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The abundant chromosome abnormalities in most carcinomas are
probably a reflection of genomic instability present in the tumor,
so the pattern and variability of chromosome abnormalities will
reflect the mechanism of instability combined with the effects of
selection. Chromosome rearrangement was investigated in 17
colorectal carcinoma-derived cell lines. Comparative genomic hy-
bridization showed that the chromosome changes were represen-
tative of those found in primary tumors. Spectral karyotyping
(SKY) showed that translocations were very varied and mostly
unbalanced, with no translocation occurring in more than three
lines. At least three karyotype patterns could be distinguished.
Some lines had few chromosome abnormalities: they all showed
microsatellite instability, the replication error (RER)+ phenotype.
Most lines had many chromosome abnormalities: at least seven
showed a surprisingly consistent pattern, characterized by multiple
unbalanced translocations and intermetaphase variation, with
chromosome numbers around triploid, 6-16 structural aberrations,
and similarities in gains and losses. Almost all of these were RER—,
but one, LS411, was RER+. The line HCA7 showed a novel pattern,
suggesting a third kind of genomic instability: multiple reciprocal
translocations, with little numerical change or variability. This line
was also RER+. The coexistence in one tumor of two kinds of
genomic instability is to be expected if the underlying defects are
selected for in tumor evolution.

t has been known for a long time that many carcinomas have

highly aneuploid karyotypes (1), suggesting that one of the
steps selected for during tumor evolution results in genomic
instability (2, 3). More recently, mismatch repair defects, with a
replication error (RER)+ phenotype characterized by micro-
satellite instability (4, 5), have been described in a minority of
tumors, for example, in about 15% of sporadic colorectal
carcinoma. Intriguingly, most RER+ tumors have a stable
near-diploid karyotype, whereas RER— tumors usually have
stable microsatellites but unstable chromosome numbers and
structure. The causes of this chromosomal instability are not yet
clear, but may be various, because RER— tumors appear to be
a heterogeneous group (6, 7). Mutation of p53 is one candidate,
but some near-diploid RER+ tumors also have mutant p53 (8).
Some aneuploid tumors may have defective mitotic checkpoint
genes such as BUBI (9), but the causal defects for the remainder
are unknown. It has been suggested (2) that these instabilities are
a byproduct of selection against apoptosis. Apoptosis after DNA
damage, for example, can be abrogated by inactivation of either
p53 or mismatch repair proteins (10-13). Clear definition of the
different patterns of genomic instability in colorectal tumors
therefore would be useful, as it may give clues to the nature of
these undiscovered defects. Also, if genomic instability is a
consequence of defects in apoptotic pathways, these patterns
may prove predictive of response to therapy.

2538-2543 | PNAS | February 27,2001 | vol.98 | no.5

We have examined patterns of chromosome rearrangement
and genomic instability in a series of 17 colorectal cancer cell
lines, using chromosome painting methods. The lines were
selected to include RER+ and RER— phenotypes, both with
and without mutations in p53. Cell lines provide a source of
tumor karyotypes that permits much more detailed analysis than
primary material, but there has been doubt about how well they
represent primary tumors. The patterns of genomic change in the
cell lines were shown by comparative genomic hybridization
(CGH) to reflect those in primary tumors. Karyotyping of the
cell lines by multicolour chromosome painting—spectral karyo-
typing (SKY)—distinguished several patterns of chromosome
abnormality and genomic instability, some of them not previ-
ously described in epithelial tumors.

Materials and Methods

The 17 human colorectal carcinoma cell lines were as described
(4). CGH was essentially as described (14) using QUIPS software
(Vysis, Downer’s Grove, IL) to calculate ratio profiles from 20
metaphases. SKY was as described (15). Briefly, whole chromo-
some paints for each chromosome labeled with different com-
binations of five fluorescent dyes were hybridized to cell line
metaphases, and the fluorescence at each point in the image was
analyzed with a spectrometer (Spectracube, Applied Spectral
Imaging, Migdal HaEmek, Israel) to determine which chromo-
some was present. At least 10 metaphases were analyzed.
Because SKY occasionally misidentifies small fragments of
chromosome because of overlap between adjacent fluorescence
signals, the identity of most translocated fragments was verified
by conventional chromosome painting, using single fluorescent
dyes for each chromosome (see Fig. 4, which is published as
supplemental material on the PNAS web site, www.pnas.org)
(15, 16).

