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Event in Human Breast Cancer’

Abstract

The maspin gene functions as a tumor suppressor in
human breasts, and its expression is frequently lost
during breast cancer progression. In vitro models of
human breast cancer indicate that the loss of maspin
expression is closely linked to aberrant methylation of
the maspin promoter. We conducted a study on 30
archival ductal carcinoma in situ (DCIS) specimens to
determine if aberrant methylation of the maspin
promoter occurred in vivo, and whether it occurred
early in breast cancer evolution. Healthy tissue
obtained from reduction mammoplasty was used as
normal control. Results from immunohistochemical
analysis indicate that maspin expression is lost in a
substantial fraction of DCIS specimens (57%). Bisulfite
sequencing of DNA isolated from laser capture—
microdissected normal and neoplastic ducts showed
that loss of maspin expression was often, but not
always, linked to aberrant methylation of the maspin
promoter, suggesting that other mechanisms, in
addition to aberrant methylation, participate and/or
cooperate to silence maspin gene expression. Taken
together, these results indicate that aberrant methyl-
ation of the maspin promoter is an early event in
human breast cancer.
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Introduction

Complex changes in genomic methylation patterns are
a hallmark of the cancer genome (for a review, see Refs.
[1-3]). One of these changes is the aberrant methylation
of tumor-suppressor gene promoters, which in turn is tightly
linked to the inappropriate silencing of the associated tumor-
suppressor gene [4]. Some tumor-suppressor genes are
silenced by aberrant methylation in a variety of human
tumors, whereas aberrant methylation of other tumor-
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suppressor genes occurs in a tumor-restricted fashion [5]. Ex-
amples of the former include p16 and ER, and examples of
the latter include BRCA1 and Rb [6—10].

Loss of maspin gene expression is a common event in
breast cancer in vivo [11-13] where maspin functions as a
tumor-suppressor gene, which has been shown to inhibit the
motility and invasive properties of breast cancer cells as well as
their angiogenic and metastatic capabilities [11,14—17]. In vitro
studies have demonstrated a tight link between the loss of
maspin expression in breast cancer cells and the aberrant
cytosine methylation and histone deacetylation of its promoter
[18—20]. These data suggest that aberrant methylation of the
maspin promoter may be an important mechanism underlying
maspin gene silencing in human breast cancer.

We conducted a retrospective study on 30 archival ductal
carcinoma in situ (DCIS) specimens and 2 normal healthy
mammary specimens to determine if: 1) maspin expression is
lost in early breast cancer as suggested by an earlier study [13];
2) aberrant methylation of the maspin gene promoter occurs
in vivo; and, if so, 3) whether or not this epigenetic change
could be an early event in breast cancer evolution. The cyto-
sine methylation status of the maspin promoter in ductal
epithelial cells from carcinoma in situ was determined by so-
dium bisulfite sequencing, and correlated with maspin protein
expression, as determined by immunohistochemistry. Because
maspin shows cell type—specific patterns of methylation [21],
it was imperative that pure tumor populations be analyzed.
Laser capture microdissection (LCM) was used to obtain this
selected material.
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Although this is a relatively small study (30 DCIS and 2
normal controls), the results decisively demonstrate that the
loss of maspin can be an early event in breast carcinogen-
esis and that aberrant methylation of the maspin promoter
occurs in vivo at an early stage of cancer development.
Importantly, although aberrant methylation occurred in a
significant fraction of the cases analyzed, the loss of maspin
expression was not solely associated with the aberrant
methylation of its promoter, suggesting that multiple mech-
anisms likely participate in silencing maspin expression in
breast cancer (e.g., p53 mutation; see Refs. [22—-25]).

Materials and Methods

DCIS Specimens

Thirty archival paraffin-embedded DCIS specimens from
patients who underwent lumpectomy or mastectomy were
randomly obtained from patients who underwent surgery for
DCIS between 1987 and 1999 at the University Medical
Center (Tucson, AZ). All specimens were collected and
maintained in accordance with institutional review board
guidelines. From each tissue block, a series of 5-um sections
was cut. One of the sections from each patient sample was
stained with hematoxylin and eosin (H&E) for pathologic
evaluation and subsequent LCM. Other sections were used
to assess maspin expression by immunohistochemistry.

