
[CANCERRESEARCH57,686-695, February15, 19971

damage, plays a crucial role in the execution of apoptosis following
cell treatment with topoisomerase inhibitors (5). In p53-negative cells,
a DNA damage-responsive 02 checkpoint appears to determine the
sensitivity of cells to topoisomerase inhibitors (2). Moreover, un
scheduled activation of p34'@2/cycin B 1 kinase was observed in
leukemic cells undergoing apoptosis after treatment with topoisomer
ase poisons (6), and several other cyclins or kinases involved in cell
cycle regulation were shown to play a role in the apoptotic response
to these cytotoxic drugs (7â€”9).

Genes involved in cell differentiation and growth arrest in re
sponse to various stimuli are also potential candidates for apoptosis
regulation (10â€”12). The gadd genes (growth arrest and DNA
damage) were originally isolated on the basis of rapid induction by
Uv radiationin Chinesehamsterovarycells,andtheirexpression
was subsequently found to be induced by a wide variety of DNA
damaging agents and growth arrest treatments (13, 14). One of
thesegenes,the human gaddl53 gene, encodesthe nuclear protein
CHOP 10 (CIEBP homologous protein) that acts as a negative
modulator of CIEBP transcriptional factors (15) and inhibits cell
cycle progression. C/EBP genes encode transcriptional factors that
participate in the process of terminal differentiation and growth
arrest in adipose tissues (15). CHOP 10 is unique among the
C/EBP-related proteins in that it cannot bind to DNA. It can,
however, form stable heterodimers with other CIEBP proteins and
either prevent their binding to DNA (16) or promote their binding
to nonclassical CCAAT sites (16). Recently, it was suggested that
CHOP 10 could be a positively acting transcription factor as well
(17). Microinjection of CHOP 10 into NIH-3T3 fibroblasts induces
G1 arrest (16). Similarly, transient expression of CHOP 10 into
several different human tumor cell lines leads to growth arrest (18).
CHOP 10 wasalsosuggestedto contributeto chemotherapy
induced apoptosis in myeloid cells (19). gaddl53 mRNA expres
sion is very low in growing cells and is markedly increased
following treatment with a wide variety of DNA-damaging agents,
including the alkylating agent MMS (14) and the topoisomerase II

inhibitor VP-16 (20). gaddl53 mRNA expression is also increased
in response to a number of different growth arrest conditions
including serum starvation, medium depletion, and exposure to
prostaglandin A2 (14, 21).

We have demonstrated previously that VP-l6 was able to induce
apoptosis in various human leukemic cell lines. However, the
kinetics of induction of apoptosis in response to equitoxic concen
trations of VP-i6, as defined using a 96-h MTT assay, varied
widely from one cell line to another. VP-16-induced apoptosis was
observed within a few hours in U937 and HL-60 cell lines and was
detectedonly after 48â€”72h of treatment in K562 and KCL22 cell
lines. Delayed apoptosis in the later cell lines was associated with
better inhibition of cell cycle progression in response to DNA
damage. The reported effects of CHOP 10 on cell cycle regulation
prompted us to investigate the expression of gaddl53 mRNA in
these four cell lines. Results of this study suggest that gaddl53
mRNA expression could be related to apoptotic DNA fragmenta
tion rather than cell cycle arrest in human leukemic cells treated
with VP-16.
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ABSTRACT

Treatment of leukemic cells with topoisomeraseinhibitors can lead
to growtharrestandsubsequentapoptoticcelldeath.The relationships
between cell cycle regulation and apoptosis triggering remain poorly
understood. The gaddl53 gene encodes the nuclear protein CHOP 10
that actsasa negativemodulatorof CCAAT/enhancerbindingprotein
transcriptional factors and inhibits cell cycle progression. We have
investigated the relationships between gad4lS3 gene expression and
apoptosis induction in four human leukemic cell lines with different
sensitivities to apoptosis induced by etoposide (VP-16), a topoisomerase
II inhibitor. The gaddl53 gene was constitutively expressed in the four
studied cell lines. In U937 and HL-60 cells that were very sensitive to
apoptosis induction by the drug, VP-16 induced a time- and dose
dependent increase of gaddl53 gene mRNA expression. Using agarose
gel electrophoresis and a quantitative filter elution assay, apoptotic
DNA fragmentation was observed to begin when gaddl53 gene expres
sion increased. Equitoxic doses of VP-16 (as defined using a 96-h
3-4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide assay) did not
increase the gaddl53 mRNA level in K562 and KCL22 cell lines that
were more resistant to apoptosis induction by the drug. Nuclear run-on
and mRNA stability experiments demonstrated that VP-16 treatment
increased gaddlS3 gene transcription in the sensitive U937 cells. Cy
cloheximide did not prevent gaddl53 expression increase. Both
gaddl53 mRNA level increase and internucleosomal DNA fragmenta

tion were inhibited by N-tosyl-L-phenylalanine cbloromethylketone, a
serine threonine protease inhibitor, N-acetyl-leucyl-leucyl-norleucinal,
an inhibitor of calpain, N-acetylcysteine, an Inhibitor of oxidative
metabolism, and overexpresslon of Bcl-2. Z-VAD and Z-DEVD pep
tides that inhibit interleukin 1@3-convertingenzyme-like proteases sup
pressed DNA fragmentation without preventing gaddl53 mRNA in
crease in VP-16-treated U937 cells. These results Indicate that gaddlS3
gene expressionincreaseoccurs downstreamof eventssensitiveto
N-tosyl-L-phenylalanine chloromethylketone, calpain inhibitor I, and
Bcl-2 and upstream of interleukin 1@-convertlng enzyme-related pro
teases activation in leukemic cells in which treatment with VP-16
induces rapid apoptosis.

