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The fragile X mental retardation protein (FMRP) is an RNA-binding protein involved in the mRNA metabolism. The
absence of FMRP in neurons leads to alterations of the synaptic plasticity, probably as a result of translation regulation
defects. The exact molecular mechanisms by which FMRP plays a role in translation regulation have remained elusive.
The finding of an interaction between FMRP and the RNA interference silencing complex (RISC), a master of translation
regulation, has suggested that both regulators could be functionally linked. We investigated here this link, and we show
that FMRP exhibits little overlap both physically and functionally with the RISC machinery, excluding a direct impact of
FMRP on RISC function. Our data indicate that FMRP and RISC are associated to distinct pools of mRNAs. FMRP, unlike
RISC machinery, associates with the pool of mRNAs that eventually goes into stress granules upon cellular stress.
Furthermore, we show that FMRP plays a positive role in this process as the lack of FMRP or a point mutant causing a
severe fragile X alter stress granule formation. Our data support the proposal that FMRP plays a role in controlling the
fate of mRNAs after translation arrest.

INTRODUCTION
Fragile X syndrome, the most common form of inherited
mental retardation, is caused by the absence of the fragile X
mental retardation protein (FMRP). FMRP is an RNA-binding protein involved in the posttranscriptional control of
target mRNAs in particular at the level of synapses where
the absence of its function could alter synaptic plasticity and
the cognitive functions (Castets et al., 2005; Garber et al.,
2006; Huber, 2006). FMRP was found to be associated specifically with distinct classes of mRNAs: mRNAs harboring
G-quartet, poly (U) stretches, or a kissing complex motif
(Schaeffer et al., 2003; Jin et al., 2004a; Darnell et al., 2005). An
indirect interaction of FMRP with several mRNAs has also
been proposed through its interaction with the noncoding
BC1 RNA (Zalfa et al., 2003), but the biological importance of
this later type of interaction appears unclear (Iacoangeli et
al., 2008). Generally FMRP was found associated with several aspects of the RNA metabolism, notably translation
repression (Laggerbauer et al., 2001; Castets et al., 2005),
transport (Dictenberg et al., 2008), and degradation (Zalfa et
al., 2007). These cellular events are generally related to translation arrest. Several of the mRNAs targeted by FMRP are
candidates for a translation repression (e.g., PP2A; Castets et
al., 2005) and MAP1B, Zhang et al., 2001), but the molecular
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mechanism by which this repression occurs is still largely
unknown. The finding of the interaction of FMRP, and its
Drosophila ortholog dFXR, with the RNA Interference Silencing Complex (RISC; Caudy et al., 2002; Ishizuka et al., 2002;
Jin et al., 2004a,b) suggested that there could be a functional
link between FMRP and the RISC. Thus, it was proposed
that FMRP could be a modulator of the RISC function.
Conversely, the RISC could have been an effector of the
FMRP-mediated translational control or a combination of
both (Schaeffer et al., 2003). Up to now, however, a clear
demonstration of a direct role of FMRP in the RNA interference (RNAi) and/or microRNA pathways controlled by the
RISC has been lacking. In fact it was proposed that dFXRdeficient Drosophila S2 cells could have either no (Ishizuka et
al., 2002) or a moderate impact (Caudy et al., 2002) on RNAi
efficiency, and more recently FMRP was described to have a
positive impact on small interfering RNA (siRNA) efficiency
in mouse fibroblast cells (Plante et al., 2006).
To answer the question of the relationship between FMRP
and the RISC pathways and to examined the link between
FMRP and silent mRNAs in general, we analyzed the localization of endogenous FMRP protein in cells with respect to
two known cellular structures where nontranslated mRNAs
have been shown to accumulate: the processing bodies (PBs)
and the stress granules (SGs) where RNA silencing and
integrated stress response are proposed to occur, respectively. We also examined several aspects of the potential
physical and functional relationship between FMRP and the
RISC machinery in cells. In our model systems, FMRP was
found to have distinct localization properties than the component of the RISC machinery and to have no impact on
RISC efficiency in various cell types. We identify however a
© 2008 by The American Society for Cell Biology
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new role of FMRP in mRNA metabolism as an effector of
stress granule assembly.
MATERIALS AND METHODS
Plasmids
pTL1-Iso7 and pTL1-Iso7-I304N encoding isoform 7 FMRP protein wild type
and mutation I304N, respectively, were described previously (Sittler et al.,
1996; Castets et al., 2005).
pRLTK-1x. The insertion of one miRNA23 target in the 3⬘ untranslated region
(UTR) of the Renilla luciferase (Rluc) gene in pRL-TK vector (Promega, Madison, WI) was performed with QuickChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA) using oligonucleotides sense 5⬘-CATGTCTGCTCGAAGCGGTCACTTTCCAGTGAGTTCCAGCCGCTCTAGAATTATTGT-3⬘ and
antisense 5⬘-ACAATAATTCTAGAGCGGCTGGAACTCACTGGAAAGTGACCGCTTCGAGCAGACATG-3⬘ following the manufacturer’s instructions.

for each well. A nonspecific sdRNA scramble from Dharmacon Research
(Boulder, CO; D-001205-01-05) was used as negative control at 5 nM. Plasmid
pEGFP-hAgo2 expressing fusion GFP-human Ago2/eIF2C2 (W. Filipowicz,
FMI, Basel, Switzerland) was transfected in HeLa cells in a 24-well format,
using 0.8 g DNA with Lipofectamine 2000 following the manufacturer’s
instructions.

