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Prolonged G2 Phase of Breast Cancer Cells and 
Chromosome Damage 

B. Dutrillaux, M. Gerbault-Seureau, B. Zafrani and M. Prieur 

S-bromodeoxyuridine incorporation was studied in metaphase chromosomes from 24 breast tumour specimens, 
including 23 adenocarcinomas. In these 23 cases, a slow cell cycle was observed, with a long (8 h) G2 phase. 
This slowing of the cell cycle, which was poorly related to the degree of polyploidy, was significantly related to 
the number of chromosome anomalies: the cell cycle was particularly slow when many rearranged chromosome 
were observed. These in vitro findings during the first cell cycle cannot easily be transposed to the in viva 
situation. By analogy with Fanconi anaemia, in which both chromosome lesions and a long G2 phase are detected, 
a DNA repair defect and/or high DNA mutagenesis might exist in breast cancer cells. 
EurJ Cancer, Vol. 27, No. 10, pp. 1307-1312,199l. 

INTRODUCTION 
OF THE solid tumours, breast cancer is one of the most difficult 
to study cytogenetically beause of the poor growth of breast 
cancer cells in vitro and the frequent occurrence of cases with 
highly abnormal metaphases, which makes karyotyping almost 
impossible. Nevertheless, it is possible to identify a number of 
recurrent anomalies [ 1, 21. Several chromosome losses, which 
are also seen as losses of heterozygosity, suggest that some events 
of tumour progression are determined by recessive genes, the 
deletion of one allele unmasking the remaining mutated allele. 

To classify the tumours, we have taken advantage of the wide 
range of chromosome anomalies to differentiate cases with a 
few from those with many rearranged chromosomes, and also 
hypodiploid and near diploid from hyperploid cases. We studied 
chromosome banding by incorporation of 5bromodeoxyuridine 
(BrdU) to investigate cell cycle progression [3-91, a method 
rarely used in cancer cytogenetics. To our knowledge, an 
anomaly of the cell cycle has been described in a single consti- 
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tutional disease: Fanconi anaemia [lo]. Data from transformed 
or cancerous cells are not more numerous, and their study is 
complicated by the possible anomalies in BrdU incorporation 
which may be related to unusual metabolism of BrdU [ 111. One 
of the particularities of transformed or cancerous cells is their 
capacity to undergo many successive cycles, without pausing in 
GO phase. This may give the false impression that they are cycling 
quickly. We would like to report that cells from mammary 
adenocarcinoma arrived in first metaphase in vitro have a slow 
cycle, especially because of a very long G2 phase. 

MATERIALS AND METHODS 
The clinicopathological data of the 24 tumours studied are 

shown in Table 1. The chromosomal data of 6 cases has been 
reported [ 121. All cultures, initiated after biopsy or puncture, 
were short-term (l-4 days), and BrdU (10 kg/ml) was added to 
the culture medium from 7 to 72 h before harvesting metaphases. 
Other cultures, without addition of BrdU, were always done to 
assess R-banded karyotypes. 

The degree of BrdU incorporation was evaluated with a 
modified fluorescence plus Giemsa technique [9]. When poss- 
ible, 50 metaphases were analysed for each experimental con- 
dition. According to the classification proposed by Couturier 
and Antoine [ 131, seven phases or subphases were distinguished: 
(i) G2, no modification of chromosome staining; (ii) late S (IS), 
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Table 1. Clinicopathological and cytogenetic details from 23 ntulignant and 1 benign breast tumour cases 

Case/age 

Rearranged Analysed 
Classification Chromo- chromo- meta- 

TNM SBR* WHO somes(-)t Range Mode somes(-)$ phases(-) 

(A) Near diploid, < 11 rearranged chromosomes 
1165 T2NO I IDC 
2168 T2NO II IDC 
3172 T3NO I IDC 
9174 T4NO II IDC 

10163 T2NO II IDCiILC 
M2l43 TlNO I IDC 

(B) Hypodiploid, > 10 rearranged chromosomes 
26144 T2NO II IDC 

35147 T2Nl II IDC 

54137 T2Nl III IDC 

55 - - 

(C) Polyploid, < 11 rearranged chromosomes 
103/44 TZNO II IDC 
107/51 TZNO III IDC 

(D) Polyploid, > 10 rearranged chromosomes 
105167 TlNO II IDC 
116156 T2NO - MC 
117160 T2NO III IDC 
121134 T2NO - MIDC 
122171 T3NO II IDC 
123177 T2NO II IDC 
124159 - 
125153 - 
134163 T2NO - see 

