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Chapter 1: Qutline of this Thesis

The starting point of the work described in this thesis was a novel gene, CAN, that had been
cloned by virtue of its involvement in translocation {6;9) (von Lindern, 1990), a recurrent
chromosomal aberration defining a specific subtype of acute myeloid leukemia. This gene's
predicted amino acid sequence showed no homology to known proteins (chapter 3), and
therefore its cellular function was unknown. The protein encoded by CAN's fusion partner in
the (6;9) translocation, DEK, also had no significant homology to proteins in the database.
Consequently, the role of the chimeric DEK-CAN fusion protein in t(6;9)-associated
leukemogenesis was a complete mystery. In addition, in vifre studies to show the oncogenic
function of DEK-CAN consistently proved unsuccessful {M. von Lindern, J. Boer, G. Grosveld,
unpublished results). To gain understanding of the possible function of DEK-CAN, as well as
the normal cellufar functions of DEK and CAN, we analyzed their primary amino acid structures
(chapter 3 and 4), studied their subcellular localization (chapter 3), and looked for interacting
proteins (chapter 5 and 6), In these studies, we focused on the CAN protein, since this protein
had also been found in another leukemia-related fusion protein, SET-CAN (von Lindem, 1992),
which suggests that it could play a more general role in leukemogenesis. In view of the
difficulty reproducing the oncogenic effect of the DEK-CAN gene in vitro, and toxic effects
caused by overexpression of DEK-CAN, we also set out {o create an in vivo systent o mimic
translocation (6;9) in transgeunic mice using Cre-mediated recombination {chapter 8),

It appeared that DEK and SET were nuclear proteins, whereas CAN was located at the
nuclear pore complex (NPC) (chapter 4). The laiter observation was consistent with the
presence of a long and degenerate repeat region in the C-terminal part of CAN that resembled
a domain in a group of NPC proteins named nucleoporins (chapter 4). Independently, similar
discoveries concerning CAN were made in the lab of Gunter Blobel (Kraemer, 1994). The DEK-
CAN and SET-CAN proteins appeared to be nuclear, suggesting that relocation of the C-
terminal part of CAN from the NPC to the nucleoplasm could be instrumental for DEK-CAN
and SET-CAN function, Next we reasoned that identification (chapter 5) and characterization
(chapter 6} of CAN-interacting proteins could shed light on the mechanism by which a
nueleoporin could be involved in leukemogenesis. This question became especially compelling
when two additional nuclear pore components were found to be targeted by oncogenic
chromosome transiocations: Nup98 (Borrow, 1996; Nakamura, 1996) and Tpr (Byrd, 1994)
{chapter 2). In addition, since concurrent studies showed that CAN has an essential role in
nucleocytoplasmic transport (van Deursen, 1996}, study of CAN-interacting proteins could give
further insights into biochemical aspects of this transport function (chapter 6). Indeed, the
finding of two novel proteins that specifically interact with CAN, one of which also interacts
with DEK-CAN and SET-CAN has added new and useful information in the fast moving field



of nucleocytoplastmic transport (at least according to one anonymous referee), and could open
new directions in the search for the molecular actions of nucleoporin-derived fusion proteins
associated with leukemogenesis {chapter 7 and 9).
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I. Introduction

Multicellular organisims depend on their ability to control cell proliferation and differentiation.
This control is established by a multitude of signals that all somehow feed into the nucleus of
the individual cell and determine its genetic program. The execution of these programs forces
the cell to divide, differentiate, or die.

Errors in the cell's genetic program can be lethal or without effect. Alternatively, they
may cause the cell to escape the tight control over its division, differentiation or death, leading
to uncontroiled proliferation and eventually cancer,

Signals arriving at the cell surface must cross two distinet physical barriers to reach the
nucleus: the plasma membrane and the nuclear envelope. Some agents, such as sleroid
hormones, cross the plasma membrane and defiver their signal directly to intracellular receptors.
Other agents, such as peptide hormones, growth factors, neurotransmitters, and extraceliular
matrix proteins cannot enter the cell, and bind receptors at the plasma membrane. These
receptors, in furn, transmit the signal into the cytosol. Much progress has been made in
understanding how this initial signal crosses the cytoplasm via different types of second
messengers, protein kinases. Similarly, an impressive body of work describes the effects within
the nucleus, where the signal can alter the genetic program of the cell by influencing gene
expression. It is not surprising, therefore, that the majority of proto-oncogenes are signal
transducers or transcriptional regulators. How the signal crosses the nuclear envelope is less
well understood. And possibly because of this lack of information, not many nuclear envelope
components or nucleocytoplasmic transport factors have been implicated in neoplastic
trausformation. In this chapter I discuss several aspects of macromolecular transport across the
mclear envelope and cellular activity, and possible links between the two. First, [ will briefly
review what is known about the structure of the nuclear envelope and nuclear pore complex
{NPC), and in some more detail describe the general mechanisms of nucleocytoplasmic transport
known to date. Second, I will address the question if nucleocytoplasmic transport is subject to
regulation, and how this regulation is achieved. Third, I will discuss the evidence for the
hypothesis that regulation of nucleocytoplasmic transport is a mechanism for growth control,
and compare it to the alternative hypothesis that the rate of transport is merely a function of the
cell's metabolic state. Finally, | will describe instances where mutation of nucleocytoplasmic
transport factors or NPC components are implicated in deregulation of cellular growth, and
discuss whether this dereguiation is related to changes in nucleocyfoplasmic transpert, or in
unrelated cellular processes such as transciptional control or signal transduction.



II. Structure and function of the nuclear envelope and nuclear pore complex

The nuclear envelope

The nuclear envelope is a multi-layer, semi-permeable structure that surrounds the nucleoplasm.
It consists of two lipid layers, the outer and inner nuclear membrane, and a filamentous network
that is anchored to the inner nuclear membrane, named the nuclear lamina, The outer nuclear
membrane is continuous with the endoplasmic reticulun (ER) membrane, and the lumen of the
double muclear membrane structure (the perinuclear space) feeds into the lumen of the ER,
Consequently, there is extensive exchange between nuclear membrane and ER components
(Pathak et al., 1986; Powell and Burke, 1990). The outer membrane is a major site of membrane
and secretory protein synthesis. The nuclear envelope interacts with various cytoskeletal
elements , including actin filaments, microtubles, and intermediate filaments, via integral
nuclear membrane proteins{reviewed in Gerace and Burke, 1988). On the inside of the nuclear
envelope, proteins of the nuclear lamina confact so-called scaffold attachment regions of the
DNA. These regions lie within highly transcribed portions of the genome, Thus, the major sites
of franseription and translation are often only separated by the thickness of the nuclear envelope,

approximately 100 nm.

The nuclear pore complex

The most notable structures of the nuclear envelope are the nuclear pore complexes (NPCs),
which mediate bidirectional nucleocyioplasmic transport (Figure 1). Depending on the
physiological state of a cell, the number of pores may vary from 500 to 12,000 per nucleus
(Maul, 1977). NPCs have been studied extensively by electron and atomic force microscopy
(Hinshaw ef al., 1992; Oberleithner ef al., 1994), and these studies have revealed that the NPC
consists of a central particle, sandwiched between a cytoplasmic and nuclear octagonal ring
(Figure 1), The central particle contains a central plug and eight radiating spokes, whereas the
outer ring projects various filaments into the cytoplasm. The inner octagonal ring projects
interconnected filaments into the nucleopiasm that form a so-catled nuclear basket (Figure 1).
Although many of the approximately 100 different proteins that make up the ~125 megadalton
NPC have been cloned and partially characterized, the mechanism by which this structure
operates in nucleocytoplasmic transport is not yet known. NPC proteins that have been
identified in yeast or metazoan cells, generally named nucleoporins, include proteins that are
anchored to the nuclear membrane and proteins that are present at the periphery of the NPC
(recently reviewed by Panté and Aebi, 1994). Many nucleoporins contain multiple copies of a
short amino acid motif that always includes the dipeptide phenylalanine-glycine (FG). These
repeats have been divided into two types: GLFG and FXFG, based on additional flanking amino
acids, Functional differences between these two types have yet to be shown. Most studies
addressing  the role  of  individual NPC  components  have  been

Chapter 2: Nucleocytoplasmic Transport and Growth Conirol 9
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Figure 1 Schematic diagram summarizing the major structural components of the NPC, together with the
lecalization of eight vertebrate nucleoporins, "The major structural components of the NPC include the central
particle, the central plug or ceatral channel complex, the cytoplasmic ring with protruding fibrils, and the
nuclear ring and nuclear basket. Positions where nucleoporins have been localized are indicated on the right.
RanBP2/Nup358, CAN/Nup214 and Tpr have been immunolocalized at the cytoplasmic face of the NPC,
possibly residing on the cytoplasmic fibrils, Nup153 and Nup98 have been immunolocalized at the nuclear face,
while p62 epitopes were located at or near both cytoplasmic and nuclear faces of the central plug. gp210 and
Pom!21 are transmembrane profeins, and therefore thought to reside more towards the lateral periphery of the
complex. NM, nuclear membrane; PS, perinuclear space.

conducted in yeast via gene inactivation approaches. Such approaches have shown that
depletion of specific nucleoporins causes defects in nuclear protein import, mRNA export, or
both (reviewed in Izaurralde and Mattaj, 1995; Panté and Aebi, 1996; Simos and Hurt, 1995),
as well as defects in pre-tRNA splicing (Sharma ef al., 1996), and NPC morphology (Wente and
Blobel, 1993; Wente and Blobel, 1994). In vertebrates, several nucleoporins have been
identified, and sublocalized on the NPC {see Figure 1)(Panté ef af., 1994). Very recently, some
important biochemical links have been established between factors involved in protein import
or RNP export, and NPC components, However, the implications of these findings are still very

much in debate.
Mechanisms of nucleocytoplasmic transport

The nuclear pore acts as a molecular sieve, allowing diffusion of molecules smatler than 30-60
kilodaltons (kDa)(Lang ef af., 1986; Paine ef al., 1975). The degree of freedom of this diffusion

10



remains to be determined, because many studies have shown a significant concentration
difference between the nucleus and the cytoplasm of various ions and other small molecules
(reviewed in Csermely ef al., 1995). Active nucleocytoplasmic transport of proteins and RNA
complexes is a guided and energy consuming process that involves three major steps:
recognition of the molecules to be transported, transfer through the nuclear pore, and release into

the eytoplasm or nucleoplasn.

Protein import Proteins that are too big to diffuse freely through the NPC, require a nuclear
localization signal (NLS) to be transported into the nucleus (Garcia-Bustos ef al., 1991;
Hanover, 1992; Roberts, 1989). Smaller proteins, which have free, but slow, access to the
nucleus via diffusion, can also use this signal to facilitate their transport (Breeuwer and
Goldfarb, 1990; Pruschy ef al., 1994). An NLS usually consists of either one short stretch of
basic amino acids, or two small basic clusters, separated by about 10 amino acids (Dingwall and
Laskey, 1991). NLS-dependent nuciear uptake can experimentally be divided into two steps:
i) NLS-dependent, but energy-independent, binding of the substrate to the NPC, and i) energy-
dependent translocation into the nucleoplasm {Moore and Blobel, 1992; Newmeyer and Forbes,
1988; Richardson et al., 1988). Several factors have been identified that mediate protein import
using an in vifro system originally described by Adam er «f. (1990}, based on digitonin-
permeabilized mammalian cells, exogenous cytosol, ATP, and a (fluorescent) import substrate.

The first step of protein import is mediated by a heterodimeric, cytosolic protein that
binds to an NLS via ifs smaller subunit, named importing or karyophering: (Gérlich ef ., 1994;
Moroianu ef @l., 1995a). This protein docks to the cytoplasmic face of the NPC via its larger
subunit, named importinp, p97, or karyopherinp (Adam and Adam, 1994; Chi ef al., 1995;
Gorlich ef al., 1995; Radu ef al., 1995a). Because importinp binds nucleoporin-specific FG-
repeat regions in vitro (lovine ef al., 1995; Kraemer ef al., 1995; Moroianu ef al., 1995b; Radu
el al., 1995b), these regions of nucleoporins focated at the cytoplasmic face of the NPC are
thought to be the docking sites for the import complex. Importing localizes to both the
cytoplasm and the nucleus (Gorlich ef al., 1996; Imamoto ef al., 1995; Weis ef al., 1996),
whereas importing is present in the cytoplasm and at both sites of the NPC but not in the nucleus
{Chi et al., 1995; Koepp ef al., 1996; Moroianu et al., 1995b). Therefore, importine. and §
cannot dimerize in the nucleus, and the heterodimer probably dissociates at the nuclear side of
the NPC, releasing its substrate into the nucleoptasm (Figure 2).

The energy-dependent translocation of the import substrate into the nucleoplasm requires
the small Ras-like nuclear GTPase Ran and a protein called pplS5, p10, or Nif2p (Gérlich et af.,
1995; Moore and Blobel, 1994; Nehrbass and Blobel, 1996). Experimentally, translocation of
the impori substrate to the nucleus can be blocked by a non-hydrolyzable form of GTP
{Melchior ¢f al., 1995b}, leading to accumulation of Ran at the cytoplasmic face of the NPC.,
Interestingly, the FG-repeat containing nucleoporin RanBP2/Nup214 is a major RanGTP (not
RanGDP) binding component of the nuclear envelope (Melchior ef al., 1995a; Wu ef af.,

Chapter 2: Nucleacytoplasmic Transport and Growth Control 11



Cytoplasm Nucleoplasm

Figure 2 Model of protein import into the nucleus. The NPCs are depicled in side view, and only the upper
half is shown. A, In the cytoplasm, NLS-containing proteins bind to the a-subunit of imporiin. The B-subunit
mediates binding to the NPC, possibly via nucleoporin repeat regions {protruding triangles), B, Initiation of
translocation probably involves RanGTP hydrolysis stimulated by RanGAP1, RanGTP binds to nucleoporin
RanBP2/Nup358, C. Translocation is probably a mullistep process, and requires energy, Ran, and ppl5.
Increasing affinity of nucleoporin repeats towards the nucleoplasm for importinp (represented by sharpening
triangles)y may give direction to the process. D, Binding of RanGTP to importine dissociales the import
complex. Exchange of GDP to GTP is probably mediated by the Ran exchange factor RCCI. E, The NLS-
containing protein enters the nucleoplasm, importing and RanGTP, possibly in complex, are returned to the
cytoplasm. The retum of importing may be export-mediated {see Figure 3). «, importine; B, importin(; 15,
ppl15; NLS, nuclear localization signal containing protein; NPC, nuclear pore complex.

1995), and this protein has been located to the cytoplasmic fibrils of the NPC { Yokoyama et al.,
1995). These data suggest that initial docking occurs at or near RanBP2/Nup358 (Figure 2).

RanGTP binds to importinf} and, fn vitro, dissociates the importinef dimer while
RanGDP has no effect (Rexach and Blobel, 1995), Since RanGTP concentrations are low in the
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cytoplasm and high in the nucleoplasm, it is likely that this dissociation event occurs when
importinep is part of the import complex at the nuclear side of the NPC (see Figure 2). Ran,
like other GTPases, requires a cofactor for GTP hydrolysis {(GTPase activating protein, or GAP),
and an exchange factor to replace GDP with GTP. The only known guanine exchange factor for
Ran is RCC1, which is located exclusively in the micleus (Bischoff and Ponstingl, 1991) and
the only known Ran GTPase activating protein (Ran-GAP!) is located in the cytoplasm
(Bischoff ef al., 1995). The compartmentilization of these antagonists may be responsible for
keeping the RanGTP concentration high in the nucleus and low in the cytoplasm (Figure 2).

The role of ppl5 is not clear. It has been shown to bind several nucleoporin repeats,
importinf, and RanGDP, but not RanGDP (Nehrbass and Blobel, 1996). Furthermore, the yeast
homologue is located at the nuclear envelope (Koepp ef al., 1996; Nehrbass and Blobel, 1996).
Therefore a role in Ran shuttling can be imagined (Figure 2},

Although models are tentatively in place for docking of the import complex at the
cytoplasmic side of the NPC and of its disassentbly at the nucleoplasmic side, what remains
coniroversial ate the events that occur in between (Gorlich and Mattaj, 1996; Nehrbass and
Blobel, 1996; Rexach and Blobel, 1995; Schlenstedt, 1996), The import substrate has to move
through approximately 100 nm of channel, and, therefore, the translocation is assumed to require
muliiple energy-dependent steps. Importinf has been shown to bind to the FG repeat domains
of several nucleoporins in vifro (see above), and FG-repeat containing nucleoporins have been
localized to different positions along the NPC (Figure 1). Therefore, nucleoporin repeat
domains are the prime candidates to act as internal guideposts. Increasing affinity of these
repeats for importinf} towards the nucleus could give direction to the translocation process.
Since the translocation requires GTP hydrolysis by Ran, this protein is thought to have a central
role in this process, On the basis of the in vifro dissociation of import complex components by
Ran-GTP, it has been postulated that each Ran-GTP cycle causes complete dissociation of the
complex, followed by its reassembly on a higher aftinity FG-repeat closer to the nucleus
{Nehrbass and Blobel, 1996; Rexach and Blobel, 1995). Alternatively, the import complex
could be translocated as a single unit that contains multiple FG-repeat binding sites (Gorlich and
Mattaj, [996). Ran-provided energy would be used to stepwise detach one binding site from the
NPC, which would subsequently bind to a higher affinity repeat closer to the nucleus, leaving
the importin-import substrate complex intact. Lastly, it has been proposed that import
complexes slide along the FG-repeat-coated inner surface of the NPC, driven by Ran-GTP
powered proteins (Schlenstedt, 1996). Ii is clear that more research is needed before we will
know which of these models, if any, is correct,

Although in yeast only one importing protein is present (Srpl, Yano et al., 1992), in
humans at least three importing proteins have been identified: hSrpl (Cortes ef al., 1994; (O'Neil
and Palese, 1995} (also named importine,, karyopherine, or NPI-1), Rehil (Cuomo ef af., 1994;
Weis ef al., 1995) (also named importing,, hSRPe or karyophering,), and 'hlmpel, an

Chapter 2: Nucleocytoplasmic Transport and Growth Control 13



importing homologue recently found in the database (Gérlich ef af., 1996). In addition, a
homologue has been described in Drosophila: Oho31 , also named Pendulin  (Kiissel and
Frasch, 1995; Tordk ef al., 1995). Several of these proteins function in in vitro nuclear protein
import assays with importinf} (Gérlich et al., 1996a) and their existence may reflect different
substrate specificity.

Export of RNA  The study of RNA export is still in its infancy. 1 is not yet known whether
different RNA species are transported according to different mechanisms, although, in parailel
to their transcription, the general principles could be the same, Our current understanding of
RNA export was recently reviewed (Fabre and Hurt, 1994; Gerace, [995; Izaurralde and Mattaj,
1995), so I wili imit myself to just two examples of RNA export from which some mechanistic
insights have been obtained: export of human immunodeficiency virus (FIIVY RNA and that of
 snRNA,

A variety of proteins are encoded by subgenomic mRNAs produced by alternative
splicing of the full-length HIV transcript. To ensure propagation of the virus, full-length
transeript has to be exported into the cytoplasm in order to be packaged into the retroviral coat.
This requires export of intron-containing pre-mRNAs that would not normally leave the nucleus,
This export is mediated by the viral Rev protein, which binds to a specific sequence in the
intron-containing HIV transcripts, named the Rev response element (RRE). The Rev protein
contains a nuclear export signal (NES) that interacts with an FG-repeat-containing cellular
protein named hRip or Rab (Bogerd ef al., 1995; Fritz ef al., 1995). Since hRip localization is
still unresolved, it is not yet clear whether Rev docks to hRip at the NPC or hRip itself is the
docking component. Because the Rev NES has also been shown to bind to FG-repeat containing
segments of bona fide nucleoporins (Stutz ef al., 1995), it is conceivable that Rev-containing
ribonucleoproteins (RNP) move through the NPC via a series of docking and undocking
reactions, similar to those proposed for the importinfi-containing import complex.
Microinjection of Rev NES peptide-conjugated BSA into Xenopus oocyte nuclei suppresses not
only the Rev-mediated export of RRE-containing RNA, but also that of ceflular 55 rRNA and
U snRNA (Fischer er al., 1995). This suggests that export of these RNAs is mediated by a
transport molecule with a Rev-fike NES.

Most U snRNAs are transcribed by RNA potymerasell and acquire a 7-methyl guanine
{m7G) cap in the nucleoplasm. This structure is bound by a protein complex, aptly named the
cap binding complex (CBC), which consists of two subunits, CPB80 and CBP20 (Izaurralde ef
al., 1995; Izaurralde ef al., 1994). Intranuclear microinjection of antibodies against CBC
inhibits export of U snRNA, indicating that CBC is essential function for this export process.
Surprisingly, protein import factor importine: binds very strongly to CBC, which suggests that
this protein plays an important role in the export of CBC-containing complexes (Gorlich ef af.,
1996b). In vitro studies have shown that addition of importinf} to the importine-CBC-RNA
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Figure 3 Elemenis of RNA export from the
nucleus. A, Importina is bound to cap binding
complex (CBC) and methylguanine (m7G)
capped RNAs in the nucleus. The mechanism
of translocation is unknown. B, Importinf
dissociates the importine-CBC complex from
the RNA. C, CBC recycles to the nucleus
similar to NLS-containing proteins (see Figure
2). «, importine; B, importinB; NPC, nuclear
pore complex.

Cyloplasm | MNucteoplasm

complex results in the release of the U

miG
/\g snRNA.  Because importinf} binds

: RanGTP with high affinity (and not

c (=)= ==k RanGDP}, and this binding coincides

) with importinee dissociation (Rexach

and Blobel, 1995), it suggests that

m7G importinf can bind either RanGTP or

/\; importing, but not both at the same time,

Consislent with this, dissociation of the

importing-CBC-RNA  complex by

importinf} is prevented by RanGTP but not by RanGDP. Thus, in the nucleus the higher

concenirations of RanG TP protect the RNA export complex against dissociation by importinp,

In the cytoplasm, where RanGTP concentrations are low, and RanGDP high, importinp can

bind to importine, resulting in RNA displacement from the complex (Figure 2) (Gérlich ef al.,

[996b). It is not yet known how the importing-CBC-RNA complex makes contact with the

NPC; however, it is tempting to postulate the existence of an importinB-like protein that
mediates this contact via nucleoporin FG-repeats.

In conclusion At least three classes of proteins are mechanistically implicated in
nucleocytoplasmic {ransport: i} factors that contact the transport substrate in the nucleus or
cytoplasm and lead it to the NPC, if} NPC components (nucleoporins) that might guide the
substrate through the pore, and iii) proteins involved in the energy supply required for the
transport process.

It Regulated nucleocytoplasmic transport

Based on what we know aboult the transport machinery that mediates macromolecular exchanges
between the cytoplasm and the nucleus, two different ways of regulating nucleocytoplasmic
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transport are possible: the first is dependent on properties of the trafficking macromolecule, and
therefore highly specific, the second is dependent on modifications of the transport machinery,
and would therefore have a more general effect on nucleocytoplasmic traffic. I will first discuss
the first mode with a number of well defined examples, and continue with the second possible

mechanism, for which less direct evidence is available

Selective regulation of nucleocytoplasmic transport

In recent years, specific regulation of protein import has been shown to play a key role in several
signal transduction pathways involved in growth regulation. In addition, there are indications
that specific regulation of protein and RNA export exist. I will review a few of the best studied

examples.

NF-xB/Rel The NF-xB protein is a transcription factor that binds to a specific element in the
enhancers of many genes, including those encoding cytokines, H-Ras, and c-Myc (reviewed in
Miyamoto and Verma, 1995). The transcription factor is composed of two subunits, pS0 and
p65 that are encoded by separate genes but share significant sequence homology. The p50
NF-kB subunit can forin an active heterodimer with other p65-like partners. One of these is
c-Rel, the cellular counterpart of a viral oncoprotein found in certain avian lymphomas (Bose,
1992}, This association of NF-kB/Rel proteins in oncogenesis has been substantiated by
findings linking increased NF-kB activity to fibroblast transformation (Kitajima ef al., 1992),
and an NF-xB p50 homologue targeted by a chromosomal translocation in B-cell lymphomas
(Neri ef al., 1991).

The activity of NF-kB/Rel proteins is regulated, in part, by their subcellular jocalization.
The iranscription factors are present in the cytoplasm as an inactive complex that includes an
inhibitor named IxkB. External or internal signals can lead to the phosphorylation and
degradation of [kB and the subsequent nuclear translocation of NF-kB/Rel. The association of
IxB with NE-kB p65 or c-Rel requires their intact nuclear localization signals (Beg ef al., 1992;
Kerr ef al., 1991), suggesting that NF-kB/Rel nuclear import is regulated through the masking
of its NLS by 1xB. In some cells however, after complete degradation of IkB, less than 10-20%
of the total NF-kB/Rel proteins (ranslocates into the nucleus immediately (Verma ef a/., 1995).
It has therefore been suggested that additional unexplored regulatory steps exist in the pathway
to nuclear localization of Rel/NF-xB,

Steroid hormone receptors Steroid hormones are signaling molecules that travel the blood-
stream, enter cells by diffusion through the plasma membrane, and bind to specific intracellular
receptors. These receptors are transcription factors that are activated by ligand binding, and
subsequently transactivate target genes (reviewed in Tsai and O'Malley, 1994). Members of the
receptor superfamily can be divided into two subgroups according to their functional properties,

One group includes the thyroid receptor, retinoic acid receptor, 9-cis-retinoic acid receptor, and
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vitamin D receptor, which are nuclear proteins that can bind DNA in the absence of ligand,
Upon hormone binding, these receptors become transcriptional activators or inhibitors. The
second group of steroid receptors includes the glucocorticoid receptor, androgen receptor,
progesterone receptor, and estrogen receptor. These receptors form an inactive cytoplasmic
complex with the heat-shock proteins hsp90, hsp70, and hsp56 in the absence of hormone.
Upon hormone binding, the heat-shock proteins dissociate and the receptors enter the nucleus
where they transactivate or repress target genes. These ligand-bound steroid receptors
continuousty shutile between the nucleus and the cytoplasm (reviewed in Defranco ef of., 1993),
which suggests that nucleocytoplasmic transport of this group of receptors is an important
regulated step in the steroid hormone signal transduction pathway. Hormone-dependent nuclear
import of the glucocorticoid receptor has been demonstrated in vive (e.g. Picard and Yamamoto,
1987; Wikstrom ef al., 1987) and in vifre (Yang and DeFranco, 1994). 1t appears to be a fast
and energy-dependent process. Therefore, the simplest model to explain the regulated import
is a ligand-induced conformationat change of the hormone receptor, followed by dissociation
from heat-shock proteins. This dissociation would then unmask the hormone receptor's NLS,
resulting in fast and energy-dependent nuclear import. The mechanism by which steroid
hormone receptors move out of the nucleus is much less clear, Nuclear microinjection of the
progesterone receptor NLS, in the context of E.coli [J-galactosidase demonstrated that nuclear
export was NLS-dependent; the normal f-galactosidase protein was unable to exit the nucleus
(Guiochon-Mantel ef al., 1994). Moreover, the simian virus 40 large T antigen NLS functioned
in the same manner, suggesting that NLS-dependent export could be a more general feature of
nuclear proteins, Since not all nuclear proteins shuitle between the cytoplasm and the nuclens,
an additional level of regulation is likely to exist. This is seemingly in disagreement with the
results of Schiidt-Zachmann er «l., who showed efficient export of nuclear-injected pyruvate
kinase, a cytoplasmic protein, suggesting that nuclear export of protein is a passive process
(Schmidt-Zaclumann ef af., 1993). However, this apparent discrepatcy could merely reflect the
existence of multiple, differently regulated export pathways,

STATs The Signal Transducers and Activators of Transcription (STATs) were originally
identified as conponents of the interferon signaling pathway. It was observed that after
stimulation of the interferon receptor by IFNe, a number of proteins associate on IFNg-
responsive promoters, This protein complex, named ISGF3, is composed ofp91 (STAT 1r), p84
{STATIp), pl 13 (STAT2), and p48 {reviewed in Schindler and Damell, 1995; Taniguchi, [995).
STAT!lg and P are encoded by the same gene, whereas STAT2 is about 40% identical to
STATIL. Several other closely related family members have been found, named STAT3 through
6. STATSs are cytoplasmic proteins in non-stimulated cells, but upon stimulation with a specific
growth factor translocate to the nucleus (Dale ef af., 1989; Kessler ef al., 1990; Levy ef al.,
1989; Waxman ef af., 1995). This nuclear translocation requires formation of STAT leiero- or
homo-dimers, which is triggered by phosphorylation by a specific kinase of the JAK (Janus
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kinase) family (e.g. Taniguchi, 1995). Several JAKs have been discovered, each involved in a
different subset of cytokine signaling, These JAKs are thought to be directly activated by
interaction with the ligand-occupied receptor, Why STAT dimers enter the nucleus, whereas
STAT monomers remain cytoplasmic, is unknown.

Cell cycle-dependent nuelear import 1t has been estimated that up to 250 genes are expressed
in a cell cycle-dependent manner in Schizosaccharomyces pombe (Price ef al., 1991). It is,
therefore, reasonable to assume that in metazoa this number will even be higher. Correct timing
of expression of these genes is essential for normal celt function, and deregulation of cell eycle
proteins operating in the Retinoblastoma pathway is & major cause of oncogenic transformation
(reviewed in Hall and Peters, 1996). One mechanism of cell cycle controlled gene expression
is the regulated nuclear import of transcription factors. The clearest example of this
phenomenon is the yeast transcription factor SWI5. SWIS influences the mating status of yeast
through transcriptional control over certain target genes (Moll ef al., 1991). 1t exhibits cell
cycle-dependent nuclear exclusion, entering the nucleus specifically in G, (Moll ef «l., 1991;
Nasmyth et al., 1990). This nuclear exclusion is mediated via phosphorylation by the
Schizosaccharomyces pombe cyclin-dependent kinase (CDK) CDC28 of an adjacent CDK site.
B-Galactosidase fusion proteins, catrying the SWIS NLS/CDK sequences, showed a similar cell
cycle-dependent nuclear localization, that was both NLS and CDK site-dependent, whereby
mutation of the CDK site resulted in constitutive nuclear localization (Jans er af., 1995). This
suggests that phosphorylation of the CDK site next to the NLS blocks nuclear import through
a charge or conformational effect. In mammalian cells, SWI5 fusion proteins were similarly
transported to the nucleus in an NLS and CDK site-dependent fashion, indicating that this
regulatory mechanism of protein import is conserved in evolution.

Certain CDK/cyclin complexes are also subject to regulated nuclear entry (reviewed by
Gailant et al., 1995). The vertebrate CDK 1 p34°™?2 interacts with at least four distinet eyclins,
A, B1, B2, and B3, CDK/cyclin A and CDK/cyclin B3 complexes accumulate in the nucleus
as soon as they form (e.g. Zindy es af., 1992}, In contrast, complexes containing cyclins Bl or
B2 are cytoplasmic throughout interphase, but then translocate into the nucleus at the onset of
mitosis, just prior to nuclear envelope breakdown {Gallant and Nigg, 1992; Pines and Hunter,
1991). The molecular mechanism of this abrupt nuclear transtocation at the G,/M transition is
unknown; neither p34°“ nor cyclins A or B contain an obvious NLS. However, it is
conceivable that the nuclear translocation of CDK/cyclin complexes requires a chaperone that
mediates their import into the nucleus. In the cyclin Bl protein, a cytoplasiic retention signal
has been discovered, which could be a target for such regulated transport (Pines and Hunter,
1994), Why the nuclear translocation of CDK/cyclin complexes is regulated remains
uncertain; deletion of the cytoplasmic retention signal of cyclin B1 (Pines and Hunter, 1994) or
addition of an SV40 large T NLS to this protein (Gallant e/ af., 1995) results in its constitutive
nuclear localization, without obvious effects on cell cycle progression.
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RNA export There are relatively few examples of selective RNA export known to date. The
export of unspliced HIV mRNAs is probably the best studied example (discussed in part II).
Infection of cells with adenovirus or influenza virus inhibits the export of some (Beltz and Flin,
1979), but not all (Moore ef al., 1987} cellular mRNAs, while promoting export of viral
messengers. In the case of influenza, the virally encoded M1 protein promotes export of viral
ribonucleoproteins from the nucleus (Martin and Helenius, 1991). The viral NS, protein binds
to poly(A) and inhibits both splicing and export of polyadenylated mRNA (Fortes ef al,, 1994;
Qiu and Krug, 1994). As viral proteins often use cellular regulatory pathways to promote the
virus's own interests, it is conceivable that this selective mRNA export is also a feature of
normal cells.

Export of cyclin D1 mRNA is specifically enhanced by artificially high expression of
the eukaryotic initiation factor 4E (elF-4E) (Rousseau ef al., 1996). elF-4E binds to the m7G
cap of RNA polymerase I transeribed RNAs and is part of the cap-binding complex that plays
a major role in the contro} of franslation initiation {reviewed in Mader and Sonenberg, 1995).
Because a significant fraction of eIF-4E is present in the nucleus (Lejbkowicz et af., 1992), it
has been argued that this protein is also important for the nuclear export of RNAs, in parallel to
nuclear cap-binding protein complex CBC (Izawralde ef af., 1995; [zaurralde ef af., 1992).
Interestingly, overexpression of cyelin D1 in rodent cells causes transforimation (Okamoto ef af.,
1994} and the gene is amplified and overexpressed in many human carcinomas (see Hall and
Peters, 1996). It would be interesting to test if exogenous overexpression of elF-4E could
increase the export of cyclin D1 sufficiently to cause enhanced cell growth.

In conclusion Specific regulation of nuclear protein import seems generally to be modulated
by the accessibility of the NLS. This can be established by masking of the NLS, as illustrated
by the NF-xB and steroid receptor families, or post franslational modification of the NLS
flanking region, as seen in SWI5. However, in a number of cases the mechanism of regulation
is not yet known. There are only a few cases of selectively regulated RNA export known to
date, but the common theme seetns to be sequence specific binding of an export or retention

promoting factor.

Regulation of the transport machinery

The first studies correlating the nucleocytoplasmic transport rate and the growth state of the cell,
compared NPC numbers and nuclear accumulation of fluorescent dextran in transformed versus
nontransformed fibroblasts. It appeared that both the number of NPCs and the rate of
nucleocytoplasmic transport were increased in transformed cells (Jiang and Schindler, 1988).
The same effect was seen when non-transformed cells were exposed to peptide growth factors
(Jiang and Schindler, 1988). Furthermore, the nuclear transport capacity of proliferating BALB/c
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3T3 cells, as measured by the nuclear import rate of nucleoplasmin-coated gold particles of
various sizes, was found to decrease upon growth arrest (Feldherr and Akin, 1991). Fusion
between proliferating and quiescent cells showed that differences in transport capacity between
the two nuclei were maintained, and that the number of goldparticles located at the cytoplasmic
faces of the pores was significantly greater in proliferating nuclei, suggesting that qualitative
differences between the nuclear pore complexes were important in regufating nuclear transport
(Feldherr and Akin, 1993).

These resulis can be interpreted in two ways: (i) the regulation of the transport machinery
at the Tevel of the NPC plays a role in maintaining the quiescent or proliferating state of the cell,
or {ii) the number of the NPCs and their functional characteristics are regulated by factors also
governing the growth state of the cell. These possibilities are not mutually exclusive; the actions
of growth regulating soluble factors may lead for example to contraction or expansion of the
NPC, that cowld serve to quickly limit or increase the export of farge ribonucieic particles such
~ as ribosomal subunits and mRNPs.