Luciferase Assays
Rluc and Fluc activities were determined using Luciferase Assay System
(Promega) according to the manufacturer’s protocol. Assays were performed
24 h after transfection. Cell monolayers in 24-well cluster dishes were removed by scraping into 100 l of reporter lysis buffer. Luciferase activities
were measured using a Lumat LB 9501 luminometer (Berthold, Pforzheim,
Germany). Rluc values were normalized with Fluc control values.

Real-Time Reverse Transcriptase PCR
To evaluate the expression of Renilla and Firefly mRNAs, total RNAs were
extracted from transfected cells by using GenElute Mammalian Total RNA kit

pRLTK-5x. The five target site-containing pRLTK was constructed with
the two partially complementary DNA oligonucleotides: sense 5⬘-GCTCTAGATGGAACTCACTGGAAAGTGACATATCTGGAACTCACTGGAAAGTGACGAACTTGGAACTCACTGGAAAGTGACATGAC-3⬘ and antisense
5⬘-GCTCTAGAGTCACTTTCCAGTGAGTTCCAATATCGTCACTTTCCAGTGAGTTCCAGTCATGTCACTTTCCAGTGAGTTCCAAGTTC-3⬘. The two
oligonucleotides were annealed 5 min at 95°C, filled with Taq DNA polymerase 10 min at 72°C, cut with XbaI, and ligated into 3⬘UTR of pRL-TK XbaI site.
pRLTL5x-FBS. FBS sequence was produced by PCR using oligonucleotides.
The original BamHI site was remove from pRL-TK by PCR-directed mutagenesis using oligonucleotide 5⬘-GTGCCACCTGGATACTTATCGATTTTACC-3⬘. SalI and BamHI sites were added at the 3⬘ end of the five siRNA
target sites by PCR-directed mutagenesis using oligonucleotide 5⬘-CCAAACTCATCAATGTATCTTATCATGTGGATCCACTGCAGTCGACCTGCTCGAAGCGGCCGCTCTAG-3⬘.

Short Duplex RNA Preparation
The oligonucleotide-directed synthesis of small RNA transcripts was performed with T7 RNA polymerase as previously described (Donze and Picard,
2002). One nanomole of each DNA oligonucleotide (P-sense, 5⬘-TGGAACTCACTGGAAAGTGACTATAGTGAGTCGTATTA; P-antisense, 5⬘-AAGTCACTTTCCAGTGAGTTCTATAGTGAGTCGTATTA; B-sense 5⬘-TGGAACTCACACCAAAGTGACTATAGTGAGTCGTATTA; B-antisense,
5⬘-AAGTCACTTTGGTGTGAGTTCTATAGTGAGTCGTATTA) was annealed with 1 nmol of T7 oligonucleotide (5⬘-TAATACGACTCACTATAC)
in 50 l of Tris-EDTA buffer, pH 8.0, for 3 min at 95°C followed by slow
cooling to 20°C. Transcriptions were performed in 50 l of mix (1⫻ T7
RNA polymerase buffer, 4 mM spermidine, 20 mM DTT, 0.1 mg/ml BSA,
4 mM each rNTP, 16 mM rGMP, 20 U RNAsin, and 5 U T7 RNA polymerase) on 400 pmol of annealed dsDNA template at 37°C for 2 h and treated
with RNAse free DNAse. Sense and antisense 21-nt RNAs were then
purified on 8 M urea, 25% polyacrylamide gel run at 30 mA in a Trisborate-EDTA buffer. RNAs were visualized by UV shadowing, excised,
and eluted in 200 l of 0.5 M NH4acetate, 0.1 mM EDTA for 12 h at 4°C.
RNAs were ethanol-precipitated and resuspended in water. Perfect and
bulged sdRNAs were generated by mixing 1 nmol of each purified sense
and antisense 21-nt RNA at 95°C for 5 min and for 1 h at 37°C.

Mouse Embryonic Fibroblasts Preparation
Pregnant female mice were killed by cervical dislocation at day 13 after coitus,
and embryos were harvested. The head and the dark red organs were cut
away from each embryo. Embryos were minced in 500 l phosphate-buffered
saline (PBS) and passed through an 18-gauge needle. Suspended cells were
plated in 60-mm dishes in 2 ml of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 15% fetal calf serum and antibiotics at 37°C, 5%
CO2. After 2 d, mouse embryonic fibroblasts (MEFs) were grown in DMEM
supplemented with 10% fetal calf serum and 1 g/l glucose in the presence of
antibiotics at 37°C in 5% CO2.

