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Staufen is a conserved double-stranded RNA-binding protein required for mRNA localization in Drosophila oocytes and
embryos. The mammalian homologues Staufen 1 and Staufen 2 have been implicated in dendritic RNA targeting in
neurons. Here we show that in rodent oligodendrocytes, these two proteins are present in two independent sets of RNA
granules located at the distal myelinating processes. A third kind of RNA granules lacks Staufen and contains major
myelin mRNAs. Myelin Staufen granules associate with microfilaments and microtubules, and their subcellular distri-
bution is affected by polysome-disrupting drugs. Under oxidative stress, both Staufen 1 and Staufen 2 are recruited into
stress granules (SGs), which are stress-induced organelles containing transiently silenced messengers. Staufen SGs
contain the poly(A)-binding protein (PABP), the RNA-binding proteins HuR and TIAR, and small but not large ribosomal
subunits. Staufen recruitment into perinuclear SGs is paralleled by a similar change in the overall localization of
polyadenylated RNA. Under the same conditions, the distribution of recently transcribed and exported mRNAs is not
affected. Our results indicate that Staufen 1 and Staufen 2 are novel and ubiquitous SG components and suggest that
Staufen RNPs are involved in repositioning of most polysomal mRNAs, but not of recently synthesized transcripts,

during the stress response.

INTRODUCTION

From the early steps of mRNA transport to the latest events
of degradation, cytoplasmic RNA granules are highly rele-
vant to the physiology of mRNA, including silencing and
activation (reviewed in Wickens and Goldstrohm, 2003).
Granules packaging targeted mRNAs appear in oligoden-
drocytes and other polarized vertebrate cells as dense struc-
tures, containing also ribosomes and with an average diam-
eter of 1 um (Barbarese et al., 1995; Barry et al., 1996; Ainger
et al., 1997, Knowles and Kosik, 1997; Carson et al., 2001;
Krichevsky and Kosik, 2001). A different type of RNA gran-
ules known as stress granules (SGs) appears transiently
upon induction of cellular stress. SGs are large ribonucleo-
particles (RNPs) and are thought to be in dynamic equilib-
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rium with translating polysomes (Kedersha et al., 2000, 2002;
Anderson and Kedersha, 2002).

The double-stranded RNA-binding protein Staufen
emerges as a relatively ubiquitous RNA granule-forming
factor (Ferrandon ef al., 1994; 1997; Duchaine et al., 2000;
Kiebler and DesGrosseillers, 2000; Micklem ef al., 2000). This
protein was initially described in Drosophila oocytes, where
it is found in granules involved in microtubule-dependent
localization of maternal mRNAs to define the anterior-pos-
terior axis of the embryo (Lasko, 1999; Kloc et al., 2002).
Staufen is recruited into granules upon its interaction with
bicoid mRNA 3'UTR sequences that mediate targeting of the
messenger, and it is strictly required for the formation of
these granules (Ferrandon et al., 1994, 1997). Likewise, the
positioning of oskar mRNA at the oocyte posterior pole
involves the formation of Staufen-containing granular struc-
tures known as polar bodies (Lasko, 1999; Kloc et al., 2002).
Staufen also participates in actin-dependent segregation of
prospero mRNA during asymmetric division of embryonic
CNS cells (reviewed in Lasko, 1999; Kiebler and DesGros-
seillers, 2000; Kloc et al., 2002). Moreover, Drosophila Staufen
is essential for long-term memory acquisition, a phenome-
non known to require mRNA targeting followed by local
translation at the synapse (Dubnau ef al., 2003).

Two homologous genes, Staufen 1 and Staufen 2, were
reported in mammalians and amphibians (Kiebler and Des-
Grosseillers, 2000; Monshausen et al., 2001; Tang et al., 2001;
Kress et al., 2004; Yoon and Mowry, 2004). Evidence sup-
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porting Staufen participation in mRNA localization in ver-
tebrate neurons and oocytes is emerging. Motile RNA gran-
ules containing Staufen 1 and Barentsz—a protein partner of
Drosophila Staufen also involved in mRNA transport—are
present in the somatodendritic compartment (Kiebler et al.,
1999, Kohrmann et al., 1999; Macchi et al., 2003). Rat Staufen
1 binds to the dendrite targeting element (DTE) of MAP2
mRNA (Monshausen ef al., 2001) and, in addition, Staufen 1
RNPs isolated from brain and cortical neurons contain lo-
calized RNAs and associate to motor molecules (Krichevsky
and Kosik, 2001; Ohashi et al., 2002; Mallardo et al., 2003;
Kanai et al., 2004). Furthermore, overexpression of a trun-
cated form of Staufen 2 leads to a reduction of the dendritic
RNA content (Tang et al., 2001). Likewise, interference strat-
egies in amphibian oocytes indicates that Xenopus Staufen 1
is involved in the late localization pathway to the vegetal
pole (Kress et al., 2004; Yoon and Mowry, 2004).

In this study, we investigated the distribution of Staufen 1
and Staufen 2 in rodent oligodendrocytes, where the extra-
somatic translation of mRNAs is important during myelin
biogenesis and repair (Brophy et al., 1993; Carson et al., 1998,
2001; Barbarese ef al., 1999). We show that Staufen 1, Staufen
2, and the major myelin-targeted mRNA, which encodes
myelin basic protein (MBP), reside in three distinct subsets
of cytoplasmic granules that are present in both, somata and
cell processes. We found that in addition to normal granules,
Staufen 1 and Staufen 2 are recruited into stress granules.
However, the redistribution of these proteins into SGs does
not interfere with the movement of recently transcribed
RNAs toward the oligodendrocyte processes. Our results
suggest a role for Staufen 1 and Staufen 2 RNPs in the
relocation of polysomal mRNAs in response to different
stimuli and—as an extreme example—their coalescence into
perinuclear SGs upon oxidative stress.

MATERIALS AND METHODS

Primary Antibodies Against Staufen 1 and Staufen 2

Rabbit polyclonal (RLS1) and mouse polyclonal (MLS1) antisera were raised
against a recombinant protein carrying the native RBD3 from murine Staufen
1 fused to lumazine synthase from Brucella abortus (Craig, Berguer, Armciart,
Zylberman, Thomas, Martinez Tosar, Bulloj, Boccaccio, and Goldbaum un-
published results). For Staufen 2, an affinity-purified rabbit polyclonal anti-
serum (336) was prepared against a rat N-terminal peptide including RBD1
and first RBD2 hemidomain. Isoform specificity of the RLS1 and 336 antisera
was confirmed in cell lines overexpressing Staufen 2 or Staufen 1. Previously
described rabbit antibodies anti-Staufen 1 were also used: 3326 antisera (Mon-
shausen ef al., 2002) and two antisera kindly provided by J. Ortin and M.
Kiebler (Kiebler et al., 1999; Marion et al., 1999).

