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Background: The size of the breast stem-cell pool could underlie the intrauterine roots of breast cancer. We studied
whether breast stem cells exist in umbilical cord blood and if they correlate with hematopoietic stem-cell
measurements that have been positively associated with perinatal risk factors for breast cancer.

Subjects and methods: We isolated mononuclear cells from umbilical cord blood of 170 singleton full-term
pregnancies and determined, by reverse transcription polymerase chain reaction, the presence of genes of putative
breast epithelial stem-cell/progenitor markers [including epithelial cell adhesion molecule (EpCAM), CD49f (a6-
integrin), CD117 (c-kit receptor), CD24, and CD29 (B1-integrin)]. By immunocytochemistry, we colocalized protein

expressions of EpCAM*CD49f*, CD49f"CD24", and CD24*CD29". We correlated concentrations of putative breast
stem-cell/progenitor subpopulations, quantified by flow cytometry, with concentrations of hematopoietic stem cells.
Results: Mammary stem-cell phenotypes were identified in umbilical cord blood. The measured EpCAM™*
subpopulation was positively correlated with concentrations of CD34" and CD34*CD38~ hematopoietic stem cells
(ooth P = 0.006). Additionally, EpCAM*CD49f" and CD49f*CD24* subpopulations were positively correlated to the
CD34" cells (P = 0.03 and 0.008, respectively).

Conclusion: The positive association between measurable breast and hematopoietic stem cells in human umbilical

cord blood suggests plausible mechanisms for a prenatal influence on breast cancer risk.
Key words: epithelial cell adhesion molecule, flow cytometry, hematopoietic stem cell, integrins, in utero

environment, prenatal origin

introduction

The hypothesis that a woman’s risk for breast cancer in the
adult life is influenced already in the in utero environment [1]
has implicated a role of mitogens and stem cells [2, 3]. In

a large cohort of normal singleton pregnancies, we showed that
the concentration of hematopoietic stem cells in umbilical cord
blood is positively correlated with perinatal levels of insulin-like
growth factor-1 (IGF-1) and estrogens [4, 5] and with birth
weight [6], an indicator of adult life breast cancer risk [3, 7, 8].
These results are consistent with a ‘stem-cell burden and
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susceptibility’ hypothesis which predicts that levels of mitogens
increase the number of stem cells (‘burden’), and that such
stem cells are targets for genetic and/or epigenetic alterations
(‘susceptibility’) that might lead to malignant transformation
[3, 9, 10]. In previous studies [4—6], we used hematopoietic
stem cells (defined by the CD34", CD34"CD38", and
CD34"CD117" cell surface markers) as a surrogate for the
overall stem-cell levels. However, levels of epithelial breast stem
or progenitor cells in the in utero environment would be a more
biologically relevant indicator for future breast cancer risk.
Although umbilical cord blood contains hematopoietic [11]
and endothelial [12, 13] stem/progenitor cells, it is challenging
to assume that organ-specific breast stem cells are present in an
in utero compartment far removed from the organ of interest.
However, umbilical cord blood mononuclear cells (MNC)
express embryonic [14] and neural [15, 16] stem-cell markers.
Additionally, umbilical cord blood stem cells, possibly
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including mesenchymal stem cells, can be differentiated to
other cell types, such as osteoblasts, chondroblasts, and
adipocytes, indicating their pluripotent potential [17, 18].
Mammary phenotypes have however not been reported in
human umbilical cord blood.

