studies are
clearly required to determine if the ADARs play a role in
the posttranscriptional regulation of bFGF expression+
Even if the deamination of bFGF mRNA does not play
a role in stage VI oocytes, it could play a role at other
times in Xenopus development+

Of course, it is possible that the deamination of bFGF
serves no biological role, but merely exemplifies a back-
ground reaction that will occur to a minor extent any-
time complementary RNAs hybridize+ In this regard,
our observation of deaminated bFGF molecules, com-
bined with the previous observation (Kimelman &
Kirschner, 1989), emphasizes that the complementary
region of the sense and antisense transcripts are hy-
bridized in vivo+ Possibly the hybridization of these
RNAs, even in the absence of deamination, is biologi-
cally important+ Increasing evidence suggests that nat-
urally occurring antisense RNAs can regulate gene
expression by inhibiting translation, nuclear export of
the mature mRNA, transcription, or splicing of the pre-
mRNA transcript (Knee & Murphy, 1997), similar to the
mechanisms by which artificial antisense techniques
are thought to act (reviewed in Denhardt, 1992)+

There are many studies that suggest the bFGF anti-
sense RNA does have an important biological function+
For example, the bFGF gene is transcribed bidirection-
ally in all species that have been examined, including
human (Murphy & Knee, 1994), rat (Grothe & Mei-
singer, 1995), chicken (Zuniga et al+, 1993), and frog
(Kimelman et al+, 1988; Volk et al+, 1989)+ The anti-
sense sequence is highly conserved among verte-
brates, and in frog and human, the gene organization
of the sense and antisense transcription units are con-
served as well (Murphy & Knee, 1994)+ The antisense
mRNA contains an ORF that encodes a putative 24
kDa protein in frog (Kimelman et al+, 1988; Volk et al+,
1989) and a 35 kDa protein in rat (Knee et al+, 1997)
that shows a high degree of similarity to the MutT-
related family of DNA repair enzymes (Li et al+, 1996)+
Recently it was shown that the antisense ORF is trans-
lated in vivo (Li et al+, 1996; Knee et al+, 1997)+ Possibly
the antisense sequence is important only for the pro-
tein it encodes, but future experiments will be required
to prove this+
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MATERIALS AND METHODS

Preparation of stage VI oocytes
and matured oocytes

Stage VI oocytes and matured oocytes were isolated and
prepared as described previously (Saccomanno & Bass,
1994), except that individual oocytes were removed from fol-
licle cells with MBS (10 mM HEPES, pH 7+6, 88 mM NaCl,
1 mM KCl, 2+4 mM NaHCO3, 0+7 mM CaCl2, and 50 mg/mL
of gentamicin sulfate) that contained 1 mg/mL of collagenase
D+ Stage VI oocytes were matured by incubating in MBS
containing 10 mg of progesterone per milliliter+ Matured oo-
cytes were collected 6 h after ;70% of the oocytes had
undergone GVBD as determined visually by the appearance
of a white spot at the center of the animal hemisphere+ GVBD
occurred within 3–4 h after progesterone addition+

Total RNA isolation

Total RNA was isolated as previously described for sources
enriched in ribonuclease (Chirgwin et al+, 1979), except that
15–25 mL of stage VI oocytes or 15–25 mL of matured oo-
cytes were homogenized using a glass dounce on ice in 103
volume (relative to oocyte volume) of 4 M guanidinium thio-
cyanate containing 0+5% sodium N-lauroylsarcosine, 25 mM
sodium citrate, pH 7+0, and 0+1 M 2-mercaptoethanol+ The
RNA samples were then treated with DNase by incubating for
20 min at 37 8C in 40 mM Tris-HCl, pH 7+9, 10 mM NaCl,
6 mM MgCl2, and 3 U RQ1 RNase free DNase (1 unit/mL,
Promega)+ A final extraction was performed with an equal
volume of phenol:chloroform (1:1, v/v), and the RNA was
precipitated with ethanol+ A sample of the RNA was electro-
phoresed in a 1% formaldehyde gel and visualized by ethid-
ium bromide to confirm that the RNA was intact+

Reverse transcription, PCR, and cloning

For reverse transcription reactions, 20 mg total RNA (from
stage VI oocytes or matured oocytes), 1 mg random primer
oligonucleotide (3 mg/mL, Life Technologies, Inc+,mostly hex-
amers), and 1 mM each of the four deoxyribonucleotide tri-
phosphates were incubated together at 65 8C for 5 min in a
47-mL reaction containing 50 mM Tris-HCl, pH 8+5, 8 mM
MgCl2, 30 mM KCl, and 1 mM DTT+ The reactions were then
snap-cooled on ice for 10 min at which time 50 U AMV re-
verse transcriptase (25 U/mL, Boehringer) and 40 U RNasin
(40 U/mL, Promega) were added+ The reactions were incu-
bated at 42 8C for 1 h+ To degrade any remaining RNA, 0+5 mg
DNase free RNase A (10 mg/mL) were added to the reactions
and incubated at 37 8C for 5 min+ Following the incubation
period, 220 mL of 0+4 M NaCl were added to each reaction+
The samples were extracted with phenol:chloroform (1:1, v/v)
and the cDNA was ethanol precipitated and redissolved in
the initial reaction volume of 50 mL in ddH2O+

