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Abstract

NuMA is a nuclear matrix protein in interphase and distributes to the spindle poles during mitosis. While
the essential function of NuMA for mitotic spindle assembly is well established, a structural role of NuMA
in interphase nucleus has also been proposed. Several observations suggest that the apoptotic degradation
of NuMA may relate to chromatin condensation and micronucleation. Here we demonstrate that four
apoptotic cleavage sites are clustered at a junction between the globular tail and the central coiled-coil
domains of NuMA. Cleavage of a caspase-6-sensitive site at D'’% produced the R-form, a major tail-less
product of NuMA during apoptosis. The other two cleavage sites were defined at D'’?® and D'"#” that were
catalyzed, respectively, by caspase-3 and an unknown aspartase. A NuMA deletion mutant missing the
entire cleavage region of residues 1701-1828 resisted degradation and protected cells from nuclear dis-
ruption upon apoptotic attack. Under such conditions, cytochrome ¢ was released from mitochondria, but
the subsequent apoptotic events such as caspase-3 activation, poly(ADP-ribose) polymerase degradation,
and DNA fragmentation were attenuated. Conversely, the tail-less NuMA alone, a mutant mimicking the
R-form, induced chromatin condensation and activated the death machinery. It supports that intact
NuMA is a structural element in maintaining nuclear integrity.

proteins [2, 3]. Most known functional motifs or
regions of NuMA are localized in the C-terminal
globular tail, including a nuclear localization
signal motif (NLS) [4, 5], four Cdc 2 phosphory-

Introduction

Nuclear-mitotic apparatus protein (NuMA) is a
component of the nuclear matrix with cell cycle-

dependent distribution patterns. In interphase,
NuMA is present in the non-nucleolar regions of
nuclei. During mitosis, it is translocated to the
centrosomal regions of the mitotic apparatus. The
NuMA molecule consists of the globular head and
tail domains, and the central discontinuous «-
helical coiled coils [1], a structural organization
similar to that of the intermediate filament family
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lation sites [6], a spindle-association domain [5, 7],
and binding domains for interaction with a diverse
type of cellular proteins [8-10].

Functions of NuMA for spindle assembly
during mitosis have been well established
[11-13]. However, several observations suggested
that NuMA could also regulate the nuclear
structural integrity in interphase. For examples,
micronucleated cells were induced by microinjec-
tion of NuMA antibodies [14], or by expression
of different tail-truncated NuMA proteins [4].
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The appearance of a tail-less NuMA, namely
R-form, was correlated with the oligonucieoso-
mal laddering and nuclear fragmentation during
apoptosis [15]. We hypothesize that NuMA
cleavage is a common consequence of apoptosis
that contributes to nuclear disruption. -1t has
been demonstrated that NuMA is cleaved by
granzyme B and caspase-3 to generate distinct
cleavage fragments [16], and that the cleavage
products of NuMA catalyzed by caspase-3 or
caspase-6 were different in sizes [17]. Further-
more, different protease inhibitors such as
N-tosylphenylalanine  chloromethylketone, io-
doacetamide, and synthetic tetrapeptide blockers
specific to caspase-3 or caspase-6 suppressed the
cleavage of NuMA upon apoptotic induction
[16-18]. Additionally, NuMA was not cleaved in
caspase-3 null MCF7 breast cancer cells [19], but
the cleavage was restored in the stable clones of
MCF7 expressing procaspase-3 during stauro-
sporine-induced apoptosis [20]. These observa-
tions imply that there are caspase-dependent and
independent pathways for NuMA cleavage at
multiple positions. One apoptotic cleavage site
upon drug treatment has been mapped to the
globular tail of NuMA ranging from residues
1701 to 1725 [18]. Furthermore, overexpression
of the full-length NuMA led to the formation of
a quasi-hexagonal lattice-like structure in the
nucleus [21]; bacterially expressed NuMA under-
went self-assembly into multiarm oligomers
in vitro [22]. On the other hand, silencing of
NuMA gene by RNA interference resulted in
apoptotic phenotypes [23]. These findings suggest
that NuMA with its unique molecular features
may play a structural role in cell nucleus.

Here, we demonstrate that there are four
apoptotic cleavage sites in the globular tail region
of NuMA within amino acid residues 1701-1828.
Cleavage at D' generates the R-form of
NuMA during apoptosis. Upon apoptotic attack,
an uncleavable mutant of NuMA does not
prevent the early apoptotic event of cytochrome
¢ release, but protects cells from nuclear disrup-
tion and blocks subsequently the apoptotic
amplification. Cells overexpressing a tail-less
NuMA, a mutant mimicking the R-form of
NuMA, exhibit chromatin condensation and gain
apoptotic phenotypes. These findings imply that
intact NuMA plays an important role in orga-
nizing the nuclear structure in interphase.

