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ABSTRACT

Staufen1 (Stau1) is a ribonucleic acid (RNA)-binding
protein involved in the post-transcriptional regula-
tion of gene expression. Recent studies indicate
that Stau1-bound messenger RNAs (mRNAs) mainly
code for proteins involved in transcription and cell
cycle control. Consistently, we report here that
Stau1 abundance fluctuates through the cell cy-
cle in HCT116 and U2OS cells: it is high from the
S phase to the onset of mitosis and rapidly de-
creases as cells transit through mitosis. Stau1 down-
regulation is mediated by the ubiquitin-proteasome
system and the E3 ubiquitin ligase anaphase pro-
moting complex/cyclosome (APC/C). Stau1 inter-
acts with the APC/C co-activators Cdh1 and Cdc20
via its first 88 N-terminal amino acids. The impor-
tance of controlling Stau155 levels is underscored by
the observation that its overexpression affects mi-
tosis entry and impairs proliferation of transformed
cells. Microarray analyses identified 275 Stau155-
bound mRNAs in prometaphase cells, an early mi-
totic step that just precedes Stau1 degradation. In-
terestingly, several of these mRNAs are more abun-
dant in Stau155-containing complexes in cells ar-
rested in prometaphase than in asynchronous cells.
Our results point out for the first time to the possi-
bility that Stau1 participates in a mechanism of post-
transcriptional regulation of gene expression that is
linked to cell cycle progression in cancer cells.

INTRODUCTION

It is now well accepted that post-transcriptional mecha-
nisms of gene regulation are active to properly link protein

synthesis to cell needs (1,2). It was proposed that ribonu-
cleic acid (RNA)-binding proteins and non-coding RNAs
tag and group functionally related messenger RNAs (mR-
NAs) into RNA regulons to ensure that proteins involved
in a specific pathway are coordinately translated at the right
time (1). As a consequence, even a slight modulation in the
expression and/or activity of an RNA-binding protein is
likely to profoundly affect the pathway(s) controlled by its
bound mRNAs. In mammals, Staufen1 (Stau1) is a key fac-
tor in the post-transcriptional regulation of gene expression
(3–6). Stau1 is a double-stranded RNA-binding protein
that is ubiquitously expressed and alternative splicing of its
mRNA generates protein isoforms of 55 kDa (Stau155) and
63 kDa (Stau163) (7,8). Stau1 is involved in several post-
transcriptional mechanisms that control gene expression in-
cluding mRNA transport (4,5,9), translation (3,10,11), de-
cay (6,12), nuclear export (13,14) and splicing (14). All these
functions are likely very important for cell physiology as
compelling data indicate that Stau1 is involved in cell differ-
entiation (12,15–20), dendritic spine morphogenesis (9,21)
and long-term synaptic plasticity (21), a cellular mecha-
nism for long term memory. Therefore, Stau1 is a multi-
functional protein and many of its functions are related to
post-transcriptional regulation of gene expression.

Recent studies identified Stau1-bound mRNAs and
the cis-acting sequences responsible for Stau1 associa-
tion (10,11,22–24). Essentially, two broad classes of Stau1-
bound mRNAs were identified. A first class of transcripts
contains inverted Alu sequences in their 3′UTR whereas
a second class with GC-rich region forms high secondary
structure-forming propensity in the coding region and
3′UTR. A large fraction of these mRNAs are associated
with Stau1 on translating ribosomes (10,11,25). Genome-
wide analyses reveal that Stau1-bound mRNAs code for
proteins with heterogeneous functions mainly related to
transcription, translation, cell growth and regulation of cell
cycle (10,11,22–24). Therefore, modulation of Stau1 level
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by cell cycle effectors may dictate the post-transcriptional
expression of its bound transcripts and therefore may con-
tribute to the control of cell proliferation. Indeed, Stau1
down-regulation protects several transcripts from degrada-
tion (12) while Stau1 overexpression increases ribosome oc-
cupancy of high-GC-content transcripts (10). Moreover, ex-
perimental evidence supported the hypothesis that Stau1
target selection is strongly influenced by Stau1 levels, proba-
bly due to the low complexity and redundancy of cis-acting
binding sequences (23).

Many cell cycle effectors that maintain a tight con-
trol on the expression of downstream molecules involved
in the progression of the cycle and in cell division are
timely expressed through the cell cycle (26,27). To achieve
their differential expression, these proteins are often sub-
jected to cell cycle stage-specific targeted degradation via
the ubiquitin-proteasome system (UPS), a general mech-
anism that controls their function and largely contributes
to the unidirectionality of the cell cycle (28). The anaphase
promoting complex/cyclosome (APC/C) and SKP1-Cul1-
Fbox (SCF) complex are two major E3 ubiquitin ligases
involved in the specificity of this process. Indeed, they
play central roles from anaphase to the late G1 phase and
from the end of G1 phase to early mitosis, respectively
(29). APC/C activity is regulated through the cell cycle
by its association with either of two activator subunits,
Cdc20 and Cdh1. While Cdc20 activates APC/C during the
metaphase to anaphase transition, Cdh1 maintains its acti-
vation from anaphase until the end of G1 phase (30). Cdc20
and Cdh1 selectively recruit APC/C substrates bearing se-
quence recognition motifs including the destruction boxes
(D-box) and the KEN-box consensus sequences (31–33).

In this paper, we show that Stau1 levels decrease dur-
ing mitosis transit via APC/C- and UPS-dependent mech-
anisms. Time-specific Stau1 degradation is likely impor-
tant since imbalance of Stau155 levels impairs mitosis and
cell proliferation. We also provide evidence that at least
some transcripts are differentially associated with Stau155

in prometaphase and asynchronous cells.

MATERIALS AND METHODS

Plasmids, antibodies and reagents

Plasmids coding for HA-Cdh1 and HA-Cdc20 were ob-
tained from Dr Michele Pagano (34) and GFP-Ubiquitin
from Dr Michel Bouvier (35). FLAG-YFP, FLAG-Cdh1
and FLAG-Cdc20 were generated by polymerase chain re-
action (PCR) amplification of pCMV-YFP-topaz (Packard
Bioscience/PerkinElmer LifeSciences), HA-Cdh1 and
HA-Cdc20 and the resulting fragments were cloned in
pFLAG-CMV6a (Sigma) that contains a cytomegalovirus
promoter. Plasmids coding for pcDNA3-RSV-Stau155-
FLAG and pcDNA3-RSV-Stau1�2-FLAG (identified
as pcDNA-RSV-Stau1�Nt88-Flag) and driven by a Rous
Sarcoma virus promoter were previously described (36).
Mutation of the Stau1 D-box sequence to generate
pcDNA3-RSV-Stau1Dmut-FLAG was done by PCR-based
site-directed mutagenesis using pcDNA3-RSV-Stau155-
FLAG as a template. In this plasmid, the D-box consensus
sequence R375XXL378 was changed for A375XXA378.
To generate plasmids used for retroviral-mediated gene

transfer, the coding sequences of Stau155-FLAG and
Stau155-HA3 were amplified by PCR and the resulting
fragments were cloned in the BglII site of the retroviral
vector pMSCVpuro (Clonetech laboratories) that contains
the Murine Stem Cell Virus promoter. To construct the
pMSCVpuro-Stau155-FLAG3 plasmid, oligonucleotides
(5′-GGCCTTGACTACAAAGACCATGACGGTGAT
TATAAAGATCATGACATCGACTACAAGGATGA
CGATGACAAG-3′ and 5′-GGCCCTTGTCATCGTC
ATCCTTGTAGTCGATGTCATGATCTTTATAATCA
CCGTCATGGTCTTTGTAGTCAA-3′) were hybridized
and then inserted into the NotI sites of pMSCVpuro-
Stau155-HA3 in replacement of the HA3-tag. pMSCVpuro-
Stau1Dmut-FLAG3 was constructed as described above
using pMSCVpuro-Stau155-FLAG3 as a template. To con-
struct pMSCVpuro-Stau1�2-FLAG3, the coding sequence
of Stau1�2-FLAG was first amplified by PCR and cloned in
pMSCVpuro. Then, the EcoRI fragment of pMSCVpuro-
Stau155-FLAG3 (containing the C-terminal coding se-
quence of Stau155 fused to the FLAG3 tag) was cloned into
EcoRI-digested pMSCVpuro-Stau1�2-FLAG plasmid.
Note that pMSCVpuro-Stau155-FLAG3, pMSCVpuro-
Stau1Dmut-FLAG3 and pMSCVpuro-Stau1�2-FLAG3
were also used for transient transfections.

