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The final stages of female gamete maturation occur in the
virtual absenceof transcription,with geneexpressiondriv-
en by a program of selective unmasking, translation, and
degradation of maternal mRNAs. Here we demonstrate
that the timing of Ccnb1 mRNA translation in mouse
oocytes is dependent on the presence of transcripts with
different 3′ untranslated regions (UTRs). This 3′ UTR het-
erogeneity directs distinct temporal patterns of transla-
tional activation or repression. Inclusion or exclusion of
cis-acting elements is responsible for these divergent regu-
lations. Our findings reveal an additional layer of transla-
tion control through alternative polyadenylation usage
required to fine-tune the timing of meiosis progression.

Supplemental material is available for this article.

Received February 17, 2017; revised version accepted
July 14, 2017.

A common property of female germ cells from most spe-
cies is the initiation of meiosis during fetal life followed
by a prolonged arrest in a specialized prophase termed dic-
tyate (Eppig 1996; Gosden and Lee 2010). During puberty
and follicle recruitment, oocytes enter a growth phase
when they accumulate massive amounts of mRNAs;
however, many of these maternal transcripts are stored
without engaging in translation (Clarke 2012). Toward
the end of this growth phase, oocytes become competent
to re-enter the meiotic cell cycle. At this transition, oo-
cytes of several species, including rodents, have assem-
bled all of the machinery required for meiotic re-entry,

including the metaphase-promoting factor (MPF) (see be-
low), and are in a poised state ready to quickly re-enter
meiosis (Eppig 1996). They will re-enter the cell cycle
upon withdrawal of the inhibitory signal originating
from somatic cells (Norris et al. 2009; Vaccari et al.
2009; Zhang et al. 2010b). In other species, a variable
time interval is necessary from the hormonal trigger to
meiotic re-entry and involves the synthesis of critical
components necessary for meiotic progression, including
Cyclins, the regulatory subunits of CDK1 kinase (Ferrell
1999). The complex of Cyclin B and CDK1 constitutes
theMPF, themaster regulator of bothmeiosis andmitosis
(Morgan 2007). An inactive pre-MPF is assembled prior to
meiotic re-entry through translational regulations.

It has long been known that synthesis of Cyclins is crit-
ical at different stages of meiotic progression, with syn-
thesis required before germinal vesicle (GV) breakdown
(GVBD) in those species where insufficient pre-MPFs
have been assembled. In rodents, a stockpile of cyclins suf-
ficient for meiotic re-entry is established during growth.
Thus, Cyclin mRNA translation participates in the main-
tenance of the steady state of pre-MPFs prior tomeiotic re-
entry and during spindle assembly in prometaphase.

Extensive studies in Xenopus oocytes have demonstrat-
ed that cyclin synthesis is dependent on the activity of
the RNA-binding protein cytoplasmic polyadenylation
element (CPE) binding 1 (CPEB1) (Richter 2007). CPEB1
recognizes a CPE present in the 3′ untranslated region
(UTR) of cyclin mRNAs and is found in complex with
a scaffold protein (Symplekin) and a protein (CPSF)
that binds to the polyadenylation signal (PAS) sequence
(Ivshina et al. 2014). This complex recruits additional
components that prevent poly(A) tail elongation. Under
these conditions, CPEB1 association with an mRNA re-
sults in repression of translation. Upon re-entry into the
cell cycle, CPEB1 becomes phosphorylated, leading to dis-
sociation of the repressive components and the recruit-
ment of factors that lead to mRNAs polyadenylation,
ultimately increasing translation. This cascade of events
has been investigated extensively in frog oocytes (Ivshina
et al. 2014), and studies in rodents also indicate that
CPEB1 is involved in translational activation of Cyclin
B1 (Tay et al. 2000).

To explain the dual CPEB1 function and account for the
presence of multiple CPEs in the 3′ UTR of cyclinmRNA,
it has been proposed that a combinatorial code is function-
ing during Xenopus meiotic prophase as well as during
maturation defining the timing of translational activation
(Pique et al. 2008). In this posit, more than one CPE is re-
quired for CPEB function as a repressor, and the distance
between two CPEs determines the level of repression.
A CPE in close proximity to a PAS domain is critical for
polyadenylation and translational activation (Pique et al.
2008), with the relative position of the CPEs dictating ear-
ly or late translation during meiotic progression. Here we
provide evidence that the temporal pattern of Ccnb1
mRNA translation in mouse oocytes is also dependent
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on the presence of multiple Ccnb1mRNAs with 3′ UTRs
of variable length. The differential effect of the 3′ UTRs on
translational repression and activation defines the pattern
of ribosome loading onto theCcnb1 at different times dur-
ingmaturation and the consequent protein accumulation.
Thus, an additional layer of complexity controls the trans-
lation ofCcnb1 in mammals, a property critical for proper
progression through the cell cycle.