Materials and methods
Cell cultures, antibodies, and reagents

HeLa Tet-Off cell line (tHeLa, a cervical epitheloid
carcinoma cell line carrying the tetracycline repres-
sor gene TetR; Clontech) and 293T cells (an
embryonic kidney cell line carrying the SV40 large
T antigen) were grown in RPMI 1640 medium
(GIBCO-BRL) and Dulbecco’s Modified Eagle
medium (GIBCO-BRL), respectively; both media
were supplemented with 10% fetal bovine serum
(GIBCO-BRL). Monoclonal antibodies (mAb)
used included HS87 (IgGl, anti-NuMA) [15],
LL1 (IgGl, anti-Ku80 for immunoblotting) [24],
BL9 (IgG2a, anti-Ku80 for immunofluorescence
staining) [24], CP2 (I1gG2a, anti-hNoppl140) [25],
M2 (IgGl, anti-Flag; Sigma), and B-7 (IgG2a,
anti-o-tubulin; Santa Cruz). The following
polyclonal antibodies were also used: rabbit anti-
poly(ADP-ribose) polymerase (PARP) p85 frag-
ment (Promega), rabbit anti-active® caspase-3
(Promega), and sheep anti-cytochrome ¢ (Calbio-
chem). Three apoptotic inducers, staurosporine
(1 mM; Sigma), 5,6-dichloro-1-§-p-ribofuranosyl-
benzimidazole (DRB) (0.5 M; Sigma) and adria-
mycin (2 mg/ml; Sigma), a caspase-3 inhibitor
benzyloxycarbonyl-Asp-Glu-Val-Asp-fluorometh-
ylketone (z-DEVD-fmk) (40 mM; Stratagene) and
a caspase-6 inhibitor benzyloxycarbonyl-Val-Glu-
Ile-Asp-fluoromethylketone (z-VEID-fmk)
(40 mM; Calbiochem) were dissolved in dimethyl
sulfoxide as the stocks and stored in aliquots at
=70 °C. All of the stock solutions were added
directly to the tHeLa or 293T cell cultures at a
final concentration as indicated in each experi-
ment.

Drug treatments

Cells were grown to 30% confluence in 60 mm
dishes or on microscopic coverslips placed in
35 mm dishes. On the next day, fresh medium
was replenished 4 h before the beginning of each
experiment. For apoptotic induction, cells were
incubated in medium containing staurosporine
(1 uM), DRB (0.25 mM), or adriamycin (4 pg/
ml) for 12 h. For inhibitor studies, transfected
tHeLa cells were pre-incubated with z-DEVD-fmk
(100 uM) or z-VEID-fmk (100 uM) for 15 min.
Then, staurosporine (1 uM) was added into



culture dishes in the presence of inhibitor for 12 h.
For all experiments, cells in the dishes (both
attached and floating) were harvested for prepa-
ration of cell lysates and cells on the coverslips
(attached only) were subjected to immunofluores-
cence staining.

Mammalian expression constructs

Expression vector pFLAG-CMV2 (Sigma) or pF-
NLS (derived from pFLAG-CMV2) [26] were used
to express Flag-tagged proteins. All constructs
were generated with inserts located downstream
and in frame with the Flag-epitope sequences. The
full-length NuMA ¢cDNA was made from a partial
cDNA of NuMA, HS3 clone 1 (encoding amino
acids 350-1738) [15]. The 5’-end complete cloning
was accomplished by PCR amplification of a
human leukemia, chronic myelogenous Mara-
thon-Ready™ c¢cDNA (Clontech), using a pair of
primers (forward, 5-CTGTCTGGCATCACCA-
AGATGACACTC-3";  reverse, 5-TTCCTT-
GGCCTGGCTGAGGTTGGA-3); this PCR-
amplified 5’-fragment was ligated with the HS3
clone 1 to create the TM7 (encoding amino acids
1-1738). For cloning the missing 3"-end of NuMA,
we generated cDNA fragment TM4 (encoding
amino acids 1476-2115) by PCR amplification of a
human HeLa 5-STRETCH PLUS ¢DNA library
(Clontech) with a primer set (forward, 5-
TATGTCCAAGAGTTGGCAGCCGTACGTG
CT-3’; reverse, S"TTGGCTACTGTTGGCCTG-
GGAGCTGA-3"). The full-length NuMA c¢cDNA
was created by ligation of TM7 and TM4, and
similarly, TM2 was derived from HS3 clone 1 and
TM4. TM6 and TMS5 were generated by PCR
from the same HelLa cDNA library with the
following paired primers: TM6 (forward, 5-GAC-
AGCGCCAACTCATCGTTCTAC-3'; reverse, 5'-
TTGGCTATCGTTGGCCTGGGAGCTGA-3")
and TMS (forward, 5-TATGTC CAAGAGTTG-
GCAGCCGTACGTGCT-3"; reverse, 5-TAG-
AGACTGAGTAGAGGAGGTGGCTCG-3").
TM3 was generated by PCR using HS3 clone 1 as
the template with a primer set (forward,
5-CGGGGTACCGCAACTTCAGGTGGCTAA-
TGAA-3’; reverse, 5-CTAGTCTAGAGGTGAT-
ACTGAGTGGGGTCCC-3%).

