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Fragile X syndrome is caused by the absence of the
fragile X mental retardation protein (FMRP). FMRP and
its structural homologues FXR1P and FXR2P form a
family of RNA-binding proteins (FXR proteins). The
three proteins associate with polyribosomes as cyto-
plasmic mMRNP particles. Here we show that small
amounts of FMRP, FXR1P and FXR2P shuttle between
cytoplasm and nucleus. Mutant FMRP of a severely af-
fected fragile X patient (FMRPI304N) does not associ-
ate with polyribosomes and shuttles more frequently
than normal FMRP, indicating that the association with
polyribosomes regulates the shuttling process. Using
leptomycin B we demonstrate that transport of the FXR
proteins out of the nucleus is mediated by the export
receptor exportinl. Finally, inactivation of the nuclear
export signal in two FXR proteins shows that FMRP
shuttles between cytoplasm and nucleoplasm, while
FXR2P shuttles between cytoplasm and nucleolus.
Therefore, molecular dissection of the shuttling routes
used by the FXR proteins suggests that they transport
different RNAs.

INTRODUCTION

FMRPI304N are of smaller size and do not associate with
translating polyribosomed ).

In addition, FMRP contains a functional nuclear localization
signal (NLS) and a nuclear export signal (NES)&-18). The
presence of these localization signals suggests that FMRP may
shuttle between cytoplasm and nucleus and is involved in the
transport of a subset of RNAs from the nucleus to the ribosomes.
Indeed, immunoelectron microscopical studies, both on neurons
and COS cells overexpressing FMRP, show that a minor part of
the protein is also detected in the nuclég$gnd in the nucleolus
(20).

The leucine-rich FMRP NES is similar to the recently
discovered Rev/protein kinase A inhibitor (PKI)-type NES
(21,22). This type of NES has been identified in an increasing
number of nucleo-cytoplasmic shuttling proteins such as
MAPKK (23), cyclinB1 @4), actin 5 and C-ABL tyrosine
kinase £6). Distinct types of NES are found in the sequences of
the hnRNP A1Z%7) as well as hnRNP K proteingg). Recently,
several groups have reported that exportinl (or CRM1) is the
major receptor of the leucine-rich type of NES. Leptomycin B
(LMB) blocks the nuclear export of proteins containing this NES
by inhibiting the interaction with exportin2¢-32).

FXR1P and FXR2P, two proteins homologous with FMRP,
have been identified and characterizég34). The amino acid
sequence of FMRP is highly homologous with FXR1P and
FXR2P in the N-terminus (86 and 70% identity, respectively).
This region includes the NLS, dimerization domain){ KH
domains and the leucine-rich NES. The RGG box in the

Absence of theMR1gene product [fragile X mental retardation C-terminus is also conserved between the three proteins.
protein (FMRP)] is responsible for fragile X syndrome, which isConsistent with these observations, FXR1P and FXR2P, as well
mainly characterized by mental retardation and macroorchidises FMRP, bind RNAN vitro and are found in the cytoplasm
(1-5). associated with ribosome&(). Whether FXR1P and FXR2P
FMRP is highly expressed in neuroBg$} and localizes in the  shuttle between cytoplasm and nucleus is part of the present studly.
cytoplasm associated with polyribosomes in an RNA-dependentThe transport of RNA from the nucleus to the cytoplasm occurs
manner {—11). FMRP contains two KH domains and an RGGvia energy-dependent as well as signal-mediated mechanisms.
box, which are common among RNA-binding proteins, and iTherefore, the characterization of new RNA-binding proteins
binds RNA with some degree of sequence specifidif/1@). involved in the export of RNAs is an important step in
The importance of the KH domains for the function of the proteinnderstanding the molecular basis of this biological process. In
is illustrated by a fragile X patient with a point mutationthe present study we show that the RNA-binding protein FXR2P
(lle304Asn) in the second KH domaibvj. More recently, it has shuttles between cytoplasm and nucleolus and that continuous
been shown that the mRNP particles harbouring the mutaté@nscription of rRNA but not mRNA plays an important role in
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These results clearly indicate that the FXR2P NES is functional

and promotes the export of FXR2P from the nucleolus to the
cytoplasm. Therefore, both FMRP and FXR2P are nucleo-
cytoplasmic shuttling proteins. Moreover, once imported into the
nucleus, FMRP and FXR2P may have different targets, since
FMRP34A and FXR2Pmut accumulate in the nucleoplasm and
the nucleoli, respectively.

LMB induces nuclear retention of the FXR proteins

.

LMB is a specific inhibitor of nuclear export mediated by
leucine-rich NESs. If the subcellular distribution of the FXR
proteins is regulated by the activity of the NES, then LMB
treatment should interfere with their normal localization. To test
this hypothesis, the expression of FXR2P, FMRP and FXR1P
(FXR proteins) was investigated by immunofluorescent labelling
of transfected COS cells before and after LMB treatment.

