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ABSTRACT

MicroRNAs (miRNAs) in the AGO-containing RISC complex control messenger RNA (mRNA) translation by
binding to mRNA 3’ untranslated region (3'UTR). The relationship between miRNAs and other regulatory
factors that also bind to mRNA 3’UTR, such as CPEB1 (cytoplasmic polyadenylation element-binding
protein), remains elusive. We found that both CPEB1 and miR-15b control the expression of WEE1, a key
mammalian cell cycle regulator. Together, they repress WEE1 protein expression during G1 and S-phase.
Interestingly, the 2 factors lose their inhibitory activity at the G2/M transition, at the time of the cell cycle
when WEE1 expression is maximal, and, moreover, rather activate WEET translation in a synergistic
manner. Our data show that translational regulation by RISC and CPEB1 is essential in cell cycle control
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and, most importantly, is coordinated, and can be switched from inhibition to activation during the cell

cycle.

Introduction

The importance of 3'UTR (3’ untranslated region) in the con-
trol of translation and mRNA stability has been known for
many years. One of the best-studied RNA regulatory sequences
located in 3'UTRs is the CPE (cytoplasmic polyadenylation ele-
ment). CPE is bound by CPEBI (cytoplasmic polyadenylation
element binding protein), a 4-member protein family.

CPEB1 was initially found to be important for Xenopus
oocyte maturation.' It was later shown to be involved in learn-
ing and memory >’ and in the regulation of the mammalian
cell cycle.*” During Xenopus oocyte maturation, CPEB1 con-
trols meiosis progression from prophase I to metaphase II, trig-
gering tightly controlled waves of polyadenylation at various
phases of meiosis,® as well as during the embryonic cell-cycle.’
In mammals, CPEBI is also implicated in senescence *° and in
controlling the translation of proteins involved in cell-cycle
checkpoints.” CPEBI is a conserved, sequence-specific RNA-
binding protein containing a zinc finger and 2 RNA recognition
motifs (RRMs)."*"'" Xenopus studies show that CPEBI can
both promote and inhibit RNA translation by respectively elon-
gating or shortening mRNA poly(A) tails since CPEB1 recruits
adenylating and/or de-adenylating protein complexes. This
dual action of CPEBI changes over the course of the cell cycle,
depending on CPEBI1 post-transcriptional modifications and

on the number and location of the CPEs to which CPEB1
binds. The CPEB1-containing complex in Xenopus includes:
symplekin, which may be a platform protein upon which
multi-component complexes are assembled; poly(A) ribonucle-
ase (PARN), which is a deadenylating enzyme, and germ-line-
development factor 2 (Gld2), which is a poly(A) polymer-
ase.'"'? Induction of cytoplasmic polyadenylation is mediated
by activation of the serine/threonine kinase Aurora A/Eg2, pos-
sibly via repression of glycogen synthase kinase 3.'“'> When
phosphorylated on either S174 or T171 (which is species-
dependent), CPEB1 promotes polyadenylation by stimulating
the activity of Gld-2,'" an atypical poly(A) polymerase.'"* The
newly elongated tail is then bound by the poly(A)-binding pro-
tein (PABP), which promotes translation by facilitating assem-
bly of the eIF4F initiation complex.'®

The miRNA (microRNA) system is another well-known reg-
ulator of mRNA translation. MicroRNAs are single-stranded
RNA molecules of about 21-23 nucleotides in length, which
are transcribed as 70-90 nt precursors and further processed to
short double-stranded sequences by the endonuclease DICER.
MiRNAs regulate gene expression by forming miRNA-induced
silencing complexes (miRISCs). MiRISCs inhibit translation by
binding through the microRNA strand to imperfectly matched
sequences in the 3'UTR of target mRNAs. The MiRNA mode
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of action is a much-debated issue. However, there are exist
experimental proofs supporting collaboration between the
RISC complex, which contains the proteins argonaute 1 and 2
(AGO1 and AGO2), and the deadenylation complex.'®'” The
mRNA targets of miRNAs are frequently subject to deadenyla-
tion,"®"” further supporting the idea that the length of the poly
(A) tail is a key element in the control of translation by miR-
NAs. Thus, both miRNAs and CPEB1 control the length of
mRNA poly(A) tails, raising the possibility that they may coop-
erate to regulate common targets.

CPEBI1 and RISC complexes have been found in processing
bodies (P-bodies), which are sites of mRNA degradation and
storage, as well as in stress granules, where translation initiation
complexes are stored under various stress conditions. It is
worth mentioning that DDX6 (rck/p54), a DEAD-box helicase
that interacts with AGO1 and AGO?2 in cells and is essential in
P-bodies *° and stress granules, associates with CPEB1 in both
Spisula (clam p47) and Xenopus *' and could therefore consti-
tute a link between CPEBI and the RISC complex.