The full-length NuMA mutants (FL-D4A; FL-
DI1A; FL-D5A; FL-D4, 5, 8A; FL-D4, 5, 6, 8A;
FL-D4, 5, 6, 7, 8A; FL-D3, 9A; FL-D4, 8A; and
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FL-DI1, 4, 5, 8A), and the truncated NuMA
mutants (TM4-D1A, TM4-D5SA, TM4-D8A),
were generated by QuickChange® Site-Directed
Mutagenesis Kit (Stratagene) according to the
manufacturer’s protocol. The NuMA mutant
TM1, missing amino acids 1701-1828, was gener-
ated by a strategy of overlapping PCR extension
as described [27]. Briefly, the overlap-extension
PCR used two external flanking primers (primer a:
forward, S-TATGTCCAAGAGTTGGCAG
CCGTACGTGCT-3"and primer d: reverse, 5-
TTGGCTACTGTTGGCCTGGGAGCTGA-3)
complementary to the NuMA sequences that are
about 1.9-kb apart and flank the target deletion
region, and two internal overlapping primers
(primer b: reverse, 5-GAACGATGAGTTGGCG-
CTGTCGAATTTGCCCAGGTCTCGAAGCTG-
3’, and primer c: forward, 5-GACAGCGCCAAC-
TCATCGTTCTAC-3; the bold-italic typefaces
represent the overlapping primer sequences) that
hybridize at sites across the deletion boundary. The
two DNA products amplified from the TM4
template by using the two primer sets of (a + b)
and (¢ + d) were fused after denaturing, annealing,
and extension by pfuTurbo® DNA polymerase
(Stratagene). Then, primers (a + d) were added
into the mixture for PCR amplification (35 cycles).
The PCR products (about 1.5-kb) were cloned into
pGEM®-T Easy vector (Promega) and then con-
structed into a full-length variant, termed TM1,
according to the standard cloning procedures. The
TM4-D4A was also generated by methods of
overlap-extension PCR [27], in which the mutant
sequences were designed in the internal overlapping
primers. As opposed to the other three site-directed
mutagenesis products of TM4 (TM4-D1A, TM4-
D5A, TM4-D8A), the ligation of the TM4-D4A
into the pFlag-CMV?2 vector created an additional
loss of a 66-bp sequence at the multiple cloning
sites. Therefore, the apparent molecular size of
TM4-DA4A is smaller than those of the other three
TM4 mutants (see Figure 2C). All NuMA mutants
generated by PCR were confirmed by DNA
sequencing.

Transfection

Subconfluent cells (30% confluent) grown on glass
coverslips were transiently transfected with puri-
fied plasmid DNA (2 ug per coverslip) by mixing
with Lipofectamine (Invitrogen) according to the
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manufacturer’s protocol. The cells were analyzed
by immunofiuorescence staining 44 h after trans-
fection. Calcium phosphate precipitation method
was used for transfection of cells (30% confluent)
grown on 60 mm dishes. Briefly, 6 pg plasmid
DNA was dissolved in 50 ul of a 2 M CaCl,
solution followed by the addition of TE buffer
(10 mM Tris—HCI [pH 8.0}, 1 mM EDTA) to a
final volume 400 ul. This solution was added
dropwise into 400 ul of HSD solution (50 mM
HEPES, 028 mM NaCl, 1.5mM Na,HPO,,
10 mM KCl, 12 mM dextrose). After 30 min of
incubation at room temperature, the mixture was
added dropwise to cells in a 60 mm dish contain-
ing 3 ml Dulbecco’s Modified Eagle medium
supplemented with 10% fetal bovine serum. After
incubation at 37 °C for 20 h, cells were washed
with phosphate-buffered saline (PBS). After add-
ing 3 ml of fresh medium to each dish, the cells
were returned to 37 °C incubation for another
24 h before preparation of cell lysates.

Immunoblot analysis

Cells were dissolved in Laemmli sample buffer and
boiled for 10 min. Proteins were separated by
SDS-PAGE and transferred to nitrocellulose
filters. The filters were reacted with HS87
(anti-NuMA), LL1 (anti-Ku80), or M2 (anti-Flag)
and then with peroxidase-conjugated goat anti-
mouse IgG (Promega). The specific proteins
were visualized by use of the enhanced
chemiluminescence detection reagents (Amersham
Biosciences).

Immunofluorescence staining and TUNEL assay

Cells grown on coverslips were fixed by 4%
paraformaldehyde (Electron Microscopy Sciences)
in PBS for 20 min at room temperature, followed
by permeabilization with 0.2% Triton-X-100 for
5 min and washing once with PBS. Double immu-
nofluorescence staining was performed as de-
scribed [26]. For co-staining, the ectopically
expressed Flag-tagged NuMA-derived proteins
were detected by anti-Flag mAb M2 followed by
fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse IgG (Jackson), while the active cas-
pase-3, the 85 kD fragment of PARP, or the
endogenous cytochrome ¢ were detected by specific
polyclonal antibodies followed by a matched

secondary antibody either rhodamine-conjugated
goat anti-rabbit IgG (Jackson) or rhodamine-
conjugated donkey anti-sheep IgG (Jackson). For
double staining by mAb of subclasses IgG1 and
[gG2a, the primary IgG1 antibody (anti-Flag) was
detected by FITC-conjugated goat anti-mouse
IgG1 (Caltag), whereas the primary IgG2a anti-
bodies (specific to the hNoppl40, Ku80, and
a-tubulin) were probed with biotin-conjugated
goat anti-mouse IgG2a (Caltag) followed by Ul-
traAvidin"™-rhodamine conjugate (Leinco). For
co-staining of DNA, Hoechst 33258 (0.4 ug/ml;
Sigma) was added to the last staining solution.
Samples mounted in anti-fade solution [15] were
analyzed under Olympus BX50 or BX51 epifiuo-
rescence microscopes, and were either photo-
graphed on Kodak Elite Chrome 400 films or
converted to digital images through CoolSNAP fx
CCD monochrome camera (Taiwan Instrument
Co.).

The terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay
was performed using Tdt-FragEL™ DNA Frag-
mentation Detection Kit (Oncogene) according to
the manufacturer’s instructions. The transfected
cells, with or without treatment with apoptotic
inducers during the last 12 h of incubation, were
fixed and permeabilized as described above. Cells
on the coverslips were subjected to TUNEL assay.
Whether cells incorporated with biotin-conjugated
dUTP were determined by UltraAvidin™-rhoda-
mine conjugate (Leinco). Meanwhile, the Flag-
tagged proteins were co-stained with M2 as
described above.

Results
Mapping the apoptotic cleavage region of NuM A

We attempted to identify possible cleavage re-
gion(s) of NuMA during apoptosis by analyzing
various truncated NuMA proteins. The tHeLa
cells transiently transfected with constructs encod-
ing the N-terminally Flag-tagged NuMA mutants,
such as TM2 (head-less), TM3 (two-thirds of the
central o-helical coiled coils), TM4 (globular tail
together with a short C-terminal part of the coiled
coils), TM5 (N-terminal half of the TM4), and
TM6 (C-terminal half of the TM4) (Figure 1A),
were incubated for 12 h with apoptotic inducers



either staurosporine, a protein kinase inhibitor, or
adriamycin, a DNA damage agent (Figure 1B).
The cleavage products generated from TM2, TM4,
and TMS5 were readily identified. In contrast, the
cleaved TM3 was located only slightly lower than
- the uncleaved one, indicating that the cleavage
site(s) should be near to the C-terminal end of
TM3. However, TM6 remained intact under the
same apoptotic conditions. Interestingly, the small
fragments, TM4 and TM5, with a better resolution
created four common cleavage products (30, 32,
34, and 41 kD; marked by open dots in lanes 10,
12, 16, and 18 of Figure 1B). Taken together, the
immediately upstream region of the amino acid
residue 1828 in NuMA molecule contains four
cleavage sites. Previous studies have demonstrated
that one apoptotic cutting site exists in the region
of amino acids 1701-1725 of NuMA [18]. We
therefore analyzed caspase recognition motifs
present in the residues 1701-1828 of NuMA.
According to the substrate specificities of the
apoptotic caspases [28], this region was found to
have one matched caspase-3 and two potential
caspase-6 cleavage motifs (Figure 2A). In order to
identify all possible cleavage sites, we also set
forward to analyze the other six aspartates that
match with no known consensus sequences for
caspase cleavage.

Identification of the apoptotic cleavage sites
on NuMA molecule

Site-directed mutagenesis was applied to replace
aspartate with alanine in the potential cleavage
region of NuMA. The nine aspartates in this region
are numbered from 1 to 9 (Figure 2A). The full-
length of NuMA (FL) with or without mutation at
the aspartate residues were expressed by tHeLa cells
and tested for the staurosporine-induced cleavage
(Figure 2B). Results showed that the FL-D4A
(single mutation at the caspase-3 cleavage site of
D'7%%), and FL-D4, 8A (double mutation at the
caspase-3,-6 cleavage sites of D!7*® and D!"°,
respectively) produced the R-form of NuMA as
did the wild-type FL after staurosporine treatment
(Figure 2B, marked by solid dots in the lanes 2, 4,
and 18). Thus, we excluded the D'"?® and D' of
NuMA as the cleavage site for generating the R-
form, a major final cleavage product of NuMA
during apoptosis [15]. On the other hand, after
apoptotic cleavage, the FL-DIA (mutation at a
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predicated caspase-6 cleavage site of D'7%) lost the
R-form but created new products with higher
molecular sizes (Figure 2B, marked by the open
dot in lane 6). These intermediate forms of NuMA
were also accumulated upon apoptotic attack in
cells overexpressing FL-D5A, FL-D4, 5, 8A (triple
mutation), FL-D4, 5, 6, 8A (quadruple mutation),
FL-D4, 5, 6, 7, 8A (quintuple mutation), and
FL-D5, 9A (double mutation) (Figure 2B, lanes 8§,
10, 12, 14, and 16; open dots). There was a tendency
that, as long as the D'"#” was replaced by alanine,
the accumulation of the intermediate forms of
NuMA was much obvious, likely due to attenuation
of further degradation of the intermediate forms
into the final R-form of NuMA. Importantly, the R-
form of NuMA could still be derived from these five
mutants but not from the FL-D1, 4, 5, 8A (quadru-
ple mutation; Figure 2B, lane 20). We also found
that the cleavage patterns of two NuMA double
mutants, FL-D2, 5A and FL-D3, 4A, were identi-
cal, respectively, to those of the single mutants,
FL-DSA and FL-D4A during the staurosporine-
induced apoptosis (data not shown). It suggests that
D' or D' are not sensitive to the apoptotic
cleavage, and thereby, not the sites for production
of the R-form. All above results support that D'7%,
a potential caspase-6 cleavage site, is the target
residue for generating the R-form of NuMA during
apoptosis, and that there are more than one
cleavage sites located downstream of D!’ for
producing the intermediate forms during NuMA
cleavage.

