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Abstract
The nuclear matrix (NM) is considered a proteinaceous
scaffold spatially organizing the interphase nucleus, the
integrity of which is affected during apoptosis. Caspase-
mediated degradation of NM proteins, such as nuclear lamins,
precedes apoptotic chromatin condensation (ACC). Never-
theless, other NM proteins remain unaffected, which most
likely maintain a remaining nuclear structure devoid of
chromatin. We, therefore, screened various types of apoptotic
cells for changes of the nuclear matrix proteome during the
process of apoptotic ACC. Expectedly, we observed funda-
mental alterations of known chromatin-associated proteins,
comprising both degradation and translocation to the cytosol.
Importantly, a consistent set of abundant NM proteins, some
(e.g. hNMP 200) of which displaying structural features,
remained unaffected during apoptosis and might therefore
represent constituents of an elementary scaffold. In addition,
proteins involved in DNA replication and DNA repair were
found accumulated in the NM fraction before cells became
irreversibly committed to ACC, a time point characterized in
detail by inhibitor studies with orthovanadate. In general,
protein alterations of a consistent set of NM proteins (67 of
which were identified), were reproducibly detectable in Fas-
induced Jurkat cells, in UV-light treated U937 cells and also in
staurosporine-treated HeLa cells. Our data indicate that
substantial alterations of proteins linking chromatin to an
elementary nuclear protein scaffold might play an intriguing
role for the process of ACC.
Cell Death and Differentiation (2002) 9, 671 ± 681. DOI: 10.1038/
sj/cdd/4401010
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Introduction

The highly insoluble non-chromatin proteins of the nucleus,
termed nuclear matrix proteins (NMPs), have been implicated
in vital processes, such as DNA replication and transcription,
RNA processing and transport as well as ribosomal
biogenesis.1,2 In our systematic proteome studies on human
NMPs from various cellular sources cell type-specific, cell
state-specific and common NMPs ubiquitously occurring in
various cell types, have been differentiated and some
identified.3 ± 6 A subgroup of common NMPs was described
that exerted an enhanced capability of reassembling, thus
representing a source for potential structural nuclear
proteins.7 ± 9 Investigation of proteome alterations accompa-
nying well-defined physiologic processes may help to further
characterize and understand functional implications of
affected proteins. We, therefore, focused this study on the
fate of NMPs during apoptotic chromatin condensation (ACC).

Apoptosis is a genetically determined program for cell
death. Highly conserved throughout evolution, it plays a role
in various normal and pathological biological pro-
cesses.10,11 Apoptosis is morphologically signified by
cytoplasmic shrinkage, active membrane blebbing and
condensation of chromatin close to the inner linings of the
nuclear envelope. In the course of these processes certain
proteins are cleaved by a set of activated, extraordinarly
selective proteases, designated as caspases.12 ± 14 Of the
NMPs the lamins A/C and B, NuMA, hnRNP proteins C1
and C2, the 70 kD component of U1 small ribonucleoprotein
(snRNP), the scaffold-attachment factor A (SAF-A or hn
RNP U) and the special AT-rich sequence-binding protein 1
(SATB1) have been identified as caspase targets, while
other NMPs have been found unaffected.15 ± 23 A general
mechanism underlying chromatin condensation has not yet
been established. Endonuclease-induced chromatin clea-
vage at internucleosomal sites,24,25 histone deacetylation
modifying protein ± DNA interactions26 and the action of the
caspase-3-activated protein acinus27 have been implicated.

In the present study, proteome alterations during ACC
evidenced by comparative 2D-gel analysis were investi-
gated in detail. It was expected that these proteome data
might shed light on the presumed contribution of nuclear
proteins to the structural re-organization of the nucleus
during ACC. The data show that similar protein alterations
occur largely independent of the cell system and of the
apoptosis-induction mechanism. Several abundant nuclear
matrix proteins capable of binding chromatin were found
depleted during ACC. Following disruption of chromatin-
nuclear matrix interactions and condensation of chromatin,
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a non-chromatin nuclear structure apparently remains.
Another subset of abundant common nuclear matrix
proteins was found to remain, putatively including core
proteins necessitated for maintenance of an elementary
nuclear scaffold.

Results

Evidence for a residual nuclear scaffold uncovered
during ACC

Apoptosis was induced in Jurkat cells by treatment with 50 ng/
ml anti-CD95 (anti-Fas) antibody, as detailed recently.22,28

Electron microscopy and DNA staining of apoptotic cells
displayed condensed chromatin along the nuclear periphery
(Figure 1B,D), leaving the nuclear membrane still discernible
(Figure 1B,C). Apparently, structured nuclear areas disclosed
by condensed chromatin remained, indicating the existence of
a residual core nuclear scaffold (Figure 1B,E).

