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Expression of the clusterin (CLU) gene results in the synthesis
of a conventional secretory isoform set (pre- and mature secre-
tory clusterin proteins, psCLU/sCLU), as well as another set of
intracellular isoforms, appearing in the cytoplasm (pre-nuclear
CLU, pnCLU) and in the nucleus as an ~55-kDa mature nuclear
clusterin (nCLU) form. These two isoform sets have opposing
cell functions: pro-survival and pro-death, respectively.
Although much is known about the regulation and function of
sCLU as a pro-survival factor, the regulation and function of
endogenous nCLU in cell death are relatively unexplored. Here,
we show that depletion of endogenous nCLU protein using
siRNA specific to its truncated mRNA increased clonogenic sur-
vival of ionizing radiation (IR)-exposed cells. nCLU-mediated
apoptosis was Bax-dependent, and lethality correlated with
accumulation of mature nCLU protein. nCLU accumulation was
regulated by CRM1 because binding between CRM1 and nCLU
proteins was significantly diminished by leptomycin B (LMB),
and nuclear levels of nCLU protein were significantly enhanced
by LMB and IR co-treatment. Moreover, LMB treatment signif-
icantly enhanced IR-induced nCLU-mediated cell death
responses. Importantly, bax™'~ and bax™'~/bak™'~ double
knock-out cells were resistant to nCLU-mediated cell death,
whereas bak™'~ or wild-type bax™*'*/bak™'* cells were hyper-
sensitive. The regulation of nCLU by CRM1 nuclear export/im-
port may explain recent clinical results showing that highly
malignant tumors have lost the ability to accumulate nCLU lev-
els, thereby avoiding growth inhibition and cell death.

Clusterin (CLU)? is a stress-induced protein implicated in apo-
ptosis, complement-mediated cell lysis, lipid transport, central
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nervous system disorders, glomerulonephritis, and atherosclerosis
(1). Elevated CLU mRNA levels are observed in many cancers,
including those of breast, esophagus, and colon (1-3). Induction of
CLU mRNA and its secreted protein forms (psCLU, sCLU) are
commonly associated with apoptosis in the heart, breast, prostate,
brain, lung, liver, kidney, pancreas, and retina after various cell
stresses (4—14). Elevated sCLU levels were noted in regressing rat
ventral prostate following castration (15).

Two different sets of CLU protein isoforms have been
described in mammalian cells, a conventional secreted isoform
set (pre-secretetory and secretory, psCLU and sCLU, respec-
tively) that has pro-survival functions, and a cytoplasmic/nu-
clear (pnCLU/nCLU) isoform set that has pro-apoptotic cell
death functions. Pre-secretory CLU is synthesized by transla-
tion from the first AUG codon of full-length CLU mRNA,
which directs the synthesis of a leader peptide targeting the
protein to the endoplasmic reticulum. The mature secretory
(sCLU) protein is ultimately secreted from cells as a heavily
glycosylated and proteolytically cleaved 80-kDa protein (16).
Overexpression of sCLU in human prostate cancer cells results
in drug resistance and cytoprotection against a variety of cyto-
toxic agents that induce apoptosis (13,17, 18). CLU functions as
an extracellular chaperone that binds hydrophobic regions of
partially unfolded proteins and via an ATP-independent mech-
anism. It inhibits protein aggregation and precipitation, other-
wise caused by physical or chemical stresses (e.g. heat, oxidative
reduction) (19). Thus, sCLU was classified as a functional hom-
olog of the small heat shock proteins (20, 21). Depletion of
sCLU protein levels using siRNA specific to exon II caused dra-
matic increases in the radiosensitivity of transfected MCE-7
breast cancer cells (22). Similar results were reported for vari-
ous chemotherapeutic agents (5, 12). The efficacy of siRNA
specific to sCLU was enhanced further by nanoparticle micelle
delivery, enhancing strategies for improving tumor-selective
radiotherapies as well as chemotherapies (11). Thus, sCLU is a
general pro-survival factor in most cells after stress, acting to
clear cell debris from traumatized tissue. The anti-apoptotic
function of sCLU was attributed to its ability to bind, sequester,
and prevent the movement of the pro-apoptotic Bax protein
into mitochondria (14, 23).
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In contrast, a pro-death intracellular (pnCLU) or nuclear
CLU (nCLU) isoform set has also been described (8, 10).
Numerous groups have reported accumulation of nCLU in the
nuclei of stress-induced cells undergoing apoptotic cell death
(4, 8,9, 10). We previously showed that pnCLU was translated
in human cells from an alternatively spliced nCLU mRNA, cre-
ated by direct splicing of exons I and III (8). This splicing event
eliminated exon II that encoded the first AUG start codon and
the endoplasmic reticulum-targeting signal peptide present in
sCLU mRNA (8). Translation from this truncated nCLU
mRNA, using a second in-frame AUG codon in exon III, pro-
duced an ~49-kDa nCLU protein located in the cytoplasm.
Unlike sCLU, the mature ~55-kDa nCLU co-immunoprecipi-
tated with Ku70 after cell stress (e.g. after IR exposure) and its
C-terminal region contained a functional nuclear localization
sequence (NLS) and pro-death coiled-coil domain (8, 17).
Overexpression of nCLU, but not NLS-mutated nCLU, nor
nCLU mutated in its Ku70 binding domain, induced apoptotic
cell death.

