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Cell budding from pre-invasive tumors:
Intrinsic precursor of invasive breast lesions?
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Abstract. Our previous studies showed that in patients with
ductal carcinoma in situ (DCIS) of the breast, the tumor
cells that overlie focal myoepithelial cell layer disruptions
(FMCLDs) are generally arranged as finger-like projections
that bud into the stroma. These budding cells have signifi-
cantly more genetic instability and invasion-related gene
expression, and less estrogen receptor (ER) expression, than
their epithelial cell counterparts. This study aimed to assess
these cells for potential molecular markers that are uniquely
associated with cell adhesion and motility. Seventeen
ER-positive DCIS cases were screened by immunostaining
for ER, and 7 cases which harbored FMCLD lesions were
used to examine the expression of the potential markers. Two
cases with both DCIS and invasive lesions were selected for
comparing the differences in molecular expression between
these lesion types. The results showed that expression levels of
talin, E-cadherin and focal adhesion kinase (FAK) in tumor
cells overlying FMCLDs were higher than those within the
corresponding duct. Integrin Bl staining was detected only
in a small number of the tumor cells overlying the FMCLDs.
Vinculin staining was weak (18%) or not detected (82%), and
no expression was found in the tumor cells within the corre-
sponding duct or in the pure isolated DCIS. By contrast, the
expression levels of talin, vinculin and integrin 1 in the inva-
sive tumors were distinctly higher than those in DCIS, and the
expression of FAK and E-cadherin was lower. Using electron
microscopy, we found that the tight junctions between tumor
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cells overlying the FMCLDs were reduced compared to the
adjacent tumor cells in the lumen. These results indicate that
the tumor cells overlying FMCLDs are likely to represent the
specific precursors of invasive breast lesions. Our findings may
also facilitate the identification of specific targets for further
molecular profiling, which will more completely characterize
this important cell population.

Introduction

It is a commonly held belief that ductal carcinoma in situ
(DCIS) is the precursor of invasive breast lesions (1-3). The
epithelium that lines the mammary ducts of the normal
human breast and encloses in situ breast carcinomas, is
physically separated from the stroma by both a myoepithelial
(ME) cell layer and basement membrane (4-8). Most tumor
epithelial cells must pass from the lumen of the duct through
the ME cell layer, which makes the physical disruption of the
myoepithelium a prerequisite for breast tumor invasion (9).
Our previous studies noted the correlation between alterations
of the myoepithelium and that of adjacent epithelial cells.
Approximately 15% of pre-invasive breast tumors have been
found to be associated with focal myoepithelial cell layer
disruptions (FMCLDs) (9-13). At or near these breaks in the
myoepithelium, tumor cells are generally arranged as finger-
like projections, budding from these disruptions. The cells
overlying these disruptions have significantly less estrogen
receptor (ER) expression, and also show greater proliferation,
genetic instability and invasion-related gene expression than
their morphologically similar counterparts within the same
duct (9-13). It is well known that cell adhesion and motility-
related molecules may play a critical role in the forward
progression of breast carcinoma. These molecules include
a-smooth muscle actin (SMA), epithelial (E)-cadherin, integ-
rins, talin, focal adhesion kinase (FAK) and vinculin (14-16).

The present study attempted to elucidate the histo-
logical and ultrastructural features of tumor cells that overlie
FMCLDs, with respect to the uniqueness of vinculin, talin,
E-cadherin, integrins and FAK, and to determine whether
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they may be qualified as biomarkers for early detection of
breast tumor invasion.

Materials and methods

Breast cancer samples. Formalin-fixed paraffin-embedded
(FFPE) blocks of breast cancer tissue were obtained from
Weifang People's Hospital, First Hospital of Jilin University and
China-Japan Union Hospital of Jilin University. Consecutive
sections (4-5 pm) were cut and placed on positively charged
microscope slides. All cases were DCIS as determined by
H&E staining. We screened 17 ER-positive cases to assess the
molecules related to cell adhesion and motility, and selected
2 cases with combined DCIS and invasive lesions to compare
to those of pure DCIS. The characteristics of the patients are
listed in Table I.

