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ABSTRACT

To investigate genetic intratumor heterogeneity, 42 samples of nine
primary breast carcinomas and 29 related lymph node mÃ©tastaseswere
examined for DNA ploidy status, allelotype, and X chromosome inactiva-

tion pattern.
Two primary breast carcinomas showed DNA index heterogeneity and

five contained a single DNA aneuploid tumor stemline, whereas the two
remaining primary tumors were solely DNA diploid. Most primary DNA
tumor stemlines recurred in lymph node mÃ©tastases(9 of 11). The allelo
type, constructed with 31 different probes mapping to 23 different chro
mosome arms showed allelic imbalances on nearly all chromosome arms
investigated. All tumors contained multiple allelic imbalances (range,
3â€”12).An allelic imbalance present in a primary tumor was consistently

present in all DNA samples of that primary tumor and also in all DNA
samples of related lymph node mÃ©tastases, irrespective of DNA index
heterogeneity. X chromosome inactivation pattern analysis with probe
M27ÃŸ(DXS255) confirmed the presence of clonal tumor cell populations
in these tumors at the time of diagnosis. Densitometry of autoradiograms,
which by eye showed retention of heterozygosity, revealed a narrow clus
tering of allelic imbalance factors between 1.0 and 1.4. In contrast, auto-

radiograms visually showing an allelic imbalance exhibited a marked
interprobe, intertumor and intratumor variation in allelic imbalance fac
tors. No relation between densitometry results and DNA ploidy status was
found.

Thus, at the time of diagnosis, an advanced primary breast carcinoma
consists of a clonal tumor cell population with an established complement
of allelic imbalances in all parts of the primary tumor and in the related
lymph node mÃ©tastases.Secondary to the establishment of allelic imbal
ances, intratumor heterogeneity for the copy number of involved alÃeles
may develop, which in turn probably precedes metastasis.

INTRODUCTION

Breast cancer is a heterogeneous disease for which at present no
single prognostic parameter is available to reliably predict the out
come for the individual patient (1). Until recently, DNA ploidy status,
a crude measure of genetic alterations, was a candidate. However, its
value as an independent prognostic factor could not be established (2).
One of the reasons for this could be the frequent presence of DNA
index heterogeneity in primary breast carcinomas, which was found to
be >60% after systematically analyzing multiple samples of a primary
tumor. (3-5) Although a single mÃ©tastasesgenerally contains only one

DNA tumor stemline, the combination of all mÃ©tastasesin a patient
reflects the DNA index heterogeneity previously found in the primary
tumor; therefore, most primary DNA tumor stemlines apparently recur
in mÃ©tastases(3, 5).

To obtain more detailed information about alterations at the chro
mosomal level in breast cancer, cytogenetic analyses have been per
formed. Many numerical changes and structural rearrangements were
identified in the often very complex karyotypes (6-8). However, tech

nically, it has been difficult to culture tumor cells from primary breast
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carcinomas, which has hampered the identification of consistent chro
mosomal alterations important in breast cancer. This problem is over
come by direct analysis of the DNA with Southern blotting and
application of RFLPs.2 These techniques reveal numerical imbal

ances, both gain and loss, between parental chromosome homologues.
With the discovery of the tumor suppressor genes, these imbalances
became important for tumor development (9).

At present, a wide spectrum of malignancies have been studied by
RFLP analysis (10-17). In breast carcinomas, many different chro

mosomes were found to be involved, with chromosome arms Ip, Iq,
3p, 6q, 8q, 9q, lip, 13q, 15q, 16q, 17p, and 18q containing an allelic
imbalance in >30% of the informative cases (18-30). Loss of het

erozygosity on the short arm of chromosome 17 is the most frequent
finding (>50%). Allelotype studies, which investigate all nonacro-

centric chromosome arms in a set of tumors, revealed that most
primary breast carcinomas contain multiple allelic imbalances
(>75%) (19, 21, 22, 26), in particular the DNA aneuploid tumors (31).
Attempts have been made to differentiate allelic imbalances for the
different phases in tumor development. Some allelic imbalances on
specific chromosome arms were found to correlate with aggressive
tumor behavior or high fractional allelic imbalance and were, there
fore, interpreted as progression-related events or as randomly acquired

alterations due to genomic instability (21, 23, 24, 27, 31, 32). Other
investigators based their classification on the hypothesis that genetic
alterations which are important for tumorigenesis in individual pa
tients are produced early in tumor development. Accordingly, these
alterations will be present in all tumor cells of that patient and will
become visible as complete allelic imbalances in autoradiograms ob
tained with RFLP analysis. In contrast, progression-related events or

