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Résumé

La formation et le maintien de la polarité cellulaire nécessitent la distribution
asymeétrique de protéines dans la cellule. Il a récemment été démontré que le transport
d’ARNm et leur traduction locale constituent une alternative efficace au ciblage des
proteéines, pour localiser différentes protéines a leur site fonctionnel. En dépit du nombre
grandissant de systémes dans lesquels la localisation d'’ARNm fut observée, les
mécanismes sous-jacents ne sont que pauvrement compris. Une des raisons qui
expliquent cette lacune est le manque d'information concernant les protéines des
complexes ribonucléoprotéiques responsables des étapes de transport et/ou de localisation
de 'ARN. Chez la drosophile, la protéine Staufen (dStau) fut impliquée dans la
localisation des transcrits bicoid et oskar aux pOles antérieurs et postérieurs de 1'ovocyte
en développement, respectivement. Dans les cellules somatiques, dStau est aussi
nécessaire pour la localisation basale du transcrit prospero au cours de la division
asymétrique de neuroblastes. Encore aujourd’hui, dStau est l'une des protéines les mieux
caractérisées pour son role dans la localisation intracellulaire I ARNm.

Afin de mieux comprendre les mécanismes moléculaires du transport de I'ARN
chez les mammiféres, mon projet de thése avait pour but de caractériser les homologues
humain (hStau) et murin (mStau) de Staufen tant au niveau moléculaire que cellulaire.
Staufen lie 'ARN double brin via deux des quatre domaines consensus de liaison 2 'ARN
(dsRBD) et lie Ia tubuline par un domaine situé dans la région C-terminale de la protéine.
Ceci suggére que hStau puisse lier certains ARN au cytosquelette et permettre leur
déplacement dans la cellule. Des travaux antérieurs avaient montré que le géne hStau est

présent dans le génome humain en une seule copie et est localisé dans la région



chromosomique 20q13.1. Nous avons examiné les sites d'initiation de la transcription des
génes humain et murin en utilisant différentes approches d'Amplification Rapide des
Extrémités dADNc (RACE). Nous avons identifié le site d’initiation de la transcription
et montré que ce site est conserveé entre les espéces. Afin d'isoler la région du promoteur
du géne mStau, une librairie génomique fut cribiée en utilisant l'extrémité 5' de I'ADNc
de mStau. Le séquengage des clones positifs a mis en évidence, en amont du site
d’initiation, une région riche en G+C sans boite TATA ou CATT canonique et présentant
plusieurs sites possibles de liaison au facteur de transcription SP1, suggérant qu'un
promoteur ubiquiste (housekeeping) soit a l'origine de l'expression trés répandue de
Staufen dans les cellules de mammiferes.

Nous avons ensuite démontré que le géne AStau géneére un minimum de quatre
transcrits par épissage alternatif. L’expression transitoire des ADNc correspondant aux
différents transcrits dans les cellules de mammiferes a révélé que trois de ces transcrits
codent une protéine de 55 kDa, alors que le quatriéme transcrit code une protéine de 55
kDa. Les deux protéines ne différent que par la séquence de leur extrémité N-terminale.
Par microscopie a fluorescence, nous avons localisé hStau dans les structures cellulaires
résistantes a une extraction au détergeant Triton X-100, démontrant que hStau n’est pas
soluble dans la cellule mais bien associée a des structures et/ou organites sub-ceilulaires.
En microscopie confocale, hStau co-localise avec les marqueurs du réticulum
endoplasmique rugueux (RER).

Nous avons confirmé par fractionnement cellulaire que Staufen est associée a des
organites. De facon intéressante, nous avons montré que les isoformes endogenes de 55 et

63 kDa, Stau™ et Stau®, sont associées aux ribosomes et au RER, respectivement. Ceci
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démontre qu’elles sont incorporées dans différents complexes et suggere qu’elles jouent
différents réles dans la cellule.

Des études d’expression transitoires ont démontré que la protéine de 55 kDa issue
de 'ADNc cloné a la méme distribution sub-cellulaire que la protéine endogéne. Elle peut
donc étre utilisée pour cartographier les déterminants moléculaires impliqués dans
l'association de hStau> avec les ribosomes. A cette fin, nous avons construit une série de
mutants et analysé leur distribution sub-cellulaire par microscopie et fractionnement
cellulaire. L’analyse de tous les mutants a révélé que le domaine 4 de liaison a I’ARN
(dsRBD4) et le domaine liant la tubuline (TBD) forment le domaine minimal
d'association aux ribosomes, chaque domaine ne pouvant pas lier les ribosomes
séparément. Cette association est indépendante de la capacité de Staufen de lier I'ARN,
demontrant que des interactions protéine-protéine sont produites. De facon intéressante,
nous avons mis en évidence un domaine cryptique qui permet 1’association de Staufen au
RER. Le domaine dsRBD4 est suffisant pour promouvoir cette association, bien qu’une
coopération moléculaire entre dsSRBD4 et les domaines dsRBD2 et dsRBD3 favorise une
association plus forte. Ce déterminant pourrait peut-étre servir d’ancre pour ’isoforme de
63 kDa. Ces travaux suggérent que l'association ribosomes/Stau™ réalisée par le
déterminant dsRBD4/TBD puisse dépendre d’une association préliminaire ou simultanée
avec le RER. hStau™ pourrait également constituer un pont entre le RER et les
ribosomes.

Finalement, le role potentiel de Staufen dans le transport et la localisation de
I'ARN fut étudié en collaboration avec deux laboratoires externes. D’abord, en

collaboration avec Michael Kiebler, nous avons exprimé une protéine chimérique
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hStau/GFP dans des neurones dhippocampe de rats en culture. La protéine a été
retrouvée dans le domaine somato-dendritique des cellules. La taille et la distribution des
granules contenant hStau/GFP est similaire a celles observées par la protéine endogéne.
Ces granules co-localisent avec le marquage obtenu par le réactif SYTO14 (un réactif qui
colore I'ARN), suggérant que les granules observés contiennent de 1'ARN. Par
vidéomicroscopie a saut temporel (time-lapse videomicroscopy), nous avons démontré
que les granules contenant hStau/GFP se déplacent dans les dendrites a la vitesse
moyenne de 6,4um/min. Le déplacement est dépendent d’un réseau de microtubules
intact. Ces résultats suggerent fortement que hStau soit une composante d'un complexe
impliqué dans une voie de transport de I'ARN dans les neurones. De méme, en
collaboration avec Andrew Mouland, nous avons montré que Staufen est impliquée dans
la sélection de I'ARN génomique de rétrovirus, son transport intracellulaire et/ou son
encapsidation dans les particules virales. Ces derniers résultats n’ont pas été inclus dans
ma these.

En conclusion, les travaux présentés dans cette theése supportent l’idée que
Staufen soit conservée a travers 1'évolution et qu'elle ait quatre propriétés biochimiques :
la liaison a I'ARN double brin, la liaison aux microtubules, la capacité de s'associer au
RER et la capacité de s’associer aux ribosomes. Ces propriétés biochimiques font de
Staufen un excellent candidat pour un réle dans le transport de I'ARN et/ou dans le
controle de la traduction locale des transcrits associés. Enfin, en collaboration avec
d'autres groupes, nous avons démontré que hStau, & l'image de la protéine chez la
drosophile, est une composante importante d'une voie de transport intracellulaire de

I'ARN.
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Summary

The generation of a polarized cell requires asymmetric distribution of different
proteins in the cell. Besides protein transport, accumulating examples have now
demonstrated that mRNA localization constitutes an efficient way to localize numerous
proteins to their subcellular functional sites. Although intracellular RNA localization has
been well documented in many systems, the underlying mechanisms are not well
understood. This is largely due to the lack of information on one of the principal
constituents, the frams-acting factors in the ribonucleoprotein (RNP) complexes that
mediate RNA transport and/or localization. The Drosophila double-stranded RNA
(dsRNA)-binding protein, Staufen (dStau) has been demonstrated to be important for the
proper localization of bicoid and oskar mRNAs to the anterior and posterior poles of the
developing oocyte, respectively. In somatic cells, dStau is also required for basal
localization of prospero mRNA in dividing neuroblasts. So far, it is one of the best-
characterized frans-acting proteins involved in intracellular mRNA localization.

To understand the molecular mechanisms of RNA transport in mammals, my
thesis project is focused on the molecular and cellular biology of the mammalian
orthologue of dStau, including the human (hStau) and mouse (mStau) proteins. Previous
studies have shown that the AStau is present as a single copy gene, is localized in the
human chromosomal region 20q13.1, and is alternatively spliced producing multiple
transcripts. For my thesis, we first examined the transcription initiation sites of human
and mouse stau genes using different 5’RACE approaches and found that both genes

share a conserved transcription initiation site at the same position. To further isolate the
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possible promoter region of mStau, a mouse genomic library was screened using the 5°
end of mStau cDNA and the genomic DNA fragment corresponding to the 5’ upstream
region of the cDNA was cloned and sequenced. A G+C-rich region that lacks the
canonical TATA and CATT boxes and harbours multiple SP1-binding sites was found
upstream of the most 5’RACE sequence, suggesting that a housekeeping-like promoter
may drive the broad expression of Staufen in mammalian cells.

In humans, four alternatively spliced transcripts of hStau (termed T1 to T4 in
Article 2) are produced in every tested tissue. By Western blotting, we found that hStau
is expressed as two major protein isoforms of 63 (hStau®’) and 55 (hStau® 5) kDa. When
transiently expressed each of the four hStau transcripts in COS7 cells, we demonstrated
that these transcripts code for two proteins with different N-terminal extremities, which
co-migx‘ate with the endogenous hStau®® and hStau® respectively. From the deduced
amino acid sequence, hStau contains 4 dsRNA-binding domains (dsRBDs) and a tubulin-
binding domain (TBD). By immunofluorescent microscopy, we further demonstrated that
hStau is associated with the detergent-insoluble fraction in the cell and colocalizes with
markers of the rough endoplasmic reticulum (RER), implicating a role of this family of
dsRNA-binding protein in the process of mRNA targeting to the site of translation.

To determine the molecular determinants involved in the subcellular localization
of Stau and to explore the possible mechanisms of Stau-mediated RNA transport, a series
of deletions and point mutations of hStau have been constructed. Using
immunofluorescence microscopy and cell fractionation analysis, we first demonstrated

that the endogenous Stau”® and Stau®, are differentially associate with ribosomes and the



RER respectively, suggesting that they may be incorporated in different complexes and
play distinct roles in the cell.

We next mapped the determinants involved in hStau> ribosome association. Two
overlapping regions located in the N- and C-terminal ends (dsRBD2/3/4 and
dsRBD4/TBD/5) of hStau®> were shown to promote RER and ribosome association,
respectively. Fine mapping revealed that dsRBD4 is a RER binding domain and that it
cooperates with dsRBD2 and dsRBD3 to promote full RER association. In contrast, the
TBD alone is not sufficient to promote detectable ribosome binding. However, when
fused with the RER-associated dsRBD4, TBD promotes basal ribosome association.
Therefore, dsSRBD4 and TBD together constitute a basal ribosome association domain.
This ribosome association is independent of Staufen’s RNA binding activity. Deletion of
TBD from hStau® shifted the distribution of the protein from the ribosomes to RER,
further demonstrating that TBD is crucial for ribosome association. These results also
revealed that hStau> contains a cryptic determinant (dsRBD2/3/4) which has strong RER
association capacity, thus hStau™ can associate not only with ribosomes but also with the
RER. To further assess the role of dsRBD4 in ribosome association, we deleted this
domain from hStau. Accordingly, this deletion modified hStau®® association with both
ribosomes and the RER, demonstrating that dsRBD4 plays a pivotal role in the
intracellular distribution of hStau™. Taken together, these studies suggest that
dsRBD4/TBD-mediated hStau™ ribosome association may depend on prior or
simultaneous RER association and that hStau™ may be a bridging molecule between the

RER and ribosomes through overlapping determinants.
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The potential role of mammalian Staufen in RNA transport and localization in
different systems has been explored by our collaboration with two other groups. In
cultured living rat hippocampal neurons, transiently transfected hStau-green fluorescent
protein (GFP) was found to be expressed in the somatodendritic domain, and to form
fluorescent granules that were migrating into the distal dendrites in a microtubule-
dependent way (see Article 4). These granules co-localize with RNA when labelled by
SYTO14 (an RNA-staining dye), suggesting that hStau-GFP is a component of the
ribonucleoprotein complex. In the mean time, the possible roles of hStau as a host cell
RNA-binding protein in retroviral genomic RNA selection, intracellular transport and
virion encapsidation have also been explored through collaboration with the group of Dr.
Mouland (Mouland et al., 2000, not included in this thesis).

In summary, the studies presented in this thesis provide substantial evidence that
mammalian Staufen belongs to an evolutionarily conserved protein with four distinct
biochemical properties: dsRNA- and microtubule-binding, RER and ribosome
association. These biochemical features have made Staufen a very good candidate for
RNA transport and/or local translation. Finally, by collaboration with other groups we
have demonstrated that human Staufen, similar to its Drosophila counterpart, may serve

as an important component of the intracellular RNA transport pathway.
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EFla: elongation factor 1o

ELTP: expand long template PCR

FMRP: Fragile X mental retardation protein

GFP: green fluorescent protein

GMC: ganglion mother cell

grk: gurken

HA: hemagglutinin

hb: hunchback
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HIV-1: human immunodeficiency virus type 1
hnRNP: heterogeneous nuclear ribonucieoprotein
Insc: Inscuteable

kDa: kilodalton

MAPI1B: microtubule-associated protein 1B
MBP: myelin basic protein

METRO: messenger transport organizer
mGluRs: metabotropic glutamate receptors
mRNA: messenger RNA

mRNP: mRNA ribonucleoprotein complex
MTOC: microtubule organizing center

NLS: nuclear localization signal

NMR: nuclear magnetic resonance

nos: nanos

NRE: nanos response element

nt: nucleotides

osk: oskar

PCR: polymerase chain reaction

Pins: Partner of Inscuteable

PKA: protein kinase A

PKR: interferon-inducible dsRNA-dependent protein kinase
Pon: Partner of Numb

PNS: peripheral nervous system
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Pros: Prospero

RACE: rapid amplification of cDNA ends
RBP: RNA binding protein

RER: rough endoplasmic reticulum

RGG: arginine/glycine-rich boxes

RLS: RNA localization signal

RNP: ribonucleoprotein

RRM: RNA recognition motif

RTS: RNA transport sequence

SOP: sensory organ precursor

Spnr: spermatid perinuclear RNA binding protein
SRE: Smaug response element

Stau: Staufen

TBD: tubulin-binding domain

TB-RBP: testis/brain RNA-binding protein
Tm: melting temperature

TRBP: TAR RNA binding protein

UTR: untranslated region

Vera: Vgl binding and ER associated protein
VgLE: Vgl localization element

Xlrbpa: Xenopus dsSRNA-binding protein a
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L1 Intracellular RNA localization

Biologists have long been fascinated by how cells target proteins to specific
intracellular compartments and maintain their localized distributions. While a great deal
of attention has been focused on the mechanisms by which proteins are sorted to the
different compartments of the cell, particularly the membrane-bound organelles (Alberts
et al., 1994a,b), relatively little is known about how proteins are targeted to different
regions of the cytoplasm. During the last decade, an increasing number of examples
indicate that a major mechanism by which this occurs is via the localization of messenger
RNA (mRNA). Indeed, intracellular mRNA (even some structural RNAs) localization
now appears to be an important and conserved mechanism to produce cellular

asymmetries in a variety of organisms (see below).

1.1.1 The potential significance of intracellular RNA localization

From a biological standpoint, the intracellular localization of mRNAs is important
for four major reasons. Firstly, mRNA localization can serve as an efficient way to target
proteins to their corresponding functional sites in the cell. A single mRNA can be
translated many times and give rise to many protein molecules, provided that it is
associated with components of the translation machinery. Thus, the localization of
mRNA instead of the protein itself has the potential of producing high local protein
concentrations at a relatively low energy cost. Indeed, in many cases mRNAs are
localized as ribonucleoprotein (RNP) complexes along with components of the

translation machinery, ensuring that localized translation can occur efficiently.



Introduction 3

A second reason why a specific mRNA might be localized is to ensure that the
encoded protein is not expressed in the wrong region of the cell. For example, if the
presence of one protein were sufficient to specify certain cell fates in oogenesis or
embryogenesis, then exclusion of the protein from the remainder of the embryo would
enable other developing fates to be adopted. Thus, mRNA localization and local
translation might be required to ensure that a particular protein is not expressed
throughout a developing embryo but only in a specific region where it is required. Later,
I will discuss this scenario for several important cell fate determinants such as bicoid and
nanos in Drosophila oogenesis and early embryogenesis. A similar scenario also occurs
in somatic cells. For example, in oligodendrocytes, myelin basic protein (MBP) is an
intracellular protein that interacts very strongly with membranes and causes them to
compact. Unlike other components of myelin, which are exported to the myelinating cell
processes by the secretory pathway, MBP is translated on free ribosomes from localized
mRNA (Trapp et al., 1987). It would be very difficult to transport the MBP protein from
the cell body to the sites of myelin formation, since the protein would stick to any
membrane it came into contact with along the way. The localization of the mRNA avoids
this problem and prevents the protein from compacting membranes in the main body of
the cell (for review, see St Johnston 1995).

A third important reason comes from that localized translation opens up the
possibility of local translational control. It is particularly attractive to speculate that the
delivery of specific RNAs to dendrites would allow for localized translational regulation
at the synapses. Transsynaptic activity such as synaptic stimulation could result in

localization of certain RNAs to the activated postsynaptic sites and produce local
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synthesis of specific proteins at the stimulated sites. Alternatively, transsynaptic activity
may cause a translational switch, initiating translation of locally docked but
translationally inactive mRNAs. The ability to induce the synthesis of selected proteins at
the synapse would allow for long-lasting changes in structure and function of that

synapse, thus modifying the synaptic plasticity (for review, see Tiedge et al., 1999).

A fourth reason why RNAs localize in the cell might be to subserve particular
structural roles in a spatially restricted manner. It has been known that the localization of
some non-protein-coding RNAs is important for the proper localization of certain
mRNAs that code for important cell fate determinants and contributes to the
establishment of polarized cell fates. For example, some structural RNAs such as BC/
and Xlsirts have been found to localize in specific domains of mammalian neurons
(Tiedge et al., 1991) and Xenopus oocytes (Kloc et al., 1993), respectively. BCI RNA is
a component of ribonucleoprotein particles that are rapidly and selectively transported to
dendrites (Muslimov et al., 1997) and is subject to activity-dependent regulation in
hippocampal neurons (Muslimov et al., 1998). It has been suggested that BC/ RNA plays
an important role in the transport and/or translation of mRNA in dendrites, especially in
the postsynaptic dendritic microdomains (Brosius and Tiedge, 1995). Accordingly,
Xlsirts has been demonstrated to be important for the proper localization of Vgl mRNA,
a Xenopus cell fate determinant, to the vegetal cortex of Xenopus oocytes (Kloc and

Etkin, 1994), suggesting that it plays a structural role for the localization of other RN As.

1.1.2 The list of intracellular localized RNAs
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The first observation of localized RNA in a restricted region of the cell was made
about 17 years ago, with the demonstration that actin mRNA is enriched in the myoplasm
of ascidian eggs (Jeffery et al., 1983). Shortly thereafter, several maternal mRNAs that
are asymmetrically localized during oogenesis were identified in Xenopus (Rebagliati et
al, 1985) and Drosophila (Frigerio et al., 1986). The identification of the first localized
Drosophlia maternal RNA bicoid, which plays a crucial role in specifying cell fates in the
anterior half of the embryo, is a milestone in the demonstration that RNA localization per
se is important for normal development (Frigerio et al., 1986, Berleth et al., 1988). More
recently, localized mRNAs have been discovered in different types of somatic cells (for
review, see St Johnston 1995, Bashirullah et al., 1998), and even in budding yeast (Long
et al., 1997; Takizawa et al., 1997), making it clear that mRNA localization serves as a
general mechanism for generating asymmetric distribution of proteins in the cytoplasm.
To date, there are over 75 spatially restricted RNA transcripts identified in eggs,
embryos, somatic cells, and single cell organisms (Bashirullah et al., 1998). Examples of
intracellular RNA localization and their biological functions have been extensively
reviewed recently (Bashirullah et al., 1998; Bassell and Singer, 1999; Carson et al., 1998;
Kiebler and DesGroseillers, 2000; Mowry and Cote, 1999; Oleynikov et al., 1998; St
Johnston, 1995). Here, I will first list the majority of these localized RNAs in different
systems including eggs and early embryos of Ascidians, Drosophila, and Xenopus as well
as in differentiated mammalian neurons (see Table 1). In the following sections, I will
discuss some typical examples of localized RNAs in germline and somatic cells of
different organisms, with an emphasis on the localization patterns, the possible

localization mechanisms, and their biological significance and functions.
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Table 1 Localized RNAs
: Transcript Protein Localization
Spesies name Product pattern Ceil Reference
Ascidians
Actin Cytoskeletal Myoplasm and  Oocyte 105
component ectoplasm
PCNA Auxilary protein  Ectoplasm Oocyte 791
of DNA
polymerase
Ribosomal Ribosomal Myoplasm Oocyte 290
protein L5 component
YC RNA Noncoding RNA  Myoplasm Oocyte 289
Drosophila
Add-hts Cytoskeletal Anterior Oocyte and 49337
component embryo ’
Bicaudal-C Signal Anterior Oocyte 181
transduction/
RNA-binding
protein
Bicaudal-D Cytoskeleton Anterior Oocyte 287
mteracting
protein (?7)
bicoid Transcription Anterior Oocyte and 15. 281
factor embryo g
crumbs Transmembrane  Apical Cellular 295
protein blastoderm
Cyclin B Cell cycle Posterior and Oocyte and 133329
regulator perinuclear embryo -
egalitarian Novel Anterior Oocyte 180
even-skipped  Transcription Apical Cellular 173
factor blastoderm
Jushi tarazu Transcription Apical Cellular 58
factor blastoderm
germ cell-less  Nuclear pore Posterior Oocyte and 107,108
associated embryo
protein
gurken Secreted growth  Anterior-dorsal  Oocyte 214
factor
hairy Transcription Apical Cellular 44
factor blastoderm
Hsp&3 Molecular Posterior Embryo 48
chaperone
inscuteable Novel Apical - Neuroblast 159
K10 Novel Anterior Oocyte 37
mitlrRNA Noncoding RNA  Posterior Oocyte and 47,138

embryo
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Table 1 Continued
Species Transcript Protein Localization Cell Reference
name Product pattern
nanos RNA binding Posterior QOocyte and 73,315
protein embryo
orb RNA binding Posterior QOocyte and 153
protein embryo
oskar Novel Posterior Oocyte and 61,116
embryo
Pgc Noncoding Posterior Qocyte and 212
RNA embryo
prospero Transcription Apical/basal Neuroblast 159
factor
pumilio RNA binding Posterior Embryo 172
protein
runt Transcription Apical Cellular 77
factor blastoderm
sevenless Transmembrane Apical Eye imaginal 8
receptor Epithelial cells
tudor Novel Posterior Oocyte 78
wingless Secreted ligand  Apical Cellular 7
blastoderm
yemanuclein-e«  Transcription Anterior Oocyte 4
factor
Echinoderms
SpCOUP-TF  Hormone Lateral to QOocyte 313
receptor animal-
vegetal axis
Mammals
B-actin Cytoskeletal Specialized Fibroblasts, 36, 156
component periphery myoblasts,
and epithelial 286
cells
Arc Cytosketal Somatodendritic Neurons 275
component
BC-1 Noncoding Somatodentritic = Neurons 304,305
RNA and axonal
BC-200 Noncoding Somatodendritic Neurons 303
RNA
CaMKllo Signalling Somatodendritic Neurons 189
component
F1/GAP43 PKC substrate ~ Somatodendritic Neurons 275
InsP3 receptor Integral Somatodendritic Neurons 69
membrane

receptor
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Table 1 Continued
Sheai Transcript Protein Localization Cell ‘
name Product pattern ¢ Reference
MAP2 Cytosketal Somatodendritic = Neurons 71
component
MBP Membrane Myelinating Oligodendrocyte 5,4
protein membrane and Schwann
cells
Mpyosin heavy  Cytoskeletal Peripheral Muscle 230
chain component
OMP/odorant  Integral Axonal Neurons 238,313
receptors membrane
receptor
Oxytocin Neuropeptide  Axonal Neurons 106
Prodynorphin Neuropeptide  Axonal Neurons 199
RC3 PKC substrate  Somatoden- Neurons 275
dritic
fau Cytoskeletal Axon hillock Neurons 165
component
Tropomyosin-5 Cytoskeletal Pre-axonal Neurons 86
component pole
V-ATPase Membrane Specialized Osteoclasts 149
subunits protein membrane
Vassopressin Neuropeptide  Axonal Neurons 308
Xenopus
Actin Cytoskeletal Periplasmic Qocyte 226
component
Anl (a and b) Cyoplasmic Animal Oocyte 163,236
protein
(ubiquitin-
like)
An2 mt ATPase Animal Oocyte 236,321
subunit
An3 RNA binding  Animal Oocyte  ~ 236
protein
And (aand b)  Novel Animal Oocyte 96
BIrCP Signaling Amimal Oocyte 96
molecule
BIrCP-2 Signaling Vegetal Oocyte 96
molecule
BIrCP-3 Signaling Vegetal Oocyte 96
molecule
B6 NR? Vegetal Oocyte 119
B7 NR Vegetal Oocyte 119
B9 NR Vegetal Qocyte 119
Bi2 NR Vegetal Qocyte 119
Ccio NR Vegetal Oocyte 119
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Table 1 Continued
; Transcript Protein Localization
Species name Product pattern Ll Rejerence
G-proteins Signaling Animal Qocyte 221
molecule
Oct60 Transcription Animal Oocyte 91
factor
PKCu Signaling Animal Oocyte 222
molecule
a-tubulin Cytoskeletal Periplasmic Oocyte 226
component
VegT Transcription Vegetal Oocyte 270,340
(Antipodean) factor
Vel Signaling Vegetal Oocyte 236
molecule
Xear-2 RNA-binding Vegetal Oocyte 200,341
protein
Xcar-3 RNA-binding Vegetal QOocyte 59
protein
Xeat-4 NR Vegetal Oocyte 119
xi-21 Transcription Animal Qocyte 133
factor (7)
Xlan4 P-rich and PEST  Animal Qocyte 237
sequences
Xlcaax-1 Membrane Animal Oocyte 132
protein
Xisirz Noncoding RNA  Vegetal Oocyte 134
Xwnt-11 Secreted ligand Vegetal Qocyte 142
Yeast
ASH1 Transcription Budding site Mothercell 166,293
factor
Zebrafish
Vasa RNA-binding Cleavage plane  Early embryo 335
protein x

NR, not reported. Table adopted from Bashirullah et al., 1998.
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L2  RNA localization in embryonic development of Drosophila

The body patterns along the two major body axes (anterior-posterior and dorso-
ventral) of Drosophila melanogaster are initiated by several maternal RNAs that are
already localized in the newly formed unfertilized egg. These maternal mRNAs encode
different positional information that specifies the development pattern of the early
embryo. While the dorso-ventral (D-V) pattern arises from signaling between the oocyte
and the overlying somatic follicle cells (for review, see van Eeden and St Johnston,
1999), the body pattern along the anterior-posterior (A-P) axis of the embryo is defined
by two maternal mRNA determinants that are localized in the anterior and posterior poles
of the egg, respectively. These two determinants, bicoid and nanos, generate two
morphogenetic gradients emanating from each pole of the egg and direct the
programming of the A-P body plan. In this section, I will mainly describe the following
issues: 1) how RNA localization is related to the oocyte determination, 2) how the
polarization of two axes are initiated, and 3) how the anterior and posterior determinants
give rise to a series of localized mRNAs that specify cell fates along the anterior-
posterior axis. To better understand these complex processes, I will first start with the

morphological stages of Drosophila oogenesis and early embryogenesis.

I.2.1 Oogenesis and early embryogenesis

12.1.1 Qogenesis

In Drosophila, the eggs are formed within tubes called ovarioles, which are

divided into chambers by transverse walls (see Fig. 1 for the depiction of oogenesis). The
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Fig. 1. Drosophila oogenesis. Schematic drawing of one tubular ovariole,
containing oogonia close to its distal tip. Oocytes of progressive size and maturity are
seen along the tube. The oocytes are accompanied by nurse cells and are surrounded by
follicle cells. Enlarged details are shown outside the tube of the ovariole.
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cells constituting the wall of an ovariole and surrounding the future egg are termed
follicle cells by anology to the follicle cells in the ovary of vertebrates. In each chamber
there is one female primordial germ cell, the oogonium. The oogonium undergoes four
rounds of mitotic divisions, resulting in 16 cells. These remain interconnected by
cytoplasmic bridges called ring canals or fusomes. In the center of the cluster, 2 of the 16
cells are connected with 4 sister cells; one of these 2 cells will become the oocyte, the
future egg cell. The remaining 15 sister cells are fated to become nurse cells. While the
oocyte remains diploid, and later will become haploid in the course of two meiotic
divisions, the nurse cells become polyploid by replicating their DNA repeatedly; this
amplification of the genome enables high transcriptional activity. The nurse cells will
provide the oocyte with huge amounts of ribosomes and mRNAs that are enclosed in
ribonucleoprotein particles (RNP). The nurse cell-oocyte complex is surrounded by
somatic follicle cells which supply yolk and help to nourish the oocyte. By stage 10 of
oogenesis, these follicle cells have migrated to cover the developing oocyte. As the
oocyte matures, the nurse cells contract and dump their contents to the oocyte, while the
follicle cells secrete the egg coverings. Both the nurse and follicle cells degenerate at the
end of oogenesis. When the mature egg is laid, it is surrounded by the vitelline membrane
and the chorion, and is filled with yolky cytoplasm (see Sprading 1993 for a full review

of oogenesis).

12.1.2 Early embrvogenesis

The embryonic development in Drosophila (Fig. 2) starts immediately following

egg deposition. After fertilization, the zygotic nuclei go through a series of rapid cleavage
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Fig. 2. Early embryogenesis in Drosophila. After fertilization, the zygotic nuclei go
through a series of rapid cleavage divisions in the anterior of the egg. At the cleavage
stage, nuclei are duplicated at a high frequency with intervals of only 9 minutes. After 13
rounds of replication about 6,000 nuclei are present. At this phase the egg represents a
syncytium. During this stage, the 3-4 nuclei that have entered the pole plasm at the
posterior pole form polar buds. Next cellularization is processed to create individual cells
and to form cellular blastoderm. Later, gastrulation takes place with the invagination of
the presumptive mesoderm through the ventral furrow and early organogenesis starts.
Adapted from St Johnston and Nusslein-Volhard, 1992.
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divisions in the interior of the egg. After nine divisions, the majority of the nuclei have
migrated to the cortex to form the syncytial blastoderm. At this stage, the 3-4 nuclei that
have entered the pole plasm at the posterior pole form polar buds, which will give rise to
the pole cells, the precursors of the germline. The rest of nuclei divide four more times at
the surface of the egg before being surrounded by cell membranes to give rise to nearly
6000 cells of the cellular blastoderm. Soon after cellularization is complete, gastrulation
begins with the invagination of the presumptive mesoderm through the ventral furrow,
the formation of the posterior midgut invagination that contains the pole cells, and

appearance of the head fold (for review, see St Johnston and Niisslein-Volhard, 1992).

L.2.2 Determination of the oocyte

Establishment of oocyte identity is a multistage process involving multiple factors
and events. Localization of several mRNAs and proteins to a single cell within the 16-cell
cyst first distinguishes the pro-oocyte from its neighbors. Two genes, Bicaudal-D (Bic-D)
and orb play very important roles for the oocyte determination. Bicaudal-D encodes a
protein that shares sequence similarity to myosin heavy chain tail domains (Suter et al.,
1989). Null alleles of Bic-D abolish all signs of oocyte determination (Ran et al., 1994).
In strong alleles of orb, a germ-line-specific RNA-binding protein, the 16-cell cyst
formation is also disrupted (Lantz et al., 1992, 1994).

A key component implicated in oocyte determination is the microtubule
cytoskeleton. Treating wild-type flies with microtubule-depolymerizing drugs such as
colchicine causes a 16-nurse-cell phenotype. A microtubule-organizing-center (MTOC)

is formed in the presumptive oocyte just after the formation of the 16-cell cluster. In Bic-
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D mutants, this MOTC does not form (Theurkauf, 1993). The product of the egalitarian
(Egl) gene has been shown to physically interact and colocalize with Bic-D in all stages
of oogenesis (Mach and Lehmann, 1997). In egalitarian mutants, the microtubule
network is not maintained (Theurkauf et al., 1993). In both Bic-D and Egl mutants,
oocyte specific mRNAs fail to accumulate in a single cell and the cystocytes differentiate
into 16 nurse cells with no oocyte (Theurkauf et al., 1993; Suter and Steward, 1991; Ran
et al., 1994). These experiments have led to a model in which mRNAs are transported
along the microtubule network into the single cell of the cyst that contains an MTOC,

thereby determining this cell to become the oocyte.

1.2.3 Polarization of the A-P and D-V axes

Establishment of both anterior-posterior (A-P) and dorsal-ventral (D-V) axes
involves multiple reciprocal communication events between the germline and the somatic
follicle cells of the egg chamber. A common signal molecule, gurken (grk), plays a
pivotal role in these events. grk mRNA is synthesized in the oocyte nucleus, encoding a
TGF-o. homolog, which acts as a ligand for the epidermal growth factor receptors
(torpedo/DER) expressed in the somatic follicle cells (Neuman-Silberberg and
Schupbach, 1993). The gurken-torpedo signalling pathway is essential for the
polarization of both major body axes in Drosophila (Neuman-Silberberg and Schupbach,
1993, Gonzalez-Reyes et al., 1995). grk RNA is first localized to the posterior pole of the
oocyte at stage 7, then to both the anterior and posterior poles at stage 8, and finally to the
anterodorsal corner from stage 8 through stage 10 (Neuman-Silberberg and Schupbach,

1993, 1994). Due to the posterior-localized gurken RNA, local production of the gurken
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protein at the posterior end of the oocyte causes signalling to the posterior follicle cells.
This signalling is essential for the establishment of the anterior-posterior oocyte axis and
for the polarization of the oocyte microtubule-based cytoskeleton that plays a crucial role
in RNA localization. Subsequently, anterodorsal localization of grk mRNA in the oocyte
directs local grk protein synthesis, and generates a second oocyte-nurse cell signalling

that establishes the dorso-ventral axis of the egg chamber.

I.2.4 bicoid RNA localization and anterior body patterning

Many RNAs that are later localized within the growing oocyte are first transcribed
in the nurse cells but accumulate specifically in the pro-oocyte. All these RNAs are found
at least transiently at the anterior margin of the oocyte before stage 7. For example,
RNAs for Bic-D, orb, oskar, K10, bicoid, gurken, hu-li tai shao (Adds-hts), Bic-C, tudor
and cyclin-B are all transiently localized at the anterior. This transient localization is
consistent with their transport by the same microtubule-based mechanism that originally
targeted them to the oocyte. Before stage 7, the microtubule-minus ends are located in the
oocyte. After stage 7, the microtubule network is reorganized and the minus ends are
present at the anterior cortex. Therefore, transport of these mRNAs by the minus-end
directed motor would account for both pre- and post-stage 7 localization patterns. Late in
oogenesis, all these transiently localized RNA transcripts undergo different localization
pathways. Whereas most of these RNAs are uniformly distributed within the oocyte,
some RNAs such as bicoid and Add-hts remain anteriorly localized until early cleavage

embryogenesis, other RNAs such as oskar, nanos and Pgc retain posterior localization in



Introduction 17

the early cleavage-stage embryos. Next, I will focus on one of the most studied anteriorly

localized messenger RNA, bicoid.

1.2.4.1 Bicoid acts as an anterior morphogen

A. Bicoid is a transcrptional activator

Drosophila maternal effect gene, bicoid (bcd), encodes a protein that contains a
homeodomain DNA recognition motif and a distinct transcriptional activation domain
(Driever and Nusslein-Volhard, 1989a, 1989b, Struhl et al., 1989). bcd mRNA is first
produced in the nurse cells and is transported to the oocyte and tightly localized to the
anterior cortex during late oogenesis. After fertilization, this localized RNA is translated
to Bicoid (Bcd) protein and gives rise to a steep concentration gradient emanating from
the anterior to the posterior end of the early embryo (see Fig.3 for the schematic depiction
of this process). This different concentration»of Bicoid protein is then incorporated into
the embryonic nuclei in the anterior region of the egg. The distinct concentration
thresholds of bicoid protein along the A-P axis subsequently activate the transcription of
a series of zygotic target genes including hunchback, a member of a class of genes called
gap genes, in the anterior half of the embryo. Expression of these downstream zygotic
genes finally direct the formation of the anterior head and thorax structures (Driever and
Nusslein-Volhard, 1988, 1989a, 1989b; Struhl et al., 1989). Bicoid protein induces the
anterior structures in a concentration-dependent manner since Bicoid mediates
transcription activation by cooperative DNA binding of the homeodomain to different
DNA targets. Therefore, the binding and activation of a former gene will help the
activation of a downstream target gene with a decreased concentration (Burz et al., 1998;

Ma et al., 1996).
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Fig. 3. Localized maternal mRNAs in early Drosophila embryos. 1. bicoid (A) and
nanos (B) mRNAs are localized in the anterior and posterior poles of stage 2 embryo,
respectively. II. After fertilization, the anterior localized bicoid mRNAs are translated
and give rise to a gradient of Bicoid protein in the nuclei of the blastoderm. The different
concentrations of Bicoid protein subsequently activate a series of zygotic gap genes in the
anterior part of the embryo and determine the head and thorax body pattern. Similarly,
the posteriorly localized ranos mRNA generates an opposite protein gradient and
determines the abdomen body pattern (not shown).
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B Bicoid is a translational repressor

In addition to its role for transcriptional activation of a series of targeted zygotic
genes, Bicoid protein determines the anterior cell fates partly by another function,
translational repression of another maternal mRNA caudal (cad), in the anterior part of
the embryo (Dubnau and Struhl, 1996; Rivera-Pomar et al., 1996). cad codes for another
homeodomain protein which is involved in specifying the posterior pattern of the early
embi'yo. Inappropriate expression of the cad gene in the anterior end of the embryo
causes deletion of head and thoracic segmentation (Mlodzik et al., 1985; Macdonald and
Struhl, 1986). Although cad mRNA is evenly distributed in the early cleavage-stage
embryo, cad protein only forms a posterior-anterior concentration gradient before the
initiation of zygotic gene expression. Bicoid binds to cad mRNA through the discrete
target sequences within the 3°UTR of cad mRNA, and blocks the initiation of cad

translation in the anterior part of the embryo.

1.2.4.2 Dynamics of bcd mRNA localization

bcd mRNA localization in Drosophila occurs through a complex process
involving multiple successive steps which have different genetic requirements (St
Johnston et al., 1989). Transcription of bcd mRNA begins in the nurse cells during stages
4 and 5 of oogenesis and the mRNA is immediately transported to the oocyte. As
oogenesis proceeds, transport to the oocyte continues and bed mRNA accumulates in a
ring at the anterior margin of oocyte through stages 7-9. This localization is maintained
in stages 9-10, and during this time, additional bcd mRNA is also seen in an apical region

of the nurse cells. In exuperantia (exu) mutants, anterior concentration of bicoid RNA is
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not maintained beyond stage 9 and the apical nurse cell localization is not observed (St
Johnston et al.,, 1989). During stages 10-12, the nurse cells dump their cytoplasmic
content to the oocyte, and the cytoplasmic streaming in the oocyte redistributes the bed
mRNA from across the entire anterior of the oocyte to a cap in the anterior cortex.
Anterior localization persists into early embryogenesis, until the mRNA disappears
shortly after formation of the cellular blastoderm (St Johnston et al., 1989). Mutation in
swallow (swa) affects bcd RNA localization in a late stage. In swa mutants, the
distribution of bcd mRNA in nurse cells and the oocyte is normal through early stage 10.
However, beginning in late stage 10, anterior concentration of bcd mRNA is not
maintained and large quantities of bcd RNA that are transferred from the nurse cells at
this time are distributed throughout the oocyte (Stephenson et al., 1988). Finally, bcd
RNA is released from the anterior cortex at egg activation and is anchored in the anterior
cytoplasm, and this anterior retention requires staufen (stau) activity. In eggs laid by
staufen mutant female, bed mRNA is not retained at the anterior pole and spreads
posteriorly to form a shallow anterior-posterior gradient indicating that Stau is required to

anchor bcd mRNA in the late stage of oogenesis.

1.2.4.3 The cis-acting elemenis

Recent work has been directed at understanding the molecular mechanisms
underlying bed RNA localization, focusing on the mapping of the relevant cis-acting

signals and on the identification of the bcd RNA-binding proteins.

A A 625-base region in bed 3’'UTR acts as localization signal
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Macdonald and Struhl (1988) demonstrated that the 5’ untranslated region
(5°UTR) and the entire bicoid coding sequence could be replaced without distupting
localization of the mRNA. In contrast, a 625-base region of the bicoid 3°’UTR is
necessary for correct localization and sufficient to direct the localization of the
heterologous transcripts. This 625-nucleotide region is predicted to form a complex
secondary structure including several long stem-loops (see Fig. 4). Similar stable
secondary structures are also found in the bed 3'UTRs of several other Drosophila
species, which are able to direct the localization of their transcripts into the same pattern
as the bed 3°UTR of D. melanoganster (Macdonald, 1990; Seeger and Kaufman, 1990).
Therefore, it is likely that the mechanism by which bcd mRNA localizes is by
specifically recognizing the conserved secondary structure, rather than the primary

sequence, of the 3’UTR.

B Discrete and redundant localization elements

Deletion analysis of the 3°UTR of bcd mRNA identified several discrete elements
involved in specific steps of the localization pathway. Deletion of a 53-nucleotide region,
denoted BLE1, which is located from nt 453-505 of the 817 nt bed 3’UTR, prevents all
stages of bicoid mRNA localization. In contrast, two copies of BLE! are sufficient to
direct the early steps of the localization process mediated by bed 3°UTR, but are unable
to maintain the anterior localization (Macdonald et al., 1993).

