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G2-phase checkpoint

M. STUSCHKE†‡*, A. SAK†‡, R. WURM†, B. SINN†, G. WOLF†, G. STÜBEN‡ and
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Abstract. p53, FAS/Apo-1/CD95 or sphingomyelin/ceramide
Purpose: To characterize the relationship between cell-cycle pro- (Zhivotovsky et al. 1999) lead to early apoptotic
gression and radiation-induced apoptosis in NSCLC cell lines morphology within 12 h (Lowe et al. 1993, Jarvis et al.
with diVerent p53 status. 1994, Bennet et al. 1998). With respect to radiation-Materials and methods: Cell lines with functional (H460, A549) and

induced apoptosis, the p53-mediated pathway wasnon-functional p53 (H661 and H520) were irradiated with 20 Gy.
Multiparameter �ow-cytometry was used to follow the progres- the �rst thought to be relevant in some cell types
sion of synchronized cells through the cell cycle after irradiation. with high radiation sensitivity (Lowe et al. 1993,
Results: Delayed apoptosis was observed after cell-cycle progres- Clarke et al. 1994). Early radiation-induced apoptosis
sion beyond the G2 block, either in the late G2/M-phase of the

has been demonstrated in non-proliferating B- andsame cell cycle being irradiated (H661, H520) or in the G1-phase
T-lymphocyctes, myeloid progenitor cells, intestinalof the subsequent cell cycle (H460, A549). The apoptotic fraction

in H661 and H520 was 60–80% at 144 h after irradiation, higher epithelia and diVerentiating spermatogonia with wild-
than in A549 and H460 (5 and 35%, respectively). As an type p53. In contrast to the sensitive p53 wild-type
alternative to apoptosis in cells cycling beyond the G2 restriction cells, the same cell types from the p53

Õ /– mouse arepoint, hyperploid cells were generated by all cell lines. Inhibition
much more resistant to the induction of earlyof cell-cycle progression through the G2/M-phase eYciently
apoptosis within 12 h following irradiation (Clarkereduced the induction of late apoptosis. After irradiation in

S-phase, 50–60% of cells with functional p53 remained arrested et al. 1993, Lotem and Sachs 1993, Lowe et al. 1993,
at the G2 restriction point until 144 h post-irradiation, while Merrit et al. 1994, Hasegawa et al. 1998). Transfection
only 20% of the H661 or H520 did so. of cDNA encoding for p53 in cells lacking this proteinConclusions : These data characterize radiation-induced apoptosis

can restore the apoptotic response (Yonish-Rouachin NSCLC cell lines as a removal pathway of clonogenically
et al. 1991). In addition, the FAS/Apo-1/CD95 andinactivated cells secondary to cell-cycle progression beyond

G2/M, and is unlikely to be a critical factor for cellular radiation sphingomeylin pathways can also play a role in early
sensitivity. radiation-induced apoptosis in certain cell types

(Haimovitz-Friedman et al. 1994, Santana et al. 1996,
Herr et al. 1997, Belka et al. 1998, Pena et al. 2000).1. Introduction
In endothelial cells, genetic mutations of acid sphin-

A basic question concerning radiation-induced gomyelinase that inactivate the sphingomyelin/
apoptosis is whether apoptosis is only a secondary ceramide pathway can lead to a marked reduction
removal pathway of cells carrying residual DNA in ionizing radiation-induced early apoptosis (Pena
damage that leads to a loss of clonogenic capacity or et al. 2000).
whether apoptosis is directly triggered by potentially Radiation-induced p53-dependent early apoptosis
lethal damage to DNA or other targets that alternat- is physiologically expressed in normal epithelial cells
ively could be removed by other detoxifying pathways from some but not all tissues, e.g. the skin (Uberti
(Dewey et al. 1995, Olive and Durand 1997, et al. 1999) . In contrast to early apoptosis, epithelia
Radford 1999) . from all studied tissues showed late apoptosis at 24 h

Well-known apoptosis pathways mediated by or more after irradiation (Uberti et al. 1999) , which
was p53-independent and which demonstrates that
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et al. (1994) observed that proliferation is an import- late downstream event which can be modulated by
intervening steps.ant prerequisite for p53-independent late apoptosis

after irradiation in p53
Õ /– lymphoid cells. Merrit

et al. (1997) also showed an association between 2. Materials and methods
radiation-induced late apoptosis in small intestinal

2.1. Cell cultureepithelia from the p53
Õ / Õ

mouse and cell-cycle
progression beyond the radiation-induced G2-phase The NSCLC cell lines H460, H661 and H520
block, pointing to a dependence of late apoptosis on were obtained from the American Type Culture
cell-cycle progression. It has been shown that the G2 Collection (ATCC, Rockville, MD, USA) and were
block following DNA damage by ionizing radiation grown in RPMI 1640 containing 10% foetal calf
can be prolonged by a p53-mediated pathway leading serum. The NSCLC cell line A549 was obtained
to transcription of 14-3-3s and p21WAF1/CIP1 , which from DSZM (Braunschweig, Germany) and grown
prevents the activation of the cdc2-cyclinB1 complex in Eagle’s minimal essential medium (MEM) supple-
(Chan et al. 1999) . In cells where this pathway is mented with 15% foetal calf serum. Both media were
disrupted, cdc2 and cyclin B1 can enter the nucleus supplemented with non-essential amino acids, peni-
and lead to a premature entry into mitosis, eventually cillin/streptomycin (100 units ml

Õ 1 , all Gibco-BRL,
leading to a mitotic catastrophe, i.e. an apoptotic- Paisley, UK). Cultures were irradiated using a 60Co
like process beginning in the prophase (Chan et al. source at a dose-rate of 1.9 Gy min

Õ 1 . Control cells
1999). were sham irradiated.

