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Abstract

Using an in vivo heterologous system to study the stabilityXehopus laevilRNA injected into axolotl Ambystoma
mexicanur fertilized eggs, we have previously observed unexpected fluctuations in RNA level during early development
[Andéol et al., Differentiation 63 (1998) 69-79]. In this study, we further characterize this phenomenon and establish its
existence during axolotl andenopusoogenesis, suggesting a phylogenetically conserved mechanism. The phenomenon can
occur with a variety of exogenous sense and antisense substrates. RNase protection experiments establish that most of tl
molecules have the same polarity as the initially injected RNA. In addition, trace amount of complementary RNA (CRNA)
can be detected the injected samples. Cordycepin prevent increases in RNA levels indicating the involvement of an RNA
synthesis. These results indicate the existence of an in vivo post-transcriptional RNA amplification mechanism during the early
development of amphibiango citethisarticle: N. Montreau et al., C. R. Biologies 326 (2003).

0 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Nous avons mis au point un systéme hétérologue permettant d’étudier in vivo la stabilité d’AR&hdpus laevimicro-
injectés dans des oeufs fécondés d’axolthpystoma mexicanynbe facon inattendue, nous avons observé une augmentation
du niveau d’ARN injecté pendant les premieres divisions de I'ceuf [Andéol et al., Differentiation 63 (1998) 69-79]. Dans
cette étude, nous caractérisons ce phénoméne associé a des fluctuations dans le niveau d’ARN et révélons son existen
dans des ovocytes d’'axolotl et de xénope. Ce phénoméne est observé pour une grande variété de substrats sens et antise
Les expériences de protection a la RNase montrent que la plupart des molécules d’ARN ont la méme polarité que les ARN
initialement injectés. Cependant, une trés faible quantité d’ARN complémentaire (CRNA) est détectée dans les ARN injectés.
La cordycépine abolit toute augmentation du niveau d’ARN, ce qui indique I'existence d'une synthése d’ARN. Ces résultats
mettent en évidence in vivo un mécanisme d’amplification d’ARN, au niveau post-transcriptionnel, au cours du développement.
Pour citer cet article: N. Montreau et al., C. R. Biologies 326 (2003).
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1. Introduction time points [1]. To investigate this phenomendts-
labelled X. laevis c-mydRNA was injected. The ra-

Post-transcriptional regulations can operate at many dioactive molecules were progressively degraded dur-
steps between transcription and translation, and can in-ing axolotl cleavages, whereas an increase in total
volve a variety of molecular mechanisms such as nu- X. laevis c-my&NA molecules was detected by#P-
clear messenger RNA (mRNA) processing, transport labelled probe. These results indicated a synthesis of
of mRNA from the nucleus to the cytoplasm, regu- c-mycRNA molecules, suggesting the possibility of a
lation of MRNA stability, localisation and ability of  novel post-transcriptional RNA amplification process
these molecules to be translated in the cytoplasm (for during early development.
a review, see [2,3]). The study of these mechanisms  Since this phenomenon was detected before MBT,
is greatly facilitated by the use of specialized biolog- it could correspond to a mechanism involving the ma-
ical systems in which no transcription takes place. In chinery controlling the post-transcriptional regulation
numerous animal species and particularly in amphib- of maternal mMRNA. We therefore chose to further test
ian, early development is programmed by maternally this hypothesis during oogenesis rather than in fertil-
inherited MRNAs, which are gradually degraded dur- ized eggs. We show that the phenomenon is observable
ing the first cleavages of the egg (for a review, see [4]). at different stages of oogenesis and with a wide variety
Transcription of the zygotic genome itself occurs only of RNA template. It is sensitive to an RNA chain ter-
after the mid blastula transition (MBT) [5]. For along minator such as cordycepin, indicating the existence
time, amphibian oocyte or egg has provided an in- of an enzymatic mechanism able to perfad novo
teresting experimental system for studying RNA lo- RNA synthesis during amphibian oogenesis.
calization [6] and translational control [7]. More re-
cently, at the post-transcriptional level, the amphibian
oocyte has also been used for mMRNA nuclear export 2. Materialsand methods
and mRNA stability analysis [8,9].

