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SUMMARY: Genetic heterogeneity in breast cancer has been observed both by cytogenetic and loss of heterozygosity (LOH)
analyses; however, the frequency with which genetically heterogeneous clones arise is unknown. In this study, a panel of 115
breast carcinomas was analyzed to determine the extent of clonal divergence in tumor foci at progressive stages of tumor
evolution. Intraductal, infiltrating, and metastatic tumor components were microdissected from each tumor and tested for LOH
at 20 microsatellite markers on seven chromosomal arms. Of these cases, 24 (21%) demonstrated genetically divergent clones
during tumor progression. Clonal divergence, inferred from discordant LOH patterns, was observed most commonly between
intraductal and infiltrating tumor (18 cases), but was also demonstrated between infiltrating and metastatic tumor (11 cases).
Discordant LOH was observed with markers on one chromosomal arm in 16 cases, on two in 7 cases, and on four in 1 case, and
was observed most commonly with markers on 17p, 17q, and 16q. More detailed microdissection of four cases provided
evidence for a specific chronology of genetic alterations occurring during the progression of each tumor. The results indicate that
the different tumor components observed microscopically in breast cancer specimens often represent genetically divergent
clones. (Lab Invest 2000, 80:291–301).

E lucidation of the sequence of genetic events
responsible for progression of breast cancer from

in situ to infiltrating and metastatic carcinoma is an
important goal of efforts to understand the biological
basis of this common malignancy. Progression is
believed to occur through the accumulation of genetic
changes via a process of clonal evolution and clonal
selection (Brenner and Aldaz, 1997; Nowell, 1976).
Surgically resected breast carcinoma specimens pro-
vide a unique resource for analyzing the genetic
changes that occur during progression, because
specimens typically contain foci of tumor in various
stages of progression, including in situ carcinoma,
invasive tumor, and lymph node metastases. Morpho-
logically normal epithelial constituents of the breast
are usually represented in such specimens, and foci of
benign proliferative epithelial lesions may also be
present.

Detailed studies of colon cancer have shown that
adenomatous epithelium adjacent to carcinoma typi-
cally has some but not all of the genetic lesions

present in the fully developed malignancy, consistent
with direct progression from adenoma to carcinoma
(Boland et al, 1995; Fearon and Vogelstein, 1990;
Vogelstein et al, 1988). By analogy, it might be ex-
pected that a similar analysis of breast tumors in
different stages of progression would likewise show
the accumulation of genetic changes with progres-
sion. However, genetic analysis of breast cancer
specimens has suggested that the individual foci of
tumor identifiable by microscopic examination may
not show the precursor-product relationship often
observed in colon cancer. Cytogenetic studies in
particular have revealed sufficient genetic heteroge-
neity to lead some investigators to the conclusion that
breast carcinomas commonly contain multiple genet-
ically divergent clones of malignant cells, sometimes
showing no evidence of a clonally related precursor
(Niederacher et al, 1996; Wolman, 1986; Wolman and
Heppner, 1992).

In this study a panel of breast carcinomas was
analyzed to determine the extent of clonal divergence
in tumor foci at progressive stages of tumor evolution.
Specimens consisting of relatively pure populations of
cells representing the various stages in the progres-
sion of the tumor were obtained by microdissection.
Analysis of each microdissected specimen for genetic
changes at multiple loci allowed an assessment of the
clonal relationship between the distinct populations of
tumor cells. Surprisingly, when distinct tumor compo-
nents showed changes in the pattern of loss of het-
erozygosity (LOH) observed, more advanced tumor
stages often could not be interpreted as clonal deriv-
atives of earlier stages of the same tumor. Four of the
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cases demonstrating divergent clones were analyzed
in greater detail by characterizing additional regions of
the microdissected tumor and foci of morphologically
benign epithelium. In all four cases, microdissected
normal lobules demonstrated LOH at at least one
locus, and the patterns of LOH in the tumor specimens
revealed marked complexity in the pathways of tumor
progression. The results demonstrate that genetically
divergent clones commonly arise during breast cancer
progression.

