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The human homologue of yeast CRM1 is in a 
dynamic subcomplex with CAN/Nup214 and a novel 
nuclear pore component Nup88

Maarten Fornerod1, Jan van Deursen1, 
Sjozef van Baal1, Albert Reynolds2, 
Donna Davis3, K.Gopal Murti3, 
Jack Fransen4 and Gerard Grosveld1-5
D cpai tm cnis  o f  'Genetics ,  'T u m o r  Cell Biology anti V iro logy  ami 
M olecu lar  Ihnlogv, Si Jude C h i ld ren 's  Research Hospital*

N I.«uulctilalc. M em phis ,  T N  38105, USA anti*1Department o f  
Cell B io log\  anti Histology, Faculty o f  Medical  Sciences, Nijmegen, 
The Netherlands

*( 'onvspoiuliin* author

The oncogenic nucleoporin CAN/Nup21<4 is essential 
in vertebrate cells. Its depletion results in defective 
nuclear protein import, inhibition of messenger RNA 
export and cell cycle arrest* We recently found that 

CAN associates with proteins of 88 and 112 kDa, which 

we have now cloned and characterized. The 88 kDa 
protein is a novel nuclear pore complex (NPC) com

ponent, which we have named Nup88. Depletion of 
CAN from the NPC results in concomitant loss of 
Nup88, indicating that the localization of Nup88 to the 

NPC is dependent on CAN binding. The 112 kDa 
protein is the human homologue of yeast CRM1, a 
protein known to be required for maintenance of 

correct chromosome structure. This human CRM1 
(h(’RMl) localized to the NPC' as well as to the 
nucleoplasm, Nuclear overexpression of the FG-repeat 
region of CAN, containing its hCRMl-interaetion 

domain, resulted in depletion of hCRMl from the 

NPC. In CAN-/- mouse embryos lacking CAN, hCRMl 
remained in the nuclear envelope, suggesting that 
this protein can also bind to other repeat-containing 

nucleoporins. Lastly, hCRMl shares a domain of 
significant homology with importin-p, a cytoplasmic 
transport factor that interacts with nucleoporin repeat 
regions. We propose that hCRMl is a soluble nuclear 
transport factor that interacts with the NPC. 

Keywords: CAN/Nup214/CSH1/importin-p/nuclear pore 

complex/nucleocytoplasmic transport
t v i* m  P M *  * +  L -J T J_— T *  * i r 1 /  M *  \  fi K  fr» j  T f ‘  ■ f *i I  H

Introduction
The nuclear pure complex (NPC') is a -125 MDa complex 
embedded m the nuclear envelope (NH) that mediates 
bidirectional micleocy toplasmic traffic in eukaryotic cells

(recently re\iewed by Panic and Aehi, I1)1)-!-, 1996; Simos 

and Hurt, llW5; Ciorlich and Mattaj, 1996).

Although more than 30 NPC components have been 
isolated in both veast and vertebrates, the interactions

between the NPC' and trafficking macro molecules are 

uni\ leccntU heetnnine to be uiulcrstood. The import ol
» * t* V

nuclear localization signal (NLS r eam ing proteins into 

the nucleus is mediated by a beterodimeric receptor

complex. The smaller subunit of this complex, named 

import in-a, NR-a or karyopherin-a, binds directly to the 
NLS (Adam and Gerace, 1991; Adam and Adam, 1994; 
Gorlich et al, 1994). The larger subunit» named p97, 

importin-p, NR-p or karyopherin-P, is thought to mediate 
docking to the NPC. Importin-p binds to several repeat- 
containing nucleoporins in vitro, and certain nucleoporin 

repeats may act as the docking sites for the NLS import 

complex (Chi et al., 1995; Gtirlich et al, 1995b; Moroianu 
et al., 1995; Radu et al., 1995b), After docking, the import 

complex translocates though the central pore of the NPC, 

and the import substrate is released into the nucleoplasm 

in an energy-dependent manner, requiring the Ras-like 

GTPase Ran/TC4 (Melchior et a l 1993; Moore and 

Blobel, 1993; for a recent review, see Schlenstedt, 1996). 
Export of proteins and ribonucleoproteins (RNPs) from 
the nucleus is also an active process that uses some of 

the same factors involved in protein import, notably Ran/ 

TC4 (Schlenstedt et al, 1995) and importin-oc (Gorlich 
eta I., 1996).