Cell Culture and Transfections
HeLa cells and all adherent mouse fibroblasts were grown in DMEM supplemented with 10% fetal calf serum, 1 g/l glucose in the presence of antibiotics
at 37°C in 5% CO2. Four hours before transfection, 4 ⫻ 104 cells were plated
into 24-well format plates in 500 l of antibiotic-free medium. Transfections
were performed in triplicate with Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) as directed by the manufacturer with 300 ng of pTL1-Iso7 or pTL1-Iso7I304N. Twenty-four hours later, 100 ng of the reporter gene (pRLTK, pRLTK1x, or pRLTK-5x, pRLTK-5x-FBS) were cotransfected by using Lipofectamine
2000 with 100 ng of the pFlashSV40 plasmid (Synapsys Solutions, Burgess
Hill, West Sussex, United Kingdom), coding for the Firefly luciferase (Fluc)
and used as normalizer, and 1–20 nM of sdRNA in a final volume of 600 l
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Figure 1. The majority of FMRP is not present in PBs in HeLa cells.
Confocal microscopy analysis of FMRP (red) and Dcp1 (green)
densities. Endogenous FMRP was stained with anti-FMRP antibody
(1C3) and an Alexa-fluor 594 –labeled anti-mouse secondary antibody. Endogenous Dcp1 was stained with an anti-Dcp1a antibody
and an Alexa-fluor 488 –labeled anti-rabbit secondary antibody. (A
and B) Two different stacks taken 2 m apart from of one representative cell. (C and D) Two stacks from a cell showing a weak
colocalization of FMRP with PBs. These cells represent ⬍10% of cell
population. (E) Graph summarizing the colocalization of FMRP and
Dcp1 in HeLa cells. FMRP/Dcp1, indicates the percentage of FMRP
densities colocalizing with the Dcp1 densities (0.05 ⫾ 0.02%). Dcp1/
FMRP, indicates the same for Dcp1 densities colocalizing with the
FMRP densities (8 ⫾ 0.8%). The data are averages of 15 Z stacks
from 10 different representative cells (see Materials and Methods).
Error bars, SDs.
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(Sigma, L’isle d’Abeau, France) as described by the manufacturer’s protocol.
Reverse transcription reactions were performed on 0.5 g of total RNA by
using SuperScript III Reverse Transcriptase kit (Invitrogen) as described by
the manufacturer. Real-time PCR was performed on 1:100 dilution of each
reverse transcription sample in triplicate by using Platinum SybrGreen qPCR
SuperMix (Invitrogen) in the MX4000 Thermocycler (Stratagene; 40 PCR
cycles, denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and extension
at 72°C for 30 s). The real-time PCR reactions were carried out in the presence
of 10 pmol of Renilla (forward 5⬘-TCTTCGTGGAAACCATGTTG-3⬘; reverse
5⬘-TGTTGGACGACGAACTTCAC-3⬘) and Firefly (forward 5⬘-TTCCATCTTCCAGGGATACG-3⬘; reverse 5⬘-ATCCAGATCCACAACCTTCG-3⬘) genespecific primers. The fluorescence was monitored at each annealing step. The
Firefly reporter gene served as an internal control to monitor the transfection
efficiency.

Polysomes Preparation
HeLa cells washed twice in PBS were lysed directly in the 10-cm plates in a
lysis buffer containing 50 mM Tris-HCl, 100 mM KCl, 5 mM MgCl2, 1 mM
DTT, 100 g/ml cycloheximide, 40 U/ml RNasin (Sigma), Mini Complete
antiprotease EDTA free (Roche, Indianapolis, IN) and 1% NP-40 or 1% sodium deoxycholate as indicated in text. Total mouse embryonic day 16 (E16)
brains were homogenized in 700 l of lysis buffer without detergent by hand
in a Kontes glass homogenizer (Vineland Glass Co., Vineland, NJ) fitted with

the loose-B pestle. The samples were transferred in microtubes, and 1% NP-40
was added to lyse the cells. The samples were centrifuged at 13,000 rpm at 4°C
for 10 min. For fractionation, the clarified lysates were loaded on 15– 45%
sucrose gradients and separated by ultracentrifugation with a SW41 rotor
(Beckman) at 36,000 rpm at 4°C for 2 h. Linear sucrose gradients (15– 45%)
were prepared with a Master Gradient 107ip (BioComp Instruments, Fredericton, NB, Canada) as indicated by the manufacturer in polyallomer tubes
(Beckman Instruments, Fullerton, CA). Fractions of 500 l were collected and
A260 was measured using a continuous flow cell UV detector (GE Healthcare
Life Sciences, Piscataway, NJ). Polysomes of each fractions were precipitated
with 2.5 vol of 100% ethanol with an incubation at ⫺20°C overnight and by
centrifugation at 13,000 rpm at 4°C for 20 min. Pellets were washed in 70%
ethanol, briefly dried, and resuspended directly in SDS loading buffer.

Western Blotting
After denaturation in the loading buffer (100 mM Tris-HCl, pH 6.8, 4% SDS,
30% glycerol, 1.4 M ␤-mercaptoethanol, and bromophenol blue) for 3 min at
95°C, proteins present in each polysome fraction were analyzed on a 6%
SDS-polyacrylamide gel and immunoblotted onto nylon membrane (Schleicher & Schuell, Keene, NH) in Tris-glycine-SDS/20% ethanol buffer for 1 h at
200 mA. Membranes were incubated overnight at 4°C with mouse anti-FMRP
1C3 1:1000 (Devys et al., 1993), rabbit anti-hAgo2/GERp95 1:500 (Cikaluk et
al., 1999), mouse anti-eIF2C2 1:1000 (ab57113, Abcam, Cambridge, MA), and

Figure 2. FMRP and Ago2 are localized in
distinct subcellular compartments after various cellular stresses in HeLa cells. (A) FMRP is
segregated in close but distinct subcellular
compartments than Dcp1 when translation
was arrested with 2 mM puromycin for 1 h
(Puro) or 500 M arsenite for 30 min (Ars).
Immunolabeling was as described in Figure 1.
(B) Ago2 (GFP-hAgo2 transiently transfected)
is localized in PBs like Dcp1 in nontreated cells
(NT) and remains there, unlike FMRP (immunolabeled as in Figure 1), after 2 mM puromycin for 1 h (Puro) or 500 M arsenite for 30 min
(Ars). The selected cells are representative of
the majority of cells expressing low or moderate level of GFP-hAgo2.
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anti-ribosomal protein L7 antisera (Ziemiecki et al., 1990) and then incubated
at room temperature with peroxidase-conjugated goat anti-rabbit or goat
anti-mouse antibodies (1/5000). Immunoreactive bands were visualized with
the SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL).