Reagents and procedures. Antibodies reported to be associated
with motility and adhesion of epithelial cells were selected
for this study (Table II). These included antibodies against
a-SMA, FAK, integrin p1, talin, vinculin and E-cadherin. ER
antibody was used to screen the ER-positive cases and assess
the ER-negative cell clusters overlying FMCLDs. a-SMA
antibody was used to examine the disruption of the ME cell
layer. The immunohistochemical staining kit was purchased
from Maxin Biocompany (Fuzhou, China). The double immu-
nohistochemical staining kit was purchased from Zhongshan
Biocompany (Beijing, China).

Immunohistochemical staining. The protocol for immuno-
histochemical staining has been previously published (17).
All immunochemical staining section images were digitized
using a TCA-9.0C CMOS microscope camera (Tucsen
Imaging Technology) and Image-Pro plus software (Media
Cybernetics, Silver Spring, MD, USA). The statistical analysis
of the integrated optical density (IOD) was performed using
Minitab and GraphPad software.

Evaluation of immunostaining. All slides stained using immuno-
histochemistry were double read by two independent observers
and scored as negative (-), weak (+), moderate (++) or strong
(+++).

FFPE tissue blocks transformed to ultra-thin sections.
Using the H&E staining results to determine the location

Table II. Antibodies used for immunohistochemical staining.
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Table I. Patient characteristics.

Case  Age (years) Tumor type ER
1 58 DCIS, grade 1 ++
2 60 DCIS, grade I +++
3 44 DCIS, grade 1T ++
4 57 DCIS, grade 1 ++
5 43 DCIS, grade 1 +++
6 37 DCIS, grade 1T ++
7 62 DCIS, grade 1 +++
8 51 DCIS, grade II +++
9 47 DCIS, grade III +

10 53 DCIS, grade 1 +++

11 48 DCIS, grade II ++

12 53 DCIS, grade 1T ++

13 45 DCIS, grade II +++

14 42 DCIS, grade I +++

15 48 DCIS, grade II ++

16 53 DCIS, grade 11 +

17 49 DCIS, grade 1 +++

18 52 DCIS and invasive tumor +

19 47 DCIS and invasive tumor -

ER, estrogen receptor; DCIS, ductal carcinoma in situ.

of interest in the FFPE tissue blocks, each was trimmed to
approximately 2x2x2 mm?. The small block was packed with
lens tissue, and deparaffinized in xylene for 40 h. The block
was then passed through a graded acetone series and rinsed in
0.1 M phosphate buffered saline (PBS) buffer 2X 10 min. The
block was placed in 1% OsO, at 4°C for 1 h, washed in 0.1 M
PBS (pH 7.4) buffer overnight, rinsed in ddH,0, dehydrated in
a graded ethanol series and polymerized in embedding solu-
tion. The small block was cut into semi-thin sections using
an LKB-V ultramicrotome until the point of interest was
reached and then ultra-thin sections were cut. These sections
were double stained with uranyl acetate and lead citrate and
examined with a transmission electron microscope (TEM)
(JEM-1200EX II, JEOL, Tokyo, Japan).

Antibody Catalog no. Antigen retrieval Manufacturer

a-smooth muscle actin ZM-0003 No Zhongshan (Beijing, China)
Estrogen receptor M3634 Yes Dako (Carpinteria, CA, USA)
Integrin 31 Sc-9970 Yes Dako (Carpinteria, CA, USA)
E-cadherin MAB-0589 Yes Maxin (Fujian, China)

Focal adhesion kinase bs-1340R Yes Biosan (Beijing, China)

Talin sc-81805 Yes Santa Cruz (Santa Cruz, CA, USA)
Vinculin sc-59803 Yes Santa Cruz (Santa Cruz, CA, USA)
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Figure 1. Appearance of cells overlying an FMCLD in DCIS and adjacent normal tumor cells under an electronic microscope. (A) Gaps are noted between
cells overlying an FMCLD (arrows). The cells present elongated nuclei and stellate cell bodies, and the electronic density of nuclei and cell bodies is high.
(B) The luminal cell counterpart has tight junctions (arrows), and the electronic density is low in nuclei and cell bodies.