After 3 h LMB treatment (50 ng/ml), FXR2P was detected both
in the cytoplasm and the nucleoli of transfected cells @Y.
This localization pattern was identical to that obtained by
expressing FXR2Pmut in the absence of LMB (Edt). After 3 h
incubation with LMB[50% of the cells showed expression of

Figure 1. Expression of wild-type and NES-defective FMRP and FXR2P. cOs FXR2P in the nucleoli, while all the nucleoli were FXR2P-
cells were transfected with expression plasmids encoding wild-type FIRP (- positive after an overnight incubation. These data showed that in
E\é')ESFZ”#;a;;';LV'h%EfS‘V;?ér‘“;'r'gr']tsyfzzzﬁﬁz g)nggg‘gjspm?:; '\:Nﬁj';i':lj’;ize ddition to the cytoplasmic localization there was an increase in
using the mouse monoclonal antibody 1C3 against FMRP (a and b) or the rab£lJCIeOIar Iabe!llng with time. _In CQS cells tranSfeCted,Wlth
polyclonal antibody 1937 against FXR2P (c and d). FXR2mut and incubated overnight with LMB, the expression of
FXR2Pmut was also nucleoplasmic (F2h). As a control, LMB
treatment did not change the cytoplasmic localization of tuberin,
its trafficking. Furthermore, the distinct nuclear localization ofwhich lacks a leucine-rich NES (data not shov@t).(
FMRP and FXR2P carrying the same mutations in the NESNext, COS cells were transfected with FMR1 and FXR1
(Leu— Ala) indicates different cellular routes as well as RNAexpression plasmids. LMB incubation for 3 h did not affect the
targets for these proteins. Finally, we demonstrate that thecalization of FMRP or FXR1P. After longer LMB treatment,
exportinl signaling pathway mediates the export of FMRHowever, both FMRP (Fige) and FXR1P (Figzf) could be

FXR1P and FXR2P from the nucleus. detected in the nuclei of transfected cells. The nuclear expression
of FMRP observed after LMB treatment (FRe) was lower
RESULTS compared with the nuclear expression of FMRP34A (#iy.In
contrast to FXR2P, no FMRP or FXR1P could be detected in the
FXR2P contains a functional NES nucleoli.

, . Since LMB specifically blocks the function of the NES

The nucleo-cytoplasmic shuttling of FMRP occurs by an NLSpeceptor exportini, these results indicate that nuclear export of the
and a Rev-like NES-mediated signaling pathwag q). Com- xR proteins is exportinl-dependent.
parison (_)f the sequence of the FMRP NES |dent|f|ed_potent_|al-|—he nuclear import mediated by the NLS of FMRP is energy
leucine-rich NESs in the sequences of FXRIP (amino acidgpendent). To study whether the nuclear import of FXR2P
364-371) as well as in FXR2P (amino acids 374-381). requires energy or not, COS cells transfected with FXR2 were

