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Abstract

One physiological function proposed for RNA interference (RNAI) is to constrain expression of repetitive elements and thereby
reduce the incidence of retrotransposition. Consistent with this model is that inhibiting the RNAi pathway results in an increase in
expression of repetitive elements in preimplantation mouse embryos. Mouse oocytes are essentially transcriptionally quiescent providing
a unique opportunity to assess the stability of repetitive element-derived transcripts in these cells. We compared the transcriptome of
freshly isolated fully grown germinal vesicle (GV)-intact oocytes to that of oocytes in which meiotic maturation in vitro was inhibited
for 48 h by milrinone. Consistent with the aforementioned function for RNAI is that the abundance of only a relatively small number
of transcripts decreased in the cultured oocytes, when compared to changes that occur during maturation or following fertilization, and

of those, several belonged to mobile elements.
© 2006 Elsevier Inc. All rights reserved.
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Approximately 40% of the human and mouse genomes
are composed of a diverse group of transposable elements
(TEs) [1-3], which differ in many aspects such as structure,
copy-number, expression pattern, and rate and mechanism
of mobility. Most of TEs are retroclements that transpose
through a “‘copy and paste” mechanism utilizing an
RNA intermediate. Although transcribed, these sequences
are typically not mobile because the vast majority bear
mutations, truncations, and deletions. For example, of
the ~400,000 human L1 insertions (which occupy 17% of
the genome [2]), only 90 are intact and full-length, of which
40 are active in a cell-culture retrotransposition assay [4].
TEs have a capacity to cause deleterious mutations and
they are often viewed as harmful parasites [5]. Consistent
with this idea is that numerous mechanisms operate in ani-
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mals to silence TEs that include transcriptional silencing
mediated by DNA methylation [6-8] and chromatin chang-
es [9,10].

In invertebrates, repression of mobile elements occurs
post-transcriptionally by an RNA interference (RNAI)-like
mechanism. RNAI refers to the selective degradation of
mRNA induced by double-stranded RNA (dsRNA), and
is one of the mechanistically related RNA silencing path-
ways (reviewed in [11]). It is viewed as a form of defense
against viruses and other parasitic sequences and one of
the proposed roles for RNAI in the germ-line in metazoa
is to inhibit TEs [12-14]. Whether this role extends to mam-
mals is not clear.

RNAI operates in mammalian cells and appears to be a
major pathway responding to long dsRNA in germ cell
lineage-competent cells such as oocytes, early embryos,
and undifferentiated embryonic stem (ES) cells [15-17];
these cells lack an interferon response [15,18]. Because
mammalian TEs apparently can generate dsSRNA [19-21]


mailto:rschultz@sas.upenn.edu
mailto:antoine.peters@fmi.ch
mailto:antoine.peters@fmi.ch

M. Puschendorf et al. | Biochemical and Biophysical Research Communications 347 (2006) 36—43 37

and expression of several retrotransposons occurs in mam-
malian oocytes and early embryos [21-23], a likely function
of RNAI in oocytes and early embryos would be to con-
strain expression of TEs, thereby limiting their activity in
germ-line cells. Indeed, inhibiting Dicer in preimplantation
mouse embryos or ES-cells results in an increased abun-
dance of mRNAs of retrotransposons L1, TAP, and
MuERV-L [20,24].

To address post-transcriptional silencing of TEs in
mammals, we analyzed the stability of TE-derived RNAs
in mouse oocytes using microarrays and RT-PCR. Oocyte
growth is accompanied by the cessation of transcription in
the fully grown oocyte [25]; transcription resumes by the
late 1-cell stage/2-cell stage [26]. In vitro, this window of
transcriptional quiescence can efficiently be extended by
treatment with the phosphodiesterase (PDE) inhibitor mil-
rinone, which blocks the resumption of meiosis. Thus, mil-
rinone treatment provides an opportunity to assess mRNA
stability without interfering with developmental processes
such as resumption of meiosis. The underlying assumption
is that, under these conditions, TEs would exhibit greater
instability due to RNAi-mediated degradation. Results of
the experiments described here indicate that the abundance
of transcripts of several (but not all) mobile elements is
markedly reduced in oocytes inhibited from undergoing
maturation in vitro. These elements include mVL30 and
IAP, retrotransposons exhibiting the highest transcript
abundance in the oocyte.

