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The epithelial compartment of the human breast comprises two distinct lineages: the luminal epithelial and
the myoepithelial lineage. We have shown previously that a subset of the luminal epithelial cells could
convert to myoepithelial cells in culture signifying the possible existence of a progenitor cell. We therefore set
out to identify and isolate the putative precursor in the luminal epithelial compartment. Using cell surface
markers and immunomagnetic sorting, we isolated two luminal epithelial cell populations from primary
cultures of reduction mammoplasties. The major population coexpresses sialomucin (MUC") and
epithelial-specific antigen (ESA*) whereas the minor population has a suprabasal position and expresses
epithelial specific antigen but no sialomucin (MUC /ESA*). Two cell lines were further established by
transduction of the E6/E7 genes from human papilloma virus type 16. Both cell lines maintained a luminal

epithelial phenotype as evidenced by expression of the tight junction proteins, claudin-1 and occludin, and by
generation of a high transepithelial electrical resistance on semipermeable filters. Whereas in clonal cultures,
the MUC*/ESA" epithelial cell line was luminal epithelial restricted in its differentiation repertoire, the
suprabasal-derived MUC™/ESA* epithelial cell line was able to generate itself as well as MUC*/ESA™* epithelial

cells and Thy-1*/a-smooth muscle actin* (ASMA™*) myoepithelial cells. The MUC™/ESA™ epithelial cell line
further differed from the MUC*/ESA* epithelial cell line by the expression of keratin K19, a feature of a
subpopulation of epithelial cells in terminal duct lobular units in vivo. Within a reconstituted basement
membrane, the MUC*/ESA™ epithelial cell line formed acinus-like spheres. In contrast, the MUC /ESA*
epithelial cell line formed elaborate branching structures resembling uncultured terminal duct lobular units
both by morphology and marker expression. Similar structures were obtained by inoculating the extracellular
matrix-embedded cells subcutaneously in nude mice. Thus, MUC /ESA* epithelial cells within the luminal
epithelial lineage may function as precursor cells of terminal duct lobular units in the human breast.
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Understanding how the normal human breast develops
and which cell compartment becomes neoplastic by ne-
cessity is dependent on the isolation of relevant cells as
the true targets of human breast carcinogenesis and pro-
gression. More than two decades ago it was proposed that
human breast cancer originates from the luminal epithe-
lial lineage within the terminal duct lobular units
(TDLU) (Wellings et al. 1975), a basic mammary struc-
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ture consisting of a branching ductal-alveolar system
lined by an inner layer of luminal epithelial cells and an
outer layer of myoepithelial cells.

Recently, we and others have provided some evidence
that the stem cells of the human and mouse mammary
gland may be contained within the luminal epithelial
lineage (Smith 1996; Stingl et al. 1998; Péchoux et al.
1999; Smalley et al. 1999). However, detailed ultrastruc-
tural characterizations of the rodent and human breast
gland in situ have led to the widely discussed hypothesis
that the stem cell is a ‘basal cell’ with clear cytoplasm
(for review, see Rudland 1987; Smith and Chepko 2001).
In particular, the important work of Smith and colleagues
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in the mouse mammary gland has outlined an elaborate
morphological tree identifying a candidate stem cell
(small light cells; SLC), a first degree progenitor cell (not
distinct from SLC), a second degree progenitor which is
still multipotent (undifferentiated large light cell;
ULLC), and then two compartments of nondividing, pre-
luminal- and premyoepithelial cells which gradually ma-
ture into the fully differentiated lineages. At the ultra-
structural level, the SLC never reaches the acinus lumen
and only a fraction of the ULLC does so (Smith and
Chepko 2001). Because sialomucin is the most promi-
nent marker of luminal epithelial cells and is exclusively
expressed on the apical surface of luminal epithelial cells
(Petersen and van Deurs 1986), this would imply that
some epithelial cells (not facing the lumen) are sialomu-
cin negative. Nevertheless, there is reason to believe that
these cells are indeed full members of the luminal epi-
thelial lineage. The cells on the basal side of multilay-
ered breast ducts express several luminal epithelial
markers including simple epithelial keratins and epithe-
lial-specific antigen (ESA), but no a-smooth muscle actin
(ASMA) (Petersen and van Deurs 1988; Taylor-Papadimi-
triou et al. 1989). Cells with this phenotypic profile have
in fact been observed in cultures of human reduction
mammoplasties and shown to be bipotent, suggesting a
stem cell potential (Stingl et al. 1998). However, further
characterization of the putative stem cells to show the
full potential of generating TDLU have not been pursued
due to a limited growth potential in primary culture.

In the present study, we set out to identify and to
define the properties of subluminal epithelial cells that
express ESA but little or no sialomucin. To accomplish
this, we isolated distinct cell populations using immu-
nomagnetic sorting and immortalized them with human
papilloma virus (HPV)-16 E6/E7 (Wazer et al. 1995).

Our data show that MUC /ESA" epithelial cells in-
deed exist in vivo. The luminal MUC"/ESA™ epithelial
cells were differentiated, acinar, luminal epithelial-re-
stricted without stem cell properties. The MUC /ESA*
epithelial cells were also clearly of the luminal epithelial
lineage because they expressed tight junctional proteins
and exhibited a high transepithelial electrical resistance
on transwell filters. However, they had a striking ability
to form the entire TDLUs inside a three-dimensional
reconstituted basement membrane and in nude mice and
could generate myoepithelial cells. Finally, we showed
that these cells have a counterpart in vivo: We localized
a subpopulation of luminal epithelial cells in the normal
breast in situ by the restricted expression of keratin K19.
We propose that candidate stem cells of the human
breast should be found within this population and that
the cells we have isolated and characterized fulfill the
criteria for such candidate stem cells.