Immunohistochemistry

Maspin immunohistochemistry was performed as previ-
ously described [26,27]. The antibody used to detect maspin
protein expression was a mouse anti—human maspin anti-
body (dilution 1:200; Pharmingen, San Diego, CA). Formalin-
fixed, paraffin-embedded DCIS samples were sectioned at
5 pM and stained with H&E for routine histologic examina-
tion. Sections adjacent to the H&E —stained sections were
used for immunohistochemical staining for maspin. Slides
were deparaffinized using xylene, 100% ethanol, and 95%
ethanol, followed by thorough deionized water wash. A
waterbath antigen recovery technique, using citrate buffer,
pH 6.0, was performed on all slides.

Immunohistochemical staining was performed on a Dako
(Carpinteria, CA) autostainer with the RTU Vectastain Elite
ABC Peroxidase Kit (Vector Laboratories, Burlingame, CA)
to detect mouse anti—human maspin (dilution 1:200; Phar-
mingen). The antibody was diluted using an antibody diluent
(Dako). After deparaffinization and antigen recovery, slides
were washed in Tris-buffered saline with Tween 20 (TBST).
Four blocking steps were applied: 0.03% hydrogen peroxide
(Dako) for 15 minutes followed by a TBST wash after each
step; finally, the serum-free protein block (Dako) was applied
for 15 minutes. The primary antibody was applied to the
slides and incubated for 60 minutes; slides were rinsed in
TBST, followed by application of the RTU Vectastain sec-
ondary antibody kit for 20 minutes. Color for the RTU
procedure was produced by adding DAB™ (brown) substrate
for 3 to 5 minutes. Slides were then counterstained with
Mayer's hematoxylin for 1 to 3 minutes. Images were
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obtained using a Zeiss Axioskop microscope (Carl Zeiss,
Inc., Thornwood, NY), Spot 2 camera (Diagnostic Instru-
ments, Inc., Sterling Heights, MI), and Zeiss Axiovision 2.0.5
software (Carl Zeiss, Inc.). Appropriate negative controls
were included in each experiment, such as no primary
antibody, as well as testing normal tissue known to be
maspin-negative.

LCM/DNA Isolation

Microdissection of ductal epithelial cells from archival
paraffin-embedded DCIS tissue biopsies was performed on
an Arcturus PixCell Il Laser Capture Microdissection micro-
scope (Arcturus Bioscience, Inc. Mountain View, CA). Ap-
proximately 1000 normal or neoplastic epithelial cells were
selectively isolated from the DCIS specimens. DNA from the
microdissected tissue was extracted in a buffer containing 10
mmol of 0.04% proteinase K or Tris hydrochloride (pH 8.0), 1
mmol EDTA, and 1% Tween-20 at 37°C overnight, followed
by heat inactivation at 95°C for 8 minutes. This DNA was
used for bisulfite sequence analysis.