Results

Foci of intraductal, invasive, and metastatic carcinoma
were identified and microdissected from 115 cases of
breast cancer from the archives of the Armed Forces
Institute of Pathology (Lichy et al, 1998). Each micro-
dissected specimen was analyzed for LOH at a panel

of microsatellite markers chosen from genetic loci
previously shown to exhibit high frequency LOH in
breast cancer (Aldaz et al, 1995; Brenner and Aldaz,
1997; Callahan et al, 1992). This panel included mark-
ers on chromosomes 3p, 9p, 11p, 13q, 16q, 17p, and
17q. When two tumor components showed loss of
different alleles of a given marker, the LOH pattern
was scored as discordant, and taken as evidence that
the tumor components represented divergent clones
rather than successive stages of progression. Such
evidence of genetic heterogeneity was obtained in 24
cases (21%; Table 1). Of these, 15 had progressed to
the stage of lymph node metastasis, whereas 9 were
node negative. In 17 cases, the infiltrating tumor
showed evidence of divergence from the intraductal
component. In 11 of the 15 node positive tumors in
this group, the metastasis showed evidence of diver-

Table 1. Summary of Discordant LOH Results

Case Specimensa

Discordant LOH at

p53 StatuscLocus
Tumor

Componentsb

1 ID, INF, MET 17p INF N MET
6 ID, INF 17p ID N INF ID: 228: GAC3TAC

17q ID N INF INF: WT
7 ID, INF, MET 16q ID N INF
16 ID, INF, MET 11p INF N ID, MET WT

16q INF N MET
17p ID N INF, MET
17q INF N MET

41 ID, INF, MET 3p ID N INF, MET WT
13q ID N INF, MET

43 ID, INF 16q ID N INF WT
17q ID N INF

49 ID, INF, MET 16q INF N MET
50 ID, INF, MET 17q ID N INF, MET WT
52 ID, INF 17p ID N INF WT
53 ID, INF 17p ID N INF
61 ID, INF, MET 11p INF N MET

17q ID N INF
64 ID, INF, MET 17p ID N INF, MET ID: 265: CTA

17q ID N INF, MET INF, Met: 265: CTG
66 INF, MET 3p INF N MET

17q INF N MET
78 ID, INF, MET 16q ID, INF N MET
79 ID, INF 9p ID N INF
85 INF, MET 13q INF N MET

17p INF N MET
93 ID, INF, MET 17p INF N MET WT
101 ID, INF 17q ID N INF 286: GAA3AAA
106 ID, INF, MET 17p ID N INF, MET WT
111 ID, INF 13q ID N INF
112 INF, MET 16q INF N MET
113 ID, INF, MET 13q ID N INF N MET
115 ID, INF 17q ID N INF 175: CGC3CAG
118 ID, INF, MET 16q ID N INF N MET

a ID, intraductal; INF, infiltrating; MET, metastatic tumor.
b The symbol “N” indicates discordant LOH between the indicated specimens.
c Mutations designated by codon number, sequence change; altered base in bold.

Lichy et al

292 Laboratory Investigation • March 2000 • Volume 80 • Number 3



gence from the infiltrating tumor. Discordant LOH was
observed at loci on one chromosomal arm in 16 cases,
on two in 7 cases, and on four in 1 case. Evidence for
genetic heterogeneity was most commonly observed
with markers on 17p (10 cases), 17q (9 cases), and
16q (7 cases), followed by 13q (4 cases), and 11p (2
cases). The 3p and 9p markers revealed discordant
LOH in one case each. Examples of discordance
between infiltrating and metastatic tumor (Cases 1, 16,
and 112) and between intraductal and infiltrating tu-
mor (Cases 111, 113, and 118) are presented in Figure
1. In Cases 113 and 118, the metastatic tumor showed
retention of heterozygosity, indicating genetic diver-
gence from both the intraductal and infiltrating tumor
components in these cases. Because the metastatic
components of Cases 113 and 118 showed LOH with
markers at 17q and 11p, respectively, the observed
retention of heterozygosity in these metastases was
not due to contamination with benign cells.