To investigate, whether specific proteins would con-
tribute to this potential scaffold, we analyzed the subcellular
localization of one prominent nuclear matrix protein
member with structural functions, hNMP 200.9 HeLa cells
expressing a hNMP 200-GFP fusion protein were induced
to undergo apoptosis by treatment with 2.5 mM staurospor-
ine. In untreated cells colocalization of hNMP 200 and
chromatin, except in nucleolar regions, was evident (Figure
1E,F). However, within nuclei displaying condensed
chromatin, hNMP 200 was found relocalized to nuclear

areas devoid of chromatin, and was undetectable within
areas of condensed chromatin (Figure 1G,H). Thus, hNMP
200 might structurally contribute to a residual core nuclear
scaffold, visualized under the electron microscope (Figure
1B). By proteome analysis we further investigated the fate
of many other nuclear matrix proteins during ACC.

Orthovanadate treatment determines the point of
no return for apoptotic chromatin condensation

We observed that the chromatin condensation process was
efficiently inhibited when treating Fas-induced Jurkat cells
with orthovanadate just before onset of ACC, i.e. the nuclei
remained intact within the following time period. As expected,
caspase-3, PARP and DFF-45 were found completely
processed 8 h after Fas-induction, at a time when virtually
all nuclei displayed ACC (Figure 2). However, when
supplementing the medium with 300 mM orthovanadate at
2.5 h after Fas-induction, and additional incubation of cells for
5.5 h, ACC was completely inhibited during this period of time
as determined by HOECHST staining (not shown). Under this
conditions procaspase-8 was found already processed, as
was a considerable portion of procaspase-3, whereas PARP
and DFF-45 remained largely unaffected by caspases (Figure
2). When supplementing the medium with 300 mM orthova-
nadate at 3.5 h after Fas-induction, and additional incubation
of cells for 4.5 h, all cells displayed ACC. We concluded that
by orthovanadate-treatment the processes resulting in ACC
were inhibited in a critical manner, allowing to conclude for a

Figure 1 Chromatin condensation discloses nuclear areas largely free of chromatin. Electron microscopy of a control (A) and an apoptotic (B) Jurkat cell
displaying condensed chromatin. a, heterochromatin; b, euchromatin; c, nuclear envelope; d, condensed chromatin; e, electron translucent, chromatin-reduced
nuclear area; Scale bar: 1 mm; (C) propidium iodide stain of a control Jurkat cell; (D) propidium iodide stain of an apoptotic Jurkat cell. E ± H, GFP-hNMP 200
expressing HeLa cells either untreated (E, F) or staurosporine-treated (G, H). E, G, Hoechst chromatin staining; G, H, GFP-fluorescence. In uncondensed nuclei,
hNMP 200 and chromatin colocalize, after condensation of chromatin the localization of hNMP 200 and chromatin becomes mutually exclusive
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time point when nuclei were irreversibly committed to ACC by
3 h after Fas-induction. In order to interpret proteome analysis
data accordingly, we decided to compare nuclear matrix
preparations isolated from untreated cells (i.e. control) with
those three hours after Fas-treatment (i.e. irreversibly
committed to ACC) and those 8 h after Fas-treatment (i.e.
essentially after completion of ACC).

Comparative analysis of the nuclear matrix protein
composition during Fas-induced apoptosis in
Jurkat cells

By two-dimensional electrophoresis (2-DE) of nuclear matrix
preparations of control Jurkat cells, 316 spots were
reproducibly resolved within the range of pI 3.5 ± 7.5 and
20 ± 200 kDa (Figure 3). At 3 h after Fas-induction, 20 of
these spots were found significantly decreased (integrated
spot intensity 50.56control, see also Table 1), as indicated
by short arrows in Figure 4. On the other hand, 11 spots
displayed at least twofold increased intensities (Table 2), as
designated by large arrows in Figure 4. Furthermore, 14 new
nuclear matrix protein spots appeared (rectangles in Figure 4,
Table 2). After 8 h of Fas-induction, 285 spots of the above
mentioned 316 spots were still detectable (spots marked in
Figures 3, 4 and 5), i.e. 31 spots had completely disappeared
(indicated by circles in Figure 3 and open circles in Figure 5).
While further 40 spots were decreased (indicated by minus
signs in Figures 3, 4 and 5), the staining intensity of 30 spots
was significantly increased (indicated by plus signs in Figures
3, 4 and 5, see also Tables 1 and 2).

Though only a relatively small number of NMPs was
found to disappear, their sum of integrated spot intensities
represented approximately one third of the sum of all spot
intensities present in control nuclear matrices. Apparently
the subgroup of disappearing spots comprised highly
abundant nuclear proteins.

Cell-type and stimulus-independent protein
alterations during ACC

We have shown that the majority of NMPs detected by 2-DE
are ubiquitously present in different cell and tissue types.3 To
investigate whether the observed NMP alterations were
indeed related to ACC, we analyzed cell models for apoptosis
other than Fas-treated Jurkat cells. Varying the apoptosis
induction mechanisms, we treated Jurkat cells with UV-light,
camptothecin or staurosporine. In addition, apoptosis was
induced by exposing human U937 monocytic leukemia cells
to anti-Fas antibody, UV-light and staurosporine. Moreover,
staurosporine-treated HeLa cells and serum starved rat
embryo cells20 were investigated. Figure 6 displays the
NMP alterations induced by UV-light in U937 cells, most of
which were similar to those observed in Fas-induced Jurkat
cells (Figures 3, 4 and 5), demonstrating the high similarity of
NMP alterations during ACC in various cell types.

