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MRNA spindle localization and mitotic translational
regulation by CPEB1 and CPEB4
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ABSTRACT

Transition through cell cycle phases requires temporal and spatial regulation of gene expression to ensure accurate chro-
mosome duplication and segregation. This regulation involves dynamic reprogramming of gene expression at multiple
transcriptional and posttranscriptional levels. In transcriptionally silent oocytes, the CPEB-family of RNA-binding proteins
coordinates temporal and spatial translation regulation of stored maternal mRNAs to drive meiotic progression. CPEB1
mediates mRNA localization to the meiotic spindle, which is required to ensure proper chromosome segregation.
Temporal translational regulation also takes place in mitosis, where a large repertoire of transcripts is activated or re-
pressed in specific cell cycle phases. However, whether control of localized translation at the spindle is required for mitosis
is unclear, as mitotic and acentriolar-meiotic spindles are functionally and structurally different. Furthermore, the large dif-
ferences in scale-ratio between cell volume and spindle size in oocytes compared to somatic mitotic cells may generate
distinct requirements for gene expression compartmentalization in meiosis and mitosis. Here we show that mitotic spindles
contain CPE-localized mRNAs and translating ribosomes. Moreover, CPEB1 and CPEB4 localize in the spindles and they
may function sequentially in promoting mitotic stage transitions and correct chromosome segregation. Thus, CPEB1
and CPEB4 bind to specific spindle-associated transcripts controlling the expression and/or localization of their encoded
factors that, respectively, drive metaphase and anaphase/cytokinesis.
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INTRODUCTION mRNAs during meiosis are, respectively, the shortening
and then elongation of their poly(A) tails. This cytoplasmic
polyadenylation requires the cytoplasmic polyadenylation
element (CPE), which is presentin the 3'-UTRs of the mater-
nal mRNAs and is bound by the CPE-binding protein
(CPEB) family of RNA-binding proteins (Richter 2007; Weill
et al. 2012). In meiosis, the specific combination of CPEs
define the timing and extent of the activation and the local-

ization of the mRNA (Belloc and Mendez 2008; Eliscovich

In the transcriptionally dormant stages of early develop-
ment, gene expression relies on the spatial and temporal
regulation of maternal mRNAs translation. This reprogram-
ming is needed to complete meiosis and for the firstembry-
onic mitotic divisions. The main mechanisms directing the
translational repression and later reactivation of maternal
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et al. 2008; Pique et al. 2008). The sequential activation
of the CPE-regulated mRNAs is also ensured by phase
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specific functions for the CPEBs, whereby CPEB1 represses
translation during oogenesis and later activates translation
in the first meiotic division, CPEB4 activates translation in
the second meiotic division (Igea and Mendez 2010). In ad-
dition, a specific combination of CPEs mediates the locali-
zation of repressed maternal mRNAs to the meiotic spindle,
preventing ectopic activation and favoring protein—protein
interactions for the chromosomal passenger complex (Eli-
scovich et al. 2008; Weatheritt et al. 2014). In Xenopus oo-
cytes, this mRNA localization is mediated by CPEB1, which
colocalizes with microtubules (Groisman et al. 2000; Blower
etal. 2007; Brown et al. 2007; Eliscovich et al. 2008). In mi-
tosis, temporal translational regulation is controlled by a va-
riety of mechanisms (Stumpf et al. 2013; Park et al. 2016)
including CPEB-mediated changes in poly(A) tail length
(Novoa et al. 2010). While CPEB3 is dispensable for mitotic
progression, CPEB1, CPEB2 and CPEB4 have sequential
and nonredundant function during mitotic progression
(Giangarra et al. 2015). However, it is unclear whether reg-
ulation of local translation is also required for somatic mito-
sis, nor which may be the CPEB regulated mRNAs. Here we
show that CPEB1 mediates the localization of CCNB1 and
BUB3 mRNA to the mitotic spindle. Moreover, CPEB1 reg-
ulates translation of CCNB1, NEK9, and PLK1, and its
depletion leads to aneuploidy. In addition, CPEB4 regu-
lates the synthesis of PRC1 that is critical for spindle mid-
zone formation. Thus, our results demonstrate temporally
and spatially restricted translational regulation of spindle-
associated mRNAs by CPEB1 and CPEBA4.

RESULTS

CPEB1 and translational machinery components are
localized at the mitotic spindle