To gain a greater understanding of the relationship
between the morphologic and the genetic anatomy of
each specimen, more extensive microdissections and
genetic analyses were carried out on four of these
cases. In the following discussion, the designations
“allele A” and “allele B” refer to the alleles yielding the
larger and smaller polymerase chain reaction (PCR)
products, respectively. Normal components are des-
ignated “N,” intraductal components “ID,” invasive
tumor “INF,” and metastases “MET.” Multiple foci
representing the same stage of progression are dis-
tinguished by a numerical designation. The results
presented for these cases are compatible with several
possible pathways of tumor evolution. For each case,
a diagram is presented that gives the least complex
pathway of tumor progression compatible with the

LOH data. These diagrams are drawn based on the
assumption that, whenever compatible with the data,
an observed LOH event represents a single occur-
rence in the evolution of the tumor, so that tumor
components with LOH at a common locus are postu-
lated to share a common precursor. In some cases,
sufficient material was available to allow the assess-
ment of p53 mutations by sequencing. It would be
unlikely for a specific p53 mutation to occur more than
once during tumor development, whereas LOH at a
specific locus might be more likely to occur multiple
times. Therefore, the finding of common or divergent
p53 mutations among the tumor components pro-
vides additional supportive evidence for the proposed
pathways, as discussed below.

Case 43

Two normal tissue specimens, one a lymph node (N),
the other a morphologically normal terminal duct lob-
ular unit (TDLU, N1) were available for analysis (Fig. 2).
Tumor components included a focus of comedo type
intraductal carcinoma and an adjacent area of infiltrat-
ing ductal carcinoma. Specimen N1 demonstrated
LOH at 13q and 17p. For the remaining lower allele,
the products obtained with this specimen at the 17p
marker showed several bands larger than the major
band detected with the normal control specimen. This
pattern was interpreted as a variant of the normal
stutter pattern generated from this allele, although the
possibility of a novel allele representing microsatellite
instability at this locus cannot be excluded.

The intraductal and infiltrating tumor specimens
represented genetically divergent clones relative to
this normal specimen, as evidenced by discordant

Figure 1.
Examples of discordant loss of heterozygosity (LOH). N: Normal control (benign lymph node); ID: intraductal carcinoma; INF: infiltrating carcinoma; MET: metastatic
tumor in lymph node. Case numbers correspond to those shown in Table 1. LOH results shown are for the indicated dinucleotide repeat polymorphism. Cases 1, 16,
and 112 illustrate discordance between infiltrating and metastatic tumor foci. Cases 111, 113, and 118 illustrate discordance between intraductal and infiltrating tumor.
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LOH at both of these loci. Thus, the malignant com-
ponents appear to be clonally related to each other,
but genetically distinct from the normal TDLU. Despite
being clonally related, the intraductal and infiltrating
tumor components diverge genetically relative to each
other, as indicated by loss of opposite alleles at 16q.
These results suggest that the two tumor components
share a common precursor, indicated by the open
circle in the diagram, which diverged along two dis-
tinct pathways, one developing into the intraductal
lesion present in the surgical specimen, the other into
an infiltrating carcinoma.

Case 50

Two morphologically normal TDLUs, labeled N1 and
N2, were microdissected in addition to intraductal,
invasive, and metastatic components. A benign lymph
node served as the normal control. The LOH results
imply that these specimens represent multiple diver-
gent pathways of clonal evolution within and adjacent
to the tumor (Fig. 3). Normal components N1 and N2
each contained multiple clonal abnormalities. Al-
though these specimens showed loss of the same
alleles at 17p and 17q, suggesting a possible common
precursor, these normal components demonstrated
discordant allele loss at 11p. With specimens N2 at
17p and N1 at 17q, the major PCR product for the