Results

Identification of MUC™/ESA* luminal epithelial cells
in the breast

In culture, a putative “stem” cell of the human breast
was defined based on a positive staining for the luminal
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epithelial marker ESA and a negative or weakly positive
staining for sialomucin (MUC) (Stingl et al. 1998). In
mouse mammary gland in vivo, candidate stem cells
have been defined ultrastructually as, among other fea-
tures, having no luminal contact but are distinct from
myoepithelial cells that we refer to as suprabasal (Smith
and Chepko 2001). To find a candidate stem cell in hu-
man breast in vivo, we combined these two observations
and double-stained histological sections of normal hu-
man breast tissue with ESA and MUC. Most luminal
epithelial cells stained as expected, that is, MUC was
expressed on the apical surface and ESA at the basolat-
eral surface (Fig. 1A).

However, it was also evident that a subset of ESA*
cells in occasional acinar profiles was indeed abluminal
in location with no visible extensions reaching the lu-
men (Fig. 1A, a, arrow). To confirm that these cells were
distinct from myoepithelial cells, we double-stained for
ESA and ASMA. As expected, myoepithelial cells were
negative for ESA, whereas a very minor population of
“basal” cells were suprabasal, and did not appear to reach
the lumen or stain with ASMA (Fig. 1A, b, arrow). If
these cells truly never reached the lumen, not even out-
side the sectioned plane, a sample of smeared trypsin-
ized, uncultured breast cells should also contain two
ESA* luminal epithelial populations: one major being
MUC" and a minor being MUC". This was found to be
the case as evidenced by double-staining of such smears
for ESA and MUC (Fig. 1B, a,b). The average frequency of
MUC" cells in such preparations was 8 + 3%. It is con-
cluded that suprabasally positioned MUC /ESA* epithe-
lial cells also exist in human breast.

Isolation, immortalization, and characterization
of MUC*/ESA* and MUC™/ESA* epithelial cells

To show that MUC/ESA* epithelial cells were multipo-
tent and had stem cell properties, we needed to isolate,
purify, and characterize them. We accomplished this by
immunomagnetic sorting. The MUC"/ESA™" epithelial
cells were purified from two consecutive sialomucin-col-
umns. The MUC™/ESA* epithelial cells were purified as
the flow-through from a sialomucin-column that was
later retained in an ESA-column. To generate cell lines,
we immortalized both populations with an E6/E7 con-
struct of HPV16. The resulting established cell lines
were MUC'/ESA" and MUC /ESA*, respectively (Fig.
2A), and are referred to below as the luminal and su-
prabasal-derived epithelial cells. The cell lines displayed
immortalized characteristics: They have been cultured
for >50 passages over two years and continue to express
both E6 and E7 (Fig. 2B), and a distinct telomerase activ-
ity that is absent from finite life span breast epithelial
cells (Fig. 2C) (Stampfer et al. 2001).

Whereas the MUC'/ESA* epithelial cell line contin-
ued to be homogeneous (Fig. 2A, a,c), the MUC /ESA*
suprabasal-derived epithelial cell line contained occa-
sional subpopulations of ESA™ cells and MUC™ cells (Fig.
2A, b,d, arrows). Double immunofluorescence staining
for ESA and MUC (data not shown) revealed that this cell
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line contained three cellular subtypes: The majority
population was MUC /ESA* and two minor populations
were either MUC /ESA™ or MUC*/ESA*. To substanti-
ate that both cell lines belonged to the luminal epithelial
lineage, even though one of them was essentially devoid
of luminal epithelial MUC expression, we tested for a
marker that is a hallmark of glandular epithelial pheno-
type: that of functional tight junctions. This was carried
out by staining for the tight junction proteins claudin
and occludin, and by measuring the level of transepithe-
lial electrical resistance (TER) in confluent cultures on
transwell filters. By these criteria, primary luminal epi-
thelial cells were readily distinguished from primary
myoepithelial cells (Fig. 2D). As also seen in Figure 2D,
the newly established cell lines resembled luminal epi-
thelial cells both by staining at the cell boundaries for
tight junction proteins (insets) and exhibiting a high TER
comparable to what has been published for other simple
epithelia with barrier function such as kidney and thy-
roid cells (Jaeger et al. 1997). We conclude that both cell
lines belong to the luminal epithelial lineage.

Clonal cell lines of the MUC™/ESA™* epithelial cell line
are multipotent

The fact that the MUC™/ESA* suprabasal-derived epithe-
lial cells continued for >50 passages to generate subpopu-
lations of MUC"/ESA" and MUC /ESA™ cells as well as
MUC /ESA" cells make them strong candidates for mul-
tipotent progenitor or stem-like cells of the breast, and
the MUC*/ESA™ cells could represent differentiated lu-
minal epithelial cells, and the MUC /ESA™ cells could

A human breast progenitor cell line
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Figure 1. Identification of MUC /ESA*
luminal epithelial cells in the breast. (A)
MUC/ESA* epithelial cells belong to the
luminal epithelial lineage. (a) Double-la-
beling immunofluorescence staining of ep-
ithelial specific antigen (ESA) and sialo-
mucin (MUCI1). The arrow indicates an ex-
ample of an epithelial cell that does not
appear to reach the lumen and fails to ex-
press sialomucin. (b) Double-labeling im-
munofluorescence staining of ESA and
a-smooth muscle actin (ASMA). Note that
the suprabasal epithelial cells (arrow) are
resting on a layer of ASMA* myoepithelial
cells. Bar, 20 pm. (B) A subset of cells
within the luminal epithelial lineage is
sialomucin-negative. Uncultured, trypsin-
ized breast epithelial cells were double-
stained to demonstrate ESA (green) and
sialomucin (red). Whereas the majority of
cells were MUC*/ESA*, a small fraction
was MUC /ESA* (arrow). Bar, 20 pm.