Materials and methods

Qocyte and embryo collection and culture. Oocytes for microarray and
RT-PCR analyses were isolated from superovulated 6- to 8-week-old CF1
or CDI1 females, respectively. Fully grown germinal vesicle (GV)-intact
oocytes were collected 46 h after eCG injection (5 IU) from cumulus cell-
oocyte complexes. Metaphase II-arrested eggs were collected from eCG-
and hCG-primed mice. One-cell embryos were harvested from eCG- and
hCG-primed females that were mated.

Oocytes were pooled and one-half was immediately frozen in lysis
buffer for RNA isolation at a later time. The other portion was cultured
in CZB containing | mM glutamine and 2.5 pM milrinone for 48 h at

37 °C in a humidified atmosphere of 5% CO, in air. MII eggs and 1-cell
embryos were collected in FHM/Hepes 20 and 21 h post-eCG injection,
respectively. For all stages, oocytes and embryos were pooled from
several mice and RNA was isolated from batches of 50 oocytes/
embryos.

RNA isolation and RT reaction. RNA was isolated using the “Abso-
lutely RNA Nanoprep Kit” (Stratagene). Briefly, cells were transferred to
lysis buffer and stored at —80 °C. After thawing, 100 ng of Escherichia coli
rRNA was added to each sample as carrier. RNA was purified according
to the manufacturer’s instructions. RNA was eluted using two separate
elution steps resulting in a total volume of 20 ul (i.e., 2.5 oocyte-equiv/pl).
Reverse transcription was performed from total RNA corresponding to 20
oocytes or embryos using random primers (200 ng) and SuperScript 11
RNase H Reverse Transcriptase (Invitrogen) according to the manufac-
turer’s protocol.

PCR. For PCRs, cDNA corresponding to 0.2 embryos or oocytes was
used as a template. Primer sequences are listed in Table 1. Amplifications
were carried out using 7aqg DNA polymerase (Qiagen). Thermocycling
was performed in a Bio-Rad iCycler using the following PCR conditions: 1
cycle at 95 °C for 5 min; the indicated number of cycles at 95 °C for 45s,
55°C for 45 s, and 72 °C for 1 min; 72 °C for 10 min and a final hold at
4 °C. For MT 22 cycles were used, for ActB, Mos, Oct4, Plat, and Zp3 28
cycles, for Orrl 30 cycles, for IAP, L1, mVL30, RLTRIB, SINE BI,
SINEB?2 32 cycles, for Ezh2 35 cycles and for Etn 38 cycles, respectively.
PCR products were resolved on a 2% agarose gel and afterwards the gels
were stained with SYBR green I (Molecular Probes, 1:10,000). Fluores-
cence was detected on a Typhoon 9400 scanner (Amersham Biosciences).

Affymetrix microarray hybridization and analysis. Total RNA from four
replicates of each treatment was used for linear, two-round amplification by
in vitro transcription and target cRNA preparation according to the
Affymetrix Small Sample Prep Technical Bulletin (www.affymetrix.com).
Total RNA from each replicate was reverse-transcribed using the
Affymetrix cDNA synthesis kit and cRNA was produced by in vitro tran-
scription (IVT) by T7 RNA polymerase using the Affymetrix IVT kit as per
the manufacturer’s instructions. Twenty micrograms of biotinylated cRNA
was fragmented by heating with magnesium (as per Affymetrix’s instruc-
tions) and 15 pg of fragmented cRNA was serially hybridized to MOE430
2.0 GeneChips and then processed according to the manufacturer’s
instructions (GeneChip Analysis Technical Manual, www.affymetrix.com)
at the FMI Microarray Facility. Microarray analysis was performed as
described in [27] and the resulting data from this study are available at the
Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo). Briefly, GC-
RMA algorithm from Bioconductor was used to estimate probe set
expression values. The expression values were then exported as a text file
and imported into GeneSpring 7 (Silicon Genetics) with default per-chip
normalization to the 50th percentile and per-gene normalization to the
median. The per-chip and per-gene normalized data are referred to as