We previously set up an original in vivo system al- 2.1. Collection of oocytes and unfertilized eggs
lowing the investigation of the relationship between (UFE)
maternal mRNA stability/degradation and appearance

of zygotic transcription at MBT [10,11]. The origi- Experiments were performed on axoloAnby-
nality of our approach was based on the use of two stoma mexicanunshaw) oocytes staged according
amphibian species{enopus laeviand axolotl Am- to the classification of Beetschen and Gautier [12].

bystoma mexicanumThe axolotl egg was used as Stage-VI oocytes (600—2200 um in diameter) were
a host cell to analyse the stability/degradation of ex- isolated from ovaries, defolliculated with forceps and
ogenously injectecKenopusRNA. The phylogenetic  kept at 18-20C in MBSH (Modified Barth Solution
distance between the anurans and the urodeles allowsHigh-Salt) [13]. Natural UFE were obtained from fe-
detection of the exogenous injected transcripts with- males stimulated 24 h earlier by 500 Ul of chori-
out cross-hybridization to the homologous endoge- onic gonadotropin hormone (hCG, Chorulon, Intervet,
nous axolotl RNA. France). Maturation was induced in vitro by incubat-

We initially investigated the stability of thEeno- ing stage-VI oocytes in 1 UM progesterone (Sigma) in
pus c-mycmRNA molecules in the axolotl context. MBSH for 12 h and only oocytes presenting a white
We observed that, after injection into axolotl fertilized area around the first polar body at the animal pole were
eggs, the level of thX. laevis c-myd&NA did not de- selected (UFE Pg)Xenopus laevistage-VI oocytes
crease monotonously over time. Unexpectedly, appar- were collected, defolliculated, sized [14] and main-
ent increases in RNA level could be observed at some tained in MBSH.
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2.2. Preparation of synthetic RNAs and
microinjection into oocytes and UFE

Capped RNAs were generated using an in vitro
transcription kit (Ambion Inc., Austin, Texas, USA).
Plasmids were linearised by restriction enzyme digest
and proteinase K (1 U) was added for 15 min at@7
They were purified by two phenol/chloroform and one
chloroform extractions before ethanol precipitation.
After the transcription reaction, removal of cDNA
template (0.5 pug) was done by addition of RNase-free
DNase (2 U) for 30 min at 37C. All transcripts were
resuspended in Gurdon’s injection buffer (88 mM
Nacl, 15 mM HEPES, 1 mM KCI, 15 mM Tris/HCI,
pH 7.6). From the ELmyc plasmid containing the
2.1 kb clone of theX. laevis c-myccDNA [15], a
full-length 2.1 kb sense RNA was produced by
RNA polymerase afteHindlll digestion. Two other
X. laevis transcripts were synthesized from tloe
myc X. laevis3'UTR: after subcloning of aXhol-
BamHI fragment from XLmycinto pBluescript KS
(Stratagene), 0.7 kb RNAs were producedliyRNA
polymerase aftedindlll digestion (sense RNA) or by
T3 RNA polymerase aftekhol digestion (antisense
RNA).

The Awnt-1, Awnt5A and Awnt5B axolotl RNAs
were synthesized in vitro from full-length cDNA
clones ending with 8-10 adenosine residues [16,17].
The Awnt-1clone was linearised bipstl or Xbal to
generate a full-length 2.7 kb sense transcriptTidy
RNA polymerase. After linearisation bilpnl, this
clone generated a 2.7 KIY antisense transcript. From
the mousewntl (Mwntl) cDNA [18], a full-length
1.9 kb sense RNA was produced byal digestion
and SP6 RNA polymerase. A full-length 1.9 kb in
vitro transcript was produced from tik&-RAclone af-
ter Xbal digestion andl'3 RNA polymerase [19]. For
injection, the standard protocol was as follows: 60 ax-
olotl stage-VI oocytes or 60 UFE were microinjected
in MBSH with 2 ng per cell of one synthetic tran-
script (corresponding to approximately 1% of the to-
tal MRNA amount present in one oocyte or UFE) in a
volume of 80 nl. The time necessary to inject a tran-
script into these 60 cells varied between 10 to 20 min.
Just after injection, all cells were pooled and a batch of
10 oocytes or UFE was taken randomly, immediately
frozen at—80°C and was labelled= 15 min. In some
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separately, injected in less than 2 min and immediately
frozen (labelled = 2 min). The remaining oocytes or
UFE were maintained in MBSH. Ten oocytes or UFE
were taken randomly at each time point. The same pro-
cedure was applied for injection of. laevisoocytes,
except that 1 ng of the transcript was injected in a vol-
ume of 40 nl. Cordycepin’8riphosphate (Sigma) was
co-injected with the transcripts at a final concentration
of 0.25 or 2.5 mM.