To address if CPEBs could contribute to localization and lo-
cal translation of CPE-containing mRNAs during mitosis,
we first determined if active translation took place associ-
ated with mitotic spindles. We observed incorporation of
fluorescent AHA, labeling the nascent polypeptide in ac-
tively translating ribosomes, associated with the spindle
and spindle poles (Fig. 1A). This observation is consistent
with the puromycin-labeling of ribosomes at the spindle
pole (Blower et al. 2007). Treatment with CDK1 inhibitor
RO-3306 was used to reversibly arrest cells at the G2/M
phase border. This strategy minimizes the translational
perturbation observed when cells are arrested by targeting
microtubules (Shuda et al. 2015). Timing after release was
adjusted to distinguish between early stages (prophase/
metaphase), when CPEB1 is activated by AurKA but not
yet degraded by APC in response to CdK1 phosphoryla-
tion (Mendez et al. 2000a; Mendez et al. 2002), and late
stages (anaphase/telophase), when CPEB1 is degraded
and CPEB4 is activated by ERK/CdK1 (Guillén-Boixet
et al. 2016). Immunofluorescence on mitotic cells, showed
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that CPEB1 was distributed along the microtubules and its
activatory kinase AurKA (Mendez et al. 2000b), in its active
phosphorylated state, was localized at the spindle poles
(Fig. 1B). Then, mitotic spindles were purified following
the method described by Sillje and Nigg (2006) with mod-
ifications to preserve the integrity of associated nucleic ac-
ids (see Materials and Methods) (Fig. 1C). Analysis of total
cell extract (Tot) and purified spindles (Sp) indicated that
CPEB1, components of the CPEB1-mediated translational
repression complex (DDX6, PARN, and TACC3) and com-
ponents of the cytoplasmic polyadenylation and transla-
tional activation complex (p-Aurora A, CPSF3, and
PABP1) copurified with the spindles; as did TTP and ribo-
somal protein Sé (Fig. 1D). Small amounts of 4ET and
elFAG were also detected in the spindle fraction. a-tubulin,
y-tubulin, and B-actin were used as positive controls, while
GAPDH and TACC2 were negative controls. Thus, both
the CPEB1-mediated translational repression and activa-
tion complexes are associated with the mitotic spindle.
Then we tested whether CPEB1 depletion had an effect
on mitotic progression. Aneuploidy is a potential conse-
quence of impaired mitosis and the defective spindle as-
sembly checkpoint (SAC) (Godek et al. 2015); therefore,
we sought to examine the effect of CPEB1 knockdown
on genomic stability. To directly assess the ploidy state,
we examined metaphase chromosome spreads of untrans-
fected cells (RPE), a stable RPE cell line expressing a con-
stitutive shRNA against CPEB1 (KD1), or cells expressing
a control shRNA (Ctrl); (Supplemental Fig. ST1A). CPEB1-
deficient cells frequently exhibited an abnormal chromo-
some number associated with a significant increase in
the percentage of aneuploid cells (Fig. 1E). We next inves-
tigated whether this phenotype originated from the activ-
ity of CPEB1 in the repression of its targets or from their
activation after CPEB1 phosphorylation by AurKA. For
this, we overexpressed a nonphosphorylable CPEB1 ala-
nine (AA) mutant, a phosphomimetic CPEB1 aspartic
(DD) mutant (both in the AurKA targeted residues T172
and S178), or a wild-type CPEB1 (WT); (Supplemental
Fig. S1B) and determined their mitotic effects by video mi-
croscopy over a 48-h time course (Fig. 1F). Representative
still images from the phenotypes observed in the movies
are shown in Supplemental Figure S1C. Overall, 82% of
the nontransfected cells that entered in mitosis divided
correctly into two daughter cells; the remaining 18% either
died after entering mitosis, divided in three or more cells,
or exited mitosis without dividing. Of the cells with overex-
pressed WT-CPEB1 that entered mitosis, 67% divided
properly, 25% exited mitosis, and 8% either died or divid-
ed into three or more cells. In addition, 40% of the cells
overexpressing the nonphosphorylable AA-CPEB1 mutant
had problems during mitosis: After entering mitosis, only
60% divided properly (i.e., into two daughter cells), 32%
did not divide, 7% divided into three or more cells, and
1% died. Similarly, of the phosphomimetic DD-CPEB1-
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FIGURE 1. CPEB1 and its cofactors are present in the mitotic spindle. (A) M-phase synchronized hTERT-RPE1 cells not treated or treated with
Click-iT AHA (L-azidohomoalanine). Cells were co-stained with DAPI and o-tubulin antibodies to visualize chromosomes and mitotic spindles,
respectively. (B) Immunofluorescence images of M-synchronized shCtrl or sh-CPEB1 (KD1) cells, for the indicated proteins and DAPI. (C)
Representative images of purified mitotic spindles from metaphasic hTERT-RPE1 cells, 45 min after release from the RO-3306 arrest. (D)
Western blot analysis of total cell extracts (Tot) or purified mitotic spindles (Sp) for the indicated proteins. o-tubulin, y-tubulin, and B-actin
were used as positive controls, and TACC2 and GAPDH were used as negative controls, for spindle localized proteins. Note that for most of
the proteins analyzed, two nonadjacent gel lanes were cropped and joined. Equal amounts of protein were loaded in “Tot” and “Sp” lanes.
(E) Variability in chromosome number (left) and percentage of aneuploidy (right) in RPE1 wild-type (RPE) or infected with shRNAs control (Ctrl)
oragainst CPEB1 (KD1). Data of three independent experiments are shown here (+SD); between 45 and 70 cells were analyzed in each condition.
(F) Mitotic outcome (in percentage) classified as cells that normally divided into two daughter cells (Normal division), cells that entered mitosis but
could not divide (no division), cells that divided in three or more daughter cells (division in >3 cells), and cells that died after entering in mitosis
(dead). Conditions correspond to nontransfected cells (NT), cells transfected with wild-type CPEB1 (WT), cells transfected with the nonphosphory-
lated CPEB1 (AA), or cells transfected with the phosphor-mimetic CPEB1 mutant (DD). Data of three independent experiments are shown here;
between 180 and 240 cells were analyzed in each condition. (****) P<0.0001, (**) P<0.01, (*) P<0.05 (two-way ANOVA test).
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overexpressing cells that entered mitosis, only 52% divid-
ed properly, 33% did not divide, 14% divided into three or
more offspring, and 1% died. We concluded that dynamic
regulation of CPEB1 phosphorylation is essential for the
proper outcome of mitosis, and that its activities in repress-
ing (required for mRNA localization) or activating transla-
tion are equally important for cell division.