Here, we analyzed MNC derived from human umbilical cord
blood for gene expressions of markers reported for putative
breast epithelial stem cells and progenitors [19] and quantified
such cell populations by flow cytometry. We report the
existence of putative breast stem/progenitor cell phenotypes in
umbilical cord blood and, more importantly, that the
concentrations of certain breast stem/progenitor cell
phenotypes found in umbilical cord blood correlate positively
with those of hematopoietic stem cells.

subjects and methods

The study protocol was approved by the institutional review boards of the
University of Massachusetts Medical School, Worcester, MA and Tufts
Medical Center, Boston, MA.

subject recruitment and umbilical cord blood processing
Study subjects were recruited from November 2006 to November 2010
among pregnant women who delivered at the Tufts Medical Center, who
were 218 years and human immunodeficiency virus and hepatitis B
negative, with a fetus free of anomalies by ultrasound examination. For this
analysis, we included only full-term (gestational age 237 weeks),
normotensive, and singleton pregnancies. Infants were delivered according
to standard obstetric practices. Umbilical cord blood was collected from the
umbilical vein into a sterile bag containing 35 ml of citrate phosphate
dextrose anticoagulant (Fenwal, Lake Zurich, IL). Samples were processed
for MNC using a Ficoll-Paque (STEMCELL Technologies, Vancouver,
Canada) density gradient within 24 h of birth as described previously [5, 6].

RT-PCR

PolyA" messenger RNA (mRNA) was isolated from MNC using the
QuickPrep Micro mRNA Purification Kit (Amersham Biosciences,
Piscataway, NJ) and reversed transcribed to complementary DNA (cDNA)
using the Superscript III First-Strand Synthesis System (Invitrogen,
Carlsbad, CA), according to manufacturer’s instructions. Genes of
interest were detected using a set of two specific forward and reverse
primers for each gene by PCR: epithelial cell adhesion molecule
(EpCAM), forward 5'-TTGGTGATGAAGGCAGAAATGAATGG-3’

and reverse 5'-TGAACTAAAACACAAAGCAAGAGAAAAACCT-3’

giving a PCR product of 268 bp; CD49f (a6-integrin) [20], forward 5'-
CAAGATGGCTACCCAGATAT-3" and reverse 5'-
CTGAATCTGAGAGGGAACCA-3' giving a PCR product of 210 bp;
CD117 (c-kit receptor) [21], forward 5 -AACGACACGCTGGTCCGCTG-
3’ and reverse 5'-GTACACAGAACTAGACACATC-3’" giving a PCR
product of 341 bp; CD24 [22], forward 5'-TGCTCCTACCCACGCAGATT-
3’ and reverse 5'-GGCCAACCCAGAGTTGGAA-3' giving a PCR product
of 88 bp; CD29 (Bl-integrin) [23], forward 5'-
GTTACACGGCTGCTGGTCTT-3" and reverse 5'-
CTACTGCTGACTTAGGGATC-3" giving a PCR product of 264 bp; and
cyclophilin [24], forward 5'-CCACCGTGTTCTTCGACATC-3" and reverse
5'-GGTCCAGCATTTGCCATGG-3" giving a PCR product of 302 bp. PCR
was carried out using 0.4 pM of each primer, 200 pM deoxyribonucleotide
triphosphate, 1.5-3.0 mM MgCl,, 5 U AmpliTaq DNA polymerase (Applied
Biosystems, Foster City, CA) and ~2 pg template cDNA in a 1X PCR buffer
(50 mM KCl, 10 mM Tris-HCI pH 8.3, 0.001% gelatin). Amplifications
were carried out in a thermocycler using 41 cycles of 95°C for 30 s, 55-60°C
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for 30 s, 72°C for 1 min, followed by a final extension at 72°C for 10 min.
Amplification products were visualized under ultraviolet light after gel
electrophoresis on a 2% agarose gel and staining with GelGreen Nucleic
Acid Gel Stain (Botium, Hayward, CA) or ethidium bromide.