All these observations suggest that CPEB1 and RISC cooper-
ate. Here, we address this issue by investigating the functional
interaction between CPEBI and a nearby miRNA-binding site
on the 3’UTR of WEEI mRNA. WEEL is a kinase component
of the G2/M cell-cycle checkpoint. WEEI determines the time
of entry into mitosis, thereby influencing the size of daughter
cells. Loss of WEEI results in smaller than normal daughter
cells, due to premature cell division. Although WEEI kinase
has long been characterized as a key inhibitor of cyclin-depen-
dent kinase 1 (Cdkl) and of mitotic entry in eukaryotes, the
regulation of WEE1 expression and activity is still not fully
understood. WEEI is regulated at the post-translational level
by phosphorylation.”> During Xenopus oocyte maturation,
WEEI mRNA translation is regulated by a CPE sequence
located in its 3'UTR.>> WEEI mRNA CPE is conserved in the
human. In addition, the 3'UTR of human WEEI mRNA con-
tains a miR-15b binding site, and WEEL is one of the high-
score predicted targets for miR-15b (using 2 algorithms, Tar-
getscan and Microcosm). And it was indeed proved that WEE1
could be a target of miR-15b under a certain physiological con-
dition.** We therefore explored how each of these 2 elements
of WEEI 3'UTR, the CPE and miR-15b binding sites, function
during the mammalian cell cycle.

We found that the CPE and miR-15b sequences in WEE1
3'UTR are both important for WEE1 expression, being inde-
pendent inhibitors of WEEI 3'UTR-dependent translation in
Gl and S cells. CPEB1 and AGO2 (RISC) complexes interacted
in an RNA- and DDX6 (rck/p54)-dependent manner. Impor-
tantly, we observed that the inhibitory effects of miR-15/RISC
and CPEB1 were abolished during G2/M transition. Moreover,
the 2 sequences together had an activating effect at this stage of
the cell cycle when WEEI1 protein is maximal, as documented
by luciferase assays or polysomal profiles of reporter mRNAs,
as well by analyzing WEE1 endogenous protein in CPEBI-
and/or miR-15b-depleted cells.

Our data demonstrate that WEE1 expression is regulated at
the translational level in a cell-cycle-dependent manner. More-
over, they show that the regulatory activities of 2 RNA binding
complexes are modified in a coordinated manner, switching
from being activators to inhibitors during the cell cycle.

Results

WEET1is regulated at the prost-transcriptional level in a
3'UTR-dependent manner

WEEI expression is regulated at the level of translation during
Xenopus oocyte maturation.”” In HeLa cells synchronized by a
double thymidine block, WEE1 protein expression was regu-
lated in a cell-cycle dependent manner (Fig. 1A, B), increasing
at the G2/M transition. This regulation occurred mostly at the
post-transcriptional level, since WEEI mRNA did not vary sig-
nificantly during cell-cycle progression (Fig. 1C).

In Xenopus oocyte, Weel 3'UTR includes 3 CPEs, and Weel
mRNA translation is controlled by CPEB1 (Charlesworth et al.,
2000). Human WEEI mRNA contains few potential CPE:s sites
as well as few potential hexonucleotide sites (Fig. S1). Interest-
ingly, an miR-15b binding site is located 168 nucleotides
upstream of the first CPE-site (Fig. 1D). In order to explore the
role of these elements in WEEL regulation, we generated
Renilla-luciferase reporter constructs containing, either wild
type or mutated WEEI 3'UTR in the first CPE or the miR-15b
sites, alone or in combination (Fig. 1D). We focused our atten-
tion on the first CPE, because of its close location to the miR-
15b site. In HeLa cells, reporter activity was stimulated by
mutations in the CPE or miR-15b site (Fig. 1E). Mutating the 2
sites led to higher expression than mutating each one alone,
and the effects were additive. These data suggest that both
CPEB1 and miR-15b control WEE1 expression in an indepen-
dent manner. To further confirm this hypothesis, we used
CPEB1% and/or miR-15b ?° loss-of-function assays. First, we
confirmed the activity of the inhibitors by Western blot analysis
and QRT-PCR, respectively (Fig. 2A, B). Treating the cells with
either one of the inhibitors increased the activity of the wild-
type WEEI 3'UTR reporter, while simultaneous depletion of
CPEBI1 and inhibition of miR-15b was even more effective
(Fig. 2C), well correlated with the results obtained by mutating
CPEBI and miR-15b binding sites (Figs. 2C and 1D). It is
important to note that depletion of CPEB1 did not affect lucif-
erase activity in the absence of the CPE sequence, nor did inhi-
bition of miR-15b affect luciferase in the absence of the miR-
15b binding site (Fig. 2C), underscoring the specificity of the
inhibition. Thus both CPEB1 and the RISC complexes appear
to regulate WEEI mRNA through their respective binding sites.
This hypothesis was further supported by the subcellular locali-
zation of WEEI reporter mRNA, CPEBI, and miR-15b
(Fig. 2D). The three components were observed in dots that are
likely to be P-bodies or stress granules, since they contain
DDX6/p54 or TIA1 (Fig. S2 A, B, C). Some granules containing
the reporter mRNA also contained both miR-15b and CPEBI.
Mutation of each binding site alone did not reduce the presence
of the reporter mRNA in dots containing the other partner, but
mutation of the 2 sites did abolish the recruitment of the
reporter mRNA into granules (Figs. 2D and S3A, B).