Immunofluorescence and Fluorescent In Situ Hybridization
Cells for immunofluorescence (IF) and fluorescent in situ hybridization
(FISH) were grown on glass coverslips, coating with poly-d-lysine, and addition of fibronectin (1 pg/ml) was used for lymphoblast cultures. Cultures
were incubated at 37°C in 5% CO2. Stress treatments were performed by
incubating the cells at 43°C or with sodium arsenite (500 M final) for
indicated time. After two washes with PBS, cells were fixed with PBS/4%
paraformaldehyde (pH 7) at room temperature for 20 min. Cells were then
washed for 15 min with 50 mM NH4Cl and permeabilized with PBS/0.2%
Triton-X for 10 min at room temperature. Cells for IF were washed with PBS
and blocked for 1 h at room temperature in PBS/0.1% Triton-X containing 5%
BSA. Cells were incubated with primary antibodies mouse anti-FMRP 1C3
1:1000, rabbit anti-hDcp1a 1:1000 (J. Lykke-Andersen, University of Colorado), goat anti-TIA-1 1:1000 (C-20, Santa Cruz Biotechnology, Santa Cruz,
CA), rabbit anti-MLN51 1:1000 (C. Tomasetto, IGBMC, Illkirch, France) or
rabbit anti-eIF4E (FL-217, tebu-bio Laboratories, Le Perray-en-Yvelines,
France), 1:1000 diluted in PBS/0,1% Triton-X overnight at 4°C. After three
washes in PBS/0.1% Triton-X, cells were incubated with indicated fluorescent
secondary antibodies (1:500) for 1 h at room temperature. Cells were washed
three times at room temperature in PBS/0.1% Triton-X for 10 min and
mounted in a Vectashield Mounting Medium with DAPI (1.5 g/ml; Vector
Laboratories, Burlingame, CA). Cells for FISH were rehydrated with 2⫻
SSC/50% formamide during 5 min at room temperature and then hybridized
with 20 ng of oligo-dT probe in hybridization solution (2⫻ SSC, 50% formamide, 30 g E. coli tRNA, 0.02% RNAse-free BSA, 2 mM vanadyl-ribonucleoside complexes, and 10% sulfate dextran) 12 h at 37°C in 40 l. Oligo-dT
probe was first heated 1 min at 90°C in 2⫻ SSC/50% formamide and tRNA.
Cells were washed two times at room temperature in 2⫻ SSC/50% formamide for 20 min and mounted as above. All image acquisitions and quantification of fluorescent signal intensities were performed using standardized
settings on a microscope (model DM4000 B, Leica, Deerfield, IL) equipped
with CCD camera (CoolSnap CF, color) with 40⫻ or 63⫻ objectives and a
confocal microscope (model SP1 and SP2-MP, Leica) with a 100⫻ objective.
For colocalization analyses, JACoP localization analysis tool with ImageJ
(http://rsb.info.nih.gov/ij/) was used on confocal images to determine
Manders overlap coefficient (Bolte and Cordelieres, 2006). For SG quantification analysis, randomly selected images from each experiment were analyzed
by counting SGs in at least 100 cells.

each other (Kedersha et al., 2005). We then examined the
relationship between FMRP, PBs, and SGs. We followed the
behavior of FMRP after different treatments that induce
the release of mRNAs from polyribosomes or their stabilization and differently affect SGs and PBs. It has been shown
previously that puromycin, an aminoacyl-tRNA analog that
causes translation blocking by polysomes disassembly with
premature release of polypeptide chain and mRNA, leads to
an increase of the size and number of PBs (Sheth and Parker,
2003; Kedersha et al., 2005; Anderson and Kedersha, 2006).
After puromycin treatment, FMRP was found localized in a
few large granules close but distinct from PBs (Figure 2A). It
was previously shown that such treatment leads to SGs
assembly (Kedersha et al., 2000) as well as to PBs enlargement (Eulalio et al., 2007). Thus, when mRNAs are released
from polysomes by puromycin, FMRP localizes in SGs. Arsenite treatment had similar effect as puromycin (Figure 2B).
After 30 min of 500 M arsenite treatment or 15 min at 43°C
(see Figure 5, B and C, respectively), all immunodetectable
FMRP appeared in SGs as defined by the SG marker TIA-1.
Meanwhile, the PBs remained unaffected or slightly increased in size. We showed next that this behavior is clearly
distinct from that of the core protein of the RISC, Ago2. In
nontreated cells Ago2 is localized in PBs like Dcp1 (Figure
2B, NT). On arsenite and puromycin treatment, Ago2 remained in PBs (Figure 2B) unlike FMRP that assembled into
SGs. Thus, FMRP, by being segregated away from the PBs in
conditions where the RISC members were found to accumulate (Pillai et al., 2005; Eulalio et al., 2007), exhibit a clear
distinct cellular behavior than the RISC components. Cycloheximide treatment, which blocks translation at the elonga-

