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We report here that the normal cellular protein CC3/TIP30, when in excess, inhibits nuclear import in vitro
and in vive. CC3 binds directly to the karyopherins of the importin {3 family in a RanGTP-insensitive manner
and associates with nucleoporins in vivo. CC3 inhibits the nuclear import of proteins possessing either the
classical nuclear localization signal or the M9 signal recognized by transportin. CC3 also inhibits nuclear
translocation of transportin itself. Cells modified to express higher levels of CC3 have a slower rate of nuclear
import and, as described earlier, show an increased sensitivity to death signals. A mutant CC3 protein lacking
proapoptotic activity has a lower affinity for transportin, is displaced from it by RanGTP, and fails to inhibit
nuclear import in vitro and in vivo. Together, our results support a correlation between the ability of CC3 to
form a RanGTP-resistant complex with importins, inhibit nuclear import, and induce apoptosis. Significantly,
a dominant-negative form of importin 31 shown previously to inhibit multiple transport pathways induces
rapid cell death, strongly indicating that inhibition of nuclear transport serves as a potent apoptotic signal.

The bidirectional transport of macromolecules between the
nucleus and cytoplasm through the nuclear pore complex
(NPC) is an active and regulated process. It depends on carrier
proteins known as importins and exportins (or karyopherins)
that compose the importin § family with 22 members in hu-
mans (reviewed in reference 47). Karyopherins can interact
with their cargoes directly or use adapter proteins. Importin g1
mediates nuclear import of proteins containing a basic nuclear
localization signal (NLS) by using importin « (1, 16, 50). Using
snurportin as an adapter, importin B imports small nuclear
riboproteins (37). Importin B2, also known as transportin, rec-
ognizes the M9-type nuclear localization sequences and im-
ports M9-containing RNA-binding proteins without requiring
an adapter molecule (13, 34, 39).

Importin B family members mediate interactions of trans-
port complexes with the NPC. They also bind to the small
GTPase Ran that controls the directionality of the transport
(reviewed in references 14 and 24). Importins of the 8 family
bind specifically to the GTP loaded form of Ran found in the
nucleus. The importin-cargo complex docks at the cytoplasmic
face of the NPC, followed by the translocation across the NPC
via interactions with nucleoporins (5). At the terminal nucleo-
porin, the cargo is released from importin into the nucleus by
RanGTP. Whereas RanGTP initiates the release of cargo from
importins in the nucleus, exportins require RanGTP for bind-
ing to their various cargoes and subsequent nuclear export
(reviewed in reference 49).

Although the sequence similarity among proteins of impor-
tin B family is low, they share conserved functional domains.
They contain a N-terminal binding site for RanGTP and a
NPC interacting domain. The latter mediates binding to the
GLFG or FxFG repeats present in some nucleoporins (re-
viewed in reference 43). The cargo-binding domain of import-
ins is located in the C terminus (reviewed in reference 47). The
common structural feature of importins is that they consist
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entirely of tandem HEAT (huntingtin-elongation A subunit-
TOR) repeats. HEAT repeats form extended superhelical
structures that are predicted to be involved in creation of
protein recognition interfaces (17). After RanGTP binding,
the interconnected hairpin turns formed by HEAT repeats are
thought to facilitate conformational changes in the structure of
importin, which induces cargo release (9).

Nucleocytoplasmic transport could be inhibited by interfer-
ing with the activity of proteins that mediate transport. The
inactivation of RanGTP (21) or the addition of excess of
nucleoporin-binding domain of importin B (25) block nuclear
transport. Nuclear transport is also inhibited during infection
by some lytic viruses (8, 12, 18, 19). We report here that a
cellular protein CC3, also known as TIP30, can inhibit nuclear
import of substrates with different types of import signals. CC3
was first identified as a metastasis suppressor of the variant
small cell lung carcinoma (SCLC) in vivo (45). Recently, a
deficiency of CC3/TIP30 in germ line cells was shown to in-
crease susceptibility to tumorigenesis (20). Expression of CC3
in tumor cells was shown to predispose them to apoptosis
induced by a wide variety of death signals; acute overexpres-
sion of CC3 in cells induces cell death directly (51). CC3-
induced apoptosis does not appear to depend on p53 or involve
classical downstream death responses, such as mitochondrial
release of cytochrome ¢ (51), and its mechanism remains un-
clear. We demonstrate here that the proapoptotic properties of
CC3 might stem from its ability to inhibit nuclear transport.

MATERIALS AND METHODS

Identification of CC3-binding proteins. Cells were metabolically labeled with
[**S]methionine and lysed in buffer A containing 25 mM Tris (pH 7.5), 0.5%
Triton X-100, 150 mM NaCl, and Complete protease inhibitors (Roche). Glu-
tathione S-transferase (GST) or GST-CC3 was added to the clarified lysate, and
the samples were diluted fivefold with buffer B (25 mM Tris [pH 7.5], 100 mM
NaCl, and protease inhibitors), followed by mixing at 4°C for 1 h. Proteins bound
to GST-CC3 or GST were recovered with glutathione-Sepharose, resolved by
sodium dodecyl sulfate-5% polyacrylamide gel electrophoresis (SDS-5%
PAGE), and detected by autoradiography. For protein identification, bands were
excised from Coomassie blue stained gels and subjected to matrix-assisted laser
desorption ionization—time of flight mass spectrometry analysis at the Protein
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Protein expression and purification. GST and His tag fusion proteins were
expressed in bacteria under standard conditions. GST fusion proteins were
purified by affinity chromatography on glutathione-Sepharose beads (Amersham
Biotechnology) and eluted from the beads with 20 mM reduced glutathione or by
cleavage with thrombin. His-tagged proteins were first purified on Ni-nitrilotri-
acetic acid (NTA) agarose (Qiagen), followed by passage through a Superose-12
gel exclusion column (Amersham Biotechnology) in column buffer (25 mM
HEPES [pH 7.6], 1 mM dithiothreitol [DTT], 5% glycerol, 150 mM NaCl) and
concentrated with a Centricon-10 (Millipore). Coupled in vitro transcription-
translation of proteins was done with wheat germ extracts in the presence of
[**S]methionine according to the manufacturer’s protocol (Promega).