The regulation and roles of nCLU protein before and after
stress have not been examined thoroughly. We showed previ-
ously that in log phase MCF-7 cells endogenous nCLU protein
was located predominantly in the cytosol (17), apparently
sequestered or excluded from the nucleus. Exposure to high
doses of IR (>1 Gy; =LD,,) (8, 17) or cytotoxic doses of
TGF-B1 (10) triggered accumulation of nCLU in the nuclei of
exposed cells. Overexpression of nCLU in MCEF-7 cells acted as
a pro-death signal, inhibiting cell growth, inducing G, cell cycle
arrest responses, stimulating apoptosis, and resulting in dra-
matic losses in clonogenic survival (8, 17). Thus, with two
apparently functional NLSs in pnCLU, it was not clear how
pnCLU was regulated in its basal state, where it was sequestered
in the cytosol. It was also unclear how nCLU accumulated after
cytotoxic cell stress responses (i.e. 1 Gy) in the nuclei of irra-
diated cells scheduled to undergo cell death (apoptosis).

Here, we report that endogenous nCLU is a major pro-death
factor, affecting the radiosensitivity of cancer cells. Its subcel-
lular localization is regulated by a defined NLS (8) and the
CRM1 nuclear transport/exportin protein. Binding between
nCLU and CRM1 was inhibited by leptomycin B (LMB), which
significantly enhanced nCLU accumulation and cell death of
both untreated and cell stress (IR)-exposed cancer cells. Spe-
cific nCLU protein knockdown using a splice-specific siRNA
significantly spared cell death and enhanced long term clono-
genic survival of IR-treated cells. Furthermore, bax expression
was critical to cell death mediated by mature nCLU because
genetically deficient cells lacking bax expression, as well as
nCLU-resistant bax-defective cells, were resistant to nCLU-in-
duced cell death. Because two recent clinical reports showed
that aggressive esophageal, breast, and colon tumors have sig-
nificantly lowered overall basal nCLU levels and nuclear accu-
mulation with concomitantly high levels of sCLU (1, 2), data
presented in this paper may offer potential insights into resis-
tance mechanisms. Thus, CRM1 activity may correlate with
aggressiveness in tumors as otherwise regulatory mechanisms
that control expression and intracellular regulation of nCLU
and its growth-suppressive responses may be abrogated.
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EXPERIMENTAL PROCEDURES

Chemicals and Tissue Culture—LMB was purchased from
the Sigma. Human osteosarcoma U-2 OS cells were purchased
from the American Tissue Culture Collection (Manassas, VA).
MCE-7 human breast cancer cells were grown in RPMI 1640
medium (Invitrogen) as described (16). Wild-type, bax '~/
bak*'", bax™'" /bak~'~, and bax '~ /bak~’~ mouse embry-
onic fibroblasts (MEFs) were generously provided by Dr. Craig
Thompson (Memorial Sloan Kettering) and grown as described
(18).

siRNAs—A double strand siRNA 23-oligomer was made
against a nCLU-specific sequence (see Fig. 1A) that spanned the
exon I/exon III junction. siRNA-nCLU and scrambled siRNA
(siRNA-Scr) (0.02-umol scale) were synthesized by Dharma-
con (Lafayette, CO). Mock transfections using transfection rea-
gent alone were performed as controls.

Intracellular Localization Studies Using Confocal Analyses—
The human nCLU open reading frame (ORF) was cloned by
RT-PCR from MCE-7 cells, inserted in-frame with hrGFP into
the Smal site of the phrGFP-N1 vector (Stratagene), and veri-
fied by DNA sequencing. All transfections were performed
using Lipofectamine Plus™ as described by the manufacturer
(Invitrogen). For confocal microscopy, MCE-7 cells were plated
onto coverslips in 6-well dishes at 2 X 107 cells/well and trans-
fected with 1 ug of plasmid DNA/well. After transfection (24 h),
cells were treated with IR (5 Gy) using a "*’Cs radiation source
(17). LMB (10 or 20 ng/ml) was added 1 h prior to IR exposure
and 24— 48 h after treatment. IR-exposed and/or LMB-treated
cells were fixed 48 h after treatment with ice-cold methanol for
10 min at 20 °C, rinsed twice with PBS, and treated with RNase
A (1 pg/ml in PBS) for 20 min at 37 °C. Cells were mounted in
propidium iodide (PI)-containing Vectashield™ mounting
medium (Vector Laboratories, Burlingame, CA), and micros-
copy was performed using an MRC 1024 confocal laser scan-
ning microscope (Bio-Rad). Photomicrograph z-sections were
taken at X 1000 magnification. For quantification, at least 200
GFP-positive cells were visually screened for intracellular dis-
tribution of hrGFP-nCLU protein and its co-localization with
PI-stained nuclei. The number of cells with nuclear-only, cyto-
plasmic and nuclear, or cytoplasmic-only intercellular localiza-
tion of GFP-fused proteins was counted manually. Percentages
means * S.D. of cells in each population were then calculated.
All experiments were performed three times in triplicate, and
statistical significance (p values) was evaluated by Student’s ¢
tests.