By calculation, the four apoptotic fragments
derived from TM4 could be equivalent to se-
quences that start from Y'¥’® and extend down-
stream to the D'7%% (30 kD), D'7?¢ (32 kD), D'"¥
(34 kD), or D! (41 kD). To test these possibil-
ities, the constructs encoding the truncated
NuMA, TM4, with or without mutation at various
aspartate residues were transfected into tHeLa
cells for detecting their cleavage after induction by
staurosporine for 12 h (Figure 2C). TM4 as the
positive control was cleaved into 30, 32, 34, and
41 kD products during the staurosporine-induced
apoptosis (Figure 2C, lane 2). Under the same
condition, TM4-D1A (disruption of a caspase-6
cleavage site at D'7%%) was only cleaved into 32, 34,
and 41 kD products (Figure 2C, lane 4). Results of
missing the 30 kD product, the smallest fragment,
further support that D'’* is the cutting site as for
generating the R-form of NuMA during
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Figure 1. Apoptotic cleavage of truncated NuMA. (A) Schematic representation of the full-length NuMA and seven truncated
NuMA proteins. The numbering system refers to the amino acid residues on NuMA. The Flag-tagged and the NLS of SV40
(SPKKKRKYV) were constructed at the N-terminal ends in-frame to the coding regions. The apoptotic cleavage region (amino
acids 1701-1828) of NuMA contains four cleavage sites (see the text). (B) Mapping the apoptotic cleavage region of NuMA. For
the 44 h-transfection experiments, tHeLa cells overexpressing the truncated NuMA proteins, TM2, TM3, TM4, TMS, or TM6,
were incubated in the absence (—) or presence of 4 ug/ml adriamycin (Adr), or 1 uM staurosporine (Sta), during the last 12 h.
Floating and attached cells were harvested together for immunoblotting (5 x 10° cells/lane) using anti-Flag mAb. Asterisks mark
the NuMA truncated mutants with expected molecular masses; open circles represent their apoptotic cleavage products.

apoptosis. In contrast, TM4-D4A (disruption of a
caspase-3 cleavage site at D'7?%) produced 30, 34,
and 41 kD products during the staurosporine-
induced apoptosis (Figure 2C, lane 6). Thus, D76
is one of the intermediate cutting sites of NuMA
during apoptosis. Likewise, TM4-D5A (modified
at D'7%) generated 30, 32, and 41 kD cleavage
products (Figure 2C, lane 8), indicating that D'
is another intermediate cutting site of NuMA.
However, TM4-D8A (modified at D) was
cleaved into 30, 32, 34, and 41 kD products during
the staurosporine-induced apoptosis (Figure 2C,
lane 10). Thus, D'™°, even being considered as a
potential caspase-6 cutting site, was not involved
in the apoptotic degradation. Nowadays the cut-
ting site located downstream of D' for generat-
ing the 41 kD fragment is still unknown.

To further test whether these identified cutting
sites of NuMA were sensitive to caspases, we
analyzed effects of peptide inhibitors z-DEVD-
fmk and z-VEID-fmk, specific to caspase-3 and

caspase-6, respectively, on the staurosporine-
induced cleavage of TM4-D1A and TM4-D4A.
Elimination of the specific cleavage products by the
inhibitors confirmed D'7% and D'"*® as cleavage
sites for caspase-6 and caspase-3, respectively (Fig-
ure 2D, lanes 8 and 3, respectively). Both inhibitors
partially blocked the cleavage at D'"*7 (marked as
“5”), but did not affect the appearance of the 41 kD
fragment (marked as “x”") (Figure 2D). Thus, these
data indicate that D'"* is cleaved by an aspartase
other than the caspase-3 and caspase-6, and that the
fourth cutting site is not sensitive to caspase-3 or
downstream activated caspases, likely caspase-
independent.

A NuMA deletion mutant missing the amino acids
1701-1828 resists the cleavage and maintains
the nuclear integrity upon apoptotic attack

We constructed a NuMA mutant missing the
entire region of residues 1701-1828 (TMI) (see
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Figure 2. Mapping the apoptotic cleavage sites of NuMA. (A) The amino acid sequence of the apoptotic cleavage region of
NuMA. This region (amino acids 1701-1828) contains one matched caspase-3 cutting site (**) and two potential caspase-6 cutting
sites (*); the possible recognition motifs are highlighted in yellow. The nine aspartate residues in this region are boxed and num-
bered from 1 to 9. (B) The D' as the cutting site for generating the R-form of NuMA during apoptosis. tHeLa cells overex-
pressing the FL or the FL with single or multiple mutations were treated with or without 1 M staurosporine (Sta) during the last
12h of the 44 h-transfection experiments. The floating and attached cells were harvested together for immunoblotting
(5 % 10° cells/lane) with anti-Flag mAb. Close and open circles represent respectively the R-form and the intermediate forms of
cleavage products derived from the wild- or mutant-types of NuMA after apoptotic induction. (C) Three apoptotic cutting sites of
NuMA at the residues of D', D'?% and D'™. TM4 or its single mutants were used for the cleavage assay with a similar exper-
imental design in (B). The numbers of 1. 4, 5 refer to the cleavage products generated at the cutting sites of aspartate residues as
those marked in (A). The “x" represents a fragment derived from TM4 or TM4 mutants cleaved at an unidentified apoptotic cut-
ting site. The degraded products from TM4-D4A migrated faster than did the other corresponding fragments, due to different con-
structions at the multiple cloning sites resulting in loss of a 22-amino-acid-sequence only in TM4-D4A. (D) Inhibitor experiments.
As in (C), TM4-D1A and TM4-D4A were used to test their resistance to the staurosporine-induced cleavage in the presence of cas-
pase-3 inhibitor z-DEVD-fmk (100 uM) or caspase-6 inhibitor z-VEID-fmk (100 gM). The labeling letter and numbers for the de-
graded fragments are the same as in (C).

