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Abstract Stem cells in mammary tissue have been well
characterised by using the mammary stem cell marker,
cytokeratin (CK) 5 and the mature epithelial markers CK 14,
CK18 and CKI19. As these markers have never been
reported in cells from breastmilk, the aim of this study
has been to determine whether mammary stem cells are
present in expressed human breastmilk. Cultured cells from
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human breastmilk were studied by using immunofluores-
cent labelling and reverse transcription/polymerase chain
reaction (RT-PCR). We found a heterogeneous population
of cells with differential expression of CK5, CK14, CK18
and CK19. Further, by using the multipotent stem cell
marker, nestin, we identified cells in culture that were
positive only for nestin or double-positive for CK5/nestin,
whereas no co-staining was observed for CK14, CK18 and
CK19 with nestin. When cells isolated from breastmilk
were analysed by using RT-PCR prior to culture, only
nestin and CK18 were detected, thereby indicating that
breastmilk contained differentiated epithelial and putative
stem cells. Furthermore, fluorescence-activated cell-sorting
analysis demonstrated, in breastmilk, a small side-popula-
tion of cells that excluded Hoechst 33342 (a key property of
multipotent stem cells). When stained for nestin, the cells in
the side-population were positive, whereas those not in the
side-population were negative. The presence of nestin-
positive putative mammary stem cells suggests that human
breastmilk is a readily available and non-invasive source of
putative mammary stem cells that may be useful for
research into both mammary gland biology and more
general stem cell biology.
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Introduction

The human mammary gland is unique in its ability to

undergo proliferation, secretion and involution cycles
during the course of a woman’s life. The mammary
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gland proliferates from a ductal structure prior to
pregnancy, to a complex secretory organ during lactation
when it is characterised by a high metabolic rate,
equating to ~25% of the energy expenditure of the
body. As the infant weans from the breast and milk
production declines, involution-induced apoptosis of the
mammary parenchyma leads to regression and to a
ductal structure, until subsequent pregnancies once again
stimulate proliferation (Neville and Daniel 1986). This
ability for massive proliferation and self-renewal of the
mammary gland during pregnancy suggests the presence
of stem cells in the mammary tissue.

Early transplantation work demonstrated that reconstitu-
tion of mammary glands occurred when isolated mammary
epithelium from donor mice were transplanted into cleared
mammary fat pads (DeOme et al. 1959). More recent
studies in mice have shown that small, randomly chosen
fragments of mammary tissue, transfected with mouse
mammary tumour virus have the capacity to repopulate a
cleared mammary fat pad through the generation of clonal
dominant populations as demonstrated by the unique site of
viral integration (Kordon and Smith 1998). Further,
following pregnancy, these glands are able to lactate and,
when fragments of them are transplanted into second and
third generation mammary glands, they again form func-
tional lactating mammary glands (Kordon and Smith 1998).
Studies of stem cells isolated from the human mammary
gland have been restricted either to the use of biopsy
material or tissue isolated from breast reduction mammo-
plasty (Bocker et al. 1992a, b; Petersen et al. 2003; Dontu
et al. 2003; Bocker et al. 2002). These studies have utilised
cytokeratin (CK) markers to identify mammary stem cells
during differentiation. CKs are intermediate filaments
differentially expressed in mammary epithelia dependent
upon the differentiation status of the cell (Berdichevsky and
Taylor-Papadimitriou 1991); CKS5 is indicative of mammary
stem cells (Bocker et al. 1992a, b; Petersen et al. 2003;
Boecker and Buerger 2003) and CK 14, CK18 and CK19, of
more mature mammary epithelial cells (Dontu et al. 2003;
Gudjonsson et al. 2002; Sting et al. 1998, 2001). Consistent
amongst these findings is that when cultured, a heteroge-
neous population of mammary stem and differentiated cells,
as defined by the CK markers, is observed (Sting et al.
1998, 2001).

Human breastmilk is known to have a cellular component
(14,000 cells/ml) comprising various types of immune and
epithelial cells, with those of epithelial lineage comprising
up to 90% of the total cell population (Ho et al. 1979). Many
lactocytes (mammary secretory epithelial cells) are believed
to occur in milk after exfoliation from the basement
membrane, either because of the turnover of the secretory
tissue or as a consequence of the pressures associated with
the continued filling and emptying cycle associated with
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breastmilk synthesis and breastfeeding. We hypothesise that,
since mammary stem cells have been isolated and charac-
terised from non-lactating mammary tissue (a period of
quiescence for the mammary gland), use of identical CK
markers to those previously employed should identify these
same cells in breastmilk during a period of continued
lactocyte renewal and proliferation-lactation.