represent myoepithelial cells, which are MUC /ESA™ in
vivo. To test this, clonal cultures (limited dilution) were
established and double-stained for keratin K18 (luminal
marker) and K14 (myoepithelial marker). Although the
MUC'/ESA™" epithelial cell line did not generate any
K18~ myoepithelial cells, the MUC /ESA" suprabasal-
derived epithelial cell line readily formed mixed clones
of K18*/K14*, K18*/K14~, and K18 /K14 epithelial cells
(Fig. 3A). We then explored whether the K14* epithelial
cells were precursor of a myoepithelial progenies or
whether they already contained all of the myoepithelial
markers. We found that these cells represented a primi-
tive level of myoepithelial differentiation because <1%
of the cells expressed other myoepithelial markers such
as Thy-1 (Fig. 3B, a). However, if the cells were retained
in a Thy-1 column, a myoepithelial subline could be gen-
erated that also expressed a-smooth muscle actin re-
ferred to as Thy-1"/ASMA®*, which is restricted to post-
mitotic myoepithelial cells in vivo (Fig. 3A, b,c) (Sapino
et al. 1990). We reasoned that, if K18* epithelial cells
were also precursor cells of a progeny within the luminal
epithelial compartment, they could further mature
within this compartment to differentiated cells. Sialo-
mucin-expressing cells were essentially eliminated
(0.04% weakly positive) by retention on a sialomucin-
retaining column, but evidence for spontaneous matura-
tion into sialomucin-positive cells was provided by the
reoccurrence (5%) of these cells after 6 d (Fig. 3C, a).
These cells in turn could be retained in a similar column
and maintained MUC" in high-density cultures in the
presence of serum (Fig. 3C, b,c). Taken together, these
observations provide evidence for the existence of a
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Figure 3. Evidence for multipotency in the MUC /ESA™ epithelial cell line. (A) Double-staining with luminal epithelial K18 and
myoepithelial K14 in clones of the MUC*/ESA* epithelial cell line and the MUC™/ESA* epithelial cell line. Clonal cultures of the
MUC*/ESA* (a) and the MUC /ESA* epithelial cells (b,c) were double-stained with keratin K18 and K14. No evidence for myoepi-
thelial cells was found in any of the MUC*/ESA* clones. Conversely, a mixture of cells was always present in the MUC /ESA*
epithelial clones. Bar, 40 um. (B) Evidence of spontaneous maturation to Thy-1*/ASMA" myoepithelial cells. Immunoperoxidase
staining of Thy-1, a marker for myoepithelial cells, in cultures of MUC™/ESA* epithelial cells before (a) and after (b) purification in a
Thy-1 retaining column. The spontaneous occurrence of Thy-1 stained cells is limited to <1% (arrows). However, on purification, a
myoepithelial subline can be obtained that also expresses ASMA (c). Bar, 50 um. (C) Evidence for maturation to MUC*/ESA* epithelial
cells. MUC /ESA* epithelial cells were cleared of sialomucin-positive cells and stained for sialomucin after 2 wk (a, arrows), and after
further sorting of the newly formed sialomucin-positive cells (b). The MUC stainings was confirmed by RT-PCR (c). Bar, 50 um.

MUC /ESA", multipotent progenitor cell belonging to
the luminal epithelial lineage that can give rise to differ-
entiated myoepithelial and luminal epithelial cells, and
their precursors.

MUC /ESA* epithelial cells give rise to TDLU

In the mouse and rat, the standard criteria for the pres-
ence of stem cells has been: (1) self-renewal and (2) the
ability to regenerate the entire mammary epithelium

from a single cell on reimplantation of cells in syngeneic
gland-free fat pads (Smith and Medina 1988). We tested
MUC™/ESA™ cells for these properties in a laminin-rich
gel, conditions that have been shown previously to pro-
vide physiological cues that allow mammary morpho-
genesis for both rodent and human cells (for review, see
Bissell et al. 1999). Previously, two prominent cell mor-
phologies were reported for primary human breast cells
in laminin-rich gels: small acinus-like structures of lu-
minal epithelial origin and solid colonies for myoepithe-
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lial cells (Petersen et al. 1992). Embedding the MUC"/
ESA* epithelial cell line or the Thy-1*/ASMA* cells
yielded morphologies very similar to those already de-
scribed for primary breast cells (Fig. 4A). In contrast, the
MUC /ESA" epithelial cells gave rise to formation of
larger, more elaborate morphologies resembling the en-
tire functional unit of the breast gland, that is, the TDLU
(Fig. 4B,D). A similar frequency of TDLU morphological
structures (73 %), albeit not as elaborate, was recorded if
MUC /ESA" epithelial cells were freshly prepared from
primary cultures. To verify the multipotency of MUC~/
ESA* epithelial cells, we further made clonal cultures
from single cells and identified a clone that was able to
generate the TDLU-like structures as described above for
the parent line (Fig. 4C). Sections of MUC™/ESA* epithe-
lial cells embedded in laminin-rich gels and stained for
differentiation markers of normal breast revealed a re-
markable similarity to TDLUs in vivo (Fig. 4E). Never-
theless, the experimentally generated TDLUs showed a
subtle difference from normal breast by residual expres-
sion of K14 in the central cells and less sialomucin stain-
ing. The MUC"/ESA" acini also showed some acini that
were inside-out with regards to polarization of sialomu-
cin (data not shown). Finally, to provide evidence that
the ability to generate a MUC /ESA" epithelial cell line
from the human breast with all the above mentioned pro-
genitor cell characteristics was not an accident, we re-
peated the entire protocol including immortalization of
cells from two additional biopsies, and reproduced the
TDLU morphology both times. Collectively, these data are
in strong support of MUC /ESA™ epithelial cells as precur-
sors of the TDLU, the functional unit in the human breast.

The MUC /ESA" epithelial cells are keratin K197,
similar to a subpopulation of cells in TDLU
and neoplastic breast epithelial cells in vivo

To identify a candidate subpopulation within TDLU in
which the progenitor cell could reside, we performed an
analysis of the markers expressed by the cell lines we
had established. Keratin K19 was identified as a distinc-
tive trait expressed by the MUC /ESA* as opposed to the
MUC*/ESA™ epithelial cells (Table 1). This difference in

A human breast progenitor cell line

phenotype was confirmed further by RT-PCR, immuno-
blotting, and immunostaining (Fig. 5A-C). It was reported
16 years ago (Bartek et al. 1985) that keratin K19 is ex-
pressed in only a subpopulation of luminal epithelial cells
within TDLU. We confirmed the limited ex-pression of
keratin K19 in vivo but also showed that some K19" cells
are suprabasal (Fig. 5D, arrow). It should be noted that in
the majority of breast carcinomas, the neoplastic epithelial
cells stain positive for keratin K19 (Bartek et al. 1985).