Results and Discussion

Although de novo protein synthesis is not required for the
G2/M transition in rodent oocytes (Ferrell 1999), the
steady-state levels of Ccnb1 and other cell cycle compo-
nents are critical to maintain meiotic arrest (Holt et al.
2010). After re-entry into meiosis, de novo CCNB1 syn-
thesis is thought to be indispensable for maintaining
MPF activity, for chromosome condensation and spindle
assembly, and for the additional steps leading to develop-
ment of the oocyte into a fertilizable egg. We used a Ribo-
Tag strategy to investigate the pattern of ribosome
loading onto maternal mRNA to gain insight into the
translational regulations operating during mouse oocyte
meiosis (Sousa Martins et al. 2016). While performing
the quality controls of RNA sequencing (RNA-seq) data
of transcripts expressed in mouse oocytes during matura-
tion, we noted that the read coverage of the Ccnb1
transcript was unevenly distributed, with a consistent
pattern along the ∼930 nucleotides (nt) of the 3′ UTR
(Fig. 1A). Reads clustered around the boundary between
the end of the coding region and the beginning of the 3′
UTR, with read density decreasing in the middle and
end of the 3′ UTR. More importantly, reads from libraries
monitoring ribosome association of the maternal mRNA
(RiboTag immunoprecipitation) suggested a time depen-
dence in their distribution, with reads close to the stop co-
don being more abundant in GV oocytes and coverage at
the end of the 3′ UTR increasing with the progression
through meiosis (Fig. 1A). Analysis of the GC content of
this region could not explain the difference in sequencing
efficiency (Love et al. 2016) or any other obvious property
of the sequence, including the presence of possible cryptic
splicing junctions that we monitored by PCR amplifica-
tion with different primers. Thus, we explored the addi-
tional possibility that heterogeneity of the 3′ UTRs and
the presence of multiple PASs are the cause of uneven
read coverage.
Given the presence of similar read patterns inmany oth-

er 3′ UTRs, a second RiboTag immunoprecipitation/
RNA-seq data set with duplicate biological observations
at 0 h (GV) and 6 h after meiotic re-entry (prometaphase
I) was analyzed. To broaden the analysis to all transcripts
in the oocytes, we applied the dynamic analyses of alter-
native polyadenylation (APA) from RNA-seq (DaPars) al-
gorithm (Xia et al. 2014) to search for the presence of
proximal PASs in oocyte mRNAs in an unbiased fashion.
In the context of RiboTag immunoprecipitation, we rea-
soned that this algorithm may provide information on
the differential translation ofmRNAswith 3′ UTRs of dif-
ferent lengths during oocyte maturation. This algorithm
predicts that 2276 transcripts present in the oocyte con-
tain a proximal PAS (Supplemental Table 1), a finding con-
sistent with the tenet that a large number of mammalian
transcripts undergo APA (Tian and Manley 2017). When
the algorithm is applied to transcripts recovered in the

RiboTag immunoprecipitation at 0 and 6 h, a significant
shift (>10%) in 3′ UTR association with the ribosome
was predicted in 798 transcripts (adjusted P < 0.05). No sig-
nificant bias toward distal or proximal PASpreferential as-
sociation with the ribosomes was noted with progression
throughmeiosis (Supplemental Fig. 1B; Supplemental Ta-
ble 1). Manual validation of the DaPars data revealed that
the algorithmpredicted the presence and use of a proximal
PAS in theCcnb1mRNA aswell a shift toward distal PAS
usage during maturation (Supplemental Fig. S1), as ob-
served with the first data set. A proximal PAS was also
identified inCcnb2 even though no significant shift in us-
age was detected (Supplemental Table 1). Other cell cycle
components (including Pcna, Bub1b, and Wee2) or genes
with other functions (including Eif2s2 or Ybx2/Msy2) be-
haved in amanner similar toCcnb1, with the long 3′ UTR
increasing in ribosome association at 6 h. Ccno and Ppt2
are instead representative of a group of transcripts in
which association with ribosomes shifts from the distal
to the proximal PAS during maturation (Supplemental
Fig. S1). Other cell cycle-encoding transcripts, including
c-Mos and Cdc20, were not identified as bearing a proxi-
mal PAS in the 3′ UTR. Of note, a group of transcripts, in-
cluding that coding for Cdk, is expressed with a short 3′
UTR in the oocytes different from those deposited.
Thus, this global analysis predicts the presence and