Bisulfite Sequencing of the Maspin Promoter

Genomic DNA from laser capture—microdissected speci-
mens was modified with sodium bisulfite under the conditions
described by Clark et al. [28]. Briefly, DNA was denatured
with 0.3 M NaOH, reacted with 3.6 M sodium bisulfite (pH 5)
at 55°C for 14 hours, desalted by using a Wizard Prep kit
(Promega, Madison, WI), desulfonated with 0.3 M NaOH,
and, finally, ethanol-precipitated in preparation for polymer-
ase chain reaction (PCR). The maspin promoter [29] was
amplified from the bisulfite-modified DNA by two rounds of
PCR using nested primers specific for the bisulfite-modified
sequence of the promoter. The first-round primers were:
primer U2 (nt 673—nt 703), 5-AAAAGAATGGAGATTA-
GAGTATTTTTTGTG-3; primer D2 (nt 1114—nt 1141),
5-CCTAAAATCACAATTATCCTAAAAAATA-3'. The sec-
ond-round primers were: U4 (nt 827—nt 853) and primer
D4 (nt 991—nt 1010). Both rounds of PCR were performed
under the same parameters, with 1% of the first-round PCR
product serving as the template in the second-round PCR.
PCR ampilification was performed under the following con-
ditions: 95°C for 1 minute followed by 35 cycles of 92°C for
1 minute, 56°C for 3 minutes, and 72°C for 1 minute, and
ending with a final extension of 72°C for 5 minutes and a
quick chill to 4°C. One percent of the first-round PCR product
was used for the second round of PCR using primers U4 and
D4 under the same conditions. The resultant 184-bp PCR
product was cloned into a TA vector according to the
manufacturer’s instructions (pGEM-T-Easy cloning Kkit;
Promega). DNA from 10 positive recombinants were isolated
using a Qiaprep Spin Plasmid Miniprep kit (Qiagen, Valencia,
CA) and sequenced on an ABI automated DNA sequencer.
The methylation status of individual CpG sites was deter-
mined by comparison of the sequence obtained with the
known maspin sequence. The number of methylated CpGs
at a specific site was divided by the number of clones (n=10—
21 in all cases) analyzed to yield a percent methylation for
each site. Similarly, the overall number of methylated CpGs
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among all the clones from a given patient sample was divided
by the total number of CpGs analyzed to yield an overall
percent methylation (n = 70—147). We observed a clear-cut
grouping of the overall methylation patterns among the
samples, with one group displaying between 0% and 3%
CpG methylation, and the other group showing >15% meth-
ylation. On this basis, we defined 15% as the threshold for
aberrant methylation of the maspin promoter.

Results
Maspin protein expression was assessed by immunohisto-
chemistry in 30 DCIS specimens and 2 specimens obtained

from healthy individuals who underwent reduction mammo-
plasty. As presented in Figure 1A, the normal mammary
ducts from patient 5, seen in the right side of the photomi-
crograph, show maspin immunoreactivity as fine, granular,
dark brown, diffuse precipitates in the cytoplasm of the basal
and ductal epithelial cells as previously described [30]. In
contrast, the mammary ducts with carcinoma in situ from
patient 5, seen on the left side of the photomicrograph, have
lost their maspin immunoreactivity in ductal epithelia,
although the myoepithelial cells surrounding the transformed
ductal cell remained positive for maspin immunoreactivity.
The H&E staining of an adjacent section is shown in

Figure 1. (A) Immunohistochemical analysis of maspin expression in human mammary tissue from patient 5. On the right side of the photomicrograph is a normal
duct showing maspin-positive ductal epithelial cells. On the left side of the photomicrograph, a DCIS duct where the ductal epithelial cells have become maspin-

negative can be seen. (B) H&E staining of an adjacent section from patient 5.

Neoplasia e Vol. 6, No. 4, 2004
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Figure 2. Maspin immunohistochemistry and corresponding H&E staining for representative normal and DCIS specimens. (A and B) Maspin expression in normal
breast tissue from a healthy individual (patient A). (C and D) Maspin expression in adjacent normal ducts taken from DCIS patient 12. (E—L) Maspin expression of
neoplastic ducts in DCIS patients 2, 5, 9, and 19. Maspin promoter methylation patterns of these samples are shown in the histograms in Figure 4.
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384  Maspin Promoter Methylation in DCIS  Futscher et al.

AFTER

CAPTURED
CELLS

Figure 3. LCM of neoplastic ductal epithelial tissue. Top panel shows a DCIS
from patient 9 before LCM of neoplastic cells, whereas the middle panel
shows the same tissue after LCM of the neoplastic cells. The bottom panel
shows the captured cells that were analyzed for maspin promoter methylation
using bisulfite sequencing.

Figure 1B. Representative samples from the maspin immu-
nohistochemical analysis are shown in Figure 2, in which
cytoplasmic staining was localized in the mammary ductal
epithelial cells obtained from healthy individuals (panels a
and b), as well as normal tissue adjacent to neoplastic ducts
(panels c and d). In contrast, the majority of DCIS specimens
examined (17/30, 57%) of DCIS had completely lost maspin
immunoreactivity (panels e—j).