Antibodies against Cyclin A (CY-A1), �-Actin (Ac-74),
FLAG (M2), HA (rabbit polyclonal) were purchased from
Sigma; against phospho-Histone H3 (Ser10) (D2C8) and ri-
bosomal protein S6 from Cell Signaling; against MPM2 and
Aurora A from Abcam; against GFP from Roche Applied
Science; anti-cyclin B1 from Santa Cruz and anti-PARP1
from New England Biolabs. Monoclonal antibodies against
Stau1 (3) and HA (8) were previously described. Smart-
Pool On-TARGETplus-Non-targeting siRNA #1 (control)
and On-TARGETplus SMARTpool-Human Cdc20 siR-
NAs were purchased from ThermoFisher/Dharmacon.

Cell culture and synchronization

The human cell lines hTert-RPE1, IMR90, HEK293T,
U2OS and phoenix retroviral packaging cells were cultured
in Dulbecco modified Eagle’s medium (Invitrogen) supple-
mented with 10% cosmic calf serum (HyClone) or fetal
bovine serum (Wisent), 100 �g/ml streptomycin and 100
units/ml penicillin (Wisent) (hereafter referred to as com-
plete DMEM). HCT116 cells were maintained in McCoy’s
medium (Invitrogen) supplemented with 10% fetal bovine
serum, 100 �g/ml streptomycin and 100 units/ml penicillin.
Cells were cultured at 37◦C under a 5% CO2 atmosphere.
When required, 10 �M MG132 (Enzo Life Sciences) was
added to the medium for the indicated periods before har-
vesting the cells for western blots.

HCT116 and U2OS cells were synchronized at the
G1/S border using a thymidine double-block protocol (37).
Briefly, cells were treated with 2 mM thymidine for 16 h
and released for 8 h in fresh medium before the second
block was performed for another 16 h with 2 mM thymi-
dine. Cells were then washed three times in phosphate buffer
saline (PBS) and either collected (hours after treatment =
0) or released in fresh medium for different time periods.
For synchronization in prometaphase, HCT116 and U2OS
cells were synchronized as described above. After that, cells
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were released in fresh thymidine free medium for 3 h then
treated with 50 ng/ml nocodazole for 8 h. Round mitotic
cells were recovered by gentle shaking of the culture dish
(shake-off) (hours after release = 0) and re-plated in fresh
medium for different time periods. HCT116 cells were also
synchronized at the G2/M phase border using 10 �M of
the Cdk1 inhibitor RO-3306 (38) (Enzo Life Sciences Inc.)
for 18 h. Cells were then washed three times in PBS and
either collected (hours after treatment = 0) or released in
fresh medium for different time periods. For synchroniza-
tion in prometaphase, HEK293T cells were treated with 50
ng/ml nocodazole for 18 h.

DNA transfection and retroviral gene transfer

For transient expression, cells were transfected with lipofec-
tamine 2000 according to the manufacturer’s instructions
(Invitrogen). Alternatively, cells were infected with retrovi-
ral particles as described previously (39) and selected with
3 �g/ml puromycin for 2 days.

Flow cytometry analysis

Cell cycle distribution was determined by fluorescence acti-
vated cell sorting (FACS). Cells were trypsinized and fixed
in 70% ethanol at −20◦C for at least 2 h. Cells were re-
suspended in PBS containing 40 �g/ml propidium iodide
and 100 �g/ml RNase A. After incubation for 1 h at 37◦C
cells were characterized. Data was acquired using a BD
LSRII apparatus and analyzed using the FlowJo software.
For each experiment, 104 cells were analyzed.

Growth curves and colony formation assays

Cells were selected with puromycin as described above. Af-
ter selection, cells were plated at the same density (day =
0). For growth curve assays, cells were harvested every day
and the number of cells was counted with a hemacytometer.
For colony formation assays, cells were grown for a time pe-
riod ranging from 10 to 14 days as indicated. Cells were then
washed two times with PBS and colored with 0.5% crystal
violet in 50% methanol for 10 min. After extensive washes
in water, plates were dried and scanned. Colony formation
was determined by measuring absorbance at 590 nm using
a spectrophotometer after dissolving colonies from dried
plates in a solution containing 0.1 M sodium citrate (pH
4.2) and 20% methanol.

Apoptosis, senescence and quiescence

In parallel with the growth curve assays, infected cells were
collected at day 4 after plating and tested for the presence of
apoptotic, senescent and/or quiescent cells. The presence of
apoptotic cells was evaluated by western blotting using the
anti-PARP1 antibody whereas quiescent cells were detected
by FACS after labeling of the cells with pyronin Y (Sigma)
and Hoechst (Fisher) as described (40). Senescent cells were
also quantified by microscopy using SA-�-galactosidase ac-
tivity as described (39).

Western blot analysis and immunoprecipitation

Total-cell extracts were prepared in lysis buffer (50 mM
Tris-Cl pH 7.4, 150 mM NaCl, 2 mM MgCl2, 1% Triton
X-100, 2 mM sodium fluoride, complete EDTA-free pro-
tease inhibitor cocktail [Roche Applied Science]), and pro-
tein concentrations were determined by Bradford assays.
Cell extracts (10–20 �g) were analyzed by western blotting.
Data were collected either on X-ray films (Fujifilm) or with
the ChemiDoc MP Imaging System (Bio-Rad Laboratories)
and the western blot signals were quantified with the Image-
Lab (Bio-Rad Laboratories) software.

For immunoprecipitation of FLAG-tagged proteins,
transfected HEK293T cells were washed three times in PBS
and protein extracts were prepared in lysis buffer 24 h post-
transfection. Lysates were cleared by centrifugation at 15
000 g for 15 min. Immunoprecipitation of FLAG-tagged
proteins was performed with anti-FLAG M2 affinity gel
(Sigma-Aldrich) and the immune complexes were eluted
with the FLAG peptide (Sigma-Aldrich) as previously de-
scribed (41). For the analysis of Stau155-HA3 ubiquitina-
tion by immunoprecipitation, transfected cells were lysed
as described above, except that cells were treated with 20
�M MG132 for 8 h and 10 mM N-ethylmaleimide was
added to the lysis buffer. Cleared lysates were incubated
with mouse monoclonal anti-HA antibody (12CA5) for 2 h
at 4◦C and then with protein A-sepharose beads for an ad-
ditional 2 h at 4◦C. Immune complexes were washed three
times with the lysis buffer and eluted from the resin by heat-
ing at 95◦C for 5 min in protein loading buffer. Protein
expression before immunoprecipitation and immunopre-
cipitated complexes-associated proteins were analyzed by
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and western blotting.

For microarray analysis and its validation, asynchronous
and nocodazole-treated HEK293T cells were lysed in 50
mM Tris-Cl pH 7.5, 15 mM EGTA pH 8, 0.5% Triton
X-100, 100 mM NaCl, complete EDTA-free protease in-
hibitor cocktail (Roche Applied Science), RNAse inhibitor
(Applied Biosystems). Stau155-FLAG was immunoprecipi-
tated with anti-FLAG M2 affinity gel (Sigma-Aldrich) and
the immune complexes were eluted with the FLAG pep-
tide (Sigma-Aldrich). Immunoprecipitation of endogenous
Stau1-containing complexes was performed using the mon-
oclonal anti-Stau1 antibody or the anti-HA antibody as a
control, previously crosslinked to the protein A-sepharose
beads with DMP (dimethyl pimelimidate) (Thermo Sci-
entific). Immune complexes were eluted with 100 �l of
2× sodium dodecylsulphate loading buffer. Protein ex-
pression before immunoprecipitation and immunoprecipi-
tated complexes-associated proteins were analyzed by SDS-
PAGE and western blotting.