Further analysis of the bed 3’UTR revealed two redundant RNA recognition
events, designated as event A and event B, which serve to initiate largely overlapping

programs of bed mRNA localization (Macdonald and Kerr, 1997, 1998). Event A occurs
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Fig. 4. A model for the secondary structure of the bcd 3’-UTR , showing the sequences
required for the interaction with Staufen protein. The name of each stem-loop is indicated
by Roman numerals. Stems IIla, IIIb, Vb, IVc are predicted in most suboptimal foldings within
10% of the optimal folding energy. Each linker-scanning mutation that prevents the formation
of Staufen-bcd 3'UTR complexes is shown in color. Three regions of the bcd 3’-UTR are
important for Staufen-bcd interaction as demonstrated by linker-scanning mutations DF464-
DF468, DF471-DF473 and DF475-DF477. The region drawn from bcd 3°-UTR starts exactly at
the first nucleotide of DF463 (nucleotide 181) and ends at the last nucleotide of DF480
(nucleotide 720).
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first and is solely responsible for the earliest transport of bcd to the oocyte during stages 4
to 6 of oogenesis. Subsequently, event B-dependent localization is initiated, and either
RNA recognition event is sufficient for continued localization. Elimination of event A, by
either a point mutation (G4496U) or a small deletion (nucleotides 4490-4507 in stem-
loop V region), prevents early (stages 4-6) localization, but all later steps proceed
normally. Elimination of event B is achieved through use of a subdomain of the
localization signal consisting of stem-loops IV and V (IV-V) and has no detectable effect
on localization during oogenesis, although a final step in embryogenesis is defective.
Transgenic approach in flies has been successful in identifying cis-acting elements
involved in the RNA localization pathway. However, as mutations already disrupt the
early steps in the localization pathway, transgenes are not suitable for the analysis of later
events such as the interaction with Stau. To circumvent this problem, Ferrandon et al
(1994) have developed an in vivo assay based on the injection of the in vifro synthesized
transcripts into the embryo and showed that bed 3°UTR is able to recruit endogenous
Stau to form RNA-protein particles that are transported in a microtubule-dependent
manner. Conjugation with linker-scanning mutational analyses, they mapped the
sequences that specifically interact with Stau to three regions of the bcd 3°UTR (see
Fig.4), namely nucleotides 211-360, nucleotides 42-510, and nucleotides 541-630. Each
of these regions is predicted to form a long stem-loop structure (stem-loop III, V and IV,
respectively). By introducing mutations into these interaction regions, the same group
futher demonstrated that Stau binding to bed 3’UTR requires the double-stranded

conformation of the stems within the RNA localization signal (Ferrandon et al., 1997).
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L.2.4.4 Trans-acting factors involved in bed mRNA localization

As I mentioned earlier, the localization of bcd mRNA has so far been found to
require three genes, exuperantia (exu), swallow (swa), and staufen (stau), each of which
acts at a different point in the pathway. Proteins encoded by these three genes are good
candidates for frans-acting factors involved in bed mRNA localization. Although a direct
interaction between Exu and bed mRNA or Swa and bcd mRNA has not been reported
yet, Staufen is the only demonstrated frans-acting RNA-binding protein involved in bed
mRNA localization. Later, I will discuss the nature of this protein and its roles in
different RNA localization pathways in more details.

Macdonald et al (1995) have used 2 copies of BLE1 (2xBLE1) element (BLE1 is
a short stretch of nucleotides in bicoid 3’-UTR which is important for bicoid mRNA
localization) in an UV-crosslinking assay to search for directly interacting proteins. A
single protein of 115 kDa called Exl was found to bind 2xBLEl but not 1xBLEIl,
consistent with a role in localization. By further definition of the Exl-binding sites and
mutations in BLE1, they demonstrated a correlation between in vitro Ex] binding and one
phase of bcd localization in vivo directed by BLE1. Furthermore, they found that the
same phase of localization is disrupted in exuperantia mutants, suggestive of an
interaction between the Exl and Exuperantia proteins.

Recently, Schnorrer et al (2000) demonstrated that the molecular motor dynein is
involved in targeting Swallow and bicoid RNA to the anterior pole of Drosophila
oocytes. In the latter section, I will discuss this in more detail. It now seems that Swallow
protein functions as an adaptor, bridging bicoid mRNA to dynein, a molecular motor that

would transport the complex to the anterior pole along microtubules.
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I1.2.5 RNA localization and posterior body patterning

Many RNAs are localized to the posterior pole of the developing oocyte during
different stages of oogenesis. These RNAs include oskar, nanos, orb, Pgc, pumilio,
tudor, gem cell-less, and the noncoding mtlrRNA. Some maternal RNAs such as Cyclin
B and Hsp83 do not become posteriorly localized until later in oogenesis and early
embryogenesis. Some RNAs such as oskar, nanos and Pgc retain posterior localization
in early cleavage-stage embryos. Next, I will discuss two of the most studied posteriorly
localized RNAs, oskar and nanos, which code for two important posterior morphological

determinants.

1.2.5.]1 nanos and oskar act as posterior and germ cell determinants

Normal abdominal segmentation is governed in part by successive actions of
oskar (osk) and nanos (nos) proteins. While the major function of osk is nucleating the
assembly of the posterior polar plasm (the precursor of germ cells)(Ephrussi et al., 1991;
Ephrussi and Lehmann, 1991, 1992; Smith et al., 1992), posterior localization of nos
mRNA requires prior posterior localization of the germ plasm components including the
osk, vas and tud proteins (for review, see Lasko, 1999).

nanos acts as a key player in abdominal cell fate specification (Wang and
Lehmann, 1991; Gavis and Lehmann. 1992). It possesses two zinc-finger DNA binding
domains, binds to a uniformly distributed maternal mRNA Aunchback (hb) through the
NREs (Nanos response elements) located in 4b 3’-UTR, and prevents its translation
(Wharton and Struhl, 1991; Tautz, 1988; Irish et al., 1989, Struhl et al., 1992). Thus, the

translation of the nos protein in the posterior half of the embryo blocks 4b protein
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synthesis in this region and leads to a /b protein concentration gradient complementary to
that of nos. This prevents posterior cells from taking anterior identities in response to
hunchback and enables ‘default’ abdominal fates to be adopted.

Oskar protein plays a key role in organizing the posterior pole cytoplasm which
contains the determinants of the germ line and of the abdomen, thus osk acts indirectly as
a posterior body patterning determinant (Ephrussi et al., 1991; Kim-Ha et al., 1991).
Mislocalization of oskar RNA to the anterior pole by replacing the osk localization signal
with that of bicoid leads to pole plasm assembly at the anterior pole (Ephrussi and
Lehmann, 1992). At this ectopic site, germ cells form, nos RNAs become localized and
translated, and a second abdomen develops in a mirror image to the posterior abdomen.

Consequently, this ectopic expression is lethal.

1.2.5.2 Localization dynamics of oskar and nanos RNAs

Similar to bicoid mRNA in the anterior pole, the localization of oskar mRNA to
the posterior of the oocyte also involves a number of intermediate steps with different
genetic requirements. When the RNA is synthesized in the nurse cells, it is rapidly
exported into the oocyte in a process that requires the activity of the Bicaudal D gene
(Ephrussi et al., 1991; Kim-Ha et al., 1991; Ran et al., 1994). After stage 7, the RNA
shows a transient accumulation at the anterior of the oocyte which is abolished in
cappuccino and spire mutants. During stage 9, the RNA at the anterior margin of the
oocyte is gradually transported to the posterior region to form a polar cap at stage 10; this
process requires staufen and mago nashi activity (Newmark and Boswell, 1994). Once

the RNA is localized to the posterior pole, on-site translation occurs and a posterior cap
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of osk protein is formed. This translated protein in turn acts with other proteins such as
Staufen to anchor osk mRNA at the posterior pole (Ephrussi et al., 1991; Kim-Ha et al.,
1991, Markussen et al., 1995).

Like osk, nos RNA displays a progression of distribution patterns during
oogenesis. It accumulates in the previtellogenic oocyte, although it is not present at
detectable concentrations until stages 2-3 (Wang et al., 1994). During stages 7 and 8, it
also transiently accumulates at the anterior pole of the oocyte. In contrast to oskar, nanos
RNA appears uniformly within the oocyte by stage 10 while a high level of expression is
detected in the nurse cells. This newly transcribed RNA is deposited to the oocyte with
the contraction of the nurse cells following stage 10. Posteriorly localized nos RNA can
be detected only at the very last stage of the oogenesis (Wang et al., 1994). At
fertilization, much of the nos mRNA is distributed throughout th¢ bulk cytoplasm of the
egg and the remainder is localized at the posterior pole at somewhat higher
concentrations. Posterior localization of nos is blocked by all mutations that abrogate osk

mRNA localization and requires the osk, vas and tud proteins (Lasko, 1999).

L.2.5.3 The cis-acting localization elements

As with bicoid, the cis-acting signals responsible for localizing the posterior

determinants map to the 3’-UTR of their respective RNA sequences.

A oskar 3’-UTR: dispersed and modular elements

For oskar RNA, different elements dispersed in the 3’-UTR are responsible for

different stages of oskar RNA localization (Kim-Ha et al., 1993). Within 1043
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nucleotides of the 3’-UTR, the region between nucleotides 532-791 is required for the
accumulation of oskar RNA into the early oocyte. Two smaller regions, nucleotides 242-
363 and 791-846, define cis-regulatory elements required for the release of osk RNA
from the anterior pole. Finally, nucleotides 1-242 are essential for posterior localization
of osk RNA. The presence of these distinct elements indicates that the oskar localization
signal is also modular and that different ‘modules’ have distinct functions in the

localization process (Lasko, 1999).

B nanos 3 'UTR: partially redundant and conserved elements

The localization of nanos RNA is mediated by a localization elements composed
of partially redundant localization sequences spread throughout a contiguous 547-
nucleotide portion of the 3’-UTR (Gavis et al., 1996). Two overlapping subregions map
within this larger region, each of which is capable of conferring localization, indicating
partial functional redundancy. However, these subregions are 400 and 470 nt in length
repectively, and can not be subdivided without disrupting localization. A deletion of nt
97-403 of the nos 3'UTR in a reporter gene construct abrogates early oocyte
accumulation, but remains significant posterior localization ability, suggesting that
localization of nos to the early oocyte is not necessary for eventual posterior
accumulation (Gavis et al., 1996). Another deletion analysis suggests that full phenotypic
rescue of the severe nos” mutant allele can be conferred by a nos transgene bearing only
nt 1-184 of the 3-UTR (Dahanukar and Wharton, 1996). The nos 3°-UTRs from D.
melanogaster and D. Virilis show extensive sequence conservation and are predicted to

form similar stem-loop structures. Furthermore, the two 3’-UTRs can be replaced with
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each other without changing their localization patterns, indicating an evolutionarily

functional conservation (Gavis et al., 1996).

1.2.5.4 The trans-acting protein factors

Genetic analysis has identified many genes required for the localization of oskar
and nanos RNA. These posterior group genes can be ordered in a pathway where the
localization of one gene product is dependent on the correct localization of those genes
above it in the hierarchy (see Fig. 5). Of the posterior group gene products, oskar is the
first mRNA to be localized in the posterior pole and this localization constitutes a key
step in the formation of the pole plasm (Micklem, 1995). The genes that affect oskar
RNA localization also affect nos RNA localization.

So far, at least 10 genes are reported to affect osk RNA localization. These genes
include Bicaudal-D (BicD), cappuccino (capu), spire (spir), staufen (stau), mago nashi
(mago), chickadee (chic), Tropomyosin-1 (Iml), orb, Notch (N), Delta (DI) and a
maternal form of protein kinase A (PKA). The products of these genes can be considered

as cofactors that contribute to osk mRNA localization.
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Fig. 5. Hierarchy of Drosophila posterior group genes. The posterior group genes can be
ordered in a pathway where the localization of a gene product is dependent on the correct
localization of those above it in the hierarchy. Adapted from Micklem, 1996.
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13 RNA localization in oogenesis of Xenopus laevis

In addition to Drosophila melanganster, Xenopus oocytes offer another powerful
model system to study the mRNA localization process. Numerous RNAs were found
localized at either the animal or the vegetal hemisphere of the oocyte (see table 1 of the
localized RNAs, for reviews, see Bashirullah et al., 1998; King et al., 1999; Mowry and
Cote, 1999). The frog oocyte is a polarized cell approximately 100 times larger than a
somatic cell. Its large size makes the events of RNA localization obvious and easy to
detect compared with somatic cells. Most importantly, the significance of RNA
localization can be addressed functionally by examining the consequences of

mislocalization on development.

L.3.1 RNA targeting to the animal pole

The animal hemisphere (4r) is the region in which the oocyte nucleus resides, the
embryonic blastocoele forms and cells give rise to ectodermal, neural ectodermal, or
mesodermal derivatives (King et al., 1999). The animal hemisphere enriched RNAs are
grouped into three categories based on the proteins they encode. These contain nuclear
proteins including transcription factors and nucleolar proteins such as Anl, An3, Oct60,
and x1-21, signal transduction components such as PKC-¢ and G protein, and others (see
table 1). These RNAs are not tightly localized within the animal hemisphere but are at
least four-fold enriched in this hemisphere relative to their vegetal concentrations. So far,
little is known about the temporal regulation of RNA localization to the animal pole or

other features of this pathway.
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1.3.2 RNA targeting to the vegetal pole

In contrast to animal hemisphere RNAs, the vegetal localized RNAs exhibit
highly restricted distribution patterns. These RNAs are highly concentrated (50-fold)
within the cortical cytoskeleton of the vegetal pole. Analysis of vegetal localized RNAs
shows that two distinct localization pathways operate to sort vegetal RNAs during

oogenesis.

L.3.2.1 The early or microtubule-independent pathway

The early pathway involves RNA localization through a specialized region of the
mitochondrial cloud called the messenger transport organizer (METRO), which was first
described for the localization of XIsirt RNA to the vegetal pole (Kloc et al., 1993). This
specialized region, also known as the Balbiani body, is the site of mitochondrial
proliferation and is also associated with the electron-dense RNA/protein granules of the
germ plasm. So far, eight RNAs including Xcat2, Xcat3 (DEADSouth), Xdazl, Xlsirts,
Xpat, Xwnt-11, C10 (XFACS), B7 (Fingers) have been isolated that localize to the vegetal
cortex via the METRO pathway. Most of them eventually segregate with germ plasm in
the primordial germ cells (PGCs) and encode proteins required for germ cell specification
or cell differentiation (Mosquera et al., 1993; King 1995; Houston et al., 1998; Hudson et
al., 1998).

The early pathway occurs in three distinct steps (Kloc and Etkin, 1995): the
movement of the transcripts from the germinal vesicles (GV) to the mitochondrial cloud,
sorting of the individual transcripts within the cloud to their unique positions within the

METRO, and their translocation and anchoring to the vegetal cortex (see Fig. 6 for the



Introduction 33

description of the two pathways at different development stages, the early pathway is on
the right). The association and movement of the RNAs with the METRO are neither
microtubule- nor actin-dependent, but anchoring at the cortex is disrupted by the actin

destabilizing drug cytochalasin B (Kloc and Etkin, 1995; Kloc et al., 1996).

1.3.2.2 The late or microtubule-dependent pathway

The second localization pathway begins at a later stage of oogenesis. Two RNAs,
Vgl and VegT, have been characterized that use this late pathway. Vg/ encodes a protein
homologous to members of the TGF-§3 family and has been implicated in establishing the
left-right asymmetry (Hyatt and Yost, 1998), dorsal mesoderm induction and endoderm
specification (Joseph and Melton, 1998). Ectopic expression of processed Vgl peptide
leads to the induction of mesoderm in cells that normally would have become ectoderm
(Thomsen and Melton, 1993). VegT encodes a novel T-box transcription factor involved
in mesoderm patterning, and correct localization of VegT RNA is required for normal
development as misexpressed VegT protein at the animal pole results in headless
embryos (Zhang et al., 1996. 1998).

Unlike the METRO-associated RNAs that are translocated to the apex of the
vegetal pole region during stages ! and 2 of oogenesis, RNAs that are localized using the
second pathway, such as Vgl and vegT, are distributed evenly throughout the cytoplasm
during stage 2 (see Fig.6 on the left for the late pathway). During stage 3, they appear to
translocate through a region overlapping the positions of the early localized RNAs (Kloc
and Etkin, 1995). During mid-oogenesis (stages III-IV), Vgl RNA is translocated to the

vegetal hemisphere and cannot be detected in the animal hemisphere cytoplasm (Melton,
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Fig. 6. Two RNA localization pathways during Xenopus oogenesis. RNA distribution patterns
are shown in black. The Vgl-like pattern (the late pathway) is shown on the left and Xcaz-2-like
pattern (the early pathway) on the right. Oocytes from stages I-IV are schematized. An, animal
pole; Vg, vegetal pole. The germinal vesicle (oocyte nucleus) is shown in grey and the METRO
as a white circle (stagel) or ellipsoid (stage?). Adapted from Bashirullah, et al., 1988.
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1987). By stages V-VI, Vgl mRNA occupies a tight cortical shell from the apex of the
vegetal pole to the future marginal zone (Melton, 1987), where it will be anchored until
maturation @ig. 6, on the left). All steps of the RNA translocation process during the late
pathway are dependent of the intact microtubule network, except the final anchoring step

which requires actin filaments.

A Vel localization elements

The cis-acting RNA sequences required for localization have been identified
within the 1300-nt 3’UTR by using Vgl deletion mutants injected into cultured oocytes.
A 340-nt localization element (VgLE) was identified that is necessary and sufficient for
vegetal localization of Vgl RNA (Mowry and Melton, 1992). Deletion analysis indicates
that there is considerable redundancy within this region but that critical elements have
been defined to lie at each end of this region (Gautreau et al., 1997). Two copies of a 85-
nt subelement located at the 5’end, or one copy of it together with a 135-nt subelement

located near the 3’end, are sufficient for localization (Gautreau et al., 1997).

B Vel localization element-binding proteins

In vitro and in vivo UV cross-linking and competition analysis experiments have
revealed that a set of oocyte proteins bind in a sequence-specific manner to the Vg/
localization element (Schwartz et al., 1992; Mowry, 1996; Deshler et al., 1997). Some or
all of these proteins could play important roles as ¥g/ RNA localization was suggested to
be mediated through formation of large RNP complex containing the Vg/ localization

elements and multiple proteins (Mowry, 1996). The different proteins within the RNP
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complex may perform distinct roles in the localization process. Of these proteins, a 69
kDa Vgl RNA binding protein (Vg1RBP) that binds the Vg LE with high affinity in vitro
has been reported to be a microtubule-associatecﬁrotein and may mediate the binding of
Vgl mRNA to microtubules (Elisha et al., 1995). Using UV cross-linking and
competition experiments via the repeated elements found within the VgLE, Deshler et al
(1997) have identified a single protein of 75 kDa called Vera that binds to Vg/ and
colocalizes with components of the endoplasmic reticulum (ER). Both Vera and Vgl-

RBP have been directly correlated with Vgl mRNA localization.

1.4 RNA localization in nerve cells

In the mammalian central and peripheral nervous systems, neurons are highly
polarized cells with long axons and complex dendritic trees. The dendrites of a neuron
receive signals from other neurons through up to thousands of synapses, each of which
may have its own unique molecular composition. This highly polarized nature of
neuronal cells requires elaborate and accurate sorting mechanisms to establish and
maintain their macromolecular components. There is now increasing evidence that an
important aspect of gene expression in neurons involves the transport of certain mRNAs
to particular subcellular domains such as axons and dendrites, or even more specialized
regions such as subsynaptic locations. The differential transport and localization of
mRNAs offer an opportunity for local synthesis of certain proteins in response to local

signaling events.
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The hypothesis that particular gene transcript is targeted to distinct subcellular
domains in neurons was first suggested by the discovery that the protein synthesis
machinery (e.g. polyribosomes and membranous cisterns) was selectively localized
beneath postsynaptic sites on the dendrites of CNS neurons (Steward and Lewy 1982,
Steward and Fass, 1983, Steward, 1983). Synapse-associated polyribosomes were found
to be particularly prominent during the periods of synaptic growth, suggesting that
dendritic RNA transport and local protein synthesis might play a role in synapse growth
and plasticity. This hypothesis has been strengthened in recent years by the discovery of
many types of mRNAs and nonmessenger RNAs in dendrites. Next, I will mainly
describe the RNAs localized in the dendrites of nerve cells since a clear physiological
relevance has been ascribed to this class of transcripts. Accordingly, another class of
RNAs, often present in substantial amounts, is detected in axons of various nerve cell
types. However, their physiological roles are less clear therefore, I will omit the

discussion of these axonal RNAs.

I.4.1 RNAs targeting to the dendrites

The first identified mRNAs that were localized in mature dendrites are mRNAs
encoding the high molecular weight microtubule-associated protein (MAP2) and the o-
subunit of calcium/calmodulin-dependent protein kinase II (CaMKIla) (Garner et al.,
1988; Burgin et al., 1990). Later studies have revealed the presence of many other
dendritic mRNAs (see Table 1). These mRNAs encode different proteins including, for
example, the type 1 inositol 1,4,5-trisphosphate receptor (InsPsR1; Furuichi et al., 1993),
protein kinase C substrates such as F1/GAP43 and RC3 (Landry et al., 1994; Watson et

al., 1992), a number of amino acid receptors such as glutamate and glycine receptors
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(Miyashiro et al., 1994, Racca et al., 1997), the cytoskeleton-associated protein Arc (Link
et al., 1995; Lyford et al., 1995), and growth factors and neurotransmitters such as BDNF
(Dugich-Djordjevic et al., 1992), oxytocin and vasopressin (Mohr et al., 1995). Dendritic
nonmessenger RNAs such as BC1 RNA (Tiedge et al., 1991), ribosomal RNAs (Kleiman

et al., 1993, 1994), and tRNAs (Tiedge and Brosius, 1996) have also been reported.

[.4.1.1 Dendritic RNA targeting elements

Analogous to the elements required for subcellular RNA localization in other
systems such as Drosophila and Xenopus oocytes, dendritic RNA transport is also
mediated by cis-acting signals residing in the RNA itself and #rans-acting proteins
recognizing these cognate signals. In most cases examined, the structural elements that

direct dendritic mRNA transport were also found in the 3’-untranslated region (3°-UTR).
Mayford et al (1966) have demonstrated that the 3’-UTR of CaMKIlo mRNA can confer
dendritic targeting to a transgenic bacterial B-galactosidase gene. Similarly, a chimeric
mRNA containing the entire 3°-UTR of MAP2 ( or a 640 nt region of the 3’-UTR) fused
to a nondendritic reporter mRNA was detected in dendrites of hippocampal and
sympathetic neurons (Blichenberg et al., 1999). Dendritic targeting signals of vasopressin
(VP) mRNA are present as redundant elements since part of the coding sequence of VP
mRNA and its 3°UTR are involved in its dendritic targeting. The full extent of dendritic
targeting capacity to distal location was mapped to a fragment spanning nucleotide
sequence from position 201 to 595 of the VP transcript which covers all the redundant
elements, indicating a synergistic action of the various localizing elements (Prakash et al.,

1997). However, for the nontranslated BC1 RNA, the cis-acting signal has been mapped
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to the 5° region in no more than 62 nucleotides (Muslimov et al., 1997). Comparison of
these different cis-acting elements did not reveal any apparent consensus sequences,
suggesting that the targeting competence may be determined by secondary or higher-
order structural motifs or by more than one motif in a modular fashion.

So far, little is known about the proteins involved in transport and anchoring of
the mRNAs within dendrites. It is likely that RNA-binding proteins and motor proteins
mediate the interactions between the 3°UTRs and the cytoskeleton, and mRNA
ribonucleoprotein (mRNP) complexes may serve as the substrate for localization (for

review, see Jansen 1999).

14.1.2 Mechanisms of dendritic RNA transport

Recent experimental approaches have tried to tackle the dynamics of the RNA
transport to dendrites. Using the cell-permeable fluorescent dye SYTO 14, which
preferentially interacts with RNA, Knowles et al. (1996, 1997) identified particles
containing ribosomal RNA, mRNA and other protein components of the translation
machinery which may potentially move along microtubules. The same granular
appearance has been reported for several dendritic RNAs by high resolution in situ
hybridization analysis (Racca et al., 1997; Wanner et al., 1997). The dendritic delivery
rate was measured to be ~6um/min (Knowles et al., 1996), which is within the range of
fast transport. Similar transport rates have been reported for Arg3.1/Arc mRNA (Wallace
et al., 1998) and BC1 (Muslimov et al., 1997) in neurons and are comparable to those
measured for the directed translocation of myelin basic protein mRNA along

microtubules in oligodendrite processes (Ainger et al.,, 1993). Taken together, these
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studies support the hypothesis that dendritic RNAs may be delivered by active transport

along the cytoskeleton in the form of ribonucleoprotein (RNP) particles.

I4.1.3 Local translation of dendritic mRNAs

The presence of mRNAs and components of the translational machinery such as
polyribosomes, tRNAs, and translation initiation factors in dendrites (Steward and Levy,
1982; Tiedge and Brosius, 1996) implies that proteins coded by these transcripts may be
synthesized on-site. In addition, reticular structures that may function in glycoprotein and
membrane protein synthesis were also found in dendrites (Racca et al., 1997; Martone et
al., 1996; Torre and Steward 1996). However, direct evidence that specific mRNAs are
translated within dendrites has not been reported. One study supporting the view of local
translation in dendrites has been reported using transgenic mice technologies (Mayford et
al.,, 1996). Transgene mice were generated bearing a reporter gene, the bacterial -
galactosidase gene, which was engineered to harbor an additional nuclear localization
signal (NLS). Cell-specific expression was driven by the CaMKIla gene promoter and
the dendritic targeting of transgene mRNA was mediated by the CaMKIlow 3°-UTR.
Histochemical B-galactosidase staining revealed, as expected, strong staining in the cell
nuclei of the hippocampal formation. In addition, staining in the distal layer of the
dendritic field was also found while proximal dendrites showed little staining. Obviously,
the sorting machinery mediated by the NLS is capable to rapidly sequester protein
synthesized in the cell somata and the proximal dendrites to the cell nucleus. The authors
suggested that the B-galactosidase in the distal tips of dendrites may have arisen by local

translation of the chimeric mRNA.
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Recent work has established a direct link between local mRNA translation and
synaptic plasticity, a process involving modification of the molecular composition and
structure of individual or specific populations of synapses in order to adjust synaptic
strength. Kang and Schuman (1966) have demonstrated that application of BDNF or
neurotropin-3 (NT-3) to rat hippocampal brain slices enhanced synaptic transmission at
the Schaffer collateral/lCA1 pyramidal neuron synapse, which was significantly
attenuated after preincubation with eukaryotic but not prokaryotic protein synthesis
inhibitors. The requirement of immediate local de novo protein synthesis in the dendritic
compartment rather than in the cell body layer is strongly suggested since the effect was
still observed after microdissection of the pre- and/or postsynaptic cell bodies. Later
work further established the importance of local mRNA translation versus synaptic
plasticity. In an elegant set of experiments, Martin et al.(1997) have demonstrated that
local application of serotonin (5-HT) to one synapse resulted in enhanced synaptic
transmission only at that synapse. Protein synthesis inhibitors, when selectively applied
to the synapse, block long-lasting, long-term facilitation (L-LTF) in cultured Aplysia
neurons, indicating that local protein synthesis is important in eliciting a long-term
facilitation and plays a role in memory storage. In vertebrates, high-frequency stimulation
of hippocampal slices leads to an increase of CaMKIla protein in dendrites, and this
increase is blocked by translation inhibitors, indicating that local protein synthesis is
induced by synaptic activation (Ouyang et al., 1997, 1999). In synaptodendritic
preparations, the synthesis of a rat homolog of fragile X mental retardation protein
(FMRP) is initiated within minutes by activation of the metabotropic glutamate receptors

(mGluRs; Weiler et al., 1997; Comery et al., 1997). These observations support the
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notion that transsynaptic activity could result in a translational switch and initiating
translation of locally docked but translationally silent mRNAs, which further modifies the

synaptic strength and plasticity.

1.4.1.4 Dendritic mRNA transport and synaptic plasticity

In another way, synaptic plasticity may be directly regulated by the local
availability of certain mRNAs, through modulated transport or selective docking of the
mRNAs to the dendritic target sites. Indeed, synaptic activity and/or application of
neurotrophins or cAMP analogs have been shown to modulate the transport of different
mRNAs or RNA-containing granules in dendrites. For example, dendritic delivery of
BDNF and TRKB mRNAs is regulated, in an RNA synthesis-independent manner, by
neuronal activity in hippocampal neurons (Tongiorgi et al, 1997). BCl RNA, a
noncoding pol III transcript, is found only in cultured hippocampal neurons that have
made synaptic connections with other neurons, and its presence can be reversibly reduced
by treatment with tetrodotoxin, which blocks the neuronal activity. Thus, the expression
of BCl RNA can be subjected to control through physiological activity in neurons
(Muslimov et al., 1998). The dendritic localization of Arc mRNA is a direct function of
synaptic input. In dentate granule cells, transsynaptic stimulation results in the selective
localization of Arc mRNA only to the dendritic segments in which synapses were
activated, and Arc protein was also found to be enriched in the same area. Moreover, the
targeting of Arc mRNA was not disrupted by locally inhibiting protein synthesis,
indicating the targeting signal resides in the mRNA itself (Steward et al., 1998). These

data strongly suggest that local delivery and recruitment of RNA, rather than protein, is
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responsible for long-lasting forms of activity-dependent synaptic modulation.
Interestingly, the sorting of RNA granules to dendritic domains of living neurons has
been shown to be stimulated by the neurotrophic factor NT-3, suggesting that neuronal
plasticity may involve the redistribution of these RNA-granules in response to
extracellular signals (Knowels and Kosik, 1997).

Taken together, specific mRNA transport to dendrites may facilitate localized
translational regulation at the synapse and inducing the long-lasting changes in structure
and function of that synapse. Therefore, it may represent an important aspect of synaptic
plasticity and potentially be relevant to memory storage (for review, see Tiedge et al.,

1999; Kiebler and DesGroseillers, 2000).

1.4.2 In neuroblasts of Drosophila

Besides many types of localized mRNAs observed in mammalian neurons,
especially in the dendrites, asymmetric mRNA localization has recently been found in
dividing neuroblasts of Drosophila and plays a role in Drosophila neurogenesis. The
neural precursor cells in the Drosophila central nervous systems (CNS) are neuroblasts
(NBs) that delaminate from the neuroectoderm. Each NB divides asymmetrically in a
stem cell fashion to produce a large apical daughter cell that remains a NB and a smaller
basal daughter cell called ganglion mother cell (GMC). While NBs undergo this type of
asymmetric division repeatedly, GMCs divide only once to produce a pair of neurons.
Thus, asymmetric cell division governs the generation of diverse cell types and directs

the CNS development in Drosophila (for review, see Jan et al., 2000; Lu et al., 2000).
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Recent studies have also revealed that Prospero mRNA localization play a role in

asymmetric division of Drosophila neuroblasts.

1.4.2.1 Asymmetric partition of the cell fate determinants

One way to achieve asymmetric cell divisions is to segregate intrinsic cell fate
determinants that are produced in the mother cell preferentially to one of the two
daughter cells. In the Drosophila developing nervous system, Numb (Uemura et al.,
1989; Rhyu et al., 1994) and Prospero (Pros; Hirata et al., 1995; Knoblich et al., 1995,
Spana and Doe, 1995) proteins are candidates for such determinants.

Numb is a membrane-associated protein containing a protein-protein interaction
domain known as phosphotyrosine binding (PTB) domain. It is localized asymmetrically
in a crescent to one side of the sensory organ precursor cell (SOP) in the peripheral
nervous system (PNS) and then segregated into one of two daughter cells to determine
the different sibling cell fates (Rhyu et al.,, 1994). Similar role for Numb in cell fate
decision of the MP2 neuroblast (a particular type of neuroblasts that divides only once) in
CNS has also been demonstrated (Spana et al., 1995). Numb functions in these binary
cell fate decisions in part by antagonizing Notch activity in the cells that inherit Numb
(Frise et al., 1996; Guo et al., 1996). Although all NBs segregate Numb asymmetrically
into their sibling GMC, its role in GMC is not clear.

Prospero is a homoeodomain-containing protein that is required for cell-fate
specification in Drosophila CNS by functioning as transcriptional regulator (Vaessin et
al., 1991; Doe et al., 1991). Similar to Numb, Pros protein segregates asymmetrically in

dividing Drosophila neural precursor cells. In neuroblasts, the Pros protein can first be
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detected shortly before mitosis, when it starts to accumulate at the apical side of the cell
(Spana and Doe, 1995). During mitosis, Pros colocalizes with Numb into a crescent at
the basal cell cortex, and, together with Numb, it segregates into the GMC. After mitosis,
Pros translocates into the GMC nucleus to direct the specific GMC gene expression,
whereas Numb is retained at the cell membrane (Knoblich et al., 1995; Spana and Doe,
1995; Hirata et al., 1995). Pros and Numb localization are independent each other, but
their strikingly similar localization suggests that both proteins may be transported by a

common localization machinery.

14.2.2 Localization machinery of the cell fate determinants

Asymmetric localization of the cell fate determinants is mediated by a complex
process that has two prerequisites. First, it is necessary to establish a polarized cell and a
means to direct the asymmetric localization of the determinants. Next, the plane of cell
division must be oriented in a manner that is coordinated with the mechanisms for the
localization of the determinants. Studies over the last few years have revealed that
multiple proteins and RNAs involved in this process constitute a genetic pathway for the
control of asymmetric division of Drosophila embryonic neuroblasts.

A Inscuteable is an essential organizing molecule

Inscuteable (Insc) is a cytoskeleton adapter protein that is localized in the apical
cortex of dividing neuroblasts opposite to the basal Numb/Pros crescent (Kraut and
Campos-ortega, 1996). Recent studies have shown that it plays multiple roles in directing
asymmetric division of Drosophila NBs. Loss-of-function Insc mutants are defective in

the formation and localization of the Numb/Pros crescent, indicating its function in
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controlling Numb/Pros localization (Kraut et al., 1996). In addition to its role in protein
localization, Insc is also required for coordinating the orientation of the mitotic spindle
and the axis of protein localization (Kraut et al., 1996), and for the asymmetric
localization of pros RNA (Li et al., 1997).

B Pon, Miranda, and Stau act as adapter molecules of Insc

Since the Insc crescent is localized to the opposite side of the Numb/Pros crescent
and is delocalized before the completion of the cell cycle, it is unlikely that Insc directly
localizes the cell fate determinants. Recent studies have revealed that Insc controls the
localization of Numb, Pros and pros mRNA by indirectly controlling the asymmetric
localization of three adapter proteins: Partner of Numb (Pon; Lu et al., 1998), Miranda
(Mir; Shen et al., 1997; Ikeshima-Kataoka et al., 1997), and Staufen (Stau; Li et al., 1997;
Broadus et al., 1998). Pon directly binds and colocalizes with Numb in dividing neural
precursor cells and muscle precursor cells. In neuroblasts and SOP cells of Pon mutant
embryos, the formation of Numb crescent is delayed although it is segregated normally
by the end of mitosis. Numb localization is more severely affected in muscle precursor
cells, which leads to abnormal muscle formation (Lu et al.,, 1988). Another adapter
protein Miranda, identified by its interaction with the Pros asymmetric localization
domain, is responsible for asymmetric Pros localization (Shen et al., 1997; Ikeshima-
Kataoka et al., 1997). The Miranda protein itself is localized asymmetrically, along with
the Pros protein, to the basal cell membrane during mitosis; a phenomenon that requires
the Insc protein (Shen et al., 1997; Ikeshima-Kataoka et al., 1997). Stau protein has been
demonstrated to be required for the localization of bicoid and oskar RNAs during

Drosophila oogenesis. It is also expressed during Drosophila nervous system
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development and colocalizes with the Pros protein and pros RNA in mitotic NBs (Li et
al., 1997; Broadus et al., 1998; Shen et al., 1998). Biochemical studies have shown that
Stau binds to the 3’-UTR of pros RNA and the carboxyl terminus of the Insc protein,
therefore acting as a mediator in executing the RNA localization function of Insc (Li et
al.,, 1997). Interestingly, the localization of Stau also requires Miranda, indicating that
Miranda may play a more general role in asymmetric protein localization (Shen et al,
1998, Schuldt et al., 1998). All these adapter molecules function downstream of Insc to
promote the asymmetric localization of Numb/Pros or pros mRNA.

C Bazooka provides an apical cue for Insc localization

Given that neuroblasts delaminate from the epithelial cell layer, a fascinating
hypothesis has been proposed that the NBs may inherit the epithelial apical-basal polarity
to establish their intracellular asymmetry. Recent studies of the gene bazooka have
established the missing link between the NB polarity, manifested as the apical Insc
crescent, and the apical-basal polarity of the epithelium.

The Bazooka gene is required for the polarity of the epithelial cells (Muller and
wieschaus, 1996) where the Bazooka protein is localized in the apical cortex of these
cells (Kuchinke et al., 1998). When NBs delaminate from epithelia, Bazooka is inherited
and is colocalized with Insc at the apical cortex, suggesting that Bazooka links Insc with
epithelial apical-basal polarity (Wodarz et al., 1999; Schober et al., 1999). Bazooka can
bind directly to the Insc asymmetric localization domain in vitro and recruit the protein to
the apical cortex of NBs after cotransfection (Schober et al., 1999). Removal of both
maternal and zygotic bazooka activities results in a uniform distribution of the Insc

protein in the NB cytoplasm and causes similar phenotypes both in the distribution of cell
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fate determinants and in spindle orientation, as does the loss of insc mutation. These
findings provide strong evidence that Bazooka serves as a component of the common
molecular machinery to create polarity in both NBs and epithelial cells, and also acts as
an apical cue for the localization of the Insc protein.

D Pins is required for maintaining of the apical Insc complex

Most recently, a new component called partner of inscuteable (pins), which is
required for asymmetric localization of Insc has been identified in a yeast two-hybrid
screen using the central domain of Insc as bait (Yu et al., 2000). The same gene was
identified independently by another group based on coimmunoprecipitation of its gene
product and the Insc protein (Schaefer et al., 2000). In both maternal and zygotic pins
mutant embryos, Insc is initially localized correctly to the apical stalk of a delaminating
NB but becomes ubiquitously distributed in the NB after delamination, suggesting that
pins is required not for the initiation but for the maintenance of Insc localization. Not
surprisingly, pins mutants exhibit a phenotype similar to the /nsc mutant phenotype, i.e.,
the spindle orientation becomes random, and Pon, Numb, Miranda, and Pros are all
mislocalized. In Insc mutants, Pins becomes diffusely localized around the cortex of
NBs. Thus, asymmetric localization of pins and Insc are mutually dependent.

Pins is predicted to encode a protein with 7 tetratricopeptide (TRP) repeats, a
protein-protein interaction motif, and three GoLoco domains that are thought to bind and
regulate Gao, the o subunit of heterotrimeric G-proteins. In vitro, Pins can bind
inscuteable directly through its N-terminus, which contains the TPR repeats, and the
inscuteable asymmetric localization domain. Therefore, Pins is a component of the multi-

protein apical complex of the dividing NBs. Interestingly, Schaefer et al. (2000) found
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that Ga. may also be part of the apical complex, indicating that a heterotrimeric G protein

signaling cascade may be involved in the control of asymmetric cell division.

1.4.2.3 Prospero mRNA localization in asymmetric cell division

In addition to directly segregating the proteins, the cell-fate determinants can be
localized asymmetrically when the corresponding RNA transcripts are transported to one
side of a cell where they are translated locally. For example, during Drosophila
oogenesis, a complex RNA localization machinery is used to restrict bicoid and nanos
RNA to the anterior and posterior poles of the oocyte, respectively. Recent experiments
have revealed some intriguing parallels in RNA localization during Drosophila oogenesis
and during asymmetric division in Drosophila NBs. As its encoded protein, the pros
mRNA also shows a cell-cycle-specific asymmetric localization in NBs and is selectively
partitioned to the daughter GMC (Li et al., 1997; Broadus et al., 1998). During
interphase, most pros RNA is localized to the apical side of the NBs where it is found
either in the cytoplasm or associated with the cortex. During mitosis, pros RNA is
asymmetrically localized to the opposite side of the NB in a basal crescent. At
cytokinesis, pros RNA is specifically segregated into the GMC.

The RNA-binding protein Stau has been demonstrated to be one of the major
trans-acting proteins involved in RNA localization during Drosophila oogenesis and
early embryogenesis. It is also detected in the embryonic CNS (St Johnston et al., 1991;
Ferandon et al., 1994). In neuroblast cells, Stau colocalizes precisely with pros mRNA
and Pros protein spatially and temporally, and is partitioned to the GMC along with pros

mRNA and Pros protein. Homozygous stau mutant flies are defective in pros RNA
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localization but not in Pros protein localization, indicating that Stau is required for the
localization of pros RNA but not Pros protein (Li et al., 1997; Broadus et al., 1998). Stau
protein localization is normal in pros null mutants and Pros protein localization is normal
in stau null mutants. Thus, both Stau and Pros proteins are independently localized to the
same region probably by binding to a common anchoring protein.

Loss of pros RNA localization, but not of Pros protein localization, in sfau
embryos does not alter GMC fate probably due to the redundant function of Pros protein
localization. However, in hypomorphic (weakly active) alleles of pros, which have
reduced Pros protein expression and generate an ‘intermediate’ GMC phenotype, loss of
pros RNA localization due to stau mutation strongly enhances this phenotype. Therefore,
pros RNA and Pros protein localization may act redundantly to specify GMC fate
(Broadus et al., 1998). Since GMCs do not transcribe the pros gene (Broadus et al.,
1998), inheritance of both pros mRNA and Pros protein from the neuroblast is essential

for GMC specification.

1.4.2.4 A genetic pathway governing asymmetric neuroblast division

Studies over the last few years have revealed that a cascade of genes is involved
in the control of asymmetric segregation of the cell-fate determinants to the GMCs and
therefore governs the asymmetric division of Drosophila embryonic neuroblasts. This
genetic pathway is still quite incomplete and is surely an oversimplification (for review,
see Jan and Jan, 2000). Fig. 7 summarizes recent progress on the mechanisms of

asymmetric cell division underlying the development of the Drosophila CNS.
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Fig. 7. A genetic pathway that controls the asymmetric
cell division of the neuroblasts (NB) in Drosophila.
Adapted from Jan et al, 2000.
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L5  RNA localization in budding yeast

Asymmetric cell division occurs not only in multicellular organisms to govern
different cell fates but is also present in unicellular organisms such as prokaryotes and
eukaryotic microbes. In the yeast Saccharomyces cerevisiae, recent studies of the
mating-type switching have led to the discovery that asymmetric cell division can be
achieved by the asymmetric distribution of intrinsic cell-fate determinants, a similar

mechanism that was documented for the development of the Drosophila nervous system.

L5.1 Mating-type switching and its determinant

The budding yeast S.cerevisiae is able to switch between two mating types, a and
o. Among a pair of progeny cells only the older mother cell, which has previously
divided, can switch mating types whereas the newly born daughter cell can not. This
phenomenon ensures that the mother cell will not mate with its daughter. The different
cell types a and o are determined by chromosomal changes at the mating-type locus
MAT: MATa for a cells, and MATe for o cells. The yeast HO gene is responsible for
mating-type switching due to its encoded endonuclease activity that initiates gene
conversion at the MAT locus. Normally, HO gene activity is only expressed in the mother
cells (for review, see Jacobs and Shapiro, 1998). Transcription of HO in mother cells is
due to the unequal accumulation within the daughter cell nuclei of a HO transcription
repressor called Ashlp. Ultimately, it is the differential localization of Ashlp that
prevents mating-type switching in the daughter cell. Thus, Ashlp is the cell-fate

determinant in budding yeast (Bobola et al., 1996; Sil and Herskowitz, 1996).
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L5.2 Ashl RNA localization is required for mating-type switching

It has been demonstrated that asymmetric distribution of Ashlp in the nuclei of
daughter cells requires asymmetric localization of its mRNA at the distal tip of the
daughter cell during yeast division (Long et al., 1997, Takizawa et al.,, 1997). Three-
dimensional imaging has also revealed that Ashl mRNA is assembled into particles that
associate with the daughter cell cortex (Takizawa et al., 1997). Under conditions in which
Ashl mRNA localization is disrupted, Ashlp accumulates asymmetrically in both mother
and daughter nuclei therefore, localization of Ashl mRNA creates an essential
asymmetry in the distribution of Ashlp within mother and daughter cells of budding

yeast and controls mating-type switching.

1.5.3 Mechanism of asymmetric Ashl RNA localization
Similar to other localized RNA, asymmetric Ashl RNA localization is probably
mediated by cis-acting localization elements residing in the RNA sequence through

interactions with putative frans-acting protein factors and the cytoskeletal elements.