136/66 T2NO III IDC 
148162 T2NO I ILC 

Benign phyllodes tumour 
150156 - - 

45.5 (1.3) 41-46 46 4 20 
44.0 (1.6) 39-45 45 1 15 
43.6 (0.8) 41-44 44 2 14 
44.7 (0.6) 43-45 45 2 15 
47.8 (0.8) 45-48 48 2 13 
46.3 (0.5) 46-47 46 4 12 

41.0 (2.5) 38-47 40 
74.4 (2.8) 7 l-79 71 
38.5 (3.6) 30-43 40 
71.6 (1.3) 68-74 73 
38.8 (1.6) 35-40 40 
57.8 (10.1) 50-75 - 

41.0 (2.3) 37-43 43 

16 

20 

19 

23 

10 
7 

10 
15 
22 
4 
6 

82.7 (4.8) 
76.2 (2.4) 

75-90 
71-79 76 

8 6 
8 10 

72.0 (1.9) 6%73 
61.2 (5.8) 51-58 
72.3 (3.5) 68-79 
89.3 (1.5) 87-91 
65.6 (1.8) 60-68 
57.3 (7.4) 49-64 
61.0 (1.7) 64-70 
71.3 (3.2) 67-75 
55.3 (4.8) 51-66 
95.0 (8) 82-104 
59.7 (3.3) 55-64 
61.8 (1.6) 59-66 

- 

68 

66 
63 
67 
73 
54 

22 
20 
20 
12 
12 
32 
45 
20 
24 

62 14 
62 27 

4 
6 

10 
4 
7 
8 
8 
7 
-7 
4 

15 
14 

46 46 46 0 10 

IDC = infiltrating ductal carcinoma, ILC = infiltrating lobular carcinoma, MIDC = micro-invasive ductal 
carcinoma, MC = mutinous carcinoma and SCC = spindle cell carcinoma. 
Cases 124 and 125 were nodal, case 55 pleural metastases and M2 a male patient. 
* Bloom and Richardson grading. t Mean (variance). $ Best estimate after exclusion of duplicated derivatives. 

pale staining of constitutive heterochromatin and of the late 
replicating X (Fig. la); (iii) mid-late S (m-IS), pale staining of 
latest replicating G-bands in addition to appearance in 1s 
(Fig. lb); (iv) mid-S (mS), pale staining of all G-bands in 
addition to appearance in 1s (Fig. lc), giving typical R-banding; 
(v) mid-early S (m-es), pale staining of latest replicating R- 
bands in addition to appearance in (iv) (Fig. Id); (vi) early-S 
(es), pale staining of all bands except the earliest replicating R- 
bands (Fig. le); and (vii) Gl, pale staining of all chromosomes 
with, occasionally, a discrete strengthening of constitutive heter- 
ochromatin (Fig. If). For each analysed metaphase, the chromo- 
some staining indicated the stage at the beginning of BrdU 
treatment. 

Katyotypes 
RESULTS 

The mean, mode and range of the chromosome numbers, as 
well as the mean number of different rearranged chromosomes 
per karyotype are shown in Table 1. The 23 malignant tumours 
could be classified into four cytogenetic categories. Patient 150, 
who had a benign phyllodes tumour, had a normal karyotype. 

Cell cycles 
Results of BrdU incorporation times ranging from 8 to 21 h 

could be obtained. For 20 cases, a time of 17-18 h was selected 
(Table 2). 

In comparison with normal lymphocytes and fibroblasts (our 
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Table 2. Distribution of cells in dqferent phases 17-18 h before harvesting metaphases 

Chromosome A B C 

type 
l* 2 3 9 lOM2 Total(%) 26 54 Total(%) 103107 Total(%) 

Phase 

G2 3 11 2 2 18 (10) 2 15 17 (16) 2 2 (3) 
IS 151 61 14 (8) 4 14 18 (17) 0 

m-IS 175133 20 (11) 7 28 35 (33) 3 3 (5) 
mS 1 222 3 28 (16) 6 20 26 (24) 4 17 21 (35) 

m-es 10 1 13 1 2 27 (15) 3 1 4 (4) 2 15 17 (28) 

eS 10 42 1 17 (9) 1 1 (1) 2 8 10 (16) 

Gl 24 3 5 10 14 56 (31) 6 6 (5) 3 5 8 (13) 