CPEB1 localizes CPE-containing mRNAs to mitotic
spindles

We next asked whether this localization of the CPEB1-
complexes at the spindle was linked with mRNA localiza-
tion. Genome-wide analyses of isolated mRNAs from asyn-
chronous cells, M-phase-arrested cells and purified mitotic
spindles showed that 3652 mRNAs were enriched in M-
phase over asynchronous, and 3301 mRNAs were enriched
in purified spindles over total cellular mRNAs (log, ratio >
0.5 and FDR-BH <1 x 107°) (Fig. 2A; Supplemental Table
S1). Further, 881 mRNAs were enriched both in M-phase
and mitotic spindles, and 2595 (78.6%) of the mRNAs en-
riched in spindles corresponded to mitotic transcripts, in-
dicating cell cycle specificity. The 881 spindle-associated
mRNAs were enriched in CPE-containing transcripts
(55.7%, P=1.245 x 107°%) with the CPE arrangements (Pi-
que et al. 2008), corresponding to both repression
(35.55%; P=4.252x107") and activation (53.26%; P=
2.459 x 107%). Interestingly, the CPEB4 mRNA was one
of the CPE-regulated, spindle-associated mRNAs. Indeed,
CPEB4 protein copurified also with the spindle (Supple-
mental Fig. S2A). We validated the spindle association of
mRNAs regulated by CPEB1 (e.g., CCNB1, TPX2, BUBS3,
CPEB4, and ACTB) by RT-PCR and using GAPDH as a neg-
ative control (Fig. 2B). Also, we observed that the deple-
tion of CPEB1 did not affect mRNA levels of CCNB1 or
BUBS3 (Fig. 2C), suggesting that CPEB1 may be involved
in regulating their localization or translation.

To confirm the association to the spindle of CPE-con-
taining RNAs in mitotic cells and to determine if this local-
ization was mediated by CPEB1, we selected mRNAs
enriched in the purified spindles (CCNB1 and BUB3) and
monitored their localization in cells either wild-type
(siCTRL) or depleted of CPEB1 (siCPEB1) (Supplemental
Fig. S2B). Cells were synchronized in M-phase and ana-
lyzed for CCNB1 and BUB3 mRNA localization by single
molecule fluorescence in situ hybridization (smFISH) (Fig.
2D). In the siCTRL cells, both CPE-regulated mRNAs dis-
played a punctuated staining pattern, characteristic of
mRNPs, which partially colocalized with the spindle. Inter-
estingly, depletion of CPEB1 changed the subcellular lo-
calization of CCNB1 and BUB3, which significantly
reduced their colocalization with the mitotic spindle, with-
out affecting the total mMRNA levels measured by total fluo-
rescence intensity (Fig. 2D-F; Supplemental Fig. S2C).
Localization of GAPDH mRNA showed a diffuse pattern
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which did not change upon CPEB1 depletion (Supplemen-
tal Fig. S2D). In addition, depletion of CPEB1 also im-
paired Cyclin B1 synthesis (Fig. 2G), despite the fact that
CCNB1T mRNA levels were unaffected. Taken together,
these results indicate that CPE-containing mRNAs associ-
ate with the mitotic spindle in a CPEB1-dependent manner
and suggests that their proper localization is essential for
translation.