To study the role of the putative FXR2P NES we generatedigsated with LMB at 4C for 3 h. Since FXR2P under these
mutant (FXR2mut) in which Leu374 and Leu376 were replaceghnditions did not accumulate in the nucleus (Pg), we
with a}am_ne. It has been established previously that this type @fcluded that the import of FXR2P is also energy-dependent.
mutation inactivates the Rev/PKI NESLE?). Indeed, FMRP  |nhipition of protein synthesis with cyclohexamide in combina-
carrying an identical mutation in the NES (FMRP348)0ran  iion with the LMB treatment (3 h) did not diminish the
alternative splice variant lacking the NES (FMRPISO12P0)  ¢yioplasmic and the nucleolar signals of FXR2P (By. Since
localized in the nucleus with exclusion of the nucleolus . FXR2P remained exclusively cytoplasmic after treatment with
COS cells were transfected with FXR2 or FXR2mut expressiof clohexamide alone (data not shown), we conclude that the
plasmids under the control of a CMV promoter. The subcellulgie_existing FXR2P shuttles continuously between cytoplasm
distribution of the proteins was determined by immunofluoressng nucleolus.
cent staining with anti-FXR2P specific antibodigs)( FXR2P
was detected exclusively in the cytoplasm (E@, as were both - ;
wild-type FMRP (Fig.1la) and FXR1P (data not shown). In lgﬁssct:iu;ttilgnng of FXR2P is regulated by rRNA
contrast, the FXR2Pmut protein was localized in the cytoplasm
and the nucleoli of all transfected cells (Figl). Often the The hnRNP proteins contain RNA-binding motifs like the KH
FXR2Pmut signal was more intense at the periphery of thdomain and the RGG box and are the major proteins that interact
nucleolus. No staining of the nucleoplasm was observed. with pre-mRNAs and mRNAs3({). The nucleo-cytoplasmic
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Figure 3. The shuttling of FXR2P is dependent on rRNA transcription. COS
cells were transfected with expression plasmids encoding wild-type FXR2P
(a—) or FXR2Pmutd). Forty-eight hours after transfection, cells were treated
for 1 h witha-amanitin (a), DRB (b) or AMD (c) followed by 3 h incubation
Figure 2. Effect of LMB on the subcellular localization of the FXR proteins.  with LMB in combination with the same RNA polymerase inhibitors (a—c). In
COS cells were transfected with expression plasmids encoding wild-type (d) cells were treated only with AMD for 4 h.
FXR2P &, candd), FXR2Pmutl), wild-type FMRP €) and wild-type FXR1P
(). Forty-eight hours after transfection the cells were treated for 3 h (a, ¢ and
d) or overnight (b, e and f) with LMB. In (c) cells were incubated with LMB
at #°C. In (d) cells were incubated both with LMB and the protein synthesis  Next, we investigated whether RNA transcription is important
inhibitor cyclohexamide. to stably maintain FXR2P in the nucleolus. COS cells expressing
FXR2Pmut were treated for 4 h with the same RNA polymerase
inhibitors, followed by fixation and immunofluorescence detec-
shuttling of the hnRNP A1 protein depends on continuous RNAon. The inhibition of RNA polymerase Il activity loyamanitin
polymerase Il transcription. Inhibition of mRNA transcription had no effect on the nucleolar localization of FXR2Pmut (data not
results in accumulation of the hnRNP Al protein in the cytoplasshown). After DRB treatment, half of the transfected cells
(38). Therefore, the importance of RNA transcription in thecontained detectable levels of FXR2Pmut in the nucleoli, while
shuttling of FXR2P was investigated. in the other half FXR2Pmut was dispersed in the nucleoplasm or
We initially tested whether continuous transcription is necess disaggregated nucleolar structures (necklaces) which are
ary for the process of nuclear import of FXR2P. Transfected celtgpical of this treatment (data not showi2,43). Inhibition of
were incubated for 1 h in medium supplemented with variouRNA polymerase | by AMD completely disrupted the nucleolar
RNA polymerase inhibitors, followed by 3 h incubation inlocalization of FXR2Pmut that was now dispersed in the
medium containing both LMB and RNA polymerase inhibitorsnucleoplasm (Fig.3d). As previously reported for hnRNP
and finally fixed for immunofluorescence staining. A1(40), we studied hnRNP Al accumulation as a control and
RNA polymerase Il transcription is selectively inhibited bothfound that hnRNP Al accumulated in the cytoplasm after DRB
by a-amanitin (2Qug/ml) (39) and by 5,6-dichlororibofuranosyl but not AMD treatment, showing that the polymerase inhibitors
benzimidazole (DRB) at 100M (40), without affecting rRNA  were effective (data not shown).
synthesis. After incubation witlm-amanitin and LMB, the
nucleolar localization of FXR2P (Figa) and the percentage of The |le304Asn mutation affects the nucleo-cytoplasmic
transfected cells with positive nucledl¥0%) were comparable shuttling of FMRP
with cells treated with LMB alone. Intermediate resuliZ0@6 of
transfected cells with positive nucleoli) were observed with DRBRecently, it has been shown that the mutated FMRP of a severe
incubation (Fig3b). fragile X patient (FMRPI304N), carrying an HeAsn substitu-
Actinomycin D (AMD) in low doses (0.0fg/ml) selectively tion in the second KH domain, does not associate with translating
inhibits the activity of RNA polymerase | but does not detectablyibosomes15). Since overexpressed FMRPI304N was found to
affect RNA polymerase Il and IIE(Q). Incubation with AMD  be cytoplasmic by immunofluorescent analysis, it was concluded
suppressed the LMB-induced nucleolar localization of FXR2Fhat the nucleo-cytoplasmic shuttling of FMRP was not affected
(Fig.3c). This result indicates that continuous rRNA transcriptiorby the 1le304Asn mutation.
and not mRNA transcription is necessary for nuclear import of We tested the shuttling properties of FMRPI304N by blocking
FXR2P. the function of exportinl with LMB. FMRPI304N was localized
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Figure 4. Effect of LMB on the subcellular localization of FMRPI304N. COS cells were transfected with the expression plasmid ercodiadeth FMRPI304N
(a—c). Forty-eight hours after transfection, the cells were treated overnight with LMB (b) or with LMB and cyclohexamide (c).

