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To understand the genetic basis of breast cancer in a
comprehensive way, purported precursor lesions
need to be analyzed at a large number of genetic
marker loci and compared with each other and with
the invasive components. However, the microscopic
size of most of these lesions and the very small
amount of material that can be obtained through mi-
crodissection limit the number of loci that can be
included in the analysis. To address this issue, a mul-
tiplex genotyping approach has been developed. With
this approach, polymorphic sequences at 28 marker
loci were amplified simultaneously from the micro-
dissected components in 5-mm paraffin-embedded
breast tissue sections. The genotypes of the lesions
were determined after resolving the amplified allelic
products by denaturing gradient gel electrophoresis.
Because the material isolated from each lesion in a
single 5-mm section was sufficient for several 28-locus
assays and several successive tissue sections with the
same set of lesions may be prepared, it is possible to
determine the genotype of each lesion at hundreds of
genetic marker loci that may well cover the human
genome. Analyzing a sufficient number of cases may
yield information that could be used to understand
the genetic basis of breast cancer development in a
comprehensive way. (J Mol Diag 2000, 2:29–36)

Epithelial proliferation in the ductal system of the human
breast has been classified according to its severity. The
terminology used is based on the organizational patterns
of cell groups (architecture) and on characteristics of
individual cells comprising these groups (cytology). The
terminology for ductal epithelial proliferation from the
mildest to the most severe types follows this sequence:
ductal hyperplasia (DH), atypical ductal hyperplasia
(ADH), ductal carcinoma in situ (DCIS). Epidemiological
studies of large numbers of patients with these lesions
followed for up to 20 years suggest that DH, ADH, and
DCIS confer a progressively increasing relative risk for

the development of invasive breast cancer (IC).1–7 Many
patients with IC have proliferative lesions in their breast
tissue adjacent to the IC, providing further support for a
precursor-product relationship and the stepwise progres-
sion of breast cancer. Genetic analysis of individual le-
sions of different morphology may provide direct insight
into these footprints of breast cancer development and
the underlying mechanisms.

Lesions at stages of different degrees of cancer risk
and those at the same stages, but with different morpho-
logical patterns, are often observed within the breast
tissue. To learn the causes of different lesions, it is nec-
essary to isolate them from each other and to analyze
them separately. The first genetic analysis of individual
lesions isolated by microdissection from breast tissue
was reported in 1993.8 Since then, microdissection has
become a powerful tool and has been used in many
studies. Without microdissection, only the predominant
invasive components in the primary tumors may be stud-
ied. However, because of extensive admixture of cancer
cells and normal cells, results from these studies are
often associated with a certain degree of ambiguity. With
microdissection, contaminating cells may be minimized
or eliminated from the invasive components. More impor-
tantly, in this way, microscopic lesions may be isolated
and analyzed separately. Such an advance has made it
possible to examine, at the molecular level, the relation-
ships among different breast lesions from a single tissue
sample, to trace the tumor development history, and to
gain an understanding of the molecular pathways to
breast cancer.

Because a large number of genes may be involved in
breast cancer development and progression, it is neces-
sary to cover most, if not all, chromosomal regions when
the individual lesions are analyzed. In this way, the mech-
anisms underlying breast cancer development may be
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studied in a comprehensive way. However, the amount of
DNA isolated from microdissection is usually small. With
the conventional single-locus-based genotyping proce-
dure, this is only enough for analysis with one or very few
loci. To address this issue, we have developed a multi-
plex genotyping approach. With this approach, the poly-
morphic sequences at a large number of marker loci can
be amplified to analyzable amounts simultaneously by a
three-round polymerase chain reaction (PCR) protocol.
The allelic sequences amplified from different loci are
then resolved by denaturing gradient gel electrophoresis
(DGGE),9–13 which is capable of separating DNA frag-
ments differing by as little as 1 bp. With this multiplex
genotyping system, we were able to determine the ge-
notypes of individual lesions isolated from paraffin-em-
bedded 5-mm breast tissue sections at 28 genetic marker
loci distributed on 18 chromosomal arms in an efficient
way. The results allowed us to detect loss of heterozy-
gosity (LOH), a common indication of tumor suppressor
gene inactivation, in different proliferative lesions.