If the keratin K19* cells were indeed potential candi-
date stem cells, then the MUC™/ESA* epithelial cell line
should show evidence of multipotency with regard to
keratin K19 expression as well. This was tested in clonal
cultures (limited dilution) double-stained for keratin K19
and the myoepithelial keratin K14. As seen in Figure 6a,
clones could be identified that diversified into cells that
were K14* and K19* alone or were positive for both. In
addition, dual staining for K18 and K19 indicated the
expected mix of markers (Fig. 6a, inset). Similarly, clon-
ing in laminin-rich gels also resulted in formation of
TDLU structures, which showed correct segregation of
cells into suprabasally/luminally positioned K19" cells
and basally located K14* cells (Fig. 6b). Finally, to pro-
vide yet further evidence for the morphogenic potential
of these cells in vivo, we inoculated nude mice subcuta-
neously after preembedding the cells in a mixture of col-
lagen gel and rBM. Using the entire population derived
from reduction mammoplasties in primary culture, it
was shown previously that human breast histology
(TDLU) could be recapitulated (Yang et al. 1994). We
used this assay to show that the MUC /ESA™ epithelial
cell line segregated into central keratin K19* cells and
basal keratin K14* cells (Fig. 6c).

We conclude that the MUC /ESA™ epithelial cells are
a plausible candidate for multipotent progenitors in the
human breast. Their easily identifiable equivalent in
vivo could therefore contain the candidate stem cells of
the human breast.

Discussion

The experiments described here establish both the exis-
tence of multipotent progenitor cells in the human

Figure 4. MUC /ESA* epithelial cells give rise to terminal duct lobular units (TDLU). (A) MUC*/ESA* epithelial- and Thy-1*/ASMA*
myoepithelial cells make colonies with distinct morphologies in a laminin-rich gel. Immortalized (a,c) and primary (b,d) MUC*/ESA*
epithelial cells (a,b) and Thy-1*/ASMA™* myoepithelial cells (c,d) were embedded as single cells in a laminin rich gel. Both MUC*/ESA*
epithelial and Thy-1*/ASMA* myoepithelial cell lines resembled the corresponding primary cells. Whereas the luminal epithelial cells
formed acinus-like spheres with a central lumen, the myoepithelial cells formed irregular solid clusters of cells. Bar, 25 pm. (B)
MUC /ESA* epithelial cells make an elaborate TDLU-like structure in a laminin-rich gel. MUC /ESA* epithelial cells (a) were
embedded as single cells in a laminin-rich gel and compared with the morphology of freshly isolated, uncultured TDLU organoids (b).
Both consist of small branching ductules terminating in globular acinus-like structures. Bar, 50 pm. (C) Single cell cloned MUC /ESA*
cells maintain the ability to make TDLU-like structures in a laminin-rich gel. Single cell cloning was verified by the demonstration
of only one cell in a 96 well using a 10x objective (Ca; arrow). Single cell clone “TH123’ embedded as single cells in Matrigel could give
rise to TDLU-like structures by 6 d (b). Bar, 50 um. (D) Quantification of TDLU-like structures in laminin-rich gels. MUC*/ESA* and
MUC/ESA* epithelial cells and Thy-1*/ASMA™" myoepithelial cells were embedded inside laminin-rich gels and allowed to grow for
12 d and compared to uncultured organoids. The number of TDLU-like structures was quantified by phase contrast microscopy. (E)
MUC™/ESA* epithelial colonies in laminin-rich gels resemble TDLU in vivo. Sections of laminin-rich gels containing MUC*/ESA* (left
column) and MUC™/ESA* epithelial cells (middle column) were compared with sections of normal breast tissue (right column) and
double-stained for ESA and keratin K14 (a-a”), propidium iodide and laminin-1 (b-b") and propidium iodide and sialomucin (c-c”). Only
the MUC /ESA+ epithelial cells showed a differentiation pattern reminiscent of normal breast tissue. Bar, 15 pm.
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Table 1. Keratin K19 is a distinctive trait expressed by the
MUC/ESA* epithelial cell line as revealed by immunocyto-
chemical staining

MUC*/ESA* MUC/ESA* Thy-1*/ASMA"

Differentiated epithelial epithelial myoepithelial
trait cell line cell line cells
Claudin-1 + +/- -
Occludin + ~/+ -
ESA + +/- -[+*
Keratin K18 + +/- -/+
Keratin K19 - +/-P -/+
MUC + -+ -
E-cadherin + + ND
Keratin 14 - +/- +/-
Thy-1 - ~/+ +/-
ASMA - -+ +/-4

2The Thy*/ASMA™* myoepithelial cells showed different levels
of maturation characteristic of this lineage. Depending on the
success of the Thy-1 retention some exhibited residual markers
of the MUC™/ESA* parent cells.

PD492 after passage 27 stained with BA17.

¢Occasional positive cells were present albeit without concomi-
tant loss of keratin K18.

dASMA* phenotype indicates only the RNA level. Protein ex-
pression was dependent on addition of 10% fetal calf serum.

breast and the fact that they can be immortalized with-
out loss of stem cell-like potential. The experiments also
outline a method for their isolation and further charac-
terization. The multipotent cell line belongs to the lu-
minal epithelial lineage as evidenced by expression of
ESA, claudin-1, keratins K18 and K19, and by the ability
to form monolayers that display a high transepithelial
electrical resistance TER. Embedding clonal populations
in a three-dimensional basement membrane gel or in
mammary fat pads of mice reveal that the stem cell-like
MUC /ESA" epithelial cell line recapitulates an elabo-
rate morphology closely reminiscent of TDLU in vivo.
We propose that MUC /ESA™ cells within the luminal
epithelial lineage are precursors to human breast TDLUs
and candidate breast stem cells.