Antibodies to CC3. Polyclonal antisera to CC3 was raised in rabbits by using
purified recombinant GST-CC3 as an antigen. Immune serum was purified first
on column of immobilized GST protein to remove the GST-reactive antibodies,
followed by affinity purification on a column of immobilized CC3 protein.

Protein labeling with fluorescein isothiocyanate (FITC). Recombinant pro-
teins at 5 to 10 mg/ml were dialyzed in labeling buffer (25 mM HEPES [pH 7.6],
5% glycerol, 150 mM NaCl). Fluorescein-5-maleimide (Molecular Probes) was
added to achieve a 2:1 molar ratio of fluorescein to protein, and samples were
incubated for 1 h on ice. Nonbound fluorescein was removed by using a NAP-5
column (Amersham Biotechnology), followed by concentration with a Centri-
con-10 spin column.

Coimmunoprecipitation. HeLa cell lysates for immunoprecipitation were pre-
pared by sonication as described previously (54) and subjected to immunopre-
cipitation with MAb414 (Covance) or anti-transportin antibodies (Transduction
Labs). The immune complexes were collected on protein G-agarose (Invitrogen)
and analyzed by Western blotting with relevant antibodies.

In vitro nuclear import assays. The in vitro nuclear import assays were per-
formed according to the published protocol (2). HeLa cells grown on coverslips
were washed with phosphate-buffered saline and permeabilized with 30 pg of
digitonin/ml in buffer E (25 mM HEPES [pH 7.6], 1 mM DTT, 5% sucrose, 110
mM KH;CO,, 5 mM MgH;CO,, 2.5 mg of bovine serum albumin [BSA]/ml) for
5 min at room temperature. Permeabilized cells were washed four times with
buffer E and inverted onto 15 ul of import mixture containing the indicated
proteins added with or without cytosol from HeLa cells in transport buffer (buffer
E plus 0.5 mM ATP, 0.5 mM GTP, 10 mM phosphocreatine, and 20 U of creatine
kinase/ml). Coverslips were incubated 20 min at room temperature. Reactions
were stopped with 2% paraformaldehyde. When cells were further processed for
immunofluorescence, they were permeabilized with 0.2% Triton X-100 in phos-
phate-buffered saline for 10 min at room temperature prior to antibody staining.

GST pull-down assays. GST or GST fusion proteins at 10 uM were mixed for
1 h at 4°C with 7.5 pl (bed volume) of glutathione-Sepharose in a final volume
of 20 pl in buffer F (25 mM HEPES [pH 7.6], 1 mM DTT, 5% glycerol, 100 mM
KCl, 0.1% Triton X-100). Glutathione-Sepharose beads with bound GST fusion
proteins were washed with reaction buffer (buffer F plus 5 mM MgCl, 1 mg of
BSA/ml, protease inhibitors), mixed with 10 pl of the in vitro-translated proteins
in a final volume of 100 p.l, and incubated for 1 h at 4°C. When His-RanQ69L was
added, reactions also contained 1 mM GTP, 10 mM phosphocreatine, and 20 U
of creatine kinase/ml. Glutathione-Sepharose beads were washed with buffer F
and resuspended in the SDS sample buffer for gel analysis. Pull-down assays with
Ni-NTA agarose (Qiagen) were performed in a similar manner, except that the
buffers contained 0.5% Triton X-100, 10% glycerol, and 5 mg of BSA/ml.

Microinjections. 3T3 cells grown in Dulbecco modified Eagle medium plus
10% fetal bovine serum on 4-cm glass bottom plates (MatTek Corp.) were
microinjected into the cytoplasm with the indicated recombinant proteins by
using Eppendorf Transjector 5246, followed by incubation at 37°C. Protein
localization of live or fixed cells was determined by fluorescence microscopy.

Transfection assays. Ratl cells were plated onto 3.5-cm dishes and transfected
immediately after plating with 0.5 pg of DNA and Fugene (Roche). Cells were
harvested 24 h later, fixed, stained with propidium iodide, and analyzed on FACS
Calibure for enhanced green fluorescent protein (EGFP) expression and DNA
content.

RESULTS

Identification of proteins associated with CC3. To identify
proteins that associate with CC3, purified GST-CC3, and GST
were incubated with extracts prepared from MCF7 or HelLa
cells metabolically labeled with [**S]methionine. GST or GST-
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FIG. 1. Identification of proteins associated with CC3. HeLa cells
were metabolically labeled with [**S]methionine and lysed. Cytosolic
protein extracts were incubated with GST or GST-CC3. Bound pro-
teins were recovered on glutathione-Sepharose, resolved by SDS-
PAGE, and detected by autoradiography.

CC3, together with the bound cellular proteins, were collected
on glutathione-Sepharose, and bound proteins were resolved
by SDS-PAGE. Nine distinct protein bands were detected in a
complex with GST-CC3 but not GST in both MCF7 and HeLa
(Fig. 1). When the experiment was performed with larger
amounts of cell extracts, bands were visible on Coomassie
blue-stained gels (data not shown). These protein bands were
excised from the gel and subjected to analysis by mass spec-
trometry.