Primary Oligodendrocyte Culture and Drug Treatment

Oligodendrocyte cultures were established from 1- to 4-d-old Sprague Daw-
ley rat brains as previously described (McCarthy and deVellis, 1980), with
minor modifications. Oligodendrocyte precursors were recovered from a
primary culture by shaking, plated onto poly-L-lysine and incubated either in
complete medium (Suzumura et al., 1984; DMEM/Ham’s F12 supplemented
with 10% fetal bovine serum [FBS], 5 pug/ml streptomycin, 5 U/ml penicillin,
and cytosine arabinoside as mitotic inhibitor when required), or in glial
defined medium (GDM: DMEM/Ham'’s F12 supplemented with 2.4 mg/ml
sodium bicarbonate, 3.58 mg/ml HEPES, 50 mg/ml transferrin, 5 mg/ml
insulin, 5.2 ng/ml sodium selenite, 2.5 ng/ml biotin, 0.7 mg/ml hydrocorti-
sone, 10 ng/ml triiodothyronine, 50 U/ml penicillin, 50 mg/ml streptomycin,
1% FBS, pH 7.4) to yield oligodendrocyte preparations virtually free of other
cell types (Casaccia-Bonnefil et al., 1996). All chemicals for cell culture were
purchased from Sigma. FBS was from Life Technologies (Rockville, MD).
Stock solutions of puromycin and cycloheximide (Sigma, St. Louis, MO),
5,6-dichlobenzimidazole riboside (DRB, ICN Biomedicals, Aurora, OH),
NaAsO, (Merck, Rahway, NJ) and edeine (generous gift from Dr. I. Algranati)
were diluted in conditioned medium before use.

Protein synthesis inhibition was evaluated as follows: *C-labeled amino
acids (0.02 uCi/well) were added 1 h after exposure to edeine, and the
radioactivity incorporated into trichloroacetic acid (TCA) precipitate was
measured 2 h later.

406

Cloning of Staufen 1 Splicing Variants

Murine brain Staufen 1 cDNA clones were obtained from 21-d-old animals by
PCR cloning using the primers: 5'-TGCAAGCTTCTGGGGAAGCAGCCA-
GAAAG-3' and 5'-CCGTCTAGATGCAGCCATATCATGACAGGACT-3'.
For semiquantitative RT-PCR analysis we used a pair of primers flanking the
intron present in exon 9 (5'-TCAAGGACACCACACCAAAG-3' and 5'-CA-
GAGGGTCTAGTGCGAGGT-3'). Serial dilutions of brain cDNA were ana-
lyzed. The relative intensities of the 94- (spliced) and 179-base pair (non-
spliced) bands in ethidium bromide gels, and Southern blots were compared
with that of standard reactions in which plasmids carrying spliced and
nonspliced Staufen 1 cDNAs were used as templates at ratios 1:10, 1:100, and
1:1000.

Immunofluorescence

Cells were fixed at 37°C in 4% paraformaldehyde supplemented with 4%
sucrose in phosphate-buffered saline (PBS), permeabilized, and blocked in 2%
bovine serum albumin supplemented with 10% normal goat serum. Incuba-
tions with primary and secondary antibodies (Molecular Probes, Eugene, OR;
Jackson ImmunoResearch Laboratories, West Grove, PA) were performed for
1 h at room temperature and followed by three washes in PBS containing
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Figure 1. Expression of Staufen 1 and Staufen 2 in rat oligoden-
drocytes. (A) Western blot analysis of oligodendrocyte cytosolic
extracts with 3326 (1:500) and RLS1 (1:10,000) antisera against
Staufen 1 and the 336 antiserum (1: 500) against Staufen 2. Extracts
were incubated 16 h at 37°C (ad, autodigested) or prepared in the
presence of protease inhibitors (c, control). The 49-kDa band in-
cludes a novel splicing variant named AE9i, as well as degradation
products of the 55-kDa band. (B) Staufen 1 splicing variants isolated
from mouse brain. An 85-base pair intron is spliced out from exon
9 in the AE9i Staufen 1 variant (Acc. No AY391773), which encodes
a 49-kDa polypeptide. The variant 12 (Acc. No. AF395842) has 2
extra amino acids in the poorly conserved segment connecting
RBD3 and RBD4 and corresponds to an alternative 3" acceptor site
at exon VI. The Staufen 1 16 was described previously (Monshausen
et al., 2001; Duchaine et al., 2002). Numbers indicate the frequency of
the consensus bases at the splice site. RBD, double-stranded RNA-
binding domain; TBD, tubulin-binding domain.
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Figure 2. Staufen 1 and Staufen 2 form gran-
ules in mature rat oligodendrocytes. (A and
B) Cells were immunostained for Staufen 1 or
Staufen 2 (red, left and right, respectively)
and for the oligodendrocyte membrane
marker MBP (green). Staufen proteins form
granules present in primary processes (ar-
rowheads); secondary processes (arrows) and
distal myelinating extensions (double arrow-
heads), and are excluded from the flattened
myelin membrane extensions that are uni-
formly stained for MBP (asterisks). (B)
Staufen 1 and Staufen 2 granules are
~500-nm size and are abundant at the distal
myelin compartment. The same granular pat-
tern was observed with different antibodies
anti-Staufen 1. (C) Distal branches (left) and
myelinating extension (right) of cells immu-
nostained for Staufen 1 (MLS1, green) and
Staufen 2 (336, red). Only a minor proportion
of the granules were double-stained for both
proteins.

0.05% Tween (PBST). Primary antibodies were diluted as follows: RLS1, 1:500;
MLSI, 1:100; and 3326, 1:100. Anti-PABP rabbit polyclonal antibody (kindly
provided by Dr. Evita Mohr, University of Hamburg, Germany), 1:500; mono-
clonal antibodies anti-TIAR (BD Biosciences, San José, CA); Y10B against
rRNA and anti-HuR (gifts from Dr. Joan Steitz, Yale University), 1:100,
monoclonal antibodies against beta-tubulin (Sigma) and protein disulphide
isomerase (PDI; StressGen, Victoria, British Columbia, Canada), 1:500. Alexa
546-labeled phalloidin (Molecular Probes) was used at 1:40. Cells were
mounted in Mowiol 4-88 (Calbiochem, La Jolla, CA).

Fluorescent In Situ Hybridization (FISH) and Combined
FISH-Immunofluorescence

Two different MBP ¢cDNA fragments were cloned into pBlueScript II-KS
(Stratagene, La Jolla, CA): 1) a 1911-base pair fragment isolated by PCR from
rat brain cDNA using the primers: 5'-CAGCGACACGGATCCAAGTACTT-3'
and 5'-AAAGCGGCCGCCATACTGCAGCTGCGCTGTC-3', and 2) a 660-
base pair HindIII restriction fragment from rat MBP-14 (Staugaitis ef al., 1990).
Antisense and sense digoxigenin-RNA probes were synthesized in vitro
according to the manufacturer’s protocol (Roche Diagnostics, Basel, Switzer-
land). Cells were fixed in 4% paraformaldehyde, 4% sucrose, 2 mM MgCl, in
PBS for 15 min at 37°C, washed three times in 4% sucrose, PBS and UV
cross-linked (CL program, GS Gene Linker, Bio-Rad, Hercules, CA). Cells
were then permeabilized in 0.3% Triton X-100 in PBS for 5 min, washed with
2 mM MgCl, in PBS, and dried completely. After prehybridization in 50%
formamide, 5X SSC, 0.2% SDS, 50 ug/ml heparin, 250 ng/ml salmon sperm
DNA, and 250 pg/ml yeast tRNA (all from Sigma), overnight hybridization
was performed at 55°C in the same solution supplemented with 100 ug/ml
heparin and 100 ng/ml digoxigenin-riboprobe. After washing twice at room
temperature with 1X SSC, 0.1% SDS, and twice at 50°C with 0.2X SSC, 0.1%
SDS, blocking was performed with 1% Blocking Reagent (Boehringer Mann-
heim, Indianapolis, IN) in PBS. The probe signal was amplified in one or two
steps with the following antibodies: biotinilated mouse antidigoxin
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(Sigma) or sheep antidigoxigenin (Boehringer Mannheim) followed by
biotinilated donkey anti-sheep (Jackson ImmunoResearch). Then, strepta-
vidin coupled to Cy3 (Jackson ImmunoResearch) or Alexa 488 (Molecular
Probes) was used. All incubations were for 2 h at room temperature and
were followed by three washes in PBST. When FISH was combined with
immunofluorescence (IF), the first antibody for the IF was either included
in the antidigoxin antibody solution or used after the biotinilated donkey
anti-sheep. The secondary antibody for IF was always included in the
streptavidin mix.