and untransfected cells upon apoptotic induction
in five independent experiments. Results clearly
demonstrated that the TMI, but not the FL,
almost completely prevented cells from the stauro-
sporine-induced nuclear disruption; near 100%

Figure 1A) to test whether this mutant could resist
the cleavage after apoptotic induction. As ex-
pected, TM1 remained intact in transiently trans-
fected tHeLa cells treated with staurosporine,
DRB, or adriamycin (Figure 3A). Furthermore,

immunofluorescence staining showed that cells
expressing TM1 maintained the normal nuclear
morphology after treatment with staurosporine
(Figure 3B, see arrows). We carefully evaluated
percentages of apoptosis as determined by DNA
condensation and micronucleation in transfected

protection by TMI1 was also observed in DRB-
and adriamycin-treated cells (Figure 3C). It
should be addressed that all the nine NuMA
mutants that did not resist to the apoptotic
cleavage (see Figure 2B) showed no protection of
the nuclear structure (data not shown).
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same experimental design in (A), the attached cells after staurosporine treatment were subjected to immunofluorescence staining
with anti-Flag. DNA was co-stained with Hoechst 33258, Untreated cells served as the control. Arrows mark the TM-expressing
cells that resisted to the staurosporine treatment. (C) Effects of FL or TM1 on preventing micronucleation. Using the similar
experimental design in (A) and (B), ~300 cells of transfected and untransfected populations were evaluated for micronucleation
upon treatments with staurosporine, DRB, or adriamycin. Note that near 100% of TM1-expressing cells show no micronucleation
upon apoptotic attack. Values are the mean (+SD) of five experiments. Bar, 10 um.

The NuM A mutant missing the amino acids 1701
1828 does not prevent cytochrome c release but
attenuates the late events during apoptosis

We then analyzed apoptotic events of cells
expressing the non-cleavable mutant of NuMA,
TMI1. Staurosporine treatment induced cyto-
chrome ¢ release from mitochondria to the cytosol
and nucleus (Figure 4A; for the normally punctate
distribution of cytochrome ¢ in cytoplasm, see
untransfected cells in Figure SE). Neither the FL
nor the TM1 prevented cytochrome c¢ release, but
only the TM1 protected cells from micronucle-
ation (Figure 4A, arrows). One antibody specific
to the cleaved active caspase-3 was applied to
stain cells using a similar experimental design.

Untransfected cells and the FL-expressing cells
were strongly positive, while cells expressing TM1
were weakly positive, in the staurosporine-induced
caspase-3 activation (Figure 4B, arrows for TM1
expressing cells). We then examined the 85 kD
cleavage product of PARP, which is a well-known
substrate for caspase-3 [29]. Consistent with the
degrees of caspase-3 activation, staurosporine-
induced PARP degradation exhibited a much less
extent in cells expressing TM1 as compared with
those expressing FL or those untransfected (Fig-
ure 4C). In TUNEL assays for detecting DNA
fragmentation induced by staurosporine, cells
untransfected or expressing FL showed much
stronger incorporation of biotin-labeled dUTP
than did the TMI1-transfected cells (Figure 4D).
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cyte Flag+cyt e DNA

PARP/p85S  Flag+PARP/p85 DNA

cleaved c-3 Flag+cleaved c-3 DNA D Flag TUNEL Flag+TUNEL

M -Strong reaction in the apoptotic assay
-Nuclear disruption

=

W -Strong reaction in the apoptotic assay
~Nuclear intact

~Negative or weak reaction in the apoptotic assay
“Nuclear disruption

% of transfected population

C -Negative or weak reaction in the apoptotic assay
-Nuclear intact

FL T™M1 FL ™I FL T™1 FL ™1

cyt ¢ release cleaved c-3 PARP/p8S TUNEL

Figure 4. A mutant of NuMA missing amino acids 17011828 does not block cytochrome ¢ release, but attenuates the late apopto-
tic events, A similar experimental design to that shown in the Figure 3B was applied to score cells that remained attached to the
coverslips after staurosporine treatment. The ectopic expression of FL or TM1 was monitored by anti-Flag (A-D), whereas the
endogenous cytochrome ¢ (cyt ¢; A), active form of caspase-3 (cleaved c-3; B), the 85 kD fragment of PARP (PARP/p85; C),
DNA fragmentation (TUNEL; D) were detected by specific antibodies. DNA was co-stained with Hoechst 33258. Arrows mark
cells expressing TM1. (E) Comparison of the FL- and TM I-transfected populations. As shown in (A-D), ~200 transfected cells
from each of the eight groups were scored as either strong or weak (including negative) reactions in the four types of apoptotic as-
says and further classified into subgroups either nuclear disruption or nuclear intact, Values are the mean (£ SD) of three experi-
ments. Bar. 10 um.