Total 50 29 50 14 11 26 180 28 79 107 11 50 61 

Chromosome D 

type 
26 54 105 116 117 121 122 123 124 125 134 136 148 Total(%) 

Phase 

G2 1 4 2 13 - 18 5 16 6 9 74 (18) 

1s 2 4 10 115 3 2 4 1 7 4 53 (13) 

m-IS 9 5 2 4 14 9 15 5 4 2 5 2 9 85 (19) 

mS 11 3 1 5 5 6 2 3 2 4 8 2 20 72 (20) 

m-es 7 14 5 1 1 2 2 2 5 39 (13) 

eS 15 8 1 1 1 26 (8) 

Gl 2 7 17 2 6 2 36 (9) 

Total 32 16 5 45 72 20 50 12 15 34 17 17 50 385 

Cases 26 and 54 are in both categories B and D, because they have one hypodiploid and one hyperploid 

clone, counted separately. 

.‘Patient no. 
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data and ref. 13), the cell cycles were generally slow: 66% 
(4861733) cells needed a time of 17 h or more to pass from mS to 
metaphase. This slowness was not related to the quality of cell 
growth in vitro, since the proportion was 66% (265 out of 401) 
for cases with at least 50 analysed metaphases and 67% (221 out 
of 332) for cases for which less than 50 metaphases could be 
analysed. The slowness may be related to the degree of ploidy: 
the proportion was 61% (176 out of 287) for near diploid and 
hypodiploid (categories A and B) and 70% (3 10 out of 446) for 
hyperploid tumours. The excess of cells with a slow cell cycle 
was significant among hyperploid tumours (x2 test, P < 0.02). 
This was exemplified by 2 tumours (cases 26 and 54) in which 
the hypodiploid clone was slightly faster than the hyperploid 
clone (Fig. 2). 

The cell cycle time was also related to the complexity of 
chromosome rearrangements. In categories A and C, which have 
10 rearranged chromosomes at most, the above proportion was 
44% (106 out of 241), whereas it was 77% (380 out of 492) in 
categories B and D, which have more than 10 rearranged 
chromosomes per karyotype. This difference was significant 
(P < 0.0001). These results are illustrated in Fig. 3. Compari- 
son of the distributions also indicated a significant difference 
(P < 0.0001). 

The slowness of the cell cycle was related to the malignant 
character of the cells. In case 136,5 cells had a normal karyotype: 
their cell cycle was much faster than that of abnormal cells 
(Fig. 4). In case 55, for which the BrdU incorporation time was 
9 h only, the 17 cells with a normal karyotype had a faster cell 
cycle than the 17 cells with an abnormal karyotype (Fig. 4). The 
one benign phyllodes tumour (case 150) had a much faster cell 
cycle than any of the malignant tumours: after BrdU treatment 
for 17-18 h, all metaphases passed through Gl to metaphase, 
whereas after a 7 h treatment, 40% of cells went through m-1s 
or mS to metaphase. 

The long duration of G2 contributed greatly to the slowing 
down of the cell cycle. In the few cases for which BrdU treatment 
was short (8-9 h) most cells went through G2-M only: case 1 
(8 h treatment), 50% (25/50), whereas 50% went through IS and 
G2-M (Fig. 5); case 35 (8 h), 100% (55 cells); case 9 (9 h), 67% 
(16/24), whereas 33% went through IS and GZ-M; and case 55 
(9 h), 76% (13/17), whereas 24% went through IS and G2-M. 

The S phase may be only slightly slowed down. Unfortunately, 
only a single tumour (case 1) could be studied in detail. Since it 
had a poorly rearranged karyotype, grew very well, and had a 
relatively fast cell cycle, it may not be representative. The 
distribution of the various phases was studied every 2 h from 8 
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a b 

c d 

e f 

Fig. 1. Metaphases from case 1 with incorporation of BrdU at various times of S phase: (a) = IS, (b) = m-IS, (c) = mS, (d) = m-es, 
(e) = eS and (f) = since beginning of S phase or earlier (Gl). 

to 20 h in 50 metaphases at each time (Fig. S).The histograms 
show no block at a given moment of the S phase, since there is 
no accumulation at a given subphase. Most cells passed through 
Gl to G2 from 20-18 to 8 h, which indicated an S phase duration 
of less than 10-12 h. 