Colocalization by Confocal Imaging Analysis and
Computer-assisted Simulations

Images were acquired in an LSM 510 or LSM 5 PASCAL confocal microscope
(Carl Zeiss, Oberkochen, Germany). Proper equipment adjustment was en-
sured using 1-um FocalCheck fluorescent microspheres (Molecular Probes).
Colocalization analysis was performed in representative regions of interest by
counting single and double-stained granules with the “Manual Tag” tool of
the Image ProPlus software (Media Cybernetics, Silver Springs, MD). To
estimate the random colocalization frequency in the micrographs, we ran a
computer-simulation representing two independently distributed pools of
particles, similarly to previously described approaches (Jacobs et al., 1999).
Data of granule area and population sizes to be loaded into the simulation
program were acquired from the confocal micrographs. Briefly, random co-
ordinates were assigned to single particles in an Excel spreadsheet (Microsoft,
Redmond, WA) to represent their positions in a two-dimensional area and
distances between granule centers were calculated for each pair of particles.
A distance smaller than particle radius was scored as a colocalization event.
Each run of the simulation considered ~100 particles of the most abundant
species. The random colocalization frequency in each subcellular region was
averaged from 30 runs of the simulation.
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Figure 3. Association of Staufen granules with cytoskeleton, ER, and ribosomal subunits. Yellow boxes indicate the position of the enlarged
fields shown in color. Representative immunostainings for Staufen 1 (left panels, red) and Staufen 2 (right panels, red) are shown. Tubulin
(A-C), actin (D), the ER marker PDI (E and F), and large ribosomal subunits (G and H) are in green. (A-D) Staufen 1 and Staufen 2 granules
are associated to microtubules as well as to microfilaments in the distal regions. Staufen 1 (C) and Staufen 2 (unpublished data) remained
associated to microtubules after a brief extraction of living cells with Triton X-100. (E and F) Staufen 1 and Staufen 2 granules are often found
in the vicinity of ER membranes in the proximal tubulin-rich regions and not associated to them in the distal branches. (G and H) Most
Staufen 1 granules contain ribosomal subunits, whereas Staufen 2 colocalize to a minor degree. In both cases, ribosome-containing granules

free of Staufen proteins are also present.

Myelin and Cytoskeleton Preparation and RNase
Treatment

Brains from 3-wk-old Sprague Dawley rats were homogenized in 0.8 M
sucrose, CSK buffer (CSKB: 25 mM KCl, 1 mM HEPES, pH 6.8, 1 mM EGTA,
5 mM MgCl,) containing the protease inhibitors 4-(2-aminoethyl)benzenesul-
fonyl fluoride (AEBSF), pepstatinA, E-64, bestatin, leupeptin, and aprotinin
(Sigma). Homogenates were separated by centrifugation in discontinuous
0.8-0.25 M sucrose gradients at 220,000 X g for 1 h at 4°C, and a myelin-
enriched fraction was recovered from the interphase. A cytoskeleton fraction
was isolated by treatment of myelin extracts with 5% Triton X-100, 0.25 M
sucrose in CSKB for 15 min at 37°C, followed by centrifugation as above.
Myelin cytoskeleton or oligodendrocyte total extracts containing 0.1% Triton
X-100 and 0.25 M sucrose in CSKB were incubated in the presence or absence
of 300 ug/ml RNase A (Amersham Pharmacia, Uppsala, Sweden), for 15 min
at 37°C with gentle shaking. After centrifugation at 9300 X ¢ for 10 min at 4°C,
equivalent amounts of the soluble and pellet fractions were analyzed by
Western blot.

Sedimentation Velocity Centrifugation

Cytosolic extracts from primary cultures grown in GDM were prepared in
0.5% Triton X-100, 0.25 M sucrose in CSKB. For protein analysis cytosolic
extracts containing 0.5-1 mg of protein (determined by the Bicinchoninic Acid
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Protein Assay Kit, Sigma) were loaded onto continuous 13-ml sucrose gradi-
ents (20-60% wt/vol in CSKB) and centrifuged at 220,000 X g for either 2 or
4 h. When indicated, cells were previously exposed 30 min to 0.250 mg/ml
cycloheximide. The polysomal profile was monitored by absorbance at 260
nm. Protein from 1-ml fractions was precipitated using 20 ug of lysozyme as
carrier and subjected to Western blot analysis.

For analysis of tritiated RNA, cytosolic extracts prepared in 0.5% Triton
X-100, 0.25 M sucrose in CSKB containing 0.02 mg/ml cycloheximide were
loaded onto 10-30% wt/vol sucrose gradients and centrifuged 4 h. Radioac-
tivity incorporated in TCA-precipitated material was determined in a liquid
scintillation counter.

Western Blotting

After precipitation in chloroform/methanol (1:2), protein samples were re-
suspended in Laemmli sample-buffer, separated by SDS-PAGE, and electro-
transferred to Immobilon-P PVDF membranes (Millipore, Bedford, MA). The
following primary antibodies were used: RLS1 (diluted 1:5000-1:10,000), 3326
(1:500), 336 (1:500), antitubulin (1:1000), and rabbit anti-S6 (Cell Signaling,
Beverly, MA, 1:1000). Detection was performed with peroxidase-coupled
antibodies (Sigma) followed by chemoluminescence with LumiGlo reagents
(Cell Signaling).

Molecular Biology of the Cell
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Figure 4. RNase A sensitivity and sedimentation velocity anal-
ysis of Staufen 1 complexes. (A) Oligodendrocyte and myelin
cytoskeleton extracts were treated with RNase A in the presence
of Triton X-100 and then separated in a soluble fraction (Sol) and
a pellet (P) enriched in ribosomes (56) and tubulin (Tub). Staufen
1 is retained in the pellet, and RNA breakdown does not affect its
distribution. In contrast, PABP is completely released into the
soluble fraction upon RNA digestion. Bottom: RNA was analyzed
in an EtBr-agarose gel. (B) Cytosolic extracts from GDM cultures
exposed to cycloheximide were analyzed by centrifugation (2 h)
in a sedimentation gradient. Staufen 1 and Staufen 2 comigrate
with average-sized polysomes.