Again, TM1 protected cells from nuclear disruption
(Figure 4D, arrows). Figure 4E shows statistic
scores of three experiments that evaluate only the
successfully transfected cells. Effects of the

versus the TMI1 on the staurosporine-induced

apoptosis were determined by the four types of

apoptotic assays as well as frequencies of micronu-
cleation. The non-cleavable mutant TM1, unable
to prevent the drug-induced cytochrome ¢ release,
could attenuate the subsequent death signaling
events, such as activation of caspase-3 (cleaved
c-3), generation of the 85 kD product of PARP
(PARP/p85), and DNA fragmentation (TUNEL)

(light blue bars). Because only the TM | -expressing
cells showed nearly complete protection on nuclei
after apoptotic induction (combined dark and
light blue bars in each groups), it is possible that
maintenance of the nuclear integrity by TM1 may
eliminate the DNA-damage-based apoptotic signal
amplification.

The tail-less NuM A induces chromatin condensation
and activates cell death machinery

Previous studies have shown that SV40 large T
antigen inhibits apoptosis [30, 31], likely mediated
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through activation of the phosphatidylinositide
3.OH kinase/Akt pathway [32]. The 293T cells,
carrying the SV40 large T antigen, representa model
system that can activate the cell survival machinery
under stress. Unlike the tHeLa, 293T cells showed
that the cleavage of NuMA was not obvious
(Figure 5A; Ku80 was not cleaved during apoptosis
and served as a loading control) and that the nuclear
architecture remained normal (data not shown)
after drug treatments.

We then examined whether a tail-less NuMA,
TM7 (encoding amino acids 1-1738, mimicking
the R-form), by itself could induce disruption of
the nucleus in the 293T cell model system of which
the cellular survival pathways were activated
under stress. Overexpression of TM7 in 293T cells
induced chromatin condensation (Figure 5SB—H,
arrows). Under such conditions, a nucleolar pro-
tein hNopp140 [26] remained associated with the
condensed chromatin (Figure 5B), and so did the
Ku80, a chromatin and nuclear matrix-associated
protein (33, 34] (Figure 5C). Only a small portion
of Ku80 was retained on the nuclear matrix region
where the residual chromatin was also detected
(Figure 5C, the nuclear areas defined by broken
circles). Furthermore, in cells overexpressing TM7,
o-tubulin lost the extending filamentous pattern in
cytoplasm as in contrast to those of the attached
untransfected cells (Figure 5D). Notably, cyto-
chrome ¢ was released from mitochondria of the
TM7 transfected cell, as judged by loss of the
punctate staining pattern (Figure 5E). “ Rounded
up” morphology and cytochrome ¢ release are
hallmarks of apoptotic cells. We then examined
other apoptotic parameters for cells overexpress-
ing TM7, such as the cleaved active caspase-3
(Figure 5F), the 85 kD cleavage product of PARP
(Figure 5G), and DNA damage by TUNEL assay
(Figure 5H). All parameters indicated that TM7
by itself induced apoptosis in 293T cells, a cell line
clearly insensitive to many apoptotic inducers.
Note that the neighboring untransfected cells were
negative for all the apoptotic reactions. It should
be addressed that, instead of micronucleation,
large DNA clumps due to chromatin condensation
were constantly observed in cells expressing TM7.
We also found that both the condensed and the
residual chromatin regions of the TM7-transfected
cells were TUNEL positive (Figure 5H, the dis-
rupted nuclei marked by broken circles). Impor-
tantly, the protein size of TM7 was similar to that

Figure 5. Overexpression of a tail-less NuMA TM7 inducesp
chromatin condensation and activates the cell death machin-
ery. (A) Immunoblotting. tHeLa and 293T cells were treated
with | uM staurosporine (Sta), 0.25 mM DRB, or 4 pg/ml
adriamycin (Adr) for 12 h. Cells without treatment () served
as the control. The detached and adherent cells were har-
vested together for immunoblotting (1 x 10° cells/lane) using
anti-NuMA and anti-Ku80 mAb. (B-H) Immunofluorescence
analysis. 293T cells were transfected with TM7 (a tail-less
NuMA). After 44 h, cells on the coverslips were examined by
double immunofluorescence staining. The ectopically ex-
pressed TM7 was monitored by anti-Flag (B-H), whereas the
endogenous hNoppl140 (B), Ku80 (C), a-tubulin (D), cyto-
chrome ¢ (cyt ¢; E), the active form of caspase-3 (cleaved c-3;
F), the 85 kD fragment of PARP (PARP/p85; G), DNA frag-
mentation (TUNEL; H) were detected by specific antibodies.
DNA was co-stained with Hoechst 33258. Arrows point out
the TM7-expressing cells; broken circles mark the nuclear
areas, each of which defines the large DNA clumps together
with the residual chromatin region derived from a single nu-
cleus. (I) Comparison between the tail-less TM7 and the
R-form of NuMA. tHelLa cells with or without transfection
with TM7 were treated with 1 uM staurosporine (Sta) during
the last 12 h of incubation. The cell lysates were analyzed by
immunoblotting. At the end of transfer the nitrocellulose filter
was cut into two halves for detection using anti-NuMA and
anti-Flag mAb. Note that the apoptotic cleavage of TM7 gen-
erated a product, which migrated slightly faster than the ori-
ginal uncut TM7. This cleaved product is likely identical to
the R-form derived from the endogenous NuMA. Bar, 10 um.