Moreover, in each cell system analyzed, type and extent
of protein alterations coincided with the progress of
chromatin condensation observed by Hoechst staining.
Alterations of spot types and spot intensities were
essentially the same as observed during Fas-mediated
apoptosis in Jurkat cells, including decreasing, unaffected,
increasing and new NMP spots. Differences were found
mainly due to the slightly different NMP composition of
different cell lines. Lamins A/C were found cleaved in U937

Figure 2 Orthovanadate treatment interferes with caspase activity. Whole
cell lysates of untreated Jurkat cells (Control), 8 h after Fas-induction (Fas-ind.
8 h) and 8 h after Fas-induction, supplementing the medium with 300 nM
orthovanadate 2.5 h after Fas-induction (Fas-ind. 8 h+VO4

37) were immuno-
blotted with antibodies against the indicated proteins. While active initiator
caspase-8 remained detectable in orthovanadate-treated cells, further
processing of caspase-3 and cleavage of the caspase targets PARP and
DFF-45 was apparently inhibited

Figure 3 Nuclear matrix proteins decreasing during apoptosis. 2D nuclear
matrix protein pattern of control Jurkat cells. Identified proteins decreasing
during apoptosis (Table 1) are indicated. Annotations: circles, disappearing
spots; minus signs, decreasing spots; plus signs, increasing spots as
observed during ACC. All spots detectable throughout ACC are marked to
facilitate pattern comparison. Exogenously added DNase I in parentheses
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cells and cytokeratin 18 cleaved to a 29 kDa fragment29

both in U937 cells and rat embryo cells (spot 13, 14, 15 in
ref.20), but not in Jurkat cells a priori not expressing these
proteins (Figure 6A,B versus Figure 3). On the other hand,
LSP1, disappearing in Jurkat cells, was not expressed in
U937 and other non-lymphoid cells. In the following, protein
alterations observed during ACC in Jurkat, U937 and HeLa
cells are outlined in detail.

Decrease of nuclear proteins during ACC

The nuclear matrix of Jurkat cells committed to ACC (3 h after
Fas-induction) displayed only few alterations. In Figure 4 short
arrows indicate the spots displaying significantly decreased
intensity. Of these, we identified proteins mediating chromo-
some integrity or described to anchor chromatin to a nuclear
protein scaffold, such as SUPT6H,30 HA95,31 nuclear
lamins,32 LAP2a23 and SATB1;22 proteins regulating tran-
scriptional activity such as TAT-SF133 and UBF-134 and
nuclear trafficking such as importin b-3,35 see also Table 1).
When almost all nuclei displayed ACC (8 h after Fas-
induction), these proteins were essentially undetectable in
the NMP fraction (Figure 5, open circles). At that time, a
further set of proteins was significantly decreased, including
the chromatin-associated proteins LBP-p40,36 hnRNP C1, E,

K, U,37 MCM2/3,38 HP-1g,39 in addition to nucleoporin p62,
annexin IV, prohibitin and an abundant, but yet uncharacter-
ized, motor protein (Figure 5, Table 1).

Proteins accumulating in the NMP fraction
during ACC

Accompanying the decrease of several spots, the intensity of
other spots markedly increased (Figures 4, 5, 6B). In addition,
appearance of distinct new proteins in the NMP fraction
became evident. Only few new and increasing spots were
observed at 3 h after induction of apoptosis. Beside caspase-
generated degradation products of actin, LBP-p40 and lamin
B, the intact proteins PCNA, RFC-36 and the ribosomal
protein L10E were significantly accumulated (Figure 4, long
arrows, Table 2). In addition, cleavage products of myosin and
vimentin and derivatives of a-actinin and a-tubulin were
observed, which became detectable as well in the cytosol
fraction.28

After completed chromatin condensation (8 h after
induction of apoptosis), some proteins originating from the
cytoplasm were isolated in the nuclear matrix fraction, as
glutathione S-transferase GST-p, heat shock protein hsp90
and several T-cell complex protein (TCP)-1 isoforms
(Figure 4, Table 2). Concomitantly, some of these new

Table 1 Nuclear matrix proteins decreasing during ACC (indicated in Figure 3 and 6). Protein alterations were observed in HeLa (H), Jurkat (J) and/or U937 (U) cells
as indicated.

Swiss-Prot

hNMP- No. Mw/pI protein name/spot designation GenBank Acc. No. observed in Identi®ed by

168 33/6.55 annexin IV P09525 HJU M (11)
362, 363 19/4.7-5.1 chromobox protein homolog 3 (HP1g) Q13185 HJU M (16)
227 105/6.2 DNA-binding protein SATB1 Q01826 JU W
356 125/5.8 DNA replication licensing factor MCM2 P49736 HJU P (ref. 4)
139, 140 115/5.3 DNA replication licensing factor MCM3 P25205 HJU M (16)
419 125/3.9 HIV-1 transcriptional elongation factor CAB10730 HJU M (14)