Positive identification was possible for proteins in seven of
nine bands, and a total of eight proteins were identified (one of
the bands contained two individual proteins). Six of these were
nuclear transport receptors of the importin 8 family (Fig. 1)—
importins B1, B2 (transportin), and B3 (importins 5, 7, and 9)
and exportin 4, which mediates nuclear export of the transla-
tion initiation factor eIF-5A (26). Two other proteins were
LRPPRC, also known as leucine-rich protein-130 (11), impli-
cated in the nucleocytoplasmic shuttling of RNA (27, 32), and
human GCN, a homologue of yeast GCN1 that is necessary for
activation of GCN2 kinase (31). All eight proteins found to
bind to CC3 in vitro shared one common structural feature:
they contain HEAT repeats. Importin $ proteins are entirely
composed of 18 to 19 HEAT repeats (reviewed in reference
47); HEAT repeats are present in the LRPPRC sequence (27)
and in the sequence of GCN1 (data not shown).
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FIG. 2. CC3 associates with transportin and the NPC in vitro and in vivo. (A) In vitro-translated transportin polypeptides: full-length (TRN),
N-terminal amino acids 1 to 581 (TRN-N), and C-terminal amino acids 581 to 890 (TRN-C) were incubated with GST or GST-CC3. Complexes
were recovered with glutathione-Sepharose, washed, resolved by SDS-PAGE, and detected by autoradiography. (B) HeLa cell extracts were
subjected to immunoprecipitation with a control immunoglobulin G (IgG) or anti-transportin antibody. The immune complexes were resolved by
electrophoresis and analyzed by Western blotting with antibodies to transportin (TRN) and CC3. (C) Purified CC3 at 1 pM was mixed with GST
or GST-transportin for 1 h at 4°C. Complexes were recovered with glutathione-Sepharose, resolved by SDS-PAGE, and detected by Western
blotting with anti-CC3 antibody. (D) HeLa cells were processed for immunofluorescence with the anti-CC3 rabbit polyclonal antibody and
anti-NPC mouse monoclonal MAb414 (Covance), followed by detection with anti-rabbit IgG-CY3 (red) and anti-mouse IgG-FITC (green), and
analyzed by confocal microscopy. (E) MAb414 was used to immunoprecipitate components of the NPC from HelLa cells extracts as described in
Materials and Methods. The immune complexes were analyzed by Western blotting with MAb414 and antibodies to CC3.

CC3 associates with transportin and the NPC in vitro and in
vivo. We have examined interactions of CC3 protein with
transportin (importin $,) in vitro. GST-CC3, when incubated
with transportin polypeptides translated in vitro, bound to the
full-length transportin and its C-terminal domain (amino acids
581 to 890) but not to the N-terminal amino acids 1 to 581 (Fig.
2A). The N terminus of importin § contains domains respon-
sible for binding to RanGTP, as well as to components of NPC
(25). The in vitro-translated N-terminal domain of transportin
was functional because it could still bind to the Ran protein
(unpublished data).

Importantly, the association of CC3 and TRN was also ob-
served between endogenous proteins in vivo. Transportin was

immunoprecipitated from HeLa cells by using specific antibod-
ies, and CC3 was easily detected in complex with transportin
(Fig. 2B). CC3 could also be detected in a complex with im-
munoprecipitated importin 81 (data not shown).

To determine whether CC3 interactions with transportin are
direct, GST-transportin was immobilized on beads and incu-
bated with purified recombinant CC3. Under these conditions,
CC3 bound to GST-transportin (Fig. 2C), demonstrating that
the interaction of CC3 and transportin is a direct one.

The subcellular localization of endogenous CC3 was ana-
lyzed by immunofluorescent staining. CC3 protein was found
to localize in the perinuclear area and form a distinct ring at
the perimeter of the nucleus (Fig. 2D). The cytoplasmic struc-
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ture to which CC3 is largely localized appears to be the endo-
plasmic reticulum, as evidenced from its staining with antibod-
ies to calreticulin (data not shown). To verify that some of CC3
is found at the nuclear envelope, double staining was per-
formed with antibodies to CC3 and monoclonal antibody
MAD414, which reacts with several FxFG-containing nucleo-
porins. This revealed a partial overlap of CC3 localization with
the NPC (Fig. 2D), indicating that some of cellular CC3 might
be associated with the NPC.

To confirm the association of endogenous CC3 with the
NPC by independent means, we examined complex formation
between CC3 and NPC in vivo. As shown in Fig. 2E, CC3 was
detected in a complex with nucleoporins that were immuno-
precipitated with MAb414. Only a fraction of cellular CC3
present in the extracts was immunoprecipitated by MAb414, as
expected from the results of cell staining that shows the bulk of
CC3 in the perinuclear structures (Fig. 2D). It should be noted
that complex formation between NPC and CC3 was signifi-
cantly reduced when the salt concentration was increased from
100 to 150 mM NacCl (not shown). This finding strongly indi-
cates that CC3 is not a component of NPC per se but is merely
associated with it. We conclude that a fraction of cellular CC3
is found at the NPC, although it remains to be determined
whether CC3 binds to NPC directly or through other proteins.

CC3 interactions with the NPC are independent of RanGTP.
Interactions between CC3 and various karyopherins could in-
dicate that CC3 is a “promiscuous cargo” or that it plays a role
in nuclear transport. To distinguish between these possibilities,
we investigated whether CC3 could be imported into nuclei in
vitro and whether the localization of CC3 is affected by
RanGTP. We used the in vitro nuclear import assay (2) with
digitonin-permeabilized HeLa cells in the presence or absence
of exogenously added RanQ69L. RanQ69L is a Ran mutant
that binds but does not hydrolyze GTP and remains in the
GTP-bound form (6). RanGTP inhibits nuclear transport of
multiple proteins by preventing their association with importin
B proteins (reviewed in references 24, 30, and 49). Transportin
cargo GST-M9 (34) was used as a positive control, and it was
efficiently imported into nuclei when cytosol (that contains
nuclear transport factors) was added. As expected, import of
GST-M9 was entirely inhibited by RanQ69L (Fig. 3A). How-
ever, CC3 localized at the nuclear envelope and in the perinu-
clear area, and neither the addition of cytosol nor the addition
of RanQ69L had an effect on the localization of CC3 (Fig. 3A).
We conclude that CC3 is not imported into the nucleus and
binds to the nuclear envelope in a Ran-independent manner.