INTRODUCTION

VP-l63 is a topoisomerase H inhibitor which stabilizes an interme
diate of the topoisomerase reaction, the cleavable complex, thereby
inducing a series of events that can lead to cell cycle arrest and
apoptotic cell death (1, 2). Several recent evidences suggest a rela
tionship between cell cycle regulation and apoptosis triggering in
response to VP-16 and other DNA-damaging agents (3, 4). The p53
tumor suppressor gene, which triggers G1 arrest in response to DNA
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Table 1Constitutive expression ofgadd153 gene and characteristics of thefour studied celllinesHL-60U937KCL22K562gaddl53la-actin

mRNA levels0
01b @0.

11 Â±0.06
0.77 Â±0.010.08

Â±0.02
2.20 Â±0.530.

13 Â±0.09
9.00Â±2.600.48

Â±0.22
5.90 Â±0.71Doubling

time (h)34.0 Â±0.525.0 Â±2.526.0 Â±0.523.0 Â±2.0%
of cellsin S-phase35.3 Â±4.045.6 Â±6.433.4 Â±2.760.9 Â±5.5

gaddl53 AND VP-16-INDUCEDAPOPTOSIS

@Lg/mlethidium bromide at 20 V for 14 h. After electrophoresis, DNA was

visualized under UV examination.
Total RNA Extraction and Northern Blot Analysis. Total RNA was

extracted using the RNA Plus kit (Bioprobe System, Montreuil, France)
accordingto the methodof ChomczynskiandSacchi (25). Twenty @gof total
RNA were fractionated by electrophoresis in 1% agarose-formaldehyde gels
and transferred one night by capillarity with 20X SSC onto nitrocellulose
membranes (Hybond C extra; Amersham). The 1-kb human gaddl53 probe
was the cDNA clone pHU 175â€”2A(26, 27) excised from the pCD plasmid by

BamHI (kindly provided by Dr. Nikki Holbrook, National Institute on Aging,

Baltimore, MD). The a-actin probe was a 5l3-bp EcoRI fragment from
pHMa-Al (28).Fifty to 80ngofpurified DNA, previouslydenaturedat 100Â°C
for 10 mm, were labeled with [a-32P]dCTP(3000 Ci/mmol) using the random
primed DNA labeling kit (Boehringer Mannheim). High specific activity
(2 X l0@dpm4@g)was obtained.The membraneswere prehybndizedand
hybridized in 50% formamide, 5X Denhardt's solution, 50 mt@iphosphate
buffer(pH 6.5), 5X SSC, 0.1% SDS, and 2.5 pg/mi salmon spermDNA for
42 h at 42Â°C.Activity in final hybridizationbuffer was at least 3 X 106
dpm/ml.The moststringentfinal washwasfor 20 mm at 56Â°Cin 0.2X SSC
and0.1%SDS,andmembraneswereexposedfor autoradiographyat â€”80Â°C
for at least3 days.The probeswereremovedby waterwashing1 h at 80Â°C,
and membranes were rehybridized with an a-actin probe to normalize RNA
amounts. The Northern blot analysis experiments were quantitated by densi
tometric scanning using the Phoretix 1D software (Phoretix International,
Newcastle, England). Results were expressed as the ratio of gaddl53 to
a-actin mRNA. Then the control lane was arbitrarily assigned the value 1,
signalsin the treatedlanesbeingexpressedrelativeto this control.

Nuclear Run-On Assay. Nuclei from 5 X l0@untreated and treated U937
cells were isolated by detergent lysis and stored at â€”80Â°Cin 100 pJ of storage
buffercontaining50% glycerol. These nuclei were incubatedat 30Â°Cfor 30
mm in reactionbuffer [300 mM KC1,10mMMgC12,10mMMnCl2, 10mM
Tris-HC1(pH 8), 5 mMDTF, 1 mMAlP, I mM0Th 1 mMCTP, and 100 IU
of RNaseinhibitor], 20 ,d of yeasttRNA (5 mg/mi; BoerhingerMannheim),
and 10 @lof [a-32P]dUTP(3000 Ci/mmol). Then 32P-labeledRNA were
isolated and hybridizedto the followingplasmids: (a) the pCD plasmid
containingthe1-kbBamHIfragmentofthe humancDNApHU 175â€”2Aand(b)
thepHMa-Al vectorwith the5l3-bp EcoRI fragmentof thehumana-actin.
The denaturedplasmidswere resuspendedin 0.3 NNaOH,boiled for 10 rain,
andchilledon ice for 10 mm.An equalvolumeof5 NNH4OAcwas added,and
DNAs were loaded onto nitrocellulose filters. Filters were prehybridized for

48 h at42Â°Candhybridizedwith equivalentsamounts(5 X 106cpm/filters)of
32P-labeled RNA for 48 h at 42Â°Cin phosphate buffer [50 mM phosphate (pH
7), 750 mM NaC1, 50% formamide, 0.5% SDS, 2 mM EDTA, 0.005X Den
hardt's solution, and 500 pg/mi salmon sperm DNA]. Filters were washed
twice at room temperature in 2X SSC, 50 mM NaPO4, 0.5% SDS for 15 rain,
once at 68Â°Cin 2x SSC, 50 mM NaPO4, 0.5% SDS for 20 rain, once at 68Â°C
in 2X SSC, 50 mM NaPO4, 0.1% SDS for 20 mm, and once at room

temperaturein 2X SSC,50 mMTris, and0.1% SDSfor 15rain. Final wash
was at 37Â°Cin 2X SSC, 50 mM Tris, and 0.1% SDS with 20 j.@g/mlRNase for
20 mm. The radioactivity of every slot was determined using densitometric

scanning as described previously.