We next tested whether endogenous WEEL protein was
affected by modulating CPEB1 and/or miR-15b levels. When
CPEB1 and/or miR-15b were down-regulated or inhibited
(Figs. 2A, B, S4A), endogenous WEE1 protein was increased
(Figs. 2E, S$4B). Importantly, depletion of CPEBI and/or miR-
15b had little effect on WEEI mRNA levels (Fig. S4C). Con-
versely, overexpressing CPEB1 (Fig. 2G) reduced WEEL



CELLCYCLE (&) 669

A Time post release B
10 ob o6 6
(= =]
Ss unsynch S_ 2h ‘g_ shi g 4h
=g x4 x4 x4
£ = = =
34 = 3 5
8 ‘_32« &' g2 VEES o i R
b - 3 \ 3 % .
Og | O 0 Op O ACHN e ——
0 100 200 O 100 200 100 200 0 100 200 Time post
FL3-H FL3-H FL3-H FL3-H (eldase 2 3 4 5 6 7 8
o b 6 o6 4
= \ sh g_ 6h| S 7h g_ gh (hours)
x4l ! x4 I X4 = I
£ ! = £ £ 8
2 : 3 3 221
821 ‘ o2 82 8 ;
D B - B
O O
Cg . 0 ] 0 |
0 100 200 0 100 200 0 100 200 0 100 200
FL3-H FL3-H FL3-H FL3-H
C D ) E WEE1 3'UTR wt
miR-15b CPE i WEE1 3'UTR CPE mut
0.04 ACAUUUGGUACUACACGACGAU m WEE1 3'UTR miR-15b mut
< ORF}— CCACUGUGGUGGUGUGCUGCUU UUUUUUARU — i 2 W_l'—':l[—115.’;'ul Fit CPE mut,
= miR- mu
C 0.03 Mb 168 nt CcPE 5
E (4]
< ccacucuc;emcncacr;acanu UUUUUUAAU — 36
20.02 ©
= miR-15b S 4
E 0.01 CCACUGUGGUGGUGUGCUGCUU —— GGGGEEGCCE — =
' 2
o
= 0,00 b
: 234567 8 ORF}— CCACUGUGGACCACACGACGAU —— GEGGGECLE — 0
Time post release, hours 100 50 25 12 6 3
Transfected DNA, ng

Figure 1. Regulation of WEE1 in Hela cells depends on CPE and miR-15b binding sites. (A) Cell cycle distribution (by FACS analysis) of HeLa cells at indicated times after
release from a double thymidine block. (B) Western blot analyses of WEE1 expression in Hela cells after release from a double thymidine block; actin is used as a loading
control. (C) QPCR analyses of WEET mRNA, in the same cells; Cyclo A was used to standardize the data. (D) Schematic representation of R-luc WEET 3'UTR fusions (WEE1
3’UTR was introduced into the 3'UTR of Renilla luciferase reporters). (E) Luciferase expression of the reporter constructs described in D following transfection into Hela
cells; Renilla enzymatic activity (LucR) was normalized to Firefly (control, LucF). Statistics: Student’s t test; *: t = 0.05.

protein expression (Fig. 2E). Overexpressing miR-15b (Fig. 2F)
did not impact on WEEI protein, possibly due to the fact that
this miRNA is already highly expressed in HeLa cells.

Interaction between CPEB1 and miR-15b/RISC

Since the CPE and miR-15b binding sites are in close proxim-
ity, next we used co-immunoprecipitation experiments to
investigate whether CPEB1 and RISC could physically interact.
AGO2 co-immunoprecipitated with overexpressed FLAG-
Myc-CPEB1, but this interaction was RNA-dependent
(Fig. 3A). Conversely, CPEB1 co-immunoprecipitated with
exogenous FLAG-HA-AGO?2, and this was also dependent on
the presence of RNA (Fig. 3B). Thus, the 2 complexes may
bind to common mRNA targets.

As previously published,”>*! we detected the helicase DDX6
in both CPEB1 and AGO2 FLAG-tag immunoprecipitated
complexes (Fig. 3C, E). Knocking-down DDX6 (with an
siRNA) or inhibiting its activity with a helicase-dead transdo-
minant mutant *” abolished interaction between CPEB1 and
AGO?2 (Fig. 3C-E).

The activity of CPEB1 and miR-15/RISC is coordinated
during the cell cycle

WEE]L is regulated in a cell-cycle-dependent manner (Fig. 1A),
and the activity of CPEBI is also cell cycle dependent in

Xenopus embryo, CPEBI acting alternatively as a repressor and
an activator of gene translation.”” We therefore investigated the
importance of CPEB1 and miR-15b for WEE1 expression dur-
ing the cell cycle, after releasing HeLa cells from a double thy-
midine block (Fig. 4A). Surprisingly, we observed that when
cells progressed toward G2/M, not only the CPE, but also the
miR-15b sites lost their inhibitory activity (Fig. 4B). Coinciden-
tally, silencing granules that contained WEEI mRNA disap-
peared in G2/M cells (Fig. S5A), implying that WEE1 mRNA is
released into the cytoplasm and may be actively translated.

Moreover, WEE1 protein expression was maximal upon
entering G2/M (Fig. 4C). Both sites tend to have an opposite
effect, which is to stimulate translation. Note that in this case,
the activities of the 2 sites were synergistic rather than additive,
both sites being required for activation. A more detailed time-
course analysis (hourly, beginning 28 hours after transfection,
Fig. S5B) showed that during G2/M, the CPE and miR-15b
sequences in WEEI 3'UTR sequentially lost their inhibitory
activity, then, when most of the cells had progressed into G2/
M, together they became slightly stimulating for luciferase
expression (Fig. S5C). When the cells returned to the G0/G1
cell-cycle stage, the inhibitory functions of CPE and miR-15b
binding sites were restored (Fig. S5C).