RESULTS
FMRP Localizes to Cytoplasmic Granules and SGs and
Has Little Overlap with PBs
We first compared by immunofluorescence the localization
of FMRP with the PB marker protein Dcp1a, which localizes
as bright foci punctuating the cytoplasm of nearly all cells. In
HeLa cells, FMRP was found distributed throughout the
cytoplasm in a granular manner with no overlap with PBs
(Figure 1, A and B). Occasionally, (i.e., in ⬍10% of the cells),
some FMRP granules were found to colocalize with PBs
(Figure 1, C and D). Applying JACoP localization analysis
tool with ImageJ (Bolte and Cordelieres, 2006) on confocal
stacks, the percentage of FMRP signal that overlapped with
PBs was estimated to be 0.05 ⫾ 0.02% (Figure 1E). A similar
value was found when the fluorophores of the secondary
antibodies were inverted (data not shown). Thus, FMRP was
essentially excluded from PBs. This indicated that FMRP
and Dcp1 are present in distinct subcellular compartments
and only a very small fraction of total FMRP could potentially colocalize with PBs. The round shape of cells showing
a partial colocalization of FMRP and PBs may indicate they
are in mitotic phase. These data suggest that if FMRP is
interacting with members of the RISC complex as previously
proposed, this interaction concerns only a very minor fraction of FMRP pool and/or occurs in a narrow time frame.
Furthermore, this interaction should cease before the mRNAs submitted to RISC accumulate in PBs.
FMRP has been shown to be a component of SGs (Mazroui
et al., 2002), and PBs and SGs have been shown to be two
types of RNA granule structures in close relationship with
Vol. 20, January 1, 2009

Figure 3. Fractionation of Ago2 and FMRP on sucrose gradients.
(A) Comparison of FMRP and mAgo2 mobility in 15– 45% sucrose
gradient prepared from wild-type or knockout littermate embryonic
mouse brain extracts. The densitograms (A260) of gradients are
shown with corresponding pooled fractions tested for FMRP, ribosomal protein L7, and mAgo2 by Western blot analysis. (B) Comparison of FMRP and hAgo2 mobility in 15– 45% sucrose gradient
prepared with HeLa cell extracts submitted to NP-40 or sodium
deoxycholate (DOC) detergeants. The densitograms (A260) are
shown with fractions tested for FMRP, ribosomal protein L7, and
hAgo2 by Western blot analysis.
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Figure 4. FMRP has no impact on RISC activity. (A) Scheme of the reporter gene Renilla
luciferase mRNAs (Rluc) bearing no (pRLTK),
one (pRLTK1x), five targets (pRLTK5x) of
miR23/short duplex RNAs (sdRNA), or one
target combined with a FMRP binding site
(pRLTK5x-Gq). (B) Controls of the RISC activity assay. On the various Rluc mRNA constructs in HeLa cells extracts. C (f), P (u), and
B (䡺) are small duplex RNAs with no complementarity and perfect and imperfect matches
with Rluc mRNA, respectively. The concentrations of small duplex RNAs (5 or 10 nM)
used to treat cells are given below the graph.
The ratio of Rluc to Fluc activities (Rluc/Fluc)
set to 100 for the control is given. The relative
amount of Rluc-5X mRNA reporter (as determined by real-time reverse transcriptase PCR)
is indicated (E) with the different sdRNAs.
(C) Influence of FMRP on endogenous miR23
activity. Normalized Rluc activities of reporters bearing one (pRLTL1x) or five targets
(pRLTK5x) transfected in FMRP wild-type
(f) and knockout (䡺) MEF extracts are
shown. (D) Influence of FMRP on sdRNAdependent RISC activity. Rluc/Fluc values
measured in mouse FMR1⫺/⫺ fibroblasts
(Mazroui et al., 2002) transfected with empty
vector as control (f) or transfected with
pTL1-Iso7 expressing wild-type FMRP major
isoform 7 (u) or pTL1-Iso7-I304N expressing
mutant I304N FMRP isoform 7 (䡺). C, P, and
B are small duplex RNAs with no complementarity and perfect and imperfect matches with Rluc mRNA, respectively. The concentrations
of small duplex RNAs (5 or 20 nM) used to treat cells are given below the graph. The values in B, C and D are averages from at least three
independent transfections performed in triplicate. Error bars, ⫾ SD.

tion level without disrupting polyribosomes, induced instead both the granular distribution of FMRP to being more
disperse and PBs to decline (data not shown).
These data suggest that FMRP and RISC are associated to
distinct pools of mRNAs.
FMRP Exhibits Different Biochemical Behavior than Ago2
and Has No Impact on PBs Formation and RISC Activity
The apparent discrepancy between the previously reported
association of FMRP with members of the RISC complex,
namely Ago2 (argonaute 2 or eIF2C2), and the here above
reported differences in cellular localization, prompted us to
examine further the relationship between FMRP and RISC.
We first tested the possible impact of the absence of FMRP in
cells on PBs formation. For this, we analyzed the number
and intensity of PBs in MEFs from FMRP wild-type or
knockout (FMR1⫺/⫺) littermates. In these cells, no significant
difference was observed either in PBs number or intensity as
labeled with an anti-Dcp1 antibody (data not shown). Thus,
the absence of FMRP has no impact on PBs formation in
MEFs.
We then analyzed the influence of FMRP on the localization of Ago2, core of the RISC, in polyribosomes containing
fractions of embryonic (E18) mouse brain extracts. Using
Western blot analysis, Ago2 showed a ubiquitous localization throughout the sucrose density gradient, whereas
FMRP was mostly concentrated in the heavy polyribosomes
fractions (Figure 3A). In the polyribosomes prepared from
littermate knockout mouse brain extracts, Ago2 had the
same sedimentation profile, indicating that the absence of
FMRP in cells had no detectable impact on Ago2 association
to mRNAs. Because FMRP sedimentation behavior on sucrose density gradient is known to be sensitive to cationic
432