randomly acquired genetic alterations are probably generated later in
tumor development. Therefore, they may be present in only a fraction
of the tumor cells and thus produce partial allelic imbalances (26,
32-36). The latter implies intratumor heterogeneity for allelic imbal

ances in primary breast carcinomas.
The aim of this study was to find evidence for genetic intratumor

heterogeneity. Therefore, multiple DNA samples of different parts of
nine primary breast carcinomas were investigated with DNA flow
cytometry and RFLP analysis. DNAs from related lymph node mÃ©
tastases were also analyzed to provide information about possible
selection of metastatic genotypes and the time sequence in which
molecular genetic changes, DNA ploidy alterations, and metastasis
appear. X chromosome inactivation patterns were studied to evaluate
the clonality of the tumors (37).

MATERIALS AND METHODS

Patients. Forty-two tissue blocks of nine primary breast carcinomas and 29

lymph node mÃ©tastasesfrom the same patients were selected for DNA extrac
tion. From each patient. 20 ml peripheral blood was obtained for isolation of
constitutional DNA. All patients were treated at the Leiden University Hospital
between 1990 and 1991. None of them received radiation or chemotherapy
prior to surgical therapy. Clinicopathological data are summarized in Table 1.

: The abbreviation used is: RFLP, restriction fragment length polymorphism.
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GENETIC HETEROGENEITY IN BREAST CANCER

Table 1 C/inicopalhological dala of nine breast cancer patients

Patient41842442h43244(14674W508537Age(yr)7346hi45hl

l67274161Tumor

size
(mm)35100508030>701205090Estimated% tumorcells"50-7040-7040-6040-5040-506050-604040-70HistologyIDC''IDCIDCIDCIDCIDCIDCIDCIDCNodal

statusPositive22II1682238310Total22191715623161420Stage
(UICC)Cma1MbMb1MblibIliaIlialibIllb

" Range of estimated tumor percentages observed in the separate tissue blocks per patient.
'' IDC, infiltrating ductal carcinoma.
c UICC, InternationalUnion Against Cancer, 1987.

Tissue Handling. Tissue blocks were snap frozen in cold isopentane and
stored at -70Â°C. Before, during, and after 40-/xm-thick cryostat sections were

collected for DNA isolation, 10- and 4-)j.m sections were taken for flow

cytometric DNA analysis and evaluation of percentage of tumor cells, respec
tively. Only samples with 40% or more tumor cells were included.

DNA Flow Cytometry. Cell preparation was performed according to the
method of Vindelov et al. (38, 39), with addition of trout RBCs to identify the
DNA diploid peak. Measurements were made on the FACScan flow cytometer
using the Cellfit software (Becton Dickinson, Sunnyvale, CA). Classification
of DNA histograms was done as described elsewhere (5). Briefly, the DNA
index was derived from the ratio between the modal channel number of the
GO.I of the tumor cells and the G().i peak of the nonneoplastic cell population.
By definition, DNA diploid cells have a DNA index of 1.0. DNA tumor
stemlines detected in separate tissue blocks of the same tumor were considered
distinct DNA tumor stemlines when their DNA indices differed >10% (40).
The term DNA index heterogeneity is used to describe tumors with more than
one DNA tumor stemline.

Southern Analysis. Procedures for DNA extraction from tumor tissue and
peripheral blood, restriction endonuclease digestion, gel electrophoresis, trans
fer to N-Hybond nylon filters (Bio-Rad), probe labeling, (pre)hybridization,

stripping, and reprobing have been described (30, 41). Care was taken to limit

possible intersample variation due to varying experimental conditions. There
fore, DNA extractions from multiple parts of a tumor and of related lymph
node mÃ©tastaseswere consistently done in a single experiment, as were the
endonuclease digestions with each of six restriction enzymes used (Table 2).
All digested DNA samples of one patient were blotted on the same filter to
prevent variation in blotting and hybridization conditions. To limit interpatient
variability, single filters of combinations of patients were prepared. This con
cerned patients 418 and 508, 426 and 432, and 467 and 498, respectively. Each
filter was repeatedly hybridized. A single probe was applied to a set of filters,
which together contained all DNA samples of all nine patients. In total, 23
different chromosome arms, in the literature frequently showing allelic imbal
ances in primary breast carcinomas, were investigated with 31 different probes.
Many of these were highly informative variable numbers of tandem repeats
(Table 2). Observed alÃelesat these loci were all in accordance with published
data (42). DNA samples of five patients (418, 432, 440, 467, and 498) were
analyzed in duplicate to investigate reproducibility.