Non-small-cell lung cancer (NSCLC) is the most
common cause of cancer death in men (Fry et al.

2.2. Synchronization of cells1999) and radiotherapy has a �rm position as a
component of standard therapy in locally advanced Cells were synchronized by release from con�u-
NSCLC. Up to now, radiation-induced apoptosis ence. Accumulation of tumour cells in plateau-phase
was measured in only a few NSCLC cell lines was achieved through serum starvation and contact
(Perdomo et al. 1998, Sirzen et al. 1998). In both inhibited growth. This resulted in an equilibrium
studies, NSCLC cell lines did not show sustained number of approximately 105 cells cm

Õ 2 for H661
radiation-induced apoptosis. Regarding radiation- and 3–5Ö105 cells cm

Õ 2 for H460, H520 and A549
induced apoptosis in all tumour types, early apoptosis cells with 75–90% in G1, 2–10% in S and 10–15%
within 12–24 h after irradiation was seldom observed in G2/M. After subculture of plateau-phase cells
in cells from solid tumours. Stapper et al. (1995) with a cell density of 0.2Ö105 cells cm

Õ 2 for H661
observed early radiation-induced apoptosis within and 0.4Ö105 cells cm

Õ 2 for the other cell lines, cells
24 h after irradiation in only two of six sarcoma cell were irradiated either 5 or 20–25 h post-subculture
lines but not in 14 human glioma cell lines. In the for populations enriched in early G1- or S-phase,
former two, early radiation-induced apoptosis respectively. Depending on the cell lines used,
occurred only in 8–15% of cells at high doses of S-phase-enriched populations at 20–25 h post-
25 Gy leading to inactivation of the ability to form subculture consisted of about 30–50% cells in late
colonies in >99.9% of cells. Meyn et al. (1993) did G1, 30–50% in S and 10–15% in G2/M.
not �nd early radiation-induced apoptosis in �ve
murine sarcomas and three squamous cell carcinoma 2.3. BrdU/Hoechst quenching techniquecell lines but in the majority of murine mammary
adenocarcinomas. In cells from epithelial tumours, A BrdU/Hoechst quenching technique was used

for measurements of cell-cycle progression after irra-radiation-induced apoptosis occurs preferentially late
(Bracey et al. 1995, 1997, Yanagihara et al. 1995) . By diation by �ow-cytometry (Gilligan et al. 1996).

Brie�y, cells were continuously labelled with anfar the most apoptotic cells occurred later than
24 h after irradiation. This late apoptosis was also equimolar concentration of 40 mm 5-bromo deoxyuri-

dine and deoxycytidine (BrdU, Sigma, Deisenhofen,inducible in p53
Õ / Õ

adenocarcinoma cell lines and
showed a temporal relationship to the exit from Germany) directly after irradiation. Cell cultures

were harvested at various times between 0 and 144 hradiation-induced G2-phase arrest (Bracey et al.
1995). after irradiation. Bivariate BrdU/Hoechst-EB cyto-

grams were measured with a PAS-II �ow-cytometerThe aim was to determine whether apoptosis can
be induced in human NSCLC cancer cell lines with (Partec AG, Münster, Germany) using UV light

(HBO 100 mercury lamp) for excitation at 365 nmfunctionally active or inactive p53 to a relevant
amount and whether induction of radiation-induced and emission �lters for measuring red �uorescence

of EB (570 nm) and blue �uorescence of Hoechstapoptosis is an early event after irradiation or a
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33258 (435 nm). A �nal display of red (EB) versus Entellan (Merck, Darmstadt, Germany). Assessment
and determination of mitotic �gures was done byblue (Hoechst 33258) was produced. Figures were

prepared using the WINMDI software ( Joe Trotter, Ikarus software (Metasystems) at a 1000 Ö magni-
�cation. Scoring of aberrant mitotic �gures, i.e.Salk Institute, La Jolla, CA, USA). For each cyto-

gram, regions corresponding to the cell cycle com- spontaneous premature chromosome condensation
(SPCC), and metaphases with fragmented and pul-partments were de�ned according to Gilligan et al.

(1996) and the number of cells determined for calcu- verized chromosomes, was performed on a Leitz
microscope (Leitz, Wetzlar, Germany).lation of the percentage of cells in each compartment.

Irradiated cells in G1- and early S-phases can be
followed into the G2-phase (G2f ) of the �rst cell 2.6. Measurement of apoptosiscycle (i.e. the cell cycle in which the cells were
irradiated), and eventually to the next G1 (G1¾)- or 2.6.1. Hoechst-33342 staining. To visualize apoptosis

in monolayer cultures, Hoechst-33342 (Sigma) wasG2 (G2¾)-phases of the second cell cycle (i.e. the next
cell cycle after irradiation). added to the culture medium to give a �nal concen-

tration of 1.0 mg ml
Õ 1 , then 20 min later PI solution

was included to 5 mg ml
Õ 1 . The total number of2.4. Analysis of DNA synthesis apoptotic cells included those found �oating in the

medium and those in the adherent fraction wereCells were continuously labelled with 40 mm BrdU
(Roche Molecular Biochemicals, Mannheim, counted according to Stapper et al. (1995) . The

fraction of apoptotic cells (A) in the whole cellGermany) which was added at 0 or 72 h after radiation
to the medium. At 144 h after irradiation, cells population was determined according to:
were harvested, washed and �xed in 70% ethanol. A5 (Af1 Aa )/( f1 a),Subsequently, cells were washed with PBS and treated
with 0.1% RNAse for 15 min. After denaturation of where Af and Aa are the number of apoptotic cells in

the �oating and adherent fractions, and f and a areDNA with 4 N HCl for 20 min, cells were neutralized
to pH 7.4 with 0.1 m sodium tetraborate (pH 8.5), the number of cells (apoptotic and non-apoptotic)

in the �oating and adherent fractions.then stained with �uorescein isothiocyanate (FITC)-
conjugated anti-BrdU monoclonal antibody (Roche
Molecular Biochemicals, Mannheim, Germany), 2.6.2. Flow-cytometric analysis of DNA fragmentation.