exclusively in the cytoplasm of transfected COS cells ¢&Y. FMRP NES, relocalized to the nucleus with exclusion of the
as was wild-type FMRP. In contrast, after LMB incubation fomucleoli (Fig.1b). From these observations we hypothesize that
either 4 h or overnight we detected the majority of FMRPI304he FXR proteins, although containing very similar functional
in the nucleus with exclusion of the nucleoli (Flg). The nuclear domains, may have different affinites as well as sites of
expression of FMRPI304N after 4 h LMB treatment was strongénteraction with factors involved in their shuttling. In particular,
than wild-type FMRP after 24 h of similar treatment (comparehe cellular routes of FMRP and FXR1P are different from that
Figs 4b and 2e) and comparable with the NES mutatedof FXR2P, involving the nucleoplasm and nucleolus, respective-
FMRP34A (Fig. 1b). A similar result was obtained after ly. However, in rare cases, we could also detect FMRP in the
incubation with LMB and cyclohexamide (F#g), showing that  nucleolus of transfected COS cel&) Since FMRP does not
the nucleoplasmic FMRPI304N was mostly pre-existing proteifpcalize in the nucleolus when the NES-mediated pathway is
which had moved from the cytoplasm. FMRPI304N was alsghibited (Figslb and2e), the occasionally nucleolar accumula-
detected in the nucleus with exclusion of the nucleoli aftefion suggests that FMRP can also follow alternative pathways.
treatment with LMB and high doses of AMDI&/ml) (datanot  |nterestingly, in the FXR sequences the C-terminal region is the
shown), indicating that the shuttling of FMRPI304N was NObnly divergent region, sharing6% similarity. Thus, the C-
affected by inhibition of both rRNA and mRI\_IA transcription.. terminus of FXR2P may either contain a unique domain for
We conclude that FMRPI304N has an increased shuttlingteraction with a nucleolar component(s) or fold the protein in a
activity compared with the wild-type protein, most likely as &ertiary structure resulting in increased nucleolar affinity.
rgsult of the inability of FMRPI304N to associate with translating  continuous rRN A, but not mRNA, transcription is necessary
ribosomes. for both the import of FXR2P into the nucleus and its
maintenance in the nucleolus, indicating that the cellular traffick-
DISCUSSION ing of FXR2P may be linked to assembly and transport of

It has been proposed that FMRP is a nucleo-cytoplasmic shuttlif§oSomal subunits. Although the mechanism is still unclear, a
protein 0,17). The NES of FMRP is similar to the NES first S ilar behaviour has been described for the shuttling activity of

identified in the Rev regulatory protein of HIV-1 virualj and the Rev protein44,45). Alternatively, similar to Rev, FXR2P

in PKI (22) and is fully conserved in the FMRP homologues™@ be involved in mRNA export and/or degradation. An
EXR1P and EXR2P. example of the involvement of the nucleolus in mMRNA transport

This study demonstrates that FMRP, FXR1P and FXR2|s the detection of specific transcripts, such as MyoD and N-myc,
shuttle between cytoplasm and nucleus in a regulated manner dh&e nucleoli ¢6). From the present study it also emerges that
that, most likely, they interact with different RNAs during thisFMRP may transport different RNAs than FXR2P and that the
process. However, we cannot exclude the possibility that thet#ibition of both mMRNA and rRNA transcription does not affect
proteins target the same RNASs to different cellular componentie shuttling of FMRPI304N.

It has been established that amino acid substitutions in thelt has been shown that the Rev-like NES interacts directly with the
Rev/PKI NES (Leu-Ala) make this signal non-functional nuclear export receptor exportinl (or CRMD)%32). The
(21,22). We show that similar mutations within the leucine-richantibiotic LMB inhibits the nuclear export of NES-containing
FXR2P NES result in the cytoplasmic as well as nucleolgproteins by blocking the formation of the NES/exportinl/Ran-GTP
localization of the corresponding FXR2Pmut protein (E@).  complex £9,47). Treatment with LMB also induces the partial
The presence of FXR2Pmut in the nucleolus indicates that: (i) ttietention of both FMRP (FiRe) and FXR1P (Fig2f) in the
predicted FXR2P NES is functional and its activity contributes taiucleoplasm and FXR2P in the nucleolus (B&), demonstrating
the predominantly cytoplasmic distribution of wild-type FXR2P;that the nuclear export of the FXR proteins is exportinl-dependent.
and (ii) FXR2P shuttles between cytoplasm and nucleolu€onsistent with this hypothesis, exportind8)( and its cofactor
Previously, Fridelet al (17) demonstrated that a mutated FMRPRip/Rab ¢9,50) have been detected both in the nucleoplasm and the
(FMRP34A), carrying identical LeuAla substitutions in the nucleolus, in addition to their nuclear membrane localization.
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Figure 5. Model for the cellular routes of FXR proteins and FMRPI304N. FXR proteins enter the nucleus/nucleolus via an NLS pathiiespcifiton from
polyribosomes. In the nucleus they interact with exportinl via the FXR NES and are then exported to the cytoplasm whératsegage with the polyribosomes.
Since FMRPI304N is not associated with polyribosomes, it can shuttle in and out of the nucleus more often.