CC3 interactions with transportin and exportin 4 are inde-
pendent of RanGTP. Having established that RanGTP has no
effect on the interaction of CC3 with the nuclear envelope, we
then examined how RanGTP might affect interactions of CC3
with karyopherins that normally release cargo proteins upon
binding of RanGTP (15, 21, 41). GST-CC3 was incubated with
in vitro-translated transportin in the absence or presence of
increasing amounts of RanGTP. RanGTP had little effect on
the binding between transportin and GST-CC3 (Fig. 3B),
whereas it completely inhibited complex formation between
transportin and its cargo GST-M9 (data not shown). RanGTP
also had no effect on the direct binding of purified recombinant
CC3 to GST-transportin when added in excess to the reaction
mixture (data not shown).

MoL. CELL. BIOL.

Unlike importins, exportins require RanGTP for binding to
their nuclear substrates, which are subsequently exported to
the cytoplasm (reviewed in reference 14). However, GST-CC3
efficiently bound to His-exportin 4 in the absence of RanGTP
(Fig. 3C), and the addition of RanGTP had no effect on this
binding. These results show that CC3 interactions with trans-
portin and exportin 4 are independent of the Ran GTPase;
therefore, CC3 is unlikely to be a cargo of either of these
karyopherins.

CC3 competes with M9 substrate but not with RanQ69L for
binding to transportin. We sought to determine whether CC3
interferes with the binding of substrates or RanGTP to trans-
portin. Figure 3D shows that RanGTP efficiently binds to
transportin even in presence of a large excess of CC3. How-
ever, the binding of GST-M9, a transportin cargo, was inhib-
ited when CC3 was present in excess (Fig. 3E). It is unclear
whether M9 and CC3 compete for the same binding site on
transportin or whether the binding of CC3 has an allosteric
effect on transportin structure that inhibits subsequent binding
of GST-MO.

CC3 inhibits nuclear import in vitro. We attempted to de-
termine whether CC3 might play a role in regulating nuclear
transport when associated with importins and/or components
of the NPC. The in vitro nuclear import assay was used to
monitor effects of CC3 on the nuclear import of GST-M9 (a
transportin cargo) and GST-GFP-NLS (importin «:B1 cargo).
Both substrates were imported into the nucleus in the presence
of cytosol (Fig. 4A). However, the addition of purified CC3 to
the transport mixture resulted in a dramatic decrease of the
nuclear import for both GST-M9 and GST-GFP-NLS. Partial
inhibition was observed with CC3 concentrations as low as 1
wM (data not shown); the addition of 8 uM CC3 resulted in
complete inhibition (Fig. 4A). Inhibition of nuclear import by
CC3 was not due to a nonspecific blocking of the NPC channel.
The free diffusion of GST protein (most likely forming a dimer
with a molecular mass of 50 kDa) through the NPC was un-
impeded in the presence of 8 pM CC3 (unpublished data).

Using a different approach, the in vitro nuclear import assay
was performed with cytosol prepared from either CC3-nega-
tive cells (N417neo) or from the same cells stably transfected
to express high levels of exogenous CC3 (N417cc3) (45). As
described previously (45, 51), the N417cc3 cells have a rela-
tively high rate of spontaneous apoptosis under normal condi-
tions and, unlike N417neo cells, are highly sensitive to a variety
of death signals. Using quantitative analysis, we have estimated
that the intracellular concentration of exogenously expressed
CC3 in N417cc3 cells is ~9 wM. This is a rather high concen-
tration, especially compared to a variety of other cell lines in
which the concentration of endogenous CC3 varies from un-
detectable to 3 pM.

A significant proportion of CC3 protein from N417cc3 cells
was found in the cytosol fraction (data not shown), which was
used for the in vitro import assay. GST-M9 or GST-GFP-NLS
was added to permeabilized HeLa cells in the presence of
cytosol from N417neo or N417cc3 cells. The cytosol from
N417neo cells fully supported the nuclear import of both
GST-M9 and GST-GFP-NLS proteins (Fig. 4B). The same
concentration of cytosol from N417cc3 cells failed to signifi-
cantly support nuclear import of either substrate. We conclude
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FIG. 3. Interactions of CC3 with NPC, transportin, and exportin 4
are not sensitive to RanGTP. (A) FITC-labeled GST-M9 or GST-CC3
at 0.5 uM were added to permeabilized HeLa cells in transport buffer
with or without 50 pg of HeLa cytosolic extract and 8 wM RanQ69L.
After incubation for 20 min at room temperature, the cells were fixed
and examined by fluorescence microscopy. (B) In vitro-translated
transportin (lane 1) was incubated with GST-CC3 in the absence (lane
2) or in the presence of 1, 4, or 8 uM RanQ69L (lanes 3 to 5).
Complexes were recovered with glutathione-Sepharose, resolved by
SDS-PAGE, and detected by autoradiography. (C) His-exportin 4 at 5
uM was incubated with GST (lane 1) or GST-CC3 without RanQ69L
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that high levels of CC3 protein, either recombinant or cellular,
inhibit nuclear import.