Sequential functions of CPEB1 and CPEB4 during
mitosis

CPEB1 mediates both translational repression and activa-
tion of CPEB4 mRNA (Igea and Mendez 2010; Calderone
et al. 2015). In meiosis, CPEB1 drives early Prometa-
phase/Metaphase (P/M) activation to be later degraded
as the result of Cdk1 phosphorylation. CPEB4 is then syn-
thesized and activated by ERK and Cdk1 to drive transla-
tional activation from anaphase, functionally replacing
CPEB1 (Mendez et al. 2000a, 2002; Pique et al. 2008;
Igea and Mendez 2010; Guillén-Boixet et al. 2016).
Because we found both CPEB4 mRNA and CPEB4 protein
at the spindles, we next tested its localization by immuno-
fluorescence. CPEB4 localized in the spindle midzone dur-
ing late mitosis stages, when CPEB1 is already degraded
(Fig. 3A). Next, we tested the mitotic effect of depleting
CPEBA4. In contrast to CPEB1, CPEB4 depletion did not re-
sultin defects in early (P/M) mitosis but only in anaphase. In
particular, the time spent in anaphase was reduced as
compared with a control siRNA (siCTRL) (Fig. 3B; Supple-
mental Fig. S2E). This observation is consistent with previ-
ously reported results in melanoma cells (Perez-Guijarro
et al. 2016) and HEK 293T cells (Giangarra et al. 2015).
To identify CPEB1-4 mRNA targets, we performed RNA
immunoprecipitation (RIP)-seq of CPEB1- and CPEB4-
bound mRNAs from cells synchronized in G2/M or in early
mitotic stages (P/M), respectively (Fig. 3C; Supplemental
Fig. S3A; Supplemental Table S1). CPEB4-RIP identified
2849 bound mRNAs and CPEB1-RIP 1870 mRNAs; 616
of these were common for both (Fig. 3C). CPEB1 and
CEB4-bound mRNAs were enriched in the spindles as
compared with total mRNA (Supplemental Fig. S3B).
Overlapping these transcripts with the spindle-associated
mRNAs yielded 1372 CPEB4- and 855 CPEB1-targets lo-
calized at the spindle, of which 344 were targets of both
CPEB1 and CPEB4. Comparison of CPEB1- and CPEB4-
target mRNAs (associated or not with the spindle) with
their translational efficiency (TE) in G2 versus M
(Tanenbaum et al. 2015) showed that the spindle-associat-
ed mMRNAs behaved differently overall than the cytoplas-
mic transcripts: While the cytoplasmic CPEB-regulated
mRNAs tended to be translationally repressed in M (fol-
lowing the general translation inhibition in M), the spin-
dle-associated mRNAs were often activated in M (Fig.
3D). Gene ontology enrichment showed that spindle-
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FIGURE 2. CPEB1 regulates localization at the mitotic spindle of CPE-containing mRNAs. (A) Genome-wide analysis of spindle-purified mRNAs
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out retrotranscription. (D) smFISH images of U20S cells treated with siRNA control (siCTRL) or siRNA CPEB1 (siCPEB1). Chromosomes and spin-
dles were visualized by DAPI staining and a-tubulin immunofluorescence, respectively. (E,F) smFISH quantification of U20S cells treated with
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is shown (see Supplemental Fig. S2C for quantification details). (G) Representative CPEB1 and Cyclin B1 western blot for WT and KD1 hTERT-
RPE1 cells (left) and quantification of three independent experiments (right).
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shCPEB4 (KD4) hTERT-RPE1 cells. (B) Quantification of percentage of frames in anaphase from
total frames in mitosis for RPE1 cell transfected with a control siRNA (siCtrl) or two siRNAs
against CPEB4 (SiCPEB4 #1 and #2). More than 50 cells per condition were quantified. (****)
P<0.0001, (**) P<0.005 (Mann-Whitney test). (C) Venn diagram showing RIP targets of
CPEB1 (P-value <0.05), CPEB4 (P-value <0.05), and mRNAs localized at the spindle [log,.
(spindle/mitosis) > 0] in Hela S3 cells synchronized with RO3306 (9 uM, 21 h) at the G2/M bor-
der and released for 45-60 min for spindle RNA-seq or CPEB4 RIP-seq. (D) Percentage of
targets from CPEB1 or CPEB4 RIP-seqs localized or not at the spindle that are translationally
up-regulated or down-regulated in M versus G2 according to Tanenbaum et al. (2015). (E)
Top five GO categories of biological processes based on RIP-seq and spindle-seq data ana-
lyzed with the functional annotation clustering tool from DAVID bioinformatics resources.

associated and CPEB-bound transcripts were enriched in
categories related to cell cycle (including cell cycle/divi-
sion, chromosome organization, DNA repair and ubiquiti-
nation) (Fig. 3E; Supplemental Table S2). More specifically,
CPEB1+spindle targets mainly encoded proteins implicat-
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ed in spindle assembly and check-
point, whereas  CPEB4+spindle
targets encoded anaphase and cyto-
kinesis regulators, again suggesting
sequential functions for CPEB1 and
CPEB4 in the spindle (Supplemental
Fig. S3C). In contrast, non-spindle-as-
sociated mRNAs were enriched in a
wide variety of functions, including
RNA processing, stability and cell divi-
sion (especially for CPEB4) as well as
in different metabolic pathways. Na-
ive discovery of enriched seven-nu-
cleotide motifs (7mers) in CPEB4-
and CPEB1-bound 3’'UTRs showed
that, in addition to previous consen-
sus and nonconsensus CPEs (Pique
et al. 2008), “guanine CPE variants”
(UUU  UUGU, UUUUGUA, and
UUUUUUG) were also enriched in
CPEB binders (Supplemental Fig.
S3D). These new CPE-variants are
reminiscent of the binding specificity
for the CPEB orthologue Orb2 (Ste-
pien et al. 2016).