TV. Involvement of nucleocytoplasmie transport factors and NPC componcents in

neoplastic transformation
Transport factors

Oho31/Pendulin In Drosophila larvae, two types of hematopoietic cells function in cellular
immunity: the plasmatocytes, which resemble veriebrate macrophages; and the crystal cells,
which seem to play a role in blood coagulation in response to wounding. Both cell types
originate in the larval hematopoietic organs, from proplasmatocytes and procrystal cells
respectively., Mutations in more than 25 genes can cause overgrowth of hematopoietic organs
during larval development (reviewed Gateff, 1994). Only a few of these genes have actually
been cloned, one example being the Hop™™! allele of Hopscotch, which causes plasmatocyte
overgrowth followed by terminal differentiation (Binari and Perrimon, 1994). Hopscotch
encodes a non-receptor tyrosine kinase that shows homology to the vertebrate Janus kinase
(JAK) family. In addition, the Hopscotch/JAK kinase interacts genetically with a Drosophila
protein named Marelle, that shows homology with vertebrate STAT's (Hou, 1996, see also part
11 for a description of the JAK/STAT pathway). This indicates that Hopscotch is part of an
invertebrate JAK/STAT system. In vertebrates no transforming mutations in the JAK/STAT
pathway have been found to date, however, considering its role in many growth signalling
pathways, it seems to be an ideal target for malignant transformation (lhte, 1995}, Another
exanple is cho3 1 (overgrown hematopoietic organs-31), a recessive gene mutation which was
identified in a genetic screen designed to identify Drosophila genes that control cell proliferation
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and differentiation {Torok ef af., 1993). Cloning of the gene, and its subsequent mutation by P
element insertion, showed that its inactivation caused not only hematopoietic overgrowth, but
also the overgrowth of several imaginal organs (Kiissel and Frasch, 1995; Torok ef al., 1995).
The Oho31 protein, also named Pendulin, has extensive seguence homology to members of the
importine family: yeast Srpl, Xenopus importing, and mammalian hSrp! and Rehi (Kiissel and
Frasch, 1995; Térok ef af., 1995). This homology suggests that Oho31 is also involved in
nucleocytoplasmic transport. Indeed, the protein has been reported to function in protein import
in vitro (Gorlich ef al., 1996a). Interestingly, Oho31 localizes to the cytoplasm but transiently
accumulates in the nucleus at the beginning of mitosis. In comparison, yeast importine Srpl,
is constitutive nuclear (Kussel and Frasch, 1995; Yano ef ai., 1994), whereas Xenopus
inporting, which is present throughout the cell (Gorlich er al., 1996a), Therefore it was
postulated that the different importing proteins in higher ewkaryotes may have non-overlapping
functions, perhaps serving distinet subsets of NLS- (or NES) containing substrates. It may be
that the Oho31 phenotype can be explained as a transport deficiency in such a subset that
includes factors for control of growth or differentiation.

Nucleoporins

Three vertebrate NPC proteins have so far been implicated in human cancer or leukemia. Tpr
is a NPC component with extensive alpha-helical protein interaction motifs, whereas Nup98 and
CAN/Nup214 are FG-repeat-containing nucleoporins.

Tpr The fpr gene was originally identified as a part of the frp-met oncogene, which results from
a transtocation between human chromosomes 1 and 7 in gastric tumors (Cooper ef al,, 1984;
Park et al., 1986). The gene encodes a 265 kDa protein that is located at the cytoplasmic face
of the NPC (Byrd ef al., 1994). Tpr lacks the FG-repeat region that is characteristic for many
nucleoporins, but it contains an exceplionally long coiled coil domain (~1600 amino acids), and
several leucine zippers, motifs involved in protein-protein interaction. Because of its predicted
rod-like shape, it has been suggested that Tpr forms the flexible backbone for the cytoplasmic
fibrils of the NPC (see Figure 1B). lts fusion partner in {1;7), the Met protein, is the hepatocyte
growth factor receptor, a transmembrane protein with a cytoplasmic tyrosine kinase domain.
The trp-mer fusion gene is frequently detected in human gastric tumors (Soman ef al., 1991),
and c-met is consistently overexpressed in thyroid papitlary carcinoma and tumors of the
gastrointestinal tract (Di Renzo ef af., 1991; Liu ef al., 1992). Thus, amplification of the
tyrosine kinase activity of the Met protein appears to be responsible for the transforming
property. Tpr has also been found in fusion proteins that contain the receptor tyrosine kinase
Trk (Greco et al., 1992), or the cytoplasmic serine/threonine kinase Raf (Ishikawa et al., 1987}
In all cases, kinase catalytic domains are fused ~140-230 N-terminal residues of Tpr, leading
to the suggestion that the N-terminal region of Tpr mediates dimerization of the kinase domains,
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thereby causintg kinase activation (Rodrigues and Park, 1993).

This notion seems 10 be supported by evenis surrounding an analogous oncogenic fusion
protein, NPM-ALK. NPM-ALK is formed as a consequence of the t(2;5) in non-Hodgkin
lymphoma and anaplastic large cell tymphoma (Elmberger ef a/., 1995; Morris ef al., 1994),
ALK is a receptor tyrosine kinase of unknown function, whereas NPM is a nucleolar protein,
also known as B23, that forms oligomers fn vive (Chan and Chan, 1995). The NPM-ALK
protein has been shown to form such oligomers, apparently by way of its NPM moiety (D.
Bischof and 5.W. Morris, unpublished results). This finding suggests that NPM oncogenically
activates the ALK tyrosine kinase by promoting constitutive multimerization and
phosphorylation. In agreement with this idea, a synthetic Tpr-ALK fusion protein also has
transforming activity (D, Bischof and S.W. Morris, unpublished results),

Byrd et al. have suggested the alternative possibility that the N-terminus of Tpr targets
the kinase activity to the NPC, thereby changing the phosphorylation state of NPC components
and/or proteins transported through the NPC, such as transcription factors, and in this way
promotes the transformed state (Byrd ef al., 1994), In this respect it is noteworthy that
NPM/B23 is a shutiling molecular chaperone (Borer ef a/., 1989) that is, therefore, likely to
come into frequent contact with the NPC, Currently it is not known whether Tpr-containing
fusion proteins are targeted to the NPC, whether the shuttling behavior of NPM/B23 is retained
in NPM-ALK, and, if so, whether these aftributes are essential for oncogenic activity.

Nup98 The genes for nucleoporin Nup98 and HoxA9 form a fusion gene that encodes a Nup98-
HoxAS9 fusion protein as a result of the translocation (7;11)(p15;p15)(Borrow ef al., 1996;
Nakamura ef af., 1996a). This translocation is a rare but recurrent karyotypic abnormality
mostly found in acute myeloid leukemias that have limited differentiation (Sato ef al., 1987).
It is also found in Philadelphia chromosome positive or negative chronic myeloid leukemia
(Tomiyasu ef al., 1982).

Nup98 is a vertebrate nucleoporin with an FXFG-type repeat that is located at the
nuclear face of the NPC (Radu ef al., 1995b). lts nucleoporin repeat region is present in the
Nup98-HoxA9 fusion protein. HoxA9Y belongs to a protein family elearly mplicated in
oncogenesis: the homeobox protein family.

Homeobox proteins are transcription factors that are normally involved in early
developmental processes (for review see e.g. Wright, 1991). They are known for their
oncogenic potential (reviewed in Stuart ef af., 1995), for example, expression of certain Hox
genes under the control of the CMV promoter/enhancer leads to transformation of NIH3T3
mouse fibroblasts (Maulbecker and Gruss, 1993). Some Hox genes have increased expression
in colorectal cancer (De Vita ef al., 1993). More importantly, homeobox genes are frequent
targets of cancer-associated chromosomal rearrangements. Translocation (1;19) creates a fusion
between Pbx1, a homeobox gene on chromosome 1, and E2A, a gene that encodes the enhancer-
binding transcription factors E12 and E47 (Kamps ef al., 1990; Neurse ef al., 1990). This

22



translocation is present in 20%-25% of alt childhood pre-B cell acute lymphocytic leukemias,
and E2A-PBX]1 functions experimentally as a potent oncogene (Dedera ef af,, 1993; Kamps and
Baltimore, 1993). Ilts leukemogenic effect may in part be explained by the expression of Pbx
sequences in hematopoietic cells, where it is normally absent, However, also E2A sequences
are likely to contribute, since Pbx alone has no transforming activity. E2A contributes two
transcriptional activation domains to the fusion protein, whereas Pbx1 confributes its DNA
binding homeodomain. These two elements were thought to define E2A-PBX's transforming
capability (Kamps ef al., 1990; Nourse ef al., 1990); however, it was later found that an intact
liemeodomain is dispensable for E2A-PBX1's oncogenic activity (Monica ef «f., 1994). It
appeared that sequences outside Hox homeodomains interact with heterologous Hox proteins
and that the resulting heterodimers form the active transcription factor {Chang ef al., 1995).
This is reflected in the recent finding that HoxA9 cooperates with the Pbx1-related homeobox
gene Meis! in murine myeloid leukemias, in which both genes were activated by proviral
insertion (Nakaimura ef al., 1996b).

Another example of the involvement of a Hox gene in cancer-related chromosome
rearrangements is the HoxIl gene on chromosome 10q24. This gene is upregulated by
juxtaposition to TCR enhancer sequences via translocation (10;14) in Iymphoid leukenzias
{Dubé et al., 1991; Hatano ef al., 1991; Kennedy ef al., 1991).

[n view of the role of Hox proteins in transcriptional regulation, it seems likely that the
Nup98-HoxA9 functions as a transcription factor, however, also other hypotheses have been put

forward (see Chapter 9).

CAN/Nup214 Translocation (6;9)(p23:q34) is the hallmark of a specific subtype of acute
myeloid leukemia, characterized by poor prognosis and a young age of onset. It is FAB
classified mostly as M2/M4 and rarely as M1 or RAEB (Adriaansen ef al., 1991; Soekarman ef
al., 1992; von Lindern, 1992). This translocation fuses the DEK gene, located on chromosome
6p23, to the CAN gene, located on cliromosome 9q34 (Von Lindern ef /., 1992a; Von Lindera
ef al., 1990). The DEK-CAN fusion gene gives rise to a leukemia-specific transcript, which
encodes a chimeric DEK-CAN protein (Sockarman ef af., 1992; Von Lindern ef af., 1992a). The
CAN gene was also rearranged in an isolated case of acute undifferentiated leukemia, where it
was fused to SET. SET is also located on chromosome 9q34 (von Lindern ef af., 1992b).

The molecular analysis of the CAN, DEK-CAN and SET-CAN are described in the
following chapters. The possible mechanisms by which the DEK-CAN and SET-CAN fusion
preteins are involved in leukemogenesis, and the possible analogy to Nup98-HoxA9 are

discussed in Chapter 9.
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V. Perspectives

Regulated nucleocytoplasmic transport appears to be an important mechanism in the control of
growih and/or differentiation. Although the number of proteins and especially RNAs that are
currently known to exhibit regulated nuclear import or export is relatively low, several important
systems involved in cellular growth and/or differentiation, such as cell cycle control and signal
transduction, are included. In several cases the mechanism of regulation is unknown at present,
but the best studied examples point to regulation of cis-acting transport signals as the main mode
of control. Whether this is the only way is unknown; it is certainly not the only conceivable
mechanism. Study of the regulated transport factors and the continuing dissection of the
nucleocytoplasmic transport machinery may reveal new ways of regulating the
nucleocytoplasmic exchange,

In this light the finding of mutated transport factors and NPC components in leukemic
cells is certainly of interest. Whether these mutations directly influence transport processes,
however, is doubtful. It is conceivable that domains of nucleoporins implicated in oncogenesis
serve ad hoc functions in oncogenic fusion proteins that act in unrelated pathways leading to
neoplasmic fransformation, and in the case of Tpr, this is the most likely scenario. The Nup98-
HoxA9 fusion protein probably serves a direct function i transcriptional control, although the
presence of the Nup98 FG-repeat suggests an additional transport-linked attribute {see also
Chapter 9). The importine-like Cho3! protein is so far the only example of the direct
involvement of a transport molecule in tumorigenesis. Since this protein appears to be one of
a limited number of importing-like transport factors, the question arises how a mutation in the
general transport machinery can cause specific deregulation in cell growth and/or differentiation.
However, rather aspecific changes in the cellular biochemistry can lead to transformation. A
good example for this is the inhibition of tyrosinephosphatases by vanadate, that results in a 40-
fold increase of cellular phosphotyrosine content, and hyperphosphorylation of numerous
proteins (Klarlund, 1985; Klartund ef a/., 1988). It also results in increased cell division and
anchorage independent growth (Klarlund, 1985). These effects are not dependent on the general
phosphorylation state of the cell, rather, they are the result of increased phosphorylation of
specific molecules in signal transduction pathways (e.g. Sun and Tonks, 1994). Thus, mutations
that give rise to aspecific changes in nucleocytoplasmic transport may have similar specific
effects via a modified transport of specific factors. Alternatively, mutations in the general
transport machinery may function to increase the transport capacity of the cell to a level required
for continuous growth, as suggested by Feldherr and Akin (1991).

Experiments to asses the role of nucleoporins and nucleocytoplasmic transport factors
in growth control could include (i) identification of proteins that interact with nucleoporin-
derived fusion proteins, and testing their significance for the oncogenic process, (ii) screening
for rearrangements in genes encoding FG-repeat containing nucleoporins components in
leukemias and other neoplasias, (iii) testing the transforming potential of transport/translation
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factors including elF-4E and CBC, and (iv) testing the oncogenic effect of mutations in human
importine. homologues.
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The translocation (6;9) is associated with a specific subtype of acule myeloid feukemia (AML). Previously, it
was found that breakpoints on chromosome % are clustered in ore of the introns of a large gene named Cain
(can). cDNA probes derived from the 3° part of can detect an aberranl, leukemia-specific 5.5-kb transcript in
bone marrow cells from ((6;9) AML patients. ¢cDNA cloning of this mRNA revealed that if is a fusfon of
sequences encoded on chromosome 6 and 3° cqan. A novel gene on chromosome 6 which was named dek was
isolated, In dek the 1(6;9) breakpoinis also occur in one infron, As a result the dek-can Fusion gene, present in
1(6;9) AML, encodes an invariable dek-can transcripl, Sequence analysis of the dek-can ¢DNA showed that dek
and can are merged without disruption of the original open reading frames and therefore the fusion mRNA
encodes & chimeric DEK-CAN protein of 165 kDa, The predicted DEK and CAN proteins have molecular
masses of 43 and 220 KDa, respectively. Sequence comparison with the EMBL data base falled {0 show

consistent iomology with any known profein sequences.

Defined karyotypic aberrations are associated with spe-
cific subtypes of leukemia. Detailed molecular characteriza-
tion of these aberrations may identify genes involved in
leukemogenesis and in the precise regulation of proliferation
and differentiation in the hematopoictic system. Transloca-
tions ar¢ the best-studied chromosomal abnormalities. As
the resull of a translocation, the function or activity of
oncogenes located at or near the transtocation breakpoint is
altered. In myeloid lcukemia threc translocation breakpoints
have been cloned and analyzed at the molecular level,

The two best studied, 1(9;22) in chronic myeloid [eukemia
(27, 43) and t(15;17) in acute promyelocytic leukemia {2, 8,
12), result in the formation of chimeric genes that cncode
fusion proteins. In chronic myeloid [eukemia this is a BCR-
ABL protein that has an enhanced tyrosine kinase activity
{34, 49) directly responsible for its in vivo tumorigenic
potential (14, 25). In acute promyeclocytic leukemia a PML-
RARe fusion protein that represents an altered (ranscription
factor (16, 33) is found.

The third translocation is the t(6;9) (p23;q34), found in a
specific subtype of acute mycloid leukemia (AML.) (1, 39,
41). This lcukemia is characterized by a poor prognosis,
affects young adults, and is classified mostly as M2 or M4
and rarely as M1 {according to the French-American-British
classification of AML). A region on chromosome 9 situated
360 kb downstream of the c-abl gene was cloned and
analyzed. H was found that breakpoints were clustered in a
region of 8 kb in five patients, four with ((6;9) AML and one
with acute undifferentiated teukemia {AUL) (47). Through
cDDNA cloning this region could be identified as one of the
tdrons of a large gene (=100 kb} encoding a 7-kb transcript.
This intron was named ich-9; the intron containing the
breakpoints on chromosome 9 and situated in the middle of

* Corresponding author,

a genc named Cain (can}. The 3' pari of can is translocated
to the 6p— chromosonte, and only 3° can probes detect an
additional, lcukemia-specifie 5.5-kb transcript in bone mar-
row cells from 1(6;9) AML patients. No additional tran-
scripts were detected with 5' can prabes. The breakpoint
region on chromosome 6p23 was isolated from a genomic
AEMBL3 library constructed of bone marrow DNA from
one of the t(6;9) patients. An area of 40 kb of chromosome 6
DNA was cloned in overlapping phages. Southern blot
analysis showed that chromosomal breakpoints t(6;9) AML
patients arc clustered in a relatively small region of 12 kb.

This article reports the cloning of a cDNA representing the
5.5-kb aberrant transcript specific for t{6;9) AML; the isola-
tion of a novel gene, dek, on chromosome 6p23; and the
sequence anakysis of both can and dek cDNAs.

MATERIALS AND METHODS

Northern {RNA) blotting, Patienl material and cell lines
used were described previously (47, 48). RNA of mouse
tissue was isolated from BCBA micc. RNA was isolated by
either the guanidinium isothiocyanate (11) or the LiCl-
Ureum method (5). Total RNA was ¢lectrophoresed and
blotted as described by Fourney et al. (20). Equal amounis of
tRNA were loaded; before the samples were loaded on a
denaturing gel, 5% of each sample was loaded on a nonde-
naturing agarose gel to estimate the amount of fRNA and to
adapt the sumple quantity if necessary. Northern blots were
hybridized in 10¢5 dextran (40). Northern blots of mouse
tissues were hybridized with human probes with 3x S8C
(Ix SSC is 1,15 M NaCl plus 0.015 M sodium citrate} at
65°C, and filters were washed with 1x $5C at 65°C for dek
probes and with 0.3x SSC at 63°C for can probes. Probes
were labelled by the method of Feinberg and Vogelstein (19).

¢DNA cloning, One hundred micrograms of total RNA
from patient DK was heat denatured and annealed to 10 pg
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of a 21-mer, 5'GAAGGACTAGGTGCACCATGTY, at
55°C. First-strand synthesis was done with avian reverse
transcriptase {26). Second-strand synthesis was done ac-
cording 10 the RNaseH method (24). The DNA was blunt
ended with T4 polymerase and treated with FeoRI methylase
{Sigma). EcoRI linkers were ligated onto the cDNA with T4
ligase and RNA ligase (40}, and after EcoRI digestion, the
cDNA was size selected on a Sephacryl S-1000 column.
cDNA larger than 1 kb was ligated into the EcoRI site of
Agtll (31). Phage DNA was packaged by using packaging
extracts {(GIGA gold; Stratagene). PFU (19 x 107 were
gencrated, of which only 10% contained inserts, estimated
by analysis of randomly picked phages. The other 90% most
likely contained linker sequences. The human testis cDNA
library in Agtll was purchased from Clonetech (Palo Alto,
Calif.), The CMLO AEMBL3 library was described by
Hermans ct al. (28).

Sequence delermination and analysis. Restriction frag-
ments of cDNA clenes were subcloned in M13. Overlapping
¢DDNA sequences on both strands were determined by dide-
oxy sequencing (42). Initially, M13 primers were used; when
no suitable restriction sites were present a primer was
generated on the basis of already available cIDNA sequence.
To establish intron-exon borders, genomic fragments con-
{aining the exon of interest were subcloned into M13 and a
primer near the putative intron-exon horder was gencrated
to prime the sequence reaction. Scquences were analyzed
with the computer program Microgenie, and the EMBL data
base was used to search for homologous sequences at bath
the nucleotide and amino acid levels.

Cloning of the 3’ end of can. Thirty micrograms of totat
RNA of bone marrow cells from AUL patient SE was heat
denatured, and first-strand ¢cDNA was synthesized with
avian reverse transcriptase by using 100 pmol of the 35-mer
S'GTCGCGAATTCGTCGACGCGTTYITTTTTITTTTTTS
as a primer (21, 28). Excess primer was removed by isopro-
panol precipitation. One hundredth of the ¢DNA reaction
was amplified by using Tag polymerase (Perkin-Ebmer Ce-
tus) and the primers $'GTCGCGAATTCGTCGACGCGY
and 5'GCCTTTGGATCCCTGGGACCAACCGCY, The lat-
ter primer is located 180 bp upstream of the poly(A) signal in
can cDNA. The amplificd fragment of 230 bp was sequenced
by using a protecal for direct sequencing of fragments
produced by an usymmetric polymerase chain reaction (32).

Nucleotide sequence accession numhbers. The nucleotide
sequence data reported in this article have been submiited to
the EMBL, Genbank, and DDBJ nucleotide sequence data
bases under accession numbers X64228 {can) and X64229

(clek).

RESULTS

Aualysis of the ean gene and transcripl, As reporiced
previously, a nearly full-length can cDNA was isofated in the
overlapping cIDNA clones hNT23, hXT37, hXT534, and
hXT65 (47). Originally, cDNA clone hX8 was thought to
represent the 5° part of the can mRNA. However, a more
detailed mapping analysis showed that the 5 part of hX8§
does not belong to the con gene and is ip fact not even
[ncated on chromosome Y (data not shown), Therefore, hX8
must be considered a cloning arlifact, As several (11) inde-
pendent eDNA clones appeared {o have 5° ends mapping
close to the 5 end of hXT23, we assumed that the 5" end of
the latter clone maps in the vieinily of the can mRNA cap
site.

The genomic map of can, reported previously, extended
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over 70 kb but did not include the 3 part of the can gene.
Therefore, cIDNA clone hXT65 was used to screen a ge-
nomic AEMBL3 library, and many hybridizing phages
were isolated. Clones AILF10.6, AIIF10.2, Al1F10.8, and
ANFID.12 were selected sinee they covered the largest
stretch of DNA, and they were analyzed in more detail, As
indicated in Fig. 1A, a gap is stilt present between AIIF10.8
and AITFI0.12. The total amount of cer sequences clened in
phages is 130 kb. Since the gene is localed on a BssHIL
fragment of 170 kb {47) and no BssHII site is present in
AllLF10.12, it was deduced from Fig. 1A thal the gap
between AlIF10.8 and Al1F10.12 can range between 1 and
40 kb. Restriction enzyme fragments that conlain exons
were determined by hybridization of Southern blots contain-
ing EcoRl, BumHI, and FiindHI digests of the phages with
can cDNA clone hXT65 (Fig. 1C).

The overlapping can cDNA clones were sequenced and
appeared to contain a large open reading frame (ORF) of
6,270 nucleotides {nt) encoding a putative protein of 220 kDa
(Fig, 2). This ORF starls in clone hXT23 and ends in clone
hXT65. A 700-bp HindHI-Ps/I fragment of phage AlLF3, in
which the BssHII site is located (AHFIEJHP), was also
sequenced. Figure 3A shows that the sequence of
AlIF3EAHP is colinear with hXT23 up to its 5' end. Other
cDNA clones have 5° ends mapping near the 5° end of
hXT23. Whether this region conlains can promoter s¢-
quences has to be tested. At the 5° end, the can cDNA
contains ATG start codons at positions 95 to 97, 107 to 109,
and 115 to 117, The sequence around the codon at position
95 is concordant with the consensus sequence postulated by
Kozak (35}, which supgests that this methionine is probably
the start of the CAN protein. The first stop codon in this
frame is at position 6365. The sequence of cDNA clone
hXT65 ends immediately 3' of what appeared to be a variant
polyadenylation signal: ATTAAA (nt 6562 to 6567). As no
poly{A) tail was present in this clone, the 3" end of the can
transcript was amplified by using the protocal for rapid
amplification of cDINA ends (21) from a position 180 bp 5" of
the poly(A} signal 10 the poly{A) tail. The sequence of this
amplified fragment showced that the poly(A) tail starts 16 nt
downstreant of the ATTAAA signal. The 3" ¢nd of hX'T65
hybridized 1o genomic AEMBL3 phage Al1F10.12, Sequence
analysis showed that the 3" exon of can is present in this
phage. Its sequence is colinear with the cDNA sequence
down to the poly{A) 1ail {Fig. 3B).

Since previous mapping data localized the 1{6;9) break-
points in the middle of cDNA clone hXT37 (Fig. 1C), the
breakpoints must occur within the can ORF. To cxactly
localize the position of ich-9 within the ORF, genomic clones
were used to sequence the intron-exon borders delineating
this intron. This showed that the translocation breakpoints
occur befween codons 812 and 813 {nt 2530 to 2531) in the
ORF of the can mRNA (Fig. 2 and 3C). Because of the
translocation, 4,053 nt of the can ¢DNA are encoded on the
6p— chromosome. As a conscquence, cDNA probes located
within these 4,053 nt recognize a specific 5.5-kb transcript in
bone marrow celis from {6;9) AML patients (47),

Cloning the dek.can hybrid ¢DNA. To resolve the identity
of the t(6;9) AML-specific 5.5-kb mRNA, a primed cDNA
Jibrary was constructed by using lotal RNA of bone marrow
from 1(6;9) patient DK and a 21-nt primer mapping 860 bp
downstream of the translocalion breakpoint in the can
¢DNA (Fig. 1C). Part of the fibrary (2 % 10° PFU) was
sereencd with a 360-bp BamH1-Rsal (hXT37BR) fragment,
indicated in Fig. 1C. Two clones (DK1 and DK2[1.3 and 1.5
kb, respectively]) were isolated and characterized. They
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of chromosomes from ({6;%) AML. patients DK, PM, JK, and PL and AUT patieat SE ure indicated by arrows, They are all located in jch-9,
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primed cDNA library that was made with a primer, indicated by an asterisk, This library was screened with probe hXT37BR. DK% and DK14
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appeared to be colinear with can ¢cDNA from the primer at
the 3" end of the cDNA clones, exactly up to the 5’ end of the
exon flanking ich-9 at its 3’ side. Upstrcam of this point, both
clones are identical but deviate completely from the can
scquence. To determine the chromosomal origin of these
sequences, a 3' DK2 fragment (probe DK2EX, a 70i-bp
FcoRI-Xtal fragment [Fig. 1C}) was hybridized to a South-
ern blot containing DNA of a hybrid ccll pancl with the
sepregated translocation chromosomes involved in the 1(6;%)
(48). The probe hybridized to DNA of cell lines conlaining
chromosome 6 and 6p— (results not shown). The same probe
was hybridized to a Northern blot containing RNA of HeLa
cells, hematopoictic cell lines (Daudi, HLA{}, KGl, and
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K562), and bone marrow celis from 1{6;9) AML patient DK
and AUL puticat SE. This revealed the presence of a 2.7-kb
transcript in all lanes and an additional 5.5-kb transcript in
the 1(6;9) AMIL. patient bone marrow sample (Fig. 4). This
5.5-kb transcript is identical in size 1o the aberrant transcript
detected with 3’ can probes in a sample from this patient
{47). These results proved that sequences encoded by u gene
on chromosome & are present in the #(6;9) AML-specific
5.5-kb transcript, which is thus identificd as a chimeric
mRNA.

It is noteworthy that in a sample from AUL patient SE no
aberrant transeript was detected by the chromosome 6
probe, while hybridization with 3" can probes clearly de-
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At S'can

argegEgy grgegecgrtegyzet ASTITGCTCTOGRGLCECCT Al1FIT{HR
ACCOAACEAAGTTTGCTGTOSAGLEGCCT BIT21

GO TTOCG TG ARG TOGC ALG CALCOTTCCCTOG TTC ALIFIZLTR

CSGTICOGTCLGCALGECGTREOAEGOARCETICECTCSITS hXT

B 3*can

ATATITCATGTTCGGTTTTCOCTOCCACTATTAMACALTCTG TTTCOCTACagaacgtat
ATATIICATGTIGSGTTTTCCCTCOCACTATTARACA
ATATIICATG TGOS TITTCCCTCCCACTATIAMCAGTCTGTITCOGTACALARARANS

ALYF10.136t0
BATAS
hIF23D

Ci fck~9

GG\TCCCD.GAGAGMEC’MICAthlgqlgltc:algtuautctgtttaaasgatt AL1F4BE
GEATCOCARGAGTGAAGLT CAGCT TCAGGAM TTOGGOGCCTTCATCAGTATG TGA AT TT hXT37
tattteccttttaattottitettataglAMMITOGGOCCCTICATCACTATGIGARATTT ALIFIE?

P S'dek

€gTEQECECeCagRACE et tOgtyLCtbig)CqtgLeatetiOtsGresCUGARATCD
GLOTOC

MFI.20Hc). 4
COGOGECOGAAATCE  UEL4

GOGgtaagggctgcticgyy 333ccogyt

MF3.208c).4
GOCLTTCACAGCATCT COGCCTLOGOCCCTECT A DE14

GCICCHREQYTY
ARCCCECALCTAG

E: 1dek
TIATAMACCTIGTCANTARMAATAMATCTAMATCACL Gt gL thadgtoarttgeattt  HF2.5E4.5
TIATAMACCTTGTCANTARMAATAMATCTAMATCARRARARARRA DR9
gatatcttataggtgtatatage HF2.5E5.9
Fr icb-6

CACAATGAMACAGATITGCCAMARGGLASLLEgACaBALGUELAYMLATELFEEEEget  KF1L TE2.7
CACAATOANRCAGATTIGLARRARGGTCTATCARMAATTATCCTACTTATGATITANCICA  DRY
tatttttcetittcactatacatage TCTATCARMATTATCOTACTTATGATITAMSTGA  KF2.5E4.5

FIG. 3. Comparison of genomic and ¢DNA sequences of dek and
can. (A) Genomic 700-bp HindI[I-PstI fragment (AILF3E4HP) iso-
lated from phage AI1TF3 {Fig. 1A) contains the most 5' sequences of
cDNA clone hXT23, Presumably, thess sequences belong to the first
exon of can, (B} Genomic %0{-bp Sl fragment (AI1F10.128¢)
isolated from phage AIF10,12 (Fig. 1A) contains the most 3" exon
of can. cDNA clone hXT65 ends immediately 3' of the poly({A)
signal; therefore, a 230-bp cINA fragment (hXE230) that contains
the poly(A) signal and poly(A) tail was generated by using the
protocel for rapid amplification of cDNA ends, The poly(A) sigaal is
underlined. {C) The intron-exon borders flanking ich-9 were deter-
mined to prove that the ({6;9) breakpoints are located in a single
intron. A 1.2-kb BamHI-EcoRl fragment (AHF4BE) from phage
AlLF4 {Fig. 1A) contains part of the exon ffanking ick-9 upstream, In
faci, the Bam Y site is located in the exon. A 2-kb FcoR1 fragment
(AILF7E2) from phage AHF7 (Fig. 1A) contains the exon flanking
ich-9 downstream. The sequence of cDNA hXT37 shows both exons
joined together. (D) A 1.4-kb Hincll fragment (MF3.20Hc1.4) from
the genomic dek phage MFE3.20 (Fig. 1B) contains the most 5° dek
cDNA sequences of clone DK14 in a 240-bp BsstH1 fragment. (E)
dek has a large 3’ exon located in a 4.5-kb EcoRT fragment
{MF2.5E4.5) of phage MF2.5 (Fig. 1B}. The sequence encompassing
the ¥ end of this exon is shown together with the 3’ end of cDNA
clene DK9. {F} The intron-exon borders flanking ich-i were deter-
mined. Downstream of ick-6 only one large 3’ exon is present in a
4.5-kb EcoRI fragment (MF2.5E4.5) of phage MF2.5 (Fig, iB), the
5" border of which is shown. The exon flanking ich-6 upsiream is
tocated in a 2.7-kb EcoRI fragment (MF1.7E2.7) of phage MF1.7
{Fig. 1B). The sequence of cDNA clone DKY shows both exons
joined together,

ich-6 were sequenced. This showed that the translocation
breakpoints aceur between codons 34% and 330, almost at
the C terminus of the dek ORF (Fig. 5 and 3F). The intron
containing the breakpoints on chromosome 6 was termed
ich-6. Fusion of dek and can via the introns ic6-9 und icb-6
results in transcription of a chimeric mRNA in which the
ORFs of dek and can are merged without disruption of their
original reading frames. As u result, the DEK-CAN protein
has a predicted molecular mass of 165 kDa.

Analysis of the dek gene. Hybridization of dek cDNA

40

Hela
Daudi
HL 80
KG 1
K 562

DK
313

-55

-27

FIG. 4. Northern blot containing 20 pg of total RNA extracted
from the celt lines Hel.a, Daudi, HE60, KG1, and K562 and from
bone marrow cells from 1(6;9) AML patient DK and AUL patient
SE, The sizes of the mRNAs hybridizing 1o the dek cDDNA probe
DKE4 are indicated in kilobases,

prebes to the previously isolated \EMBL3 phages oceurred
3 of ich-6, 10 only one apparently continuous stretch of
genemic DNA. As the restriction maps of this genomic DNA
and the 3" dek ¢cDNA are colinear, it is likely that only a
single 1.6-kb 3’ exon is present downstream of ich-6. To
further substantiate this point, the 3' end of this exon was
sequenced and was found to be colinear with dek cDNA
down tao the poly(A} fail {Fig, 3E). However, a tiny intron in
this exon can be excluded only by complete sequencing of
the exon,

Hybridization of 3' dek ¢cDNA probes to genomic phages
indicated that the 5' end of the dek gene was not contained
within them. Therefore, a genomic NEMBL3 library was
screened with a 270-bp EcoRI-Hincll fragment derived
from the 5' end of ¢cDNA clone DK14. Phages (24) were
isolated and characterized. Two overlapping phages that
spanned the largest stretch of DNA were phage MF3.19 and
MFE3.20 (Fig. 1B). MF3.20 contains five HssHI sites map-
ping close together in a 1.4-kb Hincll fragment (MF3.20
Hcl.4). MF3.20Hcl.4 is the most 5' frapment hybridizing to
the 270-bp EcoRI-Hincll cDNA probe, Fine mapping and
subsequent sequence analysis showed that the most 5
cDNA sequences are presend in a 240-bp BssHIT fragment
which is preceded by a region rich in GfC (Fig. 3D).

BssHIT sites are mostly clustered in CpG islands which
often appear to represent pronoter sequences (7). There-
fore, this region in dek may well encompass the promoter
area. Moreover, linking of a 520-bp genomic {ragment,
mapping immediaicly 5' of the cDNA homologous sequence,
o a chloramphenicol acetyltransferase reporter gene showed
that this DNA region contains a strong promoter aclivily
{results not shown).

The 3’ end of MF3.19 did not overlap with the most 5" end
of the previously isolated phages (MFL.2); a gap is still
present in the map. Long-range mapping analysis (unpub-
lished results) indicated that the distance between the trans-
location breakpoint of the chromosome from patient DK in
fch-6 and the BssHII sites is approximately 30 kb. As 27 kb
of DNA between the BssHII sites and the breakpoint of the
chromoseme from patient DK is present in the genomic
phages, the gap is estimated to measure only a few kilobases.