Results

To demonstrate that the cell lines selected for karyotyping were
representative of primary tumors in terms of their patterns of
chromosomal abnormality, we analyzed the cell lines by CGH
(Fig. 1) and compared the results with similar data reported by
ourselves and others from primary, surgically removed tumors
and first-pass xenografts (Fig. 2). Most RER+ tumors, both as
cell lines and primary tumors, show too few chromosome

Abbreviations: CGH, comparative genomic hybridization; RER—, RER+, replication error
negative and positive, respectively; SKY, spectral karyotyping.
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Fig.1 Copy numbers of chromosome segments estimated by CGH, using ploidy information from the karyotype. Each colored bar represents the copy number
of achromosome in a particular cell line, different colors representing different copy numbers according to the key shown. For example, for chromosome 1, the
bar nearest the ideogram represents DLD 1 and shows that in DLD1 there are two copies (yellow) of most of chromosome 1, but three copies of distal 1p (green).
Cell lines from left to right are: first group (RER+) DLD1 (nearest to chromosome ideogram), GP2d, HCT116, LoVo, LS174T, VACOS5, HCA7, LS411; second group
(RER—) C70, HT29, LIM1863, SW1417, SW403, SW480, SW620, SW837, VACO4A (furthest from chromosome ideogram).
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changes to make valid comparisons, but in RER— lines and  contamination with normal stroma. The xenograft data support
primary tumors, the same chromosome arms are subject to gains  this hypothesis, because these transplanted tumors are free of
and losses (r = 0.7 for both tumors and xenografts). Loss of =~ human stroma and invariably more chromosomal changes are
chromosome 6q, sometimes accompanied by loss of 6p, deviates ~ detected than in their parent primary tumors (6). Also, near-
from this pattern, suggesting either that there is selection  diploid RER— tumors may be under-represented in the lines and
pressure in vitro for loss of this chromosome, or that tumors with ~ Xenografts (6). ) ) )

this defect more readily give rise to cell lines. The higher _Karyotypes were obtained by SKY analysis, confirmed by
proportion of chromosome change in cell lines than primary ~ Single-dye chromosome painting (Figs. 3 and 4). The karyotypes

tumors may reflect under-recording in primary tumors through ~ ar¢ presented below as: modal number of chromosomes per
metaphase (range), actual content of normal sex chromosomes,

listing of all chromosomes with copy numbers, [number of

100 100 metaphases with the given modal composition]. Additional

g 9 S 26g- °8p- distinct clones are separated by/followed by their differences
£ 80 g gp o 8 80 =dg- -7p+29=qf'8q_ from the main clone. Most of the RER— and atypical RER+
= 70 T4 4;_ 21864 504 =70 Wt Ta+a 130, lines showed additional rearrangements found in only one
S ?g 1o, *20pk "3 G O0[ o6p- dp-ys 1= 8a+ metaphase, but because these could not be confirmed they are
8 0 > 6p- . 17p.59* oploss £ 451((; e oa e o p-loss not shown. For the simple near-diploid lines, DLD1, GP2d,
§ 0k E cpgain g e wew oo * p-gain HCT116, LoVo, LS174T, and VACOS, apparently normal pairs
g 20ps o = grloss §0] = = =qloss of chromosomes are omitted. Structural abnormalities are de-
Koo BE.T TAEARL L gm0 Taam scribed using ISCN 1995 nomenclature. For example del(2)(p21)
%0 102030405060 70 8090100 ©0 102030 40 5060 70 8090 100 indicates chromosome 2 deleted from p2l to p telomere.
Frequency in Primary Tumours (%) Frequency in Xenografts (%) der(4)del(4)(q31q35)t(4;18)(?p15;?) X2 indicates derivative of