detergent (Khandjian et al., 2004), we then compared the
behavior of Ago2 and FMRP with respect to the type of
detergent used to extract polyribosomes. With the nonionic
detergent NP-40, FMRP was found enriched in the heavy
polyribosomes extracts of HeLa cells, whereas with the cationic sodium deoxycholate, FMRP was displaced from
heavy particles to the 80S fraction (Figure 3B) as already
reported (Khandjian et al., 2004). Interestingly, Ago2 was
insensitive to the nature of the detergent used. This indicated that FMRP and Ago2 had distinct mRNA interaction
properties and likely belonged to different mRNP core complexes. The fact that a treatment of cells with puromycin
induces the release of FMRP from heavy polysomes to free
mRNPs (Stefani et al., 2004), whereas the RISC members
remain associated to polyribosomes-like migrating particles
(Thermann and Hentze, 2007) further supports this idea.
We then tested the impact of FMRP on RISC activity using
an Rluc reporter gene bearing in its 3⬘ UTR one or five
targets of a microRNA (Figure 4A) as previously done to
evidence the miRNA-dependent RISC activity in cell cultures (Doench et al., 2003; Zeng et al., 2003). The miRNA
miR23 was chosen based on evidence for a role in neural
specification (Kawasaki and Taira, 2003). The Rluc reporter
gene borne on a plasmid was transfected in various cell lines
together with a plasmid expressing the Fluc gene for normalization purpose. First, we validated the system by using
short duplex RNAs (sdRNAs) that have been demonstrated
to work as miRNAs or siRNAs, depending upon their
complementarity with the target (Doench et al., 2003; Zeng et
al., 2003). We tested both perfect (sdRNA P) and imperfect/
bulged (sdRNA B) sdRNAs to mimic the siRNA or the
miRNA pathways, respectively. In HeLa cells, when no
target was present on the reporter gene or when a nonspeMolecular Biology of the Cell
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cific sdRNA (sdRNA C) was used, no effect was observed
(Figure 4B, pRLTK). When one or five targets of the sdRNA
was present in the 3⬘ UTR of the reporter gene, a specific and
very efficient inhibition was seen that reached more than
90% with 10 nM of sdRNA B and 5 nM of sdRNA P (Figure
4B, pRLTK 1X and pRLTK 5X, respectively), this without
apparent change in mRNA levels as measured by qRT-PCR
with pRLTK 5X. This indicates that the inhibitory effect of
both sdRNA P and B was at the translational level. Having
validated our reporter constructions, we then assessed the
action of endogenous miR23 in FMRP wild-type or FMRPdeficient MEFs. Although miR23 could be detected in these
cells (Supplemental Figure S1), no impact of the FMRP absence on Rluc activity was detected whether one or five
miR23 targets were present in Rluc mRNA (Figure 4C). To
further trigger the siRNA or the miRNA pathways, we then
performed the same experiments with the different small
RNA duplexes described above. The efficiency of the sdRNAs
P and B in FMRP knockout fibroblasts was very similar to
the results obtained in HeLa cells (Figure 4D, f). When
FMRP major isoform 7 was expressed in these cells, the
efficiency of the RISC activity was unchanged (Figure 4D, u).
The same results were found independently of the complementarity of sdRNAs for its target (P or B), the number of
targets in Rluc mRNA (pRLTK 1X or 5X), and the dose of
sdRNAs (data not shown). The use of the loss-of-function
mutant FMRP bearing the point mutation I304N in the second KH domain identified in a severe fragile X patient (De
Boulle et al., 1993) did not affect either these efficiencies
(Figure 4D, 䡺). Finally, we tested the contribution of an
FMRP-binding site located nearby the sdRNA sites. When
the guanine quartet RNA motif FBS previously demonstrated to bind FMRP in vitro (Schaeffer et al., 2001) and in
vivo (Rackham and Brown, 2004) was inserted 29 nucleotides downstream of the five miR23 targets, again, no specific effect was detected (Figure 4D, pRLTK5x-Gq). Altogether, these results indicate that the efficiency of the RISC
activity does not rely on the presence of FMRP in cells.
Absence of FMRP or a Mutation in Its Second KH
Domain Alters SGs Formation after Various Stresses
We then compared the assembly of FMRP into SGs with
other RNA-binding proteins known to localize in SGs, such
as TIA-1, a splicing factor proposed to be a core component
of SGs (Kedersha et al., 1999), eIF4E, the Cap-binding protein
of the initiation complex (Kedersha et al., 2005) and MLN51,
core protein of the exon junction complex (Baguet et al.,
2007). As expected, all four proteins that did not colocalize in
normal conditions (Figure 5A) steadily and similarly localized into the SGs after a cellular stress such as arsenite
treatment (Figure 5B). Unexpectedly, however, we noticed
that these proteins had a different behavior after heat shock.
Thus, although FMRP fully colocalized with TIA-1 after 15
min at 43°C, eIF4E was in majority located in different foci
and MLN51 was absent from SGs (Figure 5C). These data
suggest that heat shock triggers a different stress response
than arsenite and that these mRNA-binding proteins have
distinct functions and/or associate with distinct pools of
mRNAs. Also, FMRP, like TIA-1, seemed to be an early SG
assembly protein. As TIA-1 had been demonstrated to be a
protein essential for SG formation (Kedersha et al., 1999), we
tested the possible involvement of FMRP in SGs formation.
We analyzed the ability of immortalized fibroblasts from
FMRP knockout mice to form SGs, whether they had been
stably transfected or not with the most frequent FMRP isoform 7 (Figure 6, A and B). Although the cells expressing
FMRP very efficiently formed SGs, as visualized by immuVol. 20, January 1, 2009

