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Evidence of progenitor cells of glandular and myoepithelial cell
lineages in the human adult female breast epithelium:
a new progenitor (adult stem) cell concept
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Abstract. Although experimental data clearly confirm the existence of self-renewing
mammary stem cells, the characteristics of such progenitor cells have never been
satisfactorily defined. Using a double immunofluorescence technique for simultaneous
detection of the basal cytokeratin 5, the glandular cytokeratins 8/18 and the myoepithe-
lial differentiation marker smooth muscle actin (SMA), we were able to demonstrate
the presence of CK5" cells in human adult breast epithelium. These cells have the
potential to differentiate to either glandular (CK8/18") or myoepithelial cells (SMA™)
through intermediary cells (CK5" and CK8/18" or SMA™). We therefore proceeded on
the assumption that the CK5" cells are phenotypically and behaviourally progenitor
(committed adult stem) cells of human breast epithelium. Furthermore, we furnish evi-
dence that most of these progenitor cells are located in the luminal epithelium of the
ductal lobular tree. Based on data obtained in extensive analyses of proliferative breast
disease lesions, we have come to regard usual ductal hyperplasia as a progenitor cell-
derived lesion, whereas most breast cancers seem to evolve from differentiated glandu-
lar cells. Double immunofluorescence experiments provide a new tool to characterize
phenotypically progenitor (adult stem) cells and their progenies. This model has been
shown to be of great value for a better understanding not only of normal tissue regenera-
tion but also of proliferative breast disease. Furthermore, this model provides a new
tool for unravelling further the regulatory mechanisms that govern normal and path-
ological cell growth.

INTRODUCTION

It is generally assumed that adult breast epithelium consists of luminal glandular and basal
myoepithelial cells. The majority of the myoepithelial cells express the basal cytokeratins (CKs)
5/14 and SMA (smooth muscle actin), whereas luminal cells are thought to be characterized
by expression of CKs 8/18/19 (Taylor-Papadimitriou ef al. 1991) and oestrogen/progesterone
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receptors (Anderson & Clarke 1999). The epithelial tissue of the resting breast has to be classi-
fied as a dynamic, immature epithelium that is constantly being renewed during menstrual
cycles. In order to safeguard the integrity of this epithelium, any loss of parenchymal cells must
be compensated by cells of identical phenotype. This may be achieved by means of mitosis
within a population of differentiated cells, or by de novo replacement via selective differentia-
tion following mitotic proliferation of progenitor cells or partially differentiated cells. Although
there are some conclusive experimental data providing indirect evidence of the function precur-
sor cells may take in this process both in cells of animal and human breast epithelium (Joshi
et al. 1986; Sonnenberg et al. 1986; Smith & Medina 1988; Smith & Medina 1988; Purkis ef al.
1990; Taylor-Papadimitriou ef al. 1991; O’Connell ef al. 1994; Kordon & Smith 1998; Péchoux
et al. 2000; Lakhani & O’Hare 2001; Boecker ef al. 2002; Deugnier ef al. 2002a; Gudjonsson
et al. 2002), the lack of specific cell markers has prevented any real progress being made in this
field (Williams & Daniel 1983; Smith & Medina 1988).

Transplantation studies have shown that portions of the mouse mammary tree or even single
cells implanted into cleared fat pads develop an entire new gland (Williams & Daniel 1983;
Smith & Medina 1988; Kordon & Smith 1998). Those experiments have confirmed that a single
epithelial cell can give rise to 10'>~10' multipotent progenitor cells (Hayflick & Moorhead
1961; Daniel & Young 1971), and ultimately grow to a complete ductal lobular tree. However,
the question of where such progenitor cells are localized within the breast tissue and how they
can be characterized has never been satisfactorily resolved.

Drawing upon studies performed on human breast tissue using CK5/14 immunohisto-
chemistry we assumed that CK5/14" cells might represent progenitor cells of the breast epithelium
(Bocker et al. 1992a; Bocker et al. 1992b). With the advent of new technologies for simultaneous
detection of several antigens within the same cell, we were able to elucidate further the role of
those CK5/14" cells and their exact relation to the differentiated glandular and myoepithelial
phenotype. More specifically, it was our aim to verify our hypothesis and find out whether this
phenotypically distinct CK5/14" subpopulation really acquires precursor cell functions in human
breast epithelium.