Materials and Methods

Isolation of Cells of Individual Lesions from
Paraffin-Embedded Breast Tissue

Breast tissue specimens used in this study were from
pathological specimens. Duplicate 5-mm sections were
prepared from paraffin-embedded tissue blocks. After
H&E staining, one coverslipped slide was used as the
reference slide and subjected to histological analysis.
The lesions were marked by a surgical pathologist (H. F.)
with extensive experience in breast tissue evaluation. The
other slide, with no coverslip (sample slide), was overlaid
on the reference slide and the tissue sections on both
slides were aligned. The selected lesions on the sample
slide were isolated by scraping with a 271⁄2-gauge sy-
ringe needle (Figure 1). The material isolated from each
lesion was placed into a 0.5-ml tube containing 5 ml of
lysis buffer (200 mmol/L KOH and 50 mmol/L dithiothre-
itol). After 10 minutes’ incubation at 65°C, the lysate was
neutralized with 5 ml of neutralization buffer (200 mmol/L
HCl, 900 mmol/L Tris-HCl, pH 8.3, and 300 mmol/L
KCl).14

Multiplex PCR Amplification

A panel of 28 genetic markers distributed on 18 chromo-
somal arms were chosen (Table 1). For each marker
locus, three primers were designed (Figure 2). One of the
primers, primer O, was a regular primer with a ;20-base
locus-specific sequence. The other two, primers, R and
C, each contained 20-base locus-specific sequences at
their 39 portions and a 20-base nongenomic sequence
(either tail 1 or tail 2) that was universal for all loci at its 59
portion. Tail 1 was AT-rich and tail 2 was GC-rich to
facilitate DGGE separation. The C primer was an internal
(nested) primer with respect to the O primer and was
used in the second round of amplification to enhance the
yield and specificity. Two universal primers, T1 and T2,

were also synthesized. T1 was identical to tail 1 with an
additional 5-base AT-rich sequence at its 59 end. T2 was
identical to tail 2 in its 39 portion and contained a 20-base
GC-rich portion at its 59 end for attaching more GC-rich
sequence to the final PCR products. (Because of the
large number of primers, the primer sequences are not
included in this publication, but will be provided on re-
quest).

About one-third of the material microdissected from
each lesion was used for analysis. A three-round multi-
plex PCR procedure described in our previous publica-
tion15 and modified in the present study was used for
amplifying the sequences at the 28 loci. Briefly, all PCR
samples contained 13 PCR buffer (100 mmol/L Tris-HCl
pH 8.3, 50 mmol/L KCl, 1.5 mmol/L MgCl2, and 0.1 mg/ml

Figure 1. Microdissection of a small group of cells containing ;30 nuclei in
a breast tissue section. For large areas, cells may be microdissected directly
with a fine needle (271⁄2-gauge). For small groups of cells as indicated by the
arrow above, an adjacent area was cleared first (middle) before the desired
cell group was dissected.
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gelatin), the four dNTPs (100 mmol/L each), and 1 unit of
Taq DNA polymerase in a final volume of 50 ml. PCR was
performed on a DNA Thermal Cycler 480 (Perkin Elmer,
Norwalk, CT). In the first round, R and O primers (50
nmol/L each) for all loci were used. Each PCR cycle
consisted of 1 minute at 94°C for denaturation and 3
minutes at 55°C, followed by 5 minutes ramping from
55°C to 70°C, for annealing and extension. Thirty-five
cycles were performed. Amplification with the R primers
attached tail 1 sequence to all target fragments. In the
second round, a 2-ml aliquot from each first-round prod-
uct was reamplified. All R primers were replaced by only
one primer, T1 (0.2 mmol/L), which was identical to tail 1.
All O primers were replaced by the corresponding C
primers (20 nmol/L each). Amplification with C primers
attached the other universal tail, tail 2, to all target se-
quences. The PCR profile used in the first round was
used in the second round. Fifteen cycles were per-
formed. In the third round, only two primers (0.2 mmol/L
each), T1 and T2, were used to amplify all PCR products
to analyzable amounts. The PCR profile for the third
round was 1 minute at 94°C for denaturation and 1 minute
at 60°C for annealing and extension. Thirty-five cycles
were performed. To minimize the amount of heterodu-
plexes, additional enzyme (0.5 units) and primers (to final
concentration of 0.5 mmol/L for each) were added to each
sample before the last PCR cycle in the third round. The
PCR cycle consisted of 2 minutes at 95°C for denatur-
ation, 1 minute at 60°C for annealing, and 10 minutes at
72°C for extension, as described previously.16

Separation of the Allelic PCR Products Amplified
from Different Loci

The allelic PCR products amplified from different loci in
the multiplex PCR were separated by DGGE with 10%
polyacrylamide gels containing a denaturing gradient of
40 to 75% (100% denaturing gel contains 7 mol/L urea
and 40% formamide). The samples were electropho-
resed at 115 volts and 60°C for 15 hours. The gels were
stained with SYBR2 Green (Molecular Probes, Eugene,
OR) and visualized under UV illumination.