TAT cofactor TAT-SF1
223 34/4.4 hnRNP C1 (hC1) P07910 HJU M (8)
193 39/6.4 hnRNP C2 (hC2) P07910 HJU P (ref. 3)
301 40/6.8 poly(RC)-binding protein 1 (hnRNP E1) HJU M (16)
327 38/6.9 poly(RC)-binding protein 2 (hnRNP E2) Q15366 HJU M (13)
135, 142 60/5.3 hnRNP K (hK) Q07244 HJU P (ref. 3)
188 120/6.35 hnRNP U (hU) Q00839 HJU W
353 125/4.3 importin b-3 O00410 HJU M (14)
262 75/7.1/7.9 lamina-associated polypeptide 2 alpha P42166 HJU W (ref. 23)

(LAP2-a)
104 ± 107 66/4.9 lamin B1 (LB1) P20700 HJU A, W (ref. 3)
148 ± 151 64/5.5 lamin B2 (LB2) Q03252 HJU A, W (ref. 3)
285 55/4.4 lymphocyte-speci®c protein LSP1 P33241 J P (ref. 47)
203, 204, 90, 93/5.8-5.9 motor protein BAA04656 HJU M (29)
214, 215 5.9
367 95/4.6 neighbor of A-kinase anchoring protein 95 (HA95) NP_055186 HJU M (29)
217 80/4.4 nuclear phosphoprotein similar to NP_008993 HJU M (11)

S. cerevisiae PWP1
371 90/5.3-5.6 nucleolar transcription factor 1 (UBF-1) P17480 HJU M (14)
343, 344 32/5.2 nuclear pore glycoprotein P62 P37198 JU P (ref. 35)

(nucleoporin p62)
121 30/5.5 prohibitin P35232 JU A, M (16)
576 40/4.6 40S ribosomal protein SA (LBP-p40) P08865 HJU A, W, M (11)
312 150/4.9 putative chromatin structure regulator U46691.1 HJU M (19)

SUPT6H

Protein identi®cation by: A, amino acid sequence; M, mass ®ngerprinting of tryptic digests with the number of assigned peptides in brackets; P, positions in 2D gel; W,
Western blotting; references are annotated by the pre®x ref.
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Figure 4 Nuclear matrix proteins increasing or appearing as new spots
during apoptosis. 2D nuclear matrix protein pattern of Jurkat cells 3 h after
Fas-induction, thus uniformly committed to ACC. Identified proteins increasing
or appearing as a new during apoptosis are indicated (Table 2). Other
annotations as in Figure 3; rectangles: newly appearing spots; asterisks:
protein cleavage product, C- or N-terminal part as indicated in parenthesis. To
emphasize early alterations, the most rapidly decreasing spots are additionally
marked by short arrows, the most rapidly increasing spots by large arrows,
respectively

Table 2 Proteins accumulating in the nuclear matrix fraction during ACC (indicated in Figure 4)

Swiss-Prot

Mw/pI protein name/spot designation GenBank Acc. No. observed in Identi®ed by

39/5.2 60S acidic ribosomal protein P0 (L10E) P05388 HJU M (12)
34/4.8 actin beta, N-terminal fragment P02570 HJU M (9, aa 20 ± 207)
120/5.3 a-actinin 1, cytoskeletal isoform (modi®ed isoform) P12814 HJU M (11)
37/6.0 activator 1 36 kDa subunit (RFC-36) P40937 HJU M (9)
70/5.8 DNA-binding protein SATB1, C-terminal fragment Q01826 JU W (ref. 22)

(*SATB1(C))
100/7.1 ± 7.5 elongation factor 2 (EF-2) P13639 HJU M (17)
97/4.6 endoplasmin P14625 HJU M (14), P
24/5.5 glutathione S-transferase P (GSTP) P09211 HJU M (23), P
60/5.2 60 kDa heat shock protein, mitochondrial (hsp 60) P10809 HJU W
86/5.0 heat shock protein hsp 90-a P07900 HJU W
30/4.5 ± 4.7 keratin, type I cytoskeletal 18, fragment P05783 HU M (16, aa 236 ± 364)
45/5.2 lamin B1, C-terminal fragment (*Lb1(C)) P20700 HJU M (24, aa 235 ± 577)
68/5.5 mitochondrial stress-70 protein (grp75) P38646 HJU M (ref. 7)
80/6.0 MUTS protein homolog 5 MutS-5 O43196 JU M (17)
95/5.3 myosin heavy chain, nonmuscle type A, fragment P35579 HJU M (39, aa 1220 ± 1932)
57/6.0 probable protein disul®de isomerase ER-60 (ER-60 var) P30101 HJU M (11)
35/4.4 proliferating cell nuclear antigen PCNA P12004 HJU W
39/4.6 40S ribosomal protein SA), C-terminal fragment P08865 HJU M (8, aa 18 ± 212, W)

(*LBP-p40(C))
130/5.0 sarcoplasmic/endoplasmic reticulum calcium ATPase Q93084 HJU M (13)

isoform 3 (ER-ATPase)
60/5.9 T-complex protein 1, a-subunit (TCP-1a) P17987 HJU M (10)
57/6.7 T-complex protein 1, delta-subunit (TCP-1d) P50991 HJU M (14)
59/5.5 T-complex protein 1, epsilon-subunit) TCP-1e) P48643 HJU P
58/5.6 T-complex protein 1, theta-subunit) TCP-1y) P50990 HJU P
53/5.0 tubulin-a-4 chain (tub-a) P05215 HJU W
51/5.3 tubulin-a4 chain (modi®ed isoform of fragment, P05215 HJU M (13)