1.5.3.1 The cis-acting Ashl RNA localization elements

It was originally reported that the 3’-UTR of Ashl mRNA is sufficient to localize
a reporter RNA to the bud in the uninucleate small budded cells and to daughters in
binucleate budded cells (Long et al., 1997, Takizawa et al., 1997). However, later studies
have shown that its replacement has little or no effect on the localization of Ashl mRNA
and other sequence elements in the coding region are also involved in the asymmetric
localization (Gonzalez et al., 1999; Chartrand et al., 1999). Three additional cis-acting

elements have been found in the Ashl coding region and each of them is sufficient to
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direct the localization of a LacZ reporter mRNA to the bud (Chartrand et al., 1999). A
fine-structure analysis of the 3’-UTR element has shown that its function in mRNA
localization does not depend on a specific sequence but on the secondary or tertiary
structure of a minimal 118-nt stem-loop. Similar structures also found in the localization
elements of the coding region. Mutations in the stem-loop that affect the localization of
the LacZ mRNA reporter also affected the formation of the localization particles in living
cells. Therefore, the stem-loop structure in the localization elements is required for both
localization and particle formation, suggesting that complex formation is part of the RNA

localization mechanism (Chartrand et al., 1999).

1.5.3.2 The cytoskeletal elements and Ashl RNA localization

Genetic studies have identified that five SHE genes (SHEI to SHES) are important
in the asymmetric expression of the HO endonuclease (SHE, symmetric HO expression)
(Bobola et al., 1996). Mutations on these genes all have been found to affect Ashl
mRNA localization (Long et al., 1997; Takizawa et al., 1997; Bertrand et al., 1998).
Three of these genes encode proteins that interact with or influence the actin
cytoskeleton: Shel is identical to a previously identified gene MYO4, which encodes an
unconventional type V myosin and acts as an putative actin-based myosin motor (Jansen
et al., 1996); She3 encodes the Bnil protein, which is involved in promoting actin-
filament formation and polarization (Jansen et al., 1996); and She4 encodes an
uncharacterized protein also necessary for proper polarization of the actin cytoskeleton
(Wendland et al., 1996). Analysis of these She mutants strongly suggests that the actin

cytoskeleton plays an essential role in Ashl RNA localization. Pharmacological studies
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with the actin-depolymerizing agent (Takizawa et al., 1997) and mutations in
tropomyosin, profilin, and actin itself (Long et al., 1997) have indeed revealed that Ashl

mRNA localization is dependent on an intact cytoskeletal network.

1.5.3.3 Dynamics of Ashl RNA localization

Recent approaches to label mRNA with green fluorescent protein (GFP) have
provided the first real-time images of RNA motility in living yeast and yielded new
insights into the mechanism of mRNA transport (Bertrand et al., 1998; Beach et al,
1999). Bertrand et al. (1998) first developed a two-plasmid system in yeast. On one
plasmid the GFP sequence was fused to the coding sequence of MS2 bacteriophage coat
protein. On the second plasmid six MS2-binding sites were inserted between a reporter
gene, LacZ and the Ashl 3’-UTR to make a reporter mRNA. A nuclear-localization
signal was also engineered into the GFP-MS2 chimera so that it would be restricted to the
nucleus if not complexed to RNA. Using these two sophisticated plasmids, Bertrand et al.
first observed the formation of RNA particles induced by the 4sk/ 3°-UTR and followed
the dynamics of mRNA movement and localization in budding yeast. They found that
each She mutant reduced the proportion of cells containing Ask/ particles. This effect is
weakest for the She3d mutant, but particles that do form often remain in the bud neck,
suggesting movement was arrested en route. In the She2 mutant strain, particle formation
was almost completely abolished. In She3 mutant strain, the single and bright particle
observed in wild type strains is found to be dispersed into many smaller particles, none of
which localized. In She4 mutant strain, fewer particles were seen and these were not

localized about half the time, somewhat less than wild-type.
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One of the most significant conclusions that Bertrand et al. have drawn is that the
Shel/Myo4gene, which encodes a putative Type V myosin motor, is required for particle
movement and that Shelp may serve as a motor to drive Ashl particle movement along
actin microfilaments. This significant claim is based on a substantial body of evidence.
First, the Shelp and Ashl particles colocalize. Second, particle movement requires the
Shel gene. Third, Ashl mRNA particle movement occurs at velocities measured to be in
the range of 200 to 400 nm/s. The rate of movement of actin bundles driven by purified
chicken myosin V is 200-400 nm/s, implying that 4sh] particle movement could be
analogously driven by Shelp.

A recent study using iz situ colocalization and coprecipation of Myodp and Ashl
mRNA has demonstrated that a direct association between Myodp and Ashl mRNA is
dependent on the She2 and She3 proteins, indicating a direct role for Myodp myosin as a
transporter of localized mRNAs (Miinchow et al., 1999). This work also supports the

concept of motor-driven RNA transport.

1.6 RNA localization in other somatic cells

In the previous sections, I have described the features of RNA transport and
localization in the early embryonic development of Drosophila and Xenopus, and in
polarized nerve cells and budding yeast. Asymmetric RNA localization occurs in many
other types of polarized somatic cells. For example, the oligodendrocyte is one of the

first systems in which subcellular RNA localization was described since mRNA coding
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myelin basic protein (MBP) has been demonstrated to localize in the myelin compartment
of the cell (for review, see Carson et al., 1998). By injecting fluorescently labeled MBP
mRNA into living oligodendrocytes, Aniger and colleagues (1993) were the first to
observe the formation of RNA granules and their subsequent transport to cellular
processes. The same group also identified two elements within the 3’-UTR of MBP
mRNA which are required for two distinct steps in its localization to the distal process of
oligodendrocytes (Ainger et al.,, 1997). One element, termed RNA transport signal
(RTS), is made of a 21-nucleotide sequence (GCCAAGGAGCCAGAGAGCAUG) and is
required for the transport of MBP mRNA along the process. The second element, terméd
the RNA localization signals (RLS), contained within nucleotides 1130-1473 of the 3°-
UTR of MBP mRNA, is required for localization of MBP mRNA to the myelin
compartment. Computer analysis predicts that this region contains a stable secondary
structure at a conserved position in rat, mouse, and human MBP mRNA. When RLS is
deleted, the RNA forms granules that are transported along the process but fail to localize
to the myelin compartment (Ainger et al.,, 1997). Interestingly, besides its function in
transport, the RTS sequence has another role as a translational enhancer and confers
translation enhancement to heterologous reporter RNAs (Kwon et al., 1999). This implies
that translational regulation is an integral part of the RNA trafficking pathway and that
the cis-acting signal for RNA trafficking may also act as the determinant for the
regulation of translation.

Polarized somatic cells such as fibroblasts, myoblasts and epithelial cells
represent another system in which intracellular mRNA localization has been documented.

For example, in differentiating chicken myotubes, vimentin and desmin mRNAs are
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highly localized to costameres and localized synthesis may be involved in the assembly
of myofibrillar structures (Morris and Fulton, 1994). In chicken embryo fibroblasts
(CEFs), B-actin mRNA is localized to the distal regions of the leading lamellae
(Lawrence and Singer, 1986). Asymmetrically localized B-actin mRNA also exists in
epithelia cells (Yeh and Svoboda, 1994) and early embryos (Bouget et al., 1996).

B-actin mRNA localization to the leading lamellae in the CEFs is independent of
protein synthesis (Sundell and Singer 1990), and requires intact microfilaments (Sundell
and Singer 1991). This asymmetric localization is mediated by conserved elements in the
3’UTR of B-actin mRNA (Kislauskis and Singer 1992; Kislauskis et al., 1993) including
a 54-nt cis-acting signal termed “zipcode” (Kislauskis et al., 1994). The sorting of f-
actin mRNA to the cell pheriphery is regulated by signal transduction mechanisms that
influence the cytoskeletal organization of the leading edge (Hill et al., 1994; Latham et
al., 1994). Treatment of CEFs with antisense oligonucleotides directed against the cis-
acting zipcode led to delocalization of B-actin mRNA in the leading edge, and subsequent
impairment of the cell polarity and motility in these delocalized cells. Thus, the
asymmetric localization of B-actin mRNA to the leading edges of fibroblasts is important

for the maintainance of cell polarity and motility (Kislauskis et al., 1997).

1.7  The RNA-binding proteins invelved in RNA localization
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Recently, progress has been made in identifying several families of trans-acting
factors which are involved in the localization of mRNA in both germline and somatic
cells of different organisms. Among the growing list of RNA-binding proteins, members
of three different families have emerged: double-stranded RNA-binding protein
(especially Staufen); zipcode binding proteins such as ZBP, Vera or VgIRBP; and
heterogeneous nuclear ribonucleoproteins (hnRNPs) (for review, see Kiebler and
DesGroseillers, 2000). From the studies of these proteins, a particularly interesting theme
has emerged is that the same RNA-binding protein may mediate the localization of
different RNAs in distinct species via different pathways involving different cytoskeletal
elements (Oleynikov and Singer, 1998; Micklem et al., 2000). This, combined with new
evidence from the evolutionary conservation of some of these proteins, suggests a
previously unanticipated uniformity in mRNA localization mechanisms. Next, [ will
mainly discuss three classes of trans-acting proteins, with an emphasis on Staufen which

is so far the best-characterized protein family involved in RNA transport and localization.

1.7.1 The Staufen family

Staufen (Stau), a double-stranded RNA-binding protein, was first identified in
Drosophila melanoganster in a genetic screen. The role of Staufen in the localization of
several maternal mRNAs, which is essential for embryonic body programming during
Drosophila oogenesis and early embryogenesis, has been well established. In somatic
cells, Stau has also been shown to mediate RNA localization and play a role in

asymmetric division during the development of the Drosophila central nervous system.
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Recently, the cloning and characterization of the mammalian ortholog of Staufen has

shown that Staufen is a conserved component of the RNA localization machinery.

1.7.1.1 Staufen is required for osk and bed mRNA localization

Staufen plays an essential role in the localization of two maternal mRNAs that
code for two important body pattern determinants during the early development of
Drosophila. Staufen is one of the five genes required for the localization of oskar (osk)
mRNA to the posterior pole of the oocyte where local synthesis of oskar protein directs
the formation of abdomen and germline structures (Ephrussi et al., 1991; Kim-ha et al.,
1991, 1995; St Johnston et al., 1991). In stau null mutants, osk mRNA persists in a ring at
the anterior end of the oocyte and fails to move to the posterior pole. Stau is also one of
the three genes required for the localization of bed mRNA to the anterior pole. However,
it functions at the final stage of bed mRNA localization. After egg deposition Staufen is
responsible for anchoring bcd mRNA at the anterior of the egg, where local synthesis of
the bed protein determines the head and thorax of the embryo (St Johnston et al., 1989).
In stau null mutants, bcd mRNA shows a normal localization to the anterior end of the
mutant oocytes, but has spread posteriorly to form a shallow gradient once the mutant

egg has been laid.

L.7.1.2 Staufen is required for prospero mRNA localization

As 1 have discussed earlier, the function of the stau gene is not limited to
oogenesis and early embryonic patterning in Drosophila. Zygotic Stau in Drosophila is

expressed throughout the developing nervous system and participates in establishing
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asymmetry by localizing prospero mRNA to the basal cortex of dividing neuroblast (Li et
al., 1997; Broadus et al., 1998 Matsuzaki et al., 1998; Schuldt et al., 1998; Shen et al.,
1998). This basal localization ensures the segregation of prospero mRNA only to the
small GMC daughter cell after division. Since Prospero is a homeodomain containing
transcription factor, asymmetric localization of its mMRNA along with Prospero protein to

the GMC will act redundantly to induce GMC-specific gene expression.

L7.1.3 The nature of the Staufen-RNA ribonucleoprotein complex

Given that Staufen binds to any double-stranded RNA or RNA with internal
double-stranded structures without sequence specificity, how could specific Staufen-
RNA interactions be achieved in vivo? What are the other components of the specific
Stau-RNA ribonucleoprotein complexes? And finally, how are the distinct Stau-RNA
complexes transported and anchored to the different places? Although answers to these
questions remain obscure, recent investigations are beginning to tackle these problems.

So far, the cis-acting sequences required for all steps of the bcd mRNA
localization process have been mapped to a 625 nucleotide region of the 3°-UTR that is
predicted to form a complex stem-loop secondary structure (see Fig. 4, Macdonald and
Struhl, 1988; Ephrussi and Lehmann, 1992; Gavis and Lehmann, 1992; Macdonald et al.,
1993). Using linker-scanning mutation analysis combined with microinjection, Ferrandon
et al (1994) first mapped the sites essential for Stau recognition and Stau-RNA particles
formation. These Stau binding sites coincide with the three predicted stem-loop structures
of the 3°-UTR involving large double-stranded regions (stem-loop III, and the distal part

of stem-loops IVc and Vb, see Fig. 4). To further test the relevance of the predicted
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secondary structure for Stau binding, Ferrandon et al. (1997) designed sets of
compensatory mutations on both strands of the putative helices and monitored Stau-
particle formation after injection of the corresponding RNAs into the early embryo. They
found that single mutation that disrupts each of the predicted stem structures prevented
particle formation, while compensatory mutations that altered the primary sequences but
not the helical structure restored the formation of Stau-containing granules. Thus, these
results suggest that the double-stranded conformation of the bcd 3°-UTR plays a specific
role in Stau-RNA interaction. dStau contains five dsSRBD motifs and it has been recently
shown that dsRBD1 and 4 bind dsRNA. However, their binding activity is weaker than
that observed with dsRBD3 (Micklem et al., 2000). It is perceivable that specific
interactions of Stau-bcd mRNA could be conferred by the correlation between the
positions of the dsRBDs and the combined stem-loop structures of the 3’-UTR.

The nature of the specific Stau-osk mRNA interaction seems to be different from
that of Stau-bcd. During oogenesis, Stau localizes exclusively with osk mRNA in the
posterior region of the oocyte even though bcd mRNA is present at the anterior end (St.
Johnston et al., 1991). In contrast, in the deposited egg and during early embryogenesis,
Stau specifically binds bcd mRNA and does not bind injected osk mRNA (Ferrandon et
al., 1994). Therefore, there is an apparent switch in specificity regarding Stau-RNA
binding at the time between the end of oogenesis and the beginning of the egg deposition.
The failure to form Stau-osk mRNA granules in the egg also suggests that other proteins
not present in the egg cytoplasm are also required for the association of osk mRNA with
Stau. Future work will need to elucidate the possible factors in the Drosophila oocyte

which are involved in Stau-osk mRNA interaction.
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Another significant point from the work of Ferrandon et al.(1997) comes from
their claim that RNA-RNA interactions play a role in the formation of specific Stau-bed
mRNA ribonucleoprotein particles. This finding originated from an early observation
that six conserved nucleotides in the distal loop of helix III are perfectly complementary
to a side loop of the same helix (Macdonald, 1990) (see also Fig. 4). To test the possible
interaction of these loops and their functional relevance in Stau binding, Ferrandon et al.
introduced a set of compensatory mutations in each of the two loops. Interestingly, RNA
containing the double compensatory mutations associates specifically with Stau in the
embryo, whereas RNAs containing mutations on either single-stranded loop do not,
suggesting that the two loops interact with each other through base-pairing. Further work
confirmed that the base-pairing between the distal loops and side loop of Stem III is
intermolecular and not intramolecular, indicating that dimers or multimers of the RNA
localization signal associate with Stau. Thus, the formation of large ribonucleoprotein
transport granules may be dependent on RNA-RNA interactions as well as RNA-protein

interactions.

L.7.1.4 Staufen mediates RNA localization in both microtubule- and

microfilament-dependent pathways

Staufen-mediated localization of bicoid and oskar mRNAs to the opposite poles
of Drosophila oocytes is dependent on an intact microtubule network. Both RNAs are
most likely transported in an active process involving microtubule-dependent motor
proteins. However, recent studies on the localization of the prospero-Staufen complex

have shown that it is microfilament-dependent since actin-destablizing, but not
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microtubule-depolymerizing drugs, prevent prospero mRNA localization. Therefore,

Staufen can mediate both microtubule- and actin-dependent mRNA localization.

A Staufen-mediated bed mRNA localization is microtubule-dependent

Pokrywka and Stephenson have used microtubule-depolymerizing drugs to
examine the late localization of bed mRNA (Pokrywka and Stephenson, 1991, 1995).
Treatment of stage 10 egg chambers in culture with nocodazole dislodges already
localized bed in the oocyte and nurse cells and prevents localization of newly synthesized
bcd mRNA entering the oocyte. Interestingly, microtubule disruption by nocodazole is
easily reversible after removing the drug. This relocalization of bed mRNA suggests that
the RNA is unlikely to be simply trapped at the anterior pole of the oocyte by a
ubiquitous receptor as it enters the anterior oocyte from the nurse cells. In mutants where
the oocyte develops as if it had two anterior ends, bcd mRNA localizes to the ectopic
“anterior cortex” at the opposite end of the oocyte (Ruchola et al., 1991; Lane and
Kalderon, 1994; Gonzalez-Reyes et al.,, 1995). This ectopic bcd mRNA cannot have
been localized by being trapped as it entered the oocyte. Instead, bcd mRNA localization
appears to occur via active transport towards the minus-ends of microtubules, since the
sites of bed mRNA localization coincide with the places where the minus ends of
microtubules are thought to reside. Staufen is needed for the final stage of bcd mRNA
localization in late oogenesis and early embryogenesis. When the 3°UTR of bicoid
mRNA is injected into the early embryo, bed mRNA recruits endogenous Stau to form
Stau-containing ribonucleoprotein complexes which are localized in the vicinity of the

astral microtubules of the mitotic spindles (F errandon et al., 1994). Since this localization
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is disrupted by microtubule-depolymerizing drugs, and the time between mitoses is to
short for any diffusion, it seems likely that the Stau-bcd mRNA complexes are actively
transported along the microtubules, and possibly a microtubule-dependent motor protein
is involved in this process. Most recently, the discovery that cytoplasmic dynein, a
minus-end-directed microtubule motor protein, is involved in targeting Swallow and
bicoid RNA to the anterior pole of Drosophila oocytes (Schnorrer et al., 2000) provides
the missing link in bicoid mRNA localization. However, since Staufen is involved in bed
mRNA localization in a later phase than Swallow, it remains to determined if Staufen is

recruited to the same complex containing Swallow and dynein.

B Staufen-mediated osk mRNA localization is microtubule-dependent

There is good evidence to suggest that the movement of Staufen-oskar mRNA
from the anterior to the posterior pole of the oocyte is also due to active transport along
microtubules. At stage 7, when oskar RNA begins to localize in the posterior of the
oocyte, the nurse cell-oocyte microtubule array is reorganized to a clear anteroposterior
polarity. The movement of Staufen protein and oskar mRNA to the posterior end
correlates perfectly with the major reorganization of the oocyte cytoskeleton (Theurkauf
et al., 1992).

Clark et al. (1994) demonstrated that the kinesin:[3-gal fusion protein moves to the
posterior region of the oocyte at the same stage as Staufen and oskar and that this
movement is dependent on the activity of the kinesin motor domain. Treatment with the
microtubule-depolymerizing drug colchicine prevents localization of Staufen, oskar

mRNA, and the motor fusion. In Notch, Delta, and gurken mutants which result in



Introduction 66

formation of a mirror-image microtubule skeleton, Staufen protein, oskar mRNA, and the
kinesin:B-gal protein all mislocalize identically, to the center of the oocyte (Clark et al.,
1994; Gonzalez-Reyes et al., 1995). In addition, movement of the reporter construct is
disrupted by the same mutations (cap, spire) that affect Staufen and oskar mRNA
localization but not by mutations in staufen and oskar themselves (Clark et al., 1994).
These results indicate that the construct is not simply hitching a lift with Staufen or oskar
mRNA but that it is sharing some aspects of the transport machinery which is disrupted
in these mutants. In view of the fact that kinesin is well established as a microtubule-
directed motor protein and colchicine treatment prevents the localization of the Staufen-
oskar mRNA and the motor protein, it is very likely that this shared component of the
transport machinery is the microtubules themselves. Further confirmation comes from an
analysis of cappuccino and spire mutants (Theurkauf, 1994), which indicates that they
result in the premature onset of cytoplasmic streaming immediately after loss of the
posterior microtubule organizing center (MTOC). In these ovaries therefore, the anterior-
posterior array of microtubules implicated in Staufen and oskar mRNA localization fails
to form. This could account for the failure of Staufen and oskar to localize.

The apparently anterior nucleation of the anterior-posterior microtubule array
(Theurkauf et al., 1993) and the fact that Staufen-oskar RNA always localizes to the same
position as the kinesin:B-gal fusion protein (Clark et al., 1994) both support the notion
that Staufen-oskar RNA is transported to the posterior pole along the microtubules by a
plus end-directed motor. However, this simple model has been called into question by the
discovery that the minus end-directed microtubule motor dynein also localizes to the

posterior pole at the same time as oskar mRNA (Li et al,, 1994). This raises the
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possibility that at least some of the microtubules are oriented with their minus ends at the
posterior and that oskar mRNA could therefore be localized by a minus-end directed
motor such as dynein itself. Unlike the kinesin:B-gal fusion protein, which is thought to
have an unregulated motor domain that moves along any microtubules it encounters, the
activity of endogenous dynein is likely to be regulated. Thus, it is possible that dynein is
merely being transported to the posterior end as another cargo for the motor that localizes

the Staufen-oskar mRNA complex.

C Staufen-mediated pros mRNA localization is microfilament-dependent

Using in vitro culture of neuroblasts, Broadus and Doe (1997) investigated the
role of the cytoskeleton in asymmetric localization of the Inscuteable, Prospero and
Staufen proteins. They found that microtubule disruption has no effect on protein
localization, but microfilament inhibitors result in delocalization of all three proteins.
Inscuteable becomes uniform at the cortex, whereas Prospero and Staufen become
cytoplasmic; inhibitor washout leads to recovery of the microfilaments and asymmetric
localization of all three proteins. Staufen colocalizes with Prospero mRNA throughout
the entire cell cycle. It is first concentrated on the apical side of the neuroblast at
interphase, then forms a crescent on the b;':lsal side of the cell in prophase, where it
remains through mitosis before partitioning to the GMC at cell division (Broadus et al.,
1998; Schuldt et al., 1998). The dsRBD3 of Staufen can interact directly with the 3°-UTR
of Prospero mRNA in vitro (Li et al., 1997) although the physiological relevance of this
binding is hard to address since dsSRBD3 of Staufen appears to bind any double-stranded

RNA longer than 11 bp in vitro. Using an in vivo RNA injection assay, Schuldt et al.
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(1998) demonstrated that Staufen specifically binds to the 3’-UTR of prospero mRNA to
form ribonucleoprotein particles in Drosophila embryos, but not to the coding region of
prospero mRNA. This behavior is similar to that of bicoid 3’-UTR in vivo. However,
unlike the RNP particles formed between Staufen and the bcd 3’-UTR (Ferrandon et al.,
1994), the Staufen/Prospero 3-UTR particles do not associate with astral microtubules,
consistent with the obsevation that microtubles are not involved in Staufen-Prospero

mRNA localization in the developing nervous system.

L7.1.5 Structural features of Staufen

The only functional motif found in Staufen is the double-stranded RNA (dsRNA)
binding domain (dsRBD), which consists of a 65 to 68 amino acid consensus sequence
and binds to dsRNA or RNAs with extensive double-stranded structure (St Johnston et
al., 1992). Staufen contains 5 copies of dsRBDs termed dsRBD! to dsRBDS3, the third
dsRBD (dsRBD3) has been shown to strongly bind dsRNA in vitro (St Johnston et al.,
1992). So far, the dsRBD has been found in a growing number of proteins from different
organisms.

The structures of dsRBDs present in several proteins from different organisms
have been determined by nuclear magnetic resonance (NMR) and X-ray crystallography,
with highly consistent results. These proteins include Escherichia coli RNase III
(Kharrat et al., 1995), Drosophila melanogaster Staufen (Bycroft et al., 1995), and
human double-stranded RNA activated protein kinase PKR (Nanduri et al., 1998).

Studies of these proteins have shown that the dsRBD folds into a compact a-B-B-B-o

structure, and that the two a helices are packed along a face of a three-stranded anti-
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parallel B sheet, with most of the potential RNA-binding residues exposed on one
surface. The structure of the dsRBD3 from Drosophila Staufen is quite different from
that of typical RNA binding domains such as RNP domain (B-o-8-B-o-pf) and KH
domain (B-a-a-B-B). However, it shares homology with the N-terminal domain of
ribosomal protein S5 (Bycroft et al., 1995). Interestingly, the consensus derived from S5
protein family sequences shares several conserved residues with the dsRBD consensus
sequence, indicating that the two domains share a common evolutionary origin (Bycroft
et al., 1995). Two residues that are essential for dsSRBD RNA binding, F32 and K50, are
also conserved in the S5 protein family suggesting that the two domains interact with
RNA in a similar way (Bycroft et al., 1995).

Recently, the 1.9 A resolution crystal structure of dsRBD2 from the Xenopus
laevis protein Xlrbpa éomplexed with dsRNA has been determined (Ryter et al., 1998). In
this study, two dsRNAs, each 10bp long, are stacked end-wise to approximate a
continuous helix. Three distinct regions of the protein interact with the RNA via direct or
water-mediated interactions (see Fig. 8). Regions 1 and 2, which correspond to the N-
terminal o helix (al) and the loop between 31 and 32 respectively, interact with adjacent
minor grooves. Region 3, which corresponds to the highly conserved residues at the
beginning of the C-terminal helix (a2), spans the major groove formed by the two
contiguous but distinct 10-mer fragments. The major groove seems to be wider than
expected for continuous dsRNA, suggestive of partial unwinding of the A-form duplex.
Consistent with this finding, the dsRBD can bind sequences containing mismatches and
non-contiguous duplex regions (Bevilacqua et al., 1998; Tian et al., 2000), potentially

allowing for a degree of specificity in dsRBD-RNA interactions. Most of these protein-
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Fig. 8. Recognition of dsRNA by dsRBB2 of Xlrbpa. A. Structure of the complex between the
Xlrbpa dsRBD2 (purple) and two pseudocontigious 10-nucleotide RNA duplexes (backbones
shown in orange and blue). Protein segments interacting with the RNA are denoted by regions 1,
2 and 3 and critical sidechains are shown, as well as water molecues (blue spheres). CT, C-
terminus; NT, N terminus. B. Sequence alignment of the Xlrbpa dsRBD2 with the dsRBD
consensus sequence, indicating the regions involved in RNA interactions. Purple or X,
nonconserved residues; green, hydrophilic residues matching the consensus sequence; grey,
hydrophobic residues matching the consensus sequence; yellow, residues not matching the
consensus sequence. Adapted from Ryter et al., 1998.
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RNA interactions are with the phosphodiester backbone or ribose 2°-OH groups, which
accounts for the discrimination against DNA. The limited number of base-specific
interactions makes it likely that any specificity in RNA binding rests on sequence-
specific structural features in the duplex. In keeping with this view, internal loops in
dsRNA appear to play an important role in defining sites of cleavage by RNase III and of
deamination by ADAR1 (Nicholson, 1996; Lehmann and Bass et al., 1999).

More recently, the RNA-protein interactions mediated by Staufen dsRBD3 and a
12 base-pair RNA stem-loop has also been demonstrated by NMR studies (Ramos et al.,
2000). As the crystallographic structure of the complex between dsRBD2 of Xlrbpa and
dsRNA, the same three regions (helix al, loop 2 and loop 4) of Staufen dsRBD3 have
been identified to interact with RNA (see Fig. 9). Mutations of amino acids in each of
these regions abolish or reduce RNA-binding significantly whereas mutations in surface
residues in other regions of the protein have no effect. While the loop between -1 and
B-2 (loop2) was shown to interact with the minor groove of RNA, loop 4 between the last
B strand (B-3) and the second helix (02) interacts with the phosphodiester backbone
across the major groove. However, a very different description of the interaction between
the N-terminal helix ol and RNA was provided by the studies of the two RNA-protein
complexes. In the crystal structure, helix ol interacts with the minor groove of a second
RNA duplex that abuts the first RNA molecule to form a pseudo-continuous double helix.
As a consequence, the Xlrbpa dsRBD covers 16 bp across the junction between the two

RNA molecules. In contrast, helix ol of Staufen dsRBD3 interacts with a single-stranded

tetraloop that caps a 12 bp stem of a perfect A-form RNA. Interactions between helix a1
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Fig. 9. The interactions of dsRBD3 of Drosophila Staufen and dsRNA. 1. The schematic
representation of the structure motifs of dsRBD3 (upper) and the amino acids that reduce(yellow) or
abolish RNA binding. II. Stereo view of a low energy structure of the dSRBD3-RNA complex; Phe32 and
five interfacial residues critical for Staufen function are shown explicitly. III Intermolecular interactions
between dsRBD3 and a RNA stem-loop in the superposition of 10 converged structures; one structure is
represented in orange for clarity. (A) Interaction between loop 2 and the minor groove of the double-
helical stem; Ala27 and His28 from the conserved GPAH sequence and the Lys30 side chain are shown
explicitly; 2°-OH groups in close proximity to amino acids side chains are highlighted in red. (B)
Interaction between loop 4 and the N-terminus of helix a2 and RNA phosphates (in red). (C) Interaction
between helix al and the UUCG tetraloop. Adapted from Ramos et al., 2000.
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of Staufen dsRBD3 and single-stranded RNA may provide important determinants of the

specificity of dsRBD proteins in vivo.

1.7.2 The zipcode-binding proteins

A member of this class of RNA-binding proteins was first identified from an UV
cross-linking and affinity purification approach to search for proteins that bind to the
localization zipcode of B-actin mRNA in chicken fibroblasts (Ross et al., 1997). A 68-
kDa protein termed ZBP-1 was found to specifically bind the zipcode and encode an
RNA-binding protein containing a typical RNA recognition motif (RRM) and four KH
(hlnRNP K homology) domains. Similar approaches have also been used to identify
trans-acting factors that bind to the Vg localization element (VgLE), which functions in
vegetal localization of ¥g! RNA in Xenopus oocytes. A 75-kDa protein termed Vera was
found to specifically bind to the VGLE and co-sediment with the endoplasmic reticulum
(ER) (Deshler et al., 1997). Therefore, Vera may link Vgl mRNA to the vegetal ER
subcompartment while the ER is transported via microtubules to the vegetal pole.
Previous experiments using UV-crosslinking of Vg/ 3°-UTR and Xenopus oocyte extracts
have also led to the identification of a 69-kDa protein called Vg/ RNA-binding protein
(VglRBP) (Schwartz et al., 1992). It was demonstrated that VglRBP is enriched in the
microtubule fraction of oocytes and mediates the association of Vg/ mRNA to
microtubules in vitro (Elisha et al., 1995). Interestingly, sequence analyses have revealed
that VgIRBP or Vera is in fact the same protein and they are highly homologous to the
microfilament-associatiated zipcode-binding protein (Havin et al, 1998). Thus,

Vera/VglRBP and ZBP-1 are almost identical proteins operating on different cytoskeletal
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elements in different cells of different species. The presence of the same RNA-binding
protein mediating transport of different RNAs in different species suggests that ZBP
represent a general and conserved factor in the RNA localization machinery.

In humans, a protein named KOC (KH-domain protein overexpressed in cancer
cells) was found to be the homologue of ZBP-1 (Mueller-Pillasch et al., 1997). However,
its function is unknown.

In developing neurons, f-actin mRNA is localized to granules that are sorted to
dendritic and axonal growth cones (Bassell et al., 1998). In neuronal processes, these B-
actin mRNA granules are closely associated with microtubules and delocalized after
treatment with microtubule- but not microfilament-destabilizing drugs. This behavior is
in contrast to B-actin mRNA localization in chicken fibroblasts. It is been proposed that
the different features of B-actin mRNA localization in different cell types may be
attributed to the presence of different #rans-acting factors that have different cytoskeletal
binding activities (Bassell and Singer, 1997). In agreement with this hypothesis, a second
B-actin mRNA zipcode binding protein termed ZBP-2 has been found in neurons
(preliminary results cited in Hazelrigg, 1998). Interestingly, ZBP-2 is also present in
fibroblasts and is both nuclear and cytoplasmic. Therefore, different ZBP isoforms are

expressed in the same cell but are likely to play distinct roles.

L7.3 The heterogeneous nuclear ribonucleoproteins (hnRNPs)
hnRNPs are a large family of over 20 RNA-binding proteins, many of which are
characterized by the presence of one or more RNA-binding domain motifs, and have been

implicated in RNA transcription and pre-mRNA processing (for a review, see Dreyfuss et
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al.,, 1993). These proteins may contain different RNA-binding motifs, e.g., RNA
recognition motif (RRM), arginine/glycine-rich boxes (RGG), and KH (hnRNP K
homology) domains that confer different RNA sequence binding ppeferences. Recent
studies have revealed that several members of the hnRNP family are involved in RNA
transport and localization.

The first member of hnRNP family that was found to be implicated in RNA
transport is the 36-kDa hnRNP A2 which specifically binds to the 21-nt RNA transport
signal (RTS) of MBP mRNA in mouse oligodendrocytes (Hoek et al., 1998). Western
blotting indicates that hnRNP A2 is enriched in brain and testis, and immunostaining of
oligodendrocytes indicates that the protein is found in both nucleus and cytoplasm where
it appears in granules in the distal processes and myelin compartment, consistent with a
role in RNA trafficking. Some hnRNPs including hnRNP A2 contain an unconventional
nuclear localization signal called the M9 domain which binds to a nuclear import protein
termed transportin, and shuttles between the nucleus and cytoplasm (Siomi and Dreyfuss,
1995; Pollard et al., 1996; Siomi et al., 1997). Thus, hnRNP A2 may function in nuclear
export as well as in intracellular transport of RTS-containing RNA.

In Xenopus oocytes, localization of Vg! mRNA is directed by a 340 nt sequence
(termed Vgl localization element, VgLE) within the 5° half of its 3’-UTR (Mowry and
Melton, 1992). VgLE contains a series of reiterated sequence motifs: E1 (UAUUUCUA,
two copies), E2 (UUCAC, five copies), E3 (UGCACAGAG, two copies), E4 (CUGUUA,
three copies) and VM1 (UUUCUA, three copies). The E2 element is reported to be the
binding site for Vera (Deshler et al., 1998). The VM1 element have been shown to be

required for the binding of VgRBP60, a protein previously identified as a VgLE-binding
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protein (Mowry, 1996; Gautreau et al., 1997). Recently, the 60-kDa VgRBP has been
cloned and found to be related to hnRNP I (Cote et al., 1999). Interestingly, when
mutatigils were introduced into the VM1 elements, Vgl mRNAs was no longer localized
and also failed to bind VgRBP60, implicating it in Fg/ RNA localization (Cote et al.,
1999).

In Drosophila, Squid (Sqd) encodes a hnRNP protein which is important for
gurken (grk)-dependent dorsal-ventral (D-V) patterning during oogenesis (Kelley 1993).
The Sqd gene is alternatively spliced to produce three protein isoforms: SqdA, SqdB, and
SqdS. Interestingly, these isoforms display different subcellular distributions: both SqdB
and SqdS are detected in germ-line cell nuclei, whereas SqdA is predominantly
cytoplasmic. While the nuclear isoform (SqdS) is involved in the proper localization of
gurken mRNA in the oocyte, the cytoplasmic isoform SqdA has no effect on gurken
mRNA localization. Instead, it plays a role in preventing the translation of ventrally
localized grk mRNA and causes the accumulation of gurken protein on the dorsal side of
the egg chamber (Norvell et al., 1999). Therefore, distinct isoforms of Squid perform
distinct roles in gurken mRNA localization and translation. The role of the hnRNP
protein Squid in RNA Ilocalization has also been demonstrated using a mRNP
microinjection assay. Lall et al (1999) have demonstrated that a synthetic, fluorescently
tagged fushi tarazu (fiz) transcript, a Drosophila pair-rule gene product, is unable to
localize after injection into blastoderm embryos but that preincubation with nuclear
protein extracts leads to rapid and specific apical localization on an intact microtubule

cytoskeleton. Further analysis shows that this activity can be attributed to the Drosophila

Squid hnRNP protein, which selectively binds to the fiz 3-UTR. Moreover, related
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human hnRNP proteins can substitute for Sqd activity, indicating that the localization-
promoting activity of hnRNP proteins has been evolutionarily conserved. This represents
the first direct demonstration that a specific protein accomplishes the localization of a

transcript upon direct binding.

I.8  The cytoskeleton and cytoplasmic RNA localization

It is now believed that the cytoskeleton is widely used to transport or anchor
mRNAs to their subcellular functional sites once they are synthesized in the nucleus.
Studies in Drosophila melanoganster and Xenopus laevis oocytes, as well as in
Saccharomyces cerevisiae, fibroblasts and neurons have implicated microtubules and
microfilaments in localizing mRNAs and other determinants. It seems that microtubules
are generally required for long-distance transport processes in large cells such as oocytes,
neurons, or oligodendrocytes whereas microfilaments play a major role in smaller cell
types such as fibroblasts and yeast. However, in certain cases both microtubules and
microfilaments are required for RNA transport and subsequent protein synthesis (for a
review, see Bassell and Singer 1997, Jansen 1999). It is possible that mRNA associates
with various filament systems through a common mechanism and that these filaments,
whether they be microtubules, actin or even intermediate filaments, could provide a solid
surface for RNA-binding, preventing random movement of RNA within the cytoplasm

and bringing it into contact with regulatory cofactors. Recent identification of a number
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of RNA-binding proteins with cytoskeletal binding activity has proven to be essential

mediators of the RNA-cytoskeleton association during RNA localization.

1.8.1 Microtubule-dependent RNA localization in Drosophila and Xenopus oocytes
In the previous section, I have described the importance of microtubules in the
localization of Drosophila maternal mRNAs such as bicoid and oskar. Several lines of
evidence suggest that microtubules play a more general role in Drosophila maternal
mRNA localization. First, localization of the materal RNAs correlates with the
rearrangement of the microtubule network. Over a dozen transcripts (e.g. bicoid, nanos,
orb, oskar, Bicaudal-C, Bicaudal-D, gurken, Pgc, K10, egalitarian, and fudor) are
synthesized in the nurse cells and specifically accumulate in the oocyte within early egg
chambers. During these early stages, the microtubule nucleation site (the minus end) is
located in the posterior end of the oocyte with microtubules oriented toward the nurse
cells. Later in oocyte development, bicoid, Bicaudal-D and even some posteriorly
localized RNAs such as oskar and Pge, move from the posterior to the anterior end of the
oocyte. During this time, the microtubule orientation undergoes a rearrangement with the
nucleation site at the anterior end of the oocyte. In both cases, nRNAs move towards the
minus end of the microtubules. Secondly, as mentioned in the last section, treating
females with microtubule poisons such as colchicine leads to the redistribution of bicoid
and oskar mRNA throughout the oocyte cytoplasm. Genetic mutations that alter
microtubule organization in the oocyte also cause mislocalization of bicoid and oskar
mRNAs. Thirdly, transport of mRNAs along microtubules indicates that microtubule-

dependent motor proteins may be involved in this process. Indeed, several microtubule-
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based motor proteins have been implicated in the localization of Drosophila maternal
mRNAs. One such motor protein is cytoplasmic dynein which moves towards
microtubule minus ends. It has been demonstrated that the light-chain subunit of
cytoplasmic dynein (Dlc) specifically interacts with the coiled-coil domain of Drosophila
Swallow (Schnorrer et al., 2000). Swallow is one of the genes required for anterior bicoid
mRNA localizatidn and encodes a protein with a coiled-coil domain as well as a domain
with slight similarity to known RNA-binding motifs. Swallow transiently localizes to the
anterior cortex in late-stage oocytes. This anterior localization depends on an intact
microtubule network but not on Exuperantia activity or even the presence of bicoid
mRNA (Schnorrer et al., 2000), indicating that the action of Swallow is upstream of
bicoid mRNA localization. Thus, Swallow seems to have its own cellular address and
may be used by bicoid mRNA to hitch a ride to the anterior cortex of the oocyte. Another
candidate involving RNA localization during Drosophila oogenesis is kinesin, a
microtubule-plus-end directed motor protein. A kinesin:B-galactosidase fusion protein
has been shown to colocalize with oskar RNA when oskar RNA gradually moves away
from the anterior and begins to accumulate at the posterior pole of the oocyte (Clark et
al., 1994).

As discussed in the previous section, the dynamics of RNA localization to the
vegetal pole of Xenopus oocytes can be generally classified into two different pathways
exemplified by Vgl and Xcat-2 RNAs. The Vgl pathway is microtubule-dependent and is
abolished by treating oocytes with microtubule-depolymerizing drugs such as nocodazole
or cochicine (Yisraeli et al., 1990). This microtubule-dependent transport process is

possibly conserved between frogs and mammals as tau mRNA which is localized in the
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axons of mammalian neurons, when injected into Xenopus oocytes, can take the same
microtubule-dependent route to the vegetal cortex as does Vg/ mRNA itself (Litman et

al., 1996).

1.8.2 Microtubule-dependent RNA localization in somatic cells

Microtubules play an important role in RNA localization in some polarized
somatic cells. In differentiated neurons, for example, tau mRNA is localized to the cell
body and the proximal portion of the axons, and MAP2 mRNA is localized in the cell
body and dendrites (Litman et al., 1994; Garner et al., 1988). Later studies have revealed
that a number of other RNAs are also differentially localized to axonal or dendritic
compartments (see previous section). In most cases, treatment with microtubule inhibitors
can abolish the differential localization. The observations of localized RNAs in living
cultured neurons have prompted investigators to suggest that they are present in particles
composed of several RNAs and proteins, including some components of the translational
machinery (Knowels et al., 1996). Moreover, these particles translocate inside the cell in
a microtubule- but not microfilament-dependent manner (Knowels et al., 1996).

Studies with MBP mRNA injected into oligodendrocytes in culture also highlight
the importance of microtubules in RNA transport. Injected MBP mRNA is rapidly
assembled into RNA granules and moves from the cell body into the myelin processes
(Ainger et al, 1993). Three-dimensional visualization indicates that MBP mRNA
granules are often aligned in tracks along microtubules. These granules are not released
by detergent extraction indicating that they are associated with the cytoskeletal network

(Ainger et al., 1993). Recently, it has been directly demonstrated that the translocation of
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MBP mRNA was inhibited by agents such as nocodazole and taxol which affect
microtubules, but not by agents such as cytochalasin which affect microfilaments,
indicating that MBP RNA transport requires intact microtubules but not microfilaments
(Carson et al., 1997). Moreover, RNA translocation was inhibited when cells were treated
with antisense oligonucleotides to suppress kinesin expression, indicating that kinesin

may direct the microtubule-dependent MBP mRNA transport (Carson et al., 1997).

1.8.3 Microfilaments and RNA localization

Microfilaments have been found to be involved in asymmetric RNA localization
solely in a few cases including the differential distribution of B-actin mRNA to the
leading edges of chicken fibroblasts (Sundell and Singer, 1991) and Fucus embryos
(Bouget et al., 1996). B-actin mRNA is also localized within neuronal processes and
growth cones in a granular pattern however, its sorting in neurons is closely associated
with microtubules (Bassell et al., 1998). It is possible that B-actin mRNA granules can
interact with both microfilaments and microtubules and that the preferential usage of a
particular filament system is characteristic of the specific cell type. This mechanism
could involve cis-acting elements within the 3°-UTR of actin mRNA that interact with a
set of cell type-specific RNA-binding proteins and/or motor proteins that promote
preferential usage of one filament system over the other (Bassel and Singer, 1997).
Indeed, a second zipcode-binding protein ZBP-2 has been identified in Singer’s lab that
binds to the 54-NT zipcode of B-actin and colocalizes with B-actin mRNA in neuronal

processes (meeting report cited from Hazelrigg, 1998). Thus, in fibroblasts and neurons,
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B-actin mRNA associates with different #ans-acting proteins which in turn mediate its
association with different cytoskeletal elements.