2.3. RNA extraction, Northern analysis

Total RNA from each batch of oocytes or UFE
was extracted using the LiClI method [20]. For North-
ern analysis, total RNA was electrophoresed in 1.1%
formaldehyde agarose gels and transferred to Hy-
bond Nt membranes (Amersham) [21]. Prehybridiza-
tion and hybridization were done at 66 in Church
buffer [22]. Each blot was first hybridised to the cDNA
corresponding to the injected RNAs, washed at®5
in 2X SSC, 0.1% SDS then in 0.2X SSC, 0.1% SDS.
Filters were then re-hybridised with ¥P-labelled
220 bp axolotl 18S probe and radioactivity quantified
with a Phospholmager (Amersham, Molecular Dy-
namics).

2.4. RT-PCR and RNase protection assays

For RT-PCR, all synthetic or total embryonic
RNA samples were treated by RQ1 DNase (2 U)
(Promega, France) for 30 min at 3¢, purified
by phenol/chloroform extraction, ethanol precipitated
and dissolved in water. Primers used and RT-PCR
conditions were previously described fawvnt-1[16].

For RNase protection assays, synthetic sense/antisense
or total RNAs were hybridised with 0.5 ntfP la-
belled riboprobe in 80% formamide, 40 mM PIPES
pH 6.7,0.4 M NaCl, 1 mM EDTA, overnight at 6%.
Non-hybridised RNAs were digested with RNases A
(0.01 pgmt?) and T1 (10 Umt?) in 0.3 M NaCl,
0.01 M Tris-HCl pH 8.5, 5 mM EDTA for 1 h at 37C.
Digestion was stopped by incubation with proteinase
K (2 mgml1), 8% SDS during 15 min at 3. Af-

ter phenol/chloroform extraction, RNAs were ethanol
precipitated and dissolved in 80% formamide, 50 mM
Tris-HCl pH 8.3, 1 mM EDTA, 1% bromophenol blue,
0.1% xylene cyanol. They were electrophoresed on

experiments, a batch of 10 oocytes or UFE was treated 5% urea-polyacrylamide gel for 1 h 30 at 300 V in
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TBE buffer (0.89 M Tris, 0.88 M Borate, 10 mM
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In addition, since théwnt-1signal was slightly higher

EDTA pH 8). For detection of the sense and antisense (6 h post injection in UFE Pg) than in the immediately

Awnt-1transcript, the 426 bpccl fragment (position
1578-2004 on cDNA) was subcloned in pSP73 plas-
mid. After digestion byXhol andSp6polymerization,

frozen axolotl oocytes (15-min time pointin UFE Pg),
the number ofAwnt-1 RNA molecules in these sam-
ples exceeded what had been initially injected. Such

a 520 base antisense riboprobe protected a 426 basean ‘overshoot’ was observed in approximately 10% of

sense RNA fragment. After digestion bidel andT7

the experiments, implying that an increase in the mole-

polymerization, a 612 base sense riboprobe protectedcules number could correspond to the observed fluctu-

the 426 base antisense RNA fragment.

3. Resaults

3.1. Fluctuations in RNA level occur in axolotl
oocytes

We had previously reported that, following their in-
jection into axolotl fertilized embryos{enopus lae-
vis c-myctranscripts did not continuously decrease in
abundance. Thus, over a time course, transitory in-
creases in the amount of. laevisRNAs were ob-
served on a background of an overall degradation [1].
To study the developmental stage permissivity of this
phenomenon, the fate of in vitro synthesized tran-
scripts was examined after injection into axolotl stage-
VI oocytes as well as in vitro progesterone matured
stage-VI oocytes (UFE Pg) and in vivo unfertilized
eggs obtained after stimulation of a female with hCG
(UFE).

We first used as a substrate the axotetht-1RNA,
the product of a member of thent gene family in-
volved in signalling pathways during early develop-

ment. Sense transcripts were synthesized in vitro us-

ing as a template a 2.7 kb cDNA containing the en-
tire coding sequence and the completeuBtrans-
lated region [16]. After injection, the fate of the full-
lengthAwnt-1RNAs was monitored by Northern blot
(Fig. 1A). MaternalAwnt-1mRNA are present in the

ations. As the carry over from the in vitro transcription
reaction of the template and the phage polymerases
could potentially result in the synthesis of additional
transcripts, great care was taken to digest away the
plasmid and to deproteinize the injected RNA. Control
experiments (Fig. 1B) showed that no template plas-
mid could be detected in 20 ng of in vitro transcripts
(10 times the amount of injected RNA) even after 40
PCR cycles. Thus, the injection in oocytes or unfertil-
ized eggs of an in vitro synthesized transcript did not
resultin regular degradation kinetics but rather in anir-
regular pattern, in which some time points were more
intense than the preceding ones.