Interpretation and Densitometry of Autoradiograms. Visual inspection
of ethidium bromide-stained gels and hybridization signals of homozygous

DNA markers were used to compare the amount of DNA loaded in the different
lanes. With this information, allelic gain and allelic loss could be distinguished.
Allelic imbalance is defined as the presence of either loss of heterozygosity or

+, allelic imbalance; -,
Table

retention of heterozygosity; no
2 Allelotype of nine breast carcinomas with lymph node mÃ©tastases

symbol, marker homozygous (not informative); L, loss of heterozygosity; G, allelic gain.

Chromosome
regionlp35-33Iq212p3p213p253q27-q296ql3-q21hqlh-q216ql4-ql68p8p218q9p24-pter9q3410qIlpl5.5Ilql3Ilq23-qter14q3215pter-ql316pl3.316qp2417pl3.317pl3.317q21.317q23-q2418qll.3I8qlI.I-qll.220qXp22.32Xq28Fractional

allelic imbalanceProbe

namepYNZ2pMUCIOpYNH24pH3H2p627pEFD64.1pJCZ30pMCOB12pTHH582BpHNFLpYNM3DR6pEFD

126.3pEFD75pEJh.hSS6L7pCMMKllCMW13'HVRp79-2-23pl44-D6pYNZ22.1pCMM86pRMU3OL

VIIA8OL
VIIEH)pCMMhp9stl4LocusD1S57MUC1D2S44DNF15SE2RAF1D3S42D6S37D6S48D6S39D8S2NEFLD8S17D9S3D9S7D10S25HRASINT-2D11S29IGHDD15S24D16S85D16S7D17S34D17S5D17S74D17S24D18S7D18S8D20S19DXYS75DXS52PatientKesfnrtinnenzyme

418 424 426 432 440467Mspl
+L+LEcoRI

+Â°+GMspl
+LHindlll
+LTaql

+Â° +L+GPvuIIHindlll

+LTaqlHindlll

+LTaql
+LTaql
+LHmMlHindlll

+LTaqlTaql

+L+LTaqlTaql

+Â°TaqlEcoRI

+LEcoRI
+LPvallTaql

+L +l +'+LHinfl
+Â°Hinfl

+Â°+LHinfl
+L+Â°Taql

+LMsplMspl

- +L - -+Â°Taql
+Â°+GTaql

- - - - +G-Taql
+Â° +L+L0.35

0.56 0.20 0.33 0.50 0.31498

508537-+Â°+Â°-+L-+L+L-+L+L-+L+'â€¢

+G+s_+L

+'+c,
+i.+L

+0+

L+

L+

'+'-+

L+L-+

L _+L+G

+L+I.0.60

0.53 0.57
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CÃ¬ENETICHETEROGENEITY IN BREAST CANCER

Table 3 Theoretical imbalance factors for different genetic mechanisms and percentages of tumor cells

% tumor
cellsW40SO607080Ratio"Simple

allelicloss1.421.662.002.503.335.001:0(monosomy)Allelicgain of
onecopy1.301.401.5(11.601.7(11.802:1(trisomy)Allelic

gain of
twocopies1.601.802.002.202.402.603:1(tetrasomy)Somaticrecombination1.862.333.004.005.669.1X12:0(euploidy)Somatic

recombination and
tetraploidizalion2.713.665.007.0010.317.04:0(tetrasomy)

" In parental alÃelesof tumor cells only.

allelic gain at specific chromosomal sites. Fractional allelic imbalance is cal
culated hy the ratio of the number of allelic imbalances to the total number of
informative hybridizations in a patient (31).

All autoradiograms were visually examined for allelic imbalances before
scanning wilh the LKB 2202 Ultroscan laser densitometer connected to a LKB
2220 recording integrator. Different exposure times ensured that all band
intensities were within the linear range of at least one resulting autoradiogram.
Scans were frequently repeated in different parts of the allelic bands to confirm
reproducibility. Imbalance factors were calculated by dividing the allelic in
tensity ratio of tumor DNAby the allelic intensity ratio in constitutional DNA.