High levels of cellular CC3 diminish the rate of nuclear
import in vitro. The results described above suggest that the
rate of nuclear import could be slower in cells where CC3 is
expressed at higher levels versus cells without CC3 expression
or with very low CC3 levels. We have therefore performed in
vitro import assays with isogenic cell lines differing in expres-
sion of CC3. We have first examined the effect of extraction
with digitonin on cellular CC3 and found that most of the CC3
protein remains in the extracted cells (not shown). N417 clones
described above were used in nuclear import assays. Because
these cells grow in suspension, the assays were conducted in
suspension and analyzed by fluorescence-activated cell sorting
(FACS) as described previously (38). We found that whereas
the import of GST-M9 into N417cc3 cells was insignificant for
the first 20 min, in N417neo cells it has reached its maximum
level by this time (Fig. 4C and D).

We also compared the rates of nuclear import in clones
derived from the melanoma cell line C32r. The expression
level of endogenous CC3 in C32r cells is extremely low, with an
intracellular concentration well below 0.1 uM (data not
shown). A high level of expression of exogenous CC3 was
introduced into these cells (36). In vitro import assays showed
practically no nuclear fluorescence after a 5-min incubation in
C32cc3 cells, whereas C32neo cells showed a robust nuclear
import at this time (Fig. 4E). Only after 20 to 30 min of
incubation, the amount of imported substrate in C32cc3 cells
reached levels seen in C32neo cells (Fig. 4E). Apparently, CC3
remaining in cells after mild extraction is capable of slowing
down the rate of nuclear import, which strongly indicates that
cells with different concentrations of cellular CC3 might have
different rates of nuclear import in vivo.

CC3 inhibits nuclear translocation of transportin. The ef-
fect of CC3 on nuclear translocation of transportin was exam-
ined in permeabilized cells. Transportin alone, as shown pre-
viously (33), translocates into the nuclei and is not retained in
remaining cytosolic structures (Fig. 4F1). However, in the pres-
ence of even relatively low concentrations of CC3, the nuclear
translocation of transportin was diminished and much of it was
“docked” at the nuclear envelope and in the extranuclear
structures (Fig. 4F2). Accumulation of transportin in cytoplas-
mic structures was time dependent (unpublished data) and
more pronounced at higher concentrations of CC3 (Fig. 4F),
resembling the distribution of CC3 protein itself in permeabil-
ized cells (Fig. 3A). These results suggest that CC3-mediated
“docking” of importins at the NPC and in the cytoplasm could

(lane 2) or in the presence of 2.5, 5, or 10 uM RanQG69L (lanes 3 to 5)
for 1 h at 4°C. Complexes were recovered with glutathione-Sepharose,
resolved by SDS-PAGE, and detected by staining with Coomassie
blue. (D) In vitro-translated transportin was incubated with His-
RanQ69L in the absence (lane 3) or presence of 1, 4, and 8§ pM
GST-CC3 (lanes 4 to 6). Complexes were recovered with Ni-NTA
agarose and analyzed by SDS-PAGE, followed by autoradiography.
Lane 2 shows the amount of transportin that was incubated without
RanQ69L and bound to the Ni-NTA agarose in a nonspecific manner.
(E) In vitro-translated transportin was incubated with GST-M9 in
absence (lane 2) or in presence of 1, 4, or 8§ uM CC3 (lanes 3 to 5).
Complexes were analyzed as described for panel B.
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FIG. 4. CC3 inhibits nuclear import of substrates containing NLS or M9 import signals and nuclear translocation of transportin. (A) FITC-
labeled GST-M9 at 0.5 uM or GST-GFP-NLS (1 uM) was added to permeabilized HeLa cells in transport buffer with or without 50 g of HeLa
cytosolic extract and 8§ uM CC3. After incubation for 20 min at room temperature, cells were fixed, and the localization of import cargoes was
examined by fluorescence microscopy. (B) FITC-GST-M9 or GST-GFP-NLS was added to permeabilized HeLa cells in transport buffer or with
150 pg of cytosolic extract prepared from either CC3-negative cells (N417neo) or from the same cells stably transfected to express high levels of
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FIG. 5. Interactions of mutant CC3 with transportin and the NPC
are vulnerable to dissociation by RanGTP. (A) GST-CC3 or GST-
mutant CC3 at 0.5 pM was added to permeabilized HeLa cells in
transport buffer without (panels 1) or with 1, 4, or 8 .M RanQ69L
(panels 2 to 4). After incubation for 20 min at room temperature, cells
were examined by immunofluorescence microscopy with anti-GST
polyclonal antibodies. (B) In vitro-translated transportin was incu-
bated with GST-CC3 or GST-mutant CC3 alone or in the presence of
1, 4, or 8 pM RanQ69L. The presence of transportin in complexes was
detected by autoradiography.

be involved in the negative regulation of nuclear transport by
CC3.

A mutant CC3 protein lacking proapoptotic properties
shows weakened interactions with both transportin and NPC.
We have examined how mutations that abolish the proapo-
ptotic activity of CC3 affect its binding to importins and NPC
(Fig. 5A). The design of mutant CC3, where glycines 28 and 31
were substituted with valine and alanine, respectively, was
based on a previously published report (52). These mutations
have been shown to inhibit the proapoptotic properties of CC3
(52).

We found that recombinant mutant CC3, when added in
transport buffer to permeabilized HeLa cells, showed some
association with the nuclear envelope but was strongly retained
in remaining extranuclear structures (Fig. SA1). Importantly,
recombinant mutant CC3 was also found within the nuclei
(Fig. 5A), as was transfected mutant CC3 (data not shown).
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The addition of increasing amounts of RanGTP to permeabil-
ized cells inhibited the association of mutant, but not wild-type
CC3, with the nuclear envelope. At higher concentrations of
RanGTP, mutant CC3 failed to associate with the NPC or to
be imported into nuclei (Fig. SA). We conclude that the mu-
tant CC3 has a weakened ability to interact with the NPC and
is vulnerable to dissociation by excess RanGTP.