Thus, CPEBI and miR-15b seem to lose their inhibitory
activity at the G2/M phase of the cell cycle. CPEB1 protein
was down regulated during G2/M, but CPEB1 mRNA level
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Figure 2. MiR-15b and CPEB1 control WEE1 expression. (A) Depletion of CPEB1 by siRNAs (Western blot). (B) Depletion of miR-15b by an antisense LNA (QPCR); (C) Influ-
ence of CPEB1 and/or miR-15b depletion on WEET 3'UTR reporter luciferase activity transfected into Hela cells along with inhibitors as indicated. Controls were miRNA
(Applied Biosystems) and AllStars (Qiagen). Numbers indicate the ratio LucR/LucF for each sample. (D) Localization of WEET mRNA, CPEB1, and miR-15b in Hela cells.
Hela cells were transfected with Cy5-labeled miR-15b, CPEB1-Cherry, FITC-labeled WEET 3'UTR (wt or mutant as indicated). Arrows point to granules with co-localized
WEET mRNA, CPEB1, and/or miR-15b. (E) CPEB1 and miR-15b control WEE1 protein expression. For gain-of-function assays, Hela cells were transfected with a construct
expressing CPEB1-Cherry (or Cherry as a control), or with miR-15b precursor (or a control miRNA); for loss-of-function assays, cells were transfected with the inhibitors
described in A and B; WEE1 expression was monitored 48h later by Western blot. (F) Overexpression of miR-15b monitored by QPCR. (G) Overexpression of CPEB1 moni-
tored by Western blot.

was stable (Fig. S5D, E), similar to what was observed dur- throughout the cell cycle (Fig. S5G), as observed -earlier
ing Xenopus oocyte maturation. MiR-15b, were constitu- (Fig. 1C).

tively expressed throughout the cell cycle (Fig. S5F). Our results support the hypothesis that WEEI translation is
Importantly, the WEE!I mRNA level did not change regulated in a cell-cycle-dependent manner. In order to further
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AGO2 (AGO2-FLAG-HA) expression vector or an empty vehicle vector as a control (vector); cell extracts were immunoprecipitated using anti-FLAG antibodies, following
RNase treatment when indicated. (C) DDX6 is required for AGO2/CPEB1 interaction. Cells treated for 48h with an siRNA to DDX6 (or a control siRNA) were transfected and
treated as in A. (D) Cells were transfected with CPEB1-Myc-FLAG and AGO2-FLAG-HA expression vectors, along with wild type (wt) or transdominant DDX6 helicase dead
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transdominant DDX6 mutant (mut) together with CPEB1-Myc-FLAG or AGO2-FLAG-HA expression vectors; extracts were immunoprecipitated with anti-FLAG antibodies

and analyzed as in A and B.

explore this hypothesis, we monitored WEE1 reporter transla-
tion throughout the cell cycle. Active translation of mRNAs
can be monitored by their presence in the heavy fractions of a
sucrose gradient, which is interpreted as association of mRNA
with multiple ribosomes in polysomes. In a population of pre-
dominantly GO/G1 cells (83%), WEE1 wild-type 3'UTR was
distributed into 3 peaks, with more than half in the monosomal
or light polysomal fractions (Fig. 4D, E, fractions 1 to 7), imply-
ing low translational activity. When only the CPE or, alterna-
tively, the miR-15b sequence was mutated, the reporter mRNA
shifted toward the heavier polysomal fractions (fractions 5 to
8) (Fig. S6A, C). Mutating both the miR-15b and CPE sites
eliminated the 2 light peaks, and the reporter was then mostly
associated with heavy polysomes (fractions 9 to 12), indicating
high translational activity (Fig. 4D, E). In a population with at
least 50% of cells in G2/M, wt WEEI 3'UTR was mostly associ-
ated with the heavy polysomal fractions (fractions 8 to 12).
However, when the miR-15b binding site, the CPE site, or both
were mutated, the mRNA shifted to the lighter polysomal frac-
tions (fractions 5 to 8) (Figs. 4D, E and S6A, C). This result cor-
relates well with the reduced luciferase activity expressed by the
same constructs in G2/M cells (Figs. 4B, S5C). Moreover, also
in this assay, mutating one of the 2 sites had the same effect in
G2/M cells as mutating both of them (Figs. 4D, E and S6A, C),
implying synergy between the 2 complexes. The control
GAPDH mRNA was constitutively associated with heavy

polysomal fractions in all samples (Figs. 4D, E and S6B). These
data amount to strong support of the idea that CPEB1 and
miR-15b activity on WEE1 mRNA depends on the cell cycle,
with both regulators being inhibitors in the G1 and/or S phases
and activators at G2/M.