Theoretic imbalance factors, corrected for the estimated percentage of tu
mor cells obtained from histological slides, were calculated for the possible
genetic mechanisms causing allelic imbalance (e.g.. mitotic nondisjunction
with or without duplication of the retained alÃele,mitotic recombination, or
more regional chromosome rearrangements, such as conversion, mutation, or
deletion) (Table 3). For instance, an imbalance factor of 2.00 is expected
when DNA is extracted from tissue containing 50% tumor cells and 50%
nonneoplastic cells, with complete loss of alÃeleA2 in all tumor cells (allelic
intensity ratio tumor DNA = A,\A2 = 2:1 = 2; allelic intensity ratio consti
tutional DNA = 1:1 = 1; allelic imbalance factor = 2:1 = 2) An imbalance
factor of 1.40 was chosen as a cut-off value for the following reasons: (a) all
tissue blocks contained >4()% tumor cells; therefore, each allelic imbalance
factor should theoretically exceed 1.40 (Table 3). (fc)allelic imbalance factors
of hybridizations which by eye showed retention of heterozygosity do not
usually exceed 1.40, whereas hybridizations with an allelic imbalance are al
most never <1.40 (Fig. 1).

X Chromosome InactivaciÃ³nPattern Assay. The X chromosomeinacti-
vation patterns of primary tumors and lymph node mÃ©tastaseswere analyzed
with the M27/3marker (DXS255) as described by Hendriks et al. (43). This
probe recognizes a polymorphic P.v/lfragment on the X chromosome (4.5â€”4.7
kilobases), which contains an Mxpl restriction site that is methylated in the
active X chromosome. HpaU, an isoschizomer of Msp\, will only cleave at the

unmethylated restriction sites. To investigate X chromosome inactivation pat
terns, three separate digestions (Pstl, Pstl + Mspl, and Psil + Hpa\\) were
performed with each DNA sample and were hybridized with M27ÃŸ.The
analysis was done in duplicate to study the reproducibility of the double
digestion.

RESULTS

DNA Ploidy Status. The DNA ploidy status of primary breast
carcinomas and lymph node mÃ©tastasesis listed in Table 4. DNA
index heterogeneity was found in tumors 432 and 440, whereas tu
mors 426 and 467 were solely DNA diploid. In patient 432, the lymph
node mÃ©tastasescontained a DNA tumor stemline different from those
present in the primary tumor. In patient 440, the two distinct primary
DNA tumor stemlines segregated during metastasis to different lymph
nodes.

Allelotype. The allelotype of the nine breast carcinomas studied is
shown in Fig. 2. All nine tumors contained multiple allelic imbalances
on different chromosome arms (range 3-12; Table 2), and all probes

revealed an allelic imbalance in at least one tumor, except for probes
D11S29 and D16S85. Loci on chromosome arms lp(2/3), 3p(4/4),
6q(3/5), 8p(3/6), 14q(3/6), 15q(2/2), 16q(6/8), 17p(5/5), 17q(5/8),
18q(4/8), and Xq(6/7) were involved in 50% or more of the informa
tive cases. Each allelic imbalance detected in a primary tumor was
consistently present in all DNA samples of that primary tumor and
also in all DNA samples of related lymph node mÃ©tastases(Fig. 3).
Accordingly, DNA samples of patients 440 and 432, which were
heterogeneous in the DNA flow cytometric analysis, showed no in-

tratumor heterogeneity for absence or presence of allelic imbalances.

Fig. 1. Frequency distribution of densitomctrical
values obtained with 31 different probes in nine
breast cancer patients wilh lymph node mÃ©tastases;
1.40 was chosen as a cut-off value for the presence or
absence of an allelic imbalance. In 564 of 592 auto-

radiograms, the densitometrical classification corre
sponded with the visual inspection (>95%). â€¢¿�no
allelic imbalance; ^, allelic imbalance.

100
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GENETIC HETEROGENEITY IN BREAST CANCER

Table 4 UNA phidy status
p, number of primary tumor samples; I. number of lymph node mÃ©tastases;" number

of DNA histograms.

Primary tumor I.ymph node mÃ©tastases

Patient418424426432440467498508537pDNAindiees4

2.311
1.74
1.04371327.82

2.0'.O2
2.06.0.6.8.6I523154315DNA

indices2.31.71.03I.Â»11.0'

2.051.01.61.81.6

Number of patients with alleile imbalances

6 8 9 10 11 14 15 16 17 18 20 X

Fig. 2. Allclotype obtained with 31 probes mapped to 23 different chromosome arms,
hybridized to 42 primary tumor DNA samples and 29 lymph node mÃ©tastasesDNA
samples obtained from nine breast cancer patients. â€¢¿�p-arm; Ã¼Ã¤,q-arm.