The remaining DCIS specimens were positive for maspin
immunoreactivity; however, certain subtleties in maspin ex-
pression were observed. First, of the 13 DCIS specimens
that were maspin-positive, 11 showed strong nuclear stain-
ing with or without cytoplasmic localization (panels k—I).
These results are consistent with recent studies showing
nuclear maspin staining [27,31,32], but the functional signif-
icance, if any, is unknown at present. Second, cell popula-
tions within the neoplastic ducts often showed mosaic
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Figure 4. Cytosine methylation status of the maspin promoter of the
respective DCIS specimens shown in Figure 2. The methylation status of
individual CpG sites was determined by comparison of the bisulfite sequence
obtained with the known maspin sequence. The y-axis represents the percent
methylation at the seven CpG sites in the region analyzed; the x-axis
represents the nucleotide position relative to the maspin transcription start
site, based on RefSeq data. Percent methylation of each site was determined
by dividing the number of methylated CpG sites at a specific site by the total
number of clones analyzed.
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Table 1. Association between Maspin Expression and Promoter Methylation in Human DCIS.

Code Diagnosis Comments Maspin Immunoreactivity Maspin Promoter Methylation' % Methylation*
in Laser-Captured Cells*
A Healthy control Reduction mammoplasty + - 0
B Healthy control Reduction mammoplasty + - 0
1 DCIS Comedo with necrosis — + 43
2 DCIS Comedo with necrosis — + 35
3 DCIS Comedo with necrosis — + 34
4 DCIS Noncomedo — + 17
5 DCIS Comedo - + 38
6 DCIS Comedo - + 16
7 DCIS Comedo — — 0
8 DCIS Comedo - — 3
9 DCIS Comedo with necrosis - - 0
10 DCIS Comedo — — 0
11 DCIS Comedo with necrosis - - 0
12 DCIS Noncomedo — nd nd
13 DCIS Comedo — nd nd
14 DCIS Comedo - nd nd
15 DCIS Noncomedo - nd nd
16 DCIS Comedo with necrosis — nd nd
17 DCIS Comedo +/— nd nd
18 DCIS Comedo — nd. nd
19 DCIS Noncomedo +/— — 0
20 DCIS Comedo with invasion + nd nd
21 DCIS Comedo + nd nd
22 DCIS Noncomedo + nd nd
23 DCIS Noncomedo (secretory) + nd nd
24 DCIS Comedo + nd nd
25 DCIS Comedo with necrosis + nd nd
26 DCIS Comedo + + 48
27 DCIS Comedo +/— + 17
28 DCIS Comedo +/— + 31
29 DCIS Comedo +/— + 29
30 DCIS Comedo +/— — 1

*(+) Greater than 90% of epithelial cells within the DCIS lesion displayed a degree of maspin immunoreactivity at levels comparable to normal ductal epithelial
cells (e.g., Figure 2A); (—) >90% of epithelial cells within the DCIS lesion displayed no maspin immunoreactivity; (+/—) DCIS lesion where maspin immunoreactivity

was heterogeneous among the neoplastic epithelial cells analyzed.

fDetermined by bisulfite DNA sequencing: (+) >15% of CpG sites analyzed were methylated; (—) <3% of CpG sites analyzed were methylated; nd, not determined.
*Percent methylation was determined by taking the number of methylated CpG sites detected by bisulfite sequencing divided by the number of CpG sites analyzed

(>70 CpG sites analyzed per sample).

patterns of maspin expression. Some cells were strongly
positive for maspin expression only in the cytoplasm; some
cells displayed maspin expression in both the cytoplasm
and the nucleus; whereas other cells showed maspin ex-
pression only in the cytoplasm; and, finally, some cells were
completely negative for maspin expression. In summary,
the immunohistochemical analysis shows that maspin is
expressed in normal mammary epithelial ductal cells; how-
ever, maspin expression is often lost or heterogeneously
expressed in diseased mammary ducts.

The methylation state of the maspin promoter is cell
type—specific in normal cell types and is closely associated
with its gene expression state [21]. As such, cytosine meth-
ylation analysis of the maspin promoter in human tissue
required the use of LCM to carefully restrict the analysis to
the defined target cells within the tissue. LCM proved to be
an effective tool for specifically capturing ductal epithelial
cells from within a DCIS lesion, as illustrated by the example
shown in Figure 3. Of the 32 specimens (30 DCIS and 2
normal healthy specimens) analyzed by immunohistochem-
istry, adequate materials from 17 DCIS and both normal
healthy samples were obtained for methylation analysis by
bisulfite sequencing.