RNA isolation and RT-qPCR

To determine the steady state level of endogenous Stau1 ex-
pression in synchronized cells, RNA was isolated from cell
extracts using the TRIZOL Reagent (Invitrogen) according
to the manufacturer’s procedure. RNA was resuspended in
50 �l water and digested with DNase using the TURBO
deoxyribonucleic acid (DNA)-free kit (Ambion). Reverse
transcription reactions were done with 750 ng of RNA,
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the MuLV RT enzyme and oligo-d(T) from the GeneAmp
RNA PCR kit (Applied Biosystems), according to the man-
ufacturer’s procedure. Resulting complementary DNAs
(cDNAs) were qPCR amplified using the LightCycler 480
SYBR Green I Master kit (Roche) and the LightCycler
480 instrument (Roche). Sense and antisense sequences
of the primer pairs used for the qPCR amplification
were: Stau1, 5′-TTTGTGACCAAGGTTTCGGTTGGG-
3′ and 5′-TGGGCTTGTCTGTGGCTTGACTAT-3′;
GAPDH, 5′-CATGTTCGTCATGGGTGTGAACCA-3′
and 5′-AGTGATGGCATGGACTGTGGTCAT-3′.

For the validation of the microarray data, RNA was
isolated using the TRIZOL Reagent as above. RNA was
resuspended in 50 �l (inputs) or 20 �l (IPs) of water
and digested with DNase using the TURBO DNA-
free kit (Ambion). The reverse transcription reactions
were done with 750 ng of input RNA or 3 �l of IP
RNA using the MuLV RT enzyme from the GeneAmp
RNA PCR kit (Applied Biosystems), according to the
manufacturer’s procedure. Specific antisense primers
were used to produce corresponding cDNAs: RPL22:
5′-TTGCTGTTAGCAACTACGCGCAAC-3′, APAF1:
5′-TTTGCGAAGCATCAGAATGCGGAG-3′, RB1:
5′-TGAGCACACGGTCGCTGTTACATA-3′, SPBC24:
5′-ACTCCAGAGGTAGTCGCTGATGAA-3′, JUB: 5′-
AACAAGCTCCACACCCACAGAGAT-3′, MOBKL2B:
5′-TGATGTGGAGAGCTTTGGGAAGGT-3′, VHL:
5′-TGACAAACCCTGACTGAAGGCTCA-3′. Re-
sulting cDNAs were amplified using the LightCycler
480 SYBR Green I Master kit (Roche Applied Sci-
ence) and the LightCycler 480 instrument (Roche Ap-
plied Science). Antisense primers were those used in
the RT reactions and sense primers were: RPL22: 5′-
TGGTGACCATCGAAAGGAGCAAGA-3′, APAF1:
5′-GCAGAATCTTTGCACACGGTTGGA-3′, RB1:
5′-TCAGAAGGTCTGCCAACACCAACA-3′, SPBC24:
5′-TTATGAGTGTGAGCCAGGGATGGT-3′, JUB: 5′-
GGTTGCTGCCTGTATTCCCTGTTT-3′, MOBKL2B:
5′-TACCAGTTGTGCTTCAGCCTCCTT-3′, VHL:
5′-TACATCCGTAGCGGTTGGTGACTT-3′.

Microarray analyses

RNA was isolated from the inputs and the IPs using the
TRIZOL Reagent (Invitrogen) as above. RNA was resus-
pended in 50 �l (inputs) or 20 �l (IPs) of water and digested
with DNase using the TURBO DNA-free kit (Ambion). Bi-
otinylated chromosomal RNA probes were synthesized by
the TotalPrep RNA labeling kit (Ambion). Illumina human
genome arrays (Ref- HumanWG-6 V3 Expression Bead-
Chip comprising 48 803 probe sets) were used for hybridiza-
tion according to Illumina guidelines (n = 3). Hybridized
chips were scanned using an Illumina iScan System. Re-
sults were recorded using the BeadStudio software plat-
form. To identify mRNAs that specifically copurify with
Stau1, signal intensities obtained for specific IPs were com-
pared with those of control IPs using the FlexArray 1.6.2
software (Blazejczyk, M., Miron, M., Nadon, R. (2007),
Genome Quebec, Montreal, Canada, http://genomequebec.
mcgill.ca/FlexArray). Background was corrected using neg-
ative controls. Variance stabilization (log base2), Sd cor-

rection in variance stabilizing transformation method and
robust spline normalization were applied. Each probe set
presenting a fold enrichment over control of more than 2.5
(t-test P-value < 0.05) was scored as a potential Stau1-
associated mRNA. Complete microarray analysis results
can be found in the Supplemental Data. Microarray data
have been deposited in the GEO database and are avail-
able through the series accession numbers GSE51182 and
GSE51183.

RESULTS

The levels of Stau1 protein vary during the cell cycle

To test the hypothesis that Stau1 expression is regulated
in a cell cycle-dependent manner, the levels of Stau1 pro-
tein were studied in different phases of the cell cycle using
synchronized cells. The colorectal carcinoma HCT116 cell
line was arrested at the G1/S transition by a double thymi-
dine block (DTB) and then the cells were released to allow
their progression through the cell cycle. Cells were harvested
at different time points after release as indicated (Figure
1A). Analysis of Stau1 levels revealed a high and stable ex-
pression during the S and G2 phases followed by a striking
decrease ∼9 h post-DTB release, a decrease that parallels
those of the mitotic markers cyclin B1 and Aurora A (Sup-
plementary Figure S1). FACS analyses indicated that at this
time point, a large proportion of the cells have reached the
G1 phase suggesting that Stau1 down-regulation occurred
during mitosis and/or when cells reached the G1 phase of
the cell cycle (Figure 1A). Note that endogenous Stau155

and Stau163 behaved similarly in this experiment and in
those described below. Therefore, quantification of Stau1
levels will be restricted to that of Stau155 which is the major
isoform.

To more precisely determine the timing of Stau1 down-
regulation, we synchronized HCT116 cells in prometaphase
with nodocazole. Cells were then released from the block
for different time periods and Stau1 levels were quantified.
Stau1 level is high in prometaphase and rapidly decreased as
soon as 1 h post-release (Figure 1B) suggesting that Stau1 is
down-regulated as cells progress through mitosis. HCT116
cell extracts were further analyzed by quantitative RT-PCR
(RT-qPCR). While the amounts of Stau1 protein signifi-
cantly decreased upon release from the nocodazole-induced
arrest, the steady-state level of Stau1 mRNA was not signif-
icantly different indicating that Stau1 down-regulation dur-
ing mitosis is a consequence of reduced translation and/or
increased degradation of the protein. Fluctuation of Stau1
levels through the cell cycle was confirmed in the human
U2OS osteosarcoma cell line (Figure 1C).