The actin-based microfilaments have also been found to be involved in the
localization of several cell-fate determinants during asymmetric cell division. In §.
cerevisiae, Ash] mRNA is localized to the budding tip of dividing yeast and then to the
small daughter cell (Long et al., 1997; Takizawa et al., 1997). Mutations in proteins that
are part of the microfilament network such as actin, myosin, profilin, and tropomyosin all
affect Ashl mRNA localization. Furthermore, the unconventional myosin has been
implicated as a motor protein for As2] mRNA localization (Bertrand et al., 1998). In the
developing nérvous system of Drosophila, the prospero mRNA is also asymmetrically
segregated into the daughter GMC cells in an actin filament-dependent fashion (Broadus

and Doe, 1997, Broadus et al., 1998).

1.8.4 Ribonucleoprotein granules associated with the cytoskeleton

There is ample evidence that messenger RNAs can be found as integrated
components of higher order structures throughout their lifetime. Such ribonucleoprotein
(RNP) particles are one of the characteristics of RNA transport. In situ hybrization
studies have revealed nonhomogenous granular patterns for a variety of localized
mRNAs. These patterns include “punctuate actin mRNA in fibroblasts (Sundell and
Singer, 1990), “island-like structures” of Xlsirt RNA in Xenopus (Kloc et al., 1993),
“granules” of MBP mRNAs in oligodendrocytes (Ainger et al.,, 1993), formation of
bicoid RNA “particles” in Drosophila (Ferrandon et al., 1994), and the motile RNA

granules in living neurons (Knowles et al., 1996). Most recently, the movement of yeast
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Ashl RNA particles to the daughter cell was followed using two sophisticated reporter
plasmids (Bertrand et al., 1998).

Analysis of“ﬁr‘nRNA-gra.nules transport into neuronal processes using the RINA-
labelling dye SYTO 14 indicates that mRNA forms granules that contain translational
components and translocate along microtubules at a rate of 0.1 um/second (Knowles et
al., 1996). This rate is in agreement with the rate of the directed translocation of MBP
mRNA along microtubules in oligodendrocyte processes (Ainger et al., 1993).
Colocalization studies have showﬁ that MBP mRNA granules contain arginyl-tRNA
synthetase, EFla, and ribosomes, suggesting the presence of a translational unit
(Barbarese et al., 1995). Using dual-channel cross-correlation analysis of confocal
images, MBP RNA granules were estimated to have a radius of between 0.6 and 0.8 um,
suggesting that RNA granules represent a supramolecular complex that could contain

several hundred ribosomes (Barbarese et al., 1995).

1.8.5 RNA-binding proteins associated with the cytoskeleton

The identification of frans-acting proteins that bind to the cis-acting targeting
sequences of localized RNAs has also shed light on mRNA-cytoskeletal association.
Some of these RNA binding proteins also bind to cytoskeletal filaments which is
consistent with the notion that RNA transport and localization is cytoskeleton dependent.
Such proteins provide essential connections between RNAs and cytoskeleton during
intracellular RNA transport and localization.

One of the best-characterized RNA-binding proteins that associates with the

cytoskeleton and functions in mRNA localization is Staufen. Staufen is required for
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oskar and bicoid mRNA localization to the opposite ends of Drosophila oocytes in a
microtubule-dependent way (St Johnston, 1995). It also involves in the asymmetric
segregation of prospero mRNA to the basal side of the dividing neuroblast and
subsequently to the daughter GMC (Li et al., 1997; Broadus et al., 1998; Schuldt et al.,
1998). In the latter case, its function relies on intact microfilaments but not microtubules
(Broadus and Doe, 1997). Microinjection of the bicoid 3°-UTR into Drosophila embryos
results in the formation of Staufen-RNA granules that associate with astral microtubules
(Ferrandon et al., 1994). It has been proposed that the Staufen-bicoid RNA complex, but
not Staufen itself, is recruited to microtubules because the bicoid mRNA might induce a
conformational change in Staufen that is essential for its association with microtubules
(Ferrandon et al., 1994). Whether the Staufen-bicoid RNA complex binds directly or
indirectly to microtubules is unclear.

The 69 kDa VglRBP (Vgl RNA binding protein) binds to the essential targeting
sequence of the 3°-UTR of Vg/ mRNA and to microtubules (Elisha et al., 1995). Protein
depletion experiments have demonstrated that g/ mRNA attachment to microtubules is
VgIRBP dependent, imblying that VgIRBP is the link between cytoskeletal filaments
and Vgl mRNA. Based on the fact that VglRBP is identical to Vera, a Vgl binding and
ER-associated protein (Havin et al., 1998), it has been suggested that VglRBP/Vera
might attach Vgl mRNA to a specific ER subcompartment of the oocyte, and that this ER
subcompartment is subsequently transported along microtubules (Deshler et al., 1998).

Another protein termed TB-RBP (testis/ brain RNA binding protein) which was
1solated first by binding to the 3’-UTR of protamine-1 mRNA has been shown to be a

microtubule-associated protein (Han et al.,, 1995). TB-RBP is expressed ubiquitously
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however the RNA binding activity is restricted to testis and brain. The protein recognizes
conserved sequences called Y and H elements in a number of specific RNAs including
the 3°-UTR of oligodendrocyte MBP mRNA, and mediates the attachment of mRNAs
containing these sequences to microtubules (Han et al., 1995). In the mammalian testis,
TB-RBP appears to have the dual functions of translational suppression of stored germ
cell mRNAs (Kwon and Hecht, 1991,1993) and of mRNA transport through the
intercellular bridges of male germ cells (Morales et al., 1998; Hecht 1998). In mouse
brain, TB-RBP is involved in the formation of BC1 RNPs (Muramatsu et al., 1998).
Recently, it was shown that TB-RBP associates with mRNPs in a sequence (Y element)
dependent manner, and that blocking TB-RBP Y element binding site disrupts and
mislocalizes a-CAMKII mRNA localization (Severt et al., 1999).

Spnr (spermatid perinuclear RNA binding protein) is another microtubule-
associated RNA-binding protein that localizes to manchette, a microtubule-based
structure, in differentiating spermatids (Schumacher et al., 1995). The RNA target of
Spnr in vivo is unknown but has previously been suggested to be protamine 1 mRNA
(Schumacher et al., 1995). Endogenous Spnr as well as recombinant versions can be
precipitated along with murine testis microtubules even in the absence of any other
microtubule-associated protein (Schumacher et al., 1998). These results suggest that
Sprr, in addition to its function as an RNA-binding protein, might be a microtubule-

associated protein.
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1.9  Translational regulation during mRNA localization

RNA localization serves to restrict different protein activity to defined regions in
the cytoplasm. To achieve this goal, mechanisms must exist to repress mRNAs that have
not yet reached their proper destination in the cell. Conversely, once localized another
mechanisms must exist to derepress the mRNAs and ensure efficient translation. Indeed,
there is increasing evidence that RNA localization is often combined with local translation
control (for review, see St Johnston 1995; Curtis et al., 1995; Macdonald and Smibert,
1996).

In recent years, studies in Drosophila body patterning have revealed that the
mRNA localization and regulation of translation are of equal importance. So far, at least
three different types of translational control have been found to act on the localized
maternal RNAs, and substantial progress has been made in the identification and
characterization of the cis-acting elements and trans-acting protein factors that mediate
these different types of translational regulation. Most strikingly, several cascades of
translation control events during oogenesis and embryogenesis have been found to direct
the translation of several important body patterning determinants such as bicoid and caudal
protein in the anterior, and oskar, nanos and hunchback in the posterior part of the oocyte.
Fig.10 lists the cascades of translational control events that control the translation of these
morphogenetic determinants. In the following text, I will discuss in more detail the

translational regulation acting on the mRNAs encoding these determinants.
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Fig. 10. Parallel cascades of translational control events in Drosophila body patterning. The first
step in the posterior cascade (top right) occurs largely in the ovary, whereas all other stages are primarily
embryonic. Each step in the cascades produces a protein product with a key role in the subsequent
step..Multiple genes are required for each mRNA localization step are not indicated individually. Some
of these genes may, as with Staufen, act in both mRNA localization and translation. Adapted from
Macdonald and Smibert, 1996.
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1.9.1 Translational activation by cytoplasmic polyadenylation

In oocytes, untranslated maternal mRNAs are stored in messenger
ribonucleoprotein particles where they are bound to a set of proteins thought to “mask™
the mRNA from the translational machinery (for review, see Wolffe and Meric, 1996).
During meiotic maturation or after fertilization, translation of many of the maternal
mRNAs is activated. Early observations in clam oocytes have shown that this activation
process is often accompanied by extending of the poly (A) tail (Rosenthal et al., 1983).
Elongation of poly(A) tails now appears to be a common mechanism by which maternal
mRNAs are unmasked in different systems including mouse, Xenopus and Drosophila
(reviewed by Jackson, 1993; Seydoux et al., 1996). In Drosophila, the poly(A) tail of the
bicoid mRNA 1is extended after fertilization and bicoid protein is translated at this time
(Salles et al.,, 1994). Full-length dicoid mRNA injected into embryos lacking bicoid
activity is polyadenylated and can rescue the bicoid mutant phenotype. In contrast, bicoid
mRNA deleted for a portion of its 3°-UTR does not undergo cytoplasmic polyadenylation
and does not have rescuing activity. Addition of a synthetic 175-residue poly(A) tail
partially restores rescﬁing activity to the truncated bicoid mRNA (Salles et al., 1994).
Thus, a long poly(A) tail is required, and appears sufficient, for translation of bicoid
protein.

So far, regulated cytoplasmic polyadenylation has been characterized primarily in
Xenopus. Sequences that mediate this process reside in the 3’-UTR and include the
canonical AAUAAA motif required for nuclear polyadenylation and a nearby U-rich
sequence (e.g. UUUUAU) called the cytoplasmic polyadenylation element (CPE) (Fox et

al, 1989, McGrew et al., 1989, for review, see Richter 1996). CPEs are required for
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cytoplasmic polyadenylation but their activity is context-dependent and can be modulated
by other sequences present in the 3°-UTR (Stebbins-Boaz and Richter, 1994). Besides
cis-acting RNA signals, at least three trans-acting proteins play a role in the control of
cytoplasmic polyadenylation and/or translation. One such protein in Xenopus is CPEB
(for CPE-binding protein) (Hake and Richter, 1994), which contains two RNA
recognition motifs and shares sequence similarity with Orb, an RNA binding protein
from Drosophila (Lantz et al., 1992, 1994). Immunodepletion of CPEB inhibits the
polyadenylation of seven CPE-containing mRNAs in Xenopus egg extracts (Stebbins-
Boaz et al., 1996), suggesting that this protein may be required generally for cytoplasmic
polyadenylation during oocyte maturation. A second factor identified biochemically is
the cleavage and polyadenylation specificity factor (CPSF), a multi-subunit factor that
binds preferentially to RNAs containing the CPE and AAUAAA sequences. This factor is
required for nuclear polyadenylation but is probably also critical in cytoplasmic
polyadenylation (Bilger et al., 1994). Finally, poly(A) polymerases have been detected
immunologically in the cytoplasm of Xenopus oocytes and are likely related to their
counterparts in nuclei (Ostareck-Lederer et al., 1994). Recently, two loci in Drosophila,
cortex and grauzone, have been shown to be required for the cytoplasmic
polyadenylation and translation of bicoid and other maternal mRNAs (Lieberfarb et al,,
1996). Mutations in the genes cortex and grauzone disrupt cytoplasmic polyadenylation
in both the ovary and the embryo, leading to both abbreviated and hyperextended poly(A)
tails. These opposite effects suggest that both genes may be involved in the regulation of
cytoplasmic polyadenylation (Lieberfarb et al., 1996). It will be interesting to determine

whether proteins encoded by these loci correspond to some of the biochemically defined
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components identified in other systems. The effects of polyadenylation on bicoid mRNA
translation comprise part of a cascade of translational regulation, acting in anterior body

patterning.

1.9.2 Translational activation by localization

Oskar and nanos mRNAs are required for formation of the posterior region of
Drosophila, and both mRNAs are localized to the posterior pole of the oocyte and early
embryo (reviewed by St Johnston, 1995). To reach that destination, the mRNAs must
move across the oocyte after they enter the anterior end of the oocyte from nurse cells.
Translational repression of oskar mRNA during this transit is mediated by the 68 kDa
protein Bruno, which binds to Bruno responsive elements (BRE) in the oskar 3 -UTR and
colocalizes with oskar mRNA to the posterior pole (Kim-Ha et al., 1995, Webster et al.,
1997). Three BREs are present in the oskar 3°-UTR that share a 7- to 9-nt motif;
mutations in these elements abolish Bruno binding in vitro (Kim-Ha et al., 1995). In
oocytes produced by females with a transgene lacking BREs (oskar-BRE), oskar is
prematurely translated during stages 7 and 8 producing gain-of-function phenotypes with
double-posterior regions in progeny embryos (Kim-Ha et al., 1995). Repression by Bruno
may involve deadenylation, as a rapid deadenylation signal in Eg2 mRNA of Xenopus
contains consensus BRE sequence that may interact with a Xenopus homologue of Bruno
Etr (Bouvet et al., 1994; Webster et al., 1997). However, regulation of oskar mRNA does
not appear to be accompanied by changes in its poly(A) length (Webster et al., 1997).
Activation of oskar mRNA translation, or relief from bruno repression, accompanies the

posterior localization of oskar mRNA. Mutants that prevent oskar mRNA localization
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lack oskar activity (Markussen et al., 1995; Rongo et al., 1995). However, when the
Bruno-mediated repression is eliminated, most of these mutants regain oskar activity
proving that localization does indeed activate translation.

Stau, a gene that is required for oskar mRNA localization, is also needed for the
accumulation of oskar protein even when Bruno-mediated repression is eliminated (Kim-
Ha et al., 1995). Thus, Staufen acts in at least two process: the localization and translation
of oskar mRNA. Staufen contains 5 dsRBDs (dsRBDI, 3, and 4 can bind dsRNA
whereas dsRBD2 and dsRBD3 only contain half-consensus dsRNA-binding domains and
therefore can not bind dsRNA in vitro, Micklem et al., 2000). When a transgene bearing a
dsRBDS deletion (Stau**®™) is introduced into flies lacking wild type Stau, Sy BB
completely rescues the posterior localization of oskar mRNA. However, the localized
RNA can not produce Oskar protein suggesting that domain 5 is required to activate the
translation of oskar mRNA at the posterior pole (Micklem et al., 2000). Interestingly,
when the Stau®®RBP* transgene is crossed into the Stau null and osk BRE’ background,
Stay RBD3 5 ctivates the translation of derepressed oskar mRNA. This experiment further
suggests that dsRBDS is specifically required for the activation of translation once the
mRNA has been localized. The significance of this linkage is still unknown. Besides
Staufen, another translational activator of oskar mRNA is encoded by aubergine (Wilson
et al., 1996). The role of this gene seems to act during the later stages of oogenesis and
not to override bruno-mediated repression.

Recently, a discrete element situated at the 5’-UTR of oskar mRNA has been

demonstrated to specifically activate the translation of the RNA (Gunkel et al., 1998).

This element is only active at the posterior pole and is only required when the transcript
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is repressed through the BRE, suggesting that it functions as a derepressor of BRE-
mediated repression rather than as a simple enhancer of translation. Interstingly, two
proteins of 50-(p50) and 68-kDa (p68) selectively bind to the derepressor element, and
this binding is related to the translational derepression (Gunkel et al., 1998).

As with oskar mRNA, the Drosophila posterior determinant nanos mRNA is
localized at the posterior pole of the oocyte although at a much later stage of oogenesis.
Similarly to oskar mRNA, translation of nanos mRNA depends on this posterior
locaiizaﬁon as delocalized transcripts are translationally repressed (Gavis and Lehmann,
1994). Much of the recent work in this area focuses on how nonlocalized nanos mRNA
is translationally repressed. Repression of mislocalized nanos RNA requires stem-loop
structures in its 3°-UTR that most likely interact with the embryonic protein Smaug
(Gavis et al., 1996; Smibert et al., 1996; Dahanukar and Wharton, 1996). Smaug binds
specifically to two sites called Smaug reponse elements (SRE) in the nanos mRNA 3-
UTR (Smibert et al., 1996). When these sites are mutated, a fraction of nanos mRNA that
fails to be localized under normal conditions is now translated. Consequently, body
patterning is perturbed with lethal consequences therefore, regulation of nanos translation
is essential. Activation of nanos mRNA translation in the posterior requires Oskar (Gavis
and Lehmann, 1994) and the Vasa protein (Gavis et al., 1996), a posteriorly localized
RNA helicase (Liang et al., 1994). Thus, Vasa protein might remove a uniformly
distributed repression by destabilizing an RNA secondary structure to which the repressor

binds.
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1.9.3 Spatial or temporal regulation of translational repression

The end result of translational activation through mRNA localization is to
generate a localized source of protein. Another way to achieve this goal is to locally
inhibit a uniformly distributed mRNA. In recent years, several examples of locally
represssd mRNAs have been described in Drosophila oogenesis and early
embryogenesis.

The first example comes from caudal mRNA. The caudal mRNA codes another
homeodomain transcription factor and is uniformly distributed in the oocyte (Mlodzik et
al., 1985). Remarkably, the homeodomain transcription factor Bicoid binds to the Bicoid
response element in the 3’-UTR of caudal mRNA and is required for translational
repression of this RNA (Dubnau and Struhl, 1996; Rivera-Pomar et al, 1996). Thus, once
bicoid mRNA is activated, the anterior-posterior gradient of Bicoid protein will silence
the uniformly distributed caudal mRNA at the anterior region, resulting in the creation of
an opposite Caudal protein gradient in the posterior which promotes the development of
posterior structures in the Drosophila embryo.

At the posterior end of the oocyte, a superficially analogous cascade of
translational regulation occurs. hunchback mRNA, which is spread throughout the
embryo and encodes a transcriptional regulator of the anterior gap genes, must be
repressed in the presumptive posterior (Tautz, 1988). This repression is mediated by
nanos response elements (NREs) in the 3°-UTR of the hunchback mRNA and is
dependent on nanos protein (Wharton and Struhl, 1991). Recent analyses have revealed
that nanos does not interact detectably with the NRE. In contrast, a protein called Pumilio

and another unidentified 55-kDa protein (p55) directly bind to this sequence. Binding of
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pumilio to maternal Aunchback mRNA is required for posterior patterning of Drosophila
embryos (Murata et al, 1995). The interaction of pumilio-hunchback mRNA is
functionally significant, as the repression of hunchback mRNA translation is defective in
pumilio mutant embryos. The role of the 55 kDa factor however, is less clear. The finding
that pumilio binding is important for Aunchback repression suggested a model in which
pumilio first binds the NRE of Aunchback mRNA to form a core complex and
subsequently recruits Nanos protein to form a translational-repression competent

complex (Murata et al., 1995).

.10 Summary: A model for cytoplasmic RNA localization

Intracellular RNA localization is used by many polarized cells as a means of
generating regional distribution of proteins at distinct functional microdomains. Whereas
the types of localized transcripts vary, mRNA localization in all systems shares several
common features (Wilhelm and Vale, 1993; St Johnston, 1995; Bassell and Singer, 1997,
Carson et al., 1998, Kiebler and DesGroseillers, 2000). First, most of the localized RNAs
contain cis-acting localization signals that generally reside in the 3°-UTR of the
transcripts. Second, the transport of localized RNAs from the nucleus to their final
destinations depends on either microtubules or microfilaments as tracks. Third, RNA
transcripts are anchored at their sites of localization through attachment to cytosketal

elements and then activated for local translation. Fourth, most of the localized RNAs
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have been observed as granules or particles that is closely associated with the
cytoskeleton. In some cases the components of the translational machinery are
colocalized with the granules. Moreover, several studies report microtubule- or
microfilament-dependent movements of these RNA granules in living cells at rates
consistent with the caculated velocities of certain microtubule- or microfilament-directed
motor proteins. These lines of evidence point out a model of active RNA transport along
the cytoskeleton at distinct steps or events (see Fig. 11). These events involve: 1) the
recognition of the RNA cis-acting signals, mostly localized in the 3’'UTR of the
transcripts, by specific trans-acting factors and the assembly of the initial RNP particle,
2) the formation of transport-competent large RNA-protein complexes, 3) the migration
of these complexes to their final destination via elements of the cytoskeleton, and 4) the
anchoring of the localized RNA to the cytoskeletal component to allow local translation

of the transcripts.
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Fig. 11. A model of mRNA transport pathway. See text for details, adapted from
Wilhelm and Vale, 1993.
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L11 Objectives and strategies of research

As T have described in the previous sections, asymmetric mRNA localization has
emerged as a powerful means of intracellular protein targeting in all polarized cell types.
Based on investigations of a large number of localized RNAs in different organisms, an
ordered pathway for mRNA localization has been proposed including several successive
steps (see Fig. 11). In this pathway, the formation of a multi-component
ribonucleoprotein (RNP) complex is the key step for RNA localization. To date,
extensive studies have been done to map the cis-acting elements required for RNA
localization and in most cases, these signals reside in the 3’UTR of the localized RNAs.
However, the trans-acting proteins in the RNP complex that are involved in RNA
transport, anchoring and translation regulation are poorly understood. Staufen, a double-
stranded RNA-binding protein (dsRBP), is so far the best-demonstrated trans-acting
protein required for RNA fransport and translation regulation during Drosophila early
embryonic development. This dsRBP interacts specifically through one or more dsRBDs
with the 3’UTRs of bicoid and oskar mRNAs at the anterior pole of the embryo and the
posterior pole of the oocyte, respectively. In Drosophila neuroblasts, it also serves to
localize prospero mRNA properly. To understand the mechanisms of mRNA transport in
mammals and determine the nature of the RNA-binding protein involved in this process,
the research projects outlined in this thesis are aimed at studying the mammalian
homologue of the Drosophila staufen gene and to characterize its encoded protein from

several different approaches.
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< Characterization of the transcription initiation sites of the human and mouse

/7
<

stau genes and isolation of the putative promoter region of mouse stau

From previous work of our laboratory, the human and mouse siaufen ¢cDNAs
were partially cloned from a human central nervous system and a mouse embryo
cDNA library, respectively. In order to get information on the transcription initiation
site of the human or mouse staufen gene, two experimental approaches have been
used. The first approach is to clone and sequence the most 5° end of human and
mouse stau transcripts by 5° RACE and ¢cDNA library screening. A second approach
1s to screen a mouse genomic library to clone the 5° flanking region of mouse stau
gene and to isolate the possible promoter region. The positive genomic DNA clones
were subcloned and sequenced. The results are presented in Article 1 in the

following chapter.

Molecular characterization of human Staufen proteins and their subcellular
localization in mammalian cells

As a first step in characterizing the encoded protein of the staufen gene, I first
used a Western blotting assay to investigate the expression of endogenous Staufen
protein in different human cell lines. Two mammalian Staufen isoforms were
observed in this experiment. Subsequently, I have transiently transfected different
clones of human staufen cDNAs into mammalian cells and confirmed that these
cloned c¢cDNAs can produce different proteins that co-migrate with the two

endogenous isoforms. Using double labelling immunofluorescence microscopy, we
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further studied the localization of each cloned human Staufen isoform. The

experimental results are presented in Article 2.

Determination of the molecular determinants involved in hStau ribosome- and
RER-association

By confocal microscopy, we (Article 2, Wickham et al., 1999) and others (Marion
et al., 1999) have determined thét hStau is localized to the rough endoplasmic
reticulum. Using sucrose gradient sedimentation analysis, the latter group J.further
demonstrated that hStau is also associated with polysomes (Marion et al., 1999). To
get more insight into the subcellular localization of different hStau isoforms, I have
used a discontinuous sucrose gradient sedimentation assay to examine the association
of hStau with the RER or ribosomes in the same sucrose gradient. Together with
immunofluorescence microscopy, I have examined the localization of endogeneous
Stau isoforms and a series of hStau mutants expressed in #rans. These experiments
have allowed us to determine the difference in localization of two endogenous Stau
isoforms and to map the molecular determinants involved in hStau RER and ribosome

association. The results of these studies are presented in Article 3.

Study of the potential function of hStau involved in RNA transport

The overall organization of human and mouse proteins and their corresponding
dsRBDs are quite similar to that of Drosophila Staufen protein (Article 2). Thus, the
mammalian protein most probably has conserved functions with its Drosophila
counterpart. Biochemical studies have revealed that mammalian Staufen has the

capacity of binding RNAs and microtubules (Article 2), and is associated with the
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RER and ribosomes in vivo (Article 3). Since microtubules and the RER have been
demonstrated to be involved in intracellular RNA localization and ribosomes serve as
the machinery for protein translation, the distinct properties of mammalian Staufen
have made it a good candidate for mRNA transport, localization and local translation
regulation. To gain direct clues in the function of mammalian Staufen in RNA
transport and localization, I have taken part in the study of hStau in neurons and in
HIV-1 infected mammalian cells. The work in these studies was a collaboration with
two different groups.

In cultured rat hippocampal neurons, we transiently transfected a hStau-GFP
fusion protein and followed its expression in living neurons in real time by time
lapse-videomicroscopy. This experiment has allowed us to study hStau-involved
granule formation and its movement in dista] dendrites and to characterize a novel
microtubule-dependent transport pathway involving RNA-containing granules with
Staufen as a core component (see Article 4). Finally, in human immunodeficiency
virus type 1 (HIV-1) infected cells, the role of hStau in HIV-1 genomic RNA
selection, intracellular transport and virion encapsidation has been explored (Mouland

et al., 2000, not included in this thesis).
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My contribution:

In this paper, I isolated three szau genomic DNA clones that may contain the
putative promoter region from a mouse genomic library. Positive clones were
subcloned and the DNA sequence upstream of the 5° untranslated region of
mouse stau (mstau) cDNA was sequenced (see Fig. 3). In order to determine
mstau gene transcription initiation site, different SRACE approaches have been
applied. A single transcription start site was observed in mstau gene. Similar
S’RACE approaches were applied to Astau, and both genes have conserved
transcription initiation sites at the same position (see Fig. 3). Analysis of
genomic sequence has revealed that an extremely G+C-rich region is present
upstream of the transcription initiation site. This region lacks the canonical
TATA and CAAT boxes but harbours multiple SP-1 binding consensus
sequences, suggesting that a housekeeping-like promoter drives the broad
expression of Staufen in mammalian cells. F. Brizard did the full mapping of

human and mouse stau intron/exon junction sites.
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DNA AND CELL BIOLOGY
Volume 12, Number 6, 2000
Mary Ann Liebert, Inc.

Pp. 331-339

Genomic Organization of the Human and Mouse stau Genes

FREDERIC BRIZARD, MING LUO, and LUC DESGROSEILLERS

ABSTRACT

Mammalian 5taufen is a double-siranded RNA-binding protein potentiaily involved in mRNA transport and
localization. Recently, we reported that the human gene is located on chromosome 24, region q13,1. We now
report the genomic organization of both the human and mouse stzu genes. Amplification of genomic DNA
- and sequencing of the resulting PCR products indicated that the human and mouse genes are fragmented into
15 and 12 exons, distributed over at least 65 and 17 kb of genomic DNA, respectively. The three additional
exons found in the buman gene are subjected to differential splicing, generaiing four different transcripts.
Corresponding exens have not been found in mouse transeripts. Apart from these three excns, the overall or-
ganization of the szar gene is similar in the two species, and the positions of the exon-infron junctions are
perfectly conserved. Even an alternative choice between two splicing acceptor sites, which causes an isertion
of 18 nuclectides in exon 5, is conserved iz both humans and mice. An extremely G+C-rich region lacking
cancnical TATA and CAAT boxes was found upstream of the most 5° RACE sequence, suggesting that a
housekeeping-like promoter drives the broad expression of Staufen in mammalian cells, This work represents
the first step toward production of knockout mice and the elucidation of putative Staufen-linked hereditary

diseases in humags.

INTRODUCTION

N EUKARYOTES, RNA-binding proteins play critical roles in

diverse biologic functions such as pre-mRNA processing,
translational regulation, and the establishment of cell polarity.
Characterization of these proteins has led to the identification
of several RNA-binding motifs (Burd and Dreyfuss, 1994). One
of these specifically binds double-stranded RNAs (dsRNAs),
RNA with extensive secondary structure, or both. The double-
stranded RINA-binding domain (dsRBIDY) consists of a 65- to 68~
amino acid consensus sequence that is required for binding (St.
Johnston et al, 1992). Short domains, which retain the last 21
amino acids at the C-terminal end of the complete motif, are
usually present in RNA-binding proteins, along with the com-
plete domain. These short domains do not bind dsRNA. Pro-
teins bearing these motifs are involved in diverse cetlular func-~
tions such as protection against viral pathogens (Feng er al,
1992; Burd and Dreyfuss, 1894), upregulation of some HIV-1
genes (Gatognol ¢z al., 1991), adenasine deamination (Wang et
al,, 1995), and mRINA transport (reviewed in Kiebler and Des-
Groseillers, 2000), ;

In our laboratory, we have cloned human and mouse cDNAs

coding for the mammalian Staufen homolog (Wickham et al,
1999). In Drosophile, Staufen (Stau) is a dsSRNA-binding pro-
tein involved in the asymmetric localization of specific mRNAs
that are required for cocyte polarization (St. Johnston, 1995).
Genetic and molecnlar studies have shown that Staufen is re-
quired to properly target oskar and bicoid maternal mRNAs, an
activity that is essential for anterior~posterior axis formation in

~a developing Drosophila oocyte (reviewed in St. Johnston,

1995). Later, during larval development, Staufen is expressed
in neurons, where it is part of a process leading to the asym-
metric division of mitotic neurons and hence is involved in cell
fate decisions (L1 et al. 1997; Broadus et al, 1998). Mam-
malian Staufen is a member of the double-stranded RINA-bind-
ing family and has four dsRBDs, which correspond to domains
210 5 of Drosophila Staufen (see Fig. 3B). [n mammals, Staufen
is expressed in most, if not all, tested tissnes (Maridn er al.,
1999; Wickham et al, 1999). In virro, Staufen binds dsRNAs,
although with no apparent sequence specificity, and tubulin

{Maridn ef al., 1999; Wickham et al., 1999). Accordingly, in

neurons, Staufen is found in close proximity to microtubules,
and its presence in dendrites is dependent on an intact micro-
tubule network (Kiebler et «f., 1999; Kohrmann et al,, 1999).

University of Montreal, Department of Biochemistry, Montreal, Canada.
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TanLe 1.  OvERLAPRING PCR ProDUCTS AMPLIFED FROM MOUSE stau GuNE
PCR  Primer sequence 5° — 3 PCR PCR  Expected PCR
number® method® annealing size product
TEC)  (kbp)  size (kbp)
PCR2 TAATGCTGCTGAGAACATGCTGG Tag 55 0.301 1.5
TGCCCTGGTGAAATCTITTGGTG
PCR 355 CCATCCATCCAGACAGAAACCAGCCCCAAC ELTP 63 0.784 0.7
GCACTAGGAGCCACAATGCTCTTCCCC
PCR 62 CATGGTATCGGCAAGGATGTGGAGTC ELTP 63 0.115 0.5
GTCCGTITCCTG’I_‘TC’I‘T GGCATCTCTG
PCR 67 CAGTTGGGGAATTTGTAGGGGAAGGAGAAGGG Tag 61 0.281 1.8
GCGACGTGGAAGACCTCGTICTG
PCR 68 GGATGAATCCi‘ATIAGTAGACTTGCAC Tagq &l 0.26t 0.9
TCTCTICTGATTTCAGTGCTGGCTTGGCAGGC
PCR 84 GACCCTTACTCTCGGATGEAGTCCACC ELTP 63 0.178 £l
GGGCATCGTGT_TTCACGGGTGGTCTCATC'
PCR85 GACCACCCGTGAAACACGATGCCCC ELTP 57 0.174 34
CAAAATTCACAGGCAAATTCCGCTTC
PCR 86 GCGAAGAGAAGCAGAGGAAGAAAACC ELTF 57 0.236 5.6
GCCTCCTAAGCTGCTCCAGAACAGCC
PCR 92 TAATGCTGCTGAGAACATGCTGG Taq 38 0.164 1.3
TAGTCCCATITTCATCCCCA
PCR 93 GTCGGGOTTAGTCAAGGACACCACACCAAAG Tag 58 0.336 0.3
CTCCACATCCTTGLCCGATGCC
= PCR 94 CTGCACTGAACATTTTAAAGCTGCTGTC Taq 59 0.267 0.5
CAGCACAACCAGGGCTACCAC
“Gnly PCR fragments representing the last step of intron characterization are shown.
The first and second primers Tepresent forward and reverse oligenucleotides, respectively.
“PCRs were performed as described in.Materials and Methods. "
Significant colocalization of Staufen with an endoplasmic retic- MATERIALS AND METHODS

ulum marker was also observed. Both endogenous Staufen and
transiently expressed Staufen-green flnorescent protein (GFP)
are found in ribonucleoprotein particles, oy visualized by the
RNA-specific dye SYTO14 (Kiebler et al., 1999; Eétumann et
al., 1999). When transfected into neurons, Staufen-GFP forms
granules that move in a saltatory fashion from the cell body
into dendrites and vice versa (Kdhrmann er al., 1999). In fi-
broblasts, confocal microscopy showed that both the endoge-
nous and the overexpressed Staufen colocalize with matkers of
the rough endoplasmic reticulum but not with other intracellu-
lar or organellar markers (Mari6n ef al,, 1999; Wickham et 4.,

~ 1999). From all these studies, it is now apparent that Staufen
" is involved in mRINA transport and localization in mammals.
We previously reported that the human stun gene maps to

chromosome 20q13.1 (DesGroseillers and Lemieux, 1996). In

this paper, we report the exon~intron organization of the hu-
man and mouse stau genes and show that their genomic orga-
nization is conserved, demonstrating that the two genes are de-
rived from a common ancestor. This study should facilitate the
eventual production of knockout mice in order to find the role
of mammalian Staufen in vivo,

~r

Isolation of genomic DNA

Genomic DNA was extracted and purified from the kidneys
of BALB/c mice using the DNA pucification kit (Boehringer
Mannheim, Laval, Quéhec, Canada} according to the manufac-
turer's instructions. Human genomic DINA isolated from whole
blood alsc was purchased from Boehringer Mannheim.

PCR-based methods for genorﬁic mapping

The PCR amplifications of the murine and human stau genes
were carried out using the primers described in Tables 1 and 2.
Primers were designed and melting terperatures (Ty) were cal-
culated with the OSP program (Hillier and Green, 1991). Am-
plifications were done in a programmable thermocycler (Perkin
Elmer, Palo Alto, CA; USA) according to the PCR protocols

described below.

Standard amplifications (Taq DNA polymeruse)

Amplifications (<2.5 kh) were carried out in a total volume
of 50 ul in the presence of 0.2 mM each dNTP (Boehringer



Article 1

105

ORGANIZATION OF THE stau GENE

333

TasLe 2. OverLAppiNG PCR Propucts AMPLIFIED FROM HUMAN stan GENE

PCR  Primer sequence 5’ — 3° PCR PCR  Ezpected PCR
number® Method annealing  size praduct size
T (kbp) (kbp)
PCR 15 GTGGGTAAAGGATGTGGGCAGCAGCAG ELT?P 63 1.137 1.1
CGCAGGGCTACCAGGTTITCCATACGG
PCR 48 CCATCTGCTGCTCTCTCAGGGAGCC Other 63 0315 ~ 15
CCTCGGGGGATAAGCACCTCCTCTC
PCRG1 CATGGTATCOGCAAGGATGTGGAGTC ELTP 63 0.115 1.2
GTCCGTTTCCTGTTCTTGGCATCTCTG
PCR 63 GGTTGGGGAGTTTGTGGGGGAAGGTG Taq a1 0.266 1.3
CTGTGAGGAGCGTGTACTCTGG ‘
PCR 64 GGGGATCAATCCGATTAGCCGAC ELTP 57 0.257 3.2
CTGACTTGAGTGCGGGTTTGGTGGGC
PCR 71 TAATGCTGCTGAGAACATGCTGG . Tag 55 0.164 1.6
TAGTCCCATTTTCATCCCCA- '
PCR72 ACACCCATAAAGAAACCAGG Taq 55 0.213 0.4
TGCCCTGGTGAAATCTTIGGTG
PCR75 CCACTTAACCTCTCAGAACTGAAC Other 63 0.205 7.4
TGGCTCCCTGAGAGAGCAGCAGATGGGTTC
PCR87 GACCCTTACTCTCGGATGCAGTCCACC ELT? 63 0.189 23
CGCTTTGGCAGCAGCATCGTGITICGC
PCR 88 GCGAAACACGATGCTGCTGCCAAAGCG ELTP 60 0.168 ~ 15
CTCGAAATTCACAGGCAAGTICCGTITAAGTGC
o~ PCR 89 GCACTTAAACGGAACTTGCCTGTGAATTTCGAG  ELTP 60 0.352 ~ 15
CTGTGAGGAGCGTGTACTCTGG
PCR95 GGTCGCCCAGGCTGTAGGAGTTAG Taq 58 0.322 0.9
GATCAGAGGTGGCTGAGAGGAG
PCRO6 CGCTGAACATCTTAAAGTTGCTGTCTG Tag 58 0.234 143

CTGCTGCTGCCCACATCCTTTACCCAC

3See footnotes to Table 1.

Mannheim), 0.5 uM each primer, 100 ng of genomic DNA, and
1.5 U of Tug DNA polymerase (Pharmacia, Baie d’Urfé,
Québec) in 1.5 mM MgCls, 50 mM KC, 10 mM Trs HCL, pH
8.3, 0.001% gelatin, Amplification conditions were 33 cycles
at 94°C for 45 sec, at the annealing temperature (as specified
in Tables 1 and 2) for 45 sec and at 72°C for 2 min with a 5-
sec extension time per cycle.

Long-range PCR amplifications

Genomic DNA (100 ng) was incubated with 0.5 uM each
primer, 0.35 mM each dNTP, and 2.6 U of Expand™ Long
Tempiate PCR (ELTP) polymerase (Boehringer Mannbeim) in
1% Buffer 1 (Boehringer Mannheim) in a total volume of 50
L. The PCR samples 48 and 75 were prepared with 0.50 mM
each dNTP and 1X Buffer 2. Perfect match solution (Strata-
gene, La Jolla, CA) was added to PCR 15. Amplification con-
ditions were an initial denaturation step at 94°C for 2 min, fol-

lowed by 30 cycles at 94°C for 45 sec, at the annesling tem-
perature (as specified in‘Tables 1 and 2) for 90 sec and at 68°C
for either 2 min (PCRs 15, 61, 62, 87), 5 min (PCRs 64, 86),
8 min (PCRs 55, 84, 85), or 10 min (PCRs 88, 89), The elon-
gation step at 68°C was extended 20 sec per cycle for the last
20 cycles., All programs ended with a final extension step at
68°C for 7 min.

DNA sequencing

The amplified DNA fragments were separated on 1%-4%
agarose gels and visualized by ethidium bromide staining.
When necessary, isolated fragments were cloned in pCR2.1 {Io-
vitrogen, Carlsbad, CA) for sequencing. Exon~intron bound-
aries of cloned fragments were identified by nucleotide se-
quencing according to the Sanger dideoxymucleotide chain
termination method with T7 DNA polymerase (Pharmacia). The
exon—intron boundariés of many PCR fragments were directly
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TaBLE 3. Exon-INTRON Bounparies 0 MurmE stau GENe
Exon INTRON EXON INTRON Introm size
number? 3'-acceptor site | 5'-end Size l(kbp) 3" -end | 5" -domor site {kbp)
i GECEEGE ———i »0 . 265 ——— CAGCCAG | gtoagg.... pd
2 .| nracTaT {0,139} CCCCCRG | glatgtg... 0.9
3 ...acccttgtgtitgtag | ATRCTTT {0.%68) GTTGGAG | gtaaggt... 32
4 ...atfactetictpteag | GTARATG {0.05%)} TTTTGAG | gaagec. .. 53
5a ...lcucgcﬁ;cactcag TC’I;TTCCT (0.231}\
ib o.‘i.agtctttccrtctgacacag GTEGCCS ——{(.313)}——— CTGCRAG | gtagage... 1.3
6 ...tatcttteagetacag | ACAGCCT {0.138) GATGCAG | gigagtt. .. 0.6
7 ...ttogtettttacacag | GTAAAGG ——=—{(0. 147 AGAGNAG | gigacty... 1.1
8 ...atttttctitcttang | ACTCCAG {D.076—— GGAACTA | ptaagat... 02
9 ...ctgipteecetgegag | GTARCAR ———{0.320—— ATTCCAG gtaaccg... 0.5
10 ...tgctgttitrcettag | GTTGART {0.123)— TGATATG | gtatgtg... 0.4
11 ...tcctt::a-ccmctag GCTGCAC ~—-—{ 0 . 08§ pm—em TTTCAGC | pigagtge... 0.3
12 ... Hotictteottaaag | ATELGEEE ——{»0. 891 }——— CTAGTGC
o {y)iz e 5Emanmgo M ﬁ?G'J :n ID% 623’68334361t

afxan 1 is defined according to the 5’ end of the cDNA.
bThe size of this intron appeared to exceed the potential of the Expand™ Long Template PCR.

sequenced using the Thermo Sequenase™ cycle sequencing kit
(Amersham Life Science, Oakville, Ontario, Canada) or the Se-
quiTherm EXCEL™ DNA Sequencing kit (Epicentre Tech-
nologies, Markham, Ontario).

Isolation of genomic clones

Mouse and human genomic DNA libraries were screened
with the 5'-most EcoRI-Sacl fragment of the cDNA (nt 1-223),
The probe was labeled with [a-*2P]-dCTP using an Oligola-
beiling kit (Pharmacia). Phage DNA was isolated and purified,
and restriction fragrnents were subcloned in pBluescript SK™
(Stratagene) for sequencing.