Materials and methods
Breastmilk sample collection

Twenty breastfeeding women (stage of lactation-1 to
18 months) were recruited through the Australian Breast-
feeding Association to participate in the study by donating
milk as needed. Breastmilk samples were typically collect-
ed in the morning from volunteers by using a Medela
Symphony Electric Breastpump (Medela AG, Switzerland)
and transported on ice in polypropylene vials to the
laboratory. The study was approved by the Human
Research Ethics Committee of The University of Western
Australia and each mother supplied written informed
consent.

Cell isolation and culture

Cells were isolated from breastmilk through centrifugation
at 500g for 10 min and washed three times in RPMI
(Gibco). Breastmilk cells were grown in RPMI supple-
mented with 20% heat-inactivated fetal bovine serum (FBS;
Gibco), 2 mM L-glutamine, 5 pg/ml insulin (Sigma-
Aldrich), 0.5 pg/ml hydrocortisone (Sigma-Aldrich),
10 ng/ml epidermal growth factor (BD Bioscience),
60 ng/ml cholera toxin (List Biological Laboratories),
penicillin (200 U/ml), streptomycin (200 pg/ml) and
fungizone (0.5 pg/ml; Biowhittaker) in 24-well tissue-
culture plates (Sarstedt) with 13-mm-diameter circular
coverslips at 37°C under an atmosphere of 5% CO, and
95% relative humidity until confluence. Because of the
variability between women in the total number of cells in
breastmilk, the time taken to confluence ranged between 7
and 50 days.

Reverse transcription/polymerase chain reaction

All materials for reverse transcription/polymerase chain
reaction (RT-PCR) were purchased from Fisher Biotech
unless otherwise stated. RNA from the cultured cells
were extracted using Tri-reagent (Invitrogen) and
reverse-transcribed with oligo-dT primers (Proligo) for
25°C for 15 min, 42°C for 60 min and 72°C for
15 min. Negative controls, without reverse transcriptase,
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were performed for each RNA sample to ensure the a final extension at 72°C for 4 min. All PCR products
absence of DNA contamination. For PCR amplification, = were sequenced to confirm the correct amplification of
the conditions used were 94°C for 2 min, 30-40 cycles the target product.

of 94°C for 15 s, 60°C for 15 s and 72°C for 60 s and The primers used for PCR amplification were as follows:

Fig. 1 Expression of cytokera-
tin (CK) markers (a—f) and light
micrographs (g, h) of cells
obtained from human breastmilk
and subsequently cultured. Im-
munofluorescent labelling stain-
ing for CK14 (red in a—f) and
CK18 (green in a, b), CK5
(green in ¢, d) or CK19 (green
in e, f). Bars 50 pm

CK14

CK14
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—  D-glyceraldehyde-3-phosphate dehydrogenase:
S'AAGGACTCATGACCACAGTCCATG-3' and
S'TTGATGGTACATGACAAGGTGCGG-3';

— nestin: 5'-GGTCAGTTCCTGAAGTTCACTCAG-3’
and 5'-CCTAGTACTATCGGGATTCAGCTG-3';

— CKS5: 5'-CGACAAGGTGCGGTTCCTG-3' and
5'GCAGATTGGCGCACTG-3';

— CKl14: 5-GATGACTTCCGCACCAAGTATGAG-3'
and 5'-TCAATCTCCAGGTTCTGCATGGTG-3';

— CKI18: 5-AGAAATCTGAAGGCCAGCTTGGAG-3'
and 5-TACCCTGCTTCTGCTGGCTTAATG-3';

Immunofluorescent labelling

Cells isolated from breast milk were grown on glass
coverslips in 24-well plates and fixed with methanol/
acetone (1:1 v/v). Non-specific binding was blocked with
5% rabbit serum (Jackson ImmunoResearch) and 3%
bovine serum albumin (Sigma-Aldrich) in TRIS-buffered
saline for 30 min at room temperature. Cells were then
incubated with primary antibody (1:100) overnight at 4°C
and fluorescently labelled secondary antibody (1:400) for
30 min at room temperature in the dark. The slides were
then washed three times with phosphate-buffered saline
(PBS) and rinsed with deionised water. Primary antibodies
used were: mouse anti-CK5 (Chemicon), rabbit anti-CK14
(Chemicon), mouse anti-CK18 (Chemicon), mouse anti-
CK19 (Dakocytomation) and rabbit anti-nestin (Invitrogen).
Secondary antibodies used were: goat anti-rabbit IgG
AlexaFluor 546 (Molecular Probes) and goat anti-mouse
IgG AlexaFluor 488 (Molecular Probes). Following stain-
ing, mounting media (ProLong Gold Antifade Reagent with
4,6-diamidino-2-phenylindole; Invitrogen) was added and
the cells were visualised and photographed with a Zeiss
Axioplan 2 fluorescent microscope (Carl Zeiss, Australia).