By using specific monoclonal antibodies (mAbs) to the basal CKS5, the glandular cytokeratin
subgroups CK8/18 and the myoepithelial differentiation marker smooth muscle actin (SMA), we
examined resting adult female breast epithelium and compared its main features with those
of benign proliferative breast lesions such as ductal hyperplasia, and noninvasive and invasive
breast cancer.

The data obtained in this way strongly suggest that in normal breast epithelium CK5*
cells do indeed display the phenotypic and behavioural characteristics of progenitor cells for
both the glandular and myoepithelial cell lineages. On a broader view, this method enables
phenotypic characterization of breast epithelium progenitor cells and their glandular and
myoepithelial progenies, and furnishes information as to the spatial distribution of progenitor
cells within the ductal lobular tree. With the advent of such double-staining techniques and the
use of the three molecular markers, the mechanisms that pertubate the survival of progenitor
cells and their commitment to either of the two cell lines of normal resting breast epithelium
could be investigated more extensively. In addition, we will be able to describe qualitative dif-
ferences in the expression patterns between usual ductal hyperplasia and ductal carcinoma in
situ. The variance in the expression of molecular markers cannot be easily reconciled with the
prevailing concept of a gradual evolution of invasive breast cancer from usual ductal hyperplasia
to ductal carcinoma in situ and, further, to definitive invasive cancers. The new tools will also
deepen our understanding of the processes underlying the pathological proliferation of breast
epithelium.
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Figure 1. Normal breast epithelium. (a) Small duct and adjacent lobule. Note that the normal epithelium consists of a
bilayer with luminal glandular and basal myoepithelial cells (haematoxylin and eosin). (b) Double-fluorescence staining
of the epithelium of a small duct for CK5 (FITC, green) and CK8/18/19 (Cy3, red) displaying few CK5" progenitor cells
(green signal), intermediary cells (hybrid signal) and CK8/18" glandular cells (red signal). (c) Double-fluorescence
staining of the epithelium of two terminal ducts and adjacent lobules of a resting breast for CKS5 (green signal for FITC)
and CK8/18 (Cy3, red) revealing the same cellular components as seen in the small duct in (b), indicating a relatively
immature glandular epithelium. (d) Double-fluorescence staining of the epithelium of a small duct and adjacent lobule
of a resting breast for CK5 (FITC, green) and SMA (Cy3, red). The arrow marks a progenitor cell expressing CK5 alone.
Note that most cells in the outer layer represent intermediary myoepithelial cells expressing both CK5 and SMA (hybrid
colour). The differentiated myoepithelial express only SMA (green signal). Note also that the inner epithelium of both
duct and of two acini for CKS (FITC, green) and SMA (Cy3, red) contain precursor cells. (¢) Double-fluorescence stain-
ing of the epithelium of lobular acini (red signal) Panels for SMA (FITC, green) and CK8/18 (Cy3, red) clearly showing
a glandular and myoepithelial cell lineage. Note the absence of any transitional cells, indicating that there is no transdif-
ferentiation between those two lincages.

DOUBLE IMMUNOFLUORESCENCE STAINING EXPERIMENTS

The human resting breast epithelium contains CK5"~ progenitor cells that differentiate to
either glandular and myoepithelial cells

By using double-labelling experiments, we identified CK5" progenitor cells with the potential
to differentiate into lineage-specific glandular (CK5/CK8/18") or myoepithelial precursor cells
(CK5*/SMAY) and, finally, to differentiated end cells (either CK8/18" or SMA™) (Fig. 1). During
the lineage-specific differentiation process there is a gradual decrease of CKS5 and a simultane-
ous increase in either CK8/18 in the glandular or SMA in the myoepithelial cell line. Transitions
from CK5" progenitor cells to SMA* myoepithelial cells were not found.
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Thus the following phenotypical subsets of cells of breast epithelium can be distinguished:
(1) progenitor cells (only CK5%); (2) intermediary glandular cells (CK5%; CK8/187); (1) glandular
cells (only CK8/18%); (3) intermediary myoepithelial cells (CK5*; SMA™); and (4) myoepithelial
end cells (only SMA™).