of the R-form of NuMA (Figure 5I; tHeLa cells
were used for this panel). Thus, a system mimick-
ing the overproduction of the R-form of NuMA in
the absence of drug treatment induces the nuclear
disruption and activates the cell death machinery
that apparently bypasses the protective effects
mediated by SV40 large T antigen.

Discussion

Our current study demonstrates that four apopto-
tic cutting sites are clustered in a nearby region at a
junction between the C-terminal globular tail- and
the central coiled coil-domains of NuMA, and that
NuMA cleavage at its C-terminus is involved in
amplification of the downstream apoptotic events.
It suggests that one of the nuclear functions of
NuMA is for regulating the process of apoptosis.

The cleavage of NuMA leads to disruption
of the nuclear architecture

Links between NuMA cleavage and nuclear mor-
phological changes during apoptosis are unclear.
Immunoelectron microscopy indicates that NuMA
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associates with core filaments of the nuclear matrix
[35]. Ludérus et al. have provided in vitro evidence
that NuMA binds specifically to the DNA se-
quences, termed matrix or scaffold attachment
regions [36]. Thus, NuMA may serve as one of the
physical connections between nuclear matrix and
chromatin loop domain. Furthermore, overexpres-
sion of the full-length NuMA leads to the formation
of a quasi-hexagonal lattice-like structure in the
nucleus [21]. It has been demonstrated that the
globular tail domain promotes assembly of NuMA
into multiarm oligomers [22], and that NuMA
mutants with incomplete globular tail domain can
cause chromatin mislocalization [21]. These obser-
vations imply that NuMA may play a structural role
for chromatin attachment in the interphase nucleus
and its globular tail domain should be involved in
this function. Because the apoptotic cleavage sites
have been mapped to the amino acids 17011828 of
NuMA, at the junction between the a-helical coiled
coils and the globular tail, the cleavage in this region
may cause the NuMA-based mini-lattice-like struc-
tures to collapse. The irreversible destruction of the
nuclear matrix could induce DNA fragmentation
and micronucleation. Conversely, the uncleavable
NuMA mutant such as TMI1 can maintain the
nuclear integrity upon apoptotic attack. TM1 does
not prevent the initial event of cytochrome c release
after apoptotic attack; it maintains the nuclear
integrity and, thereby, blocks the subsequent signal
amplification derived from the DNA damage-
induced apoptosis. Consistent with this attenuation
phenomenon, degrees of caspase-3 activation and
PARP cleavage have been found to decrease to a
much less extent in the TM1 expressing cells. These
observations further support that NuMA plays a
structural role in interphase nucleus.

The R-form of NuMA can amplify apoptosis

The appearance of truncated NuMA correlates
with DNA laddering and nuclear fragmentation
[15, 18, 19, 37] and overexpression of tail-truncated
NuMA mutants causes micronucleation [4]. It
raises a question whether the R-form of NuMA
by itself could induce the irreversible destruction of
the nuclear structure that might lead to activation
of the cell death machinery. It is known that
NuMA mutants without the endogenous NLS
(amino acid 19872005 in the tail domain) remain
in the cytoplasm to form large aggregates or

filamentous structures [4, 9, 21, 38]. We found that
a tail-less NuMA, TM7, fused with an exogenous
NLS enters nuclei effectively that can cause chro-
matin condensation and apoptotic induction even
in the apoptotic resistant line of 293T cells.
Apparently, TM7 possess a dominant negative
effect to compete off the endogenous intact NuMA.
The irreversible destruction of the nuclear structure
could overcome the protective effects of SV40 large
T antigen present in the 293T cells and led to
apoptotic activation. This observation supports
that the R-form of NuMA, a tail-less product
similar to the TM7, may accelerate the nuclear
collapse once it has accumulated during apoptosis.
The apoptotic cleavage of NuMA by caspase-3,
caspase-6, an unknown aspartase, and an uniden-
tified non-caspase proteinase produces the tail-less
NuMA that could amplify the death signal(s) via
the DNA damage-induced caspase activation. It is
known that damaged chromatin recruits and acti-
vates ATM (ataxia-telangiectasia-mutated) to fur-
ther turn on the p53-directed apoptotic pathway
[39, 40]. Therefore, death signaling can be ampli-
fied. The amplification of the apoptotic signals has
also been observed in other truncated substrates
catalyzed by caspases, including vimentin and
rad21 [41, 42]. The detailed mechanism how the
tail-less NuMA (R-form) activates the cell death
machinery remains to be further studied.
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