Molecular characterization of the evolution of the cel-
lular lineage in the human breast requires the ability to
amplify the lineages to be studied. To achieve this goal,
we immortalized the purified cells by transduction with
HPV16-E6/E7 (Band et al. 1990; Band 1998; Garbe et al.
1999). The major concern with this technique is that
although it has been shown that immortality is achieved
by inactivation of p53 and retinoblastoma protein (RB),
these may not be the only affected molecules and other
cellular functions may also be affected (Garbe et al. 1999;
for review, see Zwerschke and Jansen-Durr 2000). Evi-
dence suggests, however, that human cells derived from
E6/E7 immortalization retain much of their original phe-
notype. In organotypic cultures of endocervical cells,
which originate from the target organ in vivo for HPV-16
infection, the cells appeared normal with ordinary strati-
fication and production of a cornified layer (Halbert et al.
1992). Also, normal adult human pancreatic epithelial
cells transfected with E6/E7 remained polarized on col-
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Figure 5. The MUC /ESA* cells are keratin K19-positive simi-
lar to a subpopulation of cells in TDLU in vivo. (A) MUC*/ESA*
epithelial- and MUC/ESA™ epithelial cells differ by expression
of mRNA for keratin K19. RT-PCR of keratin K19 in MUC*/
ESA* epithelial- and MUC /ESA* epithelial cells. (B) MUC*/
ESA* epithelial- and MUC /ESA™ epithelial cells differ by ex-
pression of keratin K19. Immunoblot of keratin K19 of protein
lysates from MUC*/ESA* epithelial- and MUC™/ESA* epithelial
cells. (C) Keratin K19 staining in cultures of MUC*/ESA*- and
MUC /ESA*-epithelial cells. Cultures were stained for keratin
K19 by immunoperoxidase and counterstained with hematoxy-
lin. Whereas the MUC*/ESA* epithelial cells were completely
negative, the other cell line was heterogeneous with a large
contribution from keratin K19-positive cells (after passage 27).
Bar, 50 pm. (D) Keratin K19 staining in TDLU in situ. Section of
breast tissue showing a TDLU stained for keratin K19 and coun-
terstained with hematoxylin. Note the heterogeneous staining
and the presence of several stained suprabasal epithelial cells in
the TDLU (arrow indicates an example). Bar, 50 pm.
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K18: green
K19: red

Clone in monolayer

K14: green

Clone in K19: red

laminin-rich gel

Nude mouse implant

Figure 6. Clonal segregation of keratin K19-positive and K14-
positive cells in two- and three-dimensional culture and mouse
implants of MUC /ESA* cells. Clonal culture of MUC /ESA*
epithelial cells on monolayer collagen coated plastic (a), in a
laminin-rich gel (b), and implanted orthotopically in the nude
mouse (c) double-labeled with keratin K19 and keratin K14.
Inset in a shows staining of the single cell cloned cell line,
‘TH123’, double-stained with keratin K19 and K18. Arrows in-
dicate the presence of K197/K18* cells and arrowhead indicates
a K197/K18" cell. Collectively, the monolayer cultures show
distinct evidence of bipotency. Inset in b shows an example of
a colony from the single cell cloned cell line. In three-dimension
organization resembles TDLU-like structures including termi-
nal ducts and acini. (Bars, 20 um).

lagen gels, did not grow in soft agar, and expressed typi-
cal simple keratins (Furukawa et al. 1996). Thus,
whereas E6 and E7 readily transform rodent cells, human
cells appear to be significantly more robust. Infected hu-
man cells do not form tumors in nude mice even after
>100 passages in culture (Willey et al. 1991; Band 1995;
Furukawa et al. 1996). Immortalization of normal hu-
man breast cells with either E6 or E7 did not lead to
aberrant functional behavior in luminal or myoepithelial
cells tested (Wazer et al. 1995). It has been reported that
breast cells may lose keratin K19 expression as a conse-
quence of E7-immortalization (Spancake et al. 1999), but
this is not necessarily the case as shown here (see below)

A human breast progenitor cell line

and by others (Wazer et al. 1995). However, we cannot at
present exclude some loss of K19" cells in the MUC"/
ESA" cell line during immmortalization. Finally, human
salivary gland cells transduced with E6/E7 were reported
to remain diploid or near-diploid without a general de-
stabilization of the karyotype (Queimado et al. 1999). We
have confirmed these studies, and have found that the
transduced breast cells are nontumorigenic and have a
diploid karyotype (46, XX; T. Gudjonsson and C. Jin, un-
publ.) even after more than one year in culture and 25
passages. It should be pointed out here that the immor-
talized clones are most robust before passage 40. Once
the cells have reached passages beyond 50 they retain
some stem-like properties but begin to behave more er-
ratically in our hands.

The strategy for isolating progenitor cells in the hu-
man breast was based on two assumptions. First, recent
data from a number of different groups including ours
have implicated the luminal epithelial lineage as the
source of bipotent cells in the human breast (Smith 1996;
Stingl et al. 1998, 2001; Péchoux et al. 1999; Smalley et
al. 1999). Second, ultrastructural studies in rodent mam-
mary glands, but also to some extent in the human
breast, have led to the identification of a basal ‘clear’ cell
as the candidate stem cell or first-degree progenitor cell
(Rudland 1987; Smith and Chepko 2001). The finding
that the candidate stem cells in the mouse mammary
gland are ‘undifferentiated’ (Smith and Chepko 2001)
agrees with our finding that in the human breast these
cells do not express sialomucin. That the MUC /ESA*
putative stem cells, nevertheless, express large amounts
of ESA, also known as the 40-kD cell adhesion molecule
Ep-CAM, is also compatible with the reported expres-
sion of this molecule in putative stem cells of other tis-
sues. Thus, in contrast to what is the general pattern of
adhesion molecule expression such as cadherins, Ep-
CAM is expressed highly in those parts of epithelial tis-
sues that express low levels of other differentiation
markers (Balzar et al. 1999).