DISCUSSION 
Without exception, our results showed that cells from aden- 

ocarcinoma of the breast have a slow cell cycle. In comparison 
with phytohaemagglutin-stimulated lymphocytes, for which G2- 
M is about 2-3 h and the S phase about 7-8 h [ 131, the duration 
of G2-M was especially slow (about 3-fold longer), whereas the 
S phase was only 1.5 fold longer. This result from cells during 
their first cycle in vitro cannot be directly transposed to the in 
vivo situation. 

Paradoxically, our data cannot be compared to the information 
provided by the numerous reports with flow cytometry, which 

focused on DNA ploidy and on the proportion of S phase cells 
114-171, but not on G2 phase. Our data (Table 1) showed that 
all our cases were aneuploid. 16 of 22 tumours passed through 
endoreduplication. In addition, all underwent chromosome 
losses and rearrangements. These three events (endoredupli- 
cation, losses and rearrangements of chromosomes) are related, 
and near diploid (our category A) and hyperploid tumours with 
many chromosomes (our category C) had fewer rearranged 
chromosomes than hypodiploid and slightly hyperploid (our 
categories B and D) tumours. Although all these tumours had a 
slow cell cycle, this slowness was not equally distributed: it was 
slower in categories B and D than in categories A and C. 

The cause of this relation, which we could demonstrate 
statistically, remains to be elucidated. The cell cycle may 
progressively slow down when tumours become highly aneu- 
ploid and have many chromosome rearrangements. It is also 
possible that tumours with a slow cell cycle are prone to rearrange 
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Case 26 

34 

Case 54 

36 

r--L 

25 

;:l,i:,:,, 
G2 IS m-IS mS m-eS eS Cl 

I 

6 

m-P-- 
25 

25 I- 

31 

Fig. 2. Percentage distribution of subphases of S, Gl and G2 17-18 h 
before harvesting metaphases in two cases in which hypodiploid 
(upper) and polyploid clones (lower) coexisted. Cases 26, 60 meta- 

phases and 54,95 metaphases. 

27 

1 

11 

I 
20 

Fig. 3. Percentage distributions of subphases of S, G2 and Gl 
17-18 h before harvesting metaphases. Categories A and C, 241 cells 
with few (5 10) rearranged chromosomes (upper); categories B and 

D, 492 cells with many (> 10) (lower). 

76 

Case 136 

G2 IS m-IS 

40 

L 
mS 

Fig. 4. Percentage distribution of subphases of S and G2 9 h (case 
55, top) or 18 h (case 136, bottom) before harvesting metaphases. In 
both cases, normal (46, XX, upper) coexisted with abnormal cell line 

(lower). 

and lose their chromosomes. Interestingly, however, the dur- 
ation of the cell cycle may be related to DNA mutations and 
repair. In Fanconi anaemia, the cell cycle is prolonged, in 
particular because G2 is about twice as long as in controls [lo]. 
This delay was suppressed by the addition of caffeine, which 
inhibits postreplication repair [18], during the last hours of 
culture, but this resulted in an increase in chromosome breakage. 
It was concluded that Fanconi anaemia cells usually arrive at G2 
with many DNA lesions, many of which are repaired during 
G2, which may be prolonged for this reason. This relation 
between a high number of rearranged chromosomes and a slow 
G2 phase in breast cancer cells may also be due to the presence 
of many DNA lesions occurring during or after replication, of 
which many are repaired during G2. Unfortunately, we could 
not repeat these experiments on primary cultures of breast 
cancer cells because of technical difficulties. In comparison with 
colorectal tumour cells, which have a faster cell cycle, breast 
adenocarcinoma metaphases have more chromatid exchanges 
(radials) (201. 

Thus, by analogy with Fanconi anaemia, for which a DNA 
repair defect is strongly suspected, it can be proposed that breast 
cancer cells undergo either a defect in DNA repair or a high 
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12h 

12 12 

14hI 1 

mutagenesis or both, which is possibly responsible for the 
existence of very abnormal karyotypes and for the slowing of 
the cell cycle. This anomaly may be principally postreplicative, 
but any suggestion about similarities in the mechanisms involved 
in Fanconi anaemia and in breast cancer is speculative. 