Stau1 is degraded by the ubiquitin-proteasome system (UPS)

As the mitotic destruction of many proteins such as Cyclin
B1 is dependent on the UPS (28), asynchronous HCT116
cells were treated with the proteasome inhibitor MG132 to
determine if Stau1 is degraded by this pathway. In the pres-
ence of the drug, the amount of endogenous Stau1 aug-
mented about 2-fold suggesting that the pharmacological
treatment protected it from proteolysis (Figure 2A). As ex-

http://genomequebec.mcgill.ca/FlexArray
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Figure 1. Stau1 protein levels vary during the cell cycle. (A) HCT116 cells were grown asynchronously (AS) or were synchronized at the G1/S transition by a
double thymidine block (DTB) and then released by addition of fresh medium. Cell extracts were prepared at different time points post-release as indicated
and analyzed by western blotting (top and middle panels). CyclinB, marker of S, G2 and M phases; AuroraA, marker of G2 and M phases; MPM2, mitosis
protein monoclonal 2 detects a variety of phosphorylated proteins during mitosis. DNA content was assessed by flow cytometry analysis at the indicated
time points after release from thymidine block (bottom panel). (B) HCT116 cells blocked in prometaphase with nocodazole (NB) were collected by shake-
off and replated in fresh medium. Cell extracts were prepared at different time points and analyzed by western blotting. (Bottom) RNA was isolated from
the cell extracts used for western blot analysis and the levels of mRNA were quantified by RT-qPCR. The ratios between Stau1 and GAPDH mRNA levels
were calculated at each time point and the means were plotted relative to that obtained at time 0, which was arbitrarily set to 1. (C) U2OS cells were grown
asynchronously (As) or were synchronized at the G1/S transition (DTB), in prometaphase (NB) or in G1 by a nocodazole block followed by a release of 3
h in fresh medium (NB + 3 h). Stau1 levels were monitored by western blotting. Cyclin A, marker of the G1/S transition. Western blot results (A, B and C)
are representatives of three independently performed experiments that showed similar profiles. Statistical analyses: Quantification of the relative amounts
of Stau1 protein and/or mRNA at each time point, expressed as the mean of three independent experiments. Standard deviations are shown and statistical
analyses (Student’s t-test) are indicated when significant. For protein analysis, the ratios between Stau1 and �-Actin levels were calculated at each time
point and the means were plotted relative to that obtained at time 0 (A and B) or DTB (C), which was arbitrarily set to 1. Quantifications of cyclin B1,
Aurora A and MPM2 are provided in Supplementary Figure S1.
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Figure 2. Stau1 is a substrate of the ubiquitin proteasome system. Untransfected HCT116, HEK293T and U2OS cells (A) and Stau155-FLAG-transfected
HEK293T cells (B) were treated for 6 h with the proteasome inhibitor MG132 (10 �M) or by DMSO (the MG132 vehicle) as control. Cell extracts were
analyzed by western blotting. The ratios between Stau1 and �-Actin levels and the statistical analyses were calculated as described in the legend of Figure
1, the ratio observed in cells treated with Dimethylsulfoxide (DMSO) being arbitrarily set to 1. (C) HEK293T cells were transfected with plasmids coding
for Stau155-HA3 and/or GFP-Ubiquitin. Left: input. Right: Stau155-HA3 was immunoprecipitated with a mouse monoclonal anti-HA antibody (12CA5)
and co-immunoprecipitated proteins were analyzed by western blotting. *, unspecific signal. Each panel is representative of three independently performed
experiments that generated similar results.

pected, the levels of Cyclin B1 also increased upon protea-
some inhibition (1.99 ± 0.09; P-value 0.002 Student’s t-test).
Similar increases in Stau1 levels were obtained in HEK293T
and U2OS cells (Figure 2A). To support this result, ex-
pression of Stau155-FLAG was analyzed in HEK293T cells
grown in MG132 for different time periods (Figure 2B). The
protein was quickly stabilized as soon as 2 h post-MG132
treatment. These observations strongly suggest that Stau1
is degraded by the UPS.

Proteins that are destroyed by the proteasome are usu-
ally tagged by the covalent addition of poly-ubiquitin
chains (28). To test if Stau1 can be modified by ubiqui-
tin, HEK293T cells were co-transfected with plasmids cod-
ing for Stau155-HA3 and GFP-Ubiquitin. In the total cell
extracts, several slow migrating bands were detected with
the anti-HA antibody, in addition to Stau155-HA3 (Fig-
ure 2C, left). These bands were only visible when Stau155-

HA3 was co-transfected with GFP-Ubi, suggesting that the
bands with reduced mobility correspond to ubiquitinated
Stau1. To more precisely address this point, we immuno-
precipitated Stau155-HA3 and determined if the slow mi-
grating Stau155-HA3-containing bands also stained with an
anti-GFP antibody (Figure 2C, right). GFP-Ubiquitin was
specifically found in the Stau155-HA3 immunoprecipitated
extract and migrated as a smear, most likely because other
ubiquitinated proteins were present in the immune complex.
Altogether our data indicate that Stau1 is a substrate of the
UPS.

The control of Stau1 levels during mitosis is mediated by
Cdh1 and Cdc20

The down-regulation profile of Stau1 during mitosis that
coincides with that of known APC/C substrates (Figure
1A) and the observation that Stau1 can be degraded by
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Figure 3. Stau1 down-regulation in mitosis is dependent on the APC/C.
(A) HEK293T cells were co-transfected with plasmids coding for Stau155-
FLAG3 and HA-Cdc20, HA-Cdh1 or the empty vector as control. Cells ex-
tracts were analyzed by western blotting. *, unspecific signal. (B) HCT116
cells were transfected with siRNAs control or targeting the Cdc20 mRNA.
Cells were synchronized in late G2 with RO-3306 (0) and released from the
block for 3 h (3). Cell extracts were analyzed by western blotting. In A and
B, the ratios between Stau155-FLAG and �-Actin levels and the statistical
analyses were calculated as in the legend of Figure 1, the ratio observed
in cells transfected with the empty vector being arbitrarily set to 1. (C)
HEK293T cells were transfected with plasmids coding for FLAG-Cdh1,
FLAG-Cdc20 or FLAG-YFP as indicated. Left: input. Right: FLAG-
tagged proteins were immunoprecipitated with anti-FLAG antibody and
co-purified endogenous Stau1 was detected with anti-Stau1 antibody by
western blotting. Each panel (A, B and C) is representative of three inde-
pendently performed experiments.

the UPS suggest that it is a target of APC/C. Therefore,
to determine whether APC/CCdc20 and/or APC/CCdh1 are
involved in Stau1 destabilization, Stau155-FLAG3 was ex-
pressed along with HA-tagged Cdh1 or Cdc20 to increase
APC/C activity in asynchronous HEK293T cells. Figure
3A clearly showed that enforced expression of either Cdh1
or Cdc20 significantly reduced Stau155-FLAG3 amounts
indicating that Stau155 is a novel substrate of these pro-
teins. To fully establish their involvement in endogenous
Stau155 degradation, we down-regulated the expression of
Cdc20 using siRNA and analyzed the levels of Stau1 ex-

pression during mitosis. siRNA-transfected HCT116 cells
were synchronized at the G2/M transition with the Cdk1
inhibitor RO-3306 (38) and then released from the block
for 3 h. As seen in Figure 3B, endogenous Stau1 was not
degraded at 3 h post-release when isolated from siRNA-
Cdc20-transfected cells as compared to control cells.

Because Cdh1 and Cdc20 contribute to substrate recogni-
tion and recruitment to APC/C, we tested whether Stau155

can associate with either Cdh1 or Cdc20. HEK293T cells
were transfected with FLAG-YFP, FLAG-Cdh1 or FLAG-
Cdc20 expressors. FLAG-tagged proteins were purified and
co-immunoprecipitated proteins were analyzed. Endoge-
nous Stau155 was detected in FLAG-Cdh1 and in FLAG-
Cdc20 immune complexes (Figure 3C) whereas it was ab-
sent in control conditions, showing specific Stau155/Cdh1
and Stau155/Cdc20 interactions. These results support the
notion that Stau155 is a substrate of APC/CCdh1 and
APC/CCdc20.

The N-terminal domain of Stau155 is required for its Cdh1-
and Cdc20-dependent down-regulation

APC/CCdc20 and APC/CCdh1 usually recognizes substrates
containing D-box and/or KEN-box consensus sequences
(31–33). A search for these motifs revealed the presence of a
conserved D-box motif in the C-terminal half of Stau1 (Fig-
ure 4A). To test its functionality, the consensus sequence
was mutated to generate Stau1Dmut (Figure 4A). Then,
HEK293T cells were co-transfected with plasmids coding
for the wild-type Stau155-FLAG3 or the D-box mutant pro-
tein and either HA-Cdc20 or HA-Cdh1 as described in
Figure 3A. Our results indicated that Stau1Dmut-FLAG3,
as observed with the wild-type Stau155-FLAG3, was sensi-
tive to Cdh1- and Cdc20-dependent destabilization (Figure
4B), suggesting that the putative D-box is not functional.
Consistently, Stau1Dmut-FLAG3, as did Stau155-FLAG3,
interacted with Cdh1 and Cdc20 as it was detected in
HA-Cdh1 and in HA-Cdc20 immune complexes in a co-
immunoprecipitation experiment (Figure 4C).