One major and novel conclusion from our study is that
the multipotent progenitor cells of the human breast re-
side in a predominantly keratin K19* compartment. This
was somewhat surprising because keratin K19~ cells
have been widely thought to be the potential stem cells
of the breast. This belief has been based on earlier as-
sumptions that stem cells should proliferate rapidly and
that highly proliferative breast cell lines and to some
extent benign proliferative lesions were keratin K197,
and that keratin K19* cells proliferate poorly in culture
(Bartek et al. 1985; Paine et al. 1992; Stampfer and Yas-
wen 1993; Rennov-Jessen et al. 1996). However, more
recent evidence supports our observation of a keratin
K197 precursor cell compartment. First, keratin K19 is
one of the earliest keratins expressed in the embryo (Ta-
mai et al. 2000), and whereas the fetal breast contains a
homogenously keratin K19* luminal epithelial compart-
ment, keratin K19~ luminal cells arise only in adulthood
(Anbazhagan et al. 1998). Second, >90% of breast carci-
nomas are K19*. Although it could be argued that K19~
luminal epithelial cells could express K19 along with
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malignant transformation, so far all reported transforma-
tions of nonmalignant K19~ breast cell lines have re-
sulted in K19~ tumor cells (Petersen et al. 1998; Santner
et al. 2001). Third, studies of other organs, including
liver, pancreas, skin, testes, and prostate have revealed
that the stem cell compartment expresses keratin K19
(Stosiek et al. 1990; Fridmacher et al. 1995; Michel et al.
1996; Bouwens 1998; Hudson et al. 2001). This does not
imply that all keratin K19* cells are progenitor cells be-
cause, for instance, the entire basal layer of the skin is
K19* and this by far exceeds the expected number of
stem cells. It should be pointed out also that we can not
at present rule out the possibility that the MUC /K19*
cells may be downstream of the ultimate stem cell of the
breast. Regardless, however, these cells are capable of
generating a fundamental epithelial component of the
breast.

Finally, it remains to be seen whether the ultrastruc-
turally defined stem cell in the mouse mammary gland
may also resemble the keratin K19* cells of the human
breast. The two species are not directly comparable be-
cause of the difference in the levels of glandular matu-
ration in the virgin gland of mice versus the resting gland
of humans (for review, see Ronnov-Jessen et al. 1996). In
particular, the mouse mammary gland from nulliparous
mice is less developed than the human breast and con-
tains no TDLUs. Accordingly, keratin K19 staining of
the virgin mouse mammary gland resembles staining of
the fetal human breast, which also lacks TDLUs, that is,
a more widespread staining of essentially all luminal ep-
ithelial cells (cf. Anbazhagan et al. 1998 and Smalley et
al. 1998). An indication that these cells are progenitor
cells for the entire mouse mammary gland comes from
studies of primary cultured clones of sorted luminal ep-
ithelial cells (K19*/K18*) from 10-week-old virgin mice
(Smalley et al. 1998, 1999). Such clones rapidly diversify
(within a week) to generate K197/K18" indicating matu-
ration towards heterogeneity reminiscent of that of adult
human breast cells (Smalley et al. 1999). Although no
information on staining of pregnant and lactating mouse
mammary glands yet exists to confirm maturation-in-
duced heterogeneity in vivo, additional evidence for pro-
found similarities in the lineage evolution in mouse and
human comes from studies of mouse cells on rBM gels.
In the three-dimensional assays, a proportion of clones
can form what is referred to as “mammospheres” with
segregation of luminal epithelial (K19*/K18*/K147) and
myoepithelial (K197/K187/K14") cells into a central and
peripheral position, respectively. Such behavior was in-
terpreted in favor of the presence of pluripotent stem
cells (Smalley et al. 1999). It is possible that the mam-
mospheres recorded in these cultures of mouse mam-
mary epithelial cells, although morphologically less
elaborate, are nevertheless the counterparts to the
TDLUs seen in rBM cultures of human MUC /ESA* ep-
ithelial cells. As such they may be the result of the ex-
istence of similar progenitor cells in these mouse cul-
tures. It is interesting to note that we estimated the fre-
quency of human MUC /ESA* epithelial cells to be ~8 %,
and the crude preparations of mouse luminal epithelial
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cells yielded multipotent clones with a frequency of ~10%
cells (Smalley et al. 1999). This also agrees well with
previous published data for mice that the estimated fre-
quency of candidate mammary stem cells and first-de-
gree progenitor cells is ~8%-12% (Smith and Chepko
2001). Taken together, it is likely that the mouse mam-
mary stem cell is also both suprabasal and K19" positive.
The isolation, immortalization, and characterization
of the putative stem cells of the adult human breast, and
the parallel between the rodent and the human breast
stem cells may now make it possible to isolate and im-
mortalize mammary stem cells from other species and
other organs as well. Once we have pure populations of
stem cells and progenitor cells, we can then start to ana-
lyze which genes regulate their behavior and see how
these genes are disrupted during malignant progression.
This information will be useful both for the treatment of
breast cancer as well as possible tissue regeneration.

Materials and methods

Cell culture

Breast luminal epithelial cells were generated from primary cul-
tures of biopsies from patients undergoing reduction mammo-
plasty for cosmetic reasons. The use of human material has
been reviewed by the Regional Scientific-Ethical Committees
for Copenhagen and Frederiksberg, Denmark and approved with
reference to (KF) 01-161/98. The tissue was prepared as de-
scribed previously (Péchoux et al. 1999). Briefly, it was mechani-
cally disaggregated followed by enzymatic digestion with colla-
genase to release epithelial organoids. The organoids were
plated in CDM3 medium (Petersen and van Deurs 1987, 1988)
on collagen-coated (Vitrogen-100, Cohesion) T-25 flasks (Nunc).
Cells were kept at 37°C in a humidified incubator with 5% CO,
and the medium was changed three times a week. In some in-
stances organoids were trypsinized directly after collagenase di-
gestion to obtain uncultured single cells for smears, which were
fixed in methanol and further analyzed.

