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Abstract

Induction ofapoptosis in Ewing's sarcoma cells by Ionizing radiation is
accompanied by accumulation of ubiquitinated proteins preferentially in
the form of conjugates with Mr 51@te1 than 75,000. Furthermore, en
hanced antiubiquitin immunofluorescence was detected only in cells that
underwent radiation-Induced apoptosis, suggesting that the observed al.
terations In protein ubiqultination are specific to the apoptotic process. To
determine the role ofthe proteasome in apoptosis-associated accumulation
of ubiquitin-protein conjugates, we used lactacystin, a highly selective
inhibitor ofproteasome proteolytic activity. Exposure ofEwing's sarcoma
cells to lactacystin resulted In accumulation of ubiquitinated proteins and
activation of a Bcl-2-sensitive apoptotic pathways. The latter led to pro
teolytic cleavage of poly(ADP-ribose) polymerase and fragmentation of
nuclear DNA. These findings suggest that proteasome functioa is required
for apoptosis-specific accumulation ofublquitinated proteins and indicate
that functional disorder of the ubiquitin-proteasome system may play an
Important role in the apoptotic ceH death pathway.

Introduction

The ubiquitin-proteasome system is a major nonlysosomal proteo
lytic pathway in eukaryotic cells (reviewed in Ref. 1). Ubiquitin, a
small basic protein of 76 amino acid residues, is found in all eukary
otic cells. The coupling of ubiquitin to various target proteins is
initiated by the ubiquitin-proteinligase system. Monoubiquitinated
substrates then undergo additional modifications via the lysine residue
at position 48 on the ubiquitin molecule, leading to the formation of
multiubiquitin chains. The resulting ubiquitinated proteins are de
graded by an ATP-dependent 26S proteasome complex; the proteo
lytic core of this structure contains multiple peptidase activities that
function together during proteolysis (for reviews, see Refs. 1 and 2).

Recent studies have shown that ubiquitin is involved in the degra
dation, posttranslational modification, and activation of several im
portant regulatory proteins. Oncoproteins and transcriptional regula
tors (p53, c-Fos, c-Jun, and NF-,cB), cell surface receptors, cyclins,
and cyclin-dependent kinase inhibitor p27'@â€•are included among
these (1â€”4).Some proteins are degraded in a cell cycle-dependent
manner, whereas others are subjected to limited proteolysis, resulting
in posttranslational processing or degradation after ligand binding (1,
3, 4). Protein ubiquitination is not only essentialfor the normal
physiological turnover of proteins but seems to have been adapted as
part of an intracellular surveillance system that can be activated by
altered, damaged, or foreign proteins (5â€”7).Several lines of evidence
suggest the involvement of the ubiquitin system in mechanisms of
neurodegenerative disorders and developmentally programmed cell
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death (Refs. 5 and 8 and references therein). Recent studies have
demonstrated that the proteolytic activity of proteosomes is also
essential for the induction of the apoptotic pathway, albeit with
different outcomes for actively proliferating and quiescent or termi
nally differentiated cells (9â€”12).Moreover, functional and structural
changes in the 265 proteasome complex have been found to occur
specifically in cells undergoing programmed cell death (13, 14).

The present study addressed the question of whether the ubiquitin
proteasome pathway is involved in mechanisms of experimentally
induced apoptosis in EWS3 cells. We report here that the induction of
apoptosis in EWS cells by ionizing radiation is accompanied by an
accumulation of ubiquitinated proteins. Furthermore, inhibition of
proteasome function by lactacystin also results in the accumulation of
protein-ubiquitin conjugates and triggers the Bcl-2-sensitive apoptotic
pathway. Thus, functional alterations of the ubiquitin-proteasome
system, resulting in accumulation of ubiquitinated proteins, seem to
play an important role in apoptotic cell death.