Fractional alleile imbalance was low in the two DNA diploid tumors
(426 and 467; Table 2). The results of these Southern analyses were
reproducible in a second experiment in which the same probes were
used on different filters.

Densitometry. The mean imbalance factors and the SD of each
patient were calculated per probe. The mean imbalance factors of all
autoradiograms showing retention of heterozygosity were less than the
cut-off value 1.40 (Table 5). Only 7 of 268 autoradiograms visually

showing retention of heterozygosity had imbalance factors >1.40
(Fig. 1). SD values were generally low. No differences between pri
mary tumors and lymph node mÃ©tastaseswere found (data not shown).

All mean imbalance factors of autoradiograms revealing an allelic
imbalance were >1.61 (Table 5). Only 21 of 324 autoradiograms
visually showing an allelic imbalance had imbalance factors <1.40
(Fig. 1). The SD values were generally higher, especially in the tumors
with high mean imbalance factors (range, 0.08-14.8). In Fig. 4, this is

illustrated by patients 440 and 537, for which the allelic imbalance
factors of the individual DNA samples are depicted. Patient 537 shows
a marked variation in (mean) allelic imbalance factors obtained with
different probes (interprobe variation; e.g., DNA sample "Primary 5"

hybridized with probe pCMWl and probe OL VII E10). In addition,
each probe shows variation in allelic imbalance factors between the
individual DNA samples (intratumor variation). This variation was
irrespective of percentages of contaminating nonneoplastic cells (e.g.,
"Primary 3, 4, and 5" all contained 60% tumor cells) or restriction

enzymes or filters used (e.g., pl44D6 and pCMM86 were subse
quently hybridized to the same Hinfl filter). Compared to patient 537,
patient 440 has much less interprobe and intratumor variation. How
ever, even in this patient, the highest imbalance factor was still 2-fold

the lowest for each probe. Probe DXYS75 illustrates a third type of
imbalance factor variation, namely, that between different patient
samples hybridized with the same probe (interpatient variation). This
variation effects both the mean imbalance factor as well as the extent
of variation between the individual DNA samples. Those informative
hybridizations which were unsuitable for densitometry are mainly
characterized by poor separation of the alÃeles.

X Chromosome Inactivation Analysis. DNA samples from 32 of
42 primary tumor and 17 of 29 lymph node mÃ©tastasescould be tested
for their X chromosome inactivation pattern. The remaining samples,
including all samples of patients 432 and 467, could not be tested
because of insufficient DNA. All hybridizations were informative.
Comparison of the Pstl + Mspl and Pstl + Hpall double digestions
in tumor and normal DNA revealed consistent skewed alÃeleintensi
ties in the Pstl + Hpa\\ lanes of tumor DNA samples. Multiple DNA
samples of one primary tumor invariably showed one inactivation
pattern, which was also detected in the related lymph node mÃ©tastases
(Fig. 5). None of the patients showed an allelic imbalance for M27ÃŸ
(DXS255) in the Pm\ digestion. The results of this X chromosome
inactivation pattern analysis were reproducible in a second indepen
dent experiment.

Patient 418N

L3 L2 L1 P4 P3 P2P1P144D6

D17S34
17p13.3

HinFIN

L2 L1 P4 P3 P2P1D17S34

17p13.3 ^N

L3 L2 L1 P4 P3 P2P1pCMM86

D17S74
17q21.3

HinFI W ^Ã„Sample:

L3 L2 L1 P4
Percentage tumor cells: 50 60 70 50
DMA-Index: 2.3 2.3 23 2.3
Imbalancefactors:17p13.3

p144D6 D17S34 Hinfl 5.17 2.65 4.45 3.57
17p13.3 P144D6 D17S34 Rsal - 4.34 4.62 2.47