As a means to identify a functional domain in Stau155

that confers Cdh1- and Cdc20-mediated degradation, we
immunoprecipitated HA-Cdc20 and HA-Cdh1 complexes
from cells that co-expressed a series of Stau1 deletion mu-
tants. While deletion of most Stau155 domains did not im-
pair Stau1 association with Cdh1 and Cdc20 (not shown),
deletion of the first 88 N-terminal amino acids of Stau155

(mutant Stau1�2) prevented it (Figure 4C). Anti-ribosomal
protein S6 was used as a positive control since ribosomes
are known to co-immunoprecipitate with Stau1 (25). To de-
termine if the deletion also has an impact on Stau155 stabil-
ity, we co-transfected HEK293T cells with plasmids coding
for Stau1�2-FLAG3 and either HA-Cdc20 or HA-Cdh1.
Stau1�2-FLAG3 was protected from the Cdh1- and Cdc20-
dependent destabilization (Figure 4B), indicating that the
first 88 N-terminal amino acids of Stau155 contributed to
Stau1 degradation.

Deregulation of Stau1 expression impairs mitosis entry

To determine if the stabilization of Stau1�2-FLAG3 oc-
curs during the cell cycle, HCT116 cells were infected with
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Figure 4. The N-terminal region of Stau1 is required for its down-regulation by APC/C. (A) The D-box and Stau1�2 mutated proteins are shown below the
schematic representation of Stau1. dsRBD: double-stranded RNA-binding domain. TBD: tubulin-binding domain. (B) HEK293T cells were co-transfected
with plasmids coding for Stau155-FLAG3, Stau1Dmut-FLAG3 or Stau1�2-FLAG3 and HA-Cdc20, HA-Cdh1 or the empty vector as control. Cell extracts
were analyzed by western blotting. *, unspecific signal. (C) HEK293T cells were co-transfected with plasmids coding for HA-Cdh1 or HA-Cdc20 and
FLAG-YFP, Stau155-FLAG, Stau1Dmut-FLAG, Stau1�2-FLAG, Cdc20-FLAG or Cdh1-FLAG, as indicated. Left: input. Right: FLAG-tagged proteins
were immunoprecipitated with anti-FLAG antibody and co-purified proteins were detected with anti-HA and anti-S6 antibodies by western blotting. Anti-
ribosomal protein S6 was used as control. Cdc20 being a known target of Cdh1, this interaction can be viewed as the positive control. Interaction with
YFP is the negative control. Each panel (A, B and C) is the representative of three independently performed experiments.

viruses expressing Stau155-FLAG3 or Stau1�2-FLAG3,
synchronized at the G2/M transition with RO-3306 and re-
leased from the block for 3 or 5 h. As expected, Stau155-
FLAG3 was degraded during mitosis whereas Stau1�2-
FLAG3 was not (Figure 5A).

To understand the biological relevance of APC/C-
mediated Stau1 decline and determine whether Stau155

stabilization is detrimental for mitosis, the impact of
Cdh1/Cdc20-resistant Stau1�2-HA3 expression was stud-
ied. HCT116 cells were infected with viruses expressing the
empty vector, Stau155-FLAG3 or Stau1�2-FLAG3. Infected
cells were synchronized at the G2/M phase border with
RO-3306 for 20 h and the block was released for different
time periods. Western blotting indicated that expression of
Stau155-FLAG3 and Stau1�2-FLAG3 was below that of the

endogenous Stau155 and expression of Stau1�2-FLAG3 was
higher than that of Stau155-FLAG3 (Figure 5B). At each
time point, cells were collected and analyzed by FACS to de-
termine the percentage of cells in G1, as a means to compare
the time it took to transit through mitosis and enter the G1
phase. Expression of Stau155-FLAG3 caused a delay in G1
entry as observed in three independently performed exper-
iments (Figure 5C). Indeed, at 3 h post-release, the number
of cells in G1 was significantly reduced in Stau155-FLAG3-
expressing cells as compared to control cells (Figure 5D).
A delay in G1 entry was also observed in Stau1�2-FLAG3-
expressing cells although it was not significant (P-value =
0.07) as compared to cells infected with the empty vector
(Figure 5D).
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Figure 5. Expression of Stau155-FLAG3 impairs mitosis entry. (A) HCT116 cells were infected with viruses expressing Stau155-FLAG3 (S) or Stau1�2-
FLAG3 (S�2), then synchronized at the G2/M transition with RO-3306 at 10 �M (0) and released for 3 h (3) or 5 h (5). Proteins in cell extracts were
analyzed by western blotting. (B) HCT116 cells were infected with viruses expressing Stau155-FLAG3, Stau1�2-FLAG3 or the empty vector (V) and
Stau1 expression in asynchronous cells was analyzed by western blotting. (C and D) HCT116 cells were infected as in B, synchronized at the G2/M phase
transition with RO-3306 and then released from the block. At different time points post-release, cells were harvested and analyzed by FACS to calculate
the percentage of cells in G1. A representative experiment (C) and the means of three independently performed experiments (D) are shown. The graph in
D represents the mean and standard deviation of the ratio of the number of cells in the G1 phase at specific time post-release over that at time 0. Statistical
analyses (Student’s t-test) are indicated when significant. (E) Infected unsynchronized HCT116 cells were harvested, stained with Hoechst solution and
analyzed by FACS to calculate the percentage of cells in the G2-M phases of the cell cycle. The statistical analysis (Student’s t-test) of three independently
performed experiments is provided. (F) Cells harvested in E were also stained with anti-phospho-histone H3 (p-H3) antibody to determine the relative
amounts of mitotic cells within the G2-M population. The ratio of the percentage of p-H3 positive cells on G2-M cells is shown. The statistical analysis
(Student’s t-test) of three independently performed experiments is provided.

To expand upon these results, we compared the percent-
age of cells in each phase of the cell cycle. We hypothesized
that if the length of mitosis is increased in Stau155-FLAG3-
expressing cells, the percentage of cells in this phase should
be greater in these cells than in vector-infected cells. Asyn-
chronous cells were collected 2 days post-infection and an-
alyzed by FACS. Our data revealed that the percentage of
cells in each phase of the cell cycle was quite similar for the
three conditions (Figure 5E). However, it is possible that the
number of cells in the G2 phase (which is much longer than
mitosis) masked a relatively small difference in the num-
ber of mitotic cells in asynchronous cells. To more specif-
ically study cells in mitosis, we labeled infected cells with

an antibody recognizing phospho-histone H3 (Ser10) be-
fore analysis by FACS. Our data indicated that the percent-
age of phospho-H3 positive cells is decreased in Stau155-
FLAG3-infected cells as compared to control cells (Figure
5F), suggesting that fluctuation of Stau1 level may impair
the G2/M transition. In contrast, expression of Stau1�2-
FLAG3 did not significantly change the percentage of mi-
totic cells as compared to control cells. Altogether, these
results indicate that the levels of expression of Stau1 dur-
ing the G2-M phases of the cell cycle influence the timing
of mitosis and that the putative molecular mechanism that
regulates mitosis entry involves the N-terminal domain of
Stau1.
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Stau155-FLAG3 expression impairs cell proliferation in trans-
formed cell lines

To study the consequence of Stau1 level fluctuation on suc-
cessive cell divisions, the impact of Stau155-FLAG3 and
Stau1�2-FLAG3 expression on cell cycle proliferation was
first assessed by growth curve assays. Expression of Stau155-
FLAG3 and Stau1�2-FLAG3 at day 0 was below that of
the endogenous Stau155 (Figure 6A). Consistent with the
mitotic effect described above (Figure 5), expression of
Stau155-FLAG3 clearly caused a proliferative defect (Fig-
ure 6B). In contrast, expression of Stau1�2-FLAG3 had no
visible deleterious effect on cell proliferation (Figure 6B).