Differences in the affinities of wild-type and mutant CC3 for
the NPC could be secondary to their different affinities for
importins. To address this possibility, equal amounts of wild-
type and mutant GST-CC3 proteins were incubated with the in
vitro-translated transportin in the presence of increasing
amounts of RanGTP. Mutant CC3 indeed displayed a weaker
affinity for transportin and, more importantly, RanGTP inhib-
ited binding of transportin to the mutant CC3 (Fig. 5B). The
vulnerability of the mutant CC3-transportin complex to
RanGTP, together with the observed partial nuclear import of
mutant CC3, strongly suggest that, unlike the wild-type pro-
tein, mutant CC3 might behave more like an import cargo
protein.

CC3 mutant lacking proapoptotic properties does not in-
hibit nuclear import in vitro or in vivo. We examined whether
the mutant CC3 protein lacking proapoptotic activity can in-
hibit nuclear import. In vitro assays with GST-M9 or GST-
GFP-NLS were performed in the presence of increasing
amounts of mutant CC3. Unlike wild-type CC3 (Fig. 4A),
mutant CC3 had no effect on the nuclear import of either the
GST-M9 or the GST-GFP-NLS cargo proteins (Fig. 6A). To-
gether, these results support a correlation between the ability
of CC3 to form a RanGTP-resistant complex with importins
and its ability to inhibit nuclear import. The proapoptotic ac-
tivity of CC3 proteins appears to be related to their ability to
inhibit nuclear import.

To address this possibility directly, the wild-type and mutant
CC3 proteins were injected into the cytoplasm of live NIH 3T3
cells, together with the GST-GFP-NLS. As expected, GST-
GFP-NLS alone (or coinjected with GST) assumed nuclear
localization within 15 min after injection. Mutant CC3 had no
effect on the localization of GST-GFP-NLS (Fig. 6B). How-
ever, the coinjection of wild-type CC3 led to a dramatic reten-
tion of substrate in the cytoplasm (Fig. 6B). At 30 min after
coinjection of wild-type CC3 and GST-GFP-NLS, the majority
of cells had very little nuclear GFP, and many cells assumed a
rounded morphology (not shown). Within 2 h of injection, 70
to 80% of the GFP-positive cells injected with wild-type CC3
had floated up from the surface of the dish. At this time, at
least 80 to 90% of cells injected with GST-GFP-NLS alone or
together with mutant CC3 remained alive, as judged by their

CC3 (N417cc3). Cells were processed as for panel A. (C) In vitro import of FITC-GST-M9 (0.5 puM) was performed in suspension with N417neo
and N417cc3 cells, and the nuclear fluorescence was analyzed by FACS. FL1 fluorescence histograms of live cells are shown for cells incubated
for 30 min with GST-M9 but without cytosol (no cytosol) and for cells incubated with both GST-M9 and cytosol for 10 min. (D) Graphic
representation of the results of the in vitro import assays with N417 clones performed as described for panel C. The data are shown as the relative
fluorescence, where the fluorescence of cells incubated with substrate in the absence of cytosol is assigned an arbitrary value of 1. The experiment
was performed twice, with nearly identical results each time. (E) FITC-labeled GST-M9 (0.5 nM) was added to permeabilized C32neo and C32cc3
cells in transport buffer with 50 pg of cytosolic extract prepared from N417neo cells. Cells were processed as for panel A after different incubation
times. (F) GST-transportin at 0.5 uM was added to permeabilized HeLa cells in transport buffer alone (panel 1) or in the presence of 2, 4, or 8
wM CC3 (panels 2 to 4). After incubation for 20 min at room temperature cells were fixed and permeabilized with Triton X-100. The cellular
localization of transportin was examined by immunofluorescence microscopy with polyclonal anti-GST antibodies and anti-rabbit IgG-FITC.
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FIG. 6. Inhibition of nuclear import by CC3 and dominant-negative importin leads to apoptosis. (A) GST-M9-FITC (0.5 uM) or GST-GFP-
NLS (1 pM) was added to permeabilized HeLa cells in transport buffer with 50 wg of HeLa cytosolic extracts without (panels 1) or with 2, 4, or
8 uM of mutant CC3 protein (panels 2 to 4). After incubation for 20 min at room temperature, cells were fixed, and the cellular localization of
proteins was examined by fluorescence microscopy. (B) GST-GFP-NLS (0.5 mg/ml) was injected into cytoplasm of NIH 3T3 cells with GST-CC3
(5 mg/ml) or GST-mutant CC3 (5 mg/ml), followed by incubation at 37°C. Protein localization was examined by fluorescence microscopy.
(C) Analysis of expression of transiently transfected EGFP-ImpR1.45-462. HEK293 cells were transfected with empty vector (lane 1) or
EGFP-Imp1.45-462 (lane 2), harvested after 20 h, and analyzed by Western blot with antibodies to importin 31 provided by K. Weis. The
migration of molecular size standards is shown. The blot was exposed for a longer period to detect the protein band corresponding to
EGFP-ImpR1.45-462 (B1.45-462), which is expressed at very low levels compared to endogenous importin 1 (B1). (D) Ratl cells were transfected
with indicated constructs and analyzed for EGFP expression (FL1/EGFP, right panels) and DNA content (FL3/DNA, right panels) by FACS. The
numbers show the percentage of EGFP-positive transfected cells and apoptotic cells with subdiploid DNA content. (E) Analysis of apoptotic DNA
fragmentation in EGFP-positive transfected cells. The results are averages of at least three independent experiments.
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morphological appearance. We conclude that there is a direct
relationship between the ability of CC3 to inhibit nuclear im-
port and induce cell death.