remaining allele was shifted downward by one dinu-
cleotide unit. These subtle changes were interpreted
as variants of the stutter pattern for these alleles rather
than as evidence of microsatellite instability. In con-
trast, the 3p marker revealed several new bands
common to N2 and INF but absent in the other
specimens. These bands probably represent MSI at
this locus. The new bands were unlikely to have
resulted from contamination, because bands of this
size were not present elsewhere on the autoradio-
gram, and amplification of these specimens with the
other markers in our panel did not produce extra
bands not present in the normal control. The diagram
in Fig. 3 shows a pathway in which N2 and INF derive
from a common precursor with 3p MSI; however, the
data are also compatible with the possibility that N1
and N2 represent divergent clones from a precursor
with 17p and 17q LOH and that the MSI at 3p occurred
independently in INF and N2.

The malignant components isolated from this
specimen revealed patterns of LOH that implied
genetic divergence from the adjacent morphologi-
cally normal epithelium. The intraductal tumor di-
verged from the other tumor components at the 17p
marker. The invasive and metastatic tumors show
loss of common alleles on 17p and 17q. Interest-
ingly, the metastasis does not demonstrate the MSI

Figure 2.
Case 43. A, Histology: Low power view showing regions chosen for microdissection. N1: Benign terminal duct-lobular unit; ID: comedo type intraductal carcinoma;
INF: Infiltrating tumor adjacent to ID; N: normal control prepared from a benign axillary lymph node. B, LOH data obtained at the indicated loci with lysates prepared
from microdissected tumor components. The material available from specimen N1 was insufficient for LOH analysis at D16S512. C, Clonal relationship between
microdissected tumor components suggested by LOH data. Open circles indicate a putative intermediate or precursor cell. LOH is indicated on the diagrams by
chromosomal locus and the allele lost. Alleles are designated (A) and (B), where (A) refers to the larger allele present in normal (lymph node) DNA. For example,
17p-(B) means loss of the smaller allele for one of the 17p markers tested.
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detected at 3p in the invasive component. This
suggests that one of several clones present in the
invasive tumor, and in particular one that lacks the
new allele resulting from microsatellite instability,
gave rise to the metastatic tumor.

Case 101

A normal lobule (N1) was located 5 mm from a focus
(ID1) of lobular carcinoma in situ (LCIS), which in turn
was located 4 mm from a second focus of LCIS (ID2).

Figure 3.
Case 50. A, Histology: N1 and N2: Benign terminal duct-lobular units dissected from different regions of the specimen; ID: intraductal carcinoma; INF: infiltrating tumor
adjacent to ID; N: benign axillary lymph node. B, LOH data obtained at the indicated loci. C, Clonal relationship between microdissected tumor components suggested
by LOH data. Designation of alleles and LOH results is as in Figure 2; MSI: microsatellite instability, indicates the presence of one or more new alleles (marked with
an asterisk at side of gel image) not detected in the normal specimen.
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ID2 was immediately adjacent to an area of infiltrating
lobular carcinoma (INF). Despite the proximity of these
lesions, substantial heterogeneity was observed
among the four microdissected specimens. The pat-
tern of LOH suggests two branches of clonal evolu-
tion, one leading to clones N1 and ID1, the other to ID2
and INF. N1 and ID1 both show LOH of allele A with a
9p marker, consistent with the possibility of a common
precursor. However, these specimens display discor-
dant LOH at both 11p and 17q. ID1 demonstrates one
additional abnormality, LOH at 13q. Specimens ID2
and INF share loss of allele B at 9p and concomitant
acquisition of a common new allele at 9p. Also con-
sistent with a common precursor is the observation
that these two specimens yielded results with
D13S260 suggestive of apparent partial loss of allele A
(a result that could be due to duplication of allele B).
However, ID2 and INF demonstrated discordant LOH
at 17q, indicating that ID2 can not be interpreted
simply as a precursor of INF, but that these specimens
must represent divergent clones.