The PCR was performed in two rounds using nested prim-
ers+ Each round was 35 cycles with a denaturation of 45 s at
94 8C, annealing of 45 s at 49 8C, and elongation of 1+5 min at
72 8C, followed by a final cycle of 72 8C for 5 min+ Reactions
were 50 mL containing 20 mM Tris-HCl, pH 8+4, 50 mM KCl,
1+5 mM MgCl2, 2+5 U Taq DNA polymerase (5 U/mL, Life
Technologies, Inc+), 200 mM each of the four deoxyribonucle-

otides and 25 pmol each primer+ First round PCR reactions
included 5 mL of the reverse transcription reaction+ The first
round 59 primer sequence was 59-GACGGGAGAGTGG
ACGGGTCA-39 and 39 primer sequence was 59-GAAAGG
CAAAAACCAAG-39+ Second round PCR reactions included
1 mL of the first round PCR reaction and primers internal to
those used in the first round+ The second round 59 primer
sequence was 59-GGGAGTGGTATCAATAAAGGG-39 and the
39 primer sequence was 59-AYCAAAAGTAGAAYCAACA
ATAAA-39 where Y represents both C and T+ The 39 primer
was degenerate at positions that are complementary to aden-
osines in good context for deamination (Y; Polson & Bass,
1994)+ Control reactions were performed without template to
ensure the reaction samples were not contaminated+

Prior to cloning, PCR reactions were extracted with phe-
nol:chloroform (1:1, v/v) and ethanol precipitated+ cDNA was
then cloned using the Invitrogen TA Cloning Kit according to
the manufacturer’s instructions+ cDNAs were sequenced by
the University of Utah Health Sciences Sequencing Facility+

Restriction-enzyme assays

Restriction digest assay of individual cDNA clones

The PCR of individual cDNA clones was performed by inoc-
ulating individual bacterial colonies containing plasmid DNA
into a 50 mL reaction containing 20 mM Tris-HCl, pH 8+4,
50 mM KCl, 1+5 mM MgCl2, 1+5 U Taq DNA polymerase (Life
Technologies, Inc+, 5 U/mL), 200 mM each of the four deoxy-
ribonucleotides and 12+5 pmol each primer+ The PCR in-
cluded a single denaturation step of 1 min at 94 8C and
35 cycles of a denaturation at 94 8C for 45 s, annealing at
49 8C for 45 s, and elongation at 72 8C for 1 min+ Five micro-
liters of the PCR reaction were then added directly into a
restriction digest reaction containing 20 mM Tris-HCl, pH 7+5,
70 mM NaCl, 20 mM KCl, 10 mM MgCl2, 0+05 mM Spermine,
12+5 mM Spermidine, 0+1% digitonin, 10 mM DTT, and 0+5 mL
ApaI (10 U/mL, NEB) in a final volume of 20 mL, and incu-
bated at 25 8C for 2 h+ One-half microliter each of ApaI (10 U/
mL, NEB), BpmI (3 U/mL, NEB), DraIII (3 U/mL, NEB), and
StuI (10 U/mL, NEB), were then added to the reactions and
incubated at 37 8C for 2 h+ (In control experiments ApaI was
active at 37 8C, although optimal activity was at 25 8C)+ A
second 0+5-mL aliquot of BpmI, DraIII, and StuI were added
and the reactions were continued for an additional 2 h at
37 8C+ Unlabeled PCR product of four different sequences,
each containing one of the four restriction sites, were incu-
bated as for the restriction digests, but in a separate reaction,
to confirm that the restriction enzymes were active during the
digests (data not shown)+ Five microliters of the restriction
digest reaction was loaded directly onto a 1% agarose gel,
and the products were visualized by ethidium bromide+

Restriction digest assay of PCR populations

Reverse transcription and the PCR were performed as above
except that the PCR product was labeled by the addition of
10 mCi [a-32P]dCTP (10 mCi/mL, Amersham) at the final
cycle of the second round of the PCR+ The entire 50 mL PCR
was electrophoresed on a 1% agarose gel, and a band of 900
base pairs was excised and purified using the Qiagen QIAquick
Gel Extraction Kit following the manufacturer’s instructions+
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Half of the purified PCR product (12 mL) was then added to
the restriction digest reaction in a final volume of 20 mL, and
incubated as described above for restriction digests on PCR
product of individual cDNA clones+ Instead of performing con-
trol digestions in separate reactions, unlabeled PCR product
of four sequences (unrelated to bFGF sense RNA sequence)
each containing one of the four restriction sites was added
directly to each reaction to monitor that the digests were
complete (data not shown)+ For undigested controls, the sec-
ond half (12 mL) of the labeled PCR product was incubated in
a final volume of 20 mL in the restriction digest reaction con-
ditions as above, but in the absence of the restriction en-
zymes+ The entire reaction mixture was loaded onto a 1%
agarose gel+ After electrophoresis the unlabeled PCR prod-
uct was visualized by ethidium bromide to determine if the
digestion was complete+ The gel was then dried onto What-
man DE-81 cellulose paper to prevent the loss of small frag-
ments+ The radioactivity of the digested and undigested cDNA
population was quantitated with a Molecular Dynamics Phos-
phorImager using ImageQuaNT software+
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