Figure 1. Analysis of themouseCcnb1 3′ UTR. (A) Snapshot of Inte-
grated Genome Browser (IGB) mapping RNA-seq reads of input and
RiboTag immunoprecipitation libraries to the Ccnb1 3′ UTR. Pools
of ∼140 oocytes from RiboTagfl/fl-ZP3-CRE mice were isolated and
cultured under maturing conditions for 0–6 h. After harvesting, an al-
iquot of the oocyte extractwas used as input, and the rest was used for
immunoprecipitation with HA antibodies. Input RNA and RNA re-
covered in the immunoprecipitation pellet were extracted and used
for library preparation. Reads were mapped to the Ccnb1 locus using
TopHat and visualized using IGB. Vertical linesmark the three poten-
tial PASs reported in C. (B) Analysis of the 3′ UTR of mRNA present
in the oocyte using the dynamic analyses of alternative polyadenyla-
tion from the RNA-seq (DaPars) algorithm. The PDUI parameters
were calculated as described in the Materials and Methods and plot-
ted for 0–6 h, with different colors representing different statistical
significance and direction of the shift in PAS usage. (C ) The 3′ UTR
of Ccnb1 (NM172301.3) was used to search for deposited expressed
sequence tags (ESTs), and the boundary of hits is reported in the
scheme. Together with a boundary located 19 nt from the last PAS
and corresponding to the deposited sequence, additional boundaries
at 19–23 nt from the first PAS and 10 nt from the second PAS were
identified.
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differential ribosome association of mRNAs with multi-
ple PASs in the oocyte.

Next, we further characterized the properties of the
Ccnb1 mRNA as a prototypic transcript with 3′ UTRs
used differentially during maturation. The mouse Ccnb1
3′ UTR is considerably longer (938 nt) than that of Xeno-
pus (86 nt) or zebrafish (210 nt). The beginning of the 3′
UTR is highly conserved amongmammals, with some no-
table differences (see below). It then diverges toward the 3′
end (Supplemental Fig. S3). Mapping-deposited mouse ex-
pressed sequence tags (ESTs) to theCcnb1 3′ UTR showed
that many ESTs covered the 3′ UTR up to the end, consis-
tent with the deposited RefSeq NM_172301.3 (Fig. 1C) in
the proximity of a PAS consensus. However, several addi-
tional ESTs suggested the presence of two additional
boundaries (Fig. 1C; Supplemental Fig. S2). These bound-
aries were confirmed by mapping the PAS motifs with
at least two additional PASs closely corresponding to
the boundaries identified with the ESTmapping. Compar-
ison of the mouse sequence with that of rats showed a
complete conservation of the three PAS sequences (Sup-
plemental Fig. S3). The location of the first PASs in mice
was the only one conserved among humans, cows, mon-
keys, and pigs (Tremblay et al. 2005; Zhang et al. 2010a).
Two additional PAS consensuses were also identified in
the humanCcnb1 3′ UTR, although not in the same loca-
tion as in mice. The presence of multiple PASs in the
mouse Ccnb1 had not been noted during functional stud-
ies of 3′ UTR (Tay et al. 2000).