3.2. Fluctuations in RNA level occur with several
substrates as well as in Xenopus oocytes

To investigate the role of the injected RNA se-
guences in the observed fluctuations, we first analysed
the behaviour of other full-length sense RNAs such as
the 1.9-kb mousevnt-1 (Mwnt-1) and 2.1-kbX. lae-
vis c-mycRNAs. In these two cases, the transcripts
were in the sense orientation and nearly full-length,
containing the entire coding sequence of the protein
as well as parts of the’ mnd/or 3 UTR regions. As
for Awnt-1, fluctuations were observed witklwnt-

1 (Fig. 2A). Control experiments confirmed that the
observed signals were due to RNA molecules: pre-
treatment by RNases A and T1 of total RNA from in-
jected oocytes abolished the signals, while a RNase-

oocyte [23], but were below the threshold of detec- free DNase pre-treatment had no effect. Two succes-
tion of these experiments (see lane NI). In stage-VI sive increases were also detected forXhaevisRNA
oocytes, theAwnt-1signal decreased between 1 and (Fig. 2B): a first one between 15 min and 3 h and a
3 h, while a 2.2-fold increase was observed between second one between 6 and 13 h post-injection. Sim-
the 3- and 6-h time points. A similar pattern was de- ilar observations were obtained after injection of the
tected in UFE Pg with a 2.4-fold increase between 3 full-length 2.7-kbAwnt-5Band 3.7-kbAwnt-5ARNAS

and 6 h. In UFE, two increases were observed: one be-(data not shown). This suggests that the length of the
tween 2 h 30 and 4 h (2.2 fold) and a second between injected molecule has no incidence on the fluctuation
6 and 7 h 30 (1.8 fold). Similar increases were ob- process. In addition fluctuations were observed when
served using a different RNA extraction protocol [24]. full-length transcripts were synthesized from cDNAs
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Fig. 1.A. Fate ofAwnt-1RNA after injection into different oocyte stages. TAent-1full-length sense RNA (2.7 kb) was injected into axolotl
stage-VI oocytes, UFE Pg and natural UFE. Total RNA was extracted from batches of 10 oocytes or UFE taken randomly at different times
after injection (15 min to 7 h 30) and 15 pg were analysed by Northern blot, hybridised successively with theAaxaidthnd the 18S cDNA

probes. T: 2 ng of in vitro transcript (amount injected into one oocyte). NI: total RNA from non-injected oocytes. The histograrg/shibw

signals quantified with a Phospholmager and the ImageQuant software and normalized with the 18S rRNAwIgriBRNA levels were
expressed as a percenta@é) of thes = 15 min (stage-VI and UFE Pg) or 1 h (UFE) valu8s.Absence of cDNA template plasmid in the

in vitro transcript. 2 ng (lane 1) or 20 ng (lanes 2 and 3) of synth@timt-1RNA were treated+) by RQ1 DNase (2U) for 30 min at 3T

as described in $laterials and methodsSamples were assayed by RT-PCR, for 40 PCR cycles(wittor without (—) reverse transcriptase

(RT). TheAwnt-1amplified cDNA fragment is 477-base-pair long [23].

digested by different enzymes generatingb3’ pro- vis c-my¢ complete 3UTR, in sense orientation. Al-
truding ends (see Table 1), indicating that the observed though these data indicated that the exogenous mole-
RNA level increase was independent of the restriction cules could belong to phylogenetically distant ver-
enzyme used for in vitro transcription. Thus, fluctua- tebrate species, the synthetic transcripts used so far
tions could be observed with several sense transcriptsshared some homology with the axolotl genome. To
in addition toAwnt-1RNA. determine if fluctuations could also be observed after
The results presented so far were obtained us- injection of molecules completely unrelated to the ax-
ing full-length molecules containing the entire cod- olotl genome, we analysed tiRFRARNA. The cor-
ing region with Awn{ or without Mwnt and X. lae- responding gene encodes the major protein A of the
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Fig. 2. Fate of heterologous RNAs injected either into axolotl UFE orXeonopustage-VI oocytesA. The 1.9-kb mousent-1(Mwnt-1) RNA

was injected into axolotl UFE and total RNA was extracted from batches of 10 UFE taken randomly at different times post-injection (15 min
to 20 h), analysed (10 pg) as in Fig. 1A, then hybridised successively wittiwre-1and the axolotl 18S cDNA probes. The histograms show
Mwnt-1 signals normalized with the 18S rRNA sign8l. The 2.1-kbX. laevis c-myand the 1.9-kirypanosoma brucei PFRRNAs were

injected into axolotl UFE and analysed as in A, then hybridised successively with the radio-labeléesdis c-myor PFRACDNA probes.