Mitotic effectors are regulated by
CPEB1 and CPEB4

To test the effects of CPEB1 and
CPEB4 on the expression of spindle-
associated factors, we selected spin-
dle-localized and CPEB-regulated
mRNAs and measured the expression
of their encoded proteins in asynchro-
nous (enriched in G1), early M (pro-
phase/metaphase), or late M
(anaphase/telophase) cells following
CPEBs depletions. NEK? is a member
of the NIMA family kinases activated
during prophase at centrosomes and
required for mitotic spindle assembly
(Bertran et al. 2011). NEK9 mRNA is
bound by both CPEB1 and CPEB4 in
M-phase, copurifies with the mitotic
spindles (Supplemental Table S1),
and its association with ribosomes (ri-
bosome footprints; FPs) is higher in
G2/M and M than in G1 (Tanenbaum
et al. 2015), suggesting an early acti-

vation at the G2/M boundary. Depletion of CPEB1 caused
an increase of Nek? protein levels, but not NEK9 mRNA, in
asynchronous cells (Fig. 4A-C), suggesting that CPEB1 me-
diates translational repression of NEK9 mRNA in G1/S
phases, at which point AurKA is not active and therefore
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CPEB1 is not phosphorylated. Howev-
er, CPEB1 depletion in P/M, during
which AurKA is active and CPEB1 is
phosphorylated, blocks Nek9 expres-
sion (Fig. 4D,E), suggesting that
CPEB1 is a translational activator of
NEK9 mRNA in M-phase. The synthe-
sis of mitotic regulator Polo-like kinase
1 (Plk1) was also found to be depen-
dent on CPEB1 (Fig. 4A-E). Plk1, like
CPEB1, is activated by AurA as activat-
ing kinase and itis also localized at the
mitotic centrosomes (Joukov and De
Nicolo 2018). PLKT mRNA was bound
by CPEB1 and found at the mitotic
spindle and, similarly to NEK9, it ap-
pears to be activated at the G2/M
boundary (Supplemental Table S1;
Tanenbaum et al. 2015). Upon
CPEB1 depletion, Plk1 protein but
no mRNA levels show a significant
decrease (Fig. 4A-E). The differential
behavior of Nek? and Plk1 protein lev-
els upon CPEB1 depletion in asyn-
chronous cells and during P/M s
explained by the CPE combinatorial
code (Pique et al. 2008).

We also identified PRCT as mRNA
bound exclusively by CPEB4, enriched
in the spindle-purified fraction and
whose association with ribosomes FPs
increases in M-phase compared to G1
and G2/M (Tanenbaum et al. 2015),
suggesting a late activation during A/
T (Supplemental Table S1). PRC1 is a
conserved non-motor-crosslinking
protein localized in the antiparallel
overlaps of microtubules and in the
spindle midzone, where it plays an es-
sential role in regulating its formation
and cytokinesis (Polak et al. 2016).
PRC1 shows a moderate decrease at
protein level after CPEB4 depletion,
consistentwith PRCTmRNA being acti-
vated by CPEB4 (Fig. 4F-H). Indeed,
CPEB4 depletion prevents the normal
accumulation of PRC1 in the spindle
midzone (Fig. 41,J).

DISCUSSION

Although in mitosis cap-dependent
translation is reduced (Stumpf et al.
2013; Kim et al. 2014; Aviner et al.
2015; Tanenbaum et al. 2015; Park
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FIGURE 4. CPEB1 and CPEB4 regulate protein expression of mitotic effectors. (A) Western
blot analysis of Nek9 and PLK1 upon CPEB1 knockdown (KD1) in asynchronous hTERT-
RPE1 cells. A representative image is shown, with protein quantification (B) and RT-gPCR quan-
tification of MRNA levels in C. (D) Immunofluorescence of the indicated proteins (Nek9 and
PLK1) in Ctrl (ShControl) and KD1 (shCPEB1) hTERT-RPE1 cells synchronized in P/M.
Quantification of the immunofluorescence is shown in E. (F) Western blot analysis of PCR1
upon CPEB4 knockdown (KD4) in asynchronous hTERT-RPE1 cells. A representative image
is shown, with protein quantification (G) and RT-gPCR quantification of mRNA levels in H. (/)
Immunofluorescence of the PRC1 in Ctrl and KD4 hTERT-RPE1 cells synchronized in A/T after
release from the Cdk1 inhibitor. Quantification of the immunofluorescence is shown in J.
Results from three independent experiments. Statistics of immunofluorescence images by
Mann-Whitney test (****) P<0.0001, (**) P<0.005.
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etal. 2016), a relatively modest number of mRNAs, such as
IRES- or CPE-containing transcripts, are activated to sus-
tain accurate chromosome segregation and cell survival
during mitosis (Pyronnet et al. 2000; Qin and Sarnow
2004; Barna et al. 2008; Novoa et al. 2010). In mitosis, tem-
poral translational regulation is controlled by a variety of
mechanisms (Stumpf etal. 2013; Park et al. 2016) including
CPEB-mediated changes in poly(A) tail length (Novoa et al.
2010; Giangarra et al. 2015). In Xenopus oocytes, this tem-
poral regulation is coupled to mRNA localization of re-
pressed mRNAs and local activation of translation. This
localized translation is, at least in part, mediated by CPEs
and CPEB1 directing the localization of repressed mater-
nal mRNAs to the meiotic spindle, preventing ectopic ac-
tivation and favoring protein—protein interactions for the
chromosomal passenger complex (Groisman et al. 2000;
Blower et al. 2007; Brown et al. 2007; Eliscovich et al.
2008).The need for localized translation in oocytes proba-
bly arises from its large size, with a volume of 1 ul and a
spindle size similar to a mitotic somatic cell (Mitchison
et al. 2015). However, it remained unclear whether such
regulation of local translation is also required for somatic
mitosis.