The FXR proteins are mainly associated with the ribosomes afthough associated in the cytoplasm, follow the same cellular
cytoplasmic mMRNP particles. To better understand their functiaute. However, the importance of a correct polyribosomal
it is important to determine how these proteins shuttle as well @geraction for the function of FMRP is clearly demonstrated by
the nature of their cargoes. For example, cyclin B1 movedse abnormal shuttling of FMRPI304N from a severely affected
completely from the cytoplasm to the nucleus after 2 h LMBragile X patient.
treatment, indicating that the bulk of cyclin B1 shuttles continu- The unique nuclear localization of the FXR proteins shows that
ously in and out of the nucleud4j. We noticed that after LMB they can interact with different RNAs. The next challenge is the
treatment the majority of the FXR proteins remained cytoplasmidentification of these targets which not only will lead to
in HeLa cells (data not shown) as well as in transfected COS celiiowledge about the function of these proteins but also contribute
However, a mutated FMRP, containing an lle304Asn amino acig our understanding of the pathogenesis of fragile X syndrome.
substitution in the second KH domain, accumulates predominant-
ly in the nucleoplasm after LMB treatment (Figh). Our MATERIALS AND METHODS
proposal that this mutation impaired the association of
FMRPI304N with polyribosomes) was recently confirmed by DNA constructs

Fenget al (15), who also demonstrated that FMRPI304N iSy 5740 nt cDNA clone of human EXR2 was cloned inBaeRl
incorporated into smaller (600150 kDa) EDTA-resistant mRNIgje o the eukaryotic expression vector pSG5 controlled by the

particles than normal FMRP (>600 kDa). Most likely, sincegy,40 promoter. To mutate the NES of FXR2 four base pairs in

FMRPI304N is not bound to the polyribosomes in the cytoplasigy,q, aming acids were changed, replacing Leu374 and Leu376

it shuttles between the two compartments more frequently thafli, ajanine [as in mutant FMRP34A of Frideti al (17)]. A

the normal FMRP. Interestingly, the FMRP NES overlaps with R was performed using human FXR2 cDNA with primer Fix1

coiled coil domain involved in ribosome bindin. Different ositions 1323-1374), containing BedN| site and the four

associations of FMRP and FXR2P with ribosomes may explajLcq pair changes (unaerlined}TS:C TAC CTG CAG GAG

the Stronger accumulation in the nucleus of FMRP34A compar A GAG CAG GO CGC GG GAG AGG CTG CAA ATT

with FXR2Pmut. , GAT-3), and primer Fix2 (positions 2157-2184), containing a
From these results we propose a cellular routing for the FXRindiil site (3-GCC CTT AGG AAG CTT GCT GAC AGA

proteins (Figh) where the n(_ewly synthesized proteins may fOFrTGTC_g)_ A PCR fragment of 861 bp was digested V&t

polyribosomal complexes in the cytoplasm rather than beingnq Hindlll and subsequently used to replace the unmutated

imported directly into the nucleus. Both the dissociation of thgqgyi—Hindill fragment in the cDNA. The mutated construct

FXR proteins from polyribosomes and the presence of an NLgas checked by sequence analysis and could be digested with

give them the opportunity to move from the cytoplasm to thejng), for which a new site was created.

nucleoplasm/nucleolus in an energy-dependent way. Most likely, The ¢cDNA of the long isoform of human FXR23 was

the conserved NLS in the N-terminus of FMRRLE), FXR1P  digested wittEcdRI andBarHI and cloned in the pSG5 vector.

and FXR2P targets these proteins to the nucleus by a similafrhe expression vectors containing the full-length FMR1 cDNA

mechanism. The transport of the FXR proteins from the nucleyssrF2) ¢) and FMRP34A17) have been described.

to the cytoplasm is exportinl dependent, since export is inhibitedThe |le304Asn missense mutation was introduced into plasmid

by LMB and by inactivation of the FXR NES. Therefore, it ispSF2 by replacement of a T with A at position 1152. The vector
possible that, in response to developmental or stress stimyjas called pFMRPI304N.

association—dissociation of the FXR proteins with polyribosomes

regulates their shuttling. For example, FXR1P localizes either iﬂansfections

the nuclei or in the cytoplasm of neurons in fetal and adult brain,

respectively. Core ribosomal proteins are imported into th€OS cells were cultured in DMEM with 10% fetal calf serum at
nucleus shortly after their synthesis to prevent degradation. Thig5°C and 5% C@. The day before transfection, the cells were

it is unlikely that pure ribosomal proteins and FXR proteinsseeded on glass coverslips. Transfections were performed as



868 Human Molecular Genetics, 1999, Vol. 8, No. 5

described by the manufacturer using Qg DNA, 3 ul Plus 5. Devys, D., Lutz, Y., Rouyer, N., Bellocg, J.P. and Mandel, J.L. (1993) The
reagent and m Lipofectamine (GibCO BRL, Gaithersburg, MD). FMR-1 protein is cytoplasmic, most abundant in neurons and appears normal

’ : in carriers of a fragile X premutatioNature Genet4, 335-340.
Cells were fixed for immunofluorescence 24 or 48 h after6. Hinds, H.L. Ashley, C.T.. Sutclifie. J.5. Nelson, DL. Warren, ST,

transfection. Housman, D.E. and Schalling, M. (1993) Tissue specific expression of
FMR-1 provides evidence for a functional role in fragile X syndriasure
Immunofluorescence and antibodies Genet, 3, 36-43.