During apoptosis, reduced �uorescence with respectwashed and stained for DNA with 5 mg ml
Õ 1 PI.

Approximately 106 cells were resuspended in 1 ml PBS to the G0/G1 cell-cycle region (sub-G1 region) can
be detected when apoptotic cells are analysed byand analysed on a �ow cytometer for green �uores-

cence (BrdU) versus red �uorescence (DNA). �ow-cytometry. Thus, the presence of �uorescence
in the sub-G1 region can be used as a marker ofTo study DNA synthesis by 3H incorporation,

cells were incubated with 3.7 kBq ml
Õ 1 [methyl-3H]- apoptosis. The sub-G1 region was determined in

�ow-cytometry by a gate de�ned in the controlsthymidine (3.11 TBq mmol
Õ 1 ) (Amersham, Freiburg,

Germany) at 0 or 24 h after irradiation for 90 min excluding the debris at the origin of the abscissa and
ending at the beginning of the G1 peak.under an atmosphere of 5% C02 and 95% air at

37ßC. Thereafter radioactivity was washed out and
cells were incubated in fresh medium without radio- 2.6.3. F-actin staining. As a third method for detecting

apoptosis, the loss of cell surface structures such asactivity, containing 0.23Ö103 mol l
Õ 1 thymidine.

Apoptotic cells (detached) and non-apoptotic pseudopodia and microvilli was used for discrimina-
tion of apoptotic cells in �ow-cytometry and detection(attached) cells were recovered and radioactivity

determined. of their cell cycle speci�city as described elsewhere
(Endresen et al. 1995) . Analytic �ow-cytometric meas-
urements of cells were performed using a PAS-II2.5. Preparation of metaphase cells �ow-cytometer (Partec AG, Münster, Germany) with
argon laser excitation at 488 nm and detection of redCells were irradiated with 20 Gy at 20–24 h after

the release from the plateau-phase by subcultivation. �uorescence (PI, DNA) at 630 nm versus green �uo-
rescence (F-actin) at 520 nm. The morphologicalDetached cells and adherent cells were collected

separately at 48, 72, 96 or 120 h post-irradiation. analysis of Hoechst 33342/PI stained cells was the
most gentle and most sensitive method to detectCell preparations were made by dropping the hypo-

tonically swollen cell suspension onto clean slides highly fragile apoptotic cells with minimal cell loss,
followed by the morphological assessment of thewetted with ice-cold distilled water. The slides were

stained with 10% Giemsa, air dried and coated with F-actin signal.
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2.7. Modulation of G2/M transition and DNA repair by supplier, using pantropic ELISA immunoassay kits
(Calbiochem, Bad-Soden, Germany) speci�c fordrug treatment
p53 (QIA 26), p21 (QIA18) and Bcl-2 (QIA23),Genistein (Sigma) was dissolved in DMSO at a respectively.concentration of 20 mm and stored at Õ20ßC until

used. To observe the eVect of genistein on cell-cycle
progression and apoptosis, 25 mm (for H460)

2.11. Screening for p53 mutations by TGGE andand 30 mm (for H520 and H661) was added to the
sequencingculture medium just after irradiation with 20 Gy.

Wortmannin (Sigma), dissolved at a concentration of Temperature gradient gel electrophoresis (TGGE)
5 mm in DMSO was added to the culture medium and sequencing of fragments containing one of the
1 h before irradiation. exons 5, 6, 7 and 8 of the p53 gene were done

according to Schlechte et al. (1997) . Brie�y, sequences
were ampli�ed by PCR and TGGE was run in 8%2.8. Clonogenic survival assay
polyacrylamide gels. Sequence analysis was done by

For the measurement of clonogenic survival, plat- solid-phase DNA sequencing of ampli�ed genomic
eau-phase cells were harvested and plated in triplicate DNA and a laser-�uorescent electrophoresis unit.
in 25-cm2 T-�asks (Nunc, Wiesbaden Germany). The wild-type sequence of the human p53 gene was
After 5 h in culture, cells were irradiated and incub- used as reference.
ated at 37ßC in 5% CO2 for 10–14 days. Cells were
washed with PBS, �xed with 96% ethanol and stained
with 15% (w/v) Giemsa and destained with distilled 2.12. Induction and repair of DNA double-strand breaks
water. Colonies were counted that had >50 cells or

Uniformly labelled cells (1.85 kBq [2-14C]-had a diameter >100 mm. The surviving fractions
thymidine ml

Õ 1 (1.92 MBq mmol
Õ 1 ) for 72 h wereafter a radiation dose of 2 Gy (SF2) are presented as

subcultured to low density of 0.5–1Ö105 cells cm
Õ 2

a fraction of the growth of untreated colonies.
and irradiated 20 h later with 30 Gy. Cells were
sampled at 0 and 4 h post-irradiation and cast into2.9. Inhibition of anchorage-dependent growth plug moulds. Plugs were transferred into lysis buVer

To obtain cells cultured under non-adherent condi- (100 mm EDTA, 10 mm Tris, 20 mm NaCl, 1 mg ml
Õ 1

tions, S-phase-enriched cell suspensions were tryp- proteinase K, 1%(w/v) sodium lauryl sarcosine,
sinized immediately after irradiation and seeded in pH 8.0) and incubated for 24 h at 50ßC. Plugs were
9.6 cm2 culture plates coated with 2 ml 1% (w/v) then washed and cut into 5-mm pieces containing
high melting point agarose in PBS/culture medium approximately 1 mg DNA. For electrophoresis, plugs
(1:1). The same aliquots were seeded in tissue culture were loaded into wells of 0.75% agarose.
plates without agarose as controls. Cells on agarose Electrophoresis was carried out in 0.5Ö TBE buVer
had no anchorage to plastic and grew as cell aggreg- (45 mm Tris borate, 1 mm EDTA, pH 8.0) at room
ates. Cells were serially sampled at 48, 72 and 144 h temperature for 72 h at a constant �eld strength of
post-irradiation and treated with accutase (PAA 0.6 V cm