RESULTS

Characterization of Studied Cell Lines. The gaddl53 gene was
constitutively expressed in the four studied cell lines. Its basal cx
pression was higher in K562 cells compared to other cell lines (Table

a mRNA levels were determined as the mean Â±SD of three independent Northern blot analysis. All other results are the mean Â±SD of three independent experiments performed
in triplicate.

b 01so were determined using a 96-h MT.!' assay.
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MATERIALS AND METHODS

Cell Lin@ and Culture. The four human leukemic cell lines, HL-60
(promyelocytic), U937 (monocytic), KCL22 (chronic myelogenous leukemia
in lymphoidblastcrisis),andK562 (chronicmyelogenousleukemiain eryth
roblastic blast crisis) were grown in suspension in RPMI 1640 (BioWhittaker,
Fontenay-sous-bois,France) supplementedwith 10% (v/v) heat-inactivated
FCSand2 mML-glutamineinanatmosphereof95%airand5% CO2at37Â°C.
HL-60/Neo and HL-60/Bcl-2 were derived from HL-60 cells infected with the
control neomycin or Bcl-2 retroviruses, retrospectively (22). HL-60/lC2 was
subclonedby limiting dilution from theHL-6OfBcl-2cells.Cell viability was
determined using the trypan blue exclusion test. To ensure an exponential
growth,cells wereresuspendedin freshmedium24 h beforeeachtreatment.
Doubling time was determinedby counting cells each day until 72 h as
described previously (2). The percentage of cells in the S-phase was deter
minedby flow cytometryafterpropidiumiodidestaining(2).

Drugs and Chemical Reagents. VP-16, campthotecin,and daunorubicin
were purchasedfrom Sigma (Saint QuentinFallavier, France).Drug stock
solutions were made in DMSO at 20 nmi and stored in small aliquots at â€”20Â°C.

Further dilutions were made in culture medium just before use. Actinomycin
D (5 mg/ml)andcycloheximide(20 mg/mi)weredissolvedin DMSO, stored
in smallaliquotsat â€”20Â°C,andadded30 mm beforeVP-l6 treatmentin the
culture medium at the indicated concentrations. TPCK and NAC were obtained
from Sigma.TPCK wasdissolvedin DMSO at 50 mM and storedin small
aliquotsat â€”20Â°C.N-acetylcysteinesolutionswere madejust beforeusein
fresh mediumand adjustedto pH 7.4. The CPI N-acetyl-leucyl-leucyl-nor
leucinal was obtained from BoehringerMannheim (Meylan, France) and
dissolved at 50 mistin DMSO. CPI, NAC, and TPCK were added to culture
mediumat 0.05mM,25 mM,and0.2 mMrespectively.In all experiments,the
final concentrationof DMSO did not exceed1%(v/v), a concentrationwhich
wasnontoxicto thecells.Z-VAD-CH2F andZ-DEVD-CH2Fwerepurchased
from EnzymaSystemsProducts(Dublin, CA) anddissolvedin DMSO at 50
mM. [2-'4C]thymidine (50 mCi/mmol), [a-32P]dCTP (3000 Ci/mmol), and
[a-32P]dUTP(3000 Ci/mmol) were obtained from Amersham(Les Ulis,
France). All other chemicals were of reagent grade and purchased from local
sources.Cell survivalstudieswereperformedusinga96-hMU assay,andthe
percentageof cells in the S-phasewas determinedby cytofluorometryas
describedpreviously(2).

QuantifIcatIon of DNA Fragmentation Using a Filter Elution Assay.
DNA fragmentationwasmeasuredusingan alkalineelution filter methodas
describedelsewhere(23). Briefly, at specifiedtimes after drug treatment,
1 X 106â€˜4C-labeledcells wereloadedonto protein-absorbingfilters (polyvi
nylidenefluorure filters, 0.65 @.tMpore size,25 mm in diameter,Durapore
membrane;Millipore, St. QuentinFallavier,France)andwashedin ice-cold
PBS. Lysis was subsequentlyperformedwith 5 ml of LS1Obuffer (0.2%
sarkosylsodium,2 M NaC1,and0.04M EDTA, pH 10).Filters werewashed
with 7 ml of 0.02MEDTA (pH 10),heatedfor 45 mmat65Â°Cin thepresence
of 1 N HCI, and then treated for 45 mm with 2.5 ml of 0.4 N NaOH. DNA
fragmentation was determined as the percentage of dpm in the lysis + washed
fractions (fragmented DNA) relative to total intracellular dpm (total DNA).

Analysis of DNA Fragmentation by Agarose Gel Electrophoresis. Ccl
lular DNA from 5 x 106controlsor treatedcellswasextractedby asalting-out
procedure (24) using the Stratagene kit (Laiolla, CA). Briefly, control and
treatedcellswerewashedoncein ice-coldPBS.Lysiswasperformedin 10mtvi
Tris-HC1,400 mMNaCl, 2 m@iEDTA (pH 8.2), 10%SDS,and 100 @tg/ml
proteinase K overnight at 37Â°C.After subsequent proteins precipitation, DNA
was purified and resuspended in TB buffer. Electrophoresis of 15 @gof DNA
was performedin a 1.8%agarosegel in Tris-boratebuffer (pH 8) with 0.4
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1). The concentration inducing a GI50 was determined using a 96-h
MiT assay. These G150values were used to determine the equitoxic
concentrations tested in subsequent experiments and corresponding to
about 10-fold or 50-fold the G150.Differences between cell lines were
not related to their doubling time nor their cell cycle distribution.

Modulation of the gaddl53 mRNA Level in U937 Cells Treated
with VP-16. We used Northern blot analysis to investigate the effects
of VP-16 on the gaddl53 mRNA level and its relationship with
apoptosis. First, we studied the effects of continuous exposure for
various times to 30 p.M(about 15-fold of the G150) and 100 p.M(about
50-fold of the G150) VP-l6 on gaddl53 mRNA expression in these
cells. Thirty @LMVP-16 induced a 6â€”7-foldincrease of gaddl53
mRNA expression that occurred 4 h after the beginning of drug
treatment (Fig. 1,A and B). This increasewas detected simultaneously
with the appearanceof internucleosomal DNA fragmentation visual
ized by agarose gel electrophoresis (Fig. 1C, middle panel) and

quantified using the filter elution assay (Fig. 1C, left panel). This
increase was transient since the gaddl53 mRNA level almost returned
to baseline level in 2 h (Fig. 1, A and B). When U937 cells were
treated with a higher VP-16 concentration (100 ,.LM), the gaddl53