The CKS epithelial progenitor cell resides mainly within the luminal cell population
CK5" cells were consistently observed throughout the luminal layer of the breast epithelium of
the complete ductal lobular tree of the resting breast. Most of the luminal cells represent inter-
mediary glandular cells (CK5/CK8/18"), and only a few are differentiated glandular cells (CK8/
18%) (Fig. 1). In the resting breast epithelium, the number of cells in basal position that only
express CK5 seems to be extremely small. The vast majority of basal cells are in transition to
myoepithelial end cells, which implies that they immunostain for both SMA and CKS5. The number
of myoepithelial end cells (SMA™) varies from breast to breast and even within different lobules
of the same breast, but is usually smaller than the number of intermediary myoepithelial cells.

The luminal compartment displays considerable and fundamental spatial differences
between the ductal and lobular system

In the resting breast, the lobules usually display a wide spectrum of cells, from progenitor cells
(CK5%), intermediary glandular (CK5", CK8/18%) and glandular end cells (CK8/18%), which in
many lobules appears to be similar to the cellular composition of the luminal cell lining of the
ductal tree. On the other hand, there may be more ‘mature’ lobules with mainly differentiated
CK8/18" glandular cells (Fig. 2). Only under the effects of hormones of pregnancy/lactation
does the lobular luminal epithelium become fully differentiated to lactating secretory end cells,
whereas the luminal epithelium of the ductal tree, including the terminal ducts, remains a regen-
erative immature epithelium with progenitor cells and their progenies (Fig. 3).

Usual ductal hyperplasia represents a proliferation of CK5"~ progenitor cells,

intermediary glandular (CK5"~; CK8/18"") and differentiated glandular cells (CK8/18"")
In double-fluorescence studies of all cases of usual ductal hyperplasia (UDH) (Fig. 4), we found a
typical mosaic pattern of glandular cells in different stages of glandular differentiation. Some of the
proliferating epithelial cells turned out to represent CK5* progenitor cells that differentiate through
intermediary transitional (CK5", CK8/18") to glandular end cells (only CK8/18"). Myoepithelial cells
(SMA™) were not among the intraductally proliferating cells. The outer cell layer seems to contain the
same cellular phenotypic elements of the myoepithelial cell lineage as seen in normal breast epithelium.

Breast cancer cells usually display a differentiated glandular epithelial phenotype

Sixteen of 17 IBCs displayed the same characteristic CK8/18" and CK5~ immunoprofile of the
tumour cells. An identical pattern was observed in 15 of 16 cases of ductal carcinoma in situ (DCIS)
of varying grades, and in three lobular neoplasias. In contrast to the findings in neoplastic cells,
the outer cell layer displayed the same phenotypic composition as found in the normal breast
epithelium. We observed only two cases in which the tumour cells coexpressed CK5 and CK&8/18.

WESTERN-BLOTTING EXPERIMENTS

To corroborate the double-labelling immunofluorescence data, microdissected breast tissue
samples were subjected to Western-blotting analysis. Using mABs against CK5 and CKS, distinct
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Figure 2. HRP immunohistochemical labelling of CK5 immunohistochemistry of a duct and several adjacent lobules
of normal resting breast. Note that the inner epithelium of the duct and of the lobules on the right-hand side stain inten-
sively, indicating that this epithelium is immature and contains many putative CK5" (precursor?) cells. In contrast, the
lobule on the left is not stained at all. This epithelium has lost CK5.

signals were observed in normal breast tissue, such as a 58-kDa band corresponding to the basal
keratin CKS5 (Fig. 4c, lane 3) and a similar signal on a 52.5-kDa band corresponding to the
glandular keratin CK8. In UDH the same two bands were identified. In DCIS, a strong signal was
detected only for the CK8 band, whereas a CK5-specifc band was visible as a faint signal, most
probably corresponding to the non-neoplastic basal layer (Fig. 4, lane 4). In control cells with
established keratin composition, i.e. presence of CK5 and of CK8 in A-431 cells and the pres-
ence of CK8 in A-549 cells (Fig. 4c, lanes 1 and 2), we found the expected corresponding bands.