Generation of the C-terminal 120-Amino Acid Residue Frag-
ment of nCLU (C120) and HA-tagged C120 Plasmids—Using
specific primers, either the C120 cDNA (primers used: C120-
HindIII forward, 5'-CGAATTCGCGGAAGCTTCATGTCT-
GTGGACT-3" and RevBamHIstop, 3'-ATCAGATGGATC-
CTTATCACTCCTCCCGGTGCTTTTTGC-5") or a C120
¢DNA containing an HA tag at its 5'-end (primers used:
HA-C120-HindIII forward, 5'-AACCCAAAAAAAGAAG-
CTTGTATGGCT-3" and RevBamHIstop, 3'-ATCAGATG-
GATCCTTATCACTCCTCCCGGTGCTTTTTGC-5') were
amplified from the original pACT2-C120 vector (13). The
c¢DNA of interest was excised using HindIII and BamHI and
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subcloned directly into pcDNA3.1/Myc-His ", which contains a
Geneticin resistance gene (Invitrogen). Expression from
pACT2-C120 produces a polypeptide with a theoretical and
actual molecular mass of ~16.3 kDa, whereas the HA-tagged
HA-C120 vector expressed a molecular mass of ~19.5 kDa.
Correct cloning was verified by double strand DNA sequencing,
and expression was verified using 12% SDS-PAGE analyses.
Isolation of nCLU-resistant Cells—Resistance to nCLU-me-
diated cell death was explored using C120 forced overexpres-
sion in U-2 OS osteosarcoma cells. Resistant cell lines that
expressed varying levels of C120-related nCLU proteins were
isolated. Briefly, cells were transfected with pcDNA3.1 vector
alone, C120, or HA-C120 plasmids using Lipofectamine
2000™., Transient overexpression and cell responses were
monitored 48 h after transfection, as well as at various times
thereafter as described (17). To isolate cell lines that stably
overexpress C120 or HA-C120 polypeptides, transfectants
were selected in Complete medium containing 800 ug/ml
Geneticin, beginning 48 h after transfection. To avoid clonal
variation, pools of transduced cells were isolated and analyzed.
All transfectants were tested for C120 or HA-C120 polypeptide
expression by immunoblotting using the H330 antibody (Santa
Cruz Biotechnology). Apoptotic rates were quantified by cyto-
plasmic histone-associated DNA fragmentation at 48 h after
transfection using the Cell Death Detection ELISA”"YS photo-
metric enzyme-immunoassay method (Roche Applied Sci-
ence). Colonies and transfectant cell number were counted
after growing an equal starting number of cells for 11 days in
Geneticin-containing medium. Colonies were tested for nCLU
expression, as well as bax ™'~ expression because loss of Bax
expression was predicted to confer resistance based on nCLU-
mediated cell death responses in Bax-deficient MEFs.
Transfections and Colony Forming Ability Assays—Log phase
MCEF-7 cells (5 X 10° cells/60-mm dish) were mock-transfected
or transfected with siRNA-nCLU or siRNA-Scr (5 ug/dish)
using Lipofectamine Plus™. After transfection (48 h), cells
were trypsinized and plated onto 60-mm dishes (500 cells/dish)
in triplicate. Cells were exposed to varying doses of IR as indi-
cated, and 10 days later colonies were fixed and stained with
crystal violet (16), and colonies containing =100 normal
appearing cells counted. Normal-appearing colonies in each
treatment were normalized by plating efficiency of mock-trans-
fected cells, and means of surviving fractions = S.D. were cal-
culated and graphed on semi-log scales. All experiments were
performed three times and evaluated by Student’s £ tests.
Antibodies and Western Blot Analyses—Cells were harvested
either in radioimmuneprecipitation assay buffer for whole cell
extracts or in a hypotonic/hypertonic buffers for cytoplasmic/
nuclear fractionation after various treatments as indicated.
Whole cell extracts (50 ug of total protein) were separated
using SDS-PAGE. nCLU levels were assessed by Western blot
analyses using the H-330 anti-nCLU antibody (Santa Cruz Bio-
technology). Variations in loading were assessed by a-tubulin
levels using an appropriate antibody (EMD Biosciences, San
Diego, CA).
All samples were adjusted to equal protein amounts by Brad-
ford (Bio-Rad) assays, and proteins were resolved by SDS-
PAGE followed by immunoblot analyses. Antibodies against
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human CLU (sc-6419), nCLU (H330), p53 (sc-126), Bcl-2 (sc-
509), Bax (sc-493), and GAPDH (sc-25778) were purchased
from Santa Cruz Biotechnology. Equal protein loading was ver-
ified by GAPDH levels. All Western blots shown were repre-
sentative of experiments performed at least three times.