Table 1

Primers used for RT-PCR

Name Forward Reverse References
Actb 5'-TGGGAATGGGTCAGAAGGACT-3' 5'-GGGTCATCTTTTCACGGTTGGC-3'

Ezh2 5'-AGCCTTGTGACAGTTCGTGC-3’ 5'-TTTAGAGCCCCGCTGAATG-3’

Pousfl 5'-GGAGAAGTGGGTGGAGGAAG-3' 5'-GGGAAACCCTGTAGCCTCATAC-3’

Zp3 5'-AAGCTCAACAAAGCCTGTTCG-3' 5-TATTGCGGAAGGGATAC AAGG-3’

Mos 5'-CCATCAAGCAAGTAAACA-3’ 5'-AGGGTGATTCCAAAAGAGTA-3’ [16]
Plat 5'-CATGGGCAAGAGTTACACAG-3’ 5'-CAGAGAAGAATGGAGACGAT-3' [16]
IAP 5'-GCACCCTCAAAGCCTATCTTAT-3’ 5'-TCCCTTGGTCAGTCTGGATTT-3' [20]
mVL30 5'-CCTTTGTTGCCCAGGTAAGTC-3’ 5'-CACTGTAGCCAGTTGTGACCAG-3'

L1 5" TTTGGGACACAATGAAAGCA-3' 5'-CTGCCGTCTACTCCTCTTGG-3’ 9]
RLTRI1b 5'-TCCTTCCCTTTGCCCTATTT-3' 5'-GGCTGGAACTGGTGAGATGT-3' [21]
ETn 5'-CAGGCTTTGGAGACAATAGGG-3' 5'-TCTCTCAGGGAACTCAGAAACG-3’

ORRI1 5'-CTTTAGTTGATGGCCCAGGA-3’ 5’-CCAACTCTGCCCTCTGTAGC-3’ [21]
MT 5'-ATGTCTTGGGGAGGACTGTG-3’ 5’-AGCCCCAGCTAACCAGAACT-3’ [21]
SINE Bl 5'-GTGGCGCACGCCTTTAATC-3’ 5'-GACAGGGTTTCTCTGTGTAG-3’ 9]
SINE B2 5'-GAGATGGCTCAGTGGTTAAG-3' 5'-CTGTCTTCAGACACTCCAG-3' 9]
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“raw” and ‘“‘normalized” expression values, respectively. Because we
expected down-regulation of an unknown number of genes during the
milrinone treatment, we generated a list of 23,989 probe set for further
analysis from probe sets present in all four control replicates (GV-oocyte,
t = 0; raw signal value >50).

Results and discussion
General characterization of the microarray analysis

We first compared fully grown GV-intact oocytes freshly
isolated from the ovary, with oocytes cultured in the pres-
ence of 2.5 UM milrinone for 48 h (Fig. 1); additional infor-
mation can be found in the Supplemental Material. The
profile of raw signal from MOE430 2.0 arrays was uniform
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(Fig. 1A). The average number of probe sets with present
signal (raw signal value >50) per chip was 23,577 (+£314).
It should be noted here that the number of probe sets on
the microarray is higher than the number of expressed
genes because the array is partially redundant.

We performed several clustering analyses of the micro-
array data using various gene lists. In each case replicates
of each experimental condition clustered together
(Fig. 1B). For most genes, raw signal and normalized val-
ues did not vary much between replicates. Of note is the
presence of many genes whose relative abundance was
decreased in oocytes following culture when compared to
their freshly isolated counterparts, as evidenced by the
appearance of blue bands.
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Fig. 1. Evaluation of microarray data. (A) Hybridization signal profile on all microarrays. X-axis shows relative abundance of probe sets with raw
intensities depicted on the Y-axis. (B) Conditional clustering analysis. Displayed are all differentially expressed probe sets (ANOVA, p < 0.05) with a raw
signal >50 in the GV samples. (C) Mean normalized value for a set of six transcripts, which did not show significant down-regulation during milrinone
treatment. Error bar = standard deviation. (D) Analysis of the same genes by RT-PCR. MII, metaphase II-arrested egg. +RT, samples were reverse-