After injection of thePFRARNA, the level of endogenouswnt-1 mRNA was assayed by RT-PCR, at each time point of the experiment.

15 PCR cycles were done wiil) or without (—) reverse transcriptase (RT). NI: total RNA from axolotl non-injected UEERNA level
increase of the 2.7-kBwnt-1 RNA injected intoXenopusstage-VI oocytes. Total RNA (10 pg) extracted from batches of 10 oocytes taken
randomly at different times after injection (2 min to 22 h) was hybridised withAtliet-1cDNA and analysed as irA). NI: total RNA from

X. laevisnon-injected oocytes.
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Table 1 ses, we used the 18S rRNA as an internal standard.
Summary of the injection series. The bold numbers indicate the Tg exclude that the observed fluctuations reflected a
total number of series performed with the sense or antisense ; ;

(AS) in vitro transcripts. RNA from axolotlAwnt-1, Awnt-5Aand glodbal pertu;batlo; O]I;Tlill\lA rTetabOI.lsm’ Wel used tTe
Awnt-5B, mouse fwnt-1), Xenopus laevigc-mycfull-length and en 099“09 wnt-1m evelas an_mtema contro
FUTR) and Trypanosoma brucefPFRA were synthesized after  after injection ofPFRAsense transcript (Fig. 2B). At
linearisation of their respective cDNAs by enzymes generating 3 each time point of th®FRAtime course experiment,
or 5 protruding ends. The numbers between brackets indicate the Aynt-1RNA level was measured by a RT-PCR assay
number of experiments in which fluctuations(s) in the RNA level previously used for the analysis Aant-lexpression

b d ) L
were obseve during the early axolotl development [23]. No signif-

In vitro icant change in the level of_ the endogen_d\wmt-l
. Sense AS transcript was observed during the 24 h time course,
transcripts indicating that injection of an in vitro synthesized tran-
3 script did not globally perturb the mRNA metabolism
Pstl | 18 (1718 of the recipient oocyte.
Awnt-1 5 To investigate whether these fluctuations in RNA
_ Xbal | 2 (2/2) level were specific to the axolotl context or could
= > be observed in other amphibian species, Awent-1
g BstXI 2 2/2) 2.7-kb sense RNA was injected ino laevisstage-VI
<|Awnt-5A oocytes (Fig. 2C). Note that, under our experimental
Ndel | 2 (212) conditions, theAwnt-1 probe did not detect the cor-
5 respondingXenopudranscript (non injected sample,
- Awnt-5B _sall 4 @4) lane NI). In this experiment, a three-fold increase was
2 Mwnt-1 Xval'| 3 313) observed between 4 and 6 h and a 3.8 fold one between
= 7 and 11 h. This experiment indicated that the fluctu-
.. Xe-myc e (3/3) ations in RNA level occur in two amphibian species,
S| = suggesting an evolutionary-conserved mechanism.
S|pprg BamHl | 7 ©/7)
> 5 3.3. Polarity of the newly synthesized RNA molecules
Xe-mye  Xnol 3 | @3
PFRA  Xbal’| 3 313) As the probes used in the Northern blots presented
5 so far were derived from double stranded cDNA,
Trypanosoma_Xhol 316G the detected signals could be due to RNA molecules

of either the same or the opposite polarity as the
Trypanosoma brucdiagellum [19]. The 1.9-kb sense  injected ones. To clarify this, we performed in parallel
RNA transcribed in vitro from the completeFRA a Northern blot and an RNase protection assay on
cDNA was injected into axolotl UFE and its behav- RNA samples from oocytes injected withwnt-1sense
jour was examined by Northern analysis (Fig. 2B). RNA. By Northern analysis, three significant increases
A marked increase (3.6 fold) was observed between were observed between 10 min and 2 h, 4 and 6 h,
6 and 10 h. Thus, fluctuations in the RNA level did 8 and 10 h (Fig. 3A). The RNase protection assay
not depend upon the existence of sequence similaritiesperformed on the same samples with a single stranded
with the axolotl genome. In addition, fluctuations were riboprobe complementary to the injected transcript
also observed after injection of antise¥eERARNA, revealed the same pattern (Fig. 3B). Quantification
indicating that the phenomenon is not restricted to of both experiments indicated an excellent agreement
sense transcripts (data not shown). These results indi-between the two determinations of RNA levels at all
cate that increased RNA level can occur after injection time points (Fig. 3, histogram). Similar results were
of sense or antisense RNA templates, irrespective of observed with other substrates (data not shown). Thus,
the polarity of the injected transcript. In all our analy- most of the signals observed in our Northern analyses
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Fig. 3. Most of the RNA molecules are of the same polarity as the injected ones, but a small amount of complementary RNA molecules are
present among the in vitro synthesized transcriftsThe 2.7-kbAwnt-1sense transcript was injected into axolotl UFE and its abundance at
different times post-injections was analysed as in Fig. 1A. The histogram (A) showsviitel signals (grey rectangles) normalized with the