Metabolic Radiolabeling of RNA

Primary oligodendrocytes differentiated for 2-3 wk in vitro were incubated in
medium containing 1 uM (50 pCi/ml) [5,6-*H]uridine (NET 367, New En-
gland Nuclear, Boston, MA, or TRK410, Amersham) for 1 h, as described for
neurons (Kleinman et al., 1993). After addition of 1 mM unlabeled uridine,
cells were fixed and dehydrated by treatment with 25-100% ethanol serial
solutions. Coverslips were glued to microscope slides (cells facing upwards)
and coated with Kodak NTB2 autorradiography emulsion (Eastman-Kodak,
Rochester, NY). After exposure for 7 d in a desiccating dark chamber, they
were developed using Kodak Dektol solutions. Bright field micrographs
(400X) were acquired in an Olympus BX60 microscope (Lake Success, NY)
coupled to a CoolSnap-Pro digital camera (Media Cybernetics) and analyzed
with the Image-Pro Plus software. Signal intensity was measured in 1-pum-
thick annular sections of increasing radii centered in the cell nucleus. Back-
ground signal in equivalent rings from a field with no cells in the same sample
was subtracted. Intensity relative to the whole-cell labeling was plotted
against distance from the nucleus. For treatment with DRB, the inhibitor was
present during the pulse and chase period at 70 uM. For treatment with
edeine, cells were chased in the presence of 0.1 mM of the drug.

Tritiated RNA was separated in formaldehyde/formamide 1% agarose
gels. After separation, radioactivity was measured in 0.25-cm gel slices from
the origin to the running front.
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RESULTS

Expression of Staufen 1 and Staufen 2 in Oligodendrocytes

We analyzed the expression of Staufen 1 and Staufen 2 in
oligodendrocytes by Western blot of purified myelin and
primary culture extracts. The presence of a major band of 55
kDa, which corresponds to the predicted mouse Staufen 1
molecular weight, was confirmed with several rabbit and a
mouse polyclonal antibodies raised against Staufen 1 (Figure
1A; GenBank Acc. No. AF227200 and AF061942). In addi-
tion, we observed a minor band of 49 kDa, likely represent-
ing a novel splicing variant that we named Staufen AE9i
(Figure 1B, Acc. No. AY391773). Sequence analysis of
Staufen AE9i clones indicated that this transcript lacks an
intron that is included in the splicing variants that were
previously described. This leads to a +2 frameshift, render-
ing a transcript with a premature stop codon located 75 base
pairs upstream to the last exon-exon junction. Messengers
with this configuration are usually degraded by the cellular
mechanism known as non-sense-mediated decay (NMD;
reviewed in Maquat and Carmichael, 2001). Thus, we com-
pared the relative abundance of mRNAs including or ex-
cluding this intron by semiquantitative RT-PCR analysis.
We found that AE9i mRNA is 100 times less abundant than
transcripts including the intron in the P21 mouse brain. This
is in accordance with the low abundance of the encoded
protein, which was subsequently not further analyzed.

The expression of Staufen 2 in oligodendrocytes was in-
vestigated using the affinity-purified rabbit polyclonal anti-
body 336. We observed a single 53-kDa band (Figure 1A),
which is in accordance with the previously reported molec-
ular weight for one of the three splicing variants described
in rodents (Duchaine et al., 2002).

Staufen 1 and Staufen 2 form Granules in Myelinating
Processes

Immunofluorescence of primary rat oligodendrocytes indi-
cated that both, Staufen 1 and Staufen 2 are present in
granules of ~500 nm in diameter that are abundant in so-
mata and cellular branches (Figure 2A). In myelinating pro-
cesses, Staufen granules were found restricted to cytoplas-
mic channels and absent from the flattened myelin
membrane extensions neatly mapped by MBP staining (Fig-
ure 2, A and B). Simultaneous detection of Staufen 1 and
Staufen 2 revealed that the two isoforms preferentially re-
side in distinct granules (Figure 2C), being only a minor
proportion double-stained for both proteins (15%).

We then investigated the association of Staufen molecules
with the cytoskeleton and ER membranes, which participate
in RNA localization and translation in several systems (Kloc
et al., 2002; Lépez de Heredia and Jansen, 2003 and refer-
ences therein). Staufen 1 and Staufen 2 granules were found
associated with microtubules at the proximal processes (Fig-
ure 3, A-C) as well as with actin microfilaments in the most
distal myelin regions (Figure 3D). Furthermore, Staufen 1
and Staufen 2 remained associated to microtubules after
extraction of cytosolic components by treatment of living
cells with Triton X-100 (Figure 3C and unpublished data).
This selective partitioning was also confirmed by Western
blot assays of myelin and oligodendrocyte extracts submit-
ted to a similar treatment (Figure 4A). Visualization of the
ER marker PDI showed that both Staufen 1 and Staufen 2
granules were frequently associated with ER membranes in
the tubulin-rich oligodendrocyte processes (Figures 3, E and
F). However, Staufen granules located at the most distal
myelinating extensions—likely representing the granules
linked to the microfilament system (Figure 3D)—were not
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Staufen 2
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Figure 5. Staufen 1, Staufen 2, and MBP mRNA reside in three different sets of granules. (A) Simultaneous FISH (red) and IF (green) for
MBP. MBP mRNAs display a granular pattern in the perinuclear compartment, primary processes, and distal myelinating extensions. A PLP
riboprobe yielded a coarsely granular pattern concentrated in the perinuclear cytoplasm, whereas no signal was observed with a sense MBP
probe (unpublished data). (B) Simultaneous detection of Staufen 1 (red) and MBP mRNA (green) indicates no colocalization of these
molecules in primary processes (a), secondary branches (b), branch interconnections (c), and distal myelinating extensions (d). A few
double-stained granules resulting from random colocalization (see Table 1) are indicated by arrowheads. (C) The colocalization of Staufen
2 (red) and MBP mRNA (green) at the myelin membrane compartment is as well infrequent. (D) No significant colocalization is observed
when Staufen 1 and Staufen 2 detected with the RLS1 and 336 antisera (both in red) were simultaneously visualized with MBP mRNAs

(green).

associated with the scarce ER membranes present in this
region (Figures 3, E and F). Double staining with the Y10B
antibody revealed that most Staufen 1 and a fraction of
Staufen 2 granules contain ribosomes (Figure 3, G and H).

Given that Staufen is a RNA-binding protein that forms
granules containing ribosome subunits, we analyzed the
sensitivity of these RNPs to RNA digestion. Cultured oligo-
dendrocytes and myelin cytoskeleton extracts were treated
with RNase A in the presence of Triton X-100 and subse-
quently separated into a pellet representing the cytoskel-
etal/polysomal fraction and a supernatant corresponding to
the unbound crude fraction. The distribution of Staufen 1, of
the poly(A) binding protein (PABP) and of the small ribo-
somal subunit marker S6 were analyzed by Western blot. In
both, oligodendrocyte and myelin samples, Staufen 1 and S6
remained in the pellet fraction whereas PABP was com-
pletely released to the unbound fraction upon partial RNA
digestion (Figure 4A). These results suggested the preferen-
tial interaction of Staufen 1 with microtubules or with RNase
A-resistant ribosome subunits. We further investigated the
nature of Staufen complexes by studying its association with
polysomes. We performed sedimentation velocity analyses
of cytosolic extracts obtained from highly pure oligodendro-
cyte cultures. Figure 4B shows that Staufen 1 and Staufen 2
comigrated with polysomes, clearly identified by the pres-
ence of S6 (see also Figure 6). As expected, tubulin and PDI
were exclusively detected in the top fractions (unpublished
data).
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Altogether these results indicated that in oligodendro-
cytes, Staufen granules associate to both microfilaments and
microtubules and that Staufen 1 and Staufen 2 associate to
polysomes.