Figure 5. FMRP assembly in SGs. Fixed HeLa cells stained with an
anti-FMRP antibody and anti-mouse secondary antibody labeled
with Alexa-fluor 488 (green) or Alexa-fluor 594 (red), the anti-TIA-1
and anti-rabbit secondary antibody labeled with Alexa-fluor 594
(red), anti-eIF4E or anti-MLN51 and anti-rabbit secondary antibody
labeled with Alexa-fluor 488 (green), in the following conditions:
(A) nonstressed, (B) 500 M sodium arsenite for 30 min, (C) 15 min
at 43°C and with an anti-Dcp1a antibody.

nofluorescence using anti-TIA-1 antibody and after oxidative stress or heat shock, cells lacking FMRP comparatively
showed reduced SG formation. This reduction mostly affected the intensity rather than the number of SGs per cell.
Interestingly, SG formation was also similarly impaired in
cells stably expressing FMRP I304N (Figure 6A). Mutation
I304N caused a stronger impairment on SG formation than
433
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Figure 6. Absence of FMRP or point mutation I304N in its second KH domain impairs SG formation in mouse fibroblasts after various stresses. (A) SGs
were visualized by immunocytofluorescence using an anti-TIA-1 antibody and anti-rabbit secondary antibody labeled with Alexa-fluor 594 (red) in fixed
FMRP knockout fibroblasts stably transfected or not with FMRP isoform 7 (Iso7) or FMRP-I304N isoform 7 (I304N; Mazroui et al., 2002). The nature of
treatment is indicated for the various clones tested. (B) Histograms represent the percentages of cells (Y axis) for SGs quantity distributed in four categories:
no granules (0), weak (⫹), moderate (⫹⫹), and strong (⫹⫹⫹) in wild-type (f), knockout (u) and FMRP-I304N (䡺) cells. Experiments shown reflect at
least three independent experiments with counting more than 100 cells in each case. (C) Fluorescent in situ hybridization with a poly-dT-Cy3 probe in fixed
wild-type or knockout fibroblasts.
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Figure 7. The lack of FMRP or the FMRPI304N mutation results in SG assembly defects
in various cells. (A) Arsenite induced SGs in
MEFs from wild-type or knockout littermates,
visualized with an anti-TIA-1 antibody and
anti-rabbit secondary antibody labeled with
Alexa-fluor 594 (red). (B) Heat-shock–induced
SGs visualized as in A. (C) Arsenite induced
SGs in human lymphoblasts from control individual (wild type) or from a fragile-X patient
bearing the I304N mutation visualized with an
anti-FMRP antibody and anti-rabbit secondary antibody labeled with Alexa-fluor 488
(green). Histograms represent the percentages
of cells (Y axis) for SGs quantity distributed in
two or three categories: no granules (0), weak
(⫹), and moderate (⫹⫹) in wild-type (f) and
knockout or FMRP-I304N (䡺) cells.

the complete lack of FMRP after heat-shock treatment. SGs
are proposed sites of mRNA storage during stresses. Defect
in mRNA accumulation in SGs was visualized by using
fluorescent in situ hybridization with a poly(A)-specific
DNA probe (Figure 6C). Thus, mRNA storage in SGs after a
cellular stress was affected in cells lacking FMRP. To exclude
the possible influence of a clonal or immortalization effect on
the cell physiology, we analyzed the SG formation in primary cultures of MEFs from wild-type or knockout littermates. A similar or stronger difference was observed between the wild-type and the knockout MEFs, with the
knockout cells showing SG assembly defect both at intensity
and number of SGs induced by oxidative stress (Figure 7A)
and heat shock (Figure 7B), confirming the results observed
in the immortalized cells. We then analyzed SG formation in
a lymphoblastoid cell line from a patient expressing an
FMRP protein bearing a point mutation I304N (De Boulle et
al., 1993). We compared the behavior of this cell line submitted to stress with the one from normal individuals (Figure 7C). Again, a marked defect in SG formation in response
to stress was observed with the cells expressing the mutant
FMRP protein in comparison with normal individuals. Altogether these data provide strong evidence that the absence
of FMRP affects SG formation efficiency.
DISCUSSION
In this study, we examined the relationship between FMRP,
the protein absent in the fragile X syndrome, and two types
of cytoplasmic granules: the PBs and the SGs where silent
mRNAs are localized. PBs, also referred to as GW or Dcp
bodies, are site where decapping and mRNA decay occur
(Sheth and Parker, 2003; Cougot et al., 2004). Recently, it was
shown that mRNAs submitted to the RISC also accumulated
in PBs (Liu et al., 2005; Pillai et al., 2005). SGs are foci where
most mRNAs accumulate when cells are submitted to a
stress and when general translation is arrested (Anderson
and Kedersha, 2006). Both PB and SG RNA granules share
many components and establish constant dynamic interacVol. 20, January 1, 2009