Õ 1 . After staining with ethidium bromide,
Laboratories, Vienna, Austria) to obtain a single-cell the wells and each lane of the gel were cut into
suspension. Cells were centrifuged, resuspended separate segments and radioactivity determined. The
in HBSS containing Hoechst-33342 (Sigma), and fraction of radioactivity released from the plugs into
stained for 30 min at 37ßC. The fraction of apoptosis the gels (FAR) was calculated using:
was determined according to the morphological

FAR5 (dpm in the lane)/criteria. For cell-cycle analysis, cells continuously
labelled with BrdU just after irradiation, were treated (dpm in the lane1 dpm in the well).
with accutase, spun and resuspended in culture
medium containing 10% DMSO, and stored at
Õ80ßC in medium until required for analysis. 2.13. Data evaluation

All experiments were repeated at least three2.10. Measurement of protein expression times, and the data are given as a meanÔSEM for
the independent experiments. Statistical analysisNuclear extracts were prepared according to

Tishler et al. (1993) . Expression of the proteins (two-sided t-test) and graphs were performed with
the aid of Microcal Origin version 4.1 (Microcalp53, p21WAF1/CIP1 and Bcl-2 was measured in nuc-

lear extracts according to the instructions of the Software, Northampton, MA, USA).
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3. Results number of cells in culture did not change by more
than a factor of 1.5 after irradiation.3.1. Clonogenic survival, and expression of genes with Figure 1 summarizes the cell-cycle progression ofrelevance to apoptosis H460 (a) and H661 (b) cell lines irradiated with
20 Gy in S-phase of the cell cycle. The cell cycleClonogenic survival, apoptosis and expression of

p53, p21WAF1/CIP1 and Bcl-2 were determined in four pro�les of A549 and H520 cells after irradiation with
20 Gy in S-phase were similar to those of H460 andNSCLC cell lines. The p53 status was analysed

using wild-type and mutant speci�c antibodies in H661, respectively (data not shown). At 24 h after
irradiation of S-rich populations, all cell lines studiedELISA tests and with temperature-gradient gel-

electrophoresis (TGGE) of exons 5, 6, 7 and 8 with showed a delay in the G2/M-phase of the cell cycle
(�gure 1). The duration of the G2-phase block, how-subsequent sequencing. In addition, radiation-

induced expression of p53 and p21WAF1/CIP1 proteins ever, was much more pronounced in A549 and H460
with functional p53, in comparison with H520 andas a functional test and clonogenic survival at a

radiation dose of 2 Gy (SF2) was de�ned. These data H661 with non-functional p53. The percentage of
cells in the G2/M-phase at 24 h after irradiationare summarized in table 1. Of the four cell lines

studied, two (H460, A549) have a wild-type p53 with 20 Gy increased from 17.0Ô1.5, 13.0Ô1.7,
12.0Ô3.4 and 11.7Ô5.9% to 61.51 2.5, 69.8Ô2.1,sequence and functional with respect to radiation-

induced expression of the p53 and p21WAF1/CIP1 76.1Ô7.1 and 71.7Ô3.3% in A549, H460, H520
and H661 cells, respectively. Cell lines with a wild-proteins. In H661 cells, p53 was mutated according

to sequence analysis by TGGE and functional inact- type p53 (A549, H460) heavily irradiated with 20 Gy
showed an extended G2 cell cycle delay with a half-ive with respect to radiation-induced expression of

p53 and p21WAF1/CIP1 . H520 cells were functional time of release of about 120 h in comparison with
sham-irradiated controls with a half-time of releaseinactive for p53, although we failed to detect p53

mutation, both with mutant speci�c antibodies and of 5 h. Cell lines with non-functional p53 (H661,
H520) showed shorter G2-phase delays with a half-TGGE analysis of exons 5–8. Expression of the Bcl-2

protein was by a factor of about two higher in the time of release of about 48 h in comparison with the
sham-irradiated controls with a half-time of releasecell lines H460 and A549 in comparison with H661

and H520 cells. of about 7 h. By 48 h a considerable number of cells
from the p53-incompetent cell lines had completed
the cell cycle and reached the new G1 (G1¾), eventu-3.2. Cell-cycle progression following irradiation ally the next G2 (G2¾) or develop into cells with a
hyperploid DNA content (>G2-phase) or had accu-Cells synchronized by serum starvation in the

G1-phase with a G1 fraction of 80–90%, were irradi- mulated in the sub-G1 compartment. By 144 h only
20% of the A549 and 40% of the H460 cells, includingated with 20 Gy, either at 5 h (early G1-phase) or

20–24 h (maximal S-phase) after subculture in fresh sub-G1¾ cells, stemmed from cells that have passed
the G2/M block of the �rst cell cycle, while 80% ofmedium and cell-cycle progression was analysed

using the BrdU-Hoechst quenching technique of H661 and H520 cells did so.
For completeness, experiments were performed inGilligan et al. (1996) . The high irradiation dose of

20 Gy ensured a homogeneous population with severe G1 to monitor the progression of heavily irradiated
cells through the whole cell cycle and beyond G2/radiation damage, so that an overgrowth by clonog-

enically active cells did not occur. In fact, the total M before the onset of apoptosis. Cell lines with

Table 1. Comparison of p53 status, protein expression, clonogenic survival and apoptosis in NSCLC cell lines.