RESULTS

‘Genomic organization

In order to identify exon~intron junctions, we PCR-amplified
genomic DNA using oligonucleotide primers that generated
overlapping fragments covering the whole nucleotide sequence
of the human and mouse cDNAs (Tables 1 and 2). Because PCR .
‘fragments could be of any size, we elaborated several PCR con-
ditions. The resulting fragments were either cloned and then se-
quenced or directly sequenced by PCR to confirm the presence

of introns and precisely map their position in the genomic DNA
fragments. In both mouse and hurnan, only the primer pairs cov-
ering the 3"-untranslated region (3'-UTR) amplified a fragment
whose size was identical to that of the corresponding region in
the cDNA, demonstrating that the 3'-UTR is not fragmented. In
contrast, all other fragments were larger than the corresponding
region in the cDNA, suggesting that multiple introns are spread
throughout both genes. When necessary, pairs of nested oligonu-
clectide primers were used until each intron had been identified.
This allowed us to define the position of the introms, the se-
quence of the exon—intron junctions, and the size of each infron
in both humans and mice (Tables 3 and 4). A schematic repre-
sentation of the genomic organization of the human and mouse
stan genes is presented in Figure 1,

The human wnd mouse genes spanned at least 65 and 17 kb
of genomic DNA and consisted of 15 and 12 exons, respectively.
The three additional exons found at the 5’ end of the human gene
were not found in mice and have been labeled Ela, Elb, and
Elc, for consistency with the mouse gene. These exons were
identified from alternatively spliced transcripts (Fig. 24) (Wick-
ham et al., 1999), The size of the exons ranged from 75 bp (E1b)
to >1270 bp (E12) in humans and from 76 bp (E8) to >991 bp
(E12) in mice. The introns ranged in size from 0.2 kb (E8-E9)
to about 15 kb (Elc-E2 and E3-E4) in humans and from 0.2 kb
(E8-E9) to about 5.3 kb (E4-ES) in mice. All splice sites re-
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TABLE 4. ExXoN-INTRON BOUNDARIES v FHUMAN stgu GENE

Exon INTRON EXON INTRON Intron size
number® 3 -acceptor site | 5'-end Size (khp) 3'-end | 5"-donor site {kbp)
i ~CAGCCAG| .., s
la .. | CAGCAGC ~——{0,132)—— TTACAGG/|... e
Ib | AGTTTAT =————i{0.075F—— AARABAG |gtacat... 7.2
le ...Cotitacagctittag | GCTAGAAC —-—.-—(0.289)— GC’i‘GCAG ptaagea.... ~15
2 . tlicttticittpeag AsnGeaT {0 .139}——— CCCCGAC|gtatgte... 2.1

3 ...ctccttttaﬂtcﬁg GTACTTT ? sii | ~15
4 ? TTTCEAG| .., ~14
Sa ...gottteacteag | TCTTTCC —"——(0.231}\
3b ‘(.)T.ag(cmccctctguaacag GTEECCC -——(0‘.213)———— RGTCAAG | gtgagaa.., =
6 ...cltgtttgticctoag | CCACAGA {0.144} GATGCRG | gtgagte... 3.0
7 ... igactictitgtgeag | GTGAAGG ————{0 . 147 —— GGAGAAG | gigagts... 1.4
3 ...dtcttctitttttang | ACACCCA ————0, 076 ——— GGGACTA | gtaagtg,,. 0.2
9 ...tgmatgtoectceeay | GTAATAR {0.320} ATTCCAG | gtaactg... 0.6
10 ...ctettttceceettag | GTTGRAAT {0.123} TGATATG | gtacgte. .. 1.4
. i1 ...ticeattooceactag | GCTGCEC 10.086} TGTCTET | gtgagts. .. Li
12 .. dttttetteottaang | GTGTGEE —{>1.270——— CCCTGLG
Ciggptnsua (Y)(; b 6? lﬂi‘”ﬂgﬂ T A?47GJ' Sﬂlﬂoté’.’a;tal'dgﬂt

3Fxon 1 is defined according to the 5' end of the cDNA.
SThe size of these introns appeared to exceed the potential of the ELTP.

spected the GT (5'-end) and AG (3'-end) consensus rule, Inter-
estingly, very large introns were concentrated at the 5* end of the
gene, while smaller ones were found downstream. The ATG ini-
tiation start site generating the 55-kD protein (Wickham et al,
1999) was found in E2, An additional ATG, found exclusively
in the human genome, was located in the differentially spliced
Flc and generated the 63-kD protein (Fig. 1), In both humans
end mice, another. differential splicing event generates two tran-
scripts, which differ by an insertion of 18 nt in the coding region
(Duchatne and DesGroseillers, unpublished work). Our data now
show that this phenomenan is attributabie to an alternative choice
of splicing aceeptor sites at the 5’ end of E5 (Tables 3 and 4);
(Fig. 2B). Altogether, our results demonstrate that the overall or-
ganization of the srau gene is similar in the two species and that
the position of the exon—intron junctions is perfectly conserved.

With both human and mouse genomic DNAs, we have not
been able to PCR amplify the most-5' intron of the genes, even
if we amplified the corresponding cDNA sequences using the
same conditions and primers (data not shown). It is likely that
the size of these introns exceeded the capacity of ELTP. To

overcome this problem, we screened human and mouse ge-
nomic librarieg with the 5'-most cDNA fragment as a probe,
Although no clone was retrieved from the human library, many
overlapping clones were isolated and purified from the mouse
library. Restriction mapping and DNA sequencing (Fig. 3) al-
lowed us to map the position of the first intron in mice. A splic-
ing consensuy sequence is found where the ¢cDNA and genomic
sequences diverged (Table 3). Exon E2 was not found in these
clones, confirming the large size of this intwon.

Characterization of the 5' flanking sequence

To characterize the 5’ flanking sequence of the mouse stou
gene, we sequenced the genemic DNA clone in the region that
corresponds ta the 5' end of the cDNA (Fig. 3). In parallel, we
used the 5 RACE approach to determine the transcription ini-
taton site(s). Purified mRNA was reversed transcribed with
Stavfen-specific primers, and the resulting fragments were
elongated at their 3’ ends with terminal transferase, PCR am-
plified, cloned, and sequenced. This technique was repeated
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7.2 15 i 21 15 14 1.0 3.0 14 02 .6 1.1 LiKbp
El Eifa EIb Elc E2 E3 E4 ES E6 E7 E8 ES E18 El1 E12
75 87 . 89 . 64 > 72 . 61 . 15
100 b
MOUSE ?
I‘_ 09 32 53 .13 0.6 1.1 0.2 9.5 0.4 DA Kbp
El E2 E3 E4 ES E6 E7 ES E9 E16 E11 E12
&—b i—ﬁ-—-b 2 63 et 2 » § 4——‘32—-# 4——-—55———-1-
phage DNA 85 - 67 92 93 94

FIG. 1. Schematic representation of the human and mouse stau genes. Boxes-and lines represent exon and intron sequences,
respectively. Open and black boxes are untransiated and coding regions, respectively. The gray boxes represent additional cod-
ing sequences found in the 63-kD isoform. Translation initiation sites are shown by arrows above Elc and E2. The size of each
intron is written above the lines. The number and position of each PCR-amplified fragment are given below the maps. Only PCR
fragments representing the last step of inon characterization are shown. The position of the murine phuge DNA ig indicated be-
low the maps. Exons are labeled E1 to E12,

A three times with different mRNA preparations and Staufen
SPLICING 1 ATG ATG primers. A single transeription start site was observed in the
G i mouse stau gene (Fig. 3). The transcription initdation site of the
human gene was found at the same position (not shown}. Be-
cause the putative site of transcription initiation is downstream
of a G+C-rich tegion, we alsc performed a 5" RACE assay at
high temperature using the TthI thermoresistant reverse tran-
SPLICING 2 ATG ATG scriptase. The same results were obtained using this enzyme.
G — £~ : We then hybridized poly(A)* mRINA with a probe derived from
% E1 Fla Elh Elc E2 the 5’-end flanking region. No signal was detected (not shown),
. demonstrating that this sequence represents cither the promater
T2 —r:BIﬂA:I———— region or an additional intron.
SPLICING 3 E1blE2 - - Upstream from the r_egion corresponding to the most-5" end
G o peried . of the cDNA, no canonical TATA or CAAT boxes were found.
- ey T e = However, a very rich G+C region, as well as multiple SP1 and
other consensus sequences for binding putative prans-acting
transcription factors, were observed, typical of many house-
& _jjm__‘ keeping gene promoters.
SPLICING 4 =
ATG ATG
G — - ] 3 e
= v m m = DISCUSSION
In this paper, we report the molecular characterization of the
i Sk ’mn_ human and mouse stau genes, Using PCR amplification of ge-

nomic DNA, we show that the organization of the mouse gene
B is similar to that of the human gene, with perfect conservation
of the position of all exon-intron junctions. However, the hu-
man stau gene is about four times the size of its mouse ho-
molog because of its larger introns. In addition, it contains three
exons that are nat present in the mouse gene (Wickham et al,

4 ES E6

_FIG. 2. Alternative splicing events of the szax genes. (A)
Schematic representation of the differential splicing events-at
‘the 5" end of the human transcripts, as deduced from this study

and from those of differentially spliced transcripts (Wickham-

et al., 1999). (B) Alternative choice between two splicing ac-
ceptor sites found at the 5’ end of E5 of the human and mouse
genes. Boxes and lines represent exon and intron sequences, re-
spectively. The size of the proteins generated-from each re-
sulting wanscript is written in the boxes. G, genomic DNA; T,
transcript. Not drawn to scale.

1999
The PCR amplification af genomic DNA, analysis of dif-
ferentially spliced transcripts, and screening of genomic li-
braries aflowed us to map most introns of the human and murine
stay genes. The only uncharacterized intron lies between exons
3 and 4 of the human stau: gene. We nevertheless established
the presence of an intron in this region, as we amplified a frag-
ment of about 15 kb that hybridized with 2 nested cDNA frag-
ment. We were unable to clone or sequence the fragment, and



Article 1

109
ORGANIZATION OF THE siau GENE kxy
-135
GENE GAGCTCCTGEGARACTACAACTCCCAACATECCTCEEACCLAGCGCACGCETGCCCEECCCTTRT
-7Q
GENE GEGCTTGCGTECCTAGAGAGCECATECGREACGCGECECCCGCTGGGACTTETEETTCCTRCCET
-9
GENE GCTGTGTAGEGEGTGAEECCERCATGEAGGCCEECEGEEEELCEEEEECEEECGLEELCCCTCCC
1 . , ©os1
GENE CETCACTTCCTECCAGENTECEGECCCCEAGCCELTCTTCAGCETTTCCACTCECTETCETCECE
cDNA acttcectgeoaggctycgggeccegagecycteticagegtitgegetggetgtegtogey
" 126
GENE TCTETETECECTCCCOSTTCTICTGAGCCCCGECCTEECEECECCCELCTTCGCCTCCECCACTC
cDNA totgtotgogeteccoottottetgageceeggectggeggegaacgectiagactecgoracta
181
GENE CECCTCTTCCCTCCTCTGRTCGETCCCTTTTTCCTCGLCGTCTTCTCTTGCTTCTTCACCTCCTC
cDNA cgcctetiteeatacteotggtogghoootttttectegeogtet tcteottgettettecacetecte
256
GENE GCCGCCECCCAAGACCANCEGICCCEGEACEAGCTCTCEEEAACCAGCCAGETAAGGCECCEETE
cDNA gccgccqcccaagaccqccggccccgggacqagctctggggaaqcagccagaaagtataqcttct
] 321
cDNA sccattogagctcaatgcactgtgtgtgaaaciggaaagasaaccaatgtataageecgtggaceo

M T K P VD P

FIG. 3. Sequence of the 3’ flanking region. Mouse genomic (uppercase letters) and cDNA (lowercase letters) sequences are
aligned. The position of the translation start site is indicated by the protein sequence below the sequence, and the position of the
exon—intron junction is indicated by an arrow. The P! transeription binding sites in the promoter are underlined.

therefore, the sequence and position of the exon-intron junc-
tion is-still unknown. However, considering the perfect con-
servation in the human and mouse stau genes, it is almost cer-
tain that the exon-intron junction will be identical to the
corresponding junction in the mouse genome. The position of
the first four introns at the 5 end of the human gene was first
localized by comparison of alternatively spliced transcripts
(Wickham et al.,, 1999). The position of three of these introns
was then validated by PCR amplification of genomic DNA and
sequencing or by comparison with the mouse genomic organi-
zation. Only the position of the second intron. (El1a-Elb) has
not been confirmed experimentally, It is probable that the dis-
tance between E1 and E1b is too large for PCR amplification,
and the fact that Ela is an Alu sequence in reverse orientation
precludes the use of additional primers within this exon to
shorten the amplified fragment.

One of the four differentially spliced transcripts allows the
synthesis of an additional human Staufen isoform (Wickham et
al., 1999). Its role is still unknown. The fact that this isoform
is not found in mice suggests that it may be either redundant
or necessary only for some specialized functions. In contrast,
the splicing of exon ES at two different acceptor sites is con-
served in the two species and may represent a mechanism to
regulate human Staufen function in mammalian cells. The re-
sulting transcripts, which either contain or do not contain an
18-nb insertion, are expressed at about the same level in every
cell. Interestingly, this insertion generates a protein with im-
paired RNA-binding capacity (Duchaine and DesGroseillers,

unpublished data).
. The 5’ flanking region has many features characteristic of
promoters of housekeeping genes. The absence of a TATA box

and the presence of a G+C rich region (74%), high frequency
of potential methylation sites (CpG pairs), and multiple SP1-
binding sites are observed in the stau gene promoter. The pres-
ence of such a promoter in the mouse stax gene would be con-
sistent with the broad expression of stau mRINA in both species
(Wickham et al., 1999; Duchaine and DesGroseillers, unpub-
lished data). Mevertheless, we do not exclude the possibility
that the G+ C-rich region impeded the processing of the reverse
transcriptase ar of the PCR polymerase, even at high tempera-
ture, preciuding isolation of full-length ¢cDNA. If not the pro-
moter, the 5' flanking region is likely to be an intron, as a probe
derived from this region did not hybridize with mRNA. Puta-
tive splicing consensus sequences are present in this region.
The position of exon-intron junctions has also been deter-
mined for other members of the dsRINA-binding protein fam-
ily. The genomic crganization of the human adenosine deami-
nase (DRADA) and of the human Iinterferon-inducible

- dsRNA-dependent protein kinase (PKR) has been published

(Wang et al, 1995; Kuhen et al, 1996). As observed for the
human and monse srau genes, PKR (zbout 50 kb; 17 exons)
{Kuhen et al, 1996) and DRADA (30 kb; 15 exons) (Wang et
al., 1995) are relatively long genes that consist of several ex-
ons. Interestingly, these maps also allowed us to compare the

. splicing junctions in the regions of the dsRBDs. as an indica-

tion of their evolutionary relations, Whereas DRADA and PER
share splicing junctions within each of the dsRBDs, the posi-
tions of the introps are different for the stuu gene, even between
copies of Staufen’s dsRBDs (Fig. 4A), In the former cases, in-
trons divide dsRBDs into identical-size NH, and COOH re-
gions. This is interesting considering the fact that full-size and
short dsRBDs mostly differ in their NH, half, whereas the
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STAU(RRDS)

CONS  : pol L E

SGP H

BRIZARD ET AL.

KNPISGLLEYAQFASQTCEFNNIEQSGPPHERPRFKFQVVINGREFP PAKAGSKKVAKQDAAMKAMTILLEEA
Ks PVTTLLECI’E‘IKLGNSCEFRLLSKEGPAHEPE.EQYCVAVGAQTFPSVSAPSKKVM{QMPAE:EAMKALHGEA
TNPFVGGLLEYARSHGFARRFKLVDQSGE PEEPE(_FVYQAKVGGRWFPAVCAHSKKQGKQEA_ADAALRVLI GEN
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: RSEISQVFEIALKRNLPVNFEVARESGPPHMKNEFVIKVSVGEFV-~-~GECKSKKISKENAATAVLEELKKLP
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FIG. 4. Comparison of the exon—intron junctions in the dsRBDs. (A) Amino acid sequences of the 3, 2, and 4 dsRBDs of hu-
man adenosine deaminase (DRADA), human interferon-inducible dsRNA-dependent protein kinase (PKR), and memmalian
Staufen (STAU), respectively. The positions of exon—intron junctions are bold and underlined. A consensus sequence (CONS)
of all the dsRBDs is given below (Wang et al, 1995). The proposed position of a-helixes and B-shests (Bycroft er al, 1995;
Nanduri ef «l., 1998} is aligned below the sequences. (B) Intron localization in comparison with Stanfen proteins. Black, gray,
and open boxes represent dsRBDs with no, weak, and significant RNA-binding capacity, respectively. The hatched box repre-
sents the mbulin-binding domain, The positions of introns are indicated by vertical atrows. Asterisk indicates the position of the
alternative choice of splicing acceptor sites in ES. The dsRBDs are labeled RBD2 to RBDS (RBD! being absent in mammals)
for consistency with Staufen in Drosophila. TBD, tubulin-binding domain. Exons are labeled Elc to E12.

COOH half is more conserved (St. Johnston ef al, 1992). Tt
was suggested that dsRBDs may be made from different com-
binations of the NH, and COOH half units by exon shuffling
or alternative splicing (Wang et af., 1995). This finding also
suggests that duplication of a single ancestor domain contain-
ing en intron may have led to the repetition of this domain in
DRADA and PKR. These exons may be specific for proteins
whose enzymatic activity depends on RNA binding. However,
because the stau gene shows a different pattemn (Fig. 4A), the
dsRBDDs may have originated from a different ancestor gene or
evolved independently. In humans and mice, dsRBD3 and
dsRBI>4 correspond to full-size domains and are able to bind
dsRNAs (Wickham ez al., 1999). Interestingly; as observed in
DRADA and PKR, the domains are also divided into NH; and
COOH units by an intron, although the sites of splicing are dif-
ferent. In contrast, dsSRBD?2 and dsRBDS do not bind dsRNAs
in vitro (Wickham er al., 1999). From sequence comparisons,
it was suggested that dsRBD2 is a split domain, in which the
N- and C-terminal halves are separated by inserts of different
sizes (Micklem, 1998). Interestingly, we show that each con-
served region of the split domain is flanked by introns (Fig.’

48). For its part, dsRBDS is divided into three units, the well-
canserved C-terminal consensus sequence being spliced.

This study constittes the first step in establishing 2 link be-
tween Staufen and genetic diseases. Indeed, genetic diseases:
such as Fanconi anemia (Steinlein ez al,, 1992), maturity onset
disbetes of the young type 1 (Rothschild er al, 1993),
epilepsy/benign familial neonatal convulsions type 1 (Beck er
al., 1994; Malafosse ef al., 1992), electroencephalographic vari-
ant 1 corvulsions (Steinlein et al., 1992}, nocturnal frontal lobe
epilepsy (Phillips e al,, 1995), and some myeloproliferative dis-
orders or myelodysplastic syndromes (Asimakopou}os et al,
1994; Smith ef al., 1994) map to the region in which stau has
been located,
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My contribution:

This is the first paper that describes the molecular cloning and characterization
the human( hStau) and mouse(mStan) homologues of Drosophila Staufen, which is
so far the best-studied double-stranded RNA (dsRINA) binding protein involved in
RNA transport and localization. My contribution in this paper is: 1). Determination
of the 5° transcription start site of hstau by 5S’RACE (Fig. 1). 2) Characterization of
two hStau cDNAs and proteins in vitro (Fig. 2, B and C). 3) Study of the cell biology
of hStau (Fig.7 and Fig. 8).

Fig. 1 showed the ¢cDNA and amino acid sequences of 4 different hStau
transcripts produced by alternative splicing. Using 5’-RACE (rapid amplification
of 5°-cDNA ends), I completed the cDNA sequence in the 5’-untranslated regions
(5°-UTR).

Fig. 2B showed the presence of two endogenous hStau protein isoforms by
Western Blotting. To determine whether the two protein bands observed in the
Western blot come from the translation of our cloned cDNAs, I subcloned two full-
length ¢cDNAs (T2 and T3, see Fig. 1) in a mammalian expression vector and
transiently expressed them in mammalian cells. Each cDNA gives rise to a single
overexpressed protein which perfectly comigrates with one of the endogenous
proteins (Fig. 2C).

Next, I determined the subcellular distribution and cytoskeletal association of
Stau in vivo: 1) Using GFP-tagged fusion protein, I showed that Stau is present in

the cytoplasm and associated with the detergent-insoluble fraction in vive (Fig. 7).
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2) Using confocal immunofluorescence of two different ER markers and HA-tagged
Stau, I demonstrated that Stau localizes to the rough endoplasmic reticulum,
implicating its role in the transport of RNAs to the site of translation (Fig. 8). 3)
Using confocal microscopy, I also determined that the two cloned hStau proteins
colocalize when coexpressed in mammalian cells (picture not shown in paper). These

studies constitute a substantial part of the paper.
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Staufen (Stan) is a double-siranded RNA (dsRNA)-binding protein involved in mRNA transport and
localization in Drosophila. To understand the molecular mechanisms of mRNA transport in mammals, we
cloned human (hStax) and mouse (mStau) staufen cDNAs. In humans, four transcripts arise by differential
splicing of the Stau gene and code for two proteins with different N-terminal extremities. In vitro, hStau and
mStau bind dsRNA via each of two full-length dsRNA-binding domains and tubulin via a region similar to the
microtubule-binding domain of MAP-1B, suggesting that Stau cross-links cytoskeletal and RNA components.
Immunofluorescent double labeling of transfected mammalian cells revealed that Stau is localized to the rough
endoplasmic reticulum (RER), implicating this RNA-binding protein in mRNA targeting to the RER, perhaps
via a multistep process involving microtubules. These results are the first demonstration of the association of
an RNA-binding protein in addition to ribosomal proteins, with the RER, implicating this class of proteins in

the transport of RNA to its site of translation.

It is now believed that the cytoskeleton is widely used to
transport mRNAs between their transcription and processing
sites in the nucleus and their translation and degradation sites
in the cytoplasm (3, 42, 44). One consequence of the interac-
tion between mRNAs and the cytoskeleton is to promote dif-
ferential localization and/or transport of mRNAs in subcellular
compartments. Indeed, examples of mRNA targeting have
been observed in both germinal and somatic cells throughout
the animal kingdom (51, 55, 63). The universal use of this
mechanism is also apparent when we consider the nature of the
proteins which are coded by the transported mRNAs; asym-
metric Jocalization involving mRNAs coding for cytosolic, se-
creted, membrane-associated, or cytoskeletal proteins have all
been reported. Localization of mRNAs in the cytoplasm is now
considered an essential step in the regulation of gene expres-
sion and an efficient way to unevenly distribute proteins in
polarized cells. In general, it is believed that mRNA localiza-
tion is used to determine and/or regulate local sites of trans-
lation (46, 51, 55). Indeed, ribosomes and many translational
cofactors were found in association with the cytoskeletal ele-
ments, preventing both mRNAs and translation factors from
being diluted by the cellular fluid (44). Transport and local
translation of specific mRNAs have been shown to play an
important role in processes such as learning and memory (38),
synaptic transmission (9, 22, 26, 51, 61), axis formation during
development (reviewed in reference 55), cell motility (30), and
asymmetric cell division (7, 36, 37, 56).

The mechanisms underlying mRNA localization are not yet
fully understood, mainly because of the lack of information on
the principal constituents of the ribonucleoprotein (RNP)
complexes involved in this process. Nevertheless, it is known to
involve both cis-acting signals in mRNA and frans-acting RNA-

* Corresponding author mailing address: Department of Biochem-
istry, University of Montreal, P.O. Box 6128, Station Centre Ville,
Montreal, Quebec, Canada H3C 3J7. Phone: (514) 343-5802. Fax:
(514) 343-2210. E-mail: desgros@bcm.umontreal.ca.

binding proteins which bind to this signal (55). The signals that
allow mRNAs to be recognized as targets for transport and
then to be localized have been mapped within their 3' untrans-
lated regions (UTRs) (55, 63). In contrast, the nature of the
RNA-binding proteins is still obscure. Recently, a 68-kDa pro-
tein which binds the B-actin mRNA zipcode localization do-
main was isolated and its transcript was cloned from chicken
cDNA libraries (47). This protein, which binds to microfila-
ments, contains RNA-binding domains (RBDs) which share
strong sequence similarities with the RNP and KH motifs. In
addition, 69- and 78 kDa proteins in Xenopus laevis oocyte
extracts have been shown to bind to the localization signal of
Vgl mRNA (12, 50). While the 69-kDa protein was shown to
bind microtubules (15), the 78-kDa Vera protein colocalized
with a subdomain of the smooth endoplasmic reticulum (SER)
(12). Surprisingly, molecular cloning of the two proteins re-
vealed that they are identical and are similar to the chicken
zipcode-binding protein (13, 23).

Genetic and molecular studies have shown that the activity
of the staufer gene product in Drosophila is necessary for the
proper localization of bicoid and oskar mRNAs to the anterior
and posterior cytoplasm of oocytes, respectively, and of pros-
pero mRNA in neuroblasts (7, 16, 28, 36, 52, 53). Staufen
(Stau), a member of the double-stranded RNA (dsRNA)-bind-
ing protein family, contains (i) three copies of a domain con-
sisting of a 65- to 68-amino-acid consensus sequence which is
required to bind RNAs having double-stranded secondary
structures and (ii) two copies of a short domain which retains
the last 21 amino acids at the C-terminal end of the complete
motif (53, 54). In vitro, it has been demonstrated that Stau
binds directly to bicoid and prospero mRNAs (36, 54). How-
ever, since Stau seems to bind to any dsRNA in vitro, it is not
clear whether it binds directly to these RNAs in vivo or needs
cellular cofactors which make up part of a larger RNP complex
to localize each mRNA. Many experiments have demonstrated
that the localization of oskar, prospero, and bicoid mRNAs
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occurs through a multistep mechanism of active transport that
is dependent on elements of the cytoskeleton (7, 17, 45, 55, 58).

To understand the mechanisms of mRNA transport in mam-
mals and determine the nature of both the RNAs and proteins
in the RNA-protein complexes, we began the cloning of the
human and mouse staufen (hStau and mStau) cDNAs and the
characterization of their encoded proteins. Recently, we showed
by both Southern blot analysis of human DNA and fluorescent
in situ hybridization on human chromosomes in metaphase
that the human gene is present as a single copy in the human
genome and is localized in the middle of the long arm of
chromosome 20 (11). We now report the sequence of the hStau
and mStau and show that the transcript is found in all tested
tissues. We further demonstrate that Stau binds both dsRNA
and tubulin in vitro via specific binding domains. Stau is also
shown to be present in the cytoplasm in association with the
rough endoplasmic reticulum (RER), implicating this protein
in the targeting of RNA to its site of translation.

MATERIALS AND METHODS

Mnl ¥ i

g of the cDNAs. To clone an AStau homo-
logue, we searched the GenBauk database with Drosophila dsRBD sequences to
find comsensus sequences and eventually design degenerate oligonucleotide
primers for reverse transcription (RT)-PCR. However, searching in the ex-
pressed sequence tag database identified a partial sequence, clone HFBDQ83
(GenBank accession no. T06248), with high homology to the Drosophila se-
quence. This clone was purchased from the American Type Culture Collection
and used as a probe to screen both human brain (Clostech) and fetal total mouse
(a generous gift from A. Royal) ¢cDNA libraries as described previously (62).
DNA from the isolated Agt10 clones was subcloned into a pBluescript vector
(Stratagene). Double-stranded DNA (dsDNA) was sequenced by the dideoxynucle-
otide method according to Sequenase protocols (United States Biochemical
Corp.).

Construction of fusion proteins. The 1.2-kbp BamHI fragment of the human
HFBDQ83 cDNA was subcloned in frame in either pQE32 (Qiagen) or pMAL<
{(New England Biolabs), thus generating the protein fused to a hexahistidine tag
or to the maltose-binding protein (MBP), respectively. The protein was ex-
pressed in bacteria by induction with isopropyl-B-p-thiogalactopyranoside
(IPTG) as recommended by the manufacturer.

Full-length and internal fragments of the mStau protein were PCR amplified
and cloned into pMal-c to produce MBP fusion proteins, For the expression of
the internal domains, which do not contain an endogenous stop codon, the PCR
fragments were cloned in a modified pMal-c vector (pMal-stop) in which stop
codons were introduced at the Hindlll site, by the ligation of the annealed
complementary oligonucleotides 5'-AGCTTAATTAGCTGAC-3' and 5'-AGC
TGTCAGCTAATTA-3'. The MBP-mStan fusion protein, containing the full-
length mStau sequence, was generated by PCR amplification with Vent DNA
polymerase (New England BioLabs), using the primer pair 5'-CCTGGATCCG
AAAGTATAGCTTCTACCATTG-3' plus 5'-TACATAAGCTTCTAGATGG
CCAGAAAAGGTTCAGCA-3'. The resulting 1,562-bp fragment was digested
with HindIIT and BamHI and ligated in the pMal-c vector. The C-terminal
fragment (mStau-C) was amplified with the primer pair 5'-GGATGAATCCTA
TTAGTAGACTTGCAC-3' plus 5'-TACATAAGCTTCTAGATGGCCAGAA
AAGGTTCAGCA-3', digested with HindIll, and cloned in the Eagl* and
HindII! sites of pMal-c. Eagl* was created by filling in the cohesive ends of
Eagl-digested pMal-c vector, using the Klenow fragment of DNA. polymerase 1.
This fusion vector was then digested with Sacl and EcoRI, and the resulting
fragment was subcloned in the pMal-stop vector to generate the mStay-RBD3
construct. The mStau-tubulin-binding domain (TBD) construct was prepared by
PCR using the primer pair 5'-GCTCTAGATTCAAAGTTCCCCAGGCGCA
G-3' plus 5'-TTAAGCTTCTCAGAGGGTCTAGTGCGAG-3'; the product
was digested with Xbal and HindlII and cloned in the pMal-stop vector. mStau-
RBD?2 and mStau-RBD]1 were constructed by first amplifying a frapment using
the primer pair 5'-CAATGTATAAGCCCGTGGACCC-3' and 5'-AAAAAGC
TTGTGCAAGTCTACTAATAGGATTCATCC-3'. The resulting product was
digested with HindIII and cloned in the Eagl* and HindIII sites of the pMal-stop
vector. This vector was then used to purify the 398-bp PstI and HindIIl fragment,
which was subcloned in the pMAL-stop vector to generate the mStau-RBD2
construct, In the same way, the mStau-RBD1 vector was obtained by digestion
with Smal and Stul, followed by recircularization of the digestion product using
T4 DNA ligase. The mStau-RBD4 was PCR amplified by using the primer pair
5'-ATAGCCCGAGAGTTGTTG-3' plus 5'-TACATAAGCTTCTAGATGGC
CAGAAAAGGTTCAGCA-3'. The resulting fragment was digested with
HindIII and ligated in the pMal-stop vector at the StuI and HindIII sites, All
MBP-Stau fusion plasmids were transformed in BL-21 Escherichia coli. The
fusion proteins were obtained after induction with 1 mM IPTG for 2 to 3 h. Cells
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were lysed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer for immediate use, or frozen at —80°C for storage.

Antibedy production and Western blotting. For the production of antibodies,
a large amount of the His-hStau fusion protein was purified on Ni-nitrilotriacetic
acid (NTA) resin (Qiagen) as recommended by the manufacturer and injected
into rabbits as done previously (2). For Western blotting, cells were lysed in 1%
r-octylglucoside-1 mM phenylmethylsulfonyl sulfoxide-aprotinin (1 pg/ml}
pepstatin A (1 pg/mtl) in phosphate-buffered saline (PBS). Protein extracts were
quantified by the Bradford method (Bio-Rad), and similar amounts of proteins
were separated on SDS-10% polyacrylamide gels and transferred onto nitracel-
lulose membranes. Membranes were blocked for 30 min in TBS (Tris-buffered
saline; 10 mM Tris [pH 8.0}, 150 mM NaCl)-5% dry milk and incubated with
primary antibodies in TBS-0.05% Tween for 1h at room temperature, Detection
was accomplished by incubating the blots with peroxidase-conjugated anti-rabbit
immunoglobulin G (IgG) antibodies (Dimension Labs) followed by Supersignal
Substrate (Pierce) as recommended by the manufacturer.

RNA-binding assay. Bacterial extracts from IPTG-induced cultures were sep-
arated on SDS-10% polyacrylamide gels and the protems were transferred onto
nitrocellulose membranes. Membranes were incubated in the presence of 32P-
labeled RNA probes in 50 mM NaCl-10 mM MgCl,-10 mM HEPES (pH
8.0)-0.1 mM EDTA-1 mM dithiothreitol-0.25% milk for 2 h at room temper-
ature, washed in the same buffer for 30 min, and exposed for autoradiography.
For competition assays, a 100- to 1,000-fold excess of cold homopolymers (Phar-
macia) was added to the hybridization mixture along with the labeled probe. The
3" UTR of bicoid cDNA (positions 4016 to 4972), which was PCR amplified from
Drosaphila genomxc DNA and subcloned in the pBluescript vector, was tran-
scribed by using T7 RNA polymerase in the presence of [oz-32P]CTP Synthetic
RNAs (Pharmacia) were labeled with T4 polynucleotide kinase in the presence
of [y3?P]ATP. The specific activities of the bicoid and synthetic RNA probes
were 1,4 X 10° and 0.5 X 105 cpm/pg, respectively.

Far RNA-binding assay in solution, dilutions of the purified human His-Stau
fusion protein were incubated with in vitro-labeled bicoid RNA (3' UTR),
poly(s1)-poly(rC), poly(xl), or poly(rC) (20,000 cpm; specific activity, 10° cpm/
wg) in 10 mM MgCl,-50 mM NaCl-0.1 mM EDTA-1 mM dithiothreitol-10 mM
HEPES (pH 8.0) for 30 min at room temperature. The RNA-protein complexes
were then filtered through a nitrocellulose membrane (0.45-pm pore size),
washed, and counted. Analyses were done with the Graph Pad PRISM (version
2.01) software.

Tubalin-binding assay. Bacterial extracts from IPTG-induced cultures were
separated on SD5-10% polyacrylamide gels, and the MBP-tagged proteins were
transferred onto nitrocellulose membranes. Membranes were incubated in
TBS-1% Tween 20 for 45 min prior to an overnight overfay with tubulin (7
wg/ml; Sigma) in TBS-0.2% Tween 20. Blots were washed several times in
TBS-0.2% Tween 20 and then incubated with a mixture of mouse monoclonal
anti-a- and anti-B-tubulin antibodies (ICN). Bound antibodies were detected
with secondary peroxidase-comjugated anti-mouse IgG antibodies (Dimension
Labs) and Supersigoal substrate (Pierce) as stated previously. Separate assays
were performed with actin and antiactin antibodies (both from Sigma).

Immunofiuerescence. HStau-hemagglutinin (HA) and hStau-green fluores-
cent protein (GFP) were constructed by PCR amplification of the full-length
cDNA, using the primer pair 5'-TACATGTCGACTTCCTGCCA/GGGCTGC
GGG-3' plus 5'-TACAATCTAGATTATCAGCGGCCGCACCTCCCACACA
CAGACAT-3'. The 3’ primer was synthesized with a NotI site just upstream
from the stop codon allowing ligation of a NotI cassette containing either three
copies of the HA tag or the GFP sequence. The resulting fragment was cloned
in pBluescript following digestion with Sell and Xbel. The Kpnl/Xbal fragment
was then subcloned in the pCDNA3/RSV vector (25), and a NotI cassette was
introduced at the NotI site. For the TBD-GFP fusion protein, the TBD was PCR
amplified with oligonucleotides on each side of this region (5'-TACATAAGCT
TAAGCCACCATGGTCAAAGTTCCCCAGGCGC-3' and 5'-TACAATCTA
GAGCGGCCGCGCTCAGAGGGTCTAGTGCGAG-3’). The sense primer
contained an ATG initiation codon and the Kozak consensus sequence upstream
from the TBD sequence. The antisense primer contained a Notl site just up-
stream from 2 stop codon. The resulting fragment was digested with HindIII and
Xbal and cloned into the pCDNA3/RSV vector. The GFP Nofl cassette was then
introduced at the NotI site.

Mammalian cells were transiently transfected with the cDNAs by the calcium
phosphate precipitation technique, fixed in 4% paraformaldehyde in PBS for 25
min at room temperature, and permeabilized with 0.3% Triton X-100 in PBS
containing 0.1% bovine serum albumin (BSA). The cells were then blocked with
1% BSA in PBS~0.3% Triton X-100 and incubated with mouse anti-HA, rabbit
anticalreticulin, or rabbit anticalnexin antibodies for 1 h at room temperature, as
indicated. Cells were washed in permeabilization buffer and incubated with
fluorescein-conjugated or Texas red-conjugated species-specific secondary anti-
bodies (Jackson Immunoresearch Laboratories, West Grove, Pa.) in blocking
buffer for 1 h. GFP and GFP fusion proteins were detected by autofiuorescence.
Mounting was done in ImmunoFluor mounting medium (ICN). For the analysis
of cytoskeleton-associated proteins, transfected cells were first extracted in 0.3%
Triton X-100-130 mM HEPES (pH 6.8)-10 mM EGTA-20 mM MgSO, for 5
min at 4°C as previously described (10). They were then fixed in 4% parafor-
maldehyde in PBS and processed for immunofluorescence as described above.
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FIG. 2. Characterization of the AStau mRNA and proteins. (A) Northern
blot analysis of AStau expression in human tissues. A human multiple-tissue
Northern blot (Clontech) was hybridized with the 1.2-kbp BamHI fragment of
hStau cDNA, Lane 1, brain; lane 2, pancreas; lane 3, heart; lane 4, skeletal
muscles; lane 5, liver; lane 6, placenta; lane 7, lung; lane 8, kidney. (B) Western
blot experiment with anti-hStau antibodies. Lane 1, HeLa cell extracts; lane 2,
HEK 293 cell extracts. (C) HEK 293 cells were transfected with cDNAs coding
for either the short (lane 2) or the long (lane 3) hStau isoform, lysed, and
anzalyzed by Western blotting using the anti-hStau antibodies. Mock-transfected
cells are shown in {ane 1. (D) Schematic representation of the Drosophila (ac-
cession no. M69111), human and mouse (Hum/Mus), and C. elegans (accession
no, U67949) Stau proteins. The human protein P1 has an insertion of 81 amino
acids at its N-terminal extremity compared to protein P2, Large open and black
boxes represent the full-length and short dsRBDs, respectively. Small boxes and
lines are regions of high and low sequence simildrity, respectively. The hatched
boxes indicate the position of the region which is similar to the MAP1B micro-
tubule-binding domain. The percentage of identity between the domains of the
human and invertebrate proteins is indicated.

Celis were visualized by immunofluorescence, using the 63X planApochromat
abjective of a Zeiss Axioskop fluorescence microscope.

Confocal microscopy was performed with the 60X Nikon Plan Apochromat
objective of a dual-channel Bio-Rad 600 laser scanning confocal microscope
equipped with a krypton-argon laser and the corresponding dichroid reflectors to
distinguish fluorescein and Texas red labeling. No overlap was observed between
the fluorescein and Texas red channels, Confocal images were printed with a
Polaroid TX1500 video printer.

Nucleotide sequence GenBank accession nombers, The human and mouse
sequences were deposited in the GenBank database under accession no.
AF061938, AF061939, AF061940, and AF061941 (human) and AF061942
(mouse).

RESULTS

Molecular cloning of mammalian staufen ¢cDNAs. To under-
stand the mechanism of mRNA transport in mammalian cells,
we cloned the human and mouse staufer homologues. Thirteen
overlapping human cDNAs, ranging in size between 0.8 and
2.5 kb, were isolated from a human central nervous system
cDNA library, using the expressed sequence tag HFBDQR83
c¢DNA as a probe (Fig. 1). Purified human Hel a cell poly(A)™
RNAs were also reverse transcribed and PCR amplified, using
different 5" RACE (rapid amplification of 5° cDNA ends)
protocols, allowing us to clone the 5’ end of the transcript. Two
different cDNAs of 3,217 and 3,506 nucleotides were identified
from overlapping clones (see below). One of the human cD-

CHARACTERIZATION OF MAMMALIAN Staufen PROTEINS 2223

NAs was then used to screen a fetal total mouse cDNA library
under low-stringency conditions, which led to the isolation of a
full-length cDNA. (mStau). The human and mouse proteins are
90% identical (98% similarity).

Hybridization of a human multiple-tissue Northern blot with
a human cDNA reveals that AStay mRNA is found in every
tested tissue (Fig. 2A), unlike the Drosophila staufen gene,
which is exclusively expressed in oocytes and in the central
nervous system at the larval stage (53). The size of the cDNAs
is close to that of the transcripts, which migrate on a Northern
blot as an unresolved large band of around 3.6 kb.

A differential splicing event generates two hStau proteins.
Characterization of the human cDNAs revealed the presence
of two types of transcripts which differ only by an insertion of
289 bp at position 324 (T2 and T3 in Fig. 1). To confirm this
result and determine the relative expression of the two classes
of transcripts, we used RT-PCR to amplify the region of the
transcript which overlaps the site of insertion. Unexpectedly,
four different fragments were amplified. Cloning and sequenc-
ing of the fragments revealed that two correspond to the
cDNA sequences (Fig. 1). Compared to the smallest cloned
cDNA sequence (T2), a third fragment (T4) has an insertion of
132 bp at position 249, which corresponds to an Al Sq se-
quence in an inverted orientation, while the other one (T1) has
a deletion of 75 bp between positions 249 and 324. Within a
single tissue, the four bands are not expressed at the same
level, T2 being the most abundant. However, from one tissue
to the other, the relative ratios of the four bands are roughly
the same (not shown).

Translation of the cDNAs suggests that three of the four
transcripts (T1, T2, and T4) may give rise to a protein of 55
kDa. Interestingly, the DNA insertion in transcript T3 intro-
duces an ATG initiation codon upstream from the first one
found in the other transcripts (Fig, 1). This finding suggests
that a second putative protein of 63 kDa, exhibiting an 81-
amino-acid extension at its N-terminal extremity compared to
the other protein, may be translated. Using anti-hStau anti-
bodies in Western blot experiments, we observed two protein
bands of around 63 and 55 kDa in human cell extracts (Fig.
2B). To determine whether our cDNAs could account for the
presence of the two proteins, we subctoned the T2 and T3
transcripts in an expression vector and expressed them in
mammalian cells. As seen in Fig. 2C, each cDNA gives rise to
a single overexpressed protein which perfectly comigrates with
one of the endogenous proteins. Altogether, these results dem-
onstrate that the hstaufen gene produces four different tran-
scripts and that the transcripts code for two highly homologous
proteins which differ in their N-terminal extremities.

Comparison of the mammalian and Drosophile Stan pro-
teins, The amino acid sequences of the mammalian proteins
are similar to that of the Drosophila Stau protein and of the
product of an uncharacterized open reading frame on the X
chromosome of Caenorhabditis elegans (Fig. 2D). The overall
structures and relative positions of the full-length and short
RBDs are well conserved, and high sequence identity is found
between corresponding dsRBDs. This is highly significant since
an alignment of the domains found in the members of the
dsRNA-binding protein family shows an average of only 29%
amino acid identity to one another (54). In addition, domains
1 and 4 in the human sequence, which are short domains
compared to the consensus, are nevertheless highly similar to
the corresponding fly sequences, even in the region that ex-
tends far beyond the N-terminal side of the consensus se-
quence, suggesting that they must play an essential role in Stau
function.

Mammalian Stau does not contain the first dsRBD or the
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FIG. 3. RNA-binding assay. Bacterially expressed His-bStan (A, lanes S) and His-neutral endapeptidase (A, lane N) fusion proteins or bacterially expressed
MBP-mStau (B and C, lanes S) or MBP-aminopeptidase (B and C, lanes A) fusion proteins were electrophoresed on a polyacrylamide gel, transferred to nitrocellulose,
and incubated with 32P-labeled nucleic acids, in the presence or absence of cold competitors, as indicated below each gel. After extensive washing, binding was detected
by autoradiography. A representative Coomassie blue staining of the blots is shown on the left (A and B). Arrows, positions of overexpressed Staw; arrowheads, positions

of averexpressed contro! proteins. Lanes M, molecular weight markers.

long N-terminal sequence of the Drosophila protein which was
shown to bind to oskar protein (5). In addition, a putative TBD
located between the third and fourth dsRBDs of mammalian
Stau is not found in the Drosophila protein, at least at the
amino acid level. This region contains a stretch of 91 amino
acids which show 25% amino acid identity (66% similarity) to
a microtubule-binding domain of microtubule-associated pro-
tein 1B (MAPIB) (65). It is meaningful that the sequence
similarity covers the full microtubule-binding domain of
MAP1B and that it is restricted to this domain. Putative nu-
clear localization signals are also present.

hStau and mStau bind dsRNAs. As seen in Fig. 2D, mam-
malian Stau proteins contain multiple dsRBDs. To determine
whether Stau binds RNAs, we used two bacterially expressed
fusion proteins, His-hStau and MBP-mStau, in an RNA-bind-
ing assay. The fusion proteins were probed with in vitro-la-
beled bicoid mRNA, which is known to adopt an extensive
secondary structure and to strongly bind to Drosophila Stau
protein, both in vivo and in vitro (18, 54). Both fusion proteins
strongly bind this RNA. The binding is competed by a 100-fold
excess of cold poly(xI)-poly(rC) but not by a 1,000-fold excess
of poly(rI), poly(rC), poly(rA), or poly(U) or by tRNA or
dsDNA (Fig. 3A and B), suggesting that mammalian Stau
recognizes double-stranded structures in the RNA rather than
a sequence-specific region. Both fusion proteins also directly
bind labeled dsRNAs and RNA-DNA hybrids but not single-
stranded RNA or DNA homopolymers (Fig. 3A and C). As
controls, bacterial extracts containing overexpressed His-neu-
tral endopeptidase or MBP-aminopeptidase fusion proteins
were also included on each blot; they did not bind any of these
nucleic acids, We also tested other in vitro-labeled RNAs such
as those coding for tubulin, neuropeptides from Aplysia, and
nuclear RNP B. All of these RNAs bind to Stau in vitro, as
reported previously for other members of the dsSRNA-binding

protein family. This finding demonstrates that both hStau and
mStau, regardless of the protein to which they are fused, are
able to bind dsRNAs. However, there is no sequence specific-
ity, as reported for other members of the dsRNA-binding pro-
tein family (21, 54, 55).