Staufen and MBP mRNAs Reside in Distinct Granule
Populations

MBP mRNAs are the major transcripts localized at the my-
elinating processes (Gould et al., 2000; Carson et al., 2001). In
accordance with previous data (reviewed in Barbarese et al.,
1999, Carson ef al., 2001), FISH analysis of MBP mRNAs
showed that these transcripts reside in granules of uniform
size (200-500 nm), present at the perinuclear compartment
as well as at the primary and fine distal branches (Figure
5A). Although Staufen 1 and Staufen 2 were more abundant
at the perinuclear cytoplasm (Figure 2; see also Kohrmann et
al., 1999), the size, density, and localization of MBP mRNA
granules at the cell processes were remarkably similar to
that of Staufen 1 and Staufen 2 granules. However, double
staining for MBP mRNAs and Staufen 1 or Staufen 2 indi-
cated that Staufen proteins do not colocalize with these
major myelin transcripts (Figure 5, B and C). On average, the
percentage of double-stained granules for Staufen 1 was
<15%, with no significant difference in primary, secondary,
and distal processes (Table 1). A similar analysis for Staufen
2 also indicated a reduced colocalization frequency (15%)
with MBP mRNA-positive granules (Figure 5C). For com-
parison, MBP mRNA-PABP colocalization was analyzed,
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Figure 6. Staufen redistributes upon puromycin treatment. (A) MBP mRNA distribution remains unchanged, whereas the number of Staufen 1
granules at the distal processes is greatly reduced after 4-h treatment with 250 ug/ml puromycin (arrowheads). (B) Staufen 1 granules (red)
aggregate into large clusters in primary and secondary processes and branching points (a and b), and virtually disappear from the distal branches
and membrane extensions (c and d, d, distal; p, proximal). The fine granular pattern of MBP mRNA (green) is retained. (C) Staufen 1 (right panel)
and Staufen 2 (unpublished data) are recruited into perinuclear accretions after puromycin treatment, whereas cycloheximide (left panel) elicits no
effect. IF for MBP is shown in light blue. Western blot: Staufen 1 sedimentation profile shifts together with S6 and PABP distributions,
accompanying polysome disassembly. (D) Puromycin-induced Staufen 1 clusters do not include ER membranes, identified by PDI. An astrocyte
is shown. (E) Puromycin-induced Staufen 1 clusters contain PABP. A primary fibroblast is depicted.

indicating that 60% of MBP mRNA granules contained this colocalization  frequency observed experimentally

protein (Table 1). In addition, we confirmed that the an-
tigenicity of Staufen molecules was not affected by the
FISH procedure, as judged by signal intensity, abundance
and size of the granules. Finally, in all cell regions, the

matched the values predicted for a random distribution
(Table 1). These results indicated that under steady-state
conditions, Staufen granules do not include MBP mRNAs
as a regular component and thus, we conclude that

Table 1. Staufen 1 and the major myelin-targeted mRNA display independent distributions

MBP Staufen 1/MBP MBP Random
mRNA /Staufen 1 mRNA mRNA/PABP colocalization?
Primary 11.5 £ 3.0 11.5+ 3.9 56.5 + 11.2P 11.6 =52
Secondary 144 =51 153 =49 60.9 = 9.5 11.05 = 4.9
Distal 12.7 + 3.7° 15.6 = 5.0 55.0 +9.7° 19.6 *6.4

Colocalization is expressed as the percentage of double-stained granules relative to the total number of granules positive for a single marker
in primary, secondary, or distal myelinating processes. An average of 20 optical fields was analyzed for each subcellular region, adding up
~900 granules of each kind per region. Staining with two different anti-Staufen 1 antibodies (RLS1, and 3326) and two different MBP mRNA
riboprobes yielded consistent results indicating a low proportion of doubled-labeled granules.

@ As obtained by computer-assisted simulation of randomly distributed particles with size and abundance according to experimental
observations (see Materials and Methods).

b Significantly differs from values for a random colocalization in the same cellular region, according to a Student’s ¢ test (p < 0.01).
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Staufen 1, Staufen 2, and the major myelin messengers
reside in different RNA granules.

Staufen 1 and Staufen 2 Redistribute upon Polysome
Disruption

Given that Staufen granules associate to polysomes, we in-
vestigated the integrity of Staufen granules upon polysome
disruption by puromycin. We found that Staufen 1 and
Staufen 2 granules dramatically redistributed after treat-
ment. The number of Staufen 1 granules at distal cell exten-
sions was greatly reduced (Figure 6A) and instead, Staufen
1 granules were found concentrated at proximal processes,
branching points and somata (Figure 6B). On puromycin
treatment, both Staufen 1 and Staufen 2 accumulated in the
cell body in large discrete structures of 2-5-um size (Figure
6C and unpublished data). For comparison, MBP mRNAs
were simultaneously analyzed. We found that, in contrast
with Staufen redistribution, the localization of these messen-
gers remained largely unchanged (Figure 6A). The puromy-
cin-induced Staufen redistribution was observed in ~60% of
the cells in addition to oligodendrocytes, astrocytes, and
fibroblasts (Figure 6, C-E). No effect was elicited by cyclo-
heximide, a translation inhibitor that causes stabilization of
polysomes (Figure 6C).

As normal Staufen granules were partially found in ap-
position with the ER and the cytoskeleton (Figure 3), we
investigated if this association is affected by puromycin.
Staining for PDI indicated that the ER morphology was not
disrupted and, moreover, ER membranes were completely
excluded from the Staufen 1 accretions (Figure 6D). We also
observed that microfilaments and microtubules were not
affected by the treatment (unpublished data). Altogether,
these observations indicated that puromycin-induced
Staufen redistribution was not accompanied by a similar
change in ER or cytoskeleton remodeling.

The distribution of the general mRNA binding protein
PABP was simultaneously analyzed. PABP is normally ho-
mogeneously distributed throughout the cytoplasm, and
was recruited in the puromycin-induced Staufen clusters in
all cell types (Figure 6E).

Staufen 1 and Staufen 2 Are Recruited into Stress
Granules

It has been reported that polysome disruption upon cellular
stress induces the accumulation of a number of RNA bind-
ing proteins and elements of the translational machinery,
such as PABP, in perinuclear densities known as stress
granules (SGs; Kedersha et al., 2000, 2002; Anderson and
Kedersha, 2002). SG formation is also observed upon expo-
sure to polysome destabilizing drugs such as puromycin
and inhibited by cycloheximide (Anderson and Kedersha,
2002). We hypothesized that the puromycin-induced
Staufen accumulations represent stress granules and thus,
we analyzed the Staufen distribution upon induction of
oxidative stress by arsenite, a known SG-inducing factor. On
exposure to 0.5 mM arsenite, Staufen 1 and Staufen 2 were
recruited into large aggregates that were similar to the pu-
romycin-induced structures and were also observed in every
cell type present in the culture (left panels in Figures 7 and
8). Then, we investigated the presence of the RNA binding
protein TIAR, a well-known marker of stress granules (Ked-
ersha et al., 2000; Anderson and Kedersha, 2002). We found
that the arsenite-induced Staufen 1 and Staufen 2 clusters
contained TIAR and moreover, all the SGs identified by
TIAR included Staufen molecules (Figure 7, A-D). Interest-
ingly, Staufen 1 and Staufen 2 colocalized in SGs (Figure 7E),
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in contrast to their normal distribution in two nonoverlap-
ping sets of granules.