tions (Anderson and Kedersha, 2002). We showed here that
FMRP does not colocalize with PBs in HeLa cells as only
0.05% of immunoreactive FMRP colocalized with PBs. This
quasi-absence of localization of FMRP within PBs contradicts the previously reported association of FMRP into the
RISC seen in Drosophila (Caudy et al., 2002; Ishizuka et al.,
2002) and HeLa cells (Jin et al., 2004b). These results contradict also the previously reported colocalization of dFMRP
within PBs in Drosophila neurons (Barbee et al., 2006).
The absence of FMRP in cells has also no impact on PB
formation contrarily to Ago2 and Dicer-2, which are required for PB integrity (Eulalio et al., 2007). The absence of
FMRP did not affect either the sedimentation profile of Ago2
on sucrose density gradient with mouse brain extracts, indicating that the association of Ago2 RISC to mRNAs was
independent of FMRP. This together with the fact that the
absence of FMRP has no impact on the RISC activity in
immortalized or primary fibroblasts clearly indicates that
FMRP is not a regulatory element of the RISC nor of PB
related mRNA metabolism. Furthermore, FMRP and Ago2
have distinct behavior on sucrose density gradient: 1) the
use of cationic detergent releases FMRP from heavy sedimenting particles, whereas Ago2 remains unchanged (this
work) and 2) the puromycin treatment releases FMRP from
polyribosomes (Stefani et al., 2004), whereas mRNAs submitted to action of miRNAs (miRNPs) still migrates like
“pseudopolysomes” (Thermann and Hentze, 2007). Altogether, these data suggest that FMRP and Ago2 belong to
distinct complexes. This is further suggested by the fact that
puromycin treatment, which releases mRNAs from translation pool, leads to accumulation of the RISC-silenced
mRNAs into PBs (Sheth and Parker, 2003; Eulalio et al.,
2007), whereas it causes the segregation of FMRP (and
some mRNAs) into the SGs. Thus, FMRP and Ago2 are
likely associated with distinct pools of mRNAs.
The processes controlling the fate of an mRNA submitted
to the RISC are still not well understood. In particular, it is
not clear what causes a specific mRNA to be degraded or
translationally repressed independently of its complemen435
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tarity to a miRNA (Nilsen, 2007); for instance, in our hands
both perfect and nonperfect sdRNA caused translation repression. As it was shown previously that FMRP has intrinsic RNA-binding properties, in particular for G-quartet RNA
motifs (Darnell et al., 2001; Schaeffer et al., 2001), a possibility
remained that FMRP could modulate the “susceptibility” of
an mRNA to the RISC when already bound to this mRNA,
for instance, through its nucleic acid chaperone properties
that could enhance miRNAs hybridization (Gabus et al.,
2004) or by preventing an mRNA from going into the PB
compartments. In fact, it is possible that mRNA silencing
could be initiated in the diffuse cytoplasm before its final
destination to PBs (Pillai et al., 2005), and the prior binding
of FMRP on such mRNAs could modulate their RISC susceptibility and thus affect the fate of the mRNAs. However,
we could not see any impact on RISC activity of the presence
of a G-quartet motif in the viscinity of miRNA targets, the
main consensus motif known to be bound by FMRP (Schaeffer et al., 2003). Thus, our data are in agreement with the
proposal that FMRP is mostly associated with translated
mRNAs (Corbin et al., 1997) and whether these mRNAs
should be submitted to silencing then they should dissociate
from FMRP prior their final destination to PBs.
On the contrary, FMRP does not dissociate from the
mRNAs submitted to a premature translation arrest (such as
during cellular stresses) and accompany them into the SG
storage compartments. Recruitment within SGs appears as a
hallmark of the RNA-binding proteins. FMRP had been
shown to follow this rule (Mazroui et al., 2002). Furthermore,
we showed that FMRP is likely to play a positive role in the
SG formation. We evidenced here a defect in the stress
granule formation process in absence of FMRP or in presence of a point mutation within its second KH motif, both
causing the fragile X syndrome. Thus, FMRP adds to the list
of RNA-binding proteins involved in SG formation after
TIA-1, Pumilio2, and MLN51 (Gilks et al., 2004; Vessey et al.,
2006; Baguet et al., 2007). The exact contribution of SG proteins to SG formation during stress response appears unclear. SGs are consisting in stalled 48S preinitiation complexes proposed to participate to the reprogramming of
mRNA metabolism for adaptation of cells to stress conditions (Anderson and Kedersha, 2006). In this process TIA-1
is proposed to play a structural role in the SG assembly
process via the self-aggregation of its glutamine-rich motif
in a prion-like manner (Gilks et al., 2004). Meanwhile, these
interactions are very dynamic as TIA-1 shuttles rapidly in
and out the SGs (Kedersha et al., 2000). Self-aggregation
seems to be a characteristic of several of the SG proteins like
G3BP (Tourriere et al., 2003) and Pumilio2 (Vessey et al.,
2006). Whether FMRP has also some aggregation properties
remains to be established. Alternatively, the defect in SG
formation observed in the cells lacking FMRP could be due
to the loss of an active role of FMRP in the process of
translation inhibition. Our measurement of unaltered eIF2a
phosphorylation levels in cells lacking FMRP upon stress
(data not shown) do not favor this hypothesis however.
Altogether our data provide strong lines of evidence for an
involvement of FMRP in mRNA storage process during
stress conditions. Also, because SGs and the neuronal RNA
granules that are involved in the transport of silent mRNAs
share many components (Anderson and Kedersha, 2006;
Kiebler and Bassell, 2006), the defects reported for RNA
granule formation in neurons lacking FMRP (Aschrafi et al.,
2005) could be related to the SG defects seen here. It will be
important to determine now whether this defect in RNA
granule formation is mostly affecting those mRNAs previously reported to be targeted by FMRP.
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