chromosome 4 deleted between q31 and q35 and translocated
Fig. 2. Comparison of CGH data between cell lines and surgical material with chromosome 18 at p15 on chromosome 4 (the query
(Left), xenografts (Right). CGH data are expressed as percentage of tumors, indicating uncertainty) and a position not determined on chro-
xenografts, or lines showing the change, and each point represents the gain mosome 18: modal number two copies in this clone q14~21

or loss of an individual chromosome arm. (Left) Pooled data from primary .- s .
tumors, unselected for RER status (28-32), compared with data from this indicates break within region q14 to q21' Isochromosomes

study, combining the RER+ and RER— cell lines in the ratio 2:8 to mimic (abbreviated i), d_eletlons (de.l)’ and duplications (dup) are
unselected surgical material. Linear regression analysis gave slope 1.4, r=0.7.  reported where evident from size changes, or from both CGH
(Right) Data from RER—, first-pass xenografts, obtained in one of our labo- and cytogenetic 4',6-diamidino-2-phenylindole (DAPI) banding.
ratories (6, 33), compared with the RER— cell lines. Slope = 1.0, r = 0.7. Breakpoints given for C70, HT29, and HCA7 were judged by
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DAPI banding. * indicates apparently balanced translocation. ¥
may be normal 1 in some metaphases.
Karyotypes of the colorectal carcinoma cell lines were:

RER—. C70. 127 (115-130), XXXXX, 1x4, der(1)t(1;5)
(p12;p13)x2, 2X1, del(2)(p21), del(2)X4, 3X6, 4X2,
der(4)del(4)(q31g35)t(4;18)(?p15;?) X2, 5X4, 6X3, 7X9, 8X5,
9x5, 10x4, der(10)t(3;10)(?;q23~24), 11x3, del(11)(?q23),
der(11)t(11;11)x3,” 12x6, der(12)t(12;22)t(12;22), 13X6,
der(13)t(13;13)x2, 14x4, 15%x6, 16x3, der(16)t(10;16)
(q23~24;q24)x2, 17X2, der(17)t(6;17)(?q23;q24~25)X2,
18x4, 19x4, der(19)t(19;22)(p;q)X2, 20x9, 21x2,
der(?)t(17;21)(q10;q10)x2, 22x3[12]/idem, +der(8)t(5;8)[2].

HT29. 70 (69-73), XX, del(X)(?p21), 1X3, 2X3,
der(2)t(1;2)(q32;q11~13), 3x3, 4x2, del(4)(?q31), 5X3,
der(5)t(5;6)(p10;?), 6X2, 7x4, 8X2, hsr(8)(p22~23), 9X2,
der(?)t(6;9)(p10;q10), 10x3, 11x4, 12x3, 13X1, i(13)(q10),
14x2, 15%4, 16x3, 17x2, der(M)t(17;19)(q10;?p10), 18x2,
del(18)(q12), 19x3, 20x3, del(20), 21x2, 22X3,
der(22)t(17;22)(?;q12)[13]/idem, 11X3, der(?)t(9;11)[2]/idem,
-11, +der(11)t(11;13), -13, +der(13)t(7;13)(?;q10), -16,
+der(?)t(11;16)(q10;?p10)[3].

LIM1863. 80 (66-82), XXXX, 1X3, 2X3, 3X3,
der(?)t(2;3)t(3;8), 4X3, 5X3, 6X2, 7X4, 8X2, del(8)(p?)X3,
der(?)t(8;17), 9x3, 10%x3, 11x3, der(?)t(1;11), 12X3,
der(12)t(11;12), 13%0,1i(13)(q10) x4, der(?)t(9;13), 14 X3, 15X 4,
16X3, 17X0, der(17)t(X;17)x2, 18X3, 19X3, 20X7, 21X2,
22%2[10]/idem, -der(17)t(X;17), +der(17)t(3;17)[2].