*tub-a
50/4.8 tubulin b-1 chain (tub-b) P07437 HJU P
30/5.0 vimentin C-terminal fragment P08670 HJU M (9, aa 188 ± 449)
50/4.8 tubulin b-1 chain (tub-b) P07437 HJU P

Annotations as in Table 1. The range of the respective amino acid sequences covered by mass ®ngerprinting is indicated in case of protein fragments

Figure 5 Nuclear matrix proteins maintained during apoptosis. 2D nuclear
matrix protein pattern of Jurkat cells 8 h after Fas-induction, uniformly
displaying chromatin condensation. Identified proteins maintained during
apoptosis are indicated (Table 3), numbers refer to previously published
hNMP-numbers.7 Other annotations as in Figure 3 and 4; hexagons: abundant
proteins maintained during apoptosis; open circles, positions of protein spots
that disappeared during apoptosis; rectangles, proteins accumulated during
apoptosis as indicated in Figure 4
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spots including hsp90 and an unknown protein p92/5.5 ± 5.9
completely disappeared from the cytosol of apoptotic cells
Figure 7), indicating regulated processes. Other new spots
did not have counterparts in the control cytosol fraction (not
shown) and might represent apoptosis-related protein
isoforms, modified proteins or degradation products.

Proteins maintained during ACC

In total, 285 NMP spots present in controls were also detected
in nuclear matrices isolated after completion of chromatin
condensation at 8 h after induction of apoptosis. While many
of these spots were of low intensity, a few imposed as
relatively prominent and ubiquitously occurring. Amongst the
latter we identified the chaperones grp78, hsc70 and ER-60;
the hnRNPs F, H and L; further HP1b, LYSP100, numatrin
B23, RbAp46/48, and hNMP 184, hNMP 200,9 hNMP 2386

and hNMP2658 (Table 3). Recently we described common
reassembling NMPs, which have been characterized by their
dialysis properties similar to those of intermediate proteins.7

These reassembling nuclear matrix proteins were considered
to potentially represent structural nuclear proteins. Intrigu-
ingly, most of these proteins were recognized as being largely
unaffected during ACC, suggesting their contribution to a
residual core nuclear scaffold.

Discussion

In this study we demonstrated that one of the morphologic
hallmarks of apoptosis, chromatin condensation, is accom-
panied by complex, but uniform, alterations of the nuclear
matrix protein composition, largely irrespective of the cell type
or apoptosis induction mechanism. Apoptosis-induced nucle-
ar alterations such as caspase-mediated cleavage of e.g.
nuclear lamins,15 MCM 3,21 LAP2-a,23 LSP-1,40 NuMA,41

SATB1,22 hnRNP-C18 and hnRNP-U45 during apoptosis have
been described and were observed as well by proteome
analysis (Figures 3, 5 and Table 1). In addition to notifying
protein cleavage processes, it was our intention to investigate
the contribution of proteins to a potential nuclear scaffold and
the implication of protein cleavage with apoptotic chromatin
condensation (ACC).

Treatment of cells with the phosphatase inhibitor
orthovanadate allowed to determine a point of no return
towards chromatin condensation by 3 h after Fas-induction
in Jurkat cells. This time point was used to determine

Figure 6 Nuclear matrix protein alterations are highly similar irrespective of
the apoptosis induction mechanism and the cell type. 2D nuclear matrix
protein pattern of control U937 cells (A) and U937 cells 6 h after UV light-
treatment (B), displaying approximately 50% chromatin condensation.
Annotations: circles, proteins disappearing or decreased during apoptosis;
hexagons, proteins maintained during apoptosis; rectangles, proteins
accumulated during apoptosis. Note that essentially the same alterations
were observed during Fas-induced apoptosis in Jurkat cells (Figures 3, 5)

Figure 7 Indications for nuclear translocation of hsp90 and p92/5.5-5.9 during apoptosis. Corresponding 2D gel sections of cytosolic proteins and NMPs of control
Jurkat cells and apoptotic Jurkat cells 8 h after Fas-induction, respectively. During ACC the acidic isoforms of hsp90 and p92/5.5 ± 5.9 disappeared from the cytosol
and appeared in the nuclear matrix fraction
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nuclear matrix proteome alterations preceding ACC in
contrast to those becoming apparent after completion of
ACC. Functional DISC assembly had clearly occurred
resulting in the activation of caspase-8, while caspase-3
was found partially processed at that time (Figure 2).
However, DNA fragmentation factor DFF-45, that mediates
genomic DNA degradation during apoptosis,43 as well as
poly (ADP-ribose) polymerase were hardly affected. There-
fore, ACC was halted by orthovanadate treatment interfer-
ing with the progress of apoptosis downstream of DISC
formation and presumably mitochondrial depolarization, but
prior to cleavage of multiple nuclear proteins. Nonetheless,
prolonged incubation showed that the cells were irreversibly
committed to die, displaying a necrotic phenotype, suggest-
ing that interfering with ACC does not necessarily elicit
survival of cells (data not shown).