Normal DISI"UDtIOI‘I of DCIS _ lnvasmn

RE uubaju|

1;“ l'.'-.
uy
4

0,

’
¥

Nv4

™~ 1,
r
-

fn'e '.-_,'_
-8'2- ,,-,-_-:' s jeiiel

Figure 2. Immunohistochemical staining of breast cancer. Human breast tissue sections were immunostained for vinculin, talin, integrin 1, FAK and
E-cadherin (brown). All sections were stained with chromogen DAB, with the exception of FAK d1 and d2 stained with chromogen AP red. The left column
shows the staining of normal mammary ducts, the middle column shows the staining of FMCLDs on DCIS and the right column shows the staining of an

invasive tumor.

Results ultra-thin sections. Four FMCLD regions on the tissue blocks

were carved out and also cut into ultrathin sections. The results
Ultrastructural ~characteristics. Two FFPE blocks of of TEM showed that the tumor cells overlying FMCLDs had
ER-positive cases with FMCLD lesions were transformed to  darkly stained nuclei and cytoplasm, with elongated nuclei
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Figure 3. The average density of immunostaining (integrated optical density, IOD value). The IOD values of (A) a normal duct, (B) pure DCIS, (C)
stained cells overlying an FMCLD and (D) a stained invasive tumor. Data are obtained from three lesions in each case and presented as the mean +
standard error (SE). Asterisks indicate significant differences ("P<0.05; “P<0.01) between the indicated cases calculated by one-way ANOVA test with

the Holm-Sidak method.

and stellate cell bodies. The cells were separated from each
other by thin gaps, 5-30 ym wide (Fig. 1A). Compared to these
cells, the adjacent tumor cells within the associated duct were
rounded, with weakly stained nuclei and cytoplasm, with high
electronic density at the regions of membrane contact. This
demonstrated that the membrane junction was tight between
in situ tumor cells (Fig. 1B).

Expression of vinculin, talin, integrin 1, FAK and E-cadherin.
Double immunohistochemical staining was performed on all
17 ER-positive cases for a-SMA and ER to locate FMCLD
lesions. Seven cases harbored FMCLD lesions and 61 FMCLD
lesions were identified. Immunohistochemical staining
for vinculin, talin, integrin 1, FAK and E-cadherin was
performed on these seven cases. The staining results showed
that vinculin was strongly expressed (+++) in the cytoplasm of
ME cells of all normal mammary ducts, while not expressed
in luminal cells. The same result was also observed for
a-SMA staining. Of 61 ducts with FMCLD lesions in DCIS
cases, vinculin was moderately (++) or weakly (+) expressed
in ME cells, and not expressed in luminal tumor cells. The
tumor cells overlying FMCLDs of 11 ducts (18%) had very
weak vinculin expression (+). Compared to the expression in
normal ducts and DCIS lesions, in invasive lesions vinculin
expression was elevated (++; Figs. 2al, a2, a3 and 3A).

In normal ducts, strong talin expression (+++) was
detected in the cytoplasm of both ME cells and parts of glan-
dular epithelial cells. In DCIS lesions with FMCLDs, the cells

overlying the disruptions were strongly talin-positive (+++), in
sharp contrast to adjacent counterparts within the same ducts.
Talin was also strongly expressed (+++) in invasive lesions
(Figs. 2bl, b2, b3 and 3B).

Integrin 1 was detected in the cytoplasm of ME and
luminal epithelial cells of normal ducts. In DCIS lesions,
integrin 1 was detected only in a small number of cells, and
its staining was weak (+). No distinct difference in integrin 1
expression was observed between the tumor cells overlying
FMCLDs and their adjacent counterparts within the same
duct. In invasive lesions, a relatively high expression (+) of
integrin 1 was detected, while only a portion of cells were
stained (Figs. 2cl, c2, ¢3 and 3C).

FAK staining was weak (+) in normal ducts and a higher
level of expression (++) was detected in DCIS lesions of all
cases. In the tumor cell clusters overlying FMCLDs, FAK was
a bit more highly expressed (+++) than in the adjacent tumor
cells within the same duct. FAK expression was weak (+) in
invasive lesions and lower than in DCIS (Fig. 2d1, d2 and d3).