Results

Marker Selection

A panel of 28 genetic markers distributed on 18 chromo-
somal arms (Table 1) were selected either from our pre-
vious publication15 or from the Genome Database (GDB,
Johns Hopkins University, Baltimore, MD). All markers
except one were single nucleotide polymorphisms
(SNPs); the exception was a 10-base insertion/deletion.
Other than some markers on chromosome 17, most mark-
ers were close to the telomeres. The reason for such a
selection was to maximize LOH detection, because mark-
ers close to the telomeres are likely to be involved in LOH
caused by whole chromosome loss, non-interstitial chro-
mosomal segment deletion, and mitotic recombination.
Several markers in different regions on chromosome 17

Table 1. Genotypes of Lesions from the Two Patients

Number Locus Location

Patient 1 Patient 2

NT DH ADH DCIS NT DCIS IC-1 IC-2

1 AT3 1q32 U U U U s s s s
2 DAG1 3p21 s s s s U F U U
3 AGTR1 3q21-q25 U U U U U F S S
4 SRDA 5p15 s s s s U U U U
5 DRD1 5q35.1 s s s s U U U U
6 OTF 6p21.3 s s s s s s s s
7 CA2 8q22 s s s s s s s s
8 ABO 9q34.1 U U U U U U U U
9 WT1 11p13 s s s s s s s s

10 A2M 12p13.3-p12.3 s s s s s s s s
11 CF7 13q34 s s s s U F S S
12 GALNS 16q24 U U F F U F S S
13 TP53 17p13.1 s s s s s s s s
14 VNT 17q11 s s s s U U U U
15 HSD 17q11-q21 s s s s s s s s
16 BOX 17q21.1 s s s s U U U U
17 KRT9 17q21.1-q21.2 s s s s U F S S
18 COL1A1 17q21.3-q22 s s s s U F S S
19 NME 17q21-q22 s s s s s s s s
20 P4HB 17q25 U U U U s s s s
21 BCL2 18q21 s s s s U F U U
22 INSR 19p13.3 U U U U s s s s
23 HRC 19p13.2-q13.3 U U U U s s s s
24 C3 19p13.3-p13.2 s s s s s s s s
25 CKM 19q13.3 U U U U U U U U
26 GNAS1 20q13.2-13.3 s s s s s s s s
27 CHRNA4 20q13.2-q13.3 s s s s U U U U
28 CBS 21q22.3 U U U U U U U U

U, Heterozygous; s, homozygous; F, LOH; S, allelic reduction.
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were chosen because several tumor suppressor genes
may be present along this chromosome.17–24 PCR prim-
ers were synthesized for the three-round multiplex ampli-
fication as described in Materials and Methods. The
lengths of the specific sequences in the final PCR prod-
ucts ranged from 56 to 121 bp, plus the 65-bp non-
genomic sequences from the universal tails and universal
primers. This length range is especially suitable for this
analysis because DNA in archived tissue is usually highly
degraded. Because the selected markers were all bial-
lelic, 56 possible bands were expected from the 28
SNPs. Although it is possible to resolve 56 well-spaced
bands in one gel lane as shown in Figure 3, not all bands
from the 28 loci were well-spaced. Therefore, the 28
markers were subdivided into two groups of 17 and 11,
respectively. Allelic bands from two pairs of markers
(HRC and KRT9, CBS and GNAS1 ) could not be well
resolved in the denaturing range used for resolving most
markers. They could be resolved with a slightly changed
denaturing range and were therefore kept in the system.
The polymorphic sequences at all 28 marker loci were
coamplified in the first round of amplification using about

one-third of the material microdissected from each lesion.
The two groups of markers were amplified separately in
the second and the third rounds by using the corre-
sponding primers.

During PCR, heteroduplex DNA may be generated due
to annealing between the DNA strands of different allelic
sequences. These heteroduplexes may be detected as
gel bands and thus complicate the multiplex analysis. We
showed that heteroduplexes could be eliminated or re-
duced to insignificant amounts by adding a long PCR
cycle at the end of the multiplex amplification with addi-
tional primers and DNA polymerase.16 This allowed us to
obtain clean results from the multiplex analysis by DGGE
(Figure 3).