17q21.3 PCMM86 D17S74 HinFI 2.80 1.55 2.28 1.93P3

P2P160
50 60

2.3 2.32.34.72

420 8.20
4.87 449 7.68
2.14 1.93 4.45

Fig. 3. Autoradiograms from DNA samples of four primary tumor and three lymph
node mÃ©tastasesfrom patient 418. Lane Af, constitutional DNA; lanes Pl~f, DNA ex
tracted from four distinct parts of the primary tumor; lanes Ll-3. DNA extracted from

three different lymph node mÃ©tastases.Because of insufficient DNA, no Rsal digest of
lymph node L3 was available. Probe pl44D6 was hybridized to DNA digests obtained
with Hinfl or Rsal, which both reveal an intense upper alÃeleand a less intense lower alÃele
in the constitutional DNA, as is frequently found with variable number of repeats. All
tumor DNA samples show allelic imbalances with this probe in both digestions: a less
intense upper alÃeleand a more intense lower alÃelecompared to the constitutional DNA.
Also, the variation in allelic imbalance factors is similar in both digestions. Probe pC-
MM86 was hybridized subsequently to the same Hin/l filter as used for probe pl44Do and
revealed gain of intensity of the upper alÃele.Consequently, the allelic imbalance exposed
by probe pl44D6 is probably not caused by concentration differences between smaller and
larger fragments due to DNA degradation.
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GENETIC HETEROGENEITY IN BREAST CANCER

Table 5 Average values and SD of scanned imbalance factors

Palien!

LocusD1S57MUC1D2S44DNF15SE2RAF1D3S42D6S37D6S48D6S39D8S2NEFLD8S17D9S3D9S7D10S25HRASINT-2D1IS29IGHDD15S24DI6SS5D16S7D17S34D17S5D17S74D17S24D1XS7D1XSXD20SI9DXYS75DXS524181.17

Â±0.143.26

Â±0.21"1.21

Â±0.091.23

+0.104.05

Â±2.644.71
Â±1.626.01
Â±3.382.44
Â±0.891.14

Â±0.121.13
Â±0.071.23

+ 0.084241.12

Â±0.101.89
Â±0.263.64

Â±2.541.36

+0.221.26
+0.071.22
+0.112.17

+0.603.98
Â±2.592.09

Â±0.701.06

+0.052.77
Â±0.572.77
Â±1.0116.0

Â±7.814261.61+0.221.91

Â±0.451.16
Â±0.101.18

+0.121.07
+0.061.21

Â±0.181.10
Â±0.081.16

+0.051.16

+0.131.09

Â±0.061.18
+ 0.184322.02

Â±0.161.20
+0.151.33

+0.372.02
Â±0.301.19
+0.081.14

Â±0.091.09

Â±0.071.12

Â±0.111.18

Â±0.081.18

+ 0.10440

4674981.24

Â±0.081.29Â±0.111.06

+0.053.01
Â±1.081.13

Â±0.101.12

+ 0.072.%
Â±0.163.83

Â±0.881.13

+ 0.092.21

Â±0.12 7.73 Â±4.612.65
+0.661.07

Â±0.042.01
Â±0-312.26
Â±0.27 1.05 + 0.04 11.4+8.512.59

+ 0.23508

5371.19

Â±0.131.13
+ 0.07 2.84Â±2.821.27

+0.092-13

Â±0.671.06

+ 0.021.12
Â±0.093.29

Â±0.716.90
Â±4.264.19+1.69

8.26Â±7.011.69
Â±0.211.97

Â±1.002

M Â±0J51.08
+0.091.14
Â±0.14 6.50Â±3.222.20
Â±0.55 11.6Â±14.8

' Boldfaced values represent autoradiograms visually showing allelic imbalances.

DISCUSSION

In this study, we analyzed the molecular genetics of nine breast
carcinomas with lymph node mÃ©tastasesin order to find evidence for
genetic intratumor heterogeneity. The chromosomal regions showing
allelic imbalances in this set of tumors were all previously reported to
be frequently involved in breast cancer (18-30), except for the high

frequency of loss of heterozygosity on the long arm of chromosome X
(loss of heterozygosity in 7 of 8 informative patients). All primary
tumors contained multiple allelic imbalances and, consequently, a
high fractional allelic imbalance. However, this small series is possi
bly skewed toward advanced tumor stage at the time of diagnosis
(stage lib or higher) due to selection for larger tumors with lymph
node mÃ©tastases(21-24, 31). The tumors with the fewest allelic im

balances and the lowest fractional allelic imbalance (426 and 467)
were both DNA diploid, which is in accordance with previous studies
(27, 31). Each allelic imbalance detected in a primary tumor was
consistently present in all DNA samples obtained from that primary
tumor as well as the related lymph node mÃ©tastases.This was also
observed by Chen et al. (26) and suggests that, like the generation of
DNA ploidy diversity (3, 5), most allelic imbalances occur prior to
metastasis.