immunocytochemistry and confocal microscopy
Umbilical cord blood-derived MNC were spread and dried on to glass
slides. The cells were fixed in 4% paraformaldehyde for 10 min at room
temperature. After washing in 1X phosphate-buffered saline (PBS), the cells
were blocked with 10% donkey serum (Millipore, Billerica, MA) in PBS for
30 min at room temperature, followed by incubation in the following
primary antibodies in blocking solution overnight at 4°C: mouse anti-
EpCAM (Clone E144, 1 : 100 dilution; Abcam, Cambridge, MA) and rat
anti-CD49f (Clone NKI-GoH3, 1 : 200 dilution; Millipore); rat anti-CD49f
and mouse anti-CD24 (Clone SN3, 1:200 dilution; Millipore); and rabbit
anti-CD29 (Clone EP1041Y, 1 : 200 dilution; Millipore) and mouse anti-
CD24. The cells were then washed and incubated with the appropriate
secondary antibodies for 1 h at room temperature in the dark: Alexa Fluor
488 donkey antimouse, Alexa Fluor 488 donkey antirabbit, Alexa Fluor 594
donkey antirat, and/or Alexa Fluor 568 donkey antirabbit (all 1 : 200
dilution; Invitrogen/Molecular Probes, Eugene, OR). After washing, the
cells were stained in DRAQ5®, 1,5-bis{[2-(di-methylamino)ethyl]amino}-4,
8-dihydroxyanthracene-9,10-dione, (Cell Signaling Technology, Danvers,
MA) and coverslipped in Prolong anti fade reagent (Invitrogen/Molecular
Probes). Primary antibodies were omitted for negative controls. Cellular
colocalizations were examined with a True Confocal Scanning
Spectrophotometer microscope (Leica Microsystems, Deerfield, IL)

using excitation wavelengths 488 nm for Alexa Fluor 488, 568 nm for Alexa
Fluor 568 and Alexa Fluor 594, and 633 nm for DRAQ5. Optical
scanning was carried out every 0.5 pm of cell thickness by a sequential
scanning method.

flow cytometric analyses

Flow cytometric analyses were carried out as described previously [5].
Briefly, 1 x 10° umbilical cord blood-derived MNC were incubated for 30
min on ice in the dark with the following fluorochrome-conjugated
antibodies: anti-CD34 fluorescein isothiocyanate (FITC; Clone 581; BD
BioSciences Pharmingen, San Diego, CA), anti-CD38 phycoerythrin (PE;
Clone HIT2; BD Biosciences Pharmingen), anti-EpCAM FITC (Clone VU-
1D9; STEMCELL Technologies, Vancouver, Canada), anti-CD49f PE
(Clone GoH3; BD BioSciences Pharmingen), anti-CD117 allophycocyanin
(APC; Clone YB5.B8; BD BioSciences Pharmingen), anti-CD24 FITC
(Clone SN3; Antibodies-online, Aachen, Germany), anti-CD29 APC (Clone
MAR4; BD BioSciences Pharmingen), or the combination of anti-CD34
FITC and anti-CD38 PE, or the combination of anti-EpCAM FITC, anti-
CD49f PE, and anti-CD117 APC, or the combination of anti-CD24 FITC,
anti-CD49f PE, and anti-CD29 APC. Samples treated with no antibody
served as negative controls. Cells were washed, fixed with 4%
paraformaldehyde, and analyzed using a FACSCalibur flow cytometer (BD
Biosciences Immunocytometry Systems, San Jose, CA). Hematopoietic
(CD34*%, CD34"CD387) and putative breast (EpCAM™", EpCAM*CD49f",
EpCAM'CD49f'CD117", CD49f'CD24", CD24*CD29",
CD49f"CD24"CD29") stem/progenitor cell subpopulations were quantified
from the gated MNC population (lymphocytes and monocytes based on
forward versus side light scatter) using the FlowJo software program (Tree
Star, Ashland, OR). The number of cells in these populations was
normalized to 10> MNC.

statistical analysis

Descriptive statistics on the characteristics of study population and
laboratory data were summarized. Spearman’s rank correlation coefficients
were estimated for bivariate analyses between levels of different stem-cell
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subpopulations. Statistical significance was set at 0.05 (two sided). STATA
version 11 (StataCorp LP, College Station, TX) was used to conduct
statistical analyses.

results

To determine whether putative breast stem/progenitor cell
phenotypes were present in umbilical cord blood, we analyzed
genes reported for breast stem-cell markers [19] in the MNC
fraction of umbilical cord blood by RT-PCR. Because breast stem
cells are considered epithelial in nature [3], we first detected the
gene for EpCAM or epithelial-specific antigen (ESA), as a marker

for epithelial cells [25]. Additionally, genes of putative markers
for breast stem/progenitor cells, i.e. CD49f (a6-integrin), CD117
(c-kit receptor), CD24, and CD29 (B1-integrin) were detected in
umbilical cord blood-derived MNC (Figure 1A).