Materials and Methods

Cell Culture and Transfections.The EWS cell line A4573 waskindly
providedby Dr. TimothyKinsella (Universityof Wisconsin Medical School,
Madison, WI). Cells were maintained in Eagle's MEM (Life Technologies,
Inc.) supplemented with 10% fetal bovine serum, 1% L-glutamlne, 100
units/mIpenicillin,and 100 pg/mi streptomycinat 37Â°Cin an atmosphereof
5% CO2. A4573 cells were stably transfected with neomycin-selectable

pR509-8-45 plasmid containing the human bcl-2 cDNA in sense orientation,

kindly provided by Dr. J. A. Zwiebel(Georgetown University Medical School)
or with control, neomycin-resistantexpression vector pZIP-neo-SVX using
LipofectAMlNE (Life Technologies, Inc.) as described previously (15). The
G418-resistantcolonies fromeachreplicatedexperimentwerepooled andused
in experiments as independent cell populations.

Cell Death Induction. Exponentiallygrowing cells were irradiatedat a
dose of 7 Gy or exposed to 2.5â€”10@iMlactacystin for various intervals.
Lactacystin(Calbiochem)was dissolved in DMSO and addedto cell cultures
at a finalconcentrationof solvent in the mediumnot exceeding 0.1%.Control
cells received DMSO only. All irradiations were performed at room temper
attire in air using a â€˜37Cssource in a JL Shepard MARK I laboratory irradiator
at a dose rateof 3.85 Gy/min.

Immunofluorescence Staining and Microscopy. For simultaneousstain
ing of DNA and ubiquitin, EWS cells were grown on glass coverslips #1
(Fisher Scientific) placed in 35-mm wells of a 6-well culture dish. After
treatment with drugs or irradiation, medium was removed, and cells were
rinsed twice with PBS, fixed in PBS-3.7% paraformaldehyde for 10 mm,
washed three times in PBS for 5 mm each, and then permeabilized with
PBS-0.2%TritonX-lOOfor 10 mm. After threewashes with PBS, cells were
incubated for 30 mm with antiubiquitin antibodies (1:100; Chemicon). Washes
were followed by incubation with affinity-purified Texas Red-conjugated

donkeyantirabbitIgG antibody(1:300; JacksonImmunoResearch)andDAPI
solution(0.5 @Lg/ml)for 30 mm in thedark.Coverslipswere thenwashedwith
PBS, blotted dry, and mountedonto glass slides using Prolong AntifadeKit

3 The abbreviations used are: EWS, Ewing's sarcoma; PARP, poly(ADP-ribosc) pa
lymerase; GAPDH, glyceraldchydc-3-phosphate dehydrogenase; DAN, 4',6-diamidino
2-phenylindole; ICE, interleukin-l@-converting enzyme; CED, Caenorhabditis elegans
death.
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(MolecularProbes,Inc.).Epifluorescencemicroseopywasperformedusinga
Zeiss Photoscope II (Carl Zeiss, Inc.) equipped with a Zeiss Plan 40X/0.65 NA
objective, andcells were photographedusing a 35-mm camera.Specificity of
ubiquitin immunofluorescence was confirmed by the absence of Texas Red

cell staining when the primary antibody was omitted.
Analysis for Apoptosis. For quantitation of apoptosis, cells were washed

with PBS before fixation with 3.7% paraformaldehyde for 3â€”5mm. After
rehydration in PBS, cells were stained with DAPI (Sigma) for 30 mm in the
darkand visualizedby fluorescencemicroscopyusing a Zeiss PhotoscopeII.
The apoptoticcells exhibitingcondensedand fragmentednuclei were readily
visible and scored positive. Using a X40 objective lens, apoptotic nuclei were
counted in five to seven randomly selected fields. A minimum of 400â€”600
nuclei were examined for each sample, and the results were expressed as the
numberof apoptoticnuclei over the total numberof niclei counted.