7. Khandjian, E., Corbin, F., Woerly, S. and Rousseau, F. (1996) The fragile X
Cells were fixed in 0.1 M phosphate-buffered saline (PBS) mental retardation protein is associated with ribosoMatire Genef 12,
containing 3% paraformaldehyde (pH 7.3) for 7 min at room 91-93. ) ) _ _
temperature followed by a permeabilization step in 10098 Tamanini,F., Meier, N., Verhei, C., Willems, P.J., Galjaard, H., Oostra, B.A.
methanol for 20 min. Primary and secondary antibody incuba- a':]?nH&ocﬂe\éeeenrgé'gééggiy'\ﬂRP 's associated to the ribosomes via RNA.
tions were performed for 60 min at room temperature in blocking eperhart, D.E., Malter, H.E., Feng, Y. and Warren, S.T. (1996) The fragile X
buffer containing PBS, 0.15% Tris—glycine (Fluka, Buchs, mental retardation protein is a ribosonucleoprotein containing both nuclear
Germany) and 0.5% bovine serum albumin (Fluka). The primary localization and nuclear export signatsim. Mol. Genet5, 1083-1091.
antibodies were a rabbit anti-FXR2P antibody (Ab1937, 1:200)0- Siomi, M.C., Zhang, Y., Siomi, H. and Dreyfuss, G. (1996) Specific

; ;- : . sequences in the fragile X syndrome protein FMR1 and the FXR proteins
(39), a rabbit Iaml lFXI?lFPMgrgIbO?)é %A‘blfgg ! 1]j'2203}3)( da mediate their binding to 60S ribosomal subunits and the interactions among
mouse monoclonal ant- antibody (1C3, 1:2G0)0d a them.Mol. Cell. Biol, 16, 3825-3832.

rabbit anti-tuberin antibody (AbTS 1:4006). The fluorescein- 11, corbin, F., Bouillon, M., Fortin, A., Morin, S., Rousseau, F. and Khandjian,

conjugated anti-mouse secondary antibody and either fluores- E.w. (1997) The fragile X mental retardation protein is associated with

cein- or rhodamine-conjugated anti-rabbit secondary antibodies poly(A)(+) mRNA in actively translating polyribosométum. Mol. Genef

were used at 1:100 dilutions (Dako, Copenhagen Denmark), 6 1465-1472. _

Images were captured using the Power Gene FISH system ofi?a AShey, C.Jr, Wilkinson, K.D., Reines, D. and Warren, S.T. (1993) FMR1
. " e . protein: conserved RNP family domains and selective RNA bin8ignce

Leica DMRXA microscope at 108@nagnification. Images were 262 563-568.

processed using a filter wheel (Chroma Technology) and th&. siomi, H., Siomi, M.C., Nussbaum, R.L. and Dreyfuss, G. (1993) The protein

Adobe Photoshop software package. product of the fragile X gene, FMR1, has characteristics of an RNA-binding
protein.Cell, 74, 291-298.

14. De Boulle, K., Verkerk, A.J., Reyniers, E., Vits, L., Hendrickx, J., Van Roy,
B., Van den Bos, F., de Graaff, E., Oostra, B.A. and Willems, P.J. (1993) A

All drug incubations were carried out in DMEM Containing 10% point mutation in the FMR-1 gene associated with fragile X mental

- retardationNature Genet 3, 31-35.
fetal calf serum. Cells were treated for 4 h with Q)AQBTN AMD 15. Feng, Y., Absher, D., Eberhart, D.E., Brown, V., Malter, H.E. and Warren, S.T.

(Sigma, St Louis, MO), 2g/ml a-amanitin (Sigma) or 100M (1997) FMRP associates with polyribosomes as an mRNP and the 1304N
DRB (Sigma) to selectively inhibit RNA transcription. Cellswere  mutation of severe fragile X syndrome abolishes this associltanCell,
treated for 3 h or overnight with LMB (50 ng/ml) to selectively 1, 109-118.

block the function of exportinl. Cyclohexamide at |B§/ml 16. Sittler, A., Devys, D., Weber, C. and Mandel, J.-L. (1996) Alternative splicing

(Sigma) was included 2 h before as well as during the LMB of exon 14 determines nuclear or cytoplasmic localisation of FMR1 protein
isoforms.Hum. Mol. Gene}5, 95-102.

Cell culture and inhibitors

treatment to inhibit protein synthesis. 17. Fridell, R.A., Benson, R.E., Hua, J., Bogerd, H.P. and Cullen, B.R. (1996) A
nuclear role for the fragile X mental retardation prot&MBO J, 15,
ACKNOWLEDGEMENTS 5408-5414.