This idea was further supported by analysis of WEEL pro-
tein accumulation during the cell cycle, since WEEI protein
was deregulated by CPEB1 and/or miRNA depletion (Fig. 5A,
B). In control cells, WEE1 protein was low in G1 or S cells
(1h post-release) and increased at G2/M (5h post-release),
whereas WEEI mRNA levels remained quite stable through-
out the cell cycle (Fig. 5C). When both CPEB1 and miR-15b
were depleted, WEE1 protein and, coincidently, Cyclin B1,
used here as a cell-cycle marker, were deregulated, showing
little variation in the time frame of the experiment (Fig. 5A).
Most interestingly, when miR-15b, CPEB1, or both were
depleted, WEEL1 protein was higher in G1/S cells than in con-
trol cells (Fig. 5B), as expected if the 2 regulators are inhibi-
tors. In sharp contrast, in G2/M cells (5 h post-release)
depletion of CPEB1, miR-15b, or both resulted in reduced
WEEL expression, as expected for activators. Even though
Western blot is not a fully quantitative technique, these data
clearly indicate a tendency. Thus, the expression of endoge-
nous WEEI protein appears to be dependent on miR-15b and
CPEBI in G2/M cells, consistent with the data obtained using
the WEEL reporter construct (Fig. 4). Depletion of DDX6 also
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Figure 4. CPEB1 and miR-15b inhibitors switch to activators at G2/M. (A) Cell-cycle analysis (by FACS) of HeLa cells after release from a double thymidine block unsync,
-unsynchronized cells. (B) HeLa cells analyzed in A were transfected after they were released from thymidine block with WEET 3'UTR reporter constructs (described in
Fig. 1D) and 20 h later, cell extracts were submitted to luciferase assays. Renilla luciferase activity was normalized to Firefly activity; the position of the majority of the cells
in the cell cycle in the samples is indicated above the bars; Statistics: Student’s t test; *: t = 0.05. (C) WEE1 expression along the cell cycle as monitored by Western blot;
cyclin B1 is shown to document the position of the cells in the cell cycle. (D, E) Distribution of WEE1 3"UTR reporter mRNAs in polysomal gradients at the G0/G1 or G2/M
phase of the cell cycle. Fractions 0-3 correspond to non polysomal fractions (NP), 4-7 to low polysomal fractions (LP), and 8-12 to heavy polysomal fractions (HP). GAPDH
mRNA distribution among the polysomal fractions in 2 cell-lines that have been transfected by WEET 3’UTR reporter wt and with CPE and miR-15b sites mutations were

used as control.
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Figure 5. Depletion of CPEB1 or miR-15b affects both the cell-cycle-dependent accu

mulation of WEET and cell-cycle progression. (A) Cells were transfected with a siRNA

to CPEB1, an antisense to miR-15b, or control molecules as indicated and submitted to a double thymidine block as in Fig. 4; WEE1 or Cyclin B1 expression was monitored
by Western blot. (B) Quantification of the Western blots shown in (A) after standardization to actin. (C) WEET mRNA expression in the same cells, monitored by Q-RT-PCR.

(D) Cell-cycle distribution (analyzed by FACS) of Hela cells after depletion of CPEB1 a

affected the expression of WEEL and Cyclin Bl (Fig. S7).
Together, these data indicate that CPEB1 and miR-15b/RISC
are required for proper expression of WEEI protein during
the cell cycle.

Since WEE] regulates the temporality of cell-cycle progres-
sion, affecting WEE1 expression, it should also impact cell-
cycle progression and cell proliferation.

A significant change was observed in cell distribution during
the cell cycle in CPEB1-depleted cells, indicating a delayed exit
from the G2/M phase (Fig. 5D). This effect was enhanced when
CPEBI1 and miR-15b were depleted simultaneously (Fig. 5D).
This result is consistent with the observation that depletion of
WEEI accelerates the G2/M phase in Xenopus. Here, depletion
of CPEB1 and miR-15b increased WEE1 expression and
resulted in delayed exit from G2/M.

Cell growth was also affected by CPEB1 depletion (Fig. 5E),
as documented by the decreased number of cells; however,
inhibiting miR-15b had little effect on cell counts.

Taken together, these data show that WEEI is regulated at
the translational level by CPEB1 and miR-15b in a coordinated
and cell-cycle-dependent manner.

nd/or miR-15b. (E) HeLa cell-count after CPEB1 and/or miR-15b depletion.