Co-immunoprecipitations—MCF-7 cells were exposed to 5
Gy and/or LMB as specified, harvested in lysis buffer as
described (24). Each extract (~1 mg of total protein) was added
to 4 g of either the exportin/CRM1 monoclonal antibody (BD
Biosciences Pharmingen) or normal mouse IgG (Santa Cruz
Biotechnology) and incubated overnight at 4 °C. Protein G-aga-
rose beads (Pierce) were added ~12 h later and incubated for
3 h. Beads were collected by centrifugation (500 X g), washed in
PBS, and boiled in 2XSDS-PAGE loading buffer. Total cell
extracts (50 ug) were separated by SDS-PAGE along with
immunoprecipitates. Western blotting was performed as indi-
cated using anti-nCLU H330 (Santa Cruz Biotechnology) or
anti-exportin/CRM1 monoclonal (BD Biosciences Pharmin-
gen) antibodies at 1:2000 and 1:3000 dilutions, respectively.

Cell Death Assays—Apoptotic/necrotic cell populations
were assessed by determining the percentage of sub-G,/G,
populations using flow cytometry (EPICS XL-MCC; Beckman
Coulter) as described (25). Experiments were repeated three
times in triplicate, and means *= S.E. were determined and
graphed using SigmaPlot v.4.0 (SPSS, San Rafael, CA). Cell
responses (X-fold changes in apoptosis, percentage of colony
forming ability, or changes in overall cell number) were moni-
tored for comparison with corresponding controls. Statistical
significance was evaluated using one-way analyses of variance
(ANOVA), and significant differences at p values <0.05 are
indicated on the graphs by asterisks.

RESULTS

nCLU Knockdown Protects Cells from IR Lethality—T o estab-
lish a role for nCLU in IR-induced lethality, we specifically
knocked down nCLU protein expression using a 21-mer siRNA
specific for the exon I/III splicing junction (siRNA-nCLU, Fig.
1A) present in truncated nCLU mRNA, but not in full-length
CLU mRNA. Western blot analyses indicated that the steady-
state level of nCLU was ~2-fold lower in siRNA-nCLU trans-
fectants (lane 2) than in mock-transfected (lane I) or scrambled
siRNA-transfected (siRNA-Scr, lane 3) MCEF-7 cells, 60 h after
transfection (Fig. 1B). In contrast, sCLU levels (generated from
expression from full-length CLU mRNA) were not significantly
altered (p > 0.5) by siRNA-nCLU or siRNA-Scr transfection.
Importantly, siRNA-nCLU MCE-7 transfectants showed a sig-
nificant ~3-4-fold increase in survival after IR exposures of
2—4 Gy compared with mock- or siRNA-Scr transfectants (Fig.
1C). Transfection with siRNA-Scr did not affect the plating
efficiency of MCE-7 cells, the survival of cells post-IR, and had
minimal effects on endogenous nCLU protein levels. In con-
trast, siRNA knockdown of sCLU in MCEF-7 cells enhanced IR
lethality (22). Thus, nCLU is a pro-death factor, whereas sCLU
is a pro-survival factor in the same cells.

Endogenous nCLU Accumulates in the Nuclei of IR-exposed
Cells—We previously showed significant accumulation of
mature ~55-kDa nCLU protein in the nuclei of IR-exposed
MCE-7 cells (17). To investigate the kinetics of this transloca-
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FIGURE 1. nCLU knockdown creates IR-resistant MCF-7 cells. A, sequence
of double strand siRNA-nCLU. The AUG translational start site for nCLU pro-
tein is underlined. The arrow indicates the exon I/lll junction that results from
nCLU-specific alternative splicing (8). B, changes in nCLU and sCLU protein
levelsin MCF-7 cells 60 h after transfection with sSiRNA-nCLU. MCF-7 cells were
transfected as follows: lane 1, mock-transfected cells; lane 2, siRNA-nCLU,
siRNA selective for nCLU and the exon I/Ill junction (arrow, A); and lane 3,
siRNA-Scr, siRNA 21-oligomer generated to a nonspecific sequence in the
human genome. nCLU, sCLU, and a-tubulin steady-state protein levels were
monitored by Western blot analyses. The blot shown is representative of
experiments performed three or more times. C, MCF-7 cells transfected with
siRNA-nCLU and resistant to IR. MCF-7 cells were transfected with
siRNA-nCLU (open triangles), siRNA-Scr (filled circles), and mock-siRNA (filled
squares) as described under “Experimental Procedures.” Colony forming
assays were performed on transfectants as described under “Experimental
Procedures.” An increase in the surviving fraction of siRNA-nCLU-transfected
MCF-7 cells after exposure to 2-4 Gy versus mock- or scramble-siRNA-
transfected cells was noted (p < 0.01).