DNA Fragmentation Assays. For analysis of oligonucleosomal DNA
fragmentation,total cellularDNA was preparedas describedpreviously(16).
Briefly, harvested cells were washed in PBS and resuspended in lysis buffer
[10 nmiTris HCI(pH 8.0), 5 mMEDTA, 1%SDS, and 50 pg/mi RNase A]
followed by incubation for 1 h at 37Â°C.Cell lysates were treated with
proteinase K (100 @g/ml)in the presence of 1 M NaC1 for 3 h at 37Â°C.DNA
was extracted with phenol:chloroform:isoamyl alcohol, precipitated with eth
anol, recoveredby centrifugation,andresuspendedin TE buffer [10 mi@iTris
HCI (pH 7.5) and 1 mMEDTA]. DNA preparationswere end-labeledwith
Klenowfragmentsof DNA PolymeraseI (US Biochemicals)and[32P]dCl'Pas
described previously (16). Unincorporated nucleotides were removed by three
consecutive precipitationcycles with ethanol.RecoveredDNA sampleswere
applied to 2% agarose gels and electrophoresed for 16 h at 1.5 V/cm. Gels were
dried at 50Â°Cand exposed to X-ray film. Flow cytometry was performed on
cells fixed with ethanol, incubated in PBS for 20 mm at 37Â°C,and resuspended
in the DNA-staining solution containing 0.1% Triton X-lOO, 0.1 mM EDTA,
50 KM/mi RNase A, and 50 g.@g/m1propidium iodide in PBS. Cells were stored
at 4Â°Cuntil flow cytometryanalysis using a FACS StarPlus flow cytometer
(Becton Dickinson) as described previously (16). The cells with DNA content
less than that of diploid cells in G0-G1 phase were considered to be apoptotic,
and the percentages of these cells were calculated using Reproman software.

A

Time(h) 0 48 72

Western Immunoblot Analyses. Cells were washed twice with cold PBS
and lysed at 4Â°Cfor 30 mm in buffer (1% Triton X-lOO, 0.1% SDS, 0.5%
sodium deoxycholate, 100 mMNaCl, 1 mMphenyhnethylsulfonyl fluoride, 20
lLg/ml aprotinin, and 20 pg/mi leupeptin). Insoluble material was removed by
centrifugation at 4Â°Cfor 30 ruin at 16,000 X g, and protein concentrations
were determined using the Micro BCA protein assay (Pierce). Cellular proteins
(25â€”30pg/sample) were resolved on SDS-l2.5% polyacrylamide gels and
transferred to Immobilon-P membranes (Millipore) followed by detection of
specific proteins by the enhanced chemiluminescence method according to the
manufacturer's protocol (Amersham). Expression of the bcl-2 plasmids in
transfected EWS cells was confirmed using a rabbit polyclonal antiserum
(C-21) specific for humanBcl-2 (1:1000; SantaCruzBiotechnology).Assess
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Fig. 2. Radiation-inducedaccumulationof ubiquitin-proteinconjugatesand apoptosis
in A4573 EWS cells. A, immunodetection of ubiquitinated proteins in EWS cells after
radiation exposure (7 Gy). Cells were harvested at the indicated times after irradiation.
Total cellular proteins (25 @g)were resolved by SDS-gradient (10-20%) PAGE and
immunoblotted with the monoclonal antiubiquitin antibody. The migration of appropriate
molecular size markers (in kilodaltons) is indicated on the right. B, irradiated cells were
stainedwithDAPland visualizedby fluorescencemicroscopy.Cells exhibitingcondensed
and fragmented nuclei were scored as apoptotic. The values are expressed in percentages
andwere determinedas describedin â€œMaterialsandMethOdS.â€•Colwnns,mean;bars, SE
determinedfrom three independentexperiments.