transcribed; —RT, samples were not reverse-transcribed.
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To address further the reliability of the microarray data,
we analyzed the relative abundance of six transcripts by
RT-PCR, which showed little, if any, changes in their mean
normalized expression values (Fig. 1C and D). These tran-
scripts included: the dormant maternal mRNAs Mos and
Plat, which are stored during oocyte growth and not trans-
lated until the resumption of meiosis and which are stable
following extended culture of fully grown GV-intact
oocytes [16]; the oocyte-specific gene Zp3; the ubiquitously
expressed housekeeping gene Actb; and genes with regula-
tory functions PoudfI (transcription factor Oct-4) and a
polycomb gene Ezh2. This analysis yielded a good correla-
tion between the microarray data and RT-PCR data, pro-
viding further support for the robustness of the microarray
results (Fig. 1C and D).

In the absence of transcription, the majority of probe
sets that display a change should show a decrease in rela-
tive abundance, and such was the case (Fig. 2A and B).
A scatter plot of 23,989 probe sets (raw value >50) where
per-gene normalized values of milrinone-treated oocytes
are plotted against control oocytes and using a 2-fold
cut-off revealed a population of transcripts whose relative
abundance decreased. There were 27 probe sets exhibiting
up-regulation above the 2-fold cut-off in the milrinone
treatment but the majority of probe sets showing more
than 2-fold-change were down-regulated (1091). The 2-fold
cut-off is a default for many microarray experiments. We
have addressed the problem of fold-change cut-off in more
detail because linear amplification likely introduced more
variability into the analysis resulting in a higher rate of
false positive changes. Fig. 2B shows relationship between
fold-change cut-off and numbers of up-regulated and
down-regulated transcripts. These results indicate that even
at the 2-fold cut-off, the number of up-regulated transcripts
is fairly small (27) and there are only three transcripts
found up-regulated at the 3-fold cut-off. Only six of the
2-fold up-regulated probe sets (none of 3-fold) pass the
t-test (p <0.09).

As mentioned above, 1091 probe sets were found to be
down-regulated more than 2-fold, which represents 4.35%
of all transcripts; Fig. 2C shows the distribution of the fold
down-regulation across the 1091 probe sets down-regulated
more than 2-fold. Most of the probe sets detected a smaller
down-regulation but there were also transcripts showing a
strong reduction in abundance (up to ~52-fold). The initial
fold-change filter reduces the number of genes considered
for statistical validation, which is an important step for
minimizing the false discovery rate. For the statistical anal-
ysis we applied a one-way ANOVA (p <0.05) reducing the
2-fold list from 1091 to 424 probe sets, while most of the
removed probe sets showed lower fold-changes (see Sup-
plemental Material for gene lists). Although the number
of actual transcripts is somewhat smaller because the probe
sets are redundant, we estimate that the total number of
affected transcripts does not exceed a few percent of all
expressed genes. In particular, we rarely observed down-
regulation of abundant transcripts, i.e., transcripts whose
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Fig. 2. Global view of differentially regulated transcripts. (A) Scatter plot
showing comparison of per-gene normalized expression levels of 23989
transcripts detected present in the fully grown oocyte (GV). Each gene is
represented by a dot. (B) Number of up-regulated and down-regulated
transcripts as a function of fold-change cut-off. Y-axis (logarithmic scale)
shows number of gene probes, which pass a fold-change cut-off depicted
on the X-axis. (C) Distribution of fold-change for 1091 probe sets down-
regulated more than 2-fold. Probe sets (X-axis) were sorted according to
their increasing fold-down-regulation, which is displayed on the Y-axis.

raw expression value was higher than several thousands.
Therefore, maternal mRNAs, which accumulate during
oocyte growth, are highly stable in the fully grown GV-
oocyte. This result is consistent with results of previous
experiments which indicated that oocyte mRNA is stable
during the growth phase [28,29].