Discussion

We have analyzed the regulation of WEEIL, an oncogenic cell-
cycle regulator, by the RNA binding complexes CPEB1 and
miR-15b/RISC. We show that miR-15b/RISC and CPEB1 have
a coordinated impact on WEEI translation. There are few
examples of coordination between RISC and other RNA bind-
ing proteins. Under stress conditions, the inactivation, storage,
and reactivation of CAT-1 mRNA depend on the binding of
both miR-122 and HuR, an AU-rich-element-binding protein,
to the 3'UTR of CAT-1 mRNA.*® Cooperation between miR-
16 (a member of the miR-15/16 family of miRNPs) and an
ARE-binding protein called TTP (tristetraprolin) was shown to
occur through the association of TTP with AGO/elF2C family
members. MiR-16 assists TTP in targeting ARE, which appears
to be an essential step in ARE-mediated mRNA degradation.”
Our data not only constitute an additional example of such a
coordinated action, but also demonstrate that such a coordi-
nated action can be cell-cycle-dependent, the 2 sites being
inhibitors during G1 and S and activators during G2/M. In G1/
S, the 2 regulators are at least in part colocalized in cytoplasmic
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granules (Fig. 2D), which may be silencing granules (since they
include DDX6/p54, Fig. S2). These granules disappear at G2/M
** and Fig. S5A. This could at least in part account for
decreased inhibition by CPEB1 and miR-15b at G2/M. How-
ever, we observed that at G2/M the 2 sites not only lost their
inhibitory activity, but also had a tendency to activate WEEI
mRNA translation, since their deletion decreased both the
activity of a reporter construct (Fig. 4B and Fig. S5C) and the
ribosome loading of the reporter mRNAs, as monitored by
their distribution in heavy polysomal fractions (Fig. 4D, E).
Moreover, depletion of CPEB1 and miR-15b affected the
expression of the endogenous protein in an opposite manner in
G1/S or G2/M cells (Fig. 5A, B). CPEBI is known to act as a
cell-cycle-dependent activator of translation by elongating
mRNA poly(A) tails during Xenopus oocyte maturation and
during the transition to M phase in Xenopus embryo.””' But
such a cell-cycle-dependent switch is much less expected for
the RISC complex, and translational activation by RISC com-
plexes is a rather controversial issue. There are, however, exam-
ples of such switches in the RISC complex in the literature. It
has been shown that upon cell-cycle arrest, the ARE (AU-rich
element) in tumor necrosis factor-o (TNFa) mRNA is trans-
formed into a translation activation signal, recruiting AGO and
fragile X mental retardation-related protein 1 (FXR1), factors
associated with miRNPs. Human miRNA miR-369-3 directs
the association of these proteins with the AREs, leading to
translation activation (Vasudevan et al., 2008). Moreover, 2
well-studied miRNAs - let-7 and the synthetic miRNA
miRcxcr4 - likewise induced translational up-regulation of tar-
get mRNAs upon cell-cycle arrest, yet they repressed transla-
tion in proliferating cells. It has been proposed that translation
regulation by miRNPs oscillates between repression and activa-
tion during the cell cycle.’” It is quite possible that switches of
activity by the RISC complex depend on the switch in activity
of other 3'UTR-binding proteins, such as CPEB1. Indeed, here,
in the absence of CPE, miR-15b did not activate WEE1 3'UTR
in a reporter construct.

CPEB1 activity is regulated by phosphorylation during
the Xenopus embryo cell cycle.'” It is likely that similar
phosphorylation is involved in HeLa cells. Phosphorylation,
possibly by the same enzyme, might also be responsible for
the modification of miR-15b /RISC activity. In Xenopus
embryo, CPEB1 phosphorylation results in the modification
of the composition of the CPEBI complex, which recruits a
polymerase rather than a deadenylase. Thus, we speculate
that at G2/M, CPEB1 and miR-15b/RISC recruit activating
proteins rather than inhibitors, possibly increasing the size
of the poly(A) tail of WEE1 mRNA. Most interestingly,
whereas the inhibiting activities of the 2 complexes were
acting independently of each other, activation required the
integrity of each of the 2 sites, implying that the 2 com-
plexes cooperate for this action. This was further supported
by the observation that independently mutating each site
also reduced the association of WEE1 mRNAs with the
heavy polysomal fraction at G2/M, indicative of reduced
translation. Thus, it appears that whereas each of the com-
plexes can independently recruit translation inhibitors, they
need to cooperate to recruit translation activators. The
mechanism of this cooperation is elusive. The two

complexes do not appear to interact directly in unsynchro-
nized cells, which are mostly in G1/S, since most of the
interaction is sensitive to RNase (Fig. 3A). It is quite possi-
ble however, that the 2 complexes do interact in G2/M cells,
which would account for the residual binding observed after
RNase treatment (Fig. 3A), since a small fraction of cells are
in G2/M in the unsynchronized population. We will try to
verify it in our future work.

In summary, here we demonstrate a cell cycle-dependent,
coordinated action of a miRNA (miR-15b) and an RNA-bind-
ing protein (CPEB1) to inhibit WEEI mRNA translation in
G1/S and activate it in G2/M, providing an example of coordi-
nation between a miRNA/RISC complex and another RNA
binding protein, as well as, even more importantly, of a cell
cycle-dependent switch from inhibitor to activator of the 2
complexes.

Materials and methods
Cell lines and constructs

HeLa and HeLa S3 cells were maintained in DMEM media sup-
plemented with 10% FCS, 100 mg/ml streptomycin, and 100 U/
ml penicillin (Gibco®) cultured at 37°C and 5% CO..

The WEEI 3'UTR sequence (nt 2274-2524, [GeneBank: NM
001143976.1]) was cloned into Xbal/NotI sites in the pRL-TK
vector (Promega). An miR-15b site substitution mutation was
introduced by replacing the 2316-2325 sequence in the WEE1
3'UTR by accacacgcga. CPE site mutation was accomplished by
replacing ttttttaatt (2494-2504) with ggggggccgg in the WEEI
3'UTR. Double miR-15b and CPE mutations were done by
simultaneous replacement of both sites.

CPEBI transcript variant 1 [GeneBank: NM_030594.3] was
cloned into Xhol/EcoRI sites of the pmCherry-N1 expression
vector.

In transfection assays, pmCherry-N1 (632523, Clontech)
was used as control.