DISCUSSION

According to current theories on hierarchies of cell growth in different organs, it seems likely
that several levels must be distinguished: a slowly cycling, self-renewal stem-cell pool, a larger
pool of more mature transit-amplifying cells capable of proliferation, and differentiated end cells
that have lost their proliferation potential. Our current data suggest that the two differentiated
cell types of breast epithelium are linked in a progenitor—progeny relationship to the CK5" cells,
and provide evidence that CK5™ cells of the human resting breast epithelium give rise to both
the glandular and myoepithelial cell lineages. The results of double-immunofluorescence exper-
iments performed on specimens of human resting breast provide morphological evidence for the
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Figure 3. Lactating mammary-gland epithelium compared with epithelium of normal resting breast. Double-labelling
for CK5 and CK8/18 of terminal ducts (ID) and adjacent lobules. The lobules contain differentiated CK8/187 cells only,
in contrast to the normal breast, as shown in Fig.1(c).

presence of a CK5" cell population fulfilling the morphological requirements to be referred to
as a common progenitor (adult stem) cell for the normal breast epithelium. This common
precursor cell is able to differentiate to either glandular (CK8/18") or myoepithelial cells (SMA™),
respectively (Fig. 5) through intermediary cells. Over the course of the lineage-specific differ-
entiation process there is a gradual decrease in CKS5, along with an increase in either CK8/18
in the glandular or SMA in the myoepithelial cell lineages. Differentiated cells were character-
ized by expression of either CK8/18 or SMA alone. Thus the acquisition of the differentiated
phenotype of resting breast epithelium is inextricably linked to changes in the levels of basal
cytokeratin 5. These data indicate that commitment to one lineage involves suppression of the
alternative choice. When microdissected tissues were subjected to Western blotting analysis, the
data were in accordance with previous results obtained by two-dimensional gel electrophoresis,
which showed that the keratin pattern of normal breast tissue comprises CK7, CK8, CK18 and
CK19 in addition to CK5, CK14, CK15 and CK17, but not CK6 (Moll 1998). In view of the
results obtained and the existing literature, we have come to the conclusion that CK14 and CK17
represent the major type I partners of CK5 (Cooper ef al. 1985; Nagle ef al. 1986). Recently,
published data on gene expression in normal breast tissue and in breast cancer have also revealed
patterns that are characteristic of the ‘basal’ and ‘luminal’ phenotypes (Perou ef al. 2000). Such
similarities further enhance the viability of our stem-cell concept. With reference to these
results, a new cell biological concept as depicted in the schematic drawing in Fig. 5 is proposed.

While the existence of progenitor cells can be more or less taken for granted, questions as
to their exact localization within the breast parenchyma have not yet been resolved. Apparently,
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Figure 4. Usual ductal hyperplasia and ductal carcinoma in situ. Double-fluorescence staining for CK5 (greenl) and
CK&8/18 (red). Note that UDH (a) contains the whole spectrum of cells, including CK5™ progenitor (green signal), inter-
mediary glandular cell (hybrid signal) and differentiated glandular cells (red signal), whereas DCIS (b) displays a purely
glandular phenotype (red). (c) Western blotting of breast tissue preparations and cultured cells. Lane 1, A-431 cells (total
cellular proteins); lane 2, A-549 cells (total cellular proteins); lane 3, normal breast tissue (microdissected terminal ducts
and lobular units); lane 4 and 5, usual ductal hyperplasia and DCIS (microdissected ductal lesions). Western blotting
immunoreaction with anti-CKS5 and anti-CK8. Note the appearance of CKS and CK8 bands in preparations of normal
breast epithelium and of UDH (lanes 3 and 4). The CK8 band occurs in preparations from DCIS only.
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Figure 5. A new progenitor cell concept based on our fluorescence immunolabelling and Western blotting findings.
CKS5* progenitor cells (yellow) give rise to both glandular cells (CK8/18" green) and myoepithelial cells (SMA* red)
via intermediary cells that coexpress CK5 with the lineage-specific marker (either CK8/18"or SMA™).
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Figure 6. Architectural distribution of the cells of the new progenitor cell model in the normal resting breast epithelium.