The cause of the observed instability of down-regulated
mRNAs is unknown. Down-regulated transcripts are not
strongly enriched for AU-rich or other known mRNA-de-
stabilizing sequences (data not shown). It should be noted
that known mechanisms degrading maternal mRNAs in
the oocytes are associated with resumption of meiosis or
other developmental transitions [30], which do not occur
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in our model system. It is possible that a fraction of the
down-regulated mRNAs represents microRNA (miRNA)
targets. It has been recently shown that post-transcription-
al regulation by miRNAs may involve mRNA degradation
even in the absence of extensive base paring to their targets
[31,32], possibly as a consequence of relocalization of
repressed mRNAs to cytoplasmic domains known as P-bo-
dies (reviewed in [33,34]). There are hundreds of known
mammalian miRNAs [35]. Each mammalian cell studied
so far expressed numerous miRNAs and oocytes are likely
not an exception. Studies of miRNA targets estimate that
up to 30% of mammalian genes could be targeted by
miRNAs [36]. However, it is not known how many genes
are regulated by miRNAs in specific cell types. Given the
limited information about what makes a functional
miRNA target site, prediction algorithms generally estimate
that hundreds of mRNAs are targeted by individual
miRNAs [37-41]. A recent study of Drosophila cells depleted
of the miRNA pathway components indicates that miRNAs
may down-regulate up to several percent of cellular tran-
scripts [42]. If a similar fraction of transcripts would be tar-
geted in the mouse oocytes, a majority of down-regulated
mRNAs could be miRNA targets. However, this issue can-
not be directly addressed until technical problems with clon-
ing miRNAs from very small samples will be solved and
miRNA pathway-deficient oocytes will be available.

How the down-regulation of hundreds of transcripts
would affect developmental competence of mouse oocytes
is not known. It is interesting to note, however, that cultur-
ing porcine oocytes for 22 h in the presence of IBMX,
another phosphodiesterase inhibitor, which has a compara-
ble effect to milrinone in preventing resumption of meiosis,
does not negatively affect developmental competence as
measured by culturing in vitro matured and fertilized eggs
to the blastocyst stage [43]. Whether the developmental
competence to term is affected is not known.

Stability of mRNA of repetitive elements

As mentioned above, several mobile elements in inverte-
brates were described as endogenous targets for RNAi
[12,13,22,44] but there is presently little evidence supporting
this role for RNAi in mammals [20,24]. If RNAi-mediated
degradation of repetitive elements exists in the mouse oocyte,
the targeted transcripts should be found among the mRNAs
down-regulated after milrinone treatment.

To this end we conducted a systematic survey of the sta-
bility of transcripts derived from repetitive elements. We
generated a list of murine repetitive elements highly similar
to or perfectly matching MOE 430 2.0 probe sets (see Sup-
plemental Material). We then extracted and analyzed raw
and normalized data for these repetitive elements in Gene-
spring 7. Although the majority of the Affymetrix probes
for various repetitive elements appeared stable, several
probes (perfectly matching intracisternal A particle (IAP)
and mVL30 retrotransposons) showed a robust down-reg-
ulation (Fig. 3A). Instability of IAP and mVL30 transcripts

was further confirmed by RT-PCR with primers amplifying
a specific region upstream of the 3’ long terminal repeats
(Fig. 3B). RT-PCR analysis of other repetitive elements
revealed down-regulation of L1 transcripts (which show a
low hybridization signal and a weak down-regulation on
microarrays (Fig. 3A)) and of the RLTR 1b element (absent
on the microarrays).

No down-regulation was observed for ORR1, MT, and
SINE BI1 and B2 elements (Fig. 3B). It should be noted that
a recent study reported that many gene transcripts
expressed in oocytes are chimeric, containing LTR class
IIT retrotransposon sequences fused to their 5 ends [21].
The function of these transcripts in preimplantation devel-
opment remains unresolved. The MOE430 2.0 chip does
not contain a perfectly matching probe set for MT-like ret-
rotransposons and our data do not discriminate between
these chimeric transcripts and their bona fide counterparts
because the array probes used are biased towards the 3’
end of the transcript. In any case, RT-PCR with MT prim-
ers showed no change in their mRNA levels after milrinone
treatment (Fig. 3B).