mRNA expression increase was detected earlier, 2.5 h after the
beginning of treatment, was higher, reaching 12-fold of the baseline
level, and remained high much longer since it was still 10-fold above
the baseline level 6 h after the beginning of treatment, when the high
level of cell death renders more difficult RNA extraction (Fig. 1, A
and B). Again, kinetics of gaddl53 mRNA expression increase and
apoptotic DNA fragmentation was time related (Fig. 1C, left and right
panels). Second, U937 cells were treated with increasing concentra
tions of VP-16 for 4 h. The gaddl53 mRNA level increased with drug
concentration until 30 @tM,reaching 7-fold of the basal level, then
remaining 6-fold above the basal level following a 4-h exposure to
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100 or 300 @.LM.Simultaneously, we observed a dose-dependent in
creaseof intemucleosomal DNA fragmentation visualized by agarose
gel electrophoresis (data not shown). Thus, a dose-dependent and a
time-dependent relationship exists between gaddl53 mRNA expres
sion and apoptotic internucleosomal DNA fragmentation in U937
cells treated with VP- 16.

Modulation of the gaddl53 mRNA Level in K562 Cells Treated
with VP-16. Continuous treatment of K562 cells with 60 p.MVP-16
(about 10-fold of the G150) induced a progressive decrease of the
gaddl53 mRNA level until 24 h (Fig. 2, A and B). After 48 h of
continuous exposure to 60 @MVP-16, the gaddl53 mRNA level
remained under the baseline level (Fig. 2, A and B). The filter elution
assaydemonstrated a very slow and progressive DNA fragmentation,
reaching 72% after 48 h of treatment (Fig. 2C, left panel) but apop
totic DNA fragmentation was hardly detectable on agarose gel elec
trophoresis 48 h after the beginning of VP-l6 treatment (Fig. 2G.
middle panel). At a higher VP-16 concentration (400 ,.LM, about

50-fold of the GI5Ã˜),the gaddl53 mRNA level remained stable for
24 h (Fig. 2, A and B). At and beyond 24 h of drug exposure, the high
percentage of cell death renders difficult total RNA extraction. Ac
cordingly, apoptotic DNA fragmentation was detected at and beyond
24 h of continuous drug treatment by agarose gel electrophoresis
(Fig. 2C, left and right panels), and 80% of DNA was fragmented
at 48 h when measured using the filter elution assay (Fig. 2C, left
panel). Thus, in K562 cells, in which apoptosis is delayed com

pared to U937 cells, the gaddl53 mRNA expression did not
increase in response to VP-l6 treatment. We conclude that VP-16
modulates differently gaddl53 mRNA expression in these two
human leukemic cells that dramatically differ in their sensitivity to
VP-l6-induced apoptosis.
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Fig. 1. Time course of gaddl53 mRNA expres

sion and DNA electrophoresisin U937 cells
treated with VP-16. U937 cells were incubated
with 30 LM(0) or 100 @LM(S) VP-16 for the
indicated times. A, Northern blot analysis of
gaddl53 and a-actin gene expression. B, gaddl53
mRNA:a-actin mRNA ratio was calculated after
densitometricscanningof Northernblotsshownin
A. The value 1 was arbitrarilyassigned to the ratio
measured in untreated cells. C, DNA fragmenta
tion was quantified using a filter elution assayand
visualized by agarosegel electrophoresis.Each
pointof thefilter elutionassayis themeanof three
independent experiments performed in triplicate.
Other results shown are representative of one at
least three independent experiments. Bars, SD. C
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Fig. 2. Time course ofgaddl53 mRNA expres
sion and DNA electrophoresisin K562 cells
treated with VP-l6. K562 cells were incubated
with 60 @M(0) or 400 g@si(â€¢)VP-l6 for the
indicated times. A, Northern blot analysis of
gaddl53 and a-actin gene expression. B, gaddl53
mRNA:a-actin mRNA ratio was calculated after
densitometricscanningof Northernblotsshownin
A. The value 1 was arbitrarilyassignedto the ratio
measured in untreated cells. C, DNA fragments
tionwasquantifiedusinga filterelutionassayand
visualized by agarosegel electrophoresis.Each
pointofthe filterelution assayis themeanof three
independentexperimentsperformedin triplicate.
Otherresultsshownarerepresentativeofoneofat
leastthreeindependentexperiments.Bars, SD.
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Modulation of the gaddl53 mRNA Level in Two Other Human
Leukemic Cell Lines Treated with VP-16. We studied gaddl53
mRNA expression in two other human leukemic cell lines, HL-60 and
KCL22. In HL-60 cells treated with 10 p.M VP-16 (about 10-fold of
the G150),the gaddl53 mRNA level increased4 h after the beginning
of drug treatment, reaching 5-fold of the baseline level, and remained

elevated20 h, when a majority of cells were apoptotic(Fig. 3, A and
B). As in U937 cells, the increase of gaddl53 mRNA expression was
time relatedto the appearanceof apoptoticDNA fragmentationiden
tified in agarosegel electrophoresis(data not shown) and by filter
elution assay (Fig. 3C). In KCL22 cells treated with 100 p.M VP-16
(about 10-fold of the G150),the gaddl53 mRNA level progressively
decreased, reaching a minimal level at 8 h, then increased again to
return to the basal level 24 h after the beginning of treatment. Strong
mortality rendered difficult mRNA analysis beyond 24 h but gaddl53
mRNA seemedto increase to 3.5-fold of the baseline level after 48 h,
when significant apoptoticDNA fragmentationoccurred(Fig. 3, A
and B). These results confirmed the temporal relationship between
gaddl53 mRNA expression increase and the appearance of intemu
cleosomal DNA fragmentation, at least in HL-60 cells which were the
most sensitive to VP-16-induced apoptosis.