Filter binding assays, using Ni-NTA-purified His-hStau (in-
set), were used to determine the binding affinity of Stau (Fig.
4). High-affinity binding, with a K, of about 10™° M, was
observed when the 3' UTR of bicoid or double-stranded RNA
was used as a probe (Fig, 4A). The resulting sigmoidal curves
suggest that Stau cooperatively binds dsRNAs. In contrast, only
low-affinity binding was observed with single-stranded RNAs,
confirming that Stau specifically binds dsRNAs (Fig. 4B).

hStau and mStau bind tubulin in vitro. As described above,
Stau contains a region which is similar to the microtubule-
binding domain of MAP1B. To determine whether mamma-
lian Stau can bind tubulin, bacterially expressed MBP-Stau
fusion proteins were used in a tubulin-binding assay. As shown
in Fig. 5, hStau binds tubulin in vitro. As a control, the bacte-
rially expressed MBP-aminopeptidase fusion protein was also
included on the blot; it did not show any tubulin-binding ca-
pability. Under the same conditions, hStau cannot bind actin
(Fig. 5), which suggests that the binding of tubulin to Stau is
specific. The same results were obtained with the MBP-mStau
fusion protein (Fig. 6B, lane 1). Binding to mRNAs and mi-
crotubules are two of the characteristics expected of localizing
proteins, making hStau and mStau very good candidates for
mRNA transport and localization in mammals.

Molecular mapping of the RBD and TBD. To determine
which Stau domain(s) is involved in RNA and/or tubulin bind-
ing, the MBP-mStau fusion protein was used to comstruct a
series of deletion mutants (Fig. 6). The production and relative
abundance of each fusion protein was first verified by Western
blotting (not shown). Using the RNA-binding assay, we dem-
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FIG. 4. RNA-binding assay in solution, Dilutions of the purified His-hStau
fusion protein were incubated with fixed amounts of labeled RNAs, and the
RNA-protein complexes were filtered through nitrocellulose membranes. (A)
RNA-binding affinity to dsRNAs. Triangles, 3' UTR of bicoid RNA; squares,
poly(xT)-poly(rC). The results are presented as a percentage of maximal retained
probe and are the averages of three independent experiments done in duplicate,
Inset, Coomassie blue staining of Ni-NTA-purified His/hStau after separation by
SDS-PAGE. (B) RNA-binding affinity to RNAs. Squares, poly(rI)-poly(rC);
triangles, poly(rT); inverted triangles, poly(rC); diamonds, BSA with poly(xT)-
poly(rC), used as a control. The results are presented as a percentage of bound
radioactivity and represent a single experiment done in duplicate. The same
results were obtained in two other independent experiments.

onstrated that both of the full-size dsRBDs (dsRBD2 and
dsRBD3) are independently sufficient to bind bicoid RNA
(Fig. 6A). In contrast, the two short domains (dsRBD1 and
dsRBD4) were unable to bind dsRNA in this assay. We also
demonstrated that the C-terminal half of mStau is able to bind
tubulin (Fig. 6B, lane 4). More specifically, the region which is
similar to the MAP1B microtubule-binding domain is sufficient
to bind tubulin (Fig. 6B, lane 6). These experiments confirm
that the regions that we identified by sequence comparison as
putative dsRBDs and TBDs are biochemically functional.
Stan is associated with the detergent-insoluble fraction in
vivo, We next addressed the cellular distribution and cytoskel-
etal association of the two hStau proteins in vivo. To do so, we
fused GFP or an HA tag to the 63- and 55-kDa hStau isoforms,
respectively. Using confocal microscopy, we first showed that
the two fusion proteins colocalize when coexpressed in mam-
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FIG. 5. Tubulin-binding assay. Bacterially expressed MBP-hStau (lanes S) or
MBP-aminopeptidase (lanes A) fusion proteins were electrophoresed on SDS-
polyacrylamide gels, transferred to nitrocellulose, and incubated with tubulin or
actin. After extensive washing, tubulin and actin were detected with monoclonal
antitubulin and antiactin antibodies, respectively, As controls, the same experi-
ments were performed in the absence of either tubulin or antitubulin antibodies.
Purified actin was also Joaded on the gel as a control (lane C). Sizes are indicated
in kilodaltons.

malian cells (not shown). Then, we showed that they are non-
homogeneously distributed throughout the cytoplasm and la-
bel numerous vesicular and tubular structures which
concentrate in the perinuclear region (Fig. 7A). Minimal stain-
ing was found in the nucleus. When the cells were treated with
Triton X-100 prior to fixing, allowing soluble proteins to be
separated from the cytoskeleton and cytoskeleton-associated
proteins (44), the tubulovesicular labeling was still present,
demonstrating that hStau is associated with the detergent-
insoluble material in vivo (Fig. 7B). Labeled structures were
also present in cell processes, suggesting that Stau may target
mRNAs to peripheral ER elements. The same results were
obtained following expression of the GFP-mStan protein (not
shown). The association between hStau and the cytoskeletal-
associated material was confirmed by in vitro cell fractionation
in the presence of Triton X-100. In this assay, hStau parti-
tioned mainly in the cytoskeleton-associated fractions, al-
though a significant fraction was found in a soluble form, as
judged by Western blotting (not shown).

To determine whether the tubulin-binding domain identified
in vitro is truly involved in this function in vivo, we transfected
mammalian cells with a cDNA coding for a fusion protein in
which the minimal TBD was fused to GFP. In contrast to the
full-length protein, the TBD-GFP fusion protein is randomly
distributed in the cytoplasmic and nuclear domains of the cells
(Fig. 7C), as is the GFP protein used as a control (Fig. 7D).
This staining was completely extracted by the Triton X-100
treatment (not shown), suggesting that the minimal TBD
found in vitro is not sufficient to render the protein insoluble
and form a stable association with the microtubule network
and/or the cytoskeleton-associated material.

Stau localizes to the RER in vivo. Interestingly, the pattern
of localization of Stau resembles that of the ER. To test a
putative localization of Stau to the ER, we transfected mam-
malian cells with a cDNA coding for a fusion protein in which
a HA tag was introduced at the C-terminal end of the short
hStau protein. We then double labeled transfected cells with
anti-HA, to recognize hStau, and with anticalreticulin or anti-
calnexin, two markers of the ER. Using a confocal microscope,
we showed that hStau completely colocalizes with anticalreti-
culin, although HA-staining appears to be absent in some parts
of the ER, in particular around the nucleus (Fig. 8A to C). To
confirm these results, we examined the colocalization of Stau
and calnexin, a specific marker for the RER (24) (Fig. 8D to
F). The patterns of staining obtained with anti-hStau and an-
ticalnexin were identical, demonstrating that hStau colocalizes
exclusively with the RER.
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FIG. 6. Molecular mapping of the dsRBD and TBD. Bacterially expressed MBP-mStau (lanes 1), MBP-mStau deletion mutants (fanes 2 to 7), or MBP-
aminopeptidase (lanes C) fusion prateins were electrophoresed on a polyacrylamide gel, transferred to nitrocellulose, incubated with either #2p.Jabeled 3'-UTR bicoid
RNA (A) or tubulin and antitubulin antibodies (B), and revealed as described above. {C) Schematic representation of the mutant proteins. Their RNA- and

tubulin-binding responses are indicated.

DISCUSSION

The transport and localization of specific mRNAs have im-
portant functions in cell physiology. For example, mRNA tar-
geting plays a key role in the formation of cytoskeletal fila-
ments and in the establishment of morphogenetic gradients
(55). However, the nature of the RNP complexes as well as the
mechanisms involved in these processes are still largely un-
characterized. In this paper, we describe a novel RNA-binding
protein which localizes to the RER in mammalian cells. Al-
though its precise role is still unclear, its biochemical and
molecular properties strongly suggest that it is involved in
mRNA transport and/or localization. Consistent with such a
role, we recently demonstrated that hStau is involved in human
immunodeficiency virus type 1 genomic RNA encapsidation
(41). Mammalian Stau was also found in the dendrites of rat
hippocampal neurons in culture, but not in the axons, and
colocalizes with RNPs known to contain mRNA, ribosomes,
and translation factors, suggesting a role for Stau in the polar-
ized transport and localization of mRNAs in mammalian neu-
roms (27).

A differential splicing event generates four hSiau tran-
scripts. The significance of the four different classes of tran-
scripts is unknown. They arise by differential splicing since
each of the inserts that appears in the 5’ end of the cDNAs is
flanked by large introns containing typical consensus splicing
sequences (6). They are observed in all the tissues tested by
RT-PCR, suggesting that they are not cloning artifacts. The
multiplicity of the transcripts and the short size of the alterna-
tively spliced exons may explain the fact that a single but
diffuse band is visible on the Northem blot, despite the pres-
ence of four transcripts. This alternative splicing, which
changes the 5' UTR of the transcripts, could represent a mech-
anism by which translation is regulated, although the presence
of similar relative levels of the four transcripts in each tissue

argues against this possibility. Alternatively, these different
classes of transcripts may result from aberrant or incomplete
splicing events. In fact, an unusually large number of cDNA
clones containing intron sequences were isolated, and this may
indicate that the splicing of the premature transcripts is a slow
process. The presence of an 4fu sequence in the 5' UTR may
arise by the activation of a resident intronic A/ element as an
exon, as reported previously (35). Many examples of recruit-
ment, via splicing or intron sliding, of a segment of a resident
Alu element into an mRNA have been reported. It is thought
that the presence of a polypyrimidine tract which is the com-
plement of the A-rich tail of the element when inserted in the
reverse orientation contributes to the creation of the splicing
acceptor site. A point mutation, downstream from this site,
may generate the splicing donor site, as reported previously.
The presence of an old Alu subfamily sequence and of only the
right subunit segment of the Alu element is consistent with this
interpretation.

Structure and function of Stan. We observed that mamma-
lian Stau, like all members of the dsRNA-binding protein fam-
ily (55), can bind any dsRNA or RNAs forming double-
stranded structures in vitro, regardless of its primary sequence,
as well as RNA-DNA hybrids. The latter adopt a conformation
that is more closely related to that of dsRNA than dsDNA,
which probably explains why they can bind to Stau. The fact
that the full-length Stau protein, as observed with single
dsRBD, binds to any dsRNA in vitro suggests that the corre-
spondence between the position of the dsRBDs, and the ar-
rangement of double-stranded stems in the folded RNAs may
not be sufficient for specificity; posttranslational modifications
and/or essential cofactors capable of forming complex RNP
structures along with mRNA molecules could be necessary to
discriminate between different RNA secondary structures.
Packaging of mRNAs into RNP complexes (1, 18, 20, 32), the
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FIG. 7. Subcellular localization of the hStau-GFP fusion proteins, COS7 celis
were transfected with cDNAs coding for either the hStau-GFP (A and B) or
TBD-GFP (C) fusion protein, or GFP alone (D). Untreated (A, C, and D) or
Triton X-100-treated (B) cells were fixed and visualized by autofluorescence.
Bar = 20 pm.

intermolecular dimerization of the localization signal of bicoid
mRNA (19), and the involvement of untranslatable hnRNAs in
mRNA transport (31, 59, 60) are consistent with this interpre-
tation. Until now, specific mRNA-Stau interactions were
shown in vivo only after injection of different RNAs into Dro-
sophila embryos, but the mechanisms nnderlying the specificity
are not known (18). Since specific RNA binding cannot be
obtained in vitro, it precludes the use of classic techniques to
isolate and identify relevant RNAs which would bind staufen in
vivo. Cross-linking of mRNA to Stau in vivo and isolation of
the resulting complexes will be necessary to identify the nature
of bound RNAs.

Regardless of their limitations, the in vitro assays did allow
us to map the molecular determinants which are necessary and
sufficient to bind RNAs. The presence of two functional do-
mains in the mammalian Stau contrasts with what has been
reported for other members of the dsRNA-binding protein
family, which contain multiple full-length dsRBDs but only one
that is biochemically functional (21, 34, 39, 48). Interestingly,
full-length dsRBDs incapable to bind dsRNA by themselves
can do so when joined to another inactive full-length domain,
suggesting that multiple domains present in a given protein
exhibit cooperative binding effect (34, 48). Whether the two
mStau dsRBDs exhibit similar or different affinities is not yet
clear.

We mapped the TBD to a region which is similar to a
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microtubule-binding domain of MAP1B. Although this region
can efficiently bind tubulin in vitro, it is not sufficient to bring
a TBD-GFP fusion protein to the microtubule network. Bind-
ing of Stau to microtubules in vivo may involve more than one
molecular determinant or the proper localization and folding
of the TBD in the full-length protein. Indeed, in our in vitro
assay, the fusion protein which contains the C-terminal region
in addition to the TBD binds tubulin more efficiently than does
the TBD alone, suggesting that this region may be necessary
for binding to microtubules in vivo. Interestingly, the corre-
sponding region of the Drosophila Stau protein was shown to
bind inscuteable (36), a protein with ankyrin domains which is
believed to associate with the cytoskeleton (33), suggesting that
corresponding regions of the mammalian and Drosophila pro-
teins may have functional similarities.

Alternatively, binding may be weak and/or transitory in vivo,
for example during the early steps of mRINA recruitment,
during mRNA transport, and/or at mitosis, as found in Dro-
sophila (18, 45, 55). These steps may be difficult to observe by
immunofluorescence in some cell lines (18) and/or be masked
by the anchoring of the protein to the RER. A similar conclu-
sion was reached when binding of MAP1B to the microtubule
network was studied (65), suggesting that weak binding to the
cytoskeleton may be a characteristic of proteins containing this
type of TBD. These steps may nevertheless be necessary to
allow the efficient and flexible transport of RNA along the
cytoskeleton. Interestingly, the immunoelectron microscopic
observation of dendrites of hippocampal neurons in culture
showed the presence of abundant gold particles close to mi-
crotubules, strongly arguing in favor of a Stau-microtubule
association in these cells (27). In Drosophila, there is no evi-
dence that Stan directly binds to the microtubule network,
although Stau-dependent mRNA transport was shown to rely
on this structure (45, 55).

Our studies demonstrate that Stau is anchored to the RER
and that the putative TBD is not involved in this function.
Indeed, preliminary results suggest that the binding of Stau to
the RER is carried out by one of the RBDs (40). Similar
domains in other members of the dsRNA-binding proteins
were previously shown to be involved in protein dimerization
and/or in protein-protein interactions (4, 8). This finding also
suggests that different Stau molecular determinants are neces-
sary for binding to tubulin and anchoring to the RER. This is
consistent with previous findings demonstrating that in Xeno-
pus and Drosophila, mRNA localization was likely to occur via
successive steps involving different elements of the cytoskele-
ton and overlapping molecular determinants (55).

Localization of Stau to the RER. When expressed in mam-
malian cells, Stau isoforms show a tubulovesicular pattern of
localization which is found more abundantly in the perinuclear
region. Besides ribosomal proteins, Stau is the first RNA-
binding protein shown to be associated with the RER in mam-
mals. No signal peptide or putative hydrophobic transmem-
brane domains are present in either the long or short Stau
proteins, indicating that they are cytosolic proteins and not
residents of the RER and that their association to the RER is
likely to reflect their mRNA transport function. Two recent
papers also suggest that mRNA transport may be linked to the
ER or ER-like structures. In Xenopus oocytes, Vera, a Vgl
mRNA-binding protein, was shown to cosediment with
TRAPq, a protein associated with the protein translocation
machinery of the ER, However, in contrast to Stau, Vera-Vgl
complexes were found associated only with a small subdomain
of the ER, which was of the smooth variety (12). Similarly, in
Drosophila, at least some steps in mRNA transport in nurse
cells and oocytes seem to occur within ER-like cisternae (64).
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FIG. 8. Colocalization of hStau with markers of the RER by confocal mi-
croscopy. A cDNA coding for an hStau-HA fusion protein was transfected into
COS?7 cells. Triton X-100-treated cells were fixed and double labeled with an-
ti-HA (B) and anticalreticulin (A) or with anti-HA (E) and anticalnexin (D).
Anti-HA was detected with Texas red-coupled anti-mouse IgG antibodies, using
the Texas Red channel; anticalreticulin and anticalnexin were detected with
fluorescein-conjugated anti-rabbit IgG antibodies, using the fluorescein channel.
Panels C and F are superpositions of panels A plus B and D plus E, respectively. No
overlap was observed between the fluorescein and Texas red channels. Bar = 10 pm.
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As observed for the Vg7 mRNA-SER interaction in Xenopus,
this structure seems to exclude most ribosomes, suggesting that
translation is not the major function of these associations.
hStau and mStau represent new members of a large family
of proteins involved in the transport andfor localization of
mRNAs to different subcellular compartments and/or or-
ganelles. Stau, the TAR RNA-binding protein and X laevis
homologue Xlrbpa, and Spar were shown to colocalize with the
RER (this paper), with ribosomes and hnRNPs (14), and with
the microtubular array of spermatids (49), respectively. Our
results strongly suggest that Stau-mRNA RNP complexes are
transported along the microtubule network and then anchored
to the RER. It is well known that the ER is associated with the
microtubule cytoskeleton (57). Therefore, a transient interac-
tion between microtubules and Stau may facilitate the local-
ization of Stau and the targeting of mRNA to the RER. One
of the roles of Stau might be to transport and localize specific
mRNAs to the RER, such as those coding for secreted or
membrane proteins which have to be translocated to the RER.
This would bring them in proximity to the signal recognition
particles and RER, thus facilitating translation and transloca-
tion. The presence of Stau in cell processes, in association with
ER structures, may represent a first clue to understanding the
role of many mRNAs which were found to be localized in
neuronal processes (51). Stau may facilitate the transport of
mRNAs to cell processes to ensure efficient local translation
and translocation. In addition, the presence of multiple Stau-
like proteins in mammals creates the possibility that different
members of the family can target subclasses of mRNAs to
different subdomains of the ER. This phenomenon has been
described before and is thought to be the first step in the
differential targeting of proteins in polarized cells (43).

We do not exclude the possibility that Stau plays additional
roles in mammals; Stau may first be linked to the RER for
storage, and then a subset of molecules may be recruited by
specific mRNAs and/or cofactors to form RNP complexes that
will be transported along microtubules toward their final des-
tination. The presence of large amounts of Stau in the perinu-
clear region, which could be awaiting the nucleocytoplasmic
transport of mRNAs, is consistent with this possibility. The
presence of a putative nuclear localization signal even suggests
that Stau tramsits through the nucleus before being localized in
the cytoplasm and plays a role in mRNA or rRNA export.
Alternatively, Stau may play key roles in the translational reg-
ulation of localized mRNAs, as is the case for Drosophila Stau,
which is essential for the translation of oskar mRNA, once it is
localized at the posterior pole (29). Indeed, since polysomes
and ER-bound ribosomes are not extracted by Triton X-100, it
is possible that Stau is associated with the RER via ribosomes
and/or mRNAs. Characterization of mRNAs and putative co-
factors which bind to staufen will be necessary to understand
the process.

In vertebrates, the mechanisms which underly the transport
of mRNAs have not yet been deciphered. Characterization of
the RNAs and proteins involved in transport and localization is
particularly important since understanding the mechanisms re-
sponsible for the transport of mRNAs is fundamental for
learning more on the development of polarity in cells, both
during mammalian development and in somatic cells, at a time
where RNA-based gene therapy is being considered as a pos-
sible approach to cure different disorders.
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SUMMARY

The human double-stranded (ds) RNA-binding protein Staufen (hStau) is believed to-
mediate intracellular RNA transport. In this paper, we show by immunofluorescence microscopy
and cell fractionation that endogenous Stau® and Stau®® isoforms differentially cofractionate with
ribosomes and the rough endoplasmic reticulum (RER), respectively, suggesting that they are
incorporated into different complexes and are likely to play different roles. Analysis of hStau
mutants indicated that the dsSRNA-binding domain 4 (dsRBD4) and the tubulin-binding domain
(TBD) together constitute the basal ribosome association domain. This association is independent
of Staufen’s RNA-binding activity. Deletion of TBD from hStau™ shifts the distribution of the
protein from ribosomes to the RER, demonstrating that TBD is crucial for ribosome association
and that hStau> carries a cryptic determinant (dsRBD2/3/4) that allows its full association with
the RER. Therefore, hStau™ can associate not only with ribosomes but also with the RER.
Accordingly, deletion of dsRBD4 from hStau™ modified hStau® association with both ribosomes
élld the RER, demonstrating that dsRBD4 has a pivotal role in Staufen distribution. Together
with the fact that dsRBD4 alone cofractionates ﬁth the RER marker, these results suggest that
dsRBD4/TBD-mediated ribosome association is dependent on RER association, show that
hStau® may be a bridging molecule between the RER and ribosomes through overlapping

determinants and that hStau®’ is likely to play some role in translation.
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INTRODUCTION

Mammalian Staufen is an RNA-binding protein which recognizes and binds dsRNAs and
RNAs with extensive secondary structures’. Molecular dissection of the protein in vitro revealed
that Stau contains two functional dsRNA-binding domains (dsRBD3 and dsRBD4), the major
one corresponding to dsRBD3 of Drosophila Staufen (dStau)®. Mammalian Staufen was also
shown in vitro to bind tubulin via a region similar to the microtubule-binding domain of MAP-
1B% Electron microscopy and pharmacological studies in rat hippocampal neurons were
consistent with the possibility that Stau associates with microtubules, although direct interaction
in vivo has not been documented®*. In both neurons and fibroblasts, Staufen mainly colocalizes
with markers of the RER!?. Cell fractionation and sedimentation analyses further indicated that
Stau cofractionates with ribosomes and polysomesl. Association with polysomes was confirmed
by the change in Staufen sedimentation properties following polysomes dissociation by
puromycin or EDTA treatment’. hStau is a functional component of RNA-containing granules
that migrate in dendrites of hippocampal neurons’ and is encapsidated along with HIV-1 RNA
into virus particles’, strongly suggesting that hStau might be involved in mRNA transport.

Staufen isoforms with apparent molecular masses of 55 (Stau™) and 63/65 (Stau®®) kDa
have been observed by Western blotting in human, mouse and rat and cDNAs coding for Stau>
have been isolated in these species’' . So far, cDNA coding for the 63/65 kDa isoform has not
been isolated in any species. We previously reported in human cells a differentially spliced
transcript that codes for a protein of 63 kDa which comigrates with the 63 kDa protein observed
on Western blots®, suggesting that the cloned 63 kDa isoform and the common 63 kDa protein
are the same protein. However, this is clearly not the case since their subcellular distribution is

different (Luvo and DesGroseillers, unpublished) and since similar differentially spliced
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transcripts have not been found in mouse and rat®’, demonstrating that the cloned transcript is
specifically expressed in humans.

To understand further the role of Staufen in mammals, we studied the subcellular
distribution of the endogenous isoforms as well as a series of hStau’> mutants expressed in zrans.
These experiments revealed the presence of two different Staufen-containing particles suggesting
that Staufen isoforms play different roles in mammals. In addition, we identified two major
domains involved in hStau® subcellular distribution in vivo. Each of them requires multiple
contributions for full activity and determines the binding of the protein to different intracellular

targets.
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EXPERIMENTAL PROCEDURES

Cell culture and microscopy

Mammalian cells grown in Dulbecco’s Modified Essential Medium (DMEM)
supplemented with 10% fetal bovine serum and penicillin/streptomycin were transiently
transfected with cDNAs using the calcium/phosphate precipitation technique. Cells were fixed
less than 16 h post-transfection to prevent overexpression of the proteins, and stained with
antibodies as previously described”. The green fluorescence protein (GFP) and GFP-fusion
proteins were detected by autofluorescence. For the analysis of cytoskeleton-associated proteins,
transfected cells were first extracted in 0.3% Triton X-100 prior to fixation. Cells were visualized
by immunofluorescence (IF) using the 63X Plan-Apochromat objective of a Zeiss Axioskop

fluorescence microscope.

Construction and molecular cloning of the fusion proteins

All the mutants were constructed by PCR amplification of the cDNAs coding for hStau™,
using the Vent DNA polymerase (New England Biolabs, Berverly, MA). The resulting fragments
were digested with appropriate restriction enzymes and cloned in pCDNAS/RSVg; When
necessary, a hemagglutinin (HA3) tag or GFP was added to the C-terminal of the mutants as
described previously”. To conmstruct RBD2/3/4 we used the sense primer P1 (5™
AATTGGTACCTGCACTGTGCGTGAAACTTGGA-3', underlined: Kpnl restriction site) in
pairs with the antisense primer P2 (5-

ATATTCTAGATTAGCGGCCGCTCTCCTCTGACTTGAGTGC-3', underlined: Xbal and Noil

restriction sites). RBD4, RBD4/TBD/5 and RBD4/TBD were constructed with the sense primers

P3 (5-ATATAAGCTTAAGCCACCATGGTCAAGCCACAGACAAGC-3', underlined : Hindlll
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restriction site and Kozak’s consensus sequence) and antisense primers P2, P4 (5
TACAATCTAGATTATCAGCGGCCGCACCTCCCACACACAGACAT-3")  and L s N O

TACAATCTAGATTAGCGGCCGCGCTCAGAGGGTCTAGTGCGAG-3), respectively.

TBD/5 was amplified with the sense primer P6 =)

TACATAAGCTTAAGCCACCATGGTCAAAGTCCCGCAGCGGC-3) and the antisense

primer P4. To construct hStau” ATBD, the sense primer S
ATGATAGCCCGAGAGTTGTTGTATGGG 3' was paired to the antisense primer 5'
GACTTTGAAACCAAGGATCTCCAGCAT 3. The PCR reaction was treated with Dpnl
(Roche Molecular Biochemicals), T4 PNK Kinase (Pharmacia) and self-ligated. To construct
hStau*A4, the sense primer ' ACCAAACCCGCACTCAAGTCAGAGGAG 3' and antisense
primer 5' TGGGCTTGTCTGTGGCTTGACTATGGG 3' were used and the resulting PCR
fragment was self-ligated. Finally, to construct hStau>°A5, the sense primer 5'-
AATTGGTACCTGCACTGTGCATGAAACTTGGA-3' (underlined: Kpnl restriction site) and

antisense primer 5.TATATCTAGATTAGCGGCCGCACAACTCTCGGGCTATCATGGC-3'

were used.

All the fusion and mutated proteins were first expressed in COS7 cells and analyzed by
SDS-PAGE to test their level of expression and stability (Fig. 1). Accordingly, we decided to fix
or harvest the cells 16 h post-transfection to prevent overexpression of the proteins in subsequent

studies. The half-life of wild-type and of several mutants has been reported elsewhere’.

Site-directed mutagenesis
Phenylalanine residues at position 135 and 238 in dsRBD3 and dsRBD4, respectively,

were mutated into alanine using two sense primers carrying mutations, P7 (5'-
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TTTTCCCGGGAGAGTGGCCCACCCCACATGAAGAACGCT GTGACCJ;AG-B', underlined:
endogenous Smal restriction site, italic: mutated nucleotides), and P8 (5-
TTTTAGGCCTCCCGCGCCGCAGGGAGGCTGTGATGCAG-3", (underlined: endogenous
Stul restriction site, italic: mutated nucleotides) and the antisense primer P9 (5'-
CTACAGCCTGGGCGACCTCGG-3", located downstream from the endogenous EcoRI
restriction site. The resulting fragments were digested with Smal/EcoRl and Stul/EcoRI,
respectively, substituted for the corresponding wild type fragment in hStau™ ¢DNA, and
sequenced. All fusion proteins and mutants were expressed in COS7 cells and analyzed by SDS-

PAGE showing comparable expression levels and stabilities, as described above (Fig. 1).

Protein purification, Western blotting and RNA-binding assay

To determine the RNA-binding capacity of hStau™/3* and hStau®/3*/4%, we substituted
the HA; tag by a His¢ tag at the C-terminal end of the mutants using the annealed
oligonucleotides 5'-GGCCACCATCACCATCACCATTA-3' and 5'-
GGCCTAATGGTGATGGTGATGGT-3'. After transfection into HEK293 cells, cells were
harvested and lysed. hStau*>-his, fusion proteins were isolated on Ni-NTA columns as described
before’. Expression of the mutants was determined by Western blotting. Their RNA-binding

capacity was determined by Northwestern blotting as described before”.

Cell fractionation on sucrose gradient

Cell fractionation was done by sedimentation through sucrose gradients (Antebi and Fink,
1992). COS7 cells were rinsed with cold PBS (pH 7.5) and harvested. Approximately 4 x 10’
cells were resuspended in 3 ml of lysis buffer (10 mM Hepes, pH 7.5, 12.5% sucrose, | mM

EDTA, 1 mM PMSF, 1 pg/ml pepstatin, 1 pg/ml aprotinin) and subjected to at least 10 strokes in
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a Dounce homogenizer. Two centrifugations at 700 x g and 1000 x g were performed and the
resulting supernatant was layered onto a step gradient of 9 fractions of 22 to 60% (w/v) sucrose
in 10 mM HEPES, pH 7.5, 1 mM MgCl,. The gradients were centrifuged at 37,000 rpm (SW40
rotor, Beckman Instruments) for 2.5 h at 4°C. Fifteen fractions (0.77 ml) were taken sequentially
from the top of the tube and aliquots of each fraction were analyzed by SDS-PAGE. Proteins
were transferred to nitrocellulose and probed with either anti-HA (generous gift from Dr M.
Bouvier, Université de Montréal, Montréal, Canada), anti-hStau®, anti-calnexin (Stressgene, BC,
Canada) or anti-ribosomal L7a (generous gift from Dr A. Ziemiecki, Uni\}ersity of Berne,
Switzerland). Quantification of the protein amounts that cofractionate with ribosomes, the RER
or soluble proteins was done with a HP ScanJet (6100C) using the NIH Image processing and

analysis program.
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RESULTS

Two Staufen isoforms are differentially associated with vibosomes and the RER

It was previously shown that hStau is mainly localized to the RER'?. Cell fractionation
further revealed that it is associated with polysomes in mammalian cells'. To gain more insight
into the distribution of Staufen, we determined the sedimentation profile of endogenous Staufen
in a sucrose gradient that allowed the migration of ribosomes and RER microsomes to different
fractions. Each fraction of the gradient was tested by Western blotting with anti-hStau, anti-
calnexin, anti-L7a and anti-atubulin antibodies to detect respectively Staufen, RER, ribosomes
and soluble proteins. Interestingly, Stau®™ and Stau™ presented different sedimentation profiles:
while Stau® cofractionated with the RER marker, Stau> was predorﬁinanﬂy found in ribosome-
containing fractions like L7a (Fig. 2A). These res{ﬂts indicate that Stau isoforms can be

associated with at least two distinct subcellular compartments or organelles.

We then determined by sucrose density gradient sedimentation whether transiently
transfected hStau”-HA; has the same subcellular distribution as the endogenous protein.
Transfected cells were harvested about 16 h post-transfection to prevent overexpression of the
protein. The exogenous proteins are then expressed at a lower level than endogenous isoforms
(Fig. 1). As shown in Figure 2B, the cloned hStau™-HA; cofractionated with the ribosomes, as
observed above for endogenous hStau™. These results indicated that transiently expressed
hStau®>-HA3 has the same subcellular distﬁbution as the endogenous protein and that it can be

used to identify the molecular determinant(s) involved in Stau™ ribosome association.
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N- and C-terminal determinants cofractionate with the RER and ribosomes, respectively

To identify the molecular determinants involved in ribosome association, we first
expressed a series of hStau™ mutants (Fig. 3) in COS7 cells and determined their subcellular
localization by immunofluorescence microscopy and velocity sedimentation. The N-terminal
mutant (RBD2/3/4-HA;) localized to tubulovesicular structures that resemble RER (Fig. 4C) and
colocalized with calnexin, a marker of the RER, as revealed by confocal microscopy (not shown).
The localization was not altered by Triton X-100 treatment (Fig. 4D), which removes soluble
proteins and retains cytoskeleton-associated proteins. This behavior was similar to that of the
wild-type protein (Fig. 4 A,B)*, demonstrating that this region contains a strong determinant for
localization and suggesting that the C-terminal region may be dispensable. Accordingly, the C-
terminal mutant (RBD4/TBD/5-HA3) showed a diffuse cellular staining in both the cytoplasm
and nucleus (Fig. 4E). However, once soluble proteins were removed by Triton X-100 treatment,
a tubulovesicular Triton-resistant staining was visible (Fig. 4F), suggesting that a second
independent determinant can promote hStau’® localization.

When analyzed by sucrose gradient sedimentation, RBD2/3/4-HA; cofractionated with
the RER marker, in a pattern similar to that of hStau® (Fig. 5A). Quantification indicates that the
amount of RBD2/3/4-HA; is proportional to that of calnexin all across the gradient, suggesting
that RBD2/3/4-HA; is exclusively associated with the RER. In contrast, RBD4/TBD/5-HA;
fractionation pattern was similar to that of the full-length 55 kDa protein (Fig. 5B), although,
consistent with the immunoﬂuoreécence observation, about 35% of the protein was found with
the soluble proteins. Altogether, these results demonstrate that two independent determinants are
present along the protein subdomains, each of them recognizing a different subcellular

structure/organelle; that hStau>/ribosome association depends on determinants located in
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dsRBD4, TBD or dsRBDS5; and that RBD2/3/4 has full binding capacity and must be present to
increase and stabilize the C-terminal-dependent hStau”/ribosome association. However, in the
context of hStau’’, the C-terminal determinant is dominant over the N-terminal determinant for

proper targeting of the protein to its subcellular localization.

RBD4/TBD is essential and sufficient for ribosome association

We then mapped the minimal domain in the C-terminal region that is required for
hStau®/ribosome association observed after Triton treatment. Deletion of dsRBDS from the C-
terminal mutant (RBD4/TBD-HA;) had no effect on the subcellular distribution of the protein,
demonstrating that this domain is not involved in ribosome association (Fig. 6A,C). Accordingly,
in the sedimentation assay RBD4/TBD-HA; showed a profile similar to RBD4/TBD/5-HA; (Fig.
7A). In contrast, TBD-GFP? and TBD/RBD5-HA3 were completely extracted by Triton treatment
(Fig. 6 B,D) and in the sedimentation assay TBD/RBD5-HA; was mostly found with the soluble
proteins (Fig. 7B). RBD4 alone (RBD4-HA;) did not cofractionate with ribosomes (Fig. 7C).
Altogether, these results demonstrate that both dsRBD4 and TBD are necessary for the
localization of the C-terminal mutant to ribosomes and constitute the basal ribosome association

domain.

TBD is critical for ribosome association

Although TBD alone cannot promote the association of a heterologous fusion protein with
Triton resistant organelles®, comparison of the subcellular distribution of RBD2/3/4-HA; (Fig.
5A) and RBD4/TBD-HAj; (Fig. 7A) suggests that TBD is critical for in vivo ribosome
association. To prove this point, we either fused TBD to the RER-associated RBD2/3/4-HAs;

mutant or deleted TBD from the ribosome associated full-length protein and determined the
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subcellular distribution of the resulting proteins by velocity sedimentation. Adding TBD to
RBD2/3/4-HAs (hStau>A5-HA3) shifted the distribution of the protein from the RER (Fig. 5A) to
ribosomes (Fig. 8A). Deletion of TBD from the full-length protein (hStau” ATBD-HA3) had the

reverse effect and relocalized the protein to the RER (Fig. 8B). This result demonstrates that TBD

1s critical for hStau-ribosome association.

dsRBD4 independently associates with the RER and plays a dual role in RER and ribosome
association

When analyzed on sucrose gradient, more than 50% of RBD4-HA; cofractionated with
the RER (Fig. 7C), demonstrating that this domain is an independent determinant for RER
association. In contrast, RBD2-HA3 and RBD3-HA; were found with soluble proteins at the top
of the gradients (not shown). These results demonstrate that, in the absence of TBD, dsRBD4 is
sufficient for RER association. However, in the presence of TBD, dsRBD4 becomes an essential
cofactor for ribosome association, suggesting that RER association through dsRBD4 is important
for ribosome association and that dsRBD4 allows a transition between the RER and ribosome
association.

To understand further the role of the RER-associated dsRBD4 on hStau”/ribosome
association, we deleted dsRBD4 from hStau” and analyzed the localization of the resulting
protein by sucrose gradient. Despite the fact that dsRBD4 is essential for basal association with
ribosomes, its deletion from hStau™ (hStau’>A4-HA;) seemed to have no effect on the strong
ribosome association of the protein (Fig. 8C). However, when deletion of dsSRBD4 was paired to

a point mutation in dsRBD3 that abolished Staufen RNA-binding activity (Fig. 9B),

hStau™/3*/A4-HA; showed random cytoplasmic/nuclear distribution (not shown) and
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cofractionated with soluble proteins (Fig. 8D). Therefore, hStau>’A4-HA; associates with
ribosomes via an RNA-binding dependent molecular mechanism in contrast to hStau>>-HA; and
RBD4/TBD/5-HA; whose association is independent of RNA-binding activity (see below, Fig.
10B). These results both demonstrate that dsRBD4 plays a significant role in hStau® association

with ribosomes and emphasize its critical role for RER association.

dsRNA-binding activity plays indirect role in ribosome association

Since hStau™ contains functional RNA-binding domains (dsRBD3 and dsRBD4), we
asked whether RNA-binding activity is involved in hStau™ distribution in mammals. One
possibility is that binding dsRNA induces a structural shift in Staufen that changes its affinity for
subcellular targets. To address this point, we introduced point mutation in dsRBD3 alone
(F135A) or in both dsRBD3 (F135A) and dsRBD4 (F238A), to generate hStau>’/3*-hiss and
hStau®’/3%/4*-hiss, We first tested whether the point mutations introduced in the dsRBDs
abolished the dsRNA-binding capacity of the protein. Both hStau-hise, hStau55/3*-hi36 and
hStau®/3*/4*-hiss were overexpressed in mammalian cells and purified on Ni-NTA columns.
Levels of expression were determined by Western blotting (Fig. 9A) and RNA-binding activity
by Northwestern assay (Fig. 9B). This experiment showed that the mutations are sufficient to
abolish the dsSRNA-binding capacity of the mutants and that dsRBD3 is critical for this activity.

In transiently transfected COS7 cells, both hStau®/3*-HA; (not shown) and
hStau>’/3*/4*-HA; (Fig. 9A) proteins cofractionated with the ribosome marker, as did hStau®-
HA;. However, the amounts of protein associated with the soluble proteins increased. When
analyzed by IF, the proteins were randomly distributed, but significant amounts were retained in

tubulovesicular structures after Triton treatment (not shown). Mutation in dsRBD4 alone
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(hStau™/4*-HA;) has no effect on hStau®® distribution (not shown). These results indicated that
dsRBD3 RNA-binding activity plays additional roles in the subcellular localization of hStau®>,
especially on the strength of hStau**/organelle association. However, it did not change the RER-
ribosome distribution of the protein. Interestingly, overexpression of hStau®’/3*-HA3 or
hStau®*/3*/4*-HA; induces the formation of large Staufen-containing granules around the
nucleus. As determined by confocal microscopy, these granules colocalize with calnexin (not
shown, see Fig. 3 in the Appendix), suggeéting that RNA-binding activity may play a more
important role in transporting Staufen-containing particles and/or RER vesicles than in targeting
the complexes to subcellular organelles.

We also tested whether RNA-binding activity is important in the context of the minimal
domains involved in ribosome association. F238A point mutation was introduced in the C-
terminal mutants to generate RBD4*/TBD/5-HA;. Both IF analyses in the presence or absence of
Triton X-100 (not shown) and cell fractionation (Fig. 10B) indicate that mutation that abolished
the RNA-binding activity of dsRBD4 had no effect on RBD4*/TBD/5-HA; distribution as
compared to that of RBD4/TBD/5-HA; (Fig. 5B). This indicated that basal ribosome binding is

completely independent of RNA binding activity.
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DISCUSSION

From its predicted protein sequence, mammalian Stau is expected to be a modular protein.
Recently we demonstrated that three regions are functional for binding dsRNA (dsRBD3 and
dsRBD4) or tubulin (TBD) in vitro®. In this paper, we tested hStau®® domains for their ability to
localize the protein to subcellular organelles/structures in vivo. We demonstrate that Stau® and
Stau® isoforms differentially co-fractionate with ribosomes and the RER and that they are likely
to play different roles in RNA localization or processing. Basal Stau> association with the
ribosomes relies on both dsRBD4 and TBD but dsRBD2 and dsRBD3 play additional roles for
full association. Although hStau® isoform is mainly associated with ribosomes, it has the
potential to be associated with the RER through a cryptic molecular determinant overlapping
dsRBD2, dsRBD3 and dsRBD4. hStau” RNA-binding activity stabilizes Staufen association

with the ribosome and may be important for putative RER-mediated mRNA transport.

Multiple domains are involved in hStaw™ subcellular distribution

Our results demonstrate that multiple domains are required for hStau® stable association
with ribosomes. Among them, dsRBD4 and TBD are the most important ones. Indeed,
RBD4/TBD is sufficient and necessary for ribosome association. Interestingly, deletion of TBD
shifts the distribution of the protein from ribosomes to the RER whereas deletion of dsRBD4
modifies both ribosome and RER associations. These results can be explained either by a single
determinant that overlaps the two regions, or by two determinants playing complementary roles.
In the former case, an additional subdomain in dsRBD4 must be present to allow its association

with the RER. In the latter case, TBD is crucial for ribosome association but its function is
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dependent of RER association through dsRBD4. In both cases, dsRBD4 is a central determinant
involved in both the RER and ribosome association. Basal hStau>/ribosome association through
RBD4/TBD is independent of RNA-binding activity, suggesting that protein/protein interactions
occur. Therefore, the molecular mechanism is likely to differ from that involving other members
of the dsRNA-binding proteins family: association of the double-stranded dependent protein
kinase (PKR) with ribosomes requires the presence of functional RBDs, although an additional
independent ribosome-association site was mapped outside of the RBDs”*'°.

Interestingly, deletion of TBD reveals a cryptic determinant involved in RER association.
This determinant works independently of ribosome association. dsRBD4 which associates with
the RER 1s the major determinant. The addition of dsRBD2 and dsRBD3 strengthens Staufen
dsRBD4/RER association. Indeed, the fusion of the three domains reconstitutes the full binding
activity of the protein. These domains may induce an RNA-dependent conformational change in
dsRBD4 or contribute to create a ribonucleoprotein complex that is recognized by other RNA-
binding proteins, cofactors and/or receptors, facilitating hStau association with the RER. dsRBD4
seems to contribute very little to the RNA-binding activity of the full-length protein. Therefore, it
is likely to bind components of the RER through protein/protein interactions. Protein-protein
interactions mediated by dsRBDs have been reported for Drosophila Staufen and other members
of the dsSRNA-binding protein family'' 4.