Sw1417. 70 (66-71), XX, 1X1, del(1)(?)X2, 2X3, 3X4, 4X2,
5X1, del(5)(?)X2, der(5)t(5;17), der(5)t(5;20), 62, del(6)(q?),
7%x1, dup(7)(q?), der(7)t(1;7)t(1;8) X2, 8x1, der(8)t(1;8), 9%x1,
del(9)(?)X2, 10X2, 11x4, 12X3, 13X2, 14X3, 15X1, i(15)(q10),
16x3, 17x2, 18x1, del(18)(?), dup(18)(?), 19X1,
der(19)t(9;19)x2, 202, dup(20)(?)X2, 21X2, 22x4[13]/idem,
-2, +del(2)(?), +der(2)t(2;3), +del(10) [2]/idem, der(2)t(2;20),
-3, +del(3), +der(?)t(5;18), -12, +del(12)(q?), -17,
+der(17)t(16;17)[3].

SW403. 64 (60-65), XXX, 1X2, del(1), 2X3, 3X3, 4X2, 5X3,
6X2, 7x4, 8X1, dup(8)(?), i(8)(q10), der(?)t(2;8), 9x3, 10X3,
11x3, 12%2, der(12)t(12;15), 13x1, dup(13)(q?)X2, 14X2,
15X2, 16x2, 17Xx1, del(17)(?), der(17)t(17;22), 18X1,
dup(18)(q?), der(?)t(18;22)%, 19x3, 20x4, der(20)t(X;20),
21x3,22X1, der(22)t(7;22)[9]/66, idem, +del(18) [3]/idem, -22,
+der(22)t(18;22)" [2].

SW480-Clone 1. 58 (52-59), XX, Y0, 1x1, der(1)t(1;9)",
2X2, der(2)t(2;12), 3x2, del(3)(?), 4x2, 5x1, der(5)t(5;20)",
6X2,7X2, der(7)t(7;13), der(7)t(7;14), 8 X1, der(?)t(8;19), 9X1,
der(?7)t(8;9), der(9)t(1;9)", 10x1, der(10)t(10;12)(3;12), 11X3,
12x1, del(12)(?), 13%3, 14X2, 15X2, 16X2, 17X2, del(17)(q?),
18x1, del(18)(q?), 19x1, der(?)t(5;19)t(8;19), 20X2,
der(20)t(5;20)", 21x3, 22Xx2[9

SW480-Clone 2. 90 (88-97), XX, YXO0, 1x4, 2X3, del(2)(?),
der(2)t(2;12), der(2)t(2;18), 3x3, 4x3, 5X2, der(?)t(5;12),
der(5)t(5;20)*X2, 6X3, 7x3, der(7)t(1;7), der(7)t(7;14) X2, 8 X4,
9%x3, 10x2, der(?)t(10;12)x2, der(10)t(10;15), 11x3,
der(11)t(11;15)x2, 12x2, del(12)(?), der(12)t(12;14)*, 135,
14%1, der(14)t(12;14)*x2, 15%3, 16x3, 17x4, 181,
del(18)(q?)x3, 19x2, der(?)t(5;19)t(8;19)x4, 20x4,
der(20)t(5;20)*x3, 21X35, 22x4[13].

SW620. 48 (45-49), XX, YX0, 1x2, 2x1, der(2)1(2;12), 3x1,
del(3), 41, del(4), 5% 1, der(5)t(5;20)*, 6 X1, der(6)t(6;7)*, 7X2,
del(7), der(7)t(6;7)", 8x0, der(8)t(8;13), der(8)t(8;17), 9X2,
10X1, der(10)t(10;13), 11X3, 12X2, 13X1, 14X2, 15X2, 16X1,
der(16)dup(16)t(3;16)t(6;16), 17x2, 18 X1, der(?)t(5;18), 19%X2,
20%2, der(20)t(5;20)%, 21x2, 22x2[11]/(46-47), idem, -X,
+der(?)t(X;18), -der(?)t(5;18), +del(5)[3].

swa837. 38 (38-40), der(X)t(X;5), YXO0, 1x0, del(1)(?),
der(1)t(1;8)x2, 2X2, 3X1, der(3)t(3;11), 4X2, 5X2, 6XI1,

—
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del(6)(?), 7x1, der(7)t(7;19), 8x1, der(8)t(8;17), 9x2, 10X2,
11x1, der(11)t(1;11), 12X2, 13X0, der(?)t(13;15), 14x2, 15X1,
16X2, 17X1, 18X1, 19%X1, 20X2, 21X2, 22X2[7]/idem, +1,
-der(1)t(1;8), -2, + der(2)t(2;17), -der(7)t(7;19), +der(7)t(2;7),
-16, +der(16)t(16;20)", -20, +der(20)t(16;20)" [5].