The long-term effect of Stau155-FLAG3 and Stau1�2-
FLAG3 expression was analyzed using a colony formation
assay. Consistent with the growth curve experiments, our
data indicated that Stau155-FLAG3 expressing cells formed
fewer/smaller colonies. In contrast, Stau1�2-FLAG3 ex-
pressing cells grew essentially as efficiently as cells infected
with the empty vector (Figure 6C). We further showed
that expression of Stau155-FLAG3 or Stau155-HA3 also im-
paired cell proliferation in U2OS and HEK293T cells, re-
spectively (Figure 6D). In contrast, Stau155-FLAG3 expres-
sion had no impact on cell proliferation when the colony
formation assay was repeated in two non-transformed hu-
man cell lines, the hTERT-immortalized retinal pigment ep-
ithelial cell line htert-RPE1 and the human fetal lung fi-
broblast IMR90 cells (Figure 6E). These results support
the idea that deregulation of Stau1 protein levels is dele-
terious for proliferation of transformed cells and that the
N-terminal domain is required for this function.

We next determined if the knockdown of Stau1 expres-
sion had a similar detrimental effect on cell proliferation.
HCT116 and HEK293T cells were infected with viruses ex-
pressing either one of two different shRNAs that targeted
Stau1 or a non-targeted (NT) shRNA. Western blot anal-
yses indicated that the efficacy of Stau1 knock-down was
constant throughout the experiments (data not shown). In
these conditions, both infected NT- and Stau1-KD-cells
had significantly the same growth rate and numbers of
colonies (data not shown) indicating that Stau1 expression
is not essential for cell proliferation in transformed cell lines.

Stau155-FLAG3 expression does not induce cell death or cell
cycle exit

To determine if the observed decrease in the number of
proliferative cells is a consequence of cell death caused
by Stau155-FLAG3 expression, we first looked for signs of
apoptotic cells at day four post-infection when cells showed
impaired proliferation. Apoptosis was analyzed using anti-
PARP1 antibody since, in apoptotic cells, PARP1 is cleaved
to generate a degradation product of 89 kDa. In these con-
ditions, there was no sign of PARP1 cleavage (Supplemen-
tary Figure S2A), indicating that apoptotic cells are not
present in the cultures of Stau155-FLAG3-expressing cells.
Similarly, at day 4 post-infection, the number of quies-
cent or senescent cells in the Stau155-FLAG3- and Stau1�2-
FLAG3-expressing cultures was not significantly different
from that observed in the control cells (Supplementary Fig-
ure S2B and C).

Microarray analyses of mitotic Stau155-bound mRNAs

Our results argue for an important regulation of Stau1 lev-
els during the G2 and/or M phases of the cell cycle. As
a major post-transcriptional regulator, Stau1 may exert its
role(s) through the spatial and/or temporal regulation of
its bound mRNAs. Therefore, to gather clues to support
this possibility, we first determined if Stau155-FLAG ex-
pression significantly modified the transcriptome of trans-
formed cells in prometaphase explaining the observed im-
pairment in mitosis transit and/or cell proliferation. To this
end, we transfected HEK293T cells with plasmids coding
for Stau155-FLAG or the empty vector, synchronized the
cells in prometaphase and compared the level of expres-
sion of mRNAs in these cells. As seen in Figure 7A, the
level of the FLAG protein was less than that of the endoge-
nous Stau1. Using microarray hybridization, we showed
that only four probes were up- or down-regulated more than
2-fold (P-value < 0.05) in Stau155-FLAG-transfected cells
as compared to vector-transfected cells (Figure 7B and Sup-
plementary Tables S1 and S2). Our data indicate that the
transcriptome of the cells in prometaphase is not largely
modified by Stau155-FLAG expression. This is consistent
with a recent transcriptome study that concludes that vary-
ing Stau1 intracellular concentration has an extremely sub-
tle effect on mRNA levels (10).

Second, we identified Stau1-bound mRNAs in
prometaphase as a means to identify mRNAs that
could be modulated in response to Stau1 differential
expression. Using cell extracts prepared from Stau1-
and vector-transfected cells as controls, Stau155-FLAG
was immunoprecipitated using anti-FLAG antibody.
Stau155-FLAG-bound mRNAs were purified and used to
hybridize human microarrays. A total of 275 transcripts
were enriched at least 2.5-fold in immune-complexes iso-
lated from Stau155-FLAG-expressing cells as compared to
those isolated from vector-transfected cells (Figure 7B and
Supplementary Tables S3 and S4), 91 of which containing
inverted Alu sequences in their 3′UTR. When each probe
was assigned to a GO term, the most frequent terms were
related to metabolic processes, transcription and signaling
(Figure 7C and Supplementary Table S5). Interestingly,
8% of the probes coded for proteins involved in cell cycle.
Accordingly, when analyzed with the Genetic Association
Database program, 19 and 14 of the Stau1-bound mRNAs
were linked to metabolic diseases and cancer, respectively
(Figure 7D). When analyzed with the Database for Anno-
tation, Visualization and Integrated Discovery (DAVID)
functional annotation tool (42) to assign cellular functions
to mRNAs that were enriched in Stau155-containing
ribonucleoproteins (RNPs), the most prevalent terms were
related to zinc finger domain and p53 signaling pathway
(Supplementary Tables S6 and S7).

To complement the microarray data, we further stud-
ied six transcripts based on the role of their encoding pro-
tein in the cell cycle. These RNAs were enriched at least
2-fold in Stau1-containing complexes as compared to con-
trols in prometaphase (Supplementary Table S4) or asyn-
chronous (22) cells. Their expression and their associa-
tion with endogenous Stau1 in prometaphase versus asyn-
chronous HEK293T cells was studied. First, Stau1-bound
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Figure 6. Stau155-FLAG3 expression impairs cell proliferation. (A) HCT116 cells were infected with viruses expressing Stau155-FLAG3, Stau1�2-FLAG3
or the empty vector and Stau1 overexpression was analyzed by western blotting. (B) HCT116 infected cells were grown in the presence of puromycin for 2
days and then replated at the same density in fresh medium. Cells were harvested every day and the number of cells was counted using a hemacytometer.
The graph shows the means and standard deviation of cell counts of three independently performed experiments. (C) HCT116 cells were plated as in (B).
Colony formation assays were performed to measure cell proliferation in cells expressing Stau155-FLAG3, Stau1�2-FLAG3 or the empty vector when
grown for 10 or 14 days. Results are representative of three independently performed experiments. Colonies were stained with crystal violet. The stain was
extracted and quantified by measuring absorbance at 590 nm. Quantification of the relative amounts of stain in cells transfected with the empty vector,
Stau155-FLAG or Stau1�2-FLAG3 is expressed as the mean and standard deviation of three independent experiments, absorbance of cells infected with the
empty vector being arbitrarily fixed to 1. The statistical analysis (Student’s t-test) is provided. V, empty vector; S, Stau155-FLAG3; S�2, Stau1�2-FLAG3.
(D) Transformed cell lines (U2OS and HEK293T) and (E) untransformed cell lines (IMR90 and htert-RPE1) were infected with viruses expressing the
empty vector (V) or Stau155-FLAG3 or Stau155-HA3 (S) as indicated and plated at the same density for the colony formation assay. Left: western blot
analyses of cells infected with the indicated viruses. Middle: representative data of three independently performed experiments. Right: quantification of
crystal violet stained cells as described above.
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Figure 7. Microarray analyses of Stau1-transfected HEK293T cells in prometaphase. (A) HEK293T cells were transfected with plasmids coding for the
empty vector or Stau155-FLAG and then synchronized with nocodazole. Prometaphase cells were collected and protein levels were monitored by western
blotting (input). Cell extracts were also used to immunoprecipitate Stau155-FLAG and its bound mRNAs. Proteins were analyzed by western blotting as
above (after IP). (B) Total RNA and RNAs isolated in Stau155-FLAG immune complexes of prometaphase cells were used to hybridize microarrays (n =
3). Scatter plots (as a means to investigate a possible relationship between two sets of data) are shown. (C) Stau155-FLAG-bound mRNAs were identified
by microarray hybridization (n = 3) and grouped according to the gene ontology database. (D) Stau155-FLAG-bound mRNAs were analyzed with the
Genetic Association Database program to identify those that are associated with diseases.