TP53 TP53 expression2 p21 expression3

Cell lines status1 4 h after 6 Gy 4 h after 6 Gy Bcl-2 expression4 SF2 (%)5 Apoptosis (%)6

A549 wt 1 1 1 1 64.6Ô4.3 4.0Ô2.0
H460 wt 1 1 1 1 43.7Ô2.8 30.8Ô0.8
H520 wt Õ Õ 1 35.5Ô4.4 79.7Ô3.3
H661 mt Õ Õ 1 58.6Ô5.3 57.0Ô8.5

1, p53 status; wt, wild-type; mt, mutant. 2, Ionizing radiation-induced expression of p53 at 4 h after 6 Gy; (1 ) expression, (Õ) no
expression. 3, Ionizing radiation-induced expression of p21WA F1/C IP1 at 4 h after 6 Gy; (1 ) expression, (Õ) no expression. 4, Expression
of Bcl-2 protein; (1 ) 4–5 U per 106 cells, (1 1 ) 10–20 U per 106 cells. 5, SF2, surviving fraction after 2 Gy. Data are the meansÔSEM
of three to �ve experiments. 6, Percentage of apoptosis 6 days after irradiation with 20 Gy. Data are meanÔSEM of at least �ve
experiments.
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a b

Figure 1. Time-course of cell-cycle progression of the cell lines H460 (a) an H661 (b) following irradiation with 20 Gy in the S-phase
as an example for cell lines with functional and non-functional p53, respectively. The diVerent phases of the �rst cell cycle (G1,
S, G2) and those of the second cell cycle (G1¾, G2¾, Hyp, sub-G1¾) are shown. G2 cells comprise both BrdU-labelled (G2f ) and
-unlabelled (G2) cells. Means of about four independent experiments are shown.

functional p53 irradiated in early G1-phase (�gure 2) were 6.0Ô1.0%, 12.2Ô0.4%, 33.5Ô1.3% and
38.0Ô5.6%. The hyperploid fraction of H661 andtook longer to progress through the G1-phase than

cells with inactive p53 with a half-time of release of H520 cells was signi�cantly higher after irradiating
in the G1-phase than in S-phase ( p<0.01). However,about 96 h in comparison with sham-irradiated con-

trols with a half-time of release of about 8 h. These the fraction of hyperploid cells in cell lines with
functional p53 remained the same, irrespective of thecells also showed a longer delay at the �rst G2-phase

(G2f ). A fraction of about 50% of A549 and 20% of cell-cycle phase of irradiation. In conclusion, these
data show that cell-cycle progression of irradiatedH460 remained in G1 of the �rst cell cycle until the

end of the observation period, probably terminally NSCLC cell lines was delayed in the G2-phase for
all cell lines or in the G1-phase for cell lines witharrested, while cell lines with non-functional p53 did

not show any G1 arrest. The fraction of cells which functional p53 irradiated in G1. Cell-cycle progres-
sion beyond the G1 and G2/M-phases, thereforehas passed beyond the G2 block of the �rst cell cycle

at the end of the follow-up period were the same for depends on the p53 status of the cell lines.
cells irradiated either in the G1- or in the S-phases.

As shown in �gures 1 and 2, ionizing radiation led 3.3. Expression of nuclear aberrations in irradiated cellsto a considerable number of cells with a hyperploid before the onset of apoptosisDNA content (>G2-phase). The fractions of hyper-
ploid cells at 96 h after irradiation in S-phase were Cell morphology in metaphase of detached

cells at 120 h following irradiation with 20 Gy was7.0Ô0.6%, 16.8Ô4.1%, 18.7Ô1.2% and 21.4Ô1.4%
for A549, H460, H520 and H661, respectively. examined. Figure 3 shows in addition to a normal

metaphase of H520 (a), metaphases with hyperploidyThe respective values for irradiating in G1-phase

a b

Figure 2. Time-course of cell-cycle progression of the cell lines H460 (a) and H661 (b) following irradiation with 20 Gy in the
G1-phase as an example for cell lines with functional and non-functional p53, respectively. Means of about four independent
experiments are shown.
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H520 and H661 cells irradiated in early G1, in
comparison with irradiation in S-phase was �rst
delayed but reached the same level at later times
post-irradiation. These data show that the onset of
apoptosis appears to be preceded by a period of
radiation-induced G2-phase block.

3.5. In�uence of residual DNA double-strand breaks on
induction of apoptosis

Repair inhibition experiments were performed to
further analyse whether apoptosis tolerance domin-
ated by cell-cycle progression could be bypassed by
a dramatically increased prevalence of radiation-

Figure 3. Chromosome preparations of H520 cells at 120 h induced DNA damage. For these experiments, we
following irradiation with 20 Gy. In addition to a normal chose the two cell lines with the least onset ofmetaphase (a), metaphases with a hyperploid number of

apoptosis, A549 and H460. Cells in exponentialchromosomes (b), with premature condensation of chro-
growth were irradiated with 30 Gy and the fractionmosomes (c) and with fragmented and pulverized chromo-

somes are shown. Detached cells were �xed, dropped on of DNA released (FAR) was determined immediately
slides, stained with Giemsa and photographed (1000Ö ). or after repair incubation for 4 h. In the presence of

wortmannin, the fraction of mobile DNA at 4 h after
irradiation which represents the fraction of residualresulting from endomitosis (b), spontaneous chromo-

some condensation (c) and fragmented or pulverized DNA double-strand breaks, increased from 10% to
about 60% in A549 and from 10% to about 50% inchromosomes (d). Additional experiments with �uo-

rescence in-situ hybridization (FISH) technique were H460 cells. Despite the increase in residual damage,
neither the fraction of apoptosis at 144 h post-done and con�rmed the existence of hyperploid cells

(data not shown). Cells with spontaneous chromo- irradiation of S-phase enriched populations measured
by the morphologic method nor cell-cycle progressionsome condensation (SPCC) and irregular fragmented

or pulverized chromosomes are hallmarks of mitotic through G2/M was not in�uenced by wortmannin
(data not shown).catastrophe. The maximum fraction of cells showing

mitotic catastrophe at day 5 post-irradiation with
20 Gy was at about 30% in cell lines with non- 3.6. Direct analysis of the cell-cycle phase from whichfunctional p53, but was not observed in the cell lines radiation-induced apoptosis appearsH460 and A549 with functional p53.