To define whether the three PASs are functional in
mouse oocytes, an anchor PCR strategy was used (Fig.
2). RNA was extracted from oocytes at 0 h (GV), 2 h
(GVBD), and 6 h (prometaphase) after re-entry into meio-
sis; reverse transcribed; and amplified with a primer in the
coding sequence together with an oligo(dT) anchor prim-
er. Three amplification products were clearly detected in
GV oocytes, corresponding to ∼150, ∼550, and ∼985 nt,
and their presence was confirmed by amplification with
additional primers internal to the 3′ UTR (Fig. 2B). The
mobility of these products was similar to that of ampli-
cons generated with a 3′ UTR plasmid cDNA as template
as well as primers located 5′ of the stop codon and 3′ to the
PAS elements at the three EST boundaries (Fig. 2B; Sup-
plemental Figs. S2, S3). The identity of the sequences am-
plified with anchored primers was further confirmed by
subcloning and sequencing of the quantitative PCR
(qPCR) fragments. Although no change or decrease in
size was detected for the short form during maturation,
the length of the two other amplified fragments increased
during oocyte maturation, implying an increase in the
poly(A) tail length (Fig. 2C). Thus, RNA-seq data, the ge-
nome-wide proximal PAS search, mining of deposited
ESTs, and anchored PCR assays all consistently point to
the presence of transcripts that include the Ccnb1-coding
region and three 3′ UTRs of different lengths in the oocyte.

Evidence of differential polyadenylation during oocyte
maturation opens the possibility that the translation of
the three transcripts may follow different time courses
during meiotic progression. The CCNB1 protein is pre-
sent at low levels in GV oocytes and during GVBD; it be-
gins to increase at 2–3 h during prometaphase and by 8 h
has reached levels sevenfold to eightfold higher than in
GVs (Fig. 3B). To test how the different 3′ UTRs affect
mRNA translation and protein accumulation, the short,
intermediate, and long 3′ UTRs were fused to a Renilla lu-
ciferase reporter and injected into GV oocytes (Fig. 3C,D)

together with a control firefly reporter. After a recovery
period of 12–16 h, oocytes were allowed to re-enter meio-
sis, and reporter accumulation was measured at different
time points through the meiotic cell cycle progression.
The reporter driven by the short 3′ UTR was translated
at a significantly higher rate in GV oocytes compared
with the other two forms (Fig. 3C; Supplemental Fig.
S5). However, no significant changes in the rate of transla-
tion directed by the short 3′ UTR were observed upon
maturation, suggesting a constitutive translation inde-
pendent of the cell cycle (Fig. 3D; Supplemental Figs. S4,
S5). Conversely, the translation of the reporters driven
by the intermediate and long forms increased significantly
during maturation using two different experimental pro-
tocols (Fig. 3D; Supplemental Fig. S5). The time course
of reporter accumulation driven by the intermediate 3′
UTRwas slightly faster than the long 3′ UTR. These find-
ings open the possibility that the overall pattern of
CCNB1 synthesis during mouse oocyte meiotic re-entry
is the outcome of combined constitutive as well as cell cy-
cle-activated translations.

If the reporter accumulation mirrors the behavior of
the endogenous transcripts, the ribosome loading onto
the three endogenous species would be predicted to be dif-
ferent at the prophase-to-metaphase transition. To test

Figure 2. Anchored PCR of the 3′ UTR of Ccnb1 expressed during
mouse oocyte maturation. (A) Scheme reporting the location of the
primers used for anchored PCR on theCcnb1 3′ UTR and sizes of pre-
dicted amplicons with different primer pairs. (B) RNA was extracted
from oocytes incubated for 0, 2, and 6 h of maturation. Anchored
PCR conditions were as detailed in theMaterials andMethods. A rep-
resentative experiment of the three performed is reported. InC, the in-
crease in lengthof the amplified fragmentwascalculatedusing ImageJ.
The mean ± SEM from the experiments is included in the graph.
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this possibility, oocytes expressing the RiboTagwere used
to monitor ribosome loading onto the three transcripts.
After immunoprecipitation, mRNA was extracted, and
transcript amounts were calculated by the number of cop-
ies recovered in the immunoprecipitation pellet after sub-
traction of the nonspecific immunoprecipitation (Fig. 4).
The concentration for each variant was also calculated
by subtraction (see theMaterials andMethods for details).
Using this approach, we show that the short and long
forms are the most abundant and that the former is the
one recovered the most in the ribosome immunoprecipi-
tation of GV oocytes (Fig. 4B). Its ribosome association in-
creased up to threefold during maturation. Conversely,
the recovery of the two other forms increased between
10-fold and 15-fold when comparing RiboTag immuno-
precipitation at 6 h of maturation versus GV oocytes
(Fig. 4C; Supplemental Fig. 6).
Collectively, the above experiments strongly indicate a