Within the NPC, several proteins interact in a genetic 

or physical manner. Co-purification studies in yeast 
showed that the nucleoporin Nspl forms one complex 
with the nucleoporins Nup49, Nup57 and Nie96 (Grandi 

et al„ 1993), and forms a separate complex with Nup82 

(Grandi et al,, 1995). Other yeast proteins that physically 

interact include SrpL Nupl and Nup2 (Belanger et al, 

1994). Interestingly, Srpi is the yeast homologue of 

import!n-cx. Recently, a yeast complex has been identified 
that includes nucleoporins Nup84, Nupl20, Nup85 and 
also Sec 13, which is involved in the transport of proteins 
from the endoplasmic reticulum to the Golgj apparatus 

(Siniossoglou et al., 1996). In higher eukaryotes, two 

protein suhcomplexes have been identified, one contain
ing nucleoporin p62, complexed with proteins of 58, 54 

and 45 kDa (Panto et a!., 1994; Guan et al., 1995), and 

the second containing p250, associated with a protein of 
75 kDa (Pante et al., 1994). p62 is the metazoan homologue 

of yeast Nspl, and p250 is probably identical to CAN/ 

Nup214.
The CAN protein was originally identified through its 

involvement in two types of acute myeloid or undiffer
entiated leukemia (von Lindern et al., 1992a,b). We have 
recently developed an in vivo approach to study the 

consequences of CAN depletion in knock-out mouse 

embryos. Using this approach, we found that the absence 

of CAN leads to simultaneous defects in nucleoeyto- 

plasmie transport and in cell cycle progression (van 

Deursen et aL< 1996). Previously, vve identified a new 
CAN-containing complex that included proteins of 88 and 

112 kDa (Fornerod et a i . 1996). The central region of 
CAN associates with the HX kDa protein, most likely 

through eoiled-coil interactions, whereas the 112 kDa 

protein interacts with part of CAN ’s nueleoporin-speeilie
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M.Fornerod et al,

in yeast, CRM1 may strongly associate with repeat- 
containing nucleoporins.

The hCRMl protein is identical to the 112 kDa protein 
that interacts with DEK-CAN and SET-CAN, two nuclear 
fusion proteins associated with acute myeloid and undiffer
entiated leukemia, respectively (Fornerod et al , 1996). 
Because hCRMl is not related to any proteins known to 
be involved in oncogenic transformation, its possible role 
in leu ke mo genesis remains to be determined. However, 
hCRMl could be part of a novel pathway, via which 
nuclear pore components contribute to leukemogenesis.

Is hCRMl a novel transport factor?
Several lines of evidence support the idea that hCRMl 
could be a transport factor that interacts dynamically with 
the NPC.

First, the dual subcellular localization of hCRMl to the 
nucleus and to the NPC suggests that this protein can 
travel between the two compartments. To test this, we 
overexpressed the hCRMl-binding domain of CAN, which 
is located in the nucleus and not at the NPC. If hCRMl 
binds permanently to CAN, expression of its binding 
domain in the nucleus would have no effect. If, on the 
other hand, hCRMl is released periodically from the NPC 
into the nucleus, the presence of an excess binding domain 
could sequester the hCRMl in the nucleoplasm and lead 
to a gradual disappearance of hCRMl from the nuclear 
envelope. We found that, under these conditions, hCRMl 
was completely absent from the nuclear envelope and was 
only present in the nucleoplasm. Since we showed that 
the half-life of hCRMl is long, this suggests that hCRMl 
can move from the NPC to the nucleoplasm* In addi
tion, we have shown that repression of RNA polymerase 
I-dependent transcription causes accumulation of hCRMl 
in the nucleolus. Although we do not understand the 
mechanism causing this effect, it does suggest that hCRMl 
routing involves the nucleolus.