Case 106

Two benign TDLUs, two foci of intraductal carcinoma,
and one each of infiltrating and metastatic tumor were
analyzed (Fig. 4). A common clonal origin for normal
specimens N1 and N2 was suggested by loss of the
same allele at 17q and by the presence of a common

new allele at 11p. However, these normal specimens
diverge genetically, with LOH at 17p in N1 and at 11p
in N2. Although N1 and N2 did not share alleles in
common with the lymph node specimen at the 11p15
marker, the possibility of a specimen mix-up was
excluded by the data obtained with the other markers
in the panel, including the 17p and 17q markers
illustrated. None of the malignant specimens showed
LOH at 17q, suggesting a completely different path of
evolution from the benign foci studied. The two intra-
ductal lesions, ID1 and ID2, lost different alleles of the
17p marker. The metastasis could be a clonal deriva-
tive of ID2, as suggested by loss of a common allele at
17p, or could have arisen from the invasive tumor by a
second LOH event at this locus.

Assessment of Cases for Microsatellite Instability
Phenotype and p53 Mutation. A Replication Error
phenotype, often designated “RER1,” has been de-
scribed in genetic studies of colon cancer. This phe-
notype results in a very high frequency of MSI at short
tandem repeat loci. In particular, the RER1 phenotype
has been shown to correlate strongly with MSI at the
single locus BAT26 (Hoang et al, 1997). The lysates
from the full panel of 115 cases (Lichy et al, 1998) were
tested for MSI at the BAT26 locus. All but one of the
cases demonstrated the near homozygous genotype
observed in most individuals. MSI at this locus was
observed in only one tumor component in one case.
Therefore, although MSI was observed sporadically in

Figure 4.
Case 101. A, Histology: N1: Benign terminal duct-lobular unit; ID1: lobular carcinoma in situ; ID2: Distinct focus of lobular carcinoma in situ; INF: infiltrating lobular
carcinoma adjacent to ID2; N: benign axillary lymph node. B, LOH data obtained at the indicated loci. C, Clonal relationship between microdissected tumor components
suggested by LOH data. Designation of alleles and LOH results is as in previous figures.
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these cases, there was no evidence for the RER1
phenotype.

Genetic instability in breast cancer has been asso-
ciated with mutations of the p53 tumor suppressor
gene, (Eyfjord et al, 1995a; 1995b) although some
studies have not found this association (Deng et al,
1994). To determine if discordant LOH might reflect
the presence of a p53 mutation, exons 5–8 of the p53
gene were sequenced in the normal tissue and tumor
components of 11 cases with discordant LOH for
which sufficient material was available. These exons
contain approximately 80% of the p53 mutations in
breast cancer (Casey et al, 1996). A p53 mutation was
observed in three of these cases (Table 1). Of partic-
ular interest were Cases 6 and 64. In Case 6, a p53
mutation was detected in the intraductal tumor but not
in the invasive or metastatic components. In Case 64,
a single nucleotide polymorphism identified at codon
265 showed loss of opposite alleles in the intraductal
and infiltrating tumor. These results corroborate the
finding of discordant LOH for 17p markers in both of
these cases and provide additional genetic evidence
for distinct patterns of clonal evolution during histo-
logic progression in a subset of breast carcinomas.

Discussion

Our observations indicate that the in situ, infiltrating,
and metastatic components observed in surgically
resected breast cancer specimens can in some cases
represent genetically divergent clones rather than pro-
gressive stages in tumor progression. Of 115 cases
analyzed, 24 (21%) showed evidence of genetically
divergent clones during progression from the intra-
ductal to the metastatic stage. A more detailed micro-
dissection of four of these cases revealed an even
higher degree of genetic divergence among foci of
tumor at various stages of progression. In all four of
these cases, LOH was also detected in morphologi-
cally benign TDLUs adjacent to the tumor, indicating
that normal lobules from biopsy specimens can con-
tain clonal genetic lesions.