tion further, time course studies of nCLU intracellular localiza-
tion in MCF-7 cells before and after 5 Gy were performed. In
control cells, roughly equivalent levels of nCLU were noted in
the cytoplasm and nucleus (Fig. 2B). Western blot analyses
showed an increase in total nCLU protein of ~3-fold, beginning
at 3 h and peaking at 6 h after 5 Gy (Fig. 2A4). In fractionation
studies, we noted a 2—3-fold increase in cytoplasmic levels at 3 h
after irradiation and detected a dramatic shift (3—5-fold
increases in separate experiments) of nCLU localization from
the cytoplasm toward the nucleus at 6 h (Fig. 2B). Interestingly,
the accumulation of nCLU within nuclei of exposed cells was
temporary, with gradual decreases in total and nuclear nCLU
proteins observed by 18 h after IR. Levels of total nCLU protein
returned to the pre-irradiated state at 24 h followed by a second
peak of nuclear localization at 30 h (Fig. 2). This second increase
in nuclear localization of mature nCLU in cells destined to die
was previously noted and detected by confocal microscopy (17).
The rapid disappearance of nCLU from the cytoplasm with
simultaneous accumulation in the nucleus at 6 h after IR treat-
ment led us to a hypothesis that retention of nCLU in the cyto-
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FIGURE 2. nCLU protein is transiently induced and accumulates in the
nuclei of IR-treated MCF-7 cells. A, MCF-7 cells were mock-irradiated (0 Gy)
or exposed to IR (5 Gy), and whole cell extracts were prepared from half of the
cells at various times after IR. Western blot analyses were performed using
anti-nCLU (CY-1, upper), or anti-B-actin (lower) antibodies. B, half of the cells
from the experiment described in A were subjected to subcellular fraction-
ation. Nuclear and cytoplasmic fractions were separated and analyzed using
Western blotting. The CY-1 antibody was used to detect nCLU protein. The
purity of each fraction was verified using YY-1 and LDH antibodies for nuclear
and cytoplasmic fractions, respectively. Immunoblots shown are representa-
tive of experiments performed three or more times.

plasm of nonirradiated MCE-7 cells might be, at least partially,
mediated by nuclear export processes, possibly by the CRM-1/
exportin protein.

LMB Enhances nCLU Accumulation after IR—Overex-
pressed GFP-nCLU accumulated in the nuclei of irradiated
MCE-7 cells with the same kinetics and IR dose response as
endogenous nCLU protein in irradiated MCEF-7 cells (8, 17).
Thus, hrGFP-nCLU-transfected MCEF-7 cells were used as a
model to study the regulatory mechanisms of cytosolic reten-
tion of nCLU in MCEF-7 cells before and after IR. To test the role
of CRM-1 in excluding nCLU from the nucleus, we examined
the effects of LMB on the intracellular localization of nCLU
before and after IR exposure. Treatment of log phase MCF-7
cells with 20 ng/ml, but not 10 ng/ml LMB (Fig. 34), resulted in
accumulation of hrGFP-nCLU (28 * 2%) in the nuclei of
treated versus control MCF-7 cells (8 = 1) (Table 1). As
observed previously, exposure of MCF-7 cells to IR (5 Gy) sig-
nificantly enhanced nuclear nCLU levels (17), and adding LMB
(10 ng/ml) further increased nCLU levels (18 = 3% and 41 *
5%, respectively, Table 1). Interestingly, LMB alone at 20 ng/ml
induced significant accumulation of endogenous nCLU in the
cytoplasm (Fig. 3B) of exposed cells. This effect was most likely
due to the cytotoxicity of LMB resulting in new nCLU protein
synthesis. Similar nCLU induction was observed after exposure
of cells to a number of other cytotoxic and stress-inducing
agents, such as vanadium and heat shock (15, 25). Increases in
nuclear levels of nCLU as a result of LMB treatments of IR-
exposed MCEF-7 cells corresponded to loss of cytoplasmic levels
of nCLU (Fig. 3B). Binding of CRM1 to nCLU protein was
diminished at 6 h after exposure to IR (Fig. 3C); this time point
coincided exactly with the maximum accumulation of nCLU in
the nuclei of cells exposed to IR (Fig. 2B). Interestingly, at 24 h
after IR treatment the binding of CRM1 to the nCLU protein, as
observed by co-immunoprecipitation analyses, increased
>2-fold (Fig. 3C). Addition of LMB (10 ng/ml) significantly
decreased CRM1-nCLU binding; the observed LMB-mediated
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FIGURE 3. Nuclear accumulation of hrGFP-nCLU increases after IR or LMB.
A, log phase MCF-7 cells were transfected with hrGFP-nCLU or hrGFP alone.
Twenty-four hours after transfection, cells were treated with IR + LMB. Forty-
eight hours after transfection, cells were analyzed for hrGFP-nCLU expression
with nuclei counterstained with PI. The photomicrographs shown are repre-
sentative of studies performed three or more times. See Table 1 for quantifi-
cation of hrGFP-nCLU nuclear localization. B, LMB enhances IR-induced
nuclear accumulation of nCLU. MCF-7 cells were treated with 10 ng/ml LMB
and/or 5 Gy. Cells were harvested 24 h after exposure, and the samples were
separated into nuclear and cytoplasmic fractions. nCLU was detected by
Western blotting using the CY-1 antibody. C, IR-dependent profiling of nCLU
binding to CRM1 is shown. Whole cell extracts and immunoprecipitations (/P)
were performed using the anti-CRM1 or control normal IgGs. The same CRM1
antibody was used to detect CRM1 inimmunoprecipitates, and the CY-1 anti-
body was used to detect nCLU by Western blotting (WB). Input lanes show
steady-state levels of nCLU and CRM1 proteins detected in the same whole
cell extracts used for the immunoprecipitations. D, LMB (10 ng/ml) abrogates
nCLU-CRM1 binding. IR-, LMB-, or IR-LMB-exposed cells were lysed, and co-
immunoprecipitations were done asin C.Inputindicates steady-state levels of
the nCLU and CRM1 proteins detected by Western blotting in the same whole
cell extracts used for the immunoprecipitations.