18. Bardoni, B., Sittler, A., Shen, Y. and Mandel, J.L. (1997) Analysis of domains
We thank Dr B. Cullen for the FMRP34A construct, Dr G. affecting intracellular localization of the FMRP proteieurobiol. Dis, 4,
Dreyfuss for the FXR1 and FXR2 cDNAs and M. Joosse for 329-336. _
sequencing. This work was Supported by Biomed PL961663, tllra Feng, Y., Gutekunst, C.A., Eberhart, D.E., Yi, H., Warren, S.T. and Hersch,

- . P S.M. (1997) Fragile X mental retardation protein: nucleocytoplasmic
NWO, the FRAX Foundation and the Foundation of Clinical shuttling and association with somatodendritic ribosotheseuroscj 17,

Genetics. 1539-1547.
20. Willemsen, R., Bontekoe, C., Tamanini, F., Galjaard, H., Hoogeveen, A.T.
and Oostra, B.A. (1996) Association of FMRP with ribosomal precursor
REFERENCES particles in the nucleoluBiochem. Biophys. Res. Comm@25, 27-33.
. . . o 21. Fischer, U., Huber, J., Boelens, W.C., Mattaj, . W. and Luhrmann, R. (1995)
1. Verkerk, A.J., Pieretti, M., Sutcliffe, J.S., Fu, Y.H., Kuhl, D.P., Pizzuti, A., " The H4j\v-1 Rev. activation domain is a nuclear export signal that accesses an
Reiner, O., Richards, S., \ﬁctorla,_M._F., Zhang, F.P.,‘Eussen, B.E., Van export pathway used by specific cellular RNGgll, 82, 475-483.
Ommen, G.J.B., Blonden, L.A.J., Riggins, G.J., Chastain, J.L., Kunst, C-ﬁzz. Wen, W., Meinkoth, J.L., Tsien, R.Y. and Taylor, S.S. (1995) Identification of
Galjaard, H., Caskey, C.T., Nelson, D.L., Oostra, B.A. and Warren, S.1. a signal for rapid export of proteins from the nucl€dl, 82, 463-473.
(1991) Identification of a gene (FMR-1) containing a CGG repeat commder&a Fukuda, M., Gotoh, I., Gotoh, Y. and Nishida, E. (1996) Cytoplasmic

with a breakpoint cluster region exhibiting length variation in fragile X R . o L : f .
syndromeCell, 65, 905-914. localization of mitogen-activated protein kinase kinase directed by its

2. Pieretti, M., Zhang, F.P., Fu, Y.H., Warren, S.T., Oostra, B.A., Caskey, C.T. NHa-terminal, leucine-rich short amino acid sequence, which acts as a

and Nelson, D.L. (1991) Absence of expression of the FMR-1 gene in fragile  nUclear export signal. Biol. Chem 271, 20024-20028.
X syndromeCell, 66, 817-822. 24. Toyoshima, F., Moriguchi, T., Wada, A., Fukuda, M. and Nishida, E. (1998)

3. Oberlé, I., Rousseau, F., Heitz, D., Kretz, C., Devys, D., Hanauer, A., Boue, J., Nuclear export of cyclin B1 and its possible role in the DNA damage-induced
Bertheas, M.F. and Mandel, J.L. (1991) Instability of a 550-base pair DNA G2 checkpointEMBO 1,17, 2728-2735.
segment and abnormal methylation in fragile X syndroBuence 252, 25. Wada, A., Fukuda, M., Mishima, M. and Nishida, E. (1998) Nuclear export of
1097-1102. actin: a novel mechanism regulating the subcellular localization of a major
4. Verheij, C., Bakker, C.E., de Graaff, E., Keulemans, J., Willemsen, R., cytoskeletal proteirEMBO J, 17, 1635-1641.
Verkerk, A.J., Galjaard, H., Reuser, A.J., Hoogeveen, A.T. and Oostra, B.26. Taagepera, S., McDonald, D., Loeb, J.E., Whitaker, L.L., McElroy, AK,
(1993) Characterization and localization of the FMR-1 gene product Wang, J.Y. and Hope, T.J. (1998) Nuclear-cytoplasmic shuttling of C-ABL
associated with fragile X syndromeature 363 722—724. tyrosine kinaseProc. Natl Acad. Sci. USA5, 7457-7462.



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Michael, W.M., Choi, M. and Dreyfuss, G. (1995) A nuclear export signal ir89.
hnRNP A1: a signal-mediated, temperature-dependent nuclear protein export
pathwayCell, 83, 415-422.

Michael, W.M., Eder, P.S. and Dreyfuss, G. (1997) The K nuclear shuttling0.
domain: a novel signal for nuclear import and nuclear export in the hnRNP K
protein.EMBO J, 16, 3587—-3598.
Fornerod, M., Ohno, M., Yoshida, M. and Mattaj, |.W. (1997) CRM1 is an
export receptor for leucine-rich nuclear export sigr@éd], 90, 1051-1060.

Fukuda, M., Asano, S., Nakamura, T., Adachi, M., Yoshida, M., Yanagida, M2

and Nishida, E. (1997) CRM1 is responsible for intracellular transport
mediated by the nuclear export sigidditure 390, 308-311. 4
Stade, K., Ford, C.S., Guthrie, C. and Weis, K. (1997) Exportin 1 (Crm1p) is
an essential nuclear export factoell, 90, 1041-1050.