MiRNA precursor molecules (Applied Biosystems) used
were: miR-15b (PM17100); MiRNA inhibitors (Applied Biosys-
tems) used were: miR-15b (AM17000) and Negative Control
#1 (PM17110).

SiRNAs used were: siCPEB1 (5 taggaggtgttccttgggata 3/,
5'cagccgaaggatgegetgcaa 3’), and AllStars - negative control
siRNA (Qiagen).

Transfection assays and luciferase measurements

All transfections were performed in triplicate in 96-well plates
with 200ng (or 100 ng + 100 ng) DNA and lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions. Pre-
and anti-miRNAs were used at 50 nM and siRNAs at 10 nM.
Cells were lysed after 20 h of transfection using Passive Lysis
Buffer (Promega), then Firefly and Renilla luciferase activities
were measured using the Dual-Luciferase Reporter Assay Sys-
tem Kit (Promega). Results are expressed as Renilla luciferase
values normalized to Firefly, and statistical analyses performed
using Student’s ¢ test.



Quantitative PCR

Total RNA purification was performed using Trizol (Invitro-
gen) according to the manufacturer’s instructions. 500 ng or
250 ng total RNA was used for CPEBI, WEEI mRNA quantifi-
cation, using QuantiTect SYBR-green RT-PCR kits (Qiagen)
and a LightCycler Real-Time PCR System (Roche).

For miRNA analysis, 25 ng of total RNA was reverse-tran-
scribed using the TagMan® MicroRNA Reverse Transcription
Kit (Applied Biosystems). QPCR was carried out in triplicate
using the TagMan Universal PCR Master Mix (Applied
Biosystems).

Primers used were: WEEI forward (5" acctcggataccacaagtgctt
3') reverse (5 ggtcttctctctggatctggatga 3'), WEE1 3'UTR forward
(5 ttggatgttacaccagectt 3'), WEEL 3'UTR reverse (5’ gatatacaagtc-
taattcaca 3'); CPEBI forward (5 tcccagatgcaaatgacttgtgee 3),
CPEBI reverse (5 aacttgtccaccaagtcagaccea 3'); (5 gacgatgegceta-
gatgtcaa 3'); GAPDH forward (5 ggacctgacctgecgtctagaa 3'),
GAPDH reverse (5 ggtgtcgctgttgaagtcagag 3'); Cyclophiline A
forward (5'-GTCAACCCCACCGTGTTCTT-3'); Cyclophilin A
reverse (5 -CTGCTGTCTTTGGGACCTTGT-3)

Immunoprecipitation assay

Four 15-cm dishes of HeLa S3 cells were transfected with Myc-
FLAG-CPEB1, HA-FLAG-CPEB1 (or CPEB1 mutants), or
HA-FLAG-AGO?2 expression plasmids (OriGene). After 48 h
of incubation, cells were collected, lysed in 150 ml/plate lysis
buffer consisting of 100 mM KCl, 5 mM MgCl,, 20 mM Hepes-
KOH (pH 7.8), 2 mM DTT, 0.25% NP-40, and protease inhibi-
tor cocktail (Roche) for 30 min on ice.

Lysates were incubated with 100 ml anti-FLAG beads
(SIGMA), washed in lysis buffer, and incubated overnight at
4°C with rotation. The beads were washed 5 times in 0.5 ml
lysis buffer. Then CPEBI complexes were eluted in 120 ml of
lysis buffer with 100 mg/ml FLAG peptide at 4°C for 2 h with
shaking. FLAG peptide elution were analyzed by Western blot.

SDS-PAGE and western Blot

Protein extracts were prepared in 100 mM KCl, 5 mM MgCl,,
20 mM Hepes-KOH (pH 7.8), 2 mM DTT, 0.25% NP-40, and
protease inhibitor cocktail (Roche).

20 mg of protein was loaded onto NuPAGE 4-12% Bis-Tris
Pre-Cast Gels and resolved using the NuPAGE System (Invitro-
gen), followed by Western blotting, using standard techniques.
Primary antibodies and dilutions used were: CPEBI 1:1000
(NB100-1437, Novus Biological), b-actin 1:10000 (A5441,
Sigma) and «-Tubulin 1:5000 (F2168, Sigma), WEEL1 (sc-5285,
Santa Cruz), Cyclin Bl (sc-752, Santa Cruz), Myc-tag (sc-40,
Sigma), AGO1 (SAB4200084, SIGMA), AGO2 (SAB4200085,
SIGMA). Secondary antibodies and dilutions used were anti-
rabbit-HRP 1:25000 (A0545, Sigma), anti-mouse 1:25000
(A2304, Sigma), and anti-rat 1:25000 (A9037, SIGMA).