e > |
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decrease in CRM1-nCLU binding was further enhanced (~3-
fold) in LMB-exposed, IR-treated MCF-7 cells (Fig. 3D). These
data are consistent with the theory that IR exposure stimulates
pnCLU translocation to the nucleus, however, a LMB-sensitive
CRM1-mediated process acts to prevent nCLU accumulation
and spare apoptotic cell death.

nCLU-induced Cell Death Is Bax-dependent—We previously
defined a site within Ku70 that bound nCLU and showed that
nCLU could prevent Ku end binding responses in double strand
break repair after IR (13, 17). Separately, we also demonstrated
that Ku70 protected against Bax-dependent cell death and
defined Ku70-Bax interactions (26). Thus, a role for Bax in
nCLU-mediated cell death was examined. Isogenic bax '~/
bak™'~, bax*'" |bak™'~, bax™'~ /bak*’", and wild-type (WT)
immortalized MEFs were transfected with either hrGFP or
hrGFP-nCLU (18). One day (24 h) after transfection, cells were
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collected and stained with PI, and cell death responses were
calculated as percentage sub-G; /G, cells using flow cytometry
(Fig. 4).

Overexpression of hrGFP-nCLU caused a Bax-dependent
cell death response in irradiated MEFs (Fig. 4) because all cells
lacking bax were resistant to nCLU-induced cell death
responses (Fig. 4). IR-exposed wild-type MEF cells or bax™/
bak ™ cells exhibited extensive apoptosis (44 = 4% or 55 = 7%,
respectively) following hrGFP-nCLU transfection. In contrast,
irradiated bax '~ /bak '~ cells were not sensitive (<20% of
apoptosis) to nCLU overexpression. These data strongly sug-
gested that nCLU-dependent apoptosis was mediated by Bax.

nCLU-resistant Cell Populations Have Significant Loss of Bax
Expression—A plasmid expressing the C-terminal polypep-
tide fragment of nCLU (i.e. C120) was minimally required to
induce nCLU-mediated apoptosis functionally (17). To
examine further the function of the nCLU isoform, a C-ter-
minal polypeptide of nCLU (C120 fragment with or without
an HA tag for protein-protein interaction analyses) was
overexpressed in U-2 OS cells. Overexpression of C120 and
HA-C120 polypeptides was noted (Fig. 54). As expected
(17), transfection of U-2 OS cells with C120 or HA-C120
caused significant apoptosis (Fig. 5B), loss of viable cells (Fig.
5D) within 24 h, as well as significant loss of long term sur-
vival monitored by colony forming ability (Fig. 5C). Indeed,
transfection of U-2 OS cells with C120 or HA-C120 com-
pared with vector alone control cells resulted in >75%
lethality (Fig. 5D), corresponding to an ~2-fold increase in
apoptosis at 24 h (Fig. 5B). Furthermore, colonies formed by
cells overexpressing C120 or HA-C120 were significantly
smaller, as confirmed by cell counting (Fig. 5D). Analyses
revealed ~85% fewer cells in C120- or HA-C120-overex-
pressing colonies compared with mock- or vector-alone-
transfected controls. At random, colonies from each trans-
fection were isolated and grown under Geneticin (G418)
selection. Interestingly, populations expressing stably
HA-C120 or C120 proteins grew with kinetics identical to
vector-alone-expressing, G418-resistant cells; doubling
times and basal apoptotic levels were not altered in C120,
HA-C120, or vector-alone cell populations. Expression anal-
yses of these cell lines revealed a significant down-regulation
of basal Bax protein levels (3—5-fold, Fig. 6) in HA-C120- or
C120-transfected versus mock or vector-alone cell lines. In
contrast, there were no changes in p53 or Bcl-2 protein levels
using GAPDH as loading (Fig. 6).

DISCUSSION

Our data demonstrate that endogenous nCLU protein
contributes to IR-induced cytotoxicity at clinically relevant
doses (=2 Gy) of IR. Selective knockdown of endogenous
nCLU using siRNA resulted in dramatic resistance to IR-
induced lethality. These data strongly suggest that endoge-
nous nCLU plays a significant role in lethality induced by IR.
This function of endogenous nCLU is opposite that demon-
strated for sCLU, where sCLU protein knockdown signifi-
cantly enhanced sensitivity to chemotherapy (12) and IR (11,
22) in MCF-7, as well as other cell lines examined. Collec-
tively, these data suggest that CLU gene expression plays a
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TABLE 1

Exposure of cells to LMB enhances accumulation of nCLU in the nucleus and cell death