The complex process of RER association requires the cooperation of multiple
determinants consisting of dsRBD2, dsRBD3 and dsRBDA4. It is likely that the RER-associated
Stau®’ protein uses the same N-terminal determinants (RBD2/3/4) to promote its association with
the RER. So far we have no evidence for expression of transcripts coding for a Staufen isoform

with a modified or truncated C-terminus which would delete TBD (Duchaine and DesGroseillers,

unpublished). Therefore, in the context of Stau®, TBD function must be modulated somehow to
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prevent its association with ribosomes. The additional amino acid sequence found in Stau®’
compared to Stau®® or specific cofactors may play this role. The cloning of its cDNA will allow
us to test our hypothesis.

RNA-binding activity mediated by dsRBD3 seems to further strengthen Staufen
association with subcellular organelles. Mutations that abolish RNA-binding activity release
significant amounts of bound proteins but do not relocalize the protein to novel subcellular
targets. However, the role of RNA-binding activity in Staufen association with subcellular
structures will be markedly underestimated if transfected mutants form dimers with the
endogenous Staufen already associated with ribosomes. dsRBD4/TBD would then specify dimer
formation rather than ribosome association. Formation of dimers between endogenous Staufen

isoforms has been proposed before™.

Staufen as a molecular bridge between the RER, ribosomes and cytoskeleton

Qur results are consistent with the possibility that hStau™ association with ribosomes
requires prior or simultaneous association with the RER and that hStau® represents a bridging
molecule between ribosomes and the RER. The presence of dsRBD4, a functional RER-binding
domain as a cofactor for ribosome association, supports this hypothesis. In addition, RBD4/TBD-
mediated ribosome association is strengthened by the addition of the full N-terminal RER-
binding domain and is weakened by mutation that destroyed the RNA-binding activity, as
observed for RER association (Luo and DesGroseillers, unpublished). Interestingly,
overexpression of hStau®® increases the percentage of protein associated with RER fractions (see
Fig. 2B). This would be expected if a putative RER to ribosome transition step is saturable.

Therefore, ribosome association seems to be dependent on RER association. dsRBD4 which is



Article 3 144

involved in both RER and ribosome association may be the molecular switch for the
ribosome/RER transition.

TBD was also shown to bind tubulin in vitro®. In COS7 cells, we have no evidence for
hStaw/microtubule colocalization, but the size of the cell may not allow one to observe the
transport of a small population of Staufen-containing particles. In contrast, Stau distribution® and
movement within dendrites of neurons in culture’ are sensitive to drugs that disrupt microtubules.
Altogether, these results suggest that hStau also bridges the RER and the microtubules, at least in
some cell compartments. A dynamic translocation of hStau-containing complexes between

ribosomes, RER and microtubules may be important for hStau function(s) in mammals.

Putative role of Staw’’ isoform in vivo

Our results are consistent with the possibility that each Staufen isoform plays a different
role in mammals. It was previously suggested that Staufen is involved in mRNA transport in
neurons”. This view was based on the fact that Staufen-GFP labeled granules move from the cell
body into dendrites in a microtubule-dependent manner. This paper now suggests that Stau®
plays additional role in the cell. It is likely that Stau™ is rather involved in a ribosome-related
function. The fact that Stau> association with ribosomes is independent of its dsSRNA-binding
activity suggests that it may directly modulate ribosomal proteins, ribosome-associated proteins
or translation factors and eliminates the possibility that Stau™ indirectly associates with
ribosomes via translation of Stau’’-bound RNAs. This is consistent with previous studies that
showed that Staufen still cofractionated with ribosomal subunits after treatment of the polysomes
with EDTA!. Therefore, Stau’> may directly modulate ribosome functions and be involved for
example in translation regulation. Genetic studies involving oskar mRNA and Staufen in

Drosophila'® are consistent with this possibility. It will be interesting to determine whether Stau®
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is involved in the derepression of mRNA translation as does its Drosophila homologue'’ or
whether it plays other role(s). In the former hypothesis, dsRBDS might functionally cooperate
with the identified ribosome association domain (TBD) to regulate translation since Drosophila
dsRBD5 was shown to be involved in the derepression of oskar mRNA translation once
localized'”. We nevertheless do not exclude the possibility that, though Stau® perfectly co-
fractionates with ribosomes, it is associated not with ribosomes but with a ribonucleoprotein
complex of the same density. Identification of endogenous RNAs and proteins that are bound to

Stau’ will be very important to further characterize the role(s) of this Staufen isoform in the cell.
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FIGURE LEGENDS

Figure 1. Western blot analyses of transiently expressed Staufen mutants. COS7 cells were
transfected with cDNAs coding for hStau>>-HAj; or mutants. Sixteen (lanes 3 to 10) or 48 (lane 2)
hours post-transfection cells were lysed and the proteins analyzed by SDS-PAGE. Staufen
mutants were detected with anti-Staufen (A) to compare their level of expression to that of the
endogenous Stau® (black arrow) and Stau® (arrow head) isoforms, or anti-HA (B) antibodies.
Lane 1, mock-transfected cells. Lanes 2 and 3, hStau”-HA;. Lane 4, hStau>>/3%/4*-HA5_Lane 5,
hStau**/Ad-HA3_ Lane 6, hStau’/ATBD-HA3 Lane 7, hStau”/A5-HA; Lane 8, RBD2/3/4-HAs.
Lane 9, RBD4/TBD/5-HA3. Lane 10, RBD4/TBD-HAj;. Asterisk indicates the position of a non-

specific band.

Figure 2. Differential association of Staufen isoforms with the RER and ribosomes. (A)
Untransfected COS7 cells were homogenized and fractionated on sucrose gradient. Each fraction
was collected and the proteins separated by SDS-PAGE. Staufen, RER, ribosomes and soluble
proteins were detected as ind
antibodies, respectively. Molecular mass (kDa) of the proteins is indicated on the right. The fast
migrating proteins of about 53 kDa are generated from Stau” by differential translation initiation
at different ATGs (Luo and DesGroseillers, unpublished). R: ribosome. RER: rough endoplasmic
reticulum. (B) COS7 cells were transfected with cDNAs coding for hStau*>-HAs3, lysed 16 h post-
transfection and analyzed as described in (A), except that fusion proteins were detected with the
anti-HA antibody. L7a is also detected in RER fractions on overexposed blots. Schematic

representation of transfected protein is shown below the gel. White and dotted boxes represent

the major and minor RNA-binding domains, respectively, while black boxes represent regions



Article 3 148

with RNA-binding consensus sequence but lacking RNA-binding activity in vitro. The hatched

box indicates the position of the region similar to the MAP1B microtubule-binding domain.

Figure 3. Schematic representation of hStau mutants. Left side: schematic representation of
Staufen mutants. The color code is the same as in the legend of Figure 2. A: mutations F135A or
F238A. Right side: summary of results obtained by IF and cell fractionation (gradients). IF: +,
full association with subcellular organelles/structures in the absence or presence of Triton X-100;
-, random cytosolic/nuclear distribution before Triton treatment and complete protein removal
after Triton treatment; +/-, random cytosolic/nuclear distribution before Triton treatment but
significant association with subcellular organelles/structures after Triton treatment. Gradients:
RER, cofractionation of Staufen with the RER; R, cofractionation of Staufen with ribosomes; -,

cofractionation of Staufen with soluble proteins.

Figure 4. Subcellular localization of hStauss-HAg,, RBD2/3/4-HA; and RBD4/TBD/5-HA;
fusion proteins. COS7 cells were transfected with cDNAs coding for either hStau®*-HA; (A,B),
RBD2/3/4-HA; (C,D) or RBD4/TBD/5-HAj3 (E,F) fusion proteins. Untreated (A,C,E) or Triton
X-100 treated (B,D,F) cells were fixed and visualized by fluorescence using anti-HA antibodies.

Scale bar = 20 um.

Figure 5. RBD2/3/4-HA; and RBD4/TBD/5-HA; cofractionate with the RER and ribosomes,
respectively. COS7 cells were transfected with cDNAs coding for either RBD2/3/4-HAj3 (A) or
RBD4/TBD/5-HAj; (B) and fractionated on sucrose gradient. Each fraction was collected and the

proteins separated by SDS-PAGE and analyzed as described in Figure 2.
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Figure 6. Subcellular localization of C-terminal mutants. COS7 cells were transfected with
cDNAs coding for either RBD4/TBD-HA; (A,C) or TBD/RBD5-HA; (B,D) fusion proteins.
Untreated (A,B) or Triton X-100 treated (C,D) cells were fixed and visualized by fluorescence

with the anti-HA antibodies. Scale bar = 20 pum.

Figure 7. Fine mapping of the determinant involved in ribosome association. COS7 cells
were transfected with cDNAs coding for either RBD4/TBD-HA;3 (A), TBD/RBD5-HA; (B) or
RBD4-HA; (C) and fractionated on sucrose gradient. Each fraction was collected and the

proteins separated by SDS-PAGE and analyzed as described in Figure 2.

Figure 8. Critical role of TBD in ribosome association. COS7 cells were transfected with
cDNAs coding for either hStau”>A5-HA; (A), hStau”’ ATBD-HA; (B), hStau>A4-HA; (C) or
hStau’>/3%/A4-HA; (D) and fractionated on sucrose gradient. Each fraction was collected and the

proteins separated by SDS-PAGE and analyzed as described in Figure 2.

Figure 9. Point mutations in dsRBDs abolish hStau> RNA-binding activity. cDNAs coding
for either hStauSS—hiSG, hStau55/3*-his(, or hStauss/B*/4*-his6 were transfected in HEK293 cells
and the his-tagged proteins were purified on Ni-NTA columns. A) Western blot experiment with
anti-hStan antibodies. B) RNA-binding assay. The fusion proteins were electrophoresed on a
10% polyacrylamide gel, transferred to nitrocellulose, and incubated with **P-labeled bicoid
3'UTR RNA as described previously”. After extensive washing, RNA binding was detected by

autoradiography.
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Figure 10. RNA-binding activity plays additional role in Staufen distribution. COS7 were
transfected with hStau®/3*/4*-HA; (A) or RBD4*/TBD/5-HA, (B) and fractionated on sucrose

gradient. Each fraction was collected and the proteins separated by SDS-PAGE and analyzed as

described in Figure 2.
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My contribution:

This paper studied the movement of a human Stau-GFP fusion protein in
living hippocampal neurons. hStau-GFP granules colocalize with RNA and are
shown to move from the cell body into the dendrites in a bidirectional and
microtubule-dependent manner. In this paper, I constructed the 63 kDa hStau-GFP
fusion protein and confirmed that it was well expressed in mammalian cells with a
predictable molecular weight about 90 kDa in Western blotting assay. This
construct was subsequently transferred to Dr, Kiebler’s lab for further study in

living hippocampal neurons.
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Dendritic mRNA transport and local translation at individual potentiated synapses may represent an
elegant way to form synaptic memory. Recently, we characterized Staufen, a double-stranded RINA-
binding protein, in rat hippocampal neurons and showed its presence in large RNA-containing
granules, which colocalize with microtubules in dendrites. In this paper, we transiently transfect
hippocampal neurons with human Staufen-green fluorescent protein (GFP) and find fluorescent
granules in the somatodendritic domain of these cells. Human Stau-GFP granules show the same
cellular distribution and size and also contain RNA, as already shown for the endogenous Stau
particles. In time-lapse videomicroscopy, we show the bidirectional movement of these Staufen-GFP-
labeled granules from the cell body into dendrites and vice versa. The average speed of these particles
was 6.4 pm/min with a maximum velocity of 24.3 pum/min. Moreover, we demonstrate that the
observed assembly into granules and their subsequent dendritic movement is microtubule dependent.
Taken together, we have characterized a novel, nonvesicular, microtubule-dependent transport path-
way involving RNA-containing granules with Staufen as a core component. This is the first demon-
stration in living neurons of movement of an essential protein constituent of the mRNA transport

machinery.

INTRODUCTION

The concept of localized mRNAs within a mammalian cell to
achieve a spatially resiricted answer to a local stimulus has
atizacted significant attention lately (for review, see St
Johnston, 1995; Carson et al, 1998; Kuh! and Skehel, 1998;
Tiedge ef al, 1999). Prominent examples of asymmetrically
distributed mRNAs range from the budding yeast (ASH1
mRNA; Bertrand et al, 1998), Drosophila (bicoid and oskar;
Driever et al., 1988; Ephrussi et al., 1991), Xenopus (Vg1; Deshler
et al., 1997), fibroblasts (B-actin mRNA; Bassell et al., 1998) to
mammalian oligodendrocytes (myelin-basic protein mRNA;
Holmes et al., 1988) and neurons (many mRNAs; for review,
see Kuhl and Skehel, 1998). The asymmetric localization of

§ Corresponding author. E-mail address: Michael.Kiebler@
Tuebingen.mpg.de.
Online version of this article contains video material for Figure

4. Online version available at www.molbiolcell.org.
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mRNAs to the somatodendritic domain has been observed
together with the translational machinery in the nervous sys-
tem. However, the mechanism of mRNA delivery and func-
tional significance has not been analyzed in molecular detail.
In the past year, the first molecular components of the
mRNA trafficking pathway have been identified (for review,
see Hazelrigg, 1998). Among these were several potential
mRNA-binding proteins, which recognize cis-acting sequences
in the 3'-untranslated region (UTR) of localized mRNAs (e.g.,
Mayford et al., 1996). These proteins include hnRINP A2 in
oligodendrocytes (Hoek ef al., 1998), actin zipcode-binding pro-
tein in fibroblasts and Xenopus (Ross ¢t al., 1997; Deshler et 4l,,
1998), and Staufen in Drosophila (St. Johnston et al., 1991). Upon
binding to their cognate mRNAs, these mRNA-binding pro-
teins were then recruited to particles as shown in the Drosophila
embryo in oligodendrocytes and neurons (Ainger et al., 1993;
Ferrandon et al., 1994; Wang and Hazelrigg, 1994; Knowles et
al., 1996). These granules may therefore represent the active
transport unit to deliver mRNAs to their final destination

2945
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within the cell (Wilhelm and Vale, 1993). Finally, data have
accumulated suggesting this transport requires intact microtu-
bules (Knowles et al., 1996; Carson et al., 1997) or actin in the
case of ASHI mRNA (Bertrand et al., 1998). Besides mRINA and
their cognate RNA-binding protein(s), the described granules
may also contain microtubule-associated proteins, potentially a
kinesin-like or dynein-like molecular motor protein (or an un-
convential myosin V motor in the case of ASH1 mRNA), ami-
noacyl-tRINA-synthetases, elongation factors, components of
the translational machinery, and even subunits of ribosomes
(for review, see Carson et al.,, 1998).

Recently, in vivo labeling using the green fluorescent protein
(GFP) has been successfully applied to study mRNA transport
in Drosophila and yeast. In Drosophila, the movement of the
RNA-binding protein exuperantia was visualized (Wang and
Hazelrigg, 1994), whereas in yeast, the fate of the mRNA ifself
could be indirectly followed using two sophisticated reporter
plasmids (Bertrand et al., 1998). In neurons, however, these
granules have only recently been visualized using the RNA-
specific, fluorescent dye SYTO14 (Knowles et al., 1996). Because
SYTO14 labels all RNA, including mitochondrial RNA, the
characterization and transport of these granules in living neu-
rons have been problematic. Therefore, labeling of a known
protein constitutent would be a more specific approach to
visualize these RNA-containing granules. We took advantage
of the first known protein component of these granules, the
RNA-binding protein Staufen (St. Johnston et al., 1991). Human
Staufen binds microtubules and colocalizes with polysomes in
Hela cells (Marion et al., 1999; Wickham ef al., 1999). In fixed
neurons, rat Staufen localized to the somatodendritic domain
of hippocampal neurons in large RNA-containing granules
(Kiebler et al., 1999) that colocalize with microtubules. To de-
termine whether Staufen-containing granules move in vivo, we
transiently transfected hippocampal neurons with human
Stau-GFP (hStau-GFP) and studied the formation of fluores-
cent granules and their transport along distal dendrites by time
lapse video microscopy.

MATERIALS AND METHODS

Materials and Reagents

The following antibadies were used in the indicated dilutions: poly-
clonal antibody against human Staufen (Kiebler et al., 1999) at 1:300;
polyclonal anti-GFP antibody (antiserum D2) (Wacker et al., 1997) at
1:300; and monoclonal anti-tubulin antibody (Amersham, Arlington
Heights, IL; N356, 1:10,000). Phalloidin (phalloidin-rhodamine; Molec-
ular Probes, Eugene, OR; R-415, 1:500) staining was performed as
described (Bradke and Dotti, 1999). As secondary antibodies, ant FITC-
conjugated donkey anti-rabbit immunoglobulin (Ig) (Amersham;
N1034, 1:100), a rhodamine-conjugated goat anti-rabbit IgG (Cappel,
West Chester, PA; 55674, 1:100), a lissamine-rhodamine-conjugated
goat anti-mouse IgG (Dianova, Hamburg, Germany; 715-085-151,
1:400), and an FITC-conjugated sheep anti-mouse Iz (Amersham;
N1031, 1:50) were used. The following drugs were used: nocodazol
(Sigma, St. Louis, MO; M-1404; final concentration, 20 M) and latrun-
culin B {Calbiochem, La Jolla, CA; 428020-Q); final concentration, 12.6
M). The cloning of the human Staufen-GFP (S65T mutation) construct
was described by Wickham ef al. (1999).

Hippocampal Cell Culture and Transient
Transfection Protocol

Primary hippocampal neurons derived from rat embryos were cul-
tured following the protocol of Goslin and Banker (1997) and de Hoop
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et al. (1998). Adult primary hippocampal neurons (stage 5) were trans-
fected using a modified Ca®*-phosphate precipitation protocol
(Haubensack et al., 1998). In brief, neurons grown on glass coverslips
were transferred into 2 ml of conditioned culture medium in a 3.5 cm
culture dish. The Ca®*-phosphate precipitate was prepared by drop-
wise adding 60 ul of 2X BBS (280 mM NaCl, 1.5 mM Na,HPO,, 50 mM
N,N-bis[2-hydroxyethyl}-2-aminoethanesulfonic acid, pFH 7.1) to 3.5 pg
of plasmid cDNA (1 pg/ pl stock in 10 mM Tris-HCl, pH 8.5) dissolved
in 60 ul of 250 mM CaCl, and incubated for 90 s at room temperature.
The precipitate was added to the neurons, and the cells were incubated
for 2 h at 2.5% CO, and 37°C. Neurons were washed twice with
HEPES-buffered saline, returned to the original medium, and incu-
bated overnight at 5% CO, and 36.5°C before fixation or performing
subsequent experiments. To not saturate the cell with overexpressed or
aggregated hStau-GFP, we chose a short time of expression (1620 h).
This allowed the detection of individual particles in dendrites and their
subsequent intracellilar transport.

SYTO14 Iabeling of cells was essentially performed as described
(Knowles et al., 1996; Kiebler et al., 1999) with the following modifica-
tion. In brief, cells were incubated in SYTO14-containing (1 uM) con-
ditioned N2 medium for 15 min at 37°C and 5% CO,. Neurons were
briefly rinsed twice with N2 medium and then fixed.

Immunocytochemistry of neurons was performed as described by
Kiebler et al. (1999). For microtubule staining, neurons were extracted
before fixation using 0.1% saponin in microtubule-stabilizing buffer (2
mM MgCL, 10mM EGTA, 60 mM 1,4-piperazinediethanesulfonic acid,
pH 7.05) for 15 s and shortly rinsed in microtubule-stabilizing buffer.

Bloiting

Stau-GFP transfected neurons as well as control neurons were incu-
bated in conditioned medium containing 2 mm sodium butyrate. After
17 h, cells were lysed in 0.1% SDS and methanol-chloroform extracted
(Kiebler et al., 1999). Lysates of three neuron-containing dishes (3.5 cm)
were pooled, run on a 10% minigel (Bio-Rad, Hercules, CA), and
blotted onto nitrocellulose. Nonspedific binding sites were blocked by
incubation for 2 h in blocking buffer (5% low-fat milk powder in PBS),
and then filters were incubated for 2 h in blocking buffer and anti-GFP
antiserum D2 (Wacker ef al., 1997). Intermediate wash steps were
carried out with 0.2% Tween 20 in PBS. Detection of bound antibodies
was performed with HRP-coupled donkey anti-rabbit secondary anti-
bodies (Amersham) for 30 min in blocking buffer followed by ECL
detection (Amersham).

Microscopy

Time-lapse video microscopy of living transiently fransfected newrons
grown on glass coverslips was performed using a metal slide. For
recording at physiological temperature, the objective was heated at
36°C by an objective heating ring (Bioptechs, Butler, PA) (Bradke and
Dotti, 1998). The following setup was used: a Zeiss (Thornwoodd, NYY)
Axiovert 135 inverted microscope with a 63X Plan apochromat objec-
tive and a 100-W HBO arc bulb (Osram, Berlin, Germany), a
shutter driver (Uniblitz D122; Vincent Associates, Rochester, NY), stan-
dard FITC and thodamine filters, and a Cohu (San Diego, CA) charge-
coupled device (CCD) camera controlled by a CCD camera control
(C2400; Hamamatsu, Hamamatsu City, Japan). Images were taken
either every 8 or 10 s using the Scion 1.58 software package (National
Institutes of Health). Fluorescent microscopy was performed with a
Zeiss Axioskop using a 63X objective, standard FITC and rhodamine
filters, a 100-W HBO mercury arc lamp, and a Cohu CCD camera
controlled by the NIH Image 1.59 software package.

For the Staufen-GFP and SYTO14 colocalization experiment (see
Figure 3) the following filter sets were used: 1) enhanced GFP
(EGFP) filter (excitation spectra, 470 * 15 nm; emission spectra,
510 = 10 nm); and 2) SYTO14 filter (excitation spectra, 546 = 6 nm;
emission specira, 585 * 20 nm). Although SYTO14 bound to RNA
has its absorbance maximum at 521 nm and the emission maximum
at 547 nm, we found a residual SYTO14 signal in the EGFP filter. For
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Figure 1. Transiently transfected hippocampal neurons express
the full-length human Staufen-GFP fusion protein. Western blots of
extracts from either transiently transfected (S) or mock-treated (M)
rat hippocampal neurons were probed with a polyclonal GFP anti-
body. The antibody detects a 92-kDa band in the transfected but not
in the untransfected neurons; this represents the expected size for
the hStau-GFP fusion protein (65 + 27 kDa). Additionally, the
antibody detects a 61-kDa band in all neuronal extracts, most likely
representing an unspecific cross-reaction. The sizes of the molecular
mass markers are indicated on the left in kilodaltons.

Staufen Transport in Hippocampal Neurons

that reason, we devised a new method to separate both signals from
each other. An image was taken with the SYTO14 filter that detected
SYTO14 but not Staufen-GFP, and then this signal was depleted by
photobleaching, another image was taken, demonstrating that there
was no signal left, and finally a third picture was taken with the
EGPP filter that now exclusively represented the Staufen-GFP sig-
nal. The first and the third pictures were compared in NIH Image,
and individual Staufen-GFP—positive granules were scored for the
presence of RNA. In total, 579 granules from 29 cells were exam-
ined: of these, 380 were found to contain RNA representing 65.6% of
all particles. A representative picture of one of these cells is shown
in Figure 3.

Image Analysis and Quantitation

Untransfected cells did not show detectable autofluorescence under
identical illumination conditions (our unpublished observations). For
quantitatation, transiently transfected cells were randomly chosen by
green fluorescence and examined by phase contrast for health, and a
fluorescent image was taken and evaluated. To calculate the velocity of
individual granules, the distance traveled was measured between two
adjacent video frames with the NIH Image 1.59 software package and
divided by the time. To quantitate the maximal velocity, 18 different
particles from 10 independent transfections were tracked; from these
42 different velocities were measured. The average speed was calcu-
lated from videos in which particles were moving at least during three
or more consecutive frames (average number of frames, 7.9). In total, 14
different particles were tracked and analyzed.

To quantitate the effect of nocodazole on the localization of fluores-
cent granules, hStau-GFP—expressing neurons were grouped into two
different categories (see Figure 7A): 1) neurons with the typical gran-
ular expression pattern of hStau-GFP (“localized"), as shown in Figure

a—Stau Ab

hStau-GFP

Figure 2. Expressed human Staufen-GFP and endogenous rat Staufen protein show a comparable punctate, dendritic expression pattern in
hippocampal neurons. Adult rat hippocampal neurons were either fixed and labeled with anti-hStau antibodies (A-C) or transiently
transfected with hStau-GFP and fixed, and green fluorescence was recorded (D-F). (A—C) Phase-contrast and hStau immunofiuorescence of
a representative neuron. C is an enlarged section of the white box in B. (D-F) Phase-conirast and hStau-GFP fluorescence of a representative
neuron. F is an enlarged section of the white box in E. The small precipitate seen in D is due to CaP; transfection. Note that two different types
of fluorescent granules were routinely observed (E): large granules around the nuclear membrane and smaller granules in the periphery of

the neurons. Bar, 10 pm.
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2; and 2) neurons with an aberrant expression pattern with no apparent
granules (“mislocalized”). In 42 control cells, only 7 cells (17%) showed
a cytosolic expression pattern versus 26 of 58 nocodazole-treated cells
{45%). This represents a 168% increase of transfected cells with mislo-
calized hStau-GFP. To analyze the effect of nocodazole on the transport
of hStau-GFP-labeled granules, neurons with localized hStau-GFI
were examined for the presence of granules in distal (>12 pm apart
from the cell body) dendrites (see Figure 7B). Twenty-nine of the 32
mock-treated cells with localized expression had three or more hStau-
GFP granules in distal parts of the dendrites versus 5 of 32 nocodazole-
treated cells.

RESULTS AND DISCUSSION

Hippocampal neurons have been previously shown to be an
appropriate model system to study the trafficking of heterolo-
gously expressed proteins (De Strooper et al., 1995; Simons éf
al., 1996; Haubensack et al., 1998). Hence we used this cell
system to analyze the trafficking of Staufen by transiently
transfecting adult neurons with a plasmid coding for a fusion
protein of human Staufen and GFP (hStau-GFP) (Wickham ef
al., 1999). Our goal was twofold: first, to determine whether
hStau-GFP is indeed incorporated into large RNA-containing
granules as does the endogenous rat Staufen (rStau) (Kiebler et
al., 1999), and second, to study assembly of these particles and
their subsequent dendritic transport in adult living hippocam-
pal neurons.

Transfected Staufen-GFP is Present in Large
RNA-containing Granules

We first tested whether hStau-GFP is expressed as a full-length
fusion protein in rat hippocampal neurons. Therefore, we tran-
siently transfected rat hippocampal neurons with hStau-GFP
and performed Western blotting on extracts both from trans-
fected and untreated neurons. As shown in Figure 1, we found

Figure 3. Human Staufen-GFP
positive granules colocalize with
RNA in transiently transfected rat
hippocampal neurons. RNA was
visualized using SYTO14 (Knowles
et al., 1996; Kiebler et al.,, 1999), and
the degree of colocalization with
hStau-GFP was revealed by fluores-
cent microscopy (see MATERIALS
AND METHODS). Individual
green fluorescent hStau-GFP gran-
ules (A) were analyzed for the pres-
ence of RNA detected by SYTO14
labeling of the same cell (B). Arrow-
heads indicate hStau-GFP granules
containing RNA. Overall, 65.6% of
analyzed hStau-GFP granules were
RNA positive. The additional
SYTO14 labeling in B might reflect
both RNA-positive granules con-
taining endogenous Staufen as well
as mitochondria (Knowles et al.,
1996).
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that a specific 92-kDa band is detected with a GFP antibody,
demonstrating that neurons exclusively express the correct
fusion protein consisting of hStau (65 kDa) and GFP (27 kDa)
and that there is no proteolytic cleavage.

We then analyzed the pattern of expression and localization
of expressed fluorescent hStau-GFP (Figure 2, D-F) and com-
pared that with the endogenous rStau, as visualized by immu-
nofluorescence with an anti-hStau antibody (Figure 2, A-C).
Sixteen to 20 h after transfection, hStau-GFP started to appear
in small and large granules in the cell body and dendrites of
these neurons (Figure 2, D-F). In contrast, cells transfected with
GFP alone show an evenly distributed fluorescence throughout
the whole cell. The observed hStau-GFP granules (Figure 2,
D-F) were of the same size and showed the same cellular
distribution as their endogenous rStau counterparts (Figure 2,
A-C). However, it must be noted that the expression of hStau-
GFP yielded fewer granules in dendrites (Figure 2F) compared
with the endogenous Staufen (Figure 2C) and a reduced cyto-
solic background. There are several explanations for that phe-
nomenon. First, we only allowed a moderate expression rate
after transfection to not saturate the cell (see MATERIALS
AND METHODS). Second, we only overexpressed Staufen
and not any RNA; there is also increasing experimental evi-
dence in other cells that Stau-containing granules can only
move if newly synthesized mRNA is provided by the cells. In
hippocampal neurons, we observed two different types of
Staufen granules: 1) larger granules resiricted to the cell body
and 2) smaller granules in the periphery of the cell body and in
dendrites (see Figures 2E and 6B).

To test whether those hStau-GFP granules indeed contain
RNA, we transiently transfected rat hippocampal neurons with
hStau-GFP and subsequently labeled RNA using the RNA-
specific dye SYTO14 (Knowles et al., 1996; Kiebler et al., 1999).
Based on corresponding pairs of fluorescent images, we exam-
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Staufen Transport in Hippocampal Neurons

Finish

/L:ilm'l'

Figure 4. Individual hStau-GFP particles are transported into dendrites of living hippocampal neurons. Hippocampal neurons on glass
coverslips were transfected with hStau-GFP as described in Figure 2, and individual motilities of green fluorescent granules were observed
by time-lapse video microscopy. (A) Corresponding figure to Video 1; (B) corresponding figure to Video 2. In both videos as well as in B,
moving particles are labeled by an arrow and were followed during its anterograde transport into the dendrite. The individual video frames
were more highly integrated compared with Fig. 2 to detect individual granules in processes. Elapsed time is indicated in seconds in the lower
right of each video frame in B. The last panel in B shows a merged picture of all frames depicting both the Brownian movement of most
particles as well as the discontinuous, directed motility of the chosen granule. Bar, 10 pm.
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ined whether individual hStau-GFP granules colocalize with
ribonucleoprotein particles. Figure 3 shows a representative
example of a hippocampal neuron in which the majority of
hStau-GFP granules clearly contain RNA. In total, we analyzed
579 hStau-GFP granules from 29 different cells and found that
65.6% of these granules were also SYTO14 positive. Interest-
ingly, larger granules found in the cell body were offen
SYTO14 negative, whereas the majority of the smaller granules
in the periphery of the cell body and in dendrites were SYTO14
positive (Figure 3). Additionally, some of the observed
SYTOl4-negative hStau-GFP granules might represent recy-
cling granules migrating in the retrograde direction toward the
cell body (see below). Finally, taken into account that an im-
munolabeling of GFP-labeled secretory granules in neurcen-
docrine cells yielded a 75% colocalization of all green fluores-
cent structures (Kaether ef al, 1997), the calculated value
(65.6%) of colocalization comes close to the expected theoretical
upper limit of this quantitation method. In conclusion, these
results demonstrate that hStau-GFP, like the endogenous
Staufen, is dendritically targeted in RNA-containing granules.

Time-Lapse Fluorescent Microscopy Visualizes the
Saltatory, Bidirectional Movement of hStau-GFP
Granules into Dendrites of Living Neurons

We next sought to perform time-lapse video microscopy to
follow the intracellular movement of these fluorescent granules
in neurons. For this reason, transiently transfected adult hip-
pocampal neurons were transferred to a video chamber, and
the movement of individual green fluorescent granules was
recorded using a heated objective (Figure 4). Figure 4A is the
corresponding figure to Video 1; Figure 4B is the correspond-
ing figure to Video 2; moving particles are labeled by an arrow
{online versions of both figures in QuickTime format are avail-
able at www.molbiolcell.org). In contrast to previous experi-
ments shown in Figure 2, individual video frames were more
highly integrated to detect the smaller granules in processes.

As shown in Figure 4 and the two videos, we frequently
observed one or more fluorescent granules moving from the
cell body into distal dendrites (anterograde transport). How-
ever, refrograde transport was also frequently observed in
adult neurons (Video 2). The anterograde transport of these
particles into the distal part of the dendrite was then followed.
Interestingly, almost all particles in motion were moving in a
saltatory and not a linear, uninterrupted manner. In most cases,
particles were moving for some 30-60 s and then suddenly
stopped and remain stationary for some time. These pauses
can be of significant durance until these particles continue their
movement. In general, three different types of movements oc-
curred: 1) particles in a stationary phase or showing Brownian
movement, 2) particles moving in one direction only, and 3)
particles moving bidirectionally.

During video microscopy, we observed two types of gran-
ules in living neurons: larger granules around the nuclear
membrane, which seemed to be stationary, and smaller gran-
ules moving toward the periphery of the neurons. The large
granules could correspond to newly synthesized hStau-GI'P
protein, which still has not bound to their cognate mRNA. This
is further supported by the finding that those larger granules
were often SYTOl4-negative (Figure 3). In this scenario, one
would then hypothesize that upon contact with newly synthe-
sized mRNA, transport-competent granules form and begin to
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move toward the periphery, as seen in the videos representing
active transport units. Indeed, we observed in some cases
smaller granules attached to larger particles, which might be in
the process of pinching off (Kéhrmann and Kiebler, unpub-
lished observation). Taken together, the videos and Figure 4B
faithfully represent Staufen dynamics. The fact that only a
small percentage of granules actually move in a neuron has
also been found in SYTO14-labeled cortical neurons (Knowles
and Kosik, 1997).

Measurement of the Velocity and Average Speed of
Staufen-GFP Granules in Living Neurons

We then went on to characterize the observed transport of
granules by determining the velocities and average speed of
individual particles. We therefore analyzed 18 different parti-
cles to calculate their velocities and measured 42 distances that
the particles traveled between two adjacent frames. Figure 5
shows a Gaussian distribution of the measured velocities ar-
ranged in increasing intervals.

We next determined the average speed as described in
MATERIALS AND METHODS and calculated a value of
6.4 * 32 (SEM) pm/min by analyzing 14 different hStau-
GFP granules moving over an extended distance in adult
hippocampal neurons. Videos 1 (Figure 4A) and 2 (Figure
4B) show two exceptional examples of such a movement. In
Video 1 (Figure 4A), the particle observed travels 27.3 pm
during the recorded 2.13 min, resulting in an average speed
of 12.8 um/min; in Video 2 (Figure 4B), the observed parti-
cle travels 22.5 pm during 4 min, which resulis in an average
speed of 5.6 pm/min. The observed overall average speed of

# of granules

0 e N - T T
1-3 46 79 10-12 13-1516-18 >19

velocities [pm/min]

Figure 5. Gaussian distribution of measured velocities of individ-
ual hStau-GFP particles. Cells were transiently transfected, and
fluorescence recording was performed as described in Figure 4. The
velocities of moving hStau-GFP particles were calculated from the
distance traveled between two adjacent video frames. Forty-two
velocities from 18 particles were analyzed by time-lapse video mi-
croscopy, the resulting velocities arranged in increasing intervals
and plotted. The mean velocity was 11.5 um/min.
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6.4 pm/min is more than one magnitude slower than vesic-
ular, fast axonal transport (up to 278 pm/min) (Brady et al.,
1982) or vesicular, dendritic transport (120 wum/min)
(Kaether and Dotti, unpublished results).

The measured speed, however, is in very good agreement
with studies on RNA transport performed on oligodendro-
cytes, rat brain sections, and sympathetic and cortical neu-
rons (Ainger et al., 1993; Knowles et al., 1996; Muslimov ef al.,
1997; Wallace et al., 1998). In oligodendrocytes, microinjected
myelin-basic protein mRNA moved with a transport rate of
~6-12 um/min (Ainger et al., 1993). Wallace et al. (1998)
studied the transport of the Arc/arg3.1 mRNA to dendrites
by in situ hybridization and determined a transport rate of
5.0 wm/min. Muslimov et al. (1997) microinjected BCl, a
small noncoding RNA transcript, into sympathetic neurons
and found a delivery rate of 4.0 pm/min. Finally, Knowles
et al. (1996) labeled RNA-containing granules in young cor-
tical neurons with SYTO14 and measured an average rate of
6.0 um/min. In conclusion, these transport rates strongly
argue that the RNA-binding protein Staufen is the first
known protein in neurons being recruited to discrete RNA-

Staufen Transport in Hippocampal Neurons

containing particles, which are then transported with the
same kinetics than described for granular RNA transport.

Recruitment of hStau-GFP into Granules and Their
Subsequent Transport into Dendrites Are
Microtubule Dependent in Living Neurons

We next sought to examine whether these granules move
along microtubules into dendrites of hippocampal neurons.
To study the effect of microtubule depolymerization on the
localization and transport of hStau-GFP, we transiently
transfected adult hippocampal neurons and incubated the
neurons in the presence or absence of nocodazole. Green
fluorescence analysis showed that microtubule depolymer-
ization resulted in a significant change in the overall expres-
sion pattern of hStau-GFP in all cells observed (Figure 6). In
control neurons, only 17% of the cells had an evenly distrib-
uted, “nonlocalized” expression of hStau-GFP, whereas all
other cells showed the granular expression pattern as de-
scribed in Fi 2. In nocodazole-treated cells, however,

45% of all transfected cells had a nonclustered, evenly dis-

Figure 6. Nocodazole treatment of hippocampal neurons results in a diminished number of Stau-GFP particles in distal dendrites.
Hippocampal neurons were transiently transfected as described in Figure 2 and the following day were treated with nocodazole (20 uM) for
35 h or mock treated. Cells were fixed, and fluorescence was recorded. (A and B) A representative cell is shown containing 19 Stau-GFP
granules (arrows) in distal dendrites (>12 pm apart from the cell body). (C and D) A typical nocodazole-treated cell with a granular
expression pattern is shown containing one granule (arrow) in distal dendrites. Bar, 10 pm.
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Figure 7. The transport of hStau-GFP particles inio distal dendrites is
microtubule dependent. Transfected neurons were treated as described
in Figure 6. Pictures of 42 mock-treated and 58 nocodazole-treated cells
were taken and analyzed for granular (localized) versus cytosolic (mis-
localized) fluorescence (A) and subsequently for localization of hStau-
GFP granules in distal (>12 pm apart from the cell body) dendrites (B).

tributed pattern with no apparent granules both in the cell
body and in dendrites. This represents a 168% increase of
cells with the described aberrant expression pattern of mis-
localized hStau-GFP (Figure 7A). This finding clearly indi-
cates that the recruitment and formation of hStau-GFP into
granules requires an intact cytoskeleton.

We next analyzed the effect of nocodazole on the transport of
hStau-GFP particles into the distal part of dendrites. For this
we focused our attention on those cells that had a granular
expression pattern (Figures 6 and 7B). Whereas 83% of the
control cells (29 of 35) with a granular expression pattern had
more than two granules in distal parts of the dendrites, only
16% (5 of 32) of the nocodazole-treated cells showed the same
phenotype. When normalized, this reflects an 81% suppression
of the number of neurons with fluorescent, dendritically trans-
ported hStau-GFP granules (Figure 7B). To study the role of the
actin on hStau-GFP expression pattern, we used latrunculin B
(Spector et al., 1989), a G-actin—sequestering drug, Latrunculin
B had no effect on both the localization and iransport of hStau-
GFP granules.

A similar microtubule dependence for mRNA transport has
been observed in Drosophila embryos (Ferrandon et al., 1994)
and cortical neurons (Knowles et 4l., 1996). In the embryo, the
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microtubule-depolymerizing drug colcemid but not the actin-
depolymerizing drug cytochalasin B prevented both the for-
mation of Staufen-bcd-3'-UTR particles after injection of bed-
3-UTR mRENA into embryos as well as their subsequent
movement. Ferrandon et al. (1994) introduced a model in which
the binding of Staufen to its target RNA induces a conforma-
tional change in the Staufen protein. In our opinion it is con-
ceivable that this would allow the Staufen-RNA complex to
assemble either directly or indirectly to microtubules thereby
leading to the assembly of the granules at the site of transport.
In mammalian neurons this is further corroborated by the fact
that human Staufen contains a (low-affinity) tubulin binding
domain (Wickham et al., 1999) allowing the Staufen—RNA com-
plex to bind to the cytoskeleton directly. In cortical neurons,
colchicine, another microtubule-depolymerizing drug, but not
cytochalasin D prevented the transport of RNA-labeled gran-
ules into neurites of 4-d-old neurons. Taken together, we show
for the first time that hStau-GFP is recruited to RNA-containing
granules in adult hippocampal neurons. The existence of fluo-
rescent granules now enabled us to examine their motility in
living neurons. Video microscopy revealed that this transport
occurs in a saltatory manner with many particles remaining in
a stationary phase during recording and allowed us to calcu-
late an average speed of 64 pm/min. Finally, we demonstrate
that both the assembly and the dendritic transport of these
granules require intact microtubules.

Perspectives

The RNA-binding protein Staufen is the first known protein
being recruited to discrete particles, which then move into
dendrites. Their visualization in living neurons (see attached
videos) therefore faithfully represents for the first time the
dynamics of this process. Interestingly, both the velocity and
the microtubule dependence correlate well with studies in
other organisms, suggesting a strong conservation of the
mRNA transport mechanism through phylogeny. Moreover,
the assay presented here will allow to experimentally address
a central hypothesis in neurobiology: is dendritic mRNA trans-
port (and subsequent local translation) to the synapse involved
in forming synaptic memories? Finally, the biochemical isola-
tion of these particles will lead to the identification of both
transported mRNAs as well as other components of this trans-
port machinery.
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The studies presented in this thesis describe the molecular characterization and
functional investigation of the mammalian orthologues of Drosophila Staufen (dStau),
the first known double-stranded RNA-binding protein that participates in intracellular
RNA localization and local translation. Most of the work is shown in 4 manuscripts that
have been included in the thesis. These studies have revealed that mammalian Staufen is
an evolutionary conserved protein which has four distinct biochemical properties: binding
to double-stranded RNA, binding to microtubules, association with the RER, co-
fractionation with ribosomes. By a series of molecular mapping techniques, we further
determined that each of these biochemical properties has its own molecular determinant.
These results suggest that mammalian Stau may serve as a molecular bridge between the
RER, ribosomes, and microtubules. Finally, by collaboration with two other groups, we
have addressed the putative i‘ole of hStau in RNA transport in two different expression

systems.

VI.1 Characterization of human and mouse sfau gemes and their genetic

organization

VI.1.1 Mammalian stau genes may be derived from a common_origin

Staufen is a protein with multiple dsRNA-binding domains that was first
characterized in Drosophila melanogaster. It is essential for the asymmetric localization
of oskar, bicoid and prospero mRNAs during oogenesis, early embryogenesis and

neurogenesis, respectively. Our work in the study of human and mouse Stau genomic
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organization reveals that mammalian stau genes may be derived from a common genetic
origin (Brizard et al., 2000, Article 1). First, both human and mouse stau transcripts have
conserved transcription initiation sites at the same position when mapped by 5’RACE.
Second, the overall organization of the human and mouse stau genes is quite similar,
especially the positions of the exon/intron junctions which are perfectly conserved in both
species although three additional exons have been found in the human gene that are
subject to differential splicing and generate four different transcripts. Even an alternative
choice between two splicing acceptor sites, which caused an insertion of 18 nucleotides
in exon E5, is conserved in both human and mouse. The alternative splicing of exon E5
may represent a conserved mechanism to regulate Staufen function in mammalian cells
since the resulting insertion of 6 amino acids in dsRBD3 generates a protein with
impaired RNA-binding activity and modulates the RNA content in Staufen-containing

ribonucleoprotein complexes (Duchaine et al., 2000).