Second, the nuclear envelopes of cells from CAN- 
depleted mouse embryos contain hCRMl. This suggests 
that hCRMl can bind to NPC components other than 
CAN. We previously demonstrated that hCRMl interacts 
with the C-terminal half of CAN’S nucleoporin repeat 
region (Fornerod et al, 1996). This repeat of CAN 
has significant homology to repeats of several other 
nucleoporins, including Nup98, Nupl53 and p62, Thus, 
hCRMl may interact with repeat regions of these, or other 
yet unknown, vertebrate nucleoporins. In agreement with 
this is our observation that hCRMl is present at the 
nuclear as well as the cytoplasmic face of the NPC, while 
CAN is only present at the cytoplasmic side (Kraemer 
et al, 1994). Therefore, Nup98 and Nupl53 are good 
candidates to mediate additional nuclear NPC association 
of hCRMl, as both reside at the nuclear face of the NPC 
(Sukegawa and Blobel, 1993; Radu et a l 1995b).

Third, hCRMl shares a region of significant homology 
with importin-p. This factor interacts physically with 
nucleoporin-specific repeat regions (Moroianu et al, 1995; 
Radu et al, 1995b) and can bind CAN in ligand blot 
assays (Radu et al., 1995a). This suggests that hCRMl 
and importin-p may interact with the NPC by the same 
mechanism. Importin-p forms part of a cytoplasmic trans
port complex that mediates protein impoit into the nucleus. 
Two molecular mechanisms have been proposed for the

translocation of this protein-import complex through 
the NPC (Rexach and Blobel, 1995; Gorlich and Mattaj, 
1996; Nehrbass and Blobel, 1996). Both models propose 
a stepwise binding and release of the importin-P com
ponent of the complex to and from nucleoporin repeats. 
Because the different nucleoporins localize to specific 
sites along the NPC, the transport direction of the complex 
is proposed to be established via an increased binding 
affinity of importin-p for nucleoporin repeats towards the 
nucleus. Following these models, the more cytoplasmically 
located CAN would have a relatively weak affinity for 
importin-P, which is in agreement with its absence in our 
CAN co-immunoprecipitation experiments, In contrast, 
hCRMl appears to have a high affinity for CAN. This 
suggests that if hCRMl interacts with nucleoporin repeats 
in an importin-P-like fashion, it could move in the opposite 
direction, i.e. from the nucleus to the cytoplasmic face of

the NPC.
In addition to importin-P and its yeast homologue 

Kap95p, we found nine other proteins that share the N- 
terminal CRIME domain. The majority of these proteins 
came from hypothetical open reading frames identified 
as part of the S.cerevisiae genome sequencing project. 
However, CSE1 has been identified as an essential yeast 
protein, and its mutation results in a chromosome segre
gation defect (Xiao etal, 1993). Moreover, it was reported 
that the csel phenotype can be suppressed by high 
expression of Srpl (Belanger et a l 1994), the yeast 
importin-a homologue that interacts with the nucleoporins 
Nupl and Nup2. Thus, CSE1 is the third otherwise 
unrelated protein that shares the N-terminal domain and 
is implicated in NPC interaction. Therefore, this N- 
terminal homology domain may define a new group of 
NPC-interacting transport factors, and it will be interesting 
to test whether it is this domain that mediates interaction 
with nucleoporin repeat sequences.

Materials and methods
Cel! culture and transfection
HtTA-1 cells (Gossen and Bujard, 1992) were cultured as described 

(Fornerod el a l , 1995). In some experiments, actinomycin Dj (Boehringer 

Mannheim, Indianapolis, IN) or cycloheximide (Sigma, St Louis, M O )  

were added to the culture medium. Cell lines TTD2 and T T B 6, 

which express H A  1-CAN under the control of a tetracycline-dependent 

promoter, were created by co-transfecting HtTA-1 cells with Sspl 
linearized plasmid pHA 1-CAN (Fornerod et at., 1995) and Seal linear

ized pJQ6Puro at a molar ratio of 20:1. Puromycin-resistant clones were 

selected as described (Fornerod et al,, 1995). TTD2 expressed HA1- 

C A N  predominantly in the nuclear envelope in the absence of tetracycline. 