Neoplasia e Vol. 6, No. 4, 2004

Using the laser-captured DCIS cells, as well as normal
ductal epithelial cells, we sought to determine: 1) if aberrant
cytosine methylation of the maspin promoter occurs in vivo;
2) if this methylation is an early event during breast carci-
nogenesis; and 3) if the aberrant methylation was associated
with the loss of maspin expression. Using sodium bisulfite
sequencing analysis, we analyzed the levels of 5-methylcy-
tosine in seven CpG sites immediately 5 of the transcrip-
tional start site that have been consistently shown to be
associated with the expression state of the maspin gene
[20,21,33—-35]. These results are shown in histogram format
in Figure 4; the position of the CpG sites is shown relative to
transcriptional start as obtained from the RefSeq in the
UCSC genome database (—226 to —91) (http://genome.
ucsc.edu), which corresponds to —103 to +32 of the
maspin promoter as originally reported by Zhang et al. [29].

Normal human mammary ductal epithelial cells captured
from sections of reduction mammoplasty specimens, or from
normal ducts adjacent to tumor tissue were used as normal
controls. In each case, the maspin promoter was completely
unmethylated in the laser-captured maspin-positive hormal
breast epithelial cells (Figure 4); 0% of CpG sites were meth-
ylated in the 70 CpG sites analyzed by bisulfite sequencing.
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Figure 5. (A) Immunohistochemical analysis of maspin shows differential subcellular localization and intratumoral heterogeneity of maspin expression in DCIS

patient 3. (B) H&E staining of an adjacent section from patient 3.

These results are consistent with previous observations
that demonstrated a close link between a maspin-positive
phenotype and an unmethylated maspin promoter in nor-
mal tissue [21]. In contrast, of the 11 tumors that were
maspin-negative and for which adequate DNA for bisulfite
sequencing was obtained, six of them displayed aberrant
methylation of the maspin promoter, which we defined as
>15% of CpG sites analyzed being methylated. This level of
aberrant methylation was from five times to infinitely greater
when compared with the levels seen in diseased mammary
ducts scored as negative and to normal healthy mammary

ducts (Table 1). The remaining five maspin-negative DCIS
samples analyzed were scored as unmethylated, with levels
of CpG methylation ranging from 0% to 3%. In summary,
these results indicate that aberrant methylation of the maspin
promoter is an epigenetic change that occurs early in the
transformation of breast epithelial cells. Second, these
results also indicate that aberrant methylation of the maspin
promoter is associated with maspin gene silencing in vivo,
similar to the situation observed in vitro, although it appears
likely that other mechanisms participate and/or cooperate
with aberrant methylation in maspin gene silencing.

Neoplasia e Vol. 6, No. 4, 2004
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Figure 6. Methylation heterogeneity in phenotypically heterogeneous tumor samples. Location and methylation status of seven CpG sites in the maspin promoter
are shown. Each circle represents a CpG site. Open circles are unmethylated CpG sites and filled circles are methylated CpG sites. Each row of circles represents
the methylation results obtained from an individual clone. Each column indicates the location of the CpG site in the maspin promoter relative to transcription start.

Based on the data tabulated in Table 1, it can be noted
that a small set of DCIS specimens scored positive for
maspin protein expression also displays methylation in the
maspin promoter. This is likely due to the extreme hetero-
geneity of some of the tumors analyzed as discussed above.
For example, in the immunohistochemical analysis of maspin
in sample 3, neoplastic ducts displayed a remarkable diver-
sity in their maspin expression as illustrated by the example
shown in Figure 5. In this particular duct, it can be seen that
a significant portion of cells shows a range of localization
patterns, predominantly cytoplasmic staining, some with
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nuclear staining, whereas other cells were completely mas-
pin-negative. Although not conclusive, we speculate that the
methylated maspin alleles identified in such samples were
derived from the maspin-negative cells.