most of the CK5" cells reside in the luminal epithelium of the double-layered breast epithelium
(Fig. 6). Relatively small in number, they do not amount to more than 4% of all epithelial cells.
Most of the luminal cells are intermediary glandular cells (CK5%/CK8/18"), interspersed with
only a few differentiated glandular ones (CK8/18%). In view of these findings, we consider the
luminal epithelium of the resting breast to consist of rather immature regenerative epithelium.
The myoepithelial layer is usually composed of intermediary and differentiated myoepithelial
end cells. In the resting breast epithelium, the number of cells in basal position that only express
CKS5 seems to be extremely small. The vast majority of basal cells are in transition to myoepi-
thelial end cells, which is reflected by the fact that they immunostain for both SMA and CK5
(Fig. 1c).

Lineage marking can be used to show the functional differences of the luminal epithelium
in lobules and ducts. The luminal compartment not only displays considerable cellular hetero-
geneity, but also fundamental differences in the spatial arrangement of the ductal and lobular
systems, which can best be exemplified by comparing the resting with the lactating breast. In
the former, the lobules usually display a wide spectrum of cells from progenitor cells (CK57) to
intermediary glandular (CK5*, CK8/18") and glandular end cells (CK8/18). In terms of cellular
composition, the latter seem to be similar to the luminal cell lining of the ductal tree. In some
cases apparently more ‘mature’ lobules mainly display differentiated CK8/18" glandular cells.
Under the effects of hormones of pregnancy/lactation, nearly all luminal cells differentiate into
CK8/18" secretory end cells that produce milk, while the progenitor cells with their progenies
prevail in the terminal ducts. Our hypothesis is that the specific spatial organization of the
glandular precursor cells in terminal ducts may play a decisive role in the replacement of the
lactating cells in the lobules after weaning.

Thus the master plan of the elaborate terminal duct lobular units is phenotypically a two-
tiered organization of: (1) a regenerative area of ducts and especially terminal ducts, and (2) a
functional area of lobules that only fulfil the tissue-specific function during lactation. The con-
cept of a progenitor (adult stem) cell therefore seems essential not only to the understanding of
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normal physiological regeneration but also of the cellular mechanisms of lactation and involu-
tion after weaning.

There are several other lines of evidence in favour of the notion that the CK5" cell compart-
ment contains the breast epithelial stem cell. Recently, Deugnier et al. demonstrated that a CK5*
and P-cadherin® mammary cell line that had been transplanted to a cleared mammary fat pad
produced alveoli-like structures containing CK5* and CK8" cells and other signs of differenti-
ation (Deugnier et al. 2002b). At least in an experimental model, CK5™ cells thus harbour the
capacity for self-renewal. As, in our current understanding of stem cells, this capacity for self-
renewal is virtually inexhaustible, it is most likely that they will also express telomerase. In this
context, Di Renzo and colleagues demonstrated such telomerase activity in an immortalized
mammary epithelial cell line positive for CK5 and p63 (DiRenzo ef al. 2002). The latter has
been characterized as a ‘stem-cell’ marker in keratinocytes, pointing again to a possible pre-
cursor or stem-cell role of CK5" cells. In both models, it could be shown that these cells seem to
require a specific repertoire of growth factors and their respective receptors. The expression of
the epidermal growth factor receptor (EGFR) in this cellular compartment in both studies was
essential for their basic growth properties.