Protein levels determined by Western blot were quantified
using BioImage software.
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Ribosomal profile

15-cm plates of HeLa S3 cells were transfected with pRL-TK
Vector containing a fragment of the WEEI 3'UTR (wt, or else
mutated at the miR-15b and/or CPE sites) attached to the lucif-
erase coding sequence. After 24 h, cells were lysed in 500 ml
buffer containing 20 mM Tris-HCI (pH 8.5), 1.5 mM MgCl,,
140 mM KCl, 0.5 mM DTT, 0.5% NP-40, 1000U of RNAsin
(Promega) per ml, and 0.1 mM cycloheximide. The lysate was
centrifuged at 10,000¢ for 10 min, and supernatants were
applied to linear 20-47% sucrose gradients in buffer containing
20 mM Tris-HCI (pH 8.0), 140 mM KCl, 5 mM MgCl,. Centri-
fugation was carried out at 40,000 rpm for 135 min in a Beck-
man SW41 rotor. 1 ml fractions were collected using a
Teledyne ISCO Model 160 system with concomitant measure-
ment of the absorbance at 260 nm followed by RNA precipita-
tion by 1 ml of isopropanol and Q-PCR analysis with primers
for Luciferase (forward: 5 cgtggacaggctctggagcatc * and reverse:
5 acaccgccagcaaacgegagea 3'), with GAPDH (forward: 5
ggacctgacctgeegtctagaa 3'and reverse: 5 ggtgtcgcetgttgaagtcagag
3') as control.

Cell synchronization experiments were done in a similar
way, but cells were transfected with plasmid after release from
a double thymidine block. Cells were collected 29 h after trans-
fection, lysed, and separated on a sucrose gradient. RNA were
extracted and subjected to Q-PCR analysis.

Cell synchronization and FACS analysis

HeLa S3 cells (25-30% confluence) were incubated with 2 mM
thymidine for 18 hours. Cells were then washed in PBS and
incubated in DMEM (10% FBS) for 9 hours to release them
from the first thymidine block. 2 mM thymidine was then
added to DMEM for 17 hours (second thymidine block). After
removal of thymidine by washing in PBS and adding fresh
DMEM (10% FBS), cells were transfected with luciferase
reporter constructs and 24 hours later some cells were used for
the luciferase reporter assay and some were fixed in 70% EtOH
at 4°C overnight. The next day, fixed cells were subjected to
propidium iodide (PI) labeling. Cells were washed with PBS
twice, resuspended in 50 mL PBS containing a final concentra-
tion of 1 mg/mL RNAse (DNAse-free, Qiagen), incubated at
4°C for 5 min, then added to 45 mL PBS containing 50 mg/mL
PtdIns (final concentration), incubated at 4°C for 30 min in the
dark and subjected to FACS analysis by FACScan (Becton
Dickinson).

In situ hybridization

Antisense and control (sense) probes for in situ hybridization
were prepared by incorporating fluorescein-12-UTP (11 427
857 910 Roche) into the luciferase mRNAs respectively tran-
scribed in vitro from T7 and SP6 promoters, using the mMes-
sage mMachine kit (Ambion); the coding sequence was
obtained by PCR amplification of a DNA fragment using as pri-
mers:forward, 5 taatacgactcactataggcgtggacaggctctggagcate 3';
reverse, 5 atttaggtgacactatagaacaccgccagcaaacgcgagea 3'.
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HelLa cells were fixed for 15 min in 3.7 % PFA in PBS at RT,
washed in PBT (0.1% Tween-20 in PBS) and stored in 70%
EtOH at 4°C overnight. After rehydration in PBT, cells were
treated for 3 min with 1 mg/mL Proteinase K in PBT, washed
in 2 mg/mL glycine in PBT and post-fixed for 10 min in 3.7%
PFA in PBT. Cells were initially incubated for 1 hour in hybrid-
ization mix (HM; 50% formamide, 5xSSC, 1x Denhardt’s solu-
tion, 200 mg/mL yeast tRNA, 500 mg/mL salmon sperm DNA,
2% blocking reagent (Roche)) at 37°C, and then hybridized
overnight with 40 nM probe at 37° C. Post-hybridization
washes were carried out for 3 x 15 min in 30% formamide/2x
SSC at 50° C, 1 x 15 min in 2x SSC at RT, and 1 x 15 min in
0.2x SSC at RT. Cells were rinsed 3 times with PBS then rinsed
once for 2-5 min with Hoechst 33258 (the 16 mM stock solu-
tion was diluted 1:8000 final concentration 2 mM), mounted
on glass slides with Dako mounting medium, and analyzed by
fluorescence microscopy.

Co-transfection of labeled molecules and confocal
microscopy

FITC-labeled WEEI 3'UTR mRNAs were prepared by incorpo-
ration of fluorescein-12-UTP (Roche) into the in-vitro tran-
script obtained from the T7 promoter using the mMessage
mMachine kit (Ambion); the coding sequence was obtained by
PCR amplification of a DNA fragment from Rluc-WEEI
3'UTR constructs using as primers:

forward, 5 taatacgactcactatacgttcgttgagcgagttctc 3';

reverse, 5’ atttaggtgacactatacactgcattctagttgtggt 3'.

Mir-15b precursor (Applied Biosystems) was labeled with
Cy5 (Label IT siRNA Tracker Cy5 Kit, Mirus) according to the
company protocol.

FITC-labeled WEEI 3'UTR (wt, CPE and/or miR-15b site
mutations), Cy5-labeled miR-15b precursor and/or CPEBI-
Cherry DNA were cotransfected into HeLa cells with a Lipofec-
tamin 2000 Kit (Invitrogen) according to the company proto-
col. Cells were fixed 48 hours later in 4% paraformaldehyde,
labeled, and visualized by confocal microscopy.
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