18S rRNA and expressed as a percentage (%) relative to the signal 8 min (100%).B. RNase protection assay. Total RNA (10 pg from

the samples presented in A) was hybridised to the antisense-520-base riboprobe, which protected a 426 base fragment allowing detection c
the senséwnt-1RNA (see diagram). These RNA signals were expressed as a percentage (%) relative to that obtairEsi mtn (hatched
rectangles in the histogram.. Detection of cRNA molecules in the injected sense transcript solution by the RNase protection assay as in
(B). The 612-base-sengevnt-1riboprobe hybridised to the antisense transcript present in the in vitro preparation and protected the 426-base
fragment (see diagram). No difference in the intensity of the 426 base fragment was observed in gresenaedsenceé—) of 20 pg of total

axolotl RNA (UFE) mixed with the in vitro antisense or sense transcripts. M: pBR322-Mspl digested DNA marker; NI: total RNA (10 pg) from

axolotl non-injected UFE; b: base.
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were due to RNA of the same polarity as the injected sense transcript (100 times the injected amount per
transcripts. UFE) was about half-equivalent to 50 pg of antisense
If the increases in the RNA signals correspond to Awnt1RNA. This indicates that, when 2 ng of sense
the synthesis of RNA molecules with the same polarity Awntl RNA were injected per UFE, 0.2 pg (10000
as the injected ones, this implies the existence of inter- fold less) antisense transcript was also injected. These
mediate molecules for this synthesis. These interme- results show that antisense RNA (CRNA) molecules
diate molecules should be the corresponding cRNA. complementary to the sense RNA are already present
We searched for the presence of cRNA molecules by in trace amount in the initial sample.
an RNase protection assay with a probe of the same
polarity as the injected RNA. These cRNA molecules 3.4. Fluctuations are abolished I3/dATP
could be present initially in the injected sample and
our in vitro transcripts could therefore contain trace In order to examine whether the increase in RNA
amount of complementary RNA. Recent studies have signal required ale novosynthesis, exogenous tran-
shown that in vitro transcription b¥3 or T7 poly- scripts were co-injected with cordycepirt+tBiphos-
merases contains a mixed population of sense and anphate (3 deoxyadenosine (8ATP) 5 triphosphate),
tisense molecules [25,26]. The amount of antisense which acts as a RNA chain terminator. We analysed
Awntl cRNA molecules in the in vitrdAwntl sense the behaviour of theX. laevis c-mycsense 3JTR
transcript sample was evaluated by RNase protection transcripts co-injected with the drug into axolotl UFE
assay (Fig. 3C). The signal intensity for 200 ng of (Fig. 4). In the absence of the analogue, as expected,

X. c-myc sense 3'UTR
Cordycepin 5'-triphosphate

- +
0.25mM 2.5mM
EQ 8 _8EQ R _8EQ R
P S TER2ESIER2ESITEN
kb123456|789101112|131415161718
S .Q-.'QQQ-
_ 4 bl et
1ssmw‘ “
100 m _
90
80
70 Ml .
60 |
50
40+
30
20
Rl 1l
o 1 AN