differential translational regulation of the three tran-
scripts during maturation. Since the Ccnb1 translation
is dependent on the RNA-binding protein CPEB1 ex-
pressed in the oocyte (Tay et al. 2000), we analyzed the
contribution of the several CPEs present to the differential
regulation of the three transcripts. Ccnb1 is recovered in
the immunoprecipitation pellet after RNA immunopre-
cipitation (RIP)-qPCR with CPEB1 antibody (Chen et al.
2011), and the increased polyadenylation is consistent
with a CPEB1-dependent translational regulation. Con-

sensus CPEs were identified in the intermediate (I1) and
long (L1, L2, L3) 3′ UTR forms but not in the short form
(see Fig. 3A). Mutagenesis of each individual putative
CPE as well as collective removal of all CPEs had diver-
gent effects on reporter translation. Specifically,mutagen-
esis of the single CPE in the intermediate form caused an
up-regulation of the translation driven by the intermedi-
ate 3′ UTR in GVs but completely prevented the transla-
tional activation of this form (Fig. 5C). Individual
mutation of the CPE L1, L2, or L3 present in the unique
long 3′ UTR did not significantly affect reporter accumu-
lation in GV oocytes, and maximal accumulation was
similar to that induced by thewild-type 3′ UTR.However,
cumulative mutations of all three consensus CPEs caused
a significant increase in translation of the reporter in GV
oocytes. With these mutants, translation still increased
with re-entry in the cell cycle even though it did not reach
the levels of the long wild-type control (Fig. 5E). A com-
plete absence of activated translation of the long form
was achieved only when the additional CPE located up-
stream of the second PAS was also mutated (Fig. 5E).
When I1 was the only CPE remaining in the long form,
the timing of translational activation was accelerated,
with a significant increase observed as early as 2 h (Fig.
5D). Thus, the CPE located upstream of the second PAS
is critical for activation of the intermediate 3′ UTR but
also contributes to the activation of the long 3′ UTR.
These CPE mutagenesis studies confirm the concept

developed in Xenopus of a dual role of CPEB1 during
oocyte maturation, functioning as a repressor of transla-
tion in quiescent oocytes and a translational activator dur-
ing late prometaphase. Mutagenesis of the single CPE

Figure 3. Differential translation of the three different 3′ UTRs pre-
sent in mouse oocytes: exogenous reporter accumulation. (A) Sche-
matic representation of the 3′ UTR present in the mouse Ccnb1
mRNA. PAS sequences are in yellow. Consensus CPEs are in cyan.
(B) Western blot analysis of CCNB1 protein accumulation during oo-
cyte maturation. (C ) Reporter constructs with the Renilla luciferase
coding region fused to the three 3′ UTRswas injected intoGV oocytes
together with firefly luciferasemRNA to control for the injection vol-
ume. After 12–14 h of recovery, the oocytes were harvested, and lucif-
erase activitywasmeasured as detailed in theMaterials andMethods.
The data are reported as the ratio Renilla/firefly luciferase, and each
point represents a different biological replicate. The reporter accumu-
lation of the short formwas significantly different from that of the in-
termediate or long form. P = 0.0078 unpaired t-test with Welsh
correction. (D) Oocytes were injected as in B. After recovery, the oo-
cytes were allowed to mature to metaphase, and groups of oocytes
were collected at different times and used for luciferase assay. The
data are reported as ratio of luciferase activity at each time point
over the activity in GVs. Each point is the mean ± SEM of four inde-
pendent experiments for the short, three independent experiments
for the intermediate, and five independent experiments for the long.