To confirm the results of multiplex genotyping, all loci
showing LOH in patient 2 were retyped with two different
approaches. With the first approach, the same sets of
samples typed by the PCR-DGGE method were prepared
by microdissection. In the first round, the samples were
amplified with the same conditions used in the three-
round multiplex amplification. Aliquots from the PCR
products were reamplified separately with nested prim-

Figure 2. Schematic demonstration of the three-round multiplex PCR amplification. Three loci are shown. Specific sequences are indicated as either dash- or
line-filled bars. Primers are represented by different arrows. Polymorphic sites are indicated by letters. Non-genomic sequences of tails 1 and 2 in the specific
primers and the universal primers T1 and T2 are shown as either black (GC-rich) or hollow (AT-rich) bars. Note that with DGGE, fragments amplified from
different loci do not have to be of different lengths for separation.
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ers for each locus. For the loci that were not natural
restriction fragment length polymorphisms (RFLPs), prim-
ers with single bases mismatching to their templates,
which were next to or near the polymorphic sites, were
used to convert polymorphic sites into RFLPs. All final
PCR products were digested with corresponding en-
zymes. Three sets of duplicated samples were typed in
this way. Results from one set are shown in Figure 4. All
results were consistent with the PCR-DGGE results.

Another concern about the typing results from PCR-
DGGE is whether the multiple rounds of amplification
would generate artifacts. To address this issue, aliquots
from the first-round PCR products were reamplified sep-
arately with the primers used in the second round of the
three-round multiplex amplification. The resulting PCR
products of different loci for each lesion were pooled and
subjected to DGGE analysis. The results were also con-

sistent with those obtained from the multiplex analysis
(confirming panel, Figure 3), indicating that the multiplex
approach is reliable.

Genetic Alterations in Breast Tissues from Two
Patients

Using samples microdissected from six separate lesions
and the normal tissue in two patients, the multiplex geno-
typing system allowed us to determine the corresponding
8 3 28 5 224 genotypes very efficiently (Table 1). From
patient 1, normal tissue (NT), DH, ADH, and DCIS were
isolated and analyzed. One locus, GALNS on chromo-
some 16q24, was shown to be associated with LOH in
both ADH and DCIS but not in DH. This result is consis-
tent with the notion that ADH and DCIS are more ad-

Figure 3. Multiplex genotype determination at 28 marker loci (listed in Table 1) for the lesions microdissected from breast tissues of the two patients. NT, normal
tissue; DH, ductal hyperplasia; ADH, atypical ductal hyperplasia; DCIS, ductal carcinoma in situ; IC, invasive carcinoma; M, mixture of PCR products separately
amplified from the 28 loci in corresponding heterozygous DNA samples used as molecular markers. Bands representing different alleles are distinguished by “21”
and “22.” Alleles for the loci with LOH are indicated by boxed numbers. The confirming panel is for confirmation of the results from the loci showing LOH in
patient 2. The loci in this panel were separately amplified by using aliquots from the first-round PCR products. The PCR products from different loci for each
samples were mixed, respectively, before being loaded onto the DGGE gel. Only results from tumor 2 are shown.

Figure 4. Confirmation of the LOH results from PCR-DGGE by restriction enzyme digestion. One of the three duplicates is shown for the samples from patient
2. For each locus, samples in the lanes from left to right are normal tissue, DCIS, and IC. PCR products were digested by corresponding restriction enzymes. Allelic
bands are indicated by arrows.
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vanced lesions than DH. It is also consistent with the
previous observations that inactivation of a tumor sup-
pressor gene on 16q is involved in the progression of
proliferative breast lesions.25–32

From patient 2, NT, DCIS, and two foci of IC were
isolated. LOH was observed in DCIS at the marker loci on
six chromosomal arms, 3p (DAG1, 3p21), 3q (AGTR1,
3q21-q25), 13q (CF7, 13q34), 16q (GALNS, 16q24), 17q
(KRT9, 17q21.1-q21.2; COL1A1, 17q21.3-q22), and 18q
(BCL2, 18q21). LOH on these chromosomal arms has
been observed in many other breast cancer studies.18–

24,28,30,32–40 Allelic reduction was observed at the marker
loci on 3q, 16q, and 17q for both IC samples. Reduction
rather than loss is likely related to the fact that small
groups of infiltrating cancer cells are difficult to separate
from stromal and inflammatory cells. Interestingly, allele
loss or reduction affected different alleles for the marker
CF7 on chromosome 13q. The mechanism of this phe-
nomenon and the impact to breast cancer is not clear.
Neither allelic loss nor allelic reduction was observed for
the markers at 3p and 18q in the IC samples. A possible
explanation is that the DCIS and IC samples isolated from
this patient progressed from the same founder cell
through inactivation of a set of tumor suppressor genes
including those on chromosomes 3q, 16q, and 17q, but
diverged before the DCIS stage. Gaining additional ge-
netic alterations on chromosome 3p and 18q was not
sufficient to convert the DCIS into IC, whereas the two foci
of IC may have developed by gaining other genetic al-
terations in chromosomal regions that were not covered
or not informative in the present analysis. These results
suggest that at the molecular level, even within the same
breast tissue, lesions evolve differently.