Analysis of the can and dek ¢cDNA sequences. Comparison
of the predicled amino acid sequences of both can and dek
with the EMBL data base failed to reveal any substantial



X 5 A P A A E G TP Q9 P A S E K E E M P G P R 25

1 GGCCCGCGGCGGCCGAMACCGOGGTTCACAGCATGICCGCCTCGGCCNTGCAEOGCAGGG(FGAG—DGLACCCCCaCCCP\GCCCCCEnCCGAcwaccCﬂ)MrGCCCGGTCCCAGA
EE 5 E X EE D ] E EE EF EE K EFR S LI VETGTZ RKERE 40 3]

121 GAGGRGF.GCG}\WQELAGA;GACGQocaocéC[:AGCAGGAG—GAGGQ_E—Q&GGAAAAAGMM"FGAC‘CAACG;GGMGGCMGACGGMG\.A}LL\AG1AGA’AGGIIGRCMJGEPA
¥ 5 5 [ Q ) L £ 1 £ R THPF FL S KEKZE ETDETLR 103

241 crc’rc‘r‘cc.uc.mmmacctaﬁmcu. AGCACMGG)}},GGGGCAGM}\CYJTGIGAM?TGAGPGGAMCATTTT‘I TTCTAAGTAAGRAGAARRCCGRTIGRACT nacmicu\
K L LY NRPGT VY S§ 5 L KEKNVYVGDOD 6 F P F E K G S Vg ¥ R KKETEHL 143

361 c.\cmcmcnrmucac—cccmcchnc‘rmcc.cmxmcmcummcmcamrca TGGOTTTCCATT IGAARRAGGAAGTGTCCARTATAAAARGARECEAGARRATGTTG
L I C E V D LERSGVYNSELVSYFEKE®RTLNTEFLMABEPETFPS 16

481 mrrr!c@mrﬂcmmﬁmomcau:.Grcm:ﬁﬁcr'rchr.cx:AcmA.cmemra.umamucmcmuc)\cﬁmc‘mu TICTTAATGCATCCARARGCCITCT
P T € g S K K R N 556G H A R A XK R TFEKOCP¥ETLI L S 229

601 GGCMLCCATTGCCGM}\TCIPMA.AAAC—TG1ACCWV‘CAET&UMGGMCGGMCEG|lCnﬁGM;GGCk‘GGPAGGC“AAGCGMCCWlGaECJGMA-TCTGM
5 5 § 0D EDEK KX N FE I3 Q 269

721 TCTAGIAGIGATGAAGA .cmcmm@aucaarc; IcacnEMGA_AGA.p.ammcmﬂ-w;caccc.\ccm»}SACAGCCMGAGMCC*MACAGAMGCT
I 5§ K 5 KX 5 VY K S5 ARNVY KFRADTS S T X H N § § E K E 5 369

841 ACTE crmm,M\mtcmrcamcmccM'mITAJ\GAAAGCAGAIAGCAGCACCAC:MGAMMTcuucac.r‘ccmcwcmas;cm}ﬂ:mAuﬂcasuq_&
L K B T L K E T I K A S A K L E E V ¥ K QI 349

961 GMCCIITMTT}\PA&BG.TGPAEAMCCCCC‘[ACAGATGMEAGTTWGGM}\[‘_AA4APAGPMTTAC[GGCCFG|GCTAACTTGGMGMGTC¢\C&\|BAMCRGATTTGC_MAMG
. 315

1081
1201
1321
1441
1361
1681
1803
1921
2091
2161
2281
2401
2521
2641

¥y E N ¥ P T Y DL TERIXUDTF IR T VvV R E L 1
GICTATGAARATTATCCTACT IATGAT TTAACTCARRGARARG AT T TCATAARAACAACTGTARARGAGCTAATTT!
.

iiTGAGRTF.GP.GGACRGAGMGATGACTCGITCCCRTBGA] TIG
AR ATCIGAT T TATACCATTATACCAGC A AAGAGARTG TAT T TCCT i T TCIAAA TCOT IG T TAAGC AR CO T TACTAG AACT TACTGCIGACCI TTTTATCI ICRG TG TTATGIGARTITC
AT T TGCTC T I T I AR TIGCAT T ICTATCCCAT I T TTAGT T TARAA T CTIGCATGGCAT TAATIGT TCCTIGCI TITATAGT TG TATT T IGTACATTITGOATITCT I TATATARGGICA
TACATICTTEAGC TG I TG ICG I I I TTAGIGCACT TRARTAT TALCT IGCT TARGG CATACT T TTAATCRAAGTAGARCARARACTATTATCACCAGG AT TTATACATACAGAGATIGTIGTA
TTTAGTATATC AR AT T TIGARTACACATCTCTGTCAG TG TGARRR F ICAGCGHCAG T TG TCCATCATAT TAPAAATATACALGETACAGT TG TCCAGATCACTOAMTIGGARCTTTT
CICCIGCAICTGTATATAIGICARAT TG TCAGCATGACARRAGTCACAGATG T TAT T I INGTAT T T ITARB AL ACAAT TGG T IGTATATAARGTITITTIAT I ICTITIG TG CAGATCAC
TTTITAARCTCACATAGG TAGG TATCI ITATAGTIG TAGACTATGEAATC I CAGIGTICAGC CARACAGTATGATGEARCAG TC AAAG TCART TCABTGATGOCARCACTGAAGGARCAL
TTACCCIGUTITCCCICOAARG IGTCATCAAT TTG FAR T T TAGTAT TAACTCTO TARARG O CTGTAGS TACCTTTTATATTATATARGG ACAGACCAAAPATCAACCTATCARRGCT
TCMARBACT TIGGG AR GGG TCGOATTARG TACARCCACAT TIGGCT TACAGTAARTCALCTCAT T TITAT TALCTGCIT TIGCCCATATAARATGCTCATAT FTACTGG ARACCTAGEC
AGCTTCACGATTATCACTAARGTACCAGRTTATARTGCCAGRATATAATG IGCAGLCARTOS IGATGCICTCTGACAMAGTGIGTCT CARRAATARTATACT T TTACAT TAARGARATIT
ARTGT ITCTCTGCAGT IGGGGCTICTIGGCTI TCAGAG TTICGTTARTCAG TG T TG ATTCTAGA TGATCARCATAATGCOACCACTCC IGAATCAGACTTALT TI TG TCT ITCARATITACT
GTCTTAAATCAG T TTAT TAAMICIGAAT T TTARAACATGLIGT TTATGACACAATG ACACAT TTGTIGCACCARTIAAGIGT TICAAARATATCT I IGCATCATAGARCAGARATATATAN
AR ATATGTICALTGT TAACAGS TATTTICACACG T TIGITICITCATAGT TACTCAGRCACTAGGG AAAGG TARATACARGIGRACAABATRAGCAACTRARTGAGACCTARTAATIG

CCCTICCATTITARATAT T IGTTCT TATAAACCTIGICARTAAANRTARATCTAANTCA

FIG. 5. cDNA sequence and putative amino acid sequence of the DEK proteia. The position of the t{6;9) breakpoint is indicated with a

solid triangle {nt 1080 to 1081). Acidic regions are underlined,

homology to krown protein sequences. However, detailed
analysis identified some structures that may have functional
significance. In CAN, from amine acids (aa) 736 to 774, N
terminal of ich-%, a leucine zipper motif is located. The
leucine repeat consists of L-740, 1.-747, 1-754, L-761, and
L-768 and may represent a protein-protein dimerization
domain. Projected on a helical wheel (Fig. 6A), hydrophobic
residues at position +1 (relative to the leucines), acidic
residues at position —1, and basic residues at position +2 are
present. These residucs may slabilize the formation of
protein dimers through additional ¢lectrostatic interactions
between the leucine repeats of proteins.

Immediately C terminal of the breakpoint in CAN from aa
811 to 887 two putative amphipathic helices are present and
are separated by a loop of 25 residues, of which 13 are
charged either positively (7} or negatively (6). The hydro-
phobic backbone of the first amphipathic helix is formed by
1814, L-817, V-821, A-824, V-828, and V-831 {Fig. 6A). The
sccond amphipathic helix contains a heptad Jeucine repeat
consisting of £-861, I-868, L-875, and 1.-882 (Fig, 6A). A
regton ¢ncompassing the C-terminal part of the loop and the
C-terminal amphipathic helix (aa 840 to 887} shows homol-
ogy to the human estrogen receptor (ER) dimerization do-
main: 30% of the residues is identical, 575% similar {Fig. 6B).
The C-terminal 22 aa of this homology region in the ER were
shown to be essential for the formatien of ER homodimers
(38).

Many SP or TP and 85, ST, TS, or TT dimers are present
both N terminal and C terminal of the amino acid stretch

Chapter 3: Translocation (6,9} results in expression of a DEK-CAN fusion gene

comaining the putative leucine zipper and amphipathic hel-
ices (Fig. 6A). This sequence motil has been proposed to
have an ancillary role in DNA binding. At the C-terminus
there is a recurrence of phenylalanine residues often in
cembination with S/T-P or §/T-5/T dimers.

In the predicted DEK protfein no specific structures could
be recognized apart from a continuous stretch of acidic

residues at the N terminus, three acidic regions interspersed
with serines, and a very high overall pereentage (42%) of
charged amino acids (I, R, K, E, and D).

Expression of dek and ean, The expression patterns of dek
and can in different mousc tissucs may give a clue to the
possible function of these genes. Twenty micrograms of total
RNA of bone marrow, spicen, thymus, brain, liver, kidney,
testes, ovary, placenta, and whole embryos ), 13, 16, and
19 days after conception was loaded on a denaturing agarose
gel, Hybridization of dek and can cDNA probes to hamster-
and mouse-derived hybrid cell lines showed that both genes
are conserved between species {unpublished results). Thus,
the human dek cDNA clone DK and can ¢DNA clones
hXT37 and hXT56 were used to screen for mouse dek and
can transcripts. As shown in Fig. 7, dek and con are
expressed in all tissues. dek is expressed at a relatively high
level, while can seems to have a more restricted expression
pattern. can cxpression was easily detected in RNA of
thymus, spleen, boae mutrow, kidney, brain, and testes bt
was hardly visible in all other tissues or in whole embryos
during devclopment.
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FIG. 6. (A) Domains of the putative CAN protein that may have functional significance. The top line represeats the 2,192-aa putative CAN
protein, The positions of $/T-P and S/T-S/T dimers ave indicated with vertical lines. Box A (aa 736 to 775) represents a putadive leucine zipper,
Box B (aa 811 (o 887) represents twa amphipathic helices separated by a region of charged amine acids. An arrow indicates the position of
the translocation breakpoint between boxes A and B. The amino acid sequences of boxes A and B are given underneath the CAN protein
domains. The first four amino @cld residues are written In a horizontal row and the next three are placed below and batween them, In this
way, ilie sequence can be read as an hetfical wheel, cut open at one side. Charged zmino acids are srderlined, and hydrophohic residues are
in holdface type. Vertical lines indicate hydrophobic or charged sides of the predicted helical structure, {B} A part of the predicied CAN
protein sequence present in box B (shown above) is hamolcgous to the human ER. The homologous sequences are aligned, ldenticat amino
acids are indicated by vertical lines, and similar amino acids are indicated by coloas, The C-terminat 22 aa of the ER (underlined) are essential

for ER homodimerization.

DISCUSSION

A novel fusion gene is present in feukemic cells carrying
1(6;9) (p23;q34). The translocation breakpoints on chrome-
some 9 occur in onc intron of the can 'gene, ich-9. Transto-
cation breakpoints on chromosome 6 occur in one introa of
the dek genc, ich-6. As a result of the translecation, a
dek-can fusion gene encoding a chimeric dek-cait transcript
is generated. The sequence of this chimeric cDNA predicts it
te encode a 165-kDa DEK-CAN protein.

Alfthough the precise position of the breakpoints in ich-9
and fch-6 may vary, the same exons of dek and can are
joined by splicing of the primary transcript of the fusion
gene. The invariable dek-can transcript can be used as a
marker of 1(6;9) AML that can be sensitively monitored by
the polymcrase chain rcaction {4d4). This may be a great
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advuntage for diagnosis, monitoring of response to chemo-
therapy, and detection of minimal residusl discase after bane
marrow transplantation,

If steady-state levels of dek-can and dek transeripts in
bone marrew from patient DK are compared, it appears that
dek mRNA is much more abundant than dek-can mRNA.
The bone marrow from patient DK contains >90% leukemic
cells, of which every cell contains one chromosome 6 and
ane chromosome 6Gp—. In this ccli population, the overall
number of alleles of the normal dek gene and the fusion genc
arc about equal, and both arc driven by the dek promoter.
Higher steady-state levels of dek mRNA could be due to 2
tonger half-life of dek transcripts compuared with that of
dek-can  transcripts.  Alternatively, cnhancer sequences
which ure involved in franscription activation could be
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FIG. 7. Northern blot containing total RNA of various mouse lissues hybridized to can ¢DiNA probe hXT37 and hXT56 (A) and to dek
cDNA probe DKi4 (B). The size of the transcript is indicated in kilobases. Abbreviations: BM, boge marrow; SP, spleen; TH, thymus; LI,
liver; KI, kidney; BR, brain; TE, testes; OV, ovary; PL, placenta (13 days after conception); E10, E13, EL6, and E19, embryos aged 10, 13,

16, and 19 days aficr conception, respectively.

present at the 3’ side of the dek gene. The enhancer would be
removed from the fusion gene by the translocation.

The cellular function of DEK and CAN and the way
DEK-CAN may interfere with normal hematopoiesis are stil
obscure, Neither of the two genes shows expression that is
confined to the hematopoietic system, In fact, screening of a
Northern blot conlaining RNA samples of different mouse
tissues showed that dek is expressed ubiquitously, can is
also expressed in all tissues, though at much lower and more
variable levels. The tissucs expressing can at a relatively
high level include spleen and bone marrow. Since can
mRNA is also found in human hematopoietic cell lines, it is
unlikely that, because of the transfocation, cctopic expres-
sion of can in hematopoietic cells would directly be involved
in leukemogenie transformation, More likely, replacement of
the N-terminal part of CAN by DEK sequences generates a
protein that has different properties and is involved in
transformation,

A breakpoint in can {fch-9) was also demonstrated in bone
marrow cells from an AUL patient {SE) with an apparently
normal karyotype (47). However, no breakpoint could be
found in dek. In concordance with this observation, an
aberrant transcript of 5.5 kb, detected by 3’ can probes in
bone marrow RNA from this AUL patient, failed to hybrid-
ize to 5' dek probes. cDNA cloning resulis strongly suggest
that in this patient, can forms a fusion gene in which the 5'
sequences arc derived from another, as yel unknown gene
(46a). Therefore, it is possible that the C-terminal part of
CAN contains domains involved in the leukemogenic pro-
cess that may be activaled by difierent N-terminal moietics.

Preliminary protein localization data were obtained by
immunocytochemistry with antibodies directed against DEK
and CAN and COS cells transicntly expressing high levels of
CAN, DEK, or DPEK-CAN protein, CAN appcars to be
mainly cytoplasmic, while DEK has a stricily nuclear local-
ization. The fusion of DEK to CAN results in a protein with
a nuclear localization (19a).

In view of these data, the analysis of the can cDNA
sequence revealed some structures that may be indicative
for its function.

(i} An amphipathic helix with a heptad feucine repeat is
predicted by the sequence just 5' of ich-9. This leucine
zipper motif has been detected in many proteins such as
FOS, JUN, GCN4, and CCAAT/enhancer binding protein
{10, 50), in which it mediates the formation of either homo-
or heterodimers. A basic stretch of amino acids, juxtaposed
to the leucine zipper, can function as a DNA binding
clement. In CAN no basic region is present adjoining the

leucine zipper, and heace this helix most likely functions as
a dimerization domain. Not only the addition of novel
sequences to the 3" part of can but also the removal of the
original 5' part of the gene may contribute to the putatively
tumorigenic properties of the dek-can fusion gene. As the
leucing zipper is detached from the C-terminal CAN sc-
quences by the translocation, it is ternpting to speculate that
this structure may be the interaction sitc for a factor that
could reguiate CAN activity.

(ii) The protein sequence just 3° of icb-9 predicts two
amphipathic helices separated by a stretch of 25 amino acids,
containing many charged residues, Several arguments sug-
gest that this domain may function in protein dimerization.
(a) The C-tcrminal putative helix and part of the preceding
charged amino acids show horology to the hormone binding
region of the human and mouse ERs (23), It has been shown
that the mouse ER contains a strong dimerization domain
adjoining the hormone binding domain {18, 38). The entire
sequence containing both domains is conscrved within the
steroid receptor family. At the N-terminal side of this
domain, the homology between the ER and CAN extends
beyond the homology between the ER and other steroid
hormone recepters. However, CAN has no homology to the
hormone binding domain immediately C-terminal of the
dimerization domain. It is interesting that the homologous
protein domain in another member of the steroid hormone
receptor family, the retinoic acid receptor type a, was shown
to dimerize with multiple cell-type-specific proteins which
have not yet been characterized. Dimerization increased the
affinity of the recepior for its cognate binding sequence (22).
In addition, homology of CAN io the ER is noteworthy with
regard to the finding that the retinoic acid receptor type o is
involved in t1(15;17) in acute promyelocytic leukemia (2, 8,
15). It will be interesting to analyze whether CAN can form
heterodimers with the ER or other members of the steroid
hormone receptor family. (b} Although no direct homology is
present, the putative structure of CAN just C-terminal of
ich-9 (aa 811 to 887) architeciurally resembles aa 82 to 162 of
transcription factor AP-4, a basic sireich-helix-loop-helix
protein {30), This part of AP-4 contains an additional dimer-
ization domain, which, like this region in CAN, consists of
two amphipathic helices separated by a stretch of 28 aa,
containing many charged residues (30).

(iif} Many SP and TP dimers are present both N-ierminal
and C-terminal of the region containing the putative leucine
zipper and amphipathic helices. A proline preceded by a
serine or a threonine forms a B turn I, which is stabilized by
formation of hydrogen bonds between the serine or thrco-
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nine and the backbone of 2 aa following the proline (45). A B
turn 1 conformation can also be assumed by scrine ar
threcnine dimers. S/T-P dimers are clustered around DNA
binding domains of many proteins that asseciate with DNA
in a sequence-specific manner, Suzuki (45) proposes that the
S/T-P-X-X (X for any amino acid) motif will bind in the
minor groove of DNA in a sequence-independent manner.
This may stabilize a specific interaction of the XNA binding
motif in the major proove.

In the C-terminal cluster of S/T-P and $/T-5/T dimers in
CAN, the aromatic residuc phenylalanine is often recur-
ring. The C-terminal part of RNA polymerase I of both the
yeast Seccharamyces cerevisiae and mammals contains a
SPTSPSY repeat (3, 13), which is cssential for ils function
(4). Suzuki (46) argues that the g turn EX-Y motif may be
essential for DNA binding and shows that the aromatic ring
of the tyrosine residuc in this repeat can intercalate into the
DNA. In Drosophila RNA polymerase I1, tyrosine is re-
placed by another aromatic residue, phenylalanine {6). A
structure of B turns combined with arematic residues is
therefore postulated to be a novel type of DNA binding
domain. In the 3' part of CAN a S/T-8/T/P-X-F sequence
occurs 14 times, We will study whether this region has DNA
binding capacity, cither by itsell or by stabilizing DNA
binding domains of transcription factor complexes that con-
tain the CAN protein.

The predicted protein secquence of DEK contains a re-
markably high percentage of charged amino acids. Al the N
terminus (aa 30 to 47), DEK contains a coatinuous stretch of
acidic residues, Three other acidic stretches are present,
from aa 227 to 236, 241 to 248, and 301 1o 310. They contain
acidic residues interspersed only by scrine residues. Acidic
regions were found mainly in two types of nuclear proteins
(17}, (i) Chromalin-associated proteins such as nuclcolin and
high moebility group proteins contain acidic regions that cun
interact with the basic domains of histones (36, 37). These
proteins also contain a conserved DNA binding domain, the
high mobility group box, a sequence motif that is not present
in DEK. (ii) A class of transcriptional activaiors, among
which are herpes simplex virus VP16 protein and the yeast
transcription factor GCN4, contain an acidic patch that can
interact with the RNA polymerase 1l complex (9, 29).

Many basic amino acids are present in the DEK protein
next o the acidie regions. The calcutated pl of DEK is 8.9,
Because of these basic stretches, several putative nuclear
localization signals can be recognized. DEK is completely
devoid of hydrophobic stretches.

We speculate that replacement of N-terminal CAN se-
quences by almost the entire DEK protein may aclivate the
transforming potential of CAN. However, the mechanism of
this putative activation remains to be delermined. Analysis
of the primary structure of DEK and CAN combined with
the preliminary localization data suggests that these proteins
may have a function in the cell nucleus.

Up to now, breakpoints of three different translocations in
mycloid leukemia have been cloned and molecularly ana-
Iyzed, Thus far the formation of fusion genes seems (o he the
predominant effect of translocations in myeloid lcukemia,
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Relocation of the carboxyterminal part of CAN from the nuclear envelope
to the nucleus as a result of leukemia-specific chromoesome rearrangements
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Fusion genes encoding the 3’ part of the can gene are
implicated in two types of leukemia, The dek-can fusion
gene is present in £(6;9) acute myeloid feukemia and the
set-cant fusion gene is present in ome case of acute
undifferentiated leukemia. In order to obiain leads
towards the molecular basis of these diseascs, we have
studied the cellular localization of the DEK-CAN and
SET-CAN fusicn proteins and their normal counterparts,
DEK-CAN and SET-CAN were localized exclusively in
the nucleus, and also DEK and SET were found fo he
nuclear proteins, However, CAN was mainly located at
the nuclear and cytoplasmic face of the nuclear envelope.
This observation is in accordance with the presence of an
amino acid repeat in the C-terminal part of CAN,
common to the family of nucleoporins, The C-terminal
part also contains 3 nuclear location domain as shown by
deletion analysis. This domain may be important for the
presence of CAN at the nucleoplasmic side of the nuclear
envelope. The relocation of the carboxyterminal part of
CAN due to DEK-CAN and SET-CAN may reinforce a
nuclear function of the CAN protein.

Keywords: leukemia; fusion proteins; nucleoporins;
translocations; can proto-oncogene

Introduction

The can gene, located on chromosome %34, is
involved in at least two chromosomal rearrangements
assaciated with human leukemia, First, translocation
(6;9) is associated with a specific subtype of acute
mycloid leukemia (AML) (Rowley and Potter, 1976).
This subtype is characterized by poor response to
therapy, young age at onset and a primary FAB
classification of Mi, M2 or M4 (Adriaansen et al,
1988). It has been shown that the translocation event
fuses a gene, dek, on chromosome 6p23 to the can gene
in a head-to-tail manner (Von Lindern ef al., [990;
[992a). A leukemia-specific dek-can iranscript origi-
nafes from the 6p-chromosome and is invariably found
in leukemic cells carrying the (6;9) translocation
(Sockarman ef af, 1992a,b). This fusion transcript
encodes a chimeric DEK-CAN protein consisting of
most of the entire DEK polypeptide, fused to the two-
third C-terminal part of the CAN protein. The
consistent presence of the same dek-ean transcript in
t(6;9) leukemic cells suggests a causalive role of the
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translocation in this subtype of acute myeloid
[eukemia,

A second chromoesome rearrangement found in one
casc of acute undifferentiated leukemia fuses can to set,
located on chromosome 9934 at the centromeric side of
can and c-abl (Von Lindern et al., 1992b). Whether the
set-can fusion gene results from a (9;9) translocation or
an inversion within the 934 band is unknown at
present. The can sequences in the sef-can fusion gene
are identical 1o the ones found in the dek-can fusion
gene, indicating can as the gene with oncogenic
potential, Furthermore, in one case of refractory
anemia with an excess of blast cells (RAEB), a
subtype of myelodysplastic syndrome (MDS), and in
a case of common acute Iymphoblastic leukemia
(c-ALL), a chromosomal breakpoint in the can gene
was detecied, while no breakpoint in dek (Soekarman
ef af., 1992a) or set (unpublished results) was present.
This indicates that, besides dek and set, at least one
additional Tusion partner of the can gene exists.

Chromosome translocations that fuse genes within
their transeribed regions have been strongly assoctated
with specific types of myeloid and lymphoid malig-
nancies (Young, 1992} and solid tumors (Delattre et
al., 1992, Sorensen ef al., 1994). These translocations
generate fusion proteins with deregulated properties
compared to the individwal fusion partners, which
likely form the very basis of ihese malignancies.
Therefore, study of these fusion proteins and their
normal counterparis may provide important clues for
the understanding of the mechanism of carcinogenesis,
as well as normal cell function.

Not very much is currently known about the SET,
CAN and DEK proteins. However, recently Adachi er
al. (1994) reported that SET is a nuclear phospho-
protein, The DEK protein often acts as a major
immunoreactive anligen in patients with auto-immune
diseases such as juvenile rheumatoid arthritis or lupus
crythemathosis (Sierakowski er al, 1993). Further-
more, a cDNA encoding the fast 65 amino acids of
the DEK protein could confer partial complementa-
tion of the genetic instability of ataxia-telangiectasia
fibroblasts of the complementation-group D (Meyn ef
al., 1993}, Relevance of this finding to the normal
function of DEK, or its role in leukemogenesis, is
presenily unclear. Less is known about the CAN
profein, the common fusion partner of DEK and
SET. Expression of the protein may not be confined
to the hematopoistic system since, in mouse tissues,
can mRNA is found in kidney, brain, testis, bone
marrow, thymus and spleen (Von Lindern ef al,
1992a),
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This study is designed to establish and compare the
subcellular localization of the CAN protein and its two
chimeric derivations, DEK-CAN and SET-CAN. To
this end, we have made cDNA constructs of the genes,
expressed them in cells, and localized the respective
proteins by immunofluorescence and immuno-electron
microscopy using specific antisera or monoclonal
antibodies that recognize epitope-tagged versions of
the proteins. These studies reveal that CAN protein is
associated with the nuclear envelope and, in particular,
the nuclear pores, and is somelimes present in the
nuclens; whereas the DEK-CAN and SET-CAN
proteins localize always to the nucleoplasm. In
addition to motifs in the primary sequence of the
CAN protein that are typically present in nucleoporins,
we identified a 227 aminoacid sequence in the
carboxyterminal patt of CAN sufficient for nuclear
localization. We propose from our results that the
nuclear localization of the CAN motety is instrumental
in the aberrant growth of sef-can and dek-can positive
feukemic cells. While this manuscript was in prepara-
tion, a publication appeared (Kraemer er al., 1994)
confirming our observation that the CAN protein is
present in the nucleopore complex. However, in
contrast to our data, these anthors find CAN present
only at the cytoplasmic side of the complex.

Resulis

Specificity of antisera

To investigate the nature of the DEK, CAN and SET
proteins, as well as the DEK-CAN and SET-CAN
fusion proieins, antisera were raised against an N-
terminal part of CAN (2CNN), a C-terminal part of
CAN («CNC), and against an N-terminally truncated
version of the DEK protein.

In order to test the specificity of the antibodies, dek,
can and dek-can cDNAs were cloned into an SV40-
based expression vector (pCDXX) that directs high
levels of expression after transfection into COS-1 ccells,
For icchnical reasons, a mini-intron was positioned
between the dek and con moictics of the dek-can cDNA
construct. The three antisera were then uwsed to
immunoprecipitate *H-leucine-labelled DEK, CAN
and DEK-CAN protein after transient transfection in
COS-t cells (Figure 1). As shown in lang 1, DEK
antibodies precipitate a polypeptide of 52 kDa that
migrates stightly faster than the rabbit 1gG heavy chain
[54—55 XDa (Yarmush er af,, 1981)]. CAN antibodies
(lane 2 and 3) recognize a polypeptide of 220 kDa. The
DEK-CAN chimeric protein is precipitated as a
polypeptide ol 180 kDa by the DEK antiserum (lane
6} as well as the CAN antiserum that recognizes the C-
terminal part of the protein (lane 5), but not by
anfiserum raised against the N-terminal part of CAN
{lane 4). The endogenous (i.e., COS-1 cell-derived}
DEK and CAN polypeptides of 52 and 220 kDa are
also precipitated from cells transfected with either the
dek-can or an anlisense can construct (lanes 6, 7 and 8),
albeit in lower amounts, It is noteworthy that
estimated molecular mobilities of DEK, DEK-CAN
and CAN proteins after SDS—PAGE approximate the
predicted sizes of 43, 165 and 220 kDa, respectively.
The somewhat [ower mobility of DEK and DEK-CAN
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Emmunoprecipitation of DEK, CAN and DEK-CAN
protein. COS-1 cells were transfected with pCDXX-Dek,
pCDXX-Dek-Can, pCDXX-Can or pCDXX-aatisense-Can
(- - -) and metabolically labelled with [HJieucine. Cell lysates
were subjected to immuaoprecipitation with astizera directed
against BEK {«DK), the N-terminal part of CAN (2CNN), and
the C-terminal part of CAN (xCNC). Proteins were separated on
6% SDS-polyacrylamide gels. Arrows mark the position of CAN,
DEK-CAN and CAN proteins. Molecular weight standards were
rua in an adjacent lane; their masses (ia kilodalton) are indicated

Figure 1

is presumably duwe to the high content of charged
amino acids present in the DEK polypeptide (43%).
Thus, dek, can and dek-can ¢DNA constructs direct
synthesis of the correct proteins in COS-1 cells and
proteins produced are recognized specifically by the
DEK and CAN antisera.

In contrast with the COS cell experiments, we have
been unable to detect the CAN and DEK-CAN
proteins in immunoprecipitations from metabolically-
labelled primary bone marrow c¢ells of t(6;9) AML
patients. The proteins may be below delection levels
because can and dek-can mRNA levels are very low in
these cells {von Lindern er af, 1990), and the
antibodies are raised against denatured proiein, which
limits their effectiveness in inumunoprecipitation experi-
ments.

Phasphorylation of DEK and CAN

It has been shown that SET is a phosphoprotein
(Adachi et af., 1994), To determine if DEK and CAN
share a similar post-translational medification, we
examined whether DEK or CAN polypeptides were
phosphorylated, by metabolic labelling of transiently
transfected COS-1 celis with {*Plorthophosphate, In a
parallel experiment, COS-1 cells were metabolically
labelted with PHHeucine, Immunoprecipitation of DEK
and CAN from labelled cell bysates (Figure 2) was
performed with anti-DEK and anti-CAN antisera, the
respective pre-immune sera serving as negative con-
trols. From boih *H- and *P-labelled lysates, the DEK-
specific antiserum precipitates a protein of 52 kD& not
present in the pre-immune lanes, showing that DEK is
a phosphoprotein. The DEK aminc acid sequence
contains two potential phosphorylation sites for
cAMP-dependent protein kinase, 16 for casein kinase
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Figure 2 Identification of DEK and CAN as phosphoproteins.
CO3-1 cells were transfected with pCDXNX.Dek or pCDXX-Can
and metabolically labetled with either [*H)icucine or
P*Plorthophosphate. Cell [ysates were subjected 1o immunopreci-
pitation wilh anfisera directed against DEK («DK), or a mixture
of antisera against the N- and C-terminal part of CAN (aCN),
Proteins were separated on 11% {DEK) or 6% (CAN) SD5-
PAGE. Lanes labeled with *Pre’ represent immunoprecipitations
with the respective pre-immune sera, Arrows mark positions of
DEK and CAN proteins. Molecular weight standards weré run in
an adjacent lane; their masses {in kilodalton) are indicated

1L and 20 for protein kinase C. A second phosphopro-
tein of approximately 40 kDa is also recognized by the
anti-DEK antiserum. The same protein is also detected
in Western blot experiments (data not shown),
indicating that it represents a truncated version of the
DEK protein, possibly generated by specific degrada-
tion or internal start codon usage. The CAN-specific
antiserum  precipitates labelled protein of 220 kDa
from both *H- and *P-labelled cell lysates not present
in the pre-immune precipiation, indicating thai CAN
too, is a phosphoprotein. CAN contains various
potential phosphorylation sites: one for cAMP-
dependent protein kinase, 23 for casein kinase I, 30
for protein kinase C, and one (Y*") for tyrosine kinase,
Which of the sites serve as phosphorylation targets,
and the functional implications of these phosphoryla-
tions will be subject of future studies.

Immunofluorescence analysis

Since there are no cell lines available from ((6;9)
leukemia patients and the leukemic cells are hard to
obtain dug¢ to the rare occurrence of the disease, we
decided to study the subcellular localization of DEK,
CAN, SET, DEK-CAN and SET-CAN in transfected
and normal HelLa cells. The results obtained with Hel.a
cells are identical to those with COS-1 cells, NIH3T3
cells and the chronic myeloid leukemia derived K562
cells. Since SET, DEK and CAN are ubiquitously
expressed proteins, localization data obtained with these
cell lines may closely represent the situation in leukemia
cells of t(6;9) patients. Only resuits obtained with Hel.a
celfs are presented here and consist of a compendium of
a large series of experiments in which the effects were
studied of different levels of expression of these proteins
on their lecalization.

After transfection, the level of protein expression in
individual cells varies considerably; therefore, the only
refiable way to roughly estimate the level of expression
is to visually compare the relative fluorescence signal
with {hat in untransfected cells. Although the method
is not quantitative, it allows us to make the distinction
between low, moderate and high protein expression in
celis.

In normal HeLa cells, the anti-DEK antibodies
reveal DEK to be a nuclear protein (Figure 3A} during
interphase. Tn mitotic cells, however, the protein is
dispersed throughout the cell bedy, but a distinct and
easily visible fraction of DEK co-localizes with the
condensed chromosomes. Figure 3B shows a cell in
metaphase; Figure 3C, a cell in late telophase. Anti-
CAN antisera «CNC (Figure 3D) and «CNN {(not
shown) display a weak punctuated staining of the

Figure 3 Subcellular distdbution of DEK, CAN, DEK-CAN,
SET-CAN and SET proteins. (A-I) Normal Hela cells labeiled
with DEW-specific amiserum #DK (A-C) or CAN-specific
antiserum «CNC (D). (E-G} HeLa cclls transfected with
pCDXX-HA1-Can expressing high (E-F} or low (G) amounts
of HAl-tagged CAN protein, detected with monecional antibody
E2CAS. (H-1) cells transfected with pCDXX-Dek-Can (H) or
pCDXX-Set-Can (I}, DEK-CAN or SET-CAN protein was
detected with CAN-specific antiserum «2CNC. (J) Hela cells
transfected with pSCTOP-HAI-8et and expressing HAJ-tagged
SET protein, detected with antibody [2CAS, The presence of first
antibodies was visualized by a FITC-labelied second antibody
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nuclear envelope in normal HeLa cells. To further
cxamine the localization of the CAN protein in the
nuclear envelope and to increase the sensitivity of
detection, (wo copies of the HAIL hemagglutinin
epitope were fused to the N-terminus of the CAN
protein. The resulting HAI-CAN protein  was
transiently expressed in Hela cells. In immunoflue-
rescence analysis, this tagged wversion of the CAN
protein could be detected by monaclenal antibody
[2CAS, as well as by the anti-CAN antisera, «CNN
and «CNC. Due to low buackground fAuorescence,
smadl amounts of HAP-CAN protein were more
readily detected by the monoclonal autibody than by
the anti-CAN antisera (not shown). In ceils that
express low amounts of the protein, the CAN signal is
mainly confined to the nuclear membrane (Figure 3G),
indicating that this is indeed the CAN primary
location. However, in cells that show high expression
of HAIT-CAN, the protein was predominantly present
in the cytoplasm (Figure 3E) or, in a minority of
overexpressing cells (approximately 5-10%), nuainly
in the nucleus (Figure 3F). Independent of its
subeellular {ocalization, highly expressed HAL-CAN
protein accumufates in aggregated masses of unknown
identity. Identical results were obtained using expres-
sion constructs encoding the normal CAN protein,
immuno-detected by polyclonal antisera, indicating
that the intraceliviar distribution of highly expressed
CAN is not an arltefuct created by addition of the
Al sequences. In contrast 1o the CAN protein, ihe

DEK-CAN (Figure 3H) and SET-CAN (Figure 31)
fuston proteins, and their HA-tagged equivalents (not
shown), have a strictly nuclear localization in Heka
cells, regardless of their level of cxpression. Using
anti-CAN antisera, also a weak nuclear-rim staining is
present in these cells (not visible in micrographs 3H
and 3f). Inside the nucleus, the fusion proteins seem
to be uncvenly distributed. The DEK-CAN protein is
present in many small granular palches, whereas the
SET-CAN protein is more cvenly distributed, apart
from g few (2--10) rather large dots, resembling those
seen in the nuclei of CAN overexpressing cells (Figure
3F). The significance of these protein masses, if any, is
not understood at present. In order to establish the
subceftular localization of the SET protein, DNA
sequences encoding the HAI tag were introduced at
cadon 12 of the ser cDNA. Transienily-transfected
HeLu cells having low-to-moderate expression of the
HAI-SET construct resulted in a staining strictly
confined to the nucleus, as shown in Figure 31, At
high expression levels, the protein was detected
throughout the ¢elt {data not shown).