Strong E-cadherin expression (+++) was detected in the
plasma membranes of both ME and epithelial cells in normal
ducts. Altered expression was detected in the cells overlying
FMCLDs, where E-cadherin was strongly expressed (+++) in
both the plasma membrane and cytoplasm, but only expressed
in the membranes of adjacent tumor cells within the same
duct. In invasive lesions, E-cadherin expression was only
detected in a small number of tumor cells and the staining
was very weak (+; Figs. 2el, €2, e3 and 3D).
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Discussion

Previous studies have shown that a subset of cell clusters
overlying FMCLDs of DCIS present many features similar to
malignant tumors. Our present study further revealed that the
cell clusters overlying FMCLDs were morphologically and
immunohistochemically different from adjacent tumor cells
within the corresponding duct: i) the cells emerging from
FMCLDs had lost tight contacts with their neighbors and they
had gained characteristics associated with cell motility; ii) the
expression of talin and FAK in these cells were higher than
that in adjacent cells, while vinculin and integrin f1 immu-
nostaining were infrequently detected; iii) by contrast, the
expression of these molecules in the cells overlying FMCLDs
was different from that in the epithelial cells of normal ducts
and invasive tumor cells. These phenotypic characteristics are
typically associated with the malignancy of tumor cells.

To migrate, the cell body must modify its shape and firm-
ness to move through the surrounding tissue structures. Cells
with motile capability generally present elongated nuclei
and stellate cell bodies. Under TEM, we found that the cells
overlying FMCLDs had polarized and elongated nuclei, and
cell bodies with many protrusions. The cells had lost their
tight junctions and there were gaps between them. These
results imply that the tumor cell could fall off from the tumor
cell cluster. All of these phenotypes are associated with cell
motility, which have been described in many previous studies
on cell motility and migration (18-20).

Cancer cell motility involves integrin signaling, focal
adhesion formation and actomyosin-dependent contractility
(21). Most breast tumor cells use chain migration or collective
migration mechanisms (22-24). The molecular interactions that
underlie changes in shape and regulate migration are mainly
related to focal adhesion dynamics. There are several adhesion
systems in normal mammary glands to maintain cell integrity.
The main adhesion molecules are cadherins and integrins.
To date, only a few studies have described the pathological
characteristics of focal adhesion molecule expression in breast
carcinoma in vivo. Glukhova et al (25) examined the expres-
sion of adhesion molecules in breast cancer, and reported that
the expression of talin, vinculin and integrin was decreased in
invasive breast tumors, compared to normal mammary ducts.
Our study further confirmed their results. Also we demon-
strated that the expression of talin, vinculin and integrin was
higher in invasive lesions compared to that in DCIS. We also
found that the expression of these molecules in cells overlying
FMCLDs was different from that of luminal epithelial cells in
the corresponding duct (Fig. 3). Therefore, altered expression
in these cells may be a beginning event of tumor invasion.

Generally, E-cadherin maintains mammary gland epithe-
lial cell junctions, whereas integrins are mainly distributed
in basal layer cells to interact with the extracellular matrix.
Previous studies provide evidence that many adhesion mole-
cules, such as E-cadherin and integrins, are down-regulated in
breast carcinoma and this down-regulation is associated with
poor prognosis (26-28). However, interestingly, cells maintain
a certain aggregation in invasive breast tumors. Our finding
demonstrated that the expression levels of adhesion molecules,
such as E-cadherin, vinculin and talin, were lower in DCIS
ducts and invasive lesions than in normal ducts, while the
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expression levels of adhesion molecules in invasive lesions
were higher than those in DCIS ducts. The likely explanation
is that the loss of cell-cell junctions is a pre-requisite for cells
to fall off the tumor core, which may allow them to spread
into the stroma.

Although the tight junctions were reduced in the cells over-
lying FMCLDs, the cells also retained a degree of adhesion,
which may contribute to their maintaining a certain integrity
and ability to interact with the extracellular matrix, otherwise
they would not be able to adapt to the stromal environment or
migrate within it. When the ME cell layer is disrupted, tumor
cells at the FMCLD are exposed to stroma and interact with
extracellular matrix. This interaction perhaps induces the
tumor cell to express elevated levels of adhesion molecules,
and so the expression of talin, vinculin and FAK in the cells
overlying the FMCLD is higher than that of the tumor cells
within the corresponding duct.