Here we show that CPEB1 and CPEB4 localize, together
with components of their mRNPs and CPE-containing
mRNAs, at the mitotic spindle. Indeed, we can visualize
translation at the mitotic spindle and, at least for CCNB1,
we show that its MRNA localization and synthesis require
CPEB1. Moreover, CPEB1 and CPEB4 appear to have
sequential functions in mitosis corresponding with the de-
scribed roles of factors encoded by their spindle-associat-
ed target transcripts. Accordingly, Gene Ontology terms
for mitotic spindle-associated RNAs bound by CPEB1
and CPEB4 are enriched in categories related to RNA lo-
calization, DNA repair and chromosome organization. Par-
ticularly, CPEB1 was found to bind transcripts relevant for
early stages of mitosis, whereas CPEB4 targets encoded
late mitotic effectors, again suggesting sequential func-
tions for CPEB1 and CPEB4 in the spindle (Supplemental
Fig. S3C). Altogether, our results suggest a key role of
CPEB1 and CPEB4 in mitotic spindle localized translational
regulation consistent with the following model (Supple-
mental Fig. S4).

Prior to P/M transition, unphosphorylated CPEB1 would
mediate translational repression and localization of a sub-
set of mRNAs. During prophase/prometaphase, these
repressor CPEB1 mRNPs would localize in the perichromo-
somal region and along the spindle until they reach the
spindle pole. At the spindle, p-AurKA activates CPEB1,
which in turn would trigger local translation of CPE-regulat-
ed mRNAs atthe spindle poles. Among these CPEB1-local-
ized mRNAs are CCNBT1 and BUB3. CPEB4 then
accumulates in the spindle midzone (interpolar microtu-
bules) between the migrating chromatids. During meta-
phase/anaphase, CyclinB1/CdK1 and Plk1 promote the
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degradation of CPEB1 (Mendez et al. 2002; Setoyama
et al. 2007). Concomitantly, ERK and Cdk1 activate
CPEB4 (Guillén-Boixet et al. 2016), thus promoting the re-
placement of CPEB1 by CPEB4 to sustain sequential activa-
tion of CPE-regulated mRNAs in the spindle. CPEB4
regulation is driven by intrinsically disordered regions
that are also present in other spindle-associated compo-
nents (Jiang et al. 2015). Indeed, coacervation of proteins
has been suggested as a mechanism by which the spindle
matrix promotes spindle assembly by concentrating its
building blocks (in this case, proteins and mRNAs) in a
membraneless organelle. In the last steps of mitosis, acti-
vated CPEB4 at the spindle midzone would promote trans-
lation of MRNAs encoding anaphase or cytokinesis factors,
such as PRC1. A sequential order might be coordinated at
two levels: first, by the local translation of CPEB4 mRNA,
and second, by the posttranslational regulation of CPEB!1
and CPEB4 by Cdk1, which inactivates CPEB1 and acti-
vates CPEB4 in anaphase.

MATERIALS AND METHODS

Cell culture, transfections, and knockdown

hTERT-RPE1 cells were grown in Ham-F12 media with 10% FBS,
and Hela S3 cells and HEK 293T cells, in DMEM with 10% FBS.
Cells were transfected with Effectene following the manufactur-
er's instructions. A CPEB1-inducible knockdown RPE1 cell line
was generated as previously described (Calderone et al. 2015),
with the following modifications: hTERT-RPE1 cells were trans-
duced with pLKO IPTG LacO lentivector carrying a sequence for
CPEB1 shRNAs expression (5-AGGCGTTCCTTGGGATATTAC-
3’, Sigma). Virus production was performed as indicated in http
://tronolab.epfl.ch/. CPEB1-inducible knockdown RPE1 cells
were cultured for 4 d in DMEM supplemented with 10% FBS, 2
mM L-glutamine and 1% penicillin/streptomycin, in the presence
of PBS for the control (1 L mI™" of medium) or IPTG (5 uM isopro-
pyl-B-D-thio-galactoside) in order to induce the expression of the
shRNA directed against CPEB1. Transient knockdown was ob-
tained with shRNA human CPEB1 TRCNO0000149456 and
shRNA human CPEB4 TRCN0OO0156565 cloned in the pLKO.1.
Mission siRNAs against CPEB4 were used when indicated.
siRNA transfection in U20S was performed using Lipofectamine
RNAiMax (Thermo Fisher Scientific) according to manufacturer’s
instructions at 50 nM for 48 h. Predesigned SMARTpool siRNAs
were obtained from Dharmacon.

Immunofluorescence

Cells were grown on glass coverslips, synchronized in P/M by add-
ing RO3306 during 21 h at 9 uM followed by a release of 35-45
min, washed with PBS and fixed either with cold methanol for
10 min or with 4% paraformaldehyde for 20 min at room temper-
ature. Cells were permeabilized in 0.1% Triton X-100 for 10 min
and saturated for 30 min with 0.2% BSA. Cells were then incubat-
ed 1 h at room temperature with primary antibodies, washed in
PBS, stained with the secondary antibodies, and then mounted
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in DAPI containing Vectashield (Vector Laboratories). Images
were obtained on an inverted Leica TCS SP5 confocal
microscopy.