We investigated the presence of general translation com-
ponents, namely PABP and ribosomal subunits in Staufen
SGs. As expected, arsenite-induced Staufen 1 stress granules
contained PABP and small ribosomal subunits (Figure 8, A
and B) as described for SGs (Kedersha ef al., 2002). Interest-
ingly, the Y10B antibody did not stain Staufen SGs (Figure
8C), likely reflecting its stronger reactivity against large
subunit rRNA (Lerner ef al., 1981; Garden ef al., 1995) and in
accordance with the absence of 60S subunits from SGs (Ked-
ersha ef al., 2002). In addition, we observed that HuR, an
RNA-binding protein frequently present in SGs (Gallouzi et
al., 2000) was also found in Staufen clusters (Figure 8D).

It is known that stress granules contain transcripts that are
transiently silenced (Kedersha et al., 2002). Consistently, we
found that upon arsenite-induced stress, MBP mRNA par-
tially coalesced into large perinuclear aggregates (Figure 8E,
middle panels). However, as in normal conditions, stress-
induced accumulations of Staufen 1 and MBP mRNA were
mutually exclusive (Figure 8E).

All these observations indicated that Staufen 1 and
Staufen 2 were simultaneously recruited into SGs upon pu-
romyecin or arsenite treatment. The redistribution of Staufen
1 and 2 upon stress was paralleled by a similar change in
PABP localization, indicating that most polyadenylated
RNAs were recruited into SGs containing Staufen.

Recruitment of Staufen into Stress Granules Does Not
Affect the Cytoplasmic Transport of Newly Synthesized
Transcripts

In oligodendrocytes, an active transport of mRNAs from the
nuclear periphery to the distal myelinating extensions oc-
curs (Carson et al., 1998, 2001; Barbarese et al., 1999). Given
that Staufen molecules were reported to participate in cyto-
plasmic RNA transport in different cell systems, we sought
to investigate the effect of Staufen recruitment into SGs on
the movement of recently synthesized transcripts, immedi-
ately after their export from the cell nucleus.

Newly transcribed mRNAs were metabolically radiola-
beled by a pulse with tritiated uridine and their subcel-
lular localization was monitored at different chase times
(Materials and Methods). We first ensured that the incor-
porated radioactivity was completely sensitive to RNase
A. We also found that 70% of the radiolabeled RNA
remained bound to magnetic oligodT beads (unpublished
data). When total RNA was analyzed in denaturing aga-
rose gels (Figure 9A), we found that a large proportion of
radioactivity (87%) migrated between 5 and 0.5 kb, rep-
resenting mRNAs and rRNAs. The ribosomal RNAs
bands, which also include mRNAs, contained 45% of ra-
dioactivity. Thus, at least 42% of incorporated radioactiv-
ity corresponded to mRNAs. Furthermore, cytosolic ex-
tracts where separated by sedimentation velocity
centrifugation and radioactivity distribution was evalu-
ated along the gradient. We found that the first fractions,
which correspond to mRNPs, contained 41% of total in-
corporated radioactivity. Peaks corresponding to ribo-
somal subunits (fraction 7-24) comprised 42% of radioac-
tivity. Finally, 17% was recovered in the bottom fractions,
where polysomes and large RNPs migrate (Figure 9A).
Considering that rRNAs are ~50 times more abundant
than polyadenilated RNA, the specific radioactivity of
rRNA was 100 times lower than that of polyadenilated
mRNAs. All this observations are in agreement with re-
ported data, indicating that the synthesis rate of mRNA is
higher than that of rRNA (Jackson et al., 1998). As shown
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Figure 7. Oxidative stress induces the recruitment of
Staufen 1 and Staufen 2 into stress granules (SGs).
Staufen 1 (A and B) and Staufen 2 (C and D) form
perinuclear aggregates after 1-h treatment with 0.5
mM arsenite. The SG-marker protein TIAR strictly
colocalizes with Staufen accumulations. As previously
described, TIAR was found restricted to the cell nu-
cleus in normal conditions (A-D, insets). (E) Staufen 1
and Staufen 2 colocalizes in SGs. Representative oli-
godendrocytes (A, C, and E); primary fibroblasts (B)
and astrocytes (D) are shown.

in Figure 9B, immediately after the pulse, tritiated mRNA
molecules were restricted to the nucleus and perinuclear
cytoplasm. After a 4-h chase, radiolabeled mRNAs
reached the major cellular processes and 12 h later they
were detected at the most distal branches (Figure 9B).
After an overnight chase, the nucleus was almost free of
radioactivity, whereas the intensity of the signal at the
myelinating extensions remained high, likely reflecting
the accumulation of very stable mRNAs in this region
(Mathisen et al., 1997).

For comparison, pulse-chase radiolabeling was performed
in the presence of DRB, an RNA polymerase II-inhibitor that
provokes the accumulation of truncated transcripts which
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are not exported from the nucleus. As expected, the presence
of DRB completely abrogated the signal in the cytoplasm
(Figure 9C). A distribution profile of radiolabeled mRNAs
was obtained by plotting incorporated radioactivity against
distance from the cell center at different chase times (Figure
9D). The data indicated that mRNAs being transported to
the cell processes moved at an average speed of 6 um/h, a
value comparable to that reported in neurons (10 um/h,
Kleinman et al., 1993).

Next, we used this assay to study the effect of Staufen
aggregation into SGs over mRNA transport to the cell
processes. Because the induction of oxidative stress would
deeply affect cellular metabolism and motor activity, we
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chose to induce SG formation by inhibiting translation. It
is known that SG aggregation is triggered by the accumu-
lation of aborted 48S initiation complexes (Anderson and
Kedersha, 2002), and thus, we attempted to induce SG
formation by blocking translation initiation with edeine, a
drug that prevents the entry of the 60S ribosomal subunit.
We found that edeine effectively induced SGs, which re-
cruited Staufen 1 and Staufen 2 to a lesser extent, as
indicated by the IF pattern (Figure 10, A-C). As expected,
these SGs also contained PABP (Figure 10D). Consis-
tently, efficient initiation inhibition was confirmed by
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Figure 8. Staufen SGs contain PABP, HuR, and small
but no large ribosomal subunits. (A) Staufen 1 strictly
colocalizes with PABP in clusters located at the cell
body and branching points after 1-h treatment with 0.5
mM arsenite. (B) Staufen and S6 colocalizes in SGs. (C)
Staufen SGs exclude large ribosomal subunits. A pri-
mary fibroblast is depicted, the inset showing a pe-
rinuclear array of SGs at higher magnification. (D)
Most of Staufen SGs contain HuR (arrowheads),
which is restricted to the cell nucleus in untreated cells
(D, inset). (E) On arsenite-induced stress, MBP mRNA
partially coalesces into perinuclear aggregates (arrow-
heads) that do not overlap with Staufen SGs. At the
cell processes, MBP mRNA displays the typical fine
granular pattern (arrows).

measuring incorporation of radioactive amino acids,
which was reduced to 15% relative to nontreated cells
(Materials and Methods).

The distribution profile of radiolabeled mRNAs after a 6-h
chase in the presence of edeine was equivalent to that of
control cells (Figure 10E). These observations indicated that
the transcripts recently transcribed and exported to the cy-
toplasm were not recruited into edeine-induced SGs. In
addition, their transport and/or diffusion to oligodendro-
cyte processes was not affected by SG formation or by trans-
lation initiation blockage.