Fig. 4. Effect of RNA synthesis inhibitor on RNA amplification. Tbe laevis c-mycsense 3JTR transcript (0.7 kb) was injected (left
panel) or co-injected with 0.25 or 2.5 mMdATP (cordycepin 5Striphosphate) into axolotl UFE. Total RNA was extracted at different times
post-injection (15 min to 7 h 30), analysed (10 ug) as in Fig. 1 and hybridised with the labeligd3’ UTR cDNA probe. NI: total RNA
from axolotl non-injected UFE. The histogram corresponds to the quantitative data @figesignals normalized with the 18S rRNA and
expressed as a percenta@6) of the signal at = 10 min value (lane 1).
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an increase of the RNA level was observed, between 3 course of the present study, we performed over 50 dis-
and 4 h 30 (2.9 fold). By contrast, the co-injection of tinct experiments (Table 1) among which 48 indicated
3'dATP led to a continuous decrease of theycsig- the existence of fluctuations. Thus, this phenomenonis
nal. Presumably, the regular decrease in the RNA level not restricted to the post-fertilization development of
corresponds to the degradation process of the tran-amphibians but can be detectable in stage-VI oocytes
script. A difference in the RNA signal intensity was or UFE. In spite of this simpler cellular environment,
registered at 15 min in the two cordycepin co-injection the variability in the phenomenon that we had previ-
series (compare lanes 7 and 13). At 0.25 mM cordy- ously observed persisted throughout this study. Thus,
cepin, the RNA signal was similar to the control sig- neither the number of successive increases nor the time
nal detected in absence of the drug (lane 1). At 2.5 mM at which they were observed could be controlled in
cordycepin, the signal at 15 min was 30% lower than these experiments. Indeed, over an 18 h time course,
the control time point, suggesting that at a higher con- we observed up to three successive waves of decrease
centration the drug could inhibits an early wave of syn- and increase (Fig. 3A). Importantly, the co-injection
thesis. Similar observations were obtained in indepen- of an RNA synthesis inhibitor such as cordycepin pre-
dent additional series (data not shown). In addition to vents all increases, indicating that this mechanism cor-
the abolition of fluctuations, the presence of an RNA responds to a post-transcriptional RNA amplification.
synthesis inhibitor at high concentration (2.5 mM) re-

sulted in a stabilization of the injected transcript. This 4.1. Substrate and cellular specificity of amplification
stabilization was apparent even though, in the absence

of inhibitor, the existence of the fluctuation phenom- We have injected RNA generated by in vitro tran-
enon made it impossible to define a single half-life. scription of cDNA from six different genes (Table 1).
Nonetheless, by restricting the analysis to continu- Fluctuations can be observed with a wide variety of in-
ously decreasing subsets of data, apparent half-livesvitro-synthesized transcripts, suggesting that no spe-
could be obtained. Thus in this experiment, the ap- cific sequences are required. We have investigated the
parent half-life of theX. laevis c-mysense RNA was  fate of both sense and antisense transcripts from the
90 min when measured between 15 min and 3 h in the 3'UTR of theXenopus c-mygene and thBFRAgene.
absence of inhibitor and of the order of 5 h in the pres- As an RNA amplification could be observed with all
ence of 3dATP (2.5 mM). Thus, inhibition of RNA  of these substrates, it appears that this phenomenon is
synthesis had two effects on the fate of injected RNA, not restricted to genes involved in the early develop-
eliminating increases in their abundance but also sup- ment of amphibians and that neither a coding region
pressing an accelerated degradation. We conclude thator a poly(A) tail are required. In addition, the size of
the RNA level increase corresponding to the injected the injected RNA is not critical as an amplification has

RNA molecules requirede novosynthesis. been observed with molecules ranging in size from 0.7
to 3.7 kb.

The common point between these injected mole-

4. Discussion cules is that they were all synthesized in vitrousing

bacteriophage RNA polymerases. These enzymes, al-
We have previously observed that, upon injection though highly specific, can initiate transcription at

into fertilized axolotl eggs, in vitro transcribeteno- other sites than their cognate promoter [25,26]. Our
pusRNA were not degraded progressively but rather molecular analysis of the in vitro synthesized RNA
yielded an irregular pattern of decreases and increasesshows that, in addition to the ‘sense’ transcripts, trace
in abundance over time [1]. Although the phenomenon amount of complementary transcripts (CRNA) are also
was frequently observed, it was not systematic and its present in the injection solution (Fig. 3C). In the
kinetics varied between experiments. As a prerequi- injected solution, the cRNA molecules could there-
site to mechanistic studies, we searched for a simpler fore hybridise to the excess of sense transcript and
and potentially more easily controllable experimental form trace amount of double-stranded RNA (dsRNA).
model by performing injection experiments into am- Therefore, the in vitro transcription could provide a
phibian oocytes and unfertilized eggs (UFE). In the key determinant for the phenomenon that we describe.
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The detection of RNA amplification in oocytes and 4.3. Biological significance of RNA amplification
UFE, either naturally matured or in vitro matured by during oogenesis and early development
progesterone confirms that the underlying enzymatic
machinery is of maternal origin. One common fea- Our results raise interesting issues about gene regu-
ture of these developmental stages is the extremely re-lation during early development. In all organisms, ma-
duced rate of gene transcription [27], suggesting that ternal mRNAs are stockpiled and stable during oo-
RNA amplification is uncoupled from DNA transcrip- genesis. After fertilization, their complete degrada-
tion. Indeed, the fact that transcripts that are not related tion within a few hours represents an essential devel-
to any sequence present in the axolotl genoRERA opmental process allowing transcription of new mes-
gene ofTrypanosoma brucktan be amplified alsoin-  sages from the zygotic genome [31]. In this study we
dicates that it cannot be due to a standard transcriptionpresent evidence for an RNA amplification process
process. In addition, the presence of an organized nu-Which could contribute both to the genesis of addi-
cleus is not required for amplification since it occurs tional RNA molecules and to their degradation thus
in UFE in which the germinal vesicle breakdown takes adding new dimensions to post-transcriptional regula-
place during oocyte maturation. Such RNA amplifica- tions. So far, all our observations have been carried out
tion can therefore occur in the cytoplasm as it has been With exogenous, in vitro synthesized transcripts con-
already described for thiee novosynthesis of globin  taining trace amounts of complementary RNA mole-