Modulation ofthegaddl53 mRNA Level In U937 and K562 Cell
Lines Treated with Camptothecin and Daunonibicin We studied
the effects of two other cytotoxic drugs on the gaddl53 mRNA level
in U937 and K562 cell lines. Daunorubicin, a topoisomerase II inhib
itor that intercalatesin DNA, increasesgaddl53 expressionin U937
cells (Fig. 4A). This increaseoccursafter 4 h of drugexposureat the
tested concentration (1 tiM) that was observed to induce apoptosis in
these cells (data not shown). Similar results were obtained in HL-60
cells (data not shown). In K562 cells treated with 1 @aMdaunorubicin,
gaddl53 expression decreases after 24 h of drug exposure (Fig. 4B)
and apoptosis is delayed (data not shown). Similar results were

obtained in U937 and K562 cells when treated with 10 p.Mcampto
thecin (data not shown).

Mechanisms of VP-HI-induced gaddl53 mRNA Level Increase
in U937 Cells. We studied the role of transcriptional and posttran
scriptional regulation of gaddl53 gene expression in VP-l6-treated
U937 cells. The RNA synthesis inhibitor actinomycin D (5 p.g/ml)
abolished gaddl53 mRNA increase in U937 cells incubated with 30

@.LMVP-16 for 4 h or 100 ,.aM for 2.5 h (Fig. 5). These results suggested

that transcription could be necessary for gaddl53 mRNA increase.
Nuclear mn-on transcription experiments confirmed this hypothesis,
demonstratingthatgaddl53 mRNA transcription was 3-fold increasedby
a 23-h exposureto 100@ VP-16 (Fig. 6A), whereasthe sametreatment
did not modify ci-actin mRNA transcription. To determine whether
VP-16 could affect alsothe half-life ofgaddl53 mRNA, U937 cells were
treated with 100 @a@iVP-16 for 2.5 h. Then (time 0) VP-16 was either

washed out or allowed to remain in the medium and transcriptional
activity was suspendedby addition of actinomycin D. As shown in Fig.
6B, in the absenceof actinomycin D and in the presenceof the drug, the
gaddl53 mRNA level increased during 2 h, then decreased progressively.
In the presenceof both actinomycin D and the drug, the gaddl53 mRNA
level still increased during the first hour, then decreased rapidly, suggest

ing a transient effect of the drug on mRNA stability. This transient
increase of gaddl53 mRNA expression following actinomycin D addi
tion to the drug-containing medium was observed in three independent
experiments. In the absenceof the drug and in the presenceof actino
mycin D, the gaddl53 mRNA level decreasedslowly. To determine
whetherinductionof gaddl53 wasa primaryresponseto VP-16 toxicity
or a secondaryevent which required protein synthesis,we examined the
effect of cycloheximide on the gaddl53 mRNA level increase.Pretreat
ment of U937 cells with cycloheximide did not prevent the gaddl53
mRNA level increaseinducedby VP-l6 (Fig. 5). Instead,cycloheximide
alone induced a 2-fold increaseof the gaddl53 mRNA level, suggesting
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Fig. 3. Time course of gaddl53 mRNA expression and DNA frag

mentationin HL-60 and KCL22 cells treatedwith VP-l6. HL-60 (0)
and KCL22 (â€¢)cells were incubatedfor the indicatedtimes with 10
and 100 @.LMVP-l6, respectively.A, Northernblot analysisof gaddl53
anda-actin geneexpression.B, gaddl53 mRNA:a-ac:in mRNA ratio
was calculated after densitometric scanning of Northern blots shown in
A. The value I was arbitrarily assigned to the ratio measured in
untreatedcells. C, DNA fragmentationwas quantifiedusing a filter
elutionassay.Eachpointof thefilter elutionassayis themeanof three
independentexperimentsperformedin triplicate.Otherresultsshown
are representative of one of at least three independent experiments.
Bars, SD.
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that inhibition of protein synthesiscould induce gaddl53 expressionperEffects of Protease Inhibitors on gaddl53 mRNAExpressionse
(Fig. 5). Cycloheximide, but not actinomycin D, partly preventedDNAand ApoptoticDNA Fragmentationin U937CellsTreatedwithfragmentation

induced by VP-l6 (Fig. SC). Both actinomycin D andVP-16. We haveobservedthatvariousproteaseinhibitorscouldcycloheximide
were observed to induce apoptotic DNA fragmentationprevent VP-l6-induced apoptosis in U937 cells (29). To better under

when tested alone on U937 cells (Fig. SC).stand the relationships between the gaddl53 mRNA level and VP
16-induced internucleosomal DNA fragmentation, we analyzed the
effects of TPCK, a serine-threonine protease inhibitor, and theCPI.A@

B

U937 K562N-acetyl-leucyl-leucyl-norleucinal,

a cysteine protease inhibitor, on
VP-l6-induced gaddl53 mRNA level increase. Both protease inhib
itoru prevented apoptotic DNA fragmentation in U937 cells treated
with 100 @AMVP-l6 for 2.5 h (Fig. 7, lower panel). CPI alone(0.05gaddl53

0 2 4 6 8 24 48@ -@________________mM)

and TPCK alone (0.2 mi@i)did not induce gaddl53 mRNA
increase (Fig. 7, upper and middle panels). CPI and TPCK partially
prevented gaddl53 mRNA increase and drug-induced DNA fragmen
tation when associatedwith 100 p@MVP-16 for the treatment ofU937â€˜4,

@ qâ€¢@ DNA@ .@
I;' @â€˜@

@ o k@
.@ 4. ..@@ @* ,cells.

Similar results were obtained in U937 cells treated with 30 .aM
.

VP 16 for 4 h m the presenceor in the absenceof these protease
inhibitors (data not shown).

In contrast, two permeant peptide inhibitors of ICE-like pro
teases that efficiently prevent VP-16-induced apoptotic DNA frag
mentation did not prevent gaddl53 mRNA level increase in VP
16-treated U937 cells (Fig. 8A). Moreover, at 50 @LM,aFig.