VACO4A. 62 (61-65), XX, YXO0, 1x2, i(1)(ql10), 2X3, 3X2,
der(3)t(3;10)(q10;q10), 4X2, 5X3, 6 X2, 7x4, 8X2, i(8)(q10) X2,
der(?)t(8;20)(q10;?7)X2, 9x3, 10X2, 11X3, 12X3, 13X2,
der(13)dup(13)(q?)t(13;15)x2, 14x4, 15x1, 16x2, 17x2,
der(?)t(10;17), 18%2, 19Xx2, 20X2, 21X2, 22X2[5]/idem,
-der(?)t(10;17), +der(?)t(4;17)[4]/idem, -X, +der(X)t(X;2)[3]/
idem, -9, +del(9)(q?)[2]/idem, -20, +dup(20) [2].

Typical RER+. DLD1. 46 (43-46), XY, 1x1, dup(1)(p?)f, 2X1,
dup(2)(p13p23), 61, der(6)t(6;11)[18].

GP2d. 46 (45-47), XX, 3x1, del(3), 5x1, del(5), 6X1
der(6)t(3;6), 10x1, dup(10)(q?)[12].

HCT116. 45 (43-45), X, Y X0, 10x1, der(10)dup(10)(q?)t(10;16),
161, der(16)t(8;16), 181, der(18)t(17;18)[18].

LoVo. 49 (48-50), XY, 2X1, der(2)t(2;12)*, 5X3, 7X3, 12X2,
der(12)t(2;12)%, 15% 1, i(15)(q10)[12].

LS174T. 47 (46-47), X, 7X3, 15X3 [14].

VACO5. 46 (43-47), XX[12]/idem, +del(7) [2]/idem, -21,
+del(21)(p?)[4].

Atypical RER+. HCA7. 43 (42-43), der(X)t(X;4)(p22;q25~26),
1x1, der(1)del(1)(q)t(1;16)(p13;p11.2)*, 2x1, der(2)t(2;11)
(q14~21;q21)*, 3%0, del(3)(p13p21), der(3)t(1;3)(?p36;q27~29),
4x1, der(4)t(X;4)(p22;q25~26)*, 5%x2, 6X0, der(6)t(6;7)
(q21~22;q31)", der(6)t(6;18)(q13~15;q11.2)*, 7x1, der(7)t(6;7)
(q21~22;q31)", 8%2, 9x1, der(9)t(9;21)(p12~13;q11.2), 10X2,
11x1, der(11)t(2;11)(q14~21;q21)", 12x1, dup(12)(q?), 13x1,
14X1, i(14)(q10), 15%1, del(15)(?ql2ql5), 16X1,
der(16)t(1;16)(p13;p11.2)t(1;3)(p36;q27~29)", 17x2, 18X1,
der(18)t(6;18)(q13~15;q11.2)", 19X2, 20X2, 21X1, 22X2[14]/44
(40-45), idem, +2, -der(2)t(2;11)(ql4~21;q21), -der(3)t(1;3)
(?p36;q27~29), +der(?)t(3;14), +6, -der(6)t(6;7)(q21~22;q31),
+7, -der(7)t(6;7)(q21~22;q31), -10, +der(10)t(3;10), +11,
-der(11)t(2;11)(q14~21;q21), +14, -i(14)(q10), -der(16)t(1;16)
(p13;p11.2)t(1;3)(p36;q27~29), +der(16)t(1;16)(p13;p11.2)" [7].