Involvement of stress proteins during ACC

Recently we described cytosolic heat shock proteins being
affected during apoptosis.28 Some of these proteins are
present as well in the nuclear matrix fraction.7 While ER-60,
grp 78, hsp70, and PDI were found unaffected (Figure 5), the
intensities of endoplasmin, mhsp 70 and TCP-1 d were
markedly increased in the nuclear matrix fraction and the
TCP-1 isoforms a, e and y, hsp27 and/or hsp90 appeared as a
new upon chromatin condensation (Figures 4, 5, 6). A
disruption of the nucleo-cytoplasmic barrier mediated by
action of caspase-9 has been described to occur during
apoptosis,44 affecting the nuclear integrity and consequently
the nuclear purification procedure. However, general con-
tamination of nuclei by cytoplasmic constituents resulting in
the apparently altered localization of these proteins can be
ruled out in case of the early time-point, as only few proteins
were found accumulated in a highly selective manner (Figure
4). In case of the later time-point such general contamination
seems still unlikely, since none of many other abundant
cytoplasmic proteins were found accumulated in the nuclear

matrix fraction. However, copurification of insoluble protein
aggregates such as cytoplasmic inclusions, which have been
described to occur during apoptosis,45 with nuclear prepara-
tions cannot be ruled out.

This may apply to explain the increased amounts of
tubulin a and b and a tubulin a-derived polypeptide found in
nuclear fractions of apoptotic cells (Figure 4), as the tubulin
network was described to collapse towards the nuclear
surface.46 TCP-1 isoforms are upregulated by unfolded
proteins47 and associate with tubulin,48 therefore they may
have been copurified with collapsed tubulin.

On the other hand, accumulation of hsp27 and hsp90 in
the nuclear matrix fraction appeared unrelated to the
breakdown of the cytoskeleton. We observed that hsp27
accumulated in nuclei of various human tissue samples
when kept on ice for more than 1 hour after surgery, while
the cells displayed no signs of apoptosis (C Gerner,
unpublished data). hsp90 translocation to the nucleus was
also evident in serum-starved rat embryo cells rescued
from apoptosis by addition of basic fibroblast growth factor
(C Gerner, C Schamberger and C Cerni, unpublished data).

Compromising cytoplasmic hsp90 activity has been
demonstrated to uncover cryptic genetic variations, leading
to the expression of new traits in Drosophila.49 Our data
may indicate that stress-induced hsp90 translocation to the
nucleus may affect and partially reorganize chromatin.

DNA replication and repair during apoptosis

Proliferating cell nuclear antigen, replication factor RF-C36
and ribosomal protein L10E have been implicated with
replication and DNA repair.40,50 Interestingly, these proteins
were found accumulated in the nuclear matrix fraction not only
during apoptosis, but also in normal HeLa cells during G1/S
transition (C Gerner and W Mikulits, unpublished data). This
observation may suggest the induction of replicative foci and
of DNA repair during apoptosis as described by others.51 ± 54

This interpretation was corroborated by our finding that the

Table 3 Nuclear matrix proteins apparently unaffected during ACC (indicated in Figure 5).

Swiss-Prot

hNMP- No. Mw/pI protein name/spot designation GenBank Acc. No. observed in Identi®ed by

176 51/4.5 chromatin assembly factor 1 P48 subunit Q09028 HJU A (ref. 7)
(RBAP48)

210 46/4.8 histone acetyltransferase type B subunit 2 Q16576 HJU P (ref. 7)
(RBAP46)

389 24/4.6 chromobox protein homolog 1 (HP1b) P23197 HJU M (19)
80 78/4.9 78 kDa glucose regulated protein grp78 P11021 HJU P (ref. 7)
238 54/6.5 hNMP 238 AJ010058 HJU A (ref. 6)
200 56/6.4 hNMP 200 AJ131186 HJU A (ref. 9)
265 47/6.4 hNMP 265 D21853 HJU A (ref. 8)
248, 254 46/5.2 hnRNP F (hF) P52597 HJU W (ref. 3)
233 53/5.9 hnRNP H (hH) P31943 HJU W, M (ref. 5)
234 53/5.9 hnRNP H (hH) P55795 HJU W, M (ref. 5)
266 ± 269 65/7.1 ± 7.9 hnRNP L (hL) P14866 HJU A, M, L (ref. 3)
85 71/5.3 heat shock cognate 71 kDa protein P11142 HJU A (ref. 7)

(hsc70)
293 100/5.1 lymphoid restricted homolog of SP100 Q13342 HJU M (14)

(LYSP100 protein)
069 38/4.8 nucleophosmin (numatrin B23) P06748 HJU A (ref. 3)

Annotations as in Table 1.
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3H-thymidine incorporation rate was increased by more than
30% within 4 h upon treatment of Jurkat cells with anti-Fas
antibody (not shown).