VI.1.2 Staufen encodes a conserved RNA-binding protein across species

Staufen homologues of Drosophila melanoganster have been reported in two
other insect species, Drosophila virilis (DvStau) and Musca domestica (MdStau), which
diverged from Drosophila melanogaster over 60 and 100 million years ago, respectively
(Micklem et al., 2000). The characterization of Staufen homologues from different
mammalian species including human (hStau), mouse (mStau) and rat (rStau) (Kiebler et
al., 1999; Marion et al., 1999; Wickham et al., 1999, Article 2) provides strong evidence
that Staufen may be functionally conserved in these species. Mammalian Stau contains 4

dsRNA-binding domains which correspond to dsRBD2 to dsRBDS of Drosophila Stau
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(dStau), these corresponding domains share higher sequence similarity and identity
compared to the dsRBDs of other dsRBD-containing proteins, suggesting that our cloned
human and mouse proteins are real orthologues of dStau. In addition, the Caenorhabditis
elegans genome also contains an uncharacterized open reading frame that shows
similarity to human and mouse Staufen dsRBDs, suggesting that a functional homologue
of Staufen is also present in worms (Wickham et al., 1999, Article 2). These findings,
together with the conseved genomic organization of human and mouse sfau genes,
suggest that Staufen is an evolutionary conserved protein across species.

Drosophila Staufen contains three functional dsSRNA-binding domains including
dsRBD1, 3 and 4, although their binding capacity is different and dsRBD3 remains the
strongest one. dsRBD2 of dStau contains a proline-rich insertion in the domain, and this
insertion is important for dStau-mediated RNA transport (Micklem et al., 2000).
Interestingly, this insertion is also conserved across other species suggesting that this split
domain may play a conserved function across species although it could not bind any
dsRNA in vitro.

Micklem et al (2000) have shown that the dsRBDs are the only conserved regions
of dStau required for oskar mRNA localization since a transgene in which the large non-
conserved N-terminal region was deleted can completely rescue the posterior localization
and anchoring of osk mRNA in dStau-null background. Moreover, when the dsRBD-
containing regions of dStau are replaced with the corresponding regions from M.

DmMD

domestica (Stau ), the transgene still rescues all the phenotypes of a Stau-null

mutation. Thus, the functional domains of Stau have been conserved during evolution.
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Interestingly, mammalian Stau has evolved a new domain that resembles the
microtubule-binding domain of MAPIB. This domain binds microtubules in vitro
(Wickham et al., 1998, Article 2). We recently demonstrated that hStau mediates RNA
transport in neurons in a microtubule-dependent way (Kohrmann et al., 1999, Article 4).
Immuno-electromicroscopy of rat hippocampal neurons has also shown that Stau is
present in the vicinity of microtubules in dendrites (Kiebler et al., 1999). In COS cells,
we only observed partial colocalization of hStau with the microtubules. This is not
surprising since the small size of COS cells may not allow us to observe a strong
colocalization. It has been reported that some RNA-binding protein such as (-actin
mRNA zipcode binding protein mediates PB-actin mRNA localization along the
microfilaments in fibroblast cells (Ross et al., 1997) and along the microtubules in
neurons (Bassell et al., 1998). Therefore it is possible that Staufen may mediate RNA
transport along different cytoskeletal components in different cells. It will be interesting
to determine whether mammalian Stau is directly associated with microtubules in neurons

and if the putative TBD plays a role in this association.

V1.1.3 The dsRBDs of Stau have evolved independently

The sequence homology among Stau homologues in different species only exists
in the corresponding functional domains. A ClustalW analysis of dsRBDs from many
proteins reveals that a given Stau domain is most similar to the equivalent one in each of
the other Stau homologues (see Fig.1). This suggests that evolution is not acting simply

to maintain similarity to a dsSRBD consensus sequence, but rather that each domain has
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Fig. 1. An unrooted tree derived from a ClustalW alignment of dsRBDs from
different proteins. Corresponding domains in the different Staufen homologues
are more similar to each other than they are to any other dsRBDs, with exception
of CeStau dsRBD35, which is approximately similar to the other Stau dsRBDs and
to the third dsRBD of human TAR RNA-binding protein (HsTRBP) and Xenopus
Xlrbpa (marked as asterisks). Adapted from Micklem et al., 2000.
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unique feature that has been conserved during evolution therefore, each dsRBD of Stau
may be evolved independently and may have distinct functions (Micklem et al, 2000).
Our mapping results of human and mouse genomic organization are consistent
with the notion that each dsRBD of Staufen may have originated from a different
ancestral gene or evolved independently. Comparison of the genomic organization of
two other members of the dsRBD family of proteins, the human adenosine deaminase
(DRADA, Wang et al., 1995) and the human interferon-inducible dsRNA-dependent
protein kinase (PKR, Kuhen et al., 1996), with that of human and mouse stau genes
further supports this notion (Brizard et al., 2000, Article 1). In the case of DRADA and
PKR genes, introns divide each of their corresponding dsRBDs into NH; and COOH
regions of identical size. However, the stau genes share different splicing patterns for
each of their dsRBDs. Two full-sized domains, dsRBD3 and dsRBD4 contain one intron
in each of the domains, but the position of the exon-intron junction is different. dsRBD2,
the so-called split domain, in human and mouse Staufen, contains inserts of different
sizes which share conserved sequences. Interestingly, each conserved region is flanked
by introns. Finally, dsRBD5 contains two exon-intron junctions and is divided into three
units, the well-conserved C-terminal consensus sequence being spliced. The distinct
splicing pattern for each of the dsRBDs of mammalian Staufen suggests that these

dsRBDs may have evolved from distinct origins and may have different functions.

VI 1.4 Mammalian stau may be a housekeeping gene

Our work in the identification of the 5° flanking region of mStau suggests that

Stau may be driven by a housekeeping gene promoter (Brizard et al., 2000, Article 1).
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This region has many features which are characteristic of promoters of housekeeping
genes, for example, the absence of canonical TATA and CAAT boxes, the extremely
G+C rich region (74%), the high frequency of potential methylation sites (CpG pairs) and
multiple Spl-binding consensus sites. The presence of such a promoter for the mouse
stau gene is consistent with the broad expression of stau mRNA in different tissues and
cell lines. Recently, a 2.5-kb mouse Staufen genomic DNA fragment covering the 5’
flanking regions was further cloned upstream of the mStau ¢DNA in a mammalian
expression vector which is devoid of a promoter. This fragment was able to drive the
expression of Staufen protein in transiently transfected COS7 cells (Duchaine T, personal
communication), confirming that the G+C-rich region may represent a true promoter.

Further work will be needed to map the exact region of the mouse Staufen promoter.

V1.2 Characterization of hStau protein isoforms

VI.2.1 The presence of multiple Stau isoforms

Our Western blotting experiments have shown that hStau contains at least two
major protein isoforms which are ubiquitously expressed in almost every tested tissue and
cell line. One isoform is approximately 63 kDa, and the other is approximately 55 kDa
(Wickham et al., 1999, Article 2). These two major isoforms are also ubiquitously
expressed in mouse and rat tissues and cell lines. In some experiments, doublets or
triplets of approximately 55 kDa are also visible, suggesting that this isoform may have

differential translation initiation sites. In addition, we have also observed a short protein
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of around 30 kDa in most of the tested tissues and cell lines. Currently, we do not know if
this short protein comes from proteolytic degradation during the experimental procedure
or from alternative translation initiation from an internal AUG site. Since the 30-kDa
band is constitutively expressed in every tested tissue and cell line, the latter case is most
probably true. Indeed, an in-frame ATG which harbours a Kozak consensus sequence is
present in the middle of dsRBD4, and translation initiation from this ATG is predicted to
produce a 30-kDa protein. Therefore, the observed 30-kDa protein in Western blotting
may correspond to this predicted 30-kDa protein. This small protein contains only the
microtubule-binding domain and the last half-consensus dsRNA-binding domain, its
function in vivo remains to be elucidated and it may serve as a negative regulating

protein which can block Staufen-mediated RNA transport along the microtubules.

Interestingly, using cell fractionation analysis, we have found that these different
Staufen isoforms have distinct subcellular distributions. Stau® is mainly present in the
rough endoplasmic reticulum (RER), Stau®® is predominantly associated with ribosomes
(for details, see article 3), and the 30-kDa protein appears to be present in the cytosolic
fractions that cofractionate with soluble proteins (our unpublished data). After isolating

the nucleus and cytoplasm, we also found that Stau™

mainly co-fractionates with
cytoplasmic fractions (our unpublished results), which is consistent with results obtained
using immunofluorescence (Wickham et al., 1999, Article 2). Surprisingly, Stau® is
found to mainly cofractionate with the nucleus (our unpublished results), indicating this

isoform is more nuclear and may shuttle between the nucleus and cytoplasm. However,

once in the cytoplasm, Stau® is mainly associated with the rough endoplasmic reticulum
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(Article 3). The distinct localization of Staufen isoforms suggests that they may play

different roles in mammalian cells.

VI.2.2 A differential splicing event generates two different proteins

Interestingly, an alternative splicing event generates 4 Staufen transcripts 1in
human that are termed T1 to T4 (Wickham et al., 1999, Article 2). These four transcripts
are outlined in Fig. 2. To directly confirm the presence of this differential splicing event
and to test the abundance of each individual transcript, we have designed and completed
an RT-PCR and hybridization analysis (the results are shown in Fig.1 of the Appendix).
This experiment demonstrated that the four different transcripts of human Staufen are
expressed in every tested human tissue and HeLa cells and transcript T2, which has a 75-

bp insert compared to the shortest transcript T1, is the most abundant one iz vivo.

We have demonstrated that the differential splicing event in humans generates
two proteins. The cloned T1, T2 and T4 transcripts are capable of producing a protein
approximately 55 kDa that comigrates with the endogenous short isoform, and the T3
transcript generates a protein of around 63 kDa which comigrates with the longer
endogenous isoform (Wickham et al., 1999, Article 2). The cloned 55 and 63 kDa
proteins are almost identical, except that the 63 kDa protein has an extension of 81 amino
acids at the N-terminal extremity (Wickham et al., 1999, Article 2). Of the four AStau
transcripts, T2, T3 and T4 harbour in-frame stop codons before their respectively

translation initiation sites, however, transcript T1 is still open (see Fig. 2). Itis possible
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Fig. 2 Schematic representation of four alternatively spliced hStau transcripts
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that some extra nucleotides which harbor another translation initiation site may be
missing in the most 5° end of the transcript T1, and this transcript may encode the Stau®

isoform that is widely expressed in different mammalian species.

In Western blotting assays, we consistently observed the presence of doublets
around 55 kDa. One explanation is that the 55 kDa Staufen isoform may have alternative
translation initiation sites. From the corresponding cDNA sequence, a single ATG codon
at position —81 is expected to initiate the translation of the 63 kDa protein. However, four
in-frame ATGs are clustered at the putative translation initiation site of the 55 kDa
protein (see Fig. 2 in the discussion). In order to identify the translation initiation sites
for each of the cloned 55 and 63 kDa proteins, we made a series of deletion mutants from
each of the cloned cDNAs and expressed the resulting proteins in mammalian cells (the
results are shown in Fig. 2 of the Appendix). These experiments have revealed that the
second and the fourth ATG in the 4 ATG cluster of hStau cDNA are used to initiate the
translation of the 55 kDa protein doublets. Interestingly, three in-frame ATGs are also
present in the 5’ end of mouse Stau cDNA coding for the 55 kDa protein, which
correspond to the second to fourth ATG in the human transcript. Deletion analysis has
shown that the first and third ATG of the mouse transcript, which correspond to the
second and the fourth ATG of the human transcript, are also the real translation initiation
sites (our unpublished results), demonstrating that the 55-kDa protein from human and

mouse has conserved translation start sites.

VI.2.3 The possibility for an uncloned Stau isoform
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In humans, we have shown that differentially spliced transcripts code for two
proteins of 55 and 63 kDa. These two proteins comigrate with the two endogeneous
isoforms when transiently expressed in HEK or HeLa cells (Wickham et al., 1999, Article
2), suggesting that both hStau isoforms are cloned. By confocal microscopy, both the
cloned 55 and 63 kDa protein have the same RER localization pattern (Wickham et al.,
1999, Article 2). By Western blotting, the two endogenous isoforms of 55 and 63 kDa
Stau were also detected in mouse and rat tissues as well as cell lines (our unpublished
results, Kiebler et al, 1999). However, screening of cDNA libraries, RT-PCR
experiments and analysis of clones isolated from a mouse genomic library all failed to
identify splicing events that would explain the presence of a long isoform as observed in
humans (Brizard et al, 2000, Article 1). These results suggest that an additional
ubiquitously-expressed 63 kDa isoform remains to be cloned in mammals while the 63
kDa protein expressed from the alternatively spliced human transcript T3 (Wickham et
al, 1999, Article 2) may be barely expressed endogenously and distinct from the
common 63 kDa protein. For clarity, we named the cloned human specific 63 kDa protein

as hStau®*™.

When analyzed by sucrose gradient cell fractionation, we found that endogenous
Stau® and Stau®® are differentially associated with the ribosomes and the RER,
respectively. Therefore, the two isoforms may be associated with different complexes in
vivo. Further analysis of the overexpressed hStau>-HA; and hStau®t-HA; showed that
both proteins are associated with ribosomes similar to the pattern of endogenous hStau®
in sucrose gradient. These results confirm that hStau®® is not the common 63 kDa protein

which is ubiquitously expressed in mammals and is associated with the RER. Therefore,
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an additional Staufen isoform around 63 kDa is expressed from the Stau gene. Since the
reading frames in the 5"UTR of the human and mouse cDNAs are open and in frame with
the sequence of hStau™ (in human, transcript T1 is open), it is likely that Stau® is
translated from this sequence. The first ATG initiation codon remains to be identified due
to the presence of a very rich GC region upstream from the 5’end of the longest cDNA
(Brizard et al., 2000, Ar_ticle 1). This isoform would also differ from the other isoforms

by an insertion at its N-terminal extremity that is different from that of hStau®",

VL3 Molecular determinants of hStau RER and ribosome association

VI3.1 Staufen RER- and ribosome-binding determinants

Our results demonstrate that multiple domains are required for Staufen
RER/ribosome association in vivo. dsRBD4 alone is sufficient for RER association
although the other two N-terminal domains dsRBD2 and dsRBD3 are also required for
full RER association implicating a structural/functional cooperation between dsRBD2, 3
and 4 for this function. Indeed, deletion of each RBD from both sides of the N-terminal
region covering dsRBD2/3/4 strongly impaired RER association, confirming the notion
that a structural/functional cooperation among the first three RBDs is important for Stau-
RER association (our unpublished results). In contrast, TBD alone is not sufficient to -
promote detectable association with ribosomes or the RER. However, it is crucial for
hStauw’ ribosome association since the deletion of TBD from hStau® shifts the
distribution of the protein from ribosomes to the RER. Conversely, when the TBD is
fused to the RER-associated dsRBD2/3/4, the resulting protein is relocalized to the

ribosomes. Thus, TBD is a critical domain for hStau> ribosome association. These
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results also indicated that hStau® contains a cryptic RER association domain
(dsRBD2/3/4) in the presence of TBD. Therefore, hStau’® can associate not only with
ribosomes but also with the RER through its overlapping determinants. Interestingly, our
fine mapping reveals that a minimal region covering RBD4/TBD is able to confer basal
ribosome association, suggesting that the presence of RER-associated RBD4 is important
for TBD-mediated ribosome association. This hypothesis is further supported by the fact
that the full-length Stau® and Stau’’AS, which contain the full-length RER-association-
domain dsRBD2/3/4 and TBD, have stronger ribosome association than dsRBD4/TBD.
Therefore, the determinants for RER and ribosome association are overlapped and the N-
terminal RER association may be important for TBD-mediated ribosome association.
Alternatively, the role of the N-terminal dsRBDs may be to stabilize the tertiary structure
of TBD, allowing its stable association with ribosomes independent of RER association.
The RER association through dsRBD2/3/4 may be mediated by a complex
mechanism. The isolated dsRBD4 itself has independent RER-binding activity. Together
with dsRBD2 and 3, which have no independent RER binding activity separately,
dsRBD4 can confer strong RER association. We propose that dsRBD4 constitutes a core
RER-binding domain that directly interacts with RER components through protein-
protein interactions, and that other domains facilitate this interaction. Protein-protein
interactions mediated by dsRBDs have been reported for Drosophila Staufen and other
members of the dsRNA-binding protein family (Schmedt et al., 1995; Cosentino et al.,
1995; Li et al., 1997; Schuld et al., 1998). Besides protein-protein interaction, dsRBD3
RNA-binding activity plays additional roles for RER binding, since the F135A mutation

in dsRBD3 (which destroys the RNA-binding activity of hStau ) of the N-terminal
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dsRBD?2/3/4-HA releases a part of the RER-associated protein to the upper fractions that
contain soluble proteins (our unpublished data). The same mutation in dsRBD4 has no
effect on Staufen localization, confirming that the dsSRBD4/RER interaction is not due to
an RNA-protein interaction. Similar to RER association, Staufen association with
ribosomes per se is not mainly due to its RNA-binding capacity since the basal ribosome
association mediated through dsRBD4/TBD is totally independent of Staufen RNA-
binding activity (see Article 3). Therefore, the molecular mechanism involving Staufen
ribosome association is different from that involving other members of the dsRNA-
binding protein family such as PKR, since association of PKR with ribosomes requires
RNA-binding activity of its dSsSRBDs (Zhu et al., 1997). It is likely that the RNA-binding
activity of dsRBD3 indirectly increases the stability of the Stau/ribosome complex and
that RNA-binding may help to create a complete ribonucleoprotein complex that
facilitates Stau-ribosome interactions. Alternatively, binding RNA may induce a

structural change in RBD4/TBD that allows its stable binding to ribosomes.

VI.3.2 Distinct mechanisms may direct the differential localization of Stau isoforms

Both hStau’® and hStau®® (and most probably the common Stau® isoform)
contain identical motifs: four dsRBDs and one TBD. dsRBD4, an independent RER-
binding domain, in cooperation with dsRBD2 and dsRBD3, constitutes a full RER
association domain. TBD, which is located next to dsRBD4 in Staufen protein, is crucial
for ribosome association. Based on these lines of evidence, a picture of the Stau
localization mechanism is emerging. With the cooperation of dsRBD2 and 3, dsRBD4

may first bind to its RER partner and dock Staufen to the RER. This Stau/RER
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association will bring the neighbouring TBD in close proximity to the RER located
ribosomes, and subsequently triggers TBD-mediated ribosome association. Binding to
ribosomes may then induce a structural shift that causes the dissociation of hStau>-
containing complexes from the RER. dsRBD4, which is involved in both RER and
ribosome association, may be the molecular switch for this transition. hStau*/ribosome
complexes may then be associated with the cytoskeleton and be resistant to Triton X-1 00
extraction (see Fig. 3 for the model of Staufen-mediated RER and ribosome association).
The presence of ribosomes and of the translation machinery on the cytoskeleton is well
documented (Pachter, 1992).

The model in Fig. 3 would explain the ribosome association of hStau™ and
hStau®". Under this model, there is a transition between RER-docked and ribosome-
associated Staufen protein. It is thus plausible that two peaks of Staufen protein may be
present in the sucrose gradient. Indeed, we do find a major ribosome peak and a minor
RER peak of endogenous hStau®® and overexpressed hStau™ and hStau®" in our sucrose
gradient assays. Moreover, when overexpressed, the ratio of RER-associated hStau™ is
increased. This could be expected when a transition from RER to ribosome is saturated
due to abnormal expression of the protein. Therefore, it seems that hStau® (and probably
the hStau®™") has the potential to be present in both the RER and ribosomes. These
different populations of protein may have different functions.

Given the fact that different Stau isoforms are differentially associated with the
RER and ribosomes and the crucial role of TBD for ribosome association, it is possible
that modulation of the TBD may be a mechanism underlying the differential RER or

ribosome association of Staufen isoforms. To confirm this model it will be extremely
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Ribosomes

Fig. 3 A model for the differential association of two Stau isoforms with the RER
and ribosomes. Stau’ first binds certain protein components on the RER using its N-
terminal RER association determinant (dsRBD2/3/4). This RER association will bring the
neighbouring TBD, a potential ribosome binding domain, in close proximity to the RER
located ribosomes, and trigger TBD-mediated ribosome association. Ribosome association
may induce a structural shift that causes the dissociation of Stau’>-containing complexes
from the RER. Stau’/ribosome complexes may then be associated with the cytoskeleton
and be resistant to Triton treatment. For Stau®, which is associated with the RER, its
potential ribosome binding domain, TBD, may be masked by certain unknown cofactors.
Thus, the protein is constitutively associated with the RER via the N-terminal RER-
binding determinant. The red and yellow boxes represent the major and minor dsRNA-
binding domain, respectively. The black boxes represent the half-consensus dsRNA-
binding domains which have no dsRNA-binding capacity. The hatched box represent the
tubulin-binding domain, TBD. Mt: microtubules, Csk: cytoskeleton.
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important to clone the RER associated 63 kDa protein, and to identify the potential RER
determinant. We expect that an extra domain at the N-terminal extremity and/or other
unknown cofactors may mask the TBD to achieve its RER distribution (see Fig.3).
Alternatively, the TBD may be deleted by an alternative splicing event so that the
resultant protein contains only the RER association domain. However, this scenario does
not seem likely since preliminary results using RT-PCR are not able to detect the
alternative splicing events that remove the TBD from Staufen (Duchaine et al., personal

communication).

VI3.3 Staufen as a molecular bridge between the RER, ribosome and microtubules

Our results demonstrated the ribosome-associated Stau®® contains both RER- and
ribosome-association determinants, and has the potential to be associated with not only
ribosomes but also the RER. Thus, Stau> may act as a molecular link between the RER
and ribosomes. Staufen is a protein presumably involved in RNA transport and
localization. Its properties to bind both RER and ribosomes produce profound functional
implications. On one hand, linking Stau to the RER may facilitate Stau-involved RNA
transport since the ER has been implicated in RNA transport (Deshler et al., 1997).
Alternatively, directly linking Stau to the RER may also help to bring Stau bound mRNA
to the site of translation in the RER. On the other hand, a direct link between Stau and
ribosomes will facilitate the translation activation of its transported mRNA, once
localized. Indeed, previous results revealed that the transfected hStau® mostly
colocalized with RER markers by immunofluorescence (Wickham et al., 1999, Article 2)

but cofractionated with ribosomes on sucrose gradient (Marion et al, 1999). It is
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possible that this 55 kDa isoform binds both targets at the same time via its two different
determinants. At least for.the 55 kDa isoform, both the RER and ribosome determinants
are present in the protein and are necessary for its proper subcellular localization and
function. This isoform may acts as a molecular link between the RER and ribosome.

The tubulin-binding domain of mammalian Staufen has been shown to bind
tubulin in vitro (Wickham et al, 1999, Article 2). Thus, this domain seems to play
multiple roles. In COS7 cells, we have no strong evidence for hStau/microtubule
colocalization, but the small size of the cell may not allow the observation of the
transport of a small population of Staufen-containing particles along the microtubules.
However, in hippocampal neurons, Stau was found to be associated with both the RER
and microtubules (Kiebler et al., 1999). In expression studies of hStau tagged with the
green flurorescent protein (hStau-GFP), hStau was found to form RNA-containing
granules that migrate to the distal dendrites bidirectionally, and these movements are
sensitive to drugs that disrupt microtubules (Kohrmann et al., 1999, Article 4).
Altogether, these results suggest that hStau also bridges the RER and the microtubules, at
least in some subcellular compartments. A dynamic translocation of hStau-containing
complexes between ribosomes, RER and microtubules may be important for the role of

hStau in RNA transport and possibly in translation regulation.

VI.4 Differential localization of Stau isoforms in cytoplasm and nucleus
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" are mainly

By immunofluorescence, both the cloned Stau®® and Stau®
cytoplasmic, although a very small population of the transfected cells have nuclear or
nucleolar localization. Interestingly, some of the mutants can be found in the nucleus or
the nucleolus. For example, the N-terminal mutant RBD3/4-GFP is present in both
cytoplasm and nucleus. While in the nucleus, it is exclusively found in the nucleolus of
the transfected cells (see Fig.5 in the Appendix). This mutant contains a putative bipartite
nuclear localization signal (K_K;Xlo-gfgﬂg). The nucleolar signal is Triton-resistant and
specific. Localization to the nucleolus requires the RNA-binding activity of the protein
since point mutation in RBD3 which breaks the RNA-binding activity of hStau abolishes
its presence into the nucleolus ( Fig.5 in the Appendix and our unpublished results). This
also demonstrates that its presence in the nucleus is not simply due to passive diffusion
through the nuclear pores. The C-terminal mutant (RBD4/TBD/5-HA) is randomly
distributed throughout the cell including the nucleus. However, when fused to the
bacterial gene LacZ which codes a 90 kDa protein 3-galactosidase, RBD4/TBD/5-LacZ 18
exclusively expressed in the cytoplasm, indicating that RBD4/TBD/5 is not a nuclear
protein (our unpublished results). Therefore, the nucleus/nucleolar localization signal
most probably exists in the RBD3 and the spacer region between RBD3 and RBD4, and
the putative bipartite nuclear localization signal is located in the spacer region. In order
to assess the relevance of the putative bipartite localization signal, we isolated the signal
and fused it to GFP. The fusion protein is predominantly nuclear (Luo and
DesGroseillers, unpublished). Therefore, the putative bipartite nuclear localization signal

is probably functional. These results suggest that Staufen may transit through the nucleus

and/or the nucleolus before localizing or anchoring in the cytoplasm.
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The RNA-binding dependent nucleolar localization of the N-terminal mutant
(RBD3/4-GFP) suggests that Staufen may bind to ribosomal RNAs, since the nucleolus is
the site of ribosomal RNA synthesis and assembly. Staufen is also found in the
cytoplasm in association with ribosomes (Article 3, and Marion et al., 1999). Therefore,
Staufen may enter the nucleus to form immature RNP complexes along with ribosome
RNAs and/or other cofactors, and later exit the nucleus to localize in the cytoplasm.
These cofactors may include some polymerase III transcripts such as BC200, a subset of
specific RNAs, and hnRNPs, which have all been observed in the nucleolus and are

known to be involved in RNA transport and localization.

VL35 The putative roles of different Staufen isoforms

The differential association of Stau> and Stau® with the ribosomes and the RER
implies that these two isoforms play different roles in the cell. We expected that the
different Stau isoform-containing complexes will play distinct roles in mRNA transport
and/or translation, as previously demonstrated for Drosophila hnRNP1 Squid (Norvell et
al., 1999). Based on its cofractionation with the ribosomes, it is likely that Stau® (and

possibly hStau®"

) may be involved in translation regulation. Genetic studies involving
oskar mRNA and Staufen in Drosophila (Kim-Ha et al., 1995) have suggested that
Staufen activates oskar mRNA translation since homozygous stau mutants failed to

express an oskar transgene even if the bruno-mediated translational repression is missing.

It will be interesting to determine whether dsRBD5 functionally cooperates with the
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identified ribosome association domain (TBD) to regulate translation since Drosophila
dsRBDS was shown to be involved in the derepression of oskar mRNA translation once
localized (Micklen et al., 2000). In contrast, the 63 kDa isoform may be more directly
involved in mRNA transport and localization via its association with the RER. A link
between ER and RNA transport has been described in other species (Deshler et al., 1997,
Wilsch-Brauninger et al., 1997). It has been proposed that both the #rans-acting factors
and their cognate mRNAs may associate with the ER and that vesiculated ER may be
involved in RNA transport (Kiebler and DesGroseillers, 2000). In dendrites of rat
neurons in culture, endogenous Staufen was found in proximity to microtubules and ER,
suggesting that ER may be important for RNA transport (Kiebler et al., 1999). Similarly,
we showed that the RER-associated RBD2/3/4-HA mutant is sufficient to mediate HIV-1
RNA selection and encapsidation (Mouland et al., 2000). It is thus possible that the N-
terminal half of Staufen which has full d$sSRNA-binding capacity links the RNAs to the
RER and mediates RNA transport. A point mutation (F135A) in dsRBD3 of hStau®® or a
differential splicing event that endogenously inserts 6 amino acids within dsRBD3
(Duchaine et al., 2000) both impaired Staufen RNA-binding activity. Interestingly, the
mutant proteins form large granules that are still colocalized with the RER marker. Thus,
disruption of Staufen RNA-binding activity could impede the movement the Staufen
contained ribosome complexes in the RER, or in some putative subdomains of the RER,
which accumulates as large RER-associated granules in the cytoplasm (see Fig. 3 in the
Appendix for the double labelling of hStau/3*-HA; and calnexin). We propose that the
RNA-binding activity of Staufen may be somehow related to ribosome/RER dynamics in

the cytoplasm. Therefore, disruption of Staufen RNA-binding activity may affect



Discussion 197

Staufen-mediated RNA transport. In Drosophila, the RNA-binding activity of dsRBD3
has been shown to be essential for bicoid and oskar mRNA localization (Ramos et al.,
2000).

VL6 Staufen as a conserved component linked to the RNA transport machinery

V1.6.] The hypothesis of a conserved RNA transport machinery

Asymmetrically localized mRNAs and/or local protein synthesis have been
demonstrated in a growing number of organisms. They possess diverse physiological
roles such as axis formation during oogenesis (St Johnston, 1995; Mowry and Cote,
1999), differential cell determination (Li et al., 1997; Broadus et al., 1998; Long et al.,
1997), cell polarity and motility (Kislauskis ez al., 1997), and synaptic plasticity (Martin
et al., 1997; Kang and Schuman, 1996; Kiebler and DesGroseillers, 2000). Studies over
the past decade have revealed that the process of intracellular RNA localization is
complex and occurs through multiple successive steps, which require the recognition of
overlapping cis-acting sequences by a series of frans-acting RNA-binding proteins (St
Johnston, 1995). This complex process shares several conserved features in different
organisms and cell types. One of the conserved features is the presence of the cis-acting
RNA targeting signal(s), which is usually located in the 3’-untranslated region of the
localized transcripts. Deletion of this signal usually abolishes the localization of the
transcript. Another most common feature is the formation of large ribonucleoprotein
complexes as the RNA transport substrates, which are made of one or more RNA-binding

proteins or cofactors as well as their cognate RNAs. The third common feature comes
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from the dependence of an intact cytoskeleton network (either microtubules or
microfilaments) as the RNA-transport scaffold and anchoring matrix. Finally, for the
entire localization process the translation of the localized RNAs appears to be tightly
regulated. Specific signals have been characterized in several localized mRNAs that are
important for their repression during the transport, and their derepression once they reach
their final destinations in the cell. These common features suggest that conserved RNA

localization machinery may exist to govern this complex process.

VI.6.2 hStau as a component of the RNA transport unit in neurons

In Drosophila, genetic studies have shown that the activity of the siaufen gene
product is required for the proper localization of two maternal mRNAs, bicoid and oskar,
to the anterior and posterior ends of the oocyte, respectively, and for prospero mRNA to
one of the two daughter cells, the GMC, during the asymmetric divisions of the
embryonic neuroblasts. Thus, Staufen is involved in RNA localization in both germline
and somatic cells. So far, it remains to be one of the best-characterized #rans-acting
RNA-binding proteins that are involved in intracellular mRNA localization.

The molecular characterization of the mammalian homologue of the Drosophila
Staufen has potentially revealed a common component of the mRNA localization
machinery in mammalian cells, particularly in neurons, to that of mRNA trafficking n
insect oocytes and neuroblasts. Mammalian Staufen contains four copies of the dsRBD
consensus motif which correspond to the dsRBD2 to dsRBDS of Drosophila Staufen,
despite that fact that the first dsRBD of dStau is not present in mammalian Staufen.

Analysis of the mammalian Staufen dsRBDs indicates that these regions are functional
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homologues. Similar to its Drosophila counterpart, mammalian Stau was shown to bind
dsRNA without sequence specificity in vitro, and this RNA-binding activity is mainly
attributed to its dsRBD3, which is also the major RNA-binding domain in Drosophila
Stau. Mammalian Staufen contains a putative microtubule-associated protein (MAP1B)-
binding domain that is lacking in the Drosophila protein. Our study shows that this
domain is a multiple functional domain since it is also important for ribosome association
(Article 3). In fibroblasts, mammalian Staufen is associated with polysomes and the RER
(Marion et al., 1999; Wickham et al., 1999), whereas in neurons, it is mainly associated
with both the RER and microtubules (Kiebler et al., 1999). The biochemical features of
mammalian Staufen indicate that it is good candidate for RNA transport and local
translation in mammals.

In developing hippocampal neurons, Staufen was found to expressed in all
neurites of young neurons. However, in mature neurons, Staufen is expressed only in the
somatodendritic domain (the cell body and dendrites) and is present in large RNA-
containing particles in dendrites as determined from its colocalization with SYTO14-
postive granules (Kiebler et al., 1999). These granules had been previously suggested to
represent ribonucleoprotein particles containing poly(A)” RNA, translational factors such
as the elongation factor la, and even ribosomal subunits (Knowles et al., 1996). The
evidence that Staufen is expressed in neurons and colocalizes with mRNA granules
provides a potential mechanism for transport of mRNAs to the dendrites. Since the
transport of certain mRNAs from the soma to distal dendrites provides a means to

establish local translation at the synapses, Staufen may be a protein component of the
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machinery that is involved in the formation of synaptic plasticity and even synaptic
memory in mammalian nervous systems.

In order to gain more direct insight into the role of Staufen in RNA transport, we
expressed a reporter consisting of hStau tagged with GFP in living hippocampal neurons.
The dynamics of the hStau-GFP fusion protein was visualized in real time by time-lapse
fluorescence microscopy (Kohrmann et al., 1999, Article 4). The distribution of hStau-
GFP was compared with that of SYTO14-labelled RNPs in living neurons. Staufen was
found to accumulate in large and small granules in the soma and dendrites. In dendrites,
the Stau-GFP granules move in a saltatory fashion from the cell body into the distal
dendrites and vice versa. This movement is very similar to that seen in labeled RNPs and
the average speed of the particles (6.4 pm/min) is in good agreement with previous
measurements (4-6 um/min) of RNA transport in various systems (Knowles et al., 1996;
Muslimov et al., 1998; Wallace et al., 1998). Interestingly, as in the transport of RNPs,
Staufen-GFP recruitment and translocation are dependent on the presence of intact
microtubules; treatment with nocodazole leads to an increase in cytosolic Staufen and a
decrease in the percentage of Staufen granules.

Based on these observations, mammalian Staufen appears to be a component of
RNA transport units in neurons. In the developing neuron, Staufen might be responsible
for the formation of large RNPs that transport specific mRNAs along microtubules to the
elaborating dendrite. This mRNA transport might contribute to dendrite morphogenesis
by providing mRNAs for local protein synthesis. In the fully differentiated neurons,
Staufen would continue to function in transporting specific mRNAs to the synapse to

produce synaptic microenvironments through local protein synthesis. Recently, a
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neuronal specific homologue of Staufen (Stau2) has been found in our laboratory, the
characterization of this neuronal homologue will boost further research toward a

molecular understanding of how mRNA transport is achieved in the nervous system.

VI6.3 hStau is implicated in retrovirus genomic RNA encapsidation

The involvement of hStau in the replication of human immunodeficiency virus
type 1 (HIV-1) was also explored by our collaboration with Dr. Andrew Mouland in the
laboratory of Dr. Cohen , University of Montreal (see Mouland et al., 2000, not included
in this thesis). hStau was found to be selectively incorporated in HIV-1 and other
retrovirus particles. Using a series of hStau expressers and suppressors, we demonstrated
that hStau incorporation in HIV-1 is dependent on an intact functional dsRNA-binding
domain and quantitatively correlates with the level of encapsidated HIV-1 genomic RNA.

Our study of hStau incorporation in HIV-1 and several other retroviruses likely
reflects an important biological function for this host cell dsSRNA-binding protein in HIV-
1 replication. Based on several lines of evidence, hStau is selectively, but not passively
incorporated into HIV-1 particles due to its dsSRNA-binding activity. First, PKR and
TRBP, two host cellular proteins that possess similar dsSRNA-binding motifs and have
similar subcellular distributions, are not detectable in HIV-1 preparations. Second, both
TRBP and hStau bind to HIV-1 genomic RNA. However, only hStau is incorporated in
the HIV-1 virions, suggesting that HIV-1 RNA binding does not necessarily lead to
incorporation. Several other host cell RNA-binding proteins such as hnRNP Al (Black et
al.,, 1996), CRM1 (Bogerd et al., 1998), and poly(A)-binding protein (Afonina et al.,

1997) are also capable of binding HIV-1 RNA, but there is no evidence that these host
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RNA-binding proteins are incorporated in the virions, supporting the notion that HIV-1
RNA binding is not necessary for viral incorporation of the protein. However, since
hStau is not incorporated in the empty Gag VLPs (with no genomic RNA) and virion-
incorporated levels of hStau correlate with the genomic RNA content of the wvirus
particle, it appears that hStau HIV-1 incorporation depends on the interaction of hStau
with the viral RNAs. Indeed, molecular mapping of hStau viral incorporation
determinants and point mutation analysis confirmed that hStau RNA-binding activity is
important for its HIV-1 virion incorporation. hStau is found to associate with HIV-1
RNA in both cytosolic and purified viral lysates. Thus, it appears to be involved in pre-
and post-assembly of HIV-1 genomic RNA.

Although the full picture of hStaw’s function in HIV-1 genomic RNA
encapsidation is still missing, we demonstrate that hStau overexpression can enhance
several-fold the abundance of genomic HIV-1 RNA in virions. Conversely, after
treatment with hStau antisense constructs, hStau viral incorporation was able to be
downregulated by 40 to 50% (Mouland and Cohen, unpublished). In both of these
conditions, the infectivity of the resulting viruses is impaired, suggesting that an
appropriate amount of incorporated hStau is required to generate infectious viral
particles. Further work is needed to address how different levels of hStau incorporation
affect the viral infectivity, and to elucidate hStau’s mechanism of action in HIV-1
replication.

In summary, hStau is associated with both cell and virus-associated HIV-1 RNA
and is selectively incorporated in HIV-1 virions in an RNA-binding dependent way.

Together with the possible role of hStau in RNA transport in hippocampal neurons, this
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finding raises the intriguing possibility that hStau is also involved in the transport of

HIV-1 genomic RNA during the retroviral replication cycles.
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General conclusions

Article 1

1. Two mammalian Staufen genes, hStau and mStau, share conserved

transcriptional initiation sites.

2. The mStau gene contains a 5’-flanking region resembling a typical
housekeeping gene promoter, suggesting that mammalian Staz may be a

housekeeping gene.

3. The hStau and mStau genes are fragmented into 15 and 12 exons, distributed

over at least 65 and 17 kb of genomic DNA, respectively.

4, The human and mouse stau genes share very conserved exon/intron genomic
organization, suggesting that these two genes are derived from a common

ancestor.

Article 2

1. hStau and mStau proteins share high sequence identity to Drosophila Staufen

in the corresponding dsRNA-binding domains.

2. In humans, four transcripts arise by differential splicing and code for two

proteins with different N-terminal extremities.

3. In vitro, hStau and mStau bind dsRNA via each of the two full-length

dsRNA-binding domains and bind to tubulin via a region similar to the
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microtubule-binding domain of MAP-1B, suggesting that Stau cross-links

cytoskeletal and RNA components.

4. hStau is associated with the detergent-insoluble fraction in vivo, and
colocalizes with the RER marker, implicating it in the transport of RNA to

the site of translation.

Article 3

1. Two endogenous Stau isoforms Stau® and Stau™, are differentially associated
with the RER and ribosomes, suggesting that they are incorporated into

different complexes in vive.

2. The cloned human 63-kDa protein, which is specifically expressed in humans,
is associated with ribosomes similar to Stau™ suggesting that a new
uncharacterized 63 kDa protein is expressed in vivo and associated with the

RER.

3. Two overlapping regions dsRBD2/3/4 and dsRBD4/TBD/S, are differentially
associated with the RER and ribosomes respectively, and both regions are

necessary for hStau® ribosome association.

4. dsRBD4 and TBD together constitute a basal ribosome association domain,

this ribosome association is independent of Staufen RNA-binding activity.

5. dsRBD4 alone is sufficient for RER association and it cooperates with

dsRBD2 and 3 to promote full RER association.
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6. TBD is crucial for hStau>® ribosome association since its deletion from

hStau® relocates the protein from ribosomes to the RER.

7. Taken together, our results suggest that dsRBD4/TBD-mediated ribosome
association may depend on prior or simultaneously RER binding, and show
that hStau™ may be a bridging molecule between the RER and ribosomes via

its overlapping determinants.

Article 4

1. The hStau-GFP fusion protein is capable of forming RNA-containing

granules when transiently expressed in living hippocampal neurons.

2. hStau-GFP granules migrate into the distal dendrites of living hippocampal

neurons in a bidirectional and microtubule-dependent manner.

3. The average speed of hStau-GFP particles was measured to be 6.4 pm/min
with a maximum velocity of 24.3 um/min. This velocity is in good agreement
with that observed for typical RNA transport in neurons and

oligodendrocytes.

4. Mammalian Stau may serve as a component of the ribonucleoprotein

complexes involving RNA transport in neurons.
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Perspectives

Localization of mRNAs in the cytoplasm is now considered to be an essential step
in the regulation of gene expression and an efficient way to unevenly distribute proteins
in polarized cells. The work presented in this thesis contributes to our understanding of
Staufen’s role(s) in mammals and of mRNA transport mechanisms. Future work is

needed to address the following issues:

1. Molecular cloning of the RER associated 63-kDa Staufen isoform and
identification of its RER association determinant;
2 Identification of the protein partners that interact with the RER association

domain dsRBD4 and the ribosome association determinant dsSRBD4-TBD;

3. Evaluating the potential role of ribosome-associated Stau™ in translation
regulation;
4. Identification of the molecular determinants that are involved in Stau

granule formation and movement in neurons and the domain responsible for
the microtubule dependence;

3. Finally, the identification of endogenous RNA(s) and protein(s) that are
bound to Staufen and transported in the cells will be very important to

further evaluate the precise role(s) of mammalian Staufen.
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Fig. 1. The expression pattern of 4 alternative splicing transcripts of hStau in different
human tissues and HeLa cells. A. The schematic representation of 4 hStau transcripts. B.
RT-PCR and hybridization to examine the expression of the 4 transcripts in different human
tissues and cell line. Lane 1: HeLa cells, Lane 2: CNS, Lane 3: Spleen, Lane 4: Calveria, Lane
5: Thymus, Lane 6: Pancreas, Lane 7: Kidney, Lane 8: Negative control.
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Fig. 2. Molecular mapping of the translation initiation sites of hStau®*" and hStau>
A. Schematic representation of a series of deletion mutants from hStau®*" and hStau™.
B. The translation initiation site of hStau®3® maps to ATG,. C. The translation initiation
site of hStau’® maps to ATGy . Arrow head: Stau®, Arrow: Stau>.
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hStaus5/3*/4*-HA, Calnexin Merged image

Fig. 3. hStau®3/3*/4*-HA, forms clusters that colocalize with
the RER marker in mammalian cells.
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RBD2/3/4-HA, Calnexin Merged images

Fig. 4. The N-terminal mutant RBD2/3/4-HA ; localizes to
the rough endoplasmic reticulum.
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RBD3/4-GFP RBD3*/4*-GFP

Fig. 5. hStau mutant RBD3/4-GFP is localized to the nucleolus
and cytoplasm, the nucleolus localization is dependent of hStau
RNA-binding activity.
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