Inhibition of nuclear transport by a dominant-negative im-
portin leads to cell death. Because the findings described
above indicate that inhibition of nuclear import by CC3 in-
duces cell death, we investigated whether inhibition of nuclear
transport could be a more general apoptosis-inducing pathway.
To this end, we used a “dominant-negative” form of importin
B1 that contains the NPC-binding domain but lacks the Ran
GTP-binding domain (25). This protein, Impp1.45-462, effi-
ciently inhibits multiple nuclear transport pathways by occupy-
ing importin docking sites on NPC in a RanGTP-resistant
manner (25). Mammalian expression construct for EGFP-
ImpR1.45-462 fusion protein was prepared, and its expression
was verified by Western blotting with antibodies to importin
B1. As shown in Fig. 6C, the expression level of EGFP-
Impp1.45-462 was manyfold lower than that of endogenous
importin B1, potentially indicating that expression of the dom-
inant-negative importin is incompatible with cell growth or
survival. The toxicity of Impp1.45-462 in Xenopus oocytes was
indeed noted by Kutay et al. (25). To monitor specifically
transfected populations, we used EGFP fusion constructs
throughout transfection experiments with Ratl cells that are
susceptible to killing by overexpressed CC3 (51). As soon as 18
to 20 h after transfection, more than 30% of cells expressing
dominant-negative importin B1 succumbed to apoptosis, as
measured by DNA fragmentation (Fig. 6D and E). Transient
expression of CC3 but not the mutant CC3 induced apoptosis
in ca. 13% of transfected cells. These numbers are most likely
a gross underestimate of the actual extent of cell death in
transfected populations. First, Ratl cells undergo a rapid dis-
integration after the onset of apoptotic process that results in
deceptively low numbers of cells with fragmented DNA (un-
published observations). Second, on average 40 to 50% of cells
were positive for EGFP fluorescence in cultures transfected
with EGFP or EGFP-mutCC3, but only 25 to 30% of trans-
fected cells expressed EGFP-CC3 and only 3 to 7% of cells
expressed EGFP-Imp1.45-462 (Fig. 6D). Moreover, levels of
fluorescence in cells positive for EGFP-Impp1.45-462 expres-
sion were much lower than in cells expressing EGFP (Fig. 6D),
a finding corresponding to the Western blot results (Fig. 6C).
Third, the total cell numbers in cultures transfected with
EGFP-CC3, and particularly with EGFP-ImpB1.45-462, were
dramatically reduced compared to EGFP or EGFP-mutCC3
(not shown), indicating either lack of proliferation or massive
death of transfected cells.

We have also tested a similarly truncated form of transportin
(amino acid residues 54 to 484), but it failed to inhibit import
of GST-GFP-NLS and did not induce cell death (results not
shown). It is tempting to speculate that the lack of inhibitory
activity of this transportin fragment is related to the fact that
transportin-mediated import might involve docking sites on
NPC that are different from those for importin o:B-mediated
import (25, 44, 48). It is also possible that blocking the import
of transportin cargo proteins might not have immediate lethal
consequences for cells. In any case, the lack of nuclear import
inhibitory activity of the NPC-binding domain of transportin is
likely to be relevant to its lack of proapoptotic activity. We
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conclude that inhibition of nuclear import could be a general
pathway triggering apoptosis.

DISCUSSION

The present study was initiated in order to elucidate the
mechanism through which CC3, when overexpressed in tumor
cells, induces apoptosis. CC3 was initially identified as a gene
whose expression is absent in metastatic SCLC cells and whose
ectopic expression suppressed metastasis of SCLC and other
tumors (29, 45). CC3/TIP30-deficient mice spontaneously de-
velop tumors in their second year of life (20), a finding that
strongly indicates that CC3 acts as an authentic tumor suppres-
sor. Studies in vitro showed that CC3 has a proapoptotic ac-
tivity: SCLC cells forced to express CC3 had a high rate of
spontaneous apoptosis under normal growth conditions and
became highly sensitive to a variety of death signals that they
would otherwise resist (45). Acute overexpression of CC3 in-
duced cell death in transiently transfected cells (51). However,
the mechanisms underlying the proapoptotic activity of CC3
remained a mystery. The sequence of CC3 did not provide any
clues in this regard, even though significant sequence homol-
ogy was reported between CC3 and the members of a large
family of short-chain dehydrogenases-reductases or SDRs (3).
CC3 was also identified as a human immunodeficiency virus
Tat-binding protein, named TIP30, and shown to stimulate
Tat-induced transcription (53). It was later reported that CC3/
TIP30 has a kinase activity and that the residues 22 to 35
comprise the ATP-binding domain of CC3/TIP30 kinase (52).
This same domain, well conserved between CC3 and SDR
enzymes, was predicted to serve as an NADP(H) binding site
(4). We were unable to detect a kinase activity of CC3 protein,
either recombinant or immunoprecipitated from cells (unpub-
lished results).

In order to understand the possible biochemical function of
CC3, we have identified proteins interacting with CC3. Unex-
pectedly, we have found that CC3 interacts with six members
of the importin B family, including five importins and exportin
4. One of the two nonkaryopherin proteins found associated
with CC3, LRPPRC, was implicated in the nucleoplasmic shut-
tling of RNA (27, 32). The other, GCN has not been studied in
higher eukaryotes, although its yeast homologue GCNI is
known to play a role in regulation of translation through acti-
vation of GCN2 kinase (31).

In spite of its association with multiple karyopherins, CC3 is
not a “promiscuous” cargo protein that uses different transport
receptors, as has been shown for some ribosomal proteins and
the signal recognition particle SRP19 (10, 22, 42). RanGTP
regulates interactions of karyopherins with their cargoes but
not with CC3. In addition, the observed association of CC3
with nucleoporins in vivo argues against the possibility that
CC3 is simply a promiscuous cargo. Our results do not allow us
to distinguish between a direct association of CC3 with NPC or
an association that is mediated by karyopherins, but in any case
it is not disrupted by RanGTP. Most importantly, we show that
excess of CC3 inhibits nuclear import in vitro and in vivo.