Ossareh-Nazari, B., Bachelerie, F. and Dargemont, C. (1997) Evidence for a
role of CRML1 in signal-mediated nuclear protein exp8itience 278
141-144.

Siomi, M.C., Siomi, H., Sauer, W.H., Srinivasan, S., Nussbaum, R.L. and
Dreyfuss, G. (1995) FXR1, an autosomal homologue of the fragile X mentq‘l5
retardation gendEMBO J, 14, 2401-2408.

Zhang, Y., O'Connor, J.P., Siomi, M.C., Srinivasan, S., Dutra, A., Nussbaum,
R.L. and Dreyfuss, G. (1995) The fragile X mental retardation syndrome
protein interacts with novel homologs FXR1 and FXERIBO J, 14,
5358-5366.

Tamanini, F., Willemsen, R., van Unen, L., Bontekoe, C., Galjaard, Hy7

44.

46.

Human Molecular Genetics, 1999, Vol. 8, No. 5369

Roeder, R.G., Schwartz, L.B. and Sklar, V.E. (1976) Function, structure and
regulation of eukaryotic nuclear RNA polymerasegmp. SodDev. Biol,

34, 29-52.

Pinol-Roma, S. and Dreyfuss, G. (1992) Shuttling of pre-mRNA binding
proteins between nucleus and cytoplasiature 355 730-732.

41. Perry, R.P. and Kelley, D.E. (1970) Inhibition of RNA synthesis by

actinomycin D: characteristic dose—response of different RNA spdcies.
Cell. Physiol, 76, 127-139.

Granick, S. and Granick, D. (1971) Nucleolar necklaces in chick embryo
myoblasts formed by lack of arginink.Cell Biol, 51, 636—642.

3. Scheer, U., Hugle, B., Hazan, R. and Rose, K.M. (1984) Drug-induced

dispersal of transcribed rRNA genes and transcriptional products: immunolo-
calization and silver staining of different nucleolar components in rat cells
treated with 5,6-dichlor@-p-ribofuranosylbenzimidazold. Cell Biol, 99,
672-679.

Dundr, M., Leno, G.H., Hammarskjold, M.L., Rekosh, D., Helga-Maria, C.
and Olson, M.O. (1995) The roles of nucleolar structure and function in the
subcellular location of the HIV-1 Rev. proteih.Cell Sci, 108 2811-2823.

. Wolff, B., Cohen, G., Hauber, J., Meshcheryakova, D. and Rabeck, C. (1995)

Nucleocytoplasmic transport of the Rev protein of human immunodeficiency
virus type 1 is dependent on the activation domain of the préegmn.Cell

Res, 217, 31-41.

Bond, V.C. and Wold, B. (1993) Nucleolar localization of myc transcripts.
Mol. Cell. Biol, 13, 3221-3230.

47. Kudo, N., Wolff, B., Sekimoto, T., Schreiner, E.P., Yoneda, Y., Yanagida, M.,

Oostra, B.A. and Hoogeveen, A.T. (1997) Differential expression of FMR1,
FXR1 and FXR2 proteins in human brain and tektisn. Mol. Genet 6,
1315-1322.

van Slegtenhorst, M., Nellist, M., Nagelkerken, B., Cheadle, J., Snell, R., vaig

den Ouweland, A., Reuser, A., Sampson, J., Halley, D. and van der Sluijs, P.
(1998) Interaction between hamartin and tuberin, the TSC1 and TSC2 gene
productsHum. Mol. Genet7, 1053-1057.

Dreyfuss, G., Matunis, M.J., Pinol-Roma, S. and Burd, C.G. (1993) hnRN&D.

proteins and the biogenesis of mRN#anu. Rev. Biochern$2, 289-321.
Pinol-Roma, S. and Dreyfuss, G. (1991) Transcription-dependent and
transcription-independent nuclear transport of hnRNP pro&irence253
312-314.

50.

Horinouchi, S. and Yoshida, M. (1998) Leptomycin B inhibition of
signal-mediated nuclear export by direct binding to CREAh. Cell Res

242 540-547.

Fornerod, M., van Deursen, J., van Baal, S., Reynolds, A., Davis, D., Murti,
K.G., Fransen, J. and Grosveld, G. (1997) The human homologue of yeast
CRM1 is in a dynamic subcomplex with CAN/Nup214 and a novel nuclear
pore component Nup8&WVBO J, 16, 807-816.

Bogerd, H.P., Fridell, R.A., Madore, S. and Cullen, B.R. (1995) Identification
of a novel cellular cofactor for the Rev/Rex class of retroviral regulatory
proteins.Cell, 82, 485-494.

Fritz, C.C., Zapp, M.L. and Green, M.R. (1995) A human nucleoporin-like
protein that specifically interacts with HIV ReNature 376, 530-533.