Cell separation

Cells were separated from six biopsies (D382, D490, D492,
THG69 for immortalizations and TH82 and TH95 for short-term
cultures). Luminal epithelial cells were purified after organoids
had spread out to monolayers in primary culture. Cells were
trypsinized and filtered as described previously (Péchoux et al.
1999). The luminal MUC*/ESA* epithelial cells (D382) were
separated immunomagnetically using two anti-sialomucin
(115D8, Biogenesis Ltd.) columns and expanded for two passages
on CDM6 medium (Péchoux et al. 1999) prior to immortaliza-
tion. The MUC™/ESA* epithelial cells were collected as the flow
through population from an anti-sialomucin column and later
(passage 3, 10, or 27) retention of cells by an anti-ESA (VU-1D9,
NovoCastra) column. The time point of ESA retention did not
affect the ability to generate TDLU’s. The MUC /ESA* cells
were kept on DME-F12 supplemented with either choleratoxin
(10 ng/mL; Sigma-Aldrich), epidermal growth factor (100 ng/
mL; PreproTech EC LTD), and keratinocyte growth factor (10
pg/mL; PreproTech), or insulin (3 ug/mL; Boehringer Mann-
heim, Roche), hydrocortisone (1.4 pM; Sigma-Aldrich), epider-
mal growth factor (100 ng/mL), and 10% FCS or CDMS3 prior to
immortalization (Péchoux et al. 1999). All cultured breast epi-
thelial cells expressed B4-integrin in the presence of cholera-
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toxin or serum in contrast to fibroblasts (Gudjonsson et al. 2002;
T. Gudjonsson, unpubl.). Thus, when fibroblasts were present
they were removed by retaining epithelial cells in a B4-integrin
column using MAB1964 antibody (Chemicon International).
This step was optional. For isolation and purification of myo-
epithelial-derived cells we used an antibody against Thy-1
(AS02, Dianova). All cell separations were carried out by use of
the MiniMACS magnetic cell separation system according to
the manufacturer’s instructions (Miltenyi Biotech).

Establishment of immortalized cell lines and clonal cultures

The MUC*/ESA* epithelial and MUC /ESA* epithelial cells
were transduced in passage 3 with sterile filtered retrovirus-
containing supernatant from the PA317 LXSN HPVI1GEGE7
packaging cell line (CRL-2203, ATCC) in the presence of 8 ng/
mL polybrene (Sigma-Aldrich) (Band et al. 1990; Wazer et al.
1995). Transduced cells were selected in the presence of 100
pg/mL G418 (Life Technologies). Established cell lines were
kept routinely in H14 medium (Blaschke et al. 1994). Clonal
cultures were prepared by limited dilution according to a pro-
tocol for prostate epithelial cells (Hudson et al. 2000). Briefly,
500, 1000, or 5 x 10° cells (5 x 10* in three-dimensional laminin
rich gels) were plated onto T25-flasks in serum-free H14 me-
dium and kept for 2 wk prior to staining. For single-cell cloning,
cells were collected with a pipette and dispensed to a 96-well
dish. The presence of only one single cell was verified visually
under the phase contrast microscope. Cells were expanded and
transferred to a 24-well dish or a T25 flask before Matrigel ex-
periments. One clone (TH123) was used for further experimen-
tation.

TER

For TER measurements, cells were plated on polycarbonate fil-
ters with a pore size of 0.4 pm (Corning Costar Corporation) and
allowed to reach confluency. A Millicell-ERS volt-ohm meter
(Millipore) was used to determine the TER value. All TER val-
ues were normalized for the area of the filter and were obtained
after background subtraction. All experiments were done in
triplicate.

RNA isolation and reverse transcription PCR

Total RNA was extracted from monolayer cultures with Trizol
according to the manufacturer’s instructions (Life Technolo-

Table 2. Primer sequences

A human breast progenitor cell line

gies). DNase-treated (DNase I Amp Grade, Life Technologies)
total RNA (1.3 pg) was used as template for first strand synthe-
sis with oligo dT primers (SuperScript First-Strand Synthesis
System for RT-PCR, Life Technologies) in a 20 pL volume. A
volume of 1 pL from this ¢cDNA served as template for the
subsequent PCR amplifications, using primers specific for
HPV16 E6 and E7 (HPV16 E6 and HPV16 E7, respectively), kera-
tin K19 (K19), sialomucin (MUCI1), « smooth muscle actin
(ASMA), and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The primer sequences, annealing temperature (T,),
and number of amplification cycles for each reaction, as well as
the resulting product size are listed below (Table 2). Each PCR
reaction was initiated with a 15 min incubation step at 95°C,
followed by the specified number of cycles with denaturation at
94°C, annealing at the specified T,, and extension at 72°C, for
1 min each, followed by a final extension step at 72°C for 7 min.
Each reaction was performed in a 50 pL volume containing 2.5
U HotStar taq polymerase (QIAGEN, KEBO Lab A/S), 10x PCR
buffer including MgCl, (QIAGEN), 200 tM dNTP, and 200 nM
of forward and reverse primers.

Control amplification was performed on RNA samples not
subjected to reverse transcription to verify that no contaminat-
ing genomic DNA was present (data not shown). The PCR prod-
ucts were analyzed by electrophoresis in 1.5% agarose gels.

TRAP-assay

The telomerase activity was determined with the TRAP assay
(Kim et al. 1994) using the TRAPeze Telomerase Detection Kit
(Intergen) according to the manufacturer’s instructions. Cells
were grown to 70%-80% confluence, trypsinized and counted.
A lysate volume equal to 1000 cells was used for each reaction,
and electrophoresed on a 12% nondenaturing acrylamide gel
(Bio-Rad), stained in SYBR green 1 (Molecular Probes), and vi-
sualized by UV transillumination and image recording in a Gel
Doc 1000 (Bio-Rad).