Although the number of CK5" cells in breast epithelium is small, it seems rather unlikely
that there is such a number of first-order stem cells, because these are thought to reside within
a niche or group of cells and an extracellular matrix capable of providing an optimal microenviron-
ment. It is possible, and has to be proven, that such a stem-cell niche of breast epithelium
might consist of surrounding transit-amplifying, differentiating glandular cells, myoepithelial
cells and their surrounding environment, including the basement membrane and stromal cells
with their usual humoral and physical activities. Such a microenvironment may regulate the stem
cells and their proliferating and differentiating progenies via perturbating factors and epithelial—
mesenchymal crosstalk (Brittan & Wright 2002). Given such a scenario, what might be the exact
number, functional characteristics and localization of the first-order stem cells? In view of
the data of Diallo et al. (2001) and Tsai ef al. (1996) on the clonal cellular content of terminal
duct-lobular units of the human breast epithelium and the terminal differentiation of pregnant/
lactating breast epithelium, it is tempting to speculate that different TDLUs may have their own
stem cells, and that such stem cells are located in the terminal ducts of TDLUs rather than in
the lobules itself.

WHAT IS THE CONSEQUENCE OF THESE RESULTS FOR OUR
UNDERSTANDING OF BREAST CARCAINOGENESIS?

UDH on the one and DCIS on the other hand represent different types of intraductal prolifera-
tions that appear to be caused by alterations of proliferative and differentiation capacities at dif-
ferent cellular levels, and are associated with an increased risk for invasive breast cancer. UDH
as the paradigm for a benign intraductal proliferative lesion appears to be a CK5" progenitor
(adult stem) cell lesion with the same differentiation potential as seen in the glandular lineage
of the normal breast. As the lesions clearly contain CK5" progenitor cells, it seems likely that
these cells are already committed to glandular differentiation and that the primary defect is at
the glandular precursor level, in contrast to DCIS, which arise from differentiated CK8/18" cells.

On the level of invasive breast, a large majority of cases (>95%) shows a purely glandular
phenotype (CK57/CK8/18%), with only a small proportion displaying a glandular precursor
phenotype (CK5%/CK8/18"). Carcinomas with a pure stem-cell phenotype (CK57/CK8/18/SMA")
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and malignancies of myoepithelial type are exceptionally rare (Lakhani & O’Hare 2001). These
data are in full agreement with cell-culture studies showing that CK5 mRNA and protein is
expressed in normal mammary epithelial cells, while it is absent from tumour-derived cell lines
(Trask et al. 1990). Furthermore, many breast cancers are oestrogen receptor-positive, as are
the differentiated Ck8/18" glandular cells (Kelsey ef al. 1993; Clarke et al. 1997; Elston & Ellis
1998; Shoker et al. 2000; Allred et al. 2001; Willett ef al. 2001). Furthermore, several recent
publications have demonstrated that invasive carcinomas with a CK5"* ‘basal’ phenotype can be
distinguished by their RNA expression pattern (Perou et al. 2000) and are associated with a
worse prognosis (Sorlie ef al. 2001; van De Rijn ef al. 2002). Interestingly, the vast majority of
these tumours was associated with p53 mutations (Sorlie ef al. 2001). Apart from the clinical
implications, these tumours are also characterized by a clearly distinguishable ER-negative,
EGFR-positive, highly proliferating immunophenotype and a distinct genotype (Korsching
et al. 2002). According to these data, CK5" breast cancers are a unique breast cancer subgroup,
representing a distinct feature of poorly differentiated breast cancers in a previously proposed-
progression model (Buerger ef al. 1999a, 1999b, 2001a, 2001b). The different subgroups of
invasive breast cancer in the context of the progenitor cell model therefore seem to arise from
different cell populations within the normal female breast. Is is obvious that breast cancer cells
therefore partially maintain and reflect the physiological state of their precursors and are not
necessarily the final stage of a continuing de-differentiation (Olsson 2001).

In conclusion, we present direct evidence that CK5-positive cells display stem-cell proper-
ties and are capable of forming glandular epithelial and myoepithelial end cells. This cell model
opens a new field for investigation in that distinct cell subtypes can now be evaluated in terms
of their potential to generate lineage-specific end cells. We have begun to analyse the differential
expression of factors that might perturb the different subsets of cells. If we were to understand
the regulatory mechanisms that govern growth and differentiation (Siziopikou & Schnitt 2000)
or even elimination of ‘superfluous’ cells in normal breast regeneration, we might be able to
design strategies of chemo-prevention to eradicate transformed cells at an early stage (Dooley
et al. 2001) or even cells of noninvasive breast cancer.
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