Inflience of DER-CAN expression on the normal CAN
profein

Since feukemic cells of t(6;9) patients express mRNA
of the normal as well as the translocated allele of the
CAN gene (Von Lindern et «f, 1990), we were
interested if expression of DEK-CAN in HeLa cells

Figure 4 Simullaneous subcellular localization of CAN {red) and DEK-CAN (green). Cell Jine C4322 (see Material and melhmlsz
in which HA tagged DEK-CAN expression is letracycline repressible, was grown in the absence (A) or presence {B) of 2.5 g ml’

tetracycline for 3 days prier to immunoflucrescent analysis (as described in Materials and methods), In both ceils CAN is detected
with antiserum «CNN, direcied against an N-terminal part of the CAN protein {not present in DEK-CAN]), followed by Texas Red
conpled goat-anii-rabbil second antibedy. HAl tagged DEK-CAN is detected by monoclonal antibody 12CAS follewed by FITC

coupled goat anti-mouse second antibody
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would influence the localization of the normal CAN
protein. To this end, cell line C4322 was created,
carrying the HAI tagged dek-can mini-gene under the
control of the tetracycline repression system (Gossen
and Bujard, 1992), and CAN localization was
monitored with released versus repressed DEK-CAN
expression. As seen in Figure 4, expression of DEK-
CAN had no effect on CAN localization, suggesting
that the effect of the fusion protein in the cell is
dominant rather than dominant negative over the
normal function of CAN. In addition, this experiment
shows that essentially no DEK-CAN protein is
presend in the nuclear envelope.

Immuno-electron microscopy

To confirm that CAN is mainly Jocalized in the
nuclear envelope and to identify the region of the
nuclear envelope with which' CAN is associated at
high resolution, immuno-electron microscopic studies
were conducted on CE4908 cells. This cell line was
created by introducing the can cDNA, under the
conirol of the heptamerized tet-operator (UHD-Can),
into HebLa derived cell line HtTA-1 (Gossen and
Bujard, 1992), In the absence of tetracycline, CAN
expression in individoal cells varies from moderate to
low and is mainty located in the nuclear envelope, as
observed by immunofluorescence {data not shown).
Cells were sectioned and incubated with a mixture of
pre-adsorbed (see Materials and methods) rabbit
polyclonal antisera (@CNN and «¢CNC) recognizing
the CAN protein, followed by incubation with goat
anti-rabbit antibodies conjugated with ¢ nm colloidal
gold particles. The micrographs in Figure 5 show the
pattern of distribution of the gold particles at the level
of the nuclear envelope. In Figure 5A, a large stretch
of the nuclear envelope is shown, with the ouler and
inner layers visible. In this image, the gold particles
are seen predominantly at the inner surface of the
nuclear envelope. Figures 5B-D Hlustrate the gold
label at the level of the nuclear pore. The label
appears to be at the outer (Figure 5B), middle (Figure
5C) or inner (Figure 5D) aspect of the muelear pore.
QOccasionally, the gold-label is seen near the cytoplas-
mic face of the nuclear pore and presumably
associaled with the outer fibrillar component of the
nuclear pore complex (Figure 5E}). That the label is
predominantly at the nuclear pores is confirmed by
tangential sections of the nuclear envelope (Figure
5F). In these sections, the nuclear pores are visible as
circular openings measuring approximately 60 nm,
and some of these are decorated with gold particles.
Quantitation ol the gold particles (Table [} substanti-

Figure 5 Immuno-electron microscopic localization of the CAN
pretein in CE4308 cells. (A} Section through the nucleus (N),
showing the outer (ON) and inner (IN) nucltear membrane and
nucleus {Nu); C, cytoplasm. (B—D) Three sections through a
nuclear pore (NP), showing gold particles at the cytoplasmic side
(B), in the middle {C) or at the nucteoplasmic side (D) of a
nuclear pore (NP). (E) Cross scction showing gold particles
decorating the cytoplasmic side ol & nuclear pore. (F) Tangential
section through the nuclear envelopz. Nuclear pores (NP, arrows)
appear as ring-like structures, two of which are decorated with
gold parsticles; NM, nueclear membrane, Bar tepresents 100

ates our observation that the nuclear cavelope/pore
complexes are predominant sites where CAN s
located, Of the total number of gold particles within
the nuclear envelope, 93 arc observed at the outer and
65 at the inner region, usually in the vicinity of the
nuclear pore complexes.

Similar results with this cell line are obtained using
the «CNN antiserum only (Table 1), while incubation
with pre-immune scra gives background levels (Table
1}. Sections of normal HtTA-l cells incubated with
preadsorbed «CNN+«CNC gives a signal in the
nuclear envelope that is slightly above background

Table [ Distribution of gold particles in immuno-electron microscapic analysis of cell lines CE4305 and HITA-|

Gold particles Gold particlesjuse
NE NE NE

Cell line Antiserim % N In Cut Total C N NE
CE4908 a CNN, a CNC 230 243 65 23 158 0.7 0.8 9.7
CE4908 aCNN 240 161 34 33 67 1.6 1.4 114
HtTA-1 o CNN, « CNC 23 152 10 15 25 [R(] 08 3.1
CE4908 Pre-immune

CNN, CNC 1£7 128 3 5 8 0.6 0.8 1.0

The number and positicn of gold particles were determined from 5-12 independent representative thin sections of cell line CE4908 or parental
cell line HtTA-1 that had be¢n incubated with CAN-specific antisera or pre-immune sera, followed by [0nm colloidal gald-labelled anti-rabbit
IgG. C, cytoplaswy; N, nucleoplasm; NE, nuetear envelope; IN, inner face; OUT, onter face
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(Table ). These data indicate that the signal at both
sides of the nuclear envelope in the first experiment is
not due to detection of other profeins than CAN.

The CAN sequence contains nucleoporin motifs

The C-terminal part of CAN contains 45 copies of a
motif that is reminiscent of the recurrent motifs found
in nucleoporins. Although they resemble the XFXFG
and GLFG repeats (Panté and Aecbi, [993), they
appear fo vary and deviate from these consensus
sequences, having only the FG dipeptide in common.
Amino acid residues around this dipeptide show
marked preferences and are depicted in Table 2. OF
these preferred amino acids it is noteworthy that
recurrent presence of glutamine residues at position
+2 is also seen in GLFG repeats of NUPIOG and
NUPILL6 (Wente er al., 1992). In addition to the C-
terminal FG repeat, spanning one-fifth of the amino
acid sequence, 11 copies of an FXF motif {mostly FSF,
some included in the C-terminal FG repeat, see Figure

CAN
A1059 -

2090
A1l - 585, A1059 - 2090
At - 1139

At -1139, A1341 - 1863
Al - 1138, A1547 - 2016

DEK-CAN

SET-CAN

Table 2 Amino acid composition of the C-termtinal FG repeat in
CAN

Most frequeni

Position aming acids

-3 5T, A V,G

-2 S5 T.P,G,F

-1 A VLS T
0 F

+i G

+2 5, T, Q

6A) are present. Three are situated at the amino-
terminal side of the t(6;9) breakpoint. The function of
the FXF and FG repeats is not known, therefore the
significance of amino acid preferences remains to be
established. In addition, two regions are present in the
CAN protein, predicted to form coiled-cofls (Lupas ef
al., 1991; Sedgwick and Boder, 1991). The first coiled-
coil region is located between amino acids 702 and 728,
ending only a few amino acids N-terminal of a putative

Subcellular
localization

Figure 6 (A) Schemaltic representation of structural characteristics and subeeilular Iocalization of the CAN protein and deletion
mutants, as well as of the DEK-CAN and SET-CAN fusion proteins, FG repeats are depicted as vertical bars, FXF repeats as
diamonds. Horizental stripes indicate acidic regions in the DEK and SET proteins. LZ: leucine zipper domain. AH: amphipathic
helix. On the fght the subcellular localization is given: NE, nuclear envelope; C, cytoplasm; N, nucleus. Localization of CAN
between brackets signifies subcellular localization detected upon overexpression, (B-F) Immune Auorescence of mutant HAL-CAN
proteins transienily expressed in HeLa cells, (B) A1059 - 2090, (C) A1-585, A1059 2090, () Al-1139, (E) AL-1139, A1341-1863, (F)

A1.1139, A1547-2016
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leucine zipper region (Figure 6A), previously described
(Von Lindern et al., 1992a). The second coiled-coil
region is located between amino acids 860 and 887 and
partly coincides with a second previously described
putative amphipathic helix {Figure 6A).

Subcellular localization of CAN mutant proteins

Because the nuclear localization of normal CAN
protein in some cells overexpressing CAN could either
reflect a frue aspect of the protein or an artifact, we
decided to analyze deletion mutants to see if the
observed distinet localizations of the protein can be
attributed to functions of different domains in the
CAN polypeptide. Mutant proteins were made, all
carrying an amino-terminal HAl-tag for detection of
protein in transfected HtTA-1 cells with the mono-
clonal antibody 12CA35. First, amino and carboxyl
terminal truncated versions were tested, represeniing
proteins comprising amino acids 1-1058 (A1059—
2090) and 1140-2090 (A1-1139), respectively (Figure
6A). The A1059—2090 mutant protein is found in the
nuclear membrane, and cytoplasm (Figure 6B),
especially upon higher expression, similar to the full-
length CAN protein. However, no aggregation in the
cytoplasm was observed and, even under conditions of
high overexpression, the protein never occurred in the
nucleus, Additional deletion of amino acids 1-585
(Figure 6A) locates the protein almost exclusively to
the nuclear envelope (Figure 6C). This observation
indicates that sequences needed for association with the
nuclear pore are contained within amino acids 586—
1058. 1n sharp contrast, the Al-1139 mutant is always
nuclear, whether expressed at low or high levels (Figure
6D). This shows that the carboxyl terminal half of the
protein (ravels to the nucleus either by itself or
complexed to factors that carry it along. Additional
deletions superimposed on the Al-1139 mutant
(Figure 6D—F) further map the arca of the protein
imporiant for nuclear import, which is conferred by a
region narrowed down to residues 18632090 (Figure
6A). Precise mapping of the amino acid sequences
respansible for nuclear localization, as well as nuclear
pore retention of CAMN, will not be addressed in this
paper and will be reported in another study.

Discussion

Our studies address the subcellular localization of the
proteins DEK, CAN and SET and their putatively
oncogenic derivatives DEK-CAN and SET-CAN,
generated by gene rearrangements occurring in specific
types of leukemia. All these proteins were found
specifically in the nuclear compartment, except for
CAN. Immunofuorescence experiments showed that
CAN is predominantly located in a punctuated rim
around the nucleus in cells expressing relatively small
amounts of the protein, In addition, the C-terminal
part of the protein contains amino acid repeals that
show resemblance to those found in nucleoporins.
Tmimuno-electron microscopic studies reveal that CAN
is located in the nuclear envelope at the nuclear pores.
These results identify CAN as a nucleoporin and are in
agreement with earlier findings of Kraemer e al.
(1994). The electron-microscopic data presented by

these authors suggest that the CAN protein is
exclusively present at the cytoplasmic side of the
mucleopore complex; however, our studies show
immunogold label at the inner and outer aspects of
the nuclear envelope. The fact that we detected the
nuclear component could be due to moderate over-
expression of the protein, which may increase its
appearance at the inner side of the nuclear envelope.
Detection of CAN at the nuclear side may reflect a
bona fide function of the protein that in normal HeLa
cells is below the level of detection and, therefore,
could not be noticed in the study of Krzemer ef af,
(1994). Alternatively, our result may be explained in
terms of limits of resolution of the indirect immunc-
gold-lebelling technique used. Considering that each
antibody molecule measures about 10 nm (Webster ef
al., 1978), the distance between the antigen and the
gold particle could be 24 nm or more (Tokuyasu, 1980;
Murti ef al.,, 1985). This would make it difficult to
determine from ihe position of the gold label, whether
the antigen is at the inner or outer face of the nuclear
membrane. However, since Kraemer ef ol (1994) do
not find gold-label at the nucleoplasmic site of the
niuclear membrane using the same technique, this
possibility is less likely.

A second indication of a nuclear function of CAN is
the presence of a 227 amino acid region at the C-
terminus of the protein containing sequences that act
as a signal for nuclear localization, when sequences
that associate CAN to the nuclear pore have been
deleted, As this region has no homology to any of the
known nuclear localization sequences, the routing
mechanism of CAN to the nuclens remains to be
defined. In addition, our deletion analysis positively
identifies isolated domains in CAN that can confer
different cellular localization to ihe protein. This
modular  structure suggests that if nuclear pore
association could be regulated by postiranslational
modification of CAN, it would determine the levels of
nuclear component of the protein, Since CAN is found
to be a phosphoprotein, an attractive model would be
that ils nucfear function may be regulated by
phosphorylation of specific amino acid residues. At
present we have no data supporting this idea, but
experiments addressing this question arc in progress.

Interestingly, Hela cells highly overexpressing CAN
display nuclear or cytoplasmic localization of the
prolein, in addition to its normal association with the
nuclear envelope. As heterologous expression of the
nucleoporin p62 is known to result in spill-over to the
cyloplasm only (Starr er al., 1990; Carmo-Fonseca et
ai., 1991), nuclear accumulation does not seem to be a
general feature of overexpressed nucleoporins, further
supporting a possibly regulated nuclear role for CAN.

The presence of the fusion proteins DEK-CAN and
SET-CAN in the nucleoplasm may be due to nuclear
localization domains in DEK and SET, both nuclear
proteins, In addition, loss of one or two predicted
coiled-coil regions could be of importance in routing
the fusion proteins to the nucleoplasm, Similar coiled-
coil regions have been described in nucleoporins p62
{Starr et «af., 1990), NSP1 (Hurt, 19389), and NSP49
(Wimmer ef al,, 1992), and these putative protein
interaction domains have been suggested to play a role
in anchoring nucleoporins to the nuclear pore complex
{Hurt, 1990). This would agree with our deletion
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analyses that show that sequences located between
amino acid 586 and 1058 of CAN, including both
predicted coiled-coil regions, are needed for retention
in the nucleopore complex.

Since CAN is the common partner in DEK-CAN
and SET-CAN, the oncogenic potential of these fusion
profeins may be due to disruption or alteration of the
normal celtular functions of the CAN protein. Cur
immunofluorescence studies indicate that DEK-CAN
expression does not influence the subcellular localiza-
tion of normal CAN suggesting that DEK-CAN acts
in a dominanl, rather than a dominant-negative,
fashion. The dominant property of DEK-CAN and
SET-CAN may be mediated by the constitutive
presence of the carboxyterminal part of CAN in the
nucleoplasm, permanently performing a nuclear func-
tion of CAN that normally would be highly controlled.
Circumvention of this conirol may be the key feature
of their oncogenic subversion.

The role of DEK and SET sequences in the fusion
proteins remains to be determined but, since the
translocation with the dek gene is recurrent, DEK is
likely to provide additional qualities needed for
oncogenic conversion. The observation that DEK is
associated with metaphase chromosomes may be
refevant and could indicate that DEK-CAN is directly
involved in transcriptional regulation of certain genes.

Materials and methods

Expression construcis

Expression vector pCDXX is a derivative of pCD-X
(Okayama and Berg, 1983} harboring a partial double
pUCI1Y polylinker (PstI to FeoRI, EcoRI to BamHI)
between the SV40 early promoter region and poly A signal
{a gift of Dr N Heisterkamp, University of Southern
California). pCDXX-Dek carries the EcoRI fragment of
cDNA clone DK 14 (Von Lindeen ef al., £992a). pCDXX-
HAI-Can carries the entire open-reading lrame of can,
which was compiled of c¢DNA clones hXT23, hXT37,
hXT54 and hXT65 (Von Lindern et al., 1992a) as an
FEcoR] fragment. pCDXX-HA-Can is complemented at the
57 site with DNA encoding two copies ol the flu virus HAL
cpijope, The EcoRI fragment of pCDXX-Dek-Can is
compiled from ¢DNA clones DKI4, hXT37, hXTS54,
hXT65 and genomic ¢lones MFL.7 (dek) and AHIFT (can)
{(Von Lindern ef af., 1992a). A 215 bp intron, consisting of
130 bp of & ich-6 sequences (MF1.7) linked to 85 bp of ¥
ich-9 sequences {AllF7} was positioned at the dek/can
fusion point. pCDXX-Set-Can is compiled from cDNA
clongs SE10 (Von Lindern of of., 1992b), hXT37, hXT54,
hXT65 and genomic cfones Sg22 (Von Lindern et al., 1992b)
and ALIF7. A 175 bp iniron, consisting of 90 bp of the 5
part of the last intron of ser (Sg22) linked to 85 bp of 3 ich-
9 sequences {(AllF7) was positioned at the sedfcan fusion
point. Expression vector pSCTOP, a derivative of pSCT-
GAL-X556 (Rusconi ef al., 1990}, harbors the pBluescript
polylinker (Stratagene, La Jolla, CA) from Su/l to Sucl
between the human cyiomegalovirus promoter and splice/
poly(A) region. This vector expressed SET protein tagged
with the HA! epitope (pSCTOP-HAI-Sct). UHD-Can
contains the normal can cDNA cloned into the multiple
cloning site of ptIHD10-3 {Gossen and Bujard, 1992).
pUHDIOS is a derivative of pUHDI0-3, in which the
plasmid backbone is replaced by that of poWtkCAT
(Schéler et al., 1989), thereby positioning two copies of
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the Y40 bi-directional transcriptional stop (2533 to 2770 of
the SV40 genome} upstream of the tet operators, preventing
readthrough from upstream promoters. pHA1-Dek-Can
carries the HAT tagged version of the dek-can semi-¢cDNA
in pUHD10S. Deletion mutants of CAN were made using
the HAL tagged version of the can ¢cDNA in pUHDIOS.
HAE-CanAHI59—-2090 was made by insertion of a double
stranded oligo containing a stopcodon into the Nhet site at
position 3263 of the can ¢DNA sequence. The inserted
sequence 15 S-GCTAGTTAATTAATTAACTAGC-Y.
HAL-CanAl-585, A1059-2090 was made from HAI-
CanAl059-2090 by fusion the filled-in Ncol site present
in the artificial sequences following the HAl-tags to the
Hinell site at position 1847 in the can cDNA. HA1-CanAl -
E13% was generated by an in-frame deletion using the Neol
site following the HAT tags and the Neol site at position
3507 of the can cDNA. HAT-CanAl-1239, A1341 - 1863 was
made through an inframe deletion of HAI-Can AT-1139
using Mscl sites al positions 4111 and 5680 in the can
cDNA. HAL-CanAl-£139, At547—2016 was made through
an in-frame deletion of HAI-CanA1-1139, using Ps/¥ sites at
positions 4731 and 6141 of the can cDNA.

Cell culture and transfection

COS-1 {Gluzman, 1981), HeLA and IHTA-]1 {Gossen and
Bujard, 1992} cells were grown in DMEM containing 8%
fetal calf serum. COS-1 cells were transiently transfected
using the DEAE-dextran method on subconfluent 10 em
dishes as described (Meijer ef al, 1990). For transient
transfection, 2 x 10°* HeLa or HtTA-1 cells were transfected
on microscope slides using the calcium  phosphate
precipitation method {(Graham and Eb, 1973). For the
generation of cell Hne CE4905, HiTA-T cells were co-
transfected with linearized UHD-Can plasmid and a
linearized plasmid containing the hygromycin B resistance
gene under control of the Herpes simplex virus tk promoter
and Polyoma virus EPyF441 enhancer, pGEM-Hyg (Van
Deursen er al, 1991), using the calcium phosphate
precipitation method. Twenty-four hours posl-transfec-
tion, resistant cells were selected in 400 gg ml™ hygro-
mycin B (Calbiochem, La Jolla, CA) in the presence of
2.5 ug ml™ tetracycline (FisherBiotech, Fair Lawn, NY).
The same techniques were used for genreration of cefl line
C4322, only the cotransfected plasmids were pHAI1-Dek-
Can and a plasmid containing the puromycin acetyl
transferase {pac) gene (Vara ef al., 1986) under control of
the rat f-actin promoter (Morgensiern and Land, 1990},
Cells were selected in 0.5 g ml™" puromycin (Sigma Co,
St. Louis, MO), again in the presence of 2.5 pg ml”
tetracycline,

Antisera

Polyclonal antisera were obtained from rabbits {Flamish
giants) injected with N- and C-terminal parts of the CAN
protein, overpreduced in E. cofi BL2I:DE3{pLysS) using
the T7 polymerase system (Studier er al., 1990). For N-
terminat antiscram (xCNN), protein representing amino
acids 164804 of the CAN protein (Von Lindern er af.,
1992a) was used, for C-terntinal antisera (xCNC), protein
representing amino acids 960— 1911, The ((6;9) breakpoint
is locaded between amino acids 812 and 813. Antiserum
against DEK («DK} was raised against an N-terminally
truncated (amino acids 68-375) PEK protein that was
overproduced in Spodoptera frugiperde St21 insect cells
infected with recombinant baculovirus (Smith e af., 1983).
Protein from E. coli and baculovirus-infected S£21 cells was
isolated using preparative SDS-PAGE and clectro-¢lution,



Epitope tagging

N-terminally modified versions of the CAN and SET
proteins were made by cloning a synthelic sequence at
the 5" end of cach of the cDNAs, encoding (wo consecutive
flu virus hemagglutinin (HA1) epitopes (YDVPDYASL)
(Wilson et al., 1984). For can and dek-can, the following
sequence was placed 5 of the start codon: 5'-
GAATTC GCCGCCACC ATG TAT GAC GTC CCA
GAT TAC GCA AGT TTG CCC GGG TAT GAT GTT
CCT GAT TAT GCT AGC CTC CCG GGT TAC GAT
GTG CCC GAC AAT GCC TCT CTT CCT GGC GAG

CTC GCC ATG GGC AGC AGC CAT CAT CAT CAT

CAT CAC AGC AGC GGC CTG GTG CCG CGC GGC
AGC CAT ATT TCT CGTF CGT GCA TCT GTT CAT
ATG (codon | of CAN or DEK) 3, while the set cDNA
was complemented with the following sequence: 5'-
GAATTCGCCGCCACC ATG TAT GAC GTC CCA
GAT TAC GCA AGT TFG CCC GGG TAT GAT GTT
CCT GAT TAT GCT AGC CTC CCG GGT TAC GAT
GTG CCC GAC AAT GCC TCT CTT CCT GGC GAG
{codon 12 of set) ¥, Nucleotides encoding the HAL tag are
marked in bold. In additian, to the CAN and DEK-CAN
N-termini, a 6 x His tag (italics) and a heart muscle kinase
recognition site (Li et af., 1989) (underlined) were added.

Imnuinoprecipitation

Cells were labelled with 600 pCi [’H]leucine {143 Ci
mmol™', Amersham Corp., Arlington Heights, IL} for
16 h or with 600 pCi [*Plorthophosphate (Amersham
Corp.) for 5h in leucine or phosphate free DMEM
supplemented with 10% dialyzed fetal calf serum. Forty
to 50 h after transfection, cells were rinsed twice with cold
PBS and then lysed in RIPA bufter: 50 mar Tris-HC1 pH &;
1% Noridet P-40; 0.5% deoxycholate; 0.1% SDS; 150 mm
NaCl; 0.1% 2-mereaptoethanal and protease inhibitors
(I my para-methyl sulfonyl fluoride (PMSF) and 0.02
trypsin inhibitor units (TIU) per ml of Aprotinin). In
phosphorylation  experiments phosphatase inhibitors
(50 mM NaF, 10 myM NaMoO;) were added. Radiola-
belled proteins were immunoprecipitated using standard
techniques.

Indirect imnnmofiuorescence

Farty hours after transfection, cells attached to microscope
slides were washed twice with PBS, fixed for 15 min i 3%
paraformaldehyde in PBS, washed three times with PBS,
and incubated for 10 min in 50 my NH,CI] in PBS. After
washing three times with PBS, cells were permeabilized in
0.2% Triton X-100 in PBS for 10 min. Cells were then
washed three times with PBS containing 1% noafat milk
(Korger Co,, Cincinnati, OH)} and incubated for 45 min
with the first antibodies. Anti-CAN antisera were pre-
absorbed with 0.4 mg ml™! bacterial competitor-protein in
PBS/milk in order to reduce background. Bacterial
competitor protein consisted of sonicated and boiled E.
voli BL21:DE3{pLysS} cell extract. Anti-DEK and anfi-
CAN antisera were diluted 17200 in PBS/miik. Menoclonal
anlibody 12CAS5 (Boebringer-Mannheim Corp., Indiana-
polis, IN) was diluted to a concentration of 5 pg ml™ in
PBS/milk. Bound antibody was visualized using FITC-
1Sigma Co., St. Louis, MO} or Texas Red- {(United Stated
Biochemical, Cleveland, OH) conjugated second antibo-
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dies. Images were obtained with either conventional
{Figure 3) or confocal (Figure 4 and 6) immanofluorence
niicroscopy. Confocal microscopy was performed using a
BioRad MRCI000 Laser Scanning confocal microscope
(BioRad, Hercules, CA).

Inunune-electron microscopy

Forty hours after release from tetracycline repression,
subconfiuent dishes of cell line CE490S were rinsed twice
with PBS, scraped and fixed in suspension with 1%
glutaraldehyde in PBS for 10 mia at room temperature.
After centrifugation for 10 min at 1000 g, the pellets were
dehiydeated three times for 15 min in 70% ethanol. This
was followed hy 15 min incubations with 2:1 and 1:1
mixtures of 70% ethanol and the hydrophilic resin LR
White Hard Grade (London Resin Company Ltd.,
Basingstoke, England) at room temperature. Next,
undiluted resin was added to the cell pellets and allowed
to infilirate three times for 20 min at 50°C. The resin was
polymerized by addition of 0.15% {v/v} LR White
‘accelerator’ tor Smin at 0°C, followed by overnight
incubation at room temperature in vaccwe. Thin sections
were collected on nickel grids and blocked with 1% gelatin
in PBS, and incubated for 1h with a mixture of
preabsorbed antiserum «CNN and «CNC, «CNN alone
or respective pre-immune sera diluted 1:I00 in a 1:l
mixture of PBS and immuencbuffer {(PBS supplemented
with 500 mat NaCl, 0.05% Tween 20 and 0.1% fishgel).
After extensive washes with immunobuffer, grids were
incubated for 1 h in a suspension of 10 nm colloidal geld,
coated with anti-rabbit antibody (Amersham Corp.,
Arlington Heights, IL), and diluted 1:20 in immunobuf-
fer. After the final wash, the grids were contrasted by
staining in 4% aqueous uranyl acetate for 1.5 min. Samples
were visualized with a JEOL JEM-1200EX 1I electron
microscope {Japanese Electron Optics USA, Inc, Peabody,
MA). For quantitative analysis, gold particles were
counted in 12 representative cells. Fhe arca of nucleus
and cytoplasm was calculated by weight of paper cutouts
of corresponding prints, The area of the nuclear envelope
was calculated by multiplication of its total length by its
average thickness, which was estimated to be 60 nm.
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The recurrent chromosomal translocation (6;9) is associated with acute myeloid
leukemia and results in expression of the DEK-CAN fusicn protein. This oncoprotein
consists of almost the entire DEK protein fused to the C-terminal two thirds of the CAN
protein. In much the same way, CAN is fused to SET in a patient with acute
undifferentiated leukemia, producing a SET-CAN fusion protein. Interestingly, CAN is
associated with the muclear pore complex (NPC), and we recently established its crucial
role in nuclescytoplasmic transport processes and cell cycle progression. As a first step
in the biochemical analysis of the oncogenic mechanism associated with translocation
(6;9), we set out fo identify proteins that interact with CAN and its fusion protfeins. We
found that two proteins specifically co-immunoprecipitate with CAN. One had a
molecular mass of 88 kDa protein (CC88), and was determined to assaciate with the
central region of CAN that contains several protein interaction motifs. A second protein
0f 112 kDa (CC112) was found to interact with the C-terminal nucleoporin-specific repeat
of CAN, a region that is supposed to function in nucleocytoplasmice transport. CC112 also
interacts with the DEK-CAN and SET-CAN fusion profeins, This finding suggests that
CC112 may coniribute an essential function to the lenkemogenic effect of DEK-CAN and
SET-CAN,

Intreduction

The recurrent translocation (6;9)(p23;q34) is associated with human myeloid lfenkemia of
diverse phenotype (Rowley & Potter, 1976; Soekarman er al., 1992). It is often the sole
karyotypic abnormality found in the leukemic cells, which suggests a causative role for this
transiocation in the disease. The translocation creates a dek-can fusion gene on the 6p
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chromosome (Von Lindern ef al., 1992a; Von Lindern ef af., 1990), that is predicted to encode
a structurally identical 165 kDa DEK-CAN chimeric protein in all patients analyzed. This
protein contains all but the 26 C-terminal amino acids of DEK linked to the C-terminal two-
thirds of CAN. In addition, we found that a cryptic translocation or inversion of chromosome
9 in a patient with acute undifferentiated leukemia, created a chimeric protein comprising the
same sequences of CAN but linked to N-terminal sequences of SET (Von Lindern et al.,
1992b).

The CAN protein was found to belong to a family of nuclear pore complex associated
proteins called nucleoporins (Fornerod ef al., 1995; Kraemer et af., 1994). This group of
proteins is thought to play an important role in transport of RNA and protein across the nuclear
membrane (for review see Gorlich & Mattaj, 1996; Rout & Wente, 1994), In Hel.a cells, CAN
is found generally at the fibrillar, cytoplasmic extrusions of the nuctear pore complex (NPC)
(Kraemer et al., 1994; Panté ef al., 1994), but is also detected at the nuclear face upon over-
expression (Fornerod ef al., 1995, 1.B. and G.G., unpublished resulis). CAN is also referred
to as NUP214 (Kraemer ef af., 1994) or p250 (Panté et al., 1994).

Recently, we created a CAN knockout mutation in the mouse (van Deursen ef al., 1996}
and found that CAN-/- embryos survive until day 4 of gestation by using maternal, oocyle-
derived profein. At this point in development, the dwindling amounts of CAN become critical,
resulting first in 2 G2 arrest of embryonic cells, followed by a detectable decrease in nuclear
localization signal (NLS)-mediated protein import that coincides with a block inn mRNA export.
Although these data firmly establish a role for CAN in nucleocytoplasmic transport across the
nuclear pore complex, they shed little light on CAN's contribution to leukemogenic
transformation,

Presently the cellular function of the DEK protein is not known. It is a nuclear protein
that may be associated with chromatin (Fornerod er al., 1995). The SET protein is also a
nuclear protein and was recently identified as a replication factor TAF-1 (Nagata ef ol., 1995).
It appears to be part of a growing superfamily of proteins, including the yeast nucleosome
assembly factor NAP1 (Nagata ef al., 1995, Von Lindern et al., 1992b), that specifically
interact with B-type cyclins (Kellogg ef al., 1995). How these features should be interpreted
in the context of leukemogenesis remains to be established. DEK has no sequence homology
with SET, apart from highly acidic regions that are present in both proteins.

The primary amino acid sequence of CAN contains several distinct motifs including 11
FXF-sequence repeats scatiered throughout the molecule, and a 35x repeated FG sequence that
is confined to the C-terminus (Von Lindern ef al., [992a). Similar repeat sequences appear in
several vertebrate and yeast nucleoporins, (for review see Rout & Wente, 1994), and it has been
suggested that these repeats arc invelved in protein-protein interactions that mediate substrate
transport through the NPC (Chi et al., 1995; Gorlich ef af., 1995; Moroianu ef al., 1995; Radu
etal., 1995a). In fact, in vitro studies have shown that the 97 kDa impoert factor p97/importin-f
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subunit of the nuclear protein import complex binds to the repeat-containing nucleoporins
NUP98, NUP153, NUP358/RanBP2, and CAN (Moroianu ef al,, 1995; Radu et al,, 1995b).
CAN also contains a coiled-coil region and a leucine zipper, situated at the N-terminal side of
the translocation breakpoint, and a second coiled-coil region that flanks the breakpoint at the
C-terminal side. These two domains are part of the central region of CAN that is responsible
for nuclear envelope association (Fornerod ef al., 1995), and therefore could mediate NPC
interaction. Surprisingly, mutants of CAN lacking these domains are directed to the nucleus.
The sequences mediating this relocation are contained within the C-terminal 227 amino acids
of the molecule (Fornerod ef al., 1995).

The DEK-CAN and SET-CAN fusion profeins retain one of the central coiled-coil
domains and the FG repeat sequences. In contrast to CAN, these fusion proteins are
permanently located in the nucleus and therefore we hypothesized that permanent relocation
of CAN sequences to the nucleus could contribute an essential component to their
leukemogenic activity. Hence, proteins that would physically interact with this portion of CAN
may convey or contribute to the transforming potential of the fusion proteins.

Recently, a second nucleoporin was found to be targeted by a recurrent transtocation in
acute myeloid leukemia. This translocation (7;11) creates a fusion between the FXFG-repeat
containing part of nucleoporin NUFPS8 and the homeobox-containing C-terminal part of Hox A9
(Borrow ef al., 1996; Nakamura ef al., 1996). This discovery suggests that the mode of action
of the CAN and NUP98 derived fusion proteins could be related and emphasizes the need for
detailed molecular analyses of leukemia-associated nucleoporins.

Here, as a further step to addressing the contribution of CAN to leukemogenesis, we
define proteins that co-immunoprecipitate with CAN. We also identify the domains in CAN
that interact with these proteins. Only one of the proteins appears to bind to DEK-CAN and
SET-CAN and we believe this profein may be involved in the transformation process of

myeloid precursor cells.