Several studies, based on cytogenetic methods,
comparative genomic hybridization, and LOH analy-
sis, have reported observations of genetically diver-
gent clones in breast cancer cells, their presumed
precursors, or in normal breast epithelium. In one
study, LOH was identified in normal TDLUs adjacent
to tumor (Deng et al, 1996), but genetically divergent
clones were not identified. The results shown here
demonstrate that the genetic changes present in
TDLUs are not necessarily those present in the tumor.
Rather than being a precursor to the tumor, such
TDLUs must represent divergent pathways of clonal
evolution. Genetic heterogeneity has been previously
demonstrated in different foci of intraductal carcinoma
microdissected from the same specimen (Fujii et al,
1996). In that study, heterogeneity among invasive or
metastatic components appeared to be rare, and all
clones from any given tumor sample could be linked to
a common precursor by loss of similar genetic mark-
ers. Another study, using comparative genomic hy-

bridization, demonstrated that asynchronous breast
cancer metastases frequently have little evidence of
clonal relatedness to the primary tumor (Kuukasjarvi et
al, 1997). Cytogenetic analysis of tumor specimens
grown for short periods of time in culture has provided
evidence for the presence of apparently unrelated
clones in half of the tumors analyzed (Heim et al, 1997;
Pandis et al, 1993; Teixeira et al, 1994; 1995; 1996;
1997). Clonal chromosome aberrations have also
been reported in benign lesions including fibroade-
noma, atypical hyperplasia, and intraductal papilloma
(Dietrich et al, 1995; Kasami et al, 1997; Petersson et
al, 1997; Rosenberg et al, 1996) as well as in benign
epithelium in patients from breast cancer families
(Petersson et al, 1996) or at no increased risk of breast
cancer (Larson et al, 1998). Our results, in agreement
with these studies, support the idea that formation of
genetically divergent clones can occur in benign
breast epithelium showing no morphologic abnormal-
ities. We have further shown that individual tumor foci
representing different stages of progression can con-
tain dominant clones that have diverged genetically
from other regions of the tumor. Our results also
demonstrate that this divergence does not occur
exclusively among multiple intraductal foci or asyn-
chronous metastases, but also can be detected during
progression from intraductal to infiltrating and from
infiltrating to synchronous metastatic tumor.

It is interesting to interpret the finding of genetic
heterogeneity in breast cancers in light of the two-hit
model of tumor suppressor gene inactivation (Knud-
son, 1971; 1985). According to this model, both cop-
ies of a tumor suppressor gene must be inactivated to
eliminate the function of that gene. In the classic case
of familial retinoblastoma, one copy of the Rb gene is
mutationally inactivated in the germline. In sporadic
retinoblastoma, both copies of the Rb gene must be
inactivated somatically. Similarly, loci showing high
frequency LOH in breast cancer, such as those ana-
lyzed in this study, are thought to contain tumor
suppressor genes important for the development of
the cancer. The phenomenon of LOH is typically
interpreted as one of the two hits necessary for
functional inactivation of these tumor suppressor
genes. Theoretically, either of the two hits—the muta-
tion or the deletion—could occur first and not affect
the phenotype of the cell. Therefore, it may be that in
breast epithelium, LOH can occur sporadically during
normal development without leading to any pheno-
typic abnormalities. A recent study reporting LOH in
ductal or lobular epithelium microdissected from a
small number of benign breasts supports this hypoth-
esis (Larson et al, 1998). However, the presence of
LOH in normal breast epithelium may constitute a
predisposing factor for the subsequent development
of carcinoma. It remains to be determined whether the
presence of LOH in benign breast tissue constitutes a
physiologic alteration in genome anatomy that occurs
universally during the development of the breast, or
whether this phenomenon occurs in only a subset of
individuals, and if the latter is the case, whether such
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individuals have a greater relative risk for the develop-
ment of breast cancer.