LS411. 73 (70-76), X, der(X)dup(X)t(X;5), Y X0, 1X3, del(1),
2X3, 3x3, del(3), 4%X3, 5X3, del(5), 6X2, 7X2, dup(7),
der(7)dup(7)t(7;12), 8x3, der(?)t(8;22), 9x3, del(9), 10X3,
11X3, 12X3, del(12), 13X2, i(13)(q10), 14X1, i(14)(q10), 15X3,
16%3, 17X3, del(17), 182, del(18), 19%3, dup(19)(p?), 20X 3,
21x1, der(?)t(12;21), 22%2, der(?)t(6;22)[8]/idem, -del(1),
+del(6), +der(?)t(10;17), -dup(19)[3]/idem, -del(1),
-der(?)t(6;22), +dup(6), +der(6)t(5;6), +del(11)(q?)[3].

These karyotypes were entirely consistent with the CGH data.
Where chromosomes were found by SKY to be without rear-
rangement, the SKY karyotype independently confirmed the
estimate of copy number obtained by CGH. In more complex
karyotypes, estimates of copy-number changes derived from
CGH frequently identified the fragments of chromosome arms
that were involved in unbalanced translocations shown by SKY
(17). Thus, for example, CGH identified gains of parts of 8q, 10q,
16q, and 17q in HCT116, corresponding to extra fragments of
these chromosomes involved in translocations (Fig. 3G). Simi-
larly, in GP2d, CGH showed loss around the APC gene locus at
5q21-22, corresponding to the short chromosome 5 in the
karyotype (Fig. 3H).

SKY analysis (Figs. 3 and 4, tabulated above and summarized
in Table 1) showed that all these RER— cell lines had multiple
abnormalities in chromosome number, notably multiple tri-
somies, together with multiple chromosome rearrangements.
They also showed substantial metaphase-to-metaphase variation
within the same line, both in chromosome number (estimated by
counting centromeres; Table 1) and by the presence of chromo-
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Fig. 3. Examples of karyotypes of the cell lines given by SKY analysis and their relation to CGH data. Lines not illustrated here are in Fig. 4 or have no abnormal
chromosomes: Vaco5 and LS174T. (A-F) Images of complete metaphases. (4) C70. (B) SW837. (C) SW403. (D) VACO4A. (E) HCA7. (F) LS411. These are typical
metaphases that may not show all of the chromosomes described in Results. The HCA7 metaphase is of the most complex clone. The metaphases for C70 and
SW837 show rearranged chromosomes unique to that metaphase, respectively a reciprocal t(1;2) and a der(5)t(2;5). The chromosomes are shown in classification
colors, i.e., each pixel is assigned a color representing the chromosome that the software has identified from the fluorescence at that position. Satellites at
chromosomes 13, 14, 15, 21, and 22 as well as pericentromeric heterochromatin, e.g., of chromosome 1, hybridize nonspecifically so they are often miscolored.
Some of the classifications are incorrect in detail, because of overlap of adjacent fluorescence colors, and their correct composition, determined by conventional
fluorescence in situ hybridization with single dyes, is shown in Results. (G-J) Partial metaphases from near-diploid lines showing only the chromosomes with
structural abnormalities and their normal counterparts for comparison. (G) HCT116. (H) GP2d. (/) DLD1. (J) LoVo. Underneath G and H the copy numbers of the
corresponding chromosomes from CGH are shown as in Fig. 1.
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Table 1. Genomic changes and variability of the cell lines

Variability of
RER p53 Rearranged centromere
Cell line status status Mode chromosomes number (%)
RER—
c70 - ND 127 14 29
HT29 - Mut 70 15 14
LIM1863 - NF 80 9 12
SW1417 - NF 70 22 13
SW403 - Mut 64 14 18
SW480 - Mut 58, 90 15, 16 16, 30
SW620 - Mut 48 15 10
SWa837 - Mut 38 13 6
VACO4A - NF 62 10 6
Typical RER+
DLD1 + Mut 46 3 2
GP2d + ND 46 4 1
HCT116 + Mut 45 3 2
LoVo + NF 49 3 2
LS174T + NF 47 0 2
VACO5 + Mut 46 2 3
Atypical RER+
HCA7 + Mut 43 21 4
LS411 + NF 73 21 12