Resulfs

Co-immunoprecipitation of CAN interacting proteins

We performed co-immunoprecipitation studies to identify CAN, DEK-CAN or SET-CAN
interacting proteins, that could be important for their function. Our polyclonal CAN antisera
(Fornerod et al., 1995) only effectively immunoprecipitated the protein in the presence of SDS
(data not shown), thereby dissociating pre-existing protein complexes. We overcame this
problem by using previously generated expression plasmids encoding influenza virus
hemagglatinin (HA l}-tagged versions of CAN and DEK-CAN, (HA[-CAN and HA1-DEK-
CAN) (Fornerod ef al., 1995). HA1-CAN and HA1-DEK-CAN were transiently expressed in
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Figure 1 CAN co-immunoprecipitating
profeins in Hela derived HITA-1 cells, Cells
were transfected with expression plasmids
encoding HA tagged versions of the CAN and
DEK-CAN proteins or CAN deletion mutants
as indicated above the lanes. Untransfected
cells are represented the right lane (-). cCif2— =
Following metabolic labelling with *H-leucine,

proteins were immiunoprecipifated using cces — ,
monoclonal antibody 12CAS and analyzed on cces — KN - -69

a& 6% polyacrylamide gel. Co-precipitating B R » — — -Front

the Hela derfved cell-line HtTA-1 (Gossen & Bujard, 1992) and the proteins were subsequently
immunoprecipitated with anti-HA1 monoclonal 12CAS5 (Wilson ef al., 1984). As shown in
Figure 1, two major proteins are co-precipitated with HAF-CAN from *H-leucine labeled cells;
one of 112 and one of 88 kDa. A weaker band representing a protein of 66 kDa can also be
observed. We named these proteins CC112, CC88 and CC66 (for CAN Co-precipitating
protein) and found that only CC112 co-precipitated with HA1-DEK-CAN (Figure 1) and HAI-
SET-CAN (not shown). These data suggest that CC112 interacts with the C-terminal part of
CAN, whereas CC88 and CC66 require sequences that are either disrupted by the fusion or are
ne longer present in DEK-CAN and SET-CAN. To confirm this interpretation, we separately
expressed HA I-tagged versions of the N-terminal half of CAN (aminoacids 1-1058), and the
C-terminal half (arnino acids 1059-2090). Indeed, the N-terminal half of CAN co-precipitated
CC88 and CCH6, while the C-terminal part of CAN co-precipitated only CC112 (Figure 1). No
smaller co-precipitating proteins were deiected in HITA-I cells (not shown).

To ensure that expression of these co-precipitating proteins was not limifed to HiTA-1
cells, we performed a similar co-immunoprecipitation experiment using human U937
monoblastic cells, engineered to express HA1-CAN in a tetracycline dependent manner {celt
line U937T-C7). We cultured these cells in the presence of different concentrations of
tetracycline to establish distinct expression levels of HAI-CAN, As shown in Figure 2, CC112
and CC88 were also co-precipitated with HA1-CAN expressed in U937T-C7, indicating that,
similar to CAN (Von Lindem et al,, 1992a), these proteins are expressed in multiple human cell
types. The signal of ¥S-labelled CC88 was relatively weak, which we found is typical for **S-
methionine labelling of this protein. Remarkably, the amount of co-precipitating CC88
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Figure 2 CAN co-immunoprecipitating proteins in
human myeloid cell line U937T. HAI-CAN
expression is teltracycline repressible in the stably
transfected cell line U937T-C7. Cells were grown in
4, 6 or 10 ng/ml tetracycline {from left to right).
Parenial cell line U937T that does not express HAL-
CAN is represented in the right lane. Following
metabolic labelling with **S-methionine, proteins were
immunoprecipitated using monoclonal anfibody
12CAS5 and analyzed on a 6% polyacrylamide gel.
HAI-CAN and the co-precipitating proteins are
indicated by arrows on the left. Molecular masses of
standard proteins are indicated on the right (kDa).

remained more or fess constant irrespective of
the cellular HAI-CAN concentration.  In
contrast, the amount of co-precipitated
CC112 increased proportionally to the
amounts of HA1-CAN expression. These
data suggest that there is a fixed amount of
CC88 in the cell available for co-
precipitation, whereas there is a surplus of
CC112 of which normally only a portion is
bound to CAN. A co-precipitating protein
corresponding in size to CCO66 in Hela cells
was also seen in U937T-C7 cells. Like
CCil12, the amount of CCH6 increased

proportionally with the amount of HA1-CAN,

u937T-C7

[tetracyceline] : I

HA1- CAN —

cC112—

cCces —

cCé6 —

U937T

- 220

- 107

- 69

- 46

Since CC112 and CC8S appeared to be cellular proteins that specifically interact with
nucleoporin CAN, they could provide important new insights into the function of CAN, DEK-
CAN and SET-CAN. We studied their inferaction with CAN in detail and generated a
collection of plasmids enceding HA I-CAN deletion mutants (see Materials & Methods). After
transient transfection into HtTA-1 cells, *H-labelled proteins were immunoprecipitated with 12
CAS5 and analyzed on 6% SDS-PAGE geis. Figure 3 sunmarizes the results of this analysis,
which are further addressed in the paragraphs below.

CC112 co-precipitation

The deletion analysis shows that the smallest region in the C-terminal half of CAN that could
mediate co-immunoprecipitation of CC112 consisted of the C-terminal 227 amino acids (Figure
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3; CAN 1864-2090). This represents the C-terminal portion of the FG repeat of CAN,
Interestingly, the N-terminal half of this repeat, represented by CAN1558-1839, was not able
to co-precipitate CC112. This indicated that the FG repeat region of CAN is heterogenous in
nature, an observation not made before for nucleoporin repeat regions. To map the CC112
binding region within the last 227 aminoacids, we tested additional N-terminal (CAN 1957-
2090), C-terminal (CAN 1864-2052) and infernal (CAN 1864-1912, 1984-2090) deletion
mutants (Figure 3). None of these proteins was able to co-precipitate CC112, suggesting that
strong CAN/CC112 interaction requires the entire C-terminal FG repeat region.

Since association with CC112 could represent an important function of CAN, DEK-
CAN and SET-CAN, we investigated naturally occurring alternative forms of its binding
region. Screening for alternatively spliced can mRNAs by RT-PCR, led us to identify a cDNA
that represents a minor transcript in KG-1 and HeLa cells and lacks the exon representing
nucleotides 5687- 5843 of the can mRNA, encoding amino acids 1865-1916 (data not shown).
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Figure 3 Mapping of domains in CAN mediating co-precipitation of CC88 and CC112 and subcellutar
localization. Bars represent CAN and CAN mutant proteins; numbers on the left represent amino acid
boundaries; FS, frame-shift. The ability of muiants to co-immunoprecipitate CC88 or CCI12 is indicated by
pluses and minuses on the right hand side. Subcellular localization: NE, nuclear envelope; C, cytoplasm; N,
nucleus. Multiple localizations appear in order of prominence. Predicted structural motifs are represented as
follows: FG repeats as vertical bars, FXF repeats as diamonds, «-helical protein interaction domains as white
boxes: (1) coiled-coil #1 and adjacent [eucine zipper; (2} coiled-coil #2. The cross-hatched box represents the
alternative reading frame in CAN FS1865. Horizontal stripes indicate acidic regions in the DEK and SET
proteins.
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At codon 1917, translation of the alternatively spliced mRNA changes to a different reading
frame that remains open until position 6519, 154 nucleotides downstream of the normal stop
codon, The 224 amino acid sequence encoded by the alternative reading frame shows no
significant homology to known proteins, and does not contain any nucleoporin repeats. When
this alternatively spliced form was introduced into the normal can cDNA, the expressed protein
{CAN F51865, see Figure 3} was unable to co-precipitate CC112, whereas CC88 precipitation

was unaffected.

CC88 co-precipitation

Unlike CC112, co-precipitation of CC88 required the N-terminal hatt of CAN (Figure 1). CAN
mutant 586-1058 was still able to co-precipitate CC88, whereas the mutant lacking 709-1094
(CANI-708, 1095-2090) did not, further delineating CC88 interacting sequences to CAN's
central region. The same region was previously identified to be important for association of
CAN with the nuclear envelope and, by implication, the nuclear pore (Fornerod et al., 1995).
We therefore wished to map this region of interaction in more detail. The central domain of
CAN contains three potential protein-protein interaction domains (Fornerod et al., 1995; Von
Lindern ef al., 1992a). A predicted N-terminal coiled-coil region and an adjacent leucine zipper
are contained within amino acids 702-774, flanked by a second, more C-terminally located
coiled-coil region formed by amino acids 860 - 887. CAN deletion mutants that lack the N-
terminal coiled-coil and leucine zipper region, such as CAN1-708, 816-2090 and CANS804-
1085 failed to co-precipitate CC88, establishing the importance of this region for CC88
interaction. The same was found for mutants that lack (CAN 1-832) or truncate (CAN 1-877,
Figure 1) the second coiled coil region. These data indicate that muitiple putative interaction
domains contribute to CC88 binding and are needed for co-precipitation.

To further investigate whether the N-terminal coiled-coil, the leucine zipper and/or the
C-lerminal coiled-coil are involved in CC88 interaction, we introduced point mutations in these
motifs using the CAN mutant 586-1085 background. In all cases, aliphatic amino acids in
heptad repeat motifs of predicted ¢-helices were exchanged for helix-breaking prolines (Figure
4A). Since proleins had been metabolically labelled with *S-methionine and the number of
methionines remained constant in these CAN mutants, quantitation of the ratio of radioactivity
incorporated in immunoprecipitated CAN and CC88 directly reflected their binding affinity.
As shown in Figure 4B, mutation of I, 2P strongly diminished co-precipitation of CC88,
suggesting that the leucine zipper of CAN is important for CC88 binding. By contrast, no
change in the amount of co-immunoprecipitating CC88 could be detected when prolines were
utvoduced into the N-terminal (I;;; 2P) or C-terminal (Vs 2P) coiled-coil regions, The
double mutation L, =P + V;; 2P did cause a marked decrease in CC-88 co-precipitation,
This finding is in agreement with our deletion analysis; CC88 binding involves both the N- and
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Colled coll #1 ———— ——— Leuclne Zipper

702 VMAGIGEEIAHFOKELEEERARTSRACFQVGTSEEMKMLRTESDDLYTFELEIRETTESLHGDISSLKTTLLE 774
P P
710 754

Coiled coll#2

860 TIANNREIINQQRKRINALVDSLQQLRL 887 Figure 4 Effect of point mutations in predicted a-
8;5 helical protein interaction domains of CAN on

CC88 co-immunoprecipitation. (A) Amino acid
sequence of the two predicted «-helical protein
interaction domains flanking the t(6;9) breakpoint.
Arrows are placed above coiled coil #1, the
leucine zipper and coiled-coil #2. (Iso)leucines
that form the feucine zipper are underlined. Point
mutations introduced are indicated underneath
the sequence. (3) HtTA-I cells were transfected
with expression plasmids encoding HAIL-
CANS586-1085  derivatives, carrying point
mutations as indicated above the lanes.
Untransfected cells are represented in the left lane
(-). Following metabolic Iabelling with *S-
methionine, proteins were immunoprecipitated
using monoctonal antibody 12CAS and analyzed
o - on a 6% polyacrylamide gel. HAI-CANS86-1085
84 76 86 12 2 x0.001 ~and CC88 are indicated by arrows on the right.
The ratio of radioactivily present in CC88 (x
1000) over that of CANS586-1085 as determined
by phosphorimager analysis is shown below each
Jane,

o

C-terminal ¢-helical protein interaction regions of CAN's central domain.

Subcellular localization of CAN mutants
The C-terminal FG-repeat region of CAN required for CC112 co-immunoprecipitation (amino
acids 1864-2090) coincides with the region previously identified to confer nuclear localization
of CAN mutants that do not associate with the nuclear pore (Fornerod ef al., 1995). Similarly,
amino acids 586-1058 of CAN required for CC88 co-immunoprecipitation coincide with a
region shown to be necessary and sufficient for nuclear pore association. To further investigate
these apparent relations, we determined the subcellular localization of the CAN mutants
described above by indirect immunofluorescence.

Expression of the N-terminal half of the C-terminal FG repeat (aminoacids 1558 -1839;
Figure 3}, that did not co-immunoprecipitate CC112, showed that this protein is located
exclusively in the cytoplasm. This result identified the C-terminal 227 aminoacids of CAN as
both necessary and sufficient for nuclear localization, and further sustained the correlation
between nuclear localization and CC1 12 co-precipitation. However, deletion mutants within
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the C-terminal, CCl12-binding half of the FG repeat (Figure 3) were cither completely or
partially located to the nucleus, but did not co-precipitate CC112.

Immunofluorescence analysis of the central domain of CAN showed that mutants that
have either the N- or the C-terminal predicted protein interaction domains intact, such as
CANS804-1085 and CAN1-832, can be detected at the nuclear envelope, even if they do not co-
precipitate CC88, Nuclear envelope association of mutants missing the C-terminal coiled-coil
(CAN1-832) was decreased. Similarly, coiled-coil point mutant Vg,; —P displayed a marked
decrease in nuclear envelope localization, and double mutant I, —P + Vi, =P hardly showed
any association at all (data not shown). In contrast, the single coiled-coil point mutation L, —P
did not noticeably decrease the protein’s ability to associate with the nuclear envelope, nor did
leucine zipper point-mutation L, =P, These data show that localization of CAN at the nuclear
envelope does not correlate with CC88 co-precipitation, and they identify the C-terminal coiled-
coil as the most important motif for nuciear pore association.

DEK-CAN and SET-CAN are nuclear proteins, in effect relocating the C-terminal part
of CAN from the nuclear pore to the nucleoplasm (Fornerod ef al., 1995). Thus, we suspected
that other sequences in the fusion proteins override the nuclear envelope interaction mediated
by amino acids 813-1058. To test whether this is dependent on nuclear localization signals in
DEK and SET, we expressed the CAN part (CAN816-2090) of the two fusion proteins alone.
This mutant predominantly located to the nuclear envelope (Figure 3), demonstrating that DEK-
CAN and SET-CAN depend on their DEK and SET moieties for relocation to the nucleus.

Discussion

As a first step to biochemically analyze the contribution of CAN sequences to the transforming
capacity of the DEK-CAN and SET-CAN fusion proteins, we identified a 112 kDa protein (CC112)
that associates with the C-terminal nucleoporin-repeat of CAN, DEK-CAN and SET-CAN. In
addition, we found that the central region of CAN binds to an 88 kDa protein (CC88), that does not
co-immunoprecipitate with the fusion proteins.

Using CAN mutants, we were able to locate regions in the CAN protein responsible for
interaction with CC112 and CC88. Since these regions operate independently (see below), and CC112
and CC88 are by far the most prominent co-precipitating proteins, binding is likely to be direct.
However, we cannot exclude that association of either of the two proteins is mediated by other proteins
that escaped our attention, possibly because of small size. We noticed less consistent co-
immunoprecipitation of a 66 kDa protein (CC66) in both HeLa and U937 derived cells. Because of
this inconsistency, most likely caused by weaker binding to CAN and/or CC88, we decided to focus
our analysis on the 88 and 112 kDa proteins.
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CC1i2/CAN interaction

The region of CAN necessary and sufficient for CC112 co-precipitation consists of the C-terminal 227
amino acids. This region represents the distal half of CAN's 420 amino acid nucleoporin specific
FG-repeat. We cannot identity significant differences in either FG density or inter-FG amino acid
composition between these two halves of the FG repeat. 1t is therefore unclear what structural features
of the distal part constitute the CC1 12 binding specificity. Identification of the FG repeat as a protein
interaction domain per se suggests that its N-terminal part conld specifically interact with other cellular
proteins that may bind weaker than CC112, or that are less abundant in HeL.a and U937 cells, Tn this
respect, it is noteworthy that we isolated a cDNA for an alternatively spliced can mRNA encoding a
C-terminally truncated FG-repeat. A CAN protein carrying this shortened repeat region could be
functionally distinct since it displays a different specificity for associating factors, illustrated by the
fact that it does not co-precipitate CCI12.

The N-terminal half of the FG repeat alone localizes to the cytoplasm, whereas the C-terminal
half localizes to the nucleus. This C-terminal domain of CAN bears no homology to known nuclear
localization signals, such as a standard (Kalderon ef al., 1984) or biparttite NLS (Robbins er al., 1988)
or the M9 sequence of hnRNPA1 (Siomi & Dreyfuss, 1995). Thus, unless the C-terminal repeat of
CAN carries an as yet unrecognized NLS-type sequence, transport to the nuclens must be mediated by
an associating nucleophilic protein. An obvious candidate for this would be CC112, except for the
apparently conflicting observation that additional N-terminal, C-terminal and internal deletion mutants
of the C-terminal FG repeat stil localize to the nucleus, but do not co-precipitate CC112. However,
in these mutants, CC112 binding in vive may be strong enough to mediate nuclear transport but too
weak to withstand our co-immunoprecipitation conditions. Thus, resolving the question whether
CC112 mediates the nuclear localization of C-terminal CAN awaits the molecular cloning of CC112.
This would allow us to use more sensitive methods to probe for interaction between these proteins,
suich as a two-hybrid analysis in yeast.

Since CC112 inferacts with CAN, which is part of the nuclear pore complex, CC112 is likely
to be present at the nuclear pore as well. Our data strongly indicate that there is a molar excess of
CC112 as compared to CAN in the cell. This additional CC!12 may be bound to other nuclear pore
components, in particular to those containing FG repeat sequences, or it may be located at additional
sites in the cell. Since DEK-CAN and SET-CAN are nuclear proteins, we expect that CC{12 is also
located in the nucleus.

CC88/CAN interaction

A second c0~immunoprecipitiating protein, CC88, interacts with the central region of CAN
containing three potential protein inferaction domains: two coiled-coil regions and a leucine zipper
(Fornerod ef al., 1995; Von Lindern ef al., 1992a). Coiled-coil domains are common motifs in
nuclear pore components, such as NUP82 (Grandi et af., 1995), Trp (Byrd ef al., 1994), NSP4Y
{Hurt, 1989), p62 (Starr ef ¢f., 1990) and Nspi (Wimmer ef al., 1992), Their coiled-coil domains
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appear to be involved in association of these proteins in nuclear pore subcomplexes (Grandi ef al.,
1995) and could also be required for anchoring to structural components of the nuclear pore (Byrd
et al., 1994; Hurt, 1989). Our data show that the coiled-coil regions of CAN are prime candidates
to mediate binding of this nucleoporin to the NPC, since point mutations in these motifs negatively
influence CAN's nuclear envelope localization,

CC88 co-precipitaiion is drastically decreased by a single point mutation in the leucine
zipper as well as by combined point mutations in both coiled-coils, These data indicate that strong
interaction required for co-immunoprecipitation is mediated by all three «-helical interaction
domains. This notion is also in agreement with our deletion analysis that shows that mutants that
lack any of these domains are unable to co-precipitate CC88. We cannot exclude, however, the
possibility that the point mutations affect normal folding of a larger region that could include other
CC88 binding domains.

All CAN mutants that interact with CC88 are predominantly located at the nuclear envelope,
and by implication at the nuclear pore. It is therefore likely that CC88 is part of the nuclear pore
complex. Because overexpression of CAN does not increase the amount of co-precipitating CC88,
the NPC may be its only location. This raises a question as to whether the apparent lack of CC88
interaction with DEK-CAN and SET-CAN could be the result of differential cellular
compartmentalization. We find this explanation unlikely since CAN mutants that are located at the
nucleac envelope (such as CAN 804-1058 or CAN 816-2090), and contain the same part of CAN's
central region as DEK-CAN or SET-CAN, do not co-precipitate CC88 either. Thus, at present we
have no indications that CC88 could contribute to the DEK-CAN or SET-CAN mediated leukemic

Process.

Concluding remarks

We have shown that CC112 interacts with DEK-CAN and SET-CAN, Insights into the functional
significance of this 12 kDa protein for the leukemic process is obviously hindered by our lack of
understanding of the function of DEK-CAN and SET-CAN themselves. However, we would like
{o present two hypothetical scenarios.

(i) The gene fusion between NUP98 and Hox A9 has recently been described in leukemic
patients carrying translocation (7;11) (Borrow ef al,, 1996; Nakamura er al., 1996), Interestingly,
the part of NUP98 that is predicted to be present in the NUP98/HeoxA9 fusion protein consists of
its nucleoporin-specific FXFG repeat, whereas sequences contributed by the transcription factor
HoxA9 include its DNA binding domain. If NUP98-HoxA9 and DEK-CAN/SET-CAN work in
a similar fashion, DEK and SET may contribute a DNA binding property to our fusion proteins,
The observations that DEX co-localizes with metaphase chromosomes in mitotic cells (Fornerod
et al., 1995} and binds to double-stranded DNA in vitro (Titia de Lange, personal communication)
could support this idea. SET has been shown to stimulate adenovirus replication in vitre (Nagata
et al., 1995), and thus could also be involved in DNA binding. Therefore, in analogy to many other
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oncogenic nuclear fusion proteins (for review see Rabbitts, 1994}, these nucleoporin fusions may
act as mutant transcription factors, where DEK, SET or HoxA9 would mediate DNA binding to
regulatory sequences of target genes, whereas CAN or NUP98 provide sequences essential for
transcriptional disregulation. Thus proteins that associate with the nucleoperin portions of these
fusion proteins, such as CC112, may provide an essential contribution.

(i) Another, but not mutually exclusive possibility is that nucleoporin related fusion
proteins deregulate cellular growth through changes in nucleo-cytoplasmic transport. A protein was
recently described, that is involved in Rev-mediated export of HIV RNA from the nucleus (Bogard
et al., 1995; Friz et al., 1995; Stutz ef al., 1995). This protein, called Rab or RIP, shows significant
homology to the CCl112-interaction domain of CAN. We find this homology fascinating,
particularly in view of our observation that CAN is essentiat for nucleocytoplasmic transport of
protein and mRNA (van Deursen et al., 1996). In addition to the viral Rev protein, one cellular
protein has previousty been shown fo interact with nucleoporin-specific repeats: import factor
p97fimportinB. This protein is part of a cytoplasmic complex that mediates transport of NLS
containing proteins from the cytoplasm to the nuclear pore (see for instance Gorlich & Mattaj,
1996). In analogy to Rev and p97/importin3, CC112 may be involved in fransport processes
between the nuclear pore and the nucleoplasm and/or cytoplasm, that may be disturbed by fusion
proteins such as DEK-CAN and SET-CAN .

We hypothesize that further analysis of the CC1 12 protein may provide crucial information
to improve our understanding of how DEK-CAN and SET-CAN deregulate growth of early
hematopoietic progenitor cells. Further analysis of CC112 and CC88 may also shed more light on
CAN's function in nucleocytoplasmic transport.

Materials and Methods

Expression constructs

All expression plasmids used in this study carry sequences encoding two copies of the influenza
virus hemagglutinin (HA 1) tag at the 5" end of their open reading frames (Fornerod ef al., 1995).
All contructs with the exception of pSCTOP-HA 1-Set-Can, make use of the Tet-VP16 responsive
promoter {Gossen & Bujard, 1992), SET-CAN expression was directed by plasmid pSCTGP-HA1-
Set-Can. This plasmid was constructed by repiacing the set insert of pSCTOP-HA 1-Set (Fornerod
et al., 1995) by a Sacl set-can fragment from anti-sense pCDXX-Set-Can (Fornerod et al., 1995).
DEK-CAN expression was directed by plasmid pHA1-Dek-Can (Fornerod et al., 1995). pHAI-Can
is similar to pCDXX-HA1-Can (Fornerod ef al., 1995), with the exception that the EcoRIcDNA
insert is present in the pUHD10S vector (Fornered ef al., 1995). Expression of deletion mutants
CANI-1058 and CAN586-1058 was directed by plasmids pHA 1-CANA 1059-2090 and pHAI-
CANA 1-585, and A 1059-2090 respectively (Formmerod ef al., 19953, pHAI-CANI-832 was created
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by filling in the Xbal site of pHAI-CANA 1059-2090 at position 2587 of the can cDNA (Von
Lindem ef al., 19923), creating a stop after codon 832. pHAI-CAN1864-2090 was derived from
pHAI-CANA1-1139, A1341-1863 (Fornerod et al., 1995) by deleting sequences encoding amino
acids 1140-1340 using the Nhel site flanking the HA | encoding region and the Mscl site at position
5680 of the can cDNA, pHAI-CANI364-2052 is a truncation derivative of this plasmid using
Xeml sites at position 6244 of the can cDNA and in pUHD10S. pHAI1-CAN1957-2090 was also
derived from pHA 1-CAN1864-2090 by deleting sequences between the Neol site flanking the HA 1
tag coding region and the StyI site at position 5758 of the can cDNA. pHAI-CANI1864-1912,
1984-2090 was created by an in frame deletion using the BamHI sites at positions 5825 and 6044
of the can cDNA. pHA1-CAN1556-1839 was derived from pHA1-Can by ligation of the filied-in
Neel site flanking the HA1 tag coding region onto the Spel site at position 4766 of the can cDNA
and subsequent filling in of the HindlIl site at position 5607. This creates a stop 5 codons
downstream of codon 1839, pHAIL-CAN 816-2090 was derived from pHA[-Can by deleting
sequences upstreamn of the Kasl site at position 2538 of the can cDNA. Deletions in expression
plasmids pHAI-CAN1-877, pHA1-CANI1-1083, pHA I-CAN804-2090 and pHA 1-CAN1059-2090
were created using partial E. coff exonucleaselll digestion using the Erase-a-base system (Promega,
Madison, W1 Henikoff, 1984), and was performed according to manufacturers's directions, For this
purpose, two modifications of pHA1-Can were constructed. For N-terminal deletions, a Norl-Sphi
linker was placed between sequences encoding the HA1 tag and the Ndel site at amino acid { of the
can open reading frame. Removal of nucleotides originated from the Ndel site, while the 3'
overhanging Sphi end protected upstream sequences from exo III digestion. Reading frames could
be corrected by introducing adapters into the unique Nefl site. For C-terminal deletions, a Sall-
Sphl-Notl linker was introduced 3’ of the can ¢cDNA, and removal of nucleotides started at the Sall
site, whereas the Sphi 3' overhanging end prevenied downstream deletions. N- and C-terminal
deletions could be linked using Nofl sites, giving rise to internal CAN deletion mutants such as
pHAI-CANI-708, 1095-2090. pHAI1-CANS586-10835 was created by an N-terminal truncation of
pHA1-CAN-1085 using a Hincll site as described (Fornerod ef al,, 1995). pHA1-CAN804-1058
was constructed by combining pHA |-CANS04-2090 and pHA-CANA 1059-2090. In a similar
way, pHA1-CAN1-708, 816-2090 is the combination of pHAI-CANI1-708 and pHA [-CAN816-
2090. Point mutations in pHAI-CANS586-1085 were generated in bacteriophage M13, using a
cornercial kit (Muta-Gene, BioRad, Hercules, CA) based on the Kunkel method (Kunkel, 1985).
The following proline codons were introduced: amino acid 710(I-P): CCG, 754(I-P); CCT,
825(V-P): CCC.

Cell culture and fransfection

HtTA-1 culture and transfection was performed as previously described (Fornerod ef al., 1995).
Cell line U937T is a derivative of the human monoblast cell line U937 (Sundstrém & Nilsson,
1976) that expresses the tetracycline responsive chimeric transactivator Tet-VP16 (Gossen &
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Bujard, 1992), U937T-C7 is stably transfected with pHA1-Can. A complete description and
analysis of this cell line will be published elsewhere (J. B. and G. G., manuseripl in preparation).

Immunoprecipitation and immunofluorescence

2 x 10° cells grown in 6 cma dishes were metabolically kabelled for 6-16 h using 100 pCi *H-leucine
{Amersham Corp., Arlington Heights, IL) or *S-methionine/cysteine in vive labelling mix (DuPont
NEN, Wilmington, DE) in [.4 ml of leucine or methionine free DMEM, supplemented with 8%
dialyzed fetal calf serum. Metabolic labelling was carried out in a closed container, in order to
avoid radioactive contamination of the environment (Fornerod, 1996). Forty to 50 h after
transfection, cells were cooled on ice, rinsed twice with ice cold PBS, scraped from the dishes and
transferred to a microfuge tube. Cells were briefly spun down and lysed by pipet resuspension in
500 pt of NP40 lysis buffer (1% NP40; 50 mM Tris-HCI, pHS.0; 150 mM NaCl; 5 mM EGTA; 5
mM EDTA; 15 mM MgCl,; 60 mM f(-glycerolphosphate; 1 mM DTT; 0.1 mM NaVvO,; 0.1 mM
NaF; 15 mM p-nitrophenylphosphate; 1.8 ptg/ml aprotinin; 1 pg/ml leupeptin; 10 pg/mi soybean
trypsin inhibitor; 0.1 mM benzamidine). Lysates were kept on ice for 10 min, gentiy vortexed, and
centrifuged for 10 min in a microfuge at 4°C. The supernatant was then filtered through a 0.45 pm
low-protein binding syringe filter (Supor Acrodisc, Gelinan Sciences, Ann Arbor, M), and
precleared with 15 pi protein A sepharose. Precleared lysates were immunoprecipitated using 2 pg
of monoclonal 12CAS5 (BAbCo, Richmond, CA) bound to 7.5 pl protein A sepharose for one hour
at 4°C. Beads were washed 4 times with 500 ul ice cold NP40 lysis buffer. Indirect
immunofluorescence of transfected cells using anti-HA 1 antibodies (12CA5) was carried out as
previously described (Fornerod ef af., 1995).

PCR amplification

First strand ¢cDNA was prepared from total RNA of the myeloid leukemia cell line KG-1 (Koeffler
& . Golde, 1978}, using anti-sense primer CANG6237A
(5-AACCAGAAGTCTGTTGGGACAGTG-3") representing position 6237 - 6260 of the can cDNA
{(Von Lindern ef af., 1992a). DNA was subscquently PCR amplified using sense primer
CANSS586SE (5-CTTCTGGGTTCAGCTTTTGCCAAG-3") representing positions 5586-5609 and
anti-sense primner CANG209A (5-AAGTGGGGGCATTCTGACTCGC-3") representing positions
6209-6230 of the can cDNA, annealing was at 60°C. Amplified DNA derived from alternative
transcripts was sequenced and cloned into pHAI-Can using the HindIl} and Nrul sites at positions
5607 and 6207 of the can cDNA, creating pHA I-CAN-FS1865.
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The Human Iomologue of Yeast CRM1 is in a Dynamic Subcomplex with
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The oncogenic micleoporin CAN/Nup214 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) component, 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 homeologue of
yeast CRM1, a protein known to be required for maintenance of correct chromosome
structure. This human CRMI1 (hCRM1) localized to the NPC as well as to the
nueleopiasm. Nuclear overexpression of the FG-repeat region of CAN, containing its
hCRM1 -interaction demain, resulted in depletion of hCRMI from the NPC, In CAN -/-
mouse embryos lacking CAN, hCRM1 remained in the nuclear envelope, suggesting that
this protein can bind to ofher repeat-containing nucleoporins as well. Lastly, hCRM1
shares a domain of significant homology with importinf3, a cytoplasmic transport factor
that interacts with nucleoporin repeat regions, We propose that hCRM1 is a soluble
nuclear transport factor that interacts with the NPC.

Keywords: CAN/Nup214 / CSE! / Importin3 / Nuclear Pore Complex / Nucleocytoplasmic
transport.
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INTRODUCTION

The nuclear pore complex (NPC) is a ~125 megadalton complex embedded in the nuclear
envelope (NE) that mediates bidirectional nucleocytoplasmic traffic in eukatyotic celis (recently
reviewed by Gorlich and Mattaj, 1996; Panté and Aebi, 1994; Panté and Aebi, 1996; Simos and
Hurt, 1995).

Although more than 30 NPC components have been isolated in both yeast and
vertebrates, the interactions between the NPC and trafficking macromolecules are only recently
beginning to be understood. The import of nuclear localization signal (NLS} carrying proteins
into the nucleus is mediated by a heterodimeric receptor complex. The smaller subunit of this
complex, named importine, NR« or karyopherine, directly binds to the NLS (Adam and
Adam, 1994; Adam and Gerace, 1991; Gorlich ef al,, 1994). The larger subunit, named p97,
importinp, NR, or karyopherin3, is thought to mediate docking to the NPC. Importin[3 binds
to several repeat containing nucleoporins in vitre, and certain nucleoporin repeats may act as
the docking sites for the NLS-import complex (Chi ef al., 1995; Gorlich ef al., 1995b;
Moroianu et al., 1995; Radu et al., 1995b). After docking, the import complex franslocates
through 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 ef al,, 1993;
Moore and Blobel, 1993, for a recent review see e.g. 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 ef al., 1993) and
importine (Gorlich er al., 1996).

Within the NPC, several proteins interact in a genetic or physical manner.
Copurification studies in yeast showed that the nucleoporin Nspl forms one complex with the
nucleoporing Nup49, NupS7, and Nic96 (Grandi ef al., 1993), and forms a separate complex
with Nup82 (Grandi et al., 1995). Other yeas! proteins that physically interact include are Sipl,
Nupl, and Nup2 (Belanger et af., 1994). Interestingly, Srpl is the yeast homologue of
importiner. Recently, a yeast complex has been identified that includes nueleoporins Nup84,
Nupl20, Nup8S, and also Secl3, which is involved in the transport of proteins from the
endoplasmic reticulum to the Golgi apparatus (Siniossoglou ef al., 1996). In higher eukaryotes,
fwo prolein subcomplexes have been identified, one containing nucleoporin p62, complexed
with proteins of 58, 54 and 45 kDa (Guan ef al., 1995; Panté ef al., 1994), and the second
containing p250, associated with a protein of 75 kD (Panté ef 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 undifferentiated leukemia (von Lindern ef al., 1992a; von Lindern ef al., 1992b).
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
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to simultaneous defects in nucleocytoplasmic transport and in cell cycle progression (van
Deursen et al., 1996). Previously, we identified a new CAN-containing complex that included
proteins of 88 and 112 kDa (Fornerod ef al., 1996). The central region of CAN associates with
the 88 kDa protein, most likely through coiled-coil interactions, whereas the 112 kDa protein
inferacts with part of CAN's nucleoporin-specific repeat region. Identification of these proteins
by molecular cloning could improve our understanding of the function of CAN in the NPC.
In addition, CC#12 might be important in the leukemic process associated with DEK-CAN and
SET-CAN, because it interacts with these leukemia-specific fusion proteins (Fornerod ef af.,
1996).

Here, we report the cloning and characterization of these 88 and 112 kDa proteins. The
88 kDa protein is a new nuclear pore component that we name Nup88. The 112 kDa protein
is the human homologue of yeast CRM1 and is located at the NPC and nueleus. We provide
evidence that the human CRM I protein binds multiple NPC components and moves between
the nuclear pore and the nucleoplasm. We also identify a group of proteins that includes
hCRM 1, yeast CRM |, and importin, which may constitute a novei family of NPC-interacting
transport factors.

RESULTS

Purification of CAN coprecipitating protfeins

We showed recently that two proteins specifically coimmunoprecipitate with CAN, one of 88
kDa (CC88) and one of 112 kDa (CC!12) (Fornerod et al., 1996). To coprecipitate sufficient
quantities of the 112 and 88 kDa proteins for micro-amino acid sequence analysis, we created
stable cell lines that express an HA 1-tagged CAN protein, To avoid toxic effects of high CAN
expression (Fornerod ef al., 1995), we made use of the Tet-VP16 system (Gossen and Bujard,
1992) to repress HA1-CAN during the transient phases of transfection. Two independent,
stably transfected cell clones, TTB6 and TTD2, were analyzed for proteins that coprecipitate
with CAN. As shown in Figure A, both cell lines coprecipitated the expected 88 and 112 kDa
proteins. We generated in much the same way C4322, expressing HA l-tagged DEK-CAN
(Fornerod ef al., 1995). Only the 112 kDa protein coprecipitated from this cell fine. To
visualize the coprecipitating proteins on a silver stained gel (Figure 1A) we needed at least 1Y
cells per immunoprecipitation.