4. Time course of gaddl53 mRNA expression in U937 (A) and 1(562 (B) cells
treatedwith 1 @.tMdaunorubicin.Resultsshownare representativeof one of two mdc
pendent experiments. Lower panels, ethidium bromide-stained rRNA from each sample,
indicatingequivalentRNA loading.concentration

that completely inhibits apoptotic DNA fragmenta
. .

tion (Fig. 8B), the gaddl53 mRNA level was increased when
compared to cells treated with VP- 16 alone. These results indicate
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Fig. 5. Effects of actinomycinD and cycloheximideon gaddl53
mRNA induction in VP-l6-treatedU937 cells. Actinomycin D (5
@Lg/ml)and cycloheximide (10 gzg/ml) were added to the culture

medium 30 mm before VP-16 treatment of U937 cells. A, Northern
blot analysisof gaddl53 and a-actiszgeneexpression.VP-16 con
centrations were 30@ for 4 h or 100 ps@for 2.5 h. Results shown
are representative of at least three independent experiments. B,
gaddl53mRNA:a-actinmRNAratiowascalculatedafterdensito
metric scanning of Northern blots shown in A. The value 1 was
arbitrarily assigned to the ratio measured in untreated cells. C, DNA
fragmentation was quantified using a filter elution assay. VP-l6
concentrations were 30 psi VP-16 for 6 h or 100 psi for 4 h. Each
point of the filter elution assayis the meanof three independent
experimentsperformedin triplicate.Bars,SD.

+ + + -

- + - + -+ - + -

- - + - +

A

B

C

that the induction of gaddl53 mRNA expression occurs down
stream of CPI- and TPCK-sensitive events and upstream of ICE
like proteases-mediated events in the pathway leading to apoptosis
of VP-16-treated U937 cells.

Effects of NAC on gaddlS3 mRNA Expression and Apoptotic
DNA Fragmentation In U937 Cells Treated with VP-16. Many
DNA-damaging agents result in cellular oxidative stress, either
through the production of free radicals or by reaction with free
sulfhydryl groups.We usedNAC to test the role of reactive oxygen
intermediates in mediating the gaddl53 mRNA level increase
following VP-16 treatment. At 25 m@for 2.5 h, NAC alone did not
modify the gaddl53 mRNA level (Fig. 9, upper and middle panels)
but partially inhibited the gaddl53 mRNA level increasein U937
cells treatedwith 100 ,aMVP-16 for 2.5 h (Fig. 9, upper and middle
panels) or 30 @.LMVP-16 for 4 h (data not shown). Twenty-five mivi
NAC also partially inhibited VP-16-induced apoptotic DNA frag
mentation (Fig. 9, lower panel). At the highest concentration (100
mM), NAC alone induced a 2-fold increase in gaddl53 mRNA

(data not shown) without inducing DNA fragmentation and effi
ciently prevented VP-l6-induced DNA fragmentation (data not
shown). Thus, the gaddl53 mRNA level increase occurs down
stream of the events inhibited by NAC in the pathway leading to
apoptosis in VP-16-treated U937 cells.

Effects of Bcl-2 Overexpression on gaddl53 mRNA Expression
and Apoptotic DNA Fragmentation In HL-60 Cells Treated with
VP-16. Overexpressionof Bcl-2 oncoproteinwas shown to delay
drug-induced apoptosis in several cell systems by a presently un
known mechanism (30). The HL-60/lC2 subclone was genetically

engineeredto overexpressBcl-2 protein. When treated with VP-16
(10 @.aM),gaddl53 mRNA increase (Fig. 10) and apoptotic DNA
fragmentation (data not shown) were both delayed in HL-60/1C2 cells
compared to HL-60/neo cells, suggesting that gaddl53 mRNA up
regulationoccursdownstreamof Bcl-2-controlledeventsin the path
way that leadsto apoptosis.

DISCUSSION

One effect of DNA damageis the transientcell growth arrest.This
arrest occurs at any phase of the cell cycle, depending on the stimulus
and its intensity. It reflects the time used by the cell to try to repair the
damaged DNA template before replication and mitotic chromosome
segregation (31). Then the cell either progressesagain in the cell cycle
or undergoes apoptotic cell death. We previously observed that the
resistanceofleukemic cell lines to VP-l6-induced apoptosis increased
with their ability to arrest cell cycle progression in responseto similar
levels of DNA damage induced by the drug (2). At high doses,
VP-16-induced apoptosis occurred within a few hours in the most
sensitive cell lines, before any measurable effect on their cell cycle
progression. Cells that were more resistant to apoptosis induction by

this drug were staggered in their cell cycle progression when treated
with equitoxicdosesand died later by apoptosis.The gaddl53 gene,
whose expression is induced by a wide variety of DNA-damaging
agents including VP-16 (20), has been previously involved in cell
cycle arrest (14, 16, 18). We hypothesized that this gene could have
a role in the efficient cell cycle arrest observed in the cell lines that
were the most resistant to VP-l6-induced apoptosis. Actually,
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could mediate apoptosis (3â€”9,34â€”36).Whether gaddl53 could be
one of the cell cycle-related proteins that are also involved in cell
death pathways independently of their cell cycle effects remains to
be demonstrated. Overexpression of gaddl53 gene is not a conse
quence of apoptotic DNA fragmentation since ICE-like proteases
peptide inhibitors prevent this fragmentation without inhibiting the
gaddl53 mRNA increase in VP-16-treated U937 cells.