Immunoblotting

Protein extracts were quantified by DC Protein assay (Bio-Rad),
and equal amounts of proteins were separated by SDS—polyacryl-
amide gel electrophoresis. After transfer of proteins onto a nitro-
cellulose membrane (GE10600001, Sigma) for 1 h at 400 mA,
membranes were blocked for 1 h in 5% milk, and specific proteins
were labeled with the mentioned antibodies.

Plasmids and antibodies

The following antibodies were used from Abcam: anti-Phospho
CPEB1 S174 (ab10890) (Calderone et al. 2015), anti-CPEB4,
anti-TACC3 (ab56595), TACC2 (ab17916), anti-Aurora-A
(ab13824), DDX6 (ab40684), anti-Nek9, and anti-PRC1; from
Sigma: anti-PARN (HPA006314), anti-a-tubulin and anti-y-tubulin;
from Santa Cruz Biotechnology: anti-CPEB1 (H-300), anti-CPSF1
(B-5; sc-166282), anti-CPSF3 (ww-2; sc-100691), TTP (sc-8458),
anti-elF4E  (c-20), and anti-GAPDH (sc32233); from Cell
Signaling: anti-phospho-Aurora A (Thr288; 2914), anti-4ET
(2297), anti-PABP (4992), anti-S6 (2317), anti-elF4G (2498), and
anti-CPEB1 (13583); and anti-CPEB1 (Proteintech).

Spindle purification

Mitotic spindles were purified as previously described (Sillje and
Nigg 2006) with some modifications. Briefly, Hela S3 cells were
first synchronized with thymidine for 16 h and then synchronized
atthe G2/M border with 9 uM RO3306 for 21 h. After release (35—
45 min), mitotic cells were collected by mitotic shake-off and
treated as described (Sillje and Nigg 2006) but without adding
RNases to the lysis buffer.

smFISH in combination with immunofluorescence

U20S cells were grown on the coverslips and synchronized with
7.5 uM RO-3306 for 18 h, followed by 35 min release. For the
smFISH, the samples were prepared as previously described
with minor modifications (Raj and Tyagi 2010). Briefly, samples
were fixed for 10 min with 4% Formaldehyde solution (Sigma-
Aldrich) and permeabilized with 0.01% Triton X-100 for 10 min.
Afterwards, samples were subjected to immunofluorescence
staining (a-tubulin, 4°C overnight). Samples were then fixed for
10 min with 4% Formaldehyde solution (Sigma-Aldrich) and hy-
bridized with smFISH probes (Stellaris, Biosearch Technologies)
for 4 h at 37°C. Coverslips were mounted to the microscopy slide
using Prolong Diamond Antifade (Invitrogen). The images were
acquired on a deconvolution system (DeltaVision RT; Applied
Precision) using a 60x lens. Experiments were performed with
custom made smFISH probes designed by Stellaris (Biosearch
Technologies). All probes were labeled with a Quasar 670 fluoro-
phore and designed by using Probe Designer Tool (http:/www
.biosearchtech.com/stellarisdesigner/). The quantification of
spindle-localized mRNA particles was performed by taking two

distinct regions of interest (ROI) per cell: (i) ROI1 covered mitotic
spindle area (as assessed by aTubulin staining) and (i) ROI2 cov-
ered region between the mitotic spindle and cell border. The to-
tal mRNA number was determined as a sum of both ROIs. The
number of spindle-associated mRNAs was calculated by dividing
the number of MRNAs measured in ROI1 over total mRNA num-
ber in each individual cell.

Metaphase spreads

Cells were grown in 35-mm dishes, with fresh media added 3 h
before harvesting. KaryoMax Colcemid Solution (Gibco BRL)
was then added and left for 2 h at 37°C. Cells were centrifuged
and resuspended in 0.56% KCl for 30 min at 37°C and then fixed
with a 3:1 methanol:acetic acid solution. The resulting nuclei sus-
pension was dropped onto slides and air-dried before adding
Vectashield with DAPI. Diploidy (46 chromosomes) or aneuploidy
(more or less than 46 chromosomes) was determined for each
sample by counting metaphase chromosomes.