We studied cases showing discordant LOH for two
types of genetic abnormalities associated with defi-
ciencies in maintaining chromosomal integrity. Insta-
bility at the BAT26 locus has been found to be a
sensitive indicator of the replication error, or RER1,
phenotype in colon cancer (Hoang et al, 1997). Using
this assay, we found no evidence of a microsatellite
instability phenotype in breast cancer, although spo-
radic examples of microsatellite instability were ob-
served. Thus, these examples most likely represent a
“baseline” level of instability rather than the RER1
phenotype described in colon cancer. These observa-
tions are compatible with most reports in the literature,
which find some sporadic MSI in microdissected
breast cancer, but do not find the high frequency MSI
observed in colon cancers with the RER1 phenotype
(Aldaz et al, 1995; Contegiacomo et al, 1995; Dillon et
al, 1997; Formantici et al, 1999; Fujii et al, 1998;
Gorgoulis et al, 1998; Kasami et al, 1997; Paulson et
al, 1996; Rush et al, 1997; Shaw et al, 1996; Sourvinos
et al, 1997; Tomita et al, 1999; Toyama et al, 1996;
Walsh et al, 1998; Wooster et al, 1994; Yee et al,
1994). One recent study (Anbazhagan et al, 1999)
reported no examples of sporadic MSI in a large panel
of breast cancers and other studies have observed

MSI only rarely (,5% of cases) (Huiping et al, 1999;
Jonsson et al, 1995). The reason for the discrepancies
in observed MSI rates in breast cancer is unclear but
may be related to the methods of microdissection
employed. Foci with MSI may only become evident
when very small foci, such as individual TDLUs, are
examined, as was done in the work shown in Figs.
2–5. If multiple morphologically similar foci, areas of
intraductal carcinoma for example, are combined into
one specimen, MSI limited to only one or a few such
foci would most likely be missed.

Despite limiting amounts of material, it was possible
to obtain the sequence of p53 exons 5–8 from 11 of
the cases with discordant LOH. Mutations were de-
tected in three (27%) of these cases. This percentage
is similar to the frequency of p53 mutations usually
reported in breast cancer, and therefore does not
suggest that a p53 mutation results in a higher rate of
genetic heterogeneity. It has been proposed that
tumors showing LOH at multiple markers have a
genetically determined deficiency in chromosomal
maintenance (Cahill et al, 1998). In support of this
concept, two of 19 colorectal carcinoma cell lines with
a “Chromosomal Instability” phenotype were shown to
contain mutations in the gene BUB1, the human
homolog of a yeast gene involved in maintaining
chromosomal integrity. It will be of interest to deter-

Figure 5.
Case 106. A, Histology: N1 and N2: Benign terminal duct-lobular units; ID1 and ID2: intraductal carcinoma; INF: infiltrating carcinoma; N: benign axillary lymph node.
B, LOH data obtained at the indicated loci. The material available from the infiltrating tumor was insufficient for LOH testing at D11S4046. C, Clonal relationship
between microdissected tumor components suggested by LOH data. Designation of alleles and LOH results is as in previous figures.
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mine whether breast tumors containing high fre-
quency LOH or genetic heterogeneity have mutations
in such genes, and if so, whether these mutations are
present in the germline or develop during the early
stages of carcinogenesis.

In addition to findings such as those reported here
for breast cancer, genetic heterogeneity has been
reported in studies of microdissected prostate cancer.
Analysis of LOH in physically separate tumor nodules
was consistent with an independent origin in 15 of 18
informative cases (Cheng et al, 1998). Characteriza-
tion of mutations in the PTEN/MMAC1 tumor suppres-
sor gene in multiple metastatic lesions from individual
patients led to the conclusion that the metastases
were often heterogeneous at the genetic level (Suzuki
et al, 1998). A microdissection and LOH approach
similar to that applied in the present study revealed a
high incidence of genetic heterogeneity among dis-
tinct foci of prostate carcinoma (Macintosh et al,
1998).

The ability to identify genetic markers in solid tu-
mors, such as point mutations and loss of heterozy-
gosity (LOH), has potential clinical utility in assays to
detect small populations of malignant cells in blood or
tissue specimens. Strategies for the design of such
assays often rely on the assumption that an individual
tumor is clonal with respect to a specific mutation. The
data reported here demonstrate that this assumption
is not always correct. The results indicate that the
different tumor components observed microscopically
in breast cancer specimens commonly represent ge-
netically divergent clones.