The gaddl53 gene was previously reported to be expressed in
virtually every mammalian cell lines (14) but its constitutive expres
sion is low in most untreated cells. Tne mRNA level of gadd genes
has been shown to be regulated both at the transcriptional and the
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Fig. 6. Transcriptional and posttranscriptional regulation of gaddl53 gene expression
in VP-l6-treated U937 cells. A, in vitro transcription in isolated U937 cell nuclei (nuclear
mn-on assay).32P-labeledRNA isolatedfrom controlcells or U937 cells treatedby 100
@.LMVP- I 6 for 2.5 h was hybridized to nitrocellulose-bound DNA plasmids. B, U937 cells

weretreatedwith 100p.s@VP-16for 2.5h.Then(time0)cells weredividedinto threesets.
VP-16 was washed out of set 3 () but not of sets 1 (0) and 2 (â€¢).Actinomycin D (Act
D, 5 @g/ml)was added to sets 2 and 3. Total RNA was extracted from the three sets at
subsequenttime points.Resultsare the ratio of the gaddl53 mRNA level relative to the
internal control 185 mRNA level. mRNA level at time 0 was arbitrarily assigned the value
1. One representative of at least three independent experiments is shown.

gaddl53 gene-increased expression was observed to be related to the
appearanceof apoptotic DNA fragmentation, suggesting that gaddl53
could be involved in the signaling pathway that leads to cell death
rather than to cell cycle arrest in responseto DNA damage induced by
VP-l6.

High doses of VP- 16 were necessary to induce an early increase of
the gaddi53 mRNA level in both U937 and HL-60 cells. At these
concentrations, the drug induced an early and rapid apoptosis in these
cell lines. When equitoxic dosesof VP-16 were usedto treat K562 and
KCL22 cell lines, a late and very progressive apoptosis was observed.
In these cell lines, the gaddl53 mRNA level remained stable or even
decreased below its constitutive level until the appearanceof apop
totic DNA fragmentation. The differences in apoptosis and
gaddl53 mRNA kinetics observed between the two groups of cell
lines could not be related to different levels of DNA damage
induced by the drug because we previously observed that the DNA
protein cross-links induced at equitoxic concentrations of VP- 16
were very similar in the four cell lines (2). Several recent reports
suggested a role for gadd genes in the sensitivity of cells to
DNA-damaging agents and apoptosis induction by various stimuli
(18, 19, 32, 33). The magnitude of cisplatin-induced gaddl53 gene
expression was significantly lower in HeLa cells rendered resistant
to cisplatin damage than in the wild-type parental cells from which
they derived (32). The expression of gadd genes was related to
apoptotic cell death in a protein kinase Ca-overexpressing human
breast cancer cell line treated by phorbol esters (33) and in myeloid
cells treated with MMS (19). It was also related to terminal

differentiation-associated apoptosis of myeloid leukemic cells
( 18). More generally, activation of more or fewer than the proper
number of intracellular signals governing cell cycle progression

-++ +

- -+ - +

- - 4- @+

Fig. 7. Effectsof proteaseinhibitorson gaddl53 mRNA inductionandapoptoticDNA
fragmentationin VP-16-treatedU937cells.U937cells weretreatedwith 100 @zMVP-16
for 2.5h in theabsenceor in thepresenceof 0.05mii CPI or 0.2marTPCK.Total RNAs
wereanalyzedby Northernblot.Thelevelof 18Swasusedasinternalcontrolandtheratio
of gaddl53 mRNA:l8S mRNA was measuredusing densitometricscanning.Relative
mRNA expression is the ratio of treated compared to control cells (value 1). DNA
fragmentationwasmeasuredusinga filter elution assay.Resultsare the meansof three
independentexperimentsperformedin triplicate.Bars,SD. *, significantlydifferent from
VP-l6-treatedcells (Student'spaired: test,P < 0.05).
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Fig. 8. Effects of Z-VAD-CH2F and Z-DEVD-CH2F on
gaddl53 mRNA induction and apoptotic DNA fragmentation in
VP-16-treatedU937cells.U937cellsweretreatedwith30 @M
VP-16 for 4 h in the absence (]) or in the presence of 20 @.tM(0)
and 50@ (I) ofZ-VAD-CH2F orZ-DEVD-CH2F, respectively.
A, Northernblot analysis of the gaddl53 mRNA level. Ethidium
bromidestainingof rRNAfromeachsampleindicatesequivalent
RNA loading. B, apoptotic DNA fragmentation measured using a
filter elutionassay(meansof threeindependentexperimentsper
formedin triplicate).Bars, SD.
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posttranscriptionallevels. The gaddl53 promoter was shown to be
activated rapidly and specifically by DNA damage induced by UV
mimetic agents,DNA cross-linkingand alkylating agents,DNA in
tercalators, and topoisomerase inhibitors (20), suggesting that iran
scriptionalmechanismsaccountedfor the inductionof gadd genesin
cells treated with DNA-damaging agents.Conversely, signals respon
sible for withdrawal from an active proliferative state stabilized gadd
transcripts (14, 20, 21). However, treatment with MMS or UV radi
ation wasshownto stabilizegaddl53 mRNA in activelyproliferating
cells, an effect that was not observed in growth-arrested cells (37). In
VP-16-treated U937 cells, gaddl53 mRNA appears to be regulated
mainly at the transcriptional level. Stabilization of gaddl53 mRNA
was observed only in the first hour of exposition to actinomycin D
following VP-16 treatmentand decreasedrapidly, althoughgaddl53
mRNA remained elevated in cells treated by VP-16 without actino
mycin D. Cycloheximide did not modify gaddl53 induction in VP
16-treatedcells, suggestingthat de novo protein synthesiswas not
required. However, we observed that cycloheximide itself increased
the gaddl53 level, an effect that has been describedalso in rat
pancreatic islets (38), without potentiating VP-16-induced gaddl53
mRNA level increase.