Under these conditions, the cell line showed normal growth characteristics 

for multiple passages. The HAl-DEK-CAN-expressing cell line C4322 

^  has been described previously, as has HtTA-1 transient transfection 

(Fornerod et a l ,  1995). Plasmid pHAl-Nup88(368-741) was created 

by placing sequences encoding two copies of the influenza virus HA1 

tag (Fornerod et al., 1995) at the 5' side of codons 368-741 of the 

Nup88 cDNA.

Immunopurification
Approximately 1010 T T D 2 cells cultured on 500 15-cm dishes were 

rinsed once with phosphate-buffered saline (PBS), scraped in PBS and 

pelleted at 2000 g in 50 ml tubes for 10 min at 4°C. Cell pellets, in total 

weighing 40 g (wet weight) were frozen at -80°C until further processing, 

TTD2 cell aliquots (2 g each) were transferred to 15 ml tubes, lysed in 

8 ml ice-cold NP-40 lysis buffer (1%  NP-40, 50 m M  Tris-HCl pH 8.0, 

150 m M  NaCl, 5 m M  EGTA, 5 m M  EDTA, 15 m M  MgCl2> 60 m M  

p-glycerolphosphate, 1 m M  DTT, 0.1 m M  N aV 04, 0.1 m M  NaF, 15 m M  

p-nitvophenylphosphate, 1.8 fig/ml aprotinin, 1 (ig/ml leupeplin, 10 |ug/ml

814



soybean irypsin inhibitor, 0.1 niM benzamidine), and filtered through 

0.45 \x\w cellulose acetate membranes. Lysates were then precleared for 

30 min with I ml packed Sepharose CL-4B (Pharmacia). H A  1-CAN  

was immunoprecipitated by rotating the cleared lysates twice for 1 h 

with 0.4 mg of monoclonal antibody 12CA5 (BAbCo, Newport, C A )  

covalently linked to 0.2 ml packed CNBi-activated Sepharose CL-4B 

beads (Pharmacia). The beads were washed four times with 8 ml NP- 

40 lysis huHer and then once with PBS. Proteins were eluted from 

the Sepharose beads by subsequent batch wise elutions with 0.4 , 0.4 and 

0.2 ml 0.5% SDS, and vacuum concentrated (Speed-Vac) to 250 jit. 

Proteins in the e hi ales were subsequently precipitated with 5 volumes 

acetone at room temperature and pelleted at 18 000 # for 10 min. The 

pellets were suspended in 25 pi solubilization buffer (10% SDS, 100 m M  

MgC’li, 50 m M  Tris-HCl pH 6.8, 0 .1%  bromophenol blue, 10% glycerol,

50 m M  dilhiothreitol) by vortexing and heating to 90°C. 50 |Lil of this 

fraction, which represents proteins purified from 4 g of TTD2 ceils, 

were loaded in 7 mm wide slots and separated on a 0.75 mm 6%  

polyacrylamide gel. Mock samples containing solubilization buffer alone 

were run in adjacent lanes to prevent the protein bands from fanning 

out. After electrophoresis, proteins were stained with Coomassie brilliant 

blue R250 (Bio-Rad, Hercules, CA), and excised from the gel. The 

protein in the gel slices was quantitated by laser description mass 

spectrometry (Williams et aL, 1996). In-gel trypsin digestion, reversed- 

phase HPLC and amino acid sequencing were subsequently performed 

as described (Williams and Stone, 1995).

cDNA cloning
cD N A  clone IM A G E  179414, encoding Nup88 peptides 50 and 67rep23, 

was obtained from Research Genetics (Huntsville, AL). cDNA  clone 

HTTEU26, encoding hCRM  I peptide 63rep20 was obtained from Human 

Genome Sciences (Rockville, M D). Full-length cDNAs were obtained 

from a human placenta cD N A  library (Hu2002B#29203, Cloneteeh, Palo 

Alto, CA) and sequenced according to the established methodology 

(Sambrook et aL, 1989).