Support of this possibility is revealed in the analysis of the
bisulfite sequences from samples 27, 28, and 29 (Figure 6).
In this figure, the clonal analysis of the bisulfite sequencing is
shown for these samples. A majority of the clones are totally
devoid of methylation—the type of pattern that is seen in
normal maspin-positive breast tissue. In addition, there is a
minority of alleles where aberrant methylation is clearly
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detected. This presence of both completely unmethylated
alleles and heavily methylated alleles is consistent with
tumor cell heterogeneity where some cells express maspin
and others do not, as seen in the immunohistochemical
analysis.

Discussion

The maspin gene was cloned on the basis of its down-
regulation in breast cancer cells compared with normal cells,
and subsequent functional studies as well as clinical
studies have shown maspin to play a tumor-suppressor
role in human breast cancer [11,13-19]. Surprisingly,
there is a paradoxical activation of maspin gene expres-
sion in other tumor types, including ovarian, lung, and
pancreatic cancer, and gastric intestinal metaplasia
[27,31,33,34,36]. Similar to maspin gene silencing in
breast cancer, inappropriate activation of maspin expres-
sion in other tumors is also linked to changes in maspin
promoter methylation [33,34,37].

In this study, we analyzed 30 DCIS specimens as well as
2 normal breast specimens obtained from healthy females
for maspin expression by immunohistochemistry, and 19 of
these specimens were further evaluated for maspin promoter
methylation by bisulfite sequencing. The data revealed that
maspin expression was lost in the ductal epithelial cells in
over 50% of the DCIS specimens, suggesting that loss of
maspin expression can be a frequent and relatively early
event in human breast carcinogenesis, which is in general
agreement with an earlier study of DCIS with a smaller
sample number [13]. With respect to the epigenetic status
of the maspin promoter, we found that normal ductal epithe-
lial cells taken from healthy females, as well as normal ductal
cells adjacent to neoplastic ducts, have unmethylated mas-
pin promoters—a finding consistent with earlier studies [20].
In contrast, of the 17 DCIS specimens that were laser
capture—microdissected and subsequently analyzed by bi-
sulfite sequencing, nine displayed aberrant levels of maspin
promoter methylation. In general, aberrant methylation of the
maspin promoter was associated with loss of maspin immu-
noreactivity in the specimen; however, some samples that
were scored as maspin-positive also showed an aberrant
methylation of the maspin promoter. In these cases, analysis
of maspin staining showed a mosaic pattern of maspin
protein expression in the respective cell populations, such
that some cells were maspin-positive and other cells were
maspin-negative. We speculate that the aberrantly methyl-
ated maspin promoter sequences were derived from the
maspin-negative cells in the population.

Finally, it should be pointed out that the region in the
maspin promoter analyzed for aberrant methylation includes
putative sites for a number of different transcription factors,
and it remains possible that the aberrant methylation directly
blocks a transcription factor from binding its cognate site. Of
the transcription factors previously implicated in maspin
gene expression [24,38], only the p53-binding sites and an
AP1-binding site were noted in the region analyzed. As
neither of these proteins has been demonstrated to be

sensitive to methylation, it seems more likely that methyla-
tion indirectly blocks access of these transcription factors to
their cognate sites by participating in the remodeling of
chromatin to create a transcription factor—inaccessible state.
Another possibility is that the loss of critical transcription
factors, such as p53 or AP1, renders the region susceptible
to inappropriate cytosine methylation.

In summary, although this is a relatively small study (30
DCIS and 2 normal controls), the results positively demon-
strate that aberrant methylation of the maspin promoter
occurs in vivo and can be an early event during human
breast carcinogenesis. In addition, it appears that the aber-
rant methylation of the maspin promoter is linked to the loss
of maspin expression in DCIS, although it is clear that
aberrant promoter methylation is not the only mechanism
by which maspin is silenced. Taken together, these data
suggest that changes in maspin expression reflect a disrup-
tion of normal epigenetic control during neoplastic transfor-
mation, and indicate that loss of epigenetic stability is an
early event in human breast carcinogenesis. In future stud-
ies, it will be worthwhile to determine if the frequent loss of
maspin expression in advanced breast tumors is also asso-
ciated with aberrant methylation of the maspin promoter.
These important epigenetic signatures of tumorigenic pro-
gression may ultimately aid in the molecular prognostication
of breast cancer.
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