Hoechst 33342 staining and fluorescence-activated cell-
sorting analysis

Hoechst staining was performed as previously described
(Storms et al. 2000). Briefly, cells were washed from
breastmilk with warmed RPMI (Gibco), resuspended in
culture medium with Hoechst 33342 (Sigma) at a final
concentration of 2.5 pug/ml and incubated for 1 h at 37°C.
In control samples, Verapamil (Sigma) was added (final
concentration: 50 pg/ml) and, after incubation, samples
were washed (BioWhittaker) and resuspended in HBSS
(Gibco) supplemented with 5% FBS. For fluorescence-
activated cell-sorting (FACS) anaylsis, cells were stained
with 1 pg/ml propidium iodide (Sigma) for viability and
then analyzed and sorted by flow cytometry by using
FACStarPLUS (Becton Dickinson). The side-population
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and non-side-population were then cytospun onto cover-
slips, fixed and immunofluorescently labelled for nestin by
using rabbit anti-nestin (Invitrogen; 1:100) overnight at 4°C
as the primary antibody and goat anti-rabbit IgG Alexa-
Fluor 546 (Molecular Probes; 1:400) for 30 min at room
temperature in the dark as the secondary antibody. The
slides were then washed three times with PBS and rinsed
with deionised water.

Results and discussion

Breastmilk contains a heterogeneous population
of mammary epithelial and putative mammary stem cells

To confirm that primary cultures of cells isolated from
human breastmilk were heterogeneous (in that there were
undifferentiated and differentiated populations present) and
were thus consistent with prior studies of digested
mammary tissue (Bocker et al. 1992a, b; Petersen et al.
2003; Boecker and Buerger 2003; Dontu et al. 2003;
Gudjonsson et al. 2002; Sting et al. 1998, 2001), we
performed immunofluorescent labelling and RT-PCR anal-
ysis on such cultures. Cells were isolated from expressed
human breastmilk by centrifugation, the cell pellet was
resuspended and the cells were cultured. At confluence, the

CK5

| ————
- CK 14

. e CK 18

s s Nestin

— —
Milk  Culture

Fig. 2 Expression of CKS5, CK14, CK18, nestin and D-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) in cells isolated from
human breastmilk (Milk) and subsequently cultured (Culture); detec-
tion by RT-PCR

GAPDH
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cultures were then stained for the mature mammary
epithelial cell markers, CK14, CK18 and CK19, and for
the mammary stem cell marker, CKS5.

From dual staining of CK14 and CK18, we noted two
morphologically mature mammary epithelial cells. Mor-
phologically, CK14" cells were often elongated and large,
whereas CK18" cells were rounder and large (Fig. 1a,b).
This correlated with the morphological description of the
two mammary epithelial cell types of luminal/ductal and
myoepithelial lineage as previously reported in cultures
derived from mammary tissue (Gudjonsson et al. 2002;
Sting et al. 1998, 2001; Pechoux et al. 1999). We also
observed cells expressing only CKS5 (Fig. lc,d) or CK19
(Fig. le,f). Although occasional co-staining of CK19 and

Fig. 3 Co-staining of the multi-
potent marker, nestin, with CKs
in cells obtained from human
breastmilk and subsequently
cultured. Immunofluorescent la-
belling staining for nestin (red in
a—h) and CKS5 (green in a, b),
CK14 (green in ¢, d), CK18
(green in e, f) or CK19 (green in
g, h). Bars 50 pm

/

NESTIN

CK14 was observed, co-staining of the mature epithelial
marker CK14 with the stem cell marker, CK5, was not
observed, thereby contradicting reports of co-expression
between these markers (Boecker and Buerger 2003).
Together, these data demonstrated that the cultures derived
from expressed human breastmilk were similar to those
established from mammary tissue in that a heterogeneous
population of mature cells and putative mammary stem
cells existed.

Because of the large amount of cellular debris and lipids
present in expressed human breastmilk (Brooker 1980),
immunofluorescent labelling of the cells isolated directly
from breastmilk was problematic. Therefore, RT-PCR for
the markers CK5, CK14 and CK18 was performed to

NESTIN *
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determine whether this population of cells also existed in
breastmilk. We observed that CKS expression was either
non-existent or below the detection threshold of RT-PCR,
whereas CK18 was readily detected (Fig. 2). The lack of
detection of CKS5 in breastmilk suggested that CKS5"
putative mammary stem cells arose in primary culture from
a small population of cells in breastmilk.