The clonality assay showed identical skewed alÃeleintensities in the
Pstl + ///jail-digested DNA samples relative to Pstl + Mspl-digested

DNA samples from the same patient, indicating a clonal X chromo
some inactivation pattern in all nine breast carcinomas studied. The
probability that distinct tumor cell populations are simultaneously
present with the same allelic imbalance or the same X chromosome
inactivation pattern is 0.5""', where n is the number of tumors inves

tigated in one patient. (44) Moreover, since the generation of allelic
imbalances and the inactivation of the second X chromosome are
independent events, the probability that both events occur similarly in
independent tumors is the product of each individual probability. For
example, in patient 537, seven primary tumor DNA samples are hy
bridized with probe pl44D6 (D17S34). The likelihood that all DNA

samples of this tumor represent independent tumor cell populations
with an identical allelic imbalance on chromosome arm 17p and
identical X chromosome inactivation pattern is 0.56 X 0.56 = 0.512.

With each additional allelic imbalance detected in all DNA samples of
a primary tumor, this likelihood further diminishes. However, a con
sistent allelotype in all parts of the primary tumor together with a
consistent X chromosome inactivation pattern could also be produced
by two or more equally mingled tumor cell populations, which ac
quired different complements of allelic imbalances during tumor de
velopment but originated from the same tumor stemcell. Since lymph
node mÃ©tastasespresumably arise from a single disseminated tumor
cell (3, 5), corresponding lymph node mÃ©tastasesshould then display
only a part of the allelotype present in the primary tumor, which is in
contrast to our findings. Therefore, at the time of diagnosis, primary
breast carcinomas consist of one clonal tumor cell population at the
molecular genetic level, as also recently shown by Noguchi el al. (45),
which is probably the resultant of a multistep clonal tumor evolution
that, in fact, could have had an uni- or multicellular origin (33, 34, 46,

47).
The frequent presence of DNA aneuploid tumor stemlines in pri

mary tumors and the high rates of recurrent primary tumor stemlines
in lymph node mÃ©tastasesfound in this study are comparable to
previous larger flow cytometric studies (3-5). Only in patient 432 did

a DNA aneuploid primary tumor generate a DNA diploid lymph node
mÃ©tastases.Most likely this DNA diploid tumor cell population was
overlooked in the primary tumor because of the customary interpre
tation of the DNA diploid peak in DNA aneuploid histograms as
representing nonneoplastic cells. The percentage of tumors revealing
DNA index heterogeneity in this set of tumors is less then reported in
earlier flow cytometric studies (22 versus >60%) (3-5). Possibly, this

relates to the small set of tumors investigated in the present study or
to the selection made for tissue blocks containing high percentages of
tumor cells (>40%), which was needed to reliably detect molecular
genetic changes. This selection probably induced undersampling of
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Fig. 4. Alleile imbalance factors as obtained for the separate primary tumor and lymph node mÃ©tastasesDNA samples of patients 440 and 537. Probes pYNH24 and OL VII EH),
pCMMlOl and pCMWl, pl44D6 and pCMMSft, p627 and SS6 and probes p9, stl4, and pCMM6 were hybridized subsequently to the same Msp\, EroRI, Hinfl. Taq\, and Tin/I filter,
respectively. For the hybridizations showing alleile imbalance, but not depicted in this figure, no densitometry values could be obtained because of poor separation of the polymorphic
alÃeles.

the tumors compared to the flow cytometric studies in which DNA
index heterogeneity was investigated (3-5). Nevertheless, in the two

tumors containing two distinct DNA tumor stemlines, no intratumor
heterogeneity for presence or absence of allelic imbalances was ob
served.

The imbalance factors obtained with densitometry of autoradio-

grams demonstrating retention of heterozygosity show very little vari
ation. Usually the allelic imbalance cut-off value of 1.40 is not ex

ceeded, which indicates that densitometrical problems such as
background signal, variation in amount of DNA loaded, large allelic
intensity differences, and variation in film exposure can be overcome
by taking the intensity ratios of the alÃelesin the constitutional DNA
as a reference. Autoradiograms that were found unsuitable for densi
tometry or those which visually showed absence of an allelic imbal
ance, but still had imbalance factors higher than the cut-off value, are

mainly characterized by poor separation of alÃeles.Densitometry is,
therefore, a reliable technique to distinguish between retention of
heterozygosity or presence of an allelic imbalance when the polymor
phic alÃelesare well separated.