Materials and Methods

Microdissection

The cases used in this study were obtained from the
archives of the Armed Forces Institute of Pathology,
Washington, DC, as previously described (Lichy et al,
1998). Case numbers used here correspond to the
case numbers in the previous study. To identify indi-
vidual tumor components, 12 mm sections were cut
from the blocks and deparaffinized with Hemo-De
(Fisher Scientific, Pittsburgh, Pennsylvania). Tumor
components were identified and dissected from sur-
rounding tissue with a 21 G needle under direct
microscopic observation. For most cases, a benign
lymph node was available for use as the normal DNA
control. The dissected tissue was placed directly in
lysis buffer, containing nonionic detergents and Pro-
teinase K and incubated for 16–20 hours at 55° C
followed by 5 minutes at 95° C to inactivate the
protease. Insoluble material was removed by centrif-
ugation and the cleared lysate was used as the source
of genomic DNA for PCR.

Markers for LOH Analysis

The panel of markers was chosen to represent loci
that show frequent LOH in breast cancer. The markers
used and their associated tumor suppressor genes,
when known, included the following: chromosome 3p:

D3S1300 (FHIT gene) and C3-CA373; chromosome
9p21 (p16 cdk inhibitor): D9S1748 and D9S1749;
chromosome 11p15: D11S4046, D11S1318, and TH;
chromosome 13q: D13S260 and D13S263 (RB and
BRCA2 genes); chromosome 16q: D16S496,
D16S421, and D16S512; chromosome 17p: TP53,
D17S1832, and D17S1880; and chromosome 17q:
D17S1788, D17S795, D17S855 (BRCA1), D17S183,
and D17S1830. PCR reactions were carried out with
one primer end-labeled with 32P. Products were ana-
lyzed on standard denaturing sequencing gels and
detected by autoradiography using Kodak XAR5 film
(Kodak, Rochester, New York). For quantitation of
band intensities, dried gels were exposed to storage
phosphor screens that were scanned with a Molecular
Dynamics Storm imaging system. A result was scored
as LOH if there was a reduction in allele ratio of greater
than 50% in the tumor relative to the normal control
DNA. The presence of a new allele in a tumor speci-
men not seen in the normal control was interpreted as
microsatellite instability (MSI). Two patterns of LOH
were scored as “discordant:” (a) LOH in one tumor
component together with retention of heterozygosity
in a specimen representing a later stage of progres-
sion; and (b) LOH of opposite alleles in two specimens
from the same tumor.

Several precautions were taken to guard against
artifacts due to PCR contamination. Negative controls
containing no tissue lysate were included with each
PCR set-up. The discordant results shown in Fig. 1
were observed reproducibly with two independently
microdissected specimens. For the more detailed
analysis presented in Figs. 2–5, fresh sections were
cut and microdissected. Results with the second sets
of lysates reproduced those obtained with the initial
specimens with the exception that only the initial
preparation of the infiltrating component of Case 50
showed LOH at 11p15. This discrepancy probably
resulted from the dissection of distinct foci of infiltrat-
ing tumor for the two specimens. Some of these
microdissected specimens contained sufficient mate-
rial to permit analysis with only a subset of the genetic
markers. In cases showing novel alleles, interpreted as
MSI, the novel allele was observed reproducibly in
different specimens from the same case and differed
in size from bands generated with other cases in our
panel. These observations argue against an artifactual
origin for the novel alleles illustrated in the figures.

p53 Sequencing

Partial sequencing of the p53 gene from 11 cases was
carried out as previously described (Przygodzki et al,
1996). Exons 5, 7, and 8 were amplified in PCR
reactions containing primers specific for each exon.
PCR products were gel purified and the sequence was
determined by cycle sequencing using fluorescent dye
terminators followed by electrophoresis and detection
on a Perkin-Elmer Model 370 (Perkin-Elmer Cetus,
Norwalk, Connecticut) automated DNA sequencer.
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