Figure 4. Differential translation of the three different Ccnb1 3′
UTRs present in mouse oocytes: ribosome loading of the endogenous
mRNAs with the three 3′ UTRs. Pools of ∼150–200 oocytes from
RiboTagfl/fl-ZP3-CRE mice were isolated and cultured under matur-
ing conditions for 0 and 6 h. (A) At the end of the incubation, an
aliquot of the oocyte extract was used as input, and the rest was
used for immunoprecipitation with HA antibody or IgG. Input
RNA and RNA recovered in the immunoprecipitation pellet were
extracted and used for qPCR analysis using three sets of primers
that amplify all 3′ UTRs, the intermediate and long 3′ UTRs, or the
long 3′ UTR exclusively. Copy number per oocyte was calculated
after correction of the data for the differences in primer efficiency
as detailed in the Materials and Methods. The relative abundance
of the three forms in GVs or after 6 h of maturation is reported
in B. In C, bars indicate the fold increase at 6 h versus GVs for the
three forms recovered in the ribosome immunoprecipitation pellet.
P < 0.05 short versus long. n = 5.
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present in the intermediate form and the four CPEs pre-
sent in the long form cause an increased accumulation
of the reporter in GV oocytes, confirming a repressive
role of these elements. Consistent with the finding in
Xenopus, we show that repression of translation requires
multiple CPE 3′ UTRs. The relief of repressionwhen a sin-
gle CPE upstream of the second PAS is mutated is incon-
sistent with the view that two or more CPEs are required
for repression (Pique et al. 2008). However, we cannot ex-
clude the possibility that additional nonconsensus or
cryptic CPEs are functioning in the intermediate or short
form. Also, we could not assess whether the CPE distance
from the PAS element had a significant effect on transla-
tional activation. In Xenopus oocytes, an interaction
between CPEB and CPSF is indispensable for the transla-
tional regulation of the reporter (Bava et al. 2013).

In summary, our findings indicate that alternative PAS
usage in approximately one-third of the mRNAs present
inGVoocytes generates transcriptswith 3′ UTRs of differ-
ent lengths. Bioinformatics analysis of the data generated
after RiboTag immunoprecipitation is consistent with the
view that ribosome association with a subgroup of tran-
scripts with short and long 3′ UTRs switches during oo-
cyte re-entry into the cell cycle. This observation is
likely relevant to mRNA translational regulation during
meiosis, as documented with prototypic cell cycle
Ccnb1 mRNA. We show that additional layers of com-
plexity in the translational regulation of Ccnb1 mRNA
direct the accumulation of this protein essential for the
meiotic cell cycle in mammals. Multiple PAS usage gen-
erates Ccnb1 transcripts with 3′ UTRs of different
lengths. Given the presence of different regulatory ele-
ments in the three 3′ UTRs, these transcripts are repressed
or translated at different rates during the prophase-to-

metaphase transition, as indicated by the ribosome load-
ing, reporter translation, and CPE mutagenesis. In quies-
cent GV oocytes, the accumulation of Ccnb1 protein is
likely driven by the translation of the short form. The ab-
sence of an increase in polyadenylation, the constitutive
translation of the reporter driven by this 3′ UTR, and the
small changes in ribosome loading compared with the
other forms during maturation are consistent with a cell
cycle-independent translational rate. Currently, it is un-
known what drives the constitutive translation of this
form. In this context, it should be noted that a perfect
Pumilio-binding element (PBE) is present in this short 3′
UTR and is conserved from rodents to humans. A modu-
latory role of PBE elements has been reported in Xenopus
oocytes (Pique et al. 2008). Conversely, translation of the
Ccnb1mRNAs with intermediate and long 3′ UTRs is re-
pressed in a CPEB1-dependent manner in GV oocytes.
Upon re-entry into the cell cycle, the intermediate and
long forms are polyadenylated, and ribosome loading in-
creases, indicating activated translation and becoming
significant contributors to Ccnb1 synthesis during the
prometaphase progression. Thus, the combinatorial code
described in frog oocytes is enriched by an additional layer
of regulation driven by APA. We did not investigate the
mechanisms underlying the differential PAS usage, which
is likely determined during oocyte growth, when tran-
scription is still active. We note that CPEB1 itself has
been implicated in APA in a Hodgkin’s lymphoma-de-
rived cell line (Bava et al. 2013). Thus, it is possible that
CPEB1 is also involved in the differential cleavage of the
Ccnb1 mRNA during oocyte development.

The presence of multiple 3′ UTRs driving Ccnb1
mRNAtranslation is also likely important duringmitosis,
as our preliminary anchor PCR shows the presence ofmul-
tiple 3′ UTRs also inmouse embryonic stem cells (Supple-
mental Fig. 7). In addition, the presence of multiple 3′
UTRs has already been noted in bovine (Tremblay et al.
2005) and porcine ((Zhang et al. 2010a) oocytes, and we
show here that multiple PAS elements are also found in
the human Ccnb1 3′ UTR, suggesting that regulatory
mechanisms thatwedescribed are functioning in allmam-
malian species. Last, it has been proposed that Ccnb1
mRNA is located in a P-granule compartment in the
quiescent state in zebrafish and mouse oocytes and that
its translation is activated after release from this compart-
ment (Kotani et al. 2013). Thus, it is possible that the
different 3′ UTRs contribute to the subcellular targeting
and the differential regulation of the Ccnb1 mRNA spe-
cies, warranting further investigation of the localization
of these variants in mice.