A clue to the mechanism of this inhibition might be found in
the ability of CC3 to associate with importins and inhibit the
translocation of transportin (and possibly other importins)
through the NPC. It is also possible that the ability of CC3 to
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compete with cargo proteins for binding to transportin (Fig.
3E) contributes to the inhibition of nuclear import by CC3. We
suggest, however, that the inhibitory effect of CC3 on nuclear
import is best explained by the observations that its interac-
tions with karyopherins and NPC are insensitive to RanGTP.
This would have profound consequences, not so much due to
the sequestration of importins but due to the occupancy of
importin docking sites on the NPC. Importin-CC3 complexes
would remain bound to the nucleoplasmic side of the NPC,
insensitive to the effects of nuclear RanGTP. As a result, the
docking sites on the NPC will be occupied unproductively,
which would lead to the inhibition of nuclear transport. This
mechanism is not dissimilar to the mode of action of the
dominant-negative fragment of importin B1 that binds to
Nup153 in a Ran-GTP resistant manner (25).

By showing that a mutant CC3, deficient in apoptotic activ-
ity, does not inhibit nuclear import, the present study supports
a correlation between the proapoptotic potential of CC3 and
its negative effect on the nuclear transport. Insensitivity to
RanGTP could be a key feature in both the proapoptotic and
import-inhibiting functions of CC3. This is emphasized by our
findings that a mutant CC3 protein, deficient in both these
functions, dissociates from transportin and the NPC in pres-
ence of RanGTP. This hypothesis is further strengthened by
our demonstration that a RanGTP-resistant dominant-nega-
tive form of importin that blocks nuclear transport is a potent
inducer of apoptosis. The mechanisms through which these
two different proteins induce apoptosis might be similar, as
mentioned above, and their ability to inhibit many transport
pathways is probably relevant to their death-promoting activ-
ity. ImpR1.45-462 inhibits import and export mediated by a
variety of karyopherins (25), apparently as a consequence of
the nonproductive occupation of the docking sites on NPC
shared by many karyopherins. CC3 inhibits at least two major
import pathways, and it would be interesting to determine
whether other transport pathways could be affected as well.
Binding of CC3, at least in vitro, to a number of karyopherins,
might indicate that it has a potential to inhibit multiple trans-
port pathways.

Our findings that both CC3 and importin $1.45-462 induce
apoptosis strongly indicate that inhibition of nuclear transport
could serve as general apoptotic signal. This should not be
surprising because nucleocytoplasmic traffic is a fundamental
cellular process. However, importin 31.45-462 is an artificially
created inhibitor, whereas CC3 is a normal cellular protein.
The need for a cellular protein capable of inhibiting nuclear
import is not immediately clear. CC3 is expressed in all normal
tissues examined, but its levels are highly variable in different
tumors and tumor cell lines. Concentrations of endogenous
CC3 in tumor cell lines analyzed vary from undetectable to 3
uM (data not shown). Concentration of importins is consid-
ered to be ~10 wM. It would appear that most cells do not
have enough CC3 protein to sequester importins. However, it
would be unreasonable to expect that cells will express high
amounts of a protein that inhibits nuclear transport, since it
would present a danger of spontaneously shutting down cellu-
lar processes that depend on nuclear trafficking. Indeed, the
highest concentration of exogenously expressed CC3 is found
in N417cc3 cells (i.e., ~9 uM), and these cells are highly prone
to undergo spontaneous apoptosis even under normal growth
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conditions. As is evident from our experiments, a relatively
high concentration of CC3 is needed to induce apoptosis,
whereas very low expression levels of importin 31.45-462 in-
duce a massive apoptosis (Fig. 6C and D). We suggest that the
mechanisms for inhibition of nuclear import by CC3 might
involve nonproductive occupancy of importin docking sites at
the NPC, similar to B1.45-462. However, CC3 will have to
compete with multiple cargo proteins for binding to multiple
members of importin B family at the cytoplasmic face of the
NPC. Although dominant-negative importin inhibits many nu-
clear transport pathways by nonproductively occupying some
limited sites on NPC, a similarly truncated transportin does not
inhibit nuclear import (and does not induce apoptosis). There-
fore, interactions of CC3 with transportin and likely with some
of the other importins at the NPC might have no effect on
nuclear import in general and not lead to apoptosis. This could
explain the difference in the efficiency of killing by CC3 versus
importin 31.45-462.

We believe that under certain conditions cells might have to
inhibit nuclear transport, perhaps temporarily. There is some
published evidence to support this. The classical nuclear im-
port/export pathways of poly(A) RNA are inhibited by heat
shock (28). In addition to heat shock, several other types of
stress in S. cerevisiae inhibit protein import (46). Nuclear im-
port has been shown to be downregulated by phosphorylation
(23). Reduction in the rate of nuclear import occurs in aged
fibroblasts (40), suggesting that cells indeed possess mecha-
nisms to negatively regulate nuclear transport. We speculate
that under conditions of stress, the levels of CC3 protein could
be elevated or it could be recruited to the nuclear envelope,
resulting in reduced efficiency of nuclear transport. Indeed,
expression of CC3 was reported to be significantly increased
after heat shock treatment (35) and gamma irradiation (7).
Our preliminary results indicate that the association of CC3
with importins is increased in preapoptotic cells compared to
cells cultured under normal conditions. Obviously, further
study is needed to fully understand the physiological signifi-
cance of CC3-induced inhibition of the nuclear import path-
ways.
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