Second, we determined protein expressions by
immunocytochemistry and observed colocalized staining of
EpCAM'CD49f", CD49f"CD24", and CD24*CD29" surface
markers in umbilical cord blood-derived MNC by confocal
microscopic analyses (Figure 1B). We further quantified the
percentages of umbilical cord blood-derived MNC with
putative markers of the different breast stem-cell
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Figure 1. (A) Gel electrophoresis showing the detection of PCR products for epithelial cell adhesion molecule (EpCAM), CD49f (a6-integrin), CD117 (c-kit
receptor), CD24, CD29 (B1-integrin), and the housekeeping gene cyclophilin from umbilical cord blood-derived mononuclear cells (MNC) from five
umbilical cord blood samples (D333, D341, D342, D344, and D349). Water (last lane) was used as negative controls. (B) Double-labeled immunofluorescent
confocal microscopy of umbilical cord blood-derived MNC from sample D321 showing colocalization in the overlay image of EpCAM (green) and CD49f
(red) (top panel); CD24 (green) and CD49f (red) (middle panel); and CD24 (green) and CD29 (red) (bottom panel). Scale bar represents 20 um. (C) Flow
cytometric pseudocolor plots showing the detection of the EpCAM", EpCAMCD49f", EpCAM*CD49f"'CD117*, CD49f'CD24", CD24*CD29", and
CD49f"CD24"CD29" subpopulations (boxed, with percentage of cells indicated) from umbilical cord blood-derived MNC of sample N41. The arrows
indicate that the triple positive population was derived from the double positive population as shown. The markers shown in the top panel have been

reported in humans while the markers shown in the bottom panel have been reported in mice.
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subpopulations (EpCAM*CD49f", EpCAM*CD49f'CD1177,
CD49f"'CD24", CD24"CD29", and CD49f"'CD24"CD29") in
addition to EpCAM by flow cytometry (Figure 1C). Data
analyses using the FlowJo software program showed that the
EpCAM™ subpopulation ranged from 0.19 to 19.8 cells/1000
MNC with a mean of 3.4 = 4.0 cells; the EpCAMCD49f"
subpopulation ranged from 0.049 to 9.7 cells/1000 MNC with
a mean of 1.7 = 1.8 cells; the EpCAM CD49f"CD117*
subpopulation ranged from 0.02 to 2.4 cells/1000 MNC with
a mean of 0.48 * 0.56 cells; the CD49f"CD24" subpopulation
ranged from 0 to 48.1 cells/1000 MNC with a mean of 14.7 *
12.9 cells; the CD24"CD29" subpopulation ranged from 0.11 to
46.2 cells/1000 MNC with a mean of 10.3 = 9.8 cells; and the
CD49f"CD24"CD29" subpopulation ranged from 0 to 44.4
cells/1000 MNC with a mean of 8.3 * 8.8 cells (Table 1).

We also quantified the percentages of umbilical cord blood-
derived MNC with hematopoietic stem-cell markers, i.e. CD34"
and CD34"CD38 ", and carried out a rank correlation analysis
between concentrations of hematopoietic and breast stem/
progenitor cell subpopulations. Levels of the EpCAM™*
subpopulation were positively correlated with concentrations of
CD34" and CD34"CD38~ hematopoietic stem cells (both P =
0.006; Table 2). Except for the CD24"CD29" cells, all putative

Table 1. Maternal and newborn characteristics and umbilical cord blood
stem/progenitor cell counts