mRNA in differentiated enucleated MEL cells [28].  cules (CRNA) and thus able to form double-stranded
RNA (dsRNA). It is possible that during early devel-

opment some cellular mMRNAs can be amplified by this
process. However, we have not yet observed the am-
plification of an endogenous transcript. Depending on
] . the relative activity of the amplification and degra-
Our observation of successive waves of decrease/ ytion processes, the mechanism we have observed
increase in RNA level over a 18-t0-24-h time course ¢qy|d play two distinct roles in gene expression. As-
suggests that a degradation and an amplification pro- gming that there could be a significant delay between
cess could act on the injected transcript. In all inde- he amplification and the degradation phases, the am-
pendent experiments, the co-injection of cordycepin pjification phase could generate additional copies of
(3'dATP) prevents all increases. As a RNA chain ter- gpecific mRNA. Such a post-transcriptional mecha-
minator, cordycepin should inhibit all classes of RNA - hism would be particularly meaningful within the con-
polymerases whether DNA or RNA dependent. This text of amphibian early development in which tran-
demonstrates that the observed increases in RNA |eve|scription is either severely reduced (stage-VI oocytes)
require an RNA synthesis. By inhibiting RNA syn-  or undetectable until the mid-blastula transition [32].
thesis, cordycepin dissociate the RNA amplification The observed RNA amplification/degradation phe-
from the RNA degradation process and thus allow an nomenon could correspond to an adaptative and con-
in vivo analysis of the ‘intrinsic’ half-life of injected  served mechanism during evolution. Unique adapta-
RNA. In addition to preventing amplification, cordy- tive mechanisms exist during amphibian oogenesis
cepin also stabilizes the injected transcript, indicating such as accumulation of masked messengers and am-
that some aspect of RNA amplification plays an ac- plification of ribosomal genes [27]. Alternatively, if
tive role in RNA degradation. One possible mecha- we assume that amplification is tightly coupled to an
nism could be the implication of an RNA dependent increased degradation, it could be a mean to degrade
RNA polymerase (RdRP) generating dsRNA as ampli- specific mRNA. One possible mechanism for this am-
fication intermediates. Indeed, the presence of dsRNA plification/degradation coupling is through the induc-
can induce a specific RNA degradation mechanism tion of RNA interference (RNAi). RNAi seems to be
[29,30]. Therefore, the observation of several cycles of effective inXenopug33-35]. We have also shown in
amplification and degradation is very suggestive of a axolotl UFE that microinjection of small interfering
competition between RNA synthesis and RNA degra- RNA (siRNA) directed against the endogendwent-
dation. 1 RNA specifically degrades these transcripts but not

4.2. Coupling between RNA amplification and
degradation
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the Awnt-5Aor Axdazlendogenous RNA (unpublished
results). This strongly suggests that the RNAi machin-
ery is effective in our biological system.

It will be of obvious interest to characterize the
polymerase activity involved in this RNA amplifica-
tion. We initially excluded the involvement of an RNA
polymerase Il sincex-amanitin did not inhibit this
RNA synthesis [1]. It is also of interest to note that
it takes place in a context where no transcription oc-
curs. Moreover, post-transcriptional amplification can
be observed with RNA unrelated to the axolotl genome
as illustrated by th€ FRAgene ofTrypanosoma bru-
cei. The coupling we observed could correspond to
a component of an endogenous RNA interference
process implying amplification due to an RNA poly-
merase RNA dependent (RdRp) activity. Genetic ev-
idence suggests that an RdRp plays a critical role
in the establishment of RNA interference in plants,
N. crassaandC. elegang36—38] andDrosophila[39].
The amphibian oocyte provides an excellent experi-
mental model to analyse such cellular activity and its
biological significance.
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