IR Treatment condition” Cells with hrGFP~ nCLU™ cytoplasm hrGFPnCLU™* nuclei Apoptosis
% % %
uT uT 92 +2 8§+ 1° 6+ 2°
LMB¢ 732 28 + 2° 10 + 3%
10 Gy uT 82+ 3 18 + 3% 32+ 6"
LMB? 59+5 41 *5° 89 + 4°
“ Log phase MCEF-7 cells were mock- or IR-exposed (5 Gy), then treated with or without various doses of LMB. UT, untreated.
? p < 0.01 by Student’s ¢ tests.
¢ LMB, a fairly specific inhibitor of CRM1, was added at 10 ng/ml for 24 h.
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FIGURE 4. Bax is required for nCLU-induced cell death. Log phase MEFs C — 30
were transiently transfected with hrGFP-vector or phrGFP-nCLU. Twenty-four I
hours later, cells were trypsinized, fixed, and stained with PI. The fraction of = S 1004
sub-G,/G, cells within the total cell population for each treatment condition 2T s
was determined using flow cytometry. Parallel experiments included hrGFP- > >':
vector alone or phrGFP-nCLU-transfected cells exposed to 5 Gy. Each dataset S o 607
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represents three independent transfections performed in triplicate each. Bars Q40 >
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key role in the intracellular decisions determining life and
death in irradiated cells. Our data are the first to demon-
strate a direct function of nCLU in cell death responses in
human and mouse cells.

Accumulation of nCLU in the nuclei of MCE-7 cells follow-
ing IR induces cell death in an apoptotic process that we dem-
onstrate requires Bax expression. We showed previously that
the C terminus of nCLU contained a coiled-coil domain that
bound Ku70 and blocked Ku end binding activity (13, 17). The
C terminus of nCLU also contained a functional NLS domain
that allowed its accumulation in the nuclei of irradiated MCF-7
cells, corresponding to IR-induced cell death (8, 17). The pres-
ence of a strong functional C-terminal NLS within the nCLU
protein appeared to contradict the apparent, largely cytoplas-
mic localization of nCLU in nonirradiated control cells, such as
in MCF-7 breast cancer cells. Therefore, we investigated the
regulation of nCLU distribution in irradiated compared with
untreated MCEF-7 cells.

Recent findings have shown that the Bax pro-apoptotic pro-
tein forms a complex with Ku70 and is released in response to
apoptotic stimuli (23). Additionally, recent studies suggest that
nCLU contains a putative BH3 motif in its C-terminal coiled-
coil domain. Using this domain, nCLU can sequester Bcl-XL
and, as a consequence as we have shown, cause release of pro-
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FIGURE 5. Phenotypic effects of forced C120 or the HA-tagged C120 peptide
overexpression in the U-2 OS cells. A,immunoblot analyses of extracts derived
after transient transfection of C120-related plasmids in U-2 OS cells results in
overexpressed levels of the corresponding C120- and HA-C120 nCLU-related
polypeptides. Molecular mass markers are shown for each blot. Protein loading
was monitored by GAPDH levels. psCLU denotes the intracellular sCLU precursor
isoform; sCLU denotes the a- and B-chains of the heterodimeric mature sCLU
isoform. B, U-2 OS cells were transfected with C120 or HA-C120 plasmids as in A,
wherein elevated levels of C120 or HA-C120 promote cell death. X-fold changes
in apoptosis were calculated by monitoring sub-G,,G; cell populations formed in
48 h as described under “Experimental Procedures.” C, cells were treated as
described above, and changes in cell number were monitored. D, U-2 OS cells
were treated as described above, and survival was monitored by colony forming
ability assays. In B-D, results are means = S.E. from experiments performed three
or more times, each in triplicate.

% Changein
cell number

apoptotic Bax to promote apoptosis. Cell death was accompa-
nied by cytochrome c release and activation of caspase-3 (6). A
structural model of the Bcl-XL-nCLU BH3 peptide complex
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FIGURE 6. Down-regulation of Bax in C120-resistant U-2 OS cells. Immu-
noblot analyses of whole cell lysates derived from pools of U-2 OS cells stably
transduced with vector alone, C120, or HA-C120 plasmids are shown.
Although C120 exerts a potent pro-death activity in U-2 OS cells, a small
fraction of cells survived with low expression levels of C120 or HA-tagged
C120 polypeptides (see expression of these polypeptides in the top panel).
Bax expression was monitored and found to be significantly lower in these
resistant populations. In contrast, p53 or Bcl-2 proteins remained unchanged.
Molecular mass markers are shown, and equal protein loading was monitored
by GAPDH levels. Relative Bax levels were calculated with respect to GAPDH
levels as loading controls. Western blots shown are representative of experi-
ments performed three or more times.

revealed that the binding mode is remarkably similar to those of
other Bcl-XL-BH3 peptide complexes (7). Our data showing
that nCLU-mediated cell death is Bax-dependent is consistent
with these findings.

A number of proteins are shuttled out of the nucleus via the
CRM1-dependent regulatory pathway. The CRM1 protein
forms a complex with RanGTP and a nuclear export sequence
(NES)-containing cargo protein (27, 28). The NES-containing
cargo is exported to the cytoplasm, where the RanGTP-CRM1-
cargo complex is dissociated upon GTP hydrolysis. LMB binds
directly to CRM1 and inhibits its interaction with the NES
motif of the cargo protein (29). Although no classical leucine-
rich NES in the nCLU protein was noted, this protein may have
afunctional NES that either contains a nontraditional sequence
or is transported out of the nucleus in a complex composed of as
yet unidentified NES-containing protein.