Subject characteristics N Mean * Range
standard deviation
or %
Mother’s age (years) 169 30.1 £ 6.2 19-44
Parity
First 52 30.8
Second 49 29.0
Third 24 14.2
Fourth and above 44 26.0
Gestation duration (weeks) 170 39.2 £ 1.2 37-41
Newborn gender
Male 84 49.4
Female 86 50.6
Newborn birth weight (g) 170 3,363.7 * 510.5 1,973-4,917
Umbilical cord blood 169 98.4 £ 29.4 45-216
volume (ml)*
Umbilical cord blood
stem/progenitor cell
populations”
CD34* 169 85 74 0.0-56.7
CD347CD38~ 167 24 £25 0.0-23.8
EpCAM* 112 3.4+ 4.0 0.19-19.8
EpCAM*CD49f" 109 1.7 = 1.8 0.049-9.7
EpCAM*CD49f"CD117* 32 0.48 * 0.56 0.02-2.4
CD49f"'CD24* 56 14.7 = 12.9 0.0-48.1
CD24*"CD29" 55 103 = 9.8 0.11-46.2
CD49f"CD24"CD29* 55 83 = 8.8 0.0-44.4

“Includes 35 ml of citrate phosphate dextrose anticoagulant.
"Cell counts per 10° mononuclear cells.
EpCAM, epithelial cell adhesion molecule.

248 | Qiu et al.

Annals of Oncology

breast stem/progenitor cell subpopulations were positively
associated with the hematopoietic stem-cell subpopulations.
Notably, the EpCAM CD49f" and CD49f'CD24"
subpopulations were positively and significantly correlated to
the CD34" cells (P = 0.03 and 0.008, respectively). These
associations were clearer among female than among male
newborns, in particular, the EpCAM™ subpopulation

(Table 2).

discussion

To our knowledge, this is the first report of measurable breast
stem cells in human umbilical cord blood. Levels of these breast
stem cells correlated significantly and positively with that of
hematopoietic stem cells; concentrations of hematopoietic stem
cells (as surrogate measurements of overall stem-cell levels in
the intrauterine environment) are correlated with umbilical
cord blood plasma levels of IGF-1 and with birth weight [4-6].

Because the procurement of human cord blood samples is
unpredictable, we chose to assay for putative breast stem/
progenitor cells by analyzing published surface markers instead
of using live cell-based methods employing dyes such as
Hoechst 33342 (e.g. Invitrogen/Molecular Probes) or
ALDEFLUOR® (STEMCELL Technologies) [26, 27]. Since all
cells within the mammary epithelium—except for the
myoepithelial cells—express EpCAM, or ESA [28, 29] and
breast stem cells are considered to be epithelial in nature [3,
30], we initially examined and found the gene for EpCAM—a
marker of many epithelial cells [25]—in the MNC of umbilical
cord blood. In fresh, uncultured umbilical cord blood-derived
MNC, we also detected other putative genes related to
breast stem/progenitor cells; these include CD49f (a6-integrin),
CD117 (c-kit receptor), CD24, and CD29 (B1-integrin), the
latter two markers originally reported in mouse tissues
(19, 31-33].

By immunostaining umbilical cord blood-derived MNC, we
demonstrated the coexpression of EpCAM and CD49f
(o6-integrin), a major cellular phenotype of human breast
stem/progenitor cells [28, 34, 35]. The coexpressions of the
proteins for CD24 and CD49f, and CD24 and CD29, indicate
that mouse and human do share common markers of putative
breast stem/progenitor cells.

The detection of putative breast stem/progenitor cell
phenotypes suggests that there is a ‘mammary’ compartment
within the umbilical cord blood. These putative breast stem/
progenitor cell phenotypes in the umbilical cord blood niche
could be rare but detectable by flow cytometry (Figure 1C,
Table 1). Our results indicate that, at the time of birth,
intrauterine conditions may sustain certain subpopulations of
breast stem/progenitor cell phenotypes. It is not clear, however,
how these breast phenotypes come about. Possibly, umbilical
cord blood cells with breast phenotypes were derived from
embryonic-like stem cells [14, 36—40] due to exposures to
specific hormones or growth factors in utero, or
dedifferentiated from hematopoietic stem cells as a result of
epigenetic reprogramming, as had been proposed for the neural
phenotypes found in umbilical cord blood [41]. These
mammary phenotypes might also be differentiated from
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Table 2. Spearman’s correlation coefficients (P values in parentheses) between umbilical cord blood hematopoietic and breast stem/progenitor cell