RER status is from ref. 4. p53 status: Mut, mutation detected; NF, no
mutation found; ND, not done. Mutation screening was by chemical mismatch
cleavage analysis of exons 3-9 and 11 (27). The variability of centromere
numbers [adapted from Lengauer etal. (19)] was obtained by counting in each
of 8-15 metaphases the number of copies of each centromere, whether in
normal or rearranged copies of a chromosome; noting the percentage of
metaphases that have deviations from the modal centromere number; and
averaging over all centromeres. The two values for SW480 are for its two major
clones. Our measurements of metaphase heterogeneity were slightly lower
than Lengauer et al.’s (19), presumably because we examined cells in meta-
phase, whereas they studied interphase nuclei, and some of the cells they
observed with altered chromosome numbers may not divide.

some structural rearrangements that were present in only some
of the metaphases. The great majority of translocations were
nonreciprocal—no more than 13 of about 90 could be reciprocal
(in the major clones), or no more than seven of 90 if the very
unusual line, HCA7, is excluded, as discussed below. All chro-
mosomes except Y were translocated in at least one line. Most
translocations were observed no more than once in the entire
series. The most frequent, unbalanced t(8;17), was present in
only three lines, and it is not certain that the breakpoint was
identical even in these. The CGH copy number profiles sug-
gested that some breakpoints occurred repeatedly at approxi-
mately the same region in three or more lines—near 6q22, 8q22,
13922, and 20p12, and near centromeres of 1, 3,5, 6,7, 8,9, 17,
18 and 19—but the translocation partners were variable.

In contrast, six of the eight RER+ lines showed few or no
breakpoints or abnormalities in chromosome number, and only
minimal intermetaphase heterogeneity (Table 1). Of the six
translocations observed in these six lines only one, the t(2;12) of
LoVo, was found in any other tumor (the tumor that gave the two
lines SW480 and SW620). (The 10;16 in HCT116 is not the same
10;16 as in C70.) A reciprocal translocation accounted for two of
the three breakpoints in Lovo (Fig. 3/). The remaining two
RER+ lines, however, showed strikingly different patterns of
abnormality. LS411 had the features described above as char-
acteristic of the majority of RER— cell lines: a near-triploid
modal karyotype, multiple translocations, and pronounced in-
termetaphase heterogeneity (Table 1). We reconfirmed its
RER+ phenotype on the cells that had been karyotyped. HCA7
had a near-diploid chromosome number, with very little varia-
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tion in centromere number between metaphases, but had mul-
tiple breakpoints, the great majority reflecting reciprocal trans-
locations. The modal karyotype contained six of these, but some
individual metaphases showed additional reciprocal transloca-
tions.

Discussion

The results demonstrate a majority subtype among RER-—
cancers with surprisingly consistent features. The modal chro-
mosome number tends to be near triploid, with many trisomies,
showing relative excess of chromosome arms 7p, 7q, 8q, 13q, and
20q, and relative deficiency of 17p, 18q, and 8p. Invariably, there
are multiple unbalanced translocations and pronounced inter-
metaphase variation. Six RER — lines are typical of this subtype,
with modes between 58 and 80 (HT29, LIM1863, SW1417,
SW403, VACOA4A, and one clone of SW480). SW480 and SW620
originally were derived from the same patient, respectively from
a primary tumor and metastasis, and they share several trans-
locations, confirming that they shared a common founder cell
(18). One SW480 clone falls at the lower end of the majority
group with 58 chromosomes; the other clone has a mode of 90
with several duplicated translocations; whereas SW620 has a
modal chromosome number of 48. The common founder may
have had a near-diploid mode and the larger SW480 clone may
have arisen through endoreduplication. The near-hexaploid line
C70 probably is also derived from the majority type through
endoreduplication, as it shows many duplicated translocations.
SW837 appears distinct, with a subdiploid mode of 38. Dutrillaux
(1) has suggested that most aneuploid breast and colon carci-
nomas evolve by losing chromosomes, because unbalanced trans-
locations tend to result in net chromosome loss, often followed
by endoreduplication to give a near-triploid mode with dupli-
cated abnormalities. This pattern is clear in many breast cancer
cell lines (1, 15), and SW837 is an example of net loss of
chromosomes. However, the majority group of colorectal carci-
noma lines described here do not obviously fit this pattern, being
near-triploid but without the expected multiple duplicated ab-
normalities. Perhaps endoreduplication is a very early event,
preceding most chromosome rearrangements, or another mech-
anism leads to gradual net chromosome gain. Alternatively, the
near triploid pattern might result from grossly asymmetric
chromosome partition at mitosis.