Fig. I. Increasedubiquitinimmunostainingis associated specifically with apoptotic
cells. Apoptosisin A4573 EWScells was inducedby ionizingradiation(7Gy). Chromatin
condensation and ubiquitin immunostaining in A4573 EWS cells were examined 72 h
after irradiation. Double staining of ubiquitin and DNA in A4573 cells was perfonned
using antiubiquitin antibodies and DAPI as described in â€œMaterialsand Methods.â€•The
same fields were photographedat X400 magnificationundera Zeiss fluorescentmicro
scope to visualize DAPI-stainednuclearDNA and immunofluorescenceof ubiquitin.A
representative experiment (of three) is shown.
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Fig.3. Lactacystininducesaccumulationof ubiquitinatedproteins
andapoptosisin EWScells. A, detectionof ubiquitin-iinmunoreactive
proteins(upperpane@.WholecelllysateswerepreparedfromA4573
EWS cells treated with indicated concentrations of lactacystin for
24 h. Samples containing equal amounts of protein (25 gig) were
resolved by SDS-gradient (10-20%) PAGE and immunoblotted with
the monoclonalantiubiquitinantibody.The migrationof appropriate
molecular size markers (in kilodaltons) is indicated on the right.
Inununodetection of the GAPDH is shown as a reference for protein
loading equivalence (bottom panel). B, DNA content frequency his
tograms of control A4573 EWS cells (upperpanel) and cells treated
with5 @a.ibetacystinfor24h (bottompanel).Thepercentageof cells
withhypodiploidDNAcontentis indicated.C, inductionof oligonu
cleosomal-sized DNA fragmentation by lactacystin. A4573 EWS cells
were treated with indicated concentrations of betacystin for 24 h.
Isolated DNA was analyzed by agarose gel electrophoresis. The ml
grationofmolecularsizemarkers(inKbp)isindicatedontheright.D,
PAR.Pproteolysis in EWS cells treated with lactacystin for 24 h. Total
cellular proteins (25 p@g)were ImmunOblOttedwith the anti-PARP
polyclonal antibody. The positions of native PARP(l 16 kDa) and the
proteolytic cleavage product of PAR? (85 kDa) are shown.
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cence. In contrast, cells that underwent radiation-induced apoptosis
exhibited intense ubiquitin immunofluorescence (Fig. 1). No sigmfi
cant alterations in antiubiquitin fluorescence intensity were detected
before the appearance of apoptosis-specific changes in nuclear mor
phology.

To further investigate the association of the ubiquitin pathway with
the apoptotic process, we examined the extent of ubiquitin incorpo
ration into protein conjugates in EWS cells after exposure to ionizing
radiation. Immunoblot analysis of extracts from unirradiated (control)
cells demonstrated the predictable pattern of ubiquitin-immunoreac
tive bands that formed a typical smear of slow-migrating ubiquitin
conjugated proteins, as well as monomeric ubiquitin. After ionizing
radiation, EWS cells exhibited accumulation of ubiquitinated proteins
in the form of conjugates with Mr greater than 75,000 (Fig. 2A). The
alterations in protein ubiquitination were observed approximately 48 h
after irradiation and were coincident with an increased proportion of

cells displaying apoptosis-specific nuclear morphology (Fig. 2B).
These data are consistent with the enhanced antiubiquitin immuno
fluorescence in apoptotic EWS cells (Fig. 1) and correspond tempo
rally to radiation-induced internucleosomal DNA fragmentation and
specific proteolysis of PARP (15, 16). Similar changes in the profiles
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ment of apoptosis-relatedproteolytic cleavage of PARP was performedas
described previously (15, 16) using a rabbit polyclonal antibody against
full-length PARP (1:2000; Boebringer Mannheim). For immunodetection of
ubiquitinated proteins, the cellular extracts were prepared in the presence of
0.1% SDS and 5 mM N-ethyhnaleimide to inhibit potent isopeptidase activities
thatmay affect the detectionof multiubiquitinatedproteins(17). Totalcellular
proteins were resolved using SDS-lOâ€”20% gradient PAGE and immuno
blotted with mouse monoclonal antiubiquitin antibody (1:1000; Chemicon).
Equalsampleloadingwas confirmedby reprobingthe sameblots witha rabbit
polyclonalantiserumagainstGAPDH(1:5000;Trevigen).