populations

Hematopoietic stem-cell Breast stem/progenitor cell subpopulations

subpopulations EpCAM* EpCAM'CD49f"  EpCAM'CD49f'CD117"  CD49f'CD24" CD24'CD29"  CD49f'CD24"CD29"
All subjects (N) 112 109 32 56 55 55
CD34* 0.26 (0.006)  0.21 (0.03) 0.24 (0.20) 0.35 (0.008) 0.14 (0.32) 0.17 (0.21)
CD34CD38™ 0.26 (0.006)  0.15 (0.12) 0.30 (0.09) 0.24 (0.07) 0.01 (0.97) 0.18 (0.19)
Newborn gender
Males (N) 53 53 14 25 25 25
CD34* 0.23 (0.37) 0.22 (0.12) 0.41 (0.15) 0.33 (0.11) 0.07 (0.76) 0.28 (0.18)
CD34°CD38" 0.02 (0.90) 0.04 (0.77) 0.27 (0.36) 0.38 (0.06) 0.09 (0.67) 0.36 (0.08)
Females (N) 59 56 18 31 30 30
CD34* 0.36 (0.005)  0.18 (0.19) 0.03 (0.90) 0.35 (0.05) 0.18 (0.34) 0.05 (0.78)
CD34°CD38" 0.37 (0.004)  0.19 (0.17) 0.18 (0.48) 0.19 (0.29) —0.03 (0.88) 0.08 (0.68)

EpCAM, epithelial cell adhesion molecule. Statistically significant P values (P < 0.05) are shown in boldface.

multipotent mesenchymal stem cells present in umbilical cord
blood [18].

The concentration of umbilical cord blood-derived MNC
carrying the epithelial EpCAM antigen was positively associated
with the concentrations of hematopoietic stem-cell populations
identified by the CD34 surface marker [42, 43] and the
subpopulation that was positive for CD34 but negative for
CD38 [44]. Notably, the EpCAM"CD49f" and CD49f"CD24"
breast stem/progenitor cell phenotypes showed a positive
correlation with the CD34" hematopoietic stem cells. This
finding supports the ‘stem-cell burden’ hypothesis [3] in
predicting breast cancer risk. Nonsignificant associations might
be due to the limited sample sizes for markers reported more
recently and thus incorporated in later stages of our study. The
inconsistent associations observed for the strictly ‘mouse’
CD24*CD29" subpopulation suggest that such cells might not
be functional mammary phenotypes in humans, although the
CD49f"CD24" subpopulation was originally reported also in
mice [32]. These correlations should be reexamined in larger
sample sizes, as should some of the significant associations
observed in the analyses stratified by gender.

In summary, early-life exposures have been linked to risk of
breast cancer in the offspring through a pathway hypothesized
to involve the mammary stem-cell pool. The ‘breast stem-cell
burden and susceptibility’ hypothesis is based on the
assumption that breast cancer originates from mammary stem
cells [3, 9, 10, 45]. The greater the number of breast stem cells,
the higher the likelihood that one of these cells will undergo
malignant transformation. Because mammary stem cells arise
primarily during the fetal/perinatal period, the in utero
environment becomes a major determinant of their number.
Hence, a breast ‘stem-cell potential—a term proposed for
measurable variables that reflect the effects of intrauterine and
perinatal influences on stem-cell burden and susceptibility—in
umbilical cord blood might predict subsequent risk of breast
cancer in the adult life. Future research will determine whether
these putative populations with breast stem/progenitor
phenotypes in umbilical cord blood are indeed functional
mammary cells. If so, we will have a model system to
understand whether genetic and/or epigenetic alterations in
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breast stem/progenitor cells explain fetal programming of
breast cancer risk in the adult life.
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