The consistent, pronounced intermetaphase heterogeneity in
centromere numbers (Table 1) strongly suggests that errors in
chromosome segregation continue to occur during growth, as
shown formally by others (19, 20). The many examples of
abnormal chromosomes that were detected in only one or two
metaphases suggest that this instability also extends to structural
changes. These structural changes must involve chromosome
breakage, and the survival of colorectal cancer cells with this
phenotype implies defective coupling between DNA breaks and
apoptosis. There is good evidence that mutant p53 is associated
with chromosome rearrangement and aneuploidy (e.g., ref. 21),
and is probably permissive (22). However, three of the lines that
were typically aneuploid had been chosen for study because they
had no detectable p53 mutations, so there may be alternative
mechanisms. Our data also confirm that p53 deficiency by itself
is not sufficient for chromosomal instability (8).

Although six of the eight RER+ lines conformed to the now
well-described near-diploid pattern, with few or no rearranged
chromosomes, two, LS411 and HCA7, showed strikingly differ-
ent karyotypes, with high numbers of altered chromosomes.
Indeed, LS411 showed all of the features of the majority pattern
in RER— tumors, including pronounced intermetaphase heter-
ogeneity, although the evidence for mismatch repair deficiency
in this line is incontrovertible: microsatellite instability with
hMLH]I gene mutation and promoter hypermethylation (4).
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RER+ tumors with unstable, aneuploid genomes also have been
observed among primary colorectal cancers (6, 7).

The most remarkable finding, however, was the observation of
a near-diploid line with multiple reciprocal translocations:
HCA?7. The overwhelming majority of translocations reported in
epithelial tumors are nonreciprocal (1, 15, 16), but HCA7
showed six reciprocal translocations in its modal karyotype.
Moreover, these translocation events appear to be ongoing,
because extra examples were found in some metaphases. Unlike
LS411 and the RER— lines, HCA7’s structural instability was
not accompanied by significant numerical instability, supporting
the suggestion that HCA7 has a defect that is distinct from that
of the other groups. LoVo might be a second example of this
pattern: although the sample of LoVo studied here showed a
single reciprocal translocation t(2,12), the sample reported
earlier by Soulie et al. (22) had two more, which almost certainly
arose during passage in vitro. It may be significant that both
HCA7 and LoVo are RER+, because cells defective in mis-
match repair are prone to recombination repair between imper-
fectly matching, homeologous sequences (23, 24).

In conclusion, SKY, in combination with CGH, has demon-
strated several distinctive patterns of karyotype and genomic
instability in these 17 colorectal cancer cell lines. It has defined
a typical colorectal tumor karyotype: near-triploid, with multiple
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trisomies, and chromosomally unstable. This type is usually
RER—, but occasional tumors in this group also show the
RER+, microsatellite instability, phenotype. This finding is
consistent with the hypothesis that the defects that cause
genomic instability are selected for in tumor evolution (probably
because they protect against apoptosis; ref. 2), because it predicts
that some tumors will acquire more than one kind of defect,
independently. SKY also has revealed the existence of a type of
instability characterized by multiple reciprocal translocation
events, without evident variability of chromosome number.
These instabilities all appear to give rise to repeated genomic
alterations, presumably reflecting deficient pathways for recog-
nition and removal of the altered cells. Because such pathways
include apoptosis, and are therefore relevant to responses to
therapy, it will be of interest to examine the relationships
between drug sensitivity and these different patterns of genomic
instability (25, 26).
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