RNA-immunoprecipitation sequencing (RIP) analysis

Hela S3 cells were cultured in DMEM supplemented with 10%
FBS and incubated with RO-3306 (21 h, 9 uM) (followed by a 1-
h release for anti-CPEB4 RIP). Cells were rinsed twice with 10
mL PBS and incubated with PBS and 0.5% formaldehyde for 5
min at room temperature under constant soft agitation to cross-
link RNA-binding proteins to target RNAs. Crosslinking reactions
were quenched by adding a final concentration of 0.25 M glycine
for 5 min. Cells were washed twice with 10 mL PBS, lysed with a
scraper and RIPA buffer (25 mM Tris-Cl pH 7.6, 1% Nonidet P-
40, 1% sodium deoxycholate, 0.1% SDS, 100 mM EDTA, 150
mM NaCl, protease inhibitor cocktail, RNase inhibitors), and son-
icated for 10 min at low intensity with a Standard Bioruptor Diage-
node. After centrifugation (10 min, max speed, 4°C), supernatants
were collected, precleared and immunoprecipitated (4 h, 4°C, on
rotation) with 10 pg of anti-CPEB4 antibody, anti-CPEB1 (Protein-
tech) or rabbit IgG (Sigma) bound to 50 mL of Dynabeads Protein
A (Invitrogen). Beads were washed four times with cold RIPA buff-
er supplemented with protease inhibitors, resuspended in 100
mL proteinase K buffer with 70 mg of proteinase K (Roche) and in-
cubated for 60 min at 65°C. RNA was extracted by standard phe-
nol-chloroform. Samples were processed at the IRB Functional
Genomics Facility following standard procedures. Illumina 100
bp single-end RIP-Seq data were aligned against Homo sapiens
hg19 reference genome using Bowtie2 v2.2.2 (Langmead and
Salzberg 2012) in local mode, allowing one mismatch in the
read seed (-local =N 1). Duplicated reads potentially arising
from amplification artefacts were detected and removed with
sambamba v0.5.1 (Tarasov et al. 2015) using default options. Af-
terwards, significantly enriched regions between IP against input
samples were detected using the enrichedRegions function of the
htSegTools package (Planet et al. 2012) with default settings and
a Benjamini-Hochberg adjusted P-value lower than 0.05. Gene
ontology enrichment analysis was performed using the DAVID
Bioinformatics Resources Functional Annotation Tool (http
://david.abcc.nciferf.gov, Huang et al. 2007). Data was deposited
at NCBI GEO repository (accession number GSE99810/password:
odczomgirlgvnub).
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Video microscopy

For live imaging analysis, Histone H2B transfected cells were
seeded in a 24-well imaging plate (zell-kontakt) in a humidified
5% CO, atmosphere at 37°C on a temperature-controlled spin-
ning disk microscope (Andor). Images were captured every 10
min for 15 h. Cells were analyzed by an automated inverted micro-
scope (TIRF, ScanR Olympus), and images were processed using
ImageJ software.

mRNA library generation and sequencing

lllumina bclConverter script from Offline BaseCaller (OLB) version
1.9 was used to convert individual lane/tile/cycle binary basecall-
ing files (.bcl) to ASCII FASTQ format. lllumina GERALD software
from CASAVA 1.7.0 was used to generate final per-lane FASTQ
sequence files.

mRNAseq analysis

Five fastq files were generated containing the sequencing data
for each of the four mRNAseq libraries. The quality and number
of the reads for each sample were then assessed using FASTQC
v0.9.3  (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/),
and adapter contamination was removed from the original reads
using the cutadapt v0.9.4 software (http:/code.google.com/p/
cutadapt/). Reads shorter than 25 bp after adapter trimming
and quality filtering were discarded. Reads that passed the qual-
ity-control steps were then aligned to Ensembl (v63) annotated
human transcripts using Bowtie v0.12.5, allowing two mismatches
(-best -v 2 -a) (Langmead 2010). Assessing read-coverage along
the transcripts, we detected that samples from spindles fall in cov-
erage toward the 5’ end, reaching the levels of synchronized sam-
ples 500 nt from the 3’ end. This was taken into account when
calculating the relative differences, as described below.

Differential mMRNA abundance analysis

Reads over the 500 nt at the 3’ end of transcripts were used to
generate read-count tables for all samples. Only genes that had
at least an average of 10 read counts were analyzed for evidence
of differential abundance. Counts were normalized across sam-
ples using full-quantile normalization with the EDA package
(Risso et al. 2011). Identification of statistically significant differ-
ences in the abundance of mMRNAs was performed with DEseq
(Anders and Huber 2010), comparing M-phase synchronized
with total mMRNA samples, and spindles associated with M-phase
synchronized samples. Transcripts were defined as having a sig-
nificant different abundance for a log,-fold change >0.5 and a
Benjamini and Hochberg corrected FDR <1 x 107°. The intersec-
tion of genes identified in both comparisons were used to select
the set of spindle-associated mRNA candidates.

3’-UTR properties sequence analysis

Transcripts with available 3'-UTR sequences were scanned for the
presence of CPE related k-mers: the hexanucleotide motif (Hex),
the cytoplasmic polyadenylation elements (CPE), Pumilio-binding
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elements (PBE), and AU-rich elements (ARE). The presence and
relative distances of these motifs defined the putative regulation
according to the model defined previously (Pique et al. 2008). In
order to evaluate the overrepresentation of each kind of regulato-
ry arrangement, the proportions of spindle-associated mRNAs
were compared against the set of all MRNAs expressed in any
condition with Fisher's exact test. Enrichment assessment of all
possible 7-mers was performed on CPEB4 and CPEB1 bound
3'UTRs as described (Agirre et al. 2015).

Statistics and reproducibility

Data are expressed as mean * standard error of the mean (S.E.M.)
unless otherwise specified. Immunofluorescence images are al-
ways representative of three independent experiments. Data set
statistics were analyzed using the GraphPad Prism software.
Statististics by two-tailed unpaired t-test unless otherwise stated.
Significant differences: * P<0.05, ** P<0.01, *** P<0.001.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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