ResUltS and Discussion

Accumulation of Ubiquitinated PrOteIns in Apoptotic EWS
Cells. We have reported previously that EWS cells respond to ioniz
ing radiation exposure by induction of apoptosis (15, 16). As shown
in Fig. 1A, approximately 20â€”25%of EWS cells showed nuclei that
were highly condensed and/or segmented within 72 h of treatment,
consistent with the morphology of apoptosis (18). To determine
whether the induction of apoptosis was accompanied by changes in
protein ubiquitination, we examined the patterns of ubiquitin immu
nofluorescence. We found that cells that had a normal nuclear mor
phology showed a heterogeneous pattern of ubiquitin immunofluores
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of ubiquitinated proteins were also detected in human breast carci
noma MCF-7 and MDA-MB-468 cell lines after induction of apop
totic cell death by etoposide, 5-fluoro-2'-deoxyuridine, and sodium
butyrate.4 Taken together, these results suggest that alterations in
protein ubiquitination are temporally associated with induction of the
apoptotic program and occur specifically in apoptotic cells.

Inhibition of Proteasome Function Results in Accumulation of
Ubiquitin-Protein Conjugates and Apoptosis. In living cells, ubiq
uitinated proteins are rapidly degraded by the 265 proteasome, a
complex with multiple proteinase activity (for reviews, see Refs. 1
and 2). Therefore, abnormally high levels of ubiquitin-protein conju
gates in dying cells may reflect the disturbed equilibrium between
protein ubiquitination and proteasome-dependent degradation. We
reasoned that failure of proteasome function can potentially contribute
to accumulation of ubiquitin-protein conjugates in apoptotic cells. To
determine the role of the proteasome in this process, EWS cells were
exposed to lactacystin, a highly selective inhibitor of proteasome
activity. Lactacystin is a Streptomyces metabolite that readily pene
trates cell membranes and irreversibly blocka multiple proteasome
activities (19). As shown in Fig. 3A, inhibition ofproteasome function
in EWS cells resulted in accumulation of ubiquitin-protein conjugates
with Mr greater than 75,000 in a dose-dependent fashion. These
observations are consistent with the interpretation that abnormal func
tion of the proteasome may result in accumulation of ubiquitinated
proteins in apoptotic cells. Recently, structural and functional changes
in 26S proteasome proteolytic complex have been found to occur
specifically in muscles of Manduca sexta that are undergoing devel
opmentally programmed cell death (13, 14). However, the mecha
nisms of these alteration(s) and its role in apoptotic cell death process
remain to be elucidated.

We next investigated whether inhibition of proteasome function in
EWS cells would result in induction of apoptosis. Flow cytometric
analysis demonstrated that treatment of EWS cells with lactacystin
resulted in an increase in the population of cells with fractional DNA
content (Fig. 3B), consistent with the apoptotic process (16). Electro
phoretic analysis revealed a pattern of internucleosomal DNA frag
mentation, confirming that apoptosis was actually occurring in lacta
cystin-treated EWS cells (Fig. 30. To determine whether inhibition
of proteasome function is capable of triggering the apoptosis-specific
activation of the ICEJCED-3 proteolytic pathway, we examined the
extent of PARP cleavage in EWS cells. Consistent with previous
reports on activation of PARP proteolysis in apoptotic EWS cells (15,
16), we observed the appearance of a characteristic 85-kDa fragment
of PARP after induction of apoptosis by lactacystin (Fig. 3D). These
findings suggest that lactacystin-induced apoptosis is associated with
activation of CPP32 or other members of the ICEICED-3 family of
cysteine proteases (20).

Previously, we have demonstrated that overexpression of Bcl-2 sup
presses radiation-induced proteolytic cleavage of PARP protein and ap
optosis in EWS cells (15). To determine whether expression of Bcl-2
could modulate lactacystin-induced apoptosis, we stably transfected
A4573 EWS cells with a full-length human bcl-2 cDNA (Fig. 4A).
Heterologous, stable expression of Bcl-2 significantlyinhibited lactacys
tin-induced apoptosis in a transfected pool of EWS/Bcl-2-lB cells as
compared to similarly treated vector-transfected (Neo-l) EWS cells (Fig.
4B). To further investigatethe involvementof Bcl-2 in regulationof
lactacystin-induced apoptosis, we assessed the levels ofproteolytic cleav
age of PARP protein. Western blot analysis of cell extracts from EWS
cells demonstrated that Bcl-2 strongly inhibited the cleavage of 1l6-kDa
PARP protein into a characteristic 85-kDa fragment (Fig. 4C), suggesting