As mentioned above, binding of nCLU protein to CRM1 and
the overall nuclear export of wild-type nCLU protein were sen-
sitive to IR. The co-immunoprecipitation data clearly suggest a
close interaction between nCLU-CRM1, but this protein-pro-
tein interaction was abrogated after cells were exposed to IR.
The effects of IR on CRM1-nCLU protein-protein association
and possible IR-induced modification of nCLU are currently
under investigation in our laboratory.

nCLU appears to be one of a number of proteins whose
nuclear export is altered by IR or other cytotoxic agents that
cause DNA double strand breaks. IR inhibits CRM1-dependent
nuclear export of cyclin B1 and activation-induced cytosine
deaminase (30, 31). Similar to nCLU, IR-induced accumulation
of cyclin B1 in the nucleus is associated with apoptosis (31). In
addition to IR, nuclear export of activation-induced cytosine
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deaminase is inhibited by bleomycin and H,O,, but not UV
(30), suggesting that only agents that cause DNA double strand
breaks abrogate CRM1-mediated export. In contrast, CRM1-
dependent nuclear export of BRCA1 was enhanced after IR
(32). This suggests that CRM1 remains fully active after IR and
that inhibition of nuclear export may be due to changes in cargo
proteins and not to the export machinery itself. Changes in
cargo proteins may include covalent modifications and/or con-
formational changes that make NES motifs inaccessible to
CRML1. The conformational changes or covalent modifications
in nCLU that lead to its dissociation from CRM1 remain to be
determined. Our prior data suggested that the N- and C-termi-
nal coiled-coil regions of nCLU could bind each other (8), mak-
ing self-folding/unfolding a potential mechanism for exposing
its NLS.

We hypothesize that nCLU activation and accumulation into
the nuclei of IR-treated MCEF-7 cells may sequester Ku70, pos-
sibly in conjunction with stress-induced acetylation of Ku70
(33). Thus, nCLU in MCF-7 cells may compete with and affect
Ku70-Bax interaction interactions. Data in Fig. 5 are consistent
with a role of nCLU in Bax-mediated cell death responses.

Our laboratory is investigating the details of Bax-dependent
cell death induced by nCLU after IR. The recent discovery that
nCLU binds Bcl-XL via a novel BH3 domain (6, 7) directly
implicates nCLU in the regulation of Bax-mediated cell death.

Based on our data with LMB, we conclude that a basal level of
active nCLU is continually exported from the nucleus to the
cytoplasm in untreated cells. Cells appear to maintain a con-
trolled level of nCLU in both cellular compartments. The pres-
ence of nCLU in the nucleus of cells under control conditions is
consistent with our prior results (13, 17) and strongly suggests a
normal basal function for nCLU in the nucleus. Exposure of
cells to IR causes activation of pnCLU (~49 kDa) to mature
~55-kDa nCLU, resulting in its accumulation in the nuclei of
exposed cells. This accumulation was greatly enhanced by
inhibiting CRM1-mediated export (Figs. 2 and 3) as modeled in
Fig. 7.

Recent clinical data suggest that aggressive tumors of the
esophagus, breast, and colon have elevated sCLU with concom-
itant reduced nCLU protein levels in the nuclei of neoplastic
cells (1, 2). In contrast, the few apoptotic cells present in asso-
ciated normal tissues contained low levels of sCLU, with ele-
vated nCLU protein levels in the nuclei of dying cells. The data
presented here, as well as in our prior papers (8, 17), suggest
that aggressive colon, esophagus, as well as breast tumors may
have altered ratios of sCLU to nCLU protein levels, leading to a
pro-survival microenvironment. Collectively, our data strongly
suggest that the ratio of sSCLU to nCLU expression is a major
determinant of aggressiveness of specific cancers. More specif-
ically, the data presented here suggest that tumor cells may have
an enhanced ability to exclude nCLU from their nuclei,
decrease Bax expression, and/or lose the ability to generate
truncated nCLU mRNA and corresponding pro-death nCLU
protein (8). We are currently examining tumor compared with
associated normal tissue for genetic alterations of the CLU gene
that may explain this apparent loss of a pro-death response
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FIGURE 7. Model for nuclear import/export of the nCLU cell death protein
in control and IR-exposed cells. We propose that in untreated cells, a major-
ity of nCLU is in an inactive conformation as pnCLU, a form most likely folded
onto itself to hide its functional NLS. Under normal growth conditions, a low
level of expressed and active mature ~55-kDa nCLU binds CRM1. Most likely
an intermediate carrier protein is involved, and this complex is actively
exported out of the nucleus. This mechanism of export maintains critical bal-
anced levels of nCLU and prevents cell death. Exposure to IR (=1 Gy) causes
activation of nCLU via a currently unknown mechanism. The net result is the
inability of CRM1 to bind activated nCLU after IR, resulting in accumulation of
nCLU in the nuclei of cells, which enhances cell death and inhibits double
strand break DNA repair. By this mechanism, the nuclear import/export bal-
ance of activated nCLU is shifted toward import. nCLU activation, in turn,
disrupts Ku70-Bax complexes, resulting in Bax release. This mechanism
appears to explain the resistance to nCLU-mediated cell death in bax-defi-
cient cells. Activated nCLU also binds BH3 domain proteins, sequestering
pro-survival proteins such as Bcl-XI.

while simultaneously expressing the pro-survival sCLU
protein.
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