For micro-aminoacid sequence analysis, we scaled up the immunoprecipitation
approximately 1000 fold, using cell line TTD2 {sec Materials & Methods). Proteins from the
preparation were separated by SDS-PAGE (Figure [B), and the 88 and 112 kDa protein bands
were excised from the gel. Quantities of a coprecipitating protein of 66 kDa (CC686, Fornerod
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Figure 1 Immunopurification of CAN-associating proteins. (A) Proteins immunoprecipitated with monoclonal
antibody 12CAS from cell lines expressing an HAl-tagged version of CAN {TTB6 and TTD2), DEK-CAN
(C4322), and the parental cell line (HITA-1), elecirophoretically separated on 6% polyacrylamide gels and
visualized with silver staining. The positions of CAN and DEK-CAN, as well as those of the coprecipitating
proteins CC112 and CC88, are indicated by arrows. A molecular weight standard is indicated on the right.
1gG-H, immunoglobulin heavy chain. {B} An aliquot (0.1%) of the large scale immunopurification of CAN-
associating proteins from the TTD2 cell line, run on a 6% polyacrylamide gel and silver stained. Arrows
indicate the 112 and 88 kDa copurifying proteins, and molecular weight markers are shown in an adjacent lane
(right panel). As a reference, HAI-CAN was coprecipitated from “H-leucine labeled TTD?2 cells (Ieft panel).
The position of CAN and coprecipitating proteins CCi12, CC88 and CCG66 are indicated on the left.

el al., 1996) were insufficient for further analysis. Gelslices containing 82 and 48 pmol of
CC88 and CC112 respectively were digested witl: trypsin in sifi, and tryptic peptides were
eluted, purified by preparative HPL.C and then sequenced from the N-termini. Two sequences
of 16 amino acids were obtained from CC88, and CC112 yielded one sequence of 7 amino
acids (Table [}. None of these sequences showed significant homology to known proteins;
however, the two peptides derived from CC88 matched an uncharacterized human cDNA in
the dBEST database (IMAGE clone 179414, Genbank Accession nurmber H50498). Simitarly,
the peptide derived from CC112 matched a cDNA in the TIGR database (Clone HTTEU26,
Human Geneme Science, Rockville, MD). Interestingly, the amine acid sequence of the
putative reading frame of this cDNA clone showed significant homology to a yeast protein of
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Protein Peptide/cDNA Amino acid sequence

Nup88 CC88 peptide 50 ~GPSGGGEEPAL{S) QYD (R)
¢ DNA IMAGE 179414 RGPSGGGEEPAL 8 QYQ R
CC88 peptide 63rep20 ~-XOSPTEARKPA (S} {8} {S/CIL{P/G} (K)
¢ DNA IMAGE 179414 KNQSPTEAEKPA S S S L P S
hCRM CC112 peptide 63rep20 -LISGWVS{R)
¢ DNA TIGR HTTEU26 KLISGWVS R

Table I Amino acid sequences of tryptic peptides derived from Nup88 and hCRM1 compared to virtual
transiations of expressed sequence tags found in computer databases. Trypsin hydrolyses peptide bonds at the
C-terminal side of lysine (K} or arginine (R},

115 kDa, named CRM1. To determine whether these cDNAs were indeed derived from
mRNAs encoding CC88 and CC112, full-length cDNA sequences were obtained from a human
placenta cDNA library using clones 1794 {4 and HTTEU26 as probes.

Sequence analysis of h(CRM1 and NUPS8

The complete cDNA putatively encoding CC112 had an open reading frame of 1071 amino
acids and encoded a protein with a predicted molecular mass of 123 kDa (Figure 2A), This
open reading frame showed high homology to Saccharomyces cereviciae (S. cer.) CRM Y (47%
identity, 67% similarity) and to the Schizosaccharomyces pombe (S. pombe) homologue
CRMI+ (52% idenlily, 69% similarity). We therefore named this protein hCRMI1 (human
CRM1). Further database searches revealed that the N-terminus of hCRM 1 shared significant
homology to the N-terminus of importin3 (Figure 2B). Importinp is pait of the nuclear protein
import receptor and can bind CAN in vitre (Radu et al., 1995a). In addition we found that a
group of largely uncharacterized yeast and vertebrate proteins of similar size (110-120 kDa)
shared this homology domain, that we propose to name the CRIME domain (CRm 1, IMportinf,
Efcetera). The sequence divergence within the group was calculated according to Sneath and
Sokal (1973)(Figure 2C).

The complete cDNA thought to encode CC88 had an open reading frame of 741 amino
acids and a predicted molecular mass of 85 kDa (Figure 3A). Because an unrelated protein
named Nup85 already exists, we have named this protein Nup88. Database searches revealed
no significant homology of Nup88 to known proteins. However, the C-terminal sequences of
Nup88 are predicted to form a coiled-coil (Lupas et al., 1991 Figure 3B), an interaction domain
often found in NPC proteins.

Interaction of Nup88 and hCRM1 with CAN
To further study the Nup88 and hCRM 1 proteins, and to confirm their interaction with CAN,
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Figure 2 Amino acid sequence of hCRME. (A} Comparison between hCRMI, Saccharomyces cerevisiae
CRM1 (Adachi and Yanagida, 1989; Toda ef al., 1992), and Schizosaccharomyces pombe CRM1+ (Toda ef
al., 1992), Identical and similar amino acids are boxed in black and gray respectively. The broken lines above
the sequence denote the N-terminal homology domain and an asterisk indicates the conserved tryptophan. A
bar indicates the position of peptide 63rep20. The amino acid sequences between the amows were used 1o raise
antibodies against the protein, (B} Comparison between hCRMI amino acids 75-154 and similar N-terminal
regtons of Saccharomyces cerevisiae CRMI1, CSEI (Xiao ef al., 1993), Hre1004 (Accession number $53939),
Spac2ZH1(.03¢ (Z69730), NmdS (P46970), Yerl i0c (P40G069), Psel {Chow et al., 1992), Lph2p (U43503),
D9505.15p (U32274), Kap95p (Gorlich ef al., 19951), Schizosaccharomyces pombe CRM 1+ and human CAS
(Brinkmann et af,, 1995), The tryptophan that is conserved in all profcins is marked with an asterisk.
Alignments were calculated using the program Clustal W with a gap penalty of 10 and a gap extension penalty
of 0.05. (C) Dendrogram representing the sequence relationships between CRIME domain proteins.
Relationships were caleulated using the UPGMA algorithm {Sneath and Sokal, 1973) and were based on
complete amino acid sequences.

we produced rabbit polyclonal antisera against amino acid 509-741 of Nup88 and amino acid
805-1071 of hCRMI1 (Figures 2 and 3). These regions excluded the peptide sequences used to
identify the Nup88 and hCRM1 cDNAgs,

To confirm that isolated cDNA séquences indeed encoded the 88 and 112 kDDa CAN-
associating proteins, we tested whether affinity purified «-Nup88 and o-hCRM1 antisera could
detect these proteins in CAN immunoprecipitates. Using IP-western blot analysis (Figure 4A),
we found that the 112 kDa protein that was immunopurified from TTD2 or C4322 cells was
recognized by antibodies against bacterially produced hCRM1. Similarly, the 88 kDa protein
that was immunopurified from TTD2 cells reacted with antibodies against bacterially produced
Nup88. The «-Nup88 antibodies also recognized a less abundant coprecipitating protein of ~90
kDa. This protein possibly represents a post-translationally modified form of Nup88. These
results provide evidence that the Nup88 and ACRM1 genes encode CC88 and CCl112,
respectively.

We next assessed the cellular specificity of the affinity purified o-Nup88 and e-hCRM 1
antisera by using them to immunoprecipitate proteins from *H-leucine labeled HtTA-1 whole
cell extracts (Figure 4B), The antisera to hCRMI and Nup88 specifically immunoprecipitated
proteins of the correct sizes, relative to the proteins that coprecipitate with CAN. This indicates
that the affinity purified antisera to hCRM1 and Nup88 are monospecific and suitable reagents
with which to further characterize the proteins.

‘When we tested whether the hCRM 1 and Nup88 specific antibodies would coprecipitate
CAN, no precipitation was found. It is conceivable that these antibodies interfere with CAN
association. For instance in case of Nup88, the serum may include antibodies against the
predicted protein interaction domain (see Figure 3). Therefore, we linked the C-terminal 374
amino acids of Nup88, which contain this domain, to an HA tag and transiently expressed the
product in HtTA-1 cells. Using monoclonal 12CAS to the HA epitope, HA1-Nup88(368-741)
coprecipitated a protein of the size of hCRMI (Figure 4B} that reacted with anti-hCRM1
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Figure 3 Sequence characteristics of Nup88. (A) Predicted amino acid sequence of the Nup88 protein. Bars
above the sequence indicate peptides 50 and 67rep23 respectively, Solid lines show predicted coiled-coil
regions, The amino acid sequences between the arrows were used to raise antibodies to Nup88. (B) Prediction
of coiled-coil regions within Nup88; the program PEPCOIL was uscd which identifies potential coiled-coil
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antibodies in IP-western analysis (not shown). Since hCRMI does not directly coprecipitate
with Nup88 (Fornerod, 1996, Oncogene), hCRM1 most likely is coprecipitated via CAN.
Indeed, the immuneprecipitate also contained a protein of ~220 kDa (Figure 4B), the size of
CAN. This result indicates that the C-terminal part of Nup88 contains the CAN-interaction
domain and confirms the existence of the CAN/hCRM1/Nup88 complex. Attempts to

84



precipitate this complex using an N-terminally HA I-tagged hCRMI were unsuccessful, which
could be due to the aberrant subceilular localization of this protein, that appeared to be
exclusively nuclear (data not shown).

Subceltular localization of hCRM1 and Nup88

Because CAN localizes to the NPC, we anticipated that the proteins with which it interacts
would also be present at that subcellular location. Moreover, the S. ponibe and S, cer. CRM
proteins are known to localize to the nucleus and particularly the nuclear periphery (Adachi and
Yanagida, 1989). We addressed the subcetlular localization of the hCRMI and Nup8&8 protein
by indirect immunoftuorescence. Our monospecific a-hCRM1 antiserum showed a punctate
rim staining around the nucleus (Figure 5A), which is a staining pattern characteristic for NPC
proteins {(Davis and Blobel, 1986). When focussed on the nuclear surface, a dotted staining
pattern was observed (Figure 5B), also characteristic for NPC proteins. Moreover, a specific
signal was present in the nucleoplasm (Figure 5A), with the nucleoli often staining stronger
than the surrounding nucleoplasm. In the cytoplasm, the hCRM 1-specific signal was restricted
to small dots, Since these dots also stain with monoclonal antibody 414, directed against a
common nucleoporin epitope (Davis and Blobel, 1986), they most likely represent annulate
lamellae (data not shown). Antibodies to Nup88 localized exclusively to the nuclear envelope
(Figure 5C).

To get a more detailed understanding of the subcellutar localization of hCRM1, we
examined this protein by using immunoelectron microscopy on LR-White embedded ultrathin
sections of HITA-1 cells. Most of the CRM1-specific gold iabel appeared in the nucleus, and
the gold-density was highest at the nuclear envelope (data not shown). At the level of the
nuclear pore, hCRMI was present at both the cytoplasmic (Figure 513 and E) and nucleoplasinic
face (Figure SE and F) of the NPC. To confirm the localization at the Ievel of the nuclear pore,
we performed the same analysis on ultrathin cryosections of HtTA-1 cells. In such sections
hCRM I-specific label was also found at both sides of the NPC, at approximately equal
frequency (data not shown).

hCRM1 and Nup88 in CAN -/- embryos

Recently, we studied the phenotypic consequences of CAN depletion in early mouse embryos,
homozygous for a knock-out mutation in the CAN gene (van Deursen ef al., 1996). Typically,
depletion of CAN protein from maternal sources starts at around day 2.5 of gestation. By day
3.5, CAN is undetectable. To investigate hCRM1 and Nup88 localization in CAN-depleted
embryos, we immunostained CAN-/ and wild-type blastocysts that were cultured in vitro for
I8 hours, with affinity purified «-hCRMI and «-Nup88 aniibodies. Indirect
immunofluorescence on wild-type embryos showed staining for RCRM I within the nucleus and
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Figure 4 Interaction of CAN, hCRM1, and NupB88. (A) Western blot analysis of proteins that coprecipitated
with HA 1-tagged CAN or DEK-CAN, using monoclonal 12CAS, from cell lines TTD2 and C4322, as indicated
above the lanes. The parenial cell line HI'TA-1 served as a negalive contrel. Blols were stained with indian
ink and incubated with antibodies to Nup88 or hCRM 1, as indicated below the blots, Positions of CAN, DEK-
CAN, hCRM 1, and Nup88 are denoted on the right; IgG-H, immunoglobulin G heavy chain, Molecular weight
standards are indicated on he left. (B} Immunoprecipition proteins from *H-leucine-labeled HITA-1 cells with
«-Nup88 or ¢-hCRM!1 antibodies, as indicated above the lanes, Protein A sepharose (prot A} served as a
negative contral. Anti-FIA1 antibody 12CAS was used to immunoprecipitate *H-leucine labeled proteins from
HITA-I cells that transiently expressed HA1-CAN (sccond lane from right) or HAT-Nup88(368-74 1) (right
[ane). Positions of CAN, hCRMI, Nup88, CC66, and Nup88(368-741) are indicated on the right. The
polyacrylamide gel percentages are indicated on the left,

at the nuclear rim (Figure 6B, n=6), comparable to the staining pattern in human H{TA-{ cells,
To confirm that the nuclear envelope was stained specifically, we performed a costaining with
monaclonal antibady 414 (Davis and Blobel, 1986), that recognizes a group of nucleoporins
(Figure 6A and D). CAN-depleted embryos also showed a clear nuclear rim staining and a
nuclear signal (Figure 6C, n=5). This result suggests that NPC association of hCRM1 is not
dependent on CAN, and presumably can be mediated by other NPC components. Intriguingly,
every cell of the mutant embryo showed prominent staining of the nucleofus, which was not
observed in wild-type embryos.

Nup88 was delected at the nuclear envelope in the wild-type embryos (Figure 6E, n=4).
This staining was absent or barely detectable in cells of CAN-/- embryos (Figure 6F: n=4),
indicating that the interaction of Nup88 at the NPC is CAN-dependent.
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Figure 5 Subcellular distribution of hCRM1 and Nup88 in HiTA-1 cells. A-C, indirect immunofluorescence
with «-hCRM 1 (A and B) or «-Nup38 (C) antibodies. Panels A and B show the same cell, focused across (A)
or on top of (B) the nucleus, Arrows indicate the nuclear envelope (NE) and structures resembling annulate
lamellae {AL); an arrowhead marks a nucleolus (Nu) in panel A. D-F, immuncelectron microscopic
localization of hCRM 1. Three cross sections through the nuclear envelope are shown. The nuclear membrane
is negatively stained. Gold particles decorate nuclear pores, indicated by arrows, at the cyloplasmic face (D
and E) and at the nuctear face (E and F). NP, nuclear pore; C, cytoplasm; N, nucleoplasm. The bar is 6 ym
in A-C, 150 am in D-F,

hCRM]1 displays dynamic behavior

We have shown in HtTA-1 cells that hCRM1 appears in the nucleoplasm, the NPC, and in
nucleoli. We then examined whether this localization represents a static situation, or if there
is trafficking of hCRM|1 between these cellular compartments.

In previous studies, we found that the C-terminal part of CAN is located in the nucleus
when expressed by itself (Fornerod ef al., 1995). Moreover, this part of CAN includes the
hCRM1 binding domain (Fornerod ef al., 1996). If hCRM 1 moves between the nuclear pore
and the nucleoplasm, the presence in the nucleus of the CAN domain for hCRM ! binding might
disturb hCRM I intraceliular ronting. We therefore expressed the hCRM 1-binding domain of
CAN (the C-terminal amino acids 1864-2090) transiently in HtTA-1 cells. By using indirect
imimunofluorescence, we could detect the transfected protein with monoclonal 12CAS (Figure
7A), while, in the same cells, we could monitor endogenous hCRM1 localization by using
e«-hCRMI antibodies (Figure 7B). Expression of C-terminal CAN caused hCRMI
accumulation in the nucleus and its disappearance from the nuclear envelope, as we could
verify by a doubie labeling experiment with monoclonal 414, that specifically stains the nuclear
envelope (data not shown). These resuits suggest that the hCRM1-binding domain of CAN is
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Figure 6 Subcellular tocalization of hCRM 1 (B and C) and Nup88 (E and F) in wild-type (B and E) or CAN-/-
{C and F) blastocysts. The specificity of nuclear envelope staining is shown by colocalization of wildtype
embryos with monoclonal 414 (A and D). Only pari of the embryo is shown. Arrows point to the nuclear
envelope, an arrowhead denotes a nucleolus in panel C; NE, nuclear envelope. The bar represents 10 pm.

able to titrate hCRM! from the NPC, and that the presence of hCRM1 at both the nuclear pore
and in the nucleoplasm is a result of a dynamic exchange. However, if the turn-over time of
hCRM! is relatively short, nuclear hCRMI accumulation could also be explained by
newlysynthesized hCRMI getting trapped in the nucleoplasm by C-terminal CAN, We
therefore determined the half life of hCRMI by pulse chase experiments, and found it to be
approximately 24 hours {data not shown). This means that at least part of the hCRM1 protein
that accumulates in the nucleus was originally located at the nuclear envelope.

As stated earlier, hCRM1 is present very prominent in the nucleoli of CAN-depleted
embryos. Such accumulation could indicate that the phenotypic effects of CAN-depletion
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include disruption of processes within the nucleolus, In an attempt to mimic such disturbances,
we cuitured HETA-1 cells for 45 minutes in the presence of .04 pg/ml actinomycin D, a
compound that, at this concentration, specifically inhibits RNA polymerase I dependent
transcription (Perry and Kelley, 1970). Ceils cultured in the presence of actinomycin D
distinctly accumulated hCRM]1 in their nucleolt (Figure 7D). Higher concentrations of
actinomycin D (5 1g/ml), which also affect RNA polymerase II dependent transcription, had
the same effect on hCRM1 localization (not shown). These results suggest that the nucleolus
may be part of normal hCRM1 routing, and encourage the design of studies into the role of
hCRM1 in nucleolar function and nucleolar/NPC trafficking,

DISCUSSION

The oncogenic nucleoporin CAN/Nup2 14 forms an NPC subcomplex with proteins of 88 and
112 kDa (Fornerod ef al., 1996). We immunopurified these two proteins and cloned their
¢DNAs via peptide sequencing.

The 88 kDa protein is a novel nuclear pore component, which we have named Nup88.
This protein may be identical to p75, a protein previously shown to copurify with CAN from
rat liver extracts (Panté ef al., 1994}, although the difference in molecular weight seems to be
considerable. Nup88 has no sequence homology to known proteins, but its C-terminus contains
sequences that are predicted to form: a coiled-coil domain, Predicted coiled-coil regions have
been found in several other nuclear pore proteins, including CAN (for review see Panté and
Aebi, 1994), and are thought to mediate interactions within NPC subcomplexes. Previously,
we showed that mutations in CAN's coiled-coiled regions inhibit CAN iateraction with the 88
kDa protein identified here as Nup88 (Fornerod ef al., 1996). This result suggests that the
Nup88/CAN interaction is coited-coil mediated. The position of the coiled-coil region of
Nup88 is similar to that of S. cer. Nup82p, a protein that, if mutated, causes mRNA export
defects (Hurwitz and Blobel, 1995), as does mutation of CAN (van Deursen ef al,,1996).
However, the sequence homology between these proteins is marginal (data not shown), and
it remains to be determined whether Nup88 could be the functional homologue of yeast
Nup82p.

CAN-/- mouse embryos that lack CAN, have no detectable Nup88 at their nuclear
envelopes. Therefore, the presence of Nup88 at the nuclear pore depends on its physical
interaction with CAN. This implies that the phenotypic effects of CAN elimination, which
include G2 arrest and changes in nucleocytoplasmic trafficking (van Deursen et al., 1996), may
in part be caused by Nup88 depletion from the NPC.
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Figure 7 hCRM1 displays dynamic behavior. A-B, Double-stained HtTA-1 cells, ransiently expressing the
hCRM1 binding region of CAN, visualized with monoclonal 12CAS (A}. Endogenous hCRM1 is detected with
o-hCRM1 antibodics (B). Arrows indicate hCRM1 nuclear cnvelope staining in an untransfected cell. C.D,
hCRMI protein localized by indirect immunofluorescence in normat HITA-] cells cultured for 45 minutes in
the absence (C) or presence of (D) 0.04 pg/ml actinomycin D, Arrows indicate nuclear envelope slaining,
arrowheads point 1o nucleoli. The bar represents 8 pm,

Surprisingly, the 112 kDa protein appeared to be the human homologue of §. cer. and
3. pombe CRM I, proteins not previously implicated in nucleocytoplasmic transport. The 5.
pombe crml+ (chromosome region mainfenance) gene was first identified as a mutated gene
in certain cold-sensitive strains that display deformed chromosomes at the restrictive
temperature (Adachi and Yanagida, 1989). Furthermore, mutations in the crml gene cause
deregulation of the transcription factor papl! (the budding yeast homologue of huinan API)
(Toda et al., 1992), and can lead to multi-drug resistance (Nishi ef al., 1994; Turi ef al., 1994).
Mutations in yeast genes involved in nucleocytoplasmic trafficking can, apart from transport
defects, lead to similar plefotropic effects, as illustrated by the yeast homologue of the GTPase
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Ran/T'C4, and its exchange factor RCC1 {Forrester ef al., 1992 6, 1914; Kadowaki e al., 1993),
and by Nup85p (Goldstein ef ai., 1996}, It is therefore conceivable that a transport defect may
be responsible for the ermf phenotype. The yeast CRMI proteins have been localized to the
nucleus and are particularly prominent at the nuclear periphery (Adachi and Yanagida, 1989).
This, together with the high homology between yeast and human CRM I suggests that also in
yeast, CRM1 may strongly associate with repeat-containing nucleoporins.

The hCRMI protein is identical to the 112 kDDa protein that interacts with DEK-CAN
and SET-CAN, two nuclear fusion proteins associated with acute myeloid and undifferentiated
leukemia respectively (Fornerod ef al,, 1996). Because hCRMI is not related to any proteins
known to be involved in oncogenic transformation, its possible role in leukemogenesis remains
to be determined. However, hCRMI could be part of a nove] pathway, via which nuclear pore
components contribute to leukemogenesis.

Is hCRM1 a novel transport factor?
Several lines of evidence support the idea that hCRMI could be a transport factor that
dynamicalty interacts with the NPC.

First, the dual subcellular localization of hCRM1 to the nucleus and to the NPC
suggests that this protein can travel belween the two compariments. To test this, we
overexpressed the hCRM I-binding domain of CAN, which is located in the nucleus and not
at the NPC. If h(CRMI permanently binds to CAN, expression of its binding domain in the
nucleus would have no effect. If, on the other hand, hCRMI is periodically released from the
NPC into the nucleus, the presence of an excess binding domain could sequester the hCRMI
in the nucleoplasm and lead to a gradual disappearance of hCRM1 from the nuclear envelope.
We found that, under these conditions, RCRM1T was completely absent from the nuclear
envelope and was only present in the nucleoplasm. Since we showed that the half life of
hCRMI is long, this suggests that hCRM{ can move from the NPC to the nucleoplasm. In
addition, we have shown that repression of RNA polymerase I dependent transcription causes
accurmulation of hCRM1 in the nucleolus. Although we don't understand the mechanism
causing this effect, it does suggest that hCRMI routing involves the nucleolus.

Second, the nuclear envelopes of cells from CAN-depleted mouse embryos contain
hCRM]1. This suggests that hCRMI1 can bind to NPC components other than CAN. We
previously demonstrated that R(CRM 1 interacts with the C-terminal half of CAN's nucleoporin
repeal region (Fornerod ef al., 1996). This repeat of CAN has significant homology to repeats
of several other nucleoporins, including Nup98, Nup153 and p62. Thus, hRCRM! may interact
with repeat regions of these, or other, yet unknown, vertebrate nucleoporins, In agreement with
this is our observation that RCRM | is present at the nuclear as well as the cytoplasmic face of
the NPC, while CAN is only present at the cytoplasmic side (Kraemer ef al., 1994). Therefore,
good candidates to mediate additional nuclear NPC association of hCRM1 are Nup98 and
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Nup153, that both reside at the nuclear face of the NPC (Radu ef al., 1995b; Sukegawa and
Blobel, 1993).

Third, hCRM shares a region of sigaificant homology with importin. This factor
physically interacts with nucleoporin-specific repeat regions (Moroianu et al., 1995; Radu ef
al., 1995b} and can bind CAN in ligand blot assays (Radu et al., 1995a). This suggests that
hCRMI and importinfy may interact with the NPC by the same mechanism. Importinf} forms
part of a cytoplasmic transport complex that mediates protein import into the nucleus. Two
molecular mechanisms have been proposed for the translocation of this profein-import complex
through the NPC (Gorlich and Mattaj, 1996; Nehrbass and Blobel, 1996; Rexach and Blobel,
1995). Both models propose a stepwise binding and release of the importin} component of the
complex to and from nucieoporin 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} for nucieoporin repeats towards the
nucleus, Following these models, the more cytoplasmically located CAN would have a
relatively weak affinity for importinf3, which is in agreement with its absence in our CAN
coimmunoprecipitation experiments. In contrast, hCRM1 appears to have a high affinity for
CAN. This suggests that if hCRM1 interacts with nucleoporin-repeats in an imporiin-like
fashion, it could move in the opposite ditection, i.e., from the nucleus to the cytoplasinic face
of the NPC.

In addition to importin{ 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. cer. genome sequencing project.
However, CSEI has been identified as an essential yeast protein, and its mutation results in a
chromosome segregation defect (Xiao ef af., 1993), Moreover, it was reported that the cse/
phenotype can be suppressed by high expression of Stpl (Belanger et al., 1694}, the yeast
importine. homologue that interacts with the nucleoporins Nup! and Nup2. Thus, CSE! 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

Cell culture and fransfection

HtTA-1 cells (Gossen and Bujard, 1992) were cultured as described (Fornerod er al., 1995).
In some experiments Actinomycin D, (Bochringer Mannheim, Indianapolis, IN} or
cycloheximide (Sigma, St. Louis, MO) were added to the culture medium. Cell lines TTD2 and
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TTB6, which express HA1-CAN under the control of a tetracycline dependent promoter, were
created by cotransiecting HITA- cells with Sspl linearized plasmid pHA1-CAN (Fornerod ef
al., 1993) and Scal linearized pI Q6Puro at a molar ratio of 20:1. Puromycin resistant clones
were selected as described (Fornerod ef al., 1995). TTD2 expressed HA1-CAN predominantly
in the nuclear envelope in the absence of tetracycline. Under these conditions, the cell line
showed normal growth characteristics for multiple passages. The HAI-DEK-CAN expressing
cell line C4322 has been described previously, as has HtTA-1 transient transfection (Fornerod
et af., 1995). Plasmid pHA {-Nup88(368-741) was created by placing sequences encoding two
copies of the influenza virus HA1 tag (Fomerod ef al., 1995} at the 5' side of codons 368-741
of the Nup88 cDNA.

Immunopurification

Approximately 10" TTD2 cells cultured on five hundred |15-cm dishes were rinsed once with
PBS, scraped in PBS and spun down at 2000g in 50 m! tubes for 10 minutes at 4°C, Cell
pellets, in total weighing 40 grams (wet weight) were frozen at -80°C until further processing.
TTD2 cell aliquots (2 grams each) were transferred to 15 ml tubes, lysed in 8 ml ice-cold NP-40
lysis buffer (1% NP40; 50 mM Tris-HCI, pH8.0; 150 mM NaCl; 5 mM EGTA; 5 mM EDTA,
15 mM MgCl, ; 60 mM B-glycerolphosphate; | mM DTT; 0.1 mM NavO,; 0.1 mM NaF; 15
mM p-nitrophenylphosphate; 1.8 pig/mt aprotinin; 1 pg/ml leupeptin; 10 pg/ml soybean trypsin
inhibitor; 0.1 mM benzamidine), and filtered through 45 um cellulose acetate membranes.
Lysates were then precleared for 30 minutes with 1 ml packed Sepharose CL-4B (Pharmacia).
HA1-CAN was immunoprecipitated by rotating the cleared fysates twice for 1 hour with 0.4
mg of monoclonal antibody 12CAS (BAbCo, Newport, CA) covalently linked to 0.2 ml packed
CNBr-activated Sepharose CL-4B beads (Pharmacia). The beads were washed 4 rimes with
8 ml NP-40 lysis buifer and then once with PBS. Proteins were eluted from the Sepharose
beads by subsequent batchwise elutions with 04, 0.4, and 0.2 ml 0.5% SDS, and concentrated
in a Speed-Vac vacuum excicator to 250u]. Proteins in the eluates were subsequently
precipitated with 5 volumes acetone at room temperature and spun down at 18,000 g for 10
minutes. The pellets were suspended in 23 ut solubilization buffer (10% SDS; 100 mM MgCl,;
50 mM Tris-HC! (pH6.8); 0.1% bromophenol blue, 10% glycerol, 50 mM dithiothreitol) by
vortexing and heating to 90°C. Fifty microliters of this fraction, which represents proteins
purified from 4 grams of TTD2 cells, were loaded in 7 mm wide slots and separated on a .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 gelslices was quantitated by laser desorbtion mass spectrometry
(Williams ef al,, 1996). In gel trypsin digestion, reversed phase HPLC, and amino acid
sequencing were subsequently performed as described (Williams and Stone, [995).
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¢DNA cloning

c¢DNA clone IMAGE 179414, encoding Nup88 peplides 50 and 67rep23, was obtained from
Research Genetics (Huntsville, AL). ¢DNA clone HTTEU26, encoding hCRM! peptide
63rep20 was obtained from Human Genome Sciences (Rockville, MD}. Full-length cDNAs
were obtained from a human placenta cDNA library (Hu2002B#29203, Clonetech, Palo Alto,
CA) and sequenced according to the established methodology (Sambrook ef al., 1989).

Antibodies

Polyclonal antisera against hCRM{ and Nup88 were raised in rabbits by using recombinant
protein produced in E, coli BL21:DE3{pLysS) (Studier ef al., 1990}, hCRM1 amino acids 805-
1071 and Nup88 amino acids 509-741 were expressed as glutathione-S-transferase fusion
proteins {(Smith and Yohnson, 1988) and were purified by using preparative SDS-PAGE and
electro-elution. The antisera were then affinity purified by using these bacterial proteins
immobilized on PYDF membrane as described previously (van Deursen ef al., 1996).

Immunoprecipitation and Western blotting

HAl-tagged protein was immunoprecipitated from *H-leucine-labeled cells as described
{Fornerod ef al., 1996). It is important to note that NP-40 lysis buffer extracts both cytoplasmic
and nuclear proteins, as shown previously (Fornerod ef al., 1996). hCRM1 and Nup88 were
immunoprecipitated by the same procedure and by using purified antisera to the respective
proteins at a dilution of T in 100. Unlabeled HAi-tagged protein was immunoprecipitated
from 1x107 TTD2 or C4322 cells with 5 ug of monoclonal antibody 12CAS (Wilson ef al.,
1984). Foliowing gel electrophoresis, proteins were either silver stained (Ansorge, 1985) or
blotted onto PVDF membrane (Millipore, Bedford, MA). Blots were stained with indian ink
(Hancock and Tsang, 1983), blocked overnight in PBS containing 1% non-fat milk and 1%
BSA, and then incubated for three hours with affinity purified a-hCRM1 or ¢-Nup88 antisera
diluted to t in 100 in PBS/1% non-fat milk. Bound antibody was visualized by adding a horse-
radish 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 5 times for 5 minutes each in PBS/0.05% Tween-20.

Indirect immunofluorescence and immunoeelectron microscopy

HiTA-1 cells were fixed and permeabilized as described (Fornerod ef af.,, 1995) and
immunostained with affinity purified ¢-hCRMI antibodies diluted to | in 90, ¢-Nup88
antibodies diluted to [ in 30, monoclonal 414 (BAbCo, Richmond, CA) at 5 ug/ml, or
monoclonal 12CAS at 2 ug/mi. Embryos from CAN+/- heterozygous inlerciosses were
collected 3.5 days postcoitum and cuitured in vitro for approximately 18 hours as described
(van Deursen ef al.,, 1996). CAN-/- embryos were identified at the onset of biastocoel
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contraction and fixed, alongside normal embryos (van Deursen ef al., 1996}, These embryos
were then immunostained overnight with purified «-hCRM!1 or «-Nup88 antibodies, both
diluted to 1 in 30, or monocional 414 (5 pg/ml), and images were collected by confocal laser
scanning microscopy on a BioRad MRC1000 (BioRad, Hercules, CA) using a 40x oil objective.

HtTA-1 cells were examined by immunoelectron microscopy as previously described
(Fornerod et al., 1995), except that cells were embedded in LR-White normal grade rather than
in hard grade (London Rasin Company Ltd., Basingstoke, England}. Ultrathin cryosections
were made and immunotabeled as described (Fransen et ., 1991). Sections were labeled with
affinity purified ¢-hCRM1 antibodies dilated fo 1 in 10.
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The CAN/Nup2 14 proto-oncogene, located on human chromosome 9q34, is involved in two
different chromosomal rearrangements. Translocation (6;9)(p23,q34) defines a specific subtype
of acute myeloid leukemia, and creates a chimeric DEK-CAN gene (13, 14). A rearrangement
involving chromosomal band 934 juxtaposes CAN to SET and gives rise to SET-CAN, a fusion
gene originally detected in a patient with acute undifferentiated leukemia (15). The
CAN/Nup2 14 protein is a nuclear pore complex (NPC) component, whose depletion results in
defective nucleocytoplasinic transport and cell cycle arrest (12). However, its contribution to
lenkemogenesis is not yet understood. Recently, we identified, cloned and characterized two
proteins that physically interact with CAN, named Nup88 and hCRMI (3, 4). The Nup88
protein binds to the central region of CAN, which contains several protein interaction domains,
Because this region is disrupted in DEK-CAN and SET-CAN, Nup88 does not associate with
the fusion proteins, hCRMI interacts with the C-terminal nucleoporin-specific region that is
commorn to CAN and its derived fusion proteins (3). Therefore, hCRM1 could contribute an
essential function to the leukemogenic effects of DEK-CAN and SET-CAN. Proteins that
interact with oncogene products are frequently involved in oncogenesis themselves. To address
the possibility that Nup88 or hCRM 1 could be targeted for cyfogenetic alterations, we
determined the chromosomal localization of these two genes, using fluorescent in situ
hybridization (FISH)(1 1).