Disassembly of the transcription apparatus

The nuclear matrix has been claimed to provide a spatial
support for transcription and splicing activity.55,56 hnRNP
proteins are abundant constituents of the nuclear matrix and
are known to essentially contribute to transcription, splicing and
mRNA transport.37 The observed depletion of the hnRNPs C1/
2, E1/2, K and U in addition to the transcription factors TAT ±
SF1 and UBF-1 may therefore be interpreted as indicative for a
disassembly of the transcription and splicing apparatus during
apoptosis upon loosing an ordered scaffolding.

Evidence for a core nuclear skeleton

At present the nature and function of many nuclear proteins
have not yet been fully established, awaiting further
investigation.57,58 It is still an open question whether the
network of proteins observed by electron microscope imaging
of the interphase nucleus59 ± 61 is formed by own filamentous
structural proteins, or by interacting proteins that are members
of metabolically active complexes involved in nucleic acid
metabolism, or by both types of components.62 Hitherto, only
a few proteins, as nuclear lamins, nucleoplasmic myosin,
actin and actin-binding proteins, the nuclear pore complex
protein p270/Tpr and the nuclear mitotic apparatus protein
(NuMA) have been attributed a role as nuclear filamentous
proteins.63 ± 65

Consideration of the ACC phenomenology, as depicted
in Figure 1, implies the existence of a residual non-
chromatin core nuclear scaffold abandoned after chromatin
has condensed. Fluorescence microscopy of a GFP-fusion
construct of the abundant nuclear matrix protein hNMP 200
(Figure 1) suggests that proteins contribute to this scaffold.
Several highly abundant nuclear matrix proteins, some of
which may be implicated in functioning as structural
supports of the nucleus,7 were found largely maintained
during apoptosis (Figure 5). These nuclear matrix proteins
might establish a protein network where chromatin and the
transcriptional and splicing apparatus attach to on func-
tional demand. These attachments might be relieved during
ACC.

Proteins mediating chromatin ± nuclear matrix
interactions

Only subtle changes of the NMPs were observed when
nuclei entered a committed state for ACC. Only 20 out of
more than 300 spots were found substantially decreased,
where as few proteolytic fragments generated by the action
of caspases became detectable. Hence, most NM constitu-
ents appeared essentially unaffected. These data indicate
that the apoptotic point of no return may be passed before
most nuclear caspase targets are substantially degraded. It
is remarkable that many nuclear matrix proteins considerably
decreased at the committed state are chromatin-binding
proteins such as SUPT6H,30 HA95,31 nuclear lamins,32

LAP2a23 and SATB1,22 proteins potentially linking chromatin
to a nuclear scaffold. Decrease of proteins was accom-
plished by either cleavage, as of e.g. nuclear lamins15 and
LAP2a,23 or release into the cytosol as evident in case of
HA95, previously referred to as p94/4.7.28 Likewise decrease
of transcription factors TAT ± SF133 and UBF-1,34 of
transport proteins such as importin-b35 or of the nuclear
motor protein, might loosen chromatin ± nuclear matrix-
interactions. In addition, we observed degradation of LBP ±
p40 during apoptosis, which has not been described before.
Downregulation of LBP ± p40 utilizing an antisense strategy
has been demonstrated to induce apoptosis in HeLa cells,66

suggesting a further pro-apoptotic effect by LBP ± p40
cleavage.

The specific features of the neutrophil nuclear matrix
protein composition provided another evidence for a causal
relation of NMP alterations with ACC. These abundant
white blood cells naturally display condensed chromatin
and polymorph nuclei. In a previous study we have
compared the NMPs of these cells with those of monocytes
and lymphocytes isolated from peripheral blood and have
described the lack of otherwise abundant and ubiquitously
occurring NMPs in these cells.4 Intriguingly, most of these
NMPs were identical with those found to decrease or
disappear in other cells during ACC (not shown). On the
other hand, all of the NMPs apparently maintained during
ACC were found still detectable in neutrophils (not shown).
These data corroborated the suggestion that many of the
NMP alterations observed were intimately linked to the
chromatin condensation process.

Recently it was suggested that DNA itself profoundly
contributes to maintenance and organization of the nuclear
structure.58 The present data suggest a critical contribution
of mediator proteins linking chromatin to dynamic com-
plexes finally forming a nuclear protein scaffold. Thus,
chromatin condensation may result from depletion of such
linker proteins releasing chromatin from a nuclear scaffold.