To determine the cell-cycle phase from which
apoptotic cells appear, bivariate analysis of F-actin3.4. Relation between cell-cycle progression and induction of and DNA content have been evaluated in the sameapoptosis cell by �ow-cytometry. Figure 4 shows bivariate dot
plots of red �uorescence (DNA) versus green �uores-The morphologic assessment of Hoechst-33342

stained cell suspensions was most sensitive and taken cence (F-actin) of H460 and H661 cells at 24, 72
and 144 h post-irradiation with 20 Gy in S-phase.as reference method for the detection of radiation-

induced apoptosis. The time-course for the develop- The F-actin negative population of H460, repres-
enting the apoptotic fraction, appeared from cellsment of apoptosis in the four cell lines irradiated

either in S- or in G1-phase according to morpholo- with G1 DNA content. At 144 h the DNA content
of the F-actin negative population shifted towards S-gical criteria is shown in table 2. H460 cells irradiated

in G1 showed a delayed and reduced induction of and G2/M-phases. This phenomenon was further
analysed using apoptotic cells from the supernatants,apoptosis, in comparison with irradiation of S-rich

populations. Cell lines with functional p53 (H460, which were incubated for diVerent time intervals in
culture medium. The shift towards G2/M-phase wasA549) irradiated in S-phase showed a reduced induc-

tion of apoptosis, in comparison with the cell lines the result of increased DNA staining with propidium
iodide due to a loss of membrane integrity of apop-with non-functional p53 (H661 and H520). This

delayed and reduced induction of apoptosis of H460 totic cells, which did not lose DNA at this time. In
comparison, the F-actin negative population of H661cells irradiated in G1 was concomitant to the delay

in cell-cycle progression with a pronounced block in (�gure 4) and H520 cells (data not shown) developed
from G2-phase cells and later shifted towards G1G1- and G2/M-phases. Induction of apoptosis in
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Table 2. Time-course of morphologically determined apoptosis following irradiation of NSCLC cell lines with 20 Gy in S-and
G1-phase.

Cell lines 24 h 48 h 72 h 96 h 144 h

A549
S-phase 0.3Ô0.3 1.0Ô0.0 1.7Ô0.7 2.3Ô0.9 4.0Ô2.0
G1-phase 1.5Ô0.5 0.5Ô0.5 2.0Ô0.1 3.0Ô0.1 4.5Ô0.5

H460
S-phase 6.0Ô1.5 24.8Ô2.4 27.3Ô4.6 35.0Ô6.2 30.8Ô0.8
G1-phase 2.3Ô0.2 1.3Ô0.3 2.5Ô0.4 8.8Ô1.6 10.2Ô2.0

H520
S-phase 3.0Ô2.0 5.7Ô0.9 11.8Ô2.2 44.3Ô4.6 79.7Ô3.3
G1-phase 1.5Ô0.5 3.5Ô0.5 5.0Ô1.0 22.5Ô3.9 79.5Ô1.5

H661
S-phase 2.3Ô0.9 13.3Ô0.8 24.8Ô4.0 38.3Ô3.6 57.0Ô8.5
G1-phase 2.7Ô0.2 2.6Ô0.5 10.1Ô1.2 42.8Ô5.1 59.0Ô4.7

Data are meansÔSEM of three to six experiments.

apoptotic cells was by a factor of 50 higher if cells
were pulsed-labelled at the time of irradiation (0 h)
than at 24 h after irradiation. Apoptotic H460 cells
with a G1 DNA content therefore originate from
S-phase cells at the time of irradiation and stem from
G1¾-phase and not from a subpopulation of G1-phase
cells among the synchronized cells at the time of
irradiation, that remained blocked in G1.

To analyse further whether H661 cells can progress
through the S¾-phase of the second cell cycle after
irradiation before the onset of apoptosis, cells were
labelled with BrdU at diVerent times post-irradiation.
BrdU was given either directly (0 h) or at 72 h after
irradiation of S-phase enriched populations with
20 Gy. At 144 h after permanent BrdU labelling from

Figure 4. Bivariate dot plots of green (FITC-phalloidin, F-actin) 0 h after irradiation, the fraction of the apoptoticversus red �uorescence (PI, DNA) of H460 and H661 at
(sub-G1) cells which show positive BrdU staining e.g.24, 72 and 144 h following irradiation with 20 Gy in
was at about 75% for H661 cells. In comparison, ifS-phase. Regions corresponding to the cell cycle compart-

ments were de�ned with G1, G2 and Hyp (hyperploid BrdU was applied at 72 h post-irradiation the fraction
cells) with F-actin negative population representing the of BrdU positive sub-G1 cells reduced to 7%. These
apoptotic fraction. The F-actin negative cells result from data show that the vast majority of apoptoticdiVerent populations, either from G1 (H460) or from G2

H661 and H520 cells primarily originate from theand from hyperploid cells (H661).
G2/M-phase of the �rst cell cycle.