4 V. A. Soldatenkov, unpublished observations.
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Fig. 4. Bcl-2 preventslactacystin-inducedapoptosisin EWScells. A, immunodetection
of Bcl-2 proteinin EWS cells transfectedwith a recombinantplasmidconstructdriving
the expression of a human full-length bcl-2 cDNA. Bcl-2-JB is representativeof four
independentpools of 0418-resistant EWS clones. Neo-1 correspondsto a pool of EWS
clonesisolatedaftertransfectionwithneomycin-resistantexpressionvectoralone.Paren
tal A4573 cells were also used as a control. The migration of the Bcl-2 protein is indicated
on the right (upperpanel). Immunodetectionof the GAPDH was used as a referencefor
quantitative loading of samples (bottom panel). B, the rate of lactacystin-induced apop
tosis in bcl-2 or two transfectants.Cells were treatedwith indicatedconcentrationsof
lactacystin for 24 h, and the percentage of apoptotic cells (cells with hypodiploid DNA
content) was determined by flow cytometry analysis. Data presented are the mean values
determined from duplicate experiments. C, Bcl-2 inhibits proteolytic cleavage ofPARP in
lactacystin-treated EWS cells. Neo-l and Bcl-2-lB EWS cells were incubated with
indicated concentrations of lactacystin for 24 h. Immunodetection of PARP in whole cell
lysates was carded out with the anti-PARP polyclonal antibody.
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that Bcl-2 functions upstream of activation of the ICE/CED-3 cysteine
protease family in this cell death pathway.

In this study, we show that radiation-induced apoptosis in EWS
cells is associated with accumulation of high molecular weight ubiq
uitin-protein conjugates and that failure of proteasome to degrade
ubiquitin-protein conjugates also leads to accumulation of ubiquiti
nated proteins and activation of the apoptotic death pathway in EWS
cells. These observations provide support for the hypothesis that
functional disorder of the ubiquitin-proteasome pathway may play an
important role in the regulation of apoptosis in mammalian cells. The
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exact pathway(s) triggered by altered function of the ubiquitin-pro
teasome system remains to be investigated. Nevertheless, several
interpretations for involvement of the ubiquitin-proteasome pathway
in the apoptotic cascade can be considered. Proteasome activity is
essential for cell cycle regulation (1, 4). Therefore, cell cycle arrest
resulting from dysregulation of ubiquitin-proteasome function may
apparently conflict with oncogene-driven stimuli to cell proliferation
and subsequently direct tumor cells to the induction of apoptosis. This
interpretation is supported by recent observations that inhibition of

proteasome activity acts as a positive modulator of apoptosis in

actively proliferating cells but does not trigger apoptotic cell death in
quiescent, differentiated cells and in cells with low proliferative index
(9â€”12).This clashhypothesishasalsobeenimplicated in radiation
induced apoptotic death of tumor cells (21). Alternatively, the dereg
ulated function of the ubiquitin-proteasome proteolytic system may
interfere with basal or stimuli-induced protein turnover, resulting in
stabilization of cell death-promoting protein(s). For example, inhibi
tion of the proteolytic degradation of IicB-a results in induction of
apoptosis in a B-cell lymphoma line (22). Moreover, enhanced ubiq
uitination and stabilization of the tumor suppressor protein p53 has
been recently demonstrated in human osteosarcoma cells after radia
tion treatment (3). The turnover of both proteins, licE-a and p53, has
been shown to be mediated by the ubiquitin-proteasome proteolytic
pathway in living cells (3, 23).

In summary, our data demonstrate that radiation-induced apoptosis
in EWS cells is associated with alterations in protein ubiquitination
and suggest the involvement of the proteasome function in the accu
mulation of ubiquitinated proteins in apoptotic cells. Thus, functional
disorder of the ubiquitin-proteasome proteolytic system may play an
essential role in apoptotic cell death. Further identification and selec
five targeting of ubiquitin-dependent signaling pathways leading to
apoptosis should facilitate our understanding of this process and its
potential role in the treatment of cancer.
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