Materials and Methods

Cell culture and induction of apoptosis

Jurkat, U937, wild-type and hNMP 200-transfected HeLa cells were
routinely cultivated in RPMI-1640, supplemented with 10% fetal calf
serum (FCS) at 378C in a humidified atmosphere containing 5% CO2.
For induction of apoptosis, Jurkat cells were washed in serum-free
medium and re-seeded at a density of 105 cells/ml in medium
containing 1% FCS. Apoptosis was induced 15 min thereafter by
adjusting to 50 ng/ml anti-Fas antibody (Clone CH-11, Upstate
Biotechnology, Lake Placid, NY, USA), 1.25 mM Staurosporine
(Calbiochem, La Jolla, CA, USA) or 5 mM camptothecin (Sigma) in
case of Jurkat and U937 cells, or 2.5 mM Staurosporine in case of
HeLa cells. Alternatively, cells were treated with 30 J/m2 UV-light
(254 nm) in HBSS at a density of 106 cells/ml, cells were centrifuged
and re-seeded in RPMI-1640. Scoring of apoptosis and viability was
performed as described.22 Inhibition of chromatin condensation was
accomplished by adjusting the medium to 300 mM orthovanadate 2.5 h
after anti-Fas treatment. After further 5.5 h cells were processed for
immunoblot and microscopic analysis.
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Microscopy

HeLa cells expressing hNMP 200-GFP-chimeras were grown on
coverslips, fixed in 2% formaldehyde/PBS at RT for 20 min and
permeabilized in 0.5% Triton X-100/PBS for 5 min. DNA was
counterstained with 1 mg/ml Hoechst-33258 (Calbiochem) for 2 min.
Fluorescence microscopy was performed on a Nikon Eclipse TE300
(equipped with TE-FM epi-fluorescence) inverted light microscope. For
electron microscopy Jurkat cells were fixed in 2.5% (v/v) glutaralde-
hyde in 0.1 M sodium cacodylate buffer, pH 7.2, for 60 min at 48C.67

Following rinses in buffer, the cultures were post-fixed in 1% (w/v)
OsO4 in 0.1 M acetate buffer, pH 6.0, dehydrated in a graded series of
ethanol and embedded in Epon. Ultrathin sections were viewed both
unstained and stained with uranyl and lead salts in a Philips EM 400
electron microscope.

Isolation of the nuclear matrix

The nuclear matrix preparation protocol was detailed previously.3 In
brief, cells were lysed in 0.05% Nonidet P-40 in hypotonic buffer
(10 mM HEPES/NaOH, pH 7.4, 10 mM NaCl, 3 mM MgCl2). Nuclei
were pelleted at 170 g for 10 min and the resulting supernatant
centrifuged at 100 000 g for 60 min to yield the cytosol. The nuclei
were further purified by shearing, sucrose step centrifugation and
detergent treatment and incubated in nuclease digestion buffer
(10 mM Pipes, pH 6.8, 50 mM NaCl, 3 mM MgCl2, 0.25% Triton X-
100, 300 mM sucrose) including 100 U/ml of DNAse I (Sigma) for
15 min at RT. After salt extraction the nuclear matrices were
solubilized in sample buffer, consisting of 10 M urea, 4% CHAPS,
0.5% SDS, 100 mM DTT supplemented with 2% (v/v) ampholyte
pH 7 ± 9 (Merck). Largely intact nuclear matrix structures from
Jurkat cells were obtained until up to eight hours after anti-Fas
treatment.

Two-dimensional electrophoresis and image
analysis

High resolution two-dimensional gel electrophoresis was carried out by
modification of the method of Hochstrasser et al.68 using the Protean II
xi electrophoresis system (Bio-Rad). As outlined previously,3 70 mg of
NM protein samples were loaded on the first dimension tube gels. The
second dimension was run on 10% polyacrylamide slab gels. Gels
were silver stained by the method of Wray et al.69 Scanning of gels,
comparative spot pattern analysis and determination of the integrated
optical densities was accomplished with the BioImage Investigator
system (BioImage, Ann Arbor, MI, USA), using the `2-D AnalyzerTM V
6.1' software package. The described protein spot alterations were
reproduced at least three times.

Immunoblot analysis

For Western analysis, cell lysates were separated by 10% SDS ±
PAGE, transferred to Hybond P membranes (Amersham Pharmacia
Biotech), blocked with 5% non-fat dried milk in TBST (50 mM Tris/HCl
pH 7.5, 150 mM NaCl, 0.1% Tween-20) for 1 h and incubated with
antibodies recognizing caspase-8 (NeoMarkers, Fremont, CA, USA),
caspase-3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), cleaved
caspase-3 (Cell Signaling Technology, Beverly, MA, USA), PARP
(R&D Systems, Minneapolis, MN, USA), DFF-45 (StressGene,
Victoria, Canada), b-Actin (Sigma) diluted in TBST containing 1%
non-fat dried milk. The ECL Plus Western blotting detection system
(Amersham Pharmacia Biotech) was used according to the instruc-
tions of the manufacturer.

Identi®cation of protein spots

Identification of antigens in the 2D pattern by Western analysis was
performed as described recently.70 For MS fingerprinting, Coomassie
blue-stained proteins were directly cut out of preparative gels. Matrix-
assisted Laser desorption ionization-time-of-flight (MALDI ± TOF) of
tryptic protein hydrolysates was carried out essentially as described by
Fountoulakis and Langen.71 Protein identification was accomplished
by means of `PeptIdent' software72 made accessible by ExPASy
(Expert Protein Analysis System). Proteins were considered as
identified by means of MS-fingerprinting when data of at least 8
peptides representing more than 70% of the obtained peptide peaks
unequivocally correlated with a published sequence. Furthermore,
Mw/pI values were compared with calculated data obtained with the
`Compute pI/Mw' software73 made accessible by ExPASy and with
data of 2D databases.74
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