For hCRM! (Accession# Y08614), a probe representing nucleotides 1830-4223 of the
hCRMI cDNA was iabeled with dioxigenin-1[-dUTP (Boehringer Mannheim, Indianapolis,
IN) by nick translation. 'The labeled probe was preannealed with sheared human DNA and
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hybridized to normal metaphase chromosomes derived from PHA-stimulated peripheral blood
Iymphocytes in a solution containing 50% formamide, 10% dextran sulphate, and 2X SSC.
Specific hybridization signals were detected by incubating the hybridized slides with
fluorescein-conjugated sheep antibodies to digoxigenin. The chromosomes were counterstained
with 4,6-diamino-2-phenylindole (DAPI). The probe detected a specific signal on the short arm
of chromosome 2 (Figure 1A). Fractional length measurements of 10 specifically hybridized
chromosomes 2 indicated that hCRM I was located at 40% of the distance from the centromere
to the telomere of chromosome arm 2p, an area which corresponds to chromosome band 2p!6
(Figure 1A). This region has not been implicated in recurrent leukemia-associated aberrations
so far (10).

cDNAs encoding Nup88 were derived from the dBEST database and from screening
a human placental cDNA library (4). By combining sequence information from these two
sources, we constructed two overlapping cDNA contigs that diverged at their 3' ends (Figure
1C). Both cDNAs, measured 2359 (Accession# Y08612) and 3483 bp (Y08613) respectively,
and were colinear until nucleotide 2323, which is 3' of the proposed stop codon, Northern blot
analysis showed a major transcript of ~2.5 kb expressed in every tissue analyzed, but
particularly in testes, and a minor transeript of ~3.5 kb, that was most abundant in brain (data
not shown). Interestingly, the 3' UTR of the longer cDNA contained the sequence-tagged site
(STS) WI-6584 (Figure 1C), which was previously localized by radiation mapping to 38.4 cR
(approximately 10 cM; from the top of the chromosome 17 linking group (7). WI-6584 lies
approximately 11 cR (approximately 3 ¢cM} telomeric from 13175938, an anonymous marker
that has been cytogenetically mapped to i7p13.1 (9). Therefore, both WI-6584 and Nup&8
must be located en 17pl3, most likely in the proximal subbands (17p13.1-13.2). A phage
representing a partially spliced 5' Nup88 mRNA (CC88P7) was isolated from a placental cDNA
Hbrary and overlapped with STS WI-9242 (Figure [C). This marker has been unambiguously
mapped to the same cosmid (361-C-4) as WI-6584 (7), confirming Nup88's linkage to this
region of chromosome 17. STS WI-9242 is part of the 3' UTR of a gene encoding the p32
subunit of pre-mRNA splicing factor 2, SF2p32 (6)(Figure 1C), establishing physical linkage

Figure 1 Chromosomal lfocalization of hCRMI and Nup88. (A-B) fn situ hybridization of normal human
metaphase chromosomes with hCRM1 (A) or Nup88 (B) ¢cDNA probes. Arrows indicate specific hybridization
signals. Ideograms to the right, representing G-banded chromosornes 2 and 17, show the disteibution of
hybridization signals (A) or indicate the localization of the gene (B). {(C) Physical linkage of the Nup88 cDNA
with sequence-tagged sites WI-6584 and WI-9242, which are located near to the top of the chromosome 17
linkage group, Lines represent the two Niup88 cDNAs that are differentially polyadenylated and overlap at the
5" site with phage CC88P7. The 5'end of CC88P7 overlaps with the 3" end of $F2p32, Bars denote sequence
identity to WI8242 or WI-6584. A{n), polyadenylation site; N, Nefl; *, translationat stop of Mup88 cDNA.
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between this gene and Nup88. Since CC88P7 is derived from a cDNA library and is partiaily
spliced, we do not know whether its size (1.5 kb) represents the actual physical distance
between the Nup88 and SF2p32 loci. To corroborate the radiation mapping data, we localized
Nup88 on metaphase chromosomes by FISH using a 2.4 kb Nup88 ¢cDNA probe. We detected
a specific signal on the short arm of a chromosome that, based on size and morphology, is
consistent with chromosome 17 (Figure IB). Also the FISH location agrees with a physical
focation to pl13, A number of genetic disorders have been mapped to the proximal part of
17p13, including three retinal disorders: Leber's congenital amaurosis (2), autosomal dominant
progressive cone dystrophy (CORDS) (1), and autosomal dominant retinitis pigmentosa (5).
Infantile nephrophatic cystinosis has also been linked to this chromosomal area (8). Further
studies are required to determine whether Nup88 or SF2p32 might have roles in these

disorders,
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ABSTRACT Chromoscenie rearrangements, such as large
detetions, inversions, or transtocations, mediate migration of
large DINA segments within or befween chremosonies, which
can have major effects on celluiar genetic control, A method
for chromosome manipulation would be very useful for study-
tng the consequences of large-scale DNA rearrangements in
mammalian cells or animals. With the use of the Cre-foxP
recombination system of bacteriophage P1, we induced a
stte-specific translocation between the Dek gene on chiremeo-
some 13 and the Can gene on chromosonte 2 in mouse embry-
ante stem celfs. The estimated frequency of Cre-mediated
transtocation between the nonhomoelegeus mouse chromo-
somes is approximately 1 in 1200-2400 embryonic stem cells
expressing Cre recombinase, These results demonsirate the
feasibility of site-specific recombination systems for chrome-
some nmnipulation in mammalian cells in vive, breaking
ground for chromosome engineering,

Chromosomal rearrangemenis cavsed by genetic-recombina-
tion processes can alier the specific combination of genes
present in any particular genome and, morcover, the spatio-
temporal level of expression of these genes. To study the
cffects of leng-distance intra- or interchromosomal-recom-
bination events on gene expression and function, as well as
chromosome structure and organization in mammals, the
development of an in vive approach for chromosome manip-
uation is essential.

The Cre-loxP recombination sysiem of bacteriophage P1 has
been shown to mediate efficient recombination (excision) of
DNA sequences between loxP sites in close proximity in the
genome in both mouse embryonic stem (ES) cells (1) and
transgenic mice (2-4). The abm of the present study was to test
whether the Cre-foxP system can also be applied to induce
site-specific recombinations between target sequences located
on nonhomelogous chromosomes, extending genetic manipu-
lations into the field of chromosome engineering. To this end,
we endeavored 1o mimic human chromosomal translocation
(6,9) (5, 6), which s associated with a specific subtype of acute
myeloid leukentia, in mouse ES cells. Human t{6;9} results in
head-to-tail fusion of the DEK geae located at 6p23 to the CAN
gene at 9q34 (7). The leukemia-specific fusion gene produces
a 5.5-kb mRNA encading a DEK-CAN chimeric protein
consisting of the near complete DEK polypeptide fused to the
C-terminal two-thirds of the CAN protein (6, 7). In the mouse
genome, the Dek and Can genes are also located on nonlto-
mologous chromosomes. Dek is positioned on chromosome 13
(8, 9} and Can on chromosome 2 {8), and gencration of a
murine Dek—Can fusion gene via foxP sites und Cre recombi-
nase would therefore result from an interchromesomal recom-
bination event.

The publication costs of 1his article were defrayed in part by page charge
payment. This article must therefore ke hereby marked “edvertiserenr” in
acenrdance with 18 US.C. §1734 solely to indicate this fact.

MATERIALS AND METHODS

Construction of Targeting Yectors, To construct targeting
vector pDek-toxP-hygro, the loxP site from pGEM-30 (1) was
excised by digestion with Saf 1 and Xio | and inserted into the
Xho 1 restriction site of pGEM-hygro (10}, generating pGEM-
loxP-hygro. The loxP-Iygro insert was cloned as a ffindIll
cassctte into the AindIH restriction site located within the Dek
intron containing the breakpoints {ich) of an 8.5-kb mous¢
genomic Dek fragment isolated from a 129/8v/E library in
phapge EMBL3 (10, 11). To obtain targeting vector pCan-neo-
loxP, pneo-loxP was constructed by replacing the 2.0-kb
BamHI herpes simplex virus thymidine kinase fragment from
pGH-1 (I} with an Sph | linker sequence, The neo-foxP insert
was excised from the resulting vector by partial Spi: I digestion
and ligated into the Spk I restriction site within the Can-ich of
a 12,7-kb genomic Can fragment isclated from a 129/Sv/E
DNA library.

Generation and Hdentification of Tergeted ES Clones. A
total of 8§ X 10® ES cells {El4) suspended in 0.4 ml of
phosphate-buffered saline (PBS; 17 mM KHPO4/5 mM
Na,HPQ/150 mM NaCl, pit 7.4} were electroporated with 10
ug of targeting vector DNA {pDek-loxP-hygro linearized with
Set T and pCan-neo-loxP excised with HindHI) by using a
Progenetor 11 gene pulser (1080 uF and 128 V for [ sec).
Subsequently, hygromycin B- and G418-resistant clones were
selected and sereened by Southern blot analysis as described
(12).

Detection of Cre-Mediated Translocations by PCR. Geno-
mic DNA (1 ug) was subjected to 30 cycles of amplification by
primer combination | (forward Dek primer, 5-CGGCAT-
GAGGTGAGGGAC-3") and 3 (reverse Cen primer, 5'-
TCCCAGTCCGAGGCTCTG-3) {see Fig. 1C). PCR was car-
ried out in the following mixture with a final volume of 50 pl: 50
mM TrisHCL pH 8.5/15 mM (NH.);804/3.5 mM MgCi, /250
mM of each dNTP/200 ng of each primer/5 units of Tag DNA
polymerase (Cetus). Temperature cycling was 94°C for | min,
55°C for 2 min, and 72°C for 2 min. From each PCR sample, 1 ul
was used as a substrate for 30 further amplifications by nested
primers 2 {forward ek primer, 5-CGGAGCAGAGAGCTC-
CAG-3") and 4 (reverse Cant primer, §'-CTATCCCCAGCGAG-
CATQ-3") (see Fig. 1C). PCR mixtures and temnperature cyclings
were as described above, From each PCR sample, 10 pl was
resolved on 1.5% agarose gels, DNA was blotted to Hybond-N+
{Amersham) in NaOH, and blots were probed subsequentialiy
with intemnat Dek and Can cligonucleotides (5-GCTACCTGCT-
CAGTTATCATGC-3 and 5-GAGCTCAGGCCAGAC-
CTCC-Y', respectively) and a 109-bp Xho 1-Sal 1 loxP fragment
from pGEM-30. The 343-bp PCR fragmeni was inserted into
vector pCR I (Invitrogen} according to the procedure indicated
by the manufacturer, and DNA sequence analysis was performed
as described (13).

Abbreviations: ES cells, embryonic stem cells; ich, intron containing
the breakpoints.
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Flo. 1. Strategy for Cre-foxP mediated t(2;13) generating a Dek—Can fusion gene, {4} Targeted Dek and Can alleles with foxP sites at positions
withia introns anafogous to the icbs in human t(6;9) (the mouse anatogous intrens witl be referred to as Dek- and Can-icb, respectively). (B) The
products of Cre-lorP-mediated transtocation. (C) The PCR assay designed for identifying Dek—Can fusion genes created by Cre-loxP recombination.
Dek and Can cxons are indicated as (high) solid aud open boxes, while Dek and Can introns are indicated as epen and solid bars, respectively, foxP
sites are represented by hatched triangles. Arrows mark gene erientation. Open arrowheads designate PCR primers 1-4.

RESULTS AND DISCUSSION

Qur strategy for Cre-lovP-mediated transfocation between
muring Dek and Can is outlined schematically in Fig. 1. First,
{oxP sites are targeted into the endogenous Dek and Can genes
of mouse ES cells by two consecutive rounds of homologous
recombination at positions analogous to the ichs in the human
t(6;9}(6) homologues. Subsequendly, the cre recombinase gene
is expressed transienily in the double-targeted ES clones to
enable Cre enzyme-mediated recombination. Cells carrying a
Cre-loxP-dependent lranslocation between chromosomes 2
and 13 are identified by PCR analysis using Dek- and Can-
specific primers. Finally, as preof for Cre-mediated recombi-
nation, the identity of diagnostic chimeric PCR fragments is
verified by DNA sequence analysis,

Fig. 2 shows the two-slep gene-targeting scheme employed
to generate ES cell clones with JovP sequences in Dek and Can
at positions homologous to the breakpoint-specific introns of
human t{6;9). In the first step, E14 ES cells were transfecled
with linearized targeting construct pDek-toxP-hygro (Fig. 24),
which has ~8.5 kb of homology with the endogenous mouse
Dek gene. Of 550 hygromycin B-resistant clones, 22 were
homologous recombinants as identified by Southera blot anal-
ysis (Fig. 28), representing a genc targeting frequency of [ in

tio

25. Two independent primary targeted ES clones, El4-Dek-
loxP-210 and -493, were submitted to the second round of gene
targeling in which linearized vector pCan-neo-loxP, carrying
2.7 kb of homology with the genomic Can locus, was intro-
duced by electroporation (Fig. 2C). In total, 300 necmycin-
resistant clones were analyzed by Southern blotting and about
t in 3 displayed the desired JoxP insertion in the endogenous
Can locus (Fig. 2D).

To provoke loxP-dirceted chromosome translocations, we
expressed the Cre enzyme in eight independent, double-
targeted ES cell clones by transfection with supercoiled Cre-
encoding plasmid pMC-cre (1). ES cells were harvested 72 h
postelectroporation, and genomic DNA was isolated, DNA
samples of 1 pg, representing the DNA content of ~1 X 106
ES cells, were screened by nested PCR analysis for Cre-
mediated t{2;13) events (see Fig. 1C). Five of 24 PCR samples
were found to condain an amplifiecd DNA fragment of the
expected size (343 bp)} that hybridized to Dek-, Can-, and
loxP-specific probes {Fig. 3), This PCR fragment was never
present in control amplification reactions on genomic DNA
from ES clones with single foxP insertions in either Dek or Can.
We insericd the 343-bp PCR fragment into vector pCR 1T and
determined the nucleotide sequence. As shown in Fig. 4, the
DNA sequence matched that of a fragment anticipated from
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Fii. 2. Insestion of foxP sites in Dek and Can of mouse ES cells via two subsequent rounds of gene targeting. (/) Genomic Dek segment
containing the intron analogous to the human DEK icb in t(6;9); the targeting vector pDek-foxP-hygro, in which a loxP-fygre casselle was inserted
into the HindlI site of Dek-ich; and the mutant Dek allele aficr homofogous recombination. {8) Southern blat analysis. £coRI-cleaved genomic
DNA from wild-type ES ceils and homotogous recombinants Dek-loxP-hygre-210 and -493 was hybridized with a 0.5-kb Pst 1 fragment (see A, ¥
Dek probe), piving rise 1o a 21-kb and 16-kb fragment for the wild-type and mutant allcles, respectively. (C) Partinl genomic map of the mouse Carr gene
comprising the intron analogous to the human CAN ich in t(6;9); the gene targeting construct, in which a nee-loxP cassette was inserted into the Sph 1
site of Can-icb; and the targeted Can allele, (D) Southern analysis of the Can-nee-ox? mutation, A Southern blot containing ES cclt DNA digested with
Aba T was probed with a 1,0-kb Bg! H-FcoR1 genomic Can fragment (see C, 3 Can probe), detecting a wild-type and targeted fragmeat of 18 and 16
kb, respectively. Lane 210, ES clone Dek-faxP-lygro-210 as control; Janes 210-5 and 493-16, DNA samples from two double-targeted ES clones. Exons
anrd introns of Pek and Can, and foxP sequences are indicated as in Fig. 1. Closed bars regresent probes used for hybridization. Gene orfentation is showa
by horizental arrows. Abbreviations: B, BawHI; E, EcoRI; H, HiwdII 5, Sal 1, Sp, Sph 1; and X, Xba 1.

a Cre-loxP-mediated translocation between chremosomes 2
and 13, containing ek 5’ lovP-flanking sequences, a single
loxP core, 3’ loxP-flanking sequences, and Can sequences.
The sensitivity of the nested-PCR assay was tested by using
plasmid pDck-Can (not shown). From this plasmid, the sanie
chimeric DNA sequences present in the 343-bp 1(2;13)-specific

PCR fragment, with the exception of the 109-bploxP cassette, can
be amplified. This recombination motif was omitted to exclude
any false-positive resuits in the experimental samples caused by
physical carryover of test plasmid DNA or its PCR products.
Nested-PCR amplifications on mixtures of 1 pug of genontic DNA
from wild-type El4 ES cells and various amounts of mixed-in test
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I1G6.3.  Analysisof Cre-loxP-mediated (2;13) translocations. South-
e tlots of PCR-amplified genomic DNAs from four double-fargeted
ES clones (210-5, 210-12, 493-16, and 493-17) and three controls (210,
493, and wild 1ype) illustrating Cre-mediated translocations. A 343-bp
PCR fragment diagnostic for Cre-loxP-mediated t{2;13), hybridizing 10
probes specific for Dek (Top), Can (Middle), or loxP (Bottom) is
specifically ampSified from double-targeted clgnes transfected with
pMC-cee (lanes indicated by Cre). The sizes of a selection of Pst
I-digested A DNA fragments are indicated to the right of each panel.

plasmid pDek-Can indicated a detection limit of approximately
10-20 molecules of test-plasmid DNA (data not shown). Assum-
ing that the PCR detection limit is the same for pDek-Can and
the Cre-mediated (2;13) translocations and that the transfection
efficiency of pMC-cre amounts to =5% {1}, we estimate the
chromosone franslocation frequency to be ~1 in 1200-2400 ES
cells expressing the Cre enzyme.

Further ¢envichment for Cre-mediated recombinants may be
possible by application of conditional positive selection, in
which drug resistance of ES cells would be dependent upon
recenstruction of a positive selection marker (for instance
puromycin-N-acetyltransferase) by the site-specific recombi-
nation event, as has been proposed by Qin ef al. (14).

in conclusion, we have demonstrated precise chromosome
rearrangement between two genes located on nonhomologous

foxP

chromosomes in mammalian cells by using the Cre-loxP re-
combination system of bacteriophage 1 in combination with
gene targeling in mouse ES cells, Site-specific recombinases
have previously been shown to mediate interchromosomal
recombination in Saccharomyces cerevisae (pSR1 recombi-
nase) (15, 16), Drosophila melanogaster (FLP recombinase)
(#7, 18), and tobacco plants (Cre recombinase) {14). The
combination of gene targeting, site-specific recombination,
and ES cel technology provides powerful methodology for
chromosome engineering in both celi culture and whole ani-
mals, Human diseases associated with chremosomal abnor-
malities, such as large delctions, inversions, and translocations
{19), might be precisely mimicked in the mouse. However,
knowledge about position and transcriptional direction of
genes on mouse chromosomes is required for placing correctly
orienfed lov? sites in target genes, since that will deterimine the
structure and fate of the rearranged chromosomes after Cre
recembination. More generally, the use of this methodology
may allow better insight in genetic regulation of complex gene
clusters (such as Hox, immunoglobulin, or T-cell receptor
clusters), phenomena like chromosomal imprinting, and X
chromosome inactivation (20}, or for exact gene mapping and
construction of mouse strains (21).

Further studies will focus on the isolation of t(2;13) clones
from our PCR-positive pools of ES cells. Subsequently, these
t(2;13) clones can be tested for their expression of Dek—Can
fusion transcripts and analyzed by flucrescence in sifre hybrid-
ization (using chromosome-specific probes) to assess whether
the Cre-mediated translocation chromosomes are monocen-
tromeric. Furthermore, chimeric mice can be generated from
Cre-mediated t(2;13) ES cells to explore putative effects of
Dek—Can expression on tumorigenesisin vive, In an alternative
approach, we could create mice with JoxP sites in Dek and Can
from our double-targeted ES clones and provoke Cre-
mediated (2;13) translocations specificaily in the cells of the
hematopoietic lineages. This can be done either by interbreed-
ing muiant mice with transgenic mice expressing a myeloid-
specific Cre recombinase construct or by infection of bone
marrow from mutant mice with a retroviral vector expressing
Cre recombinase, followed by transplaniation into sublethally
irradiated recipients. Although in both approaches the recom-
binase would be expressed constitutively, the low frequency of
Cre-mediated reversion of the transtocation would probably
not hamper clonal outgrowth of 1(2;13)-carrying hemopoietic
precursor cells,

We thank Hua Gu and K. Rajewski for sending the plasmids pGH-1,
pMC-cre, and pGEM-30; D. Bootsma and M. Jacglé for generous help
andt advice; S. Morris, 8. Hiebert, J. Boer, and J. van Ree for their
critical reading; and Peggy Burdick for her editing of the manuscript.

3'loxP f Can

Dak E § OGGAGCAGAGAGGTCCAGGTCMTCTM‘{'MTIT[GGGTGGAGTAGGTMG'I'I'Aé:\ATGGCTAOGTGCTCAGWATCATGCCATMAG
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342

FiG. 4. Diagram and DNA sequence analysis of the 343-bp 1(2;13)-specific PCR fragment. Restriction sites at the Dek-Jox? and loxP-Can
boundaries [HindITE {1} and Spfhi 1 {Sp), respectively], are indicated in the diagram. Arcows mark the orientation of Dek and Can. Broken arrons
above the loxP sequence designate the directions of inveried repeat elements flanking the central core region (shown in jtalics).
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Chapter 9: Summary and Discussion

progress can be based on incorrect but productive ideas
L. Wolpert (1995)

Summary

Translocation (6,9) is a recurrent chromosomal aberration that defines a specific subtype of
acute myeloid leukemia. The transiocation fuses a gene on chromosome 6, named DEK, to a
gene on chromosome 9, named CAN, in a head-to-tail manner. In leukemic cells with t(6;9),
a fusion messenger is expressed that encodes a chimeric DEK-CAN protein. In a similar
manner, the CAN gene is fused to SET in leukemic ceils with a very rare chromosomal
rearrangement, leading to a chimeric SET-CAN protein. How do these two fusion proteins
function in these teukemias? And, what could be the role of their normal cellular counterparts?

As a first step to answer these questions we studied the subcellutar localization of DEK
and CAN. It appeared that DEK was a nuclear protein, while CAN was part of the nuclear
pore complex (NPC). This was a surprising and puzzling result, because NPC proteins had not
earlier been implicated in oncogenesis, and the reason as to why such a protein would be
oncogenic was not immediately evident. However, the finding did suggest that CAN might play
a role in nucleocytoplasmic transport, which was recently shown to be the case by van Deursen
et al. {1996). The putatively oncogenic fusion proteins DEK-CAN and SET-CAN were found
only in the nucleoplasm, suggesting that relocation of the C-terminal part of CAN could be
important for the putative mode of action of the two proteins, but how remained unclear,

To get more intelligible leads towards the function of DEK-CAN and SET-CAN, we
set out to identify CAN.—interacting proteins; this approach could also give clues about the
normatl function of CAN in nucleocytoplasmic transport. Via immunopurification techniques,
two previously unknown proteins that interact with CAN were cloned and characterized.
Nup88 is an NPC component and its association with the NPC is dependent on the presence of
CAN. The protein interacts with CAN's central region, probably via coiled-coil interactions.
This may well be the reason why Nup88 does not associate with DEK-CAN or SET-CAN,
since the two fusion proteins lack part of the central region of CAN. The second CAN-
inferacting protein associates with the C-terminal FG-repeat region of CAN and is the human
homologue of yeast CRM 1, a protein known to be required for correct chromosome structure.
This human CRM1 (hCRM]) is localized to the nuclear and cytoplasmic face of the NPC as
well as the nucleoplasm and nucleolus. In CAN-/- mouse embryos lacking CAN, hCRM1
remained in the nuclear envelope, suggesting that this protein binds to other repeat-containing
nucleoporins as well. Furthermore, we obtained evidence that hCRM1 is regularly refeased
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from the NPC into the nucleoplasm. Interestingly, hCRM]1 shares a domain of significant
homology to importin, a cytoplasmic transport factor that interacts with nucleoporin repeat
regions. Together, these data suggest that hCRM! is a soluble nuclear transport factor that
interacts with the NPC.

It addition to importinf and its yeast homologue Kap95p, nine other proteins share the
homology domain, that we named the CRIME domain (CRM 1, IMportinf3, Etcetera). The
function of the majority of these proteins remains fo be determined, however, one of these
proteins is yeast CSE{, a protein that genetically interacts with the yeast homologue of
importing. Therefore we infer that this CRIME domain could define a new group of NPC-
interacting transport factors.

Int contrast to Nup88, hCRM does associate with the DEK-CAN and SET-CAN fusion
protein. Because hCRM1 is not related to any proteins known to be involved in oncogenic
transformation, its role in leukemogenesis, if any, remains to be determined (see below). Genes
encoding Nup38 and hCRM1 were localized on human chromosomes {7p13 (proximat) and
2p16 respectively, not coinciding with currently know cytogenetically defined oncogenic loci.

Progress in the study of translocation (6;9) would be greatly stimulated by an in vivo test
systern, recapitulating the disease. Therefore, a technique was developed for in vive genome
manipulation using the viral recombinase Cre. We recreated a translocation between
heterologous chromosomes giving rise to a DEK-CAN gene in mouse embryonic stem cells.
This opens the possibility to study the effects of this, and other chromosome translocations in
transgenic mice,

In this chapter, I will discuss some implications of these findings, and suggest a number
of future directions.

How do nucleoporin-derived oncoproteins work?

Thus far, three NPC components have been found as part of cancer or leukemia related fusion
proteins, Tpr, CAN and Nup98. As discussed in Chapter 2, Tpr-containing fusion proteins
probably use part of the Tpr protein for constitutive dimerization, thereby constitutively
activating the kinase fusion partners. CAN and Nup98 are nucleoporins of another type,
characterized by a long FG-repeat domain. Interestingly, in both CAN and Nup98 derived
fusion proteins, this repeat region is incorporated (Figure ), suggesting that the functional
contribution of Nup98 and CAN could be similar. HoxA9, the fusion partner of Nup98 in
(7511}, is a DNA binding transcription factor that belongs to the Hox protein family, which has
heen implicated in cancer and leukemia (see Chapter 2). Therefore it is useful to review some
ideas generated by discovery of the Nup98-Hox A9 fusion protein and compare them fo what
is known about DEK-CAN and SET-CAN,
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breakpoints

CAN
SET-CAN
DEK-CAN
NUPSB

NUP98-HoxA9

Figure 1 Similarity between Nup98 and CAN-derived fusion proteins. Proteins are represented as bars and
are aligned on their break/fusion points. Predicted structural motifs are indicated as follows: FG-repeats as
vertical bars, FXF-repeats as diamonds, «-helical protein interaction domains as white boxes: (1) coiled coil
#1 and adjacent leucine zipper; (2) coiled-coil #2, Horizontal stripes indicate acidic regions. R, RNA binding
domain; HD, homeodomain.

Maybe the most straightforward model explaining the action of the Nup98-Hox A9
fusion gene parallels that of & number of oncogenic fusion proteins (e.g. E2A-PBX 1) where a
DNA binding domain is fused to a heterologous transactivating domain, resulting in a chimeric
transactivator, deregulating expression of key target genes. This model predicts an
transcriptional regulating potential of the Nup98 moiety, something that can be tested using a
reporter gene driven by a HoxA9 responsive promoter. Interestingly, also DEK and SET are
implicated in DNA binding; DEK associates with metaphase chromosomes and binds DNA in
vitro (Chapter 4), whereas SET has been shown fo function as an adenovirus replication factor
in vitre (Nagata ef al., 1995}, Therefore, also DEK-CAN and SET-CAN may function as
transcription factors, a notion that is consistent with their nuclear localization (Chapter 4).

Another model, the filter model, assumes a localization of Nup98-Hox A9 at the NPC,
and proposes that essential Hox A9 cofactors could be seized by the NPC-bound fusion protein,
thereby preventing them from entering the nucleoplasm. Absence of such cofactors might
deregulate HoxA9-controlled transcriptional events, and cause oncogenic transformation
{Borrow et al., 1996), Yet another model, the gene gating model (Borrow ef al., 1996) also
depends on a NPC association of Nup98-Hox A9, and suggests that export of transcripts from
Hox A9 activated genes to the cytoplasm could be enhanced by virtue of NPC localized Hox A9
activity. Weaknesses in these models are that 1) HoxA9 is not expressed in myeloid cells
(Nakamura et al., 1996; Rubin ez al., 1987), 2) cofactors known to bind Hox proteins do so only
together with DNA (Chan ef af., [994; Chang et al., 1995; van Dijk and Murre, 1994), and 3}
information is lacking on the subcellular localization of Nup98-HoxA9. Expression studies in
Hela cells show that CAN-derived fusion proteins are located in the nucleus and not at the
NPC (Chapter 4).
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If nucleoporin  FG-repeat Nucleoplasm

regions play an important role in the
fusion proteins, it seems likely that this
coniribution is mediated through
interaction with other profeins. So far,
two cellalar proteins have been shown B
to interact with these repeat regions,
importiny (Chi et al., 1995; Gorlich et
al., 1995; Moroianu ef al., 1995; Radu
et al.,, 1995) and hCRM]I1 (Chapter 5
and 6). There are currently no
indications that importin{} has a strong
affinity for CAN, and in line with this,
DEK-CAN and importinf} do not co-
localize (Judith Boer, unpublished

results), IF hRCRM1 indeed is a nuclear
transport factor that interacts with the Figure 2 A model for the interaction of hCRM1 ) with
N i the nuclear pore complex (NPC) based on homology with
PC (as argued below), nuclear j,u000p (p). A, ACRMI docks at the nuclear face of the
localization of DEK-CAN and SET-  NPC via a low-affinity interaction with a nucleoporin
. . repeat region {(pointed triangle}). B and C, hCRM!
CAN may result fn an increased translocates through the channel via a series of docking
presence of hCRM| in the nucleoplasm,  and undocking reactions towards higher affinity binding
sites, Affinity is represented by triangle fit.

disturbing the (ransport equilibrium.
Both positive or dominant negative
effects of such a disturbance can be envisioned, but sequestering of all hCRMI1 in the
mucleoplasm as can be achieved by overexpression of C-terminal CAN (Chapter 6) is unlikely
considering the low expression levels of DEK-CAN in leukemic cells (Chapter 3).
Alternatively, still assuming a transport function for hRCRM 1, CAN-linked transport molecules
such as hCRM1 might carry factors important for DEK-mediated transactivation or repression,
Currently, the invoivement of hCRM 1 in DEK-CAN related leukemogenesis can not be directly
addressed due to lack of an in vive or in vitre experimental system, However, analogous
interacting proteins (or hCRM itself, see below) may bind to Nup98-Hox A9, a fusion protein
that is possibly more amenable to experimental recapitulation of the fusion-gene related

disease,
Nup88

Although Nup88 does not bind DEK-CAN or SET-CAN, it is not excluded that this protein
contributes to a DEK-CAN or SET-CAN-dependent transformed state. Tt might be necessary
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that all Nup88 is complexed to CAN for proper cell function. The fusion of one CAN allele to
DEK or SET could result in free Nup88, which may enhance the deregulated state of the cell.
On the other hand Nup88 couid be a negative modulator of the function of C-terminal CAN.
Loss of Nup88 binding which occurs in DEK-CAN and SET-CAN may, in this scenario,
confribute {o the oncogenic capacity, More detailed studies of the function of Nup88 could

addess these possibilities,
What is the function of hCRM1?

As discussed in Chapter 5, three lines of evidence support the idea that hCRM1 is a nuclear
transport factor that dynamically interacts with the NPC. First, nuclear overexpression of the
FG-repeat region of CAN, containihg its hCRM {-interaction domain, resulied in depletion of
hCRM from the NPC, suggesting that hCRM1 can move from the NPC to the nucleoplasm;
second, the nuclear envelopes of cells from CAN-depleted embryos still contain hCRMI,
suggesting that hCRMI interacts with other FG-repeat containing nucleoporins; and third,
hCRM1 shares a region of significant homology with the cytoplasmic transport factor
importinf. As importinf is immunolocalized to both cytoplasmic and nuclear faces of the
NPC as well as to the cytoplasm (Gorlich ef a/., 1995), its localization seems to mirror that of
hCRM!1. It has been hypothesized that importin 3 moves through the NPC because of increased
affinity for nucleoporin repeats towards the nucleus (Nehrbass and Blobel, 1996; Rexach and
Blobel, 1995), Therefore it is conceivable that for \(CRM1 the opposite is the case, having an
increased affinity for nucleoporin repeats towards the cytoplasm (Figure 2). In order to test this
hypothesis, relative affinities of hCRM1 for different nucleoporin repeats could be compared
in a two-hybrid system. Alternatively, the FG-repeat of a nucleoporin located at the
nucleoplasmic site of the NPC could be replaced by that of CAN, or especially its h(CRM1-
binding part, by gene targeting. The prediction of such experiments would be that hCRMI
accumulates at the nuclear site of the NPC, while the distribution of importin is unaffected.

A related but equally important question is what the transport substrate of hCRMI
wouid be. At the moment it is hard to say more than that a nuclear importin 3-like factor would
seem to fit in a current importine-mediated RNA export model (compare Figure 2 with Figure
3 of Chapter 2).

The CRIME family
The N-terminal homology domain present in human and yeast CRM1 and importinf} connects

a group of previously unrefated proteins (Chapter 6). Apart from this domain, common
characteristics appear to be their similarity in size and evolutionary conservation (Tabie 1).
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Many of the proteins are still largely uncharacterized. However, S. cer. CSE| is a protein
required for correct chromosome segregation (Xiao ef al., 1993). Interestingly, a temperature
sensitive esel allele can be complemented by high expression of s#p, the yeast homologue of
the vertebrate importine (Belanger ef al., 1994}, making CSE] the third otherwise unrelated
protein that contains the CRIME domain and is implicated in nucleocytoplasmic transport, If
the genetic interaction of srp with crml interaction represents a physical association, a
common attribute of CRIME proteins could be Srp/importing interaction. Thus, it would be
interesting to test whether hCRM1 could bind importine or importine-like proteins.

Another CRIME protein that should be mentioned is Nmd3. This protein was identified
through a two hybrid screen with Upfl, a yeast protein involved in nonsense-mediated mRNA
decay (A. Jacobson, University of Massachusetts, unpublished results). Nonsense-mediated
mRNA decay refers to the phenomenon of rapid turnover of nonsense-containing mRNAs
(reviewed in Maquat, 1995; Peltz ef al , 1994). Rapid decay of such molecules in the yeast §.
cer. depends on Upfl, Nmd2, and Upf3 proteins. Mutations of each of these proteins lead to
the selective stabilization of mRNAs containing early nonsense mutations without affecting the
decay rates of most other mRNAs. Mutation of Nmd5 does not seem to alter the decay rate of
nonsense-containing mRNAs {A. Jacobson, unpublished results), although this does not
preclude its involvement in this decay pathway. Recent studies showed that the Upf] protein
is distributed throughout the cell in approximately 200-400 clusters, predominantly in the
cytopiasm, but definitively detectable in the nucleus (Peliz et al., 1994). In addition, a specific
two-hybrid interaction of Upf1 has been found with SNPI, a gene encoding a Ul snRNP 70
kDa homologue (He and Jacobson, 1995}, a nuclear protein, This suggests that at least some
components of Upfi-containing complexes cycle in and out of the nucleus. Therefore its
homology with importin and (h)CRM1 suggests that Nmd5 could be an NPC interacting
component of the decay complex.

Where do we go from here?

In order to understand the functional contribution of DEK-CAN and SET-CAN to oncogenesis,
an experimental system that reproduces the oncogenic effect seems to be indispensable. In the
absence of such a system, the significance of factors such as Nup&8 or hCRM1 for the leukemic
process are difficult to interpret, especially since neither protein looks like a proto-oncaoprotein.
It seems to me that further biochemical analyses of DEK-CAN and SET-CAN have a lower
priority than studies towards in vive or in vitro models for their action. An attractive possibility
for the latter appears to be an fn vive mouse model generated by Cre-mediated chromosome
translocation. Our results described in chapter 8 show the feasibility of such approach, which
is further supported by recent studies of Corral ef al. (1996). These authors mimicked the
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Tabte I CRIME domain proteins

Protein fength (aa) Characteristics® Human BST®
hCRMI 1071 Human CAN-binding protein

CRM1 1084 Saccharomyces cerevisiae profein

CRM1+ 1077 Schizosaccharomyces pombe protein

CSEI 960 Required for chromosome segregation in yeast

CAS 971 Human homologue of CSE1

Nmd5p 1048 Putatively Upflp interacting protein R44286
HRC1004 1004 Hypothetical protein Wiesl2
SPAC22H10.03c 993 Hypothetical protein -
YERIIOc 13 Hypothetical protein -

Pselp 1089 Protein secretion enhancer H29017
LPH2p 1032 Hypothetical protein -
D9509.15p 944 Hypothetical protein R49703, R44286
Importin} 876 Xenopus NLS receptor large subunit®

Kap95p 861 yeast homologue of importin

*Saccharomyces cerevisiae profeins unless otherwise indicated; for refercnces see Chapter 6, Figure 2.
®Accession number of human expressed sequence tags with significant homology (p<5x10-%).
“Also named p97 or karyopherinf

oncogenic {ranslocation (9;11) in the mouse using Cre-mediated recombination, resulting in a
leukemic phenotype comparable to the huinan disease. In the absence of a test system, the
biochemical and celbiological analysis of the DEX-CAN and SET-CAN proteins can still be
useful in the analysis of similar fusion proteins, such as Nup98-Hox A9, or others that are still
unknown.