In autoradiograms demonstrating allelic imbalances, a marked vari
ation of densitometry values is found. These can be distinguished in
(a) variation in imbalance factors between different DNA samples
obtained from one patient hybridized with one probe (intratumor
variation) (b) variation in imbalance factors or mean imbalance fac
tors for different probes hybridized to one DNA sample or hybridized
to all DNA samples from one patient, respectively (interprobe varia
tion), and (c) variation in mean imbalance factors between samples
obtained from different patients hybridized with the same probe (in-

terpatient variation). Interprobe and interpatient variation have previ
ously been interpreted as an expression of intratumor heterogeneity,
e.g., the simultaneous presence of tumor cells with and tumor cells
without a specific allelic imbalance, displayed as a partial allelic
imbalances in autoradiograms obtained by RFLP analysis (22, 26, 32,
35). However, in our view, many technical factors could also be
responsible, which arc difficult, if not impossible, to control experi
mentally. These include varying cndonuclease digestion efficiencies,
concentration differences between larger and smaller fragments due to
DNA degradation relative to undergraded DNA, varying blotting con-

N L2 L1 P4 P3 P2 P1

M278
DXS255
Pstl + Hpall Mill

Fig. 5. Autoradiogram obtained with probe M27ÃŸ(DXS255) on DNA double digestions with Pst\ and //pall of patient 424. Lane N, constitutional DNA; lanes Pl^t, DNA samples
extracted from four different parts of the primary tumor; lanes LI and 2, DNA samples extracted from two different lymph node mÃ©tastases.Compared to the constitutional DNA, the
upper allelic band in the tumor DNAs is more intense, with a subsequent decrease in the second allelic band. Pst\ + Mspl digests showed no allelic intensity differences between
constitutional and tumor DNA (not shown), indicating that the skewed alÃeleintensities in ft/I + //pall digests is due to less //pull activity on the upper alÃele,which is in accordance
with a clonal X chromosome inactivation pattern.
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ditions, varying number of times filters are used, and variation of
hybridization efficiencies between probes and tumors. This is sup
ported by a study done in our laboratory on primary breast carcinomas
with 20 polymorphic markers mapped to the long arm of chromosome
16.3 Tumors with allelic loss in all informative hybridizations, sug

gestive of absence of the whole chromosome arm, showed different
allelic imbalance factors with two RFLP markers that were subse
quently tested on the same filter. Additionally, with the more infor
mative microsatellite markers, visualized by polymerase chain reac
tion, differences in allelic imbalance factors up to a factor 40 were
found for these tumors.

Arguably, in this study, technical artifacts have had less influence
on the variation in allelic imbalance factors obtained with one probe
in different DNA samples from a single patient. The DNAs investi
gated here were isolated, digested, blotted, and hybridized in one
experiment and loaded on one filter. Moreover, hybridizations reveal
ing retention of heterozygosity did not vary in the same patients on the
same filters. Differences in percentages of nonneoplastic cells could
also not account for these variations. Therefore, as has been calculated
in Table 3, several distinct genetic mechanisms (e.g., amplification,
somatic recombination, or tetraploidization), alone or in combination,
may have generated these large differences in allelic imbalance fac
tors. Most likely, these intratumor differences in imbalance factors are
induced secondarily to establishment of the primary, presumably more
selective, allelic gains or allelic losses. This hypothesis is supported
by data from karyotypic and in situ hybridization studies of solid
tumors, in which inter- but also intratumoral differences in copy

number of the loci investigated are frequently found (7, 8, 20, 46,
48-53), sometimes without concomitant change in DNAploidy status.

In summary, the generation of allelic imbalances seems to precede
DNA ploidy diversity generation, which in turn precedes metastasis.
At the time of diagnosis, no genotypic differences within the primary
breast carcinomas or between primary and lymph node mÃ©tastases
could be detected by RFLP analysis. This is indicative of a clonal
metastatic tumor cell population, which has possibly been selected
from other tumor cell populations previously present in the primary
tumor. Densitometry of the autoradiograms revealed interprobe, in-

tertumor, and intratumor heterogeneity. The two former variations are
most likely generated by technical artifacts, whereas the latter is
possibly associated with differences in copy number of the chromo
somal regions involved. In this small series of tumors, no relation
between allelic imbalance factor variation and intratumor DNA index
heterogeneity or metastatic capacity could be found. To further deter
mine genetic inter- and intratumor heterogeneity, and thus identify

genetic alterations important for tumorigenesis or tumor progression,
it is necessary to investigate tumor cell subpopulations. This is now
feasible using polymerase chain reaction-based techniques in conjunc

tion with microdissection or flow cytometric cell sorting.
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