Molecular Biology of the Cell



Figure 9. Analysis of cytoplasmic trans-
port of newly synthesized transcripts by
pulse and chase radiolabeling. (A) Oligo-
dendrocytes were pulsed with tritiated uri-
dine and chased for 4 h. Left: total RNA was
analyzed in a denaturing agarose gel and
radioactivity against distance from origin
was plotted. Bottom: ethidium bromide
staining. The distribution of radiolabel
among mRNA (40-50%), TRNA (40-50%),
and small RNA (~10%) was similar in three
separate experiments. Right: cytosolic ex-
tracts were analyzed in 10-30% sucrose gra-
dients. Percentage of incorporated radioac-
tivity in pooled fractions corresponding to
free mRNPs (1-6), ribosomal subunits (7—
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different chase times. On average, tritiated
mRNAs move toward distal oligodendro-
cyte extensions at 6 um/h.

DISCUSSION

We have analyzed the expression of Staufen molecules in
oligodendrocytes. A 55-kDa Staufen 1 and a 53-kDa Staufen
2 isoforms are expressed in these cells, in agreement with
previously reported data in other cell types (Wickham et al.,
1999; Kiebler et al., 1999; Brizard et al., 2000; Duchaine et al.,
2000, 2002; Monshausen et al., 2001). We found that both,
Staufen 1 and Staufen 2 form granules that associate with the
cytoskeleton in the tubulin as well as in the actin-rich do-
mains of the myelinating processes. In addition, a fraction of
Staufen granules associate with ER membranes, as occurs in
neuronal dendrites (Kiebler et al., 1999). The cytoskeletal
network and the ER are known platforms for mRNA trans-
port, anchorage, and translation (Kloc et al., 2002; Lépez de
Heredia and Jansen, 2003) and thus, it is likely that Staufen
granule function depends on these interactions. We have
analyzed the distribution of Staufen 1 and Staufen 2 upon
oxidative stress and found that both molecules are recruited
into stress granules. The parallel analysis of total and of
newly synthesized polyadenylated RNA suggests that
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Staufen RNPs are linked to the physiology of mRNA mole-
cules engaged in polysomes and unlikely to be connected
with that of recently exported mRNA molecules.

Staufen 1, Staufen 2, and the Major Targeted MBP
mRNAs form Three Distinct Sets of Granules

Our results demonstrate the existence of at least three dis-
tinct kinds of RNA granules located at the myelinating
processes, which are selectively loaded with Staufen 1,
Staufen 2, or MBP mRNAs. Although Staufen 1 and Staufen
2 granules coexist throughout the oligodendrocyte cyto-
plasm, they do not colocalize, similarly to what was ob-
served in neurons (Duchaine et al., 2002) and consistently
with the finding that Staufen 1 and Staufen 2 particles bio-
chemically isolated from rat brain do not cofractionate (Mal-
lardo et al., 2003). In addition, the frequency of colocalization
of Staufen granules with MBP mRNA granules corresponds
to a random colocalization ratio (13%), as summarized in the
model in Figure 11A. The exclusion of this major transcript
from Staufen granules indicates that these proteins have
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Figure 10. Edeine induces SG formation with-
out affecting the cytoplasmic transport of newly
synthesized mRNAs. On protein synthesis
blockage by a 6-h treatment with 0.1 mM edeine
Staufen 1 (A and B), Staufen 2 (C), and PABP
(D) are recruited into SGs. The formation of SGs
is observed in primary fibroblasts (A) and oli-
godendrocytes (B-D, IF for MBP in blue) and
affects 36% of the cells at 30 min and 65% at 6 h.
(E) Single-cell profiles showing accumulated ra-
diolabeled mRNAs versus distance after a 6-h
chase. A similar distribution along the pro-
cesses is observed in control and treated cells.
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Figure 11. A model for Staufen RNPs and mRNA transport upon
normal and stress conditions in myelinating oligodendrocytes. (A)
Under normal conditions RNA granules of ~500 nm containing
Staufen 1 or Staufen 2 (nondiscriminated in the scheme), or the
major MBP mRNAs are present at the cell soma and myelinating
extensions. Transport of recently synthesized transcripts toward the
myelinating extensions occurs at rates compatible with motor mol-
ecule activity (6 um/h; Figures 2, 5, and 9). (B) On cellular stress
induction, peripheral Staufen granules disappear, whereas perinu-
clear stress granules containing Staufen 1 and Staufen 2 are formed.
SG formation implies the remodeling of normal Staufen RNPs,
because large ribosomal subunits are present in normal Staufen
granules but are excluded from Staufen stress granules, whereas
HuR and TIAR, which normally reside in the nucleus are recruited
to SGs (Figures 7 and 8). As in normal conditions, MBP mRNAs are
excluded from Staufen SGs. Cytoplasmic transport of newly ex-
ported transcripts is not affected by SG formation, as recently syn-
thesized RNA continue traveling toward the cell periphery after
induction of SGs by edeine (Figure 10). Our results indicate that SG
formation in oligodendrocytes implies the retrograde transport of
Staufen RNPs and suggest a role for Staufen RNPs in relocation of
mRNAs engaged in polysomes upon external stimuli.
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target selectivity and opens the question of which specific
myelin messengers are packed into Staufen 1 or Staufen 2
complexes.

Our results, as well as data from related studies that
describe similar myelin RNA granules lacking MBP mRNA
(Barbarese et al., 1995), strongly suggest the presence of
specialized cytoplasmic mRNPs to control protein synthesis
at the myelin. This notion is in agreement with the occur-
rence of the so-called “eukaryotic posttranscriptional oper-
ons,” which represent mRNPs grouping sets of mRNAs with
common features (Keene and Tenenbaum, 2002).

Are the Staufen RNPs translationally active? It is assumed
that RNA granules represent silenced units (reviewed in
Darnell, 2002; Wickens and Goldstrohm, 2003) and that pro-
tein synthesis in SGs is excluded (Kedersha et al., 2000, 2002;
Anderson and Kedersha, 2002). In neurons, Staufen 1 was
found in granules containing silenced mRNAs as well as
ribosomal subunits (Krichevsky and Kosik, 2001). In addi-
tion, the presence of the BC1 RNA, a noncoding RNA that
mediates the silencing of a number of mRNAs (Zalfa et al.,
2003), was demonstrated in neuronal Staufen 1 particles
(Ohashi et al., 2002; Mallardo et al., 2003). Therefore, the
association of Staufen 1 and Staufen 2 with polysomes ob-
served in oligodendrocytes (this study) and in other cell
systems (Kiebler et al., 1999; Marion et al., 1999; Duchaine et
al., 2002; Luo ef al., 2002) is puzzling, because most poly-
somes are thought to be actively translating. Nevertheless,
mechanisms for mRNA repression were described, in which
the mRNA molecules are found in stalled—yet puromycin
sensitive—polysomes that do not produce polypeptides
(Clark et al., 2000, Ruegsegger et al., 2001). The presence of
translationally repressed messengers in myelin Staufen
granules remains to be confirmed.