Our finding of unusual cell cycles of breast cancer cells, if 
confirmed by ii, viva studies, may give information about the 
response to antineoplastic drugs that affect the S phase. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

Rodgers CS, Hill SM, Huhen MA. Cytogenetic analysis in human 
breast carcinoma. I. Nine cases in the diploid range investigated 
using direct preparations. Cancer Genet Cytogenet 1984,13,95-l 19. 
Dutrillaux B, Gerbault-Seureau M,Zafrani B. Characterization of 
chromosomal anomalies in human breast cancer. A comparison of 
30 paradiploid cases with few chromosome changes. Cuncer Genet 
Cytogenet 1990,49,203-217. 
Dutrillaux B, Fosse AM. Utilisation du BrdU dans 1’Ctude du cycle 
cellulaire de sujets normaux et anormaux. Ann Ghnit 1976, 19, 
95-102. 
Grzeschik KH, Kim MA, Johannsmann R. Late replication bands 
of human chromosomes demonstrated by Auorochrome and Giemsa 
staining. Humangenetik 1975,29,41-59. 
Latt SA. Microfluorometric detection of deoxyribonucleic acid 
replication in human metaphase chromosomes. Proc Nat1 Acad Sci 
USA 1973,70,3395-3399. 
Dutrillaux B, Laurent C, Couturier J, Lejeune J. Coloration par 
l’acridine orange de chromosomes prCalablement trait& par le 5- 
bromod6oxyuridine (BUDR). CR AcadSci 1973,276,3179-3181. 
Dutrillaux B, Couturier J, Richer CL, Viegas-Pkquignot E. 
Sequence of DNA replication in 277 R- and Q-bands of human 
chromosomes using a BrdU treatment. Chromosoma 1976, 58, 
51-61. 
Epplen JT, Siebers JW, Vogel W. DNA replication patterns of 
the human chromosomes from fibroblast and amniotic fluid cells 
revealed by a Giemsa staining technique. Cytogenet Cell Gene? 1975, 
15,177-185. 

Fig. 5. Percentage distribution of G2, Gl and subphases of S 8-20 h 
before harvesting metaphases in case 1.50 metaphases were analysed 

for each time. 

9. 

10. 

11. 

12. 

3. 

4. 

15. 

16. 

17. 

18. 

19. 

20. 

Perry P, Wolff S. New Giemsa method for the differential staining 
of sister chromatids. Nature 1974,251,156-158. 
Dutrillaux B, Aurias A, Dutrillaux AM, Buriot D, Prieur M. The 
cell cycle of lymphocytes in Fanconi anemia. Hum Gei et 1982,62, 
327-332. 
Massaad L, Venuat AM, Luccioni C, Beaumatin J, Lemieux N, 
Dutrillaux B. A high catabolism of BrdU may explain unusual SCD 
and replication banding patterns in cancer cells. Cal, cer Ga,et 
Cytogq et 1991,53,23-34. 
Gerbault-Seureau M, Vielh P, Zafrani B, Salmon R, Dutrillaux B. 
Cytogenetic study of twelve human near-diploid breast cancers with 
chromosomal changes. Ai i, Gh, it 1987,30,138-145. 
Couturier J, Antoine JL. Detailed cell cycle analysis in human 
lymphocytes; application to y-irradiated cells. Hum Genet 1984,65, 
391-395. 
Hedley DW, Rugg CA, Gelber RD. Association of DNA index and 
S-phase fraction with prognosis of nodes positive early breast cancer. 
Cancer Res 1987,47,4729-4735. 
Kallioniemi OP, Blanc0 G, Alavaikko M, et a/. Improving the 
prognostic value of DNA cytometry in breast cancer by combining 
DNA index and S-phase fraction. Cancer 1988,62,2183-2190. 
McGuire WL, Dressler LG. Emerging impact of flow cytometry in 
predicting recurrence and survival in breast cancer patients. 3 Nat1 
Cancerlnst 1985,75,405-410. 
Stal 0,Wingren S, Carstensen J, et al. Prognostic value of DNA 
ploidy and S-phase fraction in relation to estrogen receptor content 
and clinicopathological variables in primary breast cancer. Eur 3 
Cancer Clin OncoZl989,25,301-309. 
Kihlman BA, Sturelid S, Hartley-Asp B, Nilsson K. Caffeine 
potentiation of the chromosome damage produced in bean root tips 
and in Chinese hamster cells by various chemical and physical 
agents. Mutat Res 1973,17,271-275. 
Sabatier L, Dutrillaux B. Effect of caffeine in Fanconi anemia. I. 
Restoration of a normal duration of G2 phase. Hum Genet 1988,79, 
242-244. 
Muleris M, Dutrillaux AM, Salmon RJ, Dutrillaux B. Sex chromo- 
somes in a series of 79 colorectal cancers: replication pattern, 
numerical, and structural changes. Genes Chromosomes &’ Cancer 
1990,1,221-227. 