mRNAs were co-immunoprecipitated from nocodazole-
arrested cells using anti-Stau1 antibody and anti-HA an-
tibody as control (Figure 8A). Quantification of mRNA
amounts in the immunoprecipitates was performed by RT-
qPCR. A ratio between the amount of mRNAs in Stau1-IPs
and control-IPs was calculated. The resulting ratios were
then normalized over that of RPL22 mRNA, an abundant
transcript not associated with Stau1 according to the mi-
croarray data. Five of the six studied mRNAs showed an in-
crease of at least 2-fold in the Stau1-IP/control-IPs ratios as

compared to that of RPL22 (Figure 8B), confirming the mi-
croarray results. In addition, all six mRNAs were enriched
between 2.2 and 13.5 times in Stau1-IP complexes as com-
pared to total RNA extracts (input). Then, we compared the
amount of Stau1-bound mRNAs in prometaphase cells to
that in asynchronous cells. Our data showed an increase of
each mRNA in Stau1-containing complexes purified from
nocodazole-treated versus asynchronous cells (Figure 8C).
This increase was not simply due to enhanced steady state
levels of these mRNAs in total cell extracts of nocodazole-
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Figure 8. RT-qPCR validation of microarray data using selected mR-
NAs. (A) HEK293T cells were left asynchronous (As) or synchronized
in prometaphase with nocodazole (Noc) (input). Endogenous Stau1-
containing mRNPs were immunopurified using anti-Stau1 antibody (af-
ter IP). Anti-HA antibody was used as control. Proteins were visualized
by western blotting. (B) Endogenous Stau1-containing mRNPs were im-
munopurified from nocodazole-treated cells using anti-Stau1 antibody.
Anti-HA antibody was used as control. Co-immunoprecipitated mR-
NAs were isolated and RT-qPCR amplified with specific primers. The
ratios of gene expression for each transcript in Stau1-IP versus control-
IP were normalized to that of RPL22 used as control. (C) Endogenous
Stau1-containing mRNPs were immunopurified from asynchronous and
nocodazole-treated cells as in B. Co-immunoprecipitated mRNAs were
isolated and RT-qPCR amplified with specific primers. The ratios of gene
expression for each transcript in Stau1-IP versus control-IP normalized
to that of RPL22 were calculated in asynchronous (As) and prometaphase
(Noc) cells. The ratio in asynchronous cells was arbitrary fixed at 1. (D) To-
tal mRNA was isolated from asynchronous and nocodazole-treated cells
and the expression of the six transcripts was quantified by RT-qPCR. The
ratios of gene expression in nocodazole-treated cells versus asynchronous
cells were normalized to that of RPL22. Each panel (B, C and D) repre-
sents the means and standard deviations of three independently performed
experiments. The statistical analysis (Student’s t-test) is provided. RPL =
RPL22, ribosomal protein L22; APAF1, apoptotic peptidase activating
factor 1; RB1, retinoblastoma 1; SPC24, NDC80 kinetochore complex
component; Jub, ajuba homolog; MOB = MOBKL2B, Mps One Binder
kinase activator-like 2B; VHL, von Hippel-Lindau tumor suppressor.

treated cells as compared to asynchronous cells. Indeed, our
data indicated that the expression of the six genes was quite
similar in both cell conditions (Figure 8D), except for Ajuba
(JUB) mRNA that showed a significant 1.38-fold increase in
the ratio on mRNAs in prometaphase versus asynchronous
cells as compared to that of RPL22.

DISCUSSION

The periodic expression of cell cycle regulatory proteins is a
consequence of their controlled synthesis coupled to their
targeted proteolysis. It is well established that transcrip-
tion factors and ubiquitin ligases play predominant roles
in this event (26–28). Although post-transcriptional regu-
lation contributes to the fine tuning of gene expression (1),
the involvement of RNA-binding proteins in the control of
cell cycle progression is less appreciated. In this paper, we
show that the levels of the multifunctional RNA-binding
protein Stau1 fluctuate during the cell cycle and describe
a novel mechanism by which Cdh1 and Cdc20, two co-
activators of APC/C, control Stau1 abundance. The rele-
vance of this phenomenon during the cell cycle is illustrated
by the observation that overexpression of Stau1 affects mi-
tosis entry and impairs cell proliferation. These results raise
the interesting possibilities that Stau1 is an important post-
transcriptional regulator of genes involved in cell cycle pro-
gression and that APC/CCdh1 and APC/CCdc20 control the
fate of relevant mRNAs via the modulation of Stau1 levels.

The APC/C co-activators Cdh1 and Cdc20 are major regu-
lators of Stau1 stability

As expected from the pattern of Stau1 cell cycle-dependent
decay that mirrors the period of activity of APC/C, we show
that this enzymatic complex is involved in Stau1 degra-
dation. It is likely that its activity on Stau1 is mediated
by Cdh1 and Cdc20 since their overexpression leads to
a decrease of Stau1 abundance and since Cdc20 down-
regulation stabilizes Stau1 levels in mitosis. Moreover, a
functional domain was identified in the N-terminus of
Stau1 that allows Stau1 to interact with Cdh1 and Cdc20.
All these results, combined with the observation that Stau1
is degraded by the UPS, strongly support the idea that Stau1
is a target of the E3 ubiquitin ligase APC/C.

In contrast to several APC/C targets, only a partial
degradation of Stau1 was observed following mitosis exit
even if APC/CCdh1 activity persists in early G1 (34,43–47).
This partial down-regulation of Stau1 was also observed
in a high throughput analysis that reported a 2-fold re-
duction of Stau1 protein level in G1 cells as compared to
that in prometaphase-arrested cells (48). These results sug-
gest that a subpopulation of Stau1 is protected from Cdh1-
dependent destabilization. Since phosphorylation of some
of the APC/CCdh1 substrates was shown to prevent their
degradation (49–52), a similar mechanism may limit the ac-
cessibility of APC/C to Stau1. Alternatively, a differential
subcellular distribution of a fraction of Stau1 could prevent
its decay. Since Stau1 is a multifunctional protein, its partial
and/or spatial degradation may contribute to shut-down
one or some of its functions no longer required or delete-
rious for cell cycle progression while allowing it to execute
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other tasks important for different cell processes. Our re-
sults suggest that the Stau1 sub-population that is degraded
in mitosis is associated with mRNAs coding for cell cycle-
related proteins since these transcripts are more abundant
in Stau1-immunoprecipitates prepared from prometaphase
cells than those from asynchronous cells (Figure 8C).

The Stau1 N-terminal region impairs cell cycle progression

APC/C-dependent substrate degradation usually relies on
the presence of a D-box or KEN-box recognition motif.
Our results indicate that the putative D-box motif found
at the C-terminus of Stau1 is not required for Cdh1 and
Cdc20 binding or for Stau1 degradation (Figure 4), sug-
gesting that a non-classical motif may play a similar role.
This motif lies within the first N-terminal 88 amino acids
of Stau1. No known APC/C recognition motif is predicted
in this region. Strangely, although this protein is not de-
graded in mitosis, its expression has no effect on cell pro-
liferation. It is rather the expression of the full length pro-
tein that delays mitosis entry and reduces cell proliferation.
It is likely that, in addition to its role in APC/C associa-
tion, the N-terminus of wild-type Stau155 plays additional
roles related to inhibition of cell proliferation. Identifica-
tion of the precise Cdh1/Cdc20-binding site and mutation
of the motif by point mutations will be necessary to specif-
ically address the relevance of Stau1 degradation in mito-
sis. It is still unknown if all these phenotypes (Cdh1 bind-
ing, Cdc20 binding, impairment of mitosis entry and inhi-
bition of cell cycle progression) are carried out by a unique
motif or if they require multiple determinants. The molec-
ular function of the N-terminal domain is still unclear. Al-
though its sequence is similar to the consensus sequence of
the C-terminal half of a double-stranded RNA-binding do-
main, no RNA-binding activity was associated to it (8). In
Drosophila, the homologous domain was shown to be in-
volved in mRNA transport/localization (53). In mammals,
such a role for this domain has not been documented so far.
Indeed, previous studies excluded this region from being in-
volved in RNA binding (7,8), translation (3), nuclear im-
port (54), sub-cellular localization (25,54) and UPF1 asso-
ciation for Staufen1-mediated mRNA decay (SMD) (6). All
these functions were mapped to regions located outside the
N-terminus of Stau1. Nevertheless, although Stau1 dimer-
ization was shown to mainly involve dsRBD3 and dsRBD5
(55,56), a weak contribution of dsRBD2 was also reported
(55). In addition, the N-terminus of Stau1 was shown to
promote Pr55Gag–Pr55Gag interaction in the course of HIV-
1 assembly (41). However, none of these studies were done
during mitosis. We do not exclude the possibility that, as
cells divide, the N-terminal region of Stau1 may be tagged
for example by post-translational modifications and/or be
associated with specific cofactors to modulate one or sev-
eral activities of the protein.