Staufen as a Novel Component of Stress Granules

Stress granules are dynamic structures thought to tran-
siently harbor housekeeping mRNAs when translation is
aborted because of stress or drug-induced polysome disrup-
tion (Kedersha ef al., 2000, 2002; Anderson and Kedersha,
2002). We found that upon edeine or puromycin treatment
or upon induction of oxidative stress, Staufen molecules are
recruited into SGs. These SGs are located at the cell body
and concentrate most of Staufen 1, Staufen 2, and PABP
signal when the effect is maximum. Remarkably, as de-
scribed above for normal RNA granules, the presence of
Staufen 1 and MBP mRNA in SGs is mutually exclusive.
However, our results indicate that the stress-induced
Staufen accretions do not result simply from the clustering
of preexisting granules. Instead, a profound remodeling of
Staufen granules upon stress is assumed, because 60S ribo-
somal subunits are present in normal granules and absent
from Staufen-containing SGs (Figure 11B). In addition, TIAR
and HuR, which normally reside inside the nucleus, are
recruited into these structures, further confirming their iden-
tity as stress granules.

Our results indicate that Staufen 1 and Staufen 2 are novel
and ubiquitous SG components. In addition to the data in
primary oligodendrocytes, astrocytes, and fibroblasts, we
have confirmed the presence of endogenous and transfected
Staufen 1 and Staufen 2 in SGs in several different cell lines
(Martinez Tosar and Boccaccio, unpublished observations).
Considering the variety of functions thought to occur in
SGs—namely mRNA recruitment, silencing, stabilization,
and degradation—a relatively reduced number of compo-
nent RNA-binding proteins were described so far (Gallouzi
et al., 2000; Anderson and Kedersha, 2002; Mazroui et al.,
2002; Tourriere et al., 2003; Stoecklin ef al., 2004). How
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Staufen molecules may contribute to stress granule struc-
ture, function or dynamics is unknown. Given their ability to
form granules by binding to multiple RNA targets and
oligomerization via the dsRBDs (Ferrandon et al., 1994; 1997;
Micklem et al., 2000; Duchaine ef al., 2000), one possibility is
that Staufen molecules mediate SG assembly or stability.
Moreover, stress granules do not form in the absence of
microtubules (Loschi and Boccaccio, unpublished results;
Ivanov et al., 2003), suggesting the participation of tubulin-
dependent motors to gather the otherwise disperse RNPs.
Of relevance, fly Staufen (Micklem et al., 2000), mammalian
Staufen (Tang et al., 2001; Ohashi ef al., 2002; Mallardo et al.,
2003; Brendel et al., 2004; Kanai et al., 2004; Villacé et al.,
2004), and Xenopus Staufen (Yoon and Mowry, 2004) are
known to interact with cellular motors, allowing RNP move-
ment along microtubules. Thus, Staufen molecules may me-
diate the recruitment of the molecular motors required for
SG aggregation.

This study, together with previous reports, supports the
notion that SGs and normal RNA granules share component
RNA-binding proteins. It has been shown that FMRP and
ELAV proteins—two RNA binding proteins present in neu-
ronal RNA granules—similarly redistribute into larger ag-
gregates upon heat shock or puromycin treatment (Antic
and Keene, 1998; Mazroui et al., 2002). More recently, the
RNA-binding protein SMN, which forms granules in neu-
rons (Zhang et al., 2003), was shown to be present in cyto-
plasmic granules containing TIAR and TIA-1 in both normal
and stress conditions (Hua and Zhou, 2004). Thus, an inter-
conversion between SGs and normal RNA granules exists,
adding more elements to the dynamic equilibrium thought
to occur between different cytosolic ribonucleoparticles:
polysomes and normal mRNA granules (Krichevsky and
Kosik, 2001), and polysomes and stress granules (Anderson
and Kedersha, 2002).

Staufen RNPs in Early and Late mRNA Localization
Events

We have analyzed the distribution of Staufen molecules in
normal and stress granules in comparison with the subcel-
lular distribution of polyadenylated RNA, visualized by
staining for the surrogate marker PABP, and with the local-
ization of recently transcribed mRNA molecules, labeled by
metabolic incorporation of tritiated uridine. Our results are
consistent with previous work carried out in neurons (Ko6-
hrmann et al., 1999; Tang et al., 2001) and suggest that
Staufen RNPs participate in late positioning or repositioning
of polysomal mRNAs. Simultaneously, as summarized in
Figure 11B, our data suggest that the role of Staufen RNPs in
early mRNA transport to the oligodendrocyte periphery is
nonessential, as the abundance of young mRNA molecules
at this cellular compartment was not affected by the recruit-
ment of Staufen 1 (and Staufen 2 to a lesser extent) into
edeine-induced SGs. Of course, an effect on the movement of
minor mRNA species cannot be excluded. Relevantly, Dro-
sophila Staufen is involved in the late localization stages of
bicoid and oskar mRNAs and is not required for the initial
transport events of these messengers (reviewed in Lasko,
1999; Kiebler and Desgroseillers, 2000). Furthermore, the
Xenopus Staufen homologue is incorporated to transport
ribonucleoparticles once in the cytoplasm (Kress et al., 2004),
where is required for mRNA localization to the oocyte veg-
etal pole (Yoon and Mowry, 2004). Altogether these data
support a role for Staufen molecules in late, cytoplasmic
steps of mRNA transport throughout evolution.

Our finding that edeine does not affect mRNA transport to
the myelinating region is consistent with the notion that
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translation is not required for transport (Kleinman et al.,
1993; Palacios and St Johnston, 2001; Kloc et al., 2002). In
addition, our results indicate that in contrast to most poly-
adenylated RNA, recently transcribed mRNA molecules
were not massively recruited into SGs upon edeine treat-
ment. This suggests that young mRNA molecules are not
engaged in stress-sensitive polysomes. In addition, because
edeine blocks normal initiation, the recently exported mR-
NAs are likely transported before their first round of trans-
lation. It is conceivable that before the onset of productive
translation, nRNA molecules need to adjust their position in
the cytoplasm, as they have to pass the quality control
known as non-sense-mediated decay, which has been pro-
posed to act also at early stages (Ishigaki ef al., 2001; Maquat
and Carmichael, 2001). Accordingly, it has been recently
shown that protein factors involved in NMD are required
for mRNA localization (Palacios et al., 2004).

We speculate that Staufen RNPs participate in a late stage
of mRNA localization, involving the final positioning or
repositioning of mRNAs likely associated to polysomes.
Several lines of evidence support this notion. First, RNA
granules containing Staufen 1 show microtubule-dependent
anterograde as well as retrograde movement in neurons
(Kohrmann et al., 1999). Second, Staufen particles contain
ribosome subunits and are associated to polysomes (this
work; Kiebler et al., 1999; Duchaine et al., 2002; Luo et al.,
2002; Brendel et al., 2004; Villacé et al., 2004; Yoon and
Mowry, 2004). Third, total RNA distribution in neurons
correlates with the localization of overexpressed Staufen 2
constructs (Tang et al., 2001). Finally, upon cellular stress
induction, ribosome-containing Staufen 1 and Staufen 2 par-
ticles redistribute together with poly(A) RNA in several cell
types in a microtubule-dependent manner (this work).

Given their profound and selective remodeling upon
stress, we predict that the localization of Staufen RNPs in
glial cells will respond to extracellular stimuli, similarly to
the redistribution of mRNPs and polysomes in fibroblasts
and neurons prompted by growth factors, synaptic stimula-
tion, or integrin signaling (Knowles and Kosik, 1997; Chi-
curel et al.,, 1998, Zhang et al., 2001; Ostroff et al., 2002;
Tiruchinapalli ef al., 2003). The mechanism by which Staufen
RNPs participate in the repositioning of polysomal mRNAs
as well as their relevance in the assembly or stability of stress
granules are open issues that remain to be investigated.
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