Matrigel experiments

For three-dimensional cultures, 2.5 x 10> MUC*/ESA*, MUC~/
ESA*, or Thy-1*/ASMA* cell lines or short-term cultures were
plated separately inside rBM (Matrigel, lot no. 40230A, Becton
Dickinson). Experiments were carried out in 24-well dishes
(Nunc) using 300 pL Matrigel in which single cells were sus-

Amplification Product

Primer Sequence (5'-3" direction) T, (C) cycles size (bp)
HPVIGEG-FW G C A ACAGTTACTGCGACGTG 550 30 234
HPVIGEG-RV G G A CACAGTGGCTTTTGATCA

HPVIGE7Z-FW G A T G G T CCAGCTGGACAAGTC 550 30 143
HPVIGE7ZRV G T GCCCATTAACAGGTOCTTZC

K19-FW GAGGTGGATTCCGCTCCGGGT<CA 58° 925 462,
K19-RV A TCTTCCTGTCCCTCGAGCAG

MUCI-FW GTACCATCAATGTOCCACGATC 60° 30 351
MUCI1-RV CTACGATCGGTACTGCTAGSG

aoSMActinnFW G G A AT CCTGTGAAGCAGCTZC 56° EY) 1200
aSMActinrRV C A CAGTTGTGTGCTAGAGACAGAG

GAPDH-FW GAAGGTGAAGGTCGGAGT 540 25 296
GAPDH-RV GAAGATGGTGATGGGATTTC

Primers were specific for human papilloma virus 16 E6 and E7 (HPV16 E6 and HPV16 E7, respectively), keratin K19 (K19), Sialomucin
(MUC1), a smooth muscle actin (aSM Actin) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). (FW) Foward primer; (RV)

reverse primer.
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pended. In some experiments the MUC /ESA* cells were re-
retained in an ESA column prior to embedding in Matrigel to
obtain optimal morphogenesis. Primary luminal epithelial cells,
myoepithelial cells, and uncultured TDLU organoids from the
breast were used as control (Petersen et al. 1992). The percent-
age of TDLU formation defined by branching of cell clusters on
Matrigel was quantified after no longer than 6-14 d of culture by
phase contrast microscopy using a 10x objective and a 10x eye
piece.

Immunocytochemistry and confocal microscopy

Breast biopsies and cells cultured within rBM were frozen in
n-hexan (Merck) and mounted in Tissue Freezing Medium
(Leica Instruments) for sectioning. Frozen biopsies and rBM gels
were sectioned at an 8-um setting in a cryostat. The sections
and cell cultures were dried for 15 min at room temperature and
fixed in methanol as described previously (Petersen and van
Deurs 1988). Primary antibodies were directed against keratin
K18 (F3006; Trichem Aps), keratin K19 (BA17 and RCK108,
DAKO, or Abl Neomarkers), sialomucin (MAMS6, clone 115D8,
Biogenesis), occludin (OC-3F10, Zymed Laboratories), poly-
clonal claudin-1 (Zymed), ESA (VU-1D9, Novocastra), E-cad-
herin (HECD-1, kindly provided by Dr. Atsushi Ochiai, Tokio,
Japan), Thy-1 (ASO-2, Dianova), ASMA (1A4, Sigma-Aldrich), a1
chain of laminin-1 (EB7, kindly provided by I. Virtanen, Univer-
sity of Helsinki), and keratin K14 (LL002, Novocastra). Rabbit
anti-mouse immunoglobulins (2259, DAKO) were used as sec-
ondary antibodies and a peroxidase conjugated anti-peroxidase
mouse mAb was used as tertiary antibody (P850, DAKO). The
peroxidase reactions were performed using 0.5 mg/mL 3,3-di-
aminobenzidine (Sigma) and 0.5 pL/mL of 30% H,0O, (Merck)
for 10 min. The cultures were counterstained with hematoxy-
lin. For double-labeling experiments we used iso-type specific
antibodies, all from Southern Biotechnology as described previ-
ously (Rennov-Jessen et al. 1995). Antibody incubations were
carried out for 30 min, and specimens were rinsed twice for 5
min each, all at room temperature. Some sections received a
nuclear counter stain with 1 ng/mL propidium iodide (Molecu-
lar Probes). Afterwards sections were mounted with coverslips
by use of Fluoromount-G (Southern Biotechnology) supple-
mented with 2.5 mg/mL n-propyl gallate (Sigma-Aldrich) as de-
scribed previously (Rennov-Jessen et al. 1992). For keratin K19
staining, biopsies were fixed routinely in formalin, parafin em-
bedded, and sectioned at a 4 nm thickness. The antibodies were
visualized by Streptavidin-Biotin (DAKO 5004; kindly per-
formed by Dr. F. Rank, Rigshospitalet). Immunofluorescence
was visualized using a Zeiss LSM 510 laser-scanning micro-
scope (Carl Zeiss). Sections were observed by use of a 20x, 40x,
63x, or 100x objective and slicing in the z-plane into 0.25 pm-
thick focal planes was indispensable for high quality FITC,
Texas red, or propidium iodide exposures. Smeared cells double-
stained for ESA and MUC were quantified by counting 100 cells
in five different fields.

Immunoblotting

Semiconfluent T-25 flasks of MUC*/ESA* and MUC /ESA* ep-
ithelial cells, and T47D breast cancer cells (positive control)
were lysed for 30 min at 4°C in buffer containing 1% Triton
X-100, 1% sodium deoxycholate, 10% glycerol, 20 mM Tris-
HCI (pH 7.5), 150 mM NaCl, 2.5 mM EDTA, 1 mM PMSE, 1%
Trasylol, 100 nM NaVO;. The lysates were centrifuged and
samples were subjected to 12% SDS-PAGE and run at 35 mV for
4 h. The loading of lanes was equilibrated based on protein
determinations by the Bio-Rad protein assay (Bio-Rad Laborato-
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ries). The samples were electrophoretically transferred to Im-
mun-Blot PVDF Membrane (Bio-Rad) at 400 mA for 3-4 h at 4°C
in 20% methanol, 0.2 M glycine, and 25 mM Tris-HCI. Blots
were blocked in phosphate-buffered saline containing 5% dried
milk and 0.05% Tween-20 for 1 h at room temperature before
probing with anti-keratin K19 (BA17). The blots were washed
three times for 10 min in PBS containing 0.05% Tween-20 and
then incubated with the anti-mouse IgG, horseradish peroxidase
linked whole antibody (NA931, Amersham Pharmacia Biotech).
After washing, bound antibodies were visualized using the ECL
immunoblotting detection system (Amersham).

Transplantation into nude mice

The MUC*/ESA* and MUC /ESA* epithelial cell lines were in-
oculated subcutaneously into BALB/C nude mice after preem-
bedding 10° cells in 500 uL of a mixture of collagen and rBM
(20% Matrigel/ 80% collagen) (Yang et al. 1994). The mice were
sacrificed after one week and the implants were sectioned and
stained (see above).
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