Materials and methods

Mice and oocyte collection

All experimentalprocedures involvingthemousegeneticmodelsusedwere
approved by the Institutional Animal Care and Use Committee of the
UniversityofCalifornia atSanFrancisco (protocolAN101432).C57BL/6 fe-
male mice (22–24 d old) were used in the experiments. Oocyte collection
and in vitro maturation were performed following the protocol described
previously (Chen et al. 2011). Generation of Zp3cre-RiboTagmicewas per-
formed as described (Sousa Martins et al. 2016) using a CRE recombinase
driven by the oocyte-specific ZP3 promoter (de Vries et al. 2000).

Oocyte culture and microinjection

Oocyte isolation and microinjection were performed in HEPES modified
minimum essential medium Eagle (Sigma-Aldrich, M2645) supplemented

Figure 5. Translation of the Ccnb1 mRNAs with intermediate and
long 3′ UTRs is dependent on the presence of CPEs: dual repressor/ac-
tivation function. (A) Mutagenesis of CPEs was performed as detailed
in theMaterials andMethods. (Black)MutatedCPEs; (cyan) wild type.
Constructs with the mutated CPEs or with wild-type 3′ UTRs were
injected into oocytes, and incubation and luciferase assayswere as de-
scribed in Figure 3. (B) The effect of individual or cumulativeCPEmu-
tations on translation in GV oocytes. The basal levels of the
CPEB1ΔL1,2,3 and CPEB1ΔI1,L1,2,3 are significantly different from
wild type. P < 0.05. (C ) Time course of reporter accumulation driven
by wild-type intermediate 3′ UTRs or UTRs with mutation in the I1
CPE. (D) The effect of mutation of the three CPEs present in the
long form. (E) The effect of mutation of the three CPEs present in
the long 3′ UTRs as well as the CPE in the intermediate 3′ UTRs.
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with 2 µM milrinone. Oocytes were cultured in supplemented MEM-α
(Gibco, 12561-056) containing 0.2 mM pyruvate, 75 µg/mL penicillin, 10
µg/mL streptomycin, and 3 mg/mL BSA at 37°C in 5% CO2. Denuded oo-
cytes were injected with 5–10 pL of 12.5 ng/µL RNA reporter using a Fem-
toJet Express programmable microinjector. After injection, oocytes were
incubated overnight (10–16 h) in supplemented MEM-α with 2 µM
milrinone.

Oligo(dT)-anchored PCR

The poly(A) test was conducted using the method described by Salles and
Strickland (1995) with minor modifications. Total RNAwas isolated from
groups of 50 oocytes using RNeasy Plus microkit (Qiagen, 74034). Re-
agents from the SuperScript III first strand synthesis system (Invitrogen,
18080-051) were used for reverse transcription. PCR was performed with
each forward primer and reverse oligo(dT) anchor primer in Table 2. PCR
products were subjected to electrophoresis in 1.5% agarose gel and stained
with GelRed (Biotium, 41003).

Reporter mRNA preparation and luciferase assay

The Renilla luciferase reporter plasmids were constructed as described
previously (Chen et al. 2011). Point mutations in the pRL-TK-Ccnb1 3′

UTR to ablate the canonical CPE were introduced referencing the previ-
ously published procedure (Sousa Martins et al. 2016) using a Choo-
Choo cloning kit (MCLAB, CCK-20). CPE “TTTTAT” and “TTTTAAT”
sequences were replaced with “TCCGAC” and “CGACTCC,” respective-
ly. Luciferase mRNA reporters were transcribed in vitro with mMachine
T7 kit (Ambion, AM1344). Firefly luciferasemRNA, the control for micro-
injection, was polyadenylated using a poly(A) tailing kit (Ambion,
AM1350). Luciferase activity was assessed with the dual-luciferase report-
er assay kit (Promega, E1910) and detected with the SpectraMaxL Lumin-
ometer (Molecular Devices). Data are reported as ratios of the
luminescence of Renilla luciferase to that of firefly luciferase.
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