Antibodies
Polyclonal antisera against hCRMl and Nup88 were raised in rabbits 

by using recombinant protein produced in Escherichia cali BL21: 

DE3(pLysS) (Studier et a L  1990). hCRMl amino acids 805-1071 and 

NupMK amino acids 509-741 were expressed as glutathione S-transferase 

fusion proteins (Smith and Johnson, 1988) and were purified by using 

preparative SDS-PAGE and eleclroelulion. The anti sera were then 

alVmity-purilied by using these bacterial proteins immobilized on P V D F  

membrane as described previously (van Deursen at aL, 1996).

Immunoprecipitation and Western blotting
H A  I-tagged protein was immunoprecipitated from [^Hjleucine-labeled 

cells as described (Fornerod et t i l , 1996). It is important to note that 

NP-40 lysis buffer extracts both cytoplasmic and nuclear proteins, as 

shown previously {Fornerod et aL, 1996). hCRMl and Nup88 were 

immunoprecipitated by the same procedure and by using purified antisera 

to the respective proteins at a dilution of I in 100. Unlabeled HAl- 

tagged protein was immunoprecipitated from 1 X 107 T TD 2  or C4322 

cells with 5 |ig of monoclonal antibody I2CA5 (Wilson et til., 1984). 

Following gel electrophoresis, proteins were either silver stained 

(Ansorge, 1985) or blotted onto PV D F  membrane (Millipore, Bedford, 

M A). Blots were stained with inclia ink (Hancock and Tsang, 1983), 

blocked overnight in PBS containing 1% non-fat milk and 1%' BSA , 

and then incubated for 3 h with affinity-purified cx-hCRMl or a-Nup88 
antisera diluted to 1 in 100 in PBS/I %  non-fat milk. Bound antibody 

was visualized by adding a horseradish peroxidase-labeled secondary; ) 

antibody (Jackson Laboratories, West Grove, PA), and using a commercial 

chemiluminescence kit (Dupont NEN , Boston, MA). The blots were 

washed in between antibody incubations five times for 5 min each in 

PBS/0.05% Tween-20.

Indirect immunofluorescence and immunoelectron 
microscopy
HtTA-l cells were fixed and permeabilized as described (Fornerod et a /., 

1995) and immunostained with affinity-purified a-hCRM 1 antibodies 

diluted to I in 90, (X-Nup88 antibodies diluted to 1 in 30, monoclonal 

414 i BAbCo, Richmond, CA) at 5 jug/ml, or monoclonal 12CA5 at 

2 pg/ml. Embryos from C A N  4*/- heterozygous intercrosses were col

lected 3.5 days postcoitum and cultured in vitro for ~I8 h as described 

(van Deursen et aL. 1996). CAN-/- embryos were identified at the onset 

of blastocoel contraction and fixed, alongside normal embryos (van 

Deursen et aL. 1996). These embryos were then immunostained over

night with purified cx-hCRMl or a-Nup88 antibodies, both diluted to 1 

in 30, or monoclonal 414 (5 jig/ml), and images were collected by 

confocal laser scanning microscopy on a Bio-Rad M R C 1000  (Bio-Rad, 

Hercules, C A ) using a X40  oil objective.

HtTA-l cells were examined by immunoelectron microscopy as 

previously described (Fornerod et a l y 1995), except that cells were 

embedded in LR-White normal grade rather than in hard grade (London 

Rasin Company Ltd, Basingstoke, UK). Ultra thin cry osec lions were 

made and inununolabeled as described (Fransen et aL , 1991). Sections 

were labeled with affinity-purified a-hCRM I antibodies diluted to I in 10.
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