The findings presented in this thesis could aiso improve our understanding of the
mechanism of nucleccytoplasmic transport, Especially hCRM 1, that may be a novel {ransport
factor might fuifil this promise. In view of the high homology between the human and yeast
CRM proteins, it would probably be better to proceed with the analysis of this protein in yeast,
an eukaryotic organisin that is more amenable to genetic approaches than human or mouse.
S. pombe and S. cer. CRM1 proteins have been immunolocalized very prominently in the
periphery of the nucleus (Adachi and Yanagida, 1989) making it likely that also yeast CRM|
associates with the NPC via one or more nucleoporins. To test this, physical interactions
between S. cer. CRM 1 and several nucleoporins can be assessed by lwo-hybrid analysis (Stutz
et al., 1995} or co-immunoprecipitation (Chapter 5). In addition, these experiments may
confirm the hypothesis put forward by Kraemer ef al. (1995) that Nupl59 is the yeast
homologue of CAN.

The crml gene has three cold sensitive alleles in 8. pombe: crm!-809, crmi-119 and
ermf-NT (Adachi and Yanagida, 1989; Nishi ef al., 1994). Transport defects due to CRM|1
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depletion thus can be easily studied in these mutants by shifting them fo the restrictive
temperature. RNA export defects can be assessed by fn situ hybridization with oligo dT or
rRNA-specific probes (Amberg et al., 1992), whereas protein import defects can be tested using
an SV40NLS-invertase reporter protein, that normally is transported to the nucleus in an NLS-
dependent fashion (Nelson and Silver, 1989). In addition, complementation studies can be
performed with other CRIME family members, each of which could also be tested for
nucleoporin interaction.

The antibiotic Leptomycin B {LMB) seems to target CRM 1 function specifically in S.
pombe, since (i) this compound causes the same phenotypical characteristics as mutations in
crml, and (i) amplification of the wild-type crm/ gene leads to LMB resistance (Nishi ef al.,
1994). It will be interesting to test the effect of this antibiotic on nucleocytoplasmic transport.
Once a biological model for ¢(6;9) has been established, it would also be interesting to test this
antibiotic on DEK-CAN function. '

Together, these experiments should determine whether CRMI functions in
nucleocytoplasmic transport, and whether the CRIME homology domain defines a new class
of nucleoporin-interacting transport factors,
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Het CAN Eiwit: Een Schakel in Nucleocytoplasmatisch
Transport met Oncogene Eigenschappen

door

Maarten Fornerod

SAMENVATTING

Translecatie (6;9) is een chromosomale afwijking die kenmerkend is voor een bepaald type
acute myc}oidé leukemie, die vooral voorkomt bij kinderen en jonge volwassenen. Als gevolg
van deze translocatie worden twee genen, die normaal gesproken op chromosoom 6 en 9 liggen,
kop-staart gefuseerd. Deze genen zijn DEK op chromosooin 6 en CAN op chromosoom 9, In
leukemische cellen met transfocatie (6;9) wordt een fusie-mRNA geproduceerd, dat codeert
voor een chimeer DEK-CAN eiwit. In leukemische cellen met een andere, zeer zeldzame,
chromosomale afwijking is het CAN gen gefuscerd met SET, en wordt waarschijnlijk een SET-
CAN eiwit geproduceerd.

De vraag was waarom deze fusie-eiwitten betrokken zijn bij leukemie, en wat de
normale rol van de fusie partners in de cel is. Antwoord op deze vragen zou, op lange termijn,
de weg kunnen openen naar een remedie voor de betrokken leukemién, en zou, op iets kortere
termijn, inzicht kunnen geven in celgroei en differentiatie, processen die zijn verstoord bij
kanker, Bevendien waren deze eiwitten het bestuderen waard, omdat ieder natuurlijk eiwit een
deel van het antwoord in zich draagt over de werking en ontstaansgeschiedenis van de cel, In
dit proefschrift heeft de nadruk gelegen op de studie van het CAN eiwit, omdat deze door twee
verschillende leukemie-gerelateerde chiromosomaie afwijkingen wordt getroffen, en daarom een
meer algemene rol in leukemie zou kunnen spelen.

Als eerste stap hebben we antilichamen opgewekt tegen DEK en CAN, en de
subcellulaire lokalisatie van DEK, CAN en DEK-CAN bepaald. DEK bleek gelokaliseerd te
zijn in de kern, terwijl CAN deel uitmaakt van het nucleaire porie complex (NPC). NPC's zijn
zeer grote eiwitstructuren {ongeveer 125 megadalton) die ingebed zijn in de nucleaire envelop
en de poort vormen tussen het cytoplasma en nucleoplasma. Alle macromoleculen die zich
tussen deze twee cellulaire compariimenten bewegen, zoals eiwitten, RNA, en ribosomale
onderdelen, moeten het NPC passeren, echter, het mechanisme van dit transport is nog
grotendeels onbekend. De ontdekking dat CAN deel vitrmaakt van het NPC was een verrassend
resultaat, ten cerstc omdat NPC componenten nog niet cerder als oncogene eiwitten
geidentificeerd waren, en len tweede omdat het in het geheel niet duidelijk was hoe zo'n soort
eiwit leukemie zou kunnen veroorzaken. Hel suggereerde echter wel dat CAN een rol zou
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kuannen spelen in nucleocytoplasmatisch transport, een idee dat recent bewaarheid is. Het DEK-
CAN fusie eiwit bleek, evenals het SET-CAN eiwit, gelokaliseerd te zijn in de kern. Dit
resultaat gaf aan dat de kern lokalisatie van een gedeelte van het CAN eiwit belangrijk zou
kunnen zijn voor de oncogene rol van de twee fusie eiwitten, maar hoe was onduidelijk.

Om wat meer begrijpelijke aanwijzingen te krijgen over de fonctie van DEK-CAN en
SET-CAN, hebben wij eiwitten geisolercerd die in de cel een interactie aangaan met CAN.
Deze aanpak zou ook aamwijzingen op kunnen leveren over de normale functie van CAN in
nucleocytoplasmatisch transpori. Door middel van immunozuivering hebben we twee CAN-
bindende eiwitten geidentificeerd en de overeenkomstige genen gecloneerd. Het eerste eiwit,
Nup88 (voor Nucleoporin [=NPC eiwit] van 88 kilodalton) bleek, net zoals CAN, een NPC
component te zijn. Het eiwit bevat een zogeheten coiled-coil domein, en bindt waarschijntijk
daarmee aan centraal gelegen eiwit sequenties van CAN. Dit zou heel goed de reden kunnen
zijn dat Nup88 niet bindt aan DEK-CAN of SET-CAN, omdat deze twee een gedeelte van het
centrale gebied van CAN missen. Verder hebben we gevonden dat de binding van Nup88 aan
het NPC afhankelijk is van CAN. Het tweede CAN-bindende eiwit associeert met het C-
terminale, gerepeteerde gedeelte van CAN. Het eiwit bleek een zeer grote gelijkenis te
vertonen met het CRM | eiwit van gist (50% identiek), een eiwit dat een (wellicht indirecte) rol
speelt bij de instandhouding van een juiste chromosomale structuur, Dit eiwit, dat we hCRM 1
genoemd hebben (humaan CRM), hebben we gelokaliseerd aan beide kanten van het NPC,
maar ook in de nucleus en nucleotus. In cellen zonder CAN eiwit was hCRM U, in tegensteiling
tot Nup88, nog steeds aanwezig in de nucleaire envelop. Dit wijst erop dat hCRM1 ook aan
andere NPC componenten kan binden, wellicht aan eiwitien die een zelfde soort gerepeteerd
gedeelte bezitten als CAN. Ook hebben we aanwijzingen dat hCRM regelmatig loslaat van
het NPC en zich in het nucleoplasina beweegt. Interessant genoeg vertoont hCRM1 een
gelijkenis met imporiinfl, een cytoplasmatische transport factor, die contact aangaat met het
NPC via gerepeteerd gebieden in nucleoporins, Bij elkaar genomen wijzen deze vindingen erop
dat hCRMI een nucleaire fransport factor is die via CAN, en wellicht ook via andere
nucleoporins, contact aangaat met het NPC,

Met behulp van de computer hebben wij een aantal gisteiwitten gevonden in de
databank, die homologie vertonen met zowel hCRM | als importin3. Deze homologie ligt in
alle eiwitten in een N-terminaal gebied, dat we het CRIME gebied hebben gencemd (van
CRml, IMportinf}, Etcetera). De meerderheid van deze gist eiwitten is nog nauwelijks
gekarakteriseerd, echter, een van hen is CSEL, een eiwit dat een genelische interactie aangaat
met een andere transport factor, genaamd importing. Het is dus denkbaar dat het CRIME
gebied een nieuwe groep van transport factoren definieert, die contact aangaan met het NPC.

In tegenstelling tot Nup88 bindt hCRM1 wel aan DEK-CAN en SET-CAN. hCRM]
behoort echter niet tot een groep eiwitten, die een gekende functie hebben in oncogenese. De
vragen of dit eiwit een rol speelt in de t(6;9) leukemogenese, en zo ja, welke, blijven dus
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voorlopig onbeantwoord. De genen die coderen voor Nup88 en hCRM zijn respectievelijk
gelokaliseerd in chromosoomband 17p13 (proximaal) en 2p16, geen gebieden waar op grond
van de huidige gegevens een oncogen of anti-oncogen verwacht wordt,

De voortgang van het onderzoek naar de gevolgen van translocatie (6;9) zou zeer
gestimuteerd worden met een in vive testsysteem. Met het cog hierop hebben we een
methodiek ontwikkeld, die met behulp van een viraal recombinase chromosoom translocaties
mogelijk maakt in muize embryonale stamcellen. Dit opent de mogelijkheid om de (6;9)
translocatie na te bootsen in transgene muizen.

De experimentele studies beschreven in dit proefschrift hebben de vraag hoe het CAN
gen betrokken is bij het ontstaan van leukemie niet beantwoord. Wel geven zij nieuwe
richtingen aan voor verder onderzoek en dragen bij tot het inzicht dat nucleocytoplasmatisch
transport een rol zou kunnen spelen bij het ontstaan van leukemie. Bovendien heeft het
onderzoek elementen aangedragen, die de basale kennis over het transport tussen de kern en het
cytoplasma zullen vergroten.
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Appendix 1 Nucleotide sequence of Nup88 cDNA (accession no. Y08612). Aminoacid
translation is given under first nucleotide of codon, the stopcodon is represented by an asteriks.
The first methionione is in italics, and a possible polyadenylation signal is underdined.
Sequences not present in the alternatively spliced Nup88 mRNA (Appendix 2} are in bold type-
face.

1 GATAAACCCACAAGACACARAAACATACCTTTCOAGCAGTTGGGCCAAGATEGCGGCCGCC 60
M A A A 4

61 GAGGGACCGGTGGGCGACGGCGAGCTGTGGCAGACCTGGCTTCCTAACCACGTCGTGTTC i20
5 B G P VG DG EUL W QT WIL P NUHV V F 24

121  TTGCGGUTCCGGGAGEGACTGAARAACCAGAGTCCAACCGAAGCTGAGAAACCAGCTTCT 180
25 L R . R E G L, K N O S P T EATETZK P A & 44

181 TCGTCGTTGCCTTCGTCGCéGCCGCCGCAGTTGCTGACGAGAAACGTGGTCTTTGGCCTC 240
4 8§ 8 L P 8 § P P P QO L L T R NV V F G L 64

241 GGCGGAGAGCTTTTCCTGTéGGACGGAGAAGACAGCTCC%TCTTAGTCGTTCGCCTTCGG 300
65 6 6 E L F L w b 6 E D 8 8 F L VvV V R L R 84

301 GGCCCCAGCGGCGGCGGCGAAGAGCCCGCCCTGTCCCAG&ACCAGAGATTGCTTTGCATA 360
8% 6 P 8 G G G E R P A L 85 ¢ ¥ Q0 R L L C I 104

361 AATCCACCCCTGTTTGAAA&CTATCAAGTCTTGTTAAGCéCAACACAACéTCATGTAGCA 420
105 N P P L F E I Y Q V L L § P T Q H H V A 124

421 CTTATAGGrATAAAAGGACTTATGGTATTAGAATTACCTAAAAGATGGGGGAAGAATTCT 480
125 L I 6 I XK ¢6 L. M vV L E L P K R W G K N S 144

481 GAATTTGAAGGTGGAAAAT&AACAGTGAATTGTAGTACCACTCCAGTTGCGGAGAGATTT 540
id5 ¥ F E ¢ 6 K 8§ T Vv N ¢ s T P V A E R F 164

541 TTCACCAGTTCCACCTCTCTGACTCTAAAGCATGCTGCATGGTATCCAAGTGAAATCCTG 600
i1 F T 8 8 T 8§ L T L. K H A A W Y P 8 E I L 184

601 GATCCCCACGTAGTGCTGTTAACATCAGACAACGTAATCAGAATTTACTCTCTACGTGAG 660
8% p P H VvV V L L T 8 DN V I R I ¥ 8 L R E 204

661 CCGCAGACACCCACTAACGTGATAATACTTTCAGAAGCCéAAGAGGAAAéTCTAGTACTé 720
2060p @ T P T N V I I L $§$ EA EEE S L vV L 224

721 AATAAAGGAAGGGCGTATACCGCATCTCTAGUAGAGACAGCAGTTGCATTTGACTTTGEG 780
22 N K G R A Y T A 8 L G E T A V A F D B G 244

781 CCATTGGACGCAGTCCCAAAGACTCTATTTGGACAAAAC&GCAAAGATGAAGTAGTGGCA 840
245 » . D A VvV P K T L F G 0 N G K D E VvV Vv A 264

841 TACCCACTGTACATCTTATATGAAAATGGAGAGACTTTCéTGACATACAéCAGTCTGTTA 900
2656 vy P L Y I L Y E NG E T F L T Y I 8§ L L 284

901 CACAGCCCTGGAAATATTTGGAAAGCTGTTGGGTCCATTéCCCATGCAT&TGCGGCTGAA 960
286 H & P G N I W K A V 6 8 IT A H & 8 A A E 304

961 GATAACTATGGTTATGATG&GTGTGCTGTACTCTGCTTAéCCTGTGTCCéCAATATCTTA 1020
305 b N Y & ¥ DACAVLCILUPOCVPNTIL 324

1021 GTGATCGCTACTGAATCAGGAATGCTGTATCACTGTGTCGTGCTAGAAGGGGAAGAAGAA 1080
32 v I A T E 8 6 M L Y H C V VL E G E E E 344

i34




1081
345

1141
365

1201
385

1261
405

1321
425

1381
445

1441
465

1501
485

i561
505

1621
525

1681
545

1741
565

1801
585

1861
605

1821
625

1581
645

2041
665

2101
685

2161
705

2221
725

2281

2341

GATGACCACACGTCAGAARAGTCCTGGGATTCCAGCGATTGACCTCATTCCTTCTCTGTAT
D D H T S E K S wb 8§ RI DL I P S5 L Y

GTGTTTGAA%GTGTTGAGTTGGAGCTTGCTTTGAAACTGGCATCTGGAGAGGATGACCCT
vV F E ¢V EL EL AL XL A S G E D D P

TTTGATTCTéACTTTTCTTGTCCAGTCAAACTTCATAGAGATCCCAAGTGTCCTTCAAGA
F b 8 b F §$ ¢C P V K L HRDUP K OC P S5 R

TATCACTGTACTCATGAAGCTGGTGTACA%AGTGTTGGGCTAACTTGGATTCATAAACTT
Y H ¢ T HEA G V H S V G L ™ Ww I H K L

CACAAATTTéTTGGATCAGATGAAGAAGATAAGGATAGTTTACAGGAACTCTCTACAGAA
H K ¥ L. 6 8 D EEUDI KDS L Q EIL 8 T E

CAGAAATGCTTTGTTGAACACATCCTTTGTACGAGGCCATTGCCCTGCAGGCAGCCAGCT
¢ K ¢ F Vv EH I L C TR P L P C R @ P A

CCAATTCGAéGATTTTGGA%TGTACCTGAéATTCTGGGACCCACGATGA&CTGCATCACC
p I R G FF W I V P D I L G P T M I C I T

AGTACCTATGAATGCCTCATATGGCCGTTATTAAGTACAGTCCATCCAGCGTCTCCTCCC
s T Y E ¢ L I WP L L 8 TV H?PA S P P

TGO TTTGTACTCCACARCATE T TGAAGTGECAGAGTC TTCCCTCCH TG TTCTAGCTGAR
L L ¢ T R E D V E V A E S 8 L R ¥V L A E

ACCCCAGATTCCTTTGAAAAGCATATTAGAAGCATTTTGCAACGTAGTGTTGCCAATCCA
T P D S F E KHTIW RUSTITUL QRS V AN P

GCATTTTTGAAAGCTTCTGAAAAGGACATAGCCCCTCCTCCTGAAGAATGCCTTCAGCTC
A F L K A S E XK D I A P P P EEUCUL QL

CTCAGCAGAGCCACCCAGE TG IC AGAGAGCAGTACATTCTCAAACAGGACTTGUCAARG
L §S RA T™Q V FREOQVY I L EKSOQDTIL A K

GAGGAGATTCAGCGGAGGGTCAAATTATTATGTGACCARAAARAGAAACAACTAGARGAT
E ®E I ¢ R R V K L L ¢ » Q K K K o L E D

CTCAGTTATTGTCCAGAAGAGAGGARAAGTCTGCCGGAMATGGCTCAGCETTTAGCTGAC
L 8 ¥ ¢ R EEFEF R K S L R EMHM A EIRIL A D

AAATATGAGGAAGCTAAAGAMAAACAAGAGGATATCATGAACAGGATCGAAARANCTACTT
K ¥ E E A K E K ¢ E DI ¥ N R M K K L L

CACAGTTTTCACTCTGAGCTCCCAGTTCTCTCTGATAGTGAGCGAGACATGAAGAAAGRAA
H 8 F H § EL P VL 8D S ER DK K K E

TTACAGCTGATACCTGATCAACTTCGACATTTGGGCAATGCCATCAAACAGGTTACTATG
L ¢ L I P D O L R H L G KN A I K @Q V T M

ARAAAGGATTATCAACACCAAMAGATGGAGAAGGTGTTCAGTCTTCCARAACCCACCATT
K KDY Q 0 0Q KM E X VL SILGPEKTEPTI

ATTCTCAGTGCCTACCAGCGAAAGTGCATTCAGTCCATCCTGAAAGAGGAGGGTGAACAT
I L s A Y g R K C I Q 8 I L K E E G E H

ATAAGGGAAATGGTGAAGCAAATCAATGATATCCGCAATCATCTARACTTCTGACACCAC
I R EM V K I N D I R NUHUVUN F *

CAGGAGCTGACTCACACCTGAACTGAACACCATTGAAGGCTTAAACCCATATTGTAAAAC

AGGTAGAATTATCTAATTTATAAAAAGGTGTITTGATCARARRAAARAAA

Appendix

1140
364

1200
384

1260
404

1320
424

1380
444

1440
464

1500
484

1560
504

1620
524

1680
544

1740
564

1800
584

1860
604

1920
624

1980
644

2040
664

2100
684

2160
704

2220
724

2280
741

2340
23%0
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Appendix 2 Nucleotide sequence of an alternative Nup88 3' untranslated region (accession no.
Y08613). Sequences shared by the major Nup88 mRNA are in bold, its stopcodon is in italics.
A possible polyadenylation signal is in underlined. Sequence tagged site (STS) WI-6584 is
represented by nucleotides 959-1190.

1 TEACACCACCAGGGAGCTGACTCACACCTGARCTGAACACCATTGAAGGCTTARACCCAT 60
61 ATTGTARAACAGCATCAACAGCAGACCGECAATTGCGUITTTGATCTAARGGAARGATGA 120
121  AAGCCTGGATCCTGCAATACACTGAGATTATAGAAAACTGCARAGCARACCAAATCCAGG 180
181 TTGCTCTAACTTAAATTCCGCAATGCTAGTCAGGCAGATTGOTCCAACCTUAGAGOTGTG 240
241 AGTTCAGGTéGGGAGGTTcAcATTCAcTG%GATTAACTAéCTAGCchT%TCTCTGTCAé 100
301 AATTACCTGGAATACCCAAGGCAGACTATGACAAGGETCAGGTGACACACGTTAATATCC 360
361  ATIGCTGGCAACATGTGCCTECACTGACTCCAGGAACCGTCTOTTGAATGAACGCTAART 420
421  CCCAGAGCTTCCCAGTGTECCACAGUGTGAGACGAGGAAAAACGTGAGAAAGGTAACTCA 480
481 COTTCTTTCTGCAAGAGATTCCATTC TGTTTCACTAAC TAAACGATARACCACTAGGAGAC 540
541  ACATAGGCACTCTCCATGCCCTEGGTAACGCTGEAGAGGAGGGACGCTETCTCTTCTTGT 600
601 TOTGGTGTCATCGOCTTEAMGCTOTTTCCIGATCTTTAGTTAACATARACCCACTTGEC 660
661 ATCTGGAGTGACCCAAGGEATGCAGTATCAAAGTICTCAGACACCTGAATCTGOTCCTAC 720
721  CAGTGGTCCAARATCTGACTCGTCCAGGETTTCCAGCAGATTTIGCTTTGTAGTTATAGCC 780
781 TAAAGCTTIGGATTGCAATGAGCCCGAGETTCCCCAAGCTGTCTGTAGACTETGCTCTCC 840
841 CTGAGTCCCATCTTTAAACATGTCATTGTCCCATTTACTCABAGGATCTCCACATGGCAR 900
901 CAGCAAGCCTGUATCTAAGGAATGAACTGAGCCCACGEETGCTGTCTAAATGCTCCTGAR 960
961 ATGTGAAAATACATATGCCCAAGTTAGACAATICTCTECOTITITARAGACARAAACTAT 1020
1021 AATAAATGTATTCCGCCACTCATTACACATGATAATCATTAATGTGCTACCTTCACAGAC 1080
1081 TCATTGAACAAACACTAAGTGTCATTTCTACATGCTGGACACAAAACCAGGCCCTCAGGA 1140

1141 TACAACTGTGAGCAAGATATAATCCUCTGACCTCCAGATACATACGGCTTCAARRARRAAA 1200
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Appendix 3 Nucleotide sequence of hCRM1 ¢DNA (accession no. YO8614). Aminoacid
translation is given under first nucleotide of codon, the stopcodon is represented by an asteriks.
First and second methioniones are indicated with ifalics, and a possible potyadenylation signal

is underlined.

1 AGGAAGGAAGGAGCAGTTGGTTCAATCTCTGGTAATCTATGCCAGCAATTATGACAATGT 60
M P A I M T M L 8

61 TAGCAGACCATGCAGCTCGTCAGCTGCTTGATTTCAGCCARRAACTGGATATCAACTTAT 120
3 A D HAOAUERTGOTLTLTDTE s g KLDTINTELIL 28

121  TAGATAATGTGGTGAATTCCTTATACCATGGAGAAGGAGOCCAGCARAGAATGGCTCARG 180
23 DN VV N GCTLJYGHTGTETG GA ATO QI OTRHMALZRQE 48

181 AAGTACTGACACATTTAAAGGAGCATCCTGATGCTTGGACANGAGTCGACACAATTTITGE 240
a9 v L THTELTZXTETHT ETDA A®MWTT RVTDTTITLE 63

241 AATTTTCTCAGAATATCAATACGAAATACTATGGACTACAAATTTTGGAABATGTGATAA 300
65 F 85 O N M N T K ¥ ¥ 6 L 0 T L E N V T K 88

301 ABACAAGGTCGAAGATTCTICCAAGGAACCAGTGCCAAGGAATAAAAAAATACOTTCTTG 360
89 T R W K T L P R N 0O C E G I K K ¥ v V G 108

361 GCCTCATTATCAAGACGTCATCTGACCCAACTTGTGTAGAGAAAGARAAGGTGTATATCG 420
109 L T L KT S Db PTOCVTETEKTET KT VYTYTI G 128

421 GAABATTAAATATGATCCTTGTTCAGATACTGAAACAAGAATGGCCCAMACATTGGCCAA 480
129 K L N M I L VvV g 1 L KQ EW D P K HK W P T 148

481 CTMTTATCAGTGATATTGTIGGAGCAAGTAGGACCAGCGAAAGTCTCTCTCARAATAATA 540
1439 F I ¢ D It Vv 6 A S RTS8 ESZSTLTC G QNDN M 168

541 TEGTGATTCTTAAACTCTTCACTGAAGAAGTATTTGATTICTCTAGTCGACAGATAACCC 600
16§ v I L X L L &8 E EV F D F & € G 0 T T ¢ 188

601 AAGTCAAATCTAAGCATTTAARAGACAGCATGTGCAATGAATTCTCACAGATATTTCAAC 660
18 v K 8 K H L K D & M ¢ N EF 5 Q I F @ L 208

661 TGTGTCAGTITGTAATGGAAAATTCTCARAATGCTCCACTTCTACATGCAACCTTGGAAR 720
209 ¢ Q F VM ENGSTO GQTENA ATPTLVYVHATTLE T 228

721  CATTCCTCAGATTTCTCAACTGGATTCCCCTGGGATATATTTTTGAGACCARATTANTCA 780
220 L L R F L N W I P L G Y T F E T K I T & 248

781 GCACATTGATTTATAAGTTCCTGAATGTTCCAATGTTTCGAAATGTCTCTCTGARGTGCC 840
249 ™ L I ¥ XK FP L N V P M F R NV & L K C L 268

841 TCACTCAGATTGCTGGTCTGAGTGTAAGCCAATATGAAGAACAATTTGTAACACTATTTA 900
260 T E I A GV 8 V S 0 Y EE Q F V T L F T 288

901 CTCTGACAATGATGCAACTARAGCAGATGCTTCCTTTAAATACCAATATTCGACTTGCET 960
289 LT M M g L K 0 ¥ L P L N T N I R L A Y 308

961 ACTCAAATGGAAAAGATCATGAACAGAACTTCATTCAAAATCTCAGTTIGTTTCTCTGCA 1020
309 S N G KEKDDEGQTNTFTIO QUNTILGSTILFTL ¢ T 328

1021 CCTTTCTTAAGGAACATGATCAACTTATAGAAAAAAGATTAAATCTCAGGGAAACTCTTA 1080
329 F L K E HD QL I E KR RTILUNTELTR E T & M 3248

1081 TGEAGECCOTTCATTATATCTTOTTCGTATC TCARGTAGAAGAAACTGARATCTTTAAAA 1140
349 E A L #H ¥ M L L V &8 EV E E T E T F K I 368

1141 TTTGTCTTGAATACTGGAATCATTTCACTGCTEAACTCPATAGAGAGAGTCCATTCTCTA 1200
363 ¢ L E Y WNJUHTILATATETLTYTERTETSPTF S T 388
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CATCTGCCTCTCCGTTGCTTTCTGGAAGTCAACATTTTGATGTTCCTCCCAGGAGACAGT
S A §$ P L L 8§ G § Q HF DV P PRI R QL

PATATTTGCCCATG AT TCAACCTCOGT I TATTAATCG T TAGTCOAATECCTAAACCAG
Y L, P M L F KV R L L M\ V 8 R MM A K P FE

AGGAAGTATTCGTTGTAGACAATEATCAAGGAGAAGTTGTGAGAGAATTCATGAAGGATA
EV L VVEJNTDG Y T GETVV VT RTETFTHEK DT

CAGATTCCATAAATTTGTATAAGAATATGAGEGAAACATICGTPTATCTTACTCATCIGSE
D S I N L ¥ KNMMRTETTLUVJTYTLTUHTL D

ATTATGTAGATACAGAAAGAATAATCACACAGAAGCTTCACAATCAAGTGAATGCTACAS
Yy vDTETZRTEHMTTETEKTELTEHTNTG QT VNG G T E

AGTGGTCATGCAAAAATTTCAATACATTG TG T TGCECARTAGGCTCCATTAGTEGAGCAR
W s W K NTILNTTILTG CTMWATIGEGT ESTI S G A M

TGCATGAAGAGGACGAAAAACGATTTCTTGTTACTG T TATAAAGGATCTATTAGGATTAT
HEEDTETEKTETPFTILVTVTIZ XDIELTLG GTL C

GTGAACAGAAAAGAGGCAAAGATAATAAACCTATTATTGCATCAAATATCATGTACATAG
E QC KR G KDJNE K A ATITIA AT SNTIHMKZY IV

TAGGTCAATACCCACGT T T TGAGAGC TCACTGGARATTTCTGAAGACTGTAGT TAACA
G 0 Y P R FL RAHTM®NMEKTFTELTZEKTTUVJV N K

AGCTG I CGAATTCATGOATGAGACCCATCATGCAGTCCAGGATATCOCTTGTGATACTT
L F EF ¥ HETUHTDTGV YV Q0 DMATCTDT F

TCATTAAAATAGCCCAAAAATGCCGCAGECATTTCGTTCAGGTTCAGCTTGGAGAAGTCA
T K I A Q K€ RRHTFUV QQVQQVGaeeEV VH

TGCCATTTATTGATGAAATTTTGAACAACATTAACACTATTATTIGTCATCTTCAGCCTE
P F I DZEILDNONTIUN TTITIOCDTILGQTP Q

AARCAGGTTCATACGT T T TATGAAGC TGTGACGTACATGATTCGTCCACARACAGATCAAA
Q VvV H T F Y B A V G Y M T G A QO T D Q T

CAGTACAAGAGCACTTGATAGAAAAGTACATGT TACTCCCTAATCAAGTGTGGGATAGTA
vV ¢ E H L I E K ¥ M L L P N Q VvV W D 5 I

PAATCCAGCAGGCAACCAARAATGTGGATATACTGAAAGATCCTGAAACAGTCAAGCAGE
I Q ¢ A T K N V D I L. K b P E T V K Q 1.

TTGETAGCATTTTCAAAACAAATGTGAGAGCCTGCARAGC TG TTGGACACCCCTTTGTAA
¢ 8 I L K TN VvV R A C XK A V G H P F ¥V I

TTCAGCTTGGAAGAATTTATTTAGATATGC T TAATGTATACAAGTOCCTCAGTGAARATA
6 L 6 R I YL DMTILMNTUYTVYTETGCTELTS STEHNH?I

PMICTACAGOTATCCAAGC TAATCETGAAATGETTACAAAGCAACCATTGATTAGAAGTA
S A AT QANEGCEMT YT X0 PTLTITU RS S M

TGCGAACTGTARARAGGGAAACT T TARAGTTAATATC TG I GGETGAGCCEATCCARTG
R T ¥ K R E T L K L I §s 6w VvV 5 R 8 N D

ATCCACAGATGOTCECTGARRAT T TG T TCCCCOTCTATTGGATGCAGTTC TCATTGATT
» 0 M V A E N F V P PLLDATYVTILTITDY

ATCAGAGAAATGTCTCAGCTGCTAGAGAACCACAAGTGC T TAGTACTATCCCCATAATTC
0 RNV & A A RETPTETVTELS ST™HMATITI V

TCAACAAGTTACGAGGACATATAACAGCTCAAATACCTICAMATATTTGATCC TG T TG
N K1, @ ¢ HITATETTDPGQTLITPFPTDGAVTF E

AATGCACATTGAATATGATARATAAGGACTTTCAAGAATATCCTGAACATAGAACGAACT
¢ T L N M I N KD F EEGTYTGPETHT RTN F

TTTFTCTTACTACTTCAGGCTGTCAATTCTC AT TG TTTCCCAGCATTCCTTGC TATTCCAC
F L L L OQAUVUNTGSTHTGCTETDPATFTLA ATI P P
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CTACACAGTTTARACTTGTTTTGGATTCCATCATTTGGGCTTTCAAACATACTATGAGGA
T Q F K L v L » § I I W A F K H T M R N

ATGTCCCAGATACGEGCTTACAGATACTT T TTACACTC TTACAARATGTTGCACARGARG
v ADTOGE6 L QI L FTTL L QUNJTVATEGTE E

AAGCTGCAGCTCAGAGTTT I TATCARACT PATTTTTGTGATATTCTCOAGCATATC TTTT
. & A O S F Y QT YT FOCDTITLOGQHTIF 8

CTGTTCTCACAGACACTTCACATACTGCTGETTTAACAATGCATGCATCAATTCTTGCAT
v v ?TDO®ESHTATCGCTLTMEHGATGSTITDA Y

ATATGTTTAATTTCCTTGAAGAAGOAARAATAACTACATCATTAMATCCTGGARATCCOAG
M F N L VEEG®G K I S ™S TL NP GNP V

TTAACAACCAAATCTTTCTTCAGGAATATGTGECTAATCTCCTTAAGTCGGCCTTCCCTC
N N Q I F L QETYVAUNTLTILTZ KTGSG® ATF TP H

ACCTACAAGATGCTCAAGTAAAGCTCTTTGTGACAGGGCTTTTCAGCTTAAATCAAGATA
L ¢ b A Q V K Lh F v T G L F S L N Q D I

TPCCTGCTTTCAAGGAACATTTAAGAGATTTCCTAGTTCARATARAGGARAT TTGCAGGTG
P A F EKE HL RDTFTILUVGQTTEKTETFACG E

AAGACACTTCTGAT TG T T T TCEAAGAGAGAGAAATAGCCCTACGGCAGGCTGATGAAG
D T e&DLFLTETET RTETIABATLTRTGOA@BATDTE E

AGAAACATAAACGTCAAATGTCTOTCCCTGGCATC T T TAATCCACATGAGATTCCAGAAG
K H K R Q M S Vv PGe I FNPHETIT®PEE

AAATGTGTGATTAAAATCCAAATTCATGC TG T T I T T I TTCTCTGCAACTCCGTTAGCAGA
M ¢ D *

GGAARACAGCATGTCGGTATTTGTCGACCAAAATGATGCCANTTTGTARATTAAAATGTC
ACCTAGTGGCCOTTTITTCTTATGTG T T I T T T TGTATAAGARAT M TC TG TGARATATCCT
TCCATTGTTTAAGCTTTTGT P TGGTCATC T TTATTTAGT T TGCATGAAGT TGARAATTA
AGGCATTTTTARAAATITTACTTCATGCCCATTTTTGTGGCTGEGCTGAGGEEAGGAGGET
AAATTCAATTTGAACATATACTTGTAATTCTAATGCAAAATTATACAATTTTTCCTGTAA
ACAATACCAATTTTTAATTAGEGAGCATT I TCOTTC TAGTCTATTTCAGCCTAGAAGAAA
AGATAATGAGTAAAACAAATTGCGTTGTTTAAAGGATTATAGTGCTGCATTCTCTGAAGT
TAGCACCTCTTGGACTGAATCGTTTGTC TAGACTACATGTATTACAAAGTCTCT TTGGCA
AGATTGCAGCAAGATCATGTGCATATCATCCCATTGTAAAGCCACTTCAAAAATATGGCA
ACACAGTTAGTTATTTTTACACAGTTCTTTTTGTFTTTGTGTCTCTCTACTGTCGCTTGT
CGACAACAGCTTTTTGTTTTCCTCAATGAGGAGTGTTGCTCAT T TG TGAGCCTTCATTAA
CTCGAAGTGAAATGGTTAAAAATATTTATCCTGTTAGAATAGGCTGCATC T T TARCAA
CTCATTAAAAAACAAAACAACTCTGGCTT T TGAGATGACTTATACTAATTTACATTGTTT
ACCAAGCTGTAGTGCTTTAAGAACAC TACT TAAAAAGCAAAATAAAC TTGETTTACATTT
ABAMADAA 4148
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