and sub-G1 due to the loss of DNA from apoptotic
cells. The hyperploid population of H661 and H520 3.7. Modulation of cell-cycle progression by genistein andcells became also F-actin negative at 144 h. However, cell–matrix interaction and the consequences for thehyperploid H460 and A549 cells remained F-actin generation of apoptosespositive and therefore did not apoptose during the
observation time. To analyse further the necessity of G2/M-phase

transition for the onset of radiation-induced lateFrom these experiments alone, it cannot be distin-
guished whether the onset of apoptosis in H460 is apoptosis, progression of cells through the G2/M-

phase was delayed with genistein. Initially, the dose–from the G1-phase of the �rst cell cycle or the second
cell cycle with respect to irradiation (G1¾). Therefore, response eVect of genistein was studied to identify

a concentration that would eVectively inhibit theadditional experiments were performed with H460
cells, which were pulse-labelled for 90 min with 3H- G2/M-transition cells with minimal toxicity (<10%

cell death at 144 h) in non-irradiated cells. Treatmentthymidine at 0 or 24 h after irradiation. The amount
of 3H-thymidine incorporated into the DNA of of irradiated cell lines with 30 mm genistein increased
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the fraction of G2/M-phase cells from 25.2Ô0.3% strate that the mechanism of delayed apoptosis is
mainly controlled by cell-cycle progression throughto 65.7Ô2.7% in H520 ( p<0.001, �gure 5) and from

25.0Ô2.5% to 41.3Ô4.0% in H661 ( p<0.05, data the G2/M-phase.
To test the a hypothesis that genistein suppressesnot shown) at 96 h following irradiation. The fraction

of apoptosis measured by Hoechst 33342 staining cell-cycle progression by a p53-independent expres-
sion of p21WAF1/CIP1 , the cell lines H460, H520 andwas also signi�cantly ( p<0.01) reduced by 45 and

50% of that observed in cultures irradiated without H661 irradiated with 20 Gy were treated for 24 h
with 30 and 60 mm genistein and expression ofgenistein (�gure 6). The augmented G2 block and

decreased generation of apoptoses has been shown p21WAF1/CIP1 was studied. No eVect on expression of
p21WAF1/CIP1 in H520 and H661 cells was seen,to be reversible by washing out genistein from the

culture medium 24 h post-treatment. An eVect of neither after irradiation with 20 Gy nor after treat-
ment with 30 or 60 mm genistein. However, expressiongenistein on G2 block and appearance of apoptoses

in cell lines with functional p53 (H460, A549) was of p21WAF1/CIP1 in H460 cells was increased from 0.5
to about 9 units/106 cells at 24 h following irradiationnot detectable (data not shown). These data demon-
with 20 Gy, with an additional increase by 30 and
60 mm genistein to about 20 and 37 units/106 cells,
respectively.

To alter cell-cycle progression after irradiation by
another non-toxic method, the cell lines H460, H520
and H661 were irradiated with 20 Gy in S-phase and
subcultured on agarose coated cell culture plates.
Under both culture conditions, H460 and H520 cells
showed a population doubling time of 1.8 days. In
comparison, the proliferation of H661 cells with a
doubling time of 2.1 days on plastic was inhibited on
agarose with consecutive doubling times of >8 days.
Analyses of cell-cycle progression of irradiated H661
cells have shown a delay of progression through the

Figure 5. Time-course of cell-cycle progression in H520 treated G1-and G2/M-phases (data not shown). Induction
with 30 mm (1 ) and without genistein (Õ) just after of apoptosis in H661 cultured on agarose was signi-irradiation with 20 Gy in S-phase and after washing out

�cantly ( p<0.0001) reduced from 63.9Ô3.4% ongenistein from the cell culture medium at 24 h post-
plastic to 10.5Ô6.3% on agarose at day 6 post-irradiation (1 /Õ). Means of four independent experi-

ments are shown. irradiation, as measured by morphologic assessment
of Hoechst 33342 stained cells. In addition, the
hyperploid fraction of H661 cells cultured on agarose
was also reduced from 27.9Ô3.1% on plastic to
9.6Ô1.6% on agarose as obtained by �ow-cytometry.
H520 and H460 cells, however, culturing on agarose
did not lead to diVerences in cell-cycle progression,
apoptosis and the fraction of hyperploid cell popula-
tion. These data demonstrate that inhibition of cell-
cycle progression can suppress the expression of
radiation-induced apoptosis.

4. Discussion

In the absence of detailed knowledge of the critical
molecular programs leading to radiation-induced
apoptosis of NSCLC cells, the operational de�nition
of apoptosis on the basis of common morphologic

Figure 6. Time-course of apoptosis in H520 cells following features of irreversible DNA degradation and
irradiation with 20 Gy in S-phase, treated with ( ) and fragmentation of the nucleus is widely used. One
without ( ) genistein and after washing out genistein morphological characteristic of apoptosis is chro-from the cell culture medium at 24 h post-irradiation (]).

matin condensation into sharply circumscribedMeansÔSEM of at least four independent experiments
are shown. masses either marginated to the nuclear envelope or
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pulverized into variegated aggregates (Wyllie et al. and other drugs can reduce the G2-phase arrest and
this can lead to an enhancement of radiation-induced1980, Earnshaw 1995, King and Cidlowski 1995) .

The aim of the present study was to characterize apoptosis (Bracey et al. 1997, Palayoor et al. 1995,
Bernhard et al. 1996) . However, these drugs have aprocesses controlling the expression of morphological

features of radiation-induced apoptosis in clonogen- wide range of actions on cellular processes and can
induce apoptosis in non-irradiated cells so it is hardically inactivated NSCLC cell lines with or without

functionally active p53. From the data of this study, to conclude that these drugs act solely by modulation
of the G2 block on induction of apoptosis aftera clear picture of the chain of events in NSCLC cells

after irradiation emerged, that radiation-induced irradiation. On the other hand, certain agents like
TPA, forskolin and genistein could enhance theapoptosis is a late down-stream event secondary to

cell-cycle progression. Apoptosis in irradiated radiation-induced G2 block (Palayoor et al. 1995,
Downes et al. 1992) . In this study genistein was usedNSCLC cells occurs late after the G2-phase block.