Biological relevance of Stau1 regulation for cell cycle progres-
sion and post-transcriptional regulation

Our results indicate that Stau1 level during the cell cycle is
reminiscent of that of other APC/C substrates. As most of
them play important roles in mitosis (57), it was consistent

to observe that fluctuation of Stau1 level impairs mitosis.
Indeed, effects on mitosis were described following overex-
pression of other APC/C substrates like the Polo-like ki-
nase 1 (Plk1) and the mitotic spindle-associated proteins
TMAP/CKAP2 and NuSAP (58–61). In these cases, im-
paired cytokinesis and structural defects in the mitotic spin-
dle were shown to be the major factors for mitosis delay or
cell cycle arrest. Therefore, one interpretation of our results
is that Stau1 has mitotic functions that must eventually be
inhibited for proper progression through mitosis.

In addition to mitosis, Stau155-FLAG3 expression also
impaired cell proliferation. Our results are in agreement
with those of a large-scale screen in which Stau1 signifi-
cantly inhibited colony formation when transfected in hu-
man hepatoma cells (62). It is possible that cell proliferation
impairment associated with Stau1 overexpression is a re-
sult of the accumulation of the observed mitotic delay over
multiple rounds of cell division. For example, it was shown
that a partial disassembly of the mitotic apparatus did not
affect the current division but prevented the formation of
a functional spindle during the next mitosis (63). Simi-
larly, a slight overexpression of a non-degradable form of
the cytoskeleton-associated protein 2 (CKAP2), a target of
APC/C, does not prevent the cell to go through the process
of cell division. However, abnormalities in spindle assem-
bly appear during the subsequent mitosis (58). Although it
is not known whether Stau1 participates in spindle func-
tions, this possibility would be consistent with the fact that
Stau155-FLAG3 expression causes a relatively weak delay
in mitosis and a stronger impairment of cell proliferation.
Nevertheless, we do not exclude the possibility that these
two phenotypes involve different mechanisms and/or per-
turb different phases of the cell cycle. Although the mech-
anism is not yet defined, our studies excluded apoptosis,
senescence and quiescence as major factors for the observed
decreased cell proliferation.

Strikingly, the phenotypes due to Stau1 overexpression
are observed in three cancer cell lines but not in two un-
transformed cells. Although it may be too early to general-
ize to all cancers and untransformed cells, our data suggest
that Stau1 may restore, at least partly, some pathways that
had been modified and/or overcome to allow unregulated
proliferation of cancer cells. Based on the fact that Stau155-
FLAG3 expression restrains mitosis entry, Stau1 may be
somehow involved in mechanisms that lead to checkpoint
decisions in G2 and/or at the G2/M transition. Such a ma-
jor role for Stau1 during the G2 and G2/M phases of the
cell cycle is also consistent with its pattern of expression
through the cell cycle which reveals a peak of expression
during this time period (see also below). Thus, its overex-
pression in transformed cells could result in the reinforce-
ment of the mechanisms of checkpoint regulation that are
often lost in genetically unstable cancer cells. If involved in
mechanisms of regulation, it is not unexpected that Stau1
down-regulation has no effect on proliferation of cancer
cells that have modified and optimized each pathway for un-
regulated cell division.

Stau1-bound mRNAs isolated in prometaphase partly
overlap those in asynchronous cells. Although comparisons
are sometimes hard to interpret since experiments from dif-
ferent laboratories were done and analyzed by different
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techniques, almost half of the genes found in this study
as Stau1 targets in prometaphase had previously been re-
ported in other independent studies (10,11,22), confirm-
ing the specificity of our approach. The other half of the
transcripts may be prometaphase-enriched targets since all
other studies were done in asynchronous cells. It would
be consistent with data in Figure 8C that shows that spe-
cific Stau1-bound mRNAs are more abundant in the Stau1-
immunoprecipitates from cells in prometaphase than in
asynchronous cells. Interestingly, 33% of the Stau1-bound
mRNAs in prometaphase cells contain opposite-polarity
Alu elements in the 3′UTR, a percentage that is quite simi-
lar to those reported in interphase cells (10,11).

Stau1 is a multifunctional protein involved in the post-
transcriptional regulation of gene expression including
mRNA transport, translation, decay, nuclear export and
splicing. It is thus difficult to predict its precise involve-
ment in the processes of cell division. However, based on re-
cent studies (10,11,13), specific hypotheses can be proposed.
It was shown that overexpression of transfected Stau1 in-
creases ribosome occupancy and thus translation of bound
mRNAs (10,11). In our study, we demonstrate that the
amount of endogenous Stau1 is at least 2-fold higher in
the G2 phase of the cell cycle than in G1, suggesting that
Stau1-bound mRNAs may be translated more efficiently
during G2 than G1. As Stau1 binds many mRNAs cod-
ing for zinc-finger proteins involved in transcriptional and
post-transcriptional mechanisms (Supplementary Tables S6
and S7), the temporal increase expression of Stau1 would
trigger a cascade that is progressively amplified through
post-transcriptional and transcriptional effects that will ul-
timately modify the expression of multiple genes. Its subse-
quent degradation by the APC/C would silence these mR-
NAs whose expression may no longer be required as cells
exit mitosis.

However, not all Stau1-bound mRNAs are subjected
to enhanced translation upon Stau1 overexpression (10).
Therefore, Stau1 may play a different role on these mRNAs.
Several studies have shown that specific mRNAs are local-
ized on the mitotic spindles in Drosophila, Xenopus and the
human HeLa cell line (64–67). It is noteworthy that 6% of
the Stau1-bound mRNAs in prometaphase cells are among
those that are enriched on the mitotic spindle of human cells
(65). Thus, one attractive possibility is that Stau1 partic-
ipates in the localization, sequestration and/or anchoring
of these mRNAs on the mitotic apparatus. This mechanism
may ensure that both daughter cells receive equal amounts
of these transcripts after cell division. The presence of a
tubulin-binding domain in Stau1 protein and its involve-
ment in the microtubule-dependent transport of mRNAs in
neurons are consistent with this hypothesis (4,5,8). Through
this mechanism, Stau1 could control a second mRNA reg-
ulon and its degradation in mitosis may trigger the release
of its bound mRNAs and allow their timely translation for
proper progression through the cell cycle.

Through the cell cycle-dependent proteolysis of numer-
ous substrates, APC/C is required for cell survival and pro-
liferation. The list of its known targets not only includes
important cell cycle regulators such as cyclins, mitotic ki-
nases and organizers of the cytoskeleton, but also modula-
tors of gene expression like transcription factors and com-

ponents of E3 ubiquitin ligases complexes (45,68–72). In
Arabidopsis, APC/C also targets DRB4 (dsRNA-binding
protein 4) a protein involved in RNA silencing (73). Our re-
sults with Stau1 add an RNA-binding protein to this grow-
ing list of APC/C effectors in mammals, suggesting that
post-transcriptional mechanisms are also subject to APC/C
control.
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