In the progression from DCIS to invasive tumor, we found
that the altered expression of talin, vinculin, integrin 1 and
FAK was not coordinated. The expression level of talin was
markedly higher in the cells overlying the FMCLD than
that in their counterparts of the same duct, while integrin
and vinculin were weakly expressed (Fig. 3). Many previous
studies confirm talin is required for cells to form new adhe-
sions on fibronectin during cell spreading and migration
(29-31). Since talin plays an important role in forming focal
adhesions, a high talin expression in cells overlying FMCLDs
implies that talin is of prime importance in initiating the inva-
sion of the tumor cell through the stroma. However, details of
the signaling pathways that regulate talin activity are only just
beginning to emerge, and the structural basis for activation of
the many ligand-binding sites in talin is not yet fully under-
stood. The role of talin in the early stages of tumor invasion
needs to be addressed.

Vinculin plays a crucial role in linking focal adhesions
to actin-cytoskeleton. Generally, its expression is restricted
in ME cells of the normal mammary duct. It is lowly
expressed in the ME of DCIS and not expressed during the
disruption of the ductal wall. Our results demonstrated that
vinculin was very weakly or not expressed in the cells over-
lying FMCLDs, while highly expressed in invasive lesions.
Compared to talin, vinculin expression was much weaker.
Vinculin activation may lag behind that of talin in the early
stages of invasive tumor development. Recent studies found
that vinculin regulates cell-surface E-cadherin expression by
binding to (-catenin (32-34). Our result confirmed this point;
vinculin expression was increased in invasive tumors and that
of E-cadherin gradually decreased as cells transformed from
luminal cells of normal ducts to invasive tumor cells. However,
altered E-cadherin expression in the cells reflects the complex
molecular changes in the early stage of tumor invasion. By
contrast, the expression of vinculin gradually increased as
cells moved from overlying FMCLDs to invasive tumor cells
in the stroma. This means that as E-cadherin-mediated cell-
cell adhesion is reduced, it is replaced by integrin-mediated
cell-cell or cell-matrix adhesion and motility.

FAK is involved in integrin-mediated signaling which has
a profound impact on cell proliferation, survival and migra-
tion. Previous studies (35-37) suggest that FAK overexpression
is significantly associated with HER2 overexpression and
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Akt phosphorylation. Akt may be a downstream target of
FAK-mediated signaling. Since Akt activation is associated
with a worse prognosis in breast cancer, and HER2 overexpres-
sion is associated with tumor migration, FAK overexpression
may play an important role in promoting tumor progression.
Similar to talin, elevated FAK expression in DCIS and the cells
overlying FMCLDs imply their importance in the early stage
of invasive tumor development. However, the invasive lesion
exhibited lower FAK immunostaining than DCIS. The reason
remains unknown and further studies are required to address
this issue.

Many reports have attempted to discover the mechanism
by which DCIS develops into invasive tumor; the histological
characteristics of DCIS and invasive tumors have been widely
examined. However, the tumor cells overlying FMCLDs of
DCIS have been rarely studied, perhaps because: i) as the
disruption of the ME cell layer is usually very small, it is
difficult to identify in clinical diagnostic histology by H&E
staining and can only be detected by immunohistochemistry;
ii) past studies have primarily focused on pure DCIS and
invasive lesions; and iii) the frequency of these lesions in the
clinical setting is low (~15%).

The development from breast DCIS to invasive tumor is a
complex process. Our findings elucidated both the expression
characteristics of molecular markers that are correlated with
cell adhesion and motility, and the ultrastructural character-
istics of the cells overlying FMCLDs. These findings may
provide more detailed information about the origin of invasive
tumor cells and facilitate early diagnosis of breast cancer.

Since the frequency of these lesions in the clinic is rela-
tively low, there is still much work to do to investigate the
characteristics of tumor cells overlying FMCLDs.

In summary, the present study provided additional
morphological, ultrastructural and immunohistochemical data
confirming that the cells overlying FMCLDs likely represent
the specific precursor of invasive breast lesions. Our findings
may facilitate the identification of specific targets for further
molecular profiling in order to characterize this important cell
population.
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