Cell-cycle progression beyond G2/M is necessary to augment the G2 block of irradiated cells at non-
toxic concentrations in NSCLC cell lines. Treatmentand apoptosis cannot be enforced by increasing the

amount of DNA damage in cells that have not of irradiated cell lines with genistein sustained the
G2-phase arrest for longer periods and decreased theprogressed beyond G2/M. Cells with functionally

active p53 pass beyond the G2 block with a markedly fraction of apoptotic cells in NSCLC cell lines
with inactive p53. Arrest of cell-cycle progressionlower probability than cell lines with functionally

inactive p53, during extended follow-up times of up with genistein was reported to be mediated by
induced expression of p21WAF1/CIP1 (Kuzumaki et al.to 144 h after irradiation in G1- or S-phase. They

show a prolonged G2-phase block or to a lesser 1998) . This could not be observed in H520 and
H661 cell lines so that the molecular pathwaysextent remain blocked in the G1-phase after irradi-

ation in G1. As a consequence of this increased activated by genistein in these cell lines remains to
be elucidated. In addition, the G2 block was pro-blockage, the apoptotic fraction induced in NSCLC

with intact p53 was markedly lower than in cells with longed by an independent method of plating cells on
agarose. In H661, where cell-cycle progression andfunctionally inactive p53. In NSCLC cells without

functional p53, apoptotic cells appeared from G2/M- G2/M traverse was slowed down on agarose in
comparison with plastic, induction of radiation-phase cells showing the morphology of mitotic cata-

strophes, while p53-competent cells could complete induced apoptosis was also diminished. This led to
the conclusion, that radiation-induced late apoptosismitosis and apoptosis appeared from G1¾-phase cells.

Together with apoptosis, hyperploid cells appeared is a down-stream event secondary to cell-cycle pro-
gression beyond the G2/M-phase arrest in NSCLCin p53 competent and incompetent cells. In the latter,

hyperploid cells apoptosed soon after generation. cell lines.
A key step in regulating the progression of cellsThe appearance of cells showing the morphology of

apoptosis could be prevented by caspase inhibitors. through the G2/M-phase is activation of cdc2-cyclin
B1 complexes (Nurse 1990, Jin et al. 1998) . It wasOthers have previously shown the appearance of

radiation-induced late apoptosis in a temporal rela- shown that DNA damage prevents the activation of
cdc2-cyclin B1 complexes by a p53-mediated path-tion to the dissolution of the G2-phase block in

lymphoid cell lines (Radford and Murphy 1994, way ( Jin et al. 1998). Chan et al. (1999) have shown
that DNA damage leads to stabilization of p53, whichPalayoor et al. 1995) and colorectal tumour cell lines

(Bracey et al. 1997). In this context we added bivariate was required for maintenance of the G2-phase arrest
through activation of p21 and 14-3-3s. Inactivationcytometry of a F-actin negativity and PI positivity,

parameters related to apoptosis and DNA content of 14-3-3s abrogates the G2-phase arrest and leads
to migration of cdc2 and cyclin B1 to the nucleusand BrdU or 3H incorporation in apoptotic cells to

identify the cell cycle positions where individual cells (Chan et al. 1999) . The premature entry of these cells
containing damaged DNA into mitosis can lead toapoptose. We found that apoptotic cells in H460 and

A549 with active p53 come from the G1¾-phase. In the apoptosis-like process of mitotic catastrophe,
which is morphologically characterized by condensedcomparison, the majority of apoptotic H661 and

H520 cells with non-functional p53 come from the and irregular fragmented chromosomes (Chan et al.
1999, Heald et al. 1993, Sit et al. 1997). Sit et al.G2/M-phase or at later times from the hyperploid

cell population. (1997) showed that mitotic catastrophe can result
from activation of apoptotic pathways by acute oxid-To analyse whether the traverse beyond the G2

block is a necessary prerequisite of radiation-induced ative stress or direct endonuclease digestion in
M-phase cells. Because M-phase apoptosis andapoptosis in NSCLC cell lines the G2 block was

modulated. CaVeine, theophylline, 2-aminopurine mitotic catastrophes cannot be distinguished on a
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morphological basis we included mitotic catastrophes with 20 Gy could not be enforced by further increas-
ing the prevalence of DNA damage.as a subgroup of apoptosis. The fraction of cells with

pulverized and condensed chromosomes, a major In conclusion, radiation-induced apoptosis in
NSCLC cells is a late removal mechanism ofmorphological characteristic of mitotic catastrophe

found in chromosome preparations, was about 30% clonogenic inactivated cells secondary to cell-cycle
progression beyond the G2 arrest point, unlikein cell lines with non-functional p53 at day 5 after

irradiation. This was not found in the cell lines H460 early interphase apoptosis mediated by p53, FAS/
Apo-1/CD95 or sphingomyelin/ceramide pathwaysand A549 with functional p53.

In addition to apoptosis, cells with a hyperploid in other cell types after irradiation. The p53 protein
blocks cell-cycle progression at G1- and G2/M-DNA content ( > G2) were generated after irradi-

ation. Hyperploidy can be induced by releasing cells phases, which suppress subsequent p53-independent
apoptosis. The generation of hyperploid cells is anfrom the G2-phase arrest, via two main processes:

(1) re-replication of the DNA in the absence of an alternative event to late apoptosis occurring in cells
after the G2 block.intervening mitosis (Waldmann et al. 1996) or (2) in

the absence of a functional spindle, a premature exit
from mitosis to the next G1-phase without having
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