Interestingly, RT-PCR analysis of repetitive transcripts
down-regulated during milrinone treatment revealed vari-
able behavior during normal development (Fig. 3B). The
RT-PCR analyses of unfertilized and fertilized eggs
(Fig. 3B) are consistent with previously reported expres-
sion data [21,23,27]. Fig. 3B illustrates differences between
regulation of individual mobile elements. For example,
IAP shows a strong down-regulation of mRNA during
meiotic maturation while mVL30 and RLTRIB tran-
scripts appear relatively stable. This latter observation
does not necessarily contradict the milrinone result as mil-
rinone treatment of GV-oocytes lasted for 48 h while the
MII and zygote samples where isolated about 20 h after
induction of meiotic maturation in vivo. Thus, mRNA
degradation may not be apparent within this shorter time
period and could explain why mVL30 and RLTRI1B do
not show a clear down-regulation. Alternatively, the
mechanism degrading certain repetitive transcripts in the
fully grown GV-oocytes may not efficiently work during
meiotic maturation. The differential behavior of IAP illus-
trates however the diversity in post-transcriptional regula-
tion of repetitive elements. The strong down-regulation of
IAP mRNA levels in the MII eggs supports the idea that
meiotic maturation enhances the degradation process of
IAP mRNA possibly by incorporating one of the known
mechanisms degrading maternal mRNAs upon resump-
tion of meiosis [30].

The IAP retrotransposon is one of the most aggressive
parasitic sequences known in the mouse genome and pres-
ent in approximately 1000 copies per haploid [45,46]. IAP
is highly expressed in the oocyte and early embryos [23].
It is estimated that there are ~13,000 transcripts in the
oocyte, which are reduced ~10-fold in the ovulated egg
and then increased up to ~150,000 transcripts between
the one-cell and the blastocyst stages [23]. Microarray data
also confirmed that IAP mRNA is an abundant transcript;
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Fig. 3. Relative changes of transcript abundance for several different mobile elements. (A) Effect of milrinone treatment on expression of different
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p-value < 0.05. (B) RT-PCR analysis of expression of repetitive elements performed on the same material as shown in Fig. 1D.

IAP probe set raw signal reached 4133, which is more than
eight times higher than the average raw signal for tran-
scripts on the chip and places the IAP probe set among
the 7% of probe sets with the highest signal. Our previous
study of IAP expression in the early embryo found that the
knockdown of Dicer in the embryo results in approximate-
ly 50% increase in the steady-state level of IAP (from
~60,000 to 90,000 transcripts [20]); this increase would
likely be greater if maternal Dicer protein was depleted.
Our previous results indicate that ~1000 molecules of
dsRNA are required to trigger RNAi-mediated mRNA
degradation [16]. Thus, endogenous RNAI likely requires
formation of sufficient amounts of dsRNA to elicit efficient
transcript targeting. Production of such dsRNA likely cor-
relates with the level of RNA expression. Retroelements

can produce dsSRNA by a variety of mechanisms [47] that
generate complementary strands. New insertions in the
genome also increase the probability of generating anti-
sense transcripts. Indeed, expression of antisense RNA
has been demonstrated for MuERV-L [20,21] and IAP ret-
rotransposons in the 2-cell mouse embryo [20]. Although
there is no solid evidence for base-pairing of endogenous
transcripts, it has been shown experimentally that simulta-
neous expression of longer sense and antisense transcripts
can trigger sequence-specific mRNA degradation in mam-
malian cells [48]. Thus, high expression levels of a mobile
element may increase both the probability of successful ret-
rotransposition as well as the risk of pairing with antisense
transcripts. Activation of RNAIi by forming these dSRNAs
would thereby constrain their expression. Repetitive



42 M. Puschendorf et al. | Biochemical and Biophysical Research Communications 347 (2006) 3643

elements expressed at low levels would have a lower prob-
ability to form enough dsRNA and thereby may escape
RNAI targeting. A consequence would be that RNAi-med-
iated targeting of mobile elements would be rather selec-
tive, i.e., it would constrain only those elements that
produce enough dsRNA to trigger RNAi. TAP is likely
the most abundant autonomous TE mRNA in the mouse
oocyte and it is likely a target for RNAIi because depletion
of Dicer in early embryo cells lead to accumulation of TAP
transcripts [20,24]. In addition, IAP mRNA instability in
the GV-oocyte is also consistent with the hypothesis that
IAP is a natural RNAI target in mouse.
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