Identification of ICE, a protease that cleaves pro-interleukin l@
to produce the mature cytokine, as the mammalian homologue of
the Caenorhabditis elegans cell death protein ced-3, suggesteda
central role of proteolytic events in apoptotic cell death (39).
Overexpression of recombinant ICE induces apoptosis in rat-l
fibroblasts,implicatingthisproteasein signalingcelldeath(40).
Actually, ICE and ced-3 are membersof a large family of cysteine
proteases that differ from other protease in their sequence, struc
ture, and substrate specificity. These proteases could be the key
members of a larger proteolytic pathway that is modulated by

various protease inhibitors, both in whole cells and in a cell-free
system (29). TPCK, a serine threonine protease inhibitor, inhibits
the early steps of the apoptotic pathway triggered by cytotoxic
drugs in human leukemic cells (41). Calpain, another protease that
regulates G@(42), was also involved in apoptosis triggering in
some cell systems (43). Both TPCK and the CPI N-acetyl-leucyl
leucyl-norleucinal prevented the gaddl53 mRNA level increase
and apoptotic DNA fragmentation in VP-16-treated U937 cells. In
contrast, inhibition of apoptotic DNA fragmentation by ICE-like
protease inhibitors does not prevent the gaddl53 mRNA increase.
These results indicate that the gaddl53 mRNA increase occurs
downstream of CPI- and TPCK-sensitive events and upstream of
ICE-like proteases-mediated events in the pathway leading to
apoptosis of VP-l6-treated U937 cells (29).

A high expressionof Bcl-2 was relatedto poorclinical outcomein
several human malignant diseases (44). Bcl-2 protein overexpression
was shown to delay apoptotic cell death in tumor cells treated with
cytotoxic drugs (30). Bcl-2 was shown recently to delay activation of
ICE-likeproteasesinvariousapoptoticpathways(45).Here,weshow
that Bcl-2 overexpression also delays the gaddl53 mRNA increase in
VP-16-treated cells. ICE-like proteases'inhibition does not prevent
gaddl53 mRNA increase. Altogether, these data indicate that Bcl-2
either modulates gaddl53 expression and activity of ICE-like pro
teasesby two different pathways or actsupstream of both events in the
apoptotic pathway triggered by VP-16.

Bcl-2 is not involved in the slow induction of apoptosis in K562
and KCL-22 cells, since the protein is not expressed in K562 cells
while it is highly expressed in both U937 and HL-60 cells. Bax, a
Bcl-2-related protein that induces apoptosis, is equally expressed in
the four studied cell lines (data not shown). In both K562 and KCL-22
cell lines, the chimeric bcr-abl gene is responsible for the synthesis of
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a 2l0-kDa fusion protein that displays uncontrolled Abelson tyrosine
kinase activity. BCR-ABL was shown to inhibit apoptosis induced by
a variety of agents including VP-16 (46). Whether this protein is
responsible for the decreasedgaddl53 mRNA expression in VP-16-
treated K562 and KCL-22 cells remains speculative.

Many DNA-damaging agents result in cellular oxidative stress
either through the production of free radical or by reaction with
sulfhydryl groups. NAC, a free radical scavenger which is rapidly
converted within the cells to the reduced form of glutathion,
prevents induction of the gaddl53 gene by cadmium chloride, an
agent presumed to generate oxidative stress by decreasing intra
cellular glutathione levels (32). More recently, protection by NAC
was suggested to be due to a direct effect of the compound on
mitochondnal integrity and function (47). Whatever the mecha
nism, NAC and other antioxidants such as diethyldithiocarbamate
impair the apoptotic process in various cell systems, including cell
lines deprived from their trophic factor (47), U937 cells treated
with tumor necrosis factor a (48, 49), and HL-60 cells treated with
topoisomerase inhibitors (50). At 25 nmi, NAC partially prevented

the gaddl53 mRNA level increase and apoptotic DNA fragmen
tation in VP-16-treated U937 cells, suggesting that gaddl53

mRNA increase occurred downstream of the cellular mechanisms
inhibited by NAC in the apoptotic pathway. At a higher concen
tration (100 mM), NAC alone increasedthe gaddl53 mRNA level.
The sulhydryl agent DTT was also reported to induce an increase
in the gaddl53 m.RNA level without related toxicity, suggesting
that cellular thiol-disulfide content could play a role in gaddl53
induction, independently of the apoptotic pathway (51).

gaddl53 mRNA level regulation could involve several different
pathways,dependingon the stimulus,its intensity,and the cell line.
Here, we show that the gaddl53 mRNA level increaseis associated
with apoptotic DNA fragmentation rather than cell cycle regulation in
human leukemic cell lines treated with VP-16. This increase is a late
event that occurs downstream of NAC-, CPI-, TPCK-, and Bcl-2-

sensitive steps and upstream of ICE-like protease-involving events in
the apoptotic pathway. Transfection of gaddl53 was recently shown
to increasegastric cancer cells sensitivity to both VP- 16- and taxotere
inducedapoptosis(52). The gaddl53 mRNA level increasein human
tumor samples treated with cytotoxic drugs was also related to a better

clinical response to these drugs (53). The role of gaddl53 in the
cascade of events that trigger apoptosis in cytotoxic drug-sensitive
cells remains speculative. CHOP l0/GaddlS3 protein could act as
both an inhibitor of C/EBP-mediatedactivationof sometargetgenes
and a direct activator of others (17, 54). Modulation of presently
unimown target genes by the protein could be one of the events that
contribute to drug-induced cell death. This effect could be cell specific,
dependingon the expressionlevel of the C/EBPs (19). Altogether, these
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Fig. 9. Effect of NAC (25 msi) on gaddl53 mRNA induction and apoptotic DNA

fragmentation in U937 cells treated with 100 ,.LMVP-l6 for 2.5 h. Total RNAs were
analyzed by Northern blot. The level of 18Swas used as internal control and the ratio of
ga@dd153 mRNA:18S mRNA was measured using densitometric scanning. Relative
mRNA expressionis the ratio in treatedcells comparedto control cells (value I). DNA
fragmentation was measuredusing a filter elution assay,and results are the meansof three
independent experiments performed in triplicate. Bars, SD. @,significantly different from
VP-16-treated cells as determined using Student's paired I test (P < 0.05).

Fig. 10. Effect of Bcl-2 overexpression on
gaddl53 mRNA induction in VP-i6-treated HL-60
cells. HL-60/neo cells and HL-60/1C2 cells that
overexpressBcl-2 oncoproteinwere treatedwith 10
@AM VP-l6 for the indicated times. The levels of 185

185or a-actin wereusedas internalcontrol.
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