Discussion

For a systematic genetic analysis of breast cancer devel-
opment, it is necessary to include a large number of
genetic markers for both the invasive tumor and its pur-
ported precursors. However, this approach is limited by
the amount of material that can be obtained from micro-
scopic precursor lesions. Microdissection, together with
the multiplex genotyping approach used in the present
study, was shown to be promising for analysis with a
large number of markers in a nonradioactive way. We
showed that only about one-third of the material from
each of DH, ADH, and DCIS in a 5-mm tissue section was
sufficient for the multiplex analysis at 28 loci. More ma-
terial may be obtained from ICs, although contamination
may be a problem with some infiltrating patterns. There-
fore, material obtained from each tissue section should
be sufficient for the analysis with ;84 markers, or very
likely with ;100 loci. Because the thickness of a 5-mm
tissue section is about the size of a nucleus, and it is
possible to prepare several successive sections contain-
ing the same set of lesions from each tissue block, we
have virtually demonstrated the feasibility of analyzing
breast lesions at several hundred loci. If 600 well-spaced
markers (5 cM each) are included in the analysis, the
human genome could be well covered. Although 600

markers cannot be all informative for a given case, anal-
ysis of a sufficient number of cases should allow one to
locate a large number of candidate tumor suppressor
genes to small chromosomal regions.

All but one of the genetic markers used in the present
study were SNPs. A major advantage of using SNP-
based markers is the ability to incorporate a large num-
ber of markers into a multiplex format. However, because
allelic sequences at an SNP locus differ by only 1 bp, the
alleles of each locus need to be discriminated with a
highly sensitive approach. In the present study, DGGE
was used for this purpose. With DGGE, not only can the
allelic sequences at each marker locus be well sepa-
rated, but the allelic sequences can be separated based
on sequence differences rather than on the sizes of the
amplified fragments. This is especially important for ge-
netic analysis of archived tissues, in which DNA is usually
highly degraded and is present as short fragments. Be-
cause DGGE separation does not depend on the lengths
of the sequences, short sequences, as long as they are
different, can be used for the analysis.

The observation that lesions at different proliferative
stages are present in cancer-containing breast tissue
and the results from long-term epidemiological studies
have led to the hypothesis that breast cancer progresses
through successive stages in a stepwise manner. Recent
reports of genetic analyses of individual breast lesions
isolated by microdissection indicate that genetic alter-
ations detected from early (less morphologically ad-
vanced) lesions are generally fewer than those from later
(more advanced) lesions. In many tumors, later lesions
often contain all genetic changes found in the early le-
sions plus additional genetic alterations that are not seen
in the early lesions.40–42 Such a correlation was also
shown on a genomic scale by comparative genome hy-
bridization.43,44 These observations support the hypoth-
eses that the less advanced lesions are the precursors of
more advanced lesions and that development of early
lesions is a necessary step for the development of the
later lesions, at least in a significant percentage of pa-
tients.

However, several lines of data challenge the above
notion. Deng et al38 showed that cells from a breast
carcinoma and those in the adjacent histologically normal
terminal ductal-lobular units (TDLU) contained the same
set of genetic alterations, suggesting that the histologi-
cally normal TDLU cells may be immediate precursors of
cancer cells. Furthermore, in the studies discussed
above40–44 showing the later lesions containing all ge-
netic alterations found in the early lesion, exceptions
were also noted. In particular, early lesions had genetic
alterations that were not found in more advanced lesions
from the same species. Discrepancies were also found
between ICs and metastatic carcinomas.44 In the present
study, Patient 2 was such an example. LOH on chromo-
somal arms 3p and 18q was detected in DCIS but not in
two separate IC samples. Thus, at least some of the
earlier lesions are not immediate precursors of the later
lesions found in the same patient, and some of the earlier
changes may not be necessary for the development of
later lesions.
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In summary, multiplex genotype analysis of microdis-
sected lesions at a large number of loci provides a pow-
erful tool for the systematic genetic analysis of breast
cancer and for understanding the genetic factors in-
volved in the evolution of cancer. With genetic markers
covering the entire genome, it is possible to correlate
morphologically distinct lesions with patterns of genetic
abnormalities in a comprehensive way.
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