Breastmilk contains a side-population of cells that
are nestin-positive

The detection of the terminally differentiated markers CK 14
and CK18, in combination with a lack of detection of the
mammary specific stem cell marker CK5 in breastmilk,
despite its presence in culture, led us to consider the
possibility that CK5" putative mammary stem cells in
culture may derive from a progenitor cell in breastmilk.
Nestin is a well-characterised marker of multipotent stem
cells and, in adult tissues, is closely associated with stem
cell populations (Lendahl et al. 1990; Dahlstrand et al.
1992; Zulewski et al. 2001; Toma et al. 2001; Kabos et al.
2002). To this end, the expression of nestin in breastmilk
and our primary cultures was concomitantly investigated to
determine whether the CK5" cells observed could have
originated from a multipotent progenitor present in breast-
milk. Using immunofluorescent labelling, we observed
cells in culture that stained exclusively positive for nestin,
CK5, CK14, CK18 or CK19 (Fig. 3). Further, although
heterogeneous cultures staining for nestin, CK14, CK18
and CK19 were common, the only regular patterns of co-
staining observed was for nestin and CK5. As no CK5"
cells could be detected in breastmilk by using RT-PCR
(Fig. 2), the presence of nestin"/CK5~, nestin"/CK5" and
nestin /CK5" cell types suggested that either the level of
CKS5 expression in breastmilk was below detection thresh-
old or that the nestin” cells found in breastmilk had
differentiate in culture into CK5" cells.

However, it was necessary to demonstrate that those
nestin” cells observed in culture and detected in breastmilk
were comparable with the putative stem cells observed in
other models. To this end, we investigated another
characteristic of such cells, viz. the increase in membrane
transporter activity as demonstrated by Hoechst 33342 dye
exclusion (Zhou et al. 2001), a technique used widely to
identify primitive subsets of stem/progenitor cells from a
variety of tissues, including the mammary gland (Dontu et
al. 2003; Alvi et al. 2003; Clarke et al. 2005; Welm et al.
2002). In cells isolated directly from breastmilk, we
observed a side-population that excluded Hoechst 33342
dye (Fig. 4a) and that was not evident in control experi-
ments in which verapamil was used to block the membrane
transporters (Fig. 4b). Further, when the cells in the side-
population where stained for nestin by using immunofluo-

@ Springer

256
a v
< 192+ ¥
=
- .
3 R
@
2 128+
L)
Q
(=]
I e ¥ wied
- 3 T
<, ¥
(™ 54_ kA y
A R
0 - T - T T
0 64 128 192 256
FL5-Hoechst Red (675)
256

192+

FL4-Hoechst Blue (440)
3
L

128
FLS-Hoechst Red (675)

Fig. 4 Hoechst 33342 exclusion and nestin expression of cells
isolated directly from human breastmilk. A population excluding
Hoechst 33342 (side-population) could be identified in the cells
isolated from human breastmilk (gated R3), whereas the majority of
cells (ungated) stained intensely with Hoechst (a). As a control,
verapamil was used to block the exclusion of the Hoechst dye,
resulting in the loss of the side-population (b). When the side-
population and non-side-population population observed in a were
fluorescently stained for nestin, most of the side-population cells,
although small in number, were observed to be nestin-positive (green
in ¢), whereas all of the non-side-population cells were nestin-negative
(d). Bars 50 pm
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rescent labelling, cells positive for nestin were observed
(Fig. 4c), whereas none of the cells of the non-side-
population stained positively for nestin (Fig. 4d).

Nestin is a marker for multipotent stem cells in bone
marrow (Kabos et al. 2002) and in neural (Lendahl et al.
1990; Dahlstrand et al. 1992), pancreatic (Zulewski et al.
2001) and epithelial (Toma et al. 2001) tissues. Based on
the results presented in this study, we hypothesise that
human breastmilk is a source of nestin" putative mammary
stem cells. As previous studies have shown that nestin”
adult stem cells can differentiate into hepatic and exocrine
phenotypes from pancreatic islet cells (Zulewski et al.
2001), into neuronal, glia, keratinocytes, melanocytes and
smooth muscle cells from hair follicle stem cells (Amoh et
al. 2005) and into neural cells from bone marrow stem cells
(Kabos et al. 2002), the nestin” cells in human breastmilk
might have the same differentiation potential. Further,
recent findings in mice in which a single transplanted
mammary stem cell can reconstitute a functional mammary
gland in vivo (Shackleton et al. 2006) suggest a potential
for the nestin’ stem cells that we have identified in
breastmilk to be utilised in the regeneration of human
mammary glands.

Concluding remarks

The data described here show that expressed human
breastmilk is a novel source of nestin” putative mammary
stem cells. These can be obtained non-invasively from
lactating women, thereby creating a plentiful and ethical
source of putative mammary stem cells for use in a